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ASYMPTOTIC AND INTERLACING PROPERTIES OF ZEROS OF
EXCEPTIONAL JACOBI AND LAGUERRE POLYNOMIALS

DAVID GOMEZ-ULLATE, FRANCISCO MARCELLAN, AND ROBERT MILSON

ABSTRACT. In this paper we state and prove some properties of the zeros of exceptional Jacobi
and Laguerre polynomials. Generically, the zeros of exceptional polynomials fall into two classes:
the regular zeros, which lie in the interval of orthogonality and the exceptional zeros, which lie
outside that interval. We show that the regular zeros have two interlacing properties: one is the
natural interlacing between zeros of consecutive polynomials as a consequence of their Sturm-
Liouville character, while the other one shows interlacing between the zeros of exceptional and
classical polynomials. A Heine-Mehler type formula is provided for the exceptional polynomials,
which allows to derive the asymptotic behaviour of their regular zeros for large degree n and
fixed codimension m. We also describe the location and the asymptotic behaviour of the m
exceptional zeros, which converge for large n to fixed values.

1. INTRODUCTION

Let u be a positive measure supported on an infinite subset E of the real line. We assume that
S [2"|dp < oo for every nonnegative number n. A sequence of monic polynomials { P, (x)},>0 is
said to be orthogonal with respect to yu when deg P,, = n and [}, P, ()P (2)dp(z) = 0 for n # m.
It is very well known that these polynomials satisfy a three term recurrence relation that yields for
the orthonormalized polynomials a symmetric tridiagonal (Jacobi) matrix such that the eigenval-
ues of the n leading principal submatrix are the zeros of the polynomial P,. As a straightforward
consequence of this fact the zeros of P, are real, simple and interlace with the zeros of P,_1. On
the other hand, they are located in the interior of the convex hull of E.

The theory of orthogonal polynomials is strongly related to Sturm-Liouville problems. In par-
ticular, the so called classical orthogonal polynomials (Hermite, Laguerre, and Jacobi) appear as
eigenfunctions of second order linear differential operators with polynomial coefficients. Indeed, the
corresponding measure of orthogonality is absolutely continuous and their derivative with respect
to the Lebesgue measure (weight function) is the density function of the normal, gamma and beta
distributions, respectively. Notice that this fact was pointed out by E. Routh in 1884 [42] as well
as by S. Bochner in 1929 [2], but the orthogonality does not play therein any role. On the other
hand, they are hypergeometric functions and, as a consequence, many analytic properties can be
deduced from this fact. Moreover, certain properties of their zeros can be easily deduced using
the classical Sturm theorems. Finally, a nice electrostatic interpretation of their zeros is deduced
from the second order linear differential equation as an equilibrium problem for the logarithmic
interaction of positive unit charges under an external field.

Exceptional orthogonal polynomials constitute a recent new approach to spectral problems for
second order linear differential operators with polynomial eigenfunctions. Previously, a construc-
tive theory of orthogonal polynomials related to the classical ones has been done in two directions.
The first one is related to the spectral theory of higher order linear differential operators with poly-
nomial coefficients. For fourth order differential operators the classification of their eigenfunctions,
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which are sequences of orthogonal polynomials with respect to a nontrivial probability measure
supported on an infinite subset of the real line, was done by H. L. Krall and A. M. Krall [28-30]
and essentially yields the classical ones and perturbations of some particular Laguerre weights
e~ ® + Md(x), Jacobi weights (1 — z)* + Md(x) and Legendre weight 1 + Md(x — 1) + Mo(z + 1),
M > 0. For higher order, some examples are known but a general theory and classification con-
stitutes an open problem. The second one appears when some perturbations of the measure are
considered. In particular, three cases are considered in the literature in the framework of the so
called spectral linear transformations [46]. The Christoffel transformation (the multiplication of
the measure by a positive polynomial in the support of the measure), the Uvarov transformation
(the addition of mass points off the support of the measure) and Geronimus transformation (the
multiplication by the inverse of a positive polynomial). They can be analyzed in terms of the
discrete Darboux transformation of the corresponding Jacobi matrices using the LU and UL fac-
torizations and commuting them [3].

Exceptional orthogonal polynomials depart from the classical families in that the sequence of
exceptional polynomials is not required to contain a polynomial of every degree, and as a conse-
quence new differential operators exist, with rational rather than polynomial coefficients. Despite
this fact, the sequence of exceptional polynomial eigenfunctions is still dense in the corresponding
weighted L? space and constitutes an orthogonal polynomial system. The measure of orthogonality
for the exceptional families is a classical measure divided by the square of a polynomial with zeros
outside the support of the measure.

The first explicit examples of families of exceptional orthogonal polynomials are the X;-Jacobi
and Xj-Laguerre polynomials, which are of codimension one, and were first introduced in [15,
16]. In these papers, a characterization theorem was proved for these orthogonal polynomial
families, realizing them as the unique complete codimension one families defined by a Sturm-
Liouville problem. One of the key steps in the proof was the determination of normal forms for the
flags of univariate polynomials of codimension one in the space of all such polynomials, and the
determination of the second-order linear differential operators which preserve these flags [13,19].
We recall that a polynomial flag i = {Uj}?2, is an infinite sequence of nested polynomial linear
subspaces U; C Us C ... such that dimU,, = n.

Shortly after, Quesne [34,35] observed the presence of a relationship between exceptional or-
thogonal polynomials and the Darboux transformation'. This enabled her to obtain examples
of potentials corresponding to orthogonal polynomial families of codimension two, as well as ex-
plicit families of X5 polynomials. Higher-codimensional families were first obtained by Odake and
Sasaki [37]. The same authors further showed the existence of two families of X,,-Laguerre and
X,n-Jacobi polynomials [38], the existence of which was explained in [17] for X,,-Laguerre polyno-
mials and in [19] for X,,,-Jacobi polynomials, through the application of the isospectral algebraic
Darboux transformation first introduced in [11,12]. These exceptional orthogonal polynomials
have been applied in a number of interesting physical contexts, such as Dirac operators minimally
coupled to external fields, [24], entropy measures in quantum information theory, [9], rational
extensions of Morse and Kepler-Coulomb problems, [21,22] or discrete quantum mechanics, [41].

The aim of our contribution is to explore analytic properties of these exceptional polynomials.
In particular we will focus our attention in the position of their zeros in terms of the support of the
orthogonality measure as well as their limit behavior for large degree. On the other hand, we will
analyze some asymptotic properties as the outer relative asymptotics in terms of the corresponding
classical orthogonal polynomials and the Mehler-Heine type formulas. Some properties of the zeros
have also been analyzed numerically in [25].

1By Darboux transformation, we do not mean here the factorization of Jacobi matrices into upper triangular
and lower triangular matrices mentioned above, but the factorization of the second order linear differential operator
into two first order linear differential operators [11,12].



2. EXCEPTIONAL ORTHOGONAL POLYNOMIALS

Let W(z) be a positive weight function with finite moments supported on an interval —oco < a <
z < b < oco. Usually, orthogonal polynomials are defined by applying Gram-Schmidt orthogonal-
ization to the standard monomial sequence 1, z, 22, ... relative to an L? inner product associated
with the weight W. Moreover, if the resulting orthogonal polynomials are eigenfunctions of a
Sturm-Liouville problem, we speak of classical orthogonal polynomials. By Bochner’s theorem,
the range of such polynomials is limited to the classical families of Hermite, Laguerre, and Jacobi
(for positive weights) and Bessel (for signed weights).

In order to go beyond the classical families, we consider orthogonal polynomials spanning a non-
standard polynomial flag, say with a basis py,(2), pm+1(2), ..., where degp; = j. Once we drop
the assumption that the OP sequence contains a polynomial of every degree, we obtain new classes
of orthogonal polynomials defined by Sturm-Liouville problems, which are commonly referred to
as exceptional orthogonal polynomials (XOPs)?.

In the last two years it has become clear that the Darboux transformation, appropriately gener-
alized to the polynomial context, plays an essential part in the delineation of XOPs. To wit, let P,
denote the vector space of polynomials of degree < n, and consider a codimension m polynomial
flag

U={Uk}pZ1, Uk-1 CUp CPrgk-1-

Furthermore, let

(1) Ayl = b(2)(y' = w(2)y), Byl = b(z)(y — b (2)y)
be first order linear differential operators with rational coefficients such that
(2) B[Pi-1] = U, A[Ug] = Pr-1, k=1,2,...

i.e. B maps the standard flag into the codimension m flag while A maps the codimension m into
the standard flag. Next, consider the second order differential operators

(3) T =AB, T =BA.

Note that equation (2) implies that ker A = ker B = 0. We interpret the corespondence T' — T as
an isospectral Darboux transformation.

By construction, T leaves invariant the standard polynomial flag, while T leaves invariant the
codimension-m flag U/. Hence, by Bochner’s theorem,

(4) Tlyl = p(2)y" +a(2)y +r(2)y, Tyl =p(2)y" +a(2)y" +7(2)y

where p, g, are polynomials with degp < 2,degqg < 1,degr = 0 but where ¢,7 are in general
rational functions. It is then assured that 7" and 7' have polynomial eigenfunctions ® . Let
yj, j > 0, denote the polynomial eigenfunctions of T'[y] and ¢;, j > m, denote the polynomial
eigenfunctions of T[y] Again, by construction we have the following intertwining relations

(5) TA= AT, BT =TB,
which mean that
(6) B[yj] = Bjj+ms A[Qjer] =o5y;, Jj=0,1,2,...,

where «;, 5 are constants, i.e. operator A maps eigenfunctions of T" into eigenfunctions of T while
B does the opposite transformation.

2Note that the requirement that the degree sequence starts at m and contains every integer j > m is not essential
either, although all the families treated in this paper belong to this class. There exist also XOPs where the degree
sequence has gaps. They are related to state-adding Darboux transformations (as opposed to isospectral) and
contain for instance the X-Hermite families, beside many others.

3Since no domains have been specified for A and B, the term eigenfunction is not meant in the strict spectral
theoretic sense here, but rather as polynomial solutions to the eigenvalue equation.



Furthermore, let
1 z . 1 za
(7) W(z)zfexp/g, W:fexp/g
p p p p

be the solutions of the Pearson’s equations

(8) (W) =qW, (W) =qW.

This means that T[y] is formally self-adjoint relative to W while T [y] is formally self-adjoint relative
to W. Consequently, the eigenpolynomials y; are formally orthogonal with respect to the weight
W (2), while §; are formally orthogonal relative to W (z). One can also show that

/A[f]ngz+/B[g]dez = boundary term;

which means that operators A and —B are formally adjoint. By a careful choice of the flags, and
by imposing appropriate boundary conditions one can construct examples where the above formal
relations hold in the L? setting (i.e. boundary conditions such that the boundary terms vanish)
and thereby obtain novel classes of exceptional orthogonal polynomials.

In the present note we study asymptotic behaviour of XOPs of Laguerre and Jacobi types.
As we show, in the interval of orthogonality the exceptional polynomials satisfy a variant of the
classical Heine-Mehler formula. Outside the interval of orthogonality, the convergence picture is
less clear. However, one can show that codimension m exceptional orthogonal polynomials possess
m extra zeros outside the interval of orthogonality, which we shall denote as exceptional zeros.
These exceptional zeros have well-defined convergence behaviour, and they converge to the zeros
of some fixed classical orthogonal polynomial.

3. TYPE I EXCEPTIONAL LAGUERRE POLYNOMIALS

Let us illustrate the above discussion with the particular example of the so-called type I ex-
ceptional Laguerre polynomials. Let L%a) (z) denote the classical Laguerre polynomial of degree n
and

Loyl =2y +(a+1-2)y
the classical Laguerre operator. Thus, y = L,(f) is the unique polynomial solution of the equation
Loly] = —ny,  with the normalization  y™ (0) = (=1)™.

An equivalent boundary condition is
9 o= ("),

where (Z ) denotes the generalized binomial coefficient defined by

(z)z(z)n 24 1) (z4n—1)

n

n! n!

and

) z2(z4+1)---(z4+n—-1) ifn>0,
2)p =
1 if n =0,



denotes the usual Pochhammer symbol. For a fixed non-negative integer m > 0, let us now define

(10) Ea,m(z) = ng)(_z)v
(11) AIa,m[y] = ga,my/ —&at1,mY,
/
1

(12) B Iy = A+ A+a)y

’ Ea,m

I(a a— .

(13) L -l {Lg ”} . j=0,1,2,...
(14) Lo mly]l = Lalyl +my — 2(log€a—rm)’ (2 + ay).
The following factorization relations follow from standard Laguerre identities:
(15) Lo =Bl AL +a+m+1,
(16) Efx,m = AL—I,mB})c—l,m +a+m.

Consider now the following codimension m polynomial subspace
(17) Ué,j :{fGIPjerfl :ga717m|(zf,+af)}v J=12,...,

where f|g means polynomial f(z) divides polynomial g(z). At the level of flags, the above factor-
izations correspond to the following linear isomorphisms:

1 1 I I
(18) Ba—Lm : Ua,j — 7)]‘_1, Aa—l,m : Pj_l — Ua,j'
oo
The polynomials {Lgﬁg@ n j} are known in the literature as the type I exceptional codimension
9 70

m Laguerre polynomials (for sho?t, type I X,,,-Laguerre) [17,37]. By construction, the X,,-Laguerre
polynomials have the following properties:

e they span the flag U(Ll C U;z C---

e they satisfy the following second order linear differential equation:

I I(a) _ . I(a) .
(19) ‘Ca,m |:Lm,m+j:| - _ij7m+j’ J > Oa
e they are orthogonal with respect to the weight
(20) W)= — = 2 ° 2 €[0,00),

TG P

e they are dense in the Hilbert space L?([0,00), W ).

Note that for & > 0 the polynomial £4_1 n(2) = Lgﬁ_l)(fz) in the denominator of the weight
has its zeros on the negative real axis, and hence Wolé,mdz is a positive definite measure in R,

with well defined moments of all orders. As a result, for a > 0 the set {L%a% > . constitutes

an orthogonal polynomial basis of L?([0,00), W} ). We observe that the last property of the
above list does not follow by the algebraic construction and needs to be established by a separate
argument. The interested reader is referred to [17] for a direct proof of the completeness of the
X,,-Laguerre families.

Proposition 3.1. The type I X,,,-Laguerre polynomials LEY(LOQL can be expressed in terms of classical

associated Laguerre polynomials with the same parameter o as follows

Li,(ﬁgwrj = fa,ng'a) - ga,m—ng'oi)l; J Z 0.

The above representation will be specially useful to discuss the asymptotic properties of the

(21)

zeros of type I X,,-Laguerre polynomials. It is clear from it that Li(lagl +; has degree m + j.

This representation is reminiscent of the expansions obtained by rational modifications of classical
weights in the framework of spectral linear transformations (see [46]). However, it should be



stressed that they are essentially different because in the case of exceptional polynomials, although
there is a rational modification of the weight, we are not dealing with the standard flag.
Proof. Using elementary identities, we have

0= €a,m(L§'a) - Lg'a)l - Lgail)) ('a) (goz m ga m—1 — 504 l,m)
_(goz,mL;a 1 +€a 1, m J 1) (Soc m ga m— lL(a) )

Therefore, we can re-express the type I X,,-Laguerre polynomlals as

L)

a—1 a—1)'
m,m-+j €o¢ mL( ) ga 1, mL( )
- ga mL(a 2 + ga 1, m (a)
= ga,ng’a) - ga,mfng'oi)y
|
We are now ready to prove an interlacing result for the zeros of type I X,,-Laguerre polynomials.
First let us note that the above representation and (9) lead to the following expression for the type
I X,,-Laguerre polynomials:

() _atjt+m(a)n (@)
(22) Lm,m+j (0) - k m! ]' :
Proposition 3.2. For a > 0 the type I exceptional Laguerre polynomial Lir(lagqﬂ (z) has j simple
zeros in z € (0,00) and m simple zeros in z € (—00,0). The positive zeros of Lmaglﬂ (2) are located

between consecutive zeros of L;a) and L(a) with the smallest posztwe zero of Lm glﬂ( ) located

to the left of the smallest zero of L;a). The negative zeros of Lm g (2) are located between the
consecutive zeros of Eq.m—1 and o m-

Proof. Let 0 < (1 < (o < -+ < (g, denote the zeros of Lga)(z) listed in increasing order.
According to the interlacing property of the zeros of classical orthogonal polynomials, we have

i1 <Clia <Ca<Clio << (Gly o <Gy

Recall that Lﬁf’“)(z) > 0 for z < 0. This implies that &, m(2), {a,m—1(2) > 0 for z > 0. Hence, by
(21),

I(a i . .
sgn L) (¢, ) = (-1 i=1...,j-1

It follows by (22) that there is a zero of L @) in the interval (0,¢51) and a zero in the interval

m,m-+j

(C}lq,ifu jo“z) for every i = 2,...,j. An analogous argument places zeros of Lw(l 731 +; in the intervals
(=Cm1,0) and (=C, 5, —Cmo14-1), @ = 2,...,m. By exhaustion, each of the above intervals
contains one simple zero of i) O

m,mj

We now study the behaviour of the zeros of L n as n — oo. To that end, we will use the
classical Heine-Mehler formula for Laguerre polynomials (Theorem 8.1.3 in [44])

(23) L (z/n)n~% = 2721, (2V/2), n — oo,

where J,(z) denotes the Bessel function of the first kind of order o (o« > —1) and the double arrow
denotes uniform convergence in compact domains of the complex plane.

The exceptional Laguerre polynomials admit a generalization of the classical Heine-Mehler for-
mula, given by the following;:



Proposition 3.3 (Heine-Mehler type formula). We have

m,n

(24) LX) (2 /n)yn=o = (O‘ e 1) oI (2VE),  n— oo
m
A numerical representation of the convergence of the scaled exceptional Laguerre polynomials

to the Bessel function is given in Figure 3.

Proof. Multiply (21) by j~% and replace z — z/j. Taking the limit j — oo and using the classical
Heine-Mehler formula (23) leads to

TTLN s = (Cam(0) = Eam—1(0)) 272 0(2V/2).

The final expression (24) is recovered by noting that
a+m-—1
fa,m(o) - ga,mfl(o) - ( >

m
as implied by (10) and (9). O

Note that for m = 0 the classical Heine-Mehler formula is recovered as a particular case.

0.001

~0.001 -

-0.002L

FIGURE 1. Plot of n“'Li,(Lng(x/n) for m =3, a = 5.5 and 20 < n < 100. The
dashed red line corresponds to the limiting Bessel function z~/2 (‘”Zfl) Jao(24/)
predicted by the Heine-Mehler type formula (24).

Corollary 3.1. Let {ja,i},~, be the sequence of zeros of the Bessel function of the first kind Jo(2)

I(c)
m,m-+k

a)

listed in increasing order and let {xgm Yk_ denote the regular zeros of L (2) in the interval

(0,00). Then we get the following asymptotic behaviour

(0) _ Jai
(25) Jm ko ==
Proof. The above result follows from (24) and Hurwitz’s theorem. O

We have already seen that for fixed m the asymptotic behaviour of the regular zeros of the
exceptional Laguerre polynomials coincides with that of the classical Laguerre. We now investigate

in the same limit the behaviour of the m exceptional zeros of LL(L(”;),L +i(2)-



Proposition 3.4. As j — oo the m zeros of Lm 2n+j in (—o0,0) converge to the m zeros of
(a—1)
Ly, 7/ (—2).

Proof. The classical Laguerre polynomials have the following outer ratio asymptotics

L(a)
(26) %(Z) =1, z ¢ [0,00), n — 0.
Ly"(2)
Hence, by (21), we have for z ¢ [0, c0),
(o) ] L(O‘)
%)—H = ga,m ga m-1—"75 = fa m ga,m—l = ga—l,m-
L; L]
Therefore, by Hurwitz’s theorem the m exceptional zeros of LL(LQTL +; converge to the zeros of
otm = LV (=2). O

-20

FIGURE 2. Left: Exceptional zeros of the polynomials L'®) () for m = 6,

m,m-+j

a =35and 1 <j <22 The squares denote the zeros of L\~ 1)(fz) to which

the zeros of Lyf; et (z) converge for j — oco. Right: Convergence is better seen by
plotting the position of the negative zeros as a function of j. Solid lines show the
limiting values.

4. TYPE II EXCEPTIONAL LAGUERRE POLYNOMIALS

4.1. Definition and identities. Let m > 0 be an integer and « a real number. Let us introduce
the polynomials

(27) 77a,m( ) _L( a)( )

For a fixed non-negative integer m and a real number « let us define the following first and
second order operators

(28) mlY] = 2Namy’ + (@ = mM)Nat1,my,

(29) BH,m[y] (y ~Y)/Ma.m:

(30) Lly] = +(a+1-2)y

(31) Lomly] = [ | +2z(log a1, m) (y—y') —my.
The following factorizations follow from standard Laguerre identities:
(32) Lo=Bl, AL, +a-—m

(33) ‘CIaI, _A})41+1m a+1m+a+1_m



For a real number a and given integers n > m > 0, we define the n'® degree type II exceptional
Laguerre polynomial by

(34) Lyl () = = Al LV j=n—m=0.

()
m,m+j

Proposition 4.1. The type II X,,-Laguerre polynomials L
classical associated Laguerre polynomials as follows

II(cx —a— a+2 —a— a+1
(35) L) =L VLET? 4 (m - a - 1)L DL

—a a+1 . —a— «@
(36) = 2L LY —(a+ 14 5) L2 VL,

can be expressed in terms of

The proof of the above Proposition is trivial by expanding (28) and applying standard identities.
Hence, up to a constant factor, the type II polynomials extend their classical counterparts, which
are recovered for the particular case m = 0:

(37) Lot = —(1+ a+n)L{.

The factorizations (32) and (33) yield the following intertwining relations between the standard
Laguerre operator £, and the type II X-Laguerre operator Eg,m:

(38) ‘Cg,mAIaI+1,m = A2+1,m£a+17
(39) B(I)c1+1,m£g,m = £a+1B(I)¢I+1,m'

The former relation provides the eigenvalue relation for the type II exceptional Laguerre polyno-
mials:

(40) e, [ohe) ] = e =012

m,m+j m,m+j"?

The latter gives the following “lowering” relation between the type II exceptional Laguerre poly-
nomials and their classical counterparts:

(41) L@ L) = (14 n—a) L7 VLY j=n—m>0

m

In order to find raising and lowering relations for the exceptional Laguerre polynomials, let us
introduce the following first order linear differential operators

1 Ta+2,m
(42) ALy = 2 (Y — (10g Tag2.m)'Y)
Na+1,m
® Na+1,m
(43) Bl [y = —— ; (zy + (@ +1 = 2)y) — 2(108 Nar2.m)'y-

In terms of these operators we have the following shape-invariant factorizations

(44) L8 = B Al s
(45) £Io¢I+1,m = Ag,m'ég,m + 1

From these factorizations the following lowering and raising relations for the exceptional polyno-
mials easily follow:

(46) At [LEL(,%)] =Lyt n>me,
(47) B, [EH] = m=m)Lh,, nzm.

The above equations can be conveniently re-written as

I ! (a+1)
(48) ( Lm(,%) ) _ (7704+1,m>2 Lm,nfl ’

Na+2,m Na+2,m Na+1,m

—z a+1 ! 2 e
(49) <HLEL(%+1)> = (n—m+1) <77a+2,m) € % ng(?ﬁi—l '
Na+1,m ' Na+1,m Na+2,m ’




4.2. Orthogonality. The type II exceptional Laguerre polynomials are formally orthogonal with
respect to the weight

e #z% e #z%

(50) Wil (2) = = .
77&+1,m [Lgnfafl)(z)} 2

The above weight is the solution W' = W of Pearson’s equation (8) where
p==2 G¢=~1+a-2)—22(10g7t1,m)

are extracted from (31). As a consequence, (40) and Green’s formula imply

m,n1 m,ni

(51) (2 = m) [ L) L) W de = w2, we L1, 216,

where no > n1 > m and where
Wr(f, gl = f'g—fd
denotes the usual Wronskian operator. The following crucial result is established in [44, Ch. 6.73].

Proposition 4.2. For a > m — 1 the polynomials e, m(z) have no zeros in [0,00). The number
of negative real zeros is either 0 or 1 according to whether m is even or odd, respectively.

Thus, assuming o > m — 1 and restricting the interval of orthogonality to [0, c0), WOIéIm is a

weight with finite moments of all orders, and the RHS of (51) vanishes, which ensures genuine
orthogonality in the L? sense.

4.3. Zeros of the type II Laguerre polynomials. Henceforth, let us assume that a > m — 1,

where m > 0 is an integer. As above, we will call the real positive zeros of L%%)(z), n > m regular
and the negative and complex zeros exceptional. From (35) we have

o +j+1\/m—-a-1 .
2 L@ () = H(* —0,1,2,...
(5 ) m,Tﬂ+j(0) (m+ ) ] m+1 y ) 07 I

Hence, z = 0 is never a zero of such a polynomial.
Proposition 4.3. The zeros of LEL(,%) (z), n > m, are simple.

Proof. This follows by (35) (36) (41) and the fact that the zeros of the classical Laguerre polyno-
mials are simple. O

Proposition 4.4. The polynomial L%f{)(z), n > m, has exactly n —m reqular zeros.
Proof. We prove the existence of at least j = n — m regular zeros by induction on j. The case
j =0 is trivial. Suppose now that the proposition has been established for j > 0 and @ > m — 1.
Since a4+ 1 > m — 1, the proposition is also true for L;I@(ﬁ“). Let (1,...,Ck, k> j, be the regular
zeros of L%%H)(z). By (49) and Rolle’s theorem, Lg(ill(z) has at least one zero in each of the
intervals ((1, ¢2), (¢2,¢3)s - - - (Ck—1, (k). Also by (49), there is a zero in (0, (1) and a zero in (¢;, 00),
for a total of at least k + 1 zeros.

We conclude by showing that j is also an upper bound for the number of regular zeros. The

proof is again by induction on j = n — m. By (35),
(53) L) — (m =1 - a)LG D = (m— 1 - )t 1m

by Proposition 4.2, the latter has no real, non-negative zeros. The lowering relation (48) shows
that between two regular zeros of LEL(,%) at least one zero of Lg(f‘li)(z) lies. Hence, if we assume
that the latter has at most j — 1 regular zeros, then the former has at most j regular zeros. O
Proposition 4.5. The type II polynomial L%%), n > m, has either 0 or 1 negative zeros, according
to whether m is even or odd.
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Proof. Let

0 m even
€m =
1 m odd.

Let €4 m,n be the number of negative zeros of L}}JZ’ We wish to show that
€a,mmn = €my, a>m—1,n2>m.
Suppose that m is odd. By (52),
sgn L) (0) = (~1)™+1,
By (35),

1= ,
L) — m—,ja(—z)mﬂ + lower degree terms.
' mlj!
As a consequence,
lim sgn LI (z) = —1.
Z——00 ’

Hence, €4,m,n > 1 if m is odd, and therefore €, . > €.
By Proposition 4.4, L% T(at1)

has j + €4 m,n real zeros. Hence, by (48), L has at least

m,m+j i m,m+j—1
Jj — 1+ €q,m,n real zeros. Continuing inductively, L%f‘nﬂ ) has at least €a,m,n Teal zeros. Hence, by
(53) and Proposition 4.2, €4.m.n < €m, as was to be shown. O

For the type II exceptional Laguerre polynomials, a Heine-Mehler type formula also holds:

Proposition 4.6. As n — oo, we have

m—1-—

(54) LY (z/nyn="t = —( a) 272 T, (2V/2).

Proof. Multiplying (36) by j~172, replacing z — 2/j, and applying the classical Heine-Mehler
formula, we get

GTEOLN) (2/5) + 2T (2V2) LGV (2/5) = 0, § - oc.

The polynomials Lg(f‘n) +; and Lg; =1 are uniformly continuous on compact subsets of C. Setting

n = m + j, we have by uniform continuity on compact subsets

LEe D (2 /n) = (m e 1)

m
—1—a7(x « @
T L (29) = T L) (2fn) = 0
as n — oco. Equation (9) is needed to establish the first statement. O

Note that, as a consequence of (37), the above assertion reduces to the classical Heine-Mehler
formula for m = 0.

Corollary 4.1. Let 0 < jo1 < Ja2 < Ja,3 < -+ denote the positive zeros of the Bessel function

of the first kind Jo(z) arranged in an increasing order and let 0 < ng:)l < xﬁjé <-e < x(a) be
the reqular zeros of LSL(';) 1) also arranged in increasing order.Then,
2
] .
li k (a ) @,?
(55) dim ke = =
Proof. The above result follows from (54) and Hurwitz’s theorem. O

Away from the interval of orthogonality, we can describe the asymptotic behaviour as follows:

11



Proposition 4.7. As j — oo we have

_(a+1+j)_1 m,m+j

(@)
L; (2)

= Nat1,m(2) + O ™1?)

on compact subsets of C/[0,00).

Proof. For the outer ratio asymptotics of the classical Laguerre polynomials, we have

L,
(_Z)t/QJ(T() _ O(jt/2), j =00
L; (2)
uniformly on compact subsets of C/[0,00). The desired conclusion now follows by (36). O

Proposition 4.8. As n — oo the exceptional zeros of L%f{), n > m, converge to the zeros of

Nat1,m(2) = Lin 7V (2).

Proof. The desired conclusion follows by the preceding Proposition and by Hurwitz’s theorem. [J

. 4T " " °
. ~., [ (
-, o[ .
[ ] .-. L
* spm——s = i P n s
o oumm ® 2i
’l ’j [ |
° ,l . (.

2(072_‘_](2) form = 15, a = 14.01
and 1 < j < 22. The squares denote the zeros of Loy (2) to which the zeros of
()

m,m+j

F1GURE 3. Exceptional zeros of the polynomials L

(z) converge for j — oo.

5. EXCEPTIONAL JACOBI POLYNOMIALS
5.1. Definitions and identities. Let m > 0 be a fixed integer, and «, 8 real numbers. Let
(56) Taplyl = 1 =2y " + (B —a+ (a+B+2)2)y,

denote the Jacobi differential operator. The classical Jacobi polynomial of degree n can be defined
as the polynomial solution y = Pfla’B ) (z) of the second order linear differential equation

(57) Tuslyl = —n(l+a+B+n)y, y1)=2FDn

n!

12



Next, define

(58) Ta,ﬁ,m[y] = Ta,ﬁ[y] + (a - 5 —m+ ]-)my
— (log P4 1470y (B(1 = 2)y + (1 - 22)y)),

(59) Aagmlyl = (1= 2)P Dy + (m —a) P70y,

_ A+2)y +(1+ Py
(60) Ba,B,m[y] - Py(r;a’ﬁ) :

The following operator factorizations can be verified by the application of elementary identities.
(61) Ta,ﬂ,m = AaJrl,Bfl,mBaJrl,Bfl,m - (m - — 1)(m + 5)7
(62) Top = Ba,gmAasm— (m — a)(m + B8+ 1).
For n > m, we define the degree n exceptional Jacobi polynomial to be
- —1)mtt 1,8-1
63 poy = EV [P.““* 0 )} i=n—m>0
( ) m,n a+1+] +1,8-1, 7 3 J n—m-=24Y,
(64) = CD" (Lt gty - Rt play2e)
a+1+;5\2 m i-t

Ha+1-m) P,Sl—a—lB)P;““"’*”) .
The exceptional polynomials and operator extend their classical counterparts
(65) Tapoly] = Taplyl,
(66) B = pled),

By construction, these polynomials satisfy several identities, which we enumerate below. The
factorizations (61) (62) give the intertwining relations

(67) Aa+1,,6’—17mTo¢+l,,8—1 = Ta,ﬂ,mAa+1,,8—l,m7
(68) Ta+1,ﬁ—1Ba+1,[3—1,m = Ba+1,@—1,mTa,ﬁ,m~

From the above relations we can derive the eigenvalue equation for the X,,-Jacobi polynomials

(69) Topm | PS50 = =(n=m)(1+a+ B+n—m)PLsD, nzm.
The factorization (62) implies the following identity
(70) (D)™ + L+ BB + (E+ DB =

(a+1—-m+7)(B+m+ j)PTgl*afl,ﬁfl)PJ(a+1,Bfl) .

It will be useful to express P in a way that is symmetric in the dimension j and the codimension
m. Namely,

(=)™ (e + ) Py

m,m-+j
@ —a a,B)’
(71) = (@ =m) P MNP (2 )Pl P
(72) _ (OZ + j)Pj-(a_17ﬁ+l)P7gz_a’B) o (Z o 1)Pj(a,ﬁ)Pr(n_a’B)/ .

The first equation is just a restatement of the definition (63), while the second identity follows
from the classical relation

! —
(73) (z — 1)Pj(a,5) _ an(a,ﬁ) —(a +j)Pj(a 1,8+1) .

13



At the endpoints of the interval of orthogonality we have the following classical identities

(74) P}La’ﬁ)(*l) — (71)n(ﬂ;7|1)n’
(75) pld gy = @F Un.

n!
which in the case of exceptional Jacobi polynomials yield the following generalizations

(76) edm= (") (L) ez

n m
(+1—m)py,

(77) ZTy Jj=n—m,

iBHi+mAt+a—m+j) B+ Dm-1(8);

P (e, B) —(—
(78) P (-1) =(-1) (I+a+j) m! j!

mm+j

Define the 1st-order operators

R P’r{n_a_lﬁ) , 5 ,
(79) Aapmly] = e (y — (log P *=%M) y) :
. P(_a_laﬂ_l) o+ 1 ﬂ+ 1
_ o 2tm o (—a—1,8—1)y\/ o
80 Bonl) = (1= )28 |y = (o Py - )

The following “shape-invariant” factorizations relate exceptional operators of the same codimension
at different values of the parameters «, 3

(81) BogmAa,pm = Ta,pm

(82) Aa’g’mBa’ﬁ’m =Tot1,8+1,m +2+a+B.
The corresponding intertwining relations, namely,

(83) Tor1,p+1,mAa,pm = Aa,g,mTa,p.m,
(84) BagmTat1,8+1,m = Tog.mBa.gm:

give rise to the lowering and raising relations for the exceptional Jacobi polynomials

pe.B) (—a-18-1)\ 2 platl,f+l)
P 1 P P _
(85) ( ) =2(n—m+a+ﬁ+1)< ) mnl n>m-+1,

P&—Q—Q,B) P&—Q—Qﬁ) Pr(n_a_lﬁ_l) ’
; , plotipty) \'
_ \-a - _ Natl +1 tmpn _
(6) (=270 (=20

n > m.

2 A
ploa—2) Pl

—2(n—m+1) s
(Py(nal,ﬁl) Pr(n*aflﬁ)

As usual, we denote by f’(z) the derivative of f with respect to the z variable.

5.2. Orthogonality. The exceptional Jacobi polynomials are formally orthogonal with respect to
Wa,p.m(2)dz, =1 <z <1, where

P —z)¢ )P
1) Wopm(2) = L2
P&—a—l,ﬁ—l)(z)}

In order to have orthogonality in the L? sense, additional conditions need to be imposed on the

parameters «, §, and m. The condition «, 8 > —1 is necessary for the measure (87) to have finite
Py(nfafl,ﬁfl)

moments of all orders. Another requirement is that the denominator does not vanish

for z € (=1, 1), which imposes extra conditions on «, 3, and m.

14



An analysis of the zeros of classical Jacobi polynomials can be found in Szegd’s book [44, Chapter

6.72]. First, let us recall that P,(La’ﬁ)(z) has a zero of multiplicity k at z = 1ifa = -k, k=1,...,m,
and a zero of multiplicity j at z =—-1if g =—j, j=1,...,m.
We also mention the degenerate cases where

degP,(la’ﬁ):k: when n+oa+p+1=-k, k=0,1,...,n— 1.

For such parameter values the nth Jacobi polynomial has degree < n. In these degenerate cases
(where a + § is a negative integer), we have

a+m a a+n a
(88) < m )P,(L B(z) = < n )P,(n’m(z)7 at+pB=—-1—m-—n.
Since 8 > —1, the denominator has a zero at z = —1 if and only if § = 0. However, the latter

condition gives a weight with an overall factor of (1 4+ 2)~!, which would violate the assumption
that it has finite moments of all orders. Therefore we must impose 8 # 0. The condition that

an_a_l”g_l)(z) # 0 for z € (—1,1) is satisfied in exactly two cases

(A) Both Band a+1—m € (—1,0).

(B) Both 8 and a+1—m € (0, 00).
For (A) we have m — 2 < a < m — 1, while for (B) we have @ > m — 1. Therefore, in both cases
Py,(flfa’ﬁfl)(l) # 0. According to identity (88), we also require

(89) a+l—-m-p¢{0,1,...,m—1}.

If this condition is violated, then deg Py,({afl’ﬁfl)(z) < m and, therefore, the codimension (see
below for discussion) is & 4+ 1 —m — 3, rather than m. We therefore append condition (89) to the
assumptions in (A) and (B), to complete the following

Proposition 5.1. Suppose that m > 1. The measure Waﬁg,mdz, z € (—=1,1) is positive definite
with finite moments of all orders if and only if o, B, m satisfy one of the following conditions

(A) B,a+1—me (-1,0).
(B) B,a+1—m € (0,00).

Pr(n—a—l,,ﬂ—l)

In order to ensure that deg = m it is also necessary to require that a« +1 —m — 3 ¢

{0,1,...,m—1}.

5.3. Exceptional Flag. Let us define the following codimension m polynomial flag {Ua,5,m.; }524
where

Uapang = {f(2) € Pmrj-1(2) : PO DN(1 4 2)f + B}

At the level of flags, the factorizations (61) (62) correspond to the linear isomorphisms
A(x-‘rl,B—l,m : Pj—l — Uoc,B,'m,jv Ba-‘rl,B—l,m : Ua,ﬂ,m,j — Pj—lv .] = 1; 27 R
plad)

Thus, the exceptional polynomials P, 7" ;

give a basis of the flag {Us g.m j}524

Proposition 5.2. Suppose that «, 5, m satisfy either condition (A) or condition (B). Then plep) (2)

m,m+j
is the unique polynomial in Uy g m,;, orthogonal to Uy gm j—1 with respect to Wo gmdz, z €
(—1,1) that satisfies the normalizing condition (76).

Once we have analyzed the underlying factorizations that give rise to X,,,-Jacobi polynomials,
and the conditions on the parameters that ensure their L?-orthogonality, we can now turn our
attention to describing some properties of their zeros.
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5.4. Zeros of exceptional Jacobi polynomials. Let us refer to the real zeros of Pﬁfﬁlj (2) in

z € (—1,1) as the regular zeros. All other zeros, whether in (—oo, —1) U (1,00), or complex, will
be said to be exceptional zeros.

Proposition 5.3. Suppose that «, 8, m obey either condition (A) or condition (B). Then the
pleh)

regular zeros of P, "1 .(2) are simple.

Proof. This follows from (63) (70) and the simplicity of the zeros of classical Jacobi polynomials.
]

plad)

m,m—+j

Proposition 5.4. Suppose that o, B, m obey either condition (A) or condition (B). Then
has exactly j regular zeros and m exceptional zeros.

Proof. We begin by showing that I:’T(nan@r ; has at least j regular zeros by induction on j. The case
j = 0 is trivial. Suppose now that the proposition has been established for j > 0. Note that
a+ 1,84 1,m always belong to class B by hypothesis. We observe also [44, Chapter 6.72] that
Pﬁfa_lﬂ_l)(z) and P&_Q_Zﬂ)(z) have no zeros in z € [—1,1]. Let (1,...,(, @ > 7, be the regular
zeros of If’,sf:lifﬂ) By (86) and Rolle’s theorem, p&aﬁljﬂ(z) has at least one zero in each of the
intervals ({1, ¢2), (¢2,¢3)s .-, (Ci—1,¢). There will also be a zero in (—1,¢;) and a zero in (¢;,1),
for a total of at least ¢ + 1 zeros.

We conclude by showing that

induction on j. Observe that

P(a7ﬂ)

m,m; Das at most j regular zeros. The proof is again by

(@) _ (_qym (@FLZMY poa-2p)
m,m Oz+1+j m ?

and the latter has no zeros in [—1,1]. Relation (85) shows that between two regular zeros of

P(a,[-}) H(a+1,6+1)

moma; there is at least one zero of P, 77", Hence, if we assume that the latter has at most

j — 1 regular zeros, then the former has at most j regular zeros. O

5.5. Asymptotic behaviour of the zeros. Our next goal is to derive a representation for the
X,-Jacobi polynomials that is amenable to asymptotic analysis.

Proposition 5.5. The following identity holds:

(90) ()" P =
a—pf-—m+1 (—aﬁ)( J (er.9) atj Wf))
—P _ ’ 7P ’ - 7P ] +
l+a+j ™' \a+B+2j 7 at+f+25 771
(MP,%M@ + j.an“’ﬁU) ps)
l+a+j l+a+j !

Proof. We begin with (72) and apply (73) as well as the following classical identities:
(1+a,8-1) _ pla+1,8) (o,8)
P! — Pt 4 pf
. a+1, . a, . «,
(a+B+2)(z = HPTHD = 2P _a(a + )PP

O

Proposition 5.6. Suppose that o, 8 > —1. As j — 0o we have the following asymptotic behaviour
for z in compact sets of C\|—1,1]
(91) p(avﬁ) o (71)m 7(nfozfl,ﬂfl)}Dj(o‘wg) = 0, ]‘> 0.

m,m+j

Proof. We make use of the following well known ratio asymptotics formula for classical Jacobi
polynomials:

(a,8)
P: z
S )

92
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The conclusion now follows directly from (90). O

As a straightforward consequence, the following corollary describes the asymptotic behaviour
of the zeros of exceptional Jacobi polynomials.

Corollary 5.1. The j regular zeros of Pr(nanflj approach the zeros of the classical Jacobi polynomial
Pj(a’ﬁ) as j — oo, while the m exceptional zeros of P;anflj approach the zeros of Pﬁ[a_l”@_l).

The Heine-Mehler formula for the classical Jacobi polynomials states
(93) 0P (cos(z/m)) =% (2/2) ul2).

The X,,-Jacobi polynomials satisfy a Heine-Mehler type formula, given by the following proposi-
tion.

Proposition 5.7. When n — oo, we get
. 11—

94 n= P8 (cos(z/n)) = (—1)"(2/2)" m @ Jo(2), m>m.
m,n m

Proof. Taking the limit j — oo in (90) and using the classical Heine-Mehler formula (93) leads to
the desired result, keeping in mind also that

P&—a—1,5—1)(1) _ <m —-1- a)

m

6. SUMMARY AND OPEN PROBLEMS

We have provided suitable representations of exceptional polynomials in terms of their classical
counterparts by exploiting the isospectral Darboux transformations that connect them. These rep-
resentations allow to derive Heine-Mehler type formulas for the exceptional Jacobi and Laguerre
polynomials, which describe the asymptotic behaviour of their regular zeros (those lying in the
interval of orthogonality). The behaviour of the regular zeros of exceptional polynomials follows
the same Bessel asymptotics as the zeros of their classical counterparts. We have also proved
interlacing between the zeros of exceptional and classical polynomials, while the zeros of consec-
utive exceptional polynomials also interlace according to their Sturm-Liouville character. As for
the exceptional zeros (those lying outside the interval of orthogonality) we have established their
number and location and we have proved that for fixed codimension m and large degree n they
approach the zeros of a classical polynomial. We have performed a careful analysis of the admis-
sible ranges of the parameters that ensure a well defined Sturm-Liouville problem. We have also
given raising and lowering relations for the exceptional polynomials. These relations correspond
to a shape-invariant factorization, i.e. a Darboux transformation that falls within the same class
of operators, with a shift in the parameters (see for instance (42)—(45)), and they imply that the
associated potentials in quantum mechanics will be exactly solvable and shape invariant.

It was recently noticed that more families of exceptional orthogonal polynomials can be con-
structed through multi-step Darboux or Darboux-Crum transformations [18], an idea that has
been further developed in [23,36,40]. In this work we have analyzed the zeros of exceptional
orthogonal polynomials that can be obtained from the classical ones by a 1-step Darboux trans-
formation. These polynomials can be written as a first order linear differential operator acting on
their classical counterparts and the exceptional weight is a classical weight divided by the square
of a classical polynomial with zeros outside the interval of orthogonality. An open problem is to
extend this analysis to multi-step exceptional families, where exceptional polynomials are obtained
by the action of an m-th order differential operator.

We believe that all exceptional orthogonal polynomials can be obtained from a classical system
by a multi-step Darboux transformation, [20], and the exceptional weight for these systems will
have in its denominator the Wronskian of all the factorizing functions, which are essentially classical
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orthogonal polynomials. The characterization of all such Wronskians whose zeros lie outside the
interval of orthogonality becomes then a crucial question.

It is trivial to know the location of the zeros of a classical polynomial, and therefore to constrain
its parameters so that they fall outside the interval of orthogonality for the exceptional weight to
be regular. The question becomes much more involved when dealing with a Wronskian of classical
polynomials as it happens in the multi-step case. However, this question must be addressed in
order to select those multistep weights that are non-singular.

The position of the zeros for Wronskians of consecutive Hermite polynomials have been inves-
tigated numerically by Clarkson [4] since these functions appear as rational solutions to nonlinear
differential equations of Painlevé type, [5]. A further numerical analysis together with some con-
jectures in a more general case have been recently put forward by Felder et al. [10], in connection
with the theory of monodromy free potentials. A classical paper on the properties of Wronskians
of classical orthogonal polynomials is Karlin and Szegé [26].

We stress that a Wronskian of classical polynomials might have no real zeros even if the polyno-
mials themselves do. The Adler-Krein theorem [1,31] provides a useful criterion to identify these
cases, and it is actually a much more general result for eigenfunctions of a Schrédinger operator, not
just polynomials. A generalization of this result is being carried out by Grandati, who is extending
the analysis to factorizing functions of isospectral Darboux transformations [23], as opposed to
the Adler-Krein case which refers only to state-deleting Darboux transformations, for which the
factorizing functions are true L? eigenfunctions. The most general problem of Wronskians that
involve factorizing functions of mixed type remains unsolved.
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