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Abstract In the recent publication (E. Kanzieper and G. Akemann in Phys. Rev. Lett.
95:230201, 2005), an exact solution was reported for the probability p,  to find exactly
k real eigenvalues in the spectrum of an n X n real asymmetric matrix drawn at random
from Ginibre’s Orthogonal Ensemble (GinOE). In the present paper, we offer a detailed
derivation of the above result by concentrating on the proof of the Pfaffian integration theo-
rem, the key ingredient of our analysis of the statistics of real eigenvalues in the GinOE. We
also initiate a study of the correlations of complex eigenvalues and derive a formula for the
joint probability density function of all complex eigenvalues of a GinOE matrix restricted to
have exactly k real eigenvalues. In the particular case of k = 0, all correlation functions of
complex eigenvalues are determined.

1 Introduction
1.1 Motivation

This study grew out of our attempt to answer the question raised by A. Edelman [13]: “What
is the probability p,  that an n x n random real Gaussian matrix has exactly k real eigenval-
ues?” In the physics literature, an ensemble of such random matrices is known as GinOE—
Ginibre’s Orthogonal Ensemble [22]. Looking into this particular problem, we have realised
that no comprehensive solution for the probability p, ; can be found without undertaking an
in-depth study [35] of the integrable structure of GinOE. The results of our investigation are
reported in the present paper.
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1.2 Main Results

For the benefit of the readers, we collect our main results into this easy to read subsection
with pointers to the sections containing detailed derivations of each statement.

1.2.1 Real Part of GinOE Spectrum

(I) Probability of Exactly k Real Eigenvalues. Let H be an n x n random real matrix
whose entries are statistically independent random variables picked from a normal distribu-
tion N(0, 1). Then, for n — k = 2¢ even, the probability p, ; of exactly k real eigenvalues'
occurring is

DPn.n
Pnk = Pnn-2¢0 = 72(12)(171,---,]7(), (1.1a)
where p,,, is the probability p, , = 27"~/ of having all n eigenvalues real [13]. The uni-

versal multivariate functions Z,¢), solely determined by the number £ of pairs of complex
conjugated eigenvalues, are so-called zonal polynomials [43] that can be written as a sum
over all partitions” A = (£7', ..., £5°) of the size |A| = ¢

8 o
1 P\
Z = (=Dt — - . 1.1
at(P1s s pe) = (—1)"¢ |).§|:sz:|1 aj!< €j> (1.1b)

A few first zonal polynomials are displayed in Table 1. The arguments p;’s of the zonal
polynomials are nonuniversal®

Dj :tr(O.[n/Zj—l)@js (1.1¢)

for they depend on a nonuniversal matrix @. For n = 2m even, its entries are

o0
oo = / dy y2F=0=107 erfe(yv/2)
0

x [Qa + DL O =2y + 22 L300 (2] (1.1d)
while for n =2m + 1 odd,

A . s m P!,
odd __ seven _ _ g\m—p m ( even
Qﬂt,ﬁ - Qa,ﬁ ( 4) (2m)‘ ,8’ o,m (116)

Here, the notation erfc(¢) stands for the complementary error function,

2

erfc(¢p) = % /Oodte_ ,
¢

IThe number of complex eigenvalues n — k = 2¢ is always even since the complex part of the spectrum
consists of £ pairs of complex conjugated eigenvalues.

2The notation A = (ZTI s Zgg ) is known as the frequency representation of the partition A of the size
[A] = €. It implies that the part £; appears o times so that £ = Zf:l Ljoj, where g is the number of
inequivalent parts of the partition. In particular, the partition A = 14 equals (1,...,1).

——

£ times

3The notation tr(o,q) M denotes the trace of an (a+1) x (a+ 1) matrix M such that tr(oqa)AAl = Z?:O M i
Also, | x| stands for the floor function. In what follows, the ceiling function [x7] will be used as well.
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Table 1 Explicit examples of zonal polynomials Z(lg)(p] ,..., pp)asde-
fined by the equation (1.1b)

A Zr(p1,---5 P0)

ah p

% pi-p

(1% p}=3pip2+2p3

% pt+8pip3 —6pips+3p —6ps

(1% p} —10p3 pa +20p3 p3 + 15p) p3 — 30p; ps — 20p; p3 + 24ps

Another way to compute Z at is based on the recursion equation [43]

(-1 )[ r—1
Z4y(P1s s pz)=(€—l)'27pe rZary(p1.---. pr)
r=0

supplemented by the formal “boundary” condition Z(IO) = 1. They are
also tabulated in the manuscript by H. Jack [30].

while L9 (¢) denote the generalised Laguerre polynomials

LS (@) = —qr“ v s L (e,

The above result (1.1a) will be derived in Sect. 6.

(II) Generating Function for Probabilities p,;. The generating function G,(z) for the
probabilities p, x is

n/2]

Gn (Z) = Z Zzpn,n—% = pn.ndet[i + Zé]\_n/ZJx\_n/ZJ~ (12)
£=0

Equation (1.2) with the @ of needed parity provides us with yet another way of computing
the entire set of p, ’s at once! Table 2 contains a comparison of our analytic predictions
with numeric simulations. The result (1.2) will be proven in Sect. 6.

(III) Probability p, ,—> of Exactly One Pair of Complex Conjugated Eigenvalues. For k =
n — 2, the probability function p, ; reduces to

Pons = 2D / dyye” erfe(yWDL2_5(~2y?). (13a)
0

An alternative expression reads:

ln/2]—1
2
Pun2=pun| V2 Y 3”“"/2Pz]+a,,< ) ln/21 |. (1.3b)
j=0 V3
Here, a,, = [n/2] — |n/2], and P,(¢) stands for the Legendre polynomials
_ =D 4 2yj
Pi(p) = 2i j1 W[(l -9’1
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Table 2 Exact solution for py ; (first and second column) compared to numeric
simulations (third column) performed by direct diagonalisation of 1,000,000 of
12 x 12 matrices

Analytic solution Numeric simulation
k Exact Approximate
0 2930323007453 2077268623803V (031452 0.031683

2 3(1899624551312+/2—2060941421503) 0.426689

4398046511104 0.427670
4 3(207928235;)91?6)9—333;’;%)%262348 ﬂ) 0.465235 0.464098
6 DBNISOTYI 27511352125 0.075070 0.075021
e 0001552 0001526
10 %ﬁgﬁ” 0.000002 0.000002
12 gepmisys 0.000000 0.000000

The leading large-n behaviour of the probability p, ,_» is given by
3n+1/2
Pnn-27~ ﬁpn,m

The above three results will be derived in Sect. 4.1, Sect. 7.1 and Sect. 7.2, respectively.

(1.3¢)

1.2.2 Complex Part of GinOE Spectrum

(1V) Joint Probability Density Function of All Complex Eigenvalues Given There Are k Real
FEigenvalues. Let H; be an n x n random real matrix with k real eigenvalues such that
its entries are statistically independent random variables picked from a normal distribution
N(0, 1). Then, the joint probability density function (j.p.d.f.) of its 2¢ = n — k complex
eigenvalues is

Pn.n Z] Z Dn(Zi,Z') Dn(zivz')
Py, (21,...,20) = < ) ||erfc< >pf[ o DA . (1.4
e ‘ Du(Zis2j) DalZis Zj) |ygrn

Here, pf denotes the Pfaffian. The above j.p.d.f. is supported for (Rezi,...,Rez,) € R?,
and (Imzy,...,Imz;) € (R*)*. The antisymmetric kernel D, (z,z’) is given explicitly by
(3.12-3.18) of Sect. 3 where the statement (1.4) is proven.

(V) Correlation Functions of Complex Eigenvalues in the Spectra Free of Real Eigenvalues.
Let Hy be an n x n random real matrix with no real eigenvalues such that its entries are
statistically independent random variables picked from a normal distribution N(0, 1). Then,
the p-point correlation function (1 < p < £) of its complex eigenvalues, defined by (2.7),
I1;-0
R 1y zpin) = 2 Hefc(

equals
) ( 4+ z§>
pn n exX -
M- TG/ A

pr[w(gi,z,-) Kz(gi,gj)] . (153)
2px2p

Z 1

ke(Ziy2j)  ke(Zis Z;)
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Here, n = 2¢ and the ‘pre-kernel’ «;, equals

o1
1
ke(z,2) =i Z 7[172/ (@) P2j+1(E) = P2 (@) paj1(2)]. (1.5b)

j=0"!
The polynomials p;(z) are skew orthogonal in the complex half-plane Imz > 0,
(P2j+1> Pak)e = —{D2k» P2j+1)e =1ir;0jk, (1.5¢)
(P2j+1> P2kt 1)e = (P2j, P2x)e =0, (1.5d)
with respect to the skew product

Z +z

= 2, =2
(f &)e = / dzzerfc(i \/;)exp(—z . )[f(z)g(i)—f(i)g(z)]- (1.5¢)
Imz>0

For detailed derivation, a reader is referred to Sect. 8 which also addresses the problem of
calculating the probability p, o to find no real eigenvalues in the spectrum of GinOE.

1.2.3 How to Integrate a Pfaffian?

All the results announced so far would have not been derived without a Pfaffian integration
theorem that we consider to be a major technical achievement of our study. Conceptually, it
is based on a new, topological, interpretation of the ordered Pfaffian expansion as introduced
in Sect. 5.

(VI) The Pfaffian Integration Theorem. Let dm(z) be any benign measure on z € C, and
the function Q, (x, y) be an antisymmetric function of the form

n—1

1
Qu(x,) =5 Y 4 juar(y) (1.6a)

k=0

where ¢’s are arbitrary polynomials of jth order, and /i is an antisymmetric matrix. Then
the integration formula

()1

j=1

. 0,zi,zj)  On(zinzj)
/zjecd”(zf)pf[gn(zi,zﬂ Qn(z,-,z»]w%

1 Al 1 Al
= Z(li) Etr(o,n,l)v N Etr(oyn,l)v (1.6b)

holds, provided the integrals in its Lh.s. exist. Here, Z ¢, are zonal polynomials whose ¢
arguments are determined by a matrix ¥ with the entries

n—1
Oup =1 ) flak / AT @19:@05 () — 45D ). (1.6¢)
k=0 Z€

This theorem that can be viewed as a generalisation of the Dyson integration theorem
[11, 44] will be proven in Sect. 5.
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Interestingly, the Pfaffian integration theorem is not listed in the classic reference book
[48] on the Random Matrix Theory (RMT). Also, we are not aware of any other RMT
literature reporting this result which may have implications far beyond the scope of the
present paper.

1.3 A Guide through the Paper

Having announced the main results of our study, we defer plunging into formal mathemati-
cal proofs of the above six statements until Sect. 3. Instead, in Sect. 2, we deliberately draw
the reader’s attention to a comparative analysis of GinOE and two other representatives
of non-Hermitean random matrix models known as Ginibre’s Unitary (GinUE) and Gini-
bre’s Symplectic (GinSE) Ensemble. Starting with the definitions of the three ensembles,
we briefly discuss their diverse physical applications, pinpoint qualitative differences be-
tween their spectra, and present a detailed comparative analysis of major structural results
obtained for GinUE, GinSE and GinOE since 1965. We took great pains to write a review-
style Sect. 2 in order (i) to help the reader better appreciate a profound difference between
GinOE and the two other non-Hermitean random matrix ensembles on both qualitative and
structural levels as well as, (ii) place our own work in a more general context.

A formal analysis starts with Sect. 3 devoted to a general consideration of statistics of
real eigenvalues. Its first part, Sect. 3.1, summarises previously known analytic results [13]
for the probability function p, ; of the fluctuating number of real eigenvalues in the spec-
trum of GinOE. Section 3.2 deals with the joint probability density function of complex
eigenvalues of GinOE random matrices that have a given number of real eigenvalues. The
Pfaffian representation (1.4) is the main outcome of Sect. 3.2. This result is further utilised
in Sect. 3.3 where the probability function p, ; is put into the form of a ‘Pfaffian integral’
(3.19). The analysis of the latter expression culminates in concluding that the Dyson inte-
gration theorem, a standard tool of Random Matrix Theory, is inapplicable for treating the
Pfaffian integral obtained. The latter task will be accomplished in Sect. 5.

Section 4 attacks the probability function p, ; for a few particular values of k. The prob-
abilities p, ,—2, Pn.n—a and p, ,_c of one, two, and three pairs of complex conjugated eigen-
values occurring are treated in Sects. 4.1, 4.2 and 4.3, respectively. This is done by explicit
calculation of the Pfaffian in (3.19) followed by a term-by-term integration of the resulting
Pfaffian expansion. In Sect. 4.4, we briefly discuss a faster-than-exponential growth of the
number of terms in this expansion caused by further decrease of k.

Section 5, devoted to the Pfaffian integration theorem, is central to the paper. Its main ob-
jective is to introduce a topological interpretation of the terms arising in a permutational ex-
pansion of the Pfaffian in the Lh.s. of (1.6b). Such a topological interpretation turns out to be
the proper language in the subsequent proof of the Pfaffian integration theorem. In Sect. 5.1,
the Pfaffian integration theorem is formulated and discussed in the light of the Dyson in-
tegration theorem. In Sect. 5.2, an ordered permutational Pfaffian expansion is defined and
interpreted in fopological terms. The notions of strings, substrings, loop-like strings and
loop-like substrings for certain subsets of terms arising in an ordered Pfaffian expansion are
introduced and illustrated on simple examples in Sects. 5.2.1 and 5.2.2. Further, equivalent
strings and equivalent classes of strings are defined and counted. The issue of decomposi-
tion of strings into a set of loop-like substrings is also considered in detail (Lemma 5.2).
Section 5.2.3 is devoted to the counting of loop-like strings. In Sect. 5.2.4, the notion of
adjacent strings is introduced and illustrated. Adjacent strings are counted in Lemma 5.4.
Their relation to loop-like strings is discussed in Lemma 5.5. Section 5.2.5 deals with a
characterisation of adjacent strings by their handedness; adjacent strings of a given handed-
ness are counted there, too. In Sect. 5.2.6, equivalent classes of adjacent strings are defined,
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counted, and explicitly built. Sections 5.3 and 5.4 are preparatory for Sect. 5.5, where the
Pfaffian integration theorem is eventually proven. For the readers’ benefit, a vocabulary of
the topological terms we use is summarised in Table 3.

Section 6 utilises the Pfaffian integration theorem to obtain a general solution for the
sought probability function p, ; (Sect. 6.1), derive a determinantal expression for the entire
generating function of p,;’s (Sect. 6.2), and address the issue of integer moments of the
fluctuating number of real eigenvalues in GinOE spectra (Sect. 6.3).

Section 7 is devoted to the probability p, ,—, for two complex conjugated pairs of eigen-
values to occur; a large-n analysis of p, ,_, is also presented there.

Section 8 discusses the Pfaffian structure of the p-point correlation functions of complex
eigenvalues belonging to spectra of a subclass of GinOE matrices without real eigenvalues.
The same section addresses the problem of calculating the probability p, o to find no real
eigenvalues in spectra of GinOE.

Section 9 contains conclusions with the emphasis placed on open problems. The most
involved technical calculations are collected in four appendices.

2 Comparative Analysis of GinOE, GinUE, and GinSE
2.1 Definition and Consequences of Violated Hermiticity

Ginibre’s three random matrix models—GinOE, GinUE, and GinSE—were derived from
the celebrated Gaussian Orthogonal (GOE), Gaussian Unitary (GUE), and Gaussian Sym-
plectic (GSE) random matrix ensembles in a purely formal way by dropping the Hermiticity
constraint. Consequently, the non-Hermitean descendants of GOE, GUE and GSE share the
same Gaussian probability density function

Py[H] = (rag) """ expl—a;' t(HH)], H' #H, p=1,2.4, (2.1

for a matrix “Hamiltonian” H € Tg(n) to occur; the constant ag is chosen tobe ag =2 — g2
(this slightly differs from the convention used in the original paper by Ginibre). However,
the spaces T on which the matrices H vary are different: T (n), T»(n), and T4(n) span
all n x n matrices with real (GinOE, 8 = 1), complex (GinUE, 8 = 2), and real quaternion
(GinSE, g =4) entries, respectively.

The violated Hermiticity, ' # 7, brings about the two major phenomena: (i) complex-
valuedness of the random matrix spectrum (as illustrated in Fig. 1), and (ii) splitting the
random matrix eigenvectors into a bi-orthogonal set of left and right eigenvectors. Statistics
of complex eigenvalues, including their joint probability density function, and statistics of
left and right eigenvectors of a random matrix H € Tg drawn from (2.1) are of primary
interest.

Only the spectral statistics will be addressed in the present paper. (For studies of the
eigenvector statistics in GinUE, the reader is referred to the papers by Chalker and Mehlig
[10, 46], and Janik et al. [31]. We are not aware of any results for eigenvector statistics
in GinSE and GinOE.)

2.2 Physical Applications

While the ensemble definition (2.1) was born out of pure mathematical curiosity,* non-
Hermitean random matrices have surfaced in various fields of knowledge by E. Wigner’s

43, Ginibre, private communication.
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Fig. 1 Numerically simulated distributions of complex eigenvalues in GinUE (left panel), GinSE (middle
panel), and GinOE (right panel). Three different eigenvalue patterns are clearly observed. Eigenvalues are
scattered almost uniformly in GinUE, depleted from the real axis in GinSE, and accumulated along the real
axis in GinOE

“miracle of the appropriateness” [67]. From the physical point of view, non-Hermitean ran-
dom matrices have proven to be as important as their Hermitean counterparts. (For a detailed
exposition of physical applications of Hermitean RMT we refer to the review by Guhr et al.
[271.)

Random matrices drawn from GinUE appear in the description of dissipative quantum
maps [25, 26] and in the characterisation of two-dimensional random space-filling cellular
structures [40, 41].

Ginibre’s Orthogonal Ensemble of random matrices arises in the studies of dynamics
[59, 60] and of synchronisation effect [63, 64] in random networks; GinOE is also helpful in
the statistical analysis of cross-hemisphere correlation matrix of the cortical electric activity
[38] as well as in the understanding of inter-market financial correlations [39].

All three Ginibre ensembles (GinOE, GinUE, GinSE) arise in the context of directed
“quantum chaos” [15, 16, 21, 37, 45]. Their chiral counterparts [3, 28, 54, 62] help elucidate
universal aspects of the phenomenon of spontaneous chiral symmetry breaking in quantum
chromodynamics (QCD) with chemical potential: the presence or absence of real eigenval-
ues in the complex spectrum singles out different chiral symmetry breaking patterns. For a
review of QCD applications of non-Hermitean random matrices with built-in chirality, the
reader is referred to Akemann [4].

Other recent findings [68] associate statistical models of non-Hermitean normal random
matrices with integrable structures of conformal maps and interface dynamics at both clas-
sical [50] and quantum [2] scales. For a comprehensive review of these and other physical
applications, the reader is referred to the survey paper by Fyodorov and Sommers [20].

2.3 Spectral Statistical Properties of Ginibre’s Random Matrices

A profound difference between spectral patterns of the three non-Hermitean random matrix
models has been realised long ago. Anticipated in the early papers by Ginibre [22] and
Mehta and Srivastava [49], it was further confirmed analytically by using varied techniques
[5, 13, 15, 16, 32-34, 37, 53, 61].

5The difference in spectral patterns of non-Hermitean chiral random matrix models arising in the QCD con-
text was first studied numerically by Halasz et al. [28]. A review of recent theoretical developments can be
found in Akemann [4].
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Qualitatively, there is a general consensus that (i) the spectrum of GinUE is approxi-
mately characterised by a uniform density of complex eigenvalues. This is not the case for
the two other ensembles. (ii) In GinSE, the density of complex eigenvalues is smooth but the
probability density of real eigenvalues tends to zero. This corresponds to a depletion of the
eigenvalues along the real axis. (iii) On the contrary, the density of eigenvalues in GinOE
exhibits an accumulation of the eigenvalues along the real axis. It is the latter phenomenon
that will be quantified in our paper.

Our immediate goal here is to highlight the inter-relation between these qualitative fea-
tures of the complex spectra and the formal structures underlying Ginibre’s random matrix
ensembles. To this end, we present a brief comparative review of the major structural results
obtained for all three Ginibre’s ensembles (GinUE, GinSE, and GinOE) since 1965, in the
order of increasing difficulty of their treatment.

Joint Probability Density Function of All n Eigenvalues. In this subsection, we collect
explicit results for the joint probability density functions of all n complex eigenvalues of a
random matrix H € Tg(n) drawn from any of the three Ginibre random matrix ensembles.

e GinUE: The spectrum of a random matrix H € T,(n) drawn from GinUE consists of n
complex eigenvalues (z1, ..., z,) whose joint probability density function mirrors [22]
that of GUE (see, e.g., [48]),

n

n -1 n
PP, .. ) = (ﬂ”Hﬂ!) [T lzes =2 P] Je. (22)
=1 =1

L1 >0r=1

Similarly to the electrostatic model introduced by E. Wigner [66], J. Ginibre pointed out
that the j.p.d.f. (2.2) can be thought of as that describing the distribution of the positions
of charges of a two-dimensional Coulomb gas in an harmonic oscillator potential U (z) =
|z|2/2, at the inverse temperature 1/T = 2.

e GinSE: The spectrum of a random matrix H € T4(n) drawn from GinSE consists of
n pairs of complex conjugated eigenvalues (zy, Zj, ..., Zn, 2n). The corresponding joint
probability density function was derived by Ginibre [22],

n -1 n
P,f‘”(zl,...,zn):((2n)"n!]_[<2z—1)!) [T 1z =2 Plze, = 20,

=1 0>0=1
n

x [ T1ze = ze* exp(—zez0). 2.3)

=1

Notice that the factor []_, |z¢ — Z¢|? in (2.3) is directly responsible for the depletion of
the eigenvalues along the real axis. For GinSE, a physical analogy with a two-dimensional
Coulomb gas is much less transparent; it has been discussed by P. Forrester [18].

e GinOE: Contrary to GinUE and GinSE, the complex spectrum (w, ..., w,) of a ran-
dom matrix H € T;(n) drawn from GinOE generically contains a finite fraction of real
eigenvalues; the remaining complex eigenvalues always form complex conjugated pairs.
Indeed, no other option is allowed by the real secular equation det(w — H) = 0 determin-
ing the eigenvalues of H.
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This very peculiar feature of GinOE, that we call accumulation of the eigenvalues along
the real axis, can conveniently be accommodated by dividing the entire space T;(n)
spanned by all real n x n matrices H € T (n) into (n + 1) mutually exclusive sectors
T, (n/k) associated with the matrices H; C H having exactly k real eigenvalues, such
that T (n) = Uy_o T1(n/k). The sectors T, (n/k), characterised by the partial j.p.d.f.’s
Priet /iy (Wi, ..., wy), can be explored separately because they contribute additively to
the j.p.d.f. of all n eigenvalues of H from T (n):

n
PO(wy, ..., w,) = Z Prier myiy(Wri, ..., wy). 2.4
k=0

In entire generality, the partial j.p.d.f.’s have been determined by Lehmann and Sommers
[42] who proved, a quarter of a century after Ginibre’s work, that the kth partial j.p.d.f.
(0 <k <n)equals

Prieri/iy(As -y A5 2155 20)
2[—n(n+1)/4 k d
= - n . |)"l - )\'| exp(—)\z/Z)

T TG/2) ﬂl : Dl j
kot ¢

X 1_[1_[()»/' -z —Z) 1_[ lzi — 21z — 2,
j=li=1 i>j=1
¢ 7 i+

) 7 — 74 7+ 25

X (Z —Z')erfc< J ]> exp<_¥), (2.5)

]1:[1 o iN2 2
Here, the parameterisation (wi, ..., wn) = (A1, ..., Ak 215 215 - - > Zes Z2¢) Was used to in-

dicate that the spectrum is composed of k real and 2¢ complex eigenvalues so that
k +2¢ =n. The above j.p.d.f. is supported for (A, ..., ) € R¥, (Rezi,...,Rez) e RY,
and (Imzy, ...,Imz,) € (RT)’. Notice that since the complex eigenvalues come in £ con-
jugated pairs, the identity n = 2¢£ 4 k implies that half of the sets T (n/k) are empty: this
happens whenever n and k are of different parity.

In writing (2.5), we have used a representation due to Edelman [13] who rediscovered
the result by Lehmann and Sommers [42] a few years later. The particular case k = n
of (2.5), corresponding to the matrices H € T, (n/n) with all eigenvalues real, was first
derived by Ginibre [22]. No physical interpretation of the distribution (2.5) in terms of a
two-dimensional Coulomb gas is known as yet.

Eigenvalue Correlation Functions and Inapplicability of the Dyson Integration Theorem
to the Description of GinOE. Spectral statistical properties of random matrices can be
retrieved from a set of spectral correlation functions defined as

’ n
8) oy 2, p® _
RY (zl,...,z,,,n)—(n_p)!‘l'[ /Cdz_,P,, @), B=24 0 (26)
j=p+1
for GinUE (B = 2) and GinSE (8 = 4), and
R;Z;k)()\‘l,...,)\.p;Z],...,Zq;n)

¢
1_[ /dzZm Preri/iy Mty oo Mg 21, -0, 20), (27
c

m=g+1

k
k! £! f
=— ] [ dn
k=pl€—ot 11 )
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for GinOE (B = 1). The GinOE correlation function refers to the spectrum of matrices H; C
‘H having exactly k real eigenvalues.

The analytic calculation of the above correlation functions is one of the major operational
tasks of the non-Hermitean RMT. Whenever feasible, such a calculation either explicitly
rests on or can eventually be traced back to the three concepts: (i) a determinant (or Pfaf-
fian) representation of the j.p.d.f.’s of all eigenvalues, (ii) a projection property of the kernel
function associated with the aforementioned determinant representation, and (iii) the Dyson
integration theorem [11, 44] that makes use of both (i) and (ii). Highly successful in the
Hermitean RMT, the above three concepts are not always at work in the non-Hermitean
RMT. Particularly, the Dyson integration theorem, being effective for GinUE and GinSE
(see below), fails to work for GinOE.

It will be argued that a mixed character of the GinOE spectrum consisting of both com-
plex and purely real eigenvalues is the direct cause of the failure. For the readers convenience
as well as for the future reference, we cite the Dyson integration theorem below ([47]; see
also Theorem 5.1.4 in Mehta’s book [48]).°

Theorem 2.1 (Dyson integration theorem) Let f(x, y) be a function with real, complex or
quaternion values, such that

f(x7 )’)=f(y’x)a (283)

where f = f if f is real, f is the complex conjugate if it is complex, and f is the dual of f
if it is quaternion. Assume that

/dﬂ(y)f(x, Wy =fx.2)+Af(x,2) = fx, 2, (2.8b)

where A is a constant quaternion and dm is a suitable measure. Let [ f (x;, x;)]uxn denote
the n x n matrix with its (i, j) element equal to f(x;, x;). Then,

/dﬂ(xn) det[ £ (x;, X)) |nxn = (¢ —n 4+ D)y det[ £ (x;, X)) -1y x(i—1) (2.8¢c)
with
c=/dn(x) f(x,x). (2.8d)

When f(x,y) is real or complex, the quaternion constant A vanishes. For f(x,y) taking
quaternion values, det should be replaced by qdet, the quaternion determinant [12].

This theorem prompts the following definition.

Definition 2.1 A function f(x, y) satisfying the first and the second equation in the Dyson
integration theorem is said to obey the projection property.

Being equipped with the above reminder, we are ready to present, and discuss, a collec-
tion of formulae available for the p-point correlation functions in Ginibre’s ensembles.

OWhile the formulation in Mehta [48] refers to the flat measure d7 (x) = dx, the Theorem 2.1 stays valid for
any benign measure d (x).
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¢ GinUE: The joint probability density function (2.2) of all n eigenvalues is reducible to a
determinant form [22]

n

1 _
PP,y 20) = = detl K\ (2a, 20 uen | [ €797 2.9)
n! e
=

with K?(z, 7') being a two-point scalar kernel

n—1

1 '—'/ 4
kP =—) % (2.10)
£=0

Since it obeys the projection property, the Dyson Integration Theorem brings a determi-
nant expression for the p-point correlation function:

P
RP (1, ... zpin) = detlK P (2, 20 1psep | [ €79 2.11)
j=1

These results, first derived by J. Ginibre [22], provide a comprehensive description of
spectral fluctuations in GinUE.

e GinSE: The joint probability density function (2.3) of all n eigenvalues is reducible to a
quaternion determinant form [49]

1 -
PP, z) = = qdetl K\ (2 20) b | [ G5 — 27) €757, (2.12)
n! e
P

where K™ (z, 7') is a quaternion whose 2 x 2 matrix representation reads [32]

@z, 7 @ (3.7
@ o [~k (27 =Kk, 7z, Z)
()[Kn (Z,Z)]-( K,E4)(Z,Z,) Kn(4)(Z,Z/) . (213)
Here,
n—l k oyl n2e 1\2k+1,2¢
@ N L F Al 64 R 4 iy 4 514
GG =720 ) Qk+Dueon (2.14)

k=0 ¢=0

Alternatively, but equivalently, (2.12) can be reduced to the Pfaffian form [5]

1 k@i z) kD(z,75) - :
PPz, ... z0) = —pf| s ny o2 (z;—zp)e W% (2.15)
" ST k0@ 2) k0@ ) faan j=I Y

which is instructive to compare with (1.4).

As soon as the quaternion kernel K ¥ (z, 7') satisfies the projection property, the p-point
correlation functions take a quaternion determinant/Pfaffian form:

P
RP (... zpim) = qdetl K oo 2]y | [ G — 20 77 (2.16)
j=l1

This result is due to Mehta and Srivastava [49].
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e GinOE: To the best of our knowledge, structural aspects of correlation functions in Gi-
nOE have never been addressed (see, however, a recent paper by Sinclair [57]); conse-
quently, no analogues of the above GinUE and GinSE formulae [(2.11) and (2.16)] are
available. This gap will partially be filled in the present paper where we derive a quater-
nion determinant/Pfaffian expression (1.4) for the j.p.d.f. of all complex eigenvalues of a
random matrix H € T (n/k). Importantly, the 2 x 2 kernel therein does not possess the
projection property, hereby making the Dyson integration theorem inapplicable for the
calculation of associated correlation functions. We reiterate that a mixed character of the
GinOE spectrum, composed of both complex and purely real eigenvalues is behind the
statement made.”

Quantifying the Qualitative Differences between Spectra of GinUE, GinSE, and GinOE.
The mean density of eigenvalues Riﬁ )(z = x + iy; n) is the simplest spectral statistics ex-
emplifying differences in spectral patterns of GinUE, GinSE, and GinOE. Below we col-
lect, and comment on, the exact and the large-n results for the mean density of eigenvalues
of H € Tg(n), see Fig. 2.
e GinUE: In accordance with (2.11) and (2.10), the exact result for the mean spectral den-
sity reads [22]
[(n,x?+y?
R (zymy = DO ) 2.17)
al(n)

Here, I'(a, ¢) is the upper incomplete gamma function
o0
[(a, ) =/ det“le.
¢

For a large-n GinUE matrix and z = x + iy fixed,® the mean spectral density approaches
the constant

1
RP(zin> 1)~ —. (2.18)

This suggests that the eigenvalues of a large-n GinUE matrix are distributed almost uni-
formly within the two-dimensional disk of the radius /7. More rigorously, this statement
follows from the macroscopic limit of (2.17)

(2.19)

1 (1 if|z] <1,
lim Ri”(z:%ﬁ;n): { 12l
n— 00

7|0 ifj3>1
known as the Girko circular law [7, 23, 24]. The density of eigenvalues away from the
disk is exponentially suppressed [34].

e GinSE: In accordance with (2.13-2.16), the exact result for the mean spectral density
reads [32, 49]

RY (zin) =2ye™ @ Imue® (x + iy, x — i) (2.20)

7Intriguingly, it will be shown in Sect. 8 that the matrices H € T (rn/0) exhibit GinSE-like correlations; this
contrasts the well known correlations of the GOE type [22] for the matrices H € T (n/n).

8That is, z does not scale with n > 1.
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with k@ given by (2.14). For a large-n GinSE matrix and z = x + iy fixed, it reduces
to [32]

R{4)(Z; n>1)x~ % e_z"zerﬁ(y\/i). (2.21)
g

Here, erfi(¢) is the imaginary error function

2 ¢ 2
erfi(¢) = ﬁ/o dte'.

Both results [(2.20) and (2.21)] suggest that the mean eigenvalue density is no longer uni-
form but exhibits a depletion of eigenvalues along the real axis. Similarly to the GinUE,
the mean spectral density in GinSE is suppressed away from a disk of the radius +/2n as
suggested by the circular law

. 1 (1 if|z] <1,
lim R\ (3v/2n;n) = —{ , |A| (2.22)
n—00 2 |0 if |z > 1

due to Khoruzhenko and Mezzadri [36].

e GinOE: A mixed character of the GinOE spectrum consisting of both complex and real

eigenvalues makes the RMT techniques based on the Dyson integration theorem inap-
plicable to the description of spectral statistical properties of GinOE.
To evaluate the mean eigenvalue density in the finite-n GinOE, a totally different approach
has been invented by A. Edelman and co-workers [13, 14]. Starting directly with the
definition (2.1) taken at 8 = 1 and applying the methods of multivariate statistical analysis
[51], these authors have separately determined the exact mean densities’ of purely real
eigenvalues [14]

() [T(n—1,x% 2n/2=3/2 2 n—1 x?
Ry e (z11) = e Py ——. % 2.23
e @M= A oy Traop )] @

llO

and of strictly nonreal’” eigenvalues [13]:

2T(n—1,x*+y) L0
(Z; n) = \/;Wy 62“ erfc(y«/z). (224)

RW

1,complex

Here x and y are real and imaginary parts of z = x + iy. The function y (a, ¢) in (2.23)
is the lower incomplete gamma function

¢
y(a, p) :/ drt*le™.
0

9The two are related to the ( P, q) correlation functions R;,?;k) for the matrices H restricted to have exactly

k real eigenvalues [see the definition (2.7)] as follows:

n [n/2]
1 H 1 (Hy—20)
R a@m =80 YR wm, R @m= D R @),
k=1 =1

1011 the formulae, we use the subscript “complex” to identify eigenvalues with zero real part.
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S N

Fig. 2 Profiles of eigenlevel densities Riﬂ ) (z; n), plotted as functions of the complex energy z = x + iy for
n fixed, show a nearly uniform eigenlevel distribution in GinUE (left panel), a depletion of eigenvalues along
the real axis in GinSE as exemplified by the density drop at y = 0 (middle panel), and accumulation of real
eigenvalues in GinOE displayed as a wall at y = 0 (right panel); the wall height imitates the density of real
eigenvalues

Importantly, no reference was made to the j.p.d.f. (2.4) and (2.5) in deriving (2.23) and
(2.24).

For a large-n GinOE matrix and z = x + iy fixed, the above two formulae yield the mean
density of eigenvalues in the form

1 2 2
RV (zin > 1)~ —=68(y) 4/ =y ? erfc(yv/2). (2.25)
1 o . (y )
Similarly to GinUE and GinSE, the circular law [7, 13, 23, 59]
1 (1 if|z 1,
lim RV G n) = —{ el < (2.26)
n—o00 7 |0 if |Z| > 1

holds.

2.4 Statistical Description of the Eigenvalue Accumulation in GinOE

In essence, the approach culminating in the explicit formula (2.23) for the mean density
of real eigenvalues represents the simplest possible quantitative description of the phenom-
enon of eigenvalue accumulation along the real axis. Complementarily, the one might be
interested in the full statistics of the number N, (NV,.) of real (complex) eigenvalues occur-
ring in the GinOE spectrum. In the latter context, the result (2.23) can only supply the first
moment of N,—the expected number E, = E[N,] of real eigenvalues. Indeed, integrating
out the eigenlevel densities (2.23) and/or (2.24) over the entire complex plane,

2 Y] . 2 [eY] .
E” = / d ZRl,re:al(z’ l’l) =n- / d ZRl,complex(z’ I’l),
C C\R

Edelman et al. [14] have obtained the remarkable result

_ 1 R —1/21/2)
Ev=3 ++2 TRV (2.27)

expressed in terms of the Gauss hypergeometric function and the Euler Beta function. As
n — oo, it furnishes the asymptotic series

n( 3 3 27 499 1
E,=,—(1-=- on7>) ) +=. 2.28
7 ( 8n 1280 T 10248 3276807 T O )> "2 229
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The nonperturbative /n-dependence of leading term in (2.28) had been earlier detected
numerically by Sommers et al. [59].

What is about a more detailed statistical description of the number N, (N;) of real (com-
plex) eigenvalues? Can all the moments and the entire probability function of the discrete
random variable N, (V) be determined? The preceding discussion, particularly highlight-
ing a patchy knowledge of the spectral correlations in GinOE, suggests that both spectral
characteristics, which can be expressed as'!

)4
E[/\/,”]ZZS(P,k)/dzz] ---/dzzk R).(@is e zisn) (2.29)
k=1 C C
and
p
EIN?1=Y " S(p. ) / d*zy - / A2 Ry mpiex (2157 265 1), (2.30)
=1 C\R C\R

are not within immediate reach. First, only one correlation function out of p involved in
either (2.29) or (2.30) is explicitly known. Second, even if all the multipoint correlation
functions were readily available, the integrations in (2.29) and (2.30) would not be trivial ei-
ther because of the anticipated inapplicability of the Dyson integration theorem as discussed
in Sect. 2.3.

Some of the difficulties outlined here will be overcome in the present paper. For a list of
our major results the reader is referred back to the Sect. 1.2. Proofs and derivations are given
in the sections to follow.

3 Statistics of Real Eigenvalues in GinOE Spectra: A Pfaffian Integral
Representation for the Probability p,

3.1 Generalities and Known Results

Instead of targeting the moments E[N;”] of a fluctuating number of real eigenvalues as dis-
cussed in the previous section, we are going to directly determine the entire probability
function p, ; = Prob(N, = k). The definition of the p, x, describing the probability of find-
ing exactly k real eigenvalues in the spectrum of an n x n real Gaussian random matrix, can
be deduced from (2.4) and (2.5),

k ¢
Puik =Prob(H e T (n/k)) = 1_[/ di; 1_[/ dZZj Pret (n/i)- 3.1
i=1 VR oVl

7;>0

Here, ¢ is the number of pairs of complex conjugated eigenvalues in the spectrum of an
n x n matrix H € T, (n/k) having exactly k real eigenvalues, and Pyet, (n/k) is the j.p.d.f.
of all n eigenvalues of such a matrix. Obviously, the identity n = k + 2¢ holds.

Previous attempts to determine the probability function p, ; based on (3.1) brought no
explicit formula for p, ; for generic k. The only analytic results available are due to Edelman
[13] who proved the following properties of the above probability function:!?

UThe coefficient S (p, k) is the Stirling number of the second kind.

12Table 2 provides a useful illustration of both properties.
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Property 1 The probability of having all n eigenvalues real equals
P =270/, (3.2
Property 2 For all 0 < k <n, the p,  are of the form

Pnk = Tnk + Sn.k \/Ea (33)

where r, ; and s, are rational.

The first result is a simple consequence of (3.1) which, at k = n, reduces to a known
Selberg integral. All known examples suggest that this is the smallest probability out of
all p, ;’s. The second result is based on more involved considerations of (3.1) and (2.4).

3.2 Joint Probability Density Function of Complex Eigenvalues of H € T (n/k)

To evaluate the sought probability function p, i, we start with the definition (3.1). In a first
step, we carry out the A-integrations therein to assess the j.p.d.f. of all complex eigenvalues
of a random matrix H € T (n/k) having exactly k real eigenvalues:

k
Pﬂk(21,.~-,Zz)=H/d)»i Pret /iyt oo v A5 205 -5 20)- (3.4)
i=1 /R

To proceed, we consult (2.5) to spot that a part of it,
k k Lk kot
Tz 2h =[] f dni [T [T = 2AT [T [0 — 200 =2, (3.5)
i=1 VR j=1 i>j j=li=1

coincides up to a prefactor to be specified below with the average characteristic polynomial'?

-1 4
Pre(z,z) = <f Doe*f‘ﬂﬂ) /D(’)l_[ det (z; — O)det (Z; — ©)e 92 (3.6)

j=1
of a k x k real symmetric matrix @ = @7 drawn from the GOE. More precisely,
Tie({z, 2}) = skk!Pr e ({2, 2},
where sy is given by the Selberg integral [48]
B k k 7)L2./2k _mk .
ﬁk_ﬁil}/Rd)»iJlj[le ; Ew—m—z J]:[lm/zy 37

Consequently, the j.p.d.f. of all complex eigenvalues of H € T (n/k) is expressed in terms
of the average GOE characteristic polynomial Py (({z, z}) as

2" 5 T 2 -2
Pr @1 20) = = PuaPhe((2. 2D [ 1z = 2zilPlzi = 21

i>j=1

13Equations (3.4) and (3.5) suggest that Po.n=1.
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. 2472
X 1_[(2, z])erfc( \/; )exp(—#). (3.8)

Jj=1

A little bit more spadework is needed to appreciate the beauty hidden in this representation.
Borrowing the result due to Borodin and Strahov [9], who discovered a Pfaffian formula for
a general averaged GOE characteristic polynomial (see also an earlier paper by Nagao and
Nishigaki [52]), we may write Py, in the form

o Sa/Sk ¢ +32 Du(zisz2j) Dulzirz))
Sl Ax({z Z})( b Hexp( )pf[Dn(Zi’Zj') Dn(Z,-,Z;)]%XM'

(3.9
Here, D, (z;, z;) is the so-called D-part of the 2 x 2 GOE matrix kernel [65] to be defined
in (3.12) and (3.13) below; Ay, ({z, z}) is the Vandermonde determinant'*

Asr({z, 2D = Ao (21, 21, - 20, ze>—]'[|z,—z]| ]'[lzl—z]| H(z,—z, (3.10)

l>_] l>j

Combining (3.8), (3.9) and (3.10), we obtain:

Pn.n
Py, (21, -, 20) = <z> l_llerfc<
J

where (Rezi,...,Rez,) € R and (Imzy,...,Imz,) € (RT)* by derivation.

Equation (3.11) is the central result of this section. Announced in (1.4), it describes the
Jj-p-d.f. of £ pairs of complex conjugated eigenvalues {z;, z;} of an n x n random matrix H;
whose k remaining eigenvalues are real, k + 2¢ =n.

To make the expression for the j.p.d.f. Py explicit, we have to specify the kernel
function D, (z;, z;). The latter turns out to be sensitive to the parity of n (see, e.g., Adler
et al. [1]). For n =2m even, the kernel function is given by

j Dn(Z[,Z') Dn(Zi,Z')]
f o D 3.11
)p I:Dn(zis Zj) Dn(zl‘, Zj) 2Ux20 ( )

Doy (X, ) = e +yz>/22 qz,+1(X)qz,(y)h 92j (X)q2+1(¥) (3.12)
while for n =2m + 1 odd, it equals
Do (. y)_ e e +)2)/22242,“(%)612,@) D) ) 2j+1 () (3.13)

j=0 hj

Both representations (3.12) and (3.13) involve the polynomials g; (x) skew orthogonal on R
with respect to the GOE skew product [48]

)= [ dre ™ [ dye sgnty = f 100 (.14

14Throughout the paper, we adopt the definition Ay (x) = ]_[f; j (x; —xj) which differs from that of Borodin
and Strahov [9] who use the same notation Ay (x) for the double product with i < j.

@ Springer



J Stat Phys (2007) 129: 1159-1231 1177

such that

(G215 G2e41) = —(Qort1, Goe) = hibr e, {92k q2¢) = (q2x+1> 2e41) = 0. (3.15)

The skew orthogonal polynomials g (x) can be expressed'? in terms of Hermite polynomials
516

1
@ (x) = ﬁHZj(x)’

] (3.16)
Qjr1(x) = W[Hzprl (x) —4jHyj1(x)]
while “tilded” polynomials g; (x)'7 entering (3.13) are related to q;(x) via
- _ 2j)! 27" m!
G2j(x) =q2j(x) — 2271 qun (x),
_ (3.17)
Q2j+1(X) = q2j4+1(x).
Specifying the normalisation
7 (2))!
hj ={q2j,q2j+1) = —\/_2% (3.18)

completes our derivation of (3.11).

3.3 Probability Function p, x as a Pfaffian Integral and Inapplicability of the Dyson
Integration Theorem for Its Calculation

The results obtained in Sect. 3.2 allow us to express the probability function p, ; in the form
of an ¢-fold integral

¢t - _

P (2 / ) <ZJ_Z./') [Dn(z,-,z,-) ,Dn(zi’z‘)]
k= - || d*z; erfc f o R
Prk= ", <l> jo1Jimz;>0 ! iv2 P Du(zin2j)  Pu(Zin 2j) Jppa

(3.19)

involving a Pfaffian. It can also be rewritten as a quaternion determinant

Dlz(ziaz') ,Dn(zlﬁz‘):l N
f PR D =qdet[D,(zi, i) ]ex
[Dn(Zi, Zj) Dulzi,Z5) {op0 qdet[Dn (@i, 2)]exe
where the self-dual quaternion f)n (zi, z;) has a 2 x 2 matrix representation
A =Dy (zirzj) —DaulzirZ)
® Dn L z)] = n\&is & j 13800 & .
[Pz 2] < Du(zi,zj)  Daulziyzj)

The Pfaffian/quaternion determinant form of the integrand in (3.19), closely resembling the
structure of both the j.p.d.f. (2.12) of all complex eigenvalues and the p-point correlation

15The representation (3.16) is not unique; see, e.g., Eynard [17].
16Equation (3.16) assumes that H_(x) =0.
7Note that the G2 (x) is no longer a polynomial of the degree 2.
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function (2.16) in GinSE, makes it tempting to attack the £-fold integral (3.19) with the help
of the Dyson integration theorem (see Sect. 2.3). Unfortunately, the key condition of this
theorem—the projection property—is not fulfilled.

To see this point, we represent the kernel function D, (x, y) in the form

n—1

1 C(x242 N
Dy(x,y) = 3¢ RS T g g (), (3.20)
J k=0

see the primary definition (3.12) and (3.13). In (3.20), the real antisymmetric matrix i of
the size n x n depends on the parity of n. It equals

—ésh;"
A" = - (3.21)
—éh,
and
—é>hy" -&
~ od . .
A = L (3.22)
—ezhm71 _gm—l
So t Smei 0

for n =2m and n = 2m + 1, respectively. We remind that % ; is defined by (3.18); also we
have used the notation

~ (0 1 A 01 _m! 123
€ = -1 0) gj—cm zﬁ ) Cm_ﬁ- ( )

Actually, the representation (3.20) can be put into a more general form due to Tracy and
Widom [65] that would contain arbitrary, not necessarily skew orthogonal, polynomials
upon a proper redefinition of the matrix fi.

For the Dyson integration theorem to be applicable, the projection property for the self-
dual quaternion ZA)n (zi, z;) must hold. For this to be the case, the integral identity

/dot(w)[Dn(Zl, w)D, (B, 22) — Dy (22, w)Dy (B, 21)] = —Dy (21, 22) (3.24)

should be satisfied for the measure

w—w

iN2

da(w):eﬂb( )eamu»d2w. (3.25)

Here, 6(¢) is the Heaviside step function,

1 if¢ >0,

m@:{0ﬁ¢<o

Straightforward calculations based on (3.20) show that the integral on the l.h.s. of (3.24)
equals

n—1
1 _ 2.2 A A
SeT G2 N () (RR R jrgi (22), (3.26)

2
jk=0
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where n x n matrix X has the entries

1 _
k== / da(w) e T2 g (w)ge () — q; (D) qe(w)]. (3.27)

2

Since!® (@ ) # —1,,, the Lh.s. of (3.24) given by (3.26) differs from the r.h.s. (3.24). As
a result, the kernel function D, (z;, z2) does not satisfy the projection property.!® Conse-
quently, the Dyson integration theorem is inapplicable for the calculation of p, ; in the form
of the Pfaffian integral (3.19).

4 Probability Function p, ;: Sensing a Structure through Particular Cases

Before turning to the derivation of the general formula for p, ; (see the results announced
in Sect. 1.2), it is instructive to consider a few particular cases corresponding to low values
of ¢, the number of pairs of complex conjugated eigenvalues. Below, the cases of £ = 1,2
and 3 are treated explicitly.

4.1 What is the Probability to Find Exactly One Pair of Complex Conjugated Eigenvalues?

As a first nontrivial application of the Pfaffian integral representation (3.19) for the proba-
bility function p, x, let us consider the next-to-the-simplest?® case of £ = 1 corresponding to
the occurrence of exactly one pair of complex conjugated eigenvalues. Since the D-kernel
(3.20) is antisymmetric under exchange of its arguments,

Dn(xay):_Dll(y7x)a (41)
the Pfaffian in (3.19) reduces to

pf|: 0 D, (z,2)

~Dyz3 0 } =Duz.2)

resulting in

R 2/ dzzerfc<Z_Z>D 2.3) “2)
nn—2 = Pnn~ N n\<,<). .
U Jimz>0 l\/i

To calculate the integral

I = /ImbodzzerfC(—Zi:/;)Dn(Z,Z) Z/dOl(Z) Do(z,7)

18That —(fux) cannot be a unit matrix i follows from the fact that )A(jk is purely imaginary [(3.27)] while
/:‘.i « are real valued [(3.21) and (3.22)]. See Appendix 2 for an explicit calculation.

19 A5 soon as the integral on the Lh.s. of (3.24) combines a D-part of the GOE 2 x 2 matrix kernel originally
introduced for the GOE’s real spectrum with the GinOE-induced measure do(w) supported in the complex
half-plane Im w > 0, a violation of the projection property is not unexpected.

201n the simplest case of ¢ = 0, our representation (3.19) reproduces the result (3.2) first derived by Edel-
man [13].
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(see (3.25)), we rewrite it in a more symmetric manner

%/dot(z)[Dn(z,Z) — D, (2, 2],

and make use of (3.27), (3.25) and (3.20) to deduce that it equals

n—1
1 1 o
3 D MK = ~ 5 -1 (#X),
Jo k=0
or, equivalently,
- i A
7 =/dot(z) D,(z,2) = Ztr(o’"‘”a' (4.3)

Here, & is given by & = 2i jix (see also Appendix 2). We therefore conclude that the prob-
ability sought equals

1 ~
Pnn—2 = Epn,ntr(o.nf])oi- (44)
Due to the trace identity (12.5) proven in Appendix 3, we eventually derive:
Pnn—2= pn,ntr(O. \_n/ZJ—l)éa (45)

reducing the size of the matrix by the factor of two. Here, the smaller matrix @ depends on
the parity of n, as defined in the Sect. 1.2 (see also (12.3) and (12.4)).

Remarkably, the trace in (4.5) can explicitly be calculated (see Appendix 4) to yield a
closed expression for the probability to find exactly one pair of complex conjugated eigen-
values:

00
Pnn—2 = an,n / dy yey2 erfc(y\/E)Li_z(—Zyz). (46)
0

Yet another, though equivalent, representation for the probability p, ,_, is given in Sect. 7
that addresses the large-n behaviour of p,, ,—».

4.2 Two Pairs of Complex Conjugated Eigenvalues (£ = 2)

For ¢ = 2, the Pfaffian in (3.19)

0 Dy(z1,21) D,(z1,22) Du(z1,22)
—Du(z1,21) 0 D,(z1,22)  Du(z1,22)
f _ - 4.7
Pl D) —DuGhz) 0 Dz @7
—Du(z1,22) —Dn(z1,22) —Dn(z2,22) 0
reduces to
Dn (Zl ) Zl)Dn (ZZs 22) + Dn (Zla ZZ)Dn (zl’ 22) - Dn (Z17 ZZ)Dn (Zl s 22)7 (48)
so that

Pnn—4 = _zpiz,n/da(ZI)/da(ZZ)

X [Dy(z1,21)Du(22, 22) + Du(z1, 22)Du(Z1, 22) — Du(21,22)Du (21, 22)]. (4.9)
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Apart from a known integral taking the form of (4.3), a new integral

IZ=fda(zl)/da(ZZ)[Dn(Zle2)Dn(leZZ) — Dyu(z1,22)Dn(21, 22)] (4.10)

appears in (4.9). Somewhat lengthy but straightforward calculations based on (3.27), (3.25)
and (3.20) result in

1 .
I, = gtr(o,n,l)(az). (4.11)
Combining (4.9), (4.3), (4.10) and (4.11), we obtain:

1 ) 1 A2
Pnn—4 = Pn.n g(tr(o.n—l)a) - Ztr(O,n—l)(a ) . (412)
Due to the trace identity (12.5) proven in Appendix 3, the latter reduces to

1 n n
Prn—s = 5 Pl (0 121 -8) — o a1 (@)1 (4.13)

Interestingly, the expression in the parenthesis of (4.13) coincides with Z2)(p1, p2) after
the substitution trg’ = p; (see Table 1).

4.3 Three Pairs of Complex Conjugated Eigenvalues (£ = 3)
The complexity of the integrand in (3.19) grows rapidly with increasing £. For £ = 3, that

is three pairs of complex conjugated eigenvalues in the matrix spectrum, the Pfaffian of the
6 x 6 antisymmetric matrix

0 D,(z1,21) D, (z1,z2) D, (z1,22) D,(z1,23)  Dy(z1,23)
_Dn(zlazl) 0 Dn(Zl, ZZ) Dn(Zl, 22) Dri(zl, Z3) Dn(zlvz3)
—Du(z1,22) —Dn(z1,22) 0 Du(z2,22)  Du(z2,23)  Dn(z2,23)
—Du(z1,22) —Du(21,22) —Du(22,22) 0 Du(z2,23)  Du(z2,23)
—Du(z1,23) —Du(z1,23) —Du(z2,23) —Du(z2,23) 0 D, (z3,23)
—Dn(z1,23) —Dn(z1,23) —Dn(z2,23) —Dn(22,23) —Du(z3,23) 0

is getting involved. It can be calculated with some effort to give 15 terms which can be
attributed to three different groups. The first group consists of the single term

Gl =Dn(le Zl)Dn(ZZa ZZ)Dn(Z37 23) (414)
The second group contains 6 terms,

Gy =D, (z1, 2)[Dn(z2, 23) Du(22, 23) — Dn(22, 23) D (22, 23)]
+ Dy (22, 22)[Dn (21, 23)Dn (21, 23) — Du(21, 23)Dn (21, 23)]
+ D, (23, 23)[Dn (21, 22)Dn (21, 22) — Dy (21, 22) D (21, 22)1, (4.15)

while the third group counts 8 terms:

G3 =D, (z21,23)Dn(22, 23)Dn(21, 22) — Dy(21, 23) Dy (22, 23) Dy (21, 22)
+ D, (21, 22)Dn (22, 23)Dn (21, 23) — Dy (21, 22) Dy (22, 23) Dy (21, 23)
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+ D (Z1, 22)Du(22, 23)Dn(z1, 23) — Du(z1, 22) D (22, 23) D (21, 23)
+ D, (21, 22)Dp (22, 23)Dn(z1, 23) — Dy (21, 22) Dy (22, 23) Dy (21, 23).  (4.16)

In the above notation, the probability function p, ,_¢ takes the form

y
Prng = g’ Pun / de(z)) / de(z2) / da(z9)[G) + G, + Gs]. (4.17)

The integrals containing G| and G, can easily be performed with the help of (4.3), (4.10)
and (4.11) to bring

. 3
/dcx(zl)/doz(Z2)/dot(z3)G1 == (L’—ttr(o,,,_l)&> (4.18)

/da(zl)fda(Zz)/da(Z3)Gz =371,

i A\ /1 n
= 3(Ztr(0,,,_1)a> <§ tI'(O,n_l)(O'z)). (419)

The remaining integral involving G3 can be evaluated similarly to Z; and Z,, the result being

and

i’ .
T :/da(zl)/da(12)fda(z3)G3 = §tr(o,,,,,)(a-*). (4.20)
Combining (4.17), (4.18), (4.19) and (4.20), we derive:
1 31 N ~2 1 ~3
Pnin—6= Pnn E(U‘(o,nqﬂ) - gtf(o,nfna tro.n—1(07) + 5 tro.n-1n(07) |- (4.21)

Finally, we apply the trace identity (12.5) to end up with the formula

1 3
Pn.n—6 = gpn,n[(tr(O,Ln/ZJ—l)Q)

—3tr0, (n/2)-1)0 tro, Ln/ZJ—l)(éz) + 21tr(, Ln/ZJ—l)(é3)]~ (4.22)

The expression in the parenthesis of (4.22) is seen to coincide with Z3,(py, p2, p3) after
the substitution tr@’ = p ; (see Table 1).

4.4 Higher £

The three examples considered clearly demonstrate that the calculational complexity grows
enormously with increasing ¢, the number of complex conjugated eigenvalues in the random
matrix spectrum. Indeed, the number of terms N in the expansion of the Pfaffian in (3.19)
equals A = (2¢ — 1)!! and exhibits a faster-than-exponential growth, A Az 26+1/2 gt né=1
for £ >> 1. For this reason, one has to invent a classification of the terms arising in the Pfaf-
fian expansion that facilitates their effective computation. This will be done in Sect. 5, where
we introduce a topological interpretation of the Pfaffian expansion, and prove the Pfaffian in-
tegration theorem which can be viewed as a generalisation of the Dyson integration theorem
(see Sect. 2.3).
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5 Topological Interpretation of the Pfaffian Expansion, and the Pfaffian Integration
Theorem

5.1 Statement of the Main Result and Its Discussion

Before stating the main result of this section, the Pfaffian integration theorem, we wish to
start with presenting a simple corollary to the Dyson integration theorem.

Corollary 5.1 Let f(x,y) be a function with real, complex or quaternion values satisfying
the conditions (2.8a) and (2.8b) of the Theorem 2.1, and dx be a suitable measure. Then

Tc+1)

m, (Sla)

4
/ [T dett £ i, 2l =
j=1

where
c:/dn(x) f(x,x). (5.1b)

For f taking quaternion values, the det should be interpreted as qdet, the quaternion deter-
minant [12].

Proof Repeatedly apply the Dyson integration theorem to the Lh.s. of (5.1a) to arrive at
its r.h.s. ]

Importantly, the above corollary exclusively applies to functions f(x, y) satisfying the
projection property as defined in Sect. 2.3 (see Definition 2.1 therein). However, guided
by our study of the integrable structure of GinOE, we are going to ask if the integrals of
the kind (5.1a) can explicitly be calculated if the projection property is relaxed. In general,
the answer is positive. In particular, for f(x, y) being a self-dual quaternion, the following
integration theorem will be proven.

Theorem 5.1 (Pfaffian integration theorem) Let dm(z) be any benign measure on z € C,
and the function Q,(x, y) be an antisymmetric function of the form

1 n—1 A
Qu(x.) =5 3 4 uar(y) (5.22)

k=0

where the q;(x) are arbitrary polynomials of jth order, and i is an antisymmetric matrix.
Then the integration formula

l
) Qn(Zist) Qn(Zth)
/ng”(zf)pf[Qn@,zn Q,,<z,-,z,-)]zw

i\* 1 a1 at
= 5 Z(ll) Etr(o,n_l)v PRSP Etr(o’,,_l)v (52b)
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holds, provided the integrals in its L.h.s. exist. Here, Z ¢, are zonal polynomials whose €
arguments are determined by a matrix 0 with the entries

bup =i Y s | dm@la@a® - r@Oadl (5.2
k=0

zeC

As we integrate over all variables, the Pfaffian integration theorem can be viewed as a
generalisation of the Corollary 5.1 proven a few lines above, for the case of a kernel not
satisfying the projection property. This follows from the identity

Qn(Z:aZ/) Qn(Z,‘,Zj) _ N o
p [Qﬂ(zhz ) Qn(Zh Zj):|2lx2l _qdet[Q"(Z”Z])]ZX[’

where the quaternion Qn (zi, z;) has the 2 x 2 matrix representation:

f(Zth):@[Qn(Zinj)]:<_Qn(Zi’Zj) _Qn(zist)>. (5.3)

0, (zi, zj) 0,(zi, 7))

To see that the Pfaffian integration theorem reduces to the corollary for the particular case
of a kernel with restored projection property, we spot that the latter is equivalent to the
statement

b=-2il, (5.4)

as can be deduced from the discussion below (3.24), Sect. 3.3. As a result,

£ 2\’
tr -1’ =n<7> , (5.5)

1

and the r.h.s. of (5.2b) reduces to [43]
Z n 2\*
a9\ 2 i

(i n L (=2iz)
i

r=1 =0
_ (;_)l(l +or| = % (5.6)
Finally, noticing from (5.3) that
/dﬂ(z)f(z,z)zfdn(z)<Q"(5’Z) Qn((l,i))
= %eo tro._10 = (1/2)é (5.7

with &y = diag(1, 1), we conclude that the constant c in the corollary (5.1b) equals ¢ = n/2
so that the result (5.6) brought by the Pfaffian integration theorem is identically equivalent
to the one [(5.1a)] following from the Dyson integration theorem. We stress that this is only
true for the kernel Q, (z;, z;) satisfying the projection property.
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Table 3 The vocabulary of topological terms defined to interpret the ordered Pfaffian

expansion

Term Notation Appearance

String Si D5.1, E5.1, F3, F4

Length of a string IS 1l D5.2,E5.2

Equivalent strings S~ S;j D5.3,E5.3,L5.1, F3

Equivalence class of strings Cj D5.4,E5.4,L5.1, F3, F5

Size of equivalence class HCj I D5.4,15.1,F3

Substring s D5.5, 5.5

Length of a substring p=IS"| D55E55

Loop-like substring sP D5.6, B5.6,15.2, L5.5,
F3,F4

Longest loop-like string s F3,E5.7,L5.4

Adjacent loop-like string Si(p) D5.7,E5.7,E5.9, E5.11,
L5.4-5.6, C5.2, F4, F5

Handedness of adjacent (sub)string H(xy,aR) D5.8, E5.8, E5.9, ES.11,
L5.6,C5.2, F5

Equivalent adjacent (sub)strings S; ~ Sj D5.9, E5.10, E5.11,
L5.7,F5

Equivalence class of adjacent (sub)strings  AC; D5.10

Compound string S; D5.11, T5.3, F3, F6

Topology class A Fo6

The notation used is: D—Definition, E—Example, L—Lemma, T—Theorem, C—
Corollary, F—Figure.

To prove the Theorem 5.1, we will invent a formalism based on a topological inter-
pretation of the ordered Pfaffian expansion. For the readers’ benefit, a vocabulary of the
topological terms to be defined and used in the following sections is summarised in Table 3.

5.2 Topological Interpretation of the Ordered Pfaffian Expansion

To integrate the Pfaffian in (5.2b), we start with its ordered expansion

-1

pf|:Qn(Zivzj) Qn(Ziij)} :L
01Zinz)) Q@i Z)) 1ypne 2%

ogeSy Jj=0
Here, the summation extends over all permutations o € Sy, of 2¢ objects
{fwi=z1, w2 =21,..., w21 =2¢, Wae = Z¢}

so that the total number of terms in (5.8) is (2¢)!.

Z sgn(o) 1_[ 01 (Wo2j41)s Wo2j+2))-

(5.8)

(5.9)
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5.2.1 Strings and Their Equivalence Classes

Definition 5.1 Each term of the ordered Pfaffian expansion is called a string. The ith string
S; equals
1
S =sgn(0y) [ [ @n(we, 41> woy242)) (5.10)
j=0

where o; is the ith permutation out of (2¢)! possible permutations o € S,,. Notice that a sign
is attached to each string.

Example 5.1 The ordered expansion of the Pfaffian for ¢ = 2 [see (4.7)] contains 4! = 24
strings that we assign to three different groups (their meaning will become clear below):

Group 1 Group 2 Group 3

+(1D)(22) +(12)(12) ~12)12)

~(11)(22) ~(12)e0) +(12)2T)

+(ID22) +@DED) ~-2DA0) S
—(11)(22) —(21)(12) +(21)(12) ’
+(22)(11) +(12)(12) —-(12)(12)

~@2)1 ~(12G1 +(12)21)

+(22)(11) +2D @) ~-3D2)

—(22)(11) —(21)(12) +(21)(12)

For brevity, the obvious notation £(pg)(pg) was used to denote the string =0, (z,, z4)
X 04(Zp,Zq). The three strings shown in bold are those that previously appeared in (4.8)
when treating the probability p, ,—4.

Definition 5.2 The length ||S; || of a string S; equals the number of kernels it is composed of.

Example 5.2 The string S; in (5.10) is of the length £: ||S; || = £. All strings in (5.11) are of
the length 2.

Definition 5.3 Two strings S; and S; of the ordered Pfaffian expansion are said to be equiv-
alent strings, S; ~ S, if they can be obtained from each other by (i) permutation of kernels,
and/or (ii) permutation of arguments inside kernels (these will also be called intra-kernel
permutations).

Example 5.3 For ¢ = 2, three different groups of equivalent strings can be identified as sug-
gested by (5.11). The first group, exemplified by the string +(11)(22) involves 8 equivalent
strings; two other groups, each consisting of 8 strings as well, are represented by the strings
+(12)(12) and —(12)(12), respectively.

Definition 5.4 A group of equivalent strings is called the equivalence class of strings. The
Jjth equivalence class to be denoted as C; consists of ||C;|| equivalent strings. The number
IC; ]l is called the size of equivalence class.
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.Cl Longest Loop-Like Strings
Ordered Pfaffian Expansion: ) 77| Total amount: (20)!1(2¢ — 2)!
(2¢ — 1)!! equivalence classes Clae—2)n
each made of (2¢)!! equivalent My T T T T T
strings Ciae-2)1141 Compound Strings
: s made of at least two
C(21€~1)!! sets of loop-like strings

Fig.3 The (2¢)! terms, or strings, of an ordered Pfaffian expansion can be assigned to (2¢ — 1)!! equivalence
classes {Cy, ..., C(2¢—1)n}, each one containing (2¢)!! equivalent strings (Lemma 5.1). Any given string of the
length ¢ can be decomposed into a set of loop-like substrings of respective lengths {£;} such that > 7 L=t
(Lemma 5.2). The sets consisting of only one loop-like string are called longest loop-like strings; the sets
made of more than one loop-like substring are called compound strings. An amount of longest loop-like
strings is counted in Lemma 5.3

Example 5.4 For ¢ =2, exactly three different equivalence classes of strings (5.11) can be
identified in the ordered Pfaffian expansion (5.8).

In the context of the initiated classification of strings arising in the ordered Pfaffian ex-
pansion (5.8), a natural question to ask is this: Can the total number of equivalence classes
and the number of equivalent strings in each class be determined? The answer is provided
by Lemma 5.1.

Lemma 5.1 All terms of the ordered Pfaffian expansion can be assigned to (20 —1)!! equiva-
lence classes {Cy, ..., Cqa¢—1y1}, each containing (20)!! equivalent strings: ||C; || = (20)!! for
alljel,...,2¢— DI

Proof Consider a string S; belonging to the equivalence class C; and composed of £ specific
kernels, ||S;|| = £. There exist £! possible permutations of kernels and 2 intra-kernel per-
mutations of arguments. As a result, the total number of strings generated by these two oper-
ations from a given string S; equals [|C; || = 2¢! = (2¢)!!. Since the total number of strings
in the ordered expansion is (2¢)!, one concludes that there exist (2¢)!/(20)!! = (2¢ — 1)!!
different equivalence classes. 0

The results of this and the two subsequent sections are summarised in Fig. 3.
5.2.2 Decomposing Strings into Loop-Like Substrings

Having assigned all (2€)! strings of the ordered Pfaffian expansion to (2¢ — 1)!! equivalence
classes each containing (2£)!! strings, we wish to concentrate on the structure of the strings
themselves. Below, we shall prove that any string S; (of the length ||S; || = £) can be decom-
posed into a certain number (between 1 and £) of loop-like substrings, see the Lemma 5.2.
To prepare the reader to the definition of a loop-like substring, we first define the notion of
a substring itself.

Definition 5.5 A product Si(p ) of p kernels Q, is called a substring of the string

-1

Si=sgn(0) [ [ Qn(wo,j 11, woejaa)s ISl =2, (5.12)
j=0
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specified in Definition 5.1, if it takes the form

p
Si(P) = 1_[ O (We; 25 +1)» Wo; 2j5+2)) (5.13)
k=1

where ji # jo # -+ # j,. The length |S\”’|| of the substring is |S\” || = p with 1 < p < .
Notice that no sign is assigned to a substring.
Example 5.5 The string

+(11)(23)(23)

arising in the ¢ = 3 Pfaffian expansion (see the first term in (4.15)) can exhaustively be
decomposed into seven substrings’!

(1D, (23), (23), (11)(23), (11)(23), (23)(23), (11)(23)(23)

p=1 p=2 p=3

of lengths p =1, 2 and 3, respectively.

Definition 5.6 A substring
»
(p)
S =T 2nwojis1) Woy2ji+2)
k=1

is said to be a loop-like substring of the length p = ||Sl.(" ) ||, if the two conditions are satisfied:

(1) The set of all 2p arguments
Wap = {We,2)141)s Woi2j142)5 - -+ » Wy 2jp+1)s Wy 2,42}

collected from the substring Si(p ) remains unchanged under the operation of complex
conjugation

Wap = {Wo; 2j1+1)> Woy2j142)s - - > Wy 2jp+1)s Woy (2j,+2) -

That means the two sets W, and W, of arguments are identical, up to their order.
(This property will be referred to as invariance under complex conjugation.)

(ii) For all subsets 88,-(") consisting of ¢ kernels Q, with 1 < g < p — 1, the substring
SP\55 of the length p — ¢ obtained by removal of 85\’ from S is not invariant
under the operation of complex conjugation of its arguments.

2y s easy to see that the number of substrings of the length p equals (f)) so that the total amount of all
possible substrings of a string of the length £ is

£()-r-

p
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Example 5.6 Out of seven substrings of the string +(11)(23)(23) detailed in the Exam-
ple 5.5, the two substrings

(1D, (23)(23)

are loop-like (of the lengths p = 1 and 2, respectively). The remaining five substrings are
not loop-like. Four of them,

(23), (23), (11)(23), (11)(23),

are not loop-like substrings because the property (i) of Definition 5.6 is not satisfied. The
fifth substring (of the length p = 3)

(11)(23)(23)

is not loop-like because the property (ii) of Definition 5.6 is violated. Indeed, there does
exist a subset 88}” consisting of one kernel, represented by the pair of arguments (11),
whose removal would not destroy the property (i) for the reduced substring (23)(23).

The example presented shows that a particular string of the ordered Pfaffian expansion
could be decomposed into a set of loop-like substrings. Is such a decomposition possible in
general? The answer is given by the following lemma.

Lemma 5.2 Any given string S; of the length ||S;|| = £ from the ordered Pfaffian expansion
can be decomposed into a set of loop-like substrings S; 7’ of respective lengths ||Si(£f ) l=¢;,

s=Js"”
i

suchthat ), £; =¢.

Proof We use induction to prove the above statement.

(i) Induction Basis. For £ = 1, the lemma obviously holds since the strings (1, Dand (1,1)
are loop-like by Definition 5.6.

(ii) Induction Hypothesis. The Lemma is supposed to hold for any string S; of the length
1S = ¢:

;) .
s,:US,. 7. with Zej:z. (5.14)
J J

(iii) Induction Step. Consider a given string S; of the length ||S; || = € + 1. Given the induc-
tion hypothesis, we are going to prove that such a string S; can be decomposed into a
set of loop-like substrings.

To proceed, we note that any given string S; of the length ||S;|| = £ + 1 can be gener-
ated from some string S; of length £ (see (5.12)) by adding to it an additional pair of
arguments (Ze41, Ze+1):

14

Si = Gern, 2e00) ® [ [Worjns woijir) (5.15)
k=1

the string S; with sgn (o) dropped
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with (or without) further exchange of either z,,; or z,.; with one of the arguments
belonging to the string S; of length £.

(a) If no exchange is made, the given string S; is a unit of a single loop-like string
D = (2441, Ze41) and of a string S; admitting the decomposition (5.14). As a result,
the string S; of the length (£ + 1) is decomposed into a set of loop-like substrings

S =nvu (U 3}“”). (5.16)
J

(b) If either zy4; or z,4; was swapped with one of the arguments belonging to a loop-

. . () . . . .
like substring S; " C S; of the string S;, such an exchange will give rise to a new

(@) ~
loop-like substring S; ° C S; of the length

. ) i)
IS, =18 Il +1=¢;,+1

Consequently, the given string S; of the length (£ + 1) is then decomposed into a set of
loop-like substrings

~ ) .
S=8"U <U 5,.“”). (5.17)

J#Jo

;)
To prove that the substring S; “ is indeed loop-like, two properties have to be checked
in accordance with the Definition 5.6.
First, one has to show that the set of 2(£, + 1) arguments collected from the substring

(G . L . .
S; ™" is invariant under the operation of complex conjugation; this is obviously true

L) . .
because S; %" is loop-like. Second, one has to demonstrate that the removal of any

@ . . .. .
subset 8S from S; " will destroy the invariance property of the remaining substring

@)
S, *"\8S. Three different cases are to be considered here:

(b1) If the subset §S does not contain the fragments (z,+1,...) and (..., Z¢41), itis also

a subset of Si(lj‘)). Since the latter is loop-like, the invariance property is destroyed.
(b2) If the subset S contains only one of the fragments (zp41,...) or (..., Z¢+1), the
invariance property is obviously destroyed.

(b3) If the subset 6S contains both fragments (zy41, #) and (v, Z,41), the invariance
property is also destroyed. To prove it, we use the reductio ad absurdum. Indeed, let us

Jjo

assume that there exists a subset S C S; ¥ C S;, containing both fragments (zy4, u)

_ . . (9]
and (v, Z¢4+1), whose removal does not destroy the invariance property of S; ° \8S.
The existence of such a subset §S implies the existence of yet another subset S’ C
€5
S, C S,‘,

1

88" = {8S\{(ze1, ) U (v, Zex D U {(v, )}, (5.18)

. . (£jg) .
whose removal does destroy the invariance of S, °° \8S’ under the operation of com-

plex conjugation (this claim is obviously true because the substring S[([jo) is loop-like).
Then, the identity

) .
5 \85 =5"\58' (5.19)
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Fig. 4 Graphic explanation of 3 3
the notion “loop-like substring”.

(a) The substring (23)(23) can be

transformed into the form of an

adjacent substring (in the sense -

of Definition 5.7) by flipping ¥
arguments in the second kernel, — —
(23) — (32). (b) The emerging 2 3 2
adjacent substring (23)(32) can o0 — O

clearly be depicted in the form of
a loop by gluing the arguments 2
and 2 together (a) (b)

/

@ ) @)
suggests that the removal of §S from S; °° must destroy the invariance of S; °° \§S as
well. Since this contradicts to the assumption made, one concludes that the invariance
property is indeed destroyed.

End of the proof. 0

We close this section by providing a brief explanation of the origin of the term “loop-
like substring” introduced in Definition 5.6. In Sect. 5.2.4, it will be proven that any loop-
like substring can be brought to the form of an adjacent substring (Definition 5.7) by
means of proper (i) permutation of kernels and/or (ii) permutation of intra-kernel arguments
(Lemma 5.5). The latter can graphically be represented as a loop. Indeed, the loop-like
substring (23)(23) considered in Example 5.6 can be transformed into the form of an adja-
cent substring (in the sense of Definition 5.7) by flipping arguments in the second kernel,
(23) > (32):

(23)(23) ~ (23)(32)
——— ——
loop-like substring adjacent substring

The resulting adjacent string (23)(32) can be drawn in the form of a loop, see Fig. 4. This is
precisely the reason why the substring (23)(23) is called loop-like.

5.2.3 Counting Longest Loop-Like Substrings S,-(Z) of the Length £

Although in this subsection, we are going to concentrate on the longest loop-like substrings®>
of the length ¢, our main counting result given by Lemma 5.3 stays valid for loop-like
substrings of a smaller length 1 < p < £.

Lemma 5.3 The ordered Pfaffian expansion contains (2€)!! (2¢ — 2)!! longest loop-like
strings of the length €.

Proof Let N (£) be the total number of loop-like strings of the length ¢ in the ordered
Pfaffian expansion and let n; (¢) denote the number of equivalence classes all longest loop-
like strings can be assigned to. Following Lemma 5.1, the two are related to each other
as

NL) = 2OnL (D), (5.20)

22 A5 soon as substrings of the longest possible length ¢ are considered, they are strings themselves.
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because each equivalence class C; contains precisely (2¢)!! equivalent strings (see Defini-
tion 5.3). It thus remains to determine 7, (¢) that can equally be interpreted as a number of
inequivalent®® longest loop-like strings of the length £.

The latter can be evaluated by counting the number of ways, ny (€ + 1), all inequivalent
longest loop-like strings of the length ¢ 4+ 1 can be generated from those longest of the
length £. Since both numbers, n; (¢) and n; (€ + 1), refer to the longest loop-like strings,
the two correspond to the Pfaffians of matrices of the size £ x £ and (€ + 1) x (£ + 1),
correspondingly. In the language of strings, an increase of the matrix size by one leads to
the appearance of an additional pair of arguments (z,1, Z¢+1) in a string of the length £ + 1.

We claim that

np(€+1)=2n;(£). (5.21)

To prove this, we concentrate on a given longest loop-like string of the length £ and add to
it an additional pair of arguments (z¢+1, Z¢+1):

14

Ger1: 2 ® [ [woiiernys worir2) - (5.22)
k=1

longest loop-like string of the length ¢

Here, o; is a particular permutation of 2¢ arguments (5.9) corresponding to a longest loop-
like string of the length £. The resulting string (5.22) is not a longest loop-like string
of the length ¢ + 1 (rather, it is composed of two loop-like strings of the lengths 1 and
£, respectively). Since a loop-like string necessarily assumes the presence of a fragment
(ze+1, - -)(. .., Z¢+1) somewhere in the string, one has to exchange either z,4; or Z,4; with
one of the arguments belonging to the original longest loop-like string of the length £.
Clearly, there exist 2¢ exchange options for each argument, z,4; (or Zg4+;). As a result, we
arrive at the relation (5.21). Given ny (1) = 1, we derive the desired result by induction:

np(€) =2 —-2)!. (5.23)
Combining it with (5.20) completes the proof.>* O
5.2.4 Adjacent vs Non-Adjacent Loop-Like Substrings

Further classification of loop-like substrings is needed in order to prepare ourselves to the
proof of the Pfaffian integration theorem.

Definition 5.7 A loop-like substring S of the length p = ||S”|| is called adjacent loop-
like substring, or simply a loop, if it is represented by a product

P
(p)
S = 1_[ On(Wo; 25 +1)> Wo, 2j5+2))
k=1

231n view of Definition 5.3, the two strings are inequivalent if they cannot be reduced to each other by means
of (i) permutation of kernels and/or (ii) intra-kernel permutation of arguments.

247t is instructive to turn to Example 5.1 that discusses the ordered Pfaffian expansion for £ = 2. The
Lemma 5.3 predicts existence of N7 (2) = 4!!2!! = 16 longest loop-like strings that can be assigned to
np (2) = 2!! = 2 equivalence classes, each composed of (2¢)!! = 4!! = 8 equivalent strings. This is in line with
direct counting (5.11): the two equivalence classes are represented by the longest loop-like strings +(12)(12)
and —(12)(12) (see the second and third column); each equivalence class contains 8 equivalent strings.
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of p kernels such that:

(i) The first argument of the first kernel and the second argument of the last, pth kernel,
are complex conjugate of each other,

Wo; 2j1+1) = Wo; (2jp+2) -

(ii) For each pair of neighbouring kernels in the string, the second argument of the left
kernel in the pair and the first argument of the right kernel in the pair are complex
conjugate of each other,

Wo; 2js+2) = Wi @jy+ns k=1,...,p—1.

Example 5.7 Out of 16 longest loop-like strings arising in the Pfaffian expansion for £ =
2,% the following eight are adjacent:

—(12)2D), —-@2D(12), —(12)21), —(2D(12),
+(12)2D, +2DA2), +(A2)(21), +@21)12).

Notice that although longest loop-like strings have been considered in the above example,
the notion of an adjacent string is equally relevant for a loop-like string of smaller length.

Lemma 5.4 Out of (20)!1(2€ — 2)!! longest loop-like strings of the length € associated with
an ordered Pfaffian expansion, exactly (2£)!! are adjacent.

Proof To count the total number A4 (¢) of all adjacent loop-like strings of the length ¢,
we consider a specific pair of adjacent loop-like strings of the length £ represented by the
sequences of arguments

(Zj] ’ ij)(z.iz’ Z1‘3)(Zj3 4 Z/'4) Tt (ijq ’ sz) e (Z.f{—] ’ Zjl)(zji ’ zjl)
——— —— ——

pair § 1 pair f 2 pair fj (€—1)
and

(Zj15 2o 2j5)(@j3s Zjg) - (s Zjp) o+ ooys 2j) (@ 2 2j0)-
——— —— ——
pair fj 1 pair 7 2 pair § (£—1)

Here, the mutually distinct j, take the values from 1 to £. The two strings are identical
up to an exchange of the first and the last arguments z; = z;,. The remaining 2(£ — 1)
arguments are distributed between the kernels in such a way that an adjacent string is formed
in accordance with the Definition 5.7; the (¢ — 1) underbraces identifying (£ — 1) pairs of
complex conjugate arguments highlight the structure of an adjacent string.

The total number N4 (£) of all adjacent loop-like strings of the length £ equals the number
of ways to generate those strings from the two depicted above. As soon as there are (i) £ ways
to assign a number from 1 to £ to the label jj, (ii) (£ — 1)! ways to assign the remaining

25For an example, please refer to the second and third column in (5.11). Also, see Lemma 5.3 for the expla-
nation of the number 16 = 4!!2!! and Definition 5.6 for the notion of a loop-like string.
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(£ — 1) numbers to the (¢ — 1) pairs left (labelled by j,, ..., j¢), and (iii) 2°~! ways to
exchange the arguments z;, = z;, (k =2, ..., £) within those (¢ — 1) pairs, we derive:

Na(0) =2 x € x (£ — D! x 27 = o (5.24)

End of proof.2® O

Remark 5.1 Since the above reasoning holds for loop-like (sub)strings of any length 1 <
p < ¢, one concludes that the total number of adjacent (sub)strings of the length p equals

Na(p) = 2p)h.

Lemma 5.5 Any loop-like (sub)string of the length p can be transformed into an adjacent
(sub)string of the same length by means of proper (i) permutation of kernels, and/or (ii)
permutation of intra-kernel arguments.

Proof To be coherent with the notations used in the proof of the Lemma 5.3, we deal below
with a loop-like string of the length ¢. However, the very same argument applies to any loop-
like (sub)string of the length 1 < p < ¢ so that our proof (based on mathematical induction)
holds generally.

(i) For £ =1 and £ = 2, the Lemma’s statement is obviously true. Indeed, a loop-like
string of the length ¢ = 1 is automatically an adjacent one. For ¢ = 2, a loop-like string
composed of two kernels is reduced to an adjacent string by utmost one intra-kernel permu-
tation of arguments.

(i) Now we assume the lemma to hold for loop-like (sub)strings of the length £ (that is,
that any loop-like string of the length £ can be reduced to an adjacent string by means of the
two types of allowed operations).

(iii) Given the previous assumption, we have to show that a loop-like (sub)string of the
length (€ 4 1) can also be reduced to an adjacent (sub)string. It follows from the proof of
the Lemma 5.3 (see the discussion around (5.22)) that a loop-like string of the length (£ + 1)
can be generated from a loop-like string of a smaller length ¢ by adding an additional pair
of arguments (z,41, Z¢+1) followed by exchange of either z,4; or z,; with one of the argu-
ments of the original loop-like string of the length £. Since, under the induction assumption
(ii), the latter can be made adjacent,

e, Ze4) ®[(zZjys oo ) -+ oy 2 ) (g o) - e 25, (5.25)

adjacent string of the length ¢

one readily concludes that we are only two steps away from forming an adjacent string of
the length (€ + 1) out of (5.25). Indeed, an exchange of arguments z¢4; = Z;, brings (5.25)
to the form

@e41:25)) @) o G 2o ) (g s o) oo (i Z5) (5.26)

which boils down to the required adjacent string

(Zjl,...)-"(...,zz+])(Z[+1,qu)(qu,...)---(...,Zjl) (527)

adjacent string of the length (£+1)

261y particular, there should exist eight adjacent strings in the ordered Pfaffian expansion for £ = 2. This is in
concert with the explicit counting in Example 5.7.
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upon moving the pair (z,41, Zj,) through (g — 1) pairs on the right. Exchanging z,; <& Zj,
instead can be done in the same way. O

Remark 5.2 The reduction of a loop-like (sub)string to an adjacent (sub)string is not unique.
For instance, the loop-like string
+(13)(23)(12)

(see the first term in (4.16)) can be reduced, by permutation of kernels and permutation of
intra-kernel arguments, to one of the following adjacent strings:

+(13)(32)(2D), —(12)23)(31),
+2D(13)(32), —(23)(31)(12), (5.28)
+(32)2D(13), —@BD(12)(23).

To handle the problem of the non-unique reduction of a loop-like string to an adjacent string,
the notion of string handedness has to be introduced.

5.2.5 Handedness of an Adjacent Substring

Definition 5.8 Close an adjacent substring S into a loop by “gluing” the right argument of
the last kernel with the left argument of the first kernel below the chain as in Fig. 4,
St e (W, wp) Wiy, W) - (W W) - (W, W) - (W, w)y) @~
—— ~——
first kernel last kernel

(here, a set of the arguments (wy, ..., ws,) is specified by (5.9) with £ set to p, and the
symbol e denotes a gluing point). Read the arguments of a loop, one after the other, in a
clockwise direction (as depicted by the symbol ~), starting with w;, until you arrive at
w;,. If ag is the number of times an argument z;, is followed by its conjugate z;, for all

qge(,...,p),
G zi) @y o),

an adjacent substring S is said to have the handedness H(oy,, ag), where o) = p — ag.

Example 5.8 The handedness of eight adjacent strings considered in the Example 5.7 with
p =1 =2is listed below:

H(2,0), H(©0,2), H(©0,2), H2,0),
(5.29)
H(1,1), H1,1), H1,1), Hd, 1.

Lemma 5.6 Out of (20)!! adjacent strings of the length £ arising in an ordered Pfaffian
expansion, there are exactly

Noy() =2 <fl> (5.30)

strings with the handedness H(a, ¢ — o).

@ Springer



1196 J Stat Phys (2007) 129: 1159-1231

Proof A string with the handedness H(a, £ — o) closed into a loop (see Definition 5.8)
contains « “left” fragments (...,Zz;,) - (zj,,...) and (£ — &) “right” fragments (..., z;,) -
(zj,» - --) with the opposite order of complex conjugation in the nearest neighbouring ker-
nels; each fragment is labelled by an integer number j, € (1, ..., £). To count a total number
of all strings with the handedness H(«, £ — ), we notice that there exist (ﬁ) ways to distrib-
ute “left” and “right” fragments on the loop, and £! ways to assign £ integer numbers (from
1 to £) to the labels jj, ..., j.. Applying the combinatorial multiplication rule completes the
proof. |

Remark 5.3 1t is instructive to realise that the Lemma 5.4 can be seen as a corollary to the
Lemma 5.6. Indeed, the total number of all adjacent strings of the length £ is nothing but

4 4 Y
Na(0) = 2! < ):(2@)!!.

Not unexpectedly, this result is in concert with the Lemma 5.4.

Corollary 5.2 The number of adjacent substrings of the length p, 1 < p < £, with the
handedness H(a, p — o) equals

A@(p)zp!(z). (5.31)
The total number of all adjacent substrings of the length p is (2p)!\.
Proof Follow the proof of the Lemma 5.6 and the Remark 5.3 with ¢ replaced by p. O

Example 5.9 Out of 16 longest loop-like strings arising in the Pfaffian expansion for £ = 2,
there are eight adjacent as explicitly specified in Example 5.7. The handedness of those
strings was considered in Example 5.8. In accordance with the Lemma 5.6, there must exist
No(2) = 2 strings of the handedness H(0, 2), N>(2) = 2 strings of the handedness H(2, 0),
and N (2) = 4 strings of the handedness H(1, 1). Direct counting (5.29) confirms that this
is indeed the case.

5.2.6 Equivalence Classes of Adjacent (Sub)Strings

Having defined a notion of the handedness of an adjacent string, we are back to the issue
of a non-uniqueness of reduction of a loop-like string to an adjacent one. To deal with
the indicated non-uniqueness problem, we would like to define, and explicitly identify, all
distinct equivalence classes for (2¢)!! adjacent strings arising in the context of an ordered
Pfaffian expansion.

Definition 5.9 Two adjacent strings, S; and S;, are said to be equivalent adjacent strings,

S; ~ §;, if they can be obtained from each other by (i) permutation of kernels, and/or

(ii) intra-kernel permutation of arguments.

Example 5.10 The six adjacent strings (5.28) are equivalent to each other.
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Definition 5.10 A group of equivalent adjacent strings is called the equivalence class of
adjacent strings. The jth equivalence class to be denoted .AC; consists of ||.AC; || equivalent
adjacent strings.

Lemma 5.7 All (2¢)!! adjacent strings arising in the ordered Pfaffian expansion can be
assigned to (20 — 2)!! equivalence classes {ACy, ..., ACxe—2n} of adjacent strings, each
class containing 2L equivalent adjacent strings: | AC;|| =2€ forall j €1, ..., (20 —2)!.

Proof Let us concentrate on a given adjacent string S with the handedness H(x, £ — o) that
belongs to an equivalence class AC; and count a number of ways to generate equivalent
strings out of it by means of (i) permutation of kernels and/or (ii) intra-kernel permutation
of arguments without destroying the adjacency property. Two complementary generating
mechanisms exist.

e First way (M1): One starts with an adjacent string of the handedness H(e, £ — @),

~ e (w.il ’ ﬂ)jz) '(wjz’ w.iz) e (wjp—l ’ IDJ'p) T (wje—l s wje) ' (w.iz’ IZ)J'I ) o~ (5'32)
——— ———
first kernel lastkernel

(the reader is referred to the Definition 5.8 for the notation used), simultaneously flips the
intra-kernel arguments in all £ kernels,

Wy, wj) - (W, W) -+ (W, wj, )= (W, wjy ) - (W, wjy),
—_——— ———

first kernel last kernel

and further permutes the kernels in a fan-like way so that the last £th kernel in the string
becomes the first, the (¢ — 1)th kernel in the string becomes the second, etc.:

e (a)jl ’ wjz) ’(u_)]'e’ Wiy ) (ﬂ)jp’ wjp—l) T (a)jw w.iz) ! (w.fz’ wjl) o (5.33)
——— ————
last kernel first kernel

The so obtained adjacent string is equivalent to the initial one (5.32) but possesses the
complementary handedness H(¢ — o, «).

e Second way (M2): One starts with an adjacent string of the handedness H(x, £ — «), and
permutes the ¢ kernels in a cyclic manner to generate (¢ — 1) additional (but equivalent)
adjacent strings with the same handedness (to visualise the process, one may think of
moving a gluing point e through the kernels in (5.32)).

The two mechanisms, M1 and M2, combined together bring up 2¢ equivalent adja-
cent strings due to the combinatorial multiplication rule. As a result, we conclude that
IIAC ;|| = 2¢. Consequently, the number of distinct equivalence classes equals (2£)!!/(2¢) =
e -2 ]

Example 5.11 To illustrate the Lemma 5.7, we consider an ordered Pfaffian expansion for
¢ =2 as detailed in the Example 5.1. The eight adjacent strings of the length ¢ = 2 were
specified in the Example 5.7; their handedness was considered in the Example 5.8. In accor-
dance with the Lemma 5.7, there should exist 2 distinct equivalence classes, each containing
4 adjacent strings. Indeed, one readily verifies that those two equivalence classes are

AC . —(12)2D, —-@2DA2), —-12)21), —-2D12)
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Longest Loop-Like Strings J Adjacent Strings Non-Adjacent
Total amount: (20)!!(2¢ —2)!! R~ Total amount: (24)!! U Strings

¢ strings: H(a1,f — a1)
ACy ~ | £ strings: H(¢ — a1, 01)
G
o £ strings: H(a;, ¢ — aj)
Cj ~ AC; | € strings: H( — aj, aj)
Ciae—2)n
£ strings: H(aae—2)11,€ — a(ae—2)n)
-AC(2€72)!! 2 £ strings: H(¢ — o20—2)1, 020—2)11)
Fig.5 Any longest loop-like string from the equivalence classes {Cf, ..., C(2¢—2)n} can be reduced to an ad-
jacent string belonging to one of the equivalence classes {ACy, ..., AC¢_2)u} of adjacent strings by means

of proper permutation of kernels and/or permutation of intra-kernel arguments (Lemma 5.5). This reduc-
tion is non-unique (Remark 5.2). Each equivalence class .AC ; of adjacent strings contains ¢ adjacent strings
of the handedness H(aj, £ — o) and £ adjacent strings of the complementary handedness H(¢ — j, ;)
(Remark 5.4). Notice that two distinct equivalence classes AC; and AC j (where i # j) may have the same
values for o o; = o

and

AC: +(12)2D),  +2D(A2), +(12)21), +2DH(12).

Remark 5.4 In fact, a generic prescription can be given to build (2¢ — 2)!! distinct equiva-
lence classes {ACy, ..., AC@¢—2n} for (2£)!! adjacent strings arising in the ordered Pfaffian
expansion. Because of the “duality” between equivalent adjacent strings with complemen-
tary handedness H(«, £ — @) and H(¢ — o, o) discussed in the proof of the Lemma 5.6,
the adjacent strings whose handedness H(w, £ — ) is restricted by the inequality 0 < o <
[£/2] will form a natural basis in the consideration to follow.

e The case { =21 + 1 odd.
(1) For 0 < «y <A, (i.a) pick up an adjacent string with the handedness H(a1, £ — «), out
of Ny, (£), and generate £ equivalent adjacent strings with the same handedness through
the mechanism M2 of the Lemma 5.7. (i.b) Apply the mechanism M1 of the same lemma
to each of the ¢ adjacent strings generated in (i.a) to create £ more equivalent adjacent
strings of the handedness H(¢ — o, @1) hereby raising their total amount to 2¢. The
strings generated in (i.a) and (i.b) are said to belong to the equivalence class AC;.
(ii) To generate the next equivalence class AC, # AC;, pick up an adjacent string not
belonging to AC; with the handedness H(a,, £ — a2) out of (N, (€) — £) left (again, o,
is restricted to 0 < a; < A), and repeat the actions described in (i.a) and (i.b) to generate
another set of 2¢ equivalent strings. These will belong to the equivalence class .AC, which
is distinct from AC;.
(iii) To generate the jth equivalence class AC;, one picks up an adjacent string out of
Wy, (&) — (j — 1)2) left and repeats the actions sketched in (ii).
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(iv) The procedure stops once there are no adjacent strings left. Obviously, the total num-
ber of equivalence classes is

1€/2] A

1 20 +1
7 ;Na(ﬁ)zﬁk)!;( w ) =M% =2 -2 (5.34)

This is in concert with the Lemma 5.7.

e The case { =2A even.

In this case, special care should be exercised for the set of adjacent strings with the hand-
edness H(X, A) because these adjacent strings are self-complementary: the mechanism
M1 applied to any of those adjacent strings generates a string with the same, not comple-
mentary, handedness. The latter circumstance can readily be accommodated when giving
a prescription for building (2¢ — 2)!! distinct equivalence classes of adjacent strings.

(i) First, we separate all adjacent strings with the handedness H(x, £ — o) where 0 < o <
A — 1 and apply a procedure identically equivalent to that described for the case £ odd
to generate distinct equivalence classes of adjacent strings. The total amount of distinct
equivalence classes built in this way equals

Le/21—1 A—1
1 2 Qr— 1! [2x
Li=; ; NQ(Z):(z,\—1)!;(0{):(%—2)!!—?@) (5.35)

(ii) Second, having generated in the previous step L; distinct equivalence classes
{ACi, ..., ACr,} of adjacent strings, we concentrate on the adjacent strings with the
handedness H(X, A) not treated so far. To this end, we (ii.a) pick up an adjacent string
out of AV, (2)) with the handedness H(A, A) and perform the operations M1 and M2 to
generate 2¢ = 4 equivalent strings with the same handedness. The 2¢ equivalent adja-
cent strings will belong to a certain equivalence class, say, AC, . (ii.b) In the next step,
we pick up an adjacent string with the handedness H(X, 1) out of (N; (21) — 2¢) left, and
perform the operations detailed in (ii.a) in order to generate yet another set of 2¢ equiva-
lent adjacent strings belonging to an equivalence class ACy 4». (ii.c) We proceed further
on until the last available equivalence class composed of 2¢ adjacent strings is formed,
ACpr +1,, Wwhere L, equals

1 @Dl 2h
Ly= MO ="5— (A> (5.36)

Hence, for ¢ = 2, the total number of equivalence classes for adjacent strings equals
Li+L,=2¢-2)!! (5.37)
as expected from the Lemma 5.7.
5.3 Integrating Out All Longest Loop-Like Strings of the Length £

More spadework is needed to prove the Pfaffian integration theorem. Below, we will be
interested in calculating the contribution C;, (¢) of longest loop-like strings (of the length ¢)
into the sought integral (5.2b):

4
0n(zi,2)) Qn(Zi,Z‘)] )
CL(¥) = dr(z;)| pf Z PR
1) [I.:]lj[l (Zj)<p |:Qn(ZiaZj) Qn(Zi, Zj) 2020 ]()()p—l‘l)i‘l:gejllringﬂ
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¢ —1
1
= gt /C 1"[1dn(zj> > sgn(a)H)Qn(wa(z_,-H),wa@_,»m). (5.38)
J= J=!

’
0ES,,

In the second line of (5.38), only that part of the ordered Pfaffian expansion (5.8) appears
which corresponds to a set of all loop-like strings of the length £. They are accounted for by
picking up proper permutations S5, C S, in the expansion (5.8),

S5, > (longest loop-like strings of the length £).

Although, in accordance with the Lemma 5.3, the number of terms in the expansion (5.38)
equals N7 () = (20)!1(2¢ — 2)!!, there is no need to integrate all of them out because various
loop-like strings belonging to the same equivalence class yield identical contributions. The
latter observation effectively reduces the number of terms in (5.38) so that

200 [ =
CL(t) = (252. /C [Tdn@p) Y sen@) [ | Quwoqjsn, woeji2)- (5.39)
’ j=1 j=0

"
0ESy,

Here, the prefactor (2¢)!! = 2¢¢! equals the number of longest loop-like strings in each
equivalence class; the o-series runs over the permutations S}, C S, corresponding to
np(£) = (2¢ — 2)!! longest loop-like strings, each of them being a representative of one
distinct equivalence class,

Sy > {S1€Ci, ..., Sai-21 € Car-ay}, (5.40)

see the Lemma 5.3. There are (2¢ — 2)!! terms in (5.39).

To perform the integration explicitly, one has to reduce the longest loop-like strings in
(5.39) to the form of adjacent strings as discussed in the Lemma 5.5. In accordance with
the Lemma 5.7, there exist (2¢ — 2)!! equivalence classes {ACy, ..., ACp¢—2)n} of adjacent
strings, each of them containing 2¢ equivalent adjacent strings (see also Fig. 5). This results
in the representation

4 -1
CLlt) = /C [Tdn@) Y sen@) [ | Quwoqjsn, woejia), (5.41)
j=1

aes'é/@ Jj=0

where the o -series runs over the permutations S}, C Sj, corresponding to (2¢ —2)!! adjacent
loop-like strings of the length ¢, each of them being a representative of each one of existing
equivalence classes of adjacent strings,

Sy > {S1 € AC, ..., Sae—ay € ACoe—ay}. (5.42)

The number of terms in (5.41) is (2¢ — 2)!!.
To proceed, we rewrite (5.41) in a more symmetric form that treats all adjacent strings
on the same footing:

1 4 -1
Cult) =, /C [TdnG) Y sen@) [ [ Quwocjin, woejsn).  (543)
j=1

UES% Jj=0
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Here, the o-series runs over the permutations S, C S}, corresponding to all adjacent loop-
like strings of the length £:

Sé’é = {{g(l), ey SE?} (S AC], ey {51((22_2)”), ceey 3;22[_2)”)} (S AC(zzfz)u}. (544)

As soon as there exist 2¢ equivalent adjacent strings in each equivalent class AC; of adjacent
strings, the prefactor (2¢)~! was included into (5.43) to avoid the overcounting.

An advantage of the representation (5.43) can be appreciated with the help of the
Lemma 5.6. According to it, the summation over the permutations o € S}, can be replaced
with the summation over all longest adjacent strings with a given handedness H(«, £ — o),

for all o € (0, £):

-1 L No(O)
> sen(@) [ [ Quwojsn woejs) =D D Si(@). (5.45)
(reSé/l’ Jj=0 a=0 i=1

Here, S; (o) denotes the ith adjacent string of the length ||S;(«)|| = ¢ with the handedness
H(a, £ — ). In accordance with the Lemma 5.6,

N, (0) zﬁ!(z). (5.46)
o

Given (5.45), the integration in (5.43) can be performed explicitly. Due to the new represen-
tation

L Ng(t) 14

CL(t)= %Z > /(Cl_[ldn(zj)si(a), (5.47)
i=

a=0 i=1

one has to calculate the contribution of a string S; () with the handedness H(a, £ — o) to
the integral:

14
Ii(@) :/Cl_[dn(zj)S,-(ot). (5.48)
j=1

(1) The case o = 0 is the simplest one. Having in mind the definition (5.2a) and introducing
an auxiliary matrix ¢ with the entries

1
Sik=73 / dm(z) q(z) qx(2), (5.49)
C

we straightforwardly derive:
¢ 1
1,(0) = sgn(op) f [ [dn @) []‘[ 0, ;. Zj+1):| 0, (e, 21) = —trou-n[ (2] (5.50)
C :
j=1 Jj=1

Here, the permutation sign, sign(oy), is sgn(op) = —1 (see (5.9)), while the trace trg ,—1)(: - -)
reflects the fact that the integrated adjacent string is loop-like. Importantly, the result of the
integration (5.50) does not depend on a particular arrangement of the arguments z; and z;
as far as the handedness H(O0, ¢) is kept.

(ii) The case o = ¢ associated with the adjacent loop-like strings of the handedness
H(¢, 0) can be treated along the same lines to bring

L0 = (=) trn [(@EH]: (5.51)
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(iii) More care should be exercised for 0 < @ < £. In this case, two adjacent strings with
the same handedness H(«, £ — ) may bring different contributions into the integral (5.48).
For instance, the adjacent string®’

a—1 —1
&(a)zsgn(aa)[l"[ Qn<z,-,z,-+1)} Qn(zmzﬁl)[ [1 Qn<z,,z,+1>}Qn<ze,zl>

j=1 j=a+1
yields the contribution

LY (@) = (=) troa-n [(RET)* (4 E)]. (5.52)
At the same time, the adjacent string

l—a—1 -1
S(ey(@ = sgn(aL,)[ [T 2.6 Zj+1):| 0o zmﬂ)[ [T . z,-ﬂ)} Q0u(ze. 21),
j=1 j=t—a+1

possessing the very same handedness, yields

((é)) _ a—1 A A A%
1,7 (o) = (=D e en [(RE) T (1ET)]. (5.53)

In deriving the results (5.52) and (5.53), we have used the fact that the permutation sign
sign(oy) is sign(oy) = (—1)*1.

It can readily be seen that the adjacent strings with a given handedness H(c, £ — o) bring
all possible (ﬁ) contributions, or words, that can be represented as a trace

Wil @) = —trgu-i[--- (=& -~ (i) --- (—fig") -] (5.54)

« letters (—f¢*) and £—« letters (&)

of a product of o matrices, or letters, (—i¢") and £ — o matrices (letters) (ji &) distributed in
all possible (ﬁ) ways. Hence, the index j in (5.54) takes the values 1 < j < (i) Importantly,
each word W; (¢, a) appears exactly ¢! times since there always exist £! adjacent strings
S (o) (k=1,...,£!) which are related to each other by a permutation of the integration
variables in (5.47). As a result, the latter is reduced to

¢ e
1
CL(l) = ﬁE!ZZWj(K,a). (5.55)
a=0 j=1
Spotting that
ZZW (£ @) = —tr [ (RS — AN'], (5.56)
a=0 j=1
we obtain
CL(6) = ——(Z— Ditrg,—n[(AS — A" ]. (5.57)

27 The empty products are interpreted to be 1.
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Finally, noticing that the matrix (ft¢ — fi¢*) under the sign of trace is related to the matrix
¥ defined by (5.2c¢) as

U =2i(ig — fg*), (5.58)
we arrive at the remarkably compact result
1(¢—-1! e
CLll) =—=———tron— . 5.59
L(€) 2 @) 10,n-1)(V") (5.59)

Hence, we have proven the following theorem.

Theorem 5.2 Let dm(z) be any benign measure on z € C, and the function Q,(x,y) be an
antisymmetric function of the form

n—1

1
Qu(x, ) =5 Y 4 uar(y)

k=0

where q;’s are arbitrary polynomials of jth order, and ji is an antisymmetric matrix. Then
the integration formula

4
szﬂf

, 0.z, 2j))  On(zi,Zj)
Ecd”(zf)<pf[Qn(zi,zj> Qn(z,»,zj)LX%)

j=1 Zj loop-like strings
1¢—-1D! A
=3 an Tean®) (5.60)

holds, provided the integrals on the l.h.s. exist. Here, the matrix ¥ is determined by the
entries

n—1

Oup =1 flak / d7(2)lqi(2)qp(@) — 45 (g D)1

k=0 zeC

The following corollary holds.

Corollary 5.3 Consider a set of 2p arguments

{wi =z, wa=2y,..., Wp_1 =2p, Wap =2Zp}, (5.61)
all (2p)! permutations of which are denoted by S,,,. Take the subset Sép C S$2p of Sy corre-
sponding to all loop-like strings Si(p) of the length ||Si(p) = p,

p—1
(p)
S = 1_[ 00 (Wo; 2j+1)s Wo; (2j+2))-
j=0

Here, o; labels the ith permutation o; € S) - The Theorem 5.2 implies:

1 P p—1
Cup) = fc [[an@) D sen@) [ [ @u(wojsn, woejsa)
j=1 Jj=0

|
2pp. aeSéP
1(p—1D! A
= —571221)‘” tr(o,n_l)(vp). (562)
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5.4 Integrating Out Compound Strings

Having dealt with the longest loop-like strings arising in the ordered Pfaffian expansion (see
Theorem 5.2) and having extended the result of this theorem to loop-like strings of a smaller
length (see Corollary 5.3), we now turn to the treatment of the remaining (2£)! — (2€)!!x
(2¢ — 2)!! strings to be referred to as compound strings. Our final goal here is to calculate
their contribution to the integral in the L.h.s. of (5.2b).

To give a definition of a compound string, we remind that any given string S; of the
length ||S; || = £ from the ordered Pfaffian expansion can be decomposed into a set of loop-
like substrings of smaller lengths (see Lemma 5.2). According to the Lemma 5.5, each of the
above loop-like substrings Si(z’  can further be reduced to the form of an adjacent substring.
This leads us to the following definition:

Definition 5.11 A string S; of the length ||S;|| = £ from the ordered Pfaffian expansion is

called a compound string if it is composed of a set of adjacent substrings Si( 7 of respective

lengths |5, || = ¢; such that §; = |, S\ with 3°, ¢; = €.

Remark 5.5 (1) This definition suggests that all compound strings can be classified in accor-
dance with all possible patterns of unordered partitions A of the size |A| = £ of an integer £:

A= ). (5.63)

The frequency representation (5.63) of the partition A says that the part £; appears o; times
so that

8
=Y t;o;. (5.64)
j=1

Here, g is the number of inequivalent parts of the partition A.
(i1) Alternatively, the partition (5.63) of an integer £ can be represented as

A=(l,.... L), (5.65)

where the order of £ j’s is irrelevant, and some of them can be equal to each other. Obviously,

g =t (5.66)
j=1

Here, r is the length of unordered partition A.

(iii) The correspondence between compound strings of the length £ and unordered par-
titions A of the size |A| = £ gives rise to a topological interpretation of compound strings,
which can conveniently be represented in a diagrammatic form (see Fig. 6). The diagram for
a generic compound string

r r

S = USi(Z;‘)’ ZE] =,
j 1

Jj=1 Jj=

consists of r loops, the jth loop depicting an adjacent substring Si([j ’ of the length ¢ j- Such
a diagram will be said to belong to a topology class {£;, ..., £} = {€]', ..., €5},
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gy

Fig. 6 A diagrammatic representation of a compound string belonging to the topology class
A= (6‘171 .. .,Z;g) with Z§:1 Cjo; =€ and Z§:1 oj =r. Here, g denotes the number of inequivalent
parts of the partition A whilst r equals the total number of loops

Remark 5.6 The number of topologically distinct diagrams equals the number p(£) of un-
ordered partitions of an integer £ (see Remark 5.5). These are known to follow the sequence
p€)=1{1,2,3,5,7,11,15,22,30,42, .. .}. (5.67)

An exact evaluation of p(¢) can be performed with the help of Euler’s generating func-
tion [6]

1 |
0 =—. (5.68)
Z PO H T—¢™ ~ @
The asymptotic behaviour of p(£) for £ > 1 was studied by Hardy and Ramanujan [29],
1
) ~ exp(m+/2€/3). (5.69)
p 203 5P /

To calculate the contribution of compound strings to the integral in the Lh.s. of (5.2b), one
has to determine (i) the contribution of a diagram belonging to a given topology class to the
integral, and (ii) the number of diagrams within a given topology class.

Lemma 5.8 The number of diagrams belonging to the topology class A = (K{lrl, ces e;fg)
equals
£ 1
o =L | ———. (5.70)
) ,1:[1 ;H%o;!

Proof To determine the number /\f{ 8 of diagrams belonging to a given topology class
(€, ..., 0} ={€]", ..., £}, we use the multiplication principle.
e First, we distribute the pairs of arguments {Z Iy ee .,Z,} between r loops. This can be

achieved by m; ways,

eN[e—1, =0 — o=l )\ (=0 — o — 1
mp=| - _ _ X —.
41 153 £ l, r!

The factor 1/r! reflects the fact that the order of the r loops is irrelevant. (Indeed, a
given topology class is associated with an unordered partition of an integer £). Simple
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rearrangements show that m; simplifies down to

£! 1

e Next, we shuffle all inequivalent loops (those with distinct lengths). This can be achieved
by m, ways,

. ! !
O e e . 2L B A (5.72)
op!---o,! oi!l---o,!
As a result, the total number of diagrams belonging to the topology class A = (£7', ..., (;"' )
equals

N _ o 1 573
{zfl,..‘,z;f")—mlmZ—EI!._.@!GI!W%!- (5.73)
The observation [T;_, £;! =[5, (¢;!)°/ ends the proof. O

Lemma 5.9 A diagram associated with a topology class . = (£7', ..., e‘;g ) contributes

g .
Con =[] @ (5.74)
j=1

to the integral in the Lh.s. of (5.2b). The function C(p) is defined by (5.62) of the Corol-
lary 5.3.

Proof The above claim is a direct consequence of the Lemma 5.2, Definition 5.11, and
Remark 5.5. End of proof. O

Theorem 5.3 All compound strings belonging to the topology class . = ({7, .. ., Eg”’ ) yield,
after the integration in (5.2b), the contribution

&= o T (-2 wonn@)” (575)
= — | —=tr._n(®" . .

P AL\ 2

Proof Observe that C, = (€ [gg}c([]f[”mlgg}, and make use of (5.62), (5.70) and (5.74)
to derive (5.75). End of proof. O

5.5 Proof of the Pfaffian Integration Theorem

Now we have all ingredients needed to complete the proof of the Pfaffian integration theorem
announced in Sect. 5.1. Indeed, in accordance with the topological interpretation of the terms
arising in the Pfaffian expansion (5.8), the integral on the lLh.s. of (5.2b) is given by the
sum of contributions of adjacent strings of two types: the longest adjacent strings and the
compound strings. The contribution of the former, C; (¢), is given by the Theorem 5.2 while
the contribution of the latter, C‘A, is determined by the Theorem 5.3. As soon as

Cr®) =Co_qy,
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one immediately concludes that the integrated Pfaffian equals the sum of Cj over all un-
ordered partitions A of the size |A| = £:

¢
0,(zi, 25) Qn(zivz‘):|
I= drm(z;)pf p PR
/(C]lj[l ( ])p |:Qn(ZiaZj) Qn(zhzj) 20x20
S a= () coe D[ (-5 )
=) G= (_> (-D'e! [— <—— tro.n-1)(D f)) ] (5.76)
=t 2 =t j=1 O'j! Z(Zj
Quite remarkably, the r.h.s. of (5.76) can be recognised to be a zonal polynomial [43]
4 1 De: o
Zaoy(pr-op) =D Y T —_,(—E—_’)
[A|=¢ j=1 % J
with the arguments
1  j .
pj==tro.—n(®), j=12,...,¢ (5.77)

2
As a result, we conclude that

i\* 1 N At
I= E Z(ll) Etr(o,n_l)v 3 eeey Etr(oqn_l)v . (578)

This coincides with the statement (5.2b) of the Pfaffian integration theorem.

6 Probability Function p, ;: General Solution and Generating Function
6.1 General Solution
The general solution for the probability function p, ; of a fluctuating number of real eigen-

values in spectra of GinOE is now straightforward to derive. Indeed, it was shown in Sect. 3.3
that the probability function p, ; admits the representation

¢t - -
P 2> / > (Zj—Zj> [Dn(zi,z,-) Dn(Zist)j|
Pok=——\- d-z;erfc f Z 22 6.1
o <l }:[1 Imz;>0 ! iN2 P Du(ziszj) Du(zis2)) Jppnae

with the kernel function D, (x, y) given by (3.12) and (3.13).
The ¢-fold integral in (6.1) can explicitly be performed by virtue of the Pfaffian integra-
tion theorem after the identification

_2Z> 6(Imz)d’z, 0,(x,y) =™ 2D, (x, y).

dn(z) = e’(zzﬁz)/zerfc(z
l
Straightforward calculations bring

1

Dn. 1 n ~
Pnik = %Z(ly) (Etr(o,n_l)vl, ey Etr(o,n—l)vz> (62)
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where the matrix D is given by (5.2¢). Combining the definition (5.2¢) with (3.21), (3.22),
(3.23), (3.25) and (3.27), one concludes that

v=2i(Rx) =0, (6.3)
see Appendices 1 and 2. Finally, making use of the trace identity
tr(o,n_l)(?j = 2 tr(o, |_n/2j—l)éj (64)

proven in Appendix 3, we end up with the exact formula

Pn, Al N
Dnk = %Z(ﬂ)(tr(o,m/zj—l)a e T, n/21-1)@ ). (6.5)

The entries of the matrix @, calculated in Appendix 3, are given by

9]
&y = / dy y#7 e erfe(y/2)

0
x [+ DL (=2y%) 4+ 22 L3070 (—2y7)] (6.6)
and
. n _ P @2p),
odd __ seven _ g ym—B m ( even
Oup =045 — (=4 @m p1 Can (6.7)

for n =2m even and n = 2m + 1 odd, respectively.
6.2 Generating Function for p, 4

Interestingly, the entire generating function

[n/2]
Gn (Z) = Z Zepn,nfﬂ (68)

=0

for the probabilities p,, can explicitly be determined. To proceed, we make use of the
summation formula

o0

Z %Z(lr)(pl, e Py = eXp(X:(—l)r_1 %) (6.9)

r=0 " r>1

well known in the theory of symmetric functions [43]. With p, = tr |x/2 J,l)ér, the r.h.s.
transforms to

.1 (z0) A R
exp(tr(O,Ln/Zj—l)Z(_l) IT = exp(tr(o,1n/2)—1) log(L |4 2) +z0)),

r>1
=det[1+ 28] jn/2)xn/2)» (6.10)
resulting in an amazingly simple answer:
[n/2] .
G,(z) = Z 2 Prn—2e = Pundetll + 281 1n/2)x n/2) - (6.11)
=0
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6.3 Integer Moments of the Number of Real Eigenvalues

The result (6.11) allows us to formally determine any integer moment E[N;] of the fluctuat-
ing number AN, of real eigenvalues in the spectra of GinOE. Denoting the fluctuating number
of complex eigenvalues through 2\, we derive:

q
EWN/1=E[(n —2N)7] = Z (j)anj(—z)jE[ijl (6.12)
j=0
Since
) 9 J
E[N/]= (z—) G (2)lz=1, (6.13)
az

the formula (6.12) simplifies to

(6.14)

9\ . .
]E[A/—,q] = Pnn <I’l - 218_Z> det[1+zg][n/2jx[n/2j =1"
Of course, to make the formulae (6.11) and (6.14) explicit, the determinant

dy(z) = det[1+ 201 1n/2) % 1n/2)

has to be evaluated in a closed form. There are a few indications that this is a formidable
task, but we have not succeeded in the calculation of d,(z) yet.

7 Asymptotic Analysis of the Probability p, ,_» to Find Exactly One Pair of Complex
Conjugated Eigenvalues
To determine a qualitative behaviour of the probability function p, x, an asymptotic analy-

sis of the exact solution (1.1a) is needed. In this section, the simplest probability function
Pn.n—-2»

o0
Pon—2 =2Pnn / dyye” erfe(yv/2)L2_,(—2y%), (7.1)
0

is studied in the large-n limit. Our consideration is based on an alternative exact represen-
tation for p, ,_» (see the Theorem 7.1) which is more suitable for obtaining regular large-n
asymptotics.

7.1 Alternative Exact Representation of p, ,_»

Let us define the sequence
o 2
S, :/ dyye” erfc(yvV/2)L*(=2y?), n=0,1,..., (7.2)
0

such that

Pnn—2= 2pn,n Sn—Z- (73)
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To find an exact alternative representation for S, (and, hence, for p, ,_,), we (i) introduce a
generating function t(z) in the form

(@) =) 87" (74)
n=0

which is supposed to exist in some domain 2, € R of the real line R (to be specified later
on), (ii) calculate 7(z) explicitly, and (iii) expand it back in z € Q.

Lemma 7.1 The generating function t(z) reads:

1 11—z
“O= s (YA %) 7

where

—1l<z<-. (7.6)

Proof The identity®®

o0
YL =0 —z)’HeXP(i) 2l <1,
n=0

- z—1

applied in the context of (7.2) and (7.4), gives rise to the representation

1 © 14z
(@)= ——= dy yerfe(yv2)exp| y —= ), |z| <1. (7.7)
(1 — Z)* 0 1— V4
A change of the integration variable y to
l+z
E=y'— (7.8)

1—z

followed by integration by parts results in

_ 1 ¢ s:oo_foc ¢ d ]
1(2) = =13 [e erfe(a./€)1:2; i dée pr erfc(a./€) |, (7.9)
where
a, =2 l—z.
14z

For the boundary term in (7.9) to nullify at £ = oo, the parameter z has to belong to the
domain

1
Q;: —1<z<§. (7.10)
Performing the remaining integral, we end up with (7.5). End of proof. |

28See (5.11.2.1) in Prudnikov, Brychkov and Marichev [55].
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Having determined the generating function 7(z), we are going to Taylor-expand it around
z =0 in order to arrive at an alternative formula for the sequence S,,. As t(z) is a relatively
simple function, we may expect that S, obtained in this way will also have a relatively
simple form.

Lemma 7.2 The following formula holds:

1 & 2\ 1
SnZEZyM”/ZPzHan(%)—E(I."/2J+1)~ (7.11)
j=0

Here, o, = [n/2] — |n/2].

Proof To expand the function 7(z) given by (7.5) around z = 0, we represent it in the form

T(z) = %n @) (=1 ++21,(2)). (7.12)
where
= (@) = | 2122 (7.13)
O T v S '

and constantly use a variant of the Cauchy formula
oo oo oo n
(Z akzk) : (Z M) =Y s a=) b (7.14)
k=0 k=0 n=0 k=0
where absolute convergence of the resulting series is assumed. O

Expansion of t1(z). To determine the coefficients c,({l) in the expansion

o0
n@=>y ¢’ (7.15)
k=0
we notice that
1 > 1 >
k 2k
I , = , 7.16
1—z Z ¢ 1—22 Z ¢ (7.1
k=0 k=0
so that, in the notation of (7.14),
1 —1)k
ak:L bk:% (717)

Straightforward application of the Cauchy formula yields

Nk
#] = k/2] +1. (7.18)

k
1
C/(cl) = E ajbk_j = E|:k+1+
—0
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2

Expansion of 1,(z). To determine the coefficients ¢, ) in the expansion

(z) = Zc<2> K (7.19)

we notice that
> 1/2) . 1 °°< 1/2)
Vi—z= —2)k, 3z 7.20
z ;(k Y e kZ:j (=32, (720

so that, in the notation of (7.14),

1/2 1/2
a = < Ii )(—1)", b = ( / )( 3)". (7.21)
The Cauchy formula yields
k
(1/2) 1 1 1
Cl(cz)zzajbk,j::;k 2' k2F1<—§,—k, E—k, g) (722)

j=0

The latter can be expressed in terms of Legendre polynomials by means of the identity?

Lo N kLl (wt ] w1
zF‘(‘E""’z "’“’)_(1/2>kw [P<2f> fp“( f)] 72

that simplifies (7.22) to

2 2
e = 3k/2Pk<%) —3&=b2p (ﬁ) (7.24)

@3

Expansion of the product 1,(z)12(z). To determine the coefficients ¢, ) in the expansion
D 4 p

1@n@ =) ¢, (7.25)

k=0

we again use the Cauchy formula

Zc,ﬁ”j ), (7.26)

1) (2

with ¢, ” and ¢, given by (7.18) and (7.24), respectively. Lengthy but straightforward cal-
culations result in
Lk/2] )
(3) +ag /2
E 3itel2p) L, < ) (7.27)
~ 2j+ai ﬁ

where o = [k/2] — |k/2].

298ee (7.3.1.153) in Prudnikov, Brychkov and Marichev [56].
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The observation

1 1
S, = 72c,§3> - chy (7.28)

completes the proof.

Theorem 7.1 The probability p, ,_» to find exactly one pair of complex conjugated eigen-
values in spectra of GinOE admits the following exact representation:

n/2)—1

. 2

Pnn—2=Pnn \/E Z 3]+an/2P2j+otn <_) - |-’/I/Q’J . (729)
Jj=0 ﬁ

Here, a, = [n/2] — |n/2], and P, stands for Legendre polynomials.
Proof Use the Lemma 7.2 and relation (7.3) to deduce (7.29). O
7.2 Asymptotic Analysis of p, ,—»

The result (7.29), combined with the integral representation of Legendre polynomials

P,(¢) = % /On do($ + /2 — 1cosd)", (7.30)

is particularly useful for carrying out an asymptotic analysis of the probability p, ,_, in the
large-n limit. Indeed, (7.30) facilitates performing a summation in (7.29) leading to

B V2 Y odx (e 42) — (x +2)"
Pnn—2 = Pn.n |:7 o m 1— ()C T 2)2 - Ln/2ji| (731)

The large-n behaviour of the integral

+1 an n
J, = dx  (x+2)* —(x+2) (7.32)
-1 V1—2x2 1—(x+2)?

is of our primary interest. A saddle-point analysis shows that the saddle point xg, ~ —2 lies
away from the integration domain x € (—1, +1). As a result, the contribution of the end
points of the integration domain, x;, = —1 and xg = +1, should be examined. One can see
that the close vicinity x = 1 — € of xg = +1 dominates exponentially in n > 1. Indeed, the
vicinity € € (0, ¢p) yields

JN/CO de  3'(1—e/3)" — 3 (1 —e/3)
") Jee—o 2(1—¢/32 1 ’

where ¢ is a proper cut-off. In the large-n limit, only a region of order n~!, € = t/n,
effectively contributes J, reducing it to
3n o0 d 3n+1/2
Iy~ L= T (7.33)
8/2n Jo T 8 2n

Combined with (7.31) and (7.32), this estimate leads to the following theorem.
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Theorem 7.2 The leading large-n behaviour of the probability p, ,_» is given by the for-
mula
3n+1/2

nn—2 ~ ———=Pnn 7.34
P2 ™ g P, (7.34)

where p,., =27"0"D/4

Remark 7.1 The Theorem 7.2 implies the inequality p, ,—2 >> pu.a-

8 Correlations of Complex Eigenvalues of a Matrix Without Real Eigenvalues
8.1 GOE Correlations in GinOE Spectra

One of the earliest results on eigenlevel statistics in GinOE is due to Ginibre [22] who
spotted that spectra of random real matrices which happened to have no complex eigenvalues
exhibit the famous GOE behaviour. Indeed, for H,, € T, (n/n), the j.p.d.f. (2.5) reduces to*°

2—71(n+1)/4

_nzl‘[_’}=lr(j/2).n % = 451 [ Jexp(=23/2). (8.1)

i>j=1 j=1

Py, M1y M)

The GOE spectral correlations readily follow [48].
8.2 GinSE-like Correlations in GinOE Spectra

Below, we concentrate on just the opposite case of random real matrices Hy € T;(n/0)
whose spectrum occasionally contains no real eigenvalues. The j.p.d.f. of all complex eigen-
values of H, can also be deduced from (2.5), the result being

p—n(n=1)/4n/2 ¢
0 . |zi — zj %1z — 2,17
/DT, TG/2) 1_[ ! !

i>j=I
¢ - 2, 22
_ Zj—Zj 25+
x (z-—z-)erfc( / ]) ex <— / ]) (8.2)
jl:[l J J iv2 p 5

with n even, n = 2¢. Remarkably, while the above j.p.d.f. resembles the j.p.d.f. of complex
eigenvalues in GinSE (2.3), it is manifestly different from the latter.

Is it possible to determine the correlation functions for the new complex eigenvalue
model (8.2)? The answer is positive.

PHO(Zl,.--,Zz) =

30 As a side remark, we notice that the explicit formula (3.2) for the probability p, , can easily be derived by
integrating Py, over all of its arguments. Due to Selberg’s integral [48]

n n n

—22/2 .
]_[/Rdxje i/ I1 |x,~—;\j|:2"/2nz]_[r(]/2),
j=1 j=1

i>j=1

one obtains p, , =2"—D/4,
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Lemma 8.1 Let Hy be an n x n random real matrix with no real eigenvalues such that
its entries are statistically independent random variables picked from a normal distribution
N(0, 1). Then, the p-point correlation function (1 < p <€) of its complex eigenvalues equals

Mor & i —Zj 2+ 7
R(’Ho) : o = £ J J 2 J
(1, 2pn)=p l_[, TG | |er c( 7 exp 5

Jj=1

pr [Kz(givzj) Kl(%ia{j):l . (83)
Ke(Zirzj) ke(ZinZ)) |y,

Here, n =2¢ and the ‘pre-kernel’ k, is

-1

1
Ke(z, z)—lZ—[pz,(z)pz]+1(Z) p2j(@)p2j+1 (2] (8.4)
j=0 "

The polynomials p;(z) in (8.4) are skew orthogonal in the complex half-plane Imz > 0,
(P2j+1> Pak)e = —(P2k» P2j+1)c = 701, (8.5)
{P2j+1, Pkt 1)e = {P2j> Pax)e =0, (8.6)

with respect to the skew product

= 2, =2
(f, 8)e = / dzzerfc<zi \/§Z>exp<—Z ;Z )[f(z)g(Z)—f(Z)g(z)]- 8.7)
Imz>0

Proof By definition (2.7), the p-point correlation function is

4

12

R(HO)(Zl,...,Zl,;n):(Z_p)! 1_[/] OdZZjP'HO(Zl,...,Z@). (88)
j=p+17ME =

Since the n x n real matrix with no real eigenvalues has ¢ pairs of complex conjugated
eigenvalues, it holds that n = 2¢.

Conceptually, the proof to be presented consists of three parts. First, we concentrate
on the j.p.d.f. Py (21,...,2¢) and show that it can be represented in terms of a certain
quaternion determinant. Second, we prove that the quaternion matrix under the quaternion
determinant enjoys the projection property (see Definition 2.1). Third, we apply the Dyson
integration theorem to carry out all (£ — p) integrations in (8.8).

Part 1 As the Vandermonde structure of (8.2) mimics that of GinSE (2.3), it is tempting to
employ the identity

H |z — 271z — 2,17 H(zj—zn—det[ g iz (8.9)
i>j=I e

that helps us reduce the j.p.d.f. Py, to the form
2—n(n—l)/4 ¥4

/T TGy P G PGl

=2
X Herfc( ) ex p( Z——;Z/) (8.10)
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Here, py(z) are arbitrary monic polynomials of degree k.
The very structure of the matrix under the determinant in (8.10),

r po(z1) po(z1) -+ oo po(ze) po(Ze) ]
p1(z1) iy e e pi(ze) P1(Ze)
det
P2u—2(z1) pru—2Z1) - o pu2d  pr-2Ze)
L p2e-1(z1)  p2e-1(Z1) -+ o+ pau-1(ze)  pa-1(Ze)
suggests that we introduce a set of quaternions {¥,(z), ..., ¥,_,(2)},
V@) = P2;(2) + p2j+1(2) Go + D2j(2) — 'sz+1(Z)é1
2 2i
P2 () —2P2j+1(2) 6+ P2;(2) 4‘2;72_;‘+1(Z) 5

whose 2 x 2 matrix representation reads®'

_[ pi@  py®@
Oy ;)] = |:p2j+l (2) P2j+1(5)} '

As a result, the above determinant can equivalently be written as

det[pi—1(z;), pic1(Zj)]i=1,..2c =det[O[Y;_;(z)]]i=1,...c -
Jj=1...t j=1..L

(8.11)

(8.12)

(8.13)

The latter can be put into a quaternion determinant form (see Corollary 5.1.3 in Mehta’s

book [48]):

det [O1¥;_; (2] i=1....c =qdet [AA] . = qdetl A A, .
Jj= N

Here, A is an £ x £ quaternion matrix with the entries
Aij=v,_1())

and A is the dual quaternion matrix whose entries
Aij = '/_fj_1(Zi)

are determined by the dual quaternion lﬁ i@,

V@ = P2j(2) + p2j+1(2) 6o — P2j(2) — PzHl(Z)él
2 2i

P2j(2) — p2j+1(2) . P2 (@) + P2j+1(2) 4
N 2 - 2 ¢

31The 2 x 2 matrices é j are defined as follows:
é_l(J é_iO é_01 é_Oi
0=to 1)° “17\o —i)> 27\ \-1 0)> B7T\i o)
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(8.17)



J Stat Phys (2007) 129: 1159-1231 1217

such that

DD (N — 6.0 (N1Te=! — | P2i+1() —pzj(z)]

Oy ; ()] =e0[y;()] ¢, [_mjﬂ © @ | (8.18)
Combining (8.13) and (8.14) into

det[pi-1(2)), pic1 (E)]i=1...20 = qdet [AA] e, (8.19)
J=1,...

we obtain

-1

det[pi—1(z}), pi—l(zj)]izill,.”.Z(l =i 1_[7’/' qdet[ic,(z;, 2;)lexe- (8.20)

/ j=0

Here, the (self-dual) quaternion kernel Kk, admits a 2 x 2 matrix representation

Ol (zi, )= <_KIZE§Z“ZZ§) 7{’;122&;;)) 8.21)
i 4] 4y
with
£—1
) 1
k@ w) =i Y (P2 @ P2y (W) = pay (W) P2y @), 8.22)
j=0"7

The set of constants {r;} is not fixed so far.
The above consideration results in the following expression for the j.p.d.f. Py, [see
(8.10)]:

9—n(n—1)/4 nf;é r;

P. ey Zg) = = - det[ice(zi, 2;)]ex
Ho (21 Z¢) n/2)! Hj:l rG/2) qdet(k¢(zi, z;)]exe
¢ = 2, 32
Zi—2Z; z;+ 25
X erfc( =2 J) exp (— J J ), (8.23)
]1:[1 ( iv2 2
that serves as a proper starting point for evaluating the p-point correlation function

R(()?ZO)(Zl, ..., Zp; n) specified in (8.3).

Part 2 Now, we are going to prove that the quaternion &, satisfies the projection property
Definition 2.1. To simplify the consideration to follow, we set the so far arbitrary monic
polynomials py(z) to be skew-orthogonal in the complex half-plane, Im z > 0, as defined by
(8.5-8.7).

Having imposed the skew-orthogonality on p;(z), with ; € R, we are in the position to
verify whether or not the projection property for the quaternion &, is fulfilled. In accordance
with the Definition 2.1, one has to consider the integral

- )
I :/Imwodzwerfc(wiﬁw) exp(—%) Ok e(z1, WO e(w, 22)]  (8.24)

that equals
J— ( 3e(Z1,22)  8e(Z1, 22) )

—80(z1,22) —8¢(z1,22) (8.25)

@ Springer



1218 J Stat Phys (2007) 129: 1159-1231

Here, the function 8,(z;, z2) is defined by the integral

w—w w? + w?
8¢(21,2 )=/ dzwerfc( > ex (——)
e Imw=>0 l«/z P 2

X [eg(z1, w)ke (W, 22) — ke (z2, w)ke (W, z1)]. (8.26)

Its evaluation, based on (8.22), (8.7), (8.5) and (8.6), is straightforward, the result being
8¢(z1,22) = —Ke(21, 22) (8.27)

so that
I =0lk,(z1,22)] (8.28)

Put differently, the quaternion kernel k, satisfies the projection property in the form

- 2 =72
— + n n n
f dzwerfc<w.é”)exp<——w - )Kz(ll,w)'Ce(IU,Zz)ZICz(Z1,Zz)- (8.29)
Imw>0 1

This is precisely (2.8b) of the Dyson integration theorem with a quaternion A = 0.

Part 3 The above proof of the projection property for the quaternion kernel i, in (8.23)
paves the way for carrying out the (£ — p) integrations in (8.8). Indeed, the integrations
therein can be performed by virtue of the Dyson integration theorem (Theorem 2.1) since

Ok (21, 22)] = 8,00k (21, 22178, = OR (22, 21)]. (8.30)

To this end, one has to determine the constant ¢ defined by the integral [see (2.8d)]

> 24 32
72—z "tz
cey= d’z erfc( ) exp(— >l€ (z,2) (8.31)
0 [mz>0 l\/Z 2 ¢
yielding
5 -2 2472
c= d zerfc( ) ex (— )K (z,2) =¢. (8.32)
/Imz>0 l\/z P 2 ‘
The projection property (8.29) combined with the result (8.32) brings the key integration
identity:
¢ - 24 32
1 / 2 <ZJ_Z/‘> ( ZﬂLZ/‘) -
- d*z; erfc exp| — qdetic,(zi, zj)]ex
(E _P)' jg}—l Imz;>0 ! l\/E 2 ’ s

A ke(Zis2j)  Kke(Zin Z)
=qdet[k¢(zi,2:)]pxp» =Ppf paat et . 8.33
qdet[k¢(zi, 2)]pxp =P [K[(zi,zj) K@(zi,zj):Lszp ( )

Applied to (8.8) and (8.23), it results in
Mar & (5-%) . ( 243
RM™ (21, .. z2pn) = pup =t erfc(] />exp<—] ’)
b R Tl TG/2) B, iv2 2

pr[w(gi,zj) Kz(gi,gj)] , (8.34)
ke(Zir 2j) ke Zis Z)) Jhpen,

where n = 2¢. This completes the proof of the Lemma 8.1. |
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8.3 Probability p, ¢ to Find no Real Eigenvalues

The technique exposed in the previous subsection allows us to establish the following struc-
tural result for the probability to find no real eigenvalues in GinOE spectra.

Corollary 8.1 The probability p,  to find no real eigenvalues in spectra of GinOE equals

-1

Dnon =
Y Qe L L— 8.35
PO =TT TG/ H,r’ (835

Here, n = 2{; the constants r; are defined by (8.5).

Proof For n = 2{ even, the definition (3.1) translates to

¢
Pno= 1_[/ odzzj Py (21, ..., 20)- (8.36)

Given Py, in the form (8.23), the above probability reduces to

—1 YA
Pn,n l_[j:()rj / ) ~
T T T o d~z;qdet[k(z;, z;)]ex
¢ H_f=lr<1/2>g om0 T

L - 2 =2
Zi—2Zi 5+ 75
x | | erfc Q) ex <—u> (8.37)
jl.:[l < iN2 P 2

Due to the projection property (8.29) of the quaternion kernel £, the integration in (8.37)
can readily be performed [see, e.g., the identity (8.33)] bringing

Pno =

L

¢ zi—7: 72472
d’z; qdet[R(zi, 2;)]ex erfc( J J) ex <_¥> =¢.  (8.38)
l_[\/Ivmz >0 ]q ‘ U [1_[ l\/z p 2

j=I1 J j=1

This establishes the result (8.35) thus completing the proof. O

Remark 8.1 To make the formula (8.35) explicit, one has to know the normalisation con-
stants r; which we have failed to determine explicitly so far.

9 Conclusions and Open Problems

To summarise, an exact formula was derived for the probability p, ; to find precisely k
real eigenvalues in the spectrum of an n x n random matrix drawn from GinOE. Based
on the Pfaffian integration theorem (that can be seen as an extension of the Dyson inte-
gration theorem to kernels that do not possess the projection property), the solution found
expresses the probability function p, ; in terms of zonal polynomials.?? This links the in-
tegrable structure of GinOE to the theory of symmetric functions [43]. Undoubtedly, much

32T the best of our knowledge, this is the first ever random-matrix-theory observable admitting a represen-
tation in terms of symmetric functions.
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more effort is needed to accomplish the spectral theory of GinOE. Below, we list some of
the open problems that have to be addressed.

(I) Probability Function p, and Associated Generating Function G,(z). The exact so-
lution for the probability p, , expresses the probability in terms of zonal polynomials of
some complicated arguments. Does a more explicit representation (like the one for p, ,_»,
see (7.1) and (7.29)) exist for p, ;? A similar question arises in the context of the solution
for the determinantal generating function G, (z) given by (6.11). Can the determinant (6.11)
be calculated in a closed form as a function of k, n and z? We have a few indications that
this is a formidable task.

(11) Asymptotic Analysis of p,x in the Large-n Limit. The problem we wish to pose here
concerns the large-n behaviour of p,  in various scaling limits: (a) k ~ n°, (b) n — k ~ n°,
and (c) k ~ n'/? (this scaling is prompted by the result (2.28) for an average number of real
eigenvalues). If available, the large-n formulae of this kind would facilitate a comparison of
our exact theory with existing numerical and experimental data, as reported®® by Halasz et

al. [28] and Kwapien et al. [38].

(I1I) Correlation Functions of Complex Eigenvalues and p, . The solution presented for
these two spectral characteristics involves specific polynomials which are skew orthogonal
in the complex plane with respect to a somewhat unusual weight function containing the
complementary error function. Can those be determined explicitly to eventually bring closed
formulae for both the correlation functions and the probability p, o? Their large-n analysis
would be of great interest, too.

(1V) Correlation Functions of Both Real and Complex Eigenvalues and a Generalised Pfaf-
fian Integration Theorem. The calculation of all partial (p, g)-point correlation functions
Rg;k ) for GinOE matrices with a given number (k) of real eigenvalues (defined as an inte-
gral of the j.p.d.f. over all but p real and ¢ complex eigenvalues, see (2.7)) is yet another
important problem to tackle. Also, can the unconditional (p, g)-point correlation functions
Rpg=2>4 R;Z;k) be explicitly determined? We believe that progress in this direction can be
achieved through a proper extension of the Pfaffian integration theorem:

¢ _
l_[ / d?T(Zj)pf[Q”(éi’Zj) Qn(%[vfj)i| -9 ©.1)
j=pt172i€C 0n(Zi,2j)  On(zi,25) 20x2t
Here, the notation of the Theorem 5.1 was used. Notice that one should not assume the
projection property for the kernel Q,.

The above list of open problems calls for further studies of GinOE that will eventually
unveil the rich mathematical structures underlying this classical but still largely unexplored
non-Hermitean random matrix model.
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Appendix 1 The n x n Matrix x

Symmetries of X and Useful Expansions The definition (3.27) of the matrix } suggests
that it is antisymmetric,

Kjk = —Xkjs (10.1)
and purely imaginary
X =—Rjk (10.2)
as confirmed by the formula
Fie= i/doz(w) eI [Re g (w) Im g, () + Im g (w) Re g ()] (10.3)

Due to (3.16) that relates the skew orthogonal polynomials g;(w) to Hermite polynomials
H;(w), the following expansions®* are useful for even/odd order Hermite polynomials taken
atw=x+iy:

m

(—1)i2?

Re Hyy (w) = Z W(—Zm)zjyz-f Hop2j(x), (10.4)
Jj=0 ’
m—1 i i
(_1)]—122]+1 .
Im Hy, (w) = Z ————(=2m)y; 1y Hypj 1 (%), (10.5)
@i+
and
" (—1)72% .
Re Hayp1 (w) = Y T 2= D2y a2 (@), (10.6)
j=0 ’

m

Im H2m+1(w) = Z

j=0

(_1)j—122j+1

GO 2= Doy Hy (). (107)

Here, (—a), is the Pochhammer symbol (a > 0),

_ . T@a+1)
(= (=

Calculation of the Matrix Elements Xyq2p and Xoq+12p41  We claim that

228 = Xoat1,2p41 =0 (10.8)

for all « =0,1,... and B =0,1,.... To prove this statement, let us consider Xz, 24. In
accordance with (10.3), this matrix element is related to the integral containing

—(w?4w? - -
e~ IR Re gy (w) Im gog (W) + Im gag (W) Re gog (0)].

34 http://functions.wolfram.com/05.01.19.0001.01 and http://functions.wolfram.com/05.01.19.0002.01.
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Having in mind (3.16), (10.4) and (10.5), we observe that the above expression, being inte-
grated over the x-part of the integration measure

da(w) = dx - erfc(y~/2)0(y) dy, (10.9)

nullifies due to the products of Hermite polynomials Heyeny(x) Hogay(x) of even and odd
orders. Thus, we conclude that X, 25 = 0. By the same token, the matrix element Xoq+1,24+1
is zero as well.

Calculation of the Matrix Elements Xoq+12p and Xoq28+1 We claim that
i o 2
Roat1,28 = 5(—1)/3_“}10[/ dy yP=071e7 erfe(yv/2)
0

x [+ DL (=2y%) + 2y’ L350 (=291 (10.10)
In accordance with the symmetry relation (10.1), it holds

Roa,2p+1 = — X28+1.20- (10.11)

To prove the result (10.10), we start with the definition (10.3),

Roat1,28 =1 /da(w) e—(w2+a)2)/2
X [Re gaa+1(w) Im gap(w) + Im gao11 (w) Regap ()], (10.12)

where the skew orthogonal polynomials g;(w) are given by (3.16). Substituting them into
(10.12), representing w as w = x + iy and making use of the expansions (10.4) to (10.7),
one can carry out the integration over x € R straightforwardly, due to the factorised integra-
tion measure (10.9) and the orthogonality of Hermite polynomials on R with respect to the
weight exp(—x?). Lengthy but straightforward calculations result in

A ia!l . B
X2a+1,28 = T(Va.ﬂ — Ya—1,8) (10.13)

where y, g is

Vap = (=1~ Qo + 1)h—a. / Ty 201 o erfe(y/2)
o Jo
2041 2yJ
@y?)’
|
OO i TG 26— DI

Jj=0

(10.14)

Notice that for @ < —1, the sum in (10.14) is void so that y,<_; g = 0. Otherwise, the series
can be summed up in terms of Laguerre polynomials,
20+1 ;
\ s (2)’2)1 gy 2(B—a)-1
@p E - —— =Ly
= J1QRa+1—-DIG+2(8—a)— D!

(=2y%), (10.15)

to yield

y he [ o )
ya_ﬁ=(—1)ﬂ*“(2a+1)a/ dy y* =071 erfe(yV/2) L2407 =2y, (10.16)
- JO
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From now on, the Laguerre polynomials of “negative order” are interpreted to be zeros.
Substituting it back to (10.13), we end up with (10.10).

Finally, the formula for %24 2441 follows from the symmetry relation (10.11).

The Structure of ¥ To summarise the calculations of Appendix 1, the structure of the n x n
matrix X is presented below. For n = 2m even, the matrix X is

0 Ho1 e 0 X0.2m—1
— o1 0 12m—2 0
=] SN : : .01
0 —Xiom—2 - 0 Rom—2,2m—1
—X0,2m—1 0 co = Xom—2,2m—1 0

For n =2m + 1 odd, the structure of ¥ follows the pattern

0 Xoi o Xo2m-1 0
_)201 0 e 0 XAI,Zm
~odd . . . .
70 = : SRS : . (10.18)
_)20,2771—1 0 e 0 )22m—1,2m
0 —Xiom ot —Xom—12m 0

Appendix 2 The n x n Matrix 6 =2i (jLX)

Calculation of the Entries 645 = 2i (LX)a,p for n Even  The matrices ft, X and thus (LX)
are sensitive to the parity of n, the matrix dimensionality. For n = 2m, we make use of
(3.21), (10.8), (10.11) and (10.17) to derive

AR = (AR 25 =0, (11.1)
~ ceven [ [
(UX)3028 = — - Xaat12p = 7 Xopoart (11.2)
~seven 1 5 l 5 hﬁ A oeven
(MX)2Q+1,2,3+1 = 7 X20284+1 = — 7 X2B+120 = 7 (MX)Q/S’&;(' (11.3)
hy hy hy

Here,a =0,1,...and 8 =0,1,....
An integral representation for the entries 65,755 and 65,7, 55, can be read off from
(10.10). Explicitly, we have

o0
o G f dy y*E=071 & exfe(y/2)
0

x [Qa + 1) L3507 (=2y%) + 20 L3077 (23] (11.4)
and
G5t = 5 O (11.5)

All other entries are zeros.
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Yet another representation in terms of y, g given by (10.16) is useful. Equations (10.13),
(11.2) and (11.3) yield:

2 even

al | -
Ou26 = ()/a,ﬂ = Ya—1.8)> (11.6)
. B! _ -
Ot 28+1 = —(Vﬁ,a — VB—la)- (11.7)

All other entries nullify in accordance with (11.1).

Calculation of the Entries 645 = 2i(LX)q.p for n Odd For n =2m + 1, we make use of
(3.22), (10.8), (10.11), (10.18), (11.2) and (11.3) to derive

(/l)z)gg%ﬁ-%—l (/’LX)Za+1 2 =0 (11.8)
m— 1
(BRI = (1= ) (AR5 — oS Z (33725 (11.9)
AL h A oeven m! ha 7 oeven
AR 2p = 35| RS = 5 T AR5 | (11.16)
Ny h, a!

Here, ¢ =0,1,...and 8=0,1,....
The above formulae simplify if expressed in terms of y, g akin to (11.6) and (11.7).
Straightforward calculations lead to the following result for the entries of 504

“o al - - .

625(125 h—[(] _aa,m)(ymﬂ _yaflﬂ)_aa,mym—l,ﬁ]’ (1]]1)
o

. _B . m! .

(720;11 2841 = O{' (Vﬁ a Vﬂ—l,a) - h_(yﬂ.m - Vﬁ—l,m) . (11.12)

Finally, the integral representations for (11.11) and (11.12) can be obtained from (10.16).

Appendix 3 The |n/2] x |n/2] Matrix @ and the Trace Identity

The Definition of @ Since the n x n matrix ¢ has half of its entries vanishing, it is useful
to define a reduced, |n/2] x |n/2] matrix @, such that

~even A even — al ~
0 = (-1 853 = (C 1P = Gl — Fae1p) (12.1)

for n = 2m even, and

A ah . pa| nev m! hg ..,
6% = 1)L = P o8, - 1 2o,
Aeven 1 B— m M h_/ff Aeven 12.2
_Qaﬂ ( ) I’l ﬂ'Qam ( . )
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for n =2m 4+ 1 odd. Explicitly,

o0
Onp = / dy y* =071 ¢ erfe(yv/2)

0
x [Qa + DL (20 +2y° L3 0 (2] (12.3)
and
. . _ @2,
odd __ aeven m—p m ( even
— —(—4 7 . 12.4
Ou. = 0up -4 Qm)yl . Gam ( )

The above formulae have been obtained from the definitions (12.1) and (12.2) with the help
of (11.4) and (3.18).

The Trace Identity It turns out that the probability function p,; is most economically
expressed in terms of @. To realise this, it is instructive to prove the following trace identity.

Lemma 12.1 Let 6 be an n x n matrix with the entries given by either (11.6), (11.7) or
(11.11), (11.12) depending on the parity of n. Then, the trace identity

tro.n—10" =2tr(0,|_n/2j—l)é] (12.5)

holds for all j = 1,2, ... and the matrix @ defined by (12.1) and (12.2).

Proof Since the matrix elements &yy 2441 and 644124 are zeros, the trace of ¢’ (j=
1,2, ...) can always be separated into two pieces:

~j ~j ~J
tr(o,,,_l)(r] = tr(o,[,,/zw_l)a] + tr(o,l_n/zj_l)b . (12.6)
The matrices & and b are defined through their entries,
Qo.p = G2a,28> 12.7)

bu.p = G2at1.2p+1 (12.8)

and explicitly depend on the parity of n in accordance with the discussion in Appendix 2.
(i) The case n =2m even is the simplest one because of the relation (11.5). Indeed, its
straightforward use results in

tr(O,m—l)I;] = tr(O,m—l)aj- (12.9)
This can further be simplified due to (12.9), (12.7), (12.6) and (12.1),
tl'(()’zm,])a’j = 2t1'(0,m,1)&j = 2tr(0’m,1)éevenj, (12]0)

This completes the proof of (12.5) for n = 2m even.
(ii) The case n =2m + 1 odd is a bit more complicated since a simple analogue of (11.5)
does not exist. Instead, we have [(12.7) and (12.8)]

&wﬂ = Ca[(l - (Sa,m)();a.ﬂ - fafl,ﬂ) - (Sa,m);m—l,ﬂ]v (1211)

bouﬂ = Coz();ﬂ,a - ?ﬁ—l,a) - Cm(];/i,m - )7/3—1,771)’ (1212)
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where ¢, = «!/ h, has been defined in (3.23). In writing (12.12), we dropped the prefactor
B!/a! appearing in (11.12) since it does not affect the value of the second trace in (12.6).
To prove (12.5), we will start with (12.6) in order to demonstrate that

tl'(o,m_l)éj = tI'(O,m)&j. (1213)
This will be followed by a proof that either of these traces reduces to tr(oﬁm_l)é(’dd i,

Let us prove (12.13) by focusing on the eigenvalues {1} of the matrices & and b which
are the roots of the secular equations

det[d@ — A 1]ty xnin) =0, (12.14)

det[h — A 1], = O. (12.15)
We claim that (12.13) holds because exactly one out of (m + 1) eigenvalues of the matrix
a is zero whilst the remaining m eigenvalues of @ coincide with m eigenvalues of b. Put
differently, we are going to prove that

det[d — A ity wnit) = —A detlh — X 11 (12.16)

The proof consists of four steps.

Step 1 Consider the (m + 1) x (m + 1) matrix @ — 21 under the determinant in the secular
equation (12.14),

C0Y0,0 — A 0Y0.1 CoYo.m—1 CoYo.m
alo allii—2 - il m—1 c1lim
. . (12.17)
Cmflrmfl,O Cmflrmfl,l e Cmflrmfl,mfl —A Cmflrmfl,m
—CmYm—1,0 —CmYm-1,1 e —Cm¥Ym—1,m—1 —CmVYm—1,m — A

where I'y g = Vo, — Va—1,5. Let us perform a number of operations with rows and columns
that will leave the value of the secular determinant intact. First, we multiply the content of
the first row by c¢;/co and add it to the second row. Having done this, we multiply a new
content of the second row by c¢,/c; and add it to the content of the third row. We go on
with this procedure until we arrive at the modified mth row whose content is multiplied by
¢m/cm—1 and further added to the last, (m + 1)th, row. While not affecting a value of the
determinant in (12.14), the above sequence of transformations brings (12.17) to the form

CoY0,0 — A CoYo,1 CoYo.m
c1y1,0 — (c1/co)r C1yin — A C1V1m
: : - : (12.18)
Cn—1Ym=-1,0 = (Cm=1/COA  Cne1 Vm—1,1 = (Cm—1/COA -+ Cn—1 V-1,
_(Cm/c()))L _(cm/cl))L _(cm/cm))L

The last row of this equation suggests that a factor A can be taken out of the secular deter-
minant. In other words, A = 0 is always an eigenvalue of the (m + 1) x (m + 1) matrix a.
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Step 12  Next, we multiply the content of the first row in (12.18) by ¢; /¢y and subtract it
from the content of the second row; having done that, we multiply the content of the modified
second row by c;/c; and subtract it from the third row; going on with this procedure, we
arrive at the (m — 1)th row, multiply it by ¢,,—/c,,—» to subtract this from the content of the
mth row. We do not touch the last, (m + 1)th row. This set of transformations yields

CoYo,0 — A CoYo.1 e CoYo.m—1 CoYo.m
cilip clip—a - il m—1 cilim
: (12.19)
Cm—lFm—l.O Cm—lFm—l,l Cm—lrm—l,m—l —A Cm—anz—l,ln
_(Cm/c()))" _(Cm/cl))\' _(Cm/cm—l))" _(Cm/cm)}"
Note, that all but the last row of the matrix (12.19) coincide with those in (12.17).
Step 13 Now, let us factor out ¢y from the first row, c¢; from the second row, ..., ¢,_;
from the mth row to obtain
Y0.0 — A/co Y0.1 . Yo.m—1 Yo.m
m—l I Cip—Afer oo Cim- Ty
[]ei x - : . (12.20)
=0 I‘Im—l,O Fm—l,l et l_‘m—l,m—l - )"/Cm—l I‘m—l,m
—(cm/co)r  —(cm/c)r -+ —(Cm/Cm-1)A —(Cm/Cm)
Next, we multiply the first column by cy, the second column by cy, ..., the mth column by
¢n—1, and do not alter the last, (m + 1)th column. This leads us to
CoYo,0 — A c1¥0,1 Cm—1Yom—1 Yom
colio oallyi—2 - Cn—1T1,m=1 Cim
: : : (12.21)
Corm,1.0 clrmfl,l cmflrmfl,mfl - A 1—‘mfl,m
—Cp —Cp A e —Cp A —A
Step 14  Now, we multiply the last, (m + 1)th column by ¢, and subtract it from the first,
second, ..., the mth column to reduce (12.21) to
€0Y0,0 = CmYom —A o Vom
col10cm Tim R S
(12.22)
Co 1-‘m—l,O —Cm 1—‘m—l,m 1—‘m—l,m
0 e 0 -\

The determinant of the latter matrix can be calculated via expanding with respect to its last
row. As a result, the secular equation (12.14) is reduced to

= -detlcg(Va.p — Va—1.8) — cm(Vaim — Va—tm) — A plpy =0,....,m — 1. (12.23)
A comparison with (12.12) allows us to rewrite (12.23) in the form
AT A
—Mdetlb — A1],5m- (12.24)

This establishes (12.13).
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Finally, it remains to show that, for all j = 1,2, ..., the identity

Aj ~oddi
tr(O,m—l)b =tr(0,m—l)g0 ]7 (1225)

holds. That (12.25) is indeed true, follows from (12.8) and (12.2). This completes our proof
of the lemma. 0

Appendix 4 Calculation of the Trace tr, |,/2)-1)0

Since the matrix @ is sensitive to the parity of n, two separate calculations are needed.

The Case n =2m Even To calculate the trace, we make use of (12.3) to write down

m—1

om0 = Z@a,a
a=0

m—1

:/ dyy'e” erfe(yv/2) > [Qa + 1)Ly, (=2y%) +2y°L), 1 (=2y)].

0 a=0
(13.1)
First, to put (13.1) into a more tractable form, we apply the identity™
() = Ly, (w) (13.2)
(_ )m
which, in the context of (13.1), reads
Lo (w) = Ry lea(w) (13.3)

The use of (13.3) reduces the integrand of (13.1) to
Qo+ DLy (=297 +2y° LY, (=2y%) = 2y* (L), (—2y) + L, (=2yD)].  (13.4)

Second, we spot that the transformation

LYY w) = LY (w) — L% (w) (13.5)
applied to (13.4), yields
Ly (=29") + Ly, (=2y) = L3,(—2y%) — L3, ,(—2y?). (13.6)
—_— —
L%D(_L%(X*l L%ufl_l‘%a72

3Shttp://functions.wolfram.com/05.08.17.0009.01.
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As a consequence, the summation in (13.1) can be performed explicitly,

m—1

D lQa+ DLy (=29 + 2y Ly, (—2)7)]

a=0
m—1
=22 Y (L3,(-29) — L3, L (-2 =213, (2D, (137)
a=0
resulting in a remarkably simple formula
trom_nod " =2 / dyye' erfe(yvV2) L2, o (—2y%). (13.8)
0

The case n =2m + 1 odd To calculate the trace, we combine (12.1) and (12.4) into

~odd N m' - -
Qo = Qe = 5~ Ve = Va=1.m)- (13.9)
Summing it up, we derive
!
T = 008" = 7= Tt (13.10)

Further use of (13.8) and (10.16) yields
dd o 2
trom0@™ =2 [ dyyeleterDIL, (-2 + L, (-20) (31D
0
With the help of the identity (13.5), this eventually simplifies to
o 2
tromn@™ " =2 f dyye erfc(yvV/2)L2, (=2y%). (13.12)
0

The formulae (13.8) and (13.12) can be unified into a single equation, holding for n of
arbitrary parity:

o0
N 2
tr(o,t,,/zj_w:z/ dyye’ erfc(yv/2) L ,(—2y%). (13.13)
0

Note added in Proof Very recently, the unconditional correlation functions R,, =

> Rg_-‘f" ), discussed in (IV) of Sect. 9, have been calculated by Borodin and Sinclair [8],
Forrester and Nagao [19], and Sommers [58], with various degrees of completeness. This
extends the results by Edelman et al. [14] and Edelman [13] [(2.23) and (2.24)] to higher
order correlation and cross-correlation functions.
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