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Abstract

This article is an introduction to the recent developments on Liou-
ville conformal field theory due to Colin Guillarmou, Antti Kupiainen,
Rémi Rhodes, and Vincent Vargas.
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1 Segal’s axioms for CFT

For our purposes, a conformal field theory (CFT) is a “projective” functor
from the cobordism category of marked Riemann surfaces to the category of
Hilbert spaces. More precisely, consider the following category:

o An object of the category is a disjoint union of circles. It can be empty.



e A morphism from an object C to an object C5 is a tuple (2, x, a, )
(up to biholomorphism in the obvious sense) where:

— Y is a compact Riemann surface with boundary 0% = Cy U Cj.

- x = (z1,... ,xm)ﬁl are distinct marked points on ¥\ 0% with real
weights & = (v, ..., ). Here m can be 0.
— ¢ =((1,-..,() are real-analytic parametrizations of the circles in

0Y from the unit circle T.

— We endow (', Cy with the orientation induced by ¢ and require
that the induced boundary orientation is X = C; LI C5 where the
bar denotes reversal of orientation. Thus we call C (resp. Cy) the
incoming (resp. outgoing) boundary.

o Composition of morphisms is by gluing along the common boundary
in the obvious way.

Fix a complex Hilbert space H. A (2D) CFT is a functor-like object that
does the following on the category above:

o To an object |_|i.’:1 T, it associates the Hilbert space H®’.

o To a morphism (3,x,a,() from |_|?;1’]T to |_|?:1T and a conformal
Riemannian metric g on ¥, it associates a Hilbert—Schmidt operator
As grae s HE = HE

We impose the following axioms:

 (Conformal/Weyl covariance) For w € C*®(X), Ay cwgxa,c IS a scalar
multiple of Ay g x ac-

+ (Gluing) For (S,x,a,¢) = (3,1, a1,¢") o (52,%%, %, ¢?) and g a
conformal Riemannian metric on ¥, Ay ;xa,¢ iS a scalar multiple of

./42179‘21’,(1’0‘1’41 o ./42279‘ x2,02,¢2

»25

This functorial formulation of CFT is due to G. Segal [Seg8§].

"'We write them as a tuple for notational convenience. Of course, the order here of the
marked points does not matter. The same applies to the boundary parametrizations.



In physics, the operator As, ;. : HE — HE, often called amplitude,
is given by a Feynman path integral of the form

m

As g xac(P) = / [ Ve (i) e 5209 Dg,

blox=% ;-4
where:
o P HEH) Viewing As g x.ac as a linear functional on HEC ).
o Vo(z) = @ is the vertex operator.

e Sx(g, ) is the action, a nonlinear functional of ¢, the field.

o The integration is over the space of fields, typically a Hilbert space of
sections of a fiber bundle over 3.

The mathematical difficulty of such integrals lies in the definition of D¢, for
want of a good theory of measures on general infinite-dimensional spaces.

2 LCFT via probability

In Liouville conformal field theory (LCFT), fields are just functions on ¥ and
the action is the Liouville functional defined by

1
Su(0:6) = 7 | (10l + Qo -+ dmp®) v,

where:
e K, is the curvature and dv, is the volume form of g.

e 1 >0,0 <7 <2 are the parameters of the theory, Q = 1 + %
Thus the goal is to give a rigorous definition of the integral

m

/ [ coeote) e Jolldols+@Rerimeryivy 1y,
dlos=0 j—1

To this end, we shall invoke two tools from probability theory: Gauflian free

field (GFF) and GauBian multiplicative chaos (GMC).
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2.1 Gaufian free field (GFF)

The first step is to make sense of an integral of the form

[ Foye st g,
Fix s < 0. We take the space of fields to be the Sobolev space H*(X). Write

(5 = {p e H* Q) : [¢pdv, =0}, 0T =g,
O {o e HAQ) 1 glox =0}, OX £ 2.

Let (e;); be an orthonormal basis of H§(X) consisting of eigenfunctions of
the Laplacian A, on (X, ¢) with corresponding eigenvalues ()\;);. Writing
¢ = >, ae;, we have [¢|d[?dv, = 37 \ja3. Now, if F depends only on
finitely many a;’s, then by a simple change of variables,

EEIR 2m 2m eiéaidaj
[ Gyt T - (Hw—)/F((ﬁ) ) Ve

This inspires us to definel

1 1,5
F(¢) e Jsldolidva g = |29 2 gip(x, )],
/HS(Z) ( ) detAg [ ( 9)]

where det A, is the regularized determinant of A, (see [GKRV21] for the
definition) and X, : Q@ — D’'(X) is the random field on ¥ defined by

X, =vor S a9
SVl

which is a centered Gauflian random field with covariance E[X,(z)X,(y)] =

21 Gy(z,y), where Gy is the Green’s function for A, on H{(X). By Weyl’s

law, \; = O(j), so X, € L*(Q, H3(X)). This is the GFF of (X, g). One can

show that the distribution of X, depends only on the conformal class of g.
To pass to H*(X), define ¢, : @ — H*(X) by

a; ~N(0,1) iid.,

b, = X, +c, 0¥ =3,
T X, + Pp, 9% #£ 0,

2The volume term is to ensure conformal invariance.



where ¢ is a constant, ¢ € H*(9%), P : H*(0X) — H*"1/2(X) is the Poisson
operator for A,. By repeating this construction on H*(9%) = H*(T)? and
taking the Lebesgue measure on R for the constant parts, we can view ¢, as
a random field inducing a product measure on

Ho () = Hi(Y) @R, 0¥ =@,
H (D) @ Hy(T) & RY, 9% # 2.
2.2 Gauflian multiplicative chaos (GMC)

Now that we have a rigorous definition of D¢, we still need to make sense
of the nonlinear terms e*® and [, €?dv,. The problem is that ¢?* does not
make sense pointwise since ¢, takes values in H*.

Define the g-regularization ¢,. of ¢, to be ¢, averaged on g-geodesic
circles of radius € > 0.2 Then the vertex operator V,(z) is approximated by

Vage(®) = £29° p0%g.c(2)
For the integral, consider the random measure on X defined by

M(py,dr) = lim e2? ewﬁgfdv

e—0

One can show that this converges in probability and weakly in the space of
Radon measures to a nonzero random measure for 0 < v < 2. This is the
GMC of (%, g). It is conformally invariant in the sense that for w € C*(%),

M (X oy, dz) = e29“@MI(X,, da).

For more on GFF and GMC, see [BP21].

2.3 Definition of LCFT amplitude

We are finally in a position to define the amplitudes of LCFT. Take H =
. Let F be a function of fields. If 03 = @, define Ay, ; x o,o(F') to be

\/ detA ll—{%

3If 0% # @, the definition is modified near the boundary, see [GKRV21] for details.

ng) H a;,g, s(l’z) e ir fE(QKg%dV"—i_M“Mg(% dz) ) dc.
=1
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If 0% # @, assume g is admissible in the sense that g = |dz|*/|z|* near 9%
in annular charts extending ¢, then define Ay, ;x a.¢(F, @) to be

efé(sza(DﬁfD)‘z)LQ
lim E

V/det Ay =0

where D is the differential operator and Dy is the Dirichlet-to-Neumann
operator on H*(0Y). Here the expectations are over X,;. The LCFT ampli-
tudes are the case F' = 1. One can show that Ay jxac € L*(H*(T)") if the
following Seiberg bounds are satisfied:

\V/i, o; < Q,
o > Qx(X).

F(69) [ Vool e in Fo(@atatvatimttiGua) |

=1

For w € C*(X), we have
As g rac(F, @) = As gxac(F(- —Fwa), @ + Fwo) x

~ 2
o~ 3 (Do) 2~ % (Dwo o) 12 oL S (E,9:0) 3 Aayw(@:)

where:
e wy=Cwe COO(T)b.
o ¢, =1+ 6Q?% is the central charge of the theory.

1
 SUEg0) = gor [ (i} +26) v,

L A= 5(@-9)
This verifies the axiom on conformal covariance and allows us to extend the

definition to nonadmissible metricsd As for the gluing axiom, the scalar for
gluing along one circle is

V2, 0% = &,
1/V2r, 0% # 2.

We also allow self-gluing, i.e., we can glue an incoming circle with an outgoing
circle on the same surface, in which case we take the trace of the amplitude
instead of a composition. With this, the definition of LCFT is complete.
The remaining sections discuss the structure of LCFT. Of particular in-
terest are the amplitudes of closed surfaces, which are scalars since H®" = C.

4In fact, one obtains the formula of the amplitude for general metrics by adding terms
involving the geodesic curvature of 9%, see [GKRV21] for details.
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3 Sphere: DOZZ formula

On the Riemann sphere @, the Seiberg bounds imply m > 3. In the case
m = 3, the amplitude is determined up to a constant by Moébius invariance.
This constant is called the structure constant of the theory. For LCFT, it is
given by the following formula ([KRV20]):

Theorem (Dorn-Otto-Zamolodchikov—Zamolodchikov formula).

3
N _ e 12(Day g —Aa;—Aay )
A(Cvew|d3|27(1'171'271'3)7(04170427043) - H |x1 x’+1| " ’ X
i=1

1 vol @ 200 (0 ow 2
- ODOZZ(Oél, o, 043) g 6_6Q SP(Ce¥|dz|?,— (w4 log |-|+))—>2 Aaiw(a?i)7
2 K det A,

where the indices in the first term are modulo 3, OBSZZ(OQ,CYQ,O@,) is an
explicit constant, |-|+ = max(1,|-|).

The amplitude for m > 4 is computed by the conformal bootstrap method,
to be discussed in Section [ below.

4 Annuli: Spectral theory

Deformation of a boundary circle can be realized by gluing an annulus along
it. Therefore, we turn next to the amplitude of annuli.

Annuli form a semigroup under gluing and amplitude is a projective rep-
resentation of this semigroup. This is studied in detail in [BGKR24]. Here
we only need a two-dimensional subsemigroup thereof to derive the spectrum
of LCFT: For ¢ = e % where t > 0, § € R, consider the annulus

Ay={zeCilg<ld <1}, ¢=(dgid), gu=I|dzP/l2"
Then ¢ — (A, 9, 2,¢,) is homomorphic and
1 N
S(q) = E |q| 2 Ang0.2.2.¢,

defines a representation of the punctured open unit disk D°\ {0} on H*(T).
One can show that it is generated by two commuting self-adjoint operators
H, II in the sense that

S(q) — e—tHeiGH‘



Here H is the Hamiltonian of the theory. It has the form
1 2 1 2 c

where P is a self-adjoint operator on H (Té with spectrum N and V is an
unbounded non-negative operator on H§(T).2 The spectral theory of H, IT is
worked out in [GKRV20] using methods from microlocal analysis. Roughly
speaking, the result is the following:

Theorem (Spectral resolution of LCFT). H,II have a complete set of gen-
eralized eigenfunctions Vp,; (P € R, v,0 Young diagrams) with

_ AQrirt+|v| ZAQuip+|P
S(q)Vp, s =q~e" Mq @ M\I/P,y,ﬁ-

It has the following algebraic structure. There are two commuting Virasoro
algebras (L, )., (L), of central charge ¢, acting on H*(T) such that:

o H*(T) is a Verma module with highest weight states Upgo (P € R)
with conformal weight Agip.

L4 H:L0+f10

e Up,o=L_,u) - LyyL s - j:,,j(l)\lfpp,() for Young diagrams v =
(D), ..., v(k), 7 = (B(1), .., 5(0)).

In particular, we see that LCFT has continuous spectrum.
Finally, we remark that geometrically, Wp( is essentially the amplitude
Apo.o+iria of the unit disk with one marked point 0.

5 Conformal bootstrap

A building block is a Riemann surface obtained by removing b (b = 1,2, 3)
disjoint disks from the Riemann sphere with 3—b marked points. Concretely,
there are the following types:

e b=1: A disk with two marked points.

e b= 2: An annulus with one marked point.

5To be rigorous, H makes sense only in the weak sense due to the e¥°V term.



P2 7,

3

< :LBB = j A"pl(g)\/q)\/ ?J)A’Pl (‘fl,ffg,cigj)rl&/*(ﬁa\l\

B

]
<TT \/d ; ('Z;)>a - j AfD,ZL_"-Z"("’dl ( T) AFD 25 gy (?) (Q/l«(j’)

9 vy, tz)>T;:JF\C)Y{°{ (3’,3’7&/“50\

(Taken from a talk by A. Kupiainen)

e b=3: A pair of pants with no marked point.

The method of conformal bootstrap is to obtain the amplitude of a general
surface by gluing building blocks. The details are too complicated to go into
here, but we shall sketch the main ideas.

First, we define the conformal block of a building block to be essentially
the holomorphic part of the amplitude in the spectral resolution (i.e., its
values on Up, ’s). By Ward’s identities, the conformal block determines the
whole amplitude. We then define the conformal block of a general surface by
gluing conformal blocks of building blocks. The result depends on the chosen
decomposition into building blocks, and one can show that it varies nicely
under deformation of the cutting curves. More precisely, the conformal block
can be realized as a holomorphic section of a holomorphic line bundle over
the Teichmiiller space of the surface.


https://bathsymposium.ac.uk/wp-content/uploads/2021/07/A.Kupiainen-1.pdf

6 Research directions

One direction of research is to study the full dependence of the conformal
block on the decomposition into building blocks. More precisely, this should
yield a representation of the mapping class group.
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