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ABSTRACT

We extend our recent study of winding number density statistics in Gaussian random matrix ensembles of the chiral unitary (AIII) and
chiral symplectic (CII) classes. Here, we consider the chiral orthogonal (BDI) case which is the mathematically most demanding one. The
key observation is that we can map the topological problem on a spectral one, rendering the toolbox of random matrix theory applicable. In
particular, we employ a technique that exploits supersymmetry structures without reformulating the problem in superspace.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0164352

I. INTRODUCTION

The topological classification of spectrally gapped Hamiltonians plays a major role in contemporary condensed matter physics. This is
due to the possible emergence of localized states at the boundary of the system, which arrive with a certain robustness against perturbations.' ™
The number of edge states is related to a topological invariant that is defined for the closed system with periodic boundary conditions, referred
to as the bulk. This relation is known as bulk-boundary correspondence and has been proven recently to have far-reaching validity.”’

The symmetries of the system play an important role for the existence of a non-trivial topology, and hence of edge states. The presence
of disorder, i.e., spatially inhomogeneous perturbations of the system parameters, excludes spatial symmetries, such as rotations. There are
ten remaining symmetry classes, summarized in the tenfold way classification.”” In its framework, it can be predicted whether a non-trivial
topology is possible in dependence of the symmetry class and the dimension of the system,'”'" see Ref. 12 for an overview.

Chiral symmetry is one of the symmetries of the tenfold way classification. It finds its origin in quantum chromodynamics, where the
chiral symmetry of the Dirac operator is broken by the quark masses and is restored in the high temperature limit. In condensed matter systems
it appears either as a combination of time reversal invariance and a particle-hole constraint'* or as a sublattice symmetry.'“'> Assuming chiral
symmetry, one can further distinguish between three different chiral symmetry classes based on time reversal invariance: the chiral unitary
class with broken time reversal invariance, and the time reversal invariant chiral orthogonal and chiral symplectic classes (labeled AIII, BDI,
and CI]J, respectively, in the tenfold way).

In one-dimensional chiral symmetric systems the pertinent topological invariant is the winding number.'”'* In general, the topological
invariant is sensitive to the disorder configuration, which motivates a statistical description in which the invariant becomes a random vari-
able. We simulate disorder by setting up a parametric random matrix model for the Hamiltonian, in which we want to analyze the winding
number statistics. Random matrix theory is known to successfully model universal properties in systems with a sufficient degree of com-
plexity in the limit of large matrix dimensions.'”'¥ Our work is preceded by the fruitful application of chiral random matrices in quantum
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chromodynamics and of parametric random matrices in disordered systems.” >’ But unlike these earlier results using similar random
matrix models, we are not investigating spectral properties, but topological ones. This paper ties in directly with our previous works, where
we analyzed the statistics of the winding number in the chiral classes AIIl and CIL.’**' Here, we want to catch up on the chiral orthogonal
class BDL

Our goal is to calculate averages over ratios of determinants with parametric dependence. These will serve as generators for the
winding number statistics. The problem is related to averaging ratios of characteristic polynomials, which is a common task in random
matrix theory,” *’ because they entail information about the spectral statistics. Correspondingly, powerful methods, like the supersymmetry
method,** have been developed to treat such ensemble averages. In this way, we are mapping a topological problem to a spectral one.

In this study, just as we did in Ref. 31, we employ a technique introduced by two of the present authors.”*”” Tt establishes exact expressions
for the ensemble averages while also revealing supersymmetric structures without actually mapping to superspace. For this reason it has been
coined supersymmetry without supersymmetry. The resulting expressions are determinants in the unitary case and Pfaffians in the orthogonal
and symplectic case containing simplified averages of only two determinants. The remaining task is to calculate these simplified averages over
the corresponding random matrix ensemble, which is the step we show in this paper.

The outline of the paper is as follows: in Sec. II we set up the random matrix model and define the problem we want to solve. In Sec. 111
we present our results, while Sec. IV contains the derivations. We relegated some details to the Appendixes A-C. In Sec. V we conclude our
study.

Il. POSING THE PROBLEM

Formally, chiral symmetry of a Hamiltonian H can be expressed as
{&,H =0 with & =1, (1)

where {, } denotes the anticommutator and € is the chiral operator. In its eigenbasis it reads as

1T 0
= (2)
0 -1
and the Hamiltonian takes a block off-diagonal form
0 K
H= , 3)
K" o

where the matrix K and its Hermitian adjoint K' have dimension N x N. We want to consider the chiral orthogonal symmetry class, labeled
BDI in the tenfold way. In this class the time reversal operator J is given by a complex conjugation, such that 7~ = +1, and the Hamiltonian
fulfills the equation

JHI ~ =H"=H, 4)
with (-)* being the complex conjugation. This renders H and K real symmetric and real, respectively. In random matrix theory this case is
usually labeled as 8 = 1, where the Dyson index f is the dimension of the underlying number field. Correspondingly, class AIlI, featuring
complex entries and class CII, featuring quaternion entries are labeled by § = 2 and 8 = 4, respectively.

In the following we choose the dimension N of the off-diagonal blocks as even. This is due to technical reasons, that exist exclusively for
the orthogonal case. However, this does not interfere with our goal to uncover universal behaviour in the large N limit as is outlined in more
detail further below.

Drawing all independent elements of H from a Gaussian probability distribution leads to the chiral Gaussian orthogonal ensemble
(chGOE), while at the same time K can be viewed as a member of the real Ginibre ensemble.”” The matrix probability densities of these
ensembles are invariant under orthogonal transformations.

To examine topological properties we endow the Hamiltonian with a parametric dependence, H = H(p) and thus K = K(p), that we
assume to be periodic H(p + 27m) = H(p). Physically, the parametric dependence emerges naturally when H(p) is interpreted as a Bloch
Hamiltonian that is obtained as the Fourier transform from real space to momentum space.'”’® The parameter p is then referred to
as a (quasi-)momentum taking its values in the one-dimensional Brillouin zone [0,27). Upon time reversal the parametric dependence
behaves as

FK(p)T ™ =K*(p) = K(-p). (5)

Consequently, K(p) will be complex in general and real only at the time reversal invariant momenta p = 0 and p = 7, where p corresponds to
—p due to the 27-periodicity. Then also H(p) will be non-real, despite being in the class BDIL.
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The pertinent topological invariant in the chiral classes AIII, BDI, and CII is the winding number of det K(p) around the origin. It can
be expressed as the integral '

1
" 2ni .?gem(p) z Zm/ dpw(p). ©

where the logarithmic derivative

1 d
det K(p) dp det K(p) ?)

is the winding number density. The integral (6) is an integer as can be shown by invoking Cauchy’s argument principle when writing the
integral as a contour integral in e, see Ref. 47. The real- and imaginary parts of w(p) have different interpretations. While the real part
describes the radial part of det K(p) and always integrates to zero over a closed contour, the imaginary part describes its angle. Therefore the
latter would be sufficient to define the winding number.

In Fig. 1 we illustrate the spectral flow of K(p) = cos(p)K1 + isin(p)K, with generic real K3, K, € R***. We plotted the eight real eigen-
values of the Hamiltonian H(p), showing a reflection symmetry at E = 0 due to chiral symmetry, and the four complex eigenvalues of K(p) as
well as the determinant det K(p). Due to level repulsion no degeneracies occur in the spectrum of H(p), which implies that each eigenvalue
is a 27-periodic function. This is not the case for the complex eigenvalues of K(p), which may experience a permutation when running from
p=0to p=2m, as can be observed in Fig. 1. However, the determinant of K(p) is always a 27-periodic function and therefore suitable to
define a winding number. For our specific choice of the parametric dependence we have K(p + ) = —K(p), which restricts the amount of
times det K(p) winds around the origin to be an even resp. odd number for even resp. odd matrix dimensions. This symmetry does not exist
in general as we also illustrated in Fig. 1 by means of another random matrix field K(p) = (a1 + aze” + aze®” + ase®?)Ky + (by + bye” + bze*?
+ by )K> with generic real K, K, € R** and real coefficients aj and b;. In this example we find an odd winding number.

The constraint (5) is also reflected in the spectral flow of the Hamlltoman when considering the symmetry class CII, like we did in
Ref. 31. The Bloch Hamiltonian becomes self-dual at the time reversal invariant momenta and therefore its eigenvalues show Kramers’
degeneracy at these points on the parameter manifold.

The simplest choice for a non-trivial parametric dependence on a one-dimensional manifold is the random matrix field

K(p) =a(p)Ki + b(p)K>, (8)

where a(p) and b(p) are smooth 27-periodic and not simultaneously vanishing complex-valued functions and K; and K; are real Ginibre
matrices. For notational reasons we gather the coefficient functions in a complex two-dimensional vector

w(p) = i ln det K(p) =

v(p) = (a(p), b(p)) € C*\{0}. )
In our case, where time reversal invariance is present, condition (5) translates to
vi(p) = v(-p). (10)

However, the expressions we derive below remain valid for arbitrary non-zero a(p) and b(p). Therefore, our results may be of interest even
if p is not interpreted as a (quasi-)momentum.
We denote an average over the Ginibre matrices K; and K, as

- f d[Ky, K, |P(K) ) P(K2)F(Ky, o). (11)
Our goal is to compute the ensemble average over a ratio of determinants

(lN)( ap) = <Hlj=1 det K(Pj))

Zyi IT%., det K(g) [ (12

The superscript refers to the Dyson index 8 = 1, i.e., it defines the symmetry class, and the dimension N of the block matrix K(p). Although
we are only interested in the case k = [ we employ the more general definition with k # [ as this function can be traced back to averages of only
two determinants for which k + [ = 2. This is shown in Sec. 'V, see also Refs. 34 and 35 for more details and the derivation of this result. This
quantity is the key to the winding number statistics in form of the k-point correlation of winding number densities

G (b1 ope) = (w(pr) - w(pi), (13)
generated by taking the derivative of (12)

7(LN)

0
. (ep)| - (14)
Hlj':l Opj klk

q=p

CIELN) (Pla AN >Pk) =
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E(p)
Im z(p)
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-2 0 2 —‘5 0
Re[det K(p)] Re[det K(p)]

Im[det K(p)]
Im[det K(p)]

ot

FIG. 1. A realization of a BDI Hamiltonian with K(p) = cos(p)K+1 + i sin(p)K, and some fixed 4 x 4 real matrices K1 and K». The top left plot shows the real eigenvalues
of H(p), the top right one shows the generically complex eigenvalues of K(p), and the bottom left plot depicts the determinant det K (p). The bottom right plot shows the
determinant of a different random matrix field K(p) = (ar + apeP + a3e?? + a4e®*)Ky + (by + boe® + b3e?P + bye3P)K, with fixed 4 x 4 real matrices K4 and K, and real
coefficients a; and b;. All plots show the parametric dependence in p € [0, 2) where we have employed the step size 277/100 and a B-Spline to obtain the curves. In the
parametric plots the starting points p = 0 are marked by black points and the directions are marked by a color gradient resp. arrows.

We relegate the evaluation of these derivatives and taking the large N limit in order to reveal universal properties of the statistics to a
subsequent paper.

I1l. RESULT

It is well known that the orthogonal case (as well as the symplectic one) is described by a Pfaffian point process.'” This means that the
eigenvalue correlations can be written as a Pfaffian of an ensemble dependent kernel function. This will also be reflected in our results. Via
the methods developed in Refs. 34 and 35 the ensemble average (12) for the two matrix model (8) evaluates to a Pfaffian

1 K m> Pn K m> qn
,E|1kN)(q p) = - 1 Pf i(p P ) ,\Z(p qn) (15)
et [ iv]‘(qm)rzv(p,,) ]1Sm,nsk _KZ(Pn: qm) K3 (qm:‘Zn) 1<m,n<k
J. Math. Phys. 64, 111902 (2023); doi: 10.1063/5.0164352 64, 111902-4
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of a k x k-matrix with 2 x 2 blocks. We chose the sign of the Pfaffian as
Pf[its,it2,...,i12] = 1, (16)

where 1, is the second Pauli matrix. The blocks are the three kernel functions

(N-1)

Rilpmpn) =~y ! (u)rav(ou) [V oo vion) |

1 N(N—l)( v (pa)v(p) )N
v (pu)T2v(qm)  4m v (pn) 72v(qm)

x f d[z]zf’-zg(LN)(zl,zz)(zz+m) ,

Ko (P gm) =

c? (17)

1 . gV (z1,22)
b [f M @) b 20 (aan) + 00 )

K (Gm> qn) =

_N(N-1) (z-2)(mzs + )V (L) (1)
in éd[z](a(qm>+b(qm>zZ><a(qn>+b(qn)Z4>g (e 22)g (e 20)

which are calculated in Sec. IV. We made use of the notation (9), which, except for the third kernel function, nicely reflects a symmetry of our
random matrix field, that we will illuminate more closely in a moment. The antisymmetric function

22 = 21] B2 (N + 1)/2)801)8(2) + 20(31 = 22)8(n +2)Qz1,5)
2 -2 [(1+zf)(1+z§)]<N+l)/2

g(LN)(ZlaZZ) = (18)

directly emerges from our random matrix problem as part of a joint eigenvalue probability density. For the complex integration variables we
use the notation z; = xj + iy, with x;,y; € R. Furthermore, a lower incomplete Beta function appears in our results

2
Qaz) =B — 2 a2,
|1+2° +4y°
1 oo 2a-1
B(x;a,b) = fdt 1= =2 f dtm,withx €[0,1], (19)
o _I(a)r(b)
B(0;a,b) = B(a,b) = Tash)

Inserting (18) into the second and third kernels yields the full expressions

- VT n)V\Pn N

iVT(Pn)TZV(qm) 2m iVT(Pn)TZV(QM)
X[(—1)N/2n8(1/232“)((w—1)/2)21;1(1 N+1.N+1.1+(V<Mv<qrn>)z)
My

N 20
N-1 N W (o) 72v () 20
_ " -1
St JLLLEE )(Z* . V(o)) )
a i+ iv" (pn)12v(qm)
J. Math. Phys. 64, 111902 (2023); doi: 10.1063/5.0164352 64, 111902-5
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with the hypergeometric function ,F, and

N s (a0) S5 (0)
) = g b (a0 ™ [f atan < b ") P alany b(qmm]

R C

_ N(N-1) dlx]r(x1,v r(x2, v % — x1) (%1562 N-2
271[b(qm ) b(gn) V! é; [x]r (e, v(gm) )r(x2,v(qn) ) ( )(x1x2 + 1)

r(x,v(qm)) 5(Z>Z*>V(qn1)) N-2
dx | d[z]det (z—x)(zx+1)
R P '

@1

+ / d[z]s(z1, 21, v(qm))s(22, 25, v(qn) ) (22 — 21 ) (122 + 1)V 2

CZ

with the functions
sgn(x’ —x)
(a(q) + b(@)x)[(1+x7) (1 +x7)] VD2

r(x,v(q)) = B(1/2, (N + 1)/2)] dax’

(22)
2isgn(Imz)Q(z,z")

s(Z,Z :V(q)) = (a(q)+b(q)z*)’1+zz‘l\l+1-

These expressions still contain integrals over up to four real dimensions. A further analytic computation of them is difficult due to the
singularities appearing at various points in the complex plane. However, an evaluation in the large N limit, which is our ultimate goal for the
correlation function (13), should be feasible.

IV. DERIVATION

We start by highlighting a symmetry of the parametric matrix model (8), that we will use to simplify the necessary integrals. We continue
by tracing the averages over the Ginibre ensembles back to an average over another random matrix ensemble. Then we give the expressions
for the three kernel functions, as obtained from the supersymmetry without supersymmetry technique and calculate those one by one.

The matrices K; and K, are drawn from a real Ginibre distribution, i.e., their joint matrix distribution is

_ 1
P(K))P(K) = (2m) ™ exp [—Etr (KIKIT + KZKZT)]. (23)
This function is invariant under O(2) transformations

-~ |K K
K= - [U®1y] , (24)
Kz KZ

where U € O(2) acts on the two component matrix valued vector K. This invariance is inherited by the vectors v(p)

K(p) = a(p)Ki + b(p)Ka = v (p)K. (25)
Assuming for the moment b(p) # 0, we may rephrase the random matrix field

a(p)

26:62:20 ¥20z Menuer ¢z

K(p) = a(p)K1 + b(p)Kz = b(p)Ki(xk(p)In + Ki 'Kz), with (p) = b(p)’ (26)
such that the generating function becomes
) o) | [y det ((p) T + K7 'K)
7N (g oY = i i ) (27)
o (@P) (H b(q) ) (H det (x(q) Ly + K; 1Ka)
J. Math. Phys. 64, 111902 (2023); doi: 10.1063/5.0164352 64, 111902-6
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The random matrix Y = K;'K; defines the real spherical ensemble, which was studied in Ref. 48. The spherical ensemble is also well studied
for the complex and the quaternion case, see Refs. 49 and 50, which contain the results we used for our studies in the cases AIIl and CII. 3031
Its matrix probability density function in the real case is

TN (yy = VLT r((N,Jrj)/z) ! ) (28)
v JI} rGr2) detN(ﬂN+YY)

Unfortunately, in the literature the joint probability density of the eigenvalues (zi,...,2zy) € [C\{0}]" exists only in a form, that is
impractical for our purpose. Therefore we derive in Appendix A the following expression for N even

G(I’N) (Z) = C(N)AN(Z)II\]—/[Z g(l’N) (sz_1,22j),
j=1
oy _ 2PN T((N + j)/z)ZIV_/[2 T((N+1)/2)I(N/2+1)
(N/2)V jar o TG/2) o TN +1/2=)E(N +1-j)

(29)

with the antisymmetric function (18). The eigenvalues of a real matrix are either real or come in complex conjugated pairs, which is what
(18) describes. Although the part of this function concerning the complex eigenvalues is complex valued, the full joint eigenvalue probability
density will be real as the corresponding phases drop out when considering the product with the Vandermonde determinant.

Only in the odd dimensional case we have to supplement this with an additional function for the unpaired eigenvalue, that must be
real. This would complicate our already cumbersome expressions even more, which is why we decided to limit ourselves to the even case.
This restriction is not an obstacle to our plan to deduce universal statistics in the large N limit as the number of expected real eigenvalues is
asymptotically given by /N2, regardless of the parity of N.**

In the supersymmetry without supersymmetry technique’*” one starts from integrals in a joint eigenvalue density. These can be refor-
mulated by introducing superspace Jacobians, which in the present case are mixtures of Vandermonde and Cauchy determinants. This allows
the application of a generalized version of de Bruijn’s integration theorem’ ' resulting in a high dimensional block structured Pfaffian. After
reducing the dimensionality by working out the Schur complement, the blocks of the Pfaffian can be identified as simplified averages over
only two determinants.

Applying this method to (27) yields

1 (1)
: 1 Ky (prpn) Ky (pmagn)
25 (ap) = ———pt| ] o (30)
Bery,/ (x) | ™™ (Pnsqm) K3 (> qn) Lemmck
where the kernel functions are the simplified averages
K (pspu) = [k(pn) = €(pn) 1[0 )b () YZE" ) (o i),
~(1LN) (1LN)
KD (ps o) :(b(Pn) )sz (@mpn) _ Zyy (@ pn) -
’ b(qm) ) ®(qm) = x(pn) ~ %(qm) = k(pn)

#(gn) ~ K(qm) (1n+42)

[b(qm)b(gn) ¥ 20 (qm>qn)-

K" (Gm» qu) =

We define for [ — kevenand 2M + -k < N

=(12M) _ 1
Zy(ap) = MIPf DR
M Ml _ (32)
1 (x +z
« f d[Z]AzM(Z)Hg(l’N)(sz—l,ZZj)H M
oM j=1 j=1 I—Imzl (K(qm) + Zj)
with the moment matrix
d
D@ - [D“b]ISa,bﬁd’ (33)
Dy = fd[z]g(l’N)(zl,ZZ) (#@'A - =2 [d[z]g(l’N)(zl,ZZ) 27
J. Math. Phys. 64, 111902 (2023); doi: 10.1063/5.0164352 64, 111902-7
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The Berezinian is a superspace analogue to the Jacobian. In this case it is given by a Cauchy determinant’**

\ / Beri‘zk) (K) = det I:K(qm)l—;{(pn):ll k. (34)

In the following subsections we calculate more explicit expressions of the kernels (31). Furthermore, to arrive at the results (15) and (17) one
has to rearrange some factors in order to highlight the symmetry (24) of our problem.

A. The kernel Ki”

The first kernel is determined by Zgllz’N_z)(pm, Pn), which is related to Zéllz’N_z) (pm>pn). For the latter function we can use the O(2)-

symmetry to reduce the amount of determinants in the average by one. We obtain the proper normalization via the limits

FaAN-D (~N-2) Z8N (s pa
i 22 o) DD i i PP ey (35)
()2 o0 [k(pm ) K(pn)] pfD™) ) > [a(pm)a(pn) "

These limits are equivalent because x(p) = a(p)/b(p) is directly proportional to a(p), see (26). Therefore the functions are related by
1LN-2
(11\] 2) PfD(N_Z) 1 (§|2 )(Pm’Pn)

Zog (omPn) = (det®Ky) [b(pm)b(pa)]¥ ™ (6

Here and also in the following equation, the angular brackets denote an average over the (N — 2)-dimensional real Ginibre ensemble,
see Eq. (11). Nowlet aj, by, a2, b, € Rand

B (det (a1K1 + ble) det (azKl + szz))
b (det2K1> '

63]

(37)

This function is a polynomial in a1, b1, a2, b2 and can thus be analytically continued to the partition function Zélg’N_z)(pm, Pn), that has, in

general, complex coefficients. We are now finally in the position to exploit the O(2)-symmetry as we are allowed to rotate only real vectors.

We use
-b
u-—L_|" 'eso(2) (38)
AV a% + b% by ay
yielding
B = M fd Ki]d[K2]P(K1)P(K>)det’K, de t(m +K;‘Kz). (39)
(det K1 1by — bray

Up to the factor det?K appearing in the integrand this is almost an integral over the spherical ensemble. In fact, this type of measure leads to a
generalized form of the spherical ensemble of matrices K; ' K», where one or both of K; and K are drawn from a deformed Ginibre ensemble

Pu(K) =2 MmNV /21‘[ - (Z(JZJZ/)Z) exp(—%tr KKT)det"KKT. (40)
j=1

Matrix ensembles of such kind are called induced spherical ensembles. They are well studied for 8 = 1,2, 4, see Refs. 53-55. In Appendix B we
show that the characteristic polynomial of the real spherical ensemble, induced or not, is given by a monomial. Thus, we find

26:62:20 ¥20z Menuer ¢z

B = (amz + blbz)N72 (41)
and the partition function Zéllz’N_z) (pm»pn) has the form
Zg3" " (pmop)
ey~ [eemalen) + ben)b(enl =V (b)) (42)
et Kl)
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which is indeed O(2)-invariant. The Pfaffians of the moment matrix can be related to the normalization of an induced spherical ensemble.
This is covered in Appendix A. We find

pfDND  N(N-1)
ptp™ 8w

(43)

and altogether for the first kernel

N1 )b<pm>b<pn>[a(pn)b<pm> ~a(pu)b(py)]

% [a(pm)a(pa) + b(pm)b(pn)]"" (44)

= MO )b (o) (o) [V (o) (),

K (P pn) =

which by itself is not O(2)-invariant, just as the other kernels (31) will not be. However, the final expression for Z kl . )(q p) will be, because
the non-invariant prefactor will be compensated.

B. The kernel K;”

The second kernel is essentially the generator Z( (qm, Pn) of the one-point function. Once again we want to apply the O(2)-symmetry

1|
to eliminate one of the determinants, for this purpose we consider

[1]

<M> 15)

det (a2K1 + szz) ’

This function is a polynomial in a1, b; and non-holomorphic in ay, b,. Therefore we may apply our arguments only to the numerator and have
tosetay, b1 € Rand ay, by € C. We rotate with the same matrix (38) as for the first kernel and obtain an integral over the spherical ensemble

2,12
= _ ay + by f ~(L,N)
“2’(mb2—bmz) avie (Y)det(’E+ Y) (46)
with
~ amay+bib
= T 4
. (hbz - b1u2 ( 7)

We want to perform the integral in the joint probability density of the eigenvalues

[1]

2 2 N N/2
S e I [ IY0) § CLI S y g us)
cN j=1

arby - bia; j=1 Ktz

First, we identify part of the integrand as a Berezinian

N
- @)/ = N+1 -1 1
@] = =\ /Ber) () = ()" det |:za _— %] e (49)
j=1 7 1<b<N-1

which in turn can be written as a determinant.”* We expand this determinant in the last column. Using its skew-symmetry under row
permutation and the antisymmetry of g") (22j-1, 22j) we find that each terms yields the same contribution, which is

2\ An_1(z15. .. 2N-
Ez:(—l)N“NC(N)(ial 1 ) fd[z]—N CERIL 1)I_I N (2311, 237)
cN

26:62:20 ¥20z Menuer ¢z

albz—blaz ZN t K =1
(50)
N N-2
N(N-1)( ai+b} / 27 4w
- dlz] —— Z1,2
4 (ﬂlbz—blaz S [ ]Zz+lleg ( v 2)
C
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The integral over z1, .. .,zy—2 can be conceived as a characteristic polynomial of an induced spherical ensemble in the variable zy_1, which
gives up to a prefactor a monomial. The details of this calculation are covered in Appendix B. The integral over the remaining two eigenvalues
yields two contributions, one for the case in which they are real and one for the case in which they are a complex conjugate pair

_ NN-D( &+82 \'
By =- I I . 51
o Prse ) NUCRIRC) (51
The contribution of the real eigenvalues is

. sgn(x — x1) levfz

IR(K):B(1/2,(N+1)/z)f d _

- [(1+x%)(1+x§)]<N+l)/2 X +%K
(52)

=B/ (N4 D)) [ dlx ! X xy—Z)

] ( L om)
A (R IO R} R EE R

where we treat the sign function by splitting the integral into two terms, that we calculate separately. In the first term we integrate x; over
(—o00,x,] yielding

1 Xy ?
fdxzfd (1+x1)(1+ )](N+l)/2x2+K

—oo

(53)
~ f " 1 1 (DN +71 (1 + 23N
- (1+2) N D2y, +% N-1
and in the second term we integrate x, over [xi, 00)
J o f N2 e
o w1 )] xrK
oo (54)
) fd 1 1 1=V (1 +a3) M2
J T ) F0 v N-1 '
For both integrals the antiderivative is
N2 ! N1 .
f (1+9c2)(N“)/2 TN-1 (1+x2)N-D/2 (55)
Considering N even one of the terms drops out and (52) results in an integral over the real axis
In(R) = 2B(1/2, (N+ 1)/2) | (56)
N- (1 + )N x+ %

In the case that % is real it has to be understood as a principal value integral. We continue by symmetrizing the integrand and substituting
2
t=x

2B(1/2,(N+1)/2) 7 A 1 1
N-1 dx(1+x2)N( )

Ix(R) =

+ =
X+% x-%
(57)

:23(1/2(N+1)/2)[ tN-D2
(

1+6)N

The last integrand has a branch cut along the negative real axis. It is equivalent to an integral of the function

(N-1)/2  _
10 P A—— (58)

1-2)" z+%
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over a keyhole contour around the negative real axis. Applying the residue theorem yields a truncated binomial series

Ix(R) =

(-1)M?27B(1/2, (N +1)/2) [NZ ((N-1)/2\ (- (=gH®-D/2
Nl [IZ( ! )umz)”” (1+7)" ] (59)

_ (=)MP2rB(1/2,(N +1)/2) ( (N-1)/2

N1 N )zFl(l,(N+1)/2;N+1;1+7€2).

The second representation involves the hypergeometric function.”® The contribution of the complex conjugated eigenvalues is

N Q(z,z")

. 60
|1 + ZZ‘NH (60

PARN

Ic(%) = 2if d[z]sgn(Im z)

C

Therefore, we find for the second kernel

K (g = NV =D b(p1)b(an) ( v (pu)v(p) )N

2 ivT(pn)TzV(Qm) iVT(Pn)TZV(qm)

) <—1)N/2nB(1/2,%)(<N—1)/2)F 1N+1.N+1.1+(Wv(qm>)2
N-1 N el I ’ iv! (pn) T2v(qm)

(61)

+ i/ d[z]sgn(Im z)

C

zN-Zo(z,z*)(H+ V' (pa)v(an) )]

1 +22‘N+1 iv! (pn)T2(qm)
Once again we note the O(2)-invariance of this function in the vectors v(p) = (a(p), b(p)) up to a prefactor.

C. The kernel K;”

(LLN+2)

The third kernel is determined by Zz‘ 0

(gm>qn)- Therefore we need to evaluate the following integral

N/2+1 N+2 1

3 %f d[z]An+2(2) H gO’N)(ZZJ'—l’ZZJ')H
j=1

T (N2+ D)pED®™ - ENCEEICEEI)

(1

(62)

N+2

This time we cannot use the O(2)-symmetry to simplify the integral, because it cannot be traced back to the ensemble average (12). Instead,
we proceed by applying the identity**

N+2
AN+2(z)fI L I Ber'?) (z3-x)
1T (k+z)(et+z) Ki-K N+22
j=1 ] ] (63)
ST P
K2 — K1 * zatx lza + 52 ISa<N+2

and expand the determinant in the last two columns. Similar to (50) we use the antisymmetry of g™~ )(zzj_ 1,225) to reduce the amount of
terms appearing in the integral

2¢cM N[zl (L,N) b-1 1 1
By= o [ d[z] g " (z-1,225) det [Z o ]
(N+2)(k2 —x1) e Jl:! BEEREAE R N’
2¢™ A(z) N am
= d[z " (21,22
K2 — K1 [ (ZN+1 + K1)(ZN+2 + KZ) ]13 & ( v 2]) o
c
An(zi,. . on-t o) VT (LN)
- Nf d[z] & (zj-1,2y) |
E (an + K1) (2n42 + K2) ;Ijl
J. Math. Phys. 64, 111902 (2023); do: 10.1063/5.0164352 64, 1119021
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In the first term the pair of eigenvalues zn1, zn+2 is decoupled from zi, . . ., zy. Integration over the latter yields only a constant

(LN)
C(N)[ d[z] An(2) H P )(22] 1,23)) = f w (65)

e (ZN+1 + Kl)(ZN+2 + Kz) (Zl + Kl)(Zz + K2)

In the second term we expand the Vandermonde determinant in the last two variables

A RN ,
C(N)f d[2] ~(z1 an-1,2n41) 1—[ g(l ) (zy1,23)

- (ZN + Kl)(ZN+2 + Kz)
o

(66)

N ZN+1 — ZN-1
-l )/ dlz)An-2(2) (ZN+KJ;)(ZN+2+K2) H (zn+1 = 2j) (2n-1 = 7)) H g )(ZZJ 122))-
CN+2

This allows us to identify the integral over z, . . ., zy—» as the function &, see Eq. (37), that we calculated for the first kernel, resulting in

N-1  m-z(N) (LN) (det (21K1 - Kz) det (Z3K1 - Kz))
o f (2] (2 + ) (2 + Kz)g (z1,22)g (23,24) (detzKl)
(67)

N-1 z3— 21 (LN) (LN) N-2

= diz] ——————— , , 1

o f (] EFTAIETTAL (z1,22)g " (23,24) (2123 + 1)
C4

Altogether the third kernel function is given by

(1) _ 2 (lN)(Zl zz)
K090 = i | S )+ amden o) + a2

(68)

N(N—l)/’ (zz - 21)(zizs + )N 2 IN) (LN)
Neb22)g 7 (23, 24) |-
(“(‘Zm) +b(qn)z2) (a(qa) + b(an)z)
Unlike for the first and the second kernel in this result the O(2)-symmetry is not visible. However, our end result has to entail this symmetry.
We define the functions

~ / sgn(x’ —x)
) =B/ W DI [
(69)
. _ 2isgn(Im 2)Q(z,z%)
2D = ) b 2
Inserting (18) yields the cumbersome expression
KD (g o) = 2 gy "0v(4gn)) iz 5225 v(gn))
s ) = G g [f a0 * | Vet bign)s
- TSR [ [ L]t (g )iz (@) G2 = 30) G + 1Y
(70)
r(xv(qm)) (22", v(qm)) N-2
+ [ dx | d[z]det . (z—x)(zx+1)
[/ [r(x,v(q,,» a2 ,v(qn»]
+ f d[z]s(z1, 21, v(qm))s(z2, 23, v(qn) ) (22 — 21) (2122 + I)N_zl,
CZ
which contains six integrals over at most four real variables.
J. Math. Phys. 64, 111902 (2023); doi: 10.1063/5.0164352 64, 111902-12
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V. CONCLUSIONS

The winding number is the pertinent topological invariant for chiral symmetric Bloch Hamiltonians over a one-dimensional parameter
manifold. We studied its statistics in the chiral orthogonal class BDI by calculating the ensemble averages for ratios of parametric determi-
nants. This is the key quantity for the winding number statistics as it generates the correlation functions of the winding number densities.
We did this by first mapping our problem to a spectral one, namely finding the ratios of characteristic polynomials in the spherical ensemble.
Then we applied the supersymmetry without supersymmetry technique to write the ensemble average as a Pfaffian of three kernel functions,
that are simplified averages over only two determinants. We could simplify the kernel function even further by employing a symmetry of our
random matrix model. This complements our recent studies on the chiral unitary and chiral symplectic class. """

For technical reasons we considered only the case of even matrix dimensions. This does not interfere with our goal to study the universal
behaviour in the limit of large matrix dimensions as the even and odd case behave equally in this limit. Universality is reached in the limit
of large matrix dimension when also considering the parametric dependence on proper scales. In Ref. 30 we additionally addressed this
question for the correlation functions of winding number densities in the chiral unitary class AIIl. Obtaining the universal limits for the
correlation functions involves taking the derivatives of the here computed ensemble averages. Although the resulting expressions for the
ensemble averages are quite cumbersome, we are positive that in the universality limit the correlation functions are feasible. We want to
address this issue further in a future work.
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APPENDIX A: THE JOINT EIGENVALUE PROBABILITY DENSITY OF THE REAL INDUCED SPHERICAL ENSEMBLE

We consider the real induced spherical ensemble with the matrix probability density

GO () < g f] ORI ve (Vo)) dey "
M TG Gf2) de (1 YT
It is the ensemble of matrices Y = K} 'K,, where K; and K, are distributed according to deformed Gaussians
- - CTG2) 1 T T
Py(K) = 27 M (2m) N2 exp (—ftr KK )det"KK (A2)
g JH T(u+j/2) 2

for the parameters y resp. v. In the body of the text we omitted these indices, implying that they are zero, e.g., G(1 ) (Y) = M (), which

leads to the ordinary spherical ensemble. The induced spherical ensemble is well-studied for = 1,2, 4. Unfortunately, in the real case the
known joint eigenvalue probability density is available only in a form, that is impractical for our purpose. For this reason we will reproduce
this result once again. In doing so, we adhere to methods employed in the aforementioned works.

Generally for real matrices, we have to distinguish between even (N = N/2) and odd (N = (N - 1)/2) matrix dimensions. We apply a
real Schur decomposition

Y=U(D+T)U", (A3)

26:62:20 ¥20z Menuer ¢z
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where D is a diagonal matrix of N real 2 x 2-blocks D;. In the odd case these are complemented by a real 1 x 1-block Dy, ;. The matrix T is

a real strict upper triangular matrix and U is orthogonal U e O(N)/ O(2)N resp. U € O(N)/ (0(2) x O(1)) for even resp. odd N. Upon
this transformation the measure changes according to™

d[Y] AN(Z)l_[

[D1d[T]du(V), (A4)
=1 Z-j T Z4j

where z,; and z_; are the eigenvalues of D; and thus also of Y. First, one integrates over the upper triangular matrix T. Only the denominator

of the matrix den51ty (A1) depends on T. The determinant is expanded and the free parameters are integrated out column wise. In the even

case this yields"*

det™Y N N-2j T(N/2+u+v+1/2)I[(N/2+u+v+1)
[d[ ]dtNﬂH—v T :Hﬂ . .
e (In+YY") o I(N+pu+v+1/2-))I(N+u+v+1-j) As)
% IE[ detszj
i detN/2+|,l+v+l(]]N + DJD;)
and in the odd case
det™y N o T(N/2+p+v+1/2)T(N/2+p+v+1)
fd[ ]dNﬂ,H—v T:Hﬂ g —
t (HN+YY) i=1 I(N+pu+v+12-)I(N+p+v+1-j)
i (46)
det™ D;
y (z
.‘4 ( 2N+1)H I‘N/Z+p+v+l(ﬂ + DDT)
Here, we obtain an additional factor
2v
W (2) = z (A7)

W‘W)

which effectively renders the variable z,5, , real. We use the notation z = x + iy with x, y € R for the generally complex eigenvalues. Next, we
work on the 2 x 2-blocks. Gathering all factors depending on the eigenvalues of D;, except those in the Vandermonde determinant, we obtain

2vyy.
A= (a9
Z-j — Z4j det [24pty (1]1\]+Dij)

Following Ref. 59, we start by diagonalizing the symmetric part

Mij i cos@;  sing;
o'po =" Pl o= Y ¥ leso). (A9)

P Ay —sing;  cos g

The range of parameters is p; € R, 9, € [0,7) and j»A2j € R with Aj; > Ay;. The flat measure of the four real independent variables
transforms as

26:62:20 ¥20z Menuer ¢z

d[Dj] = 2(Ayj = Ayj)dgjdpidhijdhs;. (A10)
Next, we want to change coordinates from the eigenvalues of the symmetric part Ayj,As; to the eigenvalues zy; of the full matrix. They are
related via
Ayj + Ao Aj— A\ P+ 2z
Z:tj = Y Y + Y Y - p? /11’2]- = 7Z+] z ] + (All)
2 2
According to the ordering of A and A, the eigenvalues z.; also have to be ordered
zii € R:xyi > x_;
£ . +j j (A12)
Zej = 23j )+ = =)= > 0
J. Math. Phys. 64, 111902 (2023); doi: 10.1063/5.0164352 64, 111902-14
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where we distinguished between the cases of real and complex conjugated eigenvalues. However, in the following we will disregard this
ordering, which can be compensated by an overall factor 1/2. We obtain the Jacobian

det 2 z=) | - Mj—Ay (A13)
O(Mjsdyj) | |z — 24l
The determinants in the new coordinates are
det<ﬂ2+DjD]T) =4p3»+(1+zij)(1+zfj) det Dj = z4jz-. (A14)
We also need to consider that in the case, where z.; are complex conjugates, the integration regime of p ; 1 confined to
2 Z4j — Z-j ? 2
Piz (=5 ) =y = el 2 sl (AL5)
This is due to the condition 1,2; € R. Gathering everything and integrating over ¢; and p; we obtain for (A8)
20~ As)dhyds [ dp; [ dgi Ay
R 0
7 (z2)" |- = 24l
2 [(1 . zi)(l N Z%)]N/2+V+‘u+l/2 P (A16)
x [BO/2,N/2 4+ v+ 1/2) (i = x-)8(y-5)0(y)
£20(p1))0(xs; = x-)8(7s; + 9 QI (247, 2) |dxjdxjdysidy-,,
where the function
) _ dpj
Quy’ (Z4j>2-j) = 2 _/ T o Njaal
] (1+p7)
42 (A17)
4y2
=Bl — 55— 1/2N[2+u+v+1)2
|1 + zz| + 4y2
emerges. Now only the integral over the Haar measure of the respective cosets remains to be computed. It yields the constants
%\ Vol(O(N)) 1 N 2
Vol(O(N)/o(2)V) = = ,
M@ == 0 = e L 1) "
. Al8
N Vol(O(N)) 1 N 22
Vol(O(N)/(0(2)" x0(1))) = =
o. ( (N)/(0(2)" xO( ))) 2(471)(1\171)/2 2(471)(1\1—1)/2 i1 r(j/2)
for N even resp. odd. We summarize this under
1 N o
du(U) = — - — (A19)
[ K(U) (1+N-2N)(4m)Y jo1 T(/2)

As we not only disregard the ordering of the eigenvalues z.; in each 2 x 2-block, but also the ordering of the 2 x 2-blocks themselves, all of
this has to be supplemented with a factor 1/N!.
Finally bringing everything together we obtain the correctly normalized joint eigenvalue density

5
G (2) = N an ()T 855 (za-1.2),
=1
! (A20)

N
G (2) = N An ()Y ()T 885 (z2j-1,227)
j=1
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for N even resp. odd with the antisymmetric function

g,flv’N) (21,22) = (lez)zv LZ — ZI|
2221
L BO/ZN/2+ v+ 1/2)0()8(2) +28(0 —x2)3(n +2) QA (21,27) (A21)
[(1 + Zl)(l . 2):|N/2+[4+v+1/2
The antisymmetry of this function is due to us disregarding an ordering (A12). The normalization is
C(N) _ 2N—3NH—NZ+N(N—1)—N(N—1)/4 N F(y rve (N+j)/2)
(1+N-2N)N! it T(v+j/2)T(u +j[2)
. (A22)
y ﬁ I(N/2+u+v+1/2)[(N/2+pu+v+]1)
i TN+ u+v+1/2= (N +p+v+1-j)
Setting y = v = 0 one immediately finds the joint probability density of eigenvalues (29) of the ordinary real spherical ensemble.
The Pfaffian of the moment matrix (33) can be related to this constant. One finds for the even case’’
LR M
/ A28 (2)[] g™ (21, 227) = MIPEDCY, (A23)
P j=1
where M < N/2. On the other hand by Egs. (A20) and (A21) this integral is
Moo 1
_[ d[Z]AZM(Z)H g(f\;,ZM)/z,o(ZZj—l»ZZj) = C(ZT (A24)
oM j=1 (N-2M)/2,0
and therefore ) )
(M) _
pED = o o (A25)
(N-2M) /2,0
We use this result at multiple points in the body of the text to evaluate the prefactors of our integrals.
APPENDIX B: CHARACTERISTIC POLYNOMIALS OF THE REAL INDUCED SPHERICAL ENSEMBLE
We are interested in integrals of the type
2M
In = f AZM(Z)H g )(ZZj—bZZj)H (x-z), (B1)
oM j=1
where M < N/2. Applying Eq. (A20) we may map them to integrals over a matrix density
(1.2M) M
= [ dl AzM(z)H [ 863y (212 [ (r-2)
oM 1 J (BZ)
_ =(1.2M)
- f d[YIGOM, oY) det (x - Y).
(N-2M) /2,0
The matrix density éﬁ};N) (Y) is invariant under left and right actions of the orthogonal group, see (A1),
Y->0,Y0, with Oy, O, EO(N) (B3)

Let us choose O; = Iy and O, and as diagonal with entries +1. This effectively changes the sign of Y column-wise, Y;

1 — +Y; for all L
Expanding the determinant we see that only one term survives the average

N
(det(x=1)) = 37 sgno{ [T (xdo(j) = Yio(j)) ) = 2 sgnox H o) =% (B4)

oeSy j=1 oSN

26:62:20 ¥20z Menuer ¢z

J. Math. Phys. 64, 111902 (2023); doi: 10.1063/5.0164352 64, 111902-16
© Author(s) 2023


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

Journal of

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

which is a monomial of power N. Therefore we obtain

M
In = C(ZT (B5)
(N-2M) /2,0
This result corresponds to the skew-orthogonal polynomial of even degree.”
APPENDIX C: ALTERNATIVE EXPRESSION OF KS)
Unlike in (64) we expand the determinant only in the last column
2c™ | N - ol 1
B3 = d[z] —— ’ z-,,z-det[za 7] Cl
’ ;cz—mcjv; []ZN+2+K2111 g (211 ZJ) Zq + K1 lfgfgﬁl €D
and apply the identity [see (49)]
b-1 N+2 pas
det [za . ]mgm (@]
1<b<N J=1 A
Ny (C2)
_ (_1)N+2 An(z) ZN+1 — %
ZN+1 T K1 j=1 Zj + K1 ’
This allows us to identify the integral over zy, . . ., zy as the function E,, see Eq. (45), that we calculated for the second kernel, resulting in
2¢M f An(2) N ool -z MY N
Bs = d[z ] N (1235
’ K2 — K1 e [ ](ZN+1+K1)(ZN+2+K2)E Zj+K1 E 8 ( -1 2])
© . (C3)
_ 2 / dlz g( ’ )(zl,zz) det (-z1K1 + K3)
K2 — K1 (Z1 +K1)(22+K2) det(K1K1 +K2) ’
CZ
Inserting our result (51) for the ensemble average we find the following expression for the third kernel
K" (s qn) = ;/ d[z] 2" (z1,2) ( det (-z1K1 + K3)
P [6(gm)b(gn)]"" . 7 (algm) + b(gn)21)(a(gn) + b(gn)z2) | det (x(qn) K1 + K2)
_ _N(N_l) f d[Z] g(I,N)(zl’Z2)
21{b(qn)b(g)]" " S, T (alam) + b(gm)21) (a(qn) + b(qn)22)
_1)N2 -
X[( 1) 27rB(1/2,(N+1)/2)((N 1)/2) 4
N-1 N
<GE|L(N+1)/2N+ 11+ (m 2
K(qn) + 2
-2 % _ -1
+ Zi/ d[z] 2 sgn(im PA=z) (z* 4 M) —2 ) :
| 12| Kan) +
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Furthermore inserting (18) yields

2 N
Kgl)(qmqn) _ -N(N -1)b(gm) ]‘ s r(x,v(qn)) ( x“+1 )

20" (gn) |4, algm) +b(am)x\ a(qm) + b(qm)x

(-)N?27B(1/2, (N +1)/2) ( (N- 1)/2)

N-1 N

a(qm) - b(qm>x)2
a(qm) +b(qm)x

« [ a(gm) = b(gm)x N-2
+ [C d[z]s(z,z ’(7a(qm)+b(qm)x))z

1.5 v(an) a+l ’
' 4 M2 ) + bgn)a (a(qm) * b(qm>21)

x o Fy 1,(N+1)/2;N+1;1+(

(C5)

(-D)N?%27B(1/2, (N +1)/2) { (N -1)/2
v ()

a(qm) + b(gm)z1

x [a(gm) = b(gm)z1 |\ n-2
+fd[Zz]S(Zz,Zz:(m))zz

C

GE[L(N+1)/23N+ 51+ (—“(q’”) ~ blan)z )2

with the functions (22). In this representation also a dependence solely in O(2)-invariants cannot be identified.
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