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Chebyshev polynomials and
best rank-one approximation ratio

Andrei Agrachev Khazhgali Kozhasov André Uschmajew

Abstract. We establish a new extremal property of the classical
Chebyshev polynomials in the context of best rank-one approximation
of tensors. We also give some necessary conditions for a tensor to be a
minimizer of the ratio of spectral and Frobenius norms.

Introduction and Outline

The classical Chebyshev polynomials are known to have many extremal properties. The
first result was established by Chebyshev himself: he proved |?| that a univariate monic
polynomial with real coefficients that least deviates from zero on the interval [—1, 1] must
be proportional to a Chebyshev polynomial of the first kind. Later, there were further
developments highlighting extremal properties of this class of univariate polynomials, see
|?] and references therein. In this article we discover a new extremal property of Chebyshev
polynomials of the first kind in the context of the theory of rank-one approximations of
real tensors.
Let us define the binary Chebyshev form of degree d as

. ) [d/2]
x1 +ixe)? 4+ (x1 — ixg)? d _
Taz(21,22) = (1 + i) 2( 1) _ > <2k>(—1>k1‘[11 2k, (0.1)
k=0

Note that its restriction to the unit circle 23 + #3 = 1 can be identified with the
univariate Chebyshev polynomial of the first kind « — Yg9(z, V1 — 22) = cos(d arccos x),
x € [-1,1]. In Theorem 1.1 we prove that the binary form (0.1) minimizes the ratio of
the uniform norm on the unit circle and the Bombieri norm among all non-zero binary
forms of the given degree d.

We then define the family of homogeneous n-ary forms (1.2) that we call Chebyshev
forms Y4, and conjecture that the Chebyshev form Y;,, minimizes the ratio of the
uniform norm on the unit sphere and the Bombieri norm among all non-zero forms of
a given degree d and number of variables n. Since homogeneous polynomials can be
identified with the symmetric tensor of its coefficients, this conjecture can be stated in
the language of symmetric tensors as follows: the symmetric tensor n? tensor associated
to the Chebyshev form Y4, minimizes the ratio of spectral norm and Frobenius norm
among all real symmetric n¢ tensors. Since the spectral norm of a tensor measures its



relative distance to the set of rank-one tensors, see Section 2.2, yet another way to state
our conjecture is that the symmetric tensor associated to the Chebyshev form achieves
the maximum possible relative distance to the set of all rank-one tensors in the space of
symmetric tensors.

Besides settling our conjecture for the case of binary forms in Theorem 1.1, we are
also able to prove it in case of cubic ternary forms (d = 3, n = 3) in Theorem 1.2. This
latter result in fact follows from a more general result that we obtain in Theorem 1.5:
the maximal orthogonal rank of a real (3,3,3)-tensor is 7. This in particular implies
that the minimum value of the ratio of the spectral norm and the Frobenius norm of a
non-zero (3,3, 3)-tensor is 1/4/7 and hence gives an affirmative answer to a conjecture in
[10]. In Theorem 1.10 we show that if a tensor minimizes the ratio of the spectral and the
Frobenius norms, then it lies in the space spanned by its best rank-one approximations.
In Theorem 1.11 we prove an analogous result for symmetric tensors or, equivalently,
homogeneous forms: if a form minimizes the ratio of the uniform norm on the unit sphere
and the Bombieri norm, then it lies in the space spanned by rank-one forms defined
by global extrema of the restriction of the form to the unit sphere. These two results
imply lower bounds on the number of best rank-one approximations for those tensors
(respectively, on the number of global extrema of homogeneous forms) that minimize the
ratio of norms, see Corollary 1.12.

In the next section we state all our results in detail. The results are proved in Section 3.
Section 2 contains some necessary preliminaries and axillary results.

1 Main results

In this section we state our main results. They are all closely related but can be grouped
into somewhat different directions.

1.1 Chebyshev forms and their extremal property

In the following Py, denotes the space of n-ary real forms of degree d (homogeneous
polynomials of degree d in n variables). For a form p, we denote by

[pllc = max |p(z)]
[|lz]l2=1

the uniform norm of its restriction to the Euclidean unit sphere in R"™.
Every form p € Py, has a standard representation in the basis of monomials: p(z) =
szd ca® € Pyy, where a = (a1,...,a,) € {0,1,...,d}" is a multi-index of length

la| =a;+ -+ ap =dand z% = 27" - - - 22", The Bombieri norm of p is defined as

AN
oo = 3 (5 eol®

|laf=d

d!

< is the multinomial coefficient.
atl...apn!

where (i) =




The conformal orthogonal group CO(n) = Ry x O(n) acts on the space Py, of real
forms as follows:

g=(5,p) €CO(n), p€ Py + ¢'p € Pin, (g"p)(x) = sp(p~'x).

Note that both the uniform norm and the Bombieri norm are invariant under the subgroup
O(n) of orthogonal transformations and their ratio is invariant under the full group CO(n),
see Section 2.2.

In our first result we classify minimizers of the ratio || - ||« /|| - || of the two norms on
the set of all non-zero binary forms.

Theorem 1.1. For any nonzero p € Py it holds

lpls = 19a2lls — vod-t

Y
IPlle o a2l 1 (1.1)

When d = 0,1 one has equality in (1.1) for any p € Pya, when d = 2 equality holds if
and only if p = £g*(z? + 23) or p = g*Ys = g*(23 — 23), where g € CO(2). When d > 3
equality holds if and only if p = g*Y42, g € CO(2).

For any d > 0 and n > 2 we define the n-ary Chebyshev form of degree d as

[d4/2]

d

Do (1, T0) = Y (2k)(—1)kx‘f_2k(x% + o4 22)E, (1.2)
k=0

Note that the forms Y4, are invariant under orthogonal transformations of R™ that
preserve the point (1,0,...,0) and for any vector v = (va,...,v,) € R"! of unit length
one has that Yg, (21, v222, ..., vpx2) = Yg2(x1, x2) is the binary Chebyshev form (0.1).
In this work we are particularly concerned with the cubic Chebyshev forms

s (1, ..y a0) = 2] = 3w1(23 + - + 27,). (1.3)
It is an easy calculation that

[d/2] 9 _1
d k k
Ml =1 Tt =3 (o) X (5) (55) (1.4)

k=0 B=(B1,..sBn—1),
|Bl=k

and, in particular,
[iEM

loo = 3n — 2. (1.5)

We state the conjecture that the Chebyshev form Y4, provides the minimal possible
ratio between uniform and Bombieri norm among all real nonzero n-ary forms of degree d.

Conjecture 1. Let d > 0, n > 2. For any nonzero p € Py, it holds that

| oo

Ipllo o, [anllo
Ipls = [anls



Obviously, Theorem 1.1 settles this conjecture in the binary case n = 2. Regarding
the case d = 2 (quadratic forms) it holds that ||p|leo/|lpllz > 1/+/n for any p € P,
as can be seen by passing to the ratio of spectral and Frobenius norm of symmetric
matrices. The equality is attained only by quadratic forms p = g*(£z% 4 --- £ 22), where
g € CO(n). Note that among these extremal quadratic forms there is the Chebyshev
quadric Ys,(z) = 23 — 23 — - -+ — 22 which is classically known as the Lorentz quadric.
Hence Conjecture 1 is true in the case d = 2.

In this work, we settle Conjecture 1 also in the case d = 3, n = 3 of ternary cubics.

Theorem 1.2. Let p € P33 be a non-zero ternary cubic form. Then

Iplloe - 1

Iplls — V7
and equality holds if p = g*s 3, where g € CO(3).

Theorem 1.2 is part of Corollary 1.6 further below.

We believe that for forms of degree d > 3 the minimal ratio in Conjecture 1 is attained
at p € Py, if and only if p is in the orbit of the Chebyshev form Y4, under the group
CO(n). Note that for binary forms this claim is a part of Theorem 1.1, but for ternary
cubics the “only if” direction is not asserted in Theorem 1.2.

The following result is a local version of Conjecture 1 for cubic Chebyshev forms.

Theorem 1.3. Let n > 2. For all p € P3,, in a small neighbourhood of Y3, we have

[Pl - [l
ol = sl

In other words, Theorem 1.3 asserts that 93, is a local minimum of the ratio of the
two norms on the set of non-zero cubic n-ary forms.

1.2 Best rank-one approximation ratio, orthogonal rank and orthogo-
nal tensors

Let ®?:1R”j denote the space of real (nq,...,ng)-tensors, considered as ny X - -+ X ng
tables A = (aj,..4,) of real numbers. For two (ni,...,ng)-tensors their Frobenius inner
product is given by

n1,...,Ng
(A, AV p = > a0,
i yeyia=1
and ||A||r = \/(A, A)r denotes the induced Frobenius norm .
The outer product ) @ --- ® (@ of vectors ) € R™ is an (ny,...,ng)-tensor

W

X with entries (z; - 'xzj)). Non-zero tensors of this form are said to be of rank one,
denoted rank(X) = 1. The spectral norm on ®?:1R"J' is defined as

Alls = max A,x(1)®--~®x(d) r= max (A X)p, 1.6
M2 = ) 2220 > ”)il('%:_lf | o



where || - || denotes the standard Euclidean norm.
The notion of best rank-one approzimation ratio of a tensor space was introduced by
Qi in [12]. For the space of (ny,...,ng)-tensors it is defined as the constant

[All2
ozAced B [|A|lF

o (®)_R™) = (1.7)

It is the largest constant c satisfying || A||2 > c||A||r for all A € d(@;’le”j).

Definition 1.4. A non-zero tensor A € ®?:1R"i is called extremal, if it is a minimizer
in (1.7), that is, if it satisfies

| All2 d ,
JAly = & (@= k)

The space Sym?(R") of symmetric n-tensors consists of tensors A = (a;, ;) in
®?:1R” that satisfy Qigyviigy = Qiy.ig for any permutation o on d elements. This space
is isomorphic to the space Py, of homogeneous forms as explained in Subsection 2.1.
The best rank-one approzimation ratio </ (Sym?(R™)) of the space of symmetric tensors
is defined by replacing ®;1:1]an with Sym?(R™) in (1.7) and it is equal to the minimal
possible ratio between uniform and Bombieri norms of a non-zero form in P, see
Subsection 2.1. In this context it is important to note that the definition of the spectral
norm of a symmetric tensor does not change if the maximum in (1.6) is taken over
symmetric rank-one tensors only, see Subsection 2.1.

A general formula for </ (®?:1R"J') or .o/ (Sym?(R™)) is not known except for special
cases, see [11]. Determining or estimating these constants is an interesting problem on
its own, and may have some useful applications for rank-truncated tensor optimization
methods [13]. The present work contains some new contributions with main focus on
symmetric tensors.

One always has

0< (@ RY)<1 and 0< (0 ,R") <& (Sym?(R")) < 1.

Lower bounds on the best rank-one approximation ratio can be obtained from decomposi-
tion of tensors into pairwise orthogonal tensors of rank one. For a tensor A € ®?:1R”j
let

A=Y+ +Y, (1.8)

be a decomposition into pairwise orthogonal rank-one tensors, i.e., Y1,...,Y, are rank-one
(n1,...,ng)-tensors with (Y, Yy)p = 0 for £ # ¢'. The smallest possible number r of
that allows such a decomposition (1.8) is called the orthogonal rank of the tensor A [7]
and will be denoted by rank (A). Since at least one of the terms in (1.8) has to satisfy
(A, Y))p > ||A||%/r, it follows that

Al 1
[AllF — y/rank, (A)




for all A € ®?:1]R"j . Thus an upper bound on the maximal orthogonal rank in a given
tensor space leads to a lower bound on the best rank-one approximation ratio of that
tensor space:

1
o (@1 R > ,
Jj=1 \/max®?:1an rankl(A)

It appears that for all known values of & (®?:1R”J’) this is actually an equality [9, 11].
The values for &7 (R™ ® R™ ® R™3) have been determined in [10] for all combinations

ny, ng,ng < 4, except for (3,3, 3)-tensors. In the present work we are able to settle this

remaining case, by determining the maximum possible orthogonal rank of a (3, 3, 3)-tensor.

(1.9)

Theorem 1.5. The mazimal orthogonal rank of a (3,3, 3)-tensor is seven.

In [10] it has been shown that 1/4/7 is an upper bound for /(R ® R3 @ R3) and
conjectured that it actually is the exact value. Due to (1.9), Theorem 1.5 shows that
1/ V7 is also a lower bound and hence proves this conjecture. On the other hand, we see
from (1.5) that the minimal ratio 1/v/7 can be achieved by symmetric (3,3, 3)-tensors, in
particular the ones associated with the Chebyshev form Y3 3. Due to the isomorphy of
Sym?(R3) and P33, Theorem 1.2 is therefore part of the following corollary of Theorem 1.5.

Corollary 1.6. We have
1 1
o (R®@R3 @ R%) = o/ (Sym*(R%)) = -
( ) ( Y ( )) \/maXAeR3®R3®]R3 rank | (A) \/?

and the symmetric tensor corresponding to the Chebyshev cubic Y33 is extremal.

Assume now that n; < --- < ng. Then it is not difficult to show that the orthogonal
rank of an (ny,...,ng) is not larger than ny ---ng_1. It follows from (1.9) that

o (91 R) > nllnd_l << g (1.10)
In [11] the concept of an orthogonal tensor is defined by the property that its contraction
with any d — 1 vectors of unit length along the first d — 1 modes (assuming ng is the largest
dimension) results in a vector of unit length. It is then shown that equality in (1.10) is
attained if and only if the space contains orthogonal tensors and only those are then
the extremal ones. Moreover, for n%tensors this is the case if and only if n = 1,2, 4, 8.
Therefore, Theorem 1.1 in particular shows that

1
\/2d-1
and since the symmetric tensors associated to Chebyshev forms attain these constants,
they are orthogonal in the sense of [11]. In light of Corollary 1.6 one hence may wonder
whether o7 (Sym?(R")) equals </ (®?21R”) in general, or at least in the case d = 3. Note
that for matrices it is true. The answer to this question, however, is negative. At least, in

the cases n = 4 and n = 8 it would imply the existence of symmetric orthogonal tensors,
which we will show is not the case.

o/ (Sym?(R?)) = = o (9] R?),



Proposition 1.7. If A € Symd(]R”) is an orthogonal symmetric tensor of order d > 3,
thenn =1 orn = 2. Forn =2 the only such tensors are the ones associated to rotated
Chebyshev forms p = Ugo0p Y, p € O(2), that is, are of the form (p,- -+ ,p)- A (see (2.4))
with A given by (2.7).

Corollary 1.8. For d > 3 we have

o (@ RY) = < o/ (Sym?(R*)) and o/(®9_R®) = < of (Sym?(R®)).

8d—1

1
1/4d—1

The cases of 2- and (3, 3, 3)-tensors are therefore exceptional in the sense that the
“non-symmetric” best rank-one approximation ratio can be achieved by symmetric tensors.
Currently, we are not aware of any lower bound on & (Sym?®(R")) for n > 4 better
than (1.10), but if Conjecture 1 was true it would imply that

o (Sym*(R")) = ——_ (1.11)
Van —2
and Corollary 1.6 confirms this in the case n = 3 of cubic ternary forms. Stated in this
way, Conjecture 1 becomes quite remarkable from another viewpoint: since it is known [5]
that
3 2
SR o R @ R?) < V2
n
for all n, (1.11) would imply that the best rank-one approximation ratio for symmetric
(n,n,n)-tensors deteriorates asymptotically slower with n than for the space of all (n,n,n)-
tensors, although the dimension dim(Sym?(R™)) = O(n?) of this subspace grows at the
same rate as the dimension dim(R" ® R™ @ R™) = n? of the full space. More generally, it
is stated in [5] that 427(®?:1Rn) < d\/7/2/Vni=1 whereas Conjecture 1 together with
(1.4) would yield that

C1\ /2
o/ (Sym?(R")) = ”T‘{Ijjl: = <(2[d/2] — 1)!!(2[;/20 ) Wﬁ (1+0(n™))

as n — +00.

1.3 Variational characterization and critical tensors

The problem of determining the best rank-one approximation ratio of a tensor space and
finding associated extremal tensors can be seen as a constrained optimization problem for
a Lipschitz function. The spectral norm A +— || Al|2 is a Lipschitz function on the normed
space (®?:1R"J' ,| - lr) (with Lipschitz constant one). The best rank-one approximation
ratio o/ (®;§:1R"1) equals the minimal value of this function on the Euclidean sphere
{A € ®?:1R”j : ||Al|r = 1} defined by the Frobenius norm, and extremal tensors (of unit
Frobenius norm) are its global minima. Global as well as local minima of a Lipschitz



function on a closed set are among its critical points on that set. The notion of a critical
point of a Lipschitz function on a sphere will be explained in section 2.3 and motivates
the following terminology.

Definition 1.9. A non-zero tensor A € ®?:1R”J' is critical if A/||Al|F is a critical point
of the spectral norm function on the Frobenius unit sphere in the sense that AA belongs
to the subdifferential of the spectral norm at A/|A||r for some X € R.

We then can give a characterization of critical (ni,...,ng)-tensors in terms of their
decomposition into best rank-one approximations, that is, rank-one tensors of closest
possible Frobenius distance.

Theorem 1.10. A non-zero tensor A € ®?21R”i 1s critical if and only if the rescaled
tensor ||A||3/||Al% A can be written as a finite convex linear combination of some best
rank-one approximations of A.

More explicitly, the theorem states that tensor A is critical if and only if there exists
a decomposition

A 2 T T
<HA|‘I|;> A:Zam, Zaf:lv at,...,ap >0, (1.12)
(=1 =1

where the Y7, ..., Y, are of rank-one and satisfy

IYellr = [|All2, and (A, Yo)r = [|A]3

for £ = 1,...,7. These two properties (and being rank-one) fully characterize best
rank-one approximations of A, see section 2.2.
In particular, if A* € ®?:1R”j is an extremal tensor, then

T T
A (@I RYVAT =Yy, Y =1, a1,... 0 >0, (1.13)
/=1 /=1
for some best rank-one approximations Yi,...,Y, of A*.

Results of Ottaviani?

An analogue of Theorem 1.10 holds for symmetric tensors or, equivalently, homogeneous
forms. Considering the spectral norm as a function on the space Symd(Rn) only, it is
again a Lipschitz function, and the best rank-one approximation ratio of Symd(R”) equals
its minimum value on the Frobenius unit sphere in the space Symd(R") of symmetric
tensors. A non-zero symmetric tensor A € Sym%(R") will be called critical in Sym?(R™) if
the normalized symmetric tensor A/||A||F is a critical point (section 2.3) of the restricted
spectral norm on the Frobenius unit sphere in the space Sym?(R"). We will sometimes
also say that a form p € Py, is critical which means that the associated symmetric tensor
is critical.



Theorem 1.11. A non-zero tensor A € Sym®*(R™) is critical in Sym®(R™) if and only
if the rescaled tensor ||A||3/||All% A can be written as a convex linear combination of
some symmetric best rank-one approrimations of A. Then A is also critical in the space
®4_R".

7j=1

Here the second statement follows immediately from Theorem 1.10 by noting that
symmetric best rank-one approximations of a symmetric tensor have the same distance as
possibly non-symmetric rank-one approximations of that tensor, due to Banach’s result,
see section 2.1. However, if A* € Symd(R”) is an extremal symmetric tensor, then, by
the theorem,

M(Sym (R™))24* = Zang, Zag—l at,...,op >0 (1.14)

for some symmetric best rank-one approximations Yi,..., Y, of A*, and A* is critical in
®d:1R”J'. But in general A* is not extremal in ®?:1R"J' according to the considerations
at the end of the previous subsection. Exceptions are symmetric orthogonal matrices, as
well as the Chebyshev forms Y45 (Theorem 1.1) and Y3 3 (Corollary 1.6).

Theorems 1.10 and 1.11 combined with Proposition 2.2 from section 2.2 imply that
extremal tensors must have several best rank-one approximations.

Corollary 1.12. Let d > 2. Then any extremal tensor in ®?:1R" has at least n distinct

best rank-one approximations. Similarly, any extremal symmetric tensor in Symd(R") has
at least n distinct symmetric best rank-one approrimations.

We conjecture that extremal tensors actually have infinitely many best rank-one
approximations.

We can also relate critical tensors to their nuclear norm. The nuclear norm of a
(n1,...,nq)-tensor A € ®?:1R”j is defined by

1| Al :inf{ZymnF: A=Y, reN, rank(Yy) = 1,0 = 1,...,7”}. (1.15)

/=1 =1

It is a result of Friedland and Lim [8] that for a symmetric A € Sym?(R") it is enough to
take the infimum in (1.15) over symmetric rank-one tensors only. Hence the nuclear norm
may be intrinsically defined in the subspace Symd(Rn) only. In either case, the infimum
is attained.
The nuclear and spectral norms are dual to each other (see section 2.1) and for any
tensor A € ®?:1]R"i it holds
1AIE < | All2[| Al (1.16)

Our next result characterizes tensors achieving equality in (1.16).

Theorem 1.13. The following two properties are equivalent for a non-zero tensor A in
®;1:1an or Sym?(R™):



(i) A is critical,
(i) [IAfl2ll Al = Al
We remark that the fact that extremal tensors achieve equality in (1.16) has already
been proved in [6, Theorems 2.2 and 3.1].
1.4 Decomposition of Chebyshev forms

For symmetric tensors, the statement of Theorem 1.11 can be rephrased for homogeneous
forms. To do this one has to note (see section 2.1 and (2.12)) that a symmetric rank one
tensor Y = £y ® -+ - ® y is a best symmetric rank-one approximation of the symmetric
tensor associated to a homogenous form p, if and only if it holds

lyllg = llpllos, and  p(y) = £l (1.17)

On the other hand, by (2.10), the homogenous form associated to such a rank-one tensor
is a d-th power of a linear form,

py () = £(y,2)§ = (121 + - + yazn) .

Therefore, in analogy to (1.12), Theorem 1.11 states that a form p € Py, is critical for
the ratio ||p|ls/||p|l5 if and only if it can be written as

2 T T
P d
<H Hoo> p(m):Zagse(yfxﬁ---wfzfﬁn) , Y =1, 01,0, >0, (118)
(=1 =1

IpllB

where the points y',...,y" € R" satisfy (1.17), and

so = sgnp(y’).

From Theorem 1.1 we know that the binary Chebyshev forms Yo are extremal in
P, 4 and therefore they must admit a decomposition like (1.18). In Theorem 1.14 we find
such a decomposition with the scaling as in (1.14). It immediately implies a bound on
the rank of the associated symmetric tensors. For k = 0,...,d — 1 denote 0y = 7k/d and
ay = cos(fy), by = sin(6;). Then ay, + ib, = €% are 2d-th roots of unity.

Theorem 1.14. For any d > 1 we have

d—
1 d
d- ng (z1,22) dkz (r1ak + z2by) (1.19)
or, in polar coordinates,
1 1<
F‘Id,g(cose,sinﬁ) 2d-T 7 cos(db) gz kcos(0 — 0;,)%. (1.20)
k=0

In particular, the rank of the associated symmetric 2%-tensor (2.7) is at most d.

10



The second equality in (1.20) constitutes an interesting trigonometric identity, which
we were not able to find in the literature,

Regarding cubic forms, we have stated the conjecture that the Chebyshev forms Y3,
are extremal in P, (and the corresponding tensor is extremal in Sym?(R™)). In the
following corollary of Theorem 1.14 we provide a decomposition like (1.18) for Y3 5, which
at least shows that these forms are critical in Ps3,.

Corollary 1.15. For n > 2 we have

3 3
1 n-+2 4 ° —x1 + V3zx; —x1 — V3T
q3,n($) _ xil),_i_ Z 1 \[ + 1 \[ ) )
3n—2 9n — 6 In —6 2 2

=2
(1.21)
In particular, 93, n > 2, is critical for the ratio ||p|lso/||pllB, P € Psn, and the rank of
the associated symmetric n>-tensor (1.22) is at most 2n — 1.

In section 3.6 we will use Corollary 1.15 to prove Theorem 1.3.

It is interesting to note that a decomposition of Y3 ,,, more precisely of its representing
symmetric tensor, into non-symmetric best rank-one approximations is trivially obtained.
By (1.3), the associated symmetric tensor is

n

A, =e1 el ®ey —Z(€1®€k®€k+€k®€1®€k+€k®€k®€1), (1.22)
k=2

with ey denoting the standard unit vectors in R™. Since ||A,|l2 = 1 by (1.5), this “de-
composition into entries” is a decomposition into best rank-one approximations with
equal weights. Scaling by [|A,|13/]|Anl|% = 1/(3n — 2) provides a desired convex decom-
position (1.12). While this proves (Theorem 1.10) that A, is critical in R" ® R" @ R",
it does not imply by itself that A, is critical in Sym3(R"). Thus Corollary 1.15 is a
stronger statement. As a side remark, however, observe that (1.22) is a decomposition
into pairwise orthogonal rank-one tensors. Due to (1.9) this shows that the tensor A,
associated to the Chebyshev form Y3, has orthogonal rank 3n — 2.

2 Preliminaries

In this section we gather some more basic properties upon which our arguments for
proving the main results in section 3 will be based.

2.1 Tensors, forms and their norms

The space of (ny,...,ng)-tensors is isomorphic to the space of multilinear maps on
R™ x ... x R™, The map associated to tensor A is

ni,...,;Nq

W, . 2D (4,2V @ @2 @)y = Z ailmidx(l) o, (2.1)

1 id
11yeeytg=1

11



The spectral norm of A as defined in (1.6) can be seen as the natural norm of this
associated multilinear map.

As for the nuclear norm defined in (1.15), it can be shown that the infimum is always
attained, and a minimizing decomposition A = Y ;_; X, of A into rank-one tensors
satisfying || All« = >y, || X¢||F is called a nuclear decomposition. We have already stated
that the spectral and the nuclear norms are dual to each other, that is,

Al = max [(A,AVr|, ||A|lx = max [(A,A)NE|, 2.2
[Ale = max [(4.4)6]. (Al = max [(4.4) (22)
and the three above introduced norms satisfy

1Al < | AlF,  [|AlF < Al and A < [|All2]| Al (2.3)

Moreover, in the first two inequalities in (2.3) equality holds if and only if A is a rank-one
tensor. We refer to [8] for these statements.
The product of orthogonal groups O(nq,...,ng) = O(n1) X -+ x O(ng), whose ele-

ments are denoted (p™), ..., p(?) acts on the space ®?21R”1 by multilinear multiplication,
ni,...,Nq
d 1 d
(P, ... p @y A= Z '01(11)'1 ...pl(-dj).dajlmjd , (2.4)
J1yesja=1

preserving the Frobenius inner product, the spectral and the nuclear norms.

We make some additional comments on symmetric tensors. The ("+j_l)—dimensional
space Symd(R") C ®?21R” of symmetric ntensors is isomorphic to the space P, of
n-ary d-homogeneous real forms. The symmetric tensor A is identified with the form p4
defined as

n

pa(z) =(A,z® - Qx)p = Z aiy..igTip - Tiy, x €R", (2.5)

i1,eig=1

which equals the restriction of the multilinear map (2.1) to the “diagonal” in R™ x - - - x R™.
The representation (2.5) contains many equal terms due to symmetry of A. The compact
standard representation of a homogeneous form is obtained by collecting multi-indices
according to the number of occurrences of every entry, which is the same as collecting all
permutations of multi-indices. This gives

with @ € {0,1,...,d}™ and coefficients and

d
oo = ()i (26)

where (i1, ...,1q) is any multi-index such that for i = 1,...,n the value ¢ occurs «; times
among %1, ..., %q.
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As an example, the homogeneous Chebyshev forms Yg 2 in (0.1) correspond to sym-
metric tensors with entries
(=1)k, if #{i; = 2} = 2k,
Aiy..ig =

| (2.7)
0 otherwise

In desymmetrized form (2.1) (and slightly abusive notation) they are hence given as the
following multilinear maps:

[d/2]
qd’2($(1), ) =(4,2W @ @) = Z(—l)k Z 22D

i1 14
k=0 #{i;=2}=2k
Banach proved [1] that for a symmetric coefficient tensor A, the maximum absolute
value of the multilinear form (2.1) on a product of spheres can be attained at diagonal
inputs, in other words

[All2 = max [pa(z)| = [[palloo- (2.8)

l[z]l2=1

This is a generalization of the fact that for a symmetric matrix A the maximum absolute
value of the bilinear form z” Ay is, modulo scaling, attained when x = y is an eigenvector
for the eigenvalue with largest modulus. Therefore, spectral norm for symmetric tensors
may be intrinsically defined in the space Symd(R”). Since any symmetric rank-one tensor
is necessarily of the form £ ®---® z, Banach’s result admits the geometric interpretation
that for a symmetric tensor A its projections onto the cones of non-symmetric respectively
symmetric rank-one tensors take the same value. In particular, the maximum in the
definition (1.6) of the spectral norm can be achieved for a symmetric rank-one tensor.

Next, one can easily check that the Frobenius inner product between two symmetric
tensors A = (a;,.i,), A" = (af, ;) € Sym?(R") equals the Bombieri product between the
corresponding homogeneous forms p4(z) = Z|a\:d agx® and pas(x) = Z|a\:d al,x® with
coefficients defined through (2.6):

n

d _1
(4, A/>F = Z ail,..idagl...id = Z <a> a’aa:)z = (pA,PA')B- (2.9)

i1yeyig=1 lo|=d

By (2.8) and (2.9), the isomorphism A +— py establishes an isometry between
(Sym?(R"), |- l2) and (Pan, |- o), as well as between (Sym(R"), |- #) and (P, ||| ):

When ny = --+ = ng = n the diagonal subaction of the action (2.4) preserves the
subspace Symd(R”) of symmetric tensors and it corresponds to the action of the orthogonal
group on the space Py, of homogeneous forms by orthogonal change of variables:

peO(n), pe Py — pop L.

Due to (2.9), this shows that the Bombieri inner product is invariant under such a change
of variables.
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Finally, we have already noted that according to (2.5) a symmetric rank-one tensor
Y = +y®---®y corresponds to the d-th power of a linear form L, (z) = (y, x)2 as follows:

py(e) = (Fy® - ®yz@ - ©a)r = £(y,0)§ = £(Ly(x)) (2.10)

Hence a decomposition of a symmetric tensor into symmetric rank-one tensors corresponds
to a decomposition of the associated homogeneous form into powers of linear forms. Note
that by (2.5) the Bombieri inner product of any homogeneous form p € P;,, with a d-th
power of a linear form L, equals (p, Lg>3 = p(y).

2.2 Best rank-one approximation ratio

Given a non-zero tensor A € ®?:1R”J', a rank-one (ny,...,ng)-tensor Y is called a best
rank-one approximation to A if

[A=Y[r= min |JA-X]|p,
rank(X)=1
that is, X* is a closest rank-one tensor to A in the Frobenius norm. Note that for a given
normalized rank-one tensor X, || X || = 1, the closest one to A on the line AX, A € R, is
given by the orthogonal projection

A= (A X)p < || All2,
which gives the squared distance
A= AX|E = [|AlE — (A, X)F. (2.11)

A normalized best rank-one approximation X = Y/|Y||r hence takes the maximal value
(A, X)r = ||A|l2. Therefore, Y is a best rank-one approximation if and only if

(AY)r = [AllY]F, and [[Y]r = [A]2. (2.12)

In light of (2.5), Banach’s result (2.8) now implies that a non-zero symmetric tensor A
has at least one symmetric best rank-one approximation, and all symmetric best rank-one
approximations are given through Y = sgn(pa(z)) |pa(z)| -z ® - - - ® x, where ||z]j2 = 1
and x is a maximizer of [p4| on the unit sphere.

We mention another property of best rank-one approximations that will be used later.
If \oy) @ -+ @y is a multiple of a best rank-one approximation of A, it follows from
the previous considerations that for every j = 1,...,d the vector 49 /||y s maximizes
the linear form z() — (A, yWe 020 y(d)>F subject to the spherical constraint
|2)||z = 1. Hence the linear form vanishes on the orthogonal complement of 39, that is,

AV @ @y @0 @yt g ... gydy, =

for all () that are orthogonal to y).
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We continue with some further remarks on extremal tensors and best rank-one
approximation ratio. By (2.11) and (2.12), the squared Frobenius distance of a tensor A
to any of its best rank-one approximations Y equals

1A= Y7 = Al - A5
Recalling the definition (1.7) of the best rank-one approximation ratio .27 (®?:1]R”j), the

maximum relative distance of a tensor to the set of rank-one tensors in the tensor space
hence is given as

A-X
max min 4= X]r \/1 - 1R"j)2, (2.13)
0£Acel B rank(X)=1  |Allr

and is achieved for extremal tensors. This relation explains the name ‘best rank-one
approximation ratio’ for the constant o (®?21R”j ). When restricting to symmetric

tensors, (2.13) holds with .o/ (Sym?(R")) instead.
In the following lemma we show that the best rank-one approximation ratio strictly
decreases with the dimension.

Lemma 2.1. Let @/, denote either the constants d(@?:lR”) or the constants of (Sym?(R™)).
Then for any d > 1 and n > 1 we have

'Q{d,n
VIt in
Proof. Let A € ®?:1R” be an n’-tensor of of unit Frobenius norm, ||A||p = 1. For
e €[0,1], let A® € ®?:1R”+1 be the (n + 1)%tensor with entries

1—&2||Al3ai,..iys ifi1,...,iq <m,

a;, ;. =1 €l|4|z, ifigr=---=ig=n+1,

21...24

JZ{d,n—i-l <

0 otherwise.

Observe that || A%||p = 1, and A% is symmetric if A is. Let £ ... ¢ be unit norm
vectors in R™*1 partitioned as £¢) = (z(9), 20)) with 2(9) € R” and 2(9) € R. Then from
the ‘block diagonal’ structure of A¢ it is follows that

(A5 eV ... eyp=4/1- 52HAH3<A’:U(1) ® - @ Np +el|AllpzV - 2@

< max (\/1 - €2HAH%,6> LA e - - D], + 20 .. 2@,

By a generalized Holder inequality, the term in the right brackets is bounded by one. The
maximum on the left, on the other hand, takes its minimal value for e = 1/4/1 + ||4]|3.
Since €M), ... | £ were arbitrary, this shows

1All2

[A4%]]2 < :
1+ A3
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The assertions follow by choosing as A extremal tensors in the spaces ®?:1R" or Symd(]R”),
respectively. O

The previous lemma provides a lower bound on the rank of extremal tensors. Recall
that the (real) rank of a tensor A € ®;?:1an is the smallest number r that is needed to
represent A as the linear combination

A=X1 4+ X, (2.14)

of rank-one tensors Xi,...,X,. The (real) symmetric rank of a symmetric tensor A is
the smallest number of symmetric rank-one tensors that one can have in (2.14).

Proposition 2.2. I[f A € ®?:1R” is an extremal tensor, its rank must be at least n. If

A€ Symd(Rn) s an extremal symmetric tensor, its symmetric rank must be at least n.

Proof. Let A € ®?21R" be a tensor of rank at most n — 1, that is,

A:U§1)®...®U§d)+...+v(l) ®...®U7SCQ1'

n—1

For j=1,...,dlet VU ~R"1 be any (n — 1)-dimensional subspace of R™ that contains
vectors vgj), . ,v(]) Since Ac VD @...@ V) ~ ®?:1R"_1 we have

n—1-

[All2
1Al 7

>d(VW @ @VW) =@ R

Thus, by Lemma 2.1, A cannot be extremal in Symd(R").
When A is symmetric and of symmetric rank at most n— 1 we can choose V(1) = ... =
V@ =V so that A € Sym?(V) ~ Sym?(R*1), leading to the analogous conclusion. [J

2.3 Generalized gradients and local optimality of Lipschitz functions

The problem of determining the best rank-one approximation ratio of a tensor space and
finding extremal tensors is a constrained optimization problem for a Lipschitz function.
The theory of generalized gradients developed by Clarke [3] provides necessary optimality
conditions. We provide here only the most necessary facts of this theory needed for our
results. A comprehensive introduction is given, e.g., in [4].

A function f : R™ — R is called Lipschitz, if there exist a constant L such that
|f(p) — f(q@)| < L|p — ¢l for all pairs p,q € R™. In finite dimension, the property of
being Lipschitz does not depend on the chosen norm in this definition, but the constant
L of course does. By the classical Rademacher’s theorem, a Lipschitz function f is
differentiable at almost all (in the sense of Lebesgue measure) points p € R™. Denote by
V f(p) the gradient of f at such a point. The generalized gradient or subdifferential of
f at any p € R™, denoted as df(p), is then defined as the convex hull of the set of all
limits V f(p;), where p; is a sequence in the set of differentiable points converging to p. It
turns out that df(p) is a non-empty convex compact subset of R™. Moreover 0f(p) is a
singleton if and only if f is differentiable in p, in which case df(p) = {Vf(p)}.
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Let S be differentiable submanifold in § C R™. Then a necessary condition for the
Lipschitz function f to attain a local minimum relative to S at z € S is that

df(p) " Ns(p) # 0, (2.15)

where Ng(p) denotes the normal space, that is, the orthogonal complement of the tangent
space, of S at p. Note that this is a “Lipschitz” analogue of the classical Lagrange
multiplier rule for continuously differentiable functions. We refer to [4, Sec. 2.4]. Every
point p € S that satisfies (2.15) is called a critical point of f on S. Hence local minima
of f on S are among the critical points.

The proofs of Theorems 1.10 and 1.11 in section 3.4 basically consist in applying the
necessary optimality condition (2.15) to the spectral norm function on the Euclidean
sphere. Here two things are of relevance. First, for an Euclidean sphere S we have
Ns(p) = pp, p € R. Hence the condition (2.15) becomes

pup € 9f(p) (2.16)

for some p € R. Second, by (1.6), the spectral norm is an example of a so called max
function, that is, a function of the type

flp) = max 9(p,w) (2.17)

where C is compact. Under certain smoothness conditions on the function g, which
are satisfied for spectral norm (1.6), Clarke 3, Thm. 2.1] has determined the following
characterization of the generalized derivative:

O0f(p) = conv{V,g(p,u) : u e M(p)}, (2.18)

where conv denotes the convex hull and M (p) is the set of all maximizers u in (2.17) for
fixed p. For the spectral norm (1.6), this set consists of all normalized best rank-one
approximations of given tensor, see (3.4).

3 Proof of main results

Our main results are proved in this section. We are going to repeatedly use the equivalence
(2.5) between symmetric tensors and homogeneous forms and the corresponding relations
(2.8), (2.9) for the different norms.

3.1 Binary forms

This subsection is devoted to the proof of Theorem 1.1. While the given proof is self-
contained, some arguments could be omitted with reference to results in [11].

Proof of Theorem 1.1. By (1.4),

[azll2 1
94,2/l 8 2d-1
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It then follows from (1.10) that this value equals o (®?:1]R“), so the symmetric tensor

associated to the Chebyshev form must be extremal both in ®?:1R" and in Sym?(R").

We now consider the uniqueness statements. When d = 1, the space P, consists
of linear forms p(x) = (a,x), for any of which it holds ||p||s/|lp|lz = 1. In the case
d = 2 of quadratic forms, the minimal ratio between spectral and Frobenius norm of a
symmetric n X n matrix is attained for multiples of symmetric orthogonal matrices only
and takes the value 1/y/n. When n = 2, all such matrices can be obtained by orthogonal
transformation and scaling from the two diagonal matrices with diagonal entries (1,1)
and (1, —1), respectively. This corresponds to the asserted quadratic forms p € Py 5.

In the case d > 3 we have to show that the only symmetric 2%tensors A satisfying

Al =1, [A]lp = v2¢! (3.1)

are obtained from orthogonal transformations of the Chebyshev form Yg5. To this end,
we show that under the additional condition

paler) =(A,e1®---@e)p=1=|A|s2, (3.2)

the form py equals Yy o (where we use the notation e; = (1,0) and ez = (0,1)). The
prove is given by induction over d > 3. Before giving this prove we note that for a 29-
tensor A satisfying (3.1), its two slices A1 = (a4,..i, ,1) and Az = (ai,..i, ,2) necessarily
have the same Frobenius norm [|A;|r = [|As]|r = V29-2. In fact, ||Al|2 = 1 implies
|A1]]2 < 1 and hence, by (1.10), ||A1]|r < V2472, Since the same holds for Ay and
|AI%Z = ||A1]|% + ||A2]|% the claim follows. Even more ||A1]]2 = [|A2]l2 = 1, again
by (1.10), so that both slices are necessarily extremal. Note that by the same argument,
every 2% _subtensor of A with d’ < d must be extremal.

We begin the induction with d = 3. Assume A € Sym?(R?) satisfies (3.1) and (3.2).
Then we have seen that both, say, frontal slices of A are themselves extremal symmetric
2 x 2 matrices. By (3.2), a;;1 = 1 and the tensor e; ® e; ® e; is a best rank-one
approximation. From Lemma 2.2 we then deduce that entries a112 = a121 = a1 = 0.
The only two remaining options for the slices of A are

= (1 0 ’ 0 il)
0 +11+1 0 )°
But the case a199 = ag91 = ag12 = +1 is also not possible, since it corresponds to the
form pa(z) = 23 + 32123 whose maximum on the sphere is ||pal|co = V2 > 1. Therefore,
(122 = Q221 = ao12 = —1 and py = :)::f - 3:):1:10% is the cubic Chebyshev form.

We proceed with the induction step. If A € Sym?™!(R?) satisfies (3.1) and (3.2),
then its two slices A1 = (ai,..i;1) and Az = (a;,.i,2) are extremal 29 tensors. Since
pa,(e1) = pa(er) = 1, it follows from the induction hypothesis that A; = Yg2. So its
entries are given by (2.7). Let a;,.;,2 be an entry of the second slice. Due to symmetry
of A, every entry in the second slice, except for the entry as_ o, equals an entry in the

first slice after a permutation of the multi-index. Since this permutation does not affect
the number of occurrences of the value 2, the definition (2.7) applies to all these entries
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as well. It remains to show that the entry ag o satisfies (2.7), that is, equals zero in case
d+ 1 is odd, and equals (—1)™ in case d + 1 = 2m is even. This entry is part of the
symmetric subtensor A" = (ai,iyis2..2), which as we have noted above must be extremal
as well. Since we know the entries of the first slice A; through (2.7), we find that

par(e) = (=1)""H(z} - 3r123) + az..073

if d+1=2m+1is odd. Since A’ is extremal, it then follows from the base case d = 3
that ag...o = 0. In case d + 1 = 2m is even, we get

pa(x1,x2) = (—1)m_13x%x2 + ag...gxg,

which by a small consideration implies ay..o = (—1)™. This concludes the proof. O

3.2 Ternary cubic tensors

In this section we prove Theorem 1.5. It has been mentioned in section 1.2 how Corol-
lary 1.6 follows from it, and that the statement of Theorem 1.2 is included in the latter.

The proof of Theorem 1.5 requires a fact from [9]. Since it is not explicitly formulated
there, we state it here as a lemma and include the proof.

Lemma 3.1. For odd n let A1, A3 € R" @ R™ be two n X n matrices. If at least one of
them is invertible, then there exist orthogonal matrices p,p' € O(n) such that

By ¢ By ¢

/ 1 1 ’ 2 2

pAip’ = ( 0 d1> , pArp = < 0 d2> :

where By, By are matrices of size (n — 1) x (n —1), ¢1,c2 are (n — 1)-dimensional vectors

and dy,ds are real numbers.

Proof. We can assume A; is invertible. Since n is odd, the matrix Al_lAz has at least
one real eigenvalue d. Then there exists an invertible matrix P such that

14— B ¢
P1A11A2P:<0 d),

where B is a matrix of size (n—1) X (n—1) and c is a (n — 1)-dimensional vector. Consider
QR decompositions of A1 P and P, that is,

AP =Q1R1, P=Q2Ro,

where ()1, Q2 are orthogonal, and Ry, Ry are upper triangular and invertible. We set
p=Q;" and p' = Qa. Then

pAip = RyPT'AT'A PRy = R\ R;!

is the product of two upper block triangular matrices, hence upper block triangular.
Similarly,

pAsp' = RyPTTAT A, PRy = R, <§ 2) Ry!

has the asserted upper block triangular structure. ]
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In [9] the previous lemma is used to show that for odd n the maximum possible
orthogonal rank of an (n,n,2)-tensor is 2n — 1. We will only need that the orthogonal
rank of a (3,3, 2)-tensor is not larger than 5, which actually follows quite easily from the
lemma by applying it to the slices.

Proof of Theorem 1.5. For A € R3 ® R3 ® R3, it is convenient to write A = (A;]|Az|A3),
where A, As, Az are the 3 x 3 slices along the third dimension. If none of the matrices
Aq, Ay, Ag is invertible, each of them can be decomposed into a sum of two rank-one
matrices that are orthogonal in Frobenius inner product: A; = ugl) ® uz(?) + vz-(l) ® vz(z),
i = 1,2,3. This leads to a decomposition of A into at most six pairwise orthogonal
rank-one tensors:

A= Z ugl) ® uz@ ® e; + vgl) ® Ui(Q) ® e;.
Assume without loss of generality that the first slice A is invertible. Lemma 3.1 together
with the invariance of orthogonal rank under orthogonal transformations (2.4) allows to
assume that A has the form

x % * K k| % *
A=|x* = * ok ok | % *

0 0 0 0 *

* % * ok x| % 0O 0 0j0 0 010 0 O
=|*x x *x|*x x *x|*x x x|4+10 0 00 0 0|0 0 O

00 0l0 O OIO O O 0 0 «x10 0 *I|=x*x =% =

The first term is essentially a (2, 3, 3)-tensor, so its orthogonal rank is at most five by the
result of [9]. In particular, it has a decomposition into at most five pairwise orthogonal
rank-one tensors with zero bottom rows. Since the bottom row of the second term is a
rank-two matrix the orthogonal rank of A is at most seven. O

3.3 On symmetric orthogonal tensors

We prove Proposition 1.7 below. For the general definition of orthogonal tensors of
arbitrary size we refer to [11]. For n?-tensors we can use the recursive definition that
A€ ®?:1R” is orthogonal if A x ju is orthogonal for every j = 1,...,d and every unit norm
vector u € R™, where for d = 2 we agree to the standard definition of an orthogonal matrix.
Here and in the proof below we use standard notation A x; u = (Z?jzl ailmij‘__idui]) for
partial contraction of a tensor A with a vector u along mode j, resulting in a tensor of
order d — 1. Note that the above definition implies that every n? -subtensor, d’ < d, of A
is itself orthogonal.

Proof of Proposition 1.7 and Corollary 1.8. It has been shown in [11] that an n-tensor
A is orthogonal if and only if it satisfies |42 = 1 and ||A||F = Vn?—1, and such tensors
only exist when n = 1, 2,4, 8. Therefore, the statement that for n = 2 the only symmetric
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orthogonal tensors are the ones obtained from the Chebyshev form Y 5 is hence equivalent
to Theorem 1.1. Also, Corollary 1.8 is immediate from Proposition 1.7.

We thus only have to show that for n = 4,8 an orthogonal n%tensor cannot be
symmetric. We only consider the case n = 4, the arguments for n = 8 are analogous.
Since n?-subtensors of an orthogonal tensor are necessarily orthogonal, it is enough to
show that orthogonal 4 x 4 x 4 tensors cannot be symmetric. Assume to the opposite
that such a tensor A exists. Then ||A]l2 = 1 and A admits a symmetric best rank-one
approximation of Frobenius norm one. By e; we denote the standard unit vectors in
R™. Since orthogonality and symmetry are preserved under the multilinear action of
O(4) we can assume that e; ® e; ® e; is the best rank-one approximation of A, that is,
ai11 = (A,e1 ® eg ® e1)r = ||All2 = 1. On the other hand, the first frontal slice A x3 e;
must be a symmetric orthogonal matrix, so it is of the form

1 0

where B is a symmetric orthgonal 3 x 3 matrix. By applying further orthogonal transfor-
mation that fix the vector e;, we can assume that B is a diagonal matrix with diagonal
entries €1,e9,3 € {+1, —1}. Since A is symmetric and in fact every slice has to be an
orthogonal matrix, we find that A = (A x3e1|A X3 ea]A X3 e3|A X3 e4) must be of the
form

10 0 0[]0 e 0 0|0 O e 0]0 0 0 &g
0 eg 0 O0jeg O 0O OJ0 O O |0 0 e O
0 0 e2 0[O0 O O e|es 0 0 0|0 g 0 0 |’
0 0 0 e3/0 0 e 0]0 ¢ 0 O|legq O 0O O

where also g € {+1,—1}. For i = 2,3,4 the matrices A x3 (e; + ¢;)/v/2 must be
orthogonal as well, which yields the values ¢g = 1 and €9 = €3 = ¢4 = —1. But then the
matrix

1 1 0 O

A x €1 — €9 - i 1 -1 0 0
\7ve ) 2o 0 -1 -1
0 0 -1 -1

is not orthogonal, which contradicts the assumption that A is an orthogonal tensor. [J

3.4 Variational characterization

In Theorems 1.10 and 1.11 we characterize critical tensors in ®?:1R"J' and Sym?(R™) in
terms of decompositions into best rank-one approximations. We now prove these results
and then derive Corollary 1.12. Afterwards we prove Theorem 1.13.

Proof of Theorems 1.10 and (1.11). From section 2.3, specifically (2.16), it follows that
a non-zero tensor A’ € ®;!:1an is critical in the sense of Definition 1.9, if the tensor
A= A"/||A’||F of Frobenius norm one satisfies

pA € 9||All2 (3.3)
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for some p € R. By (1.6), the spectral norm is a max function of the type (2.17) which is
easily shown to satisfy the conditions of |3, Thm. 2.1]. Therefore, its generalized derivative
is given by the formula (2.18), which in the case of the max function (1.6) reads

J||All2 = conv{X : || X||p = 1,rank(X) =1,(A, X)r = ||A|l2}, (3.4)

where conv denotes the convex hull. This lets us write (3.3) as

-
pA =" Xy, (3.5)

/=1
where r > 0 is a natural number!, aq,...,a, > 0 are such that a; +---+ a, = 1, and

X, are rank-one tensors of unit Frobenius norm satisfying (A, X;)p = || Al|2. By taking
the Frobenius inner product with A itself in (3.5), we find that

o Nl
41

Therefore, after multiplying the resulting equation (3.5) by ||A||2 we obtain the asserted
statement of Theorem 1.10, since, by (2.12), the rank-one tensors Yy = || A||2X/ are best
rank-one approximations of A.

Considering symmetric tensors instead of general ones in the previous arguments yields
a proof of Theorem 1.11. Here it is crucial that in the definition (1.6) of spectral norm
for symmetric tensors one can restrict to take the maximum over symmetric rank-one
tensors of unit Frobenius norm thanks to Banach’s theorem, cf. (2.8). O

Proof of Corollary 1.12. By Proposition 2.2 any extremal tensor in ®?:1R" or Sym?(R™)
must be of rank (respectively, symmetric rank) at least n. In particular, there cannot be
less than n best rank-one approximations in the expansions (1.13) and (1.14). O

We now give a proof of Theorem 1.13.

Proof of Theorem 1.13. Let a tensor A (either in @?leW or in Sym?(R™)) be critical,
that is, by Theorems 1.10 resp. 1.11,

(AlR ) N
A‘<||A||2> 2 e (39)

/=1
for some (symmetric, if A is symmetric) best rank-one approximations Y1,...,Y, to A,
and coefficients aq,...,a, > 0 that sum up to one. Recall from section 2.1 that the

nuclear norm is dual to the spectral norm. By (2.2), this in particular means there
exists a tensor A* satisfying [[A*|2 < 1 and || A/« = (4, A*)p. Note that we then have

1By the classical Carathéodory theorem one can take r < dim ®?:1R"J’ +1=n1---ng+ 1.
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(X, A r < || X|Ir||A*|l2 < || X||F for every rank-one tensor X. Since ||Y;||r = ||4]|2, it
hence follows from (3.6) that

’ [l ) 2 eA0r <y,

which is the converse inequality to (1.16). This shows that (i) implies (ii).
Assume now that (ii) holds for a non-zero tensor A, that is, ||A|2|| A« = ||A]|%. By

the definition of the nuclear norm there exist r € N, positive numbers 51, ..., 5, > 0 and
rank-one tensors X7y, ..., X, of unit Frobenius norm such that
T T
A=>"BX, and |[A.=> B (3.7)
=1 =1

If A is symmetric, the X, can be taken symmetric [8]. Taking the Frobenius inner product
with A in the first of these equations gives

1Al Al = (A, A)p = > BelA, Xo) .
=1

Since (A, Xy)r < ||A]|2 for every ¢ and the S, sum up to ||Al., this equality can only
hold (4, Xy)r = ||A||2 for all £. Since, by (2.12), the rank-one tensors Y; = || A||2 X/ are
then best rank-one approximations of A, we see that (3.7) is equivalent to (3.6), which
by Theorems 1.10 resp. 1.11 means that A is critical. O

Remark 3.2. Observe from the proof that decomposition (3.6) of a critical tensor into its
best rank-one approximations is also its nuclear decomposition. Vice versa, any nuclear
decomposition of a tensor A satisfying ||A||2||A[l« = |[|A||% can be turned into a convex
linear combination of best rank-one approximations of the rescaled tensor ||A[3/||Al|% A.

3.5 Decomposition of Chebyshev forms

In this section we give the proof of Proposition 1.14, that realizes the decomposition
of critical tensors into symmetric best rank-one approximations, that is, corresponding
powers of linear forms, for the Chebyshev forms Y.

Proof of Proposition 1.14. Recall that for any £ =0,...,d — 1 we denote 6 = wk/d and
ay, = cos(fy), by, = sin(fy). Let us observe that for any such k& we can write

[d/2]
cos(df) = Re((—1)Fe’0=0k)) = (—1)k Z (;;) (—=1)¢ cos(0 — 0;,) 2 sin(0 — ;)%
=0

and therefore

a/2 i1
cos(df) == 3 <d> (=) S (= 1) cos(8 — 01)02 sin(0 — 6,)2.



Below we show that for any £ =0,...,[d/2] it holds

d—1
DY "(=1)F cos(8 — 6,)" > sin(6 — 6,)* = (~1)"cos(6 — 6).  (3.8)
k=0

U
—

b
Il

0

This together with the identity >, ] [4/2] ( y) = 2771 implies (1.20) (and hence also (1.19)).
To derive (3.8) we write

d—1
(=) (=1)* cos(0 — 0;,) % sin(0 — 6;)
k=0
d—1
:Z( 1)* cos(6 — 6;)4 2£Z< )cos (0 — 0)% (—1)*
k=0
l / ‘d—l '
= ( ) (1)t Z(—l)k cos(f — ;)20
= M k=0
and claim that for j =0,...,¢ — 1 the inner sum in the last formula is zero. In fact, we
will show that for s = 1,...,[d/2]
d—1
(=1)k cos(6 — 6,)2 = 0. (3.9)
k=0

For this let us observe first that Chebyshev polynomials of the first kind Ty_o;(cosf) =
cos((d — 25)0), j = 1,...,[d/2] form a basis in the space spanned by univariate real
polynomials of degrees d — 2,d — 4,...,d — 2[d/2]. As a consequence one can express
cos( — 0)?7%* in terms of Ty_oj(cos(d — 0)) for j =s,...,[d/2], and thus in order to
prove (3.9), it is enough to show that for s =1,...,[d/2]

U

Y (—l)k cos((d —2s)(0 —0y)) =
0

e
Il

-1
But this follows more details? from the identity (612”/ d)k = 0. O
k=0

We now derive Corollary 1.15 which, in particular, implies that the cubic Chebyshev
forms Y3, are critical for the ratio ||p|leo/|IpllB,P € Psn-

Proof of Corollary 1.15. From Proposition 1.14 we get

3 3
4 -V3 - 3
Ds2(21, 22) = 33? - 333@% —3 33”;’ - (W) + <961+2\f1‘2> - (3.10)
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We then write

n
s () = 23 = 3xy (3 + -+ 22) = —(n — 2)a} +Z —lex
1=2
3
4 — /3 —z1 + V3
:_(n_z)x§+3zx§_<ﬁﬂl2\f%> +<9312fx> |
=2

where we applied (3.10) to each binary Chebyshev form Y3 o(z1, ;) = x5 — 3x122. The
obtained formula is equivalent to the asserted one (1.21). O

3.6 Local minimality of cubic Chebyshev forms

This subsection is devoted to the proof of Theorem 1.3 for which we will need the following
lemma.

Lemma 3.3. The tangent space to the O(n)-orbit of U3 ,(x) = 23 — 3z1 (23 + - - - + 22)
has dimension n — 1 and consists of reducible cubics of the form £ - q, where £ is a linear
form that vanishes at (1,0,...,0) and ¢ = 32 — 23 — .-+ — 22.

Proof. Recall that Y3, is stabilized by the subgroup G ~ O(n —1) C O(n) of orthogonal
transformations that preserve (1,0,...,0). Note that G is of codimension n — 1 and, as a
consequence, the O(n)-orbit of Us ,, is at most (n —1)-dimensional. For j = 2,...,n let us
consider the elementary rotation R;(¢) € O(n) in the (1, j)-plane, that is, R;(¢) is given by
the (n—1) x (n—1) matrix whose only non-zero entries are (R;(¢))11 = (R;(¢));; = cos(¢),
(Rj())1; = —(Rj(v))j1 = sing and (Rj(v))i = 1 for i # 1,j. It is straightforward
to check that the tangent vector to the curve R;(p)*s3, at ¢ = 0 is a non-zero cubic
proportional to z;q. Since the O(n)-orbit of Y3, is at most (n — 1)-dimensional and
since the tangent vectors to n — 1 curves R;(p), j = 2,...,n, are independent, the claim
follows. O

Proof of Theorem 1.3. The subgroup G C O(n) of orthogonal transformations that pre-
serve the point (1,0,...,0) is naturally identified with orthogonal transformations O(n—1)
in the variables xo, ..., x,. As a consequence, together with the decomposition (1.21) we
have the whole family of decompositions

n 3
1 4 _n+2 5 4 S 21+ V3(piaa + - - + pinn)
In—6"" 9n—6 2

=2

3
(-561 + \/g(pi2332 + -+ pinn)
+ )
2
(3.11)
where p = (pij)]'j—o € O(n — 1) is an orthogonal matrix. Using the G-invariance of
the cubic Chebyshev form one can check that rank-one forms in (3.11) with different
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p € O(n — 1) exhaust all symmetric best rank-one approximations of Y3 ,,n > 2. Let us
consider the set

1 V3 3
Cn:{(il,o,...,())}u{<i2,\gp2,...,\gpn> :p§+---+pi:1}
= {(£1,0,...,00} U{z e S" 1322 — 22 — ... — 22 =0}

n

of unit vectors corresponding to symmetric best rank-one approximations of Y3, it
consists of global maxima of the restriction to S”~! of the absolute value of s, (see

Subsection 2.2). Observe that for any unit vector (pa,. .., pn) we have
1 V3 3
Y3, (£1,0,...,0) =+1 and Ys, (i \fpz,..-,\gﬂn> =¥l (3.12)

202

Let us denote by {Igm = Ys,/v/3n — 2 € Sp the normalized cubic Chebyshev form,
where Sp = {p € P3,, : ||p|lp = 1} is the sphere in P3,, defined by the Bombieri norm,
and let M = {p € Sp : [|plloc < [[I3.nlloc} be the semialgebraic subset of the sphere Sp
that consists of forms having smaller uniform norm than flgm. Note that if Conjecture
holds, the set M is empty. To prove the theorem we need to show that ‘:Ig,n does not
belong to the closure M of M. Assume by contradiction that q&n € M. Then by the
Curve Selection Lemma |2, Prop. 8.1.13] there exists an analytic curve p : [0,t] — Sp
such that p(0) = 93, and p(t) € M for t € (0,t]. Up to a reparametrization, this curve
has the form

p(t) = s, + tv + o(t%), (3.13)

where a > 1 is a rational number and v is some non-zero cubic form orthogonal to ITI3,n,
that is ({I&R, v)p = 0. There are now two cases:

i) the cubic form v does not vanish on the set C,

i1) v vanishes on C,.

In the former case there exists « € C, such that q37n(:n)v(x) > 0. Indeed, as v does
not vanish on C,, we have that v(x) # 0 for some z € C,. If s, (x)v(z) < 0, we write
the decomposition (3.11) for an appropriate p and take its Bombieri product with v:

1 n+2 4 < 1 V3 V3
= 5. a4 qn = 17 Yoy - 50 o P2y 5 Pin
0= g, 5 Tsn)p =g —cv(1,0 O)+9n—6; ”(2 g Pi2 2p>
N S B Y
9’ 2P127---7 2pm
(3.14)

Since U3, = D3.0/v3n — 2, (3.12) and (3.14) imply that for some 2’ € C), (corresponding
to the same p as z) Yz, (2")v(2") > 0. Without loss of generality we can assume that
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T3.,(2') and v(2') are positive. Then for a sufficiently small time t > 0

lp(t)lloo = max (@) +to(a) +o(t)] = Ty ula’) + to) +o(t?)

Sn
S (o) = e = [Ty
3,n - \/?m - 3,nllocoy

but this is impossible as p( ) € M for t > 0. Thus we obtain a contradiction with the
assumption we made that Y3, € M.

Let us now treat the case ii). For this let us observe first that a cubic form v vanishes
on C,, if and only if it is a product of the quadric ¢ = 327 — 23 — - — 22 and a linear
form vanishing at (1,0,...,0). By Lemma 3.3 the space of such cubics coincides with the
(n — 1)-dimensional tangent space to the O(n)-orbit of Uz,

Denote by W any (n — 1)-dimensional analytic submanifold of O(n) that passes
through the identity id € O(n) and intersects G transversally at id € W N G. Denote
also by H any analytic submanifold of Sp that has codimension codim H = n — 1, passes
through q37n € Sp and intersects the O(n)-orbit of ‘—13 n transversally at g, - C0n51der
now the analytic map f : W x H — Sp, (w,h) — w*h and note that by construction
the differential of f at (id, I, ) is surjective. Therefore, by the analytic inverse function
theorem || there exist a neighbourhood W x H C W x H of (id, 93.,,), a neighbourhood
S c Spof L13 » and a local analytic inverse f~!: S — W x H to f. Let us now consider
the analytic curve f~!(p), where p is defined above, and let us denote by p C H the
projection of f~1(p) onto H. The curve p is analytic, p(0) = q3n and, by the O(n)-
invariance of the set M, we have p(t) € M for t > 0. Up to a reparametrization p has
the form (3.13), where v is a non-zero cubic form tangent to H at €I37n. By construction
Tq3 nH intersects trivially the tangent space to the O(n)-orbit of {{3’,1 or, equivalently

(by Lemma 3.3 and the above reasonings), the space of cubic forms vanishing on C),.
As a consequence, v is of type i) and hence we again obtain a contradiction with the
assumption that {I37n € M. Thus {Igﬂ ¢ M or, in other words, it is a local minimum of
| lloc : SB — R.

O
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