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UNCONDITIONALLY OPTIMAL ERROR ESTIMATE OF A
LINEARIZED VARIABLE-TIME-STEP BDF2 SCHEME FOR
NONLINEAR PARABOLIC EQUATIONS*

CHENGCHAO ZHAOT, NAN LIUf, YUHENG MA§, AND JIWEI ZHANGY

Abstract. In this paper we consider a linearized variable-time-step two-step backward differenti-
ation formula (BDF2) scheme for solving nonlinear parabolic equations. The scheme is constructed by
using the variable time-step BDF2 for the linear term and a Newton linearized method for the nonlinear
term in time combining with a Galerkin finite element method (FEM) in space. We prove the uncondi-
tionally optimal error estimate of the proposed scheme under mild restrictions on the ratio of adjacent
time-steps, i.e. the ratio less than 4.8645, and on the maximum time step. The proof involves the
discrete orthogonal convolution (DOC) and discrete complementary convolution (DCC) kernels, and
the error splitting approach. In addition, our analysis also shows that the first level solution obtained
by BDF1 (i.e. backward Euler scheme) does not cause the loss of global accuracy of second order.
Numerical examples are provided to demonstrate our theoretical results.

Keywords. Nonlinear parabolic equations; variable time-step BDF2; orthogonal convolution ker-
nels; stability and convergence; error splitting approach.
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1. Introduction

In this paper, we focus on the unconditionally optimal error estimate of a linearized
second-order two-step backward differentiation formula (BDF2) scheme with variable
time steps for solving the following general nonlinear parabolic equation [5,26]:

Ou=Au+ f(u), xeQ,te(0,1],
u(x,0)=uo(xz), €, (1.1)
u(z,t) =0, x €N, te(0,T],

where Q CR%(d=1,2,3) is a bounded convex domain. To construct variable time-step
schemes, we first set the variable time levels 0=tg <ty <--- <ty =T, the k-th time-step
size Ty def ti —tr_1, the maximum step size 7 def maxi<k<N Tk, and the adjacent time-step
ratios rp =71/Th_1,2 <k < N. Set u* =u(ty,), V, uF def  k —uF~1 71 =0, and denote U™
as the approximation of the exact solution u(t,). The first step value U! is calculated
by one-step backward difference formula (BDF1), and the other U™ (n > 1) is calculated
by BDF2 formula with variable time steps, which are respectively given as
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DU ==V, U, DUt=——n g o g el (1)
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The nonlinear term is approximated by a linearized method, i.e., the Newton linearized
method given as

fluh)=fUmH+ fU"HVU (1.3)

Thus the semi-discrete BDF2 scheme with variable time steps to problem (1.1) is given
as

DU =AU+ f(U™ 1+ f (U™ YV, U™, for 1<n<N, (1.4)
U%x) =uo(x), zeQ, (1.5)
U"(x)=0, zed, n=0,1,-- N. (1.6)

Here the BDF1 and BDF2 formulas have been written as a unified convolution form of

DU =30, V. Uk, n>1 (1.7)
k=1

by taking b5 =(142r,)/(r(1472)), 0 = =12 /(7 (1 +7,)) and bV =0 for 2<j <
n—1.

For the spatial discretization, let Z;, be the quasiuniform partition of €2 with triangles
in R? or tetrahedra T; (i=1,---,M) in R3, see [12,23]. Denote the spatial mesh size by
h=maxi<;<m{diam T;} and the finite-dimensional subspace of H}(Q2) by V, which
consists of piecewise polynomials of degree r (r >1) on Z;,. Then, the Newton linearized
Galerkin FEM BDF2 scheme with variable time steps is to find U;' € V}, such that

(DU o) = — (VU Nup) + (FUR Y+ (U UR ), Yop € Vi, (1.8)

Efficiency, accuracy and reliability are of key considerations in numerical analysis
and scientific computing. For the time-dependent models appearing in science and
engineering, a heuristic and promising method to improve efficiency without sacrificing
accuracy is the time adaptive method. For instance, one may employ the coarse-grained
or refined time steps based on the solutions changing slowly or rapidly to capture the
dynamics of the solutions. One can refer to [17,18] for phase field models and for blow-
up problems [20]. Another alternative approach is to employ high-order methods in
time to have the same accuracy with a relatively large time-step. In this paper, we
consider the second order BDF2 scheme with variable time steps.

Due to its nice property (A-stable), the BDF2 method with variable time steps has
been widely used in various models to obtain computationally efficient, accurate results
[3,15-17,24,28]. Much works have been carried out on its stability and error estimates
[1-4,6,19,22,25,27], but the analysis even for linear parabolic problems (i.e., problem
(1.1) with f(u)=0) is already highly nontrivial and challenging as documented in the
classic book [23, Chapter 10]. One also refers to the details in [6-9,21]. In particular,
with the energy method and under a ratio condition 0 <y <1.868, Becker [1] presents
that the variable time-step BDF2 scheme for a linear parabolic problems is zero-stable.
After that, Emmrich [4] gives a similar result with 0 <r; <1.91. Recently, a promising
work in [3] introduce a novel generalized discrete Gronwall-type inequality for the Cahn-
Hilliard equation to obtain an energy stability with 0 < <3.561. The works in [19,27]
consider linear parabolic equations based on DOC kernels under 0 <7, <3.561 [19] and
0 <71, <4.8645 [27], respectively. In addition, the robust second-order convergence is
further analyzed in [27]. The robustness here means the optimal second-order accuracy
holds valid only requiring the time-step sizes 0 <1 <4.8645.
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For the variable-time-step BDF2 method applied to nonlinear parabolic equations,
there has been a great progress on the error estimates for the Cahn-Hilliard equation
[3], molecular beam epitaxial model without slope selection [16, 28], phase field crystal
model [15], and references therein. Among all the numerical methods in [3,15, 16, 28],
the implicit schemes are utilized to deal with the nonlinear terms. Although the implicit
schemes are unconditionally stable, they need to solve a nonlinear algebraic system in
each time level. To circumvent the extra computational cost for iteratively solving the
nonlinear algebraic system, a popular approach is to employ the linearized methods to
approximate the nonlinear terms. Combining the variable-time-step BDF2 for linear
terms with a linearized method for nonlinear terms, it is natural to ask if the proposed
implicit-explicit schemes still remain unconditionally stable. In addition, the focus of
this paper is on the general nonlinearity f, which also brings the extra analysis difficulty
comparing with the phase-fields models studied in [3,15,16,28], since the good property
of the energy dissipation for the phase-fields models does not hold any more for general
nonlinearity.

In this paper, we aim to address the unconditionally optimal error estimate O(72 +
h"*1) of the linearized scheme (1.8) in the sense of L2-norm under the following two
conditions:

Al: 0<rp<rmpax—0 for any small constant 0<d <7pax~4.8645 and 2<k<N,
where 7. = % ("\3/1196—12\/ﬁ+ V1196+12ﬁ> —i—% is the root of equa-
tion 2% = (1+22)?;

A2 : there exists a constant C' independent of 7 and N such that the maximum time

step size 7 satisfies 7 < C\/ﬁ.

The proof of the error estimate is established by the introduction of the temporal-spatial
error splitting approach and the concepts of DOC and DCC kernels. The error splitting
approach, developed in [11], is used to overcome the unnecessary restrictions of the
temporal and spatial mesh sizes. The main idea of the error splitting approach is to
first consider the boundedness of ||[U™| gz for the solution to semi-discrete Equation
(1.4), and then to obtain the estimate of ||U}'||z for the fully discrete Equation (1.8)
by using the following strategy

U o <[ RRU™||Loe + || RAU™ — Up || oo
<CNU™| g2 +Ch™ 2| Ry U™ = U} | 12
<C+Ch™42p2, (1.9)

where Ry, is the projection operator.

The concepts of DOC and DCC kernels, developed in [19,27], are used to present
the stability and convergence analysis under a mild restriction on the ratio of adjacent
time-steps, i.e., A1l. The condition A1 is the mildest restriction in the current literature,
as far as we know, for the variable time-step BDF2 method. On the other hand, due to
the usage of a linearized scheme to approximate the general nonlinearity, our optimal
error estimate in time suffers from another restriction on the maximum time step, i.e.,
A2. Noting that the condition A2 only involves the maximum time step, hence it is
mild and acceptable/reasonable for the practical simulations to have the convergence
order.

For general nonlinearity, our improvements are twofold: (i) comparing with the
fully implicit schemes developed [3,15,16, 28], a linearized scheme is considered in this
paper, and its first rigorous proof of unconditionally optimal convergence is presented
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under mild restrictions on A1 and A2; (ii) the linearized BDF2 scheme (1.8) still has
the second-order accuracy in time as the first-order BDF1 method is used only once to
compute the first step value.

The remainder of this paper is organized as follows. In Section 2, we present several
important properties of the DOC kernels and DCC kernels which play a key role in our
stability and convergence analysis. The unconditional L*° boundedness of numerical
solutions of the fully discrete scheme is derived in Section 3 and then the uncondition-
ally optimal L2-norm error estimate is obtained in Section 4. In Section 5, numerical
examples are provided to confirm our theoretical analysis.

2. Setting
In this paper, we assume there exists a constant M such that the solution of problem
(1.1) satisfies

luoll g1+ [Jwll Loo (0,7 5r+1) + |Oc]| Loo (0,7 741
+ 10kl oo (0,7);22) + | Oeeettl| oo (0,7);02) S M, 7> 1. (2.1)
2.1. The properties of DOC and DCC kernels. We here present the
definitions and properties of DCC and DOC kernels, which play crucial roles in our

analysis to overcome the difficulties resulting from the variable time steps. The DCC
kernels introduced in [10,13] are defined by

annj 7 ) =1, V1<k<n,1<n<N, (2.2)
which satisfy

an) Doul = Zp Zb(J V. u —ZV ulan b5 l—u”—uo, Vn>1. (2.3)
The DOC kernels in [19] are defined by

Ze ") pD =6k, V1<k<n,1<n<N, (2.4)

n—j"j—k

where the Kronecker delta symbol 6,5 holds d,,x=1 if n=k and §,, =0 if n#k. By
exchanging the summation order, it is straightforward to verify that the DOC kernels
satisfy

n

ZQRJDQUJ ZV u129”> b =u"—u"l, 1<n<N. (2.5)

n—j-j—1
J=1

Set p (”) def0 V¥n>0. The DCC and DOC kernels have the following relations (see [27,

Proposmon 2.1])
Zel —j (n) ngn)] pi 11)37 vi<j<n. (2.6)

We now present several useful lemmas with details in [19,27,28].
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LEMMA 2.1 ([28]). Assume the time step ratio vy, satisfies A1. For any real sequence
{wr}7_, and any given small constant 0 <6 < rmax ~4.8645, it holds

max max w2 6 2
2wkZb(k > Pty Wi Ty Tmax e WG o (2.7)

k=3 ]7 1—|—’I“k+1) Tk (1+7‘k) Th—1 207%7

2Zwk2b wjz%zn:—z >0, forn>1. (2.8)
k=1

k=1 j=1

COROLLARY 2.1 ([27]). If the conditions in Lemma 2.1 are satisfied, then we have
the following inequality

ZwkZG(k) aw; >0, forn>1. (2.9)
LEMMA 2.2 ([19]). The DOC kernels 97(;1)]- satisfy
07(171)]» >0 for 1<j<mn, and Zﬁ(n) =7, for n>1. (2.10)

PROPOSITION 2.1. ([27, Proposition 2.2]).  The DCC kernels pf{?k defined in (2.2)
satisfy

k=1j5=1

3. The L*° boundedness of the fully discrete solution U}

The key point in this paper, to deal with the nonlinear term in (1.8), is the L™
boundedness of the numerical solution U;’. To this end, we present several useful lemmas
as follows, including the discrete Gronwall inequality and the temporal consistency

errors. For convenience, hereafter we denote ||- || & I llz2-

LEMMA 3.1 (Discrete Gronwall inequality).  Assume A >0 and the sequences {v; }J 1

and {n;}}_, are nonnegative. If

n—1 n
UnS)\ZTjUj-l-an, for 1<n<N,
j=1 j=0

then it holds
n
vn<exp /\tn 1 Zr)], for 1<n<N.
7=0
Lemma 3.1 can be proved by the standard induction hypothesis and we omit it here.

LEMMA 3.2 ([14]).  Assume the regularity condition (2.1) holds and the nonlinear
function f= f(u) € C?(R). Denote the local truncation error by

Ry =f(u) = f(u' ™) = f'(w/")V,ul, 1<j<N. (3.1)
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Then we have the following estimates of the truncation error

IR} <Cyr?, 1<j<N, (3.2)

def
where Cy = 1Cq SUP|y <o | ()| M2

LEMMA 3.3.  Assume the regularity condition (2.1) holds, the truncation error R{ =
Dou(tj) —Osu(t;) (1< j<N) has the properties:

M i3 .
IR <5, (RIS gMmT, 2<5<N. (3.3)

The proofs of Lemmas 3.2 and 3.3 mainly use the Taylor expansion, and are left to
Appendix A and Appendix B for brevity.

3.1. Analysis of a semi-discrete scheme. As indicated in (1.9), we first
consider the boundedness of the solution to semi-discrete scheme (1.4) in this subsection,
and leave the boundedness of the error ||[U™ —U}?| e in next subsection.

Let e"=u"—U"(n=0,1,...,N). Subtracting (1.4) from (1.1), one has

Doe™ = Ae™ + R} + R} + EY, (3.4)

where E7 = f(u" 1)+ f/(u"" YV, u — f(U 1) - f(U V)V, U™

THEOREM 3.1. Assume the conditions A1l and A2 and the reqularity condition (2.1)
hold, and the nonlinear function f € C?(R). Then the semi-discrete system (1.4) has a
unique solution U™. Moreover, there exists an 7* >0 such that the following estimates
hold for all T <7**

le™ [ < Cu73, (3.5)
1U™ || < Cal|U*|| g2 < Ca(M+1), (3.6)
D Vel ||z < Cs. (3.7)
j=1

More precisely, in (3.5), we have ||e"|| < Cs72 and ||Ve™|| < Cy72, where C; (i=1,2,3,4)
are positive constants independent of T.

Proof.  Set
7 =min{1,1/(8C5),1/Cs}, (3.8)

where C5,Cs will be determined later. Noting that, at each time level, (1.4) is a linear
elliptic problem, it is easy to obtain the existence and uniqueness of solution U™. We
use here mathematical induction to prove (3.5) and (3.6), which obviously hold for the
initial level n=0. Assume (3.5) and (3.6) hold for 0<n<k—1(k<N). Based on the
boundedness of |[U" ||~ and |[u""!| L for 1<n <k, we have

IET[I=f ")+ f/ (u" ) Vou” = (f(U" )+ £ (O VU
<[ ™) = FO DI @) = O D)) |+ U (W =)
H (@ = O+ O @ =)
< Cs(lle" I+ e ), (3.9)
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where C5 =28up|,|<cp,(ma1)| f/ (V)] +2CoMsup|, <o m) 7 (V)]
We now prove that (3.5) and (3.6) hold at n=k. Set n=3 in (3.4). Multiplying

GZ(l_)j to both sides of (3.4), and summing the resulting from 1 to [, we have

Ve fzem (Ael + EY) +Ze(” (Rl +R}), (3.10)
j=1

where the property of DOC kernels (2.5) is used. Then taking the inner product with
el on both sides of (3.10), and summing the resulting equality from 1 to k, one has

k
S (Ve el ZZ@W Aél+El e +ZZG(” (R + R, éh). (3.11)

=1 =1j=1 1=1j=1

Applying (2.8), integration by parts and the inequality 2(a—b)a>a?—b% to (3.11), we
have

P I <235 00 () 42373 00 (R + Rl

I=1j=1 1= 1; 1
k l
<2> "> HEJ||+2Z||el\|HZe (RI+ R,
=1 =1
which together with the inequality (3.9) and |€°|| =0 produces

||€"||2<2052H6l||29 (lel1+1e”=1) +22H6l|\||29 (RI+Rp)Il. (3.12)

Choosing an integer k*(0 <k* <k) such that ||e* || =maxo<;<y [|¢?||, then the inequality
(3.12) yields

e e <He’f*nQ<4c5ue’“*HanlelHHHe’“* ZIIZH” (B} + R
=1 j=1
<ACs | ¥ Zn||el||+2||ek* ZHZW (RI+RY)l,  (3.13)
=1 j=1
where (2.10) is used. Thus, we arrive at
||ek||<4C’5Zn||el||+22||20(l) Rl +R})|. (3.14)
=1 j=1
It follows from (3.8) that
||ek||<8052n\\el|\+42||29 (R +R}). (3.15)
=1 j=1

According to Proposition 2.1 and Lemmas 2.2, 3.1, 3.2 and 3.3, it holds

le"|| < 4exp(8Csty-1) ZHZH (BRI +R})I)
=1 j=1
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<4exp(8C5te-r (Zp“*’ IR ||+Zp<“ |RI+p IR

9 def

< 4Mexp(8CsT) (ch+ §MT+M)T 1l 2. (3.16)

Similarly, set n=1 in (3.4) and taking inner product with V,e! on both sides of (3.4),
one has

(Dae!, Vrel) = (A, V. e') + (Rl + R} + B}, V')
=—(Ve',V, Ve )+ (R, + Ry + E{,V.€). (3.17)

Summing [ from 1 to k on (3.17), using (2.8) and the identity 2a(a—b)=a?—b*+ (a—
b)2, we have

S k . k k
T)Z |V 'l HVEF 2= Ve >+ IV Ve <2 (Ri+RY + B}, V,e). (3.18)
=1 =1 =1

It follows from Young’s inequality that

- I ) Hvrel”Q 2OTl ! 112
2 (RL+ Ry + L,V gZ( =+ =R+ R+ B ) 319)
!

=1 =1

Applying (3.19) and Ve? =0 to (3.18), we arrive at

k
20
HVe’“H%ZHvTVelH?s;ZTZHRHRHEHF
=1

CT:

;(n||R1||2+Zn||Rl||2+Zn IRFIZ+1EL). (320

=2

Applying the estimates (3.9) and (3.16), Lemmas 3.2 and 3.3 to the inequality (3.20),
one yields

k|12 l 2 O 3 M2 g 2 2 22
Vel +Z||V Ve|?< S MPTTH T O 2T C2C3
=1
_60 g M2 9 .
< <7 (S MITHTC+2TCECE ) E it (321)

where 7<1 in (3.8) is used. Thus, the estimates (3.21) and (3.16) yield the following

H! norm estimate
¥l <y /C2+C2r2 L Oyrs (3.22)

In the remainder, we will prove ||U*[| L <Cq(M+1). To do so, we need to estimate
| Ae®|| due to the facts that |e¥|o < C||Ae¥|| (here |- |2 denote the semi-norm of H2?-norm)
and

IU* Lo <[l [z + [l < CaM +Calle" |12, (3.23)
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where the embedding theorem is used in the last inequality. We now consider the
estimate of ||Ae”| by taking inner product with —V,Ae! on both sides of (3.4) (set
n=1), and have

(D2Ve! V. Vel )+ (A€, V, Ae') = (R, + R} + EL, -V, Ae'). (3.24)

Summing [ from 1 to k on (3.24), using 2(a—b)a=a?—b%*+ (a—b)?, the positiveness
(2.8) and Ae® =0, we have

k k
D IV-AL|PH|At P <2 IR+ Ry + B[V, A (3.25)
=1 =1

Applying Young’s inequality to (3.25), one has
k
|AeH|2 <> IR + RS + B || (3.26)
1=1

According to (3.9) and (3.16) and Lemmas 3.2 and 3.3, one has

k k k
DO IR R+ ELP<3(IR 1P+ D IR+ (1RGP + 1 E5)1%)
=1 1=2 1=1

< (ZMQ + %M%m—i—?@?tkr—&—3(]§C§k72)72
< (§M2+%MT+3O?T+SC§C§C‘2)TQ o2z (3.27)
where one uses the maximum time-step assumption A2 and (3.8) in the last inequality.
Inserting (3.27) into (3.26), we derive
|Aek|| < Cyr. (3.28)

Thus, from the estimates (3.28) and (3.22), the condition (3.8) and the facts that [e* |, <
C||Ae* |, we arrive at

le¥ | g2 < Cs, (3.29)

where Cg=/C2+C2C2. Thus, combining (3.29), (3.23) and (3.8), one has
0¥ e < o + et e < Co( M+ Cor) <CalM+1). (330

Therefore, (3.5) and (3.6) hold for n=k, i.e., the estimates (3.5) and (3.6) are proved.
The last claim (3.7) can be proved based on the result (3.30). With the help of
Cauchy inequality, from (3.16) and (3.21) and the fact |V, e!|o <C||V,Ae!||, we have

(SIVellz)? <n S IVl <n S Ve P +n > [V, Ve P 4nC? S [V, A
=1 =1 =1 =1 =1

<ACIN?*T' 4+ NCIr°+ NC?) ||V, A |12, (3.31)

=1
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We now estimate Y, [V, Ae![|?. Applying Young’s inequality 2ab<8a?+ $b* and
inequality (3.27) to (3.25), one has

k k
D IIV-AH P <16 ||Ri+ Ry +EL|? < CFr°. (3.32)
I=1 I=1
Inserting (3.32) into (3.31), then it follows from the condition A2 and (3.8) that

(ST UIVel ) <4C3CH+ 0207 +C2C2C* < 2.
=1

The proof is completed. 0

REMARK 3.1.  The condition A2 is needed in the estimates of Ae™ and Y-, ||V -e!|| g
such that N72=0(1). The condition A2, arising from the proof of the boundedness
of ||UJY||e in Theorem 3.1, may be only sufficient but unnecessary to achieve the
optimal unconditional error estimate. It’s easy for one to find that, if the nonlinear
function f(-) is globally Lipschitz continuous, i.e., there exists a constant L such that
|f(z1) = f(z2)| < L|z1 — 22],V21,22 €R, the boundedness of ||U}|| L is redundant in the
numerical analysis, and then the condition A2 will be not required. Another example,
if the nonlinear function f(-) is taken such that the Equation (1.1) admits an energy
dissipation law (such as the phase field models [3, 15,16, 28]), then ||U}||z~ can be
bounded by a (modified) discrete energy. In this situation, it is also possible to remove
A2 in the proof. But for the general nonlinearity, it is hard to figure out if the condition
A2 is necessary or not, and the further study is worthy of exploring in the future. For
now, the ratio restriction A2 is closely related to the spatio-temporal error splitting
approach, which is used to handle the general nonlinearity, and is by far the weakest
condition we need to conduct our analysis. If we expect to have the optimal second-
order convergence without the condition A2, we may need to apply other techniques
instead of the spatio-temporal error splitting approach, or to give more refined estimates
to circumvent the term of N72, such as using the form of ¢,,7. The refined estimate is
very complicated, and hence, the research on A2 condition is still open and worthy of
further study. Besides, the condition A2 is mild and reasonable when one expects to
have the optimal second-order convergence.

3.2. Analysis of the fully discrete scheme. We now consider the bounded-
ness of the fully discrete solution U;', which plays the key role of the proof of Theorem
4.1. Define the Ritz projection operator Ry : Hi () — Vi, C HE () by

(V(v—=Rpv),Vw)=0, YweV,. (3.33)

The Ritz projection Rj, has the following estimate (for example, see [23, Lemma 1.1])
lv— Rpv|| +h||V(v—Rpv)|| < Cohf||v||gs, YveH (QNHF(Q),1<s<r+1. (3.34)
Thanks to the boundedness of the semi-discrete solutions and (1.9), we only need to

estimate |U™ —U}!|| =, which can be split by the Ritz projection into the following two
parts

Ur—Ur=U"—RyU + R, U™ —UP Ly 46", n=0,1,....N. (3.35)
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For the projection error 5™, it follows from (3.34) that
17l < Cah [U™ e, 0<s<r+1. (3.36)

Thus, in remainder of this subsection, the focus is on the estimate of the second term
£". To do so, we now consider the weak form of the semi-discrete equation (1.4) given
as

(DoU™ op) =—(VU™,Vop)+ (fU )+ f/(U VU™ vp), Vun € Hy(Q). (3.37)
Subtracting (1.8) from (3.37), one can use the orthogonality (3.33) to obtain
(D™ up) =—(VE™,Vup) — (Dan" vp) + (EY o), Vop €V, (3.38)
where

By = f(U")+ [ U0 = (U 4 S U0 ). (3.39)

Let n=7 in (3.38). Then, multiplying Gl(i)j by (3.38), summing j from 1 to [, and using
the property (2.5), one has

l

(V€ o) Z ij Vo) — (Ven',up) ZG Eé,vh (3.40)

THEOREM 3.2. Assume the semi-discrete scheme (1.4) has a unique solution U™ (n=
1,...,N). Then the finite element system defined in (1.8) has a unique solution U}’ (n=

1,...,N), and there exist 7*** =min{r**,1/(8C11)} and h**:(CwC’Qfﬁ such that
when T <717 and h <h**, it holds
1€7]| < Croh?, (3.41)
1UR I~ <@, (3.42)

where Q=C(M+1)41, Cy9,C11,Cq are constants independent of T.

Proof. Tt is obvious that the solution U}’ of (1.8) uniquely exists since the coef-
ficients matrix of (1.8) is diagonally dominant. Similar to the proof of Theorem 3.1,
mathematical induction is also used to prove (3.41) and (3.42). At the beginning, it
is easy to check 941 =U%—-UP =0 by (3.35), and the inequality (3.41) also holds
for n=0 according to (3.34). Assume (3.41) holds for all n<k—1. It is known that
| Rl L < C|lv|| gz for any ve H?(2). Thus, from Theorem 3.1, the projection RU™
is bounded in the sense of L°°-norm, namely

IRRU" || <C(M+1).
Together with (3.36), it holds for n<k—1 and h<h** = (ClQCQ)ier that

U | o < | RRU™ || poe +[1€% | e < | RRU™ || +Coh™ 2|67

(3.43)
< |RRU™ || 1= +CaCroh™ 2h% < | RpU™ 1= +1 < Q.

Due to the boundedness of |[|[U*~!||z~ and ||U} ||z, one has

IES| < || F(UR D)+ (U VU= (FUF )+ £ (U HVLUR|
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<IFUE ) = FOF DI+ O = PO DR+ I/ OO =)l
HIF O = Oy NUH + (1 U O =g Y|

<Cn (U =Up= |+ I1U* = UKD

<Cu (1€ H I 1R+ "= I+ 1™ 1)

SCH(Hg’“*lHJrHg’“||+209(M+1)h2), (3.44)

where one uses (3.36) in the last inequality above, and

'3 sup |/ (v)] +2Ca(M+1) sup | ().
v| <max (Co(M+1),Q) [v]<max (Ca(M+1),Q)

Taking vy, =¢! in (3.40) and summing [ from 1 to k, one has

k

k k l
S (v eh)=-3 "o vel ve) Z € +Z Z@ JE3.€0)

=1 =1 j=1 =1 =1 j5=1
k l
I .
<INV H+ZII£lIIZG(_)jIIE%II7 (3.45)
=1 J=

where the last inequality uses the positive definiteness of (2.8). Inserting (3.44) into
(3.45), one has

€41 < e +2Z||§ T2 H+20112||£ ||Ze“_>j(|\fj*1||+||sf\|+ch<M+1)h2).
Jj=1

Choosing k*(0<k* <k) such that [|€*"
combined with (2.10) yield

=maxo<;< ||¢'||. Then the above inequality

k* k™
S IVl +4Cu e I (CaM+ 1T+ '),

=1 =1

€51 < [l Ie™ Il +211€*

Thus, one further has

k k
€51 < 1%+ 23 V' 1+ 4Ch (Ca(M+ )T+ 3 mllel)).

=1 =1

According to (3.36) and (3.7), we find

k k
€811 < Cah [l 12 +2Cah® Y V0|12 +4Ch (Ca(M+ TR+ > mille'| )
=1 =1
k k
< M+2) (194 |2 +[| Ve 42))Carh? +4Cus (M+ DT Cah® + 3 mlle'] )

=1 =1

k
< (M+2(MT+02+4011(M+1)T))09h2+4cuzn|\§l\|

=1

defC12h2+4C11ZTz||€ I, (3.46)

=1
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where [|€°]]=||R,U? = UR|| = [|Rau’ —u®|| < Coh?||[u®|| > is used. Noting 7<7** <
1/(8C11), we have

k—1
1€ <2C15h +8C11 Y|l

=1

Thus, from Lemma 3.1, we arrive at
€% ]| < 2exp(8C11 T) C12h® & C1oh?.
Hence, for h < h**, it holds
|U | < IRAU* [l + €81 < [RAU*[lz +Cah™ 165 < Q. (3.47)

Therefore, the estimates (3.41) and (3.42) hold for n=Fk and the proof is completed. O

4. Unconditionally optimal L2-norm error estimate
We now present the unconditionally optimal L?-norm error estimate for fully dis-
crete scheme (1.8).

THEOREM 4.1.

Assume u(-,t) € HH Q)N HL(Q) for any t>0 and r>1, and the conditions A1l
and A2 hold. Then there exist constants T* and h* such that, when T <7* and h<h*,
the r-degree finite element system defined in (1.8) owns a unique solution and satisfies

lu = U || < C5 (2 + "), (4.1)

where C§ is a positive constant independent of h and .

Proof. The error of fully discrete solution and exact solution can be split into the
following two parts

[ = UR || < [lu” = Rpu™ || 4[| Bpu™ = Uy == [[0" | + 1€ (4.2)
Note that the projection error ¥™ can be immediately estimated by (3.34) as follows
|97 <Cah®||u"|| sy, 0<s<r+1. (4.3)

Thus, we only need to consider (™. Subtracting (1.8) from (1.1), we get the error
equation of "

(DaC™ vn) = —(V(", Vup) = (Do9" vp) + (B3 0n) + (RY + R o), Yo, €V, (4.4)

where Ef = f(u"") + f'(u" )V = (fF(UR 1)+ f' (U"_l)v Up).-
Let n=7 in (4.4). Multiplying (4.4) by DOC kernels 9( ; and summing j from 1 to
[, one has

(V¢ op) Zo V¢, V)

l

l
— (Vo o)+ OO0 B o)+ (O 0 (RI+ Ry un),  (4.5)

=1 =1
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where the property (2.5) is used. Taking v, =(¢! in (4.5), summing [ from 1 to n and
using the inequality (3.34) and Corollary 2.1, one has

zn: V¢! zn: Zo(l_’jvcﬂ',vd)ffj V. 9,¢ Z Zo(” (B} + Rl +R}),¢)
=1 =1 j=1 =1 =1 j=1

n

<> IV li¢! ||+ZZ9 B3+ I RF+IRIDIC- (4.6)
=1

l=1j=1

Noting

ty
||V7-'L91|| § C’QHVTUZHHTH hr+1 S CQhT+1||/ 8{[1,(5) dSHHr+1 S CQMTlhTJrl,
ti—1
together with the inequality 2(a —b)a >a? —b?, we arrive at
I¢7 (17 < ||C0||2+2229(l) (1231 + 1 R} ||+IIRjII)IIClll+209Mh”1ZTzIICl|| (4.7)

1=1j=1 =1

Thanks to the boundedness of ||U}||L~ in (3.42), the nonlinear term Ej can be esti-
mated by

IBZ 1 =I1f ("= + £ (V" = (FUR ) + £ (U~ VU0
<IF @) = FURHIH I @) = 7O |+ 1 O = U
I @) = PO+ O = U )|
< Cag(Ju =t = U=+ Ju U3
< Cag (¢ I+ I+ 1971+ 197 )
< Cug (6" I+ 116" | +2Ca M1 ), (48)
where the last inequality holds by (3.34) and

Ci13=2 sup |f'(v)]|+2 sup |f" (v)|CaM.
|[v|<max{CoM,Q} |[v|<max{CoM,Q}

Inserting (4.8) into (4.7), one has

<" ||2<H<°||2+2013229 (S =HI+ NSNS

1=17=1

+2ZZ9 (IBFI+IRIDIC | +2CM(1+2C15) hT“ZTIIC I

1=1j=1 1=1

=maxg<;<y,||¢!]|. The above inequality yields

n* 1
™ +4cs S-S0 e iIc

1=1 j=1
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+2ZZ@”> IR+ I RIDIC™ | +2CoM(1+2C15) hT“ZTncn I

1=1j=1 =1

Eliminating a ||¢"" || from both sides and using the facts that ||¢™|| <||¢" || and n* <n,
we arrive at

HC"II<HCOII+4C132TzIIClH+2ZZ9(l (1B 1+ 1B 1) +2C2M(1+2C15) ™!

1=1j=1

<40132n||<l||+2229 (1IR3 + IR [) + CoM (2T +4C1,T + 1),
1=1j5=1

(4.9)
where ||C°)| = || Rruo — Up || = || Rruo — uo|| < Coh" 1 |ug|| grr+1 is used. By exchanging the

order of summation and using identity (2.6), Lemmas 3.2, 3.3 and Proposition 2.1, it
holds

2229 (ARI VAN 2219") (AR AN

1=1j=1
—2§jp<"> IR} |+2an")]||RJ||+p IR
Jj=2
< (QCftn +3t, M+ M), (4.10)

Thus, inserting (4.10) into (4.9), for 7 <7* <1/(8C13), we have

n—1
1C"1<8Chs Y _7lI¢ | +2(2C4 T+ 3T M+ M)72 +2Co M(2T +4C13T + 1R,
=1

which, together with Lemma 3.1, implies that

1€ < 2exp(8C13T) ((2C4T + 3T M+ M) 72 + CoM(2T +4C13T + 1))
<Cra (W47, (4.11)

where C14 =2exp(8C13T ) max{2C; T+ 3T M+ M,CoM (2T +4C13T +1)}. The proof is
completed by inserting (4.3) and (4.11) into (4.2) and setting C§ oM +Chy. |

5. Numerical examples

We now present two examples to investigate the quantitative accuracy of fully dis-
crete scheme (1.8) from two perspectives: (a) the convergence order of numerical scheme
(1.8) in time and space; (b) the unconditional convergence by fixing the spatial size h
and refining the temporal size 7. To obtain the variable time steps, we construct the
time steps by 7, =TAr/A for 1 <k <N, where A= Z,ivzl Ar and A is randomly drawn
from the uniform distribution on (0,1). In the simulations, we only use the linear finite
element (i.e. 7=1), and consider the time steps in two cases:

Case (i): the ratios of adjacent time steps satisfy A1, i.e., 0 <1, <4.8645;
Case (ii): the ratios do not satisfy A1, i.e., can be taken large randomly.
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Example 5.1. We here consider the computation of the following 2D nonlinear
parabolic equation

Ou=Au++1+u2+g(z,t).

In the simulations, we take the final time T'=1 and the computational domain 2=
(0,1)2. As a benchmark solution, we take an exact solution in the form of u(z,t)=
(1+t3) 21 (1 —21)%22(1 — 22)%, and the source term g(x,t) can be calculated accordingly.

Table 5.1 shows the spatial L?-error by increasing M and fixing N = 10*. Tables 5.2
and 5.3 show the temporal L2-errors by taking M = N and increasing N under Cases
(i) and (ii) in above, respectively. From Tables 5.1-5.3, the second order convergence
rates can be observed, which agrees with the results in Theorem 4.1. In addition, The
left panel in Figure 5.1 plots the L2-error by fixing N and increasing M, which implies
that the error estimate is unconditionally stable since the solution does not blowup for
any temporal and spatial ratios.

M error order T'max

40 4.2893e-05 - 4.6836
80 8.9895e-06 2.2544 4.8091
160 1.9913¢-06 2.1745 4.7541
320 4.6221e-07 2.1071 4.7043

TABLE 5.1. Errors and spatial convergence orders with N =10% for Example 5.1.

N error order T'max
120 3.6800e-06 - 4.2785
240 8.3695e-07 2.1365 4.6672
480 1.9795e-07 2.0800 4.1304
960 4.8114e-08 2.0406 4.2979

TABLE 5.2. Errors and time convergence orders with 0 <ry <4.8645 for Example 5.1.

N error order T max
120 3.6533e-06 - 21.6746
240 8.3479¢-07 2.1297 24.1472
480 1.9783e-07 2.0772 285.448
960 4.7942e-08 2.0449 792.551

TABLE 5.3. Errors and time convergence orders with ri >0 for Example 5.1.
Example 5.2. We now consider Allen-Cahn model with an external force
Oru=Au+u—u’+g(zx,t).

In the simulations, we take the final time T'=1 and the computational domain 2=
(0,1)3.  Again, as a benchmark solution, we take an exact solution in the form of
u(x,t)=(1+t3)z1(1—21)%22(1 —22)%23(1 —23)%, and the source term g(zx,t) can be
calculated accordingly.
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F1G. 5.1. To investigate the scheme is unconditionally stable, L?-errors are plotted by increasing
M for different given N: left and right panels for Ezamples 5.1 and 5.2, respectively.

Table 5.4 shows the spatial L?-error by increasing M and fixing N =103. Tables 5.5
and 5.6 show the temporal L?-errors by taking M = N and increasing N under Cases (i)
and (ii) in above, respectively. From Tables 5.4-5.6, the second-order convergence rates
can be observed, which again agrees with the results in Theorem 4.1. The right panel
in Figure 5.1 plots the L?-error by fixing N and increasing M, which again implies that
the error estimate is unconditionally stable since the solution does not blowup for any
temporal and spatial ratios.

M error order T max

6 1.3595e-04 - 4.5317
12 3.3786e-05 2.0086 4.3782
24 8.4315e-06 2.0025 4.3911
48 2.1069e-06 2.0007 4.6375

TABLE 5.4. Errors and spatial convergence orders with N =103 for Ezample 5.2.

N error order T max

4 3.0607e-04 - 2.3893
8 7.5914e-05 2.0114 2.2410
16 1.8918e-05 2.0046 2.9583
32 4.7170e-06 2.0038 3.9028

TABLE 5.5. Errors and time convergence orders with 0 <ry <4.8645 for Example 5.2.

N error order Tmax

4 3.0721e-04 - 2.4017
8 7.5918e-05 2.0167 13.2425
16 1.8929¢-05 2.0039 32.1533
32 4.7200e-06 2.0037 25.1107

TABLE 5.6. Errors and time convergence orders with ri >0 for Example 5.2.
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6. Conclusions

We have presented the unconditionally optimal error estimate of a linearized
variable-time-step BDF2 scheme for nonlinear parabolic equations in conjunction with
a Galerkin finite element approximation in space. The rigorous error estimate of
O(7r2+h"*1) in the L?-norm has been established under mild assumptions on the ratio
of adjacent time steps A1l and the maximum time-step size A2. The analysis is based
on the recently developed DOC and DCC kernels and the time-space error splitting
approach. The techniques of DOC and DCC kernels facilitate the proof of the second
order convergence of BDF2 with a new ratio of adjacent time steps, i.e., 0 <7 <4.8645.
The error splitting approach divides the error estimate of numerical solution into the
estimates of ||U"| g2 and ||R,U™—U}'||2, which circumvents the ratio restriction of
time-space sizes, i.e., this is the so-called unconditionally optimal error estimate.

In addition, our error estimate is robust. The robustness here means the error
estimate does not require any extra restriction on time steps except the conditions
A1l and A2. Meanwhile, we used the first-order BDF1 to calculate the first level
solution u!, and found that this first-order scheme did not bring the loss of global
accuracy of second order. Although great progress has been made for the second-order
convergence of variable time-step BDF2 scheme solving nonlinear problems, but most
of them use the implicit approximation to the nonlinear terms. As far as we know, it
is a pioneering work to present the optimal error estimate for the variable time-step
BDF2 scheme with a linearized approximation to nonlinear terms only under the ratio
condition 0 <7 < 4.8645 and a mild assumption on maximum time step A2. Numerical
examples were provided to verify our theoretical analysis.
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Appendix A. The proof of Lemma 3.2.
Proof. (Proof of Lemma 3.2.) It follows from the Taylor expansion that

1
IR} I= N w2 [ 490 (- 5)ds |
0
1
< i =) [ s ) (1 5) s
0

t; ] ) 1 . )
<| / Byudt] - — | | / S 4 5V ) (1 5)ds e
ti—1 0

SUP|y|<CoM | £ (u)|
2

t.
<utry| [ dwal]
j—1
tj
|

1 1
<M1 sup  |f"(u) |0sul| L dt <=  sup \f”(u)|C’QM27'j2,
2 |u|<CaoM ti_1 2 [u|<CaM

where [|Oyul| L < Cql|Osu|| gz < CoM is used. The proof is completed. O
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Appendix B. The proof of Lemma 3.3.

Proof. (Proof of Lemma 3.3.) Recall that the first step value u' is computed by
BDF1, i.e., Rf = 40 — Jyu(ty), one has

UL — U 1 t
IRHI= 17— =0l = — |l | druls) = dpu(tr)ds|
1 T1 0

pgh | M
g—/ ||8tu(s)—8tu(t1)||ds§—/ / D) deds < 2r
T1 0 T1 0 s 2

For j > 2, by using the Taylor’s expansion formula , one produces (also see [23, Theorem
10.5])

j_ Ly Y 2 T Y 2 .
Rt = 27 (t*tj—l) 5tttUdt+W (t*tj—2) Oppudt, 2<j<N.
Jj Jt J)1i—

j—1 tj—2

Combining with the regularity assumption (2.1) and the ratio condition A1, one derives
M 3
1BL | < =g~ (L475)7 (275 +75-1) < g M. (B.1)

The proof is completed. O
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