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1 Introduction

The aim of these lectures is to illustrate the idea of stochastic quantization using as motivating
example the construction of the ®§ Euclidean quantum field theory (EQFT).

(Bosonic) EQFTs are certain (complicated and not very explicit) probability measures p on spaces
of Schwarz distributions .’ (R9) over the Euclidean space R4 which have applications in math-
ematical physics, in particular in the construction of models of relativistic quantum mechanics,
the so called quantum field theories (QFTs).
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The stochastic quantization idea addresses the problem of EQFT via the construction of an aux-
iliary map F, which push forward a Gaussian measure y (possibly defined on a very different
space) into the measure p describing the EQFT: p=F,y. The measure y should be thought as a
convenient source of randomness and will be chosen such as to facilitate the analysis: Gaussian
measures are very well understood and several tools are available for them. The map F, on the
other hand is expected to contain all the difficulties. However it turns out that tools and ideas
from the analysis of PDE or even new analysis tools (like Hairer's regularity structures) can be
put forward to obtain interesting results.

The leitmotif of these lectures will be to explore the possibility of obtaining as much information
as possible on p via the stochastic quantization map F,. It is therefore useful to fix our partito
preso in a very general definition which seems to fit all the cases I care about:

Definition 1. A stochastic quantization of a probability measure p is a pair (F,, W) of a map F,
and a Gaussian r.v. W (on a given probability space) such that the r.v.

has law p.

There are various possibilities for the choice of F,, some of them quite equivalent in their use-
fulness. During these lectures we will concentrate on a specific measure y, the ®§ Euclidean
quantum field theory and on a specific way to construct F, first suggested in this context by Parisi
and Wu: introducing a fictious time and considering a (over-damped) Langevin dynamics driven
by a space—time white noise and with invariant measure u.

Part of my goal is to introduce all these concepts.

For the moment I would like to concentrate on motivating why we are interested in such measures
u in the first place, i.e. what an EQFT has to do with quantum mechanics. The link between
quantum mechanics and probability theory (and statistical mechanics) has been discovered and
exploited in the '60-"70 by people like Segal, Nelson, Symanzik, Simon, Jaffe, Glimm, Oster-
walder, Schrader, Rosen, Guerra, Gallavotti, Jona—Lasinio, Frohlich,... and many others. It
is not my aim here to provide a full account of the development of these ideas, the interested
reader can refer e.g. to the book of Glimm and Jaffe (James Glimm and Arthur Jaffe, Quantum
Physics: A Functional Integral Point of View, 2nd ed. (New York: Springer-Verlag, 1987),
/Iwww springer.com/gb/book/9780387964775.).

I want to introduce the basic mathematical structure of quantum mechanics and state the basic
problems related to it: the construction of suitable representations of the algebra of observables
with interesting dynamics. Very intuitively this comes down to solving certains ODE in non-
commutative variables, the non-commutativity is imposed by the indetermination principle of
Heisenberg (in one form or another). When trying to construct a quantum theory which satisfies
also the requirements of special relativity (i.e. no physical influence can travel faster than light,
covariance wrt. the Poincaré group of Minkowski space) one need to introduce the concepts of
observables localized in certain space—time regions and impose constraints on space-like-sepa-
rated observables. The so called Haag—Kastler axioms of local QFT formalize the basic structures
one would like to obtain from these algebras of observables.
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Constructing interesting examples of these algebras, especially for physical geometries, has rev-
eled itself a very difficult task and naive attempts (i.e. perturbation theory around known solutions)
run into serious problems of divergences: some of the correction to the zero-order behavior are
ill-defined and formally infinitely-large. The main problems are related to the local non-com-
mutativity of the algebras which “creates” such singular behavior. In order to cope with these
difficulties it has been proposed, first by the physicist, then rigorously by Nelson and Oster-
walder—Schrider, to consider the Euclidean “shadow” of the Minkowski theory, by performing
an analytic continuation in the time variable r € R to the imaginary axis ixo€iR. This transforma-
tion sends the Minkowski metric x% + -+ x2—12 of the n-dimensional Minkowski space M" into
the Euclidean metric x7 + - - - + x2 + x3 of the space R"*!. Technically this analytic continuation
is performed at the level of Wightman functions: a system of correlation functions which allows
the reconstruction of an algebra of local observables. The analytically continued Wightman func-
tions become Schwinger functions. It turns out (a bit surprisingly) that Schwinger functions can
be constructed via probability theory: they can be taken to be the moments of a measure y on
#’(RY) withd=n+ 1. In order to allow to go back from Schwinger functions to Wightman func-
tions and to the algebra of local observables one need to verify a series of conditions, i.e. axioms
for Schwinger functions. The key conditions are reflection positivity, Euclidean covariance and
certain moment estimates. Additionally one would like from the model to satisfy additional con-
ditions but in these lectures we will not study them and concentrate on these three. For the scope
of these lecture we can therefore preliminary define

Definition 2. An EQFT p is a probability measure on ¥’ (RY) satisfying: reflection positivity,
Euclidean invariance and certain moment estimates (to be specified later on).

We need to define all the concepts entering this definition: this will be the goal of the first few
lectures. The less natural is reflection positivity (RP) which is a however the key property which
encodes the quantum theory within a probabilistic object. RP seems innocuous, but in connection
with Euclidean invariance give hard constraints for u to be an EQFT.

The main theorem we would like to prove in these lectures is

Theorem 3. There exists a (two-parameter) family {11} of EQFT on ' (R3). We call them the
3 model.

The name of the model contains two numbers: 3 refers to the dimension of R3 while the 4 is a
reminder of the form of the approximations we will use to show Theorem 3.

A similar statement (and more general ones) are true in two (Euclidean) dimension, i.e. the ®3
model. We concentrate in dimension three since the proof is more difficult and showcase certain
features of the stochastic quantization approach. Sometimes along the lectures we will refer to the
&3 for illustrative purpose.

The literature on the Euclidean approach is vast and again I will not make any attempt to present
it completely, however it mainly exploits techniques and points of view others than the stochastic
quantization approach (be it phase cell expansion, renormalization group, ...). A lot is known of
EQFT even beyond the $; models and many research produced profound and technically difficult
pieces of work. Later on I might spend some time reviewing some the highlights.



The rigorous construction of 4 via stochastic quantization has been developed very recently and
I will try to mention all the relevant references so that the interested reader can have an overview
of the current state of this line of research.

Let me go back for the moment to the Definition 1 of SQ and to its spirit. As I already mentioned,
the idea is to use a convenient “universal” source of randomness to construct a random field
with given law. This broad definition fits also to Ito's approach to the construction of diffusion
processes with prescribed characteristics. Indeed consider the (strong) solution X of a stochastic
differential equation (SDE) of the form

dX;=b(X,)dt + o (X;)dW,, Xo=x

on R* where W is a (finite-dimensional) Brownian motion and b, o are prescribed vector-fields
on RX. This strong solution is really a map from W to X = F (W) and Ito's motivation to introduce
SDEs was mainly to construct the Markov process associated to the solution X, i.e. alaw u on a
space of continuous paths which satisfy the Markov property. Here we see a huge similarity with
what we try to do: describe a measure p which should satisfy a series of constraint (here Marko-
vianity) in an useful and direct way. The solution of the SDE is such a map. Only incidentally
it happens in this case that the Brownian motion lives in the same kind of space as the solution.
Stochastic calculus is a tool to study the class of stochastic processes arising in this way (and
many other related processes arising in more difficult ways). [see e.g. Daniel Revuz and Marc
Yor, Continuous Martingales and Brownian Motion, 3rd ed. (Springer, 2004).]

Stochastic quantization is here the stochastic analysis of measures of the type encountered in
EQFTs.

2 Quantum mechanics
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I want to start by giving hints on some aspects of quantum mechanics which are relevant to our
discussion. For what concerns us here, quantum mechanics (QM) is the theory which describes
certain kind of measurements which cannot be performed with inifite precision and which exhibit
a certain complementarity, in the sense that an attempt to a precise measurement of one quantity
will result in a larger uncertainty in the measure of another. These strange features concerns
primarily with physical phenomena involving interactions at the scales of Planck's quantum of
action 2. We will however happily ignore the precise value of this constants in what follows.
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The basic structure is given by a set @ of observable quantities (e.g. experimental setups, gauges,
indicators) and a set % of states of the physical system. To every observable A € @ and state
w € ¥ we can associate a real number w(A) € R which is our representation of the measure of A
in the state w. Operationally this is interpreted in a frequentist way: it corresponds in performing
N experiments, each time preparing the system in the fixed state w and each time measuring the
same quantity A in order to obtain the sequence (x;);=1,... y of numbers. It is then postulated that
the empirical mean converges as N — oo and the limit is @ (A):

w(A) = lim NZ i

Given two observables A, B I can measure both and sum the results, obtaining A + B and it is
natural to assume that w (A + B) = w(A) + w(B), clearly @ is a (real) vector space and states are
linear on @. Also if I can measure A then I can also measure any (bounded) function f(A) of A by
taking f(x;) each time I observe x;. It is natural to require that 1 € @ and that w (1) =1 for all states
w, moreover states are positive, i.e. w(A) >0 if the observable A is positive (e.g. if A = B2 for
some B). I can measure A%, B2, (A + B)? and define a (commutative) product of two observables
A#B=(A+B)?>-A?-B?. The corresponding algebraic structure is called a Jordan algebra. If one
requires also that A% +--+A2=0 implies that A|=--- = A, =0 then the finite dimensional Jordan
algebras can be classified and essentially they are composed of basic blocks given by square self-
adjoint matrices with either real, complex, quaternion coefficients, or a finite dimensional Clifford
algebra, or the algebra of 3 x 3 octonionic matrices (the Albert algebra of dimension 27).

Nature seems to have chosen for us ony the obsevable algebras made of complex self-adjoint
matrices. In the formalization then one take @ to be the algebra of self-adjoint elements of a C*-
algebra 4, i.e. a Banach algebra endowed with an involution a € A4 — a* € A4 which satisfy the
condition [a*al| = |al* (C* condition). This is true for finite-dimensional complex matrices by
taking the involution as Hermitian conjugate and the norm as the operator norm. So seems a good
starting point. The theory of C* algebras is particularly rich and in particular any state on 4 is
automatically continuous and the norm can be expressed by duality |Al|=supy e |w(A)].

Any commutative C* algebra is (up to isomorphism) the algebra of bounded continuous func-
tions on a compact space X (Gelfand's theorem). This implies in particular that for any x€ X we
have a state &, given by the valution at the point x € X (the Dirac measure) such that §,(AB) =
8x(A)S8,(B) = A(x)B(x). Any other state is a convex combination of such states and we have
essentially a probability theory. In particular there exists states which corresponds to infinitely
precise measurements of all the observables in © C A.

This consequence is at odd with the experience and therefore we have to admit into our modeliza-
tion non-commutative C*-algebras. Even in this general case, as soon as we have a sub-algebra
which is commutative, it can be essentially considered a system of random variables where any
state gives a specific joint probability distribution of the system of observables, in the sense that

for any system Ay,...,A, of commutative self-adjoint elements of %, there exists a measure u
on R” such that for all continuous bounded functions fi,..., f,;: R - R we have
O (f1(A1)--fu(Ap) f1 xp) - fu(xn)dp(xy, ..o, x,).

From very easy finite-dimensional examples one can construct C* algebras of observable which
are maximally non-commutative, i.e. where there exists states in which one of the observable is
precisely determined while another is maximally uncertain (i.e. has uniform distribution). The



Gelfand-Naimark theorem states that any C* algebra can be faithfully represented in Hilbert space
96 as a subalgebra of the algebra of all bounded operators 98 (94). A more interesting (for us) result
is how this representation is obtained, namely via a construction called the Gelfand—Naimark—Segal
construction (GNS).

Theorem 4. (GNS) For any state w there exists a triplet (36, 7, 9,) where 36, is an Hilbert

space, i, a representation of /b on 96, via bounded operators and a vector ¢, € 96, such that,
forall Ae A

W (A)=({@u, Tu,(A) @)

The representation is irreducible iff the state is pure, i.e. if cannot be written as convex linear
combination of other states.

A representation s is faithful if 7(A) =0= A =0 and this can be achieved by tensoring all the
GNS representations for all the states (it is enough to use the pure states).

Physically the GNS construction is more interesting: it means that the way the quantum system
is realized on Hilbert space could apriori depend on the state which we are considering and that
different states could result in inequivalent representations, i.e. representations which cannot be
unitarily identified one with the other. This is not a particular problem for the QM of finite-dimen-
sional systems since a theorem of von Neumann guarantees that all the faithful representations
of the Weyl algebra (the C*-algebra of a quantum system satisfying certain simple commutation
relations) are equivalent, so it is not very important which one we use and only matter of tech-
nical convenience. However, as we will see, Poincaré covariance forces us to consider QM with
infinitely many degrees of freedom and the question of the inequivalence of representations is at
the orgin of many problems, in particular of divergences appearing in perturbation theory.

In order to understand better the problem we need to discuss dynamics of a quantum system. So
far we essentially only addressed the question of the “kinematics”, i.e. of the description of the
motions. For example a classical Newtonian system is completely described by a point in a phase
space giving position and momentum of all the particles. The dynamics acts on the phase space
as an Hamiltonian flow, in particular it sends the initial positions and momenta (Qg, Py) to those
at time r€ R: (Q(Qo, Po, 1), P(Qo, Po,,1)). Any function f: (Q,P)— R on the phase space evolves
as f(t,Qo, Po) = a:(f) (Qo, Po) = f(Q(Qo, Po, 1), P(Qo, Po, t)). Note that «; is an automorphism of
the algebra of functions on the phase space which encodes completely the dynamics, moreover
Q5= a0 Qg i.8. ()R 1S a continuous one parameter group of automorphism.

In the quantum kinematic picture one has to give away the possibility to describe the motion of the
points in the state space (no such points exists since the algebra is non-commutative) and consider
the evolution of the observables to be a continuous one-parameter group (a,);er acting on the
algebra of observables. Let us write A(¢) = a;(A) for the evolution of the observable A. This is
called the Heisenberg picture.

The goal of quantum mechanics is therefore to establish which particular triplet (4, w, a) of
algebra, state and dynamics allow to predict the behaviour of a given quantum system in a given
state. In particular, given the observables Aj,...,A, and the sequence of times #1,...,t, one would
like to compute

w(ay (A1), (Ap)).



One of the interests of having a specific representation is that it is then possible to proceed to
numerical approximations of such quantities.

The dynamics «a is an automorphism, therefore can be made to act on states (a;w)(A) = w(a;(A))
since it preserves positivity and normalization, moreover it preserves also purity. It is not however
clear if a;w give rise to a GNS representation unitary equivalent to that of w, i.e. lying on the
same folium. Assuming this is the case then one can fix the representation (96, 7, ¢,) and
associate each state a;w with a unitary transformation U(¢) such that 7, (A) =U ()l , (A U(1)
and correspondingly ¢, = U(t)¢,. An important case is when the state is invariant, i.e. a;0 =
w since then U(t) @, = ¢, for all t€ R and one can prove that the group (U(¢));cr of unitary
operators is weakly (and thus strongly) continuous.

The assumption of invariance of the state is important, one can easily construct counterexamples
to strong continuity of the group U if it does not hold (see the lecture notes of QMFI, Lecture 17).

Provided we assume the existence of an invariant state w, then the study of the dynamics a can be
reduced to the study of a strongly continuous unitary group U on a fixed Hilbert space 96 = 34,
with a special vector ¢, called the vaccuum vector or ground state. To each observable a it
corresponds a bounded operator A =7, (a) and 7, (a;(A)) =U(t)A UL, soin particular

w(a(ay)-- 'at,,(an)) =(@u, AtU(1r=11) Az - - U(ty=th-1) Ap@ o) = W{A, {1}) (D

where we take t,<t,_1<---<t.

We say that ¢, is cyclic if the span of vectors of the form
AU -1)Az - Ulty—1th-1)An@ o,

for arbitrary As and times, is dense in 34. Provided the vector ¢, is cyclic the family of all
correlation functions of the form (1) for all obsevables and all increasing sets of times form a
complete description of the dynamics of a given quantum system. With our assumptions this
system is stationary in time, i.e. the correlation functions depends only on the difference of the set
of times.

3 Euclidean quantum mechanics
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EQM means to do QM in “imaginary time”. What does this means precisely? We need to under-
stand what is the unitary group U (#) at imaginary times.

By Stone's theorem the strongly continuous unitary group (U (¢));cr corresponds to a homomor-
phism X: C(R;C) - %B(94) of C*-algebras such that X(e™)=U(t) for all te R.

We cay that U is of positive energy if X (f) =0 for all f with support in {x<0:x€ R}. In this
case one can define K(s) =X (e > '1g,) for all s >0 (with some care) and observe that K(z+s) =
K(H)K(s), |K(#)| <1 and that r K(t) is strongly continuous. So (K()),>¢ is a strongly continuous
semigroup of contractions.

The notable fact is that, given (K (#));>0 one can reconstructs X and then U so they corresponds
each other one-to-one and express essentially the same object, in our case the Hilbert space real-
isation of the dynamics of the quantum system.

The idea now is to take correlation functions for a dynamics with positive energy and continue it
to imaginary time differences to obtain correlation functions of the form

SHALhAti}) = (P a, A1K(11) Az - - K(tn-1)Ang ) (2)

for arbitrary operators Ay and positive times ;. The question is now whether we can recover the
full structure of the quantum problem only knowing these functions. In particular we would like
to reconstruct the Hilbert space (with all its vectors) and the scalar product, and then also the
unitary dynamics U.

We need a way to decode from these functions the key properties which allow the reconstruction.
Surely we need the fact that K is a contractive semigroup. A more subtle property comes from the
positivity of the Hilbert scalar product, indeed let us observe that we always have, for example
that the correlation function

S((A3,A2,A1,A1,A2,A3), (I2,11,11,12)) = (@, A3K (12) A2K (1) A1A 1K (1) A2K (12) A39)
=(A1K(11)A2K (17) A3, A1K (1) A2K (12) A3 ) 20

is positive. Of course similar considerations hold for similar functions and for certain linear com-
binations of such functions (guess their form). It could be formulated explicitly but the formula
will not give any further insight, so we avoid it here. This property is called refection positivity
of the family of correlation functions 2. Let us give also a name to such a family {S(A, T)}a T
and call it Schwinger functions. Here we denote A an arbitrary vector of observables and T one
of times. Of course here it is trivial that such a property holds, but the idea is that we will call
Schwinger functions all systems of functions indexed by A, T and satisfying reflection positivity
and some other conditions encoding the semigroup property of K (compatibility condition) and
an analytic condition which encodes the contractivity of the semigroup K and which essentially
says that Schwinger functions have estimates

[ S0, ()1 1) -guta)dny- iy <

(1‘[ uAkn)rk[ (Xi“ni‘ [ e—”‘gkmdt\). ©

This condition implies that (¢1,...,1,) » S((Ax), (t1,...,t,)) is the (multidimensional) Laplace
transform of a tempered distribution (see e.g. B. Simon “The P(¢), Euclidean Quantum Field
Theory”, Chap. 2, Sect. 2.2). (This is an unnecessarily strong bound and a weaker condition
would be sufficient).



The baby version of the Osterwalder—Schrader reconstruction theorem says that from the family
of Schwinger functions {S(A, T)} T one can recover the QM data, in particular the Wightman
functions {W (A, T)} o . The idea of the proof is to use a GNS construction on the Schwinger
functions to obtain the Hilbert space 96, the vacuum, the representation s of 4 and a semigroup
K. In order to prove the continuity and contractivity of the semigroup the analytic condition (3) is
needed. From there one can then construct the positive energy group U and therefore the original
QM dynamical problem.

So the problem of the construction of interesting QM dynamics is reduced to that of finding
Schwinger functions, i.e. correlation functions which satisfy the three above mentioned condi-
tions.

Itis a remarkable fact that the correlation functions of certain probabilistic models are Schwinger
functions. To show this in a simple setting we assume that the observables indexing the Schwinger
functions belong to a commutative subalgebra ©” isomorphic to C(R) (i.e. we have only one
continuous degree of freedom) so that we can identify an element A with the function ae C(R).
Then we can associate to a real valued stochastic process (X;);er the family of Schwinger func-
tions

S(al’ e 9an’ tla' M -’tn—l) = E[al(Xs‘])' : 'an—l(Xsn_l)an(XT)]

with sy =t;+ -+ +,—1 + T for an arbitrary T € R. In order for this definition not to depend on T
we require that the process X is stationary in time, i.e. the processes (X;);cr and (X;.s);er have
the same law for all s € R. So the question now becomes: under which conditions on the law of
X these Schwinger functions have the form (2) for some quantum data and contractive semigroup
K?

It is not difficult to show that the family of such functions satisfy the compatibility conditions

required by the structure of the (so far only putative) r.h.s. of (2).

Reflection positivity is trickier: the explicit form of the functions S give us a simpler way to
write the RP condition. On functions F on on C(R;R) we can introduce an operation ® of time
inversion such that (OF) (x) = F(6x) with (6x)(¢) =x(—t). Then for any complex function ¥ on
C(R5p; R) of the form

F(x)= Z cre i) “4)
k

with coefficients ¢, € C, A€ R, € R3¢ (note that the times are positive!), the RP of the Schwinger
functions become the relation

E[OF(X)F(X)]=0. (5)

Definition 5. A measure on C(R;R) is reflection positive iff eq. (5) holds for any cylinder func-
tion.

This is already a nontrivial condition. For example, if X is a Gaussian process we can use cylinder
functions to approximate any bounded continuous function and then also polynomials and there-
fore obtain that a reflection positive Gaussian measure should be centred and with covariance
C(1) = E[X,Xo] satisfying

0<E

(Z C_kX—tk) (Z CkX,k) = Z CkC:k’C(tk"' tk’)

k k kk’



for all choices of coefficients here. Functions satisfying this property are called totally monotone.
By a theorem of Bernstein a bounded and totally monotone function C: Ry — C has the repre-
sentation

C(t) = fR ()

for some bounded positive measure v on R .. In this case, indeed,

cEfCt+tf=I cre”
Z ki C(te+ 1) R}ﬂ‘; ke

kk’

2
v(dx) =0.

It turns out that this property is sufficient to have reflection positivity of the Gaussian process
X. The simplest case is when the measure v is concentrated in a point a > 0, then we have the
covariance

—alt

20 °

ci)=5%

teR,

with an arbitrary normalization (see below). The corresponding Gaussian process is called the
Ornstein—Uhlenbeck process (OU) and we conclude that any scalar reflection positive Gaussian
process in one dimension can be constructed by taking sums of independent OU processes (see
the QMFI lecture notes).

3.1 Symmetric Markov processes

Another important strategy to obtain RP processes is to use Markovianity. Let X be a Markov
process, i.e. such that

E[f(X)1%] =E[f (X)IX;]

where (¥;=0(X,:r<s))seRr is the filtration generated by X. Recalling the support of the function
F in the RP condition, we have

E[0F(X) F(X)] = E[OFX) E[F(X)I%I]l = E[OFX) E[FX)X]] =
E[E[OF(X)Xo] E[F (X)|Xo]]

an easy way to force this quantity to be positive is then to take E[®F|Xy] = E[F|Xo] which is
easily seen to imply that the law of X is invariant under the time reversal ®. Stationary and time-
reversal invariant Markov processes are then reflection positive. The converse is also true: RP
Markov processes are time-reversal invariant and stationary.

Having a symmetric (i.e. time-reversal invariant) Markov process allows to represent the recon-
struction procedure quite explicitly. The idea is to consider the complex vector space &, of
cylindrical function supported on positive times as introduced above and make a pre-Hilbert space
out of it by considering the Hermitian scalar product

(F,G)=E[®FG]

10



which is positive definite thanks to the RP of the law of the process X. We take the quotient
&\ N where /" is the subspace of elements in & with zero norm and complete wrt. the scalar
product to obtain an Hilbert space 34. On this Hilbert space the elements a € 4 act as multipli-
cation operators via (af) (X) =a(Xp) f (X) which is a C*-homomorphism. Moreover we have the
natural action of time-translation via ¢ >0: T; which acts on & (since for example T;:X;= X, , with
s+1=0if 5,1>0). Moreover we have that elements in the form F' — E[F|Xy] have zero norm, since
by Markovianity

(F,E[F|Xo])= E[OF E[F|Xo]] = E[OF E[F|%]]=(F.,F)
so |F—E[F|Xo]ll=0. By stationarity the operators 7; form a symmetric semigroup:
(T,F,G)=E[OT,FG]=E[T.,0F G =E[OFT,G] = (F,T,G)

which preserves the null space /4" since if F =0 then by this formula we see that (T,F', G) =0 for
all G, i.e. T,F =0. It is also a contractive operator for all > 0:

(T,F,T,F)=(F,TyF) <||F|'?|TyF|'/?
and by iterating this inequality we get
2 2 n n
ITFIP < IFIV 2 V2 Ty PN < - < IFY 2 V2 Ty PV < S || F)|
since
| TonFI? = E[T-an®F Ton,F] < (E[| T2 @ F PN V(B[ TonF 1) 2 = (B[O F P V2(E[|F*]) /2

which is independent of n.

Strong continuity of (7;); follows then via approximations from weak continuity and from the fact
that the the process X is continuous in distribution (Exercise).

We have already shown that F'— E[F|X,] € /" so in the completed, quotiented Hilbert space 96
we have that all the vectors can be represented as E[F|Xp] for some F € L*(P) measurable wrt
0 (X525 20). Therefore really all these vectors are in L*(R, p) where p is the law of Xj:

(F.G)9=E[OFG]=E[OF E[G|%]] = E[E[F|Xo] E[GIXo]]

=E[/X0) g(X0)] = [ 700 g(x) p(dx) = (. )22

with f,g: R — C such that f(Xy) = E[f|Xo] and g(X) = E[g|Xo] P-almost surely. This shows that
36 can be isometrically embedded in L*(R, p), the converse is also true. In this representation the
semigroup (7;);>0 give rise to a semigroup (K(¢));0 on L*(R, p), indeed for any feLz(R, p) we
can consider 7; (f(Xo)) = f (X;) and then condition again onto Xy and define

(K@) f)=h,  h(Xo)=E[f(X)IXo].

11



so that (F,T,G) 96 = (f, K(1)8)12(R , p)-

From this contractive semigroup one then construct a unitary dynamics U and therefore a model
of QM dynamics. These considerations can also be extended without essential changes to the
case of infinite-dimensional Markov processes, generalisation needed in QFT. It has been Nelson
which first suggested the use of Markov processes to construct models of QFT along the lines we
described. Unfortunately the infinity of degrees of freedom makes difficult to prove Markovianity
of interesting examples. And it was realised by Osterwalder and Schrider that the weaker prop-
erty of RP is much easier to prove and enough for the reconstruction of the QM data.

3.2 An important example and some Gaussian analysis

I think now useful to specialize the above considerations to an important example given by the
OU process already introduced before which is RP positive.

Notably the OU process is Markovian, indeed is the solution to a linear SDE involving a Brownian
motion B:

dX,=-aXdi+dB,  Xo~ N (0,(2a)™")

indeed the explicit solution of this equation, via variation of constants is
X=e 09X gt [! emat-1ap,
-S

where the stochastic integral is a Wiener integral (i.e. the limit in L?(P) of Riemann sums).
Taking S — oo the first term disappear and one remains with the Gaussian process

t
thf e~ 4B,

which can be checked to have the correct covariance, to be stationary and to have invariant mea-
sure A (0, 2a)™h). By Ito's formula, for >’

e—a(z—z’)

B[XX,] = ]E[(I_too e‘““‘”st) (f_’oo e-a(:—s>st)] Ze-au-z’)ﬁ;o o-20(1-9) 4 — —

Note that the time-reversal symmetry is not quite explicit in the SDE formulation since Ito cal-
culus breaks the invariance.

From the SDE we have that

t _ ,2at
X, =e "Xy + fo e~ =9dB,= e Xy + N (0,1;)

2a

with the Gaussian r.v. independent of %, so in particular it is a Markov process and

fewse (55

where Z ~ /" (0,1). One can check explicitly that this is a semigroup on L>(R, p) which is self-
adjoint, positive (i.e. f >0= K(t)f >0), contractive, strongly-continuous. It is an important ingre-
dient in the analysis of Gaussian r.v. (both in finite and infinite dimensions). One has also

_ ,2at
(K(t)f)(x)zE[f(XzHXo:x]=E[f(€_atx+m(0’1 Zea ))]:]E

Knf~ [ fdp

12



in L2( p) as t— oo (the convergence holds also in stronger senses).

If we want to understand better the associated quantum dynamics in L>(p), we need a grasp of
the unitary operator U associated to K via the procedure we described above. We could compute
the generator L of K and prove that it is a positive self-adjoint operator and then consider the
associated unitary group.

Another way to proceed in this very explicit situation is just to diagonalize K. Which is what we
are going to do now. Let ¢, (x) =exp(idx) the trigonometric exponential, then

of(5) )

| p-2a1\1/2
K(es) 0= B[eseetes (57 2] | eserem

2 _ ,2at
=e; (e *'x)exp (—%(1;—0{) )

2
soif welet é;(x) = exp(ilx)exp(%%) we have

(K(t)ez)(x) = éje-ar(x)
By expanding both the Lh.s. and r.h.s in powers of 4 we obtain
l n R R l n —an
> LK) (0 = (K06 () = et = Y 2L,

n=0 ’ n=0

where we denoted H,(x) the coefficients in this expansion. Each H, is a polynomial in x with
a dependent coefficients and highest order term x", they are called Hermite polynomials. We
conclude that

K(t)H,(x)=e"*"H,(x), >0,

i.e. Hermite polynomials are eigenfunctions of each K(¢). Since K(t) is symmetric this proves
also that the (H,), are orthogonal (recall that we are here in Lz(p)) since they corresponds to
different eigenvalues of K(z). It is not difficult also to show that they are total in L?(p), i.e. every
vector can be written as a convergent sum of Hermite polynomials, ideed assume that this is
not the case for the non-null vector f, then (¢, f) =0 for all 1 € R, but this implies that (e,
f) =0 since the two functions differ by a strictly positive constant factor. The functions e, can
approximate on any compact set any arbitrary continuous function in the uniform norm, so by an
approximation procedure we can show that (g, f) =0 for all g€ L?*(p) and we conclude that f =0
(we could have used also the Fourier transform to conclude).

At this point it is easy to construct the unitary group U(¢) (since we can reason in a one dimen-
sional Hilbert space), we have:

U(t)H,=¢e"""H,  teR.

We have completely solved the QM problem for this model: we have an Hilbert space L*(p), a
representation of C(R) given by multiplication operators, a strongly continuous unitary dynam-
ical group (U(?));er and a ground state given by the constant function 1.

From U (or K) we can produce the homeomorphism C(R ;) — B(L*( p)) explicitly

E(f)H,=f(an)H,

13



and one see that it is actually an homeomorphism from C(aN). This new commutative subal-
gebra of %’(Lz(p)) does not commute with the algebra Q ~ C(R) (which acts as multipliers),
morever it corresponds to an observable which can take only discrete integer values. The system
is quantized. The observables X(f) do not change in time, by construction U (")71X( HU@) =
X (f): they are constants of motion (it is indeed the “energy” of the system).

Note that 0,€, (x) =ilé;(x) which means that d,H,,=nH,_1, on the other hand by an integration
by parts:

5,,,,,11 H,,H,dp =%f HypdHyps1dp =%f Hys (—%— ax)Hmdp

SO

X C
(%_ax>Hn:Cn+1Hn+l JHand,O= nTian+lHn+ldp

to determine ¢, we compute

_ Cn+1 _ 1 X _L L X = ! L
cn+1Hn_—n+laan+1—n+lax(2a ax)Hn—n+1[2aHn+(2a ax)aan]— [ aHn+

nann]

which gives nc,=n/2a since c;=1/2a. Let us register them here by giving names to these
operators
X
A=t C=(55-0)
are called annihilation and creation operators. (They are unbounded but with a very simple alge-
braic structure over the Hermite basis so not so difficult to analyze. We will not use them much

here, apart from specific algebraic computations on the Hermite basis). Note that C*2 A. We
discovered several relations for them

1
AH,=nH,_i, CanﬂHnJrl,
X n
CAH, = (3-8, )0Hy=5—H,

By putting them together we have also

X 1
ﬂHn =nH, 1+ EHH+1

and in particular that

(i—ax)"lzﬁﬂn.

Moreover

P I YRR W
We have also x=2a(C + A). Let's then define

P=Q2ai)(C-A)=i(x-2(2a)0,), 0=2a(C+A),

14



and observe that P is symmetric and that
0%=(2a)*(C+A)*=(2a)*(C?+ CA+ AC + A?)

—2a)2(C-A)2=-2a)*(C*+A2-AC-CA)
SO

P2+ 0%=22a)*(CA+AC)=22a*)(CA+AC) :2(2a)2(2CA +%) =2(2a) +4(2a)’CA

From which one gets

1
8

1

(P+0%) =5 a|H,= (an)H,

so we can identify the generator E >0 of the dynamics of system with

[u—

—(P2+0?)
E=5(P?+Q%)- 2 a>0

which resembles the classical Hamiltonian for the Harmonic oscillator, note that
[P,O]=[Rai)(C-A),2a(C+A)]=-ida

so a describes the degree of non-commutativity of the algebra.

The us wrap up a take-away message from all these computations. A first one is that even if
we restricted our considerations to a particular commutative subalgebra Q of 4 the fact that we
included the dynamics in the description carry on information on the non-commutative nature of
our original problem in the time evolution. In particular we can construct other subalgebras (those
of the bounded functions of P or E) which do not commute with the Q algebra. Note also that the
algebra generated by P, Q contains that of E so also the dynamics and can be considered therefore
a complete description of the quantum system.

This dynamics is really boring however. Every pure state  (in the folium of the stationary state
wo) of the system corresponds to a vector f of the Hilbert space (any other state can be written
as a linear combination of pure states). Every vector f can be decomposed on the basis (H,) on
which the dynamics is linear, so for an observable a € C(R) we have

wo(a,(a) xa) =2Re(1,U(1) "' Q(a) U(1) Q(a)1)

—2ReZ “I"(1,Q(a) Hy) (Hy Q(@) 1) =2Re ) ¢™“"(Hy, Q(a) 1)

which could be interpreted by saying that the first measurement of a produces n particles from
the vaccum state which then evolve for time ¢ via simple oscillations and are reabsorbed by the
second measurement with exaclty the same amplitude.

By an approximation procedure, one can polarize the above expression with two observables a, b
and by an approximation procedure take Q(a) ~ H, and Q(b) = H,,, in which case one gets

wol (@) *b) 2Reze“”"1Q ) Hi)(Hy Q(b)1) = 8- 2Re (¢7“")|(H,,, H,)

15



which can be interpreted by saying that if one creates n particles at time 0 and let them evolve up
to time ¢ then they remains n particles and one will never measure m particles if m # n.

Another important take-away for us is that these computations give us tools for the Gaussian
analysis later on.

3.3 Perturbations of RP processes

References

o J6zsef Lorinczi, Fumio Hiroshima, and Volker Betz, Feynman-Kac-Type Theorems and Gibbs Measures on
Path Space: With Applications to Rigorous Quantum Field Theory, De Gruyter Studies in Mathematics 34
(Berlin; Boston: De Gruyter, 2011).

As we have said, it is useful to have a source of RP processes which do not rely on Markovianity
and survive the generalisation to infinite dimensions which we are going to pursue later on.

A convenient way to construct a large class of RP processes is to take Gibbsian perturbations of
a RP process. With this we mean consider a potential function V: R - R 5 and a new probability
measure Q given by

r(dw) = ! X V(X ds|P(d
Qr(dw) —Ze p(—f (Xs(w)) s) (dw)
with a normalization factor Z7.

Lemma 6. The measure Q1 is reflection positive.

Proof. Take

G= exp(—JOT V(Xs)ds>,

then

@G:exp(— IOT V(X_S)ds) - exp(—f_OT V(Xs)ds)

and

exp(~ [ V(X,(@))ds) = (0G)G = (BG)G

then for any F € &€, we have
— 1 — T
Eq,[@FF] =Z—T]EP[@)FFexp(—f_TV(Xs(w))ds)]
:ZL]EP[(a_FF((a_)G]:ZLJEP[@)(FG)(FG)]>0
T T

since P is RP. O

Remark. More “fancy” perturbations, like e.g.
T T
exp(- [ [ WXi(@), Xy (@)dsds”),

16



are not in general reflection positive. Note also that to prove RP we used essentially that there is
an integral over time and the multiplicativity of the exponential.

The problem is that the measure Q7 is not stationary anymore and to obtain a stationary measure
we would need to take the limit 7 — oo, indeed if T; denote the time translation on functions on
the path space T,F'(x) = F(Tx) with (Tix) (s) = x(¢ + s), then by stationarity of P we have

Eo,[TiF1=7-Es| Fexp(~ | V(X0)ds) | =7 Be [T Tiexp(- [ V(Xei(w)ds)

T-t

=ZLT1EP[Fexp(—f_TTV(Xs_z(w))ds)] =ZLT]EP[Fexp(-f_ V(X(@))ds)]

Tt
which is not what we want and we would need to take the limit 7 — oo in both sides to obtain that
Eq.[T:F]=Eq_[F]. The existence and uniqueness of such limits are nontrivial and depends on
the specific form of the potential V (and on the law of X under P of course).

Let us make connection with the Markovian point of view. Let X be a RP Markov process
with semigroup K and introduce a new semigroup Q (not necessarily contractive) via the
Feynman—Kac—Nelson formula

() () = Ex[ FXpexp(- [ V(X ds ) Xo=x].

where we assume we have a regular version of the conditional probability P (x|X() (this requires
some mild assumptions on X of course). That it is a semigroup derive easily from the Marko-
vianity of X (exercise). It is positive and in particular satisfies 10V, f(x)]< QY] f1) (x), moreover it
is symmetric

(.01 = Ep| sexp(~ [ V(X0ds) £(X) | = Ep [ shexp(~ [ viXods) £(Xo)| = 0Ye. .

Assume that [|QY]| < co for some s>0. Then

(g, 051 =1{0Yg, QYA <IQYIPIf gl = 105 < 1Y I

and conversely
(0Y)28, OV ) =1(g, OYOI<IOY Il gl = 10V I < 1QY I

so iterating these inequalities we have ||Q¥ns|| < ||Q}./||2n, and ||Q3V/2n|| < ||Q;/||2_". For any >0 we can
write down the dyadic decomposition of p=¢/s and get |QY | <0Y P <||QY . We have proven
that there exists a constant ¢ = [|QY]|'/* such that [|Q) ]| < e“. By repeating the argument with # we
have now QY5 < 10/ 1< 1105 1'* so we must have [|Q} || = e“".

We can then define KV (¢) fi=e™ QtV and obtain a contractive semigroup K V(¢) for which |[KY (1)|| =
1 for all >0, in particular there must exists at least one vector y such that kY (f)y = y and
we are back in the situation where we have a ground state y and a contractive semigroup. If
we assume that this eigenvector is unique (see e.g. the Perron—Frobenius theorem) then one can
prove that for any other vector f we have

KV f =y, iy
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and in particular K" (1)1 = (y, 1)y. Note that we can assume y positive since || = KY (| <
K1)yl

(wl. K Olyl) > (wl KV O w) > 1w, K ()= (w,p) =1

so |y is also an eigenvector with eigenvalue 1. (We have also to prove that does not depends on

t, exercise).

One situation when one has a unique ground state is when the operator K" is positivity improving,
i.e. when for some ¢ >0 and for any f >0 such that f #0 we have K" (1) f(x) >0 for all x.

One can prove that in the situation where there is uniqueness of the groundstate the Gibbsian
recipe above give exactly as a limit the measure Q corresponding to the stationary Markov process

with transition operator given by K.

3.4 Euclidean Quantum Field Theory

References

* R. Haag, Local Quantum Physics: Fields, Particles, Algebras, 2nd
rev. and enl. ed, Texts and Monographs in Physics (Springer, 1996),
http://gen.lib.rus.ec/book/index.php?md5=E91268014A4AF250E095387BD5C2A678.

o F. Strocchi, An Introduction to Non-Perturbative Foundations of Quantum Field Theory (Oxford: OUP Oxford,
2013).

How we extend all these considerations to QFTs instead of just QM models? This will involve to
consider QM with infinitely many degrees of freedom. (Recall that so far we gave only explicit
examples with one degree of freedom, i.e. we were measuing only one quantity at any given time

Hom(C(R,C), A4)).
In (n+1)-dimensional Minkowski space M"*! the situation looks like this:
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Image by K. Aainsqatsi, from wikipedia (link) CC-SA-3.0.

So we need to be more specific on where we measure things, since measurements separated by
space-like vectors should not interfere with each other.
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We need to take into account special relativity: the Minkowski geometry of space—time and the
limitation on the speed of allowed interactions among different regions of space—time. Accord-
ingly our measurament algebra need to encode the fact that space-like separated experiments
should not interfere with each other, i.e. the associated algebras commute (one should say this
more precisely but we will skip over these fine points). Naively one could try to associate an
observable algebra to each point of a equal time surface (because they are all space-like with
respect to each other, i.e. outside the light-cone of each other). A more conservative approach is
to consider each measuring apparatus to have a finite spatial precision and measure what happens
in an extended (even if maybe small) region of space. More abstractly we could associate to
any compactly supported smooth test function f € Z(R") in n-dimensional space a one-dimen-
sional obsevable algebra (for example), i.e. an homeomorphism ®¢(f): C(R; C) - A into the
C*-algebra 4 generated by all observables. By writing the more suggestive notation F(®¢(f)) :=
@ (f)(F) for any F € C(R; C) we would like to impose that

[F(®0(f)),G(Po(g))]=0

for each f,ge P (R") with disjoint support and F,G € C(R; C).
All together we then expect a representation of the full Poincaré group by automorphisms of 4.

For example if we assume that we can make measurements at a precise point, we can assume to
have observables F(®(¢,x)) with measures a given quantity at time € R and in the point xe R"”,
(t,x) € M". The an element g of the Poincaré group (i.e. the symmetry group of M") acts via an
automorshism a, such that

ag(F(®(1,x))) =F(®(g.(1,x))),  (t,x)eM"*!
where g.(t,x) € M" denotes the action of g on the vector (#,x). Moreover oo a, = age. (Implictly

I'm considering a scalar field).

Accordingly is also natural to assume that there exists a state « which is invariant under all the
(ag)g and that the group (a,), has some mild regularity properties.

With some additional mild assumptions one can then derive the existence of a Hilbert space 94,
a state vector ¢, an strongly continuous unitary representation (Uy), of the Poincaré group which
leaves the state vector ¢ invariant and a representation ;1 € Hom(.%, 3B(96)) of the observable
algebra on 94.

Note that [F(®(t,x)),G(®(t,y))]=0for all F,G and all x#y. So I can consider all the collection
of all (®(0,x))er~ for all the points at time zero. They form a commutative subalgebra of observ-
ables.

Let us now apply the Euclidean strategy and look for a measure which could deliver such data.

We expect the stochastic process X to be, at each point of time # € R a random distribution, i.e.
that for each f € 2 (R") we can construct a random variable X;(f) and

Xi(af + Bg) =aX(f)+ BXi(g).

That is: we have an infinite-dimensional random process, apart from this nothing much changes
to the previous finite dimensional considerations above, in particular RP works just fine.
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(However as we mentioned above the Markovian stategy is more subtle in infinite dimensions
(i.e. conditioning wrt. % is a much stronger perturbation of the system and it is not clear that
it is equivalent to just conditioning on X() and we adopt the strategy of perturbing a simple RP
process.)

The goal is the to find RP processes in space-time which are invariant wrt. to time and space
translations. (What about Poincaré rotations, i.e. rotations and boosts?) One realises that the
Poincaré invariance corresponds to the Euclidean invariance of the stochastic process in R"*! =
R<. That is we want the law of X to be invariant under the full Euclidean group acting on (z,
x) e R4

» This justifies our definition of EQFT: i.e. probability measure on distributions over R that
is RP and Euclidean invariant (+ other technical regularity assumptions).

Let us look therefore at what is available. We can try to take a process X such that the family
(X:(f))ieR, fez(rn) is jointly Gaussian and we know that to get a RP process we can look at OU
processes.

Let us start assuming that we build X;(f) as a sum of finitely many independent OU (complex)
processes (Y) as follows

Zf )Y, (6)

where f is the Fourier transform of f and k; € R" are parameters. Precisely we take

Z Re(f (k)Y +Im(f (ki) Y.

Then we have to arrange the covariances such that

E[X,(f)Xo(f)] ZRe fk))Re(f (k) E[Y"y,"] + Zlm(f NIm(f (k) E[ ¥y, ]
W——/

=il =2l

—5, iCi€ =6,;jc,-e
+Z Re(f (F U B[y + Zlm (ki)Re(f (k) B[¥>'Y,]
T W:O

Then the covariance reads:

E[X:(/)Xo(N1= Y If (k) Pese™
Exercise. make this precise.

Note that
iwt

dw
R w2+ A3

e~ il =

(modulo the right coefficient). So

iwt

A e
ELX(HXo(F)] [ Z 1 ko Pers—pdo
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Now taking more and more points and appropriate ¢; we can enforce convergence to a integral
over ke R™

E[X, =, [ 1F e ikde

(we would need now infinitely many degrees of freedom, i.e. OU processes).
This expression implies that the spatial covariance has the form
i(wt+k-x)
B XolP] = [, [ PS5 dkdo
so it makes sense to take A (k) =k +m? for a fixed constant > 0. This give rise to an Euclidean

invariant covariance. To see this take f — & so f (k) = 1 and observe that one obtains

ik-(t,x)

E[X(80X0(60)]= [, T

The associated process is therefore Euclidean invariant in R since the covariance is. This form
of the covariance is constrained by RP and Euclidean invariance.

Definition. This process is called the Gaussian Free field with mass m> 0 in (Euclidean) dimen-
sion d. This this an example of EQFT.

For d =1 is just the OU process we have seen.

Note that we have problems... :

1

E[Xo(80)P)= [, sdk =+,

if d 22. Note that d =1 is just QM... (finitely many degrees of freedom). I cannot evaluate X at

any fixed space-time point. It is still true that for any f € Z'(R") the process (X;(f)):cR is a nice
and continuous Gaussian process.

From eq. (6) we have
dx,(f Zf dY/ = Zf ) A Yide+ Zf VdB! = X,((m*- A)'/3f)dt + dB,(f)
with
B/(f)=Y_ f(ki)Bi.
i
In the limit we obtain therefore the Euclidean-time dynamics
dX,(f) = Xi((m*~ 2)'/%f)dr +dB(f)

with B;(f) a Brownian motion such that E[B,(f) ] =t ”f”LZ(Rn
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Note that our construction guarantees that it is reflection positive in the time direction. By rotation
invariant we have also that it is reflection positive along any direction.

Full Euclidean invariance is important because, within the reconstruction of QM guarantees that
the quantum theory is Poincaré invariant.

Exercise. Try to work out some details of the reconstruction in this case, it would be nice to arrive at a point where
one can check explicitly the Poincaré invariance of the quantum theory.

3.5 Interacting Euclidean Quantum Fields?

From now on we stop to treat the physical time as a special variable and consider it part of the
Euclidean coordinates and we will work in R¢ forgetting about the Minkowski geometry. This
is certainly one advantage of the Euclidean approach. As we have shown in the one dimensional
setting we can go back to a full quantum theory. Here again the theory is trivial: the dynamics do
not mix the different OU processes. This also implies that one can factorize the quantum Hilbert
space into a product of independent components, each of them behaving as we described in one
dimension: the system is full of non-interacting particles.

To construct other examples out of the GFF one can use the perturbative approach and consider
an interaction potential of the form V(X;). However doing so we break the Euclidean invariance
of the theory: one one hand we need that the Gibbsian perturbation has the form

exp(f_TT V(Xs)ds)

to maintain RP, on the other hand this special treatment of the time direction should be compen-
sated by a specific form of V to reestablish some invariance under rotations. We are led to take
the perturbation to be in the form

exp( f ey V(X(x))dx)

where we denote X (x1,x2,...,x4) = X, (x2,...,%4) the OU process and consider the new measure

1
T_
dQ‘’ = ZTexp(L_T’T]d V(X (x) )dx) dP @)

with suitable normalization constant.

Now we encounter more difficulties: first of all we had to cut of the integral in all the dimensions
to have a well defined quantity: we call 7" an infrared cutoff: it limits the perturbation to a compact
region of space, giving hope to gave a meaning to the perturbed measure and thus breaking even
more the translation invariance of the model. As with the finite dimensional situation however
we can hope that the T — oo limit reestablish such invariance. This is also confirmed by statistical
mechanical models which have very strong similarities with the measure (7) and for which one
understand well what happens when 7" — co.

A more serious problem is due to UV (ultraviolet) divergences. As soon as one stops a moment
and think, one realises that X (x) is not a well defined random variable, indeed we have

2

RYkZ+m?
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so as f — &y this variance explodes if d > 2 due to failure of the integrability at infinity caused by
the slow decay of the integrand (whose specific form was motivated by Euclidean invariance).
Recall that the case d =1 corresponds to the one dimenional OU process, so of no interest of us
at this point.

We are forced to admit the possibility that the samples of the random variable X are not regular
enough to be evaluated at points x € R¢ and we have to resort to a more careful handling. In
particular the expression V(X (x)) does not make sense. This is a problem due to the fluctuations
at small scales so it is called an UV divergence (because UV light rays oscillates at smaller scales
than IR light rays).

To have a sensible starting point we therefore add another layer of approximation and avoid very
large fluctuations. This can be achieved in many ways. An easy approach is to fix a smooth
function p: R4 > R, so that fp(x)dx =1 and with compact support, let p.(x) = g_dp(x/ g)to
rescale it while preserving the L' norm and then let X, = pe* X which can be checked to be a nice
and smooth gaussian process, that is we can prove that P-almost surely X, € C*(R) (it is not
bounded however and the control of the smoothness degrades with the distance from the origin).
We will come later on to details on these considerations, for the moment let's assume this fact.
Keeping ¢ >0 we can now consider

1
eT_ _~
dQ*T = ZTeXp<f[_T’T]d V(Xg(x))dx> dP (8)
which is well defined, e.g. when V is bounded below and satisfying some additional mild assump-
tions. For example we can take V(¢) = ¢* or any other polynomial bounded from below and
things would be fine.

We have arrived finally to a meaningful and nontrivial mathematical problem: prove that the
family of measures Q%7 converges weakly to a measure Q on random distributions on R,

Of course this is not enough to carry on the reconstruction program: one needs that the limit
satisfies RP, stationarity and an additional analytic condition.

If moreover the measure Q is also rotation invariant, then the reconstructed QM is Poincaré
invariant.

The above choice of UV regularisation destroys completely RP and it is not clear how to recover
this property in the limit. Another possible regularisation is to apply the smoothening with p, in
all directions but one, for which then the proof of RP given above works.

In these notes we will follow a technically easier approach to construct first a model on a lattice
instead of continuous space, i.e. we replace [T, T1¢ by ']I‘ﬁg :=[-L,L1%n (¢Z)% a discrete set
of (L/ &) points which we endow with periodic boundary conditions. The boundary conditions
are useful to have the translation invariance of the model, since the GFF is not periodic of period
L we need also to periodicize it. The result is that we will consider a family of Gaussian r.v.
(X52(x)) xeTy, with covariance

E[XEe(x)XEe(y)] = (m* = A )N (x,y),

where A, is the discrete Laplacian with periodic boundary conditions. A Fourier transform for-
mula for this function reads

ik- (x=y)

E[XL,S(X)XL,S()))]Z 1 Z ¢ x,yE[—L,L]dﬂ(&‘Z)d.

d ; 12 2°
(2oL) ke((Z/ L nlsLa]) (sin(ek)e=")*+m
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The exact formula is not very important.
Then we take u™ to be the law of X©+¢ and define v+ as
1
Le _ _ad L,e L,
dv ~7 —exp|-¢& Z V(X™%(x)) | du 9

xe'JI‘Lg

which is now a very well defined (even elementary) expression.

The advantage of this discretisation is that it is invariant under lattice translations and that satisfy
a discrete version of reflection positivity [see. e.g. Sacha Friedli and Yvan Velenik, Statis-
tical Mechanics of Lattice Systems: A Concrete Mathematical Introduction (Cambridge, United
Kingdom; New York, NY: Cambridge University Press, 2017).].

This will be our starting point to discuss stochastic quantisation.

4 Stochastic quantisation

Let's recall the setting of the definition of the two measures p=?, vL-%,

Let =2V and M=2"". Let A, = (¢ Z)?C R the square lattice in dimension d of side length &,
Aey=Acn T =(eZ)'n[-M/2,M/2)" a finite box of (M /& +1)? points which we think with
periodic boundary conditions in every directions.

Fourier transform on A is defined as

=t Y e F g = [ gk ek,

xelA,

with A .= (g71[-1,1))% the dual of A ,. These definitions can be extended to the finite lattice in a
natural way, with A, = ((Z/M)n[-¢7'/2,71/2))¢ and

Femf ()= Y f)e?™ Fohe)=— ) glk)e?mx.
XEA M keA,um

&M

The measure p is the law of a family of Gaussian r.v. (X**(x))xen,, With covariance

E XM XM= m* = A7 (), xyE€Aem

where A, is the discrete Laplacian with periodic boundary conditions, i.e.

Acf()=£7 ) (flx+ge)=2f(x)+f(x-ze)), xEA,

where (e;);=

......

Véf(x):f(X‘F 8ei)_f(x)’ V;’?(X)Zf(x)_f(x_gei)

& &€

and note that (V))*= -V andA Zl Ve ’V’ Moreover

27716/(,

(V g g f g 1 ZJnkxdk

24



2mick; 11 —2mick;
— —e T
eZynk *dk

(VoI = [ st >

Z—IA g(k)(2 e sin(rek;)) 2?7k ¥dk
Ay

A Fourier transform formula for the correlation function reads

ik-(x=y)

- 1
(=A™ (xy) =7 Y £ XYEApm

ke(Z/M)n[-&-1,71))d (m?+ 3, (27 sin(rek;))?)’

So ¢*M is an approximation of the GFF ¢. We denote 1% its law, note that it is a law on R e
which is a finite dimensional space. By abuse of notation I will also consider it as a measure on
R A« by periodic extension.

Both our discrete versions of translation invariance and RP will converge nicely to their con-
tinuum counterpart. Finally

» Define the measure v*™ on R (or by extension on R %)

1
voM(p)=—exp|=2? ) V(p(x) | uM(dg) (10)
& XEAS,M

for some V:R — R bounded below.

Exercise. Prove that if V(¢) = 8 ¢? and g >-m? then we get another GFF with a different mass.

This approximation now is elementary and it has the advantage that it preserves discrete transla-
tion invariance wrt. the lattice A . and moreover a discrete and periodic version of RP.

Reference for discrete RP: S. Friedli and Y. Velenik, Statistical Mechanics of Lattice Systems: A
Concrete Mathematical Introduction (Cambridge, United Kingdom; New York, NY: Cambridge
University Press, 2017).

» Both our discrete versions of translation invariance and RP will converge nicely to their con-
tinuum counterpart as € — 0 (to get rid of discreteness) and M — oo (to get rid of periodicity).

The rest of the lectures will concern the analysis of these measures in order to prove the existence
of the limits above.

What is a proper choice of V? Any V (non-quadratic) is ok, as soon as it works. The problem is that
not so many choices are available. In d =1 one could take any Ve C(R, R ) (or even unbounded
with some conditions). In d =2 one can take polynomial functions, exponential, trigonometric
functions. In d =3 we know only how to take V a fourth order polynomial bounded below, in
this case we say we are looking at ®5.

Definition 7. A ®% measure is any non-Gaussian, Euclidean invariant and RP accumulation
point of the family (v&M) .y as € -0 and M — co where one can take as V any 4-th order
polynomial, bounded below and with £, M dependent coefficient.
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One of the big successes of constructive EQFT in '70,'80 is the proof that this limits exists and has
many nice properties. It was proven by Glimm, Jaffe, Feldman, Osterwalder, Seneor, ...

For ¢ fixed and M — oo this is a problem of statistical mechanics: the infinite volume limit of a
system of unbounded spins with nearest neighbor interaction.

As I said at the beginning a stochastic quantisation (in these lectures) of a given measure p is a
map F, which sends a Gaussian r.v. to ar.v. with law p.

Even in the case v® there are many interesting ways to do this.

1. Langevin dynamics / parabolic SQ : the Gaussian process W is a family of Brownian motions
and the map v ~ F,,(W) = ¢ (0) is given by the stationary solution

P RxA.y—-R,
of the SDE

dop(t,x) ={[(=m*+ A,) ¢ ()] (x) =V (¢ (t,x))}dt +dW (£, x), xeA . mteR

with V' the derivative of V. Here t € R is a fictious time (it is not the Euclidean time!!!)

2. Elliptic SQ: v ~ F,, (&) = (¢(0,X))xen,,, but now ¢: R2x Ay~ R is the solution to the
elliptic PDE

(m*=Ag2=Ap,,) ¢(@x)+V (P(z,x) =&£(z,x), xEA.mzER?

where ¢ is a space-time white noise.

3. Canonical SQ: the Gaussian process W is a family of Brownian motions and the map v ~
F,(W)=¢(0) is given by the stationary solution

¢: R x AE,M R
of the SDE (discrete wave equation)
07 P (1,) ==y 0ip (£, ) + [(=m* + A,) p(D)](x) =V (¢ (1,)) + O, W (2,x)
(approximatively). Without noise this is an Hamiltonian equation.

4. Variational representation (see Barashkov/G.)

5. There is even another possible approach which require to consider a stochastic evolution in
the Euclidean time and it looks like

D = (—=(m>=A )29 -V'(¢))dt+0,,W, xeRxAL}.

In this case we cannot discretize the Euclidean time and also the measure v*¥ has to be
taken slightly differently. This is essentially the Markovian point of view wrt. the EQFT
we introduced in the first part of the course, where we perturb the OU process ¢ with a drift

-V'(¢).
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Remark. While the measure v* is defined via a density wrt. to a Gaussian the goal of SQ is to
define it as the push-forward of a Gaussian measure. In infinite dimensions it seems that push-
forwards are more robust.

Example. Let (B;);50 a one dim BM and let X, = B, +¢. Then while there is no problem to see

the law of X as push-forward of that of B, they are not absolutely continuous as measures on
C(Rxp;R).

Exercise. Prove it.

Historical note. Stochastic quantisation was introduced Nelson, Parisi & Wu. Rigorous con-
struction of EQFT with stochastic quantisation was done in d = 1 by Jona—Lasinio and Faris ('80),
Jona—Lasinio and Mitter (~'84) in d =2 bounded volume and then Mitter et al. in infinite volume,
this was done using probabilistic tools (martingale problems and Girsanov's formula). For P(®),
(polynomial interaction in d = 2) another approach was introduced by Da Prato and Debussche.
Only in 2013 Hairer managed to prove a local existence and uniqueness result for the parabolic
SQ of &% using regularity structures. And the we had many more results... still many problems
remain open.
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(November 2020): 3339-3415, https://doi.org/10.1215/00127094-2020-0029.

A broad literature on stochastic quantisation from the physicist point of view:
o Poul Henrik Damgaard and Helmuth Hiiffel, Stochastic Quantization (World Scientific, 1988).
For an alternative approach to the infinite volume and infinite time limit of the dynamics:

o J. Dimock, “A Cluster Expansion for Stochastic Lattice Fields', Journal of Statistical Physics 58, no. 5 (1
March 1990): 1181-1207, https://doi.org/10.1007/BF01026571.

For a broad discussion of early applications of stochastic calculus in stochastic quantisation:

e Lorenzo Bertini, Giovanni Jona-Lasinio, and Claudio Parrinello, “Stochastic Quantization, Stochastic Cal-
culus and Path Integrals: Selected Topics', Progress of Theoretical Physics Supplement 111 (1 January 1993):
83-113, https://doi.org/10.1143/PTPS.111.83.
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Remark. An interesting recent talk of A. Jaffe “Is relativity compatible with quantum
theory?”’(December 2020)

https://www.youtube.com/watch?v=RgQixyA2Gcs

It discusses the history and challenges in a mathematical theory of quantum fields.

S5 Langevin dynamics

We start by constructing the parabolic stochastic quantization of the measure v#* for fixed &, M.
Since in this section these parameters do not play any role we will avoid to write the whenever it
does not lead to ambiguities. In particular here A will denote the finite set A ; jy and A the discrete
Laplacian and take £ =1 sometimes.

The law ,ug’M is Gaussian, we can therefore introduce a fictious time # € R (this is !not! the
physical time) and a stationary OU process (X,S’M )r>0 such that X,S’M ~ ,ug’M . There is not a unique
choice, however it is not difficult to guess that a suitable dynamics is given by

dx M= (A, -m?) X Mdr+21%dBfM, (11)
where (Bf M (x))xeA,,, is a family of independent standard Brownian motions.

Exercise. Check the invariance of x*" under this dynamics, in particular pay attention to the normalization.

I want to construct now a dynamics which leave invariant the measure v *™ instead. Let us guess
what this dynamics should be: we write something similar as what we had before but with an
unknown vector-field F'(t)

dX,=AXdt+ F(r)dr + 2'/2dB,.

with A = (A —m?). Then if we denote P the law of the solution X of this equation with Xo ~ %M

and independent B, we want to have

-U(yp)
@1 vde) = [ (@)1 u(dp) =5 ELf(Xo) e V0] =L BL £ (X)) e V0],

for all test functions f and all >0 with

Up)=e! Y Vip(x)), U:RM¥SR,

XEAE,M

Note that under the measure P defined as

—-U(Xo)
Z

PU(dx) =L

P(dX),

the process X is still solution to the equation and Xo~ v &M,

» By Girsanov's formula, we have, for two test functions f, g

E[f(Xt) e~ UXo) g(Xo)]= ]EQ[f(Xt) efotF(S)2I/Zde—fot|F(S)|2ds—U(X0) g(Xo)] (12)
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where under Q the process X satisfy the linear SDE
dX, = AX,dr+2'2dwW,

where W is a BM under Q. Note that Xo~ u. So under Q X is an stationary OU process.

» Note that Ito formula gives

U(X,) = U(Xo) fDU )dX, +ftD2U(Xs)ds

=U(Xo)+ [ DUX;)212aW,+ [ (D2U(X;) + DU(X)AX,)ds
=:Q(Xv)

so we can rewrite (12) as

1 1 1 1
_Eq [ F(X) g(Xo) e TUEITUKD +3 Sy @X)ds=IF(9)P)ds , [iF ()2 W5 fO’DU(xoz”deT]

and then take F(s) = —%DU (X;) to cancel the stochastic integral in the exponent to get

BL/ (X eV g(X0)] = Eq £(X,) g(Xg) ¢ 7/ 7002l Quipuixor)e]

and since Q is time reflection invariant (because under Q the process X is just a stationary OU
process) we can rewrite this as

—UX)—1U(Xo) +1 Jo (Q(X)ds—HDU(X5) 2)d
=Eo| /(X0 g(X) 2" o1+ 3 (@K d—3 DU )]
where we exchanged the two functions. Taking f =1 we have

IEQ[g(X,) e—;U(x» U(Xo) +5 [y Q(X)ds—IDU (X,) ) ds ] _E[e-V%0 g(Xy)]
and on the other hand, taking g =1 we have (taking g = f in the previous formula)
BLF(X,) e™V0] = B £(x;) e 20 %7200 QU0 asmDUIR _ ppo-vi f(x,)
that is what we were looking for.

Remark. All this is ok provided we can perform all these computations. The only problems are
related to the integrability of the exponential function involving the time integral. For example if
we require that U is bounded below and moreover that

1 1
H(p)=~0(¢)-gIVU(p)?=D>U(¢) +DU(¢p) - Ap-IDU(p)P’
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satisfies

EQ[efO'H(Xc)ds] <o,

for some #> 0. Indeed it is enough to establish invariance for small time and the for all times.
» We learned that the solution to

dX,:AX,dt—%DU(X,)dH 21/24B, (13)

U(p)

leaves the measure v(dg) =27 e~ 1 (de) invariant provided U is nice enough.

We will take this equation as stochastic quantization.

Exercise. Note that the process X is time-reversal invariant (we essentially gave a proof of this above, you can fill
in the details).

We would actually like to have U which are unbounded, but bounded below, the relevant example
in these lectures being

0=cY (Fowt+Low?)
for some 1 >0and B €R.

We have two order of problems with such potentials. First

0
DxU((P):a¢( ) Ulp)=2px)+ B op(x

is not globally Lipschitz and the solutions to the SDE (13) could explode in finite time.

Then we still have to worry about invariance (i.e. fixing the details of the argument above) of the
measure v on this dynamics.

The second problem is merely technical and could be handled via a careful control of approxima-
tions with nice U and the above invariance argument. The first problem seems more worrisome
but the key is to exploit the coercivity of the dynamics.

First method: one could use the invariance of the measure v to conclude that solutions of the SDE
do not explode, we will not do it here.

Second method: A direct approach is to test the equation with X, i.e. write
%dz X, (x Z X,(x)dX;(x) + Z dt
X

Z X)(AX;) (x) = X, (x)D,U(X,)]dt + 21/22 X,(x)dB,(x) + Z dr

X

GXtdt+,BZXt 2dt+21/2ZX )dB, (x +Zdt
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with in the polynomial case (summing by parts the Laplacian)

G(9)=) (IVep(x)P+m?p(x)2+ Ap(x)*) >0.

X

By taking averages we could get some interesting estimates, for example
EY X fG ds_]Eﬁf ZX(X)st+Zdt
X

where now the r.h.s. can be controlled via the 1.h.s. or via Gronwall lemma. But this is not robust
enough for what is going on next week.

Third and last method: a more elementary and useful in the following approach which do not rely
on Ito's formula goes as follows (this essentially what is called the Da Prato—Debussche trick).

First one write X =Y + Z where Y is the solution to the linear equation
dY,=AY,dt+2'/%dB,,

that is an OU process, and Z is what remains. Then Z must solve

dz;

=4z

1
7VU(Y}+Z,)) (14)

which is an ODE with random coefficients, not a stochastic differential equation anymore since
the effect of the Brownian perturbation is completely taken into account by Y.

We can now test this equation with Z (without the need of Ito's formula) and obtain

%Z Z(x)P+G(Z)) = Z AY ()3 Z,(x) + 3 %02 Z(x)% + 3 Yi(x) Zy(x)?)

+ﬁZ (Zo(x) Yi(x) + Zy(x)?)

where
G(p) =V pllZ2+m?l @l + Al

with the natural Lebesgue spaces on A = A/ (with counting measure).

The key property being that in the r.h.s. we have all terms which we can bound via Holder
inequality as

d
T2 Z0P+G(Z) < CsllYilfs+ 5G(Zy),
X
for 6 >0 small as we wish, e.g. § =1/2. We conclude that
1Zi+ 5 [ Gz)ds<IzZol+ € [ I%ifids. (15)

31



This bound implies that solutions cannot explode and we have an explicit bound on its growth in
term of Y and Z.

Of the two we know very well Y (it is the OU process, it is Gaussian, I know everything I want
on it). On the other hand I do not know so well

ZO:XO_ YO~ “v—ll”
because we do not really know very well v (which is actually the object we want to study). For
example we do not know estimates uniform in &, M.

Note that even if X is stationary and Y is stationary (because we take Xy~ v and Yy~ pu and
independent). But they are not independent and more importantly Z is not stationary.

One would like to prove that there exists a coupling of Xy and ¥ (i.e. find a joint law with mar-
ginals v and u respectively) so that the process (X, Y) is stationary (as a pair) from which would
follow that Z is stationary.

In any case what we have so far is that for any f and any # we have

ff((p)v(dqb):]E[f(X,)]:%f(;]E[ ==—f f(Yy+Zg)]ds

using stationarity. This is the stochastic quantization equation. Estimates on X are given via Y
and Z.

Let's construct a stationary coupling of Y and Z. One uses the Krylov-Bogoliubov argument. We
can construct a measure y7 on a pair of fields (¢, y) € R x R” by the formula

[Fowrarrop = [ Bl 2)as,

for any bounded function f of the pair (¢, )€ R x R” where Y, Z are started as above.

We have that
4 1T 4 2
[ 166 +10lAdrrip.p) =7 [ BIG(Z) +WiEdds < EiZol + ' [ BIViifids),

2
< (7 EHZ()”%;) +2C’ E“YO”?A,

which is uniformly bounded in 7. This implies that the family (y7)7 is tight on R x R and one
can extract a weakly convergent subsequence to a limit y. Note also that

1 (T 1 (T
[ro+widyrio.p) =7 [ Bl (+2)1ds= [ BUF(X)1ds = BIf (Xo)].

Therefore the law of ¢ + w under y7 is always given by v for any 7. As a consequence the law
of ¢ +y under y is v.
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The measure y is stationary under the joint dynamics of (Z,Y), i.e. if (Zy, Yp) ~ ¥ then (Z,,Y)) ~ y.
Exercise. Prove it. Also try to understand if the dynamics of the pair is time-symmetric.

In this way one can construct a stationary coupling of (Z, Y) which gives a useful representation
of the stationary process X.

6 Infinite volume limit

What happens when we want to take the limit M — co? The estimate (15) is not good enough
because both [ Zollz2(a,,,) and [Ylz4a,,,) cannot remain finite since both random field are sta-
tionary and one expects that

1Zollr2a, p ~ M9 1 Yilzsca, , ~ M.

In this section we explicit the dependence on M and use A, for the full lattice. Moreover we
extend any periodic field to the full lattice periodically. (we fix an origin)

However we can modify our apriori estimate introducing a polynomial weight p: A = (¢ Z)¢ - R
px)=(1+€x)™°

with £, 0 >0 large enough, where |x| is the distance from the origin of A = A,.

Now we test the equation for Z with p?Z summing over the full lattice A and we get

T PWZWPGEZ) <2 Y P00 Z(0) + 3K Z0) >+ 3K Z))
xeA, xXEA,
B Y b () +Z(0)H)+Cp Y p
XEN, XEA,

where C, (and the inequality) is term coming from the integration by parts which can be made
small by choosing ¢ small and where

1/2

G(9) =1pV @lfzn,) + M1 9lT2n ) + 210" @lfaa,

And using similar estimates as above we obtain the apriori weighted estimates:
oz, G(Z) < Cslp' Y] 5G(Z
a”p lz2a,) + G(Z) < Cslp ilzan,) +8G(Zy)
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indeed

ALY PN Zi0|< 2

xeA,

Y (PP YN (p(x) 2 Zi(x))

xeA,

C C
<Al Y+ 8 Alp' PZIf< 25l P Yl + 8G(Z))

for any small & > 0.

As a consequence one get the estimate

1 rt t
1pZiF )+ 5 | GZ)ds<lpZollfo )+ C [ 10" Xilfa . (16)

We have seen that we can construct a stationary coupling of (Y, Z), so we can use there this
stationary coupling and take the average of this inequality to get

1 rt t
EllpZilxn) +75 |, EGZ)ds<ElpZolfxa, + C [ Ello" 2Kl ds

but by stationarity we also have E|| pZ,II%z( A= E| pZolliz( A) SO the initial condition disappear!!!
So

1t ! 172y 14
5 [, EGZ)ds<C [ Blp Xl x ds
and again by stationarity one get
E G(Zo) <2CElp " Yollfs -

Which give us very good apriori estimates on the law of Zy which are independent of M, indeed

Ellp'?Yollfsn =B ). p0ANm)1*= Y p)?EN@)*=C ) px)*<oo

xeEA, xeA, xeA,

uniformly in M provided ¢ >d and the law of Yj(x) is translation invariant so does not depend on
x and actually one can easily show that

(ElYo(x)H2< CEYy(x)?

1
Sm?=A)7 (6 x) S0 > ; 5 >
M ke (2 e sty (m*+), (2 sin(rek;))?)

1
<
_)f[—g—l,g-lyf (m?2+Y, (2¢e sin(mek;))?) o

uniformly in M.
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Lemma 8. For any M >0 we have that v ~ X} ~ Y} + Z} where Y ~ y™ and Z{! is a r.v. such
that

supf _G(p) v"(dgp) =sup EG(Z}) < o
M IR M

This is a key estimate to take the infinite volume limit since it allows to use tightness on the family

(vM)pr on R™ in the topology of local convergence.

Remark. Integration by parts with a weight was treated a bit sloppily above. Let us make these
considerations more precise: we have

Vifo)(x)=f(x+ee) gx+ee;) = f(x) g(x) = (VEF(x) + f(x)) g(x+ ge;) — f(x) g(x)

=Vif(x) g(x+sge;) + f(x)Vig(x)

SO

—Z p2ZAZ:ZZV" AN AS ZZﬁwthZv Z(-+ee)ViZ
_Z Z p2|V’Z|2+Z Z Vi +£e,)V iz

a7

and the second term can be bounded by

(PP Z(-+ee)VZI<CIVi(p?) pAr=IVZIlZII2 < CoIVZIT2 + CIZI

with C,=C "IVi(p?) p~2llr~. Note that this constant can be made as small as we want (uniformly
in &, M) by taking ¢ small, indeed this is essentially a discrete version of the fact that in the
continuum (& — 0) one has

IV(p?) p2l=lp~'Vpl=(1+eix) T ese

This argument shows however that one has to be careful with weights which are compactly sup-
ported since the term p~'V p is then more tricky to estimate. For example, in one dimension if
one has a function p () = t* with goes to zero as t — 0 then

p  WVpoct @t ot

so the above L™ estimate is not true anymore. For our purpose here polynomial weights are
enough.

More estimates can be obtained by testing with other functions. For example, testing (14) with
p(pZ)P~! one gets

10Y (pZ)"+ Y. mApZ)"+ p(pZi~ AZi+ A(p? P 2002
p A A

==2) p(pZ) Y+ Z)*-Z]
A
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and by proceeding as above one obtains uniform weighted L”(A) estimates for v*.

Remark 9. It is also possible to obtain weighted L estimates.

These weighted estimates are uniform in M and allow to prove tightness of the family (v &)y,
for fixed £ >0 and M — oo, in the topology of local convergence (i.e. convergence by testing with
continuous functions on R*¢ which depends only of finitely many points of A,). In particular
we understood that the local (or weighted) LP(A ;) norms of ¢: R A+ R under the measure v &M
have finite moments:

supf lp @Iy, v&M(de) < oo
M

for any p> 1. Actually by working a bit harder one can prove uniform integrability of functions
like exp(llp ¢l12).

7 Convergence to equilibrium

At this point we want also to probe the behavior of the dynamics for long times and also large
distances.

The appropriate way to look at this problem is to imagine that we have two solutions Z' and Z?
both driven by two OU processes Y, Y2 and with arbitrary initial conditions Z{, Z3.

We will fix later the specific ways we choose these data, according to the property of the measures
we would like to establish.

For the moment the only thing we care about is that their difference H=Z"-Z? solves the equa-
tion

a,H—AH:—%[U’(Xl) ~U'(X'+H+K)]=0Q

with K:=Y'-Y2and X'=Y'+Z! as usual.

The r.h.s. can be Taylor-expanded as
1 1 77 1
Q=—§f0 dtU” (X' + T(H+K))(H +K).
Note that for our usual expression of U we have

Ul (@)= (4-3) Lp>+2 .

However we will not need here this specific expression. We can deal with a more general situa-
tion.

We need however to concentrate on estimates which are good when H, K « 1, since we want to
show that the two solutions are near when the difference in the data, i.e. in K and Hy is small.
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We will make there the key hypothesis that

U'(p)=-2x

for some constant y € R.

This a convexity assumption since it implies that ¢ = U(@) +2 y >, ¢? is convex. (I'm a bit
sloppy here about the precise meaning of the derivatives, but we are dealing with local func-
tionals, so I leave to you to fill out the details)

We also let

1 1 77 1
= — >—
G ZJ‘O dtU" (X' +t(H+K))z2-y.
We test the equation with p? H for some weight p. The r.h.s. can be bounded by (& is small)

Y p*HQ=) p*GKH-) p>GH*
A A A

<CslpGKlp+ SlpHIf2= Y p>GH?
A

> xllpHI

<CslpGK|}+ (y +8)lpHIz

So we have now, taking any § < y,

1
SUlpHIp+ ) p>H(m*~A)H<ClpGKIj+2 xllpHIp
A

Consider furthermore F(t) =e“||pH ||%2, then

1
=0, pH|}>) =

ec[
5 (e“lpHI) + -0 pHI2

£

2

s—e”z p’H (mZ—ZX—%—A)H+eC’C||pGKII%z.
A

Let
00 =ClpG KD
Choose a different kind of weight here, exponential, in the form
p(x) =€,
then for £0 <1 we have

e

—0lx+eej| —0x| &0
P 4 e
|Vl<p2>|=| <

-1 _ B
|\ . ee‘x‘<20e 0Olx|

&€

37



and using (17) we get

Y PPHMHZY Y pAIVHP =) ) 460 prH(+ee)[VH
A VA A
>Y Y PAVHE-CO2Y pAHP-1Y Y pVHT
A A A
>2 Y Y pAVHP-COY. pUHP.
A i A

Putting all together this gives

1 ot 2 tf .2 ¢ 2 2172
S0 pHIF) + e (m?=2 y -5~ CO ); prH?+

DWW\l
A

i

NI

S%@t(e”’HpHH%z) +eC’Z p’H (mz—%—Zx) H+eCtZ p2H (-A)H<e" Q(1).
A A

Assuming that
mz—z;(—%—c02>o
we have
SO p HIE) <o (0

Integrating this we conclude

Sl <[ SloHolR+ [ e Oas|

that is
t ~
lpHilf2<e™lpHolf2+2 [ e O(s)ds
where

~ 1
0()=ClpGKlf2=C [ dwllp>U” (X! + 7 (Hy+ K;)* Ky )

For example, taking averages of this source term we can estimate it as
77 1 172 4 1/2
j dr p?(x {]E[U X!+ 7 (H,+K,)) ]} (EKi )
xXeA

From our estimates above for Z',Z2, Y, Y2 is not difficult to deduce that
B[U{ (X} +7(Hy+K)*]<C

uniformly in M for any polynomial U’’. When K is stationary in time we have the simpler expres-
sion

Z p EK4 1/2<Z p EK4 ))1/2'

xeA xeA
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We summarize these computation as
Lemma. Uniformly in M and provided m*-2 y —%— C0?>0 and K is stationary in time we have

lpHIZ<e NpHolR+C Y. p*(0)(EKG(x)"/2

xeA
Remark. This estimate shows that as t — oo and provided

Y A (EKG(x)'2-0 (18)
xXEA
we have

lpHill22— 0.

Lemma 7 can be used in two different ways: by coupling two different invariant measures via a
common dynamics one can show that the two measures are equal. This gives uniqueness. On can
use noises which coincide in a bounded region to drive two different dynamics, e.g. started from
the same invariant measure. Then one obtains that the quantity (18) can be made small choosing
a large region, which shows that one has a certain decay of correlations, i.e. what happens outside
a given region does not influence much the dynamics.

8 The small scale limit and renormalization (d =2)

In this section we address the ¢ — 0 limit at M fixed (let's say M = 1). This is the ultraviolet limit
(UV limit). Obtain uniform estimates in this limit is more difficult are requires new ideas. There
are various possible approaches: regularity structures (Hairer), renormalization group ideas (Kupi-
ainen), or paracontrolled distributions (GIP, Catellier & Chouk). I will follow this last strategy.
The main reference for us here is the paper I mentioned by Hofmanova & myself:

M. Gubinelli and M. Hofmanova, “A PDE Construction of the Euclidean
<I>§1 Quantum Field Theory', ArXiv:1810.01700 [Math-Ph], 3 October 2018,
http://arxiv.org/abs/1810.01700.

The main problem is that as € — 0 the process Y becomes a distribution. Recall our context. We
had a dynamics on X which can be decomposed on a linear part

dY,= (A, -m?) Ydr+2'/2dB,,

and the non-linear part Z:

0

Eztz (As—mz)zt—

SV (Y42, (19)

with V’((p) =A (p3 + B ¢. The computation of V' (Y, +Z,) is point-wise in space:
V(Y +Z) (x) =V (Y(x) + Z(x)) = A(Y(x) + Z,(x))? + B (Yi(x) + Zi(x))

=2Y,(x)2 +3 A Y,(x)2Zy(x) + 3 LYy(x) Zy(x)* + 2 Zy(x)> + B Yi(x) + B Z((x).
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The main problem is the following: (M =1) as e =0

1
(m2+Y.. (2 & Tsin(7rek;))?)

E[Y,(x)?]= (m*=A¢) (x,x) =
ke(Zn[-e1e71))d
! g2 d>?2
=) 2+ 2 7kP)

keZn[-e1,e1)d

log(e™") d=2

Which tells us that the typical size of Y;(x) is £279 5 0. The estimates from last week are useless
in this limit, because they depend on L”(A ;) norms of Y.

This is a problem of small scales. It hints to the fact that Y ¢ is not converging to a function on
T9=[0,1]¢ not even locally.

For convenience we define T¢ = Ag1=(eZn[-1/2,1 /2))4.

8.1 Besov spaces

One way to deal with this problem and analyze what is going on in the equation (19) is to split all
our functions in “blocks” which are nice.

This is accomplished via Littlewood—Paley decomposition, i.e. a nice partition of unity in Fourier
space. We split every function f: T¢ - R in very nice pieces (A;f)i>—1 as follows

fx)=> (Aif) ),
i>-1
where

Afx= Y p@TRfkeTRE iz,
ke(Zn[-e7le7))d
and

Aaf= Y xk)fkemi,

ke(Zn[-gl,e71))d

where p: R? - R and is such that

xR+ p27=1,

i=0

for a nice function y: R?— Ry with support in a ball % of radius ~1 around k=0e€ R? and
p is supported on an annulus 4 of radius =1. All these functions are smooth (and some other
properties we don't care about right now).

Therefore the Fourier transform of the LP block A,f is supported on an annulus of size 2/ and that
of A_; f in a ball of radius 1.

Remark. For ¢ >0 we have A;f =0if 2/ > &', so we sum over i up to =log, ¢~!. Let us define
N, to be this bound. So
Ne

=Y (A,

i=-1
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there is a technical subtlety here on how one handles the last last block but we will ignore it.

Now:
p(27k)?

. 21
E[(A:Y,(x))"] = (m2+Y, (2& Tsin(rek;))?)

ke(Zn[-g1,e71))d

—igy2 g2
) 2 (;(22 ¥ |§|)2) ) 2 p(|2k|2k) sen
ke2iAC(Zn[-e e 1))d ke2iAC(Zn[-g 1 e 1))d -

:(21‘)2
Which says that A;Y; = (29)4=2)/2 which is uniform in £! (but of course not in 7, and i can be large)

One can prove actually that A; Y ¢ converges to a nice C* random function on T as & — 0.

This decomposition shift the problem of dealing with distribution to a problem of dealing with
large sums.

Definition 10. Let a € R and p,q € [1,+c0]. We say that f € By, (a Besov space) iff

1/q
< oo,

1flsg, = 10> =1 = 29[ A flpll o= [Z (2 Aif )

i

These are Banach spaces.

In particular we will use € “ =B& o with norm | f]lz« such that

IAifll= <27 fllge.
When a >0 there are spaces of regular functions, when « <0 these are just distributions (of course
when £ =0).
Moreover note that

1£13,= Y 25 “UAf 2y =4 Y D 22N f ()P =8 Y 1(1=Ag)*2 f12 = flfge.

iz-1 xeTd i>-1 xeT?

From the estimate above on Y one can prove that almost surely for any 7€ R, ¥, € € (¢-2/2-¢
for any small # >0 uniformly in £. One can also prove that as a function of ¢ is continuous and
actually uniformly in &

Y¢eC(R; & 2/2x)

almost surely.

In the following % will always denote an arbitrary small positive quantity. (this is a small loss of
regularity due to the fact that we want almost sure statements).

Note that when d =2 we have Y2 € C(R; € ") and when d=3 Y¢ € C(R; €~ 1/2%),
Take fe €%, g €* then

fe=Y AfY Aig=> AifAjg
i J

i,J
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to give a sense to this product one has to control the two (large) sums. The good way to do it is
to split it in three pieces:

fg= ZAlfA,g— Y AifAig+ Y AifAjg+ Y AifAsg

i<j-K i>j+K li-jIsK

=(f<g)+(f>g +(fg)

and call them the paraproducts (f < g), (f >g) = (g < f) and the resonant term (f o g).

Theorem 11. The paraproducts are always well defined and
If <glgs<Ifleagles, — a>0,
If <gllgers<Iflegalgles,  a<O.
The resonant product is well-defined only if a + B >0 and in this case

If ogllgars<Ifllzalgless.

Therefore fg is well defined (and continuous) if a + >0 and in this case

178l < 1fllzalglse.

We are allowed to multiply things only if regularity is ok, and the problem is in the resonant term.

8.2 Renormalization
Let's go back with these tools to our equation (19). In the r.h.s. we have
V' (Y+Z)=AY3+32Y2Z+3AYZ2+ 023+ BY + B Z.

By the product theorem we see that Y2 is problematic since the regularity @ = (2—d) /2—« of ¥
is negative. However Y is explicit, and we can do a probabilistic computation to prove that Y3
converge as € — 0 to a well defined distribution provided it is renormalized.

Theorem 12. There exists a constant c. such that the random field (renormalized square)
Y20 = (K (0)? - co,

converges (in law) as € -0 to a random field Y2in C(R;€2%*) witha=(2-d)/2—1x <0 (ifd=2).

Similarly if d =2 the renormalized cube

Y52 (x) = (Y2 ()3 =3¢, Y2 (x),

converges as € -0 to a random field in C(R;€3%) while if d =3 then convergence holds C™*(R;
€3%) (where C™" is a space of distributions in the time variable with negative regularity).

Moreover one can take

ce=E[(Yf(x)H] = @9,
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With this choice the renormalization corresponds to “Wick ordering”.

Now we see that replacing
B=Be=p"=3Ace,
on has (with Y'=Y)

VY +Z)=A(Y3=3¢,Y)+3A(Y>=c)Z+32YZ*+ 223+ B’ Y+ B'Z

—_——
Y3 Y2

=AY3+3AY?Z+32Y'122+ 223+’ Y+ B’ Z.

Magic: one constant works for both problematic terms... (there are reasons for that, namely sub-
criticality of this model).

Next problems: the products

vz, Y2
€2a €

Let's try to get some estimates for Z: we test the equation (19) with Z and integrate in space T¢

10 2 2, 2702, A
53 o 204 [ ez ez iz

:—% Td[AY3Z+31Y222+3AY]Z3+ﬁ’Y‘Z+p’Zz]_

The Lh.s tells me that I have control of the L2, L* norm of Z but also of the H! norm of Z, this
means we have some regularity for Z.

Note that we define:

ngx:: g? Z .

xeT¢

Also remark that H' = le,z- In the Besov scale we have Sobolev spaces. The theory of products
and paraproducts extends naturally to Besov space with indexes p, g other than oo, co.

When d =2 we have that Y¥e &% with k=1,2,3 and a = —« a small negative quantity. There-
fore all the products in the a-priori r.h.s. are well defined assuming Z € H' (the sums of regularities
is positive!). For example one has estimates like (for some small § and some large K)

[ 02| S IV Zlggy < ColY W+ SIVZI+ B2,
‘ [.. YZZ2‘ 1Y 222 < Col Y 2K+ SIVZIE + SIZIs,
[ Y 2 S IY o2y < Co Y e+ SIVZIE + 12,

43



So overall we can obtain (via PDE methods only, no probability here)

3 o 7+ =) [ IVZP ez + 51z, | <0ctn.
where

Q(YF)=1+C Y 1Y Ik,
k=1,2,3

for some power K. This estimate holds for all paths of Y since note that Y* e C (R xRTE ; R) SO
it is clear that Q(Y,?) < oo

The real problem is: what happens when & — 0?

Remember that we constructed a stationary coupling P such that under P ¢ the processes Y and
Z are stationary and

X=Y+Z
is also stationary and such that X, ~ v? (recall M =1 here).
Under this coupling this estimate implies that
S5 E [ ZE [, |z emiz e Szt | < EQCE:) =B QY
a,___a
=0 (by stationarity)

but again, using some probability theory one can prove that

sup]EQ ) < oo,

since again Y is well known and estimates are relatively easy. As a result one obtain uniform
estimates of the form

A4
sup B [|V Zol2 + m2Zo* + Z1Zo* | < o0
. .[Tg € 2

This estimate is a key point because from that one can derive tightness of the family (v?).5o.
Indeed let y ¢ the law of (Yy,Zp) under P ¢, we have

sup [ (- + IV S+ €172+ I¢ 1) 7 (dy x &)

=sup Ep-[[|Yol%-« + |V Zol72 + 1 Zol72 + 1 Zoll2] < Sup E Q(Yy) <eo,

&
note that || Ypl%-« < Q(Y¢) if K large enough.
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This gives tightness of (y%),s0 in €72% x (H'™* n L*) (some loss of regularity to guarantee the
required compactness). Projecting down to (v®), (taking the sum of the two factors) one get
tightness of (v?), in H™2% = B33":

[ 1015572 d) = [ 1w + CIs 7 *(dw xde) <2 [ (I ls+1¢135) 7 (dy xdg)

<2 [ (e + 1150 7 @y xdo),

which is uniformly bounded in . So we can extract an accumulation point v (a measure on
H_ZG(TZ).

Theorem 13. Provided d =2 and we take p=-3 Ac,+ B’ for some constant B’ € R and
c. = B[Y%(x)?] then the family (v;), is tight in H™>*(T?).
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