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The time-dependent Ginzburg-Landau equations of superconductivity with a time-
dependent magnetic field H are discussed. We prove existence and uniqueness of weak
and strong solutions with H!-initial data. The result is obtained under the “¢ = —w(V -
A)” gauge with w > 0. These solutions generate a dynamical process and are uniformly
bounded in time.

1. Introduction

The time-dependent Ginzburg-Landau equations describing the state of a superconduct-
ing material near the critical temperature were derived in 1968 by Gor’kov and Eliashberg
[8] by an averaging process of the microscopic BCS theory [2] of superconductivity. They
generalize the Ginzburg-Landau model [7] to the nonstationary case. After proper non-
dimensionalization, the time-dependent Ginzburg-Landau equations consist of a system
of nonlinear differential equations for the order-parameter y, the vector potential A and
the electric potential ¢ given by the following:

o . (i : L
n(5+1x¢>w——(;V+A> v+ (1-lyl*)y inQx(0,00), (1.1)
aa;?"'vﬁb=—V><V><A+]S-i—V><H in Q x (0,), (1.2)

where J; is given by

| .
J;=J(v,A) = ﬁw*w —yVy*) - lylPA = —Re[w* (iv +A) w]- (1.3)

The vector H represents the (externally) applied magnetic field; it is a given function of
position and time. Equations (1.1)—(1.3) are satisfied everywhere in a domain Q of R”
(n =2 or 3), which is the region occupied by the superconducting material and at all
times £ > 0. As usual, V = grad, V- = div, VX = curl and V2 = V - V = A, i is the imagi-
nary unit and a superscript * denotes the complex conjugation. The associated boundary
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conditions are
n-(iV+A)1//+iy1//:0, nx (VxA—-H)=0 onodQ, (1.4)

where 0Q is the boundaryof Q and n the local outer unit normal to 0Q. They must be
satisfied at all times ¢ > 0. Henceforth, the term “TDGL Equations” refers to the system of
equations (1.1)—(1.4). The unknown functions are ¢ a complex-valued function, A taking
its values in R” and ¢ a real-valued function. They introduce some physical quantities like
the density of the superconducting carriers |y|?, the supercurrent density J,, the magnetic
induction B = V X A and the electric field E = 0; A—V ¢. The parameters # and « of the
model are some physical constants, with #, a (dimensionless) coefficient friction, and «
is the (dimensionless) Ginzburg-Landau parameter. The function y is defined, positive
and Lipschitz continuous on 0Q); it represents the contact parameter which is zero if the
superconducting material is surrounded by vacuum. For more physical meaning of the
TDGL equations, see [1] or [21]. On the other hand, the TDGL equations are invariant
under the following gauge transformation:

o ] d
G, : (v,A,¢) — (w=wemX,A=A+vX, ¢=¢—a—)§>, (1.5)

here y is a given real-valued function (sufficiently smooth) of position and time. In a
physical point of view, the physical states of the superconductor describing by (v, A, ¢)
and (¢,A, ) are indistinguishable. For more details about gauge invariance, one may
consult [5] or [6]. We restrict ourselves to the “¢ = —w(V - A) gauge (w > 0) in which the
TDGL equations read

ay
775 ==
J0A

Ez—VxVxA+wV(V-A)+IS+VxH in Q x (0,00), (1.7)

. 2
(iv +A> ytinkwy(V-A)+ (1— vy inQx (0,00, (1.6)

where J; is given by (1.3) and the boundary conditions become
n-Vy+yy=0,n-A=0,nx(VxA-H)=0 ondQx(0,0). (1.8)
For the initial condition, we put
v(-,0) = yo, A(-,0)=Ap inQ, (1.9)

where y and A are given.

In this paper, we consider the TDGL equations under the gauge choice “¢ = —w(V -
A)” (w > 0) and in the case of a time dependent magnetic field. In practice, H is either
time independent or time periodic. The question of existence, uniqueness and regularity
of weak solutions of the TDGL equations was in particular investigated in [4, 13] and
[19] for H time independent and [6, 12, 17, 22, 23] for H time dependent. The long
time asymptotic behavior of the solutions of the TDGL equations was mainly settled
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in [6]. The authors in [6, 22] assumed among other things that the applied magnetic field

satisfies
J J | H(x,t)|” dx df < o, I J

for some T > 0. In this case, the solutions of the TDGL equations generate a dynamical
process in some suitable Hilbert spaces, see [6, 22]. In particular, if H is time indepen-
dent, the process becomes a dynamical system enjoying a global attractor. Furthermore,
the solutions are attracted to the set of divergence free equilibria, which are the solutions
of the time-independent Ginzburg-Landau equations. It is the purpose here to deal with
the situation in which H satisfies not completely (1.10). More precisely, we assume that
0H/0t may be not integrable in a neighborhood of the origin instant ¢t = 0. One of the
main objective of this article is to generalize many of the existence results concerning the
TDGL equations by showing existence of global (in time) strong solutions. Such kind of
solutions have not been previously studied in the literature. Furthermore, we perform
our analysis by developing and improving a number of estimates on the solutions involv-
ing Sobolev imbeddings. In particular, we stress the fact that the solutions are Holder
continuous and uniform bounded in time. Finally, we mention that the a-priori bounds
on the solutions obtained here improve those established in [22]. The paper is organized
as follows. In Section 2, we introduce preliminary materials and recall some basic results
for use in subsequent sections. Section 3 contains results on the existence and uniqueness
of weak and strong solutions for the TDGL equations. Some aspects on the dynamics of
the solutions are discussed in Section 4. In the last section, we establish global a-priori es-
timates on the solutions thus obtaining existence and uniform boundedness for all time
t=0.

dxdt< 00, (1.10)

2. Functional formulation

We assume that Q) is a bounded domain in R” (n = 2 or 3) with a boundary 0Q of class
CUL. In the sequel, we take n = 3 since the case n = 2 is similar. The function y is de-
fined and Lipschitz continuous on dQ) and y(x) = 0 for x € Q. Throughout, for p = 1,
LP(Q) will denote the usual Lebesgue space, with the norm || - |, (-, -) is the usual inner-
product in L?(Q)). For nonnegative integer m, we will denote by H™(Q) the usual Sobolev
space, with norm || - |[g=. In the case of nonintegers m, H™(Q) is the fractional Sobolev
space defined by interpolation. The corresponding spaces of complex-valued functions
will be denoted by £7(Q) and #™(Q)) and the corresponding spaces of vector valued
functions will be denoted by L?(Q) and H”(Q)). Without any possible ambiguity, we use
the same symbol || - ||, to indicate the norms in £?(€)) and L#((2), and the inner-product
for p = 2 is defined in the usual way. We sometimes use || - [|x to denote the norm de-
fined on a Banach space X. At each time t > 0, we assume that H € L*(Q) and consider
the vector Ay € H'(Q) defined to be the weak solution of the strongly elliptic problem

V-Ag=0, VXVxAg=VxH inQ, (2.1)
n-Ag=0, nx(VxAg—H)=0 onodQ. (2.2)
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At each fixed time ¢ > 0, the mapping H € L*(Q) — Ag € H'(Q) is linear and continu-
ous, see [6]. Moreover, the vector Ay turns the boundary condition in the right hand side
of (1.8) into a homogenous one. In fact, by setting

A= A-Ay, (2.3)

and substituting in (1.6)—(1.9) one obtain the following system:

; 2
n%—"[;=—(iv+A'+AH) v+inkoy(V-A)+(1—-|yl?)y inQx(0,0), (2.4)
a;; =foVxA’+wV(V-A’)+];f|1//|2AHfaé% inQx(0,00), (2.5)

n-Vy+yy=0,n-A"=0, nx(VxA)=0 onodQx(0,0). (2.6)
The supplemented initial condition is
W(30) = WO) A,()O) = A(,) = AO _AH(O) in Q. (2'7)

Here J, = ]S(I/J,A') is given by the expression in (1.3). On the other hand, to fix the time
dependence of the functions entering equations (2.4)—(2.7), we introduce the following
spaces. For any given T >0, p > 1 and any given Banach space X, we put

LP(0,T;X)
T (2.8)
= {u :t€(0,T) — u(-,t) € X measurable, and J lu-,0)||% dt < oo},
0
L*(0,T;X)
(2.9)
={u:t€(0,T) — u(-,t) € X measurable, and ess sup_,.7||u(-,1)||y < ®},
Whr(0,T;X)
. ou (2.10)
= {u € LP(0,T;X) absolutely continuous such that o e LP(0,T;X )}.

The spaces WP (0,T;X) are defined in similar ways. C([0,T];X) denotes the space of
continuously X-valued functions defined in [0,T] and C%([0,T],X) the family of all
Holder continuous X-valued functions with exponent 6, (0 < 8 < 1). One may consult
[3] for details about these notions.

In order to reformulate the system (2.4)—(2.7) into an equivalent abstract initial value
problem, we consider the solutions ¥ and A" as a vector representing the pair u = (y,A")
and adopt the following notation

LP(Q) = LP(Q) xLP(Q), H'(Q) =9 (Q) x H(Q). (2.11)

If no ambiguity is possible, we use the same symbol || - ||, for the norm of L.7(Q2). Let A
be the linear selfadjoint operator in .2(Q) associated with the following quadratic form:

_ L 2 . 2 2 LJ 2
Q“’(“)‘L[W@'W' +w(V-A)2+|V XA }dﬁm@ YvPdo,  (212)
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on the domain
BD(2e) = {u=(y,A) eH(Q):n-A=0 onodQ}. (2.13)

Some general results on second-order elliptic differential operators show that the oper-
ator o is sectorial. We omit the details; one may consult [10]. Hence —s{ generates a
holomorphic semigroup (e=#),-¢ in 12(Q) and the fractional powers s* of A are well
defined. Interpolation theory shows that the domain % (%) is a closed linear subspace
of H?*(Q) for 0 < a < 1 and in particular @(4'?) = %(2,,). On the other hand, it is pos-
sible to extend the operator o to the Banach space L?(Q2), with 1 < p < co. We will use
the symbol 54, for a more general definition of ${ as an unbounded linear operator in
L7(Q2). In this case, A, is also sectorial and so —s4, generates a holomorphic semigroup
in L2(Q) (see [10] and [14] for more details). The remaining nonlinear term in the sys-
tem of equations (2.4)-(2.5) is defined as follows:

I(t,y,A) = ~ [ ~ 2 (Ty) - (A+Ar) - L (1- @) y(V - A)
x * (2.14)
—y|Aran] (- vy,
, . 9Am
F(t) l[/,A) = ]S(I/I’A) - |1//| A _7) (215)

for all (y,A) € H'(Q) and ¢ > 0. Observe that the mapping % := (I, F) maps [0,T] X
H'(Q) in L¥2(Q). Therefore, the semigroup {e~* :t > 0} does not act on %. For this
reason, we will take instead of s the operator B = 93,,. As mentioned above, % is the
extension of the operator < to the Banach space .¥%(Q). Let uy € H'(Q), then equations
(2.4)—(2.7) are equivalent to an evolutionary system, namely,

dt (2.16)

du +RBu =F(t,u(t)) fort>0,
u(0) = u.

uy being in H'(Q), we are interested in the so called mild solution of problem (2.16),
namely a continuous function u: [0, T] — H!(Q) (T > 0 is given) such that

t

u(t) =e My, +J e P F(s,u(s))ds for 0<t<T. (2.17)
0

3. Existence and uniqueness

In this section, we shall assume that the magnetic field H satisfies the following assump-
tions:

He L*(0,T;L2(Q) n W (1, T;L2(Q)) Vo<t<T, (3.1)

lim (t"Haa—I;I(t)Hz) =0, forsomey< 1. (3.2)

t—0*
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Observe that if y < 1/2, conditions (3.1) and (3.2) imply (1.10). This case is investigated
in [6] and [22]. We then restrict ourselves in the sequel to the case 1/2 < y < 1. Moreover,
(3.1) and (3.2) imply H € C([0, T],L%(Q)). Before we investigate the question of existence
and uniqueness of mild solutions of the associated initial value problem (2.16), we need to
collect some a-priori informations on the solutions. Let us define the following mapping:

F (t,u) = F(t,u) + (o,a%(t)) for ac 0<t<T, u=(y,A)cH(Q). (33)

The first lemma concerns Hélder continuity of the mild solutions.

LemMa 3.1. Let T >0andv € L®(0, T; H'(Q)) and set
t
Fu(t) = J e B9 G (s y(s)) ds for ¢ [0,T]. (3.4)
0

Then for every 0 < 0 < 1/4
Iu € C°([0,T],H'(Q)). (3.5)

Proof. Since Q is smooth enough and the domain of % is embedded in W>¥2(Q)), we
have for all 3/4 < y < 1 the fractional spaces (%) of the operator % are continuously
embedded in H'(Q), that is,

IVl < cyllBvllsn VveDR), (3.6)
for some positive constant ¢, depending on y € (3/4,1). Moreover, we have

[|B e ty||,, < Cat e |vll3n V>0,V a=0,Vvel¥?(Q), (3.7)
(e =I)v||5, < Ko t*]|BV||5, V20, VO<as<l, VveDB, (3.8)

where C, and K, are some positive constants independent from ¢. The constant § depends
only on the semigroup. For more details, we refer to [10, 14].

H being in L*(0, T; L2(Q)) implies that Ag € L*(0, T;H'(Q)). On the other hand, we
have v € L® (0, T;H!'(Q))). Therefore, substituting in (2.14) and (2.15) and using standard
arguments imply

[|F (t,v(1))||5, <o forae0=<t=<T. (3.9)
Leth>0and t € [0,T) be such that t + h € [0, T]. We write
‘?H(t-f—h) - 5’]—[(1’) =L+D,

t
- ~Bh 1) o= B(t—5) G
I = Jo (e I)e F' (s,v(s)) ds, (3.10)

t+h .
L= J e PUETh=9) 7 (5,v(s)) ds.
t
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Let 0 <0< 1/4and 3/4 <y <1 — 6. We estimate each of the two terms separately. For the
first one, using (3.6), (3.7), and (3.8) yields

1 Lo R (—s) o
C—||I1||[H]1 < hlla@ry < Jo |[(e™ Pk —1) By e B9 (5,v(5))|]5/, ds
y

<Ky h? Jot H%(ﬂy e B9 g (5,1/(5))H3/2 ds

t (3.11)
< K Couy H° L (£ = 5)" 0 =009 ||F (5,1(5)) |, ds
T

< Kp Coyy h° (ess sup ‘@’ (S’V(S))Hs/z) L s~ (0+7) o0

0=<t<T

Now to estimate I, we have from (3.6), (3.7) and Holder’s inequality

1 L g5 gnr
C—||11||[H]1 < L lla@y < L |BY e F'(t+h—s,v(t+h—s))||, ds
y

h
< CVJ sTe || F (t+h—sv(t+h—s))|5, ds
0 , (3.12)
<C, (ess sup ||F (s,v(s))Hm)J sVe % ds
0

0<s<T

T 1-6
< Cyh° (ess sup ||F’ (5,v(s))||3/2> (J s*)’/l’ge’(‘s/l’@)sds) :
0<s<T 0

The remaining case is similar. Indeed, let h > 0 and ¢ € (0, T]. It suffices to write t' =t — h
to obtain

Iu(t—h)—Iu(t) = —($u(t' +h) — Iu(t)), (3.13)

and so we have to argue exactly as above to complete the proof of the lemma.
Consider now the initial value problem
dv .
—+RBv=F(t,v(t)) fort>0,
dt (3.14)
V(O) =0,

which coincides with the problem (2.16) in the case of H time independent. We need for
later purpose to look for existence and uniqueness of mild solutions of problem (3.14),
that is,

t
W(t) = ey, +J eI (5 p(s))ds for0<t<T (3.15)
0

More precisely, we investigate the question of existence and uniqueness of strong solu-
tions of the initial value problem problem (3.14). In general cases of parabolic equations,
the problem of finding strong solutions requires some assumptions on local Holder and
Lipschitz continuity of the nonlinearity. In fact, we have the following. g
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THEOREM 3.2. Assume that the magnetic field H satisfies
HecL*(0,T;L*(Q)) n W2 (7, T;12(Q)) ¥V 7>0. (3.16)

Then for each initial data vy € D (AY?) the problem (3.14) possesses a unique strong solution
v=(y,A") such that

ve C([0,T,HY(Q) nC([r,T,H(Q)) VO0<7<T,0<0<1/4 (3.17)
Proof. The proof of the Theorem 3.2 uses the Holder’s inequalities

Ifgllsz <Nfll2 liglls ¥V f €L*(Q), ¥ g€ L5(Q),

(3.18)
I fghlls2 < 1Iflls ligls ks V f €L3(Q), V g, heL(Q).

Let Bg be any ball in the space H!(Q) of radius R and centered at the origin. For any
vi = (¢1,B1), v2 = (¢2,B,) in B and 11, £, € [0, T], we have

[|F (t1,v1) = F (t2,v2) |15 < [|F' (t1,v1) = F' (t1,92) |3, + [|F (t1,v2) = F (12,2) ]55-
(3.19)

First we have for all t € [0, T

|F" (t,v1) = F' (t,v2)]5, < [I0(,91,B1) =T (t,92,B2)|]5/,
+[[Ts(@1,B1) = Js(92,B2) ][5, (3.20)
(o1 1> = 1921%) A (D).

Each term in the expression of I' and J will be estimated separately. First we have

[Vgr-Bi= Vs -Bolly, <[[V(g1 = @)L, [Bills + [Vl [[B1 = Ballg

(3.21)
< co(|[Billg @1 = @21l + 1|92l [[B1 = B[l ),

where ¢y is a positive constant related to the continuous imbedding of H!(Q) in the space
L°(Q), (Q c R?). Hence

IVg1 - B1 = Vg2 - Balls, < coRlIvi = va . (3.22)
For the second term, we have
o1 | By + A |* = g2 | By + Ast |,
<[/(p1— 92) |Bi+An |* |5, + /92 (B — By) (B + B2 +2An) [,
< [lp1 = @2ll5]/B1 + Anllg +[/g2][5]/B1 — Ball¢IB1 + B2 + 2 A (3.23)
< [2(11B1[ [+ An [ ) g1 = @2llae

gz lser (1B gy +1B2llgp + 21| A g ) [1B1 = Ballyp .
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Since H € L°(0,T;L*(Q))), there is a constant ¢; > 0 independent from t such that
lAg(t)|lg < cpin [0, T]. Then it follows

||¢1|B1+AH| —(p2|B2+AH| ||3/2SCO( (R2+C1)+2R(R+C1 ||V1—V2||H1. (324)

The other terms are estimated analogously. Therefore, we obtain a constant C indepen-
dent from t and depending on R, T' and H such that for each t € [0, T]

||g,(t,1/1) — %’(tiv2)||3/2 < CR||V1 _VZHD-U‘ \v (Vl,l/z) (S B}zg. (3.25)

On the other hand, for t1,t, € [7,T] (7 > 0 arbitrary) and v = (¢,B) in Bg, we have

|F (t1,v) = F' (t2,9) ], < —K||V<P(AH(f1)—AH(tz))Ha/z
#llp(1 B () [~ | B () ), 320
+[ o] (An (t1) = Au (82)) Iy
As above, we estimate each term separately. For the first one, we obtain
Vo (Au (1) — An (t2))|]5, < col [Voll, | An (1) — Au (2) [l

aA
< al|Vell, —(

(3.27)

t

1/2
<cR |t -t 1/2“ ’aAH () dt) .
H!

The other remaining terms are estimated similarly. Therefore, we obtain that the map-
ping &’ is locally Holder continuous in t and locally Lipschitz continuous in v. Here the
sense of the definition is borrowed from [10]. We then conclude by applying the exis-
tence theorem in [10] (cf. Theorem 3.3.3) that for each vy € % (s4"2) the initial value
problem (3.14) has a unique local strong solution v = (y,A") on an interval [0, T}) with
0< T, < T. More precisely, v € C([0,T1), H! (Q)) n C'((0,T;),H!(Q)) and

% +Bv(t) = F (t,v(t)) fora.e0<t< Ty, v(0) = (3.28)

The proof of existence of the solution v on the entire interval [0, T'] uses an a-priori bound
on the energy-type functional associated to the initial value problem (3.14)

e - [| (7o)

1 2
+ " Lleq)l do(x)

2

+%(1 —191*)* +20(V - B)* +|V ><B—H|2] dx

(3.29)
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defined for t > 0 and (¢,B) € H'(Q). We set E,(t) = E,(t,¥(t),A(t)) with A = A"+ Ag.
We have for each fixed t, Ay is a weak solution for the boundary value problem (2.1)-
(2.2). It follows that for all t € (0,T}), the time derivative of E, takes the following ex-
pression:

2
dﬁ(l‘)=—2j [11 v —iwky(V = +w2|V(V-A)|2]dx

! oA " 0A oH (3:30)
7H —_— —_— —_— j—
2| .S 2L2 (VX A-H) d,
which together with Holder inequality yields
Doy < |20 Wn " g xA-H[;+ |2
2 ot
AP (3.31)
H
<E,(t)+ o 2+' o
Using standard arguments, we infer forall0<7 <t < T)
t 2
Fo() < 1)+ [ 0| aa}tl( || +|%: 9Au ) (3.32)
T 2

The assumption H € W'2(7, T;L*(Q)) provides then a bound on the solution v of prob-
lem (3.14) on the interval [7,T;) (7 > 0 is sufficiently small). Moreover, v € C([0,7],
H'(Q)). It follows that the solution v is bounded in the interval [0, T;). Therefore, the
maximal interval of existence of v coincides with [0, T). On the other hand by applying
Lemma 3.1 and according to the continuity of the map (t > 0 — e %!y, € H!(Q)), we
obtain that the solution v is continuous at ¢t = T Finally, since (t — e~ %) € C'((0,T],
H'(Q)) and once again by using Lemma 3.1, we conclude

veC([r,T],H(Q)) v0<rsT,o<9<i (3.33)

This concludes the proof of Theorem 3.2.
We remark that Theorem 3.2 implies existence of strong solutions to the TDGL equa-
tions in the case when the applied magnetic field H is time independent. O

CoROLLARY 3.3. If the magnetic field H is time independent then for each initial data ug in
D(sA12), the problem (2.16) has a unique strong solution v = (y,A") € C%([r,T],H'(Q))
forall0<7t<Tand0<6<1/4.

We consider now the remaining integral part in equation (2.17) introduced by 0 H/ot

Fu(t) = Lte-%(f-f) a%(s) ds, (3.34)

where € is the restriction of the operator # to L*(Q). Obviously, a necessary condition
for existence of mild solutions to the problem (2.16) is the continuity in time of $y. In
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other words, we need to prove that the following initial value problem

dw o An
{dt +&w =200 for £>0 )

w(0) =0,
defined in L?>(Q) has as mild solution w = $g.

LEMMA 3.4. We suppose H satisfies (3.1) and (3.2). Then $u € C([0, T, H'(Q)).

Proof. As mentioned before, only the case 1/2 < y < 1 remains to be treated. We set w(t) =
$u(t). First we show that for all t € [0, T], w(t) is well defined and belongs to H'(Q).
Indeed, since (e !);- is in particular a Co-semigroup in H!(Q), there is a constant M
depending on T such that

— ()

ds. (3.36)

W)l < .

Lett € (0,T] and € > 0. According to (3.2), there is « > 0 small enough such that

|22

5 (L‘)HH1 <et™ VO<t=za (3.37)

For t > « it follows that

JAn

||w(t)||HlsM( J S f‘ds+‘ o ) (3.38)
Therefore [[w(t)|lg < oo forall t € (0, T]. Moreover (3.36) and (3.37) imply
}irg||w(t)||H1 =0. (3.39)
Letnow h = 0andt € (0,T). We write
w(t+h)—w(t) =1L +D,
L[ pete S 6 (3.40)
L= LHh e Etth=s) aa%(s) ds.
On the other hand, the semigroup (e~%') ., satisfies
|€* e ® B||, <c,t *e ¥ |Bll, V>0, a>0, BeL*(Q), (3.41)

[[(e ® ~I)B||, <c, t*||€*B||, Vt>0,0<a<1, BeBecB(E"). (3.42)
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First we have

! —€h —&(t— 1/2 aAH
il < [ [[(e =) e (2 2209} | as (3.43)
0 ot 2
which by using (3.41) and (3.42) gives
t
1Ll < C h? f (t—s)*GH%(s)H ds, (3.44)
0 at H!

with 0 < 6 < 1 arbitrary and C a constant independent from ¢ and h.
Let0 <0< 1—pand fix p € (1,2) such that

-1
p”<1> O<9<pp (345)
We distinguish two cases. If t < a, (3.37) and Hélder inequality then imply
Il = CHe | (1= s7vas
' (3.46)

o p-1/p o 1/p
sChes(J (t— )~ 0@/p-D ds) (J P ds> .

0 0

If t > a, we obtain

/2 t
1l < CH? (ej (t—s)’os’”dsﬁ-J (t—s)’e‘ @(s)‘ ds)
0 a/2 ot H!

0 -6 v ! Y V219 A
<Ch'|e(a/2) I s "ds+(J (t—s) ds) '—
/2

12(a/2,T;H (Q)):| ’

0 ot
(3.47)
On the other hand, as in (3.36) we get
t+h aA
Ll < M J(s)H ds. (3.48)
t ot H!
First if t+ h < «, then from (3.37) we obtain
t+h T 1/p
L] < Msj sHds< Msh(P*I)/P<J shH ds) . (3.49)
t 0
Second if t > «, then
A
Ll < MRV 9An . (3.50)
ot 2 rsm (@)
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Finally if t < & < t+ h, then

o t+h
ol <M (e [ s ds+j ) ds>
« H'(Q
T 1/p
< [ )(p- 1)/P J sPH ds) +(t+h—a)? dAu ]
0 ot |l (o, T;H(Q))
/p
M[e h'e- 1)/p sPH ds) 2| A }
ot lr2erm @)
(3.51)
The cases t = 0 and t = T follow similarly. Therefore we obtain

we CY([0,TL,H'(Q) V0e(0,1-p). (3.52)

Moreover, since 1/2 < < 1, we have w € C?([0, T],H'(Q)) for all 0 < 6 < 1/2. In partic-
ular w € C([0, T],H'(Q)), which concludes the proof of Lemma 3.4. O

Remark 3.5. Concerning the case p < 1/2, one can prove likewise the Hélder continuity
in time of $y. More precisely, we have for all y < 1

Gue ([0, T HI(Q) Voe (0%) (3.53)

Following Theorem 3.2 and Lemma 3.4, a result concerning the mild solutions of the
initial value problem (2.16) can be derived.

THEOREM 3.6. We suppose the magnetic field H satisfies assumptions (3.1) and (3.2). Then
for each initial data uy € D(AY?) the problem (2.16) possesses a unique mild solution u =
(y,A") € CO([r,T],H (Q)) forall0< 7 < T and 0 < 6 < 1/4.

Proof. The proof of local existence and uniqueness is based on the contraction mapping
principle. Let the initial data ug = (yo,Ay = Ag — Au(0)) € D(4'2), we define for all v =
(¢,B) € L*(0, T;H'(Q2))

Gv)(t) = e Muy+ J;e_%(t_s) F(s,v(s))ds for 0<t<T. (3.54)

By setting
G (v)(t) = e Muy+ Lte*%(f*” F (s,v(s))ds for 0<t=<T. (3.55)
We have 4(v)(t) = —(0,$u(t)). Let now Bg(up) be the ball in H'(Q) with radius

R >0 arbitrary and centered at uy. For 7 > 0 small enough, we define

% = {veC([0,7],H(Q)) : v(t) € Br(uo) V t € [0,7]}, (3.56)
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endowed with the norm

Ivlle = sup [[v(t)][y:. (3.57)

O<t<t

Obviously, ¥ is a closed convex subset of the Banach space C([0,7],H'(€)). We must
show that % maps & in itself and is a contraction mapping on ¥. Indeed, according to
the proof of Theorem 3.2, the mapping %; maps ¥ in itself for some 7 > 0 sufficiently
small and acts as a contraction, see [10, Theorem 3.3.3]. On the other hand, by virtue of
Lemma 3.4, we have $y € C([0, T],H'(Q)). It follows that for some 7 > 0 small enough,
the mapping 9 maps & in itself and is a contraction mapping on . Therefore, the map-
ping % possess a unique fixed point u = (y,A") € ¥ (see [24]), that is,

t
u(t) = ey, +J e B9 F (s,u(s))ds for 0<t=<r. (3.58)
0

The proof of existence of the solution u on the entire interval [0, T'] uses an a-priori bound
on the energy-type functional E, defined in (3.29). We put E,, (¢) = E, (t,y(t),A(t)) where
A = A’ +Ay as defined in (2.3). $ being bounded in [0, T], we compute the time deriv-
ative of E, (t) and argue similarly as in Theorem 3.2. It follows the solution u = (y,A’) is
bounded in the entire interval [0, T]. Therefore the maximal interval of existence of the
mild solution coincides with [0, T']. Furthermore, by virtue of Theorem 3.2, Lemma 3.4,
and Remark 3.5, we obtain that u € C([0, T],H'(Q)) n C?([r,T],H'(Q)) forall 0< 7 <
T and 0 < 6 < 1/4, which concludes the proof of Theorem 3.6. O

Remark 3.7. Set v(t) = u(t) + (0, $u(t)). By estimating the energy functional E,,, we ob-
tain that dv/dt € L*(z, T;L%(Q)) for all 0 < 7 < T. Moreover by virtue of Theorem 3.2,
we have v(t) € D(B) a.et € (0,T) and
dv onr
a4 +Bv(t) = F (t,u(t)) forae 0<t<T. (3.59)
On the other hand, we have that € is a positive, selfadjoint linear operator with compact
resolvent on the Hilbert space L*(Q) and d Ag/dt € L}, .(0,T;%9(%€"?)). Therefore we can
use some general properties on the regularity of the solutions of evolutionary equations
to derive that $y is in fact a strong solution of equation (3.36) in the space H' (Q2) and on
the interval (0, T'). Moreover, we have
dfu € L*(1,T;1*(Q)) for0O<7<T,
dt (3.60)
Pu € C([0,T;H(Q)) for0<k<1.

One may consult [16, Theorem 42.12 and Corollary 42.13]. Concerning the divergence
of the vector potential A, using once again the energy functional, we obtain

V-AcL*(1,T;H(Q)) VOo<t<T. (3.61)

As a consequence of Remark 3.7, we have the following.
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CoROLLARY 3.8. The mild solutions of problem (2.16) obtained in Theorem 3.6 are in fact
strong solutions, that is, u(t) € D(B) a.e t € (0,T), du/dt € L* (1, T;1L*(Q)) for0<t< T
and

% +Bu(t) = F(t,u(t)) forae 0<t<T. (3.62)

Furthermore, if H € W'2(0, T;L*(Q))), we obtain that du/dt € L*(0, T;1L*(Q)).

Remark 3.9. Since Ay is a weak solution for equations (2.1)-(2.2), then the vector po-
tential A satisfies the TDGL equations only in a weak sense. However, if we assume
H(t) € H'(Q) for all ¢ >0, then we obtain that the pair (,A) is a strong solution of
the system of equations (1.6)—(1.9).

Remark 3.10. It is not hard to see that the order parameter y satisfies the maximum
modulus principle. More precisely, if at instant t = t, € [0, T'] we assume that

Iy (to)||, = C. (3.63)

Then we obtain for all subsequent instant ¢
lly()]|, <max(1,C) V t€ [ty,T]. (3.64)

However, for the case of steady solutions, it is known that always |y(x)| < 1 forall x € Q.
For details about the proofs, we refer to [11, 18].

4. Large-time asymptotic behavior

This section is concerned with the asymptotic behavior of solutions of the TDGL equa-
tions. In [6], the authors show that the mild solutions u = (y,A") define a dynamical
process in a chosen Hilbert space, namely 9 (s4%) for 3/4 < a < 1. This process completely
describes the dynamics of the TDGL equations. Our aim here is first to extend this pro-
cess to D(A"?) and second to investigate the asymptotic behavior of the strong solutions
in the case where the magnetic field H is stationary. Throughout the section, the sense of
definitions and notion appearing is borrowed from [9, 20].

THEOREM 4.1. The strong solutions obtained in Theorem 3.6 generate a dynamical process
W ={U(t,s):0<s<t<T}onD(A?) by the definition

u(t) =U(t,s)u(s) VOo<s<t<T. (4.1)

Furthermore, for (t,s) fixed with s < t, the map U(t,s) : D(AY?) — D(AV?) is completely
continuous, that is, it maps bounded sets into relatively compact sets.

Proof. Let wy € 9(s4?) and 0 < s <t < T. We define w(t) := U(t,s)w;s to be the mild
solution of the following initial value problem
dw +Bw=F(t,w(t)) for t>s,
dt (4.2)
w(s) = wy.
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In other words

t
w(t) = U(t,s)ws = e B0 gy +J e PN G (1, w(r)) dr. (4.3)

: O

As we have proceeded previously, we have that w € C([s, T],H'(Q)) and w is a strong
solution for problem (4.2). The continuity of U(t,s)w; with respect to ¢, s and w; follows

from similar arguments. Furthermore, we have that U(t,t) is equal to the identity and the
uniqueness of the strong solutions implies

U(t,s)U(s,r)=U(t,r) forO0<r<s=<t<T. (4.4)
In particular, we obtain for r = 0
U(t,s)u(s) =u(t) for0<s<t=<T. (4.5)

The complete continuity of U(#,s) is a consequence of the compact imbedding of % (%)
in H'(Q) for 3/4 < y < 1. Indeed, if AU is any bounded subset of %(s4'/?), then using
standard arguments yields the boundedness of U(%,5)°U in @(%Y) with 3/4 < y < 1. This
concludes the proof of Theorem 4.1.

Remark 4.2. If the magnetic field H is independent from the time, then the nonlinearity &
becomes independent from t and therefore the dynamical process becomes a dynamical
system & = {S(¢) : t > 0} with

S(t—s)=U(t,s) VO<s<t (4.6)

Moreover, the functional E, given by (3.29) becomes in this case a Lyapunov functional
for the dynamical system. The dynamical system & is also called a gradient system, see
[9]. On the other hand, according to Theorem 4.1 we have that the orbit of each u is
relatively compact in 9(s4'/2). Concerning the omega-limit set w(up) of each ug, we may
apply [9, cf. Lemma 3.1.1]. It follows that for all uy € D(A4"?), w(uy) is a nonempty
compact, invariant and connected set and

dist(S(t)ug,w(ug)) — 0 ast— . (4.7)
Moreover, by applying a result in [10, cf., Theorem 4.3.4], we obtain
S(t)ug — M ast — oo, (4.8)

where M is a maximal invariant subset of the set {u € D(A4Y2) : d/dt[E,(S(H)u)] = 0}.
This implies the fact that every solution is attracted to a set of divergence free equilibria.
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These consist of the pairs (y,A" = A—An), where ¥ and A are the solutions of the time-
independent Ginzburg-Landau equations

. 2
—(iV+A) y+(1—|y?)=0 inQ, (4.9)
—VXVXA+J,+VXH=0 inQ, (4.10)
n-(iV+A>1//+yi1//=0, nx(VXA-H)=0 ondQ, (4.11)

in the London gauge “V - A = 0”. Solutions of (4.9)—(4.11) are also called steady solutions.

TaeOREM 4.3. The dynamical system & possesses a global attractor in the Hilbert space

G(4172),

Proof. By virtue of [9, cf. Theorem 3.4.6], it suffices to verify the complete continuity
of S(t) for all + > 0 and the point dissipativeness of the dynamical system &, that is, the
existence of a bounded set that attracts each point of @(4"?). The first property follows
from Theorem 4.1. Concerning the point dissipativeness, we point out the fact that the
set of all steady solutions is bounded in H!(Q). We refer to [19, Lemma 5.2] for more
details. Moreover, we have by virtue of Remark 4.2 that every solution is attracted to the
set of steady solutions. Therefore {S(¢) : £ > 0} is point dissipative. O

Remark 4.4. 1t is possible, according to [20], (cf. Theorem 4.1, Chapter VII), to charac-
terize the global attractor in terms of the unstable manifold of the set € of equilibria,
namely

€= {w=(y,A) € H'(Q) withn - A |no= 0 such that S(t)w = w Vt > 0}. (4.12)

Moreover, if the set € is discrete, then the global attractor is the union of the heteroclinic
curves joining one point of € with another point of ‘€. For details about these notions,
one may consult [20]. Finally as in [12], when H is an asymptotically stationary field,
that is, H approaches a stationary field as time goes to infinity, the dynamical process ob-
tained in Theorem 4.1 is asymptotically autonomous. It means that the dynamical process
asymptotically approaches a dynamical system; in addition, the attractors of both of them
coincide.

5. Uniform boundedness in time

We investigate now to the question of boundedness for all times ¢t = 0 of weak solutions
u = (y,A) of the gauged TDGL equations (1.6)—(1.9). In [6], the Lyapunov functional
method ensures, in the case where H € W2(0, T; L?(Q)) for all T > 0, global existence of
weak solutions for all # > 0, and boundedness but only in each bounded interval [0, T].
It is the purpose here to look for conditions on H guaranteeing boundedness of the weak
solutions with respect to all t > 0. In the sequel we consider the case where the order pa-
rameter satisfies at t = 0, ||yyllo < 1. According to Remark 3.10, we have || y()|l. < 1 for
all £ > 0. Furthermore, we assume that H satisfies (3.1) and (3.2). Without loss of gener-
ality we take w = 1. Our main goal in this section is to improve the a-priori estimates on
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the solutions previously established in [22]. We recall that in [22], uniform boundedness
in time of the solutions is proved by requiring H € W* (0, c0;L?(Q)). In the sequel, this

assumption on H will be improved and we will establish various upper bounds on the
solutions. We start by recalling the following Poincaré inequality:

MllAlG < IVXAIZ+IV-Al; VAecH (Q)withn-Alp=0,  (5.1)

where A is some positive constant.
The following lemma concerns the a priori L?>-bound of y and A.

LEMMA 5.1. Assume the solution u = (y,A) exists for all t = 0. Then there is a constant C
independent from t, u and H such that for all t = 0

t
IO+ ADIE = C| e (lyol 1140 +1+ | e | 1 (50| dx ds],
(5.2)

where Ay is given by (5.1).

Proof. The proof uses the following Green’s identities:

f (V- A)g dx+I A-(Vo) dx=J (n-A)pdo(x) VA€ H(div;Q), Vo € H(Q),
Q Q Q) (5 3)

where H(div; Q) := {A e L*(Q): V- A € L2(Q)},
J(VxA)-de—jA-(VxB)dx:J B (Axn) do(x), (5.4)
Q Q 0Q

for all A € H(curl; Q) := {A € L*(Q): VX A € L*(Q)} and B € H'(Q).
Multiplying equation (1.6) by y*, integrating over () and taking the real part, we have

ﬁ@Mﬁ_,LJ 2 WKi )
2 At K2 aoyh//' do(x) KV+A v

On the other hand taking the inner product of (1.7) with A yields

2
t lwli3 = llwlls. (5.5)

1dJIAl3
2 dt

=—|v ><A||§—||V-AH§+J A-]de+J H-(VxA)dx.  (5.6)
Q Q

The last two terms on the right hand side of (5.6) can be estimated as follows. Let ¢ > 0,
since ||y(t)]l < 1 for all t = 0 we replace J in (1.3) and use Young’s inequality to obtain

<t £ (o]

' L}A Y, dx : (5.7)

2



Fouzi Zaouch 881

and likewise

JH-(VXA)dx
Q

<51V Al + 5[ IHIL (538)

Multiplying (5.6) by ¢, adding to (5.5) and using Poincaré inequality (5.1) yield
1d

zdt(17||1//||2+€||A|| )
/i ) ) 1 , (5.9)
<=2 (Ev+a)y|[ +ete—hollAll + Iyl + 3 IHIE
2
Thus
1d
L I3+ elAR) < ele - MlIAIG Q1+ LIS (510
Now set y(t) = 17||1//(t)||2+e||A(t)||H1,wecompute
dy
1 O+ hox(1) < e(2e = X)AW@ g +1Q1Q+ Ao +[[HOIL. (5.11)
Therefore, after multiplying by e** and integrating over [0, T], we derive
t
x(f) < e*A"t)((O) + |Q|(2/17+/10’7) +J ehols=0) ||H(s)||§ds, (5.12)
0 0

where ¢ is to be taken such that 0 < € < 1¢/2, which then implies (5.2) and completes the
proof.
Remark that if we assume

supIJ Mo(t=9) | H(s,x) | ds dx < oo,
t20
then the solutions are bounded in the sense of L?-norm.
The following lemma establishes an estimate on the gradient of the vector potential A.
O

LEMMA 5.2. Assume y and A exist for all t > 0. Then there is a constant C independent from
t, ¥, A and H such that for all t = 0

JoH

1Al = [ eIl +Lrsuple o [ e | 2

= ()

ds] (5.13)

for some gy > 0 small enough.
The proof uses the following Gronwall’s type inequality.

CramM 5.3. Let f be an absolutely continuous function on [0,T], not necessary positive, such
that

f(t)<gt)f(t)+h(t) aetel0,T], (5.14)
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where g and h are integrable functions on [0, T]. Then for all T € [0, T]
£(8) < elligts) d9 [ Fo)+ j h(s)( st ) ds] VielrnTl. (515

Proof. Set k(t) = f(t) e~ 1:8(9) 45 We have

K (1) = e re@ ds (£7(1) — g (1) £ (1))

ot d (5.16)
<e 88 ds iy,
Therefore, integrating over [7,¢], we obtain for all t € [, T]
t t s
F(1) e Me9 & _f(p) < J h(s) e Fen dr g (5.17)
for all 7 € [0, T], which implies (5.15). O

Proof of Lemma 5.2. Taking the inner product of (1.7) with 0 A/dt and using the iden-
tities (5.3)—(5.4) and the boundary conditions (1.8), we get
0A 0A
sap(I7 e -A1E) = [ (58) (oo ae |G - (57) o
_ —(j H-(VxA)dx) —j (aH) (VxA) d
~dt\Jg o\ ot

o (5) o

{13

(5.18)
Let ¢ > 0 small enough. Using Young’s inequality, it follows
(3;) (VxA) dx' <f||v><A||2+—‘
oA 2 (5.19)
o <at>d"‘ﬁi‘a <V+A)"’2
Hence
1d
Ed—(uvmnﬁuv AlR-2] . VXA)dx)
2 (5.20)
( V+A> , —||VXA||2 y
Multiplying (5.20) by ¢ > 0 and adding to estimate (5.9) yield
1d
Si |1+ I A IR+ IV X AR+ 1V - AJ) 26 | H-(VxA) d
(5.21)

)

3
s(zsz—sx\())llAll 1O+ - (”H”z ’

ot
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Put
0(t) = nlly I3 +e(||AIE+[1V x AIE+7 - AIF) —ZsJQH-(V xA)dx.  (5.22)

Under these circumstances, we have

0 (1) +e0(t) < (56> —2edo) A llfp + 2 +en) Q| + 2 H|I5 +

2
Ha—H (5.23)

Therefore by choosing 0 < € = ¢y < 2A¢/5 and using Claim 5.3, we infer

2 ) ds] (5.24)

oH
at()

t
o) < e [000) + | e ((@-+eum) 101+ 2] H +\ Mo

2+ 2 !
< h(0)+ 1|0 +—sup||H(t)||§+f o s 529)
&0 €0 >0

Consequently (5.13) follows by substituting in 0(¢) and using Holder inequality, which
completes the proof.
We continue with the estimate on the gradient of y.

THEOREM 5.4. Provided u exists for all t = 0, there is a constant C independent from t, uo,
u and H such that for all t > 0

t
lu(@®)ll%, < C[e‘s"tlluollnﬂl +1+sup||H(t)|[3p +I el (S)
=0

] (5.26)

for some gy > 0 small enough.

Proof. The proof of Theorem 5.4 uses the energy functional E,, given by (3.29). Since the
pair (y,A) are weak solutions of the gauged TDGL equations (1.6)—(1.9) with w = 1, the
time derivative of E; (t) = E, (t,y(t),A(t)) is

2 2

@(t) J[n W (V- A) +‘3—A +|V(V-A)|2]dx
ot ot
oH (5.27)
-2 T -(VxA-H) dx,
which implies
dEl(t) aaH (VxA-H) dx. (5.28)
Adding E (t) to equation (5.27), we obtain
9B v B (1) H( V+A) ‘iC (||A||2 +||H||2+'— 2+1) (5.29)
dt i Vi, T H' 2o i, ) :

with C; being a positive constant independent from ¢, u and H.
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Set &(t) = 11||1//(t)||% +el|A(1)]13 + €2E; (t) with & > 0 small enough. Then by (5.9) and
(5.29), we may write for ¢ small enough

dé

2
g(t)ﬂf(t) < Cz(1+ ||H||§+‘ 2), (5.30)

ot

with C, is independent from ¢, 4 and H.
Applying Claim 5.3, we infer
oH |
0 = e+ 1 sup @I+ [ e D) | as
2

=0

). (5.31)

Consequently, we derive (5.26) by substituting in E; (¢) and using (5.13). This concludes
the proof of Theorem 5.4. O

Remark 5.5. Let T > 0. According to Claim 5.3, a simple modification in the proofs of
Lemma 5.1, Lemma 5.2, and Theorem 5.4 yields

(5.32)

t
Il = €[ uCol 41+ sup B + [ et

T<s<t

(S)

for all t > 7, where C is independent from ¢, 7, u and H.

As a consequence of Remark 5.5, we derive global existence and uniform boundedness
in time.

COROLLARY 5.6. For some T >0, we assume

H

H e L™ (0,00, L3(Q)), aa—t e12(1,T;L3(Q)) ¥V 7>0, (5.33)
lim (t"Ha—H(t) ) =0 forsomey<1. (5.34)

t—0* ot 2

Assume, moreover, that for some 0 <19 < T

2
limsupJ J —e(t=s) —(s x)| dxds< oo, (5.35)
t—+o0 T0

where &) > 0 is given by Lemma 5.2 and Theorem 5.4. Then the solution u = (y,A) is defined
forallt =0 and

(6 5o sC( (=0 | |4 (7o ||H1+1) Vi, (5.36)

where C is a positive constant independent from t and u.
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Remark 5.7. Since u is continuous on [0, T], (5.36) then implies

stug)||u(t)||Hl < 0. (5.37)

In particular, if H € L*(0,00;L*(Q)) and 0H/0t € L*(0, 00; L*(Q)) U L* (0, 00;L*((2)), in-
equality (5.26) then becomes

u()||g = Cle ™ Nlupllm +1) V= 0. (5.38)
The constant C depends only on H. More precisely,

limsup ||u(t)||;y < C  uniformly for [[ugllp <R, (5.39)
t—+o0

with R > 0 arbitrary.

Remark 5.8. Clearly, Theorem 5.4 and Corollary 5.6 improve the result established in [22]
(cf. Theorem 4.1). Furthermore, if we compare Corollary 5.6 with the corresponding re-
sults on global existence in [6] and [17], we see that our case does not assume integrability
of 0H/dt in a neighborhood of t = 0.

THEOREM 5.9. Under the assumption

H € L*(0,0;L%(Q)), %I € L?(0,00;L2(Q)) U L (0, 00; L*(QY)), (5.40)

we have for any pair of solutions uy = (y1,A1) and u, = (y2,Az) of equations (1.6)—(1.9)
having as initial data u, o and u,

[Jur(t) —ua(1)]], < €“ Mlurg —uaplls V20, (5.41)

where C is a positive constant depending on H, [[uy0llir and ||uzollm.

Proof. We have

0 1 , ,

g(‘//l —) = ;A(V/l =)+ (T(ty1,A}) —T(ty2,A3)), (5.42)
a 4 4 7 7 4 4 4

&(Al_Az) =—VXVX(A]-A))+V (V- (A} -A))) +](y1,A]) (5.43)

Ty, AY) = Au ([ [* = [,
where T is given by the expression
1 2i ]
L(t9,B) 7[—5%) (B+AR) — £ (1= 1°w)g(Y - B) ~ p|B+Au >+ (1 - gl |,
(5.44)

for all (¢,B) € #'(Q) x H'(Q). J; being given by (1.3).



886  On strong solutions of the Ginzburg-Landau equations

On one hand, multiplying (5.42) by (y; — y»)*, integrating over Q) and taking the real
part yields
nd 1 2 1 2
Sq v Wl =- ;HV(% —y)ll;+ ;Lﬂ)’(x) lv1 —ya|” do(x)
(5.45)
+ | Iy AD =Tty &) (1 - 9

On the other hand, multiplying (5.43) by A] — A}, integrating over Q and using (5.1),
we get

1d

5 ap 1A= A5 112) + ol A — A5 [l

(5.46)
< L}(A;fA;) ey AD) =Ty, A5) = An (12 = 1y ]?) | dix.

Iy () lpgr and [lua(t) |l being bounded for all ¢ = 0, we add (5.45) to (5.46) and use
standard arguments, thus arriving at

%(Hul(t) — @) = Cllm® - w@|2 Vo, (5.47)

where C is a positive constant independent from ¢. It depends on H, [lujollw and
l12,0 1141 . Therefore we may apply Gronwall’s inequality to conclude

||u1(t) —uz(t)H; < eC’IIul,o—uz,Ollﬁ Vit=0. (5.48)
O

Remark 5.10. Inequality (5.41) confirms the uniqueness of the solutions with respect to
initial data. Furthermore, Theorem 5.9 extends the result in [15] (cf. Theorem 3.1) to the
nonstationary case.
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