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Biorthogonal Laurent Polynomials,
Toplitz Determinants, Minimal Toda Orbits
and Isomonodromic Tau Functions

M. Bertola and M. Gekhtman

Abstract. We consider the class of biorthogonal polynomials that are used to solve the
inverse spectral problem associated to elementary co-adjoint orbits of the Borel group
of upper triangular matrices; these orbits are the phase space of generalized integrable
lattices of Toda type. Such polynomials naturally interpolate between the theory of or-
thogonal polynomials on the line and orthogonal polynomials on the unit circle and tie
together the theory of Toda, relativistic Toda, Ablowitz—Ladik and Volterra lattices. We
establish corresponding Christoffel-Darboux formula. For all these classes of polyno-
mials a 2 x 2 system of Differential-Difference-Deformation equations is analyzed in the
most general setting of pseudo-measures with arbitrary rational logarithmic derivative.
They provide particular classes of isomonodromic deformations of rational connections
on the Riemann sphere. The corresponding isomonodromic tau function is explicitly
related to the shifted Toplitz determinants of the moments of the pseudo-measure. In
particular, the results imply that any (shifted) Toplitz (Hénkel) determinant of a sym-
bol (measure) with arbitrary rational logarithmic derivative is an isomonodromic tau
function.
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1. Introduction

The connection between orthogonal polynomials on the line and Toda lattices is rather
well known [3], as well as the relations to the KP hierarchy [1]. Dynamical variables
of the Toda lattice are arranged into a tridiagonal Lax matrix, that can be viewed as a
recurrence matrix for a system of orthogonal polynomials. In the (semi)finite case, the
evolution of the corresponding measure provides a linearization of the Toda flows. More
generally, one can set up (in)finite-dimensional Hamiltonian systems on R?* (n < 00)
with Hamiltonians

(1.1) HI(Z’ £) = E lelz + sz e‘lHrl_QI + ) equ,l %/-,
i i¢l j=1
(1.2) I ={ii<iy<-- <}

Asisnoted in [10] such a family of Hamiltonians (labelled by the multi-index /) contains
integrable lattice hierarchies of Toda, relativistic Toda, Volterra and Ablowitz—Ladik
type. These integrable Hamiltonian systems have a Lax representation with the Lax
operator given as an n X n lower Hessenberg matrix which we denote by Q (in [10],
[11] it was denoted by X), belonging to a certain “elementary” (2n — 2)-dimensional
co-adjoint orbit of the solvable group of upper triangular matrices. These systems are
linearized by the Moser map

(1.3) 0 Wz Q) i=(1-0) = 2(; MZ],(+Q1)
e
(1.4) A;(0) = 0.

In the case of infinite lattices these expressions take on a formal meaning in terms of
power series but the analysis is unchanged.
The moments [i; of Q define a normalized moment functional L:

L)) = [1;(0) = 0],

and the reconstruction of Q from its moments (the “inverse moment problem”) can
be accomplished [11] by constructing a suitable sequence of biorthogonal (Laurent)
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polynomials {r;, p;}icn, where the p;’s are polynomials in x of degree i while the 7;’s
are, in general, polynomials in x and x~!, and r;, p; satisfy

pi(Qe; = ejq, elri(Q) =el,, i=0,1,...,
where e; denote vectors of the standard basis in C". As a result,
L(rip;) = 8ij,
and the Lax operator Q corresponding to the chosen orbit is then reconstructed by
Qij = e] Qe; = L(ri_1xpj_1).

Explicit formul@ for these biorthogonal polynomials in terms of shifted Toplitz deter-
minants can be found in [10], [11] and will be recalled here in due time. Vice versa, one
could assign an arbitrary (generic) moment functional £ : C[z, z~!] — C, a multi-index
I and then reconstruct the Lax operator Q; (i.e. view the Lax operator as a function of
L rather than the other way around)

L 01(L).

From this point of view, the linearization of the (infinite) Hamiltonian hierarchy is
accomplished simply by

(1.5) Li(e) = L(e2r 17 o),

where the series may have to be understood formally. This procedure displays the com-
mon nature of all the above-mentioned integrable lattices, inasmuch as the linearizing
space is always the same (the space of moment functionals) and what changes from one
lattice to another is only the orbit, namely the map Q;.

Finite-dimensional systems (of dimension 2n — 2) on an elementary orbit £; cor-
respond to those moment-functionals for which certain shifted Toplitz determinants of
size < n do not vanish, whereas all the larger ones do. In such cases, the tau function of
the hierarchy is defined by the (closed) differential

n

(1.6) dint = Z;Tr((Q,)J)dtj

J=1

and coincides with the largest nonvanishing (shifted) Toplitz determinant.

One of the main purposes of this paper is to connect this determinant to a different
notion of the “tau” function, namely, the one introduced by Jimbo, Miwa and Ueno in
[14], [15]. It was shown in [6], [4] that the Hénkel determinants of an arbitrary (generic)
“semiclassical” moment functional on the space of polynomials can be identified with
the isomonodromic tau function introduced by our Japanese colleagues. Similarly, it was
shown in [17] that Toplitz determinants of a particular class of symbols on the unit circle
are also identifiable with the same kind of isomonodromic tau functions.

These two apparently distinct situations are in fact the two ends of a “continuous”
spectrum of situations: in fact, the case of Hénkel determinants is dealt with in the setting
of (generalized) ordinary orthogonal polynomials, whereas that of Toplitz determinants
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uses orthogonal polynomials on the unit circle; in this latter situation one considers
polynomials p;(z) orthogonal in the usual L?(S!, du) sense

1.7 /Sl Pj (@) pi(2) dpu(z) = dji.

Here one defines r;(z) = p_j(z_l) and the orthogonality is recast into
(1.8) L(ripr) = Sji,

where, in this special case,
(1.9) LiClz1>C Le)= f 2 dua).
Sl

We see that we can regard the case of orthogonal polynomials on the circle as a special
case of biorthogonal Laurent polynomials with respect to a moment functional satisfying
the reality condition p; = .

According to the previous description of integrable lattices, the two situations cor-
respond to two different elementary orbits and hence we should be able to treat them
on a common ground, together with all the other lattices associated with the orbits ;.
Indeed, we will show that this is the case and that for the class of moment functionals
of the semiclassical type introduced in [4] all the shifted Toplitz determinants which
arise as tau functions of the corresponding integrable lattices are also isomonodromic
tau functions for a rational 2 x 2 connection on C! which will be explicitly constructed
in the paper.

The approach to this problem follows the strategy used in [4] rather than the one
in [17]; in the course of our analysis we will obtain generalized Christoffel-Darboux
identities which naturally interpolate between the ordinary Christoffel-Darboux identity
for orthogonal polynomials on the line and the one for orthogonal polynomials on the
unit circle.

Moreover, we will show that the Toplitz and Hénkel determinants of the same size
for one such moment-functional are connected by a sequence of elementary Schlesinger
transformations, at each step of which we obtain tau functions associated to interpolating
orbits; in figurative terms, we show that the papers [17] (see Example 10.1) and [4] are
connected by a Schlesinger transformation (when specializing the semiclassical measure
to the one relevant for [17]) and that “neighbouring” elementary co-adjoint orbits are
also connected by an elementary Schlesinger transformation.

2. Setting

We start in the most general and abstract setting, without any reference to a (pseudo)-
measure. We consider an arbitrary moment functional

2.1 L£:Clz,z7'1->C
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on the space polynomials in z and z ! and denote its moments with p1; = £(z/), j € Z.

We introduce the following shifted Toplitz determinants and polynomials

e Met1 o Medn—1
. Me—1 e o Mg4n—2
2.2) A, = det ) ) ,
Me—n+1 Me—nt+2 Me
0 _ ¢ _
Ay =1, AZ, =0,
e Mo+ Mot
Me—1 e Metn—1
(2.3) oL (x) == det
Me—n+1  Meg—nt+2 - Me+1
1 x PR xn

Using some classical identities for determinants we can derive recurrence relations
for the shifts » — n 4+ 1 and £ — £ + 1 for the above polynomials. We first need the
following:

Proposition 2.1. Forany (n+ 1) x (n+ 1) matrix A the following determinant identity
holds true (Jacobi identity)

1.n 42.n+1 2.n+1 4 1.n _ plin+1l 42.n
(24) Al..nAZHn-&-l - Al..n A2Hn+1 - Al“n-',-lAZ..n7

where the sub/superscript ranges denote the rows/columns of the submatrix we are
computing the determinant of. As a corollary, for any (n + 1) x (n + 2) matrix B, we
have

l.n+1 pl.n l.n+1 pl.n _ pl.n+l l.n
(25) BZ..n+2 Bl..n + Bl..n+l B2..n,n+2 - Blun,n+232..n+1’

which can be obtained from (2.4) by adjoining an appropriate row.

Using (2.4) on the determinant defining o¢ we find

(2.6) XALgor  — Ao Tl = AL pr.

n—

Applying (2.5) to the determinant defining ! adjoined to the next row of moments on
the top we find

2.7) LA+ AL plT = plal !,
(2.8) o AT XA s = phAy
2.9) XAl = AT el T = prAl.
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We now use these identities to express pf :=[p!, p'~|linterms of o, =[p’ |, p 73],

[ 1 AL—1 L+1 AL
XAn An An—l An An

(2.10) oo || B A0 (A [ @]
Prc A Al | et
Afl—l Aﬁ—]
2.11) Pl =Clot_,
AZZ
2.12) detC, = —x ( 5") , Circle Case
(A,_)?
Al
"0
(2.13) jC,f(xrlc,f(y)—j:(l_%) AL ,
-1 0
where
. [ o1
(2.14) ji= [_1 0].

We have named this the “circle case” because this sort of recursion is relevant for
orthogonal polynomials on the unit circle. Indeed, let us fix £ and define

1
®n A_ﬁ 0 !
q)n - | — AZ—] AE @n
n (_1)n+1 n_ (_l)nn—Jr1
(ap? (ap?

Then a computation using the identity

(A7 = ATIAM = AL A

(another instance of the determinantal identities (2.4)) shows that vectors &, satisfy a
recurrence of Szeg6 type:

AZJrl
X —(—1)’1#
®, = A571 " D,_.
erfie

Moreover, if we set / = 0 and assume that u_; = [ for all k, that ¢, defined by the
recurrence above are monic polynomials orthogonal with respect to the measure on the
unit circle with the moments w; (see, e.g. [20]).

‘We next derive a recursion in £,

-1
' Afl + Afl-‘rlAn—l Afl-‘r]Aﬁ o1
215) [ or } AT T x@al e x| e }
. —1 - £—1 =217
n—1 An—l All; 6/')n—l

fo;_' fo;_'
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(2.16) on=Ti0
.1 (AD? . .
2.17) det7, = - Circle-to-Line Transform
X (A)?
-1
x nolog
@18) L0 —i= (1 - —) Al
Y 0 0

The name “circle-to-line” refers to the fact that this recursion relation interpolates be-
tween the previous “circle” case and the next one, which will be named the “line” case.
Indeed, composing these two we can express p! = [pf, @ﬁj] in terms of 5@5:} =

) pt2,

¢ A, AIAT - ADA, (A’ o1
6/‘)]1 — X = — — pnfl

(2.19) [s@“] =| Al Al ALY (A, 7))? [ z2:|’
n—2

1 0 ®

n—1

(2200  pf=rLlpiTl, Line case
AZ 2
221)  detf, = —%,
(A, 2?2
Ay
222) L)L —i=@ -y | A
0 0

This recursion is called the “line” case because it is the relevant recursion relation for
ordinary orthogonal polynomials on the line; indeed, the standard recursion relation in
this case can be written as

X — IBH _ Vn—1 P
[pn+l] _ Vi a |: n i| ’
Pn 1 0 Pn—1
which has the same shape and x-dependence as the ladder matrix (2.19). Moreover,
setting £ = n — 1 the Toplitz determinants are equivalent to Hinkel determinants involv-

ing only the moments g, ..., (s, and one recovers the familiar formula for ordinary
orthogonal polynomials (up to a normalization for the polynomials g”~!).

2.1. Second-Kind Polynomials
Let us define the following second-kind polynomials

iy ol

(2.23) RE(x) = L. <M) .
xX—2z

The three types of recursion (2.10), (2.15), (2.19) involve at most a multiplication or

division by x and have otherwise constant coefficients (in x): moreover, we find

xPL(x) — 2L (2)
X —Z

(2.24) xR, (x) = L ( ) — L.(9,2)),
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x el —z7'el)
X —Z

(2.25) x1Mu)=Q( )—%Q@ld@l

The last terms in these identities vanish because of the determinant structure of gf,
provided that n > 1 and 0 < ¢ < n — 1 for the first case and —1 < £ < n — 2 for the
second case. From this observation we find that these auxiliary sequences of polynomials
satisfy the same recurrence relations in the following ranges:

RZ71
Lt RZ:ZI , l<e<n-—1,
-2
R R
(2.26) [Zﬂ}z d[ Z@, 0<t<n-2,
Rn—l _Rn—Z 1
Rf—l
Tt Z:ZI , 0<t<n-—1
_Rn—2_

3. Christoffel-Darboux Formulse

Consider (1, /) € NxNand choose an arbitrary path starting at the origin of the following
type:

3.1 {(ng, €r), k=0,1,..., (no, £o) = (0,0), (n1, £1) = (1,0)},

and such that the possible subsequent moves are right, up or up-right. For the move

(ng—1,Lr—1) — (ni€y) we introduce the transfer matrices following an idea of [13]
used for orthogonal polynomials on the circle

C,fz if the move is right (circle move),
3.2) Ti(x) := { 7% if the move is up (circle-to-line move),
LL+ if the move is up-right (line move).

Using these transfer matrices we define the two dual auxiliary sequences of matrices as
follows:

(3.3) Ev(x) = Th(x)Er—1(x),

— _ 1 [ t
3.4 uk(x) = 7detTk(x) uk_l(x)Tk (x),
3.5) By = Ep.

This definition in particular implies that

1
(3.6) El=——&F
‘ 1_[?:1 det 7; ’

The choice of the initial conditions for the auxiliary sequences is arbitrary but it is
convenient to choose E in such a way that the first column of E, will contain p,‘f
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and p,fj and the second column the corresponding second-kind polynomials. Since the
matrices constructed with the polynomials ggﬁi and the second-kind polynomials already
satisfy the same recursion relation for k > 1, it is sufficient to impose the same initial
conditions with the following choice (recall that the first move is always a circle-move)

o a1

5/')!1 RVI
(37) EO = (CKI)_1|: Z.ll g|_11:|
" Vllfl Rnlfl

1 ko 1o HoX — p1 pd |1 mo/x
u%x 1 g — pox 1 0 0 1/x |’
Recall that for any 2 x 2 matrix we have A’ = det(A)jA~'j~'. We now compute

1

(3B8)  ErMiE(y) = m32_1(x)Tzf(X)ka(y)Ek_l(y)

= Ef_ T )T () Ermr (v)
= B (i1 () + Bf ) GTT ) Te() — D Er—1 ().

Let us define Zk = {; — €;_1 and iy := n; — ni_;. Then the three formule (2.10),
(2.15), (2.19) can be uniformly written

=1
np—1 .

(3.9) ka‘(x)Tk(y)—j=(—1)l_”(%‘%)x%m s
6G—1 0

YN .
(3.10) det Ty (x) = (—1)™x™ % <A/z_k) »
) Nj—1
(3.11) [ [det T;x) = (1™t (Al

j=1

Summing up both sides of (3.8) we obtain the following master Christoffel-Darboux
identity

(3.12)
0 —1/y
EVv()JE —
HOOIEN ) [l/x . }
Ly —1
1 1 N—1 . . ) ngy1—1 1_nk |
- (5 - }) D (D E G | A T EO;
k=0 ék+l -1 0
Lipr1—1
1 1 N—-1 i R i . 7@“_1 1— }’.lk+1
= <; — ;> ;(_1) mxt’my E B (x) Aﬁiﬂ Zr(y).

b — 1 0
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3.1. Principal Christoffel-Darboux Identities

We look at the (1, 1) entry of the above identity

ty—1 ¢
=™ (1 (xX) Onn (X) 4o
(3.13) (Alr)? ( oty Py ) = e @1 ()
ny
(1 1) Ii (_1)”k+1x5k+1—nkyflk+1
T \x Y& (A)?

AZ‘(+1_1
=1 g : -1
X |:78’=),,k »+ad- nk+1)8/=)nk_1(y)i|

Lt
Nk+1
Ale -
¢ ; n -
x 9800 = (1= fa) 1 ol h ) |
A"k+|—1

The two terms in the product inside the sum above can be simplified using (2.7) for the
case {11 = 0 and (2.9) for the case rn;,1 = 0, indeed,

3.14)
17
ng
Ly —1 yAZk-H
-1 . . Ci—1 ny
[”;—*;Hgaﬁ:(yw(l—nkﬂmnfm} = 1
Mgy N1 —1

P () iy =0,

Ao i =1,

N1

Ly —1
. A k+1
— oyl % L
=Yy N pnkﬂ_l(Y)v

Ng+1

(3.15)
Lit

Aek+l P Aznk ;

L i Mg+ - +1—
PUx) = (1= Crsr) Agk“ll £ (x) AT
el o) = T () if b = 1,

Pl t@)  if by =0,

Lk

_ Tk @k+|*1(
= x).
Ly —1 p’lk
énll<{+1

Using these expressions in the right-hand side of (3.13) the identity becomes

ty—1 ¢

(=" (1 (), O X)) 4,

G16) o < P ) — el )
ny

_ P »
= (-1 NEl(—l)"m@ﬁfﬂ—l(y)@ni* (o)t
\x Cirr A Lk .
=0 AL A

Ng+1

|
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We can repeat the same arguments for the second-kind polynomials appearing in the
other matrix entries; care must be paid to the fact that (E);, is not Rg =0.

We obtain the following supplementary Christoffel-Darboux Identities (CDIs) (pro-
videdthat 0 < £ <mpy1 —2,k=1,...)

_1\ny RZN 1 Ly
(3.17) =D ( 1) eN(y)—Rnw() b=ty )) !

Ay \ et Pt T St Bt

N—1 ¢ L1 —1 oy —
(2 )3 e P OB o
Z 9
X =0 At A

1y [ ot l() v 1
( ) (le () N() ZN 1()) ;

1
N A o

Rt pn™ ™ xte ey
=) [ o Bam OB 1]
Ant A

Nk+1 y

—1)™ f;”l fLN
=D ( vt o o (y) — nN”_(z) fix‘m))

(AnN)z XN Iy

- i —1 Y
—(2- 1 NE l(_l)"kﬂ Vlk+l l(y)R e ()C))Cgk+1 k
S \x A[H] AZA .
k=0 Nk+1

The additional term in the second identity stems from the mentioned discrepancy in the
definition of E( with the definition of the auxiliary polynomials: indeed, the term with
k = 0 in the sum (3.12) is not zero in the off-diagonal terms but |:(1) _1)/ Y ] Thus the
second identity above is rewritten as

—1ym (o7 v 1
aiy (p TR0 - E - Tt ))

(A )2 XN —tw ny—Ly
— -1 —ny
a X ek+l Zk .
k=0 A”A+l A

3.2. Christoffel-Darboux Identities for Biorthogonal Laurent Polynomials

The formula derived in the previous sections for the CDIs are very general, however the
(Laurent) polynomials that appear in the sum are not biorthogonal with respect to the
moment functional £ unless the sequence n; is strictly increasing and the sequence ¢y is
weakly increasing. This is the situation which interests us the most and hence from now
on we will assume that n; = k.! Moreover, all the elementary orbits of the integrable
lattices we are considering are in correspondence with this situation.

11 ny were not strictly increasing, then the polynomials would be biorthogonal only provided the moments
satisfy some nongeneric condition of vanishing of certain determinants.
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From the formule defining the polynomials ! it follows that
(3.19) L. (b @ el @)1y = 8 (=1 AL Al

This suggests that we introduce the following monic polynomials:

1
320 1) = gt
Ay
—1)"
(321) pn(_x) — (Ae) xe,z-ﬁ-l*ﬂpﬁn-;-l*](x).
n

It is understood that the determinants A" must not vanish: this is our implicit assumption
of genericity on the moment functional. While the m,’s are monic in the usual sense,
the p,’s are normalized on either the highest or the lowest power depending on £, ;.
Moreover, the 7,’s are polynomials in x whereas the p,’s are polynomials in x and x .
They satisfy the orthogonality relations

Aequ]

(3.22) Leon@m @) = buah, = I

Remark 3.1. Laurent polynomials (3.20) and (up to a sign) (3.21) appeared in [11,
equations (3.23) and (3.32)], where they were constructed from a moment functional
defined by L(x') = (Q'),1, where Q belongs to a certain “elementary” co-adjoint orbit
determined by a sequence £,,. In particular, £ in this case is normalized by £(1) = po =
1. However, since expressions defining m,(x), p,(x) are homogeneous of degree O in
moments (;, all algebraic relations for , (x), p, (x) that were derived in [11] remain valid
in our current framework. Let us also point out for the interested reader that increments
Zn correspond to 1 — ¢, in the notations of [11].

We finally introduce the (bi)-orthonormal polynomials and the second-kind poly-
nomials

1
(3.23) pn(x) = —m,(x) =

Vi VARATE
P(x) =L (pn(x) - pn(Z))
n M Z k]

X =2z

w b=l
! P x)= xeuﬂ—n (=D §n i

r}’l (x) = 7 s
hn \% Afl“ An’ii

?;1()() — ;Cz <rn(x) - rn(z)> )
X —2Z
and their “starred” polynomials
(3.24) pyx) = x""p, ), ph) = x"T (),
(3.25) rr(x) = X", (x), FH(x) 1= X" (x).

|
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In terms of these (Laurent) polynomials the CDIs read

N-1

(y—x) Z ()P (y) = yn(pn(Wrv-1(x) — pyry_1 (),
n=0

N—-1
G =) D Fapa(y) = yw(py)Fv-1(x) = Py () + 1,
n=0

N—1
3 =%) D Py = ywEyOrv-1(x) = py@F_, () — 1,
n=0

N—1
(v =) Y Fa®)Pa(y) = yw(BnOFn-1(x) = PrFx_ (),
n=0

hy
hy_i

(3.26) YN =

It is convenient to rewrite in matrix form the previous identities as follows:

(327) p&) :=I[po,...J, Px):=I[po....I'
r(x) :=[ro, ..., T&):=1[ro,...],
(328) P(x) :=[p(x), p(x)], R(x) := [r(x),T(x)],

N-1
(329)  (My_1)ij = Y ddyy.

k=0
(3.30) R'(x)Ty—iP(y)

1 Py i) | pv) PN (DY) )
= YN | ~, ~ J| ~ +Jr-
y—Xx py(x)  ry—1(x) v ) Ty ()

Remark 3.2. Christoffel-Darboux identities proved crucial in establishing a 2 x 2

partial differential equation (PDE) for the orthogonal polynomials in [4] (the so-called
“folding™); a completely parallel role will be played in Section 5.

Remark 3.3. A word about the relations with previously known (bi)-orthogonal poly-
nomials is now in order. If all the moves (except the first one) are line-moves, namely,
if £, = n — 1, then it is not hard to show that &, = p,, are just orthogonal polynomials
with respect to the (restriction of the) moment functional £ to positive moments. More-
over, the shifted Toplitz determinants A”~! are (up to a sign) the same as the Hinkel
determinants of the same size (by permuting appropriately the columns).

Vice versa, if all moves are circle-moves (i.e. £, = 0) (and we also impose certain
reality conditions on the moments of the functional), then the m,, are orthogonal poly-
nomials for a certain measure on the unit circle and the p,,’s are their so-called “dual”
Laurent polynomials. The determinants appearing then in our sequence are precisely the
“standard” ones AY.



396 M. Bertola and M. Gekhtman

A second remark is that all these polynomial do satisfy three-term recurrence relations,
although of a different sort than the standard ones. Indeed, it is well known that orthogonal
polynomials p, satisfy relations of the form

(3.31) XPn = YnPnt1+ BuPn + Yu—1DPn—1,

where the coefficients y,, B, enter in the tridiagonal Jacobi matrix representing the
multiplication by x in the basis of the p,’s. At the opposite “end of the spectrum”,
orthogonal polynomials on the circle satisfy a different sort of three-term recurrence
relation of the form

(332) X(Pn + (snpn—l) = YnDn+1 T ,Bnpn-

Itis not hard to show that the polynomials that we are considering precisely “interpolate”
these two sorts of recurrence relations. Indeed, it was observed in [11] that polynomials
7, defined by (3.20) satisfy a three-term recurrence relation of the form

x(m, + (1 — én)dnﬂn—l) = Tyq1 + by, + K.ndnﬂ'n—l’

(see Remark 4.1 and equation (3.4) in [11]). Then our orthonormal polynomials p, (x)
satisfy a recursion

(3.33) X(pn 4+ (1= €,)8,pu—1) = YuPu+1 + BuPn + €nupui,

for certain coefficients y,,, 8,, 6, whose explicit expression in terms of Toplitz determi-
nants can be obtained from the formula above but is irrelevant for this discussion. We
see that “circle-moves” (Zn = 0) correspond to a three-term recurrence relation of the
type appearing for orthogonal polynomials on the circle, while “line-moves” (¢, = 1)
correspond to the “usual” recurrence relation.

We should also mention that recurrence (3.33) can be further generalized to a gener-
alized eigenvalue problem for a pair of tridiagonal matrices. This situation leads to more
general biorthogonal rational functions. This was studied extensively in [21], [22].

4. Infinitesimal Deformations of the Moment Functional

We study the infinitesimal deformations for the wave vectors p(x), p(x), r(x) and F(x)
under an infinitesimal deformation of the moment functional. Let us introduce the matrix
of recurrence for these sequences of polynomials

4.1) xp = Op, xr' =r'Q, Qum = L(zpprm).

The matrix Q is of Hessenberg form, namely, has nonzero entries on the superdiagonal
and possibly on the diagonal and all other nonzero entries in the lower triangular part.
The biorthogonality relation can be rewritten as

4.2) Llpr'l=1.
Suppose we infinitesimally deform the moment functional

(4.3) L(e) = —L(F(2)e).

|
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Here F'(z) can be any function (even a generalized distribution as we will see) provided
that the moments of the deformation are still well defined: if £ is given by an analytical
expression in terms of some integral representation (as we will assume later on), then
this means some condition of analyticity on F: if the functional is only defined by its
moments, then F should be interpreted as formal series. In any situation the typical case
of F being a polynomial (corresponding to the usual formal Toda-type flows) will be
well defined.

A little more generally we could even assume that F is a distribution, particularly
delta functions or derivatives of it. For instance, we can consider deformation of the type

. d\*¥
4.4) SL(p(x)) = L(p(x)) = — (&) p(x)

X=a

for some constant a: this means that we (formally) have set F' to be the kth derivative of
the Dirac delta distribution for the given moment functional supported at x = a.
Corresponding to any of these deformations the BOPs deform as

“.5) sp = U(F)p, or = HNJ(F)I',

where a priori U and U are lower triangular matrices since the range of powers of x
entering in the expressions p,,, r, will not change. In order to find expressions for these
matrices we note first that their diagonals are the same

(4.6) WD), = (@), = —15In(h,).

Indeed, we have

n

4.7 8pn = 8——=+ -+ = —381n(h,) p, + previous,
4.7) P i 38 1In(hy) py +p
(4.8) 8ry = —381n(h,)r, + previous.

Differentiating the orthogonality relation we obtain

4.9

F(Q) for the case of an ordinary function F,
Ue + gEr = N

(&) pOoOr (x) for a deformation supported at one point.

and hence, according to the two types, the matrices describing the infinitesimal defor-
mations are given by

(4.10) UP = F(Q)_, U = F(Q) _,,

(4.11) U% = af(pa)r' @), U =" r@)p' (@)_o

where A_j means the lower triangular part plus half of the diagonal. Note that from (4.6)
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and the definition of #,, it follows that

(4.12) A = Th
k=0
Srln Al = —Tr, F(Q),
n—1
Sy In Al = =35> pia)r(a).
Jj=0

where we have used the notation for the truncated trace Tr, A := Z;’;(; Ajj.

4.1. Deformations for the Second-Kind (Laurent) Polynomials

Using Leibnitz’s rule we obtain the following deformation equations for the second-kind

wave vectors P, T. For a deformation by a function F(x) we have
F(X)—F(Z)) <F(X)—F(Q))
p - ela
X —z x—Q
F(x) — F(z)) <F(x) - F(Q’))
——Jr— | ———— ] ey,

X —z x—Qf

413) 8P = (U = FO))P + L. (

SFT

TP — F(x)F+ L, (

while for F = S(f) (z — a) we have

3 p() — p@
dak x—a
* r(x) —r(a)

dak x—a

(4.14) 5pp = UBDH —
55T = TObF —

5. Folded Version of the Deformation Equations

Let us define

Pn DPn
5.1 Xn = [ o }
r r

n—1 n—1

We want to express the previous infinite-dimensional deformation equations in terms of
X» alone; this process is conceptually identical to the one followed in [4] and which is

named “folding”. To this end, we formulate the following:

Theorem 5.1. The infinite deformations (4.10) for the wave vectors p, r and for the
second-kind wave vectors p, ¥ (4.13), (4.14) are equivalent to the following deformation

equations for x,,n > 1,
(5.2) Sryxn = U )t + xald R (),

Sty xn(@) = U (0 () + 50 COUE (),

|
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where we have used the following definitions:
SF(Q)nn 0
0 F)—3F(@u-1a1

_(VQF)n,nfl (VQF)n,n"
+ Vn )
_(VQF)(n—l)*,n—l (VQF)n,n—l

UOR _ [0 Wi ] Wy e ,Cz(F(x)_F(Z)),

(5.3) ur = [

0 —F(x) X —z
F —F
VoF = TR =P
x—0Q
k 8k 1 pnrn 0
5.4 U (x) = —=
( ) ()C) aak 2 |: O _pnlrnl]z .

9k VYn —Pnln-1 pnp,:
+ —k * )
da¥ x —a “Tn—1Tp_y Tn—1Pn _,
UCHR(x) = gk 0 1/(a—x) .
“10 0
Here, for a function f(z) we have set

(5.5) f(Q)i o = L f(r]), F(Q)ir,j == L(p} f (@) p)).

Proof. We compute the deformations of both rows of y,. We start with deformation
involving a function F(x): the first row deforms according to the equation

(5.6)  Srlpa(x), Pa(x)] = 6r€, - [p, Pl =€, - U™ - [p,p]

Co s |0 W . F&)—F(Q)
+e, - [p. Pl [0 _F(x)} e =0 [0, ei],
where we have set
(5.7) Wr(x) == L, (M> .
X —Z

We can compute the folded version

e -UD - [p, Pl = 1F(Q)unlpa. Pul + €,L(F ()P (2)I,_1[p(x), P(x)])
== %F(Q)nn[pna 5n]
+e L((F(z) — F(x)P@)r ()T, [p(x), P(X)]) = ().

In the equality above the term proportional to F'(x) is zero because of the projection
along e, and hence the equality is valid: using now the CDIs on the last term (in the



400 M. Bertola and M. Gekhtman

matrix form provided by (3.27)), we continue the chain of equalities

(58) () = 1F(Q)unlpn. Pl
F - F
+efz‘cz (%Z(MP(Z)(% [Pn(Z)*a rnfl(Z)]an(x) - [07 1]))

~ F(z) - F
= %F(Q)rm[pn’ pn] - yn[’Z <%p”[p:w r"—l]) an(X)
Fx)—-F
+e, - (xx)fQ(Q) - 10, e(].

This implies that

(5.9) 8pLpa(x), Pu()] = SF(Q)unlpns Pul

F(z)— F
- yn[/z (Mpn[l%*,, rn—l]) an(x)

—X
O N
€, - [p-p 0 —F( |’

and thus completes the proof of the folded deformation equations associated to a function
(or generalized function) F for the polynomials of the first and second kind. In a similar
way we can compute the same deformations for the dual Laurent polynomials:

(5.10)  Splru—1(x), 7o ()] = Spe€;_; - [1,T]

- 0o w
=e - UDr, r]+e,2_1.[r,"r][ " }

0 —F(x)
. F) = F(@)
e B ———————

-1 x — Qt . [09 el]'
In parallel with (5.8) above, the computation now involves
(5.11)
t ~ ~
€ U 0¥ = —3F(Quotn-i1lra—t, Faci] + €y - F(Q)IL,[r, F]

= —LF (-t no1lra1, Faci]

+e_ LAF@r@)p' (@), [r(x), T(x)])
= (F(x) = $F(Qn-tn=Dlrn-1, Fz1]

+e,_ L. ((F(z) — F(x)r@p' (,—1[r(x), F(x)])
= (F(x) = 3F(Qn-tn—Dlra—1.T—1]

F(z)—F
+ en—lﬂz (L)C()C)T(Z)(_Vn [pn(2), r;_l(Z)]

X jxr () +10, 1]))
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1 ~
= (F()C) - §F(Q)n71,n71)[rn71» 7‘,171]
F(z) — F(x) N
+ _ynﬁz <Z_—xrn—l[pns rn_l] JXn (.X)

F(x)— F(Q'
+en—1(xx)_—QEQ)el,

where we have used the following definition:
(5.12) X =l
Summarizing, we have obtained the following deformation equation:

(5.13)  Splrn1(x), st ()] = (F(x) = 5F (@t n-Dlra1, Tl

. 10 Wg
+e,_ ;- [r, 1] 0 —F(x)

F - F ‘
+ ynﬁz <%’%1[Pm V;:1]>jX; (x).

By “starifying” both sides we obtain

(5.14)  Splry (0,7 (0] = (F(x) = 5F(Qu1a-Dlry_1, 7]

* ~% 0 Wr
+[rn—1’rn—1] 0 —F(X)

F — F
+ Vn'cz (%rnl[pm r;_1]> Jxn(x).

Putting together (5.9) and (5.14) we obtain finally the folded version of this kind of
deformation equation

(5.15) Skxn = U () xn + xad TR (),

LE(Q)m 0 }
F)y _ |2
(5.16) U, = [ 0 F(x) = SF(Q)n-1.11

- yn»cz (M |: pnp,: Pnln—1 i|>j

X =2 Pnln—1 r;_lrn—l
_ [% (Q)mn 0 }
F(x) = 3F(Q)n-t1n-1
+ |: _(VQF)n n—1 (VQF)n,n* :|
(VoF)u-1yn—1 (VoF)un-1
(F),R _
(5.17) U - [ _F(x)}
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We now consider a deformation supported at one point z = a with F = 8} (the kth
derivative of the Dirac delta supported at z = a)

p(x) —p(2)

X —Z

N " - d\*
(5.18)  S8p[pu(x), Pu(x)] =€, - U . [p,p] — ¢, (—) [0, 1].

dz

z=a

This time we have

(5.19) €, -U%) . [p,B] = 105 (pu(@)r(@)pa, Pl + %€, - p(@)r (@)L, [p, ]

(5.20) = 195 (pn(@)rn (@) pn, D]
+oke’ - p(a) (J/n[p;(a), @l 10, 1]) .
X —da X —da
We thus have
(521 Sp[pa(x), Pa()] = 235 (Pu(@ru (@) pn, Pl
+ 8!; Vn [pn (Cl)PZ(a)a Pn (a)rn—l (a)]JXn ()C)
X —da
_ gk [0, p.(x)]
“ x—a
Similarly, for the Laurent polynomials,
k
(5.22) 5F[rn,1(x),?n,l(x)]=e;,1.m<5§>’.[r,r —e (di> M[o, 11,
z 7=a -
where now
(523) €, U 6, F] = 105 (pa1@ra_1 (@)1, Foi]
+oke - r(a) <Vn[pn(a), r,,_l(a)]jX;,(x) _ [0, 1]) ’
X —da X —a
so that finally
(5.24)  Splram1(x). Fuc1 ()] = =305 (pa—1(@ru_1(@)[ra—1, a1l
Lot Yalra—1(@) pu(a), ra—1(a)r;,_, (a)]jX;, )

X —a

0]

X —a

Starifying this last identity and collecting it together with (5.21) we finally have

(525 8xa(@) = UL () 1 (x) + s OUDR (),

|
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k
@) " [ 1| pu(@)ra(a) 0
5.26 Uy (x) = — 1=
G20 W) 8a"{2|: 0 —pa@r@

X —da

Vn [ pn@py(a)  pu(@)r,—i(a) } j}

rot(@pp(a) ro_1(@)r;_(a)

_ O 1o 0
h 8a"2 0 —Pn—-1"n—1 7=a

o Vn [ —Pntn-1 PnD;, i|
7=a

*
—Ftn-1r,_1 Thn—1Pn

dakx —a

a

k 0 1/(a—
(5.27)  UCDR(x) = ak|: /(a x)]

0 0

This concludes the proof. [ ]

6. Moment Functionals of Integral Type and
Ordinary Differential Equations

We now assume that the moment functional that we are considering admits an actual
integral representation

6.1) L") = Z %j/ e '@z dz.
1—‘J

As far as the previous discussion on deformations is concerned, the integral representation
of the moment functional is largely irrelevant, the only issue being the convergence of the
deformation function: therefore, the “potential” V' (z) as well as the sets of integration I';
could be completely arbitrary. However, in view of our intentions, we will assume that
I'; are contours in the complex plane and that V (z) is a locally defined smooth function
on these contours with the only restriction coming from the fact that negative moments
should be defined as well as the positive ones.

In fact—although many considerations would remain identical in more general situ-
ations—we will assume that V is a locally analytic function in the complex z-plane
excepted at some punctures, identically to the case of semiclassical moment function-
als studied in [5], [4] with the only extra restriction that all negative moments should be
defined and finite.

Semiclassical Moment Functionals. For the reader’s convenience we briefly recall how
these semiclassical moment functionals are constructed [5], [4], [18], [19]. In this case
the potential is such that the derivative is an arbitrary rational function

(6.2) V'(z) = rational function,

and thus V (z) is a rational function plus logarithmic singularities at those poles of V'
where the residue does not vanish. For simplicity we assume that V' has either a pole
or a nonzero limit at z = co. Once we have chosen the potential V we also choose an
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arbitrary collection of contours (avoiding z = 0) {I';} with the property that 3%t(V (x)) is
uniformly bounded from below on all the chosen contours and tends to co polynomially
(in the length parameter) on the contours that extend to z = oo.

Remark 6.1. The interest in this class of moment functionals originates in [18], [19]
and is motivated principally by the fact that they generalize the moment functionals of
classical orthogonal polynomials.

In more detailed terms:

(a) Consider a pole z = ¢ of V' of order k > 2: we attach to it k — 1 “petals”
approaching z = ¢ along asymptotic directions in the sectors where R(V (x)) —
400. We also attach a “stem” extending to oo and asymptotic to a direction such
that R(V (x)) — oo.

(b) For a simple pole z = ¢ of V', if the residue is a positive integer (i.e. e~ has a
pole at z = ¢) we choose a small loop around the point, if the residue is a negative
integer we take a contour from z = c¢ to oo, if the residue is noninteger we take a
loop coming from oo and returning to oo (with the same restriction as above for
the asymptotic direction).

(c) We also choose arbitrary segments joining a certain number of points z = a to
oo (along admissible directions). These latter contours are called “hard-edge”
contours because the pseudo-measure du = e~"@ dz has a limit at z = a and
integration by parts yields a boundary term.

6.1. Differential Equations

We first analyze in this situation the infinite-dimensional differential equation that the
BOPs satisfy. The natural differential operation in this setting is not d, but rather xd, .

Let us introduce the matrices of the recurrence relations involving multiplication by
x and the orthogonality relations

(6.3) xp(x) = Opx), xr'(x) =r'(x)Q,
(6.4) xp'(x) = Dp(x), xr' (x) = Dr(x),
(6.5) fprf e Vdz = 1.

The matrices Q, D, D bear a certain relation which expresses the result of integration
by parts: indeed if we integrate the total derivative

(6.6) 03,(zpr e V@Y = prie V@
+Dpre’@ 4 preVOD — V' (Q)pre V@

over the contours defining our semiclassical moment functional and use the definitions
above for the matrices D, D, Q we obtain the matricial identity

(6.7) D+ D" — (zp@r' () e "N = QV'(Q) — 1.
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Fig. 1. The contours for a typical semiclassical moment functional. Here V’(x) has a pole of order 4 at oo, of
order 4 at ¢1 and simple poles at c3, c3 with noninteger and negative-integer residue, respectively. The contours
originating from the a;’s are “hard-edge” contours. The shaded sectors represent the asymptotic “forbidden”
directions for approaching a singularity. One of these sectors at oo in the figure does not have a contour
surrounding it because such a contour would be “homologically” equivalent to minus the sum of all the others.

Here the notation that we have adopted is that | . Stands for the linear combination with
coefficients s; of integrals on the oriented contours I'; and the evaluations |3, stand for
the evaluations at all endpoints of the given contours, multiplied by the corresponding
coefficient > and the appropriate sign according to the orientation. The matrices D and
D are lower triangular and on the main diagonal they can be explicitly computed

(6.8) xp, = np, + previous,

(6.9) xry = ((=n)(1 = €y11) + £yy1)ra + previous,
d .

(6.10) xar; = nl,4r; + previous.

Formula (6.8) follows from the fact that the degree of p, is n; formula (6.9) instead

follows from the fact that the sequence of Laurent polynomials r, (by construction in
(3.23)) is such that

rp(x) = Axb+ 4+ 4 Byt n

(here A, B are some constants irrelevant for the discussion) and, hence, if én+l =
£,+1 — £, is 1, then r, contains the same monomials as r,_; except for the top power,
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while if énﬂ = 0, then r,, has only the monomial with the lowest power in addition to
the monomials appearing in r,,_; (and its predecessors). Formula (6.10) follows simply
from (6.9) and the definition of r;; = X", (3.24).

Collecting (6.6), (6.8), (6.9), (6.10) we obtain the following Virasoro scaling con-
straint:

(6.11) (QV'(Qun + @Purne ose = L4 Lugt + 1l
Note that we also have

n—1

n—1
6.12) Y (QV'( Qi + @pirie Vase) = Y (1 + lst + klisr) =n(ly +1).
k=0 k=0

The parts of D, D below the main diagonal are now expressed in terms of Q and the
boundary terms only,

(6.13) D. = (QV'(Q)<+ @P@r'@)<e” D,
(6.14) D. = (Q'V'(Q))< + Gr@)P @) e™" D)je.

Note that, below the main diagonal, the matrices D and D are of the same form as
the deformations we were considering previously; more precisely, they correspond to
a variation by F(z) = zV’(z) and a linear combination of variations supported at the
endpoints of the contours I';. The folded version of this ordinary differential equation
(ODE) can be obtained from the formule (5.9), (5.14), (5.21), (5.23) with the only
modification that comes from the diagonal part of D. Using (6.11) for the diagonal part
the reader can check that the result is

n 0 _Wn,nfl Wn,n"
(6.15) D, = , + Vn
0 xV'x)—1-¢, —Wa—tyn—1 Wano

T % [ =parat  pap;
X —Z _rn—lr:;,l "n—1DPn
oV'(Q) —xV'(x)
0—x '
We remark that the last “boundary” term (the term indicated as the evaluation |j,,)

consists of simple poles with nilpotent residues located at the hard-edges.
For the full matrix y, the differential equation is

)

03¢

W = VoxV'(x) =

(6.16) X3y xu(x) = Dp(x) xu () + %2 (X)DR (1),

0 / LT
P X —Z Z—X

z e V@

(6.17) DR(x) =

3¢

0 —xV'(x)

Together with the differential equation and the deformation equations we recall that we
also have difference equations

(618) Xn = Rn(-x)anly n>1,
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(x — B, K .
Blva s | i1,
(_ 1 )n+l 0
(x — Bn) K .
Bu)/Vn  Kn it —o.
(_ 1)n+1 Wy

The ladder matrices R, are simply obtained from the transfer matrices (3.2) by using the
normalization of the polynomials as in (3.23). We have thus proved

(6.19) R,(x) =

Theorem 6.1. The matrix y, satisfies the following system of difference-deformation-
differential (DDD for short) equations

(6.20) Xn = Ra(X)Xn—1,
d
6.21 —xn = Duxn L
(6.21) XX Xn + X
(6.22) 8ixn = U,ff)xn + anf),R’

where f denotes either any function or formal power series provided that L( f (z)z¥) is
well defined for k € 7 or any derivative of the Dirac delta function supported at any
point a # 0.

We observe that the right action of the differential-deformation equation is independent
of n. This suggests that we can perform a “right gauge” change to dispose of this part.
Indeed, we define the new object I',, which will be the focus in the rest of the paper,

e V@
1 —e'® / ——dz
(6.23) Lywi= xa x X —Z
0 eV®

Itis easy to verify that this change of gauge eliminates the right-actions for the differential
equation and for any deformation of V (x) and/or the endpoints of integration. The first
column of I';, is the same as the first column of x,, and hence contains the LOPs. The
second column now contains the following auxiliary functions

-V
(6.24) Y = ev(")/ Mdz,

X —Z

=V(2)
rn—1(g)¢€
n l( ) dZ

(625) 90;—1 — xn—l—[,, Pl = xn—l—en eV()c) /
> X =2
We note that the auxiliary functions are piecewise analytic functions off the contours
[';: it is a matter of routine inspection to read-off the relevant Riemann—Hilbert data. We
defer this inspection to a later section.
In terms of the matrices I, we have a DDD system of more standard form, without
right multipliers.
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Theorem 6.2. The following system of difference-differential-deformation equations
is Frobenius compatible

(6.26) Iy = Ry,
d

(6.27) x—TI, = D,I'y,
dx

(6.28) 8T, = UY'T,,

where f is as in Theorem 6.1.

A few remarks are in order here: by choosing f in Theorem 6.2 to be an ordinary
function one can vary the potential V by V. — V 4 ¢f and hence all flows of the
generalized Toda hierarchy are here included. However, we can also choose f as a dis-
tribution 8{° or linear combinations thereof. Clearly, if we choose the point a arbitrarily
outside the singularities of V (x) we still have a compatibility of the resulting system but
we will change the structure of the singularities of D,,, which falls outside the standard
theory of isomonodromic deformations. For example, adding a §, corresponds to adding
a term In(x — a) in the potential and adjoining a small circle around a to the set of
contours I';’s.

Vice versa the cases in which f is a distribution which does not alter the singularity
structure of D,, are:

1. Movement of the endpoints which contribute to the boundary term:> then we have
(6.29) f=dxeV@s,,

where the coefficient s is the coefficient of the contour I'; which has a as endpoint
and the sign depends on the orientation of I';.

2. Movements of poles of order k (if any) of the pseudo-measure e~ dz: then we
have

(6.30) fa) = k8’ (z) eV,

where the coefficient s is the coefficient of the loop encircling a, the sign is chosen
according to the orientation of the contour and V,(z) is the part of V which is
regular at z = a.

7. Spectral Curve

The goal of this section is to represent the spectral curve of the connection 9, —
(1/x)D,,(x) in terms of the logarithmic derivatives of the shifted Toplitz determinants
Aﬁ” ; this will be the essential bridge to connect with the isomonodromic tau function in
the coming sections. This whole section is devoted to the proof of Theorem 7.1.

2 They correspond to those endpoints of the contours I j for which limr; 5. o1 e V@ 20,
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Theorem 7.1. The following formula holds:

1 L,
(7.1) det <y1 - —D,,(x)) =y’ — <V’(x) + —> y
X X
1 V/ _ /
o (Q (Q) —xV (x)>
X 0—x
oL (ze‘V(Z)p’Hn_lr) ’
x X =z s
(7.2) L, . =n—1-—1¢,,
where I1,_; = diag(1, 1, ..., 1,0, ...) (n nonzero entries).

Before proceeding to the proof we make two remarks: this formula would be valid for
an arbitrary smooth potential; quite clearly, however, in this case the spectral curve would
not be an algebraic curve. The second remark is quite crucial to understand the relation
of this formula with the logarithmic derivatives of the shifted Toplitz determinants and,
later on, with the isomonodromic tau function, and thus deserves a small digression.

Remark 7.1. The coefficients of the spectral curve in Theorem 7.1 contain expressions
of the form Tr,, (F (Q)) (for some function F'(z)): we recall that these expressions char-
acterize the variations of the logarithm of the shifted Toplitz determinants A% (the tau
functions of the integrable lattice) as in (4.12). To simplify the matter let us consider the
simplest case in which the potential V (x) = ZL11<=1 (tx /K)xX is a polynomial (or for-
mally a series) and the coefficients 7x are the usual Toda times; in this case, the relevant
expression in Theorem 7.1 is only (we take the simplest case without any hard-edge)

oV'(Q) —xV' () < 0K — xK
(7.3) Tr, ( 0= > - I; tx Tr, (ﬁ) )

Taking the coefficients of the powers of x yields expressions (identifiable with Virasoro
vector fields [4]) that contain truncated traces of the form

(7.4) Tr,(Q7) = J3, In A,

where the identity is the simplest case of (4.12) and gives the most common realization
of the tau function recalled in the Introduction ((1.6)).3 It should be clear that in our
case of semiclassical moment functionals we have several different types of “times”
corresponding to the coefficients of the partial fraction expansion of V'(z) (which is a
rational function) and to the position of the hard-edges: the derivatives of In A% with
respect to all these “generalized” Toda times are governed by (4.12) using for F the
corresponding variation of the potential or a § supported at the hard-edge.

3 In (1.6) there are as many times as the size of the matrix n: in our setting here the matrices are infinite
dimensional and the times would have to be reduced to a submanifold to give nonformal equations.
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Proof of Theorem 7.1. We need to compute the two spectral invariants of the con-
nection; the main tool is to use the compatibility between the ladder relations and the
connections D, (x). Indeed, from the compatibility between the difference-differential
equations and from the explicit expression for D, (x) (6.15) we can express a recurrence
relation for the spectral invariants of D, (x). The trace is computed by sight,

(7.5) Tr(D,(x)) = xV'(x)+n—1—4¢,.

From the compatibility of difference-differential equations we have the gauge property

(7.6) D,_1 = R,'D,R, —xR,”'R..

The gauge term is explicitly computed to be

(7.7) R,'D,R, = D,_, + xR, 'R.,
- {O O i, =1,
Vo1 |1 O
(7.8) xR,”'R = 1 07
(—ral! 0 if ¢, = 0.
APV A

These formul® imply a recurrence relation for the quadratic invariant
(7.9 Tr(D7)) = Tr(D;_)) +2Tr(Dyi xR, 'R)) + Tr((x R, ' R)?).

For the line case, i.e. £, = 1 and using the form of the recursion matrices R, together
with the fact that in this case r,_; = (— 1)”’1pn,1, we find

(7.10) Tr(D?) = Tr(D2_)) — Zx(

=V @pn-1rn—-1
z€
— 2X -
X —2Z

For the circle case Z,l = 0 instead we have

oV'(0) — XV/(X)>
Q - X n—1,n—1

3¢

(7.11)  Tr(D?) = Tre(D?_) +2(n — 1)

(G LN
21 | =Wain2 + — == W11
ASVAS

V@ —1rAL!
ze DPn—1 (=D"A
+2p | ———— | —run + Zi'lflpn,l + 1.
r2 A”” Ann—_é

dsr
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Using the identity (2.7) together with the definitions of the biorthogonal polynomials
and the various normalization factors (3.23) one can see that

—rab!
(712) —rp—+ ()—n_lp* = _Lrn—l’

/ Z” n—1
ﬁ Kn ﬁ -2 '/Vl—l
alld he] 1CE,

. (—1)"A,‘;§1W _ L, W :
Aﬁ@ n—1,(n—1)* = Yot W Pn—1"n—1)-

Therefore the recursion for the circle case is

(713)  —Wo10a

(7.14)  Tr(DH—-Tr(D2_))

2(n—1)+1—2< 0

-2 Zze_V(Z)pn—lrn—l>
X =z d3c

20— 1) +1=2(QV(Qn—tn-1
+ (e @ puira_las) + 2xV(x)

) (QV/(Q) —XV/(X)>
— X
Q - X n—1,n—1

(Z e_V(Z)pn—lrn—l )
- x|
X —Z

=2mn—1)—1-2¢,+2xV'(x)

5 (QV’(Q)—xV’(x)>
— X
Q—x n—1,n—1

—V(2)
zZe _1Vp—
2)C< pnlnl)
X —2Z

Summarizing, in the two cases we have found

0(eV'(Q) —xV’<x)))
n—1,n—1

ds

3¢

(7.15) Tr(D}) — Tr(D2_,) = 2(xV'(x) — &, + (n — 1) = H(A = £,)

) (QV/(Q) —XV/(X)>
— X
Q - X n—1,n—1

(Ze_V(Z)pnlrnl>
iy B [ -
X —2

ds
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To complete the computation we need to find Tr(D;?) or, equivalently, det(D;). We have

~1
Py il Py ¥

det *1/ *1/ : . = det *1/ *1/ e VW
o %o o %o )

= VeV de [WE ﬂ

0 oy
’ —-V(2)
e () - () (229
X —2 X —2Z X —Z

_ (V/(Q) - V’(x)) n <€_V(Z)P0ro)
B 0—x 00 X =z

(7.16) det(lD1>
X

ds

e

This implies

(7.17)  detD;(x) = x> (M) i (M)
00

0—x xX—z
=0

= x (V' (@)oo + (poroe™")]a,.) +x (

V(@)
ze Por
+x (70 0)
X < 03¢

(QV’(Q) —xV’(X)) <Z6_V(Z)Poro>
=x +x | —m—mm
00

0—x X —z

03¢

ovV'(Q) — xV’(JC))
0—x 00

03

Hence (¢; = 0),

(7.18) Tr(D,?) = (xV'(x))* — 2x <

<Z evmpom)
— 2 —
X =2z 3¢

(7.19) TP = GV +2xV(x)(n—1—£,) — (n— 1 — €,)

ovV'(Q) - xV/(X))
0—x 00

+2) (k= 1—t)(1—£)
k=1

. (QV’(Q) - xV’(x)>

0O—x

<z eV(Z)p’HN1r>
xX—z

03¢
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Using this expression for the quadratic invariant we can obtain the following formula
for the characteristic polynomial

(7.20) det(51 =D, (x)) = ¥ —xV'x)+n—1—4£,)7 + K,
ov'(Q) - xV/()C))

0—x

—V ()t

ze My_r

x( 1Y Nl)
xX—2z

+ x Tr, (

9
¢

-1- n — tn - )
K, = b)n = ) + D (0 + 1= k(1 =)
k=2

2

The last crucial observation is that K,, = 0 for all n: this is nonobvious at first sight and
it is true only because ¢, is a weakly increasing sequence of integers. Indeed, one can
check that

(7.21) Kps1 — Ky = 3001 (1 = £,41),

so that K,,.1 = K,, = K| = 0. To conclude the proof we note that the spectral curve of
(7.20) is simply related to that of the connection by y = xy. This ends our proof. [ ]

8. Isomonodromic Deformations

By Theorem 6.2 we have compatible systems of DDD equations

8.1 Ly = Ry,
1

(82) axrn = _Dnrn’
X

(8.3) 8T, = U (X)T,.

The compatibility of this system entails isomonodromic deformations [14] for the
connection d, — (1/x)D,.. Note that this connection has the same singularity structure of
V’/(x). In order to have isomonodromic deformations in the sense of Jimbo, Miwa and
Ueno (JMU) we need to impose that V'(x) is a rational function. Then the deformations
of V (x) which give rise to the setting in JMU are those which do not alter the singularity
structure of V (x); this is why the most general setting compatible with this requirement
is that of semiclassical moment functionals.

8.1. Spectral Residue-Formule

The logarithmic derivatives of the shifted Toplitz determinants A% with respect to the
generalized Toda times* can be obtained in terms of residue-formulz involving the
differential y dx on the spectral curve defined in Theorem 7.1. The same logic was used

4 These are the coefficients of the partial fraction expansion of V'(z), the location of the poles and the
locations of the hard-edges.
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in [4] in the context of orthogonal polynomials. Solving the equation of the eigenvalues
of D, (x) from Theorem 7.1 we find that y = Y4 (x) where

1/, L, 1 L\’
(8.4) Ye(x) = 5 <V (x) + 7) +5 <V’(x) + 7) — 4P (x),

! —xV’ V@)t
65 P = 1Trn<QV(%)_;‘V(")>+ (e Ty

X

X *=z 93¢

Using these we can state the main theorem of this section.

Theorem 8.1. Ler V'(x) be rational.

(1) Suppose that x = c is a pole of order d + 1,

d (c)
_ 1y ©
(8.6) Vix) = ;m — 19 In(x — ¢) + O(1),
d t}c)
8.7 Vi) =-Y —L 1 00).
38.7) (x) g(x_cwﬁ (1
Then we have
(8.8) 19 = —res Y (x)(x — )’ dx, J=0,....d,
X=cC
dln Al 1 »
(8.9) T = Sres Y () — o) dr, J=1,....,d,
ar\ J x=c
dIn Al o P
(8.10) e = §isc Y_(x) (gm dx.

(ii) Suppose that x = o0 is a pole of V' with degree d, namely,

d+1 ,(00)
8.11) Vi) = > fo’ + O(Inx),
J=1
d+1
8.12) Vi) = Y i 0 /x).
J=1
Then we have
(8.13) 1 = — res Y, (x)x 7 dx, J=1,...d+1,
xX=00
dln AL 1
(8.14) T = res 2 Y- () dr, J=1,...,d+1.
ot J x=00
J

|
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(iii) Letx = a be ahard-edge,’ namely, a point of the boundary of one of the contours
{T';} such that |V (a)| < oo. Then

8.15) dln AL 1 1 (D) dx
. = —res — 1Ir
da 2 x=a
(iv) Finally, we have
_ 1 _ (c)
(8.16) res Y. ()dy = Ly =n—1-1, Z 19,

c=finite pole of V’

res Yo (x)dx = £, +1 —i—t(oo).
xX=0Q

Proof. We start by noticing that

_ 1 ) P(x)
(8.17) Yy = {0} (V/(x) + Lo/x) F oyt L
O((x = ¢)4th for case (i),
+ n? e ..
:FW + O~ for case (ii).

At this point, formule (8.8), (8.13), (8.16) follow immediately by noticing that
P/(V'(x)+L,/x) = O(1) in all cases and by straightforward computation of residues.®
As for the remaining formule we have, for case (i),

P(x)
V'(x)+ L,/x
_ x—o’ (xV’(X)—QV/(Q)>
= res Tr,
x=c xV'(x)+Ly x—0

_Zﬁ [ (=) xV'(0)-zV'(@2)
- VL,

(8.19) res(x—c)Y_(x)dx =res(x — )~/

pn(Z)rn(Z)i|
= -Tr,(Q — o)/ =Jd0InAl, J=1,...,d,
J

and similar computation for the c-derivative. Here we have used the formule (4.12)

expressing the variation of In A’ under an infinitesimal deformation of the type ensuing

from an infinitesimal change of the parameters t(c).

5 This means that this is one of the points contributing to the boundary terms.
6 Note that at infinity

(8.18) PO _ Lo,

V/(x)+ Ly/x  x
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For case (ii) the computation is completely parallel except for the last J = d + 1
residue. Indeed,

820) res x'Y_(x)dx = res x/— &)
= VI + L/

x’ e <xV’(x) - QV'(Q)>

= TrIeS

S T e
n—1 xj xV/(x)_ZV,(Z)
= 2 L, |:xr=eoso xV'(x)+ L, x—2 Pn (D (z)i|

= -Tr, Q' =Jowhay,  J=1...4d

For J = d+1 one has to use a similar manipulation but has to use the refined asymptotics
(8.17): indeed, we have

(821)  res xV'()Y-(x)dx = ~Tr, QV'(Q) + (0’ = nL, —Tr, QV'(Q)

—Z e7‘/(Z)p[ Hn—lr|3%)

—TI'” Q V/(Q) i

where we have used (6.12) together with the definition of L,, = n — 1 — £,,. This proves,
together with the residues (8.20),

(8.22) res xMY_(x)dx = —Tr, Q"' = (d + 1)d,0 In AL
X=0Q d+1

Finally, for case (iii), the computation is immediate using the formula for TrD?
(7.19). ]

9. Riemann-Hilbert Problem

Not only does the matrix I',(x) solve a set of compatible PDEs and ODEs, but it is
also the solution of a Riemann-Hilbert problem (RHP); in the context of orthogonal
polynomials, such an RHP is the door to the asymptotic analysis for n — oo (and
rescaling of the potential V. — nV) of the orthogonal polynomials (see, e.g., [9]);
for reference in a future work in this direction we want to specify in some detail the
relevant RHP, although such details are not necessary for the main goals of the present
paper.

Direct inspection of the asymptotic behaviour near the singularities of the biorthogonal
polynomials and second-kind functions allows us to ascertain the Riemann—Hilbert data.
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We start by noticing the following formal asymptotic behaviour of the auxiliary functions

entering in [,

©.1) Yy = ev(*')/ M

X —Z

Aenﬂ
(—)"x*‘ffzeV@),/A"—lj“(l +0@EY) forx — oo,

_ NG
"V il (1 4 O(x))  forx — O,

/A n A it
An An-&—l

eV Vho(Q —¢) g near poles of V'(x),
—V(2)
(92) (p;:_l — xll—l—lneV(x)/ (& Z ]"n—l(Z)
P X =z
Ab
=1 gV (1 + ox™" for x — oo,

>

n—1
— _ nAl,,—l
1=t e”“%(l + O(x)) forx — 0,

eV ® Jhoe" bt (Q — C)(ILI near poles of V'(x),

where we have used the definition of the LOPs (3.23) and the facts that

9.3) P ol Lot g

L1 -2
9.4) Faoy o 2 o b L0

This implies the following formal asymptotic data for I',, near all the singularities.

At x = 0 we have

1
~ O
(95) r”(x) Gn [0 xn—l—fn eVsingAU(X):| (1 + OCX))’
Ly
ALt An,
[ Ly
o0 opi= | VALNE L VAIS gagpo L
Ann—l (_)nAﬁn_l Ann—:iAnn—_i

bici At [N
\/An—] An'x \/An—l An”

At x = oo we have

(97) F()—G(oo) x" 0 1+O l
. nX) = n 0 x—(,,—leVsing,oo(X) X ’
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1/Vh, 0
(c0) _
9.8) G, _|: 0 \/m:|

Near any other pole x = ¢ of V'(x) we have
9.9 r = GY : 0 1+0
©-9) () = G, 0 eVonec® A+ O x=cp,

0 © Pu(c) Vho(Q — ) &Vrse®
9.10) GO = |

—£,+1 —1 reg,c (C
o (©) Vhod"""H(Q — o),y eV
where in all these formula the notation Vjne , (Vieg, p) denote the singular (regular) part

of V at the point p.
Near a hard-edge point x = a we have [4]

(9.11) r, ~ G@ [(1) :E%ln(lx - a)] 14 06—,
@ oL (M)
(9.12) G)(:l) = a—z
r* (Cl) an—l—f,,eV(a)£ (M)
n—1 pra—

Together with these data we also have the jumps across the contours I'; defining our
moment functional: the situation in this respect is identical to [4]. In essence, the matrix
", (x) has the following jumps across the contour I';:

1 2ims
(9.13) Fp(x)4 = Tp(x)- |:0 1 :| .

Note that these jumps can be interpreted, depending on the point of view, as the Stokes
multipliers of the problem near the singularities.

10. Isomonodromic Tau Function

In a seminal paper [14] the Japanese school defined a notion of the “isomonodromic tau
function”. We recall very briefly its definition and motivation.
Consider a rational covariant derivative operator of rank p over CP L

(10.1) D, = 9, — A(x),

where the connection component A(x) is a p x p matrix, rational in x. Deformations
of such an operator that preserve its (generalized) monodromy (i.e. including the Stokes
data) are determined infinitesimally by requiring compatibility of the equations

(10.2) RV (x) = AX)V(x),
(10.3) B, V(x) = U)W(x), i=1,...,
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where in the second set of equations ;(x) are also p X p matrices, rational in x,
viewed as components of a connection over the extended space consisting of the product
of CP! with the space of some deformation parameters {u,, ...}. The invariance of the
generalized monodromy of D, follows [14] from the compatibility of this overdetermined
system, which is equivalent to the zero-curvature equations

(104) [0y — A(x), 9y, — Ui (x)] =0, [0, — Ui (x), By, —U;(x)] = 0.

Near a pole x = ¢, of A(x) a fundamental solution can be found that has the formal
asymptotic behaviour, in a suitable sector:

(10.5) W(x) ~ C,Y,(x)el™,
where C, is a constant invertible matrix,
(10.6) Y,(x) =1+0(x —c¢))

is a formal power series in the local parameter (x — ¢, ) (or 1 /x for the pole at infinity) and
T,(x) is a Laurent-polynomial matrix in the local parameter, plus a possible logarithmic
term 7y In(x — ¢). In the generic case T, (x) is a diagonal matrix; the locations of the
poles ¢, and the coefficients of the nonlogarithmic part of 7, (x) are the independent
deformation parameters. The deformation of the connection matrix A(x) is determined
by the requirement that the (generalized) monodromy data be independent of all these
isomonodromic deformation parameters.

The tau function has a very important property, in that its vanishing (in the space
of “times”) determines that the RHP (i.e. the reconstruction of the connection from its
(generalized) monodromy) is impossible for those particular times.

Given a solution of such an isomonodromic deformation problem, one is led to consider
the associated isomonodromic tau function [14], determined by integrating the following
closed differential on the space of deformation parameters:

(10.7) = Z res Tr(Y,'Y! - dT,(x)) = d In tyyu,
" x=c,
where the sum is over all poles of .A(x) (including possibly one at x = 00), and the
differential is over all the independent isomonodromic deformation parameters.

In the case at hand in this paper, the connection is (1/x)D, (x) and the content of
Theorem 6.2 (with f = §V (x) or a delta-function supported at the hard-edges) guar-
antees that the generalized monodromy is conserved: in other words, the deformations
of our semiclassical moment functional within the same class induce isomonodromic
deformations of the rational connection 3, — x~'D,,(x).

In order to compute the associated isomonodromic tau function one would have to
specialize formula (10.7) to our setting; this is, however, unnecessary. Indeed in [4]
it was shown that (10.7) can be recast as a suitable computation of residues over the
spectral curve of D, (x): more precisely, the relevant result of [4] can be generalized
to an arbitrary 2 x 2 rational connection (thus including our present case) and states
that logarithmic derivatives of the JMU isomonodromic tau function [14] are given by
the same differential formula in Theorem 8.1 that yield the logarithmic derivatives of
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Afl" (i.e. the tau function of the lattice) provided that we substitute the spectral curve of
the connection with the spectral curve of the connection in the traceless gauge.” In our
situation the trace of (1/x)D, (x) is V'(x) + (n — 1 — £,)) /x so that we perform a scalar
gauge transformation that recasts the connection in the form

1 1 —1-¢,
(10.10) AMD — -D, (x) — = (V/(x) + ”7> 1oy.
X 2 X

This implies that the eigenvalue yypu has the following relation to the eigenvalue y of
(1/x)Dy (x);

1/, n—1-1¢,
(10.11) ymu =y + 3 (V (X)~I—f>.

Using the same formule in Theorem 8.1 but replacing y by ypu one obtains an ex-
pression for the logarithmic derivatives of tjyy; the ratio F between Af;" and tj\y 1S
defined via the difference of the differential equations for the corresponding logarithms.
For example, the derivative with respect to the usual Jth Toda time (the coefficient of
the power x” in the polynomial part of V (x) at infinity) would give

X!
(10.12) o, InF =09, In Aﬁ" — 0, Intymu = xrfgo 7(y — ymmu) dx.

Since yyjmy — ¥y = —%(V/(x) + (n — 1 —£,)/x) is an explicit function of V (x), itis a
straightforward exercise (that already appears in [4]) to integrate the ensuing one-form
for In F: leaving the details to the interested reader we quote the result only. Up to
multiplicative factors independent of the isomonodromic times we have

(10.13) Al = U F(V),

(10.14) InFV) = —% Do 1S Vg o) Ve (),
c=finite pole of V'

(10.15) V'(x) = V'(x) + #

where ‘Z/ing,c- (Vmg,c ) denotes the singular (regular) part of V' at the pole c.

Example 10.1. For an example let us consider the case relevant to the problem of
the probability of the longest increasing sequence of random letters in a word of fixed
length [17]

M
(10.16) V)= —1x — Y kyIn (x - r") .
a=1

X

7 Given a (rational) connection 9y — A(x) of dimension p x p the rational gauge is a connection in the
same gauge class which is traceless and obtained from the first by a scalar gauge transformation. Specifically,
this is accomplished simply by
(10.8) B — A() > e VO (3, — A eW (x) = 0, — Ax)

with the requirement Tr A(x) = 0. It is promptly seen that one can find such a gauge by choosing the scalar
function W (x) as a solution of
(10.9) W (x) = Tr A(x).
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In this case a direct computation (with £, = 0 since we are dealing with the usual
orthogonal polynomials on the unit circle) gives for F the following expression:

r I n—1g R - 5
(1017) InF = _E; aro,‘l‘T;kaln(_ra )+§;ka ln(—ra )
1 (rﬂ-ra>kﬂ"ﬂ
- = In ,
Z;ﬂ; Tol'g

which is the result also obtained in formula (3.76) in [17]: note that in that formula
ro=0andky =n— 224:1 r and a short algebraic manipulation shows the equivalence.
Moreover, the signs inside the logarithms in (10.17) are in fact irrelevant since omitting
them would amount to multiplying F by a constant independent of the isomonodromic
times, and hence could be reabsorbed in the definition of Ty y.

11. Schlesinger Transformations

From the asymptotics that the shift n +— n + 1 implemented by the matrices R, are, in
the language of isomonodromic deformations, what is known as elementary Schlesinger
transformations. Specifically, the shift n — n+ 1 corresponds to the following two types
of elementary Schlesinger transformations according of the type of move (circle or line)
(refer to formule (9.6) and (9.7)).

Circle-move. The Schlesinger transformation adds one to the first entry of
the formal monodromy at co and subtracts one from the second entry of the
formal monodromy at zero.

Line-move. The Schlesinger transformation adds one and subtracts one to
the first and second entries (respectively) of the formal monodromy at infin-
ity, leaving the formal monodromy at zero unchanged.

However, we can obtain a third type of elementary Schlesinger transformation by con-
sidering two distinct sequences of LOPs corresponding to two (weakly increasing) se-
quences of {£,}’s. Suppose indeed that we consider another sequence of LOPs and the
ensuing connection xd, — D, (x) for some fixed n where the only difference between the
two pairs of LOPs is that one (or more) circle-moves have been replaced by a line-move
(or vice versa) along the chain for n" < n: the only difference in the formulas will be
that £, = ¢, = 1. This is implemented by the “circle-to-line” transformation 7, (2.15)
(suitably normalized),

(11.1)

-
S o
L B
| I
I
Q
=l +
|
|l x|

where the coefficients a, b, c, d, e above can be obtained explicitly in terms of shifted
Toplitz determinants using the form of 7, (2.15) and the normalizations (3.23), and the

polynomials p,, 7;_, refer to the elements of the sequence of biorthogonal polynomials
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associated to the sequence {Ek}: sucp a sequence differs from {¢; } because 67,1 =4, —1,
namely, there is a kg < n such that £, = £, — 1,Vk : kg < k < n.
We therefore add the following third type of transformations.

Circle-to-line move. The Schlesinger transformation subtracts one from the
second entry of the formal monodromy at co and adds one to the second
entry of the formal monodromy at zero.

This last type of transformation shows that the orthogonal polynomials on the line and
the orthogonal polynomials on the circle are related by a sequence (n — 1) Schlesinger
transformations and at each step the Laurent biorthogonal polynomials that are obtained
are those appearing in the solution of integrable lattice hierarchies associated to elemen-
tary orbits [10].

12. Conclusion

As a general “philosophy”, it is acknowledged in the literature that KP tau functions
and isomonodromic tau functions are often, if not always, related to one another, in
the sense that a KP (or Toda) tau function is an isomonodromic tau function for a
suitably chosen isomonodromic deformation. In the case of orthogonal polynomials,
this relation was explored in [16] for some class and extended in [6], [4]. In this paper,
this relation has been confirmed once more for the particular generalized Toda systems
associated to “nonstandard” minimal orbits of the Borel subgroup: the natural bridge
between the Hamiltonian and isomonodromic treatment is provided by the solution of
the inverse spectral problem in terms of biorthogonal Laurent polynomials. It is to be
expected that, whenever a description or formulation of an integrable dynamical problem
in terms of (bi/multiple-orthogonal) polyomials is available, then a suitable definition of
the tau function for the associated isomonodromic problem should tie the Hamiltonian
tau function with the isomonodromic one. For instance, in the case of the biorthogonal
polynomials arising in the study of two-matrix models [5], [7] a natural isomonodromic
deformation of a polynomial connection can be derived; however, the connection is
a highly resonant one and at present a definition of isomonodromic tau functions for
resonant deformations of connections is not available. However, it is possible to formulate
such a notion [8] and the connection can thus be positively established.

As is recalled in the appendix to follow, the Laurent orthogonal polynomials which we
have investigated in the present paper are related to the solution of the inverse spectral
problem for Toda-like systems associated to certain minimal (or elementary) irreducible
orbits. There exist in fact other minimal orbits for which a treatment in terms of orthogonal
polynomials of some sort is not readily and generally available, although inspection of
specific examples leads us to expect that it is possible to overcome this difficulty. It is
our intention to pursue the topic in future publications.

13. Appendix: Minimal Irreducible Co-Adjoint Orbits

As was mentioned earlier, every n x n principal submatrix of the Hessenberg matrix Q
that defines recurrence relations (4.1) belongs to a (2n — 2)-dimensional co-adjoint orbit
of the Borel subgroup B,, of invertible upper triangular matrices in s/ (n). However, not
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every low-dimensional co-adjoint orbit can be obtained this way. In this appendix we
give a description of all irreducible co-adjoint orbits of B, in s/(n) that have a minimal
dimension 2n — 2.

First, we introduce some notations. Let b_ be a subalgebra of lower triangular matrices
in sl(n). Denote by J an n x n shift matrix (1’s on the first superdiagonal and 0’s
everywhere else) and let Hess, = J + b_ denote a set of lower Hessenberg matrices.
An element Q € Hess, is called reducible if it has a block upper triangular form

0= |:Q0“ gn], where Q1 is a k x k matrix (0 < k < n). Q is called irreducible
2

otherwise.
Orbits of the co-adjoint action of B,, on Hess, are given by

(13.1) OQOZ{J—"-(Adb Qo)foibGBn}.

Itis easy to see that if O, contains a reducible (resp., irreducible) element, then every
element of Oy, is reducible (resp., irreducible). Therefore it makes sense to talk about
irreducible orbits of the co-adjoint action. Our main goal in this appendix is to prove the
following:

Theorem 13.1. Anirreducible co-adjoint orbit of B, in Hess,, has a minimal dimension
(2n — 2) if and only if it contains an element Q of the form

k
(13.2) Qo=J+H+Y Eii e
a=1
where
1. & € {0, 1} and &y = 0;
2. 1l=ip<ij—e1 <1 <ip—& i) <+ <lpoy — &-—1 Jlp—1 <l =n;
3. H - Z hOtEC(Ol9
aefll,...n}\{ig,....ix—1}
0 1 _
* 1
0
1 0 » 1
0 % 1
(13.3) Qo = Lo * 1
* 1
1 0 0 1
* 1
: *
| 1 o --. *_|

[An example withn = 11,k =3,i1, =4,i, =8,i3 =11, =63 =0,8, = 1.]
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Remark 13.1. Thecase of H = hE,, ande, =0 (¢ =1, ...,k — 1) was studied in
[10], [11]. It is orbits of this type that can be studied via associated LOPs of the type
appearing in this paper. Note that, in this case, parameters £; that were used in the main
body of the paper are related to i, via

£; =max{iy : iy < j}.
An investigation of the properties of moment functionals connected with a more general

minimal orbits described in Theorem 13.1 will appear elsewhere.

Define a staircase pattern (I, €) as a collection of pairs of indices
(13.4) (I, e) ={G1, 1), (2, i1 — &1)y o, (e = 1, Ik — E-1)},
where
l=ip<ii—&g1 <i1<ipy—& << <ip1—&_1 <l <ip=n.
In what follows we will often use a notation
Jo = la—1— &q-1.
We say that Q € Hess, has a staircase pattern (/, ) if
Qi.i, 70 and Q;; =0 for i>iy, j<jep1 (@=1,...,k).

The set of all matrices in Hess, that have a staircase pattern (I, ¢) will be denoted by
Hess(1, €). For example, if I = {2,3,...,n} and ¢ = {0,0, ..., 0}, then Hess(/, ¢)
coincides with the set of n x n Jacobi matrices. An immediate property of the set
Hess(1, €) is that it is stable under the co-adjoint action of B,,, since corner entries Q;, ;.
and the entries “under the staircase” Q;; = 0, > iy, j < ju4+1 have only zeros to the
left and below and, thus the former are being acted upon only by the diagonal part of B,
and the latter cannot be made nonzero by the co-adjoint action.

Let us fix a staircase pattern (/, €). To begin the proof of Theorem 13.1, we first
employ the strategy used in [12] to study generic staircase orbits.

Lemma 13.1. If Q € Hess(1, €), then there exist Qe Og such that
(13.5) 0ij, = 1.
0ij, =0 (o <i <id),
0i,j =0 (u<j<iaandj#js: B <o, j5 <ia),
(x=1,...,k).
Proof. First, we use a diagonal conjugation to reduce Q to an element with all corner

entries equalto 1: 0 — Ad}, Q = D’I(Q —J)D+ J,where D = diag(d,, ..., d,) =
Dy - - - D with diagonal matrices D,, defined by

1, i¢ias
d, = (D;}, - D'QDy - Du_y), . . i=ia.

la loJo

(Dy)ii =
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Next, we use the co-adjoint action induced by a sequence of elementary upper-triangular
matrices (each depending on one parameter only) to set as many as possible of the entries
in rows and columns occupied by corner entries equal to zero. More precisely, to eliminate
an (i, jy)-entry (j, < i < iy)using the corner entry (iy, j,), One employs Adz"1 + 01 Ei)"
Similarly, to eliminate an (i, j)-entry (j, < j < iy), One uses Ada_ OuiEn)" Note that
when we write Q;;, (resp., Q;, ;), we refer to entries of the “current” value of Q, i.e. to
the element that belongs to the orbit through the initial Q and that has been obtained
through the sequence of transformations already applied.

The order in which we apply these elementary transformations is defined as follows:
we first set to zero the entries in the first column (going down the column), then in the
i1st row (moving right), then in the j,nd column (moving down), then in the i;nd row
(moving right), etc. Through the entire process, we want, for every [ < m, to use an
elementary matrix of the from 1 + x Ej,, at most once. This means, in particular, that
any (i, jg)-entry, where 8 < « and jg < i, cannot be touched, since a matrix of the
form 1+ x Ej,;, has already been used to eliminate the (jg, j,)-entry. This explains why
entries {(iq, jg) : B < «, jp < iy} are excluded from the list of entries in (13.5). On the
other hand, all noncorner entries that are in the list can be set to 0, regardless of their
initial values. [ ]

Corollary 13.1. For each Q € Hess(I, €) the matrix entries specified in (13.5) are
independent functions on Og.

Proof. It suffices to notice that applying to Q constructed in Lemma 13.1 elementary
transformations of the same type that was used in its construction, but in the reverse
order and with arbitrary parameters, one can obtain an element in O, with arbitrary
nonzero values of the corner entries and arbitrary values of noncorner values specified
in (13.5). [ ]

Lemma 13.2. [f, for some 1 < a < k, &, > 1, then, for any Q € Hess(l, ¢),
dimOg > 2n — 2.

Proof. Denote by M (I, ¢) the set of pairs of indices that appear in the list given in
(13.5). In view of the corollary above, we only need to show that, under conditions of
the lemma, the number of elements in M (I, ¢) is greater than 2n — 2. We will also show
that,if 0 < g, < lfora=1,...,k—1,then#M(l,e) =2n — 2.

We will use aninduction on k and n. Clearly, ifk = 1,thengy = Oand#M (I, &) = 2n—
2. Moreover, #M (I, €) = 2n — 2 for any k, provided ¢, = 0 for all «. Now let k = 2 and
€1 > 0. Weare looking for anumber of elementsintheset{(1, 1), ..., (i1, 1), (i1, 2), ...,
(i — 1 G — e i —€1), ..., (1 — L — e, i — &), (1 + 1,0 —e,0 —
€1)y...,(n, iy —e€1),...(n, i1 — 1), (n, iy + 1),...,(n,n — 1)}, which is equal to

=2n—-2 ifg =1,
>2n—2 ifeg > 1.

For k > 2, let s be such that j; < i; < js4+1. We first consider the case when there is
no r such that j, = i;. Then the set M (I, e)\{(1, 1), ..., (i1, 1), (i1,2), ..., (i1, i1 — 1)}
has the same cardinality as a set M (I', &), where (I',&") = {(iy — j2, 1), (i3 — Jja,

20 =D +2—(h—€) —2=2(n+¢e —2)
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3=+, .o (= o, Js— o+ 1), Usq1—J2, Jsw1—J2)s - - (k—Jo2, Jk—J2)} = {(i2—
ii+er, 1), (3—i1+er, ir—ii+e—(e2—1)), ..., (is—ii+er, ls_1—i1+& —(6-1—1)),
(s41 — i1+ e, is —iy+ 61— &), ..., @k — i1 + &1, ik—1 — i1 + & — &-1)}, that is,

I ./ . .
n=i_;=1i—1 +¢€,

p . .
iy, =lgy1 — i1+ &1, a=1,...,k—1,

and
g, =6r1—1 (I1<a<s-=2), g, =¢6u+1 (—1<a<k-2).

Ifs >2,thene; > land ey =is — jy, >is—ip >s—1>1,sothate, |, =¢ >2
and, by the induction hypothesis, #M(I’,&’) > 2(n —i; + &, — 1) > 2(n — i;) and
#M (1, e) > 20— 1) +2(n—i) =2(n—1).

If s =1,then¢, = g4y forl <o <k —2and

=2 —ij+e—1) ifale, <1,
#M(I', & '
>2n—ii+e —1) ifsome >¢, > 1,

and thus, #M (I, &) = 2(iy — 1) + #M(I', &') is greater than 2n — 2 if ¢, > 1 for some
« > 1 and is equal to 2n — 2 otherwise.

Finally, consider the case when j, = i; forsomer > 1.Ifr > 2, thene, =i, — j, =
i, —iy > r—1> 2 Define (I,&) = (I, )\{(i2, jo), - .- Gr_1, jy—1)}. Then (I, &)
still defines an irreducible staircase pattern, k= #(f, g),kand#M(I,¢) > #M(f, g) >
2n — 2 by the induction hypothesis.

Ifr =2,theneg; =0, j, = i; and #M ([, &) = 2(i1 — 1) + #M (', &'), where
(', &) = {(ia—i1+1, 1), (i3—i1+1, ir—iy+1=e2), ..., (n—iy+1, (k_1—i1+1—&41)}
and, again by induction, the statement follows. [ ]

We are now ready to complete the proof of Theorem 13.1.

Proof of Theorem 13.1. Assume that dim Oy = 2n — 2. We have shown that if Q €
Hess(1,¢),thene, < 1fora =1, ..., k— 1. Assume that the latter condition is satisfied
and consider the element Q constructed in Lemma 13.1. Suppose that some noncorner
entry Qi_,- (i > j)isnonzero. Then, by construction of 0, J # ju(@=1,...,k).Define
a diagonal matrix D by

1 ifl # jorl# jgori #ig,
"Ta ifi=jor(=jsandi = ip).

Then Ad}, QO = D' QD has the same values as Q in the entries specified by (13.5) but
(Ad% Q)i = d~' Q;;. This means that the matrix entry Q;; viewed as a function on O
is independent of the matrix entries specified by (13.5), which is in contradiction with
dim O¢p = 2n — 2. Therefore, Q,-j = 0forall (i, j) # (i, jo). Since, by Lemma 13.1,
Qjaju =0fora =1, ..., k, we proved that dim Oy = 2n — 2 implies that O, contains
an element of the form (13.2).
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To prove the converse consider an element Q, defined by (13.2). Clearly, for any
b € B,, Ad; Qp = Ad;(Qo — H) + H, therefore it is sufficient to consider the case
where H = 0. In other words, we are interested in parametrizing the set
{(b(Qo— H — )b )<o: b € By}

Note that, fori > j, we have

(PEijb™")<0 = ((be;)(e] b)) <o = (uv") <o,

where
u = (I; = ;1) (be;), vl = (e b~ (I1; — ;).
Thus,
k
(13.6) (B(Qo—H — Db Neo =) (Uev))=0
a=1
with

ug = (M, — My, e, ,—1)(bei,), vl = (el b, — i, e, —1)-

a lg—1—8x—1

Entries of vectors u,, v, cannot be arbitrary. First,

(13.7) voute = €] b~ (IT;, — T1;,_1))be;, = €] e;, = 0.

o Ja
Next, if &, = 0, 1i.e. j, = iy_1, then
(13.8) W), = (07 Djg = (am1)), -
Finally, if ¢, = 1, 1.e. j, = iy—1 — 1, then
(13.9) Vg1 = Wa)j, (a—1)iy -1 + Wa)jy+1WUa—1)i,
= (b ibije+1 + & it 1bj 141 = 0.

We claim that (13.7), (13.8), (13.9) are the only restrictions on u,, v,. We will verify
this claim for k = 2. The general case follows by an easy induction.

T T
If ey =0, weset u; = colluyy, g2, u13,0,...,0] and vy = [vi1, Vo, V13, 0,...,0],
Whereu”, us # 0, V11 5& 0, V13 € (Candulz, V12 € C"_2.Similarly,u2 = CO][O, ey 0,
T -1 T
usi, U, uxslandv, =[0,...,0,v21 = ujy, vy, V23], where usy, uz3 # 0, vp3 € Cand

U, vy € C*1=1 We assume that conditions (13.7) are satisfied: vlTul = v2Tu2 =0
and define

v~ ug 0 0
0 1 U 0 0
b=10 0 uiy  —uvl, uy |,
0 0 0 1 u
0 0 0 0 ujn3
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T
V11 Vip V13 * k
0 1 —upuj * *
b_l = 0 0 V21 UZTZ U23
0 0 0 1 —upus,
-1
0 0 0 0 up

The specified entries are consistent with the relation 55~' = 1 and entries marked by
x’s are uniquely determined by this relation.

Similarly, if &1 = 1, we set u; = colluyy, uy2, u13, 14,0, ..., 0] and vl = [vyy, v];,

i1—3.

V13, V14, 0, ..., 0], where uyy, u13, ui4 # 0, v11 # 0, v13, vi4 € Cand uyp, vi € C'775
T

and uy =col[0, ..., 0, usy, uz, us3, usg] and vy =[0, ..., 0, v21, V22 = —vo1(U13/U14),

vl va4], where uay, Uz, uzs # 0,v21 # 0, v2g € C and usz, va3 € C"~172. Assuming
again that v] u; = vl u, = 0, define

”ﬁl _Uﬁlvsz —vlvis un 0 0
0 1 0 ui 0 0
b= 0 0 v211 u3 v;ll oIy uy
0 0 0 Ulg 0 Uz ’
0 0 0 0 1 U3
0 0 0 0 0 U4
v vl v om * *
0 1 0 —ulzual * *
bl 0 0 vy V2 V)3 Vo4
0 0 0 uyy 0 —unuy,
0 0 0 0 1 —uxuy,
0 0 0 0 0 uy,
and observe that (13.7), (13.9) are consistent with bb~! = 1 and entries marked by *’s

can be uniquely determined.

To conclude the proof, observe that the right-hand side of (13.6) is invariant under
a transformation uy, — fyUy, Vo — 1t vy, where t, are arbitrary nonzero parameters.
Therefore, we can assume that

(13.10) (ve)j, =1 if a=1 or g_;=1.

Recall, that, if &,_; = 0, then (vy);, is given by (13.8), while (u,);, is determined by
condition (13.7) for all «. Furthermore, if ¢,_1 = 1, then j, = iy—1 + 1 and (jq, jo),
(o + 1, jo) and (jy + 1, j, + 1)-entries of the right-hand side of (13.6) are given by

(jota jot): (uﬂt—l)ja(vot—l)ju + (uot)jlﬁ—l ( Ha l)ja Z (ua) (va)v»

(Ua)jr1 —
(13.11) o+ 1, jo): @a—1)jo+1Wa—1)j, + (Ua)j+1
(uafl)ja

et 1Ljot+ 1 (e—1)j41(Wa1)jyr1 — Ua)j+1 ,
(Ua—1)j,+1
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where we have used (13.7), (13.9) and (13-9). Note that the entries in (13-10) are the
only entries in (13.6) that depend on (vy—1)j,, (Va—1)j, and (uq);,+1. Moreover, (13-10)
does not change under a transformation

We)jor1 = (WUa)j+1 — t(Ug—1)j+1

(Wo-1)j, = (We-1)j, +1,

(uafl)j
Wo-1)jp+1 =~ (Wg—1)j, —t—7".
Jat g (Ua—1)j,+1
This means that we can set
(13.12) (Ua)j+1 = (Uadiy, =0 or e =1

Under the normalizations (13.10), (13.12) and restrictions (13.7), (13.8), (13.9), the rest
of the parameters in (13.6),

(MOZ)S9(U06)S1 S=ia7]+1,...,i0“ azlv"'vks

can be chosen arbitrarily and, on the other hand, these parameters are uniquely determined
by the right-hand side of (13.6). Thus, for Qy satisfying conditions of Theorem 13.1 we
have found an explicit parametrization of O, by 2n — 2 independent parameters, which
completes the proof. [ ]
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