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Abstract. While many methods exist to discretize nonlinear time-dependent partial differential
equations (PDEs), the rigorous estimation and adaptive control of their discretization errors remains
challenging. In this paper, we present a methodology for duality-based a posteriori error estimation
for nonlinear parabolic PDEs, where the full discretization of the PDE relies on the use of an implicit-
explicit (IMEX) time-stepping scheme and the finite element method in space. The main result in
our work is a decomposition of the error estimate that allows to separate the effects of spatial
and temporal discretization error, and which can be used to drive adaptive mesh refinement and
adaptive time-step selection. The decomposition hinges on a specially-tailored IMEX discretization
of the dual problem. The performance of the error estimates and the proposed adaptive algorithm
is demonstrated on two canonical applications: the elementary heat equation and the nonlinear
Allen—Cahn phase-field model.
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1. Introduction. Nonlinear parabolic PDEs are ubiquitous in science, however,
their efficient numerical solution remains challenging. Implicit-explicit (IMEX) meth-
ods have been widely used for the time integration of complex time-dependent PDEs
with terms of different type [1, 9]. Recently, a number of IMEX time-stepping schemes,
paired with spatial Galerkin finite-element discretizations, have been proposed for
phase-field models [40, 20, 42, 35, 39], which are currently a much-studied class of
nonlinear parabolic problems [24, 29, 22, 33, 21]. When the PDE solution displays al-
ternating fast and slow variations, the numerical discretization can, obviously, benefit
significantly from adaptivity in both space and time.

This paper is devoted to the development of a posteriori error estimates and
corresponding adaptive algorithms for these popular discretizations. In particular, we
consider dual-based error estimates that assess the discretization error with respect to
user specified quantities of interest describing the goal of the analyses. The quantities
of interest might, for instance, be physical quantities or some appropriate norms of
the error of the solution (e.g. energy norm, L? norm). To efficiently drive adaptive
mesh refinement and adaptive time-step selection, the error estimates need to address
the temporal and the spatial discretization errors separately.

There have been several studies on goal-oriented adaptive techniques for parabolic
equations during the last decades, but mostly in the context of space-time (discon-
tinuous) Galerkin finite element discretization, see for instance Eriksson and Johnson
[15, 16, 17, 18], Schmich and Vexler [32], Carey et al. [12], Bermejo and Carpio [7],
Braack et al. [10], Besier and Rannacher [8], and Asner et al. [2]. Alternative
a posteriori techniques for parabolic problems use energy arguments based on elliptic
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reconstruction, see e.g. Makridakis and Nochetto [28], or sharp stability estimates
for the dual problem; see Lakkis et al. [27] for an overview of both these techniques.
Applications of these techniques to nonlinear parabolic problems including phase-field
models and blow-up phenomena have been studied by, e.g., Kessler et al. [23], Bartels
and Muller [5] and Cangiani et al. [11].

The use of IMEX time-stepping schemes for parabolic equations has been the
focus of recent developments: Chaudhry et al. [13, 14] proposed a posteriori error
estimates for various IMEX schemes, based on an equivalence relation between IMEX
schemes and time-Galerkin finite element methods. They rewrite the time-Galerkin
method using special numerical quadrature rules and carry out a standard duality-
based analysis for the resultant approximations. The splitting of the temporal and
the spatial error contributions in these error estimates are commonly achieved by
inserting and subtracting suitable projections of the dual solution.

The objective of this paper is to present an alternative approach to duality-based
a posteriori error estimates for fully discretized semi-linear parabolic PDEs using
conforming finite elements in space and first-order IMEX schemes in time. Contrary
to Chaudhry et al, in our approach we directly obtain a posteriori error estimates
without resorting to an interpretation of IMEX as a Galerkin-in-time method. This
paper is a follow-up to our recent paper [34], where we only considered errors due to
spatial discretization. The focus of this work is on the total discretization error which
contains both the spatial and temporal parts.

The starting point of our analysis is the exact duality-based error representa-
tion, which is a duality pairing of the global space-time residual with the solution
of the mean-value-linearized (backward-in-time) dual problem. This error represen-
tation can be decomposed into various distinct residuals weighted by the same dual
solution. A fundamental framework for successfully decomposing the residuals for
(non)linear parabolic PDEs; discretized by a classical A-stable #-scheme in time, has
been developed by Verfiirth [38] in the context of energy-based a posteriori error
analysis.

By extending Verfiirth’s framework to IMEX schemes and a duality-based error
analysis, we will decompose the error representation into three contributions which
can be associated to the temporal and spatial discretization error, and additionally
data oscillation. This novel decomposition hinges on a special nonstandard IMEX
discretization of the dual problem. We then propose a general space-time adaptive
algorithm for an efficient distribution of the discretization parameters: a set of time
steps and the refined mesh at each time step.

This work is structured as follows. In Section 2, we introduce the abstract setting
for a general (non)linear parabolic PDE and its IMEX-Galerkin discretization. Sec-
tion 3 is devoted to the methodology for a space-time decomposition of a duality-based
a posteriori error estimate. After having established computable error estimates in
Section 4, we propose the associated adaptive algorithm in Section 5. The application
to the elementary heat equation and the nonlinear Allen—-Cahn equation (an elemen-
tary phase-field model), together with numerical results are presented in Section 6,
after which we present our conclusions.

2. Abstract setting. In this section, we start by introducing an abstract set-
ting of nonlinear parabolic PDEs and the corresponding dual problem in weak for-
mulations. Then we present the discretization of the primal problem using IMEX
time-stepping schemes and conforming finite elements in space.
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2.1. Weak formulation and error representation. As a model problem we
consider a general semi-linear parabolic equation in a bounded space-time domain
Q x (0,7T] with Q c R?, d = 1,2, 3, having natural boundary conditions. To provide a
setting for the weak formulation, we denote by V a suitable Hilbert space and by V*
its dual space, such that V C L?(2) C V* with continuous embeddings. We denote
the inner product in L?(Q) by (,-), and duality pairings between V* and V by (-, ).
By defining W := {v € L?(0,T; V), d,v € L*(0,T;V*)} as a suitable space for u, the
weak form reads: find u € Wyo := {v € W:v(0) = u°} such that Vv € L*(0,T;V)

T T
(1) / (<8tu,v> + B(u,v) + N (u; v)) dt = / (f,v)dt
0 0
where f € L2(0,T;V*), v’ € L?(Q), the semi-linear form N(-;-) of a sufficiently
smooth nonlinear operator represents the nonlinear components which is linear with
respect to arguments on the right of the semicolon, and B(-,-) is the bilinear form of
a elliptic self-adjoint operator. A prime example of the abstract setting is the Allen—
Cahn equation 0;u— Au+ E%z//(u) = 0, which will be discussed later in Subsection 6.1.
Given the solution u, we consider the quantity

(2) Qu) = (g, u(T)) + / (¢,u)dt,

with ¢ € L?(Q) and ¢ € L?(0,T; L*(Q)) so that Q : W — R is a continuous linear
functional.! One example of Q(u) would be the value of the solution at the final time
t =T at a critical area of the domain centered at xo, Q(u) = [, pe(x0 —x)u(x, T) dx,
where p. € C'* is a kernel function with radius and center of € and xy. Alternatively,
one might wish to estimate the error in the L? norm at the final time 7. To achieve
this, we set ¢ = uw(T) — a(T") and ¢ = 0 where @ is an approximation of the solution
u. Then we have Q(u) — Q(i) = [[u(T) — @(T)||72q)-

For any u, @ € V, we denote by N'*(u, @; -, -) the mean-value linearization of N'(-, -)
performed at a value in between u and 4, namely,

1
(3) N?(u, t; w,v) = /0 N (su+ (1 = s)a) (w,v)ds, Yw,v € V

where N is the Gateaux derivative of N, i.e.

N (@) (w, v) = iy N(@ s wiv) = N (;0)

s—0 S

ds, Yw,v € V.

Note that if we set w = u — @, the chain rule gives
(4) N (u, Gy u — ,v) = N(u;v) — N(a;v).

The mean-value-linearized (backward-in-time) dual problem takes the form: find z €
W1 = {v € W :v(T) = g} such that Yw € L?(0,T;V)

(5) /OT ((—8,52, w) + B(z,w) + N°(u, 4; w, z)) dt = /OT(q7 w) dt

1One can more generally consider g € L2(y,T;V*) U L2(0, T; L2(Q2)) where 71 > 0 is the size of
the first time step. For technical reasons later on (i.e., (qo,uo) must be well-defined, with go defined
in (21)), we can not take 71 = 0.
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Let @& € W denote any approximation of the solution u in (1). We define the residual
of the primal PDE, Rppg, and the residual of the initial condition, Ry, as

(6) Repe((t);v) = (f(t),v) — (0vi(t),v) — B(a(t),v) — N(a(t); v)
(7) Ro(@(0);w) := (v’ — (0), w)

for all v € V and w € L?(f2). Following the general framework of goal-oriented error
analysis (see, e.g. [6, 30]), we obtain an exact error representation assessing the error
in Q, which can generally be represented by a global space-time residual weighted by
the solution of the dual problem (5).

THEOREM 2.1 (Global space-time error representation). Given any approzima-
tion 4 € W of the solution u of the primal problem (1), we have the following a
posteriori error representation:

T
(8) Q(u) — Q(i1) = Ro ((0); 2(0)) +/O Repe (4(t); 2(t)) dt

where z € W1 is the solution of the dual problem (5).
Proof. The proof is standard, see, e.g. [37] or [34, Theorem 2.A]. 0

Note that errors in norm are also included in Theorem 2.1 by suitably changing ¢ and
q, e.g., as in the example above.

2.2. IMEX - FEM Discretization. We next describe a full discretization of
problem (1) by partitioning [0,7] as 0 =tp < t1 < ta < -+ <t < --- <ty =T
into N subintervals Zy11 = [tk, tx+1] of length 7441 = tg41 —tg, K =0,1,--- /N — 1.
Because of the nonlinearity in the system (1), one has to be careful in choosing a
time discretization to avoid prohibitive stability restrictions and high computational
complexity. In this paper, we focus on first-order IMEX time-stepping schemes, which
employ a splitting of the nonlinear term N according to

N(u;v) = Ne(u; v) = Ne(u;0),

The notation N, and N, comes from the phase-field modeling community, and refers
to the contractive and expansive part, respectively, which can also refer to the stiff
and non-stiff term. The fundamental idea is to treat the contractive part implicitly
and the expansive part ezplicitly. Such a time scheme for problem (1) is defined
recursively by: find ug4q1 € V such that Yo € V

(9) (M v>  Blutks1, v) + Ne(urs1;0) = Ne(uriv) = (frs1,0)

Tk+1

for k=0,1,---, N — 1, where the initial condition is
(10) (ug,v) = (u°,v) Vv € L3(Q).

Here, fr+1 = f(-,tk+1), which is well-defined upon assuming that the function f

is sufficiently regular, e.g., f € C°((0,T]; L?(2)). We remark that instead of the
time approximation fy 1, a time-averaged approximation f = r,iH ttk’"’“ f(-,t)dt can
be used, provided that f € L2(0,T;L?*(2)). We also implicitly assume in (9) that
Ne(ug;v) is bounded for ug € L*(2). If N (ug;v) is not well-defined, one can remove
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this term from (9) for the first time step. For simplicity, we continue our analysis
assuming that N (-;-) is bounded on L%(Q) x L2().

To fully discretize the primal problem (1), we consider a standard shape-regular
mesh [y of © and an associated conforming finite element space S;j P defined by

S,?’p ={veV:v(x)|k € PP(K),VK € Ky}

for k=0,1,..., N, where PP(K) is the space of polynomials up to order p on element
K and h denotes the mesh parameter. The fully discrete approximation is then

formulated as: find u}',; € ngl such that Yo" € S,?fl

-
(11) <k+1kavh> + Bluji g, 0") + Ne(ufipg30") = Ne(ujis ") = (frrr,0")

Tk+1
for k=0,1,---, N — 1, where the initial condition is
(12) (ul, ") = WP, 0" Vol e PP
We assume that the solutions u, := {ug}~_, and u,p, = {up}_; exist for the

time-discrete primal problem (9) and the fully-discrete primal problem (11), respec-
tively.

3. Space-time decomposed a posteriori error estimate. Space-time adap-
tivity is heavily dependent on an appropriate decomposition of error estimates, which
will be derived in this section. Our approach to isolate error contributions from dif-
ferent sources is inspired by the work of Verfiirth in [38, Chapter 6], which contains a
general framework for deriving residual-based a posteriori error estimates for nonlinear
parabolic problems with the #-scheme. In the following Lemma, we adapt Verfirth’s
residual decomposition to our fully discrete primal problem (11).

LEMMA 3.1 (Residual decomposition). Let u,j, := {ull}_, denote the solution
of the fully discrete problem (11), and Iu,p denote the piecewise-linear time recon-
struction of urp, on time intervals [tg, tk+1], k=0,1,...,N — 1, i.e.,

ter1 —t
(13) Tupp(t) = 25—l 4 ufyy € [trtey).
Tk+1 Tk+1

Let the spatial residual 7"5» the temporal residual ¥ and the data-oscillation contribu-
tion r’]? be defined, for each k=0,1,--- N —1, by

(14)

uh b
<Tﬁ+17v> =(frr1,v) — (’Hg_;_lk,v> — B(u}1,v) — No(uly150) + Ne(uflsv)
(15)

(P8, 0) =Bl 1, 0) + Nl 150) — N 0) — B (8),0) = NIy (8):0)
(16)

(P70, 0) = (70) ~ s, 0).
for allv € V and t € (tg,tg+1]. Then, for each k = 0,1,--- | N — 1, the following
decomposition of the space-time residual (6) holds:

(17)  Repe[Turn(t);v) = (f(t),v) = (OcTurn(t), v) — B(Turp(t),v) — N (Turp(t);v)
(18) = <Tﬁ+1’ v) + <r§+1(t)7 v) + <r’;+1(t), v>
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where t € (tg, trt1]-

. h
Proof. Since Oilu,p = % on (tg,tk+1], the identities in (18) follow from a

straightforward substitution in (17) using the definition (14), (15) and (16). |

Remark 3.2. We note that the spatial residuals (14) are independent of time, and
h,p
k+1-

Furthermore, upon convergence uz — uy as h — 07, for all k, we also have r —0
(see (9)). Similarly, assuming sufficient smoothness in time, then w}!,ufl, | — Tuq4(t)
for t € [tg,txr1] as Trr1 — 01, which implies 75+1(¢) — 0 as 71 — 0F. This is the

motivation for calling r**! and rfﬁl the temporal residual and the spatial residual,
respectively.

due to Galerkin orthogonality, the spatial residuals will be equal to zero if v € S
k+1
h

3.1. Time-discrete error representation. The first step toward a decompo-
sition of duality-based error estimates is to introduce a time-discrete error representa-
tion identifying only the spatial discretization error. To this end, we introduce a novel
and specially-tailored IMEX time-discrete dual problem. This time-discrete problem
is driven by the following discrete representation of Q.

Let us rewrite the piecewise-linear time reconstruction /1w, € W of any sequence
wy = {wi }_,, wi, €V, as

N
(19) Tw, (x,1) = > wy(x)Ng(t)
k=0
where
thp1 — ¢
A fte T, k<N -1
Tk+1
Ne(t) = L2tt gy eq p>1
Tk
0 otherwise

We consider the following discrete representation of Q : W — R when applied to ITw, .
LEMMA 3.3. Let us define

1 T
(20) aw=— [ ¢Np@®)dt  fork=1,2,...,N
Tk 0
and
1 T
(21) q@o=— [ ¢No(t)dt.
T1 Jo

Then, the following time-discrete representation of Q : W — R holds

N

(22) Q(Iwy) = 71(g0,wo) + > 7(ar, wi) + (T, wn) -
=1

Proof. For Iw, defined in (19), we observe that, according to (2),
T N N T
0 k=0 k=0 \”0
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By virtue of

5 (/OTqu(w a, wk> - (/OTqNo(t>,wo> +i (/OTqu(n at, wk> ,

k=0 k=1

we obtain (22) by substituting the definition (20) and (21). d

We now state the novel IMEX time-stepping scheme to discretize the dual problem
backwards in time: Find zx € V, kK =0,1,..., N, such that

T1

(23) - (Zl — Zo,w) —Nj(uo,ug;w,zl) = (go,w) Yw €V

and for k=1,2,...,N —1:

Zhtl — 2
(24) - (T,w) + B(z, w) —}—./\ff(uk,uz;w,zk)

Tk
- %Nj(uk,uz;w,zkﬂ) = (qx,w) Yw €V

where the terminal condition is
(25) (2n,w)+7NB(zn, w) +TNNE (un, ul; w, 2n) = Tn (g, w) + (g, w) Yw e V.

The time-discrete dual (23)-(25) has been defined so as to provide an exact error
representation for Q(Iu,) with respect to Q(Iu.).

THEOREM 3.4 (Time-discrete error representation). Let u, = {uy}i_, denote
the solution of the time discrete system (9), and urp, = {ul}_, denote the solu-
tion of the fully discrete system (11). Let zr = {zx}X_, denote the time discrete
approximation of the dual problem obtained from (23)-(25). Then the following error
representation holds:

N
(26) Q(Iuy) — Q(Iusp) = (u° — ul, 29 — vg) + Zm <r,’§,zk - UZ> ,
k=1

for any vl GS,CL’p, k=0,1,...,N.
Proof. From (22), it follows that Q(Iu,) — Q(Iu,p) can be formulated as

N

27)  QUur) — Qurn) = 71(go, uo — ug) + (g, un — ul) + ZTk(Qk, up — up)
k=1
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Substituting the time-discrete dual problem (23)—(25) into (27), we get

Q(ur) — QTurp)

21— %0 h s h h
:7-1{—< e — N2 (ug, ug; up — ug, 21)
1

z
+TN{<TN UN—UN> + Blzn,uy — ul) + N5 (un, ult; un — u?v,zN)}
N

N-1
Zk+1 — 2k
+ Z Tk{ — (Tk,uk — uZ) + B(zg, ug — uZ)

h h Tk4+1 h h
+ NG (g, upes up — uy, 21) — Nj(uk,uk;w—uk,zkﬂ)}

Tk
After applying summation by parts on (241 — 2k, ur — ull), ie.,
N-1

h
U — U, 241 — 2k) =
=1

x>

N-1

(un —u,2n) — (u1 —ul, z1) (zk+1, U1 —ufyy) — (ue — uZ))
k=1

it follows that
Q(Tur) — Q(Turp)
_ 21— %0 h s h. h
—(u1 u1,21)+7-1 Jug — ug | — N (uo, ug; uo — ug, 21)

T1

+ TN{B(ZN,uN — u’](,) +./\/f(uN,u7V;uN — uf{,,zN)}

h h
Uk4+1 — Uk Upq1 — U h
+ E Tk{( Zk+1> - (T 2kt | + Bz, ur — uy)
&

h h Tk+1 h h
+ N (g, ugs up — wy, 2x) — NS(Uk,uk;uk—uk,zkH)}

Tk

Then, by shifting the indices of the arguments of B and N}:

N-1 N-1
h
TNB(zn,un —uy) + E TiB( zk,uk—uk E Th1 B(Zhg1, U1 — Ugyq)
k=1 k=0
N-1
S h . h S h. h
TNNE (un, uy;un — uly, 2n) + E TeNE (ug, s ug — u, 21)
k=1
N-1
— NE h . _ b
= > Tt NG (k15 Upgr; k41 — Upps Zk+1)
k=0
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and employing the mean-value linearization property (4) on N and N, we arrive at
Q(IuT) — QUTu.p) = (uo —uf, zo)

Uk1 — Uk
+ E Tk+1{< = Zk+1> + B(ugs1, 2k41) + Ne(wpg1s zi1) — Ne(ups 2i41)
+

h
u — U
- (’MH) By zan) — Noul s 2 + Nl Zk+1)}

Tk+1

After substituting the time-discrete primal problem (9) weighted by dual solution
Zk+1, we finally obtain

Tk4+1

N—-1 h h
u — U
Q(Iur) — Qusp) = (u® —uf, 20) + E Tlc-i-l{ (frt1, 2ot1) — (k“ k7zk+1)
k=0

— B(ujy 1, 21) — Nelujigrs ze1) + Ne(uil; Zk+1)}~

This is (26) by the definition in (14), and noting that Vo', | € ngl it holds that
<7‘Z+1,v,}€‘+1> =0by (11) for k=0,1,...,N — 1 and (uo —ug,vg) =0 Vb e S(})L’p by
(12). a

3.2. Spatial and temporal error representation. Building on Verfiirth’s
residual decomposition (18) and the time-discrete error representation (26), we are

now ready to state our main result: A suitable decomposition of the dual-weighted
residual ().

THEOREM 3.5 (Decomposed error representation). Let the assumptions of The-
orem 3.4 hold. Let u denote the solution of the primal problem (1) and z denote the
solution of the dual problem (5). Then the following error representation holds:

(28) Qu) — Q(Turp) =Rs(trn; 2r — ) + Ry (tUrn, tr, 2, 27 ) + Osc

for any vl = {I}N_ Wb € SZ’p, where Rg(urn; 2 — vP) is the spatial error repre-
sentation

(29) Ro(trn; zr — 02) == (0¥ —uf, 20 — v§) + Zm TE 2k — )

Ri(Urh, Ur, 2, 27) s the temporal error representation

(30)  Ri(urn, tr,z,2;) = (u® —ufl, 2(0) — 20)

N-1 oty
+ Z / {RPDE (Turn(t); 2(t) — 2j41) + <rf+1(t), 1) }dt
k=0 Ytk
and Osc denotes the data-oscillation contribution
N-1 ity
(31) Osc := Z / <T’;+1(t),2k+1> dt.
k=0 Ytk
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Remark 3.6. By virtue of Galerkin orthogonality, Rs(u,p; 2-) will vanish if z; €
Sg’p, k = 0,1,...,N. In addition, as h — 0% it holds that u! — wy for all
k and, accordingly, Rs(urpn;-) — 0 (see (9) and (10)). Similarly, assuming suffi-
cient smoothness in time, then zx,zr+1 — 2(t) for t € [tg,tri1] as o1 — 07,
which implies (u” —uf,z(0) — 20) — 0 and Rppe(lurn(t);2(t) — zp41) — 0 as
Ter1 — 0F. And since 7**1(t) — 0 as 7,11 — 0T (see Remark 3.2), we con-
clude that R¢(trp,tr,2,2:) — 0 as 7,41 — 0F. This is the motivation for calling
Ri(trp,ur, 2, 2r) and Rg(urp; 2-) the temporal error representation and the spatial
error representation, respectively.

Remark 3.7. If we choose fri1 = rkl+1 tt:“ f(t) dt, then the data-oscillation con-
tribution (31) will vanish.

Proof. (of Theorem 3.5) The global space-time error representation is Theo-
rem 2.1 with @ = Tu,p:

T
(32) O(u) — QTup) =Ro (ug; z(())) +/0 Repe (Tuqp(t); 2(t)) dt.

The spatial error representation (29) satisfies the representation in Theorem 3.4.

The temporal error representation is obtained by subtracting the spatial error
representation (29) and the data-oscillation contribution (31) from the space-time
error representation (32), i.e.,

Ri(trh, tr, 2, 27) =Q(u) — Q(Turp) — Rs(urn; 2-) — Osc

=Ry (ug; 2(0)) — (zo,uo — ug) — Osc
N-1

+ /tk+1 {RPDE(IuTh(t);Z(t)) _ <T]fi+1azk+1> }dt.

k=0 Ytk
Adding and subtracting Rppg(Iurp; 2k+1) yields
Ri(trhs tr, 2, 27) = Ro (ug; Z(O)) - (zo,uo - ug) — Osc

N-1

tht1
+ Z / {RPDE (Turn(t); 2(t) = zis1) +Repe (Tt (£); 251) — (rp T 2ig1) } dt.
k=0 “tk

Since Oy lu,p, = (uZJr1 *UZ)/Tk_i_l on (tx, tx+1] according to the definition of Tu,p (19),
we employ the definition of the residuals in (6), (7) and (14), and obtain

Rt(u‘rh;uﬂ Z, ZT)

N-1
= (u® —ufl,2(0) — z9) — Osc+ Z /
k=0 71

k

tht1

{(f(t)aZkH) — (fret1, Zr41) }dt

N-1 g
+) / {RPDE(Iurh(t)§ 2(t) — zig1) — B (Turn(t) — sy, 2641)
k=0 7tk

— N (Turn(t); 2pa1) + N (uZ_H; Zp41) — Ne (u’,z, Zh41) }dt.

Finally, substituting the definitions in (15), (16) and (31) gives the result (30). d
10



A useful interpretation of the spatial and the temporal error representation can be
obtained by writing the global space-time error as:

(33) Q(u) — QTusp) = Qu) — QTu,) + Qu,) — Q(Lurp)
The following Corollary holds:

COROLLARY 3.8. Under the assumptions of Theorem 3.4 and Theorem 3.5, we
have

(34) Q(u) — Q(Tu,) = Ry(urn,ur, 2, 2r) + Osc
and
(35) Q(IUT) - Q(IuTh) = RS(uTh; Zr — Uql:b)

h,
for any vl := {oP . o € SF.

Proof. The identity in (35) is a direct consequence of (26) and (29). Equation
(34) then follows from (28) and (29). 0

4. Computable error estimate. There are two approximations commonly in-

volved in evaluating the exact error representations (32), (29) and (30):
e one for approximating the exact primal solutions uw and u, in the mean-value-
linearized dual problem (5) and its time-discrete system (23)-(25),
e the other for approximating the exact dual solutions z and z, in the error
representation formulas (32), (29) and (30).
The resulting error estimate can only be accurate if the approximations are sufficiently
close to the true solutions. We refer to [6, Section 6] for techniques on controlling the
linearization error due to the first approximation.

Here, to obtain computable and asymptotically effective error estimates, we con-
sider a hierarchical two-level methodology developed in [34] where the estimate is
directly evaluated with an enriched dual approximation that is computed with help of
an additional primal approximation at an enriched discretization level for the mean-
value-linearization. Since the focus of [34] is on the spatial discretization error, we
now extend this methodology to our problem: We need two additional discretization
levels: one which is spatially-enriched for evaluating the spatial error representation
(29) and the other which is space-time enriched for evaluating (30) and (32).

We first introduce the following notations:

. S,?’p: the original FE space with spatial mesh of size h = hy, at time tj for
k=0,1,...,N.

h
. S,?/Z’p: an enriched FE space with finer spatial mesh of size 7]6 at time ¢y,

for k=0,1,...,N. 82/2”’ is obtained by global refinement of all the element in S,?’p.

h
82421’;’2: an enriched FE space with finer spatial mesh of size Ek at the
t t
intermediate time level #1 /o = HITH for k=0,1,...,N — 1. We set S,ilﬁ’/pz =
h/2,
S, Hp )

e u,; = {uf N _,: the solution of (11) and (12) using time-step sizes {7x}1r_;
and FE spaces {S;P} .

® Urpo = {UZ/Q N o the solution of (11) and (12) using time-step sizes
{7}, and enriched FE spaces {8,}; /2P W Ur /2 Tepresents an approximation
of the time-discrete primal solution u,.

11



® Urjop/a = {ﬁlh/g}lzojl/%“,;v: the solution of (11) and (12) using half time-
LTI T2 T TN T

step sizes {517 51, 52, 52, A 7N, 7N} and enriched FE spaces {S{L/Z’p}l:()’l/ln_,]v;
Uz /2,n/2 TePresents an approximation of the exact primal solution w.

® Zrp2 = {ZZ/ 2}{37:0: the solution of the approximate dual problem obtained
by replacing u, with w, /9 in (23)-(25), using time-step sizes {7}, and enriched
FE spaces {SZ /2 W Zr p/2 Tepresents an approximation of the time-discrete dual
Zr.

® 2 ion2 = {2;1/2}120,1/2,,“71\[: the solution of the approximate dual prob-
lem obtained by replacing wu, with w, /9 /o in (23)-(25), using half time-step sizes

TL T T2 T TN T

{517 51, 52, 52, A 7N, 7N} and enriched FE spaces {S{L/ZP}IZOJ/Q’HWN; Zr/2,h/2
represents the approximation of the exact dual solution z.
The strategy for computing the primal and dual solutions is illustrated in Figure 1.
For evaluating the error representations (32), (29) and (30), we compute two enriched
dual solutions z, /2 and z; /2 /2 solved backwards in time to approximate 2, and z,

respectively. In order to make z; /5 computable, an additional primal approxima-

tion ur j /o is computed forwards in time using FE spaces {S,];/ 2.p }{f:o to approximate

the mean-value-linearization of the dual problem (23)-(25). Similarly, another addi-
. . . . . . h/2,p

tional primal approximation u, 1, /2 is computed using spaces {S, hi=0,1/2,...,n for

obtaining 2. /o 1, /2

Primal problem Dual problem
h h/2 _h/2 . h/2 ~h/2
in Upn Up ‘ iy ZN
|
|
o . ! o i
h n/2 /2 } h/2 “h/2
tret1 R e A T B Ry A
|
~h/2 ! ~h/2
tis1)2 Tk+l< Tk Up1)2 :Tk+l Zri1/2
B2 Th+1 hy : y Th+1 /
h 29 e n2 5\ h/2
b U U U L %k Zk
. 5 i 5 .
o . ! o .
|
h h/2 ~h/2 h/2 ~h/2
to Uy Uy Uy : 2 Zy

Output: — Urh  Urp/2  Ur/2.h/2 Zr,h/2 RT/2,h/2

U ~u & % oz

Fig. 1: Approximations of the primal and dual solutions. The primal approximations
Urh, Urpy2 and uzjg /0 are computed forwards in time and the dual approxima-
tions zr p, zrn/2 and 273 /2 are computed backwards in time with the correspond-
ing spatial meshes and time steps. The computational cost of the algorithm can be
reduced by discarding the approximations in the grey columns; see Remark 4.1.

Now let us denote by 2 € V a time-reconstruction of the dual solution z; /3 /2
(e.g. a piecewise-constant time-reconstruction will be used in numerical applications;
see Section 6). By replacing z with Z in (32), the estimate of the space-time error in
@ can then be computed as:

T
(36) Q(u) — QIurp) ~ Ex == Ro (uf; 2(0)) + /O Repe (Tu.n(£); 2()) dt.

12



Replacing 2z, with the computable 2, ;, /2 in (29), we compute the spatial error estimate
& as:

N
(37) Rs(Urn; 2r) = E 1= (ug/Q - ug,zg/2> + ZTk <r’,§,zz/2> .
k=1

Finally, replacing z and z, with the computable 2 and z; 3/, in (30), respectively, we
compute the temporal error estimate &; as:

(38) Ri(trpytr,z,2:) & = (ug/Q — ug, £(0) — zg/Q)

N-1 oty
+ Z /t {RPDE (IUrh(t)é 2(t) — Zl}cLJ/rzl) + <T’:+1(t)’ 22‘1‘21> }dt'
k=0 tx

Remark 4.1 (Reduced-cost implementation). If one wants to reduce the number
of distinct approximations in the error estimates (36)—(38), the most straightforward
strategy is to simply take wu, /2 = ur/2p/2 and z; /2 = 27/2,5/2 at concurrent time
. h/2 ~h/2 h/2 ~h/2 .
steps (i.e. u,’” = @,/" and 2,/ = 2Z.'° for k = 0,1,...,N). In this manner,
one only needs to compute u,p, Ur/2 /2 and zr /o /2, without the gray columns in
Figure 1. More detailed description and examples are given in numerical applications;
see Section 6.

There are various cheaper alternatives than w, /s /2 and 2o /2, for example,
reconstructing a higher-order approximation of a low-order approximation. A dis-
cussion and a comparison of techniques can be found in Section 4.1 of the book by
Bangerth and Rannacher [4].

Significant computational savings can be further obtained by using so-called
block-wise adaptivity and coarse-scale dual approximations. These techniques use
distinct spatial meshes only between blocks of time-intervals, and compute very cheap
dual approximations based on coarse-scale representations of the primal solution. For
details we refer to Carey et al. [12].

If an improved approximation w3 5 /2 is available, this could be used to directly
estimate the error using Q(ur/24/2) — Q(ur,n). Note however that this expression
is not helpful for determining where to refine in space—time (for example, if Q(v) =
fQ v(T, z)dz then it is clearly not localizable in space—time). One indeed requires a
dual solution that contains the sensitivity to errors accumulated at earlier times.

5. Adaptive algorithm. Our goal is now to design an adaptive algorithm to
iteratively increase the accuracy of the numerical solution by using the error estimates.
In this section, we first derive error indicators of local contributions that serve as the
basis to control adaptive mesh refinement and adaptive time-step selection, and then
present the space-time adaptive algorithm.

5.1. Error indicators. To drive space-time adaptivity, the information of the
global error estimates has to be localized to time-intervals and spatially-local con-
tributions. To this end, we rewrite the computable error estimates &, £ and &
in (36)—(38) as a sum of their local contributions on each time intervals [tg,tg+1],
k=0,1,..., N — 1, respectively. The absolute values of these local contributions are
identified as the local indicators, which can directly be used for adaptive time-step
selection. For adaptive mesh refinement, the local contributions associated to the
spatial discretization error have to be localized further in space. We summarize the
result in the following propositions.

13



PROPOSITION 5.1. The error estimate Eg, & and E can be bounded from above

by
N-1 N-1 N-1
Eal SER+ D ERT el <2+ Y et el <+ Y et
k=0 k=0 k=0

where the local space-time error indicators E)_ and E}’ffl are defined by

tk41
(39) & = ‘RO (ul; 2(0)) ‘ gt o ’ Reos (Tun(1): 5()) dt

ty

)

the temporal error indicators £2 and EFF1 are defined by

h . h
(40) 52 = ‘(UO/Q - ug, 2(0) — Zo/2> ’

/ - {RPDE (IuTh(t); 2(t) — z,’jﬁ) + <r’:+1(t), zZﬁ>} dt‘

ti

(41) ERFL .=

and the spatial error indicators &) and S;fﬂ are defined by
(42) £ .= ‘ (ug/2 — ug,zg/2) ‘ 55“ = ‘Tk+1<7'}]i+1,22_<_21>’.

Proof. We split the error estimator & (36) into local space-time error indicators
(39) by

T
Es = Ro (uf;2(0)) —l—/o Repe (Lurs(t); (1)) dt

N-1 it
= Ro (uf; 2(0)) + Z Repe (Turs(t); £(¢)) dt
k=0 7tk
N—-1 thot1
< |Ro (ug; 2(0)) | + Z / Repe (Turn(t); 2(t)) dt
k=0 7 tr
Following the same procedure as above, the temporal error estimate & (38) is localized
to the temporal error indicators (41) on each time intervals [ty, tx41], K = 0,1,..., N—
1, and the spatial error estimate & (37) is localized in time to the spatial error
indicators (42). d

For spatial adaptivity, we consider the following mesh-refinement indicators as
in [34, Section 4.2]. These indicators are associated with the support of dual basis
functions instead of the support of elements.

PROPOSITION 5.2. Let SZ/Q’p = span{pl,i = 1,2,..., My} be the span of finite
element shape functions go}; for the enriched dual space. For k = 0,1,..., N let the

dual solution 22/2 € S,i”mp of problem (23)-(25) have the expansion:

My,
(43) 200 = 3 Aix).

Then, the spatial error indicators of Proposition 5.1 satisfy,
Mo My,

(44) g <D &, and  EFTT <N g k=01,...,N—1
i=1 i=1

14



where the local mesh-refinement indicators are defined by:

(458“) gh i

z (ug/Q ué’,gpé)’ Vi=1,2,..., My,
and for k=0,1,2,...,N —1,
(45b) 557—:1 = ‘Tk-‘rlzlic+l <r}}j+17 ¢§c+1>‘ Vi = 17 27 cee 7Mk+1 .

Proof. Simply insert the ansatz (43) into (42) and use the triangle inequality. O

Remark 5.3. Since the above local refinement indicators are associated to sup-
ports of basis functions, they are particularly convenient in hierarchical refinement
procedures based on those supports instead of a traditional element-wise marking
and refinement strategy. We have employed the hierarchical strategy as in Kuru et
al. [26] (see also [31, 36]). In this strategy, once supports are marked for refinement,
basis functions with support within the marked set are replaced by a set of globally-
refined basis functions whose supports are also within the marked set; see [26] for
further details.

Remark 5.4. In general in (42), one needs to subtract an interpolant of the dual
solution, Ilz;4 /o from z; /o to get a sharp spatial indicator. However, this is not
needed for the indicators in (45); see [34, Remark 4.4] for more details.

5.2. The space-time adaptive algorithm. In Algorithm 1, we propose a
global space-time adaptive procedure using the above duality-based indicators. The
pseudocode consists of three parts: (1) The computation of the primal and dual ap-
proximations (comprised of lines 3-8, 9-11 and 13-14), (2) the evaluation of the error
estimates (given in lines 12, 15, 18-19 and 23), and (3) the error control (comprised
of the remaining lines of Algorithm 1).

Within the adaptive procedure, the error control is built on a two-step approach.
First, in lines 16-17 of the pseudocode we apply the maximum marking strategy (fol-
lowing Babuska and Vogelius [3]) with fraction 6 € [0, 1] on space-time error indicators
{EF YN, to globally select time steps {k'} (i.e. [EF| > 6 max{|EY_|,1E} ..., |1EN(}),
which contain the largest error contributions throughout the time period. Second in
line 20 we locally check the leading causes of the error at the targeted time steps
{k'}, whether from the spatial error or from the temporal error. An example of this is
shown and explained in Figure 2. The figure on the left indicates the time steps {k’ },
where the major error contributions are located. Then, if the spatial indicator Eh
is larger than the temporal indicator 5T , the spatial mesh is targeted for refinement
according to the mesh indicators Sik/; see Figure 2 (center). Otherwise, the time step
size Ty is marked and reduced by half ; see Figure 2 (right).

The adaptive spatial mesh refinement is also based on a maximum marking strat-
egy. The nodes {i'} are marked for which their mesh-refinement indicators are at least
a fraction A € [0, 1] of the maximal mesh indicator (i.e. |5 > Amax{|E|,...,|EX|}).
The addition of the basis function on selected nodes is performed using hierarchical
refinement for finite element methods [25, 26, 31, 36]. Moreover, instead of projection,
we introduce a common refinement to transfer the solution from one mesh to another
without loss of accuracy in any quadrature approximations.

Remark 5.5. A standard adaptive algorithm for time-dependent problems starts
with an initial coarse mesh, and proceeds sequentially. Based on the mesh for the
current time step, a new space mesh is generated for each new time step. Such a

15



Algorithm 1 Duality-based space-time adaptive algorithm

Given: Choose a coarse spatial mesh Ko and a coarse time step size T

1: Initialize a list of spatial mesh {’Ck}{g\]:1 (K = Ko) for time steps {Tk}szl (e =17)
2: while the maximal error estimate Maz > tol do

3: for k€ {1,2,...,N} do

4 Compute u,p in K with 7
5 Compute u, /2 in ICZ/2 with 7
6: Compute u, /g 1, /2 in ICZ/Q with 75 /2
7 t=1t+ Tk
8: end for
9 for ke {N,N—1,...,1} do
10: Compute z, j /2 in K2£21 with 7
11: Compute z; /3 /2 in ’CZ£21 with 75, /2
12: Estimate the error contribution 557_
13: t=t— Tk
14: end for
15: Estimate the initial error contribution SST
16: Compute the maximal error contribution for the whole time period Maz =
max{&) _,...,EN}
17:  while |EF_| > 0 |Maz| do
18: Estimate the local temporal error indicator £F
19: Estimate the local spatial error indicator S}If
20: if €& > £F then
21: Refine the time step 75 by half
22: else
23: Estimate Ef for the mesh g
24: Refine the mesh Ky, by using hierarchical refinement strategy and maximum strategy
with parameter A
25: end if

26: end while
27: end while

sequential procedure commonly uses residual-based error estimates in space which
only contain information at the current time step. Duality-based error estimates, on
the contrary, contain the entire evolution history of the error dependence implicitly
via the dual solution.

Fig. 2: Adaptive mesh refinement. Left: assume that &7, = max{€) &L ,EF &},
i.e., the second time step [t1, t2] is targeted as the largest error contribution throughout
the time period. Middle: If the spatial indicator &7 is larger than the temporal
indicator £2, the space mesh is targeted to refine according to the mesh indicators £2.
Right: If the spatial indicator is smaller than the temporal indicator, the time step
size is cut into half.
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6. Applications. In this section, we give two examples of problems which fit into
the abstract framework introduced in section 2: the nonlinear Allen-Cahn equation
and the linear heat equation (as a special case of the Allen—Cahn equation). We
numerically investigate the performance of the duality-based error estimates and the
proposed adaptive algorithm.

Let us point out that the abstract framework easily accommodates other appli-
cations, for example, systems of parabolic equations; see [41, Section 6.3] for the
application to a phase-field tumor-growth system.

6.1. Allen—Cahn equation. We subject the (forced) Allen—Cahn equation,
Opu — Au + €29/ (u) = f(t), to homogeneous Neumann boundary conditions. We
choose the function spaces as V = H(Q), V* = [H'(Q)]* and set B(u,v) = (Vu, Vv),
N(u;v) = % (¢'(u),v) in (1), where € is a parameter that controls the thickness of
the diffuse interface (typical in phase-field models), and the nonlinear double-well
function 9 (u) is defined as (a standard truncated quartic polynomial)?

(u+1)2 u< —1

(46) (u) = g@ﬂ C1? we[-1,1]

(u—1)2 u> 1.

Then, we obtain the weak form of the Allen—-Cahn equation is: Find u € W, :=
{ve L*0,T;V),0v € L*(0,T;V*) : v(0) = u®} such that Vv € L*(0,T; H'(2))

(47) /O ! ((&u,v) + (Y, Vo) + }2 (W (w), w) dt — /O Y

In our setting the IMEX scheme for (47) leads to the energy-stable time-stepping
scheme introduced in [19]: find ug41 € H*(Q) such that Vv € H'(Q)

1

(a8) (M) 4 (T, Vo) (ki) o) = o (), 0) = (o)

Tk+1

for k = 0,1,...,N — 1, where the initial condition is (ug,v) = (u°,v), Yo € L?(Q),
and where we choose fy11 = o ttk’““ f(,t)dt. In particular, for a splitting of

with a quadratic convex part, the resulting system is linear, for example:

1
u2+4 2ui> u < —1
1 3 1
Y =1t — e = UQ‘FZ - 2U2—4U4) u € [~1,1]
1 3
U2+Z — 2u—4> u>1

We then have the full discretization: find uQH € S,?_fl such that Yo" € S,if_fl

u | —ul
(49) | EE—E | 4 (Vup,q, Vol)
Tk+1

1 1 _
+ 2 (wé(“ZH)vvh) 2 (7,/12(uﬁ),vh) = (fk+17vh)

2Note that by choosing 1(u) = 0, one obtains the linear heat equation.

17



for k=0,1,..., N — 1, where the initial condition is (u},v") = (u®,v"), Vo' € Sg’l.
According to the definition of N in (3), we can explicitly write the mean-value
linearization of ¢/ (u) in terms of u and :

(4, 2) = / W (su -+ (1 — 5)a)ds,

although, because of its piecewise definition (46), this is an elaborate expression. For
example, for u,@ > 1 or u, & < —1, we have ¥'*(u, @) = 2, and for u, 4 € [-1,1], we
have ' (u, @) = u? + 4% + ui — 1.

Then, by setting N*(u,@;w,2) = % (¢*(u, @)z, w) in (5), the dual problem
reads: find z € W1 = {ve L*0,T;V),0v € L*(0,T;V*) : v(T) = q} such that
Vw € L2(0,T; H(Q))

(50) /OT ((—8tz,w> + (Vz,Vuw) + ;2 (Q/J’S(u,ﬁ)z,w)) dt = /OT(q, w) dt,

And the IMEX time-discrete dual problem, based on (23)-(25), is defined by: find
2z € HY(Q), k=0,1,..., N, such that

(51) — (Zl T_l Zo,w) — ;2 (wf(uo,ug)zhw) = (qo,w) Yw € HY(Q)

and for k=1,2,...,N — 1:

— 1
(52) — (M,w) + (Vzg, Vw) + = (¢25(uk,u2)zk,w)

Tk
Tt 1
T, €2

(V2 (wge, up) 21, w) = (g, w) Yw e H'(Q)

where the terminal condition is

(53) (2w, w) +7n(Van, Vw) + 7'N€i2 (1[1’CS(UN,U}I§,)ZN,U))
= (q,w) + 7n(gn,w)  Yw e HY(Q)

with g, Kk = 0,1,..., N defined in Lemma 3.3. Note that for our choice of ., the
derivative ¢/* reduces to a constant. The main results of Section 3 hold, as shown in
the following corollary.

COROLLARY 6.1 (Decomposed error representation for Allen—Cahn equation).
The following error representation holds

N-—1 thi1
Q(u) — Q(Turn) = (2(0),u’ —uf) + > / { (f(t),2(t)) — (OeLurn(t), 2(t))
k=0 V1

k

— (VIurp(t),Vz(t)) — ;(w’(IuTh(t)),z(t))}dt

= RS(uTh; Z‘r) + Rt(uTha Ur, 2, ZT)?

where the spatial error representation reduces to

N-1 h h
_ u —Uu
Rs(trn; 2r) = (ZO7UO - ug) + Z The1 {(kathkJrl) B <M72k+1>

k=0
1 1
—(Varg1, Vugy,) — = (Y (upyr)s Zhs1) + = (WL (up), Zk:+1)}
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and the temporal error representation reduces to

N—-1

Rt(uThauTazsz) = (Z(O) - Zoauo - Ug) + Z /tk+1 { <f(t)7z(t) - Zk+1>
k=0 7tk

ul  —ul
) ( ) ) — (VTurn(0), V(1)) + (T, Vansn)
+

= S0 T 20) + 5 WLld)2un) - 5 (L)) b

Proof. The result simply follows from Theorem 3.5 applied to (47)—(53). d

6.2. Computable error indicator. Let u,, = {uZ/2 évzo denote the solution
of the fully-discrete primal problem (49) using time-step sizes {7 }2_, and FE spaces
{82’1},16\/:0, and let wu, /0 = {uz/z}gzo denote the solution of (49) using time-step
sizes {7y }#"_, and enriched piecewise-linear FE spaces {8{1/2’1}[:071/27__7N. Replacing
u, with the computable u, j/, in (51)-(53), we obtain the full discretization of the

dual problem using enriched FE spaces: find 22/2 € S,?/z’l, k=0,1,..., N, such that
(54)

Z?/2—Zg/2 h/2 1 15, h/2  hy_R/2 . /2 h/2 h/2 h/2,1
- —,w ——(@[J (ug'“ug)zy " w )z(qo,w ) Yw' e S,

T ez \"°

and for k=1,2,...,N —1:

Tk

h/2 h/2
z -z 1
(55) (’““ : w) + (V2 Vel 4 < () ) )

1
=T (U@ e ?) = ) vt e s/

where the terminal condition is

.
(56) (zﬁ,/z,whﬂ) + TN(VzZ/_Ql, th/Q) + E%r (1/}25(u}1:,/2,u}]§,)21v,wh/2)

_ TN(qN,wh/2) + (q’wh/2) Vh/? 8;’/2,1

We denote by z; /2 = {ZZ/Q ~_, the solution of (54)-(56). To get Zr /2,12, We first
compute the space-time enriched approximation u, s /2 = {117/2}[:0’1/2’,“,1\; of the
primal problem using half time-step sizes {71/2,71/2,72/2,72/2,...,78 /2,75 /2} and
enriched FE spaces {Slh/2’1}l=071/27,_,N. Then, replacing u, with u, /3 /2 in (51)-(53),

. : L ~h/2 .
we compute the space-time enriched approximation z; 2 n/2 = {2, }1=0,1/2,..., v using
the same time-step sizes and FE spaces as ur 3 p/2-

In the numerical examples for the Allen-Cahn equation in Subsection 6.3 we
compute ur /o and 27 p /o directly by taking urp/o = Urjop/2 and zrpj2 = 277202
at concurrent time steps as in Remark 4.1, and consider a piecewise-constant time-
reconstruction 2 of 25 5/9 for each time interval [ty,tr41), K =0,1,...,N — 1, ie.

~ ~h ~ ~
Z(t) = Zk/2 for ¢ S [tk,tk+1/2), Z(t) = ZZ_/~_21/2 for ¢ S [tk+1/2,tk+1).
19



According to (36) and (39)-(42), we then get the following global space-time error
estimate:

thi1 ul
(57) Ea = (200),up/* ) + /t { t”‘(k?;lk’é“))

and the local error indicators

tet1 uh o uh
Eiit= / {<f<t>,z°<t>>— (’“*1’“,2(@) — (VIumn(t), VA(t))
ty Tk+1
- é(wl(IuTh(t)), 5(1) } at
571_6+1: /tk+1{ <f( ~Zfl>
uh u 2 _h/2
B ( ki;ﬂ ~Zil> VIUTh ) VA >) + (VUZJFUVZZJ/A)
- S T (0),20) + = (i), 20) = 5 (vid), 502 }dt

h h
k41 — ~h/2 Ugy1 — Uk . hy/2 ~h/2 R
5h = Tk+1{ (fk+172k+1) - 77% ) » Pl (V k+1avuk+1)
+

€

1 ~h/2 1 ~h/2
- 7(%(“@1%%41) + :2(%(“2) Zkil)}|
for k=0,1,...,N—1andi=0,1,..., M. And since 23/2:2(0) :23/2,

&n = &0 = (ug”* — ub, 2"*)

2 =o.

Remark 6.2. For the linear heat equation, dyu — Au = f, note that the dual
problem and the computable error indicators are easily obtained from the above results
by neglecting the nonlinear terms ¢/ and /..

6.3. Numerical results. In the following numerical experiments, we investi-
gate the efficiency of the duality-based error estimates and the performance of the
proposed adaptive algorithm. The results will be demonstrated in three parts. In the
first part, we illustrate the consistency of the dual time scheme (51)—(53) since we in-
troduced a non-standard IMEX time-discrete dual problem (23)—(25) which contains
a nonstandard coefficient 751 /7;. The second part is on the convergence of error es-
timate & under uniform refinements for the nonlinear Allen—Cahn equation. In the
third part, we apply the proposed duality-based adaptive algorithm to the linear heat
equation and the nonlinear Allen—-Cahn equation. We compare our adaptive result
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for the heat equation with the sequential-in-time adaptive algorithm (specifically for
the heat equation) of Verfiirth stated in [38, Sec. 6.8]. For the Allen—Cahn equation,
we compare our adaptive results with uniform space-time refinements.

Consistency test. We begin with verifying numerically that the special IMEX
time scheme of the dual problem (23)-(25) is first-order accurate in time with respect
to refinements of uniform initial time steps (i.e. 7gp4+1/7x = 1) and, in particular,
nonuniform initial time steps (i.e. 7441/7x # 1). Here, the Allen-Cahn equation is
considered in 1D on the domain 2 = (—3,3) with parameter ¢ = 1. The spatial mesh
is composed of 256 elements (of polynomial degree 1) along the axis. We consider a
manufactured solution which oscillates in time:

Z(X, t) — 6—1012+sint

The convergence results are presented on a double logarithmic scale in Figure 3.
Figure 3a is the convergence of the error in L? norm at time T based on time-step
refinements using uniform initial time steps {7x};_, = {0.1,0.1,0.1,0.1,0.1}, and
Figure 3b uses nonuniform initial time steps {rx}7_, = {2-1072(3k + 1)}{_, =
{0.26,0.2,0.14,0.08,0.02}. For both uniform and nonuniform initial time steps, the
observed rates are close to 1, which demonstrates that (23)-(25) is a first-order time-
accurate scheme.

Effectivity test. In this numerical experiment, we consider the Allen—Cahn
equation with an exact solution

u(x,t) = sin(rz) sin(ry) e "

on the domain = (0,1) x (0,1) where ¢ = 1. We suppose that we are interested in
the error at final time T, i.e., in (2) we take ¢ = 0 and § = w(T") — Tu;,(T) (which
is approximated in the computations by ¢ ~ ﬁ}]i,/Q — uﬁﬁh see Section 4). The error of
interest is thus Q(u) — Q(Lurn) = [[w(T) = Turn(T)|72q) = l(T) — u’]\,||2L2(Q).

To investigate the error estimate with respect to the spatial discretization, tem-
poral discretization and space-time discretization, we compute & according to (57)
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under uniform spatial refinement, uniform temporal refinement and uniform space-
time refinement, respectively. In view of the nonstandard time discretization scheme
for the dual problem, we also investigate the accuracy of the error estimate & with
respect to uniform and nonuniform initial time step sizes. Table 1 presents the con-
vergence of &; under uniform spatial refinement for a sufficiently small time step size
(1% = le —4). For uniform initial time steps {73 };_, = {0.05,0.05,0.05,0.05}, the
left side of Table 2 shows the convergence of & under uniform temporal refinement
for a sufficiently fine spatial mesh (128 x 128 elements) and the left side of Table 3
shows the convergence under uniform space-time refinements. For nonuniform initial
time steps {4 }1_, = {0.08,0.06,0.04,0.02}, the convergence result for uniform tem-
poral refinement with a sufficiently fine spatial mesh is presented on the right side of
Table 2, and the convergence result for uniform space-time refinements is presented
on the right side of Table 3. The effectivity results for different refinements are also
presented in the two tables.

M Q(u) — Q(Turn) | Est Effectivity
16 0.0003046 0.0002871 | 0.943
64 1.711e-05 1.606e-05 0.939
256 1.041e-06 9.756e-07 | 0.938
1024 | 6.458e-08 6.054e-08 0.937
4096 | 4.028e-09 3.776e-09 0.937

Table 1: Effectivity of error estimate (57) under spatial refinement

Uniform initial time steps Nonuniform initial time steps
N | Q(u) — Q(Turn) | Es Eff Q(u) — QLurn) | Est Eff
4 | 0.0001378 5.893e-05 | 0.428 | 0.0001058 4.773e-05 | 0.451
8 3.584e-05 1.659e-05 | 0.463 | 2.612e-05 1.253e-05 | 0.480
16 | 8.918e-06 4.272e-06 | 0.479 | 6.247e-06 3.054e-06 | 0.489
32 | 2.130e-06 1.032e-06 | 0.484 | 1.444e-06 7.063e-07 | 0.489
64 | 4.778e-07 2.303e-07 | 0.482 | 3.122e-07 1.507e-07 | 0.483

Table 2: Effectivity of error estimate (57) under temporal refinement with uniform initial
time steps and nonuniform initial time steps

Uniform initial time steps Nonuniform initial time steps
M x N | Q(u) — Q(Tu-n) | Est Eff Q(u) — QLurn) | Est Eff
256 6.061e-05 2.583e-05 | 0.426 | 4.184e-05 2.013e-05 | 0.481
2048 2.471e-05 1.086e-05 | 0.440 | 1.651e-05 7.581e-06 | 0.459
16384 7.926e-06 3.717e-06 | 0.469 | 5.295e-06 2.534e-06 | 0.479
131072 | 2.233e-06 1.082e-06 | 0.485 | 1.491e-06 7.299e-07 | 0.489

Table 3: Effectivity of error estimate (57) under space-time refinement with uniform initial
time steps and nonuniform initial time steps

From all the results of Table 1-Table 3, we observe that the error and the estimate
converge with the same order under various refinements. The effectivity indices are
always between 0.4 and 1, and seem to converge to a constant. This indicates the
asymptotic effectivity of the error estimate.

Adaptivity test for the linear heat equation: Clockwise moving source.
Let © = (0,1) x (0,2). We take the example from Asner, Tavener and Kay [2] by
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choosing the right hand side and the initial and the boundary condition so that the
exact solution is given by

u(x,t) = exp(—100(x — 0.5 — 0.25sin(7t))* — 100(y — 1 — 0.5 cos(7t))?)

which is an exponential peak moving clockwise inside the domain, see Figure 4. We
set up the final time T = 0.5 and § = A = 0.8, and start the adaptive procedure
with a uniform mesh containing 4 x 8 elements and 10 equally distributed time steps
(i.e. 7 =0.05). We aim to minimize the error at final time T, i.e., as before, Q(u) —
QUurp) = ||u(T) — IuTh(T)H%Z(Q) = ||lu(T) — uﬁ(,”sz(Q). For the sequential adaptive
algorithm, we choose an initial coarse mesh with 4 x 8 elements and an initial 7 = 0.01.
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Fig. 4: Snapshot of the exact solution (first row), the sequential adaptive solution with the
computational mesh (second row) and the duality-based adaptive solution with the compu-
tational mesh (third row) at several time points
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In Figure 4, we show a comparison of the results obtained by the sequential adap-
tive algorithm and our duality-based adaptive algorithm. The first row corresponds to
the exact solution. The second and third row are the snapshots of adaptively refined
meshes with corresponding approximations by using the two adaptive algorithms.
Figure 5 illustrates the various time steps used over time for the two adaptive algo-
rithms. From these results, it can be seen that the spatial and temporal refinements
of the sequential adaptive algorithm focus on tracing the movement of the Gaussian
shaped peak of the solution in the space-time domain. In contrast, since our duality-
based adaptive algorithm targets the L? norm of the final error, the refinements of
our algorithm are only concentrated at the final moment of the space-time domain.
Away from this final moment, where residuals contribute much less to the final error,
the original mesh and time step already provide sufficient resolution and need not be
refined. This leads to fewer degrees of freedom and time steps for reaching the same
accuracy of the final solution than for the sequential adaptive algorithm.

Adaptive time steps
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Fig. 5: Adaptive time step refinement for the
sequential adaptive algorithm and the non-
sequential duality-based adaptive algorithm

Fig. 6: Convergence comparison between
the sequential adaptive algorithm and the
non-sequential duality-based adaptive algo-

rithm

In Figure 6, we show the convergence of the dual-based adaptive algorithm versus
the ‘Total dof’, which refers to total number of degrees of freedom, ZQLO M., where
My, = dim S,};’l is the total number of spatial degrees of freedom in the primal (linear)
FE space at time tj,. Since the error estimate & is close to the error, this highlights the
accuracy of the error estimate under adaptive refinement. In the same figure, we have
also plotted the error of the sequential adaptive algorithm versus the total number of
degrees of freedom used, for different final tolerances set in the sequential algorithm
(see Algorithm 6.61 in [38, Sec. 6.8]). As expected, the sequential algorithm requires
many more total degrees of freedom to attain a particular error tolerance, compared
to the dual-based adaptive algorithm. This may seem as an unfair comparison, since
the dual-based algorithm is much more expensive than the sequential one, however,
the gap between the error curves in Figure 6 can be made arbitrarily large depending
on the problem set-up and in particular the corresponding final time 7' required.
This argument shows that for these situations, dual-based adaptive algorithms will
certainly outperform sequential ones.

Adaptivity test for the Allen—-Cahn equation: Shrinking ring.
The Allen—Cahn dynamics of this test case is a shrinking ring (with diffuse interfaces)
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in the middle of the domain Q = (—1,1)2. The initial condition is set as

2 2 _ 2 5
(58)  u(0) = —tanh <M>+mh< 2?4y 0.15)_1

V2e V2e

where € = 0.0625, see Figure 7 (top-left) for an illustration of the initial condition.
The inner circle has a small radius of 0.15 which is expected to vanish much earlier
than the outer circle. We are interested in the final error (i.e. Q(u) — Q(Turp) =
lu— Iurp||22(T)) when the inner circle has disappeared, i.e., the final time 7' = 0.02.
To have a reference value for the error, we compute an approximation to (49) on a
uniform mesh with 5122 elements and a uniform time step size 7 = le — 5. For the
adaptive algorithm, we take a coarse initial time-step size 7, = 5e — 3 and a coarse
initial mesh with 162 elements. The fractions in the adaptive algorithm are selected
as 0 =X =0.8.

Snapshots of the results are presented in Figure 7. The first row shows snapshots
of the reference solution, while the second and fourth row show the primal approx-
imation and the corresponding adaptive mesh obtained by the proposed adaptive
algorithm. The computed dual solution z is displayed in the third row. It can be
observed that the dual solution grows as time progresses. This growth is localized at
the interface of the outer ring. Let us mention that, for better visualization, in the
plots of the dual solution the range of the color bars is adapted to each plot. We
note that the picture of the dual problem at ¢ = 0.02 does not display numerical
instabilities, but oscillations originating from the final-time condition for the dual
solution z. Indeed, in accordance with the quantity of interest, we set the final-time

condition z(T) = u;,/fm — uf, where u?v/fm is the final-time approximation of the

primal problem using 7/2 and h/2, and u}]{,T is the approximation using 7 and h. The

dual thus exhibits element-wise oscillations due to the difference u}]t,/Q/z — ul. Since

the dual problem runs backwards, the element-wise oscillations gradually dissipate.

Figure 8 displays the various time steps over time for the shrinking ring. As
expected, smaller time steps are need at the vanishing moment of the inner ring and
towards the final time T'. Furthermore, the interfaces in the solution are well-resolved
throughout the simulation time, with a significant increase of resolution towards the
final time 7.

The convergence of the error estimate and the error for the duality-based adaptive
algorithm in comparison to uniform space-time refinement is shown in Figure 9 where
‘Total dof’ refers again to the total number of primal degrees of freedom Zszo M.
Note that the error exhibits a plateau for the most refined approximations because
the accuracy of the adaptively-refined approximations surpasses that of the reference
approximation.

7. Conclusion. In this work we carried out a comprehensive study of duality-
based a posteriori error estimates for semi-linear parabolic problems, with a special
focus on discretizations using the finite element method in space combined with IMEX
time stepping. We introduced a decomposition of the error estimates to identify the
separate error contributions due to temporal and spatial approximation. The key idea
is to adapt the residual decomposition by Verfiirth to our duality-based error repre-
sentation and propose a specially-tailored time-discrete dual problem. The resultant
error indicators quantify the spatial and temporal discretization errors and provide
information to drive adaptive mesh refinement and adaptive time-step selection.
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Fig. 7: Shrinking ring: snapshot of the reference solution (first row), the adaptive primal
solution (second row), the adaptive dual solution (third row) and the computational mesh
(fourth row) at several time points.

To illustrate the performance of the duality-based error estimates and the pro-
posed adaptive algorithm, we presented numerical experiments for the heat equation
and Allen—Cahn equation. We refer to [41, Section 6.3] for the application to systems.
The numerical results verified the accuracy and the effectivity of the error estimate in
test problems. We also observed the overall good quality of the adaptive algorithm.

The proposed methodology can be further extended to other finite difference time-
stepping schemes which do not fit in our considered abstract setting, e.g. higher-order
multi-stage Runge-Kutta schemes. The key challenge in any such extension is the
derivation of a specially-tailored time-discrete dual problem. Our analysis indicates
that these dual problems can be derived systematically by means of “backwards”
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summation-by-parts on the time-discrete system.
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