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Abstract In this paper, we give some new M-eigenvalue inclusion theorems
for fourth-order partially symmetric tensors, which are more tighter than some
existing inclusion sets. On the basis, some new upper bounds of the M-spectral
radius are presented. Further, as applications, we propose sufficient conditions
for the strong ellipticity condition in the elastic materials. Numerical examples
are shown to illustrate validity and superiority of our results.
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1. Introduction

1.1. Background

Let R be the set of all real numbers, R™ be the set of all dimension n real vec-
tors, and [n] = {1,2,...,n}. A fourth-order real tensor, denoted by A = (a;jxi) €
Rlmlx[n2]xns]x[na] - congists of ny X nay X ng X ng components:

aijit € R, i € [m],j € [na2], k € [ns], 1 € [n4].
Specifically, A = (a;p;) € RIMXIxImIx[n] g called partially symmetric tensors, if
its components are invariant under the following permutation of subscripts:
Qijkl = Qrjil = Qikj = Grlij, 4,k € [m], j,1 € [n].

In fact, the tensor of elastic moduli for elastic materials exactly is partially
symmetric [10], and the components of such tensor are regarded as the coefficients
of the bi-quadratic polynomial optimization problem defined by

m n
max f(z,y) = Z Z QijkITiY TRYL,
ik=174,1=1 (1.1)

st. atr=1y"y=1, € R™ yecR",
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and

m n
min f(z,y) = D> Y GimyiTe,
ik=1 =1 (1.2)

st. ztz=1,yTy=1, 2 € R™, y e R"

This optimization problem arises from the strong ellipticity condition problem
in solid mechanics [10] and the entanglement problem in quantum physics [6,9].
The entanglement problem is to determine whether a quantum state is separable
or inseparable (entangled) [7]. It is known that both the strong ellipticity and
ordinary ellipticity play an important roles in nonlinear elastic material analysis
[4,17,24,26,31]. Qi et al. [22] pointed out that strong ellipticity condition holds if
and only if the optimal value of the above global polynomial optimization problem is
positive. In polynomial optimization theory [16,28,33], the biquadratic optimization
problem is NP-hard to solve [19,32]. In order to better study the optimization
problems, through the theory of tensor eigenvalues [21,23], Han et al. [10] in 2009 for
the first time transformed this optimization problem into the M-eigenvalue problem
of a fourth-order partially symmetric tensor.

Recently, the research on M-eigenvalues of partially symmetric tensors has be-
come popular [2,12,14,18,30]. However, due to the complexity of the tensor eigen-
value problem [14], it is difficult to directly calculate. To solve this problem, an in-
clusive set of M-eigenvalues of a partially symmetric tensor similar to the Gersgorin
disc theorem of matrix eigenvalues can be given by analogy. He et al. [2] proposed
the M-eigenvalue interval theorem. Li et al [18] gave the M-eigenvalue inclusion in-
tervals. He et al. [12] proposed new S-type inclusion theorems for the M-eigenvalues
of a fourth-order partially symmetric tensor.

The M-eigenvalue inclusive set can be used to solve the actual calculation of
the largest M-eigenvalue and the strong ellipticity condition of elastic materials.
In order to solve the NP-hard problem of M-eigenvalue, Wang et al. [27] pre-
sented a practical algorithm, denoted by WQZ-algorithm, to compute the largest
M-eigenvalue of a fourth-order partially symmetric tensor. As an application, Li
et al. used the M-spectral radius obtained by the M-eigenvalue inclusion intervals
as a parameter in the WQZ-algorithm in [12]. Qi et al. [22] have shown that the
necessary and sufficient condition for the establishment of the strong ellipticity con-
dition is that the smallest M-eigenvalue of partially symmetric tensor is positive,
called M-positive definite [3,15,21,23]. Further, Wang et al. [21] provided some
checkable sufficient conditions for the positive definiteness of fourth-order partially
symmetric nonnegative tensors. Based on the M-eigenvalue with the strong elliptic-
ity [1,5,8,12,13,20,25,29,34], the research in [11] provided some checkable sufficient
conditions for the strong ellipticity, called M-positive definiteness.

Based on this, when studying the inclusion set of M-eigenvalues, we should
consider the M-eigenvalue containing set whose center is at the origin or not, and
get the inclusion interval as small as possible. Moreover, when the strong ellipticity
condition holds, it is necessary to judge the positive definiteness of the partial
symmetric tensor. Therefore, the rest of the paper is organized as follows. In
Section 2, we give some new M-eigenvalue inclusion sets centered at the origin,
and prove that the results are more accurate than some existing conclusions. In
Section 3, we give a new M-eigenvalue containment set whose center is not at the
origin, and prove it is tighter than some existing conclusions. In Section 4, we
first recall the WQZ-algorithm. As an application, we apply the upper bound of
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the M-eigenvalue to the WQZ-algorithm as a parameter. In Section 5, we propose
some existing sufficient conditions for the positive definiteness of the fourth-order
partially symmetric tensor. Additionally, we apply the derived sufficient conditions
to the strong ellipticity condition in the elastic materials.

1.2. Definition and proposition

Definition 1.1. [22] Let A = (a;jx;) € RIMX XX he g partially symmetric
tensor(PST) and A € R. Then A is called an M-eigenvalue of A, if there are vectors
xz € R™\{0} and y € R™"\{0} such that

A - yry = Az,
Azxyx- = Ny,

1.3
2T =1, (13)
y'y =1,

where A - yzy and Azxyx- are real vectors with i-th and I-th components defined by

m n
(A-yzy); Z Z QijklYjTrYLs (Azyx-), Z Zavjkll'vijk

k=1j,l=1 i,k=1j=1

z and y are called the corresponding left and right M-eigenvectors. If z and y
are left and right M-eigenvectors of A, associated with an M-eigenvalue A, then
A = Azyzy.

Definition 1.2. [21] We call Fp € RIMXIxImIXInl an Moidentity tensor if its
entries satisfy
1, ifi=k,j=1,

. (1.4)
0, otherwise,

(Fm)ijer = {

where i, k € [m],j,1 € [n].

Obviously, Fuq € RIMIXIXImIx[n] is o partially symmetric tensor and has the
following property:

(1.5)

]:M “Yyry =7,
Fmzyz- =y,

with T2 = 1,4Ty =1 for all z € R™,y € R™.
Definition 1.3. [25] The M-spectral radius p(A) of A is defined as

p(A) = max{|A| : A € o (A)},

where o(A) is M-spectrum of A, the set of all M-eigenvalues of A.
The largest M-eigenvalue of A is

Amax(A) = max{\: A € o(A)}.

The M-spectral radius of A is the largest M-eigenvalue. Furthermore, there is a
pair of nonnegative M-eigenvectors corresponding to the M-spectral radius.
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2. M-eigenvalue inclusion theorems centered at the
origin
In this section, we discuss several new M-eigenvalue inclusion theorems of fourth-

order partially symmetric tensors and establish the corresponding inclusion rela-
tionships. First, we introduce relative results given in [2].

Theorem 2.1. [2] Suppose A = (a;jr1) s a partially symmetric tensor with i,k €
[m], 4,1 € [n]. Then

o(A4) CT(A) = |J Ti(A),

1€[m]

where T;(A) = {\ € R: |\ < R;(A)}, and R;(A) = > laijki]-
k€[m], j,l€[n]

Theorem 2.2. [2] Suppose A = (a;jx1) is a partially symmetric tensor with i,k €
[m], 4,1 € [n]. Then

i€[m] \k€[m],k#i

o(A) LA = | ( N Ei,k(A)>>

where
Lik(A) = {A e R: (]A| = (Ri(A) — R (A)))|Al < RE(A)Ry(A)},

and RE(A) = Y |aijull-
Jil€[n]

Theorem 2.3. [2] Suppose A = (a;jx1) is a partially symmetric tensor with i,k €
[m], j,l € [n]. Then

cAcMA = ) (MiHUHir(A).

i,ke€[m], k#i
where
M (A)={X € R: (A= (Ri(A)— R} (A)))(]A| - R (A)) < RF(A)(Ri,(A) - R (A)},
and
Hin(A) = {NeR: |\ — (Ri(A) — RF(A)) <0, |\ - R}(A) <0}

Theorem 2.4. [2] Suppose A= (a;jr1) s a partially symmetric tensor with i,k €
[m], 4,1 € [n]. Then

s(ASNUA = |J N,
i,k€[m], k#i
where Nj 1 (A) = {A € R: (|A| = Ri{(A)|A| < (Ri(A) — Ri(A)Rip(A)}.

Remark 2.1. According to [2], we know £(A) C T'(A), M(A) CT(A)and N(A) C
I'(A). That is £L(A), M(A) and N (A) are more accurate than I'(4).
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Now, we give two new M-eigenvalue inclusion theorems and establish the corre-
sponding inclusion relationships.

Theorem 2.5. Let A= (a;ju) € RUIx[nIxImIX[n] pe o partially symmetric tensor.
Then
T = U (R Urr),
i,k€[m],k#i

where
Tik(A) ={A € R: |\ = Ri(A) + R (A) <0, || - Rp(A) + Rj(A) < 0},
and
Fik(A) = {A € R: [|]A| = Ri(A) + RE(A)[A|-Ri(A) + Ri(A)] < Ri (AR} (A)}.

Proof. Assume that \ is an M-eigenvalue of A, x = (21,72, ...,2,)" € R™\{0}
and y=(y1, Y2, ---, Yn) L €R™\{0} are the corresponding left and right M-eigenvectors,
then

A-yzy = A, Azyz- = My, z Tz =1 and yly=1.

Let

|z] > |zs| = max |z;], 0<|z| <1
i€[m],i#£t

From Az = A - yxy, it holds

Azy = (A - yay):

= Z k1Y LEYL
ke[m], j,le[n]

= Z Otik1Yj TRYL + Z AtjstY;TsYi-
ke[m].k#s, j,l€[n] J,l€n]
Then
|| ||
Al < > |atjkl||yg|| ||yl|+ > |atjsl|‘yj|ﬁ|yl‘
kelm] ks, j,i€ln] J1€ln] !
T
<Y gt Y |atjsl|' |'
ke[m],k#s, j,le[n] J,l€[n]
Therefore,

€T
A= lal s Y gl )

ke[m],k#s, j,len] J,l€[n]

(1) T[] = 0, then [A] — (Ri(A) — R3(4)) < 0.
(i) If [\| = Rs(A) + RL(A) > 0, then X € 7 5(A) C Y(A).
(i) If [A] — Rs(A) + RL(A) < 0, then A € 73 5(A) C T(A).

(2) If |z4| > 0, we have

= (A-yxy)s
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= E UsiklYjTrYl

ke[m], j,l€[n]

= Z AsjklYj TRYl + Z AsitlY;TtYL-
ke[m],k#t, j,l€[n] Jil€ln]
Then
EA |24
|)‘| S Z |a5]kl||y]| ‘ ‘ |yl| + Z |a5JtlHyJ|| | |yl‘
ke[m],k#t, j,le[n] J,l€[n]
T
S Z |a'5jkl|+ Z |a53tl||| t||
ke[m],k#t, j,l€[n] J,lEln]
Therefore,

X
A= Y agul < wa t (2.2)

kel[m],k#t, j,l€[n] Jil€[n]

(i) If [N = Re(A) + R (A) > 0 or [A] — Rs(A) + RL(A) > 0, multiplying (6) with
(7) yields

[IAl = Re(A) + RE (AN = Rs(A) + R (A)] < RE(A)R(A).
That is
AE ?t,s(A) - T(A)

(i) If N —R¢(A)+ R (A) < 0 and [A|—Rs(A)+RL(A) < 0, then A € 7 5(A) C T(A).
Thus o(A) C T(A). The proof is completed. O
On the basis of Theorem 2.1 and Theorem 2.5, we can establish the following

inclusion relationship between I'(A4) and T(A).

Corollary 2.1. Let A = (ai;u) € RIMIXIXImIXn] e o partially symmetric tensor.
Then
o(A) CT(A) CT(A).

Proof. For any A € T(A), we complete the proof by two cases.
Case 1. If A € 7; ;(A), then

IA| = Ri(A) + RF(A) <0 and |\ — Rg(A) + RL(A) <O0.

Therefore,
IA| < Ri(A) and |A| < Rg(A),

which implies A € T'(A).
Case 2. If A € 7 ;,(A), then

(Al = Ri(A) + R (A)[A] = Ri(A) + Ry (A)] < RE(A)R(A).
(i) If RF(A)Ri(A) =0, then

Al = Ri(A) + RE(A) <0 or |\l = Ry(A) + Ry (A) <0.
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Therefore,

Al < R;(A)

which implies A € T'(A).
(ii) If RF(A)R:(A) > 0, then

Al = Ri(A) + Rf(A) |

or |Al < Ry (A),

A = Ri(A) + Ry (A)

<1
R} (A) Rj(A) -
This is
k _ i
M= R +REA) = RelA) + B
RY(A) Rj.(A)
Therefore,
Al < Ri(A) or [N < Ri(A),
which implies A € T'(A). Thus T(A) C F(A). O
Theorem 2.6. Let A= (a;ju) € RUMIx[nIxImIX[n] pe o partially symmetric tensor.
Then
s comw= @MmUmMm
i,k€[m], k#i
where ' 4
uie(A) = {N € R [|]A] = Ri(A)][IA] = R (A)] < (Ri(A) — Ri(A))(Ri(A) — Ri(A)},
Uik(A) = {A €R: A = Ri(A) < 0,[A| = R{(A) <0}, Ri(A)= X laijul-
J,l€[m]
Proof. Assume that \ is an M-eigenvalue of A, x = (21,72, ...,2,)7 € R™\{0}

and y=(y1, Y2, ---, Yn) L ER™\{0} are the corresponding left and right M-eigenvectors,
then

A-yzy = I, Azyz- = My, Tz =1 and yTy=1.
Let

|ze| > |xs| = max x|, 0 <lay] < 1.
i€[m],i#t

From Az = A - yzxy, it holds

Azy = (A - yay):

= ) aguyiTu

ke[m], j,l€n]

- ¥

ke[m],k#t, j,le[n]

Then

Al <

>

ke[m],k#t, j,l€n]

D

ke[m],k#t, j,l€[n]

IN

|z
\atjkl|\yy|| |

\atakl| |

Gt5k1Y§ TKYL + Z AttlY TeYi-

Jleln]

el + Y lasgully;llyl
J,l€[n]
+ Z |atjsl-

Jil€[n]
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Therefore,
T
DD S ESD S L ¥ (23)
J,l€[n] ke[m],k#t, j,le[n] ¢

(1) If |xs| = 0, then |A\| — RL(A)) < 0, which implies X € u;(A) C O(A).
(2) If |x5| > 0, we have

)\5175 = (-A : ymy)s

= Z AsjklYjLEYL
kelm], j,len]

= Z UsjklYj TRYL + Z AsjsiY;TsYi-
ke[m],k#s, j,l€n] J,l€[n]
Then
||
Al < > Iasjkll\yﬂ'm—\yll + ) lasjallyslvl
kem),k+#s, j,1€[n] s j,l€n]
|
S Z |asjk:l|m+ Z ‘asjsl‘-

ke[m],k#s, j,le[n] s J,l€[n]

Therefore,

||
Al = Z ‘aSjsl‘ < Z |asjkl|m. (2.4)

j,l€[n] ke[m],k#s, j,l€[n]
(i) If |A| = R{(A)) > 0 or |A] — R(A)) > 0, multiplying (8) with (9) yields
[IAl = Ri(A)[IAl = RS (A)] < (Re(A) — Ry (A))(Rs(A) — R3(A)).
That is
A€ ups(A) C O(A).

(i) If |\ — RL(A)) < 0 and |A\| — R3(A)) < 0, then X € Uz 5(A) C O(A). This shows
that o(A) C ©(A). O

On the basis of Theorem 2.1 and Theorem 2.6, we can establish the following
inclusion relationship between I'(4) and O(A).

Corollary 2.2. Let A = (a;jm) € RUMX[IxImIX[n] pe o partially symmetric tensor.
Then
o(A) € O(A) CT(A).

Proof. For any A € ©(A), we break the proof into two cases.

Case 1. If A € 4;(A), then 4
Al = Ri(A) <0.

Therefore,
Al < Ri(A),

which implies A € T'(A).
Case 2. If A € u; ;(A), then

(Al = RiAAIA = RE(A)] < (Ri(A) = Ri(A)(Ri(A) = Ri(A).
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(i) If (Ri(A) — Ri{(A))(Ri(A) — RF(A) =0, then
Al = RiAA][IA] = R(A)] < 0.

Therefore,

IA| < Ri(A) or [N < Ri(A),
which implies A € T'(A).
(ii) If (Ri(A) — Ri(A))(Rk(A) — RF(A) > 0, then

A= Ri(A) A= RE(A)

/ <1.
Ri(A) — Ri{(A) Ri(A)—R}A) —
s A= Ri(A) A= RE(A)
— R - R
L B A A | A AR
Ri(A) —Ri(A) 7 Ru(A)— REA) ~
Therefore,
IA| < Ri(A) or [N < Ri(A),
which implies A € I'(A). Thus ©(A) C I'(A). O

Example 2.1. [2] Consider the fourth-order partially symmetric tensor with

ai11r = 1,a1112 = 2,a1121 = 2,a1212 = 3,
Q1222 = 9,a1211 = 2,a1122 = 4, a1201 = 4,
A5kl =
as111 = 2,az2112 = 4,a2121 = 3, a2122 = 5,

a2211 = 4, a2212 = 9, az221 = 5, a222 = 6.

By Theorem 2.1 to Theorem 2.4, we have

T(A) = [ Ti(4) ={reR: |\ <34},

1€[m]

19+ V1741
ey = | ( N £i,k(A)) = eRr: ]y < AT
i€[m] \k€[m],k#i

27 + /1021
2

MA) = U (Mir((A)UHir(A) = (A eR: A < 2

i,k€[m], k#i
19+ /1741
NAH= M,k(A):{AGR:PJS#

i,k€[m], ki

1.
From Theorem 2.5, we obtain

27 + v/ 1021}
2 9

T = U (FrOUmw) = reRr: A <

i,k€[m] ki

F12(A) ={AeR: A <8}, 71(A) ={ e C: |\ <8},

7 P~ 274+ /1021
T12(A) =T21(A) ={ eR: |\ < f\/i}
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From Theorem 2.6, we obtain

o= U (“i’k(A)Uaz‘(A)) ={AeR: |\ < w

i,k€[m], k#i

|2

where

27 + /1021
ur2(A) =uz 1 (A) ={AeR: A < f\/ﬁ

ur(A) ={reR:[A <8},
Us(A) = {A e R: [\ < 19},

2

Further, we use Figure 1 to show the above calculation results. From Figure 1,
T(A) and O(A) are more accurate than I'(A) and L£(A).

40 ! '
— r(A)
| o — + LAY
30 //g:ﬁ? P Lkt S ﬁﬁ#\\ % OA)
o £ PN
20 iy S
i )

g

R
10} g %
of | % x|
-10 ﬁ% ﬁﬁg
- &

-20

\\&%mz aﬁﬁﬁf@
30t St
40 ‘ ‘ : : : : :
40 30 =20 0 0 10 20 30 40

Figure 1. Comparison of inclusion sets of Example 2.1.

Example 2.2. [2] Consider the fourth-order partially symmetric tensor with

a1111=—1,a1112=2,a1131 =3, a1121=—1,a1211 =2, a1221 =1, ag122 =1,
a2111 = —1,a2211 = 1,a2112 = 1,a2131 = —2, az22 = 2,

ikl =
asi11 = 3, a3232 = —1,a3131 = —2,

aijkt = 0, otherwise.
By Theorem 2.1 to Theorem 2.4, we have

T(A) = | TiA) ={reR: ) <11},

i€[m)]

LA = (1 Lir(A) | ={AeR: A <4+ 34},

i€[m] \k€[m],k#i

M= ) (Minl(@)UHik(A) = (A e R: A <5426},

i,k€[m], ki
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NA = U N = (rer: ) < VI8

ik€lm], ki

From Theorem 2.5, we obtain
4= U (a,k(A) UFi,k(A)) —[AeR: |\ <6+13),
1,k€[m],k#i

where

F12(A) =72 1(A) ={AeR:6 V13 < |\ <6+ 13},
. 11— /61 11 + /61
m,3(A) =731(A) ={reR: % <A\ < %}7

r23(A) =732(A) ={A e R:5 <A <6}

From Theorem 2.6, we obtain

o= U (aCUut) = ek A,
i,k€[m], ki
where
wa(A) = uza(A) = AR N < Hf\/@},
ur3(A) = uz1(A) = {A € R: [\ <4+ V19},
uz3(A) =uza(A) ={AeR: A< 5%\/671}’

G(A) = {AeR: |\ <51,
uz(A) ={reR: [ <2},
Us(A) = {AeR: | < 3}

Moreover, we use Figure 2 to show the above calculation results. From Figure 2,
it can be seen that the new M-eigenvalue inclusion set Y(.A) and ©(A) are more
accurate than I'(A), L(A) and M(A).

3. M-eigenvalue inclusion theorems

In this section, we first introduce some existing M-eigenvalue inclusion theorems
in [25] whose center point is not at the origin. Then we give some new M-eigenvalue
inclusion theorems where the center point is not at the origin. Further, we show
that they are more tighter than some existing conclusions.
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15 T T T
F(A)
L(A)
M(A)
10| Y(A)
OA)
5 L
0 L
5t
0t
15 L L I L I
15 10 5 0 5 10 15

Figure 2. Comparison of inclusion sets of Example 2.2.

Theorem 3.1. [25] Let A = (aip;) € RIMXIIXMIXIT be o partially symmetric
tensor and Faq be an M-identity tensor. For any a = (aq, ..., )T € R™, then

o(A) CX(A )= | Xi(4 a),

i€[m]
where
Xi(Aa) ={AeR: A —ai| < Ri(A o)},
Ri(A, ;) = Z laijer — i (Fan)ijhil-
ke[m], j,l€(n]
Further,

a(A)C () XA ).

a€eR™

Theorem 3.2. [25] Let A = (air) € R [mIX[2] be o partially symmetric
tensor and Faq be an M-identity tensor. For any a = (o, ..., )T € R™, then

oA kA= J( ) Rulda)),
i€[m] k#i,k€[m]
where
KA a)={reR: [|A—a;| — (Ri(A, o) — Rf(A, ai))]IA — agl
< RE(A, a;)Ri(A, o)},

Ry (A op) = Z |aijrr — i (Fam)igrel-
Jyl€[n]
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Further,
o(A) C ﬂ R(A, a).

a€R™
Theorem 3.3. [25] Let A = (aip;) € RUMXIXMIXI be o partially symmetric
tensor and Faq be an M-identity tensor. For any a = (aq, ..., )T € R™, then
o(A) C R(A, a) C X(A ).
Now, we give two new M-eigenvalue inclusion theorems and establish the corre-
sponding inclusion relationships.

Theorem 3.4. Let A = (a;jn) € RUIXIxImIX[n] pe o partially symmetric tensor
and Faq be an M-identity tensor. For any o = (aq, ..., )T € R™, then

oA SNA )= |J MNrAa),
i,k€lm], ki

where

Mir(A ) ={NER: [N — ai| — (RIA, ;)]\ — ]

< [Ri(A i) — Ri(A, i) R (A, ag) },
Ri(A, ) = Y lagia — oi(Fad)ijal-
J,l€[n]

Further,

a(A)C (] MNA ).

aER™

Proof. Assume that A is an M-eigenvalue of A, x = (z1,%a, ..., 2)T € R™\{0}
and y=(y1, Y2, -, yn) T €ER™\{0} are the corresponding left and right M-eigenvectors,
and Faq is an M-identity tensor, then

A-yzy = Iz = AFa-yxy, 2z =1 and yTy=1.

Let
|zi| > |zs] = max |z;], 0< |z < 1.
i€[m],i#t
From A - yzy = Az = AFpq - yxy, it holds that
S MFPmgr)GTE = > Gy
ke[m], j,l€[n] ke[m], j,l€(n]

Then, for any real number oy, it follows that

A—adee = > (A= a)(Fa)ymyzry
ke[m], j,le[n]

= Z (atjur — ar(Faa)ejm) Yy Tryn
k#t,ke[m], j,l€n]

+ ) (agu — ar(Fan) i)y
Jleln]
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Taking modulus in the above equation and using the triangle inequality leads to
A — ||| < > laejre — ce(Fa)gmllysllznl vl
ke[m],k#t, j,l€n]

+ 3 laggu - o Faegallyslla iyl
Jl€n]

< (Ri(A, ) — Ry(A, i) |as| + RE(A, o) |4
Therefore,

A= el = RE(A ) < (RulAs ) — RUCA, ) 22!

(3.1)

|4

(1) If |zs| = 0, then [A—ay|—RE(A, o) < 0, which implies A € 9 (A, ) € N(A, @).
(2) If |z5| > 0, we have

A—adze= Y (awrr — os(Fan)sjm)) Ui Tati-
ke[m], j,le[n]

Taking modulus in the above equation, we have

N—asllzsl < D0 asgm — as(Fad)simlly;llzel 1wl
ke[m], j,l€[n]

S Rs(Aa as)|xt|-
Therefore,

|4

|zs]
(i) If [N — ay| — RE(A, o) > 0, multiplying (10) with (11) yields

‘)‘ - a5| < RS(-Aa as)

(3.2)

[IX = | = Ri(A )] |IX — | < [Re(A, o) — RE(A, )| Rs (A, ).
That is
A€M (A a) CNA, ).

i) If [N — ay] — Ri(A,a¢) < 0, then A € My (A, ) € N(A, ). Thus o(A) C
N(A, o). O

On the basis of Theorem 3.1 and Theorem 3.4, we can establish the following
inclusion relationship between X(A, a) and 91(A, ).

Corollary 3.1. Let A = (a;ju1) € RIMIXIXImIX[2] pe o partially symmetric tensor
and Fa be an M-identity tensor. For any a = (o, ..., )T € R™, then

o(A) € N(A, a) C X(4, q).

Proof. For any A € M(A, a), without loss of generality, there exists ¢ € [m] such
that A € My 1 (A, a), for all t # k. Thus,

[IA = auf = Ri(A, an)]IA — ae| < [Re(A, o) — Ry(A, )| Ri(A, ).
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We now break up the argument into two cases.
Case 1. If [R:(A, ar) — RE(A, a4)]Ri (A, ax) = 0, then
A — | — RE(A, ap) <0 or A= ay.

Hence,

A — ] < RE(A, o) < Re(A, o) or X = a..
Therefore, A € X:(A, ) |JXk(A, o) C X(A, a).
Case 2. If [Ri(A, ) — RL(A, )| Ri(A, ;) > 0, then

A — | = Ri(A, o) [A — oy

1.
Rt(A7 at) - R%(Aa Oét) Rk(Aa Oék) o
e A~ al - Bi(A, ) A auf
— Q| — Iy (A, O — Qg
<lor———<1
Ri(A, o) — RE (A, o) — Ri(A o) —
Therefore,

A= ] < Ri(A,ay) or |A— ag| < Ri(A, ag),

which implies A € X¢(A, o) |J Xk (A, @) C X(A, ). Thus N(A, ) C X(A, o). O
Theorem 3.5. Let A = (aijr1) € RIMIXIx[mIx[n] pe o partially symmetric tensor
and Faq be an M-identity tensor. For any a = (aq, ..., )T € R™, then

s CcmAa) = J (M) UnirAa),

ik€lm], ki
where
Mi k(A @) = A €R:[IA =i = (Ri( A, i) — RE(A, a0))][|A — ai| = RE(A; )]
< Rf(Av ai)[Rk(A7 ak) - RZ(VAL ak)”?

and
Nin(A ) ={A e R: [A—ay|—(Ri(A, ;)= RF(A, ;) <0, [A\—a|—RE(A, ay) < 0}.

Further,
a(A) C () MA a).
acR™
Proof. Assume that \ is an M-eigenvalue of A, x = (21, 72,...,2,,)7 € R™\{0}
and y=(y1, Y2, ..., yn) T €R™\{0} are the corresponding left and right M-eigenvectors,
and Fq is an M-identity tensor, then

A-yzy = Az = \Fp -yxy, 27z =1 and yTy = 1.

Let
|zt > |zs) = max |z, 0< |z <1
i€[m],i#t
From A - yzy = Az = AFpq - yxy, it holds that
S MFmgr)GTn = Y Gy

ke[m], j,l€n] ke[m], j,l€[n]
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Then, for any real number ay, it follows that

A—adze = Y (A=) (Fm)ejmtcayn
ke[m], j,l€[n]

- > (atjrr — c(Faa)eing) Vi ryi
k#s,k€[m], j,l€[n]

+ Z (agjst — e (Fat)tjsl)Y; Ty
j,l€[n]

Taking modulus in the above equation and using the triangle inequality gives
A — aullae| < > |arjrr — ce(Fan)igrallysllen ]
ke[m],k#s, jl€ln]

+ Z lagjst — e (Faa)egst||yillzs| vl
J,l€[n]

< (Re(A; o) — Ry (A, an))[e] + R (A, ) s

Therefore,
T
|)\ - Oét| — (Rt(/L Olt) — Rf(A, Oét)) S Rf(A, Oét) ||Qj || (33)
t
(1) If |xs| = 0, then |A — ay| — (Re(A, ) — Ri (A, 1)) < 0.
(i) If [N — as] — R3(A, a5) > 0, then A € My (A, ) € M(A, ).
(il) If |X — as] — RE(A, a5) <0, then X € ; (A, a) C M(A, ).
(2) If |x5| > 0, we have
A — asllzs| < > |asjre — s (Fat)siml|yjlleelyil
ke[m],k#s, j,l€n]
+ Y lasisr = as(Fad)systl[yslzs]lwil
Jl€ln]
< (Rs(As as) = RY(A, o)) || + RI(A, o) |z
Therefore,
A= | = RI(A,0) < (Ry(A ) — R3(A, ) |ift| . (3.4)

(1) I A= ] — (Re(A o) — R (A, ) > 0 or |A—as| — RE(A, aes) > 0, multiplying
(12) with (13) yields

(1A = ] = (Re(A, o) = R (A, a0))][|A — s = RE(A, a)]
< Ri(A, ar)(Rs (A, as) — RY(A, a)).
That is
AeEM (A o) CMA, ).
(ii) If |X — o] — (Re(A, ) — Ri(A,0n))) < 0 and |X — as] — RE(A, a5) < 0, then
A€ N s(A a) CTMM(A, o). This shows that o(A) C M(A, o). O

On the basis of Theorem 3.1 and Theorem 3.5, we can establish the following
inclusion relationship between X(A, a) and M(A, «).



3150 J. Zhang & X. Liang

Corollary 3.2. Let A= (a;ju) € RUIX[IXImIX[n] pe o partially symmetric tensor
and Faq be an M-identity tensor. For any a = (aq, ..., )T € R™, then

o(A) CM(A, a) C X(A, ).

Proof. For any )\ € M(A, ), without loss of generality, there exists ¢ € [m] such
that A € M, (A, a), for all t # k. We break the proof into two cases.

Case 1. If A € $;1(A, a), then
IA—oy| — (Re(A, o) — RF(A, o)) <0 and |\ — ag| — RF(A, an) < 0.

Therefore,
A — ar] < Ri(A, ) and [N — ag| < Ri(A, ag),

which implies A € X4(A, o) |J Xk (A, @) C X(A, o).
Case 2. If A € M, (A, a), then

(1A = au| = (Ri(A ) — RE(A, @)o)][IA — | — RE(A, )]
< RE(A, o)[Ri(A, ar) — RE(A, ).

(i) If RF(A, a)[Ri(A, o) — RE(A, ax)] = 0, then
[IA = | = (Ri(A o) — R (A, a))][|A — | — RE(A, )] 0.
Therefore,
A= ag| = (Ri(A, o) = Rf (A, a);) <0 or [|]A = ag| = Ri (A, o)) < 0.

This is

A= ] < Ri(A,ay) or |A— ag| < Ri(A, ag),
which implies A € X:(A, o) U Xk (A, a) C X(A, a).
(ii) If RF(A, o) [Ri(A, ar) — RF (A, ag)] > 0, then

(A —ae] — (Re(A o) — RE(A, ar)) A — au| — Ri(A o)

k k <L
Rt (Aa at) Rk (Aa ak) - Rk (Aa ak)
That is
A —ay] — (Rtifh o) — RF(A, ay)) <1lor A —ag| — R’,zlgfhak) <1
Rt (.A, at) Rk(.A7 Ozk;) - Rk(.A, Ozk)
Therefore,

A — ar] < Ri(A,an) or |A— ag| < Rp(A, ag),
which implies A € X4(A, a) U Xk(A, o) C X(A,«). Thus M(A, o) CX(A, ). O
Example 3.1. Consider the partially symmetric tensor A = (a;ju1) € REZIX[RIx[2x[2]
with
ai1r = 2,a1211 = a1112 = 3, a1121 = 6,a1212 = 2,
aijrpr = § @122 = 10, a2111 = 6, age12 = 10, a2292 = 5,
ai;jr; = 0, otherwise.
Here, we set o = (2,5)T (This optimal parameter is obtained by traversal). The
bounds via different inclusion theorems are shown in Table 1.
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Table 1. Comparison of the inclusion intervals of Example 3.1.

Theorem Inclusion interval
Theorem 2.1 [2] I'(A) = [—26, 26]
Theorem 2.2 [2] L(A) = [—24,24]
Theorem 2.3 [2] M(A) = [~23.6941, 23.6941]
Theorem 2.4 [2] N(A) = [—24,24]

Theorem 2.5 Ours T(A) = [—23.6941, 23.6941]
Theorem 2.6 Ours O(A) = [—23.6941, 23.6941]
2,5)) = [~22, 24]

Theorem 3.1 [25] X(A, (
) =

Theorem 3.2 [25]  R(A, (2,5)) = [~16.1208,22.5702]
Theorem 3.4 Ours  MN(A, (2,5)) = [~16.1208, 22.5702]
Theorem 3.5 Ours  9M(A, (2,5)) = [~16.1208, 22.5702]

Example 3.2. Consider the partially symmetric tensor with

aj111 = 20,a1122 = a1221 = 1, a1212 = 8,
aijkl = § 2222 = 10, a2112 = az211 = 1,a2121 = 7,
ai;jr; = 0, otherwise.
Here, we set o = (14,8.5)" (This optimal parameter is obtained by traversal [25]).

The bounds via different inclusion theorems are shown in Table 2.

Table 2. Comparison of the inclusion interval of Example 3.2.

References Inclusion interval
Theorem 2.1 [2] I'(A) = [-30, 30]
Theorem 2.2 [2] L(A) = [~29.2971,29.2071]
Theorem 2.3 [2] M(A) = [~28.3523, 28.3523]
Theorem 2.4 [2] N(A) = [-29.2971,29.2971]

Theorem 2.5 Ours T(A) = [—28.3523,28.3523]
Theorem 2.6 Ours O(A) = [—28.3523, 28.3523]
Theorem 3.1 [25] X(A, (14,8.5)) = [0, 28]

Theorem 3.2 [25]  A(A, (14,8.5)) = [0.7154, 26.5539]
Theorem 3.4 Ours (A, (14,8.5)) = [0.7154, 26.5539)]
Theorem 3.5 Ours  M(A, (14,8.5)) = [1.0925, 26.2708]

Example 3.1 and Example 3.2 give the comparison between the M-eigenvalue
inclusion intervals. From Table 1 and Table 2, we can see that the inclusion intervals
obtained in Section 3 are significantly smaller than Section 2. When m = n = 2,
N(A, a) = R(A, ). From Table 1, N(A, ) and M(A, ) are more accurate than
X(A, o) and L(A). From Table 2, it can be seen that 9 (A, ) is more accurate than
X(A,a) and R(A, «). This shows that our inclusion intervals are better than the
existing results in some cases. Moreover, our inclusion intervals can be positioned
on the non-negative axis.
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4.

Application to WQZ-algorithm

In this section, we first present new upper bounds of the fourth-order partially sym-
metric tensors using the results derived in Section 2. Then, as an application, taking
these new upper bounds as a parameter in WQZ-algorithm, can make the generated
sequence more rapidly converge to a good approximation of the M-spectral radius.
The WQZ-algorithm for solving the largest M-eigenvalue is summarized as follows.

Algorithm 1 WQZ-Algorithm [27]

1:

Initial Step: Input A = (a;jm) € RImIx[nIx[mIx[n] and unfold it into a matrix
A = (Ay) € RIm#x[mnl by mapping Ay = aijp with s =n(i —1)+j, t=
n(k—1)+1. B

Substep 1: Take 7 = >, |Ag| and A = 77 + A, where T = (0;511) €

1<s<t<mn

RImIx[n]x[mlx[n] with 0ijrt = 1if ¢ = k and j = [, otherwise, d;;5; = 0. Then
unfold A = (@i;r1) € RImIx X [m]x[7] into a matrix A = (4,;) € RImnIximnl
Substep 2: Compute the unit eigenvalue w = (w;)% € R™ of matrix A
associated with its largest eigenvalue, and fold vector w into the matrix W =
(Wi;) € RmIXI W0 = wy, where @ = [k/n], j = (k— 1)modn + 1, Vk =
1,2,...,mn.

Substep 3: Compute the singular vectors u; and vy corresponding to the largest
singular value o7 of the matrix W. Specifically, the singular value decomposition

of Wis W =UTZV = > aiuiviT, where 01 > 09 > ... > 0, and r is the rank

=1
of W.
Substep 4: Take z¢g = u1,y9 = v1, and let k = 0.

. Tterative Step: Execute the following procedures alternatively until certain con-

vergence criterion is satisfied and output x*, y*:

_ — Tr

Tpr1 = A ypTry, Tpe1 = fﬂ,
[T+l

| _ Ykt

Yp+1 = ATE+1YTl41,  Ye+1 = m7

k=Fk+1.

Final Step: Output the largest M-eigenvalue of the tensor A: Apax(A) =

m n

flz*,y*) — 7, where f(z*,y") = . > @jmziy;ziy; and the associated
i,k=1j,l=1

M-eigenvectors: z*, y*.

We recall some existing upper bounds for M-eigenvalues of the fourth-order

partially symmetric tensor in [2].

Theorem 4.1. [2] Let A = (a;i) € RIMXMIXIMIXIN pe o partially symmetric
tensor. Then

p(A) <71 = max R;(A).

1€[m]
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Theorem 4.2. [2] Let A = (ay) € RIMXPIXIIXI be o partially symmetric
tensor. Then

p(A) <12
—max min 1 {Ri(A) — RE(A) + /(R (A) — RE(A))? + 4R§(A)Rk(A)}.

i€[m] k€[m], k#i

Theorem 4.3. [2] Let A = (ay) € RIMXPIXIIXI be o partially symmetric
tensor. Then

p(A) < 73

= { GO~ RECA) & REA) +08). Ri(A) = REALREA) |

where

G (A) = (Ri(A) = RE(A) + Rg(A))? — 4[(Ri(A) — Ri(A)) Ry(A)
—RF(A)(Ru(A) — RE(A))V2.

Theorem 4.4. [2] Let A = (ay) € RIMXPIXIIXI be o partially symmetric
tensor. Then

p) < mi= xSRI + /RGP + (R (A) - RIADRAAD) |-

i,k€[m], k#i
By Theorem 2.5 and Theorem 2.6, we obtain the following result.
Theorem 4.5. Let A = (a;jz;) € RUIMXMIXMIXI pe o partially symmetric tensor.

Then

p) <75 = o {5 ((R(A) = BECA) + (Ru(A) = RLAD] 4 0F(4)

Ri(A) — Ri(A), Ri(A) — Ri(A)},
where

0 (A) = ([(Ri(A) = Rf(A)) + (Ri(A) = Ry (A)]” = 4[(Ri(A) — R{(A))
% (Ri(A) = Ri,(A)) = RE(ARL (AN,

Proof. Suppose p(A) is the largest M-eigenvalue of A. We complete the proof by
two cases.

Case 1. There exist i,k € [m],i # k such that p(A) € 3, x(A). In this case, we
have

(p(A) = Ri(A) + R (A)(p(A) = Ri(A) + Rj.(A)) < RE(A)Ry(A),

which yields that

p(A) < 5 ([(Ri(A) = RE(A)) + (Ri(A) = Ri(A))] + 67 (A))

N —

< e 5 ((Ri(A) = REA) + (Ru(A) - By(A)] + 8E(A)).
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Case 2. There exist ¢,k € [m],i # k such that p(A) € 7; x(A). In this case, we
get
p(A) < Ri(A) — RE(A),

and

p(A) < Ri(A) = Ry (A).

Thus, we complete the proof. O
Similar to the proof of Theorem 4.5, the following conclusion is true.

Theorem 4.6. Let A= (a;ju) € RUIX[nIxImIX[n] pe o partially symmetric tensor.
Then

pA) <= e {;(Rﬁ(A) T REGA) + 8 (A), Rzi(A)} ,

where
57 (A)
=\/(R';3(A) + Rp(A) — 4RI(A)RE(A) — ((Ri(A) — R (A))(Re(A) — R (A))).

Viewing Theorem 4.1 to Theorem 4.6, 7 to 76 are upper bounds for the M-
spectral radius of a fourth-order partially symmetric tensor, hence they can be
taken as the parameter 7 in WQZ-algorithm. Li et al. [18] illustrated that the
selection for the parameter 7 in the WQZ-algorithm has a significant impact on
the convergence rate. The comparison is illustrated by the following example, refer
to [27].

Example 4.1. [27] Consider the tensor Az with

—0.9727 0.3169 70.3437_
A2(:,51,1) = | —0.6332 —0.7866 0.4257 | ,
—0.3350 —0.9896 —0.4323 |

—0.6332 —0.7866 0.4257 |
Aa(:,5,2,1) = | 0.7387 0.6873 —0.3248 | ,
—0.7986 —0.5988 —0.9485 |

~0.3350 —0.9896 —0.4323 |
Az(:,5,3,1) = | —0.7986 —0.5988 —0.9485 | »
0.5853 0.5921 0.6301 |

0.3169 0.6158 —0.0184 |
As(:,:,1,2) = | —0.7866 0.0160 0.0085 |,

| —0.9896 —0.6663 0.2559 |
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—0.7866 0.0160 0.0085
As(5,5,2,2) = | 0.6873 0.5160 —0.0216 | ,
| —0.5988 0.0411 0.9857

—0.9896 —0.6663 0.2559 |
As(:,1,3,2) = | —0.5988 0.0411 0.9857 |,
0.5921 —0.2907 —0.3881 |

~0.3437 —0.0184 0.5649 |

As(5,:,1,3) = | 0.4257 0.0085 —0.1439 | ,
| —0.4323 0.2559 0.6162 |
[ 0.4257 0.0085 —0.1439 |

Az (:,:,2,3) = | —0.3248 —0.0216 —0.0037 | ,
| —0.9485 0.9857 —0.7734 |
[_0.4323 0.2559 0.6162 |

Az(:,:,3,3) = | —0.9485 0.9857 —0.7734

0.6301 —0.3881 —0.8526 |

By calculation, we can get 7 = 23.3503. The values of 7, ..., 7¢ are as follows.

T1 T2 T3 T4 T5 T6
16.6014 15.4102 15.1288 14.9160 15.4044 15.1393

Taking 71, ...,7¢ to 7 in the WQZ-algorithm. The numerical result is given in
Figure 3.

From Figure 3, it can be seen that, when taking 7 = 75, 74, the WQZ-algorithm
needs fewer iterations and converges more rapidly to the largest M-eigenvalue
Amax(A) than 71,79. This shows that our upper bounds are more tighter than
the existing results in some cases.

5. Application to strong ellipticity conditions

In this section, using the bounds derived in Section 3, we first propose some new
sufficient conditions for the positive definiteness of fourth-order partially symmetric
tensors. Subsequently, as an application, the strong ellipticity conditions of elastic
materials are obtained through the new sufficient conditions. The following lemma
and some existing sufficient conditions for the positive definiteness are required.
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Figure 3. Numerical results of Example 4.1.

Lemma 5.1. [10] Let A = (a;;) € RMIXIIXMIXI pe o partially symmetric
tensor. The strong ellipticity condition holds. i.e.,

m n
f(z,y) = Azyzy = Z Z Qi1 Y; TRyt > 0,
ik=1j,1=1

for all nonzero vectors x, y € R™ if and only if the smallest M-eigenvalue of A is
positive.

Theorem 5.1. [25] Let A = (air) € RUMxIx[mIX[n] pe o partially symmetric
nonnegative tensor and Faq be an M-identity tensor. For i € [m], if there exists
positive real vector a = (ay, ..., am)T € R™ such that

o > Ri(.A, Oéz'),
then A is positive definite.

Theorem 5.2. [25] Let A = (aip) € RIMXIXMIXI be o partially symmetric
nonnegative tensor and Fyq be an M-identity tensor. For i € [m], if there exists
positive real vector a = (ay, ..., )T € R™ and k # i such that

(@i = (Ri(A, i) = R (A, i) > Ry (A, i) Rip(A, ),
then A is positive definite.

Theorem 5.3. Let A = (aijr1) € RUIX[IxImIX[n] pe o partially symmetric nonneg-
ative tensor and Faq be an M-identity tensor. For i € [m], if there exists positive
real vector a = (ay, ..., )T € R™ and k # i such that

(q; — RHA, i)y > [Ri(A, i) — RUA, ;)| Ri(A, o), (5.1)
then A is positive definite. That is, the strong ellipticity condition holds.

Proof. We complete the proof by contradiction. Suppose A < 0. From Theorem
3.4, there exists iy € [m] such that o € 9, ,(A, ), then

[IX = iy | = RE (A, 0y )IIA = o < [Rig (A, i) — Rig (A, ig )| By (A, ), Vp # .
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Further, it follows from a;,,ap, > 0 and A < 0 that

[aio - Rzg (A7 aio)]ap < H)‘ - aio' - R;S (.A, O‘lo)]‘)‘ - ap|
< [Rio (A7 aio) - Rzg (A7 aio)]Rp(A7 ap)7

which contradicts (14). Hence, A > 0. Since A is partially symmetric and all M-
eigenvalues are positive, then A is positive definite. That is, the strong ellipticity
condition of the elastic material is established. O

Theorem 5.4. Let A = (aijr1) € RUIX[nIxImIX[n] pe o partially symmetric nonneg-
ative tensor and Faq be an M-identity tensor. For i € [m], if there exists positive
real vector a = (a1, ..., )T € R™ and k # i such that

[ai — (Ri(A, o) — RY (A, )] [ — Ri (A, )]
> RF(A, 0;)[Ri(A, o) — RE(A, o), (5.2)

or
a; — (Ri(A, ;) — RF(A, ) >0 and ap — RF >0, (5.3)
then A is positive definite. That is, the strong ellipticity condition holds.

Proof. We complete the proof by contradiction. Suppose A < 0. From Theorem
3.5, we consider two cases.

Case 1. There exists ig € [m] such that o € M;, ,(A, @), then for Vp # i,
1A — @i — (Rig (A i) — B2 (A i DIIIA — g — RE(A, )]
SRZ (A, i) [Rp (A, ap) — Rﬁ(Av ap)].
Further, it follows from o, a, > 0 and A < 0 that
[aio - (Rio ('A7 aio) - Rfo (-’47 aio)] [ap - Rg(/h ap)]
<IN = s — (Ri (A, ) — B (A g )][A — gl — RE(A, )]
SRZ ('A7 aio)[RP(Aa O‘;v) - Rg(A7 O‘I))L
which contradicts with (15). Hence, A > 0.
Case 2. There exists ig € [m] such that « € $);, ,(A, a), then

A = aig| = (Riy (A, aip) — R} (A, 04)) <0 and |A —ap| — R) < 0.
Further, it follows from a;,, 0, > 0 and A < 0 that
Qiy — (Rlo (Av aio) - Rfo (A7 aio)) < |>‘ - O‘io| - (Rlo (-A7 aio) - Rzpo (A7 041'0)) <0,
and
ap — RE < |\ —ap| — RY <0,

which contradicts with (16). Hence, A > 0. O

In summary, A is partially symmetric and all M-eigenvalue are positive, A is
positive definite. Thus, Theorem 5.3 and Theorem 5.4 are sufficient conditions
for the strong ellipticity of elastic materials. Moreover, we offer corresponding
numerical examples to verify the validity of the obtained results below.
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Example 5.1. Consider the partially symmetric tensor
A= (air) € REIX[2Ix[2]x[2]x[2]
with
a1111 = 10, a1122 = a1221 = —0.5,a1212 = 4,
Aijkl = § 2222 = 3,a2112 = azz11 = —0.5,a2121 = 5,
a;jr = 0, otherwise.

By Theorem 7 of [23], we obtain that the minimum M-eigenvalue and corresponding
with left and right M-eigenvectors are

(A z,y) = (3,(0,1),(0,1)).

Hence, A is positive definite. That is, the strong ellipticity condition holds.
Here, we set a = (8,4)T (This optimal parameter is obtained by traversal).
According to Theorem 5.3, we have

(a1 — R%(A, 041))012 =6> [R1(.A, 011) — R%(\A, al)]Rg(,A, 012) = 3,
(042 — Rg(A, Oég))Oll =14 > [RQ(A, OLQ) — R%(A, Ozz)]Rl(A, Oél) =T1.
Hence, A satisfies the condition of Theorem 5.3, which implies that A is positive

definite. That is, the strong ellipticity condition holds.
According to Theorem 5.4, we have

(a1 — (Ri(A, a1) — R} (A, 1))z — R3(A, a2)]

> RY(A, a1)[Ra(A, az) — R3(A, as)]

—1,
[aa — (Ra(A, a2) — R5(A, a2))]lar — R{(A, o))

=4

> R% (.A, OéQ)[Rl (.A, 041) — R% (.A, 041)}

=1.

Hence, A satisfies the condition of Theorem 5.4, which implies that A is positive
definite. That is, the strong ellipticity condition holds.

Example 5.2. Consider the partially symmetric tensor
A = (aijr) € REXRIXEXR]x(2]
with
a1111 = 10, a1212 = 8, a1122 = a1221 = 0.5,
1222 = —1.5,a1112 = a1211 = —0.1, a1121 = 1.5,

Qijkl =
(2222 = 3,a2121 = 9, a2112 = a2211 = 0.9,

az212 = —1.5,a2001 = a2122 = —0.1,a2111 = 1.5.

By Theorem 7 of [23], we obtain that the minimum M-eigenvalue and corresponding
with left and right M-eigenvectors are

(\, 2, y) = (2.5774, (0.2724,0.9622), (—0.0452, 0.9990)).
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Hence, A is positive definite.
Here, we set a = (8,4)T (This optimal parameter is obtained by traversal).
According to Theorem 5.3, we have

(1 — Ri(A,o1))ag = 23.2 < [Ri(A, a1) — Ri (A, 1) Ra(A, az) = 24.8,
(OLQ — R%(A, 052))041 =14.4 > [R2(A, 012) — R%(A, OLQ)}Rl(A, 011) = 24.8,

which implies that the condition of Theorem 5.3 is not satisfied. Thus, Theorem
5.3 is not suitable in this case. However, from Theorem 5.4, we have

a1 — (Ri(A, 1) — R} (A,01)) =58 >0 and az — R3(A,a) = 1.8 > 0,
as — (Ra(A, az) — Ry (A, 02)) =1.8>0 and o3 — Ri(A,a1)] =5.8> 0.

Hence, A satisfies the condition of Theorem 5.4, which implies that A is positive
definite. That is, the strong ellipticity of the elastic material can be checked.

6. Conclusion

In this paper, we have proposed some new M-eigenvalue inclusion theorems for
fourth-order partially symmetric tensors, which are more accurate than some ex-
isting theorems. As applications, we have applied the upper bound to the WQZ-
algorithm to solve the largest M-eigenvalue. Numerical experiments have shown
that using the obtained upper bound as a parameter can make the sequence gen-
erated by the WQZ-algorithm rapidly converge to a good approximation of the
M-spectral radius of the fourth-order partially symmetric tensor. Moreover, the
judgment theorem about the sufficient condition of the strong ellipticity of elastic
material has been obtained. Through numerical examples, we have verified that the
sufficient conditions for the strong ellipticity condition holds of the elastic materials.
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