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Lecture 1

Critical Phenomena and Scale
Invariance

1.1 Phase transitions

1.1.1 First- and second-order transitions

Let us start by considering a sample of material in a definite physical phase, with homoge-
neous measurable properties: density, elasticity, magnetisation, etc. Any measure of these
quantities, performed anywhere in the sample, should give the same result. Hence, if the

sample has the shape of an L x L x L cube, a portion of size % x L % should have the same

properties. If we iterate this procedure, we finally reach a scalé where all the elementary
constituents are correlated, and the above argument is not valid anymore. This scale is
called the correlation length, and we will denote it by &. For example, in a crystal, £ is
usually of the order of a few interatomic spacings. The correlation length depends on the
external parameters (pressure, temperature, magnetic field, etc.). An order parameter
is defined as a local quantity which characterises the phases of the system, i.e. whose
values are different from one phase to another. Examples : the local density of a fluid,

the (components of) local magnetisation in a magnet, etc.

When one or several external parameters are varied, the properties of the material
may change drastically: this is called a phase transition. We distinguish two types of

T

Figure 1.1: The phase diagram of water. The critical point is indicated by a black dot.



phase transitions:

e A phase transition is of first order if the two phases remain different at the transition.
An example is the liquid-gas transition of water at 100°C. The order parameter (in
the case of water, the local density p) is discontinuous at the phase transition. In this
case, the two phases coexist at the transition, and an extensive amount of energy
(latent heat) must be exchanged with the environment during the transition. This
reflects the fact that, when the two phases coexist, the respective spatial domains of
each phase have a definite size: the correlation length & remains finite at a first-order
transition. In the example of water, £ is the average size of liquid droplets which
coexist with the gas phase during the transition.

e A phase transition is of second order if the two phases become identical at the
transition, and hence all the order parameters are continuous. This is the case for
the critical endpoint of the liquid-gas transition of water, at temperature 374°C and
pressure 218 atm. When approaching this point along the transition line, the latent
heat vanishes. In the vicinity of the critical point, liquid droplets of various scales
appear, up to the size of the sample. The correlation length diverges at a second-
order transition. As a consequence, for a large range of spatial scales, the spatial
distribution of physical properties (e.g. the local density) is self-similar : it remains
unchanged as one “zooms” into a subregion. The system displays scale invariance
at a second-order transition.

Let us make the notion of scale invariance more precise, by discussing order parameters
and their correlation functions. Let us consider a system in dimension d, close to a
second-order phase transition, and denote the order parameter generically by S(r). From
mean-field arguments [neglecting local fluctuations of S(r)] one may show that, at short
distances, the two-point correlation function G(r) obeys a Laplace equation, and therefore
it scales as G(r) o< 1/r?2. To take spatial fluctuations into account, we should assume
that G(r) depends non-trivially on the ratios r/¢ and a/€, where a is the microscopic
distance:

G(r) = {S0)S()) = 3/ (r/E,0[€) (111)

Now suppose that f vanishes as a power law in its second argument: f(u,v) o<, g v", and
compute the susceptibility yx, in the regime a <« &.

J ddr o [ d%u 2n m
= [ahGo) = [ Shrefeal) =€ [ S fnafe) e ar. (112)
The exponent 7 is called the anomalous dimension.

In this course, we shall concentrate on second-order phase transitions. The central task
of the course will be to characterise the various classes of second-order phase transitions by
determining scaling exponents such as 7, and multipoint correlation functions like G(r).

1.1.2 Spontaneous symmetry breaking

Consider a material whose internal interactions enjoy some (discrete or continuous) sym-
metry for any value of the external parameters. We shall illustrate this situation on the
example of a magnetic system, described by the canonical ensemble, with temperature T’



and external magnetic field H. In the canonical ensemble (also called Gibbs measure),
the probability of a spin configuration [S] = {S(r)} is given by:

B 1 Hine[S]+ H [ dér S(r)
Sz H) T (_ kT ) ’

Pr,u[S] (1.1.3)

where H;y[S] is the classical Hamiltonian encoding the interactions between the spins.
The external magnetic field couples to the total magnetisation M = [ d¥rS(r). Let us
consider the case when this interaction is symmetric under spin reversal:

Hint[S] = Hine[-5] (1.1.4)

We assume moreover that the interaction is ferromagnetic, i.e. it favours the configura-
tions where neighbouring spins are aligned. For any spatial dimension d > 1, one observes
experimentally or numerically the following phase diagram:

H
paramagnetic
0 T
ferromagnetic
paramagnetic

In the H >0 (resp. H <0) half-plane, the system is in a paramagnetic phase, and the
total magnetisation M is positive (resp. negative). For H =0 and T > T,, the system is
in a disordered phase, with M = 0. Along the line 0 < T < T, at H = 0, the system is in
a ferromagnetic phase, i.e. it has a non-zero total magnetisation +M,. The latter is a
symmetry-broken phase: although the Hamiltonian H;, is symmetric under spin reversal,
the state of the system is not symmetric. This ferromagnetic line represents a first-order
phase transition between the two paramagnetic phases, because the order parameter M
is discontinuous across the transition: it goes from +M, to —M, as H changes sign. Note
that My - 0 as T'— T, along this line. In contrast, at the critical point (T =T,, H = 0)
the system goes through a second-order phase transition as 7' is varied.

We have described above the simplest example of symmetry breaking in a spin system,
where the symmetry group is Z,. Note that other discrete or continuous symmetry groups
may give rise to symmetry-broken phases.

1.1.3 Ciritical exponents

The above example of magnetic systems is convenient to introduce scaling exponents. We
first introduce the reduced temperature and magnetic field:

T-1T, H
= h'

t: = .
Tc ’ kBTc

(1.1.5)

Let us list the most common critical exponents, defined by the behaviour of the system
in the vicinity of the critical point:



The specific heat C' = 95 oc [¢]-2.

The spontaneous magnetisation My = limg_o+ M o< |t]? for ¢ < 0.

The zero-field susceptibility x o< [¢|77.

The magnetisation at critical temperature M o< |h|'/9.

The divergence of the correlation length & o< [t|™.

The anomalous dimension at the critical point G(r) = (S(0)S(r)) o< 1/|r|=2.

1.1.4 Simple lattice models

To describe a phase transition, one considers a discrete model as simple as possible to allow
some computations (sometimes up to a complete solution), but with enough ingredients
to capture the important features of the transition. Moreover, even when the degrees
of freedom are of quantum nature (e.g. atomic spins in a crystal), in many cases one
may still capture the essential physical features by considering a classical discrete model,
1.e. by neglecting the quantum fluctuations at ordinary temperatures. Furthermore, in
the case of spin systems, one may simplify the model even more by only including the
(classical) fluctuations of one component of the spin. This gives rise to the Ising model,
with Hamiltonian:

H[S]=->J;;SiS;-H . S;, (1.1.6)

i, i

where [S] denotes a configuration of spins with values S; = 1, living on the sites of some
regular lattice, representing the position of nuclei of the crystal. The set of parameters J;;
are the coupling constants, which determine the interaction between spins. A standard

choice (which is the only one we shall discuss in this course) is to set

- J ifq and‘j are adjacent sites, (11.7)
0 otherwise.
This defines the nearest-neighbour Ising model:
%Ising[s] =-J Z SzS] - HZS“ (118)

(,3) i

where (7, 7) denotes adjacent sites on the lattice. This model has an internal Z, symmetry
(global spin reversal S; » —5;). When the lattice is regular, the model also enjoys trans-
lation invariance. In the scaling limit, it exhibits the behaviour described in Sec. [1.1.2]
with a Zy broken symmetry phase ending at a second-order critical point.

Various generalisations of the Ising model may be considered. Clock models are clas-
sical spin models where the degrees of freedom can take N values equally spaced on the
unit circle, with an interaction invariant under global spin rotation and spin reversal. The
internal symmetry group is then Dy, the dihedral group. It is convenient to introduce
w = e¥™/N and to use complex notations for the spins S; € {1,w,...,wN"1}. A generic
nearest-neighbour interaction can be written as:

N-1
Hetoek = = (Z) ]; %(SQCS;’c + 5758k (1.1.9)
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These models have a richer phase diagram than Ising: in particular, there can be more
than two ordered phases. For NV =2 one recovers the Ising model.

Another way of generalising the Ising model is to consider n-dimensional vector spin
variables S; living on the sphere S? = 1, with an interaction invariant under global spin
rotation. The internal symmetry group is then O(n), the group of isometric linear trans-
formations. A generic nearest-neighbour Hamiltonian will be of the form:

Homy =- Y. iJk(si-Sj)’“. (1.1.10)

(i) b=1

An important difference with the Ising model is that the internal symmetry group is
continuous (and unitary). As a consequence, from the Mermin-Wagner theorem, in two
spatial dimensions there cannot be a broken-symmetry phase. The case n = 2 is of specific
importance: it is usually called the XY model. It exhibits a peculiar type of phase
transition, called the Berezinskii-Kosterlitz—Thouless transition. The XY model may be
obtained as the N — oo limit of a Zy clock model.

1.2 The Renormalisation Group

1.2.1 Block-spin variables

The Renormalisation Group (RG), as applied to problems of Statistical Mechanics, is
considered in this course as a conceptual framework for the physical theory of critical
phase transitions. The main ideas may be exposed by considering the example of block-
spin transformations on the Ising model. We start with the Ising model with spin variables
S; = +1 on a regular lattice of mesh size a, with an interaction defined by the Hamiltonian
H[S]. We set some rescaling factor A > 1 (practically, A is a positive integer), and we form
blocks of ny = A4 neighbouring variables, which we replace by block-spin variables S, = +1,
using some definite rule. This will result in an Ising model on a lattice of mesh Aa, with
a new Hamiltonian H'[S’]. Let us explain how this new Hamiltonian is defined. Let «
denote a block of n, spins, and (Sfa), . 57([:)) be the set of original variables included in
this block. The block-spin rule can be encoded by some function p :

{+1,-1}m - {+1,-1}
e {(S(a) S(a)) g (1.2.1)
1 S, '

We want the Boltzmann weights on block-spin variables to be formed by the sum over
internal degrees of freedom in each block:

e M= ST 0080~ n(S(™, ... 5i)] e 9. (12.2)
[S] «

Note that we have absorbed the inverse temperature § = 1/kgT into the definition of H.
By construction, the partition function is invariant under this process:

Z =Y e = 3 IS (1.2.3)
(] [57)



Any correlation function which depends only on block-spin variables is also left invariant:
% STA[p(SE S, (8L S, L e M) < % S A(S, Sh, . )e I
[S] (5]

(1.2.4)
However, some information is lost during the process, since the internal degrees of freedom
of each block are summed over, and replaced by a single spin variable S’, : the new Hamil-
tonian is a coarse-grained version of the original one, sharing the same internal symmetry
group — Zs in the Ising case. Even if the original Hamiltonian has only nearest-neighbour
interactions, the new Hamiltonian may include more general interactions. Generically, if
we take the original (reduced) Hamiltonian to be of the form:

HZ— ZKlsiSj— Z KQSZ'S]'_... (125)
(i-3) ()

where (7, 7) denotes a pair of nearest-neighbour sites, ({7, j)) a pair of next-nearest neigh-
bours, etc. and we denote by K = (K7, Ks,...) the set of coupling constants, then we
expect H' to be of the same form as H, with different values of the coupling constants
K'=(K{,K},...) =R(K). The map R is called the renormalisation group (RG) trans-
formation. When the RG procedure is iterated, the vector K converges to some attractive
fixed point of R, which corresponds to a physical phase of the system. The regions of
attraction of different phases are typically separated by transition lines.

1.2.2 Qualitative RG flow for Ising with d > 1

The above 1d example is very special, because, up to a constant term in the Hamil-
tonian, the interaction remains of the same form after an RG transformation: it only
has nearest-neighbour interaction, with a single parameter K. In higher dimensions, RG
transformations typically give rise to more complicated interactions, and in most cases
they cannot be treated by an exact computation. The basic reason is that a spin 5; at
the boundary of a block a may interact with several neighbouring blocks 3,v,... When
summing over this S;, one typically produces interactions between « and its neighbours,
but also between, say, 5 and 7, which may not be adjacent to one another.

In the case of the zero-field Ising model, we assume that the scaling behaviour can
still be analysed by looking only at the RG flow for the nearest-neighbour coupling K.
The RG flow consistent with the phase diagram described above for the Ising model with
dimension d > 1 is:

disordered critical ordered
¥ ¥ = X
K=0 K* K=o

The regions 0 < K < K* and K* < K < oo correspond respectively to the disordered and
ferromagnetic phases. The repulsive fixed point is the critical point where a second-order
transition occurs. Although we do not have an exact expression for the RG transformation,
we can still analyse the divergence of the correlation length in the vicinity of the critical
point.

Let us define the RG exponent y as:

=\, (1.2.6)




Since K* is a repulsive fixed point, we have |[dR/dK| > 1. By construction, the scaling
factor always satisfies A > 1. Hence, y > 0 for a repulsive RG fixed point. When we
linearise the RG transformation for K ~ K*, we get

K'=R(K)=K*+ %(K— K*) =  |K'-K*=NMK-K". (1.2.7)

The correlation length is always rescaled as (K') = {(K)/A. After p iterations, starting
from some value K©) we get

j )
|[K® - K| = W KO - K*| ¢(K®) = v (1.2.8)

Eliminating p between these equations, for any K = K®) we get the relation
E(K) oc |[K - K*[7\/Y. (1.2.9)

Hence, the correlation exponent v is simply given by the inverse of the RG exponent y:

v=—. (1.2.10)

1.3 Scale invariance

1.3.1 Scaling variables and scaling operators

Let us now consider the general situation of an RG fixed point K* = (K, KJ,...) in
the multidimensional space of parameters. In the vicinity of K*, when we apply the RG
tranformation K’ = R(K), we get the linear approximation:

OK!
K- K} = a
2 TRl

(K, - K7). (1.3.1)

Let Jo = 0K /0K, be the Jacobian matrix at K = K*, and {e;} the left eigenvectors of
J, with eigenvalues {y;}:
V7, b J = p e (1.3.2)

We assume that all the eigenvalues p; are positiveE]. From these objects, we define the
scaling variables {u;} and the associated RG exponents {y,}:

_log u;

= . 1.3.
log A (133)

wme (K=K,

In the vicinity of the critical point K*, the scaling variables transform under an RG
iteration of factor \ as:

ul = A uy; (1.3.4)

The physical properties of the critical point depend on the signs of the exponents y;:

o If y; >0, the scaling variable w; is relevant. A small deviation of u; from the critical
value u; = 0 drives the system away from the fixed point.

If some negative eigenvalues w; appear, we can apply the RG tranform twice, and redefine J —
J% X\ = A2, so that all eigenvalues become positive.



Ky

2

Figure 1.2: An example of RG flow in two-parameter space, in the case of a fixed point
with one relevant eigenvalue and one irrelevant eigenvalue of the RG operator R.

Ky

o If y; <0, the scaling variable u; is irrelevant. A small deviation of u; from zero is
destroyed under the RG, and leaves the system at its critical point.

o If y; = 0, the scaling variable u; is marginal. More detailed analysis is required
to predict the phase diagram. In typical situations, a critical line of fixed points
parameterised by u; passes through K*.

The general structure of the RG flow in the vicinity of K* can be inferred simply from
the signs of the y;’s: see Fig. [1.2}

Consider the set of parameters {K,} of the Hamiltonian, and denote {S,} the associ-
ated operators. Let {f;} be the right eigenvectors of the matrix (.J,;) defined in Sec. [1.3.1}
so that the bases {e;} and {f;} are dual to one another. We can write the coupling terms
as

S (K- K2)Sa=Yu;S;,  where 5= > (f1)aSa- (1.3.5)
a i a

The operators 5’\] are called scaling operators.

1.3.2 Scaling of correlation functions

Let us now study how correlation functions transform under an RG iteration. We first
look at the correlation functions of spin operators in a magnetic system, on the domain
DnaZ?. Tt is convenient to introduce a non-uniform magnetic field h(r), and to assume
that the spatial variations of this field are small enough, so that it transforms locally as
a uniform field under RG:

h(r) = h'(r") = X% h(r). (1.3.6)
The n-point correlation function reads
0"log Zx o[ h
GK,a(Tb s ,7’”) = (S(Tl) s S(rn)>K,DmaZd = 8h(7“1) B %h[(T:L) . (137)
The partition function
Zra[h] = Ze—Hx,a[SHZT h(r)S(r) (1.3.8)

(5]
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is preserved by the RG transformation, and thus we have

O"log Zxrpa[W'] — 0Mlog Zi [ ]
O (rt) ... 0K (rl) ~ oW (r})...0N(rh) "
In each block labelled by the position r} = r; /A, there are A? original spins, and we assume

that they all couple equally to the local magnetic field h/ (7“3) Hence, each derivative
O[ON (r}) acts as A x \¥n x 9/Oh(r;) on Z .[h]. As a result, we obtain the identity:

GKQ)\G(T’l/)\,...T'n/)\)ZAnAhGK’a(Tl,...,Tn), Ah = d—yh. (1310)

GK’,)\CL(T{?"'T;L) = (139)

In particular, at the critical point K = K*, we get G, o< a™®». To get a finite correlation
function as a — 0, we introduce the renormalised scaling operator for physical coordinates
r € R

s(r) = const x }lig(l) [a2S(r/a)] | (1.3.11)

where the constant is chosen so that (s(r)s(0))ge ~ 1/r?2r as r - oo. From the RG
relation ((1.3.10]), and using the fact that the domain D n AaZ? is trivially equivalent to
D/XnaZ?, we get the scale covariance relation:

(s(r1) ... s(ra)) s = A" (s(r1/A) ... S(TfA)) ks Dy - (1.3.12)

From a straightforward generalisation of the above argument, the critical correlation
functions have the scale covariance property at the critical point:

(O1(r1) ... On(ro))ic» D = (Ij)\‘AJ') (O1(r1/A) . On(rn/ X)) i+ D) 5 (1.3.13)

where the scaling dimensions are given by

and the renormalised scaling operators O;(r) are given by

O;(r) := const x 111_{% [a‘Ai Sj(r/a)] . (1.3.15)

The relation ((1.3.13]) can be expressed compactly by saying that the scaling operator O;
transforms as

O;(r) = X2 0,(r/N) (1.3.16)
under a scale transformation r ~ r/\.
As an immediate consequence, the two-point function of a rotationally invariant scaling

operator O; on the full Euclidean space is of the form (O;(r1)O;(r2))ra = const/|r1—ra|?2i.
By convention, the normalisation of scaling operators is chosen so that

1
|7’1—7’2|2Aj .

(0;(r1)0;(r2)) = (1.3.17)

We thus see that O; has an anomalous dimension n; =d +2 - y;.

11



Remark. In the vicinity of the critical point, if all relevant parameters are set to their
critical value except t, the identity (|1.3.10]) imposes a scaling form for G:

G(ri,...,rplt) =€ Wg(r /€, ... ra)E), Eoct™, (1.3.18)

where we have used v = 1/y;. Similarly, if a single relevant parameter ¢ is slightly different
from its critical value t* = 0, we have the scaling form:

(O1(r1) ... O ()Y = (Ingj) U(r/fE, ... rf€),  Eoct. (1.3.19)

1.4 Conformal invariance

1.4.1 Conformal mappings

In the previous section, we have seen from RG arguments that, at the critical point,
correlation functions of scaling operators are expected to be covariant under scale trans-
formations: see . The basic assumption of CFT is that this property extends to
more general space transformations: the conformal maps, i.e. the diffeomorphisms which
locally preserve angles. Let us give here a heuristic description of conformal mappings —
their formal definitions and properties will be treated in detail in Chapter [2]

We start with conformal maps from the full Euclidean space R? to itself: they are called
global conformal maps. In fact, we shall work with the compactified space R?u {oo}. For
instance, in two dimensions, the compactified plane R? u {oo} is diffeomorphic to the
sphere, through the stereographic projection. In general dimension d, one can show that
any global conformal map is a composition of:

e Translations

e Dilatations

e Rotations

e The inversion map I :7 7' =r/|r|.
Exercise. The goal is to show that the inversion map locally preserves angles. Consider
three points a,b=a+¢€,¢=a+ ¢, with € and § two independent infinitesimal vectors. We

call a’,b’, ¢’ the images of a, b, ¢, and we define ¢ = b —a’ and ¢’ = ¢/ — a’. Compute € and
" at order one in € and §. Compare the quantities €-4d/(|e[|d]) and € - "/(|€'|[0"]).

A generic conformal transformation is defined as a diffeomorphism from one domain
D c R4 to another domain D', which locally preserves angles. Consider an infinitesimal
volume element dry ... drg located at position . Under a conformal transformation r +— 1/,
the volume element is subject to a translation by (r'-r), followed by a linear transforma-
tion which preserves angles, i.e. an orthogonal transformation, composed of a dilatation
and a rotation. As a result, the infinitesimal volume element transforms as

dry...drqg— \(r)tdr]...dr}, (1.4.1)

12



where the dilatation factor A(r) is related to the Jacobian as

,\1-1/d
Ar) = ldet (g:“)] : (1.4.2)

This situation can be visualised by choosing a regular lattice in D, and examining its image
under the conformal transformation. An example is given below in two dimensions, with
the conformal mapping from the upper half plane H to the unit disc D:

{H - D | (1.4.3)

z pw(z) =%,

The square lattice on H is mapped to the deformed grid in D illustrated here:

10

-l0o 9 8 -7 6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10
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When the lattice step a tends to zero, the image of an elementary square cell located at
position z becomes a square located at position w(z), of side a x |[dw/dz|.

1.4.2 Primary operators

We are now in the position to present the main assumption of conformal field theory: we
expect that, at the critical point, there exists a collection of scaling operators, called the
primary operators, whose correlation functions obey a covariance equation generalising
to any conformal mapping. If the domains D and D’ are related by a conformal

mapping:
D ->D
{ (1.4.4)
rooer
and ¢q,...¢, are scalar primary operators with scaling dimensions Ay,...,A,, then we

have the identity:

/

_J
aTj

N Ay/d
(01(r1) .- Gn(rn))p = (11 ) {(01(r1) - on(rp))or s (1.4.5)

where |0r'/0r| denotes the determinant of the Jacobian matrix of the map (1.4.4)), and
the local scaling factor is A(r) = [0r'/Or|~1/4. Tt is important to stress that, on both sides
of , the average values correspond to the continuum limit of the domains D and
D' with the same lattice discretisation: if the RHS is the continuum limit of, say, the
square lattice Ising model, then the lattice model corresponding to the LHS also lives
on the square lattice, not its image by the conformal mapping. The relation is
summarised by saying that each primary operator transforms as

or' |Rild

¢ (r) - e ¢;(r") (1.4.6)

inside a correlation function. This assumes that the ¢;’s are scalar under rotations. Non-
scalar operators will be described in the two-dimensional case.

Remark 1. Note that not all operators are primary. For instance, if ¢; is a primary
operator, then 0,¢; is not a primary in general, since

0. (1) = A1) 20,7 0, (1") = Aj BN (r) A(r) ™27 g5 (r'), (1.4.7)

and the second term is not a derivative of ¢;.

Remark 2. A larger class of operators is given by the quasi-primary operators, for which
one imposes the covariance relation only for global conformal mappings, i.e. in the
case D = D' = R%, where the conformal map is a composition of translations, dilatations,
rotations and special conformal transformations. Of course, any primary operator is also
quasi-primary.

14



Remark 3. Using the inversion map, one can easily show that, for fixed r,...,r,, the
correlation function (¢1(r1)...¢,(r,)) scales as |r1|7221 when r; - oco. Hence, to define
the correlation functions on the compactified space R¢u{oo}, we introduce the convention

(¢1(00)da(r2) ... Pn(rn))pa = gigg[llel x(¢1(R)$a(72) - - o (rn))za] (1.4.8)

for any primary or quasi-primary operators ¢1, ..., ¢,.

Two-point and three-point functions of primary operators. Let ¢1,¢, be two
primary operators. Using a translation, followed by a dilatation and a rotation, one can
write

<¢1(T1)¢2(7”2)>Rd = <¢1(7“1 - T2)¢2(0)>Rd = |7”1 - 7"2|_A1_A2 (¢1(“)¢2(0)>Rd ) (1-4-9)

where u is an arbitrary unit vector. If, instead, we first apply an inversion, we get

(D1(r1)Pa(r2))ra = 117220 [ro| 222 (d1 (r]) 2(7%) )pa
= [ [7220 Jrg| 222 [r] — rg| 222 (91 (1) 92(0) ) e
= (Iral/lr2)) 2722 [y = 7| 21722 (1 (1) $2(0) )a (1.4.10)

where we have denoted 7% = r;/|rj|*, and we have used the identity

|7“1—7“2|

1yl = : 1.4.11
|7“1 7a2| |T’1| |T‘2| ( )
As a result, we get
const x 11 —ro| 281 if Ay = Ay,
(611 )a(r2)) s = Iri=rl 1= A (1.412)
0 otherwise.
By convention we choose the normalisation of primary operators so that
1
(05 (r1)¢;(r2) )ra = e (1.4.13)

Using a similar argument, we get the three-point function of scalar primary operators:

Cl23

|7‘1 - 7“2|A§2 |7’1 - 7’3|A§3 |7“2 - T3|A%3 7

(91(r1)2(r2)d3(r3) e = (1.4.14)

with the notation Afj = A; + Aj = Ay. The constant Ci93 cannot be set to an arbitrary
value, because the primary operators are already normalised by their two-point function.
This constant is given by

Claz = (¢1(0)¢2(U)¢3(°°))1Rd ) (1~4~15)

for any unit vector u. Higher correlation functions (four-point, five-point ...) of primary
operators are more complicated objects, and their spatial dependence is not immediately
determined by conformal covariance. A much deeper analysis is needed to compute them.
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1.4.3 The two-dimensional case

Throughout this course, we shall concentrate on the case d = 2. We introduce the complex
coordinates:

z=70+ir!, z=70—irl. (1.4.16)
The associated derivatives read:
o 1( 0 0 - 0 1( 0 0
=—=—=—-71— =—==|—+7i—]. 1.4.1
7= 75, 2((97“0 Z@rl)’ 0= 5; 2(ar0”ar1) (1.4.17)

In two dimensions, the global conformal maps take the form of Mobius transformations,
which read in complex coordinates

az+b

(1.4.18)

Z - ,
cz+d

where a,b,c,d are complex constants conventionnally normalised so that ad — bc = 1.
These transformations form a group, isomorphic to the special linear group SL(2,C) of
2 x 2 complex matrices with determinant one.

To emphasize the fact that (correlation functions of) a scaling operator O typically
have nonzero derivatives (00 ...) # 0 and (00...) # 0, we shall denote it by O(z,2). A
scaling operator is called scalar if it transforms trivially under a rotation 0, i.e. O(z,z2) —
O(ez,e7Z) in a correlation function. Non-scalar operators are those which transform

as
O(2,2) » e 0(e?2,e7%), (1.4.19)

where the real number s is called the conformal spin. Hence, a general scaling operator
O, is characterised by its scaling dimension A; and its conformal spin s;. Alternatively,
we shall use the conformal dimensions, defined as

Aj =hj +7lj, Sj :hj—hj. (1420)

The conformal covariance relation for general (possibly non-scalar) primary operators now
reads

n a . hy (‘)*. Bj
<¢1(zl,zl>...¢n<zn,zn)>p=[n(a—wﬂ) (52) ]<¢1(w1,wl)...¢n(wn,wn)>w,
j=1\ 9%j 0z
(1.4.21)
where we have considered the conformal map:
D 7D
z P w=w(z).
In short, we denote )
B ow\" (0w\" _
620~ (50) (52) eutw.w). (1.4.22)

Equations (1.4.5) and (1.4.21)) are the fundamental relations for primary operators. As
we shall see, they encode a rich symmetry, and it will be the basis for the construction of
CFT.
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Finally, let us give the two- and three-point functions of primary operators in 2d:

= 2) "M (2 - Z) i (B, ha) = (he,
(6021, 20, 20))e = 17 (Am @) A () = (s ha) g
0 otherwise.
and c
(6121, 2)0a(22, 22) (2, B8) e = S — 7 (1.4.24)

h
13 23
R12” #13" %93” X 219" 2137 %93

where we have used the notations z;; = z; - z;, and hfj = h; + hj = hy, and similarly for z;;
and f_zf’]

1.5 Exercises

1.5.1 Decimation procedure in the 1d Ising model

Before we make the RG picture more precise, let us perfom a particular block-spin pro-
cedure, namely the spin decimation, on the one-dimensional case, and compute explicitly
its RG transformation. We start with the 1d Ising Hamiltonian:

?‘[[S] :—ZKSij+1. (151)

As afirst step, we write the exact expansion e5152 = cosh K (1+1515,), where x = tanh K
so that the Boltzmann weight reads:

e M5 = cosh™ K x T](1 +25;S;41), (1.5.2)
J

where N is the number of sites of the system. We form blocks of three spins, and we
choose the decimation rule:
/L(Sl,SQ,Sg,) = SQ. (153)

The rescaling factor is thus A = 3. Let «, 8 be two adjacent spin blocks. The factors of
e HIST involving o and 3 are

cosh® K x (1 + xS&Sgga))(l + xSéa)Sfﬁ))(l + xSfﬁ)Sg) : (1.5.4)
Expanding this product and summing over S?Ea) and Sfﬁ ), we get

/A 4COSh3K _prQr qr
4COSh3K(1 + [BS SO‘SB) = W e K S"‘Sﬁ , (155)

where the new coupling constant is given by:
K'=tanh™'(tanh® K) . (1.5.6)
Hence the coarse-grained Hamiltonian is given by

H[S') = No(K) - Y K'S,Sh1 . (L5.7)

where ¢(K) = 1log(2V'1 +3cosh® 2K). This constant term only plays a role in the nor-
malisation of the partition function. In terms of the variable x = tanh K, the RG transfor-
mation (1.5.6) corresponds to the map x ~ 2’ = 23. The physical range for this variable
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is 0 < x < 1. Let us analyse the behaviour of the system when the RG is iterated many
times. The fixed point x = 0 is attractive, and corresponds to K = 0, i.e. to infinite
temperature. The fixed point = 1 is repulsive, and corresponds to K = +o0, i.e. zero
temperature. This may be summarised in a diagram of RG flow:

disordered ordered
X X

The main idea of the scaling hypothesis is that the large-scale behaviour of the system
is predicted by this RG flow. In this case, the situation is very simple, and does not involve
any phase transition. For any finite value of K, the system remains in the disordered phase
governed by the fixed point K = 0. The other fixed point, K = oo, is instable under RG,
and represents the totally ordered (ferromagnetic) phase.

The correlation length transforms under an RG iteration as a geometric sequence:

E(K') = @ tanh K’ = tanh® K . (1.5.8)

Hence, we may write the correlation length as a function of K along the RG flow:

const B const
|logtanh K|*3 ~ |logtanh K|

{(K) = (1.5.9)

The correlation length decreases from & = oo to € = 0 along the RG flow. Close to the
repulsive fixed point K = oo, the correlation length diverges as & oc 2K,

1.5.2 Scaling functions and relations between critical exponents

Let us first discuss the transformation of the free energy density under an RG iteration.
Under the RG transformation K — K’ the configuration energy may vary by an extensive
amount N¢(K), where N is the number of sites of the system:

Hi[S] > Hi[S'] = Hio[S']+ No(K). (1.5.10)

From the conservation of the partition function

Z(K) — Zef’HK[S] = Z e*HK’[S'] , (1.5.11)
(5] [5']

we get the inhomogeneous relation for the free energy density f(K) =—[log Z(K)]/N-:
FIK)=XCf(K')+p(K). (1.5.12)

Since ¢(K) must be analytic around K*, one can construct a regular solution fieg
of ([1.5.12)), say by writing the power series expansion around K*. Thus the physical
free energy has the form

J(K) = freg(K) + fang(K),  with  fang(K) = XA fung(K') . (1.5.13)
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Consider the situation where only two scaling variables are relevant, and all other
variables are irrelevant. In the case of a magnetic system, suppose we may identify, at
linear order, these variables as the reduced temperature and magnetic field:

T-T. H
Uy o< T =1, up, o< T =h. (1.5.14)
The singular free energy fung(ut, up) then satisfies:
foing (£, 1) = X7 fang (N9, A2 D) | (1.5.15)

where X is the scaling factor of an RG iteration. After p iterations, we get
foing (£, 1) = X% fong (APYL, XPVR D) . (1.5.16)

We suppose that, close enough to the fixed point, this sequence is interpolated by an RG
flow line (p¥t, uvrh) parameterised by the real variable p:

V>0, fsing(ta h) = ,u_d fsing(:uytta ,uyhh) . (1‘5'17)

We want to use this relation, to infer a scaling form for fg,,. First, let us fix some
arbitrary value ty. Let (¢,h) be some point close to the fixed point. This point sits on
the RG flow line (uvtt,u¥»h). For pu = (t/ty)~'/¥, we get the point (to,h(t/to)¥»/¥*) on
the same flow line. We then define the variable:

w(t, h) = hjtvelve

Note that this variable is invariant along the RG flow line. We introduce the scaling

function:
D (u) := t(_]d/ytfsing(t(h t?éh/yt w).

From ((1.5.17)), we get:

fsing(t,h)=td/yfx<1>( h ) (1.5.18)

tynlyt

As a consequence of the scaling form , we can compute the specific heat expo-
nent « as follows:
C = a2f sing
ot?
Similar arguments yield the spontaneous magnetisation and susceptibility exponents in
terms of vy, yp:

(t,0) oc tdlve=2 = a=2-dly. (1.5.19)

3= , (1.5.20)
Yt

2 —d (1.5.21)
Y

1.6 References

e John Cardy, Scaling and renormalization in statistical physics, Cambridge ; New
York : Cambridge University Press, 1996.

e Michel Le Bellac, Des phénomeénes critiques aux champs de jauge, Intereditions,
1988.
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Lecture 2

Conformal transformations

In the previous chapter scaling operators were introduced, and it was argued using RG
arguments that (at criticality) correlation functions transform nicely under rescalings
(1.3.13). This means that scaling operators transform covariantly under scale transfor-
mations

O(z) - \20(x/N), for © — 2’ = 2/\ a scale transformation (2.0.1)

where A is the scaling dimension of the operator O. We're going to take a leap and
assume that at criticality the emergent scale invariance is promoted to conformal in-
variance. What might seem at first glance like a very strong assumption is in practice
"always” statisfied, at least for any "reasonable” system. In particular in two dimensions,
Zamolodchikov proved that scale invariance implies conformal invariance under broad
conditions, namely unitarity plus discrete spectrum of scaling dimension.

But what is a conformal transformation? In some sense it is a local scale transforma-
tion. In particular, for the class of primary operators, the above transformation law for
scaling operators will generalise to

d(x) = Mz) 2 p(z"), for x > 2’ = f(x) a conformal transformation (2.0.2)

in which the scalar function \(z) = [det(@x@/@x”)]_l/d can be interpreted as a local
dilation factor.

Before moving on to the study of conformally invariant field theories, it is necessary
to discuss conformal transformations. This is the point of this chapter.

2.1 Space transformations and isometries

Unless otherwise specified we are working in the Euclidean setting : all directions are
spacelike, and there is no time. This is mostly a matter of convention, as the following
could also be formulated in the Minkoswski setting. We will use indiscriminately the
terms space and spacetime.

We will be mostly interested in the d-dimensinal Eucidean space, that is R¢ equipped
with the usual notion of distance. More generally we can (and we will) consider arbitrary
Riemannian manifolds (M, g), that is smooth manifolds M endowed with a (positive-
definite) metric g.
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While we will use some terminology of differential and Riemannian geometry, we will
keep it to a minimum and try to give expressions in local coordinates as much as possible
in order not to block the reader unfamiliar with these notions.

An extremely brief appendix on Riemannian geometry containing a few definitions and
formulae is given at the end of these lecture notes, mostly to fix notations/conventions.

By a space transformation we mean a diffeomorphism f : M — M, that is to say a
smooth bijection whose inverse f~! is also smooth. Note that space transformations as
we just defined are not change of coordinates, but actual transformations of the manifold
which may be visualized as smooth deformations of a continuous medium.

2.1.1 Flow generated by a vector field, exponential map

The set of diffeomorphisms Diff(M) of a given manifold M is a huge group, and describing
all possible diffeomorphisms is a rather daunting task. There is however a very convenient
way to construct many diffeomorphisms using vector fields.

Consider the stationary flow of a fluid : any point of the fluid has a particular velocity,
and in this way there is a vector field associated to any flow. The converse is also true: it
is possible to associate a flow to a vector field having that vector field as its velocity.

The crucial point is that the time evolution of such a flow is a diffeomorphism. Let’s
see how this works in more detail.

\ - \ // /
AN A A
MNNNNSS N /

Figure 2.1: A two-dimensional flow

Let’s start from an arbitrary vector field £. An integral curve ¢t — ¢(t) is a solution of

(1) = £(e(t)). (2.1.1)

In local coordinates & = £#(x)d, the curve c(t) = (c!(t), -, ¢(t)) obeys the following
system of differential equations

det
b Er(ct, - ct). (2.1.2)
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These equations simply say that the vector tangent to the curve at any point ¢(t) along
the curve is precisely the vector £(c(t)), and so the curve t — ¢(t) is tangent at each point
to the vector field &.

For a given point x, there is a unique integral curveﬂ t — ¢,(t) with initial condition
¢;(0) = z, and furthermore ¢, (t) depends smoothly on x. This means that the map

frix = cn(t) (2.1.3)

is a smooth map. Moreover it is clear that if ¢t - ¢(¢) is an integral curve, then so is
t - c(t+s). From the abovementioned unicity this means that c,(t +s) = c. (), or
equivalently

ft+s:ft0f5:fsoft- (214)

Because of the above relation, the functions f; are sometimes called the one-parameter
group associated to the vector field £. In particular f; is bijective, with smooth inverse
f-¢. All this means that z - f;(x) is a diffeomorphism. It is the time evolution at time
t of the flow induced by the vector field £. One should think of the vector field ¢ as the
generator of the infinitesimal transformation

fi(z) =2 +t£+ O(?). (2.1.5)

The flow f; of the vector field £ is also called the exponential map and is denoted exp t§
instead of f;. The exponential notation is motivated by the above mentioned properties,
namely

e exptf|,_, is the identity map
o fexpté(x) =& (expté(a))
o exptfoexp st =exp(t+s)E
» Example 1 : The flow induced on R by the constant vector field £ = a0, is the
translation by ta
fi(z) = exp(tad,) =x + ta (2.1.6)

Clearly fio fs = fies.

» Example 2 : The flow induced on R by the vector field & = 20, is the dilation by
a factor e':

fi(z) =e'x (2.1.7)

It is easy to check that f_; is indeed the inverse of f;.

!This curve may or may not be defined at all times : it can happen that the flow blows up to infinity
in finite time (see example 2 and special conformal transformations for instance). For now we simply
ignore this fact and suppose that the flow is well defined at all times. Vector fields with this property are
called complete. For instance this is the case of any vector field with compact support, so a fortiori any
vector field on a compact manifold.
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» Example 3 : The flow induced on R? by the vector field £ = —x90; + 210> is the
rotation
x1 )\ [ cost —sint Ty
ft( T )_( sint cost )( T ) ’ (2.1.8)

» Example 4 : The flow induced on R by the vector field & = 220, is

fi(z) =

X

. 2.1.
1-tx ( 9)

It is only defined for xt < 1, since the flow blows up to infinity as ¢ - 1/z. An elegant
way to cure this is to add a point at infinity. This amounts to work on the one-point
compactification of the real line R uU {oo}, i.e. the circle S, as given by the inverse
stereographic projection. The stereographic projection is the following diffeomorphism
from the unit circle minus the north pole N = (0,1) to the real line (see Fig (2.2)) :

T
2.1.10
(z1,22) > 1- 2, ( )
If we parametrize the circle by 6 as in (see Fig (2.2))), this means
0
T =tan = (2.1.11)

2

The vector field ¢ now reads on the circle £ = 2sin? gﬁg, and it is perfectly well behaved
at the North pole 6 = 7 (see Fig. (2.3))). Since it has compact support, the corresponding
flow on the circle is defined at all times.

N=(0,1)

(X1, %)

Figure 2.2: The one-point compactification of the real line is diffeomorphic to the unit
circle ST = {(x1,x2) € R?, 22 +22 = 1}. The North pole N = (0,1) corresponds to the point
added at infinity.

» Exercise : compute this flow, and check that cot f;(6)/2 = -t + cot 0/2. What is
this flow in the variable 1/x ?

» Exercise : compute the flows of the following vector fields in R¢
e ¢ =a"0, for some constant vector a*.

o {=1t0,
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Figure 2.3: The vector field £ = 2sin? g 0y on the circle ST.

o (=AY, 270,
o {=(2a-zat-12%a)0,.

For the last one, use the one-point compactification of R? (as given by the inverse stere-
ographic projection) to construct a flow on the d-dimensional sphere S.

2.1.2 Isometries in Euclidean space

Perhaps the most familar transformations of Euclidean space R? are isometries i.e. distance-
preserving diffeomorphisms. In Euclidean space the distance between two points x and y
is of course d(x,y) = |z -y|, and a map f is distance-preserving when

d(f(x), f(y)) = d(z,y) (2.1.12)

Isometries of the Euclidean space form a d(dQ—H)—dimensional Lie group called the Eu-
clidean groulﬂ ISO(d). Isometries are compositions of a translation and an orthogonal
transformation

fx)=a+R-x, ReO(d) (2.1.13)

where R is an orthogonal matrix, i.e. RR' = 1. The proof is left as an exercise to the
reader. The corresponding Lie algebra is spanned by the vector fields

&t =at + Wt ¥ (2.1.14)

where w,,, = ~w,,,. From a previous exercise the reader will recognize the d generators of
translations and the @ generators of rotations (there are no reflections of the infinites-
imal persuasion). All this is certainly very standard material, but we will use isometries
as an excuse to prepare the way towards conformal transformations, and to introduce a

few notions of differential geometry such as the pushforward and the pullback.

In order to make contact with isometries in the more general setting of Riemannian
manifolds, we are going to give a slightly different but equivalent formulation. An isometry

2this is the analogue of the Poincaré group for Minkowski space, which is the group of transformation
preserving spacetime intervals.
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is a diffeomorphism that preserves the length of curves, in the sense that if ¢ : [tg,t;] > R?
is a smooth curve, then length[c] = length[f o c] :

[l1ewide= [Miseer @ (2.1.15)

where ¢ = % is the velocity of the curve. Differentiating with respect to t;, we find that

this is equivalent to

[ @)= [(f o) (D) (2.1.16)
In the above expression (f oc)’(t) is the image of the tangent vector ¢/(t) by the map f
(foc)(t)=dfew (1) (2.1.17)

where df.(; is the Jacobian of f at x = c(t)
OS() ()
Ofix) - Oufi(z)

So we have found that f is an isometry if and only if its Jacobian matrix is everywhere
orthogonal df,dft =1 or in coordinates

df, = (2.1.18)

DufP ()05 0, [7 () = Oy (2.1.19)

Let us introduce some terminology that will be useful later. The differential of f at x is
the linear map v — df, - v. Given a vector field {(x), its image by a diffeomorphism f is
called the pushforward f,&

(f:6)(z) = df. - §(f () (2.1.20)

Given a differential form « (say of degree p), the pullback by f is the p-form f*« defined
by

(f*a)x(vh "'7Up) = af(x)(dfw *U1, 0y dfx : Up) (2121)

The relation (2.1.19) can be rewritten as

ffm=n (2.1.22)

where 7 = 0, dz" ® dz¥ is the Euclidean metric.

To sum up the above discussion about Iso(d), we have three equivalent characteriza-
tions of isometries. A diffeomorphism f is an isometry of the Euclidean space R¢ iff

e f is distance preserving : d(f(z), f(y)) =d(x,y)
e f preserves the length of curves : length[c] =length[ f o ]

e f leaves the Euclidean metric invariant : f*n=n
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2.1.3 Isometries in Riemannian geometry, Killing vector fields

This discussion can be extended straightforwardly to Riemannian geometry, as soon as
one has defined a notion of distance. The Riemannian metric allows one to define the
length |v||=\/gp(v,v) of a vector v € T,,M in the tangent space at p. Then one can define
the length of a curve c: [tg,t1] > M as

L(e) = ft et (2.1.23)

Finally the distance d(z,y) between two points = and y is defined as the length of the
shortest curve joining x and y. With this setting in place, we have again several equivalent
characterizations of isometries.

Let f:(M,g) — (M,§) be a diffeomorphism between two Riemannian manifolds,
then the following are equivalent

e f is an isometry

e [ is distance preserving : d(f(z), f(y)) = d(z,y)

e f preserves the length of curves : length[c] =length[ f o ]

e f*G=gi.e in local coordinates g,,(z) = G0 (f(x))0,f(x)0, fo(z)

The Riemannian manifolds (M, g) and (M, §) are then completely equivalent as far
as geometry is concerned. Indeed isometries leave everything metric-related (lengths,
angles, curvature, parallel transport) invariant, the image of a geodesic is a geodesic,
etc...

Before moving on to conformal transformations, let us consider infinitesimal isometries.
The diffeomorphisms f; induced by the flow of a vector field £ on a Riemannian manifold
(M, g) are isometries iff

Egg =0 (2.1.24)
where L¢g is the Lie derivative of g with respect to £, which reads in local coordinates
Leguw = E0pGuw + GupOue’ + gup0u€” = V€, + Ve, . (2.1.25)

So the condition for a vector field to be an infinitesimal isometry is that

vuelj + vueu =0. (2126)

This is called the Killing equation, and infinitesimal generators of isometries are called
Killing vector fields or Killing vectors.

» Exercise : recover the flat space solutions ([2.1.14)) from the Killing equation.

The isometries of a Riemannian manifold (M, g) form a Lie group of dimension at

d(d+1)
2

most . In that sense the Euclidean space is maximally symmetric, while a generic
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Riemannian manifold (M, ¢g) has no isometries (besides the trivial one x — z). This should
not come as a surprise : isometries leave curvature invariant. For instance a space of
constant sectional curvature saturates the number @ of (linearly independent) Killing
vector fields (although this does not imply the existence of global isometries, as the flow
might not be well defined). But it so happens that the infinitesimal transformations
will prove sufficient for the purpose of deriving Ward identities. This will turn out to
be a crucial point for conformal invariance in two dimensions. While the number of
globally defined conformal transformations is always finite dimensional, the infinitesimal
generators form an infinite dimensional Lie algebra in Euclidean space !

2.2 Conformal transformations

On a Riemannian manifold the metric allows one to define the angle 6 between two vectors
vy and vy tangent to the manifold (at the same point) through

cosf = —g(vl, v)

(2.2.1)
Jva] 2]

If two curves ¢;(t) and co(t) intersect each other - say at ¢t =0 - with a non-zero velocity,
then the angle between the two curves is defined as the angle between v; = ¢;(0) and
vy = c5(0) (see Fig (2.4)). It is clear that isometries are angle-preserving, since we can

Figure 2.4: Two curves ¢; and ¢y intersect each other.

rewrite (2.2.1)) as

|01+ va 2= o |2 w2 ®

cosf = |

(2.2.2)
2[vi] 2]

but the reverse is not true : there exists angle-preserving maps that do not preserve length.
The canonical example are scale transformations (or dilations) x - Az in Euclidean space.
More generally a diffeomorphism that preserve angles is called a conformal transformation.
We can rephrase the above definition in terms of curve by saying that the angles as
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measured by the metrics g and f*¢ must agree. This means

5=0% (2.2.3)

for some function €2 called the conformal factor. In coordinates this reads

9 (f(2))0,uf?0, 17 = Q*(2) gy (). (2.2.4)

This follows from the following fact : two inner products on a vector space induce the
same notion of angle if and only if they are proportional. This is a simple exercise in
linear algebra which is left to the reader.

Let f:(M,g) - (M,§) be a diffcomorphism between two Riemannian manifolds,
then the following are equivalent

e f is a conformal map
e f preserves angles between curves

e f*g=Q2g for some smooth function {2

Conformal map

>

Figure 2.5: Image of a grid by a conformal map : lengths are not preserved, but angles
between curves are.

Three important examples.

e Inversion

£ RIS {0} > R {0)
T —> 3:
EE

(2.2.5)

The inversion can be continued into a conformal map on the sphere S¢. What is
the image of the south pole ?
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e The Euclidean space with the origin removed R \ {0} is conformally equivalent
to the d-dimensional “cylinder” R x S9! with the canonical metric, through the
conformal map

|z

10 = 1oelel. % (226)

In particular in two dimensions this yield the following map
f:C" - C/2inZ
z —logz (2.2.7)

e Stereographic projection
The d-dimensional sphere S? (with a point removed) is conformally equivalent to
the Euclidean space, through the stereographic projection. To define this map, we
first consider the canonical embedding S¢ = {z €e R, ||z[%=1}, and we define

frSIN{N} >R

1

— Td+1

where N is the North pole (0,--+,0,1). This means that the sphere S (with the

round metric) is conformally flat : each point has a neighborhood that can be
mapped to flat space by a conformal transformation.

=4 d( o )®d( - ) = (1—x1d+1)2 > da@dy; = (;9 using Y @;dz; =
0

(21, Tae1) — 1 (21, %q) (2.2.8)

1-zg441 1-zg441 1—513d+1)2
Some remarks.

Two Riemannian metrics g; and gy are called conformally equivalent if g; = 22g, for
some function €2, i.e. when they define the same angles. An equivalence class of such
metrics is called a conformal structure or conformal class. A change of metric within a
given conformal class is called a Weyl transformation :

91— g2 = Vg1 (2.2.9)

One can think of the Weyl transformation as a deformation of the Riemannian manifold,
or as the following conformal map

f:(M,g1) ~ (M, g2)
T, (2.2.10)

Since conformal transformations only care about angles, not about lengths, Weyl trans-
formations are a very natural deformation to consider. If f: (M,g) - (M, §) is a confor-
mal map, then it remains a conformal map after a Weyl rescaling of g and/or §. In that
sense one does not need to specify a metric to talk about a conformal map, but only a
conformal structure. It follows that if ¢ is a conformal Killing vector field w.r.t. some met-
ric, then it is a conformal Killing vector field w.r.t. all metrics in the same conformal class.

Equivalently, a conformal map f: (M, g) - (M, g) such that f*g = Q2g can be decom-
posed into a Weyl rescaling g — Q2¢g followed by an isometry. For instance the inversion
x — xf||x]? is an isometry from R?~\ {0} with the metric g, = W(SW to R4\ {0} with
the Fuclidean metric.
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2.2.1 Conformal Killing vector fields

Let us analyse the condition f*g = Q2¢g for an infinitesimal transformation f#(x) = z# +
e£#(x). Expanding the conformal factor Q(x) =1+ ew(x), we get

Leg =2wg. (2.2.11)
This is a constraint on the vector field &, which in local coordinates reads
§ 0,91 + GupOu€” + GupOu€” = 2w(x) g () , (2.2.12)
or equivalently
V€ + Vi€, =2w(x) g, (). (2.2.13)

for some a priori arbitrary function w(z). However tracing the above equation (i.e.
contracting with g*) yields w(z) = 1v,£* = 1div(¢), and we get

2
V€ + Vo€, = Ediv(f’) G () (2.2.14)

or equivalently
2 ..
Leg = Edlv(ﬁ) qg. (2.2.15)

Such a vector field is called a conformal Killing vector field. We will see that for d > 3
there are finitely many solutions, but in two dimensions there are infinitely many confor-
mal Killing vector fields !

In Euclidean space R? with d > 3, conformal Killing vector fields form a W—
dimensional Lie algebra. In additions to translations and rotations, it contains

e dilations {#(x) = x#

2

e special conformal transformations #(z) = 2(a - x)z# — x2a*

The derivation is a standard exercise (left to the reader) and can be found in any textbook
about conformal field theory.

The only new thing here are special conformal transformations, whose flow is

x — bx?
= = 221
filw) 1-2b-z+b2x?’ b=ta ( 6)

which is an inversion x — x/z? followed by a translation z — x — b, followed by another
inversion. This map is not well-defined at = = b% : the flow blows up. There are several
ways out of this conundrum. The first one is to work on a domain of R¢ that does not
contain b/b?. The other one is to consider the one-point compactification of R? using
the inverse stereographic projection. In this case one is really discussing the conformal
transformations of the d-dimensional sphere S¢ (endowed with the round metric).
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It turns out that all the conformal maps we just mentioned, namely translations, rota-
tions, dilations and special conformations, can be continued to the sphere S¢. In that sense
the one-point compactification of Euclidean space via the stereographic projection is com-
patible with the action of conformal transformations. This is an example of a conformal
compactification, and from now one we will often identify Euclidean space with the sphere.

» Exercise : Check that the (round) sphere S? is also a conformal compactification
of the (flat) cylinder R x S4-1.

The conformal group of the d-dimensional sphere S turns out to be very much re-
lated to the Lorentz group O(d + 1,1). In a nutshell, the conformal group is simply a
projective version of the Lorentz group. This is the point of the exercise(s) below. But
before jumping into the derivation, let first state the result.

Concretely to some z € S, that is a point of R with ||z||?= 1, one associates the
point X = (1,z) on the light-cone of R1¥*1. Acting on X with a Lorentz transformation
yields another point Y = A- X on the light-cone, thus a point of the form Y = (|y|,y) for
some y € R Then the map x — y/|y| is conformal ! Furthermore, this construction
yields all possible conformal transformations on S? (this part we will not prov. At the
end of the day, conformal maps on the sphere S¢ are of the form

(!

T = ——F—

Al

form some matrix A € O(1,d + 1). Thus conformal transformations of the sphere can
be expressed in terms of (indefinite) orthogonal transformations in a higher-dimensional
space. This is quite remarkable, since the latter are linear !

Explaining where this identification comes from is the point of the following exercises.
Differential geometry questions are denoted with a (*), and can be ignored by the reader
unfamiliar with the notions involved.

» Exercise : Lorentz group and light-cone.

We start with a short reminder on the Lorentz group. Minkowski space RLA+L is
simply R%*? equipped with an inner product of signature (-, +,---,+). We will denote by
(Xo,++, Xgs1) the coordinates in RL4*1 and the inner product by

d+1
<X7Y) = _XOYE] + Z X1Y; .

i=1

The Lorentz group O(1,d+ 1) is the subgroup of GL(d +2,R) that leaves the above inner
product invariant, that is to say linear maps X — A - X such that

(A-X,A-Y)=(X,Y), VX,Y e R%2, (2.2.17)

3In dimension d > 3 this follows from Liouville’s theorem on conformal mappings (1850).
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The null-cone (a.k.a. light-cone) is the subset of vectors with vanishing spacetime interval
C={XeR" (X, X)=0} (2.2.18)

e Check that C* = C'~ {0} is stable under the action of the Lorentz group.

e Argue that one can identify C* with R* x S¢ via the map ¥ : R* x S¢ - C* defined
by

U(t,x) = (t,tx) (2.2.19)
What is the inverse map ?

e (*) Check that the induced induced metric on R* x S4 is
(TN (1) = °0a (2.2.20)

where 7 is the pseudo-Riemannian metric on RM*! (namely n = —-d X2+, dX?) and
g is the round metric on S¢, that is g = Zf:ll dz? (keeping in mind that on S? the

dx; are not independent : they are subject to ¥, x;dx; = 0 since d|z|?=1).

(UF0) (y = —At* + )" d(tw;)? = =dt* + |z ?dt® + 2t ) widwydt + 2 ) dx

and the results follows using Y, z;dz; = 0 and ||z||?= 1.

» Exercise : projective space and the projective group.

We have seen how Lorentz transformations act on the light-cone (with the origin re-
moved) C*, and that C* is nothing but R* x S%. The idea is now to forget about the
R* factor, thus constructing transformations on the sphere S? - transformations which
will turn out to be conformal. However this projection is not completely trivial, and the
proper setting to do so is that of projective geometry.

The (real) projective space RP%! is the compact manifold obtained by quotienting
the space R%*2\ {0} by the equivalence relation X ~ Y iff X = A\Y for some \ € R. We
denote by [X] the equivalence class of X. Alternatively, one can think of RP%! as the
space of all lines (going through the origin) in R4+2.

e Argue that any invertible linear map X - A- X, i.e. with A € GL(d+2,R), descends
to the quotient, in the sense that it induces a well defined map on RP%*! :

pa([X])=[A-XT.

Check that ¢4 0¢p = pap. (*) Using the standard atlas of the projective space,
it is straighforward to check that the maps ¢4 are smooth. Therefore there are
diffeomorphisms.

e The group of diffeomorphisms so obtained is called the projective group and is
denoted by PGL(d +2,R). Show that this group is isomorphic to GL(d + 2)/R*1.
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e Check that the image of the light cone in projective space, namely
S={[X]eR¥ (X, X)=0} (2.2.21)

is diffeomorphic to the sphere S? (via the identification/diffeomorphism x — [1,z]
for z € S7). In the following we will (abusively) identify S and S<.

e Let PO(1,d+1) denote the subgroup of PGL(d+2,R) corresponding to the Lorentz
group O(1,d+1). Argue that the above construction yields an action of PO(1,d+1)
on the sphere S¢. Show that PO(1,d+ 1) is isomorphic to O(1,d + 1)/Zy, where Z,
stands for the subgroup {I,-I} of O(1,d +1).

» (*) Exercise : PO(1,d+1) transformations are conformal.
We are now going to establish that this group acts by conformal maps.

e If g denote the round metric on S?, and p: C* — S? is the map p(Xo, X1, Xgi1) =
(X1/Xo, -, Xai1/Xo), check that p*g = Xign.
Correction : we can write p = pyo W~1 where ¥~1: C* - R* x S¢ is the inverse of the
map V¥ introduced above, namely ¥=1(Xg, X1,---, Xg:1) = (Xo, X1/ X0, Xa+1/X0),
and py : R* x S - S? ig simply the projection po(t,2) = . Then p*g = U~*g =
Yi(d(X[X0))? = 1/ X5(=dX§ + X;dX7) ; using Xod Xy = ¥; Xid X

o (*) Let ¢:S% < C be the inclusion map «(x) = (1,2). By construction the map 4
can be decomposed as

pa=poAoy (2.2.22)
where A stands for the map X - A-X. Deduce that
Fhg=A@) %9, M) = (AG(@))o (2.2.23)
Thus we have established that ¢4 is indeed a conformal map.

» Exercise : recovering translations, rotations, inversion, dilations etc.

It is a fact that the above construction yields all conformal transformations of the
sphere. In dimension d > 3 this follows from Liouville’s theorem on conformal mappings
(1850). We will deal with the case d =2 (for which this fact is also true) later.

We will not prove Liouville’s theorem, but we will check that the conformal maps we
constructed above using conformal Killing vector fields are indeed in PO(1,d + 1).

First we have to go back to Euclidean space. First recall the stereographic projection
(about the pole g = 1) sending the sphere to the plane
1

- Zg

€T —

(ml,---,xd+1) (2224)
The inverse map is the following conformal map

= —— (|2~ 1,221, 224:1) (2.2.25)
X



Thus conformal maps on the Euclidean space are obtained as follow. To a given z € R¢,
we associate the following point X (z) in the light-cone of Rb:4+1

x— X(z)=(|z|*+1,|z]*-1,2z) (2.2.26)

Conformal maps act linearly on X, i.e. X - AX for some A € O(1,d+ 1), and we must
simply project back to Euclidean space R? at the end. What is the matrix A corresponding
to

a rotation z; - R;;x; 7
e inversion ?

dilation ? z — etz

a translation x -z +a ?

2.2.2 Conformal maps on the complex plane

In two dimensions the story is quite different, and conformal geometry is very closely
related to complex analysis. This is true on any (oriented) two-dimensional Riemannian
manifold, but let us first see how this works on the Euclidean plane.

Let’s denote by 7 the flat Euclidean metric (1, = d,, ), and recall that a diffeomorphism
f:(R2,n) - (R2,n) from the Euclidean plane to itself is conformal iff f*n = Q27 for some
smooth function 2, i.e.

0, fP0,00, 17 = Q* ()0, . (2.2.27)

This can be rephrased as df!'df, = Q%(z)I, and furthermore taking the determinant of this
equation we learn that Q2?(x) = |detdf,|. Thus in flat two-dimensional space we have the
following alternative characterization

dfTdf, = |det df,|1. (2.2.28)
or equivalently
com(df,) = +df, (2.2.29)

where com(df,) stands for the comatrix of f, and the + sign is the sign of det df,. Note
that this sign does not depend on z (detdf, cannot vanish by virtue of f being a dif-
feomorphism), and it simply tells us whether f is orientation preserving (detdf, > 0) or
orientation reversing (det df, < 0). Writing explicitly yields

a 2 _a 2 8 1 a 1
(G 3 )05 5 ) o

Depending on the sign, we recognise the Cauchy-Riemann equations or the anti-analytic
version of Cauchy-Riemann

1_ 2
{ 31;2 _ i%?l (2.2.31)
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Thus conformal maps from the Euclidean plane to itself are
e holomorphic if they are orientation preserving,

e anti-holomorphic when they reverse orientation.

Note that an orientation reversing conformal map is nothing but an orientation-
preserving one followed by a reflection (complex conjugation). Thus it is sufficient to
discuss orientation-preserving conformal maps.

At this stage it may look like there are many conformal maps in two-dimensions. In
some sense this is true, but there is a caveat. So far we have only looked at the local
constraint of being angle-conserving, namely f*n = Q2n. But let’s not forget that the
function f must be a diffeomorphismff] This global constraint is very sensitive to the
domain of f.

Let’s start with conformal maps f : C - C, that is automorphisms of the complex
plane C. It is a fact that the (orientation-preserving) conformal maps f : C - C are of
the form

z—>az+Db, a*0. (2.2.32)

that is translations, rotations and dilations. If one adds a point at infinity C=Cu {oo},
one gets the Mobius group
az+b

—_— - . 2.2.
2o ad—bc+0 (2.2.33)

and this now includes special conformal transformations. Proving the above is a standard
exercise in complex analysis, and is left to the reader. We recover the full conformal group
of the previous section, and indeed at the level of globally defined conformal maps there
is no difference between the two-dimensional case and the case d > 3. So in what sense
are there more conformal maps in two-dimensions 7

To understand this, let us recall the inversion function theorem : a smooth map
f:R? - R4 is invertible in a neighborhood of some point xy as soon as det df,, # 0. This
means that - given a holomorphic map f, and a point z, such that f’(xy) # 0 - there
exist an open neighborhood U of xy such that f: U — f(U) is a diffeomorphism, and
therefore a conformal map. So in this sense any holomorphic map yields a conformal
map, albeit not on the whole complex plane. This is to be contrasted with the paucity of
conformal maps in higher dimensions (Liouville’s theorem): any conformal map on any
domain of R? is an element of the conformal group PO(1,d + 1). Let us mention a strik-
ing and important result that illustrates the wealth of conformal maps in two-dimensions :

Riemann mapping theorem : any simply-connected open subset U c C (with
U + @,C) is conformally equivalent to the unit disk

D={zeC, |z <1} (2.2.34)

4A holomorphic diffeomorphism is called an automorphism
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This result is remarkable and somehow counter-intuitive, as the domain U can be highly
complicated, with a non-differentiable or even fractal boundary. Moreover the result is
extremely simple. For non simply-connected domains, the story is more complicated. For
instance let’s consider the annulus A, p = {z € C, r < |2| < R}. Schottky theorem states
that two annuli A,, g, and A,, g, are conformally equivalent if and only if R /ry = Ry/rs.

» Exercise : show that the unit disk D and the complex plane C are not conformally
equivalent (hint : use Liouville’s theorem : every bounded entire function is constant).

The abundance of conformal maps in two-dimensions is also manifest at the level of
conformal-Killing vectors. In the Euclidean plane the conformal Killing condition reads
for a vector field & = 101 + £205

01&e + 0261 =0, 0161 = & (2.2.35)
which is equivalent to
(01 +1i02) (§1 +1i&y) =0 (2.2.36)
and we find
£=€(2)0+£(2)0 (2.2.37)

where £(z) is any holomorphic function, and 9 = 3 (81 - i92). Of course the flow of most
of these vector fields will not be globally defined, but this will not be an issue for quantum
field theories.

Let us already mention a point that will have some importance later. At this stage
the vector field ¢ is required to be real, thus the component £(z) is the complex conjugate
of £(z). When dealing with conformal field theories it will be convenient to complexify
this algebra, which amounts to relax this reality constraint and treat £(z) and £(z) as
independent complex functions. In turns this implies that we are dealing with a complex
space-time, in the sense that z and z are independent variables. This is not an obvi-
ously innocuous assumption, and such a cavalier complexification can be motivated in
QFT by doing a Wick rotation. Indeed in Lorentzian signature z = x -t and zZ = x + ¢
are independent. Lurking behind Wick rotation and space-time complexification is the
idea/assumption that the quantities of interest in QFT can be analytically continued to
the case where z and z are independent. This formal point of view often proves very
convenient for calculations.

2.2.3 Conformal maps between Riemann surfaces

The above discussion can be extended to arbitrary two-dimensional Riemmanian mani-
folds, and in fact the main result remains.

Conformal maps from a surface (1, g) to another (M, ) are exactly the
(anti-)holomorphic maps.
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But for such a claim to make sense one first need to define what is meant by a
holomorphic map on a generic surface. To do so, the relevant mathematical notion is
that of a complex structure. Let us first briefly recall how one defines coordinates on a
surface M. This is done through an atlas, which is a collection of charts. A chart is a
homeomorphism ¢ from an open subset U ¢ M to an open subset of Fuclidean space
R?2 ~ C. An atlas is a collection {(U,,¢4)} of charts which covers M. In order to define
the manifold through an atlas, one needs to know how to piece together the different
charts. This is encoded in the transition functions. Whenever U, and Ug overlaps, the
transition function is simply

<PBO<P;1 F P (UamUﬁ) - ¥p (UamUB) (2238)

On a generic (topological) manifold transition functions are homeomorphisms’| Morally

C

Figure 2.6: Transition function for a two-dimensional manifold.

this fixes the topology of the surface, thus the notion of a continuous function f: M - R
makes sense. But what does it mean for f to be smooth 7 Since the surface is locally
like R?, it would seem reasonable to declare f to be smooth on a chart U; as long as
f o eyt is smooth (notice that f o 7! is map defined on a subset of R2, for which the
notion of smoothness makes sense). However if U, is another chart overlapping Uy, it is
not necessarily true that f o ;! is also smooth, unless the transition function ¢ o ¢3! is
smooth. Thus in order to talk about smooth functions on a manifold, a smooth structure
is required, that is an atlas whose transition functions are smooth.

The very same line of reasoning applies to holomorphic functions. A complex structure
is an atlas whose transition functions are holomorphic. Note that a manifold endowed
with such an atlas is necessarily orientable (exercice : why ?).

But so far we are working on a smooth surface endowed with a metric. So where
is the complex structure ? It turns out that - as long as the surface is oriented - the

5 . . . .. . . . .
°A homeomorphism is a continuous bijection whose inverse is also continuous.
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metric induces a complex structure. This is based on the fact that two-dimensional
Riemannian manifolds are conformally flat, i.e. there exists around any point a coordinate
system (i.e. a chart) in which the metric is of the form g, (z) = €2(®)§,,. These are
called isothermal coordinates, since each coordinate z# is harmonic (exercice : check
that A(z#) = 0 using Appendix , thus a steady-state solution of the heat equation.
For a proof of the existence of these isothermal coordinates (also known as ”conformal
gauge” in Lorentzian signature), the reader is invited to have a look at Donaldson’s
Riemann surfaces, or Schottenloher’'s A Mathematical Introduction to Conformal Field
Theory for the Lorentzian case. So on a Riemannian surface there exists an atlas in which
all charts are made of isothermal coordinates. But notice that transition functions between
isothermal coordinate systems are conformal by construction. Indeed an isothermal chart
(U, ) is nothing but a conformal map ¢ from U to Euclidean space. Since the composition
of conformal maps is conformal, clearly transition functions are also conformal. If the
above explanation is not clear, the computationally inclined reader can also check that
the pullback of the metric 2724, by the transition function ¢, o 7! is e O

(p2001") €720, = €275, (2.2.39)

According to the analysis done in the previous section, this implies that transition func-
tions between isothermal coordinates are either holomorphic or anti-holomorphic. Pro-
vided the surface is oriented, we can always choose our charts to be compatible with the
orientation, in which case all transition functions are also orientation preserving, thus
holomorphic functions. This provides a complex structure, which is canonical in the sense
that it does not depend on the choice of isothermal coordinates. It depends only on the
Riemannian metric g. This complex structure is said to be compatible with the Rieman-
nian metric g.

A simple and explicit illustration of this construction is given by the two-sphere S?
endowed with the round metric. Consider the canonical embedding 5% = {x € R3, |z|?= 1},
and denote by N = (0,0,1) and S = (0,0,-1) the North and South pole, respectively. The
standard atlas is made of two charts U; = .S?2 \ {N}, and U, = S? \ {S}, with coordinates
w; : U; = C given by the stereographic projections, namely :

e1(x) = (1 +ixs) o) = (1 +ixs) (2.2.40)

1—1'3 1+3§'3

We have already seen in a previous exercise that these are isothermal coordinates (to be
precise we have seen that stereographic projections are conformal maps from the round
sphere to Euclidean space, which is the same thing). Is the transition function holomorphic
? A direct calculationf| show that it is fact anti-holomorphic

p2opr :C {0} > C {0}

1
zo = (2.2.41)

z
This stems from the fact that the atlas we chose was not oriented : the two charts
have opposite orientations. This is easily fixed, we simply change the orientation of say
9, while not spoiling the isothermal condition. To do so one simply composes o with
any orientation-reversing conformal map of the plane. For instance (z,y) - (z,-y), i.e.

6One can first check that 7! (z +iy) = ——5 (22, 2y, 22 + 3% - 1)

1+x2+y2
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complex conjugation. Thus we replace the chart (Us,ps) by (Usz,$,), and the transition
function is now holomorphic :

Bropr :CN {0} > TN {0}

1
z— = (2.2.42)
z

We have ourselves a complex structure on the sphere.

So we have seen how a Riemannian metric g on an oriented surface induces a natural
complex structure, via isothermal coordinates. But of course two metrics in the same
conformal class induce the same complex structure since they have the same isothermal
coordinates. So what we have is that a conformal structure induces a unique complex
structure on a two-dimensional oriented manifold. In fact this also goes the other way.
Given a complex structure, i.e. an atlas whose transition functions are holomorphic, there
is a unique compatible conformal structure. So we have the following

On a two-dimensional oriented manifold a choice of conformal structure is equivalent
to a choice of complex structure.

A two-dimensional manifold equipped with a complex structure is called a Riemann
surface. Now remember that conformal maps are insensitive to Weyl rescaling, we can
work locally with the flat metric dzdz, and the analysis done in the Euclidean case applies,
thus :

A map between oriented Riemannian surfaces is conformal if and only if it is
holomorphic or anti-holomorphic.

Some references for this chapter :

e Chapter 2 of A Mathematical Introduction to Conformal Field Theory, Martin Schot-
tenloher

e Riemann surfaces, Simon Donaldson

e The exercise on the projective light-cone is inspired from exercise 16 in chapter 2 of
An Introduction to Differential Manifolds, Jaques Lafontaine
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Lecture 3

Conformal invariance in field
theories

3.1 Conformal invariance in classical field theories

After this rather lengthy discussion about space transformations, let us get back to the
subject of field theories and conformal invariance. We first describe the response of
a classical field theory to infinitesimal space transformations, for which an important
protagonist is the stress-energy tensor T#”. We then move on to quantum field theories
and discuss Ward identities.

3.1.1 The stress-energy tensor

For pedagogical purposes we will initially restrict ourselves to field theories defined on flat
space, where traditionally the stress-energy tensor is presented as the conserved Noether
current associated with spacetime translations, see Appendix [3.4.1] However this leads
to ambiguities in defining the stress-energy tensor, and a more modern and powerful def-
inition of the stress-energy tensor involves working in curved space, see Appendix [3.4.2]

We consider a field theory in flat Euclidean space R?, as characterized by a Lagrangian
density L

S[®] = f L(®(z),,8(x)) d"x (3.1.1)

which we assume depends only on the fields at = and their first derivatives. Here ® stands
for a collection of fields ¢1, ¢o, ... which can be of different type (scalar, vector, spinor,
etc). In these lecture notes we will only consider translation invariant theories.

The stress-energy tensor T+ encodes the response of the action to an arbitrary in-
finitesimal spacetime transformation (i.e. an infinitesimal diffeomorphism) regarded as
an active transformation, that is, a displacement of the fields/configurations. Consider
an arbitrary (smooth) vector field £#(x) and its corresponding flow x — f;(x) as defined
by

df(x) _

L =€) (312)
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Imagine now that this flows carries the local degrees of freedom for some time ¢. If the
initial configuration is ®, we will denote by ®’ = f® the new configuration. Infinitesimally
(at time t = € < 1) the flow is given by

" — ot + e(x) + O(?) (3.1.3)

where e#(x) stands for the infinitesimal vector field e£#(x). For a scalar field ¢, the above
transformation means ¢'(x) = ¢p(x + €(z))) = ¢(x) + €40, 9(x) :

0ep(x) = D () + O(€?) ,

but more generally fields transform covariantly. A gauge field for instance (such as the
electromagnetic field) is a field which is locally represented by a differential 1-form A(z) =

A, (x)dzr, for which (f; A)(x) = Au(fi(x))df!', thus yielding]
8 A, =eP,A, +(0,e")A, + O(?) (3.1.5)
while the associated field strength F' = dA is a two-form, so
6cF, = €0,F,, + (0,6")F,, + (0,e")F,, + O(e) . (3.1.6)

More generally the change of a vector field along the flow of a vector field is called the Lie
derivative. The Lie derivative is sometimes called fisherman’s derivative: the flow carries
all fields past the fisherman, and the fisherman sits there and differentiates them.

In a more geometric language, fields are sections of some fiber bundles, and prescribing
how they transform under a given diffeomorphism amounts to lifting this diffeomorphism
into the corresponding bundle. For tensor fields there is a natural way to do this, called
the pullback, and the infinitesimal variation is given by the Lie derivative. For spinors
the story is a bit more subtle since diffeomorphisms cannot be lifted globally (for instance
spinors transform with a minus sign under a full rotation), but infinitesimal diffeomor-
phisms can be lifted by introducing a connection on the spinor bundle, called a spin
connection.

In practice however we will not have to worry about how the fields appearing in the
action transform under diffeomorphisms? since we will not even have an action to begin
with ! All we will care about is that the transformation is local, in the sense that

dep(z) =€ (2)0,¢(z) + finite number of terms involving (3.1.7)

derivatives of ¢"(x) and ¢(z)

and that there exists an object called the stress-energy tensor TH that describes the
infinitesimal variation of the action §5 = S[®'] — S[®] at first order in the vector field € :

1
- _ w v n
08 o fT 0" d"x . (3.1.8)

'Here we ignore gauge invariance, which in principle adds some freedom in defining the action of
infinitesimal diffeomorphisms. Indeed there is no reason not to couple space transformations to a gauge
transformations, such as

0cA, =€’0,A, + (0u€”)A, - 0u(PA,) + O(€%) . (3.1.4)
2All we will need is how they transform under conformal transformations.
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The prefactor is conventional, and has been chosen for future convenience.

» Exercise : Compute the stress-energy tensor for

e the free scalar field

S = ﬁ f (8,00"6 - m2¢?) d"x

e clectromagnetism

1 v Jn
S=—8—7T/FWF“ &'z

e Chern-Simons theory

1 v i
S=2—f€”pA“prd X .

™

The stress-energy tensor is conserved on-shell (i.e. as long as the equation of motions
are satisfied) by constructionf

0,T* =0 on-shell. (3.1.9)
» Exercise : Prove the above statement.

Physically the components of the stress-energy tensor describe the density and flux
of energy and momentum in spacetime (strictly speaking this interpretation requires a
Lorentzian metric), and the associated conserved charges are energy and momentum

E- f TO(, 2)d" e,  Pi= / T (¢, 2)d" 2 (3.1.10)

Usually this interpretation is At the classical level this interpretation follows from Noether’s
theorem (see Appendix . For a quantum field theory these charges will become the
generators of spacetime translations. We will come back to this interpretation once we
have derived the Ward identity (3.2.25))).

It must be stressed that the stress-energy tensor is a particularly subtle notion of field
theory, with several more or less equivalent definitions available (see Appendices
and . Consider for instance the field theory of electromagnetism. The setup is 3+ 1
dimensional Minkowski space with metric 7,,,, and we choose the signature (- +++). The
Lagrangian density is

1

LA =~ Fw k™, B =04, - 0,4, (3.1.11)

3Indeed as long as the action is extremal, §S = 0 for all §®, so in particular for §® = 6. .
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where the components of the field strength are related to the electric and magnetic fields
through Fy; = E; and and F}; = €7* By,

The correct stress-energy tensor is well known from Maxwell’s equations. The energy
density of the electromagnetic field is 7% = 1(E? + B?), while the density of momentum
is given by the Poynting vector T% = (E x B);. Finally T% = 1(E? + B?)d,; - E;E; - B; B,
is (minus the) Maxwell stress-tensor. More compactly

1
T = FP7F", — " Fag P (3.1.12)

» Exercise : Compare the above stress-energy tensor with the various definitions of
the stress-energy tensor, namely

e the canonical SET as defined through Noether’s theorem (see eq. (3.4.8)) in appendix
3.4.1))

e the definition used in this section, as in Eq.(3.1.8)
e the Hilbert SET (see eq. (3.4.30) in appendix |3.4.2))

0S oL 1
TIU/ = _471-@ = —47T (ag/“/ - Eguyﬁ) (3113)

Exercise : Same question for the abelian Chern-Simons theory in 2+1 dimensions as

defined by L[A,] = 5=¢"* A, F,,.

3.1.2 Ambiguities, symmetries and improvements

With equation we have postulated the existence of the stress-energy tensor, but
we have not commented on its unicity. In fact does not define a unique stress-
energy tensor but rather a class of stress-energy tensors that differ from each other by a
divergence-free piece. Indeed one can always add to T%, any tensor ©", such that

f 0" 9, d"z = 0 (3.1.14)

for all vector fields e*(x). Integrating by parts, the above condition boils down to 6",
being identically conserved (i.e. conserved off-shell)

0,0",=0 (3.1.15)
For instance,
o, =0,xM" JPH = =3HP (3.1.16)

for an arbitrary ¥?,. Adding such terms goes under the general name of improving the
stress-energy tensor.

Such an ambiguity is not surprising. Think for instance of a one-dimensional such as
the Heisenberg chain, with Hamiltonian

H=Y hy,  hy=0n0nn (3.1.17)

43



While the notion of total energy is clear (it is nothing but the Hamiltonian H), the notion
of energy density is not. One could declare it to be h,, = G, - G,41. It is indeed local, her-
mitian, and their sum yield the total energy. But one could just as well add local terms
of the form X, .1 — X,, to h, without spoiling any of these properties.

In fact defining a notion of energy density amounts to define how this theory couples
to gravity | More on this later.

Rotational invariance

It is possible to exploit this ambiguity to choose a “nice” form of the stress-energy tensor.
We are now going to show that rotational invariancd¥ is equivalent to the existence of a
symmetric stress-energy tensor

A (3.1.18)

A space transformation ® - & + §.P is a symmetry when the variation of the action 6.5
vanishes, i.e. when the vector field e is such that

f TV 9,¢" d"a = 0 (3.1.19)

Since we want the above identity to be valid for all field configurations, this boils down
to

Th,0,€" = 0,J° (3.1.20)
for some J#. For the generators of rotations
et = wh x” (3.1.21)
this means
T —T"M = 9,YPr (3.1.22)

for some tensor Yr# = =Y rvi If we now add an improvement term a la (3.1.16)) where
1
YPHY = 5 (YPr —yrev _ yver) (3.1.23)
then the new stress-energy tensor is symmetric.

Conformal invariance

Let us now consider a rotational invariant field theory, and choose a stress-energy ten-
sor representative that is symmetric. Infinitesimal conformal invariance in flat space is
tantamount to

w(x)T", =9,K" (3.1.24)
for all functions w(x) susceptible to appear in the r.h.s. of the conformal Killing constraint

Ou€y + 0y€, = 2w(T) 0, - (3.1.25)

4We have already implicitly assumed and exploited translation invariance in (3.1.8)).
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In dimension d > 3, the function w(z) can be any linear function w(x) = a + b,x*, in
which the a term comes from pure dilations, and the b,x# term from special conformal
transformations. So we must have

T, = 0,A" and a1, = 0,B" (3.1.26)
And therefore 20, A* = 0, B*, yielding
At =0,C", CH = B — gV A* (3.1.27)

So infinitesimal conformal invariance in flat space with d > 3 is tantamount to

T, =9,0,0" (3.1.28)

In two-dimensions the above relation is necessary but by no means sufficient since w(x) can
now be any harmonicﬂ function. Therefore for any harmonic function h(z) the quantity

h(z)T", (3.1.29)

must be a total derivative. Following a similar line of reasoning as in the case d > 3, we
reach the conclusion that 7%, must be of the form AC for some C' and A is the Laplacian.

A two-dimensional, rotational invariant field theory in flat Euclidean space (for
which a symmetric stress-energy tensor has been chosen) is invariant under conformal
transformations if and only iff there exist a functional C' = C(®,0,®,---) of the fields
such that

T, = AC (3.1.30)

v

In both cases it is possible to improve the stress-energy tensor in order to make it
traceless. A way to improve the stress-energy tensor without spoiling T+ =TV is to add
terms of the form

O" = 0,0, (3.1.31)
for some tensor 2°#¥ such that

QpHov _QupUV’ Qprov _ _QPMVU’ QPHov — YoVPK (3.1.32)

Note that these are the same symmetries as the Riemann curvature tensor (see (8.5.15)
in the Appendix). This is not an accident.

®A real function f of two real variables is harmonic (i.e its laplacian Aw = 87w + 95w = 400w vanishes)
iff it is the real part of a holomorphic function : w = g + g for some g such that dg = 0. This equivalence
holds on any simply connected domain of C.
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Ind>3
1
d-2

QPHoV (_n,uVC’PU _ nPUC’HV + nPVCNU + nuac«pu) (3133)

1

UV PO PV LT A 1.34
+—(d_1)(d_2)(77 nee = nP'nhe) C7y (3.1.34)

does the trick, while for d = 2 we can use

QpPHov (npl/nlw _ 77#’/77:0‘7) C (3135)

A (classical) field theory in flat Euclidean space is invariant under conformal trans-
formations if and only if it admits a symmetric and traceless stress-energy tensor.

» Exercise : Check that the massless scalar field is conformal invariant. What about
electromagnetism ?

3.2 Ward identities

After having considered conformal invariance in classical field theories in the previous
sections, we can now delve into quantum field theories. We are going to restrict our at-
tention to two-dimensional theories, although large parts of the discussion in this section
can be readily generalized to any dimension.

For the sake of argument let us assume that the theory is described by a Lagrangian
density £. Even though in practice we will rarely rely on an explicit action, and in fact it
might not even exist, it can be useful at a formal and heuristic level to consider the path
integral formulation of quantum field theories. Generically the partition function is given
in terms of an action S[®] by

zzfefsmp[cp]. (3.2.1)

whereas in the previous section ¢ stands for a collection of fields ¢q,¢9,.... From a
statistical physics perspective ® describes (a coarse-grained version of) the lattice degrees
of freedom, and e~°[?] corresponds to the Boltzmann weight of a given configuration ®.
Correlation functions are given by

(O1(21)--0p(x7)) = % / 01(171)--~(9p($p)6_5[¢’] [D2]. (3:2.2)

The truly new ingredient as compared to a classical field theory is the functional measure
D[®], which typically is not mathematically sound and physically requires subtle regu-
larisation schemes (see the tutorial on zeta regularization for instance). We will work on
a formal level and ignore this issue, all the while assuming a few reasonable properties of
the functional measure. Indeed we will merely use the path-integral approach as an intu-
itive and heuristic way to derive the Ward identities. These Ward identities are relations
between correlation functions that follow from the continuous symmetries of the QFT.
This is the quantum version of the classical current conservation of Noether’s theorem. As
such Ward identities are very generic, and they can be formulated independently from any
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Lagrangian or functional measure. Later on we will bypass the path-integral formalism
and simply postulate that the Ward identities hold (this amounts to assume that con-
formal invariance is not broken at the quantum level), and in this way we will construct
two-dimensional CFTs without resorting to path-integrals or assuming the existence of a
Lagrangian.

3.2.1 Schwinger-Dyson equation, redundant operators

In the classical field theory the equations of motion are obtained by demanding that the
action S[®] is extremal, i.e. % =0. Under a small variation ® + §® (recall that ¢ stands
for a collection of fields ¢, o, ...) the variation of the action is

5 = f(fm Pol@) + 55 a)awa(a;))d? (3.2.3)

oL oL )
- / (59% - 8“5(8#@1) ) dpa(z)d x (3.2.4)

The equations of motion are precisely

oL P oL
0pa Mé(@i%l)

Let’s denote by R,(x) the [.h.s. of the above equation. In the quantum theory these
equations of motion also have a meaning. Consider the path-integral formulation of a
correlation function

(O1(21)+-Op(y)) = % / Ol(xl)“'op(xp)e_s[q)] D[®]. (3.2.6)

-0 (3.2.5)

and let us perform a change of variable ® - ® = ® + §®. The function §®(z) is arbitrary
but independent of ®(x) (the change of variable we consider is the analogue of a rigid
translation in functional space : all configurations ® are shifted by the same function J®).
In the quantum theory it is quite reasonable and natural to assume that the measure D[®]
is invariant under such rigid translations :

D[®+§P] = D[D] (3.2.7)
while the variation of the action is
58 = f Ra(2)80(z)dz (3.2.8)

This leads to the Schwinger-Dyson equation

221(01(xl)...(soi(mi)"-@p(a:p)):Z f 0a(2)(Ra(z) X )d?x (3.2.9)

where X stands for the product of fields Oy (z1)---Op(x,), and dO0;(z) is the variation of
the composite field O;(x) under the infinitesimal shift ¢, - ¢, + dp,. By composite field
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we mean any local functional of the field ¢,, such as d,¢,, @2 or e®¥a for instance. For
a generic functional we would have

00; (a:) 00;(x)
50;(x) = f (dy+ [ 22 5 5o (y)dy + - 3.2.10
O] 5 ] S ) (3210
but since we consider local fields, the above expression may only involve the functions
0y, and their derivatives taken at the point z. Therefore we find that

(Ro(2)O1(21)-Op(x,)) =0 aslong as x # xy,, T, (3.2.11)

At coincident points — when = = x; — there are contact terms (typically ¢ function and
possibly their derivatives), but apart from these points the above expression vanishes.
A field that vanishes in any correlation function away from coincident points is called a
redundant field, and we write

Ro(2) =0 (3.2.12)

3.2.2 Quantum stress-energy tensor and Ward identities
Let us now repeat the above discussion for an infinitesimal spacetime transformation
d=fD=d+6D+0() (3.2.13)

as generated by an arbitrary infinitesimal vector field (with compact support) e* = e£*.
In this case the measure D[®] has no reason to be invariant. Assuming translation
invariance the variation must vanish if € is constant, so we expect that the measure
changes according to the following local form

D[5]=(1+ [ ey w) d2y+0(62))D[CI>] (3.2.14)

We can absorb such a term in a redefinition of the stress-energy tensor, and in a QFT the
stress-energy tensor 1%, is defined as

SEDF] = (1 . % f B ()" () d2y + 0(62)) ¢S D[] (3.2.15)

It contains, in addition to the classical part, quantum corrections coming from the varia-
tion of the measure. From now on, unless otherwise specified, whenever we mention the
stress-energy tensor we will mean the quantum one.

It is not always possible to preserve all classical symmetries at the quantum level.
When a classical symmetry is violated by quantum corrections the symmetry is said to be
anomalous. Implicitly we have already assumed that the quantum theory remains trans-
lation invariant when writing (3.2.14). We will further assume that rotational invariance
is also preserved, thus 7" = T (up to possible improvements).

Upon performing the change of variable ® - ® = ® + 6. D, we get

1 | fe em
=Efxe-s[‘ﬂp[cp]=foe—5[¢1p[c1>] (3.2.16)

:%/(X+5EX)(1+%/8Me”(y)T“,/(y)d2y)e‘s[q’]D[@], (3.2.17)
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yielding

i((’)l(xl)...6€Oi(xi)...(’)p(xp)) = _% fRz Due” (Y)(T" (1) X )d?y (3.2.18)

or equivalently

(01 (0)8.0,(a)-Oyla)) = 5= [ WNOT) () X)ey (3:2.19)

7

This equation contains a lot of extremely interesting informations. First remember
that fields transform in a local way, thus 0.0;(x;) may only involve the vector field e*(x)
and finitely many of its derivatives taken at the point x;. This implies

8,T" =0, (3.2.20)

which means that T is conserved in a QFT up to contact terms. Thus we can rewrite

eq. (3.2.19) as
i(01(l‘l)-.-5€Oj(l’j)-.-0p(l‘p)> = é% /B‘ eu(y)((auTuy) ()X )d2y (3.2.21)

where By,--, B, are non-overlapping neighborhoods of x1,--,z, as in Fig. 3.1 We will

®

Figure 3.1: Non-overlapping neighborhoods of z1, -+, z).

write

5.0/(5) = 5= [ ) (0,7) Oy (e (3.2.22)

J
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as a short-hand notation for . The symbol = is here as a reminder that the above
identity is valid in correlation functions away from coincident points, and with the domain
B; containing no insertion other than O;(z;). Note that the above identity is insensitive
to improvements of the stress-energy tensor.

Integrating by parts, we can also rewrite (3.2.22) as
1
50,(2;) = =5 [ 0T ()0 (w))dPy
T JB,

1 v
Ton fggj eup € () 1", () O; () dy” (3.2.23)
in which the boundaries 0B; are oriented in the counterclockwise direction and ¢, is the
completely antisymmetric tensor (€19 = —€12 = 1, €17 = €22 = 0).

While the above relation is valid for an arbitrary infinitesimal diffeomorphism, a par-
ticular role is played by symmetries and in particular by isometries. Consider the case in
which the vector field e* satisfies the Killing constraint inside all the B; (and is arbitrary
outside, while being smooth and compactly supported to avoid unpleasant issues). Then
the integral over B; in (3.2.23)) vanishes (remember we have assumed that isometries are
not anomalous, and that the stress-tensor is symmetric) and we get the Ward identity

5.0,(2;) = 5%\?gBVeupey(y)]”g(y)Cb($j)dyp (3.2.24)

J

for translations and rotations. In particular for translations 6.0; = €70, 0;, and we find

1
0,0;(x;) = 5 j’gB_ e T", (y)O;(x5) dy” (3.2.25)

J

3.3 Conformal Ward identities and anomalous be-
havior

Following the discussion in section [2.2.1] an infinitesimal conformal transformation corre-
sponds to a conformal Killing vector field e#, i.e. such that

Ou€y + 0y€, = 0,,,0,€ . (3.3.1)
For such a vector field Eq.(3.2.23) yields
1
30,(r) = =1 [ 9T 0 ()Py

: f up€ ()T, (y)O5(x;) dy” (3.3.2)

+ _
2m JoB,

Naively we would expect the first integral to vanish, as was the case for isometries. Indeed
for a conformal invariant field theory, the classical stress-energy tensor can be chosen
traceless, and we could expect the quantum stress-energy tensor to also be traceless. In
flat space this turns out to be almost true, in the sense that 7%, is redundant :

T, =0. (3.3.3)
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However there are contact terms. These are extremely important, as they encode the
quantum corrections to the behavior of fields under conformal transformations, and in
particular their anomalous dimension. We interpret the term

= [ 0T ()0 () (3:3.4)

as a quantum correction to 6.0;(z). What we are saying is that fields in a QFT might
not transform as their classical counterpart. Technically these anomalous terms come
from the need to introduce a length scale when regulating a QFT (see for instance the
regularization of vertex operators in the tutorials). Following the same philosophy as for
the stress-energy tensor , we absorb these quantum corrections in a redefinition
of .0;(x) :

5.0,(0) =80,(0) + 1= [ 0, ()T ()0, (0)Py (3:3.5)

where B is a small neighborhood of x that does not contain any other field insertion.
Notice that these quantum corrections do not spoil the local nature of the transformation
law ((3.1.7)).

Consider for instance the behavior of fields under an infinitesimal dilatation e* =
ex#. At the classical level the behavior of a field is completely fixed (for instance for
scalar /vector/tensor field it is given by the Lie derivative) and is of the form

5.0 = e (290, + Ag) O (3.3.6)

where Ay is the naive/canonical scaling dimension. Suppose the contact terms of T%,
with the field O are of the form

T (y)O(x) = 2mné(y — x)O(x) + higher derivatives of d(y - x) (3.3.7)
we find at the quantum level
5.0 =e(xPd,+A)O,  A=Ng+7 (3.3.8)

This violation of the naive scaling dimension is our first encounter with quantum anoma-
lies, and the extra term 7 is called the anomalous dimension. These scaling dimensions
are of tremendous importance in physics and are often directly accessible in experiments,
but they are notoriously difficult to compute exactly. In statistical physics they corre-
spond to critical exponents. One of the main achievements of two-dimensional CFT is to
provide exact results for these scaling dimensions.

We can now rewrite the conformal Ward identity (3.2.23]) in the following compact

form

1

5.0i@) == §_ewne T WO ) dy (3.3.9)

Of course the vector field e# must satisfy the conformal Killing equation inside B, and the
sign = is there to recall that the above equation is only valid when inserted in a correlation
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Cartesian coordinates Complex coordinates

{L'={L‘1=%(Z+2),y=l‘2=2li(2—2) z=x+iy, Z=2 -1y

Oy =0, + 0z, 0, =1(0, - 0z) 0, = % (0y —10y), 05 = % (0 +10,)

gw/:g#l’:duy gz :éa 922:2
€1g=€2=1 €z=5, €7 ==2j
Ty=T +T+T:. +T5

Too=-T . +T:+T: - Ts T..=T:= %1 (Thy = Tho —iThg —iT5)

Ty = i(Tzz ~Tz+T15 - Tzz) T.:=1T;. = 71 (Tu + T + i(T12 - T21))

TQl = Z‘(T‘zz + Tzf - Tiz - TZZ)

Table 3.1: From Cartesian to complex coordinates

function with no other insertion inside B (nor inside its closure : we do not want any
contact terms with the stress-energy tensor). Equivalently

i<01<x1>---&0i<xi>---op<xp>>

(3

-: % ngi Cre & (T (y)O: (xl)"'op(xp)) dy” (3.3.10)

From now on we will drop the tilde on 0,0;(z).

3.3.1 Conformal Ward identities in complex coordinates

Needless to say the whole thing looks simpler in complex coordinates, see Table .
For starters the vector field €20, + €0; is conformal Killing iff €* = ¢(z) is holomorphic
(it follows that €* = € is anti-holomorphic). Then consider the stress-energy tensor. In
complex coordinates it has components

1
Tzz = ng = Z_l (T11 - T22 - iTlg - iTQl) (3311)
— 1 )
T.z=1Tz. = 1 (T + Tog +i(Th2 — T21)) (3.3.12)
but since 7" is symmetric
1
T.:=Ts, = ZT“M =0. (3.3.13)

Furthermore 0,7"" = 0, therefore
0:T.. =0, 0,1T::=0 (3.3.14)

Note that in the r.h.s. of eq. the position y of the SET never coincides with
a field insertion, thus we can effectively forget about contact terms (they have already
played their part). So as far as the conformal Ward identities are concerned the SET has
only two components T'(z) and T'(2) :

T(z)=T.., T(2)=Ts  Tz=T:w=0 (3.3.15)
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The conformal Ward identity (3.3.10) becomes
P
2(01(21, 51) R 560i("7’i7 Zz) e Op(Zp, Ep)>
i=1

- z; f L T(2)0i(2,5) . e(2)dz - (.. T(2)O0i(z, %))e(2)dz] , (3.3.16)

where the integration over dB; is performed in the counter-clockwise direction. We can
rewrite the above Ward identity as

5.0(z,7) = QLM fo ()T (E)O(z, 2)de + QLM 950 e(EYT(E)O(z, 2)dE, (3.3.17)

in which the integration contour circles around z. As usual the above relation is valid in
correlation functions away from coincident points, and with the domain B containing no
other insertion than O(z, 2).

3.3.2 From Ward identities to OPEs

Recall that a field ¢ is called a primary field if it transforms as follows under a conformal
transformation z - f(z)

¢'(2,2) = (ON)Of)"o(f(2), f(2)) (3.3.18)

The numbers (h, k) are the conformal dimensions of ¢. Primary fields play a central role
in CFTs. The reason will become clear when studying the representation theory of the
conformal algebra (a.k.a. the Virasoro algebra).

Infinitesimally, for f(z) = z+ €(z), a primary field behaves as

5:(2,2) = (€0, + hd.€) ¢(z, Z) + (€0 + hOz€) ¢(2, %) (3.3.19)

Comparison with the Ward identity (3.3.17)) yields the following Operator Product Ex-
pansion

T(z)p(w,w) = ——5¢(w,w) + w(b(w,'u_J) -

(=~ )2 (3.3.20)

T(2)p(w,®) = ———d(w,®) + - Oad(w, @) +

(z- ‘)2
Note that in deriving the above we heedlessly treated the functions €(z) and €(z) as if
they were independent, which in principle is not correct. This is what we alluded to earlier
when we mentioned the complezification of the algebra of conformal Killing vectors. This
point, namely the factorization of CF'T correlation functions into left and right degrees of
freedom, which amounts to treat z and z as being independent, will be commented more
and to some extent justified in the next chapter.

For a generic scaling field, the OPEs T¢ and T'¢ are quite similar to (3.3.20]) : the
very same terms appear, but in general there are poles of higher degrees. For instance

w, (h+1) U}U} +
o) + £, )

T(2)0p¢(w,w) = 62 S o(w,w) +--- (3.3.21)

( )3
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While primary fields are quite special, recall the larger class of quasi-primary fields, for
which one imposes the covariance relation (3.3.18)) only under global conformal mappings
of the sphere, namely

az+b

f(z) =

3.3.22
cz+d ( )

Exercise : show that a field ¢ is quasi-primary if and only if the OPEs T'(2)¢(w, w) (and
T(Z)¢(w,w)) has no pole of order 3.

Let’s now consider the behavior of the SET itself under conformal maps. At the
classical level

0T, = €°0,T,,, + 0, Ty, + 0,€"T),, (3.3.23)
which in complex coordinates (recall that T is traceless) reads

6T = €0, T +20,¢T, (3.3.24)
6.1 = €3.T +20:€T (3.3.25)

The naive dimension of the SET is A = 2. Because it remains conserved in the quantum
theory, its dimension cannot be modified (this is in fact a generic properties of conserved
current : they cannot acquire anomalous dimensions). However in the quantum theory
the above transformation law under infinitesimal conformal transformations generically
gets a quantum correction of the form

5.T = ¢d.T + 28Z6T+1—620§€, (3.3.26)
5.T = €0.T + 265€T+1—628§€. (3.3.27)

where the number c is called the central charge. Note that the extra term does not spoil
the scaling dimension of the SET. The origin of this anomalous term will be made clear
in the next section. Comparison with (3.3.17) yields the following Operator Product
Expansion

c/2 2T (w)  OT(w)
(z-w)* ’ (z—w)? Y sw |

T(2)T(w) = (3.3.28)

and likewise for T(2)T(w). Notice that T and T are not primary fields (unless ¢ = 0), but
they are quasi-primary. In fact the transformation (3.3.26|) is the infinitesimal version of

T(z) > (?;_Z) T(w) + 1—62{w,z}, (3.3.29)

where {w, z} is the Schwarzian derivative of the conformal transformation z ~ w(z),
namely

Pw\ 1(d2w\* PBw 3 (Pw)’
{w,z}_az(azw)—§(azw) "azw_é(azw) . (3.3.30)
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Exercise : Check that (3.3.29)) is indeed the integrated version of the infinitesimal
transformation (3.3.26)). Let S(f) = {f,z}. Show that S(fog) = ¢”?S(f)og+ S(9).

. . . R . b
Check that S(f) vanishes iff f is a Mébius transformation z - 925

Some references for this chapter :

e | Lectures on Liouville Theory and Matrix Models, Alexei Zamolodchikov and Alexan-
der Zamolodchikov
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3.4 Appendix

3.4.1 Canonical stress-energy tensor
Noether’s theorem

Consider a classical field theory on flat Euclidean d-dimensional spacetime with metric
Nuv = 0. The dynamics of the various fields (¢1, ¢2,-+) which we will denote collectively
by ® is described by a Lagrangian density £. For simplicity we will assume that £ =
L(P,0,P) depends only on the fields at x and their first derivatives. The equations of
motion (a.k.a. the Euler-Lagrange equations) are obtained as usual from extremizing the
action

S[®] = f L(D(x),0,8(z))d"x (3.4.1)
Fields are called ”on-shell” when they obey the equation of motions
oL oL
— =0 =————= 3.4.2
T (a<aﬂ%>) (342)

An infinitesimal transformation ® - ® + & is said to be a symmetry if the infinitesimal
variation of the Lagrangian is a pure divergence

5L = L[D +6D] - L[®] = 9, K" (3.4.3)

for all configurations ¢(z) (not just on-shellf))

Exercise Compute the equation of motion for

e the complex scalar field £ = 0,¢0*¢* -V (|¢]?)
e the Proca action £ = —%FWFW +m?A, Ar with F,, = 0,A, - 0,A,
e the Abelian 2 + 1 Chern-Simons theory £ = e#*?A,0,A,.

and list their symmetries.
The corresponding Noether current is derived as follows. Assume the fields are on-
shell, and consider an arbitrary variation d¢. At first order the variation of the action

1S
oL oL oL oL
0L =0,0ps————]+d0, -0 =0, 0p,=———— 3.4.4
M( 4 8(8Hg0a)) 4 (&Pa Ma(au@a)) 'u( 4 8(@%)) ( )

where we have used the fact that the second term vanishes when ¢ satisfies Euler-Lagrange.
If ® > ®+0P is also a symmetry, comparing with (3.4.3)), we find that

oL
9(Oupa)

SWhile this definition of symmetry is perfectly sensible for a quantum field theory, it is not very
natural for a classical one. Indeed a classical theory is fully characterized by its equations of motion, and
it does not require a Lagrangian. It could happen that the equations of motion enjoy a symmetry that
the Lagrangian does not. More importantly off-shell quantities are simply undefined /meaningless for a
classical system : many Lagrangians can share the same equations of motion. This caveat will not be an
issue in this lecture since we are just preparing the grounds for the quantum case.

8.t =0,  j*=0bp, ~K*" (3.4.5)
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provided the fields are on shell. The corresponding conserved charge is

Q- [ ftayd s
Indeed
Qzfaojo(t,x)d”’lxz—faiji(t,x)d"’lxzo

by Stokes theorem, provided the current j* vanishes sufficiently rapidly at infinity (or if
space is compact, e.g. a torus).

Noether theorem associates a conservation law to each continuous symmetry of the
system. Let us however note a potential pitfall. While the identification of the global
charge () is quite clear, there is an intrinsic ambiguity in defining the corresponding local
current j# by simply demanding 0,j# = 0. Indeed if j# is conserved, then so is j* + 0,b"”
for any antisymmetric tensor b*¥. In particular the charge density j° is ambiguous, as
one can add a divergent-free term j° — 7% + 9;6%. On the other hand the total charge Q
is well-defined, since

[ o aria=0
provided b% vanishes at spatial infinity.

Spacetime translations

Under an infinitesimal translation of spacetime (most) fields transform as ®(z) - ®(z# +
) = () + €10, P(x). It is a symmetry as soon as £ does not depend explicitly on z#.
Indeed the variation of the Lagrangian density £ is a total derivative

oL

oL
= | 0,0, == + ¢t ——
oL (e 0,a Do +€ 8“@@(18(8,40(1)

) = 0,(e"L) (3.4.6)

where we used the chain rule 0,£(®,0,®) = 8Mg0a% + au(a,,%)%.

According to Noether’s theorem, the associated current is

oL 1
H= e a}/ a - 55[1 =4 VT#V 3.4.7
j'=e ( P o) ) 5 € (3.4.7)
so the canonical energy-momentum tensor is
oL
T =21 | -0V py——< + 7}’“’[,) 3.4.8
S o (34

The prefactor 27 is conventional, but the overall sign is not. It must be chosen so that the
energy density 7% is positive in Minkowski space with signature (-, +,+,+). In signature
(+,-,—,—) one must change the sign of TH.
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The conserved charges associated to spacetime translations are energy and momentum
E- f TO(, 2)d" e, Pi= f T (¢, 2)d" (3.4.9)

In the quantum setting these will become the generators of spacetime translations. For
instance it is straightforward to check that F is (proportional to) the Hamiltonian

o

- (3.4.10)

H= [ (ﬂagﬁa - E) d" ', 7o

However the naive canonical stress-energy tensor as defined above suffers from a num-
ber of severe issues and is in general unphysical :

e For gauge theories, it is in general not gauge invariant, as can be checked with
electrodynamics

e [t is not symmetric in genera][]
e It can fail to be traceless for scale invariant theories (more on this later)

All these issues are illustrated with free electrodymanics

1
E[Au] = _Z ,ul/ija F,uu = auAy - 8yAlu (3411)

for which the canonical stress-energy tensor is
v 14 1 14 loa
TH = FFPOV A, - Zn# E,F* (3.4.12)

It is manifestly not gauge invariant, nor symmetric, nor is it traceless in four-dimensions
(in 4d this theory is scale invariant). An even more serious matter in 3 + 1 dimensions
is that 79 and T fail to reproduce the well-known, experimentally tested expressions
for the electromagnetic energy density 1(E? + B?) and energy flux density (the Poynting
vector) E x B. In this particular case these issues can be traced back to the gauge
symmetry of the action.

Improved stress-energy tensor

The canonical SET suffers from the same ambiguity as one described in section [3.1.2]
This can be exploited to improve the canonical SET and yield a partial cure to the above-
mentioned issues. Indeed for electrodymanics choosing >#” = FrtAv leads to the correct
stress-energy tensor

1
TW = FUOF", + AV O, — " Fp F7

1
=FIPEY, - z_anF”"Fpa on-shell (3.4.13)

"This is required in a Lorentz invariant theory for which the angular momentum current T+ xf —TH° z¥
should be conserved and it is also required to couple to curvature in general relativity (more on this to
come).
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where we have used the on-shell relation 0, F** = 0. This tensor is now symmetric, gauge-
invariant, and traceless in four dimensions, as long as we are on-shell. In fact it is
the correct one (up to a possible global sign depending on the choice of signature of n#),
since T% = 1(E? + B?) and T% = (E x B).

There it however a better way to obtain the correct SET from Noether’s theorem.
Instead of 0A, = €*0, A, consider a transformation that combines a naive translation to
a specific gauge transformation as follows :

0A, = €¥0,A, - 0,(e*Ay) = € F,, (3.4.14)

The variation of the Lagrangian density £ is the same as for JA, = €*0,A,, since L is
gauge invariant. So K#* = e#L. Noether’s theorem now yields a different conserved SET,
which turns out to be the correct one (and not just on-shell).

In general curing the canonical SE tensor by adding such an improvement term has to
be done on a case by case basis, and is a rather ad hoc procedure. It should be stressed that
improving the stress-energy tensor is not merely a formal manipulation. Improvements
amount to a relocalization of the energy and momentum densities, which are observable
quantities, and as such they must agree with experiments. Generically the canonical SE
tensor is an unphysical object coming form a formal and rather ambiguous construction.

Exercise : Compute the canonical SET for the 2+1 dimensional Chern-Simons theory
L= 5erA,d,A, Show that it can be improved to achieve 7" = 0 on-shell (which is
what we expect since for a topological field theory). Compare with the SET obtained
using the "improved translation” ((3.4.14]).

3.4.2 Hilbert stress-energy tensor

Given a global symmetry, Noether theorem yields a well defined total charge, but the
local distribution remains ambiguous. What is missing is a physically sound prescription
of the notion of local charge and local currents. An elegant way to address this is to define
how this charge couples to external fields.

Electric current as the source of the electromagnetic field

This is best illustrated for the electric charge. Consider for instance a complex scalar field
with Lagrangian density

L =1"0,00,¢" -V (I¢*)

The global U(1) symmetry ¢(z) — e?®¢(x) yields the conservation of the total (electric)
charge through the canonical Noether current

=i (90" - ¢ 0" 9) (3.4.15)

but this current is only defined up to possible improvements. A way to circumvent this
ambiguity is to couple this theory to an arbitrary external (electromagnetic) gauge field
A, for instance

L=1"Dud(Dyd) =V (I6"),  Dy=0,-iA, (3.4.16)
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By prescribing how the complex scalar field couples to the background U(1) gauge field, we
are promoting the global U(1) symmetry to a local one ¢(z) - e?®¢(x), A, - A, +0,0.
From the Lagrangian density we can define unambiguously the local current as
the response of the system to a variation of the external gauge fieldf] :

5S
- / JroA, d"x, or equivalently g =—— (3.4.19)

and we recover the expression (3.4.15) when A, = 0. That this current is conserved on-shell
is a consequence of gauge invariance. Indeed the action is invariant under a simultaneous

change 0¢(z) =i0(x)¢(x) and 6A,(x) = 0,0(x), therefore

0=6S = f(—5¢ W&;ﬁ)dn /]”8 oz (3.4.20)

88 _ 48
56~ 64t T

Since =0 on-shell, we get for an arbitrary function 6(x)

[ j*o,0d"x =0 on-shell (3.4.21)

which is equivalent to 0,j# = 0 on-shell. Furthermore from

f( o ¢ 95 5 )d” fﬂa 0z (3.4.22)
we find

0S = fj“(a:)aﬁ(x) d"z, under  d¢(z) =i0(z)p(x) (3.4.23)

which is also valid for the original problem of the theory that is not coupled to the gauge
field (i.e. the case A, =0).

Linear response to spacetime deformations

The same approach can be used to define the stress-energy tensor. What plays the
role of the external field is now the background metric : we are coupling the theory
to gravity. Indeed in general relativity, the stress-energy tensor acts as the source of
spacetime curvature.

One must prescribe how to extend the theory from flat space to an arbitrary curved
space. Once our theory is defined on arbitrary curved background, we can define the stress

8Equivalently, upon considering a dynamical gauge field, the current j* can be seen as the source of
the electromagnetic field. Indeed from

1
L=Lym+La,  Lom=1"0,00,0"-V(¢|*), La= =3 P (3.4.17)
the equation of motion of the electromagnetic field reads

OuFm = v, gh =2 (3.4.18)

60



tensor as the susceptibility of the system with respect to the variations of the background
metric :

1 1
65 = [ Tsgulolds =~ [ Tudg™figld"a (3.4.24)
T I

where the minus sign arises because dg"” = —g#?§g,,g™. This is equivalent td]

- oS
ogH

T,

= —4

(3.4.25)
This defines the so-called Hilbert stress-energy tensor. It suffers none of the unpleasant
properties of the canonical one. To start with, it is well defined ! Moreover it is by
construction gauge-invariant and symmetric.

In order to define the electric charge density, we promoted the U(1) symmetry to local
gauge invariance. We now have defined the stress-energy tensor by promoting translation
invariance to general (or diffeomorphism) covariance. What is left is to derive the analogue
of , which will turn out to be nothing but the characterisation of the stress-
energy tensor used in the main text, namely . To see this, consider once again an
infinitesimal diffeomorphism z# — x# + e#(x), acting this time both on the fields and the
metric (that is to say an infinitesimal isometry) :

89, () = €°0,9,, () + gup(2)0,€° () + gou (2) 07 () = V 6, + V1€, (3.4.26)
where V is the Levi-Civita connection and V€, stands for (V,e) , namely
(Vue), = G (V) = g (8MEA + F’\pﬂep) = 920, + €Ty (3.4.27)
where T, is the Christoffel symbol

1
Lpp = 5 (0u9vp + 0pGup — 0 gyup) (3.4.28)

In particular in flat space (and in flat coordinates, i.e. such that g,, =,,)

09 () = Ouéy + Oey, (3.4.29)

But general covariance tells us that the theory remains unchanged under arbitrary dif-
feomorphisms (note that such diffeomorphisms correspond to symmetries only when they
leave the metric unchanged, which infinitesimally means Killing vector fields). Therefore
we have

0=05=S[®+LP,g+L.g]-S[P,g]

S
- 5[0+ LD,g] - S[0,g]+ [ gV lgld"
5g/“’ g=n
9We recall our convention for functional derivatives : 405 = [ 59375(@59“”(@\/ lgld"x and not

/ Jgfif(x)ég“”(:r)d"x.
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and we get
0S n
S[®+ LD, g]-S[®,g] = - f ?MW Vlgld"z
227

1 v mn
=—§fT“ VeV gld"x

In flat space and in flat coordinates we recover ((3.1.8))

05

3.4.30
Som (3.4.30)

S[®+ LP]-S[P] = f T d,e, d"z, THY — _ Ag

g=n

Matter tells spacetime how to curve

Alternatively one can couple the theory (referred to as matter in this context, with action
Sp) to a dynamical metric with the Einstein-Hilbert action

1
-1 [ /it
where R is the Ricci scalar (see Appendix (8.5.1))). The total action is now
S=Sn+S,

and the equation of motion of the metric is

0S, 0
0= 2% , 95 (3.4.31)
Oy OYpuw
In (8.5.1)) we compute
0S 1 1
L =-= (R“” - —Rg’“’) (3.4.32)
O 2
while by definition
0Sm 1
=--T" 3.4.33
S 2 ( )
and we obtain the Einstein field equations
1
Ruy - iRguV = T/w (3434)

which is the analogue of d,F"” = j¥ for gravitation : the stress-energy tensor acts as the
source of the gravitational field.
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Lecture 4

Radial quantisation and the Virasoro
algebra

In the previous lecture, we have worked in the Lagrangian formalism: implicitly or ex-
plicitly, we have assumed that the theory is governed by some action A[®] defined on the
local degrees of freedom {®(r)}, so that the correlation functions are given by:

(...):%/[DQ)]eA[q)](...), 7= [[pa)en, (4.0.1)

where the dots denote any functional of ®(r). In the present lecture, we will show how
to construct an equivalent viewpoint based on a Hilbert space. It is instructive to begin
with the lattice analogs of these two viewpoints.

4.1 Critical model on the cylinder

We will now focus on conformal field theories defined on the cylinder, as depicted in Fig.

-

Figure 4.1: Cylinder of perimeter L. We denote by ¢ the compact coordinate (with o and
o + L identified) and by 7 € R the non-compact direction.
This spacetime geometry is relevant for a variety of situations, critical or not, such as

e one-dimensional quantum systems on a circle (i.e. periodic boundary conditions)
at zero temperature



e one-dimensional quantum systems on a an infinite line, at finite temperature
e transfer matrix approach to statistical physics

But for conformal field theories something special happens : the cylinder is conformally
equivalent to the (punctured) flat plane, thus solving a CF'T on the plane is equivalent to
solving it on the cylinder. This will yield two important consequences, to be discussed in
this chapter : radial quantisation and the state-operator correspondence.

4.1.1 Hamiltonian formalism

Consider a Euclidean CF'T on a cylinder of circumference L and length K, with the space
direction x along the circumference (so that z =z + L), and the imaginary time direction
7 along the axis of the cylinder. By convention, the origin of time is set to the middle
of the cylinder. The quantum degrees of freedom are defined on a circle of circumference
L, and we denote by H the Hamiltonian. The corresponding Hilbert space is called V.
Given a local observable @(x), one defines in the usual way the time-dependent operator

Oz, 7)=e™MO(z)e ™ | (4.1.1)
where we used the fact that exp(—7H) is the evolution operator for a time gap 7.

Remark: Beware that the Hamiltonian H, describing a quantum 1d system, should
not be confused with the classical Hamiltonian H[S] of the 2d classical lattice model
described in Chapter

The generator of rotations around the cylinder is denoted P, so that a cyclic translation
by x is performed by the operator exp(—izP).

The boundary conditions on the edges of the cylinder are encoded into an in-state |in)
and an out-state |out). With these notations, the partition function is

7 = (outle ™ H|in) . (4.1.2)
We can express a two-point function (O(xz1,71)O(xa,72)) as
1 (-K/2+m)H Ay (r2-m1)H 7 (-K/2-m2)H|;
(O(21,11)O0(22,72))ey1 = E(out|e VEO0(21)e ™ O0(x0)e 2)%|in)

1 o~ o
= Z(out|e_KH/2(’)(x1, 7'1)0(1‘2, TQ)G_KH/2|iIl> s (413)

provided that 71 > 75. Assume that H admits a non-degenerate ground state |0), with
energy FEy, and that the overlaps (out|0) and (0|in) are nonzero. Then, as K — oo with L
fixed, we have

(out|e ®H/2 ~ (out|0)(0] e KE0/2 e EH2|in) ~ e~ KEo/2|0)(0]in), (4.1.4)
where we have assumed that the ground state is normalised:

(0j0) =1. (4.1.5)
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Hence, we get
Z < exp(-KEy), (O(21,7)O0(x2,72) eyt = (0|0 (21, 71)O(22,72)|0) (4.1.6)
This easily generalises to
(O1(21,71) ... O1(20, 7)) eyt = (0101 (21, 71) . .. Op (2, 7)[0) , (4.1.7)

on the infinite cylinder, provided the operators are time-ordered, i.e. 71 >--- > 7,.

4.1.2 Radial quantisation

Consider the conformal transformation from the plane to the cylinder:
L
zmw=—Ilogz (4.1.8)
2m

If the point at infinity is included, we get a mapping from the compactified complex plane,
also called the Riemann sphere, to the infinite cylinder. The points at z = 0 and z = o
are mapped to w = —oo and w = +oo, respectively. Under the mapping z ~ w, a primary
operator ¢y, j, transforms as

oni(2,2) = (2mz/L) " (272 /L) ¢ 5 (w, @) . (4.1.9)

Accordingly, we define the operator &Fhﬁ(z, z) acting on the Hilbert space V), as

Oni(2,2) = (2m2/L) ™" 202/ L) " &) o (w, @) . (4.1.10)

A correlation function of primary operators on the plane is then given by

(61(21,21) - In(2n, Z0))e = (0161 (21, 21) - . . Bn(2n, 2)|0) (4.1.11)

if |21 > - > |2,

We also know how the stress-energy tensor transforms under the map w ~ z:

L

T(z) > 22 [(%)z T(w) + i] L T() > 2 [(%)2 T(@) + Q—Z] L (4112)

which allows us to promote 7'(z) and T(z) to linear operators acting on V, like we have
done with primary operators:

T(z):= 272 [(%)Q T(w) + 51] . T(3) =27 [(%)2 T(w)+ 2_041] L (41.13)

As a result, we have, for instance,

(d1(21,21) - P20, 20)T(2))c = <0|$1(Zla Z1) ... an(zm gn)T(Z)l()) ) (4.1.14)

if |z1| > -+ > |zu| > |2|. More generally, the above relations can be extended to any set
of scaling operators O,(z;,%;), whenever we know how they transform under conformal
maps.

65



Figure 4.2: Square lattice on the cylinder, with N = 6 sites on the circumference, and
M =10 sites along the axis. The transfer matrix Ty acts in the horizontal direction.

4.1.3 The transfer matrix

What guarantees the existence of a non-degenerate ground state for the quantum Hamil-
tonian H 7 For a CFT describing the scaling limit of a classical 2d model with local
interaction, the justification comes from a simple analysis of the transfer matrix, 7.e. the
discrete imaginary-time evolution operator.

To illustrate the notion of transfer matrix, let us consider a spin model on a square
lattice with periodic boundary conditions in the vertical direction. Each vertex carries a
spin variable S;, and the energy of a spin configuration is given by

H[S]=>e(S:,5;), (4.1.15)
(i5)
where (ij) denotes a pair of adjacent sites. Let N be the number of sites in the vertical
direction, and a the lattice spacing, so that the circumference of the cylinder is L = aN.
For any pair of column spin configurations S = (Sy,...,Sy) and S = (S],...,5%), we
define the matrix element

N
(Tw)srs = [[ exp [—%g(sn, St - %5(5;” ') —e(Sa, 5;)] , (4.1.16)
n=1

where Sy, := 51 and S, = 5]. As alinear operator, the matrix Ty acts on configuration
vectors. The linear space for these vectors is called the quantum space Vy. If each
individual spin S; can take ¢ values, then dim Vi = ¢%.

The operator Ty plays the role of a discrete evolution operator. For instance, for any
pair of column configurations «, 3, the quantity

Zop = (ol (Tn)™B) (4.1.17)

gives the partition function of the lattice model on a cylinder of size M x N, with fixed
boundary conditions given by «, (. Similarly, one may define time-dependent lattice
operators acting on Vi through the relation

O(n,m) =Ty O(n) T (4.1.18)
The rotation operator by one lattice step is denoted )y.

The physics of the model on the infinite cylinder is governed by the dominant eigen-
values of Ty, i.e. those with maximal modulus. From (4.1.16)), we see that Ty is a real
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symmetric matrix with positive elements. Hence, the Perron-Froebenius theorem states
that the dominant eigenvalue Ay of Ty is positive and non-degenerate, and that the
corresponding eigenvector |vg) can be written with positive components.

Assume that the Boltzmann weights are invariant under a given transformation of
the spin variables (for instance, the spin flip S; - -5, in the Ising model). Let G be
the corresponding symmetry group. When acting on the quantum space, this group is
represented by permutation matrices, which commute with the transfer matrix

VgeG,  [¢,Tn]=0. (4.1.19)

Since the dominant eigenvalue A is non-degenerate, we see that glvg) must be a multiple
of |vg), and hence |vg) is an eigenvector of g. Since g is unitary, the eigenvalue is of the
form e with real X. The eigenvalue equation then reads
dim Vi )
gk Yo,k = GM Vo,j , (4120)
k=1

where the matrix elements g;;, € {0,1}, and the vector components v, ; > 0. Hence, both
sides of the eigenvalue equation are real and positive, and so the eigenvalue must be
one. As a result, we obtain that the Perron-Froebenius vector is invariant under the full
symmetry group:

Vge@, glvo) = |vo) . (4.1.21)

Using a similar argument, we can show that the Perron-Froebenius vector is also invariant
under a rotation around the cylinder:

Qlvo) = vo) (4.1.22)

In the scaling limit, when N - oo and a - 0 with L = Na fixed, the quantity

. 1
fo = ]\1]1_1;120 (—NlOng) (4123)

is assumed to be finite, and gives the density of free energy per lattice site. Indeed, the
free energy on a cylinder of size K x N is

F~—-log(AF)~NKf,. (4.1.24)
We assume that the transfer matrix and the rotation operator take the form
Ty ~exp(-aH), Q ~exp(-iaP). (4.1.25)

The dominant eigenvalues of Ty thus correspond to the low-lying energies of H. The

quantum space Vx becomes infinite-dimensional in the scaling limit. We consider the

Hilbert space of the CFT as generated by the Perron-Froebenius vector |vp), together
with the subset of eigenstates of Ty whose eigenvalues scale as

—log =L ~ 21 4.1.26

e, N ( )
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where the p;’s are positive constants. This can be quickly justified in the following way.
The free energy on the K x N torus is given by

Fiorus = —log Tr(Tx )% = ~log (Z AJK)
J

J

- ~log(A) - log [zmj/Ao)K]

~ NK fo - log [Zexp(—,qu/N)] , (4.1.27)

Hence ([4.1.26)) is the only scaling consistent with the expected form of the free energy of
a scale-invariant system, namely the sum of an extensive term and a term depending only
on the aspect ratio K/N of the torus.

The direct consequence of the above results are:

e CFTs describing the scaling limit of a critical 2d model possess a non-degenerate
ground state |0), which can be viewed as the “limit” of the Perron-Froebenius vec-
tor |vg). The corresponding left eigenvector (0| has an analogous relation to the
conjugate Perron-Froebenius vector (vg|, because the transfer matrix is real and
symmetric.

e The ground state |0) has energy Ey, and momentum zero: P|0) = 0.

e When the discrete model admits a symmetry under reparameterisation of spin vari-
ables (like S; - =S, in Ising), then |0) is invariant under this symmetry.

e All excited states of the CFT Hamiltonian H on a periodic system of size L have
an energy gap (FE - Ey) o< 1/L.

4.1.4 Conserved charges associated to the stress-energy tensor

We will now argue that the Hamiltonian is related to the stress-energy tensor via

1

L _
H-= gy f (Tcyl(l',’f) +Tcy1(:v,7))d:v, (4.1.28)
7w Jo

where Ty, is the stress-energy tensor on the cylinder. This means that 75, = T + T is
the energy density. This identification follows from the Ward identity associated to time
translations. We have for any scaling operator O

0.0(x,7) = [H, 6(x,7’)] (4.1.29)

Meanwhile the conformal Ward identity under an infinitesimal conformal transformation
w - w + e(w) reads

5.0(x,7) = i § () Tep ()0, 7w+ i § @) Tep(@)O(, 7y, (4.1.30)

where the contour integrals wind around the position v = 7 + 7x. These integrals can be
written as the difference of two integrals over the circumference of the cylinder, as in Fig.
4.3
1
2

§ (@) e ()O(u, o = % ( yi - 4 ) () Toy (0)O(u,@)dw,  (4.1.31)
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v

Figure 4.3: From Ward identities to commutators on the cylinder.

where C, (resp. C_) is a circumference placed on the right (resp. left) of O(u,u). There-
fore the interpretation of the Ward identity Eq. in Hamiltonian formalism is really
that of a commutator :

6.0(u, ) = [Q., 5(u,ﬂ)] (4.1.32)

where
Q = 5 § clw)Top(w)du + 5 § @) Tep(w)di, (11.33)
= % /0 (e(x, T) e (z,7) + €(x, T)Tcyl(l‘, 7')) dx . (4.1.34)

Observe that the charge Q.(7) = Q. is a conserved charge, in the sense that it does not
depend on time. This follows from the fact that the integration contour can be shifted
around freely, and ultimately boils down to the fact that both T" and € are holomorphic
inw="7+1x.

A particular but important case of this construction is for ¢ real and constant, for
which 00 = 0,0, thus
0.0 =[H,0O] (4.1.35)

with H given by Eq. [4.1.28 Strictly speaking the argument above only allows to deter-
mine the Hamiltonian up to an additive constant. This is perhaps not too surprising, as
in quantum mechanics energy is a priori only defined up to an arbitrary additive shift.
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» Exercise : Show that the total momentum P, as characterized by 8,0 = i[ P, (5],

is given by
1

T or

P fo (T, t) - T, 1)) der (4.1.36)

4.2 The Virasoro algebra

4.2.1 Laurent expansion of the stress-energy tensor

Let us first describe the Fourier modes of the stress energy tensor on the cyliner. We use
the coordinates on the cylinder

w =T+, w=T-1ir. (4.2.1)

By invariance under translations around the cylinder, we have the periodicity

Teyi(z,7) =Te(x + L, T), Tep(z,7) =Tep(z+ L, 7). (4.2.2)
Moreover, we have -
OpTey =0, OuwTen =0. (4.2.3)
Hence, one easily shows that 7ty and Tcyl admit the decomposition
Top(w) = Y e?™lbg,  Ty(w) =) e?™/tq,, (4.2.4)
ne ne

where the Fourier coefficients are given by

1 rk , 1 rk , -
=7 fo d e/l Tesi(,0), Gn = 17 fo dg e~ 2mne/L Tesi(,0). (4.2.5)
We can now map the cylinder to the plane, through the conformal transformation
w e z=exp(2rw/L). (4.2.6)

Under this mapping, the stress-energy tensor becomes

T(z) = 22 [(%)Q Ton(w) + ﬁ] L T(E)-z [(%)Q Ton() + ﬁ] 2

We can define

L\? c - L\? c
L,=|— —0 L,=1—) ¢, +—=—90 4.2.
n (27’1’) Qn+24 n,0 n (271’) Qn+24 n,0 5 ( 8)

so that the Fourier expansions of T, and Tcyl become Laurent expansions for T and T

T(z)=> 2"?%L,, T(z)=>2z""L,. (4.2.9)

nez nez

Conversely, the Laurent modes can be recovered as

1 o ]
L, =— 95 dz 2" T(2),  Lp=—— 95 dz 71T (%), (4.2.10)
2T 2
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where the contours encircle the origin. Like for the primary operators, the currents 7, T
and the modes L, L,, can be promoted to operators acting on the quantum space V. For
instance, one defines

)

L\? c = L\~ ¢
= l=) Gy =601, Tn=(=2) G+ —6,01. 4.2.11
(27r) gm0 (27T) n 54 m0 (4.2.11)
In the following, we shall omit the symbol 7, in order to lighten the notation.
An important property, deduced directly from the above relations, is the expression
of the Hermitian conjugates:

L =L_,, Lt=L_. (4.2.12)

n

4.2.2 Commutation relations

Let us now show that the OPEs T".T, T.T and T.T determine the commutation relations:

c
[Lim, Ln] = (m=n) Ly + E(m2 — 1)Mbmin,0

(Lo, Ln] = (m =) Lypsn + 1—02(m2 — 1)MBpmsno. (4.2.13)

The modes L,, and L,, generate two independent Virasoro algebras Vir and Vir.
We recall the OPE

c/2 . 2T(2) +8T(z)
(y-2)t (y-2)* y-=

T(y)T(z) = +reg, . . (4.2.14)

Consider first the commutator

LT = 5= (§, = f Jawrm TITE)
_ i 950 Ay T)T() (4.2.15)

_ b ma |_€/22T(2) 9T(2)
"~ Jo. M [(9—2)4 -2 u-2
=3 53! (m+1)m(m—-1)2""2+2(m+1)2"T(z) + 2" 9T(z).  (4.2.16)

The crucial point is that only the singular terms of the OPE contribute in the contour
integral. Integrating over z, we get

1
[Lpn, L] = 5 ‘95 dz [1—62(m2 —D)ym 2™ 4 2mp™ T () 4 2 GT(Z)]
1T JCo
- 1—02(m2 — )M man + 2(m+ 1) Lonsn — (m 41+ 2) Ly
= (1= 1) Lyan + 1—62(m2 — 1)MBmano s (4.2.17)

where we have performed an integration by parts on the last term.

71



The OPEs of T and T with a primary operator ¢ of conformal dimensions are

ho(z) | 06(z)

T(y)¢(z,72) ORI (4.2.18)
T(y)¢(z,2)—}é?(z_)22) 8z(fzz)+regw (4.2.19)

They yield the commutation relations:

[, @ )]:(n”)fmn(f(z’z)+Zm1(?dz(z’z)’ (4.2.20)
(L, #(2,2)] = (n+1)hz" ¢(2,2) + 2" 0¢(2, 2) .

4.2.3 Hamiltonian and momentum operators

Recall that from Ward identities on the cylinder, we have obtained

L rt = 1 o _
o [ @+Topde,  P=o [ (Ty-To)de. (4.2.21)

In terms of the Virasoro modes, this gives

27T(

2w = &
HZ T(LO-FLO— E) 5 P LO_LO) (4222)

» Exercise : What is the charge Q. for e(w) = e’Z°% and e(w) = ie T ?

4.3 The quantum states of a CFT

4.3.1 The vacuum state

Consider the insertion of 7'(z) into a correlation function of scaling operators:
(O1(21,71) ... On (20, 2:)T(2)) = (0101 (21, 1) - .. O (20, Z) T(2)]0) (4.3.1)

with |z1| >+ > |z, > |z|. This function is regular as z — 0, since no operator is inserted at
the origin: this means that the state

T(2)|0)= Y 22 L,|0) (4.3.2)

meZ

should be regular as z - 0. A similar argument can be made for T|0). Hence we get

(4.3.3)

To obtain the second relation, we have used the fact that Li,=L_,and L}, =L_,,.

72



4.3.2 Primary states

Reasoning as we did above, on the correlation function

(O1(21,21) - .. On(2n, Z0)0(2, 2)) (4.3.4)

where g/b\(z, %) is a primary operator of conformal dimensions (h, h), we see that the state
#(z, 2)|0) should be regular as z - 0. We thus define:

@) :=lim ¢ (2, 2)[0), (4.3.5)

and call it the primary state associated to ¢(z,z). From this definition, we have the
relation

<01(Zl, 21) N (’)n(zn, En)gb(())) = <0|@\1(21, 21) e 571(27“ En)|gz§) . (436)

Using the commutators [L,,, ¢(z,z)] and [L,,, #(z,Z)], and the properties of the ground
state, we get

Lolg) =hl¢),  Lumsold) =0,

_ _ _ 4.3.7
Lol)=hl6),  Lumold) =0, (43.7)

The left state (¢| will correspond to the insertion of ¢(z, z) at infinity. We thus consider
the correlation function

(0(2,2)01(21,21) .. On(2n, Z0)) (4.3.8)

with |z| > |z1] > -+ > |z,]. We can use the inversion map z — 1/z. Under this map, the
primary operator transforms as

$(2,2) > 2222 ¢(1/2,1/7) (4.3.9)

and hence
(0(2,2)01(21,21) .. On(2n, 20)) = 272 27200 (1) 20,1/ Z0) ... O1 (1) 21, 1) 21)d(1] 2,1/ 2)) .
(4.3.10)

Here we do not specify the transformation 0,(z;,%,;) - @;(1/z;,1/%;) for generic scaling
operators, but the only important property is that it is independent of z, Z. This leads to
the definition:

(6(00)01(21,21) ... On(20, Zn)) = lim [222 220 ($(2,2) 01 (21,71) - .. On (20, Zn))] -

(4.3.11)
Accordingly, we define the left primary state as:
(¢] := lim 2*" 22M(0|p(z, 2) (4.3.12)
so that we get the relation
(p(00)O01(21,71) ... Op(2n, Zn)) = (4|01 (21, 71) . .. O (2, Z0)[0) - (4.3.13)
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We also have the properties:

(0lLo = h{ol,  (dlLmeo =0,

(BlLo = h{d],  (B|Lmeo=0. (4.3.14)

Remark 1. Note that the ground state is also a primary state — it is associated to
the trivial identity operator ¢(z, z) = 1, with conformal dimensions h = h = 0.

Remark 2. Since the primary states are eigenvectors of the self-adjoint operators Ly
and Ly, we have (¢1|¢o) = 0 if hy # hg or hy # hy. Also, from the above definitions, we
easily get (¢|¢) = 1. Hence, if all primary operators in the CFT have distinct dimensions,
we recover the previous result on two-point functions

(4.3.15)

0 otherwise.

(¢1(00)¢2(0)> - <¢1|¢2> _ {1 if (h1,h1) = (hg,hQ) ,

4.3.3 Descendant states

By acting with modes L_,,, L_; with m,m > 0 on a primary state |¢), one can create
an infinity of non-zero descendant states: L_1|¢), L _o|¢), L?|¢),, L_oL_1|¢)... Using the
commutation relations, a given descendant L, ...L,,|¢), with n; € Z, can always be
written as a linear combination of descendants of the form L_,,, ... L_,, |¢), with m; >
-« >my > 1. Of course, this can be combined with descendants under the anti-holomorphic
algebra Vir. Hence we consider the generating set of descendants

[CEEONEE AN AN A A )8 (4.3.16)

with my >--->myg >1 and my >--- >mz > 1. The numbers

M =|m|=mq +---+my, M =|m|=mq +---+mg (4.3.17)

are called the levels of the descendant state |p[™™]). Using the Virasoro commutation
relations, we get

Lolot™m) = (s MYy Lolgm) = (h+ 1) folmomd) (43.18)

Hence, within the space of descendants of a given primary state, the levels label the
eigenspaces of Ly and Lj.

Remark. The states {|¢l"™])} generate the space of descendants of |¢), but they are
not always linearly independent. If a finite set of |p[™™]) become linearly related, we say
that ¢ is degenerate: this case will be studied in detail, later in this course.

4.3.4 The full Hilbert space

Recall the expression of the Hamiltonian operator, which governs the imaginary-time

evolution on the cylinder:

2 - c
H="(r,+L,-< 43.19
L( 0+ Lo 12) ( )
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From the transfer matrix point of view, we expect that the CF'T Hilbert space contains
the primary states (among which the ground state |0) minimising the eigenvalue of H),
and their descendants. Moreover, all these states should have an energy gap of order 1/L.
We also assume that the primary states form an orthonormal family. A simple way to
construct a Hilbert space V with these properties, is to assume that this space is generated
by the action of the algebra Vir® Vir on a certain set of primary states {|¢;)} with distinct
conformal dimensions.

If the set of primary operators is finite, we say that the CFT is rational. This condition
entails strong constraints on the central charge and the possible conformal dimensions for
the primary operators, which are satisfied for a discrete, infinite series of CFTs called the
minimal models.

Some CFTs have an infinite (discrete or continuous) set of primary operators: they
are called non-rational CFTs.

4.4 Representations of the Virasoro algebra

In this section, we present the basics of the representation theory of the Virasoro algebra.
As we have just seen, the Hilbert space V of a CFT is a representation of the product of
two commuting Virasoro algebras Vir ® Vir, corresponding to the Laurent modes of the
holomorphic and anti-holomorphic components of the stress-energy tensor. Here, we shall
describe the representation theory of a single Virasoro algebra.

4.4.1 Verma modules
Condider a lowest weight state |h) such that
Ly|h) = h|h), Lysolh) =0. (4.4.1)

The representation generated by all the descendants of |h) is called the Verma module V.
As we have done for primary states ¢, ;), we can define a generating set of the Verma
module as

Wy =L Lo RY,  mypze>my 21, (4.4.2)

Organising states by level, we get

(Lo=h) )

(Lo =h+ 1) L_1|h>

Lo=h+2 L_olh) L2 |h

(Lo=h+2)  Lah) IAp) s

(LO =h+ 3) L,3|h> L,2L71|h) L71|h>

(Lo =h+ 4) L_4|h> L_3L_1|h> L22|h> L_QL%1|h) L%1|h>

The number of independent states at a given level M is equal to P(M), the number of
partitions of the integer M into a sum of positive integers [by convention, P(0) = 1].

The Virasoro character of the Verma module is the function defined as

Xn(T) 1= Try, gho=e/?* q = exp(2inT). (4.4.4)
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Using the Dedekind eta function

= 1/24
= [](1-¢") = =2 445
n(t) =q H( q") S= PO’ (4.4.5)
we obtain the expression
g+ (=024
Xn(T) = o (4.4.6)

At this stage, this relation is just a compact way of encoding the degeneracies of Lg in
the module V.

In the Verma module, we want to define a “scalar product” (more precisely, a bilinear
form), which will be used for computing correlation functions. For compatibility with the
scalar products between physical states, it is necessary to impose, in Vj,

(hlpy:=1,  Li:=1L.. (4.4.7)

n

It is easy to realise that these relations actually determine completely the bilinear form
on V. We have the simple property:

if Y myx Y my, then (R™|Rl™ly =0, (4.4.8)
J J

namely, the levels are mutually orthogonal, due to the fact that L is self-adjoint. However,
the states [h[™]) on a given level are not orthogonal to each other.

4.4.2 Degenerate Verma modules

For generic values of (h,c), a Verma module V), is irreducible. However, for some special
values of (h,c), V, may become reducible, i.e. it may admit a non-trivial subspace W
which is stable under the action of the L,’s. We then say that the module V}, (or the state
|h)) is degenerate. Let us quickly examine the consequences of reducibility, and then find
for which values of (h,c) this may happen.

Suppose V, is reducible: then, we call |y) a state with the minimal eigenvaludl] for Lg
in the non-trivial submodule W. We then have Lo|x) = (h+ N)|x) for some integer level
N > 0. Thus, the state |y) is of the form:

X) = (FL -y +---+ #LY)|h) . (4.4.9)

For any m > 0, we have Lo - Ly|x) = (h+ N —m)Ly,|x), and hence L,,|x) must vanish
(otherwise h + N would not be the minimal eigenvalue for Ly in W). We say that |h) is
degenerate at level N. We thus have

Vm>0,  Lulx)=0. (4.4.10)

This means that the descendant state |y) is itself a lowest-weight state. The action of the
Virasoro algebra on |x) thus generates a submodule W,, isomorphic to V,y. We may

!Throughout this argument, we assume that Lg is diagonalisble in V,.

76



define the quotient space V; = Vu/W,. If V), is still reducible, then we need to identify
a new lowest-weight vector |y’) at level N’ > N, and repeat the quotient procedure, to
obtain a space V', and so on. Once the subspaces generated by lowest-weight vectors
(except |h)) are quotiented out, one gets an irreducible module, called the Kac module
Kh,.

The state |x) and all its descendants are null-states, namely:

Viv) e Vi, VYmy>---2my>1, (V| Loy -+ Lo [x) = 0. (4.4.11)

This is proven for any |v) = |h["]), by writing
(hXU™) = (Bl Ly, .. Ly, - Lo, - Lo, IX)

which, using the commutation rules, can be written as a linear combination of terms of
the form

(hlLp, .- Lp.[x),
with py <---<p.and py+---+p, = (ny+---+ny) — (my +---+my). Since (h| and |yx) are
annihilated by negative and positive modes respectively, the result is zero.

Remark. In particular, |x) has norm zero: (x|x) = 0.

Remark. The above result shows that all lowest-weight states and their descendants
are null states. However, the reciprocal is not true: some null states are not lowest-
weight. For instance, L_q|x) is a null state, but it is not annihilated by the Virasoro
positive modes. Indeed:

Li-Log|x) = (L1Ly +2Lo)|x) =2(h+ N)|x) £0,  ifh#-N. (4.4.12)

Example 1. Let us consider a state |h) degenerate at level N = 1. This means
that |x) = L_1]h) is a primary: L,so|x) = 0. For n > 1, we always have L,L_|h) =
L_yL,|h)+ (n+1)L,_1]h) = 0. Hence, the only non-trivial condition is

LlL_1|h> =0 d (L_1L1 + 2L0)|h> =0 <~ 2h|h> =0. (4413)
The only lowest-weight state which is degenerate at level N =1 is thus the one with h =0,
corresponding to the conformal dimension of the ground state.
Example 2. Let us do the same exercice for level N = 2. Writing |x) = (uL_o +
vL?))|h), and imposing Lq|x) = La|x) = 0, we get the linear system

3u+(4h+2)v=0

4.4.14
(4h+§)u+6hv:0. ( )

The system admits a non-trivial solution if and only if its determinant is zero, which
yields the relation:

_ (5—c)i\/(1—c)(25—c)
16 '

For generic values of the central charge, there are two possible values for the dimension
of an operator degenerate at level N = 2.

16h2+ (2c=10)h+¢c=0 <  h (4.4.15)
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4.4.3 The Kac parametrisation of degenerate dimensions

For higher levels IV, it becomes non-trivial to enumerate the degenerate dimensions. Let
us state the result, which is known as the Kac parametrisation. We write the central
charge

c=1-6(b""'-b)?, (4.4.16)
with some nonzero parameter b. Then the degenerate states at level N are of the form
|hys) with ;s € {1,2,3,...} and 7 x s = N, and their dimensions are given by
(rbt = sb)?2 - (b71 - b)?

1 :

In particular, we have his = (3b? — 2)/4, hy; = (3072 — 2)/4, and the corresponding null
vectors are

hrs =

(4.4.17)

IX12) = (L2 = b72L2))|h12), Ix21) = (L_p — b>L?,)|ha1) . (4.4.18)

Note that the Kac parametrisation of degenerate dimensions holds for any value of the
central charge. It tells us that only a finite number of dimensions A (namely, the h,; with
rs=N) can be degenerate at a given level N.

4.5 Descendant operators

Back to the physical setting, we can view the operators L, as acting on the space of
scaling operators. To do so, let us first remark that, for any scaling operator O, the OPEs
T(2)0(0) and T(2)O(0) admit Laurent expansions in z and 2, respectively. Indeed,
inserting O at the origin in the plane geometry corresponds to inserting it at —oo on the
cylinder, which does not affect the Laurent expansions of T'(z) and T'(z). Thus, we can
write

T(2)0(0)=%Z‘”_Q(Ln'O)(O), (Ln-0)(0) = jlgdyy””T(y)@(U) (4.5.1)
T(Z)O(O):%2‘”‘2@”-0)(0), (L, - 0)(0) = 95 Ay 5 T(5)0(0),  (4.5.2)

which defines the descendant operators L, - O and L, - O at the origin. In the above
expressions, the contour integrals enclose the origin. By applying a translation, we get
the definition of descendant operators at any position on the plane:

(Lo 0)(2,2) = i — f (-2 TG, 2).

(4.5.3)
(L O)(2,2) = 5 yf dj (7 - 2™ T()0(2, 7).

where the contours now enclose the point z. This corresponds to Laurent expansions
around the point z:

TWOG.) = -2 (L 0)(a13).
T(g)()(z, Z) = Z(g -z)™" 2 (L, - 0)(z, 7). (4.5.4)

nez

78



In the case of a primary operator ¢(z,%), the OPEs T.¢ and T.¢ are equivalent to the
conditions:

Li-¢=0¢, Lo-d=h¢,  Lpo-¢=0, (4.5.5)
E_1'¢:5¢, E0'¢:B¢, En>0'¢:0. (456)

For a generic scaling operator, recall the conformal Ward identity for an infinitesimal
conformal transformation (z,z) — (2 + €,z + €):

5.0(2,7) = i 55 dy e(y) T(y)O(2, %) + i f A5 e(5) T([G)0(2 7). (4.5.7)

where the contours are around the point z. A constant € corresponds to an infinitesimal
translation, whereas € = y 2z corresponds to a dilatation if x is real, and a rotation if u is
imaginary. Comparing with the definitions of L, - O and L, - O, we see that

L,-0=00, Ly-O=h0, (4.5.8)
L,-0=00, Ly-O=h0O. (4.5.9)

However, the positive modes L, and L, may act non-trivially on O if it is not primary.

Let us show the following property:

For any scaling operator Oy, ;, of conformal dimensions (h, h), the descendant op-
erators L_, - Oy and L_, - Op; have conformal dimensions (h +n,h) and (h,h+n),
respectively.

Indeed, if we consider a scale transformation z - 2z’ = z/A, with A real and positive,
recall that O, ;, and T' transform as

Oni(2,2) = X" O (2N 2N, T(y) = A 2T(y/N), (4.5.10)

and hence, the descendant operator L_,, - O transforms as

(L 0,)(2:2) > 5 b dy(y=2) " NI, (2, 7) = X (L0, 5)(2, 7).

(4.5.11)
Thus, the scaling dimension of L_,, - O}, is h + h +n. Repeating the argument with the
scale transformation replaced by a rotation, we get the conformal spin h — h +n. These
values of the scaling dimension and conformal spin indeed correspond to the conformal
dimensions (h +n,h) for L_, - O, ;. The argument for L_, - O, is identical, except that
the conformal spin turns out to be h— h —n.

Exercise: Consider a primary operator ¢(z, Z) of conformal dimensions (h, ). Under
a conformal mapping z — w, recall the transformations

b6(2,%) > (g—@;’)h (g—g’)ﬁ (w, ) (4.5.12)
T(z) - (g—f)QT(w) + w2}, (4.5.13)
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where {w, z} denotes the Shwarzian derivative:
{w,z} =w" Jw' - 3/2(w" [w")?. (4.5.14)

Compute the transformation of the descendant operators (L_1-¢)(z,2) and (L_2-¢)(z,2)
under the mapping z — w.

4.6 Action of the L,’s in correlation functions

We would like to compute a correlation function where all operators are primary, except
a descendant operator O][:;L] =L_p, ... Ly, Oy inserted at the origin. Thus we consider
the correlation function

(01(21,21) - - - O (20, 22)OI™(0)) = (011 (21, 21) - - - Dn( 20y Zn) Ly - - - L |Onr) (4.6.1)

where |z1] > -+ > |z,,|, and ¢1, ..., ¢, are primary operators, and my > --- >my, > 0. In the
above expressions, we have dropped the symbol 7, and we have simply written ¢; instead
of ¢; in the expectation value, to lighten the notation. Recall the commutation relations:

[L—m7 ¢j(z> 2)] = (1 - m)hjzim ¢j(27 Z) + 27 a¢j(z> Z) ) (4-6-2)

and the property
VYm >0, (O|L_, =0. (4.6.3)
Using these identities, we can commute L_y,,,... L_,,, to the left of the ¢;’s, and we easily
get
(61(21,71) - Du(20,2) 0,7 (0))
= £—m1 s ‘C—mk <¢1(Z17 21) s ¢n(2n, zn)oh,ﬁ(0)> ) (464)

where L£_,, is the first-order differential operator defined as
E_m = Z Z]_m [(m - 1)h] - Zjaj] . (465)
j=1

Remark: If the descendant operator (’)}[;%] is inserted at a generic position, by trans-
lation invariance we get

(61(21,21) - D2, 20) O (w, )
= Lo (W) o Loy (W) (D1(21,21) - (2 Z0) O (w0, @) (4.6.6)

where

n

L (w) =Z —w)" [(m=-1)h; - (z; —w)0;] . (4.6.7)
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Lecture 5

Fusion rules and minimal models

5.1 The Operator Product Expansion in CFTs

Consider two scaling operators O;(r’), O;(r), and let 7’ — r inside a correlation function,
where all the other operators are located at a larger distance to O;(r). Then, for /' =r+e
with € — 0, the product O;(r+¢€),O;(r) may be viewed, at large distance, as a single local
operator located at r. The latter may be, in turn, decomposed on the basis of scaling
operators, with e-dependant coefficients:

Oi(r+¢e) Oj(r)azozk:cfj(a‘) O(r) . (5.1.1)

This relation is called the Operator Product Expansion (OPE). It defines an algebra on
operators, simply called the operator algebra. The coefficients cfj(g) are the structure
constants of this algebra.

In the case of a 2d CFT, the explicit space dependance of the cfj’s reads, in complex
coordinates

0i(2,2)0;(0,0) = > Ckzhihthe zmhihithe 0, (0,0) . (5.1.2)

Oy scaling op.

In principle, any n-point correlation function could be computed by repeatedly applying
the OPE relations, until one gets to a linear combination of two-point functions.

Let us focus on the OPE of two primary operators:

¢i(z,2) ¢ (w, w) = .
% Chml [m]) (- w) M ) g ww), - (5.1.3)

¢, primary
[m,m]
where ) -
hij = hi+ hj = i, hi = hi+ hy = hy, (5.1.4)
and [m] = (mq,...,my) with my > mg >--- > my > 1, and similarly for [m], and we have

used the short-hand notations

M =|m|=mi+---+my, M = |m|=mq +---+mg, (5.1.5)

¢’Em],[m] = Ly Ly Loy Ly - O - (5.1.6)
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For a given pair ¢;, ¢;, only a subset of primary operators ¢, contribute to the r.h.s.
of the OPE ¢;.¢;. We denote this as

¢ x ¢ > D N o, (5.1.7)
k

where the fusion integer Ni’; = 1 if the fusion ¢; x ¢; — ¢y, is allowed, and NZ.’; = 0 otherwise.

Descendant operators will be treated later in this course. At this point, we simply
notice that, since the insertion of an operator L_,, or L_,, in a correlation function amounts
to applying a differential operator, the OPE ¢; - ¢Em’m] (including the structure constants)
can be obtained directly from ¢; - ¢;. Similarly, we shall see later that the fusion to a
descendant operator, namely ¢; x ¢; — ¢1Em’m], is determined by the fusion ¢; x ¢; — ¢y.
Hence, in this lecture, we focus on fusion between primary operators.

5.2 Fusion with a degenerate operator

Consider the OPE of primary operators ¢; - ¢;, in the case where ¢, is degenerate under
the Virasoro algebra. We suppose that ¢; possesses a descendant y; at level N, which is
itself a primary operator:

Xj) = (Lon o+ #L)N5), Limsolxs) =0. (5.2.1)

Recall that, as a consequence, |x;) is a null vector of the Hilbert space, namely it is
orthogonal to any state, and thus every correlation function including |y;) must vanish.
In particular, we have

(Deldi(z. 2)xs) = (Sli(z, 2) (Lo + -+ #LY)|g;) = 0. (5.2.2)

As we have seen in the previous Lecture, each insertion of a mode L_,, can be expressed
as the action of a differential operator, by the use of the commutators [L_,,, ;(z,2)]. In
the present case, the explicit expression is

<¢k|¢1(2a Z)L—m1 s L—me|¢j> = ‘C—ml s ‘C—me ’ <¢k|¢1(27 2)|¢]) ) (523)

where £_,, := 27 [(m — 1)h; — 20,]. Moreover, the three-point function of primary oper-
ators is always of the form

(011652, 2)1) = (01(00)64(2, 2)85(0)) = comst x 2-hichsthe shuchivin — (5.9.4)

Comparing with the OPE relation, we see that the multiplicative constant is nothing but
the OPE coefficient C’Z’z Moreover, each differential operator £_,, has the following action

on power functions:
Lop-2%=[(m=-1)h;—a]z2™. (5.2.5)

Thus, the condition (¢x|¢i(z, Z)|x;) = 0 translates into a polynomial equation of order N,
relating h;, hj, hy. As a consequence:
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For a given pair of primary operators (¢;, ¢;), if ¢; is degenerate at level N under
the Virasoro algebra Vir, with the null vector |y;), then the fusion ¢; x ¢; - ¢ is
only possible if the conformal dimension Ay is one of the /N solutions of a polynomial
equation parameterised by h; and h;.

Remark 1: The same result can be obtained for an operator ¢; degenerate under the
algebra Vir: in this case, the conformal dimension hj, must be a solution of a polynomial
equation parameterised by h; and ﬁj. If ¢; is degenerate and scalar, then both h; and
hj, are constrained by the same type of equations, but they can be different, even when
hi = h,

Remark 2: The above result is a necessary condition for the ¢; x ¢; — ¢ to be
admissible, but it is not always sufficient. In particular, if ¢; is also degenerate, then
some additional constraints can yield the possible values of hy.

Let us treat the case of an operator ¢, degenerate at level N = 2 in more detail. Recall
that, with the parameterisation of the central charge ¢ = 1 -6(b~! - b)?, the degenerate
dimensions at level two are his = (3b% - 2)/4 and hgy = (302 — 2)/4. Consider the case
when the conformal dimensions of ¢; are h; = ]_Zj = hy1a — we shall simply write ¢; = ¢12 in
the following argument. The null vector at level two is |x12) = (L_g — b=2L?)|¢12), which
yields the condition

(Dr|0i (2, 2) Loaléia) = 072 {@rloi(2, 2) L2 |¢h12) = 0, (5.2.6)
and, in turn, the polynomial equation
(th + h12 - hk) - b_2 (hz + h12 - hk + 1)(h1 + h12 - hk) =0. (527)

At this point, it is convenient to use the Kac parameterisation for h;, even in the case
when h; is not degenerate. We write
b pb)? (b D)2

hi =hy, = y , (5.2.8)

with A, i real. Note that this parameterisation is not unique, because it is invariant under
(A p) = (N +ab, u+ ab™) for any real a. After some simple algebra, one finds that the
solutions of the polynomial equation are

hk = hA,M*'l or hk = hA,M—l . (529)
Hence, in the Kac parameterisation, we get the fusion rule

O X P12 = Oapst + Oyt - (5.2.10)

The above case for ¢; = ¢12 has been fully treated with a simple argument, relying on
the exact form of the null descendant x15. For degenerate operators at higher levels, more
elaborate approaches, such as the “Coulomb Gas”, are used to derive the fusion rules —
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in this lecture, we state the results without proof. Recall that all operators degenerate at
level N have a conformal dimension of the form
(bt —sb)? — (b7 - b)?

hys = , 5.2.11
, 1 ( )

with r, s positive integers, and rxs = N. As we have done in the above example, a generic
conformal dimension A can also be written (in a non-unique way) in Kac parameterisation,
namely h = hy, with A, u real. The fusion rule of a generic primary operator ¢, , with a
degenerate primary operator ¢, is given by

(r-1)j2 (s-1)/2

¢A,u X ¢r,s = Z Z ¢A+2k,u+2£, (5212)
k=—(r-1)/2 ¢=—(s-1)/2

where each sum has unit increments. Note that, when ¢, , is also degenerate (namely,
when A and p are positive integers), some terms may be suppressed from the sum, due
to additional fusion rules arising from the null-vector conditions of ¢, ,. Thus, strictly
speaking, the right-hand side of the above relation should be read as the maximal set of
admissible primary operators resulting from the OPE ¢, ,, - ¢, 5.

5.3 Minimal models

5.3.1 Kac table and fusion rules

We want to build a “minimal” CFT model, namely a model with as few primary operators
as possible, closing under the operator algebra. We suppose that the conformal symmetry
encoded by the algebra Vir® Vir describes completely the model, and hence each primary
operator is completely specified by its conformal dimensions (h, h).

Remark: For simplicity, in this lecture we shall study the case when all primary
operators are scalars, namely they have conformal dimensions h = h. There exist other
series of Virasoro minimal models, with some non-scalar primary operators — we will deal
with them in the lecture devoted to modular invariance.

For consistency, our CF'T must include the identity operator 1. Suppose that the CFT
also includes a non-trivial primary operator ¢. Then, the fusion ¢ x ¢ will force our model
to include other primary operators, which can semselves be fused with ¢ and so on. As
we have seen above, a simple way to restrict the possible outcomes of the fusion, is to
take ¢ to be a degenerate primary operator, ¢ = ¢,, which will produce at most N =rs
new operators when fused with another operator. Hence, we suppose that ¢ = ¢15. By
the fusion process:

P12 X 12 > P11 + P13, (5.3.1)

we see that a primary operator with dimension h;3 should also be included. If we repeat
this process, we produce the primary operators:

b1, 912, P13, P14, - - (5.3.2)

The only condition under which this set of operators can be finite, is if there exists two
positive integers k,¢ such that 1 < £ < ¢ and hyx = hyy. From the explicit form of the
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dimensions, this yields b? = 2/(k + ¢). If we define the integer p’ = k + ¢, then we have, for
any m, the identity hi,, = Ry p-m. As a result, we obtain the set of primary operators

{o11,012,. .. P11}, (5.3.3)

with the identification ¢1,, = ¢1 p—m. This defines the minimal model My ,/, with a central
charge ¢ = 1 -3(p" - 2)%/p’. Recall that p’ = k+ ¢ with 1 < k < £, and hence the integer
is in the range p’ > 3. The model My 3, with ¢ = 0, contains only the identity operator
11 = ¢12, and it is trivial.

Remark: It turns out that the above set of primary operators, for the even values
p'=4,6,8,..., leads to an inconsistent CF'T. For instance, if p’ = 4, the identity operator
is 1 = ¢11 = ¢13, and hence it obeys the two null-state equations:

L_11 = 0, (L_3 + #L_QL_l + #L%l)l =0. (534)

As a result, we have L_11 = L_31 =0, which, in turns, yields

1
Loyl= 2 [Ly, Ly]1=0. (5.3.5)

Hence, in the model M, 4, the stress-energy tensor is 1" = 0, which is inconsistent with
the central charge ¢ = -2.

If we include not only the primary operator ¢, but also ¢, then by repeated fusion,
for generic values of the central charge, we obtain all the ¢, with r, s positive integers.
Similarly to the previous case, the operator algebra closes on a finite set when the central
charge is of the form ¢ = 1 - 6(b~! — b)2, with b? = p/p’, where p < p’ are two coprime
positive integers. The expressions for the central charge and the dimensions of degenerate
operators take the form:

_6(p'-p)? o =sp)? = (' = p)?

c=1 - s -
P 4pp

(5.3.6)

The operator algebra of this model closes on a finite number of primary operators, which
are all degenerate:

{prs, r=1,....p=-1, s=1,...,p -1}. (5.3.7)

This set of operators is called the Kac table, and it defines the minimal model M,, .
Each primary operator actually appears twice in this table, due to the relation:

hp—r,p’—s = hTS = ¢p—r,p’—s = ¢7"8 . (538)

As a consequence, in the minimal model M,, s, the primary operator ¢, is degenerate at
level rs and at level (p—7r)(p' - s).

The total number of primary operators is (p — 1)(p’ - 1)/2, and their fusion rules are
given by

p-1-|p-r1-r2| p'=1-|p'=s1-s2]
(lesl X ¢7’282 - Z Z ¢k£ . (539)
k’:1+|7‘1—’r’2‘ £=1+‘81—82‘

k+r1+r2=1 mod 2  f+si+s2=1 mod 2
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These fusion rules are of course compatible with the identification ¢,s = ¢, ,7—s. Another
important property of these fusion rules is that they obey a Zy symmetry. We define the
Zs charge of a primary operator ¢, as (—1)™r, where

r—1 mod 2 if pis even,
m,s:=45—1 mod2 ifpis even, (5.3.10)

r+s mod 2 otherwise.
With this definition, we have m,s = m,_, ,»_s, and the fusion rules conserve this Z, charge:
If sy X Prosy, = Oke s then mg s, +Mys, =M, mod 2. (5.3.11)

Hence, all the minimal models encode an internal Zs symmetry, on top of conformal
invariance.

5.3.2 Unitary and non-unitary models

For generic values of the integers p, ¢, the model M, » is “non-unitary”, i.e. the “scalar
product” defined by (¢;|¢,) = d;; for primaries and L = L_, is not positive (this scalar
product is definite thanks to the quotienting with respect to null states, but some states
can have negative norm). Alternatively, if one changes to a positive definite scalar product,
then the Hamiltonian # = 22(Lg + Lo — ¢/12) is no longer Hermitian. This is clearly seen
on the dimensions of the Kac table for the minimal model M,, ;. In a unitary CFT, all
primary dimensions should be positive, because, for any primary state |¢):

|19} = (¢l L1L1|@) = {S|(L-1 Ly +2Lo)|) = 2D

This is consistent with the relation with eigenvalues of the transfer matrix.

2
N

Now let us find the minimal dimension in the Kac table . From the Bézout theorem,
one can find two positive integers u,v such that ug—vp =1. Let k = |u/p]| = |v/p'|, and
ro = u —kp,So := v —kp'. These two indices satisfy 1 <rg<p-1and 1<sy<p' -1, and
the corresponding dimension is

log(Aj/Xo) = ===(h; + hy) . (5.3.12)

_1-w-p)?

ho = Ry s = 4oy

(5.3.13)
If p = p+1 then hy = hy; = 0, and all the other dimensions h,, are positive. One
can show that the models M, ,,; are in fact unitary. In contrast, if p’ > p + 1 then
hg <0, and the model cannot be unitary. This is in contradiction with the interpretation
of the vacuum state |0) as the (scaling limit of the) Perron-Froebenius vector of the
transfer matrix. Actually, non-unitary CFTs are associated to local lattice models with
non-positive Boltzmann weights, where the transfer matrix cannot be chosen real and
symmetric in the canonical basis of row configurations.
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H Critical exponent Value for Ising H

specific heat C' o< ||~ a=0
spontaneous magnetisation (o) o< |¢|# p=1/8
zero-field susceptibility x o< [¢t|™ v=T[4
magnetisation at critical temperature (o) o< |h|/? 0=15
correlation length & o< [t v=1
anomalous dimension (o (0)o(r)) o< |r|7 n=1/4

Table 5.1: Critical exponents of the Ising universality class

5.3.3 Example: the Ising model

Consider the two-dimensional Ising model in a magnetic field h, with Boltzmann weight

exp — (J Y 005+ hZO’i) : (5.3.14)
(i.3) g

and the lattice spins o; are £1. Criticality is achieved for a particular value J = J,. of
the spin coupling and in the absence of magnetic field h = 0. Euclidean quantum field
theory provides a good description of the universal behavior of the scaling region, i.e. the
vicinity of the critical point in which the correlation length is much larger than the lattice
spacing, with an effective action of the form

S=Sy+t / Lre(r) +h f Pro(z), (5.3.15)

where Sy denotes the unperturbed, conformal invariant action describing the fluctuations
of the Ising model at criticality. The two perturbations account for change of J (or
equivalently temperature) and magnetic field, respectively. While the field o is simply
the scaling limit of the lattice operator o;, the energy € is the scaling limit of the composite
operator o;0;, for i,j neighbors. In the CFT language this is expressed via the fusion
rules

oxo=1+¢ (5.3.16)

The scaling dimensions of these fields are A, =1 and A, = %. These values follow from
the critical exponents, as defined in section [1.1.3] which for the Ising model are known
exactly] They are listed in table 5.1 where ¢ := (J - J.) is the (reduced) temperature
and h the magnetic field. The RG exponent y; (respectively yp,) of the scaling field e
(respectively o) is readily obtained from the critical exponents, via

2-yn _2yp—2

B = : Y : (5.3.17)
Yt Yt

Thus y, = 1 and y;, = 15/8. The scaling dimensions follow, as described in section m

!The Ising model at zero magnetic is one of the most celebrated integrable models and was solved
on the square lattice in 1944 by Onsager. In the late eighties A. Zamolodchikov solved the model in a
magnetic field at the critical temperature within the framework of integrable quantum field theory.
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The central charge of the Ising model can be extracted from the system-size dependence
of the ground-state energy, which is also known exactly. For the Ising model one finds

== 5.3.18
c=5 (53.15)

The critical behavior of the two-dimensional Ising model is described by the minimal
model M3 4, which contains three admissible chiral primary fields:

d)ll = ¢23 ) ¢13 = ¢21 ) ¢12 = ¢22 ) (5319)

with conformal dimensions

1 1
hll = 07 h13 = 57 h12 = E? (5320)
as listed in the Kac Table, Fig.(5.1]). Their (chiral) fusion rules are
P12 X P12 > P11 + P13, P13 X P13 > P11, P12 X P13 > P12 (5.3.21)

Of course the physical operators occurring in the Ising model can be arranged into repre-
sentations of Vir® Vir. In some sense one can think of primary operators as ”products” of
holomorphic and anti-holormophic fields, and thus they are labelled by their left and right
conformal dimensions (A, k). In the Ising model there are three local primary operators

AS

Figure 5.1: Kac Table for the minimal model M3 4 associated with the Ising model.

e the identity operator 1 with (h,h) = (0,0),
e the energy operator ¢ with (h,h) = (1/2,1/2),
e the spin operator o with (h,h) = (1/16,1/16).
with Zs charges
(-1)™ = +1, (-1)™ =+1, (-1)" =-1, (5.3.22)
and fusion rules
oxo—>1+e, exe—>1, TgXeE—>O. (5.3.23)

This corresponds to the smallest unitary model with Z, symmetry, and a single odd
operator . Hence, it can be identified with the continuum limit of the critical Ising
model on a regular lattice.
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5.3.4 Kac modules and Virasoro characters

The character of a representation W of the Virasoro algebra is defined as
Tryy(gFo/?1) (5.3.24)

where ¢ is a formal parameter.

Let us first recall the character of the Verma module V},:

Try, (q"0~/*4) = ¢4 3™ dimy (Vi) g™ = ¢ " P(N)g"
N=0 N=0

g+ (1-o)/24
= (5.3.25)
n(q)
where dimy (V) is the dimension of level N in the representation V. In a Verma module,
this dimension is simply equal to P(N), the number of partitions of the integer N. In
the final expression, we have used n(q), the Dedekind eta function, defined for |g| < 1 by

1(q) = ¢"/* H(l ") g H Z g = > P(N)¢". (5.3.26)
( ) n=1k=0 N=0
For h = h,4, we shall use the short-hand notation for Verma modules V,s =V, ..

The primary operator ¢,, has null vectors of dimensions

/
hys +1s = hp+r,p’—s = hp’—r,q+s ) and by + (p - T’)(p - S) = hr,Qp’—s = h2p—r,s .

The Kac module K, is obtained by quotienting the Verma module V,; by the two cor-
responding submodules of null vectors, which are themselves isomorphic to two Verma
modules:

lCrs = Vrs/(VpH«’pI,s + Vngp/,s) . (5327)

It turns out that the submodules V,,, ,y_s and V, ,_s of V5 are not in direct sum. Let us
first identify the submodules of V., ,y_s. Since ¢p.r s is degenerate at level (p+7,p' —s),
the representation V,., —s admits a submodule isomorphic to Vo, . This same operator
Gprrp—s = Gp_rpr+s 18 also degenerate at level (p—r,p’ + s), and thus it has a submodule
Vyop+s- With the same reasoning, we find that V, 55 also has Va5 and V. 9ps as
submodules. Hence, the intersection is given by

Vp+r,q—s N VT,Zp’—s = V2p+r,s + Vr,2p’+s 5 (5328)

and the character of the Kac module is

Xrs(q) = Tre, ("7 = (Try,, = Try, o, ) (@577 (5.3.29)
= [Try,. — (Try,,, ,  +Try,, )+ T, v, ](gF07%) (5.3.30)

This process repeats recursively:
V2p+r,s N Vr,Qp’+s = V3p+r,p’—s + Vr,4p’—s ) (5331)

and so on. This yields the expression for the Kac character:

q(lfc)/24 L 00 . N
Xrs(q) = e [q o Y (F1)R(g e 4 gt ) | (5.3.32)

k=1
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where

S for k even,
S 1=
g p'—s for k odd.

Using the notation
1- 'r —ps)?
PN S Vil L (5.3.33)
24 4dpp’

we can write

1 el 1 &
er(q) = ﬂ qA'rs + Z(qA2np+r,s + qAr,an’+s)] - Z(qA(Zn—l)p+r,p’—s + qAr,2np’—s) ,
nq

n=1 7/I(q) n=1
(5.3.34)
which can be re-arranged as the difference:
1 / 7\2 7
er(q) = Krs(Q) — Kr,—s(Q)7 where Krs(q) - Z q(p r—ps+2npp’)* [4pp )
77((1) nez
(5.3.35)
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Lecture 6

Correlation functions

6.1 Descendants in the Operator Product Expansion

In the previous lecture, we have discussed the OPE between two primary operators:

¢i(z72)¢j(wau_}) = 7
Y CH(m), m]) (s - w) 5 (2 - ) e w,w), - (6.1.1)

¢k primary
[m],[m]
where B o
hf} = hl+hj—hk, h’lfj = hz+h]—hk (612)
So far, we have focused on the terms in the right-hand side where [m] = [m] = -, namely
the primary operators ¢. Let us discuss here the terms corresponding to descendants of
.

First, recall that the descendants of different primary operators or different levels are
orthogonal:

it (k,|m|,|m|) = (¢,|n],]a),  then (ol™™jpl"™y=0. (6.1.3)

However, at a given level M, the descendant states |¢][€m,’]> do not form, in general, an

orthogonal basis. Hence, we introduce a dual basis ((%*me” of descendants at level M,
such that . .
(@™ 6™} = G (6.1.4)

With this definition, it is straightforward to relate the structure constants CF;([m], [mn])
to expectation values:

(lm,m]m(z’ 2)|o;) = ij([mL [m])[hfﬁlml FhiHml (6.1.5)

Let us approach the computation of these expectation values in two steps. First, we con-
sider a simpler object (gb,E"’”]szi(z, Z)|¢;), and compute it using the commutation relations

[L—n7¢i] and [E—ﬁvqbi]:

(01" 191(2, )15} = (SlLuy - Ly L - Ly $1(2,2)ly) (6.1.6)
=Upn, ..Uy, - Uny . Un, - (k] di(2, 2)|05) (6.1.7)
=Upy o Uny - Uny o Uny - Ol 2715 570 (6.1.8)
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where

Up=2"[(n+1)hi+20.],  U,=2"[(n+1)h;+20:] . (6.1.9)
These differential operators have a simple action on power functions:
Up-2%2%=[(n+1)h; + a] 24" 2%, Up-2°2%=[(n+1)h; + @] 22>, (6.1.10)

As a result, the expectation value under study takes the factorised form:

(O iz, 2)|¢;) = CE Ak [n] Ak [m] 2l zhig+ial (6.1.11)

where C’k is the structure constant associated to the fusion of primary operators ¢; x ¢; —
¢k, and % [n] is a polynomial in (h;, hy, hy) of degree |n|, and 75[7] is a polynomial in
(hl,hj,hk) of degree |n.

Let us now argue that the structure constants Cf([m],[m]) obey a similar factorisa-
tion:

Ci([m], [m]) = C B5[m] B [m] (6.1.12)

The main idea is to show that the dual basis elements (ﬂmm” have a factorised form.
We write |¢r) = |hx) ® |hy), and we consider separately the representations of Vir and Vir
generated by |hy) and |hy). Let @ be the matrix of the scalar product in the space of

descendants of |h;), at level M, and A be the inverse of (). The dual basis of the |h,[€m])’s

is constructed as
A = 3 g (R (6.1.13)
[n]

where the sum runs over the canonical basis of descendants of level M = |m/|. Similarly,
we have a dual basis

(B = 3 i (B, (6.1.14)
at level M. Because of the property

(k™™ o™ ™) = (BT < (R (6.1.15)

[m,m]

it is then straighforward to see that the dual basis elements (¢, | are of the form

“Tmm|—2amnamn A (6.1.16)

where the sum runs over the canonical basis of descendants of level (M, M). Hence, we
get

CE([m],[m]) = (37" |:(1)|65) (6.1.17)
-2 G D" i(1)]65) (6.1.18)
:nvn i C v ] A1), (6.1.19)
which is the expected result, with
= Lol BiIm] = Yana 15 00]. (6.1.20)
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The above argument can be easily generalised to obtain a family of expectation values
which will be useful in this lecture:

(@7 ™ i (2, 2)|0 ™) = CE B [m, n] B [im, ] 2~ sttmitel z=i+mitnl, (6.1.21)

In this expression, the constants ﬁfj [m,n] and ij[m,ﬁ] are obtained by using only the
Virasoro commutation relations, like for the +[m] and 8J5[m] discussed previously.

6.2 Conformal blocks
Let us consider the correlation function of four primary operators:

(D1(21,Z1) P2(22, Z2) D3 (23, Z3) pa(24, Z4)) - (6.2.1)

The Moebius transformation oy
gy 2272 4 (6.2.2)

Z9 — 24 zZ— 2z

maps the points z; as

(21,22, 23,24) ¥ (00,1,2,0), where z = (22— 20)(2 ~ ) ) (6.2.3)

(22 = 24) (23— 21)

Hence, the above correlation function is related by conformal covariance, to:

G(Z, 2) = <¢1(Ooa Oo)¢2(1’ 1)§Z53(Z, Z)¢4(O’ O)) . (624)
In the range |z| < 1, G(z,z) can be written in Heisenberg formalism:
G(2,2) = (01]02(1,1)3(2, 2)|¢4) - (6.2.5)

In the Hilbert space, we can write the identity operator as:

1= Z Z Z (A I (6.2.6)

where the sum is over all possible primary states ¢, and we have used the dual basis of
descendants derived before. We insert this resolution of identity into the expression for
G(z,%), between ¢o(1,1) and ¢3(z, 2):

G(2,2) = Y Adiloa(L, D)oy ™ NS ™65 (2, 2)[04) - (6.2.7)

k,[m],[m]

Recall from the previous calculations that we have:

(@521, Dldr) = Chi v [m]75:[m]. _ (6.238)
(0032, 2)[64) = Chy Bl [m] Bl [m] &l et (6:2.9)

This gives:
G(z,2) = Z ) (C3)" Oy (751[m])*5§4[m]27h§4+|m|
x (35, [m])* By m] st (6.2.10)
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and hence the decomposition:

G(z,2) = 3 (Ch)" C5y Fiy (kl2) Fiz (KIZ) (6.2.11)
k

where

Fiy(Kz) = 27 [2](751 [m])* Bas[m] =",

_ - _ ) (6.2.12)
Fiy (klz) =27 [Z](%“l [m])) B3, [m] 2.

These functions are called the conformal blocks of the correlation function G(z,z). Note
that they have the form of a power function multiplied by a power series. Also, by
construction of the coefficients ~};[m] and §;[m], the dominant coefficient of these power
series is always equal to one. For example:

Fiklz) =2 (1+arz+ a2 +...) (6.2.13)

where «; contains the contribution from L_; ¢y, g contains contributions from {L_s¢y, L2, ¢y},
and so on.

In the regime |1 -z| < 1, we can use the invariance of G(z, z) under the conformal map
u+—1-wu, to get :

G(2,2) = (¢1(00,00)p2(0,0)p3(1 - 2,1 - 2)p(1, 1)) (6.2.14)
= (¢p1]pa (1, 1)p3(1 - 2,1 - 2)|¢ha) (6.2.15)

which yields the decomposition:

G(z,2) = 3,(Ch)" C5, Fii (k|1 — 2) FZ(K[1 - 2) . (6.2.16)
k

Similarly, for |z| > 1, if we use the map u — 1/u, we get:

G(2,7) = 222 272 (61(0,0)6 (1, 1)a(1/7, 1/2) (o0, 00)) (6.2.17)
= 2728 2725 (G| da (1, 1) p3(1/2,1/2) 1) , (6.2.18)

which yields the decomposition:

G(2,7) = 272 7720 N (O CF F (k|1 2) Fi (k[1/Z) . (6.2.19)
k

Hence, for any four-point function of primary operators, we have three possible channels
for the decomposition into conformal blocks. The consistency conditions between these
three possible decompositions is often called crossing symmetry, and it is the basis for the
conformal bootstrap.
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6.3 Chiral primary operators

The conformal blocks are not physical correlation functions. Instead, they are algebraic
objects belonging in the representation theory of a single Virasoro algebra. As a tool to
study the conformal blocks, we introduce the chiral primary operators ¢;(z), acting on
representations of a single Virasoro algebra. First, recall the form of the expectation value
for physical states and operators:

(Gr" ™M 6:(z, )|y ™) = CF Bl [m, n] Bl [m, n] 2 shmilnl zhsbmi=lnl, (6.3.1)
We thus define the chiral primary operators ¢;(z) and ¢;(z) through their matrix elements:
<~[m]|¢i<z>|h["]> i= Bl [m, n] 2 Hml-inl, (6.3.2)
(BTG (2R = Bl [m, ) 2~ (6.3.3)
with the same constants Blkj [m,n] and BZ [m, 7] as in the physical matrix elements.

Using the dual bases of chiral descendants, the orthogonal projectors onto the modules
generated by |hx) and |hg) are given by

Pie= Y@M, Pe= Y IR (REM). (6.3.4)

In terms of chiral primary operators, the conformal blocks can be written
Fi(klz) = [z] (haloa (V)R )R b3 (2) ) (6.3.5)
FHKZ) = 3 (haldo (DR (B |63 (2) s (6.3.6)

[m]

and hence we get:

Ff’é‘(/fk) = (0]¢p1 (00) P2 (1) Prp3(2)94(0)|0),

FH(k|2) = (01 (00) (1) Prcbs(2)4(0)[0) . (6.3.7)

The conformal block F}(k|z) thus appears as a correlator of chiral primary operators,
with the insertion of a projector P, on a “virtual” intermediary sector, namely the Virasoro
module with lowest weight hy.

Through a reversed computation, one can show that the chiral primary operators
defined by the above matrix elements satisfy the commutation relations with the L,’s

[Ly, di(w)] =w"[(n+1)h; + w0y, |o: (w) . (6.3.8)
In turn, the chiral OPE T'- ¢; can be derived from the commutation relations:

T(2)p;(w) = (Z¢Z$)2 aji(z) +reg, ., for |z| > w], (6.3.9)

and the same can be done for the chiral OPE ¢; - ¢;

Pri(2) " z [m,n] (z —w) "S-l gy - for 2] > jw|. (6.3.10)
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By construction, it is obvious that the projectors satisfy:

[Ln,Pk]=0,  PyPe=PiPr =g (6.3.11)

Now let us consider conformal blocks with primary operators inserted at generic posi-
tions

(0]¢p1(21) P2 (22) Prp3(23) pa(24)|0) (6.3.12)

with |z1| > |22| > |23 > |z4]. From the above properties of chiral primary operators and
projectors, we are now able to study the transformation of these conformal blocks under
conformal mappings. First, note that, for the rescalings z ~ z/\, the chiral OPE ¢; - ¢;
behaves as

Pk@(z)gb l(w) = At ‘”'Z [m, n] (z/A = w/X)Pami- |”‘)\h’“+‘m‘¢ lw). (6.3.13)

Using repeatedly this relation to decompose the conformal block, one gets the scaling
covariance relation:

(O|¢1(Z1)(/52(22)Pk¢3(23)(/54(24)|0>
= E A7 (001 (21/AN) D2 (22/ \) Prds(23/ A ) da( 24/ X)]0) . (6.3.14)

A similar argument yields the behaviour under rotations:

(0]¢1 (21) P2(22) Prd3(23) P4(24)]0)

4

=[T1e ™ (0lp1(e21)pa(e " 22) Prps (e z3) pa(e7 24) 0) . (6.3.15)

=1

In fact, since the chiral OPE ¢; - ¢; completely determines, recursively, the conformal
block, it also yields its covariance property under any global conformal transformation
z 2

<0|¢1(21)¢2(22)Pk¢3(23)¢4(24)|O)
4 A
H( ) (011 (21) 2(23) Prps(23) Pa(24)0) , (6.3.16)

7=1
provided the radial ordering is preserved, namely |z1| > |25 > |24] > |2}

For infinitesimal conformal maps z ~ z + ¢(z), we can derive Ward identities for
conformal blocks as follows. On one hand, the variation of the conformal block is given
by the above covariance property, and on the other hand, any closed contour integral with
an insertion of 7T'(w) is determined by the chiral OPEs T'-¢; derived above — the presence
of Py, does not affect the contour deformation, because it commutes with 7'(w). Recall
that, for physical primary operators, the OPE T'-¢; was derived from the conformal Ward
identity, and hence its singular terms exactly correspond to the holomorphic part of the
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variation of the physical ¢;. Since the chiral OPEs mimick the physical ones, we get the
conformal Ward identity:

0e(0]1(21) P2(22) Prp3(23) pa(24)|0)
_ i F dw e(w) QOIT (w)61 (1) 6(22) Py (25)n (20)|0). (6.3.17)

where the integration contour encloses all points z1, 22, 23, 24.

Remark: Let us stress again the logic we have used here to derive this Ward identity
for conformal blocks. In contrast to the Ward identities for physical correlation functions,
the derivation does not rely on the definition of T'(z) as the stress-energy tensor asso-
ciated to a fundamental action. Instead, we have defined the chiral primary operators
through their matrix elements, chosen as to mimick the holomorphic part of their physical
counterparts. Then, we have argued that, through a sequence of reversed computations,
we can recover the chiral OPEs T'- ¢; and ¢; - ¢;, which yield in turn the transformation
properties of chiral correlators: the latter are thus also given by the holomorphic part of
their physical counterparts.

6.4 Correlation functions of degenerate operators

So far, we have discussed generic conformal blocks, and described their main properties
under conformal transformations. In order to make more advanced analysis, we need
some additional knowledge on the admissible values of the internal dimensions h;: for
this reason, we shall now consider the case when some of the external ¢;’s are degenerate
primary operators. To illustrate the general argument, let us focus on four-point functions
of the form

G(z,2) = (¢1(00)P2(1)P12(2,2)4(0)) . (6.4.1)

For this analysis, it will be convenient to use the following form of the differential action of
the L_,,’s in the correlation function (or in the conformal block). For any set of primary
operators ¢, ¢o, @3, 4, We have:

(¢1(w)¢2(1)([ﬂm1 cee Lfmk¢3)(z7 2)¢1(0))
= U™ U (9 (00) o (1) 65 (2, 2)61(0)) (6.4.2)

where the differential operators Z/Ij[m] are given by

amj—l(z) 9 Bj[m](z)

ul™ - T T ey (6.4.3)
and the polynomials a,,(2) and ﬁj[m](z) are:
a1(z) =0, ap(z) =1, (6.4.4)
am(2) = 2™ = (z-1)"H = Tzn:zg(z —1)mt, (6.4.5)
=0
5][~m](2) = (mj = 1)[h22™ + hy(z = 1)™]
+ (h1—hg—hy—hs —mj — - —my)2(2 — 1)am,2(2) (6.4.6)

97



which canbe proven using the commutation relations [ Ly, ¢;(z;, Z;)].
In particular, we have:

(01(00)P2(1)(L2103) (2, 2)$4(0)) = OZ (d1(00)$2(1)¢3(2, 2)$4(0)) , (6.4.7)
(¢1(00)Pa(1)(L-293)(2,2)94(0)) =
2z-1 h222+h4(1—2)2—(hl—hg—h4—h3)2(1—2)]

2(1—2)8Z+ 22(1-2)2

x (91(00)2(1)d3(z,2)$4(0)) . (6.4.8)
Recall the null-vector conditions for ¢3 = ¢1s:
(Lo =b2L%)¢12 =0, (Lo-b2L%)p12=0. (6.4.9)

They yield the two ordinary differential equations (ODESs) for the correlation function
G(2,%) = (¢1(00)d2(1)¢12(z, 2)$4(0)):

_ 2z-1 h222+h4(1—2)2—(hl—hg—h4—h12)2’(1—2) _

292 _ —_
[b 0 z(l_z)az 212 G(z,2)=0,

_ 2Z-1 h22+h(1—2)2—(hl—hg—h4—h12)2(1—2) _
b202 - - — =0,
l 0; 2(1_2)33 2(1-3) G(2,2)=0

(6.4.10)
An important property of this pair of differential equations is that their invariance under
the change of parameters and variables:

(hl,h27h4) <> (hl,h4,h2), (z,@z) <> (1 —z,—@z), (5,85) <~ (1 - 2, —5’5), (6411)

which reflects the identity

(1(00)¢2(1)¢3(2, 2)$4(0)) = (d1(00)Pa(1)@3(1 = 2,1 = 2)$2(0)) . (6.4.12)
To discuss the conformal blocks, for simplicity, we restrict to the case
G(2,2) = (¢rs(00)12(1)d12(2, 2) 6r5(0)) (6.4.13)
We have the fusion rules:
P12 X P12 > 1+ 3, P12 X Ors > Prss1 + Prs-1, (6.4.14)

and hence the two conformal blocks in the z — 0 channel are

11(2) = {¢rs(00)$12(1) Ph, .y 12(2) 015 (0))

6.4.15
1(2) = (60s(00)612(1)Ph.,612()6,4(0)) (G419

and similarly in the z - 1 channel:
J1(2) = (brs(00)drs (1) Prob12(1 = 2)12(0)) , (6.4.16)

J2(2) = (Prs(00) brs (1) Phys P12(1 = 2)$12(0)) .

The differential equations obeyed by G(z, z) were derived using the commutators [ Ly, ¢;(z, 2)].
Since the commutators with chiral operators ¢;(z) and ¢;(z) have the same form, and
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the L,’s commute with the projectors Pj, we get the same differential equations for the
conformal blocks I, and I;,. From the invariance of these equations under , the
conformal blocks J; and J; are also solutions of these equations. Let us write the holo-
morphic and anti-holomorphic differential equations with h; = hy = h,.s and hy = hio as

o 22-1 _hm(l—z)2+h12z(2—z) =

[b T A= ]F() 0, (6.4.17)
~9 42 2Z2-1 hm(l—g)2+h125(2—2) P\

[b e T ]F(z)—o. (6.4.18)

Let us discuss the holomorphic differential equation (6.4.17). The two sets of conformal
blocks {I1, 1>} and {Ji, Jo} are two bases of holomorphic solutions of this equation. By
construction, the block I;(z) is a function of the form:

I(z) =2" Y a, 2", (6.4.19)
n=0

Inserting this form into the differential equation, and keeping only the dominant term in
the limit z — 0, we get the characteristic equation for the local exponent X:

b2AA=1)+A=hs=0. (6.4.20)
The two solutions are
)\l = _h12 - hrs + h'r,s+1 ) )\2 =—hio - hrs + hr,s—l ) (6421)

corresponding to the solutions I, Is. The differential equation turns into a linear recursion
system for the series coefficients a,. A convenient way of treating this problem is to
introduce the operator 6 = z0,, which satisfies

02 =\2>. (6.4.22)
Using the property 220% = 6(6 — 1), we rewrite the equation as
{b72(1-2)20(0-1) - (1-2)(22-1)0 - [hs(1 - 2)? + h122(2-2)]} F(2) =0, (6.4.23)

which is of the form
[Ro(0) + 2z Ry(0) + 2> Ry(0)] F(2) =0, (6.4.24)

where Ry, Ry, Ry are polynomials of degree two. Inserting the power series, we get the
recursion

Ro(N)ag =0, (6.4.25)
RU()\ + 1)&1 + Rl()\)ao = 0, (6426)
Ro(A+n)a, + Riy(A+n—-1)a, 1+ Ro(A+n—-2)a, =0 n>2. (6.4.27)

The explicit form of Ry is
Ro(0)=b20(0 - 1) +0 - h,,, (6.4.28)

and hence, since we have set A\ to one of the solutions {A;, A2} of the characteristic
equation, we have Ry(\) =0, and we can set ag = 1 by convention. Moreover, we assume
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that the local exponents are non-degenerate, namely (A; — Ay) is not an integer, so that
for any positive integer n, we have Rq(A+n) # 0. As a result, all the coefficients a,, are
completely determined by the recursion. This way of solving a holomorphic differential
equation is known as the Froebenius method. A similar approach can be used to determine
the conformal blocks in the z — 1 channel:

Jo(2) = (1= 2)" i::obn(l o) (6.4.29)

The physical correlation function is reconstructed from the conformal blocks as

G(2,2) = (Cos VL ()P +(Cors ) Ia(2) P (6.4.30)

$12,Prs P12,Prs
- O(;127¢120;r33¢rs|J1(Z)|2 + O¢13 O¢13 ‘]2(Z)|2 : (6431)

¢12 7¢12 ¢Ts 7¢r5

6.5 Crossing symmetry

This identity between the two expansions of the physical correlation function is known as
crossing symmetry. An important additional ingredient is the linear relation between the
two bases of conformal blocks

Ik(Z)ZgPMJg(Z). (651)

Recall that {I, I} and {J;, J2} are bases of holomorphic solutions to the same differential
equation, which is why they are related by a matrix P, known as the fusion matrix.
If we generalise to an expansion of the form:

G(z,2) = Y Xii [;(2) I;(2), (6.5.2)

,j=1

after the change of basis, we get:

2
G(2,2) = > Yie Ju(2) Ju(2), Y = PIXP. (6.5.3)
k=1

The particular choice
X

i = X 0ij Yie =Yy O (6.5.4)

with

Xy = (Oqflr;;;lrs)Q , Xy = (C;f:;;ﬁlrs)z , V1= C<;127<7512 Cirs#?rs , Yo= C$11;¢12 Cirlj,%s )
(6.5.5)
corresponds to our physical correlation function. Different forms for the matrices X and
Y may arise if we allow G to have non-trivial monodromies as ¢12(z,2) winds around
¢rs(0) or ¢12(1). The conditions Yy =0 (resp. Xy = 0) for k # £ lead to the linear system

for the X;’s (resp. Y;’s):

2 2
V/{Z#g, ZRkRgXZ:O, Z(P_l)zk (P_I)MY;ZO (656)
=1 =1
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The crucial ingredient in the determination of {X;} and {Y}} is the fusion matrix
P relating the two bases of conformal blocks. For the case of a differential equation
of order N, a general method, known as the Coulomb-Gas approach, and based on the
representation of I and J; as contour integrals over (N — 1) auxiliary variables, may be
used to calculate the matrix elements of A. However, in this lecture, we are focusing on
the simplest case

G(Za 2) = <¢h(m7 oo)¢12(1, 1)¢12(Z, 2)¢h(07 0)) ) (657>

where the ODE is second order, and can be reduced to the hypergeometric differential
equation. Using the Kac parameterisation ¢ = 1-6Q?, and h,, = a(@-2Q), with 2Q) = b=1-b,
we have the fusion :

P12 X Oy = Oy + Pho_yys - (6.5.8)

From the simple identity
ha+B = ha + hg + 20&67

we see that the conformal blocks at z = 0 with internal dimensions hq.p2 and ha_po,
respectively, are of the form:

L(z)=2A+az+...), Iy(2)=22C0 (L +bz+...). (6.5.9)
In the channel z — 1, we have the fusion

P12 X 12 =1+ @13, (6.5.10)

and the conformal blocks at z =1 are given by:
Ji(2) =222 (1 +cz+...), Jo(z) = 2Me2h2 (14 dyz+ ... (6.5.11)

To study the local exponents at z - oo, let us first use conformal invariance under z ~ 1/z,
which yields the relation:
G(2,2) = 2|2 G(1/2,1/2) . (6.5.12)

The local exponents at z - oo are thus 2his + bae and 2his + b(2Q) — ). The Riemann
scheme for the ODE satisfied by G is:

0 1 00
ba —2h12 2h12 + ba
b(QQ - CY) h13 - 2h12 2h12 + b(ZQ - CY)

We define the function g(z,z) as
G(2,2) = |2 |1 - 2| M2 g(2, 7). (6.5.13)

This function ¢ satisfies a second-order differential equation, with local exponents

0 1 00 0 1 00
0 0 2bo = 0 0 A (6.5.14)
1-02-2ba 2b%2-1 1-102 1-C C-A-B B
with
A =2ba, B=1-b%, C =b%+2ba. (6.5.15)
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The differential equation for g takes the explicit form

O_(;(lf_i;l)z Z_z(fi) g=0, (6.5.16)

which is known as the hypergeometric differential equation. The fusion matrix for the
holomorphic solutions of this equation are known (see Appendix), and we have:

2
0; +

(C)I'(D) I(C)I'(-D) T
P- T(C-A)T(C-B T'(AT'(B)
= r(2+C)I(D) r'(2-CYr'(-D) )
| T(1-A)T(1-B) TI(1-C+AT(1-C+B) |
r'(1-C)I'(1-D) rc-nHra-n) <6'5'17)
pl- T(1-C+A)'(1-C+B) T(AT(B)
= F(l—C)FEHD) F(Cflgréup) )
T'(1-A)T(1-B) r(C-A)Tr(C-B) |

with D=C - A~ B =2b?-1. Using P = P, the linear system for Y;,Y5 yields the ratio:
Yy 1(C-AN(C-BR(-D) _F(R)(2- 27 (1-2) 6518

Y (A (B)v(D) 7(260)7[26(2Q - )]

where y(x) := T'(z)/T'(1-x). The coefficients Y7, Y5 are related to the structure constants:
le(a) - C;m,dnz X C¢1>rs,¢m =1, }/2(05) - 02)115@12 % $:.ja¢rs ) (6519)

with h = a(a —2Q). We obtain the non-trivial structure constant by combining the
equations for generic a = a.

=[(1-7)/b-(1-s5)b]/2 and « = a5 = b/2:

oo - Ya(a) VR0 (2 - 267) (1 - 20%)y(2 - 30?)
¢7‘S7¢7‘S_ -

VYa(b/2) 7(200)7[26(2Q) - o) ]

(6.5.20)

We can then compute the coefficients X7, Xs:
_ _ C-A)y(C-B)
Xi= (P Ys+ (P2 Yy = ,
1 ( 1141 ( )21 2 ’Y(C)’}/(D)
1(C-1)v(D)
v(A)v(B)

(6.5.21)
Xy = (P_1 %2Y1 + (P_1)§2Y2 =

This yields the OPE structure constants:

C¢r,s+1 _

7(b?)v(2 - 26%)
P12,rs

\l v[2b(c+b/2)]7[26(2Q - )]’

(6.5.22)
C(br,sfl —

7(b*)v(2 - 20%)
P12,0rs

J A[26(2Q - a -+ b/2)]y(2ba)

6.6 Appendix: Fuchsian differential equations
6.6.1 Regular singularities

Consider a linear differential equation of the form

N & pi(2) ON-14 ...

pn(2)
oz(l-2) "

- G(z,2) =0,

(6.6.1)
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where p;(2) is a polynomial of degree j or smaller.

At 2 =0, the term Y@ has a pole of order at most j: we say that z =0 is a reqular
singularity of the ODE. Similarly, the point z = 1 is a regular singularity.

To study the solutions of in the vicinity of a singular point w € {0,1,00}, it
will be convenient to express the ODE in terms of the differential operator

O = (z—w)0.,

with the property
(z-w)*0F =0,(0,-1)... (0, -k +1). (6.6.2)

For instance, at w = 0, after multiplying the ODE by 2"V, we get an equation of the form:
[QN +q(2)0N T+ gy (2)0 + qN(z)] G=0, (6.6.3)

where we have denoted simply 6 := 6, and the functions ¢;(z) are linear combinations of
pe(2)/(1 = 2)%, and thus, they are regular as z — 0:

N j

Pe = n

q;(z) = Z L e( PO pe(2) =) Don? (6.6.4)
/=1 n=0

For w = oo, we use the variable u = 1/z, and define 0 := ud, = —20.. Equation (6.6.3) takes
the form:

[@W + ?jl(u)@w‘l +oo 4 Gy (w)8 + @N(u)] G=0, (6.6.5)
where
3j(u) = KZ; OE];LLK()), Pe(u) = Z(:)pe,z_n u™. (6.6.6)

Since the coefficients §;(u) are regular as u — 0, the point z = oo is also a regular singu-
larity.

Hence the three singular points {0,1, 00} of the ODE (6.6.1)) are regular singularities:
this type of complex differential equation is called a Fuchsian differential equation.

6.6.2 Basis of solutions in the vicinity of a singularity

Let us look for solutions which behave as a power law in the z variable in the vicinity of
the singularity z = 0. Inserting G(z,%) ~ z* into the ODE ([6.6.3)), and using 6.z* = Az?,
we find that the exponent A\ should be a solution of the characteristic equation:
N-1 .
R()\) = )\N + Z qN_j(O) M =0. (667)

=0

The roots of R are called the local exponents of the ODE at z = 0. Now we consider a
local exponent A, and we shall construct a solution of the form

A f(z)=2*) a, 2", ap=1, (6.6.8)
n=0
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for 0 < |z| < p, and -7 < Argz < 7, where p is the radius of convergence of the solution
(p < 1, because z = 1 is a singular point). Let us write the series expansion of the
coefficients ¢; as

4 (2) = qjnz" for [z| < 1. (6.6.9)
n=1

Then, inserting G(z) = z* f1(2) into (6.6.3), we get

) N-1 n

Yl +n)Van+ Y Y (A +k) gy-jn-rar [ 22" =0. (6.6.10)

n=0 7=0 k=0
Introducing the polynomials

N-1

Qr(A) = ZQNM/\] for k>1,
This can be rewritten as
() n—1
A3 NRA+n)an+ Y Quop(A+k)ag|z"=0. (6.6.11)
n=0 k=0

For any n, the coefficients ay, ... a, of the function f\(z) are determined by an (n + 1) x
(n + 1) lower-triangular linear system:

R(N)ag =0
Qa0 A+ Da =Y (6.6.12)
Qn(Nag+--+Qi(A+n-1)a,1 + R(A+n)a, =0

Since R(A) = 0, the leading coefficient can always be set to ap = 1. Let us consider the
“generic” case, when the roots of R do not differ by an integer, so that, for any integer
n>1, R(A+n) # 0. The entire function fy(z) is then defined uniquely by the recursion
relation:

1
()\+n)

aO:O7 ap = —

Z Qnr(N+n—k)ag forn>1. (6.6.13)

From this procedure, called the Froebenius method, we get a basis of solutions to the ODE:

{1 f1(2), 22 fa(2), .. 2 fn(2)}, (6.6.14)

where A1,..., Ay are the roots of the characteristic equation. It is possible to show that
each entire function f;(z) admits an analytic continuation on C\{0, 1, co}.

6.6.3 The case of degenerate exponents

If R admits two roots of the form (A1, A2) = (A, A+ ) with r € N, we say that the local
exponent A is degenerate. Let us first treat the case r > 1. The recursion system (6.6.12)
for Ay has a unique solution, which defines the function 2" f5(2), with f5(0) = 1. For the
solution associated to A\, after setting ag = 1, the coefficients aq, .. . a,_; are fixed uniquely,
but a, can be set to any value a, = «, which defines the one-parameter family of solutions
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A f(2), and we have f{%(z2) = f{9(2) + az" fo(2). For any value of a, the functions
22 fl(a)(z) and 2M7 f5(2) are independent solutions of the form (6.6.8). In the case of a
multiply-degenerate exponent A\, where the roots of R are of the form

()\17'--7)\m):()\7)\+r17--'7)\+7'm—1)7 (6615)

with 0 < ry < 79 < +++ < 7,1, using the same method, one can construct a set of m
independent solutions

{1(2), 2 fa(2) . 2N fn(2)) (6.6.16)

with f;(0) = 1. The function f,, is unique, whereas, for the entire function f; associated
to A+7; with 1 < j <m~1, we can choose freely the values of the coefficients a;, ..., ap_1.

In the case of a double root A\; = Ay = A, if no other root is of the form \ + Z, the
recursion system (6.6.12)) gives a unique solution z* fy(z). To build intuitively a second,
independent solution, it is useful to think of this situation as the limit € - 0 of an ODE
with exponents A\, A + . Under this hypothesis, the difference of the two independent
solutions 2 fy(2), 2 fi,<(2) would be of the form:

Y a,(A+e) 2" =20 ) an(N) 2" NOEZ’\ llnz Yoan 2"+ Y by 2", (6.6.17)
n=0 n=0 < n=0 n=0

where a, = a,(\) and b, = 0ya,(\). Hence, we look for a solution of the form
Moa(z) +Inz f1r(2)], where  g\(2) = ) b, 2", (6.6.18)
n=0

and 2*fy(z) is the “regular” solution. Inserting the above form into the ODE, and using
0% (2 nz) = A2 A Inz + kAR

we get the relations for n >0 :

n—1
RA+n)an+ Y Quix(A+k)ay =0, (6.6.19)
k=0

R(A+n)b, + nz_:l Qnr( A+ k)bk] + [R'()\ +n)a, + nz_:l Q (AN+k)ag|=0. (6.6.20)
k=0 k=0

From the first relation, we recover the regular solution if we set ap = 1. In the second
relation, since R(\) = R'(\) = 0, we can set by to any value by = «, and this defines

uniquely the function gg\a)(z) = g/(\o)(z) +afy(z). For any value of «, the functions
(), AoV (2) + (a+In2) fr(2)]} (6.6.21)

are independent solutions.

Similarly, for a root A of multiplicity m, we can construct linearly independent solutions
{£1(2),...om(2)} of the form

p1(2) = 2 fi(2), (6.6.22)
©o(2) = 2 [Inz f1(2) + fo(2)] , (6.6.23)

. (6.6.24)
or(2) = 2 kz;: ( K ; L ) (In 2)*1" f,.1(2), (6.6.25)
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To describe the determination of the entire functions fi(z),..., fi.(2), let us introduce
the polynomial of degree N in ¢:

D(z,t) =tV + ()t + -+ qn(2), (6.6.26)
so that the ODE reads D(z,0)G = 0. Using the identity

min(r,p)

o [(Inz)"¢(2)]= > ( Z ) (Inz)* (pzj—!g)!epe.go(z), (6.6.27)

£=0

we get
s

D(2,0).[(In2)" ¢(2)] = Z( Z ) (In2)" DO (2,0).0(2), (6.6.28)

£=0

where D) (z,t) := (0;)¢D(z,t) is also a polynomial in ¢. The function f;(z) is determined
by the homogeneous ODE:
D(z,0).[2*f1(2)] = 0. (6.6.29)

Then, the condition D(z, ). = 0 yields:
DM (2,0).[22 f1(2)] + D(2,0).[2 f2(2)] = 0, (6.6.30)

which is an ODE for fy(z), with a source term given by the knowledge of fi(z). The func-
tions fi(2) are determined recursively by the coefficient of (In z)° in the ODE D(z,0).p) =

0, which reads:
k-1

2 ( ' . ! )D(”)(z, 0)-[* fir (2)] = 0. (6.6.31)

r=0

The value of the polynomials at z = 0:
DOWO,\)=RO(N\)=0 for £=0,....,m-1, (6.6.32)

allow us to set fp(0) = 1. Then, the higher coefficients in the power series for fi.(z) are
uniquely determined by the above ODE.

6.6.4 Riemann scheme of the differential equation

For each singular point w € {0, 1, 00}, we can apply the Froebenius method, and construct
a basis with local exponents given by the roots of the characteristic polynomial R, (\).
We denote {Aq,..., Ay} the local exponents at z = 0, {u1,...,uy} those at z = 1, and

{v1,...,vn} those at z = co. These data are stored in the Riemann scheme:
0 1 oo
A1 H1 1

Ay piz v
AN BN VN
Using the characteristic equations (6.6.7]), one can prove Fuchs’ relation:

g:(& + iy + ;) = w (6.6.33)

J=

[y
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If we change the unknown function to g(z) with G(z) = 2% g(z), then from the relation

0.[2%0(2)] = 2%(0 + ) .(2), (6.6.34)

we get
(0 +a)N + Z an-j(2) (0 +a) |g(2) =0, (6.6.35)
and hence, the local exponents for g at z =0 are {\; —«,... Ay — a}, and those at z = oo

are {v1+a,...vy+a}. We can similarly introduce a factor (1-2)?, to shift the exponents
p; and v; by -3 and +43, respectively. Overall, if we make the change of function

G(2)=22(1-2)2g(2), (6.6.36)
the new function g(z) satisfies a Fuchsian equation with Riemann scheme

0 1 00
)\1—05 ,ul—ﬁ V1+a+ﬁ
A—a pp=-f wmta+f

AN—-a un-0 vy+a+p

Of course, the degeneracies of exponents, as well as the Fuchs relation are preserved by
this operation.

6.6.5 Monodromy of solutions

Let {¢1(2),...¢n(2)} be a basis of solutions of the Fuchsian ODE ([6.6.1)). Then, for any
singular point w, if we apply a rotation of 27 around w, we get the functions {¢;(w +
e?m(z-w)),...pn(w+e? (z-w))}, which are again solutions of the ODE. Hence, there
exists an invertible matrix M () (the monodromy matrix around w) such that

0;(w+ e (z = w)) = kz M on(2). (6.6.37)

In the case when the characteristic polynomial R(A) at z = 0 has no multiple roots,
the monodromy matrix for the basis {z* fi(2),... 2™ fx(2)} constructed above is the
diagonal matrix:

M(O) - diag(e%”’\l, o 7€2i7r>\N) '

If P()\) has multiple roots, then M has some additional off-diagonal terms, and is no
longer diagonalisable.

Given a basis of solutions {¢1(2),...on(2)} expressed in terms of series at z = 0, it is
a harder task to determine its monodromy around z = 1. A way to do this, is to use the
fusion matriz from {¢1(2),...on(2)} to a basis {11(2),...1¥n(2)} of solutions defined in
the vicinity of z = 1:

N
0i(2) =D P tw(2). (6.6.38)
k=1
Then, the monodromy of the basis {¢1(2),...on(2)} around z =1 is given by:

MW = Pdiag(e?™, ... 2™y pL (6.6.39)
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6.6.6 Example: the hypergeometric equation
Consider a second-order Fuchsian equation with the Riemann scheme:

0 1 1%
0 0 A
1-C C-A-B B

By identifying the coefficients of the characteristic polynomials at z = 0,1, 00, one can
show that the corresponding ODE must be given by the hypergeometric equation:

C-(A+B+1)z AB

02 + 09 R g=0. (6.6.40)

As long as C' ¢ 7Z, the Froebenius method at z = 0 and z = 1 respectively provides the
bases of solutions:

I(2) =.F1(A, B; C|2), L(2)=2"YF(1+B-C,1+A-C;2-C|2), (6.6.41)
Ji1(2) =oF1(A,B;1-D|1 - 2), Jy(2)=(1-2)P3F(C-A,C-B;1+D|l-=z), (6.6.42)

where D = C — A - B. The function oF; (A, B;C|z) is Gauss’s hypergeometric series

Fi(A, B;Clz) = 6.6.43
2 1( ) ) |Z) nz:;) (C)nn' Z, ( )
where we have used the Pochhammer symbol:
r
(W =u(u+1).. (usn—1)= L) (6.6.44)
I'(u)
Using the Euler Beta function
1 I'(uw)l
B(u,v) = f el (1 -t) 1t dt = LT (v) for Re(u),Re(v) >0, (6.6.45)
0 ['(u+v)
One can write the hypergeometric function as
1 1
Fi1(A, B; :—f BL(1 - 2)9 P11 - z2) A d .6.4

for Re(c) > Re(b) >0 and z € C\[1, +oo[. Suppose z €]0, 1[. Using the change of variables
x =1/t and x = t/z, respectively, we get

L(z) = Nil [T Ao, (6.6.47)
L(z) - Ni2 [ -nra- e ar, (6.6.48)

where N; = B(B,C - B) and N, = B(1-A,1+ A-C). Similarly, with the changes
r=1/(1-t) and z = (1-1¢)/(1-2), we get

Ti(2) = Mil f :(—t)A‘C(z — )AL= £)C Bt (6.6.49)
Jo(2) = M% le tAC(t - 2) (1 - )¢ Bt (6.6.50)
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where M; =B(B,1+A-C) and My =B(1-A,C - B).
If we define the holomorphic function

f(t) =tAC(t - 2) At -1)0 81! (6.6.51)

for t € C\] - o0, 0], the closed-contour relations

f T rtydt =0, (6.6.52)
—00+1€
for e = 0* we get the two equations:
e‘i”(B”)jl(z) + e”(D_l)E(Z) + e”(c_B_l):fg(z) + Tl(z) =0, (6.6.53)
et B T (2) + DI (2) + OB T (2) + T,(2) = 0, (6.6.54)

where T, = Nilp(z) and T = M, Ji(z) are the unnormalised integrals. We obtain the
relations

L(2) =

[sinm(C - A) Ji(z) -sinTA :f\g(z)] : (6.6.55)

sin 7

I(z) = [sin 7B Ji(2) -sinw(C - B) :fg(z)] : (6.6.56)

sinmD

From the identity I'(x)I'(1 - z) = 7/ sin 7wz, we get the change of basis:

/ _rOpw) - Keren)
[0 ][ mamor e, [ 9)] (665
IZ(Z) I'(1-A)T(1-B) T'(1-C+A)I'(1-C+B) JQ(Z)

We have just proven these relations for z €]0, 1[, but by analytic continuation, they extend
to 2 € C\(] - 00,0] U [1,+00]).
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Lecture 7

CFT on the torus and the modular
bootstrap

7.1 Complex tori

So far we have mostly focused on conformal field theories on the Riemann sphere. It’s
time to consider the torus. From a statistical physics point of view, this is quite a natural
thing to do. Indeed as soon as one works with periodic boundary condition we are in
fact working on the torus, see Fig. [7.1] Likewise in condensed matter physics, the torus
appears naturally upon considering a periodic one-dimensional quantum system at finite
temperature. At a more abstract level, having a consistent formulation of conformal field

N L6 20

Figure 7.1: The square grid with periodic boundary condition is a torus

theories on higher genus surfaces, and in particular on the torus, yields deep insights into
their structure.

7.1.1 Topological classification of closed surfaces

A closed]surface refers to a two-dimensional manifold that is compact and without bound-
ary. Asis probably well known to many readers, the topology of a connected closed surface
is fully determined by two topological invariants : its genus g (or equivalently its Euler
characteristic x), and whether it is orientable or not. Given a closed surface, how can
one figure out its genus g 7 A very concrete and elementary way is to compute its Euler
characteristic y. Given a triangulation of the surface, x is defined as

x=V-E+F (7.1.1)

where V, F and F' are the total number of vertices, edges and faces of the triangulation,
respectively. It is a fact that xy does not depend on the triangulation, and is indeed a

Inot to be confused with closed in the sense of topology.
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topological invariant of the surface. The Euler characteristic is related to the genus as
follows

e if the surface is orientable, y =2 - 2g
e if the surface is unorientable, y =2 -g¢g

For an informal discussion about the topological classification of closed surfaces including
a sketch of proof, the reader is invited to read chapter 2 of Donaldson’s Riemann Surfaces.
This classification also holds for smooth surfaces : any two smooth manifolds with the
same genus and that are both orientable (or both non-orientable) are equivalent, in the
sense that there exists a diffeomorphism between them. This is because two-dimensional
smooth manifolds are diffeomorphic if and only if they are homeomorphic (this is non
trivial, and not valid in higher dimensions). From now on we will restrict our attention
to oriented surfaces, for which the first few topological classes are depicted in fig. .

© O B

Figure 7.2: Oriented closed surfaces of genus ¢ =0,1,2 and 3.

While the topological classification of surfaces is all well and good, in order to put a
CFT on a surface one needs to endow the surface with a Riemannian metric. As soon as
extra structure is added (beyond the smoothness structure), such as a Riemannian metric
or a conformal structure, the topological classification is clearly no longer sufficient. As
depicted in fig. , a two-dimensional sphere can have many different shapes | Given

Figure 7.3: Two surfaces with the topology (and smooth structure) of the sphere S2.
They are clearly not isometric : one displays constant curvature while the other does not.
They are however conformally equivalent since the moduli space of the sphere is trivial.

the simple manner in which CF'T correlation functions behave under Weyl rescaling, what
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we really care about is the complex structure induced by the metrid?l Thus within the
framework of CFT one is concerned about the classification of (oriented) surfaces endowed
with a complex structure, that is the classification of Riemann surfaces. The moduli space
describes the various inequivalent complex structures (compatible with the given orienta-
tion) one can put on a surface of fixed genus. In the case of a genus 0 (topological sphere),
the moduli space turns out to be trivial : all metrics are in the same conformal class (up
to diffeomorphism). To say things differently, given two spheres with arbitrary metric g;
and g, there always exist a conformal map between them. For surfaces of higher genus
this is no longer the case. We will describe in detail the moduli space of the torus (genus
g =1) below. Let us simply mention that for genus g > 2 the moduli space is parametrized
by 3g — 3 complex parameters.

7.1.2 Curvature, genus and the uniformization theorem

One could wonder whether there is a notion of a canonical metric in a given conformal
class. The existence of isothermal coordinates tells us that every metric is locally con-
formally flat : for each point = there exists a metric (in the same conformal class) which
is flat in some neighborhood of = (i.e. there exist coordinates such that g,, = 6,,). If
we forget about the complex structure, this is rather intuitive. Imagine that the surface
is made from dough. Then we can flatten it from the sides pushing all curvature away
from x. While it is less clear that this can be done while preserving angles, it turns out
to be true. However the Gauss-Bonnet theorem provides an obstruction to removing all
the curvature and having a globally flat metric. Indeed the total curvature is related to
the genus through

ARde&r(l—g). (7.1.2)

So unless g = 1, it is not possible to make the metric globally flat. The next best thing is
constant curvature, and this is the essence of the uniformization theorem : every smooth
Riemannian metric on a two-dimensional surface is conformal to one with constant cur-
vature. Whether this curvature is positive, null, or negative depends on the genus, as
dictated by the Gauss-Bonnet theorem. In practice this means that the sphere (g = 0) ad-
mits a metric with constant positive curvature. This is the usual round metric as inherited
from the canonical embedding in R3. The torus (g = 1) can be endowed with a flat metric
(zero curvature), while for higher genus there exist a metric of constant negative curvature.

Two oriented Riemannian surfaces (M, ¢1) and (Ms, g2) are conformally equiva-
lent (i.e. related through a Weyl rescaling) if and only if they have the same genus and
same moduli. Any Riemannian surface (M, g) is conformally equivalent to a surface
of constant curvature.

2Recall that two Riemannian metrics are called conformally equivalent when they differ by a Weyl
transformation, i.e. when they define the same angles. An equivalence class of such metrics is called
a conformal structure or conformal class. Furthermore if the surface is oriented a conformal structure
induces a unique complex structure (and vice-versa) via isothermal coordinates.
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7.1.3 Complex tori and moduli space

Topologically a (two-dimensional) torus T is simply the cartesian product of two circles
St x S1, thus we may write

T ~ R?/Z2 (7.1.3)

where ~ stands for diffeomorphic. This means that as a smooth surface, the torus is equiva-
lent to the plane quotiented by the group Z?2 of translations generated by (z,y) — (z+1,y)
and (z,y) — (z,y +1). This is nothing but a square with opposite side identified (a.k.a.
periodic boundary conditions). If we consider instead a torus endowed with a complex
structure (or equivalently a conformal class of Riemannian metrics), we are now looking
at a complex torus, that is a genus 1 Riemann surface. The moduli space of the torus is
not trivial, which amounts to saying that two complex tori are in general not conformally
equivalent] This is strikingly different from the sphere !

A convenient and simple way to describe a complex torus is as a quotient of the plane
by a lattice. Given two complex numbers w; and wy such that w; /ws is not real, the lattice
A generated by w; and wy is the subset

A = w1 Z & wol (714)

as depicted in fig. ([7.4)). The complex numbers w; and wy are called periods of the lattice.
Given a lattice A, the quotient space C/A defines a complex torus. Concretely this means

Figure 7.4: The lattice A = wiZ & wyZ generated by wy and ws.

identifying z = 2z + wy = 2 + we. As a Riemannian surface the torus inherits the flat metric
g =dr®dr+dy®dy of Euclidean space R?. As a Riemann surface, the complex structure
(or conformal class) of C induces a complex structure on T (the only one compatible with
the above flat metric), and this complex structure depends on the lattice A.

3Recall that two Riemann surfaces are said to be (conformally) equivalent if there exist a biholomorphic
isomorphism between them, i.e. a holomorphic map which is one-one and onto, and whose inverse is also
holomorphic.
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It is a standard result of the theory of Riemann surfaces that the above construction
exhausts all possible complex tori, in the sense that any complex torus is conformally
equivalent to such a quotient (the reader is invited to read Donaldson chapter 6). But
not all lattices yield inequivalent complex tori :

Fac1ﬂ : two complex tori C/A and C/A’ are conformally equivalent if and only if the two
lattices A and A’ differ by a rotation/dilation, i.e. A’ = aA for some « € C*.
In particular the lattice wiZ @ woZ is equivalent to

wa

AN=7Z+7Z, T = (7.1.5)

w1

Note that we can assume without loss of generality that Im(7) > 0 (if it is negative, one
can simply interchange w; and ws, or change w; - —w;). We will denote by H the upper
half-plane

H={reC,Im 7>0}. (7.1.6)

Furthermore given a lattice A, the choice of periods is not unique. Two bases (w;,ws) and
(w,w)) generate the same lattice if an only if they are related by a unimodular matrix
A, i.e. a matrix with integer coeflicients and determinant +1. Namely

(“’3):(“ b)(‘”), a,bc,deZ,  ad-bc=«l (7.1.7)
Wy c d w1

In terms of the parameter 7, this means

at+b
et +d’

!

a,b,c,d e, ad-bc=1 (7.1.8)

Note that ad —bc = -1 is no longer allowed once we restrict 7€ H. Indeed

Im(a7+b) _ (ad~-bc)
cr+d)  |er +d|?

Im(7) (7.1.9)

We have reached a full description of the moduli space of the torus as
1/SL(2,7Z), (7.1.10)

namely the quotient of the upper half-plane 7 = 7y +i75 € H by the group SL(2,7Z) acting as
in eq. ((7.1.8). The standard choice for the fundamental domain F is depicted in Fig. .
In fact staring at reveals that SL(2,Z) does not have a faithful (or effective) action,
in the sense that the matrices A and —A have identical actions. Thus one introduces the
modular group (a.k.a. the projective special linear group) PSL(2,Z) = SL(2,Z)/Z, of
matrices with integer coefficients and unit determinant, in which the matrices A and —-A
are identified.

4The proof is rather elementary given a little knowledge about covering spaces and lifting of maps (for
which an excellent reference is A. Hatcher, Algebraic topology chapter 1) and rests on the two following
facts

(i) any bi-holomorphic map between C/A and C/A’ lifts into a conformal automorphism of C

(i7) conformal automorphisms of C are of the form z - az + 3
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Figure 7.5: Fundamental domain F of the torus moduli space.

Complex tori are realized as quotient spaces
T,=C/(Z+7TZ) (7.1.11)

where 7 is in the upper half-plane. Furthermore T, and T, are conformally equivalent
if and only 7 and 7/ are related by the modular group PSL(2,7Z), namely if there exists
a,b, c,d integers with ad — bc =1 such that

, ar+b

= 7.1.12
ct+d ( )

In the following we will need the following fact about the modular group: it is generated
by the so-called modular T- and S-transformations :

T:7o7+1, ST -1/T. (7.1.13)

The proof of this statement is left as the following exercice.

Exercice : Let S, T and U be the following matrices

(00 (i) (1Y) e

Check that U =T'ST. Show that for two coprime integers a, ¢, Euclid’s algorithm yields
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a sequence of integers ny, -+, ng, such that

T"lU"2T”3---U”2P( CCL ):( (1) ) or ( (1) ) (7.1.15)

1

SinceUzTSTandS((l]):(O

that

), the above implies that there exists myq,---, my such

mi m2,.. M a - 1
™ ST™-..ST (c)‘(o) (7.1.16)

Deduce that S and T indeed generate SL(2,Z).

7.2 Torus partition function and modular invariance
Geometrically the complex torus T, is a parallelogram spanned by 1 and 7 = 7y + i7y

with its opposite sides identified. Identifying the red pair of sides in Fig. amounts to
identifying z and z + 1. This rolls the parallelogram into a cylinder of height 7.

15 2 N

Figure 7.6: The cylinder obtained from the unit cell after the identification of the red
edges.

We now need to close up our torus, by identifying z and z + 7. Since we are on a
cylinder, this is conveniently done in Hamiltonian formalism as follows. Decomposing
z = x +1it we interpret x as the space coordinate (on a circle) and t as the (imaginary)
time. If 7 was pure imaginary, say 7 = 17o, the partition function would coincide exactly
with that of a one-dimensional quantum system at inverse temperature 5 = 75, namely

Z(imp) ="Tr (e_T2H) ,

where H is the Hamiltonian of the 1d quantum system on a circle of unit length. However
the real part 71 of 7 requires an additional translation of space on top of the Euclidean
time evolution before sewing up (i.e. before taking the trace), therefore

Z(7) =Tr (e e mP) .

The cylinder Hamiltonian H and total momentum P can be obtained easily via con-
formal mapping to the plane through w = e=¥™* as in Fig. [7.7, where we can use the
formalism of radial quantization. Recall that P and H are characterized (in Euclidean
time) by

0,0 =[H,0], -i9,0=[P,0]
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Conformal map ‘
W= ei2m /27"1

Figure 7.7: The flat torus is conformally equivalent to an annulus with edges identified.

where the slightly unusual form of the time translation stems from the fact that we are
working in imaginary time, ¢.e. in Euclidean signature. Comparing with the Ward identity
(13.2.25)) we get

7 1 1t
P=- fo Toi(w,0)dr,  H = fo Too(,0)da, (7.2.1)
While the above relations holds for any QFT, for conformal field theories we can go further.
First since T is traceless (in flat space), we have Ty = (T = T) and Tas = (T + T') (see
Table [3.1). Furthermore Ty (2) = —(2m)2 (w?Thiane(w) — ¢/24), yielding

iflex—ijg (wT(w)—il)dw——Zw(L —i) (7.2.2)
21 Jo Jo 24w) °24)” -
leading tdf|

P=2n(Lo-Lo), H:27T(L0+L0—1—02). (7.2.3)

Looking back at the annulus in Fig. , this is not surprising: P implements (clock-wise)
rotations, while H is the generator of dilations. The only non-trivial part is the shift of
energy proportional to —55, which comes from the Weyl transformation when going from
the cylinder to the annulus.

We end up with the following expression for the partition function

Z(r)=Tr(ghomghoss) ,  g=e>", (7.2.4)

in which the trace is taken over the whole Hilbert space of the CFT. To be more precise,
this is the space of states for the system with periodic boundary conditions (i.e. a circle),
that is to say the Hilbert space relevant for radial quantization (as opposed, for instance,
to the Hilbert space of a system with open boundary conditions, which is relevant for
boundary CFT).

7.2.1 Modular invariance

We have just obtained an expression of the partition function on the torus T, that depends
explicitly on the modulus 7. However we have seen that acting on 7 with the modular

®Note the sign of the total momentum, which is the opposite of the one obtained in Chapter [4| This
is correct, and is due to the choice of orientation for the space coordinate x.
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group PSL(2,7Z) yields the same torus. Thus the partition function must be modular
moariant:

at +b a b
Z(T)—Z(CT+d), for all (C d)eSL(Q,Z). (7.2.5)

From the above discussion about the modular group, modular invariance boils down to
invariance under the modular T- and S-transformations :

Z(r)y=Z(t+1), and Z(r)y=2Z(-1]1) |. (7.2.6)

Let us illustrate modular invariance with two examples: the (non-compact, free mass-
less) scalar field and the Ising model.
Scalar field

The free scalar field provides an interesting first example. The torus partition function
can be evaluated using the path-integral approach, i.e. by computing the zeta-regularized
determinant of the Laplacian on the torus. This calculation can be found for instance in
Lectures on Conformal Field Theory by Krzysztof Gawedzki (problem 4, page 10) or in
Conformal Field Theory by Di Francesco et al., section 10.2. Here we will not follow this
path-integral approach, but rather the Hamiltonian formalism as in (7.2.4)).

To do so, all we need to know is the spectrum of (Lo, Ly). Recall that the Hilbert
space is spanned by the states

|{n}7 {ﬁ}a Oé) = afnl"'afnpafﬁf“afﬁﬂa) (727>
where n;,7; > 0, and the state |«) is characterized by
aolar) = ajar), apla) =ayla) =0 forn>0, (7.2.8)

where « can be any real number. The state |[{n}, {n}, «) has conformal dimensions

a2 P N R
j=1 j=1
Thus

Z(r) = Tr (¢"o-3igho51) :fda SR gt (7.2.10)

R o

{n,n}

N é (o] [ee) n [ee] [ee) . Cora?r [ele] 1 1
- faa @ (S (Sa) - faae T ram
R n=1 \k=0 A=1 \k=0 R a1 l-q"1-q

As long as Im(7) > 0 this means

Z(7) (7.2.12)

1
VR ()P
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where 7(7) is the Dedekind eta function defined (for Im(7) > 0) by
n(r) = [[(1-e*™) = g2 [[(1-¢"). (7.2.13)
n=1 n=1

It is not completely trivial that the above partition function is indeed modular invariant.
While it is straightforward to check that Z(7+1) = Z(7), checking that Z(-1/7) = Z(7)
is less trivial. It is however a consequence of the identity

n(-1/7) =v-irn(r), (7.2.14)
where we choose the principal branch of the square-root.

The Ising model

The critical Ising model in two dimensions exhibits a central charge ¢ = %, and is described

by the minimal model M3 4, as explained in section We have already encountered
the following operators :

e the identity operator ®;; =1 with (h,h) = (0,0),
e the energy operator ®y; =€ with (h,h) = (1/2,1/2),
e the spin operator ®,, = o with (h,h) = (1/16,1/16).

Let us assume that there are no further local primary field{fj Thus the Hilbert space
is spanned by the three above primary states together with their descendants,

H = (’CI,I ® El,l) @ (lCQ’l ® KQJ) @ (]CQ’Q ® KQ’Q) , (7215)

where K, ; stands for the Kac module (i.e. the Verma module quotiented by the null-
vectors), with highest weight h, 5, as described in Lecture . The expression of the parti-
tion function follows

Z(7,7) = x11(@)x1,1(7) + x2,1(0)x2.1(7) + Xx2.2(7) X2,2(7) (7.2.16)

in terms of the characters x, s(q)

Xrs(q) = Trx, , (g™ *") (7.2.17)

In order to derive the above partition function, we have made a strong conjecture
about the operator content of the Ising CFT. Modular invariance provides a highly non
trivial consistency check. It turns out that the three characters xi = x1,1,Xx2 = x2,1 and
X3 = X2,2 transform linearly under the modular group:

Xi(T+1) =) Tijx;(7), Xz’(_l/T):;Sinj(T);

7=1

SWe - already know that there are other primary fields : the disorder operator u, the chiral fermions
¥ and V¥, but these are not strictly local. In terms of Hilbert space, they correspond to anti-periodic
boundary conditions, as will be established in the next exercise.
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where the so-called modular T and S matrix are

1 0 0 1 1 V2
i : 1
T=em| 0 em 0 |, S=§ 11 2. (7.2.18)
0 0 e% V2 V2 0

Invariance of the partition function (7.2.16)) under 7 — 7+ 1 holds trivially. Checking that
the partition function ((7.2.16|) is indeed invariant 7 - —1/7 is a straightforward exercise

left to the reader. Since these two transformations generate the whole modular group, it
follows that ([7.2.16|) is indeed modular invariant.

In fact a much stronger argument can be given in favor of our tentative partition
function . Not only is (7.2.16) modular invariant, it is in fact the only modular
invariant partition function that one can build out of the the chiral primary fields ¢; 1, ¢21
and @99 ! Indeed the most generic partition function is of the form

Z(7,7) = > Nijxi(@)x;(a), (7.2.19)
4,3
where NN; ; are non negative integers and Ny ; = 1. Modular invariance boils down to

STINS=N, T'NT=N (7.2.20)

In the Ising model all the conformal dimensions being distinct modulo 1, the constraint
TTNT = N is tantamount to N being diagonal. Solving STNS = N yields N o I. Finally
Noo =1 yields N = I as the unique solution. Thus the only modular invariant partition
function that one can build is indeed .

Exercise : So far we considered the Ising model on the torus with periodic boundary
conditions. However we can play around with the Z, symmetry to twist the boundary
conditions, and these twisted partition functions will involve the quasi-local fields u, ¥
and V. Let Z,, ,,(7) denote the torus partition function with the following boundary
conditions

o(z+1)=(-1)"0(2), o(z+1)=(-1)"0(2) (7.2.21)

The numbers of Z, defects n; and nsy are naturally defined modulo 2.

: b .
» Under a modular transformation 7 — z:jz argue that ( 12 ) - ( “ ) ( 12 ), in
ny C

the sense that

at +b
Zm,m (m) = ch2+dn1,an2+bn1(7—) (7.2.22)
In particular
Znymsy(TH+ 1) = Zoygeny (T)y Ziny o (F1T) = Zipy 0y (7) (7.2.23)

» Show that each partition function Z,,, ,,, is invariant under the congruence subgroup
['(2) defined as

r'2) = {( OCL Z ) e SL(2,Z), with a,d odd and b, ¢ even } (7.2.24)
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It is a fact that ['(2) is generated by 72 and ST?S. Argue that the most generic I'(2)
invariant partition function is a linear combination of

el + [xeal® oo and xi1Xay + X21X11 (7.2.25)

» The twisted partition functions can equivalently be interpreted as partition functions
with periodic boundary conditions, but with a closed (non-contractible) line of disorder
operator wrapping around the torus. Argue that 7y, Zy, and Z;; correspond respectively
to the three following situations, in which the red line represents the disorder line :

» The partition function Zy;(7) is
Zo1(7) = Try, (Oghosigho-sr) (7.2.26)

where H is the Hilbert space ((7.2.15]) corresponding to periodic boundary condition, and
© is an operator that implements the Z, twist. Argue that © is characterized by

©)0) = |0), Ole) = |e), O|o) = —|o), and [©,L,]=0 (7.2.27)
Deduce that

Zoa(T) = |X1,1|2 + |X2,1|2 - |X2,2|2 (7.2.28)

» Deduce Z; and Z;,
Z10(7) = Zoa(-1/7) = X1,1X21 + X2,1X11 + el (7.2.29)
Zyo(r+1) = Z1a(7) = =X1.1Xa1 — X21X11 + X2l (7.2.30)

The partition function 7, and Z; ; can be written as
Zo(7) = Tryw (¢ 31g™751),  Zy1(7) = Trgy (Ogho 1m0 51) (7.2.31)

where H’ is the Hilbert space of the Ising model with anti-periodic boundary conditions.
The above expressions imply that

H' = (Vig®Vor) D (Vea ® Vi) D (Vor ® Vi) (7.2.32)

Thus the primary fields in the anti-periodic sector are U, W and p. Under the Z, symmetry
O, the fermions ¥ and ¥ are odd, while p is even.

o)) =-[T),  OF)=-F),  Olu)=|u). (7.2.33)

This is consistent with the lattice construction of ¥ and ¥ as products of a o and a i, or
equivalently with the fusion rule

oxpu=U+U (7.2.34)
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7.2.2 Rational CFTs

The infinite-dimensional symmetry algebra of local conformal transformationd’|is isomor-
phic to two copies of the Virasoro algebra. Thus the Hilbert space can be decomposed
into irreducible representations of Vir ® Vir. Typically

PN, VieV; (7.2.35)

1]

where N; ; is the multiplicity of the occurence of the representation V; ®Vj. In some cases,
such as the free scalar field, the discrete sum is replaced by an integral. Broadly speaking
there are two types of CFTs :

(i) theories with a discrete spectrum
(ii) theories with a continuous spectrum

where it should be understood that we are talking about the spectrum of (Lg + Lg), or
equivalently the energy spectrum on a circle, and not the energy spectrum on the real
line (indeed, the latter is always continuous for a critical system as there is no energy
gap). From now on we will restrict our attention to CFTs with a discrete spectrum, or
equivalently a discrete set of primary fields. In this case the decomposition ([7.2.35)) is
valid, and it follows that the partition function can be written as

Z(1,7) = > Nijxi(@)x;(2) (7.2.36)

1,J

where x;(q) are the Virasoro characters

xi(q) = Try, (¢"21) (7.2.37)

as introduced in previous lectures. Note that NNV, ; are non-negative integers, and that the
vacuum being non degenerate we must have Noo =1 (in a unitary CFT the vacuum is the
only state with a vanishing conformal dimension, therefore V5 ® V{ can only appear once).

We will further restrict our attention to rational CFTs, that is CFTs with finitely
many chiral primary fields {¢;, i € Z} labeled by some finite set Z (e.g. the entries of the
Kac table in the case of minimal models). In this case the r.h.s. of is a finite sum.
Very much like the conformal blocks on the sphere transform linearly under monodromy
operations, the characters of a rational CF'T form a finite-dimensional representation of
the modular group :

X(m+1) =3 Tyx;(7),  xa(=1/7) =3 Sy x;(7). (7.2.38)

jeZ jeZ
Modular invariance of the partition function (|7.2.36]) is tantamount to

SINS=N, T'NT=N. (7.2.39)

Tstrictly speaking we are dealing with the complexification of this algebra (recall the discussion at the
end of section [2.2.2) with a central extension (the central charge).
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The modular bootstrap amounts to finding all matrices N; ; with non-negative integer
coefficients, subject to Ny ; = 1, and satisfying the above constraints.

Modular invariance of the partition function is analogous to crossing symmetry of
four-point functions on the sphere : it provides a constraint on how to piece together
the holomorphic and anti-holomorphic parts of the CFT. One can think of the charac-
ters x;(q) as conformal blocks on the torus (notice that they are holomorphic in 7), and
the modular group on the torus is the analog of the braid group on the four-punctured
sphere. In fact these are two examples of a more general problem, that of computing
n-point correlation functions on a genus g surface. The braid group and modular group
are particular instances of mapping class groups (see Conformal field theory and mapping
class groups by T. Gannon).

7.3 Minimal models and ADE classification

Minimal models are a prime example of rational CFTs, where the modular bootstrap pro-
gram described above can be applied. This leads to the complete classification of modular
invariant partition functions. This classification, known as the ADFE classification, was
obtained in 1987 by Cappelli, Itzykson and Zuber. The proof of this classification goes in
two steps:

e find all invariants without demanding JV; ; integer,

e impose [V; ; to be non negative integers.

The details are very technical and go well beyond the scope of this lecture. We will not
go further into the ADE classification, and invite the reader to look at section 3.2. in
A-D-E Classification of Conformal Field Theories for the classification itself. We will
simply illustrate the modular bootstrap with some examples. We have already solved the
problem for Msj,4, for which there is only one modular invariant. This corresponds to
the universality class of the Ising model. We will also discuss the minimal model M;g.
We will find that there are two modular invariants, one of which being relevant for the
three-state Potts model.

Recall that minimal models M, are labelled by two coprime integers p,p’, with
2 <p<yp', with central charge

6(p-p')?
pp’

For a given minimal model M, ,,, the allowed representations of the Virasoro algebra are
labelled by a two integers (r, s), with conformal dimension

c(p,p’)=1- (7.3.1)

for 2 _ —_ )2
hr,s — (p r psé)lpp’ (p p ) (732)

The operator algebra of this model closes on a finite number of primary operators, which
are all degenerate, and correspond to

E

(7.3.3)

IN A
w 3
IAIA
SRS
— =
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Figure 7.8: Fundamental domain ps < p'r of the Kac Table for the minimal model M5 ;.

and are subject to the identification (r,s) = (p—7r,p’ —s). Thus we can restrict (r,s) to
be in the range 7

1<r<p -1
1<s<p' -1 (7.3.4)
ps<p'r

as in figure (|7.8)), for a total of %@’-1) chiral primary fields.

The corresponding characters are

XT7S(T) _ 1 (Z q(p'r—ps+2npp')2/4pp/ _ Z q(p'T+ps+2npp/)2/4pp’) . (735)
7](7—) nez nez

Note that the characters are linearly independentfunctions of 7. Thus the T and S
matrices are unequivocally defined through ([7.2.38]).

Modular 7" matrix for minimal models
The T matrix is particularly simple as it is diagonal, namely
Tij _ (5¢j62”(hi’i)

This is straightforward since y; is of the form

XZ(T) — QQiWT(hi_i) Z Ni(n)e%m’m‘

n=0

8By construction all conformal dimensions hr s are distincts. Indeed hy, s, = hp,s, iff p'r1 —psy =
+(p'ry — psa), which we can rewrite as p’(r1 Fr2) = p(s1 F $2). Thus r1 Fro = 0 mod p and s; Fs3 =0
mod p’. In the range the only solutions are (r1,s1) = (r2,82) and (r1,s1) = (p—re,p’ — s2). More
generally for a given central charge, two irreducible representations of the Virasoro algebra with the same
conformal dimension are necessarily isomorphic, that is they are in fact the same representation.
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although care has to be taken into defining the phase e2in(hi=37)  What we really mean by
the modular T-transformation 7 — 7 + 1 is the transformation of the characters x; under
analytic continuation as we follow a path from 7 to 7 + 1 in the fundamental domain of

the moduli space. Thus invariance of the partition function

Z(7) = 3, Nijxi(a)x;(2) (7.3.6)

%,J

under 7 — 7+ 1 is achieved as soon as N; ; = 0 when h; # h; mod 1. This means that allﬂ
primary fields must have integer spin.

Modular S matrix for minimal models

Invariance under 7 — —1/7 is far less trivial. For a generic minimal model M, the S
matrix is known (see Appendix for a derivation), and is given by

2 1+s1m2+82711 o] p/7"17’2 . Dbs152
S(r1,.91),(ra,s2) = 21/ E(—l) TR gin r p ST (7.3.7)

Note that S = S, thus for any minimal model the following partition function

Z(r)= ¥ ha(@)l (7.3.8)

1,j€L

is modular invariant. For obvious reasons, this is called the diagonal modular invariant
of the minimal model M,,,,. In such a diagonal theory, the physical primary fields are
labelled by the Kac table (in principle the Kac table labels chiral primary fields, not
physical ones). Thus there are exactly (p—1)(p’ — 1)/2 physical primary fields, and they
are all scalar. This is what happens for instance for the Ising model. But we will see with
the three-state Potts model that may not be the only possible modular invariant
partition function.

The minimal model M;s and the three-state Potts model

The three-state Potts model has Boltzmann weight
J _
exp -3 Z (1+ 0,0, +050;) | =exp|-J Z 0010, (7.3.9)
(i.7) (i.5)

where the lattice spins o; take values in {1, e, e’%}. The Boltzmann weight is invariant
under global Zs rotations

o; —> e%ai (7.3.10)

and reflection

0i = 7. (7.3.11)

Yat least the local ones, that is those appearing in the partition function. For instance we have seen
that the Ising model contains primary fields (¥ and W) with spin +1/2, but those are not strictly local
and do not appear in the Ising partition function.
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Together these transformations generate the dihedral group D3 (which is isomorphic to
the group of permutations S3).

The lattice three-state Potts model is exactly solvable, and the critical exponents and
central charge are known. In particular the central charge is ¢ = 4/5. This corresponds
to the minimal model M; g, whose Kac table contains 10 chiral primary fields (or equiva-
lently 10 degenerate representations of the Virasoro algebra), with conformal dimensions

listed in Fig.(7.9).

——

g B

Figure 7.9: Kac Table for the minimal model M.

Let us solve the modular bootstrap for this model, .e. classify all possible modular
invariant partition functions one can build with these representations. An important dif-
ference with the minimal model M3 4 is that some of the conformal dimensions appearing
in the Kac table differ by an integer, namely

hyyp=hig+3, hsi=hg1+1. (7.3.12)
Thus T-invariance does not preclude the appearance of the following non-diagonal sectors
Vip® Vi, ViioVig, Ve1®Vay,  Vii®Vay (7.3.13)

in the Hilbert space. Further demanding S-invariancd'¥, thus achieving full modular

invariance, we are left with two two linearly independent solutions. This means that
4

there are two distinct universality classes with a central charge ¢ = z. Of course one

of them is the diagonal modular invariant (7.3.8]), in which the above-mentioned non

10 Already in this simple case this requires a little bit for work (or a computer). To better appreciate the
tour de force achieved by the ADE classification, and the computational difficulty of solving the modular
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diagonal sectors are forbidden. But these sectors do appear in the the other modular
invariant, namely :

Z = |X1,1 + X4,1’2 + ’X2,1 + Xz,1|2 + 2|X4,3|2 + 2’X3,3\2 (7-3-14)

Equivalently a CFT with such a modular invariant has the following Hilbert space (on
the circle)

H=ViioVi)e(ViieVy)® VeioVs)e (Ve oVs)
P2izeVis P 2Vsz® Vs (7.3.15)

Let’s conclude this chapter with some notable features about this modular invariant.

e Some chiral fields are forbidden. Not all possible chiral fields ¢, s are involved
in ((7.3.14]), only those with s odd. Note that this is consistent with fusion rules, in
the sense that this subset is stable under fusion. Thus there are no (local) physical
operators with conformal dimension (left or right) in the set {1/40,21/40,1/8,13/8}.

e Multiplicities and D3 symmetry. Some operators appear with multiplicities.
These degeneracies are related to the D3 symmetry of the three-state Potts model.
For instance there are two primary fields with conformal dimensions (1/15,1/15).
They correspond to two spin fields o; and o5 which are respectively the scaling limit
of the lattice spin operators o and o2 = 7. These two fields are distinguished by
their behavior under Zs rotations

2im 2im

01— €3 oy, 09— € 3 0y (7.3.16)

Furthermore Z3 symmetry requires them to be dual to each other, in the sense that

(01(r)oa(r2)) = ————

71 —7“2|%7

(o1(r1)o1(1r2)) = (02(r1)02(1r2)) = 0. (7.3.17)

e Non-scalar primary fields and W-algebra. The modular invariant
involves sectors for which the highest weight state has h # h. In particular the
field W = ¢, 1 ® ¢ has spin 3, and it is holomorphic (since h =0, OW = LW is
a null-vector and thus decouples from the theory). Such a chiral field signals the

bootsrap, here is the S-matrix for My ¢ :

a b V/3b b V/3b 2b a V3a 20 V3a
b -a V3a -a V3a -2a b -V3b 20 -V3b
V3b V3a V3a —V3a -V3a 0 —3b V3 0 V3b
b -a —V3a -a —3a -2a b V3b 2b V3b
Ll V3 V3 —VBa —VBa VBa 0 -3 V3 0 -/3b
sl 2 2¢O ~2a 0 2 2 0 -2 0
a b —/3b b -V3b 2 a -V3a 2a —V3a
V3a -V3b —V3b  /3b V/3b 0 —V3a -V3a 0 V3a
2a 2b 0 2b 0 -2b 2a 0 -2a 0
V3a —V3b  V3b V3 V3 0 —V3a V3a 0 —3a

S =

where a = v/5-+/5 and b=1/5+ /5. The entries corresponds to the fields ¢r s in the Kac table given in
figure arranged according to lexicographic order on (r, s).
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presence of an additional symmetry (besides Virasoro) for which its modes W,, are
the generators

W(z)=> z"3W,. (7.3.18)

nez

These modes, together with the Virasoro modes, generate the so-called Wj algebra
(of which the Virasoro is a subalgebra), which we mention here without derivation

c
[Ln, L] = (m=m)Lpm + En(n2 - 1)dn+mo

(Lo, Wn] = (2n-m) W,
B 16 & 9 9
[(Wo, W] = 533 5o (n—=m)ANpim + 36On(n 1)(n* = 4)0n+mo0

f(n—-m) [%(n+m+2)(n+m+3) - é(n+2)(m+2)]me

where

_ (1—m2)’ o= (1+m)(2—m).
5 5

An = io: :Lanfm: +dnLn7 d2m

This is a particular case of a (quantum) W-algebra.

Since we have a larger symmetry algebra at our disposal, it is a good idea to organise
the Virasoro representations into (irreducible) representations of the extended Wj
algebra. For instance the state highest state of Vy 1, |®41) = [IW), is not primary with
respect to the W algebra, since it is descendant of a the vacuum [W) = W_3|0), very
much like |T") = L_5|0). Thus it is very natural to gather the Virasoro representations
Vi1 and Vj; into a single representation of Wj. Let’s call it V;

Vi=ViieVy. (7.3.19)

How do we know that V), is a representation a Ws, i.e. that it is stable under action
of the modes W,, 7 Simply from the fusion rules W x1 =W and W x W =1, which
can be recast as

W(Z)‘/l,l c ‘/4’1, and W(Z)V;l,l c ‘/171 (7320)
Thus
W(Z)Vl c Vl (7.3.21)

Furthermore V; is an irreducible representation of Ws, since Vi ; and Vj; are irre-
ducible w.r.t. Virasoro. Likewise, |®3 ;) = W_1|®5 1), and we have another irreducible
Ws representation

Vo = ‘/2’1 ® Vzg’l . (7322)

Finally the Wjs-algebra discriminates between the two copies of the representation
Vi3 (and likewise V3 33), in the sense that oy and oy have opposite eigenvalue under
Wy. Thus the two copies of the Virasoro representation V, 3 become two inequivalent
representations Vs and V3

Vi3 — Vs and Vi . (7.3.23)
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Likewise for Vi 4 :
%74 i V4 and VI . (7324)

In terms of these W5 representations, the modular invariant of the three-state Potts
model is simpler : it is diagonal, in the sense that the Hilbert space is

H=(neV)D(V:eV:)D (V5o V)@ (Vi V) D (Vie Vi) B (Vi Vi)

It turns out that the CFT underlying the three-state Potts model is the first of a
sequence of minimal models of the Wj algebra.

Some references for this chapter:

e Introduction to Conformal Field Theory, Ralph Blumenhagen and Erik Plauschinn.
In particular chapter 4 deals with modular invariance. A presentation of WW-algebras
and more generally extended symmetries can be found in chapter 3.

e section 10.7 in Conformal Field Theory, Di Francesco et al.. In particular section
10.7.2 contains a much more detailed description of the field content of the three-
state Potts model.

o A-D-FE Classification of Conformal Field Theories, scholarpedia, Andrea Cappelli
and Jean-Bernard Zuber

7.4 Appendix

7.4.1 Some useful identities
The Poisson summation formula

The Poisson summation formula is the following identity between distributions

Y o6(xz—-n)=>) e (7.4.1)

nez keZ

Note that both sides of the above equation are periodic in z, so we can think of x as living
on the circle R/Z. The Poisson summation formula is simply the decomposition of the
Dirac delta on the circle (the left hand side) in Fourier series (the right hand side).

The Poisson summation formula implies that for appropriate functions f: R - C

> f(n) =3 f(k) (7.4.2)

nez keZ

where f is the Fourier transform of f, namely

fk)y = [ e pw)da (7.4.3)
Indeed formally
kz%f(k)=£[Re_i2”kxf(x)dx=/ﬂ;(kz%e_i%m)f(x)dx
B ICEOHOTES WO
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In particular for f(z) = ﬁe‘g("’”/ﬁf we get

—mak?+2mifk _ L —E(n+/3)2 (7 4 4)
e — e a . 4.
,é \/a nez

Jacobi’s triple product identity

For complex numbers z # 0 and |z| < 1,

ﬁ (1-22) (1+z2®) (1+ 272?71 = i ™ 2" (7.4.5)

m=1 n=—o0o

Many proofs of this result are known. Some are combinatorial /enumerative (having to do
with counting partitions), some are number-theoretic. The curious reader can find a very
readable computational proof in George E. Andrews The Theory of Partitions. There is
also a very elegant combinatorial proof in Conformal Field Theory by Di Francesco et al,
in appendix 10.A.1.

Let’s just mention that it is fairly easy to show that

ﬁ (1-2%) (1+z2?7) (1+ 272%™ = ap () i " 2 (7.4.6)
m=1 n=-—00

up to an unknown function ag(x). Indeed the function

F(z)= IO—OI (1-2?) (L +22®™7) (142712 (7.4.7)

m=1
is holomorphic on C \ {0}, so it is can be represented as a Laurent series

F(2) =) an(x)2" (7.4.8)

nez

Now notice that F' obeys
zaF(22%) = F(2) (7.4.9)

In terms of the Laurent series, this means a,,; = ©?**'a,, thus a, = " ay and
F(2) =ap(x) Y amz" (7.4.10)
n=-oo

To finish the proof one would have to evaluate ag(x). This is more technical, and it turns
out that aq¢ = 1.

7.4.2 Theta functions

Jacobi’s theta function ¥(z; 1) is defined as

19(2;7'): Z e(irrn27—+i27rnz)_ Z q%ei%rnz (7411)

n=—oo n=—oo

for z € C and 7 in the upper half plane (Im(7) > 0). Jacobi’s triple product identity states
that

19(2’7_) _ ﬁ (1 _ 62n7ri7') (1 + e(2n—1)7ri7+27riz) (1 + 6(2'rz—1)7ri7-—27riz) ) (7412)
n=1
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Some auxiliary theta functions

In some cases it may be useful to consider the following auxiliary theta functions

a — mit(n+a)? 2mi(n+a)(z+b)
19[ b ](z|7') 7%6 2 (7.4.13)
— Z e7ri7'k2 e27rik(z-+—b) (74 14)
kea+Z
— eiﬂ"l’(z2€2iﬂ'(z+b)(l,ﬁ(z + b + CLT7 7_) (7415)

In particular is is customary to introduce

[ 1/2 1/2
6, =¥ B ](z|7) - —0[ 12 ](z|¢) (7.4.16)
6, =0 1(/)2 ] (2|7 (7.4.17)
[ 0
03 =¥ K ] (z|7) (7.4.18)
0, =1 :i:lo/2 ] (z]7) (7.4.19)

Using Jacobi’s triple product identity, this can be rewritten as

0[ a ] (Z|T) _ eiﬂ7a2€2i7r(z+b)a H (1 _ 62i7r7'm) (1 + ez'7r‘r(2mfl)62i7r(z+b+a7')) (1 + eim‘(2m71)672iﬂ'(z+b+a7))

b m>1
(7.4.20)
from which we can see that the zeroes are located at
1 1
z:(i—b)+7(§—a)+Z+TZ (7.4.21)

We have
a+1 a -a
19[ , ](zh) :ﬁ[ \ ](Z|T) :ﬁ[ M ](-zm (7.4.22)

from which we can always choose 0 < a < 1 (or at least for the real part of a if a is not
real). Similarly

19[ bic ](zh) 219[ Z :|(z+c|7) (7.4.23)

The two boundary conditions are

19[ Z ] (z+n|r) = 62”“"19[ Z ] (z|7), neZ (7.4.24)
and
Y l Z ] (2 + c7]7) = e 2ime(=+b) gmimTe l “ Z ¢ :| (z]1), ceR (7.4.25)
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Under the ”"easy” modular transformation we have

a
na+§+b

V [ Z ] (2|t +n)= ei”(““)”f}[ ] (z]1), nez (7.4.26)

The non trivial modular transformation can be obtained from the Poisson resummation
formula

—ran?+2mifn _ L - (n+p)? (7 4 27)
e = € « B
TLZE% \/a nez

from which we get

L=

1 i a+z
1) = e aratet) 5 o (7.4.28)

T nez

— \/EG ”rf e?ma(b Z)e"%'(a-%-z)2 Z eﬂif(n—b)2€2ﬂ'i(n—b)(z+a) (7429)

nez

-V=ir 6“(2““12)19[ ‘ab ](Z|¢) (7.4.30)

There is also a simple transformation under Fourier sums

N Tinm a+ = 9 Na z T
712162 N 19[ bN ](z|7’) =e QWZamﬁl IHTm ](N m) (7431)

The theta functions relevant for the Dirac fermion

When studying the characters of the Dirac fermions on the torus, the following theta
functions turn out to be useful.

Or(zlr)==i Y. (-1) g (7.4.32)
reZ+1/2

Oa(elr)= > y'q (7.4.33)
reZ+1/2

O3(2l7) = 3. y g 2 (7.4.34)
nez

0,(2l7) = S (1) P (7.4.35)
nez

where 2 is a complex variable and 7 a complex parameter living on the upper-half place.
We introduced ¢ = €% and y = €%7*. Theta functions have a single zero, located at
z =0,1/2,1/2(1 + 7) and 7/2, respectively. They have no pole. Using Jacobi’s triple
product identity one can rewrite them as

01(zI7) = =iy ¢ TTA-¢") [TA -yg™ ) (A -y 'q") (7.4.36)
n=1 n=0
Os(2lm) =y g P TT( - ¢") TT(L +yg" ™) (A +y"'q") (7.4.37)
n=1 n=0

0s(z|7) = H(l ") H (1+yg")(L+y'q") (7.4.38)

reN+1/2

04(z|7) = H(l q") H (1-yg")(1-y'q") (7.4.39)

reN+1/2
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Theta functions are all related by shifting their arguments.

94(Z|7') = 93(2’ + 1/2|’7‘) (7440)
O2(2|7) = 01(2z + 1/2|1) (7.4.41)
01(2|7) = —ie™q %0, (= + 1/27|7) (7.4.42)

Theta functions are the building blocks of doubly periodic functions on the complex
plane. They are not periodic under z - z+1 or z - z+7, but they behave in the following
simple fashion

0,(= + 17) = —0, (2]7) 0z + 7|7 = —ﬁ@l(zh) (7.4.43)
0z + 1]7) = —0s(2]7) Oy(z + 7|7 = ﬁez(zm (7.4.44)
05> + 1/7) = 03(2]7) 03z + 7|7 = ﬁeg(zh) (7.4.45)
04( + 1|7 = 04(2|7) 04z + 7]r) = —ﬁ&l(zh) (7.4.46)
We have
O (2|7 +1) = €0, (2|7),  0i(z|-1/7) = —iv/=iTe™ 0, (~T2|7) (7.4.47)

7.4.3 Modular S-matrix for the minimal model M,

The characters are a representation of the modular group. One can prove that they are
the solutions of a differential equation in 7 (of order %) that follows from the
null-vector at level (p - 1)(p’ - 1) in the module of the identity. In order to compute
the S-matrix, we follow closely Di Francesco et al, chapter 10, section 10.6 (up to some
change of notations). Let us first rewrite the characters as

Xors(T) = K, (7) = K, (7)), (7.4.48)
where A\, s =p'r —ps and A, _; = p'r + ps and

1 2
Kx(g)=—— S ¢,  N=2pp. (7.4.49)
n(7) k=X mod N

Since K) = Ky,n, A only matters mod N. The parameter \ € Z/NZ will soon turn out to
be a simpler parametrization of the characters than (r,s). But first we need to understand
the reflexion (r,s) - (r,—s) at the level of Z/NZ.

Fact : let (1o, s0) be two integers such that p'rq — psg = 1, and let wy = p'rg + psp mod N.
Then the reflexion (r,s) - (r,-s) is implemented in Z/NZ by multiplication by wy :

/\T,—s = wOAT,S (7450)
as follows easily from the identity

(p'ro — pso)(P'r +ps) = (p'ro + pso)(p'r — sps) mod N (7.4.51)
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Thus the characters can be conveniently written as

XA(T) = KA(T) = Kon(7) (7.4.52)

At this stage a straightforward application of the Poisson resummation formula yields

2

Ky(-1/7) = Z e K W(7) (7.4.53)

p=0

%\

and thus (since w? =1 mod N)

& EPD P tT 1 & _iop i
Ko2(-1/1)=—= > e NK,(T) = i e TN Kou(T) (7.4.54)
u:O n=0

It follows that

e 2Ny, (7) (7.4.55)

However this is not the end of the story, since
e we need to go back to the label (7, s) instead of A
e the characters appearing in the r.h.s. are not linearly independent.

To resolve these two issues, we use the following facts.

Fact 1: The map
(r,s) = A\ps =p'r—ps mod N (7.4.56)

is a bijection from {(r,s),0<r<p-1,1-p' <s<p'} to Zy. Indeed since p and p' are
coprime this map is injectivdl, and therefore a bijection since both sets are of size N.
Thus we may write

!

|
—_

1 Z P M
X)\(_l/T) = — Z [ N th(’]‘) (7457)
N r=0 s=1-p/

Fact 2: For all values of A\ such that A = +wgA mod N, we have x, = 0, so we can remove
them from the above sum. But A, s = zwo), s iff 7 =0 mod p or s =0 mod p’. Therefore
we can exclude r =0 and s =0, yielding

a(=1/7) = ZZ( 2R (1) + e () (7.4.58)

,_»a

”6 ﬁ
}—‘H
”U @

A —s

ZZ( 2R R ) (1) (7.4.59)

"Suppose Ay, 5, = Ary.s, mod N. This mean p/(r1 —72) = p(s1 — s2) mod 2pp’, and in particular
p'(r1 —r2) =0 mod p. Given the range of r, this implies r; = ro and thus s; — s3 = 0 mod 2p’, which in
turns means sy = Ss.

amv
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Finally we exploit Xp_rp-s = Xr.s, together with A\,_, ,,_s = =\, 5 to restrict the sum to
the fundamental domain of the Kac table (see Fig. (7.8))

2 >\)\7’s A)\'r’ -8
xa(=1/7) = ﬁ > (cos 27TT’ - coS 2T —= ) Xrs(T) (7.4.60)
= \/;% ,»Z; sin 27 AZT sin QW%XTVS(T) (7.4.61)

and we get the S-matrix

Ton ’ Ton
(p'r1 —ps1)p're Sinﬂ(p 1 — PS1)PS2

Sir 51) (rs.59) = sin 7.4.62
(r1,51),(r2,52) \/W op/ o ( )
le.
2 1+8172+527T1 2 p/T'17’2 . pPS1S52
S(ri,51),(ra.s2) = 2\/p—p,(—1) T2 s gr , - SnT (7.4.63)

In the above derivation we took (73, s2) in the range (7.3.4), i.e. with psy < p’ry, but for
obvious reasons the above S matrix has to be invariant under (r, s3) = (p—72,p" — $2).
This elementary sanity check is left to the reader.

This S matrix enjoys

S?=1, S=85=¢ (7.4.64)

In particular S is unitary.
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Lecture 8

CFT in curved space

So far we have discussed conformal invariance for a quantum field theory on the complex
plane, and we now consider a field theory living on an arbitrary two-dimensional curved
space (M, g). This essentially brings two new features in the game

e the topology of space-time (i.e. the smooth surface M itself, as characterized by its
genug)),

e the geometry of space-time, as described by the Riemannian metric g.

One must prescribe how to extend the theory from flat Euclidean space to an arbitrary
curved space, through an action that now depends explicitly on the metric g (and on the
manifold M)

S[CD,g]:AE(@(m),@u@(I),guy(a@))dV(x) (8.0.1)

where dV (z) = /|g(x)|d?>x is the Riemannian volume element, and |g(z)| stands for the
determinant of the matrix g, (z) = g(9,,0,). Besides allowing us to work on curved space,
introducing an arbitrary metric g has an important benefit : the action now takes the
same mathematical form in all coordinate systems (even in flat space, one could decide to
work in polar coordinates for instance). One says that such a theory is generally covariant,
and it means that the theory does not require the choice of a coordinate system in order
to be well-defined. For instance the free scalar field can be coupled to the metric as follow

S[6.91= [ " Bu00,0dV () (3.0.2)

where g# = g(dz#,dx") is the inverse matrix of g,,. It is not very difficult to check that
the above expression remains the same in all coordinate systems.

On a generic curved manifold there is no longer a preferred coordinate system (nor a
globally defined one), so having a coordinate-independent formulation of physics is a very
natural requirement indeed. One can push this idea even further and use a coordinate-free
formalism in which fields become purely geometric objects. For instance the action
is just the expression in local coordinates of the intrinsic quantity

S= [ donsdo= [ g(ds,ds)av = |do|? (8.0.3)

1For now we will restrict ourselves to compact, oriented manifolds without boundary. Conformal field
theories can also be defined on unorientable manifolds and in the presence of boundaries, but this is a
more advanced topic which we will not address at this stage.
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At the classical level general covariance means that the action is invariant under isome-
tries, in the sense that for any diffeomorphism f: M - M

S[f®, frg]=S[®, 9] (8.0.4)

which essentially means that the Lagrangian density £ is a scalar : f*L = Lo f.

We assume that general covariance still holds at the quantum level. In the path
integral this amounts to

eSS D [f*®] = e SI9 D (D] (8.0.5)

where we write D,[®] to emphasise that the functional measure does in general depend
on the metric. Why is that ? Naively it does not, but the fact that it has to be regularized
(for instance through a short-distance cut-off) makes the story more subtle. For instance
a short-distance cut-off - such as a lattice constant - introduces a UV length, de facto
making the integration measure scale-dependent. In practice assuming general covariance
means finding a way to regularize the QFT in such a way as to preserve this invariance.
We will see in the next tutorial how this is done for the free boson. If we denote by Z,
the partition function of the QFT on (M, g), we have for any diffeomorphism f: M — M

Zy=Zpeg (8.0.6)

where we dropped the subscript M. Furthermore for a correlation function

O)g= 5= [ O T D 0] = 5 [ (70 U * 0 Dy [10) (507
-5 [ oy ne)= (50, (303)

or more explicitly

((f7O1) (1) ([ Op)(xp))g = (O1(21) - Op(xp)) £ (8.0.9)

Another way to think about and is in term of active versus passive transfor-
mation. An elementary but useful example is that of a scale transformation f(x) = Az on
the Euclidean plane (with metric 7, = d,,). The active transformation amounts to send
the point x to Az, hence multiplying the length of curves by a factor A\. In the passive
transformation points do not move, but the definition of distance is rescaled by changing
the metric to f*n = A?n. Again the length of all curves is multiplied by \. Clearly these
two transformations are equivalent. For instance in a CFT the two point function of a
scalar primary field ¢ with scaling dimension A obeys

1—;@”% = {¢a(Az1)Pa(Az2))y - (8.0.10)

|z

(62 (01) @ (22))rzy = X722

In the first equality we used the behavior of a correlation function under a Weyl rescaling
(18.2.12)) which we’ll derive shortly.

137



8.1 Stress-energy tensor revisited

In section we have defined the classical stress-energy tensor through (3.1.8]), that is
as the response of the theory to an infinitesimal diffeomorphism while leaving the (flat)
metric unchanged. The generalization to curved space is immediate :

S[®+6E<I>,g]—S[CI>,g]:—%fMTWVue,,dV(J:) (8.1.1)

but just as in flat space this leaves the freedom to add to T» any covariantly conserved
tensor. General covariance allows to bypass this ambiguity by defining the stress-energy
tensor as the response of the theory to an infinitesimal change of the metric (see appendix
(13.4.2)

S[®,g+dg] - S[P,g] f T’“’(SngV(x)———/ T,.,0g" dV (x) (8.1.2)

or equivalently

)
T.(x)=-4 . 1.
K (SL’) Tr(sg'uu(fb) (8 3)
Note that we work with the following convention for functional derivatives :
SF = f TORLRKLD

for a generic functional F' of a function f defined on M. This means

6f(x)

——==9,(z 8.1.4

where 6, () is the delta-function normalized with respect to the volume form, in the sense
that

[ s @h@) Vgl = hiy). (8.1.5)

for any test function h.

Equation defines the so-called Hilbert stress-energy tensor, and the fact that
it coincides with our previous definition in flat space is a simple consequence of
general covariance. This stress-energy tensor is symmetric by construction. The reader
might wonder what happened to the intrinsic ambiguity underlying the definition of the
stress-energy tensor in flat space. It is not really gone, and it hides in the fact that the
extension of the theory from flat space to curved space may not be unique. For instance
we could decide that the action of a free scalar field in curved space is

q] - f (¢ 0"$0,6 + aRe) dV (). (8.1.6)

Both theories (8.0.2)) and (8.1.6) are indistinguishable in the flat space limit since the
scalar curvature R vanishes, but even in flat space the corresponding Hilbert stress-energy
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tensors as defined by ([8.1.7)) do not coincide : they differ by an improvement term.

At the quantum level there may be contributions coming from the integration measure,
thus we define

<TM1V1 (yl)"'Turw (yr)Ol ($1)"'Op($p))g
_(47T)T il Tq ) T
- Zg 59“1V1(y1)"'5g’“”r(yr)ZQ(OI( 1) Op( p)>g (8.1.7)

This allows to write the infinitesimal change of the partition function and correlation
functions under a change of metric g - g+ dg as

s o L [ (L))o ) Vg (8.18)

g

and

50 = 1= [ (Tul)0)y = (1)) 39 (2) VIg )P (519)
where O stands for Oy (x1)---Op(x)p).

The terminology tensor is now fully justified, since general covariance implies that the
Hilbert stress-energy tensor indeed transforms as a tensor under isometries :

((F D)y @) (£ O1) @0 Op) @)y = (T (@)Os(21)-Op,)) g (81.10)
where

(T ) = T (PN 2O

Another benefit of defining 7}, through (8.1.7) is that the Ward identity becomes an
elementary consequence of general covariance. Indeed for an infinitesimal diffeomorphism

fi(x) = z# + e#(x) the relation (8.0.9)) together with ({8.1.9) yields

{01 (01)80,(2:)-Oul))y = == [ Bl T (@)0Y V() (8.1.12)

J

(8.1.11)

:_% [ i1 (@)0),av(2) (8.1.13)

and we recover the Ward identity (3.2.18]) in flat space.

8.2 Conformal/Weyl covariance
As explained in section ([2.2)), a conformal transformation can be split into an isometry

and a Weyl rescaling. Since we have assumed invariance under isometries (this is the
content of general covariance) conformal invariance is then equivalent to Weyl invariance.

Under an infinitesimal Weyl rescaling 6g,, (z) = 20(2)g,. (), one has from (8.1.7)
1
52:—(—/ (7™ )odV)Z (8.2.1)
2r Jm M
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Naively conformal symmetry requires 7%, ~ 0, but for a QFT in curved space there is an
anomaly. From general covariance, the trace of the stress-energy tensor must be invariant
under isometries, and it must vanish in the flat space limit. Furthermore, it must be of
scaling dimension 2. In two-dimensions this only leaves one possibility : 7%, can only be
proportional to the scalar curvature R. The usual convention is to write the numerical
prefactor as —¢/12, where ¢ is called the central charge :

", = —%R (8.2.2)

This is called the Weyl anomaly, and under an infinitesimal Weyl rescaling we have
c
Zyss0y = (1 b L 5o(2) R,y () dV () +0(5a2))zg. (8.2.3)

where R, is the scalar curvature associated to the metric g, and dV = dV; = \/|g|d?z. This
can be rephrased as

4]
do(x)
Starting from some partition function Z,,, (8.2.4) determines the partition function for

all metrics in the same conformal class, i.e. of the form g = €27¢gy. Indeed from (8.2.3)) we
have

c
. log Z.20, = %Rg(m) (8.2.4)

150y = (1 v [ G0() [Ro- 2800 (2)] dVi(a) + 0(5g2)) Z,. (8.2.5)

where we used R.20,, = €727 (Ry—-2A¢0), with Ry and A begin the curvature and Laplacian
of the reference metric go. Thus

) c
——log Z.20,, = — (R -2A 8.2.6
Sy 98 Lo, = = (o) = 20) (526)
Upon integrating (8.2.6) we find the following behavior of the partition function under a
finite Weyl rescaling (as long as the function ¢ has compact support)

Zo204 = €XP (ﬁ [M (9" 0u00,0 + Ryo) dVg) Zy (8.2.7)

Exercise : Wess-Zumino consistency condition. Check that is consistent
under the composition of Weyl transformations, in the sense that g — e291+292g yields the
same answer as g — ¢271¢ followed by g — ¢272g.

Exercise : For a given background metric gg, consider the functional differential
equation

J

o Flo] = Ru(z) - 200 (323)

with boundary condition F'[0] = 0. It is clear that the solution, if it exists, is unique.
Check that

Flo] = f (94 0,00,0 + Ryo) dVjy (8.2.9)
M

140



is a solution, as long as the function o has compact support.

We now know how the partition function of a conformal field theory behaves under
Weyl rescaling. What about correlation functions ? The definition (8.1.7)) of the stress-
energy tensor a la Hilbert tells us that under an infinitesimal Weyl rescaling dg,,(z) =
20(2) g, (2) a correlation function (O) = (O;(x1)---Op(x,)) behaves as

5(2(0)):-(% /J;I(T““O)adV)Z (8.2.10)
5(0):-% [ 1,01~ (30N o v (8.2.11)

The Weyl anomaly cancels out in (7%,0) - (T*,){O), and only the contact terms of T%,
can contribute : as in flat space, they may modify the naive classical transformation of
fields. While classical fields are invariant under Weyl transformation, quantum fields have
to be regularized, and hence become sensitive to change of scales. Vertex operators in the
free scalar theory provide a good and explicit example. For instance for scalar primary

fields

(O1(21)+Op(2p))e2eg = ﬁe_%ﬂ(zi)<Ol(x1)'“0p(xp)>g : (8.2.12)

which we will write as
(0)2rg = €77 (O), (8.2.13)

where ; is the anomalous dimension of the field O;.

Exercise : By computing 5g‘5WZ (T",0) using (8.2.2)), show that the contact term
between T%, and T}, is

¢ 0R(z)
12691 (y)
and evaluate the functional derivative using eq. (8.5.25)). Deduce that in a locally flat

metric

70 (2) T (y) = 4 (8.2.14)

7 (2)Ts.(y) = -47r1—02335(a: —y) (8.2.15)

and recover (|3.3.26)).

8.3 Behavior of the stress-energy tensor under Weyl
rescaling

In a classical field theory enjoying Weyl invariance, the stress tensor behaves as

(1) 20y = (1), (8.3.1)
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Indeed Weyl invariance of the action implies S[®, g + dg] - S[®, g] = S[P,e?? (g + dg)] -
S[®,e?7¢], yielding

[M (Ty), 39" dV = A (Ty) 20y 09" AV (8.3.2)

since 0§ = e=205g and dV = e20dV for § = 2.

At the quantum level however the anomalous behavior (8.2.7)) means that the quantum
stress tensor transforms as

1
(Tw)e% (T, l,) + = (Qp@,,a - égu,,ﬁpaapa + guAo - VMV,,O') (8.3.3)

Indeed under g,, = g + 09, We have

1 1 ,
7" (ZezogO)ezog) = 1 [ (T,0)20 105" AV (8.3.4)
1 v
- = f (T, 0)20 109" AV (8.3.5)
Thus
A ¢
(TIU/O>€2‘79 = T%W (Z€20'g<0>620'g) (836)
When the functional derivative 59(2” acts on O, it only produces contact terms. So away
from coinciding points we can write
4Tt 0
(T/J,l/)e2o'g = Zezag WZQQUQ (837)
Plugging in (8.2.7) we get
4t 0
(Tuv)e%g = Zonr, WZezag (8.3.8)
c 0 Y
= (L), + 6597 [M (9" 0u00,0 + Ryo) dV (8.3.9)

Computing the functional derivatives (see (8.5.22)) and (8.5.25) in the Appendix) yields
(18.3.3).

Exercise : using equation (8 , check that T%, transforms as

(T“M)e%g = ‘2“((T“) +—Aa) (8.3.10)

. . 1% -20
and in particular we recover (17),),204,4; = 66 27 A0 = —15

We are now going to work in isothermal coordinates according to which we can define
complex coordinates. We now have

9 (2) = 25, Ry=-20A,0=-2¢% (0} +03) 0 = —8¢ % Ddo (8.3.11)
We get

(TZZ)EQ"dde = (Tzz)dzdi + g ((80')2 - 820') (8312)
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8.4 Behavior of the stress-energy tensor under con-
formal maps

Since we know how the stress-tensor transforms under isometries and Weyl transformation,
we know how it behaves under conformal transformations. Consider a conformal map

F1(M,g)— (M,§) (8.4.1)
z > f(2) (8.4.2)

In practice we can always exploit Weyl transformations to make the metric locally flat
around all insertions. So we consider a point z and its image w = f(z) with metric (locally,
i.e. in some neighborhood) of the form g = dzdz and § = dwdw, so that f*j = e** g with
20 =log g—ﬁ +log %, at least in some neighborhood of z. From general covariance

(S T)(2))g = (T(2)+) g5 = (T(2) )2y (8.4.3)

Now remember that 7" stands for 7., and therefore (f*7T")(z) = (0,f)?*T(f(2)) = (O,w)*T (w).
Now (8.3.12]) gives the behavior under a Weyl rescaling :

(T(2)+)eaeg = (T (2) = 55(HE)) ), (544

where S(f) is the Schwarzian derivative as defined in eq. (3.3.30))

o (2FN_L (9N 0 3 (02N
sh-0.(57)-3(57) -57-3(57) (549
Thus we recover the anomalous transformation eq.
(@-£PTG )+ S5(E) ) = (T, (5.0
We are going to write the above slightly abusively as
w2
T(w) = (8—2’) [T(z) - w, z}] (8.4.7T)

keeping in mind however that we are working in locally flat metrics (hence the metric
need not be the same in the Lh.s. and the r.h.s.).

Some references for this chapter:
e Lectures on Conformal Field Theory, Krzysztof Gawedzki (chapter 2)

e String Theory: Volume 1, Joseph Polchinski
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https://www.math.upenn.edu/~blockj/scfts/gawedzki2.pdf

8.5 Appendix

8.5.1 Some basic notions in Riemannian geometry

While Riemannian geometry does not play an essential role throughout this lecture, no-
tions such as metric, Levi-Civita connection and curvature are mentioned at times. This
section - aimed at the reader already familiar with these concepts - is simply a reminder
of basic definitions and an excuse to fix our notations.

Covariant derivative, Levi-Civita connection, Christoffel symbols

We consider a Riemannian manifold (M, g) where g is the metric. Given a local chart
(coordinate system) z#, the components of the metric are

9uv :g(a/.uau)a g“” =g(d$“,d$”), (851)
and these two matrices are inverses of each other
Guw9”" =0y (8.5.2)

The Levi-Civita connection (or covariant derivative) V is the only torsion-free, metric-
compatible connection on the tangent bundle of Riemannian manifold. Torsion-free means

VxY -VyX =[X,Y] (8.5.3)
while metric-compatibility is Vg =0, 7.e.
Vz(9(X,Y)) =g(VzX,Y) +g(X,VzY) (8.5.4)
In local coordinates the Christoffel symbols I'”,,, are defined by
Va,0,=17,,0, (8.5.5)
and they can be expressed in terms of the metric as
I*, = %g”" (OvGou + OuGpw = OpGun) (8.5.6)

The Levi-Civita connection has a natural extension to the dual bundle (i.e. the cotangent
bundle) and more generally to arbitrary tensor bundles :

vi...V 9 V1.V
(VI = a_pT S (8.5.7)
+ FVIUPTUVZMVSML.-MT 4o+ FVSUpTVIWVS_IUul...,uT (858)
— FaulpTyl'”VSCf,lu---ﬂr — e — FUMrPTVL“VSHL--HT—lo" (859)

Following standard notations we will often drop the parenthesis and write V,,TVIWVSMWW
in place of (V,;T)”l'"”smmm. One should be careful about this abuse of notation. For
instance the metric-compatibility reads

vpg,ul/ =0 (8510)

being understood that V,g,, stands for (V,9),, and not for V,(g,.). Indeed the latter is
in general non vanishing since

Vo(Guv) = oG - (8.5.11)

A last remark is that this extension to arbitrary tensors is natural in the sense that it is
compatible with Leibniz rule and with trace operations (tensor contraction). For instance

gMVVpT,uu = Vp(gWT,w) (: apTli#) . (8512)
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Curvature

The Riemann curvature tensor is defined by
R(u,v)w =V, Vyw =V VW = Viye]W
In local coordinates, we work with the convention
Ryps = g(R(0,,0,)05,0,)

This tensor enjoys the following properties

R,u,l/pcr = _Ru,upaa R,u,upa = _R,Lwapa R,u,z/po = Rpa,uz/ .

In terms of the Christoffel symbols we have

- A A
R, = 0,17, -0, 10, +17 ", ~T7 T

op
The Ricci tensor is given by

Ric(u,v) = Try(z - R(z,u)v)
which means in local coordinates

Ry = Ric(0,,0,) = 9" Ryppor = R,

(8.5.13)

(8.5.14)

(8.5.15)

(8.5.16)

(8.5.17)

(8.5.18)

This is a symmetric tensor, whose local expression in terms of the Christoffel symbols is

Ry, =90, - 9,17, +17 \TA, ~T7 T*
Finally the Ricci scalar is simply R = R",,.

Variation of the Einstein-Hilbert action

We want to compute the variation 0.5, of the Einstein-Hilbert action

1
So=5 f Ry/lgld"z

under an infinitesimal change of metric g, = g +0g,. The answer is

1
05y = §fGMV5g“”\/Ed”x

where G, = R, — %Rg,w is the Einstein tensor.

A first useful formula is

1 1
3\/lg] = —ﬂ@gwég“” = 5\/@9"”59uu
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(8.5.20)

(8.5.21)

(8.5.22)



Indeed for any invertible matrix A one has
det(A+ H)=det A(1+A'H) =det A+det ATr(AH) + O(H?) (8.5.23)

which can be written as % = det AAY*, where A# stands for (A!),,. So under
A—-> A+056A we get

ddet A =det AA"0A,, (8.5.24)
and (8.5.22)) follows.

The variation of the Ricci curvature R is in itself of interest and will prove useful :

OR= (R —VuVy+9uV,V°)0g" (8.5.25)

where 6g"” = —g?g"?0g,,. Deriving this identity is a rather lengthy but standard calcu-
lation. We start with

0R = (69" )Ry + g"" 0 Ry (8.5.26)
and
OR?,,, = 0,017, = 0,007, + 01" T, (8.5.27)
+ FPMMAW SR RN S RN R (8.5.28)
= V07, =V, 007, (8.5.29)

Indeed 6T, being the difference between two connections, it is a tensor, and it makes
sense to take its covariant derivative. This yields the Palatini identity

OR,, = V017, - V,0I7,,. (8.5.30)
Since covariant derivative commutes with contraction we get

SR = (59™) Ry +V, (96T, - v, (90" ) (8.5.31)
= (69" )Ry + V, (g"6T?,, - g"*6T°,,) (8.5.32)

This is enough to get (8.5.21)), since the term in V, above yields a pure divergence in
0S5, and therefore does not contribute. But to get (8.5.25) we must further massage this
divergence term.

gL, 0T, = 5 (g T0,,) ~ (30 )T7,,, — 900, log /I (8.5.33)
where we have used

1 1
Fgua = §gpgaugpa = @aug = au log V |g| (8534)

We now use

1
e e — (\/@9“'0) = ~0,g" - g"°0), 1Og\/m (8.5.35)

Vidl
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and we get

gHoTe, — gheST, = ~0,5g" T, gt (8.5.36)
-I7,,0g" - 2¢"°0,0log/|g| (8.5.37)
=-V,0¢"" - g"0,61og g (8.5.38)
)
= -V, 09" - g“pﬁug‘q (8.5.39)
= =V,00" + ¢"°0,,(9,569") (8.5.40)
= =V,.09" + g"*V ,(91,509"7) (8.5.41)
= V008 + G G,V 0" (8.5.42)

and this yields (8.5.25]).

Peculiarities in two dimensions

In two-dimensions, due to the symmetries (8.5.15|) of the Riemann curvature tensor, there
is only one independent component :

R
Ruupa = 5 (gupgua - guagup) (8543)

and the Einstein tensor vanished?

R
R, = 5 I (8.5.45)
In fact one can say much more : any two-dimensional Riemannian manifold is (locally)
conformally flat, in the sense that there exist local coordinates in which the metric is
conformal to the Euclidean metric :

G () = €75, (8.5.46)

Such coordinates are called isothermal coordinates. To say things differently, in two di-
mensions each point has a neighborhood that can be mapped to flat space by a conformal
map.

Furthermore if the surface under consideration is oriented, then it is naturally a Rie-
mann surface, i.e. a one-dimensional complex manifold. This is a simple consequence of
the existence of isothermal coordinates. The main observation is that transition functions
between isothermal coordinates are conformal maps (and therefore holomorphic or anti-
holomorphic). If the surface under consideration is oriented, then we can choose our atlas
of isothermal coordinates to be oriented, in which case the transition functions - being
orientation preserving - are holomorphic. What we have on our hands is an atlas whose

2As a cultural remark, this makes two-dimensional gravity quite peculiar. In fact the Einstein-Hilbert
action becomes a topological invariant since on a compact surface of genus g the Gauss-Bonnet theorem
states that

f R\/Jgld*x = 87(1 - g). (8.5.44)

Deforming the surface (i.e. changing the metric) leaves the Einstein-Hilbert action unchanged, which is
another way to see that the Einstein tensor must vanish (from (8.5.21))).
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transition functions are holomorphic, 7.e. a Riemann surface. To say things differently
(oriented) isothermal coordinates are complex coordinates.

Notice also that two oriented Riemannian manifolds that are conformally equivalent
yield the same complex structure, so in this sense Weyl transformations are compatible
with complex structure. In layman terms : if a function is holomorphic for the metric g,
it is also holomorphic for e“g.

Finally a map between two oriented Riemannian manifolds is conformal if and only
if it is holomorphic or anti-holomorphic (in the sense that (0, ¥ i02)f = 0 in isothermal
coordinates).

It should be clear from the discussion above that using (local) complex coordinates is
going to prove rather beneficial. We list below some related basic formulas.

1

Let (x',2%) be isothermal coordinates, and define z = z! +iz2, z = 2! —iz?. A local

frame of the (complexified) cotangent space is given by
dz = dx' +ida?, dz = dx' - ida? (8.5.47)
and the dual frame in the tangent space reads
0= % (01 —i0y), 0= %(81 +1i0y) (8.5.48)
In particular the metric
g=e"® (da' ® dat + da* ® dz?) (8.5.49)
reads in complex coordinates
g= %e"(x) (dz®dz+dz®dz) (8.5.50)

which is to say in components

92 = g2z = 0, 92z = Jzz = %eg (8.5.51)
The inverse metric is given by
gF=g"*=0, gF =97 =27 (8.5.52)
A real vector field & = £19; + €20, can be decomposed in the basis (9,0) as
£=£70+80, &==¢+id (8.5.53)

Complex indices are raised and lowered according to

. =928 = %e"fi £ =2e79¢, (8.5.54)

The stress-energy tensor 7, has components
T..=Ts = le (T = Ty = iTh —iTn) (8.5.55)
T:=Ts, = }l(T11 +Toy +i(Thg —T5)) (8.5.56)
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The Riemannian volume form w =+/|g|dz! A dz? is

dz ndz
24

(8.5.57)

w=e’

The covariant derivative becomes particularly simple: the only non-zero Christoffel sym-
bols are

I =0do, I*_. =0c (8.5.58)

as well as the scalar curvature
R=-4e7000 = -Ac (8.5.59)

where A is the Laplacian.
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