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Abstract Stimulated by odd-bipartite and even-bipartite hypergraphs, we
define odd-bipartite (weakly odd-bipartie) and even-bipartite (weakly even-
bipartite) tensors. It is verified that all even order odd-bipartite tensors are
irreducible tensors, while all even-bipartite tensors are reducible no matter the
parity of the order. Based on properties of odd-bipartite tensors, we study the
relationship between the largest H-eigenvalue of a Z-tensor with nonnegative
diagonal elements, and the largest H-eigenvalue of absolute tensor of that Z-
tensor. When the order is even and the Z-tensor is weakly irreducible, we prove
that the largest H-eigenvalue of the Z-tensor and the largest H-eigenvalue of the
absolute tensor of that Z-tensor are equal, if and only if the Z-tensor is weakly
odd-bipartite. Examples show the authenticity of the conclusions. Then, we
prove that a symmetric Z-tensor with nonnegative diagonal entries and the
absolute tensor of the Z-tensor are diagonal similar, if and only if the Z-tensor
has even order and it is weakly odd-bipartite. After that, it is proved that,
when an even order symmetric Z-tensor with nonnegative diagonal entries
is weakly irreducible, the equality of the spectrum of the Z-tensor and the
spectrum of absolute tensor of that Z-tensor, can be characterized by the
equality of their spectral radii.
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1 Introduction

Since the early work of [12,17], more and more researchers are interested in
studying eigenvalue problems of tensors in the past several years [1,3-6,9,10,
14-16,18-21,24,25]. In [17], two kinds of eigenvalues were defined for real
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symmetric tensors: eigenvalues and E-eigenvalues. An eigenvalue (resp. E-
eigenvalue) with a real eigenvector (resp. E-eigenvector) is called an H-eigenvalue
(resp. Z-eigenvalue). When a symmetric tensor has even order, H-eigenvalues
and Z-eigenvalues always exist. An even order symmetric tensor is positive
definite (resp. semi-definite) if and only if all of its H-eigenvalues or all of its
Z-eigenvalues are positive (resp. nonnegative). Based upon this property, an H-
eigenvalue method for the positive definiteness (resp. positive semi-definiteness)
identification problem is developed.

The main difficulty in tensor problems is that they are generally nonlinear.
Because of the difficulties in studying the properties of a general tensor,
researchers focus on some structured tensors. Z-tensors are an important class
of structured tensors and have been well studied [7,13,26]. They are closely
related with spectral graph theory, the stationary distribution of Markov chains,
and the convergence of iterative methods for linear systems.

Recently, Hu et al. [10] considered the largest Laplacian H-eigenvalue and
the largest signless Laplacian H-eigenvalue of a k-uniform connected hyper-
graph. When the order is even and the hypergraph is odd-bipartite, they proved
that the largest Laplacian H-eigenvalue and the largest signless Laplacian H-
eigenvalue are equal. For the odd order case, it is proved that the largest
Laplacian H-eigenvalue is strictly less than the largest signless Laplacian H-
eigenvalue [10]. Later, Shao et al. [23] gave several spectral characterizations
of the connected odd-bipartite hypergraphs. They proved that the spectrum
of the Laplacian tensor and the spectrum of the signless Laplacian tensor of a
uniform hypergraph are equal if and only if the hypergraph is an even order
connected odd-bipartite hypergraph. Since the Laplacian tensor is a special case
of Z-tensors and the signless Laplacian tensor is a special case of the absolute
tensors of Z-tensors, questions comes naturally: what is the relation between
the largest H-eigenvalue of a general Z-tensor and the largest H-eigenvalue of
the Z-tensor’s absolute tensor? What is the relation between spectrums of a
general Z-tensor and its absolute tensor? These constitute main motivations of
the paper.

In this article, some spectral properties of Z-tensors with nonnegative
diagonal entries, and absolute tensors of Z-tensors are studied. The rest of
this paper is organized as follows. In Section 2, some basic notions and
preliminaries of tensors are presented. In Section 3, stimulated by odd-bipartite
and even-bipartite hypergraphs [9], odd-bipartite (resp. weakly odd-bipartite)
and even-bipartite (resp. weakly even-bipartite) tensors are defined. Odd-
bipartite (resp. even-bipartite) tensors are weakly odd-bipartite (resp. weakly
even-bipartite) tensors. Examples show that the converse, generally, may not
hold. A square odd-bipartite matrix is irreducible. For high order tensors, we
prove that an even order odd-bipartite tensor is irreducible, while a tensor is
reducible if it is even-bipartite no matter the parity of the order.

In Section 4, we study the relation between the largest H-eigenvalue of a Z-
tensor with nonnegative diagonal entries and the largest H-eigenvalue of the Z-
tensor’s absolute tensor. For an even order Z-tensor with nonnegative diagonal
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entries, if it is weakly irreducible, we show that the largest H-eigenvalues of the
Z-tensor and its absolute tensor are equal if and only if the Z-tensor is weakly
odd-bipartite. For the odd order case, sufficient conditions for the equality
of these largest H-eigenvalues are given. Examples show the authenticity of
the conclusions. In Section 5, we prove that, when an even order symmetric
Z-tensor with nonnegative diagonal entries is weakly irreducible, its spectrum
and the spectrum of its absolute tensor are equal if and only if the Z-tensor is
odd-bipartite. Furthermore, it is shown that the equality of the spectrum of a
symmetric Z-tensor with nonnegative diagonal entries and the spectrum of the
absolute tensor of that Z-tensor, can be characterized by the equality of their
spectral radii. We conclude this paper with some final remarks in Section 6.

By the end of the introduction, we add some comments on notation that will
be used in the sequel. Let R™ be the n-dimensional real Euclidean space and the
set consisting of all natural numbers is denoted by N. Suppose that m,n € N are
two natural numbers. Denote [n] = {1,2,...,n}. Vectors are denoted by italic
lowercase letters, i.e., z,y,..., and tensors are written as calligraphic capitals
such as 7,7, .... The i-th unit coordinate vector in R™ is denoted by e;. Let
|V| denote the number of elements when the symbol | - | be used on a subset
V' C N. If the symbol | - | is used on a tensor

o = (aili?“im)lgijgna ] = la 2> cee, M,
we get another tensor
|| = (laiyigmim | 1<iy<n,  T=1,2,...,m.
If both
A = (Qiyigeig N1<ij<ns B = Bigigeim N1<ij<ns J = 1,2,...,m,
are real mth order n dimensional tensors, then & < % means

Wjyigein S bilig---im> Vi1,i9 ... 0y € [TL]

2 Preliminaries

In this section, we will review some basic notions of tensors. For more details,
see [17] and references therein.

A real mth order n-dimensional tensor &/ = (aj,4,...;,,) i a multi-array of
real entries a; j,..,,, where i; € [n] for j € [m]. If the entries a;,..;,, are
invariant under any permutation of their indices, then tensor .o/ is called a
symmetric tensor.

The following definition on eigenvalue-eigenvector comes from [17].

Definition 1 Let C be the complex field. A pair (\,z) € C x C"\ {0} is
called an eigenvalue-eigenvector pair of .7, if they satisfy

Tt = Aglm=1] (1)
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where 72! and 2[™~1 are all n-dimensional column vectors such as

n

m=1 _ e . m—1] _ (,.m—1 )
Tx = ( g Liigigerim Tig Tig * - -a:,m> , =1 — (" )1<i<n-

12,3, im=1 1<ign

For real tensor .7 and z € R™ in (1), A is a real number since A =
(fxmfl)j/a;;”_l for some j with z; # 0. In this case, A is called an H-eigenvalue
of 7 and z is its corresponding H-eigenvector [17].

Next, we present a fundamental result which will be much used in the sequel.

Proposition 1 [17] Suppose that T = a(#B+b.7), where a and b are two real
numbers. Then p is an eigenvalue (resp. H-eigenvalue) of tensor 7 if and only
if p=a(\+0b), where X is an eigenvalue (resp. H-eigenvalue) of tensor B. In
this case, they have the same eigenvectors (resp. H-eigenvectors).

The spectral radius of tensor .7 is denoted by
p(.7) = max{|A|: A is an eigenvalue of .7 }.

All eigenvalues of tensor .7 construct the spectrum denoted by o (7).

3 0Odd-bipartite and even-bipartite tensors

In this section, we first define odd-bipartite tensors and even-bipartite tensors.
Then, some special characteristics of this kinds of tensors are shown.

Definition 2 Assume that & = (a;,iy..4,,) IS a tensor with order m and
dimension n. If there is a nonempty proper index subset V' C [n] such that

#£0, ‘Vﬁ{il,ig,...,im}‘ odd,
Aijqig-ipm

=0, otherwise,

then o is called an odd-bipartite tensor corresponding to set V' or &7 is odd-
bipartite for simple.

Here, we should note that indices of an edge {41, i2, ..., iy, } in hypergraph [9]
are different from each other, which is a notable distinction to general tensors.
So, in this paper, we define that |V N {i1,42,...,%y,}| is the number of indices
V N {i1,i2,...,im}, and duplicate indices should be calculated. For example,
suppose that V' = {1,2,3} and </ is a 4th order 6 dimensional tensor, then

VN{1,1,3,3} =4, [VN{1,2,3,5} =3, [VN{4,64,5} =0.

Definition 3 Assume that & = (a;,iy..4,,) IS a tensor with order m and
dimension n. « is called weakly odd-bipartite if there is a nonempty proper
index subset V' C [n] such that

Ajdg iy — 0
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when |V N {i1,i2,...,0n}| is even.

From Definitions 2 and 3, even-bipartite and weakly even-bipartite tensors
can be defined similarly. Furthermore, we can easily prove that, if & is odd-
bipartite (resp. even-bipartite), then o7 is weakly odd-bipartite (resp. weakly
even-bipartite), but not vice versa. For example, suppose that </ is a 3rd order
2 dimensional tensor with entries such that age = 1 and a;,i,, = 0 for the
others. It is easy to check that <7 is weakly odd-bipartite corresponding to the
index set V' = {2} but not odd-bipartite corresponding to {1} or {2}.

When m is odd, for all ij,is,...,i, € [n] and a nonempty proper
index subset V' C [n], it holds that [{i1,d2,...,%n} N V] is odd if and only
if [{i1,42,...,im} N V] is even, where V = [n]\V. So, by Definitions 2 and 3, we
can readily obtain the following conclusion.

Lemma 1 Let o/ be a tensor with order m and dimension n. Assume that
m is odd. Then < is odd-bipartite (resp. weakly odd-bipartite) corresponding
to nonempty proper index subset V. C [n] if and only if <7 is even-bipartite
(resp. weakly even-bipartite) corresponding to the nonempty proper index subset

V = [n]\V.

Irreducible tensors are a class of important and useful tensors, which have
been repeatedly used in the Perron Frobenius Theorem for nonnegative tensors
[2,24,25]. Next, we will study the relation between irreducible tensors and odd-
bipartite tensors. To do this, we first list the corresponding definition below.

Definition 4 [2] For a tensor .7 with order m and dimension n. We say that
7 is reducible if there is a nonempty proper index subset V' C [n] such that

Litio-im = 0, Vii €V, Vig, iz, ..., 0m §é V.

Otherwise, we say that .7 is irreducible.

Theorem 1 Let m be even. Assume that tensor o = (aiyiy...i,,) with order
m and dimension n is odd-bipartite. Then <7 is irreducible.

Proof Since & is odd-bipartite, there exists a nonempty proper index subset
V C [n] satisfying

Aiyig--im # O’ |V N {ila i2a s alm}| odd. (2)

By contradiction, suppose that &/ = (a;,iy..i,,) is reducible. Then there is
a nonempty proper index subset Vi C [n] such that

Ajyig- iy = 0, Vi, € ‘/1, \V/’L'Q,’L'3, ceyim ¢ V. (3)

We will break the proof into four cases.

(i) When Vi C V, let iy € Vi,i9,13,...,0m ¢ V. Here, several indices in
i2,13, ..., 1, may equal to each other when the number of elements in [n]\V is
strictly less than m — 1. Then, by (3), we have

Ajig- i — O,
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which contradicts (2) since |V N {i1,d2,...,im}| =1 is odd.
(i) When V C Vp, let i1 € V, ig,i3,..., 0y, ¢ V4. Then, by (3), one has

Ajig- i — O,

which is a contradiction with (2).

(ili) When V. NV; # 0 and neither V- C V4 nor V4 C V, let iy € V1 \ V,
19,13, -+, im € V' \ V4. Then it follows that

Qiyigerviy, = 0,

which also contradicts (2), since |V N{i1,2,...,4m}| = m—1is an odd number.
(iv) When VNV = 0, let iy € Vi, 49,43, ...,%y, € V. By Definition 4, we
have

Qiyig-ripy, = 0.

Since |V N {iy,i2,...,im}| =m — 1 is odd, by (2), one has

iyig-wiig 7 0,

which is a contradiction.

From (i)—(iv), we conclude that .o/ is not reducible and the desired results
follow. g

When a tensor &7 is even-bipartite, no matter the order of <7 is odd or even,
we have the following result.

Theorem 2 Assume that tensor o = (a;yiy.i,,) with order m and dimension
n is even-bipartite corresponding to a nonempty proper index subset V. C [n].
Then < is reducible corresponding to V.

Proof By definitions of reducible tensors and even-bipartite tensors, the
conclusion obviously holds. U

Suppose that an even order Z-tensor and its absolute tensor are defined
such that

A =D €, |A|=D+E, (4)

where Z is a nonnegative diagonal tensor and % is a nonnegative tensor with
zero diagonal entries. From Theorem 2, if 4 is odd-bipartite, then tensors .o/
and |7| are irreducible. Combining this with [8, Theorem 3.1], we have the
following result.

Corollary 1 Let m be even. Suppose that tensor o/ = 9 — € with order m
and dimension n is defined as in (4). Then, </ and its absolute tensor |</| are
both weakly irreducible if nonnegative tensor € is odd-bipartite.

By the Perron-Frobenius Theorem on nonnegative tensors [2] and by
[8, Theorem 4.1], the following result follows.
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Corollary 2 Let m be even. Assume that tensor &7 is defined as in Corollary
1. If € is odd-bipartite, then the largest H-eigenvalue of || is p(|</|). Further-
more, there exists a positive n-dimensional eigenvector x € R™ such that

|7 |2 = p(|e7 [)alm .

4 Relation between largest H-eigenvalues of a Z-tensor and its absolute
tensor

In this section, suppose that an order m dimension n Z-tensor ./ with non-
negative diagonal elements has format

g =9 —F, (5)

where Z is a nonnegative diagonal tensor and % is a nonnegative tensor with
zero diagonal elements. Then the absolute format of & is

|| =2+ F.
In the following analysis, entries of &7, €, and ¥ are always defined as
o = (aili?..im), C = (Ci1i2...im), 9 = (di1i2...im), 11,92, 50m € [TL]

For the sake of simple, let dj;..; = d;, i € [n].

During this part, we mainly study the relationship between the largest
H-eigenvalue of a Z-tensor 7 in (5), and the largest H-eigenvalue of the
absolute tensor of 7. Sufficient and necessary conditions or sufficient conditions
to guarantee the equality of these largest H-eigenvalues are shown. It should be
noted that all even order nonnegative tensors always have H-eigenvalues [24].
To proceed, we make an assumption in advance, all tensors considered in this
part always have H-eigenvalues.

The largest H-eigenvalues of &7 and |.<7| are denoted by A(<7) and A(|.<7|),
respectively. From Corollary 2, we know that

Al ) = p(l).

Theorem 3 Let m be even. Suppose that of = P —€ is defined as (5). Then,
M) = A(|])

if € is odd-bipartite.

Proof By [19, Lemma 13|, we have

N) < p() < p(|]) = M| ]).
Thus, in order to prove the conclusion, we only need to prove

A(l]) < M)
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Since % is odd-bipartite, there exists a nonempty proper index subset V' C [n]
satisfying
#£0, ‘Vﬁ{il,ig,...,im}‘ odd,
Ciyig-im .
=0, otherwise.

So, for all entries of 7, it follows that

Qiyigeriy, 7 0

if [V {iq,do,. .., 0} is odd, and a;,4,..;,, = 0 for the others except the diagonal
entries a;;..;, i € [n]. By Theorem 2, we know that %, <7, and |&/| are all
irreducible tensors. From [8, Theorem 4.1] and Definition 1, there is a vector
x € R™ x> 0, satisfying

| |zt = A(| 7 |)alm

Let y € R™ be defined with y; = x; whenever ¢ € V' and y; = —x; for the others.
When ¢ € V, we have

(Fy™ i =12 =€)y
=y = Y CinsigeinYinYis Y

i2,i3,...,im€[n]

_ m—1
=diy;" — > Ciigiz-wimYizYis ** " Yim
12,83,...,im €[n], |[VN{t,i2,i3,...,tm }| odd
m—1
= dia:i + E Ciigig-im LioLig = " Li,

ig,ig,...,ime[n],|Vﬂ{i,i2,i3,...,im}‘0dd
=[(2 +€)x™Y);
= (| [)a"
= Ay (6)

Here, the fourth equality follows the fact that m is even and exactly odd number
indices take negative values for each {is,i3,...,%,} C [n]. When ¢ ¢ V, we have

(Y™ )i =12 =)W i

m—1
= diyi - E Ciigig-imYioYis = Yim
12,13,.+,5m €[]
m—1
=dy;" - E Ciigig-im YirYis " Yim
i27i37"'7ime[n]7 ‘VO{Z7Z2723772m}| odd
m—1
= —diz;" " — E Ciigig-im TigLiz * * * iy,

ig,ig,...,imE[n},‘Vﬂ{i,ig,ig,...,imHOdd
= (2 + @) )
= A !
= A(|l& )y (7)
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Here, the fourth equality follows the fact that m is even and exactly even number
indices take negative values for each {ia,is,...,i,} C [n]. The last equality of
(7) follows from the definition of y; = —x; when i ¢ V. Thus, by (6), (7), and
Definition 1, A(].«7]) is an H-eigenvalue of .7 with H-eigenvector y. So, we have

Al ]) < M),

and the desired result follows. O

Here, in the proof of Theorem 3, odd-bipartite property of € guarantees that
|/| has a positive H-eigenvector. Actually, if the H-eigenvector is nonnegative,
one can obtain the same result. Before proving this, we first cite an useful
conclusion.

Lemma 2 [24] If &/ is a nonnegative tensor with order m and dimension n,
then p(<f) is an eigenvalue of </ with a nonnegative eigenvector y # 0.

Theorem 4 Let m be even. Suppose that < is defined as in Theorem 3. If €
is weakly odd-bipartite, then it holds that

A(t) = (| ).

Proof Since tensor ¥ is weakly odd-bipartite, there is a nonempty proper
index subset V' C [n] such that

Civigeiy = 0

when [{i1,42,...,in} N V] is even, and [{i1,i2,...,%,} N V| must be an odd
number for nonzero entries ¢;4y..i,, 7 0, 01,72, ...,im € [n].

On the other hand, by Lemma 2, there is a nonnegative H-eigenvector = > 0
of || corresponding to A(|<7|). Suppose that vector y € R" is defined such
that y; = x; whenever i € V and y; = —x; for the others. Then, the remaining
process is similar with the proof of Theorem 3. Il

Now, we will give an example to show that the conditions in Theorem 4 is
not necessary. For example, suppose 4th order 2 dimensional tensor &/ with
entries such that

aiin = a2 =1, aye = —1,

and a;,iyizi, = 0 for the others. After calculating the largest H-eigenvalues of
o/ and | 7|, we obtain
M) = N|]) = 1.

But, the nonnegative tensor ¥ is not weakly odd-bipartite corresponding to
any nonempty proper index subset of {1,2}. In the following, sufficient and
necessary conditions for the equality of the two largest H-eigenvalues are
presented, and it is proved that the necessity of Theorem 4 holds when the
nonnegative tensor % is weakly irreducible. Before doing this, we cite a
definition.



548 Haibin CHEN, Liqun QI

Definition 5 [19] Assume that .7 is a tensor with order m and dimension
n. Construct a graph G = (V, E), where V = U‘;:le and Vj are subsets of

{1,2,...,n} for j =1,2,...,d. Suppose that i; € V}, i, € V|, j # . (i5,%) € E
if and only if ¢;,i,...;,, # 0 for some m — 2 indices {i1, 42, ..., %m }\{4;, % }. Then,
tensor .7 is called weakly irreducible if G is connected.

As observed in [8], an irreducible tensor must be always weakly irreducible.

Theorem 5 Let &/ be defined as in Theorem 4. Assume that € is weakly
irreducible. Then,

M) = M)
if and only if € is weakly odd-bipartite.

Proof The sufficient condition has been proved in Theorem 4, and we only
need to prove the necessary part.
Suppose that € R" is an H-eigenvector of o/ corresponding to A(<) such

that
n
Z xt =1
i=1

Assume that y € R" is defined by y; = |z;| for i € [n]. Since m is even, one has

n
dout=1.
i=1

By [11, Lemma 3.1], we have

M) = 2™
=(2—%€)z™

n
§ : m § :

= dia:i — Citig-imLirLig =" Lipy,
i=1

il,ig,...,i,—nE[n}
n
SO Ay + D CiiseinYiYin Yim
=1 01,02,..,im €[n]
=(@Z+W"
< A()). (8)
Hence, by the fact that A(«/) = A(]«/]), all inequalities in (8) should be
equalities, which implies that y is an H-eigenvector of |<7| corresponding to

A(|&7]). Since € is weakly irreducible, |.<7| is also weakly irreducible. According
to [8, Theorem 4.1], it holds that y > 0, i.e., all elements in y are positive. Let

V={iehl|z >0}, V={iecln]|z <0}
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Then V UV = [n]. By (8), we obtain

S Ciigein (@i | || | |+ @iy - 2i,) =0,

11,02,..,0m €[n]

which implies that

Cirigeoin ([T | [Tio | -+ |y | + @iy iy -+ 24,,,) = 0, Vin,dg, ..o yim € [n],
since € is nonnegative. When |{i1,2,...,%,} N V| is even, we have
@i | |ig| - -+ i, | + @iy iy - - @4, > 0,

which implies ¢;,4,...i,, = 0. When |{i1,2,...,i,} NV] is odd, we have

i, | @iy |- - |, | + @iy iy - - - 23, = 0.
In this case, the value ¢;,...;,, may be zero or may not be zero. Thus, from
Definition 3, it follows that % is weakly odd-bipartite corresponding to set V'
and the desired conclusion holds. O

Next, we study the relationship between a Z-tensor and its absolute tensor in
the odd order case. Hu et al. [10] proved that the largest H-eigenvalue of an odd
order Laplacian tensor is always strictly less than the largest H-eigenvalue of the
signless Laplacian tensor corresponding to the Laplacian tensor. By definitions
of Laplacian tensor and signless Laplacian tensor in connected hypergraphs, we
know that their diagonal entries are positive, and subscripts of each nonzero
element are mutually distinct. However, general Z-tensors (5) may not possess
those advantages. Hence, for a general odd order Z-tensor (5), the largest H-
eigenvalue of o/ may not be strictly less than the largest H-eigenvalue of ||
when the order is odd.

The following example shows that the largest H-eigenvalues of a Z-tensor
(5) and its absolute tensor are equal.

Example 1 Let o/ be a 5th order 3 dimensional tensor. Its entries are given
by
11111 = (22222 = A33333 = 17 11122 = 22233 = _L

and @;,iqigisi; = 0 for the others. Then the H-eigenvalue problems for </ and
|of| are

rf — 2323 = \xf, ri + 2323 = Mot
x5 — 2323 = A3, z3 + 2323 = Aad,
r3 = \r3, T3 = \73.

After calculating the equation systems, we know that

M) = M|e/]) = 1.
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Theorem 6 Let A be defined as (5). Assume that m is odd. Suppose that € is
weakly odd-bipartite corresponding to a nonempty proper index subset V' C [n].
If for all i € V, it satisfies

Ciigig-im — 0, Vig,ig, T [’I’L],

then M=) = \(|/)).

Proof By the analysis in Theorems 3-5, from [19, Lemma 13] and Corollary
2, it follows that
M) < p() < p(|]) = A(|#]).

Thus, we only need to prove
A(l]) < A(o).

Let € R™ be a nonnegative H-eigenvector of |<7| corresponding to A(|.<7]).
Then, for all i € [n], we have

(|21 = (2 + €)™ s = M| 2"~ 9)

Suppose that y € R™ is defined as

—x;, 1€V,
Yi = .
x4, i¢ V.
By conditions, % is weakly odd-bipartite corresponding to subset V., which
means
Citig-im :07 i17i2a"'7im S [TL],

when [{i1,92,13,...,%m} NV]is even. Then, for all i € [n], one has

@y i=[(2 - €y

_ m—1 E ’ A Th )
— dzyz - Ciigig-imYioYiz = Yim
ig,ig,...,imE[nL‘Vﬂ{i,ig,ig,...,imﬂodd
m—1
=djz;]" " — § Ciigigim YiaYiz = * Yim» (10)

i27i37~~~7im€[n}7 ‘Vﬂ{i,ig,ig,...,imﬂ odd

where the third equality follows m — 1 is even and yim_1 = x;n_l. When i € V,

by the fact that cijyis..q,, = 0, i2,13,...,9m € [n], and by (9), (10), we have
(Fy™ i =12 =€)
=iy} = Y CiisigeinYiaYis  Yim
ig,ig,...,imE[n}
= di$2m71
= M)z
= M)y

1

L (11)

m—
2
m—

)
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Similarly, when i ¢ V| it holds that
(@y" )i = (2 =€)y i

— J.,m—1 oA .

= d;y; - § Ciigig--im YioYiz " Yim
i27i37~~~7im€[n]7 |Vﬂ{i,i2,i3,...,im}‘ odd

_ m—1

=djz;" + E Ciiis iy TioTis = * Tiy,

02,030 sim €[n], [VN{,i2,i3,...,im }| 0dd
=di™ !+ (T,
=[(2 4+ €)™Y,
= (||
= M| )z
=)y, (12)
where the third equality follows the fact that m is odd and exactly odd indices

take negative values. By (11) and (12), we know that A(|.</|) is an H-eigenvalue
of «7. Hence, we have A\(].<7|) < A\(«/) and the desired result follows. O

Now, we present an example to verify the authenticity of Theorem 6.

Example 2 Set a 5th order 3 dimensional tensor <7 such that

aijriir = 1, agooo0 =1, a33333 =3, aiizzz = —1, azs33 = —2,

and a;,iyigi, = 0 for the others. Let V' = {3}. Then ¥ is weakly odd-bipartite
corresponding to the set V' and ¢3iyigi4is = 0, Vo, i3,14,15 € [3].
The H-eigenvalue problems for .7 and |.<7| are to solve

4 4 4 4
zf — mad = A\t o] + xad = Mg,
4 3\, 4 4 3\,
4 \d 4 \d
3x3 = A\x3, 3x3 = A\x3.

After calculating the largest H-eigenvalues of &7 and |.<7|, we obtain
A ) = M) = 3.
The next example shows that the conditions in Theorem 6 are not necessary.

Example 3 Let o/ be a 5th order 3 dimensional tensor. Its entries are given
by

ajninn = 1, ag9992 =2, aszs3zz =4, ai1122 = a11333 = —1, ag0033 = —2,

|o/| are

xf — 2223 — 2123 = A, o + 2223 + 1123 = A,
4 2,2 _ .4 4 2,2 _ 4

4 _ 4 4 _ 4
4x3 = A\x3, dxs = A\x3.



552 Haibin CHEN, Liqun QI

After calculating these equation sets, we know that
M) = M) = 4,

but the nonnegative tensor ¢ is not weakly odd-bipartite corresponding to any
nonempty proper index subset of {1,2,3}.

By Lemma 1 and Theorem 6, we have the following conclusion.

Corollary 3 Let A be defined as in (5). Assume that m is odd. Suppose that
€ is weakly even-bipartite corresponding to a momempty proper index subset

V C [n]. If for all i ¢ V, it satisfies
Ciigiz i — 07 Vig,ig, v aim € [TL],

then A7) = \(|<|).

5 Relation between spectrums of a symmetric Z-tensor and its absolute
tensor

In this section, we will study the relation between the spectrum of an even order
symmetric Z-tensor with nonnegative diagonal entries and the spectrum of the
absolute tensor of the Z-tensor. It is proved that, if the symmetric Z-tensor is
weakly irreducible and odd-bipartite, then the two spectral sets equal. Further-
more, for a weakly irreducible symmetric Z-tensor with nonnegative diagonal
entries, we show that the spectral sets of the Z-tensor and its absolute tensor
equal if and only if their spectral radii equal. Before proving the conclusion,
we first cite the definition of diagonal similar tensors [22], which is useful in the
following analysis.

Definition 6 Let &/ and £ be two order m > 2 dimension n tensors. If there
exists a nonsingular diagonal matrix P of dimension n such that

#=pP " Vagp,
then o/ and A are called diagonal similar.
Here, tensor B = P~ (M~ ¢/ P is defined by
Divigim = D WrjojunPis PiiaDisis ** Pjmims 1502, yim € [n].
j17j27"'7j'f7le[n]

Theorem 7  Assume that order m dimension n symmetric Z-tensor </ is
defined as in (5). Suppose that € is weakly irreducible. Then, </ and |</| are
diagonal similar if and only if m is even and € is weakly odd-bipartite.

Proof For necessity, from Definition 6, we know that there is a nonsingular
diagonal matrix P satisfying

of = P~ V| |P,
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i.e.,

9 —¢ =P "G +%)P.
Since 2 = P~ (M= 9P, we have

—¢ = p~m=Dgp,

which implies that

—(m—1
—Ciyig-ipy = Ci1i2...impi1§:n )pigigpigig 0 Pignin, - (13)
If p11 = po2 =+ = Pun, by (13), we get € = 0, which is a contradiction to the
fact that % is weakly irreducible. So there are at least two distinct diagonal

entries in P.
When ¢;,4,...i,, # 0, by (13), one has

—Dijiy = PirirPinis " Pimim - (14)
By (14), and by the fact that € is weakly irreducible, we obtain
Pl = v}, 1,5 € [n],
which implies that m is even and
V=_{ien]|pi<O0t#0, V={ic[n]|pi>0}+0.
Combining this with (13) and (14), we know that
Civigim = 0y, [{i1,12,...,im} NV]| even.

Thus, tensor % is weakly odd-bipartite corresponding to V' and the only if part
holds.

For the if part, without loss of generality, suppose that % is weakly odd-
bipartite corresponding to Q C [n]. Let P be a diagonal matrix with i-th
diagonal entries being —1 when ¢ € Q and 1 when i ¢ Q. By a direct
computation, one has

o =P~ (M| |P,

Apparently, P is a nonsingular diagonal matrix. From Definition 6, it follows
that o/ and |</| are diagonal similar. O

It should be noted that diagonal similar tensors have the same characteristic
polynomials, and thus, they have the same spectrum (see [22, Theorem 2.1]),
which is similar to the matrix case.

Corollary 4 Assume that tensor </ is defined as in Theorem 7. Let m be
even. Suppose that € is odd-bipartite. Then o(«/) = o(|</]).

Lemma 3 [25] Let &7 and A be two order m dimension n tensors with | 2| <
. Then
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(a) p(2) < p(A);
(b) if o is weakly irreducible and p(#) = p(), where X = p(<?)e is an
eigenvalue of B with an eigenvector y, then

(i) all the components of y are nonzero;

(ii) when U = diag(yi/|yil,y2/lv2l,- - Yn/|yn|) is a nonsingular diagonal
matrixz, we have
% =VU M DU

Theorem 8 Assume that order m dimension n symmetric Z-tensor </ is
defined as in (5). If € is weakly irreducible, then, p(</) = p(|</]) if and only if
o(d) = o(|<]).

Proof The sufficient condition is obvious. Now, we prove the only if part.
Suppose that A = p(|.27|)e'? is an eigenvalue of .27. Since € is weakly irreducible,
from Lemma 3, we know that there exists a nonsingular diagonal matrix P such
that

o =P~V g/|P, (15)

which means

9 —¢ =P (" D(9 4+ %)P. (16)

By the fact that all diagonal elements of € equal zero and by (16), one has
9 =e¥pmlgp—¢cvg,

which implies /¥ = 1. So, by Definition 6 and (15), we know that </ and
|o7| are diagonal similar tensors. Thus, from [22, Theorem 2.3], it holds that
o(d) =o(|]). O

6 Final remarks

Odd-bipartite and even-bipartite tensors are defined in this paper. Using this,
we study the relation between the largest H-eigenvalue of a Z-tensor with
nonnegative diagonal elements and the largest H-eigenvalue of the Z-tensor’s
absolute tensor. Sufficient and necessary conditions for the equality of these
largest H-eigenvalues are given when the Z-tensor has even order. For the odd
order case, sufficient conditions are presented. Examples are given to verify the
authenticity of the conclusions. On the other side, relation between spectral
sets of an even order symmetric Z-tensor with nonnegative diagonal entries and
its absolute tensor are studied.

In this paper, we only study the case of H-eigenvalues of Z-tensors. Do
Z-eigenvalues of Z-tensors also hold in such case? This may be an interesting
work in the future.
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