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GENERALIZATIONS OF CHEBYSHEV POLYNOMIALS
AND POLYNOMIAL MAPPINGS

YANG CHEN, JAMES GRIFFIN, AND MOURAD E.H. ISMAIL

ABSTRACT. In this paper we show how polynomial mappings of degree R from
a union of disjoint intervals onto [—1, 1] generate a countable number of spe-
cial cases of generalizations of Chebyshev polynomials. We also derive a new
expression for these generalized Chebyshev polynomials for any genus g, from
which the coefficients of ™ can be found explicitly in terms of the branch
points and the recurrence coefficients. We find that this representation is use-
ful for specializing to polynomial mapping cases for small & where we will
have explicit expressions for the recurrence coefficients in terms of the branch
points. We study in detail certain special cases of the polynomials for small
degree mappings and prove a theorem concerning the location of the zeroes
of the polynomials. We also derive an explicit expression for the discrimi-
nant for the genus 1 case of our Chebyshev polynomials that is valid for any
configuration of the branch point.

1. INTRODUCTION AND PRELIMINARIES

Akhiezer [2], [1] and, Akhiezer and Tom¢cuk [3] introduced orthogonal polynomi-
als on two intervals which generalize the Chebyshev polynomials. He observed that
the study of properties of these polynomials requires the use of elliptic functions. In
the case of more than two intervals, Tomcuk [17], investigated their Bernstein-Szegd
asymptotics, with the theory of Hyperelliptic integrals, and found expressions in
terms of a certain Abelian integral of the third kind. However, in his formulation,
certain unknown points on a Hyperelliptic Riemann surface emerge due to the lack
of an explicit representation of the original polynomials. This was circumvented
in [9]. In his book on elliptic functions [4] Akhiezer obtained explicit formulas for
the two interval cases as an example of the application of elliptic functions to the
theory of conformal mapping.

In 1984 Al-Salam, Allaway, and Askey introduced sieved ultraspherical poly-
nomials which are orthogonal with respect to an absolutely continuous measure
supported on [—1,1] but the weight function vanishes at k + 1 points. Ismail [12]
observed that the vanishing of the weight function means that the polynomials are
orthogonal on several adjacent intervals. He then introduced one additional pa-
rameter in the definition of the sieved ultraspherical polynomials which made them
orthogonal on several intervals with gaps. In particular his polynomials include
analogues of the Chebyshev polynomials of the first and second kind. Their contin-
uous spectrum is Tk_l([fc, c), for c € (—1,1), where T}, is a Chebyshev polynomial
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of the first kind. Moreover these polynomials have simple closed form expressions
and elementary generating functions. More general sieved polynomials are in [7].

In [14] a study of Chebyshev type polynomials was carried out. They arose
as extremal polynomials and are orthogonal on several intervals. The Chebyshev
type polynomials satisfy similar extremal properties to the classical Chebyshev
polynomials on [—1,1]. In particular they deviate least from zero on a union of
disjoint intervals. The extremal polynomials also have the property that they are
orthogonal with respect to some weight function of the form

Tg—1(2)

H?& (z — a;)

, x€FE,

where E := U?i}l(aj, a;+1), and the polynomial m,_; () is chosen such that the
weight is positive on the interior of E. The existence of an extremal polynomial on
any set E is clearly not guaranteed. It was shown in [14] that the existence of an
extremal polynomial on a set E is equivalent to the asymptotic periodicity of the
recurrence coefficients of a sequence of orthogonal polynomials on E. The extremal
polynomial also has the property that it maps the set E onto [—1,1].

In [10], using a polynomial mapping of this kind, a prescription was given for
the construction of a sequence of orthogonal polynomials on F from a sequence
orthogonal on a single interval. The corresponding weight supported on E can be
obtained using the following procedure, outlined in [10]. In this generality closed
form expressions and generating functions are not available. This raises the question
of finding a class of polynomials as general as possible which has the extremal
properties of the polynomials in Peherstorfer [14] and the simple structural formulas
of Ismail’s polynomials in [12]. The first step was carried out in [9] and is further
developed here. In the present paper we develop this work further by borrowing
ideas from polynomial mappings and sieved polynomials.

We start by choosing a polynomial of degree & — 1 and call this polynomial
Wg_1(t). Then we form the expression

Wa () We_1(t) & wilw)
-y M)~ 5~ LTIt M ()~ 2 M, o)

where the Mi_l(x) are a complete set of inverse branches of Mg(x) and lg is the
leading coefficient of Mg(t). Rearranging the above equation and taking the limit
ast — M; ' (z) we find

Wa1 (M ()
wi(z) = =1
Mg (M (x))
By comparing coefficients of +%~! in (1.1) it is clear that

R

D wi@)=c

j=1

where ¢ is the quotient of the leading coefficients of Wg_1(z) and Mg(z). So,
having chosen a particular polynomial Wg_;(z) we are in a position to define the
transformed weight function in the following way. Let Ey be the interval [a, b], and
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P, (x) the polynomials orthogonal with respect to wg(x) over Ej :

b
hnénm:/ P, (z) Py (2)wo(x)dx

b R
%/a P, (z) Py (x) Z;Wj(x) wo(x)dx

R
=23 [ PO P ) e a0
zl/RﬂkwﬁMMwmﬁawm@%
CJE
where
R
and )

M;l s a, b] — Aj.
So the new sequence of polynomials is orthogonal on the disjoint set E with respect
to the measure

D)t = Wer (o (Ma().
It was shown in [10] that

Pog(z) = Py(Mg(z)), n=0,1,2,...

This generates every " polynomial in the sequence. The polynomials ﬁn_ﬁ_t'_]‘(fﬁ),
1 <j < R—1, are referred to as the intermediate polynomials. Formulas relating
the intermediate polynomials and recurrence coefficients of the new sequence to
known quantities of the old sequence are given in [10].

Some explicit expressions for the Chebyshev polynomials on several intervals,
along with many other important results, can be found in [9]. This paper is orga-
nized as follows. In this section we recall the theta function representation of these
polynomials which was derived in [9]. We also present some facts concerning the
polynomials that will be referred to throughout this paper.

Section 2 is a study of two auxiliary polynomials S,(z;n) and Ggq1(x;n), of
degree g and g + 1 respectively. The auxiliary polynomials are fundamental to the
theory of the generalization of Chebyshev polynomials under consideration. We also
derive for the first time non-linear difference equations satisfied by the recurrence
coeflicients that appear in the three term recurrence relation.

In section 3 we derive a product representation for our polynomials from which
one can obtain the coefficients of the polynomial in terms of the recurrence coef-
ficients and the branch points. This representation is a new one that involves the
auxiliary polynomials studied in section 2. It is particularly useful when we con-
sider certain configurations of the branch points where the recurrence coefficients
simplify into an algebraic form.

In section 4 of this paper we show how certain polynomial mappings give rise to
a countable number of special cases of our generalization of the Chebyshev polyno-
mials. These cases correspond to when the recurrence coefficients are periodic. We
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give explicit formulas for the polynomials of degree not equal to an integer multiple
of the period.

The monic form of the Chebyshev polynomials on several intervals will be de-
noted by P,(x). They are orthogonal on E := [~1,a] Uj_ 1185, 1] U [By, 1] with
respect to the following weight:

(1.2) w(z) = l\/ j= 1($ — )

(=2 [[j_i(z = 8)
so that
/ P, () Py (2)w(x)dx = Spmhn.
E

The polynomials of the second kind are

(1.3) Qn(z) = /E Mw(t)dt.

r—1
Both P,(z) and @, (x) satisfy the recurrence relation
(1.4) 2Up () = Upt1(2) + bpp1un (@) + apun—1(x);

see [2]. The Stieltjes transform of the weight function is

[ w(t)dt ?:1(z — ) z
w“”ﬂ;z_tVQI—n -5y S

s

V(@) = Su().

In [9], Chen and Lawrence considered a hyperelliptic Riemann surface of genus g,

Note that

g
vi(2) = (22 -1 Hzfaj (z—Bj),

from which a representation for the polynomlals in terms of the associated Riemann
theta function was constructed. They also gave a representation for the recurrence
coefficients in terms of the theta functions. To formulate these representations the
following facts regarding this Riemann surface are required.

A canonical basis of cycles is chosen on the surface that is composed of 2¢g closed
contours. We denote by the a-cycles the g closed contours that lie on one sheet of
the surface, and the b-cycles to be the remaining g contours that travel over both
sheets. For a surface of genus g a basis of holomorphic differentials can be written
in terms of g linearly independent differentials,

3552

.Tgij
A‘k 2/ —dm,
T e yl@)

If we let

then the dw; as defined,
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form an orthonormal basis such that

/ dwk = 5jk-

J

We can then define the period matrix B whose entries are

Bjk = / dwk.
b

J

The Riemann theta function associated with the surface is defined to be
9(s; B) = 0(s) := Y _ eaxp(in(t, Bt) + 2mi(t, s)),
tezs

where s is a g-vector, and (u, v) denotes the standard scalar product of two vectors.
Convergence of the series is assured since B is a positive definite matrix. The
theta function has the following properties. For ¢ € Z9,

V(—s) = I(s),
V(s +1) =J(s),
19(8 + Bt) _ e—iﬂ-[(t,Bt)—FQ(t,s)],ﬂ(S).
Both the polynomials and the recurrence coefficients are given below. The expres-

sions are taken from [9]. However, in view of lemma 10.2 in [9] and the quasi-
periodicity of the theta functions we have simplified the expressions slightly:

(15) Pa@) = 5 (Ealb) + Ealin)

where, for n > 1,
I(ut)d(u, —nB)
?(ut 4+ nB)Y(u,)

En(ps) = 2 X0 t2p))

and R

£.(ps) = 2672 —xo) Y)I(Ue + 7B)
o d(ut + nB)d(u,)

Using this notation,

(1.6 Q) = 2 (8,0 - £.00))

Here, p, is a point on the top sheet of the Riemann surface that corresponds to a
point x in the complex plane, and

po
Op.) = / a0
P1

[ e
. p1 y(t)
The k; can be determined from the condition that

/ dY=0, j=1,..,g.

J

dt.

u, is defined to be a g-vector,

P P T
u, = / dwl,...,/ dwg |
P1 P1
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and u* := u=. If B is the vector whose components are

B :—/dQ j=1,.
271

B=u"—u" (mod Z9).
Finally, the equilibrium potential of the set F is

oo™ t9 +Zg k.td 1
_ e i U
(17) X0 = /p | ( = L)

With this notation, we have the following expressions for the recurrence coefficients:

then

) 19(u+—]§’>) . _
(1.8) W 2¢e2x0 o) ) if n=1,
: n = —2vo Yut+(n—1)B)9(ut —nB) .
& e —(n DBt 1By 1N >1
and
(1.9)
1 z < —1 o (ut4B) 9huT)  dh(uT+(n-1B) 9t +nB)
b=y —ay)+ 3 (A7, [ YFTB)  dF) | I T (nDB) | 9(aFFnb) }
j=1 j=1
Here
) = ().
T Ouy
Also,
N .
(1.10) hyy = 26200 Y = nB).
J(ut +nB)

Theorem 1.1. The polynomials of the second kind Qn(x) satisfy the following
orthogonality relation:

1 -
1.11 w(2)Qm(x) ——dx = dpmhn,
(111) | @@ s
where, R
By = T2ho,.

Proof. We wish to evaluate the following integral:

I; :/ Q"(t)tjdt, 0<j<n-—1
B w(t)

We have

Qn(2) = Pa(2)h(z) - /E

=R - 1 [ P ua
— Pu(2)0b(2) — % RIOH (Z) dt
j=0
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where the last line follows from the orthogonality of the P, (x). Therefore,

Qn(2) 1 I 1
=P, (z)— — 4+ 0| —= .
o g e 1O
We rewrite I; as a contour integral using a closed contour A [9] in the slit complex

plane that encircles all of the branch points. By continuous deformation of the
contour onto the intervals that make up E we have

L Qn(t) J

I; _/E—w(t) tdt
_ T Qn(z)zg .
=% J, u(x)

So I; can be written as

h 1
; T’HﬂLO(W) ;
I-:/Pn zz]dz—/ﬂ—zz]dz.
! A (2) A Y(z)

The differential P, (2)27dz has no residue at infinity for any j. The differential
anijw(z)dz has no residue at infinity for j = 0,...,n — 2. Consequently, for these

values of j, both integrals are zero, which proves the orthogonality of the @, (2)
with respect to ﬁ The integral I,,_; is equal to the square of the weighted Lo

norm of @Q,(z). In this case there is a residue at infinity. The residue is —h,, and
therefore

hy, = 72h,,. O

Theorem 1.2. Let E be the reflection of E around the point x = 0, namely

E = [~1,—8,] Uj_y_1 [~ajt1, =B U [—a, 1].

Let {P,(z)} be the monic polynomials orthogonal on E with respect to w(x), where

() = l\/ j=1(® + 55)
o\ (A=) [T (et ay)

Then we have forn > g

(1.12)
Poso(B) i e Puia(B)
) 1yt Poy(B) oo e s Paiy(B)
P, (x) = D, H?:l(f +8) Qn,i,(oq) . .:. . .:. . .:. Qnﬂ:](al)
Qng(@g) oo Quaglay)
Po_4(—x) ... Pu(—z) ... Ppig(—2x)

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



4794 YANG CHEN, JAMES GRIFFIN, AND MOURAD E.H. ISMAIL

If n < g, then
o ... ... 0 Py(61) ... Pnig(b)
. (—1)n+o 00 cee e 0 X Po(By) .. Pnig(By)
(2 .. g—n= ... n
DD Gy | 0 e T Gl e Gule)
a) ag oo a8 Qolay) . Qugglay)
0 O 0 0 Py(—z) ... Ppig(—2x)
In both equations, D,, is equal to the coefficient of Pni4(—x) appearing in each
determinant.

Proof. Starting with the orthogonality relation of the P,(z) we make the change
of variables x — —ux:

iln(snm:/Epn(x)}sm(x)\/(l—J;Q)I_Ej‘—’—(fj‘)f' Oéj dx

— D — > — j:1($—ﬂj) X
= [, Frlmo) P M(l—wnﬁ_l@—aﬁ)d

_ [ 5 2 i= 1($”*0<j) j=1(7 — )
= EP.,L(—QJ)Pm(_x)\/(l x2) _(z ﬂﬂ( j= 1(:E aj)>dm.

So the P,(—x) are orthogonal with respect to a weight function that is w(x)
multiplied by a rational function. In general if we know the polynomials orthogonal
with respect to a weight u(x) and we wish to find the polynomials orthogonal with
respect to R(x)u(z) where R(x) is a rational function that is positive on the interval
of orthogonality, we may invoke a theorem of Uvarov that gives these polynomials
in terms of the original ones. The theorem was first published in [18] and also
appears in [19]. In our case the rational function has zeros and poles at the end
points of the subintervals that make up E. However, a brief examination of the
proof will show that the theorem is still applicable in this case. The result follows
directly from the theorem. O

In section 2 we wish to study the following polynomials:

g
(1.13) Sy(z;n) == P(x H (z—aj) — Q%(z)(z* — 1 H (x — 5;)
j=1

j=1

and
g

g
(1.14) Gyia(w5n) i= Po(2) Paor(2) [ [ (2-0) = Qu(2)Qn-1(x) («*=1) [ [ (z—5))-

j=1 j=1
These functions are fundamental in the theory of the generalizations of Chebyshev
polynomials considered here.

Theorem 1.3. The functions Sy(x;n) and Gg11(x;n) are polynomials of degree g
and g + 1 respectively.
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Proof. From (1.3) we know that
@ul) = Pa(e)0l) - [
E

Expanding the integrand in powers of ¢ we have

1 1t ¢t
z—t z Z2 23

Palt)

t)dt.
v

+

Therefore, as z — co™, we have

and similarly,
Pn(2)1(2) + Qn(2) =
Multiplying the two together gives

PG - Qi) =0 (% ).

|
—
W
3
|
—
~—

Therefore,
g g
Hzfajzﬂ zflﬂz—@@%) 0 (29).

Since the left hand side is a polynomial it follows that it must be of degree g. For
(1.14) we form the following product:

(Pr(2)¥(2) — Qn(2)) (Pa-1(2)¥(2) + @n-1(2))
= Po(2)Pr1(2)¥(2) — Qn(2)Qn-1(2) — ¥ (2)hn_1
where we have used
—1(Z)Qn(z) - Pn(Z)Qn—l(Z) == hn—la

which is the Wronskian. As a result,

Hz—aj Py ( Z—le—ﬁan )Qn-1(2) = O(zg+1) O

i=1 e

From (1.13) and (1.14) we have
(1.15) En(pa)En(pa) = @)

j:1(33 - )

Also,
(1.16) gn(px)gnfl(pm)_ Gyt (; n)(; n— ;y( )’
(1.17) & (p2)En1(pa) = q+1(xg in) = hn—1y(x)

j= 1( Oé])

An alternative representation for the polynomials of the first and second kind
was also given in [9], resulting from a coupled system of differential equations

(1.18) P, (2) := pn(z) cos U, (2)
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and
(1.19) Qn(z) =i (2)pn(2) sin ¥, (2),
where
B Sg(z;n)
pnle) = ?:1(2 - )
and

F (Sfo et —nt? + § 30, 24005)
\I!n(z):i/ =07 2=t ) gy
1

Y

where the branch of the square root is chosen in such a way that p,(z) — v/2h,,
as Rz — oo and 2h,, is the leading coefficient of S,(z;n), to be shown later. Here
the path of integration is from 1 to an arbitrary complex point z with the property
Sz > 0, and the path of integration is entirely in the upper half plane. Expressions
for the real values are then obtained by the analytical continuation of those above
allowing z — = € R.

In these expressions, the 7;(n) are the zeroes of Sg(z,n), and y; = y(p=)lp, =, (n)-
The c¢;(n) are the first g + 1 expansion coefficients of - In&,(p,) in terms of the
following basis:

{}g 91 1 y+y Y+ Y, }
vy ylr—ar’ Tr—ay yle—mn) 7 y(z —e(n))

This is the basis for meromorphic functions on the Riemann surface defined by
y(z) whose zeroes must include simple zeroes at +oco and whose poles must be
from amongst the set p1,p_1,pq;,P5,,P+,,J =1,...,9, where the poles at the «
points can be at most double poles and the other poles must be simple poles.

2. EVALUATING THE POLYNOMIALS Sg(x;n) AND Ggi1(z;n)

In this section we give an algorithm for determining the coefficients of Sy(x;n)
and Gg41(x;n) in terms of the recurrence coefficients and the branch points. Let

and
g+1

Gyia(wsn) = Y &(n)a.
§=0

Then we have,

Q22 my(m)2f + o+ mo(n)

. P2 =
(2.) PP - R
Qn(2)Qn-1(2) _ &e1(n)z?™ + .. + &(n)
(2.2) (2)Pp(2)Pr-1(2) — o) =4 e .
To find the n;(n) coefficients we integrate both sides of (2.1) along the contour A.
Note that,

b(z) = TW ),
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where
) g
i (2 — )
Wi(z)=— J ,
) w¢w14>§4@—@>
and for t € F,
1 It —ay)

2. li €) = = — J .
(2:3) i, Wt +d€) = w(t) w\/u — eI, (t— )
We obtain the following:

m i [ Qi2) 5

24 —,/WzP,%zdz——/ o rdz = i(n)l;,
(24) ;) R = | S =Y,
where

2
I, = / —dz.
! A Y(2)
The I; can be evaluated by evaluating the residue at infinity, in which case,
Ij = 0, j <g,

and
29tk

Igir = dz
" Ahﬁ—nﬁﬂ@—%m—@ﬁm

which under the substitution z = 1/Z becomes

o dzZ .
Igtn = /Q Zh+1 {(1 =721 (1—a;2)(1 ﬁjz)} "

So in general the integrand of I, has a pole of order k£ + 1 at infinity. Hence if

~1/2

g
f2)= |-z ][0 -2)(1-352) ,
j=1

then

M0
!

where f*)(Z) denotes the k*" derivative of f. Deforming A onto E (2.4) becomes

(2.5) Iypr = —2mi

1
4h, = — I,.
an(”) g
From (2.5) we have,
Iy = —2mi,

and therefore,
ng(n) = 2hy,.
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To find the remaining n;(n) coefficients we multiply (2.1) by successive powers of
z and perform the same integration. This leaves us with the following system of
equations that we can use to solve for the n4(n):

ro(n) = Igng(n),

ri(n) = Igr1ng(n) + Igng—1(n),
T2 (n) = g+2ng(n) + Ig+177971(n) + Ig77972(n)

9
rg(n) = Z gy gmj-
=0

Here,

(2.6) ri(n) = 2

/E R P2()w(2)dz.

These constants are obtained by iterating the three term recurrence relation k times
in (2.6). The recurrence relation can also be expressed in matrix form by

Lp = zp,
where
by 1 0 0 0 0 0 Po(2)
aip bp 1 0 0 0 O Pyi(2)
0 ay by 1 0 0 O Py(2)
s 0 0 e b 10 0 | Bs)
1 0 0 0 ay bs 1 O p= :
0 0 0 0
0 0 0 0 O
In this case,
ZFp=LFp,

kan(z) = Z [Lk]nmpm(z)'

From the expression for r(n) in (2.6) it is clear that

(2.7) re(n) = @[Lk]n,l)n.

To find the &;(n) we use the same method. We know from the proof of theorem
(1.3) that

Egr1(n) = hp1.
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Multiplying (2.2) by successive powers of z and integrating we have the following
system of equations:

0= Ig+1§g+1(n) + Igﬁg(”)a
Sl(n) - g+2§g+l(n) + Ig+1€g(n) + Iggg—l(n)v
52("7‘) = g+3§g+1(n) + Ig+2§g(n) + Ig+1§g71(n) + Ig&gf2(n)

g+1

s¢(n) = Z Ig+j€;(n).
7=0

Here,

sk(n) = 4%/Eszn(z)Pn,1(z)w(z)dz.

In terms of the Jacobi matrix,

For g = 1 we have,

51(x,n):2hn <I+b7L+1— (a+ﬂ)>, nZl,

2
a+p
2

Go(x,n) = hpy (302 -

S1(2,0) = (z — a),
Ga(x,1) = (x — b1)(z — ).
The auxiliary polynomials for g = 2 can be found in Appendix B.

1 1
x+2an—§(a—ﬁ)2—§>, n>2,

Non-linear difference equations. We can use the polynomials studied in this
section to derive a pair of non-linear difference equations for each genus that are sat-
isfied by the recurrence coefficients {a, } and {b,}. Using the three term recurrence

relation,
(2.8)
Sy(z;m) -
= gn z gn z
(2 ay) (p2)&n(p-)

= (2 = bp)*En1(p2)En1(p>)

—an_1(z =) (En2(p2)En_1(p2) + En_a(p2)En_1(p2))

+an 1En—2(p:)En2(p:)

(= )*Sy(zm — 1) + 6258y (zim = 2) — 20 1(2 — by)Gra(2m — 1)

N I (z—ay)

Evaluating both sides at z = b,, gives
Sy(bp;n) = a2_1Sy(bp,n — 2).

If we write this out fully for g = 1 we have

(29) Ganp (bn—i-l + bn - a;6> = Gnp-1 (bn +bn—1 - O‘;ﬂ) .
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This is the first difference relation for the recurrence coefficients. To get the second
we note that

Ggr(zn) 1 ~ .
1 ~

= 5 (((Z - bn)gn—l(pz) - an—l£n—2(pz))5n—1(pz)

+ ((Z — bn)gn_1(13z) - an—lgn—Q(pz))gn—l(pz))

= (2 = bn)En1(p2)En-1(p-)

_ an2—1 (5n_2(Pz)c§n—1(Pz) + gn_z(pz)é'n_l(pz))

(2.10) _ (2=00)Se(zin = 1) — an 1 Gy (zin — 1)
. . .

j:l(Z_ a;)

If we evaluate this at z = b,, we get
Ggyi(bp;n) = —an_1Ggq1(bn;n —1).
Writing this out for genus 1,

1 —a)? a4+
(2.11) an + p_1 ==+ - + ﬁbn — b2,
2 8 2
This is the second difference equation for the recurrence coefficients. Both equations

are valid for n > 3.

3. PRODUCT REPRESENTATION FOR P, (z) AND Q, ()

In this section we use the polynomials derived in section 2 to derive a repre-
sentation for the generalized Chebyshev polynomials where the coefficients of the
powers of x are given in terms of the branch points and the recurrence coefficients.
From (1.5) we have

Pale) = 5 (Ealba) + Ep2))

We define the following functions:

o Enlpa)
f+(1',7’b) T gnfl(pz)’
ey o n(pa)
f-lain) i= z

Using (1.13) and (1.14) we can write

gn(pa:)gnfl(px) Gg+1(x;n) + hnfly(x)

3.1 in) = ~ =
( ) er (x n) Sn—l(px)gn—l(px) SQ(Z; n— 1)
Similarly,
gn(pz)gnfl(pz) Gngl(x? n) - hnfly(ﬁ)
3.2 _(x;n) = = = .
Since, &(pz) = 1, we have, for any x € C
1 n n
(33) Pa(w) =5 | [T £+ @+ T 1 (.9)
j=1 j=1
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Similarly,

n

(3.4 Qo) = " ] 7o)~ TT 5

j=1

(3.3) and (3.4) are valid for any genus g and require only knowledge of the branch
points and the recurrence coefficients. They do not require any knowledge of the ~y
points. If we look at the genus 1 case we find that

x? — #x—l—Qan— Ha=pB)r? -3 £/ (@>=1)(z—a)(z-p)
2(z + bpy1 — #)

If we take the limit as a — (3 we see that

Si(x,n) — 2h,(z — ), n>1,

Ga(z,n) — hp_1z(z — @),

fx(wsn) =

and,
1 1 ..
fi(x,n)eE(xj:\/fol):éei“g, x =cosf, n>2.
Note that ‘
fa(z,1) — et
Thus we can see that (3.3) is a natural generalization of the following formula for
the classical Chebyshev polynomials:

(z+ Va2 —1)" + (z — Va2 - 1)"

on '
In general, (3.3) and (3.4) are very effective representations of the polynomials
for the purpose of extracting the polynomial coefficients. The appearance of the
theta function of the Riemann surface is still apparent in the expression for the
recurrence coefficients. One may also wish to study certain special cases of the
Akhiezer polynomials when the recurrence coefficients become algebraic functions
of the branch points «; and §;. In this case (3.3) is particularly useful, as one could
insert directly the value of the recurrence coefficients. In the next section we will

encounter some of these special cases. The following formulas follow naturally from
(3.3):

T.(z) =

hp_1(z? = DT, (z — B35
Gg+1($,n) Pnfl(x) n n 1( ) ]_1( ﬂ])
Sg(x,n—1) Sg(z,n—1)
and the corresponding formula for the @, is
Ggi1(z,n) hn—1 [T§—1 (z — o)
Sg(z,n—1) Sg(z,n—1)
Letting o; — (; in (3.5) we obtain as expected the analogous formula for the
Chebyshev case:

(35)  Pu(z)= Qn-1(2),

(3.6) Qn(z) = Qn-1(z) +

Pnfl(I).

2T, (z) = 2Ty 1 () + (2% — 1)U, _1 ().
Here T),(z) and U,(z) are monic Chebyshev polynomials of the first and second
kind respectively. Now we show how the product representations of (3.3) and (3.4)
can be used to re-express the differential relations derived in [9], where P,(z) and
the @, (x) were shown to satisfy
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and
(3.8) Q(@) = fo(@in)Pu(@) + falw;n)Qu(2),
where
1< 1 1
JMMMZEZx;%—x%),
nxd — Z?;(l) Cj.’IIj 2 Z] 1 x— 'yJ
f2($’n) - ?:1(‘%70[]4) )

and

fa(x;n) = 4% (2) fa; n),
V()
fa(zin) =
The definitions of all the constants appearing in the above formulas can be found
in section 1. From [9],

+ fi(wn).

pn(x) ’
and
(3.9) falwin) = i 2n®)

pn(T) =
Therefore, we can write
A 1S &
(310) f1($7’n) - Pn(ﬂf) - 2 Sg(:c,n) Z T — oy

This is simply a restatement of the earlier definition if we recall that the v;(n) are
the zeroes of Sy(x,n). In order to re-express fo(x;n), we observe that

n
[T f=(@.5) = pala)eive.
=1
Therefore,
[ (@ J s
H + 621\11 H

From the definitions of fi(z,7) we have

= 2i0,(z) (mod 27).

n

(3.11) 200, (z) = > In (gzigi; i Z;f;g;) (mod 27r).

J=1

Hence,

(3.12) W) =S [ Got1(w;7) y(x)G.@H(x;j)} hyj1.

2 Sy 1) Sg(wij — 1)
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Substituting the above into (3.9) gives us the differential relations (3.7) and (3.8)
completely in terms of the recurrence coefficients and the branch points. Note that,
generally when v;(k) € (aq, 8;), k > 1, we can evaluate ¥, (o) by taking the limit
x — oaq in (3.11). From (1.13) and (1.14) we see that for © = o the only non-zero
term appearing in the sum in (3.11) is the j = 1 term. For j > 1, Ggy1(cu; )
cannot be zero since this would imply, from (1.13) and (1.14), that v;(j) = ay. We
have

lim 2i¥,(z) = lim In <G9+1($; b+ y(x)) (mod 27).
T—ay z—a Gg+1 (2;1) — y(z)

We know that
g
Ggyi(z;1) = (x — by) Hx—ozj

and therefore,

lim U, (x) = g (mod 7).

Tr—Qy

Discriminants. In this section we derive an expression for the discriminant when
g = 1. Once we have knowledge of the differential relations satisfied by a sequence
of polynomials one can in general use this information to say something about
the discriminant. The discriminant is useful when we consider certain electrostatic
problems regarding the zeroes of the polynomials. See [16] and [13] for more de-
tails. The expressions we derive in this section are restricted to the cases when the
polynomials do not have zeroes at the branch points. If we write

n

Py(z) = [ (@ = zj),
j=1
then the discriminant is defined to be the following:
(313) D[Pn(x)} = H (xi,n - xj,n)2-
1<i<j<n
Since
n
P ()
P’ = _—n\v
@)= o )
Jj=1 ’

it is easily verified that
n(n—1) n
(-1) > H Py (2jn) = D[Pn()].
j=1

From (3.7), assuming that P,(x) has no zeroes at the branch points, we have
P (jn) = f2(250;n)Qn(2j,n)-
To evaluate Qy(x;,,), recall that
P, (z) = pp(x) cos U, (),
and

Qu(@) = (@) pu(2) sin T, (a).

Since we have

= tan ¥, (),
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it must be that
tan W, (z;,,) = Foo,
and therefore if x; ,, is a zero of P,(z), then we do have
cos VU, (z;n) =0.
Hence,
sinW, (z;,) = £1.
Therefore, it is always true that
|Qn (@j0)| = lith(2j,0) o (2,1
The sign depends on the value of n and j. To show this dependence, we note that
the quantity

bz (i) = | e ] a0

e Tin =Ly Tim =B

is positive. Since theorem (7.1) in [9] states that any zero of P, (x) on the interval
(o, B;) must lie in (ay,;) and since the zeroes of P, (x) and @, (z) interlace, we

must have _
sin Uop (25,2n) = (—1)
and
sinWop_1(2j2n-1) = (—1)j+1.
Therefore,
Qn(wjm) = (_1)n+jiw($j7n)pn(xj,n)a
and

DIPy(a)] = (~1)" IR

n(n 1) n n+]+2 ,L 1 x]n 'Yz(n)) )
H \/ 2h \/ Z l(xjn ﬁi)fZ(x]’n)

Jj=1

n n 1P ]
(3.14) :<‘1)2<2h”)2¢ Pn(l)lgi( 0 o Pa(3;) Hf2 Fan)

Now in this most general form we cannot yet evaluate the discriminant for general
g since we do not know how to evaluate the product of the fa(z;,). However,
examining the form of fo(z;n) we see that it is a rational function. In certain
special cases we may know enough about this function to factor it in which case we
can express the unknown quantity in (3.14) as P, (x) evaluated at the zeroes and
poles of fa(x;n). For g = 1 we can always do this, in which case,

n

Now

)= ()
Q)T

(co/n+7) £/ (co/n—7)*+2y1/n
5 .

where

re(n) =

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



CHEBYSHEV POLYNOMIALS, GENERALIZED 4805

Therefore, we have for the square of the discriminant
(=" P (re)Pr(r-)
P a)Po(1) Po(=1) Po(8) Pu(v(n))
The product P, ()P, (yn) is always positive since we know from [9] that P, (x) can-

not have a zero in the interval (y(n), 8). A similar calculation for the polynomials
of the second kind gives

(3.15) D?[P,(z)] = (2n*h,)"

Qn(r4(n) @5 (r—(n))
Qr(MQA(-1)QA(B)Qn(v(n)@n(a)
Again, in this case we require that @, (z) have no zeroes at the branch points.
These discriminants are valid for genus 1. Indeed we know explicitly the values
of y(n) and r4 (n) for g = 1. It is clear from the derivations in this section that the
equivalent expressions for general genus g are

(=1)" I32, Pa(rs(n)
P (1) P (= 1) TT7 =1 [Pn (85) P (5 (n)) P ()]

(3.16) D?[Qn(x)] = (2n%h,)" !

(3.17)  D?*[P,(x)] = (2n2hy,)"

and

I172, @2(r;(n))
Q2 (MQZ (=) TT5-1[Q7(8)Qn (v (1)) @n (a;)]
where the {r;(n)} are the 2g roots of the polynomial

(3.18)  D?[Qn(2)] = (2n?h,)"*

g g—1 g
T(x— ~ . (n nad — c‘nxj—l Y%
jl;[l(w 75(n)) ]Z:% i (n) Q;xﬂj(n)

4. CONNECTION WITH POLYNOMIAL MAPPINGS

The theta function expressions for the recurrence coefficients a,, and b,, of the
generalized Chebyshev polynomials are given in (1.8) and (1.9). Consider for the
moment two different values of the recurrence coefficients, for example, b,, and b, g,
where n and R are both integers. If & is chosen such that AB € 79, then from the
periodicity properties of the theta functions we have

bn+ﬁ = bn
From the expression for the a,, coefficients, we will also have
Opts = Qn, n>2.

When the entries of the vector B are all rational numbers, we can always find
an integer & such that B € Z9. If we take the smallest integer that satisfies
this requirement we will then have the smallest integer over which the recurrence
coefficients themselves repeat, that is, the recurrence coefficients are periodic with
period R. If at least one of the entries is an irrational number we are unable to find
an integer K that satisfies the periodicity requirement.

We will study the effect that this periodicity has on our previous constructions
and use this to explain the connection between the generalized Chebyshev poly-
nomials and non-trivial polynomial mappings [10]. Throughout this section R is a
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given fixed integer. First consider P,g(z). From (1.5), and with the periodicity
condition, we see that the 6 factors cancel in equation (1.6), therefore

(4‘]‘) Pnﬁ(x) = %(enﬁ(g(pm)) + e—n.ﬁ(ﬂ(pz)))’
hence,

A &) o .~ 8(Qpa)
(42) Pﬁ(ﬂf) = 7(6 Px +e j2 )
Here,
(4‘3) Anﬁ = 2einﬁXO'
Therefore,

eﬁﬂ(a;) + eﬁQ(m)>

Pnﬁ(.’ﬂ) = 2”71AnﬁTn ( B

(4.4) — ALT, <PZ(§)) ,

where T, (z) is the monic Chebyshev polynomial. From the expression for h, in
(1.10) we see that

hg = 2e~2%x0,

Aﬁ =/ 2hg,

It follows that

and therefore,

(4.5) Poa(z) = (2he)3 T, (P ﬁW) .

V2hg

The corresponding formula for the polynomials of the second kind is

(4.6) Ons(@) = (2h5) "7 Qu(x)U (%)

where U, (z) is the Chebyshev polynomial of the second kind (degree n —1). Recall
that

j:l(x - ;)
When 8B e 79, we have
5n(pz)gn(pr) = e X0,

Therefore, since the v;(n) are the zeroes of S,(z;n) we must have v;(8) = a;. It
will be shown later in this section that the maximum value of g permitted for the
polynomials is & — 1. Therefore, if we put g = 8 — 1 and n = & in (1.13) we see
immediately that

f-1
x) = H (x — aj).

Hence,

Quate) = (2he) 70, (5 2hﬁ)H r—ay)
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In the language of (3.3), (4.5) becomes

(T fe(a )™ + (T f- (2, 5)"
2n ’

Pn}%(x) =
and (4.6) becomes

R W — (T £ (2.5
Qnﬁ(x):w(x)(nj=1f+( ,7)) Qn(H]=1f (x,7)) |

Using the theta function expressions, we can verify the following:

. gﬁJrl(pz) _ AﬁJrl
f+(ﬂ§,ﬁ+1)— gﬁ(pm) *AﬁAlf-F(xa]-)'

Similarly we can deduce that R
Agpr 1

AgA; 2

and therefore,
fale, R 1) = 3 fal ).
An analogous calculation shows that
fe(@, R+7) = fe(z,7), 1<j<RK,

as we expect from looking at the explicit structure of the fi(z,7).

If we know the period £, then we can use the Pg(z) with (4.5) to generate every
£™ polynomial in the sequence. To obtain the intermediate polynomials P, a+j for
j=1,...,8 — 1 we use the fact that

Engtj(ba) = % (H f+($;l)> Ens(pa) = %Q(Pz)fnﬁ(lﬂx),
=1

which follows directly from the theta function representation of these functions,
and therefore,

(4.7)

Ppatj(x) = % (Pj(x)Pnﬁ(x) + w%@)@j(x)cgnﬁ(x)) , 1<j< i n>1
Similarly,
(4.8)  Quayj(z) = %(Pj(x)Qnﬁ(x) +Qj(z)Pog(x)), 1<j<fK n>1

So if we know the first & polynomials of the first and second kind we can generate
all of the remaining polynomials using (4.5), (4.6), (4.7) and (4.8).
From the theory of the classical Chebyshev polynomials we have
| Thgn(z)+ sai T (), m>n#0,
Tm(x)Tn(x) - { Tgn($) + 22%_1_T0, m=n.

Similarly,

Unnin () + 535 U —n(z) m>n#0
Um T Tn ) = m+n 22n Ym—n ) = )
()T (@) { Unsn(2) = 535 Un—m(2), n>m #0.
Analogous formulas to the ones above do not hold for all of the generalized Cheby-
shev polynomials. However, P,g play a similar role to the classical Chebyshev
polynomials.
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Lemma 1. For any m,n € Z we have
Prima(z) + 28 P, _pa(2), n>mf #0,

(4.9) P (z)Pps(z) = Pryma(z) + thPmﬁ—n(x)v mi > n # 0,
Py () + himaPo(x), n =mk.

Proof. From section 1,

Py(z) = e ™0 J(ut) A enQ(pz)ﬁ(ux +nB) +efnﬂ(pz)ll9(u$ —nB) :
Jd(ut + nB) () ()
and
Pa(z) = e~ ™0 {emm(m 4 e~ mAAP:) | |
Therefore,

Py (2) Pyg (1) = e~ (nrmsxo__(07) [e(wmﬁ)n(pm)ﬁ(“w +nB)
19(11+ + TLB) 19(1193)

—(ntmR)Q(p,) V(1z — nB)

+e )
+ e(n—mﬁ)ﬂ(pw) 19(119; + nB) + e—(n—'m}%)ﬂ(pm) 19(119; B nB)
ﬁ(um) ﬁ(um)

From the periodicity of the theta functions we may add the vector +m&B to any
of the arguments of the theta functions without changing the equality. We make
this change in the argument of the theta functions in such a way that we are left
with (4.9). O
Similarly, for the polynomials of the second kind, we have
Qn+mﬁ($) + B Qn—mﬁ(x) n > mfi 7é 0 }
() Pra(x) = 2 ’ .
nl)Fins() {cawmﬁu»—f%Qmﬁ1xx» m&>n£0
Combining (4.9) and (4.7) we obtain
1

Pnﬁ_j(x) = h_j <Pnk($)P](x)

Qnik(7)Q;(7) - N
_ @) > , j=1.,8—-1

Similarly,
Quscs(#) = (Qus()By(x) ~ Pas(@)Q ()
From (1.8) it follows from the periodicity properties of the theta functions that
aj; = ag_j41, j=1.,8—-1.
The b,, also have a similar behaviour, and one can show that
bj = bg—_j+o2, ji=1,.,8—1.

However, this is not obvious from the form of the recurrence coefficients given in
(1.9). To prove the above equality we start with the three term recurrence relation
(1.4) withn=8—j+ 1 and = 1, so that

Prjr1(1) = Pa—jt2(1) + ba—js2Pa—ji1(1) + ag—jr1Pr—;(1).
From the expression for P,g_;(x) we have
P,a(1)P;(1)

Pnﬁ—j(l) = h.
J
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Substituting this into the three term recurrence relation we obtain
Pj1(1) = Pj(1) + ba—j+2Pi-1(1) + a1 Pj(1).
Comparing this with (1.4) at « =1 and n = j — 1 we see that bg_;12 = b;.

Theorem 4.1. If the set E is chosen such that the vector AB € 79, then E is the

inverse image of [—1,1] under the mapping —Pg(;),

Proof. Since 8B € Z9, we have
1RQ(B;) = 1RQ(a;) = mar for some m € Z,

and, from (10.13) in [9],

1R8Q(—1) = —Rrw
which also can be shown by a contour integral on the contour A in section 2. From
(4.2), we have

For x € E, Q(x) € R so |Pz—f)| attains the value 1, & — 1 — g times on the interior
of E. Since there are g stationary points of the polynomial corresponding to one

in each gap, the polynomial has the mapping properties stated in the theorem. [

In figure 1 we show an example of a mapping polynomial for K = 3. We now
consider some examples of sequences of orthogonal polynomials generated via the
polynomial mappings Pg(z). We choose small values of & and investigate. £ =1
corresponds to the Chebyshev polynomials as the recurrence coefficients are con-
stant. For R = 2, the mapping polynomial,

1 1,
My (z) = A—QPQ(;U) = A—Z(x + ax + by),
satisfies the following conditions:
1 1
— P (-1 —P(1)=1
A P-1) = 3 Pa() = 1,
L Pya) = —Py(8) = —1
A, Q) = A, W) =1

This implies that Ms(x) has the following form:

1 1
My(z) = —a?+ (1 - —
2(1‘) Agx + < Ag) 5
with
o2 = 7,
1— 2 1— 2
Apg=- % — p
2 2
Therefore,
2 9 2
Ma(w) = et * <1_m>7
with the condition on the branch points, « = —3. The condition above tells us

which sets F arise from a polynomial mapping of degree 2. These are the same
sets that give rise to periodic recurrence coefficients with period 2. To obtain the
recurrence coefficients for these polynomials, we can substitute 3 = —a into the
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iy

51 11
©
n
-

FIGURE 1. General form of M3(z) compared with the Chebyshev
polynomial of degree 3. The branch points are where the polyno-
mial crosses the lines y = —1 and y = 1.

general genus 1 recurrence coefficients. The general expressions for the recurrence
coeflicients can be obtained in one of two ways. Appendix A shows how we can
manipulate the theta function expressions for the recurrence coefficients into ex-
pressions involving the Jacobian elliptic functions. We are then able to invert the
functions and in principle obtain the recurrence coefficients for any n in terms of the
branch points only. In this case we only need to find the first two since the others
repeat. The second way to find the recurrence coefficients is to use the non-linear
difference equations derived in section 2. Once we have the initial conditions we
can iterate the non-linear difference equations to find the remaining coefficients.
This method is more practical when we are considering higher periodicity. In any
case, the recurrence coefficients are found to be

by, = (—1)"a,
1
(4.10) an = 1(1 —a?), n > 2.

With these coefficients, our polynomials become

Pooto) = (2T, (52
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Py @ : 0) a0 (Tn (PZ@)) . <x2A - Dy (P2A<x>>> .

Also the auxiliary polynomials become
Sy (z,n) = 2h, (x4 (—=1)"Ta),
Ga(z,n) = hp_1(z+ a)(z — a).

and

From (3.10) we have

o =3 (o)

To evaluate fa(z;n) we must know the c¢o(n) and y(n). For genus 1 polynomials
we have from [9],
o+ n)—«
colm) = pan) + 052 4 WL
2 2
where p1(n) is the coefficient of "1 in P,(x). In this case,

p1(2n) =0,
)=

p1(2n—1
Therefore,
co(n) =0
Since y(n) is the zero of Sy(z,n),
v(n) = (=1)"e,
and -
falwin) = :
r—a«

For even n, the discriminant becomes (n = 2m)

a?+1
D[Pgm(ﬂf)] _ (71)m27(2m71)(2m72)7m(2m)2m(1 o a2)m(2m71)Tm ( . 1>
a2 —

and for odd n (n =2m + 1)
D[Pyps1 (x)] = (—1)m27 4 +m =1 (9m 4 1)2™(1 — a2)mZm+D)

a?+1 2 a?+1
T — Un .
{ <a21> 1-—a? (0421)}

The discriminant for the case when n is odd cannot be obtained directly from
(3.15) since the Pay,y1(x) have zeroes at © = —a. The problem is that of evaluating
Py, +1(—a). In general evaluating the derivative at one of the branch points is not
straightforward. However, in this case it can be verified that

P2ln+1(_0<) =2f2(~;2n + 1)Q2n11(—a),

whereas, for the zeroes that do not lie on the branch points we have

Py (Tj2ns1) = f2(,204152n + 1) Qan i1 (T 2041)

and the factor of 2 does not appear. It is for this reason that the expression given
n (3.15) remains valid in this case if we insert a factor of 2.
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The polynomials in this example can also be shown to satisfy the following
differential equation:

4 _ 2 2,2
P — r @ jod nr P,=0 f
e e Y e S e YR or even m,
and
P x4—2ax(1—x2)+a2P, +n2x4—2xa+(n2+1)x3a—a2Pn:0 odd .

z(z?2 —a?)(1—22) " (1 —22)(z — a)(z+ a)?

For the next example we choose 8 = 3. Therefore our polynomials can be de-
scribed in terms of a polynomial mapping of degree 3. The highest genus permitted
in this case is 2. This corresponds to three disjoint intervals. Genus one cases arise
if we close one of the gaps. In the last example we saw that the only sets that
gave rise to a period of 2 were symmetric around the origin, that is, « = —3. The
aim of this example is to determine which sets give rise to recurrence coefficients
with period 3. We determine the recurrence coefficients, the v points and under a
certain condition, the ¢;(n). We have a mapping polynomial M3(z) with leading
coeflicient Aig that satisfies the following equations:

My(£1) = +1,
M3(a1) = M3(31) =1,
Ms(az) = M3(B2) = —1.

Solving these six equations we have

28 1
Ms(z) = A—3+ax2—|— (1— A—g)x—a,
with
 —Bitar+1) —(wt+f—1)
) B A D@D G- D 1)
and
(4.12) Az = (B +1) (g +1) = (B2 — 1)(ag — 1).

Since we can characterize the mapping polynomial in terms of two branch points,
we have a system with two unknowns. We describe the system in terms of a; and
(1. The form of the mapping polynomial restricts a; and (31 to certain intervals on
[—1,1]. If we eliminate ay from (4.11) and (4.12) we get

a1+ +2+ /(B —a1)? —4(aq + B+ 1)
2

B =

hence,

(4.13) (1 — B1)? —4(aq + B+ 1) > 0.

Therefore we have
/ 1
ap <pB1+2—-4 ﬁlT—i_

This inequality, coupled with the inequality

e5] Sﬂlv
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implies that «; lies on the interval [—1, —%] Therefore (; lies on the interval
[01, B1.maz] Where
ap +1
ﬁl,mam:2+a1_4 2 .

The value of 31 yqy follows from (4.13) with the equality sign. With these conditions
on oy and (3; we have

(4.14) a2:1+0‘1;rﬂl—%\/(ﬂl—al)tzx(aﬁﬂlﬂ)
and
(4.15) 52:1+O‘1;ﬁl +%\/(ﬂl—a1)2—4(a1+ﬁl+1).

For g = 2 we evaluate the first three recurrence coeflicients in the most general case
in terms of oy, as, B1 and fo, using (1.13) and (1.14). Then we substitute for as
and (; using (4.14) and (4.15) and find

a1:1(14—@1)(2—a1+ﬁ1+\/(61—a1)2—4(1+a1+51))

| =

az = (041—ﬁl—24’\/(51—a1)2_4(1+0‘1+ﬁl))2

16
(4.16) az = i(l +aq) (2 —a1+ B+ V(B —a1)2 =41+ ay +ﬁ1)) ;
and
1
by = B (51—O£1+\/(51—041)2—4(14-0414-51))
by = i (2+3a1 +51—\/(51—041)2—4(1+041+ﬂ1))
(417) bg = i (2 -+ 3&1 +51 — \/(61 — 041)2 — 4(1 + (65} -+ 61)) .

We also find that, for n > 2,

1
Y1,2(n) = 5 <1 + a1+ 61 —bnt1

F \/1 —2(a1+ B1) + (a1 — B1)2 —4(an + ant1) + 2bn+1(1+ a1 + 31 — gbn+1)>-

Expressions for the polynomials are easily obtained from our equations in the
previous sections. Expressions for the discriminant and the differential equation can
in principle be obtained using the constants that we have derived in this section.

A highly symmetric case corresponding to g = 2 arises when 81 + a3 = —1. With
this, the a defined by (4.11) is 0, which implies that

as + Gy =1.
Substituting these into (4.12), gives
B2 =1+ p1.

This case corresponds to the first gap being symmetric about the point —% and
the second gap being symmetric about the point % In this case the square roots
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appearing in the recurrence coefficients vanish leaving (with o = «)
a1 = —2a(l + «),

1

e

as = —a(l+ )

Ay =

and
b1 = —(1 —+ 20[),
1
b2 - 5 + «,
1
b3 = 5 + .
Also,
G3(x,n) = hy_1(2® + (20, — 1 — @ — )z + 2a, (b + bni1))
and
Sa(z,n) = th(;zc2 + bpr1® + an + ana1 + biﬂ —1—a- a2).
This gives

—bpi1 F \/b?H_1 —4(an +any1 + 02, —1—a—a?)
5 )

Y1,2(n) =
The first three polynomials are

Pi(z)=xz+4+2a+1,
1 1
Py(z) = a® +(a+ 3)o = 3,
Py(z) = 2% — (1 +a+a?)z.
From (3.9), (3.10) and (3.12) we can calculate fi(x;n) and fo(z;n).

Returning to the previous non-symmetric genus 2 example, we add the restriction
that one of the gaps is closed. We take the case where ag = (2. In this situation
(4.11) and (4.12) simplify to

7(ﬂ1 + a1 + 1) o 7(20&2 — ].)

Br+ (e +1) (g —1)2"7

and
A3 = (ﬁl + 1)(0[1 + 1) = (042 — 1)2
Therefore, eliminating as from the above we obtain

B+ o 2
2 b
1
51=a1+2:|:4\/a12+ .

Since a1 < 1 we must have

(51 +1) (a1 + 1)

with the solutions

Oél+1
5 .

This relation governs the variation of 1 as oy varies over the interval [—1, —%] It
describes a contour in the (a1, 1) plane. Figure 2 shows a graphical representation

(418) 51 = Q1 —|—2—4
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of this contour with similar curves for higher values of 8. Had we chosen the
condition oy = 1 for the other g = 1 case we would have obtained

17@2
2 b

where ay varies over [—1, 1]. Using the method outlined in the Appendix we are
able to compute the recurrence coefficients for g = 1 explicitly. From now on we
refer to a1 and (1 as just a and ( respectively. Upon substituting for § given by
(4.18) into the general recurrence coefficients we obtain the following:

ar = 2(a+1) (1 Ha)

2
a+3 a—+1
a9 = -2 s
2 2
1
and
1
by=1-2(/- 1%
2
1+«
bgi(a+1)f s
2
1+«
by = (a+1) — 5

The recurrence coeflicients repeat in blocks of three, however we must remember
that agpy1 = %, n > 1. Furthermore,

2
co(3n) =n (a?w/H—Ta) )

co(3n +1) = % ((1 +2m)a— (1 +4n)\/?) ,
co(3n+2) = % <(1+2n)a— (3+4n)\/?> ,
and
7(3n) = a,
Y(@Bn+1) = — HTQ
(30 +2) = HTO‘

These constants, listed above, allow one to calculate the differential equations and
the discriminant given in the previous section.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



4816 YANG CHEN, JAMES GRIFFIN, AND MOURAD E.H. ISMAIL

General R. For notational convenience we now label as Fg the sets E that give
rise to period K recurrence coefficients. Equivalently these are the sets for which
the minimum degree of polynomial mapping from Fg onto [—1,1] is K. From our
earlier examples,

E, = [_1’1]7
E, =[-1,0]U[—a,1], a € [-1,0],
E3 = [—1,0&] U [ﬁ7u(a7ﬁ)] U [U(Oé,ﬁ), 1]) a e [_17_%]7 ﬁ S [aaﬁmaw]a
where
w8 =1+ 5 F e A B,
v(a,ﬁ):1+a;5+%\/(5—a)2—4(a+5+1).

FEach set Eg is parametrized in terms of & — 1 variables. As 8 increases it be-
comes intractable to solve explicitly the relationships between the branch points.
However, the branch points are constrained on certain curves in [—1, 1)29 where the
co-ordinate axes of the 2g cube label the position of the branch points.

In what follows, we describe the constraints on the mapping polynomial. This
will provide a set of equations that define the curves of constant periodicity in the
2g cube. We also show how to determine the smallest & for a given configuration
of the branch points.

For general K, the 28 conditions imposed on the mapping polynomial,

Mg(z) = agz® + ag_ 128V + .+ a1z + ag,

Mﬁ(_l) = (_1)ﬁ7
Mg(1) =1,
(4.20) Mg(aj) = Mg(B;) = ()%, j=1,.., 81

Therefore K + 1 of these will determine the coefficients in terms of & 4+ 1 branch
points. Using the first two equations of (4.20) and any £—1 of the remaining ones we
can solve for the coefficients of the mapping polynomial in terms of 1, —1 and R —1
free parameters. The other & — 1 branch points are related to the free parameters
by the remaining equations of (4.20). These equations determine a surface in the
2g cube. The surface obtained in this way will correspond to maximum g = £ — 1.
Closing one of the gaps, that is, setting a; = 3; for some j < & — 1, will determine
surfaces corresponding to that value of & for smaller values of g.

If we close all of the gaps by setting o; = §; for all j = 1,...,& — 1, then the
mapping polynomial becomes

Mg(z) = 237 1T ().
If we denote by Z; the point where o; = 3;, then we must have
22 1T a(3;) = +1
from the properties of the mapping polynomial. Since T),(x) = 21~ cos(nf), = =

cos(f) we see that the set of points {Z; }f;ll are the & — 1 stationary points of the
Chebyshev polynomial of degree &. Therefore, each gap i.e. («a;, ﬂi)f:ll can be said
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to be ‘centred’ (not necessarily symmetrically) around one of the stationary points
of the Chebyshev polynomial of degree . The most simple example of this is the
R = 2 case where the gap is centred around the point z = 0. In the R =3, g =2

case, the two gaps are centred around x = % and x = —%. The stationary points of
Ty(z) are = —%, x=0,and z = % So for a polynomial mapping of degree 4

we have three distinct g = 1 cases corresponding to one gap which is opened around
one of the stationary points.
Consider now the £ = 2 mapping polynomial, PZ(:”) , which maps [—1, o]U[—a, 1]
o [-1,1]. From (4.5),

Py(z) = AT, <P2A(:)> .

Since, A% = 2A4, and from the fact that the classical Chebyshev polynomials map
[—1,1] to [-1, 1], we see that P“(w) also maps [—1,a]U[—a, 1] to [-1, 1]. Therefore,
it is this configuration of the branch points which corresponds to the R =4, g =1
case where the gap is centered around z = 0. Indeed for any mapping polynomial
of even degree, one of the g = 1 cases corresponds to this configuration, since a
Chebyshev polynomial of even degree has a stationary point at zero.

The same reasoning as above applies for general R That is, if % is a map-
ping polynomial for a certain configuration of the branch points, then so are the
polynomials AL(:E) Therefore amongst all of the configurations that correspond
to a mapping of degree nR, there can be found those that correspond to degree jR,
where j divides n. If #; is a stationary point of Tg(z) := 2% 1Tg(x), then

Ta(@)| =1
and
Tia(@)| = 1,

which indicates that Z; is also a stationary point of fj alz ) For example Tio(x)
has amongst its stationary points, the stationary points of T@( ), T4( ), T: 3( ) and
Tg( ).

So as an example, a mapping polynomial of degree 12 will give rise to eleven
g = 1, single parameter cases of the generalized Chebyshev polynomials. Six of
these will already be the same as those that arise from a mapping of degree 6
and four will be the same as those that arise from a mapping of degree 4. All of
these cases cover those that arise from mappings of degree 2 and 3. Therefore a
mapping of degree 12 will give rise to two g = 1 cases that cannot be generated
from polynomial mappings of lower degree.

The upshot of the above discussion is that we can uniquely label each surface
in the 2¢g cube by a set of points corresponding to the stationary points of the
Chebyshev polynomials of any degree. We do this in the following way.

If we denote by s; the ordered set of all stationary points of the Chebyshev
polynomial of degree 1, then we can label a surface by taking any subset of the s;.
The number of elements in a subset is the number of gaps ¢ in the interval [—1, 1].
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For example,

1

<¢51>,4<¢31>,i<¢5+1>}.

Therefore, the set

1 1
-7 )
corresponds to the 8 = 4 g = 2 surface where both gaps are centred around the
two points —% and % This is a two parameter curve. Those curves shown in
figure 2 can be labelled by one number which is a stationary point of a Chebyshev

polynomial. It is clear from the discussion so far that the number A given by

(%)

is the number of surfaces in the 2g cube associated with the integer K. So far, we
have discussed in general terms how to describe the surfaces corresponding to a
particular value of R On the other hand, the problem of finding K from a given
set E appears to be a very difficult numerical one. The condition for periodicity of
the recurrence coeflicients is

(4.21) AB € 79\ {09},

where
N 1
Bj = — dQ, ] = 1,...79.
27T’L bj

If f]ABj are rational, then R is the least common multiple of the denominators of
these national numbers. For example, if

B-| _

Ot =

then & = 30. However, if at least one of the components of the vector B is an
irrational number, then it is impossible to find an integer & that satisfies condition
(4.21). These correspond to the cases where the recurrence coefficients never repeat
themselves or equivalently, the sets for which there is no polynomial mapping from
this set onto [—1,1].

Note that in general the values of Ej are subject to certain conditions. In [9],
section 10, a physical interpretation was given; the values —]gj were seen to be the
proportion of the overall charge lying on the interval [3;_1, a;], where §p := —1, in
the equilibrium charge density for the set E, when the total charge was normalized

to 1, that is,
/ o(z)dzr = 1.
E
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Since the total charge on all of the intervals must add up to 1 the following inequality
is satisfied by the components of B:

g
0<> -B;j<1.
j=1

To finish this section we refer to figure 2. Recall that each point in the plane

k=4 !
: |
! I
k=3 i
I
oo
k=2 k=5 | i ‘
|
i ;
I
; I
| ! ;
! I
| .
i I
H ! i ‘
1
k=5 a b c d
k=3 [
—mmim—o| —b
k=4
k=5 —emm e — e — e —C
e !

FI1GURE 2. Contours of constant periodicity in the (a,3) plane
for genus 1. Here a = (—1+/5)/4, b = 1/2, ¢ = 1/v/2 and
d = (1 +v/5)/4. This is not a precise plot, it is representative of
the relative position of the contours.

represents a configuration of the branch points for ¢ = 1 and therefore a sequence
of orthogonal polynomials. Using our notation, if {Z;} represents a curve in this
plane with integer K, then {—x;} represents a different curve but with the same
integer K. We ask the question “Is there a relationship between the polynomials
associated with the curves {z;} and {—x;}?” A similar question can also be asked
for g > 1. The relation between these cases is given in the most general form by
theorem 1.2. However, since the recurrence coefficients are periodic, the elements
appearing in the determinant simplify:

Pases(B) = LPas(B)P(A),  1<j<8-1,

and
Qussslo) = 3 Pas(@)Qslon), 15 <81,
where )
Pog(ou) = Pug(B1) = %(25721(-
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As an example we show the relation between the polynomials associated with the
curves {—1} and {3} which are the two & = 3 g = 1 curves. Using the notation
of theorem 1.2, we denote the polynomials associated with the set {—%} as P,(z),
the polynomials associated with the set {%} as Pn(x), and the respective mapping
polynomials as Ms(x) and Ms(x). It is easy to verify that

My() = (~1) M (—a).
Consequently,
P3,(z) = (=1)3" Py, (—2).

However, for the intermediate polynomials we must use the expressions given in
theorem 1.2, which give

. (1 (o B
Pypii(z) = (x a4 C“T‘H) Pspyo(—1) < 5 1) Pypy1(—)
+ ((a +3)y/ QT“ —2a+ 1)) Pgn(—x)] ,
and
Pipia(z) = ( (_12)37:1 +1) Pynin (=) + ( QTH> Ponya(=2)
T+a+2—44/%5

1 1+«

4b. General form of the polynomials. In this section we show some plots
of the polynomials for small 8 and prove a theorem regarding the zeroes. The
Chebyshev polynomials fn(x) is bounded between 1 and —1. These are the mapping
polynomials from [—1,1] to [—1,1]. As a consequence of (4.5) we see that |ﬁnﬁ(x)| <
1 for x € E, where

n—1

Poa(z) = (Z—R)npnﬁ(x).

Outside of the set we no longer have this bound. Therefore we would expect the
polynomials to appear graphically as in figure 3. In figures 4, 5 and 6 we plot some
of the intermediate polynomials nﬁ-l—]( ) for various values of j and K, where

~ on
Prayj(z) = W Pogtj().

In E they are bounded above and below by some function. It is clear from the
representation (1.18) that the form of the envelope is £p, g+ (z), for z € E, where

G (1) = 2n Sg(x, nﬁ+j)
Pratait (Ag) \/ﬁ o (2 —au)
\/H ’YJ nﬁJr]))
— ) .

Note that the quantity under the square root is strictly positive for z € F.
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FiGure 3. R=2,7=0,n=1..8,a=-0.5
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FIGURE 4. R=2,7=1,n=65,a = —0.2

We already know something about the zeros of the generalized chebyshev poly-
nomials in the most general case from [9]. In the polynomial mapping case we can
say a little more about the zeros.

Theorem 4.2. All of the zeros of Ppa(x) lie inside E, and in each of the K sub-
intervals that make up E lie n zeros.

Proof. All of the zeros of the Chebyshev polynomials are contained in (—1,1). From
(4.5), and since Pzi(;) € [-1,1] if and only if x € E, we see that all of the zeros of
P,q(z) lie inside E and each subinterval E; contains n zeros. (]

The zeros of Q,g(x) behave similarly except in this case there are n — 1 zeros in
each interval E; and there are also zeros at every a;, j =1,..., 8 — 1. This is easily
verified by checking the form of (4.6). From (4.6) the n — 1 zeros in each E; come
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FiGURE 5. The symmetric case for R=3,j =0,n=17,a = —0.7
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FIGURE 6. The symmetric case for R=3,j =1,n=25,a = —0.7

for the zeros of U, (i—i). In each interval FE;, these zeros interlace with the zeros
of P,g(x).

Theorem 4.3. Let {x;,} denote the zeros of P,,(x) and {y; ,} denote the zeros of
Qn(x). Consider the following two sets:

A= {{xi,nﬁ}, {xi,j}}a
B = {-1,1,081...0a-1, {4 }s {¥ins}} \ {a1..ag—1}.
The following three statements are true:
Between, any zero of Pj(x), and any element of B which is larger than this zero,
there lies at least one zero of Pnai;(x).

Between any zero of Q;(z), and any element of A which is larger than this zero
there lies at least one zero of Ppat ().

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



CHEBYSHEV POLYNOMIALS, GENERALIZED 4823

If Pj(z) has a zero at any of the points in B, then P,at;(x) has a zero at the
same point.
Proof. From (4.7), x; na+; solves the following equation:
1
4.22 Poa(x)Pij(z) = ———Qpna(x)Q,(x).
(4.22) () Pj(x) () (2)Q;(x)
Using (4.5) and (4.6), we see that this is equivalent to

R—1
az) st (A pw =0, () Q- ) [T ).

i=1

For clarity, we illustrate a proof of the case of 8 = 3 and n = 2. The zeroes of C(x)
and D(z), where

and

Pa() A—1
— 2 £ ‘
D(z) = (1-2)U, ( A ) il;[l(x—@),
are indicated in figure 7. The crosses denote the zeros of C'(z) and the dots denote
the zeros of D(x). We see that they interlace. In order to plot the remaining

%X o X — == X e X — e ¥ —e %X —»

FIGURE 7. The zeroes of C(x) and D(z) for R = 3 and n = 2.
The three line segments are the disjoint intervals that make up F.
The crosses denote the zeroes of C(z) and the dots, the zeroes of
D(x).

zeros of (4.23) we must add j crosses and j — 1 dots, corresponding to the zeros
of Pj(x) and Q;(x) respectively. We can distribute these without any restriction
other than they must also interlace with each other. The result is a sequence of
crosses and dots that alternate except for j occurrences of two adjacent crosses and
j — 1 occurrences of two adjacent dots. Where we see two adjacent crosses, one of
them is a zero of Pj(x). Similarly with two dots, one of them is a zero of Q;(x).
As an example we plot where the zeroes of both sides of (4.23) might lie, for & = 3,
n =2 and j = 2 in figure 8.

e X & X X o X—e——X— o eXX @& X e
FIGURE 8.

In order to graph the polynomials that pass through the zeros we need an initial
condition. The condition is that both sides of (4.23) have the same sign at x = —1+¢
where € is a small positive constant. This is true because close to z = —1, Pj(z)

and @;(x) must have the opposite sign. Similarly, T, (RZ—(?) and U, (RZ—(;))

have the same sign if R is even and have the opposite sign if & is odd. The product
H;:ll (x — 0;), for £ = —1 + € is negative if & is even and positive if R is odd. Ag
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is a positive constant, and (1 — 22) is also positive. Therefore both sides of (4.23)
have the same sign at x = —1 + €.

Therefore if we draw lines connecting the dots and the crosses that represent the
tonicity of the polynomials we will see the pattern shown in figure 9.

FIGURE 9. The intersections of the two lines represent qualita-
tively where the zeroes of P,gq4;(«) will lie relative to the zeroes
of both sides of (4.23)

We are interested in where these polynomials intersect, as these points represent
the zeros of Pnga4;(x). Starting from the point # = —1 and moving along the
interval [—1, 1], the following behaviour is observed. Before the first occurrence of
two adjacent crosses the polynomials intersect between every dot-cross pair. After
the appearance of the two adjacent crosses, the polynomials intersect between every
cross-dot pair. This continues until we reach the first occurrence of two adjacent
dots, and then the intersection of the polynomials appears again in between every
dot-cross pair. So every appearance of two crosses or two dots swaps the position
of the intersection points between dot-cross pairs and cross-dot pairs. Since the
appearance of two dots and two crosses alternate, after every appearance of two
crosses there must be a point of intersection before the next dot. This corresponds
to the statement in the theorem that between every zero of Pj(x) and the next
element from the set B lies a zero of P,gy;(x). Similarly, after the appearance
of two dots there must be an intersection point before the next cross. This is
equivalent to saying that between every zero of Q;(z) and the next element from
set A there also lies a zero of P, g ;(z). O

Corollary. If Pj(z) has a zero in E;, then so does Ppgy;(z) (E; = (i, 3;)).

Proof. Referring to figure 9 we see that there is always a dot at the beta points. If
there is a zero of Pj(x) in E;, then the previous theorem tells us that there must
be a zero of P,g1; between this zero and the next 3 point. Since E; ends at the
next 3 point the zero of P,z ; is also contained in E;. O

APPENDIX A. GENUS ONE RECURRENCE COEFFICIENTS

Here we show one method of determining the recurrence coefficients for the genus
1 case explicitly in terms of the branch points o and 3. It involves manipulating
the theta function expressions given in (1.8) and (1.9). We see explicitly how the
Jacobian elliptic functions define the form of the coefficients. For ¢ = 1 we have

L Ba 1 [0Gut) ) | H4(en - D)o@+ Dut)
" 2 A | 933ut)  Ys(ut)  93((2n—1)ut)  I3((2n+ 1)ut)]’
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where
4o 4K
(1-a)(1+5)
and
ut = i/ dt
2K Jo V(I = 2)(1 - k22)
with
2(8 —«a)

2
C e

Using
1
193(’()) = 190(11 + 5)

and
0(v) = J; (%)

we write
b 8-« n 2K 05(6Kut + K) _ 0y 2Kut — K)

" 2 A [0g(6Kut + K) 6p(2Kut — K)
0h((2n —1)2Kut — K)  0,((2n+ 1)2Ku™ + K)

00((2n — 1)2Kut — K)  6o((2n+ 1)2Kut + K)

The Jacobi function is defined to be

and it satisfies the following formula:
—2k%sn?(u)sn(v)en(v)dn(v)
Z(u+v)—Z(u—v)—2Z(w) = e T— .

If we make the choice
up = 4nKuT,
up = 4Kut,
v=2Ku" + K,

then we have
—a 2K
by = ﬁT—I— R [Z(uz +v) — Z(uz —v) + Z(ug —v) — Z(u1 +v)].
After using the addition formula for Z(v) and applying some basic identities

(k, - m)a

_ cn(w)
sn(w+ K) = dn(w)’
__sn(w)
en(w+ K) = —k dn(w)’
kK

dn(w+ K) = ()
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and
sn’w + en?w = 1,
ksn’w + dnw = 1,

we can write,

-« B sn?(4nKu™) B 4(1 - «)
bo ==+ B+ ) T = G -k (Fra) 40— a7
sn(2Kut) = %

We have the following addition formula for sn(u) valid for any v and v:
sn(u)en(v)dn(v) + sn(v)en(uw)dn(u)
1 — k2sn2(u)sn2(v) '

We can iterate this to obtain sn(4nKu™) in terms of k and sn(2Ku™). This gives
us in principle, a method for evaluating the recurrence coefficients in terms of «
and . Owing to the nature of the addition formula, after just a few iterations the
expressions for the coefficients become very large.

The a,, are given as

sn(u+v) =

’ 2 2 . +
o[ %O Blen—vut)
A9 (2ut) | Y3((2n+ Dut)d3((2n — 3)ut)
Using the following identity:
Oo(u + v)0o(u — v)
1 — k2sn2(u)sn2(v) = 65(0)2 2 ,
with
u=(2n—-12Ku" + K
v=4KuT,
we have
an =c¢ 1 n>2
" 71— k2sn2((2n — 1)2Kut + K)sn2(4Kut))’ -
1
—° 8(3-a) o '

Here c is a constant independent of n,
o [ O9(0) Y
A190(2u+)191(2u+) '
To determine ¢ explicitly, we evaluate as by comparing coefficients of (1.13) for
n = 2 and then compare this with as given above. In which case we find
[(8+ @)% +4(1 — a?)]”
16(2 — a+ 3)?

Note that in the higher genus cases, the non-linear difference equations derived in
section 2 can be used to evaluate the recurrence coefficients.
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APPENDIX B. GENUS TWO AUXILIARY POLYNOMIALS

Using the method outlined in section 2 for g = 2 we find

Gs(z, 1
M :x‘?’— —(al +a2+ﬁ1—|—ﬁ2)x2
hn_1 2
_ <1+ (02 + 03 + B2 + B3)
2 8

1
- 1(5152 + B + aofs + a1 + 181 + aq fa) — Qlln)!v

1
o~ (@3 + a3+ 67+ 8) + 4(or + a2 + B + )

B152(B1 + B2) + aofi (e + (1) + asf2(as + F2) + aras(on + a2)
arfi(ar + 1) + a1 fB2(cr + B2)
2(a2f182 + a1 0102 + cqnaafr + cnas )

— 16an (0 + a2 + 1 + B2 _Q(bn+bn+1)))a n>2,

+ + +

and
W =22% — (o1 + a2 + B1 + f2) — 2bpya] @
- 3(4 + ol 467 +as+ 05 —2(naz a1 + azfy + 182 + a2 + B132)
— 8(ang1 + an) +4byy1(ar +ag + B+ B2) — 8bﬁ+1), n>1,
Gs(x;1) = (x —b1)(z — a1)(z — az)
and

Sa2(2;0) = (z — a1)(x — ag).

Incidentally, this gives us the v; 2(n) coefficients for the genus 2 case as

1
Y1,2(n) = 701+ a2+ 81+ 52) = 2yt

F (8 +3(af+a3+B1+85) —2(a1an+a1 B +as B +ai Bo+azBe+ 31 52)

N

_ 16(an —+ an+1) —+ 4bn+1(041 —+ (6%) —+ ﬂl —+ ﬂg) — 121)1214_1) 5 n Z 1.
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