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Correlation Functions of Harish-Chandra Integrals
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Abstract

The Harish-Chandra correlation functions, i.e. integrals over compact groups of invariant
monomials [] tr (Xl”lQY‘hQTXp2 = ) with the weight exp tr (XQYQT) are computed for the
orthogonal and symplectic groups. We proceed in two steps. First, the integral over the compact

group is recast into a Gaussian integral over strictly upper triangular complex matrices (with
some additional symmetries), supplemented by a summation over the Weyl group. This result
follows from the study of loop equations in an associated two-matrix integral and may be viewed
as the adequate version of Duistermaat-Heckman’s theorem for our correlation function integrals.
Secondly, the Gaussian integration over triangular matrices is carried out and leads to compact

determinantal expressions.
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1 Introduction

In the study of matrix integrals [I], B, 4], one frequently encounters integrals of the form
76 _ /dQ o tr (xavet) (1-1)

over some compact matrix group G, with X and Y two given matrices. By the left and right

invariance of the Haar measure df2, this integral is invariant under
X — QlXQI_I ,Y — QQYQ;I y (1—2)

and is thus insensitive to the choice of the representative of the orbits of X and of Y under the
(adjoint) action of the group. This enables one to bring the matrices X and Y to some canonical
form, as we shall see below.

The case of reference is the so-called Harish-Chandra—Itzykson—Zuber (HCIZ) integral [5, 6],
where the integration is performed over the unitary group ©Q € U(n) and X and Y are two
(anti)Hermitian matrices. By the previous argument, we may with no loss of generality assume
that X and Y are two diagonal (anti)Hermitian matrices of size n, X = diag(X;)i=1,... n, and

likewise for Y.

~X.Y: .
(dete : ])1§i,j§n B e tr (XY™)

AOA(Y) oot Wezgn “CAAY)

/ dQ et (XQ) _ oopgp. (1-3)
U(n)

where

Ax) =[x - x5) (1-4)

i<j
is the Vandermonde determinant of the eigenvalues X; of X and likewise for A(Y); Y™ =
diag(Yr(;))i=1,... n- Further examples are provided by more general Harish-Chandra-type inte-
grals, where X and Y live in (a matrix representation of) the Lie algebra g of G [5]. For example,
G = O(n), X and Y antisymmetric real matrices of size n. In all these cases, explicit formulae
are known, following from a diversity of methods, see below and for example [7] for a review and
references.

It is desirable to extend these formulae to the “correlation functions” of the integral (I=1J), i.e.

integrals of the form

/ dQF(X, QY Q) e tr(xove™) (1-5)



with F' invariant under (I=2)). Such correlation functions provide a deeper probe of these integrals
and, in a physical context, give often access to quantities of interest. They also act as generating

functions of integrals of the form
/dQ Qz‘lleizjz .. .QipijI;lll .. 'lepllp e T (XQYQ*l) (1—6)

i.e. of moments of Q and Qf with the Harish-Chandra weight.

Kogan et al [8], Morozov [9], and Shatashvili [I0] made some attempts at computing correlation
functions of the HCIZ integral, i.e. for the unitary group. Morozov’s formula may be recast into
a very compact expression [L1] but it is only good at computing correlators quadratic in €2, whilst
Shatashvili’s formula allows in principle to compute all correlators, but is not of easy use. In paper
[12] two of us have shown how to recast the computation of correlators of the type (I=H) for the
unitary group into a totally different setting. The method consists in two steps. In step one, the
integral is rewritten as a sum of integrals over upper triangular compler matrices. The formulae
of [12] are in some sense a generalization of Morozov’s, and allow to compute all correlators for
the U(n) group in a very simple formula. The initial observation was that a Gaussian integral
and its polynomial moments in an hyperplane of dimension d of M, (C)? does not depend on
the hyperplane (up to multiplication by a constant jacobian), and thus, one can use either the
hyperplane M; = ]\41T , My = Mg or the hyperplane M; = Mg, which have the same dimension. In
the first hyperplane, after diagonalisation of M; and Ms, the integral separates into a radial part
and an angular part proportional to moments of U(n) with the HCIZ measure, while in the second
hyperplane, after Schur decomposition of M, the integral separates into a radial part (identical
to the one in the first hyperplane), a trivial angular part, and a Gaussian integral over triangular
matrices. As a result, the authors of [I2] were able to identify all moments of the HCIZ integral
with a Gaussian integral over complex strictly triangular matrices. The formula reads:

/ dUF(X,UY U e tr (XUYUT) _
U(n)
= s Y (1) e ) / ATF(X +T,Y, + Tt e " (77" . (1-7)

gEY, n

In a second step, the Gaussian triangular integrals in the right hand side were computed in
[12], using Wick’s theorem. The computation can be performed explicitely due to the nilpotent
properties of T', which ensures that most Wick’s pairings actualy vanish. The computation is most

easily done by recursion on the size n of the matrix, i.e. by integrating out the last column of 7T'.



An appropriate basis of all possible polynomial moments F' was introduced in [12], and in that

basis, it was found that:

n

/ ATF(X +T,Y, + Tt e ™ (T7") = [[MX:Yon) . (1-8)

n i=1
where ' and M(x,y) are matrices of some size R!. The universal matrices M(x,y) have many

remarkable properties, in particular they commute with one another
M(z,y), M(2',y")] =0 . (1-9)

The purpose of the present article is to generalize the computations of [I2] to other classical Lie
groups. Specifically, we address the computation of (I=H) for G the orthogonal group O(n) or the
symplectic group Sp(2n), with X and Y in the Lie algebra of those groups. First, we relate H-C
correlators over those groups to Gaussian integrals over some set of triangular matrices, then we
compute the latter Gaussian triangular integrals using an appropriate basis, and finally we find
that the result can again be written as products of the same matrices Mz, y) which appeared for
U(n). Our main results are stated in Theorems (eq. (7=2)), (eq. (73))) and (eq. (7=4)
below and in section [l Because our results for the unitary, orthogonal and symplectic groups
may be expressed in a unified way, see (8=0]), it is natural to expect them to extend to any simple

compact groups GG with a Weyl group W, Borel subalgebra b and positive roots «, in the following

Conjecture 1.1

Ha(X)a(Y) / dQF (X, Ad(Q)Y )e™ (KAL) —

a>0 G
e Y e w0 / dTF(iX + T, iw(Y) + THe = (TT") (1-10)
weW n4-=[b,0]

for any polynomial function F.

It is our hope that these results should provide a new insight on the common features of all
these integrals.

Our paper is organized as follows. In section [ we review the known results by Harish-
Chandra and Duistermaat-Heckman and set up the notations. In section Bl we show how Gaussian
integrals over two matrices with reality properties, either antisymmetric real or antiselfdual real
quaternionic, may be equated to Gaussian integrals over one complex matrix constrained by some

symmetry requirements. This is established by use of loop equations, on which we provide details in



Appendix[Bl Section @ and Bl then show how separation of the angular variables by diagonalization
or Schur decomposition leads us to the desired integrals, which are thus related to integrals over
complex triangular matrices (with additional symmetry requirements). Section [, supplemented
by Appendices [Dl and [E] is devoted to the actual computation of these integrals over triangular
matrices, by means of a recursive method using a diagrammatic method. The final expressions are
displayed in section [, while section [§ contains our concluding remarks and suggestions of further
directions worth exploring. Two other appendices make our notations explicit on quaternions

(App. [A]) or give additional details on the calculation of some Jacobians (App. [C).

2 Overview of known results

2.1 The Harish-Chandra theorem [5]

Following Harish-Chandra, for G a compact connected Lie group, we denote by Ad the adjoint
action of G on its Lie algebra g, by (X,Y’) the nondegenerate invariant inner product on g, which
we take to be the trace of the product XY in our matrix representation, by h C g the Cartan
subalgebra, and by a(X) the linear action of a root a on X € h. If X and Y € b

A(X)A(Y)/ 49 exp —(X, Ad(Q)Y) = "2

; = |W| Z E(w) eXp—(X,’LU(Y)) ) (2'1)

wew

where w is summed over the Weyl group W, e(w) = (—=1)*®), A\(w) is the number of reflections

generating w, and

AX) =[] ex), (2-2)

a>0

a product over the positive roots of g. A(X) may be called a generalized Vandermonde de-
terminant, since in the case of U(n), it reduces to eq. (I=4)) (and (2=I)) reduces to ([I=3])), while
the expressions for the orthogonal and symplectic groups will be given below. The constant
<m, 7> in the right hand side of ([2=I]) is computed as follows. Write all the positive roots in
an orthonormal basis ¢; of root space, i = 1,---£, with £ the rank of g. Regard 7 = [[ .,

as a polynomial in the positive roots and expand it on symmetrized tensor products of the ¢,

T = Y s0 (M1, My, - -+ mp)el™ -, Then <m,w>= > (p(mi,my,---,my))’ T, mi.

For g = su(n), one finds <7, m>= H?:l 4!, while the expression for the other classical groups will

be given below.



2.2 The Duistermaat-Heckman theorem [13]

The Duistermaat-Heckman theorem states that if M is a symplectic manifold, invariant under
a U(1) flow generated by a Hamiltonian H, then for the integral [ M etft the stationary phase
approximation is exact: the sum of the values of the integrand at its critical points, weighted by
the Gaussian (‘one-loop’) fluctuations around them, gives the exact integral.

For X and Y in the Lie algebra, consider the integral eq. (I=1))
7 — / dQ et (xava-t)
G

In such integrals, we first pick a convenient representative of the orbits of elements of the Lie
algebra under the adjoint action of GG. A theorem of Cartan asserts that any element of the
Lie algebra is the conjugate (under the adjoint action) of an element of the Cartan algebra [15].
Thanks to this theorem and to the left and right invariance of the Haar measure d2, one may
always assume that X and Y lie in the Cartan subalgebra h. This assumption matches that
of Harish-Chandra’s theorem. Moreover the integration is then reduced to G/T', T" a maximal
abelian subgroup (Cartan torus) commuting with Y, or alternatively, the integration is carried
out on the orbit of Y under the action of this quotient. This is a symplectic manifold, to which
Duistermaat—Heckman’s theorem applies [14].

We thus first look for the critical points of the ‘action’ tr (XQYQ~!) when Q € G/T. In other

words, we look for solutions in €2 of
Str (XQYQ™) = tr (6QQ7'[X,QvQ7]) =0,

Since A := QO ! is arbitrary in g\h, this implies that the component of [X,QY Q'] in g\h
vanishes. On the other hand, the component of [X,QYQ™!] in b also vanishes, since if B :=
(X, QY Q7] were in b, then tr (B)® = tr (B[X,QVQ]) = tr ([B, X]QY Q") = 0 since X and
B € b commute. We thus conclude that B = 0, 7.e. that

X, Qv =0. (2-3)

The critical points are thus the points Q. € G/T such that (2-3) is satisfied, which for generic
X € h means Q.YQ ! € b, i.e. Q. takes the element Y € b to an element Q.Y Q' € h. If we
denote by W the normalizer of the Cartan torus T quotiented by T', the previous discussion has

just proved that the critical points €2, of the action are in one-to-one correspondence with elements

bt



w of the group W. The group W is known to be the Weyl group of G' ([15], Prop. 15.8). In the
sequel, we denote Y = Q.Y Q! for w € W.

At this stage, Duistermaat—Heckman’s theorem thus tells us that

/dQe—tr XQYQ Z/ dAe—[tr XeAYwefA)}z (2_4)
G

wew
where [- - - ]2 means that we retain only up to the quadratic terms in the expansion in powers of
A€ g\h.
The final step in the application of Duistermaat—-Heckman theorem is thus to compute the

second order variation of the action at one of these critical points. For Q1 = e?, A € g\b,
1
— tr (XeAY“’e_A) = —tr (XY")+ §tr ([A, X][A, Y¥]) + o(A?) . (2-5)

We then have to carry out the Gaussian integration

/ diA ostr ([A X][A, V"))

over the d-dimensional vector A. This (real) dimension d = dim g — dim h = 2r is even and equal
to the number of roots of G. We now expand A, X and Y in the standard basis A = > A, FE,,

= > . X;H; and Y¥ = > Y”H; and use the standard commutation relations and traces
v (H;H;) = 0;j, tr (E,Eg) = 0a+p,0 to get

r([AX)AYY]) = Y AdAsXiY a0 tr (BuEp) = = ) AaA_ Zon > vral

a,B,i,] i, i
1.€.

tr ([A, X][A,Y"]) = ZAAaa a(Y™)

with a sum over positive and negative roots. This quadratic form has a signature (4", —"), and

upon a suitable contour rotation, the integration over A yields

dg o5t ([A X][A,Y"]) _ constant
/d ! [aso a(X)a(Y™) -

Putting everything together, we see that we have reconstructed the Harish-Chandra formula.

2.3 Explicit formulae

It is of course a good exercise to repeat these steps and to write explicit expressions for each

of the classical groups U(n), O(n) and Sp(n). The result for U(n) is well known and has been

6



recalled above. We shall content ourselves in giving the final result for the two latter cases. In
the orthogonal case O(n), we have to distinguish the n = 2m and n = 2m + 1 cases. In the even

case, G = O(2m), we take the X and Y matrices in the block diagonal form

. 0 X; L 0 )
X = dlag (<_Xj 0 >j=1,~~~,m) ’ Y= dlag <<_Y] 0 >j=1,~~~,m) ‘ (2 6)

Then the critical points (). are the product of a permutation 7 of the m blocks of Y by a diagonal
matrix of signs diag(ty,...,%,), where t; = £Ids, or in other words, the set W is &,, x Z3'. Note
that W is larger than the ordinary Weyl group of D,, = so(2m) type, which is W = &,,, x Zj"*:
this is because changing the sign of one Y}, say Y7, is performed by conjugation by a matrix made
of 2 x 2 blocks, 2 = diag(oy,Idy, - -+ ,Ids), which is in O(2m) but not in SO(2m). As a result,
only an even number of signs may be changed in the latter case, whence the factor Zj' ' in the

Weyl group. For the O(2m) group that we consider here, we thus have

Z(0@m)  _ B P —— ‘ i
const ACAT) const g Er AXIA(Y)
w=(1,{t; }) T7€Gm
det(2 cosh (2X;Y}))i j=1,..m
= t. LA 2-
cons AX)A(Y) ; (2-7)
where ¢, is the signature of the permutation 7, and
AX) = [[x?-x3) (2-8)

1<j

For n = 2m + 1, the calculation proceeds along the same line. We write

e 0 X . 0 Y ]
X = diag <<—Xj 0 >j:1"”’m,0) Y = diag <<—Yj 0>j:17m’m,0> : (2-9)

The critical points (). are again the product of a permutation 7 of the m blocks of B by a matrix

of signs, t; = £Idy, j =1,--- ,m, and

25, XY, I (e2X1-YTZ. o e—2X¢YTZ.)
7(0@m+1)  _ t © — const. e
cons Z AX) AT ™) cons Z € AX)AY)
w=(r,{t;}) TEGM
det(2 sinh (2XZY]))Z j=1,--,m
= t. Mo 2-10
cons A(X)A(Y) ( )
with now .
AX) =[x -x) [ X (2-11)
i<j i=1



Finally for the symplectic group Sp(2m), it is convenient to use quaternionic notations for
matrices, i.e. to regard the matrix elements as quaternionsH, with coordinates in the standard
quaternion basis, eg = 1; e =—1, i=1,...,3, ejey = e3; alternatively, the matrices may
be regarded as made of 2 x 2 blocks written in terms of the identity matrix Ids and of Pauli matrices
o (with the identification eq < Idy, e; < —io;, j = 1,2,3). The Lie algebra C,, of Sp (2m) is
thus generated by quaternionic real and antihermitean (also called antiselfdual quaternionic real,
see appendix [Al) m x m matrices X, X;; = X?j + Xij e, XZjeR, X = —X1. Consider the Cartan
algebra generated by the m matrices diag(Xjes), j = 1,---m. We thus take our matrices X and
Y of that form

X = diag(Xjeg)j:L...,m s Y = diag(Y}eg)j:L...,m . (2-12)

Then, the critical values (2. are again the product of a permutation 7 of the m blocks of Y by a

diagonal matrix of signs, ¢; = 1. This leads to

2%, X,V I1 (e2xiyn. _ e—2XiYTi)
Z(Sp(2m)) . e , : 2-1
const _(Z{:t.}) AAQT) const TEEG: Er AOAY) (2-13)
det(2 sinh (QXZY;))ijl em
= t. — 2-14
cons AX)A(Y) , ( )

with the same expression for A(X) as in (2=11)). Thus Z®P(?™) has the same form as the integral
over O(2m + 1).

5We refer the reader to appendix [Al for more details on our notations on quaternions.



2.4 List of notations

For the sake of the reader, we list hereafter the non standard notations in the order they appear

in the text.

A(X)
A,

J

JA,
QA
J

J Aoy
D2 (R)
M, (C)
T,
D,(C)

U’ (2m)

J
T2m

3 Analytical continuation for two-matrix

Vandermonde determinant and generalizations
n X n real antisymmetric matrices
antidiagonal identity matrix
n x n J — antisymmetric complex matrices
m x m real quaternionic antiselfdual matrices
antidiagonal symplectic matrix
om x 2m J — antisymmetric complex matrices
real 2 x 2 block — diagonal antisymmetric n X n matrices
n X n complex matrices
n X n strictly upper triangular complex matrices
n X n complex diagonal matrices

twisted orthogonal matrices
n X n strictly upper triangular
J—antisymmetric complex matrices
n X n complex J—antisymmetric diagonal matrices
m x m real quaternionic diagonal matrices
with elements proportional to e,
twisted symplectic matrices

2m x 2m strictly upper triangular
J—antisymmetric complex matrices

(E81)

B-3)
sect. and (3=4)

sect. B. 2.1l and (B-7])
(B-11)

sect. and (B-13)
sect. [T

sect.

sect.

sect.

integrals.

In this section, we follow the same strategy as used in [12] for the unitary group: the integrals

of interest (I=3]) are regarded as the “angular part” of two-matrix integrals over the classical Lie

algebras so(2m+1), so(2m) and sp(2m), and the latter may be analytically continued to integrals

over complex matrices with special symmetries.



3.1 Real antisymmetric two matrix integral and complex J-antisymmetric
matrix integral.

3.1.1 Real antisymmetric two matrix integral.

Consider first the set A,, of n xn real antisymmetric matrices and consider the measure on A,, x A,,

du(Ay, Ay) = e_tr(%A%%A%HAIAZ)dAﬂz%
dAy = [ dAw,; k=12 (3-1)

1<i<j<n

Then the real antisymmetric two matrix partition function and the associated correlation functions

are defined as

Zopa = / du(Ay, As)
An X An

1

ZarA

(F (A1, A2))opa / F(Ay, Ay)dp(As, Az)
An X An

using the measure du(A;, As) given in eq. ([B=I]). The partition function is the product of n(n—1)/2
uncoupled and equal integrals over the pairs of matrix elements ((A;);;, (A2)i;), ¢ < j. Each
integral, of the form [ dzdy exp{(z,y)Q(z,y)"}, Q = O;l Cjz)’ is absolutely convergent if the
real part of the quadratic form (z,y)Q(z,y)? = a12? + ayy? + 2wy is negative definite, which
holds true if ReajReay — (Revy)? > 0 and Reay, Reay < 0 when z and y are integrated over the

real line. Then the partition function is easily computed to be

n(n—1)

Zons = (%) (3-2)

where § = ajay — 72, Likewise, for polynomial F(A;, Ay), the correlation function (F),,, is by

. . . . -1 o «
Wick theorem a polynomial in the matrix elements of the propagator @~*, namely % , % and 1.
3.1.2 Complex J-antisymmetric matrix integral
Define now the n x n antidiagonal matrix J = J =1
0 --- 1
J=1 1 . . (3-3)
1 0

10



Any matrix M with the property JMT = —MJ is said to be J-antisymmetric. Such a matrix is

antisymmetric with respect to the second diagonal, i.e. M;; = —M,11_jn+1-i
M 4 Mo -+ Myp 0
Mz,l s —Ml,n—l
Mn—l,l —M1,2
0 —My_11 o —Myy =DM,

and in particular, M;; = 0 whenever 7 + j =n + 1.

On the set JA,, of complex J-antisymmetric matrices, we consider the measure

dp(M) = o (S MHFMEAMIM) g
dM = [ dReM;;dImA;; . (3-4)
i+j<n+l
Then the complex J-antisymmetric matrix partition function and the associated correlation

functions are defined as

2174 2/ dp(M)
JAn

1

(F(M, M%), = E/JA dp(M) F(M, M")

using the measure du(M) given in eq. ([B=4). The partition function is again the product of the
n(n — 1)/2 uncoupled and equal integrals over the complex independent matrix elements M;;,
i+ j <n+ 1. It is absolutely convergent if Reay, Reas > 0, Rey < 0 and Rey? > Reajas and is
then given by

n(n—1)

A = (2;__5) | (+5)

with § = ayag — 42 as before. For polynomial F(M,MT), the correlation functions (F),,, are

L a4 as .
again given by polynomials in 4, % and $.

3.1.3 Analytic continuation.

The two families of integrals just studied have close connections, even though their original domains

of convergence may not overlap. The first trivial observation is that in both cases we have the same

11



number of variables, as already manifest in the computations of the partition functions, namely

n(n — 1) integration variables in both integrals. The second and more important observation for

our purpose is that both integrals share the same loop equations. This will be proved in appendix

Bl Third, as already stressed above, the correlations of polynomial invariant functions both in
o az

A, x A, and in JA,, are polynomials in the variables 4, %2 and ¥, and thus analytic functions.

From all these observations, we formulate the following
Theorem 3.1 The polynomial correlation functions of the two real antisymmetric matrix integral
are equal to the correlation functions of the complex J-antisymmetric matriz integral in the sense

of analytic continuation, i.e.
<F(A1>A2)>2RA = <F(M7 MT)>1JA : (3_6)

Proof: Note that the loop equations given in appendix [B] are in fact recursion relations on the
polynomial degree of the correlation functions. Then the fact that polynomial invariant correlation
functions are polynomials in %, % and ¥ and the fact that the loop equations and their initial
condition (namely (1) = 1) are the same for both integrals imply that the polynomials generated
from the recursion are the same. [J

Although the correlation functions are not originally defined in the same region in parameter
space, the fact that they are polynomials allows one to analyticly continue them and to identify

them.

3.2 Real quaternionic antiselfdual two matrix integrals and complex
J-antisymmetric matrix integral.

In this section we consider another pair of matrix integrals, related to the symplectic group, for

which similar considerations hold true.

3.2.1 Real quaternionic antiselfdual two matrix integrals

Consider first the set Q.A,, of real quaternionic antiselfdual (antihermitian) m x m matrices, whose
definition has been recalled in sect. and appendix [Al

On QA,, x QA,,, we consider the measure given by

dM(Q17Q2) — e tro (%Q%-l—%@%-i—%h@z)dc?ldcb

dQ, = <Hﬁd( ,@)m) (ﬁﬁd(@ﬁ’)i’i) L k=12 (3-7)

i<j a=0 i=1 a=1

12



where trg (...) = 2Retr (...) is a scalar (while tr (...) is in general a quaternion number, see

appendix [A]). The quadratic form in this ‘Gaussian’ measure is thus

3
—try (GO + T3 +7iQ:) =2 2 3 (@D + a8+ (@) (@0)

m

+ Z Z (O‘l(Q?)i + 0‘2(Q§l)?z’ + 27(@?)%(@3)22) . (3_8)

i=1 a=1
The real quaternionic antiselfdual two matrix partition function and the associated correlation

functions are defined as

ZagAa = / dp(Q1, Q2) (3-9)
Q‘A’!?LXQ‘A’UL

1
Z20A

<F(QlaQ2)>2QA /QA oa F(Q1, Q2)du(Q1, Q) -

The partition function is readily computed to be

2m2+m
Taoq = 237 i) 3-10
or =27 (7 (310

a1 a2

and once again correlation functions of polynomials in ()1, Q2 are polynomials in %, %2, and 3.

3.2.2 Complex J-antisymmetric matrix integral
We now introduce a 2m x 2m matrix J = —J ! of the form
~ 0o J
J_<—JO) (3-11)

written in terms of J defined above in B=3). Any matrix M with the property JMT = —M.J

is said to be J-antisymmetric. Such a matrix possesses a peculiar symmetry with respect to the

v=(¢p)

where A, B, C', D are m x m matrices satisfying

second diagonal: we can write it as

A=—Jp"J;, JBT=BJ; JCT =0CJ (3-12)

Thus, under the reflection with respect to the second diagonal, B and C' are invariant, while A

and —D are exchanged.

13



On the set J Ao, of complex j—antisymmetric matrices we consider the measure

dp(M) = o W (FAHFMPNM) 4y

dM = [ dReM;;dimM;; . (3-13)

i+j<2m+1

Then the complex J-antisymmetric matrix partition function and the associated correlation func-

tions are defined as

Zun = [ o) (3-14)
(F(M,M")) ;, = %m/m dp(M)F (M, M)

using the measure du(M) given in eq. (3=I3). The J-antisymmetric partition function reads

2m2+m
m ™
ZIJA = 22 <2\/—_(5) 9 (3-15)

and once again, correlation functions of polynomials in M and M are polynomials in the param-

o a ]
eters &, %2, and +.

3.2.3 Analytic continuation

Again the observations made in sect. B. 1.3 extend to this case. The two matrix integrals of 3.2.1]
3.2.2] have the same number of integration variables equal to 2m(2m + 1), they satisfy the same

loop equations (see appendix [Bl), and their correlation functions of invariant polynomials have

a1 Q2

polynomial dependence on -, <

and .
These observations allow us to formulate an analogous analytic continuation theorem for these

two matrix integrals

Theorem 3.2 The polynomial correlation functions of the two real quaternionic antiselfdual ma-
triz integral are equal to the correlation functions of the complex J-antisymmetric matriz integral

in the sense of analytic continuation, i.e.
(F(A1, A2))oqa = (F(M, M) 5, - (3-16)

Proof: The proof goes exactly as the one in theorem Bl [
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4 Correlation functions over the orthogonal group

In this section we exploit the relation found in theorem [B.I] by performing a separation between

“angular” and “radial” variables of matrices in the two sides of equation eq. (B=6).

4.1 Block-diagonalization of antisymmetric matrices

We first consider the case of antisymmetric matrices and of the orthogonal group O(n) equiped
with its Haar measure dO (normalized to [dO = 1).

As recalled in sect.1, Cartan’s theorem asserts that any antisymmetric matrix A may be
brought to the block diagonal form (2=0) or (2=9)) by an orthogonal transformation of O(n) (for
this standard result, see also [16] [I8], [19]). Denote by Dg%(R) the set of such real block-diagonal

antisymmetric n X n matrices, with the Lebesgue measure:
dx =[] dx; . (4-1)

By an abuse of language, we shall refer to the X; as the “eigenvalues” of A.

In the new variables {O, X'}, the Lebesgue measure in A,, reads
dA = Jac? A*(X)dOdX (4-2)

where the Jacobian is (see appendix [C] for details)

7.(.111(11171)2111(11171) . -

Jact = T
2 ifn=2m+1.

s

We recall that A(X) takes two different forms (2-8) and ([2=I1)) depending on the parity of n.
This decomposition is unique up to a permutation of the m “eigenvalues”, a change of signs of
each eigenvalue independently, and a multiplication of O by a 2 x 2 block-diagonal matrix whose
diagonal blocks belong to O (2). In other words, A = OXO? establishes a mapping between A,
and O (n) x D2(R)/(O (2)™ x &,, x Z5*). This overcounting has already been taken into account

: o
in Jac, .

4.2 Schur decomposition of complex J-antisymmetric matrices

A less standard result, (see [16] 17, I8, [19] for instance), is that any complex matrix M € M, (C)
can be written as:

M =U"(Z'+1THU" (4-4)
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where U" € U (n) is a unitary matrix, 7" € T}, a strictly upper triangular complex matrix and Z’ €

D,,(C) a complex diagonal matrix. We can apply this Schur decomposition to a J-antisymmetric

matrix. This will induce further constraints on the unitary and triangular matrices.

Define U”(n) to be the subgroup of U (n) satisfying the condition

Ut=U"=JU"J

(4-5)

with the induced normalized Haar measure. We will call these matrices twisted orthogonal matrices.

Define also T/ to be the set of n x n strictly upper triangular J-antisymmetric complex matrices,

with the Lebesgue measure:

dT:= [ dReT};dImT;
1<j
i+j<N+1

and D?(C) to be the set of n x n complex J-antisymmetric diagonal matrices
7 = diag(Zy, -+, Zmy—Zm, -+ ,—2%1) or diag(Zy, -+, Zm,0,—Zp, -+, —21) ,
depending on the parity of n, with the Lebesgue measure:

dZ = H dReZ; dImZ; .

Finally we define for these matrices of D?(C)

_ 2 2 1 if n=2m
Az =11z Zﬂx{nmzi it n=2m+1

i<j ¢

With these notations one can prove

Proposition 4.1 Any J-antisymmetric matric M may be written as:
M=U(Z+T)U'
where U € U'(n), T € T and Z € D!(C). The Lebesgue measure in JA, is then:
dM = JacU” |A(Z)? dU dT dzZ

where the Jacobian is

om=m®  fn =2m

U _ 7400
Jac, = Jac, x{ o—m? ifn=2m+1
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Proof: Consider the Schur decomposition (=4 of the matrix M. Noticing that
det (A — M) =det (A — JMJ) = det (A + M) (4-13)

we immediately see that the non-vanishing eigenvalues come in pairs (A, —\). By a possible
redefinition of U, we may always order the eigenvalues in a J-antisymmetric diagonal form Z as
in ([@=7). The constraints on U and T follow from the J-antisymmetry of M and Z. The measure
can be computed using the same method as in the appendices of [16]. [J

This decomposition is unique up to a permutation of the m different eigenvalues, to changes
of sign of the m eigenvalues and to multiplication of U by a diagonal matrix V € U’(n) whose
elements are on the unit circle. In other words, M = U(Z + T)U' provides a 1-to-1 mapping
between JA,(C) and U’ (n) x 7 x DJ(C)/(U (1)™ x &,,, x Z5"). The overcounting is included in

E=1).

4.3 Orthogonal and triangular matrix integrals

4.3.1 Radial and angular integrals

Consider the block-diagonal decomposition of the real antisymmetric matrices and the Schur

decomposition of the J-antisymmetric complex matrices. Using these decompositions we will

rewrite both sides of eq. (B=G]).

Theorem 4.1 A matrix integral over A, x A, can be decomposed into a “radial” and an “angular”

part using the block-diagonal decomposition A = OXOT.

/ du(Ay, Ay) F(AL Ay) = (Jac9)? / dX dY A?(X)A?*(Y)
AnxAn D (R)xDg (R)
e~ tr (%X2+QTQY2) fo(n) dO F(X, OYOT)e—ytr (XOYOT) (4_14)

with the notations of (2=8) and (2=11)).

Proof: The theorem follows from the results of section A1l [J
Notice that one of the two orthogonal matrices decouples and so this part of the integral gives

1. The remaining orthogonal integral represents the relative angular variables.
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Theorem 4.2 A matrix integral over JA,, can be decomposed into a “radial”, an “angular” and
a “triangular” part using the Schur decomposition M = U(Z + T)UT.
/ dp(M) F(M, M") = JacgJ/ dZ|A(Z) et (F 22+ F272)
JAn D;/(C)

e (272) / dTF(Z +T,2° +Tte 1 (1'7) (4-15)
Tl
with the notations of ({{-9).

Proof: The theorem follows from the results of section O

Notice that the twisted orthogonal matrix decouples and so this part of the integral gives 1.
Only the triangular and radial parts remain. Notice also that the measure for the triangular part
factors out from that of the radial part and only a Gaussian measure remains for the triangular

part.

4.3.2 Relating integrals over orthogonal and triangular matrices

In this subsection, we relate the HC integral over the orthogonal group O (n)
oM = / d0e 1t (X0Y“0T) pxa OyeOT) | (4-16)
O(n)

with X Y* € D%(R), to an integral over complex upper triangular matrices of T.7(C). Note
first that Ig(") is a completely symmetric and even function of the “eigenvalues” X; and of the
Y;,i =1,---,m = |n/2|. This is because any permutation or sign changing matrix acting on
either X* or Y* may be absorbed into a redefinition of the orthogonal matrix O. In contrast, the
integral over complex triangular matrices will have to be symmetrized by hand.

To obtain the desired relation between HC-type integrals over the orthogonal group and inte-
grals over the triangular matrices of 77, we shall follow the same steps as in [I2], in particular of

Lemma A.1 there, which asserts that for any polynomial w in two variables, one has the relation

Jedzw(z,zr)e (305 0e) e drdyw(e y)e™ (G + Ry +rey)

f(c dz et (F22+F #2427 2) Jopdzdy e tr (Ga?+ Py +yay)

(4-17)

where we have one complex variable integration on the left hand side and two real variables on

the right hand side. This relation may be promoted into the following equality between integrals

18



over diagonal matrices

Joay Zw(Z,27)e” " (32243 27%4722) Jognge X Y w(X,Y)e ™™ (Baxtrtn)
Joue dZe (70322 027) Sy AX AY” et (BXFFYH0XY)
(4-18)
We now apply theorems [£.1] and to the two sides of (3=0])
1 oy
(F)ora = 7 / dA;dAse” " (5 AT+ FAiaa) p F(Ay, Ag) (4-19)
2RA Ay x Ap
J 0)2 & a o a
_ ( aCn) andyaA2(Xa)A2(Ya)e—tr(%X +2Y 2) (4_20)
ZrA ) Dy (R)x Dy (R)
% / dOe—ytr (X“OY“OT)F(Xa’ OYGOT)
O(n)
]. «@ (e
= (Flua=5— / dMe™ tr (FMAHF MMM popy gt (4-21)
1JA JJA,
UJ
_ Jacn ZD%((C) 1 dZ|A(Z)|2e+tr (%Z2+QTQZ*2—~/ZZ*) (4_22)
Zija  Zpje) Jpi©)
X / AT e T p(iZ + T, —iZ* + T') . (4-23)
TJ

In the last line, we have performed a change of variables Z — iZ for reasons that will appear

soon. We then apply ([=I8) to get

Ja(37[{JZD"(<(3) tr (L X2+ 2Y2—yXY)
(Fhija = - AXAYA(X)A(Y )e'r (2 X2
Z17AZ DI ®)xDI(®) J DJ(R)x DI (R)
x / AT e (T (X + T, —iy +T7) (4-24)
TJ
Jacr[{JZD"(C) 2 2 tr (L X2+2Y2)
_ 1 / AXdY A%(X)A%(Y el (3 X+
Z17aZps®)xDs®)2™Mm! Jp1®)x I (®)
_«/tr XY(.,.t)) —-—
x Z ACOAR, t>/ AT e (T FGX £ T, —iY +T1)  (4-25)

tEZm

In the last line, we have symmetrized the integral over triangular matrices for the reason
explained at the beginning of this subsection. In these expressions, Zp.g)xpJ®) = (7/ Vo 5)m

Zpycy = (1/2v/—=06)™. We finally compare the integrands of the second and the last lines (MII)
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and (4=27) of the previous equation that we rewrite as

/ AX Y A2 (XA (y)em t (FXH05Y)
D (R)x D (R)

02

s / dOe 7 (X°0Y°0T) p(ya OyeQT)

Z2RA O(n)
- / AXAY A2(X)A2(Y et (5X7+57) (4-26)
D (R)x D (R)
Jacl” Zpi(c) o=t (XY(rp) / .
X n n dTe—’ytr (TT )F iX + T, —ZYT + T-I-
Z17AZ DI w®)x Dy (R) 27! TEZGm AX)AY () Jrs ( (1) )

ez

Note the sign difference in the two quadratic forms: if X € DJ(R) has eigenvalues X;, and
X € D(R) is of the form ([26) or 2=9), then tr (X?) = —237" X, = —tr (X)?, and likewise
for Y, so that the Gaussian measures match. This justifies a posteriori our change of Z — i7.

In order to identify the two integrands (the second and fourth lines of ([@=26)), we notice that
by definition these integrands belong to L?(R?™) with respect to the measure given by the first
and third lines of eq. ([@=26). Now we proceed as in [12]: by multiplying F'(X,Y) by arbitrary
polynomials of X, resp. Y, we may multiply the integrands on both sides by arbitrary symmetric
even polynomials of the X; or of the Y;. By projecting onto the orthogonal polynomials basis of
L?(R?™) with respect to the measure, we deduce that the integrands must be equal. This gives

the

Theorem 4.3 For any invariant polynomial function F(.,.) and any X*,Y* € D%(R), and X,Y

the corresponding matrices in D! (R), one has:

iy 4067 IOV p(X7, Oy OT) = (4-27)
O(n=2m-+1)
eﬁ{tr(XY(Tt)) t 1
~ ¢, [ are () piX 4 T iV, + T
DD I AXAY) Jp O ° (XL N0 1D % 1,
where - )
Jacl” ZopaZ -
- ac, Z2rAZpi(C) 272 (4-28)

(Jacg)zzleZDg(R)XD’{(R)Qmm! B 4mm'JacS .

In ([@=27)) the dependence on 7 and the signs ¢; has been made more explicit, and all ¢; changed

into their opposite.
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4.3.3 Examples

Take as an example the case F'(A, B) = 1. Then

m 27 XY (0

~tr X“OY“OT =1 —ytr (TTT 1
/0<2m> A0 o 2 Z& A(Y) /T,{dTe B { [Tt

O(2m+1) TESH tELY

Merging the constant ¢, and the triangular integral which decouples into a constant K, we

get just a summation over permutations and signs.

" 27X, Y,
dOe~ 7t (xeoveor) g > Y e ITZ 167 (r)(0) { 1
- T

0?2(3171)1) TES, teLY Y) Hl tl
B X)A ZETH iYoo) 4 oK)
TEGm i=1
— Ky det 2 cosh (27X;Y;)
T AXAY) { det 2 sinh (27.X,Y)) (4-29)
with
= C"/ e (). (4-30)
T
Then with
T m(m—1) if _9
- &) o (w31)
T <2l> o om 1
we obtain 1
T172, " (29)! .
omam(m—1) lf n = 2m
Kn = 27:177”("_‘:1) L
% ifn=2m+1. (4-32)

This is exactly what was obtained by the Duistermaat-Heckman theorem in sect. 1.3 and serves

as a check of our formulae.

5 Correlation functions over the symplectic group

In this section we repeat the analysis made in section Ml in the case related to the symplectic
group Sp (2m) of 2m X 2m symplectic matrices and to theorem Following the same steps

we perform the separation between “angular” and “radial” variables of matrices in both sides of

eq. (B=16).
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5.1 Diagonalization of real quaternion antiselfdual matrices

We consider the set D2#(H) of real quaternion diagonal m x m matrices whose diagonal elements

are real quaternions proportional to es (see (2-12)), with the Lebesgue measure:
dx =[] dx; (5-1)

Appealing again to Cartan’s theorem, as we did in sect. 1.4, any real antiselfdual quaternion

matrix ) € Q.A,, may be written under the form
Q=S5X5" (5-2)

where S € Sp (2m) and X € DSE(H).

The Lebesgue measure in QA,, is then:
dQ = Jacs? A%(X)dSdX (5-3)

with (see appendix [C])
2
Sp A
p_ T2 54
om0, (27 — 1) (5-4)

Jac

and A(X) as in (2-IT).
This decomposition is unique up to a permutation of the m eigenvalues, up to a change of sign
of each eigenvalue independently, and up to multiplication of S by a diagonal quaternion matrix

V € Sp (2m) whose diagonal elements v; satisfy
v; = cosb; +sinbies; 0; € [0,27) . (5-5)

The latter matrices generate a group isomorphic to O (2)™. In other words, @ = SX ST provides
a 1-to-1 mapping between Q.A,, and Sp (2m) x DE(H) /(O (2)" x &,, x Z5").

5.2 Schur decomposition of complex J-antisymmetric matrices

Let U’ (2m) be the subgroup of U (2m) unitary group satisfying the condition
Utt=ut=Jgutjt. (5-6)

with the induced normalized Haar measure. We will call these matrices twisted symplectic matrices.
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Define also TQJ;n to be the set of 2m x 2m strictly upper triangular j—antisymmetric complex

matrices, with the Lebesgue measure:

d7 .= ] dReT;dimT; (5-7)

i<j
i+ <2m+1

The 2m x 2m J-antisymmetric complex diagonal matrices of Dy (C), (see sect. FE2)), are also

J-antisymmetric and come with the Lebesgue measure eq. ([#=8). Then we prove
Proposition 5.1 Any J-antisymmetric complex matriz M may always be written as
M=U(Z+T)U! (5-8)
where U € U7 (2m), T € Ty, and Z € Dy, (C).
The Lebesque measure in JA, is then:
dM = Jacy! |A(Z)|? dU dT dZ (5-9)
where again A(Z) = 1,.,(27 — Z3) [[}" Zi and
Jacg;; = 272 Jach? (5-10)
Proof: Similarly to the J-antisymmetric case one can see that
Det (A — M) = Det (—)\ - JMJ) — Det (A + M) (5-11)

so that the eigenvalues come in pairs (A,—\). One may reorder them to make Z as well as M
j—antisymmetric and then the constraints on U and T follow. Again the computation of the
measure follows the lines of [16]. [J

This decomposition is unique up to a permutation of the m different eigenvalues, up to changes
of sign of the m eigenvalues and up to multiplication of U by a diagonal matrix V' & U’ (2m) whose
elements are on the unit circle.

In other words, M = U(Z + T)U' provides a 1-to-1 mapping between .J A, and U”(2m) x
Ty X D (C)/(U(1)™ x &, x Z3).

5.3 Symplectic and triangular matrix integrals
5.3.1 Radial and angular integrals

Consider the diagonal decomposition of the real antiselfdual quaternion matrices and the Schur

decomposition of the J-antisymmetric complex matrices. Using them we will rewrite both sides

of eq. (B=I0). With the measure du(Qq, Q2) defined in eq. (B=1), we have the
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Theorem 5.1 A matriz integral over QA,, x QA,, can be decomposed into a “radial” and an
“angular” part using the diagonal decomposition @ = SXST. We have:
/ d,u(Ql, Qg) F(Ql, Qg) = (Jacgnp"bf/ dXdYAz(X>A2(Y) X
QAmXQAm DR (H) x D& (H)

e—tro (%X2+%Y2) / ds F(X, Sysf)e—’ytro (XSYST) )

Sp(2m)

Proof: The theorem follows from what is explained in section Bl [J
Notice that one of the two symplectic matrices decouples and so this part of the integral gives

1. The remaining symplectic integral runs over the relative angular variables.

Theorem 5.2 A matriz integral over JAs, can be decomposed into a “radial”, an “angular” and
a “triangular” part using the Schur decomposition M = U(Z + T)U'. We have:
/ C du(M)F(M, M) = JacUn / - dZ|A(2))? x
Msg,.(C) D3,,(C)
o=t (F22+F272) omytr (2°2) / CATF(Z+T, 2"+ ThHe v (T'T)
Tsp,

Proof: The theorem follows from what is explained in section (.2l [J

Notice that the twisted symplectic matrix decouples and so this part of the integral gives 1.
Only the triangular and radial parts remain. Notice also that the measure for the triangular and

the radial part factors out and so only a Gaussian measure remains for the triangular part.

5.3.2 Relating integrals over symplectic and triangular matrices

Just as in the orthogonal case, we first observe that the integral over the symplectic group
500em) = / dS e T (XSS p(x gy gh (5-12)
Sp(2m)

with X,Y € D2E(H), is a completely symmetric and even function of the variables X; and of
the Y;, « = 1,--- ,m, since permutation and sign changing matrices may be absorbed into the
symplectic matrix S. Then the same considerations as in sect. 3.3.2 apply when we want to use
eq. ([=I]). The Gaussian measure still gets the wrong sign, and the same change of variables

7 — 1/ must be used. Then
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Theorem 5.3 For any polynomial invariant function F(.,.), for any X, Y* € D**(H) and X,Y

the associated matrices in D3 (R), one has:

e m oyt (XY, t>)
/ dSF (X%, SYeshe vt (Xs77st) — 5§ §° THt
Sp(2m) TEG, teZ]  j=1
X / CATF(iX + T, iy + TH e 7 (1'7)
TJ
with .

(5-13)

Com = = — .
i (Ja%m) 2y jaZ par(®)x DaR (1) 2! 2mmlJacg, 4™

m

Proof: The proof starts from eq. (B=I6]), makes use of theorems [5.1] and 5.2 and then follows the
same steps as the proof of theorem [£3] including a change of variables Z — iZ, a symmetrization

in the variables X; and Y; and the use of orthogonal polynomials. [

5.3.3 Examples

Let’s take as an example the case F'(A, B) = 1. Then

m 29t(4) X Y 3y

[ aserelorsn o 3 3 e [ SO [ et
Sp(2m) ) TJ

TESH tEZm 7=1 2m

I ez“*t DXi¥r@) _ det 2sinh (27X;Y;)
= K m T t; Z 1 = K. m -~
w3 Sl ¥)  ~TTAMAY)
TEGH teELY j=1
with
Koy = 52M/~ e (1) (5-14)
T
Then with )
o (T1T) — gm (1) 5-15
we get

[[2, (25 = 1)!
2m

which reproduces again the Duistermaat—Heckman result.

Koy = 27 (m*42m) (5-16)

In the examples considered in this section and in sect. 3.3.3, the triangular integrals are just
constants, which is not the case in general. We are going to present an explicit formula to compute

them.
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6 J/ J-antisymmetric triangular integrals

In order to compute the correlation functions in the orthogonal and the symplectic group we need
to compute explicitely various kinds of triangular integrals. For the orthogonal, resp. symplectic,
case we have to compute integrals over J-, resp. J-, antisymmetric strictly upper triangular
complex matrices. We shall unify both kinds of integrals into one formalism and explicitely

perform the integration.

6.1 Preliminaries to the integration

The type of integrals we are interested in are of the form
(n)
/ F(X+T,Y +TH e (T'T) qr (6-1)
J
where n is the matrix size, J stands for J or for J, and | . refers to whether we integrate over .J
or J-antisymmetric triangular matrices, and X and Y are .J- (or j—) antisymmetric diagonal real

matrices. Since the measure is Gaussian it is more convenient to normalize the integrals

W PX +T, Y + T e (T ar
(FX+TY+T0), = = ) e (177) ' &2)
[7 e dT

From now on we set 2y = 1, in order to make the propagators simpler.
The typical functions F/(A, B) we want to use are constructed from resolvents —— and twisted
resolvents J (ﬁ)T J . These functions are not allowed in general by the analytical continuation

theorems, but this is not a problem if we consider that their = series expansions are generating

functions of invariant polynomials. An example of such a function is

1 1 g
" <x1—<X+T>j<y1—<Y+T*>) j) )

(e (morem) (e=ivem) o)

The procedure we use to compute this integral consists in integrating over the last column

(and by symmetry, over the first row) of the triangular matrices, so as to find a recursion on the
size n of the matrices, which takes n to n — 2.

Define the submatrices X and Y by
X = diag(e, X, —a) ; Y = diag(8,Y, ), (6-3)
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and the J-antisymmetric upper-triangular matrices T of size n — 2

0 T12 e Tln
O 5
T = - ’ 6-4
’ Tn—ln ( )
0 ... 0
0 0
With these definitions and the relations
1  [— 1 \" & 1 |
r—(X+T7) I—X;( :zs—X) ;<x—X ) r—X"’ (6-5)

we can expand the resolvent of size n in terms of the resolvent of size n — 2 and of the variables

to be integrated out

(x—(X+T))i,j ! j’lx—oz_l_ ’ ]’x+a+ e —a Mrta

+(1 =61 —0in)(L—0j1—0,,) (

n—1 1 1
(1 = 65,10 = 050 )0 ————| T
‘\r—(X+T1)), T+«

1 1 1
1040 ——— > 1’k<a:—(X+T))kl in| 25 - (66)

2<k<l<n—1

Notice that 7 ,, in the J-antisymmetric case is identically zero, a fact that will be accounted for in
the following. In both cases, the only independent integration variables are the matrix elements of
the first row. Their propagators are read off the Gaussian weight, which is, in the J-antisymmetric

case

0= 3 T (ITilPHTinl?) — = 05 Tuaf? (6-7)
while for the J-antisymmetric case it is
e—% P (1T 24T ) = 3T o~ Tisy ITLil?=51Tinl? (6-8)
The independent nonzero propagators are thus
<T1,iTjﬁ1> = 6y . 2<ij<n-—1

<T17HTJ,1> — 140 (6-9)
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where b = —1 (resp. b = +1) for the J-antisymmetric (resp. J-antisymmetric) case, so that in
the b = —1 case, the propagator for 717 , is zero, as it should. The other propagators encountered

in the integration result from the symmetry properties
(TaTl,) =65 (BiTl,) ==Fs  (TaTh)=-(77),, - (6-10)

This is what is needed to perform the first step in the recursive computation of the triangular

integrals. Let’s take the simplest mixed case.

6.2 Example: Morozov-like formula

The simplest case involves two resolvents. Define the two functions

1 1
F"(z,y,A,B) = t 1

n 1 1 T
FE)(;L',y,A,B) = tr <:L’—(X—|—T)j(y—(Y—|-TT)) j)‘l’b

The second one, Ff"), is twisted by the action of 7. Using that, for A and B two [J-antisymmetric

matrices (such as X, Y, T or T),
1\ 1
J J =
(a: — A) r+ A

J(x_lA)T(—J) = HLA, (6-11)

ie. J (x_lA)Tj = —2 . one sees that Fﬁ")(x,y,A, B) = bFJ(r")(:)s, —y, A, B), thus it suffices to

carry out the integration over the last column and first row of F; only.

The computation goes as follows

t< ! ! )+1 —{1+11+11}<1>
<r r—(X+T)y— (Y +T) >(n)— r—ay—F cH+ay+p (n-2)

1 1 ;
+x2 —a2y?— 32 <1>(n_2) <T1,nTn,1> + <tr (x Y

=
+
j>
<
|
Il
+
’j_>
N——
/\\/
3
|

11 1 1
+ O - 9 - <T17k7}T1>
vay=fA\\e - X+ Ty -V +10 ),/ ’
11 1 1
+ — — (1T, ) (6-12)
rt+ay+B\\y— Y +THao—(X+1T) kil s ’
1 1 1 1
+ — - <T, 7,10 T8 > .
:L’2_oz2y2_ﬁ2 <<I_(X+T)>kl <y_(Y+TT)>k’l’>( ) 1LkL1 KU
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Inserting the propagators given above we find

<tr (x—(JIHT)y—(Yl”*)) +1><n>:
{1+xiay—%} {1+$iay+%} <tf <95—(;(+TA)?J_(Y1+TAT)) Jrl>(n2)

T
1 1 1 1
+ t — — +b (6-13
[ﬂ—azzﬂ—ﬁ?Kr x—(X+T)j<y—(Y+TT)> J >( )< )
n—2

We have split the two terms in the <T1,nT71,1> = 1+ b propagator in the following way: the weight
1 goes together with the untwisted minimal cycle and the weight b with a twisted one. This is a
general rule as we shall see later.

Notice that we need both functions Fy in order to close the recursion relation. Defining the

column vector V,, = ( FJ(F"), FE"))T, we obtain a recursion formula for the two functions in the form

Vo = M(2,y,a, 3) Vs (6-14)
where
o 1+++)<1+LL> B T
Mz, y,a,8) = ( ey T vt ety (6-15)
1 1 <1_‘_L 1 ><1+L—1 >
z2—a? y2—p2 z—a (—y)—p zta (—y)+6

This structure will appear in the general case.

6.3 Last-row/first-column integration: general case

In the general case, the recursion involve combinations of correlation functions conveniently la-

belled by graphs.

6.3.1 Basis of correlation functions

In the example above, we had to mix correlation functions with two resolvents with correlation
functions with a lesser number of resolvents, in order to write recursion relations. This will still
be necessary in the general case, and we shall see that the basis of correlation functions that we
have to consider is conveniently labelled by tetrads w = {0, 7,s,t} € Gp x G x ZE x ZI made
of two permutations of Gy of R objects and two sets of R signs. This integer R will turn out to

be the maximal number of resolvents of X-type appearing in the correlation function.
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To each such tetrad, we first associate an oriented bicolored graph G in the following way: G
has 2R vertices, R of each color; the ith black (resp. white) vertex carry a sign s(i) (resp. (7)),
i=1,---,R. An oriented edge connects each ith black (resp. white) vertex to the o(i)th white
(resp. 771(j)th black) vertex. The graph is thus made of bicolored cycles.

According to these rules, the graph representation of the tetrad
W= {(13)(24)7 (1)(243)7 (+7 +7 +7 _)> (+> T T +)} (6_16)

18

For our purposes we are only interested in the relative signs between vertices in each cycle. We
say that two tetrads w and w’ are equivalent if they are equal up to independent global signs in
each cycle. We take as representatives of the equivalence classes the tetrads with s(i) = + for the
black vertex with the smallest ¢ in each cycle.

There exists also a graphical representation for the equivalence classes. We call diagrams these
new objects. Since we only care about the relative signs between vertices in the same cycle, we
replace the Z, variables by symbols representing changes of sign H We represent this with a short
bar across the edges indicating the change of orientation of the edge. In the diagrams, the vertices

will be called dots and the edges will be called links. The equivalence class

is th ted by the di 3
1S us represente y e diagram 1 4 4
1 2 >

6This operation is accompanied by a change of orientation of edges, and the cycles are no longer oriented. But
the original class of oriented graphs may be reconstructed from these diagrams.
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In appendix [Elwe prove that the space of equivalence classes of tetrads is isomorphic to the space of
permutations of size 2R, so we can label the equivalence classes [w] by an associated permutation
m € Gyg. This very important bijection will allow us later to relate the O (n) and the Sp (2m)
integrals with the U,, group integrals studied in [12].

The correlation functions we need turn out to be labelled by these equivalence classes, or
equivalently by permutations of size 2R. We define in general the [w] component of the basis of
correlation functions as follows. Consider [w] = [{o,7,s,t}] and consider two sets of variables,
{z1,...,xr} for X-type resolvents and {yi,...,yr} for Y-type resolvents. Then we define the

following function,

F{{f,'r,s,t}({x}a {y}, A, B) —

4 Ry, 1 ¢*(ik,1) oy 1 ¢Y (k1) -
t(7:1)0 t _ J et _ J M.t 6-18
H (Jr1)OR 1 + tr H (CEW — A) <yjk,l — B) ( )

k=1 =1
for the J-antisymmetric integrals and

F{i,‘r,s,t}({x}> {y}> Aa B) =

P Ry 1 Clma) 1 Gk
(e (=) 7 (ma) 7)) e
k=1 =1 ) )

for the J-antisymmetric ones, where p is the number of cycles of the permutation o7, and Ry
is the length of the kth cycle.
The permutations ¢ and 7 € &,, yield the ordering of the labels

0 (ing) = jra» and 7 (eg) = dggsr, With  ip g =ik, <ike T =2, Ry, (6-20)
and the signs s, satisfying the constraints
s(ik1) = +1, (6-21)

together with the signs ¢ define the functions

Ty lfS( k; ) = t(]k,l)
e 1 if s(ing) = —t(Jrs)
y—z _ { if t(jr1) = s(ixi11)
! L ift(jeg) = —5(Jris)

and the operations

. T (ranspose) if s(ix)
¢ lina) :{ [(dentilgy) if s (i ,)=
v v J T(ranspose) if t(jy,) 1
¢"ra) = { I(dentil‘zy) ift(j 1)

31



that perform the twisting of resolvents.

The structure of these functions is easily understood from the diagrams associated to 7 (equiv-
alently, [w]). Each cycle in the diagram represents by a trace; to each dot is attached a resolvent
if the dot is traversed clockwise by an arrow, and a transposed resolvent if it is counterclockwise;
finally each change of orientation in the links corresponds to a J or a J matrix.

The functions are invariant under an independent global twist inside each trace, so the claim
that our prescription depends only on the equivalence classes defined above is justified.

Finally the terms dg, 1 and ¢(j)dg, 1 in the definition of the functions are the analogues of the
1 and b appearing in F, in the example of sect. Here too they come only with the traces
containing two resolvents, 7.e. Ry = 1.

As an example the [{(1)(2)(3),(1)(23), (+,+,—), (=, —, +)}] component of the basis for the

orthogonal case would be

1 1 ’
(‘”“ <x1—<X+T>J<y1—<Y+T*>) “’))

(st (mvm) (moesm) o)

which is represented by the diagram

1 2 3

There is a unified representation for the two bases of correlation functions corresponding to
the orthogonal and symplectic cases. Define Ny = >7, (n; ;" + ;") (which is the total number
of J matrices appearing in the traces), and I1(s) = [[7 s(i) for s € ZL. Then we hav

F{i,r,s,t}({x}y {y}, A, B) —

Ry, 1 1
OR,1 + tr - '
11 Ry,,1 H $(ik) i, — At(jni)ys., — B

= %tr () TU)TI(E) (FY, o ({or, {y)m, A B)) (6-22)

z*d

= Li (7))

n

"Here we have used eq. (G=I1)) in order to remove the J and introduce the signs.
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where m € Gyp is the associated permutation following appendix [El e, {x}sr and {y}2r are
also defined in that appendix, and Ffrjm, is the basis of correlation functions found in [12] for the
unitary case. The sign can be computed through the limit A, B — oo. We prove the last equality
in appendix [E]

6.3.2 Recursion relation

Using this basis we have the following theorem

Theorem 6.1 The functions defined in eq. (6=18) and eq. (6=19) or equivalently in eq. (6=22)

satisfy the recursion relation

(FE o) ) X 4Ty +71) =

(n)

- 0',77'/,8,,t, ~ PN A~
Z M(R)%U,T,S,t} }({$}a {y}a «, ﬁ) <Fg;/,r’75’,t’}({$}a {y}a X+ Ta Y + TT)> (6_23)
¥

n—2
{0'/7’7'/’8,7t/ ( )

where o and (3 are the first eigenvalues of X and Y respectively, and A is the submatriz of size

n — 2 resulting from erasing the first and the last rows and columns of A, and where

R
—(R){o’, 7,8’ t'} 1 1
M ) » &y = 6Jia’i58is’i57ri "(r(d)) T . :
forsy {2} {y} o 0) (11( R P CL ) +ﬁ)>
ﬁ(é 4] 0 + ! ! )
11 7(8),7' (1) Os(2),8' (1) Ot(7(8)) ¥ (7(2)) s(i)z; — at(T(i))yT(i) _3

Proof: The proof of this theorem is given in appendix O
The first thing to notice is that (see appendix [ for a proof) the matrix M is again closely
related to the corresponding recursion matrix M found in [12] for the unitary case. Recall that

R

1 1
M§r2f’)({x}{y}>€a77) = <57T7, 7' (i + ) 5 (6-24)
then taking into account the bijection defined in appendix [E] we find that
_(R) {T7Tlvt7t/} - (2R)
M {o‘,o",s,s’}({x}R7 {y}R7 Q, ﬁ) - M’TI’,T(" ({x}2R7 {y}2R7 -, _ﬂ) (6_25>

which again connects the orthogonal and symplectic cases with the unitary case. The precise
relation between the arguments of the two sides of this equation is defined in appendix [El Trivial

consequences of this fact are the commutativity property of M
(") B _
M7 (Ao ), M7 (e yh € m] =0, (6-26)
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and the symmetry M = M7T.
The recursion relation we just found is valid for any value of n such that n > 3. The special
cases n = 2 and n = 1 correspond to the initial condition for the recursion relation in the even n

and odd n case respectively.

6.3.3 Initial conditions

Let us consider first the case n even. For any n > 2 even, the recursion relation is valid. The last
step for n = 2 requires a slightly more careful analysis. In a 2 x 2 strictly upper triangular matrix,
the only term is T3 5. Since the “last column/first row” integration reduces to that of T3, the
procedure explained in appendix [Dlis still valid, and the recursion relation can be naively applied
just by considering that when n = 0, all the traces are equal to zero in the correlation functions
(or equivalently taking the strict limit where z;, y; — oo fori = 1,..., R). This gives us the initial

condition vector
(I ) o5y = tr (TN7) IL(s)IL(E) 00, - (6-27)
Explicitely, the two cases J = J and J = J are
(I (or5y = TL(s)IL(t)d, (6-28)
(Ig){a,r,s,t} = 50,7— .

The case n = 1 corresponds to the case where there is no triangular matrix at all, thus no

integration. The initial condition corresponds in this case to the vector

() prsy{zh {vh) = tr (TV) ]] <t(jk,l)5Rk,1 +1] ” 1yj ) : (6-29)

7 Correlation functions over O(n) and Sp(2m): the final
expression

In this section we find a determinantal formula for the correlation functions in sections Ml and Bl

We use need the matrix determinant Mdet defined as,

n

Mdet(M) = 3 (=1)7 [ Mioes (7-1)

ceB(n) i=1
where each M, ; is a matrix. This means that Mdet(M) is itself a matrix. The ordering of matrices

in the product does not matter if the matrices commute with one another.
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e The O (2m) case
Take theorem for n = 2m and the recursion relation found in section [0 After some algebra
we find
—vtr (XOYoT
Joamy AOFH(X,0Y0T)e™ ( )
—tr T
fO(2m) dOe—7tr (XOYOT)

Mdet (XM (o}, g}, X0, 1Y;) + e 250 (), {y} X —iY5))

) 7j=1,...m IJ
det (2 cosh (29XxY))), i1 m 0
Mdet (25535 ({2}, {4}, X001 1,Y)))
_ Z kj=1,....,m ]6] (7‘2)
det (2 cosh (Q’VXkY}))k,jzl ..... m

ez

where F(f) is a vector with (2R)! components, Mdet is a (2R)! x (2R)! matrix and 17 is the vector

defined in eq. (6=28).
e The O (2m + 1) case
Take now the n = 2m + 1 part of theorem With the results of section [@] we find

JAOFW(X, 0y 0T et (X0r0T)
) dOe—7tr (XOYOT)

fO(2m+1

fo(2m+1
Mdet (XX M ({a}, {y}, X4, 1Y;) — e 2% M ({2}, {y},iXe, —iY)))
B det (2sinh (2yXY))), iy
n o\ Mdet (2555 ({2}, {y},iX 1 1))
= 4] -
tezzél (H ) det (2sinh (29.X,Yj)), ;,

1=1
where I{ is given in eq. ([6=29).
e The Sp (2m) case
Finally take theorem and the corresponding part of section [l After some algebra

= (o) (o)) (7-3)

m

.....

fsp@m) dSF®) (X, SYST)e_V tr (XSyst)
—vtr (XSY st
Jsp(am) d5e vir )

Mdet (e%X’chﬂ(R)({LL’}, {y}7 iXk, ZY;) _ e—2’kaYjﬂ(R)({x}7 {y}, iXk, —ZY;))k ) _

_ Jj=1,...m [J
det (2 sinh (27Xij))k7j:1 ..... . ’
n N\ Mdet (055 M ({2}, {y), X t,Y5)
it | it w0
iezp i1 det (2 sinh (27Xk}/j))k,j:1 ..... m

Joo. .
where I3 is given in eq. (6=28)).
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8 Concluding remarks

A remark on contour deformation in matrix integrals

We first return to the transformation of our original integrals over two real antisymmetric, resp.
two antiselfdual real quaternionic, matrices into integrals over J-, resp. J-, antisymmetric complex
matrices. Define the following measure on M,,(C) x M, (C), the set of pairs of two complex n x n

matrices,

o=t (5 M+ Z ME+YMIM2) g r AN, (8-1)

We will consider two hyperplanes of M,,(C)x M, (C) and the measure on these hyperplanes induced
by the measure above.
The first hyperplane is defined by the equations

My = M EAZ’} i=1,2

4 = (8-2)

endowed with the induced measure eq. (B3Il reproduces the two real antisymmetric matrix inte-
gral of B.I.1l The second hyperplane, which describes one complex J-antisymmetric matrix, i.e.
JA,(C), is defined by the equations

M, = Mj =M

JM = —MTJ (8-3)

with the induced measure eq. (B34).

In this construction, the real antisymmetric two matrix integrals and the complex J-antisymmetric
matrix integrals are nothing but the same integral on different hyperplanes of M, (C) x M, (C).
By the counting done above, these two hyperplanes have the same dimension, and a plausible
interpretation of theorem B.1]is that it results from a contour deformation taking the first set of
matrix integrals into the second one.

Similarly we can consider two different hyperplanes in the space of pairs of quaternionic ma-
trices, namely the one defining QA,, x QA,,

AR el SR EY (54

with the induced measure eq. (31), and the one defining JAs,,

M, = Mj=M
JM = —M"J
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with the induced measure eq. (B=I3). Both hyperplanes have the same dimension and we may
again interpret Theorem as resulting from a contour deformation.

This apparently much simpler and intuitive approach has the drawback of neglecting conver-
gence issues. This is the reason why we chose to prove our results by use of loop equations.

Other choices of deformations to other hyperplanes are also conceivable.

Comparison with the Duistermaat-Heckman form
First observe that we may rewrite the main theorems and together with theorem 4-1 in
[12] into a unified form

Ha(X)a(Y) / AQF (X, Ad(Q)Y )e~ XAdDY) —

a>0 G
ta > epe”Fu) / ATF(iX + T, iw(Y) + THet (777) (8-6)
weW Te

where w is summed over the Weyl group W as in sect. When G is O(n), Sp(2m) or U(n),
T corresponds respectively to the set of J, j—antisymmetric, or unconstrained, strictly upper
triangular matrices. Moreover, we notice that in each case, the set Ty is precisely the derived
ideal [b,b] =: ny of the Borel subalgebra b associated with the choice of Cartan algebra made
above. This is in fact the space generated by the positive roots ny = @,~0 g%

It is thus natural to conjecture as in (I=I0) that the same formula (8=6]) holds for any compact
group, with the identification of Tz with the subalgebra n,.

This form of our result has to be confronted with the form given by Duistermaat—Heckman’s
localization theorem, eq. (2=4]). Note that the integration over n™ plays here the role played in
sect. by the integration over the “fluctuations” A € g\h in (2=4). This points to a possible

much more compact and geometric derivation of our results.

Other comments

First, it is remarkable that the recursion on n for triangular integrals involves the same matrix
M for all cases U(n), O(n), Sp(2n). Only the initial conditions differ. This fact needs to be
understood, and it shows that the matrix M is universal. Moreover, its commutation properties
suggest the existence of some underlying integrable structure. The symmetries of the group
under consideration are reflected in the symmetries of the spectral parameters at which M is
evaluated. The initial conditions also seem to have such symmetries, and it is remarkable that

those symmetries are reminiscent of root lattices of size R or 2R (we started with a root lattice of
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size n or 2n). This suggests a duality between R and n, similar to that of the “supersymmetric”
method of evaluation of of determinantal correlation functions [20]. Remarkably, then triangular
matrix ensembles as those considered here seem to play an important role in generalizations
of the so-called Razumov-Stroganov conjecture. Indeed multidegrees of the corresponding matrix
varieties are solutions of the quantum Knizhnik-Zamolodchikov equation based on the root systems
of type A, B, C' and D [21], thus pointing again towards some possible integrable structure.

Our last comment is that it would be highly desirable to know how to compute integrals like
(I=I) on other orbits. For example, little is known about the integral over the O(n) group when

X and Y are symmetric real matrices (see however [22]).
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Appendices

A Quaternions

We review here some well known facts about quaternions to fix our notations, which follow basically
those of [16]. We shall only consider the set of real quaternions, which is the algebra over R
generated by 4 elements: the neutral element eg, which by an abuse of notation we often write

eo=1,and e;, 1 =1,2,3,
q=q%e +qVer + ¢Pez + ¢Ves ¢ eR (A-1)
with multiplication e? = ejese3 = —1, from which it follows that ejes = —ege; = e3 and its cyclic

permutations. One may represent eg by Idy the 2 x 2 identity matrix, and the e; in terms of 2 x 2
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Pauli matrices by

€, = —iO'i . (A-Q)
The conjugate quaternion of ¢ is defined as

(0) ) (2) ®e, .

g=q7’1—q"e1—q7es—q

(This is also called hermitian conjugate, which is justified by the fact that Pauli matrices are
hermitian). Note that ¢g := |q|*> = |¢© *4]¢™V|?+|¢® |>+]¢®|?, the square norm of the quaternion,
and hence ¢ # 0 has an inverse ¢~' = ¢/|¢|>. Real quaternions form a non-commutative field.

Note also that conjugation reverses the order of factors of a product (¢1q2) = G241 -

Quaternionic matrices
We now consider matrices () with real quaternionic elements @;;, 7,5 = 1,---,m. Alternatively,
using ([A=2)), one may regard also @ as a 2mx2m matrix with 2x2 blocks made of real combinations
of Idy and the Pauli matrices. One may apply to () the same conjugation as defined above. One

may also transpose Q. The dual Q of a quaternionic matrix () is the matrix
(Q%)ij = Qji - (A-3)

(This is also the hermitian conjugate Q' of Q in the usual sense.) A real quaternionic matrix is

thus self-dual if
Q" =Q=0Q"=(Qy) = (Qn) - (A-4)
A real quaternionic matrix is anti self-dual if

Qf=Q"'=-Q; (A-5)

it is thus anti-hermitian. In particular, its diagonal matrix elements are such that QZ(-? ) =0.

On quaternionic matrices, we may define the ordinary trace
tr (Q) = Z Qii
i=1

which is in general a quaternion, or

tro (Q) =23 QY = tr (Q) + tr (Q) (A-6)

which is a scalar. Note that try () is nothing else than the trace of the corresponding 2m x 2m

matrix.
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Symplectic group Sp (2m)
Consider the 2m x 2m matrix
0 1,,
(01 .

and the associated skew-symmetric bilinear form

m

(X,Y) = XTAY = (@¥ism — YilTiem) - (A-8)

1=1

The symplectic group Sp (2m) is the group of 2m x 2m matrices leaving this form invariant
STAS = A . (A-9)
: T : . 0 1
In the basis where X' = (x1, 41, T2, Tinao, - -+ ), the matrix A = diag 10/ and the

symplectic group is generated by real quaternionic unitary matrices S = ST = 571,

B Loop equations I

In this appendix we show how to compute loop equations in the real antisymmetric two matrix

integral and in the J-antisymmetric complex matrix integral.
B.1 Loop equations for the 2 real antisymmetric matrix integral
B.1.1 Loop equations

Schwinger—Dyson equations, also called loop equations in the case of matrix integrals, merely

amount to saying that the integral of a total derivative vanishes:

0= / dAydA, =2 ( F(AL Ay e—tr<%A%+%A%+vA1Az)) (B-1)
i<j OA1;j
where f(Ay, As) = —f'(A;, As) is any sufficiently regular matrix valued function; in particular f

can be any non-commutative polynomial in A; and A,, and may contain also product of traces of
polynomials.

The loop equation thus turns into an equality between expectation values:

(K1(f)) = (tr ((a1 A1 +7A2) (A1, Ag))) (B-2)
where
rif) = 0 A (53)

40



Notice that Ki(f) is linear and satisfies Leibniz rule:

Ki(fg) = Ki(f)g+ fKi(g) .

The most general f we shall consider is of the type:

F(AL Ay) = %(FO(Al, Ay) = Fo(Ay, A)") T tr (F(Ar, Ay))

r=1

where F{ is an odd degree non commutative monomial of A; and As:
_ aloo qko1 qlog gko2 lo,po—1 pk0,p9 410,00
and each F,. with r > 1 is an even degree non commutative monomial:

— k'r,l l7‘71 k"‘v2 lrvprfl k'r,p»,« lTvPT

(B-5)

and we call deg(f) the total number of matrices A; + the total number of matrices As.

Then compute:

K\(F—F) = (AR AL ALY LAY AP (AT AR A )

lo,0 gko,1 gloa lg—1 gm ko,q—m—1 4loq

v

Je

lO»Po
A2

10,0 4k0,1 gloa lg—1 ym ko,q=m—=1 4lo,q lo,pg

i (B-8)

)i
)..

J?

lo,0 qko,1 glo1 lg—1 gm ko,q—m—1 ,lo 4 lo,pq

= Z Z [tr <Al20,oAllfo,1Al20,1Allfo,2 B .Al20,q71Agn> tr (Alfo'q_m_lAéo’q -

q=1 m=0

lo.g— ki l k l ko.g—m—1 1
_(_1)ko,1+ +ko,q—1+m+lo,0++lo,q—1 tr (ATAQO’Q ro .A10’2A20’1 A10'1A20'0A10'q Azo,q B

This equality is known as the split rule.

Then we have for any antisymmetric matrix C":

pr krg—1

Ki(Ctr (F) = > > > ) [(A'f“Aé“A'f“z...AI;’Q”AT)SZ- Oy (Aframm=l gl

g=1 m=0 i<j s

kr,l lr',l kr,2 lr',qfl m kr,q—m—l lT-,q

pr krg—1

o k'r,l l'r,l kr,Z l'r,qfl m kr,q_m_l lr,q l'r,p»,«
- tr (Al Al ez gl gm0 AR Ao Al

o

qg=1 m=

41

lO,PO
AL

g



This equality is known as the merge rule.

Due to Leibniz rule and using repeatedly the split and merge rules, we find that if f has the

form of eq.(B-0) then Ki(f) is a linear combination of monomial invariant functions of degree

< deg(f) — 1.

The loop equations read:

(tr (a1 Ay f +~A2f)) = Ki(f)
(tr (apdaf +7vALf)) = Ka(f) (B-10)
or equivalently:
9 Y
(tr (A1f)) = FKl(f) - 5K2(f)
ay v
(tr (A2f)) = FKE(JC) - gKl(f)

(B-11)
B.1.2 Polynomial invariant functions

F(A;, Ay) is a monomial invariant function of two antisymmetric matrices A, As, if it is either:

F=1
or F(Al, Ag) = tr (Al.f(Ala Ag)) (B-12)
or F(Ay, Az) = tr (A2f (A1, A2))

where f is of the following form:

R

F(Ay, Ag) = Fy(Ay, As) ] tr (F(Ar, As)) (B-13)

r=1

where Fj is an odd degree non commutative monomial of A; and As:
F A A _ AIO,OAkO,lAlO,lAkO,2 AlO’PO*lAkOvPOAIOvPO B-]_4
0(A1, Ag) = AYP AT AYTATT LA, 1 2 ( )
and each F,. with r > 1 is an even degree non commutative monomial:
kr1 pglr1 gkr2 Iy pr—1 k‘r,p’,« lT',PT'
FT(A17A2> :Al ’ A2, Al ’ ...A2, Al A2 (B_15)

and we call deg(F’) the total number of matrices A; + the total number of matrices A;. Notice

also that f can be antisymmetrized without changing F', and thus f can be taken of the form of
eq.(B-5).
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Notice that if deg(F') is odd, we have:
(Fy=0 (B-16)

If F=1,ie. if deg(F') =0 we have:
(1y=1 (B-17)

and if deg(F') > 0, and F' = tr (A;f), the loop equations imply:

(F) = ZR(f) = SKalf) (B-18)

where the right hand side is the expectation value of a polynomial invariant function of degree

< deg(F) —2. And if deg(F') > 0, and F' = tr (Asf), the loop equations imply:

(F) = S Ka(f) = SEKi(f) (B-19)

where again the right hand side is the expectation value of a polynomial invariant function of
degree < deg(F) — 2.

In other words, the loop equations allow to compute every expectation of polynomial invariant
functions by recursion on the degree.

Notice also that the expectation value of any monic monomial invariant function is a polynomial

in & Q2

ol
-, % and 3.

B.2 Loop equations for the complex J-antisymmetric matrix integral

B.2.1 Loop equations

Similarly to the previous section, loop equations, in the case of a complex J-antisymmetric matrix
integral, can be written:

) ) eyl
= E M — ( M. MT o tr( M24+22 M2 4y MM ))
! : /d <0R6Mi,n+1_j ZaII] Mim-l—l—j) f( ) ) n+1—35 € 2 2

1<J

(B-20)

where f(M, M") = —J f(M, M")TJ is any sufficiently regular matrix valued function, in particular
f can be any non-commutative polynomial in M and MT, and may contain also product of traces
of polynomials.

The loop equation thus turns into an equality between expectation values:
(Ko (f)) = (tr ((aaM + MY f(M, MY))) (B-21)
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where

1 0 ) 0
Ki(f) = 2 ; <aReMi,n+1—j - ZaImMmH_j) Jint1-j -

Notice that Ki(f) is linear and satisfies Leibniz rule:

Ki(fg) = Ki(f)g + fKi(g)

The most general f we shall consider is of the type:

FOM M) = -

R
§(F0(M, MY — JE, (M, MDHT) 1:[1 tr (F,(M, M"))

where Fy(M, MT) is an odd degree non commutative monomial of M and MT:

FO(A1> AQ)

— Moo prkoa ptlon prko2

MTlopo—1 N koo pffloro

and each F,.(M, MT) with 7 > 1 is an even degree non commutative monomial:

F.(M,M")

and we call deg(f) the total number of matrices M + the total number of matrices M.

We have

K,\(Fy — JFLJ)

po ko,q—1

DI [(M“O’OM’COJ .

q=1 m=0 i<y

— (Moo ppor
— (Moo pfror
+ (Moo pphor
po ko,q—1
=y [tr (Moo prkor |
g=1 m=0

/‘\
}_x

= Mt Mt AR

lo,o++lo,q—1+ko,1++ko q—1+m tr (MmMTlo,qfl

Tlo q— 1Mm)

ZZ

MTlO,qfl M™

]7Z

s

Mo M) gy (MPFeamm T

(Mko,q—m—lM“O,q N

). . (MFoammtp g

%)

Moty
M Toa A

)
. MForo N Toro )
(MFoamm=tp toa )
L (Mfoamm=ipgtoa

VAR VALKV AV AL

M e =1 e ppilepr

. MForo ppitoro

Mk(),po MTlO,pO
Mkoypo M“O,PO )

MkO,P() MTIOJJO )

(B-22)

(B-23)

(B-24)

(B-25)

(B-26)

n+l—jn+1—j

n+l—i,n+1—j
n+l1—jn+1—i

n+l—i,n+1—1

(B-27)

MForo pfToro )]

Notice that the split rule for J-antisymetric complex matrices is identical to the split rule for real

antisymmetric matrices eq.(B=8)).

Similarly, we compute the merge rule (where C' = —JC7TJ is any J-antisymmetric complex

matrix):

K, (Ctr (F)))
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— , Z |:(Mkr,1 .. MTlr,q—l Mm)sﬂ' Ci,n—i—l—j (Mkr-,q—m—lMTlr,q o Mkw)r Mﬂnw)

n+1—j,s

ko lr,q— kp,g—m—1 lr, kr,py lr,pr
= (M M MY Gy (M MRt

= tr (MErr . M ) O MFram A T Ve pp e (B-28)

=0

<
ﬂ‘
3

And again the merge rule for J-antisymetric complex matrices is identical to the merge rule for

real antisymmetric matrices eq.([B=9).

We conclude that the expectation values of invariant polynomials of M and MT are entirely
determined by the same recursion relations (on the degree) as the expectation values of invariant

polynomials of two real antisymmetric matrices. This completes the proof of Theorem [3.11

B.3 Symplectic case

The procedure to obtain the loop equations for the real quaternionic antiselfdual two-matrix inte-
gral and for the J-antisymmetric complex matrix integral and to prove Theorem is completely

analogous to the one above.

C Calculation of Jacobians.

In this appendix we are going to detail the main steps for the computation of the Jacobians ([{=3)),
(@12), (54) and (B=9). For this purpose we will need one of the special limiting cases of the
Selberg integral called the Laguerre limit (see for example [16])

I a, 7y, n / / ( 113'2 - 113'22)) (H Zlf2a 1 ) d{L’l d =
1<i<j<n

T 1+ +37)T(a +77)
1:[ ) . (C-1)

The two values of this integral we need are

1 m m—1
I (5,1,m) - m' H 27)! (C-2)

Jj=1

1(3m) :m!%ﬂm ‘m (2j 1) (©3)

The procedure is essentially the same for the four cases. Let us show in detail the first one, J acg.
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The following relation holds true by the block-diagonal decomposition shown in section [£1]

2 m — g2 . .
/ dAe™ (AT) = Jac? / :E — z7)? { [y omda i =2m
n 0 1<i<i<m

[17, 22e *kday, if n = 2m + 1

B o I(,l,m) it n=2m
- Jacn{[(2,1,m) ifn=2m+1. (C-4)

Computing the Gaussian integral on the left hand side we find

acl  — W@ (I (5,1,m))™" ifn=2m
ng = (A

2,1,m)) ifn=2m+1

which gives exactly the expression in equation
The Jacobian J acff;1 is computed with the same technique from a real quaternionic antiselfdual

Gaussian integral,
m(m—1) o2
1 m(2m I 5 3
<—> (V) () :/ dQeTO ( ’ ) = Jacs? T < 1 m) : (C-5)
2 OAm 2’

In order to compute the two remaining Jacobians Jac! ’ and JaucQU,;;~ we need to introduce
two new matrix ensembles. Consider the Hermitean J/ J-antisymmetric one-matrix model. By
the J/ J-antisymmetry of these matrices we know that they can be put into a triangular form
by a twisted orthogonal or symplectic matrix respectively. By hermiticity we conclude that the
triangular part of this Schur form will be zero, and the diagonal part (eigenvalues) is real. It is
easy to argue that the Jacobians for these transformations have to be the same as the ones we

seek in sections and 5.2l This allows us to write the following

5 n(n—1) S .
/dHe—Tr (2 _ (\/2%) 72 T =J
(V)" amemtie F = J

IE lm) it =Jand n=2m

277
= Jact7{ I(31m) fJ=Jandn=2m+1 (C-6)

27

22mT (2,1,m) if 7=.Jand n=2m

PREE

which gives eq. [@=12)) and eq. (B=10).

D Proof of theorem [6.1]

In this appendix we use the graphical representation of the basis of correlation functions introduced
in section [6.3.1] to prove theorem [6.Il The idea is to identify all possible occurrences of elements of

the first row and last column of the 7' matrix (and vice versa for T'T) by means of the decomposition
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of eq. (6=6); then to use the constraints coming from (i) the triangular structure of these matrices,
(ii) the contractions of indices within traces, (iii) the propagators eq. (G6=9) and eq. (G=10), to

represent the result of the integration in a graphical way, leading to the recursion formulae.

D.1 Last column/first row integration

Take the functions defined in [6.3.1] and their graphical representation. We first rewrite eq. (6=0))
in a slightly reshuffled form

1 1 1
) = Sud——Tin
(x—(XjLT))M Py o e+«

1
+ 1 ’1;L’—Oé+ T T+« ( )
+<6i1(1— ;1 — 05 )L iT (é)
i1 J,1 I e oy p Lk x—(X-i-T) k,j
n—1 1 1
+(1=0;1—0in)0in e (Y T Tin
( 1 )0, ;<x—(X+T)>“ e o

1| 1 1
AN ; L r— (X -=T) ko b T+«

1
SR FPY J0 16 S PR i QU —
(1 =051 = din)(1 = dja J,)<I_(X+T))M

where o and 3 are the first eigenvalues of X and Y respectively. We substitute this expression
for each resolvent in the integrand, and perform all possible “contractions” of the 73, 77, and
T}, variables by means of the propagators ([6-9). This can be represented as operations on the
diagram associated to the given function. Note that the terms in the last four lines of (D=1]) still
contain a resolvent (of size n — 2), while those on the first two lines do not. Let us now enumerate

the operations corresponding to each term in the expansion eq. (D-J):

e Operation 1: The term on the first line, which singles out one 73, variable, removes one
resolvent from the integrand, which is represented by erasing a dot in the diagram. Since
T}, can only be contracted with T,;l, the appearance of this term forces the erasing of a dot
of the opposite color, by another application of Operation 1 on a y-type resolvent, somewhere
in the diagram. Since this 77, appears in a trace, its left and right neighbouring resolvents

must have a 7" with one matching index 1 or n. The operation of erasing dots leaves pairs
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of free links with only one dot at their end, carrying such a 7' variable; their role and their
weight will be reconsidered in Operation 3. The same applies to the other erased dot. Let
us now perform the contraction of the selected TMTL1 pair, giving a factor (1 + b). The

graphical representation is,

Yre—tl (Y

= (140

) T e g

These pairings have to be performed in all inequivalent ways.

Operation 2: The two terms in the second line play a similar role. They also remove a
resolvent, which is again represented by erasing a dot. This forces one of the neighbors to
be replaced by a similar term. This will be represented by the operation of erasing a link

and its two adjacent dots. The possible configurations are
i j Z 2
j
i g 2
#
2 g T; + o Y; + ﬁ
Z ‘ J' Z 1 1 % é
:> J—
Ty — yj + ﬁ
i j Z 2
#
2 Z xz +ay; —

The signs in the last two equations come from the twist of the erased link. This operation

also leaves some free links.

Operation 3: All the remaining terms do not remove resolvents so they do not erase any dot
in the diagram. Instead, they represent cuts in the links, since each 7}, and 7}, forces a
T Tl or T 1T , in a neighbor. We must also consider here all free links created by erasing dots

in Operations 1 and 2. As discussed above, these terms contain also a T or a T variable at
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the end of the free link, and will contribute to the weight. Graphically we have

i i j
%t% - xiiayjj—ﬁ% %
i j i
M - xil—ayjl—ﬁ% %

i i i i
2 z/ = _xiiayjl—ﬂg é

i j i j
M = _xil—ayjiﬁ% ﬂ%

for the cutting, and

RIS D S
yjl—ﬁ% _yjl—ﬁ%
yjl—ﬁ% _yjl—ﬁ%

for the free links coming from Operations 1 and 2. In the right column, the bar across the

free link indicates the presence of a J matrix.

e Operation 4: Finally, the only term we did not consider (the one with one resolvent and no

T variable on the last line of (D-IJ)) accounts for doing nothing to a dot.

Substituting eq. (D=I)) for each resolvent is equivalent to performing Operations 1 to 4 on all
dots/links and in all possible ways. After this we have diagrams with free links and missing dots.
The final step is to join the remaining free links. This is equivalent to contracting the 7" and 7'f
variables in all possible ways. The gluing of free links gives a trivial weight, so this final step is
just graphical.

Let us illustrate this procedure on the example treated in subsection [6.2 The following equa-

tion represents the application of Operations 1 to 4 in all possible ways, with their corresponding
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weights.

{:}+1 ST - P 1 f?
N r—ay— [0 L T+ay+ 8
1 1 ©
) e 4",1_'V + Ej

$—Oéy ﬁ::j $+Oéy+5

_'_
.132—042y _52

(D-2)

In this equation shaded dots and links represent erased dots and links. Notice that this inter-

mediate formula can be identified term by term with formula (6-I2)). Gluing of the free links

11 11 1 1
<Kj*&>::1+x—ay—ﬁ+x+ay+ﬁ+u+mftwﬂw—ﬁz
<1+ S S S )Ej

r—ay—0F x+ay+p
+ZIZ'2—Oé2y _ﬁ2< )
- () () (ol
B r—ay—p $+ay+ﬁ
1
s (5

which matches exactly the result (6=I3]) in section [.2] but calculated here using the graphical rules

gives

we have defined.

D.2 Computation of the weight for the final diagrams.

Consider a reduced problem where no erasing of dots is allowed, i.e. only Operation 3 and 4
are taken into account. In this case only cutting and gluing is allowed and no difference at the
graphical level appears between the J-antisymmetric and the J-antisymmetric cases.

To each link in the final diagram G’ is attached a weight coming from the different ways we

obtain it from the original diagram G. That is, when a link in G’ is part of GG, we can either cut
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that original link and glue it again, or just do nothing. Instead, if the link in G’ does not belong
to GG, the only way to obtain it is by gluing cut links. Both contributions will add up to

o (14 5ta5ts) if the link € &
*-0 <O Lo if the link ¢ G/
zito y;+0
. (14 5ta55) if the link € ¢
fo Y — J J
xz.l_ay,l_ﬁ if the link ¢ G’
| J' 1) i the link €
e-l-0 €G — ( Titay;—p
{ o trmr; if the link ¢ G’
) if the link € ¢

i j (1 — e
e-f-0 €C — { L e ik 2 @

Returning now to the original complete problem, where the erasing of dots is allowed, one
notices that the weight found in Operations 1 and/or 2 by erasing a pair of dots is the same as the
one obtained by forming a cycle with this pair of dots with Operations 3 and 4. Indeed, consider
a minimal cycle (i.e. a cycle of length 2) in G’ and erase from G the dots in this minimal cycle
using Operation 1 and if possible Operation 2. Operation 1 contributes a factor (1 + b); if the
minimal cycle in G’ is non twisted, we assign it the weight 1, while if it is, we assign it the weight

. Iterating this operation for all minimal cycles in G’, one finds that the two procedures, erasing
pairs of dots or forming minimal cycles with the same dots, produce the same weight. A slightly
different manipulation is needed when the minimal cycle is present already in G. The outcome
will be the same.

Here is an example of the kind of diagrams which have the same weight within the complete

(5 0)[ @@
(@) ([ @@

where M(G') = ﬂg/ is the weight associated with G’, for G the original diagram.

problem:

We proved that for the complete problem, the recursion matrix is the same as that of the

reduced problem. Reassembling everything together and using back the sets of signs s and s, we

8This is the origin of the additive +1’s coming with every minimal cycle in the basis of functions eq. (G=I5).

51



get the recursion matrix

_G/ 1 1
Mg = (1 +— | )
’ <((xz~,s(i>),( [ (r(i)))€C” s(i)zi + as' (i)Y + B

T (3),8' (m(2

H <S(i)171i + « S'(W(i))?llw(i) + 5) )

((i,5(2)),(Yr (i)' (7(2)))) G

1 1
1
<((xi,s(z‘)),( H ( i s(t)z; — a8 (7' (1)) Ymr (i) — ﬁ)

Y (3,8 (7 (1)) €G

[1 g@(qﬂ;—QEWW»;w—ﬁ)>'

((@i,8(0))s (Y (3y,8" (7 (8))))

Labelling each diagram using the labels in eq. (G=I8)), eq. ([6=19) and eq. ([6=22)) we get

R
——{(r),(r' )} 1 1
M 7.8). (7.8 - (57ri,7'i58i,ti65’7ri,t’7ri + ; - )
{(m9),(7',5)} (1:[1 (0700040 (=@ () T ST S g
ﬁ(57r'<i>,T'<i>5s<z‘>,t<i>5s'<7r'<z'>),t'<w'<z'>> + — ! e ! ) | (D-3)
i=1 S(Z)in —as (7T (Z))yﬂ’(i) - ﬁ

which completes the proof.

E Relations between orthogonal/symplectic and unitary
recursion equations

In this appendix we relate tetrads w = {o,7,s,t} introduced in sect. [6.3.1] and permutations
m € Gygr, and more precisely to show the bijection between the set of equivalence classes |w]
and Gsyp; this leads to an important relation between the recursion matrix M and the basis of

correlation functions FY for the orthogonal /symplectic case and the recursion matrix M

2R

1 1
Mff’) Tyo\Y 70575 - (57rz ' (1 + ) E—l
o tuhed) = 11 {Oromo + 20— (E-1)
and the basis of correlation functions FY
P e 1
Fgw’({x}7{y}7Aa B) = 5R.,1 + tr (E-Q)
7 g § E Ty — A Yje, — B

found in [12] in the unitary case.
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E.1 Bijection between G,; and equivalence clases in Gz x Gy X Z§ X Zf

Consider pairs of permutations ¢ and 7 belonging to G, pairs of sets of R signs s and t belonging
to ZE. As explained in sect. [£30] o o 77! represents a permutation of R (black) points with signs
s(i) attached to them, and 70 ¢~ a permutation of R (white) points with signs ¢(i). To get one
representative of the equivalence class [{o, 7, s,t}], we fix one sign s; in every cycle of 0 o 77! to

be +1.
Lemma E.1 There is a bijection between Sar and the equivalence classes of Spx G x Z& x ZE.

Proof: To construct the bijection we take a permutation 7 € Gyz. We will relabel the indices

i=1,...,2R and call them «(i) =1,...,R,—R, ..., —1 (see figure [E.),
il it i <R
WZVi-@QR+1) ifi>R -

Define also the auxiliary “rainbow” permutation e(i) = 2R — i for which €? = id and e(a(i)) =

ale(i)) = —ali).

With this new labelling we construct the permutations o and 7 and the signs s and ¢ as follows
e 1. Begin with ¢ = 1.

e 2. Set s(|a(i)]) = sgn(a(i)), then j := (i) and set o(|a(i)|) = |a(j)]

e 3. Set t(|a(y)]) = segn(a(j)), then k = er~Le(j) and set 771(|a(5)]) = |a(k)|

e 4. If we do not close a cycle set © = k and go back to 2.

When we close a cycle of 0 o 771, (for example, to close the first cycle we must find again k = 1
at the end of step 3.), we must open a new cycle. To do so, look at which positive a-type indices
we have not used yet and choose the smallest one. Set i equal to this value and restart from point
2. When there is no positive index left, the last cycle is completed and the tetrad {o,T,s,t} is
constructed. [

This procedure is illustrated in figure [E.I} there, the permutation in GSop is 7 = (1,2, R +
2,2R, R+3,R+1,3)(R)(---). Following the above rules we determine from it ¢ = (1,2, R, 3)(- - -),
T=(1,3)2)(R)(--), s=(+,—,+,...,—)and t = (+,+, —, ..., —).

Note that the first s sign of every cycle is positive by construction. Note also that conversely,

constructing 7 from the tetrad {o,,s,t} can be done with the same kind of procedure: this is
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1 2 3 - R R+1 - 2R-2 2R-1 2R l o

1 2 3 R -R - -3 -2 -1

Figure 1: Representation of the bijection. The set of lines, irrespective of their type (solid or
dashed) represents m € Gap. Solid lines represent o and dashed ones represent 7. The signs s,
resp t, are the signs at the origin, resp.the end, of the solid lines. The arrows, though redundant,
are meant to help the reader follow the iterations 1-4 above.

clearly seen in the example. By construction, in this reverse operation, © depends only on the

equivalence class [w]. Since the method is deterministic in both directions we have a bijection.

E.2 Relation between M(R) and MR

Consider now the set of variables

{JJ}QR = {.Tl,...,.TR,.TR+1 = —TR,y...,To2R — —1’1}, {JJ}R = {xl,...,xR}

{y}zR = {ylu -+ YRy YR+1 = —YR, - - -, Y2R = —y1}, {y}R = {yb cee ,yR}

and consider also the pairs of indices

m, € Gar

{o,0,s,8'}],[{r,7,t,t'})] € Equivalence Classes of G x Gy x Z& x ZL (E-3)
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where the indices are related through the bijection shown above. Using these definitions it is easy

to verify that

R
—(R) {r,7",t,t'} 1 1
M e (atr Aytr a, 8) = (H <5a(i)7'(i)5s(i)t(i)58’(0(i))t’ (o() T ) )

= 7 (i),m (3) Ti+ O Yn(i) + 3

i=1

= M0 ({whor, {y}or, —, —B)

i.e. the two matrices encountered in the orthogonal/symplectic and unitary cases are in fact the

same. In this calculation, we have used the bijection to reexpress the Kronecker ¢ symbols:

00 (i),7() Os(0),4(5) O/ (o (i), (o)) = Om(a—1(s(2)i))w (a=1(s(3)i))

0o (3)7 (5) Os()t(3) Os' (0" () (" ())) = Om(a—L(—s(i)i)),m (= (—3(i)i))

and to relate the {x}r and {y}r variables with the {2}, and {y}sr variables according to
s(0)2i = Ta-1(s6yi) 5 (0(0)Yat)) = Ynta—2sipy s —5'(0'(0)Yor(i) = Yn(a1 (=5

E.3 Relation between F7 and FY

Finally consider the basis of correlation functions in the unitary case for 2R X-type and 2R
Y-type resolvents. In particular consider the components Fgeﬂe({z}m, {y}2r, A, B). Call [w] =
[{o, T, s,t}] the equivalence class of tetrads corresponding to 7.

The function Y, ({z}2r, {y}2r, A, B) can be constructed from the kind of diagrams shown
in figure [E.1] by following the mem~'e cycles. These cycles are, by construction, the same ones
we follow with o7~!, with the only difference that 7 is a permutation of 2R elements instead of

1

R. Because of this, mer~'e contains two different representatives of the equivalence class [w], and

since the functions FV are independent of the class representative, FV contains twice the same

function FV. We can write this as

Ffr{ewe({x}ﬂ%v {y}2Rv Av B) = (Fj({%’}}g, {y}Rv A7 B>)2 : (E_4)
The sign in eq. (6=22) is, however, not easy to read from = and e.
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