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1 Introduction

When studying 2d quantum gravity several approaches can be used in complementary
ways [46]. For example the matrix models (discretization) is powerful and gives a non-
perturbative definition, while Liouville theory (continuous approach) offer a more transpar-
ent physical interpretation (states are easier to identify, for example from BRST cohomol-

ogy) [75].
1.1 Acknowledgements

These notes grew up from lectures by Atish Dabholkar [12], and from discussions with him
and its students Tresa Bautista and Matéj Kudrna.

I'm also very grateful to Costas Bachas, Lactitia Leduc, Blagoje Oblak, Sylvain Ribault
and Raoul Santachiara for interesting discussions.

This review is still a work in progress, and as such it may contain errors and incomplete
material.

Part I
Conformal field theory

2 Conformal field theory

The classic references for 2d conformal field theory is [22, chap. 5].

2.1 Coordinates

We consider first an euclidean 2-dimensional manifold with coordinates (7, o).

All two dimensional manifolds are complex manifolds (and even Kéhler) so that we can
use a complex coordinates z. It is often simpler to consider its complex conjugate z as
independent, and then at the end to restrict oneself to the section z = z*.

The metric for a 2d Kéhler manifold is just diagonal

ds? = g.-dzdz. (2.1)

We can see that any change of coordinates

w=fk), w=J) (2.2)

where f and f are any holomorphic and antiholomorphic (independent) functions preserve
the form of the line element, and the metric component transforms as

Juw = |f/(z)|2gzi~ (23)
We define also the (anti-)holomorphic part of the stress—energy tensor

It transforms with an anomalous term



where S(w, z) is the Schwarzian derivative

" m\ 2
S(w, z) = J;—/ — g (J;) . (2.6)

Example 2.1 (Flat metric) We may choose complex coordinates

z=T+10. (2.7)
Then derivatives are given by
1
0=0, = 5(87 —i0y) (2.8)
and similarly 0 = ;.
Then the flat metric is simply
ds? = dzdz. (2.9)

Example 2.2 (Cylinder and complex planes) In order to avoid IR problem, it is useful
to compactify the spatial direction o in a circle [48, sec. 4.3], such that

T €R, o €0,2n]. (2.10)

These two coordinates parametrize a cylinder.
We can introduce two different coordinates

w=rT+1i0, z=¢e¥ = e 1, (2.11)

The transformation z = e defines a mapping from the cylinder to the complex plane. On
this plane, 7 = cst corresponds to circles of radius e”. Time reversal corresponds to 1/z*,
parity to z*. Past infinity is the origin, while future infinity is the complex infinity.

Action invariant under conformal transformations will have the same form in the three
coordinates systems

2.2 Quasi-primary fields

A field ¢(z, 2) of scaling dimension A and spin s is said to be quasi-primary if it transforms
as

s (22" () " e (2.12)
0 \dz dz ’ ’
where h and h are the (anti-)holomorphic conformal dimensions defined as
h=A+s  h=A-s. (2.13)

This implies that for a spinless field we have

A=h=h (2.14)
and
/ ) dw —2A )




This normalization is very convenient for Liouville theory since we will be dealing with a
spinless field most of the time !.
The associated state (on the plane)

|, 1) = $(0,0)|0) (2.17)

is an eigenvector of Ly and L

Lo|h,h)y =h |h,h),  Lolh,h)="h |hh). (2.18)
Using the equality (2.14) for a scalar field we get
(Lo + Lo) |h, h) = 2A |h, k) (2.19)

instead of just A ofr the usual conventions. Recall that L,, are the modes of the Hamiltonian
on the plane.
Note that the T'(z) |0) is well behaved only if

L,|0)=0, Vn>-1. (2.20)

2.3 Operator product expansion

The stress—energy tensor is a quasi-primary operator, and we can read the central charge
from the order 4 term

c/2 2T (w) . oT (w)

T(2)T ~ . 2.21
T ~ o o (2.21)
2.4 Free scalar field
The free scalar field is defined by the action
1
=— [d 2, 2.22
5= [ a0 (222)
Its stress—energy tensor is
1
Ty = — (auqsay - 2%(6(;5)2) . (2.23)
Going to complex coordinates gives
T = —(0¢)>. (2.24)
The propagator reads
_ _ 1 o
(6(2,5)d(w, T)) = —5(1n(z —w) +In(s — w)). (2.25)
We can also take the derivatives with respect to z and w to get
_ _ 1 1
(0:9(2, 2)Owd(w, w)) = T G_w? (2.26)
IThe usual definition is [22]
h:%(A+s), ﬁ:%(Afs). (2.16)

Our new definition amounts to replacing A by 2A. It means that our scaling dimension is twice the weight
of a scalar field [40, p. 12].



and there is no more antiholomorphic dependence. For this reason we now study the holo-
morphic field d¢. It has the OPE with itself

1 1
The OPE of T and 0¢ reads
9p(w) | 0*¢(w)
T(2)0¢(w) G—w) + T w (2.28)
showing that 0¢ is primary with h = 1.
The stress—energy tensor has the OPE with itself
T()T(w) ~ —2_ 4 2w IT(w) (2.29)

z—w)? (z—w)? z—w’

We read the central charge ¢ = 1.

2.4.1 Vertex operators

We define vertex operators V,, = e?X for the scalar field X. These are primary operators.

2.5 Rational and non-rational CFT

In a rational CFT there is a finite number of primary fields. They often come in families,
the most important example of such being the minimal models.

On the other hand non-rational theories have an infinite number of primary fields and
they are harder to study. Theories which have a continuous spectrum are non-rational. A
well-known example is Liouville theory, which is the main topic of this review.

Finally one defines also quasi-rational theories for which the OPE of two fields involve
only a finite number of fields. This is typically the case for theories which possess some
conserved current that restrict the quantum numbers. The free boson is such a theory.

Finding non-rational interacting theories can be a difficult task, and understanding their
properties can be even harder. For this reason it is interesting to build such theories as the
limit of a family of rational models. The limit may be taken in different manners by using
the freedom to rescale the fields, and in particular different limits give different theories.
Moreover several of these theories received an interpretation from a continuous orbifold.

This technique has been applied to several cases (for a general introduction see the
thesis [70]):

e ¢ =1: limit from minimal models [73, 74] and from Liouville theory with b — ¢ [76],
from orbifold [31].

e c=1- 6%: limit from Liouville theory with b — i1/p’/p [57, 76].

e ¢ =3/2: limit from N = 1 minimal models and as the limit b — ¢ of N = 1 Liouville
theory [28].

e ¢=3: limit from N = 2 minimal models [26], from orbifold [24].
o ¢=mn— 1: limit from W,, minimal models and sl(n) Toda [23].

e ¢=3n: limit from N = (2,2) minimal models W,, (Kazama-Suzuki models) [25].



2.6 Minimal models

The structure constants of the (supersymmetric) minimal models can be written in terms
of the T function [28, sec. A].

3 Correlation functions in CFT

3.1 Conformal blocks

Conformal blocks appear in the decomposition of the 4-point functions. These are universal
quantities determined only by representation theory.

Analytic expressions are known only for some particular values of the parameters. Start-
ing with some assumptions about the analyticity of the conformal blocks, Zamolodchikov
has derived reccurence formulas that are very efficient in the context of numerical computa-
tions (see also [72]). These formulas can be given in terms of position or elliptic variables,
the latter being more efficient. The derivation relies on two data (see also [39]):

e the analytic formula for ¢ = 1;

o the first two terms of the (quantum) conformal block 1/A-expansion can be found
from the 1/§-expansion of the classical conformal blocks.?

An expression for the conformal blocks can be obtained from Nekrasov partition functions
through AGT conjecture [1].

Part 11
Liouville theory

4 Two-dimensional gravity

In this section we will review some general aspects of (classical) 2d gravity coupled to some
matter. We consider a 2-dimensional (euclidean) space M with metric g,, and whose
coordinates are denoted by o*.

The total action of the theory is written

S[g, 1% = Sgrav[g] +Sm [g, 1” (4.1)

where Sgray is the action for pure gravity — constructed in section 4.1 —, and Sy, is some
matter action (not necessarily conformally invariant) for a set of fields denoted collectively
as . The action S,,[g,®] comes from making the action S,,[d, 1] covariant by minimal
coupling (d,,, is just the flat metric).

We ask for the action of our theory to:

¢ be renormalizable;
e be invariant under diffeomorphisms;
e have at most second order derivatives.

General references are [16, 34, 68, 86].

2The latter can be obtained from semi-classical computations in Liouville theory.
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4.1 Pure gravity
4.1.1 Action and symmetries

We wish to construct the most general action for pure gravity.

Under diffeomorphisms, the coordinates and the metric transform as 3

__ Oa* do¥

o pp( v
a - f (0' )7 gul/ - ao_/p ao_/o. gpo" (42)

We will also need to consider (local) Weyl transformations which act only on the metric
uv = egw(g“)g;w (43)

but we will not require it to be a symmetry of the full action.
Dynamics of gravity is described by the Einstein—Hilbert action, but it is a topological
invariant in 2d

Seitlg] = / Lo JGRy = drx,  x=2(1—g). (4.4)

g being the genus of the surface. So it can be ignored as soon as we are not interested
in topologies (which will be mostly our case). In addition to diffeomorphism this action is
invariant under Weyl symmetry (4.3).

Finally diffeomorphisms allow a last piece which is the cosmological constant term

Sulgl = u/dQU Vg =pA (4.5)

where A is the area of M. In this case Weyl invariance (4.2) is explicitly broken.
The total action is given by the sum of (4.4) and (4.5)

Sgrav = SEH + S,u' (46)

4.1.2 Equations of motion

Pure gravity in two dimensions is quite boring: it is purely topological and the equation of
motion is trivial.
First let’s consider the properties of the Riemann tensor R, ,,. In d dimensions it has

_i 2092
Ca= 35 @(d* - 1) (4.7)

independent components.
For a maximally symmetric spacetime, the Riemann tensor has only one independent
component corresponding to the curvature scalar 7], thus

R
Ruupa = m (gp,pguo - guogvp)- (48)

Contracting with g"? gives the Ricci tensor

R
RMV = E Guv- (49)

The same holds in two dimensions for R # cst because Cy = 1, implying that there is only
one independent component in the Riemann tensor, and its symmetries dictate its form.

3For most of the symmetries we will give the old field in term of the new one.

11



As a consequence proving R = cst is sufficient for proving that the space it maximally
symmetric in two dimensions [7, p. 141].
The Ricci tensor is given by

R
RMV = 5 Guv- (410)
Because of this last expression the Einstein tensor vanishes identically
1
GP”’ == RI“/ — 5 gMVR =0. (411)

Then the equation of motion for g, reduces to
w=0. (4.12)

This equation has no solution # except for the specific case = 0. This implies that 2d pure
gravity exists only for vanishing cosmological constant and thus it always possesses Weyl
invariance.

4.2 Partition functions

We continue with a generic matter action Sy,[g,%]. The partition function for 2d gravity is
then [29, sec. 1, 41, p. 671]

1

Z=4 / dg,, dgyp e 519V (4.13a)
1

= ﬁ/dgw e Suld] Zmlgl, (4.13b)

where Q is the volume of the diffeomorphism group ® and we have indicated that the 1
measure depends on g, (see section 4.5). The total action is given by the sum of S,, and
S, (4.5)

S =8m+5,, (4.14)

and the matter partition function is

Zmlg] = / dgtp e~ Smlovl, (4.15)

In (4.13) the integral dg is over all metrics: because of the diffeomorphism symmetry we
are integrating over a huge number of identical metrics, and the integral will be infinite (as
it is usual when we try to integrate in the presence of a gauge symmetry) [29, sec. 2]. We
have divided the integral by €2 to indicate that we remove this factor; we will see later how
explicitly it cancels the redundant integral. In practice this overall factor will cancel when
computing correlation functions. We can remove it by restricting the integral over a gauge
slice, instead of integrating over the whole space: this amounts to fix a gauge.

We note that p should be positive because it contributes as a factor e #4 in the path
integral, which would diverge for pu < 0.

4Recall that equations of motion are equations for the fields, not for the parameters which are fixed by
the definition of the model.

5Note that we can not include the Weyl group volume, writing Q = Weyl x diffeomorphisms since we
can not expect to extract it outside the critical dimension [41, p. 671].

12



4.3 Equations of motion and stress—energy tensor

We define the (tree order) stress—energy tensor of S and S, by

4 4
Ty =42 95 A7 05 (1.16)
Vg 09" Vg 09"
For the action (4.1), we get
Ty = T;ST) + 27/ G- (4.17)

The classical equation of motions are given by variation of the full action (4.14) with

respect to ¢ and g,
4S )

= 0 _— =

ogHv ’ oY
Without specifying the action for the matter we can not go further with the second equation.
Nonetheless we can already say a lot about the equation of motion for g,, which implies
that the total stress—energy tensor (4.16) vanishes

0. (4.18)

Ty =T + 270 gy = 0. (4.19)

This is three independent equations which appear to be constraints on the metric and matter
fields (since it does not contain derivatives of the metric): see section ?? for details on the
counting of degrees of freedom.
The trace of (4.19) gives
T = —4mp. (4.20)

Then we can rewrite the equation as
(m) 1 (m)
T, — 3 T gy, =0 (4.21)

where the left-hand side is just the traceless part of the matter stress—energy tensor.

These last two equations have an important meaning: (4.21) is the stress energy tensor
corresponding to the action S, where all the parameters breaking Weyl invariance have
been removed, and this allows us to conclude that it is traceless and thus Weyl invariant.
On the other hand, (4.20) will provide

e one equation for ¢ if it is not Weyl invariant;
¢ a third constraint on the matter fields.

Since (4.20) comes from a trace I think that it will always be Weyl invariant. Then even if
this symmetry is not a symmetry of the action, it is a symmetry of the equation of motion
for g, (similarly to the electric-magnetic duality).

The equation of motion for the matter are not Weyl invariant and one of them will allow
us to fix the last metric component.

4.3.1 Conformal matter

If S,,[0,] is conformally invariant, then the action S,,[g, %] is Weyl invariant [83, chap. 4]

Sim [97 w] = S’rn[92w97 7” (4.22)

In this case its stress—energy tensor (4.16) is traceless

7™ = . (4.23)

13



Then the trace of T, reduces to the cosmological constant, confirming that it is the only
term which breaks Weyl symmetry
T = 47mp. (4.24)

At the classical level, and similarly to pure gravity, we can not include the cosmological
constant because the equation (4.20) implies [3, ex. 2.8]

T=0=p=0 (4.25)

which has no solution.
The equation of motion reduces to

T =0 (4.26)
which consists in two independent equations. The last equation (4.20) being trivially satis-
fied we have only two constraints. This is quite surprising: in general adding a new gauge
symmetry adds a constraint and reduce the number of independent components, whereas
here we observe the opposite: adding Weyl invariance to the action removes the trace equa-
tion, which was a constraint, so we go from three to two constraints on the matter fields.

4.4 Conformal gauge
4.4.1 Gauge fixing

As we saw when we defined the partition function (4.13), we need to fix a gauge for the
diffeomorphism. We will choose the conformal gauge

G — G = €l (4.27)

where h,,, is fixed (in the other sections we will omit the prime on g, but it is crucial to
keep track of it here); ¢ is the only remaining degree of freedom °. h,,, is sometimes called
the fiducial (or non-physical) metric. It can be proved that such a reparametrization always
exists, and that it is not possible to make any further reparametrization which preserve this
gauge choice [29, sec. 2]. This means that the gauge slice [h] made of all metrics conformal
to hyy is a good one — we will note these conformal classes as

[h] = {g;w | Juv = 62¢h;w}~ (4.28)

Even if all these conformal classes are locally equivalent under reparametrization, they
can differ by (global) topology, and the global gauge slice is not well-defined [29, sec. 2].
These classes will depend on a finite number of parameters, called moduli (or Teichmiiller
parameters), denoted collectively as 7. We will mainly ignore them.

We have the following relations between quantities for g and h metrics

Ry = (Ry —2An¢)e™ %, /g = **Vh. (4.29)
When doing this transformation the g measure in (4.13) transforms [56, 67, sec. 2]
dgu, = drdy¢ Apply] (4.30)

where App[g] is the Jacobian of the transformation (4.27), also called the Faddeev—Popov
determinant. dr is the integration over the Teichmiiller space.

6In 2d metric has 3 dof, and 2 are removed by diffeomorphism.
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The integral on the right hand side will be on the different conformal classes. App[g]
takes into account the variable volume of the diffeomorphism group orbits [29, sec. 2]. The
determinant can either be evaluated directly, or it can be represented using ghosts.

Although we should write d 4245, X for the measure on X when the gauge if fixed, we will
continue to use d, X as a shortcut.

The partition function (4.13) becomes [41, p. 671]

Z = /dg(l5 eis“[g] Zm[g] AFP[Q}- (431)

We need to express all the objects in terms of h,, (and possibly ¢) instead of g,,: this
would be trivial if they were invariant under Weyl symmetry, but this is not the case due to
the conformal anomaly. We will discuss this point in section 5.

In the previous discussion we have ignored non-trivial Teichmiiller parameters, but they
may add new terms in the action [32, chap. 1].

4.4.2 Ghost action

As it is common we can use anticommuting fields, called ghosts, to represent determinants.
Let’s apply this to the Faddeev—Popov determinant App[g] [37, p. 122-124, 68, p. 86-89,
86, p. 87-89] (very sketchy): introduce the notation g’¢ for a transformation of the metric
associated to vector £*, then

09 (0
0w = V (u&v) = 55,2(2_,)) =0(,"V,)0(c —0o’). (4.32)
Plugging the relation
L= () [ 4 blg - ). (13
where App(g) is the Faddeev—Popov determinant
0guv
App(g) = det ( gg ) ; (4.34)

into the partition function (4.13) one has
1 _
Zlgia) = g [ € dydg, e S50 — ) Aur(o)
1 _§[g'¢
- ﬁ/dcdg@w e S AR (g)

where we have integrated over g,,,. The determinant can be represented with ghost fields [86,
sec. 14]

App = / dbde e s (4.35)
where the ghost action is
1
Sy=15- / o /g’ b, Ve (4.36)

These ghost field are anticommuting and b, = b,,,.
Nothing depend anymore on ( since every object is gauge invariant, and the integration
gives 2, cancelling the factor in front of the integral. We are thus left with

Zlgja) = &S [ dydybdye o Snlo - sibed,
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where the only degree of freedom in g, is ¢. Now we will always write g, = g, = e?h,,:

Z|gu] = e~ Suldl / dgtp dgbdye e Smlov]=Sslbc.gl, (4.37)

Remark 4.1 This section needs several improvements. For example Liouville measure is
missing in the last formula.

4.4.3 Emerging Weyl symmetry

If we count naively the number of field components in this gauge, it seems that we have
introduced one more: ¢ is one component, and h,, has three. Diffeomorphisms allow us to
fix two of the last three components, but there is still one off-shell degree of freedom. The
explanation is that we have adopted a redundant description of our system, and this last
component is not physical. As usual redundant components come with gauge symmetries
which allow to remove them.

What is the symmetry here? We note that the physical metric

uv = 62¢h;w (438)
is left invariant under the transformation
by = €N}, p=¢ —w. (4.39)

This emerging Weyl symmetry ensures that the counting of off-shell degrees of freedom is
still valid, since it allows us to remove the last component of h,,. This linear shift of ¢
under a Weyl transformation also shows that ¢ can be interpreted as a Goldstone boson for
the broken Weyl invariance (by the choice of h) [34, p. 23].

Note that this emerging Weyl symmetry is not fundamental since it is very specific to
the conformal gauge, at the opposite of the Weyl symmetry (4.3): this last symmetry (when
it exists) can be used in any gauge and truly reduce the total number of off-shell degrees
of freedom, whereas the emerging Weyl is here only not to spoil the counting due to the
redundant notation [56]. To stress the distinction, the original Weyl symmetry acts in the
conformal gauge as

Py = h,,, =3¢ +w. (4.40)

Another reason is that the decompositions

G = €*%hy,, = e2¢/h;w (4.41)
are both valid and should lead to the same action [41, p. 671].

Remark 4.2 (Comparison with a vector field) A similar description can be made for
a vector field A,. In general its action will be

d 1 v m2 u
S=[d% 1}—“”]: + > A AN ). (4.42)
If m? = 0 then it enjoys a U(1) symmetry

A, = A+ 90, (4.43)

which reduces the d components to d — 1 off-shell dofs, and furthermore to d — 2 on-shell
dofs. We can decide to separate the spin 0 component (removed by the gauge symmetry if it
is presents) from the spin 1 by writing

A, = A, + 0,0, (4.44)
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where A,, and a play respectively the roles of hy, and ¢ (from the point of view of Lorentz
representations, the trace of g, is similar to the divergence of A, ). The main difference with
the 2d gravity s that this is not really a gauge since we have a priori no other symmetries
to fix the components of A,. If the original system has a U(1) symmetry, then it acts as

Ap=A4A,, ad=a+a (4.45)
We could fear that we enlarged our system to d+ 1 components, but we see that we have
an emerging U(1) symmetry
A, = A, +0ua, ad=a-—a. (4.46)
This last symmetry can be used to reduce the number of components of A,, to d—1 (we keep
a since a field A, describes a priori a mizing of spin 0 and 1, so here A, can be seen as a
pure spin 1).

The field a is the action and can have dynamics in the presence of chiral anomaly, exactly
in the same way as the field ¢: this will be the topic of the later section 5.

4.5 Measures
4.5.1 General properties

We want to construct the measure associated to the different fields ® appearing in our
action [62]: in order to define them we first define the variation d® on tangent field space
and an inner product

(6®1,0®,), = /d% VG 7(6@1,5P2), (4.47)

where 7 is a metric on the §® space (see below to clarify). This product defines a norm
2
0®[, = (6®,0®), = /d% Vg 7(6®,59), (4.48)
Then we define the functional measure implicitly through a Gaussian integral such that
/ dy0® e 210%5 = 1. (4.49)

The inner products have to respect reparametrization invariance and locality [56]. As
usual we desire that the measures be invariant under field translation by some function (o)
(but this does not implies that the action be invariant).

All these norms will depend on the metric in a non-trivial way (at least in the volume
element), so we may face some difficulties when the metric over which we integrate.

We want to show that Gaussian measures are invariant under field translation

B(0) — 3/ (0) = B(0) + £(0). (4.50)

This property is very useful because it allows to complete squares and shift integration
variables (for example to generate a perturbative expansion and to derive the propagator).

In fact you can see this as follow: shift ® by ¢ in the integrand, and then change variables
to® =P+«

0P _1ilg/)? _1]e/|?
/dgtb e letely = /dg@’ det <= e 2], _ /dgq>’ o2l — g (4.51)
The determinant is the Jacobian of the transformation and its value is simply 1, while the

last equality comes from the relabelling ®' — ®.
Below we give the measure for the fields of spin 0, 1,2 [16, 59].
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4.5.2 Scalar and vector field measures

The measures for the scalar and vector fields which respect locality, reparametrization and
field-translation invariance are unique [59]:

e scalar field X:
6X|2 = / d%o /g 6X2, (4.52)

e vector field V*:
sVH2 = / A%0 /g g SVHSVY. (4.53)

4.5.3 Gravitational metric measure

In the case of the metric many choices come to us for the measure. The most general form
we have is

16g,]* = / A%0 /G G*P° 59,100ps (4.54)

where G*¥P? is a metric on the symmetric rank 2 tensor tangent space.
Ultralocality 7 restricts its expression to be [86, p. 87]

G;u/po’ — gupgl/U +c glﬂ’gpo'7 (455)

where c is some constant.

See [56] for some comments.

We want to show that the trace and the traceless part of the metric are orthogonal with
this inner product. Define the trace of dg,, as

9" 6, = 20T, (4.56)
and write 5gﬁ;l, as the traceless part
09 = Guw 0T + 5gi‘l,. (4.57)
Now compute the product

G0 59,89p0 = (979”7 + ¢ 9" 9"7) (91 57 + 0,5, (9o T + 09,5,)
( 1 + 26 pa(sT + g“pgw@w) (gpo oT + 69;)0)
= 2(1 4 2¢)(67) + g“”(ST(SgW (1+ QC)g”"ér(SgpLa + g"pgwégiﬁgpﬁf

and after simplification
GH"P? 69,1090 = 2(1 + 2¢)612 + g“”g””égi‘yégj‘o, (4.58)
or in term of the original inner product:
18g,? = 2(1 + 2)|67]* + [3g.5. |, (4.59)
where the norm of 67 is the one defined for a scalar field (4.52), while the one for 5gf;l, is
the same as dg,,, but with ¢ = 0. We see here that \5guy|2 is positive-definite only if [10]

1

7 Authors of [5, sec. 2.3] argue that locality is not the most important condition for a theory of quantum
gravity, while background independence is a more natural requirement.
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We can absorb the coefficient with ¢ in 67 and it will just contribute as an overall factor, so
its precise value has no physical meaning and we can choose ¢ = 0 for convenience.
Since the two variation are orthogonal, the measure dgg,., factorizes as

dgguw = dg7 dggi‘l,. (4.61)

4.6 Computing path integrals
Let’s compute the path integral for a scalar field X

Z[g] = / d,X e~ Slo:-X] (4.62)
with action ) .
S=1- /0120\/5(8)()2 =1 /dzo\/gXAX. (4.63)
The equation of motion for X is
AX =0. (4.64)

The computation can be done by splitting the field into its (constant) zero-mode a
fluctuation around it [14]

X(o")=Xo+X(c"), Xo=cst, AX=0. (4.65)

The zero-mode and the fluctuation can be taken to be orthogonal with respect to the scalar
product defined by (4.52)

(X0, X), =0 = /d% VaX=0. (4.66)
The latter fact implies that the measure on the scalar field can be separated
d,X = dXod, X (4.67)

where the integration on X is a normal integration (not a path integral). Note that these
measures are not canonically normalised. To find the normalisation, the norm of the zero-
mode can be computed

1 Xo|? = /d20 VIXZ=X2A (4.68)

as they are constant.
Since we have normalised the measure d, X using (4.49), we can write

1 :/ng ez X = /dXodgf( o= 3 X0l o= [X]F 1/%/dg)~( o2 X[ (4.69)

after performing the Gaussian integral on Xj.
We are now able to compute the above path integral

~ 1 ol2 —1/2
Z[g] = (det’ Ag)—l/Q/dXO/ng 3 IX Z g (% det’ Ag) (4.70)

where we used the formula (D.2), and Q = [ dXj is the volume of spacetime and the prime
indicates that we omit the zero-mode of the Laplacian.
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5 Liouville effective action for quantum gravity with
conformal matter

In the previous section we studied the Polyakov action at the classical level: the classical
cosmological constant vanishes and the resulting Weyl symmetry allows us to fix also the
last metric degree of freedom ¢, which becomes non dynamical. Things are greatly different
at the quantum level: conformal anomaly forces a non-zero cosmological constant and a
dynamical Liouville mode.

To be clear: the last section was also quantum because we used path integral, ghosts,
and so on, but we did not compute any effective action. These will arise from the 1-loop
conformal anomaly.

The aim of this section is to determine the effective action I' that we get after integrating
out the matter and ghost fields ® in (4.31)

Z[g] = Z[h7¢] — e_F[g] — e_SH[g] e_Seff[g] — e_Su[g] Zm[g] AFP[g]a (51)

where g stands as a shortcut for ¢ = e>?h. Including the integration over the metric gives

211 = [ 4y ZIh, o, (5.2)

Our formalism is very general and we can use any matter for Z,,[g]. In this section
we consider generic fields ¢ with action Sp,[1), g] invariant under conformal symmetry. We
denote by c the central charge, and the partition function is °

awzeﬂmz/%w€%, (5.3)

) is traceless due to conformal

Sett[g] being the effective action. The stress—energy tensor T,EZ’
invariance.

From the effective action Seg we can compute the stress—energy tensor with quantum

corrections Ar 58 A 5
<T$z)> S R L N (5.4)
VI ogr (/g ogn
Reversing the argument, we can compute the effective action if we know the quantum
stress—energy tensor, and we will follow this approach.

5.1 Conformal anomaly
5.1.1 General expression

At the quantum level, the stress—energy tensor is no more traceless because of the conformal
anomaly [48, p. 65, 68, p. 95, 83, p. 86-87]

(rm) =& g, (5:5)

For a computation from Feynman diagrams and current algebra see [37, sec. 3.2.2].
Since it is an anomaly this result is 1-loop exact and can receive only non-perturbative
corrections.

8In fact we will see that this is not exactly correct: the measure dg¢ will also contribute to a term in I'.
9The subscript m is for "matter", but all what we say in this section works if the 1) are ghosts.
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5.1.2 Adding the cosmological constant term

The anomaly computation is still valid when one includes S, since it does not depend on
(which are the matter and ghost fields), so we can take it outside the integral d¢p. This is
more clearly seen with the total partition function

Z[g) = e Tl = =Suldl 7 [g] = e~ Suldl /dg¢ e Sm (5.6)

where Z,, is (5.3), and each object contributes independently to the (quantum) stress—energy
tensor. I' is the new effective action, basically

= Se + S, (5.7)

We can compute the effective action by integrating scalar fields without taking S, into
account. The result is then c
(T) = 13 Ry + 4mp. (5.8)

More specifically this anomalous part is given because the action is not invariant at
quantum level, starting with (5.4):
a5 dr 1 6Z
<Tw>:i nz =" 2
g ogh” V9 Zdgh

_ d4n (68, 3Sm _s.
-G (G e [ i)

) =~ (s + (5o ). (5.9

and Ward identities tell that (quantum) non-invariance of S,, implies a non-zero expectation
value.

which gives

5.2 Derivation of the classical Liouville action

The derivation can be found in various places [69, 86, sec. 13.3].

5.2.1 Integrating the conformal anomaly

From the change of variable

G = Iy e (5.10)
we get the variations (see also app. B.3)
Sgh = —2gM7 5, (5.11)
or
o8 _ 1
Jgrv 2’

we can obtain the effective action by integrating <T(m)> from ¢ = 0 to ¢, starting from

(m) 47 V(SSeff 47 v 5¢ 5Seﬂ‘ 14n 5595
<T >:**9” =-—4" =5—
Vg ©ooogr V9o oooghr 9 2./g 00

we deduce

65’6&‘ _ (5 _ i (m)
5o = 5¢anm—27r\/§<T > (5.12)

21



Replacing (T(™)) with (5.5) we get

Sl -

C
5o~ VI ——Vhe* (Ry, — 2A,4) e 27

T 2ur

from which we get that 1° [10, 68, p. 326, 83, p. 120]

Senl?h] — Sealh] =~ / 20 Vh(—3And + Rng) (5.13)
m
or after integrating by part
26 _ ¢ 2 pv
Sen[**h] = Seah] = —5 — [ %0 Vh(h"™ 8,$8,6 + Ruo). (5.14)

We define the right hand side to be the (bare) Liouville action without cosmological constant

s1.=— (Sl ] — Sealh) = 1 / a0 VR (W 0,00,0 + Ruo), (5.15)

and ¢ is called the Liouville mode. We see that the Weyl anomaly generates a kinetic
term for it so it becomes dynamical. Said another way the conformal anomaly avoid the
decoupling of the trace part which corresponds to a spin 0 field.

5.2.2 Partition function and transformation properties

At the end the old effective action is rewritten

Sei[€2*h] = Segt[h] — gsL. (5.16)

Taking the exponential gives the fundamental relation

Zm[e**h) = e Z,,[h] (5.17)

since we recall that
Zm|h] = e~ %erlh], (5.18)

This can also be seen by integrating directly (5.15) [83, p. 119, 86, p. 83].
Then using the path integral representation (5.3) for Seg[h] we can deduce the transfor-
mation of the partition function under a Weyl transformation [46]

| daonth = cErdy0. | (5.19)

Since the action (5.3) for ¢ is invariant at the classical level, the anomaly must come from
the measure dgv.

From now on we omit the index h on the curvature, except when it is needed to avoid
confusion.

10Factor 2 disappears because the primitive of 2¢ is $2. Idem the primitive of 2e2? is e2? (if we integrate
the cosmological constant term).
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5.3 Application to 2d gravity
We now apply the results of the previous section to the partition function of 2d gravity (5.1)

Z[g] = e Tl = ¢ Suldl o=Senldl — ¢=5uldl 7 141 App[g]. (5.20)

There the ghosts behave exactly as normal matter, such that we can use the same formula
for all the derivation. The peculiar point will come from the negative sign which will be
really important.
Let’s denote by c,, and ¢4 the central charges for matter and ghosts. The central charge
for all the ghosts is —26:
cg = —26. (5.21)

We define the central charge
c=—Cg—Cm =26—cp. (5.22)
With these notations the relation (5.8) reads
c
(T) = 2 Ry +4mp. (5.23)

Because of our definition of ¢ the first term in this formula differs by a minus sign with
respect to (5.8) (and thus also with the other formula).
Using the results of the previous section for (5.1) with

e~%enldl = 7 1g] Applg] (5.24)
and ¢ given above, we find

o1, (5.25)

Seg[€2?h] = Seq[h] + 5

or written in term of the partition function
Zmlg] Arplg] = e 5% Zy[h] App[h] (5.26)

Then the total effective action is [10, sec. 2]

T[e2*h] = Sealh] + g sp+ 8, (5.27)
where
S, = u/d% h e*?. (5.28)

We can redefine the cosmological constant p — cp/6 [86, p. 121] and get

[ e2*h] = Seal[h] + gSL (5.29)

where the complete (bare) Liouville action is now !

Splh, ¢ = i /d% \/H(h““amayqs + R+ 4mp e2¢). (5.30)

1Tf we had integrated (5.8), then the cosmological constant term would have been 47mu (e2% — 1) [29,
sec. 9]; but the additional term is independent of ¢. The relation would have been

[e2*h] = T[A] + % Sy
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The path integral (5.2) for 2d gravity thus reduces to
20 = [ dyo ¢ 5% 2, 8] Arelh] (5.31)

We note that the Liouville measure, coming from (4.31), is still given by the metric g = e>?h;
we will discuss this problem in sec. 5.5. Moreover the path integral seems to be well defined
only if ¢ > 0, that is ¢, < 26, otherwise the exponential factor would come with a positive
sign; we will come back later to this problem.

In the last expression Z,,[h] and App[h] do not depend on ¢ and they can be taken
outside the ¢ integration; we get three decoupled sectors: the matter, the ghosts and the
Liouville mode [67]

Z[h] = Z[h] App[h] / dy¢p e 5t (5.32)

where we have defined
Sp == 5. (5.33)

(o>} el

5.4 Few properties of the classical Liouville action

As we said this theory is not yet well-defined because the measure over ¢ is dy¢: to get
the final expression we need to transform this measure to d,¢. General arguments indicates
that contributions of this transformation can be reabsorbed into the coefficients of the terms
in the action, so it is equivalent to a renormalization of these parameters. For this reason
it will be interesting to use different names for the parameters in front of the different
terms since they may receive different corrections. This explains why we speak of classical
Liouville gravity even it it arises as an effective action: to really get the full quantum effective
action we need to take into account all contributions. Moreover we will see later that the
semi-classical limit is given by the classical Liouville action (sec. 6.8), hence the name is
well-chosen.

5.4.1 Central charge

In the previous section we derived the classical Liouville action (5.33). We introduce the
parameters

c

1

and we rescale the Liouville field and the cosmological constant

¢ — bo (5.35)

in order to get 12

S, = 4i / 2o Vh (hﬂ”amayqb Y QR¢ + 4mp em). (5.36)
vy

With these parameters, the physical metric g reads [34, p. 19]
G = €l (5.37)

The emerging Weyl symmetry (4.39) is then modified and can be written in two equivalent

way
2bw h/

h = @90, b=¢ —w. (5.38a)

12We write S, for Sp,.
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or [34, p. 23]

y 1

huw = €N}, ¢=¢ — Ew:gb'—Qw. (5.38b)
In section 6.4 we will prove that the trace of the stress—energy tensor (6.29) is given by

2
T _% R. (5.39)

Comparing with (5.5) and writing

cL
T=—-——R 5.40
LR (5.40)

we can thus interpret the Liouville action as a conformal field theory with central charge

oL =c=6Q =26 — cp. (5.41)

This is a very striking fact since the action presented here is purely classical but already
shows some quantum features [12].
If we interpret the Liouville sector as independent, then the total central charge of the
theory vanishes
Ctot = CI, + Cpp, — 26 = 0. (542)

So even if we replace the Polyakov action by some other kind of matter, the Liouville central
charge will take the necessary value to cancel the total central charge. Then in any case the
full theory is conformally invariant.

The result presented here can also be found by using canonical quantization and studying
the Virasoro algebra [54].

5.4.2 Polyakov action and critical string theory

The matter is made of d scalar fields X#. The central charge for one scalar field is 1, and
we have d of them, so
Cm =d. (5.43)

The formula (5.17) gives for Z,,[g] and App the following transformation

26

Zm|€2°h) = Zph) e %E,  App[e®®h] = App[h]e™ T 5E. (5.44)

Translating this to the measures we have

(26—cm)

dyX dbdge= e o 90d, X dpbdye. (5.45)

Both terms cancel if ¢, = 26 — or ¢ = 0 — (which justify the string theory procedure). If
¢m 7 26 then quantizing quantum gravity reduces to the quantization of Liouville theory.
Another way to reach ¢ = 0 is to add conformal matter which will contribute to Weyl
anomaly [86].

5.5 Changing the Liouville mode measure

We may think that the measure over the Liouville mode dg¢ is the same as any scalar field
and that the Jacobian will be the same when changing the variable from g to h, but this
would be a mistake [86, sec. 14, 21]. In fact the measure is defined from the norm [16]

06| = /d% VG00% = /d% he??5¢?, (5.46)
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which depends on the field ¢ and not only on its variation. Thus this expression is Weyl
invariant, but it is not invariant by translation, and we do not know how to make sense of
this measure for the quantum theory. For this reason we want to find a new measure dj¢
defined with respect to the norm 3

160> = / d%o Vhép?. (5.47)

The change of variables reads [56]
dgé = Ao Det J (5.48)

where the operator inside the Jacobian Det J is

i 59;w(0) o 26(0)s(2) (1
J = Shy(0!) e 3 (o —d). (5.49)

Several approaches are possible to find the expression of the Jacobian:

1. make some assumptions on its form and show that it is given by the Liouville action
with different parameters, as was done by David and Distler and Kawai (DDK) [13,
16];

2. make an ansatz for the stress—energy tensor, and ask for the closure of Virasoro alge-
bra [78];

3. compute it explicitly as did Mavromatos and Miramontes [10, 11, 56].

Finally note that [20] propose to define rigorously the Liouville measure by parametrizing
the Liouville field in terms of the area and a Kéhler potential: this allows them to use
Bergmann matrices and tools from matrix models.

5.5.1 Ansatz for the jacobian

One can argue that the Jacobian Det J should take the same form as Liouville action since
there is no other possible term allowed by the symmetries, thus it leads to a renormalization
of the coefficient appearing in the Liouville action [13, 16, 47, app. E, 48, p. 148-150, 86,
p. 7], that we defined to be

Sy = ﬁ / d%c Vh (hwamayqs + QR¢ + 4 e2b¢) (5.50)
and we will fix the relation between them by asking that the physical metric g does not
depend on the specific splitting we choose, as discussed when we fixed the gauge (sec. 4.4.3);
we will mainly use [34, p. 17-19, 86, sec. 21.2] for the derivation. This has the same form
as (5.36) but @ and b are now independent. Remember that we called the Liouville action
without cosmological constant sy,.

However the computations is more difficult here: for the classical action the three trans-
formations (5.38) were equivalent (recall that we used these ones to keep the exponential
term invariant). But the parameters b and @ receive different corrections; naively we may
try to keep the transformation in terms of b since it is the most obvious candidate to keep
e?’? invariant. But then we would discover that the kinetic and curvature terms are not
invariant... Moreover exponentials of quantum fields can get anomalous dimensions from

131n [86, p. 120] it is said that one believes that we can replace a non-linear measure by a linear one by
adding local terms to the Lagrangian.
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quantum corrections, and it would spoil the transformation with 6. Thus we use the last
transformation

by = >N}, ¢=¢"—Qu, (5.51)

and it will appear to be correct. Another approach would be to transform h normally and
then shift ¢ by some function, which is determined by the invariance of the kinetic plus
curvature terms [86, sec. 21.2]. At the end we need to show that the cosmological constant
term is invariant independently (see section 5.6).

Transforming the kinetic and curvature terms The inverse metric transforms as
R = eT2Wp/HY (5.52)
and the kinetic term reads
VR 0,¢0,¢ = VI W0, (¢ — Q) 9, (¢ — Qw)
= VI " (0,8 0,8 + Q 0,wdw — 2Q 9,4 ,w) .

We recall the formula
R= e (R —2A'W). (5.53)

before computing the transformation of the curvature term:
Vh Ry = Vh e R (¢ — Qw) = VI (R —20'w) (¢ — Qw)
= VW (R¢ —QRw—2¢Nw+2QuwAw)
=VH (R'¢' — QR'w) + VI h'"(28,¢'d,w — 2Q0,w,w)

where the last step is an integration by part (valid under integral). Adding these two pieces,
the cross term 0,¢'0,w cancels and we get

2
g =L / &0 VI (h’“”@u¢’6y¢’ +QR’¢’> _ & / &0 VI (h’“"@uw&,w—FR'w), (5.54)
47 47

that is
syl w] = sp[¢] — Q% splwl. (5.55)

We also need to take into account the transformation of the path integral measures of
the other sectors. From the expression (5.26) we get

Zm[h] Applh] = e7 552l Z W] App[R'], ¢ =26 —cp. (5.56)

The measure for ¢ is invariant under its translation since we made it this way. Since w is
a Weyl rescaling independent of ¢, the measure for ¢ transforms as the one for a normal
scalar field [41, p. 673]

dezepnd = e8°2dy,é. (5.57)
Adding all the pieces together, we see that the variation is given by
c—1 9
0S8 = 5 Q) sL, (5.58)
and it vanishes if
c=1+6Q% (5.59)
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or written differently
25 — ¢y,

6Q% = 25 — ¢y, Q= G (5.60)
Again this means that the total central charge vanishes
Ctot = C+ Cpp — 26 = 0, (561)

and the quantum Liouville theory (plus the ghosts and matter) thus possesses exact confor-
mal symmetry at the quantum level, with respect to the A metric. We can interpret the 1 in
c as the quantum correction (due to one scalar field) to the classical central charge 6Q2 [12].

An infinitesimal derivation exists [34, p. 18-19, 67, sec. 3]. There is also a mixed deriva-
tion in [41, sec.25.1].

Transforming the cosmological constant term In a conformal theory, exponentials
e2%® receive quantum corrections to their dimensions

A(e**?) = a(Q — a). (5.62)

Since every term in an action should have conformal dimension (1, 1), the coefficient b from
the cosmological constant term should satisfies

bQ—b)=1 (5.63)

or )
Q= 3 +b. (5.64)

Again we recognize a quantum correction to the classical value b~!, and we recover this
value in the semi-classical limit b — 0.

5.5.2 Explicit computation

We will compute the determinant of (5.49) using standard techniques [56].
In order to find the ¢ dependence of Det J for

_ 99w 0) _ 20015200, _
J = Sh(0) e 0 (o —d") (5.65)

we look at the variation 0 — o + do of its logarithm [6]. Then integrating will give the

effective action Seg.
Its logarithm gives the effective action, and for a small variation d¢ it reads

6Sef =InDet J = TrIn J = 2 / d%o 8¢ (o) 6@(0). (5.66)

The 62 (0) is infinite and does not make sense, so we need to regularize it: we replace it by
G(e;0,0") where G is the heat kernel of the Laplacian (C.40). Its small time expansion is

R R SRR S SR (s
Gleio0) =g <4m€ 3oy B ) = Vi gz + gy (B +280) (5:67)

We can now replace

2¢
5ot = 2/d20 Vhie (fm + % (Rp, + 2A¢>)> (5.68)
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We can integrate and get the effective action (after an integration by part)
1 1
Sef = —— /d2a h e+ — /d20’ Vh (0,90 ¢ + Rp,9). (5.69)
4dre 127
The cosmological constant piece is divergent and we need to introduce counter-terms
p—_— / d%o Vh €* + Sg,. (5.70)
€

The first piece removes the divergence, whereas Sg, contains all the finite (and arbitrary)
counter-terms that are allowed by the (quantum) symmetries; especially it needs to be
invariant under the (emerging) Weyl symmetry:

Stnlh, @] = San]e*h, ¢ — w). (5.71)

For the moment we consider Sg, = 0 and we will come back on this point later (sec-
tion 5.6), where we will also discuss the cosmological constant term renormalization. Then
the effective action is 4

1 1
Sett = Set = 7o A% Vh (8,00 $ + Rpé) = 5oL (5.72)

By looking at formula (5.25) we see that adding this term amounts to renormalize the central
charge from ¢ = 6Q? to
c=1+6Q? (5.73)

in agreement with the previous section.

The previous computation is not totally rigorous: we obtained the renormalization for
the central charge ¢ directly from the kinetic and curvature terms, but the computation of
b is still a bit ad hoc. It is possible to improve this computation by using other methods
(a better heat kernel, Schwinger—Dyson equations, background field expansion and Ward
identities for the Weyl symmetry) [10, 11].

In [10], D’Hoker checks that Green functions computed with both measures and actions
agree at all order in a perturbative development in b (the zero-mode is treated exactly). But
then additional non-perturbative divergences arise for ¢ < 0 and lead to shrink the radius
of convergence to zero. He concludes that even if we can find agreement for the expansion,
it is not sure that Liouville it renormalizable non-perturbatively.

5.5.3 Summary

The quantum Liouville action
1
SL=1 / 25 Vh (h“”aﬂgﬁaycb + QR¢ + 4mp e2b¢) (5.74)

is defined by the parameters

25— 1
c=1+6Q? Q:,/E’Tczgm. (5.75)

We end this section by a comment on the previous derivations. The DDK approach
does not have any firm foundation, and the direct computation raises also some questions.
The main problem is to assume that one can separate the kinetic and curvature terms
from the cosmological constant: the first are used to compute the Jacobian, the second the
renormalization of the interaction. But the effect of one on the others has been ignored [10,
sec. 5]. It is only recently that a non-perturbative approach has been found [5, 19, 20].

14We have a factor 1/2 wrong.
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5.6 Interactions with matter

In section 5.5.2 we saw that we can add finite counter-terms to our action: if we have
a matter theory with (spinless) fields v; of conformal dimensions A;, then [13, 16] (see
also [34, p. 21-22, 47, app. E, 53, sec. 1, 56, 78, sec. 4.3])

Shy = Z Ui/d% Vh ;249 (5.76)

where U; are coupling constants. Matter fields are gravitationally dressed by exponentials
of the Liouville field to ensure that the whole term has conformal dimension (1,1). The
conformal dimension h; = a;(Q — a;) of the exponential is such that

Ai + hi = Az + Cli(Q - ai) =1. (577)

Solutions for a; are

_Q .l AT
az—2:|:2 A, —1+Q%=

St

<1 +4/1+ AiQ; 1) : (5.78)

and replacing the value of Q gives

25 —¢,, 24(A; — 1)

In the semiclassical limit & — 0, or ¢,, — —o0, we should have

and this selects the minus sign.

The effect of including these terms is to define the theory outside from the critical point,
for matter coupled to Liouville 6.

If we have no matter we still have the identity operator with A; = 0, and it will contribute
as

Stn = A/d% h %9, (5.81)

Since this "renormalized" cosmological constant has been generated as a finite counter-term,
its coefficient is arbitrary. The exponent is real if ¢,, < 1 or ¢,, > 25.

In the general case, we also have ¢, < 1 or ¢, > 25 if we allow imaginary a; for i # 0,
otherwise we should restrict to ¢, < 1.

Finally to end the coupling of the conformal matter to gravity, we need to replace deriva-
tive by minimal coupling, and to dress all the operators.

5.7 Non-local effective action

The trace of the equation for the effective action (5.4)

47 0Seg 4w ) c
20 g et R o T —(7m\ _ =
NG g S = g g 57 InZ, = <T > =1 R (5.82)

5Note that [13, 56] got the formula wrong as they forgot the square root for the first factor.
16 All these terms are marginal operators.
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can be directly integrated without having to choose a gauge [69]

Seti = ¢ / d201d%02 \/g(01)/9(02) Ry(01)G(01,02) Ry (o) (5.83)

where G is the Green function for the Laplacian A4 and this action is covariant. The price
we pay for not introducing a gauge is that the action is non-local. Note that we do not
include the cosmological constant for the moment.

A perturbative analysis is done in [42].

It is said that this action is equivalent to the Liouville one and emerges as the quantum
effective action of conformal matter, but this is not true at finite area because fixing the gauge
involves the Mabuchi action (see section 14) while the latter never appears for conformal
matter [19, sec. 3.2.4].

As we see here there are no emerging Weyl symmetry, explaining why this symmetry is
less fundamental.

We may introduce an auxiliary field ¢ such that the action becomes local

c 1
S = 5 / d*c\/g (5 9" 0,00, + QRyp). (5.84)

This action looks like Liouville, except that it is formulated in terms of the physical metric
g; in fact this action corresponds to 2d dilatonic gravity. Then we can go the conformal
gauge and get an action for ¢ and ¢. One the field should not be dynamical.

5.8 Comment on Liouville action status

Here we got Liouville gravity as the effective 2d gravity: it is the exact perturbatively since
we derive it from an anomaly and we know that anomalies are 1-loop exact (but nothing
prevents non-perturbative corrections). But we should not forget that the Liouville action is
really the gravity action, and the Liouville mode should be treated as matter. In this sense
the metric h that appears is not physical.

Nonetheless it is possible to study Liouville action by itself without referring to 2d gravity,
and then the Liouville mode corresponds to the matter, while A is the physical metric. From
this point of view it is also possible to couple the Liouville action to (tree-level) gravity,
and this system will be really different from pure 2d gravity (the idea is similar to dilaton
gravity).

This is just a perspective choice, but one has to be clear about one’s position.

5.9 Gravitational anomaly

In the rest of this paper we consider the Liouville action, obtained from the conformal
anomaly, as the effective action for 2d quantum gravity. Starting from the equations of

motion
c

VAT, =0,  T=3R, (5.85)

using the change of variable
- c
T =Ty — D R g (5.86)

one can trade the conformally anomaly for a gravitational anomaly
VI, = —1% a,R, T (5.87)

The first formula can be made Weyl covariant, and it is the starting point for another
effective action. This path has been studied in [44, 45].
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6 Properties of Liouville action

In this section we study the Liouville action for itself, without referring anymore to its origin.
In particular we will use two approximations:

e minisuperspace: consider only the time dependence;

o ultralocal: consider only the constant dependence.

6.1 Definitions

The Euclidean Liouville action is

1
St = E/dza \/E(h’“’a;ﬂﬁauﬁb + QR¢ + 4mp e2b¢) 1)

[25 —¢,, 1
c=1+6Q% Q= 5TC:5+I). (6.2)

We note that the Liouville action is very similar to that of the Coulomb gas (sec. C.5) with
an imaginary background charge @ = —ig. We can express b in terms of @ [16, 34, p. 19]

0 1 1
b:§—§\/Q2—4:E(\/25—cm—\/1—cm), (6.3)

and we choose the minus sign to get agreement with the semi-classical limit b — 0 [10,
sec. 4].
The potential will be denoted by

with parameters

U(9) = pe?. (6.4)

The cosmological constant needs to be positive in order to have a well-defined path integral
(see section 4.2). We will find that p > 0 is also necessary within the Hamiltonian formalism.
Since the path integral is invariant under constant shift of ¢ — ¢ + ¢ the value of u can be
changed at will since

pe?? — (pe?e) e, (6.5)

If 4 > 0 then the new cosmological constant is also positive as the exponential is always
positive.
Even if we will rarely use it except to gain some intuition, the original (and physical)
metric g is [34, p. 19]
Guv = €Ph,,,. (6.6)

Because of this splitting the Liouville action (6.1) is invariant under Weyl transformations

b = &l =0~ Qu. (6.7)

6.1.1 Coordinates

In order to avoid some IR divergences, we compactify the space direction on a circle in order
to obtain a cylinder [48, sec. 4.3]

T € R, o € [0,2x]. (6.8)
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In order to use all the tools of radial quantization we will also study the theory on the
plane. For this we can use a Weyl transformation (6.7) such that A’ = §. Then the action
becomes

1
Sp =1 / @0’ (8,00"6 + QRo + dmp ™) (6.9)

where o’ are coordinates on flat space. We kept the curvature term even if R = 0 because
it will contribute to the equations of motion.

This map for other quantities is easier to establish in complex coordinates and we delay
the discussion to section 6.5.

6.1.2 Values of the central charge

For ¢, < 1 both b and @ are real and this is the domain where the theory is the best
understood (we speak about spacelike Liouville theory); on the other hand we loose the
spacetime interpretation of strings except for ¢,, = 1 (where we can use Polyakov action
with d = 1).

For ¢,, > 25 both @ and b are pure imaginary [16]: then it makes sense to do a Wick
rotation on @,b and ¢ in order to obtain real parameters; this theory is called timelike
Liouville, we will study it in section 13. In this case the kinetic term changes sign since
¢ < 1. Especially for ¢, = 25 the field X° = —i¢ provides the timelike coordinate and we
get back critical string theory.

Finally for the interval ¢, €]1,25[, @ is imaginary and b is complex and we don’t have
much control in the continuum approach.

For ¢,;, <1 it might me convenient to represent the matter sector as a Coulomb gas with
a charge ¢ (see section C.5) [16, sec. 5]. In [10] the authors comments on the various ranges,
and he argues that doing an analytic continuation of the parameters may help to regularize
the divergences.

6.2 Partition function at fixed area

It is possible to expand the partition function as
Z=Y" / dA Z,[A] (6.10)
g

where g is the genus and A the area.
We define the partition function at fixed area A by [16, 34, p. 20]

Z[A] = /qu e 5§ </ d%o Vh e*? — A> : (6.11)

In [16] the authors explain why this delta function may be ill-defined, and that we are saved
by the fact that p is arbitrary. Then the partition function can be recovered through the
Laplace transform

Z = /dA e M Z[A]. (6.12)
The correlation function at fixed area of an operator O is defined by
(O)4=2[A] /dqﬁ Oe s (/d% h e — A) : (6.13)

Several scaling laws can be obtained using this partition function. For example the
critical string exponent s, (to be determined in the next section) is defined by

Z[A] ~ AVs3, (6.14)
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If one adds some matter interaction (see section 5.6)
Sini = /d20 Vh e, (6.15)

where 1) is a primary field of dimension Ay, then the gravitational scaling dimension A is
defined by
(Sing) 4 ~ AR, (6.16)

6.3 Critical exponents
From formula (5.17) we can easily get the way the partition function depends on the size of
the system for p = 0 [13, 86, p. 84]. Take ¢ = In L, then the rescaling
guu — LQQ,LLV (617)
gives
Z[ng] — e—ﬁlandQJ VIR Z[g} — e—%(l—g) In L? Z[g]

We thus find that .

Z[L%g) = A"Zlg), k= (1-g). (6.18)

The critical exponent v is given by [33, p. 9-10]

H:(772)(1—g)—1:>7:i(d—1— (dfl)(df25)) :f% (6.19)

12

where m is defined by

c=1- m(mLJrl) (6.20)

Note that d > 25 does not make sense. For pure gravity one has

d=0, m=2, 'y:—%. (6.21)
6.4 Equations of motion and classical solutions
6.4.1 Equations
Our first interest is in computing the h,, and ¢ variations of Sy, (6.1)
1 1
oSt = - / a2 VI 6hH { — 5 (h””@,,(b(’)g(b + QR + 4mp e2b¢)
0
(6.22a)
+ (au¢au¢ + QR;W¢ + Q(h/wA¢ - vuvu¢)):| ’
1
5551 = - / a2 Vh 5¢( — 9A$ + QR + Smub 62b¢). (6.22b)
The equation of motion for ¢
0SL
. 2
7 0 (6.23)
gives [34, sec. 3.1]
QRI[h] — 2A¢ = —8mube??. (6.24)
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For flat fiducial metric h = § it reduces to [63, sec. 2.3]
0,0 = dmube®®?. (6.25)
We can now compute the stress—energy tensor associated to the h,, metric

47 68

which reads
1
Ty = — <8Nq58,,¢ -3 huyhpoap(ﬁ@g(b) +Q(VuVid — b A@) + 2mpe®hy,,.  (6.27)

The trace of this tensor is

T = —QA¢ + dmpe??. (6.28)
Using the equation of motion (6.24) we can rewrite it as
2
T _% R. (6.29)

Taking into account the anomalous contribution of ¢, we get the quantum expectation
(T'=—-—R=—-——--—R. (6.30)

6.4.2 Classical solutions
6.4.3 Backliind transformation

Liouville theory can be mapped to a free field by a Backliind transformation [9, 79, app. A.1].

6.5 Complex coordinates
6.5.1 General computations

Tt is interesting to use complex coordinates to study Liouville theory [34, sec. 3.1, 3.3, 40,
sec. 2], since it brings the discussion closer to usual CFT. If y = 0, then Liouville theory
would just be a CFT; but this situation is more difficult (for example product of exponentials
are not given by a free field expansion).

If we have some coordinates z, then we recall that the metric reads

ds* = hy,dotdo” = h,zdzdz. (6.31)

Under a conformal transformation, the metric changes as

2

dw
hwo = |=5—| hzz, 6.32
- (6.32)
and from this we read the conformal factor
dw
=In|—|. 6.33
w=In|— (6.33)
As a consequence the Liouville mode transforms as (6.7)
dw
'=¢—Qln|—/|. 6.34
¥ =06-QIn| L (6.34)
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Note that this reduces to ) q
‘= ¢— —In|-m 6.35
o =0~ (6.35)
in the semiclassical limit. Then its derivative follows
dw d dw
0, — Ow —In|—/|.
(b—)dz ¢+den’dz

(6.36)
The field d¢ transforms inhomogeneously, thus it is not a primary field.

We can guess that fields e2?? will be primary fields since they transform as [40, sec. 2.2,
78]
2a@Q

dw |7 2as(e) (6.37)

e?aqb(z) N eme(w) —
dz

(we consider only the holomorphic part).
Let’s compute the change of T' under a transformation w = w(z). We plug (6.36) into
the expression (6.49) (omitting absolute values)

1 d 2 d d
/ = / 7 / 7 / . /
T, = 2(w 6wq§+Qlenw> +de <w 8w¢+Qlenw>.

and after simplification we get

Tl = (') T + Q* S(w, 2) (6.38)
with )
d? 1/d
S(w, z) = = Inw’ — 3 (dzlnw’> : (6.39)
We used the fact that
d , o w”

in order to cancel the term proportional to Q3d,,¢.
The first term is the usual term that we get from transforming a rank 2 tensor. The
other term needs a bit more thought for its interpretation. First we note that

S(w, z) =T.z(¢ = Inw'). (6.41)

Operating with all the derivatives, we obtain

w" 3 /w” 2

2 \w

which is the usual expression of the Schwartzian derivative. This formula is valid also for
generic coordinates, just that the proof is harder.

This is a great fact that one can obtain this expression by a simple computation, whereas
proving this formula just from CFT computation is much longer. It is also very nice to see
that we have a classical field theory (in the semiclassical limit) which possesses nevertheless
many features of quantum CFT.
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6.5.2 From the cylinder to the plane

Let’s consider S2. Two sets of complex coordinates will interest us
w=7T+1io, z=¢¥ = ¢t (6.43)

The first coordinates describe a cylinder, while the second describes the complex plane. For
this reason the metric in z-coordinates is flat

ds? = dzdz. (6.44)

We will mostly work in z-coordinates and use the previous rules to translate the result in
w-coordinates (and thus in terms of 7 and o).

In this case the curvature term of the action disappears and one needs to impose the
boundary condition [40, sec. 2.1]

$(z,2) —— —QIn|z)* + O(1). (6.45)

|z] =00

This ensures that the physical metric is smooth on S2%, see (6.34). This is equivalent to
concentrating the curvature at infinity through the insertion of an operator there (cf also
the discussion with the Coulomb gas).

Putting the theory on the sphere directly may introduce divergences, and for regulating
them one needs to set a cutoff for the integration and to introduce boundary terms. Hence
the action is equivalent to the large R of

S; = 1 / A%0 (8,00" ¢ + 4mpe®*?) + Q df ¢ +2Q*In R. (6.46)
4 D ™ JoD

The equation of motion (6.24) reads
D0¢ = dmpube®?, (6.47)

while the stress—energy tensor (6.27) is
T = —(06)* + Q0*¢ + 2mpe®*?, (6.48)

or after using the equation of motion
1
T = —§(a¢)2 + Q0%¢. (6.49)

It is straightforward to check that T,z = 0. The last term is is called an improvement term:
if we had set directly R = 0 into the action, then we would miss it. Again we note the
similarity with the Coulomb gas expression (section C.5).

The Schwarzian derivative (2.6) for the change of variables

w=1Inz (6.50)

reads

S(w,z) =

=5 (6.51)

and we get the expression for T3

Q2

Tws = —%(&[))2 + Q0*¢ + R (6.52)
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The difference between the two tensors is just a constant shift of the vacuum energy.
The vertex operator €2?? on the cylinder creates a state with momentum

ip=a-— % (6.53)

on the cylinder because of the anomalous term in the transformation (6.36) of 9,¢

1
0:60— - (Bud— Q). (6:54)
This last property may seem to be incompatible with the action (6.1) since it contains

the operator
Vi, = ¢ (6.55)

which, on the cylinder, is transformed to
Vy = (20=Q)% (6.56)

But the point is that the term v/A V; has been designed to be Weyl invariant, which implies
that we still have V}, for any choice of h, and the term looks the same on both the plane and
the cylinder — this is a consequence of the Weyl invariance (6.7).

6.6 Lorentzian theory

According to the discussion on Wick rotation in appendix A.4, the Liouville action gets an
additional minus sign for Lorentzian signature [67, pp. 125-126]

Sp =1 / o VR (18,00, + QRo + dmpe?). (6.57)

™

6.6.1 Hamiltonian formalism

The canonical momentum conjugate to ¢ is

_9S_ ¢
P=5r =0 (6.58)

We see that p should be positive otherwise the Hamiltonian is unbound from below.
Note also that for Euclidean signature the Hamiltonian is negative.
6.6.2 Minisuperspace

The minisuperspace approximation (also called reduced particle dynamics) consists in treat-
ing the Liouville mode as constant over space [32, sec. 2.4, 57]

¢(t,0) = do(t), (6.59)

and by considering only the flat metric. A lot of subtleties of Liouville theory already appear
in the treatment of this zero mode.
The action becomes 7 [34, sec. 3.4, 86, sec. 22.3]

S = /Ldt = /dt (“ﬁf - 27ruezb¢0> (6.60)

1"Note that many authors [57] write the Euclidean Liouville action before giving the minisuperspace
equation, and the switch to Lorentzian signature is implicit.
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taking into account the integration over o € [0, 2], and the dot denotes the derivative with
respect to the time.

The conjugate momentum is '®

po = o (6.61)

and we can find the Hamiltonian [78, sec. 4.2]

. 2
Hy = podo — L = % + 2 e, (6.62)

Note that if we had taken Euclidean signature the Hamiltonian would have been negative
definite.

6.7 States

In this section we begin by describing the states, and we will show later how to obtain them.
Normalisable states can be found from minisuperspace analysis, while the non-normalisable
ones cannot.

Primary states are vertex operators

V, = 2%, (6.63)

Recall that the associated weight is
he = a(Q — a). (6.64)

The momentum a can generically be written as
a= % + ip, (6.65)
with associated weight
2 c—1

h="-+p’=——+p" 6.66
TR A YR 2 (6.66)

As we are asking for unitarity, the conformal dimension needs to be positive
h > 0. (6.67)
Solving this inequality implies that the spectrum is made of two categories of states:

« normalisable

Q? c—1
R > - = — .
peR, h > 1 51 (6.68)
e mnon-normalisable
] Q@ Q* c—1
-z x < h< === . .
a € [0,Q], pez{ 55| 0<h< 1 51 (6.69)

Note that due to the reflection property of vertex operators, one can restrict states to
peRy (6.70)

and to
a < % (6.71)

the latter being known as the Seiberg bound.
When studying the semiclassical approximation, two types of states will be singled out:

18Note that the minisuperspace momentum is related to the full momentum by p = po/27 which means
that p is a spatial density, as it is usual when discretizing space in QFT.

39



e Light states: their momentum is proportional to b, i.e.
a=bo (6.72)

where o is finite.

Their particularity is to have a finite dimension as b — 0
hye — ©. (6.73)
The vertex operator becomes independent of b in the semiclassical limit
Vo = €279, (6.74)

and insertions of these operators into the path integral will not contribute to the
equations of motion (i.e. they do not change the saddle point). Then in correlation
functions they just need to be evaluated at the solution for ¢;.

o Heavy states: their momentum is proportional to 1/b, i.e.

_n
a=7 (6.75)

where 7 is finite.

Their conformal dimension diverges as b — 0. The associated vertex operators will

contain a power 1/b2
2nécl

Vi =e 7, (6.76)

which is the same than the one which appears in the semiclassical action (6.81), and
for this reason they will contribute as delta functions in the equations of motions (they
modify the saddle point). Indeed one can write

V,b(0) = exp %727 / d%0' 6@ (o — o') pai(a’). (6.77)

6.8 Semi-classical limit

The semi-classical analysis of Liouville theory is described in [40], where the Liouville field
is continued to complex values.
We saw that the semi-classical limit is given by the equivalent limit

b—0, Cm — —00, ¢ — 00 (6.78)

1 c
Q= ;= \/g (6.79)

b2 can be thought as controlling the semi-classical limit of the path integral since it gives
the saddle points for b — 0. For this reason we rename (¢, i) as (¢, ftc1) 2.

Then @ reduces to

19We will not write the indices when no doubt is possible. In fact these variables are the ones that were
used in (5.33).
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6.8.1 Semiclassical action

After rescaling the Liouville mode and the cosmological constant

(bcl = bd)? el = ,LLbQ, (680)
the Liouville action (6.1) becomes

1

1= 47b?

/d20 ﬁ(h“”@ucﬁcl&,(bcl + Rool + 47 ptcl e2¢°1). (6.81)

The equation of motion (6.24) becomes [40, sec. 1]

R[e**h] = (R[] — 2A¢a) e > = —87pici. (6.82)

This is the well-known Liouville equation 2° whose solutions are metrics ¢ of constant nega-
tive curvature (since p > 0). Moreover this last equation is explicitly invariant under (5.38).
A solution of this equation corresponds to a saddle point of the path integral.

6.8.2 Correlation functions on the sphere

In this section we restrict ourselves to M = 52, and we will follow [40, sec. 2]. The goal is
to obtain semi-classical expressions for the correlation functions in order to compare them
to exact expressions obtained after the quantization.?!

In complex coordinates the action (6.46) simply becomes

1 1
b2 S, = — / d%0 (8,0:0" b + dmpuc €2%) + = / df ¢. +2In R. (6.83)
4 Jp T JoD

We consider semiclassical computations of correlation functions

<H eQai¢/b> _ /d¢ H 620«z‘¢/b e*Sw’]. (684)

As said above, light states a; = bo; do not modify the saddle point, while a heavy
operator a; = 1;/b will contribute [40, sec. 1].

For three heavy states, the saddle point is real only if the 7; satisfy the following condi-
tions (called the physical region)

meER,  om<1/2, ) mi> 1 (6.85)
and the result is

3
1
<H 627h'¢> — e—S[<25c1]7 S[¢C1] = be G(77171727773) + O(l) (6.86)
=1

If the 7; are not in the physical region then G(7;) becomes multivalued and there are
monodromies [40, sec. 1.1]. In particular the normalisable states are not in the physical
region since they correspond to

1
Re N = 5, Im i > 0. (687)
20Tt was used in the context of Riemann uniformization problem: “Can any metric be related to one with
negative constant curvature?” Liouville theory can be viewed as the quantum version of this problem.
2ln particular this is useful for deciding if theories which are not defined through the Liouville action
are equivalent to it (for example in the case of matrix model or conformal bootstrap approaches).
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6.9 Ultralocal approximation
In the ultralocal approximation only the constant zero-mode is kept
o(t,0) = ¢g = cst. (6.88)

This approximation is sometimes also called minisuperspace but we reserve the latter for
the time-dependent zero-mode.
The exponential interaction (6.4) can be approximated by a wall located at

1
w=——1 6.89
¢ oy I (6.89)
which corresponds to the point where the interaction becomes strong
Ulpw) = pe®®e ~ 1. (6.90)

7 Quantization

Several approaches can be used in order to quantize the Liouville theory (canonical quanti-
zation, path integral, BRST quantization, "conformal bootstrap"...). They are all comple-
mentary as some answers are easier to get in one of them.

7.1 Canonical quantization

The first approach is to quantize canonically by promoting fields to operators [34, sec. 3.3].
We can expand ¢ and p in Fourier modes [78, sec. 4.2]

i —ino —ino
6(t:0) = Go(t) + 3 (an(t) 7 + by (t) ™), (71a)
n#0
1 —ino —ino
p(t.0) = po(t) + - D (an(t)e™™ 4 bu(t) e ™). (7.1b)
n#0
We have
al, = a_y, bl =b_,. (7.2)
Imposing the equal time commutation relation
[6(t,0),p(t,0")] = (0 — o) (7.3)
gives the following relations for the modes
[b0, 0] = 1, [an(t), b (t)] = 1 dp m. (7.4)

7.2 Operator formalism

The authors of [9] proved that Liouville does not have a translation invariant vacuum. We
can guess this result by taking the expectation value of the quantum equation of motion

— AD + 8mube®®® =0, (7.5)
then assuming that |0) is translation invariant we have
(0] A®|0) =0 (7.6)
which implies
(0] e®®10) = 0. (7.7)

This is a contradiction with the fact that the exponential is strictly positive.
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7.3 Minisuperspace quantization

We continue the study of minisuperspace (called also the quantum mechanical model) [57,
sec. 2, 77, sec. 3.1, 86, sec. 22.3] (see also [34, sec. 3.4, 4.3]) 2

_ %_ 2bgo
S=[dt 5 2rpe ) (7.8a)

2
Hy = % + 27 b0 (7.8b)

that we begun in section 6.6.2. It can be used to obtain semi-classical approximations to
n-point functions.
The discussion can be extended to include matter [53, sec. 1].

7.3.1 Canonical quantization

Canonical quantization goes with the replacement

d

The zero-mode Hamiltonian (6.62) reads [78, sec. 4.2]

2

Hy+N=—-— +2mpe®® + N (7.10)
2 dgg
where we added a zero-point energy N [63, sec. 2.3].

In order to find interpret the eigenvalues of this operator, let’s go back to the plane.
There the Hamiltonian is given by the dilatation operator Lo + Lo (these are the Virasoro

modes defined on the plane)

(Lo + Lo)ta = 2Aa (7.11)
because of the relation (2.14). The Hamiltonian on the cylinder is given 23by [63, sec. 2.3]
H0+N:L0+Eof%:Lo+Eof%f%2. (7.12)
and this allow us to identify the zero-point energy
N = —i. (7.13)
12

Finally applying Hy on A with (7.11) we get

2
Hos (o) = (28 = 5 ) v (oo) (7.14)
Defining
_@Q
AfT+p, peC (7.15)
and renaming ¥a to 1, the Wheeler-deWitt equation 2* for a wave functions 2° v, (¢o)
H()wp = 2;02%, (7'16)

22McElgin is defining a = (Q + ip) /2.

23Both operators Lo and Lo are shifted by —c/24 and —¢/24 on the cylinder, but we have & = c.

24The WAW equation is a constraint on wave functions since the latter should be invariant under time
diffeomorphisms.

25Do not confound the momentum p in the eigenvalue with the canonical momentum.
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or after using the explicit expression (7.10) we get the

1 d?

In order to simplify this equation we can do the change of variable
0= eb%, (7.18)

This new variable £ can be interpreted as the circumference of the 1d universe in the physical
metric.
We compute the change of variables for the derivatives

d d¢ d d

P TR T2 (7.19a)
d2 e d\? d\* d d
= — =) =p2(r—=) =p2(P— +v— ). .19b
a5 <d¢o de> ( dé) < az " df) (7.190)
We obtain the equation
d d
C— 40— —A(p0? — p? = 2
where we defined . »

p= B2 p= b (7~21)

Note that fi is proportional to the semi-classical cosmological constant, and p = bp is a light
momentum (since it is proportional to b which goes to zero in this limit).

7.3.2 Wave functions

In the limit ¢pg — —oo (short physical distance, i.e. UV), the potential energy tends to zero
and we get the equation [78, sec. 4.2]

d?e,

4p* 1, =0 7.22
d(b% + P 7/}17 ’ ( )

which is just the equation for normalizable states which behave as plane waves
Yp ~ sin(2p o). (7.23)

Plane waves with energy +p behaves identically. For ¢g — oo, the wall grows exponen-
tially and reflects waves, such that the two waves +p are related and we should select only
one. Then we see that the effect of the wall is to truncate half of the states.

In (7.20) we recognize the modified Bessel equation (E.30) with imaginary parameter,
and whose solution is

Up() = ap Kaip(2v/ 1 £) + By Laip(20/fu£). (7.24)

Looking at the asymptotic form (E.31) for the modified Bessel equations in the limit ¢g — oo
corresponding to £ — oo, we need to set

Bp=0 (7.25)

to discard the growing exponential.
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In order to find a;, we need a normalization condition. We choose to take incoming plane
waves e2P?0 with unit coefficient when ¢g — —oo or £ — 0. Using again the limit of the
modified Bessel functions (E.31), we get

Up(do) ~ ay lF@;ﬁ) <\/1ﬁ£) + F(_;iﬁ) (\/ﬁe)w] (7.26a)
I(—2ip) |:e2ip¢0 n T'(2ip) 2 eZip¢0:| (7.26b)

TR I'(—2ip)

(the p in the exponential in order to remove the b in £ = e’?0). Choosing

24P
we finally obtain _
2/
= ——— Ko;3(2+/ ] 2
Uoll) = T iy Ko (2V/i0) (7.28a)
or substituting p and fi
2(mp/b%)
=——1 < K, 2 . 2
Uplt) = AR Ko 2/ ) (7.250)
As we have written above for ¢y — —o0 one gets
Yp(do) ~ PP + Ro(p) e 277, (7.29)

The wave function decomposes in two plane waves, one ingoing, and one outgoing with a
reflection coefficient I (2ip)
W) ~—2ip
R = ——" P, 7.30
o(p) T(—2ip) " (7.30)
This may be seem as the effect of the wall, which implies that both waves are not indepen-
dent. Using the recursion (E.3) for the Gamma function we obtain the usual expression for

the coefficient N
D(1+2ip) . o

R =—=-"= 7.31
For p € R, the reflection coefficient is a pure phase [57, sec. 2]
T'(2ip)
R, =" | -1 7.32
Ralo)| = | s = 1, (7.32)
using the formula (E.6), and this is expected for a completely reflecting potential.
It is easy to check that
« 1
Ro(—p) = 2 = . 7.33
op) = = s (7.33)
In particular this implies
Y_p = Ro(—p) ¥p- (7.34)

One may see that it corresponds to the limit b — 0 of the full reflection coefficient (9.26).

45



7.3.3 States

Wave functions such that p is real
peR (7.35)

corresponds to normalizable states, i.e. they correspond to square integrable functions.
Moreover functions with p € R form an orthonormal set 26

[ o stontyon) = [ G w60 =70 ), (7.36)

using the orthonormalization relations for the modified Bessel functions. In view of this
formula, the normalization (7.27) for a corresponds to a canonical normalization of the
wave functions. For this set of states, the conformal dimensions (7.15) are bounded from

below [78, sec. 4.2]
2

Az (7.37)
When p is a pure imaginary number [78, sec. 4.2]
p = iw, w e R, (7.38)
the wave function (7.28a) diverges as ¢g — —00
Up(do) ~ e 2%, (7.39)

Moreover conformal dimensions (7.15)

A= - w? (7.40)
are bounded from above )
A<@ (7.41)
4
and positive values (for unitarity) are achieved only for
o] < % (7.42)

As a consequence values of the parameter a are
a € 10,Q] (7.43)

if one requires unitarity (but note that wave functions corresponding to a ¢ [0, Q] are solution
anyway).

As we have seen wave functions ¢, are equivalent, which is due to the reflection of the
wall, and they should be identified. Hence the independent parameters are limited to

normalisable: p e R, non-normalisable: a € [0,Q/2]. (7.44)

The second is called the Seiberg bound [78, sec. 4.2].
For more details see also [32, sec. 2.5].

26Ty principle we normalize wave functions to 2m6(p — p’), but here the wave functions is e2iP¢0 and we
have 6(2p) = é6(p)/2 [63, p. 13].
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7.3.4 Correlation functions

The wave functions can be used to compute a semi-classical approximation to the 3-point
structure constant C(aq,aq,as3) (see for example [57, 76]). In particular the limit b — 0 of
C(ay,as,a3) evaluated with the following weights?”

a; = % + 1bps, az = bo, az = % + ibps (7.45)

matches the integral (assuming o = ipy > 0)

CO(a17a27a3) :/

oo

dgo Ve, (60) €27 tuy, (0) (7.46a)

- (M) 7 1 2p) H F((F(gjﬁ ) (7.46D)

where we defined
2= pi  Pi=P—pi, i=123 (7.47)

8 Liouville duality

Quantum Liouville theory exhibits a duality under [57, sec. 2]

1
b +— 7 (8.1)
The presence of this duality is responsible for the two-dimensional lattice of poles of the
three-point function [65], which can be understood as coming from the presence of a second
exponential interaction (called the dual cosmological constant) in the action. Hence the

cosmological constant and its dual are
Up = p %, Up-1 = fi e*9/°, (8.2)

The Liouville action can be obtained by the reduction of a WZW model. Then conformal
invariance at the classical level requires its potential to be the sum of the two exponentials
(whereas classically the reduction leads to a single exponential) [65]. This is obtained from
a differential equation on the potential, which is needed to get it invariant under conformal
symmetry; then this equation is second-order in the quantum theory, and only first order in
the classical theory.

8.1 Dual cosmological constant

Vertex operators are defined by exponentials of the Liouville field

VCL = e2a¢_ (83)
Operators that have a conformal weight (1, 1) are denoted by
Vi, = ¢ (8.4)
where b is a solution of the equation
1

27For simplifying the notations we do not write the that on p; and o,but these quantities really correspond
to the hatted ones of the previous formulas.
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This equation admits two solutions for b

Q 1
by = =+ = 2 _4. 8.6
+=5 T3 Q (8.6)
We can see that we have the relations
bib_ =1, by +b_ =0Q. (8.7)
We define
b_=b (8.8a)
from which it follows that 1

We thus obtain two vertex operators of conformal dimensions (1,1)
Vo= V. = 20 = 29 Vi1 = Vi = 249 = 20/, (8.9)

These operators are very special for several reasons. First of all they can be added to the
Lagrangian as marginal deformations. In general only V_ is added since it appears from the
classical cosmological constant term, but the others could be present as a non-perturbative
effect. It would them seem very natural to include both in the action. Another reason is
that this second term is required by crossing symmetry [57, sec. 2]. This has been studied
in the context of the Coulomb gas [18, chap. 7].

We define the interaction term

U=U_4U;=p V. +ps Ve = pe® + e/t (8.10)
with the alternative notations for the coupling constants

B=p—, = pg, (8.11)

w1 being the usual cosmological constant and i is called the dual cosmological constant. This
new term is adding a second growing wall. Then the Lagrangian reads

S = % / d%0 vh (hwamam + QR+ dmp ™ + dmfi e/ ”). (8.12)

The action we have just written is invariant under the weak-strong transformation

1
b— 3 (8.13a)
if we also exchange the cosmological constants
> i (8.13b)

since () is obviously invariant and so is the two interaction terms taken together.
Moreover the two cosmological constants are related by [57, sec. 2]

(ruy ()" = (xiy(672)".

This relation is used a simplification in the computations of [65] (it seems to be an assump-
tion, despite the fact that they claim in the introduction to derive it). It can be obtained

(8.14)
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by asking for the invariance of the 3-point function under the duality. One can check that
this relation is invariant under the duality (8.13). Note that we can rewrite it as

1/b_ 1/b
(miy )" = (s (02)) " (8.15)
Finally it can be used to write ji in terms of u

= —Grm (@) (8.16)

=

In particular this relation implies that the identity [57, sec. 2]

Scll(b, p) = SLl¢ + o np (0, 1) — <~ Inp (8.17)

is preserved (x is the Euler number).

Since an exponential term is growing very fast it can be approximated by a hard wall
located at the position where the interaction term is of order 1 [34, sec. 0.2]. In our case we
get

1 1
pe?- vl = ¢_~ % In m (8.18a)
~ 26 /b b, 1
for the positions of the two walls ¢1. Using the expression (8.16) we find that
b 1
¢+:¢,4-§mw7w—%-ﬂfnwy@% (8.19)
from
b 1 b _9 2 —1/b2
P4~ §lnﬁ = §IH7T’Y(b ) (WMV(b ))
11 b o1 )
= %ln; + §ln7r'y(b ) %lnwv(b ).
Another expression for this relation is
b b_
b+ + 7* 7 y(1/b3) = 6 + In 7~ (b=2). (8.20)

We can also note that since b < 1 the dual exponential is growing much faster, but
depending on the value of [i it can start to grow later.
An interesting relation is [57, sec. 2]

op 1 ji
G _ 2 H_pp 8.21
5o = L =R0) (5.21)
where R(b) is the reflection coefficient evaluated at b. From this last point we obtain that
ou_  oU4
=T _V 8.22
on o (8.22)
since oU 9
+ _op
—— = — V-1 = R(b)V-1 =V, 8.23
o o O)Vo-r = Vi (8.23)

because of 1/b = /2 — b and using the reflection property (9.3).
At the self-dual point
b=1 (8.24)
we obtain
Vo= V+ = 62¢7 ﬂ = M (825)

the second relation following from (8.16).
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8.2 Quantum theory
By looking at the Ward identities, it is shown in [64] that the relations
Q=b_by, bb,=1 (8.26)

still holds in the quantum regime.

9 Correlation functions
In this section we consider correlation functions of vertex operators
Va(z,2) = 2?3 A, =a(Q - a). (9.1)

We will often omit the z dependence.
We identify the identity operator as

id = lim V. (9.2)

a—0

We recall that V;, and V_, are related by reflection
Vo—a = R(a)V, (9.3)
due to the wall 28. The reflection coefficient is such that

R(a)R(Q — a) = 1. (9.4)

9.1 2-point function

It is explained in [64] how to interpret this reflection if the two-point function is given.
Defining the inner product

(ay,a2) = }:1;% xm‘lAg(Q —ay,a9; 1) (9.5)

between primary states, one has

<<Q<?Z?a> <Q<T§,Qci>a>> = (R(Q1—2a) R(Ql?'a)l) 50 (96)

The determinant of this matrix is zero which implies that one linear combination of states
has zero norm and decouples

la) = R(Q —2a) |Q —a) = 0. (9.7)

9.2 3-point function and DOZZ formula

The three-point function of Liouville theory was found by Dorn and Otto and by Zamolod-
chikov and Zamolodchikov [17, 84] by generalizing the result of computations done with the
path integral at specific values of the momenta (see also [2] and [15]).

On the other hand, this 3-point function can be obtained by solving some equations of
the conformal bootstrap, as was shown by Teschner (and refined by others) [82]. This will
be the topic of the section 10, where more references will be given.

28Some authors use R(a)~1.
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It was latter explained by O’Raifeartaigh et al. how to get this formula by generalizing
the path integral to include the dual cosmological constant interaction [64, 65] (see also
section 8). In this case it is possible to obtain the normalization coefficient of the 3-point
function, which cannot be derived by the two other methods (instead an ansatz).

Various references on the DOZZ formula and the recursion relations include [40, 57,
sec. b, 63, 85].

Given a set of three variables {z1, z2, 3}, one defines [76, p. 5]

2.%‘221‘1‘:371 + x9 + 3, Ti=a—x;. (98)

For example one has
.’fl = T2 + Tr3 —T1. (99)

Conformal invariance dictates the form of the 3-point function to be [40, sec. 2.3]

C(a17 a2, a3)

<Va1 VaQVa3> 2A12|213|2A13|223|2A23

- (9.10)
|212]

where we defined
zij =z — zj, A1z = A1+ Ay — Ag. (9.11)

The structure constant C(ay, ag, az) are one of the fundamental element to define a CFT.
Its expression is given by the DOZZ formula

_ 2y 2-22](@720/0 T3 (0) Ty (2a;)
C(a17a27a3) - |:7r/1’7(b )b Tb(Q& — Q) 1:[ Tb(2&1) . (912)

We refer to the appendix E.3 for the properties of the various functions. The limit b — 0
agrees with (?7) [57, p. 7).
We can obtain the reflection amplitude from the identity

C(Cl,l,a,g,ag) = R(al)C(al — Q,ag,ag). (913)

We can also get this coefficient from the limit of C', but there is no ambiguity here: we don’t
have to know that V, — id when a — 0 in order to compute it, while the limit requires
this [76, sec. 3].

9.2.1 2-point function limit

We want to check if the limit of C(a1, as, ag) gives the correct 2-point function. We consider

a; = % +ip1, az = % + ip2, az = €. (9.14)

The various combination of a; are

Y a—Q=ilp1+p2)+e, (9.15a)
a12 = i(p1 — p2) + ¢, (9.15b)
ags = —i(p1 — p2) + ¢, (9.15¢)
a3 = i(pl +p2) —e+Q. (915d)
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The DOZZ formula gives then (we already remove the ¢ which will not contribute)

- (P1+p2)
b

C(Q)2 + ip1,e,Q/2 + ips) = [wm(b%bwﬂ ' X
T3,(0) Y5 (Q + 2ip1) T3 (Q + 2ipa) Yo (2e) .
T (i(p1 + p2)) Lo (i(p1 + p2) + Q) Yo (i(pr — p2) + 6)2

We use the formula (E.42) to remove the @ in the T functions. The total power of b is
given by

(9.16)

1 1
—i(2— 2b2)’% — 4+ 4i(p1 + p2) (b - b) 12 2i(p1 + p2) (b - b) — 2, (9.17)

where the second and third terms comes from Y,(Q + 2ip1)Tp(Q + 2ip;1), and the fourth
and fifth from T (i(p1 + p2) + Q).
We can also use (E.44) to expand Yp(2¢) as

Yp(2¢) = 2e T, (0) (9.18)
The formula reduces to

B2 P (9500 ) Yy (2ips)

Q2+ ip1,=,Q/2 +ip2) = g [m (1)

b? Ty (i(p1 +p2))2
2¢ T},(0)? Y(2ip1b 4 1)y(2ip1b~")y(2ipab 4 1)7(2ip2b ") (9.19)
Ty (i(p1 — p2) + 5)2 v(i(p1 4+ p2)b + 1)y (i(p1 + p2)b~1) .

The denominator has a zero only when p; = po, so that we can deduce directly that the
function vanishes when € — 0 if p; # po. If the two momenta are equal we need to expand

also Ty (i(pl —p2) + 5), giving

iR (951 )Yy (2ips) y

CQ/2+ip1,&,Q/2 + ips) = 7 [y (8?)

} 2
b? Ty (i(p1 + p2))
2e T},(0)? 7(2ip1b + 1)7(2ip1d~")y(2ipad + 1)y(2ipad ") (9.20)
(i(p1 — p2) + 5)2T§)(0)2 v(i(p1 + p2)b+ 1) (i(p1 + p2)b~1)
We make use of the relation
€
lim —— =7d(p1 — 9.21
50 (1 —p2)? + 2 moloL =) 821
and this allows us to set ps = p;.
We obtain the 2-point function [40, sec. 2.4]
g% C(Q/2 +ip1,e,Q/2 + ip2) = 27G(a1)d(p1 — p2). (9.22)
where )
Gla) = —— = 1 [ (b2)} = (2bay — b2)y(2a1 /b — 1 — 1/b%) (9.23)
= — T — ﬂ- _— — — .
R(a) b2 1284 0 1 Y 1
To make contact we the previous formula we note that
2 1
%pr = Q — 2ay,  2ipib+1=2bay — b2, 2ipb~!= % “1- 5 (9.24)
For generic ay, as we get
lim C(a1,az,a3) = 2w0(a1 + az — Q) + G(a1) 6(a; — as). (9.25)

ag—)O
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9.2.2 Reflection coefficient

From the DOZZ formula the reflection coefficient is found to be [57, sec. 1, 2]

2 —2a ab — b2
R(a) = [ruy(v?)] @720/ b%(;@ %75 ﬁbrz), (9.26a)
_ ovq—ip/b T(1 +1ip/b) T'(1 + ibp)
R(p) = —[mpy(b*)] T ip/b) T —ip)" (9.26b)

Part ITI
Extensions

10 Conformal bootstrap

In the context of the conformal bootstrap, the theory is defined only by its symmetries. Its
spectrum and its correlation functions are determined from consistency conditions. This
allows to remove many assumptions and to get a more general theory that we still call
Liouville theory.

The conformal bootstrap approach to Liouville theory was initiated by Tescher [82] who
derived recursion relations for the 3-point function. He still relied on the existence of an
action, but at the price of few assumptions it is possible to get rid of it [66].

By giving up the formulation in terms of an action one gets more freedom in defining
the theory because it can be extended to cases where the action is not well-defined [71].

We will greatly follow [71, 72].

10.1 Hypothesis and setup

The main hypothesis is that the spectrum is the same as for ¢ > 25 Liouville theory

peR. (10.1)

10.2 Teschner’s recursion relations
10.2.1 Derivation

We will again use the notations (9.8)

28 =) @, Ei=dF-wx, =123 (10.2)

10.2.2 First solution
10.2.3 Second solution

The second solution to the recursion relations, called DOZZ or timelike DOZZ, was obtained
by [85] and independently in [50, sec. 3, 51], but it already appears as part of the analytic
continuation derived by Schomerus [76]. Finally it was shown that this function can be
computed from the usual path integral with a different cycle of integration [40] and from a
Coulomb gas computation in [35]. Good reviews of the properties and derivation include [40,
sec. 7.1, 57, sec. 5, 72].
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The 3-point function reads

—(¢+2&)/8

~ 2 . -
Clar, az,a3) = % - W/L”Y(—ﬂz)ﬁzﬁﬁz} i (a28) /5 5
6 q —2a) —2&;)
. (10.3
X H ey 103)
We refer to the appendix E.3 for the properties of the various functions.
Note that

eim(a+2&)/8 (,1)(Q+25¢)/3 (10.4)

and this cancels the minus sign in the first parenthesis of (10.3).

10.3 Crossing symmetry

10.4 Modular invariance

11 Runkel-Watts—Schomerus theories

The Runkel-Watts—Schomerus (RWS) theories exist for rational values of the central charge

2:3/ ) 11.1
6 peQ (11.1)

Recall that in this case ¢ < 1.

The first such theory was obtained by Runkel and Watts by taking carefully the limit
p — oo of the unitary minimal models M, and it has ¢ = 1 [73, 74]. It was later shown
by Schomerus that this theory arises as a specific case from the analytical continuation
of the DOZZ formula to the above values of the central charge [76]. As Schomerus was
only interested in the rolling tachyon, he did not compute the limit explicitly for the cases
¢ # 1, and the corresponding formulas have been provided by McElgin [57]. It was proved
numerically in [72] that these theories are crossing symmetric.

The original motivation for taking this limit is that it reproduces the 3-point function
computed from the ¢ = 1 minisuperspace approximation. Moreover by taking the limit
as — 0 of the 3-point function the non-analytic factor gives a diagonal 2-point function,
which also agrees with the minisuperspace [76]. As shown in McElgin the theories with
p = 1 also have diagonal two-point functions. But as we explained in other sections one can
identify the 2-point function from the limit of the 3-point function only if the identity is the
only field with vanishing dimension.

The only unitary theory of this family is the ¢ = 1 theory since the weights are such that

c—1
h < TR (11.2)
and the theory contains negative weights for any central charge less than one. As it is special
we call this one the Runkel-Watts model. Note that it also arises from the orbifold of the
free boson [31].

11.1 Three-point function from analytical continuation

As explained in the appendix E.3.4, T}, functions can not be continued to b € i{R. Nonetheless
the specific combination that appear in the 3-point function admits a well-defined limit which
will take the form B R

C(a1,a2,a3) = P(ay,az,a3) C(a1, az,a3) (11.3)
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where C is the timelike DOZZ formula, and P is a non-analytic function whose expression
depends on the domain of the a;.

We will follow the computations from [57, sec. 6, 76].2

We wish to make the analytical continuation

b=10, a; =i (11.4)
of (9.12)
(@-2a)/6 Y}(0
_ 2\ 72—2b7
C(a1,a2,a3) = [mw(b )b Ty (20— H . (11.5)
In the appendix we got the formula
Hy(a) H_ijs(—ia)
T = = 11.
) = e+ )~ T5(5—a) (L0
with
i T b? 3 1 91 (x/b)
Hyx) =exp | 2 (a2 + L —gpr 2= 2> 2| 2&/0) 11.
o) eXp[z (x TS 4)} 91(1/2 + 1/21%) (1L.7)
and for simplicity we defined
_ 1 1
191(.%) = 191(1',7—), T = bfz = _E (118)

Since tau € R corresponds to the boundary of analyticity of 11, we assume that 7 has a
small imaginary part.

We can see easily that the only difference with the timelike DOZZ (10.3) (the prime
indicates that we removed few factors from the original formula)

~ —(@+28)/8 YTp(B — q — 2a&) Ty(8 — 2&;)
/ _ 2\ p2+282 /3 q b 7
C'(ar,az,08) = [ = muy(=4%) 8 Hrb ey (119
will come from contributions from Hj functions, thus we can write
6(0&1,0(2,043) :P(Oél,ag,ag) CA"(al,ozg,ag) (11.10)

with P(cy;) gathering contributions from Hj. This function will provide the poles necessary
to get a diagonal 2-point function.
The derivative of T taken at x = 0 is

oy = BO _ im0 3 1] 9i(0)
0= Ts(8) p[2<4 12 4)] T4(3) (11.11)

using the fact that ¥1(0) = 0 which implies H,(0) = 0 (the — constant — exponential factor
will cancel with the one of Tp(Q — > a;)).
We now try to evaluate

P(ay,az,a3) = (11.12)

HbQ Zaz 1:[

First we note that there are the same number of functions in the numerator and denomi-
nator, so factor independent of the function argument will cancel (in particular inside the
exponentials). After continuing the parameters, we are left with

P(Oq,Ozz,OLg) = E(Oq,OtQ,Oég)@(Oél,OtQ,Oég) (1113)

29Similar computations were already done in [38, 81].
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with

191 20(1/5
q/ﬂ+a/ﬂ H V1(2a:/B)’

@(Oél,ag,ag) (11.143)

g(q+4o?). (11.14D)

Note that we can remove the minus sign in the parenthesis of (11.9) by multiplying with

In E(al,ag, Oég) =

o7 (at+2a) _ (_1)(q+25¢)/ﬁ_ (11.15)
Our results agree completely with McElgin [57, sec. 6]: he does not have the minus sign in

(11.9) such that he has

9%ind
In E(ay, ag, a3) = % (11.16)

We observe a difference in E(o;) with Schomerus [76, sec. 4] who gets
In E(ay, as, az) = %(q +2a) — 2mig & + In Ny (B). (11.17)

This might come from the definition of Hp(x) that Schomerus gives: the exponential inside
is

exp—% (x tba — %) (11.18)
According to McElgin [57, p. 23], the 3-point function is non-trivial only when
11 ,
T—ﬁ——@—r+l€, r e Q. (11.19)

The latter can be obtained by letting
B — B+ ie, [% = (11.20)

since
! ! ! +1 (11.21)
T =— ~ — ~ —— €. -
(B +ig)? B2 +ie 32

11.2 Limit from minimal models

11.3 Continuous orbifold

12 Complex Liouville theory

In section 10 we have considered the conformal bootstrap of Liouville theory from an alge-
braic point of view. Then the reality of the Liouville mode and the condition ¢ > 25 could
be relaxed. We will explore in this section the properties of this theory.

12.1 Lagrangian study

The properties of the complex Liouville Lagrangian were studied in [40]. This paper is
agnostic concerning the spectrum and computes correlation functions for any values of the
conformal dimensions.

Classical solutions and minisuperspace analysis can be found in [87, sec. 3].
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12.2 ¢ <1 Liouville theory

We wish to distinguish ¢ < 1 Liouville from timelike Liouville (which is the topic of sec-
tion 13) because they do not arise in the same contexts and their spectrum might be different.
We recall that the spectrum of ¢ < 1 Liouville is p € R.
This theory received an interpretation in terms of a loop model in [43]: it was shown
that the 3-point functions of both models agree.

12.2.1 Correlation functions

The 2-point function can be obtained by an analytical continuation from (9.23) [40, sec. 7.1,
81, sec. 3]

1 —(g+20)/8

Gla) = —= [ — wv(*ﬁQ)] elm(at2e)/By (3% — 2aB)y(1/8% + 20/B — 1). (12.1)

As explained in section 10 the correct 3-point function for ¢ < 1 Liouville is given by
(10.3).
The limit where one of the dimension vanishes reads [40, sec. 7.1, 81]

—(q+ai+asz)/B

~ ~ 2 2
Cla,0,a5) = lim Clan,az,a5) = = [—mpy(—6%) 52427
()(2—>0 /8

o Yo(B—q—0n—as)Yp(B— a1 —ag)Ys(B — a1+ a5)Ts(B + a1 — a3)
Ts(B)2YTs(B —2a1)Ts(8 — 2as)

because the denominator has no poles, and the numerator has no zeros. This signals that
that the field with vanishing dimension A = 0 is not the identity and that the quantity
C(a1,0,a3) is a genuine 3-point function for this field and two other fields. In particular
the full 3-point function still depends on the position z, of the second operator.

For equal momenta a; = as the above formula gives correctly the 2-point function (12.1)

eimlataitas)/B

(12.2)

Ola,0,0) = %” Gla). (12.3)

An important quantity is the reflection coeflicient R(«): it can be extracted from the 3-
point function by computing C'(q — a1, s, ag) such that we do not need the 2-point function
to compute it.

12.2.2 The fake-identity operator

In this section we want to comment the status of the field V, which is called fake identity
and which corresponds to zero dimension @« = A = 0. We stress again that it is different
from the identity

Vo #id. (12.4)

In theories one encouters generally é(al, 0, a3) is diagonal, meaning that é(al, 0,a3)=0
if a1 # as, and reproduces the 2-point function. This fact is due to the decoupling of
null vectors (recall that this decoupling implies differential equations on the correlation
functions). Hence one can conclude that the operator Vj is non-degenerate.

On the other hand the 2-point function is always diagonal because it involves fields with
equal conformal dimensions.

In [43] this object was interpreted in the equivalent loop model as a marking operator.

A similar problem occurs for the limit p — oo of minimal models M., (a non-rational
CFT) where the Hilbert space does not contain any state with conformal weight 0 (which
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means that there are no vacuum state) [73, 74]. There it is possible to define correlation
functions for the identity and the stress—energy tensor consistently even if the Hilbert space
does not contain the states corresponding to the field; what is important is that the Hilbert
space contains a state for every possible physical state of the system, and this completeness
may be used to insert the full sum over the states. Note that only a field of conformal weight
0 can have a non-vanishing one-point function, and this makes the OPE a bit subtle; a way
out is to introduce smeared field over the parameter value (this also allows to define the the
identity state as a limit of states, but which is not in the Hilbert space). In this context the
identity can be defined as [57, sec. 6, 73, 74]

. .0
id = lim =~ V_o. (12.5)

13 Timelike Liouville theory

13.1 Definition

For ¢, > 25, quantities become purely imaginary: it is possible to make an analytic con-
tinuation of the parameters [40, sec. 7, 57, sec. 3]. The theory can still be Lorentzian or
Euclidean.

We define the following quantities 3°

¢ =1ix, Q =iq, b= —if, a = —iax, p=—iw. (13.1)
The formula for g in terms of 3, for the central charge and for the weight become
Sl
g

The Euclidean action is [57, sec. 3]

B, c=1-6q> Ay =a(g+ o). (13.2)

1 .
SL = Z /dZO' \/E( — hlwauxaux - QRX + 47TM62'6X)- (133)
™

The name "timelike" comes from the negative sign in front of the kinetic term: the action is
not positive definite.

It may also be useful to not continue the Liouville mode and to work with ¢: then the
action is complex but we do not have to worry about this negative kinetic term. Similarly
sometimes we will continue to use the original parameters even if they are complex.

Looking at the definition of the Coulomb gas (sec. C.5) we see that timelike Liouville is
very close: we just need to continue also ¢.

This provides an interesting model for 4d quantum gravity, since the conformal factor
comes with the "wrong sign" [34, p. 19]. The second point is that this model is closer to 4d
gravity in the sense that c¢,, > 25 instead of ¢,, < 1, the last case being further from our
intuition on "normal" matter [67, p. 125, §].

From the string theory interpretation, for 5 = 1 and hence ¢ = 0 the potential corre-
sponds to a closed string tachyon growing exponentially with time (note that at X% = y —
—oo the tachyon is small and we recover flat space) [38, 81]. Moreover since this is a time
dependent background there is closed string pair production, thus timelike Liouville theory
provides a toy model to study tachyon condensation.

Timelike Liouville theory was used as the matter CFT in [50, 51].

30In Harlow et al. [40, sec. 7] they define a = ia, which implies that Ay = a(a — q). McElgin is noting
g=A [57].
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Interesting comments on the continuation also appeared in [38].

Since we had b € (0, 1] we also have 8 € (0, 1], implying ¢ < 1.

The main difference with (spacelike) Liouville theory with ¢ < 1 defined in section 10
comes from the spectrum which is different (the proposed 3-point function being identical).

13.2 Equations of motion and semi-classical limit

The equation of motion can be obtained from (13.3) or by an analytical continuation of the
spacelike result (6.24)
qR[h] — 2Ax = 8mpBe2PX. (13.4)

The semi-classical limit corresponds to
8 —0, Crm —> 00, c— —00 (13.5)

and we define
X =Bx,  Aa = pf (13.6)
(noting that xe = ¢a since b = By, but Aeg = —pie1). The equation of motion becomes
R[e*X<'h] = (R[h] — 2Axa) e 2X! = 81 \. (13.7)

Solutions correspond to space of constant positive curvature [57, sec. 3, 40, sec. 7].

13.3 Classical solutions

13.4 States
Again we start by discussing the spectrum of timelike Liouville, and only later we will derive
it.

Considering states of the form

2
—1
a:—%—l—iw, ha=—qz—w22024 -, (13.8)
there exists three categories of states:
e continuous real )
c—
eR, h > ; 13.9
o discrete imaginary
Ng N c—1
D=i|l—+— h < : 13.10
ven=i(T+ ) nsth (13.10)
e continuous imaginary
c—1
€ R -D, h < . 13.11
wEd S5 ( )

States with w € iR are called magnetic in the language of [52, sec. 2.2], and the states w € D
already play a special role. They are not bounded from below.

All states appear to be normalizable in the minisuperspace.

The sector of states w € iR in the theory ¢ = 1 (corresponding to Runkel-Watts) is
unitary. Otherwise since ¢ < 1 the same sector contains some states with negative weights,
but they are bounded from below.
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13.5 Minisuperspace

Minisuperspace study can be found in [27, 49, 57, 76]3!.

We consider the constant mode of space of the timelike Liouville field

X(t, o) = xo(t). (13.12)

Taking a flat fiducial metric and performing a spacetime Wick rotation of the action (13.3),
we obtain the minisuperspace action

-2
Sy = /dtL - /dt ( - % - 27we2@><°). (13.13)

The conjugate momentum is
oS

™ e

—Xo (13.14)

which provides the Hamiltonian
72
Hy =moxo — L = —70 + 2 e2Pxo (13.15)

13.5.1 Canonical quantization

Including the zero-point energy and proceeding to the canonical quantization

d
=—i— 13.16
™ =~ (13.16)
we obtain the Hamiltonian operator
1 d?
Hy = = — + 2mpe?fxo, 13.17
0 2 dxg + THe ( )

We are now able to consider the eigenfunctions of this operator
H0¢w = _2w2ww~ (1318)

We note that w corresponds to the analytical continuation p = —iw. But due to the different
sign the Hamiltonian is not self-adjoint [27, 30, 49, 57]. For this reason the naive solution
that is obtained on the line of the spacelike computation is not sufficient for selecting a set
of orthogonal states.

Using the change of variables

(= efxo (13.19)
the Hamiltonian reads
(e2d +ed g 4(p 2 + aﬂ)) Y, =0 (13.20)
dez de¢
where we defined o W
=7 W= (13.21)

31The first analysis of timelike Liouville has been done in [30], but with a different point of view, and
hence different results.
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13.5.2 Naive wave functions

In equation (13.20) one recognize the Bessel equation (E.15) (see appendix E.2.1 for more

details). Depending on the value of 2i@& there are three possible solutions®?
Vo (l) = o Joio(2V/ [ €) + B J_2i(2/10), wER, (13.22a)
- ~ PN 7
V() = o Jop 2N/ l) + Bp J_25(24/ 11 0), p=ibeR-, (13.22b)
Un(0) = o Jn(2\/10) + B Ya (2\/ 1 0), hn=2ib=2p€Z, (13.22¢)

and we have distinguished the types of wave functions by changing the index. We consider
only the case n > 0 due to the relations

J-a(0) = (D)™ Ja(0),  Y_a(0) = (=1)"Ya(0), (13.23)

and also only the case @, p > 0 since the other can be simply obtained. The various hatted

quantities are
N w A~
w=—, p=

b

i = % (13.24)

@\’E

For ¢/ — oo one has

U (f) ~oo " :ozw cos (2\/;56 — T — %) + B, cos (2\/56—1— T — %)} , (13.25a)
1

Uoll) oo\ :ozpcos (2\/,56—#13—%) + B, cos (2\/ﬁe+w—%)], (13.25b)
1

Al Qup, COS (2\/767—77)+,8nsm(2f€f—fz)]. (13.25¢)

Due to the factor £7/2 all these functions tends to zero®® as £ — oo and this does not give
any conditions on the coeflicients.
The behaviour of 1), near zero reads

ww o ﬂZ@ KQZUAJ + ﬁw ﬂ 6—21@ (13.263)
T(1 + 2i) T(1 - 2i)

_ ﬂla) 2iwXxo ﬂiiw —2iwxo 13 26b

% rirze ¢ T Ta o © ' (13.26b)

In order to normalize the wave functions as a plane wave* e2™Xo we take
o =T(L+20) i, By =y (13.27)

where we have rescaled 3, in order to normalize the full wave functions. With these coeffi-
cients one has

Yo (0) = D(1 + 2i@) 4~ (Jm,(2\/ﬁ 0+ 7 J,M(z\/ﬁz)) (13.28)

32The first two cases are formally the same, but we distinguish them for facilitating the analysis in later
steps.

33But note that there are real exponentials for & € R, and since this is growing faster than a power-law,
the limit ¢, & — oo might be diverging; what does this mean?

34Note that if one interpret the Liouville mode as the time direction [27, 76] then w corresponds to the
energy and incoming waves would be e~2%“%0 but we prefer to work with a plus sign.
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with the asymptotic

(1 + 2ic)

~ 2iwX0o R —2iwxo R —
Yoy ~o €0 + Ry(w) e ) o(w) = (1 = 2i0)

a2, (13.29)
There is no mathematical criteria to fix =, and one needs to additional principle to fix
its value. This is a consequence of the attractive potential which gives an Hamiltonian
unbounded from below [27, 76].
One could set v, = 1 to get a real wave functions. In [38, 80, 81] (see also [87, p. 24, 76,
sec. 2]) the value was fixed to
Y = — €T (13.30)

for matching the analytic continuation of spacelike wave functions, using the formula (E.34).
The interpretation is that there is only one outgoing wave.

Sometimes the choice
2w

o 13.31
“ sinh 27w ( )
is made.
Now we turn to 1, whose expansion reads
P 2p i —2p
~ — (P — (7P, 13.32
Yo ~0 % F gy U TP T gy (13.32)
As ¢ — 0 for p > 0 the second term blows up and we need to take
Bp =0. (13.33)
Then «,, can be fixed by normalizing the integral
°de 9 0y -
/0 7 Uel0)” = i 1= a,=2p (13.34)

using (E.25). Hence the wave function is
Up(0) = 24/P Jap(2/ 11 0). (13.35)
Finally we need to consider v, for which

e i —1)!
Unll) ~o ot g, O

IR 13.36
p— ( )

For 7 > 0 and £ — 0 the second term is divergent which forces to take
Brn = 0. (13.37)

Then by asking for a unit normed one can fix «a,

o de 2 Qn =
/0 T a0 = 5 = 1= a, = V20 (13.38)

giving the wave function
Y (0) = V20 Jn(24/00). (13.39)

As a conclusion we see that for 2i& € R there is no difference between integer or non-
integer parameters.

We cannot obtain a complete set of orthogonal wave functions, which is a consequence
of the fact that the Hamiltonian is not self-adjoint.
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13.5.3 Self-adjoint extension

For more details on the mathematical aspects, see appendix D.2.
From (D.18) the Hamiltonian (13.17)

1 d2 B[ d
== — 4 2mpePo = (p— ) + 200 13.4
0 2dX(2)+ Te 2(€d£>+ %4 (13.40)
is symmetric only if
dx(z)

dw(x)*]oo

i Y(x)* — x(x) i =0. (13.41)

— 00
Once this condition is satisfied we want to find possible self-adjoint extensions. We
need to determine the deficiency indices d+ which correspond to the number of independent
solutions to the equation
Hy* = +£2i¢%. (13.42)

3im

z  (with some rescaling) by

We define the roots of i = e and —i = e

=3 T o =2 e, (13.43)

™| o

Since n* ¢ 7 each equation has two independent solutions

V) = T VA0, Wy () = T (2V/R0). (13.44)

The asymptotic behaviours are
Tiys (2/fil) ~o (57~ E20XRen (13.45)

Since Rent < 0 and Ren~ > 0 the solutions wfr and 1, are blowing up as ¢ — 0 and they
should be discarded. Hence the deficiency indices are

dy =1 (13.46)

and there exists a 1-parameter self-adjoint extension. We will denote this parameter by 1
(and also Py = vp/f), and one has a U(1) unitary transformation

Py = XS (13.47)

only if
vy € [0,1). (13.48)

Consider first wave functions (13.35) with p € R. Then the condition (13.41) applied to
Yp, and 1p, reads
sin 27 (py — Po) = 0, (13.49)

which implies that the p are quantized

Dy = # neN (13.50)

where 14 is identified with the smallest eigenvalue.?®> We denote the corresponding wave

functions ),
Un(0) = /20 + Do) Ja(2V/ 0 0). (13.51)

35This identification can be justified by a rigorous construction of the domains [27].
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and they are correspond to the functions (13.39) shifted by vy, and one recovers these states
for vy = 0. Note that these states form an orthogonal set from the relation (E.27)

o de
| % 0000 = b (18.52)

Let’s turn to the wave functions with w € R. Then the condition (13.41) applied to ,,
and to 1), corresponds to
sinh 7 (& + i)
W= T A 13.53
i sinh (& — idy) ( )
For vy = 0 one gets 7, = 1. It is then possible to check that the condition (13.41) with v,
and 1, is fulfilled.> One can also check that these wave functions form are orthogonal

*d
a4t Yoy (0) Py (€) = 6(w1 — w2). (13.54)
L
0
Finally for the states to be all orthogonal we need
> de
[5G wntvwato =0 (13.55)
0
A last check is that the states {1, 1, } is complete
> inO0al€) + [ drvOvu(e) = 50~ ) (13.56)
n=0 0
Hence the states of the form z
peR-2 ; (13.57)

are excluded from the physical spectrum.

13.5.4 States

From the previous discussion it appears that the complete set of physical states is given by
the wave functions ., and 1,,. An important difference with the spacelike case is that all
three types of wave functions are normalizable.?”

13.5.5 Correlation functions

13.6 Correlation functions

First attempts to compute correlation functions can be found in [81], but the authors got
only an expression of the 3-point function for 8 =1 (¢ = 0,¢ = 1) by trying to continue
analytically from the spacelike formula, while the 2-point function is given only for a =
—q/2 + iw.

The main question is which 3-point function one should use. Indeed if some quantities
are obtained from spacelike Liouville by analytic continuation, the 3-point function can not
be obtained by direct analytical continuation from (9.12) because this formula acquires an
infinite accumulation of poles for b € iR [81]. The point is that models with ¢ < 1 does
not depend smoothly on ¢, and the quantities are not analytic in a so we can not simply

361n fact only the condition at £ = co can be checked directly as the wave functions are only delta-function
normalizable at ¢ = 0, and they needs to be smeared with some distribution [27].
37In particular 1., is normalizable only because it is the sum of two Bessel functions.
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set a = i [76]. At the level of the functions involved we can trace this to the fact that the
Barnes double T' function is not defined for b € iR except for specific values of b. On the
other hand the 2-point function and the Teschner’s recurrence relations can be continued
since they only involve normal I" functions.

Hence there is two possibilities:

1. Use the second solution (10.3) to Teschner’s relations. This formula will be valid for
all values of the parameters, but it is difficult to interpret the fake identity and to
satisfy crossing symmetry [72].

2. Use the analytic continuation (11.10) of RWS theories. There is no fake identity but
the theory is defined only for some values of the parameters [40, p. 74].

14 Effective actions for 2d quantum gravity

Liouville effective action describes universally the coupling of conformal matter to gravity,
but this is not anymore the case for more general matter [19, 20]. Other effective actions
may appear, such as the Mabuchi and the Aubin—Yau actions.

To conform with the notation of [5, 19, 20] we change notations for this section: we will
denote by go the metric in the conformal gauge

g=e?gq. (14.1)
Quantities constructed from the metric gg will have an index 0; for example we denote by

A and Ay the area measured with the metric g and g respectively 3%.

14.1 General properties

The effective action is defined by the relation
Zlg) = e~ Sintmal z]g) (142)

where we write the dependence in ¢ in terms of g. In presence of non-conformal matter the
effective action is not given by Liouville anymore, and it may be non-local.
This action is antisymmetric

Setlg, 9'] = —Serlg’, 9] (14.3)

and satisfy the cocycle identity

SEH[gng] = Seff[gag/] + SEff[g/ng]’ (144)

Other properties such as the relation with the trace of the energy tensor can be found
in [19, sec. 2.2].

14.2 Kahler potential

In two dimensions every manifold is Kéhler and the Kahler potential is sufficient to construct
the full metric. For this reason it should be possible to trade the Liouville mode for the
Kahler potential [5, 19, 20].

38In the main text the area associated to go was denoted by A.
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The Kahler potential K is obtained from the relation

A 1
e2? = i <1 -3 A0A0K> ) (14.5)

For a given ¢ this relation defines the pair (A, K) uniquely (up to constant shift of K), and
positivity of the metric implies the inequality

2

Aok < . (14.6)

The path integral measure is determined in [5].

14.3 Effective actions

The list of all interesting functionals and where they do appear is given in [19, sec. 3].

14.3.1 The area action

This is the simplest building block for the gravity action: if the action contains a function
of the area f(A), then the associated effective action will be [19, sec. 3.1.1]

Srlgo. gl = f(A) = f(Ao) (14.7)

and the corresponding trace of the energy tensor is
ty =A4nf'(A). (14.8)

14.3.2 Liouville action

We recall the Liouville action without cosmological constant (5.15) (denoted previously by
sr) [5, sec. 2.2.1, 19, sec. 3.1.2]

Sulgn.s) = 3= [ o VA(170,60,6 + Rio). (14.9)

The trace is

(14.10)

. _E
L—2-

14.3.3 Mabuchi action
The Mabuchi action reads [5, sec. 2.2.2, 19, sec. 3.1.3]
_ 2 4x 4 26
Sarlgo,9] = [ d o/go |—TXKA K + IO_RO K+Z¢e , (14.11)

x being the Euler number of the surface. This action is invariant under constant shift of K.
Note that the last exponential term also appears in logarithmic Liouville theory [4].
The energy tensor trace is

8
ta = Zﬁ(zp +1) (14.12)
where v is the Ricci potential
4y
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The equation of motion for K is

4y
R=_—"2 14.14
A ( )

and classical solutions correspond to metric of constant curvature, similarly to Liouville
action.

The authors of [5, 19, 20] show that the effective action for a massive field is given by
the Mabuchi action to leading order in a smal mass expansion.

Note that pure Mabuchi is not perturbatively renormalizable but it is believed that the
theory admits a non-trivial UV fixed point [5, sec. 3.3].
14.3.4 Aubin—Yau action

The Aubin-Yau functional reads [19, sec. 3.1.4]

Saylgo, ¢] = —/dzo\/gT) (le KAoK — Z) : (14.15)

This is not a function of the metric g because it is not invariant under shift of K. But we
can add a term proportionnal to K in order to build an invariant action.

15 Mabuchi action

We recall that Mabuchi action is given by (14.11)

1- 4
Sy = /dza % {—277(1 — 9)KAGK + (877(Ag) - RO) K+ qbeﬂ (15.1)
0
where 1 )
€2¢ = A—O <1 — 5 A()A()K) . (152)

Using this expression in the action we obtain a form without any ¢

4
SM:/dQO'\/g() [Wxgg”(?HK@VK+ (XX—RO>K
0

(15.3)
Jrl 1—114 AgK lni 171A AgK
A 5 F0520 A 5 F050
where we have integrated by part the kinetic term.
15.1 Critical exponents
We consider the 1-loop effective action [5, sec. 2.2.3]
K2 9
Seft[go, g] = 5 Srlg0, 9] + B Swm (g0, g (15.4)
where k2 = ¢, for conformal matter.
It is natural to define first the partition function at fixed area
Zegt|A] = i/dK o Jert (15.5)
€ \/Z
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and then the gravitational partition function

Z= /dA e " Z.glAl. (15.6)
Here we define the susceptibility by
Z[A] ~ 773, (15.7)
At tree level it is given by
Yiree = (9 — 1)%2 ~26° (15.8)
while at the next order it is
2 19-7g 12p°

K
Y1-loop = (g - 1)? - 2B2 + (159)

6 K2
Example 15.1 (Massive scalar fields) We consider the action for a massive scalar field
with conformal coupling [20, p. 7]
1
Sy = g / d%0 /g (9" 0, X0, X + qRX +m?X?). (15.10)
™
We add another action of conformal matter with central charge ¢,,.
We will be interested in the effective action to leading order in a small mass expansion
(details on the conditions are given in the above paper). We have

25 — 3¢2 — ¢ z
Py B L S 70, (15.11)
6 ior 4=0

16 Boundary Liouville theory

16.1 Action

The action of the boundary Liouville theory reads [52, sec. 2.1]

g— L /M a%0 Vh (h“”aﬂqﬁayqﬁ + QRo + dmp e2b¢) + /6 o Vh (QngS + 27r)\eb¢)

C4m 27
(16.1)
where K is the curvature of the boundary M and A is the boundary cosmological constant.
The normalization is such that

/ R+2 K =4ry. (16.2)
M oM

The bulk and boundary cosmological constants couple respectively to the area of the space-
time and to the length of the boundary

A:/ d%o e%?, ﬁ:/ do e (16.3)
M oM

In order to work in complex coordinates, one maps the disc M the the upper-half plane,
for which Im z > 0 and the boundary is given by Im z = 0; we will denote by x the coordinates
on the boundary.

Usually Neumann boundary conditions are imposed to the Liouville field

i(0— )¢ = 4 e?@), (16.4)
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16.2 Correlation functions

See [52].

Part IV
Applications

17 Cosmology

Many questions are still open in quantum cosmology and one may hope to address them
in the simpler context of 2d quantum gravity. In this case one needs to consider timelike
Liouville theory because it is closer to the 4d gravity; in particular it admits de Sitter
solutions. The first applications of Liouville to cosmology can be found in [8, 67].

More recently timelike Liouville theory has been used to study inflation in 2d [5
87]. Several models of inflation have been studied in [87]. It was then shown in [55, 60
the scalar sector of 4d perturbations can be exactly matched to 2d perturbations.

5, 60,
] that

Part V
Appendices
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A Conventions

A.1 General notations

We denote by pu = 0,1 the 2-dimensional indices and @ = 0,...,d — 1 the d-dimensional
ones.
Flat euclidean and Lorentzian metrics are denoted by

euclidean: 0, = diag(1,1) (A.1a)
Lorentzian: N = diag(—1,1) (A.1b)

Given an action S with metric g,, we define the stress—energy (or energy-momentum)

tensor by
1,, = AT 05 (A.2)
ur — \/§5g/“’ .

The contravariant form is obtained from

47§
L (A.3)
V9 09w
(note the minus sign of difference).
We define by g the absolute value of the determinant of the metric g,
g = |det g | = £det g, (A.4)

where the plus and minus signs correspond respectively to Euclidean and Lorentzian signa-
tures.
We will also denote

Q.S = 6T¢a ¢/ = ao¢- (A5)
A.2 Complex coordinates
In the case of Lorentz signature, we have 7 = it, such that
z=T1+i0c=i(t+o0) (A.6)

and we see that z, Z correspond to light-cone coordinates o& times a factor i.

A.3 Light-cone coordinates

Light-cone coordinates are defined by
ot =t+o. (A7)

The line element is
ds? = —doTdo™ (A.8)

such that the metric and its inverse are

)
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A.4 Wick rotation

We consider a d-dimensional curved spacetime with metric g, and coordinates x*.

Wick rotation is a useful procedure which allows to replace a Lorentzian metric by an
euclidean metric in order to avoid complications that may arise in the first case due to the
fact that it is not positive-definite.

We can continue analytically from real to complex coordinates. Then Lorentzian and
euclidean coordinates correspond to different real sections of this complex spacetime [12].
An action that was originally invariant under real coordinate transformations will still be
invariant if the coordinates are complex, thus the form of the action will not change along
the different sections.

Euclidean quantities will be have an index FE.

Locally the passage from Minkowski metric

ds? =, dotds” = —dt* + dx? (A.10)

to Euclidean metric
ds}, = 0, datydaly, = dr? + da? (A.11)

is done through the substitution of the real time 2° = ¢ by the euclidean time 2* = 7 [86,
sec. 3.4]
t = —it. (A.12)

The volume element is invariant under coordinate transformations 39

V=g dlz =/—gg d%2p. (A.13)

The differential element and the determinant transform separately as
dly = —idlep, V=g = % V=05 = i/ 75, (A.14)
The argument of the last square root is negative since gg > 0: this happens because we use

the formula that is adapted to Lorentzian metrics, but not for positive definite metric; the
solution is to insert the 4 into the square root “°. We thus get that

V=9 = Vis. (A.15)

This can also be understood by seeing that ¢ = —gg, and then by transforming only the
differential. At the end we get

V=g dlz = —i\/gp d%zp. (A.16)

As we said the action and the Lagrangian are invariant under (A.12) because general
coordinate invariance is valid even for complex coordinates. Then the action becomes

S:/ddx \/—gﬁz/dde vV—gg L= —i/dde Ve L
:Z/ddZ‘E \/gEEE = ZSE

where we introduced the new quantities [67, p. 126]

S=iSp, L=-Lp. (A.17)

39We write explicitly the sign of the determinant here.
400r equivalently to remove the minus sign in the square root by using the branch /=1 = —i [12].
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The euclidean Lagrangian L is positive definite and will be interpreted as an energy *'.
Since the Lorentzian and Euclidean Lagrangians differ by a sign, it will be the same for

the associated stress—energy tensor. We thus obtain the euclidean stress—energy tensor from
(A.2)

4 S
Ty = —— - A.18
B IR 0 —

In this way the expression for the two tensors (and especially for their traces) will agree in
both signatures.
Finally the partition function is

7= /d¢ ¥ = /dqﬁ e 98, (A.19)
Since the Euclidean action is now positive definite, the minus sign in the partition function
gives exponential damping.

Example A.1 (Scalar field with potential) Asan example look at the scalar Lagrangian
with potential

1
£=—5(0"0) +m**) =V (9) (A.20)
which gives the equation of motion

(—A+m*)p =V'(¢). (A.21)

Plugging plane-waves into the free equation (V' = 0) gives the mass-shell condition

p? = —m? (A.22)

and the Green function 1
G(p) = A.23
1) = (4.23)

has a singularity.
Applying the Wick rotation gives
Liion

Lo =5 ((040) +m?6?) +V(9). (A.24)

which is positive definite, and the equation of motion
(~Ap+m?)é = —V'(9). (A.25)
with Green function

1

= . A2
%+ m? (A.26)

G(p)

This function has no singularity since plane-waves are not anymore solutions of the Klein-
Gordon equation (said another way, there is no particle in Euclidean space).

41 Recall that L = T — V; the Wick rotation changes the sign of T, such that E = —L. For scalar fields
this will be equal to the Hamiltonian of the system, but this will not be the case for fermions [22, sec. 2.3.2].
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Example A.2 (Schrédinger equation) In Lorentzian signature the Schrodinger equa-
tion reads

i %w = Hy (A.27)
where H is the Hamiltonian operator. Using plane waves in time
)= e Plyp (A.28)
we obtain the time-independent equation
Hyp = Ev. (A.29)
Spatial momentum in H is replaced with the rule

d

=—i—. A30
p=—ig (A.30)
Doing the Wick rotation (A.12)
t=—ir (A.31)
the Schrédinger equation is transformed into the heat equation
-y (A.32)
or’ ’ ’
Plane waves are
= e ETyp (A.33)

and the time-independent equation is the same (note that we did not transform the energy).
If we had chosen the other sign for the time in (A.12) then the wave would blow up. The
new momentum is related to the previous one by

p = —im. (A.34)

(as can be seen by looking at the example p = ¢)

A.5 CFT parametrization

In this section we summarize various parametizations for the quantities of interest in CFTs.
The central charge can be parametrized by

c=1+6Q* (A.35)
where .
Q= 5 +b. (A.36)
Momenta can be written 0
and the corresponding weights are
Q2
A=a(Q—a)= x + p?. (A.38)

When ¢ <1 is it useful to make an analytical continuation

Q =T, b= —if3, a= —ia, p= —iw. (A.39)
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We will term by rational values the theories such that
B=-p2=1 (A.40)

where p and ¢ are coprime. In this case ¢ < 1.
Degenerate fields are such that

Qg =2 — 22 (A.41)

or in terms of the momentum

(b s
Prs =1 (2 + 21)) . (A42)

B General relativity
The Laplacian on curved space (Laplace-Beltrami operator) is defined by

A=g"V,V, = (9u/1919""00). (B.1)

L
Vgl

The negative of the Laplacian is positive definite

(6,~A0) > 0 (B.2)
and in terms of exterior derivatives it reads
— A =ddf +d'd. (B.3)
The Green function for the Laplacian A at finite area is defined by
AG(o,0") = L §(oc—0a')— l, /dza/ VIAG(o,0") = 0. (B.4)
N A

The second term is essential in order to take into account the zero mode, or equivalently to
verify that the integral is vanishing since there is no boundary.

B.1 Einstein—Hilbert action

We have the formula
1
0\/g = D) V9 9ur 69" (B.5)
/ 0 \/G$5R, = — / Q20 /3 (V¥ — g AB) 39" (B.6)

B.2 Weyl transformation

Under a Weyl transformation

Guv = Py (B.7)
we have
g = e R, (B.8a)
Vi = e2Vh, (B.8b)
Ay = e A, (B.8c)
R, = (Ry — 2Apw) e, (B.8d)

The Laplacian is not invariant because of the g='/2 factor [41].
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B.3 Conformal gauge

Using diffeomorphisms we can fix the gauge. In most of this review we will choose the
conformal gauge
Gy — Gy = >R (B.9)

where h,,, is some fixed (non-dynamical) metric. The above decomposition is left unchanged
under the transformation (emerging Weyl symmetry)

By, = e*h! b=¢ —w. (B.10)

pnvo

We now look how to rewrite dg"* in term of d¢. We have

6g/w - 9 e—2¢ hlw(5¢ — _QQ/W(S(b (B.ll)
from which we get
5o 1 uw 09 1
== g, [ a— B.12
bgr a9 9 G T Ty (B42)

Hence if we have a variation with respect to g"” we can replace it by one with ¢ using the
chain rule

6 _ 6 6 1 4
Sgvr  dghv 66 4 54

(B.13)

C Matter models

In this appendix we will list various models for 2d matter coupled to gravity. Most of these
models are non-conformal and we will give the limit under which the conformal symmetry
is recovered. We will use the euclidean signature; Lorentzian models can be found using a
Wick rotation (app. A.4).

C.1 Minimal models

We consider models for which the central charge is parametrized as [85, sec. 3]

1 1
c:1—6q2:13—6<+52>7 qg=-—B. C.1
B2 B (G
The minimal models M), ;s are defined for rational (32 which corresponds to a pair of
integers (p,p’)

pl
BQZEEQ, P <p (C2)
where the second condition comes from the fact that 5 < 1. Then the central charge reads

_ /)2
P—1) 15 ¢

p2 _,’_ p/2
pp’ P

/

c=1-6 (C.3)

Minimal models have the property to possess only a finite number of primary fields ®,,
where
1<m<yp -1, 1<n<p-1 (C4)

and whose conformal dimensions are given by Kac formula and read

2
hm,n = am,n(q + O41’rz,n) = i [(7; - ’I’LB) - q2‘| (05)
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and (n—1)3 |
n — m —
Qo = 5 - 25 (C.6)

Virasoro representations are degenerated and have a null vector at level mn. There are

S0 1) ()

independent fields after the identification of ®,, ,, and @,/ _p, pp.
Two special classes exist for special values of p':

o p’ = 1: topological series [57]

c136<]1)+p>, (C.8)

these models contains logarithmic operators [21]. For p = 2 the central charge is
¢ = —2 which appears in several places and is the simplest logarithmic theory.

o m =p' =p+ 1: unitary (or principal) series M,, = M, p+1

1
=1-6——— >3 C.9
¢ m(m+1)’ = (C.9)
and in particular ¢ € [1/2,1).

Zamolodchikov conjectured the existence of generalized minimal models for which 32 €
R —Q [85, sec. 3]. In this case the labels m and n of the fields ®,, ,, do not have any bound.
The conformal bootstrap for these models have been verified numerically in [72].

C.2 Models with a Lagrangian

We will consider action S derived from a Lagrangian £ (we will omit the subscript m that
is present in the main text)

1
Slg,¥] = by /d20 Vo L. (C.10)
s
We recall that the energy tensor is given by
4 68
o = = (C.11)
Vg og*
and using the previous action it reads
oL
Tﬁ“/ =2 W - g;“, (C12)
where the second term comes from the variation of /g.
The trace is obtaiend by contracting with g*”
oL
T=2g"— —2L. C.13
9" S (C.13)
In the conformal gauge g = e2?h this last equation simplifies to (see app. B.3)
oL
T=—-——-2L. C.14
= (C14)
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C.3 Scalar fields

For a scalar field X we will consider Lagrangian made from the usual kinetic term and a
potential

L— %gwaﬂxaux +V(X) (C.15)
and under integration we have
9" 0, X0, X = —XAX. (C.16)
The equation of motion is
—AX +V'(X)=0. (C.17)

Using the expression (C.12) for the energy tensor we obtain

1
Ty = 0,X0,X — 59 9770,X0,X + 2 (;;% — 9wV, (C.18a)
%
T=——-2V. 1
56 2V. (C.18b)

The kinetic term is conformal and the trace depends only of the potential. If the potential
does not depend on the conformal factor ¢, then the non-invariance comes from the lonely
factor coming from ,/g.

Below we consider various potential: from each of these pieces it is possible to build a
bigger potential.

C.3.1 Massive field
For a massive scalar the potential is

2

V= % X2, (C.19)
The energy tensor reads 42 [19, sec. 4.2]
2
m
Ty = Ty I (C.20)
and its trace of the energy tensor reads
T = —m?X? (C.21)

and we see directly that the conformal limit is m = 0 which corresponds to a massless scalar.

C.3.2 Exponential potential

We look at the potential
V = p e X, (C.22)

If X is a conformal field, then the vertex operator e2?X has conformal dimension
h = —a’ (C.23)

If we choose a = i then the conformal dimension is 1 and this potential corresponds to a
marginal deformation of the conformal theory.

42Note that Ferrari et al. [19] define the energy tensor with the Lorentzian formula (A.2) instead of (A.18).
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C.3.3 Sine—Gordon model
The potential for the Sine-Gordon model is [34, sec. 2.1, 58, 78, sec. 4.3]

V = u(1 — cosaX). (C.24)

We added the 1 to remove the constant from the cosine Taylor series: this amounts to

redefine the cosmological constant. For a ~ 0 this model reduces to a massive scalar with

mass m? = a?p (we need to send pu — oo such that m? is fixed).

Since this potential is made from exponential and that (—a)? = a?, at the quantum level
this term has conformal dimension 1 if ¢ = 1. In this case it is just a marginal deformation.
The model name comes from the equation of motion

— AX + psinaX = 0. (C.25)

Since this potential is made from vertex operators it can be coupled to gravity for any
value of a and it will receive a gravitational dressing (as discussed in sec. 5.6)

V = (1 — e®*? cosaX) (C.26)

where ¢ is the Liouville field and £ is such that V' has conformal dimension 1. If this field
is the only one, all parameters are fixed [58]. In presence of other matter this operator can
be relevant, irrelevant or marginal depending on the value of a.

C.3.4 Sinh—Gordon model
This potential corresponds to the analytical continuation in a of the previous model
V = —u(l — coshaX). (C.27)

2

It also reduces to the massive scalar field with mass m? = a?u for a ~ 0.

C.3.5 Non-minimal coupling

The non-minimal (or conformal) coupling to the metric is given by [20]
V= %RX. (C.28)

The trace of the classical energy tensor in the conformal gauge is [19, sec. 4.2]

T =qA X. (C.29)
using the fact that
R, = (R —20p0)e 2, A, =e A, (C.30)
and
__149R _ —2 | o .—26
T——EX%—qRX—qX(Rh—QAh@e +qe AL X —¢RX (C.31)

(after two integrations by part).
We obtain the full energy tensor from (B.6)

Tuu = _Q(vuvvd) - g;LVA¢)~ (032)

We will consider the quantum version of this potential below (sec. C.5).
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C.4 Polyakov action

We want to construct the most general action for X% (a = 1,...,d) scalar fields coupled to
gravity — it is called the Polyakov action. These fields are in the vector representation of
the (global) euclidean group (rotations and translation)

E(d) = O(d) x R%. (C.33)

In addition to renormalizability, diffeomorphism invariance and at most second order in
derivatives, the total action should be invariant under these (internal) euclidean transfor-
mations.

C.4.1 Symmetries and action

Under a transformation (R, ¢) € E(d), where R is a rotation and ¢ a translation, the scalar

fields transform as
X' = RLX" + ™. (C.34)

X® are scalars under diffeomorphisms (4.2) and do not transform
X'"*(o"™) = X(a™). (C.35)

We also recall that they do not transform under Weyl symmetry (4.3).
The matter action can depend only on X® derivatives since it is invariant under trans-
lations and the only possibility is [48]

Splg, X] = i / Lo /5" 0, X0, Xa. (C.36)

We will generally discard d-dimensional indices. It is invariant under Weyl transformation
(4.3)
Sm[g7X] :Sm[GZMg,X] (037)

Since the action S,, is quadratic we can evaluate (4.15) as a Gaussian integral, but we
need to take care of the zero mode; we will defer its treatment to a later section.

C.4.2 Equations of motion and stress—energy tensor

Using (4.16) the matter stress—energy tensor reads
1
T = 0,X - 0,X — 39w 9770, X - 0 X (C.38)
and it is traceless. The equation of motion for g, is just
(m) _
T{m = 0. (C.39)
The variation of S,, (C.36) with respect to X gives
AX*=0 (C.40)

where A is the Laplacian on the space M.
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C.5 Coulomb gas

We consider a free scalar field ¢ in the presence of a background charge ¢ [22, chap. 9, 34,

sec. 1.4]. Tts action reads

S = i /dzz VG (g"70,00,0 + iqR9) .
The corresponding stress—energy tensor T' = T, gets a new term
T = —(99)* + g%,
and the associated central charge is

c=1-6q¢%

(C.41)

(C.42)

(C.43)

As an effect of the charge, the central charge is shift to ¢ < 1 for ¢ € R. Because T is
imaginary, the theory is not unitary for arbitrary value of ¢, but the spectrum is unitary for
specific values of ¢ (especially it contains the minimal models); they can be found using the

Kac table.
By computing the OPE between e2%® and T we can prove that

he = a(q — a).
The momentum of the state created by such a vertex operators is
: iq
Py =a— —.
Py 9

Vertex operators are not anymore invariant under a — —a but they are under

a— q—a.

C.6 Fermionic fields

The Lagrangian for a massive fermion (massive Ising model) is
L= ii/?’y“@,ﬂ/) + map.
When coupling it to gravity we need to use a covariant derivative
D,=0,+ wﬂog

where w,, is the spin connection.

D Mathematical tools

D.1 Gaussian integrals

The Gaussian integral for one scalar is

o0
/ de e~ = il
oo a

(C.44)

(C.45)

(C.46)

(C.47)

(C.48)

(D.1)

For a n-dimensional Gaussian integral where the measure is not normalised one has

/d”:c e®eMav®s — (det M)_l/g/da:" e~ Fata,
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This can be written as

/ dp(g) e®eMav®e = (det M)~1/2 (D.3)
where the canonical measure is
d"x
dp(za) = Tden e vare’ (D.4)

In particular this ensures that the integral is one when M = 1.

D.2 Self-adjoint extension

A good reference on self-adjoint extension is [49, app. A] (see also [27, sec. 2.2, 57, sec. 3]).
Let H be an Hilbert space with scalar product (-]}, and A a linear operator on a domain
D(A) C H.
Considering x € H, the adjoint A is defined by

(x|Ay) = (ATx[¢), vy e D(A). (D-5)

The domain D(AT) of the adjoint is defined by all x € H that satisfy this relation. Another
way to define the adjoint is

(x|Ay)" = (]| ATx). (D.6)
The operator A is said to be symmetric (or Hermitian) if
D(A) c D(AT),  Af|py = A. (D.7)
A symmetric operator is called self-adjoint if
D(A) = D(AT). (D.8)
An operator B is an extension of A if

D(A)C D(B),  Blpy = A (D.9)

A symmetric operator A can be extended to a self-adjoint operator A if there exists a

domain such that
D(AT) > D(AT) = D(A) > D(A). (D.10)

We now review when conditions are met for such an extension.
First the domain D(AT) can be decomposed as

D(AY) = D(A)+ K, + K_ (D.11)

where*?

K1 (AT) = ker(AT £1). (D.12)

The deficiency indices are defined
di = dim Ki, (D.13)
and hence they correspond to the number of linearly independent solutions to the equations

Al = +ih. (D.14)

43The number +i can be replaced by any pair of complex conjugate numbers.
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The operator A admits a self-adjoint extension if
d==dy =d_, (D.15)

in which case there the extension is characterized by d parameters.
In the following we compute the conditions such that the momentum and Hamiltonian

operators
d d?
P = —i— H=_——_. D.16
ey dz? ( )
are symmetric for wave functions defined on some interval [a,b]. We will compute P and
HT using the formula (D.6) using ¢, x € H.

Consider first P

(xIPu)* = ( [ty (k) W))*
= [(ar (<12 ) ) v + i T,

after integrating by part, giving Since the first term is recognized to be (¢)|Px), P is sym-
metric if

[x(@)(x)*], =0. (D.17)

‘We now turn to H

(| = ( [ oy (-25) w<m>>*

= /abdx dx(x) dy(2)* {X(x) dw(x)*]

dx dx dx “

- / o <—ddx2) X(@) v(@)” + {d’;f) ISR b

b

using two integration by parts. Since the first term is ()| Hx), the Hamiltonian is symmetric

if [dﬁ(;) P(x)" = x(z) chbd(j)*}

Note that an Hamiltonian that does not contain any other derivative term will require the
same condition.

b
= 0. (D.18)

a

Example D.1 (Particle on a line) Consider a particle on the line [0, 27r] with wave func-
tion ¥ (z) € L?(C)

27
/O dz [¢(z)]* < oo. (D.19)

From the condition (D.17) P is symmetric if

x(@m)p(2m)* = x(0)(0)" = 0. (D.20)

One needs to define a domain for each function; then the boundary term vanishes if one
takes

D(P) = {y € L* | $(2m) = (0) = 0}, (D.21)

82



but then there is no need to impose any condition on functions in the dual space
D(P") = {x € L*}. (D.22)

Then in some sense D(PT) > D(P) and the operator is not self-adjoint P # PT. The
physical interpretation is that the boundary conditions break invariance by translation.

One can check that H = HT because there are two integration by parts, and the boundary
term vanishes only if D(P') = D(P).

Example D.2 (Particle on a circle) On a circle we have P! = P since one can impose
periodic boundary conditions. In particular the operator P admits a one-parameter exten-
sion if one takes the domain to be

D(P)={¢ | ¢(21) = y(0)},  D(P)= D(PY). (D.23)

Physically this is due to a magnetic flux inside the circle (Aharonov-Bohm effect).

E Special functions

E.1 Gamma and beta functions

The gamma function reads

I'(z) = /OOO dt e %1, (E.1)
For integer argument it reduces to the factorial

I'(n) = (n—1)! (E.2)

It satisfies the recursion relation
P(z+1) =2T(x). (E.3)

The asymptotic formulas are
P(@) ~o =~ + O(a), (E.4a)
T(2) ~oo V2T e 2" 3 (E.4b)

where 7, is the Euler constant.
An analytic continuation can be obtained from the relation

s

I'l—2az)'(z) = pr— (E.5)

For y € R, the gamma function satisfies
I'(z)" =T(z") (E.6)

The beta function is L
B(a,y) = /O dt £7-1(1 — ¢)v-1 (E.7)
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We can obtain the equivalent forms

! I'()I'(y)

B(z,vy) :/0 dt Gy = T'(z +y) (E.8)

We define the little gamma function

w@rﬁ@z)mfxwm? (E.9)

From the properties of the I'-function one can deduce

Yz +1) = —2?y(z). (E.10)
One also has 1
Yah(-2) = -—. (E.11)
It has the following asymptotic
1
1) ~o 2 + 292+ Oa?), (E.12a)
sinrz (1) % 1
~oo — — =2 . E.12b
1(z) o 2 (Q em(mx x) (E.12b)
It has zeros at t = n + 1, n € N*, and poles at x = —n, n € N with residue
="
Resy(—n) = CE (E.13)
There is an integral representation for |Rexz| < 1/2
> dt sinh xt
1/2) = — [2ze Tt - — . E.14
Yz +1/2) /0 t [xe sinh t/2 (E-14)
E.2 Bessel function family
Properties of Bessel functions can be found in [61, chap. 10].
E.2.1 Bessel functions
Bessel differential equation is
22 af + (2 - f=0 (E.15)

admits Jy, () (Bessel functions of first kind) as solutions if v ¢ N. For integer parameter,
they are associated to the generating function

exp — (t - ) Z In( (E.16)
nez
If we have the equation

22f" +af 4 (a®2? - v f =0 (E.17)

then the change of variable y = ax does not change the derivative terms as the first two
terms are invariant under rescaling of x, and we get the solution Ji, (ax).
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If n = v € Z then Ji,(z) are not linearly independent since
J_p=(1)"J, n € Z. (E.18)
In this case one has to introduce Bessel functions of second kind Y, (z) (denoted sometime

N,)
Ju(x) cos(va) — J_,(x)

Y, (x) = , E.19
(z) sin(vx) ( )
the limit where v is an integer being regular. This function also satisfies

Y_,=(-1)"Y, veLZ. (E.20)

Note that the pair (J,,Y,) are always independent solutions, but it is not of common usage
to use this pair for v ¢ Z.
Asymptotic forms at infinity are pure imaginary exponentials

2 2
Ju(x)woow/acos<xf%fg), Yy(z)wmg/%sin(:cf%yf%> (E.21a)

while near the origin one has

Ju(x) ~g ﬁ (g)y, Y., (z) ~o —y (z)” — @ (g)ycos av.  (E.21b)

The latter are not valid for z € —N*, in which case one can use the relation (E.18). The
leading term in Y}, (z) is the first if

N+1

Reu>00rv6—T, (E.22)
otherwise it is the second one.
Note that for complex v and real z one has
Jy(x) = Jp(x). (E.23)

Hence for pure imaginary v and real z the (independent) functions Ji,(x) are complex
conjugate. This also holds for Y, (z).
The integral of two functions reads

/0 T (@) = — Snpr =) (E.24)

x v+v S(v—v)

if Re(v 4+ ') > 0, otherwise the integral does not converge (for example with v,/ € iR). If
v = v/ then one finds

* dx s 1
o (@)? = —. E.2
|G -5 (.25)
Moreover for

v=vg+2m+1, v=vy+2n+1 (E.26)

we find that g s

xT m,n

— L))y () = ——. E.27
/0 x (@) () 2(2m + v + 1) ( )
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E.2.2 Hankel functions
Hankel functions are to Bessel functions what exponentials are to trigonometric functions
H®(z)=J,(2) £iY,(x), HP(x)=J,(z)—iY,(2) (E.28)

where we have defined Hy)(x) = Hl(,l)(x) and Hl(,f)(x) =HP (2). They behave as

H®) () ~ \/Z exp [:I:i (sc - % - %)} . (E.29)

E.2.3 Modified Bessel functions

Modified Bessel functions I,,(x) and K, (z) are solutions of the differential equation
2" af — (2® 4+ A f =0. (E.30)

The modified Bessel functions have exponential behaviour.
One has the asymptotic forms

I,(z) ~o ﬁ (g)v’ K, (z) ~ @ (i)” + P(%V) (g)u7 (E.31a)

I,,(l’) ~oo 271_3;7 K,,(l') ~oo % e ” (ESlb)
If v is integer, then there is an extra factor Inz in the second term for the limit of K, at 0
(note also that the second term is subleading with respect to the first one).
The derivative of the Bessel function is

dfii”;m) — _% (Komr (&) + Ko (), (E.32)
and
x dli;x(z) =vK,(z) —x K,11(2). (E.33)

In terms of Bessel functions they are given as

L(x) = i (i),
I_V(;zj) — Iy(x) ' (E34)

Ko(@) = g sin(mv)

E.3 7T, function

References on the Yy (z) function may be found in [40, app. A]. For the moment we just list
the properties we need.

E.3.1 Definitions

It depends on a parameter b and we also define

Q=>b+ % (E.35)
The function is defined by
oo inh? t 9 _
In Ty (x) = / dt ((Q/Q g2t S 5 (@27 ) ) . (E.36)
0

m s 1 th t
4 sinh 3 sinh 5
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This formula is defined only for Rex € [0, Q] but it admits an analytical extension over the
entire complex plane. It is not convergent for b € iR.
We have the special values

T5(0) = To(Q/2) = 1. (E.37)
If one write
T = % +ip (E.38)

< dt in? &2
In T (p) = / il (—p2 et + Sm?) . (E.39)
0

S tb ok
sinh 3 sinh 57
The first thing to note is that Tp(p) is an even function of p.

E.3.2 Symmetries and recursion relations

This function is symmetric around Q/2

Tp(Q/2 —z) = Tp(x) (E.40)

and satisfies recursion relations
Ty(z 4 b) = v(bx) b* 2% Ty (z), (E.41a)
Ty(z 4+ b1 = (b~ 2) b L Ty(a). (E.41b)

where v(z) is defined in (E.9).
Using these relation we note that

To(a + Q) = b~ 228 y(ab 4 1)4(b™'2) Ty (). (E.42)
E.3.3 Zeros and limits
The zeros of the function are at

z:mern

7 mn <0, m,n€Z. (E.43)

Especially we see that T;(0) = 0 and that the Taylor series at z = 0 is
Yp(z) ~ Y5 (0) + O(z?). (E.44)

The function has no poles.
One has the asymptotic formula for small b [57, p. 7]

Yo (bx) = Tb(b)i)j(;;. (E.45)

E.3.4 Analytical continuation

In order to study the analytical continuation of Tj we define the function [40, sec. 7.1]

Hy(2) = Tp(2) Yip(—iz + ib) (E.46)
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with Reb > 0,Imb < 0 so that we can use the integral formula (E.36). This function is
entire and has simple zeros on a lattice generated by b and 1/b, and from the recursion
relations (E.41) it satisfies

Hy(z+b) = T VH,(2),  Hy(z+1/b)= T2/ H (2). (E.47)

We can observe from the Jacobi ¢; function (E.54) and its recursion equations (E.59)
that o
eF (@ H2/b=zb)y (2/b,1/b?) (E.48)

satisfies the same recursion relations as Hp(x). The ratio of the two functions is doubly
periodic and entire in = so that it depends only on b. We can find this function by setting
x =0/241/2b. The end result is

im x b? 3 1 V1 (x/b,1/b?)
H — B T O ’ . E.4
() eXp{z (z T 4” 01(1/2 + 1/202, 1/b2) (E49)
The exponent can also be written
Q\> 22 1 3
- = — = — - E.
<x 5 + b 21 (E.50)

Then with this formula we can study the upsilon function for imaginary b

Hb(x)
Tb<.’17) ’

Yip(—ix +ib) = (E.51)
The argument function ¥; in the denominator of Hy reaches the real 7-axis where there is
a violent singularity running all along, and this is the boundary of the analytical extension
of ¥1. Then for generic values of x and b the function Y} can not be continued to b € iR.

We ave seen that for ¢ = 1 the function v, is a periodic Dirac distribution, and products
and quotients of Dirac distributions is not defined.

E.4 Jacobi ¢ functions

Jacobi ¢ functions are quasi-periodic functions of two complex variables (z,7) and they
appear in the context of elliptic functions #* [22, app. 10.A, 36, sec. XI1.4.12, 37, app. 8.A,
40, sec. 7.1, 57, sec. 6, 61, chap. 20].

We introduce the variables

g= e, w= e, (E.52)

E.4.1 Definitions

The Jacobi #-functions denoted by ¥4 (z,7), with k = 1,...,4, are solutions of the heat
equation
i 0%V, . 09y,
T 022 or
44We will follow Witten’s convention; for example 91(z,T) corresponds to EllipticThetall,wz,q] for
Mathematica.

=0. (E.53)
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We will consider mainly the first theta function

191(2, 7_) _ ZZ(*l)n eiﬂr(n71/2)2 eiwz(anl) (E54a)
nez
— ZZ n (n 1/2)? wn 1/2 (E54b)
nez
=-2 Z(—l)”q("_l/z)2 sin(2nmz). (E.54c)
neN

Shifting the sum gives also

7) = =iy (—1)ngn D /2 (E.54d)
nez
=2 Z(—l)”q("+1/2)2 sin (2(n + 1)7z2). (E.54e)
neN

Using this last expression we can note that 91 is odd for its first argument [57, p. 21]
791(_27 T) = _191(27 T) (E55)

and that
91(0,7) = 0. (E.56)

It is defined only for Im7 > 0 or |g| < 1. To see it we consider the partial series > uy,
and we use D’Alembert test

2
Up+1 _ q(n+1/2) wn-‘rl/2 _ |q|2n|w| _ e—27rnIrn7-e—27rImz (E 57)
. 122 =172 : :
The ratio tends to zero if |¢| < 1 or if Im7 > 0, and the unit circle |¢| = 1 is a natural

boundary of analyticity (we can not impose any condition on z because of the periodicity
— see next section). The value Im7 = 0 is very singular because it means that the torus
degenerates to a line, and all zeros collapse to the real axis of z [12].

There is also a branch cut for ¢ € [~1,0[ due to the factor ¢'/4; this corresponds to
z =141y with y € R.

For fixed ¢ the function is entire.

This function admits the following infinite product representation

91(z,7) = ¢ T (1 =) (1 = ¢ w) (1 = P Dw?) (E.58a)
n>0
=2¢"*sin7z H (1 —¢*)(1 — ¢*" e®™=)(1 — ¢*" e~ 2™'%) (E.58b)
n>0
=2¢"*sin7z H (1 —¢*)(1 —2¢*" cos 2rz + ¢*™). (E.58¢)
n>0

E.4.2 Periodicities and zeros

Tt satisfies [36, p. 347, 37, p. 70, 72, 61, sec. 20.7]

iz +1,7) = e (2,7) = =1 (2,7), (E.59%)

o+ r) = O () =~ ), (E59D)
91 (2,7 +1) = e Ty (2,7), (E-59¢)
91(2, —1/7) = —in/—it o™= W (27, 7). (E.59d)
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The first two relations come from the double quasi-periodicity in z, and the two others from
the modular properties of 7. We have explicitly written the phases in order to compare later
with other #-functions.
Under a general modular transformation [37, p. 72]
ar +b
—
ct+d

(E.60)

the ¢; and its derivative transforms as

2
At ( z Tt b) =wVer +d exp (CWCZ ) 91(z, 1), (E.61a)
T

er+d et +d +d
, z ar+b 3/2 imcz? , 2imz

—_— = E.61
v (CT+d7CT+d> w(er +d)°’* exp p— 191(2,7')—|—c7_+d191(z,7') (E.61b)

where w is an eighth-root of unity.
Its (simple) zeros for z lie at

z=m+nt, m,n € Z. (E.62)

E.4.3 Derivatives

By convention a prime denotes the derivative with respect to the first variable.
The logarithmic derivative is

Vi (2,7) e
—cotmz =4 ———— sin(2mnz E.63
191(277-) 7;0 1 _q2n ( ) ( )

valid for [Im z| < Im 7.
The value of the derivative at z = 0 is [36, p. 347]

9,(0,7) = 2mq'/* H(l —¢*")? = 2m(2)* = 7 92(0,7)93(0, 7)94(0, 7) (E.64)

where 7(z) is the Dedekind function.
Under a modular transformation one gets

at + b ir
9 (0’ w) = et (er +d)*? 91(0, 7). (E.65)

E.4.4 Limits

At 7 =0 or ¢ = 1 we have (after shifting 2n — 1 to 2n)
01(2,0) = =Y (=1)" e, (E.66)
neZ
and for z € R. Similarly for 7 =1 or ¢ = —1 we get
91(z,1) = —eT D (~1)" e?™, (E.67)
nez

These sum represents (periodic) Dirac distributions.
Defining the periodic step function

0(z) = {—1 -1/2<x<0

E.68
+1 0<z<1/2 ( )

we have [76, sec. 8]
¥ (2,1 + ie)
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E.5 Distributions
E.5.1 Periodic distributions

The periodic delta function (also called the Dirac comb) is denoted by

0(z) =1Il(z) = Z eI = Z d(x—n) (E.70)

nez nez

(we sometimes use the same symbol for both the usual and periodic delta functions, their
sense will be clear from the context).
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