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ABSTRACT. This paper treats the initial-boundary value problem for a semilinear
parabolic equation of forth order which has been presented by Johnson-Orme-Hunt-
Graff-Sudijono-Sauder-Orr [8] to describe the large-scale features of a growing crys-
tal surface under molecular beam epitaxy. In the preceding papers [4, 5, 6, 7], we
have already treated the problem under the Neumann like boundary conditions % =
aa—nAu = 0. In this paper, we want to handle the same equation but under the Dirichlet
boundary conditions u = %Z = 0, more natural boundary conditions than before. In
the previous case, the leading linear operator A% was decomposed into the product
(—A)?, where —A is a negative Laplace operator equipped with the usual Neumann
boundary conditions and is a positive definite self-adjoint operator of L2 space. Such
a favorable decomposition is now no longer available. We have to handle a very fourth

order operator A? equipped with the homogeneous Dirichlet boundary conditions.

Our goal of this paper is to construct a dynamical system generated by the initial-
boundary value problem as done in [4] for the Neumann like boundary conditions.

1 Introduction We study the initial-boundary value problem for a nonlinear parabolic
equation of fourth order

ou 9 Vu .
E = —alA“u — ,LLV . (]W) in Qx (0,00),
1.1
(1.1) uzg—Z:O on 90 x (0,00),
u(x,0) = up(x) in Q,

in a two-dimensional bounded domain 2. Here, 2 denotes a substrate domain and the
unknown function u = wu(z,t) denotes a displacement of surface height from the standard
level at position z € Q and time ¢. And n(z) denotes the outer normal vector of the
boundary at boundary point z € 9.

Such a nonlinear parabolic equation has been presented by Johnson-Orme-Hunt-Graff-
Sudijono-Sauder-Orr [8] in order to describe the large-scale features of a growing crystal
surface under molecular beam epitaxy. They pay attentions on the two main effects. One
is diffusion of adatoms on the surface caused by the difference of the chemical potential
proportional to the curvature of the surface. The adatoms have tendency to migrate from
the positions of large curvature to those of small one. Such a current is called the surface
diffusion. According to Mullins [10], a linearized surface diffusion is described by the fourth
order equation %1; ~ —aA?u. The other is a uphill current of adatoms caused by step
edge barriers [3, 11, 14]. The step edge barriers prevent adatoms from hopping down
from the upper terraces to lower ones. As a consequence, diffusing adatoms preferably
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attach to steps from the terrace below rather than from above and non-equilibrium uphill
currents are induced. Such a current is called the roughening. In the mentioned paper
[8], the authors introduced as a macroscopic representation of the roughening the negative

diffusion equation % ~—uV - (%). Combining these positive and negative diffusion

equations, we obtain the fourth order equation of (1.1).

In the preceding papers [4, 5, 6, 7], we used the Neumann like boundary conditions
g—z = a—anAu = 0. The fourth order operator A? equipped with these homogeneous boundary
conditions is then decomposed into A? = (—A)?, where —A is the negative Laplace operator
equipped with the usual Neumann boundary conditions. Although mathematical treatments
are easier, the boundary conditions (%Au = 0 seem to be somewhat artificial. In this paper,
we want to impose on u the Dirichlet boundary conditions u = % = 0. Physically, this
means that the surface level is always controlled to u = 0 on the boundary 02 together
with the conditions % = 0 on the normal derivatives.

We first construct a global solution for any ug € H~2(Q2). For this purpose, we will
appeal to the general theory of abstract parabolic equations in infinite-dimensional spaces,
see [9, 12, 15]. The theory is available to the higher order semilinear parabolic equations,
too. We secondly construct a dynamical system generated by (1.1) in the underlying space
H~2(Q). Furthermore, it is shown that the dynamical system has an exponential attractor,
see [1, 13, 15]. In particular, for any initial function ug € H~2(2), the trajectory starting
from ug admits a nonempty w-limit set.

Throughout the paper, € denotes a convex or €2, bounded domain in R%. For s > 0,
H*(Q) is the complex Sobolev space with exponent s. As usual, H°(Q) = Lo(Q). For s > 0,
Hi () is the closure of C5°(€2) (space of infinitely differentiable functions in € with compact
support) in the topology H?(€2). We shall also use the Sobolev space H~*(Q) = [H5(Q)]

with negative exponent —s. The coefficients a > 0 and p > 0 are fixed constants.

2 Abstract formulation In order to employ the theory of abstract parabolic equations,
let us formulate (1.1) as the Cauchy problem for an abstract evolution equation. We first
define a realization of the operator aA? under the conditions v = g—z = 0 on 0f2. For this

purpose, we consider a symmetric sesquilinear form
a(u,v):a/ Au - Av dz, u, v € HF(Q),
Q

defined on HZ (). Since Vu € H}(Q) if u € H3(Q), u € HZ(1) satisfies 2% = 0 on 9. Of

course, u € HZ () satisfies u = 0 on 9Q. Therefore, u € HZ({2) satisfies the homogeneous
Dirichlet boundary conditions. Furthermore, as € is convex or of class €2, in either case,
the elliptic estimates yield that

(2.1) lullz < CllAullL,,  we H*(Q)N Hy(9).
This then implies the coercive estimate
alu,u) > 6|jul|3: for all uw € H3 (),

with some constant § > 0. As a consequence, we see that a(u, v) determines a linear operator
A from Hg(Q) into H () by the formula a(u,v) = (Au, v) g2, g2, see [2]. Here, H~*(Q)
is the dual space of HZ(£2) and these spaces compose a triplet

(2.2) HZ(Q) C Ly(Q) € H ().
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The operator A thus defined is considered as a realization of aA? under the homogeneous
Dirichlet boundary conditions which is a densely defined, closed operator in H~2(2) whose
spectrum is contained in the positive real line (0, 00). (Note that the part of A in Ly(Q) is
a positive definite self-adjoint operator of Ly(£2).)

For 0 < 0 < 1, A? denotes the fractional power of A of exponent 6. Of course, A =T
(identity operator on H~2(Q)) and A! = A. As a general result (cf. [15, Theorem 2.35)), it
follows from (2.2) that D(Az) = Lo(Q) with norm equivalence. From this fact it is further
deduced that, for % <60<1.

(2.3) D(A%) = [D(A7), D(A)]29—1 = [L2(), HF(2)]20—1 € HP72(02).
As well, (2.1) can be extended for % <6<1by

lul|gao—2 < C|A® 2w 2,  ue D(AY).

We next define a realization of the nonlinear operator —uV - ( H‘Vﬁ) in the framework

of (2.2). Since V is a bounded operator from Ly(f2) into H (), if H\V#P is in Lo (),
then we see that V - (%) € H-Y(Q)) € H~2(Q). So, it is natural to set

Vu

24 =—uV | ——— HY(Q).
(2.0 r0) =19 (). weH@)
In view of (2.3), D(A%) c H(Q). This shows that f is defined on the domain D(A%) and
can be regarded as a subordinate operator to A.
We thus arrive at an abstract formulation of (1.1) which is written as

du

— 4+ Au= t
(2.5) dt+ u= f(u), 0<t<oo,

u(0) = uo,

in the underlying space H~2(Q). It is now possible to apply the various results of the theory
of semilinear abstract parabolic equations.

3 Construction of solutions We begin with constructing local solutions to (2.5) by
using [15, Theorem 4.4]. To this end, it suffices to verify a suitable Lipschitz condition for
f(u). In fact, for u, v € H(Q),

Vu Vo (1+ V|2 )V (u —v) — (|Vul? — |Vv]?) Vo
L+ |Vul2 14 |Vo2 (14 |Vul?)(1+|Vv]?)
_ V(u—v)  ([Vul = [Vo])([Vu| + [Vv]) Vv
1+ |Vul? Q1+ |Vul2)(1+ |Vo]?)
Therefore,

Vu Vo
H < Cllu—v| g

1+|Vul2  1+4|Vu]?

Lo
This then yields that

If (@) = f@)llg < ClAT(w=0)]g->,  u, veD(AT),
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ie., f fulfills [15, (4.21)] with n = 2.
As a direct consequence of [15, Theorem 4.4], for any ug € H~2(12), there exists a unique
local solution to (2.5) in the function space:

(3.1) u € ([0, Ty, ) H2(2)) N CH((0, Ty J; H2(2)) N €((0, Ty J: Hi ().
The local solution w satisfies the estimate
(3.2) tlu@lle + 3 u@llm + Ju)llg-2 < Cup, 0 <t < Ty

The time Ty, > 0 and constant C,,, are determined by the norm [Jug||z-2 alone.

For constructing global solutions, the essential thing is to establish the a priori estimates
for local solutions, cf. [15, Corollary 4.3]. By the smoothing effect of solutions seen by
(3.1) we have u(t) € H?*(Q) for any t > 0. So, in proving the a priori estimates (and
hence constructing a global solution to (2.5)), there is no loss of generality to assume that
ug € Ly(€) = D(A2). Under this assumption, let u denote any local solution to (2.5) in
the space:

(3.3) u € C([0, Tul; L2(2)) N €1((0, Tul;s H2()) N C((0, Tul; H3 ()
Proposition 3.1. There exists a constant C > 0 such that the estimate
Ju(®)llz, < C(luollL, +1), 0<t<Ty,
holds true for any local solution u lying in (3.3), C being independent of the interval [0,T,].

Proof. Take a scaler product of the equation of (2.5) and w. Noting that [Ju(t)[Z, is
differentiable for ¢ > 0 with derivative < |u(t N3, = 2Re (42 (1), u(t)) -2 gz and that
(Ault), u(t)) -2 g3 = a(ult), ult)), we have

Vul?
2 A _ / ‘
2dt/ |l dm—l—a/\ ul?dr = TV dx

< pl9Q.
By (2.1) there exists a constant § > 0 such that

2dt/ |u|2dx+5/ lu|2da < ulQ).

Solving this integral inequality, we obtain that
lu®ls < e |lug|2 + u6711Q),  0<t<T.
O

Proposition 3.1 shows that the norm ||u(t)||r, remains uniformly bounded for any inter-
val [0,7,]. This then means that one can always extend any local solution with a uniform
time interval to obtain a global solution in the space:

(3-4) u € €([0,00); L2(€2)) N €*((0, 00); H~2(€2)) N €((0, 00); HG(€2))-
Of course, the global solution satisfies the similar estimate
(3.5) lu()1Z, < e > Juollz, +ré 1R, 0<t < co.

Finally, let us remark that, if the initial function ug is real, then the solution w(t) with
u(0) = wy is also real for every time ¢ > 0. In fact, we notice that the complex conjugate @ of
the solution u to (2.5) satisfies the same evolution equation for every ¢. So, 7 is a solution
satisfying an initial condition u(0) = ug. If wg is real, i.e., ug = Ug, then uniqueness of
solution implies u(t) = u(t) and u(t) must be real for every t.
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4 Dynamical systems The next step is to observe that the problem (2.5) generates a
dynamical system. For this purpose, we can again follow the general procedure for semilinear
abstract parabolic equations, see [15, Section 6.5].

For ug € H=2(Q), let u(t;ug) denote the global solution of (2.5), and set

S(t)ug = u(t; uo), 0<t< o0

Then, S(t) is a nonlinear semigroup acting on H~2(Q), i.e., S(0) = I and S(t + s) =
S(t)S(s) for 0 < s, t < oco. Furthermore, S(t) is seen to be continuous in the sense that
(t,up) — S(t)ug is continuous from [0,00) x H~2(Q) into H2(2). Whence, S(t) defines a
dynamical system in H~2(Q) which is denoted by (S(t), H=2(Q)).

We can see from the dissipative estimate (3.5) that (S(t), H=2(£2)) has an exponen-
tial attractor. Remember that a set M satisfying the following conditions is called the
exponential attractor:

1. M is a compact subset of H~2(Q) with finite fractal dimension.
2. M is a positively invariant set of S(t), i.e., S(t)M C M for any 0 < ¢ < co.

3. There exists an exponent k > 0 such that, for any bounded subset B of H~2(Q), it
holds true that
h(S(t)B,M) < Cpe ™,  0<t< oo,

with a constant Cg > 0.

Here, h(B1, B2) = supjep, infgep, [|f — gl[z-2 is a semi-distance of two bounded subsets
B1 and BQ.
As explained in [15, Section 6.4], the compact smoothing property

(4.1) 1S )uo = S(E)vollL, < Clluo —vollz—2, w0, vo € B,

of S(t) provides existence of exponential attractors, where B is an attractive, positively
invariant, compact subset of H~2(Q) and where t* > 0 is any fixed time. But, this property
is also easily verified from the known estimates (3.2) and (3.5). In fact, let B be any bounded
subset of H~2(Q). Then, it follows from (3.2) that there exist a bounded ball By g of La()
and time tp > 0 both depending on B such that S(T5)B C By p. In addition, (3.5) yields
that, for any ug € B,

IS(tyuollz, = 1St — T5)S (Tr)uollz, < e T Ry g+ ps~'Q, Vi > Tp,

where Ry p is the radius of By p. This shows that the ball B(0;+/1+ pd=1Q|) of La(£2)
is an absorbing set. Let B be the collection of all trajectories starting from this ball.
Obviously, B is an absorbing and invariant set; moreover, since B is a bounded subset of
Lo(Q), it is a compact set of H~2(Q). Finally, the desired Lipschitz condition (4.1) can be
verified by using the standard techniques described in [15, Subsection 6.5.3]. In this way,
we verify that our dynamical system admits an exponential attractor.

Finally, let us notice that S(t) defines a dynamical system even in the space Lo(€2)
and the restricted dynamical system denoted by (S(¢), L2(£2)) also admits an exponential
attractor. In fact, as seen in (3.4), S(t) maps Lo(f2) into itself. In addition, it is proved that
S(t) is continuous from Lo(2) into itself. Therefore, (2.5) generates a dynamical system
in Ly(92), too. Furthermore, the exponential attractor M in H~2(Q) constructed above is
obviously a bounded subset of D(A) (= HZ(£)), and remains to be an exponential attractor

of (S5(t), L2(Q2)).

113



114 SOMAYYEH AZ1ZI AND ATSUSHI YAGI!

5 Lyapunov function Multiply the equation of (1.1) by —%f and integrate the product
in 2. By somewhat formal computations, its real part is given by

oul? 0 Vu 0
— — | dx = aRi Au—Audz — pR ——— | - =Vud
/Q at| “CT° e/Q Yo ttar Tk e/QLnLVuP} g v Lde
1d
=—-— Aul? — plog(1 2 :
2 ), [a]Au|? — plog(1 + |Vul?)]dx
These computations then suggest that the functional
1 2 2 2
(5.1) O(u) = 3 ), [a]Au|? — plog(1 + |Vul?)]dz, u € Hj(Q),

becomes a Lyapunov function of the dynamical system.
In order to justify this, however, we need a higher regularity of solution u than the
known (3.4). Let ug € H3(2) and assume that the solution to (2.5) belongs to

(5.2) u € CH(0,00); Lo(R2)) and  A%u € €((0,00); La()).
It is clear that

[ Au(t + h)|[7, — [ Au(t)|l,
= (Alu(t + h) — u(t)], Au(t + h)) + (Au(t), Alu(t + h) — u(t)])
= (u(t+ h) —u(t), A%u(t + h)) + (A%u(t), u(t + h) — u(t)).

In view of (5.2), it is observed that

%IIAU(t)H%Q - (?Z(t),A%(t)) + <A2u(t), Cg:(t))

du
= 2Re | A%u(t), — () ) .
o (2. 5 0)
In the meantime, for u, v € HZ(Q2), consider
/[log(l +|Vo]?) = log(1 4 |Vu|?)]dz.
Q

For a.e. = € Q, we have

1og[1+|w(x)|2]—1og[1+\vu(x)\2}:/0 L log{1+ V[0 (x) + (1 — O)u(x))*}o

_ /1 2ReV(v(z) — u(z)] - Va(z) + 20| Viv(z) — U(x)HQd&
0

1+ |V]fv(z) + (1 — 0)u(x)]|?
Moreover, since

1 1
L+ [V[ov(@) + (1= Ou(@)]? 1+ [Vu(z)?
_ 20ReV[v(z) —u(z)] - Va(z) + 0*|V[v(z) — u(=)]?
{14 [V[ov(z) + (1 = O)u(@)][P}(1 + [Vu(z)]?)
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we have
_ 2ReVu(z) —u(z)] - Vu(z)
14+ |Vu(z))?
< C{|V[o(@) — w(@)]* +[V[v(z) — u()]*}.

log[1 + [Vu(2)[*] —log[1 + [Vu(x)*]

Therefore, integration in € yields that

2ReV[v —u] - Vu
— dx
1+ |Vul?
< C{IVv = wi, + IV = w1, }-
We here use Galiardo-Nireberg’s inequality ([15, Theorem 1.37]) to obtain that

/ [log(l + [Vl — log(1 + [Vul?)
Q

1 1 1 1
V(v =wllL, <CIVe =)L, IV - u)lf < Cllo—ulgllv—ullz.
1 3
< Cllo —ul[g,llv = ul o

Then,

’/Q {log(l +1Vo[2] — log(1 + |Vul?) + 2Re [v - (1—1—V|$u|2> (v — u)] } do

< Cllv = ullry (o = ull gz + [lv = ullFe)-

Let us apply this estimate with v = u(t + h) and v = u(t), where u is the solution
mentioned above. Then, since ||u(t + h) — u(t)||zz — 0 as b — 0, it is easily verified that

d P Vu(t) du
G | oslt+ [Vu(o e = —2Re/QV- (HWW) Py d.

We have thus proved that, for any solution lying in (5.2), the function ®(u(t)) is differ-

entiable with derivative
2

(5.3) L pu(r) = -

du

E(t)

, 0<t<oo.

Lo

6 Numerical Results We shall conclude this paper with illustrating some numerical
examples. Let us consider (1.1) in the square domain € = (0,1) x (0,1). The coefficient a
is fixed as @ = 1 but p > 0 is treated as a control parameter. The initial function is taken
as

ug(z1,x2) = 0.1[sin(2 - 3.14x71) x sin(2 - 3.14x2)], (z1,22) € Q,
which is a perturbation of the null solution ©w = 0. Clearly, the null solution is a unique
homogeneous stationary solution.

Set first ;o = 12. As seen by Figure 1, the solution tends to the null solution as ¢ — co.
The graph of Lyapunov function along this trajectory is given by Figure 2.

Take next u = 13. As seen by Figure 3, the solution no longer tends to the null solution.
Instead, the small perturbation grows into two columns of ridges. One can count in each
column 12 ridges. The graph of Lyapunov function along the trajectory is given by Figure
4.

Finally, take a sufficiently large p, say p = 40. As seen by Figure 5, the perturbation
again grows into two columns of ridges. The number of ridges in a column increases more
than in the case of y = 13. As before, the Lyapunov function is monotone decreasing along
the trajectory, see Figure 6.
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(a) t=0 (b) t=20

(c) t=40 (d) t=60

Fig. 1: Dynamics for p = 12
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Fig. 2: Lyapunov function for p = 12
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(a) t=0 (b) t=30

(c) t=60 (d) t=90

Fig. 3: Dynamics for u = 13
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Fig. 4: Lyapunov function for p = 13
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(a) t=0 (b) t=60

(c) t=120 (d) t=180

Fig. 5: Dynamics for u = 40
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Fig. 6: Lyapunov function for p = 40
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ABSTRACT. This paper continues a study on the initial-boundary value problem for a
nonlinear parabolic equation of fourth order under the homogeneous Dirichlet bound-
ary conditions. The parabolic equation has been presented by Johnson-Orme-Hunt-
Graff-Sudijono-Sauder-Orr [10] in order to describe the large-scale features of a grow-
ing crystal surface under molecular beam epitaxy. In the previous papers [1, 2], we
constructed a dynamical system generated by the problem and showed that every tra-
jectory converges to some stationary solution as t — co. This paper is then devoted to
investigating stability or instability of the null solution which is a unique homogeneous
stationary solution. We shall also illustrate some numerical results to observe how
changes the structure of stationary solutions as the roughening coefficient increases.

1 Introduction We are concerned with the initial-boundary value problem for a nonlin-
ear parabolic equation of fourth order

ou 9 Vu .

E = —alA“u — ,LLV . (HW) in Qx (0,00),
(L.1) u= g—z =0 on 99 x (0,00),

u(z,0) = up(x) in

in a two-dimensional bounded domain 2. Such a nonlinear parabolic equation has been
presented by Johnson-Orme-Hunt-Graff-Sudijono-Sauder-Orr [10] in order to describe the
large-scale features of a growing crystal surface under molecular beam epitaxy. Here,
denotes a substrate domain and the unknown function u = u(z,t) denotes a displacement
of surface height from the standard level at position z € 2 and time ¢. For detailed physical
background, see [5, 12, 13, 16].

As in the preceding papers [1, 2], we will formulate (1.1) as the Cauchy problem for
an abstract parabolic equation of the form (2.1) with underlying space Lo(£2). In [1], we
constructed a dynamical system (S(t), L2(€2)) generated by (2.1), where S(t) is a continuous
nonlinear semigroup acting on Lo (2) determined by global solutions of (2.1). In addition,
the dynamical system was shown to have a finite-dimensional attractor and to admit a
Lyapunov function given by (2.8). In the subsequent paper [2], we succeeded in proving
longtime convergence. For any ug € La(Q2), S(t)up was shown to converge as t — 0o to a
stationary solution w of (2.1).

This paper is then concerned with stationary solutions of (2.1). Among others, we
are concerned with stability and instability of the null solution @ = 0. Clearly, the null
solution is a unique homogeneous stationary solution. For this purpose, we will appeal

I This work is supported by Grant-in-Aid for Scientific Research (No. 26400166) of the Japan Society for
the Promotion of Science.
2000 Mathematics Subject Classification. (2010) 35K55, 37L15, 74E15.
Key words and phrases. Epitaxial Growth, Stationary Solutions, Stability and Instability.
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to the linearized principle in infinite-dimensional spaces invented by Babin-Vishik [3] and
Temam [15], see also [17, Section 6.6]. Indeed, we shall prove that, when p < ad~2, where
d > 0 is a constant determined by (3.5), the null solution is globally stable and that, when
1 > ad~2, the null solution is unstable. The constant d can be estimated by an optimal
coefficient of the Poincare inequality. In the latter case, there must exist non-null stationary
solutions (remember that every trajectory converges to some stationary solution).

In the papers [6, 7, 8, 9], we handled the same fourth order parabolic equation but under
the Neumann like boundary conditions % = %Au = 0. Among others in [8] we studied
stability and instability of the homogeneous stationary solution using the fact that, under
these Neumann like boundary conditions, the fourth order operator A% can be reduced into
the product (—A)? of the negative Laplace operator —A equipped with the usual Neumann
boundary conditions which is a positive definite self-adjoint operator of Lo(€2). In the
present case, however, such a favorable reduction is not available and we have to handle a
very fourth order elliptic operator.

Throughout the paper, € is a rectangular or €%, bounded domain in R%. And n(z)
denotes the outer normal vector of the boundary at boundary point x € 9€2. As noticed by
[2, Proposition 2.1], for f € Ly(f2), the elliptic problem —A?u = f in  under the conditions
u= g—;‘} = 0 on 9 admits a unique solution u such that v € H*(Q). For 1 < p < oo, L,(Q)
is the space of complex valued L, functions in Q. For s > 0, H*(Q) is the complex Sobolev
space in 2 with exponent s. For s > 0, H§(£) denotes the closure of C5°(Q2) (the space of
all infinitely differentiable functions with compact support) in the topology of H*(Q2). The

coefficients a > 0 and p > 0 are given constants.

2 Reviews of known results In this section, let us review known results obtained in
the previous papers [1, 2].

Abstract Formulation. Asin [1, 2], we formulate (1.1) as the Cauchy problem for a semilinear
abstract evolution equation

(2.1) EJrAu:f(u)7 0<t< oo,

u(0) = uy,

in the underlying space X = Lo(£2). Here, A is an associated linear operator in the frame-
work of a triplet H3(Q) C La(Q2) € H=2(Q) (= HZ(Q)') with a symmetric sesquilinear form
defined by

a(u,v):a/ Au - Avdex, u, v € HZ(Q),
Q

(cf. [4]). Then, A is a positive definite self-adjoint operator of X with domain D(A) C
HZ(€). The operator A is considered as a realization of the fourth order operator aA? in
X under the conditions u = g—z =0 on 092.

As seen by [2, Proposition 2.1], our assumption on € yields a characterization of D(A)
in such a way that D(A) = H*(Q) N HZ(Q) with norm equivalence. As the sesquilinear
form is symmetric, D(A?) coincides with the from domain, i.e., D(A?) = H2(Q) with norm
equivalence. By interpolation, we can then verify that, for % <0<,

D(A’%) ¢ HY(Q) N HF (),

andf0r0§9<%,
D(A%) c HY(Q).
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In addition, for any 0 < 6 < 1, the inequality
(2.2) | grae < C||A%ul|x, u € D(AY),

is satisfied, namely, the embedding described above is continuous.
Meanwhile, f is a nonlinear operator defined by

(2.3) flu) = —uV- <1+v|$ul2>

o Au_ V|Vu*-Vu
B PN e f N 2 el

ool

u € D(AF).

Note that, since D(A%) C Hz(Q) due to (2.2) and HZ () C €2(Q), u € D(AF) certainly
implies f(u) € L2(f2). Furthermore, according to [2, (2.8)], it holds true that

(24) |If(w) — fF)]x < C[|A% (u—0)|x
+ (|IA%ullx + A% 0] x) AT (u—v)x], u,vEDA

ool~

).

The general result on abstract semilinear evolution equations (cf. [17, Theorem 4.1]) readily
provides local existence of solutions. For any ug € ZD(Ai), (2.1) possesses a unique local
solution. As a matter of fact, we can formulate (1.1) even in a larger underlying space
H=2(Q) of the form (2.1). As shown in [1], for any ug € H~2(f2), there exists a unique local
solution. Combining these two existence results, we can claim that, for any ug € La(Q2) = X,
(2.1) possesses a unique local solution in the function space:

(2.5) u € C((0, TuoJ; D(A)) N ([0, Ty : X) N (0, Ty J; X),

Ty, > 0 being determined by the norm ||ug||x alone.
In the subsequent sections, we need to use differentiability of f(u).

Proposition 2.1. f: SD(A%) — X 1is Fréchet differentiable with derivative

, Vho 2(Vu-VA)Vu .
- _ . _ D(A3).
Fluh =—pv <1—|—|Vu|2 Ax vz )0 wheDAr)

Proof. Let u, h € D(AF). From (2.3) it follows that

1 1

) = 1) = 9 - (e — ) V00

V(u+h)—Vu
_Mv.< 1+ |Vul? )
(—2Vu-Vh — |Vh|2)V(u+h)] o ( 0 )
(14 |V(u+ h)]2)(1+ |Vul?) 1+ |Vul2 /)’

By the similar calculations as for (2.4),
IF(u+h) = f(w) = f'(hl|x < CIAZRI (A% ullx +[|A%h]x).

This means that f:D(A%) — X is Fréchet differentiable at w. O
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1
Proposition 2.2. Let u € D(AF) varies in a ball BPA2)(0;1). Then, f'(u) satisfies the
Lipschitz condition

ILf/ () — f/(0)]h]|lx < C||A% (u—v)||x | A%hl|x,
u, v e D(AT) N BPAD(0:1); h € D(AF).

(v)-
O

~

Proof. From the formula giving f’(u), we can estimate directly the difference f'(u)— f

Dynamical System. The [2, Proposition 3.1] provides a priori estimates for local solutions
obtained above in the space (2.5). Indeed, any local solution to (2.1) on interval [0,T,]
satisfies the estimate

lu@®)|% < e uolk +po~",  0<t<T,

with some fixed exponent § > 0. Then, by the standard argument, we conclude that, for
any ug € X, (2.1) possesses a unique global solution « in the function space:

(2.6) u € €((0,00); D(A)) N €([0,00); X) N €*((0,00); X).
Furthermore, u also satisfies the same estimate
(2.7) lu@®l% < e fluolk +ud™t,  0<t < oo,

which shows dissipation of u. Set a nonlinear semigroup S(¢), 0 < t < oo, on X by
S(t)ug = u(t; up), using the global solution u(t; ug) to (2.1) with initial data ug € X. Then,
we obtain a dynamical system (S(t), X) generated by (2.1). The dissipate estimates yield
existence of a finite-dimensional attractor M which attracts every trajectory S(t)ug at an
exponential rate. Such an attractor is called the exponential attractor. In particular, we
know that every trajectory has a nonempty w-limit set w(uy).

As shown by [1, Section 5], our system (S(t), X ) admits a Lyapunov function of the
from

1
(2.8) O(u) = 3 / [a|Aul?* — plog(1 + [Vul?)]dz, u € H2(Q).
Q
That is, the value ®(S(t)ug) is monotone decreasing as ¢ — oo along any trajectory. Fur-
thermore, it is seen that, for w € D(A), ®'(u) = 0 and Au = f(u) (i.e., @ is a stationary
solution) are equivalent. From this equivalence, we see that, if @ € w(ug), then @ must be
a stationary solution of (2.1). The set w(ug) consists only of stationary solutions.

Convergence of Solutions. The objective of [2] was then to show that w(ug) is a singleton
for every ug. We proved that ®(u) satisfies the Lojasiewicz-Simon inequality

HCI)/(’U/)HH*2 > D|®(u) — @(U)ll—e

in a neighborhood of @, where @ € w(ugp), with some exponent 0 < 6 < % This inequality
readily implies that

(2.9) IS(t)uo —ullx < Cl@(S(t)uo) — @ (w))".

As ®(S(t)up) converges to ®(u) as t — oo, we observe that S(t)ug converges to @ in X with
some rate of convergence.
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3 Linearized Stability Let us now investigate stability and instability of the stationary
solutions of (2.1). For this purpose, we will employ the general methods for abstract
evolution equations, see [3, 15].

Let w € D(A) be any stationary solution to (2.1), i.e., Auw = f(u). By Propositions 2.1
and 2.2, f:D(A%) — X is of class €11 in a neighborhood of @, and the derivative satisfies
a Lipschitz condition

I1f'(w) — f'(0)]hllx < ClIAZ (u—v)llx[AFh]x, u, ve DAF)NO@); h e D(A"),

O(w) being a neighborhood of @ in D(Az). It is known that this condition in turn implies
Fréchet differentiability of the semigroup. Indeed, for 0 <t < ¢* where t* > 0 is arbitrarily
fixed time, S(t): D(A2) — D(Az) is of class €1 in a neighborhood O/ (@) of @ in D(A?)
together with the estimate

(3.1) 1S u— S| LSO @=v)lx,  wved@0<t<t

L(D(AS
For the detailed proof, see the proof of [17, Subsection 6.6.3].
We here assume a spectral separation condition for o(A — f/(w)) of the form

o(A—f'(m))N{X € C; ReA =0} =0.

Then, since S(t)' = e~ 4, where A = A — F'(t), we have in turn a spectral separation for
S(t)'u of the from

(3.2) a(SE)YT) N{A e C; [N =1} =0.

According to [17, Theorem 6.9], under (3.1) and (3.2), a smooth local unstable manifold
M, (%; ©) can be constructed in a neighborhood O of @ in D(A2). When

(3.3) a(A—F'(u)) c {\ € C; ReX > 0},

we have o(S(t)w) C {\ € C; |\ < 1} and M (T; O) reduces to a singleton {u}. Whence,
if (3.3) takes place, @ is stable. In the meantime, when

(3.4) o(A— f'(m))N{X € C; ReX < 0} #0,

we have o(S(t)'u) N {\ € C; |A] > 1} # 0 and M4 (u; Q) is not trivial. Whence, if (3.4)
takes place, u is unstable.

Let us now apply these discussions to the null solution w = 0. We see from Proposition
2.1 that A — f/(0) = aA? + uA. So, it is necessary to investigate the spectrum of the
operator aA? + pA. To this end, we will introduce a normalization of A; indeed, when
a =1, we denote A = A;y; and, regarding a as a positive parameter, we denote in general
A = aA;. Of course, A; is a realization of the operator A% in Ly(Q2) under the homogeneous

Dirichlet conditions on 92, and is a positive definite self-adjoint operator of X. As verified
1

above, we have D(A;) = H*(Q) N HZ(Q) with norm equivalence and D(A}) = H3(Q) with
norm equivalence.

% is continuous from HZ(Q) — {0}
into R and has a maximum on the sphere ||4Ajul|x = 1 because of compact embedding

D(A,) C D(A?). Put

We here notice a fact that a mapping u —

o IVullx
IArullx=1 || Aulx

(3.5) d=

127
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In other words, the d is an optimal coefficient in the inequality
IVulx <df|Aullx  uwe D(A).

Stability of the null solution is then determined by dominance in magnitude of the two
coefficients a and i to the other but with weight d=2 for a.

Theorem 3.1. If ad=2 > pu, then the null solution is stable. If ad=2 < u, then the null
solution is unstable.

Proof. We notice that aA%+uA is a self-adjoint operator of X whose domain H*(Q)NHZ ()
is compactly embedded in Ly(€2). Therefore, the spectrum set o(aA? + pA) is contained in
the real axis and consists of point spectrum alone.

For any u € D(A;) — {0}, we observe that

(ad’u+ pdu,u) = al| Aullx — pl|Vullx > (ad™ = p)|Vul% >0,

provided ad=? > p. Therefore, if p is dominated as p < ad=2, then o(aA? + pA) C (0, oo)
and the null solution is stable. To the contrary, if 4 is large enough so that p > ad~2, i
d> \/> then there exists an element ug € D(A;) — {0} such that ||Vug| x > \/>||Au0|\x

Therefore,
(aAug + pAug, ug) = al| Aug |5 — pl|Vuollx < 0.

This means that o(aA? + pA) N (=00, 0) # 0. Hence, the null solution is unstable. O

As a matter of fact, when ad=2 > pu, every trajectory converges to 0, that is, the null
solution is globally stable.

Theorem 3.2. Let ad=? > p. For any ug € X, S(t)ug converges to 0 ast — oo at an
exponential rate.

Proof. Multiply the equation of (1.1) by @ and integrate the product in §2. Then,

|Vu|?
A = —_—
2dt/|u| dm+a/| ul?dr = /1+|Vu|2d

,u/ |Vu|?dz.

Q

It then follows from (3.5) that
ld 2 -2 2 -2 —1 2
3 g lu@®llxdz < —(ad™ = p)|[Vu®)[x < —(ad™ = p) D™ u(®)lx,

where D > 0 is a coefficient for the Poincare inequality given by (4.1) below. Hence,
lu(t)llx < e (4P ug| x for ¢ > 0. O

4 Estimation of d from above. The weight constant d can be easily estimated from
above from the Poincare inequality

(4.1) lullx < D[[Vul|x  ue Hy(Q).

Theorem 4.1. Let d be the constant determined by (3.5) and let D be an optimal coefficient
for the Poincare inequality (4.1). Then, it always holds true that d < D.
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Proof. Indeed,
IVullk = (—Au,u) < [|Aullx]|ullx < DlAullx|[Vulx,  ue HF Q).

Therefore, ||Vul|x < D||Au|x for u € H3(Q). Of course, it holds that ||Vu|x < D|Aul|x
for u € D(A;). O

The coefficient D is usually estimated by the band width of Q, see [4, Section 4.7].
The rest of this section is devoted to obtaining an optimal estimate of D in the specific
case where
Q= {(xl,itg); O0<z < él, 0< o < 62}
Let A denote a realization of —A equipped with the boundary condition u = 0 in Lo ().
Then, A is a positive definite self-adjoint operator of Ly(£2) with domain D(A) = H?(Q) N
H}(©Q). Furthermore, since its minimal eigenvalue is 72—; + Z—g with eigenfunction sin 7~z -

sin -2, we have (Au,u) > (”2 + Z—g) |lul|% for any u € D(A). It then follows that

a
IVuly = (~4uw,) = (5 + %) lulk,  we D).

Since D(A) is dense in D(Az) and since D(A2) coincides with HZ (), this inequality holds

2

true for every u € HE (). Hence, (4.1) takes place with D = (’g—z + %f)_f and, in fact,
1 2
this is optimal.

Theorem 4.2. Let Q = (0,¢1) x (0,¢2). Then, an optimal coefficient D for the Poincare

. . . . _ é1€2 . . .
inequality (4.1) is given by D = ea Consequently, the weight constant d is estimated

byd < —

VRN

Corollary 1. Let Q = (0,¢1) x (0,43). If p < %, then the null solution is globally
stable.

5 Numerical Results Let us here illustrate some numerical examples which shows some
agreements to Corollary 1. We consider (1.1) in one of the following rectangular domains

Q= (O, %) x (0,¢), where ¢is 1,2 or 4.

When ¢ =1, Q is square. Otherwise, {2 is strictly rectangular. The area of €2 is constantly
equal to 1. The coefficients a and u are fixed as a = 1 and p = 40.
Set first Q = (0,1) x (0,1). We also set the initial function as

uo(x1, x2) = 0.1[sin(3.1421) x sin(3.14x2)], (x1,22) € Q,

see Figure 1 (a). This is a small perturbation of the null solution. The solution then
converges to some non-null stationary solution as ¢ — oo. Its profile is given by Figure 1
(b). This means that the null stationary solution is unstable.

Set secondly Q = (0, 3) x (0,2). We accordingly replace the initial function with

uo(x1,2) = 0.1[sin(2 - 3.1421) X sin(3.14x3)], (x1,22) € Q,
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(a) t=0 (b) t=120
Fig. 1: Case where Q = (0,1) x (0,1)

see Figure 2 (a). The solution again converges to some non-null stationary solution as
t — oo whose profile is given by Figure 2 (b). This means that the null stationary solution
is still unstable.

Finally, set Q2 = (0,1) x (0,4), and replace the initial function with

uo(x1,x2) = 0.1[sin(4 - 3.1421) X sin(3.14x3)], (x1,22) € Q,

S S o TR <
S 52 o2 os 08 1 12 14 18 18 2 .

% o2 oa 06 08
y v

(a) t=0 (b) t=180

Fig. 2: Case where Q2 = (0,1) x (0,2)

see Figure 3 (a). As seen by Figure 3 (b), the solution now converges to the null solution.
The domain 2 is slender enough to reduce the weight constant d in such a way that d <
% (by Theorem 4.2) and to globally stabilize the null solution as ensured by Corollary
TV T

Fig. 3: Case where Q2 = (0,1) x (0,4)
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ABSTRACT. This paper examines whether firms prefer to choose prices or quantities
with a manufacturing duopoly in which each upstream firm sells its product to its
own downstream firm. The degree of product differentiation plays an important role
in whether firms set prices or quantities. We show that price competition performs
better than quantity competition, from the upstream and downstream firms’ point of
view, regardless of the product differentiation. We also show that pay-offs are larger in
Bertrand (price) competition than in Cournot (quantitiy) competition if both products
are differentiated to a certain extent.

1 Introduction As we well know, two classical models in oligopoly theory are Cournot
and Bertrand. In a non-cooperative profit maximization environment, one may wonder
whether firms prefer to choose prices (Bertland) or quantities (Cournot). Singh and Vives
(1984) first analyzed the issue of whether firms prefer to set prices or quantities. They show
that consumer and total surplus in Bertrand competition are larger than those in Cournot
competition regardless of the nature of goods.! They also show that Cournot equilibrium
profits are higher than Bertrand equilibrium profits when the goods are substitutes, and
vice versa when the goods are complements.?

During the past 30 years, many literatures have produced an array of extensions and
generalizations of the analysis in Singh and Vives (1984). Previous literature on the issue
has followed two separate streams. One stream focuses on extensions and generalizations
of Singh and Vives (1984). For example, Dastidar (1997), Qiu (1997), Lambertini (1997),
Héckner (2000), and Amir and Jin (2001), among others, have analyzed counter-examples
based on the framework of Singh and Vives (1984) by allowing for a wider range of cost
and demand asymmetries.®> The other stream of the literature focuses on expanding the
Bertrand-Cournot competition with vertically related duopoly. Correa-Lopez (2007) exam-
ines the Bertrand-Cournot profits ranking in a vertically related duopoly model focusing
on substitutes and vertical product differentiation. They show that Bertrand profits may
exceed Cournot profits when decentralized bargaining over the labor cost is introduced.*
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Key words and phrases. Price and Quantity Competition, Imperfect Downstream Competition.
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Arya et al. (2008) explore the standard conclusions about duopoly competition when the
production of key input is outsourced to a vertically integrated retail competitor with up-
stream market power. They show that prices and industry profits can be larger in Bertrand
competition than in Cournot, while consumer and total surplus can be smaller in Bertrand
than in Cournot. Mukherjee et al. (2012) compare Cournot with Bertrand competition in
a vertical structure in which a monopoly upstream firm sells its product to two downstream
firms, assuming there are asymmetric costs between downstream firms and homogeneous
final goods. They demonstrate that the technology differences among the downstream firms
and the pricing strategy (i.e., uniform pricing or price discrimination) of the upstream firm
play an important role in the ranking of profit and social welfare. We revisit the profit rank-
ing under Bertrand and Cournot competition in a vertically related duopoly in which each
upstream firm sells its product to its own downstream firm. Our paper differs from the ex-
isting literature in at least two important aspects. First, previous studies consider Bertrand
and Cournot competitions under wage bargaining and input prices negotiation. Our study
examines them without negotiation. Second, previous ones produced the counter-results of
Signs and Vives (1984) under costs and demand asymmetry. However, this paper analyzes
the issue under symmetric conditions. This paper is organized as follows; in Section 2, we
set up the model. Section 3 examines the Cournot competition, and then, Section 4 ana-
lyzes the Bertrand competition. Section 5 deals with comparative analysis. Finally, Section
6 contains concluding remarks.

Consider a manufacturing duopoly in which each upstream firm sells its product to its
own downstream firm. There is a continuum of consumers of the same type with a utility
function separable and linear in numeraire goods. Therefore, there are no income effects.
The representative consumer maximizes U(q;,q;) — Xpiqi;i = 1,251 # j, where g; is the
quantity of good i and p; its price. U is assumed to be quadratic and strictly concave
U(gi»q5) = @i + ¢ — (¢ + 2bgiq; + qf-)/?;i =1,2;i # j. This utility function gives rise to a
linear demand structure. Inverse demands are given by

where p; is the retail price for product 7, and ¢; and ¢; are the amount of goods produced
by channel ¢ and j, respectively. Each unit of retail output requires exactly one unit of the
input. The products are differentiated (0 < b < 1). Upstream firms and downstream firms
are risk-neutral and there are no production or retailing costs.

We posit a two-stage game. At stage one, each upstream firm sets an wholesale price.
At stage two, each downstream firm also sets the retail price or quantity.

2 Cournot Competition We first consider Cournot competition in which each down-
stream firm sets a quantity. In this case the equilibrium concept is the sub-game perfect
Nash equilibrium.

Stage Two (Quantity): At stage two, downstream firm 7 sets a quantity, ¢;, so as to maximize
its profit for a given input price, w;. Downstream firm ¢’s maximization problem is as follows:

max m; = (p; — w;)qi, w.r.t. g.

where w; is the input price. Therefore, downstream firm ¢ sets the quantity, ¢;, as the
function of input prices as follows:
4 — b2 ’

(2) qi(wi, wj) =
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Stage one (Wholesale Price): At stage one, upstream firm 7 sets wholesale, w;, to maximize

its profit for a given w;. Upstream firm ¢’s maximization problem is as follows:

wi[(2 — w;) — b(1 — wj)]
4— b2

maxIl; = w;q;(w;, w;) = , w.rt. w;.

The equilibrium wholesale price for upstream firm 4 is derived as follows:

2 b
1 _2-b
(3.1) Vi

Substituting the wholesale price into Eq. (1) and Eq. (2), we obtain the retail price, p;, the
quantity, ¢;, the upstream firm 4’s payoff, II;, and downstream firm ¢’s payoff, m;,

6 —b?
(3.2) Py = CroE—b)
2
(3.3) ¢ = 2rb)a—b)y
O 2(2-b)
(3.4) ¢ = [CFICEk and
(3.5) 7l = 1

! (24 b)2(4 — b)2"
where superscripts C' denote Cournot equilibrium.

3 Bertrand Competition We now turn to Bertrand competition in which each down-
stream firm sets a retail price. From Eq. (1), the following direct demand function can be
derived as follows:

Stage Two (Retail Price): At stage two, downstream firm ¢ sets retail price, p;, so as to

maximize its profit for a given wholesale price, w;. Downstream firm 4’s maximization
problem is as follows:

(pi —w;)(1 = b—p; +bp;)
1— b2

max m; = (p; — w;)q; = , w.r.t. p;.

Therefore, downstream firm i sets the retail price, p;, as the function of wholesale prices
as follows:
2(1 —w;) = b(1 —w;) — b2
4 — b2 ’

(5) Pz‘(wi, wj) =

Stage One (Wholesale Price): At stage one, upstream firm 7 sets a wholesale price, w;, to
maximize its profit for a given wholesale price, w;. Upstream firm 4’s maximization problem
is as follows:

wi(2 = )1 = w,) = b(1 — w,)]
-1 -5

max II; = w;q;(w;, w;) = , w.rt. w;.

The equilibrium wholesale price for upstream firm 7 is derived as follows:

2—b—b2

(6.1 R T
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Substituting the wholesale price into Eq. (4) and Eq. (5), we obtain the retail price, p;, the
quantity, ¢;, the upstream firm i’s payoff, II;, and downstream firm ¢’s payoff, m;,

B 201-0)(3-1b%

(6.2) Pi = e @ —b—2p2)
(2-0%)
(6.3) qf:(gfm@—b—ZVY
L (1-b)2+b)(2 -1
(6.4) ny = (14b)(2—b)(4—b—2b2)2 wnd
(6.5) T = b

(1+0)(2—0)2(4 —b—2b%)"

4 Comparative Analysis We turn now to compare the equilibrium under Bertrand and
Cournot competition. Firstly, we compare wholesale prices between two types of contracts.
From Eq. (3.1) and Eq. (6.1), we obtain the following results:

c b?

WP — >
Y= == ="

where superscripts B and C' denote Bertrand and Cournot, respectively.
Lemma 1. Under Eq. (1) and Eq. (4), if 0 < b < 1, the equilibrium wholesale prices are
higher in Cournot than in Bertrand competition. If b = 0, both have the same wholesale
prices.

Secondly, the equilibrium levels of retail prices and quantities are shown in Table 1.

Table 1: Equilibrium Levels of Retail Price and Quantity

Retail Price Quantity
2(1 — b)(3 — b?) 212
Bertrand - 5750 T Ty @oby@— b= 20
(6 — b?) 2
Cournot 5 =) PERICE)

Lemma 2. Under Eq. (1) and Eq. (4), if 0 < b < 1, the equilibrium prices for both
downstream firms are higher in Cournot than in Bertrand competition. If b = 0, both have
the same prices.

Lemma 3. Under Eq. (1) and Eq. (4), if 0 < b < 1, the equilibrium outputs for both
downstream firms are larger in Bertrand than in Cournot competition. If b = 0, both have
the same input prices.

Quantities are larger and prices lower in Bertrand than in Cournot competition re-
gardless of the nature of goods.? Lower prices and higher quantities are always better in
welfare terms. Consumer and total surplus are decreasing as a function of prices. There-
fore, in terms of consumer surplus and total surplus, the Bertrand equilibrium dominates
the Cournot one. Proposition 1 summarizes the results thus far.

5When b = 0, they are equal.
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Proposition 1. Under Eq. (1) and Eq. (4), if 0 < b < 1, consumer surplus and total
surplus are larger in Bertrand than in Cournot competition. If b = 0, they are equal.
For proof, see Appendix.

Thirdly, we turn to the equilibrium profits for Bertrand and Cournot competition. From
Eq. (3.4) and Eq. (6.4), when 0 < b < 1, notice that the following results are satisfied:

b2(4 4+ b —b%)(16 — b(2 — b)(10 + b))
(140)(2 —b)(2+b)(4 — b)2(4 — b — 2b2)2’
2 > 1 <0< b<0.8868 =b.

ne —1¢ =

Proposition 2. Under Eq. (1) and Eq. (4),if 0 < b < b, the Bertrand strategy is dominant
for upstream firms. If b < b < 1, the Cournot strategy is dominant for upstream firms. If
b =0, payoffs for both upstream firm are equal.

Proposition 2 can be explained as follows. If 0 < b < b, pay-offs in Bertrand competition
are higher than those in Cournot, and vise versa. The degree of product differentiation
plays an important role in equilibrium. As the degree of product differentiation decreases,
the product market competition is more intense under Bertrand compared with Cournot
competition. Therefore, pay-offs of Cournot competition are higher than those of Bertrand
competition because of monopolistic effect. On the other hand, as the degree of product
differentiation decreases, even if the wholesale price is lower in Bertrand competition than
in Cournot competition, a more intense competition in the former helps to create a larger
wholesale demand than in the latter. As a result, the upstream firm obtains higher pay-offs
in Bertrand competition than in Cournot competition.

5 Concluding Remarks We may summarize the results derived from the model as
follows:
(1) With linear demand function, if 0 < b < 1, consumer and total surplus are larger in
Bertrand than in Cournot competition.
(2) Pay-offs of both upstream firms are larger, equal, or smaller in Bertrand competition
than in Cournot competition, according to whether 0 < b < b, or b < b < 1.

We can also extend our analysis for each upstream firm and each downstream firm to
make a precommitment to quantity or price contract in a vertically related market. In such
a situation, we are wondering the results are the same as Singh and Vives (1984).

Appendix

Proof of Proposition 1. Consumer Surplus ranking of Bertrand and Cournot equilibria. In
view of Lemma 2, consumer surplus is clearly higher under Bertrand than under Cournot
competition. From the utility function, we get

(q7 + 2bgiq; + q3)
2

CS:U(Qian)*(piqi+Pij) =q;+q; — *(piqurijj)

(g + q;)?
2

qi q;
+ (1 =b)giq; — (pigi +pjq;) = (1 *pi)g + (1 —pj)2.

=qi+4q; — 9

For 0 < b < 1, inequality CS® > CSC reduces to

b2(8 — 3b2)(32 + 8b — 28b% — 4b3 + 5b*)

e a3 B

> 0.
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This inequality holds for any 0 < b < 1. For b = 0, consumer surplus is equal. From the
utility function, we get

TS:OS—FHi—FHj—FTFi-i—ﬂ'j
=U(qi,q;) — (pigi +p;jq5) + (wigi +wjq;) + (pi — wi)gi + (pj — w;)g;
(7 + 2bgiq; + q3)

=q¢+q — 5
g + ¢;)°
ZQi_'_qj_%J’_(l_b)Qin
1—pi)g 1—pj)g;
= % +piqi+%+quj
_ Atpia | (14pi)e
2 2

For 0 < b < 1, inequality TS® > T'S¢ reduces to

b%(8 — 3b%)(96 — 72b — 60b> + 36b> + 9b* — 4b%)
(1+0)(2—b)2(2+b)2(4 — b)2(4 — b — 2b2)2

TSE — T8¢ = >0

This inequality holds for any 0 < b < 1. For b = 0, total surplus is equal.
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ABSTRACT. Let A and B be positive definite matrices with 0 <
m < A, B < M for some scalar 0 < m < M, and o, 7 two arbitrary
means between the harmonic and the arithmetic means. Put h =

%. Then for every unital positive linear map P,

®*(AcB) < K?*(h)®*(ATB),
®*(AocB) < KZ2(h)(®(A)T®(B)),

(®(A)o®(B))* < K2%(h)®*(ATB),
(®(A)o®(B))” < K*(h)(®(A)7P(B))*,
where K(h) = U Ihl)Q is the Kantorovich constant.

We also give a new characterization of the trace property and

operator monotonicity by the squared Cauchy inequality.

Keywords: Matrix means, unital positive linear maps, Kantorovich

inequality, trace, operator monotonicity.

1. INTRODUCTION

Throughout this paper, Ml,, stands for the algebra of all nxn matrices
over the field of complex numbers. A continuous function f on an

interval J (C R) is said to be operator monotone if
(1) A<B = f(A4)<f(B)

for any pair of self-adjoint bounded operators A, B on a separable in-
finite dimensional Hilbert space H with spectra o(A),o(B) C J. We
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know that the function f is operator monotone if and only if the in-
equality (1) holds for every self-adjoint matrices A, B of order n for
every n € N.

We reserve M, m for scalars and I (in M, or in B(H)) for the identity
operator. The axiomatic theory for connections and means for pairs of
positive operators on H have been studied by Kubo and Ando [6]. A
binary operation ¢ defined on the cone of positive operators is called a

connection if

(i) A< C,B < D implies AcB < BoD;
(ii) C*(AoB)C < (C*AC)o(C*BC);
(iii) A, } A and B, | B imply A,0B, | AcB.

If Iol = I, then o is called a mean. This definition can also be defined
for positive operators on a finite dimensional Hilbert space. Opera-
tors on an n-dimensional space are identified with complex matrices of
order n, hence we usually call connections/means in this case matriz
connections/means of order n (see [1]). The fact is that an operator
connection/mean is a matrix connection/mean of every order. How-
ever, throughout this paper operator means/connections will be used
even the main theorem (and some other consequences) still hold for
matrix means/connections.

Many authors study matrix inequalities containing means and uni-
tal positive linear maps on the matrix algebras. Such inequalities are
interesting by themselves and have many applications in quantum in-
formation theory. One of the most important inequalities is the non-
commutative AM-GM inequality which states that, for positive semi-
definite matrices A, B,

A+ B

(2) AVB = > AtB,

where, for positive definite matrices A, B,
AﬁB _ A1/2(A71/2BA71/2)A1/2
and, for positive semidefinite matrices A, B,

AfB = lim (A+el)i(B +<I).

e—0t



ON SOME MATRIX MEAN INEQUALITIES WITH
KANTOROVICH CONSTANT

Moreover, by [11, Lemma 4.2] the left hand side and the right hand
side of Cauchy inequality cover all ordered pairs of positive semidefinite
matrices X > Y. However, this property does not hold for squares

because the following inequality fails in general

(3) (A_QFB)2 > (AtB)?.

Indeed, take the following matrices
@ X:<5/6 2),5/:(1 3>'
2 5 3 10
By help of Matlab, we can see that
det((X +Y)?/4 — (X1Y)?) = —1.2301 < 0.
In [2], Lin proved the following Theorem.

Theorem 1.1 ([2]). Let A and B be positive definite matrices with
0<m< A B < M for some scalar 0 < m < M, and put h = %

Then for every unital positive linear map ® on M,

(5) *(AVB) < K*(h)®*(A¢B),
and
(6) ®*(AVB) < K*(h)(®(A)1®(B))?,

where K(h) = % is the Kantorovich constant.

It is well-known that the arithmetic mean V is the biggest one among
symmetric means (see [6]). A natural question is that: Is the theorem
above still true if we replace the biggest mean by a smaller one? In
this paper, we consider such inequalities for two different means with
Kantorovich constant. In applications, we give an analogous result
of Uchiyama and Yamazaki in [9] and the reverse of Minkovskii type
inequality in [10].

It is well-known that for a monotone increasing function f on R¥:
Tr(f(A)) < Tr(f(B)) whenever 0 < A < B. Consequently, for any two
positive semidefinite matrices A, B and p > 0 we have Tr((AfB)P) <
Tr((AVB)P) even the inequality (3) does not hold.

141
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Also, we can characterize positive linear functionals ¢ on M, and op-

erator monotone functions satisfying the following inequality: ¢(f(AtB)) <
»(f(AVB)).

2. MAIN RESULTS

Lemma 2.1. Let A and B be positive definite matrices with 0 < m <
A, B < M for some scalar 0 < m < M, and o,T two arbitrary means
between the harmonic and the arithmetic means. Then for every unital

positive linear map P,

(7) ®(AoB) + Mm® Y(ATB) < M +m,
and
(8) O(A)o®(B) + Mm® ' (ArB) < M +m.

Proof. 1t is easy to see that

(M — A)(m—A)A' <0,

or
mMA™ Y+ A< M+m.
Consequently,
O(A) +mMO(A™) < M +m.
Similarly,

®(B) + mM®(B™') < M +m.
Summing up two above inequalities, we get
®(Av B) + mM®((AIB)™") < M + m.
Besides, by the hypothesis 7 > ¢ and 7 >!, we get
O(AocB) + mM® *(ATB) < ®(AcB) + mM®((ATB) ™)
<®(Ay B) + mM®((AlB)™)
<M+ m.

By a similar argument, we can get the inequality (8) using the fact
that

D(A)od(B) < ®(A) v ®(B) = (A B).
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The following main theorem of this paper is a generalization of Lin’s
result (Theorem 1.1).

Theorem 2.1. Let A and B be positive definite matrices with 0 < m <
A, B < M for some scalar 0 < m < M, and o, 7 two arbitrary means
between the harmonic and the arithmetic means. Then for every unital

positive linear map P,

(9) ®*(AoB) < K*(h)®*(ATB),

(10) ®*(A0B) < K*(h) (2(A)7®(B))’,
(11) (2(A)o®(B))* < K*(h)®*(ATB),
and

(12) (2(A)od(B))* < K*(h)(2(A)T®(B))*,
where K(h) = (h Ihl)z with h = %

Proof. We prove the inequality (9). The inequality (9) is equivalent to
the following

d 1 (ATB)®*(AcB)® '(ATB) < K*(h),
or
10(AcB)®~ (AT B)|| < K (h).
On the other hand, it is well known that [7, Theorem 1| for A, B > 0,
1
[AB|| < Zl[A+ B[

So, it is necessary to prove that
1
dmM

M 2
|®(AoB) + mMCIfl(ATB)H2 < %,

or,
|®(AoB) + mM&~ (ArB)|| < M + m.

The last inequality follows from Lemma 2.1.
The remain inequalities in this theorem can be proved analogously.
OJ

From the operator monotonicity of the function f(t) = /2 on [0, c0)

it obviously implies the following proposition.
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Proposition 2.1. Let 0 <m < A, B < M and o, 7 are two arbitrary
means between the harmonic and the arithmetic means. Then for every

unital positive linear map ®,
O(AoB) < K(h)®(ATB),
O(AoB) < K(h) (D(A)7®(B)).
O(A)od(B) < K (h)D(ArB)

and
O(A)o®(B) < K(h)®(A)T®(B),
where K(h) = (h I};)Q with h = %

Remark 1. From the following well-known fact:
ATB < AVB < K(h)A!B < K(h)Ao B,

it implies immediately Proposition 2.1. On the other hand, it is well-

known in [5] that if ¢ is a symmetric mean, then

moM

mVMAVB < Ao B.
Therefore, we have
(13) ma M ATB < AoB.

mV M
Also, Theorem 13 in [5] says that if 0 <m < A, B < M, then
(14) VM ) op < agp < MM g1,

m+ M 2vVmM

Now we will show that the inequality (13) could not be squared when

o =1f,7 = V. Indeed, let’s take m = 0.02, M = 11 and the matrices
X,Y as in the equation (4). It is obvious that m < XY < M. With
a help of Matlab we get

det(K(h)(X1Y)* — (XVY)?) = —4.1122,
and

det(K(h)(X!Y)? — (X1Y)?) = —1.7545.
Hence, the following inequalities

K(R)(XEY) > (XYY, (X8V)? > K(h)(XIY)?

do not hold.
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Corollary 2.1. Let f, g be symmetric operator monotone functions on

[0,00). Then for any pair 0 < m < M,

(1) glt), _ (m+ 1)
N (LT

Proof. Tt is necessary to apply [6, Theorem 3.2] and the above Proposi-

i}g t € [m, M].

tion 2.1 for the symmetric means ¢ and 7 corresponding to the functions

f and g, and definition of means via their representation functions. [

The inequality (15) is interesting by itself, and the authors do not
know any elementary proof even in the case when f(t) = v/t.

As an application, now we give a similar result as in [9]. Uchiyama
and Yamazaki showed that for an operator monotone function f on
[0,00) if f(AB+ I)"'f(ANA+ I) < I for all sufficiently small A > 0,
then f(AMA+1) < f(AB+1) and A < B. By applying Proposition 2.1,

we get a similar result for any symmetric mean.

Corollary 2.2. Let f be an operator monotone function on [0,00)
with f(1) = 1 and o an arbitrary mean between the harmonic and
the arithmetic ones. Let 0 < m < 1 < M and A, B positive definite
matrices such that 0 < m < A, B < M. If for all sufficiently small
A>0

(m + M)?

(16)  fOAB+D'of(MA+T) <K' (where K = i

)
then
fFOA+D) < f(AB+1) and A<B.

Proof. From the continuity of the function f and assumptions, it follows

that for all sufficiently small A > 0
m< fAB+1)"Y fOOA+T) < M.

On account of Proposition 2.1 and (16), we obtain
FOB+ D %HfOA+ ) < K(fOB + 1) "'of(AA + 1))
<.

By [9, Theorem 1}, we get
FOA+I) < fAB+1I) and A<B
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The famous Minkovskii determinantal inequality is
det'/™(A + B) > det'/" A + det'/" B,

for any positive semidefinite matrices of order n A, B. In [10] Bourin
and Hiai obtained the Minkovskii type inequality as follows: Let o be
an operator mean whose representing function f is geometrically con-

vex, i.e., f(\/zy) > /f(x)f(y). Then, for every positive semidefinite

matrices of order n A, B,
det'/"(AoB) > (det'/" A)o(det*/" B),

and the reverse inequality holds if the representing function is geomet-
rically concave.

Combining the reverse inequalities in Proposition 2.1, we give the
lower bound and upper bound of the value det(AcB) for any operator

mean o between the arithmetic and the harmonic ones.

Corollary 2.3. Let o be a symmetric mean. If A, B are positive defi-
nite matrices such that 0 <m < A, B < M, then

K=Y (det'"(A)Vdet'"(B)) < det'/"(AcB) < K(det'/™(A)!det'™(B)),

_ (M+m)?
where K = TRVET

Proof. By Proposition 2.1, we have
AVB < KAoB.

We also know that det'/™ preserves the order of matrices by the famous

Minkovskii determinantal inequality. Consequently,
K~ Ydet'"(A)Vdet'"(B) < K~ 'det'/"(AVB)
< det'/"(AoB).

Now we prove the second inequality of the corollary. By Proposition
2.1, we have AcB < K A!B. Hence,

det'/"(AcB) < Kdet'/"(AB).

Moreover, the function f(t) = 1t = f—jt corresponding the harmonic

mean is geometrically concave, by the result in [10] mentioned above,

we have

det'/"(AIB) < det'/"(A)!det*™(B)
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and then the second inequality is obtained.
OJ

Now let us consider the problem of characterization of the trace
property which is closed to the characterization of the operator mono-
tonicity. It is well-known that, for a monotone increasing function f
on R*, from the assumption 0 < A < B it follows that

Tr(f(A)) <Tr(f(B)).

Consequently, for any two positive definite matrices A, B we have
Tr(f(AfB)) < Tr(f(AVB)).

In [12] O. E. Tikhonov and A. M. Bikchentaev showed that for a posi-

tive linear functional ¢ on M, and any given p > 1 if the inequality
P(A”) < p(BP)

holds for any pair of positive definite matrices A < B, then ¢ should
be a scalar of the canonical trace. Note that the function f(¢) = ¥ for
p > 1 is not operator monotone on [0, 00). In the following proposition,
replacing A, B by the geometric and the arithmetic means we can get

the characterization of the trace.
Proposition 2.2. For a positive linear functional ¢ on M, and a given
p > 1. If the following inequality
¢((AVB)?) > p((A2B)")
holds whenever positive definite matrices A < B, then ¢ is a scalar of

the canonical trace.

Proof. 1t is well-know that for arbitrary 0 < A < B we can find positive
definite matrices X, Y such that B = XVY, A = X1V (see [11, Lemma
4.2]). In fact, put X = B — B{(B — AB™'A) and Y = B + B#(B —
AB7'A). By the assumption,

P((XVY)P) = o((XEY)P)

p(A") < o(B).

By the characterization mentioned above, ¢ is a scalar of the trace. [
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The following corollary is just an immediate consequence of [13, The-

orem 1]. However, we can give here a direct proof.

Corollary 2.4. Let H be an infinite dimensional, separable Hilbert
space and ¢ a normal state on B(H) such that its corresponding density
operator is not finite rank. Let f be a function defined on (0,00). Then

the following statements are equivalent:

(i) f is operator monotone,

(i) the following inequality

p(f(AVB)) = ¢(f(ALB))

holds for any positive operators A, B € B(H) satisfying the
condition 0(AV B),o(AiB) C (0,00).

Proof. (i) = (it) is obvious. Conversely, for arbitrary positive invert-
ible operators X <Y, we can find A, B > 0 such that Y = AVB, X =
A#B (see [11, Lemma 4.2]). In fact, put A =Y — Y#(Y — XY 1X)
and B=Y + Y#(Y — XY ~1X). By the assumption,

p(f(Y)) = o(f(AVB)) = o(f(ALB)) = ¢(f(X)).

By [13, Theorem 1], it follows that the function f is operator monotone.
[

3. SOME COMMENTS ON THE KANTOROVICH INEQUALITY

The Kantorovich inequality [14] states that for any 0 < m < A < M.
and any unital positive linear map P,
WM+ m)?
- 4Mm

From the Kantorovich inequality it is easy to get the following:

(17) d(A™Y P(A)L

Corollary 3.1 ([15]). Let 0 < m < A < M. Then for every unital
positive linear map D,
M+m
2vVMm

Question: If we replace the geometric mean by an arbitrary mean,
does the inequality (18) hold?

(18) P(AT)P(A) <
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Counterexample: Let ¢ be an operator mean corresponding to
the function f(¢) = ¢t. Assume that the inequality (18) holds for any
0 <m < A<M, then it should hold for A = M. That means,

M-loM < M—l—m,
2vV Mm

or
M<M+m

~ o/Mm

Substitute M = 2 and m = 1 into the latter inequality, we get a

contradiction. Even for symmetric means, for example, the arithmetic
mean, the inequality (18) does not hold.
However, it is easy to see that for a unital positive linear map ® and

any mean o,
(A Ho®(B) <m oM,

for 0 <m < A, B < M, and the latter inequality can be squared.
Back to the above question, if we restrict our attention to the class

of symmetric means, the inequality (18) holds true as follows.

Proposition 3.1. Let 0 < m < A < M. Then for any symmetric

mean o,
(19) ATlo A < K (W),
where K(h') = % and M" and m’ are the mazximum and the

minimum of the set {M,m,1/m,1/M}.

Proof. Let f be the symmetric operator monotone function correspond-

ing to 0. Then the function g(t) = % is symmetric. From Corollary

2.1 and by direct calculation we get

A7loA = AL F(A2)
1

Then we obtain (19). O
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Let 0 < m < A < M. Then for any symmetric mean o and any

unital positive linear map &,

O (A)od(A) < /K (h).
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GEOMETRICAL EXPANSION OF AN OPERATOR EQUATION
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ABSTRACT. Lawson-Lim [9] had given a generalization of Karcher equation and the
equations determining power means. We formulate these operator equations by simpler
forms, which are geometrically meaningful.
Let A(A1, -+, Ay) be positive operators and w = {w1, -+ ,wn} be a weight. Then
the operator equation
0= Zwl (X|A:)

Xt A-X .
has a unique positive solution for each r € [—1, 1], where T,(X|A) = % is

the Tsallis relative operator entropy and A f, B = A%(AféBAfé)TA% for r € R.
We show the exact form to the unique solution of the above operator equation in the
case n = 2.

1 Introduction. LetP" be the set of all positive invertible operators acting on a Hilbert
space. Lawson-Lim [9] showed the Karcher equation for Ay,---, A4, X € P* and a weight

{wla"' 7wn}

(KE) 0= wilog(X 24, X %)

has a unique positive invertible solution X = Gg(w;;A;) which is called (weighted n-
variable) Karcher mean. In [2], we introduced the relative operator entropy; for A, B € PT,

S(A|B) = A% (log A"2 BA"2)A? = tlir%w’

1

that is, iA #; Bli—o = S(A|B), where A #, B= A2(A"2BA~2)! A%, t € [0, 1]. From this

Vlewpomt the equation (KE) is represented by multiplying Xz on both sides as follows:

For Ay, ,A,, X € P+
(%) 0= wiS(X|A;).
=1

The path A #; B (t € [0, 1]) is geodesic in P under the Thompson metric, i.e.,
1 1 d
d(A,B) =||log A"2BA~z ||, and S(A|B) = %A ft B |t=0. Therefore geometrical meaning

of (x) is clarified, see Figure 1.

2010 Mathematics Subject Classification. 47A63 and 47A64.
Key words and phrases. relative operator entropy, Tsallis relative operator entropy, Karcher equation,
power mean, Karcher mean.



154

E1zaBuro Kamer)

S(X A1)

wls(X|A1) + WQS(X|A2) + W3S(X|A3) =0

Figure 1
In the case n = 2, the equation (x) is
(1—a)S(X|A)+aS(X|B)=0, ac]0, 1]

for A, B, X € PT. It has the unique solution X = A #, B, this is given in section 3 as
Corollary 3 (cf. [6],[9]). Figure 2 shows if a path combining A and B is not geodesic, then
X can’t be a solution of the operator equation (x). The Figure 3 gives an image that any
X on the geodesic path combining A and B can be the solution of the operator equation
(%), where the notations A #, B D X #, B and X f, A C A f; B in Figure 3 mean that the
path A f; B contains the paths X §, B and X §, A as subdivisions of itself.

In the final section, we show that the above equation can be more generalized as

aS(X|A)+BS(X|B) =0, o, BER

and this has the unique solution X = Al s B also under some reasonable conditions.
a+pB
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B=X4 B
S(X|B)
X=Xf#A=X 4 B
(1—-a)S(X|A)+aS(X|B)#0
Figure 2
B=Xt# B

S(X|B)
A lit B

Xth A=A X=X4A=X1 B

S(X|A)
(1-a)S(X|A) +aS(X|B)=0
Figure 3

In [9], Lawson-Lim defined the w-weighted power mean P;(w : A) of order ¢t of A =
(A1, -+, Ap) as the solution of

(LLE) X =Y wiX s A), for te(0, 1],
i=1
for the weighted geometric operator mean [8] and w = {w1,- -+ ,w,} is a weight (cf.[10]).

We show this equation has a geometrical structure.
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As an approximation to the relative operator entropy, the Tsallis relative operator entropy
is defined in [11] by

X A—X
T.(X|A) = u77 for a fixed r #0,
r
where X §, A = X2(X 2AX 2)"XZ, which is not a Kubo-Ando mean but still the
geodesic in the CPR-geometry [1]. We note that S(X|A) = lin%) T,.(X|A) (cf.[3],[4],5]).

In section 3, we show in the following: For « € [0, 1] and r € R, the equation
X=1-a)Xy A+aXy B

has the unique solution X = A #,, B = A2{(1 —a)I +a(A~2BA~2)"}+ A2. We propose
the following operator equation:

() O—sz (X|4;), r€R,

especially if » = 0, (xx) is understood as (x). For the 2 variable equations of (%) and (%),
we can give the solutions.

2 Expanded LL equation. Fort¢ € (0, 1], the operator equation (LLE) is understood
as

n
(5 * *) 0= ZwiTt(X|Ai),
i=1
whose unique solution is just P;(w; A), the w-weighted power mean of order ¢ of A.
On the other hand, for ¢t € [—1, 0), we show the power mean is also the solution of (xxx). It
has a parallelism with the Karcher equation (%) by the use of the relative operator entropy.
For t € [-1, 0), Lawson-Lim [9] give P;(w;A) as the unique positive definite solution of
the operator equation

(LLE*) X = (in(X ﬁ—t Ai)*l)_l or X~ 1 sz 71 u_t Ai_l)a
=1

and Py(w;A) = P_y(w; A=) ! where A=t = (A7, ---, A1), Tt is rewritten with no use of
f_: as follows: (LLE*) is equivalent to

I=) wi(X?A7'X7%)" Zwl (X 2A;X 7).
=1

Furthermore it is given with the use of the Tsallis relative operator entropy; for n
positive operators A = (Ay,---, A,) and a weight {w1, - - - ,wy }, we can propose the operator
n

equation 0 = >, w;T(X|A4;), for r € R. Lawson-Lim [9] teaches us this equation has a
unique positive solution if r € [—1, 1J.

Theorem 1. Let A = (Ay, -, A,) be positive operators and {wy,--+ ,w,} be a weight.
Then for each r € [—1, 1], the operator equation

(%) 0= sz (X|A:)

has a unique positive solution.
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3 On 2 variable expanded Karcher equation. Let A and B be positive invertible
operators on a Hilbert space. The operator power mean we use in this note is the following;:

Afar B=A{(1-a)[+a(A2BA™2)"}7A> = Aty {AV, (A4, B)},
where 0 < o < 1 and r € R. We regard this as a path combining A and B for each
re€ R,and A #,1 B = AV, B = (1-a)A+ aB, weighted arithmetic operator
mean, A fo0 B = Ao B = A3(A~2BA~2)*Az | weighted geometric operator mean
and Af,_1 B=AA, B=2(A"'+ B 1)~ weighted harmonic operator mean.
Related to the representing function 1 f, «, we consider for a fixed > 0 and r € R, the
function ¥ () = (1 — a + az™)*, a € [0, 1], and

1" —1 -1
= =(1-a+azx") (1—04—|—043;T)71L.
r r

1
r

d R
@w(a) =(1-a+az")
So we gave in [4] the relative operator entropy along this path as follows:
-1
(@) Sa.r(A|B) = (A far B)(AVa (Al B)) T.(AB),

especially Sy (A|B) = T, (A|B).
T, (A|B) has a property that for t € [0, 1], ¢T,(A|B) = T,-(A|A 4 B) ([4],[5],[7])-

Theorem 2. For A, B, X € Pt and a € [0, 1], r € R, the operator equation
(1-a)T.(X|A)+aT-(X|B)=0
has a unique solution X = A 4., B.

We give the follwing Figure 4 as an image of this theorem.

(1 - Q)T (X]A)

(1— a)T.(X|A) + aT(X|B) = 0

Figure 4
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Proof of Theorem 2. The following equivalent relations lead us to the conclusion.

(1 — )T, (X|A) + aTH(X|B) = 0

= (l-a)(Xp A-X)+a(Xt B—X)=0

= (1-a)X b A+aXt B)=X

= (1-a) (X 2AX 2) +a(X *BX 2) =1

= (X IBX ) =1-(1-a)(X 2AX"2)

=  B=oatXP(I-(1-a)(X 3AX"¥)) x}

=  AEBAE=a rAIX3I(I-(1-a)(X32ATIX2) ") X3A:
Do F(I—(1—a)(A i xA3) ") At xa s

=  (AEBATE) =o' (I-(1-a)(A EXATE) ") (ATEXATE)

—  a(ATTBAI) = (ATIXA3) —(1-a)l

= (1-a)+aA2BA3) = (A 2 XA 3)

e  APXAF={(1-a)+a(A"7BA"Z)}~

= X=A3{1-a)l+a(A"2BA"2)"}7 A7 = At,, B.O

The equation “ holds because YY*Y) = f(YY*)Y for a continuous function f on

an interval containing spectra of Y*Y and YY*.

Since Typ(A|B) = lir%TT(A|B) = S(A|B) and A #,0 B = lirr(l)A far B= Aty B, we
have the following if r = 0 (cf.[6],[9]):

Corollary 3. For A,B,X € P* and a € [0, 1], the operator equation
(1-a)S(X|A) +aS(X|B)=0

has a unique solution X = A t, B.

4 Generalizations of Theorem 2 and Corollary 3. In this section, we point out
that Theorem 2 has more general form.

Theorem 4. Let A, B, X € PT and o, B3 € R such that o+ 3 # 0 and a3 # 0. If the
operator equation

/BTT'(X|A) + aTr(X|B) =0

holds, then aiwl + T%(A—%BA—%)T > 0 and this equation has the unique solution

:Ai{a—i—ﬁl_'—a—}—ﬁ
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Proof. The following equation @ is led by the same reason in the proof of Theorem 2.

rruroeeee

P reet

!

The next theorem is a modification of Corollary 3, which is given as the case r = 0 in

BT.(X|A) + aT,(X|B) =0
B(Xt A-X)+a(Xt B—X)=0
BX b A) +a(X 4 B) = (a+B)X
B(X 2AX"3) + (X 2BX2) = (a+ )
(X 2BX2) = (a+B)—B(X 2AX3)
(X" 2BX " 2) = MI, @(
« «

aJr»BIiﬂ
«

(67

X 2AX73) >0

B=Xx*( (X~3Ax—¥)y) x4

adpah = andxd (0 Bixhaixdyryixtact
(07 -
@ @By Biaixatyryraixach
o (67

(A BATH) = (2 Oy g(A*%XA*%)*’“)(A*%XA*%)T

Q(ATEBATH) = (a4 )(ATEXATEY — I,

BI+a(A3BATE) = (a+ H)(AX AT,

a (AiéBAfé)r — (AféXA*%)T >0

; ; p a
T

B * a+ 0

(A—%BA—%)T}M%

(A"2BA%)"}>

Theorem 4. But we here pose an independent proof of Theorem 4.

Theorem 5.

For a, B € R such that a4+ 3 # 0 and af # 0, the operator equation

BS(X|A) + aS(X|B) = 0

has the unique solution X = B h%ﬁ A=A hﬁg B.

We recall rS(A|B) = S(A|At, B) for r € R, (cf.[4],[5],[7]), and prepare the next lemma.

Lemma 6. (cf.[9]) Let A, B, X € P', then the following hold:

S(X|A)+S(X|B)=0 ifandonlyif X=A¢B

Proof of Theorem 5. Since
BS(X|A)+aS(X|B)=S(X|X tp A)+S5(X|X b B) =0, o,8€R,

we have X = (X tig A) § (X t, B) by the above lemma, which is equivalent to

I=(X"2AX"7)? § (X 2BX 2)".

SinceC4 D=1 <= C=D""'for C, DePt, wehave

(X~2BX %)% = (X 7AX )77,

159
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that is,

Hence B~2AB™2 = (B2 XB~2)7 , we have (B~ 2 AB™2)a+5

A=X3(X"3BX %) #X? =X o B=DBlaw X.
B

1, o148 B

B~3XB~%, and

1 1 B

=

X=B*(B 2AB™ )3 B*=BY s A=Af o B.
atp atp
So we have
BS(A haig B|A) + aS(B hﬁ AlB) = 0. O
REFERENCES
[1] J.I.Fujii, On geometric structure of positive definite matrices (Kyoto, 2013), Surikaiseki-

(8]
[9]

[10]

[11]

kenkyusho Kokyuroku 1893, 122-125.

J.I.Fujii and E.Kamei, Relative operator entropy in noncommutative information theory, Math.
Japon., 34(1989), 341-348.

H.Isa, M.ito, E.Kamei, H.Tohyama and M.Watanabe, Relative operator entropy, operator
divergence and Shannon inequality, Sci. Math. Jpn., 75(2012), 289-298.

H.Isa, M.ito, E.Kamei, H.Tohyama and M.Watanabe, Extensions of Tsallis relative operator
entropy and operator valued distance, Sci. Math. Jpn., 76(2013), 427-435.

H.Isa, M.ito, E.Kamei, H.Tohyama and M.Watanabe, Expanded relativee operator entropies
and operator valued a-divergnce, J. Math. Sys. Sci., 5(2015), 215-224.

H.Isa, M.ito, E.Kamei, H.Tohyama and M.Watanabe, Some operator divergences based on
Petz-Bregman divergence, preprint.

E.Kamei, Paths of operators parametrized by operator means, Math. Japon., 39(1994), 395—
400.

F.Kubo and T.Ando, Means of positive linear operators, Math. Ann., 248(1980), 205-224.

J.Lawson and Y.Lim, Karcher means and Karcher equations of positive definite operators,
Trans. Amer. Math. Soc., B1(2014), 1-22.

Y.Seo, Operator power means due to Lawson-Lim-Pélfia for 1 < ¢ < 2, Linear Algebra Appl.,
459(2014), 342-356.

K.Yanagi, K.Kuriyama, S.Furuichi, Generalized Shannon inequalities based on Tsallis relative
operator entropy, Linear Algebra Appl., 394(2005), 109-118.

Communicated by Jun Ichi Fujii

S 1-1-3, SAKURAGAOKA, KANMAKICHO, KITAKATURAGI-GUN, NARA, JAPAN, 639-0202.

ekameil947Q@yahoo.co.jp



Scientiae Mathematicae Japonicae 80, No.2(2017) (161-170) 161
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ABSTRACT. Let A and B be strictly positive operators on a Hilbert space. For relative
operator entropies S(A|B) = A2 log(A"2BA~2)Az, T,(A|B) = L(A s B—A) and
Sa(A|B) = A2(A"2BA 2)*log(A" 2 BA~2)A2, we showed

(+)  Si(A[B) > —Ti_o(B|A) > Sa(A|B) > Ta(A|B) > S(A|B) for a € (0,1).

Petz gave an operator divergence Do(A|B) = B — A — S(A|B) which we call Petz-
Bregman divergence. Petz also defined Bregman divergence Dy (X,Y") for an operator
valued smooth function ¥ : C — B(H) and X,Y € C, where C is a convex set in a
Banach space.

In this paper, firstly, we define new operator divergences as the differences between
two terms in (*) and represent them by using Do(A|B). Secondly, we let C = R and
show Dy (z,y) = Do(A b, B|A 4, B) for U(t) = Aty B = A2(A"2BA 2)'A? and
z,y € R. Then we have Dy (1,0) = Do(A|B) in particular. Based on this interpreta-
tion, we discuss Bregman divergences Dy (1, 0) for several functions ¥ which relate to
the operator divergences defined above.

1 Introduction. Throughout this paper, a bounded linear operator T' on a Hilbert space
H is positive (denoted by T > 0) if (T€,£) > 0 for all £ € H, and T is said to be strictly
positive (denoted by T' > 0) if T is invertible and positive.

Fujii and Kamei [2] defined the following relative operator entropy for strictly positive
operators A and B:

S(A|B) = A% log (A*%BA*%) A%
Furuta [7] defined generalized relative operator entropy as follows:
S.(A|B) = A* (A*%BA*%)Q log (A#BA}) 4}, aeR,

We know immediately Sy(A|B) = S(A|B). Yanagi, Kuriyama and Furuichi [15] introduced
Tsallis relative operator entropy as follows:

T.(A|B) = %, a e (0,1],

where A $, B = Az (A_%BA_%> Az for v € [0,1] is the weighted geometric operator

x

mean (cf. [12]). Since lim
z—0
2010 Mathematics Subject Classification. 47A63, 47A64 and 94A17.
Key words and phrases. operator divergence, operator valued a-divergence, relative operator entropy,
Tsallis relative operator entropy, Petz-Bregman divergence.

= log a holds for a > 0, we have Ty (A|B) = linBTa(A|B) =
a—
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S(A|B). Tsallis relative operator entropy can be extended as the notion for v € R. In [§],
we had given the following relations among these relative operator entropies:

(*) Sl(A|B) 2 _Tlfa(B|A) 2 Sa(A‘B) 2 Ta(A|B) Z S(A|B)7 a € (Oa 1)
A path A t, B passing through A and B is given as follows ([3, 4, 11] etc.):
Ab, B= A (A‘%BA‘%)m A%, zeR.

We remark that A t, B = B f;_, Aholds for z € R. If « € [0, 1], the path A §, B coincides

with A g, B. We can regard S, (A|B) as the slope of the tangent line of the path A f, B

at © = a and T, (A|B) as the slope of the line passing through A and A f, B on the path.
Fujii [1] defined an operator valued a-divergence D, (A|B) for « € (0,1) as follows:

_ AV,B-A4, B

Da(4]B) = al—a)

where A V, B = (1 — a)A + aB is the weighted arithmetic operator mean. The operator
valued a-divergence has the following relations at end points for interval (0, 1).

Theorem A ([5, 6]). For strictly positive operators A and B, the following hold:

Do(A|B) = lim Da(A[B) = B—A—S(A[B),
a—
Di(A|B) = lim D.(A|B) = A— B— S(B|A).

a—1-0
Petz [14] introduced the right hand side in the first equation in Theorem A as an operator
divergence, so we call Do(A|B) Petz-Bregman divergence. We remark that Dq(A|B) =
Dy(B|A) holds. Figure 1 shows our interpretation of Do (A|B).
In [9], we represented D, (A|B) as follows:

Do(A|B) = —T1_o(B|A) — Ta(A|B), a € (0,1),

which is a difference between two of five terms in (x). Moreover, Do(A|B) can be also
represented as Do(A|B) = T1(A|B) — S(A|B). From these facts, we regard the differences
between the relative operator entropies in () as operator divergences. In section 2, we
represent these operator divergences by using Petz-Bregman divergence.

On the other hand, for an operator valued smooth function ¥ : C — B(H) and X,Y €
C, where C is a convex set in a Banach space, Petz [14] defined a divergence Dy (X,Y) as
follows:

Dy(X,Y) = ¥(X) - ¥(Y)— lim Y +aX V) - W)

a—+0 o

We call Dy (X,Y) ¥-Bregman divergence of Y and X in this paper. Petz gave some examples
for invertible density matrices X and V. If U(X) = n(X) = Xlog X and X commutes
with YV, then Dg(X,Y) =Y — X 4+ X(logX — logY), and if ¥(X) = ¢r n(X), then
Dy(X,Y) =tr X(log X —logY), which is the usual quantum relative entropy.

In section 3, we let C = R and show Dy (z,y) = Do(A b, B|Ab, B) for U(t)=Af B
and z,y € R. Then we have Dy(1,0) = Do(A|B) in particular. Based on this interpretation,
we discuss W-Bregman divergences Dy (1,0) for several functions ¥ which relate to the
operator divergences given in section 2.
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A path

Figure 1: An interpretation of Do(A|B).

2 Divergences given by the differences among relative operator entropies. As
we mentioned in section 1, we regard the differences between the relative operator entropies
in (%) as operator divergences. There are 10 such divergences. For convenience, we use
symbols A; for them as follows:

A =TL(AB)~ S(AIB), A= S.(AIB)— Tu(A]B),
Az =T 4 B|A> a(A|B) Ay = SI(A‘B) +T17Q(B‘A)a
As = a(A|B) (A‘B)a Ag = *Tl—oz(B‘A) - Ta(A|B) - Da(A|B)7

A7 = 51(A|B) — Sa(A|B
Ag = 51(A|B) — To(A|B

), Ag = —-Ti_(B|A) — S(A|B),

), Ayg = S1(A[B) — S(A|B).

In this section, we consider a relation between each of Ay, .-+, Ajg and the Petz-Bregman
divergence Dy(A|B). It is sufficient to consider Aj, Ag, Ag and Ay since the following
relations hold:

Ay = A1 + Ao, Ag = Aoy + As, A7 = Az + Ay,
Ag=A1+Ax+ A3, Ag=As+As+ Ay, Aig=A1+As+ A3+ Ay

The order of the differences among Ay, .-+, Ajg are given as in Table 1.
The next lemma is essential tools in our discussion.

Lemma 2.1 ([8, 9]). For strictly positive operators A and B, the following hold for s,t € R:

(1) Si(AlA fy B) = sS4 (A|B),
(2) St(A|B) = —517t(B|A)~

163
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e Table 1 ~

S1(A|B) — S(A|B) > $1(A|B) — Ta(A|B) > S1(A|B) — Sa(A|B) > S1(A|B) + Ti—u(B|A) > 0
VI VI VI

—Ty_o(B|A)—S(A|B) > —~T1_o(B|A)~Ta(A|B) > —Ti_o(B|A)—Sa(A|B) > 0
VI VI

Sa(A|B) — S(A[B) > Sa(A|B) — Ta(A|B)

VI VI
T.(A|B)—S(A|B) 0
VI
0
_ Y

The following are results on A1, As, Az and Ay.
Theorem 2.2. For strictly positive operators A and B, the following hold:

(1) Ay = Ta(AIB) - S(AIB) = ~Dy(AlA ta B) fora € (0,1),

() Ay = Su(AIB) - Tu(A|B) = ~Do(A ta BIA) fora € (0,1]

3) Ay = —Ti o(B|A)— Su(AB) = ﬁDO(A 4. B|B) fora € [0,1),
(@) A = SAB) 4T a(BA) = 1 Do(BlA ta B) forac[0,1)

Proof. (1) By (1) in Lemma 2.1, we have

Aty B—A

Afa B—A
o

= é(A fo B—A—S(A|At. B)) = éDO(A\A fa B).

T.(AIB) - S(A|B) — (AIB) = ~(At. B~ A-0S(AIB))

(2) By Lemma 2.1, we have
A—- A4, B
«

(A— A, B+ 5:1(A|A §. B))

Su(A|B) — Tu(A[B) +Su(AIB) = (A~ Afu B +aSa(AlB))

= L(A-Ata B-S(Ata BIA) = ~Di(At, BlA).

(3) By Lemma 2.1 and (2) in this theorem, we have

—T1-a(BJA) = Sa(A|B)

1
~Ti o(B|A) + S1-a(BJA) = EDO(B f1-o AlB)

1
EDO(A fa B|B).
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(4) By (2) in Lemma 2.1 and (1) in this theorem, we have

Ti_o(B|A) + S1(A|B) = Ti_o(B|A) - S(B|A)
1 1
= EDO(B‘B f1i—a 4) = EDO(BM fa B).
O
B ,,,,,
path
A b (A o B)
Do(A|B,
At B
/
‘ S(A|B)
sl == SR AN A
= |
o & 1

Figure 2: An interpretation of Do(A|A f, B) = A4, B— A — S(A|A 4, B).

Figure 2 shows an interpretation of Dy(A|A £, B) appeared in (1) in Theorem 2.2, and
in Figure 3 we illustrate an interpretation of (1) and (2) in Theorem 2.2.
Theorem 2.2 leads the next theorem.

Theorem 2.3. For strictly positive operators A and B, the following hold:

Da(AIB) =~ Do(A to BIB) + ~Do(A o BIA) fora € (0,1).

Proof. By (2) and (3) in Theorem 2.2, we have
Da(A|B) = _Tlfa(B|A) - Ta(A|B)
(~Ti-a(BIA) - Sa(AIB)) + (Sa(A|B) - Ta(A]B)

1 1
1= Do(A ta BIB) + = Do(A fa BJA).
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path
A Aty B

B ,,,,,,,,,,,,,,,,,,,,,,,,,,,
ailDo(A
Sa(A|B)
&1Do(AlA Ba B)
Ao B--------- : Ta(@/
o a 1

>
® -
T

Figure 3: An interpretation of S, (A|B) — T (A|B) = a1 Dy(A b, B|A)
and T,(A|B) — S(A|B) = o 1Dy(A|A t, B).

By Theorem 2.3, we have
a(l —a)Dy(A|B) = aDy(A 4, B|B)+ (1 —a)Dg(A t, B|A)
= a(B-Atfa B=S(Afa BIB)) + (1 -a)(A - Ats B—S(Af. BlA))
= AV,B-Atf, B—((1-a)S(A . BJA)+aS(A 4, B|B)),
and then
(1-a)S(4 ta BlA) +aS(A ta B|B) =0,
since D, (A|B) =

(1 — «)S(X]A) + aS(X|B) = 0 which is called Karcher equation. For 2-variable cases,
we can rewrite the result of Lawson-Lim [13] as follows:

This means that A f, B is a solution of

Theorem 2.4 ([13]). For strictly positive operators A, B and X, and for a € [0,1],
(1-—a)S(X|A)+aS(X|B)=0 if and only if X = A §, B.

3 U-Bregman divergences on the differences of relative operator entropies. In
this section, we consider W-Bregman divergence in the case C = R as follows: For an
operator valued smooth function ¥ : R — B(H) and z,y € R,

Dy(,y) = ¥(z) = ¥(y) - lim_ Yy +alx - y) = Y(y)
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From the following proposition, it is natural that we consider Dg(1,0) as a divergence
of operators A and B.

Proposition 3.1. Let V(t) = A by B for strictly positive operators A and B. Then for
z,y €R,

Dy(z,y) = Do(A ty B|A b, B).
In particular, Dy (1,0) = Do(A|B).

Proof.

Dy(xz,y) = A, B— A uy B_O}EEOA hy+a(mfy)aB—A hy B
AuwB—AuyB_agni(J(Ahy B) ba (Aaum B)-Ay B

by [10, Lemma 2.2]

O

In the rest of this section, we obtain Dy (1,0) for functions ¥ which relate to the operator
divergences A1, Ay, As and Ag in section 2.

Theorem 3.2. For strictly positive operators A and B, the following hold:
(1) If w(t) T:;(A|B) — S(A|B), then

Dy(1,0) = DO(A\B)—%S(A|B)A‘1S(A|B).
@) Tf U(t) = Si(A|B) — S(AB), then
Du(1,0) = Do(A|B) + Do(BIA) — S(A|B)A"'S(A|B).
(3) If W(1)

Si(A|B) — Ti(A[B), then
Dy (1,0) = DO(B|A)—%S(A|B)A*IS(A|B)‘

Proof. (1) For a > 0, we have

. a*—=1-aloga 1 9
Jm ———z —3lesa)
Replacing a by A_%BA_%7 we have
. T.(A|B) — S(A|B) _ A3((A73BA 3)* — I —alog(A~2BA™3))A?
lim = lim 5
a—+0 [e% a—+0 (6%
1 1 1 1 1 1
= ;A (log(A"2BA™2))%43 = 5S(AIB)AT'S(A|B),
then
Dy(1,0) = Ti(A|B)— S(A|B) — (Ty(A[B) — S(A|B))
i Ta(AIB) = S(A]B) — (To(A]B) — S(A|B))
a——+0 o
To(A|B) — S(A[B)

= Ti(A|B) - S(A|B) — lim

a—+0 «

= Dy(A|B) — %S(A|B)A*15(A\B).

167
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(2) For a > 0, we have

. a%loga—loga 9
im == = (loga)”
Replacing a by A_%BA_%7 we have

. SalAIB) ~ S(A1B)

a—+0 «

ol
Nl

o A ((A=2BA~7)log(A"2BA~2) —log(A"3BA"%))A
- ozi>H—&1-O o
— Az(log(A"2BA™%))A% = S(A|B)A™'S(A|B),

then by (2) in Lemma 2.1,

Dy(1,0) = S$i(A|B) — S(A|B) — (So(AIB) — S(A|B))
o Sa(A]B) — S(A|B) — (So(A|B) — S(A|B))
a——+0 o
Sa(A|B) — S(A[B)

S1(A|B) — S(A|B)

— lim

a—+0 [e%
= (B—A-S(A|B)) + (A— B - S(B|A)) — S(A|B)A™'S(A|B)
= Dy(A|B) + Do(B|A) — S(A|B)A"'S(A|B).

(3) This relation is obtained from (1) and (2) immediately.
O

Theorem 3.3. Let ¥(t) = Di(A|B) fort € [0,1] and strictly positive operators A and B.
Then

Dy(1,0) = Do(BIA) ~2Du(A|B) + 3S(AIB)AS(AB).

Proof. For a > 0, we have

l—a4+aa—a*—a(l —a)la—1-1loga)

.
a0 a?(l—a)
. —1l+a—a%*loga— (1 —2a)(a—1—1loga)
= lim
a—+0 2a — 3a?
—  lim —a“(loga)?® +2(a — 1 —loga)
a—+0 2 — 6ba

1
= —§(loga)2 +a—1-loga.

Replacing a by A_%BA_%, we have

AV, B—A t,
 Du(AIB)—Dy(A|B) . fimaye = (B A= S(4|B))
lim = lim
a—+0 «Q a—+0 o
_ AVaB—AﬁaB—a(l—a)(B—A—S(A|B))
B ai>rr-il-0 a2(1 — Oé)

- —%S(A\B)A”S(A|B)+D0(A|B)7
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then
Da(A|B) — Do(A|B
De(1,0) = Dy(A[B)— Do(AB) — lim DaAIB) = Do(AlB)
a—+0 o

= Do(BIA) —2Do(A|B) + 5 S(AIB)AS(AIB).
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ON DUCCI MATRIX SEQUENCES

TAKANORI HIDA

Received December 1, 2015

ABSTRACT. For each irrational number a € (0,1) \ Q, there is a unique Ducci matrix
sequence M (1), Mj, (2), ... associated with it. We first consider the function j that
maps each a € (0,1) \ Q to the sequence j(«) := (ja(1),ja(2),...) of indexes of its
Ducci matrix sequence expansion. While continuity of j and j 7' is easily checked, we
show that 77! is moreover uniformly continuous. We then study the distribution of
Ducci matrices in the Ducci matrix sequence expansion of a given irrational number
a € (0,1) \ Q by considering the following three conditions on the sequence j(«):

[{i<nlja(®) +1=Ja(i+1) (mod 6)}|

lim N
n—oo "
o ) =
lim [{i<nja(i) J}|zlforeveryJE{l,Q,...,G};
n—oo n 6
lim ] Zi=rda@)? _ §/1z)+2p+...+6p
n— oo n - 6 3

We prove that the top implies the middle and the middle implies the bottom. We
also give examples witnessing that the converse to these two implications are not true
in general. In addition, various equivalent statements to the first condition will be
presented. Furthermore, we shall give measure theoretic treatment of the subject: We
prove that for almost every a, each Ducci matrix appears in the Ducci matrix sequence
expansion of « infinitely often. We then ask if the second (and also the third) condition
above holds almost everywhere. Related questions as well as several partial results will
be presented.

1 Introduction. A Ducci sequence is a sequence of vectors generated by iterating the
following Ducci map D to a starting vector:

D
(v1,V2, ..., o) — (Jog — val, v — w3, ..., vy — v1])

Ciamberlini and Marengoni attributed a question about the limiting behavior of such
sequences to E. Ducci in their paper [4]. Since then, a substantial amount of literature on
various generalizations as well as the dynamics of the Ducci map has appeared ([2] provides
a large list of references.)

Due to the simplicity of the definition, one can consider the Ducci map on various domains.
While more works can be found on the Ducci map on Z", there are several important results
in the real setting, i.e. R™. For n = 4, though every vector in Z* is known to converge to the
zero vector in finite time [1, 4], Lotan [8] constructed vectors in R* whose Ducci sequence
never reach the zero vector. However, not many vectors exhibit such asymptotic behavior —
A vector does not reach the zero vector if and only if it reaches a trivial transformation of the
vector (1,q,q?%,¢°) after finite time, where 1 < ¢ < 2 is the unique positive solution of the
equation 23 — 2% — 2z — 1 = 0 [8]. For n = 3, Brockman and Zerr [2] proved that if a starting
vector v is heterogeneous, i.e. AN(v + (x,z,2)) ¢ Q3 holds for all \,z € R with X # 0, then

2010 Mathematics Subject Classification. 39A05, 2899, 26E99.
Key words and phrases. Ducci map; Continued fraction; Ducci matrix sequence; Distribution; Measure;
Almost everywhere.
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its Ducci sequence will never become periodic and approaches the zero vector asymptotically.
For a non-heterogeneous starting vector, it was also proved in [2] that its Ducci sequence is
eventually periodic. (An alternative proof can be found in [5].) For a general n, it is known
[3] that any starting vector in R™ converges asymptotically to a periodic sequence, but not
necessarily to the sequence of zero vectors. Indeed, a vector which converges asymptotically
to a non-trivial periodic sequence is constructed in [3] for n = 7.

Hogenson et al. [6] made a new approach to the subject by introducing the concept Ducci
matriz sequences. For each vector in R, one can find an n x n matrix whose application
to the vector is equivalent to the application of the Ducci map. This matrix depends, of
course, on the chosen vector. Thus, one may associate with a vector v not a single matrix
but a sequence Mj,, M,,,... of matrices such that the matrix M;, implements the n-th
application of the Ducci map to v. By considering those starting vectors in R? that lead to
unique Ducci matrix sequences, Hogenson et al. [6] established a connection between the
Ducci map, the process of forming mediants of rational numbers and the Stern-Brocot tree.

In this paper, we focus on the Ducci map on R3. After presenting necessary concepts
and their properties in Section 2, we consider in Section 3 the function j that maps each
a € (0,1)\ Q to the sequence j(a) := (ja(1),7a(2),...) of indexes of its Ducci matrix
sequence expansion. While continuity of j and j~! is easily checked, we show that j~! is
moreover uniformly continuous. We then study the distribution of Ducci matrices in the
Ducci matrix sequence expansion of a given irrational number « € (0,1) \ Q by considering
the following three conditions on the sequence j(«):

[{i <n|ja(i) +1=ja(i+1) (mod 6)} | _

lim 1;
n—00 n
< () = 1
lim [{i=n]5al) ]H:fforeveryj€{1,2,...,6};
n—o00 n 6
lim ¢ e ua \/1P+2p+ 67
n—oo

In Section 4, we prove that the top implies the middle and the middle implies the bottom.
We also give examples witnessing that the converse to these two implications are not true in
general. In addition, various equivalent statements to the first condition will be presented.
In the final section, we shall provide measure theoretic treatment of the subject: We prove
that for almost every «, each Ducci matrix appears in the Ducci matrix sequence expansion
of o infinitely often. We then ask if the second (and the third) condition above holds almost
everywhere. We have not succeeded in solving these questions; We will however see the
following partial result:

i< | (i) = 1
limsup|{z_n“ () = j}| — for every 5 € {1,2,...,6} holds a.e.

n— 00 n

[=p}

Related questions as well as some other partial results will be presented.

2 Preliminaries. In this preparatory section, we recapitulate materials presented in [5].
For more details, we refer the reader to [5].

2.1 Ducci map and continued fractions. Let us start by fixing certain terminology
on continued fractions (as taken from Khinchin’s book [7]). We write [ag; a1, az, ...] and
[ag; a1, ..., for the following infinite and finite continued fraction, respectively:
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+ ! d + !
ag+ —m—— an ag+ —m—.
0 1 0 1
a + ———— ap + ————
as + .. .. 1
. . + R
aj
We assume that ag is an integer and aq,as,... are positive integers. We call ag,aq,...
the elements of a continued fraction. For an infinite continued fraction o = [ag; a1, as,...],
we call s, = [ag;ar,...,ax] and ry := [ag;ak+1,...] a segment and a remainder of «,

respectively. Obviously, remainders satisfy the relation r; = 7'1;-&1 + ay. For finite continued
fractions, segments and remainders are defined analogously.

Another important concept in the theory of continued fractions is that of convergent. For
a given a = [ag; a1, az, .. .|, we write py/q; for the k-th order convergent, i.e. p; and ¢ are
non-negative relatively prime integers such that px/qr = sg. It is customary to set p_; ;=1
and g1 := 0. A folklore theorem gives us the rule for the formation of the convergents: For
any k > 1, it holds that pr = agpr_1 + pr—2 and qr = arqr_1 + qi_2.

It is well-known that continued fraction can be used as an apparatus for representing
real numbers (A proof of the next theorem can be found in, e.g. [7, Theorem 14]):

Theorem 1. Assume that the last element of any finite continued fraction is greater than 1.
Then, to every real number c, there corresponds a unique continued fraction with value equal
to a. This fraction is finite if o is rational, and is infinite if o is irrational. O

Using continued fraction expansion, one can completely describe the orbit of (0, c, 1)
under the Ducci map D for irrational a > 0 as follows. Observe that a > 0 implies that the
first element ag of a’s continued fraction expansion is non-negative.

Theorem 2 ([5]). Let o = [ag;ai,az,...] > 0. For a given positive integer n > 1, let
k = k(n) be the least integer satisfying the relation n < XF_a;. Then

1
D"(0,a,1) = m Tnk * 7’11;+11 +E§:0 a; —n )
Tra1 +2ipai —n+1

where T, 1, € 63 is a permutation that depends only on n if k = 0, and n and a segment
sp—1 if k> 0. O

(We put 7-v = (vr1),Vr(2),Vr3)) for a permutation 7 € &3 and a vector v =
(v1,v2,v3) € R3.) Tt is not hard to check the validity of this theorem also for finite
continued fractions. More precisely, for a finite continued fraction o = [ag;ay,. .., a;], the
formula is correct for n = 1,2,..., Zé;é a;. For n with Zﬁ;(l) a; <n< Zﬁzo a;, we obtain a

correct formula by deleting all the occurrences of the term Tl_+11 in the entries of the vector.

Specifically, we have D"(0,, 1) = (a/rg - 71) Tny - (1,8 _ga; —n, 2Ly a; — n+ 1) in this
case.

For convenience, let us introduce one more concept here:
Definition 1. We say that a real vector v € R? is of

e type 1 if it is of the form vi{c;x;n) = c(l,x +n,x+n+1) for somec>0,0<z <1
and a natural number n > 1;

e type 2 if it is of the form vo(c;z;n) == c(x +n,1,x+n+1) for somec>0,0<z <1
and a natural number n > 1;
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e type 3 if it is of the form vs{c;z;n) = c(x +n,x+n+1,1) for somec>0,0 <z <1
and a natural number n > 1;

e type 4 if it is of the form vy(c;z;n) == c(l,z+n+1,2+n) for somec>0,0 <z <1
and a natural number n > 1;

e type 5 if it is of the form vs(c;x;n) :
and a natural number n > 1;

clr+n+1,1,z4+n) for somec>0,0<z<1

e type 6 if it is of the form vg(c;x;n) :=c(x +n+ 1,2 +n,1) for somec>0,0<z <1
and a natural number n > 1.

In any of these cases, we call n the integer part of the vector v;{c; x;n).
Let an irrational number a be given. Observe that its reminders r; satisfy 0 < r; <,
and that we have

T

-1
o ,1 a Tht2 T Qkt1
T r Tk Tk“ - T rET Tk * L
o o .
0 k k+1 +1 0 kTk+1 Thyo T ary1 +1

with ag41 > 1. It is then not hard to see from Theorem 2 that for every n > 1, the vector
D™(0,a, 1) is of some type.
An easy computation shows the following

Proposition 1 ([5]). Let a = [ag; a1, az,...] > 0 be irrational. Then for any positive real
number ¢ > 0 and a natural number n > 1, it holds that D(v;{c;r; *sn)) = viy1(c;ry sn—1)
for every k >0 andi=1,2,...,6, where any subscript greater than 6 is to be understood by
modulo 6.

If the integer part of v; is 1, then we have the following:

D(v1{c; rk ;1) =vy c/rk,rkﬂ,ak holds for every ¢ > 0;

D(vy{c; rk 1) =wy c/rk;r,;il, ag) holds for every ¢ > 0;

Il
]

I
]

D(vy(c;ry, 1) 6 c/rk;rk_il, ag) holds for every ¢ > 0;

U5 c/rk;r,;il, ag) holds for every ¢ > 0;

( ( )
( ( )
o D(vs(c;ry'51)) = vs(c/ri;ry s ax) holds for every ¢ > 0;
( ( )
( ( )
( )

)
D(vs{c; rk ;1))
) =

e D(vg(c;ry ;1) <c/r;€,rk+1,ak holds for every ¢ > 0. O

Therefore, an application of the Ducci map D to a vector of the form v, (c;r; *;n) with
n > 1 yields the increment of the type by 1 (modulo 6) if and only if the integer part n is
greater than 1. This property will play a key role later on.

The above proposition will bring the reader clearer understanding of the computation of
the permutation 7, 1)

2.2 Ducci matrix sequence.
Definition 2. The regions R1,...,R¢ C R? are defined as follows:
o Ry :={(x1,72,73) ER3 | 1y < x5 < 23}

o Ry :={(x1,29,23) € R | 2o <y <3}
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3 )
T, T2, x3) € R | 23 <2y < a9}

(
(z1,m2,23) ER® | 21 <23 <32}
(

Rs :
Ry :
Rs :
Re :

)
)
T1,T2,23) €R3 |29 <3 <21}
. )

{
{
{
= {(z1,22,23) € R® | 23 < 25 < 21}

We say that a matrix M implements the action of the Ducci map D on v € R3 if
Dv = vM holds. Matrices My, ..., Mg are defined so that M; implements the application
of the Ducci map to any vector in the region R; uniformly, i.e. Dv = vM; holds for every
v € R;. For instance,

Observe that two distinct regions can overlap each other. For example, Ry N Ry =
{(z1,22,23) | w1 = w3 < w3} # 0. Consequently, either M; or M, serves as an implementa-
tion of an application of the Ducci map to any vector v € R1 N'Ro. It is also easy to observe
that if all entries of a vector v are pairwise distinct, then v belongs to a unique region, and
hence has only one implementation.

It would be interesting to consider a sequence of implementations of applications of the
Ducci map to a given starting vector. To make this precise, let us introduce one more piece
of terminology.

Definition 3 ([6]). For a given vector v € R®, a Ducci matrix sequence associated with
v is a sequence M; ,M,,,... of matrices with ji,jo,... € {1,2,...,6} such that D"v =
vM;, --- Mj, holds for all n > 1.

For a real number a € R, we define a Ducci matrix sequence associated with a to be a
Ducci matriz sequence associated with the vector (0,c,1).

One may naturally ask which « have a unique Ducci matrix sequence. This question has
been answered in [6] as follows (A different proof can be found in [5].):

Theorem 3 ([6]). « is irrational if and only if there is only one Ducci matriz sequence
associated with o. O

Thus, for a given «, we call the unique Ducci matrix sequence associated with it the
Ducci matriz sequence expansion of a.

3 Uniform continuity. At the end of the last section, we mentioned the result that
« is irrational if and only if there is only one Ducci matrix sequence associated with a.
This gives us a function j that sends an irrational number o € (0,1) to the sequence
Jjla) = (Ja(1),4a(2),...) € {1,2,...,6}% of indexes of the Ducci matrix sequence expansion
M;. 1y, Mj, (2),... of a. In this section, we shall study (uniform) continuity of j and its
inverse j .

Before proceeding any further, it will be useful to summarize the relationship among
relevant concepts defined so far:

Proposition 2. For irrational o > 0 and n > 1, we have the following relations:

D™(0,a,1) is of type t < D"(0,,1) € Rt < jo(n+1) =t. O
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Remark 1. Actually, the second equivalence in the above proposition holds for n =0. We
have formulated the above proposition in this way because the type of vector D°(0,a, 1) is
undefined.

The uniqueness of the continued fraction expansion (Theorem 1) and Theorem 2 entail
the injectivity of j. Thus, considered as a function from (0,1) \ Q to j((0,1)\ Q), j is
bijective.

In order to see that j is continuous, the following result plays a key role:

Theorem 4 ([5]). Let two distinct positive irrational numbers «,a’ > 0 be given, and

consider their infinite continued fraction expansions: [ag; a1, as,...| and [al;ay,ab,...]. If
we have a; < aj for | = min{l | a; # a] }, then the length of the mazimal common initial
segment of Ducci matriz sequence expansions of a and o' is ¥L_ a;. ]

For a given irrational « € (0, 1), take an irrational o’ sufficiently close to « so that the
first n elements of their continued fraction expansions coincide. Then, by virtue of this
theorem, the sequences j(«) and j(a') are identical up to the first min{X? ;a;, X" a;} > n
segments. Given the definition of the standard metric on {1,2,...,6}%, i.e. the distance of
two sequences is set to be 27™, where m is the first place at which the sequences differ, it is
easily observed that continuity of j follows from this argument.

Uniform continuity however does not hold for j, as witnessed by the example below:

Example 1. Take a positive irrational number ¢ < 1/6 and consider two irrational numbers
1/2 — ¢ and 1/2 + . The first element of the continued fraction expansion of the former
is 2, while the latter is 1. This means that, no matter how small € is, and consequently no
matter how close the numbers 1/2 —e and 1/2 + ¢ are, the second coordinates of j(1/2 — )
and j(1/2 4+ €) are different.

When it comes to the inverse 7! : j((0,1)\ Q) — (0,1) \ Q, not only continuity but also
uniform continuity holds. Let us prove this assertion.

Theorem 5. 571 :j((0,1)\ Q) — (0,1)\ Q is uniformly continuous.

Proof. Let € > 0 be given. Since j((0,1) \ Q) is considered as a subspace of {1,2,...,6}%,
in view of the definition of the standard metric on {1,2,...,6}“, it suffices to show that
there exists an n such that o — o/| < € holds for any «, o’ € (0,1) \ Q whenever j(a) =
(Ja(1),Ja(2),...) and j(&') = (jur (1), jar(2),...) agree up to first n clements.

We claim that any natural number n greater than 1/e has the desired property. To see
this, take a, o € (0,1) \ Q so that the initial segments of j(«) and j(a') are identical up
to n. Let k = k(n) and ¥’ = k’(n) be as in the statement of Theorem 2, i.e. k > 1 (resp.
k' > 1) is the least integer satisfying that n < ¥¥_ja; (resp. n < XF_;a!). It is not difficult
to see from Theorem 4 that k and k" are equal and that we have ag = a,...,a5—1 = a,_;.

Now let p;/q; and pj/q, denote the k-th order convergent of o and o', respectively:
pi/q = s; and p)/q; = s). It is known [7, pp. 8] that « and o’ can be expressed in terms of
their convergents and remainders as follows:

/ / /
a:w and a’:w for every [ > 1.
Q171+ Q2 Q1" T a2

Note that ag = ag,...,ax—1 = a},_, imply p; = p] and ¢, = ¢; for | < k. Therefore, by
writing f(z) = (pr—12 + pr—2)/(qr—12 + qr—2), we have a = f(ry) and o/ = f(r},).
Since qr—1 > 1 and gx_2 > 0, the function f(z) is monotone on (0,00). As we have

re > el =ap >n— Zf:()l a; > 0 and similarly 7}, > n — Zf:ol a; > 0, this monotonicity of
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f(x) proves that a = f(ry) and o = f(r},) lie between f(n — Y1) and limg o f(2) =
k i=0
Pk—1/qx—1. Hence it holds that

o —a'| < ‘f(n — Zf;ol a;)

lim f(z)

r—0o0 ‘

pr—1(n =S50 a;) +pr—a  pr-1

Gh-1(n— S50 @) + quoa Gh-1

|Dk—2Qk—1 — Dk—1GK—2]

Gr—1{aqr—1(n — X5} a;) + qr—2}
1

Gr—1{gr—1(n — 2} ai) + qr_a}

(The well-known identity pr_2qr—1 — Pr—1qr—2 = (—1)*~! was used in the last step.)

Since n is greater than 1/e, if k = 1, then ¢o = 1 and ¢_; = 0 proves that |a — o/| <
1/n < e. In order to deal with the case that k£ > 2, we need the following lemma, which is
easily proved via induction.

Lemma 1. g1 > Ef;ol a;. ]

Using this lemma, we resume the evaluation of the difference | — o|:

1
la —a| < k—1
Qe—1{qr—1(n — X255 a;) + qr—2}
- 1
TS a{SE ai(n — B0 a) + qr—2}
1
< = -
Sise ai(n — XS5 a;) + 1
< —<e.
n
This makes the proof of the theorem complete. O

Remark 2. If the domain of a continuous function is compact, then uniform continuity
follows automatically from continuity. This time, however, we had to prove the above theorem
directly because the domain j((0,1)\ Q) C {1,2,...,6}* of the continuous function j=! is not
compact. Indeed, there is a Cauchy sequence {j([0;n,1,1,1,...]) tn>1 in j((0,1)\ Q) with its
limit (1)7(1,2,...,6)% € {1,2,...,6}* outside j((0,1)\ Q). (Here and in what follows, we
use the symbol ~ for the concatenation of two sequences: (X1, Ta, ..., Tn) (Y1,Y2,...) =
(X1, T2,y o Ty Y1, Y2y -+ ))

4 Distribution of Ducci matrices. For a given irrational number « € (0,1) \ Q, we
are interested in the distribution of indexes in the sequence j(«) = (jo(1),7a(2),...). In
this section, we consider several statements regarding the distribution of Ducci matrices
in a given sequence j(«) and examine their relationships. Note that, since we shall deal
with irrational numbers only from (0,1) \ Q, we always have ap = 0 from now on. Also, the
index 7 of the sequence {j,(7)}; starts from 1. For notational convenience, we thus make
the following convention: Throughout this and the next section, any index and subscript
start from 1 unless otherwise stated.
To begin with, let us prove the following
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Lemma 2. For any o € (0,1)\ Q and l > 1, we have

[ 0] Gali) +1= jali+ 1) + 1= 1=+ = ja(i +1) (mod 6)}

(r—-1
2n—l-|{mEZ>0|E;n:1a5§n}|—%.

Equality holds if I = 1.
Proof. 1t is not hard to check that for any i > 2, we have

(i) + 12 jo(i +1) (mod 6) <2 i is of the form ™,

& The integer part of D*"1(0,a, 1) is 1.

a, for some m > 1

(Actually, Equivalence (1) holds for i = 1; We wrote ¢ > 2 above because the integer part of
D™(0,a,1) for n = 0 is undefined. See Remark 1.)
The assertion for [ = 1 follows at once from Equivalence (1), which holds for any ¢ > 1.
In order to deal with a general [ > 1, let us put

I'={i<n|ja(@)+1=jali+1)+1-1=-
=jali+p—1)+1l—p+1#jo(i +p)+1—p (mod 6)} and

I} = {i < n | The integer part of D*(0,«,1) is p}
for 1 <p<lI. .

If p =1, then (1) implies that | I" | = [{m € Zxo | ¥{L; as < n}|.

If p > 1, then (1), (2) and Proposition 1 tell us that I} = I ;. Now we evaluate the
size [ I}y [ of I;_y. If p> 2, then i € I}’ ; implies i +1 € I, for any i < n. Note however
that the converse is in general not true. (For example, it can happen that an ¢ € I} satisfies
i+1€l} ,.) Therefore, we have | I} || <[} 5|+ 1. Applying this inequality repeatedly,
we obtain | [ ;| < |I{'|+p—2 for any p > 1. Using (2), we thus see that

Iy =11
<|{i<n]|i+1isof the form X" as for some m > 1}|+p—2
< |{i <n|iis of the form X" as for some m >1}|+p—1
=[{meZso | XL as <n}[+p—1,
for any p > 1.
Putting these arguments together, we get
[{i<n|ja() +l=Ja(i+1)+1l—-1=--=j,(i +1) (mod 6)} |
:”*22:1|f5|
2n—|{m€Z>0|E;":1a5§n}|—2222 ({m € Zso | E{yas <n}[+p—1)
(1-1)
2 )
as desired. O

=n—1-|{m€Zso | XL as <n}|—

We are interested in the relation j, (i) +1 = jo(i+1) (mod 6), especially in the frequency
that this happens in a given sequence j(«). In some situations, this relation between j, (%)
and j, (i + 1) can be equivalently expressed using only elements a; of . Specifically, we have
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Theorem 6. For any o € (0,1)\ Q, the following are equivalent:

1 o M S0 100+ 1= Gl + 1) (mod 6)}] _

n—00 n

1.

b

2‘ lim ‘{m€Z>O|Z;n:1a5§n}|:

n—00 n

¥ a; .
3. 2= diverges.
n

0;

Proof. 1< 2: This follows easily from Lemma 2 (for the case | = 1).
2 = 3: Let us temporarily put A(n) = |[{m € Z>o | £7_, as < n}|. It is then clear that

n=A(X" , a;). Since X' a; — 00 as n — 00, 2 implies A(X?  a;)/X_, a; converges to 0.

Hence X7, a;/n =X, a;/A(X!_, a;) diverges.

3 = 2: From the definition of A(n), it follows that Ef:(?) as < n. Hence we have 0 <
A(n)/n < A(n)/S2 a,. Since A(n) diverges as n — oo, 3 implies A(n)/S2™ a, converges
to 0. Therefore A(n)/n also converges to 0. O

Corollary 1. No o € (0,1)\ Q with bounded elements satisfies lim, oo | {i <n | jo(i)+1 =
Ja(i+1) (mod 6)}|/n=1.

Proof. Let M be such that a; < M holds for all i € Z~(. This implies that X, a;/n < M,
in particular, X ; a;/n is not divergent. Theorem 6 now proves our assertion. O

Corollary 2. The set of all a satisfying lim, o | {i < n | jo(i)+1 = jo(i+1) (mod 6)} |/n =
1 is dense.

Proof. The set of all a with 37, a;/n divergent is dense. The assertion again follows from
Theorem 6. O

Our condition above concerns the relationship between only two indexes. Here, the
following question arises naturally: does it give rise to any difference if we require more than
two indexes, say jo (i), jo(i + 1), ..., ja(i + 1) with I > 1, to be consecutive by modulo 67
The next theorem answers this question negatively.

Theorem 7. For any o € (0,1)\ Q and l > 1, we have

iy HEEn1a(@) +1=ja(i+1) (mod 6)} |
o S0 da() +1=Ga(i+ 1) +1-1=-- = ja(i+1) (mod 6)} |

n—00 n

=1

=1.

Proof. Evidently, the first condition follows from the second. So let us prove the other
direction:

Assume that the first condition is true for a given «. From Theorem 6, it then follows
that X, a;/m is divergent. For a given € > 0, let M € Z~ be such that every M’ > M
satisfies ©M a; /M’ > 2l/e. Take an n > max{ZM, a;,1(l — 1)/e}. Then, since we have
[{m € Z>o | B a; <n}|> M, it holds that

n EL:{I’IEZM) [Z% a;<n} | a; 2l
[{m € Z=o | a; <n}| ~ [{m € Zso | X" a; < n}| s

= 7
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Using Lemma 2, we thus obtain

L [{i<n|ja(@)+Il=jali+1)+l—-1=---=j,(i+1) (mod 6)} |
- n
>1il~|{m€Z>0|E?;lai§n}| 7l(l—1)
- n 2n
>1—e.
Since € > 0 can be chosen arbitrarily small, this completes the proof. O]

Now we turn to another condition on the distribution of indexes in the sequence j(a) =
(Ja(1),7a(2),...). If the sequence j(«) is distributed uniformly, any 3 € {1,2,...,6} will
occur with the same probability. As there are only six possible values of ), the probability
should then be 1/6. Hence the following statement is to be seen as a necessary condition for
a sequence j(a) to be uniformly distributed:

o () = 1
[{i=nljal) J}|:6holdsforeveryje{1,2,...,6}.

lim
n—o00 n

The next theorem shows that this condition follows from our first condition.

Theorem 8. Let an a € (0,1) \ Q be given. If lim, oo |{i < n | jo(i) +1 = jo(i +
1) (mod 6)}|/n = 1 holds, then lim, o |{i < n | jo(i) = 3} |/n = 1/6 holds for every
7€ {1,2,...,6}.

Proof. In view of Theorem 6, it suffices to prove the consequent assuming that X7 ; a;/n is
divergent.

Fix a g€ {1,2,...,6} and choose an € > 0 arbitrarily. Since ¥ ; a;/n diverges, there
exists a positive integer K > 1 such that ¥!_, a;/l > 3/¢ holds for every [ > K. For this K,
we claim that the difference between |{i < n | jo (i) = 3} |/n and 1/6 is less than & whenever
n is greater than ¥ | a;. For this purpose, fix an n > XX | a; and let k = k(n) be as in the
statement of Theorem 2.

Using the sequence j, (1), ja(2), ..., ja(n), we shall construct a new sequence w (of finite
length) as follows: Consider two numbers j,(1+X7_; a;) and jo (X¥_; ;) forp=1,...,k—1,
and iterate the next process fromp=1top =4k — 1. If jo (1 + XV, a;) = jo(XY_; a;), then
remove j,(3?_, a;) from the initial sequence. If, on the other hand, we have j,(1+%!_ a;) =
Ja(EP_1 a;) + 2 (mod 6), then insert the number j,(X?_; a;) + 1 (mod 6) between these two.
Call the resulting sequence w. It is then immediate from Propositions 1 and 2 that the new
finite sequence w is eventually periodic: w = (1,1,2,...,6,1,2,...,6,...). (Periodic part
starts from the second coordinate.)

Since we have removed or inserted k— 1 numbers, the length lh(w) of w is at most n+k—1
and at least n — k + 1. Eventual periodicity of w implies that at most | (lh(w) —1)/6] + 2
and at least |(lh(w) — 1)/6] coordinates of w are equal to y. It might be the case that all
removed numbers are equal to 7; it might be the case that all inserted numbers are equal to
9. Taking these worst case scenarios into account, one obtains the following estimate:

25 = (= 1) _ [0 lia@) =}| _ P22+ k41

As we have $¥_, a; > n > %K q; for k = k(n), it follows that k — 1 > K > 1. In view of

the definition of K, we thus see that

1 k—1 k-1
< <

n n Ef;ll a;

<

wW| ™
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Putting these arguments together, we compute the difference as follows:

[{i<nlja(@ =g} 1|_T7k+4

n 6|~ ©6n
T(k—1) 11
 6n + 6n
18 18
Since € > 0 and j € {1,2,...,6} were chosen arbitrarily, this proves that the limit exists
and is equal to 1/6, as desired. O

We note that the converse to this theorem is not true. Here is a witness:

Example 2. Consider the following eventually periodic sequence of Ducci matrices:
(My)™ (M, M2, M3, My, M5, Mg, My, My, M, M3, My, M5, Mg, Ma, M3, My, M5, Mg)*.

It is mot hard to check that this is the Ducci matriz sequence expansion of an irrational
number o :=[0;8,6,12,6,12,6,12,6,...] € (0,1) \ Q.

Since the elements of o is bounded by 12, it is clear that X, a;/n is not divergent, and
accordingly, we do not have lim, o0 | {i < n | jo(i) + 1 = jo(i + 1) (mod 6)}|/n = 1.

We need to check that this « satisfies lim, o | {t < n | jo(i) =3} |/n = 1/6 for every
7€ {1,2,...,6}. To see this, choose an e >0 and a j € {1,2,...,6} arbitrarily and pick
a natural number N > 4/e. Take an arbitrary natural number n > N and express il as
n = 1+ 18a + b with non-negative integers a > 0 and 0 < b < 18. Note that in the Ducci
matriz sequence expansion of o, the number of occurrences of the Ducci matriz M, from the
18m + 2nd matriz to the 18(m + 1) + 1st matriz is three for every m > 0. Therefore,

[{i<nljal)) =g} _3a+4 _1
n - n 6 n 6

and
[i<nlja() =0} _3a_1 14b_1 4 1

n n 6 6n 6 n_ 6

Since € > 0 was chosen arbitrarily, this proves that limy,_,o | {i <n | jo(i) =y} |/n =1/6.
As we took jy also arbitrarily, this proves our claim.

In studying distribution, one natural attempt is to take the average. The uniformity of
the distribution of indexes in the sequence (j, (1), ja(2),...) can also be captured using the
notion of average. Specifically, we consider the following formula to be a plausible formulation
of uniformity: lim, oo ¢/S; jo(i)?/n = /(1P + 2P +--- + 67)/6. Let us investigate the
relationship of this condition to the preceding one.

Proposition 3. Let p > 1 be a positive integer. For any o € (0,1)\ Q, if lim, 0 | {i < n |
Ja(i) = g} |/m =1/6 holds for every y € {1,2,...,6}, then we have

\P/Zzn_lja(i)p _ §7/11’—1—217_|_..._|_6;u

Proof. Let € > 0 be given. Then there exists an N € Z~ such that ||{i < n | j.(i) =
J}|/mn—1/6] < € holds for every y and n > N. This means that

(é_s)n<|{i<n|ja<i>:]}<(;+s)n

lim
n—oo
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holds for every j. By multiplying by 7 and taking the sum over all 3, we get
1 1
(1P 2P 4. .. 46P) <6 —a) n<¥,(PI{i<nljali)=7}]) < (1P+2P 4. +6P) <6 +€> n.

Since X, (7] {i < n | jo (i) = g} |) is simply 37 jo ()P, this easily entails the assertion. [

The reader may wonder if the converse to the above implication is true. In order to
answer this question, let us introduce the following example:

Example 3. For any given p > 1, we define an infinite sequence My, of Ducci matrices by
putting M, := (M)~ (M{ My~ ---~ Ms»_1)*, where a finite sequence M; (1 <i <57 —1)
s given by

<M1aM17M2;M4aM57M5aM6> (ZS:))P*]_)
M; = { (My, My, My, My, Ms, M) (3P —1<i<5HP—3P).
(My, My, My, M5, Mg) (5P — 3P < i < 5P —1)

With the help of Proposition 1, one can check that for each p > 1, the (eventually periodic)
sequence M, is realized as the Ducci matriz sequence expansion of some a, € (0,1)\ Q. For
example, we have

Ml = <M1>A<M1’ M17M27 M4a M57M57 Mﬁa M17M17 M2a M47M57 M5a M67

MI,M27M47M57M67M17M27M47M57M6>w7
ar=[0:2,2,2,3,2,2,4,5,4,2,2,3,2,2,4,5,4,2,2,3,2,2,4,5,4, ... ].

By construction, M3 does not appear in the Ducci matriz sequence expansion M, of a,.
Therefore, we have limy, o [{i <n | ja, (i) =3} [/n=0# 1/6.

One can easily check that the number of occurrences of May; (i = 1,2,3) in the finite
sequence Mfﬂf S M5p_1 is 5P — 1. In this finite sequence, M, appears 2 - 5P — 3P — 1
times and Ms appears 5P + 3P — 2 times. By the definition of M, it is thus clear that

Dyt () = (250 =8 = 1) 1P (5 = 1) 20 4 (5" — 1) -
+ (5P +3P—2)-5P + (5P = 1) - 67
=57 —1)- (1P +2P + 3P + 4P + 5P + 6P)
_ 6(m+1)(BP—1)+1 .
= X em(5r—1)12 i,

for every m € Zxo. From this, it is not hard to conclude lim, o {/XI | jo, (0)P/n =
{/(117 +2P 4+ 4+6P)/6 for this .

For any given positive integer q, the above argument also proves that

q E?:l j(’p (l)q

lim

n—oo n

:i/(2.5p_3,,_1).1q+(5p_1)_2q+(5p_1),4q+(5p+3p_2),5q+(5p_1>.6q
6(57 — 1)

(5P —1) - (19429 449 + 59 + 69) + 5P — 3P 4 3P - 57 — 54
B 6(57 — 1) '
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In order for this value to be equal to

</1(1_|_2q_|_..._|_6q (5P — 1) (19 4 29 4 39 4 49 4 57 + 69)
6 6(5P — 1) ’

q > 1 has to satisfy 5P — 3P + 3P - 59 — 57 = 5P . 31 — 39, An elementary computation shows
that this happens only when q is equal to p. Hence for any q different from p, we have
limy, o0 /S0 Ja, (0)9/n # /(17 + 29+ + 67) /6.

From this example, we can conclude as follows:

Theorem 9. For every positive integer p > 1, the condition ‘lim, oo /X" jo(i)P/n =
/(1P 2P + -+ +6P) /67 is weaker than “im, oo |{i < 1| ja(i) = 3} |/n =1/6 for every
j”,

Moreover, the statements “im, oo /S0 ja(i)P/n= /(1P + 2P + -+ 6P) /67 for p =
p1 and for p = ps are independent from each other whenever py and ps are distinct. L]

Before ending this section, let us present variants to the preceding results. As in the
proof of Theorem 6, one can prove

Theorem 10. For any o € (0,1) \ Q, the following are equivalent:
{6 <71 ja(i) + 12 jali+1) (mod 6)}| _

1. limsup 1;
n—00 n
Z ¥moa; <
2. liminfl{mE >0 | B2 ai < n}| =0;
n—00 n
Yitia; .
3. Zi=1 9 18 unbounded. O

Also, one can show as in the proof of Theorem 8 that

Theorem 11. Iflimsup, . |{i <n|ja(i) +1=ja(i + 1) (mod 6)}|/n =1 holds for a
gwen o € (0,1)\ Q, then this « satisfies limsup,,_, . [{i < n | ja(i) =3} |/n > 1/6 for every
ye{1,2,...,6}. O

Observe that Example 2 witnesses the failure of the converse to Theorem 8 but also to
Theorem 11.

5 Measure theory. Given an irrational number a > 0, how often for a fixed index 7,
does the matrix M, appear in its Ducci matrix sequence expansion M (1), Mj_ (2),...7 We
shall present several measure theoretic approaches around this problem. In this section,
measure refers to the Lebesgue measure on R.

Our first result is the next

Theorem 12. The following set is of measure zero:
{a €(0,1)\ Q| J7(ja(n) = 7 holds for only finitely many n)}.

Before proving this theorem, let us remind the reader of the following result (For a proof,
see, e.g. [7, Theorem 29]):

Theorem 13. The set of all numbers in the interval (0,1) with bounded elements is of
measure zero. O
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Therefore, it is sufficient to prove that every element « from the set that we are concerning
has bounded elements.

Proof of Theorem 12. Let o and j be such that only finitely many n satisfy j.(n) = 7.
Then there exists an N such that j,(n) # 7 holds for all n > XY a;. In particular, we
have j,(1 4+ XX, a;) # 5. Since the integer part of the vector D=L a (0,c,1) is any1, if
an+1 > 2, then Proposition 1 implies that the type of DiHEliai (0,, 1) is 1 plus the type
of D¥L19(0, a, 1) modulo 6. In view of Proposition 2, this yields that j, (2 + 3, a;) =
ja(14+ 3N a;) +1 (mod 6). Now, since the integer part of D1+ELai (0,a,1) is an41 — 1,
if ayy1 — 1> 2, the same reasoning proves j, (3 + XN a;) = jo(2 + XY, a;) + 1 (mod 6).
Repeating in this manner, we see that, for m =1,2,...,ay41 — 1

Ja(L+m+21 a;) = ja(1+ 3L, a;) +m (mod 6).

These arguments, together with the assumption that j,(n) # 7 holds for all n > XY | a;,
proves that j,(1+ X% a;) +m # 7 (mod 6) for 0 < m < ayy1 — 1. This clearly entails that
an+1 < 6.

Continuing this way, we reach the conclusion that ay4; < 6 holds for all [ > 1. As every
element a; satisfies a; < max{ag,a1,...,an, 6}, this finishes the proof. ]

In the last section, we considered the condition “lim, o |{i < n | ja (i) =} |/n=1/6
for every y € {1,2,...,6}”. One can of course study this condition from the viewpoint of
measure theory:

Question 1. Does the following property hold for a.e. o € (0,1)\ Q?

o () = 1
lim [{i=n o) ‘7}|:fforevery]:1727...,6.

We do not know the answer to this question. Note however that Theorems 10 and 11,
together with the fact that ¥ ; a;/n is unbounded almost everywhere [7, pp. 94], shows
that

Theorem 14. Almost every o € (0,1) \ Q has the following property:

(i <nljal) =2} .

lim sup
n—00 n

1
g for every y € {1,2,...,6}. O
Similarly, one will be able to conclude that liminf,, o |{i <n | ja(i) =3} |/n < 1/6 for
every 7 € {1,2,...,6}.
Here is another partial result:

Theorem 15. For almost every a € (0,1)\ Q, the sequence |{i < n | jo(i) = 3} |/n has 1/6
as an accumulation point for every 5 € {1,2,...,6}.

Proof. The following theorem plays an important role in our proof:

Theorem 16 ([7, Theorem 30]). Let ¢(i) be an arbitrary positive function with natural
argument n. If the series £5°,1/¢(i) diverges, then for almost every o, infinitely many i
satisfy the inequality a; > (7). O
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Applying this theorem for (i) := Ki (K € Z~¢) and taking the countable intersection
for all positive integers K, one sees that almost every «a € (0,1) \ Q has the following
property: For any positive real number z, infinitely many ¢ satisfy the inequality a; > xi.
We claim that 1/6 is an accumulation point of the sequence | {i < n | jo (i) = 3} |/n for every
7€41,2,...,6} whenever a € (0,1) \ Q has the above property. To prove our claim, choose
an « having the above property and take j from {1,2,...,6} arbitrarily.

Let ¢ > 0 and N € Z-( be given. What we have to show is that there exists an
n' > N such that |[{i < n' | ja(i) = 3}|/n' —1/6| < ¢ holds. By the assumption on
«, there exists an n > max{N,5/3¢} satisfying the inequality a, > 2n/s. We claim that
ai+--++a, (>n>N) works as n'.

For m > 2, Proposition 1 tells us that the sequence jo (275" as) + 1), jo (575 as) +
2),... ,ja((Zm Las) +am) = jo (X7, as) is periodic. This periodicity enables us to estimate

the number of occurrences of j in this sequence:
am Cem . A,
{?J<|{E 1as<2§25:103|]a(l):]}|<{?J+1~

When m = 1, periodic part is j,(2), ja(3), ..., ja(a1). Hence we have

|25 < il =< |25 +2

These arguments, together with inequalities 2n/e < a, < 37_jas and 5/3e <n < ¥7_, as,
proves that

. . 2"
[{i <Sias[ja() =g} _ =5 +n+3
Y1 as B E?:1 s
Jloe e
6 2 2
L
=—+e
6
Similarly, one can prove
{620 a0 Lal) =0} 1
X0 as
This completes the proof. O]

Note that Theorem 14 follows also from this result as a corollary.

The rest of this paper studies another possible question concerning Question 1. Specifically,
we ask if it gives rise to any difference to replace “for every j7” in Question 1 with “for some
7”. The next results shows that the notion of parity plays a crucial part in this investigation.

Theorem 17. Let 31,72 € {1,2,...,6} be two distinct numbers with the same parity. If
lim, oo | {t < 0| ju(i) =1} |/n = 1/6 holds a.e., then so does limy, o0 [ {i < n | jo(i) =
g2} |/n=1/6.

Proof. We give the proof only for the case 73 = 1 and j» = 3; the other cases are left to the
reader.
For € {1,2,...,6}, put

< C
{i<nlja(d) =2} does not converge to 6 } .
n

N, := {ae(O,l)\@ ‘ |
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What we need to prove is that if IVq is of measure zero, then so is V3.

Define a function g : (0,1) — (0,1/3) by g(x) = z/(2z+1). Clearly, g is a homeomorphism
on (0,1). An elementary computation shows that g is invertible and that both g and ¢g~*
are bi-Lipschitz, in particular both send measure zero sets to measure zero sets. Since we
trivially have N3 = {a € N3 | a1 >3} U{a € N3 |a; =1 or 2}, in order to prove that N3
is of measure zero, it suffices to show the next two identities:

{a € N3 |ay =3} =g(N);
{a€Ns|ag=1or2} =g ?{a€Ni|ay=50r6}).

Observe that g maps [0; a1, a2, as,...] to [0;a1 +2,a2,as,...], i.e. adds 2 to the first element
of the continued fraction expansion. This observation, together with Proposition 1, leads to
the next

Lemma 3. For every o € (0,1) and n > 1, the type of D""2(0,g(c),1) is the type of
D™(0,«, 1) plus 2 (modulo 6). O

This lemma implies that « satisfies lim, o0 | {i < 1| jo(i) =1} |/n = 1/6 if and only if
g(a) satisfies lim, o0 | {i < n | jo(i) = 3}|/n = 1/6. In other words, o € N; <= g(a) € Nj.
The desired two identities follows from this easily. O

Remark 3. In the above proof, the value 1/6 did not play any role. Indeed, the statement
remains valid even when 1/6 is replaced by any other real number in (0,1).

In the proof of the preceding theorem, Lemma 3 played an important role. A similar
statement when the parity of j; is different from that of j5 is no longer true. This makes it
difficult to prove an analogous statement to Theorem 17 for a pair of different parity.

Question 2. Let two distinct numbers 31, )2 € {1,2,...,6} with different parity be given. If
lim, oo [ {2 <1 | ja(i) =51} |/n=1/6 holds a.e., does lim, o0 | {i < n | ja(i) =12} |/n=
1/6 also hold a.e. ?

If this (technical) question has a positive answer, then we can actually replace “for every
77 with (seemingly weaker) “for some j” in the statement of Question 1. Indeed, suppose
there exists some j € {1,2,...,6} such that lim, o | {i < n | ju(i) = 3} |/n = 1/6 holds
almost everywhere. Then, we know from Theorem 17 and the positive answer to Question
2 that lim, o | {i < n | ja(i) = 7} |/n = 1/6 holds almost everywhere for every j'. Hence
we see that lim, o [{i < n | ju(i) = J}|/n = 1/6 for every 7/ = 1,2,...,6 at almost
everywhere.

Note that an affirmative answer to the following question solves Question 2 positively:

Question 3. Are the following two conditions equivalent for every j € {1,2,...,6}%
1. lim, 00 [ {7 < 1| ja(i) and j have the same parity}|/n = 1/2 holds a.e.;
2. limy, o0 [ {8 <1 | ju(i) =3} |/n=1/6 holds a.e.

One can easily deduce the first condition from the second one. Indeed, 2 and Theorem 17
imply that we have lim,, o | {i < n | jo(i) =7} |/n =1/6 a.e. for every 5/ having the same
parity as 5. As the conjunction of finitely many properties that hold almost everywhere
again holds almost everywhere, 1 now follows.

We now deduce Question 2 assuming that 2 follows from 1: Let us suppose lim,, o | {i <
n| ja(i) = 71} |/n = 1/6 holds a.e. for a given j; € {1,2,...,6}. Take a 30 € {1,2,...,6}
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having different parity from that of j;. We wish to prove that lim, o [{i < n | ju(i) =
J2}]/n=1/6 holds a.e.

Since 2 implies 1, lim,, oo | {i < n | jo(i) and y; have the same parity} |/n = 1/2 holds
almost everywhere. Now observe that for an arbitrary o € (0,1) \ Q, lim,, o | {7 < n |
Ja(i) is even}|/n = 1/2 holds if and only if lim, o | {i < n | jo(4) is odd} |/n = 1/2 holds.
Therefore, we have
[{i <n|ja(i)iseven}| 1 [{i <n|jali)isodd}| 1

lim — a.e. <= lim — a.e.
n—00 n 2 n— oo n 2

As 71 and 79 have different parity, it follows that lim,, _,« | {i < n | jo(7) and 72 have the same
parity} |/n = 1/2 holds a.e. By applying our assumption that the condition 2 follows from
1, we get the desired result.

One can also ask a

Question 4. Do we have lim, o0 {/S0; jo(i)?/n = ¢/(1P +2P + -+ 6P) /6 almost ev-

erywhere?

We also do not know the answer to this question. What we can certainly say is that, in view
of Proposition 3, Question 4 is at least as likely to be true as Question 1. Although we know
from Theorem 9 that the condition "lim, e /S0 ja(i)P/n = /(1P +2P + -+ 6P) /6"
for p = p; and for p = ps are independent from each other whenever p; and p, are
distinct, there might be some relationship between statements “lim, oo {/X1 ; jo(i)P/n =

{/ (1P 4 2P + .-+ 6P)/6 holds almost everywhere” for p = p; and for p = ps even when
p1 # po; It is interesting to see how the strength of the above statement changes as the value
of p increases.

Our final remark is on “mod 2”. Instead of modulo 6, one can consider indexes of Ducci
matrices by modulo 2 and formulate statements for them, e.g. j, (i) = 7 (mod 2) in place of
Ja(i) = 3. Even if we do so, the results in this paper remain valid (with trivial modifications).

Acknowledgement. The author wishes to thank the referee for his useful comments that
improved the quality of the presentation of this work.

Note Added in Proof. At the time of submission of the manuscript, the author was
not aware of the following fact: Almost every a = [0;a1,a9,...] € (0,1) \ Q satisfies
lim,, 00 X4 a;/n = co. This appears to be a standard result in ergodic theory.

On the other hand, Theorem 6 states that for each a € (0,1) \ Q, £ a;/n diverges if
and only if lim,, oo | {i < n | jo(i)+ 1= jo(i+1) (mod 6)} |/n = 1 holds. Combining these
two results, we thus get a

Corollary 3. lim, ,oo [{i < n | ja(i) +1 = jo(i + 1) (mod 6)}|/n = 1 holds at almost
every a € (0,1)\ Q. O

In view of Theorem 8 and Proposition 3, this in turn gives us a

Corollary 4. 1. lim, oo [ {i < 1| ju(i) = 3} |/n=1/6 for every 3=1,2,...,6 holds at
almost every a € (0,1) \ Q;

2. For every positive integer p, lim, o {/S1 ja(i)P/n = /(17 +2P 4+ --- 4 67) /6 holds
at almost every a € (0,1) \ Q. O

1 and 2 positively answer Questions 1 and 4, respectively. Questions 2 and 3 are vacuously
true.
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ABSTRACT. We study a biharmonic nonlocal MEMS equation. It arises in the Micro-
Electro Mechanical System(MEMS) devices. First we establish the local solution and
extend it globally in time by the use of the energy. Next, we consider the dynamical
properties. The dynamical system has an absorbing set and a global attractor. Finally
we prove the convergence of the global solution to a stationary solution.

1 Introduction We consider the following biharmonic nonlocal MEMS equation:

utt+ut+A2u:G(B,%Vu)Au—&—ﬁI(a,x,u) x e, t>0,

u(z,0) = up(x) x €,
u(z,0) = uy(z) x €Q,

where A >0, 3>0,7v>0,x >0,0>2 Q CR"” for n € Nis a bounded domain with
smooth boundary 0f2,

G (8,7v,Vu) = 6/ \Vu|2 dr + 7,
Q

dx

d H =1 —_—

1

T = oy
If the solution u(x,t) of (1) reaches 1 at some point in € in finite time ¢ = Ty, the right-
hand side of (1) becomes infinite, which leads to the singularity. In this case, the solution
u(zx,t) is said to quench in finite time ¢ = T, and T}, is called the quenching time of the
solution. This equation has been considered in [2, 4] and is a natural extension of MEMS
equation [7, 8, 20, 23]. The MEMS (Micro-Electro Mechanical System) equation arises in the
study of the MEMS devices which are often utilized to combine electronics with micro-size
mechanical devices. They can be modelled as the dynamic deflection of an elastic membrane
inside this system and arise in the accelerometers for airbag deployment in automobiles, in
the ink jet printer heads, in the optical switches, in the chemical sensors and so on.

In [2], the authors establish the stationary solution with Steklov and Dirichlet boundary
condition by the implicit function theorem [25]. They construct the stationary solution u €
H*(Q)NHL(Q) of (1) provided that the diameter of (2 is sufficiently small. In [4], the authors
consider the periodic solution of (1) by [25]. In the limiting case x = 0, there is supposed
to be no capacitor in the circuit, which is studied in [13] with § = 0 and o = 2. The author
derives the results of existence, convergence to the stationary solution and exponential decay
of the global solution. On the other hand, he deals with the quenching of the solution. The
aim of this paper is to investigate the dynamical properties to the biharmonic nonlocal

2010 Mathematics Subject Classification. Primary:35G30; Secondary:35A01, 35B45, 37D99, 74K15.
Key words and phrases. MEMS, nonlocal, biharmonic, global solution, dynamical system, omega limit
set, absorbing set, global attractor.
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problem (1). For the second order nonlocal equation, see [10, 11, 12, 16, 17, 19, 21, 22, 24].
First, we obtain the theorem concerned with the local existence of the solution. Throughout
this paper, the definition of the function spaces and their norms is presented in Section 2.

Theorem 1 Let  C R™ be a bounded domain with smooth boundary 02 with n = 1,2, 3.
We denote X = H?(Q2) N HY(Q), D = X x L?(Q) and H = L*(Q) x H=2(). For any

)\>O,6>0,7>0,X>0,022and(boz(ZO)eDwith
1

[uolle <1 -9

for some § € (0,1), there exists a unique solution of (1) with

b= ( Y ) e C([0,T);D)nC*([0,7); H)

Ut

for sufficiently small T > 0, where T depends only on A\, 3, v, x, 0, Q, (ug,u1) and 6. The
solution u can be continued as long as |lu(-,t)||o < 1. Here, ||- || denotes the standard
C(Q2) norm defined in Section 2.

To establish the global solution, we define the energies by

2
£(6(t)) = %/Quf da:—&—%/Q(Au)Q dot (/Q Vuf? dm) + %/Q Vul? da

1 1 ?
& = f/ ui dx + f/ (Aug)? dz + p / |Vuol> dz ) + l/ Vuo|® de,
2 Ja 2 Ja 4 \Ja 2 Ja

respectively. Then

and

A
+—
(c—1)"x
is a Lyapunov function for (1), which plays an important role in proving the global exis-

tence and dynamical properties of the solution. We impose the smallness condition on the
parameter A\ > 0 and initial energy &). To state the condition, we define

v (0= xa (277 4 x0T
- 2 90—1

(H (o, x,u)" ™7

for any fixed v > 0, x > 0, 0 > 2 and Q2 C R", where a > 0 depends only on « and €2 and
is defined in Section 4. Moreover we define

A ( 901 )"1>0
(0 —1)%x \2771 +xQ

for these fixed constants and any 0 < A < A*. Then we have the next theorem on the global
existence of the solution.

& =

N

Theorem 2 Let 2 C R™ be a bounded domain with smooth boundary 02 with n = 1,2,
For any 8>0,v>0, x>0 and o > 2, let \ < \* be fized arbitrarily. For all € (0,&]
there exists 69 € (0,1) such that for any ¢o € D with

3.
)

)

luollo < 16



ON A NONLOCAL BIHARMONIC MEMS EQUATION WITH THE
NAVIER BOUNDARY CONDITION 191

and
Ey < 56( — R,

(1) has a global solution satisfying
¢ € C([0,00); D) N C* ([0, 00); H)

and
Ju(-,)lc <1—do

for allt > 0. Here, g depends only on A\, v, x, o, k and 2.

Next theorem is on the regularity of the solution obtained in Theorem 2. To state the
theorem, we define Y by

Y ={ueH Q)N Hj(Q) | Au=0on oQ}.

If n < 3, the Sobolev embedding H?(Q2) C C(2) holds. Hence we note that Au = 0 on 99
makes sense in this paper. Now we denote F =Y x X. Then we have the following:

Theorem 3 Under the same hypotheses as Theorem 2, for any ¢g € E, there exists a
unique global solution of (1) with

# € C([0,00); E) N C* ([0,00); D) N C? ([0, 00); H).

We define

_ ut 1
Z(;O:{(u2>eD|Hu ||C<1—60}

and consider the nonlinear semigroup S(¢) : Zs, — Zs, by

S(t)po = P(t).

In the fourth theorem, we establish an absorbing set to show that S(t) has a global attractor
in Z50'

Theorem 4 In addition to the same hypotheses as Theorem 2, let

)\ ’)/Kl

(2) Eo + 17y 20K,

hold, where K1 > 0 and Ko > 0 depend only on vy and Q0 and are defined in Lemma 4. Then
the dynamical system S(t) : Zs, — Zs, possesses an absorbing set B C Zs,. The omega
limit set A =w(B) of B is a global attractor in Zs, .

To argue the behaviour as t — 400, we introduce the set 82‘7 of stationary solution

by

VX0
Sé‘y,ijﬁ ={n € Zs, | n = n(z) is a stationary solution for (1)}.

In [2], they construct the stationary solution by the implicit function theorem for the small
domain. We also find the stationary solution without imposing any smallness condition on
Q. We derive the following theorem on dynamical properties of S(t).
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Theorem 5 Under the same hypotheses as Theorem 4, the omega limit set w(dg) is in-
variant, non-empty, compact and connected in Zs,. Moreover w(¢g) C Sé\/%X;U x {0}. In

particular,
Sf'l\mx,a #0
for A € (0, A™), where
R P G ¢!
A" = min <)\ , 35K, .

We prove that the omega limit set is composed of a single point in Zs,.

Theorem 6 Under the same hypotheses as Theorem 4, there exists n € Sg,%x,a such that
the omega limit set is composed of a single point in Zs, with

w(¢0) = (77’ 0)

and

3 tim_(fu(-,6) = allx + (- 1), ) = 0.

t——+o0

This paper is organized as follows: In Section 2, we recall the facts about Sobolev space
and dynamical system. We introduce the existence theorem [2] of stationary solution. In
Section 3, we establish the local solution by the contraction mapping theorem. In Section
4, we extend the local solution to the global one for small parameters and initial values.
Moreover we study the regularity of the global solution. In Section 5, we consider the
dynamical properties. By the existence of the Lyapunov function, we can treat the omega
limit set and global attractor. In Section 6, by the Lojasiewicz-Simon inequality, we show
that the omega limit set is composed of a single point. In an appendix, we prove the
Lojasiewicz-Simon inequality. This kind of inequalities is proven in many situations. In
this paper, we treat the case with nonlocal term.

2 Preliminaries First, we introduce the notations of function spaces and the Sobolev
embedding theorems. In this paper, C'(2) denotes the space of all continuous functions in
Q with the norm
[ull e = sup [u(z)]|
e

for u € C(Q). For 1 < p < 400, we denote the usual Sobolev space in by W*?(Q) and in
particular write W*2(Q) = H*(Q). H§(Q) is defined as the closure of the set D(Q) in the
space H*(2), where we denote by D(Q) the space of all infinitely differentiable functions
on 2 with compact supports. H~°(Q) is defined as the dual space of H§(2) equipped with

the norm
/ uw dx
Q

(,)and (, )g-- denote the inner product in L?(2) and H%(2), respectively. According
to [1, 3] , we adopt the norm in H}(Q), X and Y as

lullg. = sup
wEHE (), w5 <1

lull gy = IVully,  llully = 1Aul, and [lully = [|A%],,
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respectively. Here, || ||, denotes the standard L? norm in Q with p € [1,00]. We define

1
2

1
lollp = (% + *l3)" andliols = (5 + 10?15

1
for ¢ = ( Zz ) We introduce the embedding inequalities [1].

Lemma 1 Let n=1. For u € H}(Q), we have

lulle: < Cs llull gy
where C's > 0 depends only on ().
Lemma 2 Letn =2,3. Foru € X, we have

lulle < Cs llullx ,
where C's > 0 depends only on ().
Lemma 3 For u € H}(Q), we have

lull, < Cpllull gz »
where C'p > 0 depends only on €.

Henceforth we shall adopt universal notations Cs and Cp to denote these constants for
the case n = 1,2, 3.
We introduce the theorem of existence of the global attractor. For other basic notions and
results, see [26, 28]. Let Z be Banach space and S(t) be a continuous semigroup on Z. The
semigroup S(¢) is said to be uniformly compact if for every bounded set B C Z, there exists
to such that U;>,S(t)B is relatively compact in Z.

Theorem 7 (Theorem 1.1 in [26]) Let S(t) be a continuous semigroup on Banach space
Z. We assume that it can be decomposed into S(t) = S1(t) + S2(t), where Sy(t) is uni-
formly compact for large t > 0 and Sa(t) is continuous from Z to Z satisfying the following
condition: For any bounded set B C Z,

sup [|S2(t)¢oll ; — 0
bpoEB

as t — oo. We also assume that there exist an open set U and absorbing set B C U. Then
the omega limit set A= w(B) of B is a global attractor in U for S(t).

Finally we mention the existence of stationary solution. We consider the corresponding
elliptic equation

(4) AQU:G(@%VU)A??JFﬁI(UaX,W) :CGQa

n:An—d%:O x € 08,
where d € [0,+00], v is the outer unit normal vector and Q2 is a bounded domain in R"
with smooth boundary 0€2. Then the existence of the stationary solution is guaranteed by
the implicit function theorem [25].
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Theorem 8 (Theorem 1 in [2]) Let Q@ C R™ be a bounded domain with smooth boundary
OQ withn < 7. For any A\ >0, 3> 0, v >0, x >0 and o > 2, there exist X > 0 and
do > 0 such that (4) possesses a solution n € H*(Q) N H(Q) for all X € (0, X) provided that
one of the following holds:

Steklov boundary condition: 0 < d < dy

or

Dirichlet boundary condition: d = +oc and §2 is a ball

and the diameter of Q is sufficiently small.

The relation between X and A* in Theorem 5 is not clear.

3 Local existence We consider the linear wave equation

wtt+wt+Aw:0 xGQ,t>0,
w=Aw=0 x €N, t>0,
w(z,0) = wo(z) x €,
we(z,0) = wy(x) xz €,

()

where
Aw = A%w — yAw

and derive the decay estimate of the solution. Next we construct the time local solution
of (1) by the contraction mapping theorem. We omit the detail of the computations. See
[13, 18, 21].

Lemma 4 (Proposition 4.3.4 in [15] and (3.5) in [13]) For any vy = < ZO ) €D,
1
there exists a unique solution

v=( ) eC.o0nDINC (0.00) 1)

t

of (5). Moreover, we have
9]l < K [[voll p e,

where K1 > 0 and Ko > 0 depend only on v and §).

Proof of Theorem 1. To deal with the nonlinear term with the singularity, we modify
1/(1 —u) and I (o, x,u) by

1 )

PR S u<|_,

lé(u) {éllu %7
3 u>177

and

1 _
Is(o,x,u) = ————% with Hj(o,x,u) =1+ x/ Fs (u(x))” " da,
(Hs (o, x,u)) 0

where we continue Fs(u) suitably in the range (1 — /2,1 —6/4) so that we assume that Fjs
is positive, bounded and sufficiently smooth. Under the abstract setting

U U 0 —1
- (2) oo (2) (1)
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and

0
Ja (u) = ( 8 (Jo |0l di) Au+ AF3(w)7 I (0, x,w) > |
we transform (1) into the modified equation
¢t + Bo = Js (u)

and consider the corresponding integral equation

t
(6) 6= o0t [P, (u(s)) ds.

0
We construct the local solution by the contraction mapping theorem. Taking I = ||¢o|| 5,
we set

Xr={¢€C(0,T];D)||¢|lx, <2Kal},

where T is a positive constant to be determined later. Here in the space Xp, the norm is
equipped with
16llx, = sup [[¢ (-, 8)lp-
te[0,7)

For ¢ € Xp, we define the mapping V' (t) on D by the right-hand side of (6), that is,

t
V(t)p = e By +/ e BU=3) J5 (u(s)) ds.

0

Then we can show that V is a contraction mapping from X into itself for small T > 0.

Lemma 5 (Cf. Lemmas 2 and 3 in [21]) If T < 7, then V is a contraction mapping
from Xp into Xp, where 7 > 0 is a constant determined only by X, B ~, x, o, Q, [ and 6.

By Lemma 5, (6) has a unique time local solution ¢ € C([0,T); D) N C*([0,T); H).
If the solution of (6) begins with [juo|l, < 1 — 9§ and satisfies ||u( - ,t)||, < 1 — /2 for
all ¢ > 0, then w is a solution of (1). Otherwise there is a finite time Ty > 0 at which
max,.qu(z,Tp) = 1 — /2. We choose 6; € (0,6) and apply the contraction mapping
theorem to (6) with 0 replaced by ;. We may extend u(z,t) uniquely to an interval (0, T})
with Ty < T such that |[u( - ,t)||o < 1—01/2for all t € [0,T}). Since we can take §; € (0,0)
arbitrarily small, u(z,t) is a solution of (1) on § x [0,7}) as long as |lu( - ,t)||, < 1. O

4 Global existence In this section, we shall show that the local solution can be continued
up to t = +00. We introduce the Lyapunov function to obtain the necessary estimates and
extend it globally in time. The idea is from [17]. At first, in order to introduce the lemma,
we set

2 forn=1, 2\
a={ G ‘ —93 b= ——=5— and c=x|Q]
oz forn=2.3, (0 —1)%y
and define .
1— o—1 7
o) = a? + b 2
(1—xz)" " +c¢

for —1 < x <1, where Cy is the constant defined in Lemmas 1 and 2. Let
G(z) = g(x) — 265 — g(=1) + g(1) +2x

for0<z<1.



196 TOSIYA MIYASITA

Lemma 6 Under the same hypotheses as Theorem 2, there exists a zero xo € (0,1) of
G(zx), where xg depends only on X\, v, x, o, k and €.

Proof. Since we have

9(—1)=a—|—b(20_1>01, 9(0):b<11 )01 and g(1) = a

20-1 1 ¢

o= ()

is increasing for z > 0, a simple computation yields

G0)=2(k—&;)+b(h(1)—h(2°")) <0

and

by the hypotheses 0 < k < &§ and o > 2. On the other hand, we have

20—1

o—1

G(l):a—b(

Thus the intermediate theorem guarantees at least one zero in (0, 1). Henceforth, we denote
the least zero by
$0::1-—50

with do € (0,1). O

Proof of Theorem 2. For (1), we have the Lyapunov function
A

—— (H (o, x,u 1=
o )

E(o(t) = £(o(t)) +

for t € [0,7T) and set
A
(0—1)"x

where T is the maximal existence time of the solution determined in Section 3. In fact, we
obtain

Ey = E(¢o) = & + (H (o, x,u0))" 7,

d

& B(o(1) = - / u? di <0,

which implies that

(7) B(6(t) < B(6(t)) + / / u2 da ds = B,

Now we estimate E(¢(t)) and Ey as follows:
b

(1ee(mt) ™)

_ 20—1 o—1
2By < 2E0+ b (H (o, x,—1))' 7 §Qgg+b() — 9%

2B(6(t)) > ||ullx + 7 7 + > g(|[ull)

by Lemmas 1 and 2 and

20-1 4 ¢
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due to —1 < ug. Then the energy inequality (7) yields
Gllu@®lle) = g (lu@)llc) — 26 —g(=1) + g(1) +2x <0
for all t € [0,7). By Lemma 6 and |lugl| < 1 — do,
®) [u@®)llc <1 =
holds for all ¢ € [0,7"). Owing to the energy (7), we have
) Ol + @) + e )3 < 2B

for all t € [0,7). We note that

A* a a (2771 + x| o1
10 E E 4+ — — -+ - — .
(10) 0 < 0+(0—1)2X m<2+2( 501

Hence the right-hand side depends only on 7, x, ¢ and § and is independent of ||¢o||, and
T. Finally (8) and (9) are valid for all ¢ > 0, which ensures that the solution exists globally
in time. Since L?(Q)) C H2(f2), we have

gy = —ug — A*u+ G (3,7, Vu) Au + 51 (0, x,u) € H ()

A
(1—-w)
and ¢ € C ([0,00); D) N C1 ([0, 0); H). O

Proof of Theorem 3. In this proof, by L we denote the universal positive constants which
depend only on A, 8, v, x, 0, K, Q and ||¢o|| ;. We define (u1), by

(u1), = —u1 — A?ug + G (8,7, Vug) Aug + =1 (0, x,up) € L*().

A
(1 - Uo)
First by differentiating ||utt||§ with respect to ¢, we obtain

d d
%/ u, dr = —2/ u?, do — %/ (Auy)® dx + 214 + 215,
Q Q Q

The definition and estimation of I; and Iy are as follows. (8), (9), the Holder and Young
inequalities yield

(11)

L, = / m (G (8,7, Vu) Au) dx
Q t
= —2ﬂ/ Auuy d:v/ uttAudx—G(ﬁpy,Vu)/ Vuy - Vug dx
Q Q Q
1, ) 1 d )
(12) < — | uhpde+L | uide— -G (B,7,Vu) — | |Vu|” dzx

and

(13) L= /Qutt (O_Au),,ua,x,u)l do <

/u?tdx—i—L/ufda:,
Q Q

| =
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respectively. Eventually integrating (11) over (0,¢) with respect to ¢ together with (12) and
(13), we obtain

/ /uttd:ﬂder/ (uftJr(Aut)Q)dx+G(6,’y7Vu)/Q|Vut|2 dx

< NCun)lls + |l + G (8,7, Vao) [l | 7y

[ e WU>)</QW dx)dm/ot/gugdms.

Since the fourth integral term in the right-hand side yields

d

dt( (8,7, Vu) /|Vut\ dv = 28 Auutdac Aututda:

/utdx—l—ﬂ/utdx/ (Awy)? da,

/t/uttd:vds+/ (w3, + (D) )d“G(ﬂ,%W)/QIVutF i
< L+ﬂ/ (/utd:r> (/Q(Aut)Q da:) ds

and in particular

/Q(Aut)2 dr < L +ﬂ/ot (/Quf dx) </Q (Auy)? dm) ds.

We apply the Gronwall inequality (Lemma 2.1.1 in [15]) to derive

“+o00
/ (Aut)2 dx < Lexp (ﬁ/ / u? d ds) <L,
Q 0 Q

which implies that v € Y, u; € X and uy € L*(Q) due to

IN

we have

A%u = —uy —ug + G (8,7, Vu) Au + I(o,x,u) € L*(9).

A
1—u)’

d

5 Global attractor First, we show that the orbit U;>¢(t) is contained in some absorb-
ing set in Zs,. Hence this fact leads us to the existence of a global attractor by Theorem
7 in Section 2. Next, we consider the properties of w(¢g). We show that (n,0) € w(¢g) for
some 1) € Sé\,%xm' In other words, there exist n € Sé\mx,o and ¢,, — 400 such that

(14) tim (- tn) = nllx + el ) ) =0

n—-+oo

In [2], the authors establish the stationary solution € Y. However they impose the
smallness condition on ). See Theorem 8 in this paper. In this section, the Lyapunov
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function plays an important role in the argument.
For a solution u of (1) obtained in Theorem 2, we denote by v a solution of

vtt+vt+Av:ﬁ(fQ|Vu|2 dac)Av €N, t>0,

(15) v=Av=0 x€0Q,t>0,
v(x,0) = up(z) x €,
ve(x,0) = uq () xz €.

Let ¢ = ( Z)} ) and Sa(t)po = ¥(t). From now on, we show that the semigroup Ss has a
t

decaying property. First, ¢ satisfies

t
W =e Bl +/ e Bl=s)p (u(s),v(s)) ds,

0
where

0
P (u(t),v(t)) = ( 3 (fg IVl da:) Av ) .

2BE K,

We set
K3 = Kl —

where K1 > 0 and K5 > 0 are constants defined in Lemma 4 and derive

K3>K1—2ﬁK2 go—f—# >0
2
gl (c—1)"x

provided that (2) holds.

Lemma 7 Under the same hypotheses as Theorem 4, for any ¢g € D, there exists a unique
solution
¥ € C([0,00); D) N C* ([0, 00); H)

of (15). Moreover, we have

IOl p < Kae™ " [0l

Proof. Thanks to Lemma 4, we have
_ 20E0K2 [* g i—s
¥l < Kallgollp =t 22052 [0 g, s

by the use of (9) and

t
()l < Kallgollp + (K1 — Ks)/o e |l (s) | p ds.
The Gronwall inequality yields

I (®)llp < Ka2e™ " [|¢o| 5 -
O

Next, in order to prove uniformly compactness, we introduce the lemmas. Their proofs
are similar to that of Theorem 3. Henceforth we shall adopt universal notations M > 0 to
denote the various constants which depend only on A, 3, v, x, o, &, Q and ||¢o]| -
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Lemma 8 The solution v obtained in Lemma 7 satisfies

t
2 2 2 2
[elly + vl + ol + 2/0 [vell ds < M.

Proof. We have

2 2 2 2 2 2

(heell3 + 01 + Il ), + 2 lloell3 = =Bz (Il ),
and integrate this equation with respect to t to get
2 2 2 ’ 2
[oelly + vl + v ol +2/0 [oe]l3 ds
2 4 ‘ 2 2
< Mol + Mol +8 [ (lully), ol ds
0

t
< M+M / el Nelly 1011 dis

IN

t
Mol [ s
0
M

IN

by (9).
Next, let w be a solution of

wtt+wt+Aw:/6(fQ|Vu|2 d:c) Aw+ﬁ[(a,x,u) xeQ t>0,

(16) w=Aw=0 €N, t>0,
w(x,0) = wy(x,0) =0 x € .
We set £ = ( Z;} ) and S1(t)¢o = £(t). Then we have
¢

¢(t) = &) + (1) and  S(t) = Si(t) + Sa2(b).
Lemma 9 (16) possesses a unique solution

€€ C([0,00); E)nC* ([0,00); D) N C? ([0, 00); H).

Proof. First of all, we note that
[wllx = llu=vllx <lullx +vlx <M

by (9) and Lemma 8 and that

/ Hth;ds:/ ||ut—th§ds§2/ HutHgds+2/ g2 ds < M
0 0 0 0
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by (7) and Lemma 8. In the same computations as (12) and (13) in the proof of Theorem
3, we have
d

d
T watdx:—2/9wt2tdx—

dt

where I3 and I are defined and computed similarly as follows:

/ (Awy)? da + 215 + 21,
Q

I3

/Q Wit (G (8,7, V) Aw)t dx

IA

1 1 d
7/w?td;v+M/u?dx—fG(ﬂ,%Vu)—/ |V, |* dz

A 1
I, = —1 < - z M 2dx.
4 /tht<(1u)cr (UvXaU)>tdx_4/thtdx+ /Qutda:

Hence we obtain

and

d d
w2dx+—/ w2, + (Awy)? ) dz + G 8,7, Vu —/ V| dz
[ wtidas 5 [ (uhr @w)?) dot 6BV g [ 9

< M/ufdx
Q

We integrate this inequality to derive

t
/ /wftda:ds—&-/ (wft+(Awt)2)dx+G(ﬂ,%Vu)/ IV, |? do
0 JQ Q Q

M+25/0t (/QAuutdx> (/QAwtwtdx> ds
M+M/Ot (/wadx> </Q(Awt)2 dm) ds

and apply the Gronwall inequality to obtain

t
/(Awt)2 dx < M exp (M/ /wfdxds) < M,
Q 0 Jo

which yields w € Y, w; € X and wy; € L*(9). O

IA

IN

Proof of Theorem 4. Since A and & are restricted to the hypotheses in Theorem 2 and
(2), it is obvious that S(¢) has an absorbing set owing to (10) and

[6l15 < 2B(6(t)) < 2Ey.

Sy has a decaying property from Lemma 7. Lemma 9 implies that ||£(t)|| ; is bounded for
all £ > 0. The inclusion E C D is compactly embedded. Hence S; is uniformly compact.
Thus we apply Theorem 7 to S(t) to complete the proof. O

Proof of Theorem 5. Following the argument of Lemma 7.6.2 in [15] and originally
[27] along with the proof of Theorem 4, we can prove that the orbit U;>o¢(t) is relatively
compact in Zs,. Hence, the omega limit set w(¢p) is invariant, non-empty, compact and
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connected in Zs, by Theorem 5.1.8 in [15]. Moreover by Theorem 7.6.1 in [15] together
with both the existence of Lyapunov function F(¢) and the precompactness of the orbit,
we have

Jim (1)), = 0.

Finally we reach
w(¢o) = {(n,0) | there exist n € 8[)3\,70(70 and ¢, — oo such that (14) holds} .
a

6 Omega limit set We discuss the convergence of the global solution u(-,t) to the
stationary solution 7 in the norm of X. We conclude that the omega limit set is composed
of a stationary solution 7 in Zs, with (3). For z = u — 7, the method in [14, 15] is valid
by existence of Lyapunov function and the precompactness of the orbit in X as proven in
Section 5. In the limiting case x = 0 and § = 0, the same conclusion is obtained in [13].

Proof of Theorem 6. In this proof, by N; for i € N, we denote the positive constant
which depends only on the constants A, 3, v, x, o, &, © and |[5]/y. Changing variable
z = u — 1, we consider

Ztt+Zt+AZ:f(ﬁ7za77)+g()\a07XaZ777) xEQat>07

z2=Az=0 x €0 t>0,
2(,0) = o) — n(x) req,
zi(x,0) = uy () x e

and obtain

tim ([l bl + 1z t)lly ) =0

n—

instead of (1) and (14), where
£ (B,2m) = </|Vz+n>| dw) (s 4+1) - (/wm dx> i

A A
A Grnpy . @xstn) g

respectively. For the sake of simplicity, we shall write

f:f(zan):f(ﬂazan) and 9:9(2777):9()\,(77%2’»77)-

and

g\ o, x,z,m) =

Defining

Flz) = ;/ﬂ((Az)Q+7|V22)dx+i</ V(=4 ) dm)
i(/ V| d:c) +6</ V| dz)(/ﬂzAndm)

+ de(U X, 1)

>
@\

ﬁ(H (o, x: 2 + 77)170 - H(U,Xﬂ?)lﬂv
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and
G(t) = % /Qz,? de+ F(x(t) + (A2 = f () =g (zm) 22)

where € > 0 is a small constant to be determined later, we have

d 1d
—F = __ 2 de — 2
7 (2(t)) 2t |, zi dx /ta dx

and
G'(t) = —/szdx —E(AZ — f(z,n) —g(zm) ,zt>

—e Az = f(zm) — g ()5
Az — _
+€( 2t fz (Zan) 2t 9z (Z777) Zt’zt)H,z’

H-2

where f, and g, are linearized operators from L?() to H2(f2) given by

fz(z,n)w_2ﬂ</QV(z+n)~dex>A(z+n)+ﬂ</ﬂ|V(z+7])|2 dx)Aw

and
Gow=—7" (o241
T A ey
_Ao(o—-1)x o s o1 w .
T o e [ e

respectively. Then the Young and Holder inequalities yield
2 3 2 € 2
G0 < ~lald- 514z~ f g3+ § s
e llally + vzl Nztll o — (fozt + 9220,

H—2

9
Ny = V) llally — & (foze + go200m) = 5 1Az = = glly=

IN

Since we estimate the linearized operators as

2
’(fz (z,m) w,w)H_Q’ < 6(2 Iz +nllx 1z +nlly + 12 + 77||H3) wlly lwl]] -
and , 2
No ||lw No llw
(o o) |« ——Delvl 2 el
1=z +nlc) 1=z + 7l

respectively, thanks to (8) and (9), we can take sufficiently small £ > 0 so that the following
estimate is valid:

-2 )20’

e
G't) < (Ns=Dllall; - 51142 = f = gllz-
< 2Ny (llally + 14z = £ = g2 )
2
(17) < =Ni(llally + 14z = £ = glly-2)

for t > 0. Hence since G(t) is non-increasing in ¢t > 0 and (0,0) € w(ug — 1, u1), we have
G(t) = 0 as t — +oo and G(t) > 0 for t > 0. As in [13, 14], we can prove the following
type of Lojasiewicz-Simon inequality:
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Lemma 10 (Theorems 2.2 in [14] and 11.2.7 in [15]) There ezist 6 € (0,1) and p >
0 such that for all z € X with ||z]|yx < p, we have

PO < |4z = f (2m) = g ()l = -

This inequality is proven in the same argument as Theorems 2.2 in [14] and 11.2.7 in
[15]. For the sake of completeness, we give a sketch of a proof in an appendix. The proof
of Theorem 6 is also similar to that of Theorem 1.2 in [14]. For all ¢ > 0, we have

(18) ~L@) = —0Em) 6w

ON (G (Nl + 142~ £ — gl )

Y

by (17). Now that lim; 4 ||2¢]l, = 0 holds, there exists sufficiently large T' > 0 such that
we may suppose that [|z|l, < 1 as long as t > T. Noting that 1/2 < 1 —6 < 1 and that
1<(1—-6)/60 for 6 € (0,1/2), we have

1

2(1—-0 1-6 — 1-6 1-60
g lzela ™7 + PO+ Az = £ — gl Nzl

(@) <
1 —9 —9
< gl +IF@)
1-6
+1 (1= 0) |4z — £ — gl + 200 |zl
(19) < N (llally + 1P + 142 = = gl )

for t > T. For any 0 < £ < p, there exists N € N such that ¢, > T satisfying

o tall < 56 (Gt < TRt and (i)l < 5

for all n > N. Let
t=sup{t >tn||[z(-,s)|x <pforall setn,t]}.
Hence for all t € [ty t], (18) becomes

d 9 ON, ON,
- > — Az — f — o> =
G@0° 2 gt (el + Az F = glla-s ) > gt el

owing to
(G(1)'™ < 2Ns(llzdlly + 142 = £ = gll -2 )
by (19) together with Lemma 10. By integrating this inequality over [ty, ], we obtain
T
2Ny o 1
. ds < — (G(t =£.
[ ol s < 57 (@00 < 6

Claim 1
t =400

holds.
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Proof. If t < 400, we have

-0l = (jtu(-,s)nz)ds+||z<-,tN>||2

/t (nz(-,s)n; / |2z, )| (2, 9) dx) ds + (- tw)l,

t
< /||zt<-,s>||2 ds + |-, tn)ll

tn

< &

IN

From the compactness of z(t) in X, we can choose & > 0 sufficiently small to obtain
[|2(- ,f)HX < p, which contradicts the definition of . O

Since the claim is shown,

+oo
Hm {|z(-,1)ll, S/t 12e(-» 8)llp ds + [[2(- tn)llp <&,
N

t——+oo

which implies the convergence of z in X. O

A  Proof of Lemma 10 In this section, we sketch the proof of the Lojasiewicz-Simon
inequality. If we establish Lemma 11, we can follow the argument in [14, 15]. As in our
problem, the Lojasiewicz-Simon inequality can be applicable to the convergence problem in
infinite dimensions We remark that the lemma is also proven by [5, 6] and applied to [9].

Sketch of the proof of Lemma 10. Let

Mz=Az— f(z,n) —g(z,m).

We prepare an orthogonal projection. We denote the i-th eigenpair of A by (p, ¢;), where
{pi}ien is a set of orthonormal eigenfunctions in L?(2). We define by Wy, the vector space
spanned by 1, @2, ..., k. Let

Qr : L*(Q) — W,

be the orthogonal projection onto Wy. For all k£ € N, we have

(At Q) = 5 (Az2)+ 3 (42,2) + e (@2, 2)
> S el Dl + e — Qual + s @uell
> 2 lel + 2 el + 2 (s — Quel + Qul?)
> 2 lel + 3 el + EE 12

Putting
L=A~f(0,n)—g-(0,n) + puQx,
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we obtain

1 2 Y 2 Mk 2 2 2
(Lz,2) = Sllalx + 5 Nellig + 77 2l + Blnlly 121

2
1
+20 / Vz-Vndz | — Mol (U,X,n)/ 7(;“22 dx
Q a(l-n)

+Ao (o —1)xH (J,X,n)_g_l (/Q ﬁ dx)

T, 2 M Ao 2
> el + ( - 01> 12115 -
2 4 (1=nle)"

Now we take k so large that the inequality

4o
@ =1nlle)"

is satisfied. Hence £ is coercive and bijective from X to H~2(Q). Let

M >

N = uQp + M.

N is a C*? diffeomorphism in the neighbourhood of 0 € X to H~2() and its derivative at
0 is £. The inversion theorem implies the following lemma:

Lemma 11 (Lemmas 2.6 in [14] and 11.2.8 in [15]) There exist a neighbourhood V4
of 0 in X, Vo of 0 in H=2(Q), C; > 0 and Cy > 0 such that

Mz = Muwly2 < Cr 2 — wlly
for all z, w e Vi and
[NV=E(F) *Nfl(g)Hx <Co|lf —gllg—2
forall f, g€ V5.

Owing to Lemma 11, the same estimates as in [14, 15] hold, which yields the conclusion.
O
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(a) Masamori Ihara

(b) non-public

(b) ihara@osakac.ac.jp

(c) Structural equations modeling, Statistical Quality Managment, Factor analysis, Multivariate Analysis

(a) Masanobu Taniguchi

(b) Dept. of Applied Mathematics, School of Fundamental Science & Engineering, Waseda University,
3-4-1, Okubo, Shinjuku-ku, Tokyo,169-8555, Japan, Tel & Fax: 03-5286-8095

(b’) taniguchi@waseda.jp

(c) Statistical Inference for Stochastic Processes

(a) Masao Kondo

(b) non-public

(b’) kondo@sci.kagoshima-u.ac.jp
(c) Time Series Analysis

(a) Masao Fukushima

(b) Dept. of Systems and Mathematical Science, Faculty of Science and Engineering,
Nanzan University, Nagoya, Aichi 466-8673, Japan

(b)’ fuku@nanzan-u.ac.jp

(c) Mathematical Programming, Nonlinear Optimization

(a) Ryusuke Hohzaki

(b) Department of Computer Science, National Defense Academy, 1-10-20, Hashirimizu,
Yokosuka, 239-8686, Japan

(b’) hozaki@cc.nda.ac.jp

(c) Reviewable area: Operations Research, Search theory, Game theory

(a) Hiroaki Ishii

(b) Department of Mathematical Sciences, School of Science and Technology, Kwansei Gakuin University

2-1 Gakuen, Sanda, Hyogo 669-1337, Japan

(b’) ishiihiroaki@kwansei.ac.jp

(c) Operations Research and Fuzzy Theory, especially Mathematical Programming (Stochastic Programming,
Combinatorial Optimization, Fuzzy Programming), Scheduling Theory, Graph and Network Theory, Inventory control,
Mathematical evaluation method

(a) Junzo Watada

(b) Graduate School of Information, Production and Systems (IPS) Waseda Univ., 2-7 Hibikino, Wakamatsuku,
Kitakyushu, Fukuoka 808-0135, Japan

(b’) junzow@osb.att.ne.jp

(c) Fuzzy systems, Management Engineering

(a) Kensaku Kikuta
(b) School of Business Administration, University of Hyogo,
8-2-1 Gakuen-nishi-machi, Nishi-ku, Kobe City 651-2197 JAPAN
(b) kikuta@biz.u-hyogo.ac.jp
(c) Game Theory, Operations Research,



(a) Wuyi Yue

(b) Dept. of Intelligence and Informatics, Faculty of Intelligence and Informatics, Konan University, 8-9-1 Okamoto,
Higashinada-ku , Kobe 658-8501, JAPAN

(b’) yue@konan-u.ac.jp

(c) Queueing Networks, Performance Analysis and Modeling, Communications Networks, Operations Research, Markov
Processes, Probabilistic Methods, Systems Engineering

(a) Hiroaki Sandoh

(b) Faculty of Policy Studies Kwansei Gakuin University 2-1, Gakuen, Sanda-shi, Hyogo 669-1337 Japan
(b’) sandoh@kwansei.ac.jp

(c) Operations Research and Management Science, Stochastic modeling

(a) Yoshio Tabata

(b) non-public

(b’) tabata@econ.osaka-u.ac.jp

(c) Mathematical Finance, Sequential Decision Theory

(a) Katsunori Ano

(b) Department of Mathematical Sciences, Shibaura Institute of Technology, 307 Fukasaku Minuma-ku
Saitama-city, 337-8570, Japan

(b’) k-ano@shibaura-it.ac.jp

(c) Optimal Stopping, Mathematical Finance, Applied Probability

(a) Koyu Uematsu

(b) Graduate School of Management and Information Sciense Faculty of Global Business ,Osaka International University
6-21-57 Tohdacho, Moriguchi-Shi, Osaka,570-8555,Japan

(b’) uematsu@oiu.jp

(c) Stochastic Process and its Applications,Reliability Analysis,and Game Theory

(a) Yoshiki Kinoshita

(b) Dept. of Information Sciences , Faculty of Science, Kanagawa University, Tsuchiya 2946, Hiratsuka-shi, Kanagawa
259-1293, Japan

(b) yoshiki@kanagawa-u.ac.jp

(c) Software Science, Programming language semantics

(a) Shunsuke Sato

(b) non-public
(b’)ss_22362@nifty.com

(c) Mathematical biology in general

(a)Tadashi Takahashi

(b)Department of Intelligence and Informatics, Konan University, 8-9-1 Okamoto,
Higashinada, Kobe, Hyogo 658-8501, Japan

(b’) takahasi@konan-u.ac.jp

(c)Mathematics Education

(a) Benoit Collins

(b) Department of Mathematics, Faculty of Science, Kyoto University

(b") collins@math.kyoto-u.ac.jp

(c) Random Matrix Theory, Free Probability, Quantum Information Theory
Quantum Groups (operator algebra side), Operator Algebra



(a) Yoko Watamori

(b) Department of Mathematics and Information Sciences, Graduate School of Science, Osaka Prefecture University,
Sakai, Osaka 599-8531, Japan

(b") watamori@mi.s.osakafu-u.ac.jp

(c) Directional statistics, Multivariate Analysis

(a) Koichi Osaki

(b)Department of Mathematical Sciences,School of Science and Technology, Kwansei Gakuin University,
2-1 Gakuen, Sanda, 669-1337, Japan.

(b"osaki@kwansei.ac.jp

(c)Nonlinear partial differential equations, Infinite-dimensional dynamical systems
SRR KR R R KR R R R R R R R s R s R R o

Managing Editor

Koyu Uematsu (Professor of Osaka International University)
International Society for Mathematical Sciences
1-5-12-202 Kaorigaoka-cho, Sakai-ku, Sakai-city, 590-0011,Japan
uematsu@jams.jp
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Submission to the SCMJ

In September 2012, the way of submission to Scientiae Mathematicae Japonicae
(SCMJ) was changed. Submissions should be sent electronically (in PDF file) to the

editorial office of International Society for Mathematical Sciences (ISMS).

(1) Preparation of files and Submission
a. Authors who would like to submit their papers to the SCMJ should make
source files of their papers in LaTeX2e using the ISMS style file (scmjlt2e.sty)
Submissions should be in PDF file compiled from the source files. Send the
PDF file to slbmt@jams.jp .
b. Prepare a Submission Form and send it to the ISMS. The required items to
be contained in the form are:
1. Editor’s name whom the author chooses from the Editorial Board

(http://www.jams.or.jp/hp/submission f.html )and would like to take in

charge of the paper for refereeing.
2. Title of the paper.
3. Authors’ names.
4. Corresponding author’s name, e-mail address and postal address (affiliation).

5. Membership number in case the author is an ISMS member.
Japanese authors should write 3 and 4 both in English and in Japanese.

At http!//www.jams.or.jp/hp/submission f.html, the author can find the

Submission Form. Fulfill the Form and sent it to the editorial office by pushing
the button “transmission”. Or, without using the Form, the author may send
an e-mail containing the items 1-5 to slbmt@jams.jp

(2) Registration of Papers
When the editorial office receives both a PDF file of a submitted paper and a
Submission Form, we register the paper. We inform the author of the
registration number and the received date. At the same time, we send the PDF
file to the editor whom the author chooses in the Submission Form and request
him/her to begin the process of refereeing. (Authors need not send their papers to

the editor they choose.)
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(3) Reviewing Process

a.

4) a.

b.

The editor who receives, from the editorial office, the PDF file and the request
of starting the reviewing process, he/she will find an appropriate referee for
the paper.

The referee sends a report to the editor. When revision of the paper is
necessary, the editor informs the author of the referee’s opinion.

Based on the referee report, the editor sends his/her decision (acceptance of

rejection) to the editorial office.

Managing Editor of the SCMdJ makes the final decision to the paper valuing the
editor’s decision, and informs it to the author.
When the paper is accepted, we ask the author to send us a source file and

a PDF file of the final manuscript.

c. The publication charges for the ISMS members are free if the membership dues

have been paid without delay. If the authors of the accepted papers are not the
ISMS members, they should become ISMS members and pay ¥6,000 (US$75,
Euro55) as the membership dues for a year, or should just pay the same

amount without becoming the members.

Items required in Submission Form

1. Editor’s name who the authors wish will take in charge of the paper
Title of the paper

Authors’ names

w

3’.  3.1n Japanese for Japanese authors

Corresponding author’s name and postal address (affiliation)
4. in Japanese for Japanese authors

ISMS membership number

S

E-mail address
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Call for ISMS Members

Call for Academic and Institutional Members

Discounted subscription price: When organizations become the Academic and Institutional
Members of the ISMS, they can subscribe our journal Scientiae Mathematicae Japonicae at the
yearly price of US$225. At this price, they can add the subscription of the online version upon
their request.

Invitation of two associate members: We would like to invite two persons from the
organizations to the associate members with no membership fees. The two persons will enjoy
almost the same privileges as the individual members. Although the associate members
cannot have their own ID Name and Password to read the online version of SCMdJ, they can
read the online version of SCMJ at their organization.

To apply for the Academic and Institutional Member of the ISMS, please use the following
application form.

Application for Academic and Institutional Member of ISMS

Subscription of SCMdJ
[JPrint [OPrint + Online

(US$225) (US$225)

Check one of the two.

University (Institution)

Department

Postal Address
where SCMdJ should be

sent

E-mail address

Name:

Person in charge Signature:

Payment
[OBank transfer [Credit Card (Visa, Master)
Check one of the two.

Name of Associate Membership
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Call for Individual Members

We call for individual members. The privileges to them and the membership dues are shown
in “Join ISMS !” on the inside of the back cover.

Items required in Membership Application Form

Name

Birth date

Academic background

Affiliation

4’s address

Doctorate

Contact address

E-mail address

Special fields

0. Membership category (See Table 1 in “Join ISMS !”)

e I o

Individual Membership Application Form

1. Name

2. Birth date

3.
Academic background

4. Affiliation

5. 4’s address

6. Doctorate

7. Contact address

8. E-mail address

9. Special fields

10.
Membership
category
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Contributions (Gift to the ISMS)

We deeply appreciate your generous contributions to support the activities of our
society.
The donation are used (1) to make medals for the new prizes (Kitagawa Prize,
Kunugi Prize, and ISMS Prize), (2) to support the IVMS at Osaka University
Nakanoshima Center, and (3) for a special fund designated by the contributors.

Your remittance to the following accounts of ours will be very much appreciated.

(1) Through a post office, remit to our giro account ( in Yen only ):

No. 00930-1-11872, Japanese Association of Mathematical Sciences (JAMS )
or send International Postal Money Order (in US Dollar or in Yen) to our
address:

International Society for Mathematical Sciences

2-1-18 Minami Hanadaguchi, Sakai-ku, Sakai, Osaka 590-0075, Japan

(2)  A/C 94103518, ISMS
CITIBANK, Japan Ltd., Shinsaibashi Branch
Midosuji Diamond Building
2-1-2 Nishi Shinsaibashi, Chuo-ku, Osaka 542-0086, Japan

Payment Instructions:
Payment can be made through a post office or a bank, or by credit card. Members may
choose the most convenient way of remittance. Please note that we do not accept payment by
bank drafts (checks). For more information, please refer to an invoice.

Methods of Overseas Payment:

Payment can be made through (1) a post office, (2) a bank, (3) by credit card, or (4)
UNESCO Coupons.

Authors or members may choose the most convenient way of remittance as are shown below.
Please note that we do not accept payment by bank drafts (checks).
(1) Remittance through a post office to our giro account No. 00930-1-11872 or send
International Postal Money Order to our postal address (2) Remittance through a
bank to our account No. 94103518 at Shinsaibashi Branch of CITIBANK (3) Payment
by credit cards (AMEX, VISA, MASTER or NICOS), or (4) Payment by UNESCO
Coupons.

Methods of Domestic Payment:

Make remittance to:
(1) Post Office Transfer Account - 00930-3-73982 or
(2) Account No0.7726251 at Sakai Branch, SUMITOMO MITSUI BANKING
CORPORATION, Sakai, Osaka, Japan.
All of the correspondences concerning subscriptions, back numbers, individual and
institutional memberships, should be addressed to the Publications Department,
International Society for Mathematical Sciences.
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Join ISMS !

ISMS Publications: We published Mathematica Japonica (M.J.) in print,
which was first published in 1948 and has gained an international reputation in
about sixty years, and its offshoot Scientiae Mathematicae (SCM) both online
and in print. In January 2001, the two publications were unified and changed to
Scientiae Mathematicae Japonicae (SCMJ), which is the “21st Century New
Unified Series of Mathematica Japonica and Scientiae Mathematicae” and
published both online and in print. Ahead of this, the online version of SCMJ
was first published in September 2000. The whole number of SCMdJ exceeds 270,
which is the largest amount in the publications of mathematical sciences in
Japan. The features of SCMdJ are:

1) About 80 eminent professors and researchers of not only Japan but also 20
foreign countries join the Editorial Board. The accepted papers are
published both online and in print. SCMJ is reviewed by Mathematical
Review and Zentralblatt from cover to cover.

2) SCMJ is distributed to many libraries of the world. The papers in SCMJ
are introduced to the relevant research groups for the positive exchanges
between researchers.

3) ISMS Annual Meeting: Many researchers of ISMS members and
non-members gather and take time to make presentations and discussions
in their research groups every year.

The privileges to the individual ISMS Members:
(1) No publication charges
(2) Free access (including printing out) to the online version of SCM{J
(3) Free copy of each printed issue

The privileges to the Institutional Members:
Two associate members can be registered, free of charge, from an institution.

Table 1: Membership Dues for 2015

Categories Domestic Overseas Develop.mg
countries

1-year Regular ¥8,000 USS80, Euro75 | USS$50, Eurod?

member

l-year Students ¥4,000 US$50 , Eurod7 US$30 , Euro28

member

Life member* Calculated USS750 , Euro710 | US$440, Eurodl6
as below

Honorary member Free Free Free

(Regarding submitted papers,we apply above presented new fee after April 15 in
2015 on registoration date.) * Regular member between 63 - 73 years old can apply
the category.

(73—age) x ¥3,000
Regular member over 73 years old can maintain the qualification and the privileges
of the ISMS members, if they wish.

Categories of 3-year members were abolished.
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