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Abstract: In this paper, we define k-uniform tensors for k > 2, which are more closely related to
the k-uniform hypergraphs than the general tensors, and introduce the parameter rl@(A) for a tensor
A, which is the generalization of the i-th slice sum r;(A) (also the i-th average 2-slice sum m;,;(A)). By
using rl@(A) for g > 1, we obtain a general result on the sharp upper bound for the spectral radius
of a nonnegative k-uniform tensor. When k = 2,g = 1,2, 3, this result deduces the main results for
nonnegative matrices in [1,8,27]; when k > 3, g = 1, this result deduces the main results in [5,20]. We
also find that the upper bounds obtained from different g can not be compared. Furthermore, we can
obtain some known or new upper bounds by applying the general result to k-uniform hypergraphs and
k-uniform directed hypergraphs, respectively.

Keywords: k-uniform tensors; k-uniform (directed) hypergraphs; spectral radius; adjacency tensor;
signless Laplacian tensor
Mathematics Subject Classification: 05C50, 05C65, 15A69

1. Introduction

Let k, n be two positive integers. An order k dimension n tensor A = (a;,..; ) over the real field R, is
a multidimensional array with n* entries a;,..i; € R, wherei; € [n] ={1,2,...,n}, j € [k]. A tensor A is
called nonnegative, denoted by A > 0, if every entry of tensor A satisfies a;,..;, > 0.

Obviously, an n dimensional vector is an order 1 dimension 7 tensor and a square matrix is an order
2 dimension n tensor. A tensor A = (a;,..;) 1s called symmetric if @;,..;, = dg())-o(,), Where o is any
permutation on the set {iy, ..., i}.

Let A be an order k dimension n tensor. If there is a complex number A and an n dimensional
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nonzero complex vector x = (xy, Xa, ..., x,)! such that
Axfh = N

then A is called an eigenvalue of A and x an eigenvector of A corresponding to the eigenvalue A
([4,16,17,23]). Here Ax*! and x*~!! are vectors, whose i-th components are

n

(Axh), = Z Aiiy.iy Xiy ** * Xiy

and (x*~11); = x¥!_respectively. Moreover, the spectral radius p(4) of a tensor A is defined as p(A) =
max{|4| : 4is an eigenvalue of A}.

More properties and applications of the spectral radius of a nonnegative tensor can be found in
[4,10,13,15-17,20,23,24,29-31].

A hypergraph is a natural generalization of an ordinary graph [2]. A hypergraph H = (V(H), E(H))
on n vertices is a set of vertices, say, V(H) = [n] and a set of edges, say, E(H) = {e}, es, ..., e,}, Where
e =i, ip,....0hij€[nl,j=1,2,...,l.Letk > 2,if | ¢; |= kforany i = 1,2,...,m, then H is called
a k-uniform hypergraph. When k = 2, then H is an ordinary graph. The degree d; of vertex i is defined
asd; = |{ej 1 i € e; € E(H)}|. If d; = d for any vertex i of a hypergraph H, then H is called d-regular.
A walk W of length ¢ in H is a alternate sequence of vertices and edges: vy, e, v, €2, ..., €, V¢, Where
Vi, vis1} C eipq fori =0,1,...,¢ — 1. The hypergraph H is said to be connected if every two vertices
are connected by a walk.

The authors ( [7,17,18]) proposed the study of the spectra of hypergraphs via the spectra of tensors,
introduced the adjacency tensor A(H) of a hypergraph H, and defined the eigenvalues (and spectrum)
of a uniform hypergraph as the eigenvalues (and spectrum) of the adjacency tensor.

Definition 1.1. ( [7, 17]) Let H = (V(H), E(H)) be a k-uniform hypergraph on n vertices. The
adjacency tensor of H is defined as the order k dimension n tensor A(H), whose (i,i, - - - iy)-entry is

1 p(s .
=0 iflir, ia, ..., ik} € E(H),
0, otherwise.

(AHD i iyi = {

Let D(H) be an order k dimension n diagonal tensor with its diagonal entry Dj;..; being d;, the
degree of vertex i, for all i € V(H) = [n]. In 2014, Qi [24] defined the signless Laplacian tensor
Q(H) = D(H) + A(H) of the hypergraph H, and defined the signless Laplacian eigenvalues (and
spectrum) of a uniform hypergraph as the eigenvalues (and spectrum) of the signless Laplacian tensor.
Clearly, the adjacency tensor A(H) and the signless Laplacian tensor Q(H) of a k-uniform hypergraph
‘H are nonnegative and symmetric.

The spectral radii of A(H) and Q(H), denoted by p(A(H)) and p(Q(H)), are called the (adjacency)
spectral radius and the signless Laplacian spectral radius of H, respectively.

In general, the zero-nonzero pattern of an order k£ dimension n tensor A may not be regarded as
the zero-nonzero pattern of the adjacency tensor or the signless Laplacian tensor of some k-uniform
hypergraph.

Example 1.2. Let H be an 3-uniform hypergraph of order 6 as Figure 1, A(H) and Q(H) be the
adjacency tensor and signless Laplacian tensor of H. Then by Definition 1.1, for A(H), we have

1
(A(H)) 123 = (A(H)) 132 = (A(H)) 213 = (A(H))231 = (A(H))312 = (A(H))301 = >
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(A(H))345 = (A(H))354 = (A(H))azs = (A(H))as3 = (A(H))s34 = (A(H))sa3 =

b

(A(H))156 = (A(FD) 165 = (A(H))s16 = (A(H))s61 = (A(H))615 = (A(H))es1 =
and (A(H))i,i,i; = 0 for the others; for Q(H), we have
Q111 = (Q(H))333 = (Q(H))ss5 = 2, (Q(H))222 = (Q(H))aaa = (Q(H))sss = 1,

and (Q(H))i,ini; = (A(H))iyiyiy for the others.
We can see that (A(H))i, i, = 0 and (Q(H))i i, = 0if iy =iy # i3, oriy = i3 # iy, or iy = I3 # .

b

= BN —

Figure 1. A special 3-uniform hypergraph H of order 6.

In order to better study the spectral k-uniform hypergraphs theory via the spectra of tensors, we
define k-uniform tensors, which are more closely related to the k-uniform hypergraphs than the general
tensors.

LetS = {s1,52,...,5,} be an n-element set, noting that s; # s;if i # j.

Definition 1.3. Let n > 2,k > 2 and A = (a;,..;,) be an order k dimension n tensor. For any entry
Qjiyip, £ 0, if i1, 12, ..., 0k} is a k-element set or i), = iy = -+ = iy, then we call such A a k-uniform
tensor.

Obviously, a 2-uniform tensor is an ordinary matrix. Both the adjacency tensor A(/H) and the
signless Laplacian tensor Q(H) of a k-uniform hypergraph H are nonnegative symmetric k-uniform
tensors.

What’s more, we can see that the zero-nonzero pattern of an order k dimension n symmetric k-
uniform tensor A must be regarded as the zero-nonzero pattern of the adjacency tensor or the signless
Laplacian tensor of some k-uniform hypergraph.

Let A = (a;;) be a nonnegative matrix with order n. For 1 < i < n, the i-th row sum of A is

ri(A) = zn] a;j(=> 0). When r;(A) > 0 for 1 <i < n, we take
j=1

i aiﬂ’j(A) Zi: aijmj(A)

_sr A=
mi(A) = A wi(A) = )
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and we call m;(A) the i-th average 2-row sum of A, and w;(A) the i-th average of average 2-row sum
([1]) of A.

Let A = (a,..;,) be an order k dimension n nonnegative tensor. The i-th slice of A, denoted by
A; in [26], is the subtensor of A with order kK — 1 and dimension n such that (A;);,..;, = a,..;,, and
ri(A) = . 2 Q. (= 0) is called the i-th slice sum of the tensor A. Clearly, the i-th slice sum of the

0,0k =1
tensor A is the generalization of the i-th row sum of the matrix A.

Similarly, when r;(A) > 0 for 1 <i < n, we take

2 laii2~-~ikri2(A) 1 (A) Y laiiz--~ikmi2(A) -m (A)
= 12yl =
mi(A) = A1) , wi(A) = m1(A) 5

and we call m;(A) the i-th average 2-slice sum of A, and w;(A) the i-th average of average 2-slice sum
of A.

Duan and Zhou [8], Xing and Zhou [27], and Adam, Aggeli and Aretaki [1] obtained the upper and
lower bounds on the spectral radius of a nonnegative matrix by the row sum, the average 2-row sum,
and the average of average 2-row sum, respectively, and characterized the equality cases if the matrix
is irreducible. In [20], the paper obtained the upper bound on the spectral radius of a nonnegative k-
uniform tensor by the slice sum, and characterized the equality cases if the tensor is weakly irreducible.

Motivated by the above results, for ¢ > 0,1 < i < n, we introduce a new quantity rl@ (A), called the
i-th g-times-average slice sum:

rOa) =1,

X i ry (A (R)

(1) ey ir=1
(a GG ’ o

and when g > 2, if rﬁl)(A) > ( for any i € [n], then

n
(g—-1) (g-1)
. Z ] aiiz...,-krl.zq (A) s rl.f (A)
125eensik=

r(A) =

1

Py (1.2)

We can see that for any i € [n],
rA) = (), rPA) = mia), rPA) = w(d),

whether A is a matrix (the case of kK = 2) or a tensor (the case of k > 3).

By using the notation rl@(A), we will generalize the upper bounds on the spectral radius of
nonnegative matrices in [1, 8, 27] and nonnegative k-uniform hypergraphs in [5] to nonnegative
k-uniform tensors, and obtain a general result of the upper bound on the spectral radius in Section 3.
By applying the general upper bounds, we will obtain some known or new results on the spectral
radius and signless Laplacian spectral radius of the k-uniform (directed) hypergraphs.
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2. Preliminaries

In 2013, Shao [25] defined the general product and similarity of two tensors, which are very useful
to study the spectrum of nonnegative tensors.

Definition 2.1. ( [25]) Let A = (aj,;,..i,) and B = (b, ;,..;,) be two tensors with order m > 2 and k > 1
dimension n, respectively. The general product A - B (sometimes simplified as AB) of A and B is the
following tensor C with order (m — 1)(k — 1) + 1 and dimension n:

n

Ciajamy = E aii2~-~i,,,bi2m "'bimam_l’ (2.1)

forienl,ai,..., a1 €[n]*".

The tensor product is a generalization of the usual matrix product, and satisfies a very useful
property: The associative law (Theorem 1.1 of [25]). In this paper, all the tensor product obey (2.1).
According to (2.1), the former Ax*~! can be expressed as the product Ax, and

n

(Ax); = Z Ajiyiy Xiy = Xiy -

Definition 2.2. ( [25]) Let A and B be two order k dimension n tensors. Suppose that there exist two
matrices P and Q of order n with PIQ = 1 such that B = PAQ, then we say that the two tensor A and
B are similar.

Definition 2.3. ( [25]) Let A = (a;,;,..;,) and B = (b;,;,..;,) be two order k dimension n tensors. We say
that A and B are diagonal similar, if there exists some invertible diagonal matrix D = (dyy,dy, . ..,d.,)
of order n such that B = D~*YAD with entries by ;,..;, = d- " Va; i,.i.dii, -+ - dii,

B

Definition 2.4. ( [25]) Let A = (a;,i,.;,) and B = (b;;,..;,) be two order k dimension n tensors. We
say that A and B are permutational similar, if there exists some permutation matrix P = P, = (p;;)
such that B = PAPT with the entries b;,,..;, = Ao (i))o(in)-o (i), Where pij = 1 & j = o(i) and o is a
permutation on the set [n].

Clearly, both diagonal similar and permutational similar are special kind of similarity of tensors.

Theorem 2.5. ( [25]) Let the two order k dimension n tensors A and B be similar. Then they have the
same eigenvalues including multiplicity and same spectral radius.

Definition 2.6. ( [10,30]) Let A be an order k dimensional n tensor. If there exists a nonempty proper
subset I of the set [n], such that

Qirir..iy = 0 for any iy € I and some i; & I where j € {2,... k},

then A is called weakly reducible. If A is not weakly reducible, then A is called weakly irreducible.

It is obvious that a weakly irreducible tensor is a generalization of an irreducible matrix.
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Lemma 2.7. (Lemma 3.8 of [12], Lemma 5.3 of [29]) Let A be a nonnegative tensor of order k > 2
and dimension n > 2, and x = (x|, Xa, ..., x,)! be a positive vector. Then

. (Ax), (Ax);
min ~ < P8 < max

(2.2)

Moreover, if A is weakly irreducible, then one of the equalities in (2.2) holds if and only if Ax =
p(A)xt11,

By taking x = (rﬁq_l)(A), rA), ..., ' Y(A)T in Lemma 2.7, we can obtain the following
Lemma 2.8 immediately.

Lemma 2.8. Letk > 2,n>2,q > 1, A be a nonnegative tensor with order k dimension n, the notation
rgq)(A)fori € [n] defined as in Section 1, where rfl)(A) > 0 fori € [n] when g > 2. Then for g > 1, we
have
min r(A) < p(A) < max r(A). (2.3)
1<i<n 1<i<n

Moreover, if A is weakly irreducible, then one of the equalities in (2.3) holds if and only if r(lq)(A) =
A = = R4,

In fact, we can obtain some known or new results from Lemma 2.8. For example, if k =2, g =1, 2,
we can obtain Theorems 1.1 and 1.2 in Chapter 2 of [21]; if k = 2 and ¢ = 3, we can obtain Proposition
3in [1];if K > 3 and ¢ = 1, we can obtain Lemma 5.2 in [29] and Lemma 3.8 in [12]; if £k > 3 and

q = 2, we can obtain Proposition 2.1 in [19]; if kK > 3 and g = 3, we can obtain the following Corollary
2.9 with the parameter w;(4).

Corollary 2.9. Let A be a nonnegative tensor of order k > 2 and dimension n with all positive slice
sums, say, ri(A) > 0 for any i € [n]. Then
min wi(A) < p(A) < max w;(A). (2.4)
Moreover, if A is weakly irreducible, then one of the equalities in (2.4) holds if and only if w,(A) =
Wy (A) = -+ = wy(A).
We denote by (’Z) the number of r-combinations of an n-element set, and let (’r’) =0ifr>norr<O.
Clearly, (’:) =-—2_when0<r<n.

rl(n—r)!

Lemma 2.10. ( [3]) Let n, k and m be positive integers. Then
(1 éo (’r’)(k’fr) = (";’”) where n + m > k;
(2)(’,:) = %(Zj) wheren > k > 1.

Lemma 2.11. Letn > 2, k > 2, s > 2 and i € [n] be positive integers, x; > 1 for 1 < j < s—1, and x; =
1fors < j<n Foranyr€{0,1,...,k—1}, wetake N)(i) = {{ia, ..., 0} | 12,..., 0k €{1,2,..., 0} \ {i},
and there are exactly r elements in {i,, ..., i} such that they are not less than s}. Then

T

Z:g) (sil(xf_l - 1))a ifs<i<n,s>2;
Z [+ x T (k= D)] = -l

()

r=0 {iz,....it}eN; () P

© o~
[
—

xf-l—xif-l—<s—2>), flsi<s—ls23.

t=1

AIMS Mathematics Volume 5, Issue 3, 1799-1819.
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Proof. Obviously, the family of all (k — 1)-element subsets of {1,2,...,

Case 1:
Clearly, {i,...,

s<i<n,and s > 2.

{s,...,n}\ {i} and choose k — 1 — r elements from the set {1,2,...,s

k=2
r=0 {ia,..., ENF()

-2 1
)l )[2
— X

= k=2-r r =

ir} € Ni(i)and s <

k-1
n}\ {i} is just equal to [ N:(i).
r=0

< i < n imply that we should choose r elements from the set
— 1}, then we have

' ( )( ) 2.5)
{i2,....Ix NS (D) r=0 k_l—l" r
20 s 1
1)+Z( —1—r)( r—1 )(fol xf_l], (2.6)

where we choose x; for 1 < ¢t < s — 1 which implies we should choose r elements from the set

{s,...,n}\ {i} and choose k — 2 — r elements from the set {1,2,...,
; similarly, we choose x; for ¢ € {s,
..,n}\ {i,t} and choose k — 1 — r elements from the set {1,2,...,

’ik € {S,

the sum is x*°!;

elements from the set {s,

When r = k—1, we know i, . ..

s — 1} \ {z}, and the contribution to
.,n} \ {i} which implies we should choose r — 1
s—1}L

,nyand x{7' 4+ +xi.‘k‘1—(k—1):0byx5:---:x,,: 1.

Then combining (2.5), (2.6) and Lemma 2.10 we have

T
L

{i2,....ik }EN} (D)

T
N o

1]
g
o
5

+

+

T
o

\
Il
(=]

+
i T
(=] G § )
—_—
b
| ©
—_
| =
~
~————
—_—

S
S|

[
—
~— |

n_ 0\ ! 20
k-1
= +
k-2 ;xt rzo(k—l—r
s—1 k-2
_(n=2 1 s—1
V) ;x’ ;(k—l—r
1’1—2 s—1 k-2
k-1
= xt — (S 1)(
k_z IZI: r=0
I’l—2 (S_l k—l
= (x; -1
k-2 —
Case2: 1 <i<s-—1,and s> 3.

AIMS Mathematics

( A

1
—_—
=~
| ©
o
| N
~———
—_
S
~ |
o2
~————
—
1=
L
o=
T

- (k- 1)

Volume 5, Issue 3, 1799-1819.



1806

Clearly, {i,...

,ix} € Ni(i)and 1 <i < s — 1 imply that we should choose r elements from the set

{s,...,n}and choose k — 1 — r elements from the set {1,2,...,s — 1} \ {i}, then we have

-1
(i
ix}EN} (i)
s—3 n—s+
-r=2 r
s—1
-1 k
( “\Jt( =X
=1

k-1
-1
D, 2 e
=0 {ia,....it}ENS ()
k=2
_ k-1
DD
r=0 {12 ..... ik}Eer(i)
-1
n-2 SZ“ k-1 -1
= X = )Jl‘
k-2 —
-1
n -2\~ k-1 -1
gl 9| DR
t=1
n 2 s—1
_ ("~ Z k=1 _ k-1
- X X
k-2 —
s—1
n-2 Z k1 -1
= X~ X{C
k-2 —
n 2 s—1
_ - k-1 -1
ko)l

—_

1=

The proof is completed.

3. Main results

k=2

R A (= )

k

. s—2 )n—s
= k—1-rl\r—1
k-2 s

—;(k—l—r)(k
= s—3

_rzo(s_z)(k—r—Z

n—2

—(s—2)(k_2

—(s—Z)).

>

i2,0 it JEN2 (i)

)+

kz_zl( s—=2 )(n—s+l)

\k—1-r r ’
+"‘2( s—2 )(n—s)(
o k—1-r\r-1

n—s

r_l)(n—s+l)

0

2

|

n—s+
r

r

)

(2.7)

(2.8)

)(n—s+1)—(k—1)kz_2:( s=2 )(”_”1)
= k—1-r r

A Gy

In this section, we shall obtain a sharp upper bound on the spectral radius of a nonnegative k-uniform
tensor by using the notation rfq)(A) for g > 1, which is the generalization of the main result in [1,8,27]
for nonnegative matrices and the main result in [5] for k-uniform hypergraphs. Furthermore, we give

two examples to show the upper bounds for different ¢ are not comparable.
Recall the definition of rl@(A) in Section 1, we denote rl@(A) = r

ri(A) = ri, mi(A) = m; and w;(A) = w;.

AIMS Mathematics
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Theorem 3.1. Letn > 2,k > 2,q > 1, A = (a;,;,.;,) be a nonnegative k-uniform tensor with order k

dimension n, the notation r(q) > réq) > > 7D where r(l) > 0 fori € [n] when q > 2. Let M be
(@D
the largest diagonal element and N(> 0) be the largest non-diagonal element of A, b = 1rnax L,
<i,j<n ;
L=Nb'(k-2(;2). ¢\ =, andfor2 < s <n,
1 s—1
YO = S i+ M =L+ [ = M+ L) +4L PG OIS (3.1)
=1

Then p(A) < min ¢'?.

1<s<n

(@) (@

Moreover, if A is weakly irreducible, and for some | € [n], then

(1) when k =2, p(A) = (q) if and only if r(q) = r(zq) = =r? or for some t (2 <t <), A satisfies the
following conditions:
(1) a; = Mf0r1<i<t—1

q-1)

(i1) a; = N and (ql)—bf0r1<z<n l1<h<t-1landi#+h;

(lll) r(‘]) — rl(:]—)l —. (fI)

(2) whenk >3, p(A) = (q) if and only if r(q) = r;q) =9,

= 1ming[/

Proof. By (1.1) and (1.2), we have ”1@ > a;.;forl <i<nandg > 1, then r(lq) > M.
First, we show p(A) < @ for 1 < s < n.
If s = 1, then we have p(A) < w(ﬂ) by y\? = riq) and Lemma 2.8.
If2 <s<n. Let

(=D Aa-D) 1 -1
U = diag(r" xi, ..., xe, r0x, o H 0 Dy,
ey r(q)
wherex —1+,—f0r1<l<s—1ande -e=x, =1.
‘//(D L-M
Now we show x; > 1 for1l < i < s—1. By riq) > rgq) > ... > 79 we only need to show
“WiL-M>O0.

s—1
If 3 - r) > 0, then by (3.1), we have
=1

1 1
Yo > 5(rffD +M—-L+[r?-M+LJ)> §(r§4>+M—L—(r§q> ~M+L)=M-L,
and thus v - M+L>0.
If Z (r(q) r9) = 0, then r(q) = r;q) =% Thus y,— M + L > 0 by r(q) > M and ¢, = r?

from (3 1).
Combining the above arguments, we have x; > 1, and then U 1is an invertible diagonal matrix. Let
B = U ®VDAU = (b,,..;). By Theorem 2.5, we have

p(A) = p(B). (3.2)

AIMS Mathematics Volume 5, Issue 3, 1799-1819.
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By (3.1), it is easy to see that

s—1
WP = (KD + M = Ly? + (M = Lr? = LY (11 = 1) = 0,
=1
r(q)_r(q)
Then by X! =1 + 1//(;)+LiM’ we have

s—1 s—1
WO - M+ DD =) =LY (1 =rP) =LY @ - M+ D) - 1),
=1 =1

Therefore, by 'Y — M+ L >0, we have
s—1
Y@ — 9 = LZ(x/’H - 1). (3.3)
=1

In the following we will show r;(B) < ;l/(f) for any i € [n].

Let S() = {{i,i2, ..., it}ai,-;, # 0}. Since M be the largest diagonal element and N > O be the
largest non-diagonal element of tensor A, by the definition of rl@(A), Definition 2.3, Theorem 2.5, we
have

ri(B) = (U PAU)
= Z (U™ Ditijyi, Uiy - - Ui,

i,... k=1
-1 -1
A )
i

1 S i
2
e —_— A X X
k—1 -1 _ -1 "Vip 173
X Z (4 Dyt

—1 -1
s SR 1
= —X<71. —  Giini (XX —
137 @Dy iiaix\Xiy i
xf 2,00 =1 (ri ) !
n (-1 (g-D
— 1 ) k=1 _q "y Tig 1 k=1 _
= 70 r; + a,;.,-(xi - ) + fa,-h...,-k(x,-z X T ) - a,-...,-(xi - )
X (r(q ))k—l
i 12, =1 i
1 n (¢-1 (g-D
(@) k-1 i i k-1
< F{l’iq + M(xi - 1) + Z #aﬁz...ik()@z X 1) - a,‘...,‘(xi - 1)}
i 00,enig=1 (ri )
1
(q) k—1 k—1
< m{rﬂ F MO =D NP R= D Y Gy - 1)}
Xi {i,i2,mnsig}ES (i)

1 R RERE
3M+—{r§q>—M+ka—1(k—1)! Z [ 2 | }
€S (i)

A e k-1
i {i,in,....0x}
1 k-1
<M+ F{rfq)—M+ka‘1(k—2)!Z D Pt -] } (3.4)

r=0 {iz ,,,,, ik}EN,f(i)
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where {i5,..., i} € {1,2,...,n} \ {i} and N (i) defined in Lemma 2.11 for 0 < r < k — 1, and then
k=1
IS@OI < X IN;(@)| fori € [n].

r=0
Furthermore, the equality holds in (3.4) if and only if the following (a), (b), (¢) and (d) hold:
(@) x¥!'=1ora., =M forx; > 1;
e
(b) for any {i,i,...,i} € S(Q), x;, ---x;, = 1 or a;,..;,, = N and ﬁ = bforany j € {2,...,k} and
xiz--‘xik>1; l
() xi, =---=x;, forany {i,ip, ..., i} € S();
xh Lkt k-1 ah Lkt
(d) zk——lk_l)zz 2 (%—1)-

{i,iz,.‘.,ik}GS(i)( r=0 {iz.. it ENS (D)
Casel: s<i<n.

We note x; = --- = x, = 1 and rgq) > >/ > r?q) > ... > r? By (3.3), (3.4) and Lemma
2.11, we have

k-1

ri(B)Srﬁ‘IuNb"—l(k—z)zZ Z [ e = k= 1)

r=0 {i,...,ix}EN; (i)

s—1
<D 4 NB<U(k - 2)! ((Z j ;) PN 1))
t=1

s—1
r 4L (Z(xf—l - 1))
t=1

— @D
s 9

@ _ riq)‘

i

where the second equality holds if and only if the following condition (e) holds: (e)

Case2: 1 <i<s-—1.

1 r§q> _ r(q)

=1+-4t5—forl<i<s-1.
v+ L-M

Subcase 2.1: s > 3.

By (3.3), (3.4) and Lemma 2.11, we have

k—1
1
r,-(B)gM+—{r§4>—M+Nb’<—‘(k—2)!Z Z [Xfé_l+"~+xfi“—(k—1)]}

k-1
Xi r=0 {iz,....ix}EN; (i)

s—1

- M+ %{rl@ - M+ Nb""'(k - 2)!(Z : i) (Z LI ¢ 2)]}
s—1

=M+ %{’”1@ -M+ L[fo‘l - (s - 2))}

t=1

s—1
=M-L+ %{rl@ - M+ L(Z(xf‘l - 1)] + L}

=M-L+ —{r@ M+ @9 —rD) + L}

In this case, x¢~

i

{uf“ D@ HL=M)+ W + L~ M)>}
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— w(tl).
Subcase 2.2: s = 2.
(@)

In this subcase, we have i = 1 by 1 <i < s — 1 and we only need to show r(B) < ¢,".
By the definition of N*(1), and x, = --- = x, = 1, we have

Z [xf.‘z‘1+---+ ik‘l—(k—l)]: Z [xfz‘1+---+ ik‘l—(k—l)]:

=0 {iy,...ik}eNZ (1) {i2,e.nik}ENZ_ (1)

l//(q) _ r(zq) +L

On the other hand, by (3.3), we have x{~! = ==—2—_ Then by (3.1) and (3.4), we have
1
r(B) < M+ k_l{ @ M+O}
X

L
=M+ —(r@ M)

(@) _ r(q
2 2

QLAY — M
Y (r) )

L+M-r+ \/(L — M+ 2 + 4L - 1)

(L+M-r?— \/(L — M+ 102+ 4L(H? - APy
2

- M-
,7[/(61).

Combining Subcases 2.1 and 2.2, we have r;(B) < wﬂq) for 1 <i < s— 1, and combining Cases 1
and 2, we have r:(B) < ¢'? for 1 < i < n. Then p(A) = p(B) < max r,(B) < WP for 2 < s < nby (3.2)

and Lemma 2.8.
Therefore, we know p(A) < l//(q) for 1 < s < n and thus p(A) < mm w(q)

Now suppose that A is weakly irreducible. Then B is also weakly irreducible by B = U~ *DAU.
Let w(q) = min ¢

1<s<n

Casel: [=1.

By Lemma 2.8 and the fact r(‘” = maxr, % we have p(A) = (q) if and only if r(q) = r(zw co= D,

<i<n

Case2: 2<I[<n.

Then p(B) = max r;(B) and thus r,(B) = r2(B) =+ = 7,(B) = @ by W’ = p(A) = p(B) <
{nax r;(B) < (q) and Lemma 2.8. Therefore, (a), (b), (¢) and (d) hold for 1 < i < n, (e) holds for
<i<n
[<i<n.
Subcase 2.1: rﬁq) r}q).

By i > > ... > ri” and (e) r\” = r\? for | < i < n, then we have r'” = r{ = ... = /{7
Subcase 2.2: rﬁ") > r}q).

Let 7 be the smallest integer such that ¥ = ¥ for | <t <1 By r\? > i > ... > v and
(e) rl@ = Eq) for [ < i < n, we have r(lq) > r;q) > e > :q)l > r@ = rf?r)l = ... = 9 and
xl sz...th_l >xz:...:_xl...:xn: 1.
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When k > 3, (d) implies there exists some r (1 < r < k — 2) such that {i,...,it} € N.),
{i,i,...,0x} € S(i) and there are g(> r) elements in {iy, ..., i} chosen from {¢,...,l,...,n}, k-1 —¢q
elements in {i, ..., i} chosen from {1,...,¢ — 1}, which is a contradiction with (c): x;, = --- = x;,.
Thus we only consider the case of k = 2.

In the case of k = 2, (d) implies

t—1

1
m-D=> > Gu=-D=> -1.

i hes (i -0 e h=1
(ih1ES () r=0 (hleN () el

Then (i)—(iii) follow from (a), (b), (c), (d) for 1 < i < n, and (e) for/ < i < n, and thus (1) and (2) hold.

Conversely, if riq) = réq) = .- = 9 then w(s") =rPfrl <s<n By Lemma 2.8, we have
: ()]
p(A) = min ¥y,
1<s<n

Especially, if k = 2 and (i)—(iii) hold, then (a),(b), (c) and (d) hold for 1 < i < n, (e) holds

for | < i < n. Then we have r;(B) = 1//5”) for 1 < i < n. Therefore by Lemma 2.8, we have
p(A) = p(B) = max r;(B) = y;* = min y.”. o
1<i<n 1<s<n

We note that when k£ = 2, a tensor is a matrix, and weak irreducibility for tensors corresponds to
irreducibility for matrices. Then we can obtain Theorem 2.1 of [8], Theorem 2.1 of [27], and Theorem
4 of [1] from Theorem 3.1 by taking ¢ = 1,2, 3 immediately.

When £ > 2 and ¢ = 1, we can obtain Theorem 2.1 of [20] from Theorem 3.1, which is the
generalization of Theorems 1 and 2 in [5]. Similarly, we can obtain more if we take g = 2,3. Now we
list these three results as follows.

Let ‘ﬁ(ll) =Ty, W(lz) = my, lﬁ(f) =wp,and for2 < s < n,

1 s—1
YD = E{rS+M—L+ J(I’s—M+L)2+4L2(rt_r.v)}’

t=1

s—1
1
Yy = E{mS+M—L+ \(ms—M+L)2+4LZ(m,—ms)},
t=1
1 s—1
YO = Sdw,+ M =L+ y|(w, = M+ L2 +4L ) (0, - w,) .
2 \ t=1
q 1 2 3
rl@ r; m; Wi
1 max - max -2
1<i,j<n i 1<i,j<n ™
L N(k - 2)\(;) NO='(k-2)1(15)  NBk—2)1(373)
. p(A) < min g’ o G
conclusion l<s<n (A) < min ¢y (A) < min y;
Theorem 2.1 in [20] p l<s<n v p l<s<n v

Now we give two examples to show the upper bounds for different ¢ are not comparable.
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Example 3.2. Let A be a nonnegative 3-uniform tensor with order 3 dimension 3, the slices of A are

given as follows:

1 00 0 0 6 0 90
A;=10 0 3], A,=|0 8 0|, A3;=|11 0 O].
0 60 300 0 09

We can get the following table with the help of MATLAB software.

i 1 2 3
rD(A) = ri(A) 10 17 29
r(A) = mi(A) 45.3700 17.0311 13.0428
rI(A) = wi(A) 1.9712 26.3609 99.8449

Y (A) 45.3700 38.5154 40.1996

From the above table, we see that r?)(A) > réz)(A) > r;)(A) holds, it implies that when g = 2 we
can apply Theorem 3.1 to A, and we obtain p(A) < lrglg wg = (22) = 38.5154.

In order to apply Theorem 3.1 when g = 1, 3, we let Pbea permutation matrix of order 3 as follows,
then A is permutation similar to A’ = PAPT by definition 2.4 and p(A) = p(A’) by Theorem 2.5. We
also write the slices of A’, and get the following table of tensor A’ as follows, where )(l(,q) be the wl(.q) of
A’ for g € [3] and i € [3].

00 1 9 0 0 00 3 06 0
P—(O 1 of, A7=|0 0 11|, A,=|0 8 0], A;—soo].
100 09 0 6 0 0 001

i 1 2 3
rD(A) = ri(A) 29 17 10
rI(A) = m(A) 13.0428 17.0311 45.3700
rI(A) = wi(A) 99.8449 26.3609 1.9712

X 29.0000 22.4081 21.9444
X 99.8449 75.3899 81.2271

From the above table, we see that rﬁl)(A’) > rgl)(A’) > rél)(A’) and r§3)(A’) > rf)(A’) > rg3)(A’)
hold, it implies that when ¢ = 1,3 we can apply Theorem 3.1 to A’, and we obtain p(A) = p(A’) <
min X" = ¥\ = 21.9444 when ¢ = 1, and p(A) = p(A) < min X =X = 753899 when ¢ = 3.

From the above arguments, we can see that the upper bound of ¢ = 1 is better than the upper bound
ofg=2orqg=3.

Example 3.3. Let B be a nonnegative 3-uniform tensor with order 3 dimension 3, the slices of B are
given as follows, and we get the following table with the help of MATLAB software.
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0 01 0 0.1 0 0 0 0 05
i 1 2 3
rV(B) 1.2000 0.8000 0.7000
r(B) 1.0778 1.0187 0.8918
r(B) 1.1564 0.7483 0.7761
y! 1.2000 1.1292 1.1685
y? 1.0778 1.0754 1.1763

Similar to the arguments of Example 3.2, we can apply Theorem 3.1 to B, and we obtain p(B) <
lmlrg 1&51) = (21) =1.1292 when g = 1, and p(B) < lrnlré WEZ) = 52) = 1.0754 when g = 2.
<i< <i<
In order to apply Theorem 3.1 when g = 3, we let P be a permutation matrix of order 3 as follows,
then B is permutation similar to B’ = PBP! by Theorem 2.4 and p(B) = p(B’) by Theorem 2.5. We
also write the slices of B’, and get the following table of tensor B’ as follows, where )(f.q) be the wf.q) of

B’ for g € [3] and i € [3].

1 00 1 0 O 0 0 01 0 06 O
P={0 O 1|, Bi=(0 0 O0.1f, B,=(0 05 0, B;=[01 0 0 |[.

010 0 01 0 01 0 0 0 0 0.1
i 1 2 3
r(B') = r(B) 1.2000 0.7000 0.8000
rI(B’) = m(B) 1.0778 0.8918 1.0188
rI(B) = wi(B) 1.1564 0.7761 0.7483
XV ®) 1.1564 1.1130 1.1285

3 _
2

Clearly, we can apply Theorem 3.1 when g = 3, and we have p(B) = p(B’) < 1mlré )(53) =x
<i<
1.1130 when g = 3.
From the above arguments, we can see that the upper bound of ¢ = 2 is better than the upper bounds
ofg=1and g = 3.

Combining the above two examples, we know the upper bounds for different g are not comparable.
4. Applications to hypergraphs

Let H be a k-uniform hypergraph on n vertices, A(H) and Q(H) are the adjacency tensor and the
signless Laplacian tensor of H, respectively. It was proved in [10,22] that a k-uniform hypergraph H
is connected if and only if its adjacency tensor A(H) (and thus the signless Laplacian tensor Q(H)) is

weakly irreducible.
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Recently, several papers studied the spectral radii of A(H) and Q(H) of a k-uniform hypergraph H
(see [5,7,17,19,31,32] and so on).

In this section, we will apply Theorem 3.1 to the adjacency tensor A(H) and the signless Laplacian
tensor Q(H) of a k-uniform hypergraph H.

Theorem 4.1. Let k > 2,q > 1,n > 2, H be an n vertices k-uniform hypergraph, the notation

r@ = rfq)(A(‘H)) for all i € [n] with r(q) > oo > 1 where r(l) > 0 fori € [n] when q > 2. Let
(q 1]
T bl (n-2 (4) (@)

b= lrgejli(nrl(q 5 L= 7= l(k 2) L =r,andfor2 < s <n,

1
l/,gq) — 5{ _ L+ J @) + L)2 +4LZ(F(4) r(q))}_

t=1

Then

p(ACH) < min g7} (4.1)
Moreover, if k > 3 and H is connected, then the equality in (4.1) holds if and only if riq) =...= r,(f).
Proof. Let A = A(H), M = O,N = = 1)" L= Zk 11 (" 2) The proof is completed from Theorem 3.1
immediately. o

In fact, if we take H to be a k-uniform hypergraph or a graph, A = A(H), rl@ = rfq)(A(W )) in
Theorem 4.1, then we have the following table.

@

k q " M N b L conclusion
2 1 d 0 1 1 1 Theorem 3.1 in [8]
2 2 m 0 1 s s Theorem 3.1 in [27]
>3 1 d, 0 (k—ll)' 1 . ﬁ(z:g) Theorem 1 in [5]

rd k-1
>2 >1 l<61) 0 & 11)' g}f}i{n ﬁ ij(k_g) Theorem 4.1

Theorem 4.2. Let k > 2,q > 1,n > 2, H be an n vertices k-uniform hypergraph, the notation
(q) = r(q) (Q(H)) for all i € [n] with r(q) > réq) > > rflq), where rg) > 0 fori € [n] when g > 2. Let A

Ao D

k—1
be the maximal degree of H, b = 1r<1}2]1§n {_q 5, L= i 1(Z ;) (lq> _ r(q> and for2 < s < n,

t=1

Yo = { @4 A-L+ J(r@ A+L)?+4L Z(r(‘” (‘1))}.

Then
PQ(H)) < min {4}, (4.2)
Moreover, if k > 3 and H is connected, then the equality in (4.2) holds if and only if riq) =..=r9
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Proof. Let A = Q(H), M = AN = D 1),, L= l,’(k 11 (’; ;) The proof is completed from Theorem 3.1

immediately. m|

Similarly, if we take H to be a k-uniform hypergraph or a graph, A = Q(H), rfq) = rl@(Q(W)) in
Theorem 4.2, then we have the following table.

@

k q " M N b L conclusion

2 1 2d; A 1 1 1 Theorem 4.2 in [8]
2 2 m A 1 s s Theorem 3.2 in [27]
>3 1 2 A 5 1 . 2:(:2) Theorem 2 in [5]
>2 >1 rl@ A ﬁ max r(—q) ’,:’:—_1'(2:5) Theorem 4.2

1<i,j<n T;

5. Applications to directed hypergraphs

Directed hypergraphs have found applications in imaging processing [9], optical network
communications [14], computer science and combinatorial optimization [11]. However, unlike
spectral theory of undirected hypergraphs, there are very few results in spectral theory of directed
hypergraphs.

— — — —

A directed hypergraphs H is a pair (V(H), E(H)), where V(H) = [n] is the set of vertices and
E(V_{)) = ey, es,...,e,} is the set of arcs. An arc e € E(7_->() is a pair e = (ji,e(j1)), where e(j;) =
{Jos - s Ji}s J1 € V(?{) and j; # j, if [ # h, for [,h € [t] and t € [n]. The vertex j, is called the tail (or
out-vertex) and each other vertex j,, ..., j, is called a head (or in-vertex) of the arc e. The out-degree
of a vertex j € V(V_-}) is defined as d;.r = |E‘;T|, where E/+ ={ee E(7_{)) : j is the tail of e}.

Two distinct vertices i and j are strong-connected, denoted by i — j, if there is a sequence of arcs
(e1,...,e;) such that i is the tail of e;, j is a head of ¢,, and a head of e, is the tail of e,,; for all
r € [t — 1]. A directed hypergraph is called strongly connected, if every pair of different vertices i and

jof7_-)[ satisfying i — jand j — i.

Similar to the definition of a k-uniform hypergraph, we define a k-uniform directed hypergraph as
follows: A directed hypergraph ‘7_>{ = (V(7_>{ ), E (‘7_>{ )) is called a k-uniform directed hypergraph if |e| =
forany arce € E (7_-){ ). When k = 2, then 7_-){ is an ordinary digraph.

The following definitions for the adjacency tensor and signless Laplacian tensor of a directed
hypergraph was proposed by Chen and Qi in [6].

Definition 5.1. ( [6]) Let 7{ = (V(?() E(W)) be a k-uniform directed hypergraph. The aa’]acency

tensor of the directed hypergraph 7-[ is defined as the order k dimension n tensor A(?‘() whose
(i1iy - - - ip)-entry is:

, otherwise.

AT ,:{ ey ifGinelin) € ECH) and eiy) = (i . i),
1k 0
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_)
Let D(H) be an order k dimension n diagonal tensor with its diagonal entry dj;..; being d;, the out-
— — — —
degree of vertex i, for all i € V(H) = [n]. Then Q(H) = D(H) + A(H) is the signless Laplacian tensor
ﬁ

of the directed hypergraph H.
Xie and Qi [28] defined the eigenvalues (signless Laplacian eigenvalues) of a uniform directed

hypergraph ‘7_-){ as the eigenvalues of the adjacency (signless Laplacian) tensor A(?T)( ) (Q(?? )) of 7_-)( .
- — — —
The spectral radii of A(H) and Q(H), denoted by p(A(H)) and p(Q(H)), are called the (adjacency)
—

spectral radius and the signless Laplacian spectral radius of H, respectively.
Clearly, the adjacency tensor and the signless Laplacian tensor of a k-uniform directed hypergraph

?{ are nonnegative k-uniform tensors, but not symmetric in general. It was proved in [20] that a k-
uniform directed hypergraph His strongly connected if and only if its adjacency tensor A(?I) (and
thus the signless Laplacian tensor Q(?I)) is weakly irreducible.

Recently, several papers studied the spectral radii of the adjacency tensor A((I_{) ) and the signless
Laplacian tensor Q(7_{) ) of a k-uniform directed hypergraph ?{ (see [6,20,28,31] and so on).

In this section, we apply Theorem 3.1 to the adjacency tensor A(7_{)) and the signless Laplacian
tensor Q(?_% ) of a (strongly connected) k-uniform directed hypergraph ?{ , and obtain some new results
about p(A(H)) and p(Q(H)).

ﬁ
Theorem 5.2. Let k > 2,q > 1,n > 2, H be a k-uniform directed hypergraph with n vertices, the

L@ _ D a Ty - th 79 > @
notation r,”” = r," (A(H)) for all i € [n] and q > 1 with r - >r,", where r ) > 0 fori € [n] when
(g—1)
bk ! (n-2 7 (@ _ (q)
q>2 LetL= ( ) b= lrgzjlicn > ¥ , and

t=1

s—1
w(Q) 1 { (9) _ J(F(Q) + L)2 +4L Z(rl(fﬁ _ rgq) ’

for2 < s <n. Then

p(AFD) < min {y?) . (5.)

_)
Moreover, if k > 3 and H is strongly connected, then the equality in (5.1) holds if and only if r(lq) =

_ r;q).

Proof. Let A = A(?‘( ), M =0,N= = 1),, L= ik 11 (" 2) Then the result holds by Theorem 3.1. O

Theorem 5.3. Letk > 2,q > 1,n > 2, 7-( be a k-uniform directed hypergraph with n vertices, the

notation r( = r(q)(Q(W))for alli € [n] and q > 1 with r(q) > r(q) > 19 where rgl) > 0 fori € [n]

(q D
+ i _ b1 (n-2 @ _ (@
when g > 2. Let A* be the maximal out-degree of ‘H b= ]r<1}axn T L= (k—Z)’ =r", and

s—1
YD = ! { @ ¢ A* — L+ J(r(‘” A* + L)? + 4L Z(r(") (,"))},

t=1
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for2 < s <n. Then

" @
P@QEH)) < min {4}, (5.2)
Moreover, if k > 3 and 7_-)( is strongly connected, then the equality in (5.2) holds if and only if r(lq) =
R
Proof. Let A = Q(7—->( ), M =A*",N = ﬁ L= %(Z:g) Then the result holds by Theorem 3.1. |

In fact, we can obtain some known or new upper bounds for digraphs by takingk =2,9=1,2,3, ...
in Theorems 5.2 and 5.3, and we can also obtain some known (for example, Theorems 4.4 and 4.5
in [20]) or new upper bounds for uniform directed hypergraphs by taking k > 3, ¢ = 1,2,3, ... in
Theorems 5.2 and 5.3, and we omit them here.
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