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Abstract. This note is devoted to the study of the long time behaviour of the solutions to the
heat and the porous medium equations in the presence of an external source term, using entropy
methods and self-similar variables. Intermediate asymptotics and convergence results are shown
using interpolation inequalities, Gagliardo-Nirenberg-Sobolev inequalities and Csiszar-Kullback
type estimates.

1. Introduction. In this note, we study the large time behavior in L*(R) of solutions
to the Cauchy problem for the porous media equation (m > 1) and the heat equation
(m = 1) in the presence of an external source term:

(1) v =Av"+G(z,t) zeRY, t>0,
(2) v(x,0) = vo(x) .
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Here, we always assume that vg € LY(RY) and G € LY(RY x [0,T]) for every T > 0.
For m = 1, the solution of problem (1)-(2) is given by the well-known Duhamel formula.
On the other hand, in the nonlinear case m > 1 the unique solution to (1)-(2) can be
obtained e.g. via the theory of nonlinear semigroups (cf. [20]).

Concerning the large time behavior of solutions, it is known that under the additional
assumption G € LY(RY x [0,00)), we have

3) Jim [o(-t) — Bar, (1)1 =0
where the L'-norm is denoted by || - || and Ejs_ is the source-type (or fundamental)

solution to the homogeneous problem
E,=AE™, E(0)= My do
with mass

My = lim u(z,t) de = / uo(x) dx +/ G(z,t) dx dt .
RN o JrN

t—o00 RN

If m > 1, Ey, is a self-similar solution given by Barenblatt’s formula

m—1 1/(m—1)
B (z,t) =t VRt F(z) = (C —k—— |£C|2)
2m "
with k = (N(m — 1) + 2)~1. The parameter C > 0 is linked with the mass M in such a
way that [~ En, (2,t) dz = My, for all t > 0 (cf. (8), below). For m = 1, this special
solution is simply given by the heat kernel

e lel?/(at)
EMOO(:Z?,t) = Moo W .

The proof of (3) for m > 1 as well as several other results and relevant references
concerning the porous media equation (including smoothing properties of solutions) can
be found in the review paper by Vézquez [20] and his book [21]. An analogous result
for the heat equation (m = 1) can be obtained directly from the explicit formula for the
solutions, see for instance [8, Thm. 6.1].

The so-called entropy methods allow us to study the convergence of the solutions of
Fokker-Planck type equations towards the equilibrium (cf. [3, 18, 1, 14, 12, 11]) in cases
where the mass is preserved. It is the purpose of this note to show that such methods
can also be applied to equations where the mass M = fRN v(z,t) dx is not conserved
in time and eventually diverges as t — oo. More precisely, we improve estimate (3) by
deriving rates of convergence in L'(R¥) for the solutions to (1)-(2). Furthermore, these
rates are optimal as can be checked on Fokker-Planck type equations without external
source terms.

This note is organized as follows. After recalling the known results concerning entropy
methods for the homogeneous case in Section 2, we set the problem in the nonhomoge-
neous case in Section 3 and compute the variation of the relative entropy with respect to
some appropriate instantaneous steady state. The last two sections are then devoted to
applications of calculations from Section 3 to the heat and porous medium equations.



Our goal is not to cover the most general case but rather to illustrate the use of

relative entropy methods. For simplicity, we shall therefore assume that m is in the range
[1,3/2].

2. Homogeneous equations. First, let us recall some known results in the case when
the external source term G(x,t) is absent in equation (1). The standard strategy of
entropy methods says that, instead of working with (1) directly, the following change of
variables (which is a space-time, or time dependent, rescaling) defined by

(4) u(y,s) = eV* (ye k(s/k—l)) withkzm
transforms the Cauchy problem (1)-(2) with G = 0 into the Fokker-Planck equation
(5) s =V - (VU™ + yu)
while the initial datum is unchanged
u(y,0) = uo(y) = vo(y) = v(y,0) .

Equation (5) has the one-parameter family of stationary solutions given by the Baren-
blatt-Prattle formula

1/(m-1)
m — .
©) ) = (€= 52 o) it m 1
+
and by the Gaussian
e—lvl*/2

The standard theory that we expose below applies for any m > (N —1)/N if N =1, 2,
and for m > (N —1)/N if N > 3. From now on, we assume that these conditions are
always fulfilled. If m > 1, the constant C in (6) is chosen in such a way that

/ uso(y) dy =M = | u(y,s) dy
RN RN

for all s > 0, which means

®) A = Ry (27rm)% (%)
L% +a)
(see [14] for more details). Now, to shorten notations, we define

ulougf o £

m—1

vz

9) o(u) =

ulogu if m=1.

According to [16, 17], it is well-known that the entropy,

(10) Sfus)) = [ [otuls)+ 5 P u(w.s)] dy.



plays the role of a Lyapunov functional in the study of the large time behavior of the
solutions to (5). First of all, it is decreasing along trajectories:

(11) disE[u(-, s)]=— /RN u ‘y + VU/(U)‘Q dy =: —I[u(-, s)] .

Moreover, the right hand side of (11) controls the relative entropy
Yultse] = Elu] — Eluse)

i.e. the difference of the entropy of u and the entropy of the stationary solution u.., by
means of the convex Sobolev inequality:

1
(12) Elufuce] < 5 1[u]
for any nonnegative u € LY(RY), provided m > (N — 1)/N, N # 1, 2. This inequality
is the critical Sobolev inequality if m = (N —1)/N, N > 3, one of Gagliardo-Nirenberg-
Sobolev inequalities if m > (N —1)/N, m # 1 and the logarithmic Sobolev inequality if
m = 1. This can be rewritten as

1 1
[ (ow+gPa)dy-x <5 [ aly+ V@l a.
RN 2 2 RN

where K is given in terms of M = [lully by K = [px(0(tos) + 5 [y]? use) dy, and (6) or
(7). Note here the important identities

(mC—1)/(m—1)—[y*/2 if m#1,
o' (uss(y)) =
logM — & log(2m) — |y|?/2  if m=1.

Thus we may rewrite X{ulus] as

Ylulus] = /RN {o(u) — 0 (Uoo) — 0 (o) (u — uoo)} dy .

For m =1 (so, o(u) = ulogu), inequality (12) is the logarithmic Sobolev inequality with
optimal constants, see [10, 18, 19]. We refer the reader to [1, 14, 12] for detailed conditions
under which (12) can be proved by direct variational methods or by entropy methods for
m > 1, as well as for more general o (also see [11, 7]).

Hence, the Gagliardo-Nirenberg-Sobolev inequality (12) applied to (11) gives an ex-
plicit exponential decay of the relative entropy of solutions to (5):

(13) [u(-, 8)|too] < Eluo|tioe] - €.

The next step is to measure the exponential convergence of u(-,t) towards u in terms
of a norm. This can be done using the Csiszar-Kullback inequality, for m = 1, as follows.

LEMMA 1. [13, 15] Let ¢, ¢po € L (RN, dp). Assume that o is a convex function on R
such that 0 = (1) = ming+ o and
K= min{ inf o”(t), inf o’(1+60t)(1 +t)} >0
t€[0,1] 0220,
is positive. Then

4 M
(14) 6 = oll71 @n g < K fon (%) ¢o dp



with M = max {[|¢]l 1@~ ap), doll L1y ap }-

Inequality (14) was introduced in [13, 15]. We refer the reader to [2, 14, 9] for a proof
of Lemma 1 and some extensions.
If m = 1, one combines inequalities (14) with (13) to obtain

lu(-; 8) = usoll} < 4M Euolucd] - €™

for all ¢ > 0. When m > 1, several approaches are possible. One can for instance control
a weighted L!-norm, see, e.g., [14, 7]. With some additional work, one can also obtain a
control of the usual L'-norm like in the case m = 1 as it was done in [12]. Below, see
Proposition (2) in Section 5, we recall some of these results and give a self-contained and
slightly simplified proof.

Finally, going back to the original problem (1)-(2) with G = 0, via the time-dependent
rescaling (4), one shows that for each m € [1, 2]

1
N(m—1)+2
for all ¢ > 0 and a constant C depending only on M, Xfug|uc], and m.

—2k
t
|ww%4mumﬁso@+g> with k—

3. Nonhomogeneous equations. In the case of the Cauchy problem (1)-(2) with
nonzero external source terms, calculations are similar. We use the space-time change
of variables analogous to that in Section 2:

(15) u(y,s) = eNSv(yes,k(eS/k—l)), k:m,
F(y,s) = eWNF25G (yes, k(e/k —1)),

which transforms the Cauchy problem (1)-(2) into

(16) us =V - (Vu™ +yu)+ F(y,s),

(17) u(y,0) = uo(y) = vo(y) -

The main assumption of this note reads as follows.

ASSUMPTION 1. Let m € [1,2]. The nonnegative functions ug and F satisfy
up € LN L™(RY) |, |y|?uo € LY(RY) ,

F e L'RYN x [0,T]) N L'([0,T], L' =) (RN))

for all T > 0 (in the case m = 2, LY/2=™)/(RN) means L= (RN) ). If m = 1, we assume
moreover that

uglogug € LY(RY) and FlogF € L*(RY x [0,T])
for all T > 0.

This assumption implies, in particular, that the mass of the solution to (16)-(17)

) we = [ sa= [ was [ [ P das

is positive for all s > 0.



Under the change of variables (15), with ¢t = k(e*/* — 1), = ye®, the mass is
preserved

M(s) = /]RN u(y, s) dy = /RN v(z,t) do =: M(t) .

Define the family of the instantaneous steady states or local Gibbs states for m # 1
by:

1/(m—1)
m—1

19 oy, ) = _m=be 7

(19) wel9) = (€)= S o)
so that the choice of the function C(s) guarantees

(20) / Uoo(y,8) dy = M (s) forall s>0.

RN
Hence, C(s) is given in terms of M (s) by the formula (8). If m = 1, we simply put
e lvl?/2
(21) Uoo(y, s) = M(s) W :

Now, in the case of solutions to the nonhomogeneous equation (16), we do not expect
the entropy X[u(-, s)] defined in (10) to decrease because of the presence of the external
source term F'(y, s). Let o be given by (9). Our goal is to show, however, that the relative
entropy

£(5) = Sl 8)usel, )] i= ful )] - Sl (15)]
@) = [ o) = ol 5) = o e 9) (0(9:5) = 9 ]

still can be used to show the convergence of solutions towards the family of instantaneous
steady states defined in (19) and (21). The crucial estimate is contained in the following
proposition. We state it here at a formal level and will explain in Sections 4 and 5 how to
extend it to more general solutions corresponding to initial data satisfying Assumption 1.

PROPOSITION 1. Let u be a sufficiently smooth solution to problem (16)-(17). Then

(23) disE[uhLoo] = — /]RN uw| Vo' (u) — Vo' (uso) | dy +/R [0’ (u) — 0/ (uso)] F dy .

N

Proof. The derivation with respect to s of 3(s) = X[u(-, s)|uso(+, )] gives
dx d

R JA LRSI

(24) = /RN [U/(u) — J’(um)} us dy — /RN (a/(uoo))s (u— ux) dy

Because of (19), the second term can be written as
d
[ (o) =y dy =5 [ w=ue) dy =0,
RN s ds RN
where C = C(s) is the function of M(s) which appears in (19) if m # 1 and dC/ds =
—M'(s)/M(s) if m = 1. Using (16) and integrating by parts, the first term on the right



hand side of (24) is
/]RN [U’(u) — 0 (uoo) | us dy = — /]RN V{J’(u) - a/(uoo)] (Vu™ + yu) dy
[ =) Py,

which proves the result using Vu™ + yu = u[Vo'(u) — Vo' (uss)]. O

Remark 1. If we integrate equation (23) with respect to s, all quantities will be well
defined and, as a consequence, u and |y|? v will be bounded respectively in L>°(R*, L' N
L™RYN)) and L*®(R*, LY(RY)). Since u — X[ulus] and, for 1 < m < 3/2, u
Jan u|Vo'(u)|? dy are convex, we can then easily extend (23) to less regular functions
by a density argument. Note that the convexity of X[u|us] holds under the constraint
that for any s > 0,

(25) /RN u(y, s) dy = M(s) = /]RN Uoo (Y, ) dy .

Here, the restriction m < 3/2 in this reasoning comes from the fact that we use the
convexity property of u — [~ |Vu7|? dy, which holds true if and only m —1/2 = v €
[1/2,1] (see [5, 6]). For m > 3/2, a further analysis of the regularity of the solutions
would be required to proceed as in the homogeneous case (cf. [12, 14]). O

Remark 2. It is remarkable that even when the mass varies, X[ulus] is still a good
Lyapunov function. Actually this holds because the constraint (25) is taken into account
in the definition of u.. For several reasons, it makes sense to write that X[u|u] is the

relative entropy of u with respect to u. See [4] for more comments on this type of issues.
O

The next step is to combine equality (23) with the generalized Sobolev inequality (12)
and to find an estimate of the second term on the right-hand-side of (23) by a quantity
independent of u. This procedure is realized in the next two sections for the heat equation
(m = 1) and for the porous medium equation with 1 < m < 3/2, separately.

4. Application to the heat equation. Consider first the non-homogeneous heat equa-
tion

(26) ve=Av+G(x,t), zeRY t>0.
By the time dependent rescaling (15) with m = 1, we have

(27) wres) = o (ve g 1),

(28) Flys) = N¥e@ (y 5 (2 - 1>) '

Hence, equation (26) is transformed into a Fokker-Planck equation with the additional
external source term F

(29) us =V - (Vu+yu)+ F(y,s) .



This equation is supplemented with the initial condition

(30) u(y, 0) = uo(y) -
Let us recall that the stationary steady state uo, of the homogeneous problem V- (Vu, +
YUoso) = 0 is given by the formula (21) and the mass M(s) of the solution is defined
by (18):
B B e—lul?/2
Uso(y,8) = M(s)uly) , uly) = e

Our main result on the large time behavior of solutions to (29)-(30) reads as follows.

THEOREM 1. Suppose that ug, F(-,s) € LY (RN, (1 + |y|*) dy) for every s > 0 satisfy
Assumption 1. Then for all s > 0, the solution of problem (29)-(30) satisfies the inequality

S[uo|too (0 27'/F10< >dd7’.
0| / RN g fRNFd Y

Proof. For m = 1, the relative entropy of the solution u with respect to us given by (22)
takes the form

(s) = Slus)unos)] = [ utyoyton () dy

oo (Y, )
Hence, it follows from Proposition 1 that

dX U
— = d F1 —— | dy .
ds /RN” y+/RN Og<M(S)U> Y

Next, we use the Logarithmic Sobolev inequality (12), which in this case reduces to

1
Yulus] < —/ u
2 RN
dy

d_< —23u(, s)|u(:, s)] + RNFlog (uoo) dy .

(s, ) =ttoes, I3 < 40 (s) 2

(31)

2

2
dy ,

and obtain

Finally, after multiplying this inequality by e?* and integrating with respect to s, we

arrive at
$(s) < e 2 [2(0) n /O 2" </sz F(y,7)log (%) dy> dT} .

We are going to estimate the second term of the right hand side of this inequality using
the lemma formulated below.

LEMMA 2. Assume that f and w are two nonnegative integrable functions on RN. Then

(32) [ e () v [ #vs ()



Proof. Apply Jensen’s inequality to the convex function ¢ — ¢ log ¢ and the probability
measure du = ||wl||; 'w dy with ¢ = f/w:

f
f10g<— dy = |lwl ¢ log @ dp
RN w RN

[lw|l1 (/}RN ® du) log </RN © dﬂ) = |I£|l1 log (||£|||11) .

Note that the two sides of (32) can eventually be infinite. O

Y

We come back to the proof of Theorem 1. If we write

U U
Flog (=) dy= [ F1 (—)d—/ Flogii d
and apply Lemma 2 with f = F and w = u to the first term of the right hand, then the
result easily follows using the Csiszar-Kullback inequality stated in Lemma 1. O

Remark 3. The result of Lemma 2 is a limit case of Holder’s inequality. Let qo > 1
and assume that both f and w belong to L' N L% (RY). Then it follows from Holder’s
inequality that

fomrans ([ ™ (o)

for every 1 < ¢ < qo. Note that if ¢ = 1 this inequality reduces to [~ f = [px f, Which
immediately implies that

/Rqu_lfdy_/RNfdyS(/Rqudy>QQI(/Rqudy>l/q—/RNfdy,

Dividing both sides by ¢ — 1 and taking the limit as ¢ — 1, we obtain inequality (32). The
assumption that f, w € L' N L% (RY) is easily removed by a density argument, which
provides an alternative proof of Lemma 2. O

According to (27)-(28), the results of Theorem 1 written in terms of the original

coordinates give intermediate asymptotics results as follows.

COROLLARY 1. Under the same assumptions as in Theorem 1, if u and v are related
by (27), and F and G by (28), then for any t >0,

t M(1)G
S[vo|ves (-, 0)] +/0(1+2T) R](f log (W> da dT‘| .

4 M (t)

2
HU(7 ) v ( )”1 1+2t

where M(t) = [on v(z,t) dx and

) M(t) 7 . ) B 67\1\2/2
Voo (2, 1) = (1+ 2t)N/2 “(m) W= W

Rather than writing abstract conditions on G in order to guarantee that [|(v—vs) (-, )],
converges to 0, let us simply formulate two examples which illustrate both Theorem 1
and Corollary 1.
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Example 1. Let us look at inequality (31) in the case of external source terms of the
form F(y,s) = g(z) f(s) with suitably chosen g and f. For such a choice of F, we have

[ Fiwros {%] =10 [ ot0) 1o [(fﬂw s

If the second factor on the right-hand side is finite, the problem is therefore reduced to
understand the behavior as s — oo of the quantity

6_28/ > f(r) dr .
0
Choosing, e.g., f(s) = e™"* for some k > 0, we immediately obtain
6_28/ 627'6—&7' dr = € —¢
0 2—K
In this case, the mass M(s) is bounded uniformly in s according to (18) and Theorem 1

applies:
(33) [u(s8) = use (-, 8)[IF S C(e7* +e7) Vs20,

2s

—K

for some positive constant C'. Now, we may come back to the solutions of the nonhomo-
geneous heat equation (26) via the rescaling (27)-(28) and reformulate (33) as

() = vee (L OIT < C{A+ )7+ (1487
0

Example 2. As a second example, let us consider F'(y, s) = ¢g(y)(1+s)~ for some o > 0.
A direct calculation shows that

6—25/ 2T (14 1)~ dr < C(1 + 5)~°,

0

for a constant C' > 0 and all s > 0, and consequently, by Theorem 1,
(34) [u(,8) = uoe (-, s)lIF < C M(s) (1+5)77.

for some constant C' > 0. Here, a € (0, 1] is to the most interesting case because

) = [ wawart [ awan [[asn e

1+s)l7>—1
ol + gl EEL o

as s — 0o. However, u — uq still tends towards 0 in the L'-norm provided o > 1/2.
We can again reformulate inequality (34) for solutions of the nonhomogeneous heat
equation (26)
[v(-,t) — veo (-, B)]IF < CM(t) (logt)™ < C (logt)'™>* -0 ast— oo

for a > 1/2, since the mass M(t) is of order O((logt)!~%) as t — oo. Hence, by our
method, we can extend in some cases the result formulated in (3) to source terms G =
G(x,t) for which My = limy_.o [pn v(2,t) dz = co. O
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5. Application to the porous medium equation. In this section, we deal with the
nonlinear Cauchy problem (16)-(17) with m > 1 for which the relative entropy of the
solution u with respect to us given by (22) takes the form

(35) N(s) s = Zful(,8)|uoc (-, 8)] = Blul-, 8)] = Xluco (-, 5)]

1 -1
- i [“m‘“’;‘mz ol = woc) | dy

where us(y, s) is given by (19).

The main result on the convergence of u(s) toward the family of instantaneous steady
states is contained in the next theorem. As in the case of the linear heat equation, one can
reformulate this result for the original problem (1)-(2) going back via the rescaling (15).

THEOREM 2. Let m € (1, ] Assume that ug and F satisfy Assumption 1. Let u be the
solution to (16)-(17) with M( ) defined in (18) and uso(s,y) given by (19)-(20). Suppose
moreover that Moo = sup,.o M(s) is finite.

Then there exists a constant C' > 0 depending on Mo but independent of s such that

Jus.) = w1 < C e | Sluolun 0,1 + o [ FTUFCD dT]
for all s > 0.

Here, we assume that m € (1,3/2] because of the convexity argument mentioned in
Remark 1. This assumption plays also the crucial role in the proof of Lemma 3, below.

Before proving Theorem 2, we need some preliminary estimates.

LEMMA 3. Assume that p > 3 and let u be a positive bounded measure. Then for any
nonnegative w € LP(dpu),

(36) Jro-twan<e-y [or-1- 2w -n)| .

Proof. Let f(w) := wP —1— L5

P (wPmt—1)— p—il |w—1[P. A straightforward computation

gives
f(w) = pwP™ 2(w—1)——|w—1|p 2(w—1)
f"(w) = pwP=3[(p - 1)(w— 1) +1] = plw— 172
First of all, f(1) = f’(1) =0 and
1
= f(w) = (w—1)P~
p
for any w > 1. Thus f is convex and therefore nonnegative on (1, +00).

o —D(w=1) +1] = (w=1)""2 > (p - 2) (w = 1)P?

On (0,1), f” is increasing. Since lim,, o4 f”(w) < 0, there exists w, such that f is
concave on (0,w,) and convex on (wy, 1). Thus the minimum of f on (0,1) is achieved
either at w = 0 or at w = 1. Since f(0) = f(1) = 0, this proves that f is also nonnegative

n (0,1). O
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COROLLARY 2. Let F and u be two nonnegative functions respectively in L™RY) and
L' N L™(RY) and consider us given by (6) such that ||ul|1 = ||ucoll1- If m € (1,3/2],
then

[t = P dy < Slafun] 5 [ F

RN

Proof. Let w := v™~ ! p:=m/(m — 1) and dp := v dy in Lemma 3. Hence, inequal-
ity (36) can be rewritten as

/ ‘vm71 — 1’% ull dy <
RN

If we let v = u/uco, this means

/ ‘ um—l _ ugé— 1
supp(uos )

< L / [u™ —ul —mul (u—us)] dy
supp(uoo)

m—1

/ [" —=1—m(v—1)] u dy .
RN

m

m—1 dy

m—1

1 / { ( m—1 2)
= — um —ul —m(C— ——y|* | (u—uc)| dy.
M =1 Jsupp(us) 2m

On the other hand, since (m — 1)~! > 1 and, on the set supp(us, )¢, we have
m—1
C———*<o0
5 9I° <
as well as u., = 0, we may proceed in the most direct way as follows

/ |um71 _ ’UJ$71
supp(uco)©

1
< —/ u™ dy
m =1 Jsupp(uo)®

1 / { ( m—1, 5
< L um = —m (€= "R )|y
M =1 Jupp(uas)® 2m

Summing up both estimates we obtain

/ |um_1 — gt T dy < Xlu|us]
RN

=3y

Hence the proof is completed by Holder’s inequality used as follows

m—1
m

m

/ ‘um—l _ugé—l m—1 dy
RN

[E -

/ |um_1 - u’ono_l‘ Fdy <
RN

O

Remark 4. In Corollary 2, the exponent p = m/(m — 1) is the Holder conjugate of m.
Thus the assumption m < 3/2 is equivalent to p > 3, which is used in the proof of
Lemma 3. 0

In the next lemma, we state and prove an inequality of Csiszar-Kullback type which
differs from the one recalled in Lemma 1. The results formulated below are contained in
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[12], among other ones. Here, however, we give direct and elementary proofs. Recall that,
in this section, the relative entropy X[u|us] is given by formula (35).

PROPOSITION 2. Assume that 1 < m < 2. Let u be a nonnegative function in L'(RY)
such that Ylulus] < Xg is finite. Then there exists a positive constant C, which only
depends on Yo and M = f]RN udy, such that

Proof. Let B = B(0, R) be the support of us. On B, let v := u/uq, so that

(m—l)E[u|um]:/[vm—l—m(v—l)]ugnody—i-/

B

c

-1
{um+mT|y|2u dy .

1) On B¢, using the last term of the r.h.s. of the above equation, for C; := —2= 4, we

m—1
get
m—1
/ [um+T|y|2u} dyzCl/ udy = C1 ||u — voo||L1(Be) -
¢ lyI>R
2) Using a Taylor expansion at order 2, we get
1
v —1-m@w—-1)= im(m— D(r+01—71)v)™?
for some function 7 with values in (0,1). If v > 1, then
(T4+ A =1)v)" 2 >y™ 2,

By Holder’s inequality, on w := {y € B : v(y) > 1},

/|u—uoo|dy = [ Jv—1]uc dy

w

1—2
1 —1 m
= [o-1pemrazys (B2) Ty
w v
1/m 1
< (/ v — 12 0™ 2™ dy> N|SN71|RN.

This proves that

/[vm—l—m(v—l)] ull dy > %(m—l)/|v—1|2vm72ugdy
> Caflu—uss|h)

for some positive constant Cs.
3) Similarly on B\ w, that is for 0 < v < 1,

(T+ (1 -=1)v)™2>1.

By the Cauchy-Schwarz inequality,

2
||u_u00||%1(3\w) = / [v — 1] us dy S/ |U_1|2UZ<L> dy'/ ui;mdy,
B\w B\w B\w
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so that
m m m 2, m
" =1—-m(w—-D]uldy > —(m-—1) v =117 ull dy
B\w 2 B\w
> OsHU—uooH%l(B\w)
for some positive constant Cs.
Let ¢ := f‘beudy, to = ||u — Uso|| L1 (W) and t3 := ||u — Uco|| L1 (B\w)- Since

_HllaQXSti S Hu — UOOHLI(RN)

1/:1 )

is bounded from above by 2 M, the quantity Cyt; + Cot3* + C3t? is bounded from
below by 2 (m — 1)C (t3 +t3 +t3) > (m — 1) C (t1 + t2 + t3)? on (0,2 M) with C :=
min {C1/(2M),Co/(2M)?>~™,Cs} /(2(m — 1)). O

Proof of Theorem 2. 1t follows from Proposition 1 that
d
d—sE[u|uoo] =— /RN u Vo' (u) — Vo' (uso)|? dy + % /RN [u™ ™t —uTT Fody .

According to [12, 14],
1
Yulus] < —/ w|Vo' (u) — Vo' (uso)|* dy
2 Jen

by the generalized Sobolev inequality, thus giving
dx
— < =250l 8)lusc - 8)] + — T F
To control the second term of the right hand side of the above inequality, we use Corol-

lary 2, and we obtain

dz m—1
— <24+ ¥ || F( m -
= < an S F ()]

This can be rewritten as

d 1 >

— |gm < —emS||F(- m
~ |97 ()] < —eFFC.9)]

for g(s) := €2 X(s), which by integration gives

m
1

£(s) < e lwm +o [P, dT]

Then the result follows using the Csiszar-Kullback type inequality stated in Proposition 2.
O
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