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José R. Fernandez@® and Ramoén Quintanilla

Abstract. In this work, we consider the spatial decay for high-order parabolic (and combined with a hyperbolic) equation in
a semi-infinite cylinder. We prove a Phragmén-Lindel6f alternative function and, by means of some appropriate inequalities,
we show that the decay is of the type of the square of the distance to the bounded end face of the cylinder. The thermoelastic
case is also considered when the heat conduction is modeled using a high-order parabolic equation. Though the arguments
are similar to others usually applied, we obtain new relevant results by selecting appropriate functions never considered
before.
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1. Introduction

Parabolic high-order (in time) equations arise in the study of viscoelasticity, fluid mechanics or heat
conduction. We can cite the work of Lebedev and Gladwell [16], where the authors propose high order
in time viscoelastic solids. We can also consider the generalized Burgers fluids [33], which correspond to
a parabolic third order in time equation (anti-plane shear). Moreover, we can recall the recent theories
concerning dual-phase-lag [34] and three-phase lag [4] for the heat conduction. In short, we can say that
parabolic high-order equations model a big quantity of thermomechanical problems.

The knowledge of the spatial behavior of the solutions for equations and systems is an important
topic in mechanics and mathematics. From a mechanical point of view, it is related to the Saint-Venant
principle and, from a mathematical point of view, with the Phragmén-Lindelof principle. Mathematical
studies about the spatial behavior have been proposed for elliptic, hyperbolic and parabolic equations
[2,5-8,11-14,19,20,23-25]. The list of contributions in this theory is huge, but we want to focus our
attention to the parabolic case. Perhaps, the first contribution in this line was done by Knowles [15],
where the exponential decay for the solutions was obtained. However, it is worth recalling the work
of Horgan et al [9] and extended by Horgan and Quintanilla [10] for functionally graded materials.
These contributions provide spatial decay estimates of the kind of the exponential of the “square” of the
distance to the boundary where the perturbations hold. They represent an improvement in the sense that
the spatial decay for the transient classical heat equation is faster than the spatial decay for the static
heat equation. Later, some extensions to these contributions were proposed [28,29]. Furthermore, the
combination with the elastic equation has been also considered [17,31]. However, the first contribution
concerning the spatial behavior for high order (n-order) of a partial differential equation was given in
[32]. In this last contribution, the parabolic (and hyperbolic) transient problem was studied with the help
of a weighted Poincaré inequality. In the parabolic case, an exponential decay (linear in the distance to
the bounded boundary) was obtained.
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In this paper, we want to improve this last result. We are going to obtain a Phragmén-Lindel6f
alternative for a function defined on the cross-section and we will prove that the decay is of the type
obtained in [9,10]. We also study the thermoelastic problem when the heat conduction is determined by
a high-order parabolic equation. It is worth recalling that in a recent paper [30] the author showed that
the decay would be faster than any exponential of a linear expression of the distance. Here, we give a
new precise decay improving the ones presented previously. Although the arguments proposed have been
considered in many other contributions by different authors, in this work we introduce new functionals
which allow us to obtain the improvement in the knowledge of the decay.

In the next section, we propose the parabolic high-order problem that we will study later. To this end,
we need to recall several inequalities which are summarized in the third section. In the fourth section,
we obtain a Phragmén-Lindel6f alternative for a cross-sectional measure. In the fifth section, we prove a
faster decay estimate. In the sixth section, we consider the thermoelastic problem and we prove a decay
estimate of the type of the exponential of a second order polynomial. Finally, we give some examples
where the results obtained can be applied.

2. The problem

In this paper, we study the spatial behavior of the problem determined by the equation:
= Al (2.1)
in a semi-infinite cylinder (or strip) B = [0,00) x D, with the boundary conditions:
u(x,t) =0 for a.e. & € [0,00) x OD,
u(0, 2, x3,t) = f(xe,x3,t) for a.e. (z2,x3) € D,
and the initial conditions:
u(z,0) = a(x,0) =... = u™(x,0)=0 forae xc B. (2.3)
In Eq. (2.1) we have used the notations:
i =bou+ b+ -+ bu'™, U=aju+asi+ -+ anpqu™. (2.4)

We refer the reader to Sect. 7 for some specific examples of these higher-order equations.
As usual, we need to impose that

f(zo,23,0) =0 for a.e. (x2,73) € OD

to guarantee the compatibility of the conditions.

In this paper, we assume that a,; > 0 and b,, > 0. Of course, the case a,+1 < 0 and b,, < 0 can be
considered in a similar way. We note that the existence of the solutions to problem (2.1)—(2.3) as well as
their regularity can be obtained in view of the results in [21], once we combine these ideas with the ones
presented in the appendix of [22].

3. Some useful inequalities

To obtain our results it will be useful to recall (and to deduce) several inequalities. First, we recall
the weighted Poincaré inequality which states that
t t

/672w5f2(5) ds < w72/672ws|f/(5)‘2 ds, (3.1)

0 0
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where w > 0 and f(0) = 0.
From the above inequality we can deduce several inequalities which will be useful in our approach.
In view of the inequality (3.1), the systematic use of the Hélder and A-G inequalities allows us to

obtain
t t
//e_Qws\ﬂ(s)\Qdads = bi//e‘z‘”s|ﬁ(s)|2dads
0 D 0D

t
+2b,, / / 3*2“’Su(”)(b0u 4+ bn,lu(”fl)) dads
0 D

¢
+ / / e 2% (bou + - + bp_1u" V)2 dads
0 D

1/2

t t
< bfl//e_z‘”s|u(")|2 dads + 2b,, //e‘Qws(u("))2 dads
0 D 0 D
. 1/2
x[|b0| //672“’S|u\2dads
0D
. 1/2
+oee o b //6—2w5|u(n—1)‘2dads }—i—
0D

¢ ¢
< bi//e*%ﬂu(””2 daderAw*l//e*QWS\u(")Fdads
0 D 0D

¢
+Bw72//672“’5|u(")|2dads

D

0
¢
< C’lufl//672“’5(&7,+1bn)|u(”)|2 dads
0 D

t
+b2 /
0

where (' is a positive calculable constant.
The next inequality we consider is the following one:

e~ 2542 dads, (3.2)

U\

t
//6—2ws(b0u +bu 4+ bn—ﬂi("*l))(alu R an+1u(n)) dads
0

D
t
1 —2ws n
< E//e 2 bnan+1|u( )|2dads,
0 D

where w is large enough, which can be obtained in a similar way.
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We will also need the following inequalities:

t s
///e—wa(boamlmr---+bn,1u<">)dad7ds
0 0 D

t

< %///672‘”()“@”“@(”“2 dadrds,

0 0 D

t s
///e‘wanu(") (ar+ -+ anu(”)) dadrds
0 0 D

t s
< %///edmbna,ﬁﬂu(”)ﬁ dadrds,
00 D

where w is again large enough.

4. Phragmén-Lindelof alternative

In this section, we obtain a Phragmén-Lindeldf alternative for the solutions to our problem (2.1)—(2.3)
for a measure defined in the cross section of the cylinder. We first define the function

t s
1
G(z,t) = 5///6_2WT|11(T)|2dadeS. (4.1)
00D
We have
oG /
= //e*QW 7)1 (7)dadrds
00D
and

_2‘”(u 10,1 + Ut 11)dadrds

D
:///6’2‘”(|Vﬂ|2+ﬂﬁ)dad7ds.
0 0 D

—

But we find that

@i = (bou+ - + bp1u" ) (ard + -+ + app1u" ) + bpan g u™u

+bn’u(n)(a1’d 4+t anu(n))
d ) J
= % |:(b0u + .4 bn—lu("—l))ﬁ} — (bou + .4 bn—lu(n))ﬂ, + 5bnan_i_l%‘u(n)|2
+bnu(")(a1it 4+t anu(")),
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and so, we obtain

0*q e
= /6_2“"’ <2bnan+1|u(”)|2 + (bou+---+ bnlu("_l))ﬁ) dads
D

+///672‘”[\Vﬂ|2erbnan_,_l\u("”z7(b0u+~~+bn_1u("))ﬂ
0 0

+2w(bou + - - + by u™ D)0 + byu™ (a4 - - - + anu(”))} dadrds.

Therefore, in view of the inequalities provided in the previous section, it follows that

e 2%, an 41 |u(”) |2 dads

e 2T {|Vﬂ|2 + %bnan+1|u(”)|2] dadrds, (4.2)

whenever w is large enough. Thus, it leads
0*G
022 (

where A? is the known Poincaré constant for the cross section D. Inequality (4.3) has been previously

studied in the context of spatial estimates (see [18]).
From here we can obtain that either

G(z,t) > Gz, t)eV2AE20) (4.4)

z,1) > 202Gz, 1), (4.3)

for every z > zg and where G(zo,t) > 0, or the exponential decay
G(z,t) < G(0,t)e V2 (4.5)

is satisfied.
So we can deduce the following.

Theorem 4.1. The function G(z,t) defined in (4.1) for the solutions to problem (2.1)—(2.3) either it sat-
isfies the increasing estimate (4.4) or the decay estimate (4.5).

5. Fast decay

In this section, we prove a decay estimate for the solutions to problem (2.1)—(2.3) of the type of the
exponential of the distance to the part of the boundary where the perturbations are imposed. First, we

note that
t
6G 1 —2ws|~|2
E_i//e |a|* dads.
0 D

From (3.2) and (4.2) we also find that

926G [0G\° o L 0G
[ R > I, .
50 <82> > 2X°G(2) + TS 1G, (5.1)
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where C' is a computable positive constant depending on the constitutive coeflicients and w of the form:

C=2 (C’lw_l + b") )
Ap41

Inequality (5.1) is well-known (see Equation (3.16) in [10]).
If we denote by P(z,t) = G(z,t)'/? we can write

o?pP 5 10P
— > \°P -
5.2 NP+ C! o
We also note that P(z,0) =0 for z > 0 and
1/2
// / e 27| f(7)|? dadrds =g(1),

0 D(0)

where g(0) = 0.
Let P(z,t) = exp (—A*tC) ®(z,t). It then follows that

b,,—C1®, >0 for z>0andt>0,
®(2,0) =0 for z>0,
®(0,t) = exp (A\%C) g(t) for t > 0.

An upper bound for ®(z,t) follows from the maximum principle by using the solution to the problem
e = Oz
with the initial condition 7(z,0) = 0, when z > 0, and the boundary condition:
n(0,t) = exp (\*tC) g(t) for t > 0.
We know that
P(z,t) < exp (—A*tC) (2, t).
The function 7(z,t) is well known (see Carslaw and Jaeger [3, p. 64]) and so, we have

n(z,t) = exp (\*tC) g(t)F(z, 1),

where
1 e B
- = _ /2
F(z,t) = 2exp( )\z)erfc{ 5712 — (\°Ch) }
1 C V2% 5
- /2
+26xp()\z)e7"fc{ 571/ + (A=C) }
and
2 [ .
erfe(z) = 1/2/6 ¥ ds.
Therefore,

Since we know that
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we can conclude that (see Abramowitz and Stegun [1, p. 98]), for z > 2AtC, the estimate

2073/24(t /) 2exp(—\2tC) exp (_ C_122>]

P(z,t) < g(¢) C—2,2 _ 4)2¢2 4t

(5.2)

holds.

Theorem 5.1. The solutions to problem (2.1)—(2.3) decaying to zero when the distance to the bounded
boundary increases satisfy estimate (5.2).

We remark that we can choose w large enough to guarantee that the decay is “almost” of the type
exp 77G"+122
8bt )
6. Thermoelastic system

In this section, we extend the estimates obtained in the previous section to the thermoelastic case, that
is, a fast decay of the decaying solutions. Thus, we consider the system:
pii; = pi jj + (A + p)ug i — B0, _
c(a10 4+ azl + - + ap 1 00D) = bo A + by AO + - - - + b, AO™) (6.1)
—B(art; ; + agll;; + -+ + an+1u§2+1))’
with the boundary conditions:
u;(x,t) = 0(x,t) =0 for a.e. € [0,00) x ID,
u; (0,29, x3,t) = fi(xa,xs,t) for ae. (va,23) € D, (6.2)
0(0,x9,x3,t) = f(x2,23,t) for a.e. (x2,23) € D,
and the initial conditions:
u;(x,0) = 4;(x,0) = 0(x,0) =0 for a.e. x € B. (6.3)

Again, we assume that f;(xs,x3,0) = f(72,73,0) = 0 for a.e. (x2,73) € D'.
It is worth noting that here u; is the displacement vector, 8 is the temperature, A and p are the Lamé
constants, p is the mass density, ¢ is the heat capacity and /3 is the coupling coefficient.
To make the calculations easier we assume that
p>0, u>0 AX+p>0, c>0.

We also assume that a,41 > 0 and b,, > 0.
In order to study the problem it is worth writing the displacement equation as
pii; = i, 5+ (A + 1) 50 — 50,5
We can define the function

t s
Go(z,t) = —///6_2‘” {uai,lai + (A + p)iig gty + B0ty +0,0| dadrds.
0 0 D

In this section, we want to obtain a new spatial decay estimate. Therefore, we assume that

lim Go(z,t) =0 uniformly as  O(z7%). (6.4)

LAlso the existence and regularity of solutions to problem (6.1)—(6.3) can be obtained as we already mentioned in
Sect. 2.
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Z t // / QWT puzﬁl + ‘LLﬂiJ’l;l,i’j -+ ()\ + ,U,)ftivi’l;l,jyj

0 B(z)
+|VO)? + 099} dvdrds,

We obtain that

where B(z) = {x € B ; 1 > z}. We note that

Gigti; = (boiis + byii; + - - + bl ") (art; + agii; + -+ + apyqul™)

=D anﬂu(n”) ("H) + bnugn“)(alui + agti; + - + anu (. ))
(bouz —+ b1 u + -+ b 1u(”+1))(a1ui + (ZQﬁi 4+ 4 Ap4+1U

drl n n n . . n
b anﬂu( +1) ( +1) +bnu§ +1)(a1ui+a2ui+--~+anug ))
(n+1))

(”+1))

T at i
(boul b1l A by u™ ) (a1 4 agidly + -+ angay
_bnugn+1) (alili + it aju ("+1))

ﬂi7jﬁij = (bouz \j + bl’llz \j + -t bnu )(aﬂlm + ag’dij + -+ Ap+1U;

) (n+1)
1 j )

=b an+1u(n) (n_H) +bn U( )(alum +agtl;j+ -+ anugz))
d(bouw + bl“w +ot bn—lugzil))(alui,j + agti; ; + -+ an+1u("+1))
=7 b an+1u(n) gj + (bowij + byt j + -~-+bn,1ui7j D)uw»]

+bnu; )(aluz g T agi;j+ -+ agu EZH))

(boum + blui’j + -+ bn 1Uz( j))uz,]'

In a similar way, we also have

U d
iy i 5 = dt[ b1l + (Bt + byt + - bl )i
+bnu§,i)(a1u3‘,j + agtij; + -+ anugj}))

—(botts,; + byl + - - + bn—lugﬁ))ﬂm-

We then obtain
t

0 B(z)

FO+ @l ul o™ ) + Ry dvds+/// —2°” bnanﬂ(cw("n2

+pu; (n+1) (nH) + uu(n) (") + (A4 p)u; (") (n)) + wF1 + Fy + |V0| } dvdrds,

where

= pbnugn+1)(a1ui 4+ tanu (n)) + p(bowi j + -+ + by 1u(n_1))ﬂi,j
FO A 1) (Dot + -+ bqult V)it g+ e(bob + - 4 b0,

Fy = (boti; + -+ + bn_lui +1))(a1uz + agil; + -+ apg (n+1))
—bpul" ™ (ariis + - - + a,ul™ ) + b0l )(aluw + -t apul)
—(boti j + b1ty j + -+ bpe 1u( ))uZJ + bnu( )(alum + - 4agu }"4))
—(bott;  + -+ -+ bn,lug i))um + b0 (a1 + - - - + a,0™)
(b + -+ by 104,

ZAMP
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By choosing w large enough we can obtain

t
1
t) > Z/ / 672wsbnan+1|: (n+1) (n+1)+ﬂu(n) (n) O+ ) (n) 572)
0 B(2)

+clo™ 2 dvds+/// Bl |V9|2+ L bptn i1 (pul™ Dy
0 B(z)

P ”>+-(A4—u) Myl +.490”P)}dvd7d&

We consider now
Ga(et) = [ Gole.t)de,

and so, we have

t

% — 7/ / e~ 2ws [uﬁi,lﬁi + ()\+M)ﬂ1,i”jbi Jrﬁéﬁz] dvds
B(z)
. t
+§/ / 0|2 dads,
0 D(z)
oG
3j%ﬂ=—%@ﬁ,
82G1(Z,t) 2 (n+1), (n+1) (n),,(n) ()2
PO L[ [ e ol ol 0
0 D(z)
+(A + p)u; (n) () dads+// / —2wrT |V0|2+ —bnany1(py; (n+1) §n+1)

0 D(z)
+uugz)ugz) + (A + p)u, (n) 47]» + C|9(n)|2)} dadrds.

From here, the argument is again standard (see, for instance, [26,27]).
We can obtain the existence of two positive constants 1 and R such that

oG, oG 0G4
< +

o < g TR
If we denote
H(z,t) = e“the_azGl(z,t)7 a= 25—11%,
we obtain
oM
022 — Ot

An argument similar to the one proposed in the previous section shows that

Gi(z,t) < e sup [*°G1(0, 8)|N (2, 1),
0<s<t

102
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t

2
where N(z,t) = m / s~3/2exp <427rs) , and a change of variable implies that N(z,t)
=er Cw.
Therefore, we conclude that
A(t 2
Gi(z,t) < i )exp <az - ZRt) ) (6.5)

where

A(t) = (4Rt)1/26_a2Rt sup eastGl(O,s).
0<s<t
We remark that we can obtain upper bounds for this function A(t) in terms of the boundary conditions
following the arguments already used in [17,27].

2,2

It is clear that these estimates imply that the decay at the infinite is of the type of exp (4_Rt) which

we summarize as follows.
Theorem 6.1. The solutions to problem (6.1)—(6.3) that satisfy condition (6.4) decay in the form (6.5).

n

We note that, for w large enough, we can choose R as near as we want to the value 2 .
Cln 41
Therefore, asymptotically the rate of decay that we have obtained for the function Gy approaches to

2
_ Clng1Z
exp ( A > .
7. A few examples

In this section we give several elementary examples where the results obtained in this paper can be
applied.

7.1. Parabolic equation

We give here several examples of parabolic equations of higher order. The first example corresponds to
the linearized form of generalized Burgers’ fluid. From [33] we know that the system determining the
evolution of this fluid is given by
PO+ MO+ XaV) = =Vq+ 01 Av + 12 AV + 13 AD,

where p, A1, A2, 11,12 and 73 are positive constants.

In the case that we consider anti-plane shear deformations:

vy = v(z2,73), v2 =w3=0,
we obtain the equation:
02 0?
here A" = — + —.

e ox3 * 0z3

A second example could correspond to the dual-phase-lag heat equation [34] written as follows:

. . T2 T . "
T+ 7,7 + ?qT +oo o LT Z (AT 4 7p AT 4 T—T'AT(”)),
n. n:
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where k, 7, and 7r are three positive constants. Perhaps the most known case corresponds to the equation:

. . 7'2 . 7'2 .
T+ 7,1 + ?‘JT = k(AT + 70 AT + %AT).

In 2007, Roy Chouduri [4] proposed to generalize the Tzou proposition to include the type II and III
Green—-Naghdi theories, being the most well-known example the one written as
T+ 7,7 = k*"AT 4+ 177 AT + krp AT,

where k,k* are two positive constants, 7 = k*7, + k and 74, 7, and 71 are three positive relaxation
parameters.
In the reference [16] the authors proposed a constitutive equation in viscoelasticity of the form:

C(@/@t)aij = A(@/Bt)ekkéw + 2B(8/6t)eij,

where A, B, C are polynomials, o;; is the stress tensor, €;; is the strain tensor and d;; is the Kronecker
symbol.
The anti-plane shear deformations can be obtained now from the equation:

u(n+1) + anu(n) 4t a2u(2) — ﬂ(boAU N bnAu("—l) + Au(n))’

where p is a positive parameter and whenever degree(C') = degree(B) — 1.

7.2. Thermoelasticity

Now, we give a couple of examples where we can apply the results of Sect. 6.
We note that the dual-phase-lag thermoelasticity has been studied by many authors. We can consider
the case:

pil; ﬂum + (A + )y 5 — 604,
e+ 7,0 + A 9) = k(A0 + 7pAf + TAG) Bt i + Tyt i +

2

Tq
5 W,q).

A thermoelastic system correspondlng to the three-phase-lag thermoelasticity could be (see [4]):

pli; = puij; + A+ puj i — B0,
c(O+7,0) = kA0 + 1, A0 + krp AG — Blil s + 7475 ;).

It is worth noting that we could also study systems where the derivation of the temperature could
correspond to higher order. For instance, we could consider systems of the form:

Pl = pu j; + ()\ + u)uj ji — B0,
A+ 7y -+ TEO0D) = K(A0 4 7 AD -+ T ag)
n!

—B(tii + Tqiiii + -+ 7u(n+1))
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