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Summary

The main topic of this doctoral thesis is asymptotic properties of
zeros in polynomial families appearing as eigenfunctions to exactly-
solvable differential operators (ES-operators). The study was ini-
tially inspired by a number of striking results from computer exper-
iments performed by G. Masson and B. Shapiro for a more restric-
tive class of operators. Our research is also motivated by a classi-
cal question going back to S. Bochner on a general classification of
differential operators possessing an infinite sequence of orthogonal
eigenpolynomials. In general however, the sequence of eigenpolyno-
mials of an ES-operator does not constitute an orthogonal system
and it can therefore not be studied by means of the extensive theory
known for such systems. Our study can thus be considered as the
first step to a natural generalization of the asymptotic behaviour
of the roots of classical orthogonal polynomials. Also, many spe-
cial functions appear as solutions to certain second-order differential
equations and hence solutions to exactly-solvable differential equa-
tions might be thought of as higher order special functions. Our
main definition is as follows. An exactly-solvable operator of
order k is a linear differential operator of the form

k p
T = ZQJ’(Z)@

J=1

where the (); are complex polynomials in one variable satisfying
the condition deg@; < j with equality for at least one j. We
are interested in the sequence of polynomials {p,}2, satisfying
T(pn) = Anpn where degp, = n, and A, is the spectral parameter.
One can show that for all sufficiently large integers n there exists a
unique and monic p,, for any T" as above. If deg Q) = k for the lead-
ing term then 7' is called a non-degenerate ES-operator, whereas
if deg @y < k we call T' a degenerate ES-operator. The major
difference between these two classes is that in the non-degenerate
case the union of all roots of all p, is contained in a compact set,
as opposed to the degenerate case where the largest modulus of the
roots of p, tends to infinity when n — oo. Computer experiments
indicate that roots of eigenpolynomials of ES-operators fill piece-
wise real analytic curves in the complex plane. One of the main
technical tools in this thesis is the Cauchy transform of a probabil-



ity measure, which in the considered situation satisfies an algebraic
equation - in the degenerate case however only after an appropriate
scaling of the eigenpolynomials. Due to the connection between the
(asymptotic) root measure and its Cauchy transform it is thus pos-
sible to obtain detailed information on the limiting zero distribution.

Some Remarks. Let us mention some interesting but still un-
exploited connections of our results to other fascinating fields:

1. The existence of a probability measure pu with compact sup-
port such that its Cauchy transform satisfies an algebraic equation
implies that the Cauchy transform also satisfies a differential equa-
tion (of order at most k) expressed by a so called Fuchsian operator
in the Weyl algebra A;(z,0). It is an open problem to determine
the class of all Fuchsian operators which arise via the limiting root
measure of eigenpolynomials associated to degenerate ES-operators.

2. In many situations considered in this thesis the support of
the limiting root measure is a curvilinear tree in the complex plane
which can be straightened out in a certain canonical holomorphic
coordinate. The resulting usual tree has only a finite number of
possible angles between its edges. This bears a strong resemblance
with the notion of amoeba in tropical algebraic geometry, which is an
extremely active research area. But the actual connection between
our 'generalized’ amoebas and the classical amoebas is unclear at
the moment.

3. The support of the limiting root measure seems to be a part
of the global Stokes line of the associated ordinary linear differential
equation. But for orders k£ > 2 there is no satisfactory theory of
Stokes lines, and the question about the exact interrelation between
the latter support and Stokes lines is still widely open.

4. In the non-degenerate situation considered in this thesis (see
paper I) it is only the leading coefficient of the differential equation
which effects the limiting zero distribution. To change the situation
in such a way that the whole symbol of the differential operator will
be important one has to, instead of the usual spectral problem, con-
sider its homogenized version where the polynomial coefficient @); is
multiplied by A where ), is the spectral parameter. This direction
is at present pursued by J. Borcea, R. Bggvad and B. Shapiro.



This thesis consists of five papers, all devoted to the study of zeros
of eigenpolynomials of ES-operators.

Paper I: In this paper we study roots of polynomials arising as
eigenfunctions to non-degenerate ES-operators. In this case the
eigenvalue equation can be considered as a natural generalization
to higher orders of the Gauss hypergeometric equation

(2* = 1)f"(2) + (az + b)f'(2) + cf(2) = 0

to which (for certain choices of a,b and ¢) the classical orthogonal
Jacobi polynomials appear as solutions. But for orders & > 2 the
sequence of eigenpolynomials is in general not an orthogonal sys-
tem. The main result in this paper is a complete characterization
of the asymptotic distribution of zeros of the eigenpolynomial of an
arbitrary non-degenerate ES-operator. We thus settle several of the
conjectures stated by G. Masson and B. Shapiro in [4]. Namely, for
any such operator, we construct the probability measure p,, (we call
this the root measure) of its unique and monic eigenpolynomial p,
by placing a point mass of size 1/n at each zero of p,. We then
prove that pu, converges (weakly) to a unique probability measure
p whose Cauchy transform satisfies the equation C(2)* = 1/Q(2)
for almost all z € C. Thus the asymptotic zero distribution of p,
depends only on the leading polynomial () of T. Moreover, supp
1 is a tree which contains all the zeros of ) and is contained in
the convex hull of the zeros of ;. The proof of these properties of
supp i depends heavily on Lemma 3 in section 3 due to H. Rullgard.

Paper II: In this paper we adress a classical question going back
to S. Bochner and H.L. Krall. A system of orthogonal polynomials
which also appear as eigenfunctions of some finite-order differential
operator is called a Bochner-Krall system and the corresponding
spectral operator a Bochner-Krall operator. It is an open problem
to classify all Bochner-Krall systems - a complete classification is
only known for operators of order £ < 4. Here we use the results
obtained in paper I to settle a special case of a general conjecture
describing the leading terms of all Bochner-Krall operators. Namely,
in [4] it is conjectured that the leading coefficient of any such op-
erator is a power of a polynomial of degree at most 2. Our main
result in this paper is an affirmative answer to this conjecture for



Bochner- Krall operators of Nevai type - that is operators for which
the system of eigenpolynomials is orthogonal with respect to a mea-
sure of the so called Nevai class.

Paper III: This paper is devoted to a study on the location of zeros
of individual eigenpolynomials of a confluent hypergeometric opera-
tor, which is the simplest example of a degenerate ES-operator. The
classical Laguerre polynomials appear as a special case, and some
well-known results about these are recovered by yet another method
and generalized. We pay particular attention to hyperbolicity prop-
erties of the eigenpolynomials of this operator.

Paper I'V: In this paper we extend our previous study to asymptotic
properties of zeros of eigenpolynomials for arbitrary degenerate ES-
operators. We prove that (as opposed to the non-degenerate case)
the zeros of the unique and monic nth degree eigenpolynomial p,, do
not stay in a compact set as its degree tends to infinity. However,
computer experiments indicate the existence of a limiting root mea-
sure supported on a tree in this case too, but that it has compact
support only after an appropriate scaling. The main achievement in
this paper is an explicit conjecture and partial results (lower bound)
on the growth of the largest modulus of the roots of p,,. This can be
seen as a generalization of the asymptotic behaviour of the maximal
root for classical orthogonal polynomials appearing as eigenfunc-
tions to degenerate ES-operators - our conjecture is confirmed by
known results when reduced to such systems. Namely, let T" be a
degenerate ES-operator of order k£ and denote by j, the largest j for
which deg Q; = 7 in T (note that j, < k). Denote by r, the largest
modulus of the roots of p,. Then

. n o L ( .7 - jO )
lim — =cCr where d:= max _—
n—o0 1 j€liot1k] \ J — deg @Q;
and where cp is a positive constant. Based on this conjecture
we introduce the properly scaled polynomial ¢,(z) = p,(n?z) for
which the zeros are (conjecturally) contained in a compact set when
n — oo. In fact, our natural heuristic arguments (see section 3) show
that d as above is the only possible choice which results in a nice
algebraic equation satisfied by the Cauchy transform of the asymp-
totic root measure of ¢,(z). From this equation we can conclude



which terms of T" that are relevant for the limiting zero distribution
of its eigenpolynomials. Numerical evidence clearly illustrates that
distinct operators whose scaled eigenpolynomials satisfy the same
Cauchy transform equation when n — oo yield identical zero distri-
butions. It is still an open problem to describe its support explicitly.

Finally, as in the non-degenerate case, operators of the type we
consider here occur in the theory of Bochner-Krall systems. By com-
paring known results on orthogonal polynomials with results on the
eigenpolynomials studied here, we believe it will be possible to gain
new insight into the nature of Bochner-Krall systems.

Paper V: In this paper we extend earlier results from paper IV
by establishing a lower bound for the largest modulus of the roots
of the eigenpolynomial of an arbitrary degenerate ES-operator. We
thus confirm the lower-bound part of our main conjecture as stated
in paper IV.
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Abstract

In this paper we study the asymptotic properties of ze-
ros of polynomials arising as eigenfunctions of a certain
class of operators (non-degenerate exactly-solvable opera-
tors). We prove that when the degree of the unique and
monic eigenpolynomial tends to infinity, its zeros are dis-
tributed according to a certain probability measure which
is compactly supported on a tree and which depends only
on the leading term of the operator.

1 Introduction

Jacobi polynomials are solutions of the differential equation

(2% = 1)f"(2) + (a2 + ) f'(2) + cf(2) = 0, (1)
where a,b,c are constants satisfying a > b, a +b > 0 and ¢ =
n(1 — a — n) for some nonnegative integer n. It is a classical fact
that the zeros of the Jacobi polynomials lie in the interval [—1, 1],
and that their density in this interval is proportional to 1/4/1 — |2|?
in the limit when the degree n tends to infinity. The usual proof of
this statement involves the observation that, for fixed a and b, the
Jacobi polynomials constitute an orthogonal system of polynomials
with respect to a certain weight function on the interval [—1,1]. The
desired conclusion then follows from the general theory of orthogonal
systems of polynomials.

The following appears to be a natural generalization of the dif-
ferential equation (1). Let & > 2 be an integer, and let Qo, ..., Qk
be polynomials in one complex variable satisfying deg Q); < j with
equality when 7 = k. Moreover, we make a normalization by assum-
ing that ()5 is monic. Consider the differential operator

k
To(f) = 3_Qif" (2)

1



where f) denotes the jth derivative of f. Operators of this type
appear for example in the theory of Bochner-Krall systems of orthog-
onal polynomials, see [3]. This operator was studied by G. Masson
and B. Shapiro in [4]. Particular attention was given the more spe-
cial operators T'(f) = Qrf® and T"(f) = (d/d2)* (f(2)Qw(2)).
These are indeed special cases of (2) obtained by taking ¢); = 0 or
Q; = (I;) Q,(f_” respectively, for j = 0,...,k — 1. The following re-
sult, which shows that Ty has plenty of polynomial eigenfunctions,
was proved for the operators 7" and 7" in [4]:

Theorem 1 For all sufficiently large integers n there exists a unique
constant X\, and a unique monic polynomial p, of degree n which
satisfy

1o (pn) = AnDn- (3)

Moreover, we have A\,/n(n—1)...(n —k+1) — 1 when n — occ.

G. Masson and B. Shapiro made a number of striking conjectures,
based on numerical evidence, about the zeros of the eigenpolynomi-
als p,. They also observed that when k > 2, the sequence p,, is in
general not an orthogonal system of polynomials, so it cannot be
studied by means of the extensive theory known for such systems.

The goal of this paper is to prove some of the conjectures in [4].
More precisely, we shall show that in the limit when n — oo, the ze-
ros of p, are distributed according to a certain probability measure.
This probability measure depends only on the “leading polynomial”
@, and may be independently characterized in the following way.

Theorem 2 Let Q) be a monic polynomial of degree k. Then there
exists a unique probability measure pg, with compact support whose

Cauchy transform
dp
C(z) = / 7%(() (4)

z=C
satisfies C(2)* = 1/Qx(2) for almost all z € C.

We record some properties of the measure ji, which will be en-
countered in the proof of Theorem 2. Let supp p denote the support



of a measure p. Also, let
() = / Qulz) "V dz

be a primitive function of Qi(z)~'/*. At this point, we think of
U as a locally defined function in any simply connected domain
where Q; does not vanish. The choice of a branch of Q;(2)"/* and
an integration constant is of no importance here. As need arises,
specifications will be made concerning these choices.

Theorem 3 Let Qi and g, be as in Theorem 2. Then supp jig, 1S
the union of finitely many smooth curve segments, and each of these
curves is mapped to a straight line by the mapping V. Moreover,
supp pq, contains all the zeros of Qy, is contained in the convex hull
of the zeros of Q. and is connected and has connected complement.

If p is a polynomial of degree n, we can construct a probability
measure y by placing a point mass of size 1/n at each zero of p. We
will call p the root measure of p. Our main result is

Theorem 4 Let p, be the monic degree n eigenpolynomial of the
operator T and let i, be the root measure of p,. Then i, converges
weakly to pug, when n — oo.

To illustrate, we show the zeros of the eigenpolynomial p4q for
the order 5 operator T with Q5(2) = 2(z — 1 +1i)(z —5)(z —2 —
4i)(z — 4 —47) and Qy = -+ = Q4 = 0. Large dots represent the
zeros of Q5 (which are, in this case, also zeros of p,) and small dots
represent (the remaining) zeros of pyo. It is remarkable how well the
zeros of the eigenpolynomial line up along the curves predicted by
our results. Notice also how these curves are straightened out by
the mapping W, see Figure 1.

It is not difficult to deduce various other features of the measure
g, from the properties given in Theorem 3 and the defining prop-
erty (4). For example, a recipe for computing the angles between
the different curve segments is conjectured in [4]. The correctness of
the procedure follows easily from our results. We refrain from going
into details, but the key observation is the following. Suppose zq is



Figure 1: Zeros of the polynomial Q5 and the eigenpolynomial pyy (left) and
the image of these zeros under a branch of the mapping V.

a point on one of the curve segments in supp pg, and let C; and Cy
be the limiting values of C'(z) as z approaches z, from different sides
of the curve. Then C) and Cy are kth roots of 1/Qx(20), and their
actual values are easily found if the combinatorics of supp g, are
known (which was assumed in the recipe mentioned above). From
the fact that mpug, = 0C/0z > 0, it follows that the curve must be
perpendicular to C; — C5 at 2. Using this observation where sev-
eral curves meet, it is possible to deduce the angles between them.
Notice also that the density of pg, at 2o is proportional to |C} — Cs.

It is particularly easy to compute jig, when Q) has only real zeros.
Namely, denote the zeros by zq,..., 2z, in increasing order. From
Theorem 3 we know that supp g, = [z1,2x]. A direct computation
shows that on the subinterval [z;, z;;1], the measure is given by

= la—c = 72 sin ﬂ dx
How =Tz ~ | Qg |V/* k

where dx denotes Lebesgue measure on the real line. This remains
true even if (), has multiple zeros, except if all the zeros coincide.
In this case, pg, reduces, of course, to a point mass at this multiple
Zero.

Let us finally discuss some possible applications and directions
for further research. As we already mentioned, operators of the
type we consider occur in the theory of Bockner-Krall orthogonal



systems. More precisely, a Bochner-Krall system (BKS), is a se-
quence of polynomials p, which are both eigenpolynomials of an
operator Ty (here one omits the assumption that deg @), = k) and
also orthogonal with respect to a suitable inner product. It is a long
standing problem to classify all BKS. A great deal is known about
the asymptotic distribution of zeros of orthogonal polynomials. By
comparing such results with our results on the distribution of zeros
of eigenpolynomials, we believe that it will be possible to gain new
insight into the nature of BKS. To get the most out of this approach,
however, it would be desirable to have generalizations of our results
to the case deg ), < k. Computer experiments performed by the
first author indicate that a limiting measure exists in this case too,
but that it may not have compact support.

This paper is organized as follows. In section 2 we compute the
matrix for the operator Ty with respect to the basis of monomials
1,2,2%,..., and use this to prove Theorem 1 for an arbitrary op-
erator of the type we consider. Section 3 contains a proof of the
uniqueness part of Theorem 2. Along the way, we also prove es-
sentially all the statements in Theorem 3. In section 4 we recall
some basic facts on the weak topology of measures in the complex
plane and on logarithmic potentials and Cauchy transforms. We
also outline the connection of these concepts to root measures of
polynomials and prove a general result on the relation between the
zeros of a polynomial and those of its derivative. In the final section
5 we apply the ideas from the previous section to give a proof of
Theorem 4. The existence part of Theorem 2 is also a consequence
of this proof.

Acknowledgements. The authors are sincerely grateful to Harold
Shapiro for highly valuable comments and discussions, and in par-
ticular for suggesting the use of the Cauchy transform. We would
also like to thank Gisli Masson and Boris Shapiro for introducing us
to the problem and for their support during our work.



2 Calculation of the matrix

Proof of Theorem 1. We now prove that Theorem 1 as stated in
Introduction holds for any operator of the type we consider. Recall
that the differential operator Ty is defined by

d* dk1 d
@‘FqumﬂL'“ﬂLQld—ﬂLQo

2z
where the @, are polynomials such that deg@,, < m for m =
0,...,k and deg Qy = k. Let p,(2) = Y. as2" be a monic poly-
nomial of degree n and let Q,(z) = 37" ¢m;2’. Using these nota-
tions we get

Ty = Qk

k k

dm . . - 1
To(pn) = Z Qm - JomPn = Z [Zoqm’jzj] : [Z@n,i : m?—m

m=0 m=0 >m

ZS

Il
3
1
=
3
<
3
—~
~
S
2
1

Il
N
1
(]~
. |
NI
=
3
<
3
—~
~
S
2
I\
«

Lemma 1 If p, is monic and T (p,) = A\upn then

k
n!
)\n: mm 7 Ny
Zq 7 (n—m)!
m=0

Proof. With p, monic and Tg(pn) = A\u'Pn = M2 "+ Gp 12" 1+
...+ Ay - anp, finding the eigenvalue A, amounts to finding the coef-
ficient at 2" in Ti(p,). Note that deg (Qmi—mmpn) <m+n—m=n
with equality if and only if deg @), = m. Thus we can assume that
P, = 2" since any lower degree terms of p, will result in terms of
degree lower than n in T (p,). Thus



m=0 m=0
k m ' n
- [(Cw) ]
m=0 L\ j=0 (n —m)
k m n'
— . Jtn—m
B [Zq’”’] (n—m)” }
m=0 - j=0
Setting j = m we get
k ) k )
— e .n — e
- ZQm,m (n_m)'z — )\n— ZQm,m (n_m>|
m=0 m=0

Lemma 2 Forn > 1 the coefficient vector X of p,, with components
An 0 - - - Ann—1 Satisfies the linear system MX =Y, where Y is
a vector and M s an upper triangular matriz, both with entries
expressible in the coefficients gy, ;.

Proof. The relation
is equivalent to

Z{Z > g L ]z = Ao Zansz

m=0 s=j+i—m
m<i<n
0<j<m

With 7 = m + s — ¢ the condition 7 < m gives ¢« > s and the
condition j > 0 results in m > ¢ — s. Therefore the above system
will be equivalent to

n .
7!
SIY X e i A=
s=0 Ls<i<n  i—s<m<min(i,k) )
Thus for each s we have

7!
Z Z dm,m+s—i ° m T )\n *ln,s = 0

s<i<n j—s<m<min(i,k)



or, equivalently,

7!
E E mm+s—i *© 7 1 Apg — )\n clps =
(1 —m)!

s<i<n-—1 t—s<m<min(i,k)

n!
= Z gm,m+s—n ° m *Apn

n—s<m<min(n,k)

where a,, = 1. The n x n matrix M is thus constructed for 0 <
s<n-—1and 0 <7 < n—1. The left-hand side of the above
equation corresponds to the (s 4 1)st row in M multiplied by the
column vector X, and the right-hand side represents the (s + 1)st
row in Y. Thus the entries of M are given by

7!
Ms—f—l,i—i—l - Z dm,m+s—i ° m - )\n : 6i,s (5)

i1—s<m<min(i,k)

where 0 denotes the Kronecker delta. The condition ¢ > s implies
that M is upper triangular. O

We can now prove Theorem 1. Using Lemma 1 we get

k n!
A o Gl
nn—1)...n—k+1) nn—-1)...(n—k+1)
90,0%: + Ch,l(nr_l—!l), + C]2,2(n%!2)! +...+ C]kq,kqﬁlﬂ), + Qkk(nr_l—'k)'
nn—1)...(n—k+1)
40,0 q1,1

- n(n—l)...(n—k+1)+(n—l)...(n—k+1)+“'
qk—1,k—1
“+(n—k‘+1)+qk’k.
Thus
lim An = =1
nocon(n—1).. (n—k+1) ®ET5

and the first part of Theorem 1 is proved. To prove the uniqueness
part, we show that the determinant of the matrix M constructed in
Lemma 2 is nonzero for all sufficiently large n. Since the matrix is
upper triangular its determinant equals the product of the diagonal
elements. Thus it suffices to prove that for sufficiently large n every
diagonal element is nonzero.



The diagonal element M; ;1 of M is obtained by letting ¢ = s in
(5) and so

1l

2!

Miy1i41 = Z Qm,m * m -\
0<m<min(i,k) ’

fori=0,...,n— 1. But the last expression equals \; — \,,. Indeed,
if ¢ > k then

0<m<min(i,k) 0<m<k

If i < k then this is again true since by definition i!/(i — m)! = 0
for i < m < k. Thus we have to show that \; — A\, #0 Vi <n
as n — oo. For small values of i (i < k) we have \; < oo but
Ap — 00 as n — oo, implying A\; — A, # 0. For larger values of ¢
(0 <m < k <1i) we get

qum S e

Dividing the last expression by (nf!k) (Z ), we obtain

n! 4!

An_)\ n—m)! T G—m)!
—Z.—qkaqmm( T

nl

=R~ k) (n=k)l — (i=F)!

which tends to g, = 1 as n — o0, since for each m < k — 1 we get

4l il (n_! _ (nfm)!)

lim - i '~ lim (n—m)! \ 4! (i—m)!
n! i T o lse il (nl (n—k)!

(n—k)! — (i—k)! (n—k)! (‘ - (Hc)!)

Therefore \, — A\; # 0. Thus, as n — oo, every diagonal element of
M becomes nonzero so M is invertible and the systemM X =Y has
a unique solution. [l



3 Probability measures whose Cauchy transform
satisfies an algebraic equation

In this section we will prove the uniqueness part of Theorem 2 and
show that the measure pq,, if it exists, has the properties stated in
Theorem 3. The proof relies heavily on the following lemma.

Lemma 3 Let A C C be a finite set, U C C a conver domain
and x : U — A a measurable function such that Ox/0z > 0 (in
the sense of distributions). Let a € A, zp € U and assume that
X Y(a) N {|z — 20| < r} has positive Lebesque measure for every
r > 0. Then x(z) = a almost everywhere in U N (2o + T',) where

I, = {z € C;Re(az) > Re(bz),Vb € A}. (6)

Note that if x7*(a)N{|z— 2| < r} has positive Lebesgue measure
for every a € A and all r > 0, then y is determined completely (out-
side a set of measure 0) since the cones I', cover the whole complex
plane.

Proof. Let x, denote the characteristic function of the set x~'(a).
We will show that if 21,29 € U with 2o — 2, € T'y, and ¢ is a pos-
itive test function such that z; 4+ supp ¢ and 2z + supp ¢ are both
contained in U, then

(0% Xa)(21) < (¢ * Xa)(22)- (7)

The desired conclusion follows from this. Indeed, let ¢, be a se-
quence of positive test functions such that supp ¢, — 0 and f O;d\ =
1, where A denotes planar Lebesgue measure. We know then that
}; * Xa converges in L . to x,. Hence, for any e,7 > 0 we can find
for all sufficiently large j a point z; with |23 — 29| < 7 such that
(¢j * Xa)(z1) > 1 — €. It follows from (7) that (¢; * xa)(22) > 1 —¢€

and hence
65 )0) = al = [ 0362 = Ox(©) = ) N < e b~

for all z, € 21 +1',. Letting € and r tend to 0 and 7 — oo it follows
that x(z) = lim; . (¢; * x)(2) = a for almost all z in z, + I',.

We now prove the inequality (7). Without loss of generality we
may assume that zo — 23 > 0 and that a = 0, for the general case

10



can be reduced to this situation by replacing xy with the function
e?(x(e?z)—a) where 0 = arg(z,—21). The assumption that z,—z; €
I', then implies that A is contained in the closed left half plane
{Rez < 0}.

For any € > 0, let x. = log(x — €) where we have chosen a branch
of the logarithm function which is continuous in the left half plane.
Let ¢ be a positive test function and note that (¢ * x)/0z > 0 and
Revy x x < 0. It follows that

Yy —€ 0z

Re%log(¢*x—e):Re( L aW*X))SO.

When supp ¢ — 0 with [ ¢ dX = 1, we have that log(¢* x —€) — X,

in L} ., and hence as a distribution. By passing to the limit it follows
that 9+
Re X< <0,
Z

If we write x. = 0. + i7, this means that

do. _ OT.
< .
or — 0Oy

(8)

Fix a positive test function ¢ such that z; + supp¢p C U for
j = 1,2 and consider the function (¢*o.)(z; +&) of the real variable
¢. It follows from (8) and the fact that 7. is uniformly bounded for
all € that

%(qS*ae)(zl—i—f) :/%(zﬁf—an(C)dA(O
< [ Gota €= On@ Q)
<M

where the constant M does not depend on €. In particular,

(¢ 0e)(22) = (@ x0)(21) < M|zg — 2. (9)
On the other hand it is clear that

(p*0oc)(2) =loge (¢* xa)(2) + O(1). (10)
Now (7) follows from (9) and (10) when ¢ — 0. O

11



We deduce two corollaries of Lemma 3.

Corollary 1 Let U C C be a convexr domain and A C C a finite set.
If v is a subharmonic function defined in U such that 20v/0z € A
almost everywhere, then v is convex.

Recall that a subharmonic function can locally be written as the
sum of a harmonic function and a logarithmic potential. It follows
that the distribution dv/dz is represented by a locally integrable
function. The condition 20v/0z € A should be interpreted by say-
ing that 20v/0z is represented by a measurable function with values
in A.

Proof. Let xy = 20v/0z. Since v is subharmonic, dx/0z > 0.
Take any point zg € U and let Ay be the set of all a € A such
that x~'(a) has positive measure in every neighbourhood of z. Let
Up be a convex neighbourhood of zy such that x(z) € Ay almost
everywhere in Uy. By Lemma 3, x(z) = a almost everywhere in
Uo N (20 + I'y) where T',, is defined by (6) but with Ay in place of A.
This implies that v(z) = v(29) +Rea(z—2p) for all z € UyN(20+T14),
so that
v(z) = v(z) + max Rea(z — z9), 2z € Up.
a€Ag

We have shown that in a neighbourhood of 2y, v is the maximum
of certain linear functions, hence it is convex there. Since z; was
arbitrary, it follows that v is convex. 0

Corollary 2 Let A C C be a finite set, U C C a conver domain
and let x : U — A be a measurable function. Then Ox/0z > 0 if
and only if there exist real numbers c, (possibly equal to —oc) such
that x(z) = a almost everywhere in G, where

G, ={z € U;c, +Re(az) > ¢, + Re(bz),Vb € A}.

Proof. Suppose ¢, are real numbers such that y(z) = a almost
everywhere in G,. Let v(z) = maxuea (¢, + Re(az)). Then v is
subharmonic and y = 20v/0z, hence

I, v

= > 0.
0z 20282 =0

12



Suppose conversely that dy/0z > 0. Since 0x/0z is real, there
exists a real valued function v defined in U with 20v/0z = x. It
follows from Corollary 1 that v is convex. Moreover, we see from
the proof that

v(z) = max (co + Re(az))

where
Co = ;glf] (v(z) — Re(az)).

If we define G, using these constants ¢, it follows that v(z) = ¢, +
Re(az) for z € G,, hence x(z) = 20v/0z = a in G,. O

Fix a monic polynomial @)y of degree k and suppose that u is a
compactly supported probability measure whose Cauchy transform
C'(z) satisfies

C(2)" = 1/Qx(2). (11)
We will first show that u has the properties asserted in Theorem 3,
except that supp pq, is contained in the convex hull of the zeros of
@, which will be proved in section 5.

Lemma 4 [f the Cauchy transform of i satisfies (11), then the sup-
port of s the union of finitely many smooth curve segments. These
curves are mapped to lines by V.

Proof. It is sufficient to prove that supp p has these properties in
a neighbourhood of any given point zy. Assume first that Qx(z0) #
0. Choose a branch of Q(z)~"/* defined in a simply connected
neighbourhood of zy and let ¥ be a primitive function of Q(z)~/*.
Let U be a convex neighbourhood of ¥(zy) so small that ¥ maps
a neighbourhood of zy bijectively onto U. By (11) we can write
C(2) = x(V(2))Qw(z)"* for = € U~1(U), where y has values in
the set of kth roots of unity. If we write w = ¥(z), then

o 0C ox(W(2) ik ol [(OX\ 0¥ g
T 9 T 6z e =V \an) 3 @

5% -2
= U [ 22 ) |Qu "
<8w) @

where U* denotes the pullback of distributions in U by W. Since pu
is positive, it follows that

X
&I}_O
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By Corollary 2, U is the union of sets G, whose boundaries are
finite unions of line segments, such that x is constant in each G,.
It follows that supp p N Y~1(U) = U~ (supp dx/0z) is the union of
finitely many curve segments which are mapped to straight lines by
v,

If zg is a zero of (), we take a disc D centered at z; wich does
not contain any other zeros of ;. If v is any ray emanating at zg,
we can define single valued branches of Q(z)~/*¥ and ¥ in D \ 7.
Notice that W is continuous up to zo. Let U be any half disc centered
at W(zp) and contained in W(D ~\ 7). It follows as in the first part
of the proof that supp u has the required properties in ¥=(U). By
varying v and U, we see that the same holds in a full neighbourhood
of 20- O

Hence supp p can be thought of as a graph whose edges are smooth
curve segments connecting certain vertices. The statement that
supp p is connected and has connected complement then means that
it is a connected graph without cycles, that is a tree. Recall that a
connected graph is a tree precisely if the number of vertices exceeds
the number of edges by exactly one.

Lemma 5 If the Cauchy transform of u satisfies (11), then the sup-
port of 1 is a tree.

Proof. We will first prove that supp p is connected. To do this we
will show that if U is a bounded domain which is connected and
simply connected, and the boundary of U does not intersect supp u,
then either suppu C U or supppu C C . U. From this it easily
follows that supp p is connected. Now it is clear that all the zeros
of Q)i are either contained in U or in the complement of U, since
C(z) defines a continuous branch of Q.(z)~'/* along OU. Observe
also that

o [ cde=on [ [ Zoau = [0, a2

21 Jorr 2mi z—

Now if all the zeros of (), are contained in the complement of U,
there is an analytic continuation of C(z) across U, hence the left
hand side of (12) vanishes. It follows that supppu € C\ U. If on
the other hand, all the zeros of @y are contained in U, then C(z)
has an analytic continuation in C~\ U which is asymptotically equal

14



to a/z for some kth root of unity a when z — oo. Thus the left
hand side of (12) is equal to a. Since the right hand side is positive,
a must be 1, which means that all the mass of p is in U. Hence we
have proved that supp p is connected.

Now let E be the set of all curve segments in supp p and let V'
be the set of vertices which are endpoints of the edges in £. We
may assume that V' contains all the zeros of (). To every pair
e € F, v € V such that v is an endpoint of e, we assign a number
v(e,v) by the following rule. Let v be a small loop winding once
around v in the clockwise direction, and let v(e,v) be the jump
of (2mi)~!log C(z) when z crosses e moving along . This number,
which is defined modulo Z, will be uniquely determined if we require
that 0 < v(e,v) < 1. Assume now that v is not a zero of @ and
let eq,..., e, be the curves in E having v as one endpoint. (If some
curve has both its endpoints in v, it will be counted twice.) Select
a branch of Qk(z)l/ ¥ near v and observe that by Lemma 3 and the
proof of Lemma 4, Qy(2)/*C(2) is a kth root of unity, which moves
once around the unit circle in the counterclockwise direction as z
moves along 7. It follows that v(ey,v) + -+ + v(e,,v) = 1. If
instead v is a zero of )} of multiplicity m, a slight modification of
the argument shows that v(e;,v) + -+ v(e,,v) = 1 —m/k. On
the other hand, it is clear that v(e,v1) + v(e,v9) = 1 where vy, vy
are the endpoints of e € E. Hence the sum of all the v(e, v) is equal
both to V" — 1 and to f£. Since supp p is a connected graph, this
implies that it is a tree. 0

We are now ready to prove the uniqueness part of Theorem 2.
This is done by means of the following two lemmas.

Lemma 6 Suppose the Cauchy transform of n satisfies (11) and
let u be the logarithmic potential of p. If ¥~ is a (locally defined)
inverse of a primitive function of Qx(2)™Y*, then uwo U~ is conver.

Proof. Let x be as in the proof of Lemma 4. Since 20u/0z = C(z)
we have

21“(\1/71(10)) — 2@(@71(10)) . Qk(\llfl(w))l/k

ow z
= C(UH(w)) - (W™ (w))/*
= x(w).

15



It follows from Corollary 1, that v o ¥~! is convex. O

Lemma 7 Let p be a measure whose Cauchy transform satisfies
(11), let Q = C ~ supp v and let ¥(z) be defined in Q by

W(z) = / log(z — ¢) du(0).

Then ¥ is a multivalued function mapping 2 onto a domain H =
{w;Rew > h(Imw)} where h is a continuous function, and W= :
H — Q) is a single valued function.

Proof. It is clear that ¥ is a holomorphic function in €2 defined up
to multiples of 277 and that ¥/(z) = C(z). Let vy be a curve segment
of supp i and let U be a one-sided neighbourhood of v in €2 on which
U has a single valued branch. Now the restriction of ¥ to U has an
analytic continuation across v, and by Lemma 4, ¥ maps 7 to a line
segment. Moreover, since in the notation of the proof of Lemma 4,
x =1in ¥(U) and Re x < 1 everywhere, it follows that W(~) is not
horizontal and that W(U) is on the right hand side of ¥(~y). Putting
the segments W(~) together as U moves around supp p, we obtain
a broken line of the form {Rew = h(Imw)} bounding a domain
H = {Rew > h(Imw)}. It is clear that ¥ maps 2 into H and the
boundary of 2 to the boundary of H. Now ¢(z) = exp(—¥(z)) is
a single valued proper mapping from Q U {oo} to D = {(;log|(| <
—h(—arg()} which does not vanish in 2 and has a simple zero
at co. It follows that ¢ : Q U {oco} — D is a bijection, hence
Ul (w) =1~ (e ™) is a single valued holomorphic mapping. O

Corollary 3 If uy and ps are two probability measures whose Cauchy
transforms satisfy (11), then uy = po.

Proof. Let U be defined as in Lemma 7 with p; in place of pu,
and let u; and us be the logarithmic potentials of p; and ps. Then
u (P~ w)) = Rew for all w € H and uy(V~!(w)) = Rew when
Rew is sufficiently large. Since uy o U1 is convex by Lemma 6, it
follows that us(¥~(w)) > Rew for all w € H, hence u;(z) < uy(2)
for almost all z. Similarly, us(z) < wuy(z) for almost all z, and it
follows that pu; = Auy /27 = Aus /27 = po. O

16



4 Root measures and the Cauchy transform

In this section we describe the basic connections between root mea-
sures and the Cauchy transform which will be used to prove Theorem
4.

Let p, be a sequence of measures in the complex plane. The
sequence is said to converge weakly to a measure u if

[ oz~ [ o) dutz)

for every continuous function ¢ with compact support. If in addition
there exists a compact set K such that supp u,, C K for every n, we
will say that pu, converges weakly with compact support to p and
write p, — p (w.c.s.).

If K C Cis a compact set and M(K') denotes the space of all
probability measures with support in K, equipped with the weak
topology, it is known that M (K) is a sequentially compact Hausdorff
space. We will use this fact to select a convergent subsequence from
a sequence of measures as a first step in the proof of Theorem 4.

If ¢ is a locally integrable function and p is a compactly supported
measure, the convolution

(6% p)(z) = / oz — €) du(<)

is a locally integrable function defined almost everywhere in the
complex plane. If p, — p (w.c.s.), it is easy to show that ¢ * u,, —
G* pin L},

We will be particularly interested in the cases where ¢(z) = log ||
or ¢(z) = 1/z. Convolution with these functions defines the loga-
rithmic potential

u(z) = / log |2 — ¢| du()

17



and the Cauchy transform

C@%:/i%?

of p. It is well known that the measure p can be reconstructed from
either u or C' by the formula

1 1 oC
— A=
e
where A = (9/0x)? + (9/dy)?* is the Laplace operator and 0/0z =
(0/0x + 10/0y)/2. These identities should be understood in the
sense of distribution theory.

Let p be a polynomial of degree n and let u be the root measure
of p, as defined in the introduction. If p is monic, the logarithmic
potential of y is given by

1
Toglp()] = [ loglz — ¢l du(0) (13)
and for any p, the Cauchy transform of u is
6 [ "
np(z) z—¢

These two identities, which can easily be verified, are among the
main ingredients in the proof of Theorem 4. We will here use them
to prove a general lemma which will be needed later.

Lemma 8 Let p,, be a sequence of polynomials, such that n,, :=
degpy,, — oo and let pu, and ), be the root measures of p,, and p.,
respectively. If p, — wu, pl, — @' (w.c.s.) and u and u' are the
logarithmic potentials of u and 1, then v < w with equality in the
unbounded component of C ~\ supp p.

Proof. Assume with no loss of generality that the p,, are monic.
Let K be a compact set containing the zeros of every p,,. By (13)
we then have

1
u(z) = lim —log [pm(2)|

m—00 M,

18



and

1
u'(z) = lim log
m—00 T, —

Pra(2)
T

1
= lim — log
m—00 1,,

P(2) ’

Nm

with convergence in L} .. Hence by (14),

loc*

P (2)
nmpm( )

’ / dpim (€
= lim —
m— o0 nm

Now, if ¢ is a positive test function it follows that

[ o)~ uen e = tim - [ ot tog| [ L= ane
< lim —/¢ dum )d/\(z)

e o —¢|
:n?féo@//d)\z—d tm{C)

where A denotes Lebesgue measure in the complex plane. Since 1/|z]
is locally integrable, the function [ ¢(z)|z—(|~ dA(2) is continuous,
and hence bounded by a constant M for all z in K. Since supp p,, C
K, the last expression in (16) is bounded by M /n,,, hence the limit
when m — oo is 0. This proves that v’ < u.

In the complement of supp u, u is harmonic and u’ is subhar-
monic, hence v’ —wu is a negative subharmonic function. Moreover, in
the complement of K, p! /(n,pm) converges uniformly on compact
sets to the Cauchy transform C(z) of . Since C'(z) is a nonconstant
holomorphic function in the unbounded component of C \ K, it fol-
lows from (15) that «' — u = 0 there. By the maximum principle
for subharmonic functions it follows then that ' — «u = 0 in the
unbounded component of C ~\ supp p. The proof is complete. 0

1
u'(z) —u(z) = lim —log

o w

(16)

5 Root measures of eigenpolynomials

We now turn to the proof of Theorem 4. The plan is to show that u,
converges to a measure whose Cauchy transform satisfies (11). This
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will prove Theorem 4 and the existence part of Theorem 2. Let u,
be the root measure of p, as in the statement of Theorem 4. Also
let ,u,(f) be the root measure of the ith derivative p,(f). We begin by
showing that there is a compact set K containing the supports of
all the measures uﬁf).

Lemma 9 Let Q, ..., Qx be fired and let p, be an eigenpolynomaial
of degree n of the operator Tgy. Then there exists a compact set K

such that all the zeros of every pﬁf) lie in K for every n and every
120, If Qo= ... = Qr_1 =0, K may be taken as the convex hull
of the zeros of Q.

Proof. The case with Qy = --- = Q1 = 0 was treated in [4]. In
the general case it suffices to check the roots of p,, since by Gauss-
Lucas’ theorem the roots of any derivative pT(f ) are contained in the
convex hull of the roots of p,. Moreover it suffices to show that
there exists a compact set containing the zeros of p,, for large values
of n, since for any finite value of n there are finitely many roots of
the polynomial p,,, and these are clearly contained in some compact
set.

Let z be a root of p,,. Then

To(pa)(z) = Z Qi(2) - p(2) = Ay - pu(2) = 0

or, equivalently,

Qr(2) - P (2) + Quea(2) -0V (2) 4+ 4+ Qu2) - (2) = 0. (17)

We will show that for sufficiently large choices of |z| and n this
equation cannot not hold. It is possible to find some ry and some
no such that if |z| > ry and n > ng, then z cannot be a root of p,.
Using formula (14) we have

(i4+1) (4)

(n—1i) pi(2) 2=
Thus w
p(k;—l)(z) _ pn(2)



(n—k+2) b (m—k+1)(n—k+2) b b’

and so on. Generally we have

(k—1) (k)
Pn < Pn (2
pgzk 2)( ): ( ) ( )

(i)(z): szk)(z) . R—
m—k+1)...(n—1)-[[:Z b,

Jj=t
Now assume that z is the root of p, with the largest modulus and
let |z| = r. With ¢ being a root of some ) we have I<| < |7|

by Gauss-Lucas’ theorem. We will estimate b; = f d“;féo so that
|b;| > 1/2r Vi < k. We have

1 1 1 1 1

z—g_?l—g/z:;'ﬂ

and |0] =[¢/z| < 1.
With w = 1/(1 — #) we obtain

L @-0_
jw=11= |25~ =) | = gy = fllel < o
g
w1/ < [ul
g
Re(w)>l
-2

Using this result we get

o rdo] 1
\bi\—'/ s |—;

||

/du@(@ 3
1—-06

27"'

Now we choose r( in such a way that |Qg(w)| > r¥/2 as |w| > ry and
then a constant C' such that |Q;(w)| < C-r* foreveryi=1,..., k—1.

Finally we choose ng such that —&2 "

1
D < 1 A8 > Mg for
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every i = 1,...,k — 1. Then, as |z| =7 > ry and n > ng, we get

Qi(2) - p(2) | _ Qi) =kt 1
Qu(z) - p(z) | Qe (=D TTE b)
Q| (=B
S0 m—ar =
C-rt (n=k)! i s
rk/2 . (n —a)! 2=
C - 2kt 1

-9 . n—k+D) k-1
Dividing (17) by Qx(z) -pgk)(z) we obtain

1+Z (2) (i)(z)—o
L Qulz) - pP(z)

but with r» > ry and n > ny we get

k-1

Qu(2) pﬁﬁu <kZ Qu(2) - ph Z
o Qi(2) 'pn (Z) o | @Qx(2) - pn i=1
and so (17) cannot be fulfilled with such choices of r and n. O

Assume that N is a subsequence of the natural numbers such that

pV) = lim M(J) (18)

n—oo,neN

exists for 7 = 0,..., k. The following lemma shows that the Cauchy
transform of p = p(© satisfies (11).

Lemma 10 The measures u') are all equal and the Cauchy trans-
form C(z) of this common limit satisfies C(2)* = 1/Q(2) for almost
every z.

Proof. By (14) we have that

(J+1) j
AR O /du(“(C)

: 19
(n— )P (2) z=¢ 1)
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with convergence in L}, ., and by passing to a subsequence once

again we can assume that we have pointwise convergence almost

everywhere. From the relation Top, = \,p, it follows that

0 ) B An
kn...(n—k—l—l)pn Cn...(n—k+1)

~1 -1 ;

B Q p(3+1) (20)

E

I
o

Now A,/n...(n —k+ 1) — 1 by Theorem 1, while the sum con-
verges pointwise to 0 almost everywhere by virtue of the factors
(n—1)...(n—k+1) in the denominators. It follows that

i (2) !
n...n—k+p,(2) Qr(2)
when n — oo through the sequence N for almost every z. If u(@)

denotes the logarithmic potential of ), then it follows from (13)
and (21) that

(21)

(k) _,,(0) 1 P’
—u® = Tim —1
T e n—k + Dp

1
= — lim —log |Qx| = 0.
n—oo N

On the other hand we have from Lemma 8 that v > 4@ > ... >
u®) | hence the potentials u') are all equal, and it follows that p) =
Au(j) /27 are all equal. Finally we have from (19) and (21) that

. H (””(z) y () !
= 11m = 111m =
=t (n— ) (z) e ne =kt Dpa(z)  Qu(2)

for almost every z. This completes the proof. O

Corollary 4 There exists a unique measure [ig, Ssatisfying the re-
quirements in Theorem 2. The sequence [, converges weakly to (g, -
Moreover, supp pg, s contained in the convex hull of the zeros of

Q-

Proof. By Theorem 1, the operator Ty has an eigenpolynomial p,
of degree n for all sufficiently large n. By Lemma 9, there exists a

compact set K such that supp ,u(J ) ¢ K for all n. By compactness,
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there exists a subsequence N such that the limit (18) exists for j =
0,...,k By Lemma 10, pg, = 1 has the required properties, so
existence is proved. Uniqueness was established in section 3. Since
we may take Qg = ... = Qx_1 = 0, and in this case supp ,u,(f) C K
where K is the convex hull of the zeros of Q) by Lemma 9, it follows
that supp pq, is also contained in K.

Assume that p,, does not converge to i, Then we can find a
subsequence N’ of the natural numbers such that pu, stays away
from a fixed neighbourhood of pg, in the weak topology, for all
n € N'. Again by compactness, we can find a subsequence N of N’
such that the limit (18) exists for j = 0,..., k. By Lemma 10 and
the uniqueness of g, , it follows that p® = g, , contradicting the
assumption that p, stays away from pq, for all n in N’ and hence
all n in N. The proof is complete. O
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Abstract

In this paper we address the classical question going
back to S. Bochner and H. L. Krall to describe all sys-
tems {p,(z)}>2, of orthogonal polynomials (OPS) which
are the eigenfunctions of some finite order differential op-
erator. Such systems of orthogonal polynomials are called
Bochner-Krall OPS (or BKS for short) and their spectral
differential operators are accordingly called Bochner-Krall
operators (or BK-operators for short). We show that the
leading coefficient of a Nevai type BK-operator is of the
form ((x — a)(x — b))N/2. This settles the special case of
the general conjecture 7.3. of [4] describing the leading
terms of all BK-operators.

1 Summary

Consider a sequence of polynomials {p,, }5°, in a variable z, where
deg p, = n. This sequence is orthogonal with respect to a measure p
if [ pp(@)pm(x)dp(z) is nonzero precisely when n = m. We are here
concerned with polynomials orthogonal with respect to a measure
of the so-called Nevai class, see [11] and below. Furthermore we say
that {p,} is a sequence of eigenpolynomials if there exists a differ-
ential operator 0 = SN a(2)(d/dx)* where aj, are polynomials in
z. Finally, {p,} is called a Bochner-Krall system if it is both or-
thogonal and a system of eigenpolynomials. If it is orthogonal with
respect to a measure of Nevai class, we say that it is a Bochner-Krall
system of Nevai type.

It is an open problem to classify all Bochner-Krall systems. In
[4] it is conjectured that the leading coefficient ay for any Bochner-
Krall system is a power of a polynomial of degree at most 2. Our
main result is an affirmative answer to this conjecture for Bochner-
Krall systems of Nevai type.



Main Theorem. Let {p,} be a compact type BKS orthogonal with
respect to a measure p and with differential operator 0. If p is of the
Newvai class and the convex hull of supp p is the interval [a,b], then
N is even and ay(z) is a constant multiple of ((x — a)(z — b))N/2.

2 Introduction

Let Pg and P¢ denote the spaces of all real and complex polynomials,
respectively, in a variable z. By a real (or complex) polynomial
system we will mean a sequence {p, }>°, of polynomials in Pg (or Pr)
such that degp,, = n. By an orthogonal polynomial system (OPS)
one understands a real polynomial system {p,} such that (p,,pm)
is nonzero precisely when n = m, where (, ) is some reasonable
inner product on the linear space Pg. If an orthogonal polynomial
system for a given inner product exists, the p, are unique, up to
multiplication by scalars.

Orthogonal polynomial systems have been studied in various de-
grees of generality. Classically, one has considered inner products of
the form

(p,q) =0(p-q)

where ¢ is a moment functional, that is a linear functional on FPg.
It is known that all moment functionals can be represented by an
integral

o(p) = / plx) dyu(z) 1)

where p is a (possibly signed) Borel measure on the real line. The
most complete theories have been obtained in the case where pu is
positive with compact support, and moreover belongs to the so-
called Nevai class. If the density of p is a function p and logp is
integrable on the smallest interval containing supp p, then u is of
the Nevai class, but this condition is not necessary. See [11] for the
precise definition of the Nevai class, denoted there by M(a,b). In
what follows we will mainly be concerned with orthogonal polyno-
mial systems of this particular kind, which we will call orthogonal
systems of Newvai type. Recently, there has been interest in more



general inner products called Sobolev, which are of the form

M
(p.a)=>_ arlp™ - ¢W)
k=0

where the o, are moment functionals. For the basics of the classical
theory of orthogonal polynomials see e.g. [12] and [3].

Consider now a differential operator

0= Z%(@% (2)

where the coefficients ax () are polynomials in Pc. We are interested
in eigenpolynomials of this operator, that is polynomials p € P sat-
isfying 0p = Ap for some constant . Already S. Bochner observed
that the operator 0 has infinitely many linearly independent eigen-
polynomials if and only if dega, < k, with equality for at least one
k. In this case there is precisely one monic degree n eigenpolynomial
pn for all sufficiently large n. For generic ag, the same is true for
every n > 0. If a complex polynomial system consists of eigenpoly-
nomials for an operator of the form (2), we will call it a system of
ergenpolynomials.

A Bochner-Krall system (BKS for short) is defined to be a real
polynomial system which is both orthogonal (with respect to some
inner product (, )) and a system of eigenpolynomials (for some dif-
ferential operator 0). In this case (, ) is called a Bochner-Krall inner
product, and 0 is called a Bochner-Krall operator. If a BKS is an
orthogonal system of Nevai type, we will call it for short a Nevai
type BKS. The results we report in this note are valid for all Nevai
type BKS.

It is an open problem to classify all Bochner-Krall systems. A
complete classification is only known for Bochner-Krall operators
with NV < 4. The corresponding BKS are various classical systems
such as the Jacobi-type, the Laguerre-type, the Legendre-type, the
Bessel and the Hermite polynomials, see [4], Th. 3.1. In general,
it is not even known which differential operators are Bochner-Krall
operators for some BKS. In [4] it is conjectured that the leading
coefficient ax of a Bochner-Krall operator is a power of a polynomial



of degree at most 2. Our main result is an affirmative answer to this
conjecture for Nevai type BKS.

Our results are obtained by studying the asymptotic distribution
of zeros of a polynomial system. To make this more precise, let {p, }
be a polynomial system and for fixed n > 1, let aq, ..., a, denote
the (real or complex) zeros of p,. Let v, = = 3" | 6(z — o) be the
probability measure in the complex plane with point masses at these
zeros. We call the measures v,, the root measures of the polynomial
system {p,}. If the sequence of root measures v, converges weakly
to a measure v when n — oo, we say that v is the asymptotic
distribution of zeros of the polynomial system.

The following results, which characterize the asymptotic distribu-
tion of zeros for Nevai type OPS and for systems of eigenpolynomials
respectively, are crucial to our treatment.

Suppose that a polynomial system {p,} is orthogonal with re-
spect to a positive measure u, and that the convex hull of supp p is
a compact interval [a, b]. It is well known (see [3]) that the zeros of
every p, are contained in the interval [a, b]. The following is a more
precise result on the distribution of zeros for orthogonal systems of
Nevai type.

Theorem A. See [11], Th. 3, p. 50. Let the polynomial system
{pn} be orthogonal with respect to a measure p of Nevai class on
R, and let the convex hull of supp u be [a,b]. Then the asymptotic
distribution of zeros of {p,} is an absolutely continuous measure v
which depends only on [a,b]. The support of v is precisely |a,b] and
its density in this interval is given by

1
W\/(b—l’)(.%—&).

p(z) =

Next we describe the asymptotic distribution of zeros for a sys-
tem of eigenpolynomials.

Theorem B. See [1] Th. 2 and 4. Let {p,} be a system of eigen-
polynomials for an operator 0 with any monic of degree N. Then the
asymptotic distribution of zeros of {pn} is a probability measure v
with the following properties:



a) v has compact support;

b) its Cauchy transform C(z) = [ d:f? satisfies the equation C(z)N =
1/an(z) for almost all z € C.

These properties determine v uniquely.

Note that the limiting measure v ]35 independent of all terms in
(2) except the leading term ay(z)-x.
To derive from these two results a statement about Nevai type

BKS, we will need the following

Proposition 1. Let {p,} be a system of eigenpolynomials for a
differential operator 0, and assume that all the zeros of p, are real.
Then there exists a compact set containing all the zeros of every p,
iof and only if degay = N.

Now it is easy to derive the following

Main Theorem. Let {p,} be a Nevai type BKS, orthogonal with
respect to a measure p and with differential operator 0. If p is of
the Nevai class and the convexr hull of supp p is the interval [a,b],
then N is even and ay(z) is a constant multiple of ((z—a)(z—b))N/?.

References and acknowledgements. There exists a really vast
literature devoted to the classification problem for OPS. Classifica-
tion of BKS has also attracted considerable attention, see e.g. [4]
with its 100 references and [7],[8], [9] and references therein. The au-
thors are happy to be able to contribute to this both classical and ac-
tive area. We are grateful to Dr.M. Shapiro and Professor H. Shapiro
for a number of discussions on the topic. The third author wants to
acknowledge the hospitality of Mathematisches Forschungsinstitut
Oberwolfach in September 2001 in whose peaceful and serene at-
mosphere he found some information on BKS and realized that the
results of [10] and [1] are applicable to the BKS-classification prob-
lem. We should mention that when a preliminary version of this
note was shown to some experts in this field, Professors Kwon and
Lee sent us their paper [6] in preparation containing several results
very much in the same spirit as in the present note. We also want
to thank Prof. G. J. Yoon for clarifying to us the significance of the
Nevai class.



3 Proofs

We need to prove Proposition 1 and the main theorem (as its corol-
lary). Since the proof of Theorem B, in the situation where we will
need it, follows easily along the same lines, we will include such a
proof for the convenience of the reader.

Consider a polynomial system {p,,} with the associated root mea-
sures v,. Assume that the supports of the measures v, are all con-
tained in the same compact set, and that v, — v in the weak topol-
ogy. Let C,(x) be the Cauchy transform of v, and note that

dv, ,
o) = [ 29 _ i)
r—C  npy(x)
If C(z) denotes the Cauchy transform of v, it follows that

Pu()
@) ¢

for almost every x € C.

Suppose now that {p,} is a system of eigenpolynomials for an
operator 0 and that supp v, are all contained in the same compact
subset of the real line. Then there exists at least a subsequence of
the v, converging weakly to some measure v. Moreover, if we let vy
denote the root measure of the jth derivative of p,, then it follows
from Rolle’s theorem that (a subsequence of) v
to v for every j > 0. In particular,

converges weakly

P (@)

(n—j)pi ()
for almost every x € C, where C(x) is the Cauchy transform of v.

If we divide both sides of the differential equation dp, = \,p, by
n(n—1)...(n — N + 1)p, we obtain

C(z)

N-1 pﬁf“)(x) aN_1 N— (J+1)(x)
an(z) — —N+1H 4=
j=0 (n— J)ps (x) n (z)
An

nn—1)...(n—N+1)



When n — oo all the terms on the left hand side but the first tend
to zero, and so

N _ An
ay(2)C(x)" = lim nn—1)...(n— N +1)

for almost all z. But it can be seen (see [1]) that A, = S~ | cxn(n—
1)...(n—k+1) where ¢y is the coefficient at z* in ay(z). In partic-
ular, if degay < N ie. ¢y =0, then \,,/n(n—1)...(n—N+1) — 0
when n — oo, and it follows that C'(z) = 0 for almost all . This
implies that ¥ = 0, a contradiction. This argument proves one
of the implications in Proposition 1. For the other implication we
refer to [1], Lemma 9. Moreover, if ay is monic of degree N, then
An/n(n—=1)...(n—N+1) — 1, and it follows that C'(z)Y = 1/ay(x).

Suppose now that {p,(z)} is a Nevai type BKS as in the main
theorem. By the remark preceding Theorem A, the zeros of every
pn(x) are contained in the interval [a, b]. It follows from Proposition
1 that degay(z) = N, and we might as well assume that ay(z) is
monic. Hence the Cauchy transform C(z) of the limit v = lim,, . v,
satisfies C'(z)Y = 1/an(z). On the other hand, a direct computation
of the Cauchy transform, using the expression for v in Theorem A,
gives C(z)*> = 1/(z — a)(z — b). Comparing these results yields
ay(z) = ((z — a)(z — b))

4 Final remarks

Problem 1. The major problem in the context of this paper is
whether every BKS, orthogonal with respect to a positive mesure
with compact support, is a Jacobi-type OPS, compare [4], Conjec-
ture 7.3. For the constant leading coefficient the analogous fact was
proved in [9)].

Problem 2. Is there an analogue of Theorem A on the asymptotic
zero distribution for a signed measure p with compact support?
What is the situation for a probability measure with a noncom-
pact support as well as for Sobolev orthogonal polynomial systems.
(There exists a literature on this topic.)



Problem 3. Generalize the results of [1] to operators with deg ay <
N. Preliminary computer experiments show that similar results on
the asymptotic distribution of zeros would hold for all operators (2).
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On Generalized Laguerre Polynomials
with Real and Complex Parameter

Tanja Bergkvist
submitted

Abstract

In this paper we consider families of polynomials arising
as eigenfunctions to the confluent hypergeometric operator
T = Q1(z)d¥‘lz + Q2(z)% where the polynomial coefficients
()1 and @), are linear. We study the location and proper-
ties of zeros of individual eigenpolynomials. The classical
Laguerre polynomials appear as a special case and some
well-known results about these are recovered and general-
ized.

1 Introduction

The confluent hypergeometric operator studied in this paper is a
special case of a wider class of operators which we are interested in.
Namely, consider the differential operator

k &
1= Z Qj(z)@
j=1

where the (); are polynomials in one complex variable satisfying the
condition deg@; < j with equality for at least one j. In [3] we
studied the eigenvalue problem

TQ (pn) = )\npn

where Tf is an operator of the above kind of order k£ and where in
particular deg Qr = k (we call this the non-degenerate case). We
proved that for such an operator there exists a unique monic eigen-
polynomial p,, of degree n for all sufficiently large integers n. The
main topic in [3] was asymptotic properties of the zeros of p,. Our
main result was that when the degree n tends to infinity, the ze-
ros of p, are distributed according to a certain probability measure



which is compactly supported on a tree and which depends only on
the leading polynomial ). Moreover, we proved that the zeros of
P, are all contained in the convex hull of the zeros of Q).

An operator of the above type of order k but with the condition
deg Q. < k for the leading term is referred to as a degenerate op-
erator. In this paper we restrict our study to properties of zeros of
eigenpolynomials of the the simplest degenerate operator, namely
the confluent hypergeometric operator?

d d?
T = z)—/—+ 2) =
Qi )dz Qs )d22
where deg @) = deg @y = 1. With Q1(z) = az + [ and Q1(z) =
vz + 0 where «, 3,7, € C and «,~y # 0, one can show (see Lemma
2 in Section 2) that by an appropriate affine transformation of z any
such operator can be rewritten as
d d?
T=0|(z4+K)—+2—
(z+ )dz * dz2|’
where 6,k € C. In what follows T will denote this operator. The
corresponding eigenvalue equation then becomes

2D, (2) + (2 + 8)p, (2) = npa(2), (1)

since A, = n. One can prove, using a similar method as in [3], that
there exists a unique and monic eigenpolynomial p,, of degree n for
every integer n in (1), see Lemma 1 in Section 2.

In this paper we study the location of zeros of individual eigen-
polynomials of T". In the sequel we will extend this study to asymp-
totic properties of zeros of eigenpolynomials of arbitrary degenerate
operators.

The Laguerre polynomials appear as solutions to the Kummer
hypergeometric equation

zy"(z) +(a+1— z)y/(z) +ny(z) =0

Various familiar functions of mathematical analysis such as
Hermite polynomials, Laguerre polynomials, Whittaker functions,
Bessel functions and cylinder functions, are confluent hypergeomet-
ric functions, that is solutions to confluent hypergeometric equa-
tions.




when @ € R, @« > —1 and n € Z.2 Making the transformation
z — —z it is easy to see that this equation corresponds to our
eigenvalue equation (1) when « € R and x > 0. Thus the clas-
sical Laguerre polynomials appear normalized® as solutions to (1).
One of the most important properties of the Laguerre polynomials
is that they constitute an orthogonal system with respect to the
weight function e ®z® on the interval [0, c0). It is well-known that
the Laguerre polynomials are hyperbolic - that is all roots are real -
and that the roots of two consecutive Laguerre polynomials p, and
Pni1 are interlacing. For other choices of the complex parameter o
in Kummer’s equation the sequence {p,} is in general not an or-
thogonal system and it can therefore not be studied by means of the
theory known for such systems.

One of the results in this paper is the characterization of the ex-
act choices on a for which 7" has hyperbolic eigenpolynomials and
also for which a two consecutive eigenpolynomials have interlacing
roots. It turns out that these properties are not restricted to the
Laguerre polynomials solely. Our study can therefore be considered
as a generalization of the properties of zeros of Laguerre polynomi-
als to any family of polynomials appearing as eigenfunctions of the
operator 1. We also recover some well-known results (Theorems 3
and 4) by another method.

In what follows p,, denotes the nth degree unique and monic eigen-
polynomial of T'. These are our results:

Theorem 1. The following two conditions are equivalent:
(i) there exists a real affine transformation z — az+0b such that our
operator can be written
d d?
T=9 — —
(z+f£)dz —i—deQ
where 0 € C, k € R and k > —1,
(i) pn is hyperbolic for all n.

2Observe that this equation has a degree n polynomial solution
if and only if n is an integer. Without the condition that n is an
integer we obtain the Laguerre functions.

3The nth degree Laguerre polynomial becomes monic when mul-
tiplied by n!(—1)".



Remark. Each p, is actually strictly hyperbolic here, that is all
roots are real and simple, see Corollary 2. Note that (i)=-(ii) for
k > 0 also follows from the general theory of orthogonal polynomial
systems, since then the p, are normalized Laguerre polynomials.

Theorem 1'. The following two conditions are equivalent:
(i)/ there exists a real affine transformation z — az + b such that
our operator can be written
d d?
T=9 — —
(z+f£)dz —i—deQ
where § € C, ke Rand k> -1 ork = —1,-2,-3,...,—(n — 1),
(i)' p, is hyperbolic.

Remark. Thus if k is a negative integer then all p, such that
n > |k| are hyperbolic. Note that when the degree n tends to infin-
ity, p, is hyperbolic for all negative integer values of k.

The above results imply the following corollaries:

Corollary 1. The following two conditions are equivalent:
(i) there exists a complex affine transformation z — az + [ such
that our operator can be written
d d?
T=0|(z+K)—+2=—
( )dz dz?

where 0 € C, k € R and k > —1,
(i) the roots of p, lie on a straight line in C for all n.

Corollary 1'. The following two conditions are equivalent:
(i)' there exists a complex affine transformation z — az + 3 such
that our operator can be written

d d?
where € C, k e Rand k> -1 ork =—-1,-2,-3,...,—(n — 1),

(i)' the roots of p, lie on a straight line in C.



Remark. Thus if k is a negative integer, then the roots of ev-
ery p, such that n > |&| lie on a straight line in C.

Theorem 2. Let
d d?
T=9 — —
(z+/<c)dz —|—de2
where 6,k € C. Then all roots of p, are simple, unless
k=—-1,-2,...,—(n—1).

Combining Theorem 1 (hyperbolicity) and Theorem 2 (simplic-
ity) we obtain the following

Corollary 2. The eigenpolynomials of T are strictly hyperbolic
(all roots are real and simple) for all n if and only if there exists a
real affine transformation z — az + b such that our operator can be

written
d d?
(z4+K)—+2—

T pr—
0 dz dz?

where 6 € C, k € R and k > —1.
Corollary 3. Let

d d?
T=5¢ — 42—
[(z + k) e + deQ]
where 6 € C and Kk =0,—1,-2,...,—(n —1). Then the eigenpoly-
nomial p, has (n + k) distinct roots, all of which are simple except
the root at the origin which has multiplicity (1 — k). Note that for
k =0 all roots are simple.

Moreover, it is possible to count the exact number of real roots
of p,. Namely,

Theorem 3. Let
d d?
T=9¢ —+2z—
(2 + k) T
where 0 € C, k € R and k < —(n —1). Then p, has no real roots if

n 1s even, and p, has precisely one real root if n is odd.



Theorem 4. Let
d d?
T=9 — —
(z+/<c)dz —|—de2
where 6 € C, k € R and —(n — 1) < k < —1 such that k is not an
integer. Let [k] denote the integer part of k. Then the number of
real roots of p, equals

{ n+ k] +1, if [k] is odd

n+ [k], if [k] is even.

It is a classical fact that the roots of any two consecutive La-
guerre polynomials interlace along the real axis. These polynomials
arise (normalized and after letting z — —z) as eigenfunctions to
our operator 7" when x > 0. Here we extend this result and prove
that the interlacing property also holds for polynomials arising as
eigenfunctions of 7" when K = 0, —1,—2,..., —(n — 1). We have the
following

Theorem 5. Assume that our operator, after some complex affine
transformation, can be written
d d?
T=0(z+K)>—+ 2=
( )dz dz?
where 6 € C,k € R. Then the roots of any two consecutive eigen-
polynomials p, and p,y1 are interlacing if K = 0,—1,—2,..., —(n —

1).

Remark. If the eigenpolynomials are hyperbolic then the mean-
ing of this is obvious, while if they are not hyperbolic the roots
interlace along a straight line in the complex plane (see Corollary

1).

Recent results on zero asymptotics. When « is arbitrary and
real the polynomial solutions to Kummer’s equation are referred to
as generalized Laguerre polynomials. Some properties of the zeros
when a < —1 have been studied in [18]. In [23] similar results



and several others are derived by considering the Laguerre polyno-
mials as a limiting case of the Jacobi polynomials. In this paper
we recover some of these results using yet another method. The
asymptotic zero distribution for the generalized Laguerre polynomi-
als (and several others) with real and degree dependent parameter
oy, (a,/n — o00) have been studied in [6] using a continued fraction
technique, and the same results are derived in [11] via a differen-
tial equation approach. It is known that when o < —1 the zeros
accumulate along certain interesting contours in the complex plane.
More recent results on this can be found in [14] where a Riemann-
Hilbert formulation for the Laguerre polynomials together with the
steepest descent method (introduced in [6]) is used to obtain asymp-
totic properties of the zeros. The asymptotic location of the zeros
depends on A = lim, .o, —%* > 0, and the results show a great
sensitivity of the zeros to «,,’s proximity to the integers. For A > 1
the contour is an open arc. For 0 < A < 1 the contour consists of a
closed loop together with an interval on the positive real axis. In the
intermediate case A = 1 the contour is a simple closed contour. The
case A > 1 is well-understood (see [21]), and uniform asymptotics
for the Laguerre polynomials as A > 1 were obtained more recently,
see [9], [15] and [26]. For fixed n interesting results can be found in
[7] and [8].

Acknowledgements. I wish to thank Boris Shapiro for introduc-
ing me to this problem and for his support during my work. I would
also like to thank Harold Shapiro for valuable comments. My re-
search was supported by Stockholm University.

2 Proofs

We start with the following preliminary result:

Lemma 1. Let
k &
To = E (z2)—
Q pars Q](Z) dZ]

be a linear differential operator where the polynomial coefficients
satisfy deg Qo = 0, degQ; = j for exactly one j € [1,k], and
deg @, < m if m #0,5. Then Ty has a unique and monic eigen-



polynomial p, of degree n for every integer n. Also, using the nota-
tion Qm = Y7 qm.j7’, we have

lim A
n—oon(n—1)...(n—j+1)

where N\, s the eigenvalue.

= 4j

Proof. In [3] we proved that for any operator Ty as above but
with the weaker restriction deg ); < j for all j € [0, n], the eigen-
value equation can be expressed as follows:

Forn > 1 the coefficient vector X of pn=(an0,@n 1, -, 0nn-1) sat-
i1sfies the linear system M X =Y, where Y is a vector and M is an
upper triangular matrix, both with entries expressible in the coeffi-
cients ¢ ; of the @Q);.

We then used this to prove that there exists a unique monic eigen-
polynomial of degree n for all sufficiently large integers n. Here we
use the same method to prove that for the operator in Lemma 1 (of
which the operator studied in this paper is a special case) we ac-
tually obtain a unique and monic eigenpolynomial of every degree n.

If we compute the matrix M with respect to the basis of mono-

mials 1, 2,22, ..., a diagonal element M;,;,,; of M at the position
(t+1,i4+ 1) (where 0 <i <mn—1) is given by
7!
Mii1,i41 = Z Gmm * m — An

0<m<min(i,k)

where

k
n!
An = Z dm,m ma
m=0

where we have used the notation @),, = Z;ﬁ:o ¢mj7’. For the op-
erator Ty in Lemma 1 we have deg @), < m if m # 0,7, and so
Gm.m = 0 for all m # 0, j. Inserting this in the expression for A, we
obtain

i n! n!
Zoqm,m —m) qo,0 T 45,5 - T

An

ZQO,O“‘(]]',]"n(n—l)...(n—j—l—l),

8



and thus
An

lim =
n—ocon(n—1)...(n—j+1)

lim < 00 —|—q--) =q,;.
n—co\n(n—1)...(n—j+1) I

To prove the uniqueness of p,, we calculate the determinant of the
matrix M and since it is upper triangular this equals the product of
the diagonal elements. Thus, if we prove that all diagonal elements
are nonzero for every n, then M is invertible for every n and the
system M X =Y has a unique solution for every n and we are done.
Inserting g, ., = 0 for m # 0, 7 we get

7!
M1 = Z Qmm - 7 — A\p =

— |
0<m<min(i,k) (i = m)!

. L S L
- qm,m (/L . m)' Q0,0 q],] (n . j)‘ -

0<m<min(i,k)

7 n! )
=g | —— — — ) £0
" ((Z—J)! (n—j)!
where g; ; # 0 since degg, = j and ¢ < n. Note that for i < j one
sets i!/(i — 7)! = 0. O

Remark. The operator
d2
d=?

which we are interested in here is a special case of the operator Tp
in Lemma 1.

T = Ql(z)dii + Q2(2)

Lemma 2. Any operator

2

d d
T = (a2+7)£ + (52—1—5)@

where a, B,7,6 € C can be written

d d?



for some o,k € C.
Proof. Dividing T = (az +7)4 + (8z + 6)% by [ we obtain
. a v\ d 5\ d?
T*"=T/B==2+=|— —|—
p=(5+5) 5+ (-+5) i
and making the translation z = z + % we have
~ af_ 0 v\ d 0 0\ &P
T =(=|2z2— = 4= )= =
(5(2 ﬁ)+ﬁ)d§+<z ﬁ+ﬁ)d§2

_(e;_as 2\d &
—\5° FERIR

Ze = gi we have dz/dZ = a//3 and so

and we get
oo (0 00 D A
S \B" B2 p)dz Tdz?
) d 2 2
a By_o0 y\ed B, o d
B« 32 pB)pBdz o [2dz?
Q@ ad v\ d _d? _ d d?
_ @ AR I ST e ) R Bl
ﬁK w*&)ﬁ+ﬁw} {“+@ﬁ+zﬁ2
Whereézgandm:—g—g—l—%.

Note that if a, 3,7,6 € R then 6, x € R.

We will now study hyperbolicity of the eigenpolynomials of T" in
detail. Note that performing the transformations in Lemma 2 above
with all coefficients real does not affect hyperbolicity of the polyno-

mial eigenfunctions.

Proof of Theorems 1 and 1° and their corollaries. We first

need the following well-known corollary (see [2]):
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Corollary of Sturm’s Theorem. All roots of a monic and real
polynomial are real if and only if the nonzero polynomials in its
Sturm sequence have positive leading coefficients.

Here the Sturm sequence is defined as follows. Let p = pg be a
given real polynomial. Define p; = p’ (the derivative of p) and
choose the p; to satisfy

Po = P11 — p2, degps < degp
p1 = P22 — p3, degps < degps
D2 = p3q3 — pa, degpy < degps

where the ¢; are polynomials, and so on until a zero remainder is
reached. That is, for each ¢ > 2, p; is the negative of the remainder
when p; 5 is divided by p; 1. Then the sequence (po,p1,pa,--.) is
called the Sturm sequence of the polynomial p.

We now calculate the Sturm sequence for a monic and real degree
n eigenpolynomial p = p, of the operator T'= 0[(z + K) L + z%},
where 0 € C and x € R. Note that p is real if k € R and any
two operators differing by a complex constant have identical poly-
nomial eigenfunctions. Since our eigenpolynomials by assumption
are monic, the first two elements in the Sturm sequence, p and p/,
clearly have positive leading coefficients, namely 1 and n. Define
R(i) = p;y1 in the Sturm sequence above. Then R(1) is the nega-
tive of the remainder when p is divided by p’. With degp = n we
have deg R(i) = n — i — 1. The last element in the Sturm sequence
(if it has not already stopped) will be the constant R(n — 1). We
now claim that for every n and every ¢ > 1 we have

. Jj (nﬂ)!1 o
R(i)=B-""~ ("7’*1)M27 if 4 is even

J=0

{ R(i) = A- 3557 (") e it odd )

J (k+5)!
where

{ A=mn-1)(k+n—-1)n=-3)(k+n—-3)...(n —i)(k +n—1),
B=nn—-2)(k+n—-2)(n—4)(k+n—4)...(n —i)(k +n —1).

11



It is obvious that with k = 0 the leading coefficients of all the
R(i) are positive and p will be hyperbolic. For x € R and x # 0
we have the following conditions for the leading coefficients R(i);.
of the R(i) to be positive:

(( R(1)).>0 = k>1-n
R(2),.>0 = k>2-n
= K>3—n

R(g)lc >0

R(i)e>0 = kK>i—n

Rin—1),.,>0 = kr>-1

\

These conditions together yield k > —1. Note that if some factor
(k+mn—j) =0, then not only the leading coefficient is zero, but the
whole polynomial R(7) is zero. So for k = j—n with j € [1,n—1] we
also get hyperbolic p, since the Sturm sequence by definition stops
when a zero remainder is reached, and thus the leading coefficients
of the previous components of the Sturm sequence are positive. So
by the corollary of Sturm’s Theorem, p,, is hyperbolic for all n if and
only if k> —1, and p,, is hyperbolic for a particular n if and only
if Kk >—1ork=-1,-2,...,—(n—1). One can prove by induc-
tion that the Sturm sequence polynomials are of the form claimed
in (2) (see Appendix) . Moreover, it is obvious that if the roots of
pn lie on a straight line they can be transformed to the real axis
by some complex affine transformation, and thus 7" must be on the
form claimed by Theorem 1 or 1', and so Corollaries 1 and 1" follow.[]

To prove Theorem 2 we need the following

Lemma 3. Let p, = Z?:o an ;7' be the nth degree monic poly-
nomial eigenfunction of T = §[(z + Ii)d% + z%} where 6,k € C.
Note that T and 0T have identical eigenpolynomials. Then the co-
efficients a,, ; of p, are given by

n\ (k+mn—1)! ,
= ()i weo

12



Proof. Inserting p, = Y7 an 2’ in (z+K)p, + 2p, = np, we have

n n n
(z+8) D jan; " + 2 = Danz > =n) a2’
P j=2 j=0

<~
n
Zjawz + Z /ﬁ]amzj + Z] anjzj 1 - Znanvjzj
=0
-~

n n—1 n—1 n
Zjan,jzj + Z K(j + Danj12” + Zj(j + 1)an ;1127 = Z na, ;2.
j=1 5=0 j=1 =0
Comparing coefficients we obtain

Jang + K(J+ 1)an i1+ 57 + 1)an i1 = nan,;
&
U+DE+7)

EECES

Applying this iteratively and using a,, = 1 (by monicity of p,) we

arrive at N
ans = (MY EERZ D0 ).
i) (k+j5—1)!

O

Proof of Theorem 2. Let a # 0 be a root of p, that is not
simple. Then, by repeatedly differentiating our eigenvalue equation
zp, + (2 + K)p,, = np, and inserting z = o, we get p(J)( ) =0
V7, which means the multiplicity of « is inﬁmte, which is absurd.
Thus, for all K € C, any non-zero root « of p, is simple*. Next

we prove that if kK # —1,-2,...,—(n — 1) and if @ = 0 is a
root of p, then it must be simple too. Let a = 0 be a root
of p, of multiplicity m and write p,(z) = 2™q(z) where o = 0

is not a root of ¢(z). Then p,(z) = mz™1q(z) + 2"¢ (2) and

4This also follows from the uniqueness theorem for a second order
differential equation.
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po(2) = m(m — 1)2"2q(2) + mz™"1q (2) + mz™ g (2) + 27¢" (2).
Inserting this in our eigenvalue equation we obtain

Anpn(2) =2p,(2) + (2 + K)p,(2)
g
2" Azq(2)] =m(m — 1)2" g (2) + m2"q (2)
+mz"q (2) + 2" (2) + m2"q(2) + 2"
+rmz""1q(2) + k2™ (2)

_.m—1

=" m(m — 1)q(2) + mzq (2) +mzq (2)

’

(2)

+22¢" (2) + mzq(2) + 22¢ (2) + kmq(2) + Kzq (2)].

Equating the expressions in the brackets and setting z = 0 we arrive
at the relation m(m — 1)g(0) + kmq(0) = 0 < m(m — 1+ k) =
0. Thus m = 0 or m = 1 — k for the multiplicity m of the root
a = 0. But if m = 0 then a = 0 is not a root of p, whence all
roots of p, are simple and we are done. If x = 0 then m = 0 or
m = 1 (it will soon be proved that the latter is true, see below).
Ifk #0,—1,—-2...,—(n — 1) then either m = 0 and we are done,
or m = 1 — k. Since m is the multiplicity of the root it must be a
non-negative integer, and therefore m = 1 — k is impossible unless
k=0-1,-2,...,—(n—1). Thus @ = 0 is not a root of p, if
k> —1and k # 0. Also, m = 1 — k is absurd if K € Z, and thus
m = 0 for k € Z. Now consider the case k € Z with kK < —n. Then
either m = 0 or m = 1 — k. By Lemma 3 the constant term a,, ¢ of
Pn equals
— |

Anp = (ﬁ(n%—il_)?) = (k—14n)(k—24+n)(k—34n) ... (k+2)(k+1)k.
and this cannot be zero if x € Z and x < —n - hence there is
no zero at the origin (m = 0). Finally we prove that for k =
—1,-2,...,—(n — 1) the multiplicity of the root « = 0 is m =
1 — k > 1 and so in this case not all roots of p, are simple. Re-
call that m(m — 1+ k) = 0, so if m # 0 then m = 1 — k and we
are done. Thus we have to prove that we do have a root at the
origin for K = 0,—1,—2,..., —(n — 1). But this is only possible if
ano = 0, and this is indeed the case if K = 0,—-1,-2,...,—(n — 1)
and we can conclude that all roots of p, are simple for all kK €
C~{-1,-2,...,—(n—1)}. O
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Using Lemma 3 we also obtain the following

Proposition 1. Let p,(k,z) denote the nth degree monic eigen-
polynomial of T =6[(z + k)4 + z%} where 0,k € C. Then, using
the explicit representation of p, in Lemma 3, we obtain the identity

n!

pgm)(ﬁ,z):mpn_m(/ﬁ+m,z), n=0,1,...;m=12,...

and the recurrence formula
pn(k,2) = (z4+2n+ Kk —2)py_1(k,2) — (n—1)(n+ K — 2)pp_a(k, 2),

where po(k, z) =1 and p1(k, z) = z + K.

Proof of Corollary 3. By Theorem 2 all nonzero roots of p,
are simple, and from the proof of Theorem 2 we know that for

k=0,—1,-2,...,—(n—1) the multiplicity of the root at the origin
is m = 1 — k. We have a total of n roots of p, and thus there are
n— (1 —k)+1=mn+ k distinct roots. O

As stated in Theorems 3 and 4, it is possible to count the exact
number of real roots of p, if K € R in T. We use Sturm’s Theorem
to count the number of real roots in any interval:®

Sturm’s Theorem. Let (po(t),pi(t),p2(t),...) be the Sturm se-
quence of a polynomial p(t) (as defined in the proof of Theorems 1
and 1'). Let u < v be real numbers. Assume that U is the number
of sign changes in the sequence (po(u), p1(u), pa(u),...) and let V be
the number of sign changes in the sequence (po(v), p1(v), p2(v),...).
Then the number of real roots of p(t) between uw and v (with each
multiple root counted exactly once) is exactly U — V.

Remark. Combining Sturm’s Theorem with Theorem 2 and its
Corollary 3 it is possible to recover Theorems 1 and 1" in the di-
rection =. Namely, we get (i) = (i) if kK > —1 and p, is the
nth degree monic polynomial eigenfunction of 7', since then the
Sturm sequence of p, has (n + 1) nonzero elements, all with posi-
tive leading coefficients. With © = —oo and v = oo we then have

ssee [2].
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U = nand V = 0, and therefore the number of real roots of p,
is U -V = n, so p, is hyperbolic (Theorem 1). And similarly
(1) = (i) for k = —1,-2,..., —(n — 1), since the Sturm sequence
stops as soon as the zero remainder is reached, and here it has
(n 4+ k + 1) nonzero elements, all with positive leading coefficients.
Therefore, with u = —oo and v = 0o, we have U = n+~x and V = 0.
By Corollary 3 all roots of p,, are simple except the root at the origin
which has multiplicity 1— k. Thus, counted with multiplicity, p, has
U —V + (—k) = n real roots and is therefore hyperbolic (Theorem

1) .

We already know that if Kk # —1,—2,..., —(n —1), then all roots
of p,, are simple and no element in the Sturm sequence of p,, is iden-
tically zero. The leading coefficients of the elements of the Sturm
sequence are (see the proof of Theorems 1 and 1') given by

( p{c =1
Dic L
R(1)i. = (n—l)(m%—n—l)

J(k+n—2)

(k+n—1)(n—-3)(k+n—23)
%)+ — 2)(n— )+ —4)
(k+n—1)mn—-3)(k+n—-3)(n—>5)(k+n—0>5)
)+ 1 — 2)(n — 4)(s+ 1 — 4)(n — 6) (s +n — 6)

NN N TN TN TN
[ N N I O
[}
/—\

We now use Sturm’s Theorem to prove Theorems 3 and 4:

Proof of Theorem 3. Let p, be the monic degree n eigenpoly-
nomial of 7" where k < —(n — 1), i.e. K+ n —1 < 0 and therefore
k+mn—7j <0 for every j > 1. Thus we get the following for the
leading coefficients of the Sturm sequence elements:

16



( Diec = 1>0
P =n>0
R(l)lc <0
R(Q)lc <0
R(g)lc >0
R(4)lc >0
R(5)lc <0
R(6)lc <0

L .

This pattern continues up to the last element R(n — 1) of the se-
quence. Inserting v = oo in the Sturm sequence of p,, we find that
there is a sign change at every R(i) where ¢ is odd. Therefore the
number of sign changes V' in this sequence equals the number of
R(7) where i is odd. Thus:
_ 5 if n is even,
v { 51 if s odd.
Inserting u = —oo in the Sturm sequence we find that there is a sign
change between the first two elements in the sequence and then at

every R(i) where i is even. and hence the number of sign changes
U equals 1+ [the number of R(i) where 7 is even|. Thus:

n—2 n : :
2 l1=2=2 if n is even
U:{ 2 2

n—1 _ 1 : .
et l=5 if n is odd.

By Theorem 2 all roots of p,, are simple and thus the number of real
0 if n is even.
1rootsof10nequalsU—V—{1 i is odd. 0
Proof of Theorem 4. Let p, be the monic eigenpolynomial of
T where k e Rand j —n <k <j—n+1forje[l,n—2]. Then
(k+n—j)>0and (k+n—j—1) <0 and [k] =j —n. Again
we consider the leading coefficients in the Sturm sequence of p,.
Clearly pjo = 1 > 0, p,, =n > 0 and R(i);. > 0 Vi € [1,4]. For the
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remaining leading coefficients we have

(

j+1)lc<0
]+215<0

J+5l

(

(J+2)
(J + 3e
(J+4)e >
(j+5)
(J )

\

and this pattern continues up to the last element R(n — 1) in the
sequence. Consider the sequence we obtain by inserting v = oo in
this Sturm sequence. We have sign changes at every R(j + () where
[ is odd. Our last element is R(n — 1) = R(j + (n —j — 1)). Also
note that if n —j—1=n—n—[k] — 1 = —[k] — 1 is even then [x]
is odd, and if n — j — 1 is odd then [k] is even. Thus the number of
sign changes V' in this sequence is

n=i=lif [k] is odd,
v-{ 3

5L if [k] is even.

Now insert u = —oo in the Sturm sequence. The number of sign
changes from the first element p in the sequence till the element R(j)
is (14 j). For the remaining n — j — 1 elements of this sequence we
have a change of sign at every R(j + () where [ is even. Thus the
number of sign changes is (n —j —1)/2if (n —j — 1) is even < [x]
is odd, and the number of sign changes is (n —j —2)/2if (n—j—1)
is odd < [k] is even. Thus for the total number of sign changes U
in this sequence we get
- (1—1—]’)—1—%;1:%'“ if [k] is odd
(144)+2==2 =28 if [5] is even.

Therefore the number of real roots U — V of p,, counted with mul-
tiplicity, is precisely

Uy %’H_"‘%’l:jq_l:n-k[n]—i-l if [k] is odd
= nTﬂ_nT—J:]‘:n+[/g] if [k] is even.

since all roots of p,, are simple in this case by Theorem 2. O
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Proof of Theorem 5. The proof of the interlacing property con-
sists of a sequence of five lemmas. Lemmas 4 and 8 are well-known.
Lemmas 4,5 and 6 are used in the proof of Lemma 7, which is proved
using an idea due to S. Shadrin presented in [20]. The five lemmas
are the following:

Lemma 4. If R, and R,.1 are strictly hyperbolic polynomials of
degrees n and n + 1 respectively, then R, + eR,.1 is hyperbolic for
any sufficiently small €.

Lemma 5. Let p, and p,y1 be two polynomial eigenfunctions of
the operator T = (z + fi)d% + z% with k =0,—1,-2,...,—(n—1).

Then p, + eppi1 1s hyperbolic for any sufficiently small e.

Proof of Lemma 5. From Corollary 3 we know that p, and
Pni1 have all their roots simple except for the root at the origin
which for both polynomials has multiplicity 1 — x. Thus we can
write Dn + €Pn+1 = ZliK(Rn—I—n—l + ERn-I—n)a where Rn—l—n—l and Rn-I—n
are strictly hyperbolic polynomials of degrees n +x — 1 and n + &
respectively. By Lemma 4, R, .1 +€R,, 1. is hyperbolic for any suf-
ficiently small €, and then clearly 2! ™" (R, 1+ €Rnix) = Dn+€Pni1
is also hyperbolic for any sufficiently small e. 0

Lemma 6. LetT = m+(z+n)%+z% withk =0,—1,—-2,..., —(n—
1), and let p, and p,y1 be two consecutive eigenpolynomials of T .
Then letting T act on any linear combination ap, + [Bppi1 with
a, 3 € R that is hyperbolic (i.e. has all its roots real) results in a
hyperbolic polynomial.

Proof of Lemma 6. Note that the operators 7" = /<a—|—(z+/<a)d%+z%
and T = (z 4+ k)L + z% have identical eigenpolynomials. Let f =
ap,+ Bpni1 be a hyperbolic linear combination with real coefficients
of two consecutive eigenpolynomials of 7. Then f  is a hyperbolic
polynomial by Gauss-Lucas Theorem. By Rolle’s Theorem f and
f" have interlacing roots and so by the well-known Lemma 8 below,
(f+f) is a hyperbolic polynomial. By Corollary 3 both p,, and py41
have a root at the origin of multiplicity 1 —x. Thus f = ap, + Bpni1
has a root at the origin of multiplicity at least 1 — k, and f  has a
root at the origin of multiplicity at least —x. Thus the polynomial
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(f+ f') has a root at the origin of multiplicity at least (—#) and we
can write (f + f') = z7*g for some hyperbolic polynomial g. Now
2(f + f) = g is a hyperbolic polynomial. But D[z*(f + f')] =
RPN+ f) 25+ ) = 2 Rk f A+ (2 wm) f 2 = 2 T(f)
where T(f) = sf + (z + &)f + zf . By Gauss-Lucas Theorem
one has that D[z*(f + f')] is a hyperbolic polynomial and therefore
T(f) = 2'"*D[2"(f + f')] is a hyperbolic polynomial. O

Lemma 7. Let T =k + (2 + k)£ + z%. Any linear combination
app + Bpni1 with real coefficients of two consecutive eigenpolynomi-
als of T with k =0,—1,—2,..., —(n—1) is a hyperbolic polynomial.

Proof of Lemma 7. Applying to ap, + Op,1 some high power
T~V of the inverse operator one gets

_ o 6
T N(apn + ﬁanrl) = /\_an + /\Tanrl =
n n+1
(0%
= )\—N(Pn + €pnt1),

where € is arbitrarily small for the appropriate choice of N (since
0 < An < Auq1). Thus, by Lemma 5, the polynomial T-(ap, +
Bpni1) is hyperbolic for sufficiently large N. Assume that ap, +
Bpn+1 is non-hyperbolic and take the largest Ny for which Ry, =
T~No(app + Bpni1) is still non-hyperbolic. Then Ry, = T(Rn,+1)
where Ry, 1 = T~V Y(ap, + Bpny1). Note that Ry,,; is hyper-
bolic and that if K = 0,—1,—-2,...,—(n — 1) then letting 7" act on
any hyperbolic linear combination ap,, + Bp,+1 with real coefficients
results in a hyperbolic polynomial by Lemma 6. Contradiction. [J

Lemma 8 [classical]. If R, and R, are any real polynomials
of degrees n and n + 1, respectively, then saying that every lin-
ear combination aR,, + SR, 1 with real coefficients is hyperbolic is
equivalent to saying that

(i) both R, and R, are hyperbolic, and

(ii) their roots are interlacing.

We now prove Theorem 5. Consider the operator T = (z +
Fv)d% + Z% where kK =0,—1,-2,...,—(n — 1), and let p,, and p, 11

be two consecutive eigenpolynomials of 7. Recall that 07 and T
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have identical eigenpolynomials and that by Corollary 1 the roots
in this case lie on straight lines in the complex plane. By Lemma 5
the linear combination p,, 4 €p,1 is hyperbolic for any sufficiently
small e. Using Lemmas 5 and 6 we can therefore apply Lemma 7
which says that any linear combination ap,, + #p,+1 with real coeffi-
cients o and /3 is a hyperbolic polynomial. By Lemma 8 this implies
that the roots of p, and p,; are interlacing and we are done. [

Remark. Note that we can recover the interlacing property for
the normalized Laguerre polynomials using the same proof as in
Theorem 5 but with a small modification of Lemma 6. Namely,
if kK > 0, then the application of T" to any hyperbolic polynomial
results in a hyperbolic polynomial. For if f is a hyperbolic poly-
nomial, then f  is hyperbolic by Gauss-Lucas Theorem, f and f'
have interlacing roots by Rolle’s Theorem, and by the well-known
Lemma 8 the linear combination (f + f'), and therefore 2*(f + f'),
is a hyperbolic polynomial. Finally D[z*(f + f)] = 2" 'T(f) is
hyperbolic by Gauss-Lucas Theorem.

When suitably scaled, it is possible to find a limiting expansion
for p, when n — oo that is closely related to a Bessel function. Be-
cause of the scaling however, the convergence to the Bessel function
only gives information about the asymptotic behaviour of p,, in an
infinitesimal neighbourhood of the origin. Although other methods
must be used to get information elsewhere, it is interesting that on
the infinitesimal scale our eigenpolynomials mimic the global be-
haviour of this particular Bessel function. We have the following
proposition, where J,_; denotes the Bessel function of the first kind
of order (k —1):

Proposition 2. Let p,(k,z) denote the unique and monic eigen-
polynomial of the operator
d d?
T=0(z4+K)— +2—
( )dz dz?
where 6,k € C and k is not a negative integer. We then have the
limit formula

1-k

lim n—'pn(m, z/n) = (—2)379/2 ] _1(2iv7),
n!

n—oo
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where the convergence holds for all z € C and uniformly on compact
z-sets.

Remark. The Bessel function of the first kind of order k is de-
fined by the series

_ 5 D/
(=Y CUC

T'(k+v+1)

v=0

where z,k € C and |z] < co. Clearly z7"J,(z) is an entire analytic
function for all z € C if k is not a negative integer. This Bessel
function is a solution to Bessel’s equation © of order x, which is the
second-order linear differential equation

P+ 22—+ (2 = k})y = 0.

From now on we adopt the notational convention I'(n + k) =
(n+ Kk —1)! for k € C, where I' is the Gamma function. In order to
prove Proposition 2, we will need the following technical
Lemma 9.

. n+r—1\ ., 1
lim n = ——
n—oo \ N —v ['(k+v)
where n,v € R and k € C\ {—1,-2,...}.

Proof of Lemma 9. Using the following well-known asymptotic
formula:
Corollary of the Stirling formula. ’

lim I'(n+a)

.
e T(n)

where o € C and n € R,

6Bessel’s equation is encountered in the study of boundary value
problems in potential theory for cylindrical domains. The solutions
to Bessel’s equation are referred to as cylinder functions, of which
the Bessel functions are a special kind.

"see e.g.[25]
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we get

i n+r—1\ ;. , 1 ) Fln+kr) ...,

lim n Y = lim n "

n—00 n—uv F(/ﬁ—l—l/)nﬂoor(n—lj—i—l)
1 TR o T
['(k 4+ v) nme  T'(n) nﬂoof(n—y—l—l)
B 1
I'(k+v)

Proof of Proposition 2. By Lemma 3 our eigenpolynomials have
the following explicit representation:

Pa(r,2) = io (Z) %Z - io (nf{f; 1) P

where s € C.

Thus, with the scaling z — z/n and using Lemma 9, we get

1-k

.on n+r—1\ ;. 1/2\"
Jim —pa(r, 2/n) = JE&Z( ey ) J(g)
n+r—1 zY
=1 l-k—v?=
1_}110102( n—v )n V!

=0

ZF oW [ = (=)L 2iV7).

v=0

23



Appendix: Proof of (2) in Section 2.

Note that we have adopted the notational convention I'(n + k) =
(n+ k —1)! for k € C, where I' denotes the Gamma function. I
start by calculating R(1) and R(2) and so the hypothesis (actually
there are two hypotheses, one for even ¢ and one for odd i) is true
for one case of even ¢ and one case of odd 7. With the nth degree
eigenpolynomial p, = Z?:o an 2’ we have by Lemma 3 that

Calculation of R(1) = [the negative of the remainder when the eigen-
polynomial p,, is divided by p,]:

i+(n—l+n)

3
3

0=

£ OEET- 2
[S251( 7 om0

3 O R R

and it remains to prove that the negative of this remainder equals

R(1) = (n—l)(m+n—1)2 (n_Q)MZJ

=\ (k+J)!
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Developing the coefficient in front of 27 in our remainder we obtain
n\ (k +n—1)! J G+1 (k+n—1)!
() oo (1__) (5 )trn=n

n n (k4 J5)!
n! (k+n—1)! n! J+n-—D (G+1) nl(k+n—-1) (c+n—1)!

Tt -t m G- (st )
_ n(n —1)(n —2)! (k+n—=2)(k+n—1)(k+7J)

(=2 —j — D(n— )3 (1)

(=D -2+ -—D(s+n-—1jk+j) ®-1Dn-2)(k+n— 1)2(k +n —2)!

(n—=3=2)n—j—1)n—j)(k+5)! Jin =g =2)n - j - 1)(k + j)!

m=2)! (k+n—2)! n(k +5) ik +3)

IR e = i 2l e e v R ey B sy
('H-n—l)(n—j)}

(n—j—1n-j)

n—2(k+n—D![nk+nj—jr—j2—kn+rj—n?+nj+n—j
:(n—l)(n-I—n—l)( )( ){ J—jr—J J J J

j (r+3)! n?—nj—nj+j*-—n+j
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and we are done.
Calculation of R(2) =
divided by R(1)]:

[the negative of the remainder when p,, is

nz n n(2n — 3+ k)
(n—1)(k+n—-1) (n—1)(k+n-1)

n—2\ (k+n—2)! . (k+n—-1) .
( ) (K +5)! (n=Dix+n-1)2 Z(JJF (J+1) (k+9)! #

[i <n72>(n+n72) ZJ}

o Vst =)

j=o0 7

n \(k+n-—1)! n—2\ (k+n—-2)7 .
; [(”1)(+1>ﬁ_”(jfl>m}zj
7[n72(n72>(n+n72)!

5t 7). n(2n73+n)z7}

— [(k+n—2)! n \(k+n—1) n—2 n—2\(k+n-—2)!7 .
:g[wia b (000 ) S (D) —nen s () S

and it remains to prove that the negative of this remainder equals

R(2) :n(n—2)(ﬁ+n—2)i (n_g)wzj.

2\ j ) g
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Developing the coefficient in front of 2/ in our remainder we have

M('-{—l)( n )(n+n*1)_(ﬁ+n*2)!n(n*2> M( i ) 2n—3+k)

(k+4—1)! (k+7) (k+7—-1! \j—1 (5 +5)!
:(/{+n72)! n! (k+n—-1) (k+n—2) n(n — 2)!
(gD =G D (ntd) (et i—DIG— D —j— D)

(k+n—-2)! (n—2)!
(k+5)! Gl —7—-2)
:(n+n—3)'(n+n—2)(n— 3)(n—-2)(n—1)n(k+n-—1)
(E+ D= =3)n-j-2)(n—j—-1)
(k+n—=3)!k+n—2)nn—2)(n—3)jk+7j)
Jin—j =3 n—j—-2)(n—j—1(k+5)!
_(k+n=3)(k+n—2)(n—2)(n—3)In(2n — 3+ k)
(k+)5(n—j—2)(n—j—3)
(k+n—3)(n—23)! (n—1)(k+n-1)
:(Hj)gj;(n,j,g);”(”‘2)(””‘2)[(%]-,2)(%]-,1)
JICES) 7(2n73+n)(n7j71)}
m—j—=2n-j-1) (-j-2)(n-j-1)
n—3\(k+n—3[-n2+nj+n+nj—j2—j+2n—-2j—2
—nn—2ntn -z (") [ntnkn*nﬂﬁﬂmij}

i tn () R

n(2n — 3+ k)

)

and we are done.

To prove the induction hypotheses we divide R(i) by R(i + 1) to
obtain R(i + 2). Here it is assumed that ¢ is odd. The proof with
even ¢ differs only in small details from this proof and is therefore
omitted here. For simplicity we use the notations

{ =n—1)k+n—-1)(n—=-3)(k+n—-3)...(n—1i)(k+n—1),
=nn—2)(k+n—-2)n—4)(k+n—-4)...(n—i)(k+n—1).
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Dividing R(i) by R(i + 1):

At Len-2i-3+n)
T e
S

and it remains to prove that the negative of this remainder equals
the excpected (by hypothesis)

RU+%::AW—FQXn+wﬁ—2)§j Cl_;_3)““2:;;;3ﬂy;

i.e. we have to prove the following equality:

pr—i)m+n—i—ny_pr—z)W+n—i—m!

Jj (k+7)! j—1 (k+j—1)!

BN A A G e ) N
(2n —2i — 3 + )( j ) (k+4)!

' , n—i—3\(k+n—i—23)!
:—m—z—%m+n—z—%< i ) (k+4)!
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Abstract

In this paper we study roots of eigenpolynomials of de-
generate exactly-solvable differential operators, i.e. T =
Z§=1 Q; D7 with polynomial coefficients @; in one complex
variable satisfying the condition deg @); < j with equality
for at least one 7, and in particular deg @ < k. We show
that the root with the largest modulus of the nth degree
unique and monic eigenpolynomial p, of T" tends to in-
finity when n — oo, as opposed to the non-degenerate
case (deg @y = k), which we have treated previously in
[2]. Our main result in this paper is an explicit conjecture
and partial results on the growth of the largest modulus
of the roots of p,. Based on this conjecture we deduce the
algebraic equation satisfied by the Cauchy transform of
the asymptotic root measure of the appropriately scaled
eigenpolynomials, for which the union of all roots is con-
jecturally contained in a compact set.

1 Introduction

In this paper we study asymptotic properties of roots in certain
families of eigenpolynomials. Namely, consider a linear differential
operator

k
T = ZQij>
j=1

where D = d/dz and the @); are complex polynomials in a sin-
gle variable z satisfying the condition deg@); < j for all j, and
deg Q. < k for the leading term. Such operators will be referred
to as degenerate exactly-solvable operators, see Definition 1 below.



In this paper we study polynomial eigenfunctions of such operators,
that is polynomials satisfying

T(pn) = )‘npn (1)

for some value of the spectral parameter \,, where n is a positive
integer and deg p,, = n.

The basic motivation for this study comes from two sources: 1)
a classical question going back to S. Bochner, and 2) the generalized
Bochner problem, which we describe below.

1) In 1929 Bochner asked about the classification of differential
equations (1) having an infinite sequence of orthogonal polynomial
solutions, see [15]. Such a system of polynomials {p,}22, which are
both eigenpolynomials of some finite order differential operator and
orthogonal with respect to some suitable inner product, are referred
to as Bochner-Krall orthogonal polynomial systems (BKS), and the
corresponding operators are called Bochner-Krall operators. It is an
open problem to classify all BKS - a complete classification is only
known for Bochner-Krall operators of order k£ < 4, and the corre-
sponding BKS are various classical systems such as the Jacobi type,
the Laguerre type, the Legendre type and the Bessel and Hermite
polynomials, see [7].

2) The problem of a general classisfication of linear differential op-
erators for which the eigenvalue problem (1) has a certain number
of eigenfunctions in the form of a finite-order polynomial in some
variables, is referred to as the generalized Bochner problem, see [19]
and [20]. In the former paper a classification of operators possessing
infinitely many finite-dimensional subspaces with a basis in poly-
nomials is presented, and in the latter paper a general method has
been formulated for generating eigenvalue problems for linear differ-
ential operators in one and several variables possessing polynomial
solutions.

Notice that for the operators considered here the sequence of
eigenpolynomials is in general not an orthogonal system and it can
therefore not be studied by means of the extensive theory known for
such systems.



Definition 1. We call a linear differential operator T" of the kth
order ezxactly-solvable if it preserves the infinite flag Py C Py C Py C
- C P, C---, where P, is the linear space of all polynomials of
degree less than or equal to n.! Or, equivalently, the problem (1)
has an infinite sequence of polynomial eigenfunctions if and only if
the operator T is ezactly-solvable, see [21].

Notice that any exactly-solvable operator is of the form T =
2521 Q;D?. They split into two major classes: non-degenerate and
degenerate, where in the former case deg Q) = k, and in the latter
case deg Qi < k for the leading term. The major difference between
these two classes is that in the non-degenerate case the union of all
roots of all eigenpolynomials of T is contained in a compact set (see
[2]), contrary to the degenerate case, which we prove in this paper.

The importance of studying eigenpolynomials of exactly-solvable
operators is among other things motivated by numerous examples
coming from classical orthogonal polynomials. Our study can be
considered as a natural generalization of the behaviour of the max-
imal root for classical orthogonal polynomial families such as the
Laguerre and Hermite polynomials, which appear as solutions to
the eigenvalueproblem (1) for certain choices on the polynomial co-
efficients @); for a second-order degenerate exactly-solvable opera-
tor; the Laguerre polynomials appear as solutions to the differential
equation zy”(z) + (1 — 2)y'(2) + ny(z) = 0, and the Hermite poly-
nomials are solutions to the differential equation y”(z) — 2zy/'(2) +
2ny(z) = 0 where n is a nonnegative integer. Recent studies and
interesting results on the asymptotic zero behaviour for these poly-
nomials and the corresponding generalized polynomials can be found
in e.g [6], [9],[13], [17], [18], [11], [12] and references therein. In [11]
one can find bounds on the spacing of zeros of certain functions
belonging to the Laguerre-Polya class satisfying a second order dif-
ferential equation, and as a corollary new sharp inequalities on the
extreme zeros of the Hermite, Laguerre and Jacobi polynomials are
established.

1Correspondingly, a linear differential operator of the kth order
is called quasi-exactly-solvable if it preserves the space P, for some
fixed n.




Let us briefly recall our previous results. In [2] we treated the
asymptotic zero distribution for polynomial families appearing as
solutions to (1) where T is an arbitrary non-degenerate exactly-
solvable operator. This seems to be a natural generalization to
higher orders of the Gauss hypergeometric equation. As a special
case, the Jacobi polynomials appear as solutions to (2% — 1)y"(z) +
(az +b)y'(2) + cy(z) = 0, where a,b and ¢ are constants satisfying
a>b,a+b>0and c=n(l—a—n) for some nonnegative integer n.
It is a classical fact that the zeros of the Jacobi polynomials lie in the
interval [—1, 1] and that their density in this interval is proportional
to 1/4/1 — |2|?> when the degree n tends to infinity, which follows
from the general theory of orthogonal polynomial systems. However,
for higher-order operators of this kind, the sequence of eigenpolyno-
mials is in general not an orthogonal system. In [2] we proved that
when n — o0, the roots of the nth degree eigenpolynomial p,, for a
non-degenerate exactly-solvable operator are distributed according
to a certain probability measure which has compact support and
which depends only on the leading polynomial Q). Namely,

Theorem A. Let Qr be a monic polynomial of degree k. Then
there exists a unique probability measure pg, with compact support

whose Cauchy transform C(z) = [ d“ffkc(o satisfies C'(2)% = 1/Qux(2)
for almost all z € C.

Theorem B. Let Q) and pg, be as in Theorem A. Then supp
[g, 15 the union of finitely many smooth curve segments, and each
of these curves is mapped to a straight line by the locally defined
mapping V(z) = f@k(z)_l/kdz. Moreover, supp pg, contains all
the zeros of Qy, is contained in the convex hull of the zeros of Qy
and is connected and has connected complement.

If p, is a polynomial of degree n we construct the probability
measure (root measure) p, by placing the point mass of size % at

each zero of p,. The following is our main result from [2]:

Theorem C. Let p, be the monic degree n eigenpolynomial of a
non-degenerate exactly-solvable operator, and let ., be the root mea-
sure of pn. Then p, converges weakly to jgo, when n — oo.



To illustrate, we show the zeros of some polynomial eigenfunc-
tions for the non-degenerate exactly-solvable operator T' = Q5D?,
where Qs = (z =2+ 2i)(z+ 1 —20)(z + 34+ 0)(z + 2i)(z — 2i — 2).
In the pictures below large dots represent the zeros of (5 and small
dots represent the zeros of the eigenpolynomials psg, p75s and pigo
respectively.
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As a consequence of the above results we were able to prove a
special case of a general conjecture describing the leading terms of
all Bochner-Krall operators, see [3].

In the present paper we partially extend the above results to
the case of degenerate exactly-solvable operators. Numerical evi-
dence shows that the roots of the nth degree eigenpolynomial are
distributed on a tree in this case too, but that the limiting root
measure is compactly supported only after an appropraite scaling of
the roots. In what follows we will wlog assume that p,, is monic.

We start with the following preliminary result:

Lemma 1. Let T = 25:1 Q;D? be a degenerate exactly-solvable
operator of order k. Then, for all sufficiently large integers n, there
exists a unique constant X\, and a unique monic polynomial p, of
degree n which satisfy T'(p,) = Anpn. If deg Q; = j for precisely one
value 7 < k, then there exists a unique constant \, and a unique
monic polynomial p, of degree n which satisfy T(p,) = \uppn for
every integern =1,2,....



In what follows we denote by r, the largest modulus of all roots of
the unique and monic nth degree eigenpolynomial p, of T, i.e.

rn, = max{|z| : p,(z) = 0}.

These are our main results:

Theorem 1.2 Let T be a degenerate exactly-solvable operator of
order k. Then r,, — oo when n — 00.

Next we establish a lower bound for r,, when n — oo.

Theorem 2. Let T = 25:1 QDI = Z?Zl (Z?E%Qj ;2" ) DI be a
degenerate exactly-solvable operator of order k. Then for any v < b
we have

. Tn
lim — = oo,

where

b % k—3j

‘= min , ;
jelLk-1] \ bk — 7 + deg Q; — deg Qi

and where the notation min™ means that the minimum is taken only

over positive terms (k — j + deg Q); — deg Q).

Corollary 1. Let T = 2521 Q;D? be a degenerate exactly-solvable
operator of order k such that deg Q); < jo for all j > jo, and in par-
ticular deg Q. = jo, where jo is the largest j such that deg@); = j.
Then lim,, . 22 = oo for any v < 1.

Corollary 2. Let T = Z;?:l Q;D? be a degenerate exactly-solvable
operator of order k such that deg QQ; = 0 for all j > jo, where jo is
the largest j for which deg@Q; = j. Then lim, .o 7% = oo for any
v < ko,

In fact our extensive numerical experiments and natural heuristic
arguments (see Section 3) support the following conjecture:

2This theorem is joint work with H. Rullgard.



Main Conjecture. Let T = 2521 Q; D’ be a degenerate exactly-
solvable operator of order k and denote by jo the largest j for which
degQ; = 7. Then

where cp > 0 is a positive constant and

d:= max <i)
jelio+1.k] \ J — deg Q;

Remark. Note that Main Conjecture implies Theorem 2 since
b <d.

The next two theorems support the above conjecture:

Theorem 3. Let T' be a degenerate exactly-solvable operator of or-
der k consisting of precisely two terms: T = Q;, D7 + Qi D*. Then
there exists a positive constant ¢ such that

. . T
lim inf = > ¢
n—oo nd

. o Jj—Jjo _ _k—=Jo
where d := max;e[jo41,k] (j_deng) = T des0r

This result can be generalized to operators consisting of any number
of terms, but with certain conditions on the degree of the polyno-
mial coefficients (); when j > jo, where jy is the largest j for which
deg ); = 7. Namely,

Theorem 4. Let T be a degenerate exactly-solvable operator of
order k. Denote by jo the largest j such that degQ); = j and let
(j —deg@;) > (k — deg Q) for every j > jo. Then there exists a
positive constant ¢ > 0 such that

. . T
lim inf = > ¢
n—oo nd

J—Jjo ): k—jo
Jj—deg Q; k—deg Q"

where d := maxefjo+1,4 (

Computer experiments indicate that roots of eigenpolynomials
scaled according to the Main Conjecture fill certain interesting curves



in C. To illustrate this phenomenon let us present some typical pic-
tures. Below p,, denotes the nth degree unique and monic eigenpoly-
nomial of the given operator, and ¢,(z) = p,(n?z) denotes the cor-
responding appropriately scaled polynomial, where d is as in Main
Conjecture, and for which the union of all roots is (conjecturally)
contained in a compact set.

Fig.1: Fig.2: Fig.3:

0.5 N - 0.5

-0.5

2 15 -1 05 0 T 05 o 05 T 04 0.2 0 02 04

roots of roots of roots of
61100(2’) = Ploo(looz) 9100(2’) = Ploo(looz) 9100(2’) = Ploo(looz)

Fig.1: Ty = 2D + 2D? + zD? + 2D* + 2D,
Fig.2: Ty = 22D?* + D".
Fig.3: Ty = 22D3 + 22D* + 2D>.

In Section 3 we will derive the (conjectural) algebraic equation
satisfied by the Cauchy transform C(z) of the asymptotic root mea-
sure of the scaled eigenpolynomial ¢, for an arbitrary degenerate
exactly-solvable operator. From this equation one can obtain de-
tailed information about the above curves and also conclude which
terms of the operator that are relevant for the asymptotic zero dis-
tribution of its eigenpolynomials.> Namely, with d and j, as in Main
Conjecture and assuming ()}, is monic, we have

2o (Z) + Z aj,dengZdengCj (Z) =1,
JEA

where A = {j : (j —Jo)/(j —deg Q;) = d} and a;4eq, is the leading
coefficient of @);. For details see Section 3.

3As was mentioned earlier, in the non-degenerate case which we
have treated previously, the asymptotic zero distribution of the
eigenpolynomials depends only on the leading coefficient ). For
the operators considered here however, the situation is more com-
plicated.



Numerical evidence clearly illustrates that distinct operators whose
scaled eigenpolynomials satisfy the same Cauchy transform equation
when n — oo, will yield identical asymptotic zero distributions. Be-
low we show one such example. For further details see Section 4.3.

Ty, roots of T4, roots of
C]loo(Z) = P100(1002/32’) C]loo(Z) = p100(1002/3z)

where Ty = 23D3 4+ 22D5 and T, = 22D? + 23D3 + 2D* + 22D5 + DS,

Let us finally mention some possible applications of our results
and directions for further research. As was mentioned earlier, oper-
ators of the type we consider occur in the theory of Bochner-Krall
orthogonal systems. A great deal is known about the asymptotic
zero distribution of orthogonal polynomials. By comparing such
known results with results on the asymptotic zero distribution of
the eigenpolynomials considered here, we believe it will be possible
to gain new insight into the nature of BKS.

This paper is structured as follows. In Section 2 we give the
proofs of the lemma, the theorems and the corollaries stated in this
section. In Section 3 we explain how we arrived at Main Conjecture
and how we obtain as its corollary the algebraic Cauchy transform
equation. In Section 4 we display numerical evidence supporting
Main Conjecture and its corollary. In Section 5 (Appendix) we
give the detailed calculations which led to the corollary of Main
Conjecture, and we also prove that for a class of operators of the
type we consider, the conjectured upper bound for r, implies the
conjectured lower bound. Finally, in Section 6, we discuss some
open problems and directions for further research.
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2 Proofs

Proof of Lemma 1. In [2] we proved that for any exactly-solvable
operator T', the eigenvalue problem T'(p,) = A,p, can be writ-
ten as a linear system MX = Y, where X is the coefficient vec-
tor of the monic nth degree eigenpolynomial p, with components
Qp0; Cn1s On2s - - -5 Anpn—1, and Y is a vector and M is an upper
triangular n X n matrix, both with entries expressible in the co-
efficients of 7. With T = Z?Zl Q;D, Q; = Z?E%Qj a;z', and
pn(2) = D 1y aniz", the eigenvalue A, is given by

k
n!
)\n = Z Oéjﬂm,

J=1

and the diagonal elements of the matrix M are given by

. k .
7! 7! n!
Mi+1,i+1 = E aij_)‘n - ;1 Q5 |:(Z _ ])' _(

Y
1<j<min(i,k) n—j)!

fori=0,1,...,n— 1. The last equality follows since ¢!/(i — 7)! =0
for i < j <k by definition (see Lemma 2 in [2]). In order to prove
that p, is unique we only need to check that the determinant of M
is nonzero, which implies that M is invertible, whence the system
MX =Y has a unique solution. Notice that M is upper trian-
gular and thus its determinant equals the product of its diagonal
elements. We therefore prove that every diagonal element M;iq ;44
(1 € [0,n — 1]) is nonzero for all sufficiently large integers n for an
arbitrary 7" as above, as well as for every n if deg ); = j for ezactly
one j.
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From the expression

7!
z+1 +1 — Za]] N
=g (

i—7)!

it is clear that M,y ;41 # 0 for every ¢ € [0,n — 1] and every n if
a;j # 0 for exactly one j, that is if deg@; = j for precisely one j,
and thus we have proved the second part of Lemma 1.

Now assume that deg (); = 7 for more than one j and denote by
Jo the largest such j. Then ay, j, # 0 and we have
Jo

n! 1!
- Mt :Zam{(n—j)! - (i—j l]

P i—7)!
N ("—JO)'{ o (1 n!/(n—jo)!) 2 (n—J)!

1<j<jo
3 (n— J'o)!“}

1(7 — |
52 nl(i — j)!

The last two sums in the brackets on the right-hand side of the above
equality tend to zero when n — o0, since jo > j and ¢ < n—1. Thus
for all sufficiently large n we get

(n Jo n!/(n — jo)!

for every i € [0,n — 1], and we have proved the first part of Lemma
1. [

To prove Theorem 1 we need the following. If p,, is a polynomial
of degree n we construct the probability measure u, by placing a
point mass of size + at each zero of p,. We call j,, the root measure

of p,. By deﬁn1t1on for any polynomial p,, of degree n, the Cauchy

transform C,, ; of the root measure ,ugf for the jth derivative pgz)

defined by

Chj(z) = - p(ﬂl)(z)( | /duﬁzj)(C)

(n— j)py’ 2=q

11



for  =0,1,...,n — 1, and it is well-known that the measure M(J)

can be reconstructed from C,, ; by the formula p) = . %Cni where

0/0z = 1(8/0x + i0/dy). ”

Proof of Theorem 1. Let T = Z?Zl Q;D’ and denote by jo
the largest j for which deg @); = j. Note that since 7" is degenerate
we have jo < k. Thus, using the above notation, we have

P (2)
2 Cno(2)Cpa(z) -+ Chj-1(z) - nn—=1)---(n—j+1)
n! =l
g 1L G
ith the notation Q;(z) = Y .5~ a;;2° we have \,, = a2
With th Q 5% a2 we have A, = Y0 gt
Now dividing the equation T'(p,) = A.p» by p, we obtain
(k) (k=1)
pn(2) Pn (Z) (2)
Qk(z> pn(z> +Q}€_1(2> pn(z) +Q1 Z Zaﬂj TL—j '
7j=1
=
nl k-1 nl k-2
) = S @)

Dividing both sides of this equation by o= ), we get

_ (n—k)! 1 Qr-1(2)
z) l_I()C"vm(Z) {1 + (n—k+1)!Cpr-1(z) Qu(2) '

(n —ml;)! 1 Qr—2(2)
(n—k+2)!Chi1(2)Chr—2(2) Qi(z) |
ok 1 Q] @k
T 0= DT Con(2) )~ 2 Gy =

Now assume that all zeros of all p,, are uniformly bounded. Then
we can take a subsequence {p,,} such that all the corresponding

+ ...

(3)

12



root measures [, are weakly convergent to a compactly supported
probability measure. Then all Cauchy transforms C,,, ,, will be uni-
formly convergent to a non-vanishing function outside some large
disc, which in particular contains all the roots of Qx(2). Since jo < k,
the right-hand side of (3) tends to zero when n — co. On the other
hand, in the left-hand side of (3), all terms in the bracket except for
the constant term 1 tend to zero when n — oo, and thus the limit
of the left-hand side equals lim,, . Qx(2) H];;:lo Chom(z) = K # 0,
and we obtain a contradiction when n — oo. 0

In order to prove Theorem 2 we need the following two lemmas,
where Lemma 2 is used to prove Lemma 3.

Lemma 2. Let z, be a root of p, with the largest modulus r,,.
Then, for any complex number zy such that |zo| = ro > r,, we have
(Cus (20)] = 5= for all j > 0.

() (+1)
Proof. Recall that C, ;(z) := [ d“iéo = (p"],) (](f() % With ¢ being
n—7)pn’ (2

some root of pn ( ) we have |(| < |z9| by Gauss-Lucas theorem.
Thus % = & =07 = = * 109 Where |0] = [(/2] < 1. With

—C z0  1— ¢/z0 20 1-0
w = Le we obtain

0]
16

w—1| = — (6l < ] & [w—1] < || = Re(w) > 1/2,
and thus

dp Q)] _ 1| [du(©)] _ 1 j
Cuglan)] = \/ ) [ [watco)

| [ Retwdn <<>‘ > o [0 = 5-

v

7“0

O

Lemma 3. Let T = Z?Zl Q; D7 = Z?Zl (Z?E%QJ ;2" ) DI be a
degenerate ezxactly-solvable operator of order k. Wlog we assume
that Qy is monic, i.e. Qpaegq, = 1. Let z, be a root of p, with the

largest modulus r,,. Then the following inequality holds:

13



—1deg@Q; k; —j—deg Qp+i ‘Oék ‘
[

|9k=i Al
1< : 2_: ‘O‘NB ( k—i—l)k j + Z deg Qp—1 " (4)

j=1 =0 0<i<degQ; '™
p(jJrl)(Z)
Proof. From C,, ;(z) = T e get
(k)
- o (2)
PP (z) = = (5)

(n—k+1)n—k+2)--(n—J) L= Crnm(z)

for all j < k. Inserting z, in the eigenvalue equation Tp,(z) =
Anpn(z) we obtain

k—1 deg Q; deg Q.
> ( > aa-w?)p’(f ) + ( ) @k,izz)p;“(zn) — Aupn(zn) = 0,
j=1

=0 =0

and after division by 238 @p{F) (2 ) we obtain

k—1 ,deg@Qj ()
( Z Oé]z deng Z)p(k)( + Z Oékzzdeng i +1 —0

j=1 Zn) 0<i<deg Qp,

Thus, applying (5) and Lemma 2, we obtain

S P (2) 1
U= (2 wimem ) B Y e
j=1 i=0 pn (2n 0<i<deg Qy
k—1 | degQ; ()
1 Ipn” (20)] vk i
< Z Z Qi deg Qr—1 (k) + Z deg Qr—1
j=11 =0 “n lpn” (2n)| 0<i<deg Q) ' ™
k—1 deg Q;

1
-~ (n—7) H’]:I’L_:lj |Crm(20)]

[\
™
\'M
ﬁ%_
®| 9
S
[

>~

+
=

0<i<degQ ' ™
k—1 deg Q;

gl (2ra)™ ||
Z Z deg Qr=i ( — f + 1)k~ + Z deg Qi —i

j=1 i=0 'm 0<i<degQy ' ™

IN

k—1degQ; h—i—deg Qx-+i

- LY I Y sl

=1 =0 0<i<deg Q) '™

14



The proof of Theorem 2 follows from Theorem 1 and Lemma 3.

Proof of Theorem 2. Applying Theorem 1, we see that the last
sum on the right-hand side of inequality (4) in Lemma 3 tends to zero
when n — oo. Now consider the double sum on the right-hand side
of (4). If, for given i and j, the exponent (k —j —deg Qy +1) of r,, is
negative or zero, the corresponding term tends to zero when n — oo
by Theorem 1. We now consider the remaining terms in the double
sum, namely those for which the exponent (k—j—deg Qx+1) of r, is
positive. If r,, < co(n—k+1)” where ¢y > 0 and v < ]Hﬁ;geg% for
given j € [1,k — 1] and given i € [0, deg @;], then the corresponding
term

TiclfjJrifdeng B - k—j+i—deg Qy
(n —k + 1)k_j N (

k—j
n—k+4 1)kiti-desqy

in the double sum tends to zero when n — oo. Thus assume that
rn < co(n —k+1)7 where ¢ is a positive constant and v < b where

- k—j - k—j

b= i
mgil} k—j+degQ; —degQy’

min =
jelh-1 k — 5 4+1—degQr  jell,

i€[0,]

and where the notation min™ means that we only take the minimum

over positive terms (k—j+i—deg Q) and (k—j+deg Q; —deg Qx).*
Then every term in the double sum tends to zero when n — oo, and
we obtain a contradiction to (4) when n — oo. Thus for all suf-
ficiently large integers n we must have r, > co(n — k + 1)7 for all
7 < b, and hence liminf, .., 2 > ¢q for any v < b. But for any

_ q+b
D)

such v we can form ~' for which 4 < b and v < v, and thus

lim,, . 72 = oo for all v < b. O

Y =

4On the left-hand side in the expression for b above we take the
minimum over i € [0,deg@;], so we can put i = deg(); in this

. . o o+ k—1q
expression. Thus with b = mingc, 4oy kﬁjerengfdeng we get that
k—j

Y < ridea; for every j € [1,k — 1] and every i € [0,deg Q;].
Then if r, < ¢o(n — k + 1) and v < b, every term with positive
exponent (k — j + ¢ — deg Q) will tend to zero when n — oc.

15



Proof of Corollary 1. For this class of operators we have

b £ k—j
;= min :
jeltk-1 k — j + deg @Q); — deg Qy
* k—j k — jo 1
=  min ; — = — =1,
jeltk-1k —j+deg@; —jo Kk —Jo
and the proof is complete applying Theorem 2. O

Proof of Corollary 2. For this class of operators we have

b = mﬁn ( k—J )
jelk—1] \ k — 7 + deg Q; — deg Qy

_ % k—j k=3 k—1Jo

N jEI[Ill,}cIll} (k —J +deg Qj) B jg[lll,ljlo} E k
where the third equality follows from choosing any j for which
deg@; = j, and the minimum is then attained for j = jy (note
that for j > jo we get (k—j)/(k—j+degQ;) =1 > (k— jo)/k),
and the proof is complete applying Theorem 2. O

Remark. Note that for the class of operators considered in Corol-
lary 1 the Main Conjecture claims that lim, . = = cr for some
jjd;éij) = Z:;S = 1 (the maxi-
mum is attained by choosing any j > jy such that deg Q; = jo, e.g.
j = k), and for the class of operators considered in Corollary 2 the
Main Conjecture claims that lim,,_, W = ¢r for some ¢y > 0,

since

d— ( J = Jo )_ (j—jo)_k—jo
‘= max ——— | = max - = .
j€liot1.k] \ J — deg @Q; j€ljo+1,k] J k

Remark. For a class of operators containing the operators con-
sidered in Corollaries 1 and 2 we can actually prove that the con-
jectured upper bound lim,, .., sup % < ¢; implies the conjectured
lower bound lim,, . inf & > ¢o where ¢; > ¢g > 0, see Theorem 5
in Section 5.2.

cr > 0, since d := maxje[jojLLk}(

Proof of Theorem 3. Clearly deg(@;, = jo since there exists

16



at least one such j < k. Set
' Jjo o deg Q, '
T=QuD" + QD" = ;2D + ) ay;z'DF,
=0 =0
where a;, j, # 0, and where we wlog assume that ) is monic. From

inequality (4) in Lemma 3 we have

J0 pi—deg Qutk—jo

. 1
1 < Z\ajoi\Zk_Jo L i + Z |Oé]€z|d7
> , — _ ) Qr—i
(n k+ 1) Jo 0<itam O Tneg k

1=0

J0 i—deg Qr+k—jo
k—jo n
S E 0: ‘05]071‘2 70 (n —k+ 1)k*j0 + ¢,
1=

where we choose n so large that e < 1 (this is possible since € — 0
when n — oo due to Theorem 1). Thus for sufficiently large n

J0 i pi—deg Qr+k—jo
< E _j9k—jo_‘n '

JO k—deg Qg
k—j "'n
< Z ‘O‘j07i|2 70 (n —k+ 1)k—jo
1=0
- TZ—deng
(= kA4 1)k’

where 1 —e = ¢g — 1 when n — oo, and K > 0 since ay, j, # 0 (the
second inequality follows since i < jg). Thus

o
> (%)1/(k*deng)(n_ k+ 1)%

for sufficiently large integers n, and hence there exists a positive
constant ¢ = (1/K)"/(k=dee@x) guch that

T'n

> c.

lim inf .
T (e
n, \F=deg Qy,

Finally, it is clear that for this two-term operator

d:= max ( J —Jo )z k= Jo
- jelot1k \J — deg Q; k —degQy’
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and we are done. O

Remark. If, in Theorem 3, Q; is a monomial (i.e. Q) = 298 k),
then there exists a positive constant ¢ such that r, > ¢(n — k + 1)4
o oL n )
for every n, where d := max;efjo41,4] (jjdeéij) = kfdeg)@k. This is
easily seen from the calculations in the proof of Theorem 3 since
> 0<i<deg Qx |O{W|W on the right-hand side of (4) vanishes, and
k—deg Q
therefore 1 < K % for every m. From the second part of
Lemma 1 we know that for this class of operators there exists a
unique eigenpolynomial p,, for every n, and the conclusion follows.

Proof of Theorem 4. For this class of operators (j — deg@;) >
(k — deg Q) for every j > jo and thus

d:= max ( j_jO ): k—jo
J€ljo+1,k] ] — deg Qj k — deg Qk
Assuming that () is monic we have the inequality

k—1deg Q; k—j+i—deg Qy

Cok—j 'n ’@k,i’
1< Z Z |Oé],2|2 (n —k+ 1)k*j + Z deg Q. —1 (6)

j=1 =0 0<i<deg Q) ' ™

by Lemma 3. The last sum here tends to zero when n — oo by
Theorem 1. Considering the double sum on the right-hand side of
(6) we see that for every j we have (since ¢ < deg ;) that

deg Q;  ph—jti—deg Qs

) Joyf2h T
P (n—Fk+1)

deg Q; k—j+deg Q;—deg Qy

T .
_ k—j'n i—deg Q;
= E |l i|2 — J
5t _ 1 k—j n
P (n—k+1)
k—j+degQ;—deg Qg
Tn

= — (28| |+ g 2k | -\rideg@j)
_ k— ( J,deg Q; Jilln
(n k+ 1) ’ i<deg Q;

k—j+degQ;—deg Qg
T'n

- K, ,
7,n (n—k+1)k_] ) (7)

where

o — 9k=id|,. kE=J|n . |pi—degQ;
Kjn=2 |O‘J,deng| + § 2 ‘O‘m‘rn 7
i<deg Q;

18



where Kj, > 0 since ajgegq; # 0. Also, Kj, < oo when n —
oo since (i —deg@;) < 0 for the exponent of r,, and then using
Theorem 1 (note that Kj, — 2"77|ajqeg0,| when n — c0). With
the decomposition

A={j:deg@Q;=j},

B={j:degQ; <j and (k—j+degQ;—degQy) > 0},
C={j:degQ;<j and (k—j+degQ;—deg Q) < O},

and using (7) we see that inequality (6) is equivalent to:

k—j+i—deg Q

J
k-5 T |k i
1 < Zzlaﬂp ] g k-}-l)k‘ Fi + Z deg Qp—i

j=1 i=0 0<i<deg Q In
B ZK k; deg Q. +Z Tk j+deg Q;—deg Qp
B S R PR N Ty S

k—j+degQ;—deg Qg

Tn |k 4
T ZKJ?" (n—k+ 1)k T Z deg Qp—i "

jeC 0<i<deg Qp T'n

The last two sums on the right-hand side of this inequality both
tend to zero when n — oo, the last one due to Theorem 1, and the
sum over C since (j —deg@;) > (k —degQy) < (k—j+degQ; —
deg Q) < 0 for every j € C' by assumption, and then applying
Theorem 1. Therefore, when n — oo, we get the inequality

k deg Qp k J+deg Q;—deg Q
co < + I . 8
0= Z k+1k] Z ( _k+1)k—g ()
JEA
where
k—j+degQ;—deg Qg
n ‘O‘k il
1= Kin T 2. CamGe
’ — - Q
jec (n k+ 1) J 0<icae O Tneg k1

Note that ¢y — 1 when n — oo.

Now assume that B is empty. This corresponds to an opera-
tor such that (j — deg@;) > (k — degQy) for every j for which
deg Q; < j. Then inequality (8) above becomes
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pk—deg Qg

@ = ZKJ" nk:+1)’”

JEA
_ ﬁ_deng ( i Z 1 )
- — 1)k—Jo Jo.m — k4 1)do—J
(n—k+1) jEA\Ljo} +1)
ph—deg Q
ey ®)

where K4 is a positive constant which is finite when n — oo, since
jo—7 >0 for every j € A\{jo} (recall that j, is the largest element
in A by definition). Thus for all sufficiently large integers n we have

0 )1/(k*deg Q) (n

k4 1)
_ — —deg Qy,
> (%, +1) :

and therefore there exists a positive constant ¢ = (1/K )"/ (F=deg@x)
such that

lim inf —— " >,
—Jo
e n(k—@g%)

and we are done.

Now assume that B is nonempty. Again inequality (8) holds, i.e.

yk—deg Qg k jtdeg Q;j—deg Qg

@ = Z k+1’w+z (n—k+ 1)k~

jEA

where ¢y — 1 when n — oo. From (9) we have

k deg Qy, k deg Qp,

2 K e S K e

jeA

for the sum over A for large n and thus

20



yh—deg Qy Z*HdegQrdeng

< Kn K, .
@ = Z » k;+1)ka+jEZB P (n—k+ 1)k

JEA

k‘ deg Q, Tk Jtdeg Qj—deg Qp

< Ky .
S K —hioe JO+Z "n—k+ 1)k

k—deg Qg plesQ;—j
= K. "7 n
(n—k—i—lkj( A+Z s —k + 1)Jo- J)

JEB

k deg Q.

(n—/{:—i—l)k go’

< Kup

where K 4p is a positive and finite constant when n — oo (note that
Kp — K4 when n — oo, since (deg@; —j) < 0 and jo —j > 0 for
every j € B). Thus for all sufficiently large integers n we have

Co \1/(k—deg Qy) e
TnZ(K—AB) A (R e ) L LT

so there exists a positive constant ¢ = (1/K 45)"/ (=9 @x) such that

. . T
lim inf —————— > c.

n—0oo (&)
n k—deg Q

3 Main Conjecture and its Corollary

In this section we explain how we arrived at Main Conjecture (see
Section 1) and obtain as a corollary of our method the (conjectural)
algebraic equation satisfied by the Cauchy transform of the asymp-
totic root measure of the properly scaled eigenpolynomials.

How did we arrive at Main Conjecture?

Let T = Z] QD7 = Z] ) (Z?E%Qj @;i2") D7 be an arbitrary de-
generate exactly-solvable operator of order k and denote by j, the
largest j for which deg@); = 7. Wlog we assume that @);, is monic,
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i.e. aj,j, = 1. Consider the scaled eigenpolynomial q,(z) = pn(nz),
where p,(2) is the unique and monic nth degree eigenpolynomial of
T, and d is some real number. The goal is now to obtain a well-
defined algebraic equation for the Cauchy transform of the root mea-
sure p, of the scaled eigenpolynomial ¢, when n — oo, and as we
will see in the process of doing this, we are forced to choose d as in
Main Conjecture.’

Basic assumption. When performing our calculations we as-
sume that the root measures ug),ug),ug) . ,,u,(lkfl) of the scaled
eigenpolynomial g,(z) and its derivatives up to the kth order ex-
ist when n — oo and that they are are all weakly convergent to
the same asymptotic root measure ©.° Thus the corresponding
Cauchy transforms are all asymptotically identical, and we define
C(z) = lim, o Cp j(2) for all j € [0,k — 1], where C(z) is the
Cauchy transform of y and is considered for z’s away from the sup-
port of u. Computer experiments strongly indicate that this as-
sumption is true - for details see Section 4.2.

From the definition of the Cauchy transform we obtain

j—1 j—1 (z+1)()
[[Cni) = H
i=0 Zo (n—17) Qn ()
qw(z). ¢’(z) ‘”(z)

ngu(z) (n—1)qW(z) (n-— 2) (2)
. o' " (2) _ D(z)
(n—j+2)g 2(z) (n—j+ 1)an Y(2)
¢ (2)
nn—1)--(n—7+1)g.(2)

51t is already well-known that for the Laguerre polynomials, which
appear as eigenpolynomials for a second order exactly-solvable op-
erator, the largest root grows as n when n — oo and thus d =1 in
this case, which is consistent with Main Conjecture.

sConjecturally supp pu is a tree, see Section 6 on Open Problems.
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and thus the basic assumption implies

: 0 g ()
C’(z) = lim H Ch.i(z) = lim -

=0

In the above notation consider the eigenvalue equation T'p,(z) =
Anpn(z), where the eigenvalue )\, is given by

Za Za
JJ JJ n
7j=1

Clearly this sum ends at jy since o ; = 0 for all 7 > jy by definition
of jo as the largest j for which deg @); = j. We then have

Tpn(z) = )‘npn(z)

Za“n n—1)---(n—j+1).
J)! 1

=
k deg Q; ' ' Jo
> ( > aj,iz’)p%) = agn(n—1)-(n—j+1)pu(2).
j=1 i=0 j=1

d

Substituting z = nz in this equation we obtain

k deg Q;
Z ( Z a;jin z) Za“n n—1)-- (n—j+1)pn(n’z),
j=1 N\ =0
and with g,(2) = p,(n?z) we get

k deg Q; i ‘ Jo
S (3 g o) = Do) 0+ D).
j=1 \ i=0 j=1

Dividing this equation by o= jo),qn( z)=nn—1)---(n—Jo+1)q.(2)
we get

deg Q;

k ¢ (2) _
Z(Zaﬂ ) nn—1)-(n—jo+ Dan(z)
- S

nn—1)---(n—j+1)
nn—1)--(n—jo+1)
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Consider the right-hand side of (11). Since j < jy all terms for
which j < jo (if not already zero, which is the case if a;; = 0, i.e.
if deg @); < j) tend to zero when n — oo, and therefore the limit of
the right-hand side of (11) equals

Jo .
nn—1)---(n—j+1) B
nh_gloz&]d (n 1) (n — o+ 1) = Qjo,jo — L,

since we assumed that (), is monic. Now consider the jth term in
the sum on the left-hand side of (11). It equals

deg Q; i
ZJOC" 2 qgj)() _
par PG nn—1)---(n — jo+ 1)gn(2)
deg Q; i ] ]

B S P R Y
Lo G pn = 1) (n—j + Dga(z) ne-(n—jo + 1)
d —

_ %a .ﬁc (5. Mn=D-n=j+ D)

- I pd(G—i) p e nn—1)---(n—jo+1)

- deng i jflc n---(n—j+1) ndo

= X i OO ey

Taking the limit and using the basic assumption (10) we obtain

) d%j P qﬁlj)(z)

1m 7K N ]

n—oo 4 Js nd(]—Z) n(n —_ ]_) L (TL - L70 + 1)Qn(2)
degQg

- nh—>nolo Z Qi ndi— Z)+Jo JC (2)

for the jth term and thus, taking the limit of the left-hand side of
(11) we get

k ,degQ; q(J)( )
lim o PG "
"HOOZ<ZX: " )n(n—1)~-(n—Jo+1)qn(2)
deg Q;

- 3 (3 g )0
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Adding up, the following equation is satisfied by C(z) for z’s away
from the support of u:

deg Q;

7115202 ( Z i ])oj(z) =1 (12)

In order to make (12) a well-defined algebraic equation, i.e. to avoid
infinities in the denominator when n — oo, we must impose the fol-
lowing condition on the real number d in the exponent of n, namely

J = Jo
Jj—i
for all j € [1,k] and all i € [0,deg@;]. Therefore we take d =

max je[,x (7] JZO) but this maximum is clearly obtained for the
iE[O,degQ]-]

maximal value of 7 for any given j, so we may as well put ¢ = deg @);.
Our condition then becomes d = max;e[i k) ( ), and clearly

dj—10)+jo—7>0 & d>

the maximum is taken only over j for which Q;(z) is not identically
zero. Finally we observe that since 7' is degenerate we have j, < k
and thus we need only take this maximum over j € [jo + 1, k], since
there always exists a positive value on d for any operator of the type
we consider. Thus our condition becomes:

d= max (i) .
jeliot1k] \ J — deg Q;

Corollary of Main Conjecture.

In the above notation (recall that o, j, = 1 by monicity of @}, ), the
following well-defined algebraic equation follows immediately when
inserting d as defined in Main Conjecture into equation (12) and
letting n — oo:

Corollary. The Cauchy transform C(z) of the asymptotic root mea-
sure pi of the scaled eigenpolynomial q,(2) = pp(n¢z) of an exactly-
solvable operator T' as above with @), monic satisfies the following
algebraic equation for almost all complex z in the usual Lebesgue
measure on C:

HO0() + 3 s, () = 1

JjeEA
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where A is the set consisting of all 7 for which the maximum

- L J—Jjo ; : ;
d = max;e[jo+1,4] (jfdeng) 18 attained, i.e.

A={j: (G —Jo)/(j —degQ;) = d}.

For detailed calculations see Section 5.1.

4 Numerical evidence

4.1 Evidence for Main Conjecture

In the table on the last page of this section we present numerical
evidence on the growth of r, = max{|z| : p,(z) = 0} which sup-
ports the choice of d in Main Conjecture. We have performed sim-
ilar computer experiments for a large number of other degenerate
exactly-solvable operators, and the results are in all cases consis-
tent with Main Conjecture. Next we present some typical pictures
on the zero distribution of the appropriately scaled eigenpolyno-
mial q,(z) = p,(n?z) for some degenerate exactly-solvable opera-
tors, where p,, denotes the nth degree unique and monic polynomial
eigenfunction of the given operator 1. Conjecturally the zeros of
gn(z) are contained in a compact set when n — oc.

11, roots of 11, roots of 11, roots of
¢50(2) = p50(502) qr5(2) = pr5(752) q100(2) = p100(1002)

T5, roots of T5, roots of T5, roots of
950(2) = P50(505/7Z) C]?s(Z) = P75(755/7Z) 9100(2’) = P100(1005/7Z)
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T3, roots of T3, roots of T3, roots of
s0(2) = p5o(50"22)  qr5(2) = pr5(75%2)  quoo(z) = pr0o(100%/22)

where Ty = 2D + 2D? + 2D3 4 2D* + 2D, Ty, = 2°2D? + D7 and
Ty = 23D3 + 22D* + 2D°5.

4.2 On the basic assumption

Below examples supporting the basic assumption, namely that the
root measures of ¢,(z) and its derivatives up to the kth order exist
when n — oo and are all weakly convergent to the same measure .

Fig. 1: Ty = 2D + D? and ¢,(2) = p,(n?/32)

roots of g100(2) roots of ¢jgy(2) roots of ¢fyy(2z) roots of ¢if(2)

Fig. 2:Ty = 2D + zD* + 22D" and qn(2) = pn(n3/22)_

roots of q100(2) roots of qjgy(2) roots of ¢fyo(2) roots of ¢ffy(2)

roots of i) (2)  oots of gigy(z) roots of iy (=) roots of ging(=)
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4.3 On the Corollary of Main Conjecture

The algebraic equation in the corollary of Main Conjecture satis-
fied by the Cauchy transform of the asymptotic root measure of the
scaled eigenpolynomial indicates that the asymptotic zero distribu-
tion depends only on the term 270 D% and the term(s) aj,deg g, 2% %/ D7

for which d = max;e(j, 11,4 (%) is attained.” Thus any term
J

Q;D? in T for which j < jo or such that (j — jo)/(j — deg Q;) < d
is (conjecturally) irrelevant for the zero distribution when n — oo.

To illustrate this fact we now present some pictures of the zero
distributions of the scaled eigenpolynomials for some distinct oper-
ators for which the Cauchy transforms of the corresponding scaled
eigenpolynomials g, satisfy the same equation when n — 0o, namely
the equation in the Corollary of Main Conjecture in Section 3.

As a first example consider the operator Ty = z*D? +22D®. Here
d = max;e[jot1,4] (jfjd;;‘)@j) = (5—-3)/(b —2) = 2/3, the corre-
sponding scaled eigenpolynomial is ¢,(z) = p,(n?32), and we have
2*C® + 2°C® = 1 for the Cauchy transform of g, when n — co. Now
consider the slightly modified operator Ty = 22D? + z3D3 + 2D* +
22D% + D% and note that d is obtained again (only) for j = 5 (for
j =4 we have (4 —3)/(4—1) =1/3 < 2/3 and for j = 6 we have
(6—3)/(6—-0)=3/6=1/2< 2/3). We therefore obtain the same
Cauchy transform equation as for Ty, and hence the terms z?D?,
2D* and DS in T} can be considered as irrelevant for the zero distri-
bution for sufficiently large n. The pictures below clearly illustrate
this.

T 0.5 [ 0.5 -1 0.5 [ 0.5

Ty, roots of T4, roots of
q100(2) = p100(100%/32) q100(2) = p100(100%/32)

where Ty = 23D3 4+ 22D5 and T, = 22D? + 23D3 + 2D* + 22D5 + DS,
"Recall that we normalized T" by letting ();, be monic.
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However, instead of D, we may add the more ”disturbing” term
2D to Ty. Note that for the operator T, = 22D? + 23D? + zD* +
2?2D® + zD® for j = 6 we have (6 —3)/(6 —1) = 3/5 = 0.6 < 2/3.
Adding any term Q; D’ such that (j—jo)/(j —deg Q;) < d to a given
operator, it is clear that the closer the value of (j — jo)/(j — deg Q;)
is to d (in this case 2/3), the more disturbing it is in the sense that
it requires larger n for the corresponding zero distributions to coin-
cide. See pictures below, where ¢,(2) = p,(n??z):

0.5 0.5 - 05|

-0.5 -0.5] T -0.5

-1 0.5 ] 0.5 -1 0.5 0 0.5 -1 0.5 G 0.5

Ty, roots of T,, roots of T,, roots of
q100(2) q100(2) 600(2)

Increasing n however, experiments indicate that the zero distri-
butions of the scaled eigenpolynomials of Ty and T’y coincide, as they
(conjecturally) should.

_ As a second example, consider T = 2°D® + 2*D°% 4 22D® and
Ts = 22D? + 2°D° + 2*D® + 2 D" + 22 D8, whose scaled eigenpolyno-
mials ¢, (2) = pn(n'/22) both satisfy the Cauchy transform equation
2°C% + 2'C% 4 2?C® = 1 when n — oco. In the pictures below we see
that the terms 22D? and zD" of T; seem to have no effect on the
zero distribution for large n:

060402 0 020406 060402 0 020406

T, roots of qip0(2) j:'g,, roots of gi00(2)
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Finally note that for j, and for any j for which d is attained, it is
only the highest degree term a; qeq @, 298 %J of @; that is involved in
the Cauchy transform equation. Consider for example the following
case, where adding lower degree terms to @ deg Q; 296 Qi in the (rele-
vant) (); seems to have no effect on the zero distribution for large n.
Below Ty = 23D3 + 22D and Ty = [(1 + 13i) + (24i — 3)z + 112 +
23 D34 [(22i —13) +(—9—141) 2+ 2%] D, and thus ¢, (2) = pp(n®/2).
Note the difference in scaling between the pictures:

15 1.5
0.5 1 1

0.50 . PR 0.5

0 e
0.25 0 0
0.5 -0.5 -0.5
0. 75] 1 - .
107570570 25 0 02505075. 1 -0.5 0 0.5 '1 15 11 S0.5 0 0.5 '1 15
Tg, roots of Tg, roots of Tg, roots of
(hoo(z) 4100 (2) 4500 (2)
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| Operator | n | rn experimental | r, conjectured |
50 2.7 . 500.967595 c1 - 501
Ty = zD + zD? + zD? + zD* + 2D° 100 | 2.7 - 100" F3* 80 | ¢, . 100!
200 | 2.7 -200"%9%%%7 | ¢; - 2007
250 | 2.7 - 2500977 | ¢, - 2507
50 1.3 i 500.671977 Co - 505 7
100 | 1.3-100%59%47 1 ¢, . 100°/7
Ty = 2°D? + D7 200 | 1.3-200°795226 [ ¢, .200°/7
300 | 1.3-300°-7190%5 [ ¢, . 300%/7
400 | 1.3-400071201 1 ¢y 400777
50 4/3- 5()0-469007 3 - 50172
100 | 4/3-100° %21 | 5. 100"/2
Ts = 2°D® + 2°D* + 2D° 200 | 4/3-200049%32 | ¢3.200'/2
300 | 4/3-300°49559% | ¢5 . 300172
400 | 4/3-4000-197099 1" 5400172
50 1.4 i 500.633226 Cy - 502 3
100 | 1.4-100%5%214 | ¢, . 100%73
Ty = 2°D3 4 22D° 200 | 1.4-200°501412 1 ¢, . 2002%/3
300 | 1.4-300°%-95451L [ ¢, . 300%/3
400 | 1.4 -400°-555065 1 ¢, . 400%/3
50 1.4 - 500632811 4 - 50273
100 | 1.4-100%%519%Y | &, . 100%/3
Ty = 2°D? + 2°D® + 2D* + 2D + D° 200 | 1.4-200°501332 [ &, .200%/°
300 | 1.4-300°-504461 1 7, . 3002/3
400 | 1.4 -400°-500930 1, . 4002/3
50 1.5 - 500-462995 | (. 501/2
100 | 1.5-100%%8168% | o 100%/2
Ts = 2°D5 4+ 2*D% + 22D8 200 | 1.5-200°-%91065 | 5. 200172
300 | 1.5-300%-%9430% | . 300172
400 | 1.5-400%29%97L | ¢4 . 400172
50 1.5 . 500463391 s - 50172
100 | 1.5-1009481837 | & . 100'/2
Ts = 2°D? + 2°D° 4+ 2*D% + 2D" + D8 200 | 1.5-200%491129 | ;. 200%/2
300 | 1.5-300%%9%342 | & . 300172
400 | 1.5-400495998 [ . 4001/2
50 1.4 . 500702117 o - 503/%
100 | 1.4-100%7375 | ¢4 - 100372
Ts = 2°D3 + 22D 200 | 1.4-200%7374 | ¢4 . 200572
300 | 1.4-300°74161% [ 5. 300574
400 | 1.4-400%7873 | ¢4 . 40034
50 1.4 - 500 769260 s - 50374
To = [(1+ 134) + (24i — 3)z 4+ 11i2> + 2°|D* | 100 | 1.4-100%7% | &; . 100>/
+[(22i — 13) — (9 + 144)z + 22| D® 200 | 1.4-200%75C161 1 &¢ . 2003/
300 | 1.4-300%7%%0 [ & .300%/%
400 | 1.4-400%737%5 [ & . 40034
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5 Appendix

5.1 Arriving at the Corollary of Main Conjecture

The algebraic equation in the corollary of Main Conjecture follows
immediately from inserting d as defined in Main Conjecture into
equation (12) in Section 3 and letting n — oo. If we put d into (12)
we namely get

deg Q; i

4 .
i c? =1. 13
Z ( ZZ aj max oo (W)(J Do J) (Z) ( )

Denote by N;; the exponent of n in (13) for given j and i. Thus

J—Jo S . .
Nis jegﬁ)l(,k} (j — deg Qj) G =i)+do—J
The terms in (13) for which this exponent is positive tend to zero
as n — 00.
First we consider j for which deg@; = j, and denote, as usual,
by jo the largest such j. If j = jo, then ¢ < deg@Q;, = jo and thus
for 7 = jo and ¢ = jp we get

J—Jo o . .
N, . = AL - _
josdo jeax (j s Qj) (J—i)+do—1J

J—Jo . . . .
F€ljo+1,k] (] — deg Qj) (o = Jo) + Jo = Jo

and for j = jp and 7 < jp we have

J—Jo , ‘ ‘
Njoi max )t —
" j€ljo+1,k] <] degQ]) J—1)+Jjo—J
J = Jo , ‘ ‘
max Vi — i — 0.
J€lo+1,k] <] — deg Qg) Jo = Jo) + Jo — Jo

Thus Nj, j, = 0 and Nj,; > 0 for 7 < jp, and for the term corre-
sponding to j = jo in (13) we get

i

Jjo

z
E Qjo i -
=0

i€ Lo+ LK) (] degQ )(Jo i)+jo—Jo

Co (Z) —s oo (Z)
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when n — oo (recall that a;, j, = 1).
Now let j be such that deg @); = j and j < jo. Then ¢ < deg@Q; = j
and

J = Jo o
N;; = max |———— —1)+Jo —
7 j€ljo+1,k] (] — deg Qj) U =)+ o=
J = Jo o
= max |(———= —J)+Jd0o—J3=2J0—J>0,
jenax <3 ~dee Qj) G—3)+do—J=Jo—1]
and for ¢ < 7 we get
J = Jo o
N;; = max |-———— —1)+Jo —
” j€ljo+1,k] <] — deg Qj) U= +do=]
J—Jo . . o .
> max —_— —7)+Jjo—J3=7J0o—J >0,
jemax (3 = deg@j)(] P+jo—J=Jdo—1J

that is N;; > 0 for all j < jo such that deg@); = j and for all 7 < j.
Thus for the corresponding terms in (13) we get

)

> >y - C7(z) = 0

ctinsg) (525225 ) (=)o
jeli<jodegQ=j} =0  pCbiotLd] () =it

when n — oo for every j < jo for which deg@; = j.

Now denote by j,, the j for which d = max;ejjo 41, (jjd:,éoq) is
J
attained. Note that there may be several distinct j for which this

maximum is attained.® Then

J—J0 o . .
Nj, deg, = Ma — — 1)+ jJo —
Jm,d gQ]m jE[joJr)l(,k} (] o deg Qg) (-] ) jO .]
jm _jO . . .
= | ————— ) (m —degQj,.) + Jo — Jm
(Jm — deg Qjm)( ’

= jm_j0+j0_jm:07

sConsider for example the Laplace type operator (that is with
all polynomial coefficients @; linear) T = 2D + zD? + ...zD".
Here jo, = 1 and the equation satisfied by the Cauchy trans-
form of the asymptotic root measure of the scaled eigenpolynomial
qn(2) = pn(nz) is given by 2C(z) + 2C?(2) + ... 2C%(z) = 1, since

d = maxX;e ) (jjd_eéij) = 1 is attained for every 7 =2,3,...k.
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and for ¢ < deg@;,, we get

J—Jo o
N, ; = ma —_— — 1)+ Jo —
I, jE[jo-l—)l(,k] (] _degQ])(j ) Jo J
jm_jO . . .
> A ]m—degQ'm + Jo — Jm
(Jm—dengm)( in) o

= ]m_jO +]0 _]m = 0,
ie. Nj, degq,,, = 0and Nj, ;>0 for i <deg(@;,, and for the term
corresponding to j = j,, in (13) we get
deg Qj,, i

Z :
e TN
Jm;? J—1Ji
1=0

nmaxje[j0+l,k] (%) (m—1)+jo—Jm

CIm(2) —

= ez @y, 2 °F O O (2)

when n — oo. In case of several j for which d is attained, we put
A={j:(j—7Jo)/(j—degQ;) = d}, and for the corresponding terms
in (13) we get

deg Q; i

> - C7(z) —

J—Jo PR . .
jEA =0 nXi€lio+1k] (]e—deng)(J_Z)'FJO_]

= D Qa2 FUC(2)

JEA

when n — oo. Now consider the remaining terms in (13), namely
terms for which j < jp such that deg@Q; < j, terms for which
Jjo < j < jm, and terms for which j,, < j < k (clearly this last
case does not exist if j,, = k).

We start with j < jo such that deg@; < j. Then i < deg@; < j
and

J—Jo o
J, jemax ( T deg Qj) (J—i)+Jjo—1J
J—Jo o . o .
> max —_— —7)+Jjo—J3=7J0—J >0,
jemax (3 = deg@j)(] P+jo—J=rdo—1J
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and for the corresponding terms in (13) we have

deg Q; i

Z Z a;; © Ci(z) =0

je{i<jo: degQ]<]} i=0 maij[jo+l,k] (j degQ )(.7 i)+jo—J

when n — oo.

Now assume that j,, < k and consider j,, < j < k. Clearly
Jm > Jo since the maximum is taken over j € [jo+1, k], and therefore
1 < deg@Q; < j for j, <j <k. Also,

A ( J—Jo ):( Jm — Jo )>< J—Jo )
j€liot1.kl \ J — deg Q; Jm — deg Q;,, Jj—degQ;)’

since the maximum is attained for j,, by assumption. Thus we get

Ny = jeliot L] (J’—j;ieéo%)(j AR
- (g o
o (j_j;ie?%)u—wm—j
(j_j;ie?%)(j—deng)Jrjo—j

= J—JotJo—J=0,

ie. N;; > 0 for every j,, < j < k and every ¢ < deg();. For the
corresponding terms in (13) we therefore get

deg Q; 4

2. 2 -
a. .

J . . s
Jm<j<k i=0 nmanEIjoH’kl(jfdeng)(J i+io=j

Ci(z) — 0

as n — oQ.

Finally we consider j, < j < j,. Note that this also covers the
case Jm, < J < Jm, Where the maximum d is attained for both j,,,
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and j,,. Since i < deg @); < j we get

J = Jo . . .
N;; = max [|[———"— — 1)+ jo —
8 jElio+Lk] (J — deg Qj) EARE
jm - jO . . . .
= | (j — @) + Jo — ]
J = Jo o . .
> ———— (=) +jo—J
(J — deg Qj)
J = Jo . . .
————— | (j — deg Q) + jo — J
(J — deg Qj) ’
= J—Jo+tJjo—J=0,
ie. N;; > 0 for every jo < j < jm and every ¢ < deg@);. Thus for
the corresponding terms in (13) we get

deg Q; i
d Dy — C7(z) =0
j0<j<jm =0 nma’xj€[j:+l,k]0 (j*degOQj ) (]72)4"»]07]

when n — oo.

Adding up these results we finally get the following equation by
letting n — oo in equation (13):

Z0CP (Z) + Z aj,dengZdengCj (Z) =1,
JjEA

where jo is the largest j for which deg@; = j, and A is the set
consisting of all j for which the maximum d = max;efjo4+1,4] (

is attained, i.e. A={j:(j—jo)/(j — degQ;) = d}.

_J—Jjo )
j—degQ;

5.2 Theorem 5

Here we prove that for a class of operators containing the opera-
tors considered in Corollaries 1 and 2 the conjectured upper bound
lim,, o sup(r,/n?) < ¢; implies the conjectured lower bound
lim,, o inf(r,/n?) > ¢y for some constants ¢; > ¢y > 0 and where d
is as in Main Conjecture. This follows automatically from inequality
(4) in Lemma 3. We have the following
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Theorem 5. Let T be a degenerate exactly-solvable operator of
order k which satisfies the condition

b= mJEn ( k—J ): max (i):d
jeltk-1] \ k —j + deg Q; — deg Q% j€liot1k] \ J — deg @Q;

where the notation mint means that the minimum is taken only

over positive values of (k — j + deg Q; — deg Q). Assume that the

inequality r, < c1(n—k+1)? holds for some positive constant ¢, for

all sufficiently large n. Then there exists a positive constant cy < ¢
such that r, > co(n — k +1)¢ holds for all sufficiently large n. Thus

. r . . r
lim sup = <¢; = lim inf = > ¢.
n—00 nd n—00 nd

Proof. From inequality (4) in Lemma 3 we have

k—1 degQ; k—j+i—deg Qy
o ||
1 < D a2t = D D
— ’ S - Q N
j=1 i=0 (n—k+1) 0<i<deg Qy, e
k—1 rﬁ—j+deng—deg Qk Z ’Oék ’
< K; — + — (14)
< — — -
= (n—Fk+ 1)+ 0<i<iy, "

where the K are positive constants. The second sum on the right-
hand side of (14) tends to zero when n — oo due to Theorem 1.
We now decompose the first sum on the right-hand side of (14) into
three parts. Namely, let

A=1{j: k_j+degéj_deng = d}, and note that (k — j + deg @, —

deg Qx) > 0 here since d > 0.

B={j: k_j+degéj_deng > d}, and note that (k — j + deg@Q; —

deg Qx) > 0 here since d > 0.

C={j:(k—j+degQ;—deg Q) < 0}, and note that j < k in (14).

Clearly due to the condition b = d there are no terms for which

Fraeg—agor < d and (k — j +deg Q; — deg Q) > 0 both hold .
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If 7 € A then

kajerengfdeg Qk r k—j+degQ;—deg Qp

n o n
(n—Fk+ 1)k ((n—k+1)d)

for the corresponding terms in the sum on the right-hand side of

(14).

If j € B then d(k — j 4+ deg@Q; — degQx) < (k — j), and this
inequality together with the upper bound 7, < ¢;(n — k + 1)% which
we assume holds for all sufficiently large n, gives us

rﬁ—j-l-deng—deng c (77, —k+ 1)d(k—j+degQ]-—deng)

(n—k+ 1)k = (n—k + 1)k

— 0

when n — oo for the corresponding terms in (14).
If j € C then (k —j +degQ; — deg Q)) < 0 and we get

k*jereg ijdeg Qk
T'n

(n—Fk+ 1)k

when n — oo for the corresponding terms in (14) due to Theorem
1. Note that if (k —j+deg Q; —deg Q) = 0 the corresponding term
tends to zero when n — oo since j < k in (14).

With this decomposition of the first sum on the right-hand side
of the last inequality in (14) we can write

JtdegQ;—deg Qy

k
Tn ’Oék,i,

0<i<iy = ™

1 <

IN

) k*jereg ijdeg Qk

( k +1)4
(n—k + 1)d(k—j+deg Q;—deg Q)
(n—Fk-+ 1)k

—j+deg Q;—deg Q

k
Tn |Oé]€,2‘|
—kt1F P

0<i<iy = ™

>
2"
e
21
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where the last three sums tend to zero when n — oo by the above
arguments (and the last one due to Theorem 1).

Thus for all sufficiently large n there exists a positive constant ¢
such that

k—j+degQj—deg Qy
) (15)

¢ <ZK<n—k+1)

jEA

where ¢ — 1 when n — oo. If the set A contains precisely one
element, then the sum in (15) consists of one single term, and we are
done: there exists a positive constant ¢y = (¢// K;)!/(k=i+degQ;—deg Qx)
such that r, > co(n — k + 1)? for all sufficiently large n, and thus
lim,, o inf(r,/n?) > cp.

But clearly, for some operators A will contain more than one ele-
ment. If this is the case define m := minjca(k — j+deg Q; — deg Q)
and denote by j,, the corresponding j for which this minimum is at-
tained. Using the upper bound 7, < ¢;(n — k + 1)? we then get the
following inequality from (15):

k—j+deg Q;—deg Q r m
/ < . n =K. . n
¢ > K ( k+1)) Jm((n—kﬂ)d)

jEA

r m r k—j+degQj—deg Qr—m
K. n n
* Z} ]((n—k+1)d) ((n—k+1)d)

JEA\{im

r m
< K. ([ —Mm*
- M((n—k—i—l)d)

Tn " k—j+degQ;—deg Qr—m
+ K —n :
> (i)

JEA\{m}

Tn k —j+degQ;j—deg Qr—m
= - 4+ Z K, - j
(=) (9 )

JEA\{Im}
r m
(™ ) K
((n—k—i—l)d)

where K > 0. Thus r, > (%)1/?”(” — k+1)4 for all sufficiently large
n, and therefore there exists a positive constant cy = (1/K)"™ (re-
call that ¢ — 1 when n — o) such that lim,, ., inf % > . O
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Remark. About the last inequality following from (15) in the above
proof, consider for example the operator T = zD + D? + 2z D3 4 zD*.
In this case, by Lemma 3, we have

3 gt—jSitdeg Qs r3 T T

D DR T L e A TR R )

where 7, is the largest modulus of all roots of the unique and monic
eigenpolynomial of 7. For this operator d = 1 and we see that
(4—7)/(3—j+degQ;) =d for j =1 and for j = 3. Now, assuming
that r, < ¢1(n — 3) holds for some positive constant ¢; for large n,
our inequality becomes

Tn Tn Tn
1 < 8(n—3)3+4(n—3)2+2(n—3)
r A(n—3)?%  c(n—23) r
< g—" .4 4 2"
S %3 =32 to3e o3
Tn 4cq
= (8¢ +2) +

(n—3) (n—3)

where the last term tends to zero as n — oo. Thus r, > ¢o(n — 3)
for sufficiently large choices on n, where ¢y = 1/(8¢? +2), and hence
lim,, o inf(r,/n) > co.

6 Open Problems

1. The main challenge is to obtain a complete proof of the Main
Conjecture, see Introduction. This proof requires both the sharp
upper and lower bounds of the largest root. The upper bound can
apparently be obtained by a detailed study of the corresponding
Riccati equation at oco. If the Main Conjecture is settled then to
achieve its corollary (the Cauchy transform equation) one can use
a technique similar to that of [2] to prove the basic assumption, see
Section 3.

2. As suggested by one of the referees, estimates similar to that
of Main Conjecture can be formulated for the sequence of roots z, ;

of p, such that lim,,_, :” = o where 0 < a < 1 and |z,| = ;.
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3. In the case of orthogonal polynomials there is a number of re-
sults describing the growth of the largest modulus r, of the roots
as an expansion in powers of n, see e.g. [11] and [12] and references
therein. In the present paper we conjectured the form of the leading
term of r, in our more general setup. As suggested by one of the
referees, the question about the lower terms in the expansion of 7,
is natural in our context as well.

4. Operators of the type we consider occur in the theory of Bochner-
Krall orthogonal systems, i.e. families of polynomials which are both
eigenfunctions of some finite order differential operator and orthog-
onal with respect to some suitable inner product. A lot is known
about the asymptotic zero distribution of orthogonal polynomials,
and by comparing such known results with results on the asymptotic
zero distribution of eigenpolynomials of degenerate exactly-solvable
operators, we believe it will be possible to gain new insight into the
nature of BKS. We have previously used our results from [2] to prove
a special case of a general conjecture describing the leading terms of
all Bochner-Krall operators, see [3]. Another problem relevant for
BKS is to describe all exactly-solvable operators whose eigenpoly-
nomials have real roots only.

5. Numerical evidence indicates that the roots of the scaled eigen-
polynomials fill certain curves in the complex plane. The support
of the limiting root measure ;1 seems to be a tree. This is the case
for the non-degenerate exactly-solvable operators which we treated
in [2], but then without such a scaling of the eigenpolynomials. By
a tree we mean a connected compact subset I' of C which consists
of a finite union of analytis curves and where C \ T is simply con-
nected. The (conjectural) algebraic equation satisfied by the Cauchy
transform contains a lot of information about u, and it remains to
describe its support explicitly.

6. Conjecturally the support of the asymptotic zero distribution
of the scaled eigenpolynomial ¢, is the union of a finite number of
analytic curves in the complex plane which we denote by =Zr, i.e.
Zr = supp i, where p is the limiting root measure of ¢,. Then the
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following conjecture seems to be quite plausible®.

Conjecture 1. [Interlacing property| For any family {q.} of ap-
propriately scaled eigenpolynomials of a degenerate exactly-solvable
operator, the zeros of any two consecutive polynomials q,+1 and g,
interlace along Zr for all sufficiently large integers n.

When defining the interlacing property some caution is required
since the zeros of ¢, do not lie exactly on =7. Thus identify some
sufficiently small neighbourhood N(Zr) of Zr with the normal bun-
dle to Z by equipping N(Zr) with the projection onto = along
the fibres which are small curvilinear segments orthogonal to Zr.
We then say that two sets of points in N(Zr) interlace if their or-
thogonal projections on =7 interlace in the usual sense. If = has
singularities one should first remove some sufficiently small neigh-
bourhoods of these singularities and then proceed as above on the
remaining part of =p. Conjecture 1 thus states that for any suffi-
ciently small neighbourhood N(Zr) of =7 there exists a number ng
such that the interlacing property holds for the zeros of ¢, and ¢,
for all n > ng. We conclude this section by showing some pictures
illustrating the interlacing property. Below, small dots represent the
roots of ¢,,1 and large dots represent the roots of g, for some fixed
n.

-0. 612 . -1 e
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 -1 -0.75-0.5-0.25 0 0.25 0.5

T =22D*+4 23D3 + 2D> ) T =2D+ 2*°D?+ D3
roots of go5 and goy. roots of go9 and qig.

9The question concerning interlacing was raised by B. Shapiro.
Also see [1].
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roots of go3 and ¢99. roots of ggo and ¢9.
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On Roots of Eigenpolynomials for
Degenerate Exactly-Solvable Differential
Operators

Tanja Bergkvist & Jan-Erik Bjork
submitted

Abstract

In this paper we partially settle our conjecture from [1]
on the roots of eigenpolynomials for degenerate exactly-
solvable operators. Namely, for any such operator we es-
tablish a lower bound (which supports our conjecture) for
the largest modulus of all roots of its unique and monic
eigenpolynomial p,, as the degree n tends to infinity. The
main theorem below thus extends earlier results obtained
in [1] for a restrictive class of operators.

1 Introduction

We are interested in roots of eigenpolynomials satisfying certain
linear differential equations. Namely, consider an operator

k
T= Z Q,; D’
j=1

where D = d/dz and the @); are complex polynomials in one vari-
able satisfying the condition deg); < j, with equality for at least
one j, and in particular deg 0 < k for the leading term. Such op-
erators are referred to as degenerate ezactly-solvable operators!, see
[1]. We are interested in eigenpolynomials of T', that is polynomials
satisfying

T(pn) = AnPn (1)

for some value of the spectral parameter \,,, where n is a positive in-
teger and deg p,, = n. The importance of studying eigenpolynomials
for these operators is among other things motivated by numerous

1Correspondingly, operators for which deg (), = k are called non-
degenerate exactly-solvable operators. We have treated roots of
eigenpolynomials for these operators in [2].



examples coming from classical orthogonal polynomials, such as the
Laguerre and Hermite polynomials, which appear as solutions to (1)
for certain choices on the polynomials ); when & = 2. Note however
that for the operators considered here the sequence of eigenpolyno-
mials {p,} is in general not an orthogonal system.

Let us briefly recall our previous results:

A. In [2] we considered eigenpolynomials of non-degenerate exactly-
solvable operators, that is operators of the above type but with the
condition deg ), = k for the leading term. We proved that when
the degree n of the unique and monic eigenpolynomial p,, tends to
infinity, the roots of p,, stay in a compact set in C and are distributed
according to a certain probability measure which is supported by a
tree and which depends only on the leading polynomial Q).

B. In [1] we studied eigenpolynomials of degenerate exactly-solvable
operators (deg Q) < k). We proved that there exists a unique and
monic eigenpolynomial p,, for all sufficiently large values on the de-
gree n, and that the largest modulus of the roots of p, tends to
infinity when n — oo. We also presented an explicit conjecture and
partial results on the growth of the largest root. Namely,

Conjecture (from [1]). Let T = Z?Zl Q;D? be a degenerate
exactly-solvable operator of order k and denote by jo the largest j
for which deg Q; = j. Let r,, = max{|a| : p,(a) = 0}, where p, is
the unique and monic nth degree eigenpolynomial of T'. Then

Tn

lim — = Co,
n—oo M,

where cg > 0 is a positive constant and
J—Jo
d:= max |[———].
j€ljo+1,k] <J — deg Qj)

Extensive computer experiments listed in [1] confirm the exis-
tence of such a constant ¢y. Now consider the scaled eigenpolyno-
mial q,(z) = p,(n?z). We construct the probability measure j, by
placing a point mass of size 1/n at each zero of ¢,. Numerical ev-
idence indicates that for each degenerate exactly-solvable operator



T, the sequence {p,} converges weakly to a probability measure pr
which is (compactly) supported by a tree. In [1] we deduced the al-
gebraic equation satisfied by the Cauchy transform of pr.? Namely,
let

k ' k degQj 4 '
T=> Qi)D" => (Y g¢u')D’
j=1 j=1 =0

and denote by jo the largest j for which deg@; = j. Assuming
without loss of generality that ), is monic, i.e. gj, ;, = 1, we have

() + 3 g, 2EVCI () = 1
jEA

where C(z) = [ d’:%(f) is the Cauchy transform of pr and A = {j :

(7 —Jjo)/(j — deg Q;) = d}, where d is defined in the conjecture.

Below we present some typical pictures of the distribution of roots
of the scaled eigenpolynomial ¢,(2) = p,(n?z) for some degenerate
exactly-solvable operators.

Fig.1: Fig.2: Fig.5:

0.5 N L 0.5

-0.5] B e 0.5

2 15 -1 05 O T 0.5 0 05 i 0.4 0.z 0 0.2 04

roots of roots of roots of
61100(2’) = Ploo(looz) 9100(2’) = Ploo(looz) 9100(2’) = Ploo(looz)

Fig.1: Ty = 2D + 2D? + zD3 + 2zD* + 2D>.
Fig.2: Ty = 22D?* + D".
Fig.3: Ty = 22D3 + 22D* + 2D>.

In this paper we extend the results from [1] by establishing a
lower bound for the largest modulus 7, of the roots of p, for any
degenerate exactly-solvable operator and which supports the above

2[t remains to prove the existence of u and to describe its support
explicitly, see Open Problems and Conjectures.



conjecture.® This is our main result:

Main Theorem. Let T = 25:1 Q;D? be a degenerate ezactly-
solvable operator and denote by jy the largest j for which degQ); = j.
Let p,, be the unique and monic nth degree eigenpolynomaial of T and
r, = max{|a| : p,(a) = 0}. Then there exists an integer ng and a
positive constant s > 0 such that

rnzs-nd

for all n > ng, where

d:= max i)
jelio+1,k] “j — deg Q;

Acknowledgements. The authors are greatly obliged to Professor
Boris Shapiro for introducing us to this very fascinating subject.
Our research was supported by Stockholm University.

2 Proofs

Lemma 1. For any monic polynomial p(z) of degree n > 2 for
which all the zeros are contained in a disc of radius A > 1, there
exists an integer n(j) and an absolute constant C; depending only
on j, such that for every j > 1 and every n > n(j) we have

SO
j
2A A

Lo Hp(j)(Z) )

C; AT | p(z)

where p)(2) denotes the jth derivative of p(z), and where we have
used the mazimum norm ||p(2)||2a = max|,j—a |p(2)|.

Remark. The right-hand side of the above inequality actually holds
for all n > 2, whereas the left-hand side holds for all n > n(j).

Proof. To obtain the inequality on the right-hand side we use the
notation p(2) = [[_, (2—a;) where by assumption |a;| < A for every
complex root of p(z). Then p¥)(z) is the sum of n(n—1)--- (n—j+1)

3]t is still an open problem to prove the upper bound.



terms, each being the product of (n — j) factors (z — ;). Thus

pY)(2)/p(2) is the sum of n(n —1)---(n — j + 1) terms, each equal

to 1 divided by a product consisting of n — (n — j) = j factors

(z—ay). If |z]| =2A we get |z — 4| > A= al a‘ < <, and thus
nn—1)--(n—j+1) n’

HQA = Aj <G A

[

Here we can choose C; =1 for all j, but we refrain from doing this
since we will need C; large enough to obtain the constant 1/C; in
the left-hand side inequality. To prove the left-hand side inequality
we will need inequalities (i)-(iv) below, where we need (i) to prove
(ii), and we need (ii) and (iii) to prove (iv), from which the left-hand
side inequality of this lemma follows.

For every 7 > 1 we have
OREFAt

For every j > 1 there exists a positive constant C} depending only
on j, such that

. @ @y i1
(ii) pT—I;—j QASCJ’--”AJ..
(iii) ’ =

For every j > 1 there exists a positive constant C} and some in-
teger n(j) such that for all n > n(j) we have

(IV) } ‘ p9) CJ// n]

[los =

To prove (i), let p(z) = [[i_,(z — ), Where la;| < A for each
complex root a; of p(z). Then again pY¥(z)/p(z) is the sum of
n(n—1)---(n— 74 1) terms and each term equals 1 divided by a

product consisting of j factors (z — «;). Differentiating each such

iDifferentiating p(z) = []",(z — a;) once yields () = n terms
each term being a product of (n — 1) factors (z — «;), differentiating
once again we obtain n(";') = n(n — 1) terms, each being the
product of (n — 2) factors (z — «;), etc.



term we obtain a sum of j terms each being on the form (—1) divided

by a product consisting of (j + 1) factors (z — a;). Thus £ (p;()z()z))
is a sum consisting of j-n(n —1)---(n — j + 1) terms, each on the
form (—1) divided by (j + 1) factors (z — «;). Using ﬁ < & for

|z| = 2A since |o;| < A for all i € [1,n], we thus get

nn—1)---(n—75+1 oo
L), < Lrem o edd )

To prove (ii) we use (i) and induction over j. The case j = 1 is trivial

(10’)1 n

pl HQA S AZ-
/ 2

But d%(%) = p;) (7;2 , and thus | — (pp—QH < 45, so (ii) holds

for 7 = 2. We now proceed by induction. Assume that (ii) holds for

HP(P> (P )” < C’ n’1  Also note that

since%— =0. Ifweput]—lln()wegetHdz

’ p(2)

some j = p > 2, i.e.

[

with j = p in (i) we have "
(p+1) (p) .
p P L
[ 2], = H ( )HQASP'—AHN

and also H%HQA < % (from the right-hand side inequality of this
lemma). Thus we have

p(p+1) (p/)p+1 . p(p+1) p(p) . p/ p(p) . p/ (p/)p+1
e+l - - SR 2 optl
p p 24 p p p p 24
(p+1) ®) . pf
O [ty s
p p 24
! pP) "\p
v (19_ () )
p\Dp PP 24
nP? n _, nt!
S P Hm T %
n? n?
_ / v
= (+Cp) Aptl TPl pptl
sWith D = d/dz consider for example Dﬁ =
. =1\~ Qg
—1-D[T/_,(z—)

T (a)? which is a sum of j terms, each being on the form

(—1) divided by a product consisting of 2j — (j —1) = (j+1) factors
(z — o).



To prove (iii) observe that Z& =y Ly 1. _1_ By

p(z) =1 (z—ay) i=lz 1-=t°
assumption |«o;| < A for all complex roots «; of p(2), so for |z| = 24
we have |24 | < & = Lforalli € [1,n]. Writing w; = 1@ we obtain
1 11— o 1
— 1 — Z — Z —lw; ,
z z z

1 2 1 2n
— N> = ; > —.
Re(l_%) Re(wz)_3 Vze[l,n]éRe(E 1_%>_ 3

1=1 z
Thus
/ /
‘ P'(2) —  ax )| _ Z _
P(2) |loa l2|=24 | p(z) Ry ]z\ —1-%
1 | 1 -
> . -
n
> —.
- 3A
To prove (iv) we note that from (iii) we obtain H( ) HQA > 3;“;1],

and this together with (ii) yields

5 - 1G) 56,
) ],

p
_O’,.njil :"_J(i_g) > . n’

v

g4 YT T o\Y i AT

where C7 is a positive constant such that C? < (37 — i) for all

n > n(j ) The left-hand side inequality in this lemma now follows
from (iv) if we choose the constant C; on right-hand side inequality
so large that & < Cy. OJ



To prove Main Theorem we will need the following lemma, which
follows from Lemma 1:

Lemma 2. Let 0 < s < 1 and d > 0 be real numbers. Let p(z)
be any monic polynomial of degree n > 2 such that all its zeros are
contained in a disc of radius A = s - n?, and let Q;(z) be arbitrary
polynomials. Then there exists some positive integer ng and positive
constants K; such that

Sdeg Q;

< Kj.nd(deg Qi—i+i.

2snd s/

K

gdeg @;
i .nd(deg Qi—i+i 3 85 ' ’Qg p(J
J

for every 7 > 1 and all n > max(ng, n(j)), where n(j) is as in Lemma
1.

Proof. Let Qi(z) = ZdegQ] qjiz'. Then for |z| = 24 >> 1 we
have

) ) 1
|Q(2)|24 = \Qj,deng\QdegQ]AdegQ] (1 + O(z))

Since A = s - n? there exists some integer ng such that n > ng =
A > Ay >> 1, and thus by Lemma 1 there exists a positive constant
K such that the following inequality holds for all n > max(n(j), no)
and all 7 > 1:

1 q p(a) o eo.
K AJ AegQg<’Q]( ) SK]EA eg Q)
24

Inserting A = s - n? in this inequality we obtain

. ) .
L ewaipaane; < (|0 ) Pl < g Y gdenpdaene
K] sind - J p 2smd J sind

-
deg Q; (4) deg Q;

L dtaeg @) 55 Q.(Z).?i < Joopdldes @)t S
Kj 57 N ’ D |lagnd - s/
for every 7 > 1 and all n > max(ng, n(j)). O

Proof of Main Theorem. Let d = max;e[j,11,4] (%) where




Jo is the largest j for which deg@; = j in the degenerate exactly-
solvable operator T' = 25:1 Q; D7, where Q;(z) = Z?E%Qj qjiz'
Let p,(z) be the nth degree unique and monic eigenpolynomial of T
and denote by A, the corresponding eigenvalue. Then the eigenvalue
equation can be written

k @),
ZQj(Z) D ( ) = An (3)

pn(2)

where A, = 2;0:1 IR (n”f']), We will now use the result in Lemma
2 to estimate each term in (3).

* Denote by j,, the largest j for which d is attained. Then d =
(]m - ]O)/(]m - deg Qjm) = d(deg Qjm - ]m) + ]m - j07 and ]m -
deg @Qj,., = (jm — Jo)/d. By Lemma 2 we have:

1 Jo 1 p(jM) Jo 1
7 T S| |@m(2) < Kj, " - (4)
J S d p 2snd S d

Note that the exponent of s is positive since j,, > jo and d > 0.
In what follows we will only need the left-hand side of the above
inequality.

* Consider the remaining (if there are any) jo < j < j,, for
which d is attained. For such j we have (using the right-hand side
inequality of Lemma 2):

p(j) ; ; i
0 — 0
QJ(Z> ' S K]n ' ji—Jo KJn Jm —Jo § ¢
D 1losnd 574 s
; 1 1/d
< Kn’ - ——e s / (5)
s a

where we have used that (j,, —j) > 1 and s < 1 = sUm=9)/d < gl/d,

* Consider all jo < j < k for which d is not attained. Then

(j—deg Q;) > 0and (j—jo)/(j—deg Q;) < d = d(deg Q;—3j)+j < Jo
and we can write d(deg Q; — j) +J < jo — ¢ where § > 0. Then we



have:

where the last inequality follows since deg Q; > 0 = s9%8%@ < s0 =1
and j < k= s > s since 0 < s < 1.

* Now consider alll1 <j <jo—1.Sincen >ny=A=sn?>>1
we get (sn?)774%8Q > 1 and thus:

(4) deg Q;
P S
Qi(z)

i(2) 5

Sdeg Q;

< K;- ndldeg Qj—j)+j |

< K, .plo—o.
sio — sd

2snd

- 1
< Kj'ﬂjoia'—k, (6)

- S

* For j = jo by definition deg @Q);, = jo and thus:

Sdeg Qjo )
T K, -n. (7)

sJo

Qjo(2) < K, - nddeg Qu—io)+io .
p

2snd

(4) deg Q;
J J J J
P llospa s
) 1 ) )
= o) o) . pJo—l
= Kon' g SE o <Kt (®)
* Finally we estimate the eigenvalue A\, = 3021 g5 (n%;),, which

grows as n/® for large n, since there exists an integer nj, and some
positive constant K such that for all n > n;, we obtain:

jo

n!
o< E e
M| < - 195.41 (n—7)

dj,j

50,50

_ |qj07j0‘_(n?_17!j0)!{1+ 3 .(n—jo)!]

Y
1< <o (n—Jj)!

< Kl -n'. (9)

Finally we rewrite the eigenvalue equation (3) as follows:

i) ()
Qin(?) Pn(2) _AnJr];nQ](z) pn(z)

10



Applying inequalities (5)-(9) to this we obtain

’ S\An|+2’

J#Im
< Kj'-onjo%—KjonjO%— Z anjo_l

1<5<o

P (2)

Qi pn(2)

()
< pn(2)

2snd 2snd

ndo—9 1/d

+ Z st—k—i‘ Z anjo ;9 -

jo<i<k jo<i<im S d

J=J J—J —
(Faesq; )¢ (Faesq; )=

jo—6 1/d
L + K -n'° >

Jm —Jo
Sk SmT

< K-n'4+ K-

(10)

for all n > max(ng,n(j),nj,), where K is some positive constant
and 0 < s < 1. For the term on the left-hand side of the rewritten
eigenvalue equation above we obtain using (4) the following estima-
tion:

(m)
i-nJ'O- .1. < ! -no . .1_ <HQj P () (11)
K S]md_]O - ij SW B " pn(z) 2snd

for some constant K > K;,  which also satisfies (10). Now combining
(10) and (11) we get

1 ) jo—0o ) 1/d
SK-nJ0+K-n + K onio

k Jm—Jjo *
S s

1

— .pdo.

K 8]771;]()

Dividing this inequality by n’° and multiplying by K we have
gl/d

im—3do *
d

11
<K+ K —. - —+K*
S

Jm—J
mdo n

S

—[1-K?* YY) < K2+ — . —. (12)

where w = (j,, — jo)/d > 0.

11



In what follows we will obtain a contradiction to this inequality
for some small properly chosen 0 < s < 1 and all sufficiently large
n. Since j,, € [jo + 1, k] we have w = (J,,, — jo)/d > 1/d, and since
s <1 we get s¥ <s'/=1/s">1/s"? Now choose s"/? = -1,
where K is the constant in (12). Then estimating the left-hand
side of (12) we get

1

1
=K s > 22l - K2 sV = 4K? - K? = 3K
sw S

and thus from (12) we have

2
3K2§i[1_[(2.31/d]§[(2+£.i
SW sk nd
=
K? 1
2
S
=
1 1 1
6<—'—:—2K2dk.
n sy g T g2k

We therefore obtain a contradiction to this inequality, and hence
to inequality (12) and thus to the eigenvalue equation (3), if n® >
$(2K)** and s = 1/(2K)*!, and consequently all roots of p,, cannot
be contained in a disc of radius s - n? for such choices on s and n.
Hence there exists an integer ngy such that for all n > ny we have

rn > s-nt O

3 Open Problems and Conjectures

3.1 The upper bound

Based upon numerical evidence from computer experiments (some
of which is presented in [1]) we are led to assert that there exists a
constant Cy, which depends on T" only, such that

rn < Co-nf (13)

holds for all sufficiently large integers n. We refer to this as the
upper-bound conjecture. Computer experiments confirm that
the zeros of the scaled eigenpolynomial g,(2) = p,(n?z) are con-

tained in a compact set when n — oo.
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3.2 The measures {u,}

Consider the sequence of discrete probability measures
B 1 y:n6 o,
v=

where aq,...,qa, are the roots of the eigenpolynomial p, and d is
as in Definition 1. Assuming (13) the supports of {u,} stay in a
compact set in C. Next, by a tree we mean a connected compact
subset I' of C which consists of a finite union of real-analytic curves
and where C \ I' is simply connected (here C = C U oo is the ex-
tended complex plane). Computer experiments from [1] lead us to
the following

Conjecture 1. For each operator T' the sequence {y,} converges
weakly to a probability measure pp which is supported on a certain
tree I'p.

3.3 The determination of ur

Given T = Z?Zl Q;(2)D7 and Q;(z) = Y209 ¢, ;2" we obtain an
algebraic function C'r(z) which satisfies the following algebraic equa-
tion (also see [1]):

Qjo.jo 2 C%‘O (2) + Z 4j.degQ; * 2480 C%(Z) = jo,jo>
Jje€J

where J = {j : (j — Jjo)/(j — degQ;) = d}, i.e. the sum is taken
over all j for which d is attained. In addition Cr is chosen to be the
unique single-valued branch which has an expansion

1 Co

CT(Z) = -+

C3
2+—3+...
z oz z

at oo € C. Let D7 be the discriminant locus of Cr, i.e. this is
a finite set in C such that the single-valued branch of C'r in an
exterior disc |z] > R can be continued to an (in general multi-
valued) analytic function in C \ Dy. If T'y is a tree which contains
D7, we obtain a single-valued branch of Cr in the simply connected
set Qr, = C\ I'y. It is easily seen that this holomorphic function

13



in Qp,. defines a locally integrable function in the sense of Lebesgue
outside the nullset I'r. A tree 't which contains Dr is called T-
positive if the distribution defined by

1 = _
Vpp = — 3OT/82
s
is a probability measure.

3.4 Main conjecture

Now we announce the following which is experimentally confirmed
in [1]:

For each operator T', the limiting measure pur in Conjecture 1 ex-
ists. Moreover, its support is a T-positive tree I'r and one has the
equality pr = v, which means that when z € C\ I'y the following

holds: 2y (O)
Kr

rr #— ¢
Remark. For non-degenerate exactly-solvable operators (i.e. when
deg Qr = k) it was proved in [2] that the roots of all eigenpoly-
nomials stay in a compact set of C, and the unscaled sequence of
probability measures {u,} converge to a measure supported on a
tree, i.e. the analogue of the main conjecture above holds in the
non-degenerate case.

References

[1] T. Bergkvist: On Asymptotics of Polynomial Eigenfunctions
for Exactly-Solvable Differential Operators, math.SP /0701143,
to appear in J. Approz. Th..

[2] T. Bergkvist and H. Rullgard: On polynomial eigenfunctions
for a class of differential operators, Math. Research Letters 9,
153 — 171 (2002).

[3] T. Bergkvist, H. Rullgard and B. Shapiro: On Bochner-Krall
Orthogonal Polynomial Systems, Math.Scand 94, no. 1, 148-
154 (2004).

14



[4]

[5]

[6]

[7]

[11]

[12]

[13]

T. Bergkvist: On generalized Laguerre Polynomials with
Real and Complex Parameter, Research Reports in Math-
ematics, Stockholm University No. 2 (2003), available at
http://www.math.su.se/reports/2003/2/.

J. Borcea, R. Bggvad, B. Shapiro: On Rational Approxima-
tion of Algebraic Functions, to appear in Adv. Math, math. CA
/0409353.

G. Masson and B. Shapiro: A note on polynomial eigenfunc-
tions of a hypergeometric type operator, Fxperimental Mathe-
matics, 10, 609-618.

A. Martinez-Finkelshtein, P. Martinez-Gonzalez, A. Zarzo:
WKB approach to zero distribution of solutions of linear second
order differential equations, J. Comp. Appl. Math. 145 (2002),
167-182.

A. Martinez-Finkelshtein, P. Martinez-Gonzalez, R. Orive: On
asymptotic zero distribution of Laguerre and generalized Bessel
polynomials with varying parameters. Proceedings of the Fifth
International Symposium on Orthogonal Polynomials, Special
Functions and their Applications (Patras 1999), J. Comput.
Appl. Math. 133 (2001), no. 1-2, p. 477-487.

A. Martinez-Finkelshtein, E.B. Saff: Asymptotic properties of
Heine-Stieltjes and Van Vleck polynomials, J. Approz. Theory
118 (2002), no. 1, 131-151.

A. Martinez-Finkelshtein, P. Martinez-Gonzélez, R. Orive:
Asymptotics of polynomial solutions of a class of generalized

Lamé differential equations, FElectron. Trans. Numer. Anal. 19
(2005), 18-28 (electronic).

A. Turbiner: Lie-Algebras and Linear Operators with Invariant
Subspaces, Lie Algebras, Cohomologies and New Findings in
Quantum Mechanics AMS Contemporary Mathematics’ series,
N. Kamran and P. Olver (Eds.), vol 160, 263-310 (1994).

A. Turbiner: On Polynomial Solutions of differential equations,
J. Math. Phys. 33 (1992) p.3989-3994.

A. Turbiner: Lie algebras and polynomials in one variable, J.
Phys. A: Math. Gen. 25 (1992) L1087-L1093.

15



