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ON A FEKETE-SZEGO THEOREM

THERESE FALLIERO

ABSTRACT. We consider again a classical theorem relating capacities and algebraic integers and
the question of the simultaneous approximation of n — 1 different complex numbers by conjugate
algebraic integers of degree n.

This is a preliminary version of a further more complete paper, which will be co-written by Ahmed
Sebbar.

1. INTRODUCTION

A classical theorem of Fekete and Szegé [12] says that, given a compact set K in the complex
plane, then

(a) If C(E) < 1, there is an open set U containing K such that there are only finitely many
algebraic integers o having all of their conjugates in U, and
(b) if C(F) > 1, then every open U containing K contains infinitely many such «.

Furthermore Fekete and Szegé proved also that if E is a compact set in the complex plane, stable
under complex conjugation and having logarithmic capacity C(E) > 1, then every neighborhood
of E contains infinitely many conjugate sets of algebraic integers. In [10] V. Ennola solved a
question raised by R. M. Robinson that if A is any real interval of length greater than 4, then
for any sufficiently large n there exists an irreducible monic polynomial of degree n with integer
coefficients all of whose zeros lie in A .

We should emphasize that many diophantine inequalities are reduced to the existence of lattice
points in some convex body [7, Chapter III]. In this direction, it is remarkable that T. Chinburg
[8] reduces the proof of Fekete theorem to an application of Minkowski’s Convex Body theorem [7,
Chapter III] that we recall for later use.

This problem is actually related to a precise form of the Stone-Weierstrass theorem. This classical
theorem states that every continuous function defined on a closed interval [a,b] can be uniformly
approximated by polynomials. A more general statement is if X is a compact Hausdorff topological
space and if C'(X) is the algebra of real-valued continuous functions f : X — R, then A subalgebra
A C C(X) is dense if and only if it separates points.

The question is for which compact set continuous functions can be approximated by polynomials
with integer coefficients? This question is a major one in approximation theory and the literature is
very extensive [13]. Let f be a continuous real-valued function defined on [0, 1], then the sequence
of polynomials (p,,) defined by

pn() = Z::f (5) (”) (1 -2

converges uniformly to f. This is therefore a constructive proof of the Stone-Weierstrass theorem.
It is due to Bernstein. We deduce from this result [14, Theorem 5] that for a continuous real-valued
function f on the unit interval I = [0, 1] to be uniformly approximable by polynomials with integer
coefficients it is necessary and sufficient that it be integer-valued at both 0 and 1.

As was pointed out in [14, Lemma 1], If ¢ is a non constant polynomial with integer coefficients
and I is an interval of length at least four, then ||¢|| < 2. Hence, clearly, the approximation by
polynomials with integer coefficients on a set E is related to to the capacity of . Consequently
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[14, Theorem 2 ] if the capacity C(I) > 1 the only functions that are uniformly approximable in
I by polynomials with integer coefficients are these polynomials themselves. On the other hand
one can prove the surprising result that any f € L?([a, b]), b — a < 4 can be approximated on the
interval [a, b] by polynomials with integer coefficients.

Theorem 1.1 (Pal). If f is continuous on [—a,al,|a| < 1, and f(0) is an integer then f may be
uniformly approximated thereon by polynomials with integer coefficients.

These problems are at the core of the approximation theory by polynomials with integer coeffi-
cients. It is a classical result, due to Chebyshev that for an interval [a, b]

) b—a\"
N

where Q(X) describes the set of monic polynomials of degree n. Hilbert showed in [15] that if we
restrict to monic polynomials of degree n with integer coefficients, then

i 10 2y < OV ()

and Fekete showed in [11] the more flexible

4

The main objective of this work is the following question suggested by J.P. Serre in [28]. If K is a
compact of C, symmetric with respect to the real axis with C(K) > 1, and if U is an open containing
K, there is a sequence (P,) of monic polynomials with integer coefficients whose roots are in U and
are such that the associated zeros counting measure dp, converge weakly to equilibrium px of K.

Organization of the paper: Very succinctly, we give the definitions in the first section, then
we introduce the counting measures in the second section. Minkowski’s theorem will be discussed in
section three. The fourth section is devoted to certain approximations results and the fifth section,
the longest, is devoted to the introduction of certain Riemann surfaces, in relation to certain Jacobi
matrices and the solution of the Serre question.

. 1— L b—a /2
inf Q) |oe < 271 (0 + 1) .

2. DEFINITIONS

2.1. Approximation on intervals. If u is a measure on C of compact support, its logarithm
potential is defined by

&,(2) = [ n(lz — wl ) duw).

This integral converges if z ¢ supp(du), and since dp has compact support, In(|z—w|~!) is uniformly
bounded below for (z,w) € supp(du) x supp(du), so the integral for each z € supp(u) either
converges or diverges to 400, in which case we set ®,(z) = +o0.

Potentials enter naturally in studying growth of polynomials as n — oo. For if

n

P,(z) = H(x — :U§n))

j=1
then )
—In|P,(2)] = =Py, (2)
n

where
1 n
VUp — E z; 5:65“)
j:

is the counting measure for the zeros l'g-n). The function ®,(2) is bounded below on supp(u), so

I(u) = / B, (2) du(z) = / /K (e =yl u(ouly)
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is either finite or diverges to +00. I(u) is called the potential energy of u or, for short, the energy
of .

Consider a compact K C C. We consider all probability measures M ;(K) on K. We say K
has capacity zero if and only if I(p) = oo for all 4 € M, 1(K). We set

v(K) = irﬁf I(p)

where p runs over all positive probability measures supported in K. Then the capacity of K is
defined as C(K) = e ), Tts logarithm v(K) is called the logarithm capacity of K.

For a compact K with non-zero capacity there exists a unique positive probability measure pu,
such that I(u) = InC(K)~!. This measure = u is called the equilibrium measure of K.

Let us also recall that if (u,), and pe are probability measures on a compact Hausdorff space
X, (pn)n converges weakly pio if

/fd,un—>/fdu as n — 00

for every f continuous on X and if f a real valued function defined on a topologic space FE, f is
lower semicontinuous at a if

f(a) =liminf f(z).

r—a

We have the following property of the potential energy

p— I(p)

is weakly lower semicontinuous. The lower semi continuity means
pn, — = liminf I'(p,) > I(p)

equivalently
(1) I71((—o0,a]) is closed for all a

(2) I7'((a,q]) is open for all a.

Before continuing further, we wish to recall some definitions that will be need. Given a bounded
set £ in the complex plane, we denote by £(r) the r—neighborhood of £.

Definition 2.1. If & and & are two bounded sets in C, the difference between £ and & is the
smallest v such that E1(r) contains E and Ex(r) contains &;.

We will denote this difference by §(&1,E2), it is small if and only if £ and & are (almost) super
imposable. We will say that &; is near & (and reciprocally). If £ is a compact set and (€,) a family
of sets such that §(&,&,) tends to zero as v tends to oo we will say simply that (£,) tends to £.

We then deduce the lemma

Lemma 2.1. If §(K,, K) — 0 and C(K,) — C(K) then uk, — pK-

Proof. As My 1(K) is compact let n be a weak limit point of ug,, . By lower semicontinuity of the
energy I,

I(n) < liminfI(ugk,)
lim In(C(K,) ™)
= In(C(K)™),

so n = ug, that is, pug, — pK. U

Note that the inverse is not true dp, — ux and C({zeros of P,}) = 0.
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3. ALGEBRAIC INTEGERS WITH ALL CONJUGATES IN A GIVEN COMPACT.

For a set V' C C let Poly be the set of monic polynomials in Z[X] of degree at least 1 such that
all their roots lie in V. If z is an algebraic integer, a root of a polynomial P(X) € Poly, then all
the conjugate of z are in V' and we say that z is totally in V.

Let Irry be the set of irreducible monic polynomials in Z[X] of degree at least 1 such that all
their roots lie in V. for such a polynomial P(X) of degree g let up be the corresponding probability

g

1
measure supported in its roots, up = — Z 0z;. Now let K C C be compact. There are two quite
i=1

different cases [28],[26], depending on the capacity of K.

(1) If C(K) < 1, then Irrg is finite.

(2) If K C R is a union of finite number of segments and C(K) > 1, then Irrg is infinite.

(3) If K C Cis Gal(Q/Q)-stable and C(K) > 1, then for any open U, K C U, the set Irry is

infinite.

3.1. The case of a finite union of intervals. Let £ C R be a finite union of segments with
C(E) > 1 and ug be its equilibrium measure. We have the following theorem ([28] Theorem 1.6.2).

Theorem 3.1 (Serre). There exists a sequence of polynomials P, € Polg such that up, — pg.
Then from the Fekete-Szego theorem a natural question, suggested by J.P Serre, arises.

Question 3.1. Let K be a compact of C stable under complex conjugation, of capacity C(K) > 1
and U an open set containing K. Is there a sequence of polynomials P,, € Poly such that pup, — i ?

3.2. Precisions on the properties of K. Let U C C be a set and let U* be the so called
“symmetric kernel” of U consisting of those points of U which belong, together with their conjugates
to U. So U* is symmetric with respect to the real axis and naturally C(U*) < C(U).

M.Fekete [11], [8] proved that if K is a compact of C such that C(K*) < 1, then there is only a
finite number of irreducible algebraic equations with integer coefficients of the form

M ta" M tan1z+a,=0
whose roots lie all in K*.

Theorem 3.2 (Minkowski’s theorem). Suppose K to be a symmetric, convex, bounded subset R,
If vol(K) > 24, then K contains at least one lattice point other than .

There is an extension to general lattices A = Zuy @ - -+ @ Zug, where {uy,--- ,uq} is a basis of
R9. We define vol(A) as the volume of the parallelotope

d
{Zaiui, OSaz‘Sl}

i=1

Theorem 3.3 (Minkowski’s theorem for general lattices). Suppose A to be a lattice and K to be a
bounded symmetric convex subset in R, If vol(K) > 2¢detA, then K contains at least a point of
A different from 0.

We must perhaps insist that Minkowski’s theorem as well as Motzkin’s theorem on simultaneous
approximation (which in turn depends on two theorems of Kronecker. The first one [20, p.159])
is at the heart of the diophantine approximation and then at the heart of the approximation by
polynomials with integer coefficients. The second one [17] state that if an algebraic integer « and
all of its conjugates are in the closed unit disk D := {z € C : |z| < 1}, then it is either & = 0 or
it is root of unity. This is apparent at [7, Chap III], Feruguson [13, Theorem 1.1] and Chinburg
[8]. For the sake of completeness and in order to see how the different idea articulate we give an
idea of the proof of the first part of Fekete-Szegd theorem. For a € R™! we define the polynomial
fa(z) = ap + ---apz". Let K be a compact such that C(K) < 1, then [8] then

fa(B) ={a = (ag,a1,--+ ,ay) € R"\{0}, | fu(E) [< 1.}
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is an open symmetric convex set, with large volume for a large n. By Minkowski’s theorem, f,,(E)
contains some a = (ag,ay, - ,a,) € Z"1\ 0}. We fix a such a and we consider the open set

U={z¢€C,]| fu(2) |< 1}.

If o and its conjugates are contained in U, then f,(«) and its conjugates are contained in the unit
disk D. By the second Kronecker theorem « is one of the many roots of the polynomial f,(z).

Remark 3.1. The idea of using Minkowski’s convex body theorem in this context goes back to
Hilbert [15]. We can rephrase, in a classical way [7], what we said on the proof of the first part
of Fekete-Szego theorem: Any convexr body of volume at least 2™ contains at leasr 2™ + 1 integral
points. In particular the system of linear inequalities

n
> akma| <bp, 1<m<n
k=1

with

n
det (a’k’vm)lgk,mgn 7& 0, H b > ‘det (akvm)lgk,mgn |

m=1

has a nonzero integral solution.

Now let K be a compact of C of capacity C(K) > 1. Let U a neighborhood of K then U* is
a neighborhood of K* (with the convention that the empty set is the neighborhood of the empty
set). If C(K*) < 1 then by continuity of the capacity, there exists V' a neighborhood of K such
that C(V*) < 1. From what precedes, there exists only a finite number of algebraic integers with
all its conjugate in V. Then to show that there exists an infinity of algebraic integers totally in U,
we can assume C(K*) > 1 and finally the hypothesis of K symmetric with respect to the real axis
is natural.

K being a metric compact set, many assumptions can be made on JK.

Definition 3.1. We say that K has a continuous boundary when K is a non empty union of
connected components non reduced to a point.

Recovering K with a finite number of small enough closed balls, we can assume that the boundary
OK is continuous. From [4, Proposition p. 18 | we can suppose K with regular boundary of class
C. In fact let U be an open set containing K, there exists a C™ function ¢ in R? such that

(1) p=1on K,
(2) supp (p) C U.

Then K C supp (¢) C U with a compact support and with regular C*° boundary. Let us recall
that a Jordan analytic curve is a closed curve I' in C which possesses a neighborhood V' and a
conformal map £ from V on {« < |z| < B}, such that the image of I" by ¢ is the circle {|z| = r},
a < r < . We can also suppose that 0K is a set of analytic Jordan curves. To see this a first
method is to use [12, Theorem G] . Let K(p) be the p- neighborhood of K (p > 0), there exists p
sufficiently small so that K(p) C U. From the preceding theorem, there exists a domain defined by
a lemniscate containing K and contained in K(p): for n > ni(p), {z, |wn(2)| < v} where

=11¢ —GME= ), v = maxwn(2)].

In conclusion this compact set is invariant under complex conjugation and its boundary consists in
analytic Jordan curves.
A second method can be found in [1, p.144]. As an open set of C, U is a natural Riemann open
o0

surface, there exists a sequence of regular subregions (U, ), such that U, CUpy1 and U = U U,.
i=1
We recall the following definition (see for example [4, p.22]),
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Definition 3.2. Let Q be an open subset of R2. We say that Q has a reqular boundary of class C*
(k > 1) if for every p € 0N there is a neighborhood U, of p and a diffeomorphism ¢, of class Cck
from U, onto a neighborhood V,, of 0 in R? such that ¢,(p) = 0,

ep(UpNQ) =V, N {(z,y) €R:2 <0}
and the Jacobian determinant J(pp) is > 0 in Up.

We have (see for example [4, Proposition p. 27]) that for Q a relatively compact, open subset of
C with piecewise regular boundary (of class C¥, k > 1), there is only a finite number of connected
components of 92 and each of them is a Jordan curve (piecewise C*).

In conclusion we can always suppose that K is a compact with C*° boundary, then the number
of connected components of 0K is finite.

3.3. A generalization of Serre’s method, the case of a compact of R. We use [3, Theorem
13] which characterizes such domains. In these domains are those symmetric with respect to the
real axis and whose intersection with the open upper half plane is simply connected. We can also
find domains such that I' = (I'y,T's) or (I'1, 9, T'3) which are invariants under conjugation.

We have to notice that a compact e of R of capacity C(e) > 1 is an example of such domains.
The fact that for all neighborhood U of e in R, there exists a sequence of monic polynomials of
degree > 0, with coefficients in Z, whose all roots are in U, (P,) such that lim pup, = p. will be a
consequence of [28, Theorem 1.6.2 |.

For the convenience of the reader we recall some facts (see for example [29], Chapter 5).

Proposition 3.1. Let e C R be compact. Let

én = {z € R, dist(z,e) <

.

S|

Then
(1) e C...Cépy1 Cey C ... CR and ﬂén:e,

n
(2) Each &, is a finite union of disjoint closed intervals.

Proof. The point (1) is clear. To show (2) we use the fact that every open set in R is a countable
union of disjoint open intervals. Hence R\e is a disjoint union of maximal open intervals. Since e is
compact, two of these intervals are unbounded and the others {Ji}rer, where I is a countable set,

are contained in the convex hull of e. Thus, Z |Jk| < oo, so for each n > 0, #{k, |Ji| > 2/n} is
kel

finite. Thus, all but finitely many Ji lie in a given é,, showing R\é, is finite. Thus, all but finitely

many Ji lie in a given é,, showing R\é,, has finitely many open intervals. It is easy to see that

each of the finite disjoint closed intervals in €,, must have positive measure.

O
Furthermore we have [27, Theorem 3.9] and [29, Theorem 5.6.1, p. 306]
+1
Theorem 3.4. Let e = U ej be an l-gap set with e; = [oy, 5], oy < B < Bjy1. Then for all m
j=1

+1
large, there exist l-gap sets elm = U egm) with
j=1
(1) e; C e§m),
(2) Each egm) has harmonic measure in ™ equal to k§m)/m with k‘j(-m) €{1,2,...,},
(8) For some positive constants Cq,Ca,
(1) " Nej < Cam™!
(2) Cle) <C(e™) < Cle)+Cym™!

Then we have
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Theorem 3.5. Let e C R be compact. Then there exist e, so thate C ... Cepy1 C ey, C ... CR
and ﬂ én = € holds, and
n
en C ety
and each ey is the spectrum of some two-sided periodic Jacobi matrixz. Moreover
(1) pe, = Pe;
(2) C(en) — Cle).

Now, we know that e, is a finite union of calibrated intervals and then by [27], [28], there exists

a sequence of monic polynomials with coefficients in Z, Py ., whose all roots are in e,, such that
limy, pup, . = pe,. By the diagonal process p. = lim; up, _ .
En 70 TLJ

Remark 3.2. In particular we can release the condition of countinuous boundary in the theorem
9.3 (Bilu, Rumely) of [2].

4. SOME APPROXIMATIONS
We have the followings theorem [5], [25].

Theorem 4.1 (Rumely). Suppose a compact set E C C with continue boundary, has capacity
C(E) =1 and is stable under complex conjugation. Let (an)n>1 a sequence of algebraic integers
(an, # am, if n # m): for all open U containing K, there exists ng such that for all n > ng, ay,
with all its conjugate, O(aw,), are in U. Let A, the measure

1
BEO(an)

then the measures A, converge weakly to the equilibrium measure of E, ug.

Theorem 4.2 (Rumely, Bilu ). Suppose a compact set E C C has capacity C(E) =1 and is stable
under complex conjugation. If {a,} C Q is a sequence for which deg(ay,) — oo and hg(ay) — 0,
then the measures A, converge weakly to the equilibrium measure of E.

The following result is due to Pritsker [21, Theorem 2.3]

Theorem 4.3. Given any positive Borel measure p, 0 < pu(C) < 1, that is symmetric about real
line, there is a sequence of complete sets of conjugate algebraic integers such that their counting
measures T, converge weakly to p.

There exist many sequences of polynomials with their zeros in F, that verify u, — ug.
Let E C C be compact and infinite. An n point Fekete set is a set {z;,j = 1,...,n} C E that

maximizes
Gn (21, ooy 2n) = H |z — 2j] .
i#]
From the maximum principle for analytic functions, it follows that for all n, the Fekete sets lie on
the outer boundary of F.
The normalized density of Fekete sets converges to dug, the equilibrium measure for F.

Remark 4.1. Let {P,} be any sequence of monic polynomials having all their zeros in E and
such that the normalized zero counting measures for P, converge weakly to ug. If OsoE (the outer
boundary of E, that is the boundary of the unbounded component of C\E) is regular (e.g., if it is
connected), then
(1) P, are asymptotically optimal for the Chebyshev problem:
lim ||F,||Y™ =C(E).
n—oo
IfC(E) > 0 (so that pg is defined), then we also have:
(2) Uniformly on compact subsets of the unbounded component of C\E,

i |Fy ()" = exp{~®,,()}
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Now we recall two results of approximation. In [20], Theorem 3.2, p. 158 (see also [9] for its
effective version), it is proving that for every n given numbers z1, ..., z,, and every € > 0, there
exists an irreductible equation with complex integral coefficients ax, ..., 41 and with roots (j
such that [( . —2x| < € for k =1, ...,n. The same is true for real integral coefficients provided that
the numbers z1, ..., 2, are symmetric to the real axis.

In [13] (Theorem A.l., p. 147) we have that if a1, ..., o, are a complete set of conjugate
algebraic integers over Q[i], e any positive number, and zs, ...,2, any complex numbers. Then there
is a polynomial ¢ € Z[i][z] such that

la(aj) —zjl <€, 2<j<n.

We have then the following result ([21] p. 16). Let a sequence of polynomials (F,) such that
the corresponding normalized zero counting measure for P,, u, converge to ur. We can suppose
deg(P,) = n and denote its zeros by zi,...,z,. Therefore, we can approximate this measure by
a sequence of the counting measures 7,11 for the complete set of conjugate algebraic integers
Ck = Cki/ms Kk =1,..,n+1 by using the theorem of Motzkin. For any n € N, we approximate
each point zj as close as we wish by one of the conjugate algebraic integers (i, 1 < k < n, obtained
from Motzkin’s theorem, while let the remaining (n + 1)th conjugate algebraic integer (,+1 — 00
as n — oo (see [9] p.160-161 for details). It follows that the resulting measures

1 n+1
= 2%

converge to ug as n — oo.

1 ¢ IES : :
In fact p, = - ; 0z, — ME, then v, = - kz_; d¢,, — pe- For f continous on E and n sufficiently

n n
/an+1:/fn+1Vn:n+1/f”n_>ME‘

But as already seen, the polynomial ), with roots the complete set of conjugate algebraic
integers (g, has (41 not in E (for n sufficiently large). So the sequence (@) doesn’t answer
Serre’s suggestion (Question 3.1).

large we obtain

5. DEMONSTRATION OF THE THEOREM FOLLOWING SERRE.

Let © be a plane domain. The boundary of 2 is denoted by 9Q =T1'=11 + T+ ... + I'.. In
the following the regularity of K is understood. Note first that which is important in K is the
boundary of the outer component of C\OK. Then K can be a compact whose boundaries of the
bounded connected components are what ever you want.

Denoting by €2 the outer component of C\OK, we know that the equilibrium measure of K is
supported on 9€2. We denote by 092 = (I'y,...,I';) =T

5.1. The double of a plane domain. Let (2 be a plane domain. We have seen that we may assume
that each boundary component of the boundary of €, denoted by 90 =T =T'1 +T'o+...+ 1, ['; is
a smooth analytic curve. Alternatively, one may think of €2 as a plane bordered Riemann surface.
More precisely

Definition 5.1. For each r = 1,2, ... we shall denote by U, the class of plane domains whose
boundary consists of r disjoint Jordan curves I'1,'a, ..., ' which satisfy the following smoothness
condition: with each T';j there is associated a function z;(t) analytic and univalent in a neighborhood
of I'j which maps this neighborhood onto the circular ring 1 —6 < |z| < 144§ and the curve I'; onto
the circle |z| = 1.

Much of the functions theory on €2 is conveniently described in terms of the Schottky double
Q) of Q. This is the compact Riemann surface of genus g = r — 1 obtained, when 2 has analytic
boundary, as is henceforth assumed, by welding  along I', with an identical copy . Thus, as a
point set Q= QUTUQ. The "backside” Q is provided with the opposite conformal structure.
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This means that if € Q denotes the oppposite to z €  then the map 2 — Z is a holomorphic
coordinate on €. The construction of this double generalizes to any bordered Riemann surface
and the result is always a symmetric Riemann surface, i.e., a Riemann surface provided with an
antiholomorphic involution. In our construction this is the map U : Q0 — Q which exchanges z
and Z and which keeps I' pointwise fixed.

The double of a plane domain §2 has a holomorphic atlas consisting of only two charts: the corre-
sponding coordinate function are the identity map 1 : z — z on €2 and the map @2 : Z — Z on
Q. When T is analytic, both these maps extend analytically across I' in ), hence their domains of
definitions overlap and the union covers all Q. Let

S=pr00!
be the coordinate transition function. It is analytic and defined in a neighbourhood of I" in C, and
on I' it satisfies
S(z)=2z (z€l).
A function f on Q) is most conveniently described as a pair of functions fi, fo on €2, continuously
extendable to I', such that

fi(z) = fa(z) (z€D).

The formal relations to f in terms of the coordinates functions 1 and @9 above are
i = fopr?

fo = cofopyloc,
where ¢ denotes complex conjugation. It follows, for example, that f is meromorphic if and only if
f1 and fo are meromorphic.
It is useful to note that if two domains in the class U, are conformally equivalent, then so are their
doubles conformally equivalent. Indeed, the Schwarz refection principle permits an extension of a
conformal homeomorphism between plane domains of the class U, to a conformal homeomorphis
of their doubles.

We will deal with domain €2, in the class U, whose double is a hyperelliptic Riemann surface.
This is equivalent to the fact that 2 can be mapped one-to-one conformally onto the exterior of
a system of slits taken from the real axis ([3]). At first, notably to put on the notations, we
recall some results on the double of the exterior of a system of slits taken from the real axis./L\et
E = U§:1 E;, E;=ezj—1,€e2j] CR, e1 < ey <e3<..<eg_1<ey. The double of C\E, C\E,
is the hyperelliptic curve of equation

2r
w’ =1z -e) =a(2),
i=1
w
where we add two points at infinity coy and oo_, caracterised by the fact that —— =1 at ooy

or—1
and —1 at co_.
It’s a two-sheeted branched covering space of the sphere P;(C), branched at the 2r points e;. It’s
a topological covering space of C\ E.

The covering map 7 : C\E — P;(C), 7 : (2,w) — z is a meromorphic function of order two

on C\E whose only multiple points, each of multiplicity two, are located at the points (e;, ¢(e;)),
7=1,...,2r.

T
Let us denote by E7 the inverse image of E; in C\E and E* = U E3.
j=1

5.2. The notion of “calibrated”. In this section we refer to [27]. We will develop the case where

—

C\E corresponds to a two-sided r-periodic real symmetric Jacobi matrix.
First, we recall the following terminology. The meromorphic 1-forms on a compact Riemann
surface are called abelian differentials. The abelian differentials which are holomorphic will be
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called of the first kind; while the meromorphic abelian differentials with zero residues will be called
of the second kind. Finally, a general abelian differential (which may have residues) will be called
of the third kind.

We denote by wee, _ the differential of the third kind having a simple pole at oo and oco_,
with residue —1 and +1 respectively, normalized by

/ Wooy 00 =0, j=1,--+,2r.
«

i
We recall now the link between weo, o_ and the Green function of C\E with pole at ooy, g(2):
(1) g(2) is harmonic in C\E,

(2) g(2) —1In|z| is harmonic in a neighborhood of co™

(3) lim, ¢ g(2) =0 for all z € E.
We shall denote by G(z) the multiple-valued function obtained by adding to g(z) its conjugate.

G(z)+G()
2

The derivative of this multi-valued function is clearly single-valued. Hence, G'(z) is a holomorphic
function in C\E.

9(2) =ReG(z) =

The functions g and G extend to all of (E\?C by reflecting across F, since they vanish on E:

G(T(z)) = —G(z) for z € C\E and T the canonical anti-conformal involution of C\ E. In particular
dG = Weo, co_- It is an abelian differential with poles at oo and co_ and zeros at the A; (the
zeros of G'(z)) and A} ( the points of the copy of C\E corresponding to the \; € C\E).

[TZ1(A = A5)

Wooy 00 = ———F———d\=1idp,
" gV
where dp is called the quasimomentum in [16]
1 [Pun oy,
— dp = —, eN,
27 Es; P N Mk

Definition 5.2. A compact set E = [E1, E3]U[Es, E4|U- - -U[Ea,—1, Fay| of the real line is calibrated
if the complex Green’s function G(z) of C\ E with pole at infinity satisfies the conditions

Eakq1
VOM)dt =0, k=1,2,---n—1
B,
and
Eap ;
Vomydt =+ k=1,2,...n,
Eog—1 N
where

. (t—Cl)Q(t—Cz)z-"(t—Cnfl)Q
Q) = G B G =B (= Fan 1) — Ear)
and ri,---rp, NEN, r14+---4+71r, =N .

= h(t)?

We observe that if a compact E is calibrated with respect to r1,7s,---r,, N it is also calibrated
with respect to kry, kro, -, krn, kN, k € N*,

Proposition 5.1. There exists signs €; € {—1,+1} such that

T 62]'
E ej/ Woo, o = T .
j:1 er—l
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5.3. Approximation of I' by I', calibrated. Let K be a compact with C* boundary and €2 be
the unbounded component of C\K (i.e. the component of the complement of K which contains
infinity). The boundary 02 consists of  mutually exterior curves. We know that ux fas support
in 092. K and 0f) have same capacity, same equilibrium measure and same potential function (see
for example [30], p.61).
Let f be a conformal application from Q to C\E where E is the union of r segments taken from
T

the real axis F = U E;, E;=lezj—1,e2] CR, e1 < ey <ez <..<egy_1<ey. Themap fis
j=1
such that

floo) =00, 1<j<r f(I;)=E;

We know that C\E = Ker{C\E,} and E,, calibrated. We chose E,, such that for 1 < j <r we
have E; C Ej .

We begin by open each interval of E (see for example the ”open up” process in Widom) on the
model

Y [-1,1] — {|s| =1}, ¥(z) =24 (22 —1)Y2

The complement of E, C\E, is conformal to a domain A, obtained by opening all the intervals
E;, OA = (Cy,...,C;). The boundary of A is C* and symmetric with respect to the real axis. We
denote by ¥ the corresponding conformal map.

We construct in the same way an application from E;, (E; C Ej,) j=1,...,r on Cj, near
C}, on the model

¢z €, f] —>z+[(z—a)(2—5)]1/2.

Consequently there exists a conformal application from C\E,, to A, where 0A,, = (C1p, ..., Crp).
The boundary of A,, is C*° and symmetric with respect to the real axis.

Then let denote by & =W o f: Q) — A.

In the following section we will denote again I, by T

5.4. How to obtain a polynomial with rationnal coefficients. The aim of this section is to
obtain the following theorem

Theorem 5.1. In the case I' is calibrated and symmetric with respect to the real axis, the Cheby-
chev polynomial of ' N H of degree r achieve its maximum at each extremity of ' N'H and has
precisely one zero in each of the r components of ' NH.

Moreover we can achieve that in each neigborhood of ' N'H, we can find such a polynomial with
coefficients in Qli].

From [19], C\E corresponds to a two-sided r-periodic real symmetric Jacobi matrix, A, and an
algebraic curve of equation {h +h~! — A(z) = 0} with A a real polynomial of degree r, known as
the discriminant. It is usually defined as the trace of the one-period transfer matrix. It is also the
unique polynomial (with positive leading coefficient) such that

o(A) ={z,A(z) € [-2,2]},
where o(A) is the spectrum of the two-sided operator (acting on [2(Z), it is purely absolutely
continuous and of multiplicity two). Let us make more precise the polynomial A. Let A be such a

Jacobi matrix, it defines a difference operator of period r with a,b € I°(Z), b, # 0,

(3) Antr = Apy bpyr = by, € Z.
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To simplify the notations, we write the operator A as

.oa b1 .

A= PN bl ag bg .
-br—l
a, by

s
We denote by B = H b,. We consider the solutions of the eigenvalue problem

n=1
(4) Au=zu.
It defines a second-order difference euqtion for n =1,2,3, ...,

Unp+1 = bgl((z - an)un - bnflunfl) ;

()= ()

1 0 bn
Un(z)_bn( by 2z —ay > .

The monodromy matrix M, (z), called also the one-period transfer matrix, is defined by the funda-
mental matrix

we rewrite

where

M, (z) =U,(z)..Ui(2) .
Finally, the Floquet discriminant A(z) is given by a trace
(5) A(z) = Tr(M,(z)).
Similarly, the Floquet multipliers m4(z) are the eigenvalues of M, (z). They are given by
AG) , (MG - 42
2 2

mx(z) =
and are independant of n. They verify
my(z)m_(z) =1, my(z) +m_(z) = A(z) .

{e;,j =1,...,2r} are the points where A(\) = £2. Indeed, A(X) = 2 at ea,, €2,—3, €274, €277, ...
and -2 at eg._1, €949, €21_5, €27_g, .... Clearly, A is determined by the p points where it is +2 and
one of the points where it is —2, showing the rigidity in possibilities of . More precisely the
Floquet discriminant A(z) given by (5) of a real r—periodic Jacobi matrix is a r—hyperelliptic real
polynomial. More precisely, we have

1 2r
A(z)> -4 = I (z —¢)
=1
(6) A F2 = % (2 —e2) |
j=1

According to [18], [6], the zeros {ej}lgjgr and {e; }1<j<, are respectively the eigenvalues of the
periodic Jacobi matrix At and the anti-periodic Jacobi matrix A~ given by
—ai b1 :l:br

bl —a
A* =

:l:br br—l —Qp
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If r is even, we have
+

+ - - + + + - -
e] <ep <ey <ey <ez---<e_;<e_;<e R

T

<e

If r is odd
6;<61+§€;<65Seg"'§€;72<6;12§6;11<6;71§6;<6;‘_.

The set {e;}1<i<2, coincides with the corresponding sequence (ejj-:). We need also to recall the

existence of a regular divisor D on @ Then the divisor D = Z;;% A; has the property that

D+D— 004 — oo is the divisor of the differential dp on (E\E, which is real positive on E. Then D
is regular ([19], p. 120). Therefore the curve is hyperelliptic of genus g = r — 1 with two points co
and co_ at infinity; besides (h) = —roo + roo_. Moreover, the hyperelliptic involution coincides
with (z,h) — (2,h™1). h(z) = ¢’¢(). In this case, the fixed points for the anti-holomorphic
involution are given by {p = (2,h),|h(p)| = 1} = E* (see [19], p.122), and 7(E*) = R~([-2,2]).

The fixed points for the hyperelliptic involution are given by the 2r points where h = =41,
equivalently A = 42, i.e. the branched points. A sufficient condition to be mapped one-to-one
conformally onto the exterior of a system of slits taken from the real axis is that ) is symmetric
with respect to the real axis and £ N H is simply connected.

We will adopt this situation and denote by f a conformal application from Q to C\E where E

T

is the union of r segments taken from the real axis F = U E;, E; =legj—1,€2j] CR, e <ex <
j=1
e3 < ... < egr_1 < eg.. The map f is such that
floo) =00, 1<j<r, f(Ty)=Ej
Hence the double of Q, € is hyperelliptic ([3]). The covering map mq : & — Py(C) is a branched
T

covering of order 2. Let us denote by I'; the mirror image of I'; in Qand I = U ;.
j=1

The conformal application from €2 to C\E f, can be extended to conformal homeomorphism of
their double. Let us denote this conformal application by

f:Q—=CE,  p—f).
The Weierstrass points of €2 and those of C\/E are in one to one correspondence by f. We introduce

af = (e, he)), Ay =[f""(a})
and define H(p) = h(f(p))). We will identify, with a small abuse of notations, Z with Z(p) and z
with z(f(p)). The maps Z and H have the property stated in [19]. In particular we have for the
divisor

(H) = —roo + +roo —.

We will denote in the same manner D and f —1(D), the regular divisor corresponding to the pre-
ceding regular divisor D of the zeros of A’

To simplify the notations, we write the operator C as corresponding to the hyperelliptic surface
following [19]

A B
By Ay, B, .
c=|.. . By, A; B

i, @ € Z. Note that being r— periodic, C' is bounded.
Following [19], det(Cy—ZI) = (=1)" "t @oH+®1(Z)+(—1)"" 1@y H !, where &g = II'_, B!, &5 =
II}_, B; and @, is a polynomial of degree r, ®1(Z) = (—-1)"Z" + ....

with Ai+r =A;, Biyr = B; Bz{-i-r =B
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Al—Z B} - . B,H™!
det(Cy — 2I) = |
o+ Brg A.1—h B,
If
i

A(i, j) =
Bj_g Aj—l —h B;'—l
Bj—l Aj —h

some computations yield to the following
®1(Z) =A2,r+1)— B1B{A(3,7).
o
Let a such that o? = (}TO. Then
2

det(Cy — Z1) = 0 <= oH + (aH) ' + 3@1(2) =0.
2

We denote by Pi(Z) = —g@l(Z) and H; = aH. The curve
2

{(Zl,Hl); Hy + (Hl)fl + %@1(Z1) = 0}

is invariant under the transformation (Zy, Hy) — (Z1, H; '), which corresponds to the hyperellip-

tic involution. The fixed points of this hyperelliptic involution satisfy Hy = H L and are located
onI' ([?], p. 20). At such a point po, |[H(po)| = 1. As Hi(po) = £1 = aH(po), we conclude |a| = 1.

Let f be an infinite column vector f = (...f_1, fo, f1,...). Let D acts on f as the shift D fi = fry1.
C is assumed to be periodic of period r, this amounts to the commutation relation C'S = SC, where
i Foﬁox;ving [22], aS + (aS)~! — P;(C) = and by the analytic functional calculus

o(0) = P Ho(aS + (aS)™h)).
But oS + (aS)~! is conjugate to S + S, AaS + (aS)TAT =5 + S~ with A = al. Then
o(aS+ (aS)™) =0o(S+ 571 =[-2,2]
and
o(C) = P ([-2,2]).
1

H\(Z,) =Pi(Z) £ VPI(Z1)2 -4 = Pi(Z)) + \/P(Z,)? — 4

and
P ([=2,2)) = {21, [Hi(Z1)| = 1}.
Consequently if Z, € o(C), |Hi1(Z1)| = |aH(Z1)| = |o| |H(Z1)| = 1. We deduce that |[H(Z1)| =1
and then Z; € I'. In conclusion o(C) C T.
Z and Z; are two meromorphic function of degree 2 then ([?]), then there exits complex numbers

Z+b
a,b,c,d such that ad —bc =1 and 71 = s+ .
cZ+d

Looking at infinity, we have f(co) = oo, h(oo) = H(o0); Hy = aH then Hy(oo) = oo. Then
when Z = 0o, Z1 = oo and 77 is of the form Z; = aZ + b.

P ({2}) = {aA} + b}, P ({—2}) = {aA; +b}..
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By an argument of connectivity, we deduce that, for exemple o(C) = P;!([~2,2]) = (aT' +b) N
(aH +0).

Consider then the polynomial Q(Z) = P;(aZ + b). Pfl([—Q, 2]) = Q7 Y([~2,2]) and %Q is the

Chebychev polynomial of I' N H. ¢

Approximating C' by rational coefficients, we can construct C; as close of C' as we please
and so, corresponding P, as close of Py as we please, with the coefficient of P;, in Q[i]. As
o(Cy) = Piql([—2, 2)) ={Z1 =aZ+b,P14(Z1) € [-2,2]}, if a; and b, in Q[i], are closed to a and
b respectively, then {Z1 = a; Z + b, P1 4(Z1) € [—2,2]} are closed to o(Cy). Then the polynomial
Q-(Z) = P14(ar-Z + b,) has its coefficients in Q[4].

On the other hand Pqul([—2,2]) = Q-1([-2,2]) and for some convenient 3 € Q[i], such that
Qr(z) = %zR—i—- -+, the polynomial 3Q); is the Chebychev polynomial of K = Ky -+ Ko - +...+ K, 7,
with KCj - closed to the corresponding component in I' N H.

Let us denote by aA;-'fq + b the points Pi;{:l:2}, they are closed to the aA?E +b. Now BQ-
is the Chebychev polynomial of K = K1 + Ko + ... + K, ~ and it achieves its extrema at the
extremity of K; -, denoted by a; AL 4 b, In summery it oscillates on Kj+ being extremum at

:l: J’q77—
the aTAmj +b,.

5.5. How to obtain integer coefficients. We start with the notations of the preceding section:
The polynomial 3Q); is the Chebychev polynomial of Kr = Ky + Ko r + ... + K, - with coefficients
in Q[i] and it achieves its extrema at the end points of K;;, denoted by aTquyT + b,. Moreover
Qr(K7) = [—2,2] and since it is of degree r, @, has an unique zero in each K;,, denoted by
&, 1 =1,..,r. Let T,, the Chebychev polynomial of [-2,2], then the polynomial P, defined by

P, = p7"T,(Q,) is the Chebychev polynomial of degree nr of IC-. In fact it verifies clearly
Kr=B7"Tn(@) ' [-2,2], @r(Ks)=[-2,2], Qr(arA], , +b;)=+2.

Let By, such that Q. (By,) = 2cos kn—’r, then 7,,(By.n) = (—2)* and |P,| achieves its maximum

+
at aTAM,T

the lemma

+ b, and the By,. The polynomial P, has n zeros in each K; . It enables us to prove

Lemma 5.1. pup, converge to the equilibrium measure of K.

Proof. The proof follows [29, Theorem B1]. To simplify the notations K, is denoted by K. By the
Bernstein-Walsh lemma we have for z € C\K,
1

nr

1 || Pl
- < i
(7) e log |P,(2)| < log e D, (2)

1
with the remark that lim, || P, ||z = C(K).
Now let dn be a limit point of the normalized density of zeros of P,(z), dn, and let f be continuous
with support contained in C\K, then [ fdn, = 0 because P, has its zeros in K and if dn, — dn,
then [ fdn = 0 and supp(dn) C K. By the Upper Envelope Theorem [29, Theorem A7]

lim inf &, (2) = &, (2)
for all z € C\K except for z in a polar set. Then letting n — oo in 7, we get
D (2) > Py

for all z € C\K except for z in a polar set. By continuity of ®, and ®,,. in C\KC, we have &, > &,
for all z in C\K. By using [29, Theorem A.21], we have n = pux. Thus, ux is the only limit point
of the zeros, and so the limit is px. O

With the same proof we deduce that for any I > 1, ppt — px. Now, following [12, p 164] and

its notations we consider
e L e AR o oo

Po(z) = 2"+ - ,  meN* ;€ Z[].
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Let us denote by b = a¥,a € N and by ¢ = blmP, ¢ > b > a, then (P,(2))¢ = 2* + ... and
the coefficients of zF°71, 2 ke 2 .., 2" are in Z[i]. We can then determinate complex numbers,

AL AW A ...,A,(f),.. Al o), ..,A,(j*“) such that the polynomial
c—a k
®) Fa(z) = (Pal2) + 3 S AV (By(2))o
i=1 j=1
) = () A)
has its coefficients in Z[i]. We have
c—a k
Pa(z) = (Pu(2)] < 233 [eff Py (2)
1= 1] 1

k= |Ca—1
< 2 9

INORIGAC)TIN ézk_j |Pn<z|>]|;z—)’|Pn1<z>|-c

1
On the lemniscate | P, (z)| = Rz with Ry > 1 for example Ry = M, , then with M = o ma‘LxR Z 2"
n 2

2M

Talz) = (P& < g =y

[P (2)°]

1 C C
< SlPa(2) ] < |Pa(2)°]

for a sufficiently large. By Rouché’s theorem, in each K; -, I'; has nc zeros near from the nc zeros
of (P,(2))¢. After clarifying the earliest "near”, we conclude that lim pur, = ui.

5.6. End of the proof. We will need the following result

Lemma 5.2. Let K be a compact set of C, then

(1) If T, is the Chebychev polynomial of K, then T, is the Chebychev polynomial of K,

(2) C(K) = C(K).
Proof. 1t is clear that the second point will follow from the first, but also from the fact that if P,
a monic polynomial of degree n then

1Pnlloo.ic = [[Pallcc it

Again in this first part we withdraw the v symbol. We are going to prove that

BIC, — T+,
where I't = ' H. For this we use lemma 2.1. By construction §(K,,I'") — 0. Now o(C) =
P Y([-2,2]) = aT't 4 b and then C(0(C)) = |a|C(T').
1
We recall that for a r-periodic Jacobi matrix J, the capacity of its spectrum is the —th power
r

of the product of the diagonal coefficients. Since the rational coefficients of C;, approximate those
of C, we have C(o(Cy)) — C(a(C)). Since C(c(Cy)) = C(al'y +b) = |a|C(T,), then C(T'y) — C(I'").

Moreover
|a|

1
C(Kr) =C(_~(al'q +b b)) = a |C(Tq),
hence C(K,) — C(I'").
Hence we have found a sequence of monic polynomials with integer coefficients (©)), such that

e, — px,. By the diagonal process we conclude that pe, — pp+.
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The second step is to verity that lim pp-= pp- where I'” = \I'*.

The third step is to remark that P, P, is a monic polynomial with integer coefficients and that
limy, 6p 5 = %(6p+ + dp—). Which follows from the definition of 65 ;5 and the previous results.

The ultimate step is to verify that %(5“ + dp—) = dp. For this we look at the energy. Let
pi1 = 50p+ and py = 30p-

1
TG s +00)) = 1) + 1(u2) + 2 [ @i (2) dife)
1 1 1 1
= @) " dmEr) +2/‘I’m(w) dpi() -
From the beginning we have that C(I'") = C(I'") = C(I'). Moreover as I'* and I'™ are disjoint

we have that on I'", @, (z) < %m Finally

1
1(5(0p+ +0p-)) < I(0p+ur-) = L(or)
and by definition of the equilibrium measure (1 (5p+ + dp-)) = I(dr).
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