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Abstract

In this paper, we investigate extinction properties of the solutions for the initial
Dirichlet boundary value problem of a porous medium equation with nonlocal
source and strong absorption terms. We obtain some sufficient conditions for the
extinction of nonnegative nontrivial weak solutions and the corresponding decay
estimates which depend on the initial data, coefficients, and domains.

1 Introduction
We consider the initial Dirichlet boundary value problem for a class of porous medium
equations with nonlocal source and strong absorption terms

utszum+A/ ul(x,t)dx — Bul, xeQ,t>0, 1)
Q

ulx,t)=0, x€dQt>0, 2)
u(x, O) = Mo(x), RS Q) (3)

where 0 < m, k <1,d,A, 8,4 >0, C RN (N > 1) is a bounded domain with smooth bound-
ary, and uo(x) € L* ()N WS’Z(Q) is a nonnegative function. The symbols || - ||, and || - [|1,5,
where p > 1, denote L7(R2)- and W?(Q)-norm, respectively, and |2| denotes the measure
of Q.

Equation (1) describes the fast diffusion of concentration of some Newtonian fluids
through a porous medium or the density of some biological species in many physical
phenomena and biological species theories, while nonlocal source and absorption terms
cooperate and interact with each other during the diffusion. It has been known that the
nonlocal source term presents a more realistic model for population dynamics; see [1-3].
In the nonlinear diffusion theory, obvious differences exist among the situations of slow
(m > 1), fast (0 < m < 1), and linear (m = 1) diffusions. For example, there is a finite speed
propagation in the slow and linear diffusion situations, whereas an infinite speed propa-
gation exists in the fast diffusion situation.

Recently, many scholars have been devoted to the study of blow-up and extinction prop-
erties of solutions for nonlinear parabolic equations with nonlocal terms. The blow-up
rates and blow-up sets of solutions to equation (1) have been investigated whend =1 =1,
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m > 1, and the linear absorption term is replaced with a nonlinear term with exponent (cf.
[4-9]). Extinction is the phenomenon whereby there exists a finite time 7' > 0 such that the
solution is nontrivial for 0 < ¢ < T and then u(x, ) = 0 for all (x,t) € Q x [T, +00). In this
case, T is called the extinction time. It is also an important property of solutions for non-
linear parabolic equations which have been studied by many researchers. For instance,
Evans and Knerr [10] investigated the extinction behaviors of solutions for the Cauchy
problem of the semilinear parabolic equation

u(o, t) = Aulx, t) — ,B(M(x, t), xeR%.t>0,

by constructing a suitable comparison function. Ferreira and Vazquez [11] studied the ex-
tinction phenomena of solutions for the Cauchy problem of the porous medium equation
with an absorption term

Uy = (u’”)xx—up, x€R,t>0,

by using the analysis of self-similar solutions. Li and Wu [12] considered the problem of
the porous medium equation with a source term

u, = Au + i, xeQ,t>0, (4)

subject to (2) and (3). They obtained some conditions for the extinction and non-
extinction of solutions to equation (4) and decay estimates by the upper and lower so-
lutions method. On extinctions of solutions to the p-Laplacian equations or the doubly
degenerate equations, we refer readers to [13, 14] and the references therein.

Replacing the nonlocal term in equation (1) with a local term, Liu [15] et al. considered
the initial Dirichlet boundary value problem for a class of porous medium equations

ur=Au" +u? - Bu, x€Q,t>0,

and obtained sufficient conditions for the extinction and non-extinction of solutions to
that equation. Thereafter, Fang and Li [16] extended their results to the doubly degenerate
equation in the whole dimensional space.

For equation (1) with 8 =0, g > 0, and N > 2, Han and Gao [17] showed that g = m is the
critical exponent for the occurrence of extinction or non-extinction. When m =1, g > 0,
and N > 2, the conditions for the extinction and non-extinction of solutions and corre-
sponding decay estimates were obtained (cf [18]). Recently, Fang and Xu [19] considered
equation (1) with k = 1, when the diffusion term was replaced with a p-Laplacian opera-
tor in the whole dimensional space, and showed that the extinction of the weak solution
is determined by the competition of two nonlinear terms. They also obtained the expo-
nential decay estimates which depend on the initial data, coefficients, and domains. The
extinctions of solutions to equation (1) with nonlocal source terms do not depend on the
first eigenvalue of the corresponding operator, which is different from the case of local
source terms. The extinction and decay estimates for solutions to the nonlocal fast diffu-
sion equations with nonzero coefficients and strong absorption terms, like equation (1),
are still being investigated.
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Motivated by the above works, we investigate whether the existence of strong absorp-
tion can change extinction behaviors for solutions to problem (1)-(3) in the whole dimen-
sional space. The main tools we use are the integral estimate method and the Gagliardo-
Nirenberg inequality. This technique has a wide application, especially for equations that
do not satisfy the maximum principle (cf. [20]). Our goals are to show that the extinction
of nonnegative nontrivial weak solutions to problem (1)-(3) occurs when 0 < k < g <1and
to find the decay estimates depending on the initial data, coefficients, and domains.

Our paper is organized as follows. In Section 2, we give preliminary knowledge including
lemmas that are required in the proofs of our results and present the proofs for the results
in Section 3.

2 Preliminary knowledge

Due to the singularity of equation (1), problem (1)-(3) has no classical solutions in general.
To state the definition of the weak solution, we let Q7 = Q2 x (0, T) and firstly define the
class of nonnegative testing functions

F={&:£ € C(Qr) NC* (Qr), &, AE € L*(Qr);§ = 0, |sax(0,7) = 0}.

Definition1 A function u € L*°(Qr) is called a weak subsolution (supersolution) of prob-
lem (1)-(3) in Qr if the following conditions hold:

a. u(x,0) < (=) up(x) in ;

b. u(x,t) <(>)0on a2 x (0,T);

c. Foreveryt e (0,T)and every & € F,

T
/Qu(x,t)g(x,t)dxf/s;uo(x)é(x,O)dx+/(; /Q{ués+du AE

+ A/ ul(y,s) dyé (x,s) — Buk(x,9)E (x, s)} dxds.
Q

A function u is called a locally weak solution of problem (1)-(3) if it is both a subsolution
and a supersolution for some 7T > 0.

Remark1 The existence and uniqueness of locally nonnegative solutions in time to prob-
lem (1)-(3) can be obtained by the standard parabolic regular theory that can be applied to
get suitable estimates in the standard limiting process (cf. [2, 21, 22]). The proof is similar
to the ones in the cited references, and so it is omitted here.

Lemma 1 Let k, o be positive constants and k < 1. If y(t) is a nonnegative absolutely con-
tinuous function on [0, +00) satisfying the problem

d
Diat <0, 120, y(0)=0,
dt

then we have the decay estimate

O < [H0) — a1 -] F, e o, T.),

y() =0, te [Ty, +00),

1-k
where T, = '2(1—_(](3;.
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Proof By solving the initial problem

d
d_y +Olyk=0; t>0; y|t:0 =_y(0))
t
and using the comparison principle, one can easily obtain the result. d

Lemma 2 (The Gagliardo-Nirenberg inequality) [23] Suppose that u € Wg’m(Q), l1<m<
+00,0<j<k,and1l> % > % - % We then have the inequality

| D], < C|[DFul]) el

where C is a constant dependingon N, m, r, j, k, and q such that l =5+ 0( ) + % and
0 €[0,1). Whllelfm<— then q € [ 1, andlfm> thenqe[

+oo].

N+r/’N k —j)m N+r]’

3 Main results

In this section, we give some extinction properties of nonnegative nontrivial weak solu-
tions of problem (1)-(3) stated in the following theorems. The corresponding decay esti-
mates to the solutions will be presented in the proofs of the theorems for brief expressions
instead of in the statements.

Theorem 1 Suppose that 0 < k <1 and 0 < m = q < 1. Then the nonnegative nontrivial
weak solution of problem (1)-(3) vanishes in finite time for any nonnegative initial data
provided that either |Q| or A is sufficiently small.

Proof We first consider the case that N =1 or 2. Multiplying both sides of (1) by # and
integrating the result over €2, we have

+ﬂ||u||£:}=xf u’”dx/ wdx.
Q Q

By Holder’s inequality, we get the inequality

51 -1-
f mdx/”dx<|9| T e,

In particular, if s; = 2, we get the inequality

——II ull3 +

S

m L
m” I3+ G 1V 2 4 Bl < A9l ul, o

from the two expressions above. By using the Sobolev embedding inequality, one can show
that there exists an embedding constant y (N, 2) > 0 such that

m+1 || m+l

<yNQ”Vu B

w7 ”

m+l

lal e, < v (N, Q2| Vas" |2

m+l)sy — 2°
2
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In particular, if s, = ﬁ, then the inequality above turns out to be
Y (N, Q)72 |l < ||VM ||2 (6)

Since 0 < m < 1, we get % > 2, and hence, inequality (5) becomes

4md

som +1 12 +
2mn I3 + [W—KIQI y(N, Q) ]||w |5+ Bllullfi <o. 7)

By Lemma 2, we get the inequality

26;
itz = CONm V™ | ®

1 1y 1 1 1 \-1_  NQQ-k)(m+l)
(L (L -1 emd L) W Since N=1or2,and0<k<1,

it can be easily seen that 0 < 91 <1

where 0; =

It then follows from (8) and Young’s inequality that

k k k1 (1-6 ma1 2Ky
laell§ < CN, m, k)9 2470 | V ™5 | 78

k1(1-61)(m+1)

< CIN, m, KM (| Va2 |2 + COm)luall 57757, ©)

where k; > 1 and »; > 0 will be determined later. If we choose

(k+1)(m+1) 4k +1) +2N(m - k)
A-0)m+1)+61(k+1)  4+Nm-k)

ki =

’

k1 (1-67)(m+1)

then1<k <2and -L=F 700

=k + 1. From (9) we have

C(Nrm’k)iklﬂ” ” 711,3
C(m) 2 = Cn)

m+1

| Va2 |5 + Blluelf2h. (10)

By inequalities (7) and (10), we get the inequality

4md ,  mP a1
2dtn I3+ [W—MQI y(N, Q) - C(m)]nv 2
CIN,mk)y™MB 4
THHHZ <0.

Here, we can choose 71 and A or |2| small enough so that

4md 3om mp_ _
—— — Q77 y(N, Q) - >
(m+1) C(n 1)
Setting C; = SRS e have 2 lufl, + Cillullf ™ <.
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By Lemma 1, we then obtain

1
lullz < [luolly™ ~ CL2 —k)E] T, te(0,Ty),
llull2 =0, te[Th,+00),
o3~

C1@2-k)”?
Secondly, we consider the case that N > 2. If % < m < 1, multiplying both sides of (1)

where T} = which give the decay estimates in finite time for N =1 or 2.

by u° (s > m) and integrating the result over 2, we get

m+s
|Vu 2

o1 Admsd |
)2

2 k+s m s
ulih+ —— +Bllulli=A | u dx/ u'dx.
s+1dt’ 7 (m+s 2 ¥ Pllllss /Q Q

By Holder’s inequality, we have the inequality

2s3—m—s
/ umdx/ wdx <|Q 5 |lullg™.
Q Q
In particular, if s3 = s + 1, we then get the inequality

Li” |s+1 dmsd ” mts

u|5T +
+1dt" 1 (m+s)?

5—

2 m+2
S+ BllullEs < AQU |ulzys (11)

+s — s+1

by the two expressions above. By the Sobolev embedding inequality, one can see that there
exists an embedding constant Cy > 0 such that

m+s |12 n+s

2

|2 " <GBV (12)
Using Holder’s inequality again, we have the inequality
m+s  N-2 mis 12
Nl < 18 a2 | oy (13)
N-2
From inequalities (11), (12), and (13), we then obtain the inequality
1 d 4msd 2 m+s 2
—— —Jlu|5 —ACHQMN || Vu ||+ Bllult <o. 14
ol [(MH)Z QR [V |+ Blulf: < (14)
By Lemma 2, we can also have
1-0y mrs | 22
lullsen < CON, k)l | Vu= |77, (15)
_ 1 Tyl 1 11 _ _ NO-K)(ms) . N-2
where@z—%(m—m(ﬁ—§+%m) —m.&nmmfrm<land
0 < k < 1, one can easily see that 0 < 6, < 1. Then it follows from (15) and Young’s inequality
that
2kp 0
k k(10 mes m+s
lully2y < CON K, 82 e 20| Va5 |

ko (1-69)(m+s)

< C(N k)2 (s | Va5 ||} + Clm)lluel 7772 ), (16)

+S

Page 6 of 13


http://www.boundaryvalueproblems.com/content/2013/1/24

Xu et al. Boundary Value Problems 2013, 2013:24
http://www.boundaryvalueproblems.com/content/2013/1/24

where k; > 0 and 7, > 0 will be determined later. If we choose

K (k+s)(m +s) 2(s+1)(k+s)+N(s+1)(m k)
27 (1-6)(m+s)+0,(k+s) 2(s+1) + N(m - k) ’

ko (1-67)(m+s)

thens <k, <s+1and
m+s—kp 6o

=k + 5. We then have the inequality

CIN k)28 el vt

= k+s
Cn) )2, < Cn) + Bllull 17)

k+s

by (16). From inequalities (14) and (17), we can also obtain the inequality

1 41 4msd 2 142 nzﬁ m+s
- - S _ Q +N _
+1dt ” s+ |:(m +5)2 ol€2] C(n2) ”
C(N,k,s) B u ”
C(n2) s =

2
Here, we can choose 7, and A or |2| small enough so that 2754 _ 3 C2|Q|'*~ — b > Q.
(m+s)? 0

s) Cln2)
Setting C, = W < 0 from the inequality above. By

Lemma 1, we obtain that

ko—s

d
» we have Zlullsi + Callullsy

1—k _1
leellsar < [0l 2 = Cals + 1= k)t |52, t e [0, Ta),
”u||S+1 = 07 te [TZ’ +OO),
oIS}
where T = c(zsjiflk’ which give the decay estimates in finite time for N > 2 such that
N-2
No Sm< 1.
Ifo<mc< % %, one can show that there exists an embedding constant Cyo > 0 such that
m+s (7) m+s C2 1- W mis 12
a2 = 19207 N0l ) < Chol @I X [ VaS |

N (1 N@-m) _1) and integrating the result over £, and

by multiplying both sides of (1) by #* (s >
the Sobolev embedding inequality. By using the inequality above and a similar argument

as above, the following decay estimates can be obtained:

C(N,k,s)™28

1
s+1—ky s+1-ko N
lullsir < [ Nutolly ™ = (s+1-k)t , te(0,T3),
C(n2

”u”SJrl = 0} te [T;, +OO),

provided that
4msd D(N+2) | s-ms2

(o 2 )2 C(2)0|Q| Nomre) 1 _ 772/3 >0,

(m +5)> C(n2)
where T = _Cmluoli™ 2 -

¥ =

C(Nk,s) %2 B(s+1—kp) *

Page 7 of 13
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Theorem 2 If 0 < k < 1, then the nonnegative nontrivial weak solution of problem (1)-(3)
2k(s+1)+N(m k)

vanishes in finite time provided that uy, |2| or A is sufficiently small, and q > s DN *

where if N =1 or 2, then s =1, and if N > 2, then s > m.

Proof Assume that g <1.If N =1 or 2, multiplying both sides of (1) by # and integrating

/S;uqu/s;udx. (18)

By (10) and (18), and using Holder’s inequality, we get the inequality

the result over €2, we have the equation

k+1 _

2dt” I+ (m 1)2”

2, SN KRB
2* C(m) >

dmd nlﬂ “ m+1
2dt” Iz + [(mu)fcwn]

1
<1207 |l 5"

4md mA

Choosing 7, small enough so that me)? ~ o)

> 0, we obtain the inequality

C(N,m, k)™ B

d k1—1
dt”u”2 + lull; o)

~ ARl ul “”]so.
Hence, we have the inequality

d =

—lulla + Csllulls' ™ <0

gl + Gallully =
provided that

C(N, m, k)™ g |k
luolla < |~ 2
Cim)rl =

and
4k + N(m - k)
>ki-1=————,
>4 4+ N(m-k)
where C; = %nklﬁ A|Q| ||uo [En k#1350, from which and a similar argument as the

one used in the proof of Theorem 1, the following decay estimates can be obtained:

1
lulls < [lluoll3™ = C3(2 - k)e] R, te0,Ts),

llll2 =0, ¢te[Ts,+00),

HMoIIZ
C3(2—k1) *

If N > 2 and 0 < m < 1, multiplying both sides of (1) by u* (s > m) and integrating the

ul|k+s :A/ uqu/ u’ dx. 19)
Q Q

where T3 =

result over €2, we get the equation

4dm
1
s+1dt iilJr(rn )2HVM
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By (17) and (19), and using Holder’s inequality, we obtain the inequality

1 d sil |: 4msd 7’]2/3 i|” m+s HZ
2

_IE”u'”lJr (m+s)>  C(n)

C(N,/(,S)szﬂ +s
S P a2, < QT ||u|q
C(n2)

s+1°

4msd 28

(m+s)2 — Cln2)

Choosing 7, small enough so that > 0, we have

—Nullser + Nl gy

C(N, k,s)™ g2 g
> 3[7( DB i ) kZ”] <0.

dt C(n2) g

Therefore, we obtain the inequality

ko —.
l#llssa + Callull " < 0

E s+l =
provided that
C(N,k,s)p Thow
gl < | =22 |7,
Cln)A|Q| T
and
2k(s +1)+ N(m—k)
q>ky—

2s+1)+Nm-k)’

C(N,k,s)szﬂ _ )\|Q|% ||Lt0| q-ka+s

roCh) w1 >0, which yields the following decay esti-

where C, =
mates:

1
lallson < [luollSi™ = Cals + 1 - k)], £ € [0, Ta),

s+1

lllss1 =0, € [Ts,+00),

s+1-k:
luollyy, 2
Ca(s+1-kg) *

Since s > m, we have 2(s + 1) > 2m + 2, and hence, if k > m, then g > ky —s > m.

where T, =
Assume that g > 1. If 44 is the first eigenvalue of the boundary problem
—AY ) =AY(x), x€Q Y =0, x€d,

and ¢1(x) > 0, |l¢1]leo =1, is an eigenfunction corresponding to the eigenvalue A3, then for
1
sufficiently small a > 0, it can be easily shown that a,” (x) is an upper solution of problem

1
(1)-(3) provided that uo(x) < ag,” (x), x € Q2. We then have u(x,t) < a¢;(x) for ¢ > 0 by the

comparison principle. Therefore, from equation (19), we can obtain the inequality

L Ly [Wd _rarnciioh - 2L ]II E

seide st G 0 C(n2)

C(N,k,s) ™ p u ”
C(n2) e
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from which the following decay estimates can be obtained:

s+1- C(N,k,s)_kzﬁ
g1 < [nuons& o222 B

(s+1—k2)ti| , te(0,T;),

C(nz
lullgs1 =0, te[Ty,+00),
provided that
4msd e T mp
(m +5)* C(nz) -
where T* — Clm)llugllST 2 .
* =

C(Nkys)™*2 B(s+1-ko) *

Remark 2 Since the Sobolev embedding inequality cannot be used in the proof of The-

N-2

N when

orem 2, it is not necessary to consider the cases that 3; N 2 <m<landO<m<
N > 2. In addition, if k > m, the conditions in Theorem 2 imply that g > m.

Theorem 3 Suppose that 0 < k <1 and m > q > k. Then the nonnegative nontrivial weak
solution of problem (1)-(3) vanishes in finite time for any nonnegative initial data provided
that B is sufficiently large.

Proof We first consider the case that N = 1 or 2. Multiplying both sides of (1) by « and

integrating the result over €2, and using Holder’s inequality, we get

L+ 2md_
1d o md
2 dt 27 m+1)2

:A/ I/lqu/ wdx < 1| ||ull%).
Q Q

| m+l

k+l
>+ Bllulf

By Lemma 2, we have the inequality

il < CON K@)l | V" |7, (20)
_ 1 1 1 +1 -1 _ N(g—k)(m+1) .
where 93 = e (m - m)(ﬁ - E m2 k+1) m S [0,1). Since q<m,we

have m +1— (q +1)03 > 0. It then follows from (20) and Young'’s inequality that

1 1)(1-63) ml Ha+lty
MRl < AMQUICWN, k@)l &5 | V™5 | T
el 12 (q+1) 11 (03)1(;;”1)
< MQICIN, k&, g™ (ns | Va3 |2 + Clns) el 7% ), (21)

where 73 will be determined later. From (18) and (21), one can see that

4md i ml 2 k+l
5%” ||2+|:m—n3AIQIC(N,k,q)q :|HVM 2 ||2+ﬁ||’/l||k+1

(g+1)(1-63)(m+1)

< Cna)AIQUCN, k, )T flull 1

Page 10 0of 13
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We then obtain the inequality

1d 9 dmd
- 0 )»QCN,I, q+1 -2 m+1
2dt||u||2+[(m+1)2 n3A|QUCN, &, q) ] llll3

+ ullE[B = Ca)AQUCIN, K, @) Hlull$, ] <

1)(1-63) (m+1) K)(k+1)
by (6) and the inequality above, where o4 % (k+1)= #A([(;q > 0. We

can choose 13 small enough so that Cs = —m3A|Q|C(N, k, )T > 0. Once 73 is fixed,

(m+1
we may choose § large enough so that

B — Cn3)AIQUCIN, k, )" |u|l, > 0.

Hence, we have the inequality

— lu|ls + Cs||lu||) <0,
dt” ll2 + Csllully <

from which the following decay estimates can be obtained by a similar argument as the
one used in the proof of Theorem 1:

L
=

llella < [lluolly™ = Cs(1 — m)e] = € [0, Ts),

”MHZ = O¢ te [T51 +OO),
llug I3

C5(1-m) *
Secondly, we consider the case that N > 2. If ﬁ,% < m < 1, multiplying both sides of (1)

where T;5 =

by #® (s > m) and integrating the result over €, and then using Holder’s inequality, we get

1 d 4‘I’I’ISd m+s |2
— Ittty — Va2 |+ uk+S=A/uqu/usdx<AQ ul|2*5.
— 77158 (m+s)2|\ 15 + Bl i | wdx < 2Rl

By Lemma 2, it can be shown that

ltllges < CONL kg, 8) el | Va2 || 37 ”’”, (22)
_ 1 1 1 1 \-1 _ N(q—k)(m+s) .
where 94 = %(m - E)(N — E m2+s k+s) = W S [0,1) Since q < m, we

have m + s — (g + 5)04 > 0. It then follows from (22) and Young’s inequality that

s o 2a+s)0

MU < AQICIN, k, g, )T ||ul| 00 | w5 | s

q+s k+s

(g+s)(1-64) (m+s

< MQICIN, k4,97 (na | Vi E |5 + Caa) a7 ), (23)

where 74 will be determined later. From (19) and (23), one can see that

1 d 4 d m+s
——||u|”1+ [% naA|QUC(N, k, g, s )q”] Vi

1z s+ Blulli

k+s

(g+5)(1-04) (m+s)

Ca)AIQUCIN, k, q, )T ull 7T

+
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By (12), (13), and the inequality above, we can obtain the inequality

1 d 4dmsd
—— — [lul$] + Bl - 1A |QIC(N, k, q,5)7" | C3? 2|
(m + 5)2 0

R

s+1de’ st +5) s+l

+ ullf5[ B - Cna)AIQUCWN, &, q,5) 7 lull}2,] <0,

k+s k+s

_ (gq+s)(1—04)(m+s) _ 2(g-k)(k+s)
where a2 = m+s—(q+5)04 —(k+S) = 2(k+s)+N(m—q)

Co = [2d _ 3, A|QUCN, k,q,s)q*s]C(}zIQlA%’ys%s > 0. Once 74 is fixed, we can choose

(m+s)?
large enough so that

> 0. We can choose 14 small enough so that

B = Ca)AQUCN, k, q,5)"*||ull’, > 0.
Hence, we can obtain the inequality
Zpllsea + Cellulliz, <0,
from which the following decay estimates can be obtained:

1
lllsea < [lluolls " = Co(l—m)e] ™", £ € [0, Te),

s

”u”s+1 =0, te [T6: +OO),

ol
where T = Calo
Similarly, one can obtain the following decay estimates for 0 < m < %:
4msd
1-
lleellsa < {||M0||s+1m - [W - 774)»|Q|C(N;k,q,5)q+s:|
1
9 1— (s+1)(N+2) I-m "
x Cool ] Nl (1 — m)t , tel0,Ty),
lullsi1=0, ¢e[Tg,+00),
here T* = llug I 151 0
where Lg = LGN
[ (jn"jgg —aAIQICIN K, g.8)T1C3IR N+ (1-m)

Remark 3 One can see from Theorems 1-3 that the extinction of nonnegative nontrivial

weak solutions to problem (1)-(3) occurs when 0 < k < g < 1.

Remark 4 Theorems 1-3 all require |$2|, A, or 4, to be sufficiently small or § to be suffi-

ciently large.
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