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Abstract of the Dissertation

Bootstrapping some continuous families of conformal
field theories

by

Connor Classen Behan

Doctor of Philosophy
in
Physics
Stony Brook University
2019

We explore several related bootstrap techniques in conformal field theory (CFT).
This sheds light on a number of structures which have resisted previous ap-
proaches. First, we develop a procedure for constructing a continuous line of
nonlocal CFTs out of a single local CFT. Applying this to the Ising model re-
veals a way to study its long-range cousin perturbatively in a regime that cannot
be accessed by the standard description. This leads to new insights about the
counting of states at the long-range to short-range crossover. We show that this
infrared duality passes several non-perturbative checks and use it to identify an
infinite tower of non-renormalized operators of odd spin. With this information,
the long-range Ising model can be located with the numerical bootstrap based on
brute-force checks of crossing symmetry and unitarity. Probing numerical results
further, we revisit a puzzling feature which is that generalized minimal models
are allowed by the 2D bounds despite the fact that they are non-unitary. We
prove that this must be the case by combining the exact solution with Euclidean
inversion of the operator product expansion. We also prove a similar property of
an extremal solution involving a single Virasoro block. Finally, we explore con-
formal perturbation theory in CFTs that have exactly marginal operators. When
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the perturbation is infinitesimal, this leads to a dynamical system for CFT data
that can be expressed in closed form when the conformal manifold and space-
time manfiold are both 1D. We show that this system abhors level-crossing and
comment on other features that it can be used to study.
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Chapter 1

Introduction

With the possible exception of gravity, all of our theoretical understanding of fundamental
physics is based on quantum field theories (QFTs) — continuous quantum mechanical sys-
tems (with infinitely many degrees of freedom) that obey the special theory of relativity.
The study of quantum field theories (which is called quantum field theory) became a pillar
of modern physics in 1973 with the discovery of asymptotic freedom [1, 2]. This is the state-
ment that our overall framework is powerful enough to yield renormalizable theories that are
UV complete, i.e. microscopically well defined even when their dynamics are probed at an
arbitrarily high energy scale. Any QFT we observe that does not already have this property
(at least in the idealized picture) must be an effective low energy description of some yet to
be determined UV complete theory. So far, the most all-encompassing theory yet proposed
that has withstood significant experimental testing is the Standard Model.

While this insight is conceptually important, it is far from practical. Exact results in
quantum field theory have always been few and far between. Rather than beginning with
some microscopic theory like the Standard Model and attempting to map out all of its
effective phenomena in a top-down manner, we should develop methods that directly exploit
whatever special structures might be present in a particular part of this landscape. The
standard recipie of perturbative quantum field theory is inadequate for this purpose. Apart
from lacking mathematical rigor and being limited to the weak coupling regime, this approach
assumes that all observables may be built out of finitely many fundamental fields that are
described by a Lagrangian. Even when this is the case, a cumbersome expansion in Feynman
diagrams leaves something to be desired as important symmetries only reappear at the end
of the calculation after a conspiracy of cancelling terms [3].

This thesis will make use of an alternative viewpoint known as the bootstrap philosophy
whose history is richly varied. The bootstrap began in the early 1960s with the proposal that
the principal observable of massive QF T, the S-matrix, should be self-consistently determined
from the basic requirements of analyticity, crossing symmetry and unitarity [4]. At the time,
this was a competitor to the idea of perturbing a free theory using Feynman diagrams. While
perturbative QFT was ultimately found to be the superior choice for modelling scattering



experiments, the bootstrap arguably left an equally large imprint on physics in that it led
to the development of string theory.

Instead of the S-matrix bootstrap, which is undoubtedly still relevant [5-8], this work will
focus on a slightly newer offshoot that applies to theories with an especially large amount of
symmetry [9, 10]. These are the conformal field theories (CFTs) which are invariant under
all spacetime transformations that preserve angle. CFTs play a privileged role in bottom-
up studies of the landscape due to a powerful organizing principle: a general theory at a
given scale may be reached by deforming another theory that has no dependence on scale.
Scale invariance is necessary for conformal invariance and, under fairly mild assumptions, it
turns out to be sufficient as well [11]. For a time, the conformal bootstrap was best known
for providing an exact solution for infinitely many CFTs in two dimensions [12]. By now,
the technique has expanded its reach into high-precision numerical and asymptotic results
for CF'Ts in higher dimensions, along with general theorems that transcend any particular
theory [13-15]. The breakthrough that led to this revival came in 2008 with an efficient
algorithm for rigorously bounding the allowed spectral data [16].

1.1 Outline

We begin by reviewing essential aspects of the conformal bootstrap in chapter 2. We will
focus on the numerical bootstrap and present some results that give an overall sense of how
restrictive the bounds can be. This reveals that the bounds harbor lines of CFTs that are
often very different from the theories that have attracted attention in the past. The first
example we explore is the generalized minimal model line which is non-unitary and only
appears due to the special properties of two dimensions. A more serious example to consider
comes about from violating locality. Nonlocal CFTs, which exist in any dimension, are able
to overwhelm a bootstrap search since any local CF'T can be regarded as a special point on
a nonlocal line.

Chapter 3 proves a few new results about the generalized minimal models. It also includes
some results about fermionic theories that violate unitarity. Chapter 4 is all about the long-
range Ising model. This nonlocal theory has a simple lattice description where interactions
are allowed to take place between all sites, not just the nearest neighbours. When the
decay of this interaction is sufficiently slow, mean-field theory becomes exact enabling a
field-theoretic treatment of the critical point that goes back to 1972. When the decay of
the interaction is fast, however, we expect the physics of the short-range Ising model to be
reproduced. Taking this seriously leads to a second field theory for exploring the critical
point. The first is weakly coupled if and only if the second is strongly coupled. We use this
duality to make new predictions about long-range Ising critical exponents and initiate the
numerical bootstrap for this model.

The most widely studied CF'T's that occur in familes are conformal manifolds, discussed in
chapter 5. These include one or more exactly marginal operators — a very special condition



which has prevented us from finding any examples without enhanced symmetry. We develop
a bootstrap-like constraint on conformal manifolds which does not depend on the usual step
of assuming superconformal invariance. We further explore how CF'T observables are allowed
to depend on the coupling and arrive at a system of coupled nonlinear evolution equations.
These allow us to make some general statements, particularly in one dimension, before we
conclude in chapter 6.



Chapter 2

A taste of bootstrap methods

The conformal bootstrap [9, 10] has joined holography [17] as one of the most important tools
for understanding strongly coupled conformal field theories (CFTs) in higher dimensions. In
addition to the [16] breakthrough, which revived the numerical prospects for conformal [18-
30] and superconformal [31-35] theories, there are also incarnations of the bootstrap which
use small kinematic parameters to obtain analytic results. These are shown schematically in
Figure 2.1.

These methods are all based on imposing crossing symmetry for a four-point function
of local operators. Crossing symmetry is the statement that we must find a unique answer
after inserting a complete set of states into (O;(x1)Oq(22)Os3(x3)O4(x4)) even though there
are (3) possible ways of doing this. Equivalently, we may take the s-channel expansion
that separates O;(x1)Os(x2) from Os(x3)O4(z4) and demand that it be invariant under a
simultaneous permutation of labels on quantum numbers and spacetime points.

As we will see in more detail later, kinematics only constrain this correlator up to an
arbitrary function of the two invariants

2,2 B x2, 12 _
u="PE R =2z =" B = (1-2)(1-2) (2.1)
T13T34 T13La4

where we have introduced the convenient parameters (z,z). Their physical interpretation
can be made clear if use use conformal covariance to move our four points to z; = 0,
xe = (x,t,0,...), z3 = (1,0,0,...) and x4 = oo. In this case, satisfying 2.1 with the
Euclidean norm means that

r=x+it,Z=x—1it. (2.2)

The answer for the Minkowskian norm is simply given by a Wick rotation
z=x+t,Z2=c—1. (2.3)

While (z,t) can take arbitrary values in (2.3), Figure 2.1 would become more complicated
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Figure 2.1: Important limits for the cross-ratios starting from 0 < 2,z < 1. The numerical
bootstrap is usually conducted with reference to the blue point (z, z) = (%, %), even though
it works for any Euclidean configuration. The red arrows denote the lightcone limit in which
the operator product expansion (OPE) becomes an expansion in twist. This leads to a
universal structure in the large spin sector of a CFT [36-39]. The green arrows denote the
deep Euclidean limit which controls the sector with large scaling dimension. The leading
estimates in [40, 41] have recently been improved through the use of compelx tauberian
theorems [42, 43]. Not shown in the figure is the so called Regge limit which involves the

second sheet and provides an analogue of high energy scattering [44-48].

for z ¢ (0,1) or z ¢ (0,1). This is because, outside the diamond, O, is no longer spacelike
separated from the fixed operators O, O3 and Oy. Its position can be reached by more than
one analytic continuation leading to a multivalued correlator. This reflects the possibility
of having multiple operator orderings in Minkowskian signature. Even though Euclidean
correlators do not have branch cuts, it should be noted that this is not manifest in the OPE.
Indeed, the s-channel expansion cannot be done for 1 < z < oo as this configuration prevents
us from finding a sphere that separates (z1,x2) from (x3,z4).

This thesis, which has a heavy emphasis on numerics, will also derive some analytic
bootstrap results in 2D. This review will summarize some results from the vast literature on
d =2 CFT and explain which ones continue to have an analogue in d > 2.



2.1 CFT basics

A fundamental result in theoretical physics is the Coleman-Mandula theorem which states
that any d > 2 QFT with a mass gap must be free if it includes higher spin currents [49].
The basic reason for this is that, in 2-to-2 scattering, tensorial conservation laws force the
outgoing momenta (p,p5) to be a permutation of the incoming momenta (p;,ps). If there
are multiple spatial directions, we must have analyticity in the scattering angle which singles
out the free theory. If there is only one spatial direction — and therefore no scattering angle
— non-trivial permutations are allowed which give rise to a rich landscape of integrable
theories.

There are only a few known extensions of the Poncaré algebra which allow non-integrable
QFTs to exist. We will focus on the conformal algebra, which evades the Coleman-Mandula
theorem by not having a mass gap.! Although such a setup still leads to a trivial S-matrix,
this no longer implies that the theory is free. Instead, scattering is forbidden for a more
fundamental reason — there is no linear combination of states which becomes asymptotic
to the single-particle states of a free theory. As a result, the more interesting observables in
conformal field theory are correlation functions of local operators, such as those described
above. It is these objects that diagnose whether or not a CFT is free. A variation of
the Coleman-Mandula theorem, which classifies the symmetries compatible with interacting
CFT correlators, was recently proven in [50].

2.1.1 Simple examples

The simplest possible starting point is the free massless scalar in d dimensions.
S = d 18 o*
= [d &) 90" ¢ (2.4)

To describe the translation symmetry, we will write

xL = Iy + a, , gb,(q’J) = ¢(x)
1 1
T = 0,00,0— 5cs,w(aqs)Z -5 (0,0, — 6,,0%) * . (2.5)

This stress-energy tensor includes the part that follows from the Noether procedure but also a
manifestly conserved operator acting on ¢?. This is the well known improvement term which
cancels the trace of the first part. Our ability to make 7T}, traceless is of course a consequence
of the fact that ¢ is massless. The rotation currents — as with the other currents of interest
to us — will be expressed in terms of 7, using the fact that an infinitesimal rotation is

!The other famous extension is the Super Poincaré algebra whose additional charges are Grassman-odd.
It is of course very fruitful to study theories that posess both supersymmetry and conformal symmetry.



simply an infinitesimal translation with a parameter that is linear in z.

x;L = AJx,, &' (2") = ¢(x)
My, = z,1,,—2,1,, (2.6)

Another transformation we can consider (again due to the lack of a mass in (2.4)) is the global
rescaling of all co-ordinates. This time, the field will not be in the singlet representation as
it was for (2.5) and (2.6).

z, = Ar,, ¢(@) = )\%gb(x)
D, = z'T, (2.7)

The last transformation of interest to us might be slightly harder to notice as it is nonlinear.
However, it is easily checked that

d—2
;o z, — b,a? 1 i
TS Towarre Y@= <1—2b x+62x2) ¢(x)
Kw = 2x,2°T, —x T;w , (2.8)

which we call the special conformal transformation, is a symmetry as well. With explicit
expressions for the currents in hand, the corresponding charges are easily obtained through

P, = / ATy, M, = / A" e Mo
D= / A aDy , K, = / Ak, - (2.9)

After repeatedly invoking the canonical commutation relations, we arrive at the following
algebra of conserved charges.

[ ) Pu] = iPu
[ 7Ku] - _iKu
[K,,P) = 2i(6,,D— M,,) (2.10)
Ky, M) = i(6pu ) — 0, K)
[va M;W] - i((sP#PV - 5/)qu)
[Muw Mpo] = 5MPMW - 5l/pM/w

_5WMVP + 6VUMMP

The algebra (2.10), known as the conformal algebra, would hardly be worth discussing if
it were only applicable to free theories. Rather, the conformal algebra has a simple geometric
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Figure 2.2: A set of grid lines and its image under the map ¢ *» where b, = (0,1). Clearly,

the lines continue to meet at right angles.

meaning which makes it imperative that we find other QFTs where it is realized. It is easily
checked that (2.10) is isomorphic to SO(d + 1,1). The transformations generated by P,
M,,, D and K, are precisely those which preserve the flat metric up to a local rescaling,
i.e. they preserve the angle between two vectors. This can be seen in the solutions to the
conformal Killing equation

Ouey + 0pe, = Q)0 (2.11)

which is a condition on the vector field €#d, by which z is translated. After showing that
the most general solution is

e = da + SN x, + Izt + 6b” (291;“95,, — x25w,) , (2.12)

we immediately recognize the results in (2.5), (2.6), (2.7) and (2.8).2

To find conformal theories, it is usually enough to search for scale invariance. This is
because T = 0 automatically ensures that 7,,€” is conserved for any conformal Killing
vector. The only way to have scale invariance without a traceless stress-energy tensor is

TH = 0,V*, VI 40,1 . (2.13)

In this case, the dilation current (2.7) is modified to z"T),, — V, [51]. This scenario is
implausible since it requires the scaling dimension V), to have exactly the conserved current
value d — 1 despite the fact that V, is not conserved.?

According to the above logic, one may reach a new CFT by taking an old CFT and

2In two dimensions, (2.12) only describes the solutions that have a globally defined inverse. The others
are most easily constructed in complex notation, which turns (2.11) into the Cauchy-Riemann equations.

31t is also worth noting that only non-unitary theories can achieve conformal invariance without Tl =0.
This is because V,, saturates the unitarity bound while being a descendant. One such example is the

biharmonic scalar [52].



deforming it by a relevant operator which modifies the low-energy dynamics. The relevant
operator should be added with a finely tuned coupling so that we sit at an infrared fixed-point
of the renormalization group flow. This thesis will explore some of these flows using conformal
perturbation theory — the (conceptually simple but technically challenging) framework for
perturbing around a solved CFT that is not necessarily free. There are two ways to ensure
that such a flow is perturbative in the first place. One is to choose an operator whose scaling
dimension is very close to d. In the prototypical example, which deforms (2.4) by \¢?*, this
is done by setting the spacetime dimension to d = 4 — &, resulting in an O(e) zero of the
one-loop beta function. We will call this CFT either the Wilson-Fisher fixed-point or the
critical Ising model, to highlight its connection to the second-order phase transition of

H= —JZaiaj . (2.14)
(,4)

It is also possible to derive RG flows that are neither gapped nor free in the IR by starting
from operators that are classically marginal. This requires two-loop effects to cancel one-loop
effects in the beta function. The celebrated example of this comes from a 4D gauge theory
with massless matter [53, 54]. Taking gauge group SU(N.) with N¢ fundamental fermions
and no scalars, we wil write

g9° g9’
= 2.15
B(g) Pote2 +ﬁ1(167r2)2 + (2.15)
11 2
= ——N.+:=N
Bo 3 + 3 f
34 10 N2 -1
= —N?24 (=N, +2== N,
B 3 Ve + ( 3 + N ) £

for definiteness. This has a zero given by the Caswell-Banks-Zaks fixed-point:

@ Bo__ 1IN.—2N;
1672 By 16N.N; — 34N2

(2.16)

Here, we have taken N, to be large since N, ~ N¢ > 1 is the condition for having a small
coupling anyway. As QFTs are either conformal or not conformal, it is perfectly legitimate
to ask how small N. and N; can be before this fixed-point ceases to exist. At the time of
writing, there is significant hope that this question can be answered with bootstrap methods.

While the problem of finding the conformal window typically refers to Yang-Mills theory,
there are several ways to mod out by the global symmetry of a CFT in order to produce
a closed subsector. Sometimes this retains the notion of “gauge charge” through the intro-
duction of Wilson lines. Unlike the above examples — free theories and their deformations
— this procedure could easily face obstructions on curved manifolds. Hence, we will limit
our discussion to the best understood example — a 2D CFT with a discrete abelian global



symmetry. To make its thermal partition function finite, we must compactify both the space
and time directions but the distinction between the two is arbitrary. The direction along
which we quantize may be parameterized by a number 7 with positive imaginary part. We

therefore write _
Z(r,7) = Tx [e 3THHRTF] (2.17)

This partition function should be invariant under the transformation that exchanges time
and space. In other words, consistency on the torus requires Z(7,7) = Z (—%, —é) This
is one of the modular transformations which should supplement crossing symmetry of all
four-point functions. Clearly, a well defined theory can easily lose modular invariance if
certain (non-singlet) states are removed from the trace (2.17). Gauging should therefore
bring in twisted sectors to ensure that this does not happen. The sum over these sectors can

be represented schematically as

_ 1 g
27 = = 3 , 2.1
7= = h (2.18)

This notation means that an arbitrary state |¢) is taken to g |¢)) around the first cycle and
h |¢) around the second cycle [55]. What we have just described is the orbifold procedure.
Its name comes from the fact that it can be used to relate two nonlinear sigma models —
one with target space M and the other with target space M/G. A simple and useful example
of an orbifold theory is the free boson on S!'/Z,, i.e. with the Z, global symmetry modded
out. In this case, a second Z, symmetry emerges which distinguishes states in the twisted
sector from those in the untwisted sector. An orbifold of this symmetry yields the free boson
on S' again. The phenomenon of recovering the original theory by gauging twice happens
in higher dimensions as well if one considers higher form symmetries.

2.1.2 Examples without locality

Our list of viable theories can be extended greatly if we allow those with various forms of
nonlocality. This does not require us to take the drastic step of eschewing local operators
altogether. Topological QFTs, describing only extended objects, are certainly interesting
objects to study but this thesis will be more concerned with the following definitions of
locality.

1. A local QFT should have a stress-energy tensor in its spectrum of local operators.

2. A local QFT should have conserved currents for all continuous symmetries in its spec-
trum of local operators. This is clearly stronger than definition 1.

3. A local QFT should be consistent on orientable (possibly spin) manifolds with non-
trivial topology. This is certainly not weaker than definition 2 since we will see many
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examples of 2D CFTs posessing conserved currents that are not consistent on St x S*.
The opposite phenomenon — violating Noether’s theorem while preserving modular
invariance — seems unlikely but we do not have a proof.

To reflect on the importance of a stress-energy tensor, % = 0 is a very weak condition —
it allows energy to move from one place to another at arbitrary speeds. A more desirable
conservation law takes the form of a continuity equation where, within some ball B, the
non-conservation % is controlled entirely by the physics at dB. As such, one would like to
be able to calculate it by inserting some T into the [,,dS), ... surface integral. If there
is no operator that does the job (or if the only such operator is itself the integral of a local
quantity) then predictions about how energy will enter and leave B require information that

comes from an infinite distance away.

Figure 2.3: A torus in two halves, which are topologically equivalent to cylinders. If the
same theory were defined on both halves, losing consistency after they are glued together
would be a type of nonlocal behaviour.

The last definition, which is that local theories should not “know” about non-trivial
topology, appears to be very strong. In two-dimensional CF'T, where this condition is also
required for defining perturbative string theory, a useful theorem was proven in [56]. It states
that consistency on arbitrary Riemann surfaces is guaranteed once four-point functions obey
crossing symmetry on the plane and one-point functions obey modular covariance on the
torus. Deriving a similar theorem in higher dimensions appears to be much more difficult.
Looking at Figure 2.3, a torus is cut into two halves, which are both conformally flat. If a
CFT were to pick up an anomaly upon gluing these two halves together, its local operators
would contain information about what happens after we traverse a full cycle.

Let us list a few examples of CF'Ts which are nonlocal in all three senses of the word.

e Even though free theory two-point functions are supposed to look like (¢(z)¢p(0)) =
Ix\%’ we may define a new theory by considering (¢(x)¢(0)) = @; for general Ay
with the stipulation that higher-point correlators are defined by Wick’s theorem and
composite operators are defined by point-splitting. The resulting solution to crossing

symmetry, with no stress-energy tensor, is called the generalized free theory.
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e Given any CFT, it is possible to artificially set various co-ordinates to zero so that
correlators live on a defect and still exhibit conformal covariance. Even when this
is done by starting with a local theory, there is no reason to expect locality to be
visible after this restriction. For instance, in the codimension one case, the stress-
energy tensor has divergence —0, T+ and dimension d 4+ 1 from the defect point of
view. As we will see in chapter 4, the generalized free theory is a special case of this
construction in which the bulk harbors a regular free theory. Something very special
happens when an R? C R* is singled out for a local superconformal theory. If there is
at least A/ = 2 supersymmetry, we may define a nilpotent supercharge that allows us
to recover locality (along with other features helpful for the bootstrap) after passing
to its cohomology [57].

e Given any of the nonlocal CF'Ts above, it is again possible to identify relevant operators
and use them to flow to new infrared fixed-points. In this case, it is usually much easier
to find some flow that is weakly coupled. The generalized free scalar is just one example
of a theory which has a parameter (other than d) which allows operators to be brought
arbitrarily close to marginality.

e Another deformation procedure involves taking a CFT (local or not) and adding an
operator that is nonlocal. We will see an example of this in chapter 4 which is actu-
ally equivalent to one of the deformations above. In other words, a nonlocal theory
deformed by a local operator becomes a local theory deformed by a nonlocal operator
once one of the fields is integrated out.

Lastly, we should note that even though tensor product theories can be local according to
the above definition, they always have multiple stress-energy tensors if they have one.

2.1.3 The Ward identity

One thing the stress-energy tensor allows us to do is derive the four basic infinitesimal
transformations which would have to be taken as assumptions for defining a nonlocal CFT.

[Py, O(x)] 9.0(x)
My O@)] = (@0 — 2,00 + Sy)O)
D,0(x)] = (20, +A)O(x)
[K,,0(z)] = (21,2"0, — 2°0,, + 2Ax, — 22"5,,)O(z) (2.19)

In (2.19), we have assumed that the “spin parts” of the transformation laws are given by

[Muv,0(0)] = S,0(0)
[D,00)] = AO(0)
K,,000)] = 0 (2.20)
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where the matrix S, acts on Lorentz indices of © which have been suppressed. The first
two lines indicate that we have chosen to work with operators that are in well defined
representations with respect to dilations and rotations. That this is possible reflects the
fact that D and M, commute in (2.10). The fact that angular momentum and scaling
dimension are the only eigenvalues appearing in (2.19) reflects the fact that D and M,
generate the maximally compact subgroup of the conformal group. The third line of (2.20)
requires more explanation since there is no way to make it hold for every operator in a theory.
For instance, starting from any operator in the kernel of K, it is clear that powers of P,
will take us out of the kernel. However, through repeated differentiation, (2.19) implicitly
defines the transformation law for all such operators obtained in this way. This is enough
for theories with spectra that are bounded from below since K, acts as a lowering operator
for scaling dimension. Clearly, all unitary CFTs are included in this class. The operators
annihilated by K, which have the lowest scaling dimension for a given multiplet, are called
primary operators while all others are called descendant operators. In this thesis, we will
not encounter any CF'Ts that include local operators other than primaries and descendants.
However, we mention in passing that some theories (particularly logarithmic CFTs [58]) have
this as one of their defining properties.

The transformation laws (2.19) are known as conformal Ward identities. Writing an
ansatz for a correlation function that enjoys the right conformal covariance properties for-
mally amounts to imposing (2.19) as a differential equation. A Ward identity, which appears
in any QFT with a stress-energy tensor, is

9, (T (2) O (1) . .. Op()) = — Z §(x — )8 (O1(x1) ... On(xn)) (2.21)

Clearly, there can only be one normalization of 7" for which (2.21) holds as written. This is
called the central charge of the theory and denoted by C7. For other currents with a similar
Ward identity, there are flavour central charges denoted by C;. In most bootstrap studies,
these exhaust the list of special normalizations since unit normalization is the preferred
choice in the absence of another governing principle. The main quantities that can be
fixed from this Ward identity are the three-point couplings A7 involving the stress-energy
tensor. Something immediately clear is that this should vanish unless O; and Qs are the
same. By differentiating an ansatz for (T*(2)O;(x1)Os(22)) on the left-hand side of (2.21),
the undetermined coefficients can be read off from the known two-point functions on the
right-hand side.

A nice application of the conformal Ward identities is to show that the stress-energy
tensor is necessarily primary. For other operators studied using the bootstrap philosophy,
we have a completely arbitrary choice. When asking if a generic O is a primary or descendant,
the answer is that it is whatever it needs to be for constraints like crossing symmetry to hold.
Following an argument in [14], we may write an infinitesimal change in 7" that satisfies
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symmetry, conservation and tracelessness once the conformal Killing equation is imposed.
OTH = €20,T" + 0,e’TH — 0,e" T + 0" ¢, T"" (2.22)

We have required the right-hand side to be linear in € and dependent only upon operators
that are universal, i.e. T"" itself. Since there are no arbitrary coefficients left, this expression
can be matched against (2.19). We find precisely the result for a conformal primary after
using the fact that

S Tpe = 0upToe — vl - (2.23)

There are two caveats to (2.22) that we want to mention. The first is that in d = 2, primality
of T" can be violated by the term 20,0,0,¢” — 90,6, — 0*0,¢€,. This leads us to conclude
that the algebra of conformal transformations is now centrally extended. The second is
that T" is also not a primary under an algebra that includes supercharges in addition to
momentum generators. To demonstrate this most convincingly, we should clarify the sense
in which conservation is being demanded for (2.22). Instead of demanding that 0,07 be
identically zero (even though this happens to hold for (2.10)), we should allow it to also be
some other null quantity. In a Lagrangian QFT, this is reminiscent of certain conservation
laws only holding on-shell. Consider the following combination of 3D supercurrents which is
symmetric and traceless with A = d.

T = Qa (7)) + Qa(w)sJ) (2.24)

If we can show that it is conserved as well, we must conclude that it is a valid stress-energy
tensor leading to additional terms in the variation (2.22). It is clear that we cannot do this
by taking a naive divergence. However, the weak form of conservation that we need is for
the descendant given by the divergence to also be a primary. Abusing notation slightly,

K "T,, = —2dT,, + 2iM T,
- Z « «
= —2dT,, +2i {—gczy(vp“)uwmp“} ()T + (0)s ]

= —2dTW + (d + 1)Q7<’Yp>75<]f - Q7(7u>7ﬁjf
+2iQa (1) s M, * I + 2iQa () 5 M, T
= _2dTp,l/ + (d + 1)Q’Y(’YP>’YBJE - Q’Y (’71/)7,8‘]/)5

1
20y [ = 525+ 50,10,

~20u0)% (L= 057 + 30,77

= 0. (2.25)

14



Note that we have used i€, o J* = v5J, —7,J, twice. Understanding how conserved currents
arrange themselves into multiplets is a fundamental part of the superconformal bootstrap.

d | Superalgebras
3 osp(N1]4)

41 su(2,2|N)

50 R

6| osp(8N)

Table 2.1: The possibile choices for a superconformal algebra in d > 3. The many additions
to this list for d < 3 will be discussed momentarily. The value of A is usually chosen so that
the number of Poincaré supercharges is at most 16. A larger number would lead to higher
spin currents and therefore free theories. Setting N'= 0 returns a real form of so(d + 2) or
possibly a double cover.

The above computation has been done with the 3D N = 1 superconformal algebra. Its
fermionic part is

{Qa, Qs} = Pu(v"C)ag
{Somsﬁ} = KM('VHC)aB

1
{Qa: S5} = Muw(Y"Clap + DCagp (2.26)
while the mixed part
1
[MMWQOé] - 5@5(’7}1»5@
1
[M,UV?SOC] - 556(7uu)ﬁa
1
[DaQa] = 5@04
1
D - _Z
DS = ~38.
[Pwsa] = iQB(Vﬂ)ﬁa
(K, Qo] = —iSs(7)", (2.27)

is what we have directly used. This algebra can be derived geometrically using conformal
Killing spinors as in [59]. The various ways to have a superconformal algebra, shown in
Table 2.1 for at least three dimensions, were classified in [60]. The notation makes it clear
what the maximal bosonic subalgebra is — the A/-dependent R-symmetry is on one side of
the bar and the d-dependent conformal symmetry is on the other.
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2.1.4 Radial quantization

The conformal Ward identities allow us to show that two-point functions have a single tensor

structure. e v

- , - — traces
JIE %) V1...Vp _ 12 12
<O (ZEI)O (l‘2)> - |I12|2(A+€)

(2.28)

Three-point functions also have a single tensor structure if they include at most one spinning
operator.

Ao VA VI — traces

[ p _
(@1 (1) P2(220) O (13)) = |21 A1 H A2 = At g AT Az g [ A1 (2.29)
Here, we have defined
Hiy = x%zéw_Qxlfﬂlﬁ
Ve = x’fﬂ%?, ;gfgsﬁza ‘ (2.30)
T
12

In chapter 4, we will express these correlators more efficiently by lifting them from R? to
R¥1L1 where the conformal group acts linearly. This also goes hand-in-hand with an index-
free formalism that automatically accounts for the subtraction of traces. Here, we would like
to point out that an (n + 1)-point function may be written as a sum of n-point functions
once all the three-point couplings are known. As a result, four-point functions of scalars are
in principle determined by (2.28) and (2.29).

The standard derivation of this employs a quantization scheme in which states are created
by local operators at the origin. Clearly O(0) |0) represents some state in the Hilbert space
of a QFT. A stronger statement, unique to CFTs, is that every state may be created this
way after taking linear combinations. Let us trade the radial direction for cylinder time
with t = logr. Under this Weyl transformation, the dilation operator on R? maps to the
Hamiltonian on S¥!' x R. In this framework, called radial quantization, a state on the
cylinder determined by data in the infinite past may be thought of as originating from a
single point on the plane. Although not the most formal derivation, we can see how this
works by decomposing a correlator that involves a non-vacuum state.

010 19) = [ (DA 01... Oulr) (=) o) Wl 231)

To

The path integral we have written imagines that there are some “field configurations” {¢}.
The wavefunctional assigning a weight to each one lives on the radius ry slice since our
operators are in the Heisenberg picture. If |¥) is an eigenstate of D, taking rqg — 0 is well
defined which turns the wavefunctional into a purely local object. We are then free to use
the basic quantum mechanical fact that an operator can be defined by its matrix elements.

16



(a) Plane (b) Cylinder

Figure 2.4: The plane and the cylinder showing a mapping between circles at fixed r and
fixed t. States on the right live on these circles while local operators on the left live at points.
We learn two interesting things from the fact that D = r0, maps to H = 0;. The first is
that the spectrum of scaling dimensions must be bounded from below in a unitary theory.
The second is a general expectation that D (unlike the plane Hamiltonian) should have a
discrete spectrum.

This allows us to write (2.31) as

/ [De] (O] Oo(r) [0} (| O0) [0) = (0] ... Oo (1) O(0) [0) - (2.32)

Once we believe that states created by local operators span the full Hilbert space, a state like
O1(x1)Oy(x2) |0) can be written as a convergent sum. This leads to the operator product
expansion

by
1 (2)a(0) = ) MA;%CM,M (z, )OM~1e(0) (2.33)
@]

where we have distinguished between primaries and descendants. Note that our Ajp0 in
(2.33) is clearly the same one that appears in (2.29). Since x — —z produces a factor of
(—1)*, only an even-spin operators can appear if ¢; and ¢, are identical. Moreover, the
operators are symmetric as x#! - - - x# vanishes against any operator with an antisymmetric
part.?

4A more general OPE will have external indices that do not need to be saturated. In this case, the Young
tableaux for exchanged operators are allowed to contain additional rows.
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2.1.5 The power of the OPE
The OPE allows one to expand the unknown part of

($()2)B(an)lza)) = — L) (2.34)

|$12|2A¢ |$34’2A¢

into a sum of kinematically determined special functions called conformal blocks. By rela-
belling points, the s-channel block go(u, v) turns into the t-channel block after swapping the
arguments and multiplying by an overall factor. This leads to the simplest crossing equation

Z)\ solo(u,v) =0
FO (u,v) = v go(u,v) — u™go(v,u) . (2.35)

The power of (2.35) is that some choices for quantum numbers and OPE coefficients make
it impossible to solve. To demonstrate this, [16] explored the properties of the 4D blocks

1 ¢ z2Z
9a(2,2) = <_§) z2—Z

Abt Atz A+l A+l Act=y Aot
{z2222F1 ( A’—l—ﬁ ;z) o F1 ( A —é— ) ;2) — (2« 2)} (2.36)

near Ay = 1. Along the diagonal z = Z, the convolved blocks in (2.35) are concave up at
z= % for £ > 0. By contrast, F&O(Z, z) is concave down at the same point until A ~ 3.61.
This reveals a crude bound which states that 4D CFTs with a dimension one scalar must
have a scalar in their OPE with dimension 3.61 or less. In this case, the bound is obtained
by applying the second derivative to (2.35). By applying another differential operator, in
addition to the second derivative, [16] strengthened this bound to A < 1. The point is that
the ¢? and T}, blocks, F5 o and Fy,, lie on the boundary of the convex hull of the [FA_,Z(z, 2)}
vectors. Therefore, omitting either one causes the identity operator to violate the sum rule
(2.35). More generally, it useful to consider all derivatives as a basis for functionals.

a—Zam,ﬁ@

m<n

(2.37)

s 1
=2=3

Cutting off this sum at an arbitrary order and searching for a functional that is positive
above a certain gap can be done efficiently with linear or semidefinite programming. With
more than a handful of derivatives, it quickly becomes impossible to visualize the sum rule
vectors — hence the common statement that the numerical bootstrap is a “black-box” or
“oracle” that spits out mysterious bounds. It is worth noting that recent work has increased
the number of components that one may use when performing this optimization by hand.
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This is due to non-trivial geometric properties shared by conformal blocks along the diagonal
61, 62].

Computing conformal blocks is equivalent to inserting a complete set of descendants for
a given primary — we write this here in one dimension since the higher-dimensional case is
much less practical.

i (9(21)¢(22)0"O(0)) (0" O(00)P(3)P(74)) _ ga(u,v)
(O(00)0(0)) | 012|229 334?20

(2.38)

n=0

The operators C'(x, @), which resum the contributions of descendants in the OPE, have only
been computed in full generality very recently [63, 64]. For many years, these OPE blocks
[65] were only known for certain small values of the spin, e.g.

A+Ap+1 A—Ap+1\""' /! —ap1
Culw,0) = B( Touto 2o ted ) [ daa® T 1) e
0
1 1/ 1 o)
—(A—u)nnz:om (—Za(l—a)x3>

7
(A+A12+1—d)a—(A—A12+1—d)(1—a)
4A—d+1)(A -2 +n)

z, + 2?9, (2.39)

for ¢ = 1 [66]. Several modern methods for computing the blocks are based on the conformal
Casimir which gives the same eigenvalue to all operators in a given multiplet. Expressions
(2.57) and (2.58), which we will use later on, come from the formula

1 1
Cy = gMuM" — o (P,K" — K, P") — D?*. (2.40)
To derive (2.40), it is helpful to recognize that time reversal on the cylinder corresponds to
inversion on the plane. This explains why we have written conjugate states as created by
O(00) rather than O(0). Applying these conjugation properties to the stress-energy tensor,
we may read off the following rules for conformal generators in radial quantization.

Mi,=-M,, , D'=D
Pl =K Kl =P

I B Iz p

(2.41)

An immediate application of (2.41) is to compute the norm of the states P, |O"#¢). We
may also compute the norm of P, P* |O) where O is a scalar primary. Demanding that these

19



norms are non-negative, we derive

Az{i_td : ﬁig (2.42)
2
which are known as the unitarity bounds. Saturation of (2.42) implies a vanishing norm
and, in a unitary theory, this requires the state itself to be zero. We therefore reinterpret
equations of motion as shortening conditions for a conformal multiplet. A scalar primary of
dimension % must have a vanishing Laplacian and is therefore free. A spinning primary
of dimension ¢ + d — 2 must have a vanishing divergence and is therefore a current. The
bootstrap has motivated a systematic understanding of unitarity bounds and shortening
conditions, especially in the superconformal case [67].

Conformal blocks have become useful in several contexts, leading to a growing interest
in how to compute them. We close this section by mentioning some alternative approaches

that this thesis will not be able to review in depth.

e As with correlation functions in more general QFTs, there is a long history of using
momentum space. This leads to an interesting conservation of difficulty in (2.19). The
order of the differential operator encoding the action of P, decreases by one while
the corresponding order for K, increases by one. Momentum space can sometimes
be awkward in CFTs because the Fourier transform of the three-point function (2.29)
does not have a closed form expression. On the other hand, a conformal block in
momentum space is immediately computable as a product of two of these three-point
functions [68]. Going back to position space produces a convolution which is known as
the shadow integral.

e The Casimir equation satisfied by the blocks has recently been mapped to the Schrodinger
equation for a famous integrable system known as the Calgero-Sutherland model [69].
Treating conformal blocks as Calgero-Sutherland wavefunctions has led to a number
of new relations involving shifts in the internal and external parameters. It has also
led to some new analytic bootstrap approaches in defect CF'T [70, 71].

e Although the correlators of several theories at large 't Hooft coupling may be computed
holographically in AdS, the Witten diagram expansion does not require one to compute
individual conformal blocks. The holographic dual of a block was found to be geodesic
Witten diagram where vertices are no longer integrated over all of space [72]. Instead,
they are integrated along geodesics which connect pairs of operators corresponding
to the OPE channel of interest. There is also an analogous treatment for the larger
conformal blocks that exist in d = 2 [73]. This machinery leads to explicit linear
combinations of s-channel blocks that compute a full tree-level Witten diagram, be it
a contact diagram or an s-channel exchange. Expanding the other exchange Witten
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diagrams into s-channel blocks again is a much more difficult problem which is related
to studies of the crossing kernel [74, 75].

2.2 The numerical bootstrap

The previous section has advocated a technique based on computing conformal blocks and
searching for functionals that act on them with nice positivity properties. Several codes have
been written to aid in such tasks. The first widely released example was JuliBoots [76], a
conformal bootstrap package based around a linear program solver. Shortly afterward, the
solver SDPB [77] was released, giving the community access to the semidefinite programming
methods pioneered in [24, 32, 78]. The frontend that will be used most in this thesis (which
includes several functions for computing blocks) is PyCFTBoot [79]. There is also the cboot
+ autoboot combination [80, 81] which significantly reduces the work needed to formulate
crossing equations.® In this section, we review the ideas used in the packages above.

Before beginning, we will emphasize that numerical bounds produced by these programs
are rigorous up to tiny errors in how well the conformal blocks are known. In other words,
only kpax, in the truncation parameters that we call (kmax, fmax, Mmax, Tmax), leads to errors
that might be hard to bound uniformly. Increasing the number of derivatives only leads to
stronger bounds because any functional computed at smaller (m,n) still has the right prop-
erties for (Mmax, Mmax) once zeros are appended. Also, demanding positivity on sufficiently
many values of ¢ appears to guarantee positivity on all values of { — even those that were
not part of the optimization [77].

2.2.1 Conformal blocks

Unlike with two or three point functions, conformal kinematics only determine the four point
function up to an arbitrary dependence on two variables. Specifically for scalars,

ntenoeny = (E2) 7 ()™ o)) o

|iU14| |$13|

where u = % and v = % As explained in the seminal works [66, 83] on (global)
conformal blocks, g(u,v) may be expanded in a convergent series with each term coming
from a primary operator in the theory. This is done by way of the OPE (2.33). Using this in
the (12)(34) channels for example produces g(u,v) =), M20A31095 2% (u, v) where each
function depends on the spatial dimension d or equivalently on v = %. The subscript O is
often written as (A, ¢) since all primary operators that couple to scalars transform in some

spin-¢ representation of SO(d). Crossing symmetry is the statement that all three choices for

5Recent work on semidefinite programming algorithms has led to the interesting proposal of implementing
a program like SDPB on quantum computers [82].
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First Second Crossing point

u:|z|2 U:|1_Z|2 (u*,v*)Z(i,i)

a=z+2% b=(z—-2)* | (asby)=(1,0)

p= (1.:,_\/21:)2 p= (1 +_\/21T5)2 (P*,p*) ( — 2\/_ 2,3 — 2\/_)
r=|p| n= 51 (re,ms) = (3—2v2,1)

Table 2.2: Useful variables for four point conformal blocks in terms of z and Z.

the OPE channels must agree. Our discussion above omitted numerically efficient methods
for computing conformal blocks so we rectify that now.

Rather than the cross-ratios u and v, conformal blocks are most often considered as
functions of z and z, defined by using conformal transformations to send xy, x3 and x4 to 0,
1 and oo respectively. The blocks are analytic for 0 < 2,z < 1 and most bootstrap studies
focus on the crossing symmetric point (z,, Z,) = (2, 2) Table 2.2 shows the co-ordinates that
are encountered most often. As observed in [24, 84], a block may be expanded in powers of
r where each term corresponds to a new descendant in the multiplet of O. As the scaling
dimension A is varried, coefficients in the sum diverge at certain non-unitary values. When
they do, the residue is proportional to a conformal block itself.5 This motivated [24] to
develop the recurrence relations

_ —A _A12,Az4

hAlZ’AM( ’77) =T gA,E (T, 77)

A12,A34 (5)7“

BAES(r) = WA (r, ) +Z A ) (244)

A () (O)+ni,li

The leading term is given by [78]

0 (=DCy ()

(21/)z (1 _ T2)u<1 +r2 4 2T77)%(1+A12—A34)(1 42— 2T77)%(1—A12+A34) '
(2.45)
Table 2.3 describes the data needed to construct the poles and residues in (2.44). These

hA12,A34 ( 77) _

SBecause of this, one conformal block can mimic the appearance of another if a certain pole in A is
not ruled out by the gaps being imposed [85, 86]. This fake primary effect can even occur in the unitary
bootstrap since the poles in Table 2.3 (and the appropriate spinning generalization) are not all strictly below
the unitarity bound. Poles sitting precisely at the unitarity bound are present in a system that includes
mixed correlators and / or spinning correlators. As a result, bounds that happen to reach certain integer
values experience a jump — they switch from bounding the lightest operator in a given irrep to bounding
the second lightest since operators at these fixed integer dimensions are already secretly present.
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n; Ai(0) 4| et
k 1—0—k | l0+k]| 2%k
2k l+v—k 0] e E)

k140420 —k | 0=k | 5™ (0k)

Table 2.3: The three types of poles in A for the meromorphic conformal blocks. Two of
them have infinitely many elements labelled by the integer £ > 0. The third type requires
0<k<UL.

were noticed empirically in [78] but most of them were later proven in [87]. We must use

A12,A34 _ _k(_4)k (E + 27/)1@ 1 _ 1 B
° bh) = (k)2 (C+ ) > k+A”)k o k+AM>k
(BB k) k@+1n1@wnH€+u—k<e+y—k+1)”(e+u—k>4
(k!)? C+v+k 2 . 2 N
1 1
(—(1—k+€—A12+V)) (—(1—/€+€+A12+1/))
2 \2 .
1 1
(¢1—k+£—AM+u0 (?1—k+£+AM+u0 (2.46)
k k

k(=% (0+1—k) 1

S ) = T @+V+1_mk(?1—k+AHOk<;1—k+AM0k

to fill in the last column. One fact that can be seen from (2.46) is that ¢)°(¢, k) and
cg’o(é, k) are only non-zero when k is even. This means that when the external scalars are
identical, blocks of even and odd spin do not show up in each other’s recurrence relations.
Consequently, adjusting the overall normalization of h&?g(r, n) by (=1)¢ is equivalent to
simply removing the factor of (—1)¢ from (2.45). Indeed, for many studies involving identical
scalars, it was not present. The generalization to non-zero dimension differences shows us
that more drastic changes would be needed if we still wanted to cancel the (—1)* in (2.45).

For spins up to some /.., we need to know several derivatives of hﬁ};’A‘“ evaluated at

(4, 14) = (3 —2v/2,1). If we evaluated (2.44) for powers of 7 up to kmayx and differentiated
after, we would suffer a large performance hit. This is because there would be many ap-
pearances of (2.45)’s non-polynomial contributions all multiplied by different powers of r. A
better strategy is to compute all derivatives at the same time via matrix multiplication [25].
To this end, we define the vector h,, , with all desired derivatives of (2.45) already evaluated
at the crossing point. They are grouped into “chunks” of 0, powers for a given number of
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0, powers. For example, a computation going up to third order would set

vr o0 p o @ 2 2,
Or Or? 0r3 On Ondr Onor? on? on?or on3 et

he = (2.47)

Seeing what happens when we differentiate 7" ha ; several times, the matrix telling us what
linear combination of derivatives to take is

ng

ri 0 0o ... r. 0 0
ng nry T 0o ... 1 r. 0 ...
R™ = ni(n; — 1)rv=2 2pgrmat o LT L0020 L . (2.48)

This is the matrix acting on a single chunk. Since 7 is unaffected, the full R is the tensor
product of (2.48) with the identity. There is a problem with simply writing

ci(OR™
Lt Z AZ(_#MhAi(@-Fm,& (2'49>
and repeating this calculation every time a new block appears. It is most easily seen if we
compare the number of matrix multiplications involved to the number of unique ha, i, ¢
terms introduced by the recursion. Looking at (2.46), we see a residue cy(¢, k) which may
vanish sometimes and a residue c3(¢, k) which only exists for certain spins. Therefore, the
best case scenario (only using ¢; (¢, k)) tells us that the number of matrix multiplications #
satisfies

#(Kmax) > #(k) - (2.50)

k=

o

This is the same relation satisfied by the partition function which counts the number of
ways to write an integer as the sum of smaller ones. The well known asymptotics of this
function [88], tell us that duplicated matrix multiplications will abound by many orders of
magnitude with this naive method. Instead, we should again follow [25] and predicts which
residues will be needed ahead of time. This is simply a matter of letting the spin take values
U < lnax + kmax for a table whose final entires describe spins up to £,.«. For each value of ¢,
we let the index ¢ run over all admissible poles in Table 2.3 and define the residue vectors
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dy;. All of these are initialized to h.,. It is then straightforward to iterate

n; d&-,j
dy; = (R hoo’ziJij:Ai(!Z)nLni—Aj(&) (2.51)

and stop once enough powers of R are introduced. Rather than updating the residues right
away, we consider all dg; on the right-hand side to be the “old values” and replace them
with the “new values” once everything on the left-hand side has been calculated. These go
into the expression

d
hA,E = hoo,e + Z A——lM . (252)

It is clear that the entries in ha 4 are rational functions of A. They all have different numer-
ators and the same denominator. Instead of computing (2.52) as written and taking extra
time to extract the numerator and denominator, it is convenient to store them separately
from the start. The leading term of (2.52) is multiplied by [],(A — A;(¢)) and the i** term
of it is multiplied by [[,_,;(A — A;(¢)).

There is a modification to (2.52) that can be used to produce polynomials of smaller
degree. Described in [24], it slightly increases the time needed to generate a conformal block
table but it can greatly decrease the running time of SDPB. The idea is to split the set of
poles P into “large and small” types and use the poles of P~ to approximate those in P_.
As our crieterion, we check whether the maximum component of d,; is above or below some
cutoff . For A; € P, we attempt to choose the a;j coeflicients optimally in

1 Q;
AA "~ > Ao (2.53)

AREP~

Following the choice in [24], we demand that the first |P~|/2 derivatives of (2.53) hold exactly
at A = Aypitary +0 and A = 71 If [P~ is odd, the last of these derivatives will only hold at
one of the points. Once the a;  are determined by this invertible linear system, they can be
incorporated into (2.52). Whenever it needs to multiply by J[5 .4, (A — 4;) and A; € P,
it instead multiplies by >\ cp @ik HAj€P>\{Ak}(A —Aj).

After the (2.52) computation with the optional degree reduction step, one must obtain
a vector gu , of true conformal block derivatives from its meromorphic version ha . This is
done by restoring the r2 singularity with another matrix. Specifically,

gay = reShay . (2.54)

It is easy to see that r©S must be the same matrix as R™ in (2.48) with n; replaced by A.
There is no need to build up S by repeatedly multiplying some simpler matrix by itself. Its

(7, 7) element is immediately known to be w (;) Elements of the conformal block vector
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continue to be rational functions. However, if all numerators in ha , have the same degree,
those in gA , will have a degree that increases with the order of the derivative. Looking at
these numerators, the end result is something of the form

8m+n

onmorn

IR (1) = Xe(A) PR AT (A) (2.55)

which is a polynomial times the positive function y,(A) = 2 [[,(A —A;(6)~". This is
precisely the form required for a task that involves semidefinite programming.

Going from the (12)(34) to the (14)(23) channel switches u <> v and modifies the prefactor
in the four point function (2.65). Crossing equations are obtained by setting the differences of
these four point functions to zero. The simplest crossing equation with no global symmetry

is v G134 (u, v) — u g3214(v,u) = 0 [78]. As a result, functions of the form

F:I:,A,Z(u7 U) = UAngﬁ}ez’AM <u> ’U) + qubgﬁ,lZ%AM (U7 U) ) (256)

are the natural objects to consider once conformal blocks are known. These have come to be
called convolved conformal blocks [76]. In principle, convolved conformal blocks and their
derivatives could be calculated directly from the (2.55) result with its r and 7 variables. How-
ever, the simple u <+ v transformation is represented by r and 7 in a much more complicated

way. When the second half of (2.56) involves a new function gﬁ}f’A?"‘(f(r, n),n(r,n)), much

of the work that goes into the %FLA’@(T*, n.) calculation will be spent differentiating
7 and 7). This extra work during the convolution step can be eliminated if we instead add
extra work during the conformal block step to convert (2.55) to (z, z) or (a,b) variables. At
first glance, it might seem that the benefit of this choice is purely organizational — it allows
the fast and slow calculations to be conceptually separate. As we now discuss however, there
is another recurrence relation which gives us a much stronger incentive to change variables.
This is used by the program PyCFTBoot.
Conformal blocks are eigenfunctions of the quadratic Casimir [83]:

z d d
D.+ D+ 20— ((1 —2) (- 2)5)1 GAPAH = cpg R (2.57)

Z—Zz

Here, the definitions

d? 1 1 d 1
Dz = (1 — 2)22@ + (§A12 — §A34 — 1) & + ZAHA?AZ
1
¢ = let+2) + AN -2-2)] (2.58)

are standard. The existence of a linear differential equation satisfied by the blocks suggests
the possibility of building up high order derivatives from lower ones. We may pretend for
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O%AZ’Z and aggf are all known at (1,3). The content of (3.15) is then

2
to tell us what 2 agzg‘é is at the same point. We could attempt to continue this pattern

a minute that ga g,

by differentiating (3.15) with respect to z but then aZgAB‘ would not be the only unknown
derivative anymore. The presence of new unknowns like
more clever.

Such cleverness was found by [89] in which the quadratic and quartic Casimirs of the
conformal group are used together. This reveals an ordinary differential equation satisfied
by the blocks on the z = z diagonal. In terms of the a co-ordinate, this new equation (which

clearly keeps new derivatives under control) is

QAZ
0z20z

forces us to use something

D(4 3)gA12,A34 0 (259)

a 2 o d° a , d? d
D= (5 1) i G ) o ()
da4+p3 2 Caa Ty ) g tmag, tro
The polynomials py, . . ., p3 used by PyCFTBoot are the ones in [89] except with a slight change:
they are written with ¢ in place of z and multiplied by 8 to force as many coefficients as
possible to still be integers. Differentiating (2.59), a fifth derivative of gA”’A34 becomes the
highest order term. However, the lowest order term continues to be a zeroth derivative.

Because po(a) has degree 3, our equation only stops having non-derivative terms once it goes
a® gA ¢

up to . This means that the m'™ diagonal derivative is calculated from the min(m, 7)
lower ones using a handful of simple polynomials. One only needs m to be at least 4 in order
to start this process. Because of this, vectors in the slow original recursion (2.51) only need
to fit four 0, powers. Once the a derivatives are known, more recurrence relations determine
the b derivatives. Defining S = —% (Ajp — Agy) and P = —%A12A34, we use

+n
gne
21 —2n — 2v)————=— =
(1= 2n = 2v) 5o
O™ lga O™ 2 ga [N
2m(l — 2n — 2 _ —1)—— -1 —2)——
m(l =2n =) | =5y 0 = Vg + n = Dm = 2) 5=
oM Hlga R INY
+6am+28bn71 — (6 —m —4n+2v +25) Ham+1opn—1
- [402+m2—|—8mn—5m+4n2 —2n — 2
am+n—l
—4y(1—m—n)+4S(m—|—2n—2)+2P]beﬁ’e
—m [m® + 12mn — 13m + 12n* — 34n + 22
am+nf2gA7K
aerngAj m+nflgA’£
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This is the transverse derivative recursion found in [23] generalized to unequal external
dimensions with the different definition of ¢, taken into account. It follows from going back
to the original Casimir PDE (3.15) in the (a,b) co-ordinates. The same coefficients can also
be found in recent versions of the [76] source code. The form of (2.60) tells us the shape that
will be taken by a lattice of derivatives we compute this way. When we make m as high as
possible for a given n, the right-hand side shows that 2 must be added to reach the highest
possible m for n — 1. This leads to the triangle

n € {0,...,%max}
m € {0,...,2(Nmax — 1) + Mumax ) » (2.61)

depending on two user-defined parameters. As found in [90], a high nyay is more important
than a high m,.x. An obvious point worth remembering is that (2.59) and (2.60) are only
satisfied by exact conformal blocks, not their rational approximations. As a result, these
recursions are only valid for computing derivatives if k., is sufficiently large.

Returning to the task of convolution, we need to compute derivatives of

2—a)?—b\" a2 — b\
Feadad) = (B=0=2) T an s (7)) drtie-an, o

at (a«,b.) = (1,0). We may immediately see that only one of the two terms in (4.155)
needs to be differentiated. If the number of a derivatives is even (odd), the other term will
contribute equally (oppositely) for Fy Ao, and oppositely (equally) for F_ A ,. We therefore
reduce one vector of derivatives to another vector of derivatives having roughly half the
size. As in the unconvolved case, its components have the positive-times polynomial form.
Knowing that A, will eventually be determined by the external dimensions A;, A;, Ay, Ay,

we write
am—i—n

S P2 a(as, b.) = xe(A)PL™(A) (2.63)

The linear combinations we need to take in order to compute these polynomials are known
in closed form. For the following calculation, it is easiest to take all of the b derivatives first
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and then set b = 0. This allows us to treat all terms as being linear in a.
ot ((2—a)—b i n n\ o+ [(2—a)*—b Ay orn=izig,
da™ob" 4 — datobi 4 Jam=igbn—i

| <><><z>%—ﬁ¢»

>)
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m n 1 Ay . aernfifng’e
- ZZ] 0 ( )( ) (‘_1) (=80); (2] = 280); dam~tQbn—i

We may summarize by saying that the input parameters d, knax, Cmaxs Mmax, Pmaxs 212, As3g
are used to prepare a conformal bootstrap environment.

Significant work has been invested into generalizing the above methods to correlators
that involve external spin. It is always possible, though sometimes tedious, to construct the
necessary blocks by acting with weight-shifting operators that change internal and external
representations [91]. More direct methods, based on recursions, are in development with
[92, 93] being the state of the art.

2.2.2 Semidefinite programming

Semidefinite programming has appeared in all efficient implementations of the non-identical
numerical bootstrap, i.e. demanding that crossing symmetry and unitarity hold for the
four-point function:

(61205 @2)n(aa)n(a)) = ('“”24‘) () " 2o ZJOj’ngfxi:"A:fgl’?’). (2.65)

|fB14\ ’3?13! !-7312

7,]7 kl(

The conformal blocks g u,v) are functions of the cross-ratios u = x12x34 and v = x%‘*m%

13724 13734
Invariance under (1,7) <> (3, k), which relates two channels of crossing symmetry, leads to
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the following sum rule [78].

Z [)\ijoAkloFg’gl(u, U) + AijAilOFi{(gl(ua ’U) =0 (266)
(@]

Ap+As INETN
kT2 A kT2j AijaAkl(

Ff(’;l =0 2 goij’A“ (u,v) Fu 2 v, u)

To apply this rule, we choose an odd scalar ¢ and an even scalar ¢ and let our external
operators run over all admissible combinations of these. Using Ayeo = (—1)*Aev0, this yields

AUU
Z ()\UU@ )\660) V_,_,A’g ( © ) + Z )‘?TEOV—A,E =0 (267)
@]

0,20t )\es(’)
where
_ FSSTA;(T; 0 -
0 0
0 0
€€;€€ 0
(o mox ) :
0 0 o€;0€
V+7A7€ = < O O > ) V—,A,€ - FfjA,f . (268)
{ TET;0T€E
O chra;ee (—1) F—vAjf
( 1 proo;ee 27 at —(—l)eFiJKZ
§F77A7e 1 90"66 o
( 1 0 SFTN )
L §F+,A,e 0 i

In ruling out solutions to (2.67), which is a set of five functional equations, we must approx-
imate each row as a finite-dimensional vector. The standard way to do this is to expand
around the point (z,2) = (%, %) We may either take derivatives with respect to z and z
directly, or the diagonal / off-diagonal variables a = z+z,b = (2 — 2)? [90]. We choose (a, )

. . a'm+n .
and control the order of our derivatives mm—gﬁf with two parameters m., and Ny ay:

n € {0,...,Nmax}
m € {0,...,2(Nmax — 1) + Mumax} - (2.69)

Since half of the derivatives vanish when our conformal blocks are added or subtracted, the
resulting number of components is

N = [(a + 1) (M + N +1)/2] (2.70)

There are two additional parameters needed to turn (2.67) into a concrete bootstrapping
problem. One is a cutoff on the number of spins, which we call /,.,. The other is the
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accuracy parameter for a single conformal block, which we call k... This controls how
many poles from the triple series

A(l)=1—0—k k=1,2,.
Ap(l) =4 —k k=1,2,... (2.71)
As(l)=d—=14+0—-k k=12,.../
appear in the function
Y
xe(A) = (2.72)

(A~ AD)
r. = 3—2\/5.

As explained previously, and in [78, 84, 89], there are algorithms for explicitly constructing
each conformal block derivative as a rational approximation:

m-+n
O F (0 =15 = 0) = xu(A)PEE () (2.73)
Here, Pﬂ}kl;m" is a polynomial with the same degree as y, for m = n = 0. Its de-
gree goes up by one whenever the derivative order is increased. The task of inputting
(Kmaxs Cmaxs Mmax, max) and computing a table suitable for approximating (2.67) is typically
accomplished with a frontend to SDPB.

With the truncations described above, problems of this form are tractable with semidefi-
nite programming [77]. In the dual formulation, one wishes to find a linear functional y which
sends each term of (2.67) to a positive-definite matrix, thereby certifying that no solution to
crossing symmetry exists. For illustrative purposes, we consider a single correlator problem
which allows us to drop the ij; kIl and + labels on Pffkmn. We will also drop mn through
our understanding that P, is a vector with components P}. If we single out the contribution
of the identity operator as n, we arrive at the polynomial matrix program (PMP) where we
include an objective b for generality.

maximize by over nTy = 1
such that Py(A)Yy > 0 for all £ < la, A > Apin (2.74)

After all, the crossing equation
Z )‘z,ePe(Ak) =n (2.75)
k¢

becomes a contradiction when y solving the above conditions is applied to both sides. If we
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reshuffle each vector according to
. 1
PO — _PO
¢ 0t
P = pi-_pY, (2.76)

dotting P, with a functional whose action on n is 1 becomes the same as dotting P, with a
functional whose leading component is 1. This is precisely the choice to work with crossing
equations projectively as (2.75) becomes

IR o)

after reshuffling both sides. Any spectrum satisfying the bottom row can automatically be
made to satisfy the top row through a rescaling. From now on, we will denote the polynomial
vector in the bottom row of (2.77) by P, to rewrite the PMP.

maximize by
such that P)(z) 4+ Py(z)"y > 0 for all £ < lpay, 2 >0 (2.78)

Here, x = A — Apn. To solve this type of problem efficiently, we use the program SDPB
[77]. Because we will see an alternative choice shortly, we briefly review the process by which
SDPB translates (2.78) into a semidefinite program (SDP).

Positivity of PP(z) 4+ P¢(x)Ty on the half-line is equivalent to the requirement that it be

equal to
([ M e ) 279)

where Y} is positive-definite and q, is a vector of orthogonal polynomials. We have abused
notation slightly since the maximum power of x that (2.79) needs to express may be even
or odd. Because of this, the first q, might have one more component than the second q,. It
is sufficient to demand this equality on a set of sample points which we denote x. It is also
possible to combine all Y, s into a single matrix Y. Making the identifications

- ae(ze)ag () 0 } )
A = diag|(0,...,0, ,0,...,0
6 s ( [ 0 Ty (Tr)ag ()
Boi = —bi(xx) (2.80)
chey = PP(xy)
- 0,
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(2.78) becomes

maximize Tr(CY) + b y over Y > 0
such that Tr(A.Y) + By = c. (2.81)

In the numerical bootstrap, (2.81) and the primal problem corresponding to it are typically
solved together, in order to see which one becomes feasible first [77].

2.2.3 The extremal functional method

It was shown in [90] that solutions to crossing symmetry may be built by locating the zeros
of y. This functional may be found either by ruling out CFTs just outside the allowed region
or by maximizing an OPE coefficient just inside it. Ideally, elements of the spin-¢ spectrum
are dimensions Ay such that

(Po(Ar))oo - (Pe(Ar))om

det | y* =0 (2.82)

PolA)no . (Pe(A))un

where Py is one of the polynomial vectors appearing in (2.73). On the other hand, we have
to worry about numerical errors.

Since y is defined by its positivity on a continuum of conformal blocks, all but one scaling
dimension satisfying (2.82) will be second-order. The unique zero where the functional
changes sign is the maximal allowed value of the gap. In other words, a functional that has
not converged perfectly will not just have zeros in the wrong places. It will give rise to a
polynomial that never reaches zero for real A. Such a functional (which provides a valid
bootstrap bound, but not the best one possible) forces us to relax the condition (2.82).

There are two approaches, both based on the spectrum.py script [94], which make it easy
to account for this. The first is to run the script as written after spending several iterations to
bring the primal and dual solutions close together. A highly converged functional is needed
since spectrum.py assumes that the would-be zeros are close to the local minima of (2.82)
which uses only the polynomial numerator. The second is to modify the script to use a
non-polynomial function minimizer, allowing us to multiply (2.82) by the prefactor y, from
(2.73). The advantage is that when y acts on a full convolved block, the local minima are
closer to the physical Ag. As a result, punishing SDPB parameters are no longer required.
We have typically used the first approach and specified

--precision=660
--dualityGapThreshold=1e-75

as the non-default parameters. The rest of the script obtains high precision OPE coefficients
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directly from the primal solution.”

The systematic use of the non-identical extremal functional method in [94] has revealed
a surprising fact about generic interacting CF'Ts — they are still quite similar to free CFTs!
To explain further, free (or holographic) CFTs start with a single-twist primary ¢ and define
double-twist primaries (like ¢?) as the ones that appear in ¢ x ¢. Quadruple-twist primaries
(like ¢*) certainly exist, just not in ¢ x ¢. One has to look at a double-twist OPE such as
$* x ¢* in order to find them. Even though OPE coefficients like Ayy4e, that are allowed
by selection rules, clearly turn on in a generic interacting CFT, the results from the 3D
Ising model suggest that the hierarchy among them is maintained [94]. This leads to OPE
coefficients that are small enough that the numerical bootstrap cannot see them.® Several
operators that (cooo) alone cannot see become visible once (eeee) is considered. It is also
likely that many more operators (which technically appear in o x ¢ and € x €) would need
an even larger correlator system to become numerically detectable. We have emphasized
that this is the case for generic interacting CFTs because there are some 2D CFTs with
a higher spin symmetry that do not run into this problem [90]. The similarity with the
genericity assumption in the analytic bootstrap is almost certainly not a coincidence [36, 37].
CFTs with infinitely many minimal-twist operators are special while CF'T's posessing a twist
gap take on a mean-field spectral density at large spin. The suppressed effect of multi-
twist operators in the numerical bootstrap can be interpreted as the statement that these
asymptotic results continue to be a good approximation at small dimension and spin [38, 39].

These considerations become especially important when one attempts to find multi-twist
operators through an older method which minimizes the error in a set of crossing equations
with known scaling dimensions.® This method, which uses the dual solution for everything,
was examined in [98] as a potential way to learn about multi-correlator OPE coefficients
from a single correlator. Again, it was found to be ineffective for theories without a higher
spin symmetry. Let us summarize the results below.

Once a set of Z stable operators has been found, we may consider a truncated crossing
equation of the form

Z
Zaka =n. (2.83)
k=1

"For an implementation with linear programming, see [95]. The semidefinite programming version first
appeared in [35] which uses opposite conventions for what the primal and dual problems are.

8Comparisons to [96] have been suggested as this might depend on the algorithm to a certain extent.

9An analogous approach to the severely truncated bootstrap — fitting operator dimensions and OPE
coefficients at the same time — was recently explored in [97].
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When studying a single correlator involving Zs,-even operators, we make the identifications

2
ar = Agso,
i
F, = F,
n = —F%%. (2.84)

The point is that ¢ may denote o, € or indeed any scalar whose self-OPE is well approximated
by the Z operators in our set. We regard (2.83) as a set of N > Z linear equations with
N given by (2.70). A naive approach is to remove rows corresponding to high derivatives
bringing the number of equations down to Z. This often leads to aj coefficients that are
negative, even when we use dimensions that are accurate to four digits. To overcome this,
we follow [90] and leave one extra equation so that N = Z + 1. With this overdetermined
system, we will not be able to find a; that satisfy (2.83) exactly. Rather, we find the a; that
minimize the distance between the left and right sides of (2.83). In this fit, the constraint
ar > 0 may be specified by hand. If our norm for this is the 1-norm, it is convenient to
introduce a vector of positive entries t such that

Z
—t<n-) aF,<t
k=1

Z
n— E CLka
k=1

We may now concatenate t and a into a vector y and recognize that the norm (2.85) is
b'y with the objective b =[1,...,1,0,...,0]. Under the identifications

Z+1

<>t (2.85)

s o_ [z F . Fy
n
c = [—n} , (2.86)

this becomes the linear program (LP):

minimize b"y over y > 0
such that By < c. (2.87)

It is amusing to point out that a reader using SDPB may continue to use it for solving (2.87)
because every linear program is also a semidefinite program. To do this, the (27+42)x(2Z+1)
and (27 4 2) x 1 matrices B and ¢ must be enlarged to (472 +3) x (2Z+1) and (4Z+3) x 1
so that they encode component-wise positivity of y in addition to (2.85). The next necessary
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Figure 2.5: OPE coefficients in the 2D Ising model for operators with A < 8. Wide blue
bars show exact values and narrow red bars show estimates from the fit used in [90].

step is replacing b with —b (and prepending an arbitrary number) as SDPB’s objective is
maximized instead of minimized. Finally, the orthogonal polynomials should all be 1. With
this choice, constraint matrices in (2.81) simply pull off a diagonal component of Y and
c— By = Tr(A.Y) reads c — By > 0. In any case, whether (2.87) is solved as an LP or SDP,
it is clear that the returned y will give us the OPE coefficients >‘2¢>¢>Ok'

To verify that this gives reliable values for a; in two dimensions, we have compared exact
and approximate results in the Ising model where € X € operators are also in o X o. Starting
with Ay = A,, the A2, coefficients are very close to the ones found in [90]. Changing the
external dimension to Ay = A, the same algorithm produces accurate A2, coefficients as
well. These are shown in Figure 2.5.

Turning to three dimensions, exact Ising CFT data are not available, but the tables in
[94] have negligible error for our purposes. Despite all the progress in isolating this model, it
appears that several spin-¢ operators are still missing from these spectra: the ones that do not
fall into [00],, [e€], and [o€], twist families. As evidence of this, Figure 2.6 shows that OPE
coefficients fit with the dual method differ greatly from the ones returned by spectrum.py.
To guess where the first missing operator appears, we can take the naive view that twist
families exist all the way down to ¢ = 0. Constructing one out of an irrelevant operator ®,
we have A ~ 2As + 2n + ¢ > 2d. Four-point functions approximated by bootstrap data
have already proven useful for conformal perturbation theory and measuring non-Gaussianity
(99, 100]. As it is significantly affected by the incompleteness of the spectrum above A, = 2d,
a fit to the crossing equations must be a less forgiving problem.

Although we have not done so yet, it should also be possible to fit mixed OPE coefficients
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Figure 2.6: The analogue of Figure 2.5 for the 3D Ising model. In the fit, we have used the
Zs-even operator dimensions from [94]. This is already a longer list than anything that is
likely to come from a one-correlator bootstrap. Due to a remaining bias in the spectrum,
there is strong disagreement between the primal and dual methods.

in a 2D theory. The last two rows of (2.67) would lead to coupled quadratic equations which
rapidly become impractical to solve as our system grows. Therefore, we will focus on the
third row. If only the identity has been singled out, this is a homogenous equation and its
parameters are ambiguous up to a rescaling. This is why it helps to find OPE coefficients
in a prescribed order. As long as Agug2 has been found from the ¢ x ¢ fit described above,
permutation symmetry of this coefficient may be used to make our equation inhomogeneous.
In this case, it takes the form of (2.83) but now with

e = )‘?M;?Ok
_ p?;09°
Fk - F_’Almek
_ 2 P2 ;002
n = _>\¢¢2¢F—,A¢,O . (288)

Essentially, ¢ plays the same role that the identity operator played before.

2.3 One and two dimensions
To complete Table 2.1, we should consider a superalgebra, or a pair of two superalgebras, from

the following list: osp(N|2), su(N|1,1), osp(4*|2N), g(3), fo(4) and d9(1, 2, ). These enable

the construction of superconformal quantum mechanics in one dimension. Such theories are
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nonlocal (by our favourite definition) since a traceless stress-energy tensor with a single
component must be identically zero. Two-dimensional CFTs all have a supergroup given
by G x G, associated to g and g in the above list, but the appropriate conformal algebra is
allowed to be much larger.

This is most easily seen by using complex co-ordinates z = x + iy and zZ = x — iy. In this
notation, the Fuclidean line element becomes

ds® = da® + dy* = dzdz . (2.89)

It is clear that any holomorphic reparameterization of z, combined with any anti-holomorphic
reparameterization of z, will leave (2.89) invariant up to an overall factor. We therefore find
a conformal algebra with Killing vectors 2”10 and 210 generated by z"*'T and z"*'T
respectively. These operators, defined by

1 , - 1 .

T = Z (Tll — 22T12 — ng) y T = Z_L (Tll + 2ZT12 — TQQ) y (290)
are the two independent components of 7},, once symmetry and tracelessness are imposed.
Conservation implies that 9T = 9T = 0, which also follows from the algebra. Holomorphic
and anti-holomorphic weights, which dictate an operator’s transformation properties, are

defined by

A+l - A/
h==g— h="5—, (2.91)

and it is easy to see that one is always zero for 7 and 7. Note that the spin ¢ is the only
Cartan of the rotation group in two dimensions. The algebra generated by these vector fields
(called the Witt algebra) centrally extends to

Lo Lol = (m =)Ly + 35mlm = 1)(m + 1
(Lo, Ly] = (m—n)Lysn+ 1—C2m(m — 1) (m~+ 1)dmino (2.92)

which will be all-important in this section. Known as the Virasoro algebra, (2.92) determines
how infinitesimal transformations rescaling (2.89) are able to act on correlation functions.
It appears as an enhancement of any s[(2) x sl(2) theory with a stress-energy tensor unless
the strictly finite conformal invariance is achieved through the strange mechanism in (2.13).

The operator equations 9.J = 0J = 0 can appear again for higher spin currents in this
context since the conformal Coleman-Mandula theorem does not apply for d = 2. Even in
purely Virasoro-symmetric CFTs, there are infinitely many conserved currents built from
polynomials in 7" and their derivatives. These have h = 0 by definition, while » must be an
integer to allow single-valuedness of correlation functions. The OPE of such operators was
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explicitly found to be

Aiji (hi = hj + hy)n 0" Ji(0)
Ji(2)J;(0) = hi +h Z Z y (2hy) Shith;—hy—n (2.93)
k n

n=0

n [101]. Currents of arbitrarily high spin not generated by T are allowed in 2D CFT as
well. An algebra generated by such currents is called a W-algebra to distinguish it from
a Lie algebra. Generic examples differ from (2.92) in that charges appear nonlinearly in
commutation relations. Although no complete classification is available, several W-algebra
families, along with sporadic examples, have been found since the work of [102].

2.3.1 Exactly solvable theories

Rewriting general CFT results in the complex notation appropriate for this section is a
straightforward exercise. Two-point functions and three-point functions become

_ _ 1
<O(Zl,21)0(22722)> = >h—2h (294)
212 %12
_ _ _ A123
<Ol (21’ 21)02(22’ 22)03(23’ 23)> - hi+ha—hs _h1+h3—ha ho+hs—hi hi+ho—hs —hi+hs—ha chao+hs—hy
212 213 223 212 213 223

which look somewhat more compact than (2.28) and (2.29). Also, we stress that (2.94)
represents the most general three-point function of conformal primaries this time. There is a
further notion of Virasoro primary which describes an operator annihilated by all Virasoro
generators with a positive subscript. Our ability to construct a sensible theory by acting on
these operators with L_j,, Ij_w follows from the same unitarity logic as before. A powerful
fact about the Virasoro algebra is that correlators of descendants may be obtained from
the corresponding correlators of primaries, even when the charges being used to descend are
more complicated than total derivatives.!?

To see how this works, we should derive the singular OPE between the stress-energy
tensor and a primary from

1

0O0(w,w) = 57

7{ [dze(2)T(2)O(w, w) + dze(2)T(2) O(w, w)] (2.95)

where the Killing vector this time is an arbitrary holomorphic vector field. To have consis-

Having a larger algebra of spacetime charges generally increases the amount of information that can
be extracted from a correlation function of primaries. However, there are sometimes descendant correlators
that are not determined by the primaries of a higher W-algebra.
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tency with the finite conformal transformation

O'(Z'7) = o ' oz E O(z, 2) (2.96)
-\ 0z 0z T ’
it must be the case that

ho(0) | 90(0)

T(2)0(0) 5 -
700 = "9 200 207
up to regular terms. The other OPE we need is
reyre) = L2 0 0
T(2)T(0) = CZ/TQ + 27—;20) + 8_2(0) (2.98)

which is more singular than (2.97) because the stress-energy tensor is not a Virasoro primary.
It is in fact given by T'= L_,I. Nevertheless, (2.98) is easy to verify since it reproduces the
commutation relations (2.92) once the charges are written as explicit modes

d _ dz -
L, = 7{ SE Tz, L = 7{ ZE T () (2.99)

Insertion of (2.99) into a correlation function with one descendant, for instance, yields the
expression

_ _ _ B 1 dw1 o dwj
(Lo Lo, O 01 (21,51) . O30, 20)) = T fwml_l 7{ i (2.100)
(T(wy) ... T(w;)O(z,2)Ok(21,21) - .. O(2k, Zk))

which can be computed by iterating (2.97) and (2.98). There is a very convenient property
of these chiral OPEs when used inside contour integrals (which is sometimes confusingly
referred to as a properties of OPEs in general). It is that the universal singular terms we
have been able to deduce are enough to evaluate (2.100) through the residue theorem.

The other indispensable information about the Virasoro algebra is its representation
theory. This is rich enough to reveal infinitely many interacting CFTs built solely from
primary fields that have null descendants. The extension of (2.41) to the Virasoro case
is simply LI = L_,. As such, we should demand that representations have a positive
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semidefinite Gram matrix for unitarity.

[ (h|h) 0 0 0 ]
0 (h|LiL_1|h) 0 0
M = 0 0 (h|L3L% |h)y  (h|LoL* |h) ... (2.101)
0 0 (h|L2L_3|h)  (h|LyL_s|h)
1 0 0 0 |
0 2h 0 0
— |0 0 4h(1+2n)  6h
0 0 6h 4h + £

Te determinant of the level-/ block, found by Kac in [103], is

detM; = ay [J[h = hro(e)P¢)

rs<l

a = []l@r)sptrartzram) (2.102)

rs<l

where p(n) is the number theoretic partition function. Its appearance is clear once we know
that a state with weight h, 5(c) is null at level rs. The non-trivial part of the Kac determinant
is the formula for the roots, which has the parameterization

6 [(m+1)r —ms]?—1

=1—-— , hys = . 2.103
¢ m(m+1)" " dm(m + 1) ( )

We will not prove (2.103) in this thesis but a singular vector expression used in (3.7) plays
a role in the proof. By plotting (2.103) in the (¢, h) plane, we find that the curves where
detM; can change sign are all in the ¢ < 1 half-space. Representations on the other side
are clearly unitary as the Gram matrix is diagonally dominant in the ¢ — oo limit. A
detailed analysis in [104, 105] showed that all but countably many points with ¢ < 1 have at
least one p(I) x p(l) block with a negative determinat. The only way to construct a unitary
representation in this half-space is to choose a point where two detM; = 0 curves intersect
(m € N), leading to states that are not just null at level rs but null at level (m—r)(m+1—s)
as well.' Some work generalizing this to the W-algebra case was recently done in [106].
Let us consider a correlator with three primaries — one with a level-2 null, one with a

HThese are in fact the first intersections. There are other points where the curves for two levels intersect
that do not lead to unitary representations. This is because there is a third level for which these points lie
strictly to the left.
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level-rs null and one that is to be determined. If we construct the linear combination of
L?, and L_, that must annihilate this three-point function, we find only two possibilities
for what the third weight must be.

D19 X Ors = Grs—1+ Grsi1 5 P21 X Grs = Op_1.s + Gri1s (2.104)

Iterating (2.104) does not lead to primaries with arbitrarily large Kac indices because we
have chosen to take m € N (we relax this assumption in chapter 3). Once an index becomes
large enough, the corresponding weight becomes equal to one we have already seen up to an
integer multiple of rs or (m —r)(m + 1 —s). In other words, we get a closed OPE given by
the ansatz

minqwﬁ —|r—r'|= 2J VM 3—r— 'rf\r r’\J)
¢r,s X ¢r’,s’ = Z

k=

s/ —|s—s
min({s+s 7|5 s'|—2 {2m s 52 |s .5|J>

¢\T—r’\+2k+1,|s—s’|+2l+1 (2105)

o

=0

having only finitely many Virasoro primaries. Theories that can be constructed from finitely
many primaries are referred to either as rational CFTs or minimal models for a particular
chiral algebra.'? In this case, the theories obeying (2.105) will be Virasoro minimal models.
One way to get a consistent torus partition function (2.17) in a minimal model is to let
every primary have equal weights h and h. These so-called diagonal minimal models for
m = 3,4,5,... are properly called the Ising model, tricritical Ising model, tetracritical Ising
model, etc. Many of them admit orbifolds that take us to a non-diagonal minimal model.
The most famous example is an orbifold of the tetracritical Ising model called the 3-state
Potts model. These models are solved by the bootstrap because the four-point functions

(Dr1,51(0)Pry 55 (2, 2) Brg 55 (1) Bry 54 (00)) (2.106)

may be expanded into finitely many Virasoro blocks. These blocks do not have to be com-
puted with a tedious OPE sum because there is always a differential operator annihilating
(2.106). Once the appropriate differential operator is constructed with the Virasoro Ward
identity, the Virasoro blocks in question form a basis of solutions where each one has a dif-
ferent leading behaviour. This is usually illustrated with differential operators that happen
to be second-order leading to hypergeomeric solutions. The constraint of crossing symmetry

12We do not know why the parlance developed in this way. It would be just as correct to say that minimal
CFTs are rational models for a particular chiral algebra.
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pins down their coefficients after using relations like

. ~ T(e)l'(c—a—0b) a,b .
2F1(a,b,c,z) - F(C—G)F(C—b)2F1 a+b—c+1 ,1—2

N F(C)E((Z);<Z)_ V1 _ 2oty ( Cc_—aa,_cb—+b1 q_ Z) (2.107)

which describe the branching of a direct channel block into crossed channel blocks. A more
systematic approach needs to be developed when the Virasoro Ward identity is not second-
order. The solutions are usually not generalized hypergeometric functions, and even when
they are, analogues of (2.107) require the Meijer G-function. Instead, there is an elegant
integral representation called the Coulomb gas formalism, reviewed e.g in [85]. Contour
deformations make the crossing kernel transparent, leading to explicit expressions for the
minimal model OPE coefficients [107-109]. We will have more to say about these ideas in
chapter 3.

Our introduction would not be complete without a discussion of the free boson in two
dimensions. This is a ¢ = 1 CFT with a spectrum that is either discrete or continuous
depending on whether we take the target space to be compact: X ~ X427 R. Understanding
this theory is actually important for the minimal model problem as well since the Coulomb
gas formalism expresses (2.106) as a free boson correlator in the presence of a background
charge. A strange thing about the free boson theory is that it is only a CFT in the usual
sense once operators that generate logarithmic singularities are removed. This means that
we disregard powers of X (z) and X (Z) when constructing primaries. Instead, we should use
the derivatives i0X (z) and i0Z(z) along with exponentials

Vii(2,2) = "X RXE) (2.108)

We should in fact regard (2.108) as the only primaries once we recognize that the symmetry
of the free boson enhances beyond the Virasoro algebra. The single derivatives of X and
X are generators of this new symmetry, u(1) x u(1), and descendants of the identity with
respect to it. The momenta in (2.108) belong to the lattice

n mR n mR
F_{(E+T’E_T)‘m’nez} (2.109)

which is invariant under R % — the origin of T-duality in string theory. Generically, the
free boson as one discrete symmetry which can be gauged, leading to two continuous families
of free CFTs labelled by the radius. The picture, along with three special orbifolds of the
R = /2 theory, is often referred to as the ¢ = 1 moduli space. However, it is more correct
to refer to it as the space of two-dimensional CFTs that have a u(1) x u(1) symmetry [110].
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2.3.2 Fun with twist fields

The most complicated ¢ = 1 CFT is the S;/Z, orbifold theory. This is the compact free
boson with X ~ —X identified. A twist field of dimension (%, %6) appears for every fixed
point of the symmetry being modded out — in this case, there are twists around X = 0 and

X =m.

X (€2, 2)00(0) = —X(2,2)00(0)  X(e*72, 2)01(0) = [2nR — X (2, 2)]on 0)
X (z,¢22)00(0) = —X(2,2)00(0) X (z,¢*™2)0,(0) = [27R — X (2, )]0 (0)

While three-point functions involving twist fields once again follow from the trick of expand-
ing a four-point function, there are several subtleties in this calculation.

When a correlation function has four twist fields, these create two branch cuts which are
responsible for the multi-valuedness of local operators in the z plane. Alternatively, we may
turn this into a partition function on the two-sheeted cover where the operators are single
valued functions of a parameter 7 or ¢ = €*™". The standard map from z to 7 is

_ [%(0) ' T—iM
= Lw)} ¢ TTRG (2.110)

and one can actually write nice expressions for the theta functions individually [111].
D = ZK(G)VE
I3(7)? =
94(1)? = ZK()V1-2z (2.111)

The statement of crossing symmetry for (o(0)o(z, 2)o(1)o(oc0)) is the usual functional equa-
tion. This is equivalent to modular invariance as shown by the standard identities:

9, (-%) = VTI0A(T) | Dol + 1) = ¥ 0a(7)

U3 (-%) = V=irds(7) , Is(1 + 1) = V(1)

94 <—%> — ZiT0s(7) , Oa(r +1) = () . (2.112)
We vgill shj\(zw a curious fact that many of these four-point functions are “solvable by radicals”
at R =2%.

Without loss of generality, we may assume that the last twist field is always oy. This
is due to an invariance under the D4 group generated by oy <> o1 and og <> —oy. The
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four-point function in question was found to be

(05(0)0,45(2,2)0.(1)o0(0)) = Zoo(T,7)Zr(T,T)

] 1 9s(r)2 |5
Zoo(T,T) =
TS R |10
~ TR*| 1 ’
Zp(1,7) = Z 2 o e L +m7+§(5+”) (2.113)
m,m’'€Z

in [112]. Under 7 <> —1, the sum reshuffles according to (m,m’) <» (m/, —m). Therefore,

both pieces are separately modular invariant. We can force the weights h, h = % (% + mTR)Q
to show up if we perform a Poisson resummation in m'.

= 1 /193(7-)2 % l<£+m7R>27l(ﬂ_TVLR)2
s(0)oris(2,2)o,(1 o0 = —1)*ga\rT 2 i\rR™ 2
<U ( )0 + ( )0 ( )00( )> ‘77(7—)|2 4192(7_)194(7_) ; ( ) q q
me2Z+r
q = & g=e T (2.114)

The right-hand side of (2.114) is given in [112] but as a formula for (o, (0)o,1s(2, 2)os(1)og(00))
with z = [03(7)/94(7)]*. The r <+ s switch does not seem to compensate the redefinition of
z. Nevertheless, we believe (2.114) is correct for two reasons. The first is that the square of
the non-compact four-point function

w2 1

Zaol2,2)" = 2z(1— 2)F K(1— 2)K(2) + K(2)K(1 — ) (2.115)

is precisely the complex boson expression which was calculated in [113] by a different method.
The second is that [114] exactly writes (2.114), saying that it comes from tracking down
strange conventions in the original sources and imposing (2.110) instead.

One more point, not made clear in [112], is that R <> %, despite being a duality of the
theory, does not leave Zg(7,7) invariant. This is because a relabelling of operators occurs.
For R € (0,v/2), the formula (2.114) describes the four-point functions of o and o) as we
defined them above. For R € (v/2,00), it describes the four-point functions of new twist

operators defined by
o9+ 01 00 — 01
oL = 7 , o_= 7 (2.116)
Although we will see that this is true explicitly, [115] has an argument which explains this
phenomenon in a neighbourhood of R = v/2. Consider the primaries

n-—+m n—m - n-—+m n—m -
V;{n:cos —X+—X) ) Vﬁjn:sin< X + X) . 2.117
o (X ’ NI (2117)
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If the definition of a vertex operator is extended to allow half-integers, these can be given
weight (h,h) = (%, ) by choosing (m,n) = (1,0). Next we demand that the marginal
operator traversing the orbifold line acquire a sign under T-duality. This says that one of

the chiral components of the scalar field must shift:

J1J1 = cos(vV2X) cos(v2X) —cos(\/i)g) cosg\/ﬁ)?) =—JiJy
X—X X=X+
Performing this shift, we see that V" , and Vi are mapped to linear combinations of them-
I’ 27

2
selves that are precisely given by (2.116). We may summarize this discussion by writing the
list in Table 2.4.

R<V2 R> /2

(00000000) \192—1194| Zmn q%(%erR)qu(%_mR)Q (01010404)
(01040404) \192_1194| > Cli(%Jr%)zﬁ(%f%f {00000000)
(01010000) | Zm,n(—l)"qi(%H"R)z(ﬁ(%*m}%)z (0_0_0404)
(0 000 | ol (gt G ) i G’ (01016000
(00010100) | i Sy g e ) g G2 (010-0-04)
(0,0 0_0.) wz_lz%l S qi(%+%+%)2gi(%*%’%+%)2 (0o010100)
(1000 | g S (1t oD gm0 o 660
(0-0.0-04) | ha Zmn(_l)nq%(%er%Jr%)Qgi(%m—%Jr%)Q (01000100

Table 2.4: While (2.114) is a four-point function of twist fields on either side of R = v/2,
the interpretation of those twist fields changes on either side. This table lists the four
inequivalent correlators in the two different bases.

For some values of R, simple expressions can be obtained by evaluating these sums in
terms of theta functions. This is done in the Appendix A. Looking at just the first two
rows, we can produce Table 2.5 where blue represents a sum computed in Appendix A and
red represents a sum that looks too hard. Staring at Table 2.5, every sum appearing on the
left-hand side for radius R also appears on the right-hand side for radius }% which represents
a different theory. One might therefore imagine an algorithm which starts from the blue
sums and composes the maps R — % and R — % to generate closed-form expressions at all
powers of 2. In the rest of this section, we will comment on this hope and explain how the
results in Appendix A verify known dualities.
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R? (00000000> i i <O’+O'+U+O'+> i 2
+2) _2(m-1 8(m+2)” 8(m—2
32 \192174| Em nd i 82 1 v 82> 192194| Zmnq (m+32)2( " 32>2
16 |192794| Zmn ( Z) g(m4) ) \192'194| Zm,n 4(m+1)2 574(7”162)
L o)t _Lipm—n 2(m+2) 2(m-2
8 |192194| Zm,n q2(m+2) q2<m 2) \192]194| Zm,nq ( 82 q ( 82)
1 2 1o )2 n\ _(—n
4 |1921194| Zm,n q4(m+n) q4(m n) 11921194| Zm,n q(m+4) q2(m 4) 3
1 2_1 _ 2 1 Q 1 n
2 | ik X, g g2 = \192194| > Cqp(ms) ga(m=3)
(- Fmtn)? g (mn)? (m+3) gm=%)"
[9204] D i @1 q+ \192194| Zmn q q
L] §(m+8) g (m-3)" | _1_ 2(m+)” g2 (%)’
2 [9204] Em,n q , q , ‘192194| Zmnq 2( i
i |1921794| Zmnq(er%) q(m%) hwu Z nd 4(m+15) q4(m i)
1 1 ’ 2(771,—&-%)2 —Q(m—%)Q (m—‘,—’—z)278(m—3—;>2
8 [9204] Zm,n q q ‘192194| Zmnq 3 q

Table 2.5: The first two rows of Table 2.4 with some powers of 2 plugged in for R?. The fact
that some red sums can be obtained from blue sums indicates that, between the two bases,

difficulty is not always conserved.

Using (A.2) and (A.3), we find two of the four-point functions at R = /2.

(00(0)o0(z, Z)o9(1)o9(00))

(00(0)o1(2, 2)o1(1)a0(00))

[D2(7) [ + [Fs(7) [ + [da ()

2|z
%

(1—=2
2(7)[? + [Us(7)|* —

2|05(7)0a(7)|
o o (CEES AT
[Da(r)I”

1
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22(1 — z)|1

2005(7)0a(7)]

1 1 1
(1212 + 1= 11— 21%)

(2.118)



Two partners of the second line come from (A.4) and (A.5)

—[92(7) [ + [93(7)* + [Pa(7)
2|05(7)04(7))|

(01(0)a1(2, 2)o0(1)a0(00)) =

1 ) )
EEETEET AR
(o10)oulz. ) (Ve(oo)) = Tl )
1 ) )
— 2W—_z)li(|Z|2_1+|1_Z|2) (2.119)

which could have just been guessed from crossing symmetry. It so happens that the correla-
tors just found are exactly equal to (0 0,0,0,), (040 _0_0.),(0_0_o,0y)and (0_o,0_0,)
in that order. We can arrive at these same functions of z if we take correlation functions
of vertex operators which exist in the circle theory at R = 2v/2. Specifically, we make the
following identifications:

00 = V2 cos (—(X +)_()) ., 01 =V/2sin (L(X +)_()) . (2.120)
25
This is an operator-level check of the relation Zom(R = v/2) = Zepe(R = 2v/2). Although
it will not be relevant for us, we note that this partition function can be written in terms
of finitely many characters. This is clearly true for all powers of 2 (since they are rational)
but the special thing about R? = 2 is that it is not divisible by 4. The arguments in [114]
therefore tell us that we will need to take complex linear combinations of oy and oy in order
to construct the diagonal modular invariant.
Treating R = 2 next, we have (A.6) which looks like an Ising four-point function.

[93(7)% + Da(7)?| + [95(7)% — Vu(7)?|
2[5 (7)da(7)|
L+ VI— 2+ [1— vI—7

(00(0)a0(2, 2)o0(1)a0(00)) =

- : 2.121
2|z(1—2)|2 ( )
We also have (A.7), (A.8) and (A.9) which all look like two-point functions.
_ - V3(7) _ 1
(00(0)01(2, 2)o1(1)o0(0)) = 5| T
o 01(2,%2)0 0ol 00 = Us(7) = L
(01(0)a1(z, 2)ao(1)o0(0)) ERES TR
(61(0)og(z, 2)o1(1)op(c0)) = 1 (2.122)
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This is perfectly consistent with the statement that orbifold twist fields become decoupled
Ising spin fields in the duality Zow(R = 2) = ZIQSing’ The correlators above are enough to
deduce

(04 (0)+ (2, Do (Do (00)) = ’Hﬁttﬂ_m‘ ! |1_12|1“+,;|z>
(0 (0)0_(5,2)7_ (Va4 (00)) = ’”ﬁ'f_'iﬂ_m‘ s\ —‘:ﬁ)
(- (002 D)o, (Do () = ’”ﬁ'f_'iﬂ‘m‘ ! ‘|1_12|1‘1ﬂ;|1)
(o0 (2, 2o (Do (o)) = ’”“ﬁ'l*_'i)"m‘ ! ‘|1_12|1“‘\:|1)

when we take sums and differences of oy, o;. Since these are also the results of (A.10), (A.11),
(A.12) and (A.13), we confirm that (2.116) is indeed the relabelling induced by R <+ 2.

At R = 2v/2, which corresponds to the 4-state Potts model, four correlation functions
are computed in Appendix A. For (A.14), (A.15) and (A.16), we find:

[D2(7) 2 + [93(7)[* + [Pa(7)

2|05 (7)04(7)]
1 1 1
e (CLES Iy
2|z(1—2)|1

[92(7)03(7)[93(7) + 792(7)2“% + [92(1)93(7)[93(7)* — V(1)

(00(0)a0(z, 2)a0(1)o0(0))

N[

(00(0)o1(2,2)01(1)00(00)) = V21 05(7)0a(7)|

L+ VR + i = VR)l2
Vala(1—2)t
[93(7)a(7)[Ws(7)? + Da(7)°]]* + [Vs(7)0a(T)W05(7)* = Va(7)]]

=

(7100)01(z, B)eo(L)on(oc)) = Va[ia()0a(7)]

B Y [N [ U Rl R

V2|2(1 - 2)[3

NI
Wl
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The sum for (A.17) looks a bit harder but it evaluates to

[V

_ [9a(n)9a(m) [9a(7)* + Fa(r)?)|2 + [92(7)04(r)a(7)? — 0a(7)?)
V2[0(7)04(7))|
_WEH VT2 + Ve - VT2
V2]z(1 = 2)|5 '

(01(0)o0(z, 2)o1(1)ap(00))

(2.124)

Their images under R <+ }% cannot be computed directly with the techniques in these notes.
However, we may use the fact that these complicated expressions have to be related to the
simpler expressions through the linear combination (2.116). This allows us to predict entirely
non-obvious mathematical identities like

n

S 2 = L ()P 4 (05 [94(7)P)
o Bl
+575
+ |03(r)04(7)[93(7)? + Da(7)?]|® + [05(7)04(7) [93(7)* — Va(7)?]|?
+ [92(7)04(T)[92(7)? + 9a(7)?]| % + [Da2(7)0s(T) [Da(7)* — 194(7)2]\5}
(2.125)

[[9(7)05(D5(7)? + D] + [ 95()05(r)9(7)* — D7)

which we have checked numerically. We would now like to see if we can continue this cascade
of inferring increasingly complicated expressions on physical grounds. The sum we deduced
in (2.125), which gives (0, 0,0,0.) at R* = 8, is also the sum that gives (ogog0g00) at
R? = 32. However, there seems to be no relation between the other correlators at these two
radii, due to the fact that the sums do not treat the two indices symmetrically. To convert
(2.125) into an expression for a mixed correlator of o, and o_ at R = 2v/2, we introduce
(—1)™ or increment m by % Conversely, we make a mixed correlator of oy and o} at R = 4v/2
by introducing (—1)™ or incrementing n by % It therefore appears that (ogogog0y) is the
only twist-field four-point function we can compute at this radius. We need at least one
more in order to start learning about what they are at R = 8/2 and so on. Most authors
resort to defining new theta functions at these radii but it would be nice to find some way
around this.

2.3.3 Analytic bootstrap functionals

While the bootstrap is applicable to general CFTs, integrable or not, we have seen that
many two-dimensional examples do not need a numerical treatment. They have already
been exactly solved through the power of chiral symmetry. There is also a sense in which
numerics can be obviated in one dimension but the principle underlying this result is very

20



different. In [116-118], functionals certifying the non-existence of CFTs above a certain gap
were constructed analytically. This allowed the authors to prove certain numerical bounds
that had previously been seen in [119]. These functionals are specified by their action on

GA<Z) GA(l — Z)
+ _
Fx(z) = o, + 1= 2% (2.126)
where z = Zi—zi and
Ga(z) = o F1 (A, A 24 2) (2.127)

is the s[(2) block. We have seen that Fy occurs in single correlator bootstrap problems.
We can also see F{ without external dimension differences if we consider operators that
transform non-trivially under an internal symmetry.

The functionals we discuss will all have the “cut-touching” form

wlF(z)] = QLm 1ooh(z)Disc[.7:(z)]dz
Disc[F(z)] = Ell%i [F(z +i€) — F(z —ie)] . (2.128)

When F(z) is a convolved conformal block, (2.128) can be written as (the analytic continu-
ation of)

W F(2)] = OozzA¢—2 z—1 G( )z— o—im(A—20) = ZGAU_Z) -
- [ (52) Bl 20
(2.129)

where )
Ga(2) = (—2)29F1 (A, A 24 2) . (2.130)
The precise relation between the various kernels depends on whether the convolved block is

Fx(z) or FX(z) as shown in Table 2.6. The conjugation condition in the last line follows
immediately from taking h(z) to be real for z € (1, c0).

F()=Fr(z) | F(z2) = FX(2)
(2) = DISC[h( ) g(z) = DISC[h(Z)]
(

5 72m(1 z) (Z +h(1 z)

) = ) =
fR)=f1=-2) | f(z)= —ﬂl—d

Table 2.6: Definitions of the (2.129) kernels in terms of h(z) in (2.128). These reality
properties are essential for finding a direct relation between f(z) and g(z).

- -
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The proof of this comes from writing

I Ga(l—2) 1 [ Ga(l—2)
+ . .
OJ[FA (Z)] = _2_’/TZ . h(l — Z)DISC {m] dz £+ 2_7'['2/1 h(Z)DlSC {m dz
(2.131)
and rotating so that all integration contours are z € (1,00). This yields
+ ¥ on,2 (21 éA(l—Z)
wlFX(z)] = /1 P g( . )(z—1)2A¢dZ
1 T in(a—2a . iT(A—2A . GA(l—Z)
+ i |/, e (A=2R80)1(1 — 2 — ie) — '™ 2¢)h(1—z+26)}mdz
1 e . GA(l — Z)
where g(z) is defined as in the table. One may try to simplify this further by writing
h(l—z—ie) = h(z+ie) —mif(z+ie)
h(1—z+i€) = h(z—ie)+mif(z+ie) . (2.133)

For the lower sign, this causes all integrals containing h(z) to cancel in (2.132), leaving
(2.129). Conversely, if we are interested in the upper sign, the way to make all h(z) terms
cancel is to perform

h(l —z—ie) = —h(z+ie) — mif(z+ ie€)
h(1—2z+ie) = —h(z—ie)+ mif(z+ ie) . (2.134)

It is easy to see that (2.133) and (2.134) pick out the definitions for f(z) in the left and right
columns of the table respectively.

Once we are confident about how f(z) and g(z) are defined, we may write down the
so-called gluing condition. This is one of two necesssary ingredients in solving for useful
functionals. By referring to the table, we find the following.

{—g<z>—g<1—z> F=F"

Rf(2) = (2.135)

+g9(z)—g(1—2) F=F*

The action of any one of these functionals has infinitely many local minima. For bootstrap
applications, it helps to set things up so that these local minima are also zeros. This gives
us some hope of finding extremal functionals that pick out theories with equal spacing
between their operators — the generalized free fermion and the generalized free boson. The
simplest way forward is to make the choice f(z) = 2?¢72¢g (¥21) so that (2.129) becomes
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proportional to either sin® [2(A — 2A4)] or cos? [Z(A — 2A4)]. These are called extremality
conditions. Notice that for one of them, the zeros are at

A=AY =2A,+2n+1, (2.136)
while for the other one, the zeros are at
A=A® =27, +2n. (2.137)

This is nice because (2.136) is the spectrum of the generalized free fermion while (2.137)
is the spectrum of the generalized free boson. The right extremality condition is controlled
by whether we want a functional that picks out a bosonic or fermionic spectrum. The right
gluing condition to use is controlled by whether we want functionals to do this on Fy or F.
We summarize the coupled functional equations that must be solved in each case in Table
2.7.

Fermion Boson
_ (o | Bf(R) = —9(2) —g(1 = 2) | Rf(2) = —g(2) —g(1 - 2)
o BT =0t T TR = g gL
_ z -2z z)=g9(2) —g(1l -z
F(z) = F{(2) Fz) = —22B6— 2g(z;1) F(z) = 228672 (%1)

Table 2.7: Functional equations to solve for two types of blocks and two types of spectra.
Functionals in the top line can (and have been) used to prove numerical bootstrap bounds
rigorously. Functionals in the bottom line might be useful in 1D bounds that impose global
symmetry.

When solutions to these equations are found, the most singular power-law, as z — 0, will
tell us when one of the seemingly second-order zeros is really first-order. The functional is
finite on either side of this zero since the integral is interpreted as an analytic continuation.
It is quite useful to find the linear combination of solutions with the smallest first-order zero.
This tells us the bound on the gap if the functional is such that summation over a physical
spectrum can be swapped with the integration [120]. Other solutions in the basis have been
especially useful in other problems [118]. To actually find solutions, one general method has
been published so far [117].

1. Go to Mellin space.

2. Solve everything for some small integer or half-integer values of Ag.

@

Conjecture a general formula based on this (which would be harder in position space).

=

Compute the inverse Mellin transform.
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5. Show that the resulting expression is indeed a solution.

Instead of demonstrating this method, we will focus on Ay = 1 for which two of the four
cells in Table 2.7 can be solved by guesswork. Defining p,(z) = P,_1(1 — 2z), we may check
that

076 = ~ZEE D ot + s (1)
g (2) —% [pzn+3(z) — Danta G)} (2.138)

yields the orthogonality relations

wip™) {F;@(Z)] =0, w) [Fg;¢><z)} = Omn

wbeh) [ FZWZ)] —0 W [sz(z)} —5 (2.139)

which will be useful at the end of this thesis. It is worth noting that other integer values of
A, exhibit the same pattern — bosonic “—” functionals and fermionic “+” functionals are
easy. At half-integer values, the opposite is true — we get nice expressions for bosonic “+”
functionals and fermionic “—” functionals.

Since (non-convolved) 2D blocks are, in a sense, products of 1D blocks, it seems reason-
able to expect some mileage from the analytic functional approach in two dimensions. In
particular, it is possible to find a different family of functionals that satisfies

i [#729G 30(2)] = b s i |(1 = 2) 720G o0 (1= 2)] =0 (2.140)
instead of (2.139). This allows one to show that the generalized free boson scaling dimensions

uniquely fix the OPE coefficients to take on their generalized free boson values as well. It
would be interesting to explore other 2D applications of 1D extremal functionals.
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Chapter 3

Analytic continuation and unitarity

As soon as one has a proper algorithm for conformal blocks, an immediate consequence is
that she can run the numerical bootstrap in a fractional number of dimensions [79, 121-124].
In Figure 3.1, we show some of the resulting low resolution islands around the Ising models in
3 < d < 4. This is curious in view of the now standard fact that fractional dimensions abhor

0.5t 275

= 0.3+ 4 05

0.2 }

3.5

0.1} 3.75

0, ‘ ‘ ‘ ‘
0.00 0.01 0.02 0.03 0.04
Yo

Figure 3.1: Allowed regions carved out by crossing symmetry and unitarity in a Zs-symmetric
system of correlators involving ¢ and e. Each value of d exhibits good agreement with the
perturbative critical exponents of the Wilson-Fisher fixed-point.
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unitarity. Consider a local operator QU] whose indices furnish a non-trivial representation
of SO(d) or some other global symmetry. We have used [...] to denote anti-symmetrization.
If the indices are taken to run over a finite set {1,...,m}, these operators are null for n > m.
However, this restriction disappears as soon as we let m vary continuously. Analyticity then
dictates that (Oli](c0)OU1-I](0)), as a function of m, have zeros at all integers from 0
to n — 1. Without an infinite amount of fine-tuning, we expect some of these zeros to be first
order, leading to negative norms in the theories that interpolate between those of greatest
physical interest. This was shown to be the case for the Wilson-Fisher fixed-point in [125].
The essential operator to consider was

B 5125151450710, 01 60,060,060, 0" 60,, 0 (3.1)
which is not primary but has a negative norm below d = 4.

The fact that Wilson-Fisher fixed-points belong to the allowed region in Figure 3.1 is
usually attributed to the black-box nature of the numerics — norms are still positive for
operators of a reasonably low dimension so it is unclear how difficult it will be to exclude
these theories. There are several other analytic continuation procedures available if we wish
to see more examples of unitarity violation. One choice is to continue d in a fixed-point
that may be reached from a theory of free fermions. The end of this chapter presents a host
of surprising phenomena that can be seen in a fermionic version of [125]. Before returning
to this issue, it is worth analyzing a continuation that can be done in fized dimension.
It is interesting focus on d = 2 and varry the parameter m that labels the well known
minimal models M(m + 1,m). Thanks to Virasoro symmetry, the unitarity violation can
be investigated non-perturbatively allowing us to arrive at an interesting conclusion: the
points corresponding to non-unitary values of m in the simplest numerical plots will never
disappear.

We begin by discussing the Virasoro algebra for central charge ¢

(Lins Ln] = (m — 1) Lyn + ém(m —1)(m + D)bpmino . (3.2)
which is ubiquitous for CFTs in two dimensions. The power of this infinite-dimensional sym-
metry was perhaps most famously demonstrated in [12] with the discovery of the minimal
models. In addition to providing an exact solution, representation theory of the Virasoro
algebra enabled [104, 105, 126, 127] to show that these models are the only unitary CFTs
in two dimensions with ¢ < 1. However, one can also see hints of the special role played by
minimal models in a numerical bootstrap which uses only the global conformal transforma-
tions — two copies of s[(2). Exclusion plots, based on crossing symmetry and unitarity, are
shown in Figure 3.2 where a straight line containing the minimal models is clearly visible.
Specifically, the upper bound

1
Ac= (88, +2), (3.3)
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“ 1.0
0.5
0.0 : : : : . ‘ ‘ ‘ ‘
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
A, A,
(a) One correlator (b) Three correlators

Figure 3.2: Allowed regions for the dimensions of ¢ and € — the Zs-odd scalar of smallest
dimension and the Zs-even scalar of smallest dimension respectively. The left plot follows
from the constraints of crossing symmetry and unitarity on the four-point function (cooo).
The right plot comes from the same constraints on (coo0o), (coee) and (eeee). In both cases,
all OPEs are restricted to contain only one relevant scalar.

is realized by the generalized minimal model four-point function (cooo) if we identify o =
¢12 and € = ¢173.1 The authors of [128] observed squared OPE coefficients of quasiprimaries
in this correlator that were all positive. If this conjecture is correct, we must conclude that
in an arbitrary M(m + 1,m) theory, the non-unitarity is mild enough that it cannot be
diagnosed from the correlator of four ¢ operators. Note that the kink present at the Ising
point, (A,,A,) = (%, 1) is robust than the analogous kink in the three-dimensional case
(77, 78, 129]. It does not sharpen into an island when three correlators are used to restrict
the number of relevant operators.

Studying the % <A, < % part of the bound as in [128], we will put the one-correlator
upper bound on a more rigorous footing and explain why the three-correlator upper bound
is unchanged. Our results are summarized in Table 3.1 which shows that for 3 < m < 4,
(cooo) is a unitary subsector meaning that other correlators are necessary for seeing the
negative norms manifest themselves in the squared OPE coefficients.? It appears that the
generalized minimal models with m > 4 have larger unitary subsectors that include the other
two four-point functions. The last line shows a surprising tension with Figure 3.2. Despite

!This notation differs from the statistical physics literature in which it is natural to regard ¢ 2 as the
spin-field.

2Looking ahead, the decompositions (3.37) and (3.40) are essential for the positivity proof. We have
learned that they were previously obtained, through a slightly different method, in unpublished work by
Mikhail Isachenkov and Volker Schomerus.
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Correlator‘3<m<4 ‘4<m<oo

(coo0) All coefficients > 0 All coefficients > 0
(ooee) One checked coefficient < 0 All checked coefficients > 0
(eeee) Infinitely many coefficients < 0 | All checked coefficients > 0

Table 3.1: The status of three-correlator sl(2) block coefficients in the generalized minimal
models. Statements about (cooo) apply rigorously to the full set of coefficients. For the
other two correlators, we have manually decomposed them up to order 15.

the fact that (eeee) displays significant unitarity violation for m < 4, the line (3.3) in the
three-correlator exclusion plot is uninterrupted. The numerics are telling us that there is
a partial solution to crossing, other than M(m + 1, m), which fills in this region. Using
the properties of minimal models, we will show that the existence of this solution can be
concluded from a simpler numerical setup. It would be nice to eventually find a fully analytic
construction.

3.1 Generalized minimal models

In order to have a unitary 2D CFT with ¢ < 1, it is necessary that all primary operators have
conformal weights equal to Kac’s formula h, 4(c) for some (r, s). The Kac table of degenerate
weights is given by

c= 1o m> 2
m(m + 1)
[(m+ 1)r —ms]? — 1
h. = s€TZny. 3.4
’ dm(m + 1) T8 € £>0 (34)

Each of these Verma modules has a null state at level rs. In the operator product expansion
(OPE) of primary operators ¢,, and ¢,/ ¢, the new conformal families that appear are
captured in the fusion rule

r4r —|r—r'|—2 s+s/—|s—s/\—2
2 2

Qbr,s X ¢r’,s’ = Z Z ¢|r—r’\+2k+1,\s—s’\+2l+1 : (35)

k=0 =0

For generic values of m, this leads to an infinite discrete spectrum. All OPEs are finite, but
as we raise the values of r and s, these sums become arbitrarily long. A special situation
occurs when m is an integer. This precisely describes a central charge for which h, s(c) =
hin—rm+1-s(c). The Kac table for these doubly degenerate weights can be shown to truncate,
allowing us to consider only 0 < r < m and 0 < s < m + 1. This leads to a finite number
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of primary operators and, as it turns out, a unitary theory. This theory, called a (unitary)
minimal model, is often denoted M (m+1,m). Since Figure 3.2 only shows a kink for m = 3,
it is evident that non-integer values of m are still important for the bootstrap. This is the
subject of the current section — the generic M(m + 1, m), found to be a solvable consistent
theory and referred to as a generalized minimal model in [130, 131].3 It obeys the 2D CFT
axioms of associativity and Virasoro symmetry but not unitary [132].

The first null descendant of |h, ), dual to a degenerate operator in a generalized minimal
model, will be denoted by |x.s) which is also called a singular vector. Four-point functions
may be calculated once the necessary singular vectors are known. For the correlators of
interest to us, the rules for converting x, s to a differential operator may be summarized by

(n—1 ,
Lo Loy = ) hiln = 1) _ o -
i (zi —2)" (2 —21)"
L+~ ﬁ_l = 61 . (36)

After applying the Ward identities in this way, we use the fact that this operator must an-
nihilate any correlation function involving ¢, , in the first position. The resulting equation,
known as a BPZ differential equation [12], has rs linearly independent solutions represent-
ing the exchanged multiplets. One may read off their dimensions by looking at the O(z")
behaviour as z — 0. While expressions for singular vectors are generally non-trivial, with
some appearing only recently [133-135], the ones we need are relatively simple:

3 (=) *[(s = D1?
|X1,S> = — L_ 1...L, ‘h178>
o T A5 —pr— =) o
m
= — . 3.7
m—+1 (3.7)

It is clear that we may confine ourselves to the border of the Kac table when studying
correlators of 0 = ¢ and € = ¢1 3. The set of operators ¢; s which closes under fusion
is called the Verlinde subalgebra. We will continue to parametrize the generalized minimal
model by A, — the horizontal axis of Figure 3.2. For convenience, Table 3.2 summarizes
the OPEs that are important for the simplest mixed correlator system.

Before deriving the results in Table 3.1 for the upper bound (3.3), it is instructive to

consider the lower bound A
A, = 3 A, | (3.8)

which appears on the left side of Figure 3.2. This gives us a more straightforward opportunity
to use the techniques in [136, 137]. The explicit solution for (cooo) along this line was found

3This should not be confused with non-unitary minimal model, which describes a non-unitary ¢ < 1
theory with finitely many primaries. This discrete set is denoted M(p, ¢) with p and ¢ relatively prime.
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Fusion rules Weights

P12 X P12 =11+ P13 hip =0
P12 X P13 =12+ P14 hyo = A_i
G133 X Q13 =0¢11+ P13+ 15 | hig = % = %
hia = 545,42
1,4 2
hl 5 — 4Aa’ + 2

Table 3.2: Operators that can appear in (cooc), (ooee), (eeee) and their holomorphic
weights. The fusion rules would shorten e.g. in the Ising model m = 3 and tricritical
Ising model m = 4, but we are interested in M(m + 1, m) for real m.

in [85], which focused on its special role in the non-unitary (severe truncation) bootstrap of
[138-140].* This solution exhibits Virasoro symmetry with a central charge given by

c=1+16A, (3.9)

but no Virasoro identity block. To find an analytic explanation for why this four-point
function appears in the unitary bootstrap, one must be able to show that this vacuum
decoupling is the only sign of non-unitarity that appears at the level of a single correlator.
In other words, one must be able to repeat the logic of [128] and find positive squared OPE
coefficients for all of the quasiprimaries that do appear. These will be seen as very large
coefficients by the numerics because the algorithm used for Figure 3.2 fixes A\,,; = 1. This
is indeed what we find from the extremal functional method of [90].

3.1.1 The lower line: A warm-up

The four-point function along the line (3.8) consists of a single Virasoro block V' (h;, h, ¢; 2).
It was found in [85] via the Coulomb gas formalism which writes the central charge as
¢ = 1 — 2402 and places a background charge of 2aq at infinity. This allows a number of
four-point functions to be realized as correlators of vertex operators with additional insertions
of screening charges. The simplest of these is a correlator of four scalars that all have charge
€0, Since the neutrality condition for this is satisfied without any screening charges, one

2
finds the manifestly crossing symmetric

(0(0)o(z,2)0(1)o(x0)) = V <—Za(2), —ad, 1 —24a}; z) % (—%a%, —ad, 1 — 24a2; z)

= Jz(1—2)|%, (3.10)

4The fact that it also appears in the unitary bootstrap has not received much attention. In [14], it was
mentioned that the lower bound at A, = % was somewhat close to A, = % Interestingly, the region below
the bound coincides with the region where standard OPE maximization techniques cannot constrain the
central charge [141].
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where we have used h = a(a — 2ap). Expressing (3.10) in terms of A,,

(0(0)0 (2, 2)o(1)o(00)) = %
glz) = 2% (1—z)73%. (3.11)

Our task now is to expand g¢(z) into s[(2) blocks:

9(z) = ZCanA[,Jrn(Z)
-0
Kn(2) = 2"Fi(h,h;2h;2) . (3.12)

This is guaranteed to be an expansion in even integers due to the Bose symmetry of the
o x o OPE. To proceed by the brute-force approach, we expand the hypergeometric function
and switch the order of two sums.

x© 0 A + n)Q %Ag-l-n-i-m
9(z) = Cn -

nZ:OmZ:O A + 2n) m!

x kK (24, +n) F0+k

We may now compare the inner finite sums to the Taylor coefficients of (3.11), given by

1
by = (32—!")’“. Since the lower triangular system for ¢,, yields to back-substitution,

Sl (A )y, 1
. 2(k—n)
Co = by, nE OCQn( A +4n) e (Qk — 2n)! . (3.14)

Rather than using this recursive procedure, we will now review a method for computing
the ¢, directly. The blocks, defined in (3.12), are eigenfunctions of the conformal Casimir

DKy(2) = h(h—1)K(2)

D = 22(1—-2)=— —2*—. (3.15)

It is well known that D is self-adjoint on [0, 1] with respect to the measure z=2. The authors
of [136] used this fact to develop the Sturm-Liouville theory of this operator and construct
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the orthogonal eigenfunctions

(1 — 2h)

Up(z) = T =2

Kn(2)+ (h < 1—h) . (3.16)

It is convenient to set h = 3 + a in which case (3.16) becomes a function W,(z) which is
even in «. In order for it to have a finite norm, o cannot be real. We must go to imaginary
dimension space and take a € iR.%> The result is that to any four-point function f(z), we
may associate a density f () = f (—«) via the invertible transform

e
N(a) = %F(F(i)g)(;(a;_a). (3.17)

It is now clear that OPE coefficients may be read off from the residues of f (o) whenever its
poles are on the real axis. A formula that [136, 137] derived using this method is

= —n,2p+n—1,p—q
P(1— S F) ) ! 1) K(2) . (3.8
) :ﬂgp+n_1%m ( " ). (313)

n

We will use this in the current analysis and the next one.
Specializing (3.18) to the four-point function (3.11), we immediately find

(%Aa)i —n,%AU+n %AU .
(§Aa+n—1)nn!3FQ< 20, 2A, 71> : (3.19)

0'73

Cp =

There are two ways to assess the positivity of (3.19). The first is to recall the definition of
a continuous Hahn polynomial [142].

- —n,n+a+b+c+d—1a+
Pn(a,b,c,d;a:):3F2( i, 1 “a+cg+d e ;1) (3.20)
Clearl
early, (2A )2 ) ) .
= 5 P 2A,, 2A,,0,0;—2A, 3.21
T A, n—1) nl "\3735 T T35 ) (3:21)

is a valid rewriting of (3.19).5 Suppressing their parameters, the polynomials P,(a, b, ¢, d; )

®There is another name for this space as evidenced by the title of [136].
%In the notation of [143], we would write ¢, = 2 QgACﬁn (—3A,).
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satisfy the following recurrence relation:

(x+a)P,(z) = A,Poii(z)— (A, + B,)Pu(2) + B,P,_1(x)
m+a+b+c+d—1)(n+a+c)(n+a+d)
Cn+a+b+c+d—1)2n+a+b+c+d)

nn+b+c—1)(n+b+d—1)

C2n+a+b+c+d—2)2n+a+b+c+d—1)

Ay

By,

(3.22)

For our parameters, we may easily check that A, + B,,+a+x = 0. It then follows by induction
that all coxy1 vanish. Once we know this, (3.22) is effectively a two-term recursion. Seeing
a positive constant of proportionality in

~ 1 Boy—1 1
Py (—2A,) = — Pos [ —=A
2k< 3 0') A2k71 2k 2< 3 0)
32k —1)(A, +3k—3) - 1
Pos [ =24, ) 3.23
(20, 4 3k —3)(2A, + 6k —3) "2\ 3 (3.23)

we conclude that the sequence ¢y, decays to zero monotonically from above. It is therefore
imperative that the bootstrap single out a region that includes (3.8). To derive this without
referring to continuous Hahn polynomials, one may instead express ¢, in terms of gamma
functions. This is possible because Watson’s theorem [144],

i ( ke, 1) = DRI o v
atbtl 9. 1

LTI (5L + oT(352 + ¢)

N |+

(3.24)

2 0 2

applies whenever p = 2¢ in (3.18). Although R(a + b — 2¢) < 1 is usually needed for
convergence, we may drop this requirement for a hypergeometric function that terminates.

This analysis does not explain why (3.8) saturates the lower bound in the one-correlator
result of Figure 3.2. However, it is encouraging that bounds of this form in one dimension
have been proven in [116]. The Coulomb gas formalism does not yield an obvious way to
solve for the correlators (ooee), (eeee) or even to verify that they exist. Because the three-
correlator plot in Figure 3.2 excludes this line, any theory to which (cooo) could extend
would have to be highly non-unitary.

In this section, we have seen two methods for proving that global block coefficients in
(3.11) are positive. One uses Watson’s theorem and the other uses a recurrence relation
for orthogonal polynomials. We will need both of these methods when we prove positivity
in the generalized minimal models. Before moving on, there is an interesting way to check
our results in a spacetime with Minkowski signature. Even though (3.11) is not strictly a
correlation function in a unitary theory, it is still bounded in the Regge limit. Its s[(2) block
expansion should therefore be calculable with the conformal Froissart-Gribov formula [39]
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which in our case reads

c(AD) = Kase /O /0 K as0 (2) K i-a (2)dDisc[| 227 <a(0)a(z,5)0(1)a(oo)>]i§i§
_ (%)
/<Lg = . (325)

2w (8 — 1)I'(B)

To define the double-discontinuity, we must treat z,z as independent variables and rotate
around the z = 1 branch point. Since this can be done in two ways, we subtract the average
from our four-point function to find

dDisc [g(2)g(2)] = 2 sin® (”TA”) (22)3%[(1 = 2)(1 — 2)] 3% . (3.26)

Performing the factored integrals yields a spectral density given by
c(A, O)I(1 — 1Ao’)_2 ( 4+ & A) ( — %+2 — A+2 QA +_ ‘1)
2 sin? (”A)K;AM (%A +€—AT+2)3 2 (/— A+2 1A 4 =Af2 A+2 ;
(%A _'_A+€ 2) A+Z7A;€7§A _'_A+; 2 .1 (3 27)
F(A+A+£)32 A+€1A+A+ ) .

with poles at A — /¢ = %Ao + 2n. As none of these are integers, the correct prescription for
finding OPE coefficients is to simply take the residue [39].

(—1) 8sin* (75=) Fan,aes2al (1= 5086 T(5A, +n+ 0 — 1)
n! DAy + 0+ n)D(1—3A, —n)
AN, Hl+n—1,20, +0+n,2A, +(+n
sky| ? 3 ’ i1
A +L+n, 30, +20+2n

—n,1—n—2A,1—n—2A
) 3/=0> 3/=0 .
3F2( 1—n—1A;2-2n—3A, ’1) (3.28)

—Res(¢(A,0),n) =

Although it is not obvious, we have checked that (3.28) is equal to ¢,c,4¢ by using Watson’s
theorem twice.

3.1.2 The upper line with one correlator

We will now derive new expressions for the squared OPE coefficients in (coo0) along (3.3).
Positivity, as predicted by [128], will then follow from methods analogous to those in the last
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section. Since this correlator solves a second-order BPZ equation, we may write it as

_ _ _ _ G(z,2)
(0(21,21)0 (22, 22)0 (23, 23)0 (24, 2a)) = Torazaa?Be
= [efoNoxon o000 (= 1’3 [o)oxeoyon o000 ( ©
G(z,2) = GTYy (:)GFTy (2) + C'((1,2))(1,2)(;(1,3) (2)G3 () (3.29)

where the functions of z are Virasoro blocks.” The specific operator, read off from (3.7), is

3

_— 2 J—
ST 1)£_1 L. (3.30)

Acting on (3.29) with (3.30), we arrive at a PDE in terms of (21, 29, 23, z4). To reduce it to
an ODE, we map these points to (0, z, 1, 00) by a global conformal transformation:

3 ,0°G oG 1 -
52’(2 - 1) 2 +(z=1D[2-A,)z+2A, — 1]% - éAa(AU +1)2G=0. (3.31)

Well known solutions, which have the expected asymptotic behaviour, are

1—2A, 2—4A,
T = (-0 onn (<20, 20 A )

i 1—2A, 242A, 4+4A,
T = St (L2 T 2 A

(3.32)

First, let us look at the identity block. After a quadratic transformation, the hypergeo-
metric function becomes a series in 4i ;- This makes the formula (3.18) applicable if we set
p=2n and ¢ = n.

1+A, 5—4A, 1 22
wy (2) =2F1 [ A, ; o~
(=) =2 1( 3 6 42—1)

_ :0 (_1)” (=Ao)n (F52),, i (2n)2, ( —mAn+m—1n

1) (),

Exchanging the two sums, we find

Zk: (_1)” (—Ag)n (M=) (2n)2, ( o — 2k, 2+ 2k —1,n 1)
1 (5382) ‘nl (20 + 2k — 1)y, (2k — 20)1°" 2n,2n ’
(3.34)

Cop, =
n=0

"For the moment, we will be concerned with the global OPE coefficients contained within each one. The
overall coefficients C((:f’:f))(rz 5p) ATE the generalized minimal model structure constants that were obtained

with the Coulomb gas formalism in [107-109].
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for the non-vanishing global block coefficients.® Since p = 2¢, this hypergeometric is in a
form that can be treated with Watson’s theorem. When we apply this to the cqx, one pole
in the numerator cancels another in the denominator.’

on—2k2m+2k—1n \  (=1)"*CE)Cn+35)T(20) (k- 1)
3l ( 2n, 2n ’ ) CT()IT(n—k+H2n+2k—1) (n—1)! (3.35)
(=) D(2n)? T(n+k—3I(3) . 22h=1(k — 1)!

CT@n+2k—1)T(n—k+H0(k+1)s>0 [D(6)(6)n)?
Above, we can easily see three gamma functions that will cancel when we multiply by
(2n)3k_on
(2n+2k71)2ik,2i(2k72n)! :
After substituting (3.35), one must use the identities

We have also written ﬁ in a limiting form for later convenience.

['(x)
(1—2x),

until each term of (3.34) only depends on n through the Pochhammer symbol. This leads to

4k —2\ 7 1 kgl A LA
— . ) 29 oy 3 .
C2k (Qk _ 1) s k(2k — 1)F(6)24F3 ( 3,0, 248 ’ 1)

4k —2\ A1+ A, _ 1A 4D

Nx+n)=T(x)(z), , Ix—n)=(-1)" (3.36)

2k — 1 5—4A, 1,2, H=18

The e block can be analyzed in the same way. Doing so will in fact be easier since we
will not have to pass to the 6 — 0 limit. Starting from

1+4A4 1+ QAU 1-— QAU . 7 + 4AU 22

ocooo _1+4Ag 1
ey (z)=2"3 (1—=2)""% oFy ( 5 ' 6 ' 6§ 1._ 1) ; (3.38)

we may use (3.18) with p = % +2n and ¢ = % + n. This leads to

n . . - 2
Cor. = i ( 1) (1+%A )n (1+3A )n (# +2n)2k—2n

4 (THA<) nl (BB 49 4 2k — 1)

4

on — 2k, 2882 4 9p + 2k — 1, 1H8=
31 1+1§AU 1 2o, 1+§A(, +2n i1

op_on (2K —2n)!

(3.39)

8We derived this by applying a quadratic transformation to (3.32) which makes the Bose symmetry
manifest. By leaving the function in its original form, or by applying Euler / Pfaff transformations, we can
derive other sums that are non-trivially equivalent to (3.34).

9Because we have not allowed for other poles, our expression for ¢y, will not be correct for k£ = 0. There
is no need to treat this case separately as it is already clear that ¢y = 1.
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which again allows us to use Watson’s theorem. Employing (3.36) to perform the sum, we
arrive at

2
1 (%)k ( kA p 1A 1 1224

Cok = 1A, ~af3 ©otgaa, 144R, T4an2’ O ;1) . (3.40)
4kk!(+T+k_§)k 6 ' 6 6

A useful observation about the hypergeometric functions in (3.37) and (3.40) is that they
both have a parameter excess of 1. This means that they are Wilson polynomials [142].1°

(3.41)

P.(a,b,c,d;x) :4F3( —n,n+a+b+c+d—-1la+z,a—x ;1)

a+ba+ca+d

Invoking this notation, our results are

vo(lloo  (An—2\ AL (14 A,) T—20, 4—2A, 1-2A, 5427, 1+4A,
CQn(v) — Pnfl _ .

2n —1 5 —4A, 6 6 6 6 6
oo(1,3)00 1 (I—HéAU)fL P 2+ QAU 1 _1 _1 ﬂ (3 42)
2n - 4nn| (1+§AU +n_%)n n 3 3 27 27 2, 6 . .

As with continuous Hahn polynomials, there is a recurrence relation that the Wilson poly-
nomials satisfy.

(2 — a®)P,(z) = A,Pui(x) — (A, + B,)P,(2) + ByP,_1(7)
(mn+a+b+c+d—1)(n+a+bd)(n+a+c)(n+a+d)
2n+a+b+c+d—1)2n+a+b+c+d)

nn+b+c—1)(n+b+d—-1)(n+c+d—-1)

B, = 3.43
2n+a+b+c+d—2)2n+a+b+c+d—1) (343)

A, =

In Appendix B, we use this recursion to solve for the asymptotic behaviour of Wilson poly-
nomials and prove that the ones in (3.42) are positive.

3.1.3 The upper line with three correlators

Given our success at explaining the one-correlator results, the next logical step is to find
the global block decompositions applicable to three correlators. We will start with (eeee).
Although this is another four-point function of identical scalars, the main difference compared
to (oooo) is the lack of a closed-form Virasoro block. Because a generic € only has a null
descendant at level 3, we will have to work with a third-order BPZ equation which does

!9Note that we are using the normalization in [145]. There is another common normalization that makes
the Wilson polynomial symmetric in (a, b, ¢, d).
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not have simple solutions analogous to (3.32). This makes the formula (3.14) important for
finding low-lying OPE coefficients. The singular vector that must annihilate

G(z,2)

oA, (3.44)

(e(21, 21)€(22, Z2)e (23, 23) (24, Z4)) =
|Z12Z34

= €EEEE €EEEE = 173 €EEEE €EEE = 175 €EEE €EEE =
G(z,2) = (1,1)(2) (1,1)(2) ‘1”0((1,3))(1,3) (1,3)(2)G(1,3)(z) + C((1,3))(1,3)G(1,5)(Z)G(1,5)(Z)

has four terms that can be read off from (3.7). The Virasoro commutation relations reduce
it to the three term expression

4

4 4
A (A +2)

/"1?11 Ae

Loof i+ Ly, (3.45)

The null state condition that follows from (3.44) and (3.45) is

PG 9*G
2/, 1\3 —1)20(4 — _91 ==
42%(z — 1) 555 +4z(z — 1)7[(4 — Az + 2A, — 2] 5.
—(z = D[(AZ + 10A, — 8)2% + (3AZ — 14A, + 8)z — 3A (A, — 2)]2—G
z
+A2 (A +2)2(2 —2)G =0. (3.46)

To approximate the Virasoro blocks that solve this, it will be helpful to use the Frobenius
method.!! Inserting the ansatz G(z) = Y o brz"™, we may reindex the sum so that all
terms carry the same power of z. This gives a recurrence relation for the coefficients.

[—4(k+7)(k+7r—1)+8Ac—1)(k+7)+3A(2 = A)](k+ 7+ 1)bps1

+2[6(k +7r —1)(k+7r—2) +2(8 = 5A)(k +7r —1) +3A% — 10A, + 4](k + )by,
—2[6(k+r—1)(k+r—=2)(k+r—3)—42A.=5)(k+r—1)(k+r—2)

+(A? = 12A. 4+ 8)(k+ 7 — 1) + AZ(Ac + 2)] by
+Ak+r—2)k+r—=3)(k+r—4)+44—-A)k+r—-2)(k+r—3)
—(AZ+10A — 8)(k +7 —2) + AX(A, +2)] by_s =0 (3.47)

We will set by = 1 and b, = 0 for all £ < 0. The values of r that make this consistent
(called roots of the indicial equation) are hy, hy3 and hy 5 as expected. We find them by
demanding that by drop out of (3.47) when k = —1. For each value of r, it is straightforward
to iterate (3.47) and then feed the results into (3.14). Some of the OPE coefficients that
follow from this are written in Table 3.3. Due to the appearance of the upper bound (3.3)

HEven though they describe exchanged weights of hi1 and h; 3, we cannot reuse either of the expressions
in (3.32). Unlike global blocks which only see dimension differences, Virasoro blocks depend on the external
weights individually [146].
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Figure 3.3: Log-scale plots of cgén( s)ee showing that the first five are all positive on the interval

1 1

in the three-correlator bootstrap, we expect the coefficients to be positive when 1 < A, < 2,
at least up to some high order. Figure 3.3 shows that this is indeed the case.
We should also be able to find positive squared OPE coefficients in the mixed correlator.
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ee(1,1)ee
Con

1

AZ(A+2)
(Ac—4)(3Ac-2)
AZ(Ac+2)2[5AA2]
30(Ac—8)(Ac—4)(3A.—2)
ee(3,1)ee
2n
1
AZ(A+2)[5AA+2]
16(Ac—1)(AcH1)(Ac+4
AZ(A+2)[25A54+167TA2—66A3—1904A2 —2752A —384]
512(Ac—3)(Ac—1)(Ac+3) (Ac+4) (A +5) (Ac+8)
ee(5,1)ee
2n
1
Ac(AcH2)[TAA6]
48(Ac+1)(Ac+3)
Ac(Ac+2)[441A2+5121A2+20732A2+37796 A24-31056 A +8640)
1536(Ac+3)(Ac+5)(3Ac+5) (BA+T7) (3A+10)

N R O3S R OSSR O

Table 3.3: The first three global block coefficients in the (1,1), (1,3) and (1, 5) contributions
found by taking the € x ¢ OPE twice.

The four-point function

A _
- - _ o ([l G(z,2)
(0(21, %1 )€(22, Z2)0 (23, Z3)€(24, 24)) = (—‘213| PRI
= 1a2 O€ETE O€EOE (= 1a4 O€ETE O€EoE (=
G(2,2) = C((1,2))(1,3) (1,2)(2)G(1,2)(z) + C((Lz))(l,g) (1,4)(3) (1,4)(2) (3.48)

satisfies second-order and third-order BPZ equations.
For simplicity, we will consider the second-order equation

3, w0%G 1 oG
EZ (Z 1) W + §Z<Z 1)[(2 7AU)Z+9AU] 92

1
+ﬁ[3AU(11AU +2)2% — 2(5A, + 2)(11A, + 2)z + 9A, (5A, +2)]G =0 (3.49)
which has the recurrence relation

94k +r+1)(k+71)—12A,(k+7r+1) + Ay (5A; + 2)]bjt1 (3.50)
—2[36(k+r)(k+r—1) —12(8A, — 1)(k+ 1) + (A, + 2)(11A, + 2)]by
320k 4+ — D)k +7—2) + 42— TA) (k+7 — 1) + Ay (11A, + 2)]bp_y =0 .

It is easily seen that r € {hi2,h14} is the solution of the indicial equation for (3.50).

Because the product o X € no longer has Bose symmetry, the procedure by which we extract
the conformal block expansion this time is somewhat different. We must include dimension

70



differences in the hypergeometric function and sum over all integers whether even or odd.

G(z) = Z(—l)"cnz“rnzFl (r +n— §A<m r4+n+ §AGE; 2(r +n); z>

— o o 1" (T“—n— %Aae)m (T+7’L+ %Ao_€)mz’r’+n+m
= 2 2 (e s -

k . (r +n— %Aae) e (7“ +n+ %Age)k_n STtk

= (=1)"cp (3.51)
kZ:O — (2r 4+ 2n)k_p, (k—n)!
The lower triangular system from this leads to the recursion
k—1 1 1
r+n— 350 r+n+ 50
(1) =br— > (—1)”cn( 280)i s 80)i . (3.52)

(2r 4+ 2n)g_n(k —n)!

n=0

Some low-lying global block coefficients found with (3.52) are listed in Table 3.4. While
all of them are non-negative above the tricritical Ising value A, = %, there is actually one

that takes on negative values for 1 < A, < % as shown in Figure 3.4. We may explain

8
this by noticing that ¢; 4 is also ¢3; in the minimal model M(5,4). This field has exactly

one quasiprimary descendant at level 3. The presence of a null state is therefore enough to
conclude that c§€(1’4)06 = 0.

107° - - - - - ; - 107° - - - - - -
0.15 020 025 030 035 040 045 0.50 0.15 020 0.25 030 035 040 045 0.50
AW Ay
(a) Cze(l,Q)o‘e (b) 07015(1,4)05
e(1,s)0€

Figure 3.4: Log-scale plots of the c;,
of Figure 3.3.

that are non-zero. The legend is the same as that
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oe(1,2)o¢
n

As+1
9(2AmL:’,)J(r5A(,+3)(2A +1)(10A, + 1)

4(Ay+1)(5A5+2)
B T GA T EATE) (DA — 1)(TAs +4)

(A+1)2(5A,+2)
81580 +7) (505 18) (10A, +1)

n | c
01
110
210
(Ag+1)(4Ag+1)2
3 | —Ta0as (A1) (A, 73 (0As +2)
4(Ag+1) (4AU+1)
4| TR, (A3 (A 1 0)2A, 3] (84, —1)
oe(1,d)ce
n n
01
110
2
3
4

Table 3.4: The first five global block coefficients in the (1,2) and (1,4) contributions found
by taking the o x ¢ OPE twice.

Alternatively, we can take the OPE in the other channel by permuting operator positions
n (3.48). This yields the global block coefficients in Table 3.5 which are related to the
AoooAeeco CET data. There is no reason for these numbers to be positive, but we expect

2
ng(l,s)mfc;fl,s)ee > (ng(l,s)ee> (353)
to be obeyed.!? When o x o and € x € share a set of operators S with the same quantum
numbers, the left-hand side is a product of sums. The right-hand side is a sum of products
and therefore smaller by the arithmetic-geometric mean inequality. A departure from (3.53)
would be a violation of unitarity since the matrix

/\UOO CGZ(I ,s)oo CUZ(LS)EE
Z [)\UUO )\660} |: A :| = 20'0'(1,8)65 266(1,8)56 (354)
Oes eeO Con Cop

would not be positive-definite.

3.1.4 Virasoro block coefficients

oo(l,s)o0  ee(1,8)ee

1
Our analysis so far has been focused on c,, , Con and gebeloe

, which encode the

decomposition of a Virasoro block into s[(2) blocks. With the sole exception of 3 14)“,

12For another quick check of our results, AZc M(l UchU(l oo =AZ¢ 66(1 1)66(:;6(1 D holds as it must by

the Ward identity.
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oo(1,1)ee
2n

1
(As+1)(4A5+1)
3(5—4A,)
2(Ac+1)2(4A,+1)[5A,+2]
45(5—4As)(11-4A,)
oo(1,3)ee
2n
1
2(Ac+1)(4A;+1)[5A,+2]
3(7T+4A,)(5+8A,)
(Ao +1)2(4A5+1)[400A2 +1548A2 416442 5 +361]
18(7+4A5)(13+4A,) (11+8A5) (17+8A,)

N R O3S~ oS

Table 3.5: The first three global block coefficients in the (1, 1) and (1, 3) contributions found
by taking the ¢ x ¢ and ¢ x ¢ OPEs.

which we could imagine to have a small effect, we have found that these coefficients are non-
negative when % <A, < % However, this is only meaningful if the same property holds for
the structure constants that unite holomorphic and anti-holomorphic halves of a four-point
function. A single C'((:i’jf))(m”) < 0 for instance would give rise to an infintie number of
negative contributions in (@, s, Gry.soOry.51Pra.s0)5 S€verely complicating the interpretation of
Figure 3.2.

In a given correlation function, the Virasoro block coefficients that appear must be com-
patible with crossing symmetry and single-valuedness. By briefly reviewing the method of
[107-109], we will show that this condition is enough to fix them uniquely. For definiteness,
consider the (eeee) correlator in the generalized minimal model with central charge % The
holomorphic part of this function comes from the kernel of the operator (3.45), which is
three-dimensional. Solving (3.47) has given us a basis for this kernel in which each function
vanishes at z = 0. We could equally well have chosen any of the regular singular points 0,
1 and oo, corresponding to the s, t and u channels for Virasoro blocks. When going from
z = 0 to z = 1, there is a special matrix F' called the crossing matriz (or fusion matriz)
that accomplishes G%(2) = F*,G*(1 — z). It is a special case of the crossing kernel which
applies to theories with a continuous spectrum.!® Since it represents a change of basis, the
expression for F' is unique. In this case, it is given by

0.7422  0.3124  —0.1563
F=| 23762 —-18795 1.4405 , (3.55)
1.8760 —2.2733 2.1372

13Several interchangeable terms have proliferated over the years. When replacing the z — 1 — z map with
Z %, the words crossing and fusion become exchange and braiding. Outside the CFT context, one says
that a linear ODE has a monodromy matriz or connection matriz. For ODEs that have less structure than
a BPZ equation, finding this matrix is often a difficult problem.
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which was obtained in [147] via the Coulomb gas formalism. Later reviews are [85, 148]. In
the following, we will use G*, G? and G? to denote (D), G{i%) and G, respectively.

The constraints from (3.55) are best phrased in terms of a metric on the space of conformal
blocks; G(z, 2) = W,G*(2)Gb(2). We have three conditions that W,, must satisfy:

LW, =1
2. Weg=WyuFe F°,
3. Wy =0fora#b

The first of these is an obvious consequence of having unit-normalized operators. The second
comes from writing G(1 — 2,1 — 2) = W;G%(1 — 2)G*(1 — 2) in terms of s-channel blocks
and setting it equal to G(z,z). The third ensures that the four-point function has trivial
monodromy under z — e*™z, z — e ?™%z. This would appear to rule out a non-diagonal
metric since we only find h, s weights that differ by integers at special values of m.'* See
however [149]. We build solutions out of the left eigenvectors of F

0.9537 0.9805 0.5938
vt=| —0.1157 | , v*=| 0.1758 L 0P = | —0.7196 | |, (3.56)
0.2776 —0.0879 0.3600

which have eigenvalues of 1, 1 and —1 respectively. Clearly F? = 1, which follows from
2z <> 1 — z being an involution, requires all eigenvalues to be 1. The following form is
invariant under two multiplications by F"

Wap = c110p04 + 120107 + co10204 + Coov2v} + C330503 (3.57)
There are six off-diagonal components of W that need to vanish. If we set co; = 19, (3.57)
becomes manifestly symmetric and we can use three more parameters, ci1, ¢io and ¢y, to
make W diagonal. As the single remaining parameter, cs3 is used to rescale W so that its
leading component is 1.

We may summarize this discussion by stating that there is no freedom in the three-
correlator bootstrap equations once the Virasoro blocks involving ¢ and e are specified.
Knowledge of these blocks fully determines (cooo), (coee) and (eeee), whether or not we
demand consistency conditions for other correlators. This means that the generalized mini-
mal model structure constants are the only valid choices for the coefficients in (3.29), (3.44)

14Tt is well known that this happens in discrete minimal models. Some of the non-diagonal theories so
constructed also satisfy the stronger requirement of modular invariance.
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Figure 3.5: Low-lying squared OPE coefficients for Virasoro primaries in the generalized
minimal models. Between the Ising model at m = 3 (A, = 1) and the tricritical Ising model
at m =4 (A, = 1), there is one that becomes negative.

and (3.48). Defining v(z) =I'(z)/I'(1 — z) and t =

o the expressions we need are

Codas = APyt — 121 - 2t)5(2 — 2t)9(2 — 31)

Codas = AE(2OY(At — 1)y (5t — 1)y(1 = 3t)3(1 — 4t)7(2 — 2)7(2 — 3t)
Clmlay = (D@t —1)y(1 = 3t)y(2 - 2t)

Chnas = CUdlig =Bt — (1 —207(2 - 2t) . (3.58)

The last coefficient in (3.58) is clearly the one that was rederived in [128]. Plotting these in
Figure 3.5, we see that 0(11 ;’) 1.3 < 0 for the generalized minimal models between M(4,3)
and M(5,4). This reveals a problem with our strategy for proving that the allowed region
in Figure 3.2 must be large enough to include (3.3). Constructing the generalized minimal
model solution to crossing symmetry only accomplishes this in the one-correlator case. We
must therefore conclude that there is at least one other way to extend the unitary subsector
(cooo) into a consistent three-correlator system. This solution to crossing should have
positive squared OPE coefficients wherever it exists, not just in % < A, < % As the
solution might be very different from the theories discussed above, it is worth using the

numerical bootstrap to see what else can be learned about it.
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3.2 Lessons for the bootstrap

We saw in the last section that above central charge 1—70, the generalized minimal models

exhibit the restricted notion of unitarity that allows them to appear in Figure 3.2. On the
other hand, for % <c< %, they are highly non-unitary at the level of three correlators;
the global coefficient cge(M)“ and the Virasoro coefficient C’((ll g)) (13) both become negative in
this region. Working around this problem, the machinery of fheybootstrap has filled in this
region with another solution whose 0 x ¢ OPE agrees with that of a generalized minimal
model. In this section, we will give an intuitive argument for why this should be possible.
Beyond this, we will discuss two issues related to the replacement solution.

This first is whether it can be found uniquely. A technique called the extremal functional
method is often used to extract a unique solution to crossing symmetry and unitarity when-
ever a dimension gap or OPE coefficient is extremized [90, 94, 95, 150-153]. Based on this,
we might expect to find a single line of exotic solutions that smoothly joins the M(m+1,m)
line at A, = % We will actually find the opposite — a boundary of Figure 3.2 that has many
possible choices for the local CF'T data outside o x ¢. To reconcile this with the standard
lore about extremality, one has to remember that the bootstrap equations take on a more
intricate form when there are multiple correlators.

The second is the prospect of excluding the above solution with further numerics. One
reason for doing this with global conformal blocks is simply the technical challenge posed by
Virasoro conformal blocks. There has indeed been recent progress in using the full Virasoro
symmetry to carve out ¢ > 1 CFTs [154]. However, tractable four-point functions with
extended supersymmetry appear to be limited to those of BPS operators [155, 156]. Global
blocks were therefore a necessary ingredient of [157], a program which aims to constrain the
space of superconformal theories using external operators in long multiplets. There has also
been recent interest in conformal theories that have no locality and therefore no Virasoro
algebra [158-160]. These provide a different motivation for shrinking the regions in Figure
3.2.

3.2.1 Reduction to one correlator

The well known bootstrap constraints for three correlators with Z, symmetry take the form
of five crossing equations. The vector of equations has one component for (cooo), one
component for (eeee) and three components for (coee). Given a generic solution to crossing,
it is easy to see that four (three) sum rules will break when an even (odd) operator is removed
from the theory. However, there is a pleasing non-generic property that holds for generalized
minimal models; € X € contains more operators than o x . Because of this, only one crossing
equation is disturbed when we remove the ¢; 5 conformal family. This is the source of almost
all unitarity violation in the system built from ¢; 5 and ¢; 3. Since negativity of cge(l"‘)“ only
affects spinning operators with A > %, it is possible that the numerics are largely insensitive
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to it [161]. Assuming that problems with the mixed correlator are negligible, we will focus
on

Z N o F 5 (u,0) = 0
(@)
FEOS(u,v) = UAEQ&?E(U, v) — uAeg&?Z(v, w) (3.59)

as the single condition that needs to be restored. Once a solution to (3.59) is found, one can
incorporate it into the three-correlator problem by choosing \ys0 = 0 for new operators.'®

7.5

— A €S
— A ¢S

7.0 |

3.0 3.2 3.4 3.6 38 1.0
m

Figure 3.6: Dimension bounds for irrelevant operators in (3.60). The dotted line shows the
dimension of the primary scalar ¢, 5 whose multiplet needs to be replaced for 3 < m < 4.

Checking the solvability of (3.59) for real A\ is the simplest numerical bootstrap prob-

15We are using four crossing equations to derive (3.3) analytically and then claiming that the fifth crossing
equation can be satisfied for free. This is different from what happens in three dimensions. We have checked
that the island in [78] merges with the rest of the allowed region once the fifth crossing equation is dropped.
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lem. Emphasizing the contributions of operators that are already present, we may write

€€;€€ 1,3
Z )\iOFf,o (u,v) = =Fia(u,v) — C((1,3))(1,3)F1,3(U7 v)
(@]

— ee(1,1)ee ee(1,1)ee pee;ee
Fyi(u,v) = E o fon F_7n+ﬁ7‘n_m(u,v)
ee(1,3) ee 66 (1,3)€e€ rreesee
Fy3(u,v) E c FS innen/ (U, 0) - (3.60)

Keeping operators with A < 30, we have used the results of the last section to approximate
the right-hand side of (3.60). In the sum over operators, there will be a continuum of
irrelevant scalars not in ¢;; U ¢ 3 which begins at some gap A, > 2. If this is the only
set of scalars on the left-hand side of (3.60), we are dealing with the set S = {A > A,}.
Alternatively, we could allow the dimension A, to appear again and enlarge it to S = {A >
A} U{A = A.}. The second choice is the one applicable to Figure 3.2. However, in Figure
3.6, we consider the first choice as well. This is because it is possible to rederive Figure 3.2
under the requirement that e is non-degenerate [129]. As numerical accuracy is improved,
we expect the blue line to precisely meet the dotted line at m = 4.16

In Figure 3.6, the red curve tells us that (3.3) is admissible whenever we treat (A,, A,)
as allowed dimensions and perform a two-parameter scan. The blue curve tells us that (3.3)

will still be admissible when we fix € as a single operator at angle § = arctan (’}{’“) and scan

€ee

over (A, A, 0). Finally, one may contemplate the effect of imposing = 7 which is one

consequence of Kramers-Wannier duality in the Ising model. Although this question cannot
be answered with Figure 3.6, we have found that (3.3) persists yet again. In all three cases,
(3.3) is not just an allowed line — it is the mazimal allowed line. From this, we must conclude
that many solutions to crossing, labelled by values of A, between the red and blue lines, lie
along the bound on the left side of Figure 3.2. This signals the presence of a flat direction,
e.g. a bound in (A,, A, 0) space which is independent of 6. A flat direction in the modular
bootstrap was previously seen in [162]. The main argument for unique extremal functionals
comes from [150], in which the multi-correlator bootstrap equations were augmented with
angles for each operator in OPE space. To extract a spectrum in this formulation, one would
have to look for zeros of these functionals on the entire (A, 6) plane. We suspect that the
flat direction here corresponds to a zero being achieved on a codimension-one locus.
Because the generalized minimal model line (3.3) is allowed by the bootstrap, there
are several lines in the interior of Figure 3.2 that must be allowed as well. These can be
constructed through one or more tensor products. If we multiply two generalized minimal

models for instance, the only non-trivial operator whose dimension lies to the left of A, = %

16Varying the spatial dimension provides one indication that numerical errors have a large effect. Evalu-
ating conformal blocks at d = 2.01 instead of d = 2 results in a much smaller bound on A,.
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Figure 3.7: Tensor product theories that are allowed in both sides of Figure 3.2. Since
we must have A, > 1, all other tensor products involving the free field vertex operators
necessarily lie to the right.

is 0 ® 0. Writing its OPE schematically,
(cRo)X(e@o)=IR)+(IRe)+(eRI)+ (e®e€)+ ... (3.61)

includes two relevant operators. In order for these to have the same scaling dimension, the
M(m+1,m) @ M(m'+1,m’) product must have m = m’. Expanding the search to include
free theories and generalized free theories, it is a simple exercise to check that the lines in
Figure 3.7 all have one relevant Z,-odd scaling dimension and one relevant Z,-even scaling
dimension.

Evidently, it is not possible to isolate particular minimal models in a three-correlator
bootstrap by specifying the number of relevant operators. One has to consider more stringent
assumptions or add more correlators. The former approach was discussed already in [163],
where it was found that the one-correlator Ising kink sharpens considerably when scalars are
restricted to lie in & = {A > 3} U{A = A.}. This kink becomes an island when a similar
restriction is made for a three-correlator system. Following [164], it is likely that one can
obtain this island from a single correlator by imposing large gaps in the spin-0 and spin-2
sectors.

A more ambitious goal is to produce islands under minimal assumptions by introducing
a third external scalar. Taking this external scalar to be odd, plots along the lines of
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Coefficients | Signs

C((llj))(lA) Positive

C((llj))(l,z;) Negative for m < 4
C((llfz))(M) Negative for m < 6
C((ll,’;f))m) Negative for m < 5
C((lljs))(l,él) Negative for m < 4

Table 3.6: Virasoro block coefficients (other than the ones in Figure 3.5) appearing in four-
point functions made from o, € and ¢’. Only one is non-negative for all m > 3.

Figure 3.5 offer some preliminary insight.!” Regions where all C((:f’jf))(m o > 0 are likely

to survive, but as Table 3.6 shows, there can be several negative structure constants with
more than three correlators. We have seen that the negative constant C’((i’g))(l’:s) in the three-
correlator system was innocuous because it did not appear in any mixed correlators. It
is therefore encouraging that the coefficients C((ll”g))(L 5 and C((i’g))(l, 1) which have first-order
zeros, participate in (coo’c’) and (eec’c’) respectively. Lest we become too encouraged, it
is important to note that A, is defined as the starting point for a continuum of irrelevant
operators. This represents a fundamental difference as compared to the one-correlator and
three-correlator analysis. It remains to be seen whether we can still derive strong bounds

from a scan over two isolated scaling dimensions and one non-isolated scaling dimension.

3.2.2 Supersymmetric minimal models

So far, we have been concerned with finding the necessary correlators to single out theories
that are minimal with respect to the Virasoro algebra. However, the unitary representations
of the N’ = 1 super-Virasoro algebra also admit a discrete series for central charges below
that of the free field. In analogy with M(m+ 1, m), we can continue them to SM(m+2,m)
where non-integer m breaks unitarity but preserves crossing symmetry. Studying these solved
theories offers another route toward understanding the systematics of the bootstrap. It could
also be interesting to compare results for the tricritical Ising model since this is the lowest
model of SM(m + 2, m) but the second lowest model of M(m + 1,m).

17The lightest Zy-odd scalar after o is o’ = ¢1,4. The lightest Za-even scalar after € is €/ = [L_gi_g, ®1.1]-
We have made the choice in which all operator fusions are between Virasoro primaries.
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The super-Virasoro graded commutation relations

mmmjz(m—m%ﬂ+%mm—nm+n%mo
m
[Lm7 Gr] = (5 - T) Gerr
c 1 1
{GT7 Gs} — 2L7-+5 + § <T - 5) (7’ + 5) 57~+570 (362)

actually describe two algebras since fermions do not have to be periodic in radial quantiza-
tion. When the indices on G, are integers, (3.62) is the Ramond superalgebra, otherwise
it is the Neveu-Schwarz superalgebra. The super-Virasoro minimal models, which contain
representations of each, have a Kac formula given by
3 12 -9
c = =———— m
2 m(m+2)
2)r — 24 1
by = WA Dromef -4 1
’ 8m(m + 2) 32

[1—(=1)"] r5€Zsp. (3.63)

If r — s is even (odd), this is a Neveu-Schwarz (Ramond) degenerate weight [165]. In either
case, it is degenerate at level rs/2. It is clear by inspection that G 1 generate a subalgebra of
(3.62) that is independent of c. For integer indices, on the other hand, no global subalgebra
exists. A numerical bootstrap approach is therefore most readily accessible for the Neveu-
Schwarz sectors of N' = (1, 1) theories.

In the global algebra, which is 0sp(2|1), primary operators may be written as superfields;
®(2,0) = ¢(2) + 0(2z). The superspace distance, which enters in correlation functions, is
Zij = 7 — zj — 0;0;. Even though cross-ratios in R? all involve at least four points, invariant
combinations in superspace may be built using three points as well. The quantity

- 01 Za3 + 02731 + 03215 + 010203
V212293231

is invariant under osp(2|1) [166]. As a result, the three-point function depends on more than
just an OPE coefficient. The general expression for the chiral half is

A23(1 + ()

hi+ha—hg r7ha+h3—hy ryhs+h1—ho
Z12 ZQS ZSl

(3.64)

<@1(21, 91)(1)2(22, 92)@3(23, 93)) = (3'65)

where ( is an arbitrary Grassman number. Until recently, such extra parameters were
eliminated by restricting the superconformal bootstrap to correlators of BPS operators [31,
167]. We may indeed impose shortening conditions on (3.65), but due to the small amount of
supersymmetry, this would require us to give up a lot. To be annihilated by a supercharge,
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each external operator would have to be the identity in at least one of the osp(2|1) factors.
It is therefore preferable to leave (3.65) in its most general form and use superconformal
blocks that include unknown coefficients reflecting the presence of (.

The authors of [157] computed some of the necessary blocks and introduced a framework
that still allows the bootstrap to proceed. Their idea is to consider an entire multiplet at
once, with the external correlators involving all combinations of a primary and its super-
descendants. When this is carried out for N' = (1, 1), the allowed regions will have to include
all points corresponding to the SM(m + 2, m). The strongest statement we can make from
this is that the line

8
A, = ng (3.66)
must be inside the bound for A, < %. This comes from choosing the Neveu-Schwarz fields
0 = ¢o and € = ¢33. Right at A, = %, we find ourselves in the ¢ = 1 model where

¢33 = ¢1,3 and the entire level—% subspace decouples. To see this, we may check that

2
X) = |Gg = gy LGy | R (3.67)

is the unique quasiprimary state. Computing the norm and setting h — hg 3, we find

2(2ch + ¢+ 6h* — 9h)

X = 3(2h + 1)
(m —4)(m +6)
T om T 8 (3.68)

with a first-order zero. This is the behaviour that we saw for m = 3 in the bosonic case, but
now it occurs for m = 4. The tricritical Ising model, which has no ¢33 operator, lives at the

point (A,, Ac) = (15, 15)-

The above calculation shows that a global block coefficient in the supersymmetric gener-
alized minimal model line becomes negative for m < 4. If we are to see an associated kink,
this line must saturate the bound on operator dimensions from the long multiplet bootstrap.
This brings us to a crucial difference between M(m + 1,m) and the Neveu-Schwarz sector
of SM(m +2,m). In the former case, we saw the correct saturation with (3.3). The same
cannot hold for (3.66) because it is strictly below the line for vertex operators. Writing a
CFT vertex operator as €?(®) and an SCFT vertex operator as 7% the two important
properties are A o ¢? and additivity of g. These lead to A, = 4A, which is allowed by
the one-correlator region of Figure 3.2. Due to the restriction on the number of relevant
operators, the three-correlator region omits this line until A, = %. It is therefore clear that
treating four copies of the same multiplet with the methods of [157] is not enough. If our goal
is to see a minimal model kink, the ' = (1, 1) bootstrap will require multiple correlators
at the superspace level. Since each of these must separately expand to a mixed correlator
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system, the resulting problem is likely to be numerically intensive.

3.3 Evanescent deformations in fermionic theories

While unitary subsectors of generalized minimal models have only been appreciated recently,
they share some features with older problems related to dimensional regularization. In
particular, methods for treating fermions in general dimension have been the subject of
considerable effort. For this discussion, we will focus on evanescent operators or those that
exist in fractional but not integer d. We previously saw that perturbative scalar CFT's lose
unitarity because of the evanescent operator (3.1), built out of five fields and ten derivatives.
This story becomes richer when we have gamma matrices that allow us to anti-symmetrize
Lorentz indices without increasing conformal dimension. This leads to an infinite degeneracy
of evanescent operators

Op = (4T, 0") (%F’{ﬁj”“"wj ) (3.69)
before any derivatives are included. These indeed lead to negative norms as well [168].
Moreover, their spectrum can become continuous at the fixed-point [169] — something that

is thought to be forbidden in unitary theories above d = 2. Since the O,, have a classical
scaling dimension of 2(d — 1), they can become arbitrarily weakly irrelevant as d — 2. Our
goal is to focus on this regime in which the tower of evanescent operators affects the search
for a perturbative fixed-point itself and not just the subsequent analysis.

3.3.1 Basics of the generalized Thirring model

It will be helpful to review some widely studied 2D theories that are candidates for analytic
continuation. The generalized Thirring model is defined by the action

5= [[606 - 505 (50)" = o (99#0)" = Jor (Grsw)’ . (370)

The symmetry of (3.70) is generically U(N) but it may enhance for certain values of the
couplings. These can be identified by using the 2D Fierz identities

0505 53 3 0505
(Y)%00)"s | = } (1) —} (7% ()5 (3.71)
(75)%5(75) 75 3 T3 3 (75)%(75) 5

and demanding that (3.70) take the form of a current-current interaction.

1. In the SU(N) Thirring model, (gs, gv, gp) = (9,%9,—g). This can be seen by starting
from (Piy" (Ta)ij¢j) (Vry(T)k ') and applying the completeness relation (15)" ;(T)F,
3 (010] — %050t)-
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2. In the SO(2N) Thirring model, (gs,9v,9p) = (g,0,0). This time, we start from
(W Cry™(T0)ij07) (V*Cey,(T*) ') where the 1 fields are Majorana fermions. As
long as we have an even number of them, (7,);;(T*)x = 2 (0u40;x — dixdj;) can be used
to express the interaction in Dirac notation. This is also known as the Gross-Neveu
model [170].

3. In the Sp(2N) Thirring model, (gs, gv,gp) = (0,0,¢9). While the charge conjuga-
tion matrix C'; used above only permits a Majorana condition, we may invoke its
anti-symmetric cousin C'_ to define symplectic Majorana fermions. In terms of these
fields, the interaction is (¥Q;C_~v*(T,)’ Ly ) (V% C_7,(T*)* ") and the completeness
of generators is (T,)" ;(T*)" = 2 (51"(% — QFQy).

4. Thirring models for exceptional Lie groups would appear if we extended (3.70) to
include invariant tensors built from more than two indices.

This same structure is borne out by the renormalization of (3.70). Using d = 2+¢ to regulate
divergences, [171, 172] obtained the following beta functions.

1
Bs = egs—— (N —1)g3 — gsgp — 29v(gs + gp)]
1
Bp = egp+ = (N —1)gp — gsgp + 29v(gs + gp)]
1
Bv = egv+ —gsop (3.72)

These vanish for

. e TE TWE  WE e e
s e { (5 am-%) (757.00) (0055 e

in direct correspondence with the models above. Nevertheless, it would be wrong to refer
to these as UV fixed-points as we have not yet said anything about the couplings of higher
O,, deformations which are necessarily present for d = 2 + €. Hence, we will consider the
generalized Thirring model for finite ¢,

S = / Dy — %Z GnOnd?ten (3.74)
n=0

where gs = go, gv = g1 and gp = —2¢,. It appears that very little is known about the critical
properties of (3.74) at finite N. The one discussion we are aware of comes from a remarkable
series of papers [173—-176] which defined the Gross-Neveu CFT as the fixed-point closest to
the go axis. Their result of g = O(e) and g3, gf = O(£?), for the lowest order couplings, has
been extended in [177].
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k.~ [,6

Figure 3.8: The diagram for a vertex which contracts fermion lines with
. o Y
gné}él’“ (Fff)) (F(})> 5 Loop diagrams will of course introduce divergences which lead
B

to a running of g,.

We will use a common diagrammatic representation (Figure 3.8) in which a dotted line
separates the pairs of fermions that are contracted. Clearly, at higher orders, the number of
dotted lines will be one more than the number of loops. It will be convenient to work with
the redefined couplings u,, = g, /47 and leave Tr(1) unevaluated for now.

The diagrams contributing to the one-loop beta function are shown in Figure 3.9. They
have the same momentum integrals, namely

/éiljk—;? (ng)?d - 471@7” ® 7y, +0(1), (3.75)

but different I' structures. The expressions for them are

——— > S  —————

o -

: . . . N B
Figure 3.9: The one-loop correction to Figure 3.8. The two vertices in each diagram above
should be summed over all g,.
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0™ & 00Ty (yﬂrg’”)%rgﬂ) = A (6)0,n Tr(1)T) @ T

(P r”) oy = BrErg o Ty (3.76)
(rr) o (Kr) = o pprere o e
p=0
(P gY@ (M) = 3 Re(er? erd
p=0

respectively. Clearly, the potential for physical couplings to generate evanescent couplings
comes solely from the last two diagrams. The appendix explains how to find the multivariate
generating functions associated with (3.76). More conveniently, the coefficients in this case
are simple enough to be found in closed form [174].

An(e) = (=1 E)(d — 2n)n!

B™(e) = (—=1)" () (d — 2n)a" [(1 + )" (1 — 2)"]

z=0

= (—1)mtntme(3) (g — 2»@%25 ( p +_1”i ;l”_ . —1> (3.77)
et (3)+()+ ()
R () = (=1) ol 70505 [(1 — w129 — 2123 — To23) " P (21 + T + T3 — 2120737 | .
- mn! T(d-p+1) qp+1)d—p—q+1)+(d—p+1)(m—q+1)(n—q+1)
¢t T(d-p-q+2) (m—q+1l(n—q+1)

LZLTL(E) — (_1)mn+m+n+qR;nn(€)

In the last line, we have defined the integer ¢ such that p = m +n + 1 — 2¢. Adding these
contributions gives

TP (£) = —NTr(1)SpmOpn Ap(€) + 6 BL () + 6 BI(€) — LI™(e) + RI™ (), (3.78)

which is the object that appears naturally in the Green’s function given by Figures 3.8 and
3.9. The MS-renormalized four-point Green’s function is

—& | 1 k; : mn mn
Gr(k) = nu ZI‘(CP) ®F(Cp) u, + . Zumun ('; " (e) =1, (O)> +...
p L m,n
—& i k mn mn.
= 1Y TP RTE |uy + Y s (log . 7 (0) + 17 ’(0)) +..(3.79)
p L m,n
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where we have written the counterterm in red. Its form allows us to conclude that the infinite
system of couplings runs according to

BY = e, + 2 ttu, T(0) (3.80)

m,n

3.3.2 The projection scheme

Any attempt to use (3.80) must confront the fact that it describes an RG flow in an infinite-
dimensional space. Before we delve into this, notice that the first three beta functions have
the form

15" (0), 1™ (0), T(0) = (3.81)

O ¥ % %
O ¥ % *
O * % *
oo O O

while higher 77""(0) have non-zero entries both inside and outside the 3 x 3 physical block.
In other words, evanescent couplings only induce other evanescent couplings while physical
couplings induce both. This allows one to at least begin the epsilon expansion since anoma-
lous dimensions are particularly nice at one loop. The bilinear @F;m)w is only corrected by
Uy, which means that physical one-loop anomalous dimensions only depend on (ug, uy, usg).
Hence, it is possible obtain something that looks like a CFT at O(e) by solving for the pro-
jection (uf,ui,us) and imagining that the other couplings have been tuned to whatever the
necessary values are such that the true fixed-point is reached [178]. We are mainly interested
in the special cases that allow non-trivial fixed-points to be explored beyond the leading or-
der. However, we now explain the orthogonal approach of extending (3.80) order-by-order
for arbitrary couplings when ¢ is a regulator for a purely two-dimensional theory.

The idea is to choose a scheme such that (3.79)’s dependence on all w,, is repackaged in
terms of just three new coupling constants (ug, u, u)). These will differ from (ug, u1, us) by
a finite renormalization. A non-unique choice for this redefinition is

o {up T 2o tmtnT;(0) p <2 (3.82)

Uy p>2
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Nice properties can be seen after inserting this into (3.79). To the given order,

Gr(k) = n=) T¥® r(p w4 Y ulul log | = T;””(O) (3.83)
p<2 m,n<2 K
i k
+ p=y T ery u;+zu;nu; (log . T;""(o)+T;W(0)) +....
p>2 L m,n

The new scheme and the rule (3.81) have ensured that the first line only involves a finite
sum. The second line drops out in two dimensions by the vanishing of the higher I' structures
themselves. It is clear from the above that the definition of u, could have been given extra
terms depending on (ug, uy, uz) without changing this decoupling. An explanation for the
ambiguity is given in [174] which also presents a few useful modifications of (3.82). Going
back to (3.80), the three physical beta functions stay restricted to the physical block if we
take ¢ — 0:

- (Bl el p: o

O Bp‘ p>2

A more impressive statement is that two-loop quantities of interest, which depend on all
couplings in MS, become functions of the physical block in this limit as well. For instance,

,6’02)/ 4[NTr(1) — 2Jup + SN'Tr(1) [ugu] + 2uous — 2uiug] — 16ugu; + 16ugus + 64uius + O(e)
B = AINTr(1) — 2] [uguy + 4ugui — duguiug) + 16uiuy + 32ugus + O(€) (3.85)
,352)/ = 16[NTr(1) — 2Juj + 4NTr(1) [uduy + 2uus — ugui] + 16uous + 8udu; — 32uyus + O(e)

in the unmodified (3.82). These beta functions are due to [172] while the result was general-
ized to anomalous dimensions in [174]. The latter requires a corresponding redefinition 7/,
of the counterterm in

d log Z@ 0 log ZO
WsZo 5208 %

dlogp Ju, (3.86)

Yo =

Two comments are in order. First, a scheme that removes evanescent couplings from
Yo at € = 0 cannot possibly remove them at finite €. Indeed, by (3.86), 7, contains a
ZO

leftover ¢ Z u, au < — Z—) from the classical scaling which cannot be ignored. Second, a

function like #3 which depends on infinitely many couplings in one scheme will still depend
on infinitely many couplings in another scheme. To actually remove a one-loop appearance
of some u,, we would have to shift by an O (%) amount which is an illegal operation.
Mixing between physical and evanescent four-fermi composites occurs in many theories
whether or not these operators are nearly marginal. An analogous scheme to the one just
described has been used in the d = 4 — € context since [179, 180]. Again, infinite sums are
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only removed from anomalous dimensions if ¢ — 0 is taken at the end of the calculation.
The terms in 7, where coupling constants appear beside explicit factors of ¢, are important
for applications to three-dimensional physics. They are also important for verifying that
anomalous dimensions are scheme-independent at the fixed-point [181]. Therefore, the results
we are after might as well be obtained in MS.

3.3.3 Consistent truncations in 2.01 dimensions

We are interested in deformations that can be turned on in d = 2 4 ¢ without inducing all
of the other O,, vertices at the same order. We know there should be at least one example
based on the successful determination of higher-loop critical exponents in the Gross-Neveu
model [177]. We will now show that all other cases of the generalized Thirring model (3.74)
lead to infinitely many coupling constants that are O(e). This is different from saying that
every coupling is present at this order. We will see that there are infinite towers of u,, that
may be set to zero based on the value of n modulo 4.

This one-loop analysis can be done by only looking at the L;*"(0) — R*"(0) part of (3.78).
For this to contribute, two necessary conditions are

m+n—p+1
2

m+4n—p+1€2Z, mn+m+n+ €2Z+1. (3.87)
The first permits L7'"(0) and R;™(0) to be non-vanishing on their own while the second
ensures that they do not cancel. It is now a simple matter to go through the four possible
cases and find

n—m=0(mod4) = p=3(mod4)

n—m=1(mod4) = p=2m+2, 2n (mod 4)
n—m=2(mod4) = p=1(mod4)

n—m=3(mod4) = p=2m, 2n+2 (mod4). (3.88)

These implications tell us when a product u,,u, can appear in the one-loop beta function
(1) : [T ”
Bp . They may be economically presented as a set of “fusion rules” for congruence classes

B] > [0] = [0] o] > [0] = [3] + 0]  [0] x [1] = [2]
Bl >x[]=0] [ xA] =B+ [ x[2]=[0]
Bl x 2= [RIxP=0B+[2 [2x[0]=[] (3.89)

with [3] playing the role of the identity. Note that each coupling clearly generates a running
of itself due to the other terms in (3.78). A consequence is that (3.80) can indeed be made to
vanish without turning on every four-fermi scalar. It is enough to take the identity [3] and
optionally one other class [0], [1] or [2]. There may be further truncations that allow [3] to be
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left out at one loop as in the case of Gross-Neveu. This is possible because L;™(0) — R"(0)
takes the form

1
+ Ha'{”@g@g [(]. — 19 — 13 — $2$3)2_p($1 + Ty + T3 — $1I2[L’3)p} s (390)
: =0

which vanishes for sufficiently large p. Said another way, all rows in

00 0[]0 ..
00 0[x 0
000/ 0 ..

Ly 0)=R™0) =00 0« 0 0 0 % 0 .. (3.91)
000« 0 0 0 % 0

must be zero after a certain point. The schematic expression (3.91) indicates that once Os
is present, we need to deal with the full tower O7,Oq1,... and so on. We can avoid this
runaway generation of vertices by looking at the one row of (3.91) that vanishes identically.
This is precisely the theory closest to the uy axis in the approach that was advocated in
[176].

It is worth pointing out that higher-loop calculations retain the property that only finitely
many verties are generated by a given diagram. In view of this fact, solving an infinite system
of fixed-point equations will never be necessary to find the Gross-Neveu CFT. Consider an
order L diagram built from the couplings w),...u). If this generates a new vertex, its
coupling will be O (5*1 IL u(i)). For an infinite cascade to start, this vertex must help us
generate others whose powers of £ do not exceed those that have already been encountered.

(e™,...,e") gral
(g7t ghr | ghn) o gatib2 (3.92)

For the order not to grow, we need M = 1 and b; = 1. But the only O(g) coupling in the
Gross-Neveu model is the original ug itself and we have already seen that the set

(U4k—17 Usly Wak+1, U4k+2) (3-93)

closes among itself when considered in one-loop diagrams alongside wuy.

We have shown that, although Gross-Neveu is not the only example of a generalized
Thirring model, it is the only one whose d = 2+ ¢ fixed-point can be systematically analyzed
by the methods of finite-dimensional algebraic geometry. Next, we will show that this is a
special case of a more general theorem.
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3.3.4 Smaller symmetry groups

Interesting things happen when we consider interactions that break U(N) to a proper sub-
group. Such theories

S = / G+ > Tm)™ (BTG ) (BT by de (3.94)
m=0

involve a sequence of rank-4 tensors which do not need to be gméj-élk . We should look for
fixed-points that are well controlled in the same sense as Gross-Neveu. As shown above, only
a one-loop check is needed to see if finitely many couplings will turn on at each loop order.
The one-loop diagrams, which were all proportional to 5;51’“ in (3.76), now need to have their
tensor structures written out explicitly. For reference, we collect the four expressions in
Table 3.7. As in [182, 183], an important role is played by the number of quartic invariants

Spinor index structure Global index structure
0 & 05T (1)) T(m), T(n)",
ey, 0§ ) @ T | Tm)e, T(n), + T(m)4,T(n)",,
F(Am)’V”FgL) ® Fﬁxm)%rg) T(m)ikabT(n>abjl
ryry) ) @ (T ry” T(m)" T (n),

Table 3.7: The gamma matrix combinations that arise from the one-loop diagrams in Figure
3.9 along with their corresponding contractions of T(m)ikj , and T(n)ikjl. What was previously
written with a factor of 2 becomes a sum of two contractions in the general case.

for the symmetry group under consideration. The form of (3.94) allows us to take

T(m)ikﬂ = T<m>ki1j

(3.95)

but other permutations of indices should be considered distinct.

We previously showed that with the quartic invariant 6;5{“ , gamma forms with at least
one index lead to a runaway evanescent tower. It turns out that when 7' (m);’lf = ngﬁk, the
maximal rank M of a gamma form can at most increase by one. The point is that the third
and fourth diagrams in Figure 3.9 produce I" (Cp) ® F(Cp) structures beyond p = M when g, is
inserted twice.

Looking at the sums Zifoﬂ Lé‘/[’MF(Cp) ®T'%) and Zifoﬂ R%MF(CP) @ T the coefficient

of FgM+l) ® FgM+l) is

M,M ib a 2 ik a
9§4R2M+1 T bazT ];b - (_1)M T kabT l;‘l ) (3.96)
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where we have used Table 3.7 and the basic relation in (3.77). There is always another

potential vertex that can be built in a unique way. If gy, 1 = 0, it is F(CQMfl) ® F(CQMfl),
otherwise it is FgM) ® F(CzM). The coefficients of these are
912\/13341\%1 [TibalTa’;b + (—1)M2TikabTa?z} ;
G B [T, — (-1 e ] (397)

If M >2,(3.96) and (3.97) must vanish. For even M, this requires TibalT“ljb = TikabT“'}l = 0.
For odd M, there appears to be a way out until we realize that FgM_Q) ® FgM_Q) must
now vanish as well. Looking at its three contributions, the O(gnrgnr—3) and O(gar—19nm—2)
coefficients are already being set to zero as they are proportional to (3.96) when M is odd.
The only remaining piece is

gMnglR%%;l TibazTal;b - (—1)M2+MTikabT“’}z (3.98)

which has the precise form needed to ensure that T“;l is nilpotent. The non-existence of such
a fixed-point follows from the fact that T“‘;l = 0 is the only solution to the system

. , S , (3.99)
T = e T, T + ¢y (T, T, + T, T*))

a, a,

{TibalTaI;b — TikabTab _

of coupled quadratic equations. It would be interesting to generalize this theorem to fixed-
points with multiple quartic invariants. Some steps toward this are taken in Appendix D.

Without a theorem in hand for the more general case, we have nevertheless searched for
fixed-points with a separation of powers and found some examples. A family that can be
summarized nicely has SO(2)M x U(N) C U(2Y N) symmetry. For an action consistent at
one loop, we may write

/) L i i i ;
SmN = /W?W 59 ULin,ing 05 (02)", - (02)™ 7 Trmin
Uiy dins O3 (02)1 o (02) " pPlhe @2 (3.100)

where uppercase indices transform in the fundamental of U(N) and o9 is the generator of
SO(2). It is illuminating to look at the simplest member of this family (other than Sy y
which is Gross-Neveu):

Sua= [ 90~ 59 (Gt (00") = (G )(Ge0)] (3101)
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We emphasize that the interaction preserving U(2) in (3.101) cannot be constructed from
just Op, O and Oz. We have had to use Of as well, defining O, as in (3.69) except with
global indices and spinor indices contracted in opposite ways. In two dimensions, where it
is redundant to include both sets of operators, one may equivalently use the action

_ 1 1 - . - 1 - o ) 1 - o .
Sty = /WMJ — 39 [?%W)(%W) + 5(%7%’1)(%%1#]) - ZWWWW)(%‘WVW)
1 -

+ S9(0n) (i) (3.102)
but this is no longer true for d = 2 + . The point is that (3.71) is really a truncation of
the full Fierz identity which contains infinitely many O(1) coefficients. When the higher I'
structures are non-vanishing, the full {O,,} | basis is needed to remove the dependence on

O}. Hence, for the purposes of analytic continuation, (3.101) and (3.102) should be regarded
as different theories.
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Chapter 4

The long-range Ising model

The 2D Ising model, solved exactly in [184], was the first theory observed to saturate numer-
ical bootstrap bounds. It was later seen that this also applies to the 3D Ising model and sub-
sequent work led to the most precise determination of its critical exponents [78, 95, 129, 185].
On the other hand, long-range Ising (LRI) models, defined by relaxing the requirement for
spins to interact with nearest neighbours, have not been solved in any dimension, despite
exhibiting critical behaviour in all 1 < d < 4 [186]. The models we consider will have
ferromagnetic (J > 0) interactions that fall off as a power-law:

005
Hypr = JZ P (4.1)

On the fixed line parameterized by s, two regimes are well understood. If s exceeds a certain
crossover value, which we call s,, the critical exponents become those of the (short-range)
Ising model. For the critical exponents to become those of mean-field theory instead, we
must have s < g. The most interesting range is therefore g < s < 84 Choosing several
such values of s and d = 3, it would be interesting to do, for (4.1), what [95, 185] did for its
short-range counterpart. We will now explain why long-range Ising models are indeed prime

candidates for a non-perturbative bootstrap study.

4.1 Conformality

Due to the work of [158], there is strong evidence that the second-order phase transition of the
LRI is described by a CFT. Perhaps unsurprisingly, this CFT is nonlocal and in particular
lacks a stress-energy tensor. This does not conflict with the Ward identity argument for
conformal invariance as the presence of a traceless stress-energy tensor is only a sufficient
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condition for having a CFT.! On the other hand, nonlocality can certainly make conformal
invariance more difficult to check. Let us review the continuum description of the LRI
which, among other things, will give us a clearer indication that the bootstrap approach
should work.

The nonlocal action

1o A
S = /—§¢a ¢+ Wb‘*dx (4.2)

was first introduced by [188] to study the LRI with the renormalization group.? The kinetic
term, with momentum space propagator |k|~*, is exactly the action for a generalized free
scalar of dimension d%S. The ¢* perturbation drives the system to the LRI fixed point in the
spirit of Wilson-Fisher. When s > g, this interaction is relevant which makes the fixed point
non-trivial. It is therefore natural to compute observables as an expansion in € = 2s —d. In
terms of this parameter, the beta function is

3\2 ,
BA) = —e+ OIS + 0N (4.3)

For future reference let us write down some relations between bare and renormalized quan-

tities in MS.3

3 22
o= [(Ar—2 Lo
(*r(gmmzs* ( ))“

n o _n(n—l) 3A 2 n
o = (1 A EITEERRALs >) 6 (4.4

The first line is equivalent to (4.3) while the second is a simple exercise. Renormalizability
of (4.2) is on solid footing just like its local version [190].

'Without a stress-energy tensor, we can have a theory satisfying all of the usual conformal field theory
axioms except locality. Although we will continue to call this object a CFT, it is also commonly referred to
as a conformal theory or CT [5, 187].

2The fractional derivative is a shorthand for the nonlocal operator that acts as 0°¢(x) = Ik ‘wf;ﬁ’g —dy.

3Note that ¢ is finite for us so we are not obligated to subtract e~! terms. Nevertheless, it is helpful to do
so as this preserves the property that O(e™) accuracy can be achieved with an expansion up to O(A™). The
correlators we derive could in principle be obtained without any subtraction by resumming terms enhanced

by poles in . The RG technology is nothing but a systematic way to perform such resummations [189].
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4.1.1 Mixed two-point functions

A readily calculable quantity in the theory (4.2) is the two-point function of scalars, which
scale invariance only constrains as

(O (21)Os(2)) = m%% . (4.5)

By computing some A; # Ay examples of (4.5) and seeing that they vanish, we arrive at a
hint that this scale invariance is enhanced to the full conformal group under which O; and
O, transform as primaries [158].

N o)
_/ /

Figure 4.1: The first two diagrams that allow us to compute (4.9). The dot represents a ¢*
operator with three legs.

Consider the correlator

F(p, 2, A) = (¢(0)[¢°)(2)) = f(ulz], \)|z| 72732 (4.6)
where [¢%] = Z3(\,g)71¢? is a renormalized operator. The Callan-Symanzik equation

0
po-+ 8

- 0 35| P20 =0, (A7)

Nax

when converted into an equation for f, has a solution of
Fulel, A) ~ C a2 (4.8)

at large distances. Matching against perturbation theory is what will determine C' = f(1, \,).
The first step is to evaluate the bare correlator using the diagrams in Figure 4.1. We arrive

at
Ao )\2 3
<gz5 > R1| R +R2| i +O(N) , (4.9)
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where the coeflicients are
(-4
Ry 9(—41 +0(e) . (4.10)
Next, we improve the correlator by substituting (4.4).

F(u,z,9) = MRafpuz||z[*4 + N

6
Rl—)iluﬂe + Rz|uxl21 =74+ O(N?)
2e

L (5) (4m

6
Ril————+R
T(9) (4mie

= —ng_lﬁ()\) (411)

FLA) = AR+ )2 +O(N?)

The overall factor of the beta function tells us that C' = 0 at the fixed-point.

Figure 4.2: One of three two-loop diagrams that contributes to (4.12). Unlike the others,
this one has only been computed recently.

As we will see shortly, (4.6) is a very special two-point function. It is beneficial to check
a more complicated two-point function like

H(p,w,A) = ([¢°](0)[¢"](x)) = h(plz], \)]a| 7220742 (4.12)

The idea here completely echoes the previous calculation so we will only discuss the method
in [158] for evaluating the hardest diagram in (4.12). This is the one in Figure 4.2. The
method starts by writing

T B // dydz
|x‘3d;7€ - ]x—y]2a|x—z|2a\y—z|2a|y|2ﬁ|z|25

1
_ / o (21 (4.13)
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in position space. Here, § = 2a = %. A Mellin space version of the inner integral can be
written if we insert a factor of |y — w|™* and take w — oo [191, 192].
 dsdt

I(z,2) = jd 2 // (dzs) (27i)2
M(s,) = T(=s) (=T (3€4‘d —s)r(?’jd O (s ) e (s S5E)

For (4.14) to be valid, the contour must be of the form (s,t) = (so+iR, o +iR) where (so, to)
is chosen so that poles and shadow poles lie on opposite sides of the contour. If one of the
variables (say t) is moved out of this region, an extra term is encountered for each pole t,
that we cross.

T / 1 // dsdt / ds p
— es
g;|73d57€ |z — z|?|z|*8 27i)? 1=t

M(s,t)
L)L (49)°T (%)

Precisely such a shift, with ¢, € {0, 354_‘1}, is needed in order to make the z integral commute
with the others. This results in

e dsdt ds ~
T = (e 5)2 o) {// 2mi)? / Resi—o — /—Rest 3e— d:| M(s,t)

r (sz > (s 40T (s 1)
T )T (L= s g T (5 )

2s

i z

(4.14)

r— =z r— =z

2t

dz  (4.15)

z

r —z r —z

M(s,t) = M(s,t)

(4.16)

Isolating the €' poles in the three integrals that cancel the overall I'(¢)~!, the leading
behaviour is found to be

T gt (_j) +0() . (4.17)

4.1.2 The Caffarelli-Silvestre trick

An idea in [193], which has some parallels with the AdS / CFT literature, is to realize gener-
alized free theory using a local theory in a higher number of dimensions. The nonlocal part
of (4.2) becomes the effective action for a defect obtained by integrating out the orthogonal
directions. The two-point function tells us that there should be 2 — s such co-ordinates, a
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number which is in general not an integer. Consider
S = /((%@)2 + (0,®)*dzdy (4.18)

which is a lift of
o(z) = P(x,0) . (4.19)

A solution of the equation of motion is just a spherical harmonic times a solution of the
radial equation

1 _
02D+ — 20,0 + 02 =0 . (4.20)
z

Here, we have defined z = |y| and abused notation in order to work with ®(z, z) instead
of ®(z,y). The solution of (4.20) for the boundary condition (4.19) has the short-distance
expansion

(p,2) = [1 + Clpz|* + O(z2)] 6(p) (4.21)

where we have only Fourier transformed in . We may now substitute (4.21) into (4.18) to
obtain the pure boundary term

s [ Iplot)o(-p)dp . (1.2
From the above, it is clear that the LRI may be reached from an interaction confined to
the defect;
A
S = / —Oy®OMddX + = T / Pdx (4.23)

where X = (z,y). This gives us the benefit of a local stress-energy tensor in the ambient
space.

Ao

Tun = Oy®PIN® — %(3@)2 7@ (y)onn0(M, N < d)

= 8M<I>8NCI> — %(8@)2 + 6_1/16@[@54]51\/[]\19(]\4, N < d) (424)

Computing divergences of the dilation and special conformal currents in the usual way (re-
taining terms proportional to the equation of motion), we arrive at the Ward identities

2 [X +A¢} <H<1> > / <H<1> >dx (4.25)

(2

S| xtixt - 00 2+ 28,0 <H <1><Xj>> =255 [ <H B )

i
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These may now be freely restricted to the defect. Conformal invariance, following from
B(A) = 0, is often taken for granted once a Ward identity like (4.25). The main improvement
to the situation, offered in [158], is a proof that the integrals on the right-hand side do
not overpower the suppression from the beta function. These are the integrals to which
a pessimist would point as the source of a possible virial current due to non-perturbative
effects.

The Caffarelli-Silvestre trick, rewriting (4.2) as (4.23), has been instrumental in this proof
of conformal invariance to all orders in perturbation theory. However, it can (and should) be
further used to argue that a convergent OPE is inherited from the ambient space. The ability
to write higher-point correlators as sums of lower-point correlators is certainly important for
the non-perturbative study we have in mind. And yet, the standard proof of this in CFT
appeals to the notion of a Hilbert space — something that requires a local Hamiltonian. As
far as we are aware, “conformal invariance without OPE” and “conformal invariance with
OPE” should both be considered plausible properties for nonlocal theories a priori, with the
latter fortunately being realized in this case.

4.2 A theory for the crossover

The flow we have discussed above goes back to [188], with significant improvements in [194].
This enables perturbation theory around s = g but we have yet to discuss s = s,. If this
really caputres short-range behaviour, we should expect e.g. ¢ and ¢? to take on scaling
dimensions of AS®! and ASR! respectively for this value of s. An ideal scenario would explain
how these exactly known dimensions are approached perturbatively. A solution to this
problem, recently found in [159, 160], is what we now discuss.

Cardy and Sak [195, 196] proposed a nonlocal perturbation around the crossover given
by

S = Ssr1 + / | ‘d+s d;l:dy , (426)

where o is the short-range spin operator. If s is just slightly below s,, Sak’s perturbation
is weakly relevant, and in principle it should be possible to study the flow perturbatively.
However, it is unclear how to adapt the rules of conformal perturbation theory to this non-
local case. To the best of our knowledge this has not been done.* This leaves us in a situation
analogous to the original Wilson-Fisher flow (Figure 4.3) where an expansion is known for
d=4—¢ but not d=2+9.

This lack of computability may be dismissed as a technical problem, but there are related
conceptual puzzles. If the crossover is continuous, the spectrum of all operators should vary
continuously. In particular, the number of operators should be the same on both sides of the

4There has recently been a growing interest in deformations with similar position dependence in boundary
CFT [197].
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Free field theory

Figure 4.3: A standard RG flow diagram where long arrows are strongly coupled and short
arrows are weakly coupled. In this case, we show the standard approach to the short-range
Ising model where perturbation theory can only be done close to d = 4 despite the fact that

= 2 is a solved case as well. This is what the long-range RG flow diagram looked like
before the work of [159, 160].

crossover. However, for some LRI operators no counterpart SRI operators appear to exist.
One such operator is ¢3. As (4.2) has a nonlocal equation of motion rather than a local one,
¢? is a primary in the LRI — one which we can easily show to be relevant. This is puzzling,
because the SRI contains, both in d = 2 and d = 3, a single relevant Zy odd scalar.

Another puzzle involves the stress tensor operator. The SRI has a local conserved stress
tensor T),,. Moving to the long-range regime, this operator is expected to acquire an anoma-
lous dimension so that it is no longer conserved. The divergence V, = 0T, is thus a
non-trivial operator in the LRI. At the crossover point the dimension of this vector operator
is exactly d + 1. Is there such an operator in SRI? 2D Ising is a solvable minimal model and
it is easy to see by inspection that there is no such operator. For d close to 4 one can use
the weakly coupled Wilson-Fisher description, and again there is no such operator. While
in d = 3 its existence cannot be rigorously excluded at present, it seems very unlikely.?

The puzzle of the missing V), can be stated more formally in terms of “recombination
rules” of unitary representations of the so(d + 1,1) conformal algebra. The standard stress
tensor of the SRI is the lowest weight state (conformal primary) of the shortened spin-2
representation CJ_,, while the non-conserved spin-2 operator of the LRI is the conformal
primary of the long spin-two representation AZ2,, with A > d for unitarity. When the
unitarity bound is saturated, the long spin-2 representation decomposes into the semi-direct
sum Al , ~ Cl, @ Agill. In other terms, the shortened spin-2 representation can become
long only by recombining with (“eating”) an additional spin-one representation, A%, whose
conformal primary V), is however missing in the SRI.

5Zs-even operators of odd spin have not yet been probed by the numerical conformal bootstrap.
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4.2.1 Review of standard flow

k - k

Figure 4.4: The first non-vanishing correction to the two-point function of ¢.

We will first review some key features of the standard flow (4.2) that have not been
mentioned yet. The first is that the ¢ and ¢ operators are protected. We have already seen
from (4.4) that there is no anomalous dimension 7, at one-loop. However, it may be seen
more generally that 7, = 0 at any number of loops. The intuitive justification for this is that
a nonlocal kinetic term cannot be modified by local divergences. A useful test is evaluating
the first two-loop diagram that could potentially influence 4. Using analytic regularization,
the diagram in Figure 4.4 yields

LR (o) |k
)\2 F(‘%T‘d)F(%)g EdESe
ST () T (5 2

This requires no minimal subtraction as the ¢ — 0 limit is finite for all 1 < d < 4. Indeed,

r (—%) is the only gamma function with a non-positive argument. We have already seen a

preference for such gamma functions in (4.10). It is reassuring that a pole appears for d = 4,
which is precisely the value that turns (4.2) into a local theory.® The upshot is that the

dimension of ¢ has the exact expression

(4.28)

a relation which has been proven rigorously in [202].” By demanding that the short-range
scaling dimensions are approached continuously, we can take ASR! = d_—;* as the definition
of s,. This is a correction to [188] which initially predicted s, = 2. The correct behaviour
at the crossover was explicitly demonstrated in [194] by taking d — 4 to make the entire

6Because (4.27) is a two-loop contribution, we must be careful when using it to solve for v, in the Wilson-
Fisher fixed point. Setting d = 4 in the second line is not valid. We must instead set (s,d) = (2,4 —¢) in the
first line. This diagram therefore provides a counter-example to the widely discussed “effective dimension”
idea [198-201], which we do not find convincing.

"Earlier work had rigorously proven that the anomalous dimension must be non-negative [203]. The
vanishing can be established for any nonlocal theory that can be realized as a defect where the bulk is free
(such as the LRI, given (4.23)). This comes from writing the bulk field in terms of the defect OPE and
demanding that the Laplacian still kill the right-hand side [140].
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flow perturbative. When this is done, one sees that the weakly irrelevant operator ¢9?¢ is
responsible for the breakdown of (4.28).

The second operator with an exactly known scaling dimension is ¢3. This is obvious in
the Wilson-Fisher fixed point as the equation of motion 9%¢ = %ng’ places ¢? squarely in the
¢ multiplet.® In the LRI, this protected dimension is instead a consequence of the nonlocal
equation of motion

A
oo= 2o, (4.29)
with ¢ remaining an independent primary. From (4.29), we read off

d+ s

Ays = (4.30)
These operators, satisfying A, + Ay = d, are often said to form a shadow pair [158].
Although this relation will come out of many integrals that will be evaluated soon, we now
give another proof which demonstrates the role of the Callan-Symanzik equation.

In perturbation theory, the nonlocal equation of motion simply means that the diagrams
contributing to correlation functions of ¢* are the diagrams of ¢ amputated by one propa-
gator.? In other words correlators of ¢* are related to those of ¢ by (in momentum space)

245 0) ) = bl (o) )
%!A<[¢3](p) =1l (e) . ) - (4.31)

Now, (4.31) implies that the correlation functions of the so defined [¢?] are free of poles in
e. Since Z) = Z3*', a short computation allows us to express 743 via the beta function all
along the flow:

Yz () = e+ BANT. (4.32)

In particular in the IR we have v, — ¢, which given the dimension of ¢, is equivalent to
the shadow relation. This argument proves the shadow relation to all orders in perturbation
theory.

4.2.2 An infrared duality

We will now explain how the situation of Figure 4.3 is improved to that of Figure 4.5. Where
this differs from standard (incorrect) lore is that the LRI does not crossover to the SRI, but

8The implications of this for anomalous dimensions were explored in [204].

9This amputation relation is true for the diagrams which connect ¢ to an interaction vertex. Diagrams
which connect ¢ directly to another ¢ in the correlator do not have a counterpart for the correlators of ¢3.
The equation of motion maps such diagrams into local terms, and is thus valid modulo such local terms.
These local terms are not important for the present discussion.
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to a larger theory which consists of the SRI and a decoupled mean-field which we call x.
Assuming this, we can construct the flow from the larger theory to the LRI by turning on
the perturbation

1
S = Ssmr + / —5)(375)( + gooxdz (4.33)

The sign of gy is arbitrary since it can be flipped by the symmetry y — —x. In fact the
decoupled theory has an enlarged Zs X Z, symmetry which is broken to the diagonal when
the perturbation oy is turned on. This is as it should be, since the LRI has only a single
Zo symmetry 0 — —o. The enlarged symmetry leads to selection rules, which will appear
many times in the RG calculations below.

Connection to the standard picture is established by integrating out x, which should

generate precisely Sak’s non-local perturbation (4.26)."° This fixes the dimension A, = %,
so that the local deforming operator O satisfies
A@:AXJrAg:d—é,é:S*z_S. (4.34)

This crosses from relevant to irrelevant at the same location as before. We emphasize however
that x is not simply a theoretical construct but a physical field.

Mean-field theory
d/2 S

Ising + MFT

Figure 4.5: The RG flow diagram showing the two flows to the LRI where one is weakly
coupled precisely when the other is strongly coupled.

The existence of x allows us to resolve the difficulties concerning the crossover description.
First of all, since y and ¢ satisfy the shadow relation, xy can be identified with ¢* at the
crossover point. This identification and its consequences will be discussed in detail below. We
will also see that using x one can construct a vector operator playing the role of V,. Finally,

0Notice that for real go, the generated operator has ferromagnetic, negative, sign, as it should.
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since O is a local operator, we will be able to use the well-developed framework of conformal
perturbation theory to compute the long-range critical exponents near the crossover point.

We have a situation predicting that two flows (one perturbative for ¢ — 0, the other
for § — 0) have the same IR endpoint. In quantum field theoretic parlance, this is referred
to as “infrared duality”. A famous example is the Seiberg duality which establishes the IR
equivalence of UV-distinct A/ = 1 supersymmetric gauge theories [205]. Another example is
the particle / vortex duality between the XY model and the U(1) Abelian Higgs model in
3D, both flowing to the same O(2) Wilson-Fisher critical point [206, 207]. The novelty of
our example is that the IR fixed-point does not have a local stress tensor.

4.2.3 All-order predictions

Something to see right away is that 7, (g) = 0 all along the flow. This is motivated in the
same way as for ¢ in the ¢* flow. Namely, that poles in § correspond to short-distances
divergences of the integral for 6 = 0, the divergences are local, and the action of x is non-
local, so it cannot be renormalized. We then obtain that the anomalous dimension of x at
the fixed-point is identically zero.

We can argue that the IR fixed-point of the ox-flow should be conformally invariant.
Indeed, we can derive the broken conformal Ward identities for the ox-flow by the same
Caffarelli-Silvestre trick. We can then show that these Ward identities imply the conformal
invariance in the IR.

We also have the nonlocal equation of motion

0 °x = go , (4.35)

and therefore all the same shadow relation consequences.

We now see that the both the ¢* and oy flows have a conformally invariant IR fixed-
point. The dimensions of two operators at the fixed-point are exactly known (one by non-
renormalization, another by the shadow relation):

Ap= 5 =4,
Ap= @5 = A (4.36)

2

s9

The ¢* statements have been proven to all orders while the analogous oy statements hold
as well under the reasonable assumption of renormalizability.

The most natural interpretation of these results is that there is only one CFTs for each s,
which describes the fixed points of both flows (infrared duality). The fields ¢ and ¢? for the
first flow have to be identified in the IR with o and x for the second flow (up to proportionality
coefficients). As such, we will often use the two notations interchangeably. Finally, the
above equations for the IR field dimensions are valid exactly and not just in perturbation
theory. Indeed, if there were nonperturbative corrections to one set of equations, they would
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presumably become largest near the short-range crossover, but this is where the other set of
equations becomes accurate and shows that there are no corrections.

(60,0, ¢)]
=9 + %d .....................................
.“‘M'"__“_,___........-----'-'-'-'-'-'-'-'-'.'.'.'.'.'::::::;;_-:::::: iiiiiii T,
') =dt {7
s M =d-T]
4
[¢°] = 3d d:2 €
d=3
(6] = 3d |
o)
ld 2 — TSR "o
2

Figure 4.6: The dependence of dimensions of several important operators on s. The main
text uses [O] to denote the renormalized version of O but here it is a shorthand for Ae.

Figure 4.6 predicts the dependence of the most important LRI operator dimensions on s
between the s = %l and s = s, points. The solid lines joining ¢ to o and y to ¢ are straight
lines. The other lines are known only approximately in the € and ¢ expansions. The shown
shape of the lines is the simplest consistent with these asymptotics. The line joining ¢* to €
will be shown to have a vanishing first derivative at s, in d = 2 but not d = 3 momentarily.

After the section that deals with anomalous dimensions, we include a section that focuses
on OPE coefficients. These allow a non-trivial check of the duality which we will now explore.
First, we can scale the coupling out of the nonlocal equation of motion to write

3 (x) :/Mdy. (4.37)

| — y[*2e

Since two-point functions change with s, we can use this to relate the normalization of ¢* to
the normalization of ¢. We will act twice on

_ 1+p(e)

(¢(x)9(0)) = P (4.38)
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where p(e) > —1 is expected from unitarity. The result is

3 3 _ ple) My
(¢*(2)0*(0)) = B
LAy —5) T (Ap —5)
My, = =° 2 : 4.
’ " I'(Ag)I(Ags) (439)
after properly handling the local terms. By complete analogy, we may start with
1+ k(0)
(x(2)x(0)) = e (4.40)
and act with the dual version of (4.37). This yields
k(e) My
(o(2)0(0)) = TP
A (A, — )T (A, 9)
M, = gt—"T -2 X2/, 4.41
S VWS YN )

We would now like to divide OPE coefficients and consider ¢, ¢3, ¢ and x to be unit-
normalized for the purposes of these ratios. Although we will eventually discuss more com-
plicated ratios, there is a remarkable comment to make about

AM2gs Y 1+ p(e)
~ = 3
A12¢ p(e) M

Mag -y JLEAO) (4.42)
A2y K(6) My

where M5 and its shadow Mg are combinations of gamma functions which we will compute.
This is the identity

M2 - MgMg - MQ (443)

which guarantees that both lines of (4.42) depend on Ay, Ay, ¢; and /5 in the same way. In
order to make both lines equal, not just in their quantum number dependence, we need

k() _ 1+p0)

[T R0 20 (4.44)

which is a non-trivial prediction.
Since k(0) = O(6) for small §, we conclude that the normalization of the two-point
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function of ¢ must vanish linearly in s close to the short-range crossover:
1+ p(e) = O(ss — s) . (4.45)
This was previously argued by a different method in [208]. Analogously, we must have
1+ x(0) =O((2s — d)?) (4.46)

when approaching the mean-field regime. In this case the vanishing is expected to be
quadratic since p(e) = O(£?).

4.3 Running coupling from conformal perturbation the-
ory

According to our proposal, the LRI can be described as the IR fixed-point of (4.33) which
is weakly coupled for § < 1, when the oy perturbation is weakly relevant. This allows to
us compute the LRI critical exponents in terms of the SRI conformal data, known exactly
in d = 2 [12], and with an impressive precision in d = 3 thanks to the recent progress in the
numerical conformal bootstrap.

The standard framework to describe CFTs with weakly relevant local perturbations
turned on is conformal perturbation theory (see e.g. [209, 210] for d = 2 and [196, 211]
for general d). As usual in quantum field theory, we consider the perturbative expansion
of observables in the bare coupling constant in a regulated theory, and then add countert-
erms to cancel the dependence on the short-distance regulator. The order n perturbative
correction to an observable = is given by

% (O(z1) ... O(xn) E) dz, . .. dz,, . (4.47)
In general, this integral is divergent when points x; collide. A convenient way to regulate is
by point splitting, restricting integration to the region where all |z; —z;| > a (short-distance
cutoff). If = is a local operator, there will also be divergences where z; approach =, but
those are associated not with the running of the coupling but with the renormalization of =.
They will be discussed and interpreted separately below.

The first quantity we need is the beta function. Let ¢ = a’gy be the dimensionless
coupling at the cutoff scale. The beta function has the form

5(9)Eﬁa/a)=—5g+m7 (4.48)

where —d ¢ is the classical term and ... are the quantum corrections.
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The order g? correction to the beta function is proportional to the three-point function
coefficient Appo. This is well known and sufficient for most applications [196, 209, 210].
However, in our case Appo vanishes, because O is odd under the symmetry x — —yx.
Analogously all even-order contributions to 5(g) will vanish as well.

The lowest nonvanishing contribution will appear at order g3, and that is the only one
we will need. So we have:

Bg) = —0g + Bag°, (4.49)

neglecting the higher order terms. We will now review how one computes the coefficient (3.
We aim to discuss the fixed-point properties at the leading non-trivial order in 6. For this
we may neglect the dependence of 33 on §, so we will compute it in the limit § = 0.1 We
will also specialize to the case A\ppp = 0 of interest to us, as this simplifies some details. See
212, 213] for prior work involving third-order corrections. Our discussion owes a lot to [99],
which covers also the general case A\ppp # 0.

For 6 = 0 the coupling ¢ is marginal and its running is related to the logarithmic short-
distance divergence of (4.47). At order g3, we are interested in the divergence where three
points come close together. In this region we can use the so called “triple OPE” which is
easily seen to be nothing but the four-point function.!?

0(0)O(z2)O(x3) ~  f(x2,23)0(0)
= (0(0)0(z2)O(x3)O(c0)) O(0) (4.50)

This is similar to the well-known relation between the usual OPE of two operators and the
three-point function.

Using (4.50), we see that the divergence of the integral with three O insertions is equal
to the integral with one O insertion times a divergent coefficient, computed by integrating
the four-point function:

/V((9(:61)(9(902)O(xg)O(oo)>dx1dx2dx3 = AVlog(1/a) + ... (4.51)

Integration is over the region |z; — z;| > a with all three points belonging to a finite region
of volume V', which serves as an IR cutoff. The IR cutoff is needed since we are interested
only in the short-distance part of the divergence.

The divergence at O(g?) can thus be cancelled, and the cutoff dependence removed, by
a variation of the O(g) term, adjusting the bare coupling by —Alog(1/ a)g. Therefore, the
beta function can be specified to this order by f3 = —%. To isolate the coefficient A, we use
translational invariance to fix one of the points, say 3, to 0. The volume factor V' cancels,

' To compute higher order corrections, we would have to keep § nonzero and set up a minimal subtraction
scheme. This will not be carried out here.
12 A5 usual O(00) = lim, o0 |22 O ().
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and we are left with an integral of the function f(z1,x2). We then separate the integration
over the overall “size” of the pair of points (x1, z2) and over their relative position. Rescaling
the pair by, e.g. |r1], and using the fact that f has dimension 2d, we have

/f x1, x9)dz dae = /| NEZ <|x1\ |x1‘)dx1dx2 Sd/l |/fe y)dyd|z,| (4.52)

where é is an arbitrary unit length vector and Sy = 27%2/I'(d/2). The log divergence
~ log(L/a) now arises from integrating over a < |z;| < L, which is basically the pair size.
So we conclude

A:Sd/[f(é,y)—...]dy (4.53)

where the implicit terms cancel whatever power-law divergences may have been present in
(4.51) without changing the log. These power divergences have nothing to do with the
running of g. Instead, they renormalize coefficient of the relevant operators appearing in
the OPE O x O. In our case there are two such operators, the unit operator and the SRI
energy density operator €.!* The unit operator coefficient is unimportant, while that of e
has to be anyway tuned to zero to reach the fixed point, as this corresponds to tuning the
temperature to the critical temperature. The bottom line is that the power divergences need
to be subtracted away.

There are two methods to do this, which give equivalent, although not manifestly iden-
tical, final results. Method 1 subtracts the divergent terms, given by the relevant operators,
from the integrand f. Method 2 computes the integral (4.53) with a cutoff and drop the
terms that diverge when the cutoff is sent to zero. In both case we are just dropping power
divergences of the integral (4.52) and we are not changing the coefficient of the logarithm
divergence. Once one of these methods has been employed, the integral is convergent.

Method 1. We subtract from the integrand f in (4.52) the singularities associated with
the two relevant operators in the limits z; — 0, xo — 0, £1 — 3. The subtraction terms
have to be chosen so that they fully subtract the power divergence but do not modify the
logarithmic divergence. The following simple choice satisfies these constraints:

f=f=F—r—re (4.54)
1 N 1 1
7”‘ =
L |x1|2d |x2|2d |a:1 _x2‘2d
1 1 1
= )\2 .
006( - € € + - € € + |l‘1 Ae - 6)

Here A\, is the SRFP OPE coefficient: ¢ x ¢ = I 4+ A,5c€ + .... The crucial point is that
these subtraction terms themselves only have power divergences. This is obvious for r. For

13 Another low-dimension scalar operator in the O x @ OPE is x2, but this one is irrelevant since s > 0.

110



re, notice that the x; and x5 integrals of each term factorize into a product of two integrals
each of which has only power divergences. So the logarithmic divergence is not modified by
the subtraction procedure.

The regulated expression for A is the obtained by changing f(é,y) — --- — f(é,y) in
(4.53). This integral is now convergent, although not absolutely convergent. The lack of
absolute convergence is due to the presence of relevant or marginal operators with nonzero
spin in the O x O OPE. These are d,¢ and the stress tensor 7},,. Since these operators have
nonzero spin, their contributions vanish when integrated over the angular directions. So the
integral has to be understood in the sense of principal value, introducing and then removing
spherical cutoffs around 0, é and co. These cutoffs are remnants of the original cutoffs on
|zo| and |z — 9|, since y is the rescaled 5.

Method 2. In this method we start by spliting the integration region of (4.51) into three
parts. We consider one region in which x5 is the shortest distance:

Riz = {x1, 22, T3 1 |T12] < |213], |T12] < |223]} | (4.55)

and the two other regions Ro3 and Rq3, given by permutations of the three points. It is clear
that these three regions contribute equally to the integral (4.51), so we can focus on Rjs. As
before, we set one of the points to zero and we rescale x; and x5 by |z1|. The logarithmic
divergence arises when integrating over |z;|. We obtain

A= 38, /R (0(0)0(1)O(£)O(c0)) dy (4.56)

where
R={y:lyl <Lyl <ly—el} (4.57)

which is a rescaled Ri5. Such an integral is not yet convergent when integrating y around
0 due to the presence of relevant operators being exchanged. These divergences may be
subtracted again by introducing a UV cutoff but now they have the advantage of only
appearing in one place.

Although these methods are not manifestly identical, the logic of their derivation shows
that they should give identical answers (and they do, in all cases we checked). In practical
computations, both ways of proceeding have advantages and disadvantages. Method 2 fully
takes advantage of the symmetry among 0, 1, oo, while the integrands in Method 1 do not
respect this symmetry (it is broken by the subtraction terms). Still, if one were to aim for
analytic expressions, Method 1 seems preferable. The shape of the integration region in
Method 2 makes it hard to compute the integral analytically. However, Method 2 will prove
useful and yield more precise results when the integral needs to be evaluated numerically.
Besides, in d = 3, where the correlation function is not known exactly but will be constructed
approximately from the bootstrap data, Method 2 allows to consider the conformal block
expansion in the s-channel only, without any need to deal with the other decompositions.
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We adopted Method 2 as the principal method for the beta function computation both in
d =2 and d = 3, since as we will see the integrals have to be computed numerically. While
Method 1 is less precise for the numerical evaluation, we still checked that it gives the same
results within its reduced precision.

4.3.1 2D beta function
The 2D SRI is the minimal model CFT M(3,4) and everything about it is known exactly

12]. In particular, we have A, = 1, A, = 1 and A\,oe = 2. The four-point function of o is
8" 2
given by
1+ V1—2]+]1—-+v1-—2
(0(0)o(1)o(z)o(c0)) = RO : (4.58)

Comparing the notation to our previous expression, we have fixed ¢ at 1 on the real axis,
while y = z runs over the full complex plane. In spite of the appearance the four-point
function is smooth across z € (1, 00).

The four-point function of y is Gaussian, given by the sum of three Wick contractions.
In the same kinematics,

1 1 15

X(O)x(M)x(z)x(00)) = 1+ A T Ay=2-0,=". (4.59)

The four-point function of O is given by the product of (4.58) and (4.59):

]1+\/1—z]+|1—\/1—z\

2|24z — 1]

1 1
14+ —5 +

F(z,z)=
A

(4.60)

We were not able to evaluate the integral of F(z) analytically, so we will report the results
of the numerical evaluation. We employ Method 2, so that we have to integrate over the
region R.

As discussed after (4.53), the integral is not convergent around 0. If we expand F(z, 2)
around z = 0, we encounter several terms responsible for the non-convergence. The terms
|z|7* and |z|™? correspond to contributions of the identity operator and energy density ¢
respectively. Other terms, such as z/|z[> and 2?/|z|* (along with their conjugates), are the
contributions of d,e and T, in the O x O OPE — these vanish upon angular integration.

To deal with the divergences, we remove from the region R a small disk |z| < a around
the origin, and divide the rest into two regions: the annulus A(a < |z| < 1) centered around
zero and its complement A, see Fig. 4.7. Here rq is arbitrary subject to a < 7o < 1/2. In A
we expand F'(z) functions as a series in z and Z up to some high order. We can then drop the
terms that vanish upon angular integration, and we integrate exactly the remaining terms.
The power-law divergent, as a — 0, part of the answer is dropped. In the complement of
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Figure 4.7: The integration region R.

the annulus we integrate F'(z) numerically. The so regulated integral over R is then:
Ty—y = / d*z F(z,2) = —0.403746 . . . (4.61)
R

All the shown digits are exact, and we checked that the result is stable against changes of
ro. This implies

1
By = =3(2m)La-rg; = 1268404 (d =2). (4.62)

4.3.2 3D beta function

The 3D SRI is not yet exactly solved but high precision results are available thanks to
the progress of the numerical conformal bootstrap [77, 94, 95, 129, 185]. Recently, the
approximate critical 3D Ising four-point function extracted from the bootstrap data was
used in [99] to study the random-bond Ising critical point. It was also used in [100] to
qualify the non-Gaussianity of the 3D Ising model.

Here we proceed analogously and will use the OPE coefficients A\,,0 and dimensions Ap
of the lowest lying operators (such that Ae is smaller than some cutoff in the spectrum A,)
to construct an approximate four-point function for the o field:

. 1 _
(0(0)a(é)a(y)o(o0)) ~ T2l Y Xeo9nete(z2), (4.63)
O:Ap<Ax
where ga are the conformal blocks. Let us fix é = (1,0,...,0). Then z is the complex
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coordinate related to y by

2=y +ilyll, yL= (Y2, v4)- (4.64)

The four-point function only depends on |y, | because of rotation invariance around the z;
axis. The usual conformal cross ratios u, v are u = |z|>, v = |1 — z|%. Instead of z, it will be
convenient to work with the radial coordinate of [84].

p(z) = (4.65)

z
(1+vT=2)"
In three dimensions, the conformal blocks are not known exactly. However, they can be
computed efficiently as a series in 7 and 1 = cos @, where p = re’, using a recursion relation
[24, 214]. The conformal block expansion converges for » < 1 [40], while in the integration
region R the maximum value of r is 2 — /3 ~ 0.27 < 1, so our series expansion will converge
exponentially fast.

When approximating the four-point function, we have to take into account three different
sources of error:

1. We do not know the OPE coefficients and the operator dimensions exactly, as they are
obtained through the numerical conformal bootstrap. The uncertainty due to this will
turn out to be subleading;

2. We compute the conformal blocks as a series expansion in r. Here we did it up to order
O(r'?), which provided sufficient accuracy, but it would be straightforward to compute
them to a higher order;

3. We know the dimensions and the OPE coefficients of primary operators only up to
a dimension A,. The error introduced is of order r®+ [40]. We use data from the
numerical conformal bootstrap on operators up to dimension A, = 8.

We will focus on the last source of error, since it will be the dominant one. The error
one introduces when truncating the conformal block expansions of a four-point function of
identical scalars ¢ to some dimension A, was estimated in [40, 41] to be

24AU

P 2,20 S =A% p(2
O:AOZZA* oUOgAO»EO( ) ~ F(4Ao—+1> * |IO< )

A (4.66)

This error estimate is essentially optimal for real 0 < z < 1, when the four-point function is in
a reflection positive configuration, and all conformal blocks are positive. This corresponds to
the configuration with 7 = 1 in the p plane. For configurations with n < 1, conformal blocks
decrease in absolute value by unitarity, and hence the same estimate (4.66) applies, although
it is no longer optimal. When we integrate the 4pt function over the n coordinate, we will
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not be in a reflection positive configuration, but we will nonetheless bound the truncated
operators contribution by its largest possible value, obtained for n = 1. Clearly, the obtained
error estimate will be overly conservative, since it does not take into account cancelations
due to the varying sign of contributions of operators with spin.

Once we have constructed the approximated four-point function, we integrate it in the
region R.1* We follow the procedure outlined in Appendix C of [99]: this consists in ex-
panding the four-point function as a power series in r and 7, then integrating over r and
dropping the diverging contributions of the identity and the energy operator. Finally we
series-expand again with respect to n and we integrate the result exactly.

The data concerning the operator dimensions up to A, = 8 and their OPE coefficients
can be found in Table 2 of [94] (our A\,s0 is fooo given in that table). The OPE coefficients
given there are in the normalization for which the small r limit of the conformal block is
A ™ &(—1)ECZ(U)(4T)A + ..., where C} is a Gegenbauer polynomial, v = 42 and (v), is
the Pochhammer symbol. Using these values, we obtain [;—3 = —1.950 & 0.005. The error is
dominated by the truncation error, which we estimate by integrating (4.66).> The ¢ term
of the beta function is then

P =12.26 £0.03 (d = 3). (4.67)

4.3.3 Fixed-point existence

The last two calculations have shown us that for d = 2 and d = 3, we get a § < 1 fixed
point at

9°=g: =0/ (4.68)

for a real value of the coupling. The sign of #3 was not manifest in the above calculations,
since the regulated integrals are not sign-definite.!® Still, we have seen that (5 is positive in
both 2D and 3D. This provides a non-trivial check on our picture and allows us to proceed
to the calculation of anomalous dimensions.

4.4 Anomalous dimensions

When deforming a CF'T with a local perturbation, operators renormalize and acquire anoma-
lous dimensions. Let us recall how these are computed in conformal perturbation theory. As
usual, we require observables to be cutoff independent. To find the anomalous dimension of

“Tn r and 5 coordinates, the region R is given by 0 < r < 7.(|n|) and —1 < n < 1, with r.(n) =
24n—+/n*+4n+3.

15For comparison, if we only use operators up to A, = 6, we obtain the same central value but with a
much larger error estimate: I;—3 = —1.954+0.08. This confirms that the error estimate is overly conservative.

16 A5 a curiosity we notice that if it were not for the subtraction terms which had to be introduced in the
process of disentangling short-distance divergences, then A would be positive, and 3 negative.
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a local operator ®(z), assumed unit-normalized, we look at an observable with one insertion
of @, ((0)=). Perturbative corrections will be given by
T [(@(0)0(x1) ... O(x,)Z) da . .. da. (4.69)

n!
We regulate the integral by point splitting, with a short distance cutoff a, like in the previous
section. There we dealt with the divergences and cutoff dependence which appear when op-
erators O approach each other. Those were taken care of by renormalization of the coupling,
leading to the nontrivial beta function. We are interested in the additional divergences, in
particular the logarithmic ones, which appear when the positions of O collide with those of
o.

We define a renormalized operator [®], whose correlation functions remain finite in the
a — 0 limit. This is related to the bare operator by

® = Zo(g,a)[P]. (4.70)
The anomalous dimension of ® will then be given by

1 074

 Zgdlog(1/a) (4.71)

Yo =

The above discussion was general, but now let us specialize to the flow which interests us,
namely (4.33). We are ultimately interested in 6 > 0 small, but at the leading order we can
compute the anomalous dimension for 4 = 0, when it is related to the log divergence as above.
Moreover, order g corrections will vanish thanks to the Z, symmetry of the unperturbed
theory, since ®O0® will be odd under flipping x regardless of whether ® is even or odd. We
will therefore be interested in the anomalous dimension to order g?. The computation of this
anomalous dimension parallels the beta function computation. To extract the short-distance
divergence giving rise to the cutoff dependence of ®, we consider the “triple OPE”

= (2(0)0(1)O(22)®(0)) (0) - (4.72)

If the short-distance logarithmic divergence is
1
/ (P(0)O(21)O(x9)P(00))dz1dxe = Blog o +... (4.73)
1%

the renormalized operator will be made cutoff-independent by the choice

2
1
Zy =1+ %Blog ~+0(g"). (4.74)
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It follows that at the fixed point, where g = g,, the operator ® will acquire an anomalous

dimension of )

Ve = —%*B +O(g). (4.75)

As before, we rescale the two integration points x; and zy by |z;|. The logarithmic
divergence of the integral (4.73) is then

B = Sd/[h(é,y) —...]dy (4.76)

where we have again prepared for necessary subtractions. Excluding the case ® = O, the
OPE @ x O does not contain the unit operator or the stress tensor. Nor does it contain
® since Agoo = 0. Assuming all other operators in the OPE have dimension larger than
that of ®, the above integral is convergent near 0 and oco. Let us proceed under the above
assumptions, otherwise minor obvious modifications will be required.

The integral presents power-law divergences for y close to é. These divergences are due
to the unit operator and € in the O x O OPE. As already mentioned in the beta function
discussion, they do not have anything to do with the critical point physics. We have to drop
these divergences, but in a way which does not modify the log divergence influencing the
anomalous dimension of the operator ®. We have again two different ways to proceed, with
minor modifications compared to the beta function computation.

Method 1. We subtract the contributions of the relevant operators at the level of (4.73),
so that the logarithmic divergences are unchanged. Since all divergences come from x; — 2o,
we may write

h—h=h—s —s (4.77)
. 1
1= |21 — @2

1
86 = )\<I><1>e)\OOe |ZE1 _ IQ‘Qd—Ae|x1‘Ae

A~

knowing the relevant operators. It is then a matter of taking h(é,y) —--- — h(é,y) to
compute the value of B.

Method 2. We split again the integration region of (4.73) into three smaller subregion.
This will make the numerical evaluation of the integral simpler. Clearly, the contribution of
the integration region with z; close to zero, |z1| < |z2| and |x;| < |x; — 23], is the same as
that of the region with x5 close to zero. However, the contribution of the region where x;
and x5 are close together will be different. By the same logic as before, we obtain a regulated
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expression for (4.76):
B= Sd/7€2(<1>(0)(9(y)0(é)@(00)> +{0(0)O(y) (&) (o0))dy . (4.78)

The integration region R is the same as in the previous section. The first term is finite since
y is separated from é. The second term has a power-law divergences, but no log divergences
for small y — we make it finite by dropping the divergent terms.

4.4.1 Protected operator dimensions

Let us keep d general and consider the field y. This is described by a nonlocal action in
the UV. As a consequence, we expect that xy does not get an anomalous dimension to all
orders in §. This is similar to what happens for the ¢ field in the 4.2. Here we will check
this expectation at leading non-trivial order. Observe that the integral (4.73), with & = x
and O = oy, only has power-law divergences, and no logarithmic divergences. Indeed its

integrand is
1 1 1 1
: 4.79
|7, — o220 (‘x1’2AX + 21 |25 + 7 —:c2|2A><) (4.79)

The integral only has power divergences by the same argument as that given for the beta
function subtraction terms (4.54). If we were to apply Method 1 to this integral, we would
end up with an identically vanishing integrand. Notice that in this case the OPE & x O
contains an operator o with dimension A, < Ag, So more subtraction terms are needed
than the ones given before. After these subtractions, the integrand is identically zero.

Next we consider the field o. It is also special, because it acts as a source for y, and so
the classical equation of motion sets a linear nonlocal relation between the two. As we have
mentioned, non-renormalization of the type (4.30) is a direct consequence. To check this at
leading order, the anomalous dimension of o can be reduced by a trick to the g% term of
the beta function, which we already computed. Let us consider the original integral (4.73)
for ® = 0. It is easy to see that this integral (multiplied by the overall volume) is exactly
one third of the integral (4.51) in the beta function calculation. Indeed, the integrand in
both cases involves the four-point function of ¢ multiplied by a correlation function of ¥,
which has one term in the first case and three terms in the second one. These three terms all
contribute equally, and so we obtain B = A/3. This fact is not manifest in the expressions
provided by Methods 1 and 2, but we checked it numerically. The anomalous dimension of
o is now found to be:

Ve =6+ O(6%). (4.80)

Note that the classic RG result that reads v0(g) = /'(g), for the deforming operator
itself, follows here from the fact that B = A for the renormalization of O.
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4.4.2 Unprotected operator dimensions

Let us now compute the anomalous dimension of € in two and three dimensions. For d = 2,
we should use the result from the Ising minimal model [215]

(€(0)o(2)o(1)e(00)) = 4|Z||1|1+—_ZZM | (4.81)

To obtain the correlation function (eOQO¢) we multiply (4.81) by (x(z)x(1)). This time we
will use Method 1, and we will be able to carry out the integration analytically. We need
to subtract the divergent terms due to the relevant operators, as shown in (4.77). The ¢
subtraction term is absent since ... = 0, which is part of Kramers-Wannier duality in two
dimensions. We obtain the integral

I 1 1+ 2|2 _
/(Cf(z,z)dz:/c|1_z|4( 1] —1) dz=0 (4.82)

as a principal value with circular cutoffs around 0, 1 and co. The fact that this integral
vanishes was noticed numerically in [99]. We have obtained the following proof which still
makes it seem like an accident.

We divide the complex plane into the three regions in Figure 4.8.

Ri={z:a<|z|<1-0}, (4.83)
A={z:1-b<|z|<14Db|z—1] >a}, (4.84)
Ro={z:1+b<|z|<a'}. (4.85)

We need to compute the integral for small but finite values of a and then take a — 0 limit.

Imz

ahvy
WA

Figure 4.8: The three integration regions (4.85).

The quantity b is introduced for convenience since all three integrals simplify for b << 1. We
take the b — 0 after a — 0. It will turn out that the contribution of the region A approaches
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a nonzero constant. It is easy to forget about this contribution and get a wrong answer. The

Ly
Figure 4.9: Deformation of the region A, which yields the same result in the 6 — 0 limit.

integrals over Ry and Ry can be computed via

/f(rew,rew)rdrde—/%f(rp,r/p)?—grdr (4.86)

and doing the p integrals by residues. This way one obtains

lim [ f(z2)dz=—=+O0(), (4.87)
a—0 Ry 8
lim [ f(z2)dz=—=+0(b). (4.88)
a—0 R 8

We are left with computing the integral over the region A. When b — 0 is taken, and
the annulus shrinks, the integral gives a nonzero contribution because of the singularity
at z = 1. We can restrict the integration region A to a rectangle around z = 1, as the
regions where the integrand is regular yield a zero contribution in this limit. We consider
therefore the region in Figure 4.9. Let us perform a z — z + 1 shift and call this region
Agp = {z : —% <Rez< %, —% <Imz < %, |z| > a}. We expand the integrand around
z = 0, keeping only divergent terms, to find

o _ o 1 1
iyl [ 594 = i [ (5453 ) o

1 L
= lim 2 [7? — 4 arctan (L—Zﬂ : (4.89)

b—0 1
By inspection, L, ~ & while Ly ~ /8, telling us that the arctangent approaches This
gives us a —% value for (4.89) exactly cancelling (4.88).
Going back to (4.82), the anomalous dimension of € in d = 2 vanishes at order g2, while

order g3 will be zero by the Z, selection rules. Therefore

ol

%e=0(g2) =0  (d=2). (4.90)
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Moving onto d = 3, we set up a numerical computation for this anomalous dimension
using the CFT data from the numerical conformal bootstrap. In order to compute the four-
point function (eooe), we will need the operator dimensions and the OPE coefficients of the
operators appearing in the o X o, 0 x € and € x ¢ OPEs. For operators up to A, = 8, these
can be found in [94], with a clear preference for Method 2. We construct the four-point
function in the region where one € is close to one O and the region where the two copies of
O are close together:

<e<0>a<z>a<1>e<oo>>=wﬁ S Aogdrdn(z,2).

O:Ap<Ax
1 _
(PO el = a3 Aerodaoslol:2), (4.91)
O:Ap<Ax

Here ga,, 1, with upper indices are the conformal blocks for the external scalars with unequal
dimensions, which we compute via recursion relations from [78]. The operators entering the
sum in the first (second) equation are Zy odd (even). In both cases, we will be integrating
over the now familiar region R.

Once again, the largest error contribution when approximating the four-point function
will come from the truncation of the spectrum at dimension A,. The same line of reasoning
used to obtain the truncation error for four identical scalar in [40] will go through in the first
line of (4.91). Analyzing the proof in [40], it is possible to see that the truncation error will
be given by (4.66) with the change A, — (A, + A¢)/2 in all occurrences in the right-hand
side.

For the second line, on the other hand, we cannot map the four-point function onto a
reflection positive configuration, and therefore we cannot find a bound on the contribution
of the truncated operators in the same way. We need to first use Cauchy’s inequality so that
the tail of (coee) can be bounded by the tails of (cooc) and (eeee). At this point we can
use again the result of [40], and we obtain

22A(,—|—2Ae
< AQAU—I—ZA6
~ VTHEA, + DT(4A +1)

*

A (4.92)

p(z)

Z AUO’OAGEOQ%?QJO (Zv 5)

O:Ap>A,

Truncating the CFT data up to A, = 8 and carrying out the integration in the region
R, we obtain a nonzero value, unlike in d = 2. The order g?> anomalous dimension is

Ye~ 3.3 + O(¢}) = 0276 + O(6?) (d =3), (4.93)

where in the second equality we plugged in the fixed-point. The total truncation error on
the coefficient 3.3, estimated as above, is £0.5. So we are confident that € gets a nonzero
anomalous dimension in d = 3 already at the lowest order allowed by the Zs selection rules.
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4.4.3 Broken currents

We now come to a discussion of the stress tensor operator, the source of a long-standing
paradox. The UV theory contains an Ising subsector and a y subsector, where only the first
contains a 7},,. When we perturb the UV theory with the operator o, the two sectors are no
longer decoupled and locality is lost. This implies that, at the IR fixed-point, the operator
T,,, will acquire an anomalous dimension. We will still call it 7}, and will sometimes refer to
it as the “stress tensor”, but it has to be kept in mind that this operator is non-conserved. We
will first compute yr directly in the 2D case. We will then exhibit an alternative method,
involving multiplet recombination, which clarifies our understanding of the crossover and
makes the 3D answer apparent as well.

For the direct computation, it is sufficient to consider only one tensor component, say
T = T,,, as all the components will acquire the same anomalous dimension. The stress
tensor in the UV is conventionally normalized as

(T(z,2)T(0)) = g—. (4.94)

In the case of the two dimensional Ising model, the central charge is ¢ = % The 4pt function
(T'(0)o(2)o(1)T(00)) is then recovered in the standard way using the Ward identity twice
on the two-point function of o. For the four-point function involving two O insertions we

obtain:
1 (1 (1—2)2(22+302+1))
) (4.95)

:m —

(T'(0)ox(2)ox(1)T(o0))

4 + 25622

Although the stress tensor is not a scalar operator, our discussion pertaining to anomalous
dimensions still applies. We aim for an analytic result and use Method 1. Since Appr. = 0 in
d = 2, we only need to subtract the contribution of the identity. Note that, since the stress
tensor is not unit-normalized, subtracting the contribution of the identity means subtracting
(4|z — 1/*)~!. The resulting integral can be evaluated exactly:

1-22 25622 128"

/ 1 (22430z+1) 15 (4.96)
c

where we have again accounted for the finite contribution of a vanishingly small annulus that
contains z = 1. To apply (4.75), we recall that it is valid for the unit-normalized operators.
To make up for the fact that T is not, we need to multiply by an extra factor of %

yr = £7r293 +0(g}) ~3.656 +0(6*) (d=2). (4.97)

We will now recompute the same anomalous dimension using the recombination of mul-
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tiplets.!” As we will see, this method requires only the integration of a three-point function
fixed by a Ward identity, and gives yr as a function of A, and of the central charge ¢ for
arbitrary d.

The stress tensor in the UV satisfies the conservation equation 0*T),, = 0, meaning that
some of its descendants are zero. As we say, it belongs to a short multiplet. The same
operator taken to the nonlocal IR fixed-point, is not expected to be conserved: O*T),, o
V., # 0. In other words, the stress tensor multiplet becomes long by eating the V,, multiplet.
The vector V,, must exist in the UV theory as well; this was puzzling in the standard picture.
The puzzle is neatly resolved in our picture, since this multiplet can be easily constructed
with the help of the x field. Namely, we have:

V, =0(0,x) — %(&,a)x. (4.98)

This is clearly a vector field and of dimension d + 1 at the crossover point. The relative

coefficient between the two terms is fixed by requiring that V,, be a (non-unit normalized)

vector primary at the crossover. For this it is sufficient to check that the two-point function
of V,, and of the descendant 9, (o) vanishes.

Since V,, given above is the only candidate to be eaten, at the IR fixed-point we expect

oM, =bg)V,, (4.99)

where b(g) — 0 as ¢ — 0. We will be interested in the first nontrivial order: b(g) =
b1g + O(g?). The value of b; can be determined by studying the two-point function of V,,
with 7T}, computed at first-order in perturbation theory. It will be more convenient to utilise
the descendant 0"7T),,, as this will allow us to use the Ward identity. On the one hand from
multiplet recombination (4.99) we expect at the lowest order in g,:

(" T (2)V,(y))g = 019 (Vo (2)V, (y))o - (4.100)

Here and below we mark with subscript g the IR fixed-point correlators, while the subscript
0 corresponds to the UV theory. The two-point function of V,, entering this equation can be
computed explicitly given its definition:

Ay L ()

(Vu(2)Vo(0))o = QdA_U |z [2d+2°

L(z) =6, — 2 (4.101)

Notice that this functional form is consistent with the conformal primary nature of V.
On the other hand perturbation theory predicts for the correlator in the left-hand side

17For recent discussions of multiplet recombination in various CFT contexts see e.g. [204, 216-218].
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of (4.100)
(T (2)V(0))g = 9. / (T, (2)V, (1) O(2))odlz (4.102)

The three-point function that we need to integrate is the sum of two factorized terms:

(0" T ()Vo(y)O(2))o = (0"Tw(x)o(y)a(2))(Dpx(y)x(2))o

i—j<aﬂTw<x>apo<y>o<z>><x<y>x<z>>o. (4.103)

When the three-point functions in the right-hand side are expressed using the Ward identity
of the unperturbed theory, we get terms proportional to (z—y) and to §(z—z).1® We assume
that z # y, so only o (x — z) terms are important. They yield a nonzero contribution when
we integrate over z. We obtain

[ @ TV, 0)0))odz (4.104)
— (o0 (0N OO + T 00O (0 = 28,725 K1.105

Using (4.100), (4.101), (4.102), we fix the value b, = 2.

Now let us compute the anomalous dimension of 7},,. The two-point function normaliza-
tion customary for d-dimensional CFT is [20, 219]:

Cct 1 2
<Tuy($)Tpo—(0)> = 2_S§|x|TT [up(x)L,U(:L') + (,U — I/) — 85“1,(5)\0 . (4106)
In this normalization, and assuming the Ward identities are normalized as in note 18, the
free massless scalar has cr = d;fl.

To specify (4.106), we used only conformal invariance and the fact that 7}, transforms
as a rank 2 symmetric traceless primary. It is therefore valid both at the UV and IR.Y In
the UV we have c¢r = R and Ay = d, corresponding to the conserved local stress tensor.
In the IR both ¢z and Az receive O(g?) corrections.

The quantity of interest is the two-point function of the divergence of T}, at the fixed-

point which can be found by an explicit differentiation of (4.106). This vanishes for yr = 0,

18Tn this general d argument we normalize the stress tensor so that the Ward identity takes the form
(0"T(2)O1 (1) ... On(20)) = =2, 0 (x —23) 05 (O1(x1) ... On(2,)) . Notice that it is not the same as
the normalization usually used in 2D.

9Tt is also possible to see without invoking conformal invariance that the tensor structure of the 2pt
function is preserved along the RG flow. This follows from the fact that the rescaling needed to make the
operator finite depends only on the indices of the operator and not on any other insertions in the correlation
function. It is part of the same argument which shows that all tensor components get the same anomalous
dimension.
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consistent with the fact that 7),, is conserved in the UV. For nonzero v, it is given by:

2\ L,
(0T, ()07 T (0)), ~ 82 ZAr (d+ 1— ) Ee2 (4.107)

In (4.107) we dropped terms higher order in g2. One such higher order term is the correction
to cp which will not play any role, so in all subsequent equations ¢y = G2
At the same order, using the recombination of multiplets equation (4 99), we have:

(0T (2) 0T} (0))g & bg2 (Vi (2) V2 (0))o - (4.108)

From the last two equations, the two-point function of V,, and the value of b;, we find the
lowest-order anomalous dimension of the stress tensor:

292 A, (d — A ) .

Yr =

In d = 2, this agrees with (4.97). In d = 3, it gives
yr = 28.60555(6)g% + O(g}) ~ 2.335 + O(6%) (d =3) (4.110)

where we have used A, = 0.5181489(10) from [129] and cr/cke® = 0.946539(1) from [99].

4.4.4 Standard flow

These results for unprotected operators in the oy flow should be compared to corresponding
calculations in the ¢* flow. The partner of A, has been computed, with [188] finding

Ay =1 =S {w) _ oy (g) + (g)} (%)2 + O (4.111)

but the partner for Az has not. We would therefore like to compute the dimension of the
leading spin-2 double-twist operator in ¢ x ¢, also called T},,. We can use Ar to distinguish
between different long-range Ising models since it gives a rough measure of how nonlocal
a theory is. This makes it important for the bootstrap which is agnostic to microscopic
parameters like s. Constructing the operator

(¢3 O — W¢32¢) ( 0 00,9 — W(&b) ) (4.112)

125



A¢+1
Ag

one might expect to give anomalous scaling to (¢(—ky — k2)¢(k1)T . (k2)) is shown in Figure
4.10.

in order to make it a conformal primary.2’ The one-loop diagram that

we choose y = —

b k2+p

>

-
k1 ky + ko

Figure 4.10: The T}, operator, represented by a dot at the top with momentum flowing in,
has its legs saturated by ¢.

After Feynman parameters are first invoked, the integral takes the form

N O T e
Gl la) = Ao r(gy/o |t e s =T e

(k2 +p)o (k2 + D) = ypu) + pu (b — y(ka + p)ys) — trace] <2d:>dd"’“”

After making the denominator spherically symmetric in p, the piece in brackets becomes
(p+ (1= 2)ka)u[(p+ (1 — 2)k2) — y(p — wha) ] + (p — 2k2)u[(p — wh2) — y(p + (1 — 2)k2) ]
with the trace subtracted. Expanding this, all parts that are odd in a given component of
p, must vanish. This reveals an overall factor of ko, ks, — éém,kg which we omit in what
follows. The other parts of (4.113) become

A D) o) r (%4 1)"] ko]
e O [m—sﬂ“‘y)m W
1 A d ko|°
= i@ [2—(1—y)m} ” +0(1) . (4.114)

After inserting the leading order value of y, it becomes clear that (4.114) is completely
regular. This vanishing one-loop anomalous dimension, which had to be the case in d = 4,
is actually true for all other values of d as well.2! A two-loop diagram is therefore necessary
to see perturbative corrections in Ar.

20Tt is easy to check that for (Ag,d) = (1,4), (4.112) is the improved stress-energy tensor of a free scalar
up to a constant factor.

21This is in fact reassuring given that ki,k1, + (k1 + k2)u (k1 + k2)» — yk1u (k1 + k2)y — yk1o (k1 + k2)
is the tree level contribution to (¢(—k1 — k2)¢(k1)T ) (k2)). This cannot be produced by Figure 4.10 whose
tensor structure only involves k.
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N
| | |
k1 —79 —q

Figure 4.11: The most interesting two-loop contribution to (¢¢T).

The two-loop 77 comes from the diagram in Figure 4.11. All other candidates either
involve a scaleless loop or have Figure 4.10 as a subdiagram. While standard methods are
not enough to evaluate this integral in general, it is sufficient to set ky = 0 if we are only
interested in the pole term. Starting with the g integral already evaluated,

gy — FETEATEF
. (47)2 F(s—g)F(g)Q re [P[**|p — ka*

[2(1 - y)pﬂpll - trace] (27T)d
SELWCORET

(4m)% T(s—e)T (3)°T(5)T (5)

_x)s 1 ) dp
/ /Rd [p* + ( 1_;,;)k2]s+2[ ](%)ddw- (4.115)

Once there is only a Feynman paremeter left to deal with, its integral can be expanded as
a series in €. The first term vanishes, as it must by consistency, but the second term does
not. This gives the correlator an overall % dependence.??

N T (E) T s+ 5 |k
G0 o D(s— )l (2)°T(s)0 (5) | n
/legﬂ(l r)*tda
1 X 4 |k
= S @pddsy e O (416)

2ZZAt d = 4, it is actually y7 + 2, that appears in the Callan-Symanzik equation, explaining why (4.116)
still has a pole in this limit.
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From this expression, 7 can easily be read off. Substituting the fixed point, we have

Ar

d+4—¢ 8 £\2 3
Sl (5) +o@E. (4.117)

Our choice to set ky = 0, imparting zero change in momentum to the composite opera-
tor, was very convenient. It allowed derivatives on the left leg to produce the same effect as
derivatives on the right leg, thereby yielding an answer proportional to the tree-level contri-
bution of 2(1—y). Had we set k; = 0 instead, as in [220], the integral would still be tractable,
but only after accounting for the precise value of y. Encouraged by this simplification, we
will calculate the same anomalous dimension for the general leading double-twist operator
[¢b]o.e. Expressing this operator as

[P1d2)ne = Z a(ky, k2, ur, ug, m)T (ku, ko, ur, up, m)
u1tu2+m=n
k1+ko=¢
T(k,t—k,up,ug,m — w1 — U2)ay.ap = Poy-o-PapPuy - Pun7u17u2P2“1¢1
Poir - PayPuy . Pu . PPy, (4.118)

a recursion algorithm for computing the coefficients may be found in [221]. In fact in our
case,

a(k, 0 —k,uy,ug,n —uy — uz) = Sp0(k)b(uy, usg)

0= ;
SO T (= B T(Ay + K)T(Ag + £+ F)

, b(0,0) =1 (4.119)

but we will not need this expression directly.?®> All that matters is that the extra momenta
with indices bring in extra factors of the Feynman parameter, leading to

d+20—¢ 21°(¢) £\ 2

Aoy, = = (5) +oE. 4.120

[¢0o.e 9 T (g) T (g —1—€) 3 (€”) ( )

The singularity at ¢ = 0 is sensible because this results in an integral with a 8% term which

has to be handled differently. Proceeding to the subleading double-twist operators [¢¢], ¢

using this approach would be quite cumbersome. However, we can make a useful statement
about them in d = 2 from the inversion formula (3.25).

To see how this gains us an order of perturbation theory, consider the conformal block

expansion of the reduced correlator G(z, z) = [z|*2¢ (¢(0)¢(z, 2)¢(1)p(00)) with corrections

Z1n our previous notation, 2y = 2228 The factor of 2 comes from the fact that (4.118) allows the two
free fields to be different.
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to Any = Ay, and a, e = )‘?¢¢[¢¢]n,e plugged in.

G(z,2) = 1+ Z ( O +al)+. >gAM+7(1)+ (2.2 (4.121)
= 1+Zanmnee 22+ 3 a9, u(z.2) + 40l (2. 2)
n,l n,l
+ Z [CL,EL%%QARYZ,E(Z, zZ) + 2%(3@( ZQAM (2, 2)

n,l

1 2
2 1 0 _
#1827 4 5 (20 s, l9)|

As conformal blocks have |z|*n¢ asymptotics close to the origin, they produce one logarithm
for each differentiation. Hence, there is precisely one double-log in (4.121), found by taking
IA, (2 2) 7 ga, (2, 2) log?|z| in the last term. Furthermore, we may identify the terms
that lead to a log? |1 — z|, which must be present by crossing symmetry [222]. Each conformal
block that contributes must be differentiated at least once but all sums involving 77(112 are
sums with a single term. This leaves us with

vl

2
€ _
E a1, (20 2) = SO0l =21 -2) (4.122)

2
11—z

log? |1—2|

as the only possibility. The remarkable fact, Which allows us to extract the spectral density
¢(A,0), is that the left-hand side of (4.122) is 555 times the double-discontinuity! Just as the
coefficients of conformal blocks are residues for the simple poles of ¢(A, ¢), the coefficients of
conformal block derivatives are residues associated with double poles. The inversion integral

52 F(M)Ll 1 At0+1 M M 11 dz
A - 2 = L F 20 2 . F 222 -1 — -
2,9 9F(A+€—1)F(A+€)/O S 1( A+ ’Z)2 1( 1 Z) 2

1 —A+2 (—A42 11 dz

L—A+3 —_— z
SRR 2 2 x| LR( 221-z) 2 4123
A Z 2 a9l ( f _ A + 2 72) 2471 ( 1 ) Z> 22 ( )

may be evaluated after noticing that the crossed channel block (with the kinematic prefac-
tors) is special enough to be a Casimir eigenfunction in the direct channel.?* In other words,
hypergeometric identities ensure that

11 11,
f(Z)EZ%2F1< 2’12 ;1—2) :2F1< 2712 ;Z ) ; (4.124)

z

24This observation is due to Dalimil Maz4¢.
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which is part of the basis found in [136] with eigenvalue —1. Each integral in (4.123) is now
an inner product of (4.124) with some SL(2;R) block. The weight of the latter — which is

either &+ or £2+2 — will be denoted by h.

(h9) = T (PF.0) ~ (f. D)
= m [(1=2)(f'9— fg')] )
o T@h+1)

T O(h— 1)+ IT(h+ 1) (4.125)

With this trick in mind, we arrive at the spectral density which reveals a nice surprise.

2 (A+ 00— A+2) D (&' 10— A+2)
9(A—C=12(A+L=1°P(A 40— 1) (B +1)° T (E242 4 1)?

(A, f) = (4.126)

Evidently, there is only a single second-order pole for each spin, namely A = Ay, = ¢+ 1.
Subleading double-twist operators fail to renormalize in d = 2 even at two-loops. This is the
second mysterious zero for an anomalous dimension we have seen after (4.90).

4.5 Exploiting the shadow relation

A fundamental result which makes the LRI bootstrap worthwhile is the nonlocal equation
of motion. The most general analytic constraint that has been extracted from it so far is a
quadratic OPE coefficient relation with four traceless symmetric primaries ;. It takes the
form (m) () p(m)

Mz Asio Iy (4.127)

Mg A RiY

We will derive this and then use it to understand the correlator (coxx). Rich constraints
on it will come from setting O; = o, Oy = O, O3 = x and O4 = O (which together imply
m=n=0).

4.5.1 Exact OPE coefficient ratios

In addition to the non-renormalization theorems we have discussed, the nonlocal equation of
motion can be used to derive an infinite family of ratios between OPE coefficients. Equations
like (4.29) are statements about fields in a Lagrangian rather than unit-normalized operators
in a CFT. We will therefore equip them with s-dependent prefactors which we call n, and
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n. Writing the integral expression for (4.29) yields

ny(s)x(x) = %dy : (4.128)

which is recognizable as the shadow transform. The idea is to use (4.128) in three-point
functions containing ¢ and x in order to find

Aoy _ 1o (5)
AMag  My(8)

Rys (4.129)

where Rp5 is a known function of the quantum numbers. If we repeat this for a second pair
of operators, we can arrange to have the normalizations cancel out, leaving us with

)\12X )\340 R12

= ) 4.130
/\120 )\34)( R34 ( )

The explicit R;; was computed for scalars in [158]. In Appendix F, we use it to test the
IR duality between the flows that generate the e-expansion and the d-expansion. In what
follows, we aim to generalize this result to the case of spinning operators.

A natural language for this is the embedding formalism [223] which associates to each
2 € R? a null ray XM ~ AXM ¢ R*LLIf one chooses representatives such that X+ =
1 (the Poincaré section of the null cone), a Lorentz transformation on XM = (1,22 2#)
precisely implements a conformal transformation on z#. Conformally invariant quantities
can therefore be built out of the Lorentz scalars

Xij=—2X;- X; =a; . (4.131)

An especially useful incarnation of the embedding space was developed in [224, 225] which
used polarization vectors to make the formalism index-free. One such vector Z, in addition
to being null, must satisfy a transversaity condition with X:

This is because tracelessness in R%*1! is stronger than tracelessness in R%. An important
result is that correlation functions may only depend on polarization vectors through the
combinations

Hi; = 2% Z))(X; - X;) — (X1 Z2)(Xs - Z7)]
Vg = G (XY (4.133)

J

We will begin with the three-point function (¢ (x1)O4" " (x5)o(x3)), which has a single
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tensor structure. The most straightforward extension of it to the projective null cone is

Ai2o Va1
(D1(X1)05(X2, Z2)o(X3)) = TR T A, AL ez (4.134)

X13 : X23 : X12

As a check, this is a degree-¢ polynomial in Z, which is invariant under Zs — Z5 + X5. It
also transforms with the correct weights when X, X5 and X3 are scaled individually. Lifting
the equation of motion to the embedding space as well,

TLU(S) )\120— ‘/26710DX0
(®1(X0)0x(X, Z)X(Xs) = 2205 / S e - (4.135)
X X12 2 XOl 2 X02 2 XgI;AU

This type of object, which has exponents adding up to d, is called a conformal integral.
Suitable technology for treating conformal integrals in the embedding space, including the
formula .

/ XA XA Dy — el ($4n)yh . YA
(=2X V)" T(d+n)  (—y2)s+n
was developed in [226]. For similar integrals with a slight excess in the exponents, see [227].
Before returning to (4.135), it is worth expanding the tensor structure as

— traces , (4.136)

— . ¢ n —nyvn —n
V2€,10 = Xy (n) (Za- X0)™(Zy - Xo) " X X15™ . (4.137)
n=0

The result of (4.135) will contain Vi, and in particular (Z, - X3)¢, which can only come
from the first term of (4.137). It is therefore enough to focus on the n = 0 term and infer
the others from conformal invariance. Introducing Schwinger parameters and using (4.136),
we have

Ny () Moo Z30 .. ZAZ =1 (g + é)
TLX(S) A1+A2 Ag—t F(d o AU)F (AJ+§12+€> F (Ao'_§12+£)
/ /°° X3 +aX +BXo)M . (Xs +aXy + BX)" dadB
o o Aa+A12+f _Ag— ?12+f [OCX13 + 5X23 + OéﬁXlQ]%+g « 5
O(Zy - X1) . (4.138)

(®1(X1)O0a( Xy, Zo)x(X3)) =

If we again discard Z, - X7 terms, we can evaluate the integral to arrive at

I A —_4a9r d=As+A12+¢ T d—Ay;—A12+L
Rip = T ( ) ( A +2A 0 ) (A 7A2+£ )
T~ Ao (St (50

(4.139)
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This logic can be repeated for correlators that have arbitrary spin in both positions. The
difference here is that there is no longer a unique tensor structure:

min(£41,62) Vﬁl—m ZQ—mHm
m 123 V213 {112

(01(X1, Z1)0s(Xs, Zo)o (X)) = ) Ny sz Sr oyt (4.140)
m=0 Xz ® Xoz? Xpp °

However, the factor of H{j is untouched by the integration. This means that )\an)z is propor-

tional to )\(17;(,) and R;; acquires one extra index instead of two. Carrying out the computation,
we find

%1'\ (Ag _ g) 1" (d*Ag+A122+fl+5272m) F (deng12;£1+£272m)

R =7
12 F(d . AU)F (AU+A12+2€1+£2—2m) T (AU—A12+2€1+EQ_2m)

(4.141)

As a further generalization, one could consider mixed-symmetry tensors using the formalism
of [228]. Note that (4.43) is clearly true from the way A, and A, appear in (4.141). This
can be seen as a manifestation of the fact that fractional derivatives still satisfy 07°A =

B & A=0°B.

4.5.2 A tower of protected operators

We now specialize to an important four-point function of relevant operators. Let us choose
three-point functions that involve the two shadow operators and a traceless symmetric pri-
mary O. The quadratic equality

R,
)‘3)(0 = R zAUUOAXXO (4142)

X

immediately follows. Two results related to (4.142) are worth fleshing out in detail as both
of them provide useful input to the numerical bootstrap.

We will first consider a primary O whose spin is odd. In this case, the OPE coefficients
on the right-hand side of (4.142) vanish by Bose symmetry. For the left-hand side to be
nonzero, the dimension of @ must be a pole of the following expression.

Ro T (d7§+f)2 T (d72A0+A+£) T (2Afd+A+e)

= 2 Z (4.143)

R0 T (¥)2 r (2AC,EA+€) T (2d—2A§—A+E)

The poles above the unitarity bound, which come entirely from the squared gamma function
in the numerator, are
A=d+l+2n=0,+A +(+2n. (4.144)

These are nothing but the dimensions of the double-twist operators [ox]n¢ ~ X0, - .. 0,,0*"c
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at s = s.. The first element of this list, [ox]o.1, is known to renormalize upon lowering the
value of s. As its dimension leaves the pole (4.144), the left-hand side of (4.142) is able to
remain nonzero. This is because [0x]o1 recombines with the stress-energy tensor and Bose
symmetric OPEs are allowed to contain odd-spin descendants. All of the other double-twist
operators stay primary (at least in three dimensions) and thus face a radically different
situation. Bose symmetry continues to enforce A\,,0 = A\, 0 = 0 which means that A can
only change continuously if A?,X@ jumps to zero discontinuously. We therefore arrive at the
following proposal.

In the long-range Ising model given by a generic g < § < S, all odd-spin primaries in
o X x (the double-twist operators other than the first one) have a scaling dimension that is
independent of s.

This result, which should strictly be called a conjecture, would represent the most natural
scenario even if we did not have continuity in s. It also follows from the earlier form of the
OPE ratio (4.129) after a simple check that the normalizations n,(s) and n,(s) are nonzero.
One possibility that we cannot rule out is that these odd-spin primaries are only protected
within a finite interval starting at s = s,. This is because we used the fact that A2, was
strictly positive. If this coefficient were to smoothly approach zero at some value of s, we
would have to worry about the behaviour in Figure 4.12.

I A(9) ]

)\oxo(s)

Figure 4.12: A possible way out of our non-renormalization theorem for odd-spin primary
operators in o x y. The strongest statement we can make is that their dimensions are
protected in an open neighbourhood of any point where )\?,XO > (. It could be the case that
at least one renormalizes after decoupling at an intermediate value of s.

Running this argument around the other side of the duality is more subtle since ¢ and ¢?
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cannot be treated as independent fields. At small values of the spin, however, it is clear how
the protected operators in ¢ x ¢* match up with those in o x . Taking n = 0 for example,

Ty 3 X0,0 $*0,0 € ¢*
X0,0,0,0 <+ $°9,0,0,0
X0,0,0,0,0;0 ¢38M81,8p8087¢
(4.145)

Starting at ¢ = 7, the conformal primary where four copies of ¢ are saturated by derivatives
is not unique. A generating function counting the number of such primaries for all ¢ can be
found in [218]. Looking at one example, the primary subspace for operators of the form

Or = ¢’ ¢+ c1¢*°090°p + c3¢**PD° P + c3DPIPI° ¢
+c4 2P PO b + c5p0PO* PO b + cc0PIPIPI D + P> PO
+e300? PO PO P + coOPOPI* P> P + ¢100PD* P> PO P (4.146)

is two-dimensional. We should therefore only expect one linear combination to be protected.
Given a basis consisting of {Oél), (9;2)}, we may choose ¢ such that t(’)él) + (99 decouples

from ¢ x ¢3. This gives an operator that is free to renormalize since it has vanishing OPE
coefficients on either side of (4.142). It is only the orthogonal operator that maintains its
exact double-twist dimension. More generally, when the subspace is N-dimensional, the
solutions to

b (0(a1)e* (@20 ) + -+ 4ty (9@n)0* (@) O ) + (9(e1)6* @) O ) = 0 (4.147)

are (N — 1)-dimensional, pointing us to a unique protected operator once again. It is not
surprising that ¢ x ¢® contains only one leading-twist operator of each spin in a suitable
basis. Indeed if the degeneracy could not be removed, one would be able to repeat our
non-renormalization argument based on the nonlocal equation of motion 9°¢ o ¢* in the
local fixed point governed by 0%¢ o ¢®. It is clear that the Wilson-Fisher fixed point
does not have an odd-spin protected tower. Instead, the odd-spin operators which have the
dimensions (4.144) in d = 4 are able to avoid the Bose symmetry constraints for primaries
by recombining with higher spin currents. It would be interesting to see how this structure
is reproduced in perturbation theory.

The 2D case would also be very interesting to study further. This describes a fixed line
obtained by deforming a Virasoro symmetric theory. As a result, the definition of [ox],.¢
is ambiguous just like the double-twist operator [¢p¢3],,. This time, rotating the bases to
remove the maximal number of operators from o x x is probably not the right solution to
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the mixing problem. Consider the operators with (h, h) = (4, 1) where

713 3565
(’)él) = oL’ x—93L_j0L* x+ TL2,10L_1X = TL‘LUX
128
o) = Losox — 1z5L%0x (4.148)

is a valid basis.?® The previous logic would suggest splitting these into one combination
with A\;y0 = 0 and another combination with A;y0 # 0. This presents a problem as both
operators in such a splitting would have nonzero overlap with

/\::(L_4-§L32)11 (4.149)

There is only room for a higher spin current to recombine with one multiplet so we must de-
mand that the protected spin-3 operator is the one that fails to give an anomalous dimension
to (4.149). To solve for this operator, we have evaluated the three-point functions

124775 /544
A(z1, )08 (2, 2 3 > = e
< (21)21) 3 (ZQaZQ)O-X(Z37Z3) 2’1722132:232%3
1225 /3264

(A1 2)0P (20, 2)ox (o0 70)) = ol (4.150)
2127137237323

using the Virasoro Ward identity.?® This allows us to repeat the calculation that [159] did
for the stress-energy tensor and say that

= 044 3264
/ <81A(21, 21) |: O(l) - —ng):| (ZQ, 22)0')((23, 23)> d23d23 =0

124775 3 1225

_ 713 3422400
/ <01A(Z1, Zy) [ﬁ@g) - W@:ﬁ?)} (22, Z2)o X (23, Z3)> dzsdzz oc y5 (4.151)

Based on this, one might hope that all o x x operators in the 2D theory are either protected
or eaten. The first counter-example to this appears at the next level which has three ¢ =5
operators built from ¢ and y but only one ¢ = 6 current that needs to be broken.

25We have implicitly used the null state condition to write L_,0 as a multiple of L2 ;0. Similarly, we do
not have any higher Virasoro generators acting on x since the theory it comes from is already nonlocal at
5= Sx.
_ _ dys d
*The form (Ll (21)L-no(22)0(23)) = §., §., (1 — 21)' 7" (42 — 22)' 7" (T(y1) T (y2)0(22)0(23)) 55 5
is the one most useful for our purposes.
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4.5.3 Consequences for crossing

We will now discuss the treatment of [ox],, operators with even spin. Looking at (4.142)
for s = s,, we again have a removable singularity since O has a dimension given by (4.144)
while decoupling from the o x ¢ and x x x OPEs. The difference is that the coefficients
Aooo and Ay o turn on for s < s, as they are not constrained by any kinematic principle.
This allows the right-hand side of (4.142) to become a ratio of finite numbers. The shadow
relation then becomes a statement about operators of an unknown dimension still having
constrained OPE coefficients.

This situation is ubiquitous in the superconformal bootstrap. It allows four-point func-
tions to be decomposed into blocks that include the contributions of many conformal pri-
maries. These superconformal blocks have been computed in [229] and many subsequent
works. In the long-range Ising model which is non-supersymmetric, it is the nonlocal op-
erator in (4.29) rather than a supercharge, which allows certain conformal blocks to be
combined.

To make this precise, consider the general form of the four-point function for scalar
primaries

Agj Agi Gkl
(0i(21)@;(x2) or(w3) P1(74)) = <|x24|) (\:ml) |15 Ai+Aj(|Z;;|)Ak+Az - (4152)

|7 14] |713]

The unknown function, depending on the cross-ratios u = x?;“ and v = ?4%3 has the
1324 13
conformal block expansion

G (u,v) =3 Mjowoge” " (u,v) . (4.153)
(@]

By demanding crossing symmetry for the (oo xy) correlator, we derive the crossing equations

D Aoeo Mo FIRN (u,v) + Z A2 oYX Z A2 o P (u,v) = 0(4.154)
O;Lu 2\4 2{/
Z )\UUOAXXOF—(EUA’X} Z )\o'xOFj—(JAUl?( u, U + Z )\aon—fUAﬂZ{ U) =0 )

2|1’ 2\/5 2{@

where we have used the (2.66) shorthand

sjta iy Aj+A g
Fj:],ﬁl,e(u, V) =0 3 kgﬁfj’A“(u, v) £ u 2 kgﬁfZ’A“ (v,u) . (4.155)
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We can modify (4.154) to account for the protected operators

Z )\UO'O)\XXOF 7XX u U + Z AJXOFXU UX Z Z AaxOFXO;i-T—?+2n Z( ) =0
O;\Z 2\E {=1,3,.
Z AUUO)‘XXoFf_UAXg?( Z )‘aonjngUt?( Z Z AaxOF—)fod-T-é-i-Qn Z( ) =0 )
2\[ 2\4 =13,
(4.156)

but this only imposes the odd-spin case of the shadow relation. Imposing the even-spin case
as well leads to

D AwsorqoF - alu,v) Z Z Ao 0 F X bz (1, 0) = 0

+
02|e {=1,3,...

Z)\UUO)\XXO‘F"FAZ u, U Z ZAax(’)Ffili?+2n Z( 7U) = Ov (4157)

+
02|£ (=1,3,.

where we have defined the convolved superblocks

RUO
R0

Fro(u,v) = FL(u,0) F FY0 M (u,v) (4.158)
It is easy to read off what the non-convolved superblocks are.

In contrast to other known superblocks, e.g. the 4D N = 1 classification in [230], the
relative coefficient in (4.158) is not a rational function of A. Indeed (4.143) has infinitely
many poles. It may therefore be of interest to compute rational approximations for the
coefficient, similar to what is already standard practice for the conformal blocks themselves.
We discuss this problem in Appendix E.

4.6 Numerical results

We are now ready to combine our exact results with the numerical bootstrap in three di-
mensions. For perspective, it is interesting that the 3D LRI is still considered prohibitive
for a Monte Carlo simulation. Even the 2D LRI has only been simulated relatively recently
[200, 201, 231-233]. By contrast, d is a parameter in the conformal bootstrap that can be
varied without changing the difficulty of the problem. Let us look at the crossing equations
that come into play.

We have already written two of the crossing equations which take the form (4.154),
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(4.156) or (4.157) depending on how much non-perturbative information is imposed. These
are part of a larger system, given in Appendix E, which has the schematic form

)\O'O'O
Z ()\O'O'O )\EEO )\xxO) VA((B )\eeO Z )\ OVA Z+)\ex0 (3)+Z )\ OVA (4159)
03 Ax0

20¢

The components of VD, V® and V® live in R, while the components of V() live in R3*3.
To rule out potential solutions, the numerical bootstrap searches for a functional that gives
a positive-definite matrix when acting on V() and a positive number when acting on the
other vectors. Finding such a functional becomes easier when we only demand positivity on
specific linear combinations of the vectors above. To this end, we have three options for how
to proceed.

1. If we do not impose (4.142) at all, we use (4.159) where the dimensions exchanged by
o X x run over all values consistent with unitarity and the presence of three relevant
scalar primaries.

2. If we demand the existence of the protected tower discussed in the last section, the
last sum in (4.159) for odd spin is modified so that it only contains the dimensions of
(4.156).

3. If we use superblocks, we only demand positivity on the linear combinations (4.158)
instead of their individual components. This means that the last sum in (4.159) for
even spin is removed altogether and replaced by additional terms in the upper-right
and lower-left corners of the matrices in V(©)

In all cases, we impose the basic relations

A, +A, =d
R
2 o€
Aoxe = Ry AvoeAxxe (4.160)

which means that the isolated operator € appears in a superblock. When combined with
permutation symmetry, this allows o, € and y to be accounted for with a single entry to the
first sum of (4.159). Denoting the m,n component of a matrix by [M],,,, this entry is

© 0 © O] 4 1f @
v, +ve VO ] (R )
] v [1]
21 22 23
VO] 3 (VD VP ) V) VO
31 xe 32 33

(4.161)
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The upper-right and lower-left corners account for (4.160), while the upper-left and lower-
right corners guarantee A\yoe = Ayeo and A\yye = Acyy respectively. Treating e this way leads
to interesting bounds on LRIs but it requires all three relevant deformations to be external
operators. As we will see shortly, the standard system for the 3D Ising bootstrap — (coo0),
(ooee) and (eeee) — is not enough.

Scanning over the dimensions of the lightest scalars, our results rely on the unreasonable
effectiveness of the bootstrap — the assumption that an interesting theory will lie on the
boundary of an excluded region. To carry out the computations, we approximate conformal
blocks Gﬁf@’Akl(u,v) using the methods of [24, 84, 89]. While the full details were given in
chapter 2, it is useful to repeat that these special functions are written as a certain double
power series in two variables near the crossing symmetric point v = v = }L. Truncating this
expansion requires two cutoffs (Mmax, Mmax). The values chosen in this work are (3,5), (5,7)
and (7,9) which correspond to 54, 104 and 170 components respectively. Other choices made
here are kp.x = 40 and £, = 20.

Since their initial exploration in [78], matrix crossing equations like (4.159) have played
an increasingly central role in the numerical bootstrap [77, 79, 80, 129, 234-238]. They
appear whenever there are operators of differing dimension in the four-point functions being
analyzed. They have also appeared in the single correlator problem of [239] which had
enough global symmetry for the same representation to be exchanged multiple times.?” We
believe that this is the first time a six-correlator system has been bootstrapped.

4.6.1 One correlator

It is easiest to start with the results that can be obtained from the (cooo) correlator alone.
In this case, there is no compelling reason to restrict our analysis to three dimensions. Our
bound on the spin-2 gap Ar, which we plot for 2D and 3D, has been known since the early
work in [185].

From Figure 4.13, it appears that the Ar bound is saturated by generalized free field
theory. This gives us an idea of how the allowed region in (A,, A.) space must behave. Not
only must it become more restrictive as Ar is increased — its boundary must move from
left to right at a known rate.

It is straightforward to derive an upper bound of this type. In Figure 4.14, we have done
this for six different values of the spin-2 gap. In 2D, the minimum A; values we sample
are {2,2.2,2.4,2.6,2.8,3}, while in 3D they are {3,3.1,3.2,3.3,3.4,3.5}. If the previously
observed saturation is correct, the edges of these plots must continue moving left as our
computational power is incresaed. For instance, we expect a 5% change for the 2D red
region and a 3% change for the 3D red region.

2T Another interesting situation is the long multiplet bootstrap [157]. In this case, a mixed system of
conformal primaries looks like a single correlator when all parts are combined into superfields. The recent
progress [240, 241] for the superconformal bootstrap in three dimensions appears to be a partial implemen-
tation of this idea.
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0.65

Figure 4.13: The allowed region for the first spin-2 operator dimension Ar as a function
of A,. In both 2D and 3D, the bound appears to be converging to Ay = 2A, + 2. The
blue region was obtained with (Mpax, "max) = (7,9) while (5,7) and (3,5) are shown for
comparison.

Once we disallow A7 at the unitarity boumd, the kink corresponding to the SRI quickly
disappears. The point (A,, A.) = (%, %l), marking the first LRI to be described by mean-
field theory, does not display any feature. We may therefore conclude that a single correlator
gives very little information about the spectrum of non-trivial long-range Ising models.

Before proceeding to our multi-correlator results in three dimensions, we should comment
on the fact that some theories can saturate numerical bootstrap bounds even when there is
no kink. For a judiciously chosen quantity, there is some evidence that this is the case for the
LRI in two dimensions.?® Instead of bounding a gap, one can maximize the OPE coefficient
of an operator in the spectrum. From Monte Carlo data [201], it is clear that in every 2D
long-range Ising model, one such operator has a dimension close to 1. In some sense, this
is explained by the perturbative calculation (4.97) around s = s,, since the leading order
anomalous dimension of ¢ happens to vanish. By setting A, = 1 and maximizing \2__, we
have extracted the low-lying spectrum using the extremal functional method of [90, 150, 242].
At A, = é, this is guaranteed to agree with the spectrum of the SRI. However, Figure 4.15
also shows very interesting behaviour at A, = % as we now explain.?

Here, the leading spin-0 and spin-2 dimensions are both close to 3. We can see that

this is exactly what happens in a generalized free field theory if we write the operators as

28This idea is due to Sheer El-Showk.

29For this step, we have used the spectrum.py script of [94] with parameters (Mmax, max) = (5,7).
The original version of [220] contained a footnote which said that values smaller than (Mmmax, Nmax) = (5,7)
produce solutions where the OPE coefficients are nowhere near converged. We expect this to no longer be
the case after an SDPB bug fix by Walter Landry and Ning Su.
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Figure 4.14: The upper bound on A, as a function of A,. Our spin-2 constraint goes from
Az > d (blue) to Ay > % + 2 (red) in evenly spaced steps. Again, our main plots have
(Mmax, Mmax) = (7,9) with dotted lines for (5,7) and (3,5). As expected, the convergence of
the red region is slower than that of the blue region.

09?0 and 00,0,0 respectively. The dimensions of the next double-twist operators, found by
inserting extra powers of 0%, appear somewhat too high but this could easily be an effect
of the numerics. This makes it tempting to conjecture that given a long-range Ising model
with dimensions (A,, A.), all other crossing symmetric four-point functions (cooo) have a
smaller value of A2__. This approach to studying the LRI is ultimately perturbative since
it requires the dimension of € as input. Nevertheless, it could be useful for reducing the
number of Feynman diagrams one encounters. Instead of computing separate diagrams for
each anomalous dimension, the conjecture would enable us to compute only diagrams for .
and then feed these into the bootstrap machinery to learn about other observables.

The sparseness of the spectrum in Figure 4.15 hints at another significant limitation.
By perturbing around s = s, or s = g, it becomes clear that several additional families
of operators enter the ¢ x ¢ OPE in a generic LRI. In particular, the number of scalars
having A < 9 should be much more than 4. Table 4.1 shows 16 such operators that can be
constructed with the deformation of [159, 160].

The tendency for the extremal functional method to miss several operators was discussed
in [94], which noticed that the numerical spectrum is dominated by double-twist families.
These happen to be the families required to match the crossed channel singularity produced
by a unique minimal-twist operator in the analytic bootstrap of [36, 37]. A loose conjecture
arising from this is that in any crossing equation with a twist gap, several multi-twist oper-
ators with significant OPE coeflicients will nevertheless provide a negligible contribution in

the numerical boostrap. This is supported, for instance, by the test of the extremal func-
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Figure 4.15: A few scaling dimensions in the extremal spectrum having maximal A\2__ with
A, = 1. These are zeros of the functional that is found during the maximization procedure.
For all of the spins that we have tested, it is plausible that these could approximate primary

operators in the LRI.

tional method in [98], showing essential differences between the 2D and 3D Ising models.
So far, the most reliable numerical bootstrap spectra all come from special cases involving a
higher spin symmetry. It is worth mentioning that the analytic bootstrap has recently been
extended to handle these cases as well in [38, 39]. What this means for the present case is
that we only get a clear picture of the low-lying operators at A, = % 1.e. the 2D Ising spec-
trum. As soon as we raise A,, the theory maximizing A2 _ becomes nonlocal. Even though
the nonlocality is small, we never see operators involving x because their contributions in

the 0 x 0 OPE are small as well.

4.6.2 Three correlators

In order to improve upon our single correlator results, the next logical step is to bootstrap
the correlators (cooo), (ocoee) and (eeee). For this system, it makes a difference whether
there are two relevant primary operators or three. Even if we did not know about the shadow
relation (4.30), we would be able to infer the existence of a third relevant primary from the
well known island of [78]. The assumptions that lead to an island are incompatible with the
LRI because there must be a continuous line of fixed points that lead away from the SRI.

Imposing the existence of three relevant primaries, as we should, we find a reassuring
exclusion plot in which all regions are connected. Figure 4.17 shows how they change as a
function of Ar € {3,3.1,3.2,3.3,3.4,3.5}. Because 3 — A, is different from 3A,, many of
the generalized free theory solutions from Figure 4.14 are excluded this time.
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Operator | Dimension Operator | Dimension

€ 1 ex0*x 2z

ox 2 b %

X 7 €x’ s

€ 4 ox?0%*y %

ex’ T X0*x T
ox® = €’ 8
XX " ex’ 5
o'x 6 exO*x %

Table 4.1: Some operators having A < 9 in the CFT obtained by coupling the 2D SRI to a
generalized free field of dimension %. We only show the ones where both parts are scalars.
Anything involving x decouples from o x ¢ at s = s, where the quoted dimensions hold
exactly. At slightly smaller values of s however, these operators acquire a nonzero OPE
coefficient as long as they are even with respect to the diagonal Z, from the two theories.

The boundary of each region has an upper branch and a lower branch. For the inter-
mediate values Ar € {3.1,3.2,3.3,3.4}, we do not observe any evidence that either branch
contains a point corresponding to an LRI. If intermediate LRI models do saturate one of
the branches, existing estimates for the critical exponents suggest that this should be the
upper one. Lower branches for these values of Ar all have A, < 1.4. While there is no
candidate LRI kink in Figure 4.17, there is a “concave kink” for some of the lower branches
at A, ~ 0.58. It appears to be a coincidence that the leftmost edge of the Az > 3.1 region
of Figure 4.16 is also near this value of A,. If any bound in Figure 4.17 were to intersect
the region where CFTs can exist without y, a vanishing /\gex would signal the presence of a
kink. Instead, we have found that this OPE coefficient decreases slightly at the special point
without going to zero. In Figure 4.18, we maximize A, for Ay € {3,3.05,3.1,3.15}.%° The
fact that y decouples at a single point in the local case supports the proposal in [159]. It also
agrees with the expectation that there is only one irreducible CFT with the same critical

exponents as the Ising model.

4.6.3 Six correlators

In order to gain non-perturbative information about the LRI critical exponents, we will need
to examine the minimal system of four-point functions that allows access to (4.160). This
consists of (ogoee), (coxx), (eexx) and the three identical correlators. This system yields a
much more restrictive region than Figure 4.17 and it will turn out to have interesting features.

30Maximizing an OPE coefficient helps to reduce any error that might have been introduced by our 10~4
bisection threshold. Once the boundary is found with sufficient precision, the spectrum is already uniquely
fixed and extremization procedures are superfluous.
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Figure 4.16: Constraints on the space of CF'Ts with one relevant primary operator of each
parity. The allowed region for Ar > 3 is blue, while the one for Ay > 3.1 is purple. In the
former case, an island around the 3D Ising model is separated from the rest of the region.
This excludes many long-range Ising models which require y to be present.

In order to check that they are in the right place, we have summarized our perturbative data
about the LRI in Table 4.2. The last row resums the expansions around s = g and s = s,

using the [3, 3] Padé approximant. What this means is that we start with the ansatz

ag + 15 + ass>
Ap(s) =
O( ) 1+b1$+b282

(4.162)

Y

and fix the coefficients by demanding that (4.162) have the correct Taylor expansion around
the two solvable points.

| A | Ar
e-expansion | 3 — e +0.18122¢% | £ — e — 0.05926¢>
d-expansion | 1.41263 4+ 0.269¢ 34 2.3336
4 | 1.3759—1.71165+0.4013s% | 4.7026—4.31835-+0.8191s2
[3, 3]-Padé 1-1.20865-+0.275852 1-0.78125+0.085052

Table 4.2: Restating our perturbative results for unprotected operators in the LRI. These
expressions are specializations of (4.111) and (4.117), along with (4.93) and (4.97). To in-
terpolate between the two expansions, we have calculated the symmetric Padé approximant.

Excluding points for Ar € {3,3.1,3.2,3.3,3.4, 3.5} again reveals the boundaries in Figure
4.19. The lower branches are much more restrictive than those in Figure 4.17 even though
we have not made use of the superblocks yet. As an example, the plot for Ay = 3 already
appears to single out the onset of mean-field theory — the blue region reaches a very narrow
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Figure 4.17: A multi-correlator version of Figure 4.14, computed with (Mmax, Mmax) = (3,5).
The upper bounds are similar to the ones plotted before but the lower bounds are new. We
have plotted them using a simple bisection while also testing interior points to ensure that
there are no holes. Again, blue signifies Ar > 3 and red signifies Ar > 3.5.

throat at (A,,A.) = (%, %) The lower branch for this plot also experiences a jump at
A, ~ 0.65.3! These features persist for higher values of A as well until the allowed region
splits into two lobes. The bottom lobe of the A7 = 3.5 plot stays very narrow to the left of
the throat and ends at A, ~ 0.73. This leftmost edge continues to recede as the number of
derivatives is increased.

The regions shown here start to look more promising after we increase the number of
derivatives. The Ar = 3.3 region, for instance, moves to the right of the jump and develops
two lobes that are connected by a narrow bridge. This makes it possible to plot a comparison
between the bottom lobes and the results of Table 4.2 for Ap > 3.25. Instead of performing
this check ceteris paribus, we have removed the assumption that the [ox],, operators are
protected. The main conjecture we have made can be tested after the fact by computing an
extremal spectrum at several points using the script in [94].

Allowing a continuum of odd-spin operators in the o x y OPE we have plotted the allowed

31The jump here would be less pronounced if we did not assume protected operators at dimensions given
by (4.144). To the left of A, & 0.65, it appears to make no difference whether we impose the existence of
this tower or not. We believe that most of the constraints here come from the OPE coefficient relations for
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Figure 4.18: The bound on A7, as a function of A, computed for (Mmax, imax) = (5, 7). The
minimum Ar is 3 for the black line, 3.05 for the red line, 3.1 for the purple line and 3.15
for the blue line. The OPE coefficient is maximized along the upper and lower branches of
Figure 4.17. However, we have chosen not to go all the way to A, = 0.6 along the upper
branch. Doing so would yield several intersecting lines that reduce visual clarity.

regions for Ar € {3.25,3.3,3.35,3.4,3.45} in Figure 4.20. Points on the edge, where we have
extracted the spectrum, have been highlighted if they exhibit one of the following interesting
properties.

1. A point is yellow if it contains a vector suitably close to [ox]1 1. Our threshold is that
its dimension must be within 5% of 6.

2. A point is green if it additionally contains a symmetric tensor in ¢ X y whose dimension
is within 5% of Ar. Note that this is always true for the OPEs with Bose symmetry.

Points in the first set are likely to survive when we impose the non-renormalization of the
double-twist tower. Points in the second set are likely to survive when we use superblocks
or the full nine correlator system described in Appendix E.3? Further significance to these

€ that are captured in (4.161).
32Checking what survives by producing another exclusion plot is not always instructive. In many cases,
the change in a given bound is not visible to the naked eye.
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Figure 4.19: The allowed region in (A,, A.) space found by imposing crossing symmetry
and unitarity on the six correlator system that includes o, € and x. As in Figure 4.17, the
most permissive region (the blue one) allows the first Zs-even spin-2 operator dimension Ap
to be as low as 3, while the most restrictive region (the red one) forces it to be at least
3.5. The other regions have Ay € {3.1,3.2,3.3,3.4}. Derivative orders are (Mmax, Mmax) =
(3,5). These regions account for protected double-twist operators in o X y and use ordinary
conformal blocks which means that the (coxy) crossing equations are those of (4.156).

points can be seen by plotting the dimension of the first irrelevant scalar. In all long-range
Ising models, we expect a value reasonably close to 3 since oy is marginally irrelevant at
s = s, and ¢* is marginally irrelevant at s = g. Figure 4.21 shows that this is predominantly
achieved at the green and yellow points which cluster around the local minimum. Several
other exercises along these lines are possible, e.g. checking that the Zs-odd OPEs ¢ x € and
€ x x have low-lying operators in common as well.?3 One could also imagine a comparison
involving OPE coefficients, in order to see that versions of (4.130) hold with multiple spinning
operators. In practice, we have found this difficult as some of the gamma functions are highly

33The validity of this has nothing to do with the LRI specifically. In any bootstrap problem that includes
several external scalars but not all of their mixed correlators, there are going to be OPEs that are not
constrained to exchange the same operators despite being identical in terms of representation theory. In
such a problem, the possibility of having two disjoint Zs-even OPEs, for instance, is generic but completely
unphysical.
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sensitive to small errors in the exchanged dimension.

Looking at the [3, 3] Padé approximant line in Figure 4.20, we see that it comes remark-
ably close to the green and yellow points. Even after a lobe becomes blunt enough that it
can no longer be considered a kink, it is apparently worthwhile to locate desirable features
in the extremal spectrum. This approach, advocated in [150], could perhaps reveal useful
information about the smooth A; < 3.25 boundaries in Figure 4.19. The crosses in Figure
4.20, being offset from the green and yellow points, simply reflect the fact that convergence
is noticeably slower near the (A,, A.) = (2,2) mean-field theory. They would appear very
close to the boundaries if we continued to plot them down to Ar = 3.

It should come as no surprise that we have not seen any islands yet. If a point satisfies
crossing symmetry, unitarity and the shadow relation for some spin-2 gap Ar, it clearly
continues to satisfy these criteria when A7 is made less restrictive. To produce an island
in this situation, one must resort to imposing whichever additional gaps appear to be most
plausible [164]. Tt is natural to ask if an LRI island can be produced by applying this logic
in the spin-2 sector — i.e. by setting the continuum to begin at some Ap > Ar so that the
leading spin-2 operator is isolated.

It turns out that this problem demonstrates the power of the superblocks (4.158). Spec-
tral plots analogous to Figure 4.21 tell us that the region carved out by ordinary conformal
blocks is perfectly compatible with a large spin-2 gap. It is only the extra OPE relations
encoded by the superblocks that ensure a more restrictive region as Ay is increased. Figure
4.22 shows our attempt to isolate the Ar = 3.1 LRI by imposing A7 > 4.5. The result is
a fairly large island in which the perturbative prediction from [159] can be found near the
bottom.?* There are most likely other allowed points outside this island that we have not
attempted to find. It would be interesting to check how small the spin-2 gap can be made
before the two regions reunite.

4.7 Other issues

4.7.1 Off-critical behaviour

Our discussion so far has focused on the phase transition where the relevant deformation
(T —T.)¢* has had its coefficient tuned to zero. What about correlation functions at T' # T?
More familiar statistical systems have exponentially damped two-point functions away from
criticality but this is no longer true in the presence of long-range forces. Indeed, we will
see that two-point functions of ¢ in the disordered phase (or two-point functions for the
fluctuations of ¢ in the ordered phase) have a power-law behaviour in the IR just like they

34The boundary obtained by using superblocks without any A/ gap is essentially the same as what we
would get from the ordinary blocks. This is no longer true for the higher values of Ap that lead to lobed
regions in Figure 4.19 and Figure 4.20.
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do in the UV. As a result, the correlation length should be defined differently — it is a scale
at which one power-law becomes more important than the other.
Consider now the two-point function of ¢ in position space

_ eipa: dp
Pl 1 2m)?

(9(z)9(0)) (4.163)

where we have normalized the “mass” to 1. This can be contrasted with the two-point
function of the short-range model in the disordered phase, which is obtained by setting
s = 2. In the short-range case, the propagator is an analytic function of momenta with poles
in the complex plane, leading to the exponential decay at long distances. On the other hand,
non-analyticity in the long-range case leads to power-law decay.

In fact at short distances x < 1 the integral is dominated by p > 1 where we can neglect
1 in the denominator and obtain

1 1

0)) ~ 1). 4.164
G0 ~ Grap @ <) (1164)
consistently with Ay = %. On the other hand, at long distances the integral is dominated

by p < 1 where we can take |p‘31+1 =1—|p|*+... and find
GE)O0) ~ o (> 1) (4.165)

x ~——— x :
(2m)d |z |d+s ’

after dropping a purely local d(x). This gives an IR dimension of ¢ in the disordered phase
as %. Notice that the ¢? interaction is irrelevant for this value of the ¢ dimension, showing
the full IR stability of the disordered fixed point. Further interactions like ¢* are even more
irrelevant, justifying their neglect in the above discussion. The expansions of the integrand
we have used can be made rigorous with the asymptotic results of [243, 244].

4.7.2 Possibility of experimental observation

As the SRI is much more than a toy model, being realized in countless real-life phase transi-
tions [245], we would be remiss not to mention the possibility of studying the LRI in the lab
as well. First, it goes without saying that the validity of a V(r) ~ 8(r — ry) potential relies
on universality. Observable potentials are always more complicated than a step-function.
Second, it should be just as obvious that the microscopic V(r) ~ % is not the potential
that matters in a physical crystal either. Many-body screening effects modify the effective
potential being felt by a given atom when it is perturbed from its equilibrium position and
predicting one of these from first principles is often extremely difficult. In general, the only
claim we can make is that it will decay more rapidly than the Coulomb potential in a neutral
material. Depending on the details of the system, this could be a potential that we have
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called “short-range” — something that falls off at least as quickly as # Nevertheless, it
could easily be a power-law in which case the universality class should be regarded as an
s > s, case of the LRI rather than the SRI. The difference between the two, as we have
shown, is the presence of the shadow field x. Even though y was decoupled at the crossover
in all of the calculations we performed, this statement relied on the continuum limit. An
experiment measuring an Ising-like phase transition that comes from a power-law potential
could very well see signatures of y as long as it has enough sensitivity to lattice operators.
This would nicely complement the fact that different values of s above s, can already be
distinguished in materials that are taken to be continuous but finite in size [246].

A more tentative question is whether s < s, can be seen in the lab as well, signalling a
breakdown of universality in the continuum limit [247]. So far there is evidence that more
complicated theories (possibly outside the Ginzburg-Landau class) can be realized in this
way. Examples include some high-temperature magnetic and spin-ice materials [248, 249],
in which an anti-ferromagnetic short-range force is overcome by a ferromagnetic long-range
force, as well as magnetic thin films where the competition is reversed [250]. Realizations of
the long-range Ising model, on the other hand, currently appear to be limited to quantum
simulators. See [251, 252] which achieve tunable forces using trapped ions and [253, 254]
which do so using cold atoms. These experiments are useful for studying quantum phase
transitions close to zero temperature but it is likely that driving the system to a thermal phase
transition would introduce a radical departure from a Hamiltonian like (4.1).% Why have
LRI physics not been seen in systems that are stable across a wide range of temperatures?
Although we do not have an answer to this question, we will spend the rest of this section
reviewing the force between two neutral hydrogenic atoms. This turns out to have two
important components — both of them short-ranged. Such a result cannot be extrapolated
to larger lattices without a severe amount of wishful thinking.

In the setup for this classic problem [259], we have protons at positions ru, rp and
electrons at positions ry, ro. The Hamiltonian H = Hy + Hjy is given by

M, = Py @
2m  2m  ri4 TaB
1 1 1 1
Hye = €2 <—+—————) : (4.166)
TAB 12 "B 24

Corrections to the energy can be found perturbatively from the symmetric and anti-symmetric
ground-states of H,.

1 1

T 2—52[wA(rl)wB(I?)Zl:wA<I'2)wB(I'1)] , Yr(r;) = 7m3€_7 (4.167)

¢i(1'171‘2) =

35 A bootstrap approach with possible applications to this scenario was recently developed in [255-258].
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Expressing the inter-atomic distance in units of the Bohr radius, one can check that

1
(=e" <1—|—p—i—§p2) , pETATB (4.168)

is the factor that appears in the normalization. Further integration reveals the following
first-order shift.

2 21 4+ 1
ED = H, ¢ Jfh=0 4.169
+ (Vx| Hing [¢) n + d1tC ( )
1 1 5 3 1
I - __ —2p ( = sy —2
' p ¢ <p+ 3 1/ 6p)
5 23 3 1
]’ — _2 —p 1 —2p (== 22  ~ 3
5 Ce " (1+p)+e (8 507~ 5P 15p)
6 1 1 1.\
+5 C(y +logp) — 2 (1 — 5;)2 + §p4> Ei(—2p) + &% (1 —p+ §p2> Ei(—4p)]

The sign of I tells us that E(j) < EW. As the spatial wavefunction 1, must be paired
with an anti-symmetric spin part, this contribution to the potential is anti-ferromagnetic.
Another interesting property of (4.169) is its exponential decay for large p. This result, which
happens to be a 3D coincidence [260], is much stronger than what follows from dimensional
analysis.

For a less symmetric state, the o™ term would decay as p~3" according to the multipole

expansion

iy = D Top =30 Yap)en Xan) | (%) > (4.170)
TAB "B
and the first-order £ would always be dominant. The solution (4.169), on the other
hand, is special because the only surviving terms are non-perturbative in 7";%. It is therefore
necessary to compute E® to find the leading contribution at large distances. This potential,
called the van der Waals interaction, is proportional to o?/r% 5. This is reminiscent of (4.1)
with s = 3, except for the fact that we are considering a two-site lattice rather than an
infinite one. We know that this is still not enough to get out of the short-range universality

class since
s, = d — 20 (4.171)

is about 1.96 in three dimensions.
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Figure 4.20: Five allowed regions whose spin-2 restrictions increment from Ap > 3.25 on
the left to A > 3.45 on the right. They were found using ordinary conformal blocks with
(Mmax, Mmax) = (5, 7). Since no protected operators were assumed, the relevant crossing
equation for (ooyy) is (4.154). Green points contain the operator (A, f¢) = (Ar,2) in all
Zo-even OPEs instead of just one of them. Green and yellow points contain a Zs-even vector
of dimension close to 6. All points that we have found to have neither property are marked
in black. The perturbative dotted line shows A, as a function of A, according to the Padé
approximant in Table 4.2. Points on this line that are predicted to have Ay € {3.3,3.35,3.4}
are denoted by crosses.
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Figure 4.21: The dimension of the first irrelevant scalar in each of the four spectra extracted
at the points shown in Figure 4.20. These have been taken from the ¢ X o, € X € and x X
OPEs as the scalars in ¢ x y do not show an interesting feature. Points that are yellow and
green respectively satisfy property 1 and property 2 as defined in the text. These points

have also been made larger.
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Figure 4.22: The island for the Ay = 3.1 model computed with (mupax, tmax) = (3,5).
Unlike Figure 4.19, which contains a much larger purple region for Ay = 3.1, this uses
the full content of the shadow relation captured in the crossing equation (4.157) — i.e. it
was obtained by demanding crossing symmetry and unitarity for the ansatz built out of the
superblocks (4.158). An island only forms because of the superblocks and the fact that we
are imposing a spin-2 gap above Ar. In this case, the gap is Ay > 4.5. The old Ar = 3.1
region that would be produced from a bootstrap with ordinary conformal blocks and / or
no Ar gap is shown with a dotted line for comparison.
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Chapter 5

Trajectories in a conformal manifold

In a d-dimensional conformal field theory, an exactly marginal operator is a primary scalar
of dimension d which does not pick up an anomalous dimension when it is added to the
CFT as a deformation. The space of CFTs that can be reached in this way is referred to
as a conformal manifold.! When the points along it describe genuinely different theories,
not related by a relabelling of operators, we call a conformal manifold non-trivial. All non-
trivial conformal manifolds that have been discovered so far have some enhanced symmetry
beyond the conformal group SO(d + 1,1). In particular, all known examples in d > 3 are
supersymmetric. The reason for this could simply be better analytic control which makes
it easier to discover new theories, or there could be a fundamental obstruction to non-
supersymmetric conformal manifolds. It is therefore worthwhile to check if there are some
universal features of the operator algebra that we can associate with the presence of exactly
marginal operators. Just as the modern bootstrap [16] seeks to determine whether a putative
set of local operators can belong to a consistent conformal theory, there may be a test that
can narrow down the space of CF'Ts to the space of conformal manifolds.

The original references in this subject proved non-renormalization theorems to discover
conformal manifolds [261-265]. To some extent, they did so by making explicit reference to
a Lagrangian. Interestingly, some of these manifolds turn out to be strongly coupled at all
points. There is also a growing body of work developing the non-perturbative understanding
of these theories through the superconformal algebra [266-269]. The short multiplets to
which marginal operators must belong only exist in certain cases. Above 2D, these are
N =1,2in 3D and N = 1,2,4 in 4D [270]. In these algebras, additional requirements
for finding a conformal manifold may be phrased in terms of representation theory and
recombination rules. Various aspects of superconformal manifolds have been deduced from
this line of reasoning including their dimensionality and the presence of complex structure.

!Continuous families of CFTs can arise in other ways as well. One example is the procedure in chapter
4 for constructing a line of nonlocal fixed points. Liouville theory may also be seen as a fixed line as one
varies the central charge. These do not fit the definition of a conformal manifold because the lines are not
traversed by deforming the CFT with a local operator.
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The orthogonal approach taken here and in [271] will use conformal perturbation theory
which does not rely on supersymmetry or the presence of a Lagrangian. The mnemonic

S S+ / d?zg, O (5.1)

is merely an abstract statement for how we deform correlation functions. Considering a
single direction on a conformal manifold that could be multi-dimensional, we will denote the
associated marginal operator and its coupling by O and g respectively. An infinite family
of constraints follows from setting 5(g), the running of the coupling, to zero. The two-loop
term becomes a sum rule for even-spin CFT data analogous to the one in [16].

The local operators in a conformal manifold, even-spin or otherwise, obey many additional
restrictions that require more work to state. Although there is no known way to tell if a
set of scaling dimensions and OPE coefficients {A;, A1} is part of a conformal manifold,
the framework of conformal perturbation theory holds promise in telling us whether two
such sets can consistently be part of the same conformal manifold. The key is that when
there is a unique operator of each dimension, a set of differential equations exists for evolving
{Ai(9), \ijr(g)} from one value of g to another. Subtleties arise when there is degeneracy and
especially when there is more than one marginal operator. In this case, there is a non-trivial
Zamolodchikov metric and the curvatures built up from it become interesting observables
that affect how the equations for ddAgi and d’c\l—’;’“ must be defined [272, 273]. Even after we
limit ourselves to a single marginal operator, these equations can only be written down
once the appropriate conformal block expansions are known. This yields conformal block
requirements that are much steeper than those in other CFT techniques. For comparison, we
note that recent studies of the analytic bootstrap use conformal blocks with small external
spin that only need to be evaluated in certain limits [47, 274-276]. Bounds from spinning
correlators, recently found with the numerical bootstrap, use the full expressions, but again
the external spin is at most 2 [277-280]. The flow equations for conformal manifolds couple
blocks of all internal and external Lorentz representations. For this reason they seem to be
prohibitive in d > 3.

Nevertheless, we will see shortly that the system can in fact be analyzed sensibly in d = 1.
The main result we have derived from this is that there is no level crossing for operators
of the same symmetry. The absence of level crossing has long been predicted on general
grounds but it remains a challenge to see how it is achieved. Because our argument assumes
no degeneracy, we have not answered whether level crossing can occur when there is more
than one marginal deformation. The program of applying our system to a known conformal
manifold is similar in spirit to an algorithm that was recently developed for the numerical
bootstrap. The authors of [150] saturated a dimension bound and then obtained all other
solutions to crossing on the edge of that bound through a set of evolution equations. We
envision an algorithm that accomplishes the same thing except in a setting where the spectra
belong to the same continuous line for a physical reason.
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5.1 Two-loop constraints

The standard framework for studying CFTs deformed by local operators is conformal per-
turbation theory [196, 209]. Defining O(oc) = limg_,o0 2*2O(x), the order-n correction to
O(00) is

g—o/ddxl...ddxn<@(x1)...@(xn)@(oo)> | (5.2)

n!
Integrals of this form generically have logarithmic divergences which should be regulated by
a UV cutoff.? Calling this cutoff A, it is enforced as a minimum distance between insertion
points in the integration region: |x;;] < A~'. The divergences associated with shrinking this
circle are removed from renormalized correlators by expressing them in terms of the coupling
g = A*~?gy. The beta function is

__dg _(
~dlogA

B(g) A - d)g + Bog® + B3> + ..., (5.3)

which should vanish for marginal 0. Putting our theory in a box of volume V' to handle an
IR divergence, the one-loop and two-loop terms involving log A may be read off from

%/ddl’ldd,fg <@<l’1)@(l‘2)@(0®)> ~ —26210gA
1 ~ o o ~
- / ddxlddxgdd:tg<O(m1)0(m2)0(x3)(9(oo)> ~ —6B8;logA+682logZA . (5.4)

In the first integral, the OPE with x5 — x; tells us that

~ Saa

52 = 5 /\@@@ . (5.5)

The second integral is more interesting as it involves a four-point function. Recently, there
has been interest in approximating it using data from the numerical bootstrap [99, 159, 160].
A logarithmic divergence arises by letting x5 and x3 approach x; while remaining of the
same order. Performing a conformal transformation, we may write (3 as a single integral of

<(§(O)@(aj)(§(é)@(oo)> where ¢é is an arbitrary unit vector. For each relevant operator in
the OPE O x O, there is a power-law singularity. Subtracting these,

Sa_
b= -t [l

o , 1 1 1
(0(0)0(2)0(6)0(c0) ) - AZdA@@O (|w|A + s+ s de_A)]
(5.6)

2An approach using dimensional regularization instead was developed in [281, 282].
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Figure 5.1: Once we send our four points to (0, z, 1, 00), Ri2, Ros and Ry3 map to the blue,
red and yellow z-plane regions respectively. We have used a change of variables to give all
integrals the blue domain, which we denote by R.

is the net result.> There is a different form of (5.6) that will be more useful for our purposes
[99]. It comes from writing (5.4) as an integral over Ris U Ra3 U Ri3 where R;; means
that |x;;| is smaller than the other two distances. These are precisely the regions of optimal
convergence for conformal block expansions in the s, t and u channels. Figure 5.1 plots them
for our desired kinematics. By covariance of the correlator, they can all be swapped for the
region R = {|z| < 1,|é — x|} where the only potential singularity is at the origin. With this
in mind,

Ps = —3% Z /\?ﬁ(ﬁo/ d%z|z| g (u,v)| . (5.7)

O R reg

The factor of 3 reflects the crossing symmetry of the four-point function. Later, when we
deal with mixed correlators, we will have to treat each permutation separately. By setting
the terms above to zero,

A=d
Aooo = 0
Z/\?ﬁ@(ﬂ/ d%z|z|*go(u,v)] =0 (5.8)
O R

reg

are the conditions that a conformal manifold imposes on the operator algebra. For the rest
of this section, we will focus on the non-trivial line of (5.8) and refer to it as the sum rule.
As a first step in understanding the ingredients of the sum rule, we may plot the conformal

3Equivalently, one could omit A = 0 from the sum and then invoke some notation to change the four-point
function to the connected four-point function.
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Figure 5.2: Plots showing how a primary operator in O x O contributes to the beta func-
tion. These follow from a numerical integral but they may be obtained analytically in one
dimension.

block integrals as functions of the exchanged dimension A. Figure 5.2 does this for d = 2 but
the same basic features appear in all dimensions. Looking at the scalars, we see that relevant
and irrelevant operators contribute with opposite signs. The discontinuity at A = d arises
because the counterterm ﬁ, introduced to cure a UV divergence, becomes IR divergent as
well at marginality. Higher spin operators, which exist for d > 2, appear to have the same
sign for all A. However, they alternate with spin according to ¢ (mod 4). This phenomenon

was noted in [283] which also included plots for d = 4.

5.1.1 Ambiguities in the sum rule

An important feature of the scalar plot in Figure 5.2 is that it does not pass through the
origin. This means that in the sum rule derived from a connected four-point function in (5.6),
the identity term is finite. Although this might seem strange at first sight, it is an inevitable
consequence of using counterterms in bounded regions. There are different ways to do this
when crossing symmetry is not manifestly satisfied, leading to a freedom in how the sum rule
is presented. The point is that the minimal subtraction we have adopted for an integrated

conformal block is not the same as subtracting terms of the form ﬁ + IxPL ~ + ‘é_ﬂlzd,A

given in (5.6). If we truly wanted to do the latter, our integrals of conformal blocks would
need to be regulated by subtracting finite terms as well. In this discussion, we will explore
the differences between these two choices. It should also be clear that the number of choices
is infinite since we are free to apply any linear combination of the two above. We should
emphasize that this is not a physical ambiguity. Data solving one version of the sum rule will
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Figure 5.3: We represent R? as a blob with the function to be integrated inside it. The left
and right choices both compute the two-loop beta function. Because R? has no boundary,
the integrated power-laws being subtracted are equal to their divergent parts.

automatically solve another if it comes from a crossing symmetric theory. This reflects the
fact that the beta function is well defined within our scheme. It is even scheme independent
at two loops, as explained in [99]. Nevertheless, it represents an ambiguity in characterizing
the beta function term of an abstract conformal multiplet.

For simplicity, suppose that the only relevant scalar in O x O is the identity. In this case,
the right-hand side of Figure 5.3 is a cartoon that represents the integration done in (5.6).
To change prescriptions, it will be helpful to distinguish between a subtracted function and
its isolated divergence. We may consider a subtraction of M% from f(z), integrated over an
r-ball for instance.

1 S
dd e dd _ MPd-1, —d Ad
/B LA /B RS

1 Sd—1
d%f(z) — —— = / dzf(z) + —=—A? 5.9
/B(r) ) | 2|24 B(r) =) d (5:9)
d—1,.,—d

The expression that subtracts the full power-law includes an extra STr compared to
the expression that only subtracts the divergence. Clearly, r — oo makes these procedures
equivalent, explaining why both halves of Figure 5.3 are the same.

div
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Figure 5.4: The cartoons obtained by splitting Figure 5.3 into s, ¢t and u channel regions. In
both cases, the identity block is not annihilated. A divergence subtraction is now no longer
the same as a full subtraction. In particular, removing div everywhere in the left blob would
not compute a physical quantity.

As soon as we expand in conformal blocks, we must partition space into the blue, red and
yellow regions from Figure 5.1. These are represented in Figure 5.4 by the same colors. The
type of subtraction being performed on the left-hand side is the choice made in this chapter.
It makes use of the fact that divergences are localized around special points, allowing us to
keep only one in each region. It is now clear that power-laws present in the blocks for relevant
scalars will not be fully removed. After divergences are subtracted, finite boundary terms
will remain. Another choice that we could have made is the approach of the right-hand side
— subtracting the same original counterterm in all three channels. The equivalence between
the two choices relies on crossing symmetry. In this case, a power-law like IZI% is fully

cancelled but the additional appearances of 1 and m mean that we are subtracting too
much. Finite parts will thus persist unless we find a natural way to pair these counterterms
with the blocks of irrelevant operators instead. In this regard, the lightcone bootstrap has
successfully matched crossed channel singularities to infinite towers of operators in the direct
channel [36, 37]. However, these are the well known towers of double-twist operators which
only exist asymptotically.

The observation that the two sides of Figure 5.4 are equivalent is not new. The divergence

subtraction on the left-hand side was referred to as “method 2” in [159]. “Method 1”7 was
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discussed in a context where the four-point function was known exactly, but it can also be
applied in cases where we have to use the conformal block expansion. This would make it
identical to the right-hand side of Figure 5.4.

5.1.2 The alternating sign

We now turn to the question of why the contributions plotted in Figure 5.2 have signs that
alternate with spin. Although a general proof eludes us, we may show that the correct sign
is predicted by the large-A limit. It is convenient to express everything in terms of the radial
co-ordinate

z
S TR e
= |pl
n = cosargp . (5.10)

For the large-A block, we use

o (4r)2Cy (n) =
gae(r,m) = (2v), (1— TQ)V\/(l +1r2)2 — 4p2p? (1 o (A))
L d ; 2 (5.11)

which is the entire part from the meromorphic expansion in [24]. It is easy to check that the
region C\ (1,00) for z maps to the unit circle for p [84]. Therefore Ga ((r,n) vanishes for
A — oo and so must an integral of it over a bounded region. Another thing to check is that
R, the region that looks like a cutoff circle, maps to {(r,n)| —1 <n < 1,0 < r < r(|n])}
where 7,(|n]) is the smaller solution of r* — 4r 4+ 1 = 2r|p| [99]. With a little bit of work to
find the measure, our integral is

¢! 1 7 (|n]) 2\2 2,2 —d—1 2w 21w
]:m/ldn/o dr\/(1+r) —41“77(47“)Ad (1—r)"(1—n*)""2C¢(n) . (5.12)

Everything in the integrand except the Gegenbauer polynomial is sign-definite and peaks at
n = 0. It therefore seems that the sign of I should be controlled by the sign of C/(0). This is
indeed (—1)%? as can be seen in various ways. Perhaps most easily, we can just use the fact
that each Gegenbauer is an even polynomial with ¢ zeros on the unit interval. The fact that
CY(£1) > 0 then gives us the right sign for C}(0). To see why this sign persists, consider

[ g b =y (5.13)
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If f is identically 1, then it is a special case of a Gegenbauer polynomial and (5.13) vanishes
by orthogonality. This means that the positive sign near n = 0 is exactly cancelling the
negative signs that appear elsewhere. The integral should then become more positive once
we change f to a positive function that peaks at zero and decays in either direction. We
may check that this holds for

r«(|n])
F(inl) = / dr /(T P — ()t (1 — 2 (5.14)

but this only proves our suspicion when ¢ < 2. For higher spins, we will need information
about f beyond monotonicity. A saddle point evaluation of (5.14) leads to

A—d

Flbal) & s VI T = () ()24 (5.15)

For sufficiently large A, the increasing function /1 + |n](1 — r.(|n|)?)” does not spoil the
decrease of r,(|n|)2~%*!. Therefore, we may consider the parts of (5.13) on either side of the
first zero of C}(n). Call this point 7. For the n > 1y part of (5.13) which includes negative
contributions, the crudest underestimate is
4A—d

> -
- A—-d-1
K. = |minCy(n)/Cy(0)] (1 —no)y/1 +no(1 —7.(10)*)" . (5.16)

We may underestimate the positive contribution from n € [0, 7] by just taking n € [O, %0}
This yields

I> )A—d-i-l

K., (770

Ie 2 A4—Add—1K<T* <%>A_d+l
K. = ‘Cg (%)/CZ(O)’% 1—1—%(1—7’* (%)2) (5.17)

Since K~ and K. are independent of A, it is easy to choose A such that [r, (%0) /(o)A

is larger than K. /K_.

5.1.3 Realizations

The simplest conformal manifold is probably the compactified free boson in two dimensions.?
While the absence of a beta function in a free theory hardly needs to be stated, it is instructive
to discuss this model from symmetry considerations alone. At a generic radius, the symmetry

4We use the term “manifold” loosely, as the moduli space is not smooth at the self-dual radius.
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is given by two copies of the affine U(1) algebra. The current J and its modes a,, satisfy

I w) = — 4

(z —w)?

[an, @m] = NOminp - (5.18)

The object T' =: J? :, known as the Sugawara stress tensor, has all of its properties deter-
mined from (5.18). Specifically,

1 2T (w) 0T (w)
2(2—w)4+ (z —w)? i Z—w i

1
L, = 5 Z D Qe Gy (5.19)

nez

T()T(w) =

which implies the Virasoro algebra for central charge 1. This leads to a simple relation
between the charges and conformal weights of primary operators; h = ¢?>. We therefore see
that J.J is a marginal deformation because the two pieces have charge +1.

Cardy found this model through a bottom-up approach while searching for a fixed line
that did not require finely tuned OPE coefficients. In [284], he showed that

<@(0)@(z, z)@(1)@(oo)> = |2]74G(z, %) (5.20)
= 2R F PR N Ly
- 20— P22 TR =z

is the unique crossing symmetric four-point function with a vanishing regulated integral
whose singularities involve only the Virasoro identity block. We have separated the connected
and disconnected pieces above. The holomorphic factorization looks like

G(z,2) = g(2)9(2)

22— 241\ 2 - E+1
k=2

The expansion of (5.21) into SL(2;R) blocks is

9(2) = 14 ¢,z Fi(2n,2n;4n; 2)
n=1

2n—1 (2n)!
¢ 4T (4n — )l (522)
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yielding explicit OPE coefficients in O x 05 A spinning operator (labelled by non-negative
integers n, 1) has )% b0 = 2CaCn, While a scalar operator has A2 . = c2. Using these OPE
coefficients, one can proceed to integrate the SL(2;C) blocks in (5.20). It should be no
surprise that this verifies the sum rule (5.8). The only scalar of A < 2 in this Virasoro
identity block is the quasiprimary [ itself. This would make it a dead-end CFT if we took
the unusual step of regarding this subsector of the free boson as a theory in its own right.
Because no relevant deformations contribute to the beta function, the model owes marginality
to the appearance of both signs in Figure 5.2.

The known examples of conformal manifolds above d = 2 are superconformal manifolds.
Let us discuss 4D theories in decreasing order of supersymmetry. The N = 4 theories
will have an exactly marginal operator whenever they have a stress-energy tensor. Both of
these are in a multiplet whose primary transforms in the 20’ representation of the SU(4)
R-symmetry. Reassuringly, there is no way for this to recombine with another multiplet.
There is a well known conjecture that all N'= 4 SCFTs fall into the Super Yang-Mills class.
The situation in N' = 2 is similar with classical marginality implying exact marginality again
due to recombination rules. The difference is that local N = 2 SCFTs do not automatically
require the multiplet for marginal operators to be present. Indeed, known N = 2 SCFTs
include conformal manifolds but also a large zoo of isolated fixed points [286]. Finally,
classically marginal operators are ubiquitous in N' = 1 theories as descendants of scalar
chiral primaries. These primaries obey A = %|T|, where we are interested in r-charge 2 to
get the multiplet of a superpotential. To prevent this from recombining with a conserved
current multiplet, one needs extra input such as the mechanism described in [266].

Since we must have a solved theory to fully apply (5.8), we are essentially limited to
examples like free N' =4 SYM or free N' = 2 SQCD with the right matter content to make
it conformal. What might be more interesting is checking the contribution of particular
supermultiplets. BPS multiplets, which have fixed dimension whenever they appear, could be
treated once. When an unprotected multiplet has correlators of its descendants determined
by those of the primary, its contribution could be plotted as a function of A analogously to
Figure 5.2. This is not the case for long multiplets with nilpotent superconformal invariants.
In these superconformal blocks, the coefficients of bosonic blocks that appear are theory
dependent [157, 230, 287]. Even before these exercises are done, it is clear that (5.8) will not
allow us to see individual cancellation within a given block. As stated earlier, our current
form of the sum rule is contaminated by counterterms such that even the identity — the
supermultiplet with no descendants at all — contributes a finite piece. This should be
addressed in any serious attempt to study the structure of the OPE applicable to the beta
function.

®We have guessed (5.22) with the help of OEIS [285]. However, a proof should be possible with the
technology of [136].
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5.2 Evolution equations

To begin exploring the landscape of conformal manifolds, the sum rule (5.8) is the most nat-
ural starting point. We would like to emphasize, however, that CFTs with exactly marginal
deformations obey a much larger set of constraints. If a continuous line of theories has a
solution at one point, these constraints are in principle enough to solve for local operators in
the theories at all other points. The idea is to flow along the manifold in a given direction
by applying the first-order shifts

6Az = _69361—1/\1'1'@

Nije = 5g/Rddx <Oi(0)@(:ﬁ)(’)j(é)(9k(oo)> + perms (5.23)

reg

repeatedly.® The permutations denote integrals over R with different (4, j, k) orderings. As
discussed in the last section, this is equivalent to integrating the first permutation over all
of space. Because the marginal operator takes us from one CFT to another, we will always
be able to use the conformal block expansion on the right-hand side of (5.23). This allows
us to write the results of conformal perturbation theory in exponentiated form:

dA,
dg

dAiji 4 go(x)
— = A AN d
dg ; 100 jko/n ML

The sum rule from the last section is the special case found by taking O;, O; and Oy, to be
O itself.

Following OPE coefficients along the manifold is only meaningful if the deformation by
o preserves the starting normalization of all operators. In the absence of level crossing and
other non-generic behaviour, it is possible to achieve this, but only in a particular scheme.
This is, of course, the one we have been using which subtracts power-law divergences in the
OPE. As stated in [99], other schemes — which differ by a finite part — can be recast into
this language if we modify OPEs involving O to include a contact term:

= _Sd—l)‘u‘@

+ perms . (5.24)

O(2)0;(0) ~ ad(2)0;(0) . (5.25)

It is clear from this that operator norms will shift by an O(a) amount and therefore be
scheme dependent. Although we focus on non-degenerate spectra for simplicity, the situation

6Strictly speaking, the OPE coefficient Ao should be summed over all tensor structures if O; is not a
scalar.
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becomes more interesting when we are allowed to write contact terms of the form:
O(2)0;(0) ~ ol 6()O,(0) . (5.26)

In this case, the field redefinitions needed to return to the initial normalization include
not only rescalings but linear combinations within a degenerate subspace. While it is still
possible to use a scheme that removes such mixing at a point, there is no guarantee that we
may do so globally [272, 273].

Clearly, the infinite coupled system (5.24) will need to be truncated if one hopes to use
it numerically. It is also unrealistic to expect a subset of the equations in (5.24) to close
among themselves. In particular, this means that one will have to compute the trajectories
of OPE coefficients A;;(g) even if she is only interested in the dimensions A;(g). It also
means that CFT data involving only scalars will still receive contributions from spinning
conformal blocks. For this reason, (5.24) is most readily accessible in d = 1.

5.2.1 One dimension

1.0

0.5+

0.0

—0.5¢

-1.0 ‘ ‘ ‘ ‘ ‘ ]
-1.0 -0.5 0.0 0.5 1.0 15 2.0

Figure 5.5: Continuing to complex z, our blocks have one branch cut from —oo to 0 and
another from 1 to oo. This differs from higher-dimensional blocks which are analytic on
C\ (1,00). As an example, we may multiply two SL(2;R) blocks to get an SL(2;C) block.
This causes the left cut to cancel and the right cut to double.

Unlike in higher dimensions, there is only one cross-ratio on which 1D conformal blocks

can depend. We take this to be z = % The explicit functions

g(')(Z) = ZA2F1<A — Alg, A + A34, 2A,Z> , T < Tg < T3 < Iy (527)
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were found in [288, 289]. Because the region of validity does not cover all of R, we will need

A
50(2) = (Z i 1> o Fy (A + Alg,A + A34, 2A, ﬁ) , Lo <1 < T3 < Iy (528)

as well. Using (5.27) for z € (0,1) and (5.28) for z € (—1,0) leads to six regions. These
correspond to the six possible orderings of z1, s, x5 after fixing 4, = 00.” Putting back
kinematic factors, we have

d\;;
d—gf’“ = Y (Moodroli + AooAikol2) + perms
o
o gol2)
[1 = /0 dZm
0 ~ AL —A
go(z)(1 —z)7+
I, = /_1 dz (—o)htt ) (5.29)
A straightforward calculation yields
SA-A, 3
[1 = A A 2F1(A—A“A+AJ—A]€,2A,Z)
— A, o
2814 1

where we have dropped finitely many terms in the last step. This amounts to renormalization
as the negative powers of z are precisely the divergences from A < A; operators in O; x 0.
These are implicitly assumed to be subtracted in the naive integrals (5.29).

To proceed further, we will need some identities, namely the two Pfaff transformations
which combine to give an Euler transformation.

z—1

z
= (1 —Z>7b2F1 <C—(I,b, C; m)
= (1—-2)""%F(c—a,c—b,c;z) (5.31)

JFilabez) = (1—2) %R ( ¢ b —)

"This phenomenon of the s-channel splitting into two pieces occurs because there is no continuous way
to move one operator around another. One consequence of this is that only cyclic permutations of (7, j, k)
leave \A;j) invariant [116].
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Using these on the second integral,

0
I = / dz(=2)2" 8 LR (A = A+ 1L,A + A — Ay, 24 2) . (5.32)

1

We now renormalize and use a Pfaff transformation to send the argument —1 back to %

A—A

A — A

1

We might have expected this form because the switch (z1, A1) <> (z2,As) is the same as
(3, A3) <> (24, A4). We arrive at our full coupled system by permuting labels in the results

above.
ddAgi — 2\,
%;jk = 4 AZA_;:i {/\i@o)\jkO2Fl ( A — Agﬁ + Ay, %) Ao dros ) ( A — Agﬁ + Ay %)
+ Z% {Aj@oAikOQE ( A — AgAA+Aik %) + Ao johnonFh ( A— AjQ,AAnLAki %>
© J
T — % {)‘k(ﬁo)‘ij(”Fl ( 8- A’;’AA A ,%) + AppoNijo2 i ( A- A’;AA + Ay 7%)
(5.34)

0
—27,F
oy- 2

1

"2

2A

A+ Ajk
4A

1,1,A+A]k—|—1 1

2,2A +1 2

When A = A, is exchanged, it is helpful to use the formula
3)

( o
(5.35)

There are two pertinent comments to be made about these equations. The first is that, as
with the sum rule, we have made a choice for how to remove power-law divergences associated
with individual conformal blocks. Our previous discussion, regarding Figure 5.3 and Figure
5.4, is therefore applicable to the ODE system as well. We could, in principle, find other
expressions to replace (5.34) that are just as correct. The predictions of these equations
would only differ from those of (5.34) if they were used to evolve an initial condition that
did not correspond to a CFT with an exactly marginal coupling.

The second is that we have not yet assumed invariance under parity. As there is no other
dimension, we could just as well call it time-reversal. In a 1D parity-violating theory, it is
often said that the dynamical part of the four-point correlator is not only a function of the
cross-ratio z [290]. This means that even for identical operators, (O(z1)O(z2)O(x3)O(x4))

) ’720— —log(2) +
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with the points sent to (0, z,1,00) need not have any kinematical relation to the same
correlator with the points sent to (z,0,1,00). In our derivation above, when we wrote each
integrand in terms of the position of O, we did not assume that these could be glued together
in a parity-preserving way. Doing so would amount to a restriction on the OPE coefficients.
Consider a partial wave in the expansion of (O;(x1)Os(x2)Os3(x3)O4(x4)):

)\120)\34@ZA_A1_A22F1 (A - Al + AQ, A + Ag — A4; QA, Z) . (536)
Under (12)(34), z maps to itself but (5.36) maps to
Mo10Agz0 22 TR (1 — )M R ASTAL VA + A — Ag, A — Ay + Ay 20 2) . (5.37)

which suggests the Euler transformation. We see that (5.37) is only the same function if A,
and Aj;, differ at most by a sign. More generally, parity-preserving four-point functions must
be invariant under {(), (12)(34), (13)(24), (14)(23)} = Zs x Zs — the set of transformations
that stabilize z. This reflects the fact that there are 6 channels, but 24 configurations of
four points. A non-trivial check is that, when OPE coefficients are restricted as above, our
differential equation for A j; has the Sy /(Zy X Zs) = S5 symmetry befitting three operators
that can couple to the parity-even O. Parity symmetry is common in defect CFTs, for
example, because it is inherited from the parent theory.

5.2.2 Avoided level crossing

Even if one does not have a concrete model of a non-trivial conformal manifold in one
dimension, a general prediction that can be distilled from (5.34) is a strong preference against
nearly degenerate operators. Consider two primaries O; and O, where, for some value of
the coupling gg, A; — Ay is parametrically small. We take it to be positive without loss
of generality. By the von Neumann-Wigner non-crossing rule, we expect it to stay positive
for g > gg. For a demonstration of this occuring in maximally supersymmetric Yang-Mills
theory, see [33]. Also, [291] discussed this in the context of the + expansion where the

N
“distance of closest approach” is determined by the mixing matrix between planar and non-
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planar eigenstates. Taking the second derivative of one of the dimensions,

A dhe
d¢2 dg
o _42 2A1-A )\2 2 A—Al,A‘FAl_l'l
= OA_AI 100271 2A "9
281-A A—AL,A—A+1 1
23 aewheol ( Ton ?5)
21-4 A—1,A 1

Our ability to quickly take the second derivative is only guaranteed because we are consider-
ing a manifold that has only one marginal operator and therefore a flat connection [272, 273].
Three values of A lead to small denominators in (5.38) but the only one that can dominate
the sum is A = A,. Indeed, A; and 1 yield divergences whose renormalized versions are
O(1) numbers in view of (5.35). Knowing this, we can approximate the differential equation
as

d2A1 N 4)\?2@2A1*A2 |:2F1 ( _A12’A2 +A1 —1 ) 1) 2F1 < —Alg,AQ — Al +1 . 1>:|

de - Al — AQ 2A2 7 2 2A2 ’ 2
8AZ_ .

In the first step, we have assumed that our theory has a parity symmetry. Since operators
with different quantum numbers are allowed to cross, we are interested in @7 and Oy which
have the same parity. This means that A,;5, Ayys and Aj,5 all exist and are independent
of the label ordering. After switching the labels to find dj;‘zz, the differential equation for
y=A; — Ay is

d%y  16X% .

It is not necessarily true that A,,4 is slowly varrying compared to y. Therefore we will
compute its variation by going back to (5.34).

d\ 55 2 2
d1;O ~ Ay — A, A20A200 + m)‘12@>‘11@
2A 54
= ;O (/\11(’} - )‘226)
Aso ¥
= ——===— 5.41
) dg (5.41)
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Solving this separable equation yields

2
4y = 2 (5.42)
dg*> ¢
where c is a positive constant. The right-hand side is —diyU (y) for the potential function
Uly) = y% Having turned this into a 1D classical scattering problem, we see that U(y) is
always a repulsive potential. In particular, U(0) = 400 means that a shrinking y will always
reach a turning point.

This argument appears not to rely on one dimension. The crucial feature we have used
is that 2245 contains a singularity for each dimension A primary in O; X O. To see

1
dg A-A;
this appearing more generally, consider the regulated integral

/B " Az <(9¢(0)(’A)(x)(9j(é)(’)k(oo)> (5.43)

where < 1. Even if we cannot evaluate (5.43) exactly, we know that one term of it will
come from inserting the pair of states |O) (O]. It can then be argued that operators with
A — A; will dominate over all other choices. In the all-scalar case for instance, the O term
of the integral becomes

AidoNjko
Ay OO 5.44
/B(r) Clajeraia (5:44)
which leads to ’"AA:Q . Depending on the sign of A—A;, the boundary term is either manifestly

zero, or zero as a result of our regulating procedure.

Besides demonstrating agreement with [291], lack of level crossing may be seen as a
consistency check of the equations we have been using. If operator pairs with A; ~ A, could
occur throughout the conformal manifold, the differential equation for A ;5 would contain
terms that are large — possibly large enough to combat the suppression by powers of ¢ in
conformal perturbation theory. From this point of view, it is encouraging that our system
abhors the regime y < 1.

5.2.3 The compact free boson

Despite our success in the previous calculation, the question of whether evolution equations
can be used to solve a conformal manifold is still open. We are therefore asking whether (5.24)
contains a full description of the operator algebra, including non-perturbative dynamics. As
a first indication that this is plausible, we will show that the compact free boson satisfies
the desired ODE system exactly.

If the free boson theory is written in terms of a fundamental field ¢(z, Z), we may use
the equation of motion to split it into holomorphic and anti-holomorphic parts; ¢(z,z) =
X (2) 4+ X(z). When the fields take values on a circle of radius r, this leads to the on-shell
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action

S = —l/dzdz 0X0X |, X ~X+27r. (5.45)

™

The prefactor is chosen so that the U(1) current, J(2) = i0.X (), is unit normalized. We have
already seen that the marginal operator in this model is O = JJ. Since this is proportional
to the Lagrangian density,

S+ (5g/dzd2 O = (1+7dg)S . (5.46)

To get back to the original action, we must rescale X and X by /1 + mdg. This shifts the
compactification radius by r = %m’é g, allowing us to solve

™

r = 7"0659 . (547)

It is enough to check that (5.24) is satisfied for the U(1) primaries. These are the
V,a(z,2) = eV20X(2)eiV20X() + yertex operators. By periodicity and single-valuedness, the
charges are specified by two integers [292]

(\/ﬁq,\/ﬁcj)erz{(;+m E—@Hm,nez}. (5.48)

2 r 2
Combining (5.47) with (5.48), we find
dA(m,n) d

S S R
TR T (¢ + %)
n? m27,.2
W(Tz 1 ) (5.49)

To see if our equations predict this, we must evaluate <@(z, 2)Wimm) (21, 20) Vi, 0 (22, 22)>.

This is simple because the Virasoro primary O is in the identity multiplet of U(1). Using
the fact that J = a_1I, the Ward identities

J(2)V, q(w,w) = Voa(w, @) + ... (5.50)
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are easy to derive. This leads to the OPE coefficient

1 /n?> m?*?

The first equation in (5.24) is therefore verified.
Turning to the second equation, the left-hand side vanishes by the well known OPE of
vertex operators:

)‘(mlvnl)(mz,nz)(m&ns) = 5q1+qz+q37051ﬁ+q’2+q’3,0 . (5-52)

The right-hand side, while daunting for a general 2D theory, may be evaluated for the free
boson without the conformal block expansion. This is possible because of the Ward identity

and the formula
1 1
/ d?z —
2 — 22— Z;

understood as a principal value.® We now follow the method of [293] to show that a first-order
insertion of O produces no shift in the highest-weight OPE coefficients.

(5.53)

. 27T10g|22‘j| ’L?éj
reg 0 Z:j

/dQZ <J(Z)j(z)v;11¢71 (Zh 21)‘/:12762 (227 22)‘/:13@3 (237 Z3)>
reg

_ /dgz( 41 i 42 i 43 )(_%_ +_Q2_+_QS_>
Z— 21 Z — 29 Z — Z3 Z— 21 zZ — 29 Z — Z3

<V;11,til (Zb Zl)v;}wb (Z27 22)‘/;13@3 (23, Z3)>
= 2n[(@ + @) log |z12] — @1 + 1@ + ©2q1) log | 213] — (20232 + (12 + G2G1) log | 223]]
<V:117(71 (Zlv 21)‘/212472 (227 Z2)‘/:13@3 (237 23)>

(5.54)

In the last step, we have used the fact that g3 is a shorthand for —(¢; + ¢2) and similarly for
gs. This prefactor, with its log|z;;| terms, is precisely what we would find if we applied dig
to the three-point function and allowed it to act on the charge lattice alone.

The derivation in [293] applies not only to the free boson, but to all WZW models
deformed by current-current terms. When the currents are non-abelian, the terms that gen-
erate the Cartan subalgebra stay exactly marginal. In other words, the conformal manifold
is multi-dimensional. As this is an interesting topic for the future, it is likely that the work
done on WZW models can serve as a guide for finding the appropriate generalization of

(5.24).

80ne way to see that (5.53) holds is to check that both sides are Green’s functions of the operators 9;0;
and 6j 5]‘.
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5.3 Proving a bootstrap bound

Some first steps toward using the sum rule (5.8) with asymptotic results were given in [283].
As usual, we separate the identity, which is always present, from the other operators whose
dimensions should be constrained.
= —/ ddz|z| 7
reg R

ZA?@@O/ dz|z| "G o (u, v)

O£I R
The idea is to cut off the left-hand side at some value A, and replace the rest of the sum
with

(5.55)

reg

(2A*)4d ) A‘

Y(A,) = /Rdd:c]x\mmmm ce+ilr — (z-e)e))> (5.56)

)
from (4.66), assuming that the known asymptotics have “kicked-in” by this point. By choos-
ing a A, which makes ¥(A,) less than the right-hand side of (5.55), we may conclude that
at least one A < A, primary with a positive integrated block must exist in O x 0. Setting
d = 4, [283] found that this happens for A, ~ 16.3 in their scheme, suggesting the presence
of a spin 0, 4, 8 or 12 operator of lesser dimension.

Although such a bound is non-rigorous, it could potentially be improved by the results
of [42]. The problem with this bound in its current state is that even CFTs with classically
marginal @ already obey stronger ones from crossing symmetry and unitarity. Taking ¢ = 4
for example, we already expect A < 12, saturated by the generalized free field, to come from
the numerical bootstrap. Despite the fairly slow convergence compared to Figure 4.13, it is
easy to confirm this. A natural next step is to re-derive numerical bounds by inputting (5.55)
as a crossing equation in its own right. This means searching for functionals that are positive
on N component vectors where the first component is an integrated conformal block and the
other N — 1 components are derivatives of a convolved conformal block.” These functionals
give rigorous bounds when they exist.

In all dimensions d > 2, we have found that the bounds arising this way are the same
as the ones from the usual numerical bootstrap — imposing the marginality sum rule does
nothing.!® On the other hand, d = 1 shows drastic improvement. The A < 3 bound,
saturated by the generalized free fermion, comes down to A < 2 which we may associate
with the generalized free boson. It is worth reminding ourselves at this point that (5.8) does
not necessarily single out conformal manifolds that are interesting. Although the linear term
in

S = /dwal(p + g¢ (5.57)

9This requires some massaging for SDPB which accepts rational functions multiplied by r2 where r, =

3 — 2v/2. After taking the appropriate integral of a conformal block, we also have R where R, = 2 — /3.
This is solved by writing RS = r2 >0 # (A log If—) and cutting off the sum.

10We should not assume that this will still be the case with superconformal blocks.
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is simply a field redefinition, it counts as a marginal operator with a vanishing beta function
according to everything we have described so far. As such, the above setup cannot hope to
do better than (5.57) which has Ay = 1 and Ay2 = 2. The rest of this section will explain
why (5.57) is not just allowed but extremal.

5.3.1 Polyakov blocks

Much of the work will be done if we can switch to a basis which cancels the finite part
from the regulated integral of the identity block. The main candidates we are aware of are
exchange Witten diagrams. Since these are manifestly crossing symmetric, it is clear that
the counterterm subtractions, shown in Figure 5.3, do not have to be split among infinitely
many multiplets. In particular, the identity block is

Wo(z) =1+ ( )2A¢ + 2280 (5.58)

1—=2
which vanishes after we multiply by the kinematic prefactor and subtract the disconnected
four-point function. The validity of (5.58) is easy to see from the AdSs perspective, where the
diagram is built solely from boundary-to-boundary propagators. As we will see, expressions
become quite non-trivial once the bulk is involved.

This approach has a long and unfinished history with crossing symmetric blocks first
being proposed by Polyakov in [10]. It was only pointed out in later reviews [294, 295]
that Polyakov and Witten had both discovered very similar functions. Mellin space versions
of these functions were successfully used in [143, 296, 297] to predict O(e*) anomalous di-
mensions and OPE coefficients of all broken currents in the Wilson-Fisher fixed-point. The
central claim made in these papers is that a certain set of crossing symmetric WA,E functions
is not just a basis, but a basis that can be used with the same OPE coefficients.

G(Z, Z) = Z /\12@)\34(9gél2’AS4 (Z, 2) Z )\12@/\340WO(Z, 2) (559)
@ @]

The problem of constructing these functions in d > 2 is still open and it is remarkable that
such progress in the epsilon expansion was possible with functions that violate (5.59) at some
high order [298]. Indeed, the Witten blocks defined in AdS, the blocks used in [10, 143, 294
297], and the true “Polyakov blocks” satisfying (5.59) are all different. When expressed in
Mellin space, they differ in their entire part which is a polynomial.'! What this means in

1 The fact that there is no canonical vertex for coupling spinning fields in a Witten diagram is also
sometimes called a polynomial ambiguity. The ambiguity for how a Witten diagram needs to be modified
(in any one of these conventions) is completely separate and present for scalar fields as well.
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position space is that we may take

o0

= [@(A)g2a,42i(2) + B;(D)Dgan, 12 (2)] (5.60)

=0

and shift the double-twist coefficients arbitrarily as long as these shifts are mild enough so
as not to introduce a branch cut. Here 0ga(z) denotes differentiation with respect to A.

We know the values of a(0) and 5(0) from the solution of the generalized free boson.
However, the special thing about 1D CFT is that the known analytic functionals dual to
the crossing equation allow us to solve for a(A) and S(A) in full generality [118]. The
orthogonality relations

| Fon o] = O for ok =1, wy |Fyy pn| =0forj > 1,620

G | Fiayam] =0 for ik 20, & [Fiy o] =0forj20k21  (5.61)

J

make it clear that

J

Bi(A) = —w; [F5] - Bi(AW, [Fia,| forj>1. (5.62)

0i(8) = &, [F5] - BuA)] [Fyg, | forj >0

As shown in [118], we must subtract the last term in order to make the double-twist blocks
cancel out when Wx(z) is summed over a physical spectrum. In other words,

Wa(z) = Wal(z) — £1(A)dgan,(2)

+ 51(A)§:w} |:F2_A¢] 0gan,+2i(2) + Bi(A i [ 2_AJ 9ony+25(2)

j=1 =0

= ga(2) =)@ [Fx] gon,42i(2 Z% V] 092a,425(2) (5.63)

J=0

is a valid Polyakov block. Completeness of (5.61) guarantees crossing symmetry while the
swapping property [120] establishes (5.59).
We are now interested in the sum rule for 1D Polyakov blocks with A, = 1.

Z)\OOO / dz|z| 2 Wo(2)

Before specifying the action of each functional, the important properties are determined
by (5.61) and the behaviour in Figure 5.2. By inspection, the general term in (5.64) has

=0 (5.64)

reg
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1l dz|z| " Wo(z)

Figure 5.6: The regulated integral of a Polyakov block as a function of A for Ay = 1. Due
to the zeros at double-twist dimensions, which are mostly second-order, this function has
exactly the same form as the action of an extremal functional for the gap A = 2. It would
be interesting to check that the numerical bootstrap is returning this functional multiplied
by —1.

zeros at all A values that are even integers — the spectrum of the generalized free boson.
Moreover, the only first-order zero, apart from the identity, occurs at A = 2 — the gap
picked out by the numerics. The proof of this bound now follows the logic of the extremal
functional method which states that any perturbation to this spectrum with a larger gap
would necessarily produce a functional which turns the sum rule into a contradiction. To
fully convince ourselves, we should plot the integrated Polyakov block, which we have done
in Figure 5.6. This has been done by evaluating the integral

w[Fa] = 25 [ 3(A = 28) / dzg(2)222 g3 () (5.65)

using techniques similar to those in [299]. The kernel for the first type of functional satisfying
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(5.61) is given by

21'(25 + 2)2 -2 -2
0(2) = = e 2 Pl =29+ Py (F52) - P29 - 1 (222
(5.66)
The P; Legendre polynomials have been subtracted in order to satisfy swapping. The second
type of kernel is more involved but it can again be computed using the methods of [117].

) 2025 +2)% [ ) 1\ T(25+2) o0
gi(z) = m Pojr2(2) + Pojiz 2 —m92g‘+2(1—2)

4 [H(zj Y1) - H <2j + %) - 210g(2)] 4:(2) (5.67)

Here, we have defined

H

n—

Z 1 " “[2H(k) — 2H(n + k — 1) — log(z)] 2" (5.68)

k=0

with H(x) denoting the harmonic number.

5.3.2 Superconformal line defects

Our previous use of Polyakov blocks was motivated by the fact that, in such a basis, the
identity block yields a vanishing contribution to the two-loop beta function. An immediate
consequence was that this also holds for any operator with a double-twist scaling dimension.
These operators clearly make an appearance in the free theory but it is also possible to see
them in interacting theories with supersymmetry. Protected operators that are fixed at these
dimensions occur in superconformal line defects that have exactly marginal operators [300].
The conformal manifolds obtained in this way are again trivial, in the sense that the scaling
dimensions and OPE coefficients are constants, but it is no longer possible to solve for these
constants explicitly.

We will discuss the theory in [301] which can be obtained from a Wilson-Maldacena
line of NV = 4 super Yang-Mills. Its integrability properties were subsequently studied in
[302-304]. This theory has osp(4*|4) symmetry whose bosonic part consists of the so(2,1)
conformal group and an so(3) x sp(4) R-symmetry. The so(3) describes the three spatial
directions transverse to the line, while the remaining R-symmetry is what gives rise to
marginal operators. It can be seen as a remnant of the su(4) ~ so(6) R-symmetry of the
parent theory. Once a scalar coupling to the line has been chosen, there is an so(5) ~ sp(4)
worth of internal directions which are transverse. The multiplet of short primaries that
deform this internal space is exactly marginal. The displacement operator, associated with
deformations in the physical space, is a descendant at level one.
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OPEs with a universal form were studied from the abstract point of view in [238] which
described three important types of exchanged multiplets.

1. Short operators By with dimension & and R-symmetry Dynkin labels of [0, k].
2. Semi-short operators Cp, 5 with dimension a+b and R-symmetry Dynkin labels of [a, b].

3. Long operators that are constrained to be s0(3) singlets but otherwise unprotected.

The displacement OPE is B, x By — it contains By, Cjp ¢ and infinitely many long operators
with A > 1. Notice that Ap, = 2Ap, which means that the short exchanged primary is
a double-twist. We are therefore well on our way towards showing that the beta function
is insensitive to this operator. If the superconformal block for B; contains only conformal
blocks with 2Ag, +2n and not 2Ag, +2n+1, regulated integrals will vanish once we promote
them to Polyakov blocks.

To see that this is the case, we may again follow [238] and contract the B; operators with
y; polarization vectors to avoid writing indices in the fundamental of so(5). The four-point
function is then expressed in terms of three cross-ratios

<81816181> il2y34 g( X Ch <2)

12$34

2.2
L1234 Y12Y34 914923

X = , GG = ) (1 - Ql)(l - C2) . (5-69)

T13T24 9%3954 913954

The Ward identity that must be imposed on G(x, (1, (2) is

(%Q%) _ (%ﬁ%)
oG T 20x) |oo \0G T 20x
and its solutions are identified with the superconformal blocks. There is a special solution

with only three terms in its s[(2) block expansion and the right asymptotics to correspond
to By. Stripping off the distances in position space, we find

=0 (5.70)

G2=x

1 1 1 3
Yhyai G5, (X, C1, ) = yhyd, [E (1 o @) 9500) + 35591(x)

_{_(E_L_L_FL) ()}
1020 26 GG) W

1
- 10 [_29%2934 + 5yisY3s + 59%4933} 92(X)
1 3
+ 10 [3/%4?453 - yf3y§4] 93(x) + 35Oy12?/34g4(X) (5.71)

We now see that the gs(x) block is absent when the y; polarization vectors are all the same.
This is certainly the case when we focus on the beta function of a single linear combination of
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the five marginal operators. Different y; vectors, leading to the appearance of g3(x), appear
in mixed correlators that are relevant for anomalous dimensions.

So far, we have only discussed osp(4*|4) as the blocks in the displacement OPE have
already been derived. Recently, a similar bootstrap problem was setup for osp(4*|2), corre-
sponding to a line defect in an N' = 2 SCFT [305]. It would be interesting to repeat this
analysis for the six other instances of a 1D superconformal algebra, one of which contains a
free parameter [306, 307].

182



Chapter 6

Conclusion

We have uncovered new facts about the space of conformal field theories with a focus on
continuous families. Our results have relied heavily on conformal perturbation theory. In one
case it was combined with numerical bootstrap data in order to estimate critical exponents.
In another, it was used as a stepping stone to what is very likely a non-perturbative result.
Overall we are excited about conformal perturbation theory and its ability to translate a
wide range of conjectures into testable statements about CFT data.

The theory that has been studied most thoroughly in this thesis is the long-range Ising
model (LRI). Our compelling picture for understanding the crossover has taught us that
it involves not only the short-range Ising model (SRI) but a decoupled Gaussian field as
well. Flowing away from the decoupled limit, we advanced the quantitative study of LRI
critical exponents. An infrared duality between two flows, which we dubbed ¢* and o, was
what made this progress possible. Other infrared dualities are expected to arise by the same
basic mechanism — they lead to a non-renormalization theorem called the shadow relation,
summarized in our case by A, + A, = d.

After developing our duality, we saw that the shadow relation leads to a wealth of infor-
mation about OPE coefficients and infinitely many protected double-trace operators. The
result provides a tantalizing analogy with the superconformal bootstrap wherein conformal
blocks can be packaged together in known ways. Leveraging this fact and varrying A, the
dimension of the leading spin-2 operator, we produced a number of rigorous bounds on the
3D LRI from a six correlator system. The allowed regions contain lobes with distinguished
points near the edge that exhibit various properties expected of the LRI. These can be
located with the help of the extremal functional method [90, 242].

6.1 Future directions

For interested readers, we list open problems relating to both the duality and the bootstrap
exploration of the LRI.
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It would be interesting to establish a sharper connection with nonlocal theories that
live on a boundary. When the parent theory is defined in a fixed AdS background, the
boundary theory is necessarily conformal. A holographic dual of the long-range Ising
model would be most welcome.

A description of the crossover for one dimension was neglected in this work. The
appearance of second-order phase transitions in one dimension was in fact one of the
original motivations for studying the LRI [186]. The ability to apply our result here is
doubtful since the order parameter for the “1D critical Ising model” should formally be
treated as a A, = 0 field yielding a oy deformation that does nothing. The situation
could perhaps be improved if we could go above one dimension but the appropriate
framework for CFTs in 1 < d < 2 appears to be poorly understood.

Problems with the d — 1 limit not commuting with the crossover limit are mirrored
in another context. To perform the oy flow at large N, we need to include % correc-
tions first. This could be worth pursuing since the vector generalization of the LRI is
exactly solvable at large N. Checking that we get the right one-loop exact anomalous
dimensions would yield a proof of our duality in this case.

It would be interesting to return to the 2D bootstrap where we argued that the in-
teresting part of the bound stays the same as more scalar correlators are added. A
possible remedy is adding external (non-conserved) spin-2 operators to the system that
we have used for the LRI [308]. If this works, it could be used to resolve discrepancies
in the Monte Carlo community [200, 201].

If external spin-2 operators are successful in the 2D case, the constraints that follow
from them might be worth exploring in 3D as well [279, 280]. Although this is a much
more demanding problem, it appears to be our best hope for finding kinks or islands
close to s = s,.

A minibootstrap (familiar from the supersymmetric examples [309]) will be possible
if we can solve for the OPE coefficient of a protected operator O = [ox]ne. For
integer spin, A,y o takes an indeterminate form. Analytically continuing the spin in
this expression gives us a point of contact with recent work on light-ray operators [310].

The part of our work with the greatest potential for future development is probably

the section on conformal manifolds. We have only scratched the surface of this borderline
case between two halves of the bootstrap community — isolated fixed points versus RG
flows. First, we have a two-loop equation coming from (5(g) = 0 which is ripe for use in
the numerical bootstrap. We have argued that this sum rule is best formulated in terms of
Polyakov blocks and pointed to superconformal line defects as a suitable playground. There
are bound to be many others if the Polyakov blocks can be worked out in higher dimensions.
Second, the existence of a single perturbation that preserves conformal invariance implies
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an infinite system of coupled ODEs which can be used to evolve observables from one value
of the coupling to another. An important open problem is generalizing this to a system of
PDEs that can handle more realistic conformal manifolds with curvature. Another important
problem is using these equations to evolve the open string spectrum in a system with a D-
brane moduli space [311, 312]. These conformal manifolds are guaranteed to be nonlocal
but the challenges posed by local theories are more serious — free points are an infinite
Zamolodchikov distance away from interacting points.

On the one hand, it is physically clear from how we derived these equations that their
solutions must describe a conformal manifold. On the other hand, it is not mathematically
clear how such simple equations can know about the remarkable subtleties of an operator
algebra with a marginal coupling. We will close with a discussion of this tension which
provides a humbling perspective on why quantum field theory as a whole, despite our best
efforts, is still non-rigorous.

Clearly, the expression for d\;;,/0g can be written in many different ways by changing
the renormalization scheme. Indeed an invariant right-hand side would be wrong as the
coupling itself is unphysical. We cannot have scheme-independent equations because even
the solutions are scheme-dependent until we suitably reparameterize g. A proof of scheme-
independence up to a diffeomorphism would be most welcome but, like crossing symmetry,
it should only emerge from the equations when they are used to evolve very specific initial
conditions. A random initial condition should permit highly unphysical behaviour since a
generic choice for A; and \;ji is not a conformal manifold or even a conformal field theory. A
very similar problem arises when using the Callan-Symanzik equation to compute anomalous
dimensions in isolated fixed points. Usually one chooses the simplest correlation function
that allows access to the operator of interest. But going rogue, there are infinitely many
complicated correlation functions that can be used, yielding increasingly useless identities
for renormalized integrals that most often look very difficult to prove with the mathemati-
cal literature. This appears to echo Hadamard’s satement that “the shortest path between
two truths in the real domain passes through the complex domain”. Whether computing
dimensions with the Callan-Symanzik equation or the conformal manifold system, we ar-
rive at a great number of truths found by passing through the domain of operator valued
distributions.
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Appendix A

Correlators on the two-sheeted cover

Twisted sector four-point functions in orbifolds of the compact free boson are traditionally
expressed as an infinite sum. We will evaluate several of them and find economical expressions
at R? = 2™ due to the doubling identities

y(2r) = \/793(7)2;"‘94“)2 9 (%T): 305070 (7)

95(27) = \/193“)2”4(7)2 ( ) V512 + Ua(7)?

2
’(94(27’) = 193(7')’[94(7’) 194 (§T> = \/193(7')2 - 192(7’)2 (Al)

which preserve the homogeneity of K(z) in (2.110).
We will start with the middle row of Table 2.5 where the sums describe correlators in the
R = /2 theory. The first of these is evaluated in [55].

Zq%(m-&-%)Qq%(m—%)Q _ Z [q%(ner) q;(nfm)2 + q%<n+m+%>2q—%(n—m+%)2i|
_ Z (b g 4 b ) ()] Lty

= 2 (DD + ()P + [84(r) ) (A2)

In the first step, the sum that includes all 5 has been split into one sum over Z and another
over Z + % In the second step, we have recognized that as m and n vary, (n +m,n —m)
runs over all pairs of integers whose sum is even. We can get the related sums through
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straightforward modifications of the trick in [55].

1(m— 21 ,;)2 1,2 1,2
= [qQ q2 2 +q2 q2 :|

) <|z92<f>|2 +[95(7)[2 = [9a(7) ) (A.3)

Inserting factors of (—1)™ has the effect of changing the sign between the Z and Z + % sums.
Working this out, we find

S (1)) g n)” = 37 [l bt — ) g LE DT

m,n m,n 2
1
= 5 (Z102(N)P + [93(r) + [94(7)) (A.4)
and
2 2 2 2 _ m-+n
gl sed) (o33 ST [ ame) (et amege] 12 (1)
;( 1)"q q ; g q | =5
1

= 5 ([02(7)F = 195(7)1° + [9a(7)%) - (A.5)

Moving on to R = 2, the first sum we need is even easier to obtain.
1 1\ 1\

1 m+n (m— n) _ - -
Zq 2<193(27> —1-194(27) >

1
=3 (193(7) + Da(7)?] + [93(7)* = D2(7)?])
1
= 5 (105(7)" + 0a(7)’ + [93(7)" = Va(7)"]) (A.6)

We have used the doubling identities in the second step and modular invariance in the third.
Going to half-integers similarly gives

2

S i lmn ) g monrd)” 1 — [95(r)0s(7)] . (A7)

1
2| (57)
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The alternating version of (A.6) is

Z(_l)nqi(m%—n)Qq%(m—n)Q _ Z [q%(Qn—i—m)Qq%(Zn—m)? o q%(2n+1+m)2q%(2n+l—m)2:|
= [q(n+%)2g<n—%)2 _ q(n+%+%)2q—<n—%+%)2}

= [94(27)[* = [I5(7)0a(7)] - (A.8)

For the alternating version of (A.7), we need some new machinery. Recall that the Jacobi
triple product reads [[°2, (1—¢")(14+¢" 22)(14+¢" 227 1) = 3 ¢2"’ 2", We will be interested
in applying this with ¢ — ¢? and z :l:q%. Guided by our expectations for what the next
sum should be, we will start with product representations for the theta functions. While
none of ]2, [J3]% or |94]* are perfect squares on their own, we conveniently get perfect
squares once we multiply them.

o0

a(r)0(r)| = Vg [[1 =) (1+a ) x @)
= V2¢75 f[l(l —q") (1 + qQ”’%) (1 + q”"g) x (q ¢ q)
=gt [0 - @) [+ @] [ @bt <@ oo
= 2<qq>l%niqz)%m%q?)%*q%mq%"
—9 Zq<:ji>2q— nti)”
[92(7)04(7)| = V2q70 ﬁ(l —¢) (1-¢") x (40 q)
= V2 f[l(l —q¢*) <1 " 2) <1 " 2) X (q ¢ q)
= Vagh [T - @) [ @b [1- @bt < @ o
:2(QCI)11:i( 1) () () g
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By writing one product over n as a product over even and odd n, we have found an expression
for the sum that comes up next.

m,n m,n

= 3 [qrr i) gl g1 gl i) g4

=2 gl gl [LECI LG

= 23 (—1)mng () () = gy () () (A.9)

We have repeatedly used the fact that there is no difference between an exponent shifted by
;11 and an exponent shifted by %. This follows from reindexing.

As we have written Table 2.5, the same information about R = 2 correlators is contained
in another set of sums which should give linear combinations of the four above. Fortunately,
our formula derived from the Jacobi triple product continues to be applicable. Going through
them quickly, the first is

Z q<m+%)2q(m—%)2 _ Z [q(wm)zq(nfm)z N q<n+m+%>2q—(n—m+%)2 n 2q(n+m+i)2§(n—m+%)2i|

m,n

= % (192027)* + [95(27)* + [94(27) " + [92(7)P3(7)| + [92(7)Pa(7)])
= % (192(7)03(7)| + [92(7)0a(T)| + [95(7)0a(T)])
+i (|193(T)2+194(T)2| + |193<T>2 —194(T)2|) s (A].O)

the second is

Z q(m+%+%)2(j(m—%

|:q(n+m+%)2q(n7m7%)2 + q(n+m+1)2(j(nfm)2 + 2q(n+m+%)2(j(n—m—%)2:|

+
N[
N—
v

I

= % (192027)7 + [93(27)[* = [04(27)[* + [92(7)95(7)| — [a2(7)da(7)])
= % (192(7)05(7)| = [92(7)0a(7)| = [Ds(T)Da(T)])
45 (95002 + 0a(7)?] + 195(r)? — a(r ) (A11)
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the third is

Z(_1)nq(m+%)2q(m—%)2

|:q(n+m)2q_(nfm)2 + q(n—l—m—l—%)Qq—(n—m—i—%)Q _ 2q(n+m+i)2q—<n—m+i)2]

I
(]

% (192027)" + [93(27)[* + [04(27) " = [92(7)95(7)| = [a(7)da(7)])
%(—Iﬁz( )03(T)| = [92(T)0a(T)] + [F5(7)0a(7)])
i(lﬁz( )* =+ 0a(7)%] + [93(7)* — Va(7)*]) (A.12)

and the fourth is

S (-1l glnis

|:q(n+m+%)2q(n—m—%)2 + q(n-i—m—i-l)zq(n—m)2 . Qq(n+m+%)2§(n—m—%)2:|

N|=
~—

[
I

% (192027)1° + [05(27)[* = [04(27) " — [92(7)95(7)| + [92(7)0a(7)])
%( [F2(T)03(7)| + [Da(T)0a(7)] = [I5(7)Va(7)])
1(\793( )* 4 04(7)?| + [95(7)* = Da(7)?]) - (A.13)

There is one more set of calculations that yields to the brute force tools we have seen.
These are the ones at R = 2¢/2 — the “blue sums” in the row that has both red and blue.
The first actually coincides with the very first sum in this section.

S b g = L o+ s+ 1a(P) (A1)

The next two require the boxed formula from the Jacobi triple product. They are

$grmeaed) galni-3) %0 {q%(mwfﬁ(nwﬁ)z + q%(n+m+%>2q—%(nfm+%>j

() ()

1
)
1
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Z(_l)mq%(m—F%)Qq—%(m—%)Q _ Z(_l)m |:q%(n+m)2q—%(nfm)2 _'_q%(n-i-m—l—%)Qq—%(n—m-‘r%)Q]

= [9,(47) > + |92(27)94(27)| (A.16)

2

- ‘%ﬁgmmm [95(r)? + 04(7)]

a0 = a7

This last sum might be the only one where we have to relate it to the others by modular
transformation instead of computing it directly.

1
2

S g8 )l + 04l
+ B%(T)mmw?(f)? EEyaci (A.17)
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Appendix B

Linear difference equations

Asymptotic analysis of sequences obeying three term recurrence relations such as (3.22) and
(3.43) is a well understood subject, going by the name Birkhoff-Trjitzinsky theory. The
following theorem summarizes a number of results from it [313].

Theorem 1. Let y;(n) and y2(n) be the two linearly independent solutions of the difference
equation

y(n+2)+an)y(n+1)+b(n)y(n) =0 (B.1)
where the coefficients have asymptotic expansions a(n) ~ Y oo % and b(n) ~ > o0 L.

1. If the characteristic equation p? + agp + by = 0 has two distinct roots p; and ps, the
a1pj+b1
aopjj+2b0 :

solutions satisfy y;(n) ~ pin® Y 2, = where o =

2. Otherwise, consider the double root p. If the auxiliary equation a;p + by = 0 is not
satisfied, the solutions satisfy y;(n) ~ p"el=VAVin® 3% (—1)7% Lo where o = § + g

ns/2
agal —2by
and 3 = 24/ %95

3. Otherwise, consider the roots oy and o of the indicial equation a(a — 1)p? + (a0 +
as)p+ by = 0, ordered according to Ras > Ray. If ag — oy & Zsg, the solutions satisfy

yi(n) ~ p"n® 35 T

4. Otherwise, let m = as — aq. The asymptotic expansion for the first solution is un-
changed from the previous case but for the second solution we must use ya(n) ~

Pt (o, 2 — f) + clog(n)y (n).

Taking (B.1) to be the recurrence relation for Wilson polynomials, we find the roots p = 1,
a; = —2(a+x) and ay = —2(a—z) in the third case of the theorem. Each coefficient in (3.42)
can then be written as a linear combination of two functions asymptotic to power-laws. As
seen in Table B.1, all of them decay to zero. When comparing to the results of [40, 41], one
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Coefficient ‘ Leading rates

oo(1,1)oo _ 8124, _
c2n( ) n~ s~ and n?Ae2

oo(1,3)o0 _548As _
o3 n~ s andn!

Table B.1: Decay rates of the fundamental solutions that comprise two of our main results.
We have not included the prefactors in (3.42). These will make the convergence much faster,
namely (1/16)", which can be predicted from the growth rate of Ky, (1).

must remember that ¢57"Y7 and 377 include many squared OPE coefficients due to

the increasing amount of degeneracy at each level of a Verma module.
Our main claim about ¢ and ¢57"*77 — that they are positive for finite n —
cannot be proven with asymptotics. Instead, we will use a theorem from [314] which bounds

the ratio between neighbouring terms in a sequence.

Theorem 2. Let x(n) be a solution of

a(n)
(n)

where a(n), b(n), ¢(n) and d(n) are degree-k polynomials with positive leading terms. Also
define f(n) =a(n+1)d(n+1) — %b(n +1)e(n+1) = gEb(n+1)d(n+1). Finally, let m be
an integer large enough to guarantee that b(n), c¢(n), d(n) and f(n) have positive values for

n>m. [fngf)l) > 2‘17’2 then % > ;@Ti forn > m.

c(n)

o = an)

z(n—1)—

x(n — 2) (B.2)

=

Proposition 1. The sequences y1(n) = P, (7_26A", 4‘?” ,— 1_%&’, 5+%A"; 1+‘éA") andys(n) =

= (% i1 _ 1L %) of Wilson polynomials are positive for % <A, < %

3 22 2 2 6

Proof. The theorem above is more effective at identifying increasing sequences than ruling
out changes of sign directly. Therefore, we will work with z1(n) = n?y;(n) and zo(n) =
n?y,(n) — expressions that have been guided by the asymptotics in Table B.1.

Looking at the more difficult case first, z1(n) satisfies (B.2) with

bn) = (n—1)>2(n+1)2n+1)4n —3)(6n —4A, +5)
cn) = nn—1)2n—-1)2n—3)(4n+1)(3n + 24, — 4)
dn) = (n—2)>2mMn+1)2n+1)4n —3)(6n — 44, +5) . (B.3)

These are clearly positive for n > 2. Also, by writing out the polynomial for a(n), we
find a leading coefficient of ag = 2bs = 96. It remains to check f(n) or equivalently (n +
2)7'(2n+3)"(4n+ 1)1 (6n —4A, +11)7' f(n). This is a sixth degree polynomial in which
64A, (A, + 1)nb is followed immediately by negative coefficients. From this we see that the
critical value of n, beyond which f(n) > 0, increases without bound as A, — 0. This reflects
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the fact that the n? we introduced is only able to overpower n?2s=2 for strictly positive A,.
Fortunately, the smallest value of A, that we consider is % leading to a critical value of
n = 44. Since x1(44) > x1(43), we establish positivity of the entire sequence x1(n) by
checking its first 44 terms.

Things will be easier for xo(n) which satisfies (B.2) for

b(n) = (n—1)26n+4A, —11)(6n +4A, — 5)%(6n + 44, + 1)(12n + 4A, — 23)
c(n) = 1296n*(n —1)(n — 3)(12n + 44, — 11)
d(n) = (6n+4A, —11)(6n +4A, —5)*(6n + 44, + 1)(12n + 4A, — 23) . (B.4)

Additionally, we find ag = 2bg = 31104 and an f(n) proportional to (6n + 4A, — 5)(6n +
4A, + 1)%(6n + 4A, + 7)(12n + 4A, — 11). The non-trivial factor of f(n) begins with
41472(A, — é)n‘r’ which is potentially problematic, but the next coefficient that follows it
is positive for all real A,. As a result, f(n) is positive for n > 3 just like the polynomials

above. Checking that x9(3) > x2(2) > x2(1) > 0, positivity of zo(n) has been proven as

well. 0
Although we do not have closed-form solutions for them, it is possible that 032(1’1)66,
S and X9 are positive as well. The main hint of this, which we now prove, is that

the Virasoro blocks containing them have positive Taylor coefficients around z = 0. The fact
that this is a necessary condition follows trivially from expanding g(z) = > 7 c2, Ky 10n(2).
The analogous statement in higher dimensions was proven in [315].

Proposition 2. Let b, be a sequence starting at by = 1 with the rest of the terms given by
(3.47). If Ac > 1, the sequence monotonically increases.

Proof. Defining K = k + r for brevity, we have

[AK3 +8(1 — A)K? + (3A2 — 14A + 4)K + 3A (A — 2)]bjsy = (B.5)
[12K? — 4(5A. + 1)K + 6AZ] Kby,

—[12K?% — 16(A, + 2)K? + 2(A2 + 12A, + 14)K + 2(A. — 2) (A + 1)(A + 2)]br s
+AK? — 4(A +5)K? — (A2 — 10A, — 32)K + (A — 2)(Ac + 2) (A + 4)]bg_2 -

Although this has four terms, we will convert it to a simpler recursion having only three.
We do this by assuming that the piece with b;_; and b;_» is bounded by some function of by
and by_;. Our ansatz for this function is [4K? — 12(A. + 1)K + M|Kby, + 4K3b;,_;. In other
words, we need to show that

[AK? — 12(A. + 1)K + M| Kby, > (B.6)
[8K® — 16(A. + 2)K? + 2(A? + 12A, + 14) K + 2(A, — 2)(Ac + 1) (A + 2)]be1
—[4K? —4(A +5)K? — (A2 — 10A. — 32)K + (A — 2)(Ac + 2)(Ac + 4)]by_2 -
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Using (B.6) in (B.5), we find an expression of the form R, (K)bg11 > Ro(K)by+ R_(K)bg_1.
We will perform a rescaling to instead write this as

S+(K)bk+1 > So(K)bk + S_(K)bk_l (B7)
Si(K) = MK+1)?—-12(A +1)(K+1)+ M|(K+1)R.(K) 'Ri(K) .

For our assumption to be true, the fractional coefficients in (B.7) must exceed the K +— K+1
versions of the ones in (B.6). These two conditions each give one side of an inequality for
M. The result is 10A? 4+ 20A, +4 < M < 10A2 + 29A, + 4 which may be satisfied for any
A. > 0. Having chosen M appropriately, we have moved the problem into the domain of

the theorem above. The monotonicity proof for by is now identical to the one for n%c;, (LD)oo
and n2630(1’3)w ]
" .
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Appendix C

Spinor formalism

In chapter 3, we employ a useful framework for studying fractional d gamma matrices given
in [173]. The main idea is to realize the Clifford algebra by treating the matrices as free
fermionic fields themselves. Writing an antisymmetrized combination as

) )
Lo = S 5o exp (a, ") . (C.1)

the product of many such matrices can again be written as a differential operator acting on
an exponential via the Baker-Campbell-Hausdorff formula. By moving derivatives until all
contracted pairs appear beside eachother, we may show that the coefficients in

Pay oo Taylelayy . Ta,, = RUp
=1
Tapo o Tay®Tay,, - Tayy, = ZO —Rnlo®Tlo (C.2)
contain the signs
R x n(—l)m("1+"'+"N)(—1)(n21)+“‘+(név) , R, o n(—l)(n21)+“‘+(név) , (C.3)

Here, 7 is the part that depends on the specific permutation given in (C.2). A contracted
pair of derivatives is then written as

58\ L 5 6

=0
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so that R and R,, both take the form of derivatives with respect to x;. Specifically,

R = n(_l)m(n1+...+n1v)(_1)(*31)—&—..--1-(”%\7)8;11 o agg [(.A—F B)d_m(.A . B)m}

: (C.5)

=0

in terms of expectation values

A = <exp [— Z aa; + ai(i)ai(j)] >
i<j

B = —<exp[ Zaza]jLa

1<j

Zaz > . (C.6)

that are computed with <aiaj»> = —x;. This leads to Table C.1 for N = 3 which is the

highest value we need in the present analysis. We have corrected two typos in [173].

(5(1), 5(2), 5(3)) n A B
(3,2,1) 1 1 + T2 +(L’1ZE3+I’2!E3 T+ X9 +I’3+ZE1J)2{L‘3
(1,2,3) (—1)mnetmanstnans | ] — gy po — x5 — ToTz | T + To + Tz — T1T9T3
(2, 1, 3) (_1)n1n3+n2n3 1+ T1Tg — T1T3 — ToZ3 | T1 + T2 + T3 + T1X2X3
(1, 3, 2) (_1)n1n2+n1n3 1— T1To — T1X3 + Tok3 | T1 + To + T3 + T1T2T3
(3,1,2) (—1)mne 1 —x1w9 + 2123 + X0x3 | 1 + To + T3 — T1T223
(2, 3, 1) (_1)n2n3 1 + T + 13 — XT3 | X1 + 29 + T3 — L1X2X3

Table C.1: Data for computing the N = 3 cases of (C.2). If N =1 and N = 2 are desired,
they can be obtained by the appropriate substitutions of n; = 0.

One application of this approach is to show that the coefficients in
a e o v
F(”)) <I‘*(”)> 0 ( ) ( (P)) )
(5 =2 (1) (©7)
p=0
may be obtained from

(—1)+(E)+(5)

oy () = Tr(1)p!

I [A+2)P(1—a)] . (C.8)

We have repeatedly referred to (C.7) as the Fierz identity. This term is also sometimes
used for more specialized identities that follow from (C.7) when the fermions in question are
identical. An example of this is the equivalence of all 2D Thirring models for N =1 — a
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statement that can be read off from the eigenvectors of Q. The naive expression for ©(0)?
involves a divergent sum [169, 316]. Therefore, the right condition to impose is that £(z)Q(y)
have a continuation which yields the identity at * = y = 0. Performing this computation,
we find

k

(_ 1)m(n+k)+(g)+(2)

D () Qe (y) = Tr(1) 72y Op[(1+2)* ™" (1 = 2)™|o (1 +y)* (1 = y)"]

m!k!
o, I'(d+1—-k) (s
=T TR+ D) (e
oot {(1 + )1 +y) (1 + (—1)"%%1;—3)} | (C.9)

For n+ k even, the derivative is 9795 (2 + Qxy)d‘gc:yzoz Qd%ﬁgnénk. This has the right

form for any d. For n 4 k odd, on the other hand, we need 9785 (2x + 2y)d|m:y
This happens whenever n + k # d which is to say that it always happens unless d is an
odd integer. The conclusion is that Tr(1) = 2% holds almost everywhere with only the odd
dimensions being special.

_, to vanish.
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Appendix D

Nilpotent invariant tensors

Here we show that (3.99) has only the trivial solution. This requires much more than a
counting argument since it is a nonlinear system for arbitrarily many variables. The first
line, which we call the nilpotence condition, guarantees that two Feynman diagrams are
identically zero. The second line, which we call the closure condition, asserts that the other
two Feynman diagrams generate the same type of vertex that is already being considered.
We will actually analyze a more general system where the nilpotence and closure conditions
are

S(p)%pS(@)® = SP) %S (@) =0, 1<p,g<Q (D.1)

and 0
S = cpaSE) S + Y g (S(@);:S()™, + ()5 (0)%) (D.2)

q=1

respectively. The result we have used in chapter 3 follows from setting ) = 1.
To derive a cubic constraint, we should plug (D.2) into S(p)*,S(p)", in two different
ways. Setting the left substitution equal to the right substitution, we have

Q Q
Y aS@)" S (0) S (0) T = Y cnaS(0) S (0) 1S (@) (D.3)
q=1 q=1

where the ¢, terms have cancelled. Next, we will take Zqul CMS(q)j‘ZiS(p)”‘}ZS(r)l”gk and

use (D.2) to expand the middle tensor. This expansion consists of a single term, rather than
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@ + 1 terms, due to the nilpotence relation (D.1).
Q
Z TS = e Zcpq S(p)"5S ()" S (r)

= Cpochq TS )wjtS(Q)kng(r)lnr;k
=0 (D.4)

After applying (D.3) to reorder the factors, we have again used (D.1) to see that the whole
expression vanishes. We may also write

Q
> 6 S(a)5S ()™, S(r)m =0, (D.5)

r=1

as the same procedure clearly works when the sum runs over r instead of q.
We now have enough information to make sense of two contractions other than S(p)™*,S(p)"y
The first one is

S(P)HE‘ZS(Q)I% = Cp,OS(p)i?bS(P)blZlS(Q)l% . (D.6)
To ensure vanishing of the higher ¢, , terms, we have combined (D.1) with (D.4). Similarly,
S(Q)ilijS(p)l’Zn = Cp7OS(Q)H?jS(p)lakbs(p)bgn (D.7)

after combining (D.1) with (D.5). Notice that after summing (D.6) and (D.7) over ¢, we

arrive at o
Z Cp}qS(]?) nk - Z CP q 1 Ml?n (D8>
qg=1

as a consequence of (D.3).
We will now define powers of our rank-4 tensors by

[S(p)" %) = S(p) L, S()"" 2 4, -+ S(0)" 0 L S(0)" et (D.9)

gl — jb1 a1by n—2bp_1 an—1l

With this notation, it is helpful to contract (D.2) with S(p)"~2 and take traces as follows.

CI%O[S(p)n]“Zi = [S(p)" _22017(1 S 1%

05 () W[S ()" = S(@)$[S(p)"~ l]b’Z@- (D.10)

We have used (D.8) to move all factors of S(p) to one side of S(g). Starting with S(p)*. =
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S(g)e,S(p)Pk. = 0, it follows that the equations in (D.10) all vanish by induction. In
particular, our set of traceltiss matrices includes all powers of S(p), defined by S(p) @ )(lk) =
S(p)™*,,. This implies that S(p) is nilpotent.

Given S (p)(ij )(lk), we can regard it as a linear map that acts on the right vector v!

S(r)fm, for fixed (mn). By (D.5),

k) —

ij &0 (7)) &y (ab
S(p)(J)(lk)v(lk) = cpyoS(p)(J)(ab)S(p)( )(lk)v(lk) . (D.11)

A similar statement with v playing the role of a left vector would follow from (D.4). If S(p)v
were non-zero, (D.11) would tell us that S(p) has an eigenvalue of Cp, 5, contradicting the fact
that it is nilpotent. Therefore,

S(p)5S(r) =0 (D.12)
which kills all @ terms of the sum we have been using. Looking at (D.2) one more time, we
find S(p) = ¢,05(p)?. The tensor structures now have to vanish as only the zero matrix is

both nilpotent and idempotent.
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Appendix E

Numerical details

In this appendix, we list the crossing equations that are relevant to our numerical study of
the long-range Ising model in chapter 4. We also discuss some issues related to the effective
superblocks that arise in the LRI and other nonlocal theories with a shadow relation.

E.1 Crossing equations

Here, we write the statement of crossing symmetry that can be used to find kinks. Clearly,
(cooa), (eeee) and (xxxx) each have one crossing equation. By repeating the analysis of
[78], one sees that the mixed correlators (ooee), (coxx) and (eexx) each have three. The
full system is

/\UU(’)
D (Mero Ao AMa0) VS | Ao | + D A20VAL + X0V + YN oV =0 (B
o+ AxO o- o+

2/¢
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where each vector has twelve components. We first write these components for the sums
with no restriction on spin.

0 0 0
0 0 0
0 0 0
FoeS 0 0

|

1 2 3 —AL

VA(} = (_1)£Fic’7;AU; >VA(,52 = 0 7VA(/3 = 0 (E 2)
SV 0 0
0 (=D FX 0
0 — (=D FEY 0
0 0 (—1) FXX%
I 0 | i 0 | | (=D FERY

The first sum, whose operators must have even spin, involves components that are 3 x 3
matrices. We write them individually as

F°%¢7 0 0 0 %F;C’g; 0
v = 0 0 0 VO — | 1pooe 0 0
1 = y V7.8 — 24 F,AL
0 0 0 0 0 0
0 0 0 0 0 FF7R%
vi%=1o P, 0 | V= 0 0 "0
0 0 0 SFIRF 0 0
0 0 0 0 0 0
‘/;3(0): 0 0 0 7V1(1012: 0 %F;KO; (E 3)
0 0 FXY 0 $F5% 0

with the rest being zero.

As we have already mentioned, these crossing equations do not account for the correlators
(coox), {(xxxo) and (eeoy). Even though (E.1) is enough to impose both constraints from
the nonlocal equation of motion, the more general system makes it clear that we do not need
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multiple sums for operators in the same representation. The sum rule

)\0'0'(9

~7(0) >\€e(9

Z ()\O'O'O )\660 Axx(’) )\O'XO) VA,Z A o
XX

O;‘[ >\Ux(9

¥ )\ae %
+ Z (/\06(9 )\EXO) VA(l,g ( A Xg ) + Z A(ZTX@ A(?g =0 (E4)

O- € OJF

24t

now has sixteen rows. It is trivial to determine the first twelve by demanding that the
equations of (E.1) are captured in (E.4). Therefore, we will simply write

0 0 0 LFTY 00 0 0
~0) 0 0 0 0 -0 [ 0 O 0 0
iy = 0 00 0 V=10 0 Lo LN
PP 00000 0 0 1P 0
0O 0 0 0 O 0 0 0
o _ | 0 0 0 FFUTY o_| 0 0 0 FFT
isl=l o 0o o0 o Ve =g o o0 0 (E.5)
0 FF, 000 0 ZFIXy 00
for O;rlg,
-1y _ (0 0 (1) _ 0 I
Vigis = < 0 0 > ; Visie = < %F;GAQ% 0 (E.6)

for O~ and \71(32 )14715716 = 0 for O;ﬁw. The presence of extra equations and larger matrices
certainly increases the computation time when using the full system (E.4). However, the
main impact on performance comes from the fact that conformal blocks with vanishing
and non-vanishing dimension differences can now be found in the same matrix. In simpler
problems, the former blocks can be approximated with rational functions of a much lower
degree, owing to the fact that their residues vanish for half of the poles in the Table 2.3.
In the present case, this advantage is lost as all entries of the 4 x 4 matrix need to be
accompanied by a common denominator.

After trying a few examples, the bounds from (E.4) appear indistinguishable from those
obtained with (E.1). This is consistent with a piece of lore stating that additional four-
point functions only help if they increase the number of gaps / OPE constraints that can be
imposed. An earlier example of this was noticed in [78] which first studied the 3D Ising model
using three correlators. Without a constraint on the number of relevant Z,-odd operators,
the allowed region turned out to be the same as what was already known from a single
correlator.
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E.2 Implementing the superblocks

If we wish to combine conformal blocks according to (4.158), the correct rational approxima-
tions will include extra poles apart from those captured in Table 2.3. The coefficient R(A, ¢)
in the superblock

G, v) = gX5(u,v) + R(A, )02 g0 (u,0) (E.7)

can be written as an infinite product since the numerator and denominator of (4.143) have
the same sum of gamma function arguments.!

ad A 2k)2(A — 2A, — 0 — 2k (A +2A, —2d — ¢ — 2
R0 =] (A + £+ 2k)%( o =L =2k)(A+2A, —2d — (- 2k)

(A—d—0—2k)2(A =20, +d+ 0+ 2k) (A + 22, — d + ( + 2k) (E8)

k=0

‘ Step size ‘ Number of points

(=0 001 1700
(=2 001 1550
240 2 10

Table E.1: The grid spacing A y.1—Ay and number of points used for operators in o x x once
all consequences of the shadow relation are imposed. After the last point, we use rational
approximation to demand positivity on individual sum rule vectors in a continuum. In other
words, we no longer impose the shadow relation after a high enough cutoff in A.

To rule out solutions to crossing, we use the semidefinite program solver SDPB [77]. This
requires a “positive-times-polynomial” expression for the derivative of each conformal block,
or more precisely, convolved conformal block (4.155) as these are what enter in crossing
equations. The existence of a positive prefactor for each polynomial is usually attributed to
the fact that poles in Table 2.3 are below the unitarity bound. For the superblocks here, we
have poles on the whole real line coming from (E.8). This time, positivity is a consequence
of the fact that every pole above the unitarity bound is a double pole. Although this seems
forunate, numerical stability is an additional obstacle to using the rational approximation
(E.8).

For normal operation of SDPB, the user constructs a measure out of a given block’s poles
and then uses it to compute a basis of orthogonal polynomials [77]. These polynomials only
exist for the ordinary blocks because our superblocks are singular above the unitarity bound.
In other words, the double poles do not interfere with positivity but they lead to a measure

Since these poles are completely different from those of homogeneous, or even inhomogeneous conformal
blocks, the degrees of the rational approximations used here are two times those of the simple ten correlator
system and four times those of the simple six correlator system. This is the first of two slowdowns caused
by superblocks that we will encounter.
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that is not normalizable. Because of this, we have been unable to complete a full run of
SDPB by applying kn.x = 40 to the rational approximation (E.8). Instead, Figure 4.22 was
produced by evaluating superblocks on a discrete A grid which allows us to use the exact
gamma functions. It would be interesting to see if alternative solvers are able to remove this
complication. Table E.1 shows our discretization choices for odd-spin operators (which are
protected) and even-spin operators (which should approximate a continuum) when using the
information in (4.157).

This results in file sizes of about 1GB. We have checked that shrinking the step size and
including superblocks for ¢ = 4 does not lead to a significant change in the allowed region of
Figure 4.22.
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Appendix F

Checks of the OPE coefficient ratio

In this appendix, we study the scalar version of the OPE coefficient ratios

A T Agp+A1z N Ap—A12
Ry = A”"b = A (A¢3 —EAm) (qu_mj AN (F.1)
P NEEIE R
and \ F(AX+A12>F(AX—A12)
Ry, = 212X _ 2 2 A F.2
12 Moo gF(A";Am)F(A”EAm) (g) ( )

derived in chapter 4. While it would be hard to check all of the predictions that they
encode, we provide several non-trivial checks that the two flows (¢* and ox or “old and
new” respectively) are compatible.

F.1 0Old flow

Scalar conformal primaries of the mean field theory schematically have the form:
O ~ 0% ¢, (F.3)

where derivatives have to be distributed and contracted to get a primary. We take two
primaries of this form, assuming n; > ny without loss of generality. To get a possibility for
a nonzero three-point function, we assume that n; — no is odd.

Genericaly (F.1) predicts Ri2 = O()X). However, there are exceptions if

1. n1:n2+1,]€12k2
2. n1:n2+3, ]{?12/{32

In case 1 (2), the second gamma function in the numerator (denominator) is near a pole.
Assuming that O; and O, get unequal anomalous dimensions O(\) we expect I' ~ 1/A. This
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predicts
case 1: Ryp = O(1), case 2: R = O(\?). (F.4)

We would like to check, in several simple examples, how this agrees with the perturbation
theory.

First consider k; = ky = 0. Let us start with O; = ¢"", Oy = ¢" (case 1). In
perturbation theory, the three-point functions (¢¢"¢™) and (¢3¢"1¢") exist already in
the mean-field theory. Thus Rij2 = O(1), in agreement with the above prediction.

Next let us examine O = ¢"™3, Oy = ¢" (case 2). In perturbation theory, the three-
point function (¢3¢ 3¢™) appears at O(1), while (¢¢"3¢") needs one coupling insertion.
Moreover, the integral over the position of this insertion gives an extra O(e) suppression,

thanks to the formula: .

/ dz

z+yl*|z[*  T(d—a—0b)’
where in the considered case a +b = d + O(e).! So all in all we have Ri5 = O(e\) = O()\?),
in agreement with (F.4).

Now let us consider Oy = ¢", O; = ¢" 52" In perturbation theory, both three-point
functions require coupling insertions:

(F.5)

(00105), = O(N'*?),  ($°010,), = O(NTY). (F.6)

Both have just one power of € suppression so Rj; = O()) as expected for the generic case.

Let us now examine a more complicated example. We would like to understand the origin
of the restriction k; > ky. We will only study ny = ny+1 but ky, ko general. The three-point
function (¢O;0s) is nonzero in the mean field theory if and only if O; occurs in the OPE
¢(x) x O2(0). To pick up terms with ny = ny + 1 copies of ¢ in the OPE, we are not allowed
to take any Wick contractions, only to expand ¢(z) around x = 0. This will produce terms
with a non-negative number of derivatives acting on ¢, i.e. all O; operators of this type
have k; > ko. Analogously it is easy to see that O; C ¢* x O, is only possible if k; > k.

Hence, we get the following picture. If k; > ko, then both three-point functions (¢pO;Os),
(901 0y) exist in the mean-field theory. We thus expect Ry» = O(1) and this is what (F.4)
predicts in this case. On the other hand if k; < ko, then we need coupling insertions to
generate the three-point functions. Generically we expect (¢*O103), = O()). On the other
hand, (¢0;10,), = O()\?), since the diagrams with just one coupling insertions will vanish,
being proportional to a vanishing mean-field correlator. So we indeed expect Ris = O(\),
consistently with (F.4).

'The physical reason for this suppression is that the integral becomes conformal for ¢ = 0, and can
be interpreted as the leading correction to the two-point function <¢¢3 >, so it must vanish for € = 0 since
conformal invariance forbids nonzero two-point functions of operators of unequal dimension.

208



F.2 New flow

For generic O; and O, the xy OPE coefficient is suppressed by a power of g, reflecting
the factorization of the theory into the product of the SRI and of the Gaussian y model as
s — s,. As we will see, there are however interesting cases where one of the gamma functions
develops a pole, corresponding to a non-vanishing x correlator in the factorized theory (if
the pole is in one of the numerator gamma functions) or to a further suppression of the x
correlator in conformal perturbation theory (if the pole is in one of the denominator gamma
functions).

Let {OXY, ..} be the conformal primary operators of the SRI, where A; and ¢; are their
conformal dimensions and spins, and «; = £1 their Zy quantum numbers. The general scalar
primary of the factorized theory at s = s, takes the schematic form

0" OR X" (F.7)

where the derivatives are contracted to give a scalar and distributed in such a way to give
a primary. The y parity f = (—1)" is an exact Z, symmetry in the factorized theory.
The interaction preserves the diagonal Z, symmetry, whose quantum number we denote by
v = a-f3. As we turn on g, two operators with different O5®! and different numbers of y’s can
a priori mix, provided that they have the same conformal dimension and that a8, = asfs.
In such a case, the correct dilation eigenstates will be linear combinations of states of the
form (F.7). This is however a very rare and perhaps impossible phenomenon, which we will
discuss at the end. In the bulk of the analysis, we will assume that both O; and O, take the
form (F.7),?

O, = 9k [(’)iﬁlghalxnl] , Oy =92 OSR 2] (F.8)

Agla,02

In order for the three-point functions (O;O50) and (O;O0sx) to have a chance of being non-
zero, the diagonal Zsy’s of O; and Oy must be opposite, v; = —15, and we will assume that
this is always the case.

In the factorized theory at s = s,, 0 and x have different Zy x Zs quantum numbers,
respectively (—,+) and (4, —), so if (O10s0) is nonzero, (O1Osx) is zero, and vice versa.
We then expect the ratio (F.2) to be either zero or infinite as g — 0.

With no loss of generality, we will assume that n; > ngs. Let us enumerate the various
cases:

1. Ny = N9

In this case, the scaling in g as ¢ — 0 expected from Z, X Zs selection rules is given,
generically, by?
(01020), = 0(1), (0:10:2x), = O(g). (F.9)

2A common phenomenon is the mixing of states of the form (F.7) with the same OSF! and the same n,
k and /¢, but different ways to distribute the derivatives.
30ne exceptional case is O; = OFHOY and 0Oy = OSHOS with Of and O two different x theory
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Indeed a1 = —ay, making (OFROSRs) £ 0 in the SRI. While (O;040) is already
nonzero at ¢ = 0, a nonzero (O;0x) requires one insertion of the interaction goy.
We have Ay = AJRT — ASRL 4 9k, — 2k, at ¢ = 0. In the generic case, there are no
poles coming from the gamma functions of (F.2), and the O(g) behavior of the ratio
expected from conformal perturbation theory is correctly reproduced. We have checked
in simple examples that the numerical coefficients are also correctly reproduced.

No two operators in the SRI have dimensions differing by A, plus an integer, so for
ny = no there are never poles from the numerator gamma functions. It is possible
however to have a pole from the denominator gamma functions, resulting in a zero in
ng, if Alg = AU + 2]{?1 - 2]{?2 with k?l Z ]{?2, or Alg = —AJ + 2]{71 — 2]{72 with kl S k’g.
Given that operators with given Zs x Zy quantum numbers acquire an O(g*) anomalous
dimension, this zero should be interpreted as an additional factor of g2, so all in all
Ri5 = O(g?) in these cases. Let us see in an example how this can be compatible with
conformal perturbation theory. Take

O =ox", Oy=x". (F.10)

We still have (O;040), = O(1), but we are going to argue that (O10sx), = O(g%).
Indeed, the O(g) contribution to (O;0s), arises from the integral

g / (X" (1) X" (@2) x(23) oX(¥))ody | (F.11)

which needs to be regulated and renormalized. We claim that the renormalized integral
is actually O(9), so that the net contribution is O(gd) = O(g?). A quick and dirty way
to see this is to evaluate the integral in dimensional regularization, using (F.5). Proving
this for examples more complicated than (F.10) requires a version of (F.5) with an extra
(z + )¢ in the numerator.

2. ny = nNg + 1
Since we require v, = —1», in this case we have a; = a,. In the generic case, OP®! and
O5R! are two different operators with the same short-range Z, quantum number, and
then

(01050), = O(g), (0102x)y = O(g”). (F.12)

Indeed, for the first correlator one needs a single insertion of the interaction, while the
second correlator vanishes at g = 0 (because OFR! # OF®1) and then selection rules
force the insertion of two interactions. We observe again the generic behavior O(g) for
the ratio of OPE coefficients, in agreement with (F.2).

primaries which contain y the same number of times. In this case (O1Os0) vanishes in the factorized theory,
and the analysis needs to be modified.
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The more interesting case is when OPR! = OFRL. Then selection rules would predict
<01020>g = O(g) s <0102X>g = 0(1) . (F13)

In this case, Ajg = A, + 2k, — 2k, for ¢ = 0. If k; > ks, we encounter in a pole
from the second gamma function in the numerator of (F.2). Operators with definite
7o X Zsy quantum numbers acquire anomalous dimension at order O(g?), so for small
g the pole is regulated to g%, and Rjp ~ é, in agreement with (F.13). On the other
hand, if k1 < ko, we seem to have a problem. There is no pole in the gamma function,

so (F.2) predicts Rjz ~ O(g), in contradiction with (F.13).

To understand the resolution of this puzzle, we consider the following example. Let
O, =0\, 0fF= a(9,x0"x +ax0x), OF = 8,00, xx + tox?, (F.14)

where the coefficients a and b are fixed such that O3 and OF are conformal primaries.
It is important to realize that O3 and OF mix in conformal perturbation theory, indeed
the O(g?) correction to the dilation operator contains an off-diagonal term arising from
the non-vanishing correlator (02 OF oxax)o. The eigenstates of the dilation operator
take the form

O =04 +cOF O =04 +d0F, (F.15)

where the coefficients ¢ and d have no g dependence. We claim that
<01020'> = O(g) s <0102X> = 0(92) s (F16)

where O, is either one of the dilation eigenstates in (F.15), so that Ri» = O(g) in
agreement with (F.2). Indeed

(O1(21)Os(22)x(23))0 ~ (X (z1)x(23))0 (X (21)Oa(2))o = 0, (F.17)

where in the last step we have used orthogonality of conformal primaries of different
dimension. We then need to go to O(g?) to find a non-zero contribution to (O;O0s),.
On the other hand,

(O1(21)Oa(w2) o (x3)0x(x4))o ~ (x(21)X (7))o (oX* (1) Oa(wa) o (23)0 (24))0 # 0,
(F.18)
s0 (01040), = O(g). It is essential that the dilation eigenstate Oy # O34, i.e. that
it does not factorize into o times a primary of the y theory, otherwise the correlator
(F.18) would vanish.

3. n1 = ng +2m, m > 1 We must have a; = —an. Selection rules and the requirement
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that we have enough yx insertions would naively give

(01020)3 = O(g™™), (010:x), = O(g"" ), (F.19)
but the actual behavior is

(01020)3 = O(g™),  (0102x)g = O(g"™"). (F.20)

One can convince oneself in examples that the O(¢g*™~!) contribution to (O102x), van-
ishes — the corresponding renormalized correlator turns out to be O(J), a phenomenon
we already encountered in (F.11). It would be nice to find a general argument. Con-
formal perturbation theory is then consistent with the generic behavior Rio = O(g)
predicted by (F.2).

4. ny =ng+2m+1, m > 1 Now a; = ay. The naive scaling is
(01020)3 = O(g™™"") . (0102x)y = O(g""), (F.21)
and the correct one
(01020), = O(g™""), (0102x)y = O(g""?) (F.22)

for the same reason as the previous case. Again, we find agreement with (F.2).

Finally, let us consider the possibility of mixing of states of the form (F.7) with different
Zo X Zo quantum numbers. This requires a conspiracy of quantum numbers that is hard to
arrange. A naive candidate is the following. Take d = 2 and consider

Oa = (0uxOux + axOX)X"?, Op=ax"", (F.23)

where the coefficient a is fixed to make O, a conformal primary. Since A, + A, = 2, both
states have dimension 2 4+ nA,. At first sight, it might seem that the dilation operator has
an off-diagonal component at O(g) arising from

g / (Oa(1) O (2) xo (9))dy (F.24)

However, this correlator is O(d) for the same reason as the correlator in (F.17). An off-
diagonal component would arise at O(g?®), but there are diagonal anomalous dimensions
already at O(g?), which presumably lift the degeneracy between O4 and Op. So it appears
that there is no mixing after all, barring some coincidence. It would be nice to decide this
one way or another by a detailed computation.

Let us consider the power counting in the scenario that the two states (F.24) do mix to
leading order (since maybe a more intricate example would actually work along these lines).
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Let Oy be one of the two dilation eigenstates, of the form
O =04+b0p (F.25)
for some coefficient b = O(1), and choose
O, = x"0. (F.26)

Then we have

(010:0), = O(1), (010:x), = O(1), (F.27)

so Ry would be finite in the g — 0 limit in this scenario. Note that Aj; = A, for g = 0,
which gives rise to a pole in (F.2). Now however the anomalous dimension of O, is of order
O(g). The pole is regulated to é and (F.2) predicts Ry3 = O(1). So we win again.
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