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Abstract. Solutions of the discrete Painlevé II hierarchy are shown to be in relation with
a family of Toeplitz determinants describing certain quantities in multicritical random parti-
tions models, for which the limiting behavior has been recently considered in the literature.
Our proof is based on the Riemann—Hilbert approach for the orthogonal polynomials on
the unit circle related to the Toeplitz determinants of interest. This technique allows us to
construct a new Lax pair for the discrete Painlevé II hierarchy that is then mapped to the
one introduced by Cresswell and Joshi.
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1 Introduction

Let us consider the symbol ¢(z) = e“(*) with

w(z) =v(z) + v(z_l) and v(z) = Z 2, (1.1)

for 0, being real constants and natural N > 1. The n-th Toeplitz matrix associated to this
symbol and denoted by T, () is a square (n+ 1)-dimensional matrix which entries are given by

Tn(@)l,j = Qpi—j7 Z)] = 07 ey N (12)

Here for every k € Z, py, is the k-th Fourier coefficient of ¢(z), namely

" —i i dﬁ
oo [ e

so that D, ., ©r2* = p(2). Notice that, even though it is not emphasized in our notation, the
functions ¢y, and thus the Toeplitz matrix 7T),(¢) explicitly depend on the natural parameter N
which enters in the definition of v(z) in equation (1.1).

This paper is a contribution to the Special Issue on Evolution Equations, Exactly Solvable Mod-
els and Random Matrices in honor of Alexander Its’ 70th birthday. The full collection is available at
https://www.emis.de/journals/SIGMA /Its.html
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In the present work, it is indeed the dependence on this parameter N that we want to study.
In particular, we show that the Toeplitz determinants associated to T},(¢), naturally defined as

DY = Dy, = det(Tn(¢)), (1.3)

are related to some solutions of a discrete version of the Painlevé II hierarchy, indexed over the
parameter N (the dependence on N is dropped in the rest of the paper). Our interest in these
Toeplitz determinants comes from their appearance in the recent paper [5]. The authors there
consider some probability measures on the set of integer partitions called multicritical Schur
measures, which are a particular case of Schur measures introduced by Okounkov in [23]. They
are generalizations of the classical Poissonized Plancherel measure and they are defined as

N 02
P({\}) = Z71s)\[01,...,0n]%,  with Z =-exp (Z Z) (1.4)

i=1

Here sy[01,...,0n] denotes a Schur symmetric function indexed by a partition A that can be
expressed as

SA[el,...,GN] = (1(3’5 h)\i_i+j[91, .. ,9]\/],

where >, < hi2® = exp (ZZI\; 1 %zi). In [5], the authors first used the term multicritical to un-
derline that they obtained a different limiting edge behavior for these Schur measures compared
to the classical case of the Poissonized Plancherel measure (N = 1) which is characterised by
the Tracy—Widom GUE distribution. For more details, we remind to their Theorem 1 or our
discussion in the paragraph “Continuous limit” below, for instance see equation (1.23) where
the higher order Tracy—Widom distributions appear.

In this setting, denoting by A = (A; > Ay > .-+ > 0) a generic integer partition and by
N = (A =Xy > -+ > 0) its conjugate partition (namely such that \; = |i : \; > j|), major
quantities of interest of the model are, for any given n € N,

Ty =P\ < n) and qn = P()\'l <n), (1.5)

that are often called discrete gap probabilities as random partitions have a natural interpretation
in terms of random configuration of points on the set of semi-integers. Indeed, associating the
set {\; —i+1/2} C Z+ 3 to a partition X (see [23]), r, and ¢, can be expressed in terms of
a Fredholm determinant of a discrete kernel which corresponds to the gap probability in the
determinantal point process defined through the same kernel.

According to Geronimo-Case/Borodin-Okounkov formula [7], there is a relation between this
Fredholm determinant and the Toeplitz determinant D,, and this implies that r, and ¢, (up to
a constant factor) are Toeplitz determinants. It leads to (for instance [5, Propositions 6 and 7]):

qn =€ Zj\f:l GJZ/an_l. (16)

For r,, instead, one should define 6; = (—1)*~16; and by taking @(z) = o(z) + o(z71), where
#(2) is nothing than v(z) with 6; replaced by 6; as given above, the Toeplitz determinant D,,
associated to the symbol &(z) = e®(*) would give the analogue formula

SN R
rp=e 2=1%0D, .

Notice that in the simplest case, when N = 1, the quantities r, and g, coincide. Moreover,
thanks to Schensted’s theorem [27], they are also equal to the discrete probability distribution
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function of the length of the longest increasing subsequence of random permutations of size m,
with m distributed as a Poisson random variable.

In the case N = 1, the relation of these quantities with the theory of discrete Painlevé
equations was shown two decades ago independently and through very different methods by
Borodin [6], Baik [2], Adler and van Moerbeke [1] and Forrester and Witte [16].! In particular,
they all proved that for every n > 1, the following chain of equalities holds

DnDy—z _ @nt1n-1 _ Tnt1Tn-1 _ 122, (1.7)

2 2 2
Dn—l an Tn

where x,, solves the second order nonlinear difference equation
01(xn41 + xn_l)(l — a:i) + nx, =0, (1.8)

with certain initial conditions. Equation (1.8) is a particular case of the so called discrete
Painlevé II equation [26], a discrete analogue of the classical second order ODE known as the
Painlevé II equation [24]. This means that performing some continuous limit of equation (1.8)
one gets back the Painlevé II equation. The Painlevé II equations, discrete and continuous ones,
depend in general on an additional constant term « € R. In the present work, we consider
the discrete Painlevé II equation and its hierarchy in the homogeneous case where v = 0. Its
continuous limit will correspond as well to the case a = 0.

Remark 1.1. The homogeneous Painlevé IT equation admits a famous solution [17], called the
Hastings—McLeod solution, found by requiring a specific boundary condition at co. In parallel,
one might wonder what is the large n behavior of the solution z, of the discrete Painlevé 11
equation (1.8). Its behavior is expressed in terms of the Bessel functions. First, this is suggested
by the following heuristic arguments. Because of the definition of r, (1.5), as n — oo, 7, tends
to one and according to the equation (1.7), x, tends to zero. Then for large n, the nonlinear
term in equation (1.8) is small compared to the linear ones and the equation (1.8) reduces to
the equation

01 (Tpt1 + xp—1) + nxy = 0,

which indeed admits J_,(26;), the Bessel function of the first kind of order —n, as a solution.
The claim is confirmed by a result of the recent work [9]. The authors there studied the finite
temperature deformation for the discrete Bessel point process. The Fredholm determinant of
the finite temperature discrete Bessel kernel they studied depends on a function o. In the case
when o = IZI+ (the characteristic function of the set of positive half integers), the Fredholm
determinant is then equal to r,. Then from [9, equations (1.33) and (1.36) of Theorem III]
together with equation (1.7), one can deduce that for n large 22 ~ J,,(261)? and, because of the
previous discussion, one can conclude

Ty ~ J_n(201) = (=1)"J,(207),
see also Figure 1.

For N > 1, Adler and van Moerbeke presented in [1], a generalization of equation (1.7) by
proving that x,, satisfies some recurrence relation written in terms of the Toeplitz lattice Lax
matrices. The main result of our work is a recurrence relation for z, defined via a IN-times
iterating discrete operator which establishes the link with the discrete Painlevé II hierarchy [11].
The precise result is stated as below.

!They obtained an analogue of equation (1.7) for Toeplitz determinant associated to symbols which are not
necessarily positive or even real valued.
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Figure 1. For N =1, the graphs of x,, and (—1)"J,(26,) in function of n for ; = 3.

Theorem 1.2. For any fized N > 1, for the Toeplitz determinants D,, (1.3), n > 1 associated
to the symbol p(z) (1.1), we have

DD,
2”)27”2:1—1«31, (1.9)

n—1

where x, solves the 2N order nonlinear difference equation

nay, + (—vn — vy Permy, + 2, A7z, — (A + I)anermn))LN(O) =0, (1.10)
where L is a discrete recursion operator defined as

L(uy,) = ($n+1 (2A_1 + I) ((A 4+ Dx,Perm,, — x,) + vpp1(A+ 1) — :Enxnﬂ)un. (1.11)
Here v, =1 — 22, A denotes the difference operator

A Uy = Upa1 — Un

and Perm,, is the transformation of the space (C[({L‘j)je[[o’zn]]] acting by permuting indices in the
following way:

Perm,,:  C[(z))jeqo.2n))] — C[(%5)jeq0.2n11]

1.12
P((n+j)-n<j<n) — P((¥n—j)-n<j<n)- o

Remark 1.3. According to equation (1.10) and the definition of the operator L (1.11), we
need to perform discrete integrations to compute the N-th equation of the discrete Painlevé 11
hierarchy. It is always possible to accomplish this discrete integration. The operator A™!,
inverse of the difference operator A, is applied to (A + I)x,Perm, — x,, and it is possible to
write this operator as a derivative. Indeed,

(A + 1) z,Perm,, — x,, = Az, Perm,, + (Perm,, — I)x,,.

The first term on the right hand side is a derivative and because of the definition of Perm,,, the
second term can be expressed as a derivative.
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Equation (1.10), together with the definition of the recursion operator L in (1.11), of the
quantity v, and of the transformation Perm,, in (1.12) is indeed the N-th member of the discrete
Painlevé II hierarchy. The first equations of the hierarchy read as

N =1: nzy +01(Tps1 + 2n_1)(1 —22) =0, (1.13)
N=2: nz, + 0, (1 — x%)(wnﬂ + Xp—1) + 92(1 — x%)
X (mn+2(1 - 3531-5-1) + xn,g(l — 55721—1) — xp(Tpy1 + J:n,l)?) =0, (1.14)

N =3: nzy+01(1 —22)(Tn1 + Tn-1) + 02(1 — 22) (242 (1 — 22,1)
+ p—2(1 — x%_l) — xp(Tpe1 + :rn_l)2) +05(1 — xfl) (mi(wnﬂ + 20 1)?
+ani3(1 = 2hp2) (1= 251) + 2ns(1 = 252) (1= 25))
+ 03(1 — xi) (—an(acn+1 + xp_1) (azn+2(1 - xiH) + xn_g(l — a:i,l))
- mn_lxi,z(l - 333171))

+ 93(1 - xi) (—xnﬂxiH(I - x,%ﬂ) — Ty 1Tn—1(Tpy1 + :L‘n,l)) =0 (1.15)

with the first one coinciding with the discrete Painlevé 11 equation (1.8). Computations with
the operator (1.11) introduced in Theorem 1.2 for N =1 and 2 are done in Example 3.11.

Remark 1.4. The same heuristic argument used in Remark 1.1 applies also when N > 1
(since x,, still tends to zero as n — o), thus suggesting that the N-th equation of the discrete
Painlevé II hierarchy reduces to a linear discrete equation for large n. For N = 2 and 3, the
reduced equations are

N =2: nxy, + 01(xpt1 + Tp-1) + 02(Tpt2 + zp—2) =0,
N =3: nx, + 91($n+1 + l’n_l) + (92(:0n+2 + xn_g) + 93(37714-3 + xn_g) =0.

Similar recurrence relations appeared in [12] for the multivariable generalized Bessel functions
(GBFs). These generalized Bessel functions were discussed in [21, 23] in the context of Schur
measures for random partitions and generalizations of the previous recurrence equations were
introduced (in particular, see in [21, equation (3.2b)]). We denote by Jn (51,...,&\7) a N-
variable GBFs of order n. In [12], I (&1,...,&N) is defined as a discrete convolution product

of N Bessel functions. In particular, if j,(f (&) is the n-th Fourier coefficient of the function
B — e2€sin(kB) then

(e, en) =i En) * N D enor) * - # §D(E) (n),

where * denotes the discrete convolution. ' '

In the case N = 1, the symbol we considered was ¢(e'’) = efr(e?+e™%) _ (201 cos(B) g1 the
large n asymptotic behavior of z;,, was given by J_n(261) which is the n-th Fourier coefficient of
the function 8 — €1 =) yp to a constant (— 1)”.

For N > 1, the symbol is py(elf) = Hk e (el eih0) Hk_ 2% cos(kB) Then, we

conjecture that the large n asymptotic behavior of a:%N) would be glven by the n-th Fourier

. 0o kg kg
coefficient of B8 — [[h_je & (7 =)

constant and proper rescaling:

which is precisely J (§1, ...,&N) up to some

see also Figure 2.
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Figure 2. The graphs of ") and (—1)"JT(LN) ((65)1<i<n) (for N =2 on left and N = 3 on the right) in
function of n for 6; = 3, 63 = 1.2 and 03 = 2.6.

Remark 1.5. Notice that for N = 1,2 the equations (1.13) and (1.14) coincide with the ones
found in [1]. Also notice that in the physics literature, Periwal and Schewitz [25] found similar
discrete equations for N = 1,2 (with different coefficients sign) in the context of unitary matrix
models and used their solutions to evaluate the behavior of some typical integrals in the large-
dimensional limit passing through the continuous limit of their discrete equations. For N = 1,
the discrete Painlevé II equation was also found in [18] as a particular case of the string equation
for the full unitary matrix model, i.e., for w(z) = 61z + 6_12~%. The dependence in 641 of z,
(and some other x7) was also studied there and it produced some evolution equations related,
after some change of variables, to the two-dimensional Toda equations. This would suggest that
for the general case N > 1, the dependence of x,, on times 6y, ...,0y would be related to the
one-dimensional Toda hierarchy (see also [23]).

The first construction of a discrete Painlevé II hierarchy in [11] used the integrability property
of the continuous one, in the following sense. It is well known that the classical Painlevé II equa-
tion admits an entire hierarchy of higher order analogues. Indeed, this equation can be obtained
as a self-similarity reduction of the modified KdV equation. Thus, the higher order members of
the Painlevé II hierarchy are but analogue self-similarity reductions of the corresponding higher
order members of the modified KdV hierarchy (see, e.g., [14]). In some way, this implies that
the Lax representation of the KdV hierarchy in terms of isospectral deformations becomes for
the Painlevé II hierarchy a Lax representation in terms of isomonodromic deformations [10].

In [11] then, the discrete Painlevé II hierarchy is defined as the compatibility condition of
a sort of “discretization” of the Lax representation of the Painlevé II hierarchy. In particular,
they considered the compatibility condition of a linear 2 x 2 matrix-valued system of the following
type:

0
a9z
where the coefficients L, (z), M,(z) are explicit matrix-valued rational function in z, depending
onxzp,{ =n+N,...,n— N, in some recursive (on N) way. This allows the authors there to com-

D1 (2) = Ln(2)®n(2), B,,(2) = My (2)Bp(2), (1.16)
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pactly write the N-th discrete Painlevé II equation using some recursion operators. The linear
system that we obtain in Proposition 2.11 and that encodes our hierarchy as written in (1.10) is
mapped into the one of [11] through an explicit transformation, as shown in Proposition 2.18,
thus implying that (1.10) is indeed the same discrete Painlevé II hierarchy.

Continuous limit. The aim of this paragraph is to explain heuristically the reason why our
result given in Theorem 1.2 can be considered as the discrete analogue of the generalized Tracy—
Widom formula for higher order Airy kernels (namely, the result contained in [8, Theorem 1.1],
case 1; = 0).

For N = 1, Borodin in [6] already pointed out that formula (1.7) with (1.8) can be seen as
a discrete analogue of the classical Tracy—Widom formula for the GUE Tracy—Widom distribu-
tion [28, 29]. In other words, he described how to pass from the left to the right in the picture
below:

Discrete case Baik-Deift—Johansson Continuous case
DnDn—Q - D?Lil 2 d2
D2, = Ty e log det(1 — Kail(t,4+00)) = —u?(t)
with na, +60(1 — 22) (zn41 + 2n—1) =0, with u”(t) = 2u(t) + tu(t),
u(t) e Ai(t),

where Ai(t) denotes the classical Airy function and K; denotes the integral operator acting
on L?(R) through the Airy kernel. This connection was achieved by using the scaling limit
computed by Baik, Deift and Johansonn in [3] for the distribution of the first part of partitions
in the Poissonized Plancherel random partition model (which is recovered in [5, Theorem 1] for
N =1). In some way, as emphasized by Borodin, their result not only assures the existence of
a limiting function for the D,,, in this case D(t) = det(1 — KCail(;,40)), for a certain continuous
variable t. It also encodes already how the discrete function x,,, should be rescaled in terms of
a differentiable function u(t) to get back, from the recursion relation for D,,, the Tracy-Widom
formula.

To generalize this result for the case N > 1, we proceed by adapting the method used
by Borodin in [6] for N = 1 to the higher order cases, using the scaling proposed in [5]? for
the multicritical case (notice that their n corresponds to our N), instead of the Baik—Deift—
Johansson’s one that only holds for N = 1.

We recall that D,, is the Toeplitz determinant associated to the symbol ¢(z) (1.1) (which
depends on 6;, i = 1,..., N and thus on N). In the following discussion, we write explicitly
the dependence on the family of parameters (6;), i = 1,..., N of D,, = D,(0;), x, = x,(0;),
rn = 1(0;) and ¢, = ¢, (0;). Consider equation (1.9) written in terms of the Toeplitz determi-
nants D, (6;) in this way

Dy —2(0:) D (6:;) — D71 (6;) 2
D2, (6:) o

(6:). (1.17)

From the equation (1.6), this previous equation can be expressed in terms of ¢,(6;) defined
as (1.5). It becomes

Gn—1(0:)qn+1(0;) — ¢2(6;) _ .2
qn(0:) "

2Up to the correction of the typo d — d~! in their statement of Theorem 1.

(6:). (1.18)
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According to [5, Lemma 8], with the change of parameters 0; = (—1)"16;, we have ¢,(0;) =
7 (6;). Thus equation (1.18) now reads as

Trn—1 (éi)Tn-H (éz) - 7“%(91') _ 2.
2(6) — 20, (1.19)

Following the scaling limit described in [5, Theorem 1], we define the following scaling for the
discrete variable n:

n=00+ 0T d T = t=(n—bY)0 TN (1.20)

with b, d defined as

N+1 2N
()

and choose 6; (resp. ;) all proportional to 6 = 6, = 6, in the following way:

~ i1 (N =DIN +1)!

0; = (—1 0, i=1,...,N,
D NN T !
respectively,
(N — DI(N + 1) .
0; = 0, =1,...,N. 1.21
(N — )N +9)! ! (121)

Now recall the definition of r, (91) (1.5) in function of P = P; (see equation (1.4) for the
definition of P’ and the dependence on the family of parameters (6;)). From the previous scaling,
it is now possible to express ry, (91) in function of ¢t and 0

r(0;) = P; (Al_bel < t) (1.22)
¢ (d—1)2n+1

and according to [5, Theorem 1], the limiting behavior of the probability distribution function
of A1 in this setting is given by

lim Tn (éz) = lim ]P’é, ()\1()91 < t) = FN(t),
‘ (Qd—1)m

Fn(t) = det(1 — Kaiyn i1l (t,00))5 (1.23)

where Kaji,y., is the integral operator acting with higher order Airy kernel (see, for instance,
in [5, equation (2.7)]). } )

As we did for r, (02) in equation (1.22), we express 7,41 (01) and r,_1 (91) in function of ¢
and 6:

With this discussion and this scaling for n, (6;) and (él), we deduce that

2(n. j. 0.\ _ »2(p. 2
— lim —xn(&) — = lim n-1 (GZ)THH(QGZ) rn(@) = %logFN(t);
f0—4o00 (ed—l)_m 0—+o0 (Qd_1)—mr721(§i) dt

where the first equality comes from equation (1.19) and the second from equation (1.23).
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From now on, we drop the dependence on 6;, « = 1,..., N in the notation. The previous
equation suggests that, in order to be consistent with [8, Theorem 1.1], the discrete function x,,
appearing in formula (1.17) in the scaling (1.20) for n and (1.21) for (6;) limit should be

9 22,
—x ~ _(0) 2N+1 d2N+1q (t)

with u(t) solution of the N-th equation of the Painlevé II hierarchy. This can be proved directly
by computing the scaling limit of the equations of the discrete Painlevé II hierarchy we found
for x, in Theorem 1.2. Indeed, for every fixed N, we write z,, as

Ty = (~1)"07 T AN u(t) (1.24)

with u(t) a smooth function of the variable ¢ defined as in equation (1.20). Now recall that x,,
solves the discrete equation (1.10) of order 2N for every N > 1. The continuous limit of the
discrete equations of the hierarchy (1.10), under the definition of x,, (1.24) and the scaling of the
parameters 6; as (1.21), gives the equations of the classical Painlevé II hierarchy. For any fixed N
the computation should be done in the same way: consider the N-th discrete equation of the
hierarchy (1.10) and replace each 6; with the values given in formula (1.21). Then substitute x,,
with the definition in (1.24) and for § — +oo compute the asymptotic expansion of every
term T4 x X u(t + KQ_ﬁdﬁ), K = —N,..., N appearing in the discrete equation. The
coefficient of §~! resulting after this procedure coincides indeed with the N-th equation of the
Painlevé II hierarchy. For N = 1,2, 3, the computations are explicitly done in the Appendix A.

Remark 1.6. It is worthy to mention that in [8], the authors also consider a generalization of
the Fredholm determinant Fiv(t), recalled here in (1.23), depending on additional parameters 7.
Those are related to solutions of the general Painlevé Il hierarchy, which depends as well on
the 7;. With the scaling as in [5] for the 6;’s, the continuous limit for our discrete equations leads
to the Painlevé II hierarchy with 7; = 0 for all 4. This is consistent with the fact that the limiting
behavior in [5], written here in equation (1.23), involves indeed the Fredholm determinant Fy (t)
corresponding to 7; = 0 for all ¢ (the same already appeared in [22]).

Methodology and outline. The rest of the work is devoted to prove Theorem 1.2. In order
to do so, we introduce the classical Riemann-Hilbert characterization [4] of the family of orthog-
onal polynomials on the unit circle (OPUC for brevity) with respect to a measure defined by
the symbol ¢(z). Classical results from orthogonal polynomials theory allow to achieve almost
directly formula (1.17) where z,, is defined as the constant term of the n-th monic orthogonal
polynomial of the family. The Riemann—Hilbert problem for the OPUC is then used to deduce
a linear system of the same type of (1.16) which is proven to be in relation with the Lax pair
introduced by Cresswell and Joshi [11] for the discrete Painlevé II hierarchy. This is done in Sec-
tion 2. The explicit computation of the Lax pair together with the construction of the recursion
operator and the hierarchy for x, as written in (1.10) are done in Section 3.

2 OPUC: the Riemann—Hilbert approach and a discrete
Painlevé II Lax pair

In this section, we introduce the relevant family of orthogonal polynomials on the unit circle.
We recall some of their properties and their Riemann—Hilbert characterization. Afterward we
derive a Lax pair associated to the Riemann—Hilbert problem and establish the relation with
the Lax pair for discrete Painlevé II hierarchy (1.16) introduced by Cresswell and Joshi [11].
The proofs of the results for orthogonal polynomials stated in here can be found in the classical
reference [4].
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We denote by S! the unit circle in C counterclockwise oriented. We consider the following
positive measure on S! (absolutely continuous w.r.t. the Lebesgue measure there):

ew(eiﬂ)

dp(f) = ——dB, (2.1)

where the function w(z) for any z € C is given as in equation (1.1). The family of orthogonal
polynomials on the unit circle (OPUC) w.r.t. the measure (2.1) is defined as the collection of
polynomials {p,(2)}nen written as

pn(z) = k2" + -+ Ko, K >0 (2.2)

and such that the following relation holds for any indices k, h

/7T Pk (eiﬁ)ph(eiﬁ)dui(m = 5k,h'

. 2w
The family of monic orthogonal polynomials {7, (z)} associated to the previous ones is defined

in analogue way, so that p,(2) = kpm(2).

2.1 Toeplitz determinants related to OPUC

We recall that o(z) = e**), 2 € S! with w(z) defined as in (1.1) and that we defined D,, =
det(T.(¢)) (by convention D_; = 1) to be the n-Toeplitz determinant associated to the symbol ¢
(see equations (1.2) and (1.3)). Because ¢(z) is a real nonnegative function, D,, € Rsp.

Proposition 2.1. If ¢(z) is a real nonnegative function, we have that

®0 -1 - Pl P
1 ®1 Yo .- P42 Pr+1
pe(2) = ———=det : : : : : , >0 (2.3)
VDeDy—q ’
©Ye—1  Pr—2 fo 90—21
1 z 21 z

Proof. The proof is similar to the one for the orthogonal polynomials on the real line, that can
be found, e.g., [13, equation (3.5)], and following discussion. |

Corollary 2.2. The ratio of two consecutive Toeplitz determinants is expressed as

Dﬁ—l 2

Proof. Thanks to formula (2.3), we have that

Y P-1 ... P
1 ¥1 Yo - P2 |, [De—1
pe(2) = ———=det ) ) ) ) 2= —2
(=) /DyDy_1 : : - : D,
Y1 Pe-2 - ¥0

and by definition py(z) = kme(2z) with the latter being the ¢-th monic orthogonal polynomial
on S*. Thus formula (2.4) follows. [



Recursion Relation for Toeplitz Determinants and the Discrete Painlevé I1 Hierarchy 11

2.2 Riemann—Hilbert problem associated to OPUC

The family {m,} of orthogonal polynomials has a well-known characterization in terms of a 2 x 2
dimensional Riemann—-Hilbert problem, also depending on n > 0.

Riemann-Hilbert Problem 2.3. The function Y (2) := Y(n,6;;2): C = GL(2,C) has the
following properties:
(1) Y(z) is analytic for every z € C\ S';

(2) Y(2) has continuous boundary values Y4 (z) while approaching non-tangentially S* either
from the left or from the right, and they are related for all z € S through

1 z_”ew(z))

Yi(z) =Y_(2)Jy(z),  with Jy(z)= (o 1

(3) Y (z) is normalized at oo as

= }/}(n70J> nos
Y(Z)N<I+lej 2", Z — 00,
]:

where o3 denotes the Pauli’s matrix o3 := ((1) _?).

It is known from [3] that the above Riemann—Hilbert problem, for each n > 0, admits a unique
solution which is explicitly written in terms of the family {m,(z)}. Before stating the result, we
introduce the following notation. For every polynomial ¢(z), z € C, its reverse polynomial ¢*(z)
is defined as the polynomial of the same degree such that

g (z) =2"q(z71).
For every (L?(S')) function f(y), its Cauchy transform Cf(z) is defined for any z ¢ S* as

Crw) () =~ [ 10 g,

27 Jery— 2

Remark 2.4. Notice that the results in [3] for the Riemann-Hilbert characterization a family of
orthogonal polynomials on the unit circle are a sort of extension of the results known from [15, 20]
for the case of orthogonal polynomials on the real line.

Theorem 2.5. For everyn > 0, the Riemann—Hilbert Problem 2.3 admits a unique solution Y (2)
that is written as

T (2) C(y " mn(y)e?®) (2) >
Y(z) = . .
) (—n;‘;_m;_ﬂz) —k2_1C(y "y (y)e ™)) () (25)

Moreover, det(Y (z)) = 1.

Proof. See [3, Lemma 4.1]. [
The solution Y (z) has a symmetry which will be very useful in the following section.

Corollary 2.6. The unique solution Y (z) of the Riemann—Hilbert Problem 2.3 is such that

Y(z) = 03Y(0)_1Y(z_1)z"”303, (2.6)
Y(z) =Y(2). (2.7)
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Proof. See [4, Proposition 5.12]. [

Notice that the factor Y (0) = Y'(n, §;;0) appearing in equation (2.6) has a very explicit form
by equation (2.5). This will be useful in the following sections.

Lemma 2.7. For every n > 0, we have

Ty KT_LQ
Y(O) = Y(”? ej; 0) = 2 ) (28)
—Kp—1 Tn
where we denoted with x,, = m,(0), and k, is defined as in equation (2.2). Moreover, we have
2
Kp—1 2
=1- 2.9
nlo1-al, (29)

n

and we have z,, € R.

Proof. The first column of Y (n;0) directly follows from the evaluation in z = 0 of Y'(n;z2)
as given in equation (2.5). Indeed, Y (n;0) = 7,(0) and Y (n;0) = —x2_,7_,(0) but we
observe that

7t 1(0) = 2",y (z71) |Z:0 = z”_l(z_("_l) + oo+ mp-1(0)) ‘z:o =1.
Thus we conclude that Y2!(n;0) = —x2_;. For what concerns the second column of Y (n;0),

we first find the (2,2)-entry. This is indeed easily deduced from the symmetry given in (2.6).
In the limit for z — oo it gives

Y (n;0) = 03Y*1(n; 0)os,

thus Y22(n;0) = Y''(n;0) = m,(0). Finally, for the entry (1,2) of Y(n;0), we compute it
explicitly using the orthonormality property of the polynomials p,,(2)

1 Tn(8)s " w(s) T o7/ iy 40

Y12 . — d — " 1 inf 1
(n;0) o /Sl — s /ﬂw (e)elmfw (e )277
1 7 TS do

1 . 1
— @ _Trpn(e 0)pn(e19)w(ele) o = %

Equation (2.9) comes from the fact that det(Y'(n, 6;; z)) = 1 identically in z and so in particular
for z = 0 by writing Y (n,6;;0) as in equation (2.8), relation (2.9) is obtained.

Finally, the fact that x,, is real follows from the entry (1,1) of equation (2.7) together with
equation (2.5). [

At this point, we are already able to express the ratio of Toeplitz determinants in terms of
the constant term of the monic orthogonal polynomials, as follows.

Corollary 2.8. For every n > 1, the Toeplitz determinants D,, satisfy the recursion relation

Dn—2Dn 2
Dzi - 1 — X

n—1

(2.10)

n:

Proof. Putting together equation (2.9) with equation (2.4) (for two consecutive integers) we
obtain the recursion relation (2.10). [
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We emphasize again that the symbol ¢(z) actually depends on the natural parameter N, so
the Toeplitz determinants D,, n > 1 (1.3) do as well as x,, = m,(0), n > 1 do (since it is the
constant coefficient of the n-th monic OPUC w.r.t. the N-depending measure (2.1), (1.1)). The
N-dependence of the latter will be emphasized in the following section, where z,, is proved to
be a solution of the N-th higher order generalization of the discrete Painlevé II equation.

We consider now the following matrix-valued function

W(n,0j;2) = (é K_Ez) Y(n,0;; z) (é ;) S (2.11)

n

Thanks to the properties of Y(z;n,6;) from the Riemann-Hilbert Problem 2.3 one can prove
that W(n, 0;; z) satisfies the following Riemann-Hilbert problem.

Riemann—Hilbert Problem 2.9. The function ¥(z) := ¥(n,60;;2): C — GL(2,C) has the
following properties:

(1) U(z) is analytic for every z € C\ {S*U{0}};

(2) ¥(z) has continuous boundary values W (z) while approaching non-tangentially S* either
from the left or from the right, and they are related for all z € S through

B =0 h h= (g 1) 212
(3) ¥(z) has asymptotic behavior near 0 given by
1o~ (5 L) ro (z +izﬂ~/j(n)) (6 o)e% im0 @
j=
(4) ¥(z) has asymptotic behavior near oo given by

1 0 S Yi(n)\ (2" 0\ winos
) ~ (0 H) <I+Z jz(j ><0 1)e N (2.14)

Proposition 2.10. The function ¥(n,0;;z) defined in (2.11) solves the Riemann—Hilbert Prob-
lem 2.9.

Proof. The analyticity condition and the asymptotic expansions at 0, co given in (2.13), (2.14)
follows directly from the definition (2.11) and the fact that Y'(z) solves the Riemann-Hilbert
Problem 2.3. Condition (2.12) follows from direct computation

1 0 1 0\ yoyes (10 10\ yiyes
l:[/(’Z)'i‘ - <0 HT—L2> Y+(Z) <0 zn) € 2 25 = (0 E;2> Y—(Z)JY(Z) <0 zn) € 2 25

. 1 0 —w(z) 1 z—new(z) 1 0 w(z)B _ 1 1
‘I"(z)(o z—">e ’ <0 1 0 ) TG )

2.3 A linear differential system for ¥(z)

From the solution of the Riemann—Hilbert Problem 2.9, we deduce the following equations (in the
following we omit in ¥ the dependence on ¢; that should be considered only as parameters and
not actual variables like n, z).
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Proposition 2.11. We have

U(n+1;2) =U(n; 2)¥(n; z), 0,¥(n;z) = T(n;2)¥(n; 2) (2.15)
with
Z+ TpTnt1 —Tn+1
U(n;z) = 5 ) =042+ Up(n), (2.16)
—(1 — xn+1)xn I—x,
10
where o4 = (O O) and
2N+1
T(n;z) :=Ty(n)2N 1+ T(n)zVN 24+ 4+ Tynyi(n)z VL = Z T2V F, (2.17)
k=1
where
On
Tl(n) = —03. (2.18)

2

Remark 2.12. The coefficient (7;(n))2<i<on+1 defined in equation (2.17) will be computed in
Section 3.

Proof. We first prove the first equation. We start by defining the quantity
U(n;2) = U(n+ 1;2)0 " (n; 2).

Since the jump condition for ¥(z) (2.12) is independent of n, U(n; z) is analytic everywhere.
Plugging in equation (2.14), we have the expansion at oo

U(n;z) = ((1) _02 > <[+ Yl(”;'l) +O(22))Z(n+1)03 ((1) 2) J

Fnt1
« (1_ Ylin)w@ﬂ)) (é £2>

from which we deduce that U(n;z) is a polynomial in z of degree 1, by Liouville theorem.
Moreover, its matrix-valued coefficient are written as

Un; 2) = 2 (é 8) 4 <(1) 57%1) Y(n+1:0) (é 8) Y (n;0) <(1) :%> .

=Up(n)

Doing the computation and using equation (2.8), we obtain

Y(n 4+ 1;0)Y22(n;0) —k2Y Y (n 4+ 1;0)Y'2(n;0)
Uo(n) = | -2 yn : 22 _y2l ) 12(,.
Kpp1Y ' (n+1;0)Y%4(n,0) Y (n+1;0)Y*4(n;0)
_ < Tn41Tn —Tn+1 )
~(I—ap)on 1-ahy
For what concerns the second equation, we define T'(n;z) = 0,¥(n;2)¥1(n;z). From the

asymptotic behavior of ¥(n;z) at 0 and oo, we can deduce that T'(n;z) is a meromorphic
function in z with behavior at co described by

T(n; 2) ~ (é H?_?) (I TROW o(z—2)> ), (I R o(ﬂ)) (é F??>

n
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(polynomial behavior of degree N — 1) while at 0 its behavior is described by

T(n;z) ~ ((1) /;22) Y (n,0)(I + Yi(n)z + 0(2?))

—V'(z1 -
e om0 (5 3),

i.e., there is a pole of order N + 1. In conclusion, we can write
0
T(n;z) = 7N032N71 +To(n)2N "2+ Toy g (n)2 VL [ |
Moreover, thanks to the symmetry for the solution of the Riemann—Hilbert problem Y'(z)
stated in (2.6), we have that the coefficient matrix T'(n; z) satisfies a symmetry property.

Proposition 2.13. T'(n;z) has the following symmetry:

T(n;27') = =2*(K(n)T(n;2)K(n) ™" —nz"'1y) (2.19)

with K (n) == <(1) 592> Y (n;0)os (é :2>'

n n

Remark 2.14. Notice that for all n, the matrix K(n) is s.t. K(n)~! = K(n) since we have the
2
identity x2 + —2

Iin—l _
nel— 1.

Proof. On the one hand,

On the other hand, using the symmetry (2.6) for Y we deduce the following symmetry for ¥:

W(n; 2 t) = 2 (é H22> Y(0)os <é f;) U(n: 2)o.

n

This previous equation leads to

9. (U(nsz 1)) = 2" <(1) ﬁ%) Y (0)os (é 32) 0.0(n; =)y — mz 0 (ms =)

n

Then
T(n;z7') = — z2<<(1) K32> Y (0)o3 <(1) :2) T(n;z2) <(1) K02> o3y (0)~

X <(1) :2> —7121[2). [

The symmetry (2.19) reflects on the coefficients Tx(n), k = 1,...,2N + 1 as written below.
Corollary 2.15. The coefficients T(n), k =1,...,2N + 1 satisfy

Tj(n) = —K(n)Tani2—j(n)K(n)™Y,  j=1,...,N, (2.20)
Tni1(n) = —K(n)Tnp1(n)K(n) ™' + nly. (2.21)
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Proof. Indeed, by replacing the exact shape of T'(n; z) in equation (2.19), we have

IN+1 IN+1
Z Tp(n)z"N+k = T (n; z_l) = —z2( Z KTy(n)K 12Nk — nz_1[2>
k=1 k=1

2N+1
=— Z KTi(n)K 12N 27k 4 el
k=1

2N+1
= — Z KTQNJFQ,J'(H)K_IZ_N—H + TLZIQ,
J=1

so looking at the powers z=V*7 for j = 1,..., N, we get equation (2.20) and for j = N + 1, we
get equation (2.21). [

Notice first that from equations (2.20) if the first N + 1 coefficients of T'(n; z) are known,
then we can obtain the remaining ones. Second, notice that the coefficient T11(n) plays an
important role since it solves an equation, the one given in (2.21).

2.4 Relation with the Cresswell-Joshi Lax pair

To conclude this section, we describe how the Lax pair (2.15) is related with the one of the
discrete Painlevé II hierarchy (1.16) originally introduced by Cresswell and Joshi in [11] as
follows.

Definition 2.16. A Lax pair for the discrete Painlevé II hierarchy is given by a pair of matrices
(Ln(2), My (2)), defining the coefficients of a discrete-differential system for a matrix-valued
function ®(n;z), such as

O(n+1;2) = <;n 17;) ®(n;2) = Ly(2)®(n; 2), (2.22)
2<I>(n; z) = Mp(2)®(n; 2), (2.23)

0z

with the property that

M, (z) = (’328 —BX:(Z;)

with A,, B, and C), are rational in z (and depending also on N).

Remark 2.17. Specifically, in [11, Section 3.1], the authors proved that the compatibility
condition of the system of equations (2.22) and (2.23) defines the coefficients of the matrix M,(z),
leaving in turns only one discrete equation of order 2N for x,. This is defined as the N-th
member of the discrete Painlevé II hierarchy.

We establish now a link between this Lax Pair and the system (2.15) we obtained starting
from the OPUC. We define

an+3/2 0 1 0
®(n;z) := o3 ( 0 z_”+1/2) ( 1) U (n—1;2%).

—Tn-1

Proposition 2.18. ®(n; z) defined as above satisfies the system of equations (2.22) and (2.23).
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Proof. First we compute the discrete equation for ®(n;z). From the definition, we have

zfn+1/2 0 1 0
d(n+1;2) =03 < 0 z_"_1/2> <—$n 1> \ll(n; 22).

According to equation (2.15),

(
B(n + 1; 2) 3< are e 1/?) <_in (1]> U(n —1;22)%(n — 1;22)
("

—”+1/2 1 0 5 1 0
5= 1/2> <—$n 1) U("— Lz ) (9677,—1 1>

( n03/2 n01/2> 03 (n; 2) = (; 19:/”) O(n: 2).

Now we compute the derivative with respect to z.
Defining M, (z) := (dz®(n z))®(n; z)~!, similar computations lead to

4 —n+3/2 0 z 0 1 0
Mn(z)—z Ug( 0 _n+1/2 o3 + 2203 0 1 —z, g 1

x T(n —1;22) <xn1_1 ?) (Zol ?) 0. (2.24)

We need to prove two things: first the trace of M,(z) is null and then entries of M, (z) are
rational in z.
For the trace of M, (z) we use the fact that Tr(T(n;2)) = nz~!. Then

=03

Tr(M,(2)) = (—2n +2)z~ 1 + 22 Tr (T(n—1; 22)) =0.

From the expression of T'(n; z) (2.17) and the equation (2.24), we conclude entries of M, (z) are
rational in z. [

3 From the Lax Pair to the discrete Painlevé II hierarchy

In this section, we study the compatibility condition associated to the linear system (2.15). This
first allows us to reconstruct completely the matrix T'(n;z) and then to obtain an explicit 2N
order discrete equation for z,, which corresponds to equation (1.10).

3.1 The symmetry in the compatibility condition

We study the consequences of the symmetry (2.19) for the matrix T'(n; z) on the compatibil-
ity condition for the Lax pair introduced in Proposition 2.11. More precisely, we show that,
thanks to the symmetry (2.19), the compatibility condition contains an overdetermined system
of equations.

We recall that the compatibility condition reads as

oy —Tn+1;2)U(n;z) + U(n; 2)T'(n; 2) =0, (3.1)

where we have to replace U(n; z) as in (2.16) and T'(n; z) as

N+1 2N+1
2)=Y Te(m)zV" 4+ > —K(n)Tonyoi(n)K(n) 12N F, (3.2)
k=N+2

and with the coefficient T 11(n) satisfying equation (2.21).
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Lemma 3.1. The compatibility condition (3.1), for U(n;z), T'(n;z) as described above, corre-
sponds to the following system
Ti(n+1)oy —o4Ti(n) =0,
Tjpr(n+1)oy — oy Tjpa(n) + Tj(n + DUo(n) — Uo(n)Tj(n) = o4 05N, j=1,...,N,
Tni1(n) = =K (n)Tn41(n)K(n) ™t + nls.
Proof. The compatibility condition (3.1), after replacing U(n;z), T(n;z) of the prescribed

form, involves powers of z from N to —N — 1. Imposing that the coefficients of each of these
powers of z is identically zero, we obtain the following equations:

2N Ti(n+1)oy — oy Ti(n) =0, (3.3)
AN j=1,...,N:
Tj1(n+1)oy — 01 Tja(n) + Tj(n + 1)Uos(n) — Up(n)T;(n) = 0405 N, (3.4)
1 Ty (n+1)Us(n) — Ug(n )TNH( )= Kn+1)Inn+1)Kn+1)"to
+o K(n)In(n)K(n)™" = (3.5)

AN j=N+2,...,2N:
— K(n+1)Tani—j(n+ DK (n+1) "oy + 0 K(n)Tony1-5(n) K(n) ™!
+ Uo(n) K (n)Ten+2-j(n) K (n) "
— K(n+1)Tanio—j(n+ 1)K(n+1)"'Us(n) =0, (3.6)
2N K4+ D)Ti(n+ DK (n 4 1)"1Uy(n) + Us(n) K (n)Ti(n)K (n) ! = 0. (3.7)
With the change of indices 2N+1—j =k <= k=2N+1—j= N—1,...,1, the equation (3.6)
becomes:
~Kn+1DTpn+1DK(n+1) "oy + 0 K(n)Tp(n)K(n)™!
— K(n+1)T1(n+ 1)K (n+1)"0(n) + Ug(n) K (n)Tis1(n)K(n) ™t = 0. (3.8)
We now show that equations (3.5), (3.6), (3.7) are equivalent to the first ones (3.3), (3.4) thanks
to the symmetry of the coefficients Ty (n) given in (2.20) together with the equation for Ty 1(n),
already obtained in (2.21).
To start with, we notice the following relations:
Up(n) == K(n+1)"'Up(n)K(n) = oy,
F(n) = K(n+1) "o K(n) = Up(n),

=1

deduced by using multiple times relation (2.9),
1. Let us consider first the equation (3.7) obtained from the coefficient of the term z=V~1,
Multiplying by K (n + 1)~! to the left and by K(n) to the right, we obtain

~T1(n + 1)Ug(n) + Us(n)Ti(n) =0,
that is exactly (3.3).

2. Let us consider now equations (3.8), obtained from the coefficients of the term =z
j=N+2,...,2N. By multiplying by K(n+ 1)~! to the left and by K(n) to the right as
before, we obtain the equations for k =N —1,...,1

~Th(n + 1)3(n) + &(n) Tk (n) — Th1 (n + 1)To(n) + Uo(n) Ty (n) = 0,

which is exactly equation (3.4) for j =1,...,N — 1.

N—j
)
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3. The last equation is (3.5) obtained from the coefficient of the term z~!.

again, by K(n + 1)~! to the left and by K(n) to the right, and we get

We multiply,

K(n+1)""Tns1(n + DK (n + 1)To(n) — Uop(n) K (n) ' Trv41(n) K (n)

—Tn(n+1)o(n)+o(n)ITn(n) =0,

and then we replace the symmetry for the term Tx1(n) namely the equation (2.21) (that
indeed it has not be used until now)

~Tns1(n + DUo(n) + Uy(n)Ty41(n) + Up(n) — Tn(n + 1)5(n) + &(n)Tn(n) = 0.
And this is again exactly equation (3.4), for j = N.

Thus the compatibility condition (3.1) is reduced to the equations in the statement, namely
equations (3.3), (3.4), (2.21). [

Now, we use equations (3.3), (3.4) together with the initial condition for 77 (n) given in (2.18),
to recursively find the coefficients Tj,(n), for k = 1,..., N+1, in terms of the z,4;,7 =1,..., N.
With the coefficients Tj(n) computed in such a way, the symmetry for Tny1(n), ie., equa-
tion (2.21), once Ty+1(n) is determined, provides an actual discrete equation for z;, of order 2N,
that is what we call the higher order analogue of the discrete Painlevé II equation (that coincide
for N = 1,2 to the ones already appeared in [1, 6, 11]).

3.2 The recursion

In this subsection, we explain how equations (3.3), (3.4) resulting from the compatibility con-
dition (3.1) can be used to find recursively (in k) all the coefficients Ty(n), k =1,...,N + 1 of
T(n; z).

Lemma 3.2. For every i = 1,..., N, starting from the initial condition (2.18) Ti(n) = %Vag,
we have

_ T
Tiv112(n) = 21 (2A71 + 1) <Un+1 Tioi(n+1) — ani,m(n)) +vp1Tip2(n + 1)
n+

- xnxn+1ﬂ,12(n)a

x
Tiv121(n+1) = zpvpq1 (2A—1 +1) <vn+1

Tion(n+1)— iﬂnTi,lz(n)> + vp1Ti21(n)

n+1

— TpZny1Ti21(n+ 1),

_ —X
Tit1,11(n) = =Tip1,22(n) +ndyn = A 1< ” n+11Tz+1,21(n +1)+ ﬂch¢+1,12(n)> +nd; N,
n+
where
A: Ti(n) = Ti(n + 1) — Ti(n), (3.9)
vy i=1— 122, (3.10)

Proof. We rewrite equations (3.3), (3.4) for i« = 1,..., N, entry by entry. For the first one,
we have

Ti11(n+1) =Ty 11(n) =0,
T1712(n) = T1721 (n + 1) = 0.
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This is satisfied by T1(n) given in (2.18). For the second one, for any 1 < ¢ < N we have the
four equations:

Tiri(n+1) = Tiin(n) = =Tin(n+ Danznn + Tiaa(n+ 1)(1— 27 )z,
+ 2p2n41T511(n) — g1 T521(n) + 05 N,
Tiv1,12(n) = =21 Tinn(n+ 1) + Thao(n 4+ 1) (1 — 2241) — 2a@p1Th12(n) + Tpa oo (n),
Tivi21(n+ 1) = =T 01(n + Dapans1 + Tioa(n + 1)ay (1 — :L"?LH)
~Tiai(n)an (1 — a7 ) + (1 - 250) Tiai(n),
0="Tiz(n+ Dapp1— Tioa(n+1)(1— a7 4q) — 20 (1= 25 1) Tinz(n) + Tigz(n) (1— 25 41).

Using the notations introduced in (3.9), (3.10), the previous equations with 1 < i < N
become

ATit111(n) = —2pTp 1 AT 11(n) + Tpvn Tii2(n + 1) — 241 T5.21(n) + 05 N, (3.11)
Tiv112(n) = —xp1Tinn(n+ 1)+ vpp1Tia2(n + 1) — pxni1Tina(n) + zpe1T522(n), (3.12)
Tit121(n+1) = —zpzp1Tioi(n+ 1) + 2pvp1Ti22(n + 1) — v 1 Ti11(n)

+ vn41T5.21(n), (3.13)
Unt1 AT 20(n) = opr1Ti01(n + 1) — 2pvp1T512(n). (3.14)

From these equations, we see that in order to obtain the diagonal terms, there is a “discrete
integration” to perform, while the off-diagonal terms are directly determined from the previous
ones. Moreover, we can rewrite the four equation as only two equations involving only the off-
diagonal terms. Indeed, because of Tr(T'(n; 2)) = nz~1, T;11(n,2) = —T;22(n, 2) for 1 <i < N.
Thus (3.14) can be written as

Unt1AT;11(n) = —zp1Tio1(n + 1) + 2pvni1 T 12(n).

Formally, 1 <7< N,

Ti1(n) = —Tio(n) = A7 (jj””jlnm(n +1) + xnzz,u(n)), (3.15)
n+

which still holds for ¢ = N 4+ 1 up to adding the “constant” n on the right hand side. Using this
in (3.12) and (3.13), we obtain:

_ xr
Tiv1,12(n) = Tp1 (2A71 + 1) <vn+1 Tion(n+1)— J?nTi,m(n)) + vpp1Tia2(n + 1)

n+1
- xnxn+lﬂ,12(n)a

Tn41

Tiy101(n+ 1) = 2pvpq1 (2871 + 1) < Tio1(n+1)— fUnTi,m(n)) + vpp1Ti21(n)

Un+1
— Zntpr1Tio1(n+1). [

We notice that, defining the discrete recursion operator

X
Tn41 (2A71 + I) <vn+1 Yn — xnun> + ('Un—l-l(A + I) - xnxn—l—l)un
s . (3.16)

X
TnUn41 (2A71+I) (ﬁyn_wnun) + ('Un—i-l(A + I)il _xnmn—l—l)yn
n+
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we can rewrite the two equations for the off-diagonal entries of T;(n) obtained above as

() = () 1

And, recursively we obtain

Tnt1,12(n) ) N <0>
’ =L . 3.18
<TN+1,21(TL +1) 0 ( )
This procedure allows to construct the whole matrix T'(n; z), starting from the initial condition
Ti(n) = 97N03 and iterating the operator £ we obtain off diagonal terms of T'(n; z) and compute

diagonal one with equation (3.15). Below we implemented this method to find the matrix 7'(n; 2)
in the first few cases N =1, 2.

N

i < N. (3.17)

Example 3.3. In the case N = 1, the matrix T'(n; 2) = T1(n) +Ta(n)z~1 + T3(n)z 2. Knowing
Ty (n), we only have to find T5(n) using the recurrence relation given from the compatibility, i.e.,
equations (3.11), (3.12), (3.13) for i = 1. Since: T} 12(n) = T121(n) =0, and T} 11(n) =0y /2 =
—T1,22(n), we have

Tr11(n) =n,
Tri2(n) = —zpr1(Tii(n+1) + T111(n) = —012041,
Too1(n+1) = zpvp1 (T 22(n + 1) + 11 22(n)) = —012,Un41,

and T 22(n) = n—T511(n) = 0. Moreover, the symmetry which reflects terms of T'(n; z) two by
two gives T3(n) = —K(n)T1(n)K(n). Thus the Lax matrix for N =1 is

A 0 1 n —01xnt1 01 % — x% T
T(n;z) = 2 (0 —1> + 2 <—01vnxn_1 0 * 22 UnTn, x% — % ’

Example 3.4. In the case N = 2, the matrix T'(n; z) = Ti(n)z +To(n) +T3(n)z =L+ Ty(n)z=2 +
Ts(n)z~3. This time we have to find T5(n) (that will be almost the same as before) and also T3(n)
using the recurrence relation given from the compatibility, i.e., equations (3.11), (3.12), (3.13)
for i = 1 and 2. First we find T5(n) (i = 1 above), we have

0
Tr11(n) = 51,

Tr12(n) = —zpp1(Th11(n+ 1) + T111(n)) = —022n41,
Tro1(n+ 1) = zpvp41 (T 22(n + 1) + 11 22(n)) = —O22,Un41,
and T2722(n) = —T2711 = —%.
Then we consider the equation for i = 2 and find T3(n). We have
AT311(n) = 2pvps1(—0O2ni2) — Tpp1(—arn_1vs) + 1 = T311(n) =n — rn_1Tn110,
T312(n) = —h1opi1 — 0o (Un+1$n+2 - xnl’%ﬂ)?
Tso1(n+ 1) = (=012 — 02 (VnTn—1 — T2Tp11) ) V1
T390(n) =n —T511(n) = 62T 1Tp410n.

Finally, we take Ty(n) = —K(n)T2(n)K(n) and T5(n) = —K(n)Ti(n)K(n). Thus the Lax
matrix for N = 2 is

0 (1 0 b —02xp41
T(n;2) = 2— 2 mr
(m;2) = 2 2 (0 —1) + <—62xn_1vn -a
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n 1 n — 02%n_1Tn110p —012n41 — 02 (Vnt1Znt2 — Taa2 )

2 \(=012p—1 — 02 (Vn—1Zn—2 — 2p22_1)) vy 02Tn—1Tn+10n
0

44 (—szn(xnxn_1 + Zpnt1) + 5 (vn — 27) —02 (vnTn—1 + Tpani1) )
2 [
22 02 (vnnt1 + Tpan—1)vn 020 (Tpn—1 + TnZpt1) — 5 (v — 27)
0 % — x% Tn,

+3 2 1]
z UnTp  Tp — 5

Now that we have reconstructed the whole matrix T'(n; z) in terms of z,+j, j = —=N,..., N

we are left with the equation that Tny1(n) has to satisfy, namely (2.21). We now show that
actually this coincide with only one scalar equation in 741,12 and Ty4121. Indeed, entry by
entry it reads as the following system of four equations. From the off-diagonal entries

UnTN4+1,12(n) = n(Tn41,11(n) — Tvg1,22(n)) — Tg1,21(n), (3.19)
0 TN 11.21(n) = 2nvn (Tvs1.11(n) — Tv1.22(n)) — 02T 41.12(n) '

and from the diagonal entries

n— (1+22)Tns111(n) — vaTn41,20(n) + 2 Tnvi1,01(n) + TovpTvs1,12(n) = 0,
n—(1+22)Tn+1,22(n) = vaTn+1,11(n) — 2o Tvs1,01(n) — 20 Tv41,12(n) = 0.

We notice first that the four above equations are all the same. The first and the second equations
are the same up to a multiplication by v,. Using the relation Txy1,11(n) + Tn41.22(n) = n, we
can rewrite the third and the forth equations and obtain the same equation up to a sign. Finally,
multiplying by x,, the first equation and using the relation Tn41,11(n)+Tn41,22(n) = n we obtain
the third one. Thus from now on we will refer only to (3.19), as for the remaining equation.

Using equation (3.14) and Tr(T'(n;z)) = nz~!, we express equation (3.19) in function of
Tn+1,12(n) and T4121(n). Consider equation (3.19), with the identity Tr(Tn41(n)) = n, it is
rewritten as

UpTNy1,12(n) = 2p(n — 2T N 41,22(n)) — Tny1,21(n).

Equation (3.14) holds also for ¢ = N + 1. It means it is possible to replace T 11 22(n) in the
previous equation and obtain

Ty — vpTny1,12(n) — Tngr21(n)

_ X
— 2z,A7! <—anN+1712(n) + U”*i (A + I)TN+1721(n)> =0. (3.20)
n+

3.3 The relation between T; 12(n) and T; 21(n)

The previous equation (3.2) depends on Tny1.12(n) and Th121(n). The aim of this part is to
establish a connection between T; 12(n) and Tj21(n) to rewrite equation (3.2) just in function
of T y1,12(n).

To accomplish this, we study the compatibility condition of C(n; z) :== T(n;2)? and U(n; z).
C(n; z) is rational in z with a pole of order —2N — 2 at 0. We write C(n; z) as

4N+1
C(niz) = Y Ci(n)?N 1 (3.21)
=1
with
Ci(n) = Tj(n)T1-;(n) (3.22)
j=1

where C1(n) = %IQ.
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In what follows we will need the following lemma:
Lemma 3.5. Diagonal coefficients of Ci(n) defined as in (3.22) satisfy the following equation:

V1<i<N, Cii1(n) = Ci2(n),
Cn+111(n) = nbn + Cn1,22(n).

Proof. We express C;11(n) in function of 7T; ;;(n). With the equation (3.22)

Cin( Z Ti11(n)Tiv1-511(n) + Tja2(n)Tiv1—j21(n).

Then, the sum index change j =7 — k + 1 leads to

Cin( Z Tik+111(n)T11(n) + Tiogg1,12(n) Tk 21 (n).

Finally, with the relation Tr(T'(n;z)) = nz~!,

o if ICiKN

)

Cia( Z Ti—ky1,22(n) Tk 22(n) + Th 21 (1) Ti—g11,12(n) = Ci22(n).
e ifi=N+1,
N+1
Cn41,11(n) = —2nT 22(n) + Z TN—k+2,220(n) Tk 22(n) + Th21(n)TN—k42,12(1)
k=1
=nly + Cn41,22(n). u

We deduce the compatibility condition for C' and U from the one for 7" and U.

Lemma 3.6. C(n;z) (3.21) and U(n; z) (2.16) satisfy the following compatibility condition:
Cn+1;2)U(n;2) —U(n;2)C(n;2) =T(n+ 1;2)04 + 04T (n; 2). (3.23)

Proof. Multiplying on the left (resp. on the right) equation (3.1) by T'(n+ 1;2) (resp. T'(n; 2))
and summing these two equations leads to the result. |

The left (resp. right) hand side of the equation in the previous lemma is an expression in
powers of z from 22V ~1 to 272N=2 (resp. from 2V~ to z~ N1
equation for C;(n). We consider only expression in powers of z from z

According to (3.1) and (3.23), V1 < i < N, Cj(n) and T;(n) satisfy the same recursive
equation (see equations (3.11)—(3.14)). For i = N + 1, the equation is a bit different. The term
with d; x is now multiplied by 0.

From these equations we deduce the following result.

). This equation leads to recursive
2N-1 ¢, ,N-1

Proposition 3.7. Let C;(n) be as in (3.22). Then V1 < i< N,

Ci(n) = oyl and Cnyi1(n) = Onnoy + anyils.
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2
Proof. We prove Proposition 3.7 by induction. For i = 1, we already know Ci(n) = QTN.
Suppose Cj(n) = a;ls for i < N — 1. Cj11(n) satisfies the following equations:

ACit111(n) = —2p2pn1AC; 11(n) + 2pvp4+1Ci12(n + 1) — 2p41C5.21(n) + On0; N,
Cit112(n) = —2n41Ci11(n + 1) + vp11Ci12(n + 1) — 2 2n11C512(n) + 2n41C5.22(n),
Cit121(n +1) = —zp241Ci21(n + 1) + 20p41Ci22(n + 1) — 2,0p,41Ci 11(0)

+ vp41Ci21(n).

Using induction hypothesis,

ACit111(n) = =0 2p@pg1 + 0 2pVpq1 — 0 Tpg1 + On0i N = ONGi N,
Cz‘+1,12(n) = —Tp410 + 0 V1 — 0 2pTpy1 + Tpgr05 =0,
Civig1(n+1) = =0 pZpy1 + TpUpt10 — TpUpt10; + 0 - vpg1 = 0.

From the first equation, we conclude Cjiq111(n) = a1 if ¢ < N —1 (resp. Ony111(n) =
Onn+any if i = N) and according to Lemma 3.5 Cjq1.22(n) = a;q1 (resp. Cny1,22(n) = any1
which concludes the proof. |

From equation (3.22) and Proposition 3.7, we obtain

ONTin(n) = oy — Z Ti11(n)Ti—jr1,11(n) + Tja2(n)Ti—j+1,21(n), (3.24)
N

ONTN11,11(n) =N + any1 — Z Tj11(n)Tn—jr2,11(n) + Tji2(n)Tn—j12.21(n).  (3.25)
j=2

With all this discussion on C(n; z) it is now possible to prove the following proposition.

Proposition 3.8. The following holds: V1 < i < N + 1, T;11(n), Ti12(n) and Tj21(n) are
polynomials in x,4;’s. Moreover, the following symmetmes hold:

Qi ((untj)1-ii<i=1)s Pin ((Untj)1-ij<i-1))
polynomials in un4;’s such that,
Tinn(n) = Qin((Tntj)1-i<j<i—1) = Qin((Tn—j)1-igj<i—1),

ng(n) Pzn«xn-&-]) —Z<J<i—1)a
Ti21(n) = vn Pin((Tn—j)1-i<j<i—1)-

Proof. We prove this proposition by strong induction. For i = 1, T1(n) = 2 N o3, then defin-
ing Qin(un) = HTN, Py p(un) == 0; T111(n) = Qin(zn), T1,12(n) = Piu(z,) and Ti91(n) =
Un P (2n).

Now suppose the property true for all j € [[1,4]] with ¢ < N and let (Qjn, Pjn)j<i be
polynomials in x,;’s satisfying the property. According to (3.24) (and (3.25) for i = N) and
strong induction hypothesis, Tj;1(n) is a polynomial in x,;’s and the invariance when you
exchange x,,1; by x,_; holds.

Because of equation (3.12) (resp. equation (3.13)) and of induction hypothesis, there exists
Pip10((Ungj)—i<j<i) (resp. Pip1n((Untj)—i<j<i)) a polynomial such that

Ti+112(n) = Pip1n((Tntj)-i<j<i)s
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respectively,
Tiv121(n) = Pivan((@ng)—i<j<i)-

Now we establish the link between F;11, and ]5,~+17n. According to equation (3.12) and the
relation Tr(7'(n; 2)) = nz~ !,

P’i+1,n((l’n+j);“:_i) = - $n+1Qi,n+1 (($n+]);;2_l) + Un+1Pi,n+1 (($n+]);;2_l)
- anUn-i—l-Pi,n ((:Un_,_]);;ll_l) - In—i—lQi,n ((xn—i-j );;11_1) .
Then
UnPi—i—l,n ((xn—j);":fi) = Un( - xn—lQi,n—l ((‘/En—]);;?_z) + Un—l-Pi,n—l ((‘/L‘n—j);;{z)
A N 5 D o )

From induction hypothesis and Tr(T'(n; 2)) = nz~!

OnPryin((@n—j)ie i) = = znonTin(n — 1) + 0. Ti21(n — 1) + 2p_ 12,15 21(n)
+ Tp—10,T5,22(n).
According to equation (3.13),
UnPrin((@n—j)j=—i) = Trrr,21(n + 1).
Then

Un P ((@n—j)ie i) = Prsin (Tn4g)—i<j<i)
and this concludes the proof. |
Define C[(z;);e[0,2n))] and the transformation
Permy,:  C[(x;) je(0,2n))] — Cl(2;) jeq0,20))];
P((#n+j)-n<jcn) > P((Tn—j)-n<j<n)-
From the previous proposition,
T;21(n) = v, Permy, (T} 12(n)). (3.26)

Remark 3.9. As a consequence of the Proposition 3.8, the equation (3.19) is a polynomial
in z,4;’s and is invariant when you apply Perm,, to this equation because Permi = Id and
Perm,v,, = v, Perm,,.

We use the link we established in Proposition 3.8 between T; 12(n) and T; 21(n) to rewrite the
operator £ (3.16) as a scalar operator:

L(up) = (@t (2A_1 +I)((A + DzyPermy, — ) + vpg1 (A + 1) — 2p@pg1 ) up. (3.27)

Finally, collecting all the results from the previous sections, we state and proof the following
theorem.

Theorem 3.10. The system (2.15), with T'(n; z) of the form (3.2) and coefficient Tn11(n) satis-
fying the symmetry condition (2.21), is a Lax pair for the N-th higher order discrete Painlevé II
equation and the equation is given by the expression:

nT, + (QxHAfl(xn — (A + Iz, Perm,,) — v, — vnPermn)TNJrl,lz(n) =0, (3.28)
where Ty 1112(n) = LY (0) with L as in (3.27).
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Proof. Replacing Tn41,21(n) with the relation (3.26), equation (3.2) now reads as
nxy + (anAfl(a:n — (A + Iz, Perm,,) — v, — vnPermn)TNH,lg(n) =0.
Equations (3.17) and (3.18) with the relation (3.26) reduce to
Tiy112(n) = L(Tii2(n))  and  Tyyrie(n) = LV(0),
which concludes the proof. |

The next two examples explain for N = 1,2 how to compute explicitly equation (3.28).

Example 3.11. Using the expression defined in Theorem 3.10, we compute the first equa-
tion (1.13) and the second (1.14).
For N = 1: First we compute T 12(n) with the operator L (3.27):

To12(n) = 22,11 A7 (0) = —012041,

where —01/2 is the integration constant.
Replacing 15 12(n) in equation (3.28),

NTp + Upb01 (Tn+1 + Tn—1) + ZxHAfl(lenan —012p2p41) = 0.
Then
(n+ Q)zn + 010, (Tt + xn—1) = 0.

This equation is the same as equation (1.13) if we choose the integration constant « to be zero.
For N = 2: We compute T3 12(n). Computations are the same for 75 12(n) except for the
integration constant, T 12(n) = —0axp41.

T312(n) = L(T212(n)) = ($n3331+1 - Un+1$n+2)92
+ Tpp1 (2071 + 1) (0220 n41 + 0220 Tnt1)

Then Tg,lg(n) = 02 (xnxglJrl — Un+1:L'n+2) — 01:L‘n+1.
Replacing T3 12(n) in equation (3.28),

(n + Ol).Zn + vy, (Un+1$n+2 + Up—1Tn—2 — $n($n+1 + $n,1)2) + elvn(l'nJrl + l'nfl) =0
which is the same equation as (1.14).

We finally conclude the work by noticing that Theorem 3.10 together with Corollary 2.8 give
the proof of Theorem 1.2.

Remark 3.12. In our setting, the fixed NV > 1 define the order (2N) of the discrete equation
solved by z,, the quantity related to the Toeplitz determinants D),,. An alternative approach
could be to leave N variate and consider it as a second discrete variable for xz,,. In effect, this is
done in [19], where the authors consider orthogonal polynomials on the real line, w.r.t. a weight
p(A; N)dX and where the dependence on an integer parameter N is such that p(A\; N + 1) =
Ap(A; N). In this case the relevant quantities to consider (related to the Hankel determinants)
are the coefficients of the three terms recurrence relation satisfied by these polynomials. The
authors there proved that these quantities solve (up to some change of variables) the discrete-
time Toda molecule equation, a coupled system of discrete equations in the two variables n, N.
The result deeply relies on the quasi-periodic condition satisfied by the weight p. Back to our
setting, the measure we have for our orthogonal polynomials on the unit circle is such that
A N + 1) = e20di! Feren A
27
This relation does not seem as promising as the one for p for the study of the N-dependence,
but it is another point that we could further investigate.

[ . .
= o R (VT e D) g

(A\;N).
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A The continuous limit

This appendix contains further computations for the continuous limit of the equations of the
discrete Painlevé II hierarchy (1.10) in the first cases N = 1,2,3. To obtain it, we follow the
scaling limit given in [5, Theorem 1] as already recalled in the introduction.

The case N = 1. Notice that in this case we recover the same computation done in [6,
Chapter 9]. We consider equation (1.13) written as

nxy
Tpi1 + Tpot + e =0
n+1 n—1 91 (1 — .’B%)

in which the only parameter appearing is 6; = 6. Following the scaling limit of [5, Theorem 1],
in the case N = 1, we have

b=2  d=1 and @, =(-1)"0"3u(t) with t= (n—20)073.
Now, for § — 400, we compute

Tyl ~ (—1)"+19_%u(t + 9_%)

~ (=1)"Tg3 (u(t) 05 (t) +
that gives
Tr1 + Tno1 ~ (=1)"12075u(t) + (=10 (1) + O (671).
The other term appearing in the discrete Painlevé I equation gives instead

NIy

by "t t93) (~1)"0Su(v~! <1 + 07 5ul(t) + 0(9—1)>
~ (1)"267 Su(t) + (~1)"0 " (ru(t) + 2*(1) + O(67").

Thus equation (1.8) in this scaling limit gives at the first order (coefficient of #~!) the second
order differential equation

u (t) — tu(t) — 2u3(t) = 0,

which coincides indeed with the Painlevé II equation.
The case N = 2. We consider equation (1.14), with the parameters 61, #2 rescaled as
0L =0,0,= % It reads as

(17”;2) +0(Tns1 + Tno1)
0
+ 1(15‘77/4_2(1 — xiﬂ) + xn_g(l — xi,l) — Zp(Tpg1 + xn_1)2) =0 (A.1)

and this time we consider the following scaling limit (case N = 2 in [5, Theorem 1])

utl=
e~
(S

b= —, d=14 and Ty = (—1)"9*%4%11,(75) with ¢ = <n — 20) 0~

For 0 — 400, similar computations gives the fourth order differential equation

tu(t) + 6u(t)® — 10u(t)u/ (t)* — 10u(t)*u” (t) + o (t) = 0
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which corresponds to the second equation of the Painlevé II hierarchy. Detailed computations to
obtain certain terms from the previous equation are given below. We begin with the expansion
of the first term in equation (A.1):

NTy,

(1—27)

4
5

~ (ge + 4§9ét> (=)0~ 545u(t) (144567 5u>(t) + 450 50 (t) + O(671))

n 1,4 3 3,2 _1
~ (-1) <24595u(t)+24595u(t)3+tu(t)+6u(t)5+0(9 s)).

Tnsy ~ (1) 450750 (t £ 45075) ~ (=1)" 1456~

2,2 3 4 4
X <u(t)i4é9—éu’(t)+ 452 ' (t) £ 452 u"(t) + (t)+0(9_1)>,

Tno ~ (14507 5u(t +£207545) ~ (=1)"456"

that gives for the second term of equation (A.1)
O(Tns1 + xn_1) ~ (—=1)" <4é29‘éu(t) 45050 () + —u" () + o(e—é)).

Some linear and nonlinear terms appear with the expansion of the third term of equation (A.1).
The linear one is

G

szt nma) ~ (-1 (430

\)

4

u(t) + 45050 () + gu””(t) + o(aé))_

Nonlinear ones are

gxn(xnﬂ + 2p_1)® ~ (—=1)"u(t) (4%9§u(t)2 + du(t)u” (t) + 0(9_%)),

6

Tty ~ (—1)" (47505 u(t) + 4505 u(t)® (t) + 3u(t)>u” () + Su(t)u'(t)?).

From these computations, we see that we recover exactly
tu(t) + 6u(t)® — 10u(t)u’ (1) — 10u(t)?u” (t) + o™ (t) = 0.

The case N = 3. We consider equation (1.15) with the parameters 6;, 02, 03 rescaled as

0L =0, 0, = %0, 03 = % and rewritten as

2
9(171_%;2) + (Tpt1 + Tn—1) + g(xn+2(1 — a2 ) Fano(l—22_1) — 2p(Tny1 + Tno1)?)
n
1
+ E(m%(azm_l +2,1) + Tnys(l— xiJrQ) (1- xiﬂ) + zp-g(1 — 37272) (1- $i71))
1
+ ﬁ(_%”(x"“ + 1) (Tna2 (1= 25 41) + (1= 25 1)) — zprap (125 _1))

1
+ ﬁ(—xnﬂﬂcim(l —22.1) = Tns1Zn—1(Tpt1 + 1)) = 0.

Finally, we consider the following scaling limit (case N = 3 of [5, Theorem 1])

4
b=3, d=15 and @, = (—1)"0"7157u(t) with ¢= <n— 30)9—%15%.
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Again, for 8 — +o0o the asymptotic expansion of the equation above results at the first order
(coefficient of #~1) into the sixth order differential equation

tu(t) + 20u(t)” — 140u(t)>u/ ()% — 70u(t) " (t) + 700 (t)%u” (t) + 42u(t)u” (t)?
+ 56u(t)u’ ()" (t) + 14u(t) " (t) — "™ (t) = 0,

which corresponds to the third equation in the Painlevé II hierarchy.

Remark A.1. Computations for N = 2 and N = 3 were performed with Maple/Mathematica.
Files are available on demand.
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