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Fluctuations of functions of Wigner matrices
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Abstract

We show that matrix elements of functions of N x N Wigner matrices fluctuate on a
scale of order N~!/2 and we identify the limiting fluctuation. Our result holds for any
function f of the matrix that has bounded variation thus considerably relaxing the
regularity requirement imposed in [7, 11].
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1 Introduction

The density of states of an N x N Wigner random matrix H = H™) converges to the
Wigner semicircular law [19]. More precisely, for any continuous function f: R — C

lim %Trf(H = lim fo (M) = /f ) prse(dx) (1.1)

N —oc0

where )\, ..., \y are the (real) eigenvalues of H and ps.(dz) := 27r V(4 —2?) dx.

It is well known that for regular functions f, the normahzed linear elgenvalue
statistics % Tr f(H) have an asymptotically Gaussian fluctuation on scale of order 1/N,
see, for example, [17, 8, 1, 15, 14, 6, 2] for different results in this direction, also
for other random matrix ensembles. To our knowledge, this result under the weakest
regularity condition on f was proved in [17]; for general Wigner matrices f € H!*¢
was required, while for Wigner matrices with substantial GUE component f € H'/?t¢
was sufficient. Notice that the order of the fluctuation 1/N is much smaller than 1/v/N
which would be predicted by the standard central limit theorem (CLT) if the eigenvalues
were weakly dependent. The failure of CLT on scale 1/ VN is a signature of the strong
correlations among the eigenvalues.

In this paper we investigate the individual matrix elements of f(H). We will show
that the semicircle law (1.1) holds also for any diagonal matrix element f(H);; and not
only for their average, + Tr f(H); however, the corresponding fluctuation is much larger,
it is on scale 1/ V/N. Moreover, the limiting distribution of the rescaled fluctuation is
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Fluctuations of functions of Wigner matrices

not necessarily Gaussian; it also depends on the distribution of the matrix element h;;.
Similar fluctuation results hold for the off diagonal matrix elements f(H),;, ¢ # j. For
regularity condition, we merely assume that f is of bounded variation, f € BV. We also
prove an effective error bound of order N ~2/3 that we can improve to N ! if f/ € L°°,
i.e. we provide a two-term expansion for each matrix element of f(H).

Similar results (with less precise error bounds) were obtained previously in [9] for
Gaussian random matrices and in [10, 11, 12] for general Wigner matrices under the
much stronger regularity assumptions that

/(1+|§\)3]f(5>]dg<oo or /(1+\§|)25 f(g)‘2d§<oo for some s > 3, (1.2)
R R

where f(f) = [pe " f(z)dz. The main novelty of the current work is thus to relax
these regularity conditions to f € BV. In addition, [10, 11, 12] assumed that in the
case of complex Hermitian matrices, the real and imaginary part of the entries have
equal variance. Our approach does not require this technical assumption. We also
refer to [7] where similar questions have been studied for more general statistics of the
form Tr[f (}{ )A] for non-random matrices A under the fairly strong regularity condition
S+ EDAF(E)]de < oo.

A special case of these questions is when the test function f(z) is given by ¢.(z) =
(r — z)~! for some complex parameter z in the upper half plane, 7 := 3z > 0. In fact, for
f which are analytic in a complex neighborhood of [—2, 2], a simple contour integration
shows that for the linear statistics it is sufficient to understand the resolvent of H, i.e.,
¢.(H) = (H — z)~! for any fixed z in the upper half plane. If f is less regular, one may
still express f(H) as an integral of the resolvents over z, weighted by the 9;-derivative
of an almost analytic extension of f to the upper half plane (Helffer-Sjostrand formula).
In this case, the integration effectively involves the regime of z close to the real axis,
so the resolvent (H — z)~! and its matrix elements need to be controlled even as n — 0
simultaneously with NV — co. These results are commonly called local semicircle laws.
They hold down to the optimal scale > 1/N with an optimal error bound of order
1/4/N7 for the individual matrix elements and a bound of order 1/Nn for the normalized
trace of the resolvent (see, e.g. [5]). With the help of the Helffer-Sjostrand formula,
more accurate local laws can be transformed to weaker regularity assumptions on the
test function in the linear eigenvalue statistics, see [17]. In this paper we replace
the Helffer-Sjostrand formula by Pleijel’s formula [13] that provides a more effective
functional calculus for functions with low regularity.

A similar relation between regularity and local laws holds for individual matrix
elements, f(H);. Using the Schur complement formula one can relate f(H);; to the
difference of a linear statistics for H and for its minor H obtained by removing the
i-th row and column from H. In a recent paper [3] we investigated the fluctuations of
this difference without directly connecting it to f(H);;. Applied to a special family of
test function f(z) = |x — a|, the difference of linear statistics is closely related to the
fluctuation of Kerov’s interlacing sequences of the eigenvalues of H and its minor.

Motivated by this application, Sasha Sodin pointed out that this fluctuation can be
related to the fluctuation of a single matrix element of the resolvent by the Markov
correspondence, see [16] for details. It is therefore natural to ask if one could use the
fluctuation result from [3] on the interlacing sequences to strengthen the existing results
on the fluctuations of the matrix elements of the resolvent and hence of f(H). In fact,
not the result itself, but the core of the analysis in [3] can be applied; this is the content
of the current paper. We thank Sasha for asking this question and calling our attention to
the problem of fluctuation of the matrix elements of f(H) and to the previous literature
[9, 10, 11, 12]. Furthermore, he pointed out to us that the contour integral formula
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from Pleijel’s paper [13] could potentially replace the Helffer-Sjostrand formula in our
argument to the end of further reducing the regularity assumptions on f. We are very
grateful to him for this insightful idea that we believe will have further applications.

2 Main results

We consider complex Hermitian and real symmetric random N x N matrices H =
(hij)ﬁ\fj:l with the entries being independent (up to the symmetry constraint h;; = hj;)
random variables satisfying

.
Ehy =0, Elhy[* =2, and E|hij|”g]\§;p/2 2.1)

for all 4, j, p and some absolute constants p,,. We assume that the matrix of variances is
approximately stochastic, i.e.

Y si=N+0(1) (2.2)
J
to guarantee that the limiting density of states is the Wigner semicircular law.
To formulate the error bound concisely we introduce the following commonly used
(see, e.g., [4]) notion of high probability bound.

Definition 2.1 (Stochastic Domination). If
X = (X(N)(u) INeN,ue U(N)) and Y = (Y(N)(u) INeN,ue U<N>)

are families of random variables indexed by N, and possibly some parameter u, then we
say that X is stochastically dominated by Y, if for all e, D > 0 we have

sup P [X(N)(u) > NEY(N)(U)} <NP
wueU W)
for large enough N > Ny(e, D). In this case we use the notation X <Y . Moreover, if we
have | X| <Y, we also write X = O (V).

It can be checked (see [4, Lemma 4.4]) that < satisfies the usual arithmetic properties,
e.g. if X1 < Y; and X5 < Y5, then also X; + Xo < Y] + Y5 and XX < YiYs, We
will say that a (sequence of) events A = AY) holds with overwhelming probability if
P(AM)>1—~ NP forany D > 0and N > Ny(D). In particular, under the conditions
(2.1), we have h;; < N~!/2 and maxy, |\y| < 3 with overwhelming probability.

We further introduce a notion quantifying the rate of weak convergence of distribu-
tions. We say that a sequence of random variables Xy converges in distribution at a rate
r(N) to X if for any ¢ € R it holds that

E Xy = B + O, (r(N)),

where we allow the coefficient of the rate to be ¢-dependent uniformly for |¢t| < T for any
fixed T. If X converges in distribution at a rate r(V), we write

XN £X+0O(r(N)).
In particular, this implies that
Ed(Xy)=E®(X)+ O (r(N))

for any analytic function ® with compactly supported Fourier transform.

Our main result for the diagonal entries of f(H) is summarized in the following
theorem. By permutational symmetry there is no loss in generality in studying f(H)1;.
By considering real and imaginary parts separately, from now on we always assume that
f is real valued.
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Theorem 2.2. Let the Wigner matrix H satisfy (2.1), s;j =1 fori # j and s;; < C for all
i, E \h1j|4 = 04/N? forj = 2,...,N and Ehfj = 09/N with some 02,04 € R. Moreover,
let f € BV ([-3,3]) be some real-valued function of bounded variation and assume that

hil < 511/\/N where &11 is an N-independent random variable. Then

Aj+én [ f@)zpse(dz)  [O(NTY)  iff e L
H %/xscdx+f + T (2.3)
f( )11 f( );U' ( ) \/N O(N_Q/S) else,
where A ¢ is a centered Gaussian random variable of variance
N2
E (Af) = Vi1 + Vi = 2Vpa — (14 02)Vis + (04 — 2 — 03 Vya, (2.4)
and the V¢ ; and Vf(j?) are given by quadratic forms defined in (4.13).
More precisely, (2.3) means that, to leading order
F(H) = [ £@) puclda) + O« (N12) 2.5)
and, weakly
™ — VN [f(fnu - [ @ usc(dm)] ~en [ f@peldn) = B, @6)
at a speed
k
ko O (L) jffe Lo,
(1) =E&;+{ 5
O(=xic—) else
for all k. The speed of convergence in the Lévy metric dy, is given by
~ loglog N
A (T, Ay) < O(f) o= 2.7
L( f ) f) — (f) \/m ( )
with some constant depending on f.
The corresponding result for the off diagonal terms is as follows.
Theorem 2.3. Under the assumptions of Theorem 2.2,
1 [x O(N7Y) iff eL™
H)jo L2 — |Ar+ / xxscdz}Jr ’ (2.8)
f( )12 \/N [ f 512 f( ) H ( ) O(N—Q/S) else,
where A t s a centered complex Gaussian satisfying
~ ~ |2
EAS = V{7~ Via— oaVps, E|&f[ = Vi - Vie - Vis
and the Vy,; and V,7>) are defined in (4.13).
More precisely, (2.8) means that
F(H)is = O (N*W) (2.9)
and, introducing the notation
S}N) = VN f(H)12 — &12 / f(@)2 pse(dw),
ECP 21 (2016), paper 86. http://www.imstat.org/ecp/
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we have that

O (LR if fr e L,

B (S J(‘N))k (w)l -B zl}?fl * (h+D) /2)!
N1/6

else

holds for all k, 1 € N. The analogues of (2.6) and (2.7) also hold for T} replaced with

()
s

The fluctuation results in Theorems 2.2 and 2.3 for test functions satisfying the
stronger regularity assumption (1.2) and without explicit error terms have been proven
in[10, 11].

We also remark that (2.6) implies the joint asymptotic normality of the fluctuations of
f(H(N))n for several test functions. More precisely, for any f € BV we define T}N) via
(2.6). Then for any given functions fi, fs,..., fx € BV, the random k-vector

(N) mp(N) (N)
(Tl TN, LT )
weakly converges to a Gaussian vector with covariance given via the variance (2.4)
using the parallelogram identity. Similar result holds for the joint distribution of the
off diagonal elements f;(H)i2. One may specialize this result to the case when f is a
characteristic function, i.e. we may define
TN = 7V z € [-3,3],

T34
where 1[,; is the characteristic function of the interval [a,b]. Clearly, the finite di-

mensional marginals of the sequence of stochastic processes {ngN),l‘ € [-3,3]} are
asymptotically Gaussian. The tightness remains an open question.

3 Pleijel’s inversion formula

Our main tool relating f(H);; to the resolvent G = G(z) = (H — z) ! is summarized in
the following proposition. We formulate it for general probability measures p supported
on some [—K, K| and their Stieltjes transform

m() = [ 7 ula),

Later we will apply the proposition to u = py and p = py with py, py being the spectral
measures of typical diagonal and off-diagonal entries

/ fdpn = f(H), / fdpy = F(H)m.

Proposition 3.1. Let L > K > 0 and let u denote a probability measure which is
supported on [—K, K| and let f € BV ([—L, L]) be a function of bounded variation which
is compactly supported in [—L, L]. Then

L
/f()\)u(d)\) %/IM mu(x—l—in)dndf(x)—l—%/_Lf(x)%mu(x—i—Mi)dx (3.1)
+0 (770 lmu(-+ i770)||L1(|df\)>

1 : . 1
=5 /W m(z +in)dnd f(z) + O <770 b (- im0l s ga gy + 37 ||f1)
0

holds for any 1o, M > 0 where I\ == [—L, L] x ([=M, M] \ [=no,m0]),
d f is understood as the (signed) Lebesgue-Stieltjes measure.

= ||'||L1(d;p) and
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Before going into the proof, we present a special case of Proposition 3.1. If f = 1 .,
then (3.1) can be written as the path integral

1

,U,([.%,.TID = Tm

[, )=+ Omlimute +im) + e im0, 32)
vy(x,x’

where «(z,2’) is the chain indicated in Figure (1c). We also want to remark that for
our purposes (3.1) is favorable over the Helffer-Sjostrand representation, as used in [3],
since it requires considerably less regularity on f.

Proof of Proposition 3.1. From [13, Eq. (5)] we know that

1
PR = 5 [ () de R ) + O wSmu(), 33
L(x

T 2mi

where L(x) is a directed path as indicated in Figure 1a and zy = = + ing, 10 > 0.

—I M vizs M
Mo | - Tlo

B Mo
— 1 —t — 1 —T —— 1/ —t
AL-K < —no K L —L-K T* —no K L —L-K 9|:5—|U —no K L
_M IVI _M
(a) Path L(x) (b) Path R(x) (c) Chain ~y(z,z’)

Figure 1: Integration paths

By the definition of the Lebesgue-Stieltjes integral for functions of bounded variation
we have that

[rouan= [ (/102 2 uan) ase = [ (i K df ().

By virtue of (3.3) we can write

[roman =1 [ (; / ) dz> aF(@)+ 0 (m (- + im0) 1 agy )

where R(z) is the path indicated in Figure 1b and |df| indicates the total variation
measure of d f. We then write out the inner integral as

1 M

— my(z)dz = Rmy, (x + in)dn + /
2 JR(@) o v

L M
Smy(y +iM) dy—/ Rm, (L + in)dn.
0

Since the last term is z-independent, it will vanish after integrating against d f since we
assumed f to be compactly supported. For the second term we find

L M L
/f()\)u(d)\):%/ / Ron,o( + in) dndf(x)—i—%/_L F@)Sm (e +iM) da

—L Jno

+0 (no [ (- + i’70)HL1<|df\>) :

Since |Sm,,(z + iM)| < 1/M we thus have

1 L M 1
/f(A)u(dA) = ;/ Rmy,(z +in) dnd f(z) + O <770 -+ imo)ll L1 a gy + 37 |f||1>

—L Jno

ECP 21 (2016), paper 86. http://www.imstat.org/ecp/
Page 6/15


http://dx.doi.org/10.1214/16-ECP38
http://www.imstat.org/ecp/

Fluctuations of functions of Wigner matrices

for any ny, M > 0. For applications it turns out to be favorable to get rid of the real part
which we can by noting that 2Rm,,(z) = m,(z) + m,(Z) and therefore

1
‘/f %R/I%ﬂhxm+imdndf()+C7Gm|mﬂ(+zmﬂulmﬂ)+ Hfm>

where we recall I) = [-L, L] x ([-M, M] \ [=no,70])- O

We finally note that a variant of Proposition 3.1 could also be proven directly without
appealing to the contour integration from [13]. The key computation in that direction is
summarized in the following Lemma which we establish here for later convenience.

Lemma 3.2. Let f € BV ([—L, L]) be compactly supported and let g be a function which
is analytic away from the real axis and satisfies g(z) = g(z). Then for any g, M > 0 we
have that

L
iﬂ //1% g(z +in)dndf(z) = %/_L f(@)Sg(x +ino) dz + O (Iflllmer[naL%L] lg(x +z’M)) :

Applying Lemma 3.2 to g = m,, yields, modulo an error term,

/IM my(z+in)dndf(z // f(z ) dxu(d)\)

and taking the limit o — 0 makes the inner integral tend to f()\) in L!-sense. In this way
we can establish a variant of Proposition 3.1, albeit with a weaker error estimate.

Proof of Lemma 3.2. This follows from the computation
// gz +in)dndf(z) = —i f(x) dz_2/ f(@)Sg(x +ino) — g(z +iM)] dx
M oIM

=2 [ j@sate +im)ar + 0 (I|f|1 o [gfe+i0)])
where the first step follows from Stokes’ or Green’s Theorem. O

4 Diagonal entries

We first prove Theorem 2.2 about the diagonal entries of f(H). The spectral measure
corresponding to the (1, 1)-matrix element, py defined as

/fdPN:f(H)ll

is concentrated in [—2.5,2.5] with overwhelming probability. We can without loss of
generality assume that f is compactly supported in [—3, 3] since smoothly cutting off f
outside the spectrum does not change the result. Applying Proposition 3.1 to u = pn
with K = 2.5, L = 3, we find that (using z = x + in, 2o = x + 1))

f(H)n—*/IMG ndndf(z) + 0« (770/|G 20)11| d f(z) + ||f||1>~ (4.1)

To analyse G(z)1; we recall the Schur complement formula

1 * =N N
G(z)n = , whereﬂz(h” ]1), G(z)=(H —2)"".

hu—z—<mé@m> h H
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To study the asymptotic behavior of G(z);; we rely on the local semicircle law in the
averaged form (see [5] or [4, Theorem 2.3]) applied to the resolvent of the minor

N 1 N 1
my(z) = )i TrG(z) = m(z) + Ox (N|77|) , (4.2)
and its entry-wise form
1
G(2)ij — 6iym(2) < (4.3)
’ N ||

which both hold true for all || = [3z] > 1y > N~!. Here m denotes the Stieltjes
transform of the semicircular distribution ysc, m(z) == [(A — 2) 7! pse(dN).
Since by (4.3),

[166@+m)ulai@ = [ m(e+ i)l dse +o(/]ﬁ\ 0) < la|

for no > 1/N, where ||d f|| is the total variation norm of the Lebesgue-Stieltjes measure
df, we can write (4.1) as

F(H) = 5 / [ Glatimu dndf(@) +0< (s + 17 11,).

In order to separate the leadlng order contribution from the fluctuation, we set
1 ~ 1

Oy (2) = G211 — , dy(z) = )
VO = = gy YT e
where my(z) = (A?(z) and observe that
G L OcmE) -G o, (1
b= o S o< ()
and by expanding both terms around [—z — m(z)]~! = m(z),
Dy (z) — Dy(z) = m(2)? [<h é(z)h> —n(z) - hn] ey (Nlm> . @5)

Thus & n~ describes the leading order behavior, which is very close to a deterministic
quantity, and the leading fluctuation is solely described by &5 — ® . We then can write
(N)

A
fH)1 =AY + =L

v ou (sl + ).

where

1 1 -
A}N) 5 //U Oy (2)dndf(x) and A;N) :_QW/I% VN[®y — By (2)]dndf(z).

The reason for the normalization will become apparent later since in this way A;N) is an
object of order 1.
For the leading order term we use (4.4) and Proposition 3.1 to compute

M
A(N) 1 /IM m(z)dndf(xz) + O (de - dn>

27 n NN
log M 1 1
— [ 5@ pctaa) + O (| FERLRERL s g+ 151, )
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For the fluctuation we use (4.5) to compute
1 ~ -

AN = / m(z)2VN [<h G(z)h> — iy (2) — hu} dndf(z)
27‘(’ Ié”

log M| + |lo
+(9<(| g M| + [logn| |df||)

VN
~ 1 [log M| + |logn|
_ AN 7/ 2 os M| + os | 4.
¥ {11 o - m(z)*dndf(z) + O< N [df]l (4.6)
|log M| + [log |

_AW g, /f(x)xusc(dx) +0. ( I4fll+ 0 + 573 ||f||1> ,

VN

where the last step followed from Lemma 3.2 and

e =Wk A= o [ mGPEX G andfa). X6 = VR [(nGEn) —mx ()]

- 2
We now concentrate on the computation of E (ASEN)) . We state the main estimate of

E X (2)X(2') as a lemma.

Lemma 4.1. Under the assumptions of Theorem 2.2 it holds that

2 2 3

m(z)*m(z’) asm(z)?m(z")?

EX(2)X(¢) = 1—m(z)m(z’)  1—ocom(z)m(z')

+ (04 — )m(z)m(z") + O« (\/%@) ,
4.7)

where

1 1 1 1
= + +
VIl <\/77| vaud \/Nlnn’|>
2
P = 1)y o <2 (|77| + 7] + |z — 2] ) + [(Jz] = 2)+ + (|2 = 2)4]
andz =z +1in, 2/ =2’ +in'.

We remark that in the |z — 2/|* term in ® could be replaced by |z — 2’| but we will not
need this stronger bound here.

Proof of Lemma 4.1. From (35) in [3] we know that

B[X(:)X(2)|H] = %Z (Gui@i + 036G} ) + 7

i#]

(4.8)

~ ~ ~

where, @-J— = G(2)ij, Gj; == G(2');;. The last term we directly estimate as

0'4—]- ! . :
Gu = -1 O< . 2
E o4 = Dm(z)m(z) + <\/N|77| VN I1] i N\/??ﬁ’|> o

Furthermore, in Lemma 9 of [3] self-consistent equations for the first two terms on the
rhs. of (4.8) were derived. We recall that

v
- GisGyu =i+ 0 (2.
IRgas o
2 N2 v
[1—oam(z ZG” = ogm(2)*m(z')? + O [ — |,
%#J VN
ECP 21 (2016), paper 86. http://www.imstat.org/ecp/
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, which holds for some small ¢ > 0
i, 1], we find

Using the straightforward inequality |m(z)| <1 —¢
and z in the compact region [—10,10] x [—¢

1= m(2)m(z')] = c(In| + [n'])-

)
Since |m| decays outside the spectrum [—2, 2] we have that |m(z)| <1 —¢(Jz| — 2)4 for
|z| < 10, and therefore

11— m(z)m(=")| = ¢ (o] = 2)+ + (2| - 2)s.
Moreover, in the remaining regime where both |n|, || < 1 and |z|, |2’| < 2, it holds that

1= m(z)m(z')] = 1 = Rim(z)m(2)] = 1 = (Rm(2))(Rm(2")) + (Sm(2))(Sm(z))

(1_4imﬁ) = '),

where the + depends on the signs of 1,77’ and we allow for the constant ¢’ to change
in the last inequality. This estimate follows from the explicit formula for m(z). Putting
these inequalities together, we therefore find a constant C' > 0 such that in the compact
region [—3,3] x [—iM,iM] it holds that C'|1 — m(z)m(z’)| > ® , from which we obtain

~m(2)’m(2)? v
¥ 2 608 = 1t 0 (v 419

i#]
1 ~ aam(z)?m(2')? 14
— GG = Ox|—).
N ; 15 = T mem) T\ U
Now (4.7) follows from combining (4.8), (4.9) and (4.10). O

Using Lemma 4.1 we then compute

B(37) = 5 /] /I . PEX(2)X () dnd f ()

m(z)t  odm(z)'m(z)*

I 1 - m(z)m(z’) 1 —oam(z)m(z’)

w)z
+ (01— Dm(Pm(=)] dnd “9(////1 e dndf(e ))

where dn = dndy’ and df(x) = df(z)df(2’). To estimate the error term we have to
compute

2o 1 1 1 1 1
1.1 i (5= 7 ) 05
—2.JJn T]+77’+|x—x’|2 m’ \vn Vi N/
and readily check that

/// Y mdf(a) < | (oM + llogmol)/VN if f'is bounded,
Y ndf(e
VN (llog M| + [log ol)/v/N7jo ~ else.

By using Lemma 3.2 and organizing the contributions from the boundary terms at 7
and —7, we find that the leading order of E(A( ))2 becomes

// e ([ mzo) mia), dmbolmid) +<o4—1>m(zO>3m<za>31
% (

~—

m(zo)m(zy) 1 —oom(zo)m(z])

o~

4

m(z0)*m(z0)*  ofm(z)*m(z)* 3, 1\3 114
- -1 d @
L CmGoym(z) T 1= cam(zo)m(zgy T (@1~ Um(z) m0)| Jde+ O« 7 )
(4.11)
ECP 21 (2016), paper 86. http://www.imstat.org/ecp/
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where zp = x + ing and z{ = 2’ + iny. Since

4
a a )

= —a—a*-d°
1—a l1—a

and for any fixed k € IN

3
2771#%// fl@)f(z) [m(ZO)km(%)k —m(z0)m(zp)"| da

2

( / flz dx) + O0< ()

we can conclude that (4.11) becomes
// fle ( 7(n<) >( <)> = v(n<)ﬂ;7(n<)>> i
+ 271T2§R//33 f@fa) (1 — Uim)(m()ji)z()) 1- Jii?t)(nj)()ji)(zg)> dz
( / f(x dx) (1409 (i m(x)? dx>2
+ (04 —2—02) < /f dx> +O<”f“ +no). (4.12)

The first term of (4.12) was already computed on page 17 of [3]. The computation of
the second term is very similar to the first one and the remaining terms are routine
calculations. We arrive at

R 2
E(A) = Via+ ViP = 2Ve = (14 02)Vys + (04 = 2= 03)Vya

[fll, , llog M| + [log ol
@) - il
+ (770+ 7y e Lh]

in the general case and
AN (02) >
E (Af ) =V + Vf,l —2Vio — (1+ O'Q)Vﬁg + (04 —2— Uz)VfA

Iflly , Nog M|+ [logmnol | .

in the case of f with bounded derivative f' € L>°([—3, 3]), where

Vf>1 = /f(‘r)Q /Jsc(dx)a

(o2) f(@)f(y) (1 —o3)
Viah= f se(dz) pse(d
1= T s o e )

2

Vie = (/ f(x) usc(dx))27 Vis = (/ f(a:)xusc(dx)) ;

2
Vigim < / F) (@2 — l)usc(dx)> . (4.13)
We note that Vf(f?) simplifies to Vf( 1) =Viiand V. 1) = V.2 in the two important cases

g9 = 0, 1.
We now choose M = N and 7y depending on the regularity of f. In the general

e 2
case of f € BV([—3,3]) it turns out that 770 = N2/ minimizes the error of E (A(fN)) ,

ECP 21 (2016), paper 86. http://www.imstat.org/ecp/
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whereas for f with bounded derivative, a choice of ng = N~'*¢ for any small ¢ > 0 is
optimal. Thus

AV _m (R JO< (NTY2) i e L([-3,3)),
E(Af ) —E(Af) +{0< (N-1%) ose. (4.14)

where A ¢ is a centered Gaussian of variance
~ \2 .
B(A,) = Vi + VT~ 2Wja - (L4 02)Vya + (0 — 2= aVy

For higher moments we recall the following Wick type factorization Lemma from [3].
Lemma 4.2. For k > 2 and z1, ..., 2z, € C with z; = x; £ in;, and n; > 0 we have that

EX(z21)... X(z)l= Y. ][] EX(z0)X(2)]+ O , (4.15)

mePs([k]) {a,b}eT

Fzﬁéab

where [k] :={1,...,k}, n = n1...nx, Po(L) are the partitions of a set L into subsets of
size 2 and

2
a = Liaa otz (Mal + ol + 20 = 0l + [(12a] =2+ + (ls] = 2):].

The error term in (4.15) is slightly stronger than that in [3] since the ®,; includes a
|z — :cb|2. This strengthening follows along the lines of the original proof by using the
more precise analysis of the self consistent equation outlined in Lemma 4.1. We check
that integrating the error term from (4.15) over (I)/)*, with 7o being chosen as above
according to the regularity of f, again gives asymptotically N /2 in the case of bounded
f" and N~1/6 in the general case. By integrating the Wick type product and using (4.14)
we therefore arrive at

(N) ke JOL(NTY2) if f e L([-3,3]),
E (A ) E(3)) +{O< (V1% elie. (4.16)

We note that the error terms are implicitly k-dependent. By counting the number of
pair partitions we find that, to the leading order in N, the implicit coefficients scale like
C*(k/2)! with a constant depending on f.

Recalling (4.6) and the definition of T}N) from (2.6), we conclude that the overall
fluctuations have moments

MV O (C*(k/2)IN~Y/2) if f' € L>([-3,3]),
E<Tf ) _E<Af) +{0(0k(k/2)!N—1/6) else. @17

Let ¢n(t) denote the characteristic function of T]EN) and ¢(t) the characteristic

function of the Gaussian variable A ¢. Then the moment bound (4.17) implies that
6N (1) — ¢(1)] < CN~/04CF

with some constant C depending on f. Using the well-known bound (see, e.g., [18,
Theorem 1.4.13.] and the references therein)

a(F.@) < [ 1660 - o00) 5 + 20087

for any two distributions F' and G with characteristic functions ¢r and ¢¢, we immedi-
ately obtain (2.7) by choosing T' = c¢+/log N. This completes the proof of Theorem 2.2.
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5 Off-diagonal entries

For the decomposition

hii hi2 W
H=|ha1 ho hA;
hi hy H

we find from the Schur complement formula that
Gloha =~ (P + O« ().
g11922 — g12921 N |n]
where 9ij ‘= hij - 57;jZ — <h“ G(Z)hj>
We now set Y (z) = YV (2) := VN <h1, @(z)h2> and begin to compute (all summation
indices run from 3 to N)

E[v(x)v( } NY E [hla whiah1G gdhd2|ﬁ} (5.1)
a,b,c,d

2 2 /
_ON"A A WY ogm(z)m() v
=N Za . GapGap + O« (N) T mmm) T =\ Ure

E |Y(2)Y ()] } N Z [hla abhp2hocG ’thd1|fﬂ (5.2)
a,b,c,d

= 200« () = it + < (75w).

For both estimates we made use of the fact the h,, are centered and therefore have
to appear at least twice to have non-zero expectation. The main contribution comes
from the pairing a = d, b = ¢. Some exceptional pairings, such as the four-pairing
a = b= c = d, were incorporated in the error term by their reduced combinatorics. From
Proposition 3.1 we then find that

)12 = — //” hl,G( )h2>—h12} dndf(z) + O ('C;Vf”)

For the second term it follows, just as before, that

/ /I e R0 (2) = / £ pan(de) + O (1)

//I 2)dydf(z)

and by a computation analogous to (4.11) using (5.1) and an expansion of the form

For the first term we set

a a 9
= —a—a
1—a 1—a

we arrive at

SV\2 _ o en) O (N=Y2) if f' € L>(][-3,3]),
E (Af ) =Vii = Viz—o02Vis+ {(9< (N=1/6) else.
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Similarly, from (5.2) we find that

O< (N=Y2) if f' € L>=([-3,3)),

a2
E ‘A(N)‘
f O~ (N~1/6) else.

=Vi1—Via—Viz+ {

Finally, due to a Wick type theorem for Y (z) which is proved along the lines of Lemma
4.2 we arrive at

o (s)" (77) =m(5)" (3) + ) BLS 6y

where A s is a centered complex Gaussian such that
~ ~ |2
EA2- = Vf(,(?) — Vf72 - 0'2Vf,3a E ’Af’ = Vfﬁl — Vf,g — Vf_yg.
We have proven Theorem 2.3.
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