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ABSTRACT. This study explores the Z-eigenvalue inclusion theorem, fo-
cusing on its role in improving the best rank-one approximation for ten-
sors. We propose novel inclusion sets inspired by Brauer and Brualdi’s
frameworks, offering sharper bounds on Z-eigenvalues. These sets are
demonstrated to provide more accurate results than existing approaches.
Additionally, we apply these results to obtain refined estimates of best
rank-one approximation, particularly for weakly symmetric nonnegative
tensors. The paper includes numerical examples to validate the enhanced
bounds presented.
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1. Introduction

Let C (resp., R) denote the set of complex (resp., real) numbers, and C"
(resp., R™) denote the vector space of n-dimensional complex (resp., real) vec-
tors. Given two positive integers m > 2 and n > 2, we define [n] = {1,2,...,n}.
The space Cl™7] (resp., R[mvnl) represents the set of all m-order n-dimensional
complex (resp., real) tensors, which are multidimensional arrays consisting
of n™ complex-valued (resp., real-valued) entries a;,;,. s, , where each index
i; € [n] for j = 1,2,...,m. In particular, tensors of order 1 correspond to
vectors, while tensors of order 2 are equivalent to matrices.

For a tensor A = (a;,4,...i,,) € RI™*7) - we say that A is nonnegative if
all its components satisfy a;,4,..;,, > 0. A tensor A = (a;,i,. i, ) is termed
symmetric [26] if

m

Qiyin.im = Qi (1)in(2). in(m)? v € 11,,,

where II,,, denotes the set of all permutation group of the indices (1,...,m).
Additionally, an m-order n-dimensional real tensor A = (a;,4,..i,, ) is termed
weakly symmetric [5], if

V(Az™) = mAz™ 1, Vo € R™,
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where V represents the gradient operator, Ax™ is the homogeneous polynomial
defined by

fa(z) = Az™ = 2T (Ax™ 1) = Z Qiyig. in Tig Tig « - T s

11,82, 0m =1

and Az™~! is an n-dimensional vector in C", with its i-th element given by
n

—1
(Axm )i = Z Qiig...ipy Lig - - - Li,, -

92,83, tm =1

It is important to note that while every symmetric tensor is inherently weakly
symmetric, the reverse is not necessarily true. Consequently, certain conclu-
sions that hold for symmetric tensors may not apply to weakly symmetric
tensors. This distinction underscores the need for careful consideration when
extending results from symmetric to weakly symmetric cases.

The concept of Z-eigenvalues for tensors was independently introduced by
Qi [26] and Lim [20] in 2005.

Definition 1.1. Let A = (a;,i,..4,,) € RI"™7 be a given tensor. If there exist
a scalar A € C and a nonzero vector = (x1,...,z,) € C"\{0} such that

(1) Az P =Xz and 2Tz =1,

then A is termed an E-eigenvalue of A, and z is called an E-eigenvector asso-
ciated with A. If both A and x are real, then ) is referred to as a Z-eigenvalue
of A, with x as the corresponding Z-eigenvector.

Let A be an m-order n-dimensional real tensor, and denote the set of all
Z-eigenvalues of A as o(A), known as the Z-spectrum. If o(A) # 0, the
Z-spectral radius of A, represented by p(A) = max{|A|: A € 6(A)}. Chang,
Pearson, and Zhang [5] pointed out that for nonnegative tensors, p(A) does not
always correspond to a positive Z-eigenvalue of A. They further established
that when A is a weakly symmetric nonnegative tensor, p(A) is guaranteed to
be a Z-eigenvalue of A.

The study of Z-eigenvalue problems for tensors has gained significant at-
tention due to their broad range of applications, including the best rank-one
approximation [11,24,37], the geometric measure of entanglement in multipar-
tite quantum states [34,35], and providing sufficient conditions for the positive
definiteness of homogeneous polynomial forms, which are essential for evaluat-
ing the asymptotic stability of time-invariant polynomial systems [28,36]. In
this paper, we focus specifically on the best rank-one approximation.

A tensor A of order m and dimension n is called a rank-one tensor if it can
be represented as the outer product of m vectors, given by the expression

R = AecRM . 4= ®v(j),v(j) eR"
j=1
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This means that every entry a;,;,. ;,, of A can be written as the product of
the corresponding components of the vectors
1) (2
Ajrig.. iy — ’U;)’Ué) N Ug:nn),
for i1,42,...,%m € [n]. In particular, if all the vectors involved in the outer
product are identical, the tensor is referred to as a symmetric rank-one tensor.
In this case, each entry a;,i,..;,, of the tensor is given by

m

ailh___im = V4, Uiy ...Uim, 21,225 .-.5lm S [n]

The best rank-one approximation of tensors is fundamental in a variety of ap-
plications, including MIMO communication systems [10], data analysis [11,25],
image and signal processing [9], independent component analysis [4], higher-
order statistics [22,23], and magnetic resonance imaging [12]. When considered
under the Frobenius norm, this approximation can be framed as an extreme
Z-eigenvalue problem [24,25]. In [24], Qi introduced the notion of the best rank-
one approximation ratio, denoted App(V'), for tensor space V, providing both
lower and upper bounds for this ratio. These bounds are crucial in understand-
ing the convergence behavior of the greedy rank-one update algorithm [1, 32]
and play an important role in evaluating the performance of rank-truncated
steepest descent methods in low-rank matrix and tensor optimization [30].

Various engineering and scientific problems including the best rank-one ten-
sor approximation can be framed as the Z-eigenvalue problem of tensor. How-
ever, unlike the eigenvalue problem for matrices, finding eigenvalues for tensors
is NP-hard [15]. Despite this challenge, several algorithms have been developed
to compute eigenvalues for specific types of tensors, such as nonnegative and
symmetric tensors [7,17,18]. Nevertheless, these methods often face difficulties
when dealing with large tensors and, more importantly, do not always ensure
that the computed Z-eigenvalues are the largest. Consequently, it is necessary
to study the Z-eigenvalue inclusion theorem for tensors.

In recent years, there has been increasing focus on the localization of Z-
eigenvalues for tensors and the development of bounds for the Z-spectral radius
of weakly symmetric nonnegative tensors. Wang, Zhou, and Caccetta [33]
generalized Gersgorin’s and Brauer-type eigenvalue inclusion theorems from
the matrix setting to the Z-eigenvalue problem. Further investigations into
the Z-eigenvalue localization theorem for tensors are available in works such
as [13,14,16,19,21,27,34-36].

In this paper, we introduce optimal Z-eigenvalue inclusion sets for tensors
and explore their applications in improving the best rank-one approximation
within nonnegative tensor spaces.

The structure of this paper is as follows. In Section 2, we establish two
enhanced Brauer-type and Brualdi-type Z-eigenvalue localization sets, which
provide more precise results than those presented in [16,33]. Section 3 intro-
duces a new Brualdi-type Z-eigenvalue inclusion theorem for tensors, based on
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classifying tensor entries according to the digraph associated with even-order
tensors. Additionally, we demonstrate that, in a specific case, the Brualdi-type
inclusion set of Z-eigenvalues is tighter than the set provided in [35]. In Section
4, we concentrate on estimating the best rank-one approximation for weakly
symmetric tensors.

2. Brauer-type and Brualdi-type Z-eigenvalue localization
sets

In this section, we propose two refined Z-eigenvalue inclusion sets based
on Brauer-type and Brualdi-type approaches for tensors. Furthermore, we
compare these newly developed sets with several existing results to highlight
their improvements.

Define r; (A) = > a4, |- Wang, Zhou, and Caccetta [33] intro-

i2,...,im€[n]
duced the following Gershgorin-type theorem, which establishes a Z-eigenvalue
localization set for tensors.

Theorem 2.1. Let A = (aiy4,..4,,) be a tensor of m-order n-dimensional, then
c(A)CKA) = JKi(A):={zeR : 2| <ri(A)}.
1€[n]
Brauer’s well-known eigenvalue inclusion set for matrices, introduced in [2],
is recognized as a subset of the Gershgorin set. Recently, this eigenvalue inclu-

sion set has been extended from matrices to tensors, leading to the following
Brauer-type Z-eigenvalue inclusion set for tensors [33].

Theorem 2.2. [33, Theorem 3.2] Let A = (a4,iy...i,,) be a tensor of m-order
n-dimensional. Then all Z-eigenvalues of A are located in the following set

LA = () £ij(A) ={z€C: (2] = (ri(A) — la;..;1)) |2] < laij..;|75(A)} -
i€[n] j€[n]
i

We define the Kronecker symbol for m indices as d;,i,...;,,, which is given by

5 U i =i ==,
i1%2...0m 0 otherwise.

Define R;(A) = r;(A) — |a;._ ;|- A modification of Theorem 2.2 presents an
optimal Brauer-type Z-eigenvalue inclusion set.

Theorem 2.3. Let A = (ai,i,..4,,) be a tensor of m-order n-dimensional and
assume that R;(A) > 0 fori € [n]. Then

o (A) € B (A) = B1 (A)UB; (A),
where. B1(A) = U {z € R: (2] = laii)™ " (I2] = laj.]) < (Ro(A))"

4,7 €[n]
i#]
Rj(A), |z| > lai..ql}, and B2 (A) = U;epy {2 € R 1 [2] <lai..l}



Optimal Z-eigenvalue bounds and rank-one approximations — JMMR Vol. 14, No. 2 (2025) 249

Proof. Let A be a Z-eigenvalue with a corresponding Z-eigenvector x. Assum-
ing R;(A) > 0, we deduce that A € B(A) whenever |\| = |a;...;| for some i € [n].
Next, consider the case where || > |a;...;| for all ¢ € [n]. Using Equation (1),
we get

Azl ™ ™ < Mol < lagal |27+ D @iy | |Tia] - 230
12,..yim €[N]
dig..im =

which implies that

(2) Rl e N I N P i I £ O A
7;27...77;7”6[71]
iig...im =0

Let |z¢| > |2zs| > krr[la]o( |z |. Then from the ¢-th inequality of (2), we can get
€n
k#s,k#t

(A = lageD e < D0 fatiaein] ] - |2,

i, yim €[n)]

(3) < Ry (A) e[ 72 ]
We analyze Equation (3) by considering two distinct cases.

Case 1. Let 2, = 0. Then from Equation (3), we derive

(Al = lag.e) [=5" 1 = 0,

which leads to the conclusion |A| = |a¢...¢+|. Thus, it follows that A € B(A).
Case 2. Now consider the case where z; # 0. From Equation (3), we obtain

(A = lage]) 27" | < Re(A) o7 |l

Since |A| > |ag...t|, it follows that

(4) (A = Jaeae) 271 ) ™ < (RoCA) [ )

Similar to (3), we obtain

(5) (A = lass]) [22 7 < Ro(A) e 2 o]

Since 27z =1, and 0 < |z;|™~! < |2;] < 1, by (4) and (5), we have
(A = lae)™ ™ (1A = Jag..s]) < (Re(A)™ " R(A).

If A < |a;..;| for some i € [n], it follows that A € By(A). Therefore, we
conclude that A € B(A), which establishes the desired result and thereby
completes the proof. O

m—1
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In [3], Brualdi presented the eigenvalue inclusion set for matrices. Drawing
upon this concept, we formulate a corresponding Brualdi Z-eigenvalue inclusion
set for tensors, expressed as follows.

Theorem 2.4. Let A = (ai,i,..4,,) be a tensor of m-order n-dimensional and
assume that R;(A) > 0 for i € [n]. Then
o(A) CZ(A) = Z1(A) U Z,(A),

where

Z1(A) = U z€R: H(|Z|_‘a2]17|) < HRi_,»(A)"d > ai,..q| ¢
@igig i 705 j=1 J=1

=0

P19 .im
Z(A) = | J {zeR: |z <laiil}

1€[n]
Proof. Let X be a Z-eigenvalue with a corresponding Z-eigenvector . Following

a similar reasoning as in Theorem 2.3, we consider three distinct cases. Under
the assumption that R;(A) > 0, it can be concluded that A € Z(A) when

[A] = |aj...;] for some ¢ € [n]. Next, consider the case where |A\| > |a;..;| for
all i € [n]. Let |zg| = max{|z;, ||| - |Zi| © Givigeoin, # 0, (G2, .., 0m) #
(t1,..,%1) 01, -, im € [n]}. Similar to (2) for all ¢ € [n], we have

(N =laii) 21 < Y iy | 2l [, - s, |

i27~~-7ime[n]
=0

dig...im

> aiigein | l7s]

12,..,im €[n]

iig...im =0
(6) = Ri(A) |zs].

We analyze Equation (6) by considering two distinct cases.

Case 1. Let |zg| = 0. Given that z # 0, we assume z, # 0 for some
p € [n]. From R,(A) > 0, then there exists app,...p,, # 0, where 6,p,. p,, =0,
ie., (p2,....pm) # (p,...,p). Thus, we have |zpzp, - 2p,, | = |zg] = 0. From
Equation (6), it follows that

(IAl = lapp...pl) |$;n’ =0,
which implies |A| = |ap..p|. Therefore, it is evident that A € Z(A).
Case 2. Now consider the case where |zg| # 0. Suppose that |zg| =
|z, |2, - - - |2;,,|. From Equation (6), we obtain

IA

(A= lajygig D) 2] < Ry, (A) |za],

m

< R;, (A)|zs].
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Given that |A| > |a;...;| for all ¢ € [n], it follows that

H (|)‘| - |a‘jljl"‘jl|) }x?” < ‘xﬂ|m HRjz (-A

=1 =1

If |A| < |a;..;| for some i € [n], it follows that A € Z5(A). Consequently, we
deduce that A € Z(A), thereby establishing the desired result and completing
the proof. 0

The following describes the relationships between Z(A) and B(A).

Theorem 2.5. Let A = (a4iy..i,,) be a tensor of m-order n-dimensional.

Assume that R;(A) > 0 for i € [n]. Then
(7) Z(A) CB(A) C L(A) CK(A).

Proof. The inclusion £(.A) C KC(.A) was established in [33, Corollary 3.1]. Next,
consider the inclusion B(A) C L(A) from Equation (7). For z € B(A), if
z ¢ L(A), then for every i € [n], there exists j € [n] such that j # i and
z ¢ L; j(A), by the definition of £; ;(A) presented in Theorem 2.2.

If Qjj...5 # O, then
2| = (ri(A) — las;.51)

|aij... sl

>1

or

and thus, we have
(8) |z| > ri(A) = |a;..| + R;(A), Vi€ [n].
When a;;...; = 0, we still have the result in (8). Thus, for all ¢, j € [n], where
i # j, one obtains
(2] = Jasa)™ 7 (1] = lag.5) > (Ri(A)™ " R;(A).

This contradicts the assumption that z € B(A). Furthermore, by inequality
(8), for all i € [n], we have |z| — |a;...;] > R;(A) > 0, which contradicts the
assumption that z € By(A). Therefore, we conclude that z € L(A).

Next, we prove the validity of the left-hand inclusion in (7). Let z € Z(A),
meaning z € Z1(A) or z € Z5(A). If z € Z5(A), then z € Bs(A). Let z be
any point in Z;(.A), which satisfies the following inequality

9) H (2] = Jayi;...i;]) < H

By raising both sides of the inequality (9) to the power of m, we obtain

m

(10) (2l = lasi;...i;|) "< H

=1



252 A. Askarizadeh, M. Zangiabadi

Since R;;(A) > 0 for j = 1,2,...,m, we can equivalently express the inequality
(10) in the following form

—1 —1
(121 = Jairecis ™) G2l = lasaeiaD) (121 = laigeia ™) (121 = i)

(B, ()™ (i, (A)) ' (Rey ()7 iy (A))
(1)
(o1 = lay i ") (2l = lass )
(Repy (A)™ (i, (A)) .

Given that the factors on the left side of (11) cannot all exceed unity, it follows
that at least one of these factors must equal unity at most. Specifically, we
have

—1
(12 = s ") (2] = iz

(R ()™ (R, (A) =
(121 = Jaizrcia™ ") (121 = ..
(Ria ()™ (Riy (A))

(121 = @i ") (2] = iy ])
<1
(Re,y (A (R (A)) .

im
Therefore, there exists an « such that 1 < a < m, satisfying the condition

(12l = 1o )™ (2] = i cians ) S (R (A)™ 7 (Ris (A))-

This means that z € B;(A). Hence, we have Z(A) C B(A). Therefore, the
proof is concluded. O

The following example from [16] illustrates the enhancements in the bounds
achieved in this section.

Example 2.6. [16, Ezample 2.8] Consider the symmetric tensor A = (a;jk1) €
R42 . with entries defined as follows

—4
a111 = 2, agz2 = 1, a112 = a2 = @11 = 3 and other a;j, = 0.
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From Theorem 2.3, we get

B(A) = {z eR: (2] —2)% (2] - 1) < (i)z (g)}u
{zeR:<|z|—1>2<|z o)< (i) (g)}

Table 1 shows some Z-eigenvalue inclusion sets for tensor A.

TABLE 1. Various Z-eigenvalue inclusion sets for Example 2.6

K(A) of [33, Theorem 3.1] {zeR:[]< 3}
L(A) of [383, Theorem 3.2/ {z€eR:|z| <4.0934}
F(A) of [16, Theorem 2.5] {zeR:[]<F}
B(A) of [16, Theorem 2.1] {z € R:|z| <3.9384}
B(A) of Theorem 2.3 {z € R:|z| <3.8303}
Z(A) of Theorem 2.4 {z € R:|z| < 3.8303}

3. A novel Brualdi-type Z-eigenvalue inclusion set for tensors
of even order

In this section, we propose novel Brualdi-type Z-eigenvalue localization sets
by classifying the index set, and we show that these localization sets provide
tighter bounds than existing ones.

The concept of a Z-identity tensor was introduced in [18,26].

Definition 3.1. A tensor Zz = (€;,i,...i,,) of m-order n-dimensional, where m
is even, is defined as a Z-identity tensor if, for any vector z € R” with 272 =1,
the following condition holds
Tyax™ b =,
In general, Z-identity tensors are not uniquely defined (see, e.g., [18,27,28]).
Several constructions can serve as Z-identity tensors; for example, the following

cases provide valid forms of Z-identity tensors:
Case I. Let Z; = (i, 4y...i,,) € RI™7 where

_ 1 Z.l :iQa i3:i47"~77’.m71 :Zm
(12) €i1dg iy — .
' 0 otherwise

Case II. Let Zo = (€4, 45.4,,) € RI™" | where

1
(13) Ciyig iy — % E 6i7r(1) ir(2) 6i7r(3) lr(a) * " 5i7r(m—1) L (m)
ﬂGHm
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For i1,d9,...,%m € [n], let ¢ represent the Kronecker delta, where ¢;; = 1 if
i=jand d;; =0if 7 # j.

We will adopt the following notation, organized by partitioning the index
set.
Aii={(ig, .- vim) + (Tn)y, o =1, d2, .oyim €[]},

tm

Ki = (i27 s aim) : (Il)ii2 i Ov Z.27 s aim € [n]} .

A :={(ig,...,im) : G2,...,10m are either distinct or exactly two are equal },
A = {(igy - yim) i (i2y e yim) & A, oy im € [0]}.

Q; :=A{(ia,...,im) ik = j for somek € {2,...,m}, where j, iz ...,im € [n]},

Q= {(iay.. . im) 1 ix #£J foranyk € {2,...,m}, where j,is,...,im € [n]}.

For a tensor A = (aj,i,..4,,) of m-order n-dimensional with ¢ # j, and for
R e {A;, A, Q;}, we consistently employ the following notation throughout our
proofs.

A = > i A= D (@i,

i2yeenyim €R 2,0 im €ER
1 A A AA
Mi(A) = B + ————= 1M (A) + % (A), Bi=  max {0}
(m _ 2) P} 12,..,0m €N
) 1 oo ) TAAAO.
M (A) = B; + o rin DA (A) DA (A),
m—

It is evident that for any i € [n], the relation r;(A) = r(A) + r£(A) holds.
If the Z-identifying tensor Z is designated as Z;, then according to Definition
3.1, we can state the following lemma.

Lemma 3.2. For anyz € R, if 23 + -+ 22 =1, Then
Z Tiy Tig - Ti, = Ty Vi € [n].
i2,03,..,im €Ng

In the subsequent discussion, we provide a lemma from [27, Lemma 2.2],
which is essential for several of our results.

Lemma 3.3. Consider 23 + -+ + x2 = 1, where z; € R for i € [n]. Let

Y1, ---, Yk denote any k entries selected from xy,...,x,. Then, it follows that
1
lyallyzl - lyel < —
k2

Using the above notations and results, we can rewrite Equation (1) as follows.
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Remark 3.4. Let A = (ai,4,..4,,) be an m-order, n-dimensional tensor, with m
assumed to be even. Consider A € o(A) and let z = (z1,...,2,)T € R" be an
eigenvector associated with A. This implies that the following equation holds

(14) Azt = Az, with 27z = 1.

Let |z;| = me[n]( |z;|. Then, from the t-th equation in (14), we obtain the fol-
i€[n

lowing

-1
Axy = (.Amm )t = g Qtiy..iy, Tig - - Ti,

12,0 0m €At

+ E atig...im .’Eiz e .’Eim
125eensim EAFNA

(15) + Z am‘zmim (I}iQ e -Tim-

Since 27z = 1, and given that 0 < |z;|™~! < |z;| < 1, we can take the modulus

of the equation and apply the triangle inequality to derive the following result
for (15)

|)\| ‘It| S ﬂt Z l‘iQ .. .l‘im

12,00 m €At

+ > |atis..i | [Y1] - [Ym—2] |2:]
19,y im EALNA

+ Y |t i 2"

where |y1], ..., |ym—2| are derived using the following approaches:

Case I. If io, . . ., iy, are distinct, we can substitute any one of |x;,],...,|z;,, |
with |2¢|, while preserving the values of the others (which we can designate as
1], [y ).

Case II. If exactly two of is,...,4,, are equal, we can replace one of
the repeated elements with |z;|, while the remaining elements (denoted as
ly1l,- -+, |Ym—2|) remain unchanged.

Utilizing Lemmas 3.2 and 3.3, we obtain

1 J— [N
(16) RYEARSEN <5t + A (A) +T?‘OA(A)> :
m—2) 2
Let |z¢| > |zs] > {max |xk| : k € [n], k#s, k#1t}, then |z > 0. Again by
(14), we have

Mz < Y avi il sl -z 4 D a2l - |20,

@2, m €82 B2,y €
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For t # s, similar to the characterization of (16) for the second summation in
the above inequality, yields that

1 - -
A 2] < (@ b AN (4 AN (-"0) |z | +

m—2) 2
re (A g™t

Thus,
(17) (1A = M () fae] < (A) [ ™ <o (A Ja).

Let T" be a directed graph with a vertex set V and an arc set E. A circuit in
I' is characterized by a sequence vy, ...,v;,,v;, , = vj;, where p > 2 and the
vertices vy, ..., v;, are distinct. Additionally, the arcs (vi;,vi,), (Viy, Viz); - - -,
(vs,,vi,) must belong to the set £. The directed graph I' is termed weakly
connected if, for every vertex v; € V, there exists at least one circuit that
includes v;.

Define

rf ={v; eV : (v,v;) €E, v; e V}.

A pre-order established on the set V fulfills the following criteria:

1. v; < vy

2. If v; < v; and v; < vy, then v; < vg;

3. v; < v; and v; < v; do not imply v; = vj,

where v;,vj, v, € V (see, e.g., [3]).
Lemma 3.5. [3] Let I be a directed graph in which a pre-order is defined on
its vertex set. Assume that T} is nonempty for every vertex v. Then, there
exists a circuit of the form v;,, ..., vi,, v, = viy, such that v;, , is a mazimal
element of F;Zj for each j € [k].

Consider an m-order, n-dimensional tensor A = (a;,..;,,). We define a

directed graph I' 4 in the following manner: the vertex set of I" 4 is specified as
V(A)={1,...,n}, and the arc set is defined as

E(A) = {(Z,]) | Ajjn-nipy, 7é 0, je {ig, e ,’Lm} # {Z, ceey Z}}
Let C(A) represent the collection of all circuits in I'(A). We will now introduce
the optimal Brualdi-type Z-eigenvalue inclusion set.

Theorem 3.6. Let A = (a;,i,...;,,) be an m-order, n-dimensional tensor, where

m is even, and suppose that 73" (A) # 0 fori € [n]. IfT(A) is weakly connected,
then
o(A) CD(A) =D (A UD2(A),

where Dy (A) = U,ccnlz € R ¢ T, (o= M (4) < Tlie, v (A),
2] > M (A), Vi € 7}, and D3 (A) = Usepy {2 € R: |21 < MY (A}, and
|v| denotes the length of circuit .




Optimal Z-eigenvalue bounds and rank-one approximations — JMMR Vol. 14, No. 2 (2025) 257

Proof. Let A denote a Z-eigenvalue of A. Given that I'(A) is weakly connected,
it follows that A\ € D(A) if |\| = M/ (A) for some i € [n]. Now, suppose
Al > M (A) for all i € [n]. Let = (x1,...,2,)7 € R” be a Z-eigenvector
corresponding to A, and let 'y denote the subgraph of I' 4 induced by those
vertices i for which z; # 0. We define a pre-order on the vertex set of I'y
such that ¢ < j if and only if |z;| < |z;|. According to Lemma 3.5, there
exists a circuit v = {i1,...,%p, ip41 = 91} within I'y that satisfies the condition
|zi;., | > |og| for any k € I'§(i;) (where j = 1,...,p). Consequently, from
inequality (17), we obtain

(|)\| N Mij:rl (‘A)> |“Tij+1| = Tijﬁfl (A) }x17| ‘
and hence,
p . p i p
TT (1A= 22570 () TT il < TT 2 (A TT -
j=1 k=1 j=1 k=1

Given that iy =41 and z;; # 0 for j =1,...,p, it follows that

P Q, L
I1 (|)\| M (A)) <[l ),
j=1 j=1
that is,
IT (=2 ) < TTr ).
1St ST
If |A| < M (A) for some i € [n], it follows that X € Dy(A). Consequently, we
conclude that A € D(A), thereby completing the proof. O

In [35], an alternative Brauer-type Z-eigenvalue localization set for tensors
of even order was established.

Theorem 3.7. [35, Theorem 2.12] Let A = (a;,iy..s,,) be an m-order, n-
dimensional tensor, where m is even, then

s CPA =] ([ PiuiA),
i€[n] jE[n],i#£]

where
Piy (A) = {z € R: (Il = MP () 2] < o (A) M (A) }

Similar to Theorem 2.5, we indicate that the localization set D(.A) is more
precise than the localization set P(A).

Theorem 3.8. Let A = (ansz) be an m-order, n-dimensional tensor, where
m is even, and suppose that 7\ (A) # 0 fori € [n]. IfT(A) is weakly connected,
then

(18) D(A) C P(A) C K(A).
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Proof. Inclusion P(A) C K(A) was proved in [35, Corollary 3|. For z € D(A), if
z ¢ P(A), then for all i € [n], there exists j € [n], j # ¢, such that z ¢ P; ;(A),
according to the definition of P; ;(A) in Theorem 3.7.

If M;(A) # 0, then

— M
EEYIT )

it (A)

|2]
>1,
M;(A)

or

and thus, we have
(19) 2| > Mi(A) = M% (A) + % (A), Vie[n)

When M, (A) = 0, we also have (19). Thus, z ¢ Dy(A).
Since I'(A) is weakly connected, there exists a circuit v € C(A) such that

T (N =22 () > T ().

tey tey
Thus, we conclude that A ¢ D;(A), implying A ¢ D(A), which leads to a
contradiction. Therefore, we have D(A) C P(A). O

Below, we present an example that illustrates how the localization set defined
in Theorem 3.6 is more accurate than the other localization sets.

Example 3.9. ( [5,13,14,16,19,21,33]) Consider the symmetric tensor A =
(@ijr) € R%21 with entries defined as follows:

1
aiil = a202 = 3, and Q;jr = 3 elsewhere.

57
When iy = 1, we have

A1 = {(iz,ig,i4) : (1,1,1),(1,2,2)},
ANnA= {(i2,d5,14) 1 (2,1,2),(2,2,1),(1,1,2),(2,1,1),(1,2,1)} =ANANQy,
EOZ:{(iQ,iS,i4) : (27272)}7 Emzmglzma

which implies f1 = 5, My (A) = 2, M (A) = & and r{Tl(A) =i
When i1 = 2, we have

A2 = {(i27i37i4) : (272a2)7(27171)}7
EQA:{(inifﬁu) : (17172)5(17271)’(1a272)7(251a2)7(2a251)}:EQAQQ%
Tgmz:{(ig,ig,i4) : (1,1,1)}, EﬂZﬂQQZQ,

which implies B = 3, Ms (A) = 2, M2 (A) = 2 and TiTl (A) =

(M

We calculate the bounds for p(A) in Table 2. This table shows that the
bound provided in Theorem 3.6 outperforms the other bounds available in the
literature.
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TABLE 2. Upper bounds for p(A) in Example 3.9

Proposition 3.3 of [5] p(A) < 7.5432
Corollary 4.5 of [29] p(A) <5.3333
Theorem 2.7 of [15] p(A) < 5.2846

Theorem 3.3 of [19] p(A) <5.1935

Theorem 4.6 of [33] p(A) < 5.1822

Theorem 4.7 of [33] p(A) <5.1822

Theorem 4.2 of [16] p(A) <5.1667

Theorem 2.4 of [21] p(A) < 4.5147

Theorem 3.1 of [14] p(A) < 4.0000

Theorem 2.12 of [35] p(A) <3.9732
Theorem 3.6 p(A) < 3.8770

4. Application in Best Rank-One Approximation

In this section, we derive bounds for the best rank-one approximation ratio
App(V') by applying the results from prior sections.

Let A = (a4, iy-i,,) be an m-order, n-dimensional tensor. The rank-one
tensor kx™ = (Kxi, Tiy - 2, ) € Ry is considered the best rank-one approxi-
mation of A if it minimizes the expression

{|A—-ka™|p:kER, z €R", 2Tz =1},

where ||A|F = \/Zx,iz,...,imzl a? ;... is the Frobenius norm of the tensor
A.

Numerous theoretical results have been developed, along with various nu-
merical methods, to investigate tensor rank-one approximation [6,11,17]. Un-
fortunately, finding the best rank-one approximation for tensors and spectral
norms is NP-hard [15], which means that these methods only yield approximate
solutions. Additionally, Qi [25] has shown that the rank-one tensor kz™ is the
optimal symmetric approximation of A if k corresponds to the Z-eigenvalue of
A with the largest absolute value, and z is the associated eigenvector of k.

The best rank-one approximation ratio [24] within the tensor space V is
defined as

, p(A) _ (A

App(V) = max{u p < Al VAeV, A# O} = min Al ”eran:lp(A).

The maximum positive lower bound for the quotient of the best rank-one
approximation of any tensor within the tensor space V relative to the norm of
that tensor is always less than one.

Consequently, when A is a weakly symmetric tensor, the expression p(A)z
represents the best rank-one approximation of A. Here, x, refers to the Z-
eigenvector of A associated with p(A), indicating that
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min A= r2"|[p = A= p(A)2F = Al - (p(A))".

KER,zeR™ T =
If we obtain a bound for p(.A), we can derive bounds for min | A—
kER,z€R™ 2T x=1
kz™| F, the approximation ratio App(V'), and %. Consequently,
building on the prior results, we derive new bounds for App(V').
The ratio of the residual of the best rank-one approximation of A to the
Frobenius norm of the tensor can be represented as follows

A= p(A)zi]p

ATy —
M\ g T VA )”

This provides a rate of convergence for the greedy rank-one update algo-
rithms [1, 32].

In a practical application, the author in [30] illustrated that estimating
App(V) is crucial for understanding the convergence of rank-truncated steepest
descent methods in low-rank matrix and tensor optimization problems. He also
pointed out that the alternating least squares (ALS) method [11,31] achieves
local linear convergence under specific conditions related to the rank of the Hes-
sian matrix of the objective function, stemming from a modified minimization
formulation of power method or the ALS approach.

There are several results regarding the bounds of App(V') for tensors. For
tensors of order 3, these findings have been established previously. Cobos et
al. in [8] provided the following estimates

1
— < Apps(R;n,n,n) < —Bﬁ.
n n

Furthermore, they note that

1
Appd(R;nw-,n)O(W),

specifically,
dvV/ T2
Vpd—1 '
In the context of finite-dimensional symmetric tensor space, the following
bounds are provided in [24,37]

1 3 mm 6
ﬁgApp(Sym (R™)) g,/n %

Moreover, we aim to derive estimates for bounds within a finite-dimensional
space V consisting of weakly symmetric nonnegative tensors. Based on earlier
findings, we present the following bounds.

App;(R;n,...,n) <
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Theorem 4.1. Let V be a finite-dimensional space comprised of weakly sym-
metric nonnegative tensors, and consider A € V.. Then

L N u
—— < Appa(V) < 7——,
Al V)< ATz

where L and U denote the lower and upper bounds of p(A), respectively.

Proof. Since A is a weakly symmetric tensor, it follows that p (A) represents the
largest Z-eigenvalue of A (refer to Theorem 3.11 in [5]). Thus, the conclusion

directly follows from the definition of App(V') for the tensor A. O

We demonstrate that the bounds presented in Theorem 4.1 are better than
the existing results, using Example 3.9 as a reference.

Let A = (aijum) € R*2 be the symmetric tensor, with its elements defined
as follows

1 1
oL ag222 = 3, and a;jr = 3 elsewhere.

Calculating with the MATLAB toolbox ”TenEig,” we obtain the following
values

ailll =

Al = 32872, p(A) =3.1092,  App(A) = 0.9459.
According to [19, Theorem 3.3] (as shown in Example 4.1 of [21]), we obtain

0.7330 < p(A) < 5.1935.

From these bounds, we can derive the corresponding estimates for the best
rank-one approximation ratio.

0.2229 < App (Sym*(R™)) < 1.5799.
Additionally, from [21, Theorem 2.4], we find
0.7663 < p(A) < 4.5147,
which results
0.2331 < App (Sym*(R™)) < 1.3734.
Applying Theorem 3.6 gives us the bounds
1.2897 < p(A) < 3.8770,
leading to
0.3923 < App (Sym*(R™)) < 1.1794.

These results indicate that the lower and upper bounds in Theorem 4.1 are
tighter than the existing bounds.
Furthermore, the bounds for min, cg ,ern 474-1 [ A—K2™| F and W

can be obtained similarly.
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5. Conclusions

In this work, we introduced novel Brauer-type and Brualdi-type Z-eigenvalue
inclusion sets, labeled as B(A) and Z(A), which extend classical results from
matrix theory to tensors. By categorizing the tensor index set, we also derived
an optimal inclusion set D(A) for tensors of even order, providing sharper
bounds.

One significant application of these findings is to evaluate the best rank-one
approximation for weakly symmetric tensors. The proposed inclusion sets es-
tablish a robust framework for bounding Z-eigenvalues, which are crucial in
determining the accuracy and computational efficiency of best rank-one ap-
proximation techniques. To demonstrate the effectiveness of our approach, we
presented numerical examples illustrating that our inclusion sets outperform
existing methods by delivering tighter bounds and improved approximations.

For future work, we aim to extend the inclusion sets to tensors of arbitrary
order, including odd-order tensors, thereby providing a more comprehensive
framework for tensor spectral analysis. Additionally, we intend to explore ap-
plications in areas such as the geometric measure of entanglement in multipar-
tite quantum states and the sufficient condition for the positive definiteness of a
homogeneous polynomial form, which is used to judge the asymptotic stability
of time-invariant polynomial systems.
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