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Abstract

We present an explicit calculation of a Newton-Okounkov body associated to an algebraic variety. This is
used to derive a formula for transfinite diameter on the variety. We relate this formula to a recent result
of Witt Nystrom.

1 Introduction

This paper investigates Newton-Okounkov bodies and their relation to transfinite diameter. These bodies were first studied by
Okounkov in [17]. Lazarsfeld and Mustata [15], as well as Kaveh and Khovanskii [12], introduced them into algebraic geometry
as an important tool for the asymptotic study of linear series.! Newton-Okounkov bodies are also used to count solutions to
systems of algebraic equations; in this context they play the same role as Newton polyhedra in a generalized version of the
Bernstein-Kouchnirenko theorem. (See [14] for a very accessible exposition of the latter.) For convenience we will refer to
Newton-Okounkov bodies in what follows as simply Okounkov bodies, which is common usage in much of the literature.

In [1], Berman and Boucksom used pluripotential theory to study the asymptotic properties of powers of big line bundles.
These powers form a natural linear series; therefore, Okounkov bodies ought to be related to pluripotential theory. The connection
was made in a theorem of Witt Nystrém [19].

Witt Nystrom’s result on Okounkov bodies is closely related to a classical theorem of Zaharjuta [20]. The latter (reproduced
in this paper as Theorem 5.1) gives an important capacity in pluripotential theory—the transfinite diameter of a compact set
K c C"—as a real integral over an (n — 1)-dimensional simplex in R" involving so-called directional Chebyshev constants, which
are quantities defined in terms of polynomials on K. Witt Nystrom gives a similar looking integral formula that relates the
Monge-Ampere energy of Hermitian metrics on a line bundle L over a compact complex manifold, to an integral over the
Okounkov body associated to L of the Chebyshev transforms of these metrics. (We will explain the terms later.)

To relate the two results, classical objects in pluripotential theory need to be transferred into the modern theory on complex
manifolds:

polynomials < sections of line bundles (@D)
compact set < Hermitian metric 2
simplex < Okounkov body 3)

where A — B means that all objects in A can be modelled (more or less) by objects in B.

The main aim of this paper is to prove a version of Witt Nystrom’s result on algebraic subvarieties of C". A subvariety of C" is
an intermediate setting which is both a natural extension of the classical theory in C" as well as a concrete illustration of the
theory on complex manifolds. It provides a natural bridge from the classical to the modern point of view.

Zaharjuta’s methods may be naturally adapted to this setting, with some additional tools from computational algebraic
geometry and weighted pluripotential theory. The methods used in this paper are also similar to [7], especially the use of
computational algebraic geometry to carry out computations on a variety. They do not use much pluripotential theory: no
plurisubharmonic functions or Monge-Ampére integrals are required, only polynomials.

We begin with some background material and describe the relationships (1), (2), and (3) given above. Section 2 deals with
the first two. First, (1) is elementary complex geometry; one may skip this part if one is familiar with relating polynomials on a
variety in C" to powers of the line bundle O(1) over the corresponding variety in P". Next, to describe (2) we use the notion of a
(weakly) admissible weight. The identification of Hermitian metrics and weights is reasonably familiar from the application of
pluripotential theory to complex geometry (see e.g. [8], [9]). Capacities associated to sets can be defined in terms of weights
supported on these sets.?

In section 3 we define the Okounkov body and study some of its properties. This definition depends on a choice of coordinates,
and we use Noether normalization from computational algebraic geometry to choose coordinates which have good computational
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properties. It is easily seen by definition that the Okounkov for C" is the region S bounded by the coordinate hyperplanes and
the standard simplex in R". (This provides, more or less, the connection (3).) We then present a fairly explicit algorithm for
constructing an Okounkov body associated to a variety in C". Although we do not give a rigorous proof of the method in general,
we use it to compute the Okounkov body associated to a complexified unit sphere in C2.

In section 4, we define directional Chebyshev constants, the Chebyshev transform, and a notion of transfinite diameter. We
then prove our main theorem (Theorem 4.5) that gives transfinite diameter on the variety as an integral over the Okounkov body.
The relation with Witt Nystrom’s result is seen by translating things into the language of complex geometry.

In section 5 we make the explicit connection to Zaharjuta’s classical theorem, as well as a homogeneous version of Jedrzejowski
[11]. This involves making a projective change of coordinates. (It is good to have the complex geometric point of view here.)

Finally, in section 6 we investigate further properties of Chebyshev constants on the sphere in C*. In particular, we look at
directional Chebyshev constants associated to so-called locally circled sets (Proposition 6.7). The notion of a locally circled set is
adapted from the classical notion of a circled set in C" (cf. [2], [4]).

Acknowledgement

I would like to thank the referee for helpful comments and for pointing out the additional reference [14].

2 Preliminaries

2.1 Varieties in C"

Let C[z] = C[#,...,2,] denote the ring of polynomials in n variables. Recall that an algebraic variety V in C" (n > 1 is an
integer), is the solution to a finite collection of polynomial equations
V={aeC":P(a)=---=P,(a) =0, P, € C[z]V j};

Notation 2.1. Given an algebraic variety V C C", define
I(V):={peC[z]: pla)=0foralla e V}.
It is easy to see that this is an ideal. Also, given an ideal I € C[z], define
V(I):={aeC": p(a)=0 for all p € C[z]}.
Theorem 2.2. 1. (Hilbert basis theorem) Any ideal I is finitely generated; consequently, V(I) is always an algebraic variety.
2. (Nullstellensatz) For any ideal I € C[z], we have I € I(V(I)), and if the property
p"e€lforsomemeN=—=pel, @
holds, then I =I(V(I)).
3. For any algebraic variety V, I(V) satisfies (4) and V(I(V)) = V.

Suppose V = V(I) where I = (P,,...,P,,) is the ideal generated by the polynomials P;. If I satisfies (4) then the above
theorem implies that restricting the evaluation of polynomials to points of V' is equivalent to working with elements of the factor
ring C[z]/I via the correspondence

p=qonV < p—q€l.

2.2 Projective space

Algebraic subvarieties of C" can be put into the complex geometric setting using projective space. Consider C" C P" via the usual
embedding

2=(21,..-,2,) = [1iz - :2,]=[1:2],
where we use homogeneous coordinates on the right-hand side: P" = C"*!/ ~ with the equivalence (2, - - - ,2,) ~ (Wg, - ,w,) if
there is a A € C such that Az; = w; for each i; we write [z, : 2] =[2¢: - :2,] =[wgy: - :w,] =[wy : w]. We have P" = C"UH,

where H,, = {[0: 2] € P": 2 € C"} is the hyperplane at infinity.
The standard affine charts of P" as a complex manifold will be denoted by Z{;, j =0,...,n. These are given by U4, = C" with
the standard embedding described above, and for j > 0, U; ={[Z,: Z, : ---: Zy] € P" : Z; # 0} with the map

C'"> Wy, Wy, oo, w ) o [wytiwi sy tLiwyyy t i w ] €Y, 5)
giving local coordinates on I{; (here #; means that there is no w; coordinate). Going the other way is dehomogenization:
Ualzy:-:2,1-(%/2;,...,2,/Z;) €C".
We also have the change of coordinates on the overlap U/; Nl;:
w;=1/v,, wy=v,/v forall{ #j,

with (vg,...,Vj,...,v,) €U; and (w, ..., Wy, ..., w,) € Us.

Let Vp C P" be the continuous extension of V ¢ C" across points of H,, under the above embedding (the projective closure).
One can use homogeneous coordinates to characterize it:

Ve={[Zy:--:Z,1€P": p(Zy,...,Z,)=0for all p e, (V)}

where L,(V) c C[Z,,...,Z,] is the collection of homogeneous polynomials p(Z) such that p(1,2,...,2,) = 0 whenever
(z1,.--,2,) € V.
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2.3 Sections of line bundles and polynomials

Let us recall the basic notions associated to a holomorphic line bundle L over a complex manifold M of dimension m, which is
essentially a union of complex lines (i.e. complex vector spaces of dimension 1 or copies of C) parametrized holomorphically by
points of M.? Precisely, L is a manifold of dimension m + 1 with a projection 7 : L. — M such that L, := n~'(a) is a complex line
for each a € M. A (holomorphic) section of L is a holomorphic map s : M — L with (7t os)(a) = a.

We review the details of the local product structure of L: any point a € M has a neighborhood U for which there is a

holomorphic injection U x C > (2, {) % v € L such that for each z € U, mtop(z,{)=zand themap C>{ — p(z,{) €L, isa
linear isomorphism. The pair (U, @) is called a local trivialization.

Let {(Uy, ¢4)}, be a collection of local trivializations that cover L, i.e., | J,U, = M, so that | J, (Uaeua La) = L. Define
8ap : Us NUp = C by gup(2) = /¢, where
Pa B
U, XxC3(3,0)— v «—(w,n) €Uy xC

for some v | J L,. Clearly for any a, 8,y and 2 € U, N U NU,,

ac€U,NUg
ga[j(z)gﬁa(z) = gaﬁ(z)g/jy(z)gya(z) =1

(the cocycle condition.)
Given a section s of L, there is an associated collection {s,}, of (local) functions s, : U, — C such that

5p(2) = gop(2)s4(2), forallz €U, NUp.

It is straightforward to verify that a collection {s,}, of functions satisfying the above conditions characterizes a section s (since L
is determined by {g,41}).

We now specialize to our context. Define O(1) as the collection of pairs
oM)={l2y:--:Z,),apZp +-+-+a,Z,): [Zy:-+: Z,] €P", a; €C}. (6)

The line bundle structure of O(1) comes from function evaluation. Let us see how this works by fixing Z € P" and computing
L, explicitly. First, pick b(Z) such that b(Z) # 0; this is true (or not) independently of the homogeneous coordinates used to
compute b(Z). We claim that

L, ={(Z,Ab(Z)): A C}. 7
For any a(Z) = agZy + -+ a,Z,, define A€ C by A := Zg, note that this computation of A is independent of homogeneous

coordinates. Rewrite this as a(Z) = Ab(Z), and substitute into (6) to get (7). This also verifies that L, is indeed a complex line.

The sections of O(1) can be immediately read off from (6) as the objects a(Z), identified with linear homogeneous polynomials
in n + 1 variables. They form a space of dimension n + 1, usually denoted by H°(P", O(1)). Now C[z,,...,%,]<;, the polynomials
of degree at most 1 in n variables, can be mapped into H°(P", ©(1)) by homogenizing coordinates,

ay+ayz, + - +a,z, = a(z) — (Z,a(2)) € H'(P", 0(1))

where Z =[Zy:---:Z,]=[1:2,:---:2,] (see (5)).
For fixed z € C" (and associated Z =[1:z] € U, C P"), it is an exercise to show that this identifies a(z) as the local function
on U, of the section given by a(Z) under the local trivialization

C"xC>3(z,A)—(Z,1Z,) € 0(1),

where the right-hand side is as in (7), with A = a(Z)/Z,.
For other values of j, a similar formula holds; e.g. when j =1, consider

a(w) =agwy+a; + a,wy + - +a,w, € Clwg, wy,...,w,]<;.

Form a(Z) with Z =[wy: 1 :wy : --- : w, ]; then a(w) corresponds to a(Z) under (w,A) — (Z,AZ;).
We can also calculate the maps g;, on U; N; let us do the case j =0,k = 1. Suppose Z € U, NU;, with coordinates z on U4,
and w on U, given by
[1izy:ig,]=Z=[wg:1:wy:--:1w,],

so that w, = 1/2; and w; = 3;/2; for j # 0, 1. Then with
{=ag+ayz;+ 2,2, — (Z,a(Z)) «— agwy + a; + aywy + - +a,w, =,

we have

aQgWo +a; +a,w,y +---+a,w,

n
zZ)=-
gn(2) 4 ay+ a2, + 2,2,

ay/2z, +ay + a2y /21 + -+ a2,/ 1
Ay + a2, + 2,2, %

3In what follows all notions will, unless otherwise stated, refer to their complex versions.
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So g01(Z) =1/z; = w,.

For any positive integer k, define O(k) to be the line bundle over P" given by

o(k) = {(Z,P(Z)) :ZEP,P(Z)= D a,Z°% a, € (C}
|lal=k

where we use the standard multi-index notation Z* = Zg ?...Z%n . Similar calculations as above yield the following:
1. Given Z € P", the line L, is generated by any P(Z) which evaluates to a nonzero complex number;

2. When Z =[1: z], the map
Clzla 2 p(2) — (Z,P(Z)) € H'(P", O(k))

identifies C[z]., with H°(P", O(k)) under (z,1) — (Z, AZ(’)‘);

k

1
3. WhenZ =[1:2]=[wy:1:wy:---:w,], we have gy(Z) = — = wj.

1
Remark 1. The last item shows that O(k) can be identified with ©(1)®¥, the k-th tensor power of O(1), where we take the tensor
power fiberwise (over each line L,). It is an exercise to show that the same transition functions are obtained, and hence these
line bundles have the same structure.

The constructions of O(k) on P" give line bundles on holomorphic submanifolds of P", by restriction; in particular, when
V c C" is a smooth algebraic subvariety with extension V, C P". The restriction of O(k) to points over V, corresponds to the
restriction to V of the polynomials C[z]., = {p € C[z] : deg(p) < k}.

2.4 Hermitian metrics and weights

Recall that a Hermitian inner product on a complex vector space V is a map (-,-) : C x C — C for which z — (z,w) is linear for

each fixed w, and w — (z,w) is conjugate-linear for each fixed z, and (z,w) = (w, z).

A Hermitian metric on a line bundle L over M is a family of Hermitian inner products (-, -), on the fibers L, varying continuously
in a: for any sections s, t the map a — (s(a), t(a)), is continuous. (In what follows we will suppress the dependence of the inner
product ona € M.)

Let us specialize to the line bundles O(k) over P", with sections given by homogeneous polynomials as above. Later, we will
restrict to subvarieties.

Example 2.1. Consider the metric on O(k) given by

p(2)q(2)
(r(2),q(2)) = Iz

where |Z|2 =|Zy|? + - -+ +|Zy|?, and we evaluate the right-hand side in homogeneous coordinates. (Note that the value obtained
is independent of homogeneous coordinates.) In local coordinates on U,, one can write this as

_ p(=)q(z)
(b(=.0) = T e ®

Example 2.2. Suppose W : C"*! — C is a continuous function with the property that |W(A2Z)| = |A|¥|W(Z)|. Then the formula
p(Z) ( q(Z) )
2),q(2))y = | 2
(r(2),9(Z))w W)\ W (2) ®

defines a Hermitian metric on O(k).
Replacing W by its absolute value |W| makes no difference to the right-hand side, but if W is holomorphic in some region it
might be useful to leave this structure intact.

As before, sections of O(k) may be identified with polynomials in C[z], by transforming to affine coordinates on ,; we will
see below that the Hermitian metric may be identified with a weight on C". We now define what this is.

Definition 2.1. Let K C C" be a set. An weight function on K is a function w : K — C for which
1. the absolute value z — |w(z)| is lower semicontinuous; and

2. there is a non-negative real number r such that |w(z)| decays like o(|z|™") as |z| — oo. Let us denote by r(w) the inf over
all such r.

If r(w) < 1 then w is said to be an admissible weight function. If r(w) < 1, then w is weakly admissible.
Clearly r(w") = tr(w) for any positive integer t.

Example 2.3. Consider a polynomial p € C[z] of degree d € N. For any ¢ > 0, the function w = 1/p is a weight on any set
K C(C"\ {z : |p(2)| > €}). If K is bounded then r(w) = 0, otherwise r(w) = d, and the weight given by |p|~/¢ is weakly
admissible.
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An admissible weight function on K ¢ C" is used to evaluate polynomials.
Definition 2.2. Let w : K — C be an admissible weight on K. For any p € C[z] we define the weighted polynomial evaluation

p(), =w@)p(2), Py :=w=)p(z) (z€K, keN),
which we extend by zero: p(z), = p(z),,, = 0 if z € K. This also yields the weighted sup norms
PNl == W pllx = sup w(z)'p(z)| (keN).
Z€

Let us relate the Hermitian metric on O(k) given by Example 2.2 to a weight on C". Writing equation (9) in terms of z
coordinates, where [1: 2] = Z € U, we have

(p(2),9(Z2))y =

__p@) ( q(=)
W([1:2])

w([1 :z])) = p(2)ur (=i

where w(z) := |[W([1 : z])|"/* defines the weight function. If we compare the above to (8) in Example 2.1,

(p(2), 4@ | _ Iw)P*
P(2),q2) | A+ ERF

Using the above formula we can deduce that w must be continuous and weakly admissible. For fixed Z, we can choose p, q for
which (p(Z),q(Z)) # 0 in a neighbourhood of Z. Then the left-hand side is continuous. The right-hand side then shows that this
quantity is independent of p and g on C" = P" \ H,, and hence on P" (extending by continuity). It is bounded as a function of Z
since P" is compact. Looking at the right-hand side again, this implies that w is continuous and weakly admissible. (Note that if
w is admissible, then (-, -),, vanishes on all lines over H,.)

We also have a notion of sup norm on sections of a line bundle.

Definition 2.3. Let (-,-),, be a Hermitian metric on a line bundle L over P". Then for each s € H°(P", L) we define
lIsllf, := sup [{s(2),5(Z))wl-
Zepn
Remark 2. Formally, the sup norm ||p|lk,,, of Definition 2.2 on C[z]., can be put into this geometric context by defining

_(w(Z]zy)k ifZ,#£0andz €K
W(Z)._{ +oo ifZy=0o0rz¢&K

and defining (-, ),y on O(k) as in equation (9). Then (p(Z), p(Z))w = lIpllx wx- Note that since W is not necessarily continuous,
it is an instance of a more general object called a singular Hermitian metric. Such objects are important in the application of
pluripotential theory to complex geometry [8].

All of the above goes through on a smooth subvariety V C C". One can define a weight function on K C V, as well as a
Hermitian metric on O(k) over V. One simply restricts attention to points of V.

Weight functions are also convenient for doing local computations on a line bundle. In this paper, we are really only interested
in the special case of projective space.

Example 2.4. Letz = (zy,...,2,) denote affine coordinate in C" and suppose K C V \ {z; = 0}, where V C C" is an algebraic
subvariety, extended to V, € P". Let v = (vg, V5, ..., V,) be the local coordinates at infinity given by dehomogenization at z,. This
is the holomorphic map v = g,,(2) on C" N {z; # 0} given explicitly by

1 2 Z,

Vo= —H Vo= " .., V= s

2 % %
and z = go;(v) := gj3 (v) is given by a similar formula. A section in H°(Vp, O(k)) is given by a homogeneous polynomial
p(Z,,...,Z,), with local evaluations related by

p(lley' . ')zn) = v(]){p(v()) ]-; VZ:"',vn)'

Hence polynomial evaluation in affine coordinates with weight w(z) = w(z,,...,2,) on K transforms to a polynomial evaluation
with weight W(v) = v,*w(g,;(v)). The transition function simply appears as an additional factor. This is why it is convenient to
allow complex-valued weights.

Remark 3. Given a positive finite measure u supported on K and k € N, we also have the weighted L? inner product and norm on
C[Z]Sk;
(p5 q)u,w,k = J p(z)w,kq(z)w,kdu‘(z), ”p”iw’k = (p’ p)u,w,k'

The triple (K, u, w) is said to satisfy the Bernstein-Markov property if there is a sequence M;, M,, ... of positive integers such that

1Pl i < Millpllyi forallk €N, p € Clzlg,  and limsup(M,)'/* = 1.
k—o00

We call u a Bernstein-Markov measure for K (with weight w).

The Bernstein-Markov property is important because it means that certain asymptotic quantities in pluripotential theory
associated to a set may be computed using the L? norm of a Bernstein-Markov measure rather than the sup norm. The additional
tools provided by the L? theory are important in pluripotential theory, but we will not need them in this paper.
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3 Computational algebraic geometry

We want to study Okounkov bodies associated to varieties using methods of computational algebraic geometry. We will work
on an algebraic variety V c C". We first review some background material on Noether normalization and normal forms of
polynomials.

3.1 Normal forms and Noether normalization

By the Nullstellensatz, restricting the evaluation of p € C[z] to points of V is equivalent to taking the quotient C[z]/I(V), with
associated equivalence relation p ~ q if p—q € I(V).

Notation 3.1. Given k € N, denote by C[V ], the quotient space C[z].,/ ~ with ~ as above. For q € C[z]<; we can identify
equivalence classes containing q under the natural inclusion

ClV]a>{peClzlay:p~qeClV]yl = {peClz]:p>qeC[V],} eC[V]

Then under this identification, one can see that C[V] = J, C[V ]. For a general polynomial p, put deg, (p) = k if p is equivalent
to a polynomial of degree k but not of degree k—1 (i.e., in C[V ] \ C[V]<_1)-
Via dehomogenization in affine coordinates, H(Vp, O(k)) may be identified with C[V .

Theorem 3.2 (Noether Normalization Theorem). Suppose V is of dimension m. There is a complex linear change of coordinates on
C" such that, in the new coordinates (which we denote by (x,¥) := (X1, -+, Xm> V1>« -+>Yn-m))>

1. The projection map 7 : V — C™ given by n(x,y) = x is onto, and 7~ (x) is finite for each x € C™;
2. We have an injection C[x] < C[V] that exhibits C[V] as a finite dimensional algebra over C[x].

The map C[x] < C[V] given in the theorem is given by identifying p with its equivalence class in C[V']. (See e.g. Chapter 5
86 of [6] for a proof of this theorem.)

We turn to algebraic computation in C[V]; this requires an ordering on monomials. First, we recall the lexicographic (lex)
ordering on Z (denoted <;). We have a <, f§ if there exists a j € {1,...,n} for which a; < f8;, and a; = 0 for all k > j.
Monomials in C[z] = C[z,,...,%,] are ordered accordingly: 2% <, z# if a <, 8, so that 2, <; 2, <; - -* < 2,. We will come back to
lex ordering later.

We also recall the greviex ordering which has good computational properties. This is the ordering <, for which z* <, 2%
whenever

1. |a| <|d'|; or

2. |a|=|a’| and 2% <, 2%
Notation 3.3. For a polynomial p € C[z]l, let us denote by LT(p) the leading term of p with respect to grevlex, and for an ideal I
of C[z], let LT(I) := {L1(p) : p €I}.

We will use the grevlex ordering to compute normal forms. Let us recall what these are. First, a Groebner basis of an ideal I is
a collection {g1,...,g,} C I for which

I={gy,...,&) and (tT(I)) = (L1(g1),...,LT(g()).

For each element of C[z]/I there is a unique polynomial representative, called the normal form, which contains no monomials
in the ideal (LT(I)). The normal form of a polynomial p may be computed in practice as the remainder r upon dividing p by a
Groebner basis of I:

P=q:1&+ - +q8&+T

where ¢q,,...,q, € C[z] are the quotients. (See e.g. chapter 3 of [6] for a description of the associated division algorithm.)
Let C[z]; be the collection of normal forms. This is an algebra over C[z] under the usual addition of polynomials, and with
multiplication defined by
C[z]; x C[z]; > (ry,ry) — “the normal form of r;r,” € C[2];. (10)

The following algebraic version of Noether normalization is given in [7].

Proposition 3.4. Let V be of dimension m and let (x,y) be coordinates as in Theorem 3.2. Let C[x, y], be the algebra of normal
forms for I =1(V). Then

1. degy(p) =deg(p) (i.e. the usual degree) whenever p is a normal form.
2. We have the inclusion C[x] € C[x, y];, which exhibits C[x, y]; as a finite dimensional algebra over C[x].

Here, multiplication in C[x, y]; is as in equation (10). The proposition says that any p € C[x] is a normal form, and shows
that grevlex has good computational properties.

In what follows, we will usually assume polynomials to be normal forms, and C[V ] will be identified with C[x, y];. The
inclusion in item (2) of the proposition is called a Noether normalization; we will also write (via our identifications) C[x] C C[V].
Let us also refer to the coordinates (x, y) as (Noether) normalized coordinates.

Since C[V] is finite dimensional over C[x], and has a basis of monomials, there are only a finite number of monomials y*? for
which x®y” is a normal form. Hence any normal form, being a linear combination of such monomials, can be expressed as a
finite sum

p) =p(x,y) = D ¥*ps(x), ppeClx]. an
B
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Example 3.1. The (complexified) sphere in C? is given by
V={2=1(2,25,23) €C*: 22 + 20 +22 =1}, (12)
and (22 + 22 + 22 —1) =1(V) =: I. Any polynomial in I is of the form q(2)(z> + 27 + 27 — 1), and
Lr(q(2)(z; +2; +25 — 1)) = 11(q(2)23) € (23);
it follows easily that (LT(I)) = (7). Hence a normal form p € C[V] is a polynomial given by

p(2) = p1(21,22) +23P2(21,%5),  P1,P2 € Cl21,2,]. (13)

(Compare the above to (11).) As a 2-dimensional algebra over C[z,, 2, ], multiplication is given by

(p1 +23p2) - (41 +2392) = p1qy +(1 _Zf _ZS)PZ% + 23(p1q2 + P2q1)-

Clearly, x = (x,x,) := (2,2,) and y = z, give Noether normalized coordinates satisfying Theorem 3.2: x € C? lifts to at most 2
points (x,y) € V C C? given by the branches of the square root in the expression y = (1 —x?—x2)"/2.

3.2 Okounkov body computation

Following Witt Nystrom [19], let us define the Okounkov body of a line bundle. Returning to the geometric setting, let L be
a holomorphic line bundle over a complex manifold M of dimension n, and p € M. In a local trivialization containing p, any
s € H°(M, L) is given by a holomorphic function (let us also denote the function by s). Hence it can be expressed as a power

series
s= Z ¢, 2% 14
a

where z is a local holomorphic coordinate centered at the point p, and we use multi-index notation: for a = (a,,...,a,) € ZL,
we have 2% = 2" - g%,

Definition 3.1. Suppose a local holomorphic coordinate z is fixed at p € M. Given a section s € H°(M, L), we define ¥(s) to be
the lowest exponent in the power series (14) with respect to the lex order, <;. That is, if ¥(s) = y then ¢, = 0 whenever a <; v.
When y = v(s) we also define

TT(s) = ¢, 27, the trailing term;
TC(s) = c,, the trailing coefficient; and
T™™(s) = 27, the trailing monomial.

Definition 3.2. Fix a local holomorphic coordinate z at a point a € M, and let k € N. Expand s € H°(M, L®) as in (14), and
define
Ny i={v(s) €z :s € H(M,L®")}.

Let A, € R™ be the convex hull of the set %Nk The Okounkov body of L (with respect to these coordinates), denoted by A = A(L),
is defined to be the convex hull of the set | J,y Ar.

In our concrete setting of an algebraic subvariety V C C" of dimension m, we will use the sections H°(V;, O(k)), or equivalently,
the polynomials C[V ],. (For convenience, let us assume Vj is smooth, so that the theory on a complex manifolds can be transferred
without any technicality.) We will use Noether normalized coordinates (x, y) = (%1, ..+, X, Y15 - - -» Ynem) ON V. Without loss of
generality, assume that the point a at which the Okounkov body is calculated is of the form (0,...,0,d,.,1,.--,a,), i.e., all of the
x coordinates are zero.* We will also assume that the point a is a regular point for the projection to the x coordinates, i.e., V
satisfies the hypotheses of the holomorphic implicit function theorem:

0fi/oy(@) - 0f1/0ynm(a)
det : : #0, (15)
O fn-m/Oyi(@) -+ Ofy /0 Ynm(a)
where the polynomials fi,..., f,_,, determine V in a neighborhood of a. Locally, we can write y = Y (x) for some holomorphic
function Y in a neighborhood of x = (0,...,0). The x coordinates in the Noether normalization provide the local coordinates

with which the Okounkov body will be calculated.

Notation 3.5. Suppose Y (x) = (Y;(x),...,Y,_,,(x)) in components. Then for a multi-index = (f3,,..., B,_,) the holomorphic
function Y? is given by
YEGx) i= V) Y00 - Yy ().

In a neighborhood of the origin, it may be expressed as a power series in x:

Y#(x) ZZcﬁax“. (16)

a

#Any translation x — x + ¢ = ¥ gives an isomorphism of normal forms p(%, y) — p(x + ¢, y); the verification of this is left as an exercise.
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Let k € N; we want to compute N C ZZ. A section of H’(V;, O(k)) can be identified with a polynomial in C[V]; by
Proposition 3.4(1) it is given by a normal form p of degree < k. Let {y”} s be the finite collection of y monomials as in (11). In a
neighborhood of the origin, we rewrite p = p(x, y) as the holomorphic function x — p(x,Y (x)). Write this as a power series in
x, and compute the coefficients by multiplying out the terms of the polynomials p, with the power series (16) for Yh:

Pl Y () = D YP()ps(x) = D1 > pylx)cpex® =t ¥ b,x°
[5 /3 a a

We can then read off v(p) from the trailing term on the right-hand side.
We determine the possibilities for ¥(p). For all a € ZZ with |a| < k, we have, by Proposition 3.4,
x*€Clx]< €C[V]y, and »(x%)=a.

The points a/k, with a as above, fill out a grid of rational points in the region bounded by the coordinate hyperplanes and the
standard simplex in R™.> This accounts for all normal forms in C[x ], and so remaining points in ;, must be calculated from
normal forms containing powers of y, which involve the analytic functions Y#. We will use the notion of S-polynomial to do this
systematically (Definition 3.3). Computing the points of %./\/k for larger and larger values of k, we eventually fill in the Okounkov
body.

We write out the details of some calculations on the complexified sphere in what follows. From these calculations, we derive
a general method that can be applied to varieties given in Noether normalized coordinates.®

3.3 Explicit computation on the sphere

Let V be the complexified sphere as in (12), Example 3.1. For the Okounkov body, take the point a = (0,0, 1), and (z;,2,) as the
local coordinates in which to expand polynomials on V. By (13) the normal forms in C[V ] are linear combinations of monomials

of the form z{zk or z{z’z‘z& At the point a,
d

0z,

2
2., .2, .2 _ _
(21 +z 25— 1)|(o,o,1)_ 223'(0,0,1)_ 2#0,

so (15) holds and we can write z; = Y (21, 2,), which is in fact the standard square root function:

23 =Y(2,2,) = (1—22 —22)* = chkz{ .

j+k
The coefficients ¢ = PRSP Y(0,0) may be computed by implicit differentiation, for example,
%102,
a Y
0=—(>+z2+Y? =2z, +2Y — =2-0+2¢y,
2z, (= +2, ) 0,0,1) %1 9z, lwo,1) €10
so that ¢, = 0. Further differentiation gives more coefficients, e.g. ¢,y = —%, sothatz; =1— %zf +---. (Note that here it is
faster just to read off the coefficients from the binomial series for the square root.)
The following properties are straightforward to verify.
Lemma 3.6. For all nongero p,q € C[V],
vipg) = v(p)+(q), and
vip+q) > min{¥(p), »(q)}. a7

When v(p) # v(q) then v(p +q) = min{»(p), »(¢)}. 0

Hence (17) is strict only if v(p) = ¥(q) and we have cancellations of lowest terms. This motivates the following definition.

Definition 3.3. Suppose v(p) = ¥(q). We define the S-polynomial’ of p and q by

S(p,q) :=1c(q)p —Tc(p)g.

From p = ay+a,z, +a,2,+a3z; € C[V ], the properties of v under addition in Lemma 3.6 gives possible values for v(p) € V;
as

Y(1), ¥(z1), ¥(22), ¥(23).
Now (1) = (0,0) = v(z3), so we can arrange a possible cancellation of the constant term. We compute S(2;,1) =25 —1 and
v(z3 —1) = (2,0), to get the remaining point of A;.
The following elementary observation is useful.

Lemma 3.7. For any k € N, dimC[V ], is the number of points in N,.

5The standard simplex in R™ is the convex hull of the standard basis vectors {(1,0,..., 0),..., (,..., 0,1)}.
6But we do not give a rigorous proof.
7Here S stands for syzygy (a pair of connected or corresponding things). The terminology is adapted from chapter 2 of [6].
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Ny : initial step

® ] )
1 21 ,zlz 215(23,1) S(z3,1)
S(z3,1)

N5 : first S-polynomial calculation
[e) O [e) O [e) (0] [e]
[ ) [e] [e) 0] [e] 0] [e]
[ ) [ ] [ O [e) O [e]
[ ] [ ] [ ) [ ] [ ] 0] [e]

S(z3,1)
S(S(z3,1), 2)

N5 : second S-polynomial calculation
o ¢} o ¢} o ¢} o

22
“2e o (e} o [e] [e] [e]

L] L] L] [¢] o [©] o

Figure 1: Computing points of NV, and S-polynomials.

Proof. Let M, :=dimC[V ] and let {ej}j.vi"l be a basis. Then {v(ej)}ﬁi"l C N, so the number of points in N, is at least M,.
On the other hand, let p, g be nonzero polynomials in C[V ], with ¥(p) # v(q); without loss of generality, ¥(p) <; v(q). Then

_ [v(p) ifA#0
V(Ap+ ) = {v(q) fA=0#u"
This implies Ap + uq # O unless A = u = 0. Hence any set of polynomials {p,},er; € C[V]s (for which v(p,) = a) is linearly
independent, so the size of this set is at most dim C[V ]. O

Let us compute N,; this will motivate the general case. First, note that products of pairs of polynomials from B; :=
{1,2,,2,,23,5(23, 1)} span C[V ].,; this follows easily from the fact that the map

C[V1’V2,V3’V4]gz - C[V]gz (18)

given by making the substitutions v; = 2;, v, = 25, V3 = 23, V4 = S(25, 1), followed by reduction to normal form, is well-defined
and onto. From such products, we immediately obtain points of A\, given by

V(pq), where P:quI-

This gives nine points. Since dimC[V ], =9, then by the previous lemma, we are done.
Without knowing the dimension a priori, one can simply compute possible S-polynomials and check that no new points are
obtained. For N,, we have v(zf) =1(z;—1)=(2,0), and

S(S(z3—1),22)) =2, — 1 + 322

with v(z; —1+ %zf) = (4,0). But now, ¥(S(z;,1)?) = (4,0) also, and provides another possibility for cancellation. We calculate
(23— 1) =27 — 223+ 1 = 2z, — 2 —27 —2Z, and then the S-polynomial
S(z3— 1+ 322,22, —2—22 —22) = 122,

whose v value is (2,0). Finally, S(322,22

2,%5) = 0. There are no further S-polynomials to be calculated. See Figure 1 for a picture.

3.4 General algorithm

Let us use the same method inductively for \V,. We begin by setting N to be AV,_;. Step 1 below uses the fact that if the set {e;}
spans C[V].,_;, then the normal forms of the products

{e;e, : deg(e;e,) < k}
span C[V].
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Step 1 Multiplication. Let {e;} be a collection of polynomials whose v values give N;_; (one polynomial for each v value).
Compute all products in which deg(e;e,) = k, and denote this collection of products by P.

Step 2 Compute v values. Compute v(p) for each p € P. Add any new v values thus obtained to V.

Step 3 Find a for possible cancellation. Let a € N, be the smallest (according to <;) point that is given by more than one element
of {e;}UP.

Step 4 Compute S-polynomials at a. Compute S-polynomials associated to distinct pairs of polynomials p in {e;} UP for which
v(p) = a.

Step 5 Update N, and P. Find the v values of the nonzero S-polynomials in the previous step. Add the v values to the set A,
and add the S-polynomials to the set P.

Step 6 Repeat. Let a be the next point in NV, (according to <) that is the v value of at least two different elements of P U {e;}. But
if no such a exists, or we know that the current size of AV, equals the dimension of C[V ], go to the next step. Otherwise,
return to Step 4.

Step 7 Stop. Output N,.

To compute N, expand the collection {e;} by adding elements of P computed in the above algorithm so that there is one
polynomial for each point of N\;; then begin again from Step 1 with k :=k + 1.

The above method can be applied to a subvariety V € C" of pure dimension m at a smooth point a € V. Assume that we are
working in coordinates (xq, ..., X, Y1,---» Ynm) = (X, y) that give a Noether normalization of V at a. Without loss of generality,
we translate coordinates so that the x coordinates of a are zero.

Start with the monomials {1,x;,..., X, ¥1,...,Ys—n} and compute N; using the power series of the monomials y;, j =
1,...,n—m, as local functions of the x coordinates near a. Continue inductively, computing N,, N, ... exactly as above, by
multiplying polynomials, and computing S-polynomials if required. Use the points of %Nk for sufficiently many values of k to fill
in the Okounkov body.

Remark 4. The above algorithm is analogous to Gaussian elimination. Eliminating a lower order monomial by computing
S-polynomials is essentially eliminating a variable in a linear system.

Using Lemma 3.7 it may be possible to deduce the Okounkov body exactly. Let us do this for our sphere example.

Proposition 3.8. The Okounkov body of the complexified sphere is the triangle given by
A:={(6,,0,)€R*:0,,0,>0,0, +26, < 1}.

Proof. It is sufficient to show that for each k € N, A C A,. This will follow from the following claim:
N, consists of the integer points of kA, i.e., Nj, = kAN Z2.
Our calculations above have already established this claim for k = 1, 2. Working by induction on k, suppose N,_; = (k—1)ANZ2.
Then it is easy to see that
kANZ?={v(pq): p€C[V]y, ¢ €C[V]1} E N

The claim will follow if the number of points in kA NZ? =: M, equals dim C[V ],. By induction, this can be reduced to verifying
that the number of new points, i.e., the size of M; \ N,_;, is equal to the number of elements of degree k in a basis for C[V ],.
On the one hand, the elements of degree k in a monomial basis of C[V ], are

k-1 k Kk

k k=1
{20,2) 29,...,2,,2] 5

—1 k=2
23,2 292354452 ZB};

1

which are 2k —1 elements. On the other hand, one can see that M, \ N,_; has 2k — 1 points by some elementary geometry in the
plane.® 0

We close this section by looking a bit more closely at the limiting behaviour of the Okounkov body construction. Although
k <1 does not imply A, C A, it is easy to verify the weaker statement

AL €A, forallk,reN. 19)

This follows from the fact that if a € $V, then ka = v(p) for some p € C[V].,. Consequently, p” € C[V].,, with ¥(p") = rka,
S0 & € N, Hence 1\, C Ny, and (19) follows upon taking convex hulls.
The following result will be used in the next section.

Proposition 3.9. Let A C R™ be the Okounkov body of some variety, A° its interior, and Q C A° a compact convex subset with
nonempty interior. For a sufficiently large positive integer k,

N, NQ=Z"NQ. (20)
If [N, N kQ| denotes the number of points in N}, N kQ, then
ki,,llj\/',< NkQ| — vol(Q) as k — oo. 21

8precisely, it consists of the k points along the hypotenuse and the k — 1 points on the neighbouring parallel line.
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® Points in $Nj1
# Points in 1 (A \ Nj1)

O Other points in %22 N A

e Points in Zlik'/\/’% nE C i/\/?k—l

- Points in 2NN Q € Ny

Figure 2: Suppose %v(p) = a where p € C[V]<,_; (one of the large black circles). Then
p® € C[V]ep—p and z,p?,z,p* € C[V]cop—1,

giving 21_k v(p?) =a, % wWzip?2)=a+ (ﬁ, 0), and ﬁ ¥(z,p%) = a + (0, ﬁ) as points of Ny,. We can do the same sort of thing to get points of
Ny In the above example, the ‘missing point’ of Q in %Zm \ %Nk will be covered with a point of %Nsk ; hence (20) holds with ky = 8k.

Although the proof is elementary, it is rather technical, so we omit it. In Lemma 2.3 of [19], it is shown (using a theorem of
Khovanskii in [13]) that there is some constant C > 0 such that (20) holds for all k, for which the distance from Q to dA is
greater than C/k,.

We can give an idea for why (20) holds. For Q compact in A°, the number of points in kQ N A is almost the same as the
number of points in kQ N A,_;. By taking certain products and powers of polynomials (as in the verification of (19)), one can fill
in the gaps by ‘translation from existing nodes’. See Figure 2 for an illustration.

Equation (21) follows easily from (20). Up to a boundary correction of order k™!, the number of points in %Zm NQ is equal
to the number of m-dimensional cubes in the corresponding grid that cover Q, and the volume of each cube is (%)’“. The total
volume of these cubes converges to the total volume of Q.

Note that A is compact: for sufficiently large k, the number of points in A, = dim C[V ], is given by the Hilbert polynomial
of V, which is a polynomial in k of degree m. Hence k%I/\/k| is uniformly bounded. The same argument as in the previous
paragraph shows that kim [NVl = vol(A), which must be finite. Since A is a closed convex set with finite nonzero volume, it must
be compact.

4 Chebyshev transform and transfinite diameter

Let V c C" be an algebraic variety. Throughout this section we will assume that we are working in local coordinates on V
constructed from a Noether normalization, with the associated Okounkov body as defined in the previous section. Let us denote
these local coordinates by z. We will define directional Chebyshev constants associated to polynomials on V, and the Chebyshev
transform. Then we will define transfinite diameter in terms of a special basis of C[V']. Finally, we will prove the main theorem
that gives transfinite diameter as an integral of the Chebyshev transform over the Okounkov body.

Given k € N and a multi-index a € N, we define the normalized class of polynomials

M(k,a) = {p e C[V]g : 11(p) =2° (e, TC(p) = 1)}.
Let K C V be a set and w an admissible weight on K.
Definition 4.1. For k a positive integer and a € N,. We define the Chebyshev constant T\ (K, a) by

Y . 1k
T)(K,a) ;= inf{[Ipllx wx : p € M(k,a)} "

1/k
K

A polynomial t for which T"(K, a) = ||t||’* will be called a Chebyshev polynomial.

Lemma 4.1. We have
T e, (Ko + @)™ < TY(K, 1) T} (K, @)

Proof. Let ty,, ty, satisfy ||ty Il we, = T2 (K, @) and [[ty, gk, = Tit (K, @5)2. Then t;, t;,, € M(k; +ky, a; + ), and so

T i, (K + ) < it b, iy +y < 1k iy 1182l gy -

O

The lemma says that (k, @) — T"(K, a)* is a submultiplicative function. This property allows us to define directional Chebyshev
constants via a limiting process.
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Lemma 4.2. The limit
T"(K,0):= lim T}(K,a)
k— o0
a/k—6
exists for each 6 € A°.

Proof. Let {a;},{B;}, {s;},{t;} be sequences of multi-indices such that as j — 0o, we have

a: .
$j,t; = 00, iy & -0, (22)
54
and
T;“(K, a;) = L= li’(TglfT,:V(K, a), and T:(K,ﬂj) —L,:= liinsup T,/ (K, a).
a/k—0 a/—]gzog
The existence of such an approximating sequence follows from Proposition 3.9.°
It is sufficient to show that L, < L;. To this end, let € > 0, and choose an index j, large enough that T5j0 (K,a; ) <L;—e.
Choose a polynomial p € M(s;,,a; ) such that || p||,1</ij°s}_ < L; —e. Now, for each j let q; be the largest non-negative integer for
WSjo

which
B; =g, +¢;
and all entries of £; are non-negative. Using the fact that all entries of a;, are positive, and each entry of ﬂjq%ges to infinity; it is
J°J0

straightforward to verify that q; — 0o and the set of £;’s is a finite subset of Z™. Using (22), we also have = — 1 as j — o0.

For every j, consider the polynomial P; := p%r;, where r; is a polynomial for which v(r;) = £;. Then P; € M(t;, a;), so that
T:JV(K: aj)tj < ”Pj“K,w,tj < ”Pj“K,w,tj < (HPHK,W,SjO )qj”rj”K,w,tj—qjs}O

N s,
(Ly =)o irililiwlly ™.

IA

Since {{;} is finite, we need only select the r;’s from a fixed finite collection when constructing the P;’s; hence we may assume

the quantity ||r;||x is uniformly bounded in j. Taking t;-th roots in the above inequality, and the limit as j — 00, yields
L,=lim T"(K,q;) <L, —e.
j—ooo 7
Since € > 0 was arbitrary, we are done. O
Definition 4.2. For each 8 € A° we call T%(K, 0) the directional Chebyshev constant of K (with weight w) associated to 6. The

function 8 — log T"(K, ) will be called the Chebyshev transform of (K, w).

Remark 5. The Chebyshev transform takes a set K and weight w, and outputs a real-valued function on A°. Translated to the
complex geometric setting, this corresponds to taking a Hermitian metric on the line bundle and transforming it to a function on
the (interior of the) Okounkov body. Apart from this change in terminology, Witt Nystrém’s definition in [19] is the same as
above.

Lemma 4.3. 1. The Chebyshev transform 6 — log TV (K, 6) is convex on A°. Hence it is either continuous or identically —oo
on A°.

2. If the Chebyshev transform is continuous, then for any compact Q C A°, the quantity
sup{|log T;"(K, a(j)) —log T"(K, 6))| : a(j)/k =: 6; € Q}

goes to zero as k — 00.

Proof. To prove the first statement of part (1), it is sufficient to show that for each 6,¢ € A° and t € [0, 1],
TY(K,t0 +(1—t)¢) < T¥(K,0) T"(K,¢)' . (23)

Fix 6,¢ € A° and t € [0,1]. Choose sequences {a;}, {3;} in N™, and {s;}, {t;} in N, such that |a,, |;|,s;,t; = 00 as j — o0
and

a; ﬁ S:

|a_;\ — 6, @ i ¢ — - t.

If we put v; := t;a;|B;| +5;6;|a;| =: &; + ﬁj, then by Lemma 4.1,

T*(K,y,) = T"(K, &+ ;) < T"(K, &)/l T (i, )P, (24)
We have ‘% = |Z—j‘, % = %‘, and further calculation gives
Yj la;| 1551
W—>t9+(1—t)¢, W—m, and Tl —1—t.

Taking the limit as j — oo in (24) yields (23), proving the first statement of (1). The second statement then follows immediately.
We leave the proof of part (2) as an exercise in the triangle inequality. (Use Lemma 4.2 and the fact that the Chebyshev
transform is uniformly continuous on Q.) O

5 Apply the proposition with Q being a small closed m-dimensional cube containing 6.
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Notation 4.4. For a positive integer k, let
M, denote the dimension of C[V ], (or number of points in A\;)
h; denote the number of points in NV \ MV;_; (so by = My —M;_,).

For each k €N, let &, = {ej};.\ikl be a basis of polynomials for C[V ], with distinct leading terms with respect to their local

power series expansions, i.e.,
v(e;) # v(e,) whenever j # k. (25)

Recall that the bases used in the algorithm to construct the Okounkov body have this property. We will also assume that
& C& C---,and put € := | J, &, which is a basis for C[V] with the above property.

Definition 4.3. A monic basis of C[V ] is a basis £ that satisfies (25) as well as the normalization condition TC(e;) = 1 for each
e €.
j

We now define transfinite diameter.

Definition 4.4. Let k and s be positive integers with s < M,. Given a finite collection of points {¢;, ..., {,}, define the Vandermonde

matrix
ek - el@mdu
UMECen) = |t | = @
es({l)w,k e es(a:s)w,k

as well as the Vandermonde determinant

VDM;},]((CD AR} Cs) = det(VMgv‘V’k(gly e Cs))'
For a set K C V, define
V& (K, s) == sup{|lVDM (Cy,..., )l i {Sy, .0, §F K} (26)
The quantity

1/(kMg) .
) is the k-th order diameter of K,

dy (K) = (vgfk(K, M)

and
d"(K) :=limsupd}  (K) is the transfinite diameter of K.
k—oo ’

Remark 6. Since we take the absolute value in (26), rearranging the order of the rows in the Vandermonde matrix does not make
any difference to the definition of k-th order diameters. We can therefore assume, at each stage k, that the rows of VM}, have
been ordered (and relabelled) so that v(e;) <; v(e,) whenever j < k.

Theorem 4.5. Suppose the Chebyshev transform is an integrable function. Then the transfinite diameter computed with respect to
any monic basis £ is given by d"(K) = klim dy ,(K), i.e., the limit exists, and
—oo <

d"(K) =exp ( log T¥(K, Q)de) , @7

1
vol(A) J o
where d 6 denotes the usual volume in R™.

In what follows, £ = {ej};.’:1 will be assumed to be a monic basis. It will also be convenient to introduce some more notation.
Notation 4.6. 1. The exponent of TT(e;) will be denoted by a(j).

2. Given a polynomial p, write o(p) to denote an (arbitrary) polynomial g for which v(p) < v(q).

By definition, {a(j):j=1,...,M;} =N,.

Lemma 4.7. Fix k € N. The inequality
My

vy (kM) < Mt | [ 1, a )y

j=1
holds.
Proof. Foreach je{1,...,M}, let
t; 1 (z) = e;(2) +o(e;)

denote the Chebyshev polynomial for (k, a(j)), i.e., lIt; xllx = T} (K, a(j))¥. Now choose a set of M, points such that Vg“fk (K,M,) =
VDM, (¢y,..., Cu)l; then

t . (C)wk e ty (S dwk
VDM (T, s Cag )] = |det : R ;
th—l,k(Cl)w,k T th—l,k(Z:Mk )w,k
th,k(Cl)w,k T th,k(CMk )w,k
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by the invariance of the determinant under row operations. Expanding the determinant and using the triangle inequality, we
obtain

VEE M) < D I Ca)l - Tt  Cn)]
< DLTVK, a(1) - T (K, alMy)
where the sum is over all permutations s of {1,..., M,}, and there are M, ! of these in all. O

Lemma 4.8. Fix k € N. Then

Mj
Ve M) 2 | ] 1, ).
j=1

Proof. For convenience we will drop the subscripts in polynomial evaluation in what follows, writing e.g. €;() = €;({),-

Let us also introduce the following notation: for j =0,..., M, —1, set
€n(l) o eua(Cyy)
Wi, v Cp—y) i=det :
e (81) - ey (Ca—y)
In particular Wy({5, .-, Cu)= VDM‘;?:]((CI; .+ Cu,) and WMk—1(§1) = ey, (§1)-

We start by observing that for any collection of points {{;,...,{y,} €K,

V;jk(K: Mk) = WO(Cl) LR CMk)'

Using this, we can derive an inequality involving the W, -determinant. To this end, fix {(;,..., {1} € K. Then Wy({5, ..., $pp—1,2)
(where z € K is arbitrary) is equal to

pi¢) - Pily-1)  Pu(®)

det

eMk.(gl) eMk(é;Mk—l) eMk'(Z)

where p; = e; +o(e;) and the o(e;) expression is a linear combination of the form Zj‘ikz a;e; obtained via row operations on
VMY (&1, -, Cay—1,7), the Vandermonde matrix. If the matrix is nonsingular there exist row operations that give a polynomial
satisfying p({;) = -+ = p({y, 1) = 0. Then

0 = 0 pi(z)
e (¢ - ez(ngq) e,(2)

VY(K,M) > |det | _ : .
e, (81) ey (Cue—) en(2)

Ip:(2)] - W1 (s, ng71)|-
Choosing 7 € K such that |p,(n)| = |Ip;llx > T (K, a(1))*, we have

ngjk(K, M) = [Wo(Cys-- s CMk—h = T;?(K, a(l))k|wl(§1, s CM)(—])|~ (28)

Now consider fixing points {3, ..., {y,_, and carrying out a similar argument as above: construct a polynomial p, = e, +o(e,)

with p,({;) = - - = p2({a,—2) = 0 using row operations on the matrix for W;, then choose 7 € K for which |p,(n)| = [|p,lx. This
gives the inequality

Wi(Css---s CMk—z, = TkW(K, a(Z))k|WZ(C1, cees CMk—Z)l‘ (29)

We use (28) to estimate the left-hand side of (29), observing that the upper bound on the left-hand side of (28) is valid for an
arbitrary collection of M, _, points of K. Hence

V2 (K, M) 2 T (a(D))FTY (K, a(2) Wa (s Cagms)-

Now it is easy to see that the argument can be iterated to obtain the estimate

s

ve M) = ([ [ 1@, aG) Wa- - n G

j=1
for successive values s = 3,4, .... The lemma is proved when s = M; — 1. O

Theorem 4.5 is proved by putting together the above lemmas.
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Proof of Theorem 4.5. We have by Lemmas 4.7 and 4.8,

M M

[ e, aliys < v, m) < Mo [ ] 126, aG))-.

j=1 j=1

Let us take kM, -th roots in this inequality and let k — oo. Since (M, !)/*M) — 1 as k — oo,
My 1/(kMy)
00 = i v, 00 = i (T, a)f )
j=1

We need to show that the limit on the right-hand side of the above converges to the right-hand side of (27). To see this, observe
that the limit may be rewritten as

— 00

My
. 1 w .
khm exp(ﬁk ; log T} (K, a(]))). (30)

We look at the limit of the expression inside the parentheses. If we fix a compact convex body Q C A°, then by Lemma 3.10(2),
we have

llIIl — Z log T (K, a(j)) = hm — Z log T"(K, 6,),
k a(j)ekQ k a(jekQ

where 0; = a(j)/k. Now (2.12) in Proposition 2.15 implies that the discrete measure ML,( Ziwz"l 9] o, converges weak-* on A’ to the
dO as k — 00.% Hence

uniform measure
VOl(A)

1
lim — Z log T¥(K, 0,) = JlogTW(K,G)dG.
oo M, K a(eka ol(A) 0
Since Q was arbitrary, one can consider a sequence of compact convex sets increasing to A° and obtain

1
hm—ZlogTW(K,G) = 5 log T (K, 6)d#,
e

using a standard convergence argument. O

Remark 7. 1If T¥(K, 6) is nonzero and uniformly bounded from above then the Chebyshev transform is integrable, since the
Okounkov body A is compact. It is straightforward to get an upper bound when K is compact, or when w is admissible.

Witt Nystrom’s formula in [19] is actually stated in terms of a ratio. The analogous result in our setting is to take another set

L and admissible weight 1, and compute the associated quantities. It is easy to see that
d"(K)
d«(L)

1
- exp(m Ao(logTW(K, 0)—log T(L, 6))d6). (31)

In place of the ratio of transfinite diameters on the left-hand side, the formula in [19] has a mixed Monge-Ampére energy, which
for the above case is

E(Px (), PL(Y)) = J (PK(sO)—PL(w))Z(dchK(w))j A(ddPL ()"
v

Here, Pc (), P,(v)) are plurisubharmonic extremal functions defined in terms of the sets K, L and functions ¢ = —logw,y =
—logu.”

The Monge-Ampere energy appears in Witt Nystrom’s formula because his proof is based on pluripotential theory and the L2
theory associated to Bernstein-Markov measures. It is equivalent to (31) because of the (highly nontrivial) equality

d"(K)
d«(L)

which is a version of Rumely’s formula proved in [1] (see also [16] for a self-contained exposition). The original statement and
proof of Rumely’s formula is in [18].

= E(Px(w), P (u)),

6(2.12) holds for compact convex bodies, and these generate all Borel sets. The claim then follows by standard measure theory.
7From the point of view of pluripotential theory, it is more natural to consider the logs of the weights.
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5 Comparison with classical results

The arguments in the previous section are almost the same as those of Zaharjuta in [20]. He derived an integral formula for the
classical transfinite diameter of a compact set K € C", denoted d(K). Let £ = {z“(l)};’jl be the enumeration of the monomials in
21,...,%, according to the grevlex order on multi-indices a(j) = (a(j);,-- ., a(j),), which is defined as follows: if j < k then

e either |a(j)| < |a(k)|; or
e |a(j) =|a(k)|, and there exists v € {1,...,n} such that
a(ih = alk)s,...,a(j),1 = a(k),, and a(j), <a(k),.

Let
Z={0=(0,,....0,)€R": 6,20k, » 6, =1} (32)
k

be the standard (n — 1)-dimensional simplex in R", and ° := {6 € & : 6, > 0 V k} its interior. Zaharjuta showed that Chebyshev
constants parametrized by 8 € 2° can be defined as follows: let

-1
7;(K) := inf{llpll%‘a(])‘ : p(z) =20 +chz°‘(")}, and 7(K,0):= lim 7;(K). (33)
jooo
=1 a(j)

Ta(y ¢

Remark 8. We will also use the notation 7,(K) = T ,;)(K) = 7;(K) when a = a(j) for some positive integer j.
Next consider V. (K, M,) as in Definition 4.4 (we suppress the dependence on the trivial weight w = 1), and let

L :=Zshs. 34

Zaharjuta showed that the limit
. 1/L
d(K) = lim (Ve (K, M) ",

the transfinite diameter of K, exists and satisfies the following formula.

Theorem 5.1. We have d(K) = exp( log T(K, 9)d9).

vol(%) Js.

Later, Jedrzejowski [11] showed a similar formula for the homogeneous transfinite diameter in C"; let us denote it by d (K).
The homogeneous transfinite diameter for a compact set K is defined by

d(K) := Jlim (sup{lVDMH(C,,..., 5 IV {¢,,..., 8, } €K},

where, with e; :=z%0),
ey +1(81) ey a(G)
VDMH(L,..., 8, ) =det : .. ;
eMk(z:1) eMk(Chk)

One can construct homogeneous Chebyshev constants 7(K, 6) as limits of constants 7;(K), where the latter are defined as in
(33), but with the inf restricted to homogeneous polynomials (i.e. ¢, = 0 if |a(v)| < |a(j)]). The homogeneous formula is the
following.

Theorem 5.2. We have (Y(K) = exp( log7T(K, G)de).

1
vol(%) J5
Remark 9. Bloom and Levenberg have studied weighted versions of directional Chebyshev constants [4]. For a fixed admissible
weight w, T?’(K) is defined as in (33) by a sup over quantities of the form ||[w!*?p||,. A weighted generalization of Theorem 5.1
was proved later in [5].

In what follows, we expand a bit on the relationship between the above theorems and Theorem 4.5.

5.1 Homogeneous transfinite diameter

Consider C" with coordinates given by (2,2, .. .,%,_1), and consider a compact subset of the form {1} x K (i.e. 2, = 1), where
K is compact in C"1. We will also assume for what follows that K avoids the hyperplane z,_; = 0. We describe the relation
between Theorems 4.5 and 5.2.

Consider the monomials in C[z, ..., %,_; ] with the ordering < defined as the lexicographic order for whichz,_; < --- < 2; < 2.

The homogeneous polynomials {e j}?/[:kMk,l 4 of degree k are given by

— ok _ k-1 _ Lk
€M 11 = %15 €M +2 = Zn2Z, 15 --+> €y, =%

Dolomites Research Notes on Approximation ISSN 2035-6803



/O‘Q\,\ Ma‘u 154

On the variety V := {z, = 1}, polynomials are given by C[z,,...,%,_;] and for z = (1,2,...,%,_;) € {1} x K C V we can identify

Clzg,-..,2,1]; (the homogeneous polynomials of degree k in n variables) with C[V ], ~ C[z,,...,2,_1 )<k, Via
oz e =g (ag e g = k).
We also have the relation to C[vy, vy, ...,V,_,] given by
|23zt = |w(v)kv(‘;‘°vf‘l Seeytn2
where v-coordinates are given by
Vo=1/2,1, V;=2;/2,4 forj=1,...,n-2, (35)
and weight w defined by the formula w(v) = 1/z,_;. Identifyingz;" - -- 25" € C[V ], with vg" v - v "2 € C[ vy, Vs - - -, Vet J<ks
polynomial evaluation is related by [p(z)| = [w(v)*p(v)|.
Now observe that
(i) hy (computed with respect to C[2,,2,...,%,]) is the same as M, for the spaces C[V ], and C[vy, V3, ..., Vu_sl<k-
(ii) Under the identifications described above, the lex order <; on C[z,,...,2,]; translates to lex order on the corresponding

monomials in C[vy, vy, V,_5]<k, and to the reverse of grevlex order (which we will denote by <,) on the corresponding
monomials in affine coordinates on V = {z, = 1}. An example of a pair of monomials when n = 4 and k = 5, together with
the corresponding pairs in the other spaces, is

3

2.2, 3
202123 > 252,24 i Cl20,21,%2,%3,24] ~

0
~  z25 <, 222, in C[2,,2,,%;,24]
13 g “1%°4 15%25%35%4 1

2.3 :
Vivy > vpvy in C[vg, V1, v, V5]

These identifications yield, for any collection of points {{3,...,{, } C V,

VDMH(¢y,...,¢n) = VDMY, (&1, -, Chy)

where the right-hand side may be interpreted either in z-coordinates with w = 1 (unweighted) and £ being monomials in 2, or in
v-coordinates with monomials in v and the weight w = w(v) described above. The equivalence of the above determinants, and
the fact that the same root is taken at each stage (kh,-th or kM, -th, see (i) above), yields the equality 3({1} x K)=d"({1} x K).

Chebyshev constants are also related. (For convenience of notation, let us simply write K for {1} x K in what follows.) Given
6ex, ie, 0=(6,...,0,,) with 6, >0and )6, =1, we have

T(K,0)=T"(K,0) (36)

where we interpret the right-hand side in v coordinates, in which w = w(v) and 8’ = (6,,...,0,_,).5 As 0 varies over ©°, 6’
varies over the projection of these points to the first n — 1 coordinates, which fills the interior of the region S in R"! given by
O+ +6,,<1,6;20. Now d6’, the volume in R™!, is the push forward of d9 (the n — 1-dimensional volume in the plane
containing %), scaled by a factor of vol(XZ)/vol(S). Hence

1 1
_— 7(K,0)d0 = —— TY(K,0)do’.
vol(X) ZOT( 0 vol(S) L (K. )

Since S is the Okounkov body of C*!, Theorem 5.2 is just Theorem 4.5 under a change of variable.

5.2 Transfinite diameter

Theorem 5.1 is slightly different, but closely related. We describe its precise relationship to Theorem 4.5 in what follows. We
will work with a compact set K C C*! (with variables 2;,...,2,_;) and reuse the material above, relating K to {1} x K ¢ C". In
particular, z, denotes the additional variable, and v-coordinates are defined as in (35). It is easy to see that d(K) is related to
3({1} x K): we have

VDMH(Zy,..., {) = VDMe (L0 )

where M, is counted with respect to C[2,...,%,_,] (and therefore coincides with ‘h; for C[z,...,%,_,]), and we use the notation
C's¢=(1,)eCxC

We saw previously that dl ({1} x K) = d™(K), but d(K) in Theorem 5.1 takes a slightly different root at each step k, which
affects the normalization. We omit the calculation of the relevant limit.

L -1
Proposition 5.3. We have lim =k = n—, where L, is as in (34). Hence
k— oo kMk n
d"(K) = d({1} x K) = d(K)" /",
where the above quantities are from Theorems 4.5, 5.2 and 5.1 respectively. O

8Since the Okounkov body is constructed with reference to local coordinates, Theorem 4.5 only applies directly to the v-coordinate setting.

Dolomites Research Notes on Approximation ISSN 2035-6803



/O‘Q\,\ Ma‘u 155

We now turn to the integral formulas. Suppose 8 € S°, and consider the constants T" (K, 8) defined as on the right-hand
side of (36). These constants (associated to v-coordinates) transform to constants T(K, §) associated to z-coordinates, with
parameters related by ;

520 =(6,...,0,5) = (6,...,0,_,)=0€8°, 37

whenever 6, + -+ + 6,_; = 1.° The constants T(K, §) satisfy the following homogeneity property.
Lemma 5.4. Let 6 € §°. Then for all t €[0,1],

logT(K,t0)=tlogT(K,0).

Moreover; if r0 = p € 2° for some r > 1 then
rlog T(K,0) =logt(K, ¢)

where T(K, @) is the directional Chebyshev constant given by (33).

Proof. Fix a positive integer k, and a positive integer j < M. Define the Okounkov body with respect to v-coordinates as above,
and let w be the corresponding weight. Let p be a Chebyshev polynomial such that T" (K, a( )k = ||[wkp|l. In z-coordinates, the
weight becomes trivial and the sup translates to a sup over quantities of the form ||p||,,which we will denote by T, (K, &(j))*.
(The exponent &(j) is such that z%0) corresponds to v*U).) It is easy to see that p must be a Chebyshev polynomial of degree
s =]a(j)| (i.e., one that attains the inf in (33) for 7;(K) = 74;;(K)), and so

7;(K) = T (K, a(j))*. (38)

Suppose, for some rational number Z—j € (0,1), that the (n— 1)-tuple Z—;&( j) has integer entries (i.e. b; divides all components).
a

Then bj_ a(j) = a(j’) for some j’ < j. It is easy to see that |&(j)| = s implies |a(j')| = Z—js Similar to (38), one also has

a;
s

T (K)Y = Ti(K, 5L a()". 39

Equations (38) and (39) yield the lemma after some analysis. Precisely, take sequences of positive integers a;, b; such that
b; — oo and a;/b; — t € (0,1). Then take a sequence of exponents a; such that b; divides each component of a;, and a sequence
of integers k; > |a;| =:s; such that a;/k; — 6 € S°. Let f3; := z—j:aj; then 3;/k; — t0 where f§; = Z—jaj.

Define ¢ :=1lim;_,, a;/|a;|. Then ¢ =r6 € %, where r = lim;_,, k;/s;. For the same reason, ¢ = lim;_,, 3;/|6;| also holds,
and as j — oo,

Ty, (K, B(7)) /(e 75, (K) = (K, ), and (40)
Ty (K, a()95 = 7,,(K) - 7(K,¢). (41)

Now note that as j — co we also have T]Z(K,[J’(j))(bfkf)/(“f‘i) — TY(K,t0)"/t and T]Z_(K, a(j))k — T(K,6)" on the left-hand
sides. By (40) and (41) we may equate all of the asymptotic quantities and take logs. Both statements of the lemma follow
immediately. O

Using the above lemma, we can directly relate the integrals of Theorems 4.5 and 5.1. First, we transform the integral in
Theorem 4.5 to z-coordinates:
1

vol(S)

log T"(K,0)d0 = —— | logT(k,)dé.
o vol(S) Js

Now observe that S can be expressed as the union § = U[E[O,l] t¥ where © € R"! is the (n — 2)-dimensional simplex defined as
in (32). Using the map y
0,1)xx°3(t,0)—~t8'=0€8°,

we see that the volume element d§ on §° may be decomposed as t"2d6’dt. Continuing, we have

1
1

— log T(K,t0")t"2d0’dt
vol(3) Jy Js

1
= LN log t(K,8)t"'d6’
vol(S) Jo Jso
1 1
= _ t"ldt | logT(K,0')d6’
vol(S) J, o

1
- | 1oge(x, 60", 42
wvol3) J 0g 7K, 6) “42)

log T(K,8)d6

_1
vol(3) Js

9We will write § for the standard triangle associated to z-coordinates (and write S° for its interior) but use the same labels K, p for sets and polynomials.
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where we use the previous lemma. We compute vol(S) using the same decomposition:

o) vol(X).

1 1
vol(§) = J vol(tx)dt = J t"2vol(X)dt =
0 0

Finally, substitute the above expression for vol(§) into (42). Altogether, we have

1 w _ n—1 1 , ,
o JSOT w606 = (= ) =i (k08"

Observe that the normalization agrees with Proposition 5.3.

6 Further properties

In this section, we study further properties of Chebyshev constants and associated notions. Specific results will be given on the
complexified sphere. More general results will be the subject of future research.

6.1 General collections of polynomials.

We want to reuse the methods of Theorem 4.5 in a more general context, so let us extract the essential ingredients required
for the proof. The Vandermonde determinant used in the limiting process is defined in terms of a collection of polynomials
& = {e;}2, with some additional structure related to a grading with respect to multiplication: £ = U:Zo EwithEc&g C-,

and £,.& = {pq : p € &, q € &} is contained in the span of &, for each pair of non-negative integers k, . The structure associated
to this grading allows us to compute the Okounkov body and associated Chebyshev constants, and consists of the following things.
1. There is a function v : span(£) — Ng' which is one-to-one on £, and an associated convex body given as follows. Let
N, = {v(ej)};w:k1 where & = {ey,...,ey, }. Then let Ag; be the convex hull of N, and let A, be the convex hull of
Uk Aei
2. For each k € N and a € N, there is a class of polynomials M(k, @) C span(&;) such that e; € M(k, @) if v(e;) = a. These
classes satisfy the properties
M(k,a)+p € M(k,a) if p € span(&,) and v(p) < a,
M(ky, o )M(ky, ay) € M(k; + ky, 0 + ay).

3. The discrete measure Mik D e N Oayk converges weak-" to d6, where d0 is the usual volume measure on R™

1
vol(ag)
restricted to Ag.

In addition, there is a weighted polynomial evaluation with respect to some admissible weight w : K — C, with

P(Z)W,kQ(Z)w,l = (PQ)(Z)W,k+1-

With these properties, one can then construct, for a € A,
Ti(K, @) := inf{{|pllg i : P € M(a, KO}

(we suppress the dependence on w here and in what follows), as well as the function on the interior of the convex body,
T : Ay — [0, 00) given by
T(K,0):= lim T (K,a).
k—o0
a/k—0
Then defining
de(K) := sup{[VDM¢ ({y,..., L IV (L, 0, Oy} €K}

as in Definition 4.4, we have

dg(K)zeXp( logT(K,G)dG). 43)

1
vol(A) AL
Remark 10. The main point is that such a formula arises for any collection £ of polynomials with the type of structure given
above; for example, the basis of a graded subalgebra of C[V]. (In the complex geometric setting, Okounkov bodies associated to
subalgebras of global sections have been studied e.g., in [10].)
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6.2 Monomials on the sphere

Consider again the complexified sphere V C C* given by (3.1)which is spanned by monomials of the form z{"z;2z5® with

a,,a, €N and ay € {0,1}. Let £ denotes the subcollection of monomials of the form z;"z;? that span C[2;,2,] € C[V]; as usual,
for a = (a,, a,), write 2% := 27" 2,2, and order the monomials by grevlex. We treat them as in the classical theory:

1. let M, denote the number of monomials in £ of degree < k;
2. let v:C[z,2,] — Ng return the leading exponent of a polynomial (with respect to grevlex);

3. let M(a,k) C C[z;,2,]<; denote the class of monic polynomials of the form

2% + (lower terms wrt grevlex);
4. and let VDM ({4, ..., {y, ) denote the Vandermonde determinant associated to € with the standard polynomial evaluation
at affine points.
Define Chebyshev constants and transfinite diameter:
inf{llpllg : p € M(k,)}'’¥, and
sup{[VDM(y, ..., (IR 1 ¢ €KV ).

TS,k(K ,a)
dg x(K)

The Okounkov body A associated to £ is the standard triangle,

A, =S={0=(0,,0,)€R*:60,,0,>0,0, + 6, < 1}.

The limits
de(K) = klim de(K) and Te(K,0):= klim Te (K, a)
a/k—0

exist (for all 6 € S° in the latter), and

dg(K)zexp( long(K,G)dG). 44

1
vol(S) J..
Observe that £ (and hence C[2;,2,]) cannot distinguish between points with different z,-coordinates: if w: V — C? is the
projection (z;,2,,23) = (21,%,), then for all e; € £, we have e;({) = e;(n) whenever n({) = (7). As an immediate consequence,
for any collections {{;,...,{y, } and {ny,...,my, } of points of V,

VDM(Ly, ..., ¢y, ) = VDM(n,,...,ny,) whenever n; € n ' ({n({;)}). (45)
Proposition 6.1. Let K C V be compact. Then
de(K) = de(n™" (m(K))) = d(n(K))?,
where d(-) denotes the classical transfinite diameter in C2.

Proof. The first equality follows immediately by applying a standard limiting argument to (45). For the second, we view £ as
the standard monomial basis for C[z,,2,], and hence VDM(:) is the same Vandermonde determinant that gives the classical
transfinite diameter. The exponent of 2 comes from taking a (kM,)-th (rather than an L,-th) root in the limiting process (see
Proposition 5.3 with n = 2). O

Remark 11. When K = V NR® is the real sphere, then 7(K) C R? is the real disk and the explicit value d(7(K)) = 1/+/2¢ has
been calculated in [3]. Hence in this case dg(K) = 1/2e.

6.3 Relations between Chebyshev constants.

Consider the complexified sphere V(27 +22 +22—1) given projectively by Z7 + Z2 +Z2 = Z2. Consider local coordinates v = (v, v;)
about the point
(Zo:2Z,:Zy: 23] =[vg:v,:1:13]=[0:0:1:i]€P?,

and let A be the Okounkov body calculated in these coordinates. In these coordinates, V = V(vl2 +1+ 1/32 — vg), and one can
calculate that A is again the triangle given by Proposition 3.8. As a result of Theorem 4.5, the integral formula

1
d"(K)=e _ logT"(K,0)d6 46
(K) Xp(vol(A) . gT"(K,0) ) (46)
holds, where w is a weight on a compact subset K of {Z,, Z, # 0}.We will show how the integrands in (44) and (46) are related
in a particular case.
First, we will transform (44) to v-coordinates. Similar to the previous section, we use v; = 2,/2,, Vo = 1/2,, V3 =23/2,, and

polynomial evaluation is related by vip(vy, v;) = p(2;,2,).
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Figure 3: Relations between the convex bodies. S is constructed from monomials in affine coordinates, and § c A from monomials in v-
coordinates. The parameters are related by projection: we have 6 = (6;,6,) and 6 = (6, 61) where (6, 6;,6,) is a point in the simplex
Op+01+6,=1,0;>0V]j.

Let us use tilded quantities ~(5 , 6, etc.) to denote the v-coordinate versions of the quantities in (44), and use the same ]
variable in equation (46); then S € A. With the weight w(v) = v,, (44) and (46) become

w _ 1 w A A
dé(K) = eXp(v_ol(g) LologTé(K,Q)dQ), “47)

d"(K)

1 o A
eXp(vol(A) AologT (K,G)d@). (48)

Figure 3 shows the relation between the different convex bodies and parameters.

Definition 6.1. Let A(r,7,) be the annulus {{ € C: r; < |{| < r,}, with r; <1 < r,, and let U be an open subset of V. Suppose
there exists a holomorphic map
A(ry,r)) xUs({,v) > {*xveV

such that { % (1 *v) = ({n) * v whenever v,nxv € U and {,n,{n € A(r;,r,). The map x is called a local circle action on U, and
K c U is locally circled under x if it is invariant under the restriction of the action to the unit circle:

exveKifandonlyifvek, forall e R (ie. e xK =K).

A local circle action on a hypersurface V C C* arises naturally as follows. Locally (say in an open set U), V is a graph over
the v,, v; variables; let us write v; = v5(vy, v;) for some holomorphic function v5. Scalar multiplication ¢(vy, v;) = ({vy, {v;) lifts
to a map

§ (v1,v,v3) 1= (§vy, {vp, v3(8v1, 01,)) (49)
which satisfies the above definition, as long as v; extends to a well-defined holomorphic function on some neighbourhood of a set
of the form {e?®w : 6 € R}, for some w € (U) (here 7 denotes projection onto the (vy, v;) variables). This holds, for example, if
v, has a Laurent series expansion at w, v, (wg, w;) = Z?j}m cwow).

In particular, when V is the sphere, let r < 1 and consider

W, ={(vo,v1) € C? : |vg|, Iy < 1}
In v-coordinates, we have v;(vy,v;) = (vZ —vZ—1)"/2. Then { v given by (49) is a local circle action defined on

W, = {(vo, v1,v3(vp, 1)) : (Vo, 1) €W, }.

Let us see how a locally circled set can be generated in affine coordinates.
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Lemma 6.2. Let K C W, C V be a compact, locally circled set under the action  on the sphere. Using %, one can generate K from a
smaller set K’ C C x [0, 00) as follows:

K={e"%%(2,,25,23) EW. : 2, =w,2, =1,(w, 1) €K'}.

Proof. Fixv € K, which we will write as z € K in affine coordinates. We compute the holomorphic function z({) = (21(), 25(0), 25({))
given by the transformation { — ¢ *v:

z(0) = g_::) = L’_(l) =z, %)= CLVO = %227
and this determines z,({) by lifting to W,. Since e x v € K for all 8, we can choose 6, such that z,(e!%) = e7%z, € [0, 0c0).
We now vary v and put I = {r = z,(e!®) : v € K} € [0, 00). Then
K :={(w,r)eCx1I:(w,r,32;) €K for some z, € C}
is the desired set. 0

This is a rotation about the origin in the z,-plane, lifted to the variety.

We return back to v-coordinates to relate Chebyshev constants. The notation in the following proposition is as in (47) and
(48) above, with the weight given by w(v,, v;) = v,.

Proposition 6.3. Let r € (0,1), and suppose K C W, C V is locally circled under *. Then
TY(K,0)=T"(K,0)
forall €8 cA.
Proof. By definition, it is sufficient to show that for any a € N with |a| < k,
inf{||pllcw : p € Clvo, 1], TT(p) =v*} = inf{l|pllx,, : p € C[V], TT(p) = v*},

or more compactly, T, (K, a) = T}*(K, ). Note that any p € C[v,, v; 1<, is also a polynomial in C[V ], with no term involving
V3, so the inf on the riéht—hand side is over a larger collection. Hence Ty (K,a) = TY(K, ).

To prove the reverse inequality, fix k € N and a € Ng with |a| < k (i.e., a/k €8). Let p € C[V ], with TT(p) = v%, and for
the moment, let v = (vy, v;) be fixed in K. Define v({) := p({ *v),,;; then ¢ is holomorphic on a neighborhood of the unit circle,
as can be seen by writing it out in a series expansion:

CVED D ep(Que)(Lvy )

J=0|pl=j

Y(&) = p(L V)i

[ee]

Z(Z CﬁV§0+kal)Cj+k-

J=0 “IBl=j

Since K is locally circled, { v € K for all |{| =1, so that |p({ *v)| < ||p|lg. Plugging this into the Cauchy integral formula for the
coefficient of {/**, we have
1
St =g [ e
IBI=i 21 i 6

In particular, this is true when j = |a| < k. Since v was an arbitrary point of K, let us now treat it as a variable and define the
polynomial

<llpllk, VjeN. (50

plv) = Z cﬁv(/f“vfl € Clvy, vyl
1Bl=lal

Clearly, by construction TT(p) = v, and by (50), [|pllx wx < IIPllx wx- Hence
T;:k(K> (X) < ||ﬁ||K,W,k < ||P||1<,w,k

and since p € C[V],, was an arbitrary polynomial with TT(p) = v*, we can take the inf over all such polynomials to obtain
T;V’k(K,a)S T/ (K, a). O

Remark 12. The notion of a locally circled set is adapted from the notion of a circled set in C". Recall that a compact set K € C" is
circled if ez € K whenever z € K. For such sets, the Chebyshev constants and homogeneous Chebyshev constants (of Theorems
5.1 and 5.2 respectively) are equal. The proof is essentially the same as that of the above proposition.
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