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Abstract

This is a writeup of lectures given at the EPFL Lausanne in the fall of 2012. The topics cov-
ered: physical foundations of conformal symmetry, conformal kinematics, radial quantization
and the OPE, and a very basic introduction to conformal bootstrap.
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Introduction

In the fall of 2012, I gave four lectures (3.5 hours each) on CFT in D > 3 to Master and PhD
students at the EPFL Lausanne. A preliminary writeup was long available on my website. This
version contains essentially the same material up to misprint and language corrections and a
few additional comments. I also updated the references and added some historical remarks.

These lectures develop CFT from scratch. Lecture 1 deals with the physical foundations
of conformal invariance. Lecture 2 considers constraints imposed by conformal symmetry on
the correlation functions of local operators, presented using the “projective null cone” (also
known as the “embedding”) formalism. Lecture 3 is devoted to the radial quantization and the
OPE. Lectures 1-3 are rather in-depth. Lecture 4 attempts an introduction to the conformal
bootstrap, and is much more sketchy.

For more details about the bootstrap, the reader may turn to the lectures by Sheer El-Showk
[1] and David Simmons-Duffin [2]. See also my recent lectures at DESY, Okinawa and Florence
[3-5]. Another useful resource are the lectures by Joshua Qualls [6], which cover both D = 2
and D > 3. Finally, I give some points of entry to the original literature after Lecture 4.
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CFT history are gratefully acknowledged; the possible fault of misrepresentation is fully on
me. Many thanks to Georgios Karananas who took notes and TeX’ed them back in 2012,
and to Pierre Yvernay and Francesco Riva for reporting the misprints. Please email me
(slava.rychkov@gmail.com) if you find more.
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Lecture 1

Physical Foundations of Conformal
Symmetry

1.1 Fixed points

Quantum Field Theory (QFT) is, in most general terms, the study of Renormalization Group
(RG) flows, i.e. how the theory evolves from the Ultraviolet (UV) to the Infrared (IR) regimes:

uv

One can ask which IR phases are possible. A priori, there are three possibilities:

A. a theory with a mass gap,
B. a theory with massless particles in the IR,

C. a Scale Invariant (SI) theory with a continuous spectrum.
It is the last class that we will call CF'T and will mostly study in these lectures. But first let’s
look at some examples corresponding to these phases.
Nonabelian Yang-Mills (YM) theory in D = 4 dimensions belongs to type A:
1

& = =l r (1.1)
The beta function is negative
B(g) ~ —cg®> +0(g°), ¢>0, (1.2)
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so the theory becomes free at asymptotically high energies (the coupling goes to zero), while
at low energies the coupling grows and the theory becomes nonperturbative at the scale

Arr = Apy exp(—const./giy). (1.3)

The low energy spectrum will include the lightest “glueball”, a scalar particle of mass m ~
Arr > 0, and some heavier stuff.

QED gives a trivial example of a theory with massless particles in the IR (i.e. type B).
For energies ¥ < m,, the mass of the electron, we are left with free photons. If the electron
were massless, the IR behavior would still be Type B, but it would be reached very slowly
(logarithmically)

A less trivial type B example is massless QCD with a small number Ny of fermionic flavors.
The UV theory exhibits invariance under G = SU(Ny), x SU(Nys)gr x U(1)p. In the IR, the
chiral symmetry breaks spontaneously SU(Ny)r, x SU(N¢)r = SU(N¢)diag, which results in a
theory with massless Goldstone bosons.

Examples of type C behavior exist among “fixed point” theories for which the beta function
vanishes at some point g = g,, while the theory is still weakly coupled (i.e. we are still inside
the perturbative regime):

Consider again the YM theory with N, colors and Ny fermions. The beta function at two loops
is given by

3 5
_ 5 9 9 7
with . )
Bo = ch — ng and By ~ O(NZ2 N.Ny) . (1.6)

Let us choose N, Ny > 1, in such a way that §y ~ O(1) > 0 (near cancelation). With this
choice one can check that 3; ~ O(N?) > 0 (no cancellation). Writing

3 2
B9) = —10 (1 - %1&2 + .. ) , (L.7)

we see that there is a zero at g = g, with ¢2/(1672) = O(1/N?). Define A, by

Ncgf
M=o~ O/N) (1.8)

The effects of the corrections from higher order terms are suppressed by powers of the coupling
s, so the perturbative expansion is trustworthy. This IR fixed point is known as the “Banks-
Zaks (BZ) fixed point”.

For a finite N., depending on Ny, there will be the following cases:

1. For Ny small described above, we will have chiral symmetry breaking (Type B)



2. In a range Ny criticar < Ny < %Nc (the so called “conformal window”), the theory
possesses a Banks-Zaks fixed point (Type C)

3. For Ny > 11/2N,, the theory is not asymptotically free, like massless QED. So IR behavior
is asymptotically Type B.

An IR behavior of a generic fixed point theory will be very much unlike standard QFT: the
IR spectrum will be continuous and there will be no well-defined particles. When the theory
flows, any gauge-invariant operator acquires an anomalous dimension, and when the fixed point
is reached, this anomalous dimension “freezes”. E.g. the anomalous dimension of ¢7) at the

BZ fixed point freezes at
2

V(g) = -2 20 (1.9)

on2
This means that this operator, and generically any operator, will have non-integer dimensions
at the IR fixed point:

A=Apee +7(0s) - (1.10)
This in turn implies that the spectrum of this theory will be continuous.

To see why this is so, consider the two-point (2pt) function of an operator ¢. Inserting the

complete basis of states, we can write:
dp dp

©o)o00) = [ SRl = [ GRemet) .
re. (2m)* re. (2m)*
where F.C. means that the states in a healthy theory will have momenta in the forward
lightcone: p? > 0,p° > 0. The p(p?) is the spectral density for this 2pt function; in a unitary
theory it will be positive.

Now let’s consider some examples. For A, = 1, it is easy to show that in momentum space
the spectral density corresponds to the one of free massless scalar particles (concentrated on
the lightcone):

1
pri p(p*) =46(p*) , (1.12)
For A, = 2, we see that
1
7%Mﬁ=ﬁa/‘#wW—WWﬂ- (1.13)
x F.C.

This is not concentrated on the lightcone, but is given by the phase space of two massless
particle states.

For Ay =1+~ non integer,

@) — p(p®) ~ (p*) . (1.14)

We see that the spectrum of theory, the set of p? values at which p(p?) # 0, is continuous: it
spreads from 0 to +o00. Also there is no way to represent it by a phase space of finitely many
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massless particles, like for the ¢? operator. Naively we have a fractional number of particles.
More correctly, such a theory simply cannot be interpreted in terms of particles. In such a
theory there is no S-matrix and the only observables are the correlation functions.

Another Type C example, with an important phenomenological meaning, is found in the
A¢* theory in 2 < D < 4 dimensions:

g:%@w+m%hm&, (1.15)

In D < 4, both ¢? and ¢* are relevant operators,’ and their couplings have positive mass
dimension. Let us express them in terms of the renormalization scale p:

m? =tp? and A=\t (1.16)

with t, A dimensionless. Let us analyze the structure of the above theory by using the beta
functions _ _ _
BA) = —(4— D)X+ c1t? + e\ + ...

3 N 1.17
B(t) = =2t + cst® + cath + s+ .. (L1.17)

with ¢; various constants.?

We start the RG flow in the UV with ¢, A very close to zero. We see that both couplings
start growing, since they are both relevant. In D = 4, the beta function of A does not have
a fixed point at one-loop order. In D = 4 — € there is a fixed point (A, ¢.) where both beta
functions vanish:

B\ = B(t.) =0, = O(e),t. = O(?) . (1.18)

This is called the Wilson-Fisher fixed point. Perturbative analysis can be trusted only for
€ < 1, but the fixed point actually exists from D = 4 — € all the way down to D = 2.

At the IR fixed point the ¢* will become irrelevant, but the ¢? operator will still be relevant.
This fact has important consequences for the physics of this theory, as can be seen in the RG
flow diagram:

(Ar )

There is one RG trajectory connecting the origin (free theory) to (M., t,) and one has to
choose the initial conditions to lie precisely on this trajectory to reach the fixed point. If the

'Recall that relevant (irrelevant) operators are those of dimension A < D (A > D). Operators of dimension
A = D are called marginal.

2Some of these constants are regulator-dependent. E.g. in dimensional regularization we have ¢; = c3 =
C5 = 0.



initial value of t is slightly different, then we end up with a theory of massive particles, either
t — oo so that the Zy symmetry is preserved, or t — —oo where the Zs symmetry is broken.
The source of this instability is the fact that ¢? is a relevant operator even at the fixed point.

So we can classify fixed points into two categories:

1. Stable — theories that do not contain relevant scalar operators which are singlets, in the
sense explained in the next item.

2. Unstable — theories in which there exist relevant scalar operators that are singlets under
all global (internal) symmetries. In these theories, the coefficients of these operators
cannot be naturally assumed to be small, so fine-tuning is necessary.

The hierarchy problem of the Standard Model can be seen as the fact that the free scalar theory
in D = 4 is an unstable scale invariant theory, the operator |H|? being a relevant operator and
singlet under all global symmetries.

The Banks-Zaks fixed point is stable. The operator ¢ = ;¢ + h.c. is relevant, but it’s
not a singlet under the global symmetry SU(Ny) x SU(Ny)g.

Consider next a theory from statistical mechanics, the Ising model, which is a microscopic
model for ferromagnetism. Its Hamiltonian (i.e. Euclidean action) is given by

1
H== > (1= sisp) (1.19)
<ij>

where T is the temperature. The summation is understood to be over neighboring points of a
cubic lattice in R” and the spins can take the values s = +1.

st1

The interesting observables are the spin correlation functions. The 2pt function behaves at
large distances as

(s(r)s(0)) ~ e7"/5M) (1.20)

where £(T') is the correlation length. This correlation length is the analogue of inverse mass in
particle physics. Indeed, consider the free scalar propagator in Euclidean coordinate space:

dD ipx —-rm
/ p_c ¢ (1.21)
(277')4 p2 + m2 7“D72

Large distances are r > 1/m and we can identify £(T") = 1/m. Asis well known, this model has
a critical temperature T' = T, at which £(T,) = oo. This critical theory is scale invariant with
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continuous spectrum (Type C). In fact the critical theory is identical to the Wilson-Fischer
fixed point in D dimensions. This is due to a phenomenon called universality: that in the
continuum limit microscopic details of the Lagrangian don’t matter and all theories with the
same symmetry look the same (up to identification of couplings).

In the Ising model, to reach the critical point we have to fine-tune the temperature to its
critical value T,.. This finetuning is the same as the one needed in to reach the Wilson-Fisher
fixed point in the \¢* theory.

1.2 Existing techniques

Our goal will be to develop methods which allow us to “solve” fixed points. By ”solve” we
mean compute the observables: the operator dimensions and the correlation functions. The
existing methods include:

1. Monte-Carlo simulations for lattice models. This is an established method, whose ad-
vantages are that it’s fully non-perturbative, from first principles, and does not involve
theory biases or unproven assumptions. The downsides is that the computer cost may be
significant (especially in higher dimensions), and that passing to the continuum and to
the infinite volume limits requires extrapolation.

2. High-temperature expansion for lattice models. Consider again the Ising model in (1.19)
with partition function Z = > exp[—H] and expand the exponential for large T. The
coefficients of the resulting power series in 1/7" can be evaluated explicitly for the few
(a couple of dozens before the combinatorics becomes overwhelming) terms. This is the
same as the strong coupling expansion in field theory. The series will start diverging for
T near T, and extrapolating into this region one gets information about the critical point.

3. The e-expansion. If we work in D = 4—¢, the loop expansion coincides with the expansion
in € and the critical point is weakly coupled. Setting ¢ = 1, one can try to recover the
physical case of 3d ferromagnets. However the series obtained this way are divergent
starting from the second or third term. In order to get stable results, one has to resum
these series using procedures like the Borel resummation etc.

Each of the above techniques has different sources of systematic errors. Results from the
different techniques largely agree among themselves (and with the experiment), giving us
confidence that they are correct.

4. The Exact Renormalization Group (ERG).

Consider a lattice theory and do a block-spin transformation, i.e. unite spins into blocks:
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The partition function remains the same in terms of the new block variables, but the
Hamiltonian is changed since there will appear diagonal, quartic couplings etc. (We assume
that the original Hamiltonian had only nearest neighbor couplings)

Repeating this procedure several times, we end up with a new Hamiltonian with different
interaction terms. The ERG is a flow in this infinite dimensional space of Hamiltonians. The
fixed point is defined as the Hamiltonian which is invariant under this transformation:

R[H|=H . (1.22)

Suppose we have found such a Hamiltonian. The next step is to extract scaling dimensions of
the local operators. Let’s look for perturbations of the fixed point Hamiltonian:

H+ AH (1.23)
which transform homogeneously under the renormalization group transformation:
R[H + AH] = H + AAH . (1.24)

[.e. we are solving an eigenvalue problem for the ERG transformation linearized around the
fixed point. The eigenvector perturbations will be in one-to-one correspondence with the local
operators Ox at the fixed point:

AH ~ /de On(2), (1.25)

while the eigenvalue A will be related to the operator dimension: A = 2P~2 (2 because we are

changing scale by a factor of 2).

The fixed point local operators of definite scaling dimension, Oa, would look very compli-
cated if expressed in terms of the original lattice variables. In principle, they would be given by
a sum of infinitely many terms allowed by the symmetry. E.g. the spin field operator o with
definite scaling dimension A, will be given by something like

s; + 3 spin terms + 5 spin terms + ... (1.26)
while the first Z, even operator will be given by
s;Six1 + 2 spin terms at larger separation + 4 spin terms + ... | (1.27)

ete.

When analyzing the ERG equation (1.22) in practice, one has to truncate. For example
one can allow all couplings within some large distance N. One famous example, for the
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2d Ising model, is in Wilson’s 1975 Reviews of Modern Physics [7]. Computing the fixed
point Hamiltonian in the space of 217 couplings he found the scaling dimensions in good
agreement with the exact solution. Also, he saw that the off-diagonal, quartic, etc. couplings
are suppressed, e.g. the long distance couplings s;s;,,, were rapidly decreasing with n, so that
the fixed-point Hamiltonian remains relatively short ranged.

There exists also a continuous version of the ERG. E.g. start with a scalar theory and add
all operators

(09)* + ) _aAP20; (1.28)

with, in principle, infinitely many couplings ¢;. This only makes sense in presence of a
momentum cutoff, which can be chosen rotationally invariant and smooth. RG flow is performed
by integrating out an infinitesimal momentum shell. Also in this case one is forced to truncate.
One reasonable truncation is to include all powers of ¢ but not the terms with derivatives. This
“local potential approximation” can be motivated by the hope that the fixed point Hamiltonian
remains rather local, so that the expansion in derivatives may work.

Limitations of this technique become apparent if we consider a gauge theory. All gauge-
invariant operators include more derivatives and more powers of the gauge field simultaneously,
so there is no meaningful truncation. The situation is somewhat better in presence of fermions,
as here we can privilege arbitrary powers of ¥1. So the QCD conformal window might be
amenable to the ERG. Another bad case is gravity, since all higher dimensional operators like
R%* R, R",..., contain more and more derivatives of the metric. So looking for a UV fixed
point of gravity with this technique, as in the “asymptotic safety” program, is very dubious.?

In summary, the ERG seems to work when we know that a fixed point exists and that the
fixed point Hamiltonian is approximately local. It’s not clear how reliable this method is to
search for new fixed points, or to describe fixed points which do not allow for a local description
in terms of the original variables.

The above tools are all based on the RG idea: define a theory at the microscopic level and
study its behavior in the IR. Philosophically, this may seem not very satisfactory. The fixed
points are universal mathematical objects. It is not clear why in order to solve them we have
to approach them with a flow. Can’t we solve the fixed points by defining them through some
axioms and studying them in isolation? This is in fact possible, and will be the subject of the
rest of these lectures.

3 Another problem with asymptotic safety in gravity, as opposed to QFT, is that the very meaning of the
fixed point is unclear in this case. In quantum field theory, fixed points can be defined axiomatically through
the CFT, as we will see later in these lectures, so the ERG is just one of the many ways to get at something
which exists independently of the ERG. In case of gravity the fixed point is, until now, defined through the
ERG manipulations, and an independent axiomatic definition is unknown. Finding such a definition is very
important if one hopes to put asymptotic safety on solid ground.
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1.3 Towards a nonperturbative definition

We need a non-perturbative definition of a fixed point theory which does not make any reference
to the microscopic level (Lagrangian etc).

1.3.1 Operator spectrum

The first thing which characterizes any such theory is the spectrum of the local operators

O; — A, = scaling dimension . (1.29)

Once we know the dimension, the 2pt function is given by

. c
o mmi )

(Oi(2)0;(0)) (1.30)
where the coefficient ¢ = 1 can be chosen as a normalization convention. Scale transformations

are written as

z— M, Ox) = 00x)=120(x) . (1.31)
With this definition, the 2pt functions are invariant

1
N |>\ZL‘1 — /\(L‘2|2A

(ONa1)ONas)) = A2(O(11)O(22)) . (1.32)

The scale transformation can be understood physically as an RG transformation which leaves
the Hamiltonian and the correlation functions invariant, as long as the operators are appropri-
ately rescaled.

The above discussion concerned scalar operators, but there will be operators with nonzero
spin as well. We consider Lorentz (or rotation) invariant theories, so the operators will come
in irreducible representations of the SO(D) group.

1.3.2 Stress tensor and currents

Among the local operators of the theory, a special role will be played by the stress tensor 7},
and conserved currents J,, associated to global symmetries. The minimal set of QFT axioms
(Wightman axioms) don’t require existence of the stress tensor as the energy and momentum
density, but only of the full energy and momentum charges, and analogously for the conserved
currents. However, the existence of these operators is a natural extra assumption. It means
that the theory preserves some locality.

If the IR fixed point can be reached from a UV theory which has a weakly coupled
Lagrangian description (and thus has a stress tensor), then the existence of a stress tensor
in the IR is guaranteed. On the other hand, if we reach the critical point starting from a
lattice, the stress tensor existence is not obvious. On the lattice there is no stress tensor, but
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it may emerge, together with the rotation invariance, in the continuum limit. This is what
happens if the lattice interactions are local, like in the nearest-neighbor Ising model, but it’s
not guaranteed.

Let us consider a physical example without a stress tensor. Examples of such kind are of
interest for the condensed matter and statistical physics. Start from a lattice theory with an
explicitly non-local Hamiltonian

— S; SJ
1.33

where the sum is over all pairs of spins (not just neighboring ones). This is called the “long-
range Ising model”, and it is known to have a critical point in 2 < D < 4 for any value of
o > 0. The properties of this critical point depend on ¢. For large o, o > o,, the critical point
is identical to that of the usual, short-range Ising model (and thus has a local stress tensor).
This is because for large o the function 1/|i — j|P79 is highly peaked at i = j. So we are in the
same universality class as the usual Ising model.

On the other hand, for small 0 < 0, the resulting theory is simply Gaussian (non-
interacting), so that it is completely characterized by the 2pt function

(5()5(0)) ~ 55 (1.34)

from which the higher-point functions are computed by Wick’s theorem. The dimension A
depends on o. This theory does not have a local stress tensor, i.e. a spin-2 local conserved
operator. It can also be described as the AdS dual of a free scalar theory in the bulk with
gravity turned off, which also explains that it does not have a local stress tensor.

In the intermediate range, 0. < 0 < 0 the critical point is an interacting (non-Gaussian)
theory, which again does not have a local stress tensor.

Below by stress tensor we will always mean a local stress tensor and will drop ‘local’.

Let’s go back to the more familiar case of theories which do have a stress tensor and currents.
Notice that in perturbation theory these two operators don’t renormalize, i.e. they have zero
anomalous dimensions: yr = 7; = 0. This means that at the fixed point the stress tensor and
currents have canonical dimensions, i.e.

Ar=D A;=D-1. (1.35)
They are also conserved:

0,T"" =0 and 0,J"=0. (1.36)

Ward Identities

Consider the Ward identities for an operator O; in the UV. The Ward identity is usually written
in the differential form:

aﬂ<T“l’(m)(’)1(m1) .. > = 5(1‘ - 5(71)<8M01(l’1) .. > . (137)
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Since this involves the d-function, it may seem that the Ward identity is sensitive to the UV
form of correlators. However, when we flow to the IR we expect that the IR Ward identity
should be valid in a form which makes no reference to the UV. To see that, start from the
integrated Ward identities

/aua(xxT“”(x)Ol(a:l) o) =a(z1)(0,01(x1) .. ), (1.38)

and choose a(z) to be equal to 1 (0) inside (outside) a sphere centered at x;. Therefore,

AmenMTW@Kh@ﬂ”)—K@Oﬂm)”% (1.39)

where SP~1 is the sphere in D dimensions. We have the liberty to choose the radius of the
sphere to be arbitrarily large, therefore the above relation will hold in the IR.

The moral of this story is that the IR limit of the correlators forms a consistent local theory
by itself. There is no need to keep the UV tails of the correlators - we can cut them off and
replace by the IR correlators extrapolated to short distances.

The trace of the stress tensor

T,, can be decomposed into two parts transforming irreducibly under SO(D), the trace and
the symmetric traceless part. Generically different SO(D) representations are expected to have
different scaling dimensions. But the trace of the stress tensor has the same dimension as the
stress tensor itself: [T’L] = D. The resolution of this minor paradox is that in fact, generically,
T*, = 0 at fixed points.

In perturbation theory, this can be seen as a consequence of
T, ~ B(9:)0; (1.40)

where O; is the operator multiplying the coupling g; in the Lagrangian. This equation has
subtleties associated with it, especially in the multi-field case with broken global symmetries.
Ignoring these subtleties, we conclude that the trace of the stress tensor is zero at fixed points,
where the beta function vanish.

Another argument, not relying on perturbation theory, is as follows. The RG transforma-
tion, which rescales globally the coordinates, can be seen as a rescaling of the metric:

==X, G = G = NG (1.41)

where ¢, = 9,,. For A =1 = ¢ < 1 the metric change is small: dg,, = 2€d,,. Use a definition
of the stress tensor as an operator measuring response to changing the metric, the Hamiltonian
changes by

AH = / dPx T, 6g" / dPz T, . (1.42)
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This must be zero if the theory is scale invariant. Generically this means that, in a scale
invariant theory, the trace of the stress tensor must be a total divergence of a vector operator:

T =9,K", [K")=D-1. (1.43)

We see that K, has canonical dimension. However generically, all vector operators acquire
anomalous dimensions apart from those which are conserved. Thus generically d,K* = 0, and
so we conclude again that 7%, must vanish.

One should stress however that rare examples of scale invariant theories with 7%, # 0 do
exist. An example is the theory of elasticity in the Euclidean space

L = a(Bu,)? + b(0uw)? | (1.44)

with a and b the elasticity moduli. Physical cases are D = 2, 3. This theory, although interesting
and physically motivated, is not unitary. More precisely, it lacks a property called reflection
positivity, which is the Euclidean analogue of unitarity and which we will discuss in later
lectures. The exception is a = —b, in which case we get a gauge invariant Maxwell theory
which is reflection positive (and unitary upon continuation to the Minkowski space). Only in
this case and in D = 4 the theory has 7%, = 0.

Above we argued from genericity. In fact, for unitary theories in 2d and 4d (with some
extra assumptions in 4d), there are theorems that ", =0.

1.3.3 Conformal invariance

From now on we assume that 7%, = 0. As we will see now, this implies that SI of a theory is
enhanced to conformal invariance (CI). Indeed, the Hamiltonian is now invariant under metric

deformations 0g,, = c¢(x)d,,, where c¢(z) can be an arbitrary function of coordinates:

m

AH = /dDasTwég“” = /dDa:c(x)T“ =0, (1.45)

Transformations changing the metric in this way are also called Weyl transformations. So we are
saying that the theory with vanishing 7", is invariant under infinitesimal Weyl transformations.
Invariance under finite Weyl transformations is less obvious, because T*,, will acquire a nonzero
vev in a curved even-dimensional spacetimes (the so called Weyl anomaly). Below we only need
infinitesimal Weyl transformations and so the Weyl anomaly will not play a role.

A general Weyl transformation (even an infinitesimal one) changes the spacetime geometry
from flat to curved, which we don’t want to do. There is however a subclass of infinitesimal Weyl
transformations for which the spacetime remains flat. These are those Weyl transformations
which can be realized by applying an infinitesimal coordinate transformation (diffeomorphism):

't =t + e (z), (1.46)
and rewriting the metric in new coordinates, which corresponds to:

0 = Ou€y + Ope, must be c(x)b,, , (1.47)
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The last condition is necessary to have a Weyl transformation. Transformations which change
the metric this way are called conformal. It turns out that this last equation allows only four
classes of solutions in D > 3 dimensions:

e = constant infinitesimal translation, ¢(x) =0 ,
e = 2wy infinitesimal rotation, c¢(z) =0 ,
et = At scale transformation, c¢(z) = 2\ |

2

e =2(a-x)z" -z a” Special Conformal Transformations (SCT), ¢(z) = a - z,

with o' an arbitrary vector.
(1.48)
In D = 2 dimensions, there are more solutions. To see that, we introduce the complex variable

z=x1+ 1Ty, Z =121 —iTs , ds® = dzdz . (1.49)

If we transform z — f(2), 2z — f(Z), with f an analytic function, this corresponds to a
conformal rescaling of the metric

ds* = |f(z)*ds* . (1.50)

The solutions for §z are
0z = constant — translation,

5z = ez — rotation, (1.51)

0z = Az — scale transformation,
8z =cz* — SCT .

Higher powers dz o z", n > 2, corresponds to new conformal transformations which exist only
for D = 2.

In these lectures we will mostly talk about D > 3. Let us integrate the infinitesimal forms
of the conformal transformations to find their finite form. For the SCT, which is the only
nontrivial case, we find

2" = B(x)(z" — a'z?), (1.52)

with
1

- 1—2(a-x)+a%x?

plx) (1.53)

A general conformal transformation x — 2’ will be a composition of translations, rotations,
scale transformations and SCTs. The group of conformal transformations is a finite-dimensional
subgroup of the group Diff of diffeomorphisms of RP. It is in fact the largest finite-dimensional
subgroup of Diff.

The defining property of conformal transformations, i.e.

g;w<xl) - C(x)é/w ) (154)

means that the Jacobian of the coordinate transformation must be proportional to an orthogonal

matrix M € SO(D):

J = o b(x)M*: (x), b(z) = /c(x). (1.55)
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L.e. conformal transformations locally looks like a rotation and a scale transformation.

This allows us physically to think of a conformal transformation as a non-uniform RG trans-
formation. I.e. we start with a uniform lattice which is mapped by a conformal transformation
to a nonuniform but still locally orthogonal one. Then we do a block transformation by uniting
spins within new cells.

(figure adapted from [8])

This way of thinking gives another handle on the question why SI implies CI. It simply
means that a system invariant under RG transformations will also be invariant under non-
uniform RG transformations. Schaefer in 1976 [9] used the ERG and, under the assumption
that the fixed point Hamiltonian is sufficiently local, showed that it is also invariant under
non-uniform ERG transformations expressing conformal invariance.

Schaefer’s treatment, as the above genericity arguments, illustrate the crucial role of locality
in the connection between the SI and CI. The role of unitarity is not as clear. Although natural
from the point of view of particle physics, unitarity is an unnecessary and restrictive assumption
in statistical mechanics, where many interesting non-unitary fixed points do exist. Empirically,
the absolute majority of these fixed points is conformal, and so conformal invariance must have
an explanation not involving unitarity.

1.3.4 Transformation rule for operators

Invariance of the Hamiltonian is not the full story. Conformal transformations move points
around, and correlation functions with insertions at new and old positions will be related. To
understand this rule the non-uniform RG picture introduced above is somewhat useful. We
saw earlier that under scale transformations the operators transform as

z—Mx, O)—= O0\)=120(z) . (1.56)

We should think of O as the same operator as O but in the theory with the RG-transformed
Hamiltonian. Since the Hamiltonian is RG-invariant, we can identify the correlators of O and
0. And so, the above transformation rule means that the 2pt function of O should satisfy the
following covariance property:

(O O(\22)) = A22(O(21)O () - (1.57)

Now, we have to guess how the operators transform under conformal transformations. The
simplest assumption is that, if an operator is sufficiently local, it should not feel the effect of
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the variation of the scale factor b(x) in (1.55). Then,
v =, $(x) = d(a') = b(x)“¢(x) | (1.58)

where again the correlators of ¢ and gz; should be identified. If this is the case, ¢(x) is called
a primary operator. Even though all operators transform simply under scale transformations,
it is not necessary that they follow the above simple rule under conformal transformations
with b(x) # const. For example, if ¢ transforms as a primary, then 0,¢ does not—it has
a homogeneous transformation part, as well as an inhomogeneous part proportional to the
derivatives of the scale function. Such derivative operators as d,¢ called descendants. As we
will see later, all operators in a conformal field theory are either primary or descendants.

Consider now primary operators with an intrinsic spin. Their transformation rules should
depend on the rotation matrix M* (z) in (1.55). An operator in an irreducible representation
R of SO(D) will transform as

d(x) = $(a') = b(x) “RIM", (2)]é(x) , (1.59)
where R[M*" (x)] is a representation matrix acting on the indices of ¢(x).

For example, if ¢ is a vector, then R[M* (x)] = M* (z). So spin-one fields will transform as

V(2') = b(x)_AM”M(a:)VV(x) ) (1.60)

Symmetry currents and the stress tensor have spin 1 and 2 respectively, and as we will see
later they are primary operators. Generically, there will be infinitely many primaries for each
spin.

Literature

For the introduction to RG and physical foundations of conformal invariance see the evergreen
book by John Cardy [10], as well as his little-known but extremely interesting review [8].

For a “derivation” of conformal invariance from scale invariance using ERG see Schaefer [9].

For recent work on scale vs conformal invariance see Luty, Polchinski and Rattazzi [11],
Dymarsky, Komargodski, Schwimmer and Theisen [12], and the review by Nakayama [13].

For the long-range Ising model see [14].

The theory of elasticity as an example of scale without conformal invariance was discussed
in detail (in 2d) by Riva and Cardy [15].

For the introduction to the global conformal transformations, see chapter 4 of the yellow

book [16].
For the ERG example by Wilson, see his famous Reviews of Modern Physics article [7].
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Lecture 2

Conformal kinematics

2.1 Projective null cone

In lecture 1 we motivated the study of Scale Invariant (SI) fixed points. We also argued that
the SI is generically enhanced to Conformal Invariance (CI). We saw that in D > 3 the group
of Conformal Transformations (CT) is finite dimensional and is generated by the Poincaré
transformations plus dilatations plus Special Conformal Transformations (SCT).

Then we introduced the concept of primary operators, which transform under CT as

6(x) = 9a") = jrrola) 21)

if ¢ is scalar, or

(a) = 9{a') = sy RIMY (@)or) 22)

if ¢ has intrinsic spin, i.e. belongs to an irreducible representation R of SO(D). Here the local
scale factor b(x) and the local rotation matrix M*, appear in the Jacobian of the conformal
transformation, see (1.55). The correlation functions of é are the same as those of ¢, as QNS can
be thought of as an image of ¢ under a non-uniform RG transformation leaving the Hamiltonian
invariant. Below we will sometimes omit the tilde from gzg

Operationally, the above transformation property simply means that the n-point correlation
functions of ¢ must satisfy

- A(o(x)o(y) - ) - (2.3)

This condition is clearly an important constraint on the correlation functions of the theory, and
in this lecture we will study its consequences. There are several ways to work them out, some
more pedestrian than others. We will present a method which gives the most information in
the least possible time.



First of all we have to understand better the conformal algebra. Last time we wrote the
formulas for the vector fields that correspond to the generators of the group

P, =10, — translations,
M

w
D =iz"0, — dilatations,

K, =i(2z,(z"0,) — 2°9,) — SCTs.

v = i(x,0, — x,0,) — rotations,
(2 1) (2.4

From these expressions for the generators we can compute the commutation relations. Part of
it is the Poincaré algebra

(M,,, Myo) = —i(6,,,M,» = permutations)

2
: (2.5)
[Muw Pp] = Z(5uppu - 5upPV) )
The interesting new relations are
[D, Pu] = _iPu
D, K,| =1iK, (2.6)

(P, K,] = 2i(6,,D — M,,) .

It turns out that this “conformal algebra” is in fact isomorphic to SO(D + 1, 1), the algebra of
Lorentz transformations in RP+1! Minkowski space. Let us demonstrate this fact.

Consider in the latter space the coordinates
GNP G CARND Cab (2.7)
where X P72 is the timelike direction. We will also use the lightcone coordinates
Xt =XP2p xPH x- = xPe2_ xP (2.8)

In terms of the above, the mostly plus metric 1,y in RPTH1 s

D
ds® =) (dX')* —dXTdX~ (2.9)

=1

The conformal algebra generators will be identified with the SO(D + 1, 1) generators as follows

J;U/ = Muu )
Joo =P, ,
ph (2.10)
Ju- = Ky
‘]+— =D ;
with p,v = 1,...,D. It is understood that J,, is antisymmetric under y <+ v. Then one can

check that the conformal algebra commutation relations coincide with the SO(D + 1,1) ones:

[JMN7 JRS] = _i(nMRJNS + permutations) . (211)
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One example is
[J;U'+’ Jl,,] XX 5MVJ+7 -+ (5+,J;“, . (212)

Exercise: Check and fix all the constants in the above identification.

This result means that the D-dimensional conformal group, while acting in a somewhat
non-trivial way on R?, acts much more naturally (linearly) on the RP*41 space. In the vector

representation we can write
XM 5 AM XN (2.13)

with AM, an SO(D +1,1) matrix. If we could somehow get an action on R out of this simple
action, then the implications of CI would be easier to understand. To do that, we have to embed
the D-dimensional space into RP+1! dimensional space, i.e. to get rid of two extra coordinates.

First of all let’s restrict the attention to the null cone in RP+11:
X?=0 (2.14)

This gets rid of one coordinate. Since this constraint is preserved by the action of the group,

we don’t lose simplicity.

XIJ'

Figure 2.1: Red: section, blue: light ray and light ray’.

To get down to D dimensions, we take a generic section of the light-cone:
XT = f(x"), (2.15)

The section is parametrized by X* which we identify with the R” coordinates z*

The group SO(D + 1,1) acts on the section as follows (see Fig. 2.1). A point z* on the
section defines a lightray. Applying a Lorentz transformation, this lightray is mapped to a new
one which passes through another point z#. Thus

AM eSO(D
' — light ray % light ray’ — 2™ . (2.16)
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Figure 2.2: How the infinitesimal interval transforms under the defined SO(D + 1, 1) action.

This defines an action of SO(D + 1,1) on R”, and we will now check that this action
corresponds to a CT. Consider the metric ds? on the section induced from the Minkowski
metric in RP+11, We have:

ds* = do® — dXTdX | x+—j(e) x-—a2/x+ = Gu(x)datdz” (2.17)

where g, (2) is a metric we could compute explicitly in terms of f(z) but we won’t need it.

The action of SO(D + 1,1) on a point = can be split into two steps, 1) X — A.X and 2)
then rescale to get back into the section. We want to understand how this action changes the
infinitesimal interval length (see Fig. 2.2) The first step is an isometry and does not change ds?.
The second step changes the metric by an x-dependent scale factor. Indeed, assuming that we
have to rescale by A to get back into the section, where A in general depends on X, we have:

(AMX)X))? = (MX + X(VAdX))* = \dX?, (2.18)
the other terms vanishing by X? = 0, X.dX = 0.
We conclude that the metric transformation is of the form:
ds”? = c(x)ds?, c(z) = MX)2. (2.19)

This will exactly agree with the definition of the conformal transformations as long as ds? is
flat. From the definition of ds? it’s easy to guess which f(X) achieves this: it is f(X) = const,
so that dX* = 0. For simplicity and without loss of generality we take const = 1. Thus our
FEuclidean section is parametrized as:

XM = (X, X7, X" = (1,22 2" (2.20)

We note in passing that by taking this section and rescaling it in the radial direction by
an x-dependent factor we can reproduce any metric which is a Weyl transformation of the flat
space metric (for example the metric on the sphere, de Sitter or Anti de Sitter spaces).
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We would now like to extend the above action to fields. We thus consider fields ¢(X) defined
on the cone. The most natural action of the Lorentz group on such scalar fields is

X = X', p(X) = d(X) = o(X) . (2.21)
The field on the Euclidean section will be assumed to coincide with the D-dimensional field:
G(X)|section = () . (2.22)
Finally, we will assume that ¢ depends homogeneously on X:
S(AX) = A"2¢(X) (2.23)
Let us show that these conditions imply the correct transformation rule for the fields on R”:

o(2') = b(z) 2 ¢(x) . (2.24)

Indeed, b(z) in this equation is the local expansion factor, and according to Eq. (2.19) it must
be identfied with A(X), the scale factor in the second phase of SO(D+1,1) action. Since ¢(X)
scales homogeneously with \, we get exactly what we need.

Using this “projective light cone” formalism, any conformally invariant quantity (e.g. corre-
lation function) in R” can be lifted to an SO(D + 1, 1)-invariant quantity in RPT1!. Basically,
this formalism makes CI kinematics as simple as the Lorentz-invariant kinematics.

2.2 Simple applications

2.2.1 Primary scalar 2pt function

The expression of the 2pt function on the light-cone is

C

X)op(Y)) = ——+ 2.25
G0 ) = s (2.25)
with ¢ a constant and A the field’s scaling dimension. The above is the most general Lorentz
invariant expression consistent with scaling of both ¢(X) and ¢(Y) with degree A. Note that
X? = Y? = ( cannot appear. To write the 2pt function in the physical space, we project X
and Y on the section, i.e.

X = (Xt X7, X#) = (La2a") and Y = (Y*, Y7, V") = (Ly?y") . (2.26)
We get
1
XY =X"Y, - §(X+Y* + XY
1
= oy, — §(m2 +9?) (2.27)
1
= —5(1’ —y)?

24



The 2pt function (2.25) is therefore projected to

1

(9(z)d(y)) ox NS

(2.28)

That this expression is consistent with the SI of the field ¢(x) is obvious. It’s less obvious
that it’s conformally invariant but our construction guarantees it. If we wanted to check this
in a pedestrian way, without using the projective light cone, we would have to show that

2" =y = b(x)b(y)|z —yI* . (2.29)

for any CT, which does not look obvious at first sight. The standard way to derive this is to
show first that this holds for the inversion transformation

M

L (2.30)

2

which is a CT. Indeed the Jacobian is given by

orv 12

or'* 1 (&w 2zt
72

) = by ()" (2) (2.31)

where b;,, () = 1/2? and I**(z) an orthogonal matrix. This can be easily seen if we go to a
particular frame where z lies on the x; direction. Then the matrix is diagonal

-1

" (z) = ) , (2.32)

and is clearly an O(D) matrix. But it is not in SO(D). This means that inversion is not in
the connected part of the conformal group, i.e. it cannot be obtained by exponentiating a Lie
algebra element.

If we apply inversion twice we get back to the connected component. In fact we can

reproduce SCT this way:

SCT,, = inversion o translation,, o inversion . (2.33)

Going back to Eq. (2.29), it is not difficult to verify for the inversion:

2
Tyt

xr2 yQ

|z —y|?
=g = b (@b W)l - yl* . (2.34)

|J}/ _ y/|2 _

By (2.33), it then holds for SCTs, and by extension for all other CT’s. This way of checking
the invariance may look a bit ad hoc, and it would become more and more awkward as we go to
fields with spin and higher order correlation functions. As we will see, the projective lightcone
formalism extends rather easily to such more general situations.
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But first two more comments about the 2pt functions of scalar primaries. If the fields have
different scaling dimensions, A; # Ay, the 2pt function vanishes

(91(2)¢2(y)) =0 . (2.35)

This is clear from the lightcone as we cannot construct the analogue of (2.25) if A; # As.

In a theory with several fields ¢; with same scaling dimension A, the 2pt function is

M;;
(x—y)?2’

As we will see in lecture 3, the matrix M;; will be positive definite in a unitary theory. This
implies that there exists a field basis such that M;; becomes unit-diagonal:

(0i(x)0;(y)) = (2.36)

J

(9i(z)9;(y)) = r— A (2.37)

We will always assume that such a basis is chosen.

2.2.2 Primary scalar 3pt function

The 3pt function of three primary scalar fields with scaling dimensions A;, Ay, Ag (which could
be equal or different) must have the following form on the cone

const.

<¢1(X1)¢2(X2)¢3<X3)> = (XIXQ)Q123(X1X3)C¥132(X2X3)a231 )

(2.38)

As in the 2pt function case, the above is the most general Lorentz-invariant expression. To
make it consistent with scaling, we should impose the constraints

Q123 + Qi3 = Ay,
Q123 + Q31 = Ay, (2.39)

132 + oz = Ag .

This linear system of three equations for three unknowns admits a unique solution:

At A — Ay

5 (2.40)

Qijl =

Thus the 3pt function is uniquely determined up to a constant. Projecting to the Euclidean
section, we find

(61 (21)6(2)Bs(3)) = , (2.41)

- |$12 |204123 |$13 |204132 |1’23 |20é231

where o3 a free parameter (a CFT analogue of a “coupling constant”), and
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This remarkable formula derived by Polyakov in 1970 gave birth to CFT. To understand its
significance, we should compare it with infinitely many functional forms which would be allowed
if we imposed only SI:

t,
le |Cons a+b+c=A 4+ Ay + As (2.43)
12

)
*|z15]°|2s]®
whereas there is only one term consistent with CI.

The 3pt function (o(z)o(y)e(2)) for two spins and energy in the 2-dimensional Ising model at
the critical point can be extracted from the exact Onsager’s lattice solution. Polyakov noticed
that it agrees with his formula and conjectured the CI of the critical 2d Ising model, which as
we now know is indeed true.

2.2.3 Four point function
Moving to the 4pt function, consider four identical fields for simplicity. Requiring consistency
under Lorentz transformations and scaling, we get on the cone

1
(X1 . XQ)A(Xg . X4)

(0(X1)0(X2)d(X3)p(Xa)) = NACOUR (2.44)

Here v and v are conformally invariant cross-ratios which on the light-cone are given by Lorentz-
invariant expressions
(X1 Xo)(X3- Xy)

U= and v = ulony =

(X1 Xp)(Xo - Xg)

(X1 - Xy)(Xo - X5)
(X1 X3)(Xo - Xy)

(2.45)

Notice that they have scaling zero in every variable. Since the prefactor in the RHS of (2.44)
takes care of the scaling, any function f(u,v) of v and v can appear.

Projecting to the Euclidean section, v and v become

2 .9 2 .2
L1oT3y L1423
u= ,and v =ulang = : (2.46)
55%31’%4 2 53%31’54
and the full 4pt function:
1
(p(21)P(22)P(3)P(24)) = <55 f(u,v) (2.47)
Ty L34

That the 4pt function must be given by a simple expression times a function of the conformally
invariant cross-ratios is an enormous reduction of the functional freedom, although not as large
as for the 3pt functions where the functional form was completely fixed.

We will later see that f(u,v) is not an independent quantity but is related in a non-trivial
way to the 3pt function. This will require a set of arguments going beyond just conformal
kinematics.
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For the moment let us notice a functional constraint on f(u,v) which comes from the
crossing symmetry of the 4pt function. The prefactor of (2.44) or (2.47) groups the external
points as (12)(34), but this is an arbitrary choice. If we interchange 2 <> 4, we get

1 o
(O(21)d(2)d(23)B(74)) = x5 [ (T, D) , (2.48)
T1g L33
where now f(@,?) depends on the conformally invariant crossratios calculated with the inter-

changed indices:
u=v, U=u. (2.49)

Notice that the same function f appears in (2.47) and (2.48), since the 4pt function is totally
symmetric under permutations. Moreover, (2.47) and (2.48) must agree:

1 1
—aanl (U,0) = 5x 55 f(v,u) (2.50)
B~
Multiplying by 23228, we find that f(u,v) must satisfy:
NN
<E> flu,v) = f(v,u) . (2.51)

This constraint will play an important role in lecture 4.

2.3 Fields with spin

2.3.1 Extending the null cone formalism

So far we only talked about scalar primaries. Let us now consider primaries with spin.

We will consider symmetric traceless primary fields living on the D dimensional space®. We
will put such a field in correspondence with a field which lives on the light-cone and is also
symmetric and traceless:

G () & by (X) . (2.52)

We notice that the fields on the light-cone have more components that the D dimensional ones
(roughly two extra components per index). For this correspondence to be useful, we have to
eliminate these extra components. Let’s first of all impose transversality of the null cone fields

XMpyne. (X)=0. (2.53)

This condition eliminates one extra component per index. We will see below how the remaining
ones are dealt with.

Then we define ¢, () to be related to ¢ .. (X) by projection on the Euclidean section

OXM XN
G () = dpnr. (X) S e (2.54)

'Primaries in other representations of SO(D), like antisymmetric tensors of fermions, can also be considered
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where XM = (1,22, 2#) is the parametrization of the section, so

oxM
ozv
Notice that this rule preserves the tracelessness condition: if we start from a traceless (D + 2)-

dimensional tensor, we will end up with a traceless D-dimensional tensor. Indeed, to compute
the trace of ¢,,... we have to evaluate the contraction

= (0,2z,,4,) . (2.55)

LOXM XN
ot St Da? (2.56)
which can be shown to be equal to
MY 4 XM KN - XNKM (2.57)

with Ky = (0,2,0) an auxiliary vector. Contracted with ¢y, it will vanish by tracelessness
and transversality.

Notice also that anything proportional to X projects to zero, since

XM
7 =0 (2.58)

This means that, for the purposes of this correspondence, ¢y ny... is defined up to adding an
arbitrary tensor proportional to X™. This “gauge invariance” further reduces the number of
degrees of freedom, exactly to what we need.

X2=0= XM

Let’s discuss the transformation properties. Under an SO(D + 1,1) transformation, the
field on the null cone transforms in the standard Lorentz-invariant way:

dunp (X)) =AM ALY o (X)) (2.59)
Just like for primary scalars, we will impose that the null cone fields are homogeneous in X:
¢ .(AX) =129 (X), (2.60)

We claim that the resulting transformations for the fields on the section is what we need:

~ 1 /
¢M~-($,) = b(x>AMuu(x) T (bu’(x) . (2'61)
The line element transforms as
dr’ = b(x)M (z).dx (2.62)
To show that (2.61) is true, it’s enough to show that (consider spin 1 case for simplicity)
: 1
Now, the projection rule implies that
o(z).dx = ¢(X).dX (2.64)



When X — A.X the scalar product ¢(X).dX is preserved:
S(Y).dY = p(X).dX, Y =AX (2.65)

To get from Y back into the section we have to rescale: X’ = bY. When we do it ¢(Y') simply
rescales. dY rescales plus gets a contribution proportional to Y if b is not a constant. This extra

contribution vanishes when contracted with ¢(Y") because of transversality. The end result is
exactly (2.63)

2.3.2 Two point function

To see the consequences, consider the 2pt function of a vector field. On the cone we have:

NuN + OéYA)”()Y(N
(om(X)on(Y)) = (XY )5 ; (2.66)

where we once again considered the most general Lorentz invariant form consistent with scaling.
Notice that we don’t write terms proportional to Xj; or Yy, since they anyway project to zero.

We have to impose transversality which fixes the value of the constant a
XM )=y Y=0=a=-1. (2.67)
Projecting the 2pt function in the physical space, we find:

NMN — 6uu
Yy — —x,+yy
XN =2, — Y (2.68)

1
XY—>_§(x_y)2a

therefore Yar X
IMN — ~xv - [/W( B y) ’ (269)
(XY)2 (x —y)*2
with 97
L (x) =0 — ;2 B (2.70)

CI fixed the relative coefficient —2 between the two terms here. If we had SI only, the relative
coefficient would be free.

[It would not be so easy to check that the found 2pt function transforms correctly under CT
without using the cone. As usual, it would be sufficient to check that it transforms correctly
under inversion. This in turn would be equivalent to the identify

Hz)(x —y)(y) =1(z' =), (2.71)

with 2/ = x/z% One can check this by an explicit computation, expanding throughout, but
done this way it looks rather accidental.|
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The 2pt function for higher spin primaries can be computed similarly. Interestingly, apart
from 1, , no new conformally covariant tensors appear. All the 2pt functions are made of 1,,’s
connecting different points, and ¢, ’s if the indices p, v are associated with the same point. For

example, the 2pt function for a symmetric traceless field will be

1
|z —y|?4

<¢/w(x)¢)\a(y)> = [Ilh\(x - y)[l/d(x - y) + (:u A V) + 55HV5)\0] ) (272)

where the term with the delta functions (transforming correctly under CT since both indices
get multiplied by the same M}) was inserted in order to satisfy the tracelessness condition,
which fixes the value of a:

B=—=. (2.73)

To summarize, the 2pt functions are completely fixed for higher spin primaries just like for
the scalar.

2.3.3 Remark about inversion

In “pedestrian” CFT calculations, not based on the projective null cone formalism, one often
checks invariance under the inversion rather than under SCT. However, as we mentioned,
inversion is not in the connected part of the conformal group. One may wonder if assuming
invariance under the inversion is in fact an extra assumption.

On the cone, the inversion corresponds to the transformation
XPHh 5 XPH e XT o X7 (XF = XPP2 4 xPHY, (2.74)
Indeed, this maps the point X* = (1, 2%, 2#) on the Euclidean section to
(1,22, 2") — (22,1, 2") 2220 (1,1 /2%, 2% /2?) | (2.75)

which contains inversion in the last component.

Notice that the transformation (2.74) belongs to O(D + 1,1) but not to SO(D+1,1), i.e. it
is not in the connected component.

Another transformation in the same class is a simple spatial reflection (parity transforma-
tion)

Xt - —xt. (2.76)

The two discrete symmetries, parity and inversion, are conjugate by SO(D +1,1). This implies

that a CF'T invariant under parity will be invariant under inversion and vice versa.

There are CFTs which break parity (and inversion). Correlators in those theories, lifted
to the null cone, will involve the (D + 2)-dimensional e-tensor, or I'p,3 (the analog of the 75
matrix) for fermions if D + 2 is even. Since we only considered scalars and symmetric tensors,
these structures did not occur in our calculations.
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2.3.4 Remark on conservation

We have seen that for spin-1 and spin-2 primary fields, the form of the 2pt correlation functions
is fixed by CI in terms of just one parameter: the scaling dimension of the field. Canonical
dimensions

A=D—-1, for =1, A=D, for [=2. (2.77)

would correspond to the conserved currents and the stress tensor. We expect their 2pt functions
to be conserved objects. This should happen automatically since there is nothing to be adjusted.
And indeed one can check that this is true. E.g. for the currents

1

8”%:0, for A=D-1, (2.78)

Notice that the null cone formalism is simply a way to compute constraints imposed by
CI. For example, current and stress tensor conservation may be more convenient to check
in the physical space rather than on the null cone. There is no reason to insist in doing
everything on the null cone. The two points of view - null cone and physical space - can be
used interchangeably depending what one wants to compute.

2.3.5 Scalar-scalar-(spin [)

The last correlator that we will study in this lecture is the 3pt function of two scalars and one
spin [ operator. Start with spin one. On the null cone we will have

(01(X)p2(Y)psm(Z)) = scalar factor x (tensor structure),, , (2.79)

The scalar factor will be the same as for the scalars

const.

(XY)Oc123 (YZ)OC231 (XZ)oqg,g ) (2.80)

where the powers are fixed by the dimensions of the fields in order to get the correct scaling. The
tensor structure must then have scaling 0 in all variables, and will also have to be transverse:
ZM(. . )y = 0. Moreover we don’t need to include a term proportional to Zjs since it will
project to zero. It’s then easy to see that the tensor part must be equal to

(YZ) Xy — (XZ)Yy
(X)R(XY)2(Y Z)12

(2.81)

where the relative coefficient was fixed from the transversality constraint. We now have to
project the tensor part into the physical space, i.e. multiply by 0Z* /0z*. We find that

Xy —(x—2), and Yy —= (y—2),, (2.82)
therefore the expression projects into

(&= 2)uly — 2" = (y = 2)ulz — 2|
|z — 2y — zl[z — y|

: (2.83)
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or in a nicer form

e 2 (=2 =) _p o s
|z — vy (|a: —z2 |y — z|2) = Ru(z,y|2) . (2.84)

The quantity R, transforms correctly under CT. It turns out that this is the only indexed
object for three points with this property (I,, is not useful here since it has two indices at
different points). For spin [ fields the above formula is generalized to

(1()P2(y) P3uwn...(2)) o< scalar part x (R,R,R) - -- — traces) . (2.85)

We see that the 3pt function is again completely fixed up to an arbitrary constant.

An important special case is 3pt functions of two scalars with the current .J, and the stress
tensor 7},,:

<¢1($)¢2(Q)Ju(3)> ) <¢1($)¢2(9)TW(2)> . (2.86)

The above construction gives conformally invariant candidate expressions for these 3pt func-
tions. What if we impose the conservation condition? For 2pt functions conservation was
automatic, but here it is not so. In fact, the candidate 3pt functions are conserved if and
only if the scalars have equal dimensions, A; = As. Intuitively this happens because the 3pt
function must satisfy the Ward identities, which relate it to the 2pt function. As we have seen,
the 2pt function is non-zero if and only if A; = As. The conclusion is that the coupling of
the stress tensor and conserved currents to two scalar primaries of unequal dimensions must
vanish.

In this lecture we learned to dominate the kinematics of the conformal group. Even though
it gets us a long way, by itself it is not enough to solve a theory. In the next lecture we will
introduce dynamics in the guise of Operator Product Expansion (OPE).

2.4 Appendix: an elementary property of CTs

It’s good to know the following simple property of conformal transformations: they map circles
to circles (considering straight lines as circles with infinite radius).

On the lightcone this is completely obvious. The Euclidean circle is represented on the
lightcone by a set of points X satisfying X. X, = ¢ where X is a fixed vector and ¢ a constant.
A Lorentz transformation maps this to X.X| = ¢, which is another circle.

This property of CT is well known and useful in classical geometry. Here is an amusing
geometrical problem which becomes easy if one uses it but would be tricky to solve otherwise:
Given a circle v and two points A, B outside of it, construct a circle tangent to v that passes
through A and B.

Idea of solution: Apply an inversion with respect to any point on «y. The circle is now
mapped to a straight line. In these coordinates, the problem is reduced to solving a quadratic
equation. Then map back.
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Lecture 3

Radial quantization and OPE

3.1 Radial quantization

Until now we talked about correlation functions of local operators in the statistical mechanics
sense, thinking of them as some sort of averages. In this lecture we will develop a parallel point
of view, based on the Hilbert space and on quantum mechanical evolution. This will be quite
useful for understanding all the questions related to the Operator Product Expansion (OPE).

3.1.1 General remarks on quantization

Generally, the Hilbert space construction in QFT is linked to the choice of spacetime foliation:

/_\_/
—
/\/

—_—

Figure 3.1: D-dimensional spacetime foliated by (D — 1)-dimensional surfaces (leafs).

Each leaf of the foliation becomes endowed with its own Hilbert space. We create in states
|W,;,,) by inserting operators or throwing particles in the past of a given surface. Analogously we
deal with out states when we insert operators or measure particles in the future. The overlap
of an tn and out state living on the same surface

(W out| Vin) - (3.1)

is equal to the correlation function of operators which create these in and out states (or to the
S-matrix element if we deal with particle scattering).
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<\Ilout|
|\Ilin>

Figure 3.2: Operator insertions in the past and present create Hilbert space states, whose overlap
is equal to the correlation function involving these operators.

If the in and out states live on different surfaces, and nothing is inserted in between, there will
be a unitary evolution operator U connecting the two Hilbert states and the same correlation
function will be equal to:

<\I}out|U|\Pin> : (32)

¢ ° |\Ijzn>

Figure 3.3: If we choose to consider states living on different surfaces, then we must insert the
evolution operator to evaluate the correlation function.

The above remarks are very general. In practice one likes to choose foliations that respect
the symmetries of the theory. For example, in Poincaré invariant theories, we usually choose
to foliate the space by surfaces of equal time. This is convenient, since the Hamiltonian P°
moves us from one such surface to the other. The evolution operator U will be simply given
by exponentiating the generator P°

U =e'At (3.3)

Also, since all surfaces are related by a symmetry transformation, the Hilbert space is the same
on each surface. The states living on these surfaces can be characterized by their energies and
momenta

PHIK) = k"|k) . (3.4)

Another choice of foliation turns out more convenient in CFT, where we want to describe
states created by insertions of local operators. Namely, we will use foliations by SP~! spheres
of various radii, as in figure 3.4. This is called radial quantization. We will assume that the
center of the spheres is located at = 0, but of course quantizing with respect to any other
point should give the same correlators. Similar arbitrariness is also present in the usual, “equal
time”, quantization, since we have to fix a timelike time vector and different choices give rise
to different but equivalent quantizations.
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Figure 3.4: Foliation by spheres SP~! all centered at the origin 2 = 0 of the Euclidean D-
dimensional space.

In radial quantization, the generator that moves us from one surface to another is the
dilatations generator D, and it will play the role of the Hamiltonian:

U =ePhm (3.5)
where 7 = logr. The states living on the spheres will be classified according to their scaling
dimension

DIA) =iA|A) (3.6)

and their SO(D) spin [
M| 1)y = () (1A Dy (3.7)
since the only generators that commute with D are the angular momentum operators M, .

The finite dimensional matrices X, acting on the spin indices are nontrivial only for fields of
non-zero spin /.

3.1.2 Algebra action on quantum operators

The next step is to understand how the operators transform. In the previous lectures we
discussed how operators transform under finite Conformal Transformations (CT), from the
statistical mechanics point of view. For example for scalars

r—=2, o(x) = o) = b(;)AQS(x) . (3.8)
The above relation in terms of the correlation functions is understood as
, N 1
(O() .- 00} = s G (00a) - 0(0) (39
or equivalently
(b(x)2p(a) ... b(y) oY) = (d(x) ... d(y)) - (3.10)

Let us consider now the infinitesimal form of the transformation
o =t +e'(x) and b(z) =1+ J,€" . (3.11)
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Here for each group generator G there will be its own ¢,. Expanding the fields to first order in
€, We can write

b(x)2d(2") = p(x) + e(Go(x)) | (3.12)
where GG should be understood as the action of a generator on the field

Go(x) = (80,")0() + €0,6(x) . (3.13)

Using the above expressions, we can write the correlation functions conformal invariance
property in infinitesimal form

(Go(z1)P(x2)(w3) - . ) + (P(21)GP(w2)P(w3) .. ) +... =0 (3.14)

In QFT, the action of the generators on quantum fields will be given by the same formula but
we will write the action G¢ as the commutator [G,¢(x)]. The vacuum averages of quantum
mechanical operators are the correlation functions

(0(21) - ¢(xn)) = (Ol (21) - .. d(4)]0) (3.15)

and for consistency the vacuum is supposed to be conformally invariant:

G0y =0 . (3.16)

Since we know €’s for all generators, we can work out how the generators act on the fields:

[Py, O(2)] = —i0,0(x) ,

[D,0()] = ~i(& +2"9,)0() o1

M., 0(x)] = —i(X,, + 2,0, —2,0,)O(x) , '
(K, O(7)] = —i(2x,A + 2275, + 22,(2°0,) — %0,)O(x) ,

where A the scaling dimension of O(z) and ¥, the finite dimensional spin matrices we

encountered previously. Each commutator has a part coming from ¢, and an extra part that

comes either from the expansion of b(x), or the ¥ matrices.

Notice that specializing to the point z = 0, we get
[K,,00)]=0. (3.18)

This property is in fact the defining property of primary operators. From this property, together
with the natural ones:

[
[D,0(0)] = —iAO(0) | (3.19)
[
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3.1.3 Examples of states in radial quantization. State-operator cor-
respondence.

Let us now go back to the radial quantization. We will generate states living on the sphere by
inserting operators inside the sphere. Some simple cases are:

1. The vacuum state |0) corresponds to inserting nothing. The dilatation eigenvalue, the
“radial quantization energy”, is zero for this state.

2. If we insert an operator On at the origin « = 0, the generated state |A) = O (0)|0) will
have energy equal to the scaling dimension A:

DIA) = DOA(0)]0) = [D, 0(0)]}0) + O (0)D|0) 520

=1AO0A(0)|0) =iA|A). ‘

3. If we insert an operator Oa(z) with = # 0, the resulting state |¥) = Oa(z)]0) is clearly

not an eigenstate of the dilatation operator D, as dilatations will move the insertion point.

This can also be seen from Eq. (3.17). This state is however a superposition of states with
different energies. This statement becomes clear if we write

1

n!

(W) = Oa(2)]0) = 7" OA(0)e™7|0) = 7*|A) = Z

n

(iPz)"|A) . (3.21)

When the momentum operator P, acts on |A), it raises the energy by one unit. Algebraically,
this is a consequence of
D, P, =P, . (3.22)
Schematically
P

IA) 25 A+1) D5 |A4+2) - (3.23)
These states, associated with the derivatives of the primary operator O, are called descendant
states.

On the other hand, the operator K, lowers the dimension by 1, since
D, K,| =—iK, , (3.24)

thus .
02 |A) &2 A+ 1) - (3.25)

This allows us to justify the existence of primary operators, considered up to now as an axiom.
Start with any local operator and keep hitting it with K,. Assuming that dimensions are
bounded from below (as they are in unitary theories, see below), eventually we must hit zero,
and this will give us a primary.

We saw that the states generated by inserting a primary operator at the origin have a definite
scaling dimension A and are annihilated by K,. We can go backwards as well: given a state of
energy A which is annihilated by K, we can construct a local primary operator of dimension
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A. This is called state-operator correspondence: states are in one-to-one correspondence with
local operators.

The proof is easy. To construct an operator we must define its correlation functions with
other operators. Define them by the equation

(d(21)9(x2) ... Oa(0)) = (Olp(21)P(x2) - .- [A) . (3.26)

This definition can be shown to satisfy all the usual transformation properties dictated by CI.

3.1.4 Cylinder interpretation
Introduce radial coordinates r > 0, 7 € SP~! on RP, as well as

T =logr, (3.27)
which shifts under dilatations r — e’r:

T—=T+A (3.28)

In terms of these coordinates, local operator correlation functions must take the form

(O )2, ) ) = 5+ S = 7y () (3:29)
1 2

where the function f can depend only on the differences 7; — 7; and all the unit vectors 7.
Indeed, the factors 1/ riA * already account for the scaling. What remains must be scale-invariant,
so it can only depend on ratios of r;’s, or differences of 7;’s.

This suggests the following picture: start from flat space and go to the “cylinder” SP~' xR
parametrized by 7 and 7. We can define fields on the cylinder by

¢cyl<7-7 ﬁ‘) = TA(bﬂat (7”, ﬁ) ) (330)

where ¢ga¢(r, 1) are the fields that live on the flat space. With this identification, the function
f is the correlation function of the fields on the cylinder

<¢cyl(7'1,ﬁ1)¢cy1(72, ﬁ2) 3 > = f(Tz' — Tjs {ﬁz}) . (3-31)

This suggest that the dynamics on the cylinder is invariant under translations of 7. This is not
accidental of course. This construction is more than just rewriting. Actually, the metric of the
cylinder is equivalent to the flat space metric by a Weyl transformation:

1
dSpe, = dr® + r2dii* | and  dsh, = dr° + dii’ = —dsg,, - (3.32)
r
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r
T

Figure 3.5: Weyl transformation from R” to the cylinder SP~1 x R.

If the theory is conformal, then for any metric equivalent to the flat one by a Weyl
transformation, the correlation functions are related by simple rescalling factors

(D)) ) gty = Q(i)A - Q(;)A (6(@)6(Y) Vet - (3.33)

This result might be a bit surprising, since we are considering a finite Weyl transformation.
One might wonder if Weyl anomaly influences the correlation functions, but one can show that
its contribution cancels out between the numerator and denominator (i.e. when one normalizes
the correlator dividing by the partition function).

S0, the cylinder field ¢y is not an artificial construct, but it is the very same field ¢ as in
flat space, just its correlators are measured in a different geometry. As a concrete illustration
of this non-trivial fact, suppose we do Monte-Carlo simulations of the 2d Ising model. We
first put the theory on a flat, infinite lattice and adjust the temperature to its critical value.
We calculate the correlation function of an operator inserted at two points. Then, we put the
model on a cylindrical lattice, using the same lattice action, and the same temperature, and
compute the correlation function of the same operator. These two correlators will be connected
in the way we described above.

3.1.5 N-S quantization

So far we have introduced two quantization pictures. The first one is the radial quantization.
In this picture the in and out vacuum states sit at 0 and oo, so that the relation between them
is not entirely obvious. The second one is the cylinder. In this picture the in and out states
are at the two symmetric ends of the cylinder, and they can be related by the cylinder “time”
reflection 7 — —7. To use the cylinder picture, one has to accept the equivalence relation

(3.33).

We will now present the N-S (North-South pole) quantization picture which is in between
the other two. It is almost as efficient as the cylinder, and in addition it takes place in flat
space. Consider the following conformal group generator:

Ky + P, = i(2z1(2"0,) — (1 + 2)dy) . (3.34)

It has two fixed points at 1 = £1, x5 p = 0 which we call N and S. The vector field takes
us from one to the other. In this situation we can foliate our space using this generator as a
Hamiltonian.
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Figure 3.6: NS foliation orthogonal to the K7 + P; vector field flow.

Such a quantization is completely equivalent to the radial quantization, because K; + P is
conjugate to D by SO(D + 1,1).! In fact, we can map the above foliation to the radial one.
To do that, apply an SCT to map the North pole to oo:

ot — ata?

H— =o' — 3.35
’ 1 —2(ax) + 222’ e > (3:35)

followed by a translation to move the image of the South pole to 0.
The N-S quantization procedure will be very convenient for defining conjugate states.

Let us add some operators below the line ! = 0. This will generate a state |¥) on z' = 0.
If we apply the reflection transformation © : x' — —z!, this state is mapped onto (¥|. If
we compute (¥|¥) in a unitary theory, this quantity is the norm of the state and has to be
positive:

(U|w) >0. (3.36)

More generally, any 2n-point functions with operators inserted in a ©-invariant way will have
to be positive in a unitary theory. This property is called reflection positivity.

Conjugation of operators is therefore straightforward in the N-S quantization:

[p(2)]" = O(¢(x)) = $(Ox) (3.37)

(this is for scalar fields, for tensor fields © also changes signs of the 1-components). Relation
(3.37) may look strange, as the conjugate field lives at a point different from the original one,
but it is in fact completely standard for the QFT Wick-rotated to the Fuclidean signature.
Indeed,

o(x,t) = e Hp(x,0)e™ = ¢(x,tg) = e HEp(z,0)e'? (3.38)

and from here
oz, tp) = e p(x,0) e e = ¢(z, —tp) (3.39)

provided that ¢(x,0) is Hermitean.

Tn the notation of the previous lecture, K; + P, ~ J1,p+2, while D ~ Jpi1 py2. These two generator are
related by a rotation by 7/2 in the (D + 1,1) plane.
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3.1.6 Conjugation in radial quantization

The N-S quantization is conceptually nice, but to do calculations it’s better to go back to
the radial quantization. We have to understand how to define the conjugate state in the
radial quantization picture. Since the two schemes, radial and N-S, are connected, we simply
have to find the image of the reflection operator © under the transformation establishing the
equivalence. Since this transformation maps S — 0 and N — oo, and since © interchanges N
and S it is easy to guess that © is mapped to the inversion:

© — inversion R . (3.40)

The above implies that in the radial quantization, the conjugate of |¥) = ¢(x)|0) will be

(U] = (0lle(2)]" , [¢(2)]" = 172 ¢(Ra) = R[d(x)] . (3.41)

This definition has the property that the correlation functions are R-reflection positive (in a
unitary theory):

(Olle)]'e@)]". .. (2)o(y)|0) > 0 . (3.42)

From this rule we can establish conjugation properties of algebra generators. In fact the
operators K, and P, are conjugate by inversion:

K,=RPR, (3.43)

(remember we said that SCT can be obtained by inversion followed by translation followed by
inversion?). So we have:

(P.JO)T = (T|K, . (3.44)
ie. p_ Kl | .

3.1.7 2pt function in radial quantization

For a concrete application of this formalism, consider the 2pt function of a scalar field

1

- ‘Z’l — l’g’zA ’

(é(2)¢(x1)) (3.46)

Since the action of ¢(z) on the vacuum produces states with energies E,, = A + n, we expect
the radial quantization to give rise to following expansion:

— — 1 1 — To—T
(0[@(ra2, mi2) (1, 701)|0) = TR ) Cn€ Enlrmm) (3.47)
17y

where 75 — 71 is the cylinder time interval: e~ (=) = /ry.
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To see that this is indeed true, let us rewrite (3.46) as

11 A
<¢(T27ﬁ2>¢(7”1,ﬁ1)> 7‘1A s ‘1 2” ((r1g2;+ (n
_ 1.7 Ty

T2

(3.48)

)1
Expanding the fraction in power of r/ry, we get

s =Y e (Z—;)n , (3.49)

n

‘1 — 2:—;(7?1.7?2) + (T—l
where ¢, = P,(7i;.713) will be some polynomials of 7i;.775. This form agrees with (3.47).

In fact, radial quantization can also be used to compute the coefficients ¢, independently.

To accomplish that, let us write A
o(21)]0) = eP*1|A) . (3.50)

We now have to understand the action of ¢(z5) on (0]. We showed that [¢(z)]" = r=22¢¢(Rz),
thus ‘
(Ol6(r2) = 15" (Ol[p(Rarz)]' = 1y " (Afe 8o (3.51)

So the correlation function becomes:
(0|p(zg)p(21)|0) = r2_2A¢<A]e*iKRIQeiP:“ |A) . (3.52)
We can now expand the exponentials and get
—2A (—ZKR:L‘Q)N (ZPI’l)N

N

where the cross terms with unequal number of powers of K and P will give zero matrix elements
(since, as usual, states of unequal energy are orthogonal). We finally get

A+4n
r
(016(22)¢(21)[0) = < Z (N, | N, 7 (—1) : (3.54)
'ty 7§ T2
where we denoted )
[N, #1) = <7 (Pa) ] A) - (3.55)

We can see that radial quantization relates the coefficients ¢, to certain matrix elements. These
matrix elements can be evaluated purely algebraically, using conformal algebra. E.g. for N =1

we get:
(A|K,P,|A) = (A[[K,, BIA) + (AR K,|A)

= (A[2i(Dé,, — M) |A) (3.56)
= AS, (A|A) = AG,, |

where we used K,|A) =0, and
M, |A) =0, (3.57)

for scalar fields.
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For N > 1, we have to calculate an expression with the following structure
(A[IKKK ...PPP|A) . (3.58)

The evalutation proceeds along the same lines as above. We simply commute the K operators
until they hit the state |A) and annihilate it.

Proceeding this way, one can show order by order that the matrix elements agree with what
expanding the known 2pt function predicts. Of course that’s not the way to compute the 2pt
function in practice, as fixing it from conformal kinematics is much simpler. But this check
does show that radial quantization works, and in more complex cases we will be able to use it
to go beyond kinematics. The first example of this is in the next section.

3.2 Unitarity bounds

A famous result most easily obtained by radial quantization for 2pt functions is the unitarity
bound: the dimension of a symmetric traceless primary field in a unitary theory must be above
a minimal allowed value, A > A,,;,(1). Depending on the spin, the minimal value is as follows:

Apin(l)=1+D -2, if [=1,2,3,... and
D 3.59

Similar bounds exist for other SO(D) representations, like antisymmetric tensors or fermions.

For the proof, consider the following matrix
Avityutsy = (A KL PU A D sy (3.60)

where |A,l) is a state created by inserting an operator of dimension A and spin [, and {s}
are the spin indices. In a unitary theory, this matrix must have only positive eigenvalues.
Indeed, for a negative eigenvalue A < 0 with &, (s} the corresponding eigenvector, the state
(W) = &, (s} Pul{s}) would have a negative norm:

(U|w) = €TAg = Aefe <0 . (3.61)

Now using
[Kw PM] X i(D(;m, - M;w) (3.62)

we notice that the eigenvalues of A will get two contributions. The first will be proportional
to A, whereas the second will be eigenvalues of a Hermitian matrix that depends only on the
spin:

Buiagsy = {HiMuw [{s}) (3.63)
The condition that all A4 > 0 will be this equivalent to

A > Npax(B),  where  A\pq.(B) is the maximum eigenvalue of B . (3.64)
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The computation of the eigenvalues of B is most easily done by using the analogy with how
spin-orbit interaction is treated in quantum mechanics. Let us write the action of the operator
M,,, on the space of {s} and {t} in the following way

_ 1.
- ZMHV = _E(V ﬁ)uV(Maﬁ){s},{t} ) (3-65)

where the generator (V/°?),,, in the vector representation is given by
(V) = i(6260 — 6060) (3.66)

Let us compare the above with the standard problem in quantum mechanics, where we have
to calculate the eigenvalues of o
LS. (3.67)

The operator S* is the analogue of M,s, they both act in the space of spin indices. On the
other hand L is the analogue of V*#. The coordinate space in which L; acts is replaced by a
vector space in which V# acts.

In QM, the diagonalization of (3.67) is easily performed using the identity
) ) 1
L' S = 5[(L +8)? —L* - 5% (3.68)

Indeed, the operators S? and L? are Casimirs so their eigenvalues s(s + 1)/2 and I(I + 1)/2
are known, while (L + S)? is the Casimir of the tensor product representation [ ® s and so its
eigenvalues are j(j +1)/2, j =l —s|,... 1+ s.

In our case we have a spin representation [, a vector representation V,_; and a tensor
representation R’ that occurs for R € V ® [. Thus, the maximal eigenvalue of B will be given
by

1
Amaz(B) = §[Cas(Vl:1) + Cas(l) — min Cas(R')]. (3.69)
For [ > 1 the relevant representation R’ is the spin [ — 1 one. Using the SO(D) Casimir value
I+ D —2), we get Moz =+ D — 2, giving the stated unitarity bounds.

One may wonder if the bound could be strengthened by considering the states involving
more K’s and P’s. This indeed happens for [ = 0 at level 2, where imposing that

Ay = (AKy K, P,P,|A). (3.70)
is positive definite, one derives
D
A > 5 1. (3.71)

It turns out however that higher levels are not needed for spin [ > 1, and that levels higher
than 2 are not needed for scalars, i.e. the constraints we saw above are necessary and sufficient
to have unitarity at all levels.
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3.3 Operator Product Expansion (OPE)

The idea of OPE is hopefully familiar from the usual QFT: it says that we should be able to
replace a product of two local operators, in the limit when they become very close to each
other, by a series of operators inserted at the midpoint. This logic still hold in CFT. Moreover,
in CFTs the OPE acquires additional and very powerful properties thanks to a connection with
the radial quantization.

Let us first of all derive OPE using radial quantization. Suppose we have two operators
inserted inside a sphere, as in figure 3.7.

Figure 3.7: Two operators inserted inside a sphere generate a state on the sphere.

They generate a state ¢ (2)p2(0)|0) = |¥) on the surface of the sphere. This state will have
an expansion into the basis of energy (i.e. dilatation) eigenstates:

T) =) el En) s cn = col2) . (3.72)

By the state-operator correspondence, the states |E,,) will be in one-to-one correspondence with
operators that are either primaries or derivatives (descendants) of primaries. We can thus write

o1(2)de(0)|0) = D Col,8,)0(y)]y=0l0) , (3.73)

O primaries

where Cp(z, 0,) is understood as a power series in d,. We have just proved the existence of an
OPE!

In usual QFT, the OPE is usually used only in the asymptotic short-distance limit. The
fact that in CFT the OPE can be understood as an expansion in a Hilbert space which is
complete has an extremely important consequence: the OPE in CFTs is not just asymptotic,
but it gives a convergent series expansion at finite point separation. The radius of convergence
will be discussed later.

So far we have only proved the existence of OPE. We can learn more about the coefficients by
requiring that they must be consistent with the conformal algebra. Let us focus on a particular
term of the series

t.
¢1(x)p2(0)]0) = %[O(O) +...]]0) + contributions of other primaries, (3.74)
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where the power k£ in the denominator will be fixed by scaling, and ... stand for terms with

derivatives of O. To fix k, let us act with the operator D on the above expression. We start
from the LHS

Dy (2)$2(0)|0) = i(Ar + 278,)¢1(2)92(0)[0) + iB2¢1 (2)¢2(0)]0)

usin, t
BTG A + Ay — k)%[omw...u... (3.75)

On the other hand, acting with D on the RHS of (3.74), we see

const. const.

||k O0) +..]|0) = Tl —— [1800(0) + .. ]]0) , (3.76)

where the dilatation operator acts only on O, since the prefactor is simply a c-number. By
comparing (3.75) with (3.76) we conclude that k = Ay + Ay — Ap.

Let us now consider the descendant terms:
t.
1 (2)2(0)]0) = %[0(0) +ca9,0(0) + .. ]|0) + contributions of other primaries. (3.77)

The coefficient ¢ can be found by acting on both sides of this equation with K,. Once again
we consider first the LHS

K1 (2)2(0)]0) = (~ @4 ~ 2°0,) 1 (2)92(0)]0) (3.78)
%[0(0) +..] (3.79)

where in the first line we used K, ¢2(0) = 0, since ¢5(0) is a primary, and in the second line
substituted the OPE. Acting on the RHS we get:

const.
const
|x|’f [KMO( ) + cKM:Jc”&,O(O) + .. ]|O> (3.80)
const.
2l [cAz*O0) +...],

where we used the fact that K, lowers the dimension by 1, so K,0(0) = 0, whereas K, P,O(0) ~
0,,AO(0). Matching the coefficients, we see that we can determine c¢. Analogously, the
coefficients of the higher descendants can also be determined recursively.

Conformal invariance thus fixes completely the function Co(x,d,), up to a numerical pref-
actor \o:
g AoCol(z,0,)O(y)|y=0/0) , with Ao a free parameter. (3.81)

The above argument was useful conceptually, but in practice the function Co(z, 0,) is easier
to compute by a different method. This method is based on the fact that we can use OPE to
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reduce n-point functions to (n — 1)-point functions. Let’s apply this to a scalar 3pt function.
Using the OPE inside the correlator, we can write:

(61(2)$2(0)2(2)) = Y AoCo(z,8,){O(y)]y=0®(2)) , (3.82)

Since we know that the 2pt function is diagonal, the only surviving term from the infinite sum
will be for O = ®:

(91(2)@2(0)2(2)) = AeCo(x, 0y)(2(y)[y=0D(2)) , (3.83)
Moreover, we know both the 2pt and 3pt functions entering the above equation:
<¢1(ZE1)¢2(I2)®(I3>> - (5512)"'(1313)"'({523)"' (384)
1
((y)2(2)) = Ty 2 (3.85)

Now, expanding both sides around z = 0 and fixing the coefficients term by term, we can
determine the function Cg¢(z,d,). Since we normalized the 3pt function using the same coeffi-
cient \g, the function Cy(z, d,) will depend only on the dimensions of involved fields (and the
spacetime dimension).

Exercise: Matching the 3pt function to the OPE, show that for Ay = Ay = § and Ag = A,

1 1
Co(z,0,) = s |1+ 50+ aata’ 0,0, + Br20® + .| | (3.86)
where Ao A
a=——— and [J=-— . (3.87)
8(A+1) 16(A-2+1)(A+1)
Literature

Radial quantization is usually discussed in courses on 2d CFT or on string theory. See e.g. Joe
Polchinski’s “String theory”, Vol.1, where also the argument connecting OPE with the radial
quantization is given. The presentation here is based on [23]

For the infinitesimal action of generators on fields, see Mack and Salam’s classic work [22].

For the N-S quantization, see the classic paper by Liischer and Mack [24]. Caution: heavily
mathematically written, as befits a Communications in Mathematical Physics paper.

For the unitarity bounds, see the classic work by Minwalla [25] where the necessary level 1
condition is explained and the analogy with the spin-orbit coupling is pointed out. To prove
that the necessary condition is sufficient is much harder. In 4d this is done in a classic paper
by Mack [26].

Recently, Penedones, Trevisani and Yamazaki [27] and Yamazaki [28] pointed out the
relevance of the old mathematical work of Jantzen [29] to this problem. Apart from other
things, this can be used to establish rigorously the unitarity bounds in any D and for any
representation.
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Lecture 4

Conformal Bootstrap

4.1 Recap

By now we have learned quite a bit about the structure of CF'Ts. We have seen that:

e Any CFT is characterized by the spectrum of local primary operators, by which we mean
the set of pairs {A, R}, where A is operator’s scaling dimension, and R the representation
of the SO(D) under which it transforms. We showed that all other operators are obtained
by differentiating the primaries; they are called descendants. We also showed that there is a
one-to-one correspondence between the operators Oa and the states of a radially quantized
theory, obtained by inserting the operator at the origin: |A) = OA(0)]0). Finally, we showed
that (in unitary theories) there exist lower bounds for the operators’ dimensions

A > Apin(R) (4.1)

e The 2pt functions of primaries are fixed. For example in the case of scalars

N

T e —yPA

(¢(2)o(y)) (4.2)

and analogously for higher spins. The normalization constant is usually fixed to N = 1, which
in the radial quantization language corresponds to the normalization choice (A|A) = 1. In
radial quantization the above correlator can be computed as the matrix element

(A|e™ V¥ eiPr A (4.3)
This matrix element can be evaluated just by using conformal algebra, which also explains why
the 2pt function is fixed.

e The 3pt functions of primary operators are fixed up to a constant. For scalars, we saw
that they are given by

A123 A+ A A

- |712[20128 |3 5] 2052 g5 [ 2021 7 Qijk = 5 :

(91(21) P2 (22)ds(x5)) (4.4)
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where \jo3 a free parameter which one cannot rescale away once 2pt function normalization
has been fixed.

Analogously the 3pt function of two scalar and one spin-/ operator is fixed up to a constant.
Using the methods of lecture 2, one can also compute the most general 3pt function of three
spin-l operators. The number of tensor structures consistent with conformal symmetry is
more than one in general, but it’s always finite. The constants multiplying these tensors are
parameters undetermined by kinematics alone.

e As we discussed, the constant o3 in Eq. (4.4) is the same as the one appearing in the
conformally invariant OPE:

$1(2)02(0) = > 2o Co(x,9,)O(y)]y=o - (4.5)
O primaries

In our discussion, we inserted the operator O(y) at y = 0, but it could be inserted in any point
between = and 0. Of course, the coeflicient functions Co(x,d,) will then have to be changed
appropriately. This freedom will turn out to be useful later.

Alternatively, the constants Aj20 can be thought of as the coefficients appearing when the
state ¢1(2)p2(0)|0) is expanded into a complete basis of states:

o1(x) Z A120 [O(0) + descendants] (4.6)

in the radial quantization scheme. A non-trivial feature of CFT is that the function Co(z,d,)
is completely fixed, i.e. there is one constant ;oo per conformal family." The constants \;jx
are called interchangeably 3pt function coefficients, OPFE coefficients, or structure constants of
the operator algebra.

e The set {spectrum, OPE coefficients} is called CFT data. With its knowledge, we can
compute any n-point correlation function of the theory, recursively reducing it to (n — 1),
(n — 2),... and finally to 2pt functions by using the OPE.? For example 5pt function are
reduced to 4pt functions as in Fig. 4.1. Moreover, this expansion will be convergent. This

> =) X120C0(z, ) < >
o °

Figure 4.1: Reducing a 5-point function to a sum of 4-point functions using the OPE.

becomes obvious if we view it as an expansion in the Hilbert space

:ch|n> = (Ws|Wy) ch Uyln) . (4.7)

! As mentioned above, there are finitely many constants for the general external and internal representations.
2We can also stop at the 3pt functions since those are already fixed.
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Here |U;) and (W,| are the states generated on the dashed sphere by operators inserted inside
and outside. Then we expand |V;) into states generated by operators inserted at the center
of the sphere (OPE), and get an expansion for the scalar product (W,|W;) which describes the
correlation function. Expansions of scalar products are convergent for states of finite norm.
In our case, the norms (W;|¥;) are finite since they correspond to some correlation function
of operators inserted in an inversion-invariant way. The norms are finite as long as we can
find a sphere separating strictly the internal two points from the rest. This gives the radius of
convergence of the OPE.

4.2 Consistency condition on CFT data

As mentioned, given a CFT data, we can compute all the correlators in a theory. But does
any random set of CF'T data define a good theory? The answer is no. A consistency condition
on the CFT data comes from studying the 4pt functions. Consider a scalar 4pt function in a
generic point configuration:

(251. .¢4

G2* .93

To compute it via the OPE, we surround two of the operators, say ¢; and ¢, by a sphere
and expand into radial quantization states on this sphere. Operationally this means that we
are writing:

G1(z1)Pa(T2) = ZAIQOOO(xIZ,ay)O(y)‘ oy tag
y="1172
© ’ (4.8)

z

¢3($3)¢4($4) = Z )\34OCO(I34, 82)0(2)
o

_agtarg
=3

Plugging the above into the 4pt function, we get

<¢1($1)¢2($2)¢3($3)¢4($4)> = Z A120A310 [00(9312, ay)00(3534, 82)(O(y)(9(z)>} (4-9)
o

The functions in square brackets are completely fixed by conformal symmetry in terms of the
dimensions of ¢; and of the dimension and spin of O (since both the functions Cp and the
correlator (O(y)O(z)) are fixed). These functions are called Conformal Partial Waves (CPW).
Diagramatically the expansion into conformal partial waves can be written as:
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(1(21)P2(w2) P3(x3)Pal4)) = Z A 1207340
0

2 3

Notice that one should not confuse CPWs with perturbative Feynman diagrams. When
expressing a QFT correlation function in terms of Feynman diagrams, we have to include three
channels (s,t,u). Only one channel is sufficient to reproduce the 4pt function using the CPW
expansion. Instead of summing the three channels, we have to impose that all of them agree.
This is not automatic, and gives rise to a consistency condition.

Concretely, notice that we might have chosen to compute the same 4pt function by choosing
a sphere enclosing the operators ¢; and ¢4. This means that we would have chosen a different

OPE channel, (14)(23) instead of (12)(34). We would have obtained a different CPW expansion,
but the result should be the same:

1 4
Z A120A340 = Z A10r 2307 0/

° /(9 7
2 3 \
2 3

This condition is called in the literature interchangeably as “OPE associativity”, “crossing
symmetry” and “conformal bootstrap” condition. It has to be satisfied by any consistent CF'T
data.

4.3 Conformal Bootstrap

Once we impose OPE associativity on all 4pt functions, no new constraints will appear at
higher n-point functions. For the 5pt function this is demonstrated in Figure 4.2

This suggests that OPE associativity at the 4pt function level is close to a necessary and
sufficient condition to have a consistent CF'T. It’s definitely necessary, although it may be not
quite sufficient. Still, tentatively we may consider the following
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Reducing the five-point function to Use the four-point function
a sum of four-point functions consistency condition

1 5 1 5 1
=3 >
4
2 4 2 4
3 3
1 5
= O;O’ o = OZ o

Figure 4.2: For five-point functions, OPE in (12) and (15) channels should give equivalent
expansions. This figure demonstrates schematically that this is not an additional constraint but
follows from OPE associativity for 4pt functions.

Definition [Ferrara, Grillo, Gatto 1973, Polyakov 1974, Mack 1977, ...] A CFT is a set
of CFT data which satisfies the OPE associativity for all 4pt functions.

This must not be taken too dogmatically. E.g. we may have subsectors closed under the
OPE, such as the singlet operators in a theory with a global symmetry. OPE associativity
is not going to let us conclude that this is not the full theory. In D = 2 modular invariance
provides an extra constraint, but in D > 3 modular invariance has not been useful so far since
there is no known way to express the partition function on 7”7 in terms of CFT data.® If extra
constraints are discovered in the future, one should not hesitate to update this definition.

Ideally, the above definition could be used to classify CFTs. This would be similar in spirit
to how the finite-dimensional Lie algebras are classified starting from the Jacobi identity. More
modestly, one can ask if it is possible to deduce from this definition some useful general CFT
properties, beyond those already discussed.

This research direction is called “conformal bootstrap”.

3Tt’s easy on SP~1 x R, but for D > 2 this manifold does not allow modular invariance transformations.
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4.3.1 Success story in D =2

In 2d CFT the power of the conformal bootstrap was demonstrated in the famous 1984 paper
by Belavin, Polyakov and Zomolodchikov (BPZ). As discussed in lecture 1, the 2d conformal
algebra (Virasoro algebra) is infinite dimensional. The generators are called L,, and L,. The
finite dimensional subalgebra of global conformal transformations is embedded into it as follows:

;"7[1737[/*21 7\Lflv L07 Llj \[/27[/37";
TV Vv TV
extra raising operators P, {D,M,,} K, extra lowering operators (4 10)

L—17 LOa El )

The generator L_,, raises the state scaling dimension by n units: L_,|A) = |[A+n). A Virasoro
primary field is annihilated by all lowering operators:

Lo|AY = L,JAY =0 (n>1). (4.11)
This is stronger than the condition
K,|A) =0 Li|A) = L1]A) =0, (4.12)

considered so far. The field satisfying the latter condition is called quasiprimary in D = 2 CFT
literature.

It would take us too long to explain the full 2d story. Very schematically, one first studies
the unitarity conditions for the 2d infinite dimensional Virasoro algebra and finds that they
are more restricted than in D > 3. In particular, the conditions depends on the value of a
certain parameter c, called central charge, which appears in the 2pt function of the canonically

normalized stress tensor T': .

(z—y)*

1. For ¢ > 1, one finds that the unitarity conditions are more or less the same as in the
three-dimensional case.

(T(2)T(y)) ~ (4.13)

2. For 0 < ¢ < 1, the condition is much more restrictive. Namely, only a discrete sequence
of values for c is allowed

6
c=1-——  withm=34,5,... (4.14)
m(m + 1)

Theories corresponding to such c¢ are called “minimal models”. Moreover, one finds that for
¢ < 1 only a finite discrete set of operator dimensions is allowed to appear:

(r+m(r—s9)?-1
Brs = 2m(m — 1)

, where 1 <s <r <m—1 integers . (4.15)

Notice that one primary multiplet in two dimensions splits into infinitely many quasiprimary
multiplets. So one 2d primary is morally equivalent to infinitely many primaries in three
dimensions. Thus we may have finitely many primaries in 2d (this happens in the minimal
models), but we will always have infinitely many primaries in D > 3 dimensions.

95



Once the dimensions are known and since there are finitely many primaries, the OPE
associativity equations for the minimal models reduce to a problem of finite-dimensional linear
algebra. Solving these equations one determines the OPE coefficients.

The simplest minimal model appears for ¢ = 1/2 and corresponds to the critical 2d Ising
model. The Virasoro primary field content includes just the identity operator I, the spin field
0 (Zs-0odd) and the energy field € (Zs-even), with dimensions

Ar=0,A, ==, A =1. (4.16)

The OPEs, consistent with the Z, symmetry of the model, are

o X0 =14 Agoe€
€ X €=1T4 Aec€ (4.17)
0 X €= ApeO .

where A\, is determined by solving bootstrap equation, while A\, = 0 due to the Kramers-
Wannier duality, a property of the critical Ising model specific to D = 2.

While the minimal models have ¢ < 1, there are many CFTs with ¢ > 1 and infinitely
many primaries. Conformal bootstrap equations are then difficult to solve even in D = 2. One
notable example where this has been done is the Liouville theory.

4.3.2 Tools for the bootstrap in D > 3 dimensions

The key role will be played by the CPW decomposition, so let us rediscuss it more explicitly.
Take for simplicity the 4pt function of scalars with the same scaling dimension A; = d (not to
be confused with the spacetime dimension). This is decomposed into CPW’s as:

4

(212)%(234)%

g(u,v) = (1(z1)Pa2(w2) P3(23) Pa(4)) )\120> <

3

Actually, each CPW will have the same transformation properties under the conformal
group as the 4pt function itself. This can be shown to follow from the conformal invariance of

the OPE used to define CPW. In other words, we will have:

Go(u,v)

(P1(x1)P2(22)P3(23) Pa(T4)) Z/\IQ(’))\?AO (12) " (31 )20 (4.18)
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where Go(u,v) are called conformal blocks (CBs).* We have:

g(u,v) = Z A20A310G o (U, v) (4.19)
0

We need to gain some intuition about CBs. Since they depend only on u and v, we can
study them by using a conformal transformation to map the four points to some convenient
positions. (Remember that conformal transformations leave u and v invariant).

Let us consider the following configuration: map the point x4 — oo. Then shift z; — 0,
and do a rotation followed by a dilatation to put z3 = (1,0,...,0) (all these transformations
leave oo invariant since there is only one oo point). So far we have fixed three points. Let us
now do a rotation with respect to the x;-x3 axis, to put x into the plane of this page. We use
the z complex coordinate in this plane:

x1 x3

The cross-ratios corresponding to this configuration (and thus to any configuration related
to this one by a conformal transformation) are easily evaluated:

_ Tt = |22 d analogously v = |1 — 2|2 4.20
U= —5— = |z], and analogously v =|1—2z|". (4.20)
13024 24300

In what follows, important role will be played by the configuration having z = 1/2. Tt can
be mapped onto four points at the vertices of a square (both have u = v = 1/4):

The square configuration (and thus the z = 1/2 configuration equivalent to it), and its
neighborhood, will be most natural to study the conformal bootstrap equation. The reason is
that this configuration treats symmetrically the (12)(34) with (14)(23) OPE channels, which
are the channels compared in the bootstrap equation.

We will now introduce another configuration, which puts the points x; and x5 (and z3 and
x4) symmetrically with respect to the origin x = 0, as in this figure:

4In a part of literature the terms CPWs and CBs are used interchangeably, but here we distinguish them.
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This configuration is characterized by a complex parameter p = re’®, r < 1. It can of course
be mapped by a conformal transformation onto the one characterized by z, for a certain value
of z. To find the correspondence between p and z we just have to make sure that v and v are
the same. An explicit computation shows that v and v will be the same if we fix

4p z

z:m©p:m. (4.21)

E.g. for z = 1/2 we get p = 3 — 2v/2 ~ 0.17.

As discussed in lecture 3, we can apply a Weyl transformation to map the CFT dynamics
from the flat space to the cylinder. The last configuration is then mapped to the one in Fig. 4.3.

¢3©¢4

$1
P2
Figure 4.3: The configuration on SP~! x R obtained by a Weyl transformation. The pairs of

points ¢34 and ¢12 are now in antipodal positions on the spheres at the cylinder time 0 and
—logr. Their positions on these spheres are rotated with respect to each other by angle «.

On the cylinder, conformal block of an exchanged operator Oa; can be computed as:

Conformal Block =Y ~(0]¢1da|n)e™""" (n|¢s¢4/0) , (4.22)
where the sum is over all the descendants of |A, 1), E,, = A+n, and 7 = —logr is the cylinder

time interval along which we have to propagate the exchanged states. The product of the
matrix elements depends only on «, and so we conclude that the conformal block must have
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the form

Conformal Block = Z A (a)rd™ (4.23)
n=0
The coefficients A,, are completely fixed by conformal symmetry. Their precise values can be
found, but we will not pursue this problem here. The leading coefficient A is easily determined
on physical grounds. The states ¢;¢,]0) and ¢3¢4]0) differ by a rotation by angle o. Therefore,
Ap(a) measures how the matrix elements with a spin [ state |A,[) change under the rotation
by an angle a.

Let us parametrize the state on the cylinder by the unit vector i@ € SP~! pointing to the
point where ¢, is inserted on the sphere. The state |A,[) has internal indices |A, ), ,,,... which
form a symmetric traceless spin [ tensor. The individual matrix elements are:

0|p1a| A, 1 = const.(nt* ... 7" — traces) , 4.24
1,042, 1 1

since there is only one traceless and symmetric spin [ tensor which can be constructed out of a
single vector 77;. Thus, up to normalization, the leading coefficient will be a contraction of two
such matrix elements

Ag(a) = (nf* ... 1" — traces)(nh" ... 74" — traces) = P(iiy.1i2) = P(cosa) , (4.25)

where P is a certain polynomial whose coefficients can only depend on the spin [ and on the
number of spacetime dimensions D.

In D = 2, symmetric traceless tensors have only two nonzero components zz ...z and 2z . .. z,

Ap(a) = (nin3)' + c.c. = cos(la) . (4.26)

For D = 3, the answer is the Legendre polynomials P;(cos «)
Ap(a) = Pi(cosa) . (4.27)

They are the same Legendre polynomials that appear in the wavefunction of the m = 0 spin [
state. [Exercise: Explain why this is not accidental.] For D = 4 we have

1 sin[(l+1)a]

A = 4.2
o(@) [+1 sin o (4.28)
the so-called Chebyshev polynomials. Generalization for any D has the form:

Ap(a) = CZ(D/2_1)(COS a) , (4.29)

where C’l(D/ 2_1)(008 a) are the Gegenbauer polynomials.

The functions Ag(a) for [ = 4 and different D are plotted in Fig. 4.4. We normalize them
so that Ag(a = 0) = 1. After a bunch of oscillations, we get Ag(a =) = (—1)".

Note that given the small value of r ~ 0.17 for the configuration equivalent to z = 1/2 and
to the square configuration, the leading term in the expansion of the CB,

Ag(a)r?, (4.30)
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Figure 4.4: Ay(«) for [ =4 and D = 2,3, 4 shown by a solid, dashed, and dot-dashed curve.

constitutes a very good approximation near this point. The leading correction is O(r?) ~ few
percent, since the term linear to the descendants will not appear if the operators are inserted

symmetrically:
o(x)p(—x) ~ O(0) + cz*2”0,0,0(0) + ... (4.31)

4.3.3 An application
Now that we understood approximately the CB, let us look at the crossing symmetry equation.

Consider the correlator of four identical scalar particles with dimension Ay = d (e.g. they can
be the spin fields of the Ising model). We have

9(u,v)
= 4.32
<¢($1)¢(l’2)¢(l’3)¢($4)> ($12)2d($34)2d ) ( )
with
g(u,0) = 14> NpGo(u,v) (4.33)
o
where 1 is the CB of the unit operator, and the structure of the Go(u,v) is
Go(u,v) = Ci(cos a)r®[1 + O(r?)] . (4.34)
The relation between u, v and r, a takes the form:
u= 2> ,v=1]1-z2 = S 4.35
Moreover, in lecture 2, Eq. (2.51), we saw that the crossing symmetry dictates
vig(u,v) = ulg(v,u) , or (v? —ud) + Z MG o (u,v) — u'Go(v,u)] =0 . (4.36)
o

This is what the bootstrap equation looks like in the case under consideration. It is simpler
than in general, because the same operators occur in both OPE channels (12)(34) and (14)(23).
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So to compare the channels we can take the difference and collect the OPE coefficients, which
gives (4.36).

Still, this looks like a non-trivial equation since it is not satisfied term by term, but only in
the sum—all operators work together. On the other hand, there is still a lot of freedom, as we
can move the spectrum and adjust the \p’s.

A natural first question is as follows: What are the spectra for which we can find A\p’s such
that the crossing is satisfied? Presumably, this will not happen for any spectrum. We will now
show it rigorously, assuming that the theory is unitary, so that all A% > 0.

Eq. (4.36) has to be satisfied for any u and v, but for this simple demonstration let us look
at the points having 0 < z < 1 real, so that also p is real (o = 0). Then we get

(1= 2 =22+ 3 A {(1 = 2)™[p()]> = 2*[p(1 = 2)]*} = 0. (4.37)
]

In this equation we replaced conformal blocks by their approximate expressions, which can be
trusted near z = 1/2 where both p(z), p(1 — z) ~ 0.17 and the omitted terms are suppressed
by 0.172. In what follows we will only work near z = 1/2.

Let us Taylor-expand near z = 1/2. Only odd powers of z — 1/2 will appear since the
functions are odd around this point. From the first term we get

4
[(1—2)%" — 229 ~ —Cy(x + g(d —1)(2d — 1)2® + O(2%)) , (4.38)
with z = 2z — 1/2 and C,; > 0 a positive constant.

Now, suppose for the sake of the argument that all exchanged operators have A > A,,,;, with
Apin > max(d, 1).° We will now show that such an assumption is inconsistent. Expanding the
conformal block terms in (4.37), we can neglect the variation of 22¢ and (1 — 2)?? factors (since
A > d). We get:

[p(2)] = [p(1 = 2)]* ~ Ba (x + %A%?’ +.. ) , (4.39)

where Ba > 0 is another positive constant. Let’s change the conformal block normalization so
that Ba = 1 (effectively incorporating this constant into A%). Now let’s require that (4.37) be
satisfied term by term in the Taylor expansion around z = 1/2. We get:

O(z) : = Ca+ Y _Ap=0
(@]

4 4 ) (4.40)
O(2%) : = Caz(d—1)(2d — 1) + = Y AGA* =0,
3 345
The O(z°) terms etc would give more equations but we won’t need them for now.
We have the following chain of equations:
A2 D XS <) ONGAY = (d—1)(2d - 1)Cy (4.41)
o o
=0y

®Note that in 2d the scalar unitarity bound is d > 0.
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where in the first term we used the O(x) expansion equation, the inequality is true since all
A4 > 0, and the last equality is a consequence of the O(z%) expansion relation. So we conclude:

Apin < A/ (d—1)(2d — 1) , (4.42)

which is a contradiction, since we started by assuming A,,;, > max(d, 1).

We arrive at the following conclusion. The crossing symmetry, together with unitarity,
requires that the OPE contain operators of low dimension

Apin < f(d) . (4.43)
The above method gives a very rough estimate for f(d). But clearly, the analysis can be
improved:

1. Relax the condition z = Z, in order to be able to distinguish between operators of
different spins.

2. Use exact expression for the CBs.
3. Expand to higher order in z = 2 — 1/2, 2 =z — 1/2.

By doing that, one can find the bound in D = 4 dimensions shown in Fig. 4.5 (the original
bound is due to Rattazzi, Rychkov, Tonni, Vichi [30]; the shown plot is from a paper by Poland,
Simmons-Duffin and Vichi [31])

5571
51
457

=

1 12 14 16 I
Figure 4.5: Horizontal axis: dimension of a scalar primary ¢ in a D = 4 CFT. Vertical axis:
The upper bound on the dimension of the first scalar appearing in the OPE ¢ x ¢. The gray area

is thus excluded. The various curves correspond to expanding to higher and higher order; the
bound eventually converges.

This is where these notes end. For further information about the bootstrap in D > 3 you
will have to turn to the lectures mentioned in the introduction, and to the original papers
mentioned below.
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Literature

Early history of conformal bootstrap

In the early 1970s, there were three groups of people working on CF'Ts. In Italy, there was a
group of Raoul Gatto who collaborated with Sergio Ferrara, Aurelio Grillo and Giorgio Parisi.
In Germany, there were Gerhard Mack and Martin Liischer. In Russia, Alexander Polyakov
and Alexander Migdal. The three original papers on conformal bootstrap came from these
groups: Ferrara, Grillo, and Gatto [32], Polyakov [33], and Mack [34].

It’s interesting to compare these early works. Gatto’s group wrote a long series of CF'T
papers in 1971-75, with many important results: conformally invariant OPE, conformal blocks,
the so-called “shadow formalism”, etc. Their paper [32] contains the crossing symmetry
constraint (their Eq. (6.33)), although they stopped short of claiming that it should be enough
to fix the theory.

Polyakov’s paper [33] starts with a programmatic tour-de-force promoting the crossing
symmetry constraints to the dynamical principle which should be used to solve the theory.
The precise implementation of these constraints developed in later sections of the paper is
different from the one used nowadays: instead of conformal blocks, Polyakov advocates the use
of “unitary blocks”—objects that he defines and which violate the OPE by logarithmic terms.
His constraint on the spectrum and the OPE coefficients is that these violating terms must
cancel when summed over all fields appearing in the OPE. He works out an example in 4 — €
dimensions reproducing the known lowest-order anomalous dimensions.

Although Polyakov’s philosophy forms the basis of today’s bootstrap, his alternative boot-
strap equation remains virtually unknown and unexplored. Recently, Sen and Sinha [35]
reproduced Polyakov’s computation and extended it one order higher. Hopefully, it will lead
to rapid further progress in this direction.

Mack’s paper [34] appeared three years later than [32, 33]; it cites both other papers. It
stresses that OPE in CFTs gives a convergent expansion at finite point separation, as rigorously
proved by Mack himself [36] around the same time.

The early interest in CFT was motivated by the search for a theory of strong interactions
at high energies and, especially for the Russians, by connections to the theory of critical
phenomena. In mid-70’s competing theories emerged which allowed rapid progress on both
of these problems: QCD for the strong interactions, and Wilson’s RG for the critical indices.
CF'T no longer seemed so urgent or relevant, and it entered a hibernation period. . .

... from which it emerged triumphantly in 1984 with the famous paper by Belavin, Polyakov
and Zamolodchikov [37] developing CFT in d = 2. Actually, it’s this paper which proposed the
term “conformal bootstrap” to denote the study of crossing symmetry constraints expressed
in terms of conformal blocks. Before that, Migdal called “conformal bootstrap” a hybrid
technique in which Feynman-diagrammatic expansion in the IR region was computed by means
of resummed vertices and propagators respecting conformal invariance, and a Schwinger-Dyson
equation was imposed to fix the expansion parameter. The second usage of the term still occurs
occasionally, creating a minor confusion.
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Other references
For the unitarity bounds in 2d, see the yellow book [16].

For the conformal blocks in D > 3, start with the very influential papers of Dolan and
Osborn [38, 39]. See our work [40] for an introduction to the issues arising for the external
fields with spin, and [41] for the expansion in Gegenbauer polynomials. David Simmons-Duffin
work [42] provides a modern introduction to the “shadow formalism”. The recursion relation
by Kos, Poland and Simmons-Duffin [43], section 3, is the state-of-the-art tool for computing
conformal blocks for the external scalar operators in an arbitrary D. The detailed knowledge
of conformal blocks is a prerequisite for any bootstrap analysis, and their study is a rapidly
developing subject, so the above is only a very partial list of references.

Conformal bootstrap bounds were first discovered, in D = 4, in our paper [30]. Interestingly,
at the time we were interested in a sharply formulated question of electroweak phenomenology
beyond the Standard Model, and conformal bootstrap was just a tool to answer that question.
Since then all sorts of bounds were derived, across theories in different D and with different
(super)symmetry assumptions.

Remarkably the bounds often exhibit “kinks”, and various famous theories were conjectured
to live at those kinks. E.g. this seems to be true for the critical point of the 3d Ising model
[44, 45], giving a very precise determination of its low-lying spectrum (subject to the kink
hypothesis).

An exciting recent development is that bounds sometimes reduce to tiny islands when several
4pt functions are studied together. This happens for the 3d Ising model [46, 47] and for the
O(N) models [48]. This method gives the world’s most precise, and rigorous, determination of
the 3d Ising model critical exponents.

To finish this micro-review, we would like to mention two lines of research which are
complementary to deriving rigorous bounds.

1. Gliozzi and collaborators [49-51] developed a “severe truncation” method in which
only a handful of low-lying operators are kept in the conformal block expansion. Imposing a
judiciously chosen subset of the infinitely many bootstrap equations (in the usual derivative
expansion around z = Z = 1/2), one sometimes manages to fix the scaling dimensions with
remarkable precision. This method is not yet as systematic as the bounds method. It’s worth
developing it further, also because it applies to both unitary and non-unitary theories.

2. Expansion around z = z = 1/2 is adequate if one wants to constraint operators of low
dimensions. Another privileged class of operators are those of low twist 7 = A — [. These
operators dominate the OPE when one approaches the Minkowski light cone limit z — 0,
z fixed (we have not explained this but in Minkowski space z,Z become independent real
parameters). Interestingly, applying the bootstrap equations near the light cone, one can get
rigorous asymptotic results about the spectrum of operators with 7 = O(1) and [ — oo [52, 53].
It would be nice to find a way to combine these analytic results with the numerical results about
the low-dimension spectrum, to get a picture of the Minkowski 4pt function in the full region
0 < z,Z < 1 where it is regular. For recent work in this direction, see [54, 55].
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