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Abstract
This volume presents a systematic development of conformal field theory from first principles in quantum field
theory, emphasizing complete derivations of the conformal group in arbitrary dimensions from the conformal
Killing equation, proving its isomorphism to SO(d 4 1, 1), and develop the embedding space formalism as a tool
for constructing conformally covariant correlation functions constrained by Ward identities. In two dimensions,
conformal symmetry enhances to an infinite-dimensional algebra: we derive the Virasoro algebra
[Lins L] = (m — 1) Ly + 5 (m® — m)ép 40,0 from infinitesimal generators ¢, = —z"*19., computing the
central charge explicitly for free theories (boson ¢ = 1, Majorana fermion ¢ = 1/2, be-ghosts ¢ = 1 — 3(2\ — 1)?)
and demonstrating its physical interpretation as vacuum energy. Through radial quantization, we establish the
operator-state correspondence and construct the Hilbert space via Virasoro descendants of primary states
|h, h), deriving the transformation law T"(w) = (dw/dz)~2[T(z) — (¢/12){w; z}] that reveals the geometric
origin of the conformal anomaly. Unlike conventional treatments, we develop all mathematical machinery from
standard QFT without relying on unexplained results from string theory or representation theory, exhibiting all
intermediate steps explicitly to provide a detailed continuation beyond introductory QFT texts.
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Chapter 1

Introduction

1.1 About Conformal Field Theory:

Conformal symmetry is, in essence, the symmetry of shapes without scales. In Euclidean
geometry, this is often described as "angle-preserving" symmetry. While this definition is correct
in a purely spatial setting, it becomes less illuminating once we step into relativistic physics,
where time is on equal footing with space. The notion of an "angle" between two events separated
in time is not geometrically well-defined in the same way, so we need a more general formulation.

A more robust way to think about conformal transformations is that they are transformations
which preserve the metric up to a local rescaling. That is, they preserve the light-cone
structure of spacetime, and hence the causal relations, but may change distances by position-
dependent factors:

gl’w (2") = Qx)gu(z), Qz) > 0.

Here, Q(z) is the local scaling factor, and Q(z) = 1 corresponds to an isometry. This def-
inition works in both Euclidean and Lorentzian settings, and it makes clear why conformal
transformations generalize ordinary Poincaré symmetries: they allow stretching of spacetime
while preserving angles and null directions.In flat space, an important special case is the global
scaling transformation:

at — At

which is not a mere relabeling of coordinates (i.e., not just a diffeomorphism), but a genuine
change in the geometry. Under such a transformation, the ratios of lengths along a direction are
preserved, and therefore angles are unchanged. This property underlies the term "conformal.”

The study of Conformal Field Theory (CFT) leverages this symmetry in a very different
way from conventional Quantum Field Theory (QFT). In QFT, one typically begins with a
Lagrangian and derives correlation functions from the equations of motion and perturbation
theory. In CFT, by contrast, the symmetry itself is so constraining that it often determines the
form of correlation functions without reference to a specific Lagrangian. This leads naturally to
the conformal bootstrap program, in which the consistency conditions of conformal symmetry,
unitarity, and the operator product expansion are used to solve the theory.

Before we can use these powerful tools, it is important to distinguish conformal transformations
from two related but conceptually different ideas: Weyl rescalings and diffeomorphisms. We
will examine these one by one in the next section.

o A conformal field theory is a field theory, quantum or classical, that is invariant, or sym-
metric, under a group of transformations called the conformal group G.

o In a classical field theory, this means that the equations of motion are left invariant.

e In a quantum field theory, this means that, by Wigner’s theorem, there is a projective
unitary representation of the group G. In other words, symmetries, or transformations,
that leave the transition amplitude invariant, are realized, up to a phase, by (anti)unitary
operators.
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This is unexpectedly nontrivial, and makes for a very rich field of study, since there is a
tension between knowing the unitary representations of symmetries and demanding that the
representation is locally implementable.



Chapter 2

Conformal Symmetry

2.1 General coordinate invariance (diffeomorphism)

Classical field theories can possess a variety of symmetries. One symmetry we will assume here
is general coordinate invariance. Using the action principle, this symmetry can be used to show
that the energy-momentum tensor is conserved.

In general, the energy-momentum tensor is defined through the variation of the action S under
changes in the space-time metric:

Gur = G + OGpuw-
By definition,

1
0S8 = §/dd:v\/§T“”(5gW

If the theory is invariant under general coordinate transformations, one can show that

(1), =0

where, as usual in general relativity, " v " denotes the covariant derivative. In flat coordinates,
this condition reduces to

0,T"" =0
The concept of the field easily puts forth the idea of locality, but what constraints does conformal
symmetry place on a classical field? For symmetries in a classical field theory start with the
action

S = / Az L(p,0,0), where ¢ = {Pa(7)}. (2.1)

By writing down the action, we have assumed (1) that the equations of motion are represented by
an action and (2) that the Lagrangian density depends only on the field and its first derivatives.
We have effectively thrown out all non-local theories.

So, a symmetry transformation takes a spacetime location and maps it to its image under that
transformation: x — 2. If the transformation is active, the then fields transform as well

o(x) = ¢'(2') = F(o(x)) (2.2)
Where we note that F(¢(z)) depends on the previous field configuration.

For example, in an active rotation of a vector field R*°, a nontrivial representation rotates
the spacetime coordinate as well as the vector at each spacetime coordinate, the field (A trivial
representation will not rotate the vector.)

After the rotation, the new field configuration at x is

u(z) =D m(O)wdr(O'x). (2.3)
b
The trivial representation of the field component b would simply be the identity 7(O)awp = dap,
and the fundamental, nontrivial representation is written

T(O)ab = [Olav- (2.4)



8 2. CONFORMAL SYMMETRY

How does the action S transform under a symmetry transformation?

a s a v
S = / 'z |det < afc ) L (]—"(gzﬁ(x)) ia,,f<¢(x))) (2.5)
We also know that our theory is a conformal field theory, conformally invariant, conformally

O
symmetric if the equations of motion are invariant. This is equivalent to the Lagrangian density
transforming up to a total derivative

L' = L + total derivative. (2.6)

2.2 Weyl invariance

In addition to general coordinate invariance, many field theories possess another powerful sym-
metry: Weyl invariance. While diffeomorphism invariance constrains how the metric responds
to arbitrary coordinate changes, Weyl invariance instead concerns how the theory behaves under
local rescalings of the metric. Under a Weyl transformation, the metric changes as

G (2) = Q@) gy ()
or, in infinitesimal form,

g,w(a:) - gw(w) + W@)QW(Q?)
The condition for the action to remain invariant under such a transformation can be expressed
in terms of the energy-momentum tensor. Substituting 6g,, = w(x)gu(z) into the earlier
definition, we find

1
0S = E/d%\/ﬁTﬁw(z)

Since this must hold for arbitrary functions w(z), we conclude that the condition for Weyl
invariance 1s

T =0
I
Thus, just as diffeomorphism invariance implies the covariant conservation of the energy-
momentum tensor, Weyl invariance implies that the energy-momentum tensor must be traceless.

2.3 Conformal invariance

2.3.1 Conformal Transformations

A conformal transformation can be defined as a coordinate transformation that acts on the
metric as a Weyl transformation. Consider a general coordinate transformation

r—a, ot=fr()
The metric then transforms as

P o
() = 0, @) = S5 g (7 )
We now require that the transformed metric be proportional to the original one. Rotations and
translations clearly satisfy this condition: they leave the metric unchanged and hence preserve
all inner products

v-w =vtg,w”
They are therefore part of the conformal group. More generally, any coordinate transformation
satisfying the above proportionality preserves all angles,

V-w

Vvtw?
which is the origin of the term 'conformal." Later in this chapter we will determine all such
transformations explicitly.
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If a field theory has a conserved and traceless energy-momentum tensor, it is invariant under
both general coordinate transformations and Weyl transformations. Let the action be

5= / d2L (D, gy (), S(2))

Here, ¢ denotes any matter field, while the metric g, is written separately due to its special
role. We have also explicitly indicated spacetime derivatives in the Lagrangian.
General coordinate invariance implies

G g = / 5L (D01, g, ('), & (21))

where g, is as given above, and the transformation of ¢ depends on its spin. For a tensor
field of rank n one has

A
4 Hfn ofvn
aiﬂl e afJMn gbl’l---l’n (f (x/))
where A is the scaling dimension of the field. Fields that transform according to Eq. under
conformal transformations are called conformal fields, or equivalently, primary fields.
In particular, for a scalar ¢(x) we have simply ¢ (') = ¢ (f (2')). For the derivative of a
scalar:

0
B ) = |25

0 a ., ., afr o ,
5 ) = 5 () = S5 (@)
which transforms as a vector. (However, note that n th-order ordinary derivatives do not
transform as rank- n tensors; this holds only for covariant derivatives.)
If the coordinate transformation = — 2’ is of the above type, we can use Weyl invariance of
the action to bring the metric back to its original form. This yields

§=5"= / L D gy (F (), & (1)) = / 4L (0, g (2), &' (&)

This is the statement of conformal symmetry of the action. We should note that in some cases,
an isometry of one metric can act as a conformal transformation for a different metric. In such
situations, Weyl rescaling is not needed, since the transformation already preserves the metric
under consideration. This happens, for example, in de Sitter (dS) and anti-de Sitter (AdS)
spacetimes, where certain isometries correspond to conformal transformations of the induced
boundary metric.

If we begin with a flat metric g, = 7,,, the background metric remains unchanged under such
transformations. ! This allows us to define conformal transformations for theories in flat space
that are not coupled to gravity. We may then ignore general coordinate invariance and start
with an action in which no dynamical metric appears.

In this flat-space setting, conformal invariance means that the action is unchanged when
we integrate the same Lagrangian (or any scalar physical quantity) written in terms of the
transformed fields ¢’ (z) over the new coordinates '.

In d = 2 dimensions, this is not really a restriction. A general 2D metric has three independent
components: g11(z), ga2(x), and gi2(x) = go1(x). A general coordinate transformation provides
two functions f!(x) and f?(x) that can be used to set gi2(x) = 0 and g11(z) = +go2() (depending
on the signature). The metric can then be written in the form g(x)n,,, which is called conformal
gauge. A Weyl transformation can remove the remaining factor g(z), bringing the metric to the
form 7,

In more than two dimensions, this procedure does not work in general, so restricting to flat
space truly limits us to non-gravitational theories. Even in two dimensions, conformal gauge
can be chosen only locally in general, meaning CF'T can be applied in coordinate patches, but
extra data may be needed to describe the theory globally.
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2.4 Infinitesimal Conformal Transformation

Classification of Infinitesimal Conformal Translations for d = 2:
If d = 2, the spacetime metric becomes the identity

G = O (2.7)
And (9u€, + dp€,) = 2(0 - €)ny, becomes the Cauchy-Riemann equations and e(z) is complex-
valued, complex-differentiable, and analytic
0167 = Og€g and 0169 = —0hey. (2.8)
Introduce the complex coordinates
z=z'4+ir? and z = 2! —iz? (2.9)

Then we can complexify € as
€(2) = " +ie? and €(2) = €' — i€’ (2.10)
Two-dimensional global, gotten via exponentiation of an infinitesimal transformation, confor-
mal transformations correspond to entire (no singularities, invertible everywhere), holomorphic
functions z — f(z) with holomorphic inverses f~'(z). The only allowable form for a confor-
mal transformation that corresponds to an entire, holomorphic function is linear in the complex
coordinates
f(z) = az+ [, where a, f € C. (2.11)
We may expect a larger group of symmetries with entirety and holomorphism enforced, since the
space seems less constrained, but this actually constrains the space more and the group becomes
smaller. So, if we were to not compactify, and add infinity as a point, as we demonstrated, the
conformal space becomes linear and boring: only rotations and scaling are allowed.
To include this complex representation of the spacetime coordinates, we extend our manifold
to the complex numbers C and compactify complex space to a Riemann sphere CU {oo} we get
the proper space for the conformal transformations to act in

R*? - C — CU {oo} — Conf(C U {cc}) (2.12)
Where the conformal group is

Conf(C U {o0}) = {f(z) - ‘fy‘z—i?; a,B,7,6 € C,ad — By # o} . (2.13)
This is also called the group of Moebius transformations, and is a slightly larger group of con-
formal transformations (symmetries), since we can map to and from infinity as a point.

A conformal field theory is a local quantum field theory that is invariant under
the conformal group, a set of transformations, a change in coordinates, that leave
the metric invariant up to a scale factor. In different spacetime dimensions, the
conformal group takes on significantly different forms.

observer

Figure 2.1:

The global conformal group in dimensions greater than two is comprised of translations, ro-
tations, scaling, and special conformal transformations, as well as dimensions equal to two, as
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long as the space is compactified. If singularities are included, functions with poles are allowed,
the symmetry gets larger.

The fundamental essence of conformal transformations resides in their infinitesimal form,
which serves as a crucial tool for investigating how fields transform under these symmetries. It
plays a pivotal role in defining the generator of the conformal group and, subsequently, con-
straining the set of possible correlators that are compatible with conformal symmetry. Any
infinitesimal transformation can be expressed as:

=t + e'(x)
——
infinitesimal

and subsequently,
ot =" — é'(x)
therefore, the metric transforms like:

, Ox*  0af
I = Ggm g 9P
~—~
62‘—8Ne°‘(:1:)
| 0e*(x) 8 Oe’ (z)
- léu oo ] {51/ O Yap

= 0% gop — csfﬁueo‘(x)gmg — 536,,63(37)%3 + O(é%)

nov

Q)90 = g — Ou€s — Oy,
In the third step, we used chain rule on ¢*(x) and ignored O((d¢)?) terms. From the last line,
it is reasonable to expect that:

9uv + a,uey + aIJG/L = []— + f(x)]g/“’

Oue, (@) + e, () = F(2)gu (2.14)
Contracting Indicies

Ieu(x) + 0"eu(x) = f()d),

2(0-€) = < f(z)
dimension of spacetime
_ 20e,(x)
Substituting back in (2.14)
2
e, () + Oveu(x) = 8(8 - €) G (2.15)

Up until now, we have no made any crude assumption. However before we proceed, we will
assume that the metric is Euclidean. Now, we operate on both sides by 0¥ assuming flat metric

0 o [2
W [aﬂey(l’) + a,,eu<$)] = O'v (aa ’ E(ZL“) g;w)

2
0,0"€,+0"0,¢, = —g,,0"0 -
M 86 + v € dg” €

9Tn perturbation theory, we often describe physics on a perturbed manifold as that of tensor fields living on a
background manifold. In this case, the conformal transformation is performed on the background metric, and the
change in the perturbation is again dictated by the Killing equation. We first apply the coordinate transformation
to the full metric, and then perform a Weyl rescaling to restore the background metric to its original form.
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Operating by 0,

(1 - 3) 0,0,(9 - ¢) +D0(Dye,) = (2.16)
under relabeling  u > v
(1 - %) 0,0,(9 - ¢) +0(D,e,) = 0 (2.17)
adding (2.16) and (2.17)
2 (1 - 2) 0,0,(0 - €) + Dl@uey(m) + 81/6#(33)1 =0
%(a'ﬁ)gw
2 1
(1 — —) 0,0,(0-€)+=0(0-€)g, =0
d d
g0+ (d = 28,8, (9 €) = 0 (2.18)
Contracting the indicies
[dO+ (d—2)0](0-¢)=0
2(d—1)O(0-€¢) =0
hence,
(d—1)0(0-€) =0 (2.19)

ifd=1 = any €"(z) satisfies (2.19), therefore, is conformal transformation. It is interesting
to note that any 1D QFT is conformal field theory, but for our purpose it’s not very useful. We
will be concerned with d # 1 for the rest of this notes unless stated otherwise. Consider the
action of d, on (2.15) and then cyclic relabeling of indicies as & — 1 — v

Do B () + Dyen ()] = gaagu,,(a ) (2.20)
D, [Ovea() + Bucs ()] = C%augm(a o) (2.21)
Dy [Onen() + Dpea()] = %a,,gw(a L) (2.22)

Adding the first two equation and subtracting from the last, we get [(2.20) + (2.21) — (2.22)]:
2
Zaaauey = 5 [g;waa + gl/oaau - goc;tau] (a . E)

d
1
aaauezz - C_l [gm/aa + guaau - gapazl] ((9 . 6)
1
00 0,6, = pi (9000 + Gva0) — 9au0,] (0 - €) (2.23)

Referring to eqn 1.7.11 of “Ideas and Methods of Supersymmetry and Supergravity” by Sergio
M. Kuzenko, we find that the 3rd order derivation of €/ (z) vanishes. Therefore, the most general
conformal transformation is of the type:

ot =t + a4+ b + ) at e
p3

Where, o, 0", and c*,, are parameters relevant to their transformation. The goal here is simple:

o First find the relevant transformations

o Then based on the transformation rule, find the generators.
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For e = at:
2t =t + at
e
=" + (0,2")a”
= [1 +ia"(—i0,)| z"

Thus, the generator of translation is P, — i9,.!
For e = b* x®, we refer to (2.15)

2
e () + Oveu(x) = 8(8 - €) Gy

2
Du(brar®) + 0, (buar®) = E(@“bmxa)gw,
« « 2 ap
buady, + buady = E(bwg )G

2
byu + buy = _baaguu

d
bV/L + b,uu 1
o T T Zpe g
2 4 9
now,
b —b. b +b
b, = v v Vi
z 5 T

= Muy + )\gull
If buy = )\g;w (M;w = O)

ot =z, + b "
= 2" 4+ Ag"® gapx”
-
=l + Azt
=l + \z"ol
= 2! 4+ A" (0,a")
= 2" +ilz" (—i0,a")
= (14 iA(—iz"0,))z"
Thus, the generator of dilatation is D = —iz*d,. For b,, = M, (A =0).
o't =t + M* ¥
=o' 4+ M oha"
=zt + M (02")z”
=2t + M, (0%x")x”
My, — M,

av
:xu+

5 (0%xH)a” relabeling v < «

1
=zt + §Mal,(8ax“)x” — IM,o(0%2")z”

1 1
=a! + §Mal,(8ax“)x” — §Ma,,(0”x“)x°‘

1
=zt + §Mm,(:v”8°‘ —x%9")zt

Lif we use [1 — a”(0,)]z" as the definition, then P, = id,, would be the generator
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=zl + %Mal, {=i(z"0" — 2®0")} "

=zt + %Ma,, {i(x*0” — 2" 0%)}

-

Lav

Thus, the generator of rotation is L,, = i(z,0, — x,0,). Now, the last part e = ¢, z"2% =

ck,xvz®, we refer to (2.23):

000,€, =
&Y@M(cyﬁxxﬁ) =

1304 (6,3" + 26)) =

(9,000 + 9vaOu — Gap0y] (9 - €)
[g;waoz + gz/aau - ga,ﬁ,j] 8"(%;3:15:1:*3)

(910 + 9va0u = GauOs] cus(9"a” + 2g™)

QI . ulm e

CVS((SM(Sg + 50‘55) = [gl“/aa + gl/aau - gauay] C 61"‘8

2
QCuua - ac 8 [guufsg + guadﬁ - gapéf]
1 ‘ |
Copa = E c Jé] [guyég + gya5i - ga,u(sf]
~—

bs
= guuba + guab;t - guabu
Therefore,

6/»1 = cuagxaxﬁ
= (guabs + Gusba = gasby)a"a’
= (b @)+ 2(b - 7) = by - v)

=2z,(b-x) — 2%,
Hence, the Special Conformal Transformation looks like:
" =gt + 20" (b ) — 22 = 2 + 2(b - x)z" o — 2"V

ot 4+ 2(b- )2 0,2t — 2*b" 0, x"
[1+2(b- 2)2"0, — 2V, ] ="
[1+ {20%242" 0, — 20, }] 2

1 +ib* {—i(224270, — 2°0,)} | "

. /

Ko
Hence, the generator for Special Conformal Transformations (SCT) takes the form K"
—i(2z#x - O — x20"). We will now list all the infinitesimal transformations and their generators
we found in this section.

1. Translation

't =at + at P, = —i0, (2.24)
2. Rotation
o' =t + M* x” L, =i(x,0, —x,0,) (2.25)
3. Dilatation
' =(1+ \)a* D = —iztd, (2.26)
4. Special Conformal Transformation
o =2t + 207 (b - x) — 27 K" = —i(22"x - 0 — 2%0") (2.27)
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2.5 Finite Conformal Transformation

In the previous section, we considered the infinitesimal conformal transformation, however in
this section we will consider the finite conformal transformation.

1. Translation

N 7
=t + at = el v gt
~

finite vector
2. Dilatation )
=14 —=)z"
N

In order to achieve the finite dilatation, we use the infinitesimal transformation recursively
by dividing the finite A into infinitely many A/N pieces and then transforming

N N A
/M: o o o i
T (1+N) (1+N) <1+N>x

~
o
N
: A u
= Iim (1+ — T
N—o0 N
= Mgt = Mgt

3. Rotation .
I/” = |:1 + %wwLa’e}

4. The special conformal transformation
infinitesimal parameter, i.e. ¢ is small.
o' = ot 4 22" (b - x) — 2°b"

let b* = te
a"(t) = 2"(t) = 2" + 2t(e - x)at — 2 te!

To find the finite form of the transformation we have to recursively apply the above equation
multiple times (Lie Algebra sence). The usual way is to integrate the infinitesimal form.
The other way, and since we know that the transformations satisfy the conformal Killing
equation, is to find the integral curve of the corresponding conformal Killing vector field as
they are equivalent (Differential Geometry sense). Consider the ¢t-derivative of the above.?

dat(t)

P 2(e - x)xt — xet (2.28)

defining y#(t) = j;‘;((g

quotient rule

gt = = = _(55; SES

2?2(e - x)at — x%e!] — 2[2(e - x)x¥ — 2PeV]x, Tt

xrd

2?[2(e - x)xt — x?et] — 2[2(e - w)a® — 2*(e - x)]xH

T

2when we consider the differential equation, we are no longer thinking of it as transformation but rather flow
along a trajectory parameterized by ¢. This part was taken from pg 16 of “Four point function in momentum
spaces and topological terms in gravity”
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Solving the above differential equation
y"(t) = y"(0) — te"
zh(t)  z(0)

= — te!
x2(t)  22(0)
going back to the old notation ' = z#(t)
* ot TH

Squaring both sides

' 2 B ' x;; Tt ” 2
T2 T2 2 xr2

$_’2: (xu>2+b2_M

't 72 2

1 1+ b%x* —2(x - b)
2 2
2 xQ

(2.30)

referring to (2.29)

and substituting (2.30)

2 m [T NV
i x {x u} = b

1 —2(z - b) + b%2? | 22 1 —2(x - b) + b2a?
Above procedure also suggests that, finite SCT could be described as a sequence of inversion—translation-
Where inversion is defined as: ”
I(IH) = )
First we note that the inversion is a global conformal transformation and since it is undefined
at origin, it does not have an infinitesimal part i.e. we can not expect inversion to be obtained
by exponentiating an element from the conformal Lie algebra. It is not the connected element
of conformal group and in embedding space formalism, inversion is related to parity. Another
interesting point to note is that there is no parameter associated with the transformation here
such as A for dilatation or b* for SCT. Lastly, it is also closely related to the stereographic
projection. To show this let us study the stereographic projection of sphere onto a plane.
Consider = € R", and define stereographic projection from the north pole of the unit sphere
S C R as: ,
i Qxl n+1 __ ’.75‘2 -1
N I
where 2’ are coordinates on the projected plane and X* are the coordiantes on the sphere in
embedding space. Now project this point on the sphere back to R™ via stereographic projection

from the south pole:

17 Xi
T =
1_|_Xn+1
Substituting: .
i —1zg|cx|2 B 27 22
T T A D (eF 1) 2ef P
Hence, the composition gives: ‘
oy —

J«]?
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which is the inversion in the unit sphere. Even though this inversion does not have a killing
vector associated with it, but it is reasonable to look for the killing vector associated with
stereographic projection. In general, we note that these two transformation would have the
following form:
"= Qx)x"
It 8,#%(%) X guv- The killing vector associated with it will have the form:
KA _ i 8I/A
Q2 Oxr
Coming back to special conformal transformation which was the topic at hand, we now look
at how they scale the metric tensor. The Jacobian is given by:

ozt (o — 20w,  (aM —b'a?)(—2b, 4+ 2b%2,)
orv A A2
Transformation of the metric:

ox'" oz ,
gaﬁ(l') = % OB gm/(‘r)

' =z’ (z)

A A?

B {ég — 20w, (M — brw?) (=204 + 20%14) }

0y — 2b"xp ¥ — ') (—2bs + 2b%x
« { B A o ( )(A2 e ﬁ)}gLV(x/>

A A2

_ {(55 —2b'z, (M — 0'a?) (=20 + 2b%,) }

s = 2w (2 — bua®) (<2 + 2°s)
A A2

Gop — 20510 — 20075 + 40°T0xs (25 — bsx?)(—2Da + 20%2,)

A? A3
(2(b- 2)xs — 207w 522) (—2by + 20°2,)  (To — 2b,77%) (=205 + 2b%25)
" AB B A3
(2(b - 2)zy — 26%2%x,)(—2b5 + 2072 5)
+ A3
N (zh — b'a?)(z, — bya?)(—2bs + 20724 ) (=20 + 2b%2)
A4

_ gﬁﬂ n (—2bse — 2boxs + 4% 0x5)(1 — 2b - 2 + b?2?)
A2 A3

1
+ F{Qbax[j — 2babpr? — 2672075 + 2070w 0bs — 4(b - 2)baz s

+ 4% 1?bgx s + 402 (b - 2) 05 — A xas + 20524 — 2b5bo 1
— 207015 + 26700 wy — 4(D - 7)bpwy + Ab7 2 b7,

+40*(b - ) w05 — 4b4x2xax3}

N {2? = 2(b- x)2? + V2 }{4bbs — 40%bsx, — 40%boxs + 402025}
Al



18 2. CONFORMAL SYMMETRY

ey 1
TOA2 AR

x (=265 — et + Ak + Alb-aYbT, — S (b-wyaE
—M—W—F 4b4$2xaxg —|—M—|—%
— dbabsr® — Ab%eam; + 20222 wah; + 22t agT, — Ab-w)boTs
—W—i— A 1*bax s + A0 2%bs1 0 + S (b—ayT 0T 5 — 8b4x2xax5)

+ 22— {4b bs — 4b26ﬁ:r;a — 4b%b aZp +4b xaxd}

- %+ 5 {—4babst® + 402 boxs + AV 2 by — A0 T wans )}

+ 22— {4b by — 4b%bsxe — A*bexs + Ab'zazs )

/

Jo
9os (1) = 5 = Gas(t') = Ngas(a)
This yields the final result:

(@) = Ngas ()

Jacobian of the Transformation

The following part is taken from “Conformal Field Theory Primer in D > 3” by Andrew Evans,
pg 36:

Oxt
Translation: aj =1
oxv
Oxt
Rotation: :1~c =1
oz”
Oxt
Dilatation: % =)\
oz”
I . oxt 1\
nversion: ==
oz” z2

Since the rest are easier to show, we will only focus on showing the last part:

ozt 1 {5“—2xﬂj”}

v 2
' v ’
det ozt _ le A oz Jxt? Oxtd
o dl e oxvr dxvz  Oxvd

d ~ i~ i~
1231 Hd
= i le €Y1V vd | §HT QM R Y QM
j.2 d' K12 g V1 j,z Vg 5642

d d ~ s~ d
_ 1 1 eV1v2Vd 5/Lz 2 l V1..vq zh :1:_,,]. oM+ 0
—\F2 ) gfmmzenat g1 € 72 vi
=1 " ‘

i=1
i#j
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Now we use the identity

o ik ghg1edn . SU-URTR41--dn | Jht1---Jn
611...zkzk+1...zn6 B ST 7% SRS O 2 _k 5zk+1 Jn
which in our case becomes
d
ViV... Vg i _ 1)
€t pin i€ | |6yi = (d 1)!6Vj
i=1
i#]

Hence

det (gf’;“) _ (%)d (d! _22;;:!1@1— 1)!>
(0

How distances transform

Under translation
" =t + at
So,
o Y P L Y}
Ty, — Ty =2, +a Ty, —a” =T, — I
Thus, the distances are invariant under translation:

|z, —

| = | —
Under dilatation
= (14 A)z"
So,
a =yt = (L+ Nl — (1L + M)y

=1+ A)(z — )
We find that the distances between two point scales under dilatation, therefore the natural
quantity which is invariant under both translation and dilatation is

wtt — 2y | A X |ah — | ol — ]
@ —alf| T Texlat— ol |oh =l
Under special conformal transformation
" H — bHa? ot — b
T 2@ b 102 A%w)
So,
L — xy — b“xg = xll: - b“x%
o A(a) P A%(x)
and,
T h— bl — by

N(z,)  A%(w)
squaring both sides

i (v
' A2 () A2 ()

a2 402 (22)? — 2a%(w, - b)  wp +b%(x7)? — 227wy - )
N At (za) A ()

2 [
A% () A% ()

T+ Ty — Ty (24 - b) — 22 (b ap) + b alay]
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1—A2(zp) 1-A%(za)
_ 2 1—2(xa~b)+2(b'xb)—b2x§+ 1 a2 1—2(xb~b)+2(b~xa)—b2a:3
At (a) A2(2a) A () At () A2(0) A2 ()
b (22)? b (a})? 2, - xy

TR TN A2 (r) A2 ()

_ 2 1—2(z,-0) — A2(:1:a) 1 2 1—2(xy - ) — AQ(a:b) 1
G [ Ni(z,) " A2<xa>A2<xb>] M [ i) " A?@,,)Azm)}
1 V(a2)? | DP(x5)* 2w, m
" A2<xb>A2<mb>} TNl T N (w) T A2z A2 ()
_ 2 {—bzxz N 1 ] L2 [—bleg N 1 ]
| A (zg)  A2(x)A2(xs) | T | A(y) T N2 () N2 ()
VA(22)? b (aP)? 224+ Ty

A(za) — Alzy)  A2(2a)A (1)

. (Ta — xb)Q
A2 (2,)A%()
Thus, we find that the ratio of distances are not invariant under SCT.
a—a 1
=] Alwa)A(m)

where A(x,) = /1 —2(z,-b) + b2 We can however, construct another quantity which is
invariant under SCT.

2! — | |2, — ) [a—zp| _|za—c] B B
o — Tyl [2q — | R@aA@) Meored _ [Ta — 2o |2a — 2]
|7y, — @yl ol — | Jmoral o Jrectal gy, — gy |2 — @4

A(zp)A(wa) Aze)A(wa)
Such expressions are called, anharmonic ratios or cross-ratios. .

2.6 Lie Algebra of Generators

[P/“ Pl/] - [_ia/ta _iau]
- _[alu 8,,] =0

Some useful identities

[Iavaﬁ]f - xagﬁf - aﬂ(xaf)
—_——

(Opma)f+zadsf
— 2005f — adsf — (9530)f
= —(9pza) f
[xomaﬁ] = _aﬂxa = —gﬂaﬁuxa = 9Ba (231)

next is,
(22, 05] = [2%4, O]
= 224, 0] + [z, O5]xq
= —2%gpa — 0374
= —23 — T3
= —2x3 (2.32)
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and the last one is,
[z,2",05] = w,[2”, 05] + [x,, 0pla” = —2,05 — 27 ga (2.33)
We will now consider, the lie algebra of different operators one by one.
[P,, D] = [—i0,, —ix“04)

= =[O, 200

= —2%[0,, 0| — [0, %]0n

= —0,,00 = =0, = —i(—i0,)

= —1P,

[Pus Lag] = [=i0y, —i(2605 — 150a)]
= —[04, a0p — 150,
= —[04; 20|05 + 0,1, 75] 0
= Y03 — 950
= i(gap s — gou L)

[P, K,] = [~i0,, —i(22,2°0, — 2°0,))]
= —[0,,27,2%00 — 2°0,)
= 22,20, 0a] — 2[0,, 7,2%)00 + %[0, 0, + [0,, 2°]0,
= —2[0,, 7,2%|00 + [0,, 2°]0,
= —2(gur® + 551’,,)(9(1 + 22,0,
= —2¢,,2%0y — 2(2,0, — x,0,)
= —2ig,, D — 2L,
= —2i(g,wD — L)

D, K,] = —[2%0, 27,2% 05 — 2°0,,]
= —2[2%0, 2,27 05 + [170n, 2°0,)]
= —2{2[0n, 72”105 + x,2” [2%, 05] 00 }
+ 2%[0n, 220, + 2°[2%,0,) 00
= —2{2*(gap” + 652,)05 + 22" (—65) 04 }
+22%0), — 2°22050,, + 2°220:0), — 20,
= 22,270, — 2272,05 + 22,4705 + 170,
= —(2072,05 — 2%0,,)

= —iK

o

(K, Lag) = [—i(22,2"0, — 2%0,), (2005 — 150,)]
= [27,2"0, — 2°0,, 1405 — T504)
= 2[1,2"0,, 1,05] — [2*0,,, 2005) + 2[2,2" 0., 504) — [270), 2504
= 2{2,2"[0,, 0] 05 + Ta[2,2", O5]0, }

- x2[aﬁw %]38 - ma[x2> 3@]%
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— (@& 05)
——

swap

:W_ Qxa(guﬂxy +é%)au - IQQuaaﬁ + 220250, — (a <> 0)
- _Qxaguﬂxyau - xQ.g;wza{)’ +M+ 2x313gu,axyau + JZQg,uﬂaa _M
= —g,5(2x,2"0, — 120,) + Gpa (223270, — x2&3)

= iguaKﬁ - iguﬁKa = i(guaKﬁ - guﬁKa)

(K, K, = —[22,2%0, — 11:28#, 22,2705 — 120,]
= —4[2,8% 0, 7,27 0] + 2[x,7%0, 20,
+ 2[220,,, 2,27 05 — [#%0,,, 2°0,]
= —4[x,2%0,, a:,,x‘g]ﬁﬁ + 2[x,2%0,, 2?0, + 2]x,2”, 2%0,)04 + 2z,x% [2%,0,)04

— [2%0,, 20,2105 — x,2"[27,05]0,, — [2*0,, 2°]0, — 2*[2?, 0,]0,
After expanding all commutators:

= 42,2°8:7,7 0; — 40,2 970,10 0 + 22,220,570, — 20°05m, T 0
+ 2020.1,77 0 — 21,4°057°0), — 220:770, + 220,770,
:M— 2:1:Ma:281, —1-27;,,432’3;— 4:51,31:2@ —M—l—;ﬁ/xﬁ;
=0
Next, we will see that Conformal Algebra in d dimensions is isomorphic to the Lie algebra
of the Lorentz group in d + 2 dimensions, any conformal covariant correlator in d dimensions
should be obtainable from Lorentz covariant expressions in d + 2 dimensions via some kind of

dimensional reduction procedure. This is essentially the idea behind Embedding Formalism.
We define the following set of new operators:

Juw = Ly

1
JO,/L = E(Pu + Ku)

1
J—l,,u = §(PM - KM)

Jag=D
with the property that
Jab = _Jba
where

a,be{-1,0,1,---, d }

d is dimension of spacetime
These new generators, obey SO(d + 1, 1) lie algebra:
[Jaba ch] = 'é(nadt]bc - nachd - ndeac + nchad) (234)
In this section, we will explicitly assume the form of flat metric as being euclidean, and given
as:
G = Npw = (1717 71)

d

Our metric in (2.34) would be given as:
Ny = (=1, 1,1+, 1) o =1] [n11=—1 (2.35)
——

v
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If our original metric was Minkowski, we would have had:
Nab = (_]-7 ]-7 _]-7 U 7]-)
d
We will now check, if (2.34) holds true:

1
[J;wa JO,a] = |:Lu1/7

§(Pa + Ka)}

1 1
2[LNV7P] 2[L,U«V7K]
1 1
— 2P L]~ Sl L

1
Y (nauKz/ - nauKu)

1
= _i(naupy - naupu) - 9

1 1
= Nap [§<PV + KV):| + Na,w {_

(P 1)

= _ina;u]o,y + inaVJO,u

1
[Jou, J-10] = {5 }
1 1
P, D]+ -[K,,D
= LpD)+ 2K, D)
1. 1, . —3 )
= _§ZPM - 5(_2KN) = 7(P;L - K,)=—iJ 1,

If we assume that the metric in (2.34) is indeed given by (2.35). Then, the algebra (2.34) holds
true. This shows the isomorphism between the conformal group of d-dimensional Fuclidean

space and the SO(d+1, 1) group of d + 2 dimensional Minkowski spacetime with $(d+1)(d+ 2)
parameters.

Conformal Generators on the Field

Finite form of conformal transformation (2’ = Az)?

P! (2)) = U(A)(I)a(:zc)U‘l(A)
! (Ax) Z’ﬂ'ab

= Wab(A)CI)b(A_IZL‘,)
_ ﬂ_ab(eiwgcg>®b<e—iwgcg$/)
(2.36)

We have dropped the > sign and summation over repeated indices are implied. Infinitesimal
form of (2.36):

generator only acting on field
P! (2') = (1 —iw,T,) @y (A"'2")  generator which only acts on z/*
= (1 —iwgTy)ap Dy[(1 — iwycg)x™]
Dy (2! )I{(l itscq)at —ai} 0, Dy(')
= (1 — twyTy)ap[Po(2") — iwycyx™0,Pp(x")]

3tobias osborne’s lecture notes pg 18
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V) =) iy [T+ el | el + 0

[ /

-~

accounts for change
in argument of field

However, we will not use this approach but rather we will consider the transformations at origin
and then translate it to every other point. This approach is based on studying the stabilizer
subgroup of the Conformal Symmetry.* So, if we study the same at origin:

P'(0) = ¢(2') — iw, [Tg + ch’“%] (") = ®(0) — iw,T,2(0)

/=0
ilsing translation operator
PP (0)e~ " Po = PP (()e i Fo — e”Pingg@(O)e*maP“
O'(x) = d(x) — esz’ngge_”Pe"wﬁp*“CI)(O)e_”aPa
e
= O(z) — iw, e PT e il O(x)

—_—
we will find these “translated operators” later

For translation
' (z +a) = Pd(z)e "
= PlP(z) using (2.38)
= ¥ ()
For rotation, at 2 =0 — 2" =0
P! (0) = map(A) Py (AT10) = 7 (A) Py (0)
Now, assuming the generator of rotation T, = L, acts like®

L,,®,(0)=5,2,(0) (2.37)
at origin. At any other point, it will behave as:

ixP Py —iz* P,
L,,®,(z)=¢€¢" "L, P,0)e o
iz P, —ix P P —ix* P,
=e P L,e e P, (0)e o

A e N

~\~ NV

? e
by taking the derivative of second term, we obtain the followirig) commutator:
By(z) = "D, (0)e "
0,®4(7) = (0, ), (0)e " P 4 PP, (0)(9,e " =)
= iP'e™ PP, (0)e " o 4 PP (0)e ™ o (=i PH)
= iP'®,(x) — i®,(x)P*
= i[P", ®q(x)]

a'u@a(x) == i[Pu, @a(x)] (238)
We will now derive the form of ¢’ Fs L, e P56

J/

. . 1
e”iP“LWe_”P = L,y + [Lw, —iz“P,] + 5[[[/#1,, —iz®P,], —ix“P,] + ...
=L, +ix"® [P,, LW]
——

i(gaupvfgavpu)

=L, + i2xa(gauPy — g Py))

4pg 7 of “The Conformal Bootstrap: Theory, Numerical Techniques, and Applications”

5pg 10, paragraph 2 of “Conformal field theory in momentum space and anomaly actions in gravity The
analysis of three- and four-point functions”

6using BCH lemma e4Be=4 = el4 1B
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=L, —z,P,+x,P,
=L, + i(x,0, —x,0,)
—_———

we found in section 1.2

we know, at 2’ = 0 we have L,, = S, so for the sake of consistency we get:

iz
2 i .
e P"Lwe wh _ S + i(x,0, — x,0,)
Spin Operator transforms the argument
of field

The exponential map of above can be found in any textbook on QFT which describes rotation
or Lorentz transformation.” If we ignore S, then we can see how the last part acts on field:

l

P = (55 + 2wagL°‘3) x¥
="+ %wmgi(xa@‘e — 270" 2"

Q' (x) = O(x) — %wagLa‘SCI)(x)
=d(z) — %waﬁi(xaa‘ﬁ — 270%)®(x)

1 : ‘
=d(x) + éwaﬁ(xag*‘ja — 27g%0)®(x)
=d(x) + %waﬁ(xaaﬁ — 270" 20®(7)

=®(x) — %wa/gLo“qa: - 0P(x)

~ o (:c“ — %waﬁLo‘ﬁx”>

P'(2) = o(x)
For dilatation, at 2/ =0, 2 = (1+ \)az* =0 = 2/ = 0. We have w, = A and T, = D:
D®,(0) = Ad,(0) (2.39)

corresponding commutator (by operating it on eigenstate of dilatation)
DIA) = [D, 24 (0)]|0) + @4 (0)D]0)

AlA) = [D, 24(0)]]0) +0

A®4(0)[0) = [D, 4(0)]|0)
Applying the same procedure, we consider:

f » ‘ 1 ‘ /
e’ P De*P — D 4+ [D, —iz" Py] + 5[[17, —iz” P, —iz" Ps] + ...

— D —ia(iP,)
— D+ 1P, (2.40)
=D —iz“0,

for the sake of consistency at ' = 0 B
= A —ix“0,
Now, we consider ~
D®,(z) = (A — iz%0,)Pu(x)
redefining A = —iA, we get
Do, (z) = —i(A + 290,) P ()

"check eqn 1.141 and 1.150 of “QFT in curved spacetime” by Leonard Parker
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Similarly,®
[D,®, ()] = Demsﬂa@a(o)e—ixp _ eixspﬁq)a(o)e_mpD
— eimP eixﬂPaDefizﬁPs (I)a<0)€fixP . eixﬁPa (I)a(O) €7iIPD€7ixaP"‘ efixP
-~ v
=D+x>P, :D+anpa—
= eixﬂpﬁ [D + :EaPa, @a(o)]e—mP

= ¢ [D, 0, (0)] 7P 4 €[22 Py, @, (0)] 7P
—— ———

Ad,(0) =2%[Pa,®4(0)]
= Ad,(z) — iz - 0D, ()
=—i(A+z-0)P,(2)

Finite Dilatation,” we consider Dzt = —ix - Ozt

. A A
/ A IAD . .
= = =1 —D ... (1 —D
T et'r =e""x ( +ZN ) ( +ZN )a:

then at origin, the field transforms (active transformation) as:

P’ (0) = (1 + i%D) (1 + z%D) D, (0)
= (1 + i%ﬁa> (1 + i%AJ ®,(0) (using DP(0) = Ad)

= ™2, (0)

= e P, (0)
In passive transformation

A« A
P0)=(1—i=Ay)...[1—1=A,] D
0= (10580 ) o (1= 1A, ) 2,0)
= e Mg, (0)
= P, (0)
For arbitrary point (ignoring the change in argument of field and thus generator ¢,):
O, (1) = map(e™) Py ()
= [e"4]0 Py ()

P! (e ) = [e ] Py(x) = e 2Dy (2)
For SCT, 2z’ = 0 = 2" = 0. Hence, we will consider the same equations, but in this
context:
K,9,(0) = r,2,(0)
Again, applying the same procedure,

i _ . 1 . :
e K e = K, + K, —iz" Ps] + 5[[[(#7 —ix’ Py], —ix’ Pg] + ...
, 1. .. .
=K, —i2"[K,, Ps] + 5[—@3:5[1(#, Ps), —ix" Py] + ...

1., o
=K, + Zxﬁ(ng - Luﬁ) + 5[2375<9uﬁD - Luﬁ)» —ix® P,]

=K, +2x,D — 23:"3ng —ix,2%(D, P, + i’z (L5, Pal
——

—i(gapPs—9gapPu)

8from pg 31 of 2309.10107, and z is not an operator here but a number
9look up Lectures Notes For An Introduction to Conformal Field Theory A Course Given By Dr. Tobias
Osborne, pg 19
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=K, +2z2,D — Qx*BLMg +x,2%P, + xuxﬁPg — 2%, P,

=K, +2x,D —22"L,5 + 22,2°P, — 1%, P,
From the generator of dilatation and SCT, we have!?
D, K, = —iK, atz" =0 = [A k)= —ik,
and

[D,L,,] =0 ataz™ =0 = [A,S,]=0
For primary fields:
K,®,0)=0
Since, for primary field A commutes with all other operators which belong to the stability
subgroup. By Schur’s lemma A o I, where [ is an identity operator. The SCT and momentum
generator acts as ladder operator for Dilatation.

1D, [B, @(0)]] = [Py, [D, (0)]] + [[D, PL], @(0)] = —i(A + 1)[F,, @(0)]
1D, [K,,, @(0)]] = [Ky, [D, @(0)]] + [[D, K], @(0)] = —i(A = 1)[K}, 2(0)]

Conformal Invariance of Scalar Field

Start from the free, massless scalar action in d dimensions:

Ste) = 5 [ d' 0,0)(00)
Under a scale (dilatation) transformation
r— o =\, A >0,
a primary scalar field transforms as
¢(x) = ¢ (2) = A2 o(x),
where A is the scaling dimension to be determined. The measure scales as'!
dz — di’ = Ndx,
and the derivative transforms as

0,0(r) = B0 (") = 950, B6(2)) = AN 20,0(a) = A,0(0).

Hence the kinetic density transforms as

(00)% = A2 (99)?,

and the full integrand scales by
ddx (a¢)2 — )\d—Z(A—i-l)ddx (a¢)2
Classical scale invariance of the action requires the exponent of A to vanish:
d—2(A+1)=0.
Solving for A gives

A= g ~ 1. (2.41)

Finite Conformal Transformation of Fields

We begin by noting that translation and rotation do not introduce any new thing that we hadn’t
encountered in QFT), it is only the dilatation which does. Upon exponentiating the infinitesimal

game notes, look at eqn 65 to 70 (pg 18-19), all these commutators are for T,

Hthe metric and metric determinant do not change due to Weyl scaling, resulting in measure being transfor-
mation dependent



28 2. CONFORMAL SYMMETRY

dilatation:
(I)/ (LL’/) _ efz'wg [Tg+cgac’“'8mi,#] (I)(I/)

; ; ’,_0
— 6—zngg6—zwgcgac WCI)(ZE,)

— e—ingg(I)(e—iwgcg IL’I)
This section is taken from “advanced mathematical methods - conformal field theory” by David
Duffins.'?

P! (2') = U(N)Do(2)UHA) = e7olTo )@ e=Tad, (2)
For translation
d(z) = ™PP(0)e 7P = 9P (0)
Or,
P'(af) = o(x)
= ®(2' — a)

For dilatation (z' = e*x)
(I)/ (l’/) _ e—i)\Dq)a(x/)

a

_ e—A(A—i—m’-a)(I)a(x/)
— e—)\A e—/\x'c’)q)a($/)
Dy le—2a’]

= e D, (1)

The last part could be understood as:

®, [(1 - %) x} = e 0P, (1)

A A s A A
(I)a (1—N)<1—N>x =e N (I)a (1—N)<1—N)ZE

Vv vV
N terms N—1 terms

or, alternatively

eI, (1) = (1 — %x : a)N dy(2)
- (1_%;5 a) (1_%1; a) By ()
AT
_ o, [(1 _ %)N@“] — By (1)

12 Active coordinate transformation is given as: ®(2') = U(A)®(2)U~1(A) whereas passive transformation is
given as ®(2') = U~ (A)®(z)U(A)



Chapter 3

Embedding coordinates for Euclidean
Space

We start in the embedding space R*1! with coordinates

X1 X0 xt x? .., X

J/

XH
To slmphfy the discussion, it is convenient to introduce null coordinates, XM = (X*+ X~ X#),
defined as !

X=X X0 XTHXT XX
X =X1-X° - 2 ’ N 2
With this choice, the mostly-plus metric of the embedding space becomes
d d
ds? = — (dX7)" + (dX°)" + D (dx#)* =3 (dX")’ — dXTdX~
p=1 pu=1

This can be written in matrix form as

0 —-1/2 0 0
—1/2 0 0 0
0 0 1 0
NMN = ]
01

The power of the embedding formalism is that the conformal generators in d-dimensional FEu-
clidean space can be realized as Lorentz generators in d+ 2 dimensions. To make this connection
explicit, we introduce new coordinates ( p,n,z, ) via the transformation

p(1—n*+22)

X,lz 2
1 _ 2
x, = 2 +n? — @)
2
Xy = pzy

This parametrization makes manifest an important redundancy: scaling all embedding coor-
dinates by an overall factor A corresponds simply to p — Ap. Thus, points related by rescalings
X' = X\X4 correspond to the same physical point in the conformal compactification. To pro-
ceed, we invert the transformation to express ( p,n,z, ) in terms of X, :

01 the index with lowest numeric value has the same sign in both X*. If we had considered, X! rather
than X ! then the definition would have been something like

X:t _ XO :l:Xd+1

29
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p=X1+Xo
\/ XMXN
- Z(MT+X0 P = Vi XA
X
T, =
X_1+ X

Next, we compute the change of basis for derivatives. Using the chain rule, one finds
o 0 1+49*+3%09 w, 0
0X_ 1 Op 2pm on  p Ox,
i:2+1—n2—f28_33u8
0Xy Op 20m  On  p Oz,
J _ Ty 0 1 0

0X, oy poz,
The Lorentz generators in d + 2 dimensions are

Jun = XpuOn — XnOu
By combining them appropriately, we recover the familiar conformal generators in d dimen-
sions.

o Translation

0 0 0
Fu=Jaut Jou = (Xa 4 Xo) X, X (8)(0 axl)
B z, 0 1 0 1
~ "oy pax) P (pn n)
9 0
" Oz,  Oxr

o Special Conformal Transformation

0 0 0
Ky =Joy—Joap = (Xo— Xo1) 55 — Xi (_ )

X, 0X, | 09X,
o 10 9  (P+B\ oz, O
(5501 - ()5
=p(r =) pn o pox, P op 2m7 p Oz
2 =2 2
n—x 0 2 -2 0 0 T] 0
- — ) — 2pm,— 2
; %8 + (n x)ﬁxu pxuap—l—x 7 (977+ xu(z-0)
DU o 0
=2x,(x-0)—2°0,+n0, — 2px“6_p - 2:10“778—77
o Dilatation
0 0 0 0
D=0 =X agx0 — Mgt = gy, T Rax
p(l—n*+17) 2_’_1—172—57’28 z, 0
a 2 dp 2on  On  p Oz,
+p(1+772—9z’2) J 1+ +d* 0 w, 0O
2 dp 2o  On  p Oz,
0 . 0 0

:pﬁ_p_ (91:“ 77877
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If we now restrict to the null cone 7 = 0 and fix p (using the scaling redundancy), the generators
simplify to their standard flat-space form:

Py=0
K, =2z,(x-0) —2"x,0,
D = —a"9,

Note that conformal algebra is satisfied by both £P, and £K,,. The null cone corresponds to
1n = 0 but no condition imposed on p. Thus, there’s a gauge redundancy: different values of p
acting as scale factor for the coordinates correspond to the same physical point.

Next important to understand now is how the tensor fields transform under conformal trans-
formation. We can use the embedding space to deduce their transformation law which is often
more illuminating than the algebra gymnastics.

3.0.1 Tensor field under conformal transformation

The transformation rule for tensor field under conformal transformation is very complicated,
therefore we will rely on Embedding formalism to find a simpler form. In this approach, physical
spacetime coordinates x* are understood as projections from a higher-dimensional embedding
space with coordinates X4 € R%2  where the conformal group SO(d,2) acts linearly. Tensors in
physical space are then obtained by pulling back embedding space tensors via this projection.
Specifically, a tensor in physical space is related to its embedding space counterpart as follows:

Oxt dxtm OXPr 9XPm 4
e o Tgl 5" (X)
The map from embedding to physical space is given by

Tﬂl"'uﬂ (I’) —

V1 Vm

XH XH
H = =
Xt X04 X!
but due to the projective nature of this construction-i.e., physical points correspond to rays
in the embedding space - we are free to rescale X ~ AX, which is a manifestation of dilatation

symmetry. Under this rescaling, the tensor should satisfy

TAX) = \"2T(X)
which defines its conformal weight A. Using this, the projected tensor can be written as

A M1 o By B,
Lm X+ ) o0X4 OXAn Qo Qxvm — PUPm A\ X+
This includes both the Jacobian factors from the change of variables and the prefactor from
conformal weight.
If we choose the embedding slice X = 1, then the projection simplifies significantly. In this
gauge, we define the following object:

oz

0x4

Byt
ey =X

and the projected tensor becomes

Th (@) = el el - e, n Tyl T (X)

ViVm vi Vm

Using the explicit form of the projection z# = X* /X we compute

Ot O (XO+ X1 — X (6% +0,")
oxA (X0 + X 1)
and setting X = 1, we get

et =0t O =e3t = —at
A= O0q Cp=C4 =

However, if we don’t choose the slice X = 1, then the projected tensor carries an additional
scaling dependence:
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1 Artnom in B By, pAr--A
meme = (g5)  dhdned BT
depends only OXphysical point
This shows that tensors projected from different embedding space sections-i.e., different choices
of X *-differ by a power of X*. So if two representations x and Z correspond to the same physical
point but lie on different sections (i.e., with different values of X ), then the corresponding
tensors are related as

T(7) = (i—:) s T(z)

Figure 3.1: Upon Lorentz transformation, the points get mapped to different section however
by utilizing the dilatation, we bring it back inside the original Euclidean section.

Next, consider how the tensor transforms under a conformal change of coordinates = — 1z’
which amounts to applying the corresponding Lorentz transformation X — X’ = AX in em-
bedding space. Since the Lorentz transformation will map the tensor 7'(X) to another tensor
T (X') living in different section, we will need to use above expression to map it back inside the
original section labeled by X*. The tensor at 2’ is then:

Ox'm Ozt 9X'Pr 9X'Bm

T OXA X A ggin T Galvm
Now applying the chain rule, we insert identities:

Tyt ()

. T (X)

m

ox' or'™  Ox® oxX'  0X' 0zP

oX' oz 09X Ox  0xB O

This yields:

Iyt (&) =
—_———

orer  Qpon oz Qxlvm

[

ox' Qx'tr Oz OxPm Ox™ Oxon 9XPr 9 Bm pALA Ay
XA OXAn gzh Qafm | T P1BrBn

(X)

J/

-~

tensor field projected on section X'+
tensor field projected on section X ™

X+ A“rn*m aaj//"’l aaj/y’n axﬁl axﬁm
TNINZ"':U% ! — . . Tal---an
(X/+) ViV2 Vm (ZE ) <8I0‘1 Oron ) <8:)§”’1 (9I”’m> B1++Bm (x)

ox'™ ox/Hn OxP OxPm X4\ Atnm
_ Q] O,
o <8$a1 T G.Ta" ) <8$/u1 T G.T/Vm) ( X+ ) Tﬁl"'ﬂm (37)




33

The factor (X' + /X +)AM_m arises because 2’ and 7’ are physically the same point, but
obtained by projecting from different embedding sections. To express this ratio in terms of the
coordinate Jacobian |0z’/0x|, note that from the projection z# = X#/X Tand z* = X* /X', one

finds
X ox!
I\ X'+ ) 90X

A4+n—m
d

d

X+t
Al

= X/+

o
ox
and therefore,

_|ox oo
oz 90X

_|ox 9’ 9X’
| or 09X’ 09X

X+ At ox'

X'+ T ox

Finally, combining everything, the full transformation law for the projected tensor under a
conformal coordinate transformation is:

A I Y R OxP Oz \ e
= % (&cal T axan ) (8:1:"”1 T ax/ym) Tﬁl"'ﬂr: (.1')

This expression makes it manifest that the projected tensor transforms as a tensor under
general coordinate transformations, but with an additional conformal weight A + n — m that
reflects both the homogeneity of the embedding space tensor and the number of upper and lower
indices involved in the projection.

TH i ()

V1 Um

3.0.2 Finding Correlators from Embedding Space

Needless to say, it is significantly easier to construct Lorentz covariant expressions than confor-
mally covariant ones. Therefore, the natural question arises: once we have constructed Lorentz
covariant expressions in d 4+ 2 dimensions, how do we descend to d dimensions without breaking
covariance?

Since we have already fixed 7 = 0 in our derivation of the conformal generators, we now focus
on the structure preserved by Lorentz transformations: the null light cone X? = 0 in embedding
space. This cone, defined in R¥! as the space of null rays through the origin, is given by:

X2 = — (X0 4 (X)) 4o (X7
d
=-XTX" 4> (XM =0
pn=1

Although correlators are initially constructed as Lorentz-invariant functions over the full d+ 2-
dimensional ambient space, we now restrict them to the null cone. This constraint effectively
reduces the support of such correlators to a d + 1-dimensional submanifold, since one of the
coordinate dependencies - say, X - can be eliminated using the condition X2 = 0 (in our case
it leads ton =0 ).

Next, we reinterpret embedding space as a fiber bundle over the physical d-dimensional space-
time (where the CFT is defined). Each fiber consists of null lines in the ( d + 2 )-dimensional
space, and each point in the base space corresponds to an equivalence class of null vectors
X4 ~ AX4, for any non-zero . This reflects the earlier observation regarding the arbitrariness
of p : all such rescalings represent the same physical point in d dimensions.

This identification has an important consequence: As mentioned earlier, this introduces gauge
redundancy in our description. To eliminate another coordinate, say X+ = p, we fix the gauge
by selecting a section of the bundle with specific choice of the slice on the embedding space,
typically the Euclidean section, defined by:

X* = p=f(X*) = f (a*)

Although Lorentz transformations may take a null vector outside this section (as they mix
time-like and space-like directions), theu can always be brought back by utilising the scaling
equivalence X4 ~ AX#. This choice anchors us to physical d-dimensional spacetime, completing
the descent from d+2 dimensions while maintaining conformal covariance inherited from Lorentz
invariance in the higher-dimensional space. With these prescriptions in place we can now identify
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X* with the Euclidean space coordinates x* by stripping p dependence.

XH =M
This leads to definition of X ~based on null condition as:

d
X~ — Zp,:l (XM)Q _ XHXM _ .172
X+ X+ F(xA)
or, equivalently 2
222

~ %
p(=n*+ ) —pT:M;—O
The spacetime interval on this section is given as:

2 2 -
ds® = do® — dXTdX 7|,

This section satisfies two of the following conditions:

2
)7X7:;7+

» section intersects each of the light rays at some point

o maps each point in d dimensional Euclidean space to a point on the null cone in Embedding
space.

We have shown how to get generators of conformal transformation from Lorentz generators by
embedding a null cone in ambient space. Let us now analyze how Lorentz Transformation acts
on a generic section on that null cone. The Lorentz transformation acting as rotation on the
point X4 in the null-cone will move it to another point on the null cone outside the the section
XB = AB, XA

However, suppose via some conformal transformation (dilatation) in d dimensional Euclidean
Space, we can move X7 to X back into the section. In all these steps, the only thing that
changes the metric is the rescaling to get back into the section.

ds% = dXMd Xy,
= d (MX)X™M) d(MX)X )
= [MXY + XM(VX-dX)] [MXy + Xp (VA - dX))]
= NdXMdXpr + 20 dXM X3 (VA - dX) + XM X3 (V- dX)?
~—— ~——

=0 =0
= N2dXMd Xy = Nds?,

where we used, X? =0 and X*dX, = 0 for restricting it to null cone.

Assuming the three conditions we used for simplification applies, the Lorentz Transformation in
d+2 dimensional spacetime is equivalent to conformal transformation in d-dimensional spacetime
iff metric in d-dimensional space is Euclidean thus, dX,in ds? has to vanish. It gives us the
condition for defining the Euclidean section as Xt = p = constant and thus, for the sake of
simplificity, we take it as 1 . Thus, we have two conditions which we can use to eliminate two
extra degree of freedom.

In the embedding space formalism, choosing an Euclidean section corresponds to picking a
specific way to embed the d-dimensional space in the (d + 2)-dimensional space. We define the
following map between d dimensional Euclidean Space with conformal symmetry to null cone in
d + 2 dimensional Minkowski space R4*1!

(X, X7, X") = (1,2%2")
Here, we note that choosing a constant value for X "would give us a section on the cone on
which the induced metric is Euclidean.

92 in our notation xz* = pz*
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Figure 3.2: The hypersurface perpendicular to $X"{+
$axis cutting at X = 1 is shown as a plane and the null hypersurface is shown as the cone.
The intersection of these two hypersurfaces describes the Euclidean Section. Dilatations are
rotation in the X°X*! plane and SCT or momentum generators are rotations in X# X! with
XO0X 4! plane.}

3.0.3 Tensors in Embedding Space

In this section, we will only concern ourselves with traceless and symmetric fields in R¢ and
leave the antisymmetric tensors for future. Consider a symmetric and traceless tensor 2Oy, . Mg
defined on the cone X% = 0 in R4, Under the rescaling X — A\X, the tensor transforms as

OMl---MS (/\X) = )\_AOMl---MS (X)

i.e. it is a homogeneous function of degree A. We expect Oy, o to get mapped to traceless
and symmetric primary field in R?. Since, each index go from 0 to d + 1, in R™! we find that,
for d 4+ 2-dimensional fields other than scalar have 2 more degree of freedom per index than d-
dimensional fields. In order to remove the extra degree of freedom, we consider the transversality
condition.

XMOu, s =0
We define the physical field to be:

OX M 9X M2 g X Ms
Oy g (X)

Duor...(x) = Oxt  Oxv Ox* X=X(x)

Note that, this definition implies a redundancy. Indeed, anything proportional to X gives
zero since
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oxM
X 2= 0= X M " =0
x
Therefore, O, g (X) = Onry o aag (X) + X, Eay. s (X) gets mapped to the same physical
field. This SO(d + 1, 1) tensor is sometimes referred to as pure gauge in the literature. It is this
gauge redundancy that reduces another degree of freedom per index by making it unphysical.

3.0.4 Examples: Two point and Three point correlator

In the last section we showed how the embedding space formalism put in place could be used
to deduce the conformally invariant correlator. In this section we will utilize the formalism and
explicitly construct two point and three point function using the formalism developed thus far.
From 1.3, we know that the ratios are only invariant under dilatation and translation. Therefore,
we seek to construct an invariant out of these ratios and metric tensor which is also invariant
under SCT and the exchange of indices u <+ v. First we will derive the form of scalar one point
correlator. A scalar primary is denoted by Oa (notice the absence of the Lorentz index, which
indicates that it is a scalar operator). We want to enforce the invariance of correlator under
conformal transformation. For a one-point function, this reduces to

(0a (@) = (O (™))
This condition must be enforced for all four conformal transformations. We will begin by
enforcing translation.
Translation: z# = z* + a*
It was given previously that the Jacobian for a translation is one. Therefore, our operator simply
does not change under this translation

O (#) = 0 (")
enforcing this in (2.1), we are left with

(05 (@) = (Os (a))
where the operators are now the same on both sides of the equation. Notice that a correlation
function is just a function. Therefore, this is equivalent to saying
[ @) = f (")
Since this must be true for every possible translation, this tells us that the function has the

same output regardless of what the input is, which means the function must just be some
constant. Therefore, by enforcing translation we can conclude that

<(§A (f“)> = <(’3A (x“)> = constant =C
We are not yet done. We need to make sure that all four transformations leave the one-point
function invariant. Let’s see what we can learn when we enforce dilatation.
Dilatation: 2+ = \x*
Applying the Jacobian for dilitation, we see our Primary Scalar Operator transforms as

Ot A/D

@A (‘fu) = ‘ajy

We want to enforce this in (2.1) and use our results from enforcing translation invariance. This
gives us

O (z") = X204 (zM)

03 symmetric tensors with spin s under SO(d) form irreducible representations that correspond to integer spin
particles (bosons). Anti-symmetric tensor fields have interpretation like they correspond to bivector of spinors
etc.



3.1. TWO-POINT SCALAR PRIMARY 37

(0 (@) = (Oa ("))
— <)\_A@A (x“)>
— A <@A (x“)>

We found previously, by enforcing translation, that

<@A (:f“)> —C
which means
C=Xx°2C
This equation must be true for arbitrary scale factor A. Therefore, unless A = 0, we can
conclude that C' = 0.

For unitary CFTs, the only A = 0 operator is the identity operator. So, with the exception of
the identity, all one-point functions must vanish!

<(§A (:L'“’)> =0for A#0
We said that we must impose all four conformal transformations, but the others are trivially
satisfied at this point. So we are done with one-point correlators! Again, we’d like to highlight
the fact that this is the result for ALL CFTs. You don’t need to know anything else about the
system, only that it has conformal symmetry.

3.1 Two-point Scalar Primary

For two-point functions, we need to enforce

(On, (#) Oa, (#)) = (Os, (3) Oa, (35))
Again, this must be done for all four conformal transformations. As with the one-point func-
tion, we will begin by enforcing translation.

3.1.1 Translation

First, notice that <(’§A1 (7) O, (T4 )> is an object that takes two positions as inputs and gives

back a number, so we can just write this as a function of Z{' and 74

(O, (3) On, () ) = f (3, 34)

We found previously that under translations, scalar primary operators transform as

O (i) = O (s")

O
Putting this result in the right side of equation (2.3), we find that

<(’)A1 (#) O, (T4 > (z) Oa, (372)>

Notice that the only differences between the left and right side of this equation are the inputs.
The function on each side is the same

F(a,25) = f (2, 75)
Under translation, we have ¥ = 2# + a — 2* = z# — o*. If we put this into the previous
equation it becomes

f (xlf - a“,xg o a#) = f (.Tlf,.itg) ’va,u
This must be true regardless of the value of a* which means that a* must somehow cancel out.
This is only satisfied if it is a function of x4} — x4 so we have
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fay,ah) = f(af —a5)
That is, our function cannot be any function of the two positions. Rather, it can only depend
on the displacement between the two positions. Therefore,

(Oa, () Os, @) = f (a4 — %)
Let’s now see what we can learn by enforcing rotation.
Rotation z# = A¥x* The Jacobian for rotation is the same as for translation, 1. Therefore,
scalar primary operators transform the same under rotation as they do under translation

(O, (#) 0, (#)) = (Oa, (a4) O, (a$) )

Re-expressing this in a more familiar form, as functions, we have

f (@, 75) = f (o, 25)

Next, we impose what we found by imposing translational invariance

f(EY = 15) = f (2 — 5)

Expressing the transformed coordinates in terms of our original coordinate system, we find

FAD (2f — a5)) = f (2 — %)

This tells us that applying a rotation has no effect on the output. This means that the function
must depend only on the magnitude of the separation |z} — 24| (just a reminder , rotating a
vector changes it, but rotating a scalar does nothing). So, from applying translational and
rotational invariance, we can conclude that

(O, (@4) 0, (a5)) = 1 (I} — a3))

We will now continue by enforcing invariance under dilatation.

3.1.2 Dilatation

just a reminder , under dilatation, scalar primary operators transform as

On (i) = \20, (a*)
Substituting this into our two-point function condition, eqn. (2.3), we have
(O, (#4) 0, (7)) = (On, (34) O, (4))
= (X204, (#4) A 220n, (a1))
= A2\ (O, (af) O, (1))
= (A (g — )

where we are able to pull the X\ ’s out of the correlator because they are just scalars. Notice
also that we used what we already learned from translational and rotational invariance. This

tells us that

(|7 =) = ABFB £ (o — b))
We can apply the transformation to the coordinates on the left-hand-side, which gives

f (Mot = al) = AAS) £ ([of — af)
What does this mean? We can consider expanding our function in a power series

f (|2t = 25]) ch|x1 — x|

Substituting this in above gives
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SN ek — ] = AT N [t — g

This is only satisfied for all A, if all n = 0 except n = — (A; + Ay). Therefore, after enforcing
translation, rotation, and dilatation symmetry we have

<@A1 (a1) Oa, (x§)> — O ot — glt"@rra)

where C' is some undetermined constant.

3.2 Special Conformal Transformation

Enforcing special conformal symmetry directly is a very messy business. Luckily for us, as dis-
cussed previously, a special conformal transformation is equivalent to performing an inversion,
followed by a translation, followed by another inversion. Since we have already enforced transla-
tional invariance, this means it is sufficient to enforce inversion invariance, which is much easier.
Recall, an inversion is given by

As with the other transformations, we need the Jacobian for inversion in order to see how the
operators will transform. This is given by

oz

oxv

Therefore, under inversion, scalar primary operators transform as

1
i-QD

Ox (i) = (w%) RN (;)A@A (")

As usual, we will now go put this into equation (2.3) to enforce the symmetry

<@A1 (#) O, (i§)> = <OA () O, (:%’2‘>>

I A 1 .
=( ——%0x, (o O, (o
<<:ﬁ%>m ) g )>

= G s (O 0O 29)

Now, we can use our result from enforcing dilitation to replace { Oa, (&) Oa, (& )> on the
left and <@A1 (21) O, (:c’g)> on the right of this equation to get
C 1 1 C

28 (@) (@) faf - g P

|7y —
With a bit of algebra, this is equivalent to
@™ @™ 1

A

|7y —

In order to put this in a more friendly form, we will use the following identity for inversions.

Note: verifying this relationship requires substituting in the inversion transformation and some
algebra. The reader is highly encouraged to check it.

272 |

(# —35)° (o} — b
Using this identity in eqn. (2.6), we find
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INEY
~o\A1 9\ Ay ~2~2 ==
(1) (#3) _ [ L1L ?
i s ArtAs T s 22
o ) ) |74 — 5| |74 — a4
This is only satisfied if
A=Ay

Therefore, we find that the two-point function vanishes, unless the dimensions of the two
operators are the same. In summary, the two-point function for scalar primaries in ANY CFT
is given by

A A Coan
Oa, (2}) On, (ah) ) = =
(O (@) Oss () = i

1
Note that it is standard convention to choose to normalize your operators so that C' = 1, so

you will often see this without the C' constant included. We leave it here for complete generality.

3.3 From Quantum Field Theory

The Euclidean space correlator can be calculated by Fourier Transforming the momentum space
propagator

D
G (x—a') = / DGO ()efn (i)

(2m)P ¥
where,
1
0
G (p) = e

Therefore, the correlation function in real (Euclidean) space is the integral

Dy ielmsh)
) n_ [ d7p e
Gg (x—m)—/<27r>D P2
we can simplify the integrand by using Schwinger trick:

R doe™ 37"

0
Now, let’s use this to re-express our correlator as double integral

o0 D
O on_ 1 g d°p ey iip, (o)
Gy (v —a') 2/0 oz/—(Qﬂ)De 2

The integrand is gaussian and integral can be calculated by considering shift in variable

2 / 2
a ., 1 T, — T 1 [z, —x
5P —Zpu(%—xﬁ) ~ 5 (\/EPM—ZT”) +§( Ja “)
and by using the Gaussian integral,
/ 2
Dy _1( ap,—i it
/ d p e 2<\/>p# ﬁu) 2(27T05)_D/2

(2m)P
We find the correlation function to be,

0 _2'|? D
1 / daa—D/2e—| 2a| — 5(2 1)
2(2m)P% J e
This is same as what we found previously by considering only symmetry constraint with

A =2 —1 as found in (1.29).

Gy (x—a) =
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3.4 Three-point Scalar Primary:

For the three-point function, we need to enforce

(01 (at) Oz (24) 05 (a8) ) = (O (a4) Oz (4) Os (1))
Enforcing the symmetries for the three-point function follows in a very similar way to the
two-point function, so we will not include as much detail. The reader is encouraged to work
through any excluded details on their own.

3.5 Poincaré

For translations and rotations, the same line of argumentation that was used for two-point func-
tions can be applied. However, instead of two points at our disposal, we have three. Therefore,
our function can be a function of the magnitude of the separations between any parings of three
points.

1 (@) O (o) Os (24) ) = f (Jafal  atl 2t )

§|,|$23]—|$2 3|,and ‘x§1‘2|$3_951|

where |zf,| = |2} — x

3.6 Dilatation

Enforcing dilitation invariance with our three-point function, we have
(O, (#) On, (35) O, (#)) = (O, (#) Os, () O, (%) )
= (X210s, (a4) 220, (a) 2O, ()

= ABX B8 (0, (24) O, (a) O, (25)

Using our results from enforcing Poincaré invariance, this becomes

f (2%, 125, 125 ]) = | (ol s 2], (251 )

Subsituting in the dilitation transformation on the LHS, this is

F 2| A abs |, Mgy ]) = >\7(A1+A2+A3)f (lzts] s 24| [25:])
As with the two-point function, we can expand our function in a power series.

f (|25l (2] s |25 ]) = Z Crmp |T15]" 23] ™ |25, 7
nmp
Substituting this in, we find that all terms must vanish, unless

n+m+p=—(A1+A+Ay)
Therefore, dilitation and Poincaré invariance tell us

(Or@) O @) Os @)y = D cump ol [l 2t

nmp=—(A1+A2+A3)

3.7 Special Conformal Transformation

Again, to find the effect of imposing special conformal symmetry, we need only to impose inver-
sion symmetry, which is much easier. Although easier, the algebra is still quite nasty and will
not be shown here. Ultimately, inversion (therefore special conformal) invariance leads to the
additional constraint that all terms vanish, unless
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n:A1+A2—A3
m:A1+A3—A2
p="2r+ Az — Ay

Therefore, after enforcing all of the conformal symmetries on the 3-point function of scalar
primaries, we find

A A A Cras
OA1 ('rllt) OAQ (Ig) OAa (Ig) =T mm g m|pgp
|| [2hs] ™ %]

where n, m, and p are given by (2.14). We find that, as was the case with the two-point scalar
primaries, the spatial dependence of 3 -point scalar primaries are completely determined. We are
left only with a set of constants Co3. It turns out that this set of constants is vitally important to
defining any particular conformal field theory and they tell you how much your given operators
interact. This set of constants goes by various names including the 3-point coefficients, the OPE
coefficients, and the structure constants.

2.4.3 Going beyond scalars

Moving on, we next consider the two point corrector of vector field. The ansatz for such a
correlator is:!

(Ju(z1) o (22)) = C ﬁ Guv + 5(x1 _<x2)i(x1>; T2)y (3.1)
1= T2 T1 — X2

same as scalar case
The correlation function is invariant under translation, therefore we will consider following

redefinition:
(Ju(z1)Ju(22)) = (Julz1 — 22)J,(0))

= (Ju(212)1,(0)) = (Ju(2)1,(0)) (3.2)
Since SCT is just inversion—translation—inversion, we can use this property to our advan-
tage. As the correlation function is already invariant under translations, it suffices to verify its
invariance under inversions. If this property holds, then by extension, the correlation function
will also be invariant under SCT. The inversion transformation is given as®:
1

T
Ty, = I_g |2'|* = EE (3.3)
and Bt 5 . .
v 9 v 2 _otulvl _ n _otuly
Ozt Oxk g2 a2 [g’“’ 2 x? } - [QW ’ ' } (34)

N /

-~
I;ux

The vector field would transform as
without conformal factor

Oz, |24 Oxg | oz’ ox'
/ A e? B B B
<JM($1)JV(-T2)> = D D a—xf:@ <Ja($1)J (l‘g)) (35)
this was u;e;i_ to derive
the correlation function for scalar case
we see that
A/d A/d
o' T=x1 oz =2 |x12|2A ' ? |‘r12|2A |x/12‘2A

Ipg 24 of “CFT with boundary and defects” by Herzog
2pg 17-18 of “Quantum Gravity and Cosmology based on Conformal Field Theory” and section 4.5 of “A
conformal field theory primer in D > 3” by Andrew Evans
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where we used

r2 x_‘f_ ﬁ ’ _ [71|* | |2af? _ Ty @y
7" = = > T T 255
Iy T3 Iy Ly L7103
e TR N i k) O e N L (3.7)
xt o afrl a3 wtas |1 [Pfaa]? |2y | Plah] 2
/ !
Then, we only have to ensure that g" + 62312 is invariant under inversion.®
12
m .l B
g 4 T ()" (55 ol f“';a> (5; _ 2962”,362;5) g 4 sM2T1
(2)5) |24 |25 T12 zh=2%
— (5# _ 21./1ﬂx/1a> ( v 2ml2yx/25>
P T Jay)?
" [gaﬁ n I G Y 1 G Y e 11 2)5}
o'yl [Pl ]
B P 5 (@ilan]* — wylar ) (s — ahlaq )7 255'1”13'1[3
'yl [?] x| EAs
g s AL A0 (57
'yl 2]z O |apf?
_ [guy s @ilral” + anfan|® — 22 (7 - 25))" (] |® — aplan ) 290/1“53'1”]
FCYEE P
e (@l + e — 20 (0 - ) - ey = [Pt )
2 712 + 20 12 120 |2
|25 T |z 2]
| )
ek
gl gl | el )
| [? Es | [?

s lailal® + aplan [P — 29 (a0 - ) L o] + anfan]® — 2(x) - 2p)an)”

il [Pl |

— gNV Q'x,luxay - 21./2”1.2# + 4:61#3:,2”(%,1 : '%JQ)
EAE |5 EAS

S L WY Wl R Y Wl Wl D

ri| [Pl

o ot abalt o alay (@) - ab)
=49 2 112 2 /12 +4 712
|74 | |5 |74
+ 2 112 /12 |CL’12| 112000 |2
Lo |21 |25 |24 2]

3the conformal factor is there following eqn 55 of TASI Lectures on the Conformal Bootstrap. The tensor
operator under inversion transforms as mentioned in eqn 3.18 of Conformal Field Theory with Boundaries and
Defects or eqn 1.55 and 1.60 of EPFL Lectures on Conformal Field Theory in D>= 3 Dimensions

A+1
Oxy | ¢ 02, dxq |21 y
Ot(a') = 978 axl,jO (z) = 978 15 (2")0" (2') (3.8)
0z |°T 9
PN x® x” /
O,(a") = 928 Wou(x ) (3.9)
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1w 1w, e v (0 ! w1
T4 X To T T Ty lXy - X T X

|32 |52 |32 AP |2 ?
po ST e TR g TSR ot
1752 |12 ] |12 ] '
which implies 6 = —2. Hence, the two point function is given as

()0 = s [ — 2725

Dilations and SCTs

Dilations: Under the scale transformations, the length 7, is clearly not invariant, but the ratio
- can be invariant.

SCTs: Under special conformal transformations, invariant quantities must be cross ratios of
the form 2™ since the squared length under SCTs transforms as

T km
21 — $2|2
(14 2b- 21 + 0222)(1 + 2b - w9 + b223)

4 — 2} =

(3.10)

Two-Point Correlation Functions

Consider the classical two-point correlation function, or Green’s function, of the quasi-primary
fields

ox! o oxt A -
G® (21, 23) = (0]¢1 (1) da(2)[0) = ’8 2 (Ol () da(5)]0). (3.11)
T1 6’x2
For simplicity, let us denote
G (21, 19) = fla1,29) (3.12)
Exploiting the assumed conformal symmetries of the system, use the fact that the Jacobian
for a translation, as well as for a rotation, is equal to one, such that }%—ag’” = 1, and, therefore,
the Green’s function can only depend on the length
f(x1,29) = f(Rz1 + a, Rrs + a), (3.13)
requiring that
G (w1, w2) = f(|lor — w2]) = f(ria). (3.14)
For a dilation, the Jacobian obeys a scale factor, such that %—g‘ = A2, and the Green’s function
has the form
G(Q) (Il,l’g) = )\A1+A2f(/\7”12). (315)

To calculate the function that obeys this constraint, expand f(r2) = Y, far{, in a series,
noting that a can be a continuous parameter, and compare to the above to get the condition
that the coefficients f, are all zero, except for a = —A; — A,.

Therefore, under translations, rotation, and dilations, we find that the Green’s function is
constrained to the form

f—A —A C12
G(z) (351, .Z'Q) = A11—|—A22 = A1A, (316)
T 19

12
Where ¢4 is a constant determined by the normalization condition.

So far, we have come to the conclusion that the correlation function must obey a power law,
and we now apply the constraints of SCTs to find that the two-point correlation function of
quasi-primary fields is zero unless the two fields have the same scaling dimension A; = Ay = A
(Exercise)

€12
(0]¢1(w1)p2(22)|0) = 2A (3.17)
12

This means that if we solve a system and the calculate the two-point correlation function
of two fields with different scaling dimensions, A; # A,, and get a nonzero result, then our
system is not conformally invariant under the full global conformal group, but under a subgroup
consisting of translations, rotations, and dilations.
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Example: Three-Point Correlation

Following similar procedure as in the two-point case, translations, rotations, and dilations lead
to conclusion that the three-point correlation function must have the form

(0161 (1) @a(2)a(x)[0) = 3 =5 (3.18)
abe 1223731

Where the summation is constrained by the field scaling dimensions to satisfy a + b + ¢ =
Ar+ Ay + As.
Special conformal transformations further constrain the exponents in the power law to (Exercise)

CL:Al—i-AQ—Ag, b:—A1+A2+A3, C:Al—A2+A3. (319)
And the three-point correlation function has the form

C
(Olg1 (21)d2(72) 63(23)]0) = 5K T KA TR (3.20)
T12 T93 T3y

Example: Four-Point Correlation

The four-point correlation function has the form

(0]1 (1) b (2) ds(5) da(24)]0) = F (— ) [ " (3.21)

13T To3T
13724 123714 <k

Where F'(-,) is an arbitrary function of the cross products and A =3, A;.

Embedding Space Formalism

The embedding space formalism gives the same answer?: Considering a tensor field of SO(d+1,1)
denoted as Oy, 4, (X), with the properties

« defined on the null-cone X? = 0,
o traceless and symmetric,
 homogeneous of degree —A in X, i.e., Oa,. 4, AX) = A"204, 4,(X),

o transverse X404, 4, (X) =0, withi=1,...,n

It is clear that those are conditions rendering O4, 4, (X) manifestly invariant under SO(d +
1,1). In order to find the corresponding tensor in R?, one has to restrict Oa,..a,(X) to the
Poincaré section and project the indices as

(0" (200" (a2)) = b G (04 (1) O (X)) (3.22)

For example, the most general form of the two-point function of two operators with spin-1 and
dimension A can be derived as®:

XAXE XAXE
0" (X)) = [A3+a = L 21 3.23
(O X)) = Xg) 7 X1 Xy 6X1 - Xo (3.23)
We will drop the last term as it prOJects to zero anyways.
Cha { XAXE
O (X)) OB (X,)) = ———— [P 4+ a2 L 3.24
< (%) ( 2)> (X - XQ)A g XXy (3.24)

According to the transverse condition

4Section 2.4 of “Conformal field theory in momentum space and anomaly actions in gravity: The analysis of
three- and four-point functions” or section 5.2.2 of “Conformal Field Theory” by Loriano Bonora

5Here the terms in bracket are chosen such that they are invariant under the replacement x — Ax. We are
not using the transformation law for any of them. Under which, even the metric will change to nap — A"2n45.
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X1 {0 (X1) 0P (Xy)) = _ G ~ (X +aX]]|=0= a=-1 (3.25)
(X1 - Xo)®
We now use the projection to find the correlation function in R%:
OXPoXE
(O (20) Ou 2)) = 1 T2 (04 (X) 0 (X)) (3.26)
OXAoXP O Xa2Xp1
_ _ 2a2dB1 2
o oxY (XI.XQ)A NAB X, - X, (3.27)
Cla ox{ 8XB _0X{ 0XP XX (3.28)
T (X0 X)A L od day T ad dry Xy X, '
x1 —@x9), (11 —
_ Cha — [g/w _ 2( 1 2) ( 1 2);/} <3'29)
(551 - $2) (5171 )

)*
where we used X4 = (X X, X7) = (2% 1,2?), Xp = (24, — 322, —1)
M- =1-4 = —1/2

and 7, = Igxq with

0
3X{4 Oz o 10V, 1 8x1
—_— “ — -1 3.30
Dl A2 T T g2 T e T gt (3:30)
= 77ab5u552 — 21y = (22 —11), = — (11 — 12), (3.31)
. 0

0X; 0x$ b 190V , 103
. - _Z .1 = - 3.32
Gy XBL T Mab gy T T 5 et~ Sy L= (T w), (3:32)

0

oXP oxg , 101 , 18x2
— 2t — — 1= — 3.33
oxl BL= ba:chl 2 ax5$1 2 0xY (1 = 2), ( )

“ 1 1 1
(Xl — XZ)A (Xl — X2)A = (.Z'l — 33'2) (l’l — 1'2) — 5(1 — 1) ( — 33%) — (.CE% — .Tg) (5 — 5)
(3.34)
1
— Xl : X2 = —5 (1’1 — I2)2 (335)
Three-Point Correlator via Embedding Space
Next, we bootstrap the three-point correlator.® On the null cone we will have
W

(01 (X1) @2 (X2) Ju (X3)) = (3.36)

(—2X1 . X2)0&123 (—2X1 . X3)06132 (_2X2 . X3)(1231
where the powers aqo3, (r139, (o3 of the scalar factor are determined by the dilatation as in
case of scalar operators and the tensor structure Wy, equals to

(—2X5 - X3) Xowr — (—2X4 - X3) Xowr — (—2X4 - Xo) Xam
(—2X1 - X2)? (—2X1 - X3)? (—2X, - X3)?

Let us comment a few things on the tensor structure. The relative sign is, as before, fixed by
transversality.

W (3.37)

(3.38)
(3.39)

6See also the discussion in the previous section on three-point functions from the direct approach.
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(X3)" W =0 (3.40)

We drop the term proportional to X3/, since it would project to zero anyway. The scaling

behavior of the correlation function under dilatation is completely determined in the scalar part

so the tensor structure has scaling 0 in all variables (X — AX = W, — A\°W,,). Finally, it is

immediate to check that the tensor structure is transverse, i.e. (X3),, Wa = 0. Projecting to
physical space as:

oXM
(91 (1) P2 (22) Jy (23)) = 6—;‘ (91 (X1) @2 (X2) Jar (X3)) (3.41)
3
we find, as explicitly computed before,
oxXM
a—:z;iXiM = (2 —x3),, 1=1,2 (3.42)
3
—2X; - X, = (z; — ), i=1,2,3(i <j), (3.43)
so that we end up with the tensor structure
—_— [y — s (1 — w3),, — |1 — ws|” (w5 —w3),  |was]” (23), — w1s|” (w23),, (3.44)
8 |21 — @a| |21 — @3] [w2 — 23] |Z12] |213] [23] '

Therefore, the three-point function of two scalars and one spin-1 operator in physical space is
given by
|z25]? (213) , —|713]* (w23),

_ |z12]|13]|223]
<¢1 ($1) P2 (1'2) ‘]M (333)> - |$12’A1+A2_A3 |1}131|2A1fA32_3A2 |.T23|A2+A3_A1 (345)

|$23|2 (11513)“ - |3?13|2 (1U23),L
Ar+Az—Az+1 A1+Az—Az+1 Ag+A3—A1+1
|213] | 23]

= (3.46)
|7 12
The three-point function of higher-spin operators J,, ., is constructed from the above, analo-
gously as what we did for the two-point functions, since it turns out that W, is the only indexed
object for three points that is conformal invariant.

Conformal Theory in (240) Dimensions

Thus far, we have been studying the structure of conformal theories in arbitrary spacetime
dimension d. In (2 + 0) dimensions, conformal theories will take on a new definition.

Recall that we defined the complex fields z = x; + 229 and Z = x; — ixo, and made the
assumption that we can analytically continue to arbitrary, independent z and Zz, such that

D (21, 29) = P(2,2) (3.47)
And work out the consequences from there. We now extend our definition of quasi-primary

fields, by analogy to the general, arbitrary dimension case. We will now refer to these fields as
primary fields of type, or conformal weight, (h, h) with the proposed form

o9~ (2)' (L) a5 (3.48)

Note here that there are indeed enough examples of primary fields of conformal field theories
to make these assumptions interesting to study.

Expand the primary field infinitesimally, as it is the more convenient method opposed to
working with the full global transformation, by sending z — z + €(z), and complex conjugate,
to order e

5o ®(z, 7) = <(h8ze(z) 4 e(2)0,) + (hd-2(2) + g(z)ag))cp(z, 7). (3.49)
And write the two-point correlation function as
G(2)(Z,Z> = <0|(I)1(21,21>(I)2(22,22>|0> (350)

Where z = (21, 22) and zZ = (21, 22).
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Applying the infinitesimal equation for 6..®(z, z) from above, and setting equal to zero by
conformal invariance to order €, we get
6c.:G(2,2) = (0[6.:P1, B|0) + (0|®1, 6, :P|0) = 0. (3.51)
From here, as before in the arbitrary dimension case, we can work out the constraints of each
type of conformal transformation on the correlation function.

Translation:
€(z) = = G(Q)(z, Z) X 219 = 21 — 29 and Zjp = Z; — Zo. (3.52)
Rotation & Dilation:
_ C12
212 TR12
SCT: c
E(Z) — 22 o G(Q)(z72) —_ 2h1—2271' (354)
%12 %12

Now, for example, suppose we have a bosonic field which applies the constraint i — h =0
to the conformal weights. Setting h + h = A, the analytically continued two-point correlation
function for the bosonic field becomes

B c
GA(z,z) = ﬁ (3.55)

Example: Three-Point Correlation in 2D

Similarly, the three-point correlation function has the form

1 1
G 7) =
G <Z’ Z> 6123 Zh1+h2_h32_h1+h2+h3 Zhl_h2+h3 —Bl+527]_7,3 —7]_7,1+]_12+]_13 —51752%»53
12 23 31 212 <23 <31
In summary, we have introduced what we consider quantum field theories and have analyzed
the consequences of conformal invariance of these quantum theories. We have also analyzed

subclasses of theories that obey additional constraints (e.g., A = h -+ h is real).

(3.56)

3.8 Fermions in Embedding Space

Following is taken from section 3.2 of Lectures on Conformal Field Theories by Hugh Osborn.
To discuss spinor fields in the embedding formalism requires extending the usual d-dimensional
gamma matrices to d + 2 dimensions. For d = 2n, we define *°

1
a(jf = 3 (:I:’yo + 'yl)
1 .
it =1 (i)
T
ay = 3 (7 + iy )
L, 4 Cq
aézﬁ(vd 2 4 oyl 1)
where gamma matrices satisfy
{7;“ YV} = 20,
One can show that:
{ai_,aj_} = {a;“,aj =0

{ai_,a;“ :5ij i,j:0,1,2...d_2/2

69 pg 30 of Masters Thesis on "Spinning Correlators at Finite Temperature" of Oscar Arandes Tejerina

10 we have abused notation for the sake of avoiding cluttering of indices and +
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In the literature d — 2/2 is defined as another variable labeled by k, but for the sake for clarity
we will keep it explicit. This is the algebra of raising and lowering operators for d/2 independent
two-level systems. We ask how many basis vectors are there (including lowest weight state)
which could be formed by operating d/2 raising a; on lowest weight state: !

d/2
Z d/207- — 2d/2
=0

r=
It implies that in d-dimensions, we have 2%/2? x 2%/? dimensional matrix representation for v—
matrices. We will use the highest weight representation to determine aj[and then use them to
construct v,. From (2.16), we quickly observe that

2 2
(a;)" =0=(a;)
It implies that we can only act a; or al once on a state, the second time it acts the state is

annihilation. We will build off our intuition from harmonic oscillator (fermionic) and assume
that there is a lowest weight state |£) such that

a; |§) =0 foralli
Similarly, acting on it once by each aj for all 7, we can construct states in the representation.

The states can be labeled s = (30, S1,. - ,s%), where each of the s, = :I:% :

(S

sd—2+ soL L
€)= (k) =7 (@) I8)
2
The lowest weight state |£) corresponds to all s, = —3. Taking the [£*) as a basis, we derive
the matrix elements of v, from the definitions and the anti-commutation relation. Starting with
d = 2, we have a single two-level system:
OB
¢ 1

o) ()

we can construct the raising and lowering operator connecting these two matrices as:

_ (00 . (01
% =\ 1 0 % =10 0
0 __ 0 1 1 01
7—(—1 0) 7‘(10)

For d = 4, we have 2 independent fermionic oscillator:

we find:

1 0 0
0 1 0
0 0 1
0 0 0

we construct, the following a; and a; operators for i = 0, 1.

1
-1 0 0 0

0
. -1 0
a, = 0

0

_— o OO

S+
[
OO OO
o O O
o OO
o= O
_ o OO
o O OO

and

+
a/l —

OO OO
OO OO
O OO
[N el
H@
Il
O = OO
_— o OO
OO OO
OO OO

From (2.17) we see that 2

611 we would like to remind ourselves that number of linearly independent basis is defined as the dimension

of space.
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0 0 0 0 0 1
0 0 0 1 0 0
wlo =11 ] “lo|={o| @a|o|=]o0
1 0 1 0 1 0
Thus, we conclude that the gamma matrices are gives as:
0 -1 0 0 0 -1 0 0
o |1 0 0 0 1| -1 0 00
TT1lo 0 0o 1| 7T 0 0 01
0 0 =10 0 0 10
0010 00 — 0
> | 00 01 3 | 00 0 —
TZl1000 TTli 0 0 0
0100 0 ¢« 0 0

The above choice of gamma matrices satisfy the clifford algebra, however the chosen basis is
not familiar from QFT textbooks. Given a representation v* in d dimensions, we can construct
a representation I'* in d + 2 dimensions using the prescription,

rﬂ—7“®(_01 (1))——%@03, p=0,...,d-3,

Pd—Qz]I@((l) (1)):]1@9017 rd—lzﬂg)(? _OZ):H®U2

where the o’ obey

o' ol b = 20Y

The 2 x 2 matrices that we add act OI{l the ir}ldex S4—2/2, which newly appears in going from
d = 2k to 2k + 2 dimensions. In odd dimensions the first d — 1 gamma matrices can be
constructed as above, and I'y = £I"1I'y ... I'y_; completes the gamma matrix algebra. There are
two independent representations of the gamma matrix algebra in odd dimensions, differing in
the sign of I'y. These representations are exchanged by parity, and both representations appear
in a parity-conserving theory.

We now move onto calculating the correlation function involving spinors in embedding space
formalism. To define spinor fields on null cone in embedding space requires that the number of
component in R? is half the number of components in R411,

P(z) = U(X), () = P(X)
which satisfies the following homogeneity condition:

TOAX) = A2 0(X), TAX) = A 212
The degrees of freedom of W; ¥ are reduced to those for ;4 b
condition like before:

U(X)
y imposing the transversality

MAXAU(X)=0 U(X)IuX*=0
It introduces the gauge invariance and thus the degrees of freedom are now halved by imposing
the equivalence relations

V(X)) ~ U+ T4 XA(X) U(X) ~ W 4 (X)X
for arbitrary spinor ((X);((X) of appropriate homogeneity. From standard QFT, we are
familiar that

V4= U0
transforms like a vector and we also have

612 j[aucts like raising and lowering operator in the same oscillator while a] *changes the oscillator.
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U(X) =TpXBV(X)
U(X)=W(X)IpX?

Now compute the contraction:

Vi =U(X)T4V(X) = (V(X)[pX") T4V (X)

= V(X)) TpXPI 40 (X)
Use the Clifford algebra identity:

C4lp = —Tgla + 2nap

FAFB = _FBFA + 2UAB
from (2.18), and above we rewrite:

Vi =UTpX T 40 = —WTTpX 0 +2X, 07
The second term, 2X 4¥'¥’, is proportional to X4 and is hence pure gauge under the equiva-
lence relation:

Vi~ Va+ Xaf(X)
so it can be discarded in physical quantities. Therefore, we obtain:

WA+ XAf(X) ~ —UTATpXBW + 2X, 00
U(X)T4V (X)) ~ =W (X)T0(X)
whereas,
2
transforms like a scalar. However, the above is only under (2.18) in odd dimensions. So it
does not correspond to a scalar on the projective null cone in even dimensions.



52

3. EMBEDDING COORDINATES FOR EUCLIDEAN SPACE




Chapter 4
2D CFT

Conformal invariance takes a new meaning in two dimensions. As already apparent in previous
chapter, the case d = 2 requires special attention. Indeed, there exists in two dimensions
an infinite variety of coordinate transformations that, although not everywhere well-defined,
are locally conformal: they are holomorphic mappings from the complex plane (or part of it)
onto itself. Among this infinite set of mappings one must distinguish the 6 -parameter global
conformal group, made of one-to-one mappings of the complex plane into itself. The analysis of
the previous chapter still holds when considering these transformations only. However, a local
field theory should be sensitive to local symmetries, even if the related transformations are not
globally defined. It is local conformal invariance that enables exact solutions of two-dimensional
conformal field theories.

4.1 Conformal Group in Two Dimensions

We begin by considering the flat two-dimensional Euclidean space with coordinates 2° and x!.
A conformal transformation in this space takes the form

at — ot + €' (x)
where the conformal Killing equation imposes the condition

2
Ouer + 0p€, = Eglwé?"’ep

auﬂj + 81,6# = Guv (8060 + 6161)
Evaluating these relations component by component, we obtain:

e For p=v=>0

200€g = Opeg + 0161 = Jpeg = 0161

e Foru=v=1

28161 = 8060 + 8161 —— 8161 = 8060
e For p=0,vr=1

8061 + 8160 =0= 8061 = —8160
Thus only two independent constraints remain:

Ooep = 0161

8061 = —8160

23
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To make further progress, it is convenient to introduce complex coordinates (z1,29) = (2, 2)
by embedding the R? plane in C2. This embedding allows us to treat the two real directions as
components of a single complex variable on the hypersurface zj = 29, which greatly simplifies
the form of the constraints.

0 zZ+z

€T fr
z:x0+zx1} 2

2

7= — izt —Zz

T =

i
Now let us see how the transformation acts in these coordinates. Under x* — x* + ¢/, we find

=’ + 4zt + ) = (2 +izt) + (€ +ie') = 2+ €2, 2)
and similarly,

Z—>ZzZ+¢€(z2)
where we define € = ¢’ — ie'. To rewrite the constraints, we must also translate derivatives
into complex coordinates. Using the chain rule,

0 _822+822_8+8
020 9290z 0200z

0 0z 0 0z 0 | -
_ O = ozl (%1&—1_ dxl 9z =i0-9)
where 0 = 0/0z and 0 = 0/0z are the Wirtinger derivatives:

0 1

80:

p_ 0 o oo (0 0
9z 0z 0x0 0z dxz' 2 \ 9z 283(;1
5_2_8w08+8x16 _1 Q_Hi
0z 0z 02O 0z 0x' 2 \ Ox oxl

We also note that

€+ €
2

€—€

€) =

€1 =

21
Substituting into the first constraint dyey = 01€;, we obtain.

8060 = a161

@+ ) (“f) —i(0-0) (6;>

e + O + Oe + 0 = e — O — De + D¢

e = —0¢ (3.3)
From the second constraint dye; = —0;€, we similarly find
Oher = —0169

_ €— € . = e+ e
0+9)(55) ~-it0-0) ()
Oe — O + De — 0 = De + O — Oe — O€

de = O (3.4)
Combining both (3.3) and (3.4), we conclude
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8620:>%:O
8e=0:>a—f=0

Z
This shows that €(z) is holomorphic while €(z) is antiholomorphic. Therefore, the conformal
transformation factorizes neatly as

or equivalently

z—= f(2)
with

of
8__0

z
i.e. f(z)is analytic or holomorphic. Since €(z) is holormorphic, it admits a Laurent expansion.
7 =z4€(z2)

:z—i—Zenz"

nel

=z+ Z €nz"0z

nel

— (1 + Zenz"8> 2

nez
It is now easy to read off the generators of conformal transformation in 2 d from above. We
define,

Similarly,

— (1 +) enz”5> 5

neZ
and hence

= 2"0
To determine the structure of the conformal algebra, we now compute the commutator be-
tween two such generators. A straightforward calculation shows that the r, satisfy the following
commutation relation:
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[Tms ) f(2,2) = [270,2"0] f(z, 2)

=z"0 (2"0f) — "0 (2" 0f)

= Z"TORf 4 2™ (02") Of — 2™TOPf — 2" (02™) Of
= (n —m)z"" 1o f
=(n—m

)Tm+n—1 f
Thus,

[Py o] = (0 — M) pin1
Following the same steps, we can also find

[fmv 77n] = (7’L - m)fm—‘rn—l
and

[Ty Tn] =0
It is conventional to redefine the generators as r,, = —[,,_;. With this shift, the algebra becomes

[rﬂ"w Tn] = (n - m)rm—i—n—l

[_lm—lv _ln—l] = —(TL - m)lm+n—2
and then shiftingm - m+1andn —n+1

[lm? ln] = (m - n)lern

similarly,
[l_ma l_n] = (m n)l_m—l—n
(1sT,] =0

where
ly=—Tpi1 = —2"T10
ly, = —Fpp1 = —2"T10

This is recognized as Witt algebra. They generate the conformal transformation in 2d Eu-
clidean plane. To find the subset of generators [,, which generate global conformal transformation,
we note that 2™ has two singularity, one at z = 0 for n < 0 and another at z = oo for n > 0.
Therefore, we impose the restriction that the representations of Witt algebra does not blow up
in the limit » — 0 or 2 — oo. We start with z — 0 limit, [, = —2""10 needs to converge,
implying:

n+1>0=n>-1
Since z — oo does not appear as a pole, we consider the conformal mapping w = % which
brings the infinity at origin. Then,

g0 _ o
Jz 0z dw
1o 5 0
T 20wV ow
Then,
I, = —2""10 = w " tw?9,
=w "9,
Then,

1-n>0=n<1
Therefore, [_1,ly and [; generate global conformal transformation on the 2d Euclidean space.
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4.2 Global Conformal Transformation

Last section was devoted to finding the generators of global conformal transformation. In this
part, we look at the infinitesimal transformation generated by [_1,ly and /; and then find their
finite counterpart. For n = —1, the generators associated with the infinitesimal transformation
z — z + €_1 looks like:

l,1 = 271“8 =0
[, =510 =0

So, this generates translation. For n = 0, the generators associated with the infinitesimal
transformation z — z + €yz looks like:

lo = —ZO+18 = —20
lp = —z0
To interpret how the works in complex plane, we will use the polar coordinates z = re? and
z=re " where r = /2% and 6 = L In (%)
0 _wo o
0z 0z0r 0200
20 120G/ 0
20/zz0r 2iz 0z 00
B
2ror  2iz00
e 9
2 Or  2ir 00

and,

S0 _oro 9o
0z 0zor 0z00

z 0 1z0(z/z) 0
2/zz0r 2z 07 00

z 0 12(_2)8

aezor 2\ 22) 59
z 0 1 0
T 2% or 2700

eiea ez‘&a
~20r 2irod

we can now recast or generators in polar coordinates as following:

—10 —i0

g |0 7O
=20 = —re {2 ar+2¢r89]

T 7
— - tar
ly =—20
__w[e?0 e’ D
T 2 ar T 2ir o9

r 7

It is now clear that the following combination

ZQ—I-ZOZ—TaT
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is the generator of dilatation and

i (lo - ZQ) = 89
is the generator of rotation. For n = —1, the generators associated with the infinitesimal
transformation z — z + €; 22 looks like:

ll = —228

These are nothing but Mobius transformation.

, az+b

cz+d
For translation we have a = 1,¢ =0 and d = 1 and we have ad — bc = 1. For dilatation and

rotation, we have

2 =2z — €z

:(1—60)2
_\}%24‘0_\/1—1—602—1—0
= T 1
Oz—i—m 02+m
with a = v/1+¢€,0=0,c=0and d = \/1%080 that ad — bc = 1. For SCT, we have
2 =z + €22
=2(1—€2)"
oz z+0
Cl—6z2 —ez4+1

Since ¢, is in general a complex number. These are the set of 2 x 2 complex matrices with
unit determinant.

a b
c d

These matrices form the group SL(2,C). But under the mapping a — —a,b — —b,c — —c¢
and d — —d, the generate the same transformation. Therefore, the conformal transformation
in 2d forms the group SL(2,C)/Z,. In the Lorentzian case the group is replaced by SL(2, R) x
SL(2,R) = SO(2,2) where one factor of SL(2,R) pertains to left-movers and the other to
right-movers.

The global conformal group in dimensions greater than two is comprised of translations,
rotations, scaling, and special conformal transformations, as well as dimensions equal to two, as
long as the space is compactified. If singularities are included, functions with poles are allowed,
the symmetry gets larger. In the last lecture we introduced global conformal transformation-
s/symmetries of some manifold M that form a (symmetry) group G which can be promoted to
a symmetry group of some quantum system, where the kinematics of the system are described
by a Hilbert space H. The quantum system is said to be globally conformally invariant if these
is some unitary representation, operators U that act on the Hilbert space,

U:G—UH). (4.1)
just a reminder that in the generalized Minkowski space RP¢, the structure of the group of
global conformal transformations G consists of compositions of translations, dilations, rota-
tions(boosts), and special conformal transformations (SCTs).

Here we now study the case where d = 2, which will expand our notion of what a symmetry
is and will allow us to define local, infinitesimal conformal transformations.

For example, a global conformal transformation, a 1 — 1 differentiable map from R? — R?,
may consist of a dilation and a rotation and look like

For contrast, consider an infinitesimal conformal transformation id +eX, where X = X (z) is
a vector field, the derivative of a diffeomorphism, that acts on the two-dimensional Minkowski
space as

This transformation preserves all of the right angles in the untransformed Minkowski space,

with ad — bc =1
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and the action is close to the identity, such that |z — 2’| ~ O(¢). The transformation id +€X is
conformal to first order in ¢, as is required by the definition of infinitesimal.

Although the vector field X () is a generator of the infinitesimal conformal transformation,
it does not necessarily define a global transformation via exponentiation, as it just may not be
well defined globally.

To begin to make sense of this, consider in quantum mechanics, where we talk about quantum
systems symmetric under a group G with Hilbert space

(H,U : G — U(H)). (4.2)
So, in quantum mechanics, we are reduced to finding these unitary representations of G. If GG is
finite, it does not make sense to speak infinitesimally (e.g., one one-hundredth of a reflection).

We assume G is a manifold, and then we may as well go as far to assume that G is a Lie group
with an associated Lie algebra g, which consists of vector fields that exponentiate to the Lie
group. Then the quantum system is symmetric under the Lie algebra if you get a representation

(H,m:9— L(H)) (4.3)
Where L(H) is the set of (bounded and unbounded) linear operators, and 7 generates a unitary
operator on the Hilbert space, such that m(X) = ¢*X s € R.

Note that for an infinite-dimensional group, (1) the operator ¢*** may not be continuous, and
(2) the Lie algebra may not exponeniate to a Lie group, which we will encounter in confor-
mal field theory. In other words, in contrast to when we used infinitesimal quanties to build
global representations, we find that infinitesimal conformal transformations don’t necessarily
exponentiate to a group.

X

az—ifl’ ad — be = 1. (4.4)
c

The set of global conformal transformations allowed in this basis are for s € R,
Translation: e <(1) _1$> =z—>2—35 (4.5)
Dilation: esthotlo) = (é /\01) =z—=c¢ " (4.6)

7 0 .
Rotation: eistlo—to) = exp(i3) 0 0 =z—e” (4.7)
0 exp(—ig)

10 z
Special Conformal: 0= =z . 4.8
pecial Conforma e <c 1) i (4.8)

Note that for R, d > 2, the local transformations are also global! Also note that in one-
dimensional spacetime, (1,0) or (0, 1), conformal transformations are all monotonic increasing
functions R — R.

4.3 Virasoro Algebra

In some cases, the regularization scheme used to quantize a classical theory does not preserve the
original symmetry. The classical generators, which we obtain by solving the Killing equations,
satisfy a certain alge-bra-for example, the Witt algebra. However, in the quantum system, the
requirement of normal ordering to render observables finite modifies the algebraic structure. In
the next chapter, we will learn how to construct the corresponding quantum operators system-
atically using the operator formalism. As a result, these quantum operators no longer satisfy
the Witt algebra but instead form the Virasoro algebra. This is unavoidable; it’s a reflection of
the fact that the classical symmetry is realized projectively in the quantum theory.

The Virasoro algebra is the central extension of Witt algebra. To centrally extend the algebra,
a new generator-called the center-is introduced, which commutes with all other generators. To
distinguish from the generators of Witt algebra, we use the notation L,, to denote the generators
of Virasoro algebra. The algebra is then given as:
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[Ln, Lin) = (n = m) Ly + cp(n,m)

complex number
This algebra contains a finite-dimensional subalgebra generated by Lo 11, Lo +;. These are the
generators that are well defined all over the complex plane and form the global conformal group
in two dimensions just as we saw in Witt algebra. The rest of the generators are local. The
object p(n,m) which we have added to centrally extend the algebra has certain properties: it
is a number which depends on n and m, it commutes with all L, it satisfies recursion relation
and it vanishes for certain n and m. To see this, let us first note that

Ly, Lin) = (n —m) Ly ym + cp(n,m)
Ly, Ly) = —(n—m) Ly ym + cp(m,n)
adding above expressions
[Lny Lin) + [Lins L] = (0 = m) Ly + cp(n,m) — (0 —m) Ly m + cp(m, n)

p(n,m) + p(m,n) =0
We have shown that p(n,m) is anti-symmetric under the exchange of n <» m. Now let us set
m =0,

(L3, Lo] = nLd + cp(n,0)

c
=n [Lgld + Ep(n, 0)
Redefining the generators for n # 0 as:

c
LY = [ 4 Ep(n, 0)
and

L(r)lew — LcQ)ld
The algebra of the translated generators should not changed:

(L% Lo] = [L2™ = Zp(n,0), Lo

C
(L5 Lol = [£p(n,0), Lo| = nL5 + cp(n,0)

L2, L] = nL2
This proves that p(n,0) =0 for n # 0. For n = 1,m = —1 we have:
L34, 194 ] = 2259 + cp(1, -1
= 2[L84 + 2p(1,-1)]
= ooV

This, proves that p(1,—1) = 0, to find other n and m values for which p(n, m) vanishes, we
will utilize the jacobi identity.

[Ln’ [Lma Lr“ + [Lﬂ [Lm Lm“ + [Lm, [Lrv Ln“ =0
For r =0

[Lm mLm] + [L07 (TL - m)Ln—i-m] + [Lmu _nLn] =0
m [(n —m)Lym + cp(n,m)] + (n —m) [—(n+ m)Lyim] —n[(m —n) Ly, + cp(m,n)] =0
[m(n —m) — (n —m)(n+m) —n(m —n)] Ly, — c(m+n)p(m,n) =0

(. J/

I
o

Hence,
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It means, p(m,n) can only be non zero. if m +mn = 0. So, p(m,n) = p(n, —n)6mino. Next to
find the recursion relation, we utilize,

[Lny [Lla L l—n” + [L
+2) [Lpy Lop] + (n = 1) [Loy oy Lpa] = (2n+ 1) [Ly, L4] =0
(n—1)[-2(n+1)Lo+ cp(=1 —=n,14+n)] — (2n+ 1)2Ly =0
(2n + 1)] Lo+ c[(n+2)p(n,—n) —(n—1)pn+1,—n—-1)] =0

: Ay [Lny L)) + [L1, [Lo1n, Ly)] = 0
(n+2) [2nLo + cp(n, —n)] + ’
\[Qn(n +2)—2(n—1)(n+1)—2

~—
=0
Hence the recursion relation,

n+ 2
under n — n + 1,
n+1
—n) = —-1,— 1
p(n, —n) = ——p(n n+1)

We can see that for n =1

p(1,-1) = 2p(0,0) = 0

For n =2

3
p(2,—2) = 6p(1, —1) = indeterminate

So, we only need to fix p(2, —2) and all the other p(n, m) gets fixed from that via this recursion
relation.

n+1
n+1 4
_ Lt .

For free boson we normally like to set ¢ = 1 which forces the normalize of p(2,—2) =1/2 since

¢ X p(n,m) = &c x @ needs to stay constant.

(n+1)!1
= (= m) Lo G
B (n+1)!
= (n — m>Ln+m + Cm

A short remark about the central charge that sometimes ¢ and ¢ aren’t complex conjugate of
each other which allows us to interpret z and z as being independent variables even though they
are related to each other via complex conjugation operation.

4.4 How Fields transform under SL(2,C)

There are four types of fields we will be concerned about in 2d CFT. They are chiral fields that
only depend on z(h = 0) and anti-chiral fields which only depend on z(h = 0). It is also common
to use the terminology holomorphic and anti-holomorphic in order to distinguish between chiral
and anti-chiral quantities. There is a special kind of field which has the same transformation
law for both Global conformal transformation as well as local conformal transformaion, we call
them Primary fields. Under conformal transformation z — f(z) and z — f(Z), these Primary
fields transform as (passive):
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59 - () (4 ote 9 - ()" (%) st 509

where ( h,h ) are conformal dimensions/weight of the field ¢(z,Z). Sometimes this transfor-
mation law (active) is also expressed as:

49 = (_d%f—l(z))h (277) o (5. 770)

Define (= f"Yz2), ¢=/7"12).

o (BN (N e .
o= () (F) 0 with¢=2().0=T70),
Now write the derivative of the inverse in terms of the derivative of f :
d¢ B 1 d¢ B 1
Azl g1y dif(é’)’ C Eleme 470|
I e=p12) e

1 1 -
P'(z,2) = — o (=), F1(2))-
(mw) ( <<>LW>) (e Te)

Now replace the left-hand argument f~!(z) by z (relabel ¢ = z,{ +— 2 ):
; e R
¢/(2,2) = (aﬂz) . )) (EW _f_l()) o (F1:1LT73).

These are active transformation because the RHS has the form ¢, (A™'2). To see how the
transformation works, we consider the following example, 2’ = Az

aaz\" /orz\"
¢(z,7) = (a_;> (a—;> Bz, A7)
= M\ (Az, \Z)
o (2, 2) = X"A (2, )

under infinitesimal conformal transformation 2’ = f(z) = z + €,

¢ (2,2) = [1+ 0e"[1 + 0" ¢(z + €,z + &)
= [1 4+ 9e"[1 + 0d" [¢(2, 2) + €Dp(2, 2) + €Dp(2, 2) + O (é*)]
= ¢(2,2) + €0¢(z, Z) + €09 (2, 2) + ho(z, 2)0e + hé(z,2)0e + O (€%)
= [1+ (€0 + hOe) + (€0 + hoe)|é(z, 2)

So, the variation d¢(z, Z) can be given as:

[e.9]

> €nlLn @] + & [Ln, ¢] = 06(2,2) = [(€D + he) + (€0 + hde)|¢(z, 2)

n=—oo

In the active point of view,
¢ (2,2) = [1+ 0] "1 4 0 "p(2 — €, 2 — )
= [1+ O "[1 + 0g~" [6(2,2) — €D¢(2, 2) — €DP(z,2) + O (€°) ]
= ¢(2,2) — €0¢(z, 2) — €0¢(z,Z) — ho(z,2)0e — h(z,Z)0e + O (€)
= [1 — (e0 + hde) — (€0 + hde)]¢(z, 2)
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The other kind is quasi-primary field, they only transform as primary field under Global
conformal transformation.

4.5 Energy Momentum Tensor

Usually, a Field Theory is defined in terms of a Lagrangian action from which one can derive
various objects and properties of the theory. In particular, the energy-momentum tensor can
be deduced from the variation of the action with respect to the metric and so it encodes the
behaviour of the theory under infinitesimal transformations g, — g + 09,

S:/dD:EE

oL
_ D, “~ vo__ D v
(55-/(1 xéguyég“ —/d xT,,09"

Under o — x# + e#(x), 0g" = O"e” + 0" eM.
0S = /deTW (0"e” + 0" e")

2 L2
= / dDa:T,“,B (0%¢,) g" = 5 / dPzT} (0¢,) =0 =T} =0

This tell us that for the conformal invarience to hold, the stress energy tensor has to be
traceless.

4SS = /deTw, (0"e” + 0" €M)
=2 / dPxT,,0"e
=2 / dPz0" (T,,€") — 2 / dPx (0"T),) ¢ =0 = 0"T,,, =0
Hence, we conclude that stress energy tensor is canonically conserved as well as traceless in

the presence of conformal symmetry. Next we see how this condition gets translated in complex
coordinates. The goal is to find T,.,7.:,T;, and T%.

0x° 0x 0x0 Oxt Ox! Oxt
T, =20 o
0z 0z 00 + 0z 0z o1+ 0z 0z M
1 11 1
— T+ 2Ty — =T
1 00 T 5500~ yin
1 4
= Z [Too — 2iTh — Tn]
0x° 92 0z° 0zt ox! 02° ox! ozt
T.;: =———=1 ———1 — 1 ———T
0z 0z o0 + 0z 0z o1+ 0z 0z 10+ 0z 0z M
11 1-1 11 1 -1
T =T+ —=Tho+ — T
g9 00 T g et g ot oo
1 1, 1
:Z [T()(] + Tll] - 15“ T'wj - ZT:L - O
0x° Ox' 0x0 Oxt ox! Oxt
T = -1 2——Tq —— =T
0z 0z 00 + 0z 0z o1+ 0z 0z M
1 1—-1 1
— T+ 2= —Tp — -T
1 00 + 5 101 T gt

1 .
=1 [Too + 26101 — Th1]

Next we investigate the form of 0#T),, in complex coordinates.
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doTor + 01T =0 (3.5)
We can now calculate 0577, :

6Tzz =
using (31) and T[f = To() + T11 =0

(0Too — 20Ty — OTh1)

e~ =

[(80 + 281) TOO — 2 (80 + 181) T01 — (80 + 281) Tn]

[(O0Too + 201 To1 — OgTh1) + 1 (01 Too — 200101 — 01 111)]

= —[2(0oToo + 01 To1) — 20 (0111 + 0Tt )] =0

In the last step we used (3.5). Similarly one can show

| — oo+~ |+~

ang - O
Thus, T, is the chiral field we discussed earlier and T%; is the anti-chiral field. So in complex
coordinates, the stress energy tensor looks like:

4.6 Ward Identities

The consequence of a symmetry of the action and measure on correlation functions may also be
expressed via the so-called Ward identities. An infinitesimal transformation may be written in
terms of the generator as:

¢'(7) = p(x) — iw,Gagp()
where w, is a collection of infinitesimal, constant parameters. We will consider the above
variation of fields in the correlation function. The action is not invariant under such local

transformation and its variation is given by:

58 = / dPx (0, T") e,

where j* is the conserved current. The correlation function can be given as:

(6 (r2) 6 (22) -6 (02)) = / D (1) 6 (x2) .. () 519

We use the invariance of correlators under the transformation to argue,
(6 (1) ¢ (22) ... & (20)) = (& (21) ¢ (22) ... ¢ ()
- %/ DAY (21) ¢ (22)... o ()5 = 7 / DY (1) & (22) .. & (wa) 519
- %/D(b/ (6 (1) & (22) ... 6 (xa) + 6 (¢ (1) D (22) ... & (wy))] eSS PaduT™ eu(@)

= % / D¢ [ (x1) ¢ (22) ... ¢ (z0) + 6 (¢ (21) & (22) ... & (2))] €517 (1 - / 4228, T" e, () + .. >
When expanded to first order in w,(z), the above yields
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(0(¢ (1) @ (22) .. ¢ (20))) Z/dfﬁ (0, T ¢ (1) ¢ (22) ... & (xn)) € ()
—1 Z [P (z1) ... GiP (i) .. ()] € (1) = /dﬂf (0.7 ¢ (21) ¢ (22) ... & (20)) € ()
—1i / dPxe,(2)0" (v — ;) Z [ (x1)...GYD(x;) ... (x,)] = /da: (0,T" ¢ (1) ¢ (z2) ... ¢ (x,)) ()

Hence,

ST ()0 (1) 6 () -6 )} =~ 0 & =) (6 (1) . GE () . ()

oxH

4.7 Translation

The generator of Translation P* = —i0* is given as:
9 N
oo (T ()6 (1) 6 (w2) - 6 () = = Y0 (@ = 2) (& (1) .. 0 (32) ... & ()
i=1

4.8 Rotation

The generator of Rotation is J* =i (210" — x¥0") + S* and the associated conserved current
is gHvP =TH P — THPxY.

% (70 (@)p (21) . @ (20)) = —iZfS(x—xi) (@ (21)... JPd (i) .. b (20))
% (THxP —=THPzY) p(x1) ... @ (T5)) = —i Zé (=) (¢ (z1) ... [0 ("0 — 2P0") + S|, p (xi) ... ¢ (wn

20 LT (1) 6 (w0)) + (T (1) . 6 (20)) — 2 (1995 (1) ... & () — &% (T (1) .. 6

oz oxH

=—i Z 5 (x—x) (o (x1) ... [i (2707 — 2PD) + 5), ¢ (7). .. & ()
(T =T") ¢ (21) ... ¢ (xn)) = —iZ 6 (x — ;) (@ (21)... 5" (i) ... & (wn))

4.9 Dilatation

The generator for Dilatation is D = x - 0 and the associated conserved current is j* = Tha".

S[¢] = / dxL (¢, 0,0")
ot = (1+e)at, dat =eat, d¢" = —eAs0”

6tot¢A - S¢A -+ (5.1'1/ I/(bA
From Noether Theorem



66 4. 2D CFT
oL
g = 5¢A —TH, 6x"
9 (9.0%)
For dilatation, ( € factor suppressed)
-~ dgisy ¢A oA, T
o
Let’s define V* = -3, AAa(a#¢A)¢A7 then
Jp=VH—uz, T
oujp = 0,V* — 0, (x,TH)
=0,Vt-T", —2,0,T"
=0,V +1", (0,T" =0)
g =0<=T",+0,V*¥=0
The related Ward identity becomes:
ooV v 0
O (T’ (1) . 6 (wn)) = = D0 (2= 2) | 5 (& (21) . & (w0)) + Ay (& (1) - & ()

which becomes

<T,’f¢ (z1) ..

Zé T —x;)

4.10 In complex coordinates

We wish to rewrite these identities in terms of complex coordinates and complex components.

But, we will first derive the relevant identities for doing so.

=0 5) 6

The metric in Euclidean space could be given as:

10
Jw =10 1
In complex coordinates, it becomes:

1 1
aff _
9 —<1 —i)(O

0 2
20
The anti-symmetric levi civita tensor in cartesian coordinates has the following form:
g _ 0 1
€cartesian -1 0

using the tensorial transformation law for the above coordinate transformation,

aﬁ — Joew Jﬁ
v

w €cartesian

() )
(3 2)

Lowering the indices:
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i
€y = 0 3
pv =i 0

2
For the delta functions, we remind ourselves that it is not defined as:

(5(x):{0 for x #£ 0

oo forx=0
But by the expression

[ #ss@)f) = f0)

Any function which satisfies this proﬂgerty is a valid representation of delta function. The oo of
6(z) at = 0 in the above mentioned representation is defined by the integral [~ d(x)dz = 1.
For more detail refer to section 7.2 of the textbook Green’s function by G.F. Roach. It just so
happens to be, that

1.1 1.1
§z) = —0,— = —05—
. . .. mToe, T, Z .
satisfies the required property. This identity is justified as follows. We consider a vector F*
whose divergence is integrated within a region M of the complex plane bounded by the contour
OM. Gauss’s theorem may be applied:

d*x0),F" = / ¢, F* (3.6)

where d§, is an outward—directed]\{iifferential of c]i\{rcumference, orthogonal to the boundary
OM of the domain of integration. It is more convenient to use a counterclockwise differential
ds”, parallel to the contour OM : d§, = €,,ds”. In terms of complex coordinates, the above
surface integral is nothing but a contour integral, where the (anti)holomorphic component of ds”
is dz(dz) :

/ d*x0, F" = / ds” €y, F* (3.7)
M oM
:/ (dze.:F* + dzes. F?)
oM
~ ! / (—dzF? + dzF7) (3.8)
2 Joum

Here the contour 0M circles counterclockwise. If F# (F*) is holomorphic (antiholomorphic),
then Cauchy’s theorem may be applied; otherwise the contour M must stay fixed. We consider
then a holomorphic function f(z) and check the correctness of the first representation in Eq.
(5.33) by integrating it against f(z) within a neighborhood M of the origin:

™

:%Ld%&g(ﬂj))

= L dz@
21 Joumr z
= f(0) (3.9)
In the second equation we have used the assumption that f(z) is analytic within M, and in the
third equation we have used the form (3.7) of Gauss’s theorem with F'* = f(z)/nz and F* =0,
and in the last equation we used Cauchy’s residue theorem. Since the original ward identity
was covariant, we now only need the following object to write the Ward identities in complex
coordinates:

[ i) =+ [ dse




68 4. 2D CFT

0u (Tl (21) . (20)) = 900 (Tp:o (21) ... & (20)) = 20: (T=e6 (21) ... & (20)) + 20z (Tezp (21) .. & (20))
0u (Tl (21) . & (2n)) = 90 (Thzp (21) ... 6 (20)) = 20: Tz (21) ... (20)) + 205 (Tozd (1) .. & ()
(Th (1) - (z0)) = 9°7 (Topd (21) . 6 (20)) = 2 (T2 (21) - 6 (20)) + 2(T=200 (21) .- & (2))
€ (T 6 (21) .. & (20)) = € (Tupd (21) ... $(20)) = =2 (Tez6 (21) .. & (20)) + 2 (T2 (21) . .. 6 (2))

The Ward identities are then explicitly written as:

200 (Tesd (1) 6 () + 200 (Tox (1) = =300 0n () 0 ()6 )
270, (Tszd (21) - . . & (20)) + 2702 Tz (21) .. ¢ (2)) = — Z = _1 0 {0 (21) -6 (w) 6 (z0)
2(Ts6 (1) -6 (20)) +2 (26 (1) 6 (20)) = _,ﬁ;é (2= w) A (6 (1) o6 (2)
=2 (Tus (21) -6 () + 2 {Tec0 (1) -6 (20)) = —ga (= w) 5 (0 (20) oo 0 (20)
Adding and subtracting the last two expressions,
2(T226 (1) 6 () = = fjé (=) S5 G () ()

21 (T (21) -0 (2n)) = = Y e —hi (6 (21) . 6 () (3.10)

2Tect (1) 6 () = = D06 (2~ i) =

2 (T2 (1) - - - @ (2)) = — Zazg_l

Inserting these relations in the first two Ward identities:

0 {<T<z £90(a). (2] = 3 [ T (8 (0) 8 () + oy (o) 0 ) } -0
. (3.12)
_ - 1 hi
0. {<T(z7 Z)¢ (Zl) R (zn)> - Z {z — wia’u_ﬁ <¢ (Zl) RN (Zn» + (2 e )2 <¢ (Zl) ¢ (Zn»} } =0
- (3.13)
where we have introduced a renormalized energy-momentum tensor
T=-2rT,, T=-2rT; (3.14)

Thus the expressions between braces in (3.12) and ((3.13)) are respectively holomorphic and
antiholomorphic; we may write

n

(T(2)p(21) . () = ) {

i=1

L B (B2 b () + —

Z—w; (z —w;)

(6(=). .<z><zn>>}+ res,
(3.15)

where "reg." stands for a holomorphic function of z, regular at z = w;. There is a similar
expression for the antiholomorphic counterpart. The Ward identity shows that the correlator
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of the field T'(z) with primary fields ¢ (w;, w;) becomes singular as z approaches the points w;.
The OPE of the energy-momentum tensor with primary fields is written simply by removing the
brackets (...), it being understood that OPE is meaningful only within correlation functions.

4.11 Dilation Operator in CFT viewed as ’hamiltonian’
?

From the commutation relations for the conformal Lie algebra, we may infer that the dilation
operator plays the same role as the Hamiltonian in CFTs. The appropriate commutation relations
are

[D,P,| =1P, and [D,K,|=—iK,,
so that P, and K, are raising and lowering operators, respectively, for the operator D.

This is analogous to the operators @ and a' being creation and annihilation operators for H
when discussing the energy spectra of the n-dimensional harmonic oscillator.

My question is, while @ and a' raise and lower the energy by one unit (+hw) for each application
of the operator onto eigenstates of H , what is being raised and lowered when we apply P, and
K,, onto the eigenvectors of D?

Secondly, what exactly do we mean by the eigenvectors of D? Are they fields in space-time?

Using the notation of Di Francesco in his book 'Conformal Field Theory’, the fields transform
under a dilation like F(®(z)) = A™2®(z), where ) is the scale of the coordinates and A is the
scaling dimension of the fields.

Can I write F(®(z)) = D®(z) = \"2®(x) to make the eigenvalue equation manifest? The
commutation relations

D,P,) =+iP,, [D,K,]=—-iK,
show that P, and K, raise and lower the **conformal dimension™* of a state. In other words,
if you have a state |¢) of dimensions A, so that D|¢) = iA|¢p), then

DF,|¢) = [D, P]|¢) + B.D|¢)
= iBu|¢) + Pu(iAl9))
=i(A+1)P,|¢).

While the generators of the conformal group act on the fields (after all they generate a sym-
metry), I find it easier to think about the action on a state, like the |¢) above. According to
the state-operator correspondence, such states can be obtained by acting by local operators on
the vacuum. P, is the generator of translations, and hence acts on a local operator ¢(z) as a
derivative [P,, ¢(x)] = i0,¢(x).

The equation above then tells you that the derivative carries conformal dimension 1.

The notation you propose at the end of your question seems a bit dangerous. D is frequently
used for denoting the infinitesimal generator of dilatations, but the function F' gives the
action of the corresponding group element. That being said, you are of course free to introduce
whatever notation you find convenient, as long as you make it clear — both to yourself and to
others — what you mean.

4.12 Free Fields and Operator Product Expansion

The operator product expansion, or OPE, is the representation of a product of operators (at
positions z and w, respectively) by a sum of terms, each being a single operator, well-defined
as z — w, multiplied by a c-number function of z — w, possibly diverging as z — w, and which
embodies the infinite fluctuations as the two positions tend toward each other. For a single
primary field ¢ of conformal dimension h and h, we have the OPE from Ward identity as:

h 1
+

(z —w)? zZ—w

Owd(w, W)
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1
whenever appearing in OPEs, the symbol ~ will mean equality modulo expressions regular as
z — w. Of course, the OPE contains also an infinite number of regular terms which, for the
Energy Momentum tensor,
can not be obtained from the conformal ward identity. In general, we would write the OPE of

two fields A(z) and B(w) as

T(z)dp(w, w) ~

AG)BGw) = Y 128k

where the composite {AB},(w) are non singular at z = w. For instance, {T¢}; = d,0(w).
We stress that so far, quantities appearing in (3.16) are not operators but simply fields occuring
within correlation functions. We will now proceed with specific examples, in order to familiarize
ourselves with basic techniques and with simple but important systems.

4.13 The Free Boson

From the point of view of the canonical or path integral formalism, the simplest conformal field
theory is that of a free massless boson ¢, with the following action:

S = %g/d%@wﬁ@“gb

where ¢ is some normalization parameter that we leave unspecified at the moment. The
two-point function, or propagator can be found by comparing with

g % / dlz dlyé(z) Az, y)o(y)

we have
Az, y) = —gd® (z — y)O (3.17)

We can calculate the two-point function K(x,y) = (¢ (x1) ¢ (2)) = A™' by solving the fol-
lowing equation:

/dQuA(x, u) K (u,y) = 6 (x —y)

- / Pugd® (x — w)OK (u,y) = 6@ (z —y)

—g0K (a,y) = 0% (z — y)
Because of rotation and translation invariance, the propagator K (z,y) should depend only on
the distance separating the two points. Thus, we can write K(z,y) = K(p) with p = |z — y|,
and integrate over x within a disk of radius p around y. We find

! 10
1= 27?9/ dpp (——— (pK’(p))>
0 pOp
— 2mg (—rK'(r)
The solution of the two-point function for massless free boson can be obtained up to an additive
constant,

(6(2)6(y)) = —% In(x — y)? + const (3.18)

In terms of complex coordinates, this is

(0(z,2)p(w,w)) = —%{hl(z —w) + In(z — w)} + const

The holomorphic and anti-holomorphic components can be separated by taking the derivatives
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0¢ and 0¢ :

(0:6(2 2)Da(w, 1)) = ———0,0:{In(z — )}

dmg
1111
drg "z — 0 dg (Z — w)?

In the following, we will focus on holomorphic field ¢ = 0,¢.
Ty =9 |0u90,9 — mw 0p00" ¢

= gau¢au¢ - _nuunaﬁaa¢aﬁ¢

= §0,00,¢ — mw X 207 0,¢ 8z<b

:0

= gau¢8u¢
Then,

T(z) = —2rT.. = —27g : 0pd¢: and T(z)=0
Like all composite field, the energy momentum tensor has to be normal ordered, in order to
ensure the vanishing of its vacuum expectation value. More explicitly, the exact meaning of
above expression is

T(=) = —2rg lm [06(2)06(w) — (96(2)06(w))]
The OPE of T'(z) with 9¢ may be calculated from Wick’s theorem: *

T(2)00(w) = —2mg : D6(2)96(2) : D(w)
~ —2mg : 06(2)06(2) : Dp(w) — 2mg : (=)D (=) : Ip(w)
96(2)

Tz wp
By expanding ¢(z) around w, we arrive at the OPE
0p(w) | g(w)
T(z2)0 ~ <
(Z) ¢("LU) (z—w)2+(2—w)
This shows that 0¢ is a primary field with conformal dimension h = 1. Wick’s theorem also
allows us to calculate the OPE of energy-momentum tensor with itself:

T(2)T(w) =4n%g” : 0¢(2)06(2) :: O(w)d(w) :
~47T292 09(2)0¢(z) =: Igp(w)d(w) : +4m*g* : 0(2)0(2) 1 Dp(w)Ip(w) :
+4n’g" : 06(2)0¢(2) = 0(w)0d(w) : +4m°g* : 96(2)0¢(2) : 0d(w)Id(w) :
+An’g® : 06(2)0¢(2) = 0(w)dd(w) : +4n*g* : 9g(2)0¢(2) :: 0d(w)Id(w) :
~87g% 1 0(2)00(2) 11 0d(w)d(w) : +16m°g" : I(2)0¢(2) = Id(w)Id(w) :

N 1/2  dmg: 0¢(2)0¢(w) :
(z —w)* (z —w)?

Expanding ¢(z) around w, we arrive at the OPE
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1/2 4g : 0d(w)op(w) :  4dmg : O*¢(w)dp(w)
(z—w)t (z —w)? - (z —w)

1/2 2T (w) oT (w)
(z—w)t  (z—w)? (2 —w)

We immediately see that the energy momentum tensor is not strictly a primary field, because
of the anomalous term 1/2(z — w)?* which does not appear in (3.16).

4.14 Free Fermion

Now we consider another simple model: free fermion. In two dimensions, the action of a free
Majorana fermion is

1
S = 5g/ AWy, (3.19)
where the gamma matrices v* satisfy the so-called Clifford algebra:
{97} =29 (3.20)

and we impose the Majorana condition (U* = W) to the fermionic field to remove a half of the
degrees of freedom. In the Euclidean space n** = diag(1, 1), we take a basis of Dirac matrices

as
0 1 . O _].

Y0, =~ (%00 + 7' 01)

0 1 01 (0 1)\ -
=(30)[(7 )1 )7
(01 0 Oy — 10y
=110 & +id 0
(01 0 20,
=110 20. 0
B 0
(5 5)

Using this basis, we can express the action as

and therefore,

S Qo

¢}

S=g / A*z (1O + Yoy) (3.22)

where we write the two-component spinor ¥ as (,1)). Since the equations of motion are
0Y =0 and 0v = 0, ¥(z) and ¥(2) holomorphic and antiholomorphic field, respectively.
Now let us calculate the two-point function as in the free fermion

Kij = (Wi(2)¥;(y)) (i) = 1,2) (3.23)
The action can be expressed by
1
5= / Lo 2y, (2) Ay (2, 9) T, (1) (3.24)
where the kernel is
Ai(a,y) = go(z —y) (v"7"),; O (3.25)

Recalling that propagator Kj;; is the inverse of A;;. Therefore, we can write the equation for
K as

01 Since we are Wick contracting the normal ordered product of operators, the only term that it will give rise
to are crosscontractions, since the wick contraction of operators which are already normal ordered vanishes.
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[ EuAw K ) = 52 - y)
0
g / d*ué® (z — u) (’yoﬁy’“‘)ij %K(u, y) = 6P (x — y)dy;

0
9 ("), e = Kki(z,y) = 6(x — y)dy;
In terms of complex coordinates, this becomes

9 0 (W2, 2)0(w, @) (Y(z2)P(w,@) Y _ 1[04 0
29( 0 0 ) ( (02 206w, @) (G(z, 2w, @) ) R ( 0" 0es ) (3:26)
where we have used the complex form of the d-function:

5(z) = ~5% = Lot
4

Therefore, we obtain the two-point functions for the fermionic fields

(0,2, ) = 57—
(0,20, ) = 57—

(¥(2, 2)¢(w, w)) =0
These, after differentiation, imply

1 1
(0:9(2, 2)Y(w, w)) = g e —w)
B _ 1 1
(0:9(2, 2) Ot (w, w)) = g Ge—w)p
Thus the OPE of two holomorphic fields can be written as:
(W) ~ 5 — (3:27)
2rgz —w

In order to see whether the fermion field is a primary field or not, we can calculate its OPE
with the energymomentum tensor. By using (77) in complex-coordinate form, we can calculate
all the components of the energy-momentum tensor.

Y )Y, oL

T = o =g 90 =22 9% = 2949
5 (0.9) 7 9(00) 9(0D) gvov
oL Y oL __

T — o — g ®=2-2" 3 = 2900
70.9)°0 279 a(a<1>)‘9 8(8(1))8 guov
. ] oL -
T = O — g*F 2——00 — 2L = —2g00
50.0)0 2T LT e 0 T 20 = T2voY

The traceless condition 7% is preserved when taking into account the equation of motion, as
we have discussed. The holomorphic part is defined as:

T(z) = —7mg:Y(2)0Y(z) : (3.28)
The normal-ordering product can be written in an equivalent way for the free field as follow:
90U+ (2) = lim ((2)9(w) — (B()D0(w))) (3.29)

which is the same expression as in bosonic field theory. Then we can calculate the OPE
between the fermion field and energy-momentum tensor directly.
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T(z)Y(w) = —mg : Y(2)0Y(2) : Y(w)
= =g : Y(2)00(2) : p(w) — 7g - Y(2)0Y(2) : P(w)
1) 13N
2(z—w)?  2(z—w)

V(W)  9P(w)
+
(z—w)? z—w
In contracting v (z) with ¢ (w) we have carried (w) over 0i(z), thus introducing a ( - )
sign by Pauli’s principle. The OPE immediately tells us that in the free fermion model, ¢ is a
primary field with conformal dimension 1/2.7T OPE in this model can also be obtained directly
by calculation.

14 2T (w) 0T (w)
T(2)T(w) = w) + GC_wy + - w) (3.30)
4.15 Boundary Conformal Field Theory: bc CFT
The action of the bc CF'T is as follows;
1 9 o &
S = %/d 2b0c (2.5.1)

where b and ¢ are anti-commuting primary fields and for the action to be conformally invariant,
we need the conformal weights of b and ¢ to be as follows;

hy =X, he=1—2A\
The equations of motion of these fields are as follows;

Ob=0=b=0(2),0c=0=c=c(2)
and hence, both of the fields are holomorphic. We can now work out the propagators of the
theory that have to satisfy the following equation;

B(b(2)c(0)) = 276?(2) = B(b(2)c(0)) = a% = (b(2)c(0)) = % (2:5.2)

where we used the identity;
5l = 2m6?) (2)

Using (2.5.2), we get the be OPE; ’

b(2)c(0) ~ % = b(21)c(z) ~ -~ i 22,0(21) b(z) ~ - i -

1 1
ob(z1)c(z)~————5,=0c(21)b(22) ~ ——= 2.5.3
= () (a2) ~ oy = Be(2) )~ — 2.5

We now derive the stress tensor of the theory. It can be done by using Noether’s theorem
(do this approach) but it can be done by another method. Since T'(z) should have a conformal
weight of 2 | there are two possible terms that can appear in 7'(z) and they are as follows;

T(z) =a:b0c: (z)+ [ :0bc: (z) (2.5.4)
where a and f are undetermined coefficients. We can fix « and § by requiring that b(z) and
¢(z) have the correct weights.

ab(z) N LOb(z) N _ab(0) N (8 — a)0b(0)
5elz) _adelz) _ fel0) (5~ a)oel0)

22 z 22 z

T(2)b(0) ~ c: bdc : (2)b(0) + S : dbe = (2)b(0) = —

T(2)c(0) ~ —a: dcb : (2)c(0) — B : b : (2)c(0) =
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and thus, we see that « = —\, 3 =1 — X and it gives the correct § — a value in the residues.
Using these values in 2.5.4, we get;

T(z)=—=X:00c:(z)+ (1 —X):0bc: (2) =:0bc: (z) —AI(: bc : (z)) (2.5.5)
Similarly, the TT OPE can be calculated but we will calculate the 1/2* term only to work out
the central charge.

%term:vzbacz () bdc: (0) — A(1— \) = bde : (2) : Dbe : (0)
—AM1=X):0bc: (2):bdc: (0) + (1 —A)?: 0bc : (2) : dbe : (0)
¥ 1N 20N (=N 1-3@A-1)

4 4 24 9274

=c=1-302\—1)> (2.5.6
~ 2 : c=1-32A—17 (256)
Talk about ghost number symmetry

4.16 The Ghost System

In string theory applications, there appears another simple system, with the following action:

1
S = Eg/d%bw,@“c”

where b, is a traceless symmetric tensor, and where both ¢* and b, are fermions (anti-
commuting fields). These fields are called ghosts because they are not fundamental dynamical
fields, but rather represent a jacobian arising from a change of variables in some functional
integrals. More precisely, they are known as reparametrization ghosts. The role of these ghost
fields is to cancel the unphysical gauge degrees of freedom.

The equation of motion are

0%q, =0 and _ %P + 9P =0
In holomorphic form we write ¢ = ¢* and ¢ = ¢*. The only nonzero components of the traceless
symmetric tensor by, are b =0b,. and b = bzz. The equations of motion are then

=0 0b=0 )
Oc=0 9c=0 0Oc=—0c

The propagator is calculated in the usual way, by writing the action as:
1 vV
S = 5/d2gcd2ybm,(x)Ag *(y)

1
A = ~gito(e — )"
where we must consider ( u, v ) as a single composite index, symmetric under the exchange of
w1 and v. The factor of % in front of A" compensates the double counting of each pair ( u,v )
in the sum, which should be avoided since 0" is the same degree of freedom as b**. Again the
propagator is K = A~!, satisfying

1
595531/[(5”(957 y) =(z — y)dap

or, in complex representation

1 1
gaZKfz = ;822 — wéﬁz
which implies
1 1
b — KZ = —
BE)elw) = K (z0) = ———

In OPE form, this is



76 4. 2D CFT

beJelw) ~ -
from which we immediately derive
(e2(w) = ~(blw)e:) = —-——
e1c(u)) = — Ouctepp(u) =0 (L) = L
O:bE)e(w) =~y
OMENuelw) =

The canonical energy-momentum tensor for this system is

Ty = %g (00" co — n“”b‘w@acd

The Belinfante tensor is

1
TE = —g [b“aa”ca + b0y + 00 e — n“”baﬁﬁacﬁ}
The normal ordered holomorphic component is obtained from the above by setting = v =1,
that is, by considering 7% = 4T, :

T(z) =mg : (20cb + cOb) :
The OPE for this stress energy tensor with ¢ is again calculated using Wick’s theorem:
T(z)c(w) =g : (20¢b 4 cob) : c(w)
=g :20ch: c(w) +7g : cdb: c(w)
N 20.c(2)  c(z)
z—w  (z—w)?

N 20,c(w)  c(w) + (2 — w)dyc(w)

Z—w (z —w)?
N Owc(w) c(w)

z—w  (z—w)?
T(2)b(w) = mg : (20¢b + cob) : b(w)
= —7g : 2bdc : b(w) — wg : Obe : b(w)
2b(z) 0.b(2)
(z—w)3 (z—-w)
2b(w) Owb(w)
(z—w)?  (z2—-w)

One must be careful because b and ¢ are anticommuting so that interchange of fields flips the
sign: one should anticommute the fields being paired until they are next to each other before
doing the Wick contraction. The OPE of T with itself, may contain more terms, which add up
to following:

T(2)T(w) = 72g* : (20c(2)b(2) + ¢(2)0b(2)) :: (20c(w)b(w) + c(w)db(w)) :
= 712g% : 20c(2)b(2) 1 (20c(w)b(w) + c(w)db(w)) : +72g* : c¢(2)b(2) =1 (20c(w)b(w) + c(w)Ib(w)
= 47%g* : Oc(2)b(2) = Oc(w)b(w) : +272g* : Oc(2)b(2) = c(w)Ob(w) : +272g% : ¢(2)0b(2) :: Dc(w)b|
+ 71267 : ¢(2)0b(2) :: c(w)ob(w) :
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| E— 1 — |

=472¢% : Dc(2)b(2) :: Oc(w)b(w) : +472g? 3lc(z)b(z) 2 de(w)b(w) : +472g% : Oc(2)b(2) =2 de(w)b(w) :

1 S — L
+ 2127 1 0c(2)b(2) =2 c(w)ob(w) : +21%g% : Oc(2)b(2) =2 c(w)db(w) : +27%g* : Dc(2)b(2) =2 c(w)ob(w) :

42207 - H(2)0b(2) = Oe(w)b(w) : 42726 : (2)Db(2) = De(w)b(w) : 42726 : {(2)Ab(2) = Dew)b(w) :
+ 7267 H2)0b(2) = (w)Ab(w) : +720% : (2)D(2) = c(w)b(w) : 4722 1 (2)Ib(=) = (w)Ib(w) -
The end result is

4 dmg : Oc(2)b(w) = Amg : b(z)0c(w) : 4 2mg : Oc(2)0b(w) = Amg : b(z)c(w) :
T(z)T(w) = (z —w)t * (z —w)? (z —w)? (z —w)* + z—w (z —w)?
4 Amg:c(2)b(w) n 2mg : 9b(2)dc(w) = 1 _ 7g i c(2)0b(w) : Uk 0b(z)c(w) :

4 2 2

C (z—w)! (z —w)? z—w (z —w) (z —w) (z —w)
After some Taylor expansions to turn f(z) functions into f(w) functions, together with a little
collecting of terms, this can be written as,
—13 27 (w) 0T (w)
+ + +

(z—w)t (z—w)? z—-w

T(2)T(w) =

4.17 Central Charge

The specific models treated in the last section lead us naturally to the following general OPE of
the energymomentum tensor.

T(2)T(w) ~ c/2 2T (w) N T (w)
(z—w)! *(z—w)*  (z—w)

where the constant ¢, not to be confused with ghost field c,, depends on the specific model
under study: it is equal to 1 for the free boson, 1/2 for the free fermion, -26 for the reparametriza-
tion ghosts, and -2 for the simple ghost system. This model dependent constant term is called the
central charge. Except for this anomalous term, the OPE simply means that 7" is a quasi-primary
field with conformal dimension h = 2.

The central charge may not be determined from symmetry considerations: its value is deter-
mined by the short-distance behavior of the theory. For free fields, as seen in the previous section,
it is determined by applying Wick’s theorem on the normal-ordered energy-momentum tensor.
When two decoupled systems (e.g., two free fields) are put together, the energy-momentum ten-
sor of the total system is simply the sum of the energy-momentum tensors associated with each
part, and the associated central charge is simply the sum of the central charges of the parts.
Thus, the central charge is somehow an extensive measure of the number of degrees of freedom
of the system.

4.18 Transformation of the Energy-Momentum Tensor

The departure of OPE from the general form (3.16) means that the energy-momentum tensor
does not exactly transform like a primary field of dimension 2, contrary to what we expect
classically. This happens because the normal ordering is not invariant under conformal trans-
formation. According to conformal ward identity

1

0T (w) = 5 Cdze(z)T(z)T(w)
b el c/2 2T (w) IT (w) e
2 Cd (){(z—w)‘i—i_(z—w)Q—'—(z—w)jL &

2
- —%@ie(w) — 2T (w)de(w) — e(w)dT(w)
In the third equation, we used Cauchy’s integral formula for derivatives. The "exponentiation”
of this infinitesimal variation to a finite transformation z — w(z) is:
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T'(w) = (%) B [T<z) - 1—C2{w; z}] (3.31)

where we have introduced the Schwarzian derivative:

dBw 3 d%w

{w; 2z} = 5 d23 - = —‘é’i

dz “dz
Instead of giving the long and technical proof of the last statement, we shall derive the above
for free boson system. We write the free boson energy-momentum tensor as

o ! L5y !
T(z) = —2mglim : 9p0¢ := —2mg lim [5@ (Z + 25> 0¢ (Z 25) * 47r(52]

Consider the transformation z — w(z). Since ¢ has conformal dimension zero d¢ transforms
as

ow (=)

(1) /
0:6 = oo = = w9, ¢/ (uw)

(here we denote the n-th derivative of w by w™ in order to lighten the notation). Hence 7'(2)
transforms as:

T(z) = ~2mg lim {wm (z + %5) w® (z - %5) O’ (w <2 - %5» Oudf (w (2 * %5» " 47352}

(3.32)

we will use the following to simplify the above:
5 16\, 1 /6\°
w(z+0/2) ~w(z)+ éﬁzw( z) + 2 (5) Fw(z) + 3 <§) Gw(z)+ ...

2
dw(z+06/2) ~ dw(z) + g@gw(z) + % (g) PPw(z) +

[w(z+6/2) —w(z—0/2)] = (d.w(2))” 6% + i (afwazw(z)) 5+ 0 (8°)

€
= (wW5)” [1 + %w—(s? }

so the inverse is then,

! I S S S0 )
[w(z+6/2) —w(z—6/2)> 02 (0.w(2)? 12(dw(2))* +0(0) (3.33)
O:w(z +0/2)0:w(z = 0/2) = [@w(z> + gaiw(z) + % (g) Pw(z) + ...

lazw(z) o + (5)2 Pulz) + ..

= () — <§>2 (w®)” + (5)210(1)10(3) - (3.34)

T'(z) =lim {w(l) (z + g) w® (z - g)

o ! 0
X{‘%”'@ﬁ()aﬁ()'+2hwz+%»—w@—en2} 2¥]

Then,




4.18. TRANSFORMATION OF THE ENERGY-MOMENTUM TENSOR 79

(wV(2))" T’ (w)
Bl
= (w(2))" T’ (w)
+ lim H (w<1>)2 _ 5; (w@))? + %Qw(l)w(z%) + }

y 1 1 w® N 1
262 (w)® 24 (wn)* 262

= (0(2) T'(w)
N 1 w®  1e® 1
i 27_§<W) T 2dw® T Re® T 5
®) @)\
o 2 1w 3 [w
B (w( )(2)) T'(w) + 12 [w(l) 2 <w(1)> ] (4.9)

Here we use (3.33) and (3.34) in the second step for simplication. There is another way to look
at this derivation which sheds light on the origin of schwarzian derivative term. Let us focus on
how the propagator transforms under conformal transformation:

(¢ (w (1)) & (w(22))) = —nfw (21) = w (22)[

w(z1) — w(22)

2

= —1In 212

w(z1) — w(22) ?

212

= —In|zp/° —In

w (21) — w (22) ?

— (0() o e~ o 2=

Let us write wy = w (z1) and wy = w (22). One can show that for |z12| = |21 — 22| small:

w(z1) — w(22)

212

=0,,0,,In|w(z)—w (,22)|2 —0,,0.,In |,212|2

y [ —w () } b
?lw(z) —w () 1

_wW()wW () 1
(w(z) —w(z)”
2 |02 wy 3 (02w, ?

B [m‘ﬁ (5:0) | rot

Since only the z;5 — 0 limit is of interest we can drop all terms on the right-hand side that
vanish in this limit. Substituting the result of this into the above we learn that:

0.,0,, In ‘

it 9,0, (6 (1/(20)) 6 (0 (22))) = lim 0,0, (626 (:2)) — 1 [a—“’ -5 (52 ]

z1—22 12 8Z2w2 2 8Z2 Wo

The non-invariance of the vacuum and thus correlator is really what opens up the possibility
of a trace anomaly (U'T(w)U) = (T"(w)) # 0 and it is not at all coincidental. The conformal
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transformations which do change the vacuum are those that have non-vanishing Schwarzian
derivative, and thus an extra inhomogeneous central
charge term. Using this we can derive the transformation law for energy-momentum tensor:

T™ (z) =: lim {—%Gzlgb(zl) 822¢(22)} tw

= Jim (50,000 ()~ 0,05 (6 w0 () 60 ()
_— {_g (am (51) s (22) = 020, (9 ()8 () + o | 22 S

— lim {—% (020 (21) 02,0 (22) — 0-,02, (¢ (zl)fb(Zz)))} - [8§2w2 - (8§2w2>2

2122 12 82221)2 (9z2w2
(3.35)
_ 1 1 [P wy, 3 [(Pw)\?
o z}1—>122 |:_§ Z1¢(Zl) aZ2¢ (22):| T E [8Z2w2 B 5 (8Z2w2>
1|3 w 3 [/0%w)\"
— (2) - 22 Y 22
=) =5 [azzwg 2 <822w2)
where we noted in the last two lines that:
) 1
T(Z) (ZQ) =: lim |:_5621¢ (Zl) 8zz¢ (22):| Lz
) 1
— tim {50000 () - 0.0, G0} B30

as shown above. So we learn that a finite holomorphic change in normal ordering, z — w(z),
with fixed coordinates, z3, of the energy-momentum tensor is given by:

. by L [P 3 (B’
A )(ZQ):T()(ZQ)_E[a—wQ_§<a—wQ) 330



Chapter 5

Operator Formalism

In the previous chapter, conformal symmetry was seen to impose constraints on correlation
functions in the form of Ward identities. These identities were conveniently expressed using
operator product expansions between the energy-momentum tensor and local fields, but the
OPEs were understood only as a shorthand for singularities inside correlators. Nothing required
a Hilbert space or an operator formalism: in principle, everything could have been computed
directly in the path integral by evaluating Green’s functions and extracting their shortdistance
behavior. Up to this point, all we really needed was a way to compute the two-point correlator,
whether by solving the Schwinger-Dyson equations or by brute-force path integration. The OPEs
then followed from the explicit Green’s function.

From here onward the viewpoint changes. Instead of relying on an explicit propagator, we
will systematically construct an operator formalism in which OPEs can be obtained directly
from symmetry and representation theory. This is a qualitatively new approach: even when the
Green’s function is not accessible by solving the equations of motion or performing the path
integral, the operator method still allows us to determine the structure of OPEs and, in turn,
recover the correlators themselves.

The Hilbert space is what makes this possible. Once a Hilbert space is defined, local fields
are no longer only insertions in correlation functions - they correspond to states, and operators
act as maps on this space. This representation turns the OPE into an actual operator identity,
rather than a mnemonic for propagator singularities. The OPE then expresses how the action of
one operator near another decomposes into the basis of states, giving us algebraic control that
was absent in the purely path-integral description.

To set this up, we must specify a notion of "time," since operators evolve with respect to
it. In Euclidean space, the natural choice is to take the radial coordinate as time, leading to
radial quantization. States are then defined on concentric circles, time evolution is dilation, and
contour integrals of the stress tensor implement the Virasoro algebra. Within this framework,
commutators appear as contour manipulations, and the OPE becomes a universal computational
tool, independent of explicit Green’s functions.

5.0.1 Radial quantization

In the operator formalism one must first distinguish a time direction from a space direction. In
Minkowski spacetime this choice is canonical, but in Euclidean space it is arbitrary. A Hilbert
space by itself is just a complete inner product space; what makes it physically meaningful
is the specification of a time direction, which singles out a Hamiltonian as the generator of
time translations. The Hamiltonian defines a vacuum state (its lowest-energy eigenstate) and
organizes the remaining states as excitations built on top of it.

This structure underlies any quantum theory: begin with a vacuum, generate excitations, and
classify states by the Hamiltonian spectrum. In two-dimensional conformal field theory we can
choose a different notion of "time": the radial direction from the origin. To motivate this further,
consider R in spherical coordinates

2 2 2 o [dr?
ds® = dr +r de—l =T 7 + de—l

81
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Now let ¢ = log(r) so that

ds® = e [dt2 + de—J

which is conformally related to the metric on R x S¢~!. Now if we consider a CFT on RY, the
theory should be invariant under rescaling of metric, so studying that theory on R? should be
equivalent to studying the theory on R x S,

From a Minkowski space point of view (in particular in the context of string theory), we will
initially define our theory on an infinite space-time cylinder, with time ¢ going from —oo to 400
along the "flat" direction
of the cylinder, and space being compactified with z going from 0 to L, and the point ( 0,¢ )
and ( L,t ) being identified. If we continue to Euclidian space, the cylinder is described by a
single complex coordinate

w=t+ir, x~x+L,
with Hamiltonian H = —id;. We can then consider the conformal map of this cylinder to the
plane via

z=eLv
Here t - —o0 maps to z = 0, — +00 to z = oo, and the compact = direction gives angular
periodicity. A very interesting feature of this map is that it takes circles of constant radius in
R? to constant t slices on R x S. As a consequence, the dilatation operator on R? which maps
circles onto circles with different radius, corresponds to time translation on R x S, so it behave
as Hamiltonian.

t xr
— /’—_-‘""‘-\
d *
~ ™ Fé \\
\ \ / e Y
\ \ / £ ™
| \ / £ X 1
l \ ] / \ \
— ] | |
€ I | 1 ‘ » ,tl I to
I | \ 9 / /
! / \ ~ ¥ /
i / \ i S /
s s N 7
A '
~ -~
t1 o S

Figure 5.1: Conformal map from the cylinder to the complex plane.

Since periodicity in x is reflected in the periodicity of w and w. All operators on cylinder
admit the following expansion:

G(w, @) = Y Gpme e (4.1)

m,neL
where ¢, ,, do not have any ( w,w ) dependence. Consider the transformation of primary field
living on cylinder to z-plane under the conformal mapping z = e* :

D(2,2) = (0.w)" (9:0)" D(w, w)
:Z—hz—fz Z qbmme—nwe—mw

m,nez

:Z—hg—h Z ¢m7m2—n2—m

m,ne”L

_ Z ¢n’mzfn7hzfm7h
m,n
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In free-field theories the vacuum is annihilated by positive-frequency modes; in interacting
theories we assume asymptotic fields behave freely, e.g.

Om o lim ¢(z,1).
t——o00
In radial quantization, this translates into

6n) = limy 6(z,2)[0).

Expanding the operator in modes, we have

‘(bm — hHl Z(bnmzin h_im h’0>

For this expression to be non—smgular as 2 — 0, the modes with negative powers of z and z
must annihilate the vacuum. This requires

n+h>0=>n>-h, m+h>0=m>—h,
so that

Guml0) =0 forn>—hand m > —h B
Thus, only the non-negative powers contribute. For n +h < 0 and m + h < 0, we have

lim 2"z 0) =0
2,Z2—0

The only non-trivial contribution comes from the modes with

n+h=0, m+h=0
yielding

|¢in> = ¢7h,771|0>‘

Once the Hilbert space is tied to a vacuum and a Hamiltonian (here, the dilatation opera-
tor), operators can be classified by scaling dimensions, excitations arranged systematically, and
operator product expansions formulated as exact operator identities-rather than being inferred
indirectly from correlation functions.

5.1 The Hermitian product

On this Hilbert space we must also define a bilinear product, which we do indirectly by defining
an asymptotic "out' state, together with the action of Hermitian conjugation on conformal fields.

+
<¢0ut ’ - |¢in >T - <z£lzIE>lO ¢<Z,2)|O>)

In Minkowski space, Hermitian conjugation does not affect the space-time coordinates. Things
are different in Euclidian space, since the Euclidian time 7 = it must be reversed ( 7 — —7 )
upon Hermitian conjugation if ¢ is to be left unchanged. In radial quantization this corresponds
to the mapping:

— 67’—}—12: - 6—T+w:

= 6_(T_ix) = 1 - =
67’—}—7,10

Q| =

Since ¢ is a primary field,
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_ (—1)h+ﬁw2hw27‘¢(w,w)
(w, w) = (—1)" w2 (2, 2)
ince |¢i, ) were defined using lim,_,q, So lim,, o cou e used to define |@qy ) state:
Si 10} defined using li li Id b d to defi [0)
11 7 7 1 1
(e | = Jim (006 (£.2) == i (1" w20l (1, )
Z2,2—00 z Z s
relabelling w = z,
7 7 11
<¢out | — lim (_1)h+hz—2h2—2h<0|¢ (_7 _>
z Z

2,Zz—0

The factor (—1)"*" is coming due to spin, if we ignore that:

T 11
T —2h-—2h S T N\
(Pout | = Zgrl)loz z70|o (Z, 2) lim (0|¢(z, 2)

2,2—0

Hence, we conclude

(4.2)

)

; 11

¢(z,2)! =272z -, =

2 Z

Or we could alternatively do Fourier expansion on the radial plane, the adjoint property then
reads

Oz, 2) = z7229(1/2,1/2)

B 1 —n—h 1 —m—h
ez ()
z V4

_ 2—2h2—2h Z ¢n7m(2)n+h(z)m+h
m,n

— E gbn,mzm—hzn—h
m,n

Z gbiz,m (Z—n—hz—m—fl) — Z qs_m_mz—m—ﬁz—n—h — Cb}:l’m _ Cb—n,—m
m,n m,n

The inner prdduct is well defined as well:

(Gows | G ) = lim z727(0[g(1/2,1/2)d(w, )|0)

2,Z2,w,w—0

= lim_ 22 (0] (€, €) (0, 0)]0)

Ciz

= lim 52}1 52}1@

=C
§,6—00 .

Unless the prefactors in (4.2) were missing the limit would have been ill defined.
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5.1.1 Radial Ordering

Within radial quantization, the time ordering that appears in the definition of correlation func-
tions becomes a radial ordering,

_ Jn1(Z)ee(w) 2] > Jul
R(¢1<2)¢2(w)) - {¢2(w)¢1(2) |Z| < |w|

As usual, we will always omit the radial-ordered operator in the correlation function as well
as in the OPE expansion. One consequence after specifying time direction is that we can relate
OPE to commutation relations. For this, let us consider the contour integral around w for two
holomorphic fields a(z) and b(w). If the contour is not radially ordered over the whole path, we
can decompose it into contributions that are radially ordered:

(4.3)

%dza(z)b(w) = j|{|>| |dza(z)b(w) — 7{ dzb(w)a(z) = [A,b(w)] (4.4)

|2|<[w]

N J/ J/

Vv Vv
radial ordering: z outside w  radial ordering: z inside w
where the operator A is the contour integral of a(z) at a fixed time

A= fdza(z) (4.5)

Here we take the contours C; and Cy at fixed-radius |w| + € and |w| — € with a small positive

number e as illustrated in Figure 4.2 . Then, with B = ¢ dzb(z), we can generalize the relation
(77) to

A B = 7{ dw[A, b(w)] = 7€ dw f; dza(2)b(w) (4.6)

5.2 Virasoro Algebra

5.2.1 Conformal Generators
The ward identity

0 (P1... Pn) = /1 20, (T" e, ¢1 ... dn)

M
could be expressed in complex coordinates using (3.7):

Gug (61---0n) = 5 [ [ (T estn o bn) 2 (T e0n. 00

Figure 5.2: Subtraction of contours

@ \
() = _
C
o ?

e f <T(z)e¢1...¢n>+i./cdz<i"”(z)€¢1...¢n>

2 Jo 21
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where we used,

1 .. o
T=-27T,, = _QWQZNQZVT“V — QT — _ZTzz

4 2
_ 1 T
T = 2115 = —27gs,9:T" = 27T4TZZ = —ETZZ

and

€ =€ =g'le, = 2¢;

E=¢€ =g, = 2e,
If we apply, (4.4) and (4.6) to the conformal ward identity. Let €(z) be holomorphic component
of an infinitesimal conformal change of coordinates. We then define the conformal charge

1
Qe = %%dze(z)T(z) (4.7)

with the help of (4.4), the conformal ward identity translates into

56¢ - = [Qsa ¢]
which means that the operator (). is the generator of conformal transformation. We may
expand energymomentum tensor according to (4.1):

T(2) =32 "Ly L,= fdzz”“T(z)

T(Z) =Sy 2Ly Ly = ok §dzz"\T(z

we may also expand the infinitesimal conformal change €(z) as:

e(z) = Z 2"te,

neL
Then the expression, (4.7) becomes:

Q= 27rz dz <Zzn+1 )

nez
= €, —— dzz”HT
neL 2m
= Z €nln,

neL
The mode operators L,, and L,, of the energy-momentum tensor are the generators of the local
conformal transformations on the Hilbert space, exactly like [,, and [,,, of Witt algebra. The next
part is to find the

algebra obeyed by L, and L,, which we described in previous chapter as the central extension
of Witt algebra. We will now prove that here:
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2m

dw

271

dw

_wn—i-l %
C(w)

d
271

7{ z
C(w)

dz

271

= T (), T w)

L. L) f ]{
271 2
n+1

ZIR(T(2)T (w))

c/2

2T (w)

N O T (w)

_|_

=l

z—w)?

(2 —w)?

Z—w

|

— "t [(m + Dm(m — w™? wm“awT(w)]

—— 1+ 2 Dw™T
5rs +2(m + DHw™T(w) +

N /([ 3
o [% (m® —m) W™ 4 2(m + D)™ T (w) + w
dw [% (mg o m) wm+n—1 + 2<m + 1)wm+n+1T( +8 {wm+n+2T } a wm+n+2T( )]

29, T(w)|

2m

2mi
i 3 _ _ dw m+n+1
D (m* —m) 8m—n + 2(m + 1) Lypyp + 0 27TZ(m +n+2)T(w)w

c
12

(m—n)Lpin+

(m — m) Sm—n +2(m+ 1)Ly — (M 41+ 2) Ly,

1—62 (m3 — m) Om.—n

Collectively,

(m —n)Lpin + £ — m) Sm.—n

12(

]
[i L ] (m — 1) Lyyyn + 2 (m3 — m) Sm.—n

5.3 The Hilbert Space

The vacuum state |0) in CFT must be invariant under global conformal transformation. This
means the generator of transformation

az+b
+d

which are L4; and Ly must annihilate the vacuum. This, in turn is recovered from the condition

that T(2)|0) and T'(2)|0) are well defined as z, z — 0,

: 1 —n—2
lim T'(2)|0) = gg(l)zz L,|0)
nez
=—n—2T7
lim 7'(2)|0) = ign%z L,|0)
Here, 2~ ("2 diverges at z = 0 if n +2 > 0, i.e. if n > —2, or equivalently n > —1. Which
implies, we need
l_}n]0> =0
L,|0) =0
This includes a subcondition regarding invariance of |0) under global conformal group. It also
implies the vanishing of the vacuum expectation value of the energy-momentum tensor: *

z 2 (O|Ln)

(forn > —1)

-1

2.

n=—oo

0) + D 27" 0] (Ln0)) =

n=0

(0[T(2)]0) = (
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(017'(2)]0) = ( i Z‘”‘2<0|En> 0) + > 27" 7(0] (La]0)) = 0

n=0

Primary fields, when acting on vacuum, create asymptotic states, eigenstates of the Hamilto-
nian. A simple demonstration follows from the OPE (3.16) between T'(2) and a primary field
¢(z, z) of dimension ( h,h ), translated into operator language:

n=—oo

(L, p(w,w)] Lfdzz”“T(z)qb(w,w)

- 21

1 na1 [hO(w,w)  Op(w,w)
_%ﬁd'ZZJF {(z—w)2+ Z2—w +res.

= hin+ D" ¢(w, @) + 0" I¢(w, ®) (0> —1)
The antiholomorphic counterpart of this relation is

(Lo, 6w, @)] = h(n + Da"d(w, @) + @™ 9¢(w, ) (n > 1)
After applying these relations to the asymptotic state

|h, h) = ¢(0,0)]0)
we conclude that

Lo|h, h) = Lo¢(0,0)]0)
= $(0,0)Lo[0) + [Lo, #(0,0)] |0)

=0+ h¢(0,0)[0) + 0 = hlh, h)
compactly,

B Lolh,h) = h|h,hY, Lolh,h) = h|h, h).
Thus |h, h) is an eigenstate of the Hamiltonian. Likewise, we have

Lo|h,hy =0, Lylh,h) =0, ifn>0
Excited states above the asymptotic state |k, h) may be obtained by applying ladder operators.
The generators L_,,(m > 0) increases the eigenstate of Ly a.k.a conformal weight by virtue of
virasoro algebra

[Lo, L—m] = (O + m)LO_m = mL_m
This means the excited states may be obtained by successive applications of these operators
on the asymptotic state |h) :

Ly L gy...L g [0) (1>k>--->k,)
This state is the eigenstate of Ly with eigenvalue

W=h+k +ky+ - -4+k,=h+N
and these are called descendants of the asymptotic state |h) and the integer N is called the
level of the descendant.

5.3.1 Free Boson

This section gives a detailed account of the canonical quantization of the free boson on the cylin-
der. The mode expansions are obtained, after imposing the appropriate boundary conditions.
The mapping from the cylinder to the complex plane is used to define the conformal generators
and, in particular, the vacuum energies. Freefield theories are of special importance not only
because they can be solved explicitly, but also because they are the building blocks of more
complicated models, or can be shown to be equivalent to interesting statistical models.

01 Tf the vacuum is not invariant under local conformal transformation i.e. if vacuum is not annihilated by
L, for n > 1, then we can not ensure the vanishing of vev of energy-momentum tensor.
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5.4 Mode Expansion

We let p(z,t) be a free Bose field defined on a cylinder of circumference L :

p(x+ L,t) = p(z,1)
This field may be Fourier expanded as follows:

QO(CC,t) _ 2627”;11:(3/[/%0”(75)

with Fourier coefficients
1 [t na/L
Spn(t> — Z/(; dx6727rm$/ gp(:at)

Next, we try to find the Fourier coefficients of kinetic part.

Ouplw,t) =Y T (1)

(81590)2 _ ZGQﬂi(n—i—m)x/L(’bngbm

n,m
Only the m = —n term survives the integral over x, so

| ety =13 e (18)

Similarly,
2min 2minz /L
Oupli 1) = 32 T L (1
2N 2T o)
(81‘@0)2 = I T€2 (ntm) /LSOnSOm

n,m

/OL dz (0,0)° = L; (%Tn)2 OnP-n (4.9)

Putting them in the free field Lagrangian

L = %g/o dx [(07590)2 - (ax90)2]

gL o omn\ 2

n
The momentum conjugate to ¢, is

Tn = aagfn = gL(pfn [Qonu 7Tm] - Z5nm

The Hamiltonian is
H=> mpn—L

1
= Zg_L Z (ﬂ'nﬂ',n + (271'”9)290%90*71)

Thus the system reduces to a sum of decoupled harmonic oscillators with frequencies w,, = ZWTW
The usual procedure is to define creation and annihilation operators @, and a :
. 1 .
a, = ———— (2mg|n|¢n, +im_y) (4.10)

VA4mg|n|
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such that [dn, din] = Opm and [Gy, d,,) = 0. This ofcourse does not work for zero mode ¢y.
Instead we shall use the following operators:

i —iy/na, (n>0) _— —iy/na_, (n>0)
" iv—nal, (n<0)’ " iy=na, (n<0)
and we treat the zero mode ¢g separately. The associated commutation relations are

[an7 am] = n5n+m,0> [ana dm] = O, [dn7 dm] = n6n+m,0 (411>
The Hamiltonian is then expressible as

- 29% ; (7Tn7l'_n + (27rgn)290n30_n) = 27;0[, + (2;52 2 7 ; T T —n, 27Tgn)2g0n<p_n)
' (4.12)
We start with the oscillator operators:
ay, = ! (2rgnep, +in_,), a = ! (2mgne_, — im,)
" VAmgn ! O VAmgn o
a_, = ! (2mgng_, +im,), a, = ! (2mgne, —it_,)
; "= JIngn n n

VAamTgn

dmgnal a, = (27gn)*@_pon + Tpm_n + [ cross terms |

47rgndT_nd,n = (27gn)*PpP_n + T_pT, — i| same cross terms |
adding above equations,

2
e mgn ( P, +al,a- ) =2 [(27gn)>pnp_n + Tpm_y| => 2mgn ( Vi +al,a- ) = T H(2mgn)*onp-
Substituting it in (4.12),

Un = —i/Nip, a_p=a, =ivnal, @y =—iv/ni_,, d_,=a,=ivna ., (n>0).
So

= (ivna}) (~ivindy) = a nan, nal,a, = (ivial,) (~ivia ) =,

1 _
H = 3L T+ — 7 n%éo il + A y,) (4.13)
The commutation relation (4.11), leads to

H,a_,,]) = % Z [a_nan, a_p]

n#0

=7 Z (A—p, [An, ) + [a—ps ] an)

n#0
m
- z Z (a—RN6n—m,0 + (_n>6—n—m,0an)
n#0
2 .
= —ma_, = —ia
I m

which means for a_,,(m > 0), when applied to an eigenstate of H of energy E, produces
another eigenstate with energy E + 2mm /L. Since the fourier modes are
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i _
n—= —,/—\apn — G—p
on = 47Tg( )

The mode expansion at ¢ = 0 may be written as:

2min Z 1 -~ 27rinz/L
x) = + ne L = -+ —(a, —a_,)e
p(x) = o ;90 ©o ngg%n( )
The time evolution of the operators ¢q, a, and a, in the Heisenberg picture follow from the

above Hamiltonian:

72, o] = _ 7o [¢o, o] + [0, o] o _ _LWO (using [0, 0] = 1)

Hence,

! [
2gL
(t) = o(0) + Lot

Poll) = $o gLWO

an(t) _ an(o)ef%rint/L

dn(t) _ dn(o)e—%rint/L
In terms of constant operators, the mode expansion of the field at arbitrary time is then,

ane —2min(t—=z)/L +a, —2ﬂ'm(t+x)/l’) (414)

1
SOCyl SOO + _77'0 + \/R Z

where 'cyl” means the ﬁeld defined on the cyhnder

5.5 Relation between Cylinder and Plane

Now, we move to Euclidean space-time (t = —i7) by taking w = 7 — iz and w = 7 + iz. The
mode expansion of boson field on the cylinder now is then

1 _ i 1 —omnw/L | ~ —2mn)/L
. , o = (a, TnWw " TNW 4.15
Soyl(w ’LU) %o 22 L ( w)+\/mg%n<a’ € + ane ) ( )
with now w ~ w + ¢L. Using a conformal transformation as in Figure 4.1, we map all the
operators from the cylinder to the complex plane:

27w/L 2mw/L
)

z=e zZ=e
we finally obtain the expansion by simply replacing w by z.

opi(2,Z2) = o — ém In(zz) \/R Z 2 "+ dni_") (4.16)

The propagator could be calculated by assuming |z| > |z | and considering the product

1 1
opi(w, W) (W', 0") = | o — i%ﬂ'o In |z)*+ Z\/% mzﬂ) . (amz™™ + amz‘m)]

1 ) 1 1
% s l / . - n I—n 7n7/—n )
©o 2—47Tg7ro nl|z|” + z\/W n%éo - (a2 + @,z )]

We will move annihilation operators ( ag,a; with & > 0 ) and 7 to the right to reach
normal ordering; nonvanishing c-number contributions come from [¢g, 7] = ¢ and [ap,, a,| =
MOmtn0s [@ms Gn] = MOpmino. Let’s first focus on these terms
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1 1
(gpo — i%m In |z|2) (gpo — i%m In |z'|2)
1

1 2
=2 — 2% ((poﬂo In|2|” 4 w0 In |z|2> - (%) m21n |z)? In |2

1 1 \?
= @5 — ZR <<P07T0 In|2'|* + (om0 — 4) In ]z|2) — (%) m2n|z|?In|2|?

= ¢~ Z'm%ﬂo <111 1Z° +In |z|2> — %ln ER <%) m21n|z)? In |2

1 1)’ 1
= pp — z’%(powo (111 1Z']> +1n |z|2> — (%) m2In|z[?In|2'|? —%ln ER

-~
normal ordered

1 1 1
= <<,00 — i%m In |z|2) (gpo — i%m In |z’|2) : —%ln El
The zero-mode reordering produces the c-number —ﬁ In |z|%. Next, we’ll consider holomor-

phic oscillator pieces

\/RZ ™ and Z\/ﬂz —a,Z ",
We can split the sum in two parts

-1 00
T T . L .
% Eamz = _Z Eamz + Z_l Eamz
The only non-normal-ordered combination producing a c-number is the product of the m > 0
part from the first bracket with the n < 0 part from the second bracket. That term (including
prefactors) is

. ]- 2 > 1 —m — 1 I—n 1 ]' -m J/—n
(Z\/ﬁ) WLZ Eamz Z Eanz = —%Z_ :Zoo %amanz z .

=1 n=—oo
USINg Gy =: GpGp : + [, Gn] =1 @G @ +M0pino. The only contributing commutator in
the sum over n occurs when n = —m. Extracting that:

1 53 1 o 1 -1 " L1 =1 /2\"
- mz" "™ = Z) =4 =N (=) .
Amg “= m(—m) 47rg 2 Amg m o\ z

Thus the holomorphic oscillators give the c- number

1 =1 /2Z\"
4dmg —~m \ z

By identical steps for a,, modes we obtain

1 — 1 /zZ\"
dmtg = m \Z

Collecting the zero-mode, holomorphic and anti-holomorphic c-number contributions:

1 1 1 (Z\" 1 &1 [(Z\"
] 2, - — = _— — =
4mg nlzl +47Tgmzzlm<z> +47Tgm:1m<2>

We can use —In(1 —z) =Y, 2™ /m to simplify the series expansion (valid for |2'| < |z| ):
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=1 /Z\" =1 /7 z
Yul(3) - m(-3) Ea(E) -»(-3)
m=1 m=1
z/
+(-3)
z

So the total c-number becomes
— ’o— - ro— 1 712
Sopl(wv w)Sppl (w , W ) = Sop1<wv w)Sppl (w , W ) : " dna In |Z -z |

Since we know that the normal ordered product vanishes inside correlator, the propagator
could be simply read off as:

2
1
=
4dmg

Therefore

1
(eni(w, @) (', @) = = Tn|z — 2
This is the same as (3.18). From now on, we will drop the subscript "pl." We know that ¢
is not itself a primary field, ? but its derivatives 0¢ and d¢ are. Now we concentrate on the
holomorphic field dp

1 m 1 1
%) " -1 _ - 0-1 - " —n—1
i0p(2) = 47rg z 4#9;#)66 gaoz +47rgza &
We may write the zero modes by ay and ag :

ag = ag = Ty
Now the commutation relations of (4.11) can be extended to include the zero mode operator
without changing the form of the algebra. The mode expansion of dy is consistent with the
expansion of a primary field with ~ = 1 then becomes:

i0p(z) = Zanz_"_l (4.17)

Often the normalization of g = ﬁ is used in this kind of work. Using this mode expansion,

we can also compute the two-point function of dyp. For (|z| > |w|) :

(P(2)0p) = 3 L (anap) = w
m,n#0 n
According to the commutation relation (4.11) and the fact that a,, and a_,, are annihilation
and creation operators respectively, it follows that 3

Nop,—mz "w "t B w/z 1
(pl2)0pl)) = 030 P LS ey = o -y
n>0 m#0 n>0
Its differentiation with respect to z provides the two-point function.
1
0 0 = 4.19
(0(2)0p(w)) ) (4.19)

The holomorphic energy-momentum tensor is given by
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T(z) = =5 : 9p(2)0p(2)
1 1
-5 Z zmm 2 Ap Ay, 2= 5 (Z DOk —mQm >2k2
nmez keZ \mgeZ
1
= (§a§ + Z A— G, :) 272 4 Z k2o Z Ay G,
m>0 k#0 meZ
keZ

which implies

LkI%mZG:ZICLkmO,mZ (k’#O)
Ly = Z Ay G, + lag
m>0 2
The Hamiltonian (4.13) now can be written as,
H= 2% (Lo + Lo) (4.20)

This confirms the role of Ly and Ly as a Hamiltonian. Since we place the free boson on a
cylinder of size L, energy is proportional to 27”, which is called the finite-size scaling. The mode
operator a,, plays a similar role to L,, with respect to Ly, because of the commutation relation
[Lo, a_m] = ma_,,. Therefore its effect on the conformal dimension is the same as that of L,,.

By definition, the normal ordering prescription implies that (T'(z)) = 0.* We can always define
the normal ordering product by subtracting all the singular terms from the OPE. In fact the
general expectation value for energy-momentum tensor (3.32) can be written as

0 T

We will see that this relation is useful when we consider the anti-periodic boundary condition
later. By plugging in the two-point function from (4.26), we see that (7'(z)) = 0, which implies
that (Lo)p1 vanishes on the vacuum. We now map the theory back to a cylinder z — w = % Inz,

by using (3.37):

(4.21)
where we use the central charge ¢ = 1 for the free boson. Taking the expectation value on
both sides, we have

(T(2) = —% 1131 <(&p(z +€)0p(2)) + el2> . (with g = %)

(T =~ (2%) (1.22)

On cylinder, we do Fourier expansion according to (4.1)

T(w) = Z e Ly,

ne”Z
The mode expansion of the energy-momentum tensor tell us that this nonzero expectation

value implies a constant term in the expression for Ly in terms of modes.

92 Refer to equation (5.25) in Sénéchal’s CFT with h = 0 as shown in Polchinski’s String Theory, Vol. 1 (eq.
2.4.17), the corresponding two-point function should be constant rather than logarithmic.
3(anam) = (0|aman|0) + ndy —m (0| 0) = nd, _m for n >0
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1 1
LO,cyl = 5&3 + ; A—pQn — ﬂ (423)
The Hamiltonian is now written as

2T -
H:zwmw+%m) (4.24)
Actually, in the general case, Hamiltonian of a theory defined on a cylinder with central charge
c can be written as

2m - c
H:f«%@+%@_ﬁ) (4.25)
Thus, we can infer that the central charge ¢ shows up as the vacuum energy of a theory on a

cylinder, and this is one instance of finite-size effects.

In the antiperiodic case, p(z + L,t) = —p(x,t), this boundary condition implies that the field
¢ is doublevalued on the cylinder. Once the cylinder is mapped onto the plane, this amounts
to defining the theory on a pair of Riemann sheets. The summation index starts at n = % and
takes half-integer values thereafter. The vacuum expectation values is taken in one of the two

ground states and

1 no. Pl T e
2041l _2mel m
(p(2)0p(w)) = Z - (Anap) 2z~ "2 w2 T _ Z Z .
m,n70 n>0 m=£0
LS s LV [E
W0 wl—w/z wz—w

Its differentiation with respect to z provides the two-point function.

1\/2/w + \/w/z

This expression has branch cut at z = 0, 0o and w = 0, oo; the antiperiodic boundary condition
on ¢ as z circles around the origin is incorporated in the square roots. The periodic and
antiperiodic two point function coincide in the limit z — w, meaning the short distance physics
is independent of the choice of boundary conditions. The vacuum energy density obtained from
the normal ordering prescription is then,

T = 152

Since Ly is the coefficient of 1/2% in the mode expansion of the energy-momentum tensor, this
nonzero expectation value implies a constant term in the expression for L.

1 1
L()’p] = 5@% —+ Z a_ Gy + E

n>0

5.5.1 Vertex Operators and discussions on path integral formalism
of CFT :

Since canonical scaling dimension (h, k) of the bosonic field ¢ vanishes, it is possible to construct
an infinite variety of local fields related to ¢ without introducing a scale, namely the so called
vertex operators. These operators become relevant in string theory because their action on
absolute vacuum creates the conformal vacuum state of the theory. They are indeed primary

fields and defined as:

V, =: el .
This document synthesizes a complete discussion regarding the derivation and subtleties of the

04 However, as we will see in the next section, this is not the case for the fermionic theory with anti-periodic
boundary condition.
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state-operator correspondence in Conformal Field Theory (CFT) and String Theory. It addresses
two primary areas of inquiry: the general path integral derivation of the correspondence (based
on David Tong’s notes), and the specific mathematical puzzle regarding the mapping of the unit
operator to the vacuum state in Polchinski’s String Theory.

The discussion begins with a paraphrase of the path integral derivation found in Chapter 4 of
David Tong’s string theory notes. We start with the standard formula for the time-evolution of
a wave-function in the path integral formalism:

ty
lor@) )= [0 @l [ ot it [t vinel. G
x,t;)=¢i(x t;
Consider a radially quantized CF'T where the time direction is radial. We take ¢; = 0. Since this
corresponds to the origin of the radial plane, the a priori function ¢;(x) reduces to a number

¢;. The path integral reduces to:
st = [ao [ ag(an) i [ ate] vioo) (52)
T),tf| = i x, )] exp |i i, 0). .
! ! d(z,ty)=¢5(x) P 0

Tong states that the only effect of the initial state is to change the weighting of the path integral
at the point z = 0, which is exactly the definition of a local operator inserted at that point. The
question arises: precisely why does this weighting constitute a local operator, and how can we
explicitly construct the operator for a given state?

To resolve this, we must establish a dictionary that translates the path integral formalism to
the operator formalism. Matrix elements of time-ordered local operator strings translate to path
integrals with field insertions. For example:

(Va| TOL[B(21), 21]Oa[@(2), 2] |11) — D¢ ...O1[d(x1), 21]Os[d(12), 372]€is~ (5.3)

BC
Here, BC stands for suitable boundary conditions which are related to the states [¢;). The
functions O; must depend explicitly on the fields.

In the specific case of the wave-function evolution mentioned above, the integral over d¢;
can be absorbed into the measure. This implies that there is no boundary condition at x = 0
anymore because we are summing over all possible values there. The weight 1)(¢;,0) can then be
viewed as a function of the field evaluated at = 0, which is precisely a local operator evaluated
at x = 0.

We can define the vacuum state |0) by setting the functional W[4(0),0] = 1. The wave-
functional becomes:

o(x,t)=9(x)
0) < vulota).t) = | Doe® x 1. (5.4
For an arbitrary state [¢), we have:
b(z,t)=¢(x)
) & Ple(x), 1] = / DgeW[6(0),0] <> W[(0), 0]]0). (5.5)

Thus, every state [1)) can be created out of a local operator W[¢(0), 0] acting on the |0) state.

Inserting a local operator effectively means multiplying the integrand of the path integral by
an operator at a fixed position. In radial quantization, inserting the operator at z = 0 (the initial
point in time) makes it play the role of a weight factor. In the general path integral formula
where t; is arbitrary, the operator is delocalized over the boundary condition. By restricting
t; = 0, we localize the dependence to a single point.

In field theory, states are functions on the space of boundary conditions on a spatial slice. For
a theory on the complex plane with radial time, spatial slices are circles. Thus, quantum states
are functions on the space of boundary conditions on a circle of fixed radius.

Let H be the space of states. A path integral on an annulus A defines a map Ty : H — H.
This corresponds to evolving a state from the inner boundary to the outer boundary. However,
if we consider a disc D instead of an annulus, we only have one boundary. Inserting a local
functional O(¢(0),0.0(0)) at the origin and performing the path integral over the disc yields
a quantum state in H (since fixing the boundary condition on the rim and integrating gives a
number). Thus, the path integral on the disc with a local functional at the origin defines a map:

Tp : {space of local functionals at the origin} — H. (5.6)
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This map is the essence of the state-operator correspondence.
We can be even more explicit Consider the vacuum state functional Wo[¢;]. If we act on this
with a local operator O(0) (a local functlon of the fields O[¢(0)]), the resulting state is:

Vo] = / d: / L ot Ol [m /0 7 dt’L} Ol6]. (5.7)

Here we attach the operator O to the wavefunction via the identification O[¢;] = 1(¢;,0).

In Section 2.8 of Polchinski’s String Theory, a specific issue arises regarding the unit operator
W¥. The author argues that ¥ corresponds to the vacuum state |0). He further claims that for
this operator, 0X* is holomorphic inside the contour, which implies that operators a# with
m > 0 must vanish.

This causes confusion because the standard mode expansion is:

X" (2) \f Z ok z7mL (5.8)

Usually, this expansion contains singular parts (1/2™) at the origin. The question is: what
mathematical condition requires 0X* to have no poles in the specific case of the identity oper-
ator?

The resolution lies in the topology of the worldsheet. The field 0X* is defined on a given
worldsheet surface. Eq (2.1.12) in Polchinski states that 0X* is holomorphic on this surface.

The expansion of a holomorphic function depends on the underlying topology. If the surface
is the Riemann sphere, the only holomorphic functions are constants. If the surface is a cylinder
(as in free string propagation), we relax the condition at the origin, allowing the expansion
Y mez @m?z™. Even though this has "poles" at z = 0, it is holomorphic on the cylinder (which is
the plane without the origin).

The state-operator correspondence maps the cylinder to the complex plane. Inserting the
identity operator ¥ at the origin is equivalent to 'filling in the hole" of the cylinder, effectively
converting the topology from a cylinder to a full plane. On the full complex plane (including the
origin), a holomorphic function cannot have poles at z = 0. Therefore, the coefficients associated
with the singularity (negative m in the expansion Y a,,2™, or m > 0 in the @ mode indexing)
must vanish. This identifies the state as the ground state, annihilated by o, for m > 0.

Before the state-operator correspondence is applied, the map from the cylinder to the plane
(z = e¥) introduces a coordinate singularity at the origin. Local operators are singular at the
origin precisely because of this map. The correspondence observes that if we substitute the
singularity at the origin with a local operator, we map states from ¢ = —oo on the cylinder to
the origin of the plane. The "singular behavior" is determined by the operator we insert. The
identity operator } is unique because it is characterized by having no singularity at all. Other
operators, such as : 0X*9X"e*X ;| reproduces specific singularities.

Another perspective relies on operator equations. We know that d0X*" = contact terms.
Contact terms arise only if there are operators inside the contour. If the operator inside the
contour is the unit operator ¥, there are no non-trivial operators to generate contact terms.
Thus, 00X* = 0 everywhere inside the contour, implying 0X* is strictly holomorphic at the
origin.

A rigorous proof that the singular modes vanish for the identity operator can be constructed
using the path integral. We wish to show that the expectation value of the contour integral
of the singular modes is zero. Let 2 be the object that must vanish for the identity to be the
vacuum:

2mi
We note that inside the path integral, we integrate over all functions X*(z, z), not just holomor-
phic solutions to the equations of motion.

Using the divergence theorem in the complex plane, we rewrite the contour integral over a

circle 0C' of radius R:
7{ ﬁzmax _ / d*22m00X = S
ac 27 o c 2m
Substituting this into {2, we can express the insertion as a derivative with respect to a source

Q= /DXe_Sj[d—Z,ZmaX“(z,z) for m > 0. (5.9)

/dezmaﬁX@( — 2. (5.10)
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parameter a:

d 1 ) 1 _ o , ,
_ 4 a:O/DXeXp {% /d 2 (gxaax +az"O0XO(R — |2 )) } (5.11)
We perform a change of variables in the path integral:
/
Ao X=X %Zm@(RQ — 2%, (5.12)

The path integral measure DX is invariant under this shift (DX = DX’). Substituting X’ into
the action and using integration by parts, the linear terms in a cancel. The integral becomes:

/ dZ%X’aaX’ + O0(a?). (5.13)

/ 1 2 95y 2| —
dal _, [/ DX'exp <—27To/ /d 2z X 80X) +O(a )} = 0. (5.14)

This proves that the path integral insertion of ¢ 2™9X vanishes for m > 0 when inserted on the
vacuum.

Therefore, {2 becomes:

d

5.6 Algebraic Argument

Finally, we can view this through the commutator definition provided in Polchinski Eq (2.6.15).
For an operator A at the origin and charge @:

|4) = [Q, Al. (5.15)
If we take @Q = o, (for m > 0) and A = ¥, we have:
0= [ah, 1] < Res,_,o zm0X"1. (5.16)

Since the commutator of any operator with the identity is zero, the residue must vanish. This
implies:

ak1l=0 form >0. (5.17)
This confirms that the state corresponding to the identity operator is annihilated by the positive
modes, which is the definition of the ground state |0). Conversely, higher states are defined by
residues that do not vanish; for example, 9" X*(0) is defined via o, |1).

Unitary CFTs

In the study of Conformal Field Theories, we typically require unitarity, which implies the
existence of a positive definite inner product. However, a common confusion arises from the
conformal algebra itself, specifically regarding the Hermiticity of the dilatation operator D.
Consider the commutator between the dilatation operator D and the momentum generator
P,
D, P,| =1iP, (5.18)
This commutation relation suggests that P, acts as a “ladder operator” for D, shifting its
eigenvalue by +i. If we assume the theory is unitary, D must be a Hermitian operator (DT = D),
and thus its eigenvalues must be real.
However, if we have an eigenstate |A) with a real eigenvalue A, the logic follows:
D(P,|A)) = PuD|A) + [D, P,J|A) = Bu(A|A)) + P, |A) = (A +14)(FPulA)) (5.19)
This implies that P,|A) is an eigenstate with eigenvalue A+4. Since A is real, A +1 is complex.
This seems to contradict the requirement that Hermitian operators must have real eigenvalues.
Does this mean unitary representations of the conformal algebra cannot exist?
The paradox is resolved by looking closer at the properties of the Hilbert space and the
definition of the operators.
1. Algebraic Consistency Check
First, we can check if the algebra itself forbids D from being Hermitian. Let us assume D =
D and PJ = P, (standard Hermitian momentum). Taking the Hermitian conjugate of the
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commutator:

D, Pu]T - (iPu)T

[P, D] = —iP]

[P, D] = —iP, (5.20)
This result is perfectly consistent with the original relation [D, P,] = ¢P,. Thus, there is no

algebraic contradiction in assuming D is Hermitian.

2. Non-Normalizable States
The argument that P, creates states with complex eigenvalues relies on the assumption that
there exist normalizable eigenstates of D that are also in the domain of P,.

It turns out that no such normalizable eigenstates exist. For instance, one might try to
construct an eigenstate using the operator-state correspondence:

(W) = O(0)[0) (5.21)

While this is an eigenstate of D, it is strictly speaking not a normalizable state in the Hilbert
space (its norm (0|O(0)O(0)]0) diverges). Because these states do not live in the valid Hilbert
space, the logic that leads to imaginary eigenvalues breaks down.

3. Euclidean vs. Lorentzian Signature
A source of confusion often stems from moving between signatures.

o In Euclidean radial quantization, we often define conjugation such that PII = K. In this
specific formalism, D is treated as anti-Hermitian (eigenvalues are pure imaginary).

o In Lorentzian signature (the physical spacetime), the conformal group is SO(2,d). Here,
unitary representations are well-defined and classified, and D can indeed be treated as
Hermitian without contradiction.

5.7 Intersection of Critical Lines with Different Central
Charges

This note summarizes the investigation into the multicritical point where two different Conformal
Field Theories (CFTs) intersect. Specifically, we look at the XY spin chain in a transverse field.
The Hamiltonian of the system is given by the anisotropic XY model:

1 11—
H=- Z ( : 70f0f+1 + —70305;1 + haf) (5.22)

2 2

where v, h > 0. This model exhibits two distinct critical lines corresponding to different univer-
sality classes:

i

« Ising Line (h = 1,7 > 0): Central charge ¢ = 1/2.

« XX Line (y = 0,|h| < 1): Central charge ¢ = 1. This is the free boson or “Luttinger
liquid” phase.

The intersection occurs at v = 0 and h = 1. The question arises: does the central charge jump
discontinuously, or is there a flow to a new fixed point?
For a standard CFT, the entanglement entropy S(I) for a subsystem of length [ in a system

of size L scales as:
L 7l

c .
S(l) = gln (; sin f) +C (5.23)
Initially, numerical fitting suggested ¢ ~ 1 at the multicritical point. However, this was due to a
coding error (missing a factor of 1/2 in the Hamiltonian). The corrected calculation shows that
the entanglement entropy vanishes:

S(l)~0 (5.24)

This suggests the ground state is a simple product state, which we derive below.



100 5. OPERATOR FORMALISM

To understand why S = 0, we rewrite the Hamiltonian at the multicritical point using Pauli
ladder operators.
We use the standard relations for raising and lowering operators o = %(O’x + i0Y):

2(0 Un+1 + 0n0n+1) U+0n+1 +o, U:{H (5.25)

ol =00, —0,0 =1-20 0 (5.26)

Substituting these into the Hamiltonian at v = 0, = 1 (and ignoring irrelevant constants):
H=- Z (04 0m1 + 0,000 +07)

== (o4on + 0,00+ (1=20,0})) (5.27)
Rearranging the terms to complete the square, we obtain a “frustration-free” form:
H = Z — ooy — o) (5.28)
We define a new bond operator I',:
T, =0'—0o!, (5.29)
The Hamiltonian then takes the positive-definite form:
H=) TiT, (5.30)

Since H is a sum of positive terms (ATA > 0), a state with zero energy must be annihilated by
every [',,.

The condition I',[1)) = 0 implies (o, —
satisfies this:

)y =11 =) n (5.31)

n
Since 0| 1) = 0, this state is annihilated by all terms. Being a product state, its entanglement
entropy is exactly zero.
Why does the central charge formula fail? The central charge is well-defined only for relativistic
theories with linear dispersion F ~ k. At this multicritical point, the dispersion becomes
quadratic:

o;.1)|¥) = 0. The fully polarized ferromagnetic state

E(k) ~ k* (5.32)
This implies a dynamical critical exponent z = 2.

o Lorentz Invariance Broken: z # 1 breaks Lorentz symmetry.

e« No Conformal Invariance: Scale invariance exists, but without Lorentz invariance, it
does not imply conformal invariance in the standard sense.

o Universality Class: This point belongs to the U(1) Dilute Bose Gas universality
class, distinct from the ¢ = 1 and ¢ = 1/2 lines.
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