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Abstract

We calculate the k-point generating function of the correlated Jacobi ensemble using
supersymmetric methods. We use the result for complex matrices for k£ = 1 to derive a
closed-form expression for eigenvalue density. For real matrices we obtain the density in
terms of a twofold integral that we evaluate numerically. For both expressions we find
agreement when comparing with Monte Carlo simulations. Relations between these
quantities for the Jacobi and the Cauchy-Lorentz ensemble are derived.

1 Introduction

The Jacobi ensemble, like the Wishart ensemble, has its roots in the field of multivariate
statistics. To quantify the empirically estimated canonical correlation coefficients between
two sets of time series, they are compared to a null hypothesis, i.e. to a Gaussian distribution.
Assuming for both sets Gaussian statistics with a non-trivial correlation structure, the null
hypothesis becomes the Jacobi model [1-3]. Besides the canonical correlation analysis it
applies also to other aspects of high-dimensional inference such as analysis of variances,
regression analysis and the test of equality of covariance matrices |1H5]. Consequently, they
are also referred to as MANOVA (Multivariate ANalysis Of VAriance) ensembles.

Along with the Gaussian (Wigner) and the Laguerre (uncorrelated-Wishart) ensembles,
the Jacobi ensemble constitutes the family of classical random matrix ensembles. Just as
the eigenvalue statistics for Wigner and Wishart ensembles respectively involve Hermite
polynomials and associated Laguerre polynomials, the eigenvalue statistics of Jacobi en-
sembles involve Jacobi polynomials. Together they complete the random matrix ensemble
picture in connection with the theory of classical orthogonal, and skew-orthogonal polyno-
mials [6-9]. Closely related to these classical ensembles is the less known Cauchy-Lorentz



ensemble |10,/11]. Tt exhibits a Levy tail and therefore finds important applications in the
spectral statistics of covariance matrices in finance [12].

Besides their crucial role in multivariate statistics and the intimate connection with the
theory of classical polynomials, Jacobi ensembles find interesting applications in the fields
of quantum transport and optical fibre communication. In the context of quantum trans-
port, they describe the statistics of transmission (or reflection) eigenvalues for disordered
mesoscopic systems with ideal leads, see [13] and references therein. The knowledge of these
eigenvalues, in turn, gives access to important observables such as Landauer conductance,
shot-noise power and Wigner delay time [14H19]. This connection of Jacobi ensembles with
the transmission eigenvalues stems from their relationship with the scattering matrices which
are modelled using Dyson’s circular ensembles [13,/14]. More recently Jacobi ensembles have
been used in the ergodic capacity analysis of multiple-input-multiple-output optical fibre
communication [20-H22]. In this case the Jacobi structure emerges from the channel matrix
which happens to be a block of a bigger transfer matrix which is unitary in nature.

In all these applications listed above one can ask about intrinsic correlations of the
channels or time series which result in correlated random matrix ensembles. Thus one has
to relax the condition of the empirical correlation matrix being proportional to the identity
matrix. This correlation can be attributed to different reasons depending on the context.
For instance, in time-series analysis data are in general mutually correlated, e.g. see [23].
In the context of multiple antenna communication, this correlation arises because of spatial
correlation between closely spaced antennas [24] as it is the case in any cellphone. To handle
these situations matrix models with correlations between different time series [24-28], even
with double correlations [29,30], have been introduced; see also Refs. [1},2] and references
therein. In the Wishart case the level density of the model correlation matrix was computed
by various techniques. We pursue the ideas of Refs. [26,30] where supersymmetry techniques
were employed.

In the case of the Jacobi and the Cauchy-Lorentz ensemble not much progress has been
made in a similar direction as for the Gaussian because of their non-Gaussian form. Nonethe-
less both models can be traced back to a combination of two random matrices both drawn
from Wishart ensembles, as explained in detail in sections [2] and [3.1] To each of the two
Wishart matrices one can associate an empirical covariance matrix. However, we show in
section [2| that effectively only one empirical correlation matrix is involved.

In section [2| we briefly review the Jacobi ensemble before showing the relation to the
Cauchy-Lorentz ensemble in section [3] The latter is more convenient to apply the projection
formula |10] and the supersymmetry approach. Nevertheless we present in appendix [A| an
alternative approach which is a direct way from the integral over the Jacobi ensemble to
an integral over superspace. The resulting supersymmetric integral is more involved than
the one resulting from the first approach because it involves two supermatrices instead of
only one. However the second approach exhibits an intrinsic symmetry of the model which
is not obvious in the more compact result presented in section [3] In section [4] we calculate
the whole eigenvalue statistics of the correlated complex Jacobi and the correlated complex
Cauchy-Lorentz ensemble. This is possible due to an underlying determinantal point process.



Such an integrable structure is not available for the real case discussed in section [5] For this
case we need the supersymmetric representation and compute the level density with the help
of the generalized Hubbard-Stratonovich transformation. Some details of this calculation
are presented in appendix [B] In section [6 we discuss the level density for the real and
the complex ensemble in the limit of large matrix sizes in a unified way. Our results are
summarized in section [7

2 Correlated Jacobi Ensemble

This section is devoted to introduce the theoretical background. The correlated Jacobi
ensemble is a two-matrix model for a Hermitian matrix H which is composed of two inde-
pendently distributed correlated Wishart matrices FF' and BBT, i.e.

H:FFT—BBT' (1)
FFt + BBt

The rectangular matrices F' and B have the same number of rows p (the number of time
series) but may have a different number of columns n; and ns (the number of time steps),
respectively. We assume that n; > p and ny > p. In a realistic situation for time series
analysis both dimensions n; and ny are indeed larger than p since the number of time
steps is usually larger than the number of time series. Moreover the matrix entries Fj; are
distributed as Gaussians with variances [Cr| ;i such that the distribution reads

exp (—tr FFTCH'/7)
(,yﬂ)mp/"/ det™P/m Cp ’

P(F|Cr) = (2)

and likewise for B, where we introduce v =1 for § = 2 and v = 2 for § = 1. The parameter
[ is the Dyson index meaning that § = 1 corresponds to real matrices whereas § = 2 denotes
complex matrices. The case of quaternion matrices (5 = 4) is not considered here but can
be in general worked out in a similar way.

The empirical correlation matrices Cr and Cp are fixed as in the discussions of [24-30].
Because of the distribution the random matrices F' and B have upon average the same
covariances as the sample,

1 (FF') = Cp, E (BB') = Cp (3)
ny n2
The angular brackets denote the average over the random matrices F' and B.

We note that instead of the matrix model one can also consider the matrix model
FF'(FF'+ BB")~L. In that case the eigenvalues lie in the interval [0, 1]. These two matrix
models are related by a scaling and a shift transformation. We work here with the matrix
model and thus relate directly to the Jacobi weight. Because of the involvement of two
Wishart matrices in the Jacobi model, it is also known as the double Wishart model.



The spectral statistics of H can be studied via partition functions which are averages
over products and ratios of characteristic polynomials, see e.g. [31,32],

2 e — Ka2
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Those partition functions are related to the k-point correlation functions as

REo(@) = <H (ltr6<H—xjnp>)> (5)
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with z1,..., 2, € R. We underline that this definition of the k-point correlation function
comprises self-energy terms, in particular terms proportional to §(x; — z;). Despite those
terms the definition is very helpful when the joint probability density of the eigenvalues is
not explicitly known as it is in the case of the correlated real ensembles discussed in section 3}

In the case when the joint probability density is known one can apply another definition
of the k-point correlation function, e.g. see 33|,

Bk - (p—K)p*
Ry 5(z) = H(S(Ej —z;) ) = TRP’B(x) — self-energy terms, (6)
j=1
where Fy, ..., E) are the eigenvalues of H. This definition is employed to the correlated

complex ensembles studied in section [l Both definitions are normalized in such a way that
[ dxyRE 4(x) = Ry S (x) and [ dayRE 4(x) = Ry ' (x). The eigenvalue density of A is given
by the case k =1, i.e.

Sy(x) == <%tr5(H - xnp)> = R (x) = B (a). (1)

It is computed in sections [4 and [5]

The partition function is normalized as lim, Z;C’lB'kQ(/f)detp (—k1)/det?(—kg) — 1.
Note that in the case C'r = Cg, the partition function and, hence, the spectral statistics of
H become independent of the empirical covariance matrices such that the joint eigenvalue
distribution of H is given by the uncorrelated Jacobi ensemble [2,4,8]. Indeed we can rescale
the matrices F' — /CpF and B — /CpB such that the partition function only depends on
Cog = Cp PCpCH2 e,

Balks o\ _ [To, det (H — Kas1l,)
23t = [ e Bt o P, P Car), ®)

Thus in the case Cr # Cp, the eigenvalue statistics become non-trivial, even in the complex
case (f = 2), see section . Thus, it is reasonable to apply other methods than the standard
Jack or Zonal polynomial approach [2}34}35].
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3 Correlated Cauchy-Lorentz Ensemble

The correlated Jacobi ensemble is also related to the correlated Cauchy-Lorentz ensemble.
This relation is established in subsection With the help of this relation we express
the partition function in terms of integrals over supermatrices in subsection The
advantage of the supersymmetric integrals is the drastic reduction of integration variables.
The parameters nq, no, and p only appear as external parameters in those expressions. This
fact allows an asymptotic study when these parameters are large which is considered in
section [6

3.1 Relation between Jacobi and Cauchy-Lorentz

To see the relation between the Jacobi and the Cauchy-Lorentz ensembles we take advantage
of the fact that F'FT is generically invertible because n; > p. Then we can rewrite [' = F1I
as a product of a p X p square matrix F' which can be either real (5 = 1) or complex (8 = 2)
and a random projection II € O(ny)/[O(p) x O(ny — p)| for § =1 and II € U(ny)/[U(p) x
U(ny — p)] for 8 = 2. The measure transforms as d[F] = det™ ?/7FFtd[F]du(Il) where
du(IT) is the Haar measure induced from those on the groups O(n;) or U(ny), respec-
tively. The projection drops out and the integral over it yields a constant. The same
procedure can be applied for the matrix B yielding a p X p matrix B with the weight
exp|— tr C BBt /4]det"2™P/7 B Btd[ widehat B]

Since F is generically invertible we can rewrite any average of an observable O of H in
the following way

FF' — BBf FF' — BBt 1, — F'BBIF-11

FFET+ BBT FFt+ BBt 1, + F-1BBtF-1t
Note that the observable O has to be invariant under the group action of O(p) and U(p),
respectlvely Due to the invariance of the probablhty weight P(F|1,) the average (@ over

F only, depends on the singular values of B such that it is also true

FF' — BBt 1,— F'BIBF-1
Ol =—=—=))=(0| L—"——== . (10)
FFT+ BB' 1, + F-'BtBF-1t
This identity is reminiscent of the weak-commutation relation proven in [36]. When rescaling
B — BF' the integral over F' becomes a deformed Gaussian and reads

. N 1 ~r~ . .
/ d[F]det™+2=/7 Bt exp (—— wh [BICg B+ 1,) FT)
Y

o det™ N (BIC B +1,) (11)
Thus the spectral statistics of H is equal to the statistics of
1, — B'B'
e iy (12)
1,+ B'B'"
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where the p X ny matrix B’ is drawn from the correlated Cauchy-Lorentz distribution
n—1 .
[f(ni—p+j+1)/7]
Pt (B|Ceg) = 7P/ : det™/"C,
n1+n2( | ff) H F[(?’Ll Ty —p+j+ 1)/7] ff

xdet("F)/Y (BB 4 Cog) . (13)

J=0

Indeed the factorization B’ = BII' in a square matrix B and a projection II' € O(ns)/[O(p) x
O(ng —p)] for =1 and II" € U(ny)/[U(p) x U(ny — p)] for 5 = 2 is still possible. Then we
would have the additional term det /Y BBt in the weight .

Note that the eigenvalue statistics of H’ is completely determined by the eigenvalue
statistic of B’. This means when we calculate the k-point correlation function of B'B’f then
the k-point correlation function of H' is given by the substitution b = (1 — x)/(1 + z) where
b is an eigenvalue of B’B’M and z is an eigenvalue of H’. Therefore we consider the partition
function

k
7557 (k) = / qp e det (BB = karly) por (14)
" ngil det (B/B’Jf _ /{bl]lp) ni+ng e

From this point on everything works analogously to the correlated Wishart ensemble studied
in [26,27]. When plugging Eq. into Eq. we obtain an explicit relation of Z”;fﬁ',b(/{)
to the partition function of the Jacobi ensemble which is

k
Zk1|k2(l<) = (_1)(k1—k2)PHa2=1(1 + Kub2)pZ,/I€1—~_/7€2|I€2—i_lc1 ﬂ — g, Lo —1 (15)
PP HIZI:1(1+I%1)P piB 145 1A Ry A

Especially the k-point correlation function remains effectively unaffected since in this case
we have k1 = ky = k and the additional characteristic polynomials cancel. The k-point
correlation function with self-energy terms is then

R”;ﬁ(b)ndbj = <H (ltré(B'B'T—bj]lp)dbj)> (16)

j=1 \P

and similar for the definition @ We have written the differentials to underline the transfor-
mation properties under changes of coordinates. In the particular case of the level density
we have

, B 1 I w1z 2dxz B
Sﬂ(b)db = <p tro(B'B bllp)db> = SB (1 n x) (+2) = Sp(x)dz. (17)

Establishing this relation between the correlated Jacobi model and the correlated Cauchy-
Lorentz ensemble is the first main result of our work.



3.2 Projection Formula

Before we come to supersymmetry let us refer the reader who is not familiar to superanalysis
and superalgebra to the textbook by Berezin [37]. A general introduction to the supersym-
metry method in random matrix theory is given in [31}3839] and references therein.

To apply the projection formula introduced for chiral ensembles in Ref. [10] we rescale
the matrix B" — /CegB’. Then the partition function is

Z”;}g’”(n) — det™ MOy / d[B' sdet™ (B'B"" @ 1y, — Cft ® 5)PC(B'|1,,). (18)

We use the short-hand notation of the superdeterminant which only encodes the products
and ratios of determinants. Moreover we understand x = diag(k11, . .., Kk 1, K125 - - - , Kky2) 88
a (k|k) x (k|k) diagonal supermatrix. The representation directly reflects the duality
between the ordinary matrix space and the supermatrix space.

Let L = signIm x be the sign of the imaginary increment in the source. Then we can
apply the projection formula [10,/11] to the partition function which reads

Z (k) = Kidet™ MOy / d[x] sdet™ (1, @ \x' — C @ (k@ 1)) (19)
X sdet‘“”(xxT + Lok ks
= Kydett2 ™" / dp(U) sdet™ " Usdet (1, @ U — Ct @ (Lk ® 1))
x sdet ™ ((L @ 1.,)U + Dok yks)
_ Kydett RO / Ao y(0) sdet™ (1, ® 0 — O ® (k@ 1))
x sdet™#/7 (0 + Lok k)

with 4 =mny +ny — p+ k1 — k3. The normalization constants are

2
Il

/ dlx]sdet™ Oox + Lo s
K;' = /du(U) sdet ™7 (L ® 1,)U + 1y, y1,) sdet™/ 7 U, (20)
Kt = / d[o] I, (o) sdet ™7 (o + Logy o, ) -

The rectangular supermatrix y has dimension (yk;|vks) X no and it satisfies the symmetry

X" = diag(Ly, 72 @ Lg,)x, (X1)* = x'diag(Lk,, -7 ® Ly,) (21)

in the real case ( = 1) where 75 is the second Pauli matrix, i.e. x consists of a (vk;) X ng
real or complex matrix depending on § and a (yks) X ny matrix comprising independent
Grassmann variables.



In the second equality of Eq. we have used the superbosonization formula [40-42].
We use this representation in sections [4] and [6] In the present situation the matrix

Ups Usr
U= 22
{ Urp  Urr } (22)

satisfies the following symmetries:

e (L®1,)Upp = [(L®1,)Ugg]" positive definite for both 8 = 1,2 and Upg = Uy only
for g =1,

) U;F = UF_F1 unitary for both 8 = 1,2 and Upp = 7UfpTs self-dual only for 8 =1,

e Ugp = U}y for both 8 = 1,2 and Ul = Ugpry only for § = 1.

The set of supermatrices U is a particular case of the co-set Gl(k|k)/U(k — r,r|k) for 5 =2
and UOSP(2k — 2r, 2r|2k) /U(2k — 2r, 2r|2k) for B = 1 (r is the number of minus signs in L),
see [43]. Note that we have chosen the non-compact group symmetries due to the non-trivial
signs L.

Alternative to the superbosonization formula one can also choose the generalized Hubbard-
Stratonovich transformation [42}44,45], see third equality of Eq. , which we employ in
section ol The superbosonization formula and the generalized Hubbard-Stratonovich trans-
formation are equivalent [42]. The first can be understood as the contour representation
of the latter which is some kind of a high dimensional residue theorem. The distribu-
tion I,,,(0) in the generalized Hubbard-Stratonovich transformation is the supersymmetric
Ingham-Siegel integral |44} 45|,

L, (U) - /d[p} sdet_m/”(p - ZGH’Y’QW’@) exp [Z StI‘(p - ZGH’Yklhkz)O—} (23)

with € > 0. It encodes derivatives of Dirac delta functions in the fermion-fermion block, opp,
and the positivity condition in the boson-boson block, ogg. Therefore the supermatrices
o and p are elements of another realizations of the cosets Gl(k|k)/U(k|k) for § = 2 and
UOSP(2k|2k)/U(2k|2k) for = 1. They are of the form

— {UBB UIJ;B 1 and p = [PBB PI:B ] : (24)
OFB 0FF PFB  LPFF

where opp and ppp comprise independent Grassmann variables, only, and satisfy opp =

1mpopp and pip = 1meppp for S = 1. The blocks opp, opr, pep, and pprp are Hermitian.

Additionally the submatrices ogg and ppp are real symmetric while opp and ppp are self-

dual for g = 1.

4 Eigenvalue Spectrum for § =2

In the case of complex matrices (§ = 2) we first calculate the joint probability density before
applying supersymmetry. This simplifies the whole calculation a lot. In particular we show
in subsection that the joint probability density follows a determinantal point process.
The corresponding kernel is expressed in terms of a supermatrix integral in subsection 1.2
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4.1 Determinantal Point Process

We start from the weight . Let b = diag(bi,...,b,) > 0 be the eigenvalues of B'B'T =
UbUT with U € U(p). The computation of the joint probability density of b is possible
because the integral

/ dp(U)det™™ "2 (UbUT + Ceg) (25)
U(p)
_ ! n1 + ng — —j — DV det[(b; + Aj)P ™o

n1 +ng —p— 1) Ap<b)Ap(A)

is well-known [46,[47]. The matrix A = diag(Ay,...,A,) > 0 are the eigenvalues of the
empirical matrix Ceg. The measure du(U) is the normalized Haar measure on the group
U(p) and Ap(b) = [[icicjc,(bj — bi) = det[b) ']1<i j<p is the Vandermonde determinant.
Thus the joint probability density is

A b no— —n1—ng—
PE0) = K det™ ASEEL et 70 A, g 020, (20
'4

with the normalization constant

(ny +ng — p)!
— 27
Kipa ﬂIIrm p+ il —j+1)1 @)

The normalization can be readily checked when applying Andréief’s integration theorem [48§].
The k-point correlation function of the correlated Lorentz-ensemble without self-energy

terms is
R (b, ..., by) H / db; pPs (28)

j=k+1

We employ a modification of Andréief’s integration theorem derived in [49] and find a de-
terminantal point process

0 b1 (b + Aj)r-m T IAT

R (by, ... b)) = B zA) e ot y1 (2 —p+i—1)(m — 2)'A._1
P ! (n1 4+ ny — p)! J 1<l,m<k
1<i,5<p
(p— k)"
= BT det [K (i, bm; M)y <y e - (29)

We emphasize that the case k = p is the joint probability density. The kernel is

1
(n1 413 —p)! €pi (M)
Kb, bpi A) = -
(b Z —p+i—1)!(ng —1)! det(A 1,01 —Ayj) 7/

1]1

A




X P (b + Ay (30)
with

A= 3 AuA, (31)

1<j1<...<jp<p

the elementary polynomial of degree k with p arguments and A; the set of (p—1) eigenvalues
A where A; is excluded. Deriving the determinantal point process for the complex case
is our second main result we have been aiming at.

The result immediately yields the k-point correlation function of the correlated
Jacobi ensemble via the explicit relation

k

~ 2 1—a
k 1k

Rey(2) =[] ~———R . p
p2(?) (14 z,)2 P2 (1+x> (32)

j=1

The prefactor is the Jacobian from the change of coordinates b = (1—x)/(14z), cf. Eq. (16).
In particular the level density reads

2 & : —p)! PNy
Sg(%) _ Z(_l)p—z (7114-.712 p) : €p ( 7’5]) A
pm,zl (n2 —p+z— 1)'(”1 —z)!det(Aj]lp_l —A7,gj) J
1 1— 7 ng—p+i—1 1— 7 p—ni1—ng—1
A
X(l—i—x)2 <1—|—m) (1—|—x+ ]> (33)

This closed-form expression for the level density is plotted in Fig. [I] where we compare the
result with a Monte-Carlo simulation. The structure of Eq. is reminiscent to the result
found for the correlated complex Wishart ensemble [24,29].

Despite the fact that the kernel is very explicit it is unsuitable for studying its
asymptotics, see section [0 This is the reason why we want to rewrite this expression in the
next subsection.

4.2 Supersymmetry and the Kernel

Let us point out that the kernel is independent of k. This is quite convenient since we
can express the kernel as an integral which is very similar to the one we started from, see

Egs. and . Thus the kernel is

p—1 _
< AL(b, 1) b2 P(b; + Aj)pmme—l
. _ X ni =P\ i 2 J
K (21, 22; A) = Kpadet AT | /0 =R | iy + At [y
=1 1<j<p
(34)
The normalization constant is fixed via the asymptotics of the kernel in the variables x; and

Za.
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Figure 1: Comparison of the analytical expression (33|) (solid curve) with Monte Carlo
simulations (histogram). The random matrices have the sizes p = 3,n; = 5,ny = 7 and
the empirical eigenvalues are A = diag(1/3,2,9/2). We have generated 50 000 complex
correlated Jacobi matrices.

Note that we now integrate only over p — 1 variables instead of p. The missing integral
can be introduced by a Dirac delta function (b, — z2) = lim._,o Im 1/[7(b, — x5 —2¢)]. The
symmetrization in all b, ..., b, reads

1 1 P AL(b) det(b—ay1)
K(z1,22,A) = — limI Kipadet™ A o -
(1,223 4) = o limg T 2= Kjpadlet ]1:[1 /0 BiA, (A) det(b — (w3 + 12)1L,)

xdet [ b 7P(b; + APl

(35)

1<i,j<p’

What did we gain from rewriting the kernel? We can now identify the integral on the
right hand side with a partition function (14)), i.e.

1 1
K(x1,29;A) = —limIm

1|1
Tpe—=0 Ty — I Z’p!2(x2 e ) (36)

This allows us to apply the result of the projection formula,

, 1 L _ _ :
K(xy,m9;A) = lg% o Lgl pa— /du(U) sdet ™' (1, ® U — A~ @ diag(zy + 1Le, 71))
x sdet?™ " (LU + 1y)1) sdet™ U. (37)
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The explicit parametrization of U is

Leﬁ n*
U - [ n ew :| (38)
with 7 and n* two independent Grassmann variables and ¥ € R and ¢ € [0, 27]. The Haar
measure is du(U) = Le"™?dddpdn*dn/(2m) where we choose the convention [ndn = 1. The
expression (37)) is exactly what we are aiming at. The integral is over a small fixed number
of variables and the “large” dimensions ni, ny and p appear as external parameters. Thus
the result invites for a saddle point approximation. This is the main idea behind the
supersymmetry method [38}39].

The diagonal elements of the determinant are the level density at positions z1, ...,z
whereas the kernel becomes

L 1 0
/ : § : - -1 -1 P
SQ(b) = l]_]}r(l) Z 47TZp / du(l / ) str(llp ® l/ (b + ZL&T)A X ]].1‘1) |: 0 —]lp :|

x sdet™ (1, ® U — (b+1Le)A™" @ 1ypp) sdet? ™ "2 (LU + 1y)) sdet™ U

(39)

due to L’Hospital’s rule.

5 Eigenvalue Density in the Real Ensemble

In the case of the real correlated Jacobi ensemble the computation of an arbitrary k-point
correlation function is highly non-trivial since the corresponding group integral is un-
known. Hence we concentrate on the calculation of the level density . Already computing
the level density with the help of the projection formula is quite involved. The dimension
of the supermatrix model is (2|2) x (2]|2) and thus twice as large as for the kernel of the
complex matrices.

We apply the generalized Hubbard-Stratonovich transformation [42,44,45| for k = 1,
third equality of Eq. , which explicitly reads in this case

Z/zl),l(ﬁ) = @ /d[a]ln2(0) sdet /2 (o + 1op) sdet 1/ A '®rk—1,®0). (40)

The exponent is 1 = ny+mny—p and I,,,(0) is the supersymmetric Ingham-Siegel integral
for k; = ko = 1. Furthermore we have k = diag(b £ 1¢,b £ 1, by, b;) and

* b
() () ) e

The normalization has been calculated by choosing by = b41c where Cauchy-like integral the-
orems [50-55] apply. In the parametrization of o, the variables a, b, ¢, o5 are real commuting
whereas «, § are complex Grassmann variables. The measure is

d[o] = dadbdedoydada™dpds™. (42)
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Let us first consider the diagonal blocks. Since the boson-boson as well as the fermion-
fermion block of k are proportional to 15, we can diagonalize the boson-boson block of
o without any problems. Accordingly, we write oy = OrOT, where r = diag(ry,72) and
O € O(2). This change of coordinates yields a decomposition of the differential

d[oy] = |r1 — reo| dridradp(O). (43)

Because of the structure of the integrand (40), the integral over O(2) factorizes and yields a
factor of /2.

In the next step, we expand the superdeterminants of o+ 1y, in the Grassmann variables
a,a, f and B%,

—u/2 _ (1 + ZO’Q)” 44
Sdet (O- + ]12‘2) (1 + 7‘1)“/2(1 + 7"2)“/2 ( )
1
X ( B T T S iy prieiy (o BT iy s R G
and
Sdet_1/2 (Afl QKk—1,® 0_) _ det(/@A*l — ZUQ]lp)
P Vdet(ri At — ri1,) det(k A=! — rolL)
X <1 + zp: ! afa+ Zp: ! B*B
= (Ro\; ' —109) (k1A — 1) = (R —102) (k1A — 1)
1
+ afafB* s . 45
1<;<p (KQA;l — ZO'Q)(KQA;l — ZO’2)(K/1A;1 — Tl)(KLlA;l — 7’2) B ﬁ) ( )

The expansion in the Grassmann variables of the supersymmetric Ingham-Siegel integral for
f =1 was done in Ref. [26] and is

I,(r) = 4—71-@(7« VO (r2) (117 )(n2_1)/2 (zi)m_Q
e N T 0,
o*fa 6*6 0 a*aﬁ*ﬁ 82
: <1 _Z( 1 " o > doy  TiTs 3(7%) 6(a2), (46)

where O is the Heaviside step function.

When performing the integrals over the Grassmann variables we only keep the leading or-
der terms in the four Grassmann variables, in particular those terms proportional to a*aS* 5.
Moreover we evaluate the Dirac delta function and apply the derivative in k5. In the end we
set ko = k1 = k. Then the partition function is

07" 1
WI;I(’ﬁ K) = ] [N(M - 1)052—2,p—2(’f§ A)NT(ZQ—LM,H,H(“; A) —2pu(ny — 1)022—1,#—1(’{5 A)
XNr(L)Qfl,,u,Jrl,fl(/i; A) +na(ng — 1)C£Q,u(’f§ A)Nggfl,y,fl,floﬁ A)]
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S

1
+ZZ nCh,y— zu 1 (K5 A#J)Nng Lt (B A5 ) = (no — 1O 1;1(’i A#J>Nn2 L, 1(“3A§Aj)}
7j=1
+_ Z ng 2u K; A?élj) ng— IN(H;A;ADAJ) (47)

1<z<j<p

with A; the diagonal p—1 dimensional sub-matrix of A removing A; and A4, ; the diagonal
p — 2 dimensional sub-matrix removing A; and A;. The functions Cf ,(x; By, . .., E.) are the
integrals over g,. The derivatives of the Dirac delta functions can be written as contour
integrals and as a finite sum

o [*™d
Colii Buvoo B = 5 [ 5Fe _”w(l%—e“pr/bel )

- c—j bl y =1 cf 1
B ;(_1) (c—a—])(a~|—b—c+j)ﬁ GET). 18

The resulting sum involves the elementary polynomials which already appeared for the
correlated complex ensembles. The function

—14d1)/2 (a—1+d2)/2
dridra|ry — 1| ri“ +di)/ ré”’ +d2)/

Nopay.an (i ) = /
e Y A

(49)

appears for any term in the expansion of the Grassmann variables as long as we take the
first term in the superdeterminant . The second and third term in the expansion ({45])
yields the two-fold integrals

dridra|ry — 73| 1 7,(11/27,§a—1+d)/2

\/RA _ 7”1\//{/\1_1 — 1y IiAj_l -7 (1 + Tl)b/2(1 + Tz)(b+1+d)/2

Ni,b,d(”% A; Aj) = /
R2

(50)
and
ij(n;A;Ai,Aj) _ / dridra|ry — 1| _ 1 _
, R?# Hf,l \/KA_I . Tl\/lfAl_l — 1y (K}AZ — Tl)(liAj — 7"2)
a/2 a/2
(51)

T 20T )

respectively. These two integrals are principal value integrals at the non-integrable singular-
ities r; = HA;l and ro = KA, !, We discuss the numerical evaluation of these two integrals
in appendix [B]

The structure of Eq. is very similar to that obtained for the ordinary and the doubly
correlated Wishart model computed in Refs. |26]30]. The full expression can be separated

14



into three parts; a part with only square root singularities in r; and ro, a part including an
additional 3/2-singularity in 1, and a part with two 3/2-singularities, one for r; and one for
ro. The latter two terms in Eq. correspond to the single and double sum. They have to
be regularized by Cauchy principal value integrals which is done in appendix [B]

The € — 0 limit of the imaginary part is taken from the integrals , , and ,
only. Thereby we adapt the analysis from Refs. [26]30] and concentrate on the product of
the square roots. We choose the branch cut of each square root along the negative real line.
Then for any y € R we have

PR _ O(y) + LO(-y)
e—0 \/y —1Le \/m '

Recall that L is the sign of the imaginary increment. Thus the imaginary part of Eq.
is only non-vanishing in the limit ¢ — 0 if det(bA™! — r;1,,) det(bA™! — 751,,) has a negative
real part. We recall that kK = b+ 1. Let us assume that 0 < Ay < Ay < -+ < A, < 00.
Then we can divide the integration domain [0, co) into disjoint subsets

(52)

p
[0,00) = J Vs (53)
=0
where
Vo= [0,bA,"), V, = (bA7",00), and V; = (bA L bA L) fori=1,....p—1. (54)

This decomposition implies det(bA~! — r1,) = (—1)!|det(bA~! — r1,)| for r € V.

We plug the decomposition into the integrals , , and and keep only
those terms which yield an imaginary part. Then the double integral becomes a sum of

decoupled one-fold integrals

/ dTl/ dTng’l—T2|—> Z
0 0

0<iy,l2<p
l1+12€2Ng+1

SigH(ll — lg)/ d?"l/ dT’Q(Tl — 7"2). (55)
iy Vi,

Moreover, we get an additional sign in the sum from the square roots. Assuming r; € V,
and ry € V,,, we have

p
1
Imlim
0 \/((b +2e)A; ! — 7“1) \/((b + zs)A,?l — 7"2)

P (—1)(be+t1)/2 (56)
11 . L+l e 2N+ 1,
=3 i/ [bArt = pAgT =7

0, otherwise.

We also obtain for each additional term 1/ (KAJ-_l — ) in the integrals and a sign
sign(p — 1 — j +1/2) if r € V;. The term 1/2 in the sign function guarantees that the sign
is positive if j =p — L.
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Summarizing everything the level density of the correlated Cauchy-Lorentz ensemble
is

(_1)(l1+l2—1)/2

S1(b) = Z / drydry p
Janvov, TTYAT ] [pAr =
k=1

(57)

le 71,72; b, A) . f3,z,i(7“1,7“2;b,/\)
X fl(rl’r%b A +Z bA_ —7"1) +”z:1 (bAl_l —7’1) (bAi_l —7’2) ’

i#l

where fi(r1,72;0,A), fou(r1,72;0,A), and fs5;,(r1,72;b,A) are some functions that can be
read off from Eq. . As already said the integrals with the 3/2 singularities have to be
regularized which is done in appendix[B] Finally we obtain a finite sum where each summand
is a product of the three integrals Cf ,(k; B, ..., E,) (see Eq. [(48)), g2 .,(b; A) (see Eq. (84)),
and g, ., (b; A; A;) (see Eq. (85)),

1
Si(b) = = > (=) Psign(ly — 1) (58)
T 0<ly,l2<p
l1+1l,€2Ng+1
0 g§2+1,u+2,l1 (b, A) g§2_17u+2,h (b, A)
(# det (”2 - 1)6;?2 1,pu— 1(b A) gn%—i-l,,u,—i-Q,lg(b; A) gnzo—l,,u—i-Q,lg(b; A)
( - 1)Cn2 2/1, 2(b A) gng—l,/ﬁlg (b7 A) gn2—3,u,l2 (b7 A)
0 9'22*17/14711 (b; A) 92273,%11 (b;A)
+(ng —1)det | uCy, y, (;A) g0, BN gn, g, (B A)
n2C’n2 ,u(b A) g22+1”u,+2,l2 (b7 A) 92271,u+2,l2 (b7 A)
0 Img i1y O3 A5 85) gy 0 (05 A5 A)

+2 Z det | (np—1) 1C£2 4 w03 Asj) 922+1,M+2,z2(53 A) 922—1,M+2,l2(b; A)
ng 20— 1 (05 Agj) 922 1u12(b' A) 92273,;1,12(53 A)

bi A A ghy 1 (AT A)
+2 Cg 2 b A ; d t |: gn2+1 ,LLZ1< no—1,u,l \Ms #1432 .
Z p2u(by A ) de 9n2+1,u,z2<b A Aj) g7112_17u712(b;A;Aj)

1<i<j<p

The integrals g ., (b; A) and g, ., (b; A; A;) are one-fold integrals over the compact interval V;
which is numerically more advantageous than the original two-fold integral.
The level density of the correlated Jacobi ensemble readily follows from via the

relation
2 ,(1—x

This third main result is compared to Monte Carlo simulations in Fig. 2 The excellent
agreement validates our calculation.
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Figure 2: Comparison between the result (solid curve) and Monte Carlo simulations
(histogram) for n; = 5, ng = 5 and p = 2 with A; = 1, 4. The sample size consists of 50 000
real correlated Jacobi matrices.

We emphasize that the integrals drastically simplify when the spectrum of Ceg and thus
A is doubly degenerate. Then the limit ¢ — 0 in combination with taking the imaginary
part yields Dirac delta functions such that one of the integrals over r; and ry can be exactly
performed. The remaining integral can be easily performed, too, by employing the idea
of [49] where the term 1/det(bA — r1,) can be written as a quotient of a Vandermonde
determinant and a Cauchy-Vandermonde determinant. The degeneracy of the spectrum is
not that academic. Such a degeneracy was proposed for the correlated real Wishart ensemble
in [27] to calculate explicit analytical results. It was shown that in the limit of large matrix
dimensions such an artificially introduced degeneracy has no effect on the spectral properties
like the level density and the k-point correlation function. The open question is if this
statement carries over to the Cauchy-Lorentz and the Jacobi ensemble. For the level density
we answer this question in the next section.

6 Asymptotics of the Level Density
To obtain the asymptotic behavior of the level density for both, the real and the complex

correlated Jacobi models, we perform a saddle point approximation of the supersymmetric
expression for k = 1. Particularly we first consider the level density of the correlated
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Cauchy-Lorentz ensemble

I o) 1
Sh(b) = W_pg%lm 97|, 7', 5(b+ae,b—J +e)
K P - S [1, 0
= %ll_rglm du(U) exp [—;E(U)} E str(b+ 1 — A;U) {0 0 . (60)

j=1

The normalization constant KX is
K7 = [ a0y e Hc(m] | (61)

where we used an apparent b-dependent version which is more convenient in the saddle
point approximation. The b-dependence is indeed only apparent because of the Cauchy-like
integration theorems in superspaces [50-55].

The “Lagrangian” in the exponential function is

n1 + Na
p

— 1 &
L(U) = str ( P1n (U+1,,) — %an —l—]—)ZIn (b4 )ALy — U)) . (62)
k=1

This Lagrangian has to be minimized if n; o< ny o p > 1, meaning that its first derivative
has to vanish,

I PR _ -1
(Uo + 1Lypy) ™" = —Uy" - P Z (0A 'L, = To) =0 (63)

k=1

E/(UO) _ n1+n2—p

Since this equation is invariant under the supergroup UOSp(2|2) for f = 1 and U(1]1) for
£ = 2 we may diagonalize Uy such that each of its eigenvalues satisfies

+ng—p 1 ng 1 1< A;
L(q) = 2 ————-=) —1 =y 64
() p o+l pa pgb (64

We perform the same asymptotic analysis as in [27,56] and count p + 2 poles at ¢y =
—1,0,bA%, ... ,bA7'. The asymptotic behavior of £'(qo) at gy = DAY, ... ,bAT! implies
that p — 1 of the p+ 1 solutions of the saddle point equation (64)) are real. When taking the
imaginary part in Eq. we recognize that the real solutions do not contribute. Thus we
are looking for the complex conjugate pair which solves Eq. .

To find a closed form of the saddle point solution we underline that all poles and all
zero points, apart from the complex conjugate pair, of £'(qo) lie on the real line. Thus an
integral along an appropriate contour C'y of its logarithmic derivative yields the solution via
Cauchy’s integration theorem, i.e.

= lim zalnﬁ,(z)%
= % cn 0% 2

(65)
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The contour is chosen as follows
CR:{ReW—F}%‘gDE[O,W]}U{r—ké‘re[—}%,R]} (66)

and we integrate clockwise. In this way we obtain either the unique complex solution in the
complex upper half-plane or zero. The latter implies Sj(b) = 0, too.

The fermion-fermion block encircles the pole at the origin but the other poles of the
Lagrangian are purely zero points of the integrand. Hence this contour can be deformed to
go through both complex solutions gy and ¢j. However the boson-boson block is hindered
to reach both solutions since the poles of £ are apart from the one at origin poles of the
bosonic integrand. The sign in front of the imaginary increment ¢ dictates which pole can
be reached and which not. By a contour deformation we can include the saddle point in
the upper or lower complex half-plane. In Ref. [57] it was shown that the leading order in p
is given by those saddle points where the boson-boson block and the fermion-fermion block
share the same saddle point. Thus, in the vicinity of the saddle point we have

SU
U = (Reqo + LiIm qo) (nﬁ + %> (67)

with 0U a Hermitian (y|y) X (7y|y) supermatrix satisfying certain symmetries in the case
B =1, see [42/|45]. We plug this expansion into Eq. and integrate over 6U. We arrive at

P A;Tm go(b
12( j CI() (68)

1. 1< 1
S5(b) ~ —Im— =— ,
5(0) T mp ; b+ —Ngo(b) 7p = b— A;Reqo())? + (A;Imgo(b))?

where we already fixed the normalization by the integration [ Si(b)db = 1. As in Ref. [27],
we can simplify the expression with the help of the saddle point equation ((64]). Then
we find our fourth main result for the correlated Cauchy-Lorentz ensemble

/ an—i—ng—pl m qo(b) _nl—i-ng—pl Imqo(b)
Sp(b) ~ iy bI qo(b) +1 v b (Reqo(b) +1)% + (Im go(b))? (99)
and for the correlated Jacobi ensemble
2m+ng—p) 1 Im go([1 — z]/[1 + 2])
S T T @ e[ — o)/ +a]) + D2+ (a1 — /L ) )

This solution is slightly more involved compared to the correlated Wishart ensemble [27].
Nevertheless it is a closed form in combination with the saddlepoint solution (65)).

We compared the result with Monte Carlo simulations in Fig. . We find a perfect
agreement for a matrix size p = 32. Due to the weaker level repulsion of real matrices
compared to complex ones the agreement is in the bulk better for 5 = 1 than for § = 2 while
it is worse in the tails at the edges. Indeed the strong oscillations for the complex ensembles
is a direct result of the stronger level repulsion which is quadratic. Even the positions of
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Figure 3: Comparison of the analytical expression for the limiting eigen-
value density (solid black curve) with numerical simulations with correlated
real Jacobi matrices (blue histogram) and correlated complex Jacobi matrices
(red histogram). Each ensemble consists of 10° matrices with the parameters
p = 32,ny = Tl,ny = 68. The empirical eigenvalues were independently and ran-
domly drawn from a Gaussian, in the present case the diagonal correlation matrix is
A = diag(294.845,34.679,30.311,11.612, 10.733, 9.468, 8.232, 5.307, 4.144, 2.443, 2.429, 2.218,
2.083,1.986,1.406,1.382,1.102,1.001, 0.889,0.707,0.693, 0.684, 0.665, 0.63, 0.594, 0.591, 0.576,
0.574,0.562,0.467,0.463,0.455). The largest eigenvalues are three outliers which can be
seen in the vicinity of x = —1, see the inset.

the outliers are astoundingly good predicted and the shape of their distributions moderately
approximated.

We want to emphasize that we obtain the well-known results [12] for the uncorrelated
case. Then the distribution of the Jacobi ensemble has either square root zeros or square
root singularities at the boundaries of the support depending on if the edges detach from the
generic bounds x = £1 or not. This can be easily checked by our results. For the Cauchy-
Lorentz ensemble we obtain a Levy-tail with an algebraic decay of b=%/2 if the corresponding
Jacobi ensemble does not detach from the lower bound x = —1 which was also found in [12].

Finally, let us come back to the case of a degeneracy of Cog and, hence, A. When taking
p — Ip, ny — Ing, no — Ing, and A — A®1,;, we immediately notice that the number of copies
[ € N drops out in the saddle point equation . Thus the saddlepoint is independent of [.
Also in the level densities and the number [ does not appear. Hence the asymptotic
result is independent. We expect that the local statistics remain unaffected, too, as it is the

case for the correlated Wishart ensemble, see [27]. For the complex case this can be readily
checked via the kernel (37).
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7 Conclusions

We considered the correlated Jacobi and Cauchy-Lorentz ensemble. Our first result is the
map of the correlated Jacobi ensemble to the correlated Cauchy-Lorentz ensemble. The
eigenvalue statistics of the first is completely determined by the latter and vice versa. This
is impressive since the first ensemble exhibits a spectrum on a compact interval namely
[—1, 1] while the second one has a Levy tail which drops off in the uncorrelated case with the
algebraical behavior #3/2. The uncorrelated Cauchy-Lorentz ensemble was tried to apply to
finance [12] because of the known heavy tail behavior in the statistics.

We also derived a supersymmetric integral for the k-point generating function of the
correlated Jacobi ensemble and the correlated Cauchy-Lorentz ensemble via the projec-
tion formula [10,/11] in combination with generalized Hubbard-Stratonovich transforma-
tion [42,/44,45] and the superbosonization formula [40-42]. The resulting integral over the
supermatrices looks similar to the one of the correlated Wishart ensemble [26]. This repre-
sentation is ideal for studying the asymptotic limit (p ~ ny ~ ny — 00) due to its small and
fixed number of integration variables. For example we calculate a closed expression for the
limit of the macroscopic level density. The approximation is already very good for moder-
ate matrix size p ~ 30 and generic empirical fixed correlations which is confirmed by Monte
Carlo simulations. We underline that even the outliers are predicted by the asymptotic limit.

The level densities at finite matrix dimensions were explicitly calculated for both the
correlated real and complex random matrix ensembles. As in the Wishart case the real en-
sembles are more involved. Nevertheless we could simplify the result to a finite sum where
each summand is a product of three integrals and one of the integrals can be performed
exactly. Both technical properties resemble the results for the Wishart ensemble, see [26].
The remaining one-fold integrals can be numerically evaluated. In the case of double de-
generacy of the spectrum of the empirical covariance matrix all integrals can be analytically
performed. This generic degeneracy was proposed in [27] where it was shown that the asymp-
totic spectral statistics of correlated Wishart ensembles do not differ from the case without
degeneracy. We also observed that the degeneracy has no influence on the asymptotic statis-
tics of the correlated Jacobi ensemble and the correlated Cauchy-Lorentz ensemble. Thus
we propose also to study the case with a doubly degenerated covariance matrix artificially
introduced by taking two copies of the covariance matrix in the case of real ensembles due
to its analytical advantage.

In the real case we had to restrict our explicit calculation to the level density. Higher
order correlations are not analytical feasible for finite matrix dimensions at the moment due
to the lack of knowledge about certain group integrals. This is not the case for the complex
ensembles where we took a different approach as for the real matrices. For the correlated
complex Jacobi ensemble and Cauchy-Lorentz ensemble we first derived the joint probability
density of their eigenvalues. This was possible due to an Itzykson-Zuber-Harish-Chandra-
like group integral derived in [46,47]. The joint probability density satisfies a determinantal
point process and the corresponding kernel resembles the result of the correlated Wishart
ensemble [24,29]. Nonetheless we derived also for this kernel a supersymmetric integral
which is much more suitable to study the behavior at large matrix sizes.
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Our analysis can be extended into various directions: First of all, the supersymmetric
expression for the k-point correlation function is a perfect starting point to derive also for k >
1 closed expressions. The distributions of the largest and the smallest eigenvalues are other
important quantities which were already studied for the correlated Wishart ensemble [25]
28,59]. Also the case of double correlations, as discussed in Ref. [30] for Wishart ensembles,
could be considered. Another generalization could be the investigation of other correlated
heavy tailed ensembles instead of the Cauchy-Lorentz one. Product matrices, see [58] for a
recent review, yield a new and analytical feasible approach to such heavy tailed ensembles.
The combination of the approach applied in the present work with product matrices and the
projection formula [10,/11] may provide a unique and ideal tool to study the macroscopic as
well as the local spectral statistics of Levy tailed ensembles.
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A Supersymmetric two-Matrix Model

Let us derive another supersymmetric integral which consists of two supermatrices entering
in a symmetric way. This integral explicitly shows the symmetry of the correlated Jacobi
ensemble under n; <+ no, A — A™! and 2 — —2. This symmetry is not immediate in the
expression (19 where we have to substitute b = (1 — z)/(1 + x) since it is given for the
correlated Cauchy ensemble. However the supersymmetric integral is certainly simpler
to compute than the one we present in this section since we have to deal with only one
supermatrix in Eq. (19).

We start from Eq. (). To apply the same approach as in [26] we have to linearize the
arguments of the characteristic polynomials in the FFT and BBT. This can be achieved by
multiplying the matrices in the determinants from the right with (FFT 4+ BBT) yielding

det ((FF' — BB (FF'+ BBT) ™ — k,o1,) 1+ kg2 \* det (FF'R, — BBY)
det (FFt — BBY)(FFt + BBT)~! — k1)

= (71
1—|—l{b1 det (FFT/I%bl — BBT) ( )

with & = (1 — k)/(1 + k). In the next step we plug Eq. into Eq. and express the
determinants as a Gaussian integral over a rectangular supermatrix

A = [Zja Z;a Cjb Cj*b} ) B = 17 (72)
A = [Zja Cjb]a 5 = 27 (73)
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of dimension p x (vk|vk), i.e.

k -
det (FFTK 9 — BBT)
. = [ dlA tr FFTAJA' 4+ 1tr BBTAAT) . 74
Edet(FFTRal_BBT) / [ ]exp(l r .] _’_7/ T ) ( )
Here we assume for simplicity that the imaginary parts of k; = diag(k11, ..., k1) are on the

complex upper half-plane. The source matrix is
j=diag (K11, .., Kk, K12, - - -, Kk2) @ 1. (75)
We substitute the integral into the generating function (4)) and exchange the F' and B
with the A integral. The resulting F' and B integrals are Gaussian and yield
/ d[F] / d[B)P(F|1,)P(B|A) exp (1tr FFTAJA" + 1tr BBTAAT) (76)
= det™™/7 (1, — 14jA") det™"2/7 (1, — 1AAAT) .

Then the generating function becomes
Zy5 (k) oc sdet ™7 (1, + k) / d[Aldet ™/ (1, — 1 AjAT) det ™™/ (1, —AAAT) . (77)

The normalization constant is independent of x and A. The next step is known as the duality
between ordinary and superspace. Due to the invariance of the integrand in Eq. under
A — UA for an arbitrary U € O(p) for § = 1 and U € U(p) for § = 2, the integrand
only depends on the invariants tr (AAT)m for m € N. These invariants are equal to the
superinvariants tr (AAT)m = str (ATA)m, see 38,139,144, 45]. Employing this duality in the
generating function (77)), we arrive at

Zy (k) oc sdet ™ (1 + k) / d[Alsdet™/" (s, — 1ATAJ) sdet ™™ (L — 1ATAA) .
(78)

The main difference of Eq. to most models discussed in the literature so far is that
this one includes two different products of A and A". Namely, AT A which arises naturally if
invariant matrix models are considered and ATA.gA appearing due to a non-trivial correlation
structure. We cannot replace both products by one supermatrix, but we can apply the gen-
eralized Hubbard-Stratonovich transformation [42}44}45] independently for both products.
It yields the following supersymmetric two-matrix model

ZF 5(k) o< sdet ™ (1, + k) /d[a]d[gﬂnz(g)_fm(a) exp (— str o — stro)

x sdet™/7 (Ilp Ro—-—A'® Qj) ,

(79)

where the function I,,,(0), ¢ = 1,2, is the supersymmetric Ingham-Siegel integral . The
(vk|vk) x (vk|vk) dimensional supermatrices p and o have the same symmetries as the
supermatrix in the third equality of Eq. .
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We can completely symmetrize the integral in p and o by going back to the sources k — &
and the empirical matrix A — C;l/ ’C BC;” ?. Then we have the final result

Zbstw) x [ dioldlelDy()(o) exp (~str g — stra)

x sdet /7 (Cp @ o[(1+ k) @1, — Cr@o[(1 —r) @ 1,)).

(80)

This expression is completely invariant under the original symmetry n; <> ny, A — A%, and
k — —k because the symmetry is achieved by the change p <+ o.

We again underline that the supermatrix model can be in principal computed by
expanding the integrand in the Grassmann variables and performing the remaining integrals.
However we have now two supermatrices such that this calculation can be a highly non-trivial
task. This is the reason why we use more advanced techniques which involve the relation
to the correlated Cauchy-Lorentz ensemble, see section . The supersymmetry result
can be obtained from Eq. by rescaling 0 — po and then integrating over p which yields
the superdeterminant sdet™"7 (o + Lk )-

B Regularizations of the Integrals in Section

The numerical evaluation of the integrals and suffer by the non-integrable singu-
larities of order 3/2 at the boundaries, in particular they are of the two forms

oA bAY
r r
Jl = / d’f’—f( ) 3/2° <]2 = / d’l"—f( ) 3/2 (81)
N Ay =
bATL bA;

for certain real valued functions f(r) without singularities in the interval [bA;jl, bAj’l]. As
already said the integrals are taken via Cauchy’s principal value because of the original

imaginary increment . Thus we can effectively regularize the integral as followsﬂ

bAj_1+z-:
J = lir% Re / dr f(?“)l 37
e—> -1 _
o, ((b + ze)Aj r)
bA;1+5 . L bAj_l—I—s
— f(bA; 21 (bA
= lir% Re / d /() f(l J )3/2 + lir% Re / J ) (82)
E—r -1 _ E—r —1 _
o, ((b+2e)A =) \/(b +ae)A; " —r ror,
bA;1 )
_ [ ) feA) 2f(bA;")
= T ‘bA*l _ ‘3/2 o A_l A_l
bAS L j r \/|b i —OALL

'We thank Petr Braun for showing us this technical trick.
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and similar for the other integral (then the imaginary part is needed)

bA?
ot _ -1 -1
Ty = / drf(r) f(bAj ) Qf(bAj )

= . (83)
pAT = oAy —bas

The minus sign in Eq. in front of the second term results from taking the imaginary
part despite it is evaluated at the upper boundary. The cut-off of the intervals can be also
chosen independently of €. The reason is that the other boundary term of the integration
by parts vanishes due to taking the real or imaginary part, respectively.

We define the following two one-fold integrals

-1
bA;

re/2dr
gg,c,l(b; A) - / —
v (L4 7)2/|det(bA—1 — r1,)|

and

Gaer (03 A5 ) (85)
( (1) [ e
sign(p — 1 —1 ,
. vi (L 7)2bA — [+ /[det(bAT — L]
l#p—ip—i+],

- 2(bA; )/ . / dr
(14 bA0)/2 [1bAT T = bAL |y /| det(bA — AT 1, )] TV [bA; = r[?/2
Ta/2 (bAfl)a/Q
X — 4 ,
= (L+ﬂ”ﬂﬂd%®AZ-”ﬂ%4ﬂ (1+bAfyﬂvhkumgg—bAfﬂwg|
l=p—1,

2(bA; e/ _/ dr
1%

(14 bA)/2y/[bATT — DA 1yl det(bAZE — BAT M, )] Vo [bA; — r[3/?
TG/Q (bA-_l)a/2
X - L ,
(14 )72 fldet(bA] — i, )] (1 AT [ det(bA] — AT L, )
L l=p—1+1.

Then we can combine the discussion about the splitting of the integral over R? into disjoint
sets and the regularization of the 3/2-singularities. Therefore we explicitly have for the

imaginary parts of the integrals , , and

1 1
—lir%ImNic,dl,@(b%—ze;A) = = ) (1)U sign(ly — 1) (86)
Te 0<l1,l><p

l1+12€2Ng+1
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0 . 0 .
X det |: ga—‘rdl—‘rl,c—l-dl—i-l,ll (b7 A) g(l—‘rdl—l,c—‘y—dl—‘rl,ll (b7 A) :|
0 . 0 . )
ga+d2+l,c+d2+l,lg(b7 A) Gatds—1,ctdat1,ls b; A

1. 1 )
;ll_I}éImN;c,dw;A;Aj) = - E (— 1)+t D 26500 (1) — 1,) (87)
0<iy,l2<p
l1+12€2Ng+1
y detl oroen B8 A) — ge (A A) }
9a+d+1,c+d+1,z2(b§ A) 9a+d—1,c+d+1,12(b§ A) |7
1 1
—lmIm N7 (s A A Ay) = = ) (=)D sign (1) — 1) (88)
T e—0 ’ T
0<iq,l2<p
l1+12€2Ng+1

x det { g;“’c»ll(b;A;Ai) gi,c,ll(b;A;Ai) } .
g;+2,c,12 (b5 A5 A) 9;70712 (b; A5 A)

These results can be combined with Eq. to find the level density S} (b) of the correlated
Lorentz ensemble, see Eq. (58).
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