TENSOR NORMS ON ORDERED NORMED SPACES,
POLARIZATION CONSTANTS, AND EXCHANGEABLE
DISTRIBUTIONS

SVANTE JANSON

ABSTRACT. We define new norms for symmetric tensors over ordered
normed spaces; these norms are defined by considering linear combina-
tions of tensor products or powers of positive elements only. Relations
between the different norms are studied. The results are applied to the
problem of representing a finitely exchangeable distribution as a mixture
of powers, i.e, mixture of distributions of i.i.d. sequences, using a signed
mixing measure.

1. INTRODUCTION

Let E be a normed space, and consider a tensor x € E®". By definition
X is a linear combination of elementary tensors 1 ® - - - ® x,, and, roughly
speaking, the projective tensor norm ||x||; measures how large such a linear
combination has to be; see the definition (3.2) below for a formal statement.

If the tensor x is symmetric, it can also be written as a linear combination
of tensor powers %", and the symmetric projective norm (3.12) introduced
by [10] measures how large such a linear combination has to be.

In the case when the normed space E is an ordered space, it also make
sense to ask about decompositions into tensor products or tensor powers of
positive elements only. We define in (4.3) and (4.4) two norms on symmetric
tensors that measure the size of such decompositions. This gives four dif-
ferent norms on the space EV™ of symmetric tensors; they are all equivalent
but, in general, different.

We study these norms and relations betweeen them in Sections 4-6. In
particular, we study the norms of the identity operator between the four
spaces obtained by equipping EV™ with these norms, i.e., the best constants
in the inequalities relating these norms to each other. (These constants
depend on the space F and on the order n.) One of these constants is known
as the polarization constant [9]; three other of them, defined in Section 4, are
natural versions for ordered spaces, and we call them positive polarization
constants. Among other results, we show that the space {1 is extreme for
several of these polarization constants.
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One motivation for the present paper is the problem of representing
finitely exchangeable distributions of random vectors as mixtures of dis-
tributions of independent sequences. This problem is described more fully
in Section 7. It is well known that, in contrast to de Finetti’s theorem
for infinite exchangeable sequences, such representations with a probabil-
ity measure as the mixing measure are in general not possible for finitely
exchangeable distributions; however, a substitute exists where the mixing
measure is a signed measure [5; 15; 19; 16]. A natural question is how large
the norm of this mixing measure has to be, and it is shown in Section 7 that
this is essentially equivalent to studying one of the positive tensor norms de-
fined in Section 4, in the special case when E = ¢; (or a finite-dimensional
£7"). We use this to derive several new results on the optimal norm of the
mixing measure.

Section 8 gives some simple explicit examples in the case when F is a
Euclidean space.

Sections 2 and 3 contain background material, surveying definitions and
elementary properties of polarization, polarization constants and tensor prod-
ucts. These sections provide background and easy references to various facts
for use in later sections. (There are no new results there.)

In the main part of the paper, starting with Section 4, we consider or-
dered normed spaces, and thus spaces over R. However, in the introductory
Sections 2 and 3, no ordering is considered, so F can be any normed space,
with real or complex scalars.

1.1. Some notation. We consider linear spaces over K, where K is either R
or C. In particular, F or F' is always a normed space over K. Furthermore,
n > 1 is an integer, usually fixed but arbitrary. (We sometimes tacitly
assume that the spaces have non-zero dimension.)

For 1 < m < oo, £ is K™ with the £)-norm. In particular, £5" is the usual
Euclidean space R™ or C™. We also write £,° = £;, and let £,(S) denote
the £, space with index set S, i.e., £,(S) := LP(S, ) where p is the counting
measure on S. Thus ¢, = £,(N) and £ = £,([m]), where [m] := {1,...,m}.
The standard basis in ¢, or £} is denoted by (e;).

For a normed space E, B(E) := {x € E : ||z|| < 1}, the closed unit ball
of E.

For a real number z, |z] and [z] are the integers obtained by rounding
x downwards and upwards, respectively.

“Positive” should generally be interpreted as “non-negative”.

2. SYMMETRIC MULTILINEAR FORMS AND POLYNOMIALS

In this section, we review some basic theory of symmetric multilinear
forms and operators, including the important polarization formula. See e.g.
Dineen [9, Section 1.1] for further details. In this section, we allow both real
and complex scalars; we therefore denote the scalar field by K (=R or C).
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L("E;F) = L(E,...,E;F) denotes the space of all continuous n-linear
operators E™ — F. We will mainly consider the case F' = K: L("E;K) =
L(E,...,E;K) is the space of all continuous n-linear forms E™ — K.

It is well-known that an n-linear operator L : E™ — F' is continuous if
and only if it is bounded, i.e., if the norm

|L|| := sup{|L(z1,...,zn)| : lz1]],- .., [|onl < 1} (2.1)

is finite. L("E; F) is a normed space with the norm ||| in (2.1). (It is a
Banach space if F' is complete, e.g. if F' =K.)

Definitions 2.1. Let &,, be the symmetric group of the n! permutations of
{1,...,n}.
(i) f L € L("E; F) and 0 € &, then L, € L("E; F) is given by

LU((L‘l,...,J}n> = L(:):U(l),...,xg(n)). (22)
(ii) L € L("E; F) is symmetric if L, = L for all o € &,,. Let
Ls("E, F) :={L € L("E; F) : L is symmetric} (2.3)

be the space of continuous (or, equivalently, bounded) symmetric n-
linear operators. ~
(iii) If L € L("E; F), then its symmetrization L € Ls("E; F') is given by

-1
L=— > L. (2.4)
0'6671,

Note that L is symmetric <= L = L, and that the symmetrization map
L — L is a linear projection of of L("E; F') onto Ls("E; F).

2.1. Polynomials. If L : E™ — F is an n-linear operator (or any function
on E™), we define L : E — F by

L(z) = L(z,...,z). (2.5)
In other words, L is the restriction of L to the diagonal.

Definitions 2.2. (i) A function ¢ : E — K is a homogeneous polynomial
of degree n if ¢ = L for some n-linear form L : E™ — K.
(ii) If p is a homogeneous polynomial on FE, let

Ipll == sup{|p(z)| : [l=]| < 1}, (2.6)

i.e., the usual sup-norm of the restriction of p to the unit ball of E.
We say that p is bounded if ||p|| < oo, i.e., if p is bounded on the unit

ball of E.
(iii) Let P, (F) be the space of bounded homogeneous polynomials of degree
n. This is a normed space with the norm || ||; furthermore, it is a

Banach space (see Corollary 2.4 below).
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2.2. Polarization. We have the following important polarization identity,
see e.g. |9, Corollary 1.6].

Lemma 2.3. If L: E™ — F is an n-linear operator (bounded or not), then

- 1 Nyl
L(zy,...,2p) = S Z SREE anL<Z 52962) (2.7)
' i=1

517---75n::‘:1

In particular, if L is symmetric, then

1 . n
L(zy,...,xy) = S Z €1 snL<Z €2x2> (2.8)
) i=1

€1,..,en==%1

O

Corollary 2.4. The mapping 7 : L — L is a linear bijection of L("E; K)
onto P,(E). Hence, P,(E) is isomorphic to Ls("E;K) as normed spaces,
with equivalence of norms. ([

More precisely, (2.5) and (2.8) yield the following inequalities for L €
Ls("E; K).

1L < |12, (2.9)
AN
1L < L] (2.10)
Define, for a multilinear form L on E™
ILlla == L] = sup(|L(z,. ... 2)| : ]l < 1). (2.11)
Then (2.9)—(2.10) can also be written
ILlla < L, (2.12)
nn
1L < I A (2.13)
Hence, ||| and || ||a are two equivalent norms on Ls("E; K).

2.3. Polarization constants.

Definition 2.5. The polarization constant cs(n, E) is defined by, see [9,
Definition 1.40],
22 L]l

cs(n, B) = — = ,
«(m, B) rec(eK) |L||  recorEx) 1Lla

(2.14)

where, as in similar suprema below, we define % := 0. Equivalently, cs(n, F)
is the norm of the linear operator 7! : P,(E) — Ls("E;K), see Corol-
lary 2.4.

Since L = L, we also have

Il

L
cs(n, E) = sup 1Ll = sup I
LeL("EX) ||L|  LeL(EK) |

(2.15)

~o
~
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By (2.14) and (2.9)—(2.10),

nn
1<e(n, BE) < —.
n!

(2.16)

Both inequalities in (2.16) can be attained. (The upper bound in (2.16)
was conjectured by Mazur and Orlicz in “The Scottish Book”, and proved
in 1932 by Martin; see Harris [14] and the references there.)

Example 2.6. For any Hilbert space H (real or complex; of finite or infinite
dimension) and any n > 1, ¢s(n, H) = 1; see Banach [2]. See further [14].

Example 2.7. For any n > 1 and any m > n, cs(n, (") = cs(n, ¢1) = n"/nl.
To see this, let n < m < oo and define L € L(™",K) by

n
L(zy,...,x,) = Hl’n’, where x; = (745)7L,. (2.17)

i=1
L is not symmetric, so we consider its symmetrization L. We have, letting

e1,é€2,... be the usual basis vectors in £},
~ ~ 1 1
||LH P ‘L(elv ceey 67L)| = E Z L(ea(l)a oo 760(71)) = E (218)
ceG,

and, by the arithmetic-geometric inequality, if z = (z;)

@) =TIl < (5 Joel)" <0l (219)
=1 =1

m
1>

Hence, | L|| < n~™, and by (2.15),

wnll

cs(n, 07") > 1L > — (2.20)

= ~ . = .
P2/

The converse inequality follows by (2.16).
Consequently, recalling (2.16) again,

n
sup cs(n, E) = cs(n, 0}) = cs(n, 1) = n—' (2.21)
E n!
Thus, ¢; is extremal among all normed spaces, and so is /] when n is given.
See e.g. [9] and [24] for further examples.
Remark 2.8. Dineen [9, Definition 1.10] defines also

¢s(E) := limsup cs(n, E)'/". (2.22)
n—o0
It is an obvious conjecture that the limit always exists, i.e., that lim sup can
be replaced by lim in (2.22); however, this seems to be unproven so far. The
same applies to the related quantities in Remark 5.4.
By (2.16) and Stirling’s formula, for any normed space E,

1 <c(F) <e, (2.23)
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with both bounds attained since ¢s(H) = 1 for a Hilbert space H and
¢s(f1) = e by Examples 2.6 and 2.7. As another example, [9, Proposition
1.43] implies that ¢s({s0) < €/2.

Dimant, Galicer and Rodriguez [8] show that c¢s(E) = 1 for every finite-
dimensional complex vector space, but not for every finite-dimensional real
vector space.

Remark 2.9. Another type of polarization constants, called linear polar-
ization constants has also been studied in the literature, see e.g. [3]. There
are, as far as we know, no direct connections with the polarization constants
studied here.

3. TENSOR PRODUCTS

In this section we recall some basic properties of tensor products and
symmetric tensor products. (These results are not new, but we present
them in a form suitable for later use.) See e.g. Ryan [29, Chapters 1 and
2], Dineen [9, Chapter 1] and Floret [10] for basic definitions, further details
and many other things not mentioned here. In particular, note that we only
consider tensor powers, i.e., tensor products of a space with itself (one or
several times). Again, we allow in this section both real and complex scalars.

3.1. The projective tensor norm. Let E" = E®---®FE be the algebraic
n:th tensor power of E. Recall that an element x € E®" can be written,
non-uniquely, as a linear combination

N
X:Zakmlk@)'”@xnk (3.1)
k=1
of elementary tensors T ® -+ ® Tpp for some x; € K, i =1,...,n, k =

1,...,N, and a; € K. (Here and below, N is an arbitrary positive integer.)
The projective tensor norm || || on E®™ is defined by

N N
|%||5 := inf {Z lakllzkll okl x =D arrp @ @ xnk} . (32
k=1 k=1
This is a norm on E®". We denote F®" with this norm by EZ™.
We use the notation ||x||r, g when we want to show the space E explicitly,
but usually we omit E from the notation.

Remark 3.1. If E has infinite dimension, then E£™ is not complete even if
E is. The projective tensor power ES™ of a Banach space F is defined as the
completion of EZ"™. The norms defined below on E®" or its subspace EV"
(also defined below) are all equivalent to || ||+, and thus the completions with
respect to these norms are the same, as vector spaces, as the completion EZ"
or the corresponding completion of EV™ (i.e., the closure of EV® in EZ™).
Hence, the results below on e.g. inequalities between the different norms
extend trivially to the completed spaces.
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While it often is natural to work with completed spaces, we have in the
present paper not much need for them, and we will work with normed spaces
such as E®" without completing them. Hence, we leave extensions to com-
pleted tensor products to the reader.

Remark 3.2. It is not difficult to see that for an elementary tensor x =
xl ® P ® xn’
21 @ @znlx = [lzall - - [Jznl]- (3.3)

The projective norm is the largest norm on E®™ that satisfies (3.3).

Remark 3.3. Roughly speaking, the unit ball of E®™ is spanned by the
elementary tensors z1 ® + -+ ® x,, with x1,...,z, € B(F). More precisely
B(EZ™) equals the closed convex hull of the set of these elementary tensors.
If dim(E) < oo, we do not have to take the closure because the convex hull of
a compact set is compact in a finite-dimensional space [28, Theorem 3.20(d)];
thus B(E2") then equals the convex hull of the set of these elementary
tensors. This means that the infimum in (3.2) is attained when dim(F) < oo.

Remark 3.4. It follows from (3.2) or from Remark 3.3 that for any linear
operator T': E€™ — F| where F is a normed space,

1Tl = sup{|T(@1 ® - @ z)l| 21, o € BE):.  (3.4)
Conversely, this characterizes || |-

Example 3.5. In the finite-dimensional case E = K™ (with any norm), the
space E®? is naturally identified with the m?-dimensional space of m x m
matrices. (We will use this without comment in some examples below.) We
recall for later use two well-known examples of the projective tensor norm
| || in E¥2: If E = ¢, then the norm is the ¢1-norm, so (¢7*)£2 = ("™ [29,
Exercise 2.6]. If E = ¢5*, then the norm in (£5")%? of a matrix is its Trace
class norm (also known as nuclear norm and Schatten S; norm, see e.g. [13,
§3.8], [21, §30.2], [31, Chapter 48)]); if A is a symmetric matrix (Hermitean
in the complex case), then this norm equals the sum of the absolute values
of the m eigenvalues.

The fundamental property of tensor products is that they linearize multi-
linear operators. More precisely, in our case, for any linear space F', there is
a natural bijection between multilinear maps L : E™ — F' and linear maps
L : E®" — F determined by

L(zi,...,xn) = L1 ® - @ zp). (3.5)

In particular, taking F' = K, this gives a 1-1 correspondence between n-
linear forms on E and linear forms on E®". It follows from (3.5), the
definition (2.1) and (3.4) that for an n-linear map L € L("F;K), the norm
|L||% of L as a linear functional on E€™ equals the norm ||L|| of L.

In the sequel, we abuse notation by denoting also the map E®" — K
corresponding to L : E™ — K as in (3.5) by the same symbol L (instead of
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L). We thus have

L7 = LI (3.6)
The space (E®™)* of bounded linear functionals on E®™ is thus identified
(isometrically) with £("E; K).

3.2. Symmetric tensor products. A permutation o € &,, defines an au-
tomorphism ¢, of E®" that is defined on elementary tensors by ¢, (71 ®- - ®
Tp) = To(1) ® -+ @ To(p) and extended by linearity. A tensor x € E®" is
symmetric if 1,(x) = x for every o € &,,. The symmetric tensor product
EV"™ is the subspace of E®" consisting of the symmetric tensors.

Define the symmetrization operator A := % > ves, Lo- Then Ais a linear
projection of E®™ onto EV™. We define the elementary symmetric tensors

1
1V Ve, =N ® - Qx,) = ] Z To(1) @ QTo(n) € EV™, (3.7)
UEGn
Note that the tensor powers are elementary symmetric:
"=V Vr=r®-- @z =1%" (3.8)

We will mainly use the notation z®", also when discussing EV™.
If x € EVY™ is a symmetric tensor with a representation (3.1), then also

N
x =A(x) = Z a1k V-V Togk. (3.9)
k=1

Hence, the linear space EV" is spanned by the tensors x1 V ---V z,.

Furthermore, EV" is also spanned by the (smaller) set of tensor powers
%" in (3.8). This follows from the polarization identity (2.7) applied to the
multilinear map L : E® — E®" given by L(z1,...,7,) = 71 ® -+ @ T,
which yields, using (3.7) and (2.4),

B 1 " en
xl\/-~\/mn:L(azl,...,mn):2nn' Z 61---6n<25i$i) .
: i=1
(3.10)

It follows easily, using symmetrization by A as in (3.9), that for a sym-
metric tensor x € EV™, the projective norm in (3.2) is also given by

N N
x| = inf {Z laklllz1pll - ekl c x =D agzip V-V aznk} . (3.11)

k=1 k=1

The symmetric projective tensor norm (or projective s-tensor norm) on
EY™ introduced by Floret [10], is defined by

N N
|x|| s := inf {Z lag|||lzk||™ - x = Zakazfm} . (3.12)
k=1 k=1

By (3.11), (3.12) and (3.10), [|x|/x < ||x[/x,s < 00, s0 || ||z is another norm
on EY". We will see in (3.20) below that the norms are equivalent. We
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denote the normed spaces obtained by equipping EV" with the norms || ||~
and || [|x,s by EY"™ and E)%, respectively.

,s?

Remark 3.6. It follows from (3.12) and Remark 3.2 that for an elementary
tensor power x = ",

122" s = 12"l = l]"- (3.13)
The projective s-tensor norm is the largest norm on EV" that satisfies (3.13).

Remark 3.7. In analogy with Remark 3.3, the unit balls B(E)™) and
B(E}?) equal the closed convex hull of the sets {z1V -V an : z1,...,2, €
B(E)} and {£zV" : z € B(E)}, respectively. Again, if dim(FE) < oo, we do
not have to take the closures, and thus the infima in (3.11) and (3.12) are
attained.

Remark 3.8. Similarly, in analogy with (3.4), it follows from (3.11) and
(3.12) that for any linear operator T : EY™ — F, where F is a normed space,

|T||gyn.F = sup{HT(:Ul Ve Va)| s xr,...,apn € B(E)}, (3.14)
ITLeyer = sup{|IT@™)]| - = € B(E)}. (3.15)

T,S

Conversely, these properties characterize the norms || || and || ||»s on EV™.

Similarly to the bijection in (3.5), there is a bijection between symmetric
multilinear maps E™ — F and linear maps EV™ — F given by

L(z1,...,xn) =L(z1 V- Vag,), (3.16)

where we again abuse notation by using the same symbol for both operators.
In particular, taking ' = K, this yields a bijection between linear forms on
EY™ and symmetric multilinear forms E™ — K.

Let L be a linear form on EY™. The norm of L in the dual of EY™ is by
(3.11), (3.16) and (2.1),

ILIE = sup{|L(e1 V- Vo) : ... Jeall < 1}
— sup{|L(z1,... 2a)| [l vl < 1}
— |zl (3.17)

and the norm in the dual of EY? is by (3.12), (3.16) and (2.11),
1), = sup{ L) qu 1)
= sup{|L(z,.. ezl < 1}
= [[L]a- (3.18)

We obtain from (3.17)—(3.18) and the definition (2.14) immediately the
following;:

Lemma 3.9. The polarization constant cs(n, E) is given by
L%

Cs(na E) =
LE(E\/")*

(3.19)
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In other words, cs(n,E) equals the norm of the identity map (EY?)* —
(ELm)* O

Corollary 3.10. The polarization constant cs(n, E) equals the norm of the
identity map E)™ — EY. In other words, for any x € EV",

1x[lx < [l < es(r, E)[x]|x (3.20)
and cs(n, E) is the smallest constant for which this holds for all x € EV™.
Proof. Lemma 3.9 and duality. U

By (3.14), Corollary 3.10 is also equivalent to
cs(n, E) = sup{Hxl Ve Vaplles il - lan] < 1}. (3.21)

In other words, by (3.12), cs(n, E) describes how efficiently a symmetric
tensor x1 V - -+ V x, with x1,...,z, € B(E) can be decomposed as a linear
combination of tensor powers y(?".

Example 3.11. For a Hilbert space H, Banach [2] showed c¢s(n, H) = 1,
as said in Example 2.6. Thus Corollary 3.10 yields ||x||rs = x|/~ for any
x € HY", n > 1; in other words, HY? = H,/" isometrically. See [12, Section
5].

3.3. Functorial properties. If E and F' are two normed spaces and 7' :
E — F is a bounded linear operator, then 7 induces a linear operator
T®" : B8 — F@" by T (11 @ -+ @ @) = Ty @ - - - ® Tixyy; furthermore,
T®™ restricts to TV™ : EY™ — FV™. We note the following well-known fact.

Theorem 3.12. If E and F' are normed spaces and T : E — F' is a bounded
linear operator, then T®™ : EZ™ — F&" TV" . EX" — FY" and TV" :

E7\r/,2 — F7\r/,? all have norm ||T||™.

Proof. An immediate consequence of (3.4), (3.14), (3.15) together with (3.3)
and (3.13). O

There are some related simple results when we change the normed space.
Recall that the Banach—Mazur distance between two isomorphic normed
spaces (in particular, Banach spaces) is inf{||T||||7~!||}, taking the infimum
over all isomorphisms 7" : ¥ — F.

Theorem 3.13. (i) If F is a quotient space of E, then cs(n, F) < cs(n, E).

(ii) If F is a k-complemented subspace of E, i.e., F' is a subspace and
there exists a projection P : E — F of norm ||P|| < k, then cs(n,F) <
k"cs(n, E). In particular, if F' is 1-complemented, then cs(n, F) < cs(n, E).

(iii) If E and F are isomorphic normed spaces, then cs(n, F) < d(E, F)"cs(n, E),
where d(E,F) is the Banach—-Mazur distance. In particular, cs(n,E) =
cs(n, F) when E and F are isometric.

We omit the proof of Theorem 3.13, which is essentially identical to the
proof of our ordered version Theorem 4.15 below.
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Remark 3.14. It is not true in general that cs(n, F') < cs(n, E) when F is
a subspace of E. For example, /1 (as any separable Banach space) can be
embedded isometrically as a subspace of ¢,. However, by [9, Proposition
1.43] and (2.21), ¢5(n, lx) < ¢s(n, £1) for any n > 2. Also, see [9, p. 52] and
Remark 2.8, ¢s(loo) < c5(£1).

4. POSITIVE TENSOR PRODUCTS AND POLARIZATION CONSTANTS

In the remainder of the paper, we assume that K = R, and that F is an
ordered normed space, i.e., a normed space that is also an ordered linear
space. This means that there is given a closed cone E of positive elements
in E; the order is defined by + < y <= vy — 2 € ET, and, conversely,
Et:={z:xz >0}

We assume also that E = ET — E™ | i.e., that every x € E can be written
as a difference y — z of two positive elements. We define a new norm || ||+
on E by

(|4 == nf{llyl| + 2]l : x =y — 2, y > 0, 2 > 0} (4.1)

and note that the triangle inequality implies ||x||+ > ||z||. Finally, we assume
that

et (E) = sup{Jle] s : [l < 1} (4.2)

is finite. Thus, ||| and || ||+ are equivalent norms on E. Let Ey denote
E equipped with the norm |||+. Then, cy(FE) is the norm of the identity
operator £ — E..

Example 4.1. Some standard examples are £ and ¢, for 1 < p < oo, and
more generally LP(S,F, ) for any measure space (S, F, i), with the stan-
dard definition of positive elements. It is easy to see that in these examples
(for m > 2) ¢; (E) = 2'=1/P, In particular, ¢y (£1) = ¢ (L(S,F, ) =1, so
in these spaces the norms || ||+ and || || coincide.

Example 4.2. The examples in Example 4.1 are examples of Banach lat-
tices, which also include many other important Banach spaces, see e.g. [30]
or [22] for definition and further examples. In a Banach lattice E, every
x € E has a decomposition z = ry — x_ with x4 € ET and |lax| < ||2];
hence 1 < ¢4 (F) < 2.

Example 4.3. If we go beyond Banach lattices, then ¢, (E) may be arbi-
trarily large. A simple example is provided by E = R? with usual positive
cone (the first quadrant) and the norm ||(z,y)| := |z — y| + Clz + y| for
a large constant C; then [|(1,—1)| = 2 and ||(1,—-1)||+ = 2C + 2. Thus
c+(F) = C+ 1. (In fact, equality holds.)

4.1. Positive tensor products. We are interested in decompositions of
tensors using tensor products of positive elements only. If E is an ordered
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normed space, define in analogy with (3.2) and (3.12) the tensor norms
N

N
%5+ := inf {Z Jarllzakll - el x =D apzir @ - @ g, i > 0} :
k=1

k=1
(4.3)
on E®" and

N N

o=t {3 ol = s z0
k=1 k=1

on EV™; these norms are thus defined using only positive elements in the

decompositions. For a symmetric tensor x € EV™, we have in analogy with
(3.11) also

N N
x|, = inf {Z laglllzaell - okl X =D agmin VooV g, o > o} :

k=1 k=1
(4.5)

It is perhaps not obvious that ||x|| s + always is finite, i.e., that there always
exists a decomposition as in (4.4); this is part of Lemma 4.6 below.

As in (3.2), we may add E as another subscript in these notations, and
write e.g. ||X|/r +; g, when we want to indicate the space E explicitly.

We first note that || ||+ is an ordinary projective tensor power norm || ||,
but for the (in general) differently normed space F .

Lemma 4.4. The norm || ||+ £ equals the norm || ||x, g, in (E4)E"

Proof. If © > 0, then ||z||; = ||z||. Hence (4.3) implies that ||x||r, g, <
1%l 4 -

Conversely, it suffices to consider x = 21 ® - - - ® ©,, with z1,...,z, € E.
Let € > 0, and choose x;9, z;1 € E such that x; = x0—x1 and ||zio||+||zi1 ]| <
||xi||+ + €, see (4.1). Then,

1 1
X=21® - @zp=» - Y (= D=0y @ @ Ty, (4.6)
J1=0  jn=0
and thus
1 1 n
Xl <D > Ml langall = T (ol + lzial])
j1=0 In=0 =1
n
< H(H%||++5)- (4.7)
i=1
Letting € — 0 yields ||x||r+; 2 < [[i; lzill+ = x|~ &, - O

Remark 4.5. Lemma 4.4 does not extend to the symmetric tensor products
and norms. For an example, let £ = E%, so By = E by Example 4.1; however,
11, =1)22]ls = (1, =1)[2 = 4 by (3.13), while [[(1, ~1)*2|lxss = 8 by
(6.2) and (6.19) below.
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Lemma 4.6. (i) For every x € E®",
[xllx < lIxllr+ < e (B)" %] (4.8)

(i1) There exists a constant y(n) (not depending on E) such that for
every x € EV™,

[X[l7s < [Xllrse <Y Xl7s 2 < VD)t (B)"[[X[lrs (49)
Proof. (i): The first inequality in (4.8) is trivial. Since the identity map
I : E — E; has norm c4(FE), the identity map I®" : E®" — (E.)%"
has norm c4(F)", see Theorem 3.12, which yields the second inequality by
Lemma 4.4.

(ii): Again, the first inequality is trivial. Furthermore, the argument just
given for (i) shows also that IV" : EY? — (E ), has norm ¢ (E)", which
yields the third inequality in (4.9).

For the second inequality, by (3.12), it suffices to consider a tensor power

x = 2®". Decompose x = y — z with y, z > 0. Define, for ¢ € R, the tensor
w(t) € EY™ by

n
w(t) = (y+t2)*" = (z+ (1 + t)z)®n = Z <n> (t4 1) gV 2V,
i
i=0
(4.10)
where we have used the binomial theorem in the commutative tensor algebra
Unso E¥". Note that z®" = w(—1), and that for ¢t > 0 we have y +tz > 0
and thus

[w(®)lls+ < lly + 21" < (lyll +¢ll=[)"™ (4.11)

Now suppose that p is a finite signed measure on [0, c0) such that

o0 : 1 ) =0
/ t+1)duty =3 170 (4.12)
0 0, 7=1,....,n.

Then (4.10) yields
/ w(t)du(t) = 2V = 2", (4.13)
0

Suppose further that p is supported at a finite number of points, i.e., y is a
linear combination of Dirac measures » _, A\;ds, . Then the integral in (4.13)
is a linear combination >, Mpw(tr) = > Me(y+1t,2)®™ and thus (4.4) yields

125 s < D ellly + ezl < D Il + tll=1)"
k k
<D Pl max(1, )" (lly] + [121)" (4.14)
k

Taking the infimum over all decompositions x = y — z we obtain

125 s < D el max(L, t)" | (4.15)
k
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This implies the second inequality in (4.9) with

y(n) = [ max(1, ;)" (4.16)
k

It remains to show that such a p exists. For this we choose t1 < -+ < t,41
arbitrarily in [0,00). The equations (4.12) become the system of linear
equations

n+1 ' 1 0
S Mt +1)7 = { A (4.17)

P 0, 5=1,...,n.

The coefficient matrix is the Vandermonde matrix with entries (¢ + 1)7,
k=1,...,n+1and j =0,...,n; this matrix is non-singular and thus (4.17)
has a solution. O

The decompositions used in the proof above are in general not optimal.
Optimal decompositions may be much harder to find; two non-trivial exam-
ples are given in (6.32) and (6.34) with (6.38).

From now on, we let 7(n) denote the smallest possible constant such that
(4.9) holds for all E and all x € EV™". We will show that y(n) = 27!
in Theorem 6.1, but until this is proved, we regard v(n) as an unknown
constant.

Lemma 4.6 shows that for any normed space E, || ||r and || ||+ are equiv-
alent norms on E®", and ||| and || ||xs+ are equivalent norms on EV™.
We use EF'}, EY™ and E) | to denote E®™ with the norm || |4 and EV"
with the norms || ||+ and || ||xs+, respectively.

Remark 4.7. In analogy with (3.3) and (3.13), it follows that for a positive
elementary tensor product x =21 ® - -+ ® x,, with x1,..., 2, =0,

21 © - @ zallr g = 21 @ @nllx = [l - lzml, (4.18)
and for a positive elementary tensor power x = x®" with z > 0,
= [|l2%"lr s = J2" |7 = [|]™. (4.19)

ES8 I

T8+ — |z

The norms || ||z + and || ||lxs+ are the largest norms on E®™ and EV", re-
spectively, that satisfy (4.18) and (4.19).

However, note that (for n > 2), (4.18) and (4.19) in general are false for
general © € E; hence || ||rs+ are not tensor norms in the usual sense. In
fact, by Lemma 4.4 and (3.3) applied to E,

n
o1 @ @ anlleg = [Jllzill4, 21,20 € E. (4.20)
=1

Another counterexample for (4.19) is given by the same example E = (2
and (1, —1)®?||; s+ = 8 as in Remark 4.5, given by (6.2) and (6.19) below;
see also (4.29).
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Remark 4.8. Let BT(E) := B(E)N E™, the positive part of the unit ball.
In analogy with Remark 3.3, the unit balls B(E;™ ) and B(E}/? | ) equal the
closed convex hull of the sets {+xq V-V a, : x1,...,2, € BT(E)} and
{+a2V™ : 2 € BT(E)}, respectively. Again, if dim(E) < oo, these equal the
convex hulls (which already are closed); hence, the infima in (4.3)—(4.5) are
attained when dim(E) < oco.

Remark 4.9. Similarly, in analogy with (3.14)—(3.15), it follows from (4.5)
and (4.4) that for any linear operator T': EY™ — F, where F' is a normed
space,

HTHE;’}HF = Sup{||T(x1 VeVl sz, .20 € B+(E)}. (4.21)
and
1Tl gy, r = sup{l|T(@*")]| : x € BY(E)}. (4.22)

Conversely, these properties characterize the norms || ||+ and ||||xs+ on
EV™,

Remark 4.10. Even if E is a Banach lattice, |||+ and ||||s+ are in
general not lattice norms, i.e., in general |x| < |y| does not imply ||x|| <
|y|l. For example, consider (cf. Remarks 4.5 and 4.7) E = ¢2 and let x =
(L,-1)®2=(_{ 7)€ E®*?andy = |x| = (}1) = (1,1)®2. Then, |x| =y
but, see (6.2), (6.19) and (4.19), ||x[|x,s+ = 8 and ||y||rs+ = 4.

For Banach lattices E and F', Fremlin [11] defined a positive projective
tensor norm || [[|;| on £ ® F' such that the completion is a Banach lattice.
In particular, for a Banach lattice E, || |||z is defined on E®", and there is
also a symmetric version || || - on EY", inroduced by Bu and Buskes [4].
It is easily seen that

%/l = inf { Iy llx+ =y > [x]}, (4.23)
s iy = inf {1y llzs,4 =[x} (4.24)

Remark 4.11. A related notion of non-negative rank of a non-negative
tensor x, meaning the smallest N in a decomposition (4.3) with a; > 0, has
been studied by several authors, see e.g. Qi, Comon and Lim [25, 26] and
the references there. Note, however, that we consider arbitrary x above, and
do not require a; > 0.

4.2. Positive polarization constants. In analogy with Corollary 3.10, we
define ¢s 4 (n, E), ¢s;s+(n, E), and cy.s +(n, E) as the norms of the identity
map EY" — EYe BT — EYY . and B — EJT | respectively, i.e.,

,S,+
¢s+(n, E) := sup HXH&, (4.25)
xegvr |[X|x
Cs;s+(n, E) == sup 1l (4.26)

xepn [[Xllrs



16 SVANTE JANSON

Crisi(n, E) := sup Ixllms. (4.27)
xeEvVn ”X| m,+

By (3.14), (3.15) and (4.5), it suffices to consider elementary tensors x =
1 V-V, in (4.25) and (4.27) and x = 2®" in (4.26), i.e.,

|lz1 V-V g |lrs+

¢s+(n,E) = sup , (4.28)
’ wranel [T [l
%" |5+
Cs;s,+(N, B) = sup ————""— 4.29
S; S +( ) s HmHn ( )
(VY

Ctis+(n, E) = sup s Znlrst (4.30)

wryaneB+ 21l 2l

Since ||z|| = ||z||+ when z > 0, it follows from (4.4) that
1%/, B = [[%l7s,4; s (4.31)

and thus Lemma 4.4 implies

c+;s7+(n, E) == Cs7+(n7 E_|_) (432)

We will therefore usually ignore c4.s 4, and leave it to the reader.

We may also consider the identity maps ES™ — EZ"} and EY" — E)",,
but we then do not need any new notation since it was shown in the proof
of Lemma 4.6 that both have norm cy(E)", i.e.,

”XHﬂ'Hr = sup ||X”7T7+ _ C+(E)n. (4.33)
xepon Xz xepvn [1X|x

Note also that the inverses of all identity maps considered here have norm
1. Thus, or directly from the definitions, csy(n, E) > 1, css+(n, E) > 1,
Ctis+(n,E) 21, and cy (F) > 1.

Several inequalities between the different polarization constants follow
directly from the definitions and Corollary 3.10, by considering compositions
of the identity maps. For example,

max(cs(n, E), ¢s;s.4(n, E)) < s 4(n, E) < cs(n, E)cs;s +(n, E).  (4.34)
Similarly, by (4.26) and (4.9),
1< coas (0, B) < y(m)es (EY". (4.35)

Moreover, using (4.31), y(n) is the smallest constant such that ||x|[zs 1.5, <
vy(n)|[x|lxs; £, for all normed spaces E and all x € EV ie.

v(n) = supcgs 4 (n, B4 ). (4.36)
E

Using (4.35), we thus also have

Cs; 5,+(n7 E)

s%p cr () (4.37)

v(n) =
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Example 4.12. For n = 1, EV! = E®! = E. It is obvious that the norms

|zll= = ||z|rs = |lz| for any z € E; furthermore, see (4.4) and (4.1),
|z||xs+ = |lz||+. In particular, by (4.25)-(4.26) and (4.2),

es+(L,E) =css+(1, E) = c(E). (4.38)
Thus (1) = 1.

We note also that the definitions (4.3)-(4.4) and (4.20) imply [|2%" ||z s+ =
|2 .+ = [|2||t. Thus, using (4.34), (4.29), and (4.2),

Cos(n, B) > cyss(n E) > ey (B, (4.39)

Example 4.13. If H is a Hilbert space H, then (4.34) and Example 3.11
yield

Csis,+(n, H) = s 4.(n, H). (4.40)

We will see in Examples 8.1 and 8.2 that the result by Banach [2] in
Example 3.11 does not extend to the positive tensor norms, i.e., in general
|74 5 # ||X||7s,4; 7, €ven when H is ¢3 with the usual ordering.

Furthermore, Example 8.2 also shows that for this example cs 4 (2, (3) =
Cs;s.+(2,03) = 3, and thus the second inequality in (4.39) is strict; recall that
c+(£3)? = 2 by Example 4.1.

4.3. Multilinear forms on ordered spaces. If E is an ordered normed
space, define for an n-linear form L € L£("E;R), in analogy with (2.1) and
(2.11),

IZll4 = sup{|L(z1, ..., zn)| : |21ll = -+ = [lwal <1, 21, 20 > 0.
(4.41)
ILlla+ = ILll+ = sup{|L(,...,2)| : [lz]| < 1, z > 0}. (4.42)

Then [|L||+ equals the norm [[L]|; ; in the dual of Efgi If L is symmetric,
then also || L||y equals the norm ||L[[% | in the dual of E", and ||L||a +
equals the norm [|L||; ¢ | in the dual of EJ? ..

By duality, ¢s+(n, E) and ¢4 (n, E) equal the norms of the identity
operators (EYT )" — (EJ/")* and (B} )* — (EJ2)*, respectively. Hence,
using (3.17)—(3.18),

IL]]

rec,ex) 1 Dllaqs’

Lia
Cs;s+(n, E) = sup g,/ | .
LeLs("E;K) H HA,+

cs+(n, E) = (4.43)

(4.44)

4.4. Functorial properties. We have functorial properties similar to the
ones in Theorem 3.12, but now only for positive operators.

Theorem 4.14. If E and F are ordered normed spaces and T : E — F is
a positive bounded linear operator, then T®" : EZ", — FZ, TV™ : EY" —
EY% and TV - EY't | — FY? . all have norm || T||".
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Proof. An immediate consequence of the definitions (4.3) and (4.4) together
with (4.19). O

It follows that there is a version of Theorem 3.13 for ¢ (n,E) and
Cs;s+(n, E), but more restrictive.

Theorem 4.15. Theorem 3.13 extends to both csy and cssy, with the
following additional assumptions.

(i) The quotient mapping E — F' is positive.

(ii) The projection P : E — F' is positive.

(iii) A positive isomorphism T : E — F exists, and the Banach—Mazur
distance d(E, F') is replaced by the “positive Banach—Mazur distance” d4(E, F') :=
inf{||T||||T~||}, taking the infimum over all positive isomorphisms T : E —

F only.

The positive Banach—-Mazur distance defined here is in general not sym-
metric. It can be replaced by the (generally larger) symmetric “ordered
Banach—Mazur distance”, defined by taking the infimum over order isomor-
phisms T : E — F only.

The three parts of Theorem 4.15 are proved by the same argument, which
we state more generally as a lemma.

Lemma 4.16. Suppose that E and F are normed spaces, that T : E — F
is a positive bounded linear operator onto F, and that A is a constant such
that for every x € F and € > 0, there exists y € E with Ty = = and
[yl < (A+e)llz]l. Then csi(n, F) < (A[T])"cs 1 (n, E) and cs;s.4(n, F) <
(AlTI)"es; s.4-(n, E).

Proof. Consider first ¢ . We use (4.28). Let x1,...,2, € B(F) and let
e > 0. By assumption, there exist yi,...,y, € E such that |y;|| < A+e¢
and Ty; = x;. Then TV™(y; V -+~ Vy,) = 1 V -+ V x, and thus, using
Theorem 4.14 and (4.28),

Jor VeV @allmss < ITIlg V-V gllrss < IT17ess (o, Bl - gl
< TN ess (n, B)(A + )" (4.45)

Now let ¢ — 0 and use (4.28) again.
The proof for cs.s 4 is the same, now using (4.29) and taking x; = = and
y; = y for all i. (]

Proof of Theorem 4.15. We apply Lemma 4.16 as follows:

(i) Let T be the quotient mapping £ — F. Then ||T] = 1, and, by
definition of the quotient norm, the assumption of the lemma holds
with A = 1.

(ii) Let T'= P and let A = 1; we can take y = x.

(iii) If T : E — F is a positive isomorphism, we take y = T~ 'x and the
assumption of the lemma holds with A = ||T7Y|. Thus ¢s 4 (n, F) <
(ITINT= ) es 4 (n, E) and similarly for css . Take the infimum over
T. O




TENSOR NORMS AND EXCHANGEABLE DISTRIBUTIONS 19

5. ¢1 IS EXTREME

We have seen in Example 2.7 that ¢; and /] are extremal among all
normed spaces for c¢s(n, E). The next two theorems show that they are
extremal also for ¢s and c¢s;s 4, provided we compensate for c; (E); recall
that Example 4.3 shows that ¢y (E) may be arbitrarily large, so (4.38) and
(4.39) show that supg s+ (n, E) = supg ¢s;s +(n, E) = oo for any n > 1.

Theorem 5.1. If n < m < oo, then cs 1 (n, ") = k(n), where

k(n) :=lle1 V- Vey|

TS5+l = lex V.-V en”ﬂ,S,—Hﬁ?- (5.1)
Furthermore,

E
%n’n) = sup cs+(n, E) =cst(n,l1) = cs4(n, 07) = k(n).
E  c+(E) By (E)=1
(5.2)

Proof. First, note that the natural injection ¢ — ¢; and projection ¢; — (7
have norm 1, and that this implies the equality of the two tensor norms in
(5.1) by Theorem 4.14.

Let z1,...,2, € E with 2; > 0 and |z;|| = 1. Define a linear map
T :0" — E by Te; := x;. Then T is positive and ||T|| = 1, and thus, by
Theorem 4.14, TV" : (£7)% . — EY% | has norm 1. Hence,

|1 V- Vaplrst+: B = [TV (ex V-V en) x5+ B
<llerve--v en”ms,—&-;é? = K(n). (5.3)
It now follows from (4.5) that for any x € EV",
1|75+ < K(0)[[X] |7+ (5.4)
Combining (5.4) and (4.8) yields ||x||xs+ < &(n)[|x]|r+ < &(n)cy (E)||x]|#
and thus
Cs,4-(n, B) < K(n)ey (E)". (5.5)
It follows immediately from (5.5) and ¢4 (€7*) = 1 that cs 4 (n,¢]") and all
terms in (5.2) are at most k(n).
Conversely, if n < m < oo, then, using the injection /1" — /1,
K(n) =ller V- Ve Tl S ler V-V enHTr,S,—&-;Z{”
<es (0)]ler V- -+ Voen]|r; o= cs,+(07"). (5.6)
Hence ¢s 4+ ({1*) = k(n). Furthermore, (5.6) implies that each term in (5.2)
is at least x(n), so equalities holds. O

Example 5.2. We show that x(2) = 3. This can be shown using the general
results (7.23) and (7.33) in Remark 7.8 and Section 7.3, but we give a direct
proof.

For an upper bound, we use the decomposition

e1Vey = 2(%61 + %62)®2 — %6?2 — %6?2. (5.7)



20 SVANTE JANSON

For a lower bound, we consider the linear map L : (£2)¥2 — R given by

e} ® e +es ey —6efVes, ie., (¢%) — a+c—6b. A positive unit vector
in 2 is (z,1 — =) for some x € [0,1], and

Lz 1-2)®) =2+ (1-2)*—-6z(1-2)=1-8z(1—z). (5.8)

Since 0 < z(1—z) < 1, |L((z,1—2)®?)| < 1, and thus, by (4.22), L[5 s+ <
1. Furthermore, L(e; V e2) = —3. Hence |[e1 V €2z s+ = 3.
Consequently,

#(2) = ller Vea|lrs i = 3. (5.9)

We study the constant x(n) further in Section 7, where it plays an im-
portant role.

Theorem 5.3. If 2 <m < o0, then cs 54 (n, 07") = y(n). Thus,

Cs: n, B
sup%n) =  sup Css+ (N, E) =css4(n,l1) =cs 5,+(n,€%) = v(n).
E c+(E) E:cy(E)=1
(5.10)

We will find the explicit value 2*~! in Theorem 6.1.

Proof. Since ¢4 (07") =1, ¢s;5.4(n, £7") < 7y(n) by (4.35).

Conversely, suppose that * = y — 2z with y,z € ET. Let yo := y/||y||
and zg := z/||z|| (with 0/0 := 0). Further, assuming m > 2, let u :=
(lyll, =lI=l,0,...) € £ then |lull = [ly|| + [|=]|-

Define the linear map 7' : ¢1* — E by T'(ay,az,...) = a1yo + a2zo. Then
T(u) =y — z = x. Furthermore, T" has norm (at most) 1 and maps positive
elements to positive, and therefore by Theorem 4.14, T®" maps (ZT);ﬁg’ n
into E)/%? , with norm at most 1. Consequently, recalling (3.13),

12" r s 45 2 = 1T s s 2 < U s sop < s (0, ) 1™ | 5500

= csist-(n, ) [ull™ = esis.4- (n, 6°) ([l + 21D (5.11)
Taking the infimum over all decompositions z = y — z with y, 2 € E* yields
2" s, < sy, (n, 67 2 (5.12)

This holds for every « € E, and hence, by (4.29) and (4.31),
Cs;5,4-(, By ) < cgps,4(n, 07°). (5.13)

This holds for every normed space E, and thus (4.36) shows y(n) < ¢s;s +(n, £7").
Hence, each term in (5.10) is at least y(n). On the other hand, css (1, ¢1")
and all terms in (5.10) are at most y(n) by (4.35). Hence, equalities hold. O

Remark 5.4. In analogy with (2.22), we can define

Cs+(E) = limsup cs 4 (n, E)Y/™, (5.14)
n—oo
Cs;s4 (E) :=limsup cs; s + (1, E)l/”. (5.15)

n—oo
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By (4.34), (2.23), (4.35) and Theorem 6.1 below,
1< es54(B) < 5,4 (E) < os(E)es;s,+ (E) < ecs;s 1 (E), (5.16)
Csis+(B) < 24 (E). (5.17)

For example, by Theorem 6.1, ¢s.s +(/]") = 2 for 2 < m < oo. By (5.16),
2 < s+ (07") < 2e; we do not know the exact value.

6. THE VALUE OF ~(n)

The proof of Lemma 4.6 yields an upper bound for vy(n) in (4.16)—(4.17).
However, it seems difficult to evaluate this exactly in general, and we do not
know whether this method yields an upper bound is optimal. We thus find
~v(n) by a different method, using Theorem 5.3. (This gives another proof
of Lemma 4.6(ii).)

Theorem 6.1. (i) Forn > 1, y(n) = 2" 1.
(ii) If 2<m < oo and n > 1, then cs 4 (n, £7%) = 2771,

Proof. By Theorem 5.3, v(n) = cs;s+(n,¢7"), for any m > 2. Hence, the
two parts are equivalent, and it suffices to prove (ii) with m = 2. Thus, let
E = (2 and use (4.29), which yields

(@, &)™ |ls.+

2
v(n) = cs;5+(n, 1) = sup 6.1
(1) = s (m ) = S0 = ol + o) O
Fix n > 1 and write, for convenience,
¥(a,b) = [(a,0)" |l x5 1 - (6.2)

Since —(a,b) = (—a, —b), it suffices to consider a > 0. Obviously, if a,b > 0,
then (a,b) € (¢3); and thus, by (4.19),

P(a,b) == ||(a,b)||" = (a+b)", a,b>0. (6.3)

Hence, the interesting case is a > 0 > b. However, we continue to consider
general a,b € R.

The unit vectors in (¢2) are (z,1 — z), € [0,1]. Consequently, the
definition (4.4) can be written as

1
W(a,b) = ||(a, )" |5+ = inf ||| = inf/O |dpl (), (6.4)

taking the infimum over all signed measures of the type u = Z,ivzl a0z, on
[0, 1] such that

1
/0 (2,1 —2)®"du(z) = (a,b)®". (6.5)

In other words, we take the infimum over all signed measures with finite
support in [0, 1] that satisfy (6.5). On the other hand, for any signed measure
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on [0,1],

! 1
- </0 [, 1= 2)*" | dul(@) :/0 |y ()

(6.6)
since the integral exists as a Bochner integral in (6%);/2 +- (Recall that
the spaces are finite-dimensional, so there is no problem with convergence.)
Consequently, we can just as well take the infima in (6.4) over all signed
measures 4 on [0, 1] satisfying (6.5).

Expanding the tensor products in (6.5) in (£2)®", we see that (6.5) is
equivalent to the system of equations

|/ (1~ )" dp(a)

1
/ M1 — )t dp(e) = a" MO, k=0, (6.7)
0

The coefficients of the n + 1 polynomials g (x) := 2" ¥(1 — 2)* k =
0,...,n, form a triangular matrix which is non-singular; consequently these
polynomials form a basis in the (n+1)-dimensional space P, of polynomials
(of a real variable) of degree at most n. Hence, there exists a unique linear
functional x,, on Pg, such that

Xap(qe) = a"FbF, k=0,...,n, (6.8)

and (6.7) is equivalent to fol qr(z) dp(z) = Xap(qr), K =0,...,n, and thus
to

1
/0 p(z) dpu(z) = xap(p), P E Pen. (6.9)

For a compact interval [c,d] C R, let Clc,d] be the standard space of (real)
continuous functions on [¢, d] with the norm

If]l:=sup |f(x)], (6.10)

z€[e,d]

and let Pgy,[c, d] denote P, regarded as a subspace of C|c, d], i.e., equipped
with the norm (6.10). The dual space of C|[c,d] is the space of signed mea-
sures on [c,d], with the total variation norm as in (6.4). Hence (6.4) and
(6.9) yield

U(a,b) = inf{[|xllcp- : 1) = Xap(p) for p € P<y0,1]}, (6.11)
which by the Hahn—Banach theorem yields
Y(a,b) = |IXapllpe, 0,17 (6.12)

We next identify xqp. The definition (6.8) and the binomial theorem
yield, for k =0,...,n,

k

Xap (2" ) = Xap(a" F@+1—2)") =) <§> Xap (2" FHEI(1 — z))

J=0
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ko /k o
— Z < ,)an_k-i—k_jb] _ an—k(a + b)k
=0

oy (—2 )" 6.13
=@+ () (6.13)
where the last equality assumes that a + b # 0. Consequently, if a + b # 0,

then

a
= (a+b)"p(—) 6.14
Xap(p) = (a+0)"p( (6.14)
for the monomials p(x) = 2" %, and thus for all p € Pc,. It can also be
seen immediately that (6.14) defines a linear functional on P, that satisfies
(6.8). Hence, in this case x4 is essentially a point evaluation at a/(a + b),
and 1 (a,b) is by (6.12) given by the optimization problem

Y(a,b) = |a+b|" sup{’p(aibﬂ : Jél[%ﬁ] Ip(x)| = 1}, a+b#0. (6.15)

Note that if a,b > 0 (with a+b > 0), then a/(a+b) € [0, 1], so the supremum
in (6.11) is trivially 1, and thus ¢ (a,b) = (a + b)", as seen directly in (6.3).
In contrast, in the case a > 0 > b, a/(a +b) ¢ [0,1], so (6.15) becomes an
extrapolation problem.

In the case a + b = 0, (6.13) yields instead x4 ,(z" %) = 0 for £ > 1 and
Xap(z") = a™. Hence, letting [z*]p(z) denote the coefficient of z* in the
polynomial p(z),

Xa—a(p(z)) = a"[2"]p(z). (6.16)

In other words, apart from a constant factor, x,,—q extracts the coefficient of
™. (This can also be seen as a limiting case of (6.14), with a/(a+b) — 0.)

We consider the two cases separately, beginning with the case b = —a.
By homogeneity, it suffices to consider a = 1. By (6.12) and (6.16),
Y(1,-1) = [lp = [2"Ip@)]| p_ 017+ (6.17)

The mapping p(x) — p(2x — 1) is an isometric bijection of P<,[—1,1] onto
P,,[0,1]. Since [z"]p(2z — 1) = 2"[z"|p(x), it follows that we have

P(1,-1) = 2”Hp — [:p”]p(x)HP@[_Lu*. (6.18)

We thus want to find the largest possible coefficient of z" for a polyno-
mial of degree n that is bounded by 1 on [—1,1]; equivalently, we want to
find the polynomial p(z) with leading coefficient 2™ such that ||p[|cj—1,1) =
sup_; 1 |p(z)| is minimal. This is a classical problem in approximation the-
ory, which is solved by a multiple of the Chebyshev polynomial T, (z) :=
cos(narccosx), see e.g. [23, 18.38(i)] or Rivlin [27, Theorem 2.1]. Since T,
has norm 1 in Pc,[—1,1] and its leading coefficient is 2"~!, it follows that
p > [#"]p(z) has norm 2"~ ! on Pc,[—1,1], and thus (6.18) yields

P(1,—1) =221, (6.19)
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Consequently, (6.1) yields

lﬁ(l, _1) —
y(n) > = =2"N
In order to see that equality holds in (6.20), we now consider the case
a+ b # 0, where we have shown (6.15). It suffices to consider the case
la| > [b] and @ > 0 > b; then 47 > 1. We transfer again to P<,[—1,1] by
the mapping p(z) — p(2z — 1) and see that x4 in (6.14) then corresponds
to

(6.20)

a a—b
b2 1) = (a+0)"p(S—). 21
pr(a+b)"p(2— (a+0)"p( (6.21)
Let & := Z—;Z > 1. The problem is now to maximize p(§) for p € P,

with sup_j<,<1 [p(z)] < 1. Again, the (unique) extremal polynomial is the
Chebyshev polynomial T}, (z), see [27, 2.7.1]; hence (6.12) and (6.21) yield

b
W(a,b) = (a+ b)"Tn<Z—+b), a>0>banda+b>0.  (6.22)

Finally, we note that if > 1 and y := arccosh z, then T},(z) = T, (coshy) =
cosh(ny), and thus

Tn(x) = %(e"y +e ™) < %(ey +e V)" =2" g (6.23)

Consequently, (6.22) implies, for a > 0 > b and a + b > 0,

a—b\n . 4 nent .
m) =2""(a=b)" =2""(|a[ + [B])". (6.24)

It follows from (6.24) and (6.19) (which is a limiting case that also follows
from (6.22) by continuity), together with the trivial case a,b > 0 treated

earlier, that 1 (a,b) < 2" !(|a|] + |b])" for all real a and b. Consequently,
(6.1) yields

Bla,b) < (a+ b2t (

¢(a7 b) n—1
y(n) = sup ——————— < 2",
()= S Gal + )"

By (6.19) and (6.20), we have also the opposite inequality, and Theorem 6.1
is proved. U

Remark 6.2. Since T,,(z) = 3((z + Va2 —1)" + (z — Va2 —1)"), the
formula (6.22) in the proof can be written (changing the sign of b)
a+ b)

(@, =0)®" ||z s+ = ¥(a, —b) = (a — b)”Tn(a 7

~ (a+b+2Vab)" + (a+b—2Vab)"
B 2

_ (\/6 + \/6)271 —; (\[ - \/6)2n7 (626)

valid for any a,b > 0 by symmetry, with the case a = b following by conti-
nuity or by (6.19).

(6.25)
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Example 6.3. We used in the proof of Theorem 6.1 the classical fact that
T, (x) is extremal for (6.18). This can be seen as follows, which also yields
an explicit decomposition of the tensor product (a, b)®™. (See Rivlin [27] for
further details and related results.)

We substitute x = cos 6; this yields an isometry p — p(cos 8) of P<,[—1, 1]
onto the space of trigonometric polynomials

Tn = {Zakcoskezao,...,aneR} = { Z b|k|61k9:b0,...,bneR}
k=0

k=—n
(6.27)
with the norm ||g|7;, = supg |¢(f)|. The linear functional p — [z"]p(x) on
P, [—1,1] corresponds to the linear functional y mapping a trigonometric
polynomial ¢(6) = > __qarcos® 0 =3 by to a, = 2"b,. A simple
calculation (a Fourier inversion in Zo,) yields

"]

2n—1 2n—1 n

1 ; j7T 1 ij n)mw/n
o 2 CVa(TT) =50 D0 3T bt =2, (6.29)
j=0 j=0 k=—n
and thus
1
[ba] < 5 lall; (6.29)

with equality for ¢(0) = cos(nf). Consequently, the linear functional g — b,
has norm % on Ty, so the linear functional ¢ — a,, = 2"b,, has norm 2"~ 1. As
said above, this corresponds by an isometry to the linear functional [z"]p(z)
on Pc,[—1,1], so this functional too has norm 2"~! and (6.19) follows.

We see also from (6.28) that for any p € Pgy, with ¢(6) = p(cos9),

2n—1 2n—1 ' jﬂ' 2n—1 2n—1 ' jﬂ'
n —_onp _ _1)\J ) — —_1)\J .
[#p(e) = 2" = S > (~1q (7 ) = 5= 37 (~1p(cos 7).
Jj=0 j=0
(6.30)
Transforming back to [0,1], this yields
" 92n—1 201 - /1+ cos %
i) = ) = 5 3 ()
]:
92n—1 2n—1 ) g
=5 Z(—l)ﬂp<cos2 %) (6.31)
=0

This yields an optimal representation of x1 1 as a signed measure £ on [0,1],
which by the argument above corresponds to an optimal decomposition of
(1,—1)®" into positive tensor powers:

| . e
(1,-1)%" = 3 (-1y (cos2 %,sinZ ﬂ) . (6.32)
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(Note that there are only n 4 1 different tensor powers on the right-hand
side, since the terms for j and 2n — j are equal in (6.32), as well as in (6.30)
and (6.31).) Moreover, it follows also from this argument that this optimal
decomposition is unique.

Example 6.4. We can similarly find an optimal decomposition of (a, —b)®"
for arbitrary a,b > 0. Assume a — b # 0; then (6.21) (with —b instead
of b) and the arguments above show that we want to represent the linear

functional p - p(€) on Pey[—1,1] for a given £ = ¢ with |¢| > 1. Again

we seek a representation as a linear combination of p(cos %), j=0,...,n,
since these are the points where |T,,(x)| attains its maximum on [—1,1],
Thus, again extending the summation to j = 0,...,2n — 1 for convenience,
we want to find ¢;(§), with cop—;(§) = ¢;(§), such that
2n—1 jW
P =Y ei(@p(cosZ),  pe P (6.33)
§=0

In fact, if (6.33) holds, then it extends to vector-valued polynomials (by
considering each component separately); taking p to be the vector-valued

polynomial (1%, 1_Tz)®n then yields
2n—1 . .
b en
(a,—b)®" = Z (a —b)"c; (Z i— b) (0052 ‘;—Z, sin? é—;) . (6.34)
5=0

Since Pg, has dimension n + 1, there exists a unique such representation
(6.33). Moreover, the general theory, see [27, Chapter 2| for details, or
alternatively the calculations at the end of this example, shows that the
representation (6.33) is optimal in the sense that ) [c;(£)| equals the norm
of p — p(§) on Pc,[—1,1]; furthermore, this is the unique optimal repre-
sentation. Consequently, (6.34) yields the unique optimal decomposition of
(a, —b)®".
In order to find ¢;(§), we take p(z) = Ty(x) = cos(karccosz) in (6.33)
and find
2n—1 jkﬁ
Ti(&) = Z ¢j(§)cos ==, k=0,...n. (6.35)
7=0
Furthermore, by our choice ca,—;(§) = ¢;(§), Ziial (&) sin % = 0 for any
k; hence (6.35) yields
2n—1

S (@) = Ty(6),  k=-n,...n. (6.36)
=0
A Fourier inversion (on Zs,) now yields

n—1
€)= — 3 T (e). (6.37)

 2n
k=—n
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Substituting this in (6.34) yields the optimal decomposition of (a, —b)®" for
any a,b > 0, with the case a = b in (6.32) interpreted as a limit.

We can calculate the coefficients ¢;(§) in (6.37) more explicitly. Suppose
that @ > b > 0, s0 £ = 2 > 1, and let y := arccosh“—“'g > 0. Then

a—b a—

T (&) = cosh(ky), and thus (6.37) yields

a+by 1 2 1 =
. _ - ijkm/n _ - ijkm/n+ky ijkm/n—ky
¢; <7a — b) =5 kz e cosh(ky) = i kz (e +e )
=—n =—N
1 eir (e”y — e_"y) 1 eir (e‘”y — e"y)

T In ety —1 dn errv_1
_ (_1)jsinh(ny)< _ 1 L 1 )
nm euﬂ/n+yA7 1 euﬂ/nfyAf 1
: ijm/n— g/
;sinh(ny) euT/n=y _ elim/nty

2n T/ 1 — €T/ (e 4 V)

- (-1)

-sinh(ny) sinhy

~ (-1y

In particular, note that sign(c;j(n)) = (=1)7, so ¢;(€) alternates in sign. This
shows by (6.33) and the fact that T}, (cos(jr/n)) = (—-1)7,

. 6.38
2n coshy — cos(jm/n) (6.38)

2n—1
I 6O e = e (69
§=0
and thus, by (6.12) and (6.21) (still with b replaced by —b)
2n—1
Y(a,—b) = (a —b)" Z |c;(n)]. (6.40)
j=0

This verifies directly that the decomposition (6.34) is optimal, without the
general theory referred to above.

Remark 6.5. Another expression for ¢;(£) can be obtained using the La-
grange interpolation polynomials (;(x) for the points x; = cosZr, j =
0,...,n, see [23, §3.3]; these are given by {(z) =[], 4 ;;:z;j and are char-
acterized as the polynomials in Pg, satisfying fy(x;) = &1, and thus, for
any polynomial p € P¢, and any real (or complex) &,

p(&) =D _t;(©p(x;). (6.41)
=0
Consequently, ¢;(§) = £;(£), now summing for j =0,...,n only.

7. EXCHANGEABLE RANDOM VARIABLES

7.1. More notation. Let S = (5,S) be an arbitrary measurable space.
M(S) denotes the Banach space of (finite) signed measures on S, with ||u||
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defined to be the total variation of p. Furthermore, P(S) is the subset of
probability measures on S, i.e., the positive measures with norm 1. We
regard M(S) and P(.S) as measurable spaces with the o-fields generated by
the evaluations p +— u(A) for measurable A C S (i.e., A € S). Recall that
if X is a random element of S, then its distribution is a measure in P(.5).

If z € S, then J, denotes the Dirac measure, i.e., unit point mass, at x.
(This is the distribution of the non-random X := z.)

For a finite (or countable) set S, we identify the space M(S) of signed
measures on S with ¢;(S5). In particular, J, is identified with the vector
(Liy—z})yes € £1(S), and thus 6; = e; when S = N. Note that if X is a
random variable with distribution p € P(S) C M(S), then dx is a random
vector in £1(S), and for every s € S, Edx(s) = P(X = s) = u{s}; hence,
with the identification M(S) = ¢1(S) just made,

Eox = p € £1(95). (7.1)
Recall that [n] :={1,...,n}.

7.2. Finitely exchangeable distributions. Let S = (5,S) be a measur-
able space. A random vector X = (X7,..., X,,) with values in S™ is (finitely)
exchangeable if its distribution is symmetric under permutations. See e.g.
Aldous [1] for a survey of both finite and infinite exchangeability.

For an infinite exchangeable sequence X = (X;)$°, the well-known de
Finetti’s theorem says that under weak technical conditions on S (for exam-
ple that S is a Borel space), the distribution is a mixture of product (power)
measures, see e.g. [1, §2] or [17, Theorem 1.1]. In formulas, this says that
if P(S) is the space of probability measures on S, and px € P(S*) is the
distribution of X, then there exists a probability measure A on P(S) such
that

pUx = /73(3) v dA(v). (7.2)

It is also well-known that this, in general, fails for finitely exchangeable
sequences, see e.g. [6; 7]. A substitute in the finite case is that there always
exists such a representation with a signed measure \. To be precise, see [5,
V.52], [15], [19], [16], if X = (X1,...,X,) is exchangeable, with values in
an arbitrary measurable space S, then there exists a signed measure A on

P(S), i.e., A € M(P(S)), such that
Ux :/ v dA(v). (7.3)
P(S)

A natural question (posed in [16]) is how large the total variation ||A| of A
has to be. Since px is a probability measure, we always have [ dA(v) = 1,
and thus ||A|| > 1, with equality if and only if A is a probability measure
(as in de Finetti’s theorem (7.2)). Hence, ||A|| is a measure of how far the
representation is from the ideal representation as a mixture of powers. Note
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that X is not unique, so we are interested in the optimal A\, or more generally
inf | \]| over all possible representing A in (7.3).

Partial answers to this question are given by the following theorems, which
connect this problem to the tensor norms studied above.

Theorem 7.1. (i) If X = (Xy,...,X,,) is exchangeable, with values in
an arbitrary measurable space S, then its distribution ux € P(S™) has a
representation (7.3) with a signed measure A on P(S) such that

M mp(sy) < K(n), (7.4)
where, as in (5.1),
K(n) = cs(n,l1) = ller V- Ven|ln st (7.5)
The constant k(n) given in (7.5) is, in general, the best possible. We have
n e nn
(ii) If furthermore S is finite, with |S| = m, then (7.4) can be replaced by
M amepesy) < cs+(n, 677). (7.7)

Moreover, this constant is the best possible for the given S. If m > n, then
this constant equals k(n).

By Example 5.2, x(2) = 3; hence neither of the bounds in (7.6) is sharp.
Problem 7.2. What is the exact value of k(n)?
It follows from (7.6) and Stirling’s formula that, recalling (5.14),

e < limsup k(n)™ = ¢s 1 (1) < 2e. (7.8)
n—oo
Problem 7.3. What is limsup,, . £(1n)"/"? Does lim,, o #(n)"/" exist?

Before proving Theorem 7.1, consider first for simplicity the case when
S is finite. As said above, we then identify signed measures on S™ with
vectors in ¢1(S™); thus a distribution (i.e., probability measure) pu on S”
is the same as a positive element of norm 1 in ¢;(S™). Since S is finite,
01(S™) = £1(S)2™ isometrically, cf. Example 3.5. Thus, a distribution p on
S™ is the same as a positive element of norm 1 in ¢1(S)2™. Furthermore,
by definition, u is exchangeable if it is invariant under permutations of the
coordinates, which is the same as saying that u, regarded as a tensor in
01(S)®", is a symmetric tensor. Hence, an exchangeable distribution u is a
positive element of ¢1(S)"™ with ||ul» = 1.

Consider now representations as in (7.3) of an exchangeable distribution
pux. If A has finite support, then (7.3) becomes a representation as in (4.4),
and thus ||px|lzs+:6(s) < [[All. Furthermore, this extends to arbitrary
measures A since (7.3) implies

75+ </||V”Hm,+ dA[(v) = [IA]l- (7.9)

x|
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(The spaces are finite-dimensional and there are no problems with measur-
ablilty or convergence.) Conversely, a representation as in (4.4) yields a rep-
resentation (7.3) with A = 3 7, ag||zk||"0gy /|1a ) and thus [|A]] < 375 |ag|||zg]|™.
Recall also that by Remark 4.8, the infimum in (4.4) is attained. Conse-
quently, when S is finite, we have the following result.

Theorem 7.4. Let X = (X1,...,X,) be exchangeable, with values in a
finite set S, and regard its distribution ux € P(S™) as a vector in £1(S™).
Then

it { ] : (7.3) holds} = lixln s :01(5)- (7.10)

Moreover, the infimum in (7.10) is attained by some signed measure A on
P(S); in fact, by some \ with finite support. O

Theorem 7.4 shows that if S is finite, then (7.3) holds with ||A|| = [|xx ||x,s,+-
A special case is to take S = [n] := {1,...,n} and let the random vector
(X1,...,X,) be a uniformly random permutation of {1, ..., n}, which means
that ux :=e1 V---Ve,. This case is easily seen to be extreme. In fact, if
S is any finite set and x = (x1,...,2,) € S”, then

ox(€) == dg; (7.11)
defines a positive linear operator px : £} — M(S) = ¢1(S) with ||ex| =1,
and thus, by Theorem 4.14, |[05, V-V 0y, |lrs+ < [le1 V- Venllrs+. Fur-

thermore, every exchangeable distribution ux on S™ is a convex combination
of tensors of the type 6, V-V d,,. Consequently,

lxlms+ < ller V- Ven|lrs . (7.12)
This proves, together with (7.10), the main assertion in Theorem 7.1 when
S is finite.
The general proof uses the same idea; we only have to add some techni-
calities, which we borrow from [16], where further details may be found if
necessary; see also [19].

Proof of Theorem 7.1. (i): Fix a representation

N
elv'--\/en:Zam}?”, (7.13)
k=1

where aj, € R and 7 > 0 are unit vectors in £} = M([n]); thus n € P([n]).
For any x = (x1,...,zy) € S", define again the linear map ¢ : M([n]) —
M(S) by (7.11) and linearity, and note that px maps P([n]) into P(S). (¢x
is the natural push-forward of measures induced by the mapping [n] — S
given by i — z;.) Furthermore, p$" : M([n])®™ — M(S)®™ and we may
regard M(S)®" as a subspace of M (S™) also when S is infinite.
Define further, using the decomposition (7.13),

N
Uy =Y arg () € M(P(S)). (7.14)

k=1
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Then, for any x € S”, using (7.13) and (7.11),

N
v d?/)x Gk@x nk ak(px
/P(S) Z ;
= % (61\/-"\/671):gox(el)\/‘--\/cpx(en)
=Gy, VeV By (7.15)

Furthermore, for each fixed n € P(S), the map x — ¢x(n) is measurable
S™ — P(S), and thus the map x +— 1)x is measurable S™ — M(P(S)).
Hence, ¢x is a random measure in M(P(S)). Moreover, by (7.14),

N
x|l mpesy < K= lag|. (7.16)

Hence, we can define the expectation A := E¢x € M(P(S)), cf. [18, Lemma
2.4]. Furthermore, (7.16) implies ||| sq(p(s)) < K, and (7.15) implies

/ v dA(v) :IE/ vV dyx (v) =E(6x, V- Vix,) = px.  (7.17)
P(S) P(S)

This shows the existence of a representation (7.3) with ||A|| < K, given by
(7.16).

We may, by Remark 4.8, choose the decomposition (7.13) such that K =
ler V- Ven|lrs+ = k(n), and thus (7.4) holds.

To see that x(n) is best possible, it suffices to take S = [n] and ux =
e1 V.-V ey, as in the discussion before the proof. Then (7.10) shows that
every representating measure A satisfies ||| = k(n).

Finally, (7.6) follows from (4.34), Theorem 6.1 and (2.21).

(ii): By (7.10) and the comment after it, we can find A with

[All < (8) < Gt (1, 41(8)) = cs 4 (n, £7). (7.18)

On the other hand, if M is a constant such that there always exists a
A with ||A|] < M, then (7.10) shows that ||u||rs+ < M for every posi-
tive u € £1(S)V"™ with ||u|]l = 1. This extends to all p € ¢1(S)V" with
|||z = 1, by decomposing them in their positive and negative parts, and
thus cs 4 (n, 01") = cs(n, £1(S)) < M.

Finally, if m > n then ¢ 1 (n, ") = k(n) by Theorem 5.1. O

Remark 7.5. The proof in [16] of the representation (7.3) used the argu-
ment above, with a decomposition (7.13) where 7, ranged over the (27;1__11)
probability measures v in P([n]) such that nu is integer-valued; it was shown
in [16] by an algebraic argument that there always exists a unique such de-
composition. No attempt was made in [16] to evaluate the best constant;
in fact, a numerical calculation (using Maple) of the constant K = K, in
(7.16) for the decomposition in [16] yields e.g. Ko = 3, K3 = 20, K4 = 210,
K5 = 3024. These values are thus upper bounds for x(n); we see that for
n = 2, we obtain the sharp constant x(2) = 3 (see Example 5.2), but already
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for n = 3, this K, is larger than the upper bound in (7.6) (x(3) < 18). In
other words (not surprisingly), the decomposition used in [16] is not optimal.

Remark 7.6. Note that the proof uses the o-field on M(P(S)) defined in
Section 7.1, and not the (in general larger) Borel o-field on the Banach space
M(P(S)); in general, the mapping x — 1)x is not measurable if M(P(S))
is given the latter o-field.

Remark 7.7. We have considered representations (7.3) where \ is a signed
measure but v ranges over probability measures. An alternative is to allow
also v to be a signed measure, i.e., to consider representations

X = / v A(dv) (7.19)
B(M(S))

where B(M(S)) denotes the unit ball in the Banach space M (.S) of signed
neasures on S. The arguments above are easily modified to this case and
show that there always exists such a representation with
nTL

resit = Cs(n, l1) = o (7.20)
where we used Example 2.7 for the explicit value; moreover, this constant
is the best possible. In particular, this shows that if n > 2, then we cannot
in general find a representation (7.19) where X is a probability measure on

B(M(S)).

Remark 7.8. The upper bound in (7.6) can be improved a little as follows.
By (3.10),

1 nooo\®n
k(n) = ller V- Ven|lrss < Sl Z H <; siei)

€1,..,6n==1

IMmBMmes)) < llex V- Ve,

(7.21)
T,S8,+

Consider one of the terms in the sum, and suppose that ¢; = 1 for k indices
i. The argument in the beginning of the proof of Theorem 5.3, up to the
first inequality in (5.11), with u := (k, —(n—k)) € £3, show that, using (6.2),

[(3mer)

This is evaluated in (6.26), and thus (7.21) yields, by counting terms,
1 < /n
K(n) < il kzo <k>1/1(k7 —(n—k))

= gt (1) (54 0) "+ (Vi)™
k=0

<N s g:2 = (b, —(n = k). (7.22)

8,45 47

For n = 2, (7.23) yields the correct value 3. We have no reason to believe
that the bound is sharp for larger n.

The improvement from the upper bound in (7.6) lies in that we here use
the exact value (6.26) for each term, while the proof of (7.6) estimates each
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Y(k,—(n — k)) by the worst case k = n/2. However, the improvement is
slight, since most terms in (7.21) have k close to n/2. In fact, simple asymp-
totic estimates (which we omit) show that asymptotically, (7.23) improves
the upper bound only by a factor /2/3 = 0.816. Numerically, the improve-
ment factor is close to this value also for small n, with a factor 0.75 for n = 2
and 3.

7.3. Binary variables. If S is finite with |S| = m < n, we may hope that
the bound ¢s 4 (n,¢7") in (7.7) is better than x(n). We consider here only
the simplest case |S| = 2, for example S = {0,1}.

Let, for 0 < j < n, pj be the distribution of a random vector X € S"
consisting of j 0’s and n — j 1’s in random order; thus,

= A0 @ 7", (7.24)

Evidently, u; is exchangeable. Moreover, every exchangeable distribution
on S™ is a mixture of these measures p;, and it follows that

m,s,+;01(S)" (7'25)

CS,Jr(n’g%) = CS,+(”7£1(S)) = Sup ”'uj

0<jsn

We thus want to find |14 rs 40, (5)-
We argue as in the proof of Theorem 6.1. This yields, cf. (6.4)—(6.5), that

1
Il sy = int el = inf [l e), (7.26)
taking the infimum over all signed measures p on [0, 1] such that
1
| 1= 0 dute) = s, (7.27)
0
which is equivalent to, by expanding into coordinates in (R?)®",
! 1
/ 2F(1— )" R dpu(z) = @5@, k=0,...,n. (7.28)
0 .
J

Let again T,, be the Chebyshev polynomial. Let x € [0, 1], write y :=

1 —a, t := arccos(2x — 1) and s := t/2. Then, cos?s = (1 + cost)/2 = z,
2

sin?s =1 —cos?s =y, and thus ¢ = z'/2 + iy'/2. Consequently,
T,,(2x — 1) = cos(nt) = cos(2ns) = Re ™ = Re(.rl/2 + iy1/2)2n

n/2

_ 20\ n—k
> <2k>w (-v)
k=0
n/2 9

= Z (27;) (=) Fk (1 — z) k. (7.29)
k=0

Hence, if u satisfies (7.28), then
1 -1 n—j )
/ (20 — 1) dp(z) = =7 < 27) (7.30)
0 J
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which implies, since |7, (2z — 1)| < 1 for z € [0, 1],
&
. (5))

/ o) > - (7.31)

Recalling (7.26), we have shown that

(3)
T84 01(S) = W (7.32)
J

1451

Thus, by (7.25), using an elementary calculation to optimize j,
s+ (n 62) > max —@?) = (2@7;%) (7.33)
S, + s 1 = C n — n . .
Osgsn (]) (Ln/ZJ)
We conjecture that T;,(2z — 1) is extremal here too, so that equality holds
n (7.32) and (7.33), but we leave that as an open problem.

In any case, (7.33) is a lower bound. Stirling’s formula yields the asymp-
totic estimate

s+ (n, E%) > gn1/2+e1), (7.34)

Hence, the constants cs 4 (n, E%) also grow exponentially, but possibly (pre-
sumably) at a slower rate than x(n) = cs 1 (n, (1), see (7.8).

However, a numerical calculation reveals that for 2 < n < 4, the lower
bound n"/n! in (7.6) is smaller than the bound in (7.33). We thus have,
using also Example 5.2 or Remark 7.8 for n = 2, the improved bounds

K(2) = cs 4 (2,07) =3 (7.35)
K(3) = s 1 (3,67) > 5, (7.36)
W) > s (4,0) > 2 (7.37)

Problem 7.9. Find a non-trivial upper bound for ¢s 4 (n, 7). Is, as conjec-
tured above, (7.33) an equality?

Problem 7.10. Extend this to s (n, £1") for other fixed values of m.

7.4. Extendible finitely exchangeable variables. Let n and N be posi-
tive integers with N > n. An exchangeable random vector X,, = (X1, ..., X,,)
in S™ is N -extendible if it can be extended to an exchangeable random vector
Xy = (X1,...,Xn). We similarly say that an exchangeable distribution on
S™ is N-extendible if it is the distribution of an N-extendible vector. Note
that by de Finetti’s theorem (7.2), at least if S is a Borel space, a distri-
bution is oco-extendible if and only if it has a representation (7.3) with a
probability measure A. However, we will here consider the case of finite V.
See e.g. [6; 7; 20] for various aspects of extendibility.

Let &, = &£,(5) be the set of exchangeable distributions on S™, and let
Enn = &Eu,N(S) be the subset of N-extendible distributions. Let Iy, :



TENSOR NORMS AND EXCHANGEABLE DISTRIBUTIONS 35

P(SN) — P(S™) be the map induced by projecting a random vector (X1, ..., Xx)
onto its first n coordinates. Thus &, v = IIy ,(En) C &En.

Consider again first the case when S is finite. Then, as discussed above,
&y is the set of positive unit elements in £1(S)Y™.

Consider the special case S = [N], and define

XnN =1np(e1 V- Ven) € Enn([N]). (7.38)

This is thus the distribution of (X,...,X,) when (X1,...,Xy) is a uni-
formly random permutation of [N]; in other words, x,, v is the distribution
of the random vector obtain by drawing n elements of S = [N] without

replacement. We will see that this is, not surprisingly, an extreme case, cf.
e.g. [7]. Let

502, N) = I s (7.39)
For an arbitrary S and x = (z1,...,2y) € SV, define ¢y : M([N]) —
M(S) by (7.11) and linearity. Then, 2" (x,n) € M(S)®" C M(SM) is

the distribution of the random vector obtained by drawing n elements of
x1,...,xN without replacement, see (7.43) below.

Theorem 7.11. (i) Let 1 <n < N. If X =(Xy,...,X,) is exchangeable
and N -extendible, with values in an arbitrary measurable space S, then its

distribution ux € P(S™) has a representation (7.3) with a signed measure X
on P(S) such that

M amepesy) < K(n, N). (7.40)

The constant k(n, N) given in (7.39) is, in general, the best possible.
(ii) If furthermore S is finite with |S| = m, then (7.40) can be replaced

by
M mps)) < K(n, Nym) = max 162" (X, N lle,5,45 01.(5) (7.41)

Moreover, this constant is the best possible for the given S. If m > N, then
k(n, N;m) = k(n,N).

Proof. The proof of Theorem 7.1 extends with minor changes as follows; we
omit some details.
(i): Fix a representation

M
Xn,N = Z arny”, (7.42)
k=1

where a; € R and 1, > 0 are unit vectors in /Y = M([N]) and K :=
>k lax] = k(n, N) (see Remark 4.8). Thus, n € P([N]). Define again 1)«
by (7.14). Then, similarly to (7.15),

/ Vndﬂ)x(lf) :prn(Xn,N) :HN,n(5x1 \/"'\/62:1\7)
P(S)
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1
- N Z Oa1) @+ @ O,y (7.43)

ceGN

Again, 1)« is a bounded random measure in M(P(S)), and we define A :=
Eyx € M(P(S)). Then [[A|apep(s)y) < K = k(n, N), so (7.40) holds, and
similarly to (7.17), using (7.43) and exchangeability,

n 1
/73(5)1/ dA(v) :E<ﬁ Z 6Xa(1) ®"'®5Xg(n)>

ceG N
=E(0x, ®-- ®6x,) = px. (7.44)

The case pux = xn,n shows that the constant x(n,N) is best possible,
using (7.9) as earlier.

(ii): When S is finite, every distribution in &, y is a convex combination
of the distributions " (xn.n), and thus (7.41) follows from (7.10).

Conversely, each %" (xn.n) € EnN, and thus (7.10) shows that (7.41) is
best possible. O

Remark 7.12. Since (N + 1)-extendible implies N-extendible, it follows
from Theorem 7.11 that

: (7.45)
(7.46)

One can also see (7.45) directly from (7.39), since xy, n+1 is the average of
02" (xn,N) over all sequences x of N distinct elements of [N + 1].

Diaconis and Freedman [7] showed (with precise estimates) that if N is
large, then a distribution ux € &, ny is close to a distribution as in (7.2),
in the sense of total variation. This implies similar results in terms of the
constants in Theorem 7.11. In particular, for fixed n, the following theorem
shows that x(n, N) — 1 as N — oo; more precisely, k(n, N) =14 O(1/N)
for fixed n, and this rate is exact. However, there is a wide gap between the
“constants” (depending on n) in the upper and lower bounds given by the
theorem.

Theorem 7.13. The following inequalities hold.
(i) If N >n(n—1)/2, then

n(n —1)
N <l+ —— 1). A4
k(n, N) +2N—n(n—1)(ﬁ(n)+ ) (7.47)
(ii) If N = n, then
n—1 n(n —1)
N)> el > 14 02 4
k(n,N) >e +2(N—|—n) (7.48)
(iii) If N = n > m, then
2mn 2mnk(n)

(7.49)

H(n,N;m)g1+cs7+(n,£§”)7<1+ N
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(iv) If N >n >m, then

m_1 (m—1)n
Nim) > e2mT > 1 4 0~ 1
k(n,N;m) > e +2(N—|—n)

Proof. (i): Let vy be the uniform distribution on [N]. Then v}, is the
distribution of a random vector (X7, ..., X,,) obtained by drawing randomly
from [N] with replacement. Conditioned on the event D that Xi,..., X,
are distinct, this yields the distribution x, n, see (7.38) and the comments
after it. Hence, if ¢ := IP(D), then, cf. [7],

VN = qXn,N + (1= q)id, (7.51)
for some probability measure /' € P([N]|"). Clearly, y/ is symmetric, i.e.,
exchangeable. Consequently,

(7.50)

dlxnNllzst < alvillmss + 0 =)W llrs+
<L+ (1= q)ess (n, )| ]l =1+ (1= @)r(n)  (7.52)

and thus
k(1 N) = [xan s < 1+ (r(n) + 1)1;? (7.53)
Furthermore,
o =i n(n — 1)
q:P(D):H(1—N>>1—;N:1—2N. (7.54)

Hence, (7.47) follows
(ii): We modify Example 2.7. Partition [N] into n sets Si,...,S, and
let N; := |S;|. Define a multilinear operator L : (/)" — R by, writing

;= (zi5) 14,
n
L(xy,..ozn) = [[ D - (7.55)
=1 jeSi

Let (Xi,...,X,) be a random vector with distribution x, n; then by (7.1)
(for S = [N]"),

Xn,N:E(S(Xl,...,Xn) :E((SXI ®"'®(5Xn) (756)
and thus, regarding L also as a linear operator L : (/))®" — R,
L(Xn,N) = EL(5X1 ®...Q 5Xn) = EL((SX“ ce 75Xn)

n
N1 N Ny,

=E||1{X;eSi}=—"- . 7.57
g{’ Y=V N N-n+1 (7.57)
Furthermore, for any z = (x;)Y € £V with ||z|| < 1, if 5; := > jes; |7;j], then

by the arithmetic-geometric inequality,
L) <sreeesm < (20%) <, (7.58)

n
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Consequently, by (4.22), ||L|; s+ < n™", and thus, recalling (7.54),

n n

nN; 1 nN;
5 N) = Iotn s = 0" L) = [ s = - 1] %
=1

(7.59)

—i+1 755

Suppose first that N is a multiple of n; N = ¢n for an integer £. Then we
may choose N; = N/n = { for each i, and thus (7.59) yields,

n(n—1)
logk(n,N) > —logq = Zlog(l — —) Z N v (7.60)
For a general N > n we let £ := [N/n| and Nj := ¢n. Then N < N; <
N +n, and (7.60) yields, using (7.45),

n(n—l): n—1 S n(n—1)
2Ny 2[N/n] = 2(N +n)

log k(n, N) > log k(n, Ny) > (7.61)
and (7.48) follows.

(iii): Suppose that ux € &, n. Then, by Diaconis and Freedman 7,
Theorem (3)], there exists a probability measure A such that if py :=
fP(S) v dA(v), then ||ux — uol| < 2mn/N. Consequently,

lxllz s+ 00(5) < Mpollrs+ + lpx = pollast < T+ s 4 (n, £2(S)lnx — pollx
2mn
—_—. 7.62
i (7.62
The result follows by (7.10) and Theorem 5.1.
(iv): We modify Example 2.7 again. We may assume S = [m]. Let
Ni,...,Nm and Ni, ..., Np, be positive integers with > ~|" ny, = nand > " N, =
N. Partition [N] and [n] into sets Sy and Ty, respectively, with |Sg| = Ny
and |Tj| = ng. Define a multilinear operator L : (¢1")" — R by, writing
z; = (i) 72,

<1+ Cs,Jr(na £71n)

L(z1,....zn) = [[ I] zir- (7.63)

k=1i€Ty

If x = (z;)7" € £ with ||z]| < 1, then by the arithmetic-geometric inequality,

n T e TT 0 TT 2R 1 (2l
L(z® )| = H |xg|™ = an’“ H(?Z) < ank (7> . (7.64)
k=1 k=1 k=1 k=1
Consequently, by (4.22),

m
1Ll ey <™ T npe. (7.65)
k=1

Let x = (z1,...,2n) € [m]Y with z; = k when i € Sy, and let (X1,...,X},)
be a random vector obtained by drawing without replacement from x1,...,znN.
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Then (X1,...,X,) has distribution ¢$"x, n, and thus, with the notation
(N)p:=N(N—-1)---(N —n+ 1), similarly to (7.56)—(7.57),

L(¢2"xnn) =EL(0x, ®...®dx,) = EL(dx,,- .-, 0x,)

— Eﬁ [ 1ixi=k}= (V) = (N (7.66)

k=1ieTy (N)n

Consequently, by (7.41), (7.65) and (7.66),

0 L& xn.n) o 1" Tty (Ni)n
(i, Nim) > 8" v rss > = 72 2 T
T,8,+ k=1""k
IS T (= /Nw) (”Nk) (7.67)
= Nny, .

[Tj=1 (1-3/N)
Suppose first again that N = /n is a multlple of n. Then, given any
ni,...,n, with sum n, we may choose N = fnj for each k. Then the
final product in (7.67) is 1, and (7.67) yields, using Lemma 7.14 below with
t=1/¢,
m—1 (m—1)n

; = = . .
log k(n, N;m) > 57 5N (7.68)

For a general N > n we let £ := [N/n| and Ny := ¢n. Then N < N; <
N + n, and (7.68) ylelds

m—1 > (m—1)n

logk(n, N;m log x(n, N1; . 7.69
g r(n, Nim) > logs(n, Niym) > e > (i (1.600)
and (7.50) follows. O
Lemma 7.14. Letn > m > 1 and let ny,...,n,y be positive integers with
Y1 ng =n. Then, for every t € [0,1],
m np—1 n—1 i m— 1
—t—) — —t-) > . .
>3 1og(1 ¢ ) Zlog(l tn) > Tt (7.70)
k=1 =0 =0
Proof. Define two positive measures on [0, 1) by
m np—1 n—1
k=1 =0 i=0

Both 11 and 1o are integer-valued and have total mass n. Furthermore, for
any x € [0, 1], the number of integers i > 0 such that i/n; < x equals [ngx].
Hence,

Ms

v1[0,2) =y [ngx] Z nETr = ne, (7.72)
k=1

1
nl. (7.73)

/1 &

1[0, 2) =
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Since 1 is integer-valued, it follows that
1100, z) > [nx] = 120, ), x € [0,1]. (7.74)

This implies, by a standard argument using integration by parts, that if f(x)
is any decreasing function on [0,1), then

/ F(@)dn(z / (@) dva(a (7.75)

Choose f(x) :=log(l —tz) + tx. Then (7.75) implies
np—1

i log(l — tnzk) — iz_;log(l — t%)

k=1 =0

1
= /0 log(1 — tz) (dvi (z) — dva(z))

K‘

1 m Mg— 1 .

2—/ tx(dvy (z) — dve() Z Z t*—l—Ztl
0 =1 i—0 "
mnk—l n—1 m—1

= —t t =t . .
> 5t 5 (7.76)

O

Remark 7.15. The proofs of the lower bounds in (7.48) and (7.50) really
yields lower bounds for || || s and not just the larger ||||s+ in (7.59) and
(7.67). Hence, the lower bounds cannot be expected to be close to the true
values.

8. FURTHER EXAMPLES

Example 8.1. Let £ = /% ie., R? with the usual Euclidean norm. If
A€ EV2, 50 Ais a symmetric 2 x 2 matrix, then, by Examples 3.5 and 3.11,

[Allz = | Allrs = [M] + X2l (8.1)

where A1, Ay are the eigenvalues of A.
In particular, taking A := (1 &)

1RO =¥l e =2 (8:2)

Furthermore, A = e; ® e2 + e2 @ e1 = 2e; V ez, and thus (4.3) (or (4.5))
yields, together with (4.8),

1R,y =2 (83)

A positive unit vector in 3 is (cost,sint) for some t € [0, 5].
representation of A as in (4.4) can be written

Hence, a

w/2
A= / (cost,sint)®? du(t) (8.4)
0
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™

for a signed measure p on [0, §] with finite support. Thus, ||Al/;s 4 is the
infimum of ||u|| over all such yu satisfying (8.4).
With A = (9}) as above, (8.4) says

/2 /2 /2
/ cos®> tdu(t) = / sin?tdu(t) = 0, / costsintdu(t) =1, (8.5)
0 0 0

and thus

/2 /2
/ (1 —2sin2t) du(t) = / (cos.2 t +sin?t — 4sint cos t) du(t) = —4.
0 0
(8.6)

Since |1 —2sin2¢| < 1 on [0, 7], (8.6) implies ||u|| > 4, which is attained by
o= 257r/4 - (50 - 57r/2. Hence,

1D = 4> G0y =2 (8.7)

In particular, (8.7) shows that the result by Banach [2], see again Exam-
ple 3.11, does not extend to the positive tensor norms.

Example 8.2. Consider as in the previous example £ = ¢2. The different
norms in EY? can be described geometrically as follows.
We give a matrix A € EV2 the coordinates (u,v,w) defined by

A:1<“+“’ v ) (8.8)

2 v u—w

In these coordinates, we have (cost,sint)®? = (1, sin 2t, cos 2t).
The unit ball of EY? = EY% (see Example 3.11 again) is by Remark 3.7
thus the convex hull of

{£(1,sin2t,cos2t) : t € [0,2n]} = {£(1,sins,coss) : s € [0,2n]}. (8.9)
This is the convex hull of the union of two symmetric circles, and thus
the unit ball is the cylinder {|Ju| < 1,v* + w? < 1}. In other words,
[(w, v, w)]|xs = max{|ul, Vv + w?}, which also easily is seen from (8.1).

For EYZ% | we are by (4.4) only allowed to use positive vectors (cost, sint),

ie., t €[0,5]. Consequently, the unit ball of E’,\r/2S 4+ is the convex hull of the
union of two symmetric half-circles:

{£(1,sins,coss) : s € [0,7]}. (8.10)

Finally, in our coordinates, (cos s, sins)V (cost,sint) = (cos(s—t),sin(s+

t),cos(s + t)). When s,t € [0,%], we have s + ¢ € [0,7] and |s — ¢| <

min{s + ¢, — s — t}. It follows from (4.3) that the unit ball of EY? is the

convex hull of the union of two half-circles (the same as in (8.10)) and four
elliptic arcs given by

{£(1,sins,coss) : s € [0,7]} U {£(] cos s, sins,coss) : s € [0,7]}. (8.11)

Note that the three sets in (8.9), (8.10) and (8.11) are the sets of extreme
points of the unit balls.
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To help visualizing these three unit balls, we consider their orthogonal
projections onto the plane @ := {w = 0}, which are the same as their inter-
sections with @) since they all are symmetric with respect to reflection in this
plane. It follows easily from (8.9), (8.10) and (8.11) that these projections
all are polygons, with corners (extreme points)

B(EY?) : {(£1,+£1,0)}, (8.12)
B(EYZ ) {£(1,1,0), £(1,0,0)}, (8.13)
B(ET\F/ZF) :{£(1,1,0), £(1,0,0), £(0,1,0)}. (8.14)

Equivalently, recalling (8.8) and taking u = 2a, v = 2b, for any a,b € R,

1D = 1180 5s = I, v, 0)lr = max{ful, [v]} = 2max{]al, [b]},
(8.15)

(8o r ey = (w0, 0)[lr 5,4+ = max{ul, Ju — 20} = 2max{]al, |a — 2b]},
(8.16)
152154 = 1(w,0,0)lx 1 = max{Jul, Jv], |u — v]} = 2max{]al, [0, |a — b]}.
(8.17)

In particular, we find again (8.2), (8.3) and (8.7).

Conversely, (8.15)—(8.17) can be found by the analytic method in Exam-
ple 8.1.

We find also, as another specific example,

I D=1 D=2 (8.18)

(3 D lsr =6 (8.19)

(- 1‘I)H,T+ 4. (8.20)
We claim that

s (2,03) = css,1(2,03) = 3. (8.21)

In fact, the two polarization constants are equal by (4.40). They are at least
3 by (8.18) and (8.19). Finally, to show that they are at most 3, it suffices
by (8.9) and (8.10) to consider x = (1,sinscoss) with s € (m,27). Then,
with ¢’ := s —m,

x = —(1,sins’,cos s’) + (1,0,1) + (1,0, —1), (8.22)
which by (8.10) shows that ||x||rs+ < 3; it then follows from (4.25) that
CS,+(27€%) <3

By a similar argument, using (8.7) for the lower bound and (8.11) and
(8.10) for the upper, we obtain (omitting the details), recalling (4.27),

5,4 (2, 5%) =2. (8.23)

We can also see that, as shown in (4.33), the norm of the identity EY2 —
EY?% is ¢4 (£3)* = 2, cf. Example 4.1.
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