A SEQUENCE OF POLYNOMIALS WITH OPTIMAL
CONDITION NUMBER
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ABSTRACT. We find an explicit sequence of univariate polynomials of arbitrary
degree with optimal condition number. This solves a problem posed by Michael
Shub and Stephen Smale in 1993.

1. INTRODUCTION

1.1. The Weyl norm and the condition number of polynomials. Closely
following the notation of the celebrated paper [19], we denote by H  the vector space
of bivariate homogeneous polynomials of degree N, that is the set of polynomials of
the form

N
(1) gla.y) =Y ax'yV, aeC
=0

where x,y are complex variables. The Weyl norm of g (sometimes called Kostlan or
Bombieri-Weyl or Bombieri norm) is

N -1 1/2
N
loll = (Z (V) |) ,
=0

where the binomial coefficients in this definition are introduced to satisfy the property
llgll = |lg o Ul where U € C?*2 is any unitary 2 x 2 matrix and go U € Hy is the
polynomial given by g o U(z,y) = g(U(;)) Indeed, with this metric we have

N+1/ lg(n)|?

2

gll” = dv(n),
S W e

where the integration is made with respect to volume form V arising from the
standard Riemannian structure in P(C2). Note that the expression inside the
integral is well defined since it does not depend on the choice of the representative
of n € P(C?).

The zeros of g lie naturally in the complex projective space P(C2). The condition
number of g at a zero ( is defined as follows. If the derivative Dg(¢) does not vanish,
by the Implicit Function Theorem the zero ¢ of g can be continued in a unique
differentiable manner to a zero ¢’ of any sufficiently close polynomial ¢’. This thus
defines (locally) a solution map given by Sol(g’) = ¢’. The condition number is by
definition the operator norm of the derivative of the solution map, in other words
u(g, ¢) = ||DSol(g,()||, where the tangent spaces T, Hy and T, P(C?) are endowed
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respectively with the Weyl norm and the Fubini-Study metric. In [17] it was proved
that

(2) w(g,¢) = gl ISI¥=HDg () lex) 7,

(the definition and theory in [17] applies to the more general case of polynomial
systems). Here, Dg(() is just the derivative

0 0
DQ(C) - <axg($ay)7 ((ng(:c’y)>(w)y)_c

and Dg(C) |¢+ is the restriction of this derivative to the orthogonal complement of
¢ in C2. If this restriction is not invertible, which corresponds to ¢ being a double
root of g, then by definition u(g, () = oc.

Shub and Smale also introduced a normalized version of the condition number
since it turns out to produce more beautiful formulas in the later development of the
theory (very remarkably in the extension to polynomial systems), see for example
[5] or [9]. In the case of polynomials it is simply defined by

(3) finorm (9,€) = VN 1u(g,¢) = VN [lg|l <IN M (Dg(C) lex) -

The normalized condition number of g (without reference to a particular zero) is
defined by

ﬂnorm (g) ﬂnorm (97 C)

= max

CEP(C2):9(0)=0
Now, given a univariate degree N complex polynomial P(z) = va 0 a;%%, it has a
homogeneous counterpart g(z,y) = Zi\[:o a;z'y™M %, The condition number and the
Weyl norm of P are defined via its homogenized version

||P|| = ||9||7 ,U/norm(Paz) = ﬂnorm(g, (Za 1))7

norm P) = norm = norm P7 .
tnorm (P) = finorm (9) Lednax 1 (P, z)

A simple expression for the condition number of a univariate polynomial (see for
example [1]) is
IPII(L + |22

Pl
and we have finorm (P, z) = 0o if and only if z is a double zero of P. For example,
the condition number of the polynomial 2" — 1 is equal at all of its zeros and

(5) o (2 — 1) = p/2 2 LRVETE 2N

norm N \/N
(Note that the same computation gives a slightly different result in [19, p. 7]; the
correct quantity is (5)).

(4) Pmorm (P, 2) = N/

1.2. The problem of finding a sequence of well-conditioned polynomials.
In 18] it was proved that, if P is uniformly chosen in the unit sphere of Hy (i.e.
the set of polynomials of unit Weyl norm, endowed with the probability measure
corresponding to the metric inherited from Hy) then pinerm (P) is smaller than N
with probability at least 1/2. Indeed, as pointed out in [19], with positive probability
a polynomial of degree N with finorm(P) < N3/4 can be found. In other words,
there exist plenty of degree N polynomials with rather small condition number.

Indeed, the least value that pnorm can attain for a degree N polynomial seems to
be unknown. We prove in Section [3] the following lemma.

Lemma 1.1. There is a universal constant C such that pinorm (P) > CV/'N for every
degree N polynomial P.
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Despite the existence of well-conditioned polynomials of all degrees, explicitly
describing such a sequence of polynomials was proved to be a difficult task, which
lead to the following:

Problem 1.2 (Main Problem in [19]). Find explicitly a family of polynomials Py
of degree N with pinorm(Pn) < N.

By “find explicitly” Shub and Smale meant “giving a handy description” or
more formally describing a polynomial time machine in the BSS (Blum-Shub-Smale)
model of computation describing Py as a function of N. Indeed, Shub and Smale
pointed out that it is already difficult to describe a family such that jnorm (Py) < N*
for any fixed constant k, say k = 100 (this would be considered a well-conditioned
sequence of polynomials, or we would just say that the Py are well-conditioned).
Despite the existence of many well conditioned polynomials, we cannot even find
one! This fact was recalled by Michael Shub in his plenary talk at the FoCM 2014
conference where he referred to the problem as finding hay in the haystack.

Remark 1.3. Note that to solve Problem[I.1] only the assymptotic behaviour as N
goes to infinity is important. We will use a standard procedure in complexity theory
to deal with the first terms. Assume that a BSS algorithm T that runs in polynomial
time is designed such that for sufficiently large N > Ny its output is a polynomial
Py with u(Py) < N. The ezact value of Ny is not needed to be known but it must
be some fixed natural number. Consider the BSS algorithm that on input N > 1
runs in parallel the two following methods:

o Run T on input N.

e FEnumerate all the polynomials P of degree N whose zeros have rational
coefficients, starting with rationals containing 1 or less digits, then rationals
with 2 or less digits, and so on, and check whether u(P) < N or not.

For N > Ngy the first method T will finish in time which is polynomial on N. For
all N < Ny polynomials with p(Pyn) < N are known to exist, they form an open set
by the continuity of 1, and they will be found by the second method in a time which
is bounded by a constant (which depends on Ny that is fized). We thus conclude
that this BSS algorithm runs in polynomial time and formally solves Problem 1.3
In other words: the explicit answer to Problem only requires to be found for
sufficiently large N, there is no need to specify how large N must be.

One of the reasons that lead Shub and Smale to pose the question above was the
possible impact on the design of efficient algorithms for solving polynomial equations.
In short, a homotopy method to solve a target polynomial P; will start by choosing
another polynomial of the same degree Py all of whose roots are known and will try
to follow closely the path of solutions of the polynomial segment P, = (1—1¢)Py+tP;.
Shub and Smale noticed that if Py has a large condition number then the resulting
algorithm will be unstable, thus the interest in finding an explicit expression for some
well-conditioned sequence. The reverse claim (that a well conditioned polynomial
will produce efficient and stable algorithms) is quite nontrivial, yet true: it was
proved in [8] that if Py has a condition number which is bounded by a polynomial
in N then the total expected complexity of a carefully designed homotopy method
is polynomial in N for random inputs. The question of finding a good starting pair
for the homotopy (which is the core of Smale’s 17th problem [20]) has actually been
solved by other means even in the polynomial system case, see |3}[8|12] that solve
Smale’s 17th problem and subsequent papers which improve on these results. Yet,
Problem remained unsolved. It was also included as Problem 12 in [9, Chpt:
Open Problems], and there were several unsuccesful attempts to solve it via some
particular constructions of polynomials that seemed to behave well (remarkably
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there exists an explicit unpublished example by Pierre Lairez that seems to satisfy
w(Pn) ~ v/ N/2), but only numerical data was produced.

1.3. Relation to spherical points and Smale’s 7Tth problem. Given a point
z € C we denote by % the point in S? = {(a,b,c) € R® : a® +b*> + % = 1}
obtained from the stereographic projection. That is if we denote 2 = (a, b, ¢) then
z = (a+1b)/(1 — ¢) and conversely

z+Zz z2—Z |22 —1
a=-——r, b= ——, c=—0.
1+ 2 i(1+z?) 142
Given P(z) = Hf\il(z — z;) we consider the continuous function P : §2 — R

defined as P(z) = Hf\[:l |z — 2;]. Moreover for any given zero ¢ of P we define
P (z) = P(z)/|x — (|, that in the case x = ¢ = 2; for some i simply means
P.z) =]z - %l
i
With this notation, [19, Proposition 2] claims that

1 | Pll 2o
(6) Mnorm(Py C) = § N(N + 1) = A( ),
Fe(€)
where do is the sphere surface measure, normalized to satisfy o(S?) = 1 (note that
in |19 Proposition 2] the sphere is the Riemann sphere which has radius 1/2; we
present the result here adapted to the unit sphere S?). In other words, we have

(f L b - 5 Pao )
(7) unorm(P):%«/N(N—i-l) max oot .

1<i<N [l 12 = %1

Now we describe the main result in [19]. For a set of points 21, ..., Zy in the unit
sphere S? C R3, we define the logarithmic energy of these points as

E(Z1,...,2n) = Zlog

i#]

1
12: — 2]

(note that in [19] the sum is taken over ¢ < j instead of ¢ # j, which is equivalent to
dividing £ by 2. Here we follow the notation in most of the current works in the
area). Let

En= min E(%,...,2N).
21,2 €S2

Theorem 1.4 (Main result of [19]). Let 21,...,2n € S? be such that
E(21,...,2n) <EN+clogN,

for some constant ¢ independent of N. Let z1,...,zx be points in C that are the
image by the inverse stereographic projection of z1,...,2n. Then, the polynomial

P(z) = Hfil(z — z;) with zeros z1,...,zN satisfies pnorm (P) < /NIte(N +1).

Theorem shows that if one can find NV points in the sphere such that their
logarithmic potential is very close to the minimum then one can construct a solution
to (the polynomial version of) Problem Actually, this fact is the reason for the
exact form of the problem posed by Shub and Smale that is nowadays known as
Problem number 7 in Smale’s list [20]:

Problem 1.5 (Smale’s 7th problem). Can one find 21,...,2n € S* such that
E(%1,...,2n) < ENn +clog N for some universal constant c?
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The value of £y is not sufficiently well understood. Upper and lower bounds
were given in [6,[10,/15,/21], and the last word is [4] where this value is related to the
minimum renormalized energy introduced in |16] proving the existence of a term
Clog N in the assymptotic expansion. The current knowledge is

1
(8) EN:HN2—§N10gN+CIOgN+O(N),
where Clog is a constant and
1
(9) K= / / log |z — y|~t do(x)do(y) = = —log2 <0
§2 S2 2

is the continuous energy. Combining [10] with [4] it is known that

—0.2232823526 ... < Ciog < 2log2 + %logg + 3log F(\l//E?)) = —0.0556053.. . .,
and indeed the upper bound for Cj,s has been conjectured to be an equality using
two different approaches [41[7].

Throughout the paper we denote by C' a constant that may be different in each
instance that appears. By f < g we mean that there is a universal constant C' > 0
(i.e. independent of N) such that f < Cg and we write f < g if there is a universal
constant C' > 0 such that C~1f < g < C'f.

1.4. Main result. Smale’s 7th problem seems to be more difficult than Problem
The main result in this paper is a complete solution to the latter.

We construct the polynomials Py, solving Problem by specifying their N
zeros. A detailed account of the construction of the zeros will be given in Section [4]
but an sketch is as follows. First, we choose parallels, symmetric with respect to the
equator, and associated to each parallel we define a band centered at the parallel.
The number of zeros per band should be equal to N times the area of the band.
Due to technical reasons, basically the use of Simpson rule, we split the zeros in
each band in three parallels corresponding to the bottom, middle and top parallel
of the band. More precisely, we place the integer division of the number of zeros of
each band by six equispaced at the bottom parallel and we do the same with the
top parallel. Finally, we place all the other zeros equispaced in the middle parallel.
Our construction has some similarities, and also some crucial differences, with that
of Section 2 in [21].

In the following definition N will correspond to the total number of zeros, 2M — 1
to the number of parallels and 7; to the number of zeros in the jth band.

Definition 1.1. For all N > 1, the positive integers M (N),r1(N),...,ra(N) form
an admissible set if there exist constants C1,Cy > 0, independent of N, such that
e N=ry(N)+2(ri(N)+ -+ ry—1(N)), and
o C1j <r;(N)<Cyjforl<j<M(N),
for all N > 1. To simplify the notation we will drop the dependence on N and say
that M, rq,...,ry is an admissible set. Note the role of the constants C; and Cs:
once they are fixed they must be valid for all N. We could fix them now for the rest
of the paper, say C7 =1 and Cy = 16, but we prefer to keep our results as general
as possible.

For a given N, there exist in general many choices of M and 71,. .., satisfying
the conditions above, for example the one provided by the following lemma. For
t € (0,00), by |t] we denote the largest integer that is less than or equal to t.

Lemma 1.6. Let N > 16. Then, the integers M,r1,...,r) defined by

o M =|\/N/i| >2.
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oer;=4j—1for1<j<M-—1.
° ’r‘M:N—Q(Tl—‘r"'—l—?“M_l):N—4M2+6M—2.
form an admissible set.

Proof. The only item to be checked is that, for example, M < rj; < 16M. This is
trivially implied by the choice of M that guarantees 4M? < N < 4M?+8M +4. N

We can now state our solution to Problem

Theorem 1.7. For all N > 1 let M,ry,...,rp be an admissible set of integers.
Define the the parallel heights

9 1 rs rs
hi=1-5 =% Hj = hj = 5

for 1 < j < M —1, and let r; = 6s; + rem; with rem; € {0,...,5} for 2 <
j < M. Then there exist a constant C > 0 such that the polynomials Py(z) =
P (2)BY (2) Py (2) Py (2) with

Py (z) =(zAsmtreman 1) (27— p(hy)™) (2" —1/p(h1)"™)

P (2) = (2% = p(H1)™) (=" = 1/p(H1)™)
M—

P](\?)(Z) — H (Z4Sj+T€WZj _ p(hj)4s]-+remj) (Z4Sj+remj _ 1/p(hj)45j+T57nj) ,
j:

[y

[ V)

M—
P](\;l)(z) — (Zsj+5j+1 _ p(Hj)Sj+Sj+1) (Zstrst _ 1/p(Hj)Sj+5j+1) ;

[

<.
||
N

where if s = 0 or if s; + sj41 = 0 the corresponding term is removed from the
product and p(x) = /(1 —x)/(1 + z) satisfy

Nnorm(PN) é C\/N

For a given N, there exist many choices of allowable integers M, r,...,ry; and,
for all these choices, the corresponding polynomial satisfies pinorm(Pn) < C V/N. As
an illustration, in Figure [I] the normalized condition number of the polynomials
compared to VN corresponding to Lemma is approximated numerically. In
particular, it is easy to write down different choices with desired properties. For
example, one can choose to produce polynomials with rational coefficients or search
for the choice that gives, for fixed IV, the smallest value of tiyorm.

20 T
— puorn (P¥)/ VN
15+
10 .
5L 4
O Il Il Il Il 1
0 100 200 300 400 500 600

N

FIGURE 1. Numerical approximation of unorm(pN)/\/N for py as
in Lemma [1.6| up to degree 595. The peaks correspond to changes
in the value of M as N increases.
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Remark 1.8. Theorem[I.7 shows much more than asked in Problem|[I.9 since we get
sublinear growth of the condition number. The presence of the (uncomputed) constant
C is not an issue since for sufficiently large N we will have CvVN < N and hence
from Remark[I.3 our Theorem [I.7 fully answers Problem[1.9 above. However, our
construction allows explicit computation of the constants in sacrifize of generality of
the results. Some particular choices of sequences with explicit constants are currently
being investigated by the first author and Fdtima Lizarte.

Remark 1.9. From Lemmal[I]], the condition number of our sequence of polynomials
can at most be improved by some constant factor.

1.5. Atomization of the logarithmic potential. Theorem [I.7] will be proved by
atomizing the surface measure in S? and approximating the logarithmic potential of
the continuous surface measure by a potential generated by a measure consisting of
equal-weighted atoms. This atomization is a well-known technique in non-harmonic
Fourier analysis [13}14].

The heuristic argument is that if one places the atoms evenly distributed acording
to the surface measure, the discrete potential will mimic the continuous potential
which is constant on the sphere and therefore the numerator and the denominator
in will both be very similar. Then, the polynomial whose zeros are the inverse
stereographic projection of this point set will be well conditioned.

Theorem 1.10. Let Py be the set of N points in S? defined in as Section |Z| Let
dist(p, Pn) be the distance from p € S? to Py and k = 1/2 —log 2. Then, for all
p € S? we have VN dist(p, Py) < 1 and moreover

N
(10) Zlog |p — pi| + KN —log (\/ﬁdist(p, PN)) =0(1).

i=1

FEquivalently,
N
[Tz Ip — pil?

(11) —
e=2:N N dist*(p, Pn)
Remark 1.11. In the case that p = p; for somei € {1,..., N}, reads

~1, VpeS?, VN.

T3 pi — pjl?

672HNN
Proof of Theorem Our main theorem follows immediately from Theorem
and . Indeed, we take the polynomial Py in Theorem to be the one
whose zeros correspond, under the stereographic projection, to the spherical points
Py in Theorem [I.10] as defined in Section [4] when the points distributed in each
parallel of latitude ¢ are rotated to contain the point (v/1 —¢2,0,t). As a result,

from and Remark

pnorm(Pw) S VN DY (fsgj;tez(f}vpjv)da(p ) <uw.

~ 1.

1/2

2. ORGANIZATION OF THE PAPER

In Section [3| we prove a sharp lower bound for the condition number of any
polynomial, Lemma[L.1] In Section [4 we construct the set of points Py in S? used in
Theorem [I.10] and which give the zeros of the polynomials Py in Theorem [I.7] We
study also the separation properties of Py . In Section [5| we prove some preliminary
results comparing the discrete and the continuous potential in a parallel and the
potential in three parallels with the potential in a band. Finally we prove Theorem
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[[:10]at the end of Section [6] as a consequence of the comparison between the discrete
potential, the potential in parallels and the continuous potential.

3. LOWER BOUND FOR THE CONDITION NUMBER

In this section we prove Lemma 1.1

Proof. Recall that from

1 R
:unorm(P> = 5 V N(N+ 1)?7

with

N 1/2
we([L-sraw) - s T

J#i
Here, P(z) = Hfil(z — z;) and Z; are the associated points in the unit sphere. We
bound separately R and S. Using Jensen’s inequality we have

N N
1 . 1 R
o= glog [ T[Io=2F o) > 5 [ toe][Io— 4l doto) =
=1 =1

N
Z/S2 log [p — | do(p) = —kN,
=1

and hence R > e~ "N where & is as in @ due to rotational invariance. For bounding
S, note that from

N N
— > log |z — 2| = KN? — 5 log N — CN,
i,j=1

1#]
for some C > 0. On the other hand,

N N

= Y loglzi - 5 = —log [ [TI]12— 21| < —log(SY) = —Nlog$.
711_;’;1 i=1 j#i
17#]

From
—log(SN) > kN? — glogN —CN,
we get
S <e*NyVN,
proving R/S > 1/v/N. The lemma follows. |

4. CONSTRUCTION OF THE POINT SET Py

In this section, we define the set of points Py = {p1,...,pn} C S? appearing
in Theorem [I.10] The images of these points through the stereographic projection
are the zeros of the polynomials in Theorem The set Py will be a union of
equidistributed points in symmetric parallels with respect to the xy plane. The
construction is similar to the one in [2].

For all N > 1,1let M,ry,...,rp be an admissible set of integers as in Definition
T ie.

N=2(r+...+ry-1)+rum,
and
Clj < Tj < C2j7
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for all 1 < j < M, for some fixed constants C7,Cy > 0. Symmetrically, define
T™+1=TM-15---3T2M—-1 = T1.
We denote the parallels in S? by
Qn={(v,y,2) €S*:2=h}, —-1<h<1.
We choose parallel heights 1 = Hy > Hy > -+ > Hp;—1 > 0 and symmetrically
Hyyj=—Hpy_(jq1) for j=0,...,M —1. For 1 < j <2M —1 we define the bands
B; ={(z,y,%) € S? H; <z<H;_ 1},

where Bi, Bays—1 are spherical caps. Then S? = U?f{l Bj and if we define

2 .
szl—NZrk 0<j<2M -1,
k=1
we have that
H; 1—H; rj
B)="21"" L qj<cj<om—1

0( ]) 2 Nv = .] = )
where recall that o is the sphere surface measure with o(S?) = 1. We consider also
parallels with heights

-1
H;_1+H; T T 2 T
hj=———=H; 1 —2=H;+2=1-= -2
J 2 TN Tty N;T’“ N’
for 1 < j < 2M — 1, and observe that hyy = 0 and hpq; = —hpy—; for j =
1,....,M—1.
Observe that for 1 < j < M
Cyj? C1j? Ci(j+1) Cij(G+1)
12 1-— <h;<1-— 1-— "< H<]-——"
( ) — %7 = N ’ N — J = N
and
(13)
Cyj2 Csj? Cij(j —1) Caj(j —1)
-1 < hopy—i: < —1 14— L < Hop—i < —14—22 7,
+N_2Mj_ +N’ + N < Hop—j < —1+ N
Note that we have
M-1 M—1
CiM? =CiM +2 Y Cij SN <CoM+2)  Coj < CoM>.
j=1 j=1

Now we describe the construction of the points in Py. The main idea in the
construction is to be able to compare the discrete potential with the potential in
parallels and this, in turn, with the potential in a band. To be able to match the
potentials we take r; points of Py in the band B;, which has area r;/N. Then, on
each band we place the points equispaced in parallels. As we use Simpson rule (see
Lemma to control the error between the potential in bands and in parallels,
we consider three parallels on each band Qp,_,,Qn;, Qu,; and split the r; points
as the weights in Simpson rule (1/6,4/6,1/6) with the corresponding correction in
case r; is not a multiple of 6.

More specifically, given the points r; above, we define 71 = Topr—1 = 0 and
r; =75 +rem; for 2 < j < 2M — 2 where 7; is a multiple of 6 and 0 < rem; < 5.
Note that in Theorem we denote 7; = 6s;. Then finally

e we take r; points equidistributed in @}, , and similarly rapr—1 = 71 points
equidistributed in Qp,,, , = @—h,-
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e For 2 < j < 2M — 1, we take > + rem; points equidistributed at Qp,

”%‘m points equidistributed in the upper boundary parallel Qg;_, and
for 1 < j < 2M — 2 we take ”Jr% points equidistributed in the lower
boundary parallel Q.

4.1. Geometric properties of the set Py. From the results in this section it
follows that the points in Py are uniformly separated i.e. for each p,q € Py distinct

dist(p,q) 2 1/VN,
and they are relatively dense i.e. for all p € S? we have that
dist(p, Pn) S 1/VN,

and therefore the first statement in Theorem Indeed, in the following three
lemmas we prove that the distance between two neighboring points of Py in the
same parallel, and the distance between consecutive parallels, are both of order

1/V/N.
Lemma 4.1. For h,c € (—1,1) with |h| < |¢| and |h — ¢| < 1/4 we have
) |h —¢] |h — ¢
dist(Q., ~ < .
(QC Qh) \/1 — h2 \/1 — C2
Proof. Note that dist(Q., Qr) < 1 and we can write also

dist(Q., Qn) = 2sin §7

where ¢ is the angular distance from Q. to @Q}. Moreover,

dist(Qc, Qn)
2

1 s
< Qarcsm§ = —.

= 2 arcsin
v 3

We first prove the lower bound. Note that for ¢ € [0,7/3]

¥

h—
dist(Q¢, Qr) = 281115 > % 2> | arcsin(h) — arcsin(c)| = Ih =

Ve

for some ( in the interval with endpoints ¢ and h. Now, if ¢ and h have both the same
sign then \/1 — (2 < v/1 — h? and we are done. Moreover, if |h| < 1/2 then |c| < 3/4
and \/1 —(¢? =~ 1= /1 — h2. These are all the cases to cover since |h — | < 1/4
excludes other situations. We have proved that dist(Q., Qn) = |h — ¢|/v1 — h2.

For the upper bound, again using the same argument we can assume that
1/2 < h < ¢ < 1. Then,

QSing < sin g = |sin(arcsin(h) — arcsin(c))| = [hv/1 — ¢ — e\/1 — h?| =

? — h? < c—h
WT—c2+ev1—h2 "~ V1-h2

Lemma 4.2. The distance between two neighboring points of Py in the same

parallel is of order 1/v/N, i.e.
Yi=h o1 WI-HP
rj VN rp VN
where the first claim is valid for 1 < j < 2M — 1, and the second one is valid for
1 <5 <2M — 2. In particular, this implies
2
1 —hj
p)
1—H;

~1, 1<j<2M -2
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and similarly
1—h3

—J =1, 2<j<2M-—1.
1-H?,

Proof. By symmetry we can assume that 7 < M. Then, h; > 0 and hence /1 — h? =~

/1 — h;, which from yields
Vi=h  ioh

~

1
rj i VN’

The inequality for H; is proved in a similar way. |

Lemma 4.3. The distance between consecutive parallels is of order 1/\/]V, i.€.

diSt(Qijl,th) ~ diSt(QHj,th) ~ L

1

/N )
Proof. By symmetry, we can assume that h; > 0, that implies |h;| < |H;_1|. From
Lemmas [.1] and 2] we have

=

. ri/N 1
dist(Qm,_,,Qn;) = L ~—.
\J1-h2 N
J
The other inequality is proved in a similar way. ]

5. COMPARISON OF DISCRETE POTENTIALS, PARALLELS AND BANDS
For —1 < h <1 and p € S? we denote
27
do
£t = [ toglp = m(®)| 5.
0 iy

where v;,(0) = (V1 — h?cosf,v1 — h?sind, h). In words, f,(h) is the mean value
of log |p — g| when g lies in the parallel Q. For —1 < ¢, z < 1 we denote

R(c,2) = 63/1 — c2(1 — 22) + 8(1 — 22)%/2,

Lemma 5.1. Let v4(0) = (V1 — h2cos0,+/1 — h2sin6, h), 6 € [0,27] be a parame-
trization of Qp, and let p = (a,b,c) € S*\ Qp. Then,

pe V1 —h? R(c,h
—z=log|p —n(0)|| < G 3
do lp = (0)  |p—n(0)|

Proof. We can assume that p = (V1 —¢2,0,¢) and denote v, = 7. Let F(6) =
log |p — v(#)| and note that, as (v/'(6),v(0)) =0

F(0) = (p=7(0),7(9)) _ <p77’E9)>

pP—yOF p—yO)]
won . 07"(0)  2(p,'(0))?
14 FO =, =S0r ™ b0
and
F(g) = (pY"(0)) 6, 7"(0))(p,7'(0))  8(py'(0))°
lp —(0)]? lp —~(0)[* lp —~(0)°
Now,

[(p, 7" (0))] = [{p — (p, 7(0))7(6),7'(6))]

(15) < V1= A0 0)] < lp—+(0)]V1 - 12,
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and since 7"/ = —~' the same bound holds changing +' to +"’. Finally, note that

(16) [0,y (O)] < V1—c2V1-h?
and the lemma follows. [ |

Lemma 5.2 (Comparison of the finite sum with the integral along the parallel).
Assume that for some h > 0 and A > 1 integer dist(p,Qn) = V1 — h?/A. Let
gi € Qn fori=1,..., A be points at angular distance 2w /A. Then

A
A7) | > loglp —qil — Afy(h)|

i=1
1

~Az(ﬁ / FESAO] d“R(‘*h)/;ﬂp—%(msd@)'

Moreover, if B D Qy, is a band of height ¢ < (1 — h?)/A and such that d(p, B) 2

7”;% then
2 1 1 1
do = / do
/o lp — vn(0)] a(B) Jg lp—dl

/o% @ ) s

where the constants are independent of h and A.

and

Proof. Without loss of generality, we can assume that h > 0 and ¢; = v, (0;) with
0; = (2i — 1)w/A. Define the periodic function ¢(8) = log |p — v, (6)|. Since ¢'(8) is
also periodic equals

;we»—Ao Co0) m/ &'(0) do

600~ 57 | o0+ 1oy / &0 de‘

Zsup ( VI-R2 R(c,h) )

su ///
~A3Z plem( < g S\ =@ T - @F

by Lemma [A.2] and Lemmawhere I; =10, — /A0, + n/A]. Let 0,6 € I, be
two points were |p — vy, (-)| attains respectively its minimum and its maximum value.
Then,

p—3(8)] <l — (O] + 110(6) ~ (O] < Ip~ 0 0)] + T

Slp = (0)] + dist(p, @n) < Ip — m(0)],
SO
max [p — . (0)| = min |p — 74 (6)]
and
— 52 )
N V1i—h R(c, h) <4 Vv1i—h o+ R(c, h) _de).
P = (0)] " Ip—m(0)| (6)] (0)]
Now we prove the second part of the lemma. Assume that the band B is the set

contained between Qp, and Qp,12.. For ¢ € B let ¢’ € @}, be the closest point to g
in @Qp. Then, from Lemma we have that |¢ — ¢’| < e¢/v/1 — h? and hence

VI=h2
\p—qIS\p—q’|+|q’—(ﬂS\p—Q’I+T§\p—q’I,
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and similarly

VI=h2
Ip—tJ'ISIp—q|+|q’—CJ|Slp—QI+T§\p—q|-

In other words, we have |p — ¢| = |p — ¢/| and therefore

1 1 ho+2e 27 1 27 1
— do(q) = 7/ / . _dhdt = e/ S —T)
/B lp —q AT S, e C)] o [p—m(0)]

and we conclude the result after an identical reasoning for the integral of |p — ¢| 3.
|

Lemma 5.3 (Computation of the integral along one parallel). Let p = (a,b,c) € S2.
Then,

1 1(log(1 4 h) +log(l —¢)) ifh>c,
o(h) = 3 log(1 — he + |h —el) =
(log(1 —h) +log(l+¢)) ifh<ec

Proof. See |11, 4.224.9]. |

N[

Lemma 5.4. Let p = (a,b,c) € S%. The following equality holds

/2F 1 dfg B 1
o lP=m@OF 2r  2h—c
Proof. From [11} 3.661.4] we have

/271 1 ie_/ﬁ 1 ﬁ
o lp—m(8)? 2n 0o 2—2ch—2vV1—h%\/1—c2cos m
1

V@ = 20n)? - VT —R2VT= &)
and the lemma follows after expanding the denominator. |

Lemma 5.5 (Comparison of integrals on parallels and bands). Let B be the band
containing Qp given by B = {q € S* : (g,e3) € [h — €, h + €|} where e3 = (0,0,1).
Assume that h —e,h + ¢ € (=1,1) and let p € S*\ B. Then

1 ¢
(18) fp(h)—g/Blog Ip—w|d"<w)‘ S A= max(h =, T+ D2
and
o) |BAZIEIBOHOND L [ 1y, )

64

<
™ (1= max(|h — €], [h + €[)?)*

Proof. Using that
1 1 h+e
< [roglp - wldatw) =5 [ pltrat
€ B 26 h—e

and Lemma the results follows from the error estimation for the midpoint
integral rule and for the Simpson rule, see Lemma [A71] Note that we are also using

1 —max(|h — €|, |h+¢€]) =1 —max(|h — €|, |h + €])%
|
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Lemma 5.6 (Comparison of the integrals on the parallel and the band: the case
that the band contains the point p = (a,b,c)). Let B be the band containing Qp
given by B = {q € S* : (q,e3) € [h — €,h + €]}. Here, we are assuming that
h—eh+ee(—1,1). Then, ifh—e<c<h+e andp € B,

€

(20) -2

1

fp(h) — f/ log |pw|dcr(w)‘ <
€ JB

and

@) [§ U=+ 45,0+ £+ 0) = 1 [ gl ~ ulaotu)| <

€
1—c2’

Proof. As in the proof of Lemma [5.5] note that

1 1 h+e 1 h+e
+ [ oty —wldatw) = 5o [ gyt = g+ 5o [ Gyl = gyl

—e —€
Then, the quantity in can be bounded by 2¢ times the Lipschitz constant Ly,
of f,. By Lemma

1 1 1 1
Ly <max sup ——, su < +
o {te[hpe,c] 1—t¢ te[cﬁrd 1+t} ~1l—c¢c 1+4c¢

and (20) follows.

In we decompose the Simpson’s rule in the midpoint and the trapezoidal
rules. For the midpoint we do as before. For the trapezoidal rule let £(¢) the line
through (h — €, f(h —¢)) and (h + €, f(h + €)). To estimate

1 h+e

(£(t) = fp(t))dt,

2e h—e

we use that for h —e <t < h+e¢

[6(t) = fo(D] < (Le + Ly)e
and clearly Ly < L. |

6. THE PROOF OF THEOREM [1.10

The strategy to prove Theorem will follow two steps. First we approximate
the potential generated by the surface measure in S? by a potential generated by a
multiple of the length-measure supported in several chosen parallels Q; and Qp;.
Then, we compare the potential in parallels with the discrete potential given by the
points in Py. We follow the notation from Section [4]

6.1. From bands to parallels. We show that, given p € S?, the mean value of
Nlog|p — q| for ¢ € S? is comparable to the weighted sum of the mean values in
different parallels Qj,, Qn; where the weights are given by the number of points
that we have placed in each parallel.

Proposition 6.1. Let p = (a,b,c) € S? and let Px be a collection of N points as
defined in Section[] Let

2M—2 4f
Sy = r1(fp(h1) + fplhanr—1)) + (6] + Temj) fo(hj)
=2
2M—2 ’

+ Zl (W) fp(Hj)
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Then,
\sN -~ [ 1oglp - q|do<q>\ <1
S?

Proof. Assume that p € By and ¢ # 1,2M — 1. Then we can write the difference
above as

2M—2 f
(22) ; l (fp( Jj— 1)+4fp( )+fp(Hj>)_ U(éj) /Bj log |p—q|d0(q)1
J#L
M2 rem;
(23) + ; [Temjfp(hj) ~ o Bj]) /B j log |p — QIdG(Q)]
J#L
(24) remufy(h) ~ T [ toglp —dldoto
(25) + G U He) + 45y 00) + 1) — s [ oglp — aldota)
(26) ralfy ) + fo(—hn)) = = /B ozl gldoa).

For the first sum we use with € = 7;/N and using from Lemma [4.2] that

PR N(lij)ZN(lfhj)zN(l H? ;) we get

2M—2 5 ocl
I ZN‘* 4273

2 |

Jj=1

For we apply with € = r;/N and Lemma again. Using also that
remj<63ndj ~ s NN(l—h2) we get

2M —2 2 >~
I Z N2 )2 27
j:1

For and (| we use . ) and (| . This, together with Lemma“ylelds

TZ <1 —
-+1=1.
.*NN TNa-~ T

Finally, .N 1 as follows from Lemma

If £=1o0r ¢ =2M — 1 one can deal with the whole sum in and as
before, without the terms and . The bound for the last term follows
also from next Lemma [6.2] [ |

Z |

Lemma 6.2. For any p € S? we have

1
o) = /B gl - q|da<q>‘ <1

Proof. This follows from a direct computation. If p € By then the quantity in the
lemma is

1 N N 2rq 1 2rq
~log(1 — —log2+ =log (2— L) +Zlog (2—- 2 )| <1
‘ og(1+h1) — < log +20g< N)+20g< N)’N,

since log (2 — QL) log2 = log( — 2#) ~ 1/N. If p € By it is a little longer
computation. One must write

1 1
[ oglp-ddstay =5 [ o
B1 1727’1/N
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and consider two subintervals depending on ¢ < (p,e3) or t > (p,e3). Then, from
Lemma[5.3] this quantity can be computed exactly and the lemma follows after some
elementary manipulations. |

6.2. From points to parallels. In this section we prove Theorem [I.10] Recall
that the sum for all parallels Sy was defined in Proposition [6.1] Then,

> loglp —pil — Sn

pPi€EPN

= > loglp—pil = ri(fy(ha) + folharr—1)

Pi€QR UQhy

2M—2 47.;
#3 | X tosto-pil = (2 rem, ) )
j=2 _PiEth

2M —2 ~ ~
T+
£ X |5t pd - () gy

J=1 |pi€QHy

We will bound in a different way the terms corresponding to three situations:
that the parallel (Qn, or Qg,) is very close to p, moderately close to p and far away
from p.

6.2.1. The closest parallel. We will bound the term corresponding to the parallel
containing the closest point to p using the following lemma. If there is more than
one parallel with this property, we can apply the lemma to any of them.

Lemma 6.3. Let p € S? and let p;, € Pn be the closest point to p. Assume that
Diy € Qn,- Then

47
Z log |p — pi| — (gz + Temg> fp(he) — log\/ﬁ < 1.

PiEQhZ

i#io
Similarly, if pi, € QH,, then

Fo 7
S loglp - il - <f6‘*) folH) —log V| S 1.

piEQH£
i#i0
Proof. Since the proof of both inequalities is the same, we just prove the first one
and we use the notation Q¢ = Qp,, V¢ = Vn, and ¢, = 47¢/6 + remy ~ £. We rename
PnNQe = {q1,--.,¢,} and we call ¢g; the closest point to p, with the former
notation, p;, = ¢1. We split the parallel Q, in arcs v,(I;) centered on each g; with

angle 20—72 With this notation, the sum in the lemma —~without the logv/N term- is
cy c cy
> loglp —pil —eefy(he) =3 loglp—ajl = 53 /1 log [p — ye(6)|d6
P;€EQg Jj=2 j=27"3
i#io
% log |p — ~e(6)|d6
or /. gD — e .

First we estimate this last integral. By a rotation we assume that ~,(I;) is
centered at the point ¢; = (y/1 — h%, 0, hy) and we denote the rotated arc by I. By
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this rotation the point p goes to some other point p. Observe that to estimate the
integral

Cy -
—— |1 — v¢(0)]dO
- [ 1ozl — (o).
from above, we can replace p by the point ¢;. Indeed,
Ay (log lu —g|) = 276, — 2ndo,

where A, is the Laplace-Beltrami operator with respect to the variable u and ¢, is
Dirac’s delta. Therefore, out of ¢ € 4,(I), the function — log |r — ¢| is subharmonic
and satisfies the maximum principle

1 1
sup /log ——df < sup/log —db.
wesa\rJ1 [u—7e(0)] wer Jr o [uw—e(6)]

Clearly, this last integral is smaller that

1
log ———d#.
/1 |q1 — 7e(0)]

Using this observation we get for some constant C' > 0 (whose value may vary in
each appearance)

c ) c B co [
—ﬁ/llog 15— (0)]d6 < —ﬁ/jloglql —()]dd =~ [ " log(1 ~ cos6)dd
T
. & log(1 — h?
—ilog(l—h3)+0§—%€/0 Zlog@d@—w

5 +C

< log ——— + C < log VN + C,

V112

where we use that —log(1 — cos#) < log(4/6?) in the range 6 € [—7/2,7/2] and
Lemma We also have a similar lower bound coming from the fact that [p —
Y(0)| <1/V/N for @ € I

- /log D — Ye(0)|d6 > “ /logde —C =logVN - C.
27 I 27 I
In other words, we have proved that

(27) ‘—;/ 1og|p—w(9)|d9—1og\/ﬁ’ <1,
Y I

Now for those j # 1 such dist(p,v.(I;)) < 1/v/N we have vN|p — ¢;| = 1 and
therefore

Ce
~ 5t [ 1oglp— vu(6)]as + log |p — g
v I;
< ’_;fr/ log [p — ve(0)|d8 — 1og\/ﬁ‘ + llog\/]v—l—log Ip —q;|| <1,
Iy
where p is the image of p by the rotation sending I; to I;, and we apply the same
bound as in .
Finally we have to bound
ce
(28) > loglp —q;] — %Z/ log [p — ve(6)[d9)] ,
I

JjeJ jeEJ I
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where J is the set of indices j € {1,..., ¢/} such that dist(p,v.(f;)) > 1/VN. Now,
for such j we can apply the classical estimate for the midpoint rule in Lemma
getting

2

1 d
<
~ 2 pel a2

4

log [p — v¢(0)))|-

Cy
log |p — g5 _%/1 log [p — ~¢(6)]d6
J

This second derivative has been computed in and can be bounded using
and thus proving that

cr 1—h2+/1-h2V/1—-¢2
toglp — o5 — 55 [ 1o lp = 3e(0)1a8| 5 5 sup =TV

But v1—¢2 < /1 - h2 and since j € J we have [p—v(0)| = |p — g;| for all @ € I,
which yields

1 1-h?

Ce
10g|P_Qj|_%/I log [p = (O)ldf) S o — =
J ¢ !

Recall that dist(p, Pn) = |p — p1| and the points p; in the parallel Q; are separated
by a constant times N~!/2 and hence

IN

1< 621

_ J
p—ql=1p—ql 2 —=,
v N

with a similar inequality for ¢,/2 < j < ¢p. We thus conclude that

co 1 N(1-—h2) 1

loglp—q;l — <& [ log|p —e(8)|d6| < - 2 ") o =

oxlp— a1l ~ 5= [ lorlp—u0)a0] S G =
the last from Lemma We conclude that
1

Y. m sl
jer?
and thus the result. | |

6.2.2. Parallels that are moderately close to p. If p € By, we will bound the terms
corresponding to the parallels in By_1, By and By (with the exception of the
closest parallel to p, that we have already dealt with) using the following lemma.

Lemma 6.4. Let p € S*. Then, for any j =1,...,2M —1 such that dist(p, Qn,) 2

1/V/'N then

47
S oyl = (g rems ) fu(hy)| 1.

Pi€Qn,

Similarly, for any j = 1,...,2M — 2 such that dist(p, Qmu;) 2 1/V'N we have

R+ 7
> toslp -l - (2ELE) )| 51

Pi€QH;

Proof. We prove the first inequality since both follow from the same argument.
Observe that from Lemma VN, /1— hf ~r;j ~ j, then from Lemma with
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A = j and denoting p = (a, b, ¢) we just need to show that Iy + I + Is < 1 where

1/1—h2 2m
do,
/ P =, (0)]

V1-— 02( — h?) 1
L= S / _db,
j o Ip—m, (0
1— A2 3/2 27 1
P / _do.
j o |p—m, )]
Now, from Lemmas and [£.1 and the hypotheses of the lemma we have
1 1
I < / dg <= <1,
VN Jo  |p—n,;(0)] j
VIi—ez [ 1 1—c2
n<t—= | TR L i
[p = vn,; (0)] VN|h; — ¢l

1/1— 2 1/1—h2
/ lp —vh,; (0)]2 @ W|h —c|
[ |

6.2.3. Parallels that are far from p. Finally, assuming that p € By, we bound the
terms corresponding to the parallels Qp; and Qp, that do not touch B,_1, B, or
Byy1. We can therefore assume that we are under the hypotheses of Lemma
that is, that for some constant C' > 0 we have

. c _Cy1-h
dist(p, B;j) > ﬁ > T
We now prove the following result.
Lemma 6.5. If p € B, then
2M—2 "y
Z Z log |p — pi| — (GJ —i—remj) Ip(hi)| S 1.
e T PE9n
Similarly,
2M—2
DN ID DR (e AT AT
0T LS9

Proof. We just prove the first assertion, since the second one is proved the same
way. Lemma [5.2] yields

2M—2 "
> > loglp—pi - (6] + ?”emj> fr(hi)| 3
T e S9N
2M 1

(C,hj)/ 1

: —d
ﬁ_m/ pa O TR f, o
e 1M+1
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We split this last sum in three parts

1 1
T = Z . / p—d do(q),
JAL—1,6,0+1 g\/ﬁ B; IP—4
m
GA0—1,0,0+1 pP—q
\/1_7
T3 = Z / | ‘3 q)
GAL—1,0,0+1 pP—q

The easiest one is T3, since from Lemma we have:

1
@ ns Y [
B;
1—C2/(2N)
<L 1 3d q)zi/ %dtﬁl
~ VN Js2\Bw,c/vn) 1P —dl VN J_4 (1-1)

where, recall, B(p,C/v/N) is a spherical cap around p of radius C'/v/N.
Now, for T3, for those j such that v/1 — c2 <4 /1- h2 we apply the previous

argument. In other case, again from Lemma[£.2] we have
1 V1i—¢2
s Iy / = 0
]# 1 e 414/ 1= hj p—q
lp —esllp + es| 1
do(q)
" VN ]#;HJ n; — esllan, +esl Jp, Ip—qf®

where we are using that for any point ¢, € @} we have by the geometric mean

theorem
V1-—h2= |qh—€3||qh+83|/2

For any q € B; we have that
lgn; £ e3| 2 g+ es.
And we thus conclude that

1 — e
Ty < < Z / |p ‘p 63‘|p+€3| do(q).
B;

GAL—1,0,041 —ql3|q — esllg + es]

If |p — e3| < |g — e3| then using |p — e3| < |p — q| + |¢ — e3] it suffices to bound

1 1 1
— + do(q),
VN Jiqes2:|p—q|>C/VN} <|P—(J|2|q—63| |P—Q|3>

for a certain constant C' > 0, otherwise |p + e3| < |¢ + e3| and by a symmetry
argument we are left with an similar integral. Following the same argument as the
one used for T3 it is enough to consider

1 1
—= 5 do(q) <
VN Jiges2ip-qizc/vmy [P = dl?la — es|
1 1
—= T ———do(q)
VN {qeS?:|p—q|>C/V/N,|q—e3|>1/V/N} lp — ql?|q — es]
1 1

+ —= g do(q
VN J{ges2ilp—a|>C/v/N Jg—es| <1/} 1P — a*lg — es]
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The first of these two integrals is from Holder’s inequality at most

) 2/3 . 1/3
/ 5 do(q) / T3 do(q) 7
{qes2:lp—ql>C/VN} [P — 4 {q€8%1q—es|>1/vN} 19 — €3]

which is bounded above again by a constant times v/ N as already seen in . We
bound the second integral as

1 ! 1
N do(q) <N dt <VN.
{qes?:|q—es|<1/VN} |4 — €3] -2 VIt

It remains to bound 7. Again from Lemma [£.2] we have

1 1 1 1
n<—— Y [ do(q) S VN dor(q)
\/N]#Zfl,é,@rl 1= hj

B; lp —q| B1UBan ., [P — 4
2M —2
1 1 / 1
+—= do(q),
VN z:; 1—h3 /g, Ip—d
GA1,0,041

where we have used that 1 — h? 2 1/N. The first integral is easily bounded by

1 1 1 1
do(q) < / 1 o)+ / SR
/quluBng lp —ql B, les — 4 Ban 1 €314 vN

Finally, from the same arguments as above we have to bound

1 1
v da(q)7
VN Jiges?:ip—q|>C/VN,gtes|>Cr)vNy [P — dllg — es]?|q + es]?

where C, C’ are positive constants and it is enough to check that

1
5 do(q),
{4€8%:p—a|>C/ VN la—es|>C7/vRY [P — dllg — es]

1
/ T do(a),
{4€8%:p—a|>C/ VN |ates|>C/vN} [P — allg + es]
are O(v N). This again follows from Hoélder’s inequality. |

Proof of Theorem We are now ready to finish the proof. Assume d(p, Py) =
lp — piy| where p;, € Qp,, if p;, belongs to one of the parallels Qp, instead, the
computation is similar. Now, by Proposition 6.1

N N
> toglp —pil = Y log|p — pi| + logdist(p, Px) = —kN + log (VN dist(p, P) )
= iri;ilo
1
+ D loglp—pil = Sn(0) + D loglp—pil = cofp(he) = 5log N +O(1),
PiEQn, Pi€EQp,
iio
where Sy (¢) is the sum Sy without the part corresponding to the parallel @, and
¢¢ ~ £ is the number of points in parallel Qp,. From Lemmas [6.3] [6.4] and [6.5 we
conclude that

N
Zlog |p — pi| + KN —log (\/Ndist(p, PN)) <1,

=1

as wanted.
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APPENDIX A. THE ERROR OF THE MID-POINT RULE FOR NUMERICAL
INTEGRATION

Recall the following classical estimates for the midpoint and Simpson integration
rules.

Lemma A.1. Let f: [a,b] — R be a C? function. Then,

[ 1w 0wy (“50)] < o

Moreover, if f is C* then,

/abf(x)dxbaa(ﬂ y+af (“50) + f0) USRS

We also need the following more sophisticated version of the midpoint rule.

Lemma A.2. Let f:[a,b] — R be a C? function. Then,

Abf(w)dw(ba)f<a;b) b_a /f” %

Proof. We first assume that [a,b] = [—1,1]. Expanding with Taylor series

F() = F0) + F/(0) + 3 f(0)% + £ O (G
(@) = 1"(0) + £ (),

then by the triangle inequality the quantity to be estimated is

]/ ( 24 fOG) ) p - 2O /f3>mxdx

I llos
- 4

For general [a,b] one can apply the previous result to g : [-1,1] — R given by

g(t) =

(1]
2]
3]
(4]
[5]
[6]

7]

(8]

[9]

(10]

(11]

Fla+Db)/2+t(b—a)/2). n
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