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Abstract Correlation functions involving products and ratios of half-integer powers of char-
acteristic polynomials of random matrices from the Gaussian orthogonal ensemble (GOE)
frequently arise in applications of random matrix theory (RMT) to physics of quantum chaotic
systems, and beyond. We provide an explicit evaluation of the large-N limits of a few non-
trivial objects of that sort within a variant of the supersymmetry formalism, and via a related
but different method. As one of the applications we derive the distribution of an off-diagonal
entry K, of the resolvent (or Wigner K -matrix) of GOE matrices which, among other things,
is of relevance for experiments on chaotic wave scattering in electromagnetic resonators.

Keywords Random matrix theory - Characteristic polynomials - Chaotic quantum
scattering

1 Motivations, Background and Results
1.1 Introduction

The goal of the present article is to attract attention to the problem of systematic evaluation
of the large-N asymptotics of random matrix averages of the form

det(upy — H)...det(upg — H)

det!?(upr — H)...det'>(up, — H) >GOE
(D

where pupi, i = 1,...,K and pupj, j = 1,...,L are sets of complex parameters.
The angular brackets here and henceforth denote the average over the ensemble of real-
symmetric N x N matrices H with Gaussian entries characterised by the probability density

P(H) ox exp — %TrH 2 and known as the Gaussian orthogonal ensemble (GOE). Note that

Cx,L(UF1, .., MFK LB1s -+ MBL) =<
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732 Y. V. Fyodorov, A. Nock

the correlation functions involving products of square roots of the characteristic polynomials
in the numerator can be always reduced to the above form by multiplying and dividing both
the numerator and the denominator with the same corresponding factors.

Although there are reasons to suspect that the correlation functions (1) may have a nice
mathematical structure even for finite N, perhaps not unlike those determinantal or Pfaffian
structures discovered in [1-5] for similar objects involving only integer powers (see also [6,7]
for an alternative derivation) we were not yet able to reveal such structures beyond the simplest
case K = 1, L = 1, see (12) below. Instead we are mainly concentrating on the large-N
limit of a few simplest, yet nontrivial examples of the correlation function of the type (1). We
start with considering correlation functions with two square roots in the denominator, and
with one or two characteristic polynomials in the numerator, thatis C; 2 (i F1; 1B1, (4 B2) and
Cr2(F1, LF2; LB1, MB2), and then treat a special case of the correlation function involving
four square roots in the denominator, and two determinants in the numerator, that is Cp 4
in our notation. As it should be clear from the examples given below the most physically
interesting (bulk) scaling regime in the large-N limit arises when all spectral parameters are
close to some value E € (—2J,2J) by a distance of the order of the mean spacing between
neighbouring eigenvalues in the bulk, i.e. O(J/N). Correspondingly we define the scaled
version of the correlation function as

(bulk) )
Ci> '(wF1; wp1, wB2)

det(E + iwp1 /N — H)
12 172 @
det (E+l€l)B]/N H)det (E+ZQ)BQ/N H) GOE,N—00
and
C(bulk) (wF1, wF2; w1, WB2)
~< det(E +iwp1 /N — H)det(E + iwpy/N — H) > 3)
det'/?(E +iwpi /N — H)det'">(E +iwp2/N — H) [ Gop N—oo

where the approximate equality sign above should be understood in the sense of extracting
the leading asymptotic dependence on the parameters wp and wr when N — o0. Our results
for the above correlation functions are given in Egs. (13) and (14) for C(blll ) and in Egs. (16)

and (17) for C, (bulk) . In Eq. (22) we provide the result for a special limit (see Eq. (8)) of C (bUIk).
These ob]ects are already rich enough to provide answers for quantities arising in apphcat10ns
of random matrices in the field of Quantum Chaos in closed and open (scattering) systems.
We discuss such relations in much detail below.

Although our methods are specifically tailored for dealing with the GOE we expect our
results in the bulk scaling limit to be universal and shared by a broad class of invariant
measures on real symmetric matrices H [8] and by so-called Wigner ensembles of random
real symmetric matrices with independent, identically distributed entries satisfying relevant
moments conditions [9,10].

1.2 Motivations and Background

To explain the origin of interest in the correlation functions (1) we start with recalling that the
phenomenon of Quantum Chaos attracted considerable theoretical and experimental inter-
est for more than three decades and remains one of the areas where applications of Ran-
dom Matrix Theory are most fruitful and successful [11]. The applications are based on
the famous Bohigas—Giannoni—Schmit (BGS) [12] conjecture claiming that in appropriately
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On Random Matrix Averages Involving Half-Integer Powers 733

chosen energy window sequences of highly excited discrete energy levels of generic quan-
tum systems whose classical counterparts are chaotic are statistically indistinguishable from
sequences of real eigenvalues of large random matrices of appropriate symmetry. Although
not yet fully rigorously proven, this conjecture has an overwhelming support in experimental,
numerical and analytical work of the last decades [13]. Inspired by this analogy as well as by
the fact of universality of many random matrix properties (i.e. insensitivity to the particular
choice of the probability measure on the matrix space), see [9, 10] and references therein, one
of the common strategies for predicting universal observables of quantum chaotic systems has
been expressing them in terms of resolvents of underlying Hamiltonians, then replacing the
actual Hamiltonians by random matrices taken from analytically tractable (usually, Gaussian)
ensembles of N x N random matrices. The characteristic functions of the probability densities
of the observables under consideration can be frequently computed explicitly by appropriate
ensemble averages. Note that the eigenvalues of the standard Gaussian Ensembles, Unitary
(GUE, B = 2), Orthogonal (GOE, g = 1) or Symplectic (GSE, 8 = 4) are independent of the
eigenvectors, with the matrix of N orthonormal eigenvectors being uniformly distributed over
the Haar’s measure of the Unitary U (N), Orthogonal O (N) or Symplectic Sp(2N) group,
correspondingly. To that end it is natural to evaluate the corresponding characteristic func-
tions by performing first the ensemble average over the eigenvectors. For the § = 2 case the
average can be frequently done exactly for any N by employing the so-called Itzykson—Zuber—
Harish—Chandra [14,15] formula, which is not yet available for 8 = 1, 4 group averages.
Nevertheless, one is able to perform the eigenvector averages in the limit N > 1 by using a
heuristic idea (going back to [16]) that the set of eigenvectors essentially behaves for N > 1
asif their components were independent, identically distributed Gaussian variables with mean
zero and variance 1/N. One can rigorously justify this procedure if only a number n <« N1/?
of eigenvectors is involved in the set, see e.g. [17], but in general a rigorous justification
of such a step requires some nontrivial estimates on the resolvents. The heuristic procedure
is widely employed in Theoretical Physics for RMT applications to Quantum Chaos using
the properties of the standard Gaussian integrals over complex or real variables. In this way
the analysis of many distributions of practical interest is reduced to correlation functions of
products and ratios involving integer (for § = 2, 4) or half-integer (for B = 1) powers of
characteristic polynomials of random matrices. Similar averages arise if one is interested in
statistics of the matrix elements of the resolvents computed in the basis of random Gaussian
vectors, as it is frequently done in applications to scattering systems with Quantum Chaos,
see e.g. the recent paper [18] for an example and further references. For those and other
reasons averages of products and ratios of powers of characteristic polynomials of random
matrices attracted much interest over the years. When only integer powers are involved in the
average the corresponding theory was developed for § = 2 in [2—4] and extendedto f = 1, 4
in [5]. The case of half-integer powers for 8 = 1 remains however outstanding, despite the
fact that it is most relevant for an overwhelming majority of experiments in Quantum Chaos
due to the preserved time-reversal invariance of the underlying Hamiltonians. Additional
interest to this type of averages gives the fact that they are closely related to the problem
of evaluating averages of quantities involving absolute values of characteristic polynomials
due to the relation | det(E — H)| = lim¢_odet(E — H + )/ det(E — H — '$)'/? valid
for matrices H with real eigenvalues. Such averages emerge, for example, when studying
the statistics of the so-called “level curvatures” in quantum chaotic systems [19,20], see Eq.
(5) below, as well as in the problem of counting the number of stationary points of random
Gaussian surfaces, see [21,22].

To support the above picture we describe below explicitly a few examples of relations
between the characteristic functions of the physical observables of interest in quantum chaotic
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734 Y. V. Fyodorov, A. Nock

systems which can be related to particular instances of the correlation function (1). The list is
almost certainly not exhaustive (for example, when writing this article we have learned that
the square roots of characteristic polynomials emerged very recently in [23]), but hopefully
representative.

e LDoS distribution. One of the first examples of that sort which is worth mentioning is
related to the statistics of the local density of states (LDoS) p(x; E, n) at a point x of
a quantum system with energy levels broadening n due to a uniform absorption in the
sample. Mathematically the LDoS is defined in terms of the diagonal matrix element
of the resolvent as p(x; E,n) = %Im(xl(E - % — H)7!|x), and one is interested in
understanding the statistics of the LDoS assuming a random matrix GOE Hamiltonian H
of size N x N, with the parameter 1 being fixed when N — oo. The Laplace transform
for the probability density P(p) of the LDoS can be expressed in the large-N limit as

[24] ,
. daVZBE—fﬂz+%ﬂ

/ e PP(p)dp = < 5 - > : “)

0 det' 2 [(E = H2 + 2 + % |

GOE,N—o0
Evaluation of the above random matrix average (which in our notation is a particular
case of C, (bu k) ) attempted in [24] resulted in a quite impractical 5-fold integral, and to
this end remams an outstanding RMT problem. Note however that the density P(p) has
been found via a different route avoiding (4) as a sum of two-fold integrals in [25,26].

e Probability distribution of “level curvatures”. Consider a perturbation H = H + oV
of the Hamiltonian H where « is a control parameter and V is a real symmetric
matrix. “Level curvatures” are defined as second derivatives of the eigenvalues A, («)
(interpreted as energy levels of a quantum-chaotic system) with respect to the exter-
nal parameter o: C, = 32}‘”(“) = Zm#n <§LV|;"M Assuming the perturbation V to

be taken as well from the GOE one can show that the probability density Pr(c) =
ﬁ <Zn=l §(c— Cp)é(E — )»,,)) of the level curvatures for GOE matrices H with
eigenvalues A, and mean density of eigenvalues p(E) can be represented as[19,20]

PE(c) /Jroodwe"wc |det(E — H)|det'/*(E — H)
det'/2(E + 5 — H)

> (%)

—o0 GOE,N—00
where the required random matrix average in the right-hand side was independently eval-
uated by several alternative methods in [19,20]. Note that heuristic arguments appealing
to Gaussianity of GOE eigenvectors in the large- NV limit suggest universality of the level
curvature distribution for a “generic” choice of V, and a rigorous proof of this fact is
under consideration[27].

e Statistics of S-matrix poles. Various questions related to the statistics of quantum chaotic
resonances (poles of the scattering matrix in the complex energy plane [28]) in the regime
of a weakly open scattering system can be related to evaluation of the averages

det H? 2
<”e2> md@ﬂ%#+%» ©)
det'/2(H? 4+ ) GOEN—oo N2J)GoEN—oo

where o is considered as N-independent parameter. The first of these averages features
in the statistics of resonance widths change under influence of a small perturbation of
the Hamiltonian H — H + «V akin to that considered above for the level curvature
case. Such change reflects the intrinsic non-orthogonality of the associated resonance
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eigenfunctions [29]. Another manifestation of the same non-orthogonality is the statistics
of the so-called Petermann factor which again can be related to random matrix averages
involving half-integer powers of characteristic polynomials, see [30]. The second average
in (6) arose in a recent attempt of clarifying the statistics of resonance widths beyond
the standard first-order perturbation theory, see [31]. Evaluating both averages featuring
in (6) in a uniform way by a systematic procedure was one of our motivations behind
writing the present paper.

e Statistics of Wigner K-matrix. In the theory of quantum chaotic scattering the Wigner
K -matrix is essentially defined as a certain projection of the resolvent of H. More pre-
cisely this is an M x M matrix with entries K, = WaT (E—H)~"'W, , with W, being an
N-component vector of coupling amplitudes W;, between N energy levels of the closed
system (modelled for a chaotic system by an N x N random matrix Hamiltonian H) and M
scattering channels open at a given energy E of incoming waves. Note that the more stan-
dard M x M unitary S-matrix is related to K via a simple Cayley transform § = ﬁig .In
the random matrix approach one usually assumes for the amplitudes W;,, either the model
of fixed orthogonal channels with WaT Wi = vadap [32] orindependent Gaussian channels
where the amplitudes are taken to be i.i.d. Gaussian variables with (WaT Ws) = vadap [33].
The quantities K,, are of direct experimental relevance and can be measured in
microwave experiments as they are related to the real part of the electromagnetic
impedance [34,35]. For real E in the bulk of the spectrum the statistics of the diagonal
entries K,, is long known to be given by the same Cauchy distribution forall 8 = 1, 2, 4,
see e.g. [36,37], and very recently was actually shown to be very insensitive to spectral
properties of H under rather general conditions [38]. Similarly, one can consider the
probability density P(K,p) of the individual off-diagonal entries K, for 8 = 1. For
the model of Gaussian channels one arrives to the Fourier transformed P(K,p) in the
form:

e det(E — H
/ K P(K ) dK gy = lim |det(E = ] — Re(0). (7)
—00 N—oo detl/z[(E H)2+ J/aJ/bX ] Cor

Note that the average featuring in the right-hand side does not follow from either C; (bUIk)

or C, (bulk) as a special case, but is rather a limiting case of the more general correlatlon

C(u)

functlon as it can be seen from the following representation:

Rex) = lim i det?>(E — H)
X) = lim um
E >0 N—>00 \ 4orl/2 ((E H)? + Vaybx )detl/z ((E H)? + 62)

GOE

®)

To the best of our knowledge the probability density P(K,p) for a # b (or its
Fourier transform) was not yet given explicitly in the literature’ and we will find it
below for the center of the GOE spectrum, see Eq. (22). Note that it is expected
that statistics of the K-matrix entries for a GOE Hamiltonian H is the same for
the two choices of the coupling W as long as M stays finite for N — oo.
As to the M x M matrix K as a whole, the probability density P(K) for § = 1 and E

! The distribution of the off-diagonal entries S,.2p, of the scattering matrix S is also experimentally relevant
[39,40] and has been calculated very recently in [41]. However it remains a challenge to extract the statistics
of Kg£p from it in a manageable form.
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736 Y. V. Fyodorov, A. Nock

in the bulk of the spectrum is expected to be given by a Cauchy-like expression:
2 _ M

P(K) o det[2% + (K — (K))?] C))
with E-dependent mean (K ) and the width parameter A. This distribution was conjectured
in 1995 by P. Brouwer on the experience of working with A from the so-called Lorentzian
ensemble, see [42]. A similar formula for invariant ensembles of complex Hermitian
random matrices H (i.e. B = 2) was proved rigorously very recently in [18], and in the
same paper it was mentioned that for § = 1 and the case of random Gaussian coupling
the following relation holds?:

/eiTr(KX),P(K)dK — lim <H detl/Z(E H) [sgndet(E H)]O( Xe) >
N—oo\ "] det!/2(E + Zete ) COE
(10)

where ®(—x.) = 1 for negative x. and is zero otherwise. Although our attempts to verify
Brouwer’s conjecture for 8 = 1, M = 2 along these lines were not fully successful yet,
we discuss partial results, see (24)—(26) below.

e A particular type of the correlation functions (1) was investigated in [43] where it has
been shown that for any integer k > 0 and fixed real § holds >

1
<detk/2(i8/N — H)det*/?(—i§/N — H) >GOE Nesoo

dn —811 d —8\k
ka/ dirje / dhge " H'k (11

1 l <]
1.3 The Results

e As it has been mentioned above, we were not yet able to reveal nice mathematical
structures for (1) at finite values of the matrix size N beyond the simplest case K =
1, L = 1, where the methods outlined below yielded a determinantal structure which we
give here for completeness:

P2\ =i sgnm@p) ¥
Cia(urF; up) = N T(N/2)
Hy_, (@MF) Fnja-1 (%MB) 12)
Hy (@MF) Fn2 (%MB)

x det

‘N .
«}271 o drt exp[—%(t +i2)?]

where I'(x) is the Euler Gamma-function, Hy (z) =
is a Hermite polynomial and the function

Fy(z) =i sgn(Im(Z))]N/ dr exp[—%(t2 + 2i sgn(Im(z))z1)]
0

2 The corresponding formula in [18] was written not accurately enough and did not show the dependence on
sgn det factors.

3 Note also that an ensemble average closely related to the left-hand side of (11) was evaluated explicitly in
[44], with the general circular §—ensemble replacing the GOE. The result was expressed for all > 0 and
all integer N > 1 in terms of a certain generalised hypergeometric function. The § — 0 asymptotics for large
N > 1 of the latter function does agree with the one following from the right-hand side of (11).
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On Random Matrix Averages Involving Half-Integer Powers 737

may be associated with the Cauchy transforms of Hermite polynomials [2].

(bulk) .
Cin (wr1; wpi, wp2) (see Eq.
(2)) and Cg,);lk) (wF1, wr2; wp1, wp2) (see Eq. (3)) depend very essentially on the signs

of wp| and wpy. In particular, if sgn wp; = sgn wp the first correlation function is given
by

e The explicit forms for the “bulk” correlation functions

2op1—0B1 —wp) “CBIZOB (i E+sgnwpv/4J2—E?)

bulk, =
Cpy OO (s gy o) R e W a3
whereas for sgn wp; = — sgn wp; the same object takes instead the form
(=) LE (wp1+wpr—2wr1)

C(bulk, sgnwp|=

1.2 TSN (41w, wp2) A Ca?

e —————
7 /2Np(2J)N+!1

x [[Aefnpw“ — (=N A% (wp) + wpy — 20p1) Ko (B lwpt — op2l)

+ [Ae ™1 4 (DN A* PPN | wp) — wpa | Ky (PR lwp1 — wpal) ] (14)

with

AE,N) = Qud2p +i EYN=12 5 PE, (15)

where we introduced p = 2711 VA4S 2 — E? for the mean eigenvalue density of large
GOE matrices in the bulk of the spectrum and used the standard notation K,,(z) for
the modified Bessel (Macdonald) functions of second kind and index m. Note that
the asymptotic expression (14) shows an interesting “parity effect”: it behaves dif-
ferently depending on whether N is even or odd for arbitrary large values of N.

Similarly the second correlation function for sgn wp| = sgn wps is given by

(bulk, sgn wp|=sgn wp) . N
G (wF1, wF2; WB1, WB2) ~

7 vNE
J N 3HN ( 7 iE(wp1+wp)) _[E(w51+w32) 7p(wpil+wgol)
— [ e 2J2 e 472 e~ 2

VN mp(wrl — wp2) P
x [rp(wF1 — wr2) cosh (mp(wF) — wr2)) — sinh (Tp(wF1 — wF2))], (16)

~ . N 52
where Hy (@) = V2() Y e N2 eir B ()N A(E, N) + A*(E, N)] is the
appropriate large-N asymptotic of the N-th Hermite polynomial, with A(E, N) defined
in Eq. (15). In the case sgn wp; = — sgn wp> we get instead

(bulk, sgn wp1=—sgnwp>) . ~
G (wF1, wF2; wB1, WR2) ~

ON JN+1,=N/2 N g2 iE(wFHz-wl-z) _iE(wm;-ﬂ)sz)
[ 2T e 2 e 47
7 (oF1 — wp2)?

[[(wm + wp2)(@p1 + wp2) — 2wriwrr — 2wp1wp2]Ko (F lwpl — @pa))
X [rp(wr1 — wF2) cosh (mp(wr1 — wF2)) — sinh (Tp(wp1 — wF2))]

+ wp(wp) — wp2)?lwpl — wpa|sinh (Tp(wF1 — wF2)) K1 (% lwp1 — wpal) ]
17)

Note that the parity of N plays no role for the large-N behaviour of this correlation
function.
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738 Y. V. Fyodorov, A. Nock

Let us now discuss a few special cases motivated by applications mentioned above.

e The characteristic function of the “level curvatures”, Eq. (5) can be represented as a
(bulk)
special limit of C,, 7,

| det(E — H)|det(E — H)'/? . C(bulk)( :
= m e —
det(E +iw/N — H)l/z GOE N €0 €, —€, —€,®

x ¢ 17wl K) (LR ). a8)

The Fourier transform of this result (for brevity we choose E = 0, J = 1) yields the
curvature distribution,

1 de.e}

P(c) = —/ dolo| K (3o]) explioc) = (1 +4c*) 72, (19)

47 ) oo
which coincides with the expression found in earlier works by alternative methods [19,
20].

o The two averages featuring in Eq. (6) can be recovered as special cases from C, (bulk) and
are for the choice J = 1 given by

< det? H > (bulk) 0. 0: . —)
/2,172 2 o
det'/2(H + 32) GOE,N—oc
2N _
~2— N/z[ 3 Ko (oD + o]k <|w|>] (20)
2
2N _y P sinh(2w) .
~ e cosh(2w) — === ) Ko(lw]) + sinh@leD K1 (|} |. - 21)

The above formulas have been already presented in [29,31], with derivation relegated to
the present paper. We tested the validity of (21) by direct numerical simulations of GOE
matrices of a moderate size, see Fig. 1.

e For the characteristic function of an off-diagonal element K,; of the K-matrix, see
Eq. (7), we choose to present the corresponding result only for the so-called “perfect
coupling” case, i.e. E = 0 and y, = y,, = 1, the case of general y, # y; following by a
trivial rescaling. It is given by

. | det H| [x] &
lim ( —————— — Kollxl/J) + dyKo(y)). (22
N=oo\det(H? + )2 [ o T lxl/d

The ensuing distribution P(K,p) is then consequently given by its Fourier transform,

2 arsinh(K ;p)

21 K2 +
(L4 Kg,) Kab1/1+K3b

In the Appendix A we verify that this result is in complete agreement with Brouwer’s
conjecture claiming that K for the “perfect coupling” case is distributed as P(K)
det[1 4+ K21~ M+D/2 We also check these expressions against direct numerical simula-
tions, see Fig. 2.

P(Kap) =

(23)
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40 T T

L | — analytical result |

e numerical simulation

Fig.1 The correlation function Céb;ﬂk) (v, —w; ®, —w) from Eq. (21) against numerical results obtained from

a sample of 40,000 GOE-matrices of size 80 x 80

T T T T 1 T T
0.4+ — analytical result r — analytical result 1
© numerical simulation 08 © numerical simulation | _|
031 8 |
> 0.6 B
) = |

= 02k B
& & 04l 1
0.1 . B 02k i
0 1 I I I I I h 0 I I I
S5 04 03 2 10 12 3 4 5 -6 -4 -2 0 2 4 6
Kap x

Fig.2 Distribution of an off-diagonal K -matrix element K ,j, (left) and its characteristic function (right). The
numerical results were obtained from samples of 40,000 GOE-matrices of size 80 x 80
e The M = 2 case of Eq. (10) features the correlation function

det(E — H) sgndet(E — H)®¥1%2)
det!/2(E + 10— H) det P(E+ B2 —H) [,

(24)

Assume that x;x» > 0 so that ®@(—x;x2) = 0 and the sign-factor is immaterial. The
correlation function then takes the form of

“VIX—Y2XD o 2_F2
C}%);lk)(o; VIX1, Yaxa) Xe 4l (i E+sgnx|v4J*—E )! (25)

which simplifies even further to e%;lm for the “perfect coupling” case E = 0, y; =
y2 = 1. In the opposite case x1x3 < 0 on the other hand the correlation function takes
the form

|det(E — H)|

. . , (26)
det'2(E + 5 — H) det'/?(E + %2 — H)

GOE
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740 Y. V. Fyodorov, A. Nock

which is again a special case of Cél”zlk) . In the particular case yjx; = —y2x2 = yx, the
above expression assumes the same form as one needed for extracting the distribution
of a single off-diagonal element K, see Eqgs. (7) and (22). While a full proof that K is
distributed according to the Cauchy distribution, Eq. (9), requires the knowledge of the
above expression for arbitrary values of x| and x,, one can show that our partial results
for y1x; = —y2x2 = yx are indeed consistent with Eq. (9), see Appendix B.

e Finally we notice that an interesting special case of C; (blﬂk) is the average of the sign of
the GOE characteristic polynomial given asymptotlcally by

(sgndet(E — H))Gor.N—oo = lim €15 (0r ¢, )

2J2 (—i/@INHN

N VTN @J? — E2)3/4 [ACE, N) + (=D A*(E, N)],

27)
where A(E, N) is defined in Eq. (15).
2 Derivation of the Main Results
2.1 Evaluation of the Correlation Functions Egs. (2) and (3)
Atpresent the only systematic method for evaluating the ensemble averages C; (bmk) and C, (bU]k)

seems to be the so-called supersymmetric formalism, see [45] and references thereln W1th1n
RMT framework several variants of that method are by now well-developed and we will
follow one of them proposed in [46]. We only outline the major steps of the procedure below
referring the interested reader to the cited literature and leaving technical detail for [47].
To that end we start with replacing the square roots of determinants in the denominator by
Gaussian integrals over N-component real vectors X;, and the determinants in the numerator
by integrals over vectors ¢; whose N components are complex anticommuting (Grassmann)

variables. In that way the correlation function C, (bulk) can be represented by

C(bulk) </dX1€251X1 (E+4iwp1/N— H)X]/dX2€252X2(E+lw32/N H)xy

x /d2§ e—%f"'(E+in1/N—H)§>, (28)

and similarly for C, (bulk) where we have to introduce one more integration over a vector of N

anticommuting components. Note that we have to introduce s; = sgn wp; in order to render
the integrals over the commuting variables convergent.

C(ul)

The ensemble average can now easily be performed and yields for the result,

. . 2
(e~ sl Hxitsxd Hxo—g[ Ho =g Hooly o= (@12~ S 0 Ot ol e 2t ] Boi—2¢] Beo)

(29
where we introduced the N x N matrix B = s1x1 ® XlT + 5% ® XZT as well as the 2 x 2
matrices
o) — 51 a ol o, - [Xim xixZ] e [sl o] ' 0)
;2 4 ;;;2 X3 X1 X5 X2 0 s
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A similar expression for C; (blﬂk) can be obtained from the above by replacing all terms con-
taining ¢» with O so that Q r becomes a scalar in this case. At the next step we employ a
Hubbard-Stratonovich transformation for the anticommuting variables only by exploiting the

identity
72 n N J -
exp (ﬁtr Q2p> O(/dQF exp (—tf 0% + ﬁtr QFQF)v €1V

where QF = [;]1*1 le] is a Hermitian 2 x 2 matrix of commuting variables for C(bmk)
12 4922

and a smgle scalar variable Q F = q for C; (bulk) . For C, (bulk) we also need to bilinearise the

term {l 9] ;2 ¢{ which can be achieved by 1ntr0duc1ng an auxiliary Gaussian integral over a
complex variable u, with u* standing for its conjugate:

exp( cl 08, cl) /d u exp (—u*u - %(w;f;ﬁ* + u*{{m) N C))

With the integrand being bilinear in the Grassmann vectors it is easy to perform the integration
over the anticommuting variables explicitly. The resulting expression in both cases depends
on the x-vectors only via the eigenvalues of the matrix Qg L. This allows us to follow the
route explained in detail in [43,46] and to employ the identity from Appendix D of [48]:

/dxl.../dan(QB)cx/A dQp(det Op)
0p>0

which helps one to replace the integration over n real vectors of dimension N by an integral
over a positive definite real symmetric matrix Op of dimension n x n, where in both our
cases actually n = 2. In the first case this procedure leads us after a trivial rescaling of the
integration variables to

N—n—1

F(0p), (33)

Ci‘,’é‘“‘)a/ dgqN2e 2" 1E+N>/Q A0yt 05L) T det(q — O5L)
i .

7 QL) 3Ty QpLMp (34)

bl

Xe 47

where for notational convenience we omitted the hats here and henceforth. Similarly, in the
second case we arrive at

N-3 __N_ 24 N — N u*
C(bulk) / d0p(det QL) T ¢ iy QB+ trQBLMB/dzue X utu
0p>0

2 iN —
/dee L 03—t 0 Myt 5y o M3 [detQF—u*u]N 2

2
<[1 [det 0 —uu+3 0 + Y] (35)

Here we introduced the 2 x 2 matrices Mp(ry = Ely + ’ﬁ diag(wpi(F1), wB2(F2)) and used
Ap1 and A gy for the real eigenvalues of the 2 x 2 non-selfadjoint matrix Q gL, see [43,46]
for technical details.

Setting aside the issue of performing the integration over the matrix Q p for the time being,
in the first case the procedure leaves us with a single g-integration whereas in the second case
we have to deal with an integral over the 2 x 2 Hermitian matrix Q r which contains four
independent variables, and in addition with integrals over the complex variable u. To simplify
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742 Y. V. Fyodorov, A. Nock

the integrand we then use that Q r can be diagonalised by a unitary transformation Qr =
U diag(qr1, gr2)U". The integration over the unitary group can then be performed using
the Itzykson—Zuber—Harish—Chandra (IZHC) formula[ 14, 15] which reduces the integration
variables to the set gr1, gr2, u and u*. Next we note that by introducing a matrix R =
|:un*1 qu ] one can express the integrand in terms of R (note e.g. that det Q p —u*u = det R,
F2

tr Q%,- +2u*u = tr R? etc.). This latter matrix is Hermitian as well, so can also be diagonalized
by a unitary transformation R = U; diag(ry, rg)UzT . Although the group integral is not of
the IZHC type in this case, it still can be performed explicitly. Following this procedure the
correlation function simplifies to

e ZJLZ M %

+iN r QpLMp

2
cu / 40 5(det QL) o 17 QL+
Q>0

(wF1 — ®F2)3

NE
/ dr / dry o2 (T =SE O+ S () @r1tor)

x (1 = ) i)V 2+ 25 ) 2+ A 1+ 2 2 + 25
y (r1 — r)(wp1 — wr2) cosh (ri —n)(wr1 — wF2)
2J2 2J2

— sinh ((Fl — ) (wr1 — sz))]. 36)

2J2

At the final step we aim at simplifying the integral over Q p, which in both cases is a 2 x 2
real symmetric positive definite matrix. As the integrands in (34) and (36) actually depend
on the combination Q p L we change the integration from Q g to O g L. Recall that the matrix
L = diag(sgn wp1, sgn wp>) reflects the signs of wp; and wp; and this fact will play now
a crucial role. If wp| and wpy are of the same sign, L is proportional to the identity and
hence QgL is still positive definite real symmetric and can be diagonalized by an orthogonal
transformation QgL = 0 diag(py, p2) OT. If, however, the signs are different (we may
assume for definiteness wp; > 0 and wpy < 0), then the matrix Q p L will have an underlying
hyperbolic symmetry and can be parametrised as [43,46]
DiP2 4 PIEP2 oogh g 21EP2 inh g

Qsl = [ 2—@1111119 nsk : pite cosh@]’ 37)
where py, p2 > 0 and 6 € (—00, 00). The only term in the integrands (34) and (36) which
actually depends on 6 is tr Qg LMp = E(p1 — p2) + 55 [(p1 — p2)(@B1 + @p2) + (p1 +
p2)(wp1 — wp2) cosh(26)]. For the sgn wp; = sgnwpy case one obtains the same type of
expression with p» — —p; and cosh(26) — cos(26). The 6-integration can be performed
explicitly using

21 _@BI=®B)
/ df e~ 42 (P1=p2) cos(26) =2nly (%(F[ pz)), (38)
0
o0 @B —®R) 0’32
/ do e i mﬂmmm)zm(ﬂ%7—4m+m0 (39)
—00

where Io(x) and Ko(x) stand for the modified Bessel function of the first and second kind,
respectively. in this way we arrive at the final expression which is exact for arbitrary value
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of N,

w2
C(bulkJr ) /OO dqu—Ze*%(qfiE)z b (q—iE)= 5k
—0o0

iNE B1+@p2

o0 oo _ N E w
></ dp1/ dp> (p1p2)NT3 e—m(pl+p2)+ 52 (P1=p2)==2 3= (p1=p2)
0 0

(wp1 — wp2)(P1 + p2)
x Ko ( YNE (g — p(g + p2)(p1 + p2). (40)
and
N 2
mtrMF iNE _
o O((wil —wr2)? / dpl/ dps (p1pa) T T PP 0mp)

o0 _N_ 2y iNE
X / dr1 / drz (rlrz)N—Z e 212 (r|+r2) 72 (r1+r2)
—00 —00

x (r1 —r2)(p1+ p2)(r1 + p1)(r2 + p1)(r1 — p2)(r2 — p2)
<r|+r2>(w€1+wp2) 7(1’1*F2)§‘;’§1+WB2) Ko ((a)Bl —wp2)(p1 + Pz))

X e 2J e

4J?
(r1 — ) (wr1 — wF2) ((m —r)(wr1 — sz))
X cosh
2J2 2J?
. (r1 — r)(wr1 — wF2)
~sinh ( o )] . 1)

The superscript +— is to remind us that the expression corresponds to the choice wp; > 0
and wpy < 0. The expression for equal signs can be obtained from the above by replacing
p1 —> +sgn(wp1)p1, p2 = —sgn(wp1) p2, p1 + p2 — |p1 — p2| and Ko — Io.

So far our manipulations were exact and did not use any approximation. As was explained
in the introduction we are mainly interested in extracting the “bulk” large-N asymptotic of
these correlation functions. The most natural way to proceed from here is by performing
a saddle-point analysis. We believe with due effort such analysis can be done with full
mathematical rigor, see e.g. a recent paper [49], but we do not attempt it here concentrating
on explaining the gross structures of the saddle-point analysis which yield the correct results.

For the case of different signs the saddle points of the integrand are given by

sp IE+NA4J?—E> p —iE+4J?—E?
Py = = )

1 = B » D2 = )
—iE ++/4J? — E?
¢F =rft = : . 42)

For p; and p> only solutions with positive real parts are contributing to the asymptotics.

There is no such restriction for ¢ or r; and r;, respectively, and we have two saddle points

(bulk )

contributing in each of these variables. Hence for C; the final expression is given

by the sum of two different saddle-point COIItI'lbuthIlS For C(bu"( ) there are in principle

four different contributions. However, the contributions from the saddle points satisfying

IS L rzs P are actually negligible due to the factor r| — r in the integrand. Moreover the
integrand is invariant under exchanging 1 and r2, and hence the two remaining contributions
are identical. It therefore suffices to choose for r1 P the solution with positive real part and for

P the one with negative real part. One may further notice that the integrand itself vanishes
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744 Y. V. Fyodorov, A. Nock

when evaluated at the saddle points due to the factors (¢ — p1)(g + p2) and (r; + p1)(r2 +
p1)(r1 — p2)(r2 — p2) . This fact makes it necessary to expand the integrand to a higher order
around the saddle points. The corresponding calculation is rather tedious, but managable. We
refrain from presenting it here and refer the interested reader to [47] for technical detail. The
outcome of the analysis are precisely the formulae given in Egs. (14) and (17).

The case of same signs looks quite different. Here the saddle points are given by

sp ISE+NA4JZ—E*  (p sp 1EEX V42— E2

pif =p3f = 5 ¢’ =—rf = 5 : 43)

where s = sgnwp] = sgnwpy. Again we must choose plSP and pZSP to have a positive

(bulk)
1,2

real part, so that two contributions arise for C and four for Cébglk) . However, the term

(g—sp1)(g—sp>) is only nonvanishing if we choose ¢5* = —spISP ,contributions for all other

(bulk)
Cyn

choices becoming subdominant. For the same arguments as before suggest to choose

for rf P the solution with positive real part and for rZS P with negative real part neglecting the
other three contributions. While the integrand still vanishes at he saddle points due to the
factor | p; — p2| and for Cg’;lk) due to the factors (r; +sp1)(ro +sp1)(r1 +sp2)(r2 +sp2), the
saddle point analysis is now much simpler than in the previous case. Indeed, when extracting
the leading-order contribution one has to replace p; = pls P 4 £ (with & parametrizing the
integration around the relevant saddle point) and similarly for the other variables, and then
expand the N-independent part of the integrand to zero-th order in &; etc. (apart from the
factors which come naturally in first order like | p; — p2| = |§1 — &2|). It is then readily seen
that the corresponding integrals yield a nonvanishing contribution rather straightforwardly
without need to expand the integrand to higher orders like it was necessary in the previous
case of opposite signs. The results of such saddle-point analysis is then much simpler and is
given in Egs. (13) and (16).

2.2 Distribution of K, via Eq.(8)

For the correlation function (8) associated with the distribution of an individual off-diagonal
K -matrix element we consider for simplicity only the perfect coupling case £ = 0 and
Ya = v» = 1, see Eq. (22)). For evaluating the ensemble average we first tried to follow
the same method as described in the previous section. In this way we started with writing
det(H? + 25)'/% = det(H + )"/2 det(H — %)V and | det H| = (det H)?/| det H| =
lime_ o (det H)> det(H + %)_1/2 det(H — iﬁe)_l/z and then replaced the square roots of
characteristic polynomials in the denominator by four Gaussian integrals over real commuting
vectors and those in the numerator by Gaussian integrals over two vectors with anticommuting
components. The ensemble averaging then yields a 4 x 4 Q p-matrix, but we found no
efficient ways of evaluating the ensuing group integral over the diagonalizing matrices. We
also attempted a direct saddle-point analysis for large N along the same lines as before, and
found it to become very tedious as not only the zero-th and first, but also the second order
of the integrand expansion in fluctuations around the relevant saddle points turned out to be
vanishing at the saddle points. Expanding to an even higher order with the group integrals
still present did not seem to us as a viable option.

Confronted with those difficulties we followed a different method (inspired by the insights
from [30]) which avoids introducing anticommuting variables altogether. We demonstrate it

(bulk)
1,2

first for the correlation function Cy , . For brevity we will consider only the simplest case
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E = 0 where such object can be written as

det(‘2r — H)

(bulk)(
WF; WB1, WB2) = , T
<det1/2(H2 _ wB;]asz _ leBlN(UBZ)

(44)

>GOE,N—>00

We start with representing only the denominator by a Gaussian integral over a real
N-component vector S and hence get

@WR1®B2 2
Cglk) :/d56 oS &S, o, wp1 + wp2), (45)
where
det(2£ —H 1
(S, wp, wp1+wp) = % exp [—fsT (Hz—in) s]
(2 ) / 2 N GOE,N—oo
(46)

Note that the above integral is well-defined only for wp; and wp, having different signs,
otherwise the term wpwp> /N 2 > 0 would render the integral divergent.

Let us further assume that wg; = —wp>» = wp, such that the linear term —i H %
vanishes. Such assumption is not necessary to make the method functional but helps to sim-
plify the presentation considerably. Next we parametrize the vector S of integration variables
asS = [S|Oej, wheree; =[1,0, ..., 0]is an N-dimensional unit vector and O is an orthog-
onal matrix: O~! = O7'. Since both the determinant factor and the GOE probability density
‘P(H) in (46) are invariant under orthogonal transformations H — O~'H O the matrices
0, O can be omitted. The term elT H?ey then suggests that it is advantageous to decompose

H as .
| Hn h
H = [ ! HN*I], 7)

where £ is areal N — 1-component vector, Hy_1 is the (N — 1) x (N — 1) subblock of H
and Hj is the first element of H. With such a decomposition one is able to integrate out the
variable Hj; as well as the vector &, which leads to

LICTly S W |
N 11 ‘S|2 ﬂ 2
e o /dS S 48
(150 +3) ™ (50 + 25)"” - 2N2| | "
12

where we have introduced the short-hand notations I} = (det(l")F Hy_1))ny—1 and

<d t(”"F Hy_1) tr(""F HN_l)_1>N 1 where the ensemble average should be

performed over the (N — 1) x (N — 1) GOE matrix Hy_1. Moreover, it actually suffices to
know only /; since I, = —i N . Asis well-known [ is proportional to the Hermite polyno-
mial: I} « HN_l(le/(«FJ)), so that asymptotically we have I o e®F/7 4(—1)Ne=®F//
It remains to perform the S-integration for which it is advantageous to introduce rescaled
polar coordinates, such that |S|?> = N2R. The problem then reduces to performing the single
integral

I dly
o ulk) /°° dR @r 1JFR<1+ =) dor [ “)%R] (49)
12 & — exp|——R|.
0 k (1+NJ12R)T(1 2N12R)1/2 2
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746 Y. V. Fyodorov, A. Nock

Forlarge N > 1itis easy to verify that the leading contribution to the integral can be written
as

00 2
(bulk) dR 1 dI] CL)B 1
c L Aopn + -1 _YBp_
1.2 o</0 R (wF ' Rder )P T2 R 22R

o (T + 0V ) wrko (1) + (5 = Ve F ) jon ik, (122,
(50)

which indeed coincides with the earlier derived expression for C, (buu() (wF; wp, —wp) from
Eq. (14).

Now we follow the same route for evaluation of the correlation function (8). We will only
outline the key steps and differences from the previous case, but refrain from presenting
intermediate results relegating them to [47]. One starts with replacing only the square roots
of the characteristic polynomials in the denominator by Gaussian integrals, which leads us
to

1 _ 1 _2gT 2T
R(x) = lim 7/d81/d82e (SIS 8) g (g, 8, 51)
e—=0 2m)N
where S1 and S, are two real N-component vectors, and
W(S1, 8y = (det H2 T2 0), 0 =8 @S] + 8, @S] (52)

In contrast to a single vector S in the previous case we now have to deal with two real
vectors Sy and S;, which we can conveniently combine into the matrix Q. Such a rank-
two N x N matrix has two nonzero eigenvalues which we call ¢; and g3, all other N —
2 eigenvalues being identically zero. Being real symmetric Q can be diagonalised by an
orthogonal transformation: O = O diag(qi, ¢2,0, ..., 0)07 and the orthogonal matrices
can be omitted from the integrand by the same invariance reasons as before. Owing to this
structure we can conveniently decompose H into its upper left 2 x 2 block, its lower right
(N —2) x (N —2) block Hy _» and the two ensuing off-diagonal blocks. It is easy to integrate
out all variables apart from those entering Hy_> and get, with a slight abuse of notations:

w18 - g = Z2 (AN g [ L3
.S)) — gy = et Hy_
e -4 Jaiapaz \ J/cic2 N2 laiay (a1 +a2)?

+ (12 + 1) [2trA? + (trA)*] +

axcy a]c2

— _[3trA’ — (rA)’]
ciea(ay + az)

1
+ 5 ((rA)* — 8rAtrA® + 7(trA*)> + 2(trA)” rA® — 2irA”) ]> (53)
of C2 GOE,N-2

where we used the notations

N
A=Hg', ap=qa+ 73 ar=q2t 2?
The result then reduces to performing ensemble averages over expressions det H ]%,72
multiplied with various powers of traces of the inverse matrices H 1552 for a few instances
of positive integers k. One may notice that all the required averages can be represented as
derivatives of the correlation function of two GOE characteristic polynomials, using e.g. the
identities
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2

. . 9
det HY _, ((rHy ) = wH?,) = tim — [det(Hy—2 — &) det(Hy—2 — &)]
§|,$25>0 0§;

det 13, (! )?) = [det(Hy—2 — &) det(Hy—2 — £)]

lim
£1.6£—0 0§10x2

and similarly for the higher powers. As a result for the object featuring in (53) we have:

Y(q1,q2) = : lgrgopgl,gz (q1, g2)[{det(Hy > — &) det(Hy—2 — &))coEe.N—2, (54)
1,52

where the differential operator D¢, g, (g1, g2) is explicitly given by
N_
Dey & (q1, 42) Qr)*? (4”2)2 (- L)
&9, Q) =—F——7——=\ — 5 T /5 s e T
1.8 vaiaz(ar +az) \c1c2 axe?  aic} 06105 9E}
2 3’ 9? ( 1 3 )
+ 2 3= J+tl—+——
ciea(ar + az) ( 9&10&> 8512) ajay (a1 +a2)?

1 a4 a4 a*
+ 5l m + 18— — 16— ) (55)
3ciey \ 0§ 087085 08708
The ensemble average of the product of two GOE characteristic polynomials is known
and for large N is given asymptotically by (see e.g. [50])

sinh (51;52) _ 51;52 cosh (51;52)
(1 - &)

Using this result, and taking the necessary derivatives and the limits &1, §&, — 0, we finally

get an explicit expression for WV (g1, g2).

The last step is to perform the integrals over S; and Sy, see Eq. (51). In the previous case we
could reduce integration over S to a single integration in polar coordinates. Similarly we can
now exploit the invariance of the integrand and exploit the identity (33). In this way we can
restrict the integration to the manifold of positive definite real symmetric 2 x 2 matrices with

eigenvalues g and g,. Extracting the leading large- N-asymptotics is then a straightforward
exercise and we finally end up with the integral representation

0 00 2 2
lg1 — 2| (x* —€9)(q1 — q2)
R(x) oc/ d / d I
o Ny “Convata 4J2

1/1 1 242
D 7+7+(q1+qz)(x +€)
2\q1 @ 2J2

(I +qg1)(1+q2) 3 2
X ) + 5 + .
919> (g1 +q2) q192(q1 + q2)

(det(Hy—2 — &) det(Hy—2 — &))GoE

(56)

(57

Note that here the limit € — 0 is implied, which can now trivially be performed. It turns out
that this rather complicated-looking integral is actually proportional to

oo
RO o 1Ko 1/ + [ dy Ko (58)
J I/

A way to verify this claim is to differentiate both equations (assuming for definiteness x > 0,
J = 1) with respect to x. The derivative of Eq. (58) is x K1 (x), and the derivative of (57) is
x times a certain two-fold integral which with some efforts can be shown to be proportional
to K1 (x). The details of this calculation are relegated to [47].
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3 Conclusions and Open Problems

In this paper we have started the program of systematic evaluation of correlation functions
(1) involving half-integer powers of the characteristic polynomials of N x N GOE matrices.
Motivated by diverse applications outlined in the introductory section we mainly concentrated
on extracting the asymptotic behaviour of several objects of that type as N — oo. Our
calculations were based on variants of the supersymmetry method or related techniques.
The method in a nutshell amounts to replacing the initial average involving the product of
K characteristic polynomials divided by L square roots of characteristic polynomials of
N x N GOE matrices H with an average over the sets of K x K matrices Qr and L x L
matrices Qg > 0 with Gaussian weights augmented essentially with the factors det Q p and
det QO raised to powers of order N, see e.g. (35). As we are eventually mostly interested
in K, L fixed but N — oo this replacement is very helpful as it allows to employ saddle-
point approximations. In this paper we managed to perform all steps of such a procedure
successfully only for relatively small values of K and L, but we hope that the general case
can eventually be treated along similar lines. One reason and guiding principle for a moderate
optimism is as follows. An inspection of a somewhat simpler example of 8 = 2 shows, see
in particular [2], that the success of our method is deeply connected to the existence of the
so-called duality relations for Gaussian ensembles, see [51] for a better understanding of such
dualities. In particular, the Proposition 7 of the latter paper shows that one of such duality
relations exists for general Gaussian S-ensembles with 8 > 0 for an object involving the
ensemble average of the product of the corresponding characteristic polynomials raised to
the power — /2. For the GOE with 8 = 1 that object (see Proposition 2 in [51]) is exactly the
particular case of (1) with K = 0 and arbitrary integer L which makes a contact to the present
context; e.g. one can employ such a duality to reproduce the relation (11) in an alternative
way. A deeper understanding of connections between the supersymmetric approach and the
duality relations for Gaussian ensembles will certainly be helpful in dealing efficiently with
asymptotics of (1) for arbitrary integer values K and L. The problem of revealing possible
Pfaffian-determinant structures behind (1) for finite matrix size N remains at the moment
completely outstanding. It may well be that the methods of [6,7] or relations to generalized
hypergeometric functions noticed for some particular instances in [44] could be useful for
clarifying that issue.
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Appendix A: Evaluation of the Distribution for K,; Using Brouwer’s Conjecture

We show that the matrix Cauchy-type probability density P(K) o det[14+K2]~M+1/2 Jeads
to the same answer for the distribution of an off-diagonal matrix element as the Hamiltonian
approach, given in Eq. (23). Without loss of generality we may choose M = 2 when we have
explicitly

172, (59)

P(K) o [(1+ K{)(1+ K3,) + 2K (1 — K11 K») + K,
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In order to obtain the probability density for K1 we need to integrate out the other two
variables. We start with integrating out the variable K»>. The integrand is of the form (a K 222 +

2 =32
bKy +c)7% = [a(K22+ 27)? — 27+C] witha = 1+ K}, b=—2KnKp. c =

l—i—Klz1 +2K122+Kf2.N0w we change variables /%(Kzz-i‘z:%) — K7 where we denoted

_ b2 _ (4K} kD)
D=c-—z= 1+K7
by

> (. The joint probability density of K1 and K> is then given

+o0 dKo» 2 2,/1+K121

1
P(K11, K12) / = = .
vaD J-c (1+ 1{222)3/2 vaD (1+K7 + Klzz)2

(60)

To integrate out K1; we change variables K|; = % / 1—y12/a2’ with a = \/Ki‘izz As the
integrand is even the integral transforms to
/+°° VI+KR 1 /a dy
O

dKll > 22 X > 5"
—o0 (1+ K{, + K7y) K2 (1+ K¢, 1—y?)

(61)

The integration on the right-hand side can be easily performed as

¢ dy a “ y? 1 a /“ dy
= - dy = - , 62
fatmra | ahmr=a(at ) 5e) @

with the last integral on the right yielding artanh a. In this way we arrive at the probability
density for K15 in the form

1 a(K12)
P(K12) x 73 5 +artanha(K12) ) . (63)
Kio (14 k%) \1 —a*(Kn)
It can be finally brought to the form of Eq. (23) by reinserting a(K12) = K and
NARR S

employing the identity artanh (ﬁ) = arsinh x.

2

Appendix B: Consistency Between Eq. (26) and Brouwer’s Conjecture

We show that the characteristic function of the probability density P(K) in the case M = 2
given in Eq. (26) is fully consistent with the claim that P(K) o det[1 + K 2173/2 For the
particular choice y1x; = —y»x2 = yx the expression Eq. (26) is equivalent to Eq. (22) (for
brevity we choose y = 1). Our task then amounts to demonstrating that

. o0
/dKe'fTr” det[1 + K%173/% o xKo(x) +/ dyKo(y), (64)
X

where X can be chosen diagonal, X = diag(x, —x). Since K is symmetric we can diagonalise
it by an orthogonal transformation, K = O diag(k;, k) oT. Choosing for O the standard
parametrization of a 2 x 2 orthogonal matrix, the left-hand side of Eq. (64) then simplifies to

/°° dky /°° ks lky — ko] /2” d¢e%x(k17k2)cos(2¢). 65)
oo oo (L+EDI2(1 41332 Jo
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The integral over the angle yields a Bessel function, and can also be rewritten in the form
foh do e2¥(ki=k2)sin(29) Now note that %(lq —ky) sin(2¢) = —K |2, which allows to present
Eq. (65) in the form

/dKe’”Klz det[1 + K213/ (66)

This is precisely the Fourier transform of P(K12), which due to Appendix A is proportional
to xKo(x) + fxoo dyKo(y). This shows the validity of the claim (64).
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