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ABSTRACT

The winding number is the topological invariant that classifies chiral symmetric Hamiltonians with one-dimensional parametric dependence.
In this work we complete our study of the winding number statistics in a random matrix model belonging to the chiral unitary class AIIL. We
show that in the limit of large matrix dimensions the winding number distribution becomes Gaussian. Our results include expressions for the
statistical moments of the winding number and for the k-point correlation function of the winding number density.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0246969

I. INTRODUCTION

Hamiltonians with parametric dependence appear in various physical situations. A prominent example is the Bloch Hamiltonian, which
describes non-interacting particles on a lattice and is defined over the Brillouin zone of the reciprocal lattice. For non-interacting Fermionic
systems with spectral gap and a compact parameter space (such as the Brillouin zone), a topological classification becomes possible. Sym-
metries are the guiding principle for this classification. The tenfold way distinguishes between ten symmetry classes based on time-reversal
invariance, a particle-hole constraint and chiral symmetry, and is exhaustive in the absence of spatial symmetries."” This framework allows to
determine whether topologically non-trivial phases can occur, depending on the symmetry class and the dimension of the parameter space,
and provides a topological invariant of such a phase.” ° The topological classification is an important aspect of condensed matter physics, as the
topological invariant determines the number of stable modes localized at the boundary of the system. This relation is known as bulk-boundary
correspondence.’ "

In fact, the symmetry classes of the tenfold way were first identified in works related to random matrix theory."”'*"” Perhaps the most
well-known result is Dyson’s threefold way, which classifies the Hamiltonian based only on its behavior under time reversal."”'” Random
matrix theory models universal properties in the limit of large matrix dimensions for systems with a sufficient degree of complexity, ' such
as in disordered systems, ' quantum chaos*’ and quantum chromodynamics.”'

In the symmetry class with broken time-reversal invariance, labeled A in the tenfold way, Hamiltonians with an even-dimensional para-
meter space are classified by the Chern number. The statistics of Chern numbers in random matrix models over two-dimensional parameter
spaces, and the adiabatic curvature, which yields the Chern number upon integration over the parameter space, were first studied in Ref. 22,
and reconsidered in Refs. 23 and 24. It was shown that the statistics is characterized by the correlation length in parameter space, which is
inversely proportional to the product of the density of states and the parametric sensitivity of the matrix elements. When the matrix size is
large, the density of states is large and therefore the correlation length becomes small. As discussed in Ref. 24, the parameter space can be
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subdivided into a large number of patches such that the adiabatic curvature is statistically independent in different patches, which results in
a Gaussian distributed Chern number in this regime. When unfolded on the scale of the correlation length, the distributions of the Chern
number and the adiabatic curvature were found to be universal.

Adopting Dyson’s threefold way for the classes with chiral symmetry, we distinguish between the chiral orthogonal and the chiral sym-
plectic class with time-reversal invariance and the chiral unitary class with broken time-reversal invariance. These classes are labeled BDI,
CIL, and AIII, respectively, in the tenfold way. For a one-dimensional parameter space, the relevant topological invariant in these classes is
the winding number, which, analogous to the Chern number, can be expressed as an integral over a local quantity, the winding number
density.”*°

In a series of previous works, we investigated the winding number statistics in a random matrix model,”” >’ which we conjecture to
be universal and should serve as a leading order approximation for physical systems similar to the Bohigas-Giannoni-Schmit conjecture.”
In all three of the aforementioned symmetry classes, we obtained exact expressions for a generating function of the k-point correlation of
the winding number density. The latter gives the kth statistical moment of the winding number upon integration. In the present work, we
complete our analysis in the chiral unitary class AIIl. We show that the distribution of the winding number becomes Gaussian in the limit
of large matrix dimensions, where the parameter-space correlation length tends to zero, and provide a universal expression for the k-point
correlation of the winding number density, which contains non-universal information consisting only of a finite number of parameters. Our
approach is based on a decomposition of the k-point function over the parameter space, which is a k-dimensional torus, followed by a saddle-
point integration. This becomes exact in the limit of large matrix dimensions and allows an estimate of the statistical moments of the winding
number, which agree with those of the Gaussian distribution in leading order of the matrix dimension. We support our calculations with
numerical results.

The outline of this paper is as follows. In Sec. I1, we introduce the necessary concepts. These are the winding number in one-dimensional
chiral symmetric systems and the random matrix model. We also state the results obtained in previous works, which are essential to this work.
In Sec. [1I we present the results. Their derivations are found in the Appendix. We conclude in Sec. ['V.

-2

Il. CONCEPTS

In Sec. IT A, we recapitulate on chiral symmetry and the winding number. We introduce the random matrix model and state results
from previous works. In Sec. II B, we use a local transformation of the random matrix model to center the winding number distribution.
This transformation eliminates one set of free parameters of the model and facilitates later calculations. We discuss universality aspects of the
k-point correlation function in Sec. IT C, and in Sec. II D we define and analyze a function that appears when reformulating the generating
function and which becomes crucial when performing the limit of large matrix dimensions.

A. Posing the problem and previous results

We consider Hamiltonians in the chiral unitary class AIII. Chiral symmetry is formally expressed by the anticommutation relation
¢H¢ ' =-H 1)

with a chiral operator €. In its eigenbasis the chiral operator is

v oo
%‘[0 —HN]’ @

where we assume that it has as many positive as negative eigenvalues. In this basis the Hamiltonian assumes a block off-diagonal form

H- [13* ’g] )

with an N x N-matrix K and its Hermitian adjoint KT In general, the number of positive and negative eigenvalues of the chiral operator can
be different, which would cause the matrices K and K' to be rectangular. This case is not classified by the winding number, but by the absolute
difference between the number of eigenvalues with opposite signs, dubbed the topological charge in quantum chromodynamics.””

We equip the Hamiltonian with a one-dimensional parametric dependence, i.e.,

(4)

10|ty 0]

K'(p) 0

is a smooth 27-periodic function of p € [0, 27). This matrix can be interpreted as the Bloch Hamiltonian of a one-dimensional system with
chiral symmetry. A simple and well-studied toy model of such a system is the Kitaev chain.”
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The determinant of K(p) is a closed curve in the complex plane. The winding number of this curve around the origin is a topological

invariant, given by
2n
1 dz 1
W=— Z-_—_/a , 5
i 55 Zﬂi[ pw(p) )

z
z=det K(p)

where the logarithmic derivative

1 d
detK(p) %det K(p) (6)

d
w(p) = i IndetK(p) =
is the winding number density.

In the case det K(p) = 0 for at least one p € [0,27) the winding number is not defined and the system undergoes a topological phase
transition in which the value of the winding number changes. If det K(p) = 0, then det H(p) = 0 as well, implying that at least one eigenvalue
is zero. Chiral symmetry renders the spectrum symmetric with respect to zero, so that a topological phase transition necessarily coincides with
a closing of the spectral gap. A detailed discussion of the winding number is found in Refs. 25 and 26 and, in the context of random matrix
theory, in Refs. 27 and 28.

In order to set up a random matrix model for K(p), we assume a centered Gaussian distribution at all points p and identically and
independently distributed matrix entries, such that the model is fully determined by the covariance function

S(p,q) = (Kii (p)Ki(q)) )

for any j,I=1,...,N, where (-)* denotes the complex conjugation and (-) the ensemble average. This function satisfies all properties of a
scalar product such as Hermiticity and sesquilinearity

$*(p,q9) = (Kji (P)Ku(q))" = (K;i(@)Ki(p)) = S(a.p),

" ®)
(Ki(p)[c1Ki(q1) + e2Kjn(g2)]) = e1S(p, 1) + c28(p» 42)
with ¢, ¢, € C.
The simplest non-trivial choice is a two-dimensional complex vector space, resulting in a two-matrix model
K(p) = a(p)Ki + b(p)K: ©

with linearly independent, smooth and 27-periodic complex functions a(p) and b(p). Since we consider the chiral unitary class AIIL the
matrices K; and K are generally complex. The real- and imaginary parts of their elements shall be independently Gaussian distributed,
leading to the complex Ginibre ensemble

1

PAY(K;) = v exp(-trK/K;)  with j=1,2 (10)

We omit a scale parameter controlling the variance of each element, since the quantities of interest are invariant under such a rescaling, see
also below.

The superscript denotes the Dyson index 8 = 2, which is the dimension of the underlying number field, and the matrix dimension N. In
the classes BDI and CII the matrices have to be real ( = 1) and real quaternion (8 = 4), respectively.

For convenience of notation, we arrange the coefficient functions in a two-dimensional vector

v(p) = (a(p).b(p)) € C*\{0} (11)

such that the covariance function can be written as

S(p.q) =v' (p)v(q). (12)

Starting from (10), we can properly define the ensemble average for an arbitrary observable F
(F) = [dlKAIK]POY) (k)P (K F(Ki o). (13)
The k-point correlation of the winding number density is, then, defined as

M (p) = (w(pr) - w(pr) .
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and contains all information about the winding number statistics as a function of p = (p;,. . .,p,). Again, the superscript contains the Dyson

index f = 2, indicating the chiral unitary class AIIl, and the matrix dimension N. In accordance with (5), the statistical moments of the
winding number are obtained by

k (2N)
w f d*pC! 15
(w*) - z)k pC (p). (15)
We define a generating function
k k

72N detK(p; + 1) N) 9 )N
~ ), C = N 16
k‘k (p ]) (E detK(p[) k (P) E a] k‘k (p ]) J=0 ( )
from which the correlation function is obtained by taking the derivative with respect to the source variables J = (J;,...,/;). In a previous

work,”® we have performed the ensemble average, which assumes a determinantal form

N
1 v (o) (Pt
det [vT(pm)rzv(ann) ( [vCem) [Tv(pn) | ) ]
1<m,n<k

det[ - 47

250 (pa) =

[ S
v () T2v(Put]n) ] 1<m,n<k

where 7, is the second Pauli matrix and |[v(p.)| = \/v' (p»)v(p») is the Euclidean norm on C2.

Let us briefly recall how the ensemble average has been calculated. Inserting the two-matrix model (9) into the generating function (16),
we could reformulate the integrand in terms of the product ensemble K; 'Ky, which is a well-studied random matrix and known under the
name spherical ensemble.” ™ As a consequence of the invariance properties of the determinant, the generating function is in principle an
integral over the eigenvalues comprising a squared Vandermonde determinant. Due to the latter and the method proposed in Ref. 37, we
could reformulate the mtegrals to (17). The same procedure was possible for the classes BDI and CII, leading to Pfaffian expressions instead
of determinantal ones.”*”""

In Eq. (17), it becomes apparent why it is advantageous to write the coefficient functions as the vector v(p). We infer that the model
is invariant under rotations of v(p) with respect to the group SU(2). Indeed, we may also rescale the coefficient vector v(p) — ¢ v(p) with
c € Glg(1) = C\{0}, such that the full invariance group is Glc(1) x SU(2). The Gl (1) part is a manifestation of the earlier mentioned scale
invariance of the problem, which is illustrated by the fact that a constant prefactor has no influence on the winding number, see (5).

B. Centering the winding number

We are free to choose v(p) as long as it fulfills the above mentioned constraints of smoothness and periodicity. Multiplying the coefficients
with a scalar function

v(p) = f(p) v(p) (18)

affects the winding number density in the following way

! N0
derk(p) dp KB Ny 19

We aim to eliminate the one-point function, thereby centering the winding number distribution. To do this, we evaluate the one-point
function using (17)

w(p) = tK(p) —

d —det
det K(p) dp

N, 1y - V*(p)v(p+]))N vy @V ()
Zl\l (p’]) ( VT(p)V(p) > Cl (P) NVT(p)V(p) (20)

Choosing

P T N
f(p)—exp( [ dq T((qq))v((j)’) for p e [0,27) Q1)

leads to the desired result. Unfortunately, it is not always possible to identify f(p) with a differentiable function on a circle because of

f(p+2m) = Bf(p) with the Berry phase
~ex T @Y (@)
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We nevertheless implement the transformation (18) and obtain a parametric random matrix model that is smooth on the interval [0, 27] but
not periodic. We can proceed to calculate the logarithmic derivative of f(p)v(p), and by (19) its integral gives the centered winding number

VeV (p)
W zﬂ,fm det [V (p)K] - sz””’W

“ 3 f ST e 0 0K )

where K = (K1, K3). It is this simple relation between the centering and the gauging that motivated us to introduce it. We can directly apply
the results of Ref. 28 for the vector field f(p)v(p) instead of v(p) to obtain compact expressions for the generating function of the centered
winding number distribution, and use (15) and (16) to calculate moments, integrating on a hypercube [0, 277]* instead of a torus. Yet, we need
to emphasize that the centered winding number W — (W) is in general not an integer and, hence, not a winding number itself, although the
analytical results in Ref. 28 still apply.

Actually, the gauge transformation has an even stronger impact and yields a vanishing averaged winding number density

1 1 d vi(p)v' (p)
—_— v ———————de -N———==
e R U O O = g e ) D <o ey
for all p € [0,27). Equivalently, it is
L)' L ()v(e)) = [F@IF[v (2) () + v (p)v(p)[Im £(p))'] =0, (25)
implying that f(p)v(p) is orthogonal to its derivative.
Moreover, the integrand in the exponent of (22) can be rewritten into
T T
(@v'(q) _ v'(q) d v(g) , 1 ” @l (26)

Fava) @l dg @l (@l g

where the first term is purely imaginary due to normalization and the second one vanishes after integration over a period because v(q) is
continuous and ||[v(q)| # 0 as we need to satisfy K(p) # 0. This is also the reason why the Berry phase is indeed a complex phase.

Summarizing, we can, without restricting generality, assume a smooth complex vector field v(q) over the interval [0,27], which,
following the discussion above, is in general not periodic and satisfies

[v(@I*=S(a.9)=1 and  v'(9)¥'(g) = 2:8(q.q) =0 (27)
for all g € [0,27), where 95 indicates the derivative in the second entry. The Hermiticiy S(q,p) = S*(p,q) implies also
S(q,:q) =0 (28)

and taking the second derivative we have
218:5(4:9) = ~055(4:9) = ~078(4,9)- (29)

The orthogonality of the derivative v'(g) with v(q) combined with the fact that they are two-dimensional yields the relation

v (q) = v (9)1v'(q) =v* (q) = A(g)r2v* (q), (30)

with the proportionality constant A(q) = v" (q)72/(q). It is easy to show that the modulus of this constant is

AP =" (@) @V (@Y (@] = V(@) = :8:5(q.9) > 0. (31)

All the above relations must hold true for all g € [0,27). They will be useful to simplify some expressions below, in particular it will follow
that all universal statistics only depends on |A(g)|* = 81925(g, q) in the limit of large matrix dimensions.

C. Scales

It is well-known that universal spectral correlations of random matrix models emerge when the eigenvalues are measured on the scale

of the local mean level spacing D, which is also known as the unfolding of the spectrum.'”'” Likewise, in parametric random matrix models,
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universal statistics emerges when the parametric dependence is considered on the relevant scale.”’ *' This scale is the correlation length given
by the ratio of the local mean level spacing D and the standard deviation of the level velocity

l= D (32)

VAGE(P))?) ~ (9pEa(p))?

for any level n. The correlation length is the typical interval in parameter space over which two eigenvalues collide with each other. Moreover,
it also indicates that the corresponding eigenvectors have changed significantly. We note that the authors of Refs. 39-41 assumed conditions
where the average level velocity (0,E,(p)) vanishes.

In the random matrix model we study, this scale depends on N-independent parameters that can be expressed in terms of second
derivatives of $(p, q), which causes the mean square level velocity to be N-independent. The mean level spacing is of order 1/+/N in the bulk
and at the hard edge, which are the regimes relevant to the winding number. Thus, £ ~ 1/v/N for large N. This motivates a rescaling of the
parameters

Yi

Pj=po+ N (33)

with p; € [0,27) as the base point at which one zooms in. Furthermore, since the winding number density involves a derivative with respect
to p, typical values of w(p) are of & (v/N) for large N. We therefore define the unfolded k-point correlation function

fulyy) = lim N*"/zc,ﬁz'm(r + %) (34)

This function describes correlations at the point T € [0,27)" and v € [0y, dx]* parameterize the vicinity around it, where the ambiguous
scale On > 0 must satisfy the scaling limits
53
limdy=oc0 and  lim —X= =0, (35)

N—oo N—oo \/N
which guarantees a proper asymptotic large N limit of the integrals below. In particular, the second limit ensures that the second order
expansion in y/+/N becomes precise in this limit, which is confirmed explicitly by the results in Sec. I11. The unfolded correlation functions
are universal in that they depend only on the magnitude of the local quantity A(q). This demonstrates the validity of our phenomenological

parametric rescaling (34). A similar result holds for the unfolded correlation function of the adiabatic curvature in random matrix models
with a two-dimensional parameter space in the unitary class A.>

D. The “Lagrangian” .#(p,q) and its expansion

Recalling S(p,q) = v (p)v(q) and the normalization S(p,p) = |[v(p)||* = 1, which we can assume without restricting generality, the
generating function (17) can be rewritten as follows

N
det [eXP [-N-Z (pmpn)] <S(pm,pn+1n) ) ]
VI (pu)12v(put)n) \ SPubn) o
ZIE\Zk,N) (p.)) = 4 t[ 1<m, sk, (36)
e

1
v () T2v(Pu+)n) ] 1<m,n<k

where the “Lagrangian” is
Z(p.q) = ~In S(p,q) = ~Inv' (p)v(q). (37)

This function is related to the Fubini-Study metric on the complex projective line CP', also known as the Bloch sphere.* Tts real part is
non-negative (as shown by the Cauchy-Schwarz inequality) and symmetric

Re Z(p.q) 20, Re Z(p,q) =Re Z(q,p). (38)

The advantage of this formulation is that for non-vanishing .#(p, q), the exponential function suppresses any factor growing polynomially
in N. Therefore, we may focus on the points where Re .#(p, q) vanishes, which are exactly the points, where the vectors v(p) and v(q) are
parallel, once again readily shown by the Cauchy-Schwartz inequality. We would like to highlight that Re .#(p, q) is even smooth on a torus
with the gauging as the Berry phase drops out so that there is no issue at the boundaries.

To keep the analysis at a minimum, we assume that the collection of pairs of points (p,q) € [0,27)? satisfying Re £ (p,q) = 0 form a
finite number of closed curves y,(t) on the two-dimensional torus [0,27)”. Certainly, smooth curves will be the most likely scenario when
assuming a smooth covariance function S(p, q). The reason is as follows.
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The solutions of Re Z(p, q) = 0 are global minima of Re .Z(p, q). We also note that S(p,q) = v (p)v(q) must be a complex phase as well
as v(p) = S(p,q)v(q) when the two vectors are parallel. Thence, differentiating the Lagrangian with respect to p and g at such a minimum
yields

9. sk VeV A@Y@)n @)
90 PD " S0 T o) v ()v(a)
A@S@D) o
- SDNED. (v () -0 (39)

and similarly 9,.%(p,q) = 0. We have exploited the relation (30) and parallelism of v(p) and v(g). Thus, the direction y;(t) € R? of a curve
yi(t) = (y.1(t), yj2(t)) € R* must be obtained from

A(yi(1))yj(t) =0 (40)
with the help of the Hessian
L (P.q) 0 f(P,Q)]
H(p,q)=|_ 7 b ) (41)
= e

The existence of a real eigenvector and a zero eigenvalue of the Hessian [at a point where v(p) and v(q) are parallel] and Eq. (40) imply that
there is always a well-defined direction as long as one does not encounter a multicritical point (when the Hessian vanishes). We simplify the
Hessian to see that this is indeed the case.

The second derivative of the Lagrangian in q is

=0

T " — t "
P N@@ TS VeV (@) .
D ontg DT tg)
Due to the relation (30), it is
v'(q) = ' (@)2v" (@) + Mg) [V ()] = A(9)S(q.p) 72" (p) ~ () ¥(q) (43)
leading to the simple expression
92 (P = IM(q) = 0:2:8(q,9) 20, (44)

see (31). Analogously, one finds 9;.2(p,q) = |A(p)|* = 10:S(p,p) due to symmetry. However, one can relate A(p) and A(q) when v(p)
and v(q) are parallel. For this purpose, we need to understand p as function of g as we need to keep the parallelism, i.e., p = p(q). Then, we

compute
=v(q) =0
T - 8P T 8p T /
A(q) = v (q)1204[ S(p,q)v(p)] = afqals(ﬁqﬂ@zs(?,q)]v (q)TzV(P)+S(p,q)§qv (9)m2v (p)
-S ()5 () (0) = 5 (0.0) 2280 (45)

Since S(p, q) is a complex phase at these points, we have

oa\* aa\*
82 (prq) = 0,0:8(p.p) = AP = |A(q)|2(87‘§) _ 0,0:5(3.9) (872) . (46)

The mixed second derivative is

=0

GZ:0S:0} G20z JoquianoN 90

[V (P)]''(a) 519:5(p>q)
00,2 (p,q) = ———=—"—"+ (L (1,90, %4(p,q) = —————= (47)
00pZ (P> q) Y (p)v(q) b2 (P> )04 2 (P:q) S q)
and after using (30) it can be rewritten into
“ S(gs 0 0
000 (p) =8 (DA G 2 AP - 5 (49)
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As 0q/0p is a real function, we see that this apparent complex derivative is actually real, too, so that we can also write it as follows

000 (0) = s(p DI Wit s(p.) =sgn | 2" (o) )| ()

Collecting everything, we find for the Hessian the compact expression

AP —5(p,q)A(P)A(f1)|], (50)

#(p,q) =
S I 8
which evidently has a zero eigenvalue with the eigenvector (|A(q)l,s(p,9)|A(p)]).

We underline that there is always at least one solution with parallel v(p) and v(g). The diagonal curve y, (t) = (t,t) is always a solution
as it reflects that v(p) is parallel to itself, i.e., v(p) = v(q) when p = q. In the trigonometric model with the vector field v(p) = (cos p,sin p),
for example, there are two solutions which are y, (t) = (t,¢) and y,(t) = (¢,t + 7).

It is possible, however, that two solutions cross each other. For instance, the model with the vector field v(p) =

(cos (2p),sin p)/y/cos’(2p) + sin p has the two solutions y, () = (£,t) and y,(t) = (t, modax[7 — t]), which cross each other at t = 7/2
and t = 37/2. Crossings are solutions of lower dimension and correspond to multicritical points where the Hessian vanishes. To keep the
discussion at a minimum, we will not consider such cases since we need to expand to higher orders otherwise and the scaling of the winding
number statistics may change.

In the following we will omit the argument ¢ of y j(t) for simplicity of notation. The Taylor expansion of #(p, q) around the solutions is
given by

3/2
(‘/’ l/’2)
NZ A +0| ———— | 51
(]1+\/— Yi2 + \/—) [‘//1 l//z] (yJ)I:v/:| ( \/N ) (51)
As we have seen, one of the eigenvalues of the Hessian is zero, which gives rise to

0% (P»‘J)] Yia
0=0,|7 A7 (52)

t [8%?(1” q) ! YJ 2

(pg)=y;
The Hessian is only a 2 x 2 matrix. Hence, its second eigenvalue is given by its trace
2 2
tr () = [A(yi)l" + [A(2)[ (53)
The corresponding normalized eigenvector can be expressed as i2y;/ HyJ'H € R? and is proportional to Ay DL =5y v)1A(;)1)- We

emphasize that both the eigenvalue and the eigenvector are ¢ dependent.
Summarizing, the exponential in (36) can be approximated as follows

ex| ex |A(YJI)| +|A()’12)| (v" TZYJ) o
R i

~exp [_ 1Ayl —S(Vj,lsVJ,Z)lA(Yj,Z)WZ)Z][1 +o(1)]

5 (54)

with ¥ = (y1,¥2) € R* and the Landau little o, i.e., 0(1) denotes a function that vanishes asymptotically. We note that u/Tsz]'- is imaginary
due to the second Pauli matrix so that the expression indeed gives an integrable Gaussian. We recall that the deviations can be of any order
d satisfying (35) to find a uniform expansion as shown above, meaning it must be oy < N'/°.

As an example, for the curve y(t) = (¢, 1), which always exists as a trivial solution, we can make use of (28) and (29) and find

exp |}N,§f(t+ w—;\] t+ W—;\])] = exp [781828(1‘, t)(v/l_zwz)z][l +o(1)]. (55)

Therefore, in this case the inverse correlation length is \/N8,8:S(t, t) = VVNA(t).

GZ:0S:0} G20z JoquianoN 90

J. Math. Phys. 66, 101902 (2025); doi 10.1063/5.0246969 66, 101902-8
© Author(s) 2025


https://pubs.aip.org/aip/jmp

Journal of ARTICLE . B
Mathematical Physics pubs.aip.org/aip/jmp

I1l. RESULTS

In Subsection 1 of the Appendix, we show that the k-point correlation function, as defined in (14), is given by

Clgz,N)(p) _ Ufj (—1)Z Z (li[ A(PU(M*I))A(I’U(ZM)) )

1=0 21 I (k - 2[)!aeSk m=1 [VT(pa(z,,,_]))Tzv(pg(z,,,))]z

A
 det |: . (Pu(b)) e—Nf(Pa(a)J’a(b)) (1- ‘Sab):l (56)
v (pa(a) )TZ"(Pu(h)) ab=21+1,... k

with the permutation group Sy of k elements, the floor function || and the Kronecker symbol 8.
The lowest order non-vanishing correlation function of the winding number density is the two-point function

M (p) - M(‘;mﬂpbpz) 1)

2 (57)
[v' (p1)r2v(p2) ]

When v(p, ) is not parallel to v(p, ), C;z’N) (p) = 0 (1) forlarge N, but when the vectors are parallel, the denominator and the rightmost factor
of (57) vanish. The singularity is resolved by the unfolding procedure of (34), which we demonstrate here for the case of an equal base point
Ty =T; =T. In this case it is

pnmv(pn) - XD o (), (58)

and

2
e NLprp) _ exp _|A(r)|2w [1+0(1)], (59)

so that we arrive at
e—\A(l‘)\z(wl—%)z -1

O T

(60)

Thus, the two-point correlation function is universal when unfolded over the correlation length 1/(|A(T)|v/N).

It follows from (60) that, as surmised in Sec. II C above, for large N there is an interval of & (1/v/N) of separations p, — p, in parameter
space, where values of & (v/N) of the winding number density are highly correlated, while for larger separations w(p, ) and w(p, ) are nearly
independent. Hence, the winding number W can be expressed as the sum of independent random variables of & (v/N) with variance of
0 (1), so that by the central limit theorem W tends to a Gaussian random variable with a variance of & (v/N). When there are several points
of parallelism, a similar argument based on (62) below shows that the winding number is correlated in several intervals of width & (1/v/N),
leading to the same conclusion.

The unfolding is analyzed in full generality in Subsection 1 of the Appendix, showing that the unfolded k-point correlation function in
the vicinity of the base points I'; € [0, 27‘[)k, where all v(T,) are parallel, is given by

k Lk/2] (_1)1
fiTjy) = (H 51,1|A(Fj,1)|) >

1 = 20 (k-2
1

I
x> T] 2
0 €Sk m=1 (Sj,u(2m71)|A(rj,a(2m—1) )|V/a(2m—1) - 5j,a(2m)|A(Fj,a(2m))|%(2m))

2

exp [_%(Sj,a(a)|A(rj,a(a))|W¢r(a) = $50(0) |8 (Tj(0)) Wo(r)) ]

x det
8i0(@) | A(Tio(a) ) Vata) = Sio(0) A (Tjo(o) ) Wo(h)

(1 _6ab) . (61)

a,b=2l+1,....k

We recall that [A(p)| = /910:S(p, p) and employ the notation s;, = sign T’ ,. For k = 2 this expression yields

exp [~ (s |AT;0) 1 - 52l ATj2)[y2)*] - 1
(5| AT [y = 5j2|A(Tj2)[y2)?

which generalizes (60) to the case of multiple points I'; of parallelism. It also generalizes the result for f, derived in Ref. 27 for the trigonometric

model v(p) = (cosp, sinp), where 1"]'-)1 = FJ'-,Z =5i1|A(Tj1)] = sj2|A(Tj2)| = 1.

£(T ) = sjasia|ATj0)|A(T)2)]

, (62)

GZ:0S:0} G20z JoquianoN 90

J. Math. Phys. 66, 101902 (2025); doi 10.1063/5.0246969 66, 101902-9
© Author(s) 2025


https://pubs.aip.org/aip/jmp

Journal of

i : ARTICLE i -
Mathematical Physics pubs.aip.org/aip/jmp

It is interesting to note that the determinant appearing in (61) is that of a skew symmetric matrix. It follows that all odd unfolded

correlation functions vanish. This means that the original correlation functions C,EZ’N) grow more slowly than the expected N¥* as N — oo
when k is odd. We can elucidate this result by examining more closely the behavior of the three-point correlation function, which by (56) is

2i Im eN(f(Pn,Pz)+=(f(Pz,P3)+$(.D3,P1))

T o0y v(pa) (o) eav(po)¥” (o) rav ()

™ (p) = AP )AP2)A(ps (63)
When p; =T + y;/+/N, both the numerator and denominator become small, as was the case for the two-point correlation above, since
£(T,T) = 0 and v(T) "1,v(T) = 0. However, in the present case the leading term of & (N*/?) of C§2’N) (p) vanishes because the leading term
of 0 (1/N) in Z(pj, px) is real, see (59). It follows that C§2>N) (p) = 0 (N) only, and therefore the unfolded three-point function vanishes, as
observed.

The relative smallness of the three-point correlation function causes the convergence of the winding number distribution to a Gaussian
to occur more rapidly than implied by the standard central limit theorem, where the growth of all cumulants is comparable. So the third
cumulant of W would be of & (N'/?) with the skewness of the distribution decreasing to zero like N~'/*. Here, since C; is of & (N), the third
cumulant of W is only of & (1), resulting in the skewness decreasing as N~

The detailed calculations in Subsection 2 of the Appendix, starting from (15), confirm this observations, and show that the central
moments of W become Gaussian in the large N limit with error estimates

(W= (w))*) = @k- 1IN+ o (NETDP), (64)
w— (W) = g (NGEDL2 (65)
((w= (w1} =o( )

for even k = 2k respectively odd k = 2k + 1 with k € No. We recall that k!! = k(k —2)(k —4) - - - is the double factorial. Here the integral
(variance of W renormalized by 1/ V'N)

2

7 i) b ( [ st /IA ()] ])
2= P d do, 2 i ,6
ST ey e e AR S SR

sis2 (1)

1 2
:ﬁz dt
2! f VIA@ )P + 18T2(0)F

emerges, where the summation runs over all curves T(t) € [0,27)* such that v(T;1(t)) and v(Tj(t)) are parallel. For this result, we have

(66)

parametrized
P dp [51/|A(rj,1(t))| ]
=Ti(t) + —= s (67)
i RRCR S e
leading to the Jacobian
I I 2|1
lim /Nedpydp, = | —222 201 op = ISl dtdsp, (68)
e A1 1] VIA@P +AT)P

where we have used that I'; is proportional to (s2|A(T;2)l,s1|A(Tj1)]), i.e.

/ I [SZA(FJ,2)|]
T = ) (69)
P IR + AP L AT

see comment after (41).
In particular, we find the kurtosis to be

7<(W_<W))4)2 =3+o0(1). (70)
(W= (w))?

The normalized odd moments follow the expression

{(W=(W))")  (k-D k! I ,1/4+0(N73/4),

<(W— (W>)2>k/2 6 I;/z (71)
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0.121 7‘\LK py = 759.71

w2 = 10.94

7Z s = 5.84 x 1073
pg = 3.01
0.08} .

0.041 b

P(W)

(W) — 2/(W?2) (W) (W) + 2/(W?2)

FIG. 1. Winding number distribution for 10* realizations of a random matrix model (73) with N = 1500 and parameters a; = 0.92 + 0.82i,a, = 0.91 — 0.77i, by = 0.41 —
0.95/, b, = —0.84 — 0.70i. The left ordinate shows the frequency of each value and the right ordinate the value of the associated probability density function, plotted in red.
The inset shows the mean y,, the variance u,, the skewness ., and the kurtosis 4, rounded to two decimals.

0.00-

which actually vanishes in the large N limit, since I3 = 0, see Eq. (A38). Therefore, the limiting winding number distribution is the Gaussian

1 W — (W)’
P(W) = exp(—( (w)) ), (72)
/N I 2VNbL
which is fully determined by I, see Eq. (66).
In Fig. 1 we plot the winding number distribution for the random matrix model
K(p) = (a1 + azeip)Kl + (bl + bzeip)Kz (73)

with coefficients a1, a2, b1, b, € C and generic complex Ky, K, € CN*N. We generated 10* realizations of K(p) with dimension N = 1500 and
computed the winding number by counting the zeros of det K(p) as a function of s = ¢” inside the unit circle. The numerical result is in good
agreement with a Gaussian distribution.

For the simple choice v(p) = (cosp, sinp), the unfolded two-point correlation function is given by

exp[-(y1 —y2)*] -1
(y1 -y’
For both solutions I'y = (t,¢) and I'; = (¢, 7 + t) because of s1|A(T1)| = s2JA(T2)| = 1. Therefore, it is

LThy) = (74)

2n
1 2
I =—§jfdt=— 75
: 271’3/2]' 0 \/E ( )

agreeing with the result of Ref. 27. Since the vector (cosp, sinp) is already orthogonal to its derivative (—sin p, cos p), the winding number
has been centered from the start, i.e., (W) = 0.

IV. CONCLUSIONS

We studied the winding number statistics in a random matrix model of the chiral unitary class AIIIL. The starting point of the present
work was the generating function of the k-point correlation function of the winding number density, which we calculated in a previous work*
using the method proposed in Ref. 37.

To facilitate the calculations we centered the winding number distribution with a local transformation of the matrix model. We then
showed that, in the large N limit, the correlation function factorizes into blocks over regions in the k-dimensional parameter space where the
coefficient vectors are parallel. This factorization made it possible to compute the kth moments of the winding number in leading order of
N. The leading order terms coincide with the moments of the Gaussian distribution, which proves the Gaussianity of the winding number
distribution. We support this finding with numerical results. Furthermore, our results demonstrate that the employed two-matrix model
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captures universal behavior in the large N limit, since it depends only on a finite number of functions that can be chosen by varying the
coefficient functions of the model.

In Refs. 28 and 29, we have also calculated the generating functions for the chiral orthogonal class BDI and the chiral symplectic class
CIIL. In these classes, the underlying random matrix ensemble is real resp. real quaternion, which leads to Pfaffian expressions instead of
determinantal ones. The method applied here is likely fruitless in these cases due to the considerably more complicated expressions involved.
Choosing a less general random matrix model, such as the trigonometric model v(p) = (cos p,i sin p), while also limiting the calculation to
small values of k seems to be a more promising approach.
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APPENDIX: DERIVATIONS

In Subsection 1 of the Appendix, we derive the full k-point function and perform the large N limit according to definition (34), under the
assumption that at the expansion point I; all vectors v(T, ) are parallel. In Subsection 2 of the Appendix, we demonstrate that the correlation
function factorizes into lower order correlation functions when this assumption is relaxed. From this decomposition follows the large N
estimate for the moments (64) and finally the Gaussianity of the winding number distribution.

1. Derivation of the unfolded k-point correlation function

We need to differentiate the generating function (36) once with respect to each source variable J,, at zero. Before doing so, we multiply
with
1= ﬁ v (pu) T2 (pn + Jn) (A1)

1 v (pn)T2v(pn+Tn)
which yields

v (p) 2 (puty) $upnt) \V
det [VT(Pm)TZV(Pn+]n) €Xp [_Nf(pm;Pn)]( S(Pmspn) )
det [ V() T2V(PutTn)

1<m,n<k (AZ)
v (o) T2v(Pu+)n) :| 1<m,n<k

25" () =

This slight modification helps enormously because on the diagonal m = n both original determinants are singular at J,, = 0 due to the inverse
of v1'( p,)12v(p,) = 0, which is remedied by this trick. An expansion in the source variables gives

GZ:0S:0} G20z JoquianoN 90

L V(o) [ (pm)
VI @u)rov(pu 1) _ | S(on ) P %)
P e S I () B .
Pm)T2V(Pn +Jn Jn— +ﬁ’(],l) otherwise.
v (pm)T2v(Pn)
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We recall that A(p,) = v (p,)72v'(p,). When integrating over all p; and assuming a non-constant modulus of the correlation function

IS(p»q)| which is smooth on the square [0,27)2, the vectors v(p,) and v(p,,) for n # m are parallel only on sets of measure zero. Therefore,
the generic situation of two parallel vectors v(p,) and v(p,,) can only occur in the case n = m, which allows us to write

A(pn)

v (pn)T2v(Pn + J)
v (pm)T2v(pn)

= 6nm + ]n
v (pm)T2v(pn + Jn)

+0(J7) [(1 = 8um), (A4)

where we use the Kronecker symbol 6,
The expression in the numerator benefits from this simple trick, especially when combining it with

S(pmspn+Jn) =V (pu)V(pu + ) = 1+ 6 (J7) (A5)

and Z(pn,pu) = 0. Then, it is for generic p, and p, [meaning v(p,) and v(p,,) are not parallel]

VT(pn)TZV(pn +]n) S(pm,pn +]n) N
i ez mp) M)
A(pn) 2 ]
=[1+0@} Snm+|:]n7ex “NZ(pmpa)]+ 6 (J2) [(1 = 8um). (A6)
[ 0G0 o+ | s exp [N 2w + 0 (72) | (1)
To shorten the formulas, we define
A(pn) ]
Fy:=det |6y + Jun————exp [-NZL(pm> pn) ] (1 = Sum (A7)
R R e E I G

for the numerator of the generating function, which includes only terms up to order one in each source variable.
Similarly, we can deal with the denominator, using the Cauchy determinant identity, see, e.g. Ref. 37. Recalling v(p) = (a(p),b(p)) and
defining the abbreviation x(p) = a(p)/b(p), we compute

det-l[f((ﬁ");”(é" :]]))] _ det_l[:((}l:"i ;)) - K((ﬁ))]

v m ) T2V Pn n 1<m,n<k n n) = K{Pm 1<m,n<k

10 ( ’(pm +Jm) = 5(pn)  5(pn+Jn) = K(pm))
K(pm +Jm) = k(pn +Tn)  €(pn) = x(Pm)

- _ ' (pm)x’ (pn) 2 2 )
I1 (1 oI eom) oy * U+ 0)

m<n

A(pm) A(pn) 2 p )
= 1= JpJu - 2mIZP) (12 4 12) ). A8
I (1 05 ) e
Anew, we drop all higher order terms in each J,, and define
A(pm)A(pn) )
F, = 1=l —r——— " A9
S e )

to shorten the expressions.
Hence, the correlation function can be obtained from the derivative of the product F,F,

ko
= — |RE
J=0 (H a]l)lz

I=1

ko
¢ ) = (H 571)2,5.?;” ».)) (A10

J=0

for which the product rule has to be invoked.
Any derivative of the numerator F; can be worked out directly with the help of the multilinearity of the determinant and the Kronecker
symbols. For any set {I;,...,ln} € {1,...,k} of m < k pairwise distinct elements it is

A
ol -0

m

A(py)

F1 = det [T
J=0 v (pa)TZV(Pb)

eXP[—Nf(Pme)](l—(Suh)] . (A11)
abelln b}

GZ:0S:0} G20z JoquianoN 90

J. Math. Phys. 66, 101902 (2025); doi 10.1063/5.0246969 66, 101902-13
© Author(s) 2025


https://pubs.aip.org/aip/jmp

Journal of

i : ARTICLE i -
Mathematical Physics pubs.aip.org/aip/jmp

Due to the factor (1 - 8,), we have form =2 andm =3

82
aJ, o],

_ APAPL) NS )+ L))
1l =57 2€ J
J=0 [V (Pll)TZV(Plz)]
_ APy )A(p,)A(pr,) (A12)
=0 V(o) Tav(p)VT (1) v (P )V (p) T2v(py,)
% ( e N [L 1y piy )+ LA o1y 1)+ L pry )] _ e N (L1, piy )+ LA piy 1, ) +-L iy oy )])’

3
IS
0],,0],0],

which represent a drastic simplification compared to the starting equation.

We note that each factor in F, depends on pairs of J,,. It follows that only derivatives of F, that are of even order contribute. Each of
the pairs yields a factor A(pm)A(pn)/[v" (pm)72v(pn)]*. We construct the correlation function as a sum over the number of pairs I, ranging
from 0 to |k/2]. To account for all possible combinations of derivatives appearing in the product rule, we sum over all permutations of
the indices. However, this results in an overcounting due to the permutation invariance of the individual terms, which we need to amend
by multiplying with combinatorial factors. The product of the pairs above are invariant under transposition in each pair yielding a factor
1/2". The permutations of the pairs yield a factor 1/I! and the permutations of the remaining variables lead to a factor 1/(k — 2I)!. Once this
combinatorial overcounting is taken into account, we obtain the k-point correlation function (56)

CON () - Wf (-1’ 3 ﬁ A(Poam—1))A(Poem)
k 1=0 21 I (k—zl)!geSk m=1 [VT(pa(Zm—l))Tzv(po(Zm))]2

A
y det[ . (Pa(b)) e—N.,Sf(pa(a)»Pa(h))(l _ 8ab):| . (A13)
V' (Po(a) ) 72V (Po(v)) w2l

which is valid for any k.
We now turn to the large N limit, using definition (34) of the unfolded k-point function

- 1 —k/2 ~(2.N) v
fi(T, ) = Nh_r)rgoN C (F + \/ﬁ) (A14)
and assume that we expand around the points [j(¢) = (Tj1(),...,Tjx(t)) € [0, 27)* where all vectors v(T},(t)) are parallel for each fixed

t € [0,27). The other cases are covered in Subsection 2 of the Appendix. The expansion is given by p = Ija(t) + ¥a/v/N where the vector
v = (y,,...,y,) parametrizes the (k — 1)-dimensional subspace orthogonal to T (¢) = (I}, (¢), ..., F;)k(t)).

The parallelism of the vectors gives v* (Tj,u)72v(Lju) = 0 so that

1 ’ / 1
VT (pu) 12 (p) = W(VT(W)TZV (T ¥ =V (T2’ (T i) + ﬁ(ﬁ). (A15)
With relation (30) we can rewrite this expansion as follows
1 1
V(pn)r2v(p1) = (S L) ATy i = S L) AT i) + 0 ) (A16)

We recall that S(Tjm, Ijn) = S (Tjm, Ijm) is only a complex phase. Plugging this expansion into the factors in the k-point correlation function

(56) we obtain
Apm)A(Pn) A(Tjn)A(Tjn) > [1 . (j( [¥m = ol )]

VN

T : S(Tim, Tin ) A(T; ST T VAT (A17)
[V (Pm)TZV(Pn)] ( ( j.m> ],n) ( ]m)l//m (],m ],m) (],n)llfn

where we used the parallelism assumption for the expansion of the denominator. We proceed by exploiting (45), where we replace dp/dq by
I}, /T} to arrive at

0 o) r2v(pn)® (T = Thtn)’ VN

i@l - slb @l L VA )] (a18)

A(pm)A(p") =N r;,nr;,m [1 + ﬁ( |1//m - Wn| )]
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which expresses everything in terms of the derivative I'; or, alternatively, in terms of |A(p)| = 1/810:S(p,p). We have employed the
abbreviation sj,» = signT},, as well as that (T} ,,, ~T7,,) must be proportional to (8;m|A(Tjm)|, =5jx|A(Tjx)|), see comment after (53).
Next, we expand the elements of the determinant (A6). Using (54), we introduce the quantity

A(pn)
v (pm)T2v(pn)

N

N
S(Tjm Tjim)

exp [=-NZ(pm, pn)]

’ / 2
exp [_ AT )P + AT (T = D) ]

O(pm>pn) =

2 (Tjn)” + (T7)*
/ 2 LN
T [Hﬁ((lwml + [yl [ym wnl)]

X
Lin¥m = T ¥n VN
1 Sim|A(Tjm)|
- VN j j
S(Tjon> Tjom ) Sjm| ATy ) [Wjom = Sjun| A(Tjon ) [¥n
. X e . 2 2 2 _
Xexp[_(SJ,rerA(F;,m)IV/m2 8| A(Tjn) [yn) ][Hﬁ((lwml +\l/1;|ﬁ)lt//m V/nl)]. (A19)

The complex phase S(Tj, Ijm) actually drops out once we plug (A19) into the determinant (A11). To see this, we exploit the parallelism of
the vectors v(Tm). This leads to the transitivity relation

S(Tjm Tjn) = ¥ (Tin)(Tjin) = S(Tjs Tjun) ¥ (Tin)(Tjt) = S(Tms L) S(Tjts Tjn)s (A20)

because of the relation v = (w'v)w whenever two normalized vectors v and w are parallel. As a determinant can be understood as a sum (up
to signs) over products of cycles of matrix entries we have

877!
—F
oJ, --- 09I, 1,=0
2
m exp [~ (salA(Tia)lya = s6lA(T;) 1)’ |
= N"2TT s |A(T:;)| det 1-6,
IT sl AT lve Al o)
abe{ly,....ln }
(|1V12 +|W1b\2)|1ﬁ1 ll/1b|)]
x[1+S ¢ : ‘ ) (A21)
(g (Mg

Evidently, the determinant vanishes when m is odd as we then take a determinant of an odd-dimensional antisymmetric matrix. Combining
the intermediate results (A10), (A18), and (A21) we arrive at (61).

2. Decomposition of the correlation function and statistical moments

For the moment we will drop the assumption that the vectors v(p,) are parallel to see that actually a clustering into pairs of points will be
the leading contribution. The vector p = (p;,...,p;) € [0, 271)* shall be arbitrary, which does not exclude the possibility of parallel vectors. In
the following, we expand the generating function Z,E‘Zk’N) (p,J/V/N) in leading order of N. We introduced a rescaling of the source variables,

which is convenient when doing the expansions, and is compensated by a prefactor when evaluating the correlation function

k
) =N (I 57 )2 (p115) (422

=1 1

J=0

To deal with the following analysis, we call two vectors not close to being parallel when 1 - [S(p,, p, )| > 1/N, otherwise we call them close to
being parallel. We recall that 0 < [S(p,,p,)| < 1.

The following procedure works along the same lines as in the last subsection. Everything depends on whether v(p,) and v(p,) are close
to being parallel or not because of the decomposition

V(pm) = S(ompm)v(pn) + /1 - |S(pn,pm>|2%m* (p). (A23)
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We have the following expansion of the matrix in the determinant in the denominator of (A2)

v (pn)T2v(pn + Ju/VN)
v (pm)T2v(Pn + Ju//N)

= 6nm + (1 _6nm) ]n

T
A(pn) VT (pm) T2v(pn)| o)) (A24)

VN1 = (8P )V () T2v(Pn)

The off-diagonal terms evidently vanish when v(p,,) and v(p,) are not close to being parallel while it is of order one or larger when 1 —
[S(p,sP,,)| > 1/N. Similarly we can deal with the matrix entries of the determinant in the numerator of (A2) which is

G0t 1) ey (N ) - (14 0o

VI () 12v(pa + T) (P )
B A(pn) |vT(pm)rzv(pn>|(s<pm,pn> )N N o
R TSP ¥ wyearon) \[Stemap] ) S0 ol (A23)

This time, the off-diagonals vanish even exponentially when 1-S(p,.p, )| > 1/N due to the term [S(p,.p, )|~ — exp[-N(1-
1S(p,>P,,)])] = 0 when N — co. When 1 — |S(pn, pm)| = € (1/N) those terms are of the same order as in (A24).
Making use of this analysis, we bunch the variables {p,,...,p, } together into blocks

By = {pju’ s ’pjk,,l}’ (A26)

where all vectors v(p;,, ), - . ., v(pj, ;) are close to being parallel. We assume that there are L < k blocks and that the Ith block has length k; so
that Y1, k; = k. For finite N, the property “close to being parallel” is not an equivalence relation as transitivity is not satisfied. However, in the
limit of large N the condition 1 — |S(p,,, p,,)| > 1/N enforces parallelism, which is indeed an equivalence relation. Therefore the blocks will be

equivalence classes in this limit and it is B; 0 By = { whenever I # I' and UL, B; = {p1,. . ., px }. The analysis above tells us that the generating
function factorizes in leading order

an(, T\ 17 zem -
Zk|k (p’\/ﬁ)_g kK (p]ll""’p]k,,l’ \/N)

k 1
x|1+0 Z]2+Z . (A27)
(j_l TN IS(pjl,ppj.,ﬂ)l))

For the error, it is more than enough to use 1 - [S(pj,» pj, , )| since this difference is of the same order as for any other pair p, € B;and p,, € By.
Therefore the corresponding k-point correlation function also factorizes

1
C(2 N (P) H C(z o (pjw s ’pjk,1 1+0 . (A28)
z<zf NOERB))

Combining this with the insights of the previous subjection, each block must follow along a solution T € [0,27)" where all v(T;, ), . . ., v(Ty,)
are parallel. To account for deviations from being exactly parallel and of close to being parallel, we set

1
(pju) s ’pjk,.l) = rl(tl) + ﬁ (le,v EER w,ik,,z) (A29)

with ZI;’: Tla(8)vj., = 0and #; € [0, 27). The latter condition only reflects that we need to parameterize the (k; — 1)-dimensional vector space
orthogonal to the direction of the solution I';(;). One can readily check that close to being parallel is given when , is maximal of order one.
To see this, we recall that v (T;,)v'(I;,) = 0 foralla, b = 1,. . ., k. Then, the limit becomes
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L
I\}LH;Nik/ZC]EZ‘N) (P) = H sz(rl’ Vi V/jk,,l)' (A30)
I=1

We can combine the last k; arguments of f, as a single k; dimensional vector. This is the corresponding result when not all v(p, ) are not close

to being parallel. In the extreme case, when all v(p,) are not close to being parallel it is limy— oo NK/2 CIEZ’N) (p) = 1'[;‘:1 f1(pj»0) = 0 because
of fi (pj, 0) = 0. The latter also implies that each block B; must contain at least two elements.

We want to exploit this factorisation by splitting the original integration of p = (p,,...,p,) € [0, 27)* into integrations where v(p,) are
close to being parallel or not. For this purpose we introduce the characteristic functions y(v(p,,)[v(p,)), which is unity when v(p,, ) and
v(p,) are close to being parallel and zero otherwise, y(v(p,,) # v(p,)) = 1 - x(v(p,,) |v(p,)))- This means for the centered winding number

k
((w—(wp') - T2 ()T () [v(pe)) + x(+(p) H (p))]. (A31)

k k
oot (2mi) n<m

When expanding the product we may exploit the permutation invariance of C,EZ’N) (p) in its arguments so that

k k! df
((w-wp)=3 z [ 2PN (A32)
=1 1gkys. . <husk, H kl'H Mi! [0y (2
zL: K=k =1 =1

L
[T II X(V(Pm,l)”"(Pn,l))] [T TII xG@u) 4 v

I=1 1<m<n<k; 1<i<l'<L 1<m<k,
lSﬂSklr
where p,,; = Psit kyen is the nth variable in the Ith block and M; is the number of blocks with length . The combinatorial factor k!/[TL, k;! is
=1

the coefficient of the multinomial expansion and 1/[T5., M;! corrects the overcounting due to the permutation invariance within each block.
Next, we apply the parametrization (A29) for each block {py .. .,px, 1} The corresponding Jacobian is equal to

L ’ 2
d'p=T] Nﬁ(k’il)/z”r/l(#)”dtld%,l'"dv/kl—l,l with |7 || =3 [Ta(0)] (A33)
=1 ‘rl,k,(tl)| a=1

where we assumed Z’;’: I (81) )., = 0. We denote the set of solutions of curves in [0, 27)¥, for which all »(Ty,), . .., v(Tyy, ) are parallel, by
%, € [0,27)". Then it is

k k! L o dyy-- - dyg 1
(W - (w))) - e e 1 DV (el e
< ) Lz::l zgklgz.:glqgk, ﬁkz!ﬁ Mﬂg lieXy (an)kl - N(kz 1)/2
ik,:k =1 =1
I=1
T (t
||lek( (lt)|)| Fr @)y v - vi)[1+ 0(1)]. (A34)
1

We already employed that f1(p;,0) = 0 which is reflected in kj > 2.

Close inspection of this expression shows that the term for the fixed choice of summing indices ki, . . ., kz scales like N L2 Thus, the larger
L is the bigger the contribution. Since k, > 2 forall a = 1,. . ., L the largest L is given by | k/2| with the floor function |- |. For even k = 2k, this
means L = kand k; = ... = k; = 2 yielding

lim N k/2<(w (w))“) = (szk):li‘

N—oo

(A35)
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with

7 d r '
L= Z t _/ |||r((t))| fz( (t),w,—iggi;w). (A36)

Once we substitute the variables (67) we arrive at (66) where we combine the two last arguments of £, into a single vector. For odd k = 2k +1,
itisL=kandk; =...= k,;_l =2and k,-( = 3 which results in the normalized centered third moment

e (W= w*) 1 (k1) L

lim N -~ A37
Neo (w- <W))2>(2k+1)/2 3 5k (k-1)! 13/2 (A37)
with
dt e >H HOIEHOIAN
FEZ3‘/ (2 )3/ ¥ 1//2 ‘FS( )| (r(t) V1, Y2, T) =0 (A38)

because of f3(T'(t),y) = 0, see the remark below (61). The term I3 is essentially the third centered moment of the winding number, and we
need to go one order higher in the expansion shown in Subsection 1 of the Appendix to get something non-vanishing.

The integrands in (A34), (A36), and (A38) appear to have an asymmetric dependence on the components of I'(), as only one component
appears in the denominator. This is merely apparent as the solutions are invariant under permutation of the components. We recall that
parallelism is an equivalence relation which implies the permutation invariance.
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