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ABSTRACT. We prove that a normalized sequence of multiple Wigner integrals (in a fixed order of
free Wigner chaos) converges in law to the standard semicircular distribution if and only if the cor-
responding sequence of fourth moments converges to 2, the fourth moment of the semicircular law.
This extends to the free probabilistic setting some recent results by Nualart and Peccati on char-
acterizations of Central Limit Theorems in a fixed order of Gaussian Wiener chaos. Our proof is
combinatorial, analyzing the relevant non-crossing partitions that control the moments of the inte-
grals. We can also use these techniques to distinguish the first order of chaos from all others in terms
of distributions; we then use tools from the free Malliavin calculus to give quantitative bounds on a
distance between different orders of chaos. When applied to highly symmetric kernels, our results
yield a new transfer principle, connecting Central Limit Theorems in free Wigner chaos to those in
Gaussian Wiener chaos. We use this to prove a new free version of an important classical theorem:
the Breuer-Major theorem.

1. INTRODUCTION AND BACKGROUND

Let (W};):>0 be a standard one-dimensional Brownian motion, and fix an integer n > 1. For
every deterministic (Lebesgue) square-integrable function f on R”, we denote by I}V (f) the nth
(multiple) Wiener-Ito stochastic integral of f with respect to W (see e.g. [17, 19, 27, 31] for defi-
nitions; here and in the sequel R refers to the non-negative half-line [0, c0).) Random variables
such as I)V(f) play a fundamental role in modern stochastic analysis, the key fact being that ev-
ery square-integrable functional of W can be uniquely written as an infinite orthogonal sum of
symmetric Wiener-It6 integrals of increasing orders. This feature, known as the Wiener-It6 chaos
decomposition, yields an explicit representation of the isomorphism between the space of square-
integrable functionals of W and the symmetric Fock space associated with L?(R..). In particular,
the Wiener chaos is the starting point of the powerful Malliavin calculus of variations and its many
applications in theoretical and applied probability (see again [17, 27] for an introduction to these
topics). We recall that the collection of all random variables of the type I}V (f), where n is a fixed
integer, is customarily called the nth Wiener chaos associated with . Note that the first Wiener
chaos is just the Gaussian space spanned by W.

The following result, proved in [29], yields a very surprising condition under which a sequence
IXV (fx) converges in distribution, as ¥ — oo, to a Gaussian random variable. (In this statement,
we assume as given an underlying probability space (X, F, P), with the symbol E denoting expec-
tation with respect to P.)

Theorem 1.1 (Nualart, Peccati). Let n > 2 be an integer, and let (fi)ren be a sequence of symmetric
functions (cf. Definition 1.19 below) in L*(R™ ), each with n!|| || 12 ®?) = 1. The following statements are
equivalent.

(1) The fourth moment of the stochastic integrals I}V ( fi.) converge to 3:
lim E(ZY (fi)*) = 3.
k—oo
(2) The random variables IV ( f1,) converge in distribution to the standard normal law N (0, 1).
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Note that the Wiener chaos of order n > 2 does not contain any Gaussian random variables, cf. [17,
Chapter 6]. Since the fourth moment of the normal N (0, 1) distribution is equal to 3, this Central
Limit Theorem shows that, within a fixed order of chaos and as far as normal approximations are
concerned, second and fourth moments alone control all higher moments of distributions.

Remark 1.2. The Wiener isometry shows that the second moment of IV ( f) is equal to n!| f||2,, and
so Theorem 1.1 could be stated intrinsically in terms of random variables in a fixed order of Wiener
chaos. Moreover, it could be stated with the a priori weaker assumption that E(1)V (fx)?) — o2 for
some ¢ > 0, with the results then involving N(0,0?) and fourth moment 30* respectively. We
choose to rescale to variance 1 throughout most of this paper.

Theorem 1.1 represents a drastic simplification of the so-called “method of moments and cu-
mulants” for normal approximations on a Gaussian space, as described in e.g. [20, 34]; for a de-
tailed in-depth treatement of these techniques in the arena of Wiener chaos, see the forthcoming
book [31]. We refer the reader to the survey [23] and the forthcoming monograph [24] for an in-
troduction to several applications of Theorem 1.1 and its many ramifications, including power
variations of stochastic processes, limit theorems in homogeneous spaces, random matrices and
polymer fluctuations. See in particular [22, 26, 28] for approaches to Theorem 1.1 based respec-
tively on Malliavin calculus and Stein’s method, as well as applications to universality results for
non-linear statistics of independent random variables.

In the recent two decades, a new probability theory known as free probability has gained momen-
tum due to its extremely powerful contributions both to its birth subject of operator algebras and
to random matrix theory; see, for example, [1, 16, 21, 41]. Free probability theory offers a new kind
of independence between random variables, free independence, that is modeled on the free product
of groups rather than tensor products; it turns out to succinctly describe the relationship between
eigenvalues of large random matrices with independent entries. In free probability, the central
limit distribution is the Wigner semicircular law (cf. Equation 1.4), further demonstrating the link
to random matrices. Free Brownian motion, discussed in Section 1.2 below, is a (non-commutative)
stochastic process whose increments are freely independent and have semicircular distributions.
Essentially, one should think of free Brownian motion as Hermitian random matrix-valued Brow-
nian motion in the limit as matrix dimension tends to infinity; see, for example, [7] for a detailed
analysis of the related large deviations.

If (St)¢>0 is a free Brownian motion, the construction of the Wiener-Itd integral can be mimicked
to construct the so-called Wigner stochastic integral (cf. Section 1.3) I7(f) of a deterministic function
f € L*(R7%). The non-commutativity of S; gives I different properties; in particular, it is no
longer sufficient to restrict to the class of symmetric f. Nevertheless, there is an analogous theory
of Wigner chaos detailed in [8], including many of the powerful tools of Malliavin calculus in free
form. The main theorem of the present paper is the following precise analogue of the Central
Limit Theorem 1.1 in the free context.

Theorem 1.3. Let n > 2 be an integer, and let (fi)ren be a sequence of mirror symmetric functions (cf.
Definition 1.19) in L?(R".), each with ||fk||L2(R¢) = 1. The following statements are equivalent.

(1) The fourth moments of the Wigner stochastic integrals IS ( f1,) converge to 2:
lim E(I5(f,)") = 2.
k—o0

(2) The random variables I3 (f1.) converge in law to the standard semicircular distribution S(0,1) (cf.
Equation 1.4) as k — ooc.

Remark 1.4. The expectation [E in Theorem 1.3(1) must be properly interpreted in the free context;
in Section 1.1 we will discuss the right framework (of a trace E = ¢ on the von Neumann algebra
generated by the free Brownian motion). We will also make it clear what is meant by the law of a
non-commutative random variable like I (f3).



Remark 1.5. Since the fourth moment of the standard semicircular distribution is 2, (2) nominally
implies (1) in Theorem 1.3 since convergence in distribution implies convergence of moments
(modulo growth constraints); the main thrust of this paper is the remarkable reverse implication.
The mirror symmetry condition on f is there merely to guarantee that the stochastic integral I ( f)
is indeed a self-adjoint operator; otherwise, it has no law to speak of (cf. Section 1.1).

Our proof of Theorem 1.3 is through the method of moments which, in the context of the Wigner
chaos, is elegantly formulated in terms of non-crossing pairings and partitions. While, on some
level, the combinatorics of partitions can be seen to be involved in any central limit theorem, our
present proof is markedly different from the form of the proofs given in [26, 28, 29]. All relevant
technology is discussed in Sections 1.1-1.4 below; further details on the method of moments in
free probability theory can be found in the book [21].

As a key step towards proving Theorem 1.3, but of independent interest and also completely
analogous to the classical case, we prove the following characterization of the fourth moment con-
dition in terms of standard integral contraction operators on the kernels of the stochastic integrals
(as discussed at length in Section 1.3 below).

Theorem 1.6. Let n be a natural number, and let (fy,)xen be a sequence of functions in L?(R":), each with
Il frll 22 (rr) = L. The following statements are equivalent.

(1) The fourth absolute moments of the stochastic integrals I3 () converge to 2:
lim E(|L; (fo)l!) = 2.
k—ro0
(2) All non-trivial contractions (cf. Definition 1.21) of fi, converge to 0: foreachp =1,2,...,n —1,
lim fp2ff =0 in L*R¥?),
k—o0

While different orders of Wiener chaos have disjoint classes of laws, it is (at the present time)
unknown if the same holds for the Wigner chaos. As a first result in this direction, the following
important corollary to Theorem 1.6 allows us to distinguish the laws of Wigner integrals in the
tirst order of chaos from all higher orders.

Corollary 1.7. Let n > 2 be an integer, and consider a non-zero mirror symmetric function f € L*(R").
Then the Wigner integral IS (f) satisfies E[IS(f)*] > 2E[I5(f)?]?. In particular, the distribution of the
Wigner integral 15 (f) cannot be semicircular.

Combining these results with those in [22, 26, 28, 29], we can state the following Wiener-Wigner
transfer principle for translating results between the classical and free chaoses.

Theorem 1.8. Let n > 2 be an integer, and let ( fi.)xen be a sequence of fully symmetric (cf. Definition
1.19) functions in L*(R™). Let o > 0 be a finite constant. Then, as k — oo,

(1) E [I}V(fr)?] — nlo? ifand only if E [I3(fx)?] — o>

(2) If the asymptotic relations in (1) are verified, then I}V (fi) converges in law to a normal ran-

dom variable N (0,nlo?) if and only if I7(fi,) converges in law to a semicircular random variable
S(0,02).

Theorem 1.8 will be shown by combining Theorems 1.3 and 1.6 with the findings of [29]; the
transfer principle allows us to easily prove yet unknown free versions of important classical re-
sults, such as the Breuer-Major theorem (Corollary 2.3 below).

Remark 1.9. It is important to note that the transfer principle Theorem 1.8 requires the strong
assumption that the kernels f;, are fully symmetric in both the classical and free cases. While this is
no loss of generality in the Wiener chaos, it applies to only a small subspace of the Wigner chaos
of orders 3 or higher.

Corollary 1.7 shows that the semicircular law is not the law of any stochastic integral of order
higher than 1. We are also able to prove some sharp quantitative estimates for the distance to the
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semicircular law. The key estimate, using Malliavin calculus, is as follows; it is a free probabilistic
analogue of [22, Theorem 3.1]. We state it here in less generality than we prove it in Section 4.1.

Theorem 1.10. Let S be a standard semicircular random variable (cf. Equation 1.4). Let F' have a finite
Wigner chaos expansion (i.e. F' = 25:1 I3 (fn) for some mirror symmetric functions f,, € L*(R"t) and

some finite N). Let C and %5 be as in Definition 3.16. Then

de,(F,S) = sup |[E[h(F)] —E[R(S9)]]| < %E ®E (’/ Vt(No_lF) F(Vi ) dt —1® 1‘) . (1.1)
P 0

The Malliavin calculus operators V and /Ny and the product f on tensor-product-valued biprocesses
are defined below in Section 3, where we also describe all the relevant structure, including why the
free Cameron-Gross-Malliavin derivative VF' of a random variable F' takes values in the tensor
product L?(R;) ® L?(R.). The class €5 is somewhat smaller than the space of Lipschitz functions,
and so the metric de, on the left-hand-side of Equation 4.1 is, a priori, weaker than the Wasserstein
metric. This distance does metrize convergence in law, however.

Remark 1.11. The key element in the proof of Theorem 1.10 is to measure the distance between F
and S by means of a procedure close to the so-called smart path method, as popular in Spin Glasses
(cf. [36]). In this technique, one assumes that F' and S are independent, and then assesses the
distance between their laws by controlling the variations of the mapping ¢ — E[h(v/1 — tF ++/tS)]
(where h is a suitable test function) over the interval [0,1]. As shown below, our approach to
the smart path method requires that we replace /¢S by a free Brownian motion S; (cf. Section
1.2) freely independent from F', so that we can use the free stochastic calculus to proceed with our
estimates.

Using Theorem 1.10, we can prove the following sharp quantitative bound for the distance from
any double Wigner integral to the semicircular law.

Corollary 1.12. Let f € L*(R%) be mirror-symmetric and normalized || f|| r2ry) = 1, let Sbea standard
semicircular random variable, and let de, be defined as in Equation 1.1. Then

e 5. 9) < 32 sz —2 12

In principle, Equation 1.1 could be used to give quantitative estimates like Equation 1.2 for any
order of Wigner chaos. However, the analogous techniques from the classical literature heavily
rely on the full symmetry of the function f; in the more general mirror symmetric case required in
the Wigner chaos, such estimates are, thus far, beyond our reach.

The remainder of this paper is organized as follows. Sections 1.1 through 1.4 give (concise)
background and notation for the free probabilistic setting, free Brownian motion and its asso-
ciated stochastic integral the Wigner integral, and the relevant class of partitions (non-crossing
pairings) that control moments of these integrals. Section 2 is devoted to the proofs of Theorems
1.3 and 1.6 along with Corollary 1.7 and Theorem 1.8. In Section 3, we collect and summarize all
of the tools of free stochastic calculus and free Malliavin calculus needed to prove the quantita-
tive results of Section 4; this final section is devoted to the proofs of Theorem 1.10 (in Section 4.1)
and Corollary 1.12 (in Section 4.2), along with an abstract list of equivalent forms of our central
limit theorem in the second Wigner chaos. Finally, Appendix A contains the proof of Theorem
3.20, an important technical approximation tool needed for the proof of Theorem 1.10 but also of
independent interest.

1.1. Free probability. A non-commutative probability space is a complex linear algebra o7 equipped
with an involution (like the adjoint operation X — X* on matrices) and a unital linear functional
¢: o/ — C. The standard classical example is &/ = L*(Q,F,P) where J is a o-field of subset
of 2 and P is a probability measure on J; in this case the involution is complex conjugation and

¢ is expectation with respect to P. One can identify J from </ through the idempotent elements
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which are the indicator functions 1 of events £ € J, and so this terminology for a probability
space contains the same information as the usual one. Another relevant example that is actually
non-commutative is given by random matrices; here o7 = L>*(Q,F,P; M4(C)), d x d-matrix-valued
random variables, where the involution is matrix adjoint and the natural linear functional ¢ is
given by ¢(X) = ETr(X). Both of these examples only deal with bounded random variables,
although this can be extended to random variables with finite moments without too much effort.

The pair (L*°(£2, F,P), E) has a lot of analytic structure not present in many non-commutative
probability spaces; we will need these analytic tools in much of the following work. We assume
that ./ is a von Neumann algebra — an algebra of operators on a (separable) Hilbert space, closed
under adjoint and weak convergence. Moreover, we assume that the linear functional ¢ is weakly
continuous, positive (meaning ¢(X) > 0 whenever X is a non-negative element of .7; i.e. when-
ever X = YY™* for some Y € &), faithful (meaning that if (YY) = 0 then Y = 0), and tracial,
meaning that p(XY) = ¢(Y X) forall X,Y € 7, even though in general XY # Y X. Sucha ¢ is
called a trace or tracial state. Both of the above examples (bounded random variables and bounded
random matrices) satisfy these conditions. A von Neumann algebra equipped with a tracial state
is typically called a (tracial) W*-probability space. Some of the theorems in this paper require the ex-
tra structure of a W*-probability space, while others hold in a general abstract non-commutative
probability space. To be safe, we generally assume the W*-setting in what follows. Though we do
not explicitly specify traciality in the proceeding, we will always assume ¢ is a trace.

In a W*-probability space, we refer to the self-adjoint elements of the algebra as random variables.
Any random variable has a law or distribution defined as follows: the law of X € & is the unique
Borel probability measure ;1 x on R with the same moments as X; that is, such that

/ P () = o(X™), n=0,1,...
R

The existence and uniqueness of ;1 x follow from the positivity of ¢; see [21, Propositions 3.13].
Thus, in general non-commutative probability, the method of moments and cumulants plays a
central role.

In this general setting, the notion of independence of events is harder to pin down. Voiculescu in-
troduced a general non-commutative notion of independence in [37] which has, of late, been very
important both in operator algebras and in random matrix theory. Let «, ..., .4, be unital sub-
algebras of <7. Let X1, ..., X, be elements chosen from among the s such that, for 1 < j < m,
X; and X1 do not come from the same .7, and such that ¢(X;) = 0 for each j. The subalgebras
A, ..., are said to be free or freely independent if, in this circumstance, (X1 Xs2---X,) = 0.
Random variables are called freely independent if the unital algebras they generate are freely
independent. By centering moments it is easy to check that, in the case that all the indices are
distinct, this is the same as classical independence expressed in terms of moments. For example,
if X, Y are freely independent they satisfy ¢ [(X™ — o(X"))(Y™ — p(Y™))] = 0, which reduces
to p(X"Y™) = @o(X")e(Y™). But if there are repetitions of indices among the (generally non-
commutative) random variables, freeness is much more complicated than classical independence;
for example, if X, Y are free then o(XY XY) = p(X2)p(Y)? + p(X)?p(Y?) — o(X)?p(Y)?. Never-
theless, if X,Y are freely independent, then their joint moments are determined by the moments
of X and Y separately. Indeed, the law of the random variable X + Y is determined by (and can
be calculated using the Stieltjes transforms of) the laws of X and Y separately. It was later dis-
covered by Voiculescu [38] and others that pairs of random matrices with independent entries are
(asymptotically) freely independent in terms of expected trace; this has led to powerful new tools
for analyzing the density of eigenvalues of random matrices.

The notion of conditioning is also available in free probability.

Definition 1.13. Let (o7, @) be a W*-probability space and let 2 C o/ be a unital W*-subalgebra. There
is a conditional expectation map ¢| - | %] from <f onto A. It is characterized by the property

OIXY] = [Xo[Y|B]], foralXe B, Y €. (1.3)

Conditional expectation has the following properties.
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(1) o[- |#A) is weakly continuous and completely positive.

(2) o[- |#4)] is a contraction (in operator norm) and preserves the identity.

Q@) IfY € 7/ and X, Z € B then o[ XY Z|B| = Xp|Y |B|Z.
If X € o/, then we denote by |- | X]| the conditional expectation onto the unital von Neumann subalgebra
of < generated by X.

Such conditional expectations were introduced in [35] (where properties (1)—(3) were proved).
As one should expect, if X and Y are free then ¢[Y|X] = ¢(Y), as in the classical case. Many
analogues of classical probabilistic constructions (such as martingales) are well-defined in free
probability, using Definition 1.13. See, for example, [6] for a discussion of free Lévy processes.

1.2. Free Brownian Motion. The (centred) semicirclular distribution (or Wigner law) S(0,¢) is the
probability distribution

S(0,t)(dx) = %\/ 4t — 22dx, x| < 2Vt (1.4)

Since this distribution is symmetric about 0, its odd moments are all 0. Simple calculation shows
that the even moments are given by (scaled) Catalan numbers: for non-negative integers m,

2vi
/ z*™8(0,t)(dz) = Cpt™,
_2\/{

Qm). In particular, the second moment (and variance) is ¢t while the fourth

m

where C,, = ﬁ(

moment is 2¢2.

A free Brownian motion S = (S¢)+>0 is a non-commutative stochastic process; it is a one-parameter
family of self-adjoint operators S; in a W*-probability space (<7, ¢), with the following defining
characteristics:

(0) So =0.

(1) For 0 < t; < ta < oo, the law of Sy, — S}, is the semicircular distribution of variance ¢ — ¢;.

(2) Forallnand 0 < t; < ta < -+ < t, < oo, the increments S, , Sy, — St,, Sty — Stas -+,
St, — St,_, are freely independent.

The freeness of increments can also be expressed by saying that S, — Sy, is free from §;, whenever
to > t; > 0; here 8; is the von Neumann algebra generated by {Ss : 0 < s < t}. In particular, it
follows easily that ¢[St,[St,] = St, for ta > t; > 0, so free Brownian motion is a martingale.

There are at least two good ways to construct a free Brownian motion S. The first involves
the free (Boltzman) Fock space Fy($)) constructed on a Hilbert space $: %y () = @, , H®" where
the direct-sum and tensor products are Hilbert space operations, and $®° is defined to be a one-
dimensional complex space with a distinguished unit basis vector called the vacuum € (not to be
confused with the state space of a probability space). Given any vector h € §), the creation operator
a’(h) on Fy($) is defined by left tensor-product with h: af(h)¢ = h ® 1. Its adjoint a(h) is the
annihilation operator, whose action on an n-tensor is given by a(h) h1 ®- - -®@hy, = (h, h1) ha®- - -Qhy,
(and a(h)$2 = 0). The creation and annihilation operators are thus raising and lowering operators.
Their sum X (k) = a'(h) +a(h) is a self-adjoint operator known as the field operator in the direction
h. Let 8($)) denote the von Neumann algebra generated by {X (h); h € $}, a (small) subset of all
bounded operators on the Fock space .7(£)). The vacuum expectation state p(Y') = (YQ, Q) 7 (5
is a tracial state on §($). Now, take the special case $ = L%(R;); then S; = X (Ljo,g) is a free
Brownian motion with respect to (8(9), ¢).

Remark 1.14. This construction of Brownian motion can also be done in the classical case, replacing
the free Fock space with the symmetric (Bosonic) Fock space; for this line of thought see [30].
Although it is abstract, it is directly related to concrete constructions in the Wigner, and Wiener,
chaos. Note: when $ = L%(R;), H" may be identified with L?(R" ), and it is these kernels we
will work with throughout most of this paper.
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A second, more appealing (if less direct) construction of free Brownian motion uses random
matrices. Let W be a d x d complex Hermitian matrix all of whose entries above the main diagonal
are independent complex standard Brownian motions. Set Sf = d~'/?2W¢. Then the “limit as
d — oo” of S is a free Brownian motion. This limit property holds in the sense of moments, as
follows: equip the algebra 8 generated by {S¢; ¢t € R, } with the tracial state ¢4 = E Tr. Then
if P = P(Xy,Xy,...,X}) is any polynomial in £ non-commuting indeterminates, and ¢1,...,t; €
R, then

lim o4 P(Stdl,...,ka)] = o[P(Siy,- -, 5]

where S = (S;);>0 is a free Brownian motion. So, at least in terms of moments, we may think of
free Brownian motion as “infinite-dimensional matrix-valued Brownian motion”.

Remark 1.15. The algebra 8¢ of random matrices described above is not a von Neumann algebra
in the standard sense, since its elements do not have finite matrix norms in the standard sup
metric. The Gaussian tails of the entries guarantee, however, that mixed matrix moments of all
orders are finite, which is all that is needed to make sense of the standard notion of convergence
in non-commutative probability theory.

1.3. The Wigner Integral. In this section we largely follow [8]; related discussions and extensions
can be found in [2, 3, 4]. Taking a note from Wiener and Itd, we define a stochastic integral asso-
ciated with free Brownian motion in the usual manner. Let S be a free Brownian motion, and let
[ € L*(R7) be an off-diagonal rectangular indicator function, taking the form f = 1 [51,£1] XX [$mstn]
where the intervals [s1,#1], ..., [sn, tn] are pairwise disjoint. The Wigner integral I3 (f) is defined to
be the product operator I3 (f) = (S, — Ss,) -+ (St,, — Ss, ). Extend I3 linearly over the set of all
off-diagonal step-functions, which is dense in L?*(R".). The freeness of the increments of S yield
the simple Wigner isometry

o [I5 ()" 15 ()] = (f, 9)12®n)- (1.5)

In other words, I3 is an isometry from the space of off-diagonal step functions into the Hilbert
space of operators generated by the free Brownian motion S, equipped with the inner product
(X,Y), = ¢ [Y*X]. This means I extends to an isometry from the closure, which is the full space
L%(R"), thus fully defining the Wigner integral. If f is any function in L?(R"} ), we may write

/f t1y.o o tn) dSy -+ dSy, .
This stands in contrast to the classical Gaussian Wiener integral, which we shall denote I}V :
/f L,y ty) AWy - dWy,,.

Remark 1.16. This construction long post-dates Wigner’s work. The terminology was invented in
[8] as a humorous nod to the fact that Wigner’s semicircular law plays the Central Limit role here,
and the similarity between the names Wigner and Wiener.

Remark 1.17. This is the same as Itd’s construction of the multiple Wiener integral in classical
Wiener-It6 chaos. Note, however, that the increments Sy, — Ss,,..., S, — Ss, do not commute.
Hence, unlike for the Wigner integral, permuting the variables of f generally changes the value of

L ()

The image of the n-fold Wigner integral I} on all of L?(R") is called the nth order of Wigner chaos
or free chaos. It is easy to calculate that different orders of chaos are orthogonal from one another
(in terms of the trace inner product); this also follows from contraction and product formulas
below. The non-commutative L2-space generated by (S;):>0 is the orthogonal sum of the orders
of Wigner chaos; this is the free analogue of the Wiener chaos decomposition.

Remark 1.18. The first Wigner chaos, the image of I, is a centred semicircular family in the sense of
[21, Definition 8.15], exactly as the first Wigner chaos is a centred Gaussian family. In particular,
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In the first order of Wigner chaos, the law of any random variable is semicircular S(0,¢) for some
variance t > 0.

We are generally interested only in self-adjoint elements of a given order of chaos. Taking note
of Remark 1.17, we have

(/f t1,. .. tn)dSy, - dStn)
(1.6)
/ftl,..., )dS;, ---dSy, = /f (tns ..., t1)dSy, ---dSy, = I9(f*)

where f*(t1,...,t,) = f(tn,...,t1). This prompts a definition.

Definition 1.19. Let n be a natural number, and let f be a function in LQ(R:LL).
(1) The adjoint of f is the function f*(t1,...,tn) = f(tn,...,t1).
(2) f is called mirror symmetric if f = f*; ie. if f(t1,....,tn) = f(tn,...,t1) for almost all
t1,...,tn > O with respect to the product Lebesgue measure
(3) f is called fully symmetric if it is real-valued and, for any permutation o in the symmetric group
Sn, [ty tn) = f(to(1), - sto(n)) for almost all 1, ... t, > 0 with respect to the product
Lebesge measure.

Thus an element I3 (f) of the nth Wigner chaos is self-adjoint iff f is mirror symmetric. Note, in
the classical Gaussian Wiener chaos, it is typical to consider only kernels that are fully symmetric,
since if f is constructed from f by permuting its arguments then I}V (f) = I)V(f). This relation
does not hold for 1.

Remark 1.20. The calculation in Equation 1.6 may seem non-rigorous. A more pedantic writing
would do the calculation first for an off-diagonal rectangular indicator function f = 1, 11)x...x[sn,tn]/
in which case the adjoint is merely [(S;, — Ss,) -+ (St,, — Ssn)]* = (St, — Ss,) - (St; — Ss,) since
Sy is self-adjoint; extending (sesqui)linearly and completing yields the full result. This is how
statements like (dSy, - - - dS;,)* = dS;, - - - dSt, should be interpreted throughout this paper.

Contractions are an important construction in Wigner and Wiener chaos; we briefly review them
Now.

Definition 1.21. Let n, m be natural numbers, and let f € L*(R") and g € L*(R7"). Let p < min{n, m}

be a natural number. The pth contraction f2g of f and g is the LQ( R TP )

integration of the middle p variables in f ® g:

function defined by nested

p
fAg (. tngm—2p) = /p Flt, o tnep, S15-- -, 5p)9(Spy -y STy tn—ptis -« s tnpm—2p) ds1 - - dsp.
R
+

Notice that when p = 0, there is no integration, just the products of f and g with disjoint argu-
ments; in other words, f /Q\g =f®ag.

Remark 1.22. Tt is easy to check that the operation -~ is not generally associative.
Yy P g y

Remark 1.23. In [22, 26, 28, 29] as well as standard references like [23, 24, 27], contractions are
usually defined as follows:

f®p f(t1>--'atn+m—2p) = /p (tlp'")tn—p7817"‘7Sp)g(tn—p+17"'7tn+m—2p7517"')8p) dSl'”dSp
R+

Notice that this operation is related to our nested contraction * as follows:

— P
f ®p g*(tla v 7tnfp7 7fnerf2pa cee ,tnfp+1) = fﬁg(tla cee atn+m72p)-
In other words, up to reordering of variables, the two operations are the same. In particular, if f, g

are fully symmetric, then f Xgand f ®p g have the same symmetrizations. This will be relevant
to Theorem 1.8 below.
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The following lemma records two useful facts about contractions and adjoints; the proof is easy
calculation.

Lemma 1.24. Let n, m be natural numbers, and let f € L*(R") and g € L*(R'").

(1) If p < min{n,m} is a natural number, then (f*g)* = g**~
(2) If n = m, then the constant f g satisfies f*~g = g*~f = (f, %) r2(rn)-

Contractions provide a useful tool for decomposing products of stochastic integrals, in precise
analogy to the classical context. The following is [8, Proposition 5.3.3].

Proposition 1.25 (Biane, Speicher). Let n, m be natural numbers, and let f € L*(R}) and g € L*(R).
Then

min{n,m}

IS(f) Z I3, op(f9). (1.7)

Remark 1.26. In the Gaussian Wiener chaos, a smular though more complicated product formula
holds:

min{n,m}
n m
o o= (1))
= p)\p
It is common for formulas from classical probability to have free probabilistic analogues with
simpler forms, usually with binomial coefficients removed. This can be understood in terms of the
relevant (smaller) class of partitions that control moments in the theory, as we discuss in Section
1.4 below.

1.4. Non-Crossing Partitions. Proposition 1.25 shows that contractions are involved in the alge-
braic structure of the space of stochastic integrals. Since contractions involve integrals pairing
different classes of indices, general moments of stochastic integrals are best understood in terms
of a more abstract description of these pairings. For convenience, we write [n] to represent the
set [n] = {1,2,...,n} for any positive integer n. If n is even, then a pairing or matching of [n] is
a partition of [n] into n/2 disjoint subsets each of size 2. For example, {{1,6},{2,5},{3,4}} and
{{1,2},{3,5},{4,6}} are two pairings of [6] = {1,2,3,4,5,6}. It is convenient to represent such
pairings graphically, as in Figure 1.

FIGURE 1. Two pairings of [6] = {1,2,3,4,5,6}. The first (totally-nested) pairing
is non-crossing, while the second is not.

It will be convenient to allow for more general partitions in the sequel. A partition of [n] is (as
the name suggests) a collection of mutually disjoint nonempty subsets By, ..., B, of [n] such that
By U---U B, = [n]. The subsets are called the blocks of the partition. By convention we order
the blocks by their least elements; i.e. min B; < min Bj iff ¢ < j. The set of all partitions on [n] is
denoted #(n), and the subset of all pairings is Z»(n).

Definition 1.27. Let m € &(n) be a partition of [n]. We say m has a crossing if there are two distinct
blocks By, By in 7 with elements x1,y1 € B1 and x2,y2 € By such that x1 < xo < y1 < yo. (This is
demonstrated in Figure 1.)

If m € P(n) has no crossings, it is said to be a non-crossing partition. The set of non-crossing partitions
of [n] is denoted N C(n). The subset of non-crossing pairings is denoted N Ca(n).

The reader is referred to [21] for an extremely in-depth discussion of the algebraic and enumer-
ative properties of the lattices NC(n). For our purposes, we present only those structural features
that will be needed in the analysis of Wigner integrals.

9



Definition 1.28. Let ny, ..., n, be positive integers withn = ny + - - - +n,. The set [n] is then partitioned
accordingly as [n] = By U --- U B, where By = {1,...,n1}, Bo = {n1 +1,...,n1 + na}, and so forth
through B, = {n1 +---+n,—1+1,...,n1 + - -- + n, }. Denote this partition asn; @ - - - @ n,.

Say that a pairing T € P»(n) respects ny ® - - - ® n, if no block of m contains more than one element from
any given block of n1 & - - - ® n,. (This is demonstrated in Figure 2.) The set of such respectful pairings

is denoted Py(n1 ® --- ® n,). The set of non-crossing pairings that respect ny @ --- ® n, is denoted
NCQ(nl R Q nr).

Partitions n; ® - - - ® n, as described in Definition 1.28 are called interval partitions, since all of their
blocks are intervals. Figure 2 gives some examples of respectful pairings.

| ]

| =]

FIGURE 2. The partition 4 ® 3® 1 ® 2 ® 2 is drawn above the dots; below are three
pairings that respect it. The two bottom pairings are in NC>(4 ® 3 ® 1 ® 2 ® 2).

Remark 1.29. The same definition of respectful makes perfect sense for more general partitions, but
we will not have occasion to use it for anything but pairings. However, see Remark 1.32.

Remark 1.30. Consider the partition n; ® - - - ® n, = {By, ..., B, }, as well as a pairing 7 € Z5(n),
where n = ni + - - - + n,. In the classical literature about Gaussian subordinated random fields (cf.
[31, Chapter 4] and the references therein) the pair (n; ® - - - ® n,., 7) is represented graphically as
follows: (i) draw the blocks By, ..., B, as superposed rows of dots (the ith row containing exactly
n; dots, ¢ = 1,...,7), and (ii) join two dots with an edge if and only if the corresponding two ele-
ments constitute a block of 7. The graph thus obtained is customarily called a Gaussian diagram.
Moreover, if 7 respects n; ® - - - ® n, according to Definition 1.28, then the Gaussian diagram is
said to be non-flat, in the sense that all its edges join different horizontal lines, and therefore are
not flat, i.e. not horizontal. The non-crossing condition is difficult to discern from the Gaussian
diagram representation, which is why we do not use it here; therefore the non-flat terminology is
less meaningful for us, and we prefer the intuitive notation from Definition 1.28.

One more property of pairings will be necessary in the proceeding analysis.

Definition 1.31. Lef ny,...,n, be positive integers, and let 1 € Po(n1 ® --- @ n,). Let By, By be two
blocks in ny @ --- @ n,. Say that = links B, and By if there is a block {i,j} € 7 such that i € B and
j € Bo.

Define a graph C whose vertices are the blocks of n1 ® - - - ® n,; Cy has an edge between By and By iff 7
links By and Bs. Say that 7 is connected with respect to n; @ - - - ® n, (or that = connects the blocks
of n ® --- ®ny) if the graph C is connected.

Denote by NC5(n1 ® - - - ®n,.) the set of non-crossing pairings that both respect and connect n1 @ - - - @ .

For example, the second partition in Figure 2 is in NC§(4 ® 3 ® 1 ® 2 ® 2), while the third is not.
The interested reader may like to check that NC1(4 ® 3 ® 1 ® 2 ® 2) has 5 elements, and all are
connected except the third example in Figure 2.

10



Remark 1.32. For a positive integer n, the set NC(n) of non-crossing partitions on [n] is a lattice
whose partial order is given by reverse refinement. The top element 1,, is the partition {{1,...,n}}
containing only one block; the bottom element 0,, is {{1},...,{n}} consisting of n singletons. The
conditions of Definitions 1.28 and 1.31 can be described elegantly in terms of the lattice operations
meet A (ie. inf) and join V (i.e. sup). If n = ny +--- + n,, then 7 € NCy(n) respects n; ® - - - @ n,
if and only if 7 A (n1 ® --- ® n,) = 0,; ™ connects the blocks of n; ® --- ® n, if and only if
TV ®--@n,) =1,

Remark 1.33. Given ny, ..., n, and a respectful non-crossing pairing 7 € NC(n; ®- - -®n,.), there is
a unique decomposition of the full index set [n], where n = n; + - - - 4+ n,, into subsets Dy, ..., Dy,
of the blocks of n1 ® --- ® n,, such that the restriction of m to each D; connects the blocks of
D;. These D; are the vertices of the graph C grouped according to connected components of
the graph. For example, in the third pairing in Figure 2, the decomposition has two components
Dy =4®3®1and Dy = 2 ® 2. To be clear, this notation is slightly misleading since the 2 ® 2 in
this case represents indices {9, 10}, {11, 12}, not {1, 2}, {3, 4}, we will be a little sloppy about this
to make the following much more readable.

There is a close connection between respectful non-crossing pairings and expectations of prod-
ucts of Wigner integrals. To see this, we first introduce an action of pairings on functions.

Definition 1.34. Let n be an even integer, and let 1 € P5(n). Let f: R, — C be measurable. The
pairing integral of f with respect to m, denoted [ _f, is defined (when it exists) to be the constant

/f:/f(tla'--atn) H (5(ti—tj)dt1"-dtn.

{i,j}emr

For example, given the second pairing 7 = {{1,2},{3,5},{4,6}} in Figure 1,

/f:/ f(r,r, s, t,s,t)drdsdt.
s Ri

Remark 1.35. The operation [ is not well-defined on L?(R"}); for example, if n = 2 and 7 =
{{1,2}} then [_f is finite if and only if f is the kernel of a trace class Hilbert-Schmidt operator
on L?(Ry). However, it is easy to see that [_f is well-defined whenever f is a tensor product
of functions and 7 respects the interval partition induced by this tensor product (cf. Lemma 2.1).
(This is one of the reasons why one should interpret multiple stochastic integrals as integrals on
product spaces without diagonals, since integrals on diagonals are in general not defined.) This is
precisely the case we will deal with in all of the following.

Note that a contraction f*g can be interpreted in terms of a pairing integral, using a partial
pairing; i.e. one that pairs only a subset of the indices. If f € L?(R"%) and g € L*(R7"), and
p < min{n, m} is a natural number, then

fﬁgz/&f@@g

where 7, is the partial pairing {{n,n + 1},{n —1,n+2},....{n —p+1,n+p}} of [n + m].

The partial contraction pairings 7, provide a useful decomposition of the set of all respect-
ful non-crossing pairings, in the following sense. Let ni,...,n, be positive integers. If p <
min{ny, ny}, the partial pairing 7, acts (on the left) on the partition n; ®n,®n3®- - -®@n, to produce
the partition (n; +n2 — 2p) ®n3 ® - - - @ n,.. That is, 7, joins the first two blocks of n; ® - - - ® n, and
deletes the paired indices to produce a new interval partition. This is demonstrated in Figure 4.

Considered as such a function, we may then compose partial contraction pairings. For example,
following Figure 4, we may act again with 7 on 5 ® 1 ® 2 ® 2 to yield 4 ® 2 ® 2; then with 7 to
get 2 ® 2; and finally 72 maps this partition to the empty partition. Stringing these together gives
a respectful pairing of the original interval partition, which we denote 75 o 75 o 7 o 7. Figure 5
displays this composition.
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FIGURE 3. A partial pairing 7, of [n 4+ m] corresponding to a p-contraction; here
n=6,m=7,and p = 4.

T e TTTT1I T

9 10 11 12 1 2 3 6 7 8 9 10 11 12
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]

® v ——
o

FIGURE 4. The partial pairing 71 acts on the left on 4 ® 3 ® 1 ® 2®2, joining the first
two blocks and deleting the middle indices, to produce the partition 5 ® 1 ® 2 ® 2.
The indices are labeled to make the action clearer.

10— [TTT

1T ]

8 9 10 11 12 1 2 3 6 7 8 9 10 11 12
[ ) [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ )
T1 T1
> T T1T 1111 o 1]
1 2 3 6 9 10 11 12 1 2 11 12
[ ) [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ ) [ )

T2 T2

T 0T 0T1 0Ty

FIGURE 5. The composition 7 o 75 o 71 o 71 produces a non-crossing pairing that
respects 4 ®3®1®2® 2.

To be clear: we start from the left and then do the partial pairing 7, between the first and second
block; after this application, the (rest of the) first and second blocks are treated as a single block.
This is still the case if p = 0; here there are no paired indices, but the action of 7y records the fact
that, for further discussion, the first two blocks are now connected. An example is given in Figure

6 below, where the action of 7y is graphically represented by a dashed line.

With this convention, further 7, may act only on the first two blocks, which results in a unique
decomposition of any respectful pairing into partial contractions, as the next lemma makes clear.
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FIGURE 6. The pairing 7 = {{1,10},{2,5}, {3,4},{6,9}, {7, 8}} respects the inter-
val partition 3 ® 2 ® 2 ® 3. Its decomposition is given by m = 73 0 79 0 To.

Lemma 1.36. Let ny,...,n, be positive integers, and let 7 € NC(n1 ® --- ® n,). There is a unique
sequence of partial contractions 1y, , ..., T, _, suchthatm =1, o 0Ty,

Proof. Any non-crossing pairing must contain an interval {7, i 4 1}, cf. [21, Remark 9.2(2)]. Hence,
since 7 respects n; ® --- ® n, = {Bi,...,B,}, there must be two adjacent blocks linked by .
Let j € [k] be the smallest index for which B, B, are connected by 7; hence all of the blocks
By, ..., Bj pair among the blocks B;1,. .., B,. Note that any partition that satisfies this constraint
and also respects the coarser interval partition (ny + --- + n;) ® nj41 ® --- ® n, is automatically
in NCy(n1 ® --- ® n,). In other words, we can begin by decomposing 7 = 7’ o (10)’~!, where
7€ NCy((n1 + -+ 4+ nj) ® nji1 ® -+ @ n,) links the first and second blocks of this interval
partition. By construction, this j is unique.

Let ng = ni + --- 4+ nj, so «’ links {1,...,no} with {ng + 1,...,n0 + nj;1}. It follows that
{ng,no+1} € «': for if ny pairs with some element no+i with i > 2 thenng+1,...,n9+i—1 cannot
pair anywhere without introducing crossings. Following these lines, an easy induction shows that
there is some p € [min{ng, n;1}] such that the pairs {ng, no+1}, {no—1,n0+2}, ..., {no—p+1,no+
p} are in /, while all indices 1,...,n9 —pand no+p+1,...,n9 + nj41 pair outside [ng +nj41]. In
other words, 7’ = 7" o 7, for some non-crossing pairing 7" that respects (ng —p) ® (nj41—p) @nz ®
-+ ® n,. What’s more, since p was chosen maximally so that there are no further pairings in the
blocks (ng — p) ® (nj4+1 — p), these two may be treated as a single block and 7 is only constrained
to be in NCs(ng +nj4+1 —2p,n3, ..., n,). Since p > 0, the lemma now follows by a finite induction;
uniqueness results from the left-most choice of j and maximal choice of p at each stage. O

By carefully tracking the proof of Lemma 1.36, we can give a complete description of the class
of respectful pairings in terms of their decompositions.

Lemma 1.37. Let ny,...,n, be positive integers. The class NCa(n1 ® - -- ® n,) is equal to the set of
compositions T, _, o --- o1, where (p1,...,pr—1) satisfy the inequalities

0 < p; < min{ng,n1},
0 <pr <min{ngi1,n1+---+npg—2p1 — - —2pp_1}, 1<k<r-—1, (1.8)
2pr+ - pro1) =nit

Inequalities 1.8 in Lemma 1.37 successively guarantee that the partial contractions 7, in the de-
composition of 7 only contract elements from within two adjacent blocks; the final equality is
to guarantee that all indices are paired in the end. Since every respectful pairing has a contrac-
tion decomposition, and each contraction decomposition satisfying Inequalities 1.8 is respectful
(a fact which follows from an easy induction), these inequalities define NC3(n; ® - - - ® n,.). This
completely combinatorial description would be the starting point for an enumeration of the class
of respectful pairings; however, even in the case ny = --- = n,, the enumeration appears to be
extremely difficult.

We conclude this section with a proposition that demonstrates the efficacy of pairing integrals
and non-crossing pairings in the analysis of Wigner integrals.
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Proposition 1.38. Let ny,...,n, be positive integers, and suppose fi,..., f. are functions with f; €
L2(RYY) for 1 < i < r. The expectation o of the product of Wigner integrals IS (f1)--- I3 (fr) is given by

A RS D DU (T IR (1.9)

TENCa(n1@--®n.) " ™

Remark 1.39. This result has been used in the literature (for example to prove [8, Theorem 5.3.4]),
but it appears to have a folklore status in that a proof has not been written down. The following
proof is an easy application of Proposition 1.25, together with Lemma 1.37.

Proof. By iterating Equation 1.7, we arrive at the following unwieldy expression. (For readability,
we have hidden the explicit dependence of the Wigner integral I on the number of variables n in
its argument.)

I(f)- 1505 = D15 (- (A2 ) 2fa) ) =) (1.10)
Pr—1 p1
where p1,...,p,—1 range over the set specified by the first two inequalities in Equation 1.8. (This

is the range of the p;, for the same reason that those inequalities specify the range of the pj, for
contraction decompositions: the first two inequalities in 1.8 merely guarantee that contractions
are performed, successively, only between two adjacent blocks of n; ® - - - ® n,.) Note: following
Remark 1.22, the order the contractions are performed in Equation 1.10 is important.

Taking expectation in Equation 1.10, note that most terms have ¢ = 0 since any non-trivial
stochastic integral is centred (as it is orthogonal to constants in the Oth order of chaos). Hence, the
only terms that contribute to the sum are those for which the iterated contractions pair all indices
of the functions; that is, the sum is over those p1, . .., p,—1 for which 2(p1+- - -+p,—1) = n1+-- -+n,,
so that the stochastic integral I° in the sum is I;. Since such a trivial stochastic integral is just the
identity on the constant function inside, this shows that

P[0 5] = 3 S (2 0) Bss) ) =)

Pr—1 p1
where the sum is over those p1,...,p,—1 satisfying the same inequalities mentioned above, along
with the condition 2(p; + - - + p,—1) = n1 + - - - + n,; i.e. the py, satisfy Inequalities 1.8. Each such
iterated contraction integral corresponds to a pairing integral of f; ®- - -® f. in the obvious fashion,

((...((flﬁl\h)ﬁ’if?))..,)lalfr)_/ [

Tpr—1°"°Tpy

Lemma 1.37 therefore concludes the proof. 0
Remark 1.40. Another proof of Proposition 1.38 can be achieved using a random matrix approxi-
mation to the free Brownian motion, as discussed in Section 1.2. The starting point is the classical
counterpoint to Proposition 1.38 [17, Theorem 7.33], which states that the expectation of a product
of Wiener integrals is a similar sum of pairing integrals over respectful (i.e. non-flat) pairings, but
in this case crossing pairings must also be included. Modifying this formula for matrix-valued
Brownian motion, and controlling the leading terms in the limit as matrix size tends to infinity

using the so-called “genus expansion”, leads to Equation 1.9. The (quite involved) details are left
to the interested reader.

2. CENTRAL LIMIT THEOREMS
We begin by proving Theorem 1.6, which we restate here for convenience.

Theorem 1.6. Let n be a natural number, and let ( fy,)xen be a sequence of functions in L*(R™), each with
| fxll 2 ®y) = 1. The following statements are equivalent.

(1) The fourth absolute moments of the stochastic integrals I () converge to 2:
lim (25 (fi)l") = 2.
k—oo
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(2) All non-trivial contractions of fj, converge to 0: foreachp =1,2,...,n—1,
lim fp2ff=0 in L*R¥?),
k—o00

Proof. The expression |I5(f)|* is short-hand for [I5(fi) - I3 (f5)*]?. Since (according to Equation
1.6) I3 (fx)* = I (f7), this is a product of Wigner integrals, to which we will apply Proposition
1.25. First,

I5(fe) - I3 (f7) ZI% ap(Fe ). (2.1)

The Wigner integrals on the right-hand-side of Equat1on 2.1 are in different orders of chaos, and
hence are orthogonal (with respect to the ¢-inner product). Thus, we can expand

P13 (Fi)l ) = o [(17 (fi) - 13 (£))7]
= (L (fi) - I (F) s I (fe) - 1 (fi))e

n

= <I§n72p(fk/p\flj) ) I§n72p(fk},\flz)><ﬂa

p=0

where in the second equality we have used the fact that IS (fx) - I (f{) is self-adjoint. Now em-
ploying the Wigner isometry (Equation 1.5), this yields

¢<|I§<fk>|4>=2<fkmfk,fk I%) 1 rzn—2ny- (22)

p=0

Consider first the two boundary terms in the sum in Equation 2.2. When p = n, we have
fesfi = (fio fod 2y = 1

according to Lemma 1.24(2) and the assumption that f; is normalized in L2. On the other hand,

when p = 0, the contraction fkfo\ f# is just the tensor product f ® f*, and we have
(fe @ J5 fr © fi) 22y = (Fios i) 2 (s fR) 2y = 1.

(Both terms in the product are equal to || f4||2, = 1, following Definition 1.19 of f;.) Equation 2.2
can therefore be rewritten as

o1y (fo)") =2+ Z ka"\fk;

(2.3)

2n 2p) :

Thus, the statement that the limit of (|75 (fx)|!) equals 2 is equivalent to the statement that the
limit of the sum on the right-hand-side of Equation 2.3 is 0. This is a sum of non-negative terms,
and so each of the terms must have limit 0. This completes the proof. O

Corollary 1.7 now follows quite easily.

Corollary 1.7. Let n > 2 be an integer, and consider a non-zero mirror symmetric function f € L*(R'7).
Then the Wigner integral 13 (f) satisfies o[I5(f)*] > 2¢[I5(f)?). In particular, the distribution of the
Wigner integral I3 (f) cannot be semicircular.

Proof. By rescaling, we may assume that || f|| L2RY) = 1; in this case, Equation 2.3 shows that
[IZ(£)Y] > 20[I5 (f)?)2. To achieve a contradiction, we assume that ¢[I°(f)*] = 2¢[I5(f)?]? = 2
(which would be the case if I(f) were semicircular). Then the constant sequence fi, = f forall k
satisfies condition (1) of Theorem 1.6; hence, for 1 < p <n — 1,
fAf = lim fiifi=0 in LARYTY).
—00
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Take, for example, p=n — 1. Let g € L*(R), so that g ® g* € L*(R%). Then we may calculate the
inner product

F 090 ) e = / =5, 09 @ g71(s, ) dsdt
— / (/ f(sy82, -y 80) [ (Spy. .., 82,1) dsg - --dsn> @g(t) dsdt

= /g*(s)f(s,sz, ceeySn) s g* () f(t, s2,. .., 8n) dsdtdsy - - - dsy,

_ x 1 2
=g AfHLQ(Ri_l)'

By assumption, f nal f* =0, and so we have g*}\ f =0forall g € L?>(R,). That is, for almost all
$2,...,8, € Ry,

/Ooog](<9)f(5732,...,sn)ds:o.

For fixed sa, ..., s, for which this holds, taking ¢ to be the function g(s) = f(s, s2,..., s,) yields
that f(s, s2,...,s,) = 0 for almost all s. Hence, f = 0 almost surely. This contradicts the normal-
ization Hf”L%R’;) =1. O

We now proceed towards the proof of Theorem 1.3. First, we state a technical result that will be
of use.

Lemma 2.1. Let ny,...,n, be positive integers, and let f; € LQ(RTF")for 1 <1 <. Let 7 be a pairing in
Pa(n1 @ ---@n,). Then
Iy
i

Proof. This follows by iterated application of the Cauchy-Schwarz inequality along the pairs in 7.
It is proved as [17, Lemma 7.31]. O

< Aillzz@nny - Ifrll2 @y

The following proposition shows that contractions control all important pairing integrals.

Proposition 2.2. Let n be a positive integer. Consider a sequence (fi,)xen with fr € L*(R™) for all k,
such that

(1) fx = fj forall k.
(2) There is a constant M > 0 such that kaHLZ(Ri) < M forall k.

(3) Foreachp=1,2,...,n—1,
lim fr2fi =0 in L*RZ?).
k—00

Let r > 3, and let 7 be a connected non-crossing pairing that respects n®": w € NCS(n®") (cf. Definitions
1.28 and 1.31). Then

lim 2 =0.

k—oo J
Proof. Begin by decomposing m = 7, _, o --- o 7, following Lemma 1.36. There must be some
non-zero p;; to simplify notation, we assume that p; > 0. (Otherwise we may perform a cyclic
rotation and relabel indices from the start.) Note also that, since 7 connects the blocks of n®" and
r > 2, it follows that p; < n: else the first two blocks {1,...,n} and {n + 1,...,2n} would form
a connected component in the graph C; from Definition 1.31, so C; would not be connected. Set

7! = 1Tp, 0 Tp,, s0 that m = 7’ o 7,,. Then (as in the proof of Proposition 1.38) it follows that

[ = [ e, 2.4)

To make this clear, an example is given in Figure 7, with the corresponding iterations of the integral
in Equation 2.5.
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FIGURE 7. A pairing 7 € NC5(3%%), with the first step in its contraction decom-
position (per Lemma 1.36).

/f®4 = /6 f(ta,ta,ts) f(ts, ta, ta) f(tas s, t6) f (te, ts, 1) dtrdtadtsdtsdtsdte
T R 2.5)
= /R4 (FAL) (b1 ta) [ (ta, t5, t6) f (Lo, 5, 1) dby diadisdt = /,(f}\f) ® [

Employing Lemma 2.1, we therefore have
=1 BB

< P Full oqgen—ry - 1 il (26)

< ka kaLZ ]RQH 2P) MT_ ;

using assumption (2) in the proposition. But from assumptions (1) and (3), || e Ll L2(R2?P) — 0.
The result follows. O

We can now prove the main theorem of the paper, Theorem 1.3, which we restate here for
convenience.

Theorem 1.3. Let n > 2 be an integer, and let (fi)ren be a sequence of mirror symmetric functions in
L%(R™), each with || fi|| r2(ry) = 1. The following statements are equivalent.

(1) The fourth moments of the stochastic integrals I ( fi) converge to 2:
lim o(I5(f,)") = 2.
k—ro0

(2) The random variables I3 (f),) converge in law to the standard semicircular distribution S(0,1) as
k — oo.

Proof. As pointed out in Remark 1.5, the implication (2) = (1) is essentially elementary: we need
only demonstrate uniform tail estimates. In fact, the laws y, of I5(fi.) are all uniformly compactly-
supported: by [8, Thm. 5.3.4] (which is a version of the Haagerup inequality, cf. [15]), any Wigner
integral satisfies

[N = (4 DI ez

Since all the functions f are normalized in L?, it follows that supp up C [-n — 1,n + 1] for all
k. Since the semicircle law is also supported in this interval, we may approximate the function
r +— x* by a C.(R) function that agrees with it on all the supports, and hence convergence in
distribution of py, to the semicircle law implies convergence of the fourth moments by definition.

We will use Proposition 2.2, together with Proposition 1.38, to prove the remarkable reverse
implication. Since S(0,1) is compactly supported, it is enough to verify that the moments of
I3(fx) converge to the moments of S(0, 1), as described following Equation 1.4. Since I3 (fy) is

orthogonal to the constant 1 in the first order of chaos, I;f( fr) is centred; the Wigner isometry
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of Equation 1.5 yields that the second moment of I7(f) is constantly 1 due to normalization.
Therefore, take r > 3. Proposition 1.38 yields that

P [I5(f0)7] = / | 27)

TI'GNCQ 1’L®T

Following Remark 1.33, any 7 € NC5(n®") can be (uniquely) decomposed into a disjoint union of
connected pairings T = 71 U - -+ U m,, with m; € NCS§(n®") for some r;s with 7y + -+ + 1y, = 7.
Since the decomposition respects the partition n®’", the pairing integrals decompose as products:

/ e e (2.8)

117‘—1

Assumption (1) in this theorem implies, by Theorem 1.6, that fes fi — 0in L? for each p €
{1,...,n — 1}. Therefore, from Proposition 2.2, it follows that for each of the decomposed con-
nected pairings m; with r; > 3, the corresponding pairing integral [ f;""" converges to 0 in L2
Since the number of factors m in the product is bounded above by r (which does not grow with k),
this demonstrates that Equation 2.7 really expresses the limiting rth moment as a sum over a small
subset of NCq(n®"). Let NC2(n®") denote the set of those respectful pairings 7 such that, in the
decomposition 7 = 7 U- - - Uy, each r; = 2; in other words, such that the connected components
of the graph C; each have two vertices. Thus we have shown that

Jim [I5(f)] = Jim / . (2.9)
7r€NC2 n®r)

Note: ifeachr; = 2and r = vy + --- + r,,, then r = 2m is even. In other words, if r is odd then
NC2(n®") is empty, and we have proved that all limiting odd moments of IJ(fx) are 0. If r = 2m
is even, on the other hand, then the factors 7; in the decomposition of = can each be thought of as
m; € NC2(n ® n). The reader may readily check that the only non-crossing pairing that respects
n ® n is the totally nested pairing m; = {{n,n + 1},{n — 1,n +2},...,{1,2n}} in Figure 1. Thus,
utilizing the mirror symmetry of f,

| feeti= [ ho s = 1lBay = 1.
Therefore, Equation 2.9 reads

Jim o [(f)*" = Y 1 =[NCEm™m)|. (2.10)
TENCE (n®2m)

In each tensor factor of n®?™, all edges of each pairing in 7 act as one unit (since they pair in a

uniform nested fashion as described above); this sets up a bijection NC3(n®?™) 22 NCy(2m). The
set of non-crossing pairings of [2m/] is well known to be enumerated by the Catalan number C,,,
cf. [21, Lemma 8.9], which is the 2mth moment of S(0, 1) (see the discussion following Equation
1.4). This completes the proof. O

Next we prove the Wigner-Wiener transfer principle, Theorem 1.8, restated below.

Theorem 1.8. Let n > 2 be an integer, and let (fi)ren be a sequence of fully symmetric functions in
L?(R%). Let o > 0 be a finite constant. Then, as k — oo,

(1) E [IV(fr)?] = nlo? ifand only if ¢ [I3 (fx)?] — o

(2) If the asymptotic relations in (1) are verified, then I}V (fi) converges in law to a normal ran-

dom variable N (0,nlo?) if and only if I:(fi) converges in law to a semicircular random variable
S(0,02).

Proof. Point (1) is a simple consequence of the Wigner isometry of Equation 1.5, stating that for

fully symmetric f € L3(R%), ¢ [I5(f)?] = ||f|13 (since f is fully symmetric, f = f* in particular),

together with the classical Wiener isometry which states that E [}V (f)?] = n!|| f||3. For point (2),
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by renormalizing f; we may apply Theorems 1.3 and 1.6 to see that 7 ( fx) converges to S(0,1) in
law if and only if the contractions fe~ fn= Fe > Fr converge to 0in L? forp = 1,2,...,n— 1. Since
f is fully symmetric, these nested contractions [ fi, are the same as the contractions f ®p [ in
[29] (cf. Remark 1.23), and the main theorems in that paper show that these contractions tend to
0 in L? if and only if the Wiener integrals IV (f;) converge in law to a normal random variable,
with variance n! due to our normalization. This completes the proof. O

As an application, we prove a free analogue of the Breuer-Major theorem for stationary vectors.
This classical theorem can be stated as follows.

Theorem (Breuer-Major Theorem). Let (Xy)rez be a doubly-infinite sequence of (jointly Gaussian)
standard normal random variables, and let p(k) = E(XoX},) denote the covariance function. Suppose there
is an integer n > 1 such that ), _, |p(k)|"™ < oo. Let H,, denote the nth Hermite polynomial:

H,(z) = (—1)”6”2/2d—eﬂ2/2.

dz™

({H,, : n > 0} are the monic orthogonal polynomials associated to the law N (0,1)). Then the sequence

1 m—1
Vm = kZ_O Hy(Xp) % N(0,nl02) as m — oo,

where 0 =Y, o, p(k)™.

See, for example, the preprint [25] for extensions and quantitative improvements of this theo-
rem. Note that the Hermite polynomial H,, is related to Wiener integrals as follows: if (W});>¢ is a
standard Brownian motion, then W is a N (0, 1) variable, and

H,(Wy) = IXV(IL[O,I],L).

(See, for example, [19].) The function Ljo,q» is fully symmetric. On the other hand, if (S;);>0 is a
free Brownian motion, then

IS(H[OJ]”) = Un(51)
where U, is the nth Tchebyshev polynomial of the second kind, defined (on [—2, 2]) by
sin((n + 1)6)

sin @

Un(2cosf) = (2.11)

({U, : n > 0} are the monic orthogonal polynomials associated to the law S(0, 1); see [8, 41].)
Hence, the Wigner-Wiener transfer principle Theorem 1.8 immediately yields the following free
Breuer-Major theorem.

Corollary 2.3. Let (Xj)kez be a doubly-infinite semicircular system random variables S(0, 1), and let
p(k) = ©(XoXy) denote the covariance function with Xo. Suppose there is an integer n > 1 such that
> kez |p(R)|™ < oo. Then the sequence

m—1
o 1 law 2
Vin = = ,;0 Un(Xy) — S(0,0%) as m — oo,

where 0 =Y, p(k)™.

3. FREE STOCHASTIC CALCULUS

In this section, we briefly outline the definitions and properties of the main players in the free
Malliavin calculus. We closely follow [8]. The ideas that led to the development of stochastic
analysis in this context can be traced back to [18]; [9] provides an important application to the
theory of free entropy.
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3.1. Abstract Wigner space. Asin Nualart’s treatise [27], we first setup the constructs of the Malli-
avin calculus in an abstract setting, then specialize to the case of stochastic integrals. As discussed
in section 1.2, the free Brownian motion is canonically constructed on the free Fock space .%($))
over a separable Hilbert space §). Refer to the algebra 8(5)) (generated by the field variables X (h)
for h € ), endowed with the vacuum expectation state ¢, as an abstract Wigner space. While
8($) consists of operators on .%y(9), it can be identified as a subset of the Fock space due to the
following fact.

Proposition 3.1. The function
8(9) = Fo(9H)
Y = YQ

is an injective isometry. It extends to an isometric isomorphism from the non-commutative L>*-space
L2(8(9), @) onto Fo(H).

In fact, the action of the map in Equation 3.1 can be explicitly written in terms of Tchebyshev

(3.1)

polynomials (introduced in Equation 2.11). If {h;};cy is an orthonormal basis for $), k1, ks, . .., ky
are indices with k; # kj41 for 1 < j <r,and n4,...,n, are positive integers, then
Uny (X (hiy)) -+ Uny (X (hie, )2 = M @ -+ @ b € Fo(). (3.2)

(This is the precise analogue of the classical theorem with X ( - ) an isonormal Gaussian process and
the U, replaced by Hermite polynomials H,,; in the classical case the tensor products are all sym-
metric, hence the disjoint neighbours condition on the indices k1, . . . , k, is unnecessary.) Hence, in
order to define a gradient operator (an analogue of the Cameron-Gross-Malliavin derivative) on
the abstract Wigner space 8($)), we may begin by defining it on the Fock space .%,($).

3.2. Derivations, the gradient operator, and the divergence operator. In free probability, the no-
tion of a derivative is replaced by a free difference quotient, which generalizes the following con-
struction. Let u: R — C be a C! function. Then define a function du: R x R — C by

@)~ uly)
ou(z,y) = { x—y 7Y (3.3)

U/(LE), r=Yy.

The function du is continuous on R? since u is C'. This operation is a derivation in the following
sense (as the reader may readily verify): if u,v € C1(R) then

O(w)(z,y) = u(x)0v(z,y) + Ou(z,y)v(y). (3.4)
Hence, du € L} (R?) = L? (R)® L? (R). In other words, we can think of 9 as a map
9: CH(R) = Lip(R) @ Line(R). (3.5)

If we restrict 0 to polynomials u € C[X] in a single indeterminate, then du € C[X, Y], polynomials
in two (commuting) variables, and the same isomorphism yields C[X,Y]| = C[X] ® C[X]. The
action of 0 can be succinctly expressed here as

9: C[X] — C[X] ® C[X]

XMy X e X, (3.6
j=1

The operator 0 is called the canonical derivation. In the context of Equation 3.6, the derivation

property is properly expressed as follows:

J(AB) = (A®1)-9B +9A- (1% B). (3.7)

It is not hard to check that 9 is, up to scale, the unique such derivation which maps C[X] into
C[X] ® C[X] (i.e. the only derivations on R are multiples of the usual derivative). This uniqueness
fails, of course, in higher dimensions.
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Free difference quotients are non-commutative multivariate generalizations of this operator 0
(acting, in particular, on non-commutative polynomials). The definition follows.

Definition 3.2. Let </ be a unital von Neumann algebra, and let X € </. The free difference quotient
Ox in the direction X is the unique derivation (cf. Equation 3.7) with the property that 0x (X) = 1 ® 1.

(There is a more general notion of free difference quotients relative to a subalgebra, but we will not
need it in the present paper.) Free difference quotients are central to the analysis of free entropy
and free Fisher information (cf. [40, 39]). The operator O plays the role of the derivative in the
version of Itd’s formula that holds for the stochastic integrals discussed below in Section 3.3, cf. [8,
Proposition 4.3.2]. We will use 0 and 0x, and their associated calculus (cf. [40]), in the calculations
in Section 4.1. We mention them here to point out a counter-intuitive property of derivations in
free probability: their range is a tensor-product space.

Returning to abstract Wigner space, we now proceed to define a free analogue of the Cameron-
Gross-Malliavin derivative in this context; it will be modeled on the behaviour (and hence tensor-
product range space) of the derivation 0.

Definition 3.3. The gradient operator V: .%,($) — Fo($) ® H ® Fo(9) is densely-defined as follows:
VQ = 0, and for vectors hy, ..., hy € 9,

Vi@ @hy) =Y (M@ @hj1)®@h; @ (hjp1 @ @ hy), (3.8)
j=1

where h1®- - -®hj_1 = Qwhen j = land hj1®- - -®@h, = Qwhen j = n. In particular, Vh = Q@h®.

The divergence operator §: .%, () ® H R .Fo(H) = Fo(9) is densely defined as follows: if hy, ..., hy,
and g1, ..., gm and h are in ) then

d(M® - Qh) QR Q) =M ®  Qhp hR®G - g (3.9)

These actions, on first glance, look trivial; the important point is the range of V and the domain
of § are tensor products, and so the placement of the parentheses in Equations 3.8 and 3.9 is very
important. When we reinterpret V, § in terms of their action on stochastic integrals, they will seem
more natural and familiar.

The operator Ny = dV: F(H) — Fo($) is the free Ornstein-Uhlenbeck operator or free
number operator, cf. [5]. Its action on an n-tensor is given by No(h1 @ - ® hy,) = nh) ® - -+ ®
hy. In particular, the free Ornstein-Uhlenbeck operator, densely-defined on its natural domain, is
invertible on the orthogonal complement of the vacuum vector. This will be important in Section
4. It is easy to describe the domains 2(Ny) and Z(N, *); we will delay these descriptions until
Section 3.6.

Definition 3.3 defines V,d on domains involving the algebraic Fock space .%,;($)) (consisting
of finitely-terminating sums of tensor products of vectors in §). It is then straightforward to show
that they are closable operators, adjoint to each other. The preimage of .%,i;($)) under the iso-
morphism of Equation 3.1 is actually contained in 8(£)): Equation 3.2 shows that it consists of
non-commutative polynomials in variables { X (), h € $3}. Denote this space as 8,14(%). We will
concern ourselves primarily with the actions of V, ¢ on this polynomial algebra (as is typical in the
classical setting as well). Note, we actually identify 8,,(%) as a subset of .7 (§)) via Proposition
3.1, therefore using the same symbols V, ¢ for the conjugated actions of these Fock space opera-
tors. Under this isomorphism, the full domain (V) is the closure of 8,1, ($); similarly, Z(Ny) and
2(Ny*) have 8,14($) (minus constants in the latter case) as a core.

Proposition 3.4. The gradient operator V : 8,15($) — Sa1g(9) @ H & Sa14(9) is a derivation:

V(AB)=A-(VB)+(VA)-B A B € S8,,(%). (3.10)
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In Equation 3.10, the left and right actions of 8,,($)) are the obvious ones A - (U ® h ® V) =
(AU)@h@Vand (U®h® V) B =U ® h® (VB). This is the same derivation property as in
Equation 3.7. In particular, iterating Equation 3.10 yields the formula

V(X (h1)-- X(hn)) = X(h1)--- X(hj1) @ by & X (hjga) - X (). (3.11)
j=1

When n = 1, Equation 3.11 says VX (h) = 1® h ® 1, which matches the classical gradient operator
(up to the additional tensor product with 1).

As shown in [8], both operators V and ¢ are densely defined and closable operators, both with
respect to the L?(y) (or L?(p®¢)) topology and the weak operator topology. It is most convenient
to work with them on the dense domains given in terms of 8.

We now state the standard integration by parts formula. First, we need an appropriate pairing
between the range of V and §), which is given by the linear extension of the following.

< ) '>.6: (Salg(ﬁ) RH® Salg(ﬁ)) X 5 — 8alg<~6) & Salg(ﬁ)

12
<A®h1®B,h2>5§:<h1,h2>A®B. (3 )

In the special case $§ = L?(IR . ) to which we soon restrict, this pairing is quite natural; see Equation
3.17 below. The next proposition appears as [8, Lemma 5.2.2].

Proposition 3.5 (Biane, Speicher). If Y € 8,,($) and h € §,
PR ([VY,h)g) =Y X(h)). (3.13)

Remark 3.6. Since (VY h)g is in the tensor product 8,14 () ® 8414($), its expectation must be taken
with respect to the product measure ¢ ® .

3.3. Free stochastic integration and biprocesses. We now specialize to the case $ = L*(Ry). In
this setting, we have already well-studied the field variables X (h):
X(h)=1I{(h) = / h(t) dS;. (3.14)

(Equation 3.14 follows easly from the construction S; = X(1o) of free Brownian motion.) To
improve readability, we refer to the polynomial algebra S.,(L?(R;)) simply as 8,4; therefore,
since S; = X(I|py), Salg contains all (non-commutative) polynomial functions of free Brownian
motion. The gradient V maps 8, into 8,1, ® L*(Ry) ® 8alg. It is convenient to identify the range
space in the canonical way with vector-valued L?-functions:

Salg ® L2(R+) & ‘Salg = L2 (R+; Salg ® Salg) .

Thatis, for Y € 8,),, we may think of VY as a function. As usual, fort > 0, denote (VY')(t) = V,Y.
Thus, VY is a non-commutative stochastic process taking values in the tensor product 8,1, ® S,1,-

Definition 3.7. Let (<7, @) be a W*-probability space. A biprocess is a stochastic process t — Uy €
of @ . For1 < p < oo,say U isan LP biprocess, U € %,, if the norm

101, = | 100 @15
is finite. (When p = oo the inside norm is just the operator norm of Uy in o/ @ <7.)
Let {<7, : t > 0} be a filtration of subalgebras of <7 ; say that U is adapted if U; € <, @ <7 forall t > 0.
A biprocess is called simple if it is of the form
U= A;®Bjly,_ . (3.16)

J=1
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where 0 = tg < t1 < --- <ty and A;, B; are in the algebra <7. The simple biprocess in Equation 3.16 is
adapted if and only if A;, By € #,_, for 1 < j < n. The closure of the space of simple biprocesses in %, is
denoted 9,,, the space of LP adapted biprocesses.

Remark 3.8. Customarily, our algebra </ will contain a free Brownian motion S = (S;);>0, and
we will consider only filtrations <7 such that S; € 4 for s < t. Thus, when we say a process or
biprocess is adapted, we typically mean with respect to the free Brownian filtration.

So,if Y € 8,4, then VY is a biprocess. Since 8, consists of polynomials in free Brownian motion,
it is not too hard to see that VY € %, for any p > 1 (cf. [8, Proposition 5.2.3]). Note that the
pairing of Equation 3.12, in the case $) = L?*(R,), amounts to the following. If U € %, is an L?
biprocess and h € L*(R..), then

(U, h) 2w,y = /R Uy h(t) dt. (3.17)

We now describe a generalization of the Wigner integral [ h(t)dS; to allow “random” inte-
grands; moreover, we will allow integrands that are not only processes but biprocesses. (If X; is a
process then X; ® 1 is a biprocess, so we develop the theory only for biprocesses.)

Definition 3.9. Let U = > ;| Aj ® Bjly,_, ;) be a simple biprocess, and let S = (St)¢>o be a free

J
Brownian motion. The stochastic integral of U with respect to S is defined to be

/UtﬁdSt = A;(Sy; = Si;_,)B;. (3.18)
j=1

Remark 3.10. The f-sign is used to denote the action of U; on both the left and the right of the
Brownian increment. In general, we use it to denote the action of & ® </ on &/ by (A® B)§C =
AC B; more generally, for any vector space .2, it denotes the action of & ® & on &/ ® Z" ® </ by
(A®B)t(C® X ® D) = (AC) ® X ® (DB). Since the second tensor factor of .7 acts on the right
rather than the left, it might be more accurate to describe § as an action of &/ ® &7°P, where the
opposite algebra o7 °P is equal to &7 as a set but has the reversed product.

Remark 3.11. Let U be a simple biprocess as in Equation 3.16. If A; are constant multiples of the
identity and B; = 1 then the stochastic integral in Definition 3.9 reduces to the Wigner integral:
[U8dS;, = IY (h) where h = Z?Zl Ajly, gy

Let U be an adapted simple biprocess. A standard calculation, utilizing the freeness of the
increments of (S;)¢>0, yields the general Wigner-Ito isometry

/UtﬁdSt

This isometry therefore extends the definition of the stochastic integral to all of %5 by a density
argument (since simple biprocesses are dense in %5).

=[|U , - (3.19)
L2( p)

3.4. An Itd formula. There is a rich theory of free stochastic differential equations based on the
stochastic integral of Definition 3.9, cf. [11, 12, 13] which mirror classical processes (like the Ornstein-
Uhlenbeck process) in the free world, and [14] which uses free SDEs for an important application
to random matrix ensembles and operator algebras. The stochastic calculus in this context is based
on a free version of the It6 formula, [8, Proposition 4.3.4]. It involves the derivation 0 in place of
the first order term; in order to describe the appropriate It6 correction term, we need the following
definition.

Definition 3.12. Let y be a probability measure on R all of whose moments are finite. Define the operator
A, : C[X] — C[X] on polynomials as follows:

Auh(a) =25 [ OhGa.y) (). (3:20)
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The It6 formula in our context applies to Itd processes of the form M; = My+ fg UstdSs+ fg K, ds.
For our purposes, it suffices to take Us; = 11y 41 ® 1 so that the stochastic integral [ U, f dS is just
the free Brownian motion S;, and so we state the formula only in in this special case.

Proposition 3.13 (Biane, Speicher). Let K = (K¢)i>0 be a self-adjoint adapted process. Let My be self
adjoint in L*(8, @), and let M = (My)¢>o be a process of the form

t
M, = My + S + / K, ds. (3.21)
0

Let h € C[X] be a polynomial, and let A¢ denote the operator Ay = A, (cf. Equation 3.20). Then

h(M,) = h(Mp) /8h ) HdM, + = /Ah ,) ds. (3.22)

Remark 3.14. In Equation 3.22, we are viewing the function 0h as living in C[X] ® C[X] directly
rather than C[X, Y]. In particular, if h(z) = 2" then Oh(X) = Y7, X* L@ X"k,

Remark 3.15. Of course, given Equation 3.21 defining M, the integral fo Oh(Ms) § dM in Equation
3.22 is shorthand for

/8h s)fdM, = /8h s) B dS; +/8h s) i Ky ds,
following standard conventions of stochastic calculus.

We will use Proposition 3.13 in the calculations in Section 4.1 below. It will be convenient to
extend the It6 formula beyond polynomial functions h for this purpose. The canonical derivation
9 of Equation 3.4 makes sense for any C!-function h; we restrict this domain slightly as follows.
Suppose that & is the Fourier transform of a complex measure v on R,

h(z) =v(z) = /R e p(de). (3.23)

By definition a complex measure is finite, and so such functions h are continuous and bounded,
h € Cy(R). In order to fit into the It6 framework, such functions must be L? in the appropriate
sense. In the context of Equation 3.23, the relevant normalization is as follows.

Definition 3.16. Let h have a Fourier expansion as in Equation 3.23. Define a seminorm .%5(h) on such
functions h by

/ €2 |v|(d¢). (3.24)
Denote by C5 the set of functions h with ﬂg( ) <

Remark 3.17. %5 is not a norm: if h = a € C is a constant function, then h = a/5\0, and % (h) =
[ €2]aldp(d€) = 0. It is easy to check that .#; is a seminorm (i.e. non-negative and satisfies the
triangle inequality), and that its kernel consists exactly of constant functions in €;. Indeed, the
quotient of €3 by constants is a Banach space in the descended .#;-norm.

Standard Fourier analysis shows that €2 C CZ(R) (bounded twice-continuously-differentiable
functions), where .%(h) is like a sup-norm on the second derivative »”. In particular, non-constant
polynomials are not in €;. For our purposes, we are only concerned with applying polynomials
to bounded operators, meaning that we only care about their action on a compact subset of R. In
fact, locally any C* function is in C».

Lemma 3.18. Let r > 0. Given any C* function h: R — C, there is a function h, € Cq such that
h(z) = hy(z) for |x| < r.

Proof. Let ), be a C2° function such that ¢, (z) = 1 for |z| < r. Then ¢, h is equal to h on [—r,r].

This function is C2°, and hence its inverse Fourier transform (¢,2)" is in the Schwartz space of

rapidly-decaying smooth functions. Set v, (d¢) = (¢,-h)" () d¢; then v, has finite absolute moments

of all orders, and h, = 1, = 1, his in C and is equal to h on [—r, 7]. O
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In particular, polynomials are locally in the class C,. Later we will need the following result which
says that resolvent functions are globally in Cs.

Lemma 3.19. For any fixed z in the upper half-plane C ., the function p,(x) = - is in C.

Z—T

Proof. The resolvent p, is the Fourier transform of the measure v,(d¢) = —ie‘izfll(_oo’o} (&) d¢; a
simple calculation shows that % (p.) = 2(S2) 2 when Sz > 0. O

The next theorem is a technical approximation tool which will greatly simplify some of the more
intricate calculations in Section 4.1.

Theorem 3.20. Let K be a compact interval in R. Denote by G’f " the subset of Cy consisting of those
functions in Cq that are equal to polynomials on K. If h € Cy, there is a sequence h,, € 5" such that

(1) H(hyp) — H2(h) asn — oo, and
(2) If pu is any probability measure supported in K then [ hy, dp — [ hdp.

In fact, our proof will actually construct such a sequence h,, that converges to h pointwise as well,
although this is not necessary for our intended applications. The proof of Theorem 3.20 is quite
technical, and is delayed to Appendix A.

Since Gy C C*(R), the operator 9 makes perfect sense on €, (and has L?-norm appropriately
controlled); we can then reinterpret the function 9k € C'(R?) as an element of L? (R) ® L2 (R) so
it fits the notation of the It6 formula Equation 3.22. It will be useful to have a more tensor-explicit
representation of the function 0h for h € C; in the sequel. If h = U, then

h(SC) _h(y) - ! / N _ ! -tz i(1—a)€ v o
T _/0 R (ax + (1 a)y)doz—/o /Rzﬁe e Yu(dE) da. (3.25)

Under the standard tensor identification, we can rewrite Equation 3.25 as

8h(x7 y) =

Oh(Y) = /O 1 /R i€(€°Y @ =YY 1 (de) do. (3.26)

As for the It6 correction term in Equation 3.22, two applications of the Dominated Convergence
Theorem show that the operator A, of Definition 3.12 is well defined on h € C whenever p is
compactly-supported, and the resulting function A,k is continuous. As such, all the terms in the
Itd formula Equation 3.22 are well defined for h € €3, and standard approximations show that

Corollary 3.21. The Ito formula of Equation 3.22 holds for h € Ca.

Remark 3.22. The evaluations of the functions h, 0h, and A;h on the non-commutative random
variables M, and M; are given sense through functional calculus; this is possible (and routine)
because Mj and M, are self-adjoint.

3.5. Chaos expansion for biprocesses. Recall the multiple Wigner integrals I as discussed in
Section 1.3. By de-emphasizing the explicit dependence on n, I can then act (linearly) on finite
sums »_ f, of functions f, € LQ(R?F) ~ L2(Ry)® e T S acts on the algebraic Fock space Jy, =
Fag(LA(R4)). Utilizing the Wigner isometry Equation 1.5, this means I extends to a map defined
on the Fock space,

I%: Zy — L*(8, 0); (3.27)
here and in the sequel, %y = Zo(L*(R;)) and 8 = §(L?(R,)). In fact, the map in Equation 3.27 is
an isometric isomorphism; this is one way to state the Wigner chaos decomposition. This extended
map I is the inverse of the map Y + Y of Proposition 3.1.

For n, m positive integers, define for f € L?*(R7) ® L*(RT) = L*(R}*™) the Wigner bi-integral

IS @ In] (f) = /f(tl, oo tni Sty ey Sm) dSy -+ dSy, ® dSs, -+ dSs,,. (3.28)
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To be clear: if f = g ® h with g € L*(R}) and h € L?(RT) then [IS ® I5] (f) = IS (9) ® I (h); in
general, I7 ® I3 is the L2-closed linear extension of this action. Thus,

SIS LARY) @ LX(RT) — L2(8 8,0 @ ¢).

The Wigner isometry (cf. Equation 1.5) in this context then says that if f € L*(R7) ® L*(R7") and
g € L*(RY) ® L3(RT') then
y n my, ifn:n/andm:m/,
e (IS @Iy (9 [I; @ I (f) = V292w my) _ (3.29)
0, otherwise.

This “bisometry” allows us to put the I ® I3 together for different n,m as in Equation 3.27, to
yield an isometric isomorphism

IPQI%: Fy® Fo— LA(S®8,0 ). (3.30)
What's more, by taking these Hilbert spaces as the ranges of vector-valued L?(R )-functions, and

utilizing the isomorphism L?(R ;2 ® B) = 2 ® L*(R;) ® B for given Hilbert spaces 2, B, we
have an isometric isomorphism
I°QI%: L? Ry ; Fo®.Fy) — PBo. (3.31)
Here %> denotes the L? biprocesses (cf. Definition 3.7), in this case taking values in 8§ ® 8. If
feL?Ry; Fy® F), the bi-integral acts only on components: [I° @ I°](f) (t) = [I° @ I°] (f1).
Equation 3.31 (through the action defined in Equation 3.28) is the Wigner chaos expansion for L?
biprocesses in the Wigner space.
As in the classical case, adaptedness is easily understood in terms of the chaos expansion. If

U € %, it has a chaos expansion U = [I° ® I°](f) for some f € L?(R, ; %y ® %), which we may
write as an orthogonal sum

frt= fi= Z o

n,m=0

where f;"" € L*(R)® L*(R""). Then U is adapted (in the sense of Definition 3.7) if and only if for
eachn,mand ty,...,ty,S1,...,5n, > 0, the kernels f,""(t1,...,tn; s1,. .., Sm) are adapted, mean-
ing they are 0 whenever max{ti,...,t,, s1,..., 8y} > t. In this case, the stochastic integral defined
in Equations 3.18 and 3.19 can be succinctly expressed, cf. [8, Proposition 5.3.7]. In particular, if
frme LA(Ry; L2(R?) ® L?(R7T)) is adapted, then

/ 115 @ I°)(f1) § Sy = / SET(tns S1, - 8m) dSy -+ dSy, dSidSg, -+ dS,. (3.32)

This is consistent with the notation of Equation 3.28; informally, it says that
(dStl <+ dSt, ®dSs, - - dSSm) §dS; = dS;,, - - - dSy, dSidSs, - - - dSs,,

as one would expect.

3.6. Gradient and divergence revisited. Both the gradient and the divergence have simple rep-
resentations in terms of the chaos expansions in Section 3.5.

Proposition 3.23 (Propositions 5.3.9 & 5.3.10 in [8]). The gradient operator is densely-defined and clos-
able in
V: L8, ) — %o.
Its domain 9(V), expressed in terms of the chaos expansion for L*(8, ), is as follows. If f =", fn € Fo
with f,, € L*(RY), and if L*(8, ) 3 Y = I9(f), then Y € 2(V) if and only if
>l fallfey < oo (3.33)

n=0
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In this case, the quantity in Equation 3.33 is equal to the norm

o0

/R ||th||%2(S®5,g0®<p) dt = ZannH%?(Ri)
+

n=0

Moreover, the action of V on this domain is determined by

Vi </ f(tl,...,tn)dStl~~dStn>

n (3.34)
= Z/f(tl, ey te—1, 0, T, - - ,tn) dStl cee dstk71 & dStk+1 ce dStn.

k=1
Remark 3.24. Tt is similarly straightforward to write the domain of the free Ornstein-Uhlenbeck
operator in terms of Wigner chaos expansions. If Y = I°(f) where f = > f, € %, thenY €
PD(No) iff Y, n2||an%2(R1) < occ. Likewise, Y € 2(Ny ') iff fo=0and Y, . n_QanH%Q(Ri) < 00.
In particular, we see that

P(No) € 2(V), 2(V) S image (I3) C Z(Ny). (3.35)

The divergence operator can also be simply described in terms of the chaos. We could similarly
describe its domain, but its action on adapted processes is already well-known, as in the classical
case.

Proposition 3.25 (Propositions 5.3.9 & 5.3.11 in [8]). The divergence operator is densely-defined and
closable in

0: By — L2(8, SO)
Using the chaos expansion for biprocesses, the action of § is determined as follows. If f € L*(R; ; L*(R7)®
L%(R™)), then

0 (/ft(tl,...,tn;sl,...,sm)dS’tl---dStm ® dSs, '--dSsm)
(3.36)
:/ft(tla"'atn;517"'atm)dst1"'dStndStdssl"‘dssm.

In particular, comparing with Equation 3.32, if U is an adapted biprocess U € %S then U € 2(6) and
&w:/mw&

Remark 3.26. In light of the second part of Proposition 3.25, the divergence operator is also called
the free Skorohod integral. To be more precise: as in the classical case, there is a domain 1% in
between %4 and the natural domain Z(§) on which § is closable and such that for U € L'? the
relation V;(6(U)) = U; + 65(V+Us) holds true. It is this restriction of ¢ that is properly called the
Skorohod integral.

Remark 3.27. Given a random variable X € Z(V), using the derivation properties of the operators
Ox (cf. Definition 3.2) and V, it is relatively easy to derive the following chain rule. If p € C[X] is
a polynomial, then

Vp(X) = 0xp(X)§ VX. (3.37)

We conclude this section with one final result. The space of L? adapted biprocesses %3 is a
closed subspace of the Hilbert space % (cf. Definition 3.7). Hence there is an orthogonal projection
I': By — %S5. The next result is a free version of the Clark-Ocone formula. It can be found as [8,
Proposition 5.3.12].

Proposition 3.28. If X € 2(V), then

X = o(X) + 6(TVX).
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4. QUANTITATIVE BOUNDS ON THE DISTANCE TO THE SEMICIRCULAR DISTRIBUTION

As described in the restricted form of Theorem 1.10 in Section 1, we are primarily concerned in
this section with quantitative estimates for the following distance function on probability distri-
butions.

Definition 4.1. Given two self-adjoint random variables X,Y , define the distance
de, (X, Y) = sup{[e[h(X)] = @[h(Y)]| : h € Ca, Fo(h) < 1};
the class Co and the seminorm %5 are discussed in Definition 3.16.

Remark 4.2. Note that we could write the definition of d¢, (X, Y') equally well as

Sup{‘/hd,ux—/hd,uy

In this form, it is apparent that de,(X,Y’) only depends on the laws px and juy of the random
variables X and Y. In computing it, we are therefore free to make any simplifying assumption
about the correlations of X and Y that are convenient; for example, we may assume that X and Y’
are freely independent.

: h € @y, fg(h) Sl}

Lemma 3.19 shows that resolvent functions p.(z) = (z — x) ! are in C; for z € C,, and in fact that
if §z = 1 then #(p,) = 2. Thus,
de, (X, ) > 3 sup [ol(z = X) 7] = pl(z = V)7 = 3 5 Gy () — Gy (2)]
Fz=1 Fz=1

where G,(z) = [p(z — 2)7! p(dz) is the Stieljes transform of the law p. It is a standard theorem
that convergence in law is equivalent to convergence of the Stieltjes transform on any set with
an accumulation point, and hence this latter distance metrizes converge in law; so our stronger
distance de, also metrizes convergence in law. The class C; is somewhat smaller than the space
of Lipschitz functions, and so this metric is, a prioiri, weaker than the Wasserstein distance (as
expressed in Kantorovich form, cf. [10, 32]). However, as Lemma 3.18 shows, all smooth functions
are locally in Cy; the relative strength of de, versus the Wasserstein metric is an interesting question
we leave to future investigation.

4.1. Proof of Theorem 1.10. We begin by restating Theorem 1.10 in the language and full gener-
ality of Section 3.

Theorem 1.10. Let S be a standard semicircular random variable (cf. Equation 1.4). Let F be self-adjoint
in the domain of the gradient, F € 2(V) C L?(8, ¢), with ¢(F) = 0. Then

de,(F,S) < %go ® ¢ ( /vs(NglF) §(VoF) ds—1® 1‘) . (4.1)

Proof. The main idea is to connect the random variables F' and S through a free Brownian bridge,
and control the differential along the path using free Malliavin calculus (cf. Section 3). For 0 < ¢ <
1, define

F,=V1—tF+ 5, (4.2)
where S; is a free Brownian motion. In particular, S; has the same law as the random variable
S. Since de,(F,S) depends only on the laws of F' and S individually, for convenience we will
take S; freely independent from F'. Fix a function h € Cy. In the proceeding calculations, it will
be useful to assume that i is a polynomial; however, polynomials are not in Cz. Rather, fix a
compact interval K in R that contains the spectrum of F; for each ¢ € [0,1]; for example, since
| Fx|l < 2Vt + /1 —t||F||, we could choose K = [-2 — ||F||,2 + || F||]. For the time-being, we will
assume that h is equal to a polynomial on K i.e. we take h € C‘fé(’P, cf. Theorem 3.20.

Define ¢(t) = ¢[h(F})]. The fundamental theorem of calculus yields the desired quantity,

1
p[h(S)] = @lh(F)] = ¢lh(F1)] = ¢[h(Fo)] = g(1) — g(0) = /0 g'(t)dt. (4.3)
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We can use the free It6 formula of Equation 3.22 to calculate the derivative ¢'(¢). In particular,
dFy = —3 FF dt + dS;, and so applying Equation 3.22 yields

d[h(Ft)] = 6h(Ft) ﬂdFt + *Ath(Ft) dt
1 (4.4)
= Oh(F, ———Fdt+dS —A¢h(Fy) dt.
(Fs {5 APt +5: | + ()
Linearity (and uniform boundedness of all terms) allows us to exchange ¢ with stochastic in-
tegrals; in particular, we may write dg(t) = ¢ (d[h(F})]). The (stochastic integral of) the term
Oh(F}) £ dS; has mean 0, and so we are left with two terms,

dgtt) = 3 { - vlOn(ED L P+ plam(m] far “5)

The following lemma allows us to simplify these terms.
Lemma 4.3. Let X and Y be self-adjoint random variables. Let h € 6.

(@) p[On(Y )1 X] = ¢[h'(Y)X].
(b) p[Auh(Y)] = ¢ @ @ [0n'(Y)].

Proof of Lemma 4.3. By assumption h takes the form h = ¥ for some complex measure v with finite
second absolute moment.

(a) We use the representation of Equation 3.26 for 0, so that

Y)tX = /01 da/Rig v(de) (e @ 1=V 4 X

1
= / do / i€ v (dE) Y X t1-)EY
0 R

Since ¢ is a trace, p[e"*Y X1~ = ¢[eY X]. Taking ¢ of both sides of Equation 4.6,
the a integration just yields a constant 1, and so

@lOh(Y) 1 X] = / i€ v(de)ple™ X] = ¢ K /R ifei“v(dﬁ)) X} : (4.7)

Since W' (z) = [ i£e’” v(dE), this yields the result.
(b) By Def1n1t1on 312, Ay h(z) =27 d - [z Oh(z,y) py (dy). Using the chain rule, we can express

Oh(z,y) = fol h(az + (1 —a)y )da. Since h € C? and the integrand is bounded, we can
rewrite A, h(z) as

(4.6)

1
Ay h() :2% /R iy (dy) /0 dol (az + (1 — a)y)

1 4.8)
= / My(dy)/ 2ada b (az + (1 — a)y).
R 0
Now 1" (z) = [ —&%€™* v(d€), and so
1
—— [@utd) [ 2ada [ py (et
R 0 R (4.9)

1
—/52 V(df)/ 2adaeia5xcp[ei(1_a)§y].
R 0

Evaluating at x = Y and taking the trace, this yields

1 . .
Pl V)] = = [ vt /0 20 dac eV Jp[e 1)€Y, (4.10)



On the other hand, following the same identification as in Equation 3.26, we have

1
N (Y) = — / da / €2 p(de) Y @ 1Y, (4.11)
0 R
Taking the trace yields
1
p@plon (V)] =~ [ da [ € () ple S ple =) 412)
0 R

Subtracting Equation 4.11 from Equation 4.12 and using Fubini’s theorem (justified since
the modulus of the integrand is < £2 which is in L (v x [0, 1])) yields

1
0 @ P[OR (V)] — oAy, M(Y)] = /0 (20 — 1) dav /R E2v(de) gl Jple Y], (4.13)

Equation 4.13 expresses the difference ¢ ® p[0R'(Y)] — ¢[A,, h(Y)] as an integral of the
form f01(2a — 1)k(a)da, where £ is a function with the symmetry x(a) = k(1 — «). The
substitution a — 1 — a shows that any such integral is 0, which yields the result.

U

We now apply Lemma 4.3 to Equation 4.5 with X = F and Y = F;; note that A,h(F}) is by
definition (cf. Proposition 3.13) equal to A, h(F:). Equation 4.5 then becomes

(0 = 5 { ~ W (EDF + o0 glon ()] | @14)

At this point, we invoke the free Malliavin calculus of variations (cf. Section 3) to re-express these
two terms. For the first term, we use a standard trick to introduce conditional expectation; by
Definition 1.13, p[h/(F})F] = ¢ [F - [V (F})|F]]. Since F € 2(V) and ¢(F) = 0, Equation 3.35
shows that F' € 2(N; '), and so F = §(V N, ' F). Hence

QW (R)F] = o[FN (Fy)] = ¢ {6(VNy ' F) - o[l (F)|F] } (4.15)

The right-hand-side of Equation 4.15 is the L?(8, ¢)-inner-product of §(V N, ' F) with o[/ (F)|F]* =
@[W (F})|F) (since F and F; are self-adjoint), and this random variable is in the domain Z(V).
Hence, since § and V are adjoint to each other, we have

ll (F)F) = (VNy 'F, V[l (F)|F]) 5, = /Rw © ¢ (Vs(Ng 'F) 8 (V[ (F)|F])*) ds. (4.16)

To be clear: f is the product (4; ® B1)§ (A2 ® B2) = (A142) ® (B2By). It is easy to check that this
product is associative and distributive, as will be needed in the following.

Recall that F; = /1 —tF + S; and /' is equal to a polynomial on a compact interval K which
contains the spectrum of F;. Hence, #/(F}) is a (non-commutative) polynomial in F and S;. Thus,
the conditional expectation o[h/(F})|F] is a polynomial p(F) in F. We may thus employ the chain
rule of Equation 3.37 to find that, for each s,

Vsl (Fy)|F] = Opp W (F)|F] £V F. (4.17)

Taking adjoints yields
(Ve (F)[F)" = (VaF)* § Ol ()| F). (418)
Now we use the intertwining property of the free difference quotient for the sum of free random

variables with respect to conditional expectation (see, [40], Prop. 2.3) and the simple scaling prop-
erty d,x = a'0x (for a € C) to get

Orp[h' (Fy)|F] = Opp[h/ (V1 =t F 4 Sp)|F] = V1 = t0 g—pp[h/ (V1 —t F 4 S;)|F]
= VIt ®@ld = pys W (VI LF + 8)|F] = V1~ t o @ [0 (F,)|F]. (4.19)

Remark 4.4. 1t is here, and only here, that the assumption that S; is free from the F' is required.
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Combining Equation 4.19 with Equations 4.16 and 4.18 yields

ol (F)F) = VT 1 <P®90< [ vt .ry dsww[ahm)m) (4.20)

As for the second term in Equation 4.14, using property (3) of conditional expectation (cf. Defini-
tion 1.13) and taking expectations, we express

@ POl (F)] = ¢ @ ¢ (¢ @ 0N (F)|F]) . (4.21)
Combining Equations 4.14, 4.20, and 4.21 yields

g’(t)=—1<p®90{ [ VAN P (V) ds o @ G0N (FOIF] — o @ loH >F]}
(4.22)

:—cp®<p{</v 8 (VF)* ds—1®1> ﬁgo@cp[@h’(Ft)]F]}.
Integrating with respect to ¢t and using Equation 4.3 gives
¢[h(S)] = wlh(F)]

= —;<P®80{</VS(NO_IF)ﬁ(VsF)*ds— 1@1) ﬁ/01<p®g0[8h’(Ft)\F] dt}. (+29)

Applying the non-commutative L'-L> Holder inequality (which holds for the product # on the
algebra 8 since { is really just the natural product on the algebra 8§ ® 8°P, cf. Remark 3.10) gives us

[P[A(F)] = ¢[h(5)]]

(4.24)
w®w{

/v Ny 'F) 4 (VsF)* ds—1®1‘}/ |0 @ Q[Oh (F)|F]||gqs dt
Thenorm || - |[sgs is the operator (L°°) norm on the doubled abstract Wigner space. The conditional

expectation is an L°°-contraction (cf. property (2) in Definition 1.13), and so the second term in
Equation 4.24 satisfies

1 1
/0 [ ® [ON (F})|F]||gqs dt g/o [Oh' (F})||ggs dt- (4.25)

Using Equation 4.11 with Y = F}, note that
1
|00 (Fy) ||g s = H/ da/ €2 y(dg) P g (i1—a)EF:
Lo 5©8 (4.26)

1
S/O da/R§2V(d§) [ FIEU S

Both of the norm terms in the second line of Equation 4.26 are equal to 1 since F; is self-adjoint.
This shows that ||0R'(F})||ses < #2(h). Combining this with Equations 4.24 and 4.25 yields

nE)] - )l < gow o {| [ V.05 PaEr =101 bam. @)

Inequality 4.27 is close to the desired result, but as proved it only holds for h € C?;( ¥ Now take
. o K,P
any h € €y, and fix an approximating sequence h,, € C,"’

theorem shows that % (h,,) — .#2(h), while
(ol ()] = ol (S)]] = ‘/h e — [ o ds| - ‘/hduF - [ hus

as n — 0o, since the supports of ;1 and pg are contained in K. This shows that Inequality 4.27
actually holds for all h € €3, and this concludes the proof. O
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Remark 4.5. In Equation 4.15, instead of using the Ornstein-Uhlenbeck operator, we might have
used the Clark-Ocone formula (Proposition 3.28). Tracking this through the remainder of the proof
would yield the related estimate

d€2(F75)§;SO®<P< > (4'28)

This estimate is, in many instances, equivalent to Equation 4.1 as far as convergence to the semi-
circular law is concerned, as we discuss in Section 4.2; the formulation of Equation 4.1 is ideally
suited to prove Corollary 1.12, which is why we have chosen this presentation.

/r(vsp) H(VoF) ds—1@1

4.2. Distance Estimates. We begin by proving Corollary 1.12, which we restate here for conve-
nience with a little more detail.

Corollary 1.12. Let f € L*(R?%) be mirror-symmetric and normalized | f|| ey = 1, and let S be a
standard semicircular random variable. Then

d@z —72 = 2\/>||f/\f”L2 R%) = \/> E[Is(f) ]_2‘

Proof. We will utilize the estimate of Theorem 1.10 applied to the random variable F = I5(f)
(which is indeed centred and in the domain 2(V)). Note, from the definition, that N, 'F = %F
for a double integral. From Equation 3.34, we have

ViF =V I3 (f) = /f(t,tz) 1®dSt, + /f(tl,t) dSy, ® 1. (4.29)
Using the fact that f = f*, this yields
(Vi F)* /f t2,t) 1 ® dS, + /f (t,t1)dSy, ® 1. (4.30)

(Note: the adjoint on tensor-product operators is, as one would expect, (A ® B)* = A* ® B*,
contrary to the convention on page 379 in [8].) When multiplying Equations 4.29 and 4.30, one
must keep in mind the product formula 1.7 for Wigner integrals; in this context of Wigner bi-
integrals, the results are

(/f(t,32)1®d552) § (/f(tg,t)1®d5t2) :/f(t,sz)f(tg,t)1®d5t2d5’52
+/f(t, s$)f(s,t)ds1®1  (4.31)
< [rwsne dsw) ; ( [renas, s 1) = [ s as, o ds. (432)

(/f(slvt) dSSl ® 1> # </f(t27t) 1 ®dSt2> = /f(slvt)f(t%t) dSs1 ® dStQ (4.33)
</f(sl,t) ds., ®1> 4 </f(t,t1)d5tl®1) —/f(sl,t)f(t,tl)dSsldStl®1

+/f(s,t)f(t,s) ds1®1. (4.34)
Integrating with respect to ¢ and using the identity f(s,t) = f(t, s), we then have
2/Vt(N0_1F) #(VF)*dt = //f(t, 59)f(ta, 1) dt 1 ® dSs,dSs, + //f(t, s9)f(t,t1)dt dSy, ® dS,
+ / / F(s1,6)f (o, £)dt Sy, ® dSy, + //f(sl,t)f(t,tl) dt dS,,dS;, ® 1

+2/|f(s,t)|2dtdsl ® 1.

(4.35)
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Now using the normalization || f| z2(r2) = 1, and making use of contraction notation (cf. Definition
1.21), we have

2 (/ Vt<N()_1F) i (vtF)* dt —1® 1) = /f/l\f(SQ,tg) 1® dSt2d552 + /f/Lf(SQ,tl) dStl ® d552

+ [ 1Tt sy @, + [ 1A 5 ) dSdsy o 1

(4.36)
We now employ Theorem 1.10. Equation 4.1 states that
de, (F,S) < = H HVE) Ir ) ra@y) = 1O 1| 11 s pmp) - (4.37)
In any W*-probability space, || - ||;1 < || - ||z2; we will estimate the L?(S ® 8, ¢ ® ¢) norm. It
y p Y Sp

is useful to relabel the indices in Equation 4.36 and group them according to different orders of
(bi)chaos; the right-hand side of that equation is equal to

/ TAT(ta,t1) 1 ® dS;, dSy,
+/ [?/Lf(t% tl) + f’L?(tl, tQ) dStl X® dSt2
—{/ﬁiﬂu¢g¢$¢&2®L

A simple calculation using the fact that f = f* shows that ?/1\ f(te, t1) = 7/1\ f(t1,t2). The three
integrals above are in orthogonal orders of chaos; employing the Wigner bisometry 3.29, we have

_ " 2

<172 <1 1 %2 1 .2 (4.38)
= Hf’“f”Lz(Rgr) + | f~f+ f’“f”Lz(Ri) + Hf’“f”m(]gi)-

Another simple calculation, again using the identity f(s,t) = f(t, s), shows that

LA ey =TI o = [ dtdsadsa F(e ) PLAE o) (439)
+
while

1 <1 T o2

”f/“f||%2(R2+) = Hf“f”?ﬂ([&rp = /R3 dt ds1dss f(t, 81)2f(t, 82) . (4.40)

+
Hence || f~7| [2R2) = 17~ ®) < IIf A1 12(r,)- Using the triangle inequality in Equation
4.38 then gives us the estimate

_ N 2 3
H<V(NO 1F) ﬂ (VF) ) ]]-R+>L2(R+) -1® 1HL2(S®S,QO®LP §Hf fHLZ(RZ (441)

and so Equation 4.37 and the ensuing discussion imply

de, (F S) = d@z 7 = 2\/>||f"\f|L2 R2) (4.42)

Now, as calculated in Equation 2.3 (in this instance with n = 2),
IS =2+ 1A Bages (4.43)
Equations 4.42 and 4.43 together conclude the proof. O

Remark 4.6. At first glance it might seem that calculations like those in the proof of Corollary 1.12
could be employed to prove similar quantitative results for Wigner integrals I of arbitrary order
n > 2. Note, however, that the mirror symmetry of f was used in different ways at several points

in the above proof. In practice, if one tries to generalize these techniques to I3, in fact f must be
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fully symmetric. The range of I on fully symmetric functions is a very small subspace of the full
nth Wigner chaos, and so we do not have quantitative bounds for generic higher integrals.

Remark 4.7. As a quick illustration, we use the first inequality in Corollary 1.12 to refine Corollary
2.3 in the case n = 2 and the random variables X}, are freely independent S(0, 1) random variables;
in particular, p(k) = 0xo. In this case, one can take these random variables to be such that X} =
Ski1— Sk, k> 0,so0 that V,,, = IQS(fm), with

H

m—

Jm(

Lo ot 1) () L (e o1y (1)
k=0

E\H

Elementary computations now yield || fp, A fmllz2 ®2) =1 /+/m, and therefore

1 3
< =
de2(Vm,5) =9 2m7

which is consistent with usual Berry-Esseen estimates.

In light of Theorem 1.3, the proof of Corollary 1.12 shows that convergence of the quantity on
the right-hand-side of Equation 4.1 to 0 is equivalent to convergence of F' to S in law, at least in the
case of double Wigner integrals. We conclude this paper with a collection of other equivalences,
stated in terms of the gradient operator, in the class of double Wigner integrals; whether they hold
for higher orders, or more generally on the domain Z(V), is left as an open question for further
investigation. To simplify matters, we restrict to the real case for the following.

Theorem 4.8. Let (fi)rew be a sequence of fully symmetric functions in L*(R?.), each normalized | fi.|| 2w , )2 =
1, and set F}, = I3 (fy). Then for each k

Fy, = §(VNy ' Fy) = 6(TV Fy).
Moreover, the following four conditions are equivalent.
(1) Fj converges in law to the standard semicircular distribution S(0, 1).

() /Vt(No_le) # (ViFy)* dt convergesto 1@ 1in L2(8§ ® 8, ¢ ® ¢).
3) /F(VtFk) t (Vi Fy)* dt convergesto 1 @ 1in L*(8 ® 8, ¢ ® ).
(4) /((I‘VtFk, 'V, F},)) dt converges to 1 in L*(8, ).

The pairing ({-, -)): (8 ® 8)2 — 8 is defined by ((X,Y)) = (1s ® ¢)[X §Y]. For example,

(</f(t1)1®dSt1,/ (t2) 1 ® dSt,)) /ft1 (t2)dSt,dSt, + /f

where we have used the product formula of Equation 1.7. On the other hand, ((1®dS;,, dS;,®1)) =
0 since p(dS1) = 0.

Proof. Equations 4.38 and 4.43 in the proof of Corollary 1.12 show that, in the case that f is real-
valued,

2 3
= S(p(FY) - 2),
L2(8®8,02¢)
where F' = I5(f). In light of Theorem 1.3, this proves the equivalence (1)<=-(2). The bound 4.28
shows that (3)==(1), and so to prove the equivalence of (1) and (3) it suffices (due to Theorem 1.6)

H/ Vi(Ny 'F) 4§ (Vi F)dt —1®1

to prove that the condition fk/L fr — 0 implies (3). To that end, we adopt the standard notation
xVy =max{z,y} and z A y = min{z, y}. The following identity is easily proved.

fe's) 00 2 o) TAY 2
/ ( / fk<x,t>fk<y,t>dt) dady = / ( / fk<x,t>fk<y,t>dt> dudy. (4.44)
0 zVy 0 0
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The following equivalence was proved in [29].
2

e’} TA\Y
fofe = 0in L*(R%)  iff / ( / fu(@,t) fi(y, t) dt) dady — 0. (4.45)
0 0
Note that Equations 4.44 and 4.45 imply that, if fue~fr — 0, then the three functions

Ay 00 TNy
/ Fola, ) fuly, 0) dt, / Folas ) fuly, 0) dt, / Fole, t) iy, 1) dt (4.46)
0 Vy T

Vy
each vanish in the limit. Note also that the action of I" on the biprocess V;F} is, as in the classical
case, to restrict stochastic integrals to the interval [0, ¢]:

I'V,F, = /fk(t,tg)ﬂtzgt 1® dSt2 + / fk(tl,t)lltlgt dStl ® 1. (4.47)

The present symmetry assumptions on f;, imply that (VFj,)* = VF},. Proceeding with calculations
like those in the proof of Corollary 1.12, using the symmetry and L?-normalization of fi, we then

have
[ee]

/TVtFk f(VeFp)"dt —1®1 = / < Te(tt1) fr(t, t2) dt) 1 ® dS, dS,

to

+f ( °°fk<t,t1>fk<t,tz>dt> 05, ® dS,,
2 (4.48)

+ / < oofk(tl,t)fk(tg,t) dt) dSy, ® dSy,

t1
+/< Te(t1,t) f(t2,1) dt> dS;,dS;, ® 1.
t1
Using Fubini’s theorem, we can calculate that the L? norm of each of the four terms in Equation
4.48 is given by

/}R2 dzdy </ Fult,z) fu(t,y) dt)2
/dw/ dy</ fktl‘fktydt> /dy/ dnc(/ fkt;rfkty)dt>.

Hence, if ka fr = 0, then Equation 4.46 shows that each of these two terms vanishes in the limit.
This proves the implication (3)=-(1).

For the final equivalence, we use the explicit representation
((CVFy, 'V Fy,))

:2/fk(tvv)2ﬂv<tdv+/fk(tlvt)fk(tQ’t)ﬂt1<t]]-t2<tdStldStg-

Integrating with respect to ¢ and using Equations 4.44 and 4.45 as above proves the equivalence
(1)<=(4). O

Remark 4.9. As demostrated in [8, Theorem 4.12], the quantity [((T'V;Fy, 'V F}))dt in condition
(4) of Theorem 4.8 can be interpreted as the ‘quadratic variation” of an appropriate free Brownian
martingale. Note that quadratic variations play a crucial role in the original proof of Theorem 1.1,
as originally given in [29].

Remark 4.10. Once again, one might expect that calculations like those above would show the

equivalence of items (1)-(4) in Theorem 4.8 for any order of chaos (higher than 1), as was proved

in the classical case in [29]. In principle, this may be possible for fully symmetric kernels f, but

in orders > 3 of Wigner chaos, such kernels span only a tiny subspace of all stochastic integrals.

Indeed, it is an interesting open question if a counter-example to these equivalences can be found
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in the third chaos; until now, the authors have not been able to find one, but suspect that Theorem
4.8 does not generally hold in the free context.

APPENDIX A. PROOF OF THEOREM 3.20

We break the proof into four steps. First we show that it is sufficient to consider only those
h € Cy that arise as Fourier transforms of compactly-supported measures, in Lemma A.1. Next we
reduce to those h that are Fourier transforms of measures with a smooth, compactly-supported
density, in Lemma A.2. In Lemma A.3, we show (following [33, Theorem 7.26]) that there is a
polynomial approximate identity on any symmetric compact interval. Finally, we use this approx-
imate identity locally to approximate any smoothly-arising i by local polynomials on the Fourier
side in Lemma A.4, completing the proof. The proof will actually show that a space smaller than
(35 s appropriately dense: the local polynomials may be assumed to live in the Schwartz space
8(R) of rapidly-decaying smooth functions.

Lemma A.1. Let h € Cy. There exists a sequence of compactly-supported complex measures vy, such that,
setting hy, = Uy,

(1) Aa(hy) = F2(h), and

(2) if p is any finite measure then [ hy, dp — [ hdp.

Proof. Let h = U where v is a complex measure satisfying [ ¢2 [v|(d€) < co. Let vy, (d€) = Liej<nv(d€),
and take h,, = 7,,. Then

Aala) = [ €1v1(de). (A1)

Since h € Gy, the function ¢ + £2 is in L!(|v|); hence, by the Dominated Convergence Theorem,
the integrals in Equation A.1 converge to [ £2 |v|(d€¢) = #(h) as desired. Now, for any z € R,

) = 1) = | [ (1o = 11(a9)| < [ Do vt (A2)

The integrand 1 ¢|-,, converges pointwise to 0 and is bounded, so since |v| is a finite measure, the
Dominated Convergence Theorem shows that h,, — h pointwise. Finally, note also that ||, ||z~ <
[|vn] < [|v] < oo, and so since p is a finite measure, one more application of the Dominated
Convergence Theorem shows that [ h, dp — [ hdp as desired. O

Lemma A.2. Let h € Cy with h = v for some compactly-supported complex measure v. There exists a
sequence of smooth C-valued functions 1, € C° such that, setting hy, = 1,

(1) fz(hn) — fg(h), and

(2) if p is any finite measure then [ h,, dp — [ hdp.

Proof. Let ¢ € C2° be a non-negative smooth compactly supported function, such that [ ¢(€) d¢ =
1. Let ¢ (&) = n ¢(&§/n). Define ¢, = ¢, *v; then 1, — v weakly. Note that supp ¢,, C supp ¢. Since
v is compactly-supported, there is thus a single compact interval K that contains the supports of
1y, for all n along with the support of v; moreover, the functions ¢, are all smooth since ¢, is

smooth. Set h,, = 1,,. Hence,
;MMZA&%@%%A&WMZ%W, (A3)

where the convergence follows from the weak convergence of |¢,| to |v| and the continuity of
¢ — &2 on the compact set K. For the second required convergence, we use Fubini’s theorem:

[ o) utdn) = [ Gata) ntde) = [ uta) [ e ae

(A4)
= [wntyae [ e utan) = [ ateponte)ae
36



where the application of Fubini’s theorem is justified by the fact that the function (z, &) + €1, (€)
isin L'(u x d¢) since v, € L'(d¢) and p is a finite measure. The function /i is continuous and
bounded since 4 is finite, and so since v, — v weakly and supp ¢,, C K for each n,

JEGEGES / € (£) de — / (A5)

The function (&) + €™ isin L!(u x |v|) since both are finite measures, and so we may apply
Fubini’s theorem again to find that

[ €)= [utde) [ utao) = [ utas) [ <o) = [o@ntan,  @0)

where the first equality uses the fact that suppr C K. Equations A.4-A.6 combine to show that
[ hndp — [ hdy, as required. O

Lemma A.3. Let r > 0. There is a sequence of real polynomials q,, such that, for any function f continuous
on R and equal to 0 outside of [—r,r], the functions

r

fal@) = | flz—t)gn(t)dt = (f * (g1[-rn)) () (A7)

-Tr

are polynomials that converge uniformly to f on [—r,r].

Proof. This is proved in [33, Theorem 7.26] in the case r = 1 with polynomials c,(1 — x2)" for
appropriate normalization constants c,,. Rudin only states (and uses) the uniform convergence on
[0,1], but it is easy to check that the proof yields uniform convergence on [—1,1]. Rescaling the
polynomials

an(z) = TQCnTiH (7»2 _ ;p2)n (A.8)

gives us the desired result. To be clear: the functions f,, in Equation A.7 are polynomials due to
the following change of variables,

r xr+r

fn(x) = f(ZL' - t)Qn(t) dt = / f(.%' - t)Qn(t) dt = _r f(t)Qn(x + t) dt, (A9)

—r —r

where the second equality is justified by the fact that f(x —t) = O unless ¢ € [x — 7,z +r]. O

Lemma A.4. Let h € Cy with h = ¢ for some 1 € CZ°. Let K C R be a compact interval. There exists a
sequence 1)y, of functions in the Schwartz space 8(R) such that the functions h,, = 1, are in Gf P and
(1) A2(hn) = F2(h), and
(2) if pu is a finite measure supported in K then [ hy, dy — [ hdp.
Proof. Choose r > sup{|z| : = € K}. Let ¢ € CZ° be non-negative, with support contained in

[—r, 7], such that ¢(z) = 1 for € K (which is possible since K is strictly contained in [—r, r]). For
convenience, set p,, = qnli_yy) where ¢, is the Bernstein polynomial of Equation A.8. Define

o=t =[50 + (@) smnl 9] - (A10)

Note: for a Schwartz function v € §(R), the function vV = ¥ denotes the inverse Fourier transform
of v,

VO =36 = o [ o)

Since ¢ € Cg°, the convolution with p,, is well-defined and C*°; cutting off with ¢ again yields
a Cg* function, and so the inverse Fourier transform is a Schwartz function. Similarly, @2 is Cx

and 1) € 8(R), so their product is a Schwartz function, as is its inverse Fourier transform. Thus,
¥, € 8(R). Now we compute

o =0 =+ [(d) xpn) - 6 =0 - (1 — ¢%) + (o) * pu] - 6.
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Since ¢(z)2 = 1 for z € K, we have ¢, (z) = [(1Z¢) * pp|(x) for z € K. Since the function f = Vo is
continuous and equal to 0 outside of [—r, r], Equations A.7 and A.9 show that 1, is a polynomial

on K. Moreover, v, is rapidly decaying and smooth, so [ £2|1,,(¢)| d€ < co. Thus h,, = P, € CFF
as required. We must now verify conditions (1) and (2) of the lemma.

First, we compute that

inle) = () = o [ € [1(F0) € pa)(©) - DEIH(E)] 016 e (A1)

2T

Following this we make the straightforward estimate

() — <>\<1/

~ 5 [(6) + pal(€) = D(OH(E)] 61(6) d.

[(6) * pal(€) = D()D(E)| H() de
(A.12)

Lemma A.3 shows that (@qu) * py, converges to ng uniformly on [—7, r]. Hence, since the integrand
in Equation A.12 converges to 0 uniformly on the (compact) domain of integration, it follows that
Yn(z) — (x) for each .

We must now show that % (h,) — #(h) (recall that h,, = @Zn and h = 12). This will follow from
the stronger claim that #(h,, — h) — 0, which we now show to be true. We compute as follows.

2l = 1) = [ 16a(6) ~ (@12 = [ an(©) s

where g,,(&) = €2(1 + €2)|vn(€) — 1(£)]. We make this transformation so we can use the finite
measure v(df) = d¢/(1 + €2) in the following estimates. Since v, — 1 pointwise, it follows
that g, — 0 pointwise. In order to use a uniform integrability condition, we wish to bound the
L?(v)-norm of g,. To that end, we compute

lanley = [ (e oiae) = [ one) — vi@) P+ 7

14¢2

Now, referring to Equation A.11, ¥, — ¢ = ¥, where ¥, = [(@ZQS) * Dn| - @ — ngQ. Simplifying
Equation A.13 yields

(A.13)

lgnllZ2) = / [0n(6)176*(1 + £%) d¢ < / ()12 (1 + £2) dg = / [€(1 + €2)Dn(8) [ de.
Since £+9,,(¢) = (—i)k(ﬁgﬁ))v(&) for k € N, this simplifies to
lonlEacy < [ 1000071€) + @)Y O de.
That s, ||gnllz2() < [[(97,)Y + (97))Y 22y < II( 07,)Y | z2(r) + H(ﬁ;;/)vHLZ(R) = 19l L2y + 199 1| L2y
where we have used Parseval’s identity in the last equality. We now must compute some deriva-

tives. Using the fact that (7 * p)’ = 4/ * p whenever v and p are functions whose convolution is
well-defined and v is C'!, we have

9 = (90) % pa) - &+ ((00) # pn) - ' — ($6°) (A14)
I = (($9)" *pa) - &+ 3(()" * pu) - '+ 3((00) *pn) - ¢ + (¥9) * pn) - ¢ — @9252)’(/;'\ 15)

The functions ¢¢ and ¢¢? are both in C2°, and so there is a constant A so that || (¢¢) )] 2wy <A

and || (¢¢?) M| p2ry < Afor0 < k < 3. Since ¢ € C2°, there is a constant B so that [|¢(¥) || 1 () < B
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for 0 < k < 3. Using Young’s convolution inequality ||y * pllr2r) < [[7llz2(r) lIPll1(r), Equation
A.14 gives us

97l L2m) < Bl|(4¢)’ % pnllz2@) + Bl () * pll 2wy + A

< Bl(%6) | L2 |1Pnll 21 &) + Bl (99| 2wy 1pnll 2y + A
< BA+ BA+ A,

where we use the normalization [|p,|| 1) = 1. A similar calculation using Equation A.15 shows
that

n

”79///||L2(R) § 8BA + A
Hence, we have

s%p gnllr2(w) < Slrllp (||19;L||L2(R) + HﬂZIHL?(R)) < 10BA + 2A < oo. (A.16)

This allows us to conclude the proof as follows. For any M > 0, we have

thn—hJ—1/gndv—1/gnM<%<Mdv+1/gnLh>Mdv.

The first integrand is bounded above by M, and since v is a finite measure, the constant M is
in L'(v). Hence, since we have already shown that g, — 0 pointwise, we conclude that the
first integral converges to 0 using the Dominated Convergence Theorem. For the second integral,
notice that on the domain {g,, > M} the function g,,/M is > 1, and so

g 1 1
/gnﬂgnw dv < /gn + 7 Lo n dv < M/gi dv < Msglpllgnllim)-

Since this is true for any M, by taking M — oo while n — oo we have #;(h,, — h) — 0 as desired.

Finally, since p is supported in K and ¢ = 1 on K,
[tndi= [ Gudn= [ Q= ddu+ [ (@0 spa) -0
K K K
= / ({b\¢) * D Ayt
K

By construction (1¢) * p, — ¢ (uniformly) on K, and also [[(1¢) * pullre < |0 ]l z<|lpalls =
||| < oo. Since p is a finite measure, the Dominated Convergence Theorem therefore shows

that /hndu:/K(W)*Pnd”%/](%d“:/f(ad”:/hdu'

This concludes the proof. 0
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