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Well-posedness of the linear heat equation with a second
order memory term
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Abstract. In this article we prove that the heat equation with a memory term on
the one-dimensional torus has a unique solution and we study the smoothness
properties of this solution. These properties are related with some smoothness
assumptions imposed to the initial data of the problem and to the source term.

Keywords: heat equation, memory term

1 Introduction and preliminaries

Let T := R/2x7Z be the one-dimensional torus, let Q := (0, T)XT and M > 0. In this article we
study the existence and uniqueness of the solution of the following heat equation involving a
memory term:

w(t, X) — (2, x) + Mf Uy (s, x)ds = f(t, x) (t,x) e )
0

u(0, x) = u(x) xeT,

where the source term f € L? ((0, 1), Lz(T)) .

In many problems arising in mathematical physics such as flow of fluid through fissured
rocks, diffusion process of gas in a transparent tube, heat conduction in materials, and vis-
coelasticity, one may encounter memory effects that are relevant from a physical point of
view and can be modeled by nonlocal terms. For instance, in [3], a modified Fourier’s law
which is independent of the present value of the temperature gradient, but depends on its
history, is introduced to correct the unphysical property of instantaneous propagation for the
heat equation. By following [1, 5] (see, also, [2]) has been proposed a linearized theory for
the heat transfer in isotropic media in which the heat flux depends both on the present value
of the temperature gradient and its history being given by

q(t,x) = —k(0)VI(@, x) — foo k' (s)VI(s, x) ds,
0

where k(s) is the heat conduction relaxation function and ¥} represents the temperature. A
particular and simplified case of this modified Fourier’s law is used for the equation with
memory term (1).
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Let us introduce the following space with its corresponding norm:

g 1 T 3
L2(T) = {f:T—>C‘ INES dx<oo}, il :Z(E | ver dx). @

We observe that (1) may be written as the following system

u,(t, x) — up(t, x) + Mz(t, x) = f(t, x), tx) e

Zt(t7 'x) - I/lxx(t, 'x) = Oa (t, .x) (S Q 3
u(0, ) = (), xeT ©)
20, x) = 20(x), xeT,

which is equivalent to

u ul\ _(f u o
(1) eal2)=(2) (F)o-(%) @
where f € L? ((0, T); LZ(T)) and the operator A is given by

-0%, Ml
ﬁ=( & o ) )

I; being the identity operator. The domain of the operator A is given by D (A) = H*(T) x
L*(T) and it is characterized by the following property

2

0 0
( ’:0 )eD(ﬂ)@ﬂ( ’;‘0 )e(LZ(T))

Notice that in (3) the function z denotes fol uy(s, x)ds and, consequently, z(0,-) = 0.
However, we can solve (3) for arbitrary value z(0, -) = z°.

2 Spectral analysis

In this section we present the spectral analysis of the operator A. We have the following
result.

Lemma 2.1 The eigenvalues of the operator A are given by the family

(U5 ners- Y {tto}, (©6)

where py = 0 and

1
L = 3 (n*£nVn2+4M)  (neN"). (7
Moreover, each of the eigenvalues 17, n € N, is double and has associated two eigenvectors
. 1 . . 1 ,
o= o |, O = o |e™ (n € NY), )
s I

. . . 1 . .
The eigenvalue uy has associated one eigenvector O = ( 0 and a generalized eigenvector

Oy = ( A}/I )verifying AD; = O
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Proof. Let yt € C such that ﬂ( LZ‘ ) = ,u( th ) We obtain that

—Uye + Mz = uu,

{ T T ©
xx = MZ.

If we are looking for u and z in the form

U= Z aneinx’ 7= Z bneinx’
nez nez
from (9) it follows that
(n* —wa, + Mb, =0 (n #0),
n*a, — b, =0 (n#0),
by =0,
Mb() = Mayp.

The above system has a non-zero solution (a,, b,) if i verifies the following equation
W-nfu-n*M=0  (n#0). (10

Solving (10) we obtain that u are given by (7), for each n € N*. Since we have z = % we
deduce the form (8) for the eigenvectors @ and ®=*,, for each n € N*.

If by # 0 we obtain u = M = 0. If by = 0 we obtain u = 0 is a double eigenvalue and the
corresponding eigenvector and generalized eigenvector are given by ®; and @ respectively,
where @ is obtained by solving AD; = ®. The proof is complete. O

The following remark gives some useful properties of the eigenvalues given by (7).

Remark 2.1 We remark that, the eigenvalues (i )nerw given by (7) can be written in the

following form
gy =n'+r, g, =-r, (neN), (11)
where
2M .
Py = ———— (n € N¥).
1+ 4/1+3#

Moreover, the following estimates hold

n2 (1 + V1 +4M)n2 oM
— < |ur| < , <l =M meN*. (12)
2 ] 2 1+ V1i+4M ]
Also, notice that
4M
+ - 2
Wy — M, =21, +n° > ————. (13)
1+ V1+4M

2\2 ~2
Theorem 2.1 For any n € N¥, let y; := (("7) + 1) . Then (y* CD,T)

+ M -\
r il U{®g Dy} is

0” a2+l

nez*
2
a Riesz basis in the spaces (LZ(T)) .

: + Pt + M - : 2 2
Proof. Firstly, we show that (y|n|<Dn )nEZ* U {CDO, \/ﬁq)o} is complete in (L (T)) . We prove
2

that, given an arbitrary element in (LZ(T))

[ )-2(5 )~ w

nez
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there exists a unique sequence (a;, ), such that
v o
( w ): D @y ®k + a;®f + ag®;. (15)
nez*

From the form (8) of ®;, the form of CI)S , @, given by Lemma 2.1 and by relations (14) and
(15) we obtain the following system
a;yr;” +ayy, = toonz0

=Py

2 2
ot I By
Yty + GVt =B 1 #0
Inl n|

+ M - _ t
ag + =y = Bys

1 —
o = Po-

By taking into account (13) it results that the above system has a unique solution a;; given by

o _ (B
ay ==, n#0
Vil (#\/I\jlhl)

H

a; = VM2 + 1,
ag =By — Mpy.

and thus (ylfllcbj)

nezr M2+1 0

UdF, 22—} is complete i ZTZ i i i
0 plete in (L ( )) . The proof is finished if we

2
shows that ('ylfth)ﬁ)nez* U {(Dg s %@5} is a Riesz sequence in (L2(T)) , that is, there exist

two positive constants K| and K, such that

2

2 M 2
K (Z laz| ] <D @ ®r + af g + ay———=1; <K, [Z |az| ) (16)
nez nez VM? + 1 (12(m))* nez
for all sequences of scalars (at), ., in the space £*. We have that
o 2
£+ JE +dt - -
ay Y@y + ag @y + ag ———=0,
neZZ:* VM2 +1 (LZ(T))Z
2
= Z (a:,’yr;” + a;ylzl) e +aj +ag T
ez M? + 12 p
2
2 2
n __n : _ 1
+ Z (a;’}/l‘;—_'_ + anynl—_) e+ a, —2
nez: Hip Hipy M=+ 12
2 2 M
2 n n 2 2
= aryr +ayyol +lanyh— +ayy,—| |+ lag| + |ag| + 2———="R(ajap).
Do e s | e L

A7)
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2
n?

T
Il

2
Taking into account the fact that 'ylfl|| <

7§| < 1 and by using the inequalities

2 2 2 2 2
lz1 + 221° < 2(|Z1| + |z2] )§ 2R(z122) < |z1l” + |zl (21,22 € C),

we deduce that the second inequality (16) holds for K, = 4. To obtain the first inequality in
(16), the following estimate is used,

2 2
lz1a1 + 228117 + |z102 + 2252

= (o} + Q)1 + (B} + B3) laP + 20181 R (@1 Z2) + 2008, R G122)

1 1
> (of + ) la1” + (8] + B3) leal” — I B (62 al + |zZ|2) ~ 2] (62 il + IZ2|2)
= (o + 03 = 1116 = |2l 6) P + (ﬁ% +5; - |a1ﬁ1| — laapal —) 22l

for any z;,22 € C, a1, 2,061,582 € R and § > 0 such that

2 2
e (|a1ﬁ1| tlaspl @i+ )
B +B la1B1] + laafal

In the above inequality if we consider z; = a}, o = a,,, @) = yljll, B = Vip @2 = 7|n|u and

B = )/I:,“']—f it follows that
Inl

2
|+++__'2+++n_2+__£
Y| T n Yy AnY | s 0

Ir] &

2)2 2 2
2 n e n- _n| o, 2
> () +(7|;|/E] = PYivial 62 - Vszﬁywﬁ S| lan|
1 i i
:=C}
2 \2 2 2
\2 _n . n n| 1| _p
) V=1 — VY Y= a,| - (18)
( Inl) ( lnl/'llnl] ' n] InI| \nlﬂr;l lnl”m\ 6% | n|

:=C?

We remark that C!, C2 > 0 for every 6, > 0 such that

+ oo + n: - n 2 2 \?

!mmm i, Vi, () +(7’\;uﬁ )
_\2 2 I + -
() +(7|n|ﬁ) Yin Y| * 7|fzm|,,ﬂ’|nml,,“

If we choose

’7’\n|7’|n|

2 2 \?
+ + nt
(i) +(7|n\ﬂ|*,,‘)
)

Vil 1 7|n| 1,

2
Vil ™ uw 7|n\ I

2 (7&\)2 + (7\;4 /ﬁ)z

VY|
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and we take into account the fact that

1 n n
limy; = —, limy, =0, 11m yn = —, limy,— = -1,
n—oo /Il \/i n—oo /11l | "ul-;I \/E nsoo * | |#|n‘
we obtain 3 | 1

limé}= == lmCy=7  lmCi=. (19)

n—oo 2\/5, n—ooco 4 n—oo

From (19) it follows that there exists Ny € N* such that, for any |n| > Ny, we have that

From the above estimate it follows that

2
n n 1 2 2
o4 - + -
Vi =5 AV —| 2 3 <|an| + |an| ) (In| > No),

o+ -7
|an7|\+an7| || +
! " Hip Hipn)

and we deduce that
2 2
) n __n
Z {‘“Zﬂu + “n7|n|| + “ZVﬁzwﬂT T4 Y=

2
)1 . 1 2
]me{g’léﬁlan C } E |

nezx [n] In| nezx
(20)
On the other hand, we have that
42 2 M - M +2 M 2

as|” +la +2—9%(aa)2(1——)a +(1—— a | . 2D

sl + e N M2+1|0| m")'
From (17), (18), (20) and (21) we deduce that the left inequality (16) holds for

o M 1 2
K = mln{l - \/_ 3’ 1<r1511|1<nN0{C,,,Cn}},

and the proof is complete. O
Remark 2.2 In Theorem 2.1 we show that (yli;l‘fbi) o {q)a , \,— 0} is a Riesz basis in

2 0 2
the spaces (LZ(T)) . Thus, ( ZO ) € (Lz(T)) if and only if there exists a unique sequence of

coefficients (aﬁi**),,ez such that

(@2 ez € 2, (22)
and

MO) 0,4 + o+ ot 0,- M -
0 | = E a, yn(D—+a DOy +ay ————=D,. (23)
(Z & C vmre1 '

2
Moreover, we have that F € L* ((0, T); (LZ(T)) ) if and only if, for a.e. t € (0,T), there

exists a unique sequence ( f,f(t))nEZ € €2 such that

f (t)‘ dt < oo, (24)

nez
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and
Tt + pE £t + M -
Fm=;ﬁmm%#MMmﬁmﬁﬁﬁ%. (25)
On the other hand, given f € L? ((O, T); LZ(T)) such that
fit,0 =) i)™, (26)
nez

we have that F = ( g ) is given by (25), where the Fourier coefficients have the particular

form
= 1, 10

i@ = (n#0),

7@\("\3’4 _#‘:m)

7)
L =0, fH® = folo.

3 Well posedness results

In this section we study the existence, uniqueness and regularity properties of the solution of
(4). We shall introduce two concepts of solution: weak and classical.

Definition 3.1 ( ! ) ec! ([o, T, (LZ(T))Z) A C ([0, T); D(AY) is a classical solution of (4)

2
in (Lz(T)) if satisfies the equation for each t € [0, T] and the initial conditions.

Definition 3.2 ( I; ) eC ([0, TY; (Lz(T))z) is a weak solution of (4) if verifies the following

variational equality

- f fu(s, X)ps(s, x)dx ds — f fu(s, X)prx(s, x)dxds + Mf fz(s, X)p(s, x)dx ds
0o Jr 0o Jr 0o Jr

+ fu(t, X)p(t, x)dx — fuo(x)go(o, x)dx — f fz(s, XY(s, x)dx ds
T T o Jr

- f fu(s, W (s, x)dxds + fz(t, X(t, x)dx — fzo(x)l//(O, x)dx
0o Jr T T

=fff(s,x)ga(s,x)dxds, (28)
0o Jr

for any ¢,y € C' ([0, T1; HX(T)) and t € [0, T].

Next, we study the solutions of the following system

(Zl+ﬂ(z)=ﬁ [4)o=(%) (29)

where A is the operator given by (5) and F € L? ((0, T); LZ(T)) .
The first result gives the simplest solutions of (29).
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Proposition 3.1 Letn € Z, a’* € Cand fni € L2(0,T). If n # 0, then the unique solution of
_ 0
(29) with F = f;[ (1)} and( ZO ) = ag’iCD,f is given by

( Z )(t) = (ag’ig”ﬁ’ + f e’/‘il(””f}(s) ds) 3. (30)
0

_ 0
On the other hand, if F = f ()@ and ( ZO ) = a8’+(1)a’ + ag’f(l)a, then the corresponding
solution of (29) is given by

( Z )(r) = (ag* + f f7(s)ds —ag’_t) @ +a) D). 31
0

Proof. Firstly, we consider the case n # 0. We look for a solution of (29) of the form

( Z )(z) = a*(H®*. We deduce that

() () + i @) = fy @), (32)
. u° u . o ...
Moreover, since ( 2 ) = ( Z )(O) we obtain the initial conditions
a(0) = a%* (nez. (33)
Solving (32) with initial conditions (33) it follows that
+ 4 + —
ay () = aﬂie_”ﬁ’4-°f‘e’”W“’”Jf(s)ds
0

and (30) holds.
On the other hand, if n = 0 we look for a solution of (29) of the form ( Z ) () = aj (D +
ag ()@, It follows that

@Qm+%m=ﬂm, 34)
(a5) 1 =0.
: u® u . L »
Since 0 =1, (0) we obtain the initial conditions
a3(0) = ap™. (35)
Solving (34) with initial conditions (35) we deduce that
4 —_—
{ aj(t) = a8’+ + f fo(s)ds — ag’_t,
0
ay (1) = ag’_,
and (31) holds. |

Remark 3.1 Let( ’:g ) € (LZ(T))2 of the form (23) and let f € L? (0, T); L*(T)) of the form

(26). It follows that the expansion of ( g ) is given by (25) with the Fourier coefficients (27).
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By taking into account the previous proposition, the corresponding solution of the problem

29) with F = ( g ) should be given by the Fourier expansion

( ’; )(t) = ) aEWyE®E +ay(OD; + ay (1) @;, (36)

M
= VM2 + 1
where ,
ax(t) = aS*e ' + j(; M9 £% () ds (n £ 0),

ag(n) = ay”, (37)
+ 0,+ fr‘f:i-( )d 0,— M

a’(t)=a;" + s)ds —a,” ——t.

0 RN ¢ VM1

Moreover, the coefficients (a:(1))nez given by (37) are uniquely determined.
The properties of (36) will be studied in the following two theorems.

0
Remark 3.2 We have that ( ZO ) € (Lz(T))2 given by (23) belongs to D(A) if and only if

(ag’iﬂﬁ)nez* e . (38)

Moreover, lf( {)C ) eH! ((O, T); (L2(T))2) and f is given by (26), then we deduce that

> [

nez

(f;"), (t)|2 dt < oo, (39)

where f,} are given by (27).

In the next theorem we study the weak solution of (4).
Theorem 3.1 Given ( Z(()) ) € (L2(1I‘))2 and f € L? ((O, T);LZ(T)), then (4) has a unique
weak solution.

Proof. Let ( Z ) given by (36). We show that ( Z ) is the unique weak solution of (4).

nez*

Firstly, we prove that ( Z )(t) € (LZ(T)){ for each t € [0,T]. Since (7/;‘@;’) v

M - : EP 2 2. + + HE
{(I)g , mq)o} is a Riesz basis in the spaces (L (T)) it follows that ne%* a; (t)y|n|<Dn +

2, e
af (VO] + a5 (1) FA=; € (L2(T)) , if and only if, (a%(1)),., € (2, for any t € [0,T].
Indeed, by the form (37) of the coefficients a; (r), we have that

Slazof <2y [adseri +2 )

nez nezZ* nez*

2

!
f e’”ﬁl(”‘v)ﬁ(s) ds
0

T 2
f fo(s)ds
0

—_ 2
Fs)| ds].

+ BT+ 1] +3 a0 +3

< c(z 0+ Y fOT

nez nez
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From (22) and (24), it follows that the last two series are convergent. By using the Weierstrass
test we deduce that ( Z ) eC ([0, TI; (Lz(T))z).

For N € N*, we consider

u ) _ M
N _ 0,+ . + 1+ 0,4 5+ 0, _
yl= a, yln‘d)n +ay Oy +ay ——Py, 40)
( N 13%‘;,\, M? +1
and '
o= fne™. 1
0<|n|<N
We have that
v ) Thoa k@t L Froamt L T M -
= Jo Oy @y, + fo D@ + fo () ———=0y. (42)
( 0 )7 20 OO+ 00+ o0 =0y

where the Fourier coefficients (f",%(t)) are given by (27).

0<lnl<N
0
The corresponding solution of the problem (29) with F = ( J:])V ) and ( bzt{)\’ ) given by
N
(40) is

( uy )(t) = Z “:(t)%i@rf +ag (D] + ay (1) D, 43)

M
N 1<In<N VM? + 1

where the Fourier coefficients (a;; (1)), <y are given by (37).

Taking into account the form of ( LZtN ) given by (43), it follows that the relation
N

—f fuN(s,x)tps(s,x)dxds—f fuN(s,x)t,oxx(s,x)dxds—ka sz(s,x)go(s,x)dxds
o Jr o Jr o Jr

+fuN(t,x)<p(t,x)dx—fu?v(x)go(o,x)dx—f sz(s,x)ws(s,x)dxds

T T 0 T

- f f Uy (5, (s, ) dx s + f et DU, ) dx - f 2,0, x) dx
0 T T T

- f f Fiv(s, X0, ) dx ds, (44)
0 T

holds, for any ¢,y € C' ([0, T1; H*(T)) and € [0, T1.

Since( Z ) c C([o, T: (LZ(T))Z), ( ij ) € (L3m) and f € L2((0. 7); LX(T)) we have

( uy )_>( ‘ ) in (10,71 (D)), when N > oo,

IN

0 0
Uy u . 2 )2
(Z%)H(ZO)IH(L(T)),whenN—>c>o,

fv = f inL*((0,T); L(T)), when N — co.
Taking into account the last three convergences and passing to the limit in (44), when
N — oo, we deduce that ( th ) given by (36) verifies (28), for any ¢,y € C! ([O, TI; H2(T))
andr € [0,T].

10
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The uniqueness of the solution follows immediately from Remark 3.1, since the coeffi-
cients (a; (f))nez from (36) are uniquely determined, and the proof is complete. |
Now, we pass to study the classical solution of (4).

Theorem 3.2 Given
u0
( 20 ) € D(A), (45)
feH' (0,1 LX(T)), (46)
then (4) has a unique classical solution in (LZ(T))Z.

Proof. Let ( ) given by (36). We show that ( ) is the unique classical solution of (4).

Firstly, we prove that ( . ) € C([0,T]; D(A)). We remark that, formally,

y{( . )(r) = D an O ;.

nez*

We prove that the right hand side term is well defined for each ¢ € [0, T] and represents a
function from C ([O, TY; (LZ(T))Z). We have that

!
a5 (Ot = pay™e ™' + py fo e fE(s) ds
r
_ ﬂ‘-_:llag,ie_ll‘;ll + e-ﬂfn\’f (e’ll;\s), FE(s)ds
:ﬂilag‘*e Ml 4+ FE(1) — e £E(0) — Mol fe”ln‘ (9)ds.

From the above relations, using the hypothesis ( I (t)) _ € ¢* and the fact that by (45) and
(46) the conditions (38) and (39) are fulfilled, then with'similar arguments used in the proof of
Theorem 3.1 we deduce that the right hand side term is well defined and represents a function

2 u
from c([o, T1: (L2(T)) ) Consequently,( ; )e C ([0, TT: D(A)).

2
Next we prove that ( Z ) eC! ([O, TI; (LZ(T)) ) For any k > 1, we consider

gD = . at oy O +ay(nd; + a5 (1) ——
- n [n|='n 0 0 0
1<Inl<k VM? + 1

According to the classical results concerning the derivation of a series (see for instance [4])
we have to prove that:

o;  (te[0,T)).

2
1 g e € (1073 (Lcr))
2. gi converges pointwise to g in [0, T'];

3. (g,’{)k is uniformly convergent on [0, T'].

11
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We have that
POy — _ 0%, &t —utt t*s"?t T £
g, (1) = Z Ay e " = e e’ fr(s)ds + £,/ (1) ¥ @n
1<]nl<k 0
~ M
+ f*(t)—ao’_—) ;
( 0 O My
13
=2, [—aﬂiu.ﬁe‘”ﬁf—e‘“* f () ﬁf(s>ds+ﬁ<r>]ﬁ.d>:
1<Inl<k 0
~ M
+ f*(t)—ao“—)CI)*
(0 O vmrs1)
!
= [—aﬁ**u;e‘“ﬁt+e‘“?’ﬁ(0>+e‘“?’ [ e ) (s)ds] Yl
0

1<|n|<k

+ 0,— M +
+ (fi) (l) — CZO \/ﬁ) (DO' (47)

— 2
Since /7 € H 1(0, 7, it follows that greC 1 ([0, T1; (Lz(T)) ) and the first assumption 1 is ver-

ified. The second assumption 2 follows immediately since g, () converge to g(t) := ( ? )(t),

the solution given by (36) which is well defined. It remains to verify the last assumption 3.
We remark that
2

aO i'ulile ﬂ\n\ + e 'u\ﬂl f (0) +e #I"‘ f eﬁln\ (S) ds

f 7Y o ds)

By taking into account (38), (39) and the fact that ( I (t))nEZ e ¢* foreach t € [0, T, with sim-

ilar arguments as in the proof of Theorem 3.1, it follows that the sequence (g;c)k>1 converges

< C(|“0 +:“\7z|| +

2
uniformly to g’. We deduce that ( th ) eC! ([0, T1; (Lz(T)) )
Taking into account the form of ( ) given by (36), it follows that (4) holds.

With similar arguments as in the proof of Theorem 3.1, it follows that L; ) is unique

solution of (4), and the proof is complete. O
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