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ADAPTIVE GALERKIN METHODS WITH ERROR CONTROL
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Abstract. The time-dependent Ginzburg—Landau model which describes the phase transitions
taking place in superconductors is a coupled system of nonlinear parabolic equations. It is discretized
semi-implicitly in time and in space via continuous piecewise linear finite elements. A posteriori
error estimates are derived for the L°° L2 norm by studying a dual problem of the linearization of the
original system, other than the dual of error equations. Numerical simulations are included which
illustrate the reliability of the estimators and the flexibility of the proposed adaptive method.
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1. Introduction. The phenomenological Ginzburg-Landau complex supercon-
ductivity model is designed to describe the phenomenon of vortex structure in the
superconducting/normal phase transitions. The time-dependent Ginzburg-Landau
(TDGL) model derived by Gor’kov and Eliashberg in [17] from averaging the mi-
croscopic Bardeen—Cooper—Schrieffer (BCS) theory offers a useful starting point in
studying the dynamics of superconductivity. Let Q be a bounded domain in R? with
Lipschitz boundary 092 and let (0,T") be the time interval. Denote by Q7 = Q2 x (0,T)
and I'r = 09 x (0,7T). After proper nondimensionalization, the TDGL model can be
formulated as in the following system of PDEs:

. i 2 .
(L) e+ inegy+ (SV+A) Y+ (W2 -1 =0 inQr,
(1.2) atA+qu—i—curlcurlA—i—%{(ivw—kAw)zﬁ] —0 inQr,
(1.3) (%varAzp) ‘n=0, culA=H onTlyp,
(1.4) ¥(,0) =o(), A(,0)=Ao() on,
where n = (ny,n2) denotes the exterior unit normal of the boundary 02, R[-] de-
notes the real part of the quantity in the brackets [-], and curl, curl denote the curl
operators on R? defined by
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Here 9 is a complex valued function and is usually referred to as the order parameter
so that [¢|? gives the relative density of the superconducting electron pairs, and the
normal and the pure superconducting states are characterized accordingly by || = 0
and |¢|? = 1. ¢ stands for the complex conjugate of ¥». A is a real vector potential
for the total magnetic field and ¢ is a real scalar function called electric potential.
H is the applied magnetic field, viewed as a vector, the magnetic field points out of
the (21, x9)-plane. 7, k are positive constants which are related to the known physical
quantities.

Global existence of unique strong solutions is obtained in [8] for the TDGL model
under the Lorentz gauge

(1.5) ¢p=—divA in@Qr and A-n=0 onIp.

With this gauge choice, a semi-implicit finite element scheme is proposed and ana-
lyzed in [6]. A mixed finite element method is studied in [5] which approximates the
potential A, the magnetic field curl A, and the electric potential ¢ = div A simulta-
neously. We also refer to [11], [12], and [22] for the analytical and numerical studies
of the TDGL model under other gauge choices.

It is known that for the type-II superconductors, in which case the Ginzburg—
Landau constant x > 1/v/2, the superconducting property is destroyed in some iso-
lated points (two dimensions) or isolated curves (three dimensions) in the mixed state.
In the two dimensional case, these isolated points are called vortex points or vortices.
The understanding of the properties of vortices such as creation and annihilation,
pinning, and nucleation is one of the most important issues in the study of supercon-
ductivity. Our previous numerical experiences indicate that usually fine finite element
meshes are required in order to resolve the vortex structures. The purpose of this pa-
per is to explore the possibility of adaptively controlling finite element meshes and
time-steps. For more readings on the physics of superconductivity we refer to [4], [13],
and [26].

A posteriori error estimates are computable quantities that measure the actual
errors without knowledge of the limit solution. They are essential in designing algo-
rithms for mesh and time-step modification which equidistribute the computational
effort and therefore optimize the computations. Since the seminal paper [2] on elliptic
problems, there has been ever increasing interest in the development of reliable and
efficient adaptive algorithms for various linear and nonlinear PDEs. In particular, a
posteriori error estimates have been derived in [14], [15] for linear and mildly nonlinear
parabolic problems and in [25], [9] for degenerate parabolic problems of Stefan type
with or without convection. The main tool in deriving a posteriori error estimates
n [14], [15], [25], [9] is the analysis of linear dual problems of the corresponding er-
ror equations. This method has been extended recently in [19] to the TDGL model
under gauge choice (1.5). However, we observe that, in this situation, the resulting
dual problem has discrete solutions in the coefficients, and, consequently, the proof
of strong stability estimates similar to those used in [14] for linear parabolic prob-
lems requires further condition on the uniform boundness of the gradient of discrete
solutions [19, Proposition 5.7].

In this paper we introduce and analyze a new method to derive a posteriori
estimates for the TDGL model which provides the necessary information to modify the
mesh and time-step according to the varying external magnetic field and corresponding
motion of vortices. The estimates, which exhibit the same characteristics as that of
linear parabolic equations [14], are based on the analysis of a dual problem which is the
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dual of the linearization of the original TDGL system with gauge choice (1.5), other
than the error equations. We show that the additional terms in error representation
formula due to the change of dual problem is of higher order and thus can be absorbed
under suitable nondegeneracy assumption (see section 5 for details). We remark that
the nondegeneracy assumption, which is not very restrictive in practices, is used in [1],
[23], [24] to obtain both the upper and lower bound of a posteriori error estimates for
linear elliptic problems. The simulations in section 6 clearly show the reliability and
flexibility of the adaptive algorithm based on our a posteriori error estimators. We
finally remark that the method proposed in the present paper to derive a posteriori
error estimates can be extended to other nonlinear parabolic equations with smooth
nonlinearities.

The paper is organized as follows. In section 2 we state the notation and set the
problem. In section 3 we discuss the semi-implicit finite element scheme. In section 4
we introduce the parabolic dual problem and prove the strong stability estimates. In
section 5 we prove the a posteriori error estimates. Finally in section 6 we show the
performance of the adaptive finite element methods based on our estimators.

2. Setting. We first introduce some of the notation to be used in the paper.
If X denotes some Banach space of real scalar functions, the corresponding space of
complex scalar functions will be denoted by its calligraphic form X and the corre-
sponding space of real vector-valued functions, each of its components belonging to
X, will be denoted by its boldfaced form X. However, we shall use || - || x to denote
the norms of the Banach spaces X, X', or X. We shall also use the subspace

H,(Q)={BeH'(Q): B-n=00n02}.
It is known that the following embedding inequality holds on HJ, () (cf. [16]):
(21) ||BHH1(Q) < O|:||B||L2(Q) + ||diVB||L2(Q) + HCUI'1B||L2(Q):| VB ¢ H%L(Q),

where the constant C' depends on the domain €.
Now we state the hypotheses concerning the data.

(H1) ¥ € H%(R), Ag € H*(Q) N HL(Q) satisfying |1| < 1 on Q;
(H2) H € HY(0,T; H'/?(99)).

In view of (H2) we may consider H extended to  in such a way that H €
H(0,T; H*(Q)). In what follows we assume for convenience that

(H3) given f € L?(Q) and Hey € H'(Q), the linear elliptic problem
—AQ=1f in Q, Q- n=0, curl@Q = Hey on 02

has a unique solution Q € H?(Q) N H}. () which satisfies the a priori estimate

1 Q2@ < C (Ifll2a + | Hoxt o) ) -

This property holds, for instance, when the domain 2 has a smooth boundary
C?1 [8] or Q is a rectangular domain [18]. We believe that (H3) holds also for convex
polygonal domains. However, we shall not elaborate on this issue here.
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To proceed, we set W(0,T) = L?(0,T; H(Q))NH (0, T; (H'())") and W,,(0,T)
= L2(0,T; H.(Q)) N HY(0,T; (H.(Q))"), where X’ stands for the dual space of X.
We now give the precise definition of the weak formulation of the problem (1.1)—(1.4)
under the gauge choice (1.5).

Continuous problem. Find a pair (1, A) € W(0,T) x W, (0,T) such that

(2.2) P 0) =ho(),  A(,0) = Ao(")

and

T T
n / Oypwdxdt — ink / div AYwdzdt
0o Ja 0o Ja

+ /OT/Q (%vw n A¢) ( - %Vw + Aw)dmdt
(2.3) + /T/ (J]? = Dypwdzdt =0 Vw € L*(0,T; H'(Q)),
0 JQ

T T
/ / OrABdzdt + / / (div Adiv B + curl Acurl B)dzdt
0o Jo 0o Jo

+ /OT/Q%[(;Vz/)—i—Aw)w]dedt
(2.4) = /T H(B-7)dsdt VB e L*(0,T;H}(Q)).
0 o

Here 7 = (ng, —n1) is the unit tangent to 9N.

Assume from now on that €2 is a convex polygon satisfying (H3). The following
lemma can be easily proved by modifying the method in [8].

LEMMA 2.1. Under the hypotheses (H1)—-(H3), the above continuous problem has
a unique solution (¥, A) € Wa (Qr) x W3 (Qr) such that 1| < 1 almost everywhere
m QT-

For convenience, we set
7. A) = (2 —ine)div Av+ B AT+ (AP + 0 - 1)
g6, A) = R[(Lve + Av)d].

Then (1.1)~(1.4) with gauge choice (1.5) can be written as

(25) 10— — A+ f(4,A) =0 in Qr,

To conclude this section, we recall the following well-known Nirenberg—Gagliardo
inequality:

1/2 1/2
(2.7) lullza) < Cllullfag luliig Yue H(Q).

3. Discretization. We now introduce the discrete problem, which combines
continuous piecewise linear finite elements in space with semi-implicit finite differences
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in time. We denote by 7,, the nth time-step and set
n
t" = Z’Ti, u(+) == u(-t")
i=1

for any function u continuous in (t"~* ¢t"]. Let N be the total number of time-steps,
that is, tV > T.

We denote by M™ a uniformly regular partition of Q into simplexes [10]. The
mesh M™" is obtained by refinement /coarsening of M"~!, and thus M" and M"~!
are compatible. Given a triangle S € M™, hg stands for its diameter and h,, denotes
the mesh density function h,|s = hg for all S € M™. We also denote by B" the
collection of interior boundaries or sides e of M™ in Q and B" the collection of all
sides of M™; h, stands for the size of e € B".

Let V™ indicate the usual space of C° piecewise linear finite elements over M™
and Vi = V' NHL(Q). Let I" : C(Q) — V" be the usual Lagrange interpolation
operator; then for any S € M" or e € B", the following local approximation properties
hold [10]:

(3.1) llu—TI"ullregs) < C*hgllullazs), Nu—I"ulr2qe) < C*hY2 | ullgas),

where S is any element in M™ with e € B" as part of its boundary. The constant C*
depends only on the minimum angle of the mesh M™.

Let ¢° = %)y and D° = I°Ag. Denote by P, : L2(Q) — V™ and P, : L*(Q) —
V{ the L2-projection operators. The discrete problem approximating (2.2)—(2.4) is
defined as follows.

Discrete problem. Given ("1, D" 1) € V*=1 x V=1 then M" ' and 7,,_1
are modified as described below to get M™ and 7, and thereafter (o™, D™) € V™ x V[
computed according to the following prescription:

n_fpn n—1 _ 1 n ~ n n ~ ~ n
(3.2) n<%,w>+?<w V&) + (f(", D), &) =0 Yo e V",

Tn

D" -P,D" ! . - -
(3.3) <, B> + (divD", divB) + (curl D", curl B)

+ (Po[g(e" 1, D" )],B) = (I"H",B- 7)) VB € Vj.

Hereafter, (-,-) and (-,-) stand for the L2-scalar products in £2(Q) and L*(9Q),
respectively.

We remark that at each time-step n, (3.3) is a linear system of equations with
a positive definite coefficient matrix, which can be solved by standard methods. As
soon as we know D™ from (3.3), we substitute it into (3.2) and solve the nonlinear
system of equations to obtain ¢™ by using, for example, Newton’s iterative method
[6]. By taking @ = @" in (3.2) and B = D" in (3.3) we can prove the following
uniform estimate for the discrete solution by using the standard energy argument [6]:
(3.4) % (16" 20 + D" 2@ < C.
where the constant C' depends only on 7, x, €2, T', and the norms of ¥y, Ay, H indicated
in hypotheses (H1)—(H2).

We now introduce some notation. We define the interior residuals as follows:

@n - Pnspn_l n n n D" — PnDn_l n— n—

n——"—+ f(¢",D"), R = ————— +P,[g(p", D"

Tn Tn

Ry =
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Let the jump of V™ across e € B™ be

(3.5) [Ve"le == (Vels, = Vis,) -

Note that with the convention that the unit normal vector n. to e points from Sy to
S1, the jump [V¢™]. is well defined. Similarly, we define the jumps

[divD"]. := div Dlns1 —div Dﬁ%, [curl D™]. := curlD|"S1 - curlDﬁgz.

Let ¢ and ¢ denote the piecewise linear and piecewise constant extensions of {¢™},
that is, ¢(+,0) = ¢(+,0) = ¢°(-) and, V"~ <t <",

~ n n " —t n— t—t"t
(p(at) =y () eV ’ (p(at) = 1() +

Tn Tn

" ().

Similarly, we can define D € V{ and D. Finally, for any v > 0 and D C Q we
introduce the mesh dependent norms

1/2
I had 2oy = > w7 ;
eCD,ecBn

1/2
| 3¢ | L2y := S Gl
scD,SemMn

4. A dual problem. In this section we introduce and study a dual problem
which is the dual of the linearization of (2.2)—(2.4) at (v, A). We first formulate the
linearization of (2.2)—(2.4) at (¢, A) as follows: Given (1, A) to be the solution of
(2.2)-(2.4), find (¢*, A*) € W(0,T) x W,,(0,T) such that
(4.1) (-, 0) =g(), A(,0) = Ag()
and

T T
(4.2) 17/ /atd)*wdzdtfinn/ /(divA*erdivAz/J*)wdzdt
0 Jo 0 Jao
T . .
+ / / (1w* AT+ Aw*) ( L v/ Aw)dmdt
0 Ja ‘K K

n / ! / iv¢+Aw)A*wdxdt
+ / [(2fuf? — 1) + o] wdedt = 0 Vi € L2(0.T: ().
(4.3) / / O ABdudt + / / (div A*div B + curl A*curl B)dzdt
/ / w + AT+ AP )+ (EV¢+Aw)zﬁ*}Bdtdt

=0 VB¢ L2(0,T; H.(Q)).

Now we are in the position to define the following dual parabolic problem which
is dual to (4.1)—(4.3).
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Dual problem. Given (6*, W*) € £2(Q) x L*(Q) and an arbitrary t* € (0,77,
find (6, W) € W(0,T) x W,,(0,T) such that

(4.4) (") =0°(-), W(,t")=W~()
and
t* t*
(4.5) —7)/ /BtOwdxdt—im;/ /divAdewdt
0 Ja 0 Ja

+/Ot*/ﬂ(—iv9+A9) (%Vu—&-Aw)dmdt

+/Ot*/9 K_%vi_i_AJ])Ww_f_iw(%vu,.i_Aw)}dxdt

+ /t/ (@10 — 100+ 065 | wdzdt = 0 Ve € L2(0, 1 HA(2),
0 Q

t tr
(4.6) - / OyWBdxdt + / / (div Wdiv B + curl Weurl B)dzdt
0o Jo 0o Jo

n /O ; /Q R iV (46) | Bdadt + /O " /Q |2 WBdadt
n /Ot*/gére[(;v@z;+A¢)o+ (- %VG+A0)¢]Bdmdt
=0 VB e L?(0,t*; HL(Q)).

The linearization problem (4.1)—(4.3) and its dual problem (4.4)—(4.6) have been stud-
ied in [7] in the context of exploring the possibility of controlling the motion of vortices
in the superconductors through the external magnetic field. The purpose in this sec-
tion is to derive strong stability estimates for (4.4)—(4.6) which will be used in the
next section in the a posteriori error analysis. Throughout we denote by C' the generic
constant which may depend on 7, k, 2, T, and the norms of 1y, Ay, H indicated in hy-
potheses (H1)—(H2).

We will extend the method in [21] for linear heat equation to derive strong stability
estimates for (§, W) under weak regularity assumption (8*, W*) € £2(Q) x L*(Q).
First we note that by Lemma 2.1 we have

@47 1 llwzrgm T 1A w210 <€ 1V lLs@r) + I VA s < C.

The latter estimate in (4.7) follows from the former one and the Nirenberg-Gagliardo
inequality (2.7).
LEMMA 4.1. The following stability estimates are valid V0 < t* < T':

.
2 2 2 2
s (1010 +1W 0y) + [ (190 1aia) + | Wiy )

* (|12 * 12
<O (110" gy + I W laqqy ) -

Proof. Denote by x(,) the characteristic function of the interval (¢, t*]. We let
w = Ox(t,+] in (4.5) and take the real part of the obtained equation to obtain

2

dt

(4.8) Tle 17200 — Ter 17200 + /t*
2 2 ¢ L2(Q)

’—1V9+A9
K
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¢ i - Newi o i
- §R - fvw+A¢)W0+¢W(7V9+A9>}dxdt
K

// (@01~ l6? + 326 ot

By using (2.1) and (2.7) we can bound the first term on the right-hand side as follows:
t* .
—/ / &e[( L v +Az/?)we’]dxdt
t Jo K
t* .
]!
e /
C

t* t*
<5 / (||divwni2<m ' chrlwuizm))dwg | IW s de
t

H Will2 (o) 101l 22 () dt

1/2 . 1/2 1/2
o | WGy (11die W) + [l ew WG, ) 10120

t
e H’

|9||L2(Q dt V6> 0.

By using the fact that |w| <1 a.e. in Qr we easily get

—/tt*/Q%[wW(;VH—&—AQ)]dxdtg ;/f

.
2
+0/0 W dt

2

dt
L2 ()

‘—‘V@JFA@
K

and

// (2ol - \9\2+¢292}dmt<c/ 101122 dt

Inserting these estimates into (4.8) we get

2

dt

)
77 2 77 % 112 ]-

49 1101 — Ly 67| +7/
5 L2(Q) T 5 @)ty | .

‘1V9+A9
K

t* t*
C
. 2 2 2
< 5/t (|| div W |72 (q) + || curl W ||L2(Q)> dt + g/t W[ L2 (q) di

t* i
+C/ (1+H
t K

Similarly, by letting B = W 4+] in (4.6) we can obtain that

2
o) 181y

1 1w 1t
1005 W ey = 5 I W ey +5 [ (10 W ey + lcurl W) e

t* 2
s(S/
t
.
+c/ (1+H
t

190+ A at+ : W%, o d
—;V + t+g t | W |72 dt

LQ(Q)

) 10122 .
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Now observe that by (4.7)

2
dt<C
L)

[ meay
0

We conclude after adding (4.9) and (4.10), taking 6 appropriately small, and using
Gronwall inequality that

+* . 2
max e\\§2(9)+/ ‘_‘que dt
o<ttt 0 K LQ(Q)
.
2 . 2 2
(W e+ [ (1 W)+l W o)) d

* (12 * (12
<O (10" gy + | W laqey ) -

Now the lemma follows by observing that

t* t* . 2 t*
/ | Vo H;(Q) dt < c/ ’ —ive + Af dt + C/ A7 116 ||iz(ﬂ) dt
0 0 L2(Q) 0
t* i 2 9
0 K L2(Q) 0<t<t

This completes the proof. 1]
COROLLARY 4.1. The following stability estimates are valid Y0 < t* <T':

v 4 4 * 12 * (12 2
L (101 + W i) dt < 0 (107 Wiy + 1 W ey

Proof. This is a direct consequence of Lemma 4.1 and (2.7). 0
To proceed, we set

£, A0, W) = —inrdiv Af — %div (A9) + A( - %vo + A0)
i i : , -
+ (—;v¢+A¢)w+ (—EV+A)(wW)+(2|w\ —1)0+ %0
and
1 (0, As0, W) = R[insv(60) + (190 + Ap)o + (— 1v0+ A0)u] + jwpw.

Then it is easy to see that (4.4)—(4.6) is the weak formulation of the following linear
parabolic equations:

(4.11) —n0y0 — %Ae + fi(,A;0, W) =0 in Q¥,
(4.12) —OW — AW + g, (¢, A;0,W) =0 in Q",

(4.13) V- n=0, W-n=0, crl W=0 onI”
(4.14) 0(,t*) =6%(-), W(,t*)=W"(-) on Q,

where Q* = Q x (0,t*) and T'™* = 99 x (0, t*).
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LEMMA 4.2. The following stability estimates are valid YO < t* < T':

* 2 . 2 2
max (¢ = 6)( V81320 + Il div W [y + | cwrl W 220, )

0<t<t
i
* 2 2
[ =0(100 10 + 10 W s )

* 12 * 112
<C (1" 2@ + I W* I2)) -

Proof. First we know from Lemma 4.1 that there exists a sequence ¢ " " such
that

+ H div W (¢t

(415)t" = ) (11 V0E) 320

HL2(Q + || curl W (t}) ||L2(Q ) — 0.

We multiply (4.11) by —(t* — ¢)0;0, integrate over 2 x (s, t7], and then take the real
part of the equation to obtain that

K 2 I d 2
(4.16) ’7/8 (t"—1t) ||5t9\|L2(sz)dt:ﬁ/s (" =) 2 VO Iz dt

+ /t;/ﬂ(t* ~ OR[f1(4, A;0, W),8] dt

Integrating by parts and using Lemma 4.1 we have

t; . d
(4.17) /(t —t)iuveuiz(g)dt

5
:/ ||ve||;(Q dt + (t* — 1) iy — (= )1 V8(S) 2y

2 — (= 91 9(5) 2
+C(| 6 ||L2(Q) + || W ||L2(Q))-

< (=) || Vo

Next, by Lemma 4.1, we easily get that

(4.18) /t;/Q(t* —t)%[fl(w,A;e,W)até]dt

t* t*
77 J * *
<3 [ 00001+ C [ (=0 A A0W) g
t*
n J * * *
<2 [ - 01001 de+C (16 ) + W Iae) -

For example, we can estimate the first term in fi(¢, A;0, W) by using (4.7) and
Corollary 4.1 as follows:

£ T 1/2 *
/0 ||inndivA9|2LQ(Q)dt§C</0 ||divA||§4(Q)dt> </0 ||9||4L4(Q)dt>

* * 112
< C (10 ey + W 72(qy ) -

1/2
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Substituting (4.17)-(4.18) into (4.16), letting ¢; " ¢*, and using (4.15), we get

*

t
n * * *
3 / 10011320y dt + (= 5) | VO(3) 32y < € (110" 20 + | W7 22y -

S

Similarly, we obtain from (4.12) that

1 i * * :
5/ (t* —1) ”atW”iZ(Q) dt+ (" —s) (||d1VW||2L2(Q)+||Cur1WHi2(Q))

* * 12
<C (10" 2@ + 1 W I2()) -

This completes the proof of Lemma 4.2. O
LEMMA 4.3. The following stability estimates are valid VO < t* < T':

.
* * 12 * 12
| =010 By +1W ey )t < (10" ey + 1 W e ).
Proof. This is a direct consequence of Lemma 4.2. For instance, since

.
* * (12
| 100 400, W) Iy dt < 0 (107 [y + W )

we know from (4.12)—(4.13) and Lemma 4.2 that

.
* * * 12
/0 (1" = ) | AW 320y < C (107 220 + W [a(qy ) -

This, by (H3), yields

.
* * * 12
/0 (t —t)HWH?HQ(Q)dtSC(H@ 1720y + II'W Hmm)-

This completes the proof. 1]
The following corollary follows directly from Lemmas 4.2 and 4.3.
COROLLARY 4.2. The following stability estimates are valid Vt™ ! < t* < T:

tm—l
(1940120 + 10W [l gy + 10 202 + | W L2y )
t* 1/2 N %
< 010 =) (10 ey + 1 W e

Now, for any t* € (t™~1,#™], we denote by t" A t* = min(t",¢*) and
AL AL
o, = / odt, W', = / Wat.
tn—1 tn—1

LEMMA 4.4. The following estimates are valid for any t* € (t™=1 t™]:

m

Y (6 a2 + | Wiy l2(@)

n=1

< C(l + log %)1/2 (H 0 Nl 12y + I W™ ||L2(Q)) :
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Proof. We prove only the estimate for 0]}, since the estimate for Wi, is similar.

First from Corollary 4.2, Lemma 4.1, and elliptic regularity theory [18] we have that

(4190 D 6 a2
n=1
tmfl

S/ 16 || 2 2y dt +
0

+*
[
tm—1
H?(Q)

+*
/ Odt
tm—1 2 (Q)

RN
t . .
<C (1 + log ttml) (16" gy + 1 W™ o)

-
AbGdt

tm—1

tm71

<[ Nl c
0

-
Afdt

tm—1

+c‘

L2()

+C

L2(Q)
However, from (4.11) and Lemma 4.1 we have

-
Addt

tm—1

|

L2()

+*
[ owa
tm—1

<€ (10" sy + 1 W ) + €
tm
<C (18" gy + 1 W* gy -

For example, the first term in f; (¢, A;60, W) can be estimated by using (4.7) and
Corollary 4.1 as follows:

+C
L2(Q)

.
/ £, A0, W)t
t

m—1

<c‘

L2(9)
y

. || fl (¢7 A7 07 W) ||L2(Q) dt

+*
/t || ianiV Af ||L2(Q) dt < CH div A ||L4(QT) || 0 ||L4(Q*)

m—1
< C (10" ey + 1 W ll gy ) -
Inserting (4.20) into (4.19) we finally obtain that

*

m 1/2

Xt t * *
> 18t ey < € (14108 =) (107 s + 1 o)
n=1

This completes the proof. 0
5. A posteriori error analysis. We first denote by the error functions
epi=th—p, éy=tp—@; ea:=A—D, é5:=A-D.

Let hmax = maxi<n<n i_zn, where h,, = maxgse mn hg, and Tmax = Maxi<p<n Tn. We
need the following assumption on the discrete solutions.



ADAPTIVE METHODS FOR GINZBURG-LANDAU MODEL 1973

(H4) The quantity A = maxo<»<7 A(t*), where

+* 3
« N . A2
A<t>=</0 (||ew||%p<m+||eA||%pm>)dt) / max (1164 a0 + 116 l72(e))

tends to zero as (Amax, Tmax) — 0.

We remark that this assumption is in fact a nondegeneracy assumption. By the a
priori error analysis in [6], the following optimal energy a priori error estimates hold
under suitable restriction on the mesh changes:

A 2 ~ 2
(5.1) Jmax (11w agay + 1 éa 7))

+m

~ 2 N 2 2
[ (e By +llea o)) de < 0 max (B2 +72)

Now (H4) is a direct consequence of the following nondegeneracy assumption: There
exists a constant C, independent of 1 < m < N such that, for any t* € (¢! t™],

(5.2) max (1166 llx) + lleall o) 2 Co max (B2 + 7).

We note that maxi<, <, (h2 + 7,) is the expected optimal L>L? error estimate for
é, and éa. Moreover, following from (5.1)—(5.2) we now have

A(t*) < C max (h2 +72) Wt* e (™1 tm],

1<n<m

which clearly tends to zero as (Amax, Tmax) — 0.

Let hy = maxj<,<m hn. The inequality (5.2) is guaranteed [1], for example, if
| Dy, (2, t%)| + |Dg,o; Az, tF)| > C > 0 Vz in a region D; C , where the local
mesh size is larger than Chy, and |Dyp(z,t)| + |DiA(z,t)] > C > 0 for all (z,%)
in some cylinder domain Ds X [t1,t3] C Q X [0,¢*], where the local time-step size
is bounded below by C'maxi<p<m 7. Therefore, given the vortex structure of the
solutions of the time-dependent Ginzburg—Landau model, the assumption (5.2) is not
very restrictive. In the extreme case when the solution ¥ and A are both linear in
space and constant in time, the assumption (5.2) is not valid as we might have é, = 0
and éx = 0. However, in this case, the higher order terms R7(6, W) and Rg(6, W) in
the error representation formula below vanish and thus assumption (H4) is no longer
necessary in deriving the a posteriori error estimate.

THEOREM 5.1. Let (H1)—(H4) be satisfied. Then there exist two positive constants
h*, 7" and a constant C depending only on h*, 7", n,k,, T, the norms of g, Ag, H
indicated in hypotheses (H1)—(H2), and the minimum angle of the mesh M™ such that
for hpax < h* and Tmax < 7 the following a posteriori error estimates hold for any
0<tm<T:

6
1/2
1™ = 6™ 2y + | A™ = D™ |l (g <cso+c(1+1og—) > &
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where & = maxi<n<m &' and the error indicators £ and £ are given by

€0 = [0 = I%0]| oy + | Ao = I°Ao [ (g initial error,
,_ -1 -1
& =" = Pup” HL2(Q) +|/p" - P,D" ||L2(Q)
n n n—1 n—1 . .
+ H g(e™",D") = P,[g(e" ", D" )] HL2(Q) time residual,
& =+| D! - Pp,D"" HL2(Q) + et = Pap™ ! HL2(Q)
2
(R (D" - PnD”‘1>
Tn L2(Q)
h2
+|| = ((,07”1 - 'Pngon*l) coarsening,
&y =||ha " ||L2(Q) +| hZ R ||L2(Q) interior residual,
& = IV e Nz + I B/ [div D e [l 220
+|I hf/Q [eurl D" [l 2 () Jump residual,
& =l hf/QV@n ‘1 [|z2(50)
+|| B2/?(curl D™ — T H™) l2(a0) boundary residual,
& = max ||H—-I"H"|120) boundary error.

We first derive an error representation formula using the dual problem in section

tn—1g<gn

3 and then use the Galerkin orthogonality property to complete the proof.

5.1.

Error representation formula. To prove Theorem 5.1 we first derive an
explicit representation formula for the error [[1) — ¢|[;2(q) and [| A = D |12, based
on the linear dual problem (4.4)-(4.6). We first multiply (4.11) by (¢ — ¢), (4.12) by

A — D), and integrate in space and in time from 0 to t*. We examine the various
) g P

contributions in turn. Since ¢, D are piecewise constant in time, we have

and

= S0 - gy =y / (10000 o) + @86 - ) )at

+ (0%, o — ©°) — (0%, (t*) — @(t*))

+*

_/Ot* <8tW,A—f)>dt:/0 (WA -D))+ (W, D-D) )at

+ (W% Ay — D% — (W*, A(t*) — D(t")).
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Integrating by parts we get
t* 1 A t* 1 .
[ G- pnd= [ V0.9 - @t
o K o K

- /Ot* (AW, A -D)dt = /Ot* ({divw,div (A =D)) + (cwrtW,curl (A-D)))dt.

Collecting these equalities and making use of (2.5)—(2.6), we easily end up with

(5.3)  nllt) = o) L2 + | AET) = D) [l 12 (q)
., . R[n(07, (t) = (")) + (W, A(t") = D(t"))
(0% W*)eL2(Q)xL2(Q) 10% |20y + | W Il 120
P sup R[R(6, W)
0= woyecz@)x2) 10 22y + Wl 12(q)

where R, the parabolic residual, is the following distribution:
(5.4) R(6, W)
= 00 o — @) + (WO, Ay — DY)
( (0,0, % — o) <6tW,]3—D>)dt
( (01.6) + — (V6 V6) + (5, D), 6) )
( (6D, W) + <div13, divW> n <cur1ﬁ,curlw> n <g (@, f)) ,W> )dt

+ ((H, W - 1)dt

+*

(<f(90’ ) f,A), >+<f1(¢,A;0,W),1/;7¢>)dt

+/0t*(< (#.D) — g, A), W) + (g,(, A:0, W), A~ D) ) .

The first five terms in (5.4) which depend solely on the discrete quantities and data
will yield the desired a posteriori error estimates upon using the stability bounds in
section 4. The last two terms in R which depend both on the discrete and continuous
solutions will be shown that they are indeed of higher order and thus can be controlled
by the error in the left side of (5.3) via (H4).

+

o\c\\\\

5.2. Residuals. We first derive the so-called Galerkin orthogonality property by
rewriting the discrete problem (3.2)(3.3) for t"~* < ¢ <", (w, B) € H () x H,,(2),
and (0,B) € V™ x V), as follows:

(55)  0(0pw) + — (V6 V) + (76", D"),0)

Pn n—1_ , n—1 ~ 1 _
= 77<Haw> + <R$7w 7w> + ?<V¢”,V(w 7w)>a

Tn
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(5.6) (9,D,B) + <divf),divB> n <cur113,cur113>  (Polg(e" L D" 1), B)

_ <PnD"1 - D”l’B> + (R4, B-B)+ (divD"div (B-B))

Tn

+ (cwrl D" curl (B-B)) + ((1"H",B-7)).

By taking (w,B) = (§, W) in (5.5)~(5.6) and sclecting (&, B) to be

G, t) =T1"0(-,t), B(,t)=I"W(.,t) V"' <t<t",

we then obtain an explicit expression for the residual R(6, W) = 325 R;(6, W) of
(5.4), where, for any t* € (™1 t™],

Ro(0, W) = (6,10 — 1) + (W, Ay — I°Ay),

+*

(n@e, G — o)+ <atw, D— D> )dt,

m AL 1 n—1 anl _ P anl
mow -3 | ( A G R
n=17t""" Tn Tn

R1(6,W) =

N

Ra( Z/ n 1m0 —0) + ( X,I"W—W))dt,
n—1 tn— 1
m tTAL" 1
Rl Z/ (2 V", V(I — 9)>> dt
n=1 tn— 1
m t™AL*
+> / ((div D", div (I"W — W)) 4 (curl D", curl (I"W — W)>),
n=1 A
m t"AL*
Ro(@ W)=Y [ (Pulgle D) - gl DY), Wi
n=1 A

((£(2.D) = F(.A).0) + (1w, A0, W), ¥ = 3) )t

(< (‘Pa ) gy, A), >+<g1(¢,A;0,W),A—ﬁ>)dt.

Here t™ At* = min(t", t*). The rest of the arguments consists of estimating the terms
R; separately. For convenience, we denote by in what follows

" =07 [| 2y + W7 [ L2(q)
First by using Lemma 4.1 we easily get
[Ro (6, W)| +|R5(0, W)| < CP* (& + &1).
-1

Denote by [(t) the piecewise linear function I(t) := 7,, ! (¢™ — t); then

G—p=1t)(e" —¢" ), D=D=It)(D"-D" ') Wl <t<t
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Thus we have

m—1 "

Ri6.W) = 3 [0 (n@0,6" — o) + W, D" - D) )
n— tnfl
" - m m—1 m m—1
+ (n(@t(‘),go — )+ (W, D™ —D >)dt
tm—1 Tm

= Rla(e, W) + Rlb(Q, W)
By Corollary 4.2 we have

t*
IR1a(0, W)]| < c(log =

_ tm—l

1/2
) (&) + &).

Integrating by parts and using Lemma 4.1 we get

1" -

Rup(0, W) = 7/ (nte™ = o™ 1,6) + (D™ ~ D" W) )i
m Jpm—1

-t

+

(no",¢™ ="~ + (W, D" D" 1))

m

— (o = e + (WL D™ - D)

<Co* (H i ||L2(Q) +[|D™ — D™ HL2(Q)> :
Thus

*

1/2
t

By Lemma 4.4, the definition of the projection operator P, : £L2(f2) — V" and the
interpolation estimate (3.1), we have

m

tTAL* n—1 _ n—1
3 / <%,9>dt
tn—1 Tn

n=1

_ Z T—1<wn—1 _ ,Pn(pn_lvgi’?m _ I7L9&t>

m

D165 [l o)

L2(Q) n=1

2

h'ﬂ/ n— n—
(" = P
Tn

. 1/2
<C|(l+log——— O*Es.
S ( +Ogt*—tm1) 2

The same argument then leads to

1 1/2

— tm—1
Again, by Lemma 4.4 and (3.1), we obtain

"R’3(03W)‘ < Z ( || hELRZ’ ||L2(Q) ” aﬁlt ||H2(Q) + H hi Z HL2(Q) H Wﬁlt ||H2(Q))

n=1

1 1/2

_ tm—l
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We decompose the integral (Vo™ V(I"6 — 0)) over all elements S € M™ and next
integrate by parts to obtain the equivalent expression

(Vo™ V(I = 0)) = > ([Ve"]e,0 = I"0)e + (Voo™ -1, I"0 — 6),
ecBn”

where (-, -)e denotes the L?-scalar product on e € B", and [V¢"]. is defined in (3.5).
In view of the interpolation estimate (3.1) we obtain

Z / (T T — 0t < 3 AT s | e s
tn— 1

n=1

Since W, I"W € H},(Q), we have, after decomposing the integral and integrating by
parts, that

(5.7)  (divD",div(I"W = W)) = 3~ ([divD"],, (W — I"W) - n,).,
ecB”

(5.8)  (curl D", curl (I"W — W)) = Y ([eurl D"[, (W — I"W) - 7)),
eeB”
+{curl D" — I"H™ (I"W — W) - ) + (I"H", (I"W — W) - 1)),

where 7, = (—n$§,n$)T is the unit tangent of e € B". Since the last term in (5.8)
cancels out a similar term in Rg, we add R4 and Rg, employ (3.1), and Lemma 4.4,
and get

*

1/2

|R4(9,W) + RG(Q,W” <C (1 + log :

Now we turn to the estimate of R[R7(6, W) + Rs(8, W)], which is different in

nature. Recall that &, = 1 — ¢ and éa = A — D; we obtain by simple calculations
that

(5.9) R[R+ (0 W) +Rs(0,W))]

// 77177/9 dlveAewﬂd:cdt
+ / / %[léAVéW} dxdt
0 Ja K
¢ N _
+/ /3% éay (A+D) + [eal?d + 30+ pleyf + vley]?) o]
Q
/ / Vewe¢—2eAe¢,¢—|—D|ew| Wdzxdt

(V).

By Hoélder inequality, (2.7), and Corollary 4.1, we get

-
D] S/O [divea [l Iy lza@)l 0 1lLs@dt

t* 1/4 o
so(/o ||9|‘£4(Q)dt> (/0 ldivea |50y v 5 Il éw 17550, t)

3/4
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3/4

0<t<t*

o 1/2 ~
~ 2 A 2
< 02" max | eyl (/0 |eAH1<Q>> (/0 ||ew||H1<a>dt>

< CP*A(t*)Y* max (|| y ||L2(Q) + [l éa ||L2(Q)) J

0<t<tx

+*
1/2 N 4/3 ~ 112/3

1/4

where

t* 3
* PN A A~ 2 ~ 2
A(t) = (/ (||ew||z1<9)+||eA||%11(9))dt) / max (118 172+ lleallza)

Similarly, we have

o 1/2 .
(D) < O max lea )i, (/ |éw|?p(n)> (/ ||éA||zl<mdt>

§C<I>*A(t*)1/4 max (lléw Ir2) +1éa ||L2(Q))'

0<t<t*

1/4

The first term in (III) can be estimated by (4.7), Corollary 4.1, and (2.7) as follows:
t* R
/ / R[eaéy(A + D)o)dudt
0 Ja
o
= / / R[26aey Al — |éa|*ey0]dadt
0 Jo
.
< [ Nealln lusl Aol O oo

3
4 / e 1l ew lsc@ll 0 st

t* t
< 09" </o lea 74yl éw ||2L4(Q)dt> +Co* (/0
- 1/4 .
* 1/2 A2 5 2
< 0@ max (lleallhio e 50 ( | e ||H1<Q>> ( | lea ||H1(Q)dt>
- 14 ;.
1/2 . R
+ o 0 <|| ea a2l éw HL/2(Q)) (/0 I €y ||?{1(Q)> </o | éa H%Il(Q)dt)

o ) A 4/3
< CP*A(t*)Y/0 Jmax (II ey g2 +lléa HLZ(Q))

1/2

. 3/4
leal7s ol éu |L4(Q)dt>

1/4

1/2

* * 1/4 A A 3/2
+ Co A max (l1epll o) +lleallzg)

0<t<t*

The other terms in (IIT), (IV) can be estimated similarly to obtain

R R B
)|+ (V)] < @A) max (e oy + 12a 2o

0<t<t
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for some o > 0 and B > 1. Substituting the above estimates into (5.9) we finally
obtain that

B8
R[R7(0, W) + Rs(6, W)]| < CBAG)* max (I1ég a0 + 1 e 200

0<t<t*
for some o > 0 and 3 > 1.

5.3. Proof of Theorem 5.1. Collecting the above estimates for R;, and insert-
ing them into (5.3), we obtain that

(5.10) nl () = o) 2 + [ AE) = D) [l 120
. 1/2 6
< .
<C&+C (1 + log o tm—1> ;:1 &;

B
+ oA max (11w llpaoy + 1eall o))

0<t<t

for some @ > 0 and 3 > 1. However,

1€y o) SN —@ll2@) 11 =@l
<Y =@ lpa + max [1¢" =" |2
<Y =ellpe +(E+&)  VEe(0,t7],
and
leallpz) SIA =Dl +(E1+E&)  VEe(0,t7].

We use (3.4) and (H4) to conclude that for sufficiently small hpayx and Tpmax, the
rightmost term in (5.10) can be absorbed into the left-hand side, and thus

m m m m 28 /2 :
197 = ™ oy + | A™ = D™ [y < G+ C(1410g —) D&

i=1
This completes the proof. 1]

6. Numerical simulation. In this section we explain first how the estimators
from section 5 can be used for mesh and time-step modification and then document
the performance of the resulting adaptive method. In the computations we used the
software “Finite Element Program Automatic Generator” by Guoping Liang and an
adaptive mesh generator developed by Jian Zhang, which is based on the bisection
strategy proposed in [3].

6.1. Adaptive method. We use the estimators in Theorem 5.1 to equidistribute
the space contribution by refining and coarsening of the mesh M"™ and time contribu-
tion by modifying the time-step 7,,. We take the constant C' in the a posteriori error
estimate equal to 1 and ignore the log(t™ /7,,) term. We observe that the time resid-
ual &' and the boundary error £ serve to adjust the 7,,; all other estimators provide
information for space adaption of M"™. For any S € M", we split the estimators
Ey, ..., EY into element contribution E™(S) as follows:

B(S)? s = (14 hr2) (10" = Pag [Bags) + D" = PuD" L))
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dtimestep meshcount

0.35 25001

2000]

1500

1000

500

time

5 10 15 20 5 10 15 20

Fic. 6.1. Time-step sizes and element counts.

+ hgl| Ry, ||2L2(S’) + hg| R} ||%2(S)
+ > n (|| [Ve e 72y + [l [divD"]e |72 + || [curl D"]e ||2L2(e))
eCdS, eeB™

+ Y hi’(||V<p”-n||%2(e)+||cur1D"—I”H”||%2(e)).
eCASNIN, ecB”

Given mesh and time tolerance emesn and egime, we refine/coarsen any element S €
M™ according to the rules

012€mesh 0115mesh 0125mesh
E"(S) > ——— refine S twice; ———— < E"(S5) < ——— refine S once
(5) M, VM, (%) v M, ’
n 9225mcsh s 0225mcsh n 9215mcsh
E™(S) < ———== coarsen S twice; ———— < E"(S) < ——= coarsen S once,

My,

5
5

and reduce/enlarge the time-step 7,, according to the prescription
ET +EF > 1etime  reduce Ty ET 4+ EF < 72time  enlarge T,

where 611,012,771 > 1, 621,022,720 < 1 are given positive constants, and M, is the
number of elements of M™.

6.2. Simulation. We present in this subsection several examples to illustrate the
performance of the proposed adaptive method in section 6.1 for solving the TDGL
model under gauge choice (1.5). In all examples we take the Ginzburg—Landau pa-
rameter £ = 10, the applied magnetic field H = 5, and the initial data ¢y = 0.6+10.8
and Ay = (0,0)7.

In the first example we let Q = (0,1) x (0,1) and the length of the time interval
T = 20. The various parameters are taken to be

€mesh = 0.2, Etime = 1.0, "= 1.0, Y2 = 0.5,
011 = 2.0, 010 = 1.1, Oa1 = 0.4, 09 = 0.2.

Figure 6.1 shows the number of elements in the adapted meshes M™ and time-step
sizes. Figure 6.2 presents the adaptive meshes and the corresponding contour plots
of |¢|? at various time-steps.

In the second example we take Q = (0,1.5) x (0,1.5) and the length of the time
interval T' = 40. The various parameters are taken to be

Emesh = 0.9, €time = 1.0, 71 = 1.0, 72 = 0.5,
011 = 2.0, Oy = 1.1, Oy = 0.4, Bgy = 0.2.



1982 ZHIMING CHEN AND SHIBIN DAI

Fic. 6.2. Contour plots and corresponding meshes at time t = 0.021875, 0.304, 20.0
(from left to right).

P meshcount
rmster 5000

0.35

0.3 4000

3000

0.15 2000

1000

10 20 30 40 50 60 10 20 30 20 50 60!

F1G. 6.3. Time-step sizes and element counts.

Figure 6.3 shows the number of elements in the adapted meshes M™ and time-step
sizes. Figure 6.4 presents the adaptive meshes and the corresponding contour plots
of [1|? at various time-steps.

We observe that the time-steps are invariant except at the beginning of the sim-
ulations because the initial state is not the stable one. In the first example the stable
state is reached at ¢ = 13.5, while in the second one the stable state is reached at
t = 26.0. The adapted meshes in Figures 6.2 and 6.4 indicate clearly that our adap-
tive method is able to capture the motion of vortices. Another important goal of
the a posteriori error analysis is to show that an “optimal mesh” is indeed gener-
ated by using the error estimators as in the spirit of adaptive methods. This highly
nonlinear global optimization problem deserves further theoretical and numerical in-
vestigations. The following numerical test clearly indicates that the proposed adaptive
method based on the a posteriori error estimates in this paper leads to considerable
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o e

Fic. 6.4. Contour plots and corresponding meshes at time t = 7.225, 16.225, 40.0 (from left to
right).

FIG. 6.5. Surface plot of ||? of the stable state using the uniform mesh of 400 elements.

improvement in terms of the accuracy of the solutions for a given number of elements.
Let Q = (0,1) x (0,1). Figures 6.5 and 6.6 show the surface plot of [1|? of the
stable state using a uniform mesh of 400 elements and an adaptive mesh with 408
elements, respectively. The underlying uniform and the adaptive meshes are shown
in Figure 6.7. As a comparison we show in Figure 6.8 the surface plot of |1|? of the
stable state computed in the first example above using an adaptive mesh with 2288
elements.
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FIG. 6.6. Surface plot of |[1|? of the stable state using the adaptive mesh of 408 elements.

FI1G. 6.7. The uniform mesh of 400 elements (left) and the adaptive mesh of 408 elements (right).

FIG. 6.8. Surface plot of 1|2 of the stable state in the first example using the adaptive mesh of
2288 elements.
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