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NUMERICAL ANALYSIS OF PARABOLIC p-LAPLACIAN:
APPROXIMATION OF TRAJECTORIES*

NING JUt

Abstract. The long time numerical approximation of the parabolic p-Laplacian problem with
a time-independent forcing term and sufficiently smooth initial data is studied. Convergence and
stability results which are uniform for ¢t € [0,00) are established in the L2, WP norms for the
backward Euler and the Crank—Nicholson schemes with the finite element method (FEM). This result
extends the existing uniform convergence results for exponentially contractive semigroups generated
by some semilinear systems to nonexponentially contractive semigroups generated by some quasi-
linear systems.
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1. Introduction. The parabolic p-Laplacian problem is a mathematical model
possessing some important features shared by many practical problems, such as the
non-Newtonian fluid flows (see, e.g., [22, 23, 26]) and the Smagorinsky type meteorol-
ogy model (see, e.g., [27]). The dynamics of these problems, considered as dissipative
dynamical systems, is important. For a general presentation on the dissipative dy-
namical systems, see, for instance, [13, 33]. For the numerical aspects, see [31, 32].

For semilinear systems, when solutions contract towards each other exponentially
with respect to time, several classical numerical solutions approximate the corre-
sponding true solutions uniformly well for ¢ € [0,00). This has been confirmed for
ordinary differential equations [30], reaction-diffusion equations [17, 24, 29], and for
the Navier—Stokes equations [16]. For semilinear systems, there are many interesting
results concerning the long-time numerical approximations. See, among many others
references, [7, 8,9, 12, 14, 15, 16, 21, 25, 31, 32] and the references cited therein. How-
ever, to the best of our knowledge, no such result is yet available for a nonsemilinear
system. The purpose of this article is to extend the uniform-in-time convergence re-
sult to a quasi-linear problem, where the rate of contraction for the solutions is only
algebraic. See [10]. This model problem covers a class of problems of monotone type.
Notice that in [16], the assumption of exponential contraction is used explicitly for
the analysis of the Navier—Stokes equations. Also, assuming the (one-sided) Lipschitz
condition may imply exponential contraction.

New difficulties come from the strong nonlinearity. Some regularity results for the
solution used in the previous analysis of the semilinear problems are not available.
Also, the semigroup theory is not as easily applied as before. The p-Laplacian operator
is not self-adjoint nor commutable with many other operators. For these and other
reasons, it is not surprising that the error estimates obtained for such kind of problems
may not be optimal.
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Previous results, as in [2, 35], on the finite element method (FEM) for the
parabolic p-Laplacian problem where f, the right hand side of the equation, is Lips-
chitz continuous in time, are valid only for time ¢t € [0,7], where T' > 0. Obtaining
an optimal convergence rate is addressed in [2], which is based on extra regularity as-
sumptions on the solution. These assumptions are not easily verified. The regularity
issue is also discussed in detail in [2].

The goal of this article is to study the convergence and stability properties of
the numerical solutions valid uniformly for t € [0,00). We obtain convergence in the
L?(Q2) and W1P(Q) norms for temporal and spatial semidiscretizations and for full
discretizations. Convergence in L>°(Q2) norm is thus a corollary when p > d, where d
is the dimension of the space domain of the problem. In addition, new error estimates
are obtained that were not available before. We obtain these results without any extra
regularity assumption, though the orders of error estimates are far from optimal. We
apply our analysis to the backward Euler and the Crank—Nicholson schemes and,
however, show that the backward Euler scheme is even asymptotically stable. Our
results suggest that the backward Euler scheme has some advantage over the Crank—
Nicholson scheme. But confirming this would necessitate further computing tests and
a deeper analysis. The key difference between our analysis and those of [2, 35] is
our exploration of the dynamical feature of the original system using some nonlinear
Gronwall inequalities and the use of the monotone compactness argument of [26].

These results are extended to more general cases in [19, 20]. In this article, and
in [19, 20], we discuss only the p-Laplacian problem. As part of an ongoing project,
this study will be extended to more general classes of problems, especially models of
non-Newtonian fluid flows and the Smagorinsky model in meteorology.

The rest of this article is organized as follows. In section 2, we recall some nota-
tions and preliminary results. In section 3, the temporal discretization is studied and
the orders of uniform in time convergence are derived. In section 4, the FEM semidis-
cretization is studied and the uniform-in-time convergence results are established. In
section 5, we discuss the full discretizations, where the results in sections 3 and 4 are
naturally combined. In section 6, we give the proofs of some Gronwall type lemmas
stated in section 2.

2. Notations and preliminaries.

2.1. Basic concepts. Suppose that  C R? (d > 1) has a Lipschitz continuous
boundary 9 in the case d > 1. Assume that p € (2,00) or p € (1,2). When no
ambiguity occurs, we use u(t) or simply u to denote the function u(z,t) : Qx R, — R!,
where Ry = [0, 00).

For the functional setting, we review some facts about the Sobolev spaces. Let H
denote the space L%(f), endowed with the usual inner product (-,-), and the usual

norm
1/2
fulle = ( | ez )
Q

Denote W1P(Q) = {v|v € LP(Q), D;v € LP(Q),i = 1, ...,d}, with the norm
d
lvllwrr @) = vllLr@) + Z [ Divl Lo (02)-
i=1
Denote Wy (Q) = {v € WHP(Q)] v|sq = 0} and W17 (Q) = (W P(Q))*, the
dual space of W,?(Q), where 1/p + 1/p' = 1. Denote (-,-) as the duality product
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for a pair in (Wy*(2))* x Wy?(Q). Denote || - || as the seminorm of W'?(£) and
the norm of W, ?(Q), and || - ||* as the norm of (W, ?(Q))*. Let V = W,"*(Q2) and
Vi =WP(Q).

Consider the following p-Laplacian problem:

ou 9

(1) e =V - (|VulP™*Vu) + f, z € Q,te (0,00),
(2) u(z,t) =0, x € 9, t € (0,00),
(3) u(z,0) = up(z), x €Q,

where ug € V and f € V' are given. For simplicity, we suppose here that f is

time-independent. In [20], the discussions are extended to the case where f is time-

dependent. This problem occurs in many mathematical models of physical processes:

for example, nonlinear diffusion and filtration [28] and non-Newtonian flows [1].
Define A : V — V' as follows: for every v € V,

(4) (Au,v) ::/ |VulP~2Vu - Voda.
Q

DEFINITION 2.1. We say that u is a weak solution of (1)—(3) on [0,T] if u €
L?(0,T;V) solves the following weak problem (WP):

6 o) + (Aw0) = (£,0),
(© (u(0),) = {uo,v)

for all v € V, in the sense of distribution on [0,T]. See [24] and [31] for further
details.

2.2. Existence, uniqueness, and regularity. We recall below some classic
results.
LEMMA 2.1. Suppose p € (1,00), Q C R, where d > 1 and Q is bounded. Then

Whr(Q) c L2(Q) for p € (2d/(d + 2),00). Moreover, for every p € [2d/(d + 2),00),
there is a Cy = Co(2,d, p), a positive constant, such that for all u € V,

ull = Collull2.

The following lemma is proved in [11] for d = 2. Tt is valid for all d > 1.

LEMMA 2.2. There exist positive constants o = a(p,d), 8 = B(p,d), such that
the following inequalities hold:

If p € (1,2), then for all u,v € V,

allu = vl* < (Au = Av,u = v)([Ju]l + [lv])*7,
lAu — Av||* < Bllu —v]P~".

If p € (2,00), then for all u,v €'V,

allu —v||” < (Au — Av,u —v),
[Au — Avl|* < B(lfull + [[v]})"~*u — v]l.
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Using the standard Browder-Minty theory, with Lemmas 2.1 and 2.2, it is easy
to show the following result.

LEMMA 2.3. For all f € V' and p > 0, there exists a unique u € V, such that,
for allv eV,

p{u, v) + (Au,v) = (f,v).

Moreover,

ullz + [[ul] < CE@)(If]*) 7.

We collect the classical existence and regularity results from [4, 26, 33] in the
following theorem.

THEOREM 2.1. If f € V' and ug € H, then the problem (5)—(6) has a unique
solution w € LP(0,T;V) for T > 0. Thus u € C[R4+, H], v and Au € Lp/(O,T; v,
for T > 0, and uy — u(t) is continuous in H. Furthermore for p € (2,00), if ug €
VN D(A), i.e., Aug € H, and f € H, then for T > 0, u € L*>*(0,T;V) and v’ and
Au € L>(0,T; H). Moreover, u € L*(R4;V).

Remark 2.1. For any p € (1,00), if f € H and up € V then u € L>®(R4;V).
Further, when uy € V() D(A), we have u € C(R4+,V) and v’ and Au € L>® (R, H).
These results can be proved by using the stability results obtained in section 3 and
the classic monotone compactness argument of [26]. For details, see [18]. These facts
are frequently used later. 0

2.3. Gronwall lemmas. We recall several versions of the Gronwall lemmas,
which are useful later. We prove Lemma 2.4, Lemma 2.7, and Lemma 2.8 in section
6. Lemmas 2.5 and 2.9 are the discrete versions of Lemma 2.4 and Lemma 2.8 and
can be proved without much difficulty by following the ideas of the proofs of Lemmas
2.4 and 2.8.

LEMMA 2.4. Suppose ¢ >0, v >0, 6§ > 0 and y(t) is nonnegative and absolutely
continuous such that for t € (0,00)

dy

- 9t) < 6.
o T (t) <o

(1) < mas {y<o>, (2) Uq} .

LEMMA 2.5. Suppose q,y,At > 0, 6 > 0 and y,’s are nonnegative such that for
n=12,...,

Then

Yn = Yn-1
At

£ 1/q
Yn < max Yo, <> .
~

+7ys < 6.

Then
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The following two lemmas are improved versions of Lemmas 2.4 and 2.5 for the
case where ¢ € (1,00). Lemma 2.6 is a slightly improved restatement of Ghidaglia’s
Gronwall lemma. See section II1.5.2 of [33] for the proof. The inequalities derived
below are actually sharp.

LEMMA 2.6. Suppose ¢ > 1, v > 0,6 > 0 and y is nonnegative and absolutely
continuous on (0,00) and satisfying

dy p
— < 0.
g T s 6
Then, fort >0,
(£)1/a i y1(0) < 2,
< Y
u(t) < { ()1 1 {[y(0) — ()Y 4 5(g — DEVAD  ofheruise.

LEMMA 2.7. Suppose ¢ > 1, v >0, At > 0, 6 > 0 and {y,}5° is a nonnegative
sequence such that

Yn = Yn-1

9 < 6.

Al T VYn =

Then, for At small enough and n = 1,2, ..., it holds that
6.1/
Yn < (=)1
(7)
if yg < %. Otherwise
—q 1/(1=q)

1) 1/
yn < (=) 79+
(7)

Yo — <§) a +7(q — 1)nAt ll —qy <yo - (i>“> At]

The following two lemmas are improved versions of Lemmas 2.4 and 2.5 for the
case where ¢ € (0,1) . The inequalities given below are not necessarily sharp.

LEMMA 2.8. Suppose q¢ € (0,1), 7,6 > 0 and y is nonnegative and absolutely
continuous such that fort >0

dy q
— 4+ t) <.
dat vyl (t) <6

Then, fort > 0,
D ify(0) < 5
l/(t) < { (%)yl—q(o) + [y(0) — %ylf‘?(())]exp(—yljiqt(o)) otherwise.w

LEMMA 2.9. Suppose q € (0,1),v> 0,6 >0, At > 0 and {y,}5° is a nonnegative
sequence such that forn =1,2,...,

Yn ~ Yn-1

<6,
Al T YYn =

Then, forn=0,1,...,

g < (2)Ha ifyg < 2,
" (%)yéfq + (yo — %yéfq)(l +yyd T AL otherwise.
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Finally, we recall the following uniform Gronwall lemma presented in section
II1.1.1.3 of [33], which is a powerful tool for time uniform a priori estimates.
LEMMA 2.10 (uniform Gronwall lemma). Let g, h,y be locally integrable functions
on (tg,0), such that y' is locally integrable on (to,00) and for t € (to, 00)
dy
=< h
a =SITh

fort € (tg, )

t+r t+r t+r
/ g(8)ds < al,/ h(s)ds < a27/ y(s)ds < as,
¢ ¢ ¢

where r, a1, az, az are constants. Then, for t € (tg,0),

y(t +r) <exp(ar) (az + (:3>

3. The time discretizations. Let {¢;}32, be a uniform partition of Ry with
t; = 1At for time step At > 0.

3.1. The backward Euler scheme. Consider the following recursive nonlinear
elliptic problem:
Given f € V', ug € H, find u; € V, such that for all v € V,

@) (Mt o)+ () = (1),
(8) ug = ug(z),

where u; = u;(z),i=1,2,....

By Lemma 2.1, V C H C V'. By Lemma 2.3, there is a unique sequence {u;}° C
V, defined by (7).

First, we give some uniform stability results in Lemma 3.1-3.4 that are crucial in
getting the uniform convergence results.

LEMMA 3.1. If f € H, ug € H, then {||u;||2}5° is uniformly bounded by a constant
C(lluola I1£]12)-

Proof. Choosing v = u;, (7) becomes
[uill3 + AtlJui][P = AL f,u5) + (uim1,us).
Thus Lemma 2.1 gives
luill2 + AtClluslls ™ < llui-allz + At fllo-

So, by Lemma 2.5, ||u;||2 is uniformly bounded with respect to i and At. We can get
better estimates using Lemmas 2.7 and 2.9. 0

If f € V', the result similar to Lemma 3.1 holds.

LEMMA 3.2. If f € H and ug € H, then {||(u; — u;—1)/At||2}§° is monotonically
decreasing. If in addition, ug € V() D(A), then {||(u; —wi—1)/At||2}5° and {||u||}°
are uniformly bounded with respect to i and At. Moreover, the following estimates

hold:
)

If p € (2,00), then for At small enough,
Ui — Uj—1 <L <i,
2

At

Ui — Uo
At
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where L3, 2) = {277 + aCy(p — 2)(AP~2(i — DAL — (p — DaCyp(APL2]} 75
Ifpe (1,2), then

Ui — Uj—1

At

Uy — Ug
At

(1+aC,At)~
2

2

Proof. Setting v = u; — u;—1, (7) becomes

<ul_A11fl_1au, - ui1> + (Aui, ui — uima) = (frus — uiza).

Similarly,

Uj—1 — Uj—
<M,ui — Ui1> + (Auiflyui — u¢71) = <f, Uj — uz?l)-

At
Uj—1 — Uj—2 Ui — U
At s Ug i—1 /-

Subtracting the later equation from the former gives

9) <%_A1:17Uz - ui1> + (Au; — Aui—1,u; — ui—q)

Now it follows from Lemma 2.2 that

Ui — Uj—1

At

Uj—1 — Uj—2
At

2

2

So {]|(u; — ui—1)/At||2}5° is monotonically decreasing. Notice that

<U1A—tu0,U1 - uo> + (Auy — Aug, uy — ug) = (f, u1 — ug) — (Aug, uy — ug).

Thus

U; — Uj—1

At

Uy — Ug

At

< |If = Auglf2.
2

2

Moreover

Ui — Uj—
Jusl? = Cus ) = (£ = S50 ) < (U + 1 - Aual ol
Thus {||lu,||}5° is bounded uniformly with respect to n and At by Lemma 3.1.
If p € (2,00), then by Lemma 2.1, Lemma 2.2, and (9), there exists C, =
Cp(Co,p) > 0, such that

p—1
Ui — Uj—1

At

U; — Uj—1

At

Uj—1 — Ui—2

At

+ aC,(At)P2AL
2

2 2

The estimate then follows immediately by Lemma 2.7.
If p € (1,2), then by Lemma 2.2 and (9),

Ui — Uj—1

At

Uj—1 — Uj—2

+ aCo(lluill + izt )P llus — wi—s ]| < At

2

2
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Since {|lu;||}&° is uniformly bounded with respect to ¢ and At, by Lemma 2.1, there
exists Cp = Cp(Co, p, || fll2, I f — Auoll2) > 0, such that

Ui — Uj—1 Uj—1 — Uj—2
——— | +aCy||lu; — ui— <||———=
At ) P” 7 % 1”2 = At )
Thus the estimation follows from induction on 3. 0

If up € V and f € H, then {||u;]|}§° is still bounded uniformly with respect to n.
See [19, 20].

Essentially following the proof of Lemma 4 of [35], we have the following lemma.

LEMMA 3.3. If f € H, up € V(D(A), then {||Au;||2}&° is uniformly bounded
with respect to i and At.

Let {tn,:}2, be a uniform partition of Ry. Let t,; = iAt,, with time step
Aty > 0. Let {uy,;}$2, be the solution set defined by (7)—(8) with At replaced by
At,. Notice that the n in the subscripts of wu,; is used to specify the difference
between the corresponding quantities with different time steps At,,.

Define

t_tni tni—i—l_t .
Up(t) = ~Upit1 + — o Un, i, tni <t <tpi+1, 1=0,1,...,
n Atn mn,? Atn n,? n,t n,t
an(t) = Up i1, tn,i <t§tn,i+1a i:0717~'~7

where t,, ; = iAt,,. We sometimes drop n in u,; and At, when no ambiguity occurs.
By the above definition, Lemmas 3.1 and 3.2, we immediately have the following
lemma.

LEMMA 3.4. For every At,, > 0, if up € H, f € H, then the functions ||u,(t)]2
and ||ty (t)||2 are bounded uniformly fort € Ry with bounds independent of n and At,,;
if up € V(D(A), f € H, the functions ||un(t)| and ||a,(t)|| are bounded uniformly
for t € Ry with bounds independent of n and At,.

Remark 3.1. We do not have an estimate on || Auy,(t)||2 which is still an unsolved
problem. However, by making use of the classic monotone compactness argument,
one can prove that, when uy € V(| D(A), Au, converges weak-star in L>°(R,; H)
to Au € L®(R4;H), and thus v’ € L*°(Ry;H). Alternatively, since ||Aug|l2 is
bounded, ||ul,(t)]|2 is bounded uniformly for ¢ € [0, 00). Using the classic monotone
compactness argument, u,, converges weak-star L°(Ry; H) to u’ € L (R; H), thus
Au € L (Ry; H). See [18] for details. Notice that these facts will be used frequently
later. a

Now we give the uniform convergence theorem in the space H.

THEOREM 3.1 (uniform convergence in H). Suppose that f € H, ug € V[ D(A).
Then {un} is a Cauchy sequence in C[Ry; H], and it converges to u in C[Ry; H]
uniformly with respect to t as At — 0. Moreover, there exists a C(t) > 0, independent
of At and uniformly bounded for t € Ry, such that, for p € (1,00) and t € Ry,

[u(t) = un(t)ll2 < C(E(ADYT,

where r = max{2,p}. Further, if p € (1,2) then C(t) — 0 exponentially as t — +oo
and if p € (2,00) then for At > 0 fized and sufficiently small, C(t) = O(t/P(2=P)), as
t — 0.

Proof. By definition of u,(t),

duy,
<;jft’v> + (Aun,i+1vv) = <f,’U>, tn,i <t S tn,i+1~
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By Theorem 2.1,

du
<dt’v> + (Au,v) = (f,v), b <t <tpit1.

Let v = w — uy 441 in the above equations, and subtracting the latter from the
former, we have for ¢ € (¢,,4,t, i+1], using Theorem 2.1 and Remark 2.1,

By Lemma 2.2, Lemma 3.2, and Remark 3.1, there are positive constants c;, ¢
independent of ¢, At and n such that

Un,i+1 — Un,i

At At.

2

d
%HU —Unll3 + c1llu — tni1]|” < 2

For r > 2, there exists a positive constant, C,. > 0, depending only on r such that
[ = unl]” = llu = tnit1 + tn,ivr = unll” < Crlllu = up i "+ [[tin,i1 — unll").

Notice also that by Lemma 2.2, Lemma 3.2, and Lemma 3.3 there exists a positive
constant, C. > 0, independent of ¢, n and At such that

Un,i+1 — Ung

Al At.

2

ltn,it1 — nill” < Cllltn,it1 — unill2 < C,.

Thus there are positive constants c3, ¢4 independent of ¢, At and n such that

Un,i+1 — Un,i

At.
At t

2

d
2w = unll3 + esllu — un " < s

The error estimate in the H norm is obtained by an application of Lemma 2.1, Lemma
2.4, and Lemma 3.2. C(t) is obviously uniformly bounded since ||(ts,i+1 — un,i)/At|,
is by Lemma 3.2. Better estimation of C(¢) is as follows.

For p € (1,2), notice that by Lemma 3.2 there are constants ¢, ¢’ > 0 such that

Un,i+1 — Un,i

At

< cexp(—c'aCpt).
2
So C(t) goes to 0 exponentially as t — +oo.

For p € (2,00), when At > 0 is fized, notice that there is a constant ¢ > 0 such
that

Un,i+1 — Uni

< ot/ 2-p), 0
At =¢

2

In fact, for p € (2,00) we can still get control of C(t) without fixing At. Notice
the fact that for a, b > 0 and 0 € (0, 1],

a+b>a’bb.
Then, by Lemma 3.2, there is a constant ¢ > 0 such that

Un,i+1 — Un,;

< ct? P (A4)?,
Al =¢ (A1)

2
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Thus, by Lemma 2.4, there is a constant ¢ > 0 such that
lu(t) = un(t)]|2 < ct®PE=P (AL =0/,

This comment can be used in the following theorem to relax At.

Next we give a uniform convergence result in the space of V.

THEOREM 3.2 (uniform convergence in V). Suppose that f € H and ug €
VN D(A). Then {u,} is a Cauchy sequence in C[R4;V] and it converges to u €
C[R4; V] uniformly with respect to n as At — 0. Moreover, there exists a C(t) > 0
independent of At and uniformly bounded for t € Ry such that

lun(t) = u(®)]| < C#) (A1,

where r = max{2, p}. Further, if p € (1,2) then C(t) goes to 0 exponentially ast — oo
and if p € (2,00) then for fized At >0, C(t) = O(t/?*2=P)) as t — oo.
Proof. By definition of u,(t), for all t € (¢;,t;41),

t—t; tiv1 — 1
l[un(t) —u(®)| = H A vt +£t Uiy — U(t)H
t—1t; ) tig1 — 1 .
< . A
<~ a(i80) + s —u((i+ A0
t—t, _ tir —t .
—u(iA _ — DAL
o ute) — i)+ S ue) — (i + )00

If p € (2,00) then by Lemma 2.2,
allu; — u(EAD)||P < (Au; — Au(iAt), u; — u(iAt))

<
< ([ Augl2 + [[Au(iAt)|[2)[Ju; — u(iAt)|2
and
allu(t) — uliAD)|? < (Au(t) — Au(iAt), u(t) — u(iAt))
< (JAu@®)|l2 + [[Au(iAt)[|2)[Ju(t) — u(iAt)[2
< (JAu(t)ll2 + [[Au(iAb)[|2)[Ju’ (') 2 AL,

where t' € [t;, ti41]-

The case p € (1,2) can be treated similarly. We omit it for brevity. Using
the above estimates, Lemma 3.3, Theorem 3.1, and Remark 3.1, the theorem is
proved. a

Notice the comment following the proof of Theorem 3.1 dealing with the situation
when At is not fixed.

The above two theorems show that even if At does not go to zero as n — oo,
we still get convergence in H and V. This is interesting from the point of view of
dynamics.

The above theorems give uniform convergence results for the backward Euler
scheme. The proofs apply as well to the time discretization of semidiscrete methods,
such as FEM, to be discussed in section 4.

Remark 3.2. 1. From the above theorems, we see that u € C(R4,V). In [35],
a local result similar to Theorem 3.1 is obtained for p € (2,00) and f Lipschitz
continuous with respect to ¢ in H, which is crucial in getting the final local convergence
result of [35]. The proof is different from ours. The key point in [35] is proving the
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local result uw € C([0,T],V) for T > 0. We get this result in the global version as a
by-product of Theorems 3.1 and 3.2. Our proof here is much simpler since we are able
to use Theorem 2.1 and also Remark 3.1. The case of f being Lipschitz continuous in
H can be treated similarly. See [19, 20] for details.

2. If ug € H, we can still use the classic monotone compact argument presented
in Chapter II of [26] to show that {u,}5° still converges to u in some sense, but then,
u is only the unique solution of (5)—(6) in the sense of distribution on (0,T") only, for
any T > 0, rather than pointwise. See [20] for details. d

The proof of the following stability results is omitted for brevity. Using Lemma
2.2, it can be obtained by Lemma 2.7 for p € (2,00) and by induction for p € (1,2).

THEOREM 3.3 (stability). Let {u,}5°, {vn}3° be two different sequences solving
(7) with different initial ug,vo € V() D(A). Let wy, := u, — v,. Then there exists a
C =Cla,p, f) and a C" = C'(a, p, f,ug,v0) > 0, such that for alln = 0,1,..., the
following hold:

If p € (1,2), then

lwnllz < [lwoll2e~ "4,

1/2
lewall < C'llwally™.
Ifp € (2,00) and At > 0 is sufficiently small, then

wnll2 < Jwoll2{1 + [[wol52aCE (p — 2)nAt(1 — (p — 2)aCH||wo|[P~2 A}/ Z=P),
1
wnl| < Clw, |3’

For the above H estimates to hold, we require only that ug,vy € H.

This theorem shows that the backward Euler scheme is not only unconditionally
stable, i.e., there is no restriction on the ratio of temporal step size to spatial mesh
size, but is also asymptotically stable. In fact, for p € (1,2), it is even exponentially
stable.

3.2. The Crank—Nicholson scheme. We summarize some of the convergence
and stability results for the Crank—Nicholson scheme. They are also valid for the more
general f-methods. For brevity, the proofs are omitted. See [18] for details.

Consider the following recursive nonlinear elliptic problems:

Given u;_1 € V, find u; € V), such that

(10) <U_A1;1v> + (AW,U) — (f.0),
(11) w0 = o),

where u; = u;(x),1 =1,2,....

We can define the solution sequence {u,} of (10)—(11) as before and prove the
following results following the ideas above.

THEOREM 3.4 (convergence). Suppose that f € H, ug € V(1 D(A). Then {u,}
is a Cauchy sequence in C[R1;V] and it converges to u € C[Ry; V] uniformly with
respect to n as At — 0. Moreover, there exists a C = C(ug, f) > 0 independent of
At,, and n such that the following estimates hold:

If p € (2,00), then

lun () — u(t)]2 < C(u07f)(Atn)p'/p2’
[un(t) —u(t)|| < C(uo,f)(Atn)P'/pg'.
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Ifp € (1,2), then

lun (t) = u(®)ll2 < C(uo, F)(At,) P72,
lun () = u(@)]| < Cluo, f)(Aty) P~/
THEOREM 3.5 (stability). Let {u,}5°, {vn}3 be two different sequences solving
(11) with different initial data ug,vo € V (\D(A). Let wy, = uy, — vy. Then, for
n=0,1,...,

[[wnll2 < llwoll2-

Moreover, there exists a C > 0 independent of n and At, such that forn =0,1,...,

1 .

[wall < Cllwally’? if p € (2,00),
1/2 .

[wnll < Cllwn]l3’ it pe(1,2).

Notice that we use ug € V for the existence result. Even though we still have the
unconditional stability here, we could not get the asymptotic stability. The conver-
gence and stability results for this scheme suggest no advantage over backward Euler
scheme, especially when high regularity is unavailable. However, confirming this point
needs further computing tests and deeper analyses.

4. A semi-discrete finite element method. For simplicity, we assume that 2
is convex with piecewise smooth boundary 92 where d > 1. In this case, interpolation
theory is immediately available. However, the discussion given here can be extended
to more general cases using standard techniques.

Let Sp(2) be a regular conforming finite element space of V, where h is the
maximum of the diameters of the elements of triangulation. See, e.g., [6]. Let I, : V —
Sr(€Q) be the Lagrangian interpolation operator. Define the operator Py, : V' — S, (Q)
such that for v € V,

(APpv,vp) = (Av,vy)  for all vy, € Sp(Q).

We recall and establish some important properties about P,. The first convergence
property was proved in [11] for d = 2, which is also true for d > 1.
LEMMA 4.1 (convergence). For every v € V,

li —P =0.
lim [[o — Pyo]

Due to Lemma 2.2, it is easy to show the following.
LEMMA 4.2 (stability). Suppose that v,0 € V.. Then ||Pyv| < ||v||. Moreover,

g

1Pho — P[P~ < o Ul + 117 ~2[lv = o]l for all p € (2,00),

B N2 i
1Pnv = ool < (o]l + 151)*Pllo —o|P~  for all p € (1,2).
Next we establish a uniform convergence lemma.

LEMMA 4.3 (uniform convergence). Suppose v € C[Ry |J{oo}, V]. Then

li t) — Pyo(t)] =0
Jim fJo(t) = Pro(t)l] =0,
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where the convergence is uniform for t € Ry (J{oo}.

Proof. The convergence follows from Lemma 4.1. We need only to show it is
uniformly true. We prove it by a contradiction. Suppose there exist g > 0, {h,, }>2; C
R. and {t,}52; C Ry such that h,, — 0 as n — oo, and

[v(tn) — Ph,v(ta)]| > €o.

Since {t,}52, C R4, there is a t* € Ry or t* = oo such that {¢,}22, has a sub-
sequence, without loss of generality still denoted as {¢,}°2,, such that ¢, — t*, as
n — oo. Since

[o(tn) = Ph,v(ta)ll < lv(tn) = o) + [[o(t") = Ph, ()] + (| Ph, v(t") — Pa,v(tn)]]
and

Jim [Jo(t) — ()] = 0,
by Lemma 4.1, Lemma 4.2,

Jim[o(t) = Ph,o(tn)| =0,
which is a contradiction. ]

This lemma is quite general, as it requires only the projection operator P} to
have the convergence property and the uniform boundedness in h, properties often
satisfied by many similar projection operators.

Using an argument of [34] (see also [5],), with the boundedness of the projection
operators Pj, and IIj uniform in h, i.e., the fact that for every v € V, there exists a
¢ > 0, a constant independent of v, such that ||Pyo]|, [|[IInv|| < c||v]|, it is easy to prove
the following approximation property of Pj.

LEMMA 4.4 (approximation). For every v € V, there exists a C = C(|jv]]) > 0
such that

[0 = Pyol < Cllv = Tpol]?,

where s = 1% and if p € (2,00); s =5, if pe (1,2).
Consider the following semidiscrete FEM scheme.
Find up, € Sp(Q2), such that for all v, € S, (),

(12) (% on) + Cun, ) = ()

(13) (Aup(0),vp) = (Au(0), vp).

LEMMA 4.5 (existence and uniqueness). If ug € V and f € H, then there exists
a unique up, € L (R4, Sh(Q) V) solving (12)—(13).

Proof. Local existence of uy, follows from Peano’s theorem and Lemma 4.7. The
uniqueness of uy(t) follows from the monotonicity of the operator A. The global
existence of up(t) follows from the boundedness of uy(t) uniform in time, which is
shown as follows.

Setting v, = up(t) in (12), we have

1d

(14) 5 7 1 @13 + allun®OIF < 1 fllzllun @)l
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By Lemma 2.1, it is easy to show that there exists a C; = Cy(«, p) > 0 such that for
tel0,T),

d _
Zplun(®)ll2 + Crllunl5" < [I£]]2-

By Lemma 2.4, ||uy(t)]]2 is uniformly bounded for ¢ € [0,T) and the bound is indepen-
dent of T. By (14), using Holder’s inequality, there exists C; = Ci(«,p) > 0,i = 2,3,
such that

d
Z @13 + Callun @)1 < Cs| 113,

where 1/p 4+ 1/¢g = 1. By integration, for ¢t € [0,7 — r), and r > 0,
t+r
Junte+ )18+ Ca [ Jun(s)Pds < an (I + Corl 1
s=t

Setting v, = uj, (t) := Sup(t) in (12),

1d 1 1
lur, (B)]13 + PYTLACL R up () < SIF1I3 + 5 llun @13

Thus
d p
g lun@OI” < SIf113.

By integration, for t € [0,T —r), and r > 0,

t+r
p pr
5 s < B

By the above estimates and the uniform Gronwall lemma, ||us(t)] is also uniformly
bounded for all ¢ € [0,T), with the bound independent of T'. O

The discussion in section 3 can be easily adapted to show the following results for
(12)—(13). Denote {upn}5° as the backward Euler solution sequence for (12)—(13). In
particular, when u,, %, are replaced with up , Ws n, Lemma 3.4 still holds. Besides,
we have the following result.

LEMMA 4.6. Suppose that f andug € V () D(A). Then |luj, (t)||2 and {||Aun(®)||5,,}
are uniformly bounded for t € R, where

. |(Aup(t), vp)]
|Aup(t)||5,, = sup ————".
onesn©@  lvnllz

Proof. Notice that Lemma 3.2 is still valid if we replace u; and w;—; with up
and uy, ;—1 respectively. In order to prove this, we need only to check the initial data.
This is obtained easily from the following equality:

1
Kt<uh,1 — Up,0, Wh,1 — Un,0) + (AUp,1 — AUp,0, Un,1 — Un,0)

= (f,un1 — uno) — (Aug, un,1 — Upyp)-

Thus, by the classical monotone compact argument, (us, , —up n—1)/At converges
weakly to uj, in H () S (). Also, [[Aun(t)|l5,, < [Ifll2+1f — Auo|l2. Thus the lemma
is proved. 1]
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Thanks to the Gronwall lemmas in section 2.3, the stability estimates in terms of
both global boundedness and perturbation of the solutions to (5)—(6) can be obtained
easily. In the following theorem, we state only the results on the perturbation for
(5)—(6), since it will be used later. Using Lemma 2.2 and Remark 2.1, the proof of
this theorem can be obtained by Lemma 2.6 for p € (2,00) and by integration for

€ (1,2). Similar results are also available for all the discrete problems discussed in
this article.

THEOREM 4.1 (stability). Let u(t) and v(t) be the solutions of (5) with initial
data ug,vg € H. Then, there exists a Cy = Cy(a, p, f) > 0, such that fort € Ry,

lu(t) = v(®)]l2 < [u(0) = v(0)[l2{1 + u(0) = v(O)[5*C1t}/EP)if p € (2,00),
lu(t) = v(®)l2 < [u(0) = v(0)2e " ifp e (1,2).

Further, if ug,vo € V([ D(A), then there exists a Co = Cao(a,p, f,ug,v9) > 0 such
that fort € Ry,

lu(t) = v(@)] < Collu(t) —v®[” it p € (2,00),
lu(t) = v(®)] < Collu(t) —v@®y* it pe (1,2).

From the above theorem, we see that for p € (1,2), the contraction is at least
exponential. While for p € (2,00) and f = 0, it is shown to be algebraic only. See [10].
Define @ € V' to be the solution of the following problem: for all v € V,

(Aa,v) = (f,v).

By Lemma 2.3, @ exists and is unique.
Define e(t) = u(t) —u € V for t € R4. Then, for v € V,

<de(t)7v>+(Au_Au,v) =0.

dt

By Theorem 4.1, we have immediately the following theorem.
THEOREM 4.2 (stability). There exists a C; = Ci(a,p, f) > 0 such that for
te Ry,

le()ll2 < lle(0)l|2{L + [e(@)IE*Cat} /P if p € (2,00),
le()ll2 < lle(0)[l2e™ " if p e (1,2).

Further, if ug,vo € V(D(A), then there exists a Co = Co(a,p, f,up,v9) > 0 such
that fort € Ry,

le(®)]| < Calle(®)ly” i p € (2,00),
le(®)]| < Calle(®)ly” if p e (1,2).

By Theorem 4.2, we have the following result from Lemma 4.3 immediately.
COROLLARY 4.1. Suppose f € H, ug € V([ D(A) and u is the solution of (5)—(6).
Then

I t) — Pru(t)]| =0
Jim [lu(t) = Pru(®)] =0,

where the convergence is uniform fort e R, .
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Suppose u is the solution of (5)—(6), up, is the solution of (12)—(13). Then it is
easy to show the following equality: i.e., for all v, € S,(Q2) and for all ¢ > 0,

1d
(15) §%||u —up |3 + (Au — Aup,u —up) = (U — ujy, u —vy) + (Au — Aup,u —vp).

This equality is always used in our later convergence analysis.

Now we state and prove our main uniform convergence theorem.

THEOREM 4.3 (uniform convergence). Suppose that f € H and ug € V(| D(A).
Then up, € C[Ry; Sp(Q)] and it converges to u € C[Ry; V] uniformly fort € Ry | J{oo},
as h — 0.

Proof. We prove the case p € (2,00). The case p € (1,2) can be treated similarly.

It is easy to see that, by letting v, = Ppu in (15), there exists a C' = C(3, p, Co, uo, f) >
0 such that

(16) 5 llu—unl3 + aCgllu — up|§ < Cllu — Pyul.
By Corollary 4.1, for every € > 0, there exists a h. > 0 such that for h € (0, h.),

1
5l — w3 + aChllu — uallg < Ce.

By Lemma 2.4,

Ce \ /P _ Ce \V/?
[lu(t) — up(t)]]2 < max { lluwo — Pruol|2, (aC’é’) } < max {Co L, (aC’é’) .

Thus, for t € R4,
(17) Lim [Ju(t) = un(t)]l2 = 0,
where the convergence is uniform for ¢t € R. Moreover, for t € R,
(18) Jim | Puas(t) — un(®)]2 < Jim [|Pyu(t) — u(t)l> + i [u(t) — un (1)l =0,

where the convergence is uniform for ¢t € R,.
We now prove the uniform convergence in V. Notice that for p € (2,00) and
te Ry,

allu(t) = un(®” < (Au = Aup, u = up)
(Au,u — up) — (Aup,u — Pru) — (Aup, Phu — up,)

<
< || Aullz|lu — unll2 + l[unlP~ lu = Prul| + | Aunll5 || Puu — unll2-

Thus, by Remark 2.1, (17), Lemma 4.5, Corollary 4.1, Lemma 4.6, and (18), the above
inequality yields that for t € R,

Tim [[u(t) — un (t)] =0,

and the convergence is uniform for ¢t € R. o

In the above theorem, we assumed only ug € V' () D(A). Here we are not concerned
much with “optimum” convergence order, but rather the convergence uniform in time,
with no extra regularity requirements.
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We give two theorems below that allow us to get higher convergence rates. For
simplicity, we use ¢’s to denote some generic positive constants that are independent
of h, t and might be different in different occasions. Further dependence of the ¢’s will
be specified only if it is important for the discussion.

THEOREM 4.4 (error estimates in H). Suppose that f € H, ug € V[ D(A) and
r = max{2,p}. Then there exists a constant ¢ > 0 independent of h and t such that
fort >0 and for any v, € Sp(Q),

[u(t) —un(B)[I3 < emax{|uo —un(0)|[3, lu — Uh||i/o:(3+7v)}»
[u(t) = un (I3 + llu(t) = un(Ol7r(r, vy
< cflluo — un0)II3 + llu — vallL1(r, vy }-
In particular, we can choose vy, = Pru and up(0) = Phug.

Proof. Tt is easy to see from (15), using Lemma 2.2, that there exists a positive
constant, C' = C(8, p, Co, uo, f), independent of ¢ and h, such that for all v, € S,(Q),
1d
2 dt
The first estimate follows from (19), using Lemma 2.4, and the second from a
direct integration of (19) and the use of Lemma 2.2. a0
We improve the estimates in the above theorem by making use of the following
two technical lemmas from [2].

LEMMA 4.7. Forp € (1,00) and § > 0, there exist positive constants ¢y, ca, which
depend only on p and d, such that for all €, n € R* and d > 1,

||£|p_2§ - |77|p_277| <l - 77|1_6(\§| + |n|)p—2+6,
(16172 ~ lnfP=2n) - (€ = m) > calé — n** (Il + I}

LEMMA 4.8. For p € (1,00), there exists a g > 0 such that for all a, o1 and
o9 > 0 and for all € € (0, €),

(19) lu = up )3 + aCallu — un||” < Cllu — vall.

(a4 01)P 20100 < e(a+01)P %0} + Cle V) (a + 09)P 203

The following lemma is motivated by the proof of Theorem 3.2 of [2].

LEMMA 4.9. Suppose that f € H, ug € V(\D(A), u and up are the solutions
to (5)—(6) and (12)—(13), respectively. Then, for all v, € Sp(QY), there exist constants
cs,cq > 0, such that, for allt € Ry,

d _
5 llu—unll3 + e / (IVul + [Vun )P~V (u — up) [Pdx
Q
< (0~ u— vn) + ca / (V] + (Vo) 2|V (u — vp)|2de.
Q

Proof. By Lemma 4.7 with 6 = 0 and using (15),

1d
= —lu—unll3 + c2 / (IVul + [Vun )P 72|V (u — up) [*dz
2 dt o
1d ,
< 5%\\11 —uplls + (Au — Aup,u — up)

= (u' —up,u—vp) + (Au — Aup,u — vy)

< (' —uj,u—vp) + e / (V| 4+ [Vur )P 2|V (u — up) ||V (u — vp)|dz.
Q
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Notice that for all &, n € R?,

(20) (&l + D) /2 < lgl+ 1€ = nl < 2(|¢] + [n),

and by Lemma 4.8,
(9l 197 = ) 219 = )V = )
< e [ (Vul+ 19— ) P29 = ) P
e / (IVul + 9 (u = vp) P21V (1 — vp) [2da.

Thus the lemma is proved by considering the above three inequalities. 0

Now we state and prove our theorem.

THEOREM 4.5 (error estimates in H). Suppose that f € H, ug € V[ D(A),
r = max{2,p}, and s = min{2,p}. Then for all v, € Sp(Q), there exists a constant
¢ > 0 independent of h and t, depending on ||vy||, such that for t > 0 and for any
vy € Sh(Q),

2/r 2s/r
lu(t) — un (113 < cmax{fluo — un(0)3, = vl 22 g, iy + lu = onl 2L, 1},

lu(t) = un ()13 + l[u(t) = un(t)]

< e{lluo — un ()3 + llu = vall s (ry o) + llu = val

T
LT(R4,V)

Le(ry )}

In particular, we can choose vy, = Prpu and up(0) = Phug.
Proof. We show that there exist c5, ¢g > 0 independent of h, ¢ such that, for all
t>0,

1d
(21) Sl = unll3 + esllu — unll” < (u' —uh,u—vp) + collu — v,
from which the theorem follows using Lemmas 2.4 and 2.2 for the first estimate and
integrating (21) and Lemma 2.2 for the second.

If p € (2,00), it is easy to see, by Lemmas 4.7 and 4.9, that

1d ) )
5ol = wnll3 + cllu — ]
1d _

< gaplu— e [ (Tul+Vu) 2V~ wy) Pda
2 dt 0

IN

(W =, u— vn) + 4 / (V] + [Vou])P=2V (u — vp)2da
Q

< (' =, u— ) Fcllu —vn?,
where the Holder’s inequality is used for the last inequality.
If p € (1,2), letting ¢ = p(2 — p)/2, we have
5 llu = unll3 + cllu — uplf?

1 d 2/19
A +c{ (9l + Va9l + V79 - uh>|pd:c}
Q



NUMERICAL ANALYSIS OF PARABOLIC p-LAPLACIAN 1879

d
< **Hu—uhll%%/(IWHIVuhD”‘QIV(u—uh)Ide
Q

IN

(u —up,u—vp) + cq / (|Vu| 4 [Vor|)P 2|V (u — vp,)|*dx
Q

< =y — v + c/ (V| + |V (1w — o) )P~2V (u — vop)2de
Q
< (u' —upy,u—vp) + cllu — vpl?,

where the Holder’s inequality is used for the first inequality, Lemma 4.9 for the second,
and (20) for the third. 0

Remark 4.1. 1. The above theorem can be considered as a global version of some
local results obtained in [2]. The choice of v, here is just for estimating errors and
not for computing. But ||vp| must be uniformly bounded with respect to time if v
is chosen as time-dependent. However, this requirement is not explicitly needed for
Theorem 4.4. Considering Lemma 4.4, 11, u is better than P,u in getting higher order
error estimates. Even if u ¢ C(€2), a nonlocal interpolation operator can still be used.
Details are omitted here. Comparing (19) and (21), we see that (21) can give better
estimates on the rate of convergence.

2. The choice of up (0) has more freedom, though this is indeed to be computed. A
first glance of the estimates in Theorems 4.4 and 4.5 seems to suggest that if there is
a large error in approximating the initial condition, then this large error will be kept
forever. This is so for local in time convergence. But things are better in our case. In
fact, we only applied Lemma 2.4 to get the estimates of Theorems 4.4 and 4.5. For
r = max{2, p}, if we use Lemma 2.6 for the case r > 2 and the direct integration for
the case r = 2, then it is easy to see that the error in the initial condition will be
damped away either algebraically or exponentially as t — oc.

In fact, under the conditions of Lemma 2.6, it is easy to see that even if § > 0 is
time-dependent,

1/q
y(t) < (j) T (g — 100,

Thus, for p € (2,00), we have from (19) that there is a constant ¢ > 0 such that
lu(t) = un()lI3 < ellult) = on)|*" + et® =7,
and from (21) that there is a constant ¢ > 0 such that
lu(t) = un ()13 < e(llult) — vall3" + lJu(t) — va][>/7) + et?/ =)

So, for p € (2,00), when ¢ is very large, the initial error can in fact be ignored
completely.

The case p € (1,2) can be treated by a direct integration and it is easy to see that
the decay of the influence of the initial error is exponential as ¢t — oo. These results
are not available from the analysis of [2, 35], as dynamics was not considered there.

3. For p € (2, 00), the condition u € L2(0,T; W22(2)) (" L°°(0,T; W1>(Q)) was
imposed in [2] to get their desired error bound. (The same error bound holds for
u € LP(0,T;W2P(€)); but this is possibly harder to establish for p > 2.) As shown
above, even for global case some estimates can still be obtained without this condi-
tion. Of course, dropping this condition might slightly lower the order of the error
estimates. ]
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Finally we give an error estimate in V.
THEOREM 4.6 (error estimate in V). Suppose that f € H, ug € V[ D(A) and
r = max{2,p}. Then there exists a constant ¢ > 0 independent of h and t such that
fort >0 and for any v, € Sp(Q),
[u(t) = un®N" < c(llult) — un(®)ll2 + [lult) — val)-
In particular, we can choose vy, = ju.
Proof. For p € (2,00),
allu —up|? < (Au — Aup,u — up)
= (Au,u —up) — (Aup, u —vp) — (Aup, vy — up)
< [|Aullzflu = unll2 + llunlP~H lu = vall + || Aup,

< [[Aullzflw = unllz + lJun P~ lw — ol + [[Aun 5 5 (lu = vnll2 + llu — uall2).

|5 nllvn — unll2

The case p € (1,2) can be treated similarly. d

5. The full discretizations with unconditionally stable implicit schemes.
By Theorems 3.1 and 3.2, noticing Lemmas 4.5 and 4.6, it is easy to see that the
following convergence results hold.

THEOREM 5.1. Suppose {up,n} is the sequence generated by the backward Euler
scheme for the semidiscrete problem defined in the last section. Then, it is a Cauchy
sequence in C[R1; V], and it converges to up € C[Ry; V] uniformly with respect to
n, as At — 0. Moreover, there exists c(t) > 0, a constant independent of At,h and
bounded uniformly with respect to t, such that for p € (1,00) andt € Ry,

et (t) = un (@) ll2 + lun,n(t) = un ()" < e(t)(Aty) ",

where r = max{2,p}.

However, still much more effort, both computational and analytical, needs to be
made on how to solve the nonlinear algebraic system derived from the full discretiza-
tion of (12)—(13) efficiently.

Similar treatment discussed above applies to the Crank—Nicholson scheme.

THEOREM 5.2. Suppose that {up,} is the sequence generated by the Crank—
Nicholson scheme for the semidiscrete problem defined in the last subsection. Then it
is a Cauchy sequence in C[R; V], and it converges to uy, € C[Ry; V] uniformly with
respect to n, as At — 0. Moreover, there exists C(ug, f) > 0, a constant independent
of At, h, such that the following estimates hold:

1) If p € (2,00), then

’ 2

[t () — un(t)]|2 < Cluo, f)(At,)P /P,
ttnn () — un(t)]| < Clug, £)(At,)P/P".
2) If p € (1,2), then
[ () = un(t)l|2 < Cluo, £)(Aty) P72,
[whn () — un(t)|| < C(uo, f)(At,)P~D/4,

Remark 5.1. Combining the above results and those of section 4, we get all the
convergence and stability results for the full discretization. Notice that the ¢(t) in
Theorem 5.1 and C in Theorem 5.2 are independent of h. This means that for the
full discretization, our convergence results are independent of the order of the limit
procedure as t,h — 0. |
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6. Appendix. In this section, we give the proofs of some of the Gronwall in-
equalities stated in section 2.3.

1. Proof of Lemma 2.4.

(i) If y9(0) < §/~, then yi(t) < 6/ for t € (0,00). Otherwise, there exist to, t1
such that 0 < to < t1, y%(to) = 6/ and y?(t) > 6/ for all t € (to,t1]. Thus there
exists a t* € [to, 1] such that

y/(t*) _ y(tl) — y(tO) > 0.
t1 —to
However, this is a contradiction since y'(t) < § — yy4(t) < 0 for ¢ € [to, t1].
(ii) If y7(0) > 6/, then y(t) < y(0) for ¢ > 0. This is obvious when y’'(t) < 0 for
t > 0. When it is not this case, since y'(0) < 6 —yy?(0) < 0, then there exists a ty > 0
such that y/'(to) = 0 and y/(t) < 0 for ¢t € (0,%p). Thus y(t) < y(0) for t € (0,to).
Notice that

6—y'(to) ¢

yi(to) <
v Y

< y(0).

Thus, by (i), y9(t) < 6/v < y9(0) for t € (to, 00). O

2. Proof of Lemma 2.7. First, we prove the following claim:

Suppose that ¢ > 1,7 > 0, At > 0 and {z,}5° is a nonnegative sequence such that
form=1,2,...,

Zn — Zn—1
%Jrvzg:o.

If At < 2871 /(qy), then forn=1,2,...,
zo[l + 28 (g - l)nAt]L;f11 < zn < 20[1 + 7928 (g — V)nAL(1 — nyzg_lAt)]q%ll.

Proof of claim. Suppose zg > 0. Let v = a?"!, where o > 0 and for n =
0,1,2,..., w, = az,. Then

Wp — Wn—1

wd = 0.
INE
Since wy > 0, it is easy to see by induction that for n = 1,2,... , w, > 0. Thus,
forn=1,2,..., w, < wp_1. A similar conclusion thus follows for {z,}5°.

We now show that if At < wj~?/g, then for all n = 0,1,2,.. .,
wol1 0§~ g~ Dm0 <, < wgf1 (g nAH1 — pu ! AN,

from which the claim follows.
By the mean value theorem, there exists a 6,, € [w;,, w,_1] such that

n wrlz:({ =1 -q)0, " (wn —wy—1) = (¢ — )0, /(wn—1 — wn)
=(¢—1)0,"wiAt < (¢ — 1)At.

By induction,

wy, > woll +wd ™ (¢ — 1)nAY/ -9,
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Notice also that

wp ™ —w,_ = (¢ — 1)8, Wb At
= (¢ —1)0, 9w} At + (¢ —1)0, Y (wi —w}_;)At
> (g — DAt + (¢ — 1)0, " (w] —w}_;)At.

By the mean value theorem, there exists a v, € [wy,, w,—_1] such that

wd —wl_ =gy (wy, — wno1) = —gyE Wi AL > —qui T wl At
Thus
wr ™ — w4 > (g — 1)At — (¢ — 1)8, 9pwd ™ wl (At)?

> (q—1)At — q(q — Dwi ™' (At)?
= (g — D)At(1 — qul ' At).

By induction, if At < 1/(quwd™"), then
wy < woll+ wd ™ (g — DnAL(L — qui ™ Ar)]/ (D),

Thus the claim is proved.

Now we state the following fact, the checking of which is left to the readers.

Let f,g be increasing functions of x € R' and f be strictly increasing. Let
{un}8°, {vn}&° be two sequences such that ug < vy and forn=1,2,...,

f(un) < g(un_l), f(vn) > g(”n—1)~
Then, forn=1,2,...,
Uy < Up.

Using the claim and the fact above, together with Lemma 2.5, we can prove the
lemma easily with simple calculations. a

3. Proof of Lemma 2.8. (i) If y4(0) < 6/, then by Lemma 2.4, for ¢ € [0, c0),
y(t) < (6/7).

(ii) If y7(0) > 8/, then there is a ty € (0, 00], which is the largest real number or
400 such that for ¢ € [0,t0), y(t) > (§/7)*/9. Then, for t € [0,t0), y'(t) < § —yyi(t) <
0. Thus, for t € [0,t), (6/7)/9 < y(t) < y(0). Noticing ¢ € (0,1), we have for
t €[0,t0)

Y'(t) <6 —yy(t) < 6— vyt (0)y(t).

Thus, by integration, for ¢ € [0, ),

L 5 4 6 7t
) <10+ w0) —v 0 Deer ()

Notice that y*=9(0)(8/) > (6/7)*/9. Combining (i), the lemma is proved. 0
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