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Most of the results we explain below can be found in e.g., Gaussian Hilbert Spaces by Svante
Janson. We will write X ~ N (u, o) to denote that X is a Gaussian with mean p and variance o.
In general, if X and Y are random variables, X ~ Y means they have the same law.

1 (Gaussian

e A real valued random variable X : (2,P) — R is Gaussian with mean p and variance o if

X#P = f(x) dx, where
1

f(iﬂ)zﬁ

To check e.g., that the mean is p, we have

o~ (x=n)?/20%

EX = /QX(w) dP(w)

:/Rxf(x) da

e The characteristic function of a random variable X is given as E(eX?). If X Gaussian with
mean p and variance o2, then

E(eitX) _ 21 /eitxe(xﬂ)2/202 da
xe
2t2

: 1
— ez,utf 50 7

where the computation follows by completing the square in the exponential and using the
fact that

[ - ¢ ([errmaw)-(ferma) - ¢ ([ [ i ) = vam

Notice that this easily generalize to higher dimensions:
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As an aside, we can use this to derive an expression for the surface area of the d — 1-sphere.
To start we will change to spherical coordinates by writing

x _
—=w=(w1,...,wq) € ST,

|z

so that wy = :I:\/ 1—(w}+ - +w? ). Since the formulas will clearly generalize, for sim-

r=rw, 1r=]|z|

plicity we take d = 3. We have
dz' =7 dw' +wy dr

dz? = r dw® + wy dr

dz =7 dw? £ /1 — (W} + w3) dr

dwy + 1— (w?+w2) dr

w1
+r. dwe | £
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Thus (we recall that do A dz =0, do A dy = —dy A dx)
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Of course there is a more symmetrized expression (note also the singularity at the poles) since
writing ws in terms of wy and wo is arbitrary. In any case, it is clear that d.Ss represents the
surface area element and there therefore, denoting the area of the unit d—sphere by A(d) and
denoting by

I(z) = / et dt
0

the Gamma function, we have

(2m)%/4 :/ el7*/2 gy = /oo/ dSd e /2pd=1 gy
R4 0 Sd
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0

from which we conclude that

2/
A = Fapy

Consider R% equipped with the usual inner product, and let

1

_ —(x,x)/2
/L—W'G (wz)/ dx

be the normalized d—dimensional (centered) Gaussian measure and let X be a random variable
(vector) on R%, so that the characteristic function is

. . 1
(X, t)\ i(x,t —(x,x)/2 __—(t,t)/2
B(c >)_/Rde< >(27r)1/2'6< V2 gy — o (tt)/2.

The following are equivalent:



1. X has law pu.
2. Let {vj}?zl be an orthonormal basis and let o/ ~ N(0,1) be i.i.d., then

d
X ~ E alvj,
j=1

3. For each fixed w € RY,
(X, w) ~ N(0, (w, w)).

That 1) is equivalent to 2) is clear by a change of basis: By independence, the density
function for Z?Zl a’v; explicitly takes the same form as . To see that 3) equivalent to 1)
it is sufficient to compute the relevant characteristic functions (if X and Y have the same
characteristic functions, then their distributions have the same Fourier transform).

While the above is relatively elementary, some remarks are in order:

o Physically, a random field can be thought of as a random “function” which describes
the fluctuation at each point. In this way a field is then a mapping x — X,, where
X : Q0 — R is some random variable, that is, a field is a sequence of random variables
indexed by R<.

o From the above, we see that given a measure p on R? there is a natural way to obtain
such a mapping: We consider a random vector X ~ y and then given a point w € R%,
we consider the projection of X onto w, the random variable (X, w).

o From this we also see that the random field should be viewed as being on the space
dual to the “physical” space. Here X acts on R? as a random linear functional: w —
(X (w),w) € R x R? and letting {v1,...,v4} be an orthonormal basis for R?, it is clear
that

(X, er)#P = Distrib(my, - RY).

Here 73, denotes the canonical projection operator.

o Reversing arrows, we have that w € R? acts on L2(2, P) (some space of random vari-
ables) as a random linear functional: Given w € RY, consider the mapping w — F(w) :=
{{w, X (w)) : X € L*(Q)} € R x L*(Q), then

(w,) : Q=R x L*Q) : w— Flw)
such that

(X, w)#P = Distrib(nx - L*()).
Note that here we are not specific about the structure of L%(Q).

o Alternatively (as is usually done) we may take a Gaussian—centric perspective: There is
only one random variable which is Gaussian and the local differences in physical space
is described by some function in a suitable function space. In this way, we consider
e.g., a Hilbert space of functions and thus, imposing a commensurability of structures
condition, we arrive at the definition of a Gaussian field:

A Gaussian field indeved by a Hilbert space H is an isometry ® : H — L*(Q, P) such
that the image are centered Gaussian.
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As a particular example, suppose {e4}aca is an orthonormal basis for H, and e, — &%
with €% ~ A(0,1) independent, then clearly,

<fa’€a>L2(Q,P) = E’§a|2 =0’ + ILL2 = 1= (ea,€a)n-

This is a generalization of 2) from above: Formally, we can represent this isometry by
considering X ~ 3" -1 &£%aq, then given f e H, f— (X, f) = ca & f"

It is noted that the definition implicates that the relevant portion of the space L?(, P) is
itself a Hilbert space (a Gaussian Hilbert space). By direct computation we can see that
if X, Y are independent centered Gaussian, then so is X +Y (we recall the distribution
function identity fxiy(a) = (fx * fy)(a) where % denotes convolution). Otherwise, we
say Xi,...,X, are jointly Gaussian if any linear combination of them is Gaussian.

e Next we note Wick’s formula: If X1,..., X, are jointly Gaussian with mean zero, then

E[X;... X, =Y [[EXiX)].

where the sum is over pair partitions, so that in particular the above is zero if n is odd. The
formula follows either by explicit power series expansion of the joint characteristic function
E(e2k=1%%k) and noting that odd moments of a centered Gaussian vanish by symmetry or
by noting that both sides are multilinear forms on a (Gaussian) vector space (if X1,..., X,
are jointly Gaussian, then they can be embedded in some Gaussian vector space) and using
polarization. We prefer the latter because of its combinatorial content.

We will denote by (...)(™ a generic n-linear form and will suppress repeated arguments
where it is clear. We first establish the formula that

1 =2\ (n)\(n
<$17"'7xn> = 2”77,' Z Sgn(0)<(a-x)( )>( )
0=(€1,sen)E{E1}"

(Here the argument 0 - = o - (z1,...,%,) is repeated n times.) When n = 2, this is the usual
polarization formula:

) =5zt Loty —@-La by

We can now proceed by induction. First we observe that if {e,} is an orthonormal basis for
the vector space, then we may define the n — 1-linear forms by

(x1,. .. ,xn_l)&”_l) = (T1,..., Tpo1, ea>("),

so that if x, = z5e®, then

(1, g, )™ = 2% (2, )Y,
(Here we have used Einstein summation convention to suppress the sum over «.) Next it is
observed that by multi-linearity we may symmetrize as follows:

1

(z("_l),xn>(") =5 ((x + xn)(n)>(n) — {(x — xn)(”)),

| =



where the factor of 1/n is due to the fact that the term x,, can occur in n places and because
of symmetry the result is the same. We may now conclude:

(1, an) ™ =28 (21, )Y

= Ty > sgn(0){(0 (w1, an))

o'=(e1,En—1)E{£1} 71

3Q

1 1
- 2n—1 ﬁ Z sgn(a’) ’ <(g, : (xlv EERE) xn—1)>(n_1)7 xTL)(n)

11
= n—l ngn 5 E
(lo’ '(51313...,377171)"‘%'71]( )>(n)—<[0’,'($1,---,$n71)—$n](n)>(n)
11 n)\ (n
=gt 2 (o)),

o=(€1,....en)E{E1}7

The result implies in particular that two multi-linear forms are the same if they are the same
evaluated on a diagonal. Thus it is sufficient to check that if X is a centered Gaussian with
variance o2, then for n even,

EX" = (n— DI (EX?)"? = (n— D!l o™

Here (n—1)!'=(n—-1)-(n—3)----- 1 is the number of pair partitions of n. A computation
as before gives that the moment generating function is E(e!X) = ett+30% — 039% and the

result follows, since EX™ is n! times the coefficient of "™ which is (ﬁ)! (%)n/ % and we have

2
the identity
n! 1\ ™2
(n/2) <2> B

(This easily follows by induction or by counting in two ways: The left hand side follows by
permuting all n elements and putting bars between every two and dividing by overcounting
(or “symmetries”) whereas the right hand side follows by choosing the pairs one by one.)

Some remarks:

o What is obvious: A centered Gaussian random variable is completely determined by
its second moment, or o2. Therefore, determination of the field ® is equivalent to the
determination of E(|®(f)|?) for all f € H. In the simplest case we may expect this to
be represented by some functional Lg ). % — R. In the familiar setting where H is
some function space equipped with a measure and a notion of integration, we may even

2)

expect Ly~ to be represented “distributionally”:

L) = [ L)1) duce)

This foreshadows the definition of correlation functions to come.

o Since only even order moments and covariances are relevant in the case of a Gaus-
sian, it is useful to use Feynman diagrams in visualizing quantities like the formula for
E[Xi,...,X,]: A Feynman diagram on n vertices is a degree < 1 graph, where the

) n.k.A



vertices represent random variables {X7,..., X,,} and the existence of an edge between
vertex k and vertex ¢ represents the quantity E[X};X,]. Denoting a Feynman diagram
by

7= e(y) Uoly),

where e(y) and v(v) denotes the set of edges and unpaired vertices, respectively, the
value of the Feynman diagram is then

Viy= ][] EX:Xdx [[ Xm

(k,L)yee(y) mev(y)

Let us note that the number of Feynman diagrams on n vertices with rank k (i.e.,
e(y) =k)is (o) (2k — 1)

2  Wick’s Multiplication and Fock Space

We want some notion of products of fields. Since a Gaussian field is an isometry from a Hilbert space
into L2(Q2), we shall borrow the algebraic structure from the Hilbert space. Pointwise multiplication
of functions (from two function spaces) corresponds to tensor product: f ® g(x) = f(z)g(z). The
goal is then to construct a commutative product (Wick’s product) on Gaussian random variables
which respects this pointwise multiplication.

e Tensor product of spaces captures the essence of multi-linearity: Suppose V and W are vector
spaces, then V ® W can be realized as V' x W modulo bilinear equivalence relations, e.g., we
make the identification

v+, w+w) ~ (v,w) + (v,w') + (v, w) + (', ).
This can be encoded as a bilinear map 7: V. x W = V@ W : (v,w) — v ® w.

o Indeed, V ® W can be thought of as the “maximal” bilinear structure on V' x W, as
captured by the universal property of tensor products: If ¢ : V x W — U is bilinear,
then Al : V@ W — U such that ¢ can be factor through 7, i.e., p =1 oT.

o In e.g., the case of finite dimensional vector spaces, the space of bilinear forms on V' x W
is V*@W* =2V @ W where the action is given as

v @w* (v, w) = v*(v)w* (w).

We note that the dimension of V@ W is n x m if dim(V') = n and dim(W) = m (whereas
the dimension of V' x W is n4+m). In particular, an element of V@ W can be represented
by an m X n matrix. As an example, a Riemannian metric on R¢ is a bilinear form (more
specifically an inner product which varies from point to point) and can be represented
by the d x d coefficients gog = g(0a,03) where {04 }q is a frame for the tangent space.
Equivalently, we may expand the 2—form in basis as

(X 0\, Y D,) = gap(0™ @ 0°)(X 0y, Y1D,) = gapXY?P.



o If V and W are Hilbert spaces equipped with an inner product, then there is a unique
inner product on V ® W defined by component—wise application of the V and W inner
products:

(v1 ® w1, v2 @ wo)vew = (v1,v2)v (W1, wW2)w.

It is easy to check that this defines a bilinear form on V ® W and that it is well-defined
(and hence unique). The Hilbert space inner product is then the closure of this inner
product.

o V®YV is not in general commutative (v ® w # w® v) and in cases where commutativity
is present, it is convenient to define the symmetric tensor product, which is denoted

Vow=vVeW/(vew—w®u).

(Here (A) denotes the vector space generated by .A.) That is, we simply identify v ® w
with w ® v. Clearly, this corresponds to symmetric multilinear forms, as e.g., most
Riemannian metric are. In the case of Hilbert spaces, the inner product on V ® W now
acquires a combinatorial sum: Since (v; ® v2, w1 ® we) = (V] © V2, wy ® wy), we define

(v1 ® V2, w1 © wa) = (v1,wr)(v2, w2) + (v1,w2)(v2, wr).

(Note that we are already using that the original inner product (-, -) is symmetric.) More
generally, letting S,, denote the permutation group on n letters, we define

(LOf O g 000 0g)=> [[{fgom):

o€Sy k=1

Finally, let us note the simple combinatorial fact that
O(n+m) ¢O(n+m)y _ m+n On £On\ /cOM OM
(g0t gotmtm) — (11 ggon, gomygom, gom).

e We now try to transfer this product structure from the Hilbert space H to L?(£), P) via our
isometry ® : H — L?(€, P). By definition
D(h©g)=2(h)© D(g) =& © &,

where &, &, are N(0,05),N(0,04). We now want to make sense of &, ® & in terms of
usual products and sums of random variables. Said differently, we clearly have an isometry
®od:HOH — L?® L? but we now would like to find some map L? ® L? ~» L? such that
the composition is still an isometry (with respect to the original L? inner product).

Let us begin with a computation comparing the corresponding norms of &, ® £, and &,&,:

(€ © &g, 60 © &) 12012 = BGEE, + (B(61&))° # E(66]) = (néy, Enly) 12 = B(GE),

unless &p, &y are independent random variables, so that

Cov(&n, &y) = E[€n€y] =0

and
Cov(&;,&3) = E[(& — 07) (&2 — 07)] = 0.

7 n.k.A



It is also observed that by the definition of an isometry, if f and g are orthogonal in A, then
§r and §, are independent in L?; that is, orthogonality in # corresponds to probabilistic
independence in L?. In any case, we may make the identification

§oOn~En,

provided that they are independent.

We are therefore reduced to the question of representing powers £®" in a meaningful way.
First we have

(E0& 08 =2(66)% =20,

whereas (recall that EC" = (n — 1)!lof for n even)

(€%,€%) = B¢" = 30¢.

It is trivial to renormalize appropriately, or e.g., try to represent £©" as £" + \,, for some
constant A so that the two norms are the same. But we will respect more structure: We think
of £ as an indeterminate and consider the polynomial ring F'[¢] over R or C (more generally,
if the dimension of H is d, we consider F[¢1,...,&y] where the &’s are probabilistically
independent and correspond to a basis of H) and perform an orthogonal decomposition of
L*(Q,0(&), P) which matches the direct sum @, H®". Some comments:

o Typically, F[t] = @, Fr where Fj is the set of monomials of degree k. In the case
of L?(Q,0(€), P) we will instead construct a grading which also respects the L? inner
product, i.e., we will require that (P, (&), Py(€)) = Oy, where e.g., Py(€) represents £,
Note that as a trivial consequence, we would have that

|€9F + €962 = ||€9F)2 + |1€°4)1%.

o We can then generalize to the case d > 1 in a straightforward manner, except now the
relevant Fj, consist of terms like Py, ... P,, where |a| = a;+-- -+ a, = k (just as in the
polynomial ring case). To check this it is sufficient to verify for {&1,...,&,} independent
and {n1,...,nn} independent that

IC(Pay (€1) - P, (€)) + C'(Ps, () ... B, (nm)) > = C*(a®)log, + (C")*(8)or,.

(Here e.g., o denotes the ith entry in the multi-index «.) Here we are implicitly using
the fact that if e.g., &1,...,&y is a basis for the relevant Gaussian Hilbert space then,
by definition, any other element can be written as a linear combination of the &;’s and
hence it is sufficient to consider polynomials in &1,...,&.

e We now begin to carry out the orthogonalization procedure described. It is clear that we
should take
Fo=F, Fi=L*Q0(),P),

where I' = R or F' = C is the field of scalars. It is clear that Fy L Fi, since we have centered
Gaussians. It follows that

Fo = {ta€? + 116 +to : (t28? + 1€ + to, € + 1) = 0, V¢, 1y € R.}.



This leads to the equation
(thta + tht1)of + toto = 0, Vig, 1),

so independently setting coefficients of t{, ] to zero, we obtain that ¢; = 0, and —1 = %ag,

and so
Fo={X-02-((€/o¢)* = 1) : XEF}:={\-Po(§) : A€ F}.

(This agrees from our computation from before.) By induction, we have

Fpn = {APL (&) =t + -+t : My, ... 1o € Fy: (Py(6),65 = 0,¥0 < n}
= {AP,(€) : (P, Py_1) =0,...,(Py, P) =0}

n
<£n’ Pf(&)
- [erSan©) (e - @) e r
j=1
where the last two identities follow from the inductive hypothesis that {P; (&), ..., P—1(£)} is
an orthonormal basis for F(¢,£2,...,£%1) (that is, polynomials expressions in & up to degree
k — 1) and we have used the fact that

(Pu(8), Pr(€)) = (€7,67) = 1
(which also tells us that the P,’s should be normalized by (£1)~1/2.)

Simple counting of equations also shows that if e.g., n is odd, then P,(§) only contains odd
powers: There are n — 1 equations (P, (£),£%),¢ =1,...,n — 1 and each equation constrains
only coefficients of even powers in (P, (¢),£%) and so if e.g., n is odd, then n — 1 is even with
[(n—1)/2]+1 even numbers in {1,...,n—1}, leading to [(n—1)/2] +1 inconsistent equations
(the inconsistency is clear since difference even moments of £ receive different combinatorial
prefactors) for the (n+1)/2 = [(n — 1)/2] 4+ 1 coefficients of even powers in the polynomial
P, (&) (namely t,,t,—2,...,ty) forcing them all to vanish. On the other hand, there are one
more coefficient of odd powers than number of constraining equations, leading to a one—
parameter solution (the parameter corresponds to overall scaling of the polynomial).

Thus, we see here that each Fj, is a one dimensional space over F. More generally, if dim(H) =
d, since Fy, is generated by products of the form P(,,) ... P(&q,) where |a] = o+ 4oy = k,
the dimension of Fy, is equal to the number of multi-indices with degree k in a d—dimensional
space, which is (kgle). (This is clear since we can consider a k 4+ d — 1 row of objects, k — 1
of which are chosen to be dividers which specify what each «a; should be equal to ).

We will now obtain more detailed information on the structure of the decomposition. First
note that it is clearly sufficient to consider variables ¢ with E¢ = 0, E€2 = 1, since then given
an arbitrary 7, /0, satisfies these normalizations and so if (n/o,)®™ ~ P,(n/oy), then by
multi—linearity,

77®n ~ ngn(n/an)'

The moments of the normalized variable are
E"=0, nodd; E{"=(n—1)" neven.

Since coefficients of the polynomials Py clearly involve (even) moments of £, it is convenient
to return to Feynman diagrams. Let us write

Pn(g) = Z Cn('Yn)V('Yn)

9 n.k.A



for some function C,, where we recall =, denotes a Feynman diagram on n vertices and
V(ym) = 1¢0n) . ¢vOm) by our normalization, where v(v) and e(7y) denote the number of
isolated vertices and edges of of ~,, respectively. Notice the “parity” of the right hand side:
Feynman diagrams contracts via disjoint pairwise expectations and hence the right hand side
only contains £ raised to the powers n,n—2,...,0, but this is consistent with our observation
earlier about the parity of P,(§) so we are justified in representing P, () using Feynman
diagrams.

In any case, we have

(Pa(€),€") = Z Ch(n) - 160m) L E(gv(m)+k)

Tn

— Z Cr(m) - 1e0m) . Z 16(Vo(vn)+k)
Tn

ﬁv(’yn)+k2ﬁ/n

Here % denotes the fact that we are summing over complete Feynman diagrams. We can note
immediately that since v(;,) + k must be even, n must have the same parity as k. Now if we
interchange the sum, then we will sum over complete Feynman diagrams on n + k vertices,
and given each 7,1, with ¢ edges connecting the “first” n vertices, the innermost sum would
be the sum over all v, with < ¢ edges connecting the relevant vertices prescribed by 7,1 k.
More precisely, we can rewrite the above as

Ln/2]

=0 Fppre(Tntre)lm=t Yo Cintre(yn)<L

If we set
Cr(Yn) = (—1)0m)

then the inner most sum in the last display becomes (1 + (—1))¢ which is 0 unless ¢ = 0,
corresponding to £ = n and the sum reducing to be over perfect matchings between the first
n and last n indices, and so we obtain in particular that

(Pn(§),£") =nl = (", &").
We conclude that

Pa(§) =D (=1 ().

Tn

Recalling that F,, is one-dimensional, we have uniquely determined P, (§).

Let us now tabulate some simple extensions:

o The computation of (P,(£), &) can be extended to a formula for computing inner prod-
ucts of the form ({1 © - ©® &y, m © - © Nyy): This is 0 by construction if m # n, and
reducing to summing perfect matching as before, we get

(GO 0&mo O = Y [ nw)-

€Sy k=1

Further generalization to expressions of the form E(X; ... X) where X; =10 ©&y,
is straightforward: We sum over Feynman diagrams not connecting two vertices which
are both part of the same X;.

10 n.k.A



e Since an element is zero if and only if the norm is zero, we can also reverse the logic and
write e.g.,

X1 Xp =) (),
¥

with the same restriction over the set of Feynman diagrams being summed, i.e., no
edge connecting vertices in the same X; (since these terms would contribute zero to the
relevant expectation). Here ®(%) means that ® replaces ordinary product, so e.g., the
term

E(§im) - (&2 © )
may contribute to the expression for XY = (& @ &) (1 © 12). In particular,

gl---é-n:Z@(’Yn)an@]:nf2@"'@]:ﬁ,

Tn

where the sum is over all Feynman diagrams on n vertices and 7 = n mod 2 € {0,1}
depending on the parity of n. Notice that this is an inversion formula which allows us to
write & ...&, in terms of the orthogonal decomposition we have constructed. It is also
noted that this line of reasoning also says that we should in general identify X and Y if
it is the case that E(XZ) = E(Y Z) for all Z: Indeed, taking Z = (X —Y) we see that
E|X -Y|?=0.

o If we have a complex Gaussian ¢ = & + in with &, n i.i.d. (it is easy to see that in this
case, ( is symmetric, that is, ¢ ~ A( for any rotation A\ = %) then (®" = (", since here
E¢? = 0, so the only term contributing to P, (¢) would be the empty Feynman diagram,
corresponding to ¢™. Of course, this means that EC¥ = 0 for all k. It is important
here that we use as the underlying inner product ((,¢) = E(¢? (which in this case is
degenerate) and not (¢, () = E|¢|?.

e The polynomials P, (&) are the well-known Hermite polynomials and we will denote them by
H,, from now on. The first few terms are

Hi(z) =z, Ho(x)=2>-1, Hz(x)=2>—-3z, Hyzx)=2za"—-62>+3,...
We can now list a few properties of them:

o If n is even then H,(x) only contains even powers and similarly if n is odd.

o By construction, these are orthogonal polynomials with respect to the standard Gaussian
measure N'(0,1) on R:

On comy z x :L T 2) e /2 dp = n
(€97 €My = (H,, (), Hyn(z)) \/%/RHTL( \Hyn(a) dz = Sy

Here £ ~ N (0,1) so that é#P = e 12 dg.

1
Ver
o From the representation of £ where £ ~ AN(0,1) in terms of Feynman diagrams, we

11 n.k.A



can also write an explicit expression (combinatorial) expression for Hp:

Hy(€) = Y (=10 g0

Tn
[n/2]

_ n _1\k en—2k
= kzo <2k>(2k)”( )% ¢

_ k”—' n—2k
=2 (1 2k (n — 2k)k! ¢

k=0

o From the expression for {®"¢®™ we can also derive a recursion for the Hermite polyno-
mials:

Hn(f)Hm(@ = §®n€®m
= Z Q(ﬁ’mﬂl)

’AYn-&-m
mAn

— Z <m> <n>7,| €®(m+n72r)
—\r/\r

_ mzjg (T) <Z)7’! Hop g2 (£),

where the combinatorial expression comes from the restriction on J,4m,. When m = 1,
we get the recursion

Hn(ﬁ) = Hn—i—l(f) + an—l(&)'

In particular, from this it easily follows that
E(H,(&)) =0, for alln.

o We can also define e®¢ as a power series, from which will follow the generating function
for H,,(§). Let £ ~ N(0,0), then we have

(It is noted that a side benefit of the interchange of the sum is the disappearance of the
ambiguity involving the parity of n.) Recalling the scaling e®¢ = > %!@/0), we arrive

at the generating function
tor— 2 2 tn

12 n.k.A



e The decomposition
L*(Q,0(M),P) =P Fu
n=0

is known as the Wiener chaos decomposition. Strictly speaking, F,, should be constructed
out of the L? closure of the relevant polynomial spaces. One way to check that the righthand
side contains all of L?(Q, o(H), P) is to note that it contains the exponentials e~** and then
show that if X L e™%! for every ¢ then it is zero, since (X,e %) is the Fourier transform
of the distribution of X. This can be done immediately in the finite dimensional case where
X ~t1&1 4. . . th&n, and in the infinite dimensional case, the result follows from the fact that all
finite dimensional projections vanish, i.e., the conditional expectations: X,, = E(X | F,) =0,
for all n, where F,, is generate by finitely many ¢&;.

Starting with the isometry
®:H — L*(Qo(H),p),

we have constructed a (commutative) graded algebra isomorphism:
o0 o
v PH" — P Fn
n=0 n=0

This direct sum is called the (symmetric) Fock space over H. In what follows for simplicity
we consider £ ~ N(0,1) and suppose H is 1-dimensional. We have explicitly the isometries

Uy, HO™ 5 F 1 €7 s H(€) = D (—1)<0m) govm)
Tn

(here e denotes multiplication in L?) and their inverses

[n/2]
\I];Ll . J’_‘n N HQH . é"n = Zé'@U('Yn) — Z <27’;€> (2]{7)” Hn72k(§)7
Yn k=0

where the sum is over all Feynman diagrams on n vertices. We note especially the duality
between Feynman diagrams and Hermite polynomials: Hermite polynomials represent £©"
in L? whereas Feynman diagrams represents £" in >0 o HO™. We also note that the above
can be rephrased as saying that we now have two products on the space of random variables
L?(Q,0(H), P), denoted by ® and e such that the (linearly extended) transforms given by:

F o e F(EO) = Z(fl)e(%) gov(m)

Tn

G:e—>O:9(E") = Z§®v(%)

Tn

are inverses.

Preservation of grading means

‘I]ern(f@m © an) = Timtn(Um(§) @ Vn(§)) = Tmtn(Him(§) @ Hn(S)),

13 n.k.A



where 7,1, denotes the projection operator onto F,,1,, and, inversely,

UL (Ho(€) @ Hy(€)) = 9™ @ €O,

Using the representation
§®m .§®n = Hp, (&) @ Hy(€) = Z g@u(&mﬂ)7
'AquLn

we arrive at the tautology

‘I/m—i-n(f@m © an) = Tmtn(Hm(§) © Hy(§))
= 7rm+n(§®m b §®n)

= Tm+n Z Hv(&mﬂl) (6)

'A}’m-&-n

= Hm-i-n(g)

= \Ijm+n (£®(m+n) ) :

14



OPERATOR PRODUCT EXPANSION

Helen K. Lei

April 29, 2011

1 Operator Product Expansion

Recall that the Gaussian field is an isometry ® : H — L?(£2, P) such that the images are centered
Gaussians N (0, 0). Our setting is as follows: We will consider a (simply connected) domain D C C
and consider

H = £(D) = G (D),

the closure with respect to the Dirichlet norm of test functions vanishing on dD. The Dirichlet
inner product as usual is defined as

<f,g>p:/D<Vf,vg> dA.

(We recall that harmonic functions are minimizers of the Dirichlet energy | f||%.) By definition, ®
being an isometry means that

E(®(f)®(9)) = (2(f), ®(9)) r20,p) = ([, 9)D-
We also note that for centered Gaussians E(®(f)®(g)) is the covariance:
E(2(f)®(g) = Cov(2(f)®(g)) = E(2(f)2(9)) — E(2(f))E(P(9)).
(When ®(f) = ®(g), this is the variance of ®(f), which we sometimes denote ogs).)

Clearly, we can also take the perspective that ® : £(D) x  — R. This is useful when we wish
to consider some notion of convergence of fields. Specifically, we may have discretized domains D*
and discrete fields
P°: ED° ) x Q=R

and we must make sense of how ®° converges to ®. Since a discrete function can be viewed as
a sum of delta masses, it may be more natural to consider not a space of functions, but a space
of measure as the “physical” space H. Indeed, by the Krein—Milman theorem, the space of delta
measures is dense in (Cp)*, so we may interpret field convergence to mean that

(1, W) = P(p,w)

whenever p° converges to p in some suitable sense and (w',w®,...... ,w) is drawn from the
correponding Skorohod coupling measure driving the (weak) convergence of the lattice model under
consideration (e.g., the measure on curves generated by percolation converges to SLEg).



But for now we will take a more down to earth perspective: Convergence of correlation functions.
To motivate this concept, let us temporarily return to the most naive interpretation of a random
field as a random function, in which case we consider a field to be

O :C*x Q=R

(This can be related to functions by considering ®(z) to be the limit of ®(f5.) where fs . is any test
function converging to J,.) We may easily make sense of convergence of ®¢ in e.g., the distributional
sense if there is some way to make sense of what it means for w to lie in a compact set. However,
since for now there is no underlying geometry on the space €2, we will integrate out the w variable:
Le., we will take expectation and require that for all test functions ¢,

E [/qu(z,w) o(2) dz] L E U@ (2, w) o(2) dz].

Now we observe that by Fubini’s Theorem, this is equivalent to
/E((I)E(z,w)) o(z) dz — / E(®(z,w)) p(z) d=.
C C

The function(al)
Co(z) = E(P(z,w))

is exactly the correlation function, which clearly can be viewed as a (integral) functional. Clearly,
convergence in the sense of the above display means convergence of the relevant first moments.

The previous paragraph must be understood to be entirely formal: First of all, with centered
Gaussians, the first moment is identically zero and thus we have to begin with the second moment
(and later all even moments). A naive computation of second moment immediately yields infinity:
Let us now take the representation that ® ~ £%e,, where {eq}, is an orthonormal basis for H and
we have used Einstein summation notation (so that ®(f) = (X, f) = >_, f*¢*). It is immediate

then that
E(|2)*) =) o,
«

which is typically infinity. More precisely, we will shortly see that the correlation at two points
diverges like Green’s function. Finally, the operator product expansion gives asymptotic expansion
of the the correlation function (and hence of the field) as one point approaches the other.

e The n—point correlation function of ® is a continuous assignment
(21, -y 2n) = Ca(21, .-+, 2n),

such that
E(®(f1)...®(fn)) = /fl(zl) oo fn(zn) Co(z1, ..oy 2n) dz1 ... dzy.
(Here, by abuse of notation, dz = dx A dy. We shall be more careful later.) In particular, by

Wick’s formula,
Co(z1,...,2n) = Z Hcé('zim ij)'
k

By very twisted interpretation we can think of Cg as a multi-linear form, but for now it is
just a function satisfying the above recursion.

2 n.k.A



o Let us now transfer the structure of the chaos decomposition to the computation of
correlation functions. Let f,g € H, then by notation and construction we have the
tautology that

(@O @)(f,9) =2(fOg) =2(f) ©2(g9) = 2(f9)-

(On the function space H, f ® g corresponds to pointwise multiplication of functions.)
Therefore we have on the one hand

E[(® © ®)(f1, f2) o (2 © ®)(g1,92)] = /(f1f2)(2f)(9192)(zg) Coon(zf,2g) dzpdzg,

and on the other hand, by Wick’s formula,

E[(®(f1) © (f2)) ® (®(g1) © ®(g2))]
= E[®(f1)®(g91)] - E[®(f2)®(g2)] + E[(®(f1)®(g2)] - E[(®(f2)®(91)]

= ([ ACrna) Cotegz) depzg ) - ([ aen)onten) Coer2) denis,
+ </ f1(Zf1)gz(Zg2) C<I>(zf1’zgz) dzf1dzgz> : (/ f2(zf2)91(zg1> Cfb(zfmth) dzf2dzg1> .

Iterating the integrals and comparison with the previous display yields that

1
C<I>®<I>(Zf7 Zg) = §[C<1>(zf1azg1) : C<I>(Zf27 292) + C<I>(Zf1azg2) ) C<I>(Zf27 Zgl)]Zf1:2f2:2f13g1:7{q2:29
= (Ca(zf,29))%.

From this we conclude that 1) correlation functionals of Wick products should be com-
puted according to Wick’s formula (i.e., sum (the values) over the relevant Feynman
diagrams) and that 2) the correlation functions themselves satisfy Cooy = Cp - Cy. In
the context of field theory, this is how we understand Wick’s multiplication ®: The
product is exactly constructed to replicate point—wise multiplication of functions.

o By taking an approximation to the identity and integrating by parts, we can also make
the concept of correlation functions more literal: Indeed, suppose

fe = 0., ase—0; supp(fe.) C B(2),

then by the Lebesgue differentiation theorem,

BIO(fen)0(fea)] = [ [ Colein) Fo (Q)foa) iy = Co(a1,2).

That is, we may think of the correlation function as representing the expectation of
® applied at delta functions and in this way we may pass from the abstract definition
of ® as an isometry between function spaces to its representation as a genuine spatial
function represented by (and often identified with) Co.

o We would now like to define a notion of derivatives of fields. We will sometimes
parametrize C by the variables z, Z (other times, when it is clear, dz denotes the usual
2d integral) and use the notation

3_1 g_lg 5_1 2+2g
- 2\0zx  oy)’ - 2\0x  oy)’

3 n.k.A



so that
i) 00 = 00 = A;
ii) if f = u + 4v, then Of = Of.
ii) a holomorphic function f satisfies Of = 0;
iii) if w is harmonic, then Ju is holomorphic.
It is also readily verified that if dz A dy is the volume form in 2d, then

dz N dz = —i(dx A dy).

/dw—/ w,
Q o0

(where w is a k—form and d represents exterior differentiation) we have that if f is
holomorphic, then

Also, using Stoke’s theorem

(2) dz:/Qd(fdz):/Qgi (dz/\dz)—{—% (dzNdz) =0.

o
(This is Cauchy’s Theorem.)

From the perspective of correlation functions and distributions, it is natural to define
the derivatives by the equation

Chagsg = 0°0°Cs,

where «, § are multi-indices (we have suppressed explicit reference to how many param-
eters e.g., Cp takes). That is, 9%0” is defined to be the field with the correlation function
as displayed. We may wonder whether %97 lies in the Fock space as described before.
One way to think about this is to recall that Wick’s product of fields corresponds to
products of correlation functions, and thus, since the Fock space contains the closure
of of all possible (Wick) polynomials of ® we can conclude that 9*0°® lies in the Fock
space if of 0°0°Ce can be expressed as a limit of polynomials in Ce.

It is immediately clear from this definition (via correlation functions) that Leibnitz rule
for Wick products follow immediately from the usual Leibnitz rule for functions: If X, Y
are fields, then e.g.,

I(XOY)=0X)oY+X o (0Y).

Finally, we also say that a X is a holomorphic field if its correlation function is holomor-
phic away from singularity (the last point will become clear once we explicitly compute
the 2-point correlation function Cg).

e To derive an expression for Co(2f, z4) we return to the definition of the Dirichlet norm. Recall
that we have for (f, g)¢(p) = (V f, Vg) (here (,) will denote either the Euclidean inner product
or the usual L? inner product of functions).

o Let us first observe that the Dirichlet inner product is invariant under conformal maps:
Suppose ¢ : D' — D is a conformal map, then

L V5 Vol d' = [ (9500, Vate) - 1Dg 7 dz

D

4 n.k.A



by the change of variables formula, where |D¢| is the determinant of the Jacobian of .
The Cauchy—Riemann equations imply the identity that

[De)[De]" = | Dy,

where [Dg| now denotes the Jacobian matrix of ¢. By the chain rule, we have e.g.,

VI(e(2) = [De()] - [V f ()] = [De(2)] - [V (2)],

therefore (here [-] - [-] denotes matrix multiplication)

(Vf((2)), Va(e(2) = ([De)-[Vf], [D¢]-[Vg]) = ([De]-[De]" [V f], Vg) = [Dp|(V f, Vg).

Since |[Dyp~ Y| = |Dy| ™!, we conclude that

<f> ><p(D <f080,9080>

Next we represent (Vf,Vg) in terms of the Laplacian. Formally, integration by parts
gives that
(V. Vg) = (f,=Ag) = (=A)/*f,(-A)/2g).

The first equality in the above gives that —A is a positive operator, so the second
equality can be understood e.g., in terms of eigenvalues and eigenvectors of the Laplacian:
More precisely, let {e;}; be eigenvectors of (—A) which form an orthonormal basis
under the L? inner product and let {)\;}; be the associated eigenvalues. Then writing
f= ajej,g = Bjej, we obtain that

(f.—Ag) = (aTes, A7 fe;) = (A Pade, A\ Bles) = (—A)V2f, (—A)2).

In particular, {)\j_l/ 2ej}j is an orthonormal basis under the Dirichlet inner product.
Said differently, the space £(D) (with the Dirichlet inner product) can be represented
as (—A)~1/2L2(D) (with the L? inner product).

It is now straightforward to compute the correlation function. Using the representation
as described above, we can write f = (—A)~/2f, g = (—=A)~1/23, so that we have

E[®(f)2(9)] = (f,9) = (-2)7'f.3).
Now let G(z4,2f) denote the Dirichlet Green’s function, that is, G satisfies
_AG(Zf, Zg) = 5297 G |aD: 0’

so that

/ Gz 2)(zr) = (D) ) (z,).

We conclude that E(d( = [ Gl(zg, 2f) f(z 2f)G(2z4) dzsdzg. Comparing with the
definition of the correlatlon functlon we conclude that

Co(zyf,29) = G(2f, 2g).

Notice that we clearly have a singularity as z; — 24, and since by Wick’s formula, all n—
point correlation functions can be expressed in terms of the 2—point correlation function,
it is (in principle) sufficient to study the asymptotic expansion for Green’s function, as
2y tends to zg.

) n.k.A



e We recall that Green’s function is conformally invariance, so in particular, if
0:D—=D:(—0,¢(¢)>0
is the (normalized at ¢) uniformization map, then
Gp((,2) = Go(p(Q), »(2)) = —log|p(C) — ¢(2)].
Therefore, the function u((,z) = Gp((, z) + log |¢ — 2| satisfies
u(¢, ¢) = log(1/¢'(¢)) = ¢(C),
where 1/¢'(¢) is the conformal radius. Indeed,

£(O) = (=)
C—2

from which the conclusion is immediate by taking z — ¢. (We have subtracted the singularity
of Green’s function at ¢, up to the uniformization map.)

u(C, 2) = —log |p(C) — ¢(2)| +log |¢ — z| = —log

We can now perform expansion for u(¢, z). We have
p(z) — ¢
z—C

o)+ %

U((, Z) = - IOg

A

///(C)
6

i "

.Reﬁ’@_<y+§<z—02+0«z—o%]

= —Iog (Z_C)2+O((Z_C))3

<z—o2+0«z—o%]

Here we have used that

1 11
log |z + | = Re(log(z + ¢)) = log |z| + Re L €5 e 4 0(53)]

and the normalization ¢’(¢) > 0. (Alternatively, we can write log |z| = log(2Z)'/? and expand
in z and Zz.)

o We immediately obtain from this expansion that

C<I>(<7 Z) = logD(C7 Z) = U(C, Z) — log |< - Z’

=c(Q) + IOg\Ciz] +o(1),

where o(1) — 0 as z — (.

o We recall that the Schwarzian derivative of ¢ is defined as

90/” 3 S0// 2 ) Ng
=g Ta\y) TN
® ®



where N, = (log ') is the pre-Schwarzian derivative. (The Schwarzian derivative
vanishes if and only if ¢ is a fractional linear transformation.) It is easy to check that
we can also write

1

u(¢,z) =¢(C) + Re %NSO(C)'(Z_C)—'_B

5:0)+ TN20| - - P w0l - )

On the other hand, the Schwarzian of D is defined as (log |z| = log((22)/?))

1 1 ' (2)¢'(¢)
QS(C, Z) = —8<8ZU(C, Z) ~ 9 ) |:(Z _ C)2 (QO(Z) (C))2:|

e We have by Wick’s formula that e.g.,

o(f) © @(g9) = 2(f)®(9) — E[2(f)®(9)]-

We have already computed the correlation function of ®(f) ® ®(g) and noted the singularity
in the expression E[®(f)®(g)] along the “diagonal” and performed the relevant asymptotic
expansion. Understanding the above in the sense of correlation functions (recall we have also
already computed the correlation function for ®92) we may replace f, g by spatial parameters
¢, z, and arrive at the operator product expansion

®(¢)®(z2) = log +e(¢) + @92(¢) + o(1),

1
¢ — 2]
where o(1) = 0 as z — (.

By Wick’s formula, this procedure can be generalized. In case we have a holomorphic field,
we can write a Laurent series

X(QY(2) = X(Q)0Y () +EX(QY(2)] =) Cu(x)((—2)", (==

Clearly, the singular part comes from terms of the form E(X(¢)Y (z)) (they are mostly poly-
nomials of Green’s functions), and the non-singular parts consist of Wick’s product of fields
and their derivatives. We also use the notation

X*xY=Cy, Xx,Y=0C, n>0 and X(C)Y(Z)NZCn(z)(C—
n<0

X %Y is called the OPE product of X and Y. We note that the singular part is preserved
under differentiation, e.g.,

ﬂ@ﬂ@~—gfdy ﬂQﬂ@~—5<1 >:

Let us list some properties and examples:

o OPE coefficients are combinations of Wick products so are clearly Fock space fields.
o OPE multiplication is neither associative nor commutative.

o By differentiating the Laurent series, it can be shown that Leibnitz rule is satisfied:

X %, Y) = (0X %, Y) 4+ (X #,, OY).



Recall that by construction (assuming that ® ~ N(0,1)) ®*" = H,(®). Now let us
observe
E[®*] = E[®%? + ] = ¢,

and it in fact can be checked (e.g., by recursion) that
PO" — Cn/QH:L((I)/\ﬁ),

so ¢ scales like the variance.

From the previous item we now have also that

2
e*ocq) — el /26604{).

The vertex fields are denoted V* = ¢**®. They have the OPE

1 > o
VEHOV(2) = €=z Z (¢ =2 (C—-2)"
J,k=0
The stress energy tensor is defined as T' = —%(J  J). Since
1 1 1 1
E[J(()J(2)] = 0.0.G = 23—y + 0c0:u(C, z) = Bl 25(¢, 2),

we see that 1
T = —§J oJ+S.
It can also be shown that T satisfies the OPE
1/4 2T(2) n oT(z)
(C=2)2 (C—2)




