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Abstract

We rigorously derive two simple cases of the higher equations of motion for Liouville
conformal field theory. These equations were predicted in physics by Zamolodchikov by
identifying the scaling dimension of certain primary operators of the CF'T. We work in the
probabilistic framework of Liouville theory first introduced by David-Kupiainen-Rhodes-
Vargas on the Riemann sphere which allows to perform rigorous computations. In a
future work we plan to use these equations to compute the so-called correlation numbers
of minimal Liouville gravity.

1 Introduction and main results

Liouville CFT is a fundamental ingredient of the quantization of 2d gravity introduced
by Alexander Polyakov [15] where in the formal summation over Riemannian metric ten-
sors it governs the behavior of the conformal factor of the metric.

Let (X, g) be a Riemann surface equipped with a Riemannian metric tensor g. Locally
the metric g can be written in conformal coordinates as

g = e%dzdz (1)

where o is known as the conformal factor. If g is of constant curvature K, then o satisfies
the Liouville equation:
- K
000 = —560. (2)
This equation leads to an infinite series of differential equations for ¢ with remark-
able relations to the representation theory of the Virasoro algebra. The structure of the

equations is as follows. For an integer n > 1, consider the quantity e!=7/2. Let also
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be the classical energy-momentum tensor for the equation (2)). It is believed [17] that
there exist a “classical BPZ operator”

D, = Dy (d,T, 0T, ...,0"T), (4)

where D, is a degree n homogeneous polynomial in its arguments, and where by convention
OFT is defined to have degree k+2 and 0 degree 1. This operator, in partiular, annihilates
(1-n)o/2.
e :
Dypell=me/2 — g, (5)

For example, D1 = 0 and D&i82 —e7/2(§2e /) =02+ T.

Now define D,, = D,(0,9T,... ,8"T), the same operator as D, but with anti-
holomorphic derivatives. Then the classical higher equations of motion are conjectured to
be

DnDino_e(lfn)o/Q — Bne(lJrn)U/27 (6)

where B, = 2(—1)"*n!(n — 1)!(1/2)". In particular, for n = 1 the equation (6]) is just
the usual Liouille equation ({2).

Alexei Zamolodchikov [I7] generalized these equations of motion to the Liouville CFT
that can be thought of as a quantization of the theory of the conformal factor . This
quantization depends on a parameter v (or b = /2 in a different convention [16]) that
is related to the central charge of the theory. Observables in the LCFT are denoted as
Va(z) =: ¢®(2) . where the Liouville field ¢ is a quantization of o. Correlation functions
of LCF'T then correspond to the expectation of the product of such observables denoted
by:

(Vaa(21), -+ Vaun (20))5 (7)
Mathematically these correlation functions have been defined for certain range of param-
eters [I1] using probability theory, see below in the section

Each correlator is acted upon by the Virasoro algebra with generators { Ly, },ez by the
formulas which on the Riemann sphere take the form:

L1=0,Ly,=Y [("_1)Ai ___ 0 n>1. (8)

= (z—z)"  (z—z)" 1]’

Here one has A; = 5 (Q — ). The Virasoro algebra is a quantization (central extension

to be more precise) of the Witt algebra {l,}nez, ln = —2""10, of holomorphic vector
fields on C*. Its commutation relations are given by:

(L, Lin] = (0 — 1) Ly + Q%n(rﬂ — 1), 9)

where the central charge is related to the parameter + of the Liouville theory ¢ = 1 +
6Q%, Q=7/2+2/v.

One can use the Virasoro algebra to construct differential operators acting on all
the correlation functions. Recall that the universal enveloping algebra of a Lie algebra
is an algebra generated by tensor products of the elements of the Lie algebra with the
relation that the commutator is equal to the Lie bracket. Equations we are interested in
such as the BPZ equations [5] or the higher equations of motion are written in terms of
the universal enveloping of the Virasoro algebra. Recall that Virasoro algebra acts on all
correlation functions by the formulas . When we say an observable satisfies an equation
written in terms of Virasoro algebra it actually means that all correlation functions with
this observable satisfy a differential equation produced by the Virasoro action on the
correlators.

There exist special observables V,, ,(z) := V.

am.n (2) indexed by a pair of natural num-
bers that are called degenerate fields. Here

2 ¥
n == - - . 1
iy, Q m,y +n2 (10)



These degenerate fields satisfy BPZ equations [5] [16],
Dy Vinn(2) = 0. (11)

These fields correspond to reducible Verma modules of the Virasoro algebra [5]. The BPZ
equations were proved for m = 1 or n = 1 infinite series in the probabilistic setup by
Tunan Zhu [19]. Classical BPZ equations can be obtained as a limit of the quantum ones
for Dy, 1. Other equations do not have a good classical limit and are due to the well-known
duality 7/2 — 2/~ in the Liouville CFT.

The classical equations of motion @ also have an analogue in the quantum side known
as the higher equations of motion of Liouville CFT. They were derived in the physics
framework by Alexei Zamolodchikov and take the form:

Dm,an,nQb(z) Vm,n(z) = Bm,n Vam,n+2mn(z)- (12)

These equations have a similar form to @ and the latter ones are believed to be obtained
by taking the classical limit of the (n,1)-series of (12).

In this note we investigate the equations of motion in the two simplest cases (m,n) =
(1,1) and (m,n) = (2,1) using the rigorous probabilistic framework of Liouville CFT on
Riemann sphere developed in [I1, [14]. In particular, we show that equations are
correct in the case when background metric is flat near the insertion point z: log(g) = 0
and when z is apart from the other insertions in the correlator

The precise statements we get is the following

Theorem 1. Let z = {z;}]", be such that z; # z; # z for all i,j and {o;} satisfy the
condition ¥i o; < Q. Let also |z| < 1 so that the background metric is flat around
z. Then we have the following equalities in the distributional sense: Let v+, a; < 2Q,
then

0z0:(9(2) Va, (21) - - - Vi, (2n)) = _%WU/’Y(Z) Vi (21) - Vo, (20))- (13)

Let 3v/2+ %, o <2Q and

2
Doy = L%, — 'VZL_Q, (14)
then
27'['2 3
D271W71<¢(Z)V,7/2(Z) Va1 (Zl) cee Van (Zn)> = A 4 7 <V3,Y/2(Z) Voq (Zl) cee Van (Zn)>7

(15)

where the correlators and their derivatives are defined as a limit e — 0, see section[3

In this note we consider the flat metric, in general additional metric terms will appear.
In particular, such terms inevitably appear in the integration over moduli, see discussion
below. We plan to investigate these terms later.

Liouville Gravity Higher equations of motion are interesting on their own accord as
equations relating logarithmic correlation functions including degenerate Liouville fields
and non-logarithmic correlators with non-degenerate fields. However, one of the main
reasons why they were introduced [I7] is their applications to the theory of Liouville
Gravity (LG) or integration over moduli.

Quantum gravity is a theory of integrating over all possible metrics. On a Riemann
surface this can be done by integrating over conformal classes and over the conformal
factor in each conformal class. The latter can be realized by a Liouville CF'T which being
a QFT of the conformal factor reproduces integration over all possible conformal factors.
Using LCFT correlation functions we can construct differential forms on the moduli space



of Riemann surfaces. Then integration over conformal classes is performed by integrating
these differential forms over the moduli space of Riemann surfaces (Deligne-Mumford
spaces Mg p).

For example, a general Liouville Gravity correlation number on a sphere can be
schematically written as

/ (Vo (21) ooV, (20)) - (P, (21) - . . Py, (20)) M, (16)
Mo,n

where

(Do, (21) ... P, (22))M (17)

is a matter (4ghosts) correlation function whose transformation properties are deter-
mined by the fact that when multiplied by the LCF'T correlation it becomes a differential
form on My,. In particular, the following relation between conformal dimensions of
the fields should hold A(®,,) + A(V,,) = 1. Matter correlation function must satisfy
conformal Ward identities and BPZ equations similar to LCFT correlation functions.
For example, one could take the correlation function to be a Minimal Model correlation
function [5]. We remark, that apriory the correlation function at colliding insertions are
not defined, and the integral is taken over a non-compact moduli space My, without
the boundary.

The idea of [17, [7] is to use the higher equations of motion to simplify the differential
form in . The form of the HEM is suggestive that the integrand can be
represented as a sum of exact terms plus contributions from the metric “curvature terms”
and the boundary points when z — z;. The latter terms are much simpler to compute
and it is expected that their careful computation will allow to reduce the correlation
numbers to purely cohomological or recursive relations.

Another reason that such cohomological/recursive formulas are expected to hold
is due to the conjectured relation between Liouville Gravity and other models of 2d
quantum gravity: topological gravity and Matrix Models (see, e.g. [12]). One of the
most known results in this area is the KPZ exponents [13]. This relation was extensively
studied in the 90s by physicists but remains mostly unsolved due to the fact that
computations in LCFT are very complicated.

It is noteworthy that some important partial progress was made after the HEM were
introduced: [7] managed to compute several 4-point correlation numbers on a sphere which
constitute the first case with nontrivial integration over moduli since Mg 4 ~ 5?\{0, 1, 00}.
In this case the integral can be also performed numerically [I8] [I] using conformal
bootstrap [16l 5] for LCFT and Minimal Models correlation functions. Computations
of [7] were used in [6] to provide the relation between these 4-point correlation numbers
and those in matrix models for the Lee-Yang series of Minimal Models in the matter sector
that correspond to v = 24/2/(2p + 1). For other Minimal Models progress was made using
Frobenius manifolds: [§] and then in [I0], [4]. One of the issues that stops this method
is that even general 4-point correlation numbers on the sphere remain a mystery because
sometimes direct HEM application in the physical framework fails for (probably) analytic
reasons.

It was partly investigated by one of the authors in [I]. There are also some results for
1-point correlation numbers on the torus [9] and on the disk [3, 2].

One of the motivations of the current paper is to set up a framework to compute the

correlation numbers using a mathematically rigorous form of the HEM which we expect
to produce new results and shed light on the problems of the previous methods.
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2 Classical equations of motion

Here we demonstrate the classical version of the first nontrivial Higher Equation of
Motion. Even though the computation is simple it is instructive for the quantum case in
the section [6] below since part of the computation technique is the same.

The conformal factor obeys the Liouville equation:

K
Ao =——¢°.
2

In the classical case, e~ 2 plays the role of the degenerate field. We compute the second
derivative of this field:

P2(e5) =0 <—;(aa)e§> _ (i(@a)Q _ ;820> =3
Therefore we obtain the equation:
(62 — 3(80)2 + ;820) e 2 =0.

This should be viewed as the classical second order BPZ equation with the operators
Ly =0and L_s = —i(@a)Q + %820. Here the operator L_o is also the classical stress-
energy tensor 1. The following notations are related to the analogous notations in the
quantum case below:

Q1= —%(80)67%7 Qi1 = 2(30)26767 Q2 = —%(320)67%

Lets now move to the classical higher equations of motion. The analogue of the logarithmic
field is oe~ 2. Let Dy = L2_1 + T. We compute:

DyDo(oe™2) = Dy((8%0) + 2(80)D)e™ 2 4+ DyoDye™ 2
= Dy((8%0) — (80)?)e™ 3.

N

q

Next we use that Dy and 9% commute. We write:

fed

2D50% "7 = 20%Doe™ 3 = 0.

Ds (;(80)2 - (a%)) e

Putting these last steps together we get that:

This implies:

0l
I
1

_ - 1— o —
DsDs(ce™ 2) = —§D2(80)2€_5 = —2D2Q1 1.
We also have the equation:

—2E2L_167% =0

which implies:
((0A0) +2(A0)d) ™2 = 0.

Now we can compute:

Dy(90)% % = (9%(90)? + 20(90)%D) ¢ %
= (2((0A0)d0 + (Ac)?) + 4(A0d)(90)D) e 2
=2(A0)%e 2 = [;26320.

In the second to last inequality we have used the previous equation and in the last equality
the equation Ao = €. The conclusion is thus that:

— o K2 30
DQDQ(O'Q_E) = —Te%



3 Probabilistic definition of Liouville CFT on the
Riemann sphere

We follow the probabilistic framework to Liouville CFT first introduced in [11] and
further developed in [I4]. We work on the Riemann sphere S* = C U {oco} viewed as the
complex plane with a point at infinity, which is equipped with a Riemmannian metric g.
For simplicity we will work with the metric:

g(z) = |z|:L4 with |z]4 = max(1, |z]). (18)

This metric is flat in the unit disk. We next definition gives the covariance of the
Gaussian free field on S2.

Definition 3.1. (Gaussian free field) The Gaussian free field X is the centered Gaussian
process on C with covariance given by, for x,y € C:

E[X (2)X(y)] = log ;—— + log x|+ + log |yl (19)

1
|z =yl
Since the variance at each point is infinite, X is not defined pointwise and exists as a
random distribution. It also satisfies:

2w

X (e")dh = 0. (20)

0
Next we introduce a regularlzatlon X of our field X, which depends on a small pa-
rameter € > 0. Define n. = 6277(| zf? ) where 7 is a non- negative smooth function defined
on R} with compact support in [l, 1] that satisfies 7 fo t)dt = 1. We then define the
smooth field by the convolution X, := X *x .. We now deﬁne the associated Gaussian

multiplicative chaos (GMC) measure.

Definition 3.2. (Gaussian multiplicative chaos) Fixz a v € (0,2). The Gaussian multi-
plicative chaos measure associated to the field X is defined by the following limit,

K@) g2y — lig X~ G EX@ 2y, (21)
e—0

where the convergence is in probability and in the sense of weak convergence of measures
on C. More precisely, for a continuous compactly supported function f on C, the following
convergence holds in probability:

/f )er X x)de—hm/f(x)e”Xf(x)_V;E[Xﬁ(x)ﬂdgx. (22)

e—0

For convenience we introduce the following shorthand notation for the Liouville field
¢ on C,

Q

+ 5 log g(2) + ¢, (23)

and for the regularized vertex operators

a2
Vie(z) = ea(Xe(z)+c)—7E[Xe(2)2]g(z)Aa

where again A, = §(Q — §).

Definition 3.3. (Probabilistic definition of the LCFT correlation on S?) Consider disjoint
points z, € C with associated weights oy, € R satisfying o, < Q and Y, og, > 2Q. Then
one can defined:

N

_e?e 2
H ag eZk pe?® Jo Vy e(z)d?x de.
k=1

N
<H Vak (zk)> = lim QQCE

e—0
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The higher equations of motions will be expressed on correlations where one insertion
plays a special role. We will denote this insertion by 2y or simply z. It will have an
associated weight denoted by «g. Furthermore we need will consider correlation which
can at this special point zp = z a so-called logarithmic field. We give the definition below.

Definition 3.4. (Probabilistic definition of the LCFT correlation on S? with logarithmic
fields) Consider a special point z = zg with weight oy < Q and N disjoint points z, € C
with associated weights oy € R satisfying o, < @ and Ziv:o ap > 2Q. Then one can
define:

N

(p(2) H Vo (z1)) == lim e 20

e—0
k=0 R

N

Pe(2) H Vak,e(zk)eﬁ“f(c Vie@dz | g
k=0

Throughout the proof we will use the following shorthand notations for correlation
functions with or without the logarithmic field:

N

N
<Z>Z>Iog = <¢(Z) H Vozk (zk:)>7 <Za Z> = (H Vak (zk)> (24)
k=0

k=0

We finish this section by giving the following lemma which tells us that the Lapla-
cian of the regularized logarithm converge up to a constant to a delta function as the
regularization € is sent to 0.

Lemma 3.1. Let |z|] < 1. Let Aclx,z) be a continuous function such that
lime_0 Ac(z, 2) = A(z, z) and such that the integral

I = / dz 9,0-(E[X.(2)X.()]) - Ac(z, ) (25)
C

1s absolutely convergent. Then one has:

lim I, = 1 A(z, z). (26)

e—0

Proof. Recall that

(Zl)e :/(Cd2$1/(cd2$2 ﬁne(ﬂ)ﬁe(@), (27)

1+ 22

where 1.(x) = e 2n(|z|?/€?), and 7 is a smooth function with compact support separated
from 0 such that 7 [~ n(z)dz = 1. In particular [, d?zn.(z) = 1. Let ¥(z) be a smooth
test function with compact support. Using first Stokes and then Fubini theorems we can
write

82¢(2)

2 — 1+ X2

(W(2),0:1/(2)e) = —(0z9(2), 1/ (2)e) = — . d2x1d2:v2/cd2z (1)1 (2)

The interior integral is equal to

/C e —EYC) ()

Z— 21+ X9

— _1% dz &ns(xl)ng(xz) = —m(z1 — z2)ne(T1)Ne(T2),
|z|=6

21 Z— 21+ X2
where we used the Stokes formula and d?y = —dydy/2i. Then taking the limit we obtain:

lim (4p(), 91/ (2)e) = m(0). (28)

e—0

O



4 A simple case: the (1,1) equation.

Recall the notation ¢ = X + % log g + ¢ given in equation . The quantity that will
obey the (1,1) equation is given by the limit:

N
z Voo (z)) := lim [ e 29°E
I Voute = i |

N
¢E H Qg ,€ Zk; e 'u‘f(C V"/,G(LB)de] dc'

In the case applying the operator of the higher equation of motion amounts to computing
920, (¢e(2) TTn—; Vap.c(21)). By using the Cameron-Martin formula given in Lemma
note that one can write:

N
/e—QQcE [ H e Zk e 1 Je Vv,e(x)dzl’] de
R

= 4 /e_QQC]E
dtt=0 Jr

= 4 /6_2QC]E
dtjt=0 Jr

By applying this formula to the GFF part of the field ¢ one obtains:

N
etXe(Z)_éE[Xﬁ(Zﬂ H Vak,e(zk)e_“fc Vw(”")d%] de
k=1

N
H " (z1)e aktE[Xe(z)Xe(zk)]e_'quV%G(I)e’Yt]E[Xs(z)Xe(af)]d2$] de.

N o N
(be(2) H Vore(zr)) = / e 2R (210g g9(2) + c) H Vope(zn)e e V%e(x)d%] de

k=1 k=1
N N
2
—|‘z:Oé]fIE[)(E(Z))(E(zZ / QQCE H o Zk e —t [ Vaye(x)d x] de
k=1 bl

N
— Wy d2x1E[Xe(z)Xg(:E1)]/e_QQCE el H e (Z)e "fCV%G(“)d%] dc.

R

Now applying the operator 0,0z to the final line we get that:

N Q N
2) [ Vape (1)) = ( 9:0;log g(2) + Zaka O.E[Xc(2)Xe(z0)] | (J] Vo (21))
k=1

k=1 k=1

N
- M/Cdzwﬁzaz(E[Xe(Z)Xe(xl)]) (Va(@r) T Ve (20))-

In the line above the first term vanishes because |z| < 1 implies that log g(z) = 0 and the
second term vanishes since 0,0:E[X(z)X(x1)] = 0. The third term is computed using
the lemma so that we get

N

Vay (1)) = —m7/2(V2 (2) T ] Ve, (1)) (29)
k=1

||':]2

This completes the proof of equation ((13)).

5 Derivative rules

In this section we list the key lemmas that will be required to compute the derivatives
of the correlation function required by the higher equations of motion beyond the simple



case of the (1,1) equation. We will extensively use the shorthand notations for
correlation functions. We also will use the notations

N
Pn:ZWy n—HPnz) (30)

Jj=1

B (?)p/@}im@yzawed% (31)

and the same expression but with the logarithmic field:

Qg log = M’Y /C H qj (2,2, ¥)10g, ed Y. (32)

We start by the following simple lemma which will be used to cancel the background
metric dependent terms in the upcoming computations of the derivatives.

Lemma 5.1. One has the identity:

N
wy /(C<z; z, y>|0g,ed2y = (Z o) — 2Q> <Z; Z)Iog,e + <Z; Z>e-
=0

Proof. Starting from the expression

<z;z>|0g7€:/ e 2QcR
R

we perform the change of variable ¢ to ¢ + % log% to obtain the expression:

N
¢6 H e Zk e - Je Vy,s(.t)d?w] dC,

N
M%(ZQ-FX_ZkN:l ak) hII(l) 2QCE Qbe H Q€ Zk; fC V’%E(ﬂ?)d%:] dc
€E—> R -
N
2
(log ,u),uv(QQ+X POARETD lim [ e 2Q°E V_y.e(2) H Vor,e(z)e” JeVae@dz | g
’7 e—0 R Pt}
We now obtain take a derivative:
- /<z; Z,Y)log,edY
C

1 - L(2Q+x—0l, ar)— *QQC & — Jo Vy,e(z)d?x
= 7(2Q +X - Z ak)/j"y b=t E ¢€ H Vock € Zk it dc

& el R k=1

N N

1 1 N
——2Q+x— Y ap)(log p)ur B Timr )= / e 2%E [Voyo(2) [] Varelzn)e o Vw,e(x)d2x] de

v k=1 R k=1

N
M}Y(?Q‘FX Shey ax)—1 / e 2QR |V ak f(C Vme(x)d%c] de
’Y R k:l
1
(2Q Zal) z;Z Ioge - %<Z;Z>e-

This implies the claim of the lemma. O

Next we state two lemmas that give the derivatives of the correlation functions with
or without the logarithmic insertion. The first of these lemmas has been proved in [19].

9



Lemma 5.2. (Derivative rule for ordinary correlations) The following formula holds

=

0z (Vxe(2) | | Vare(21))
=1
o0 Wyoy 1 9

= [ ) 4y €d )

2(zleezz +Z (zj — 2i)e %2) 2 /C(yzi)6<zzy> y

JFi
and for the z derivative:
= Yy PYX 1
0. (V_y,e(z Varelz)) = — 7]Z,Z€+ / 2,2,y ed2y-

< Xv()g 17( )> ;2(ZJ—Z)E< > 9 (C(y_z)e< >

Now the analogue result for a correlation with the logarithmic insertion.

Lemma 5.3. (Derivative rule for logarithmic correlations) The following formula holds

02, (0e(2)Voye(2) [ [ Vene(21)

Q;

X OézOéJ wyo 1 9
- ’ - s 4y d )
2(2 — zi)e <Z Z>e 2(2 — Z Z V4 |og75 + ]Z;AZ 2 — Z Z>Iog7e 9 /(C (y _ Zz')e <Z VA y>|og,s Yy

and for the z derivative:

N N
WYX 1 2
¢e —X,€ ) Va, ZZ>| ,€+ / <Zazay| ,edy
< () X( ll;[l 1,€ ;2 og 2 (C(y_z)e >0g
al oy 1
+ zze—/ z,z,yedZy.
S ey L ey

Proof. Let us start with the first identity. When differentiating we get the quantity:

,’:12

04{00(2)0- (Xe(z1) + 2 logg(=0) Va2

l:l

The first step is to apply the Gaussian integration by parts formula of Lemma to the
term containing the 0., X(z;). One obtains:

N

(9e(2) 0z, Xe(2i) Voye(2) H Vare(21))

=1

Elge(2) Xe(20)|(2, 2)e — X0, E[Xe(2i)0e(2)](2, 2)10g,e

—FZO@@ E (Zl)¢6(zj)]<z Z>|oge /‘7/ BZZE (zz)¢6( )]<z Y/ y)log ed y.
J#i

Now the above expression reduces to the expression claimed in the lemma up to the
following terms:

1
—Z&zig(% Za_] —2Q)(z, Z>Ioge N'V/C<Zazay>log,sd2y

These terms then cancels thanks to the results of Lemma [5.1]

10



Let us now move to the expression for the 0, derivative. The computation is analogous
except that this time there is a terms that will not be canceled by the identity of Lemma
By computing the derivative we get:

Q
Val, 582 logg(z)<z,z)e

’,:]z

l:l

N
Voue(z X(@e(2)0: (z)V,X,e(z) HVal,e(zl)>'

l:l =1

,':]z

(0. X (2

Integrating by parts the first term of the last line:

N
(0:Xc(2)V_yx,e(2) H Vane(z1)) = —XO:E[Xc(2)9e(2)](2, 2) + Z ;0. E[Xe(2)pe(25)|(2, 2)e
=1 P,

ey /C O-E[X(2)e(u)) (2 2, ) ey,

By integrating by parts the last term of the last line:

N
—x(¢e(2)0: X H ane(21)) = —XO0:E[pe(2) Xe(2)|(2, 2)
+X°0- E[ (2)0e(2)](2, Z)iog — X Y jO-E[Xc(2)¢e(2))](2, Ziog
i

+xm/ 0-E[X(2)0e(1)](2, 2,y )10gd"y-

Here we assume z € D where the metric is flat, namely g = 1 in a small ball surrounding
z. Therefore the extra metric dependent term vanishes. O

Recall the operators from equation ({8)):

YA 1
1=0., Lo=) <(Zl s Rl e azl) . (33)

=1

We now give the two lemmas that explicitly compute the action of the operators L%l
and L_s.

Lemma 5.4. The following relation holds:

LngO,Iog = (X2P1 XP2)QO log + X( )Q2 log — 2X2P1Q1,Iog + XZQl,l,Iog
+ PyQo — Q2 — 2xPQo + 4XP1Q1 + x7Q2 — 2xQ1,1-

Proof. Starting from the expression for the z derivative given in Lemma [5.3]

N

X X 1
azQO,Iog = - Z 2(%7_]2)@ Z>Iog,e + 9 /(C (y — z) <Za z, y>|og,ed2y

j=1

N
L 2
+22 2)e = /(C(y_z)6<z,z,y>ed Y,

Jj=1
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we take another derivative in z to get:

N

X0 WYX 1 2
0:.2Q0,log = — ————— (2, Z)log,c + / (2,2,Y)log,cd”y
zz og ; 2(«2] _ 2)2 0g,€ 2 C (y _ Z)2 og,€

N
XY, /wx/ 1 2
- Y2 2 ,+ a Z,Z,Y) ,dy
2312(%‘_2’)5 (2 o 2 Jo(y—2)e 3 Vg

N
o % 1 2
a7/ N Yz b [ 7 N Yz b ) €d .
+22(zj—z)ea<z z) 5 /C(y_z)ea(zzw Y

This can be rewritten as:

— xP2Qo,10g + XQ2,10g + P2Qo — Q2 — XP1L_1Q0 1og + P1L_1Q0

HYX 1 5 Y 1 )
0,{z, 2, doy — — | ————0,{(z,2,y)d*y.
+ 5 /(C (y — Z)E z<z z y>log,e ) 2 Jo (y _ Z)e z(z VA y>6 Yy

By treating the extra point y as a spectator insertion of weight v and applying again
Lemma [5.3] one obtains the identities:

N
Xa; XY HYX 1 2
15) = — —_— - \Z, Y, d
z<2, Zay>|0g,e J; 2(Zj — Z)e <Z,Z7 y>|og,e 2(y — Z)e <Z7Z7 y>|og,e + B A (CL’ — Z)E <Z Z,Y 1’>Iog,e xT
Y Q; g Y 1
+ J 2,7, + — (2, 7, —/z,z,y,x d2a;,
; 2(z; — z)e< y)e 2(y — z)e< yie 2 Jo(x— 2)6< )e
Y xay XY wYX 1
0.(z,z, = — 7]z7z, - —— (2,7, + / Z,2,Y,T d?z.
Hem e = =) gn B gy, et T [y e

1
_ 'lw/ ———0.(z, z, y>€d2y =xPiQ1+ HQQ - x@1,1,
c (Y —2)e 2

2

1 XY XY
ng / = 0:(2, 2, Y)iog,cd*y = —X*P1Q1 jog — 5 Q210g + X Q1.110g + XP1Q1 + 7@2 - xQ1,1-
C - €

Note that one can rewrite the claim of Lemmas [5.2] and (5.3 as:

L_1Qo=—xP1Qo+ xQ1, L_-1Qojog = —XP1Q0,og + XQ1,l0g + P1Q0 — Q1.

Putting everything together one obtains:

L2 1Qojog = —XP2Qojog + XQ2,10g + P2Qo — Q2 — XP1L_1Qo 10g + P1L_1Q0
2
— X*P1Q1 jog — %Qﬂog + X2Q1.10g + 2XP1Q1 + x7Q2 — 2XQ11

= (X2P12 - XP2)QO,Iog + X(l - XQJ)QZIog - 2XQPIQLIog + X2Q1,1,Iog
+ PQo — Q2 — 2xP{Qo + 4xP1Q1 + x7Q2 — 2xQ1,1.

12



Lemma 5.5. The following relation holds:

1 2
L—QQO,Iog = (_P12 + ;P2)QO,|og + 2PlQl,log + (X - §)Q2Jog - Ql,l,log
+ P2Qo — Q2 + ofe).

Proof. By using the result of Lemma we obtain:

Ay,

azaj X .
L_o E — S
; Z 2(25 — 2) (21 — 2j)e Z 2(z; » + Z (zj — 2)? (2,2)10g.c

zj = 2)(zj = 2)e

'voz] 1 o
+Z /(y : (z,z,y)|og,e+zm(z,z>e.

- ZJ)E §

To group the terms in (z, Z>|og7€ in the desired form we will use the identity:

1 1 1

(x1 —a2) (w2 —2) (w1 —a2)(w1 —2) (21— 2)(w2 — 2)

We will now perform an integration by parts on the term with the integration over C.
Starting from the term

i H / ! (2,2, Y)10gdy
2z —2) Jo (y—zi)e TR

we compute the difference:

Py 1 Py / 1 2
Z,Z,Y) 2,7, Y)10gd
e Jem e et Z a2 e
Py 1 2
d .
;2 / (y_z) <zazay>|0g,e y—|—0(6)
We then perform the following integration by parts:

O‘JN’V 2
/ Z _ Z] Z) <Z, z, y>e,|ogd Yy

wy 2 wy 2
= —— Z,Z, eod + / Z, 2, fod
/cQ(y )2< V)elogdy + X c 2(y )< )eiogdy

H'Mz

~ —z —2)(y — 2)e
—/ i (2,2, 2,9)c, ded*y — udl #Qz z,y) d%y
c2 20z —y)e(y —2) I8 2 Jo(yj—2)277 7700

By using symmetry on the double integral above and collecting all the terms we obtain
the claimed result. O

6 The (2,1) higher equation of motion.

We now move to study the equations of order 2. The operator we wish to apply is thus
(f2_1 + x*L_2)(L%, + x*L_3). We will furthermore assume that x = 3. We will apply
this to:

N
<Z; z>|0g = —x e H Val,e
=1
) N
=4~ lir% e 2R | (Be(2) + ¢) Voy o (2) H Ve e(21)e e Vye(@yda | g
€E— R iy




Lets first apply the operator L2, + x2L_5. By the second order BPZ equation we know:

N
V—X7E(Z) H Vak,e(zk)eiu JeVre@)d®e de — 0.
k=1

(L% + x*L_) lim [ e 2%E
e—0 R

As performed in [I9] this cancellation is obtained by the fact that
L?1Qo = (—xPa + X*P})Qo — 2> PiQ1 + X’ Q11 + X(—% +1)Q2,

L_5Qo= (—P + iP2)Q0 +2P1Q1 — Qi+ (x — i)Qz + o(e),

and where thus the error term o(e) vanishes as € — 0. Moving now to the case of the
logarithmic insertions, combing the results of Lemmas [5.4] and

(L2, + x*L-2)Qo0g = X*(P2Qo — Q2) + P2Qo — Q2 — 2xPF Qo + 4xP1Q1 + x1Q2 — 2xQ1.1.

Lets now apply the anti-holomorphic operator to this answer. We notice that applied
to Qg it gives 0. We get:

(LZ1 + x*Lo2) (L% + X*L—2)Qojog = (L1 + X°L—2) (x7 — 1 = x*)Q2 + 4xP1Q1 — 2xQ1,1) -

We use the notation Dy = L?| + x?L_5 and Dy = fz_l + x?’L_5. By commuting the
holomorphic and anti-holomorphic operators one obtains that:

DyQo =0, Do(PiL_1Qp) =0, Ds(L_2Qp) =0.

Combining these three relation implies that:

D - — = =0.
2 <Q1,1 + (X 2)@2)
From here one can deduce that the expression

(Z2—1 +x*L_y) (xy—1- X3 Q2 + 4xP1Q1 — 2xQ1,1)

is equal to
—2D2Qu, (34)

using the fact that we are assuming that x = 3. We thus now need to analyze carefully
these two terms using the regularization procedure. Before doing so, let us first record a
consequence of the fact that DoQ1 = 0 (which is itself a consequence of EQ(PlL_lQo) =
0). Written out explicitly D2Q1 = 0 implies:

EQQl = /C‘dzl' <aﬁ(x_12)€> (z,z,x>e—|—

+2A¥xGax:%>@@Jw;+4fﬂwimamjwkza(%)

To compute the last term we can use the following trick. We know that Do(z,2). = o(e),
which implies by completing the operator with x as a spectator

_ A 1
D2<Z, Z, .'L'>€ = —X2 <(J,‘ —’YZ)E - (f — Z)Eaf> <Z7 z, x>€ + 0(6)7
where here we have used the notation:
1 1
=0z .
(T —2)? (T —-72)



Record A, = 1. Therefore:

ftrpmg Prtemale = o [ o (g ~ o) el ok

€

1 1
2 2
=—x /d T <8f > ——— (2,2, ) + o(e).
C (x—=2)) (T—7%)e
We therefore have the identity:

/Cd% <<%($_lz)> (z,2,2) + Q/Cd%: <a;(x _1 Z)E> O:(z,z, )
X2/Cd2x <a%_12)6> (x_lz)6<z,z,x> — o(c). (36)

We will use it with y of weight v added as an extra spectator point. Lets now move to
computing D2Q1,1. We start by writing:

_ 1 1
DyQ11 = 2/ d*xd®y (aﬁ ) (2,2,2,7)e
c? (y

(x — 2)c —2)e

1 1
—|—4/ dz.%'dQ <82 > &z Z,2,7, €
C2? Y (x—2)e) (y—2)e < v)

1 1 =
+/ dxd?y Do(z,z,x,y)e + 0(€).
O TN T R A

Again we write that:

1 1 —
d?zd? Dolz,z,x,y).
/<(32 y(x —2)e (Y — 2)e 2 v)
1 1 1 1 1 1
=—* | d*xd® < - Oz + - &) 2,2,%,Y)e+ 0
¢ Lt (e e e o) el
1 1 1
=-2?% | d*xd? (af ) 2,2,T,Y)e + o(e).
TN G e, B m el

Using 2 f(c dzym times equation (36)) with y added as a spectator point we can cancel
three of the four terms of in ﬁQQLl and end up with:

Dau =2 ()" [ oy (02 ) (02 ) e ol (31)

Now we send € to 0 and use Lemma to evaluate the integrals in x and y with the
result:

2
— 7T
Dy = (,w; ) (2,2, 2, Y) p=y=-- (38)
Using the expression we find
2,23
D2,1D2,1<Z;Z> =_£ 1 1 <Zazax7y>z=y=z- (39)

This finishes the proof of equation .
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A

Some useful facts in probability

We state the Cameron-Martin formula also known as the Girsanov theorem.

Lemma A.1. Let Y(x) be a Gaussian process on the sphere, and Z a Gaussian random
variable such that (X (x), Z) is jointly Gaussian. Then for any suitable functional F' one

has:
E eZ’%E[ZQ]F(X)] =E[F(X +E[X(-)2))].
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