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Abstract

The difference of the two terms in Sobolev’s inequality (with optimal
constant) measures a distance to the manifold of the optimal functions. We
give an explicit estimate of the remainder term and establish an improved
inequality, with explicit norms and fully detailed constants. Our approach
is based on nonlinear evolution equations and improved entropy - entropy
production estimates along the associated flow. Optimizing a relative en-
tropy functional with respect to a scaling parameter, or handling properly
second moment estimates, turns out to be the central technical issue. This
is a new method in the theory of nonlinear evolution equations, which also
applies to other interpolation inequalities of Gagliardo-Nirenberg-Sobolev

type.
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1. Introduction and main results

Sobolev’s inequality on the euclidean space of dimension d > 3 can be

written as
2\
(1) / Vf[2 dx — Sy (/ F172dx) T 20 ¥ feDARY
R4 R4
where DM2(R?) is the completion with respect to the norm || - || defined by

I£1? = IVl + Hf||§d/(d_2) of the set of smooth functions with compact

support. Here || f[|, = (Jga |f]? dz)'/? denotes the usual Lebesgue norm. When
S4 is the optimal constant, it is known since T. Aubin and G. Talenti’s papers
[3, 27] that equality is achieved if and only if f(z) = (14 |z|?)~(4=2)/2 for any
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z € R%, up to multiplications by constants, translations and scalings. More
precisely, the set of non-negative optimal functions is parametrized by three
parameters, M > 0, y € R and ¢ > 0 and these functions take the form

1
fryo(@) = — Vz€ R?

of (Cu+ Ll —yl?) =

where C)s is uniquely determined in terms of M by the condition that

2d
a—2 o
fM,y,U de =M .

R4
Such a condition can be solved explicitly and it can be shown that
M\ "4 d d F<é>
. : . 2\~ )
Cy o= (M*) with M, = /Rd (1 + |z ) dr =72 Td)

With these observations in hand, it is straightforward to recover that
2
I'(d/2)\?
=nd(d—2 .
sa=md(d-2) (1)

We shall write that (M,y,0) € My := (0,00) x R? x (0,00) and define the
manifold of the optimal functions as

My = {fM,y,a : (M,y,O') € Md} .

Our goal is to understand how the left hand side in (1) determines a

measure of the distance of f to My, with explicit estimates. Consider the
relative entropy functional
i 2 (1| B (P _ 2
R[f] '_gleIfl)de ” {g a 2(|f’d 2 —gd 2) d—1(|f| d—2 gd2)j| dax .
Our first result goes as follows.

THEOREM 1. Letd > 3. For any f € DY?(RY) such that [ga ]azﬂf\d% dx
1s finite, we have

2 2 N1y (Rf)
L ViR de=sa([ 17175 dr) T = La-2) RETTEE

Next, define the weighted norm ||-[| , by

1
o= ([ JaP 11 o)’

1/
2d

and denote by 2* the exponent ;%. The functional R[f] is a measure of the
distance of f to 9y and we shall see in Theorem 6 that

115
(2) RIf] > Cox — 2y inf
[ fllo%? 9e

2d 24 |2
|2 — g2
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. _(d—2 3/2 Mi/d
with Cox = (T) 16(d—1)

of Theorem 1, with

Putting this estimate together with the result

1
&y = g (d — 2)2 CCK2 ,
we obtain the following estimate.

COROLLARY 2. Let d > 3. For any f € DY?(RY), we have

¢ 2a |14

2 2 d .

- S . > inf d 2 — gd—2

||f||2 allf 2 Hf PEE= Y [fl*2 —g .
2*

Actually, our method applies not only to Sobolev’s inequality but also to
the following sub-family of the Gagliardo—Nirenberg—Sobolev inequalities

3) 1£1la, < Coiad IV AIIS 111155
with 8 = 6(p) ::%m,l<p§ﬁifd23andl<p<w

if d = 2. Such an inequality holds for any smooth function f with sufficient
decay at infinity and, by density, for any function f € LP*1(R?) such that V f
is square integrable. We shall assume that CGN is the best possible constant

in (3). In [18], it has been established that equahty holds in (3) if f = F), with

(4) Fy(z)=(1+z]?) 71 VazeRd

and that all extremal functions are equal to Fj, up to a multiplication by a
constant, a translation and a scaling. See Appendix A for an expression of ngdN
If d > 3, the limit case p = d/(d — 2) corresponds to Sobolev’s inequality and
one recovers that C; /lfd 2) = 1/+/Sq. When p — 1, the inequality becomes an
equality, so that we may dlﬂerentlate both sides with respect to p and recover
the euclidean logarithmic Sobolev inequality in optimal scale invariant form
(see [22, 29, 18] for details).
Define now
(d 1(>(d 4))

M *dQ;p(;DAL) 2z a (75 i)
= * - B e 2\ p— _ g p—
CM = (M) 9 M* = /Rd <1+|x’ ) p—l dm—ﬂ'2 W

and observe that we recover the previous definitions of Cj; and M* when

p=d/(d — 2). Consider next a generic, non-negative optimal function,

1

fﬁﬁ?y’g(x) =0 15 (CM+ Ix—yl) " YazeRr?.

As in the case of Sobolev’s inequality, let us define the manifold of the optimal
functions as

f)ﬁglp) = { 1(\5,)%0 : (M,y,0) € ./\/ld}
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and consider the functional

R®)[f] := gei;tfff) » 6" (127 — ¢?7) — p+1<|f!p+1 gt de.

Our second result extends the one of Theorem 1.

THEOREM 3. Let d > 2, p > 1 and assume that p < d/(d — 2) if d > 3.
For any f € LPY1 N DY2(RY) such that | fllg,2, is finite, we have

(R(P)[f])2
IVA ALY ) = 11307 = Cpg —
(i rt ) "N f S, A1
with § = == > ﬁ(d%’ a=d(p-1),=d-p(d-2) andv:%'

The constant C, 4 is positive and explicit. See Appendix A for its expression.
The space LPT! 0 DL2(R?) is the natural space for Gagliardo-Nirenberg in-
equalities as it can be characterized as the completion of the space of smooth
functions with compact support with respect to the norm || - || such that

LF12 = IV A5 + 1151
As in the case p = dd2, the functional R®)[f] is a measure of the distance
of f to the manifold im<p ) and we shall see in Theorem 6 that

2 §/2 2

(5) RP[f] > Cox I£155, 17115, nt 17127 = g2
d

with § = d+ 2 — p(d + 6) for some constant Ccx whose expression is given in

Section 3. Putting this estimate together with the result of Corollary 3, with

¢pa = CapCok’ .
we obtain the following estimate.

COROLLARY 4. Let d > 2, p > 1 and assume that p < d/(d —2) if d > 3.
With ~v = %, for any f € LPTL N DL2(RY), we have

GN . 29p 2p(v—4 ; 2p _ 2p|*
(S 101G 171550) "= 171327 = € 17122 L (Ve

We may notice that Theorem 1 and Corollary 2 are special cases of Theo-
rem 3 and Corollary 4 respectively, corresponding to p = d/(d—2), v = (d—2)/d
and Cpq = (d—2)%/(8Sy).

In [11, Question (c), p. 75], H. Brezis and E. Lieb asked the question of
what is controlled by the difference of the two terms in the critical Sobolev
inequality written with an optimal constant, that is, the left hand side in (1).
Some partial answers have been provided over the years, of which we can list
the following ones. First G. Bianchi and H. Egnell gave in [6] a result based on
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the concentration-compactness method, which determines a non-constructive
estimate for a distance to the set of optimal functions. In [17], A. Cianchi,
N. Fusco, F. Maggi and A. Pratelli established an improved inequality us-
ing symmetrization methods. Also see [16] for an overview of various results
based on such methods. Recently another type of improvement, which relates
Sobolev’s inequality to the Hardy-Littlewood-Sobolev inequalities, has been
established in [19], based on the flow of a nonlinear diffusion equation, in the
regime of extinction in finite time. Theorems 1 and 3 provide an answer with
fully explicit constants to the question asked by H. Brezis and E. Lieb twenty-
five years ago. Our method of proof enlightens a new aspect of the problem.
Indeed, Theorem 1 shows that the difference of the two terms in the critical
Sobolev inequality provides a better control under the additional information
that [|f||5 o« is finite. Such a condition disappears in the setting of Corollary 2.

In this paper, our goal is to establish an improvement of Sobolev’s in-
equality based on the flow of the fast diffusion equation in the regime of con-
vergence towards Barenblatt self-similar profiles, with an explicit measure of
the distance to the set of optimal functions for the critical Sobolev inequality.
Our approach is based on a relative entropy functional. The method relies on
a recent paper, [21], which is itself based on a long series of studies on interme-
diate asymptotics of the fast diffusion equation, and on the entropy - entropy
production method introduced in [4, 2] in the linear case and later extended
to nonlinear diffusions: see [24, 25, 18, 14, 13]. In this setting, having a finite
second moment is crucial. Let us give some explanations.

Consider the fast diffusion equation with exponent m given in terms of
the exponent p of Theorem 3 by

1 p+1

6 - _p+l
©) P=o9m—1 <7 T gy

More specifically, for m € (0, 1), we shall consider the solutions of

ou -1 d
(7) E+V~[u<nVum —2x>]:0 t>0, zeR
with initial datum w(t = 0,-) = up. Here 1 is a positive parameter which
does not depend on t. Let us be the unique stationary solution such that
M = [paudx = [ga uso dx. It is given by

1
1 m—
Uso () = (K+n|x|2> ' VzeR?

for some positive constant K which is uniquely determined by M. The follow-
ing exponents are associated with the fast diffusion equation (7) and will be
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used all over this paper:

d-2 _d-1 o d
—7d s ml.—id a. ml.—7d+2.

To the critical exponent 2p = 2d/(d — 2) for Sobolev’s inequality, which ap-

me :

pears in Theorem 1, corresponds the critical exponent mq for the fast diffusion
equation. For d > 3, the condition p € (1,d/(d—2)] in Theorem 3 is equivalent
to m € [my,1) while for d =2, p € (1,00) means m € (1/2,1).

It has been established in [24, 25] that the relative entropy (or free energy)

1 _
Flu|use] == m—l/Rd [um —ul —mul 1(u—uoo)} dx

decays according to

d
3 Flu( Dluec] = ~Zhu( 1) uoe]
if u is a solution of (7), where
. L m m—1 m—1 2
Tlu(-, t)|uce] :== T Jed® 'Vu Vuyy ’ dx

is the entropy production term or relative Fisher information. If m € [mq,1),
according to [18], these two functionals are related by a Gagliardo-Nirenberg
interpolation inequality, namely

1
(8) Flulus] < EI[u\uoo] )

We shall give a concise proof of this inequality in the next section (see Re-
mark 1) based on the entropy - entropy production method, which amounts to
relate %I [u(-,t)|uco] and Z[u(+, t)|us]. We shall later replace the diffusion pa-
rameter 7 in (7) by a time-dependent coefficient o (t), which is itself computed
using the second moment of u, [za |#|* u(z,t) dz. By doing so, we are able to
capture the best matching Barenblatt solution and get improved decay rates
in the entropy - entropy production inequality. Elementary estimates allow to
rephrase these improved rates into improved functional inequalities for f such
that |f|?P = u, with p = d/(d — 2) (Theorem 1) and any p € (1,d/(d — 2)]
(Theorem 3).

This paper is organized as follows. In Section 2, we apply the entropy -
entropy production method to the fast diffusion equation as in [13]. The key
computation, without justifications for the integrations by parts, is reproduced
here since we need it later in Section 6, in the case of a time-dependent diffusion
coefficient. Next, in Section 3, we establish a new estimate of Csiszar-Kullback
type. By requiring a condition on the second moment, we are able to produce
a new estimate which was not known before, namely to directly control the
difference of the solution with a Barenblatt solution in L!(R?).
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Second moment estimates are the key of a recent paper and we shall
primarily refer to [21] in which the asymptotic behaviour of the solutions of
the fast diffusion equation was studied. In Section 4 we recall the main results
that were proved in [21], and that are also needed in the present paper.

With these preliminaries in hand, an improved entropy - entropy produc-
tion inequality is established in Section 5, which is at the core of our paper.
It is known since [18] that entropy - entropy production inequalities amount
to optimal Gagliardo-Nirenberg-Sobolev inequalities. Such a rephrasing of our
result in a more standard form of functional inequalities is done in Section 6,
which contains the proof of Theorems 1 and 3. Further observations have been
collected in Section 7. One of the striking results of our approach is that all
constants can be explicitly computed. This is somewhat technical although
not really difficult. To make the reading easier, explicit computations have
been collected in Appendix A.

2. The entropy - entropy production method

Consider a solution u = u(x,t) of Eq. (7) and define
2(z,t) :=nVu™ ! — 22

so that Eq. (7) can be rewritten as

ou
aﬂ—v-(uz)—o.

To keep notations compact, we shall use the following conventions. If
A= (Aij)zd,jzl and B = (Bij)zd,jzl are two matrices, let A: B = Z?,j:l A;j Byj
and |A]2 = A: A. If a and b take values in R¢, we adopt the definitions:

d d 0ai d 8a]~ d
a-b= Zai bi s V-a = Z O 5 a®b = (ai bj)i,jzl s V®a = (a:li)] ) .
i=1 ? 17 4,j=

i=1

Later we will need a version of the entropy - entropy production method
in case of a time-dependent diffusion coefficient. Before doing so, let us recall
the key computation of the standard method. With the above notations, it is
straightforward to check that

gj =n(l —m)V(um_QV . (uz)) and VRz=nVeVu"!-2Id.
With these definitions, the time-derivative of =™ nT[uluc] = [pau|2|* dz

can be computed as

d 9 . ou | o 0z
dt/Rduz\ dx = Rda\z\ dx—l—Q/Rduz-atd:c.
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The first term can be evaluated by

= uz®z:VQzdr

Rd
:277/ uz®z:V®Vum*1da;—4/ u|z|*dx
R4 Rd
:277(1—m)/ um*ZVu®V:(uz®z)dx—4/ u|z|*dx
R Rd
:2n(1—m)/dum_2(Vu~z)2da:+2n(1—m)/dum_1(Vu-z)(V.z)da:
R R
—|—277(1—m)/ um_l(z®Vu):(V®z)dm—4/ u|z|?dx .
R4 R

The second term can be evaluated by
0z
2/Rd uz- a5 dx
=2n(1—- m)/ (uz-V) (um*2v : (uz)) dx
Rd
=-2n(l— m)/ u™ 2 (V : (uz)>2da:
Rd

=-2n(1 fm)/Rd [um(v 22420 (V- 2) (V- 2) +um_2(Vu-z)2] dx .

Summarizing, we have found that

=-2n(1 —m)/RZLm_Q[UQ(V-z)2+u(Vu-z) (V-2)

—u(z® Vu) :(V®z)] dx .
Using the fact that
0227 0?2

Ox; O - 833? ’

we obtain that

/ u™ (Vu-2) (V- 2) da
Rd

1 m 2 1 n o 0%
= Rdu (V- 2) d:v—m/Rdu ']Zz:lz Dy 0, dz
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and
- / w1 (2@ Vu) :(V® 2) da
R4
1 1 4., 0%
= — um\Vz|2dsc+—/ umZz’—zda?
m Jrd m Jrd — " Ox=
2,j=1 J
can be combined to give

/dum_Q[u(VU'Z) (V-2)—uVu®z: V2| de
R

1 1
=—— [ u™(V-2)? dx+—/ u™ |Vz)? da .
m Jra m Jra
This shows that
d/ uz|? dw+4/ u|z|? dx
dt Jrd Rd

1—m

= —QUT/Rdum (\Vz|2 —(1=m) (V- 2)2) dz .
By the arithmetic geometric inequality, we know that
IVz?—(1=m) (V-2)?>0

if 1 —m < 1/d, that is, if m > m;. Altogether, we have formally established
the following result.

PROPOSITION 5. Let d > 1, m € (mq,1) and assume that w is a non-
negative solution of (7) with initial datum ug in L*(R?) such that u* and
x — |z[?uy are both integrable on RY. With the above defined notations, we
get that

d
%I[u(-,tﬂuw] < —4Tu(t)|us) VE>0.

The proof of such a result requires to justify that all integrations by parts
make sense. We refer to [14, 15] for a proof in the porous medium case (m > 1)
and to [13] for m; < m < 1.

Remark 1. Proposition 5 provides a proof of (8). Indeed, with a Gronwall
estimate, we first get that

Tu(-, t)|uso) < T[upluse] e 4t V>0
if Tluo|uso] is finite. Since T[u(-,t)|uso] is non-negative, we know that

lim Z{u(-,t)|usc] =0,

t—o0
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which proves the convergence of u(-,t) to us ast — co. As a consequence, we
also have limy_.oc Flu(-,t)|usc] = 0 and since

q qa
dt dt

(ZTuls t)uce] = 4 Flul-, t)use]) = —T[ul-, 1) uc] + 4Z[u(-, t)|uce] <0,

an integration with respect to t on (0,00) shows that
T[up|uoo] — 4 Flup|uss] >0,

which is precisely (8) written for u = ug.

3. A GCsiszar-Kullback inequality
Let m € (mq,1) with m; = d—% and consider the relative entropy

1
Folu] == =1 J [um —B™ —mB™ ! (u— Bg)} dz

for some Barenblatt function
1
(9) By(z) =07 (Cas + L[a?)™ VaeR?

where o is a positive constant and Cjy is chosen such that || Bs|; = M > 0.
With p and m related by (6), the definition of C; coincides with the one of
Section 1. See details in Appendix A.

THEOREM 6. Letd > 1, m € (mq,1) and assume that u is a non-negative
function in LY(RY) such that u™ and x — |z|?>u are both integrable on R?. If
|ull; = M and [ga|z*u dz = [ga|2|* By dz, then

Folu] m
d 2 m

1 2
(Corllu=Bolly + = [ fof ju = Bol dz)
o Jrd

Notice that the condition [pa|z[*u do = [ga|z|* Bs dz is explicit and
determines o uniquely:

1

U:KiM

/ lz|?u dr with Ky := / |z|? By dz .

R4 R4

For further details, see Lemma 7 and (17) below, and Appendix A for detailed
expressions of Kj and [pa BY" dz. With this choice of o, since BT~ =
o21=m) Oy g8 me—m) 2|2, we remark that [pe B! (u— B,) dz = 0 so

that the relative entropy reduces to

Folul = —— [u™ — B dz

m—1 Jrd
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Proof of Theorem 6. Let v := u/B, and du, := B dx. With these nota-
tions, we observe that

/ (v—1)du, = / B™ ! (u - B,) dx
Rd Rd
— g3 (1-m) CM/ (u— By) dz + o2(me=m) / l2*(u — By) dz =0 .
R4 R4
Thus

Lo=Vdue= [ -1 duo— [ (@-v)dus=0.

which, coupled with

/(v—l)duo—l—/ (l—v)d,u[,:/\v—lldug,
v>1 v<1 Rd

implies

/|u—Bg|B;”_1d:z::/ |v—1]dug:2/ v —1] dpo -
Rd R4 v<l1

On the other hand, a Taylor expansion shows that

1 m m m—
Folul| = —— [v —1—m(v—1)]du(,:5/Rd§ 2o — 1) dpo

m—1 Jrd

for some function ¢ taking values in the interval (min{1, v}, max{1,v}), thus
giving the lower bound

m _ m
Folu) 25/ e 2\1}—1|2du025/ v — 1% dpe
v<1 v<1

Using the Cauchy-Schwarz inequality, we get

2 m om 2
(/ lv —1| dua) = (/ |v — 1| B B# d:z:) g/ |v—1\2d,ug/ B dx
v<l1 v<l1 v<1 R4

and finally obtain that

Folu] >

2
m (fv<1\v—1| dl“’") _m (Ja [u — Bo| By~ d$)2
2 fRd BQ’L dx - 8 fRd Bgﬁb dx ’

which concludes the proof. ([l
Notice that the inequality of Theorem 6 can be rewritten in terms of

|f|?P = w and ¢?? = B, with p = 1/(2m —1). See Appendix A for the compu-
tation of [pq4 BT dx, o and Ciy in terms of [pa|z[*u dz and M,. Altogether
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we find

gﬂ R(P )[f] - 71'&/ p+1 _ |f’p+1) dr
—1
> 4

+2— p(d 2) (d+2 p d 2 ||f|| ) 4P
32p 2.2p

(d+2—p (d+6))
2p ”fHQp

§ Gara
This proves (5) with

p=1 p—1
_ p—1 d+2-p(d—2) (d+2—p(d—2)\%'7 5
Cox = §+1 3§p ( d(;f—l) )
and (2) in the special case p = d/(d — 2).

Remark 2. Various other estimates can be derived, based on second order
Taylor expansions. For instance, as in [18], we can write that

Folul = [ [0e™) = (1) = o/(1) (0™ = 1) d
with v := u/B, and P(s) := 1/m

1= s/, and get
1 ||Um - 1||21/'m d
fg[u] Z E 2—2m L (R4,dps) ST -
max {vaHLl/m(Rd,du(,y Hl”Ll/m(Rd,d,u(,)} "
Using V™[I 1/mra gu,) = 1LlLi/m®a g,y = BT and

/ ™ — BT dx = / juw™ — BT B (m=h) gm(=m) gy
R4 R4

1—
< o™ = Ulpa/m@a gy 1B 1™
by the Cauchy-Schwarz inequality, we find

Jum — B2
F L — D
ol = e By,

With f = w2

2, this also gives another estimate of Csiszdr-Kullback type
namely

ROf] > b
1 d+2—p(d—2 (p)
171287 (13,42 P ) ey

2

FP =gt

for some positive constant K, 4, which is valid for any p € (1,00) if d = 2
2

and any p € (1, 3% 2] if d > 3. Also see [28, 14, 12, 20] for further results on

Csiszdr-Kullback type inequalities corresponding to entropies associated with
porous media and fast diffusion equations.
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4. Recent results on the optimal matching by Barenblatt solutions

Consider on R? the fast diffusion equation with harmonic confining po-

tential given by
(10) ‘;‘Jrv. [u (o5 m vumt —20)| =0 >0, zeR’,

with initial datum ug. Here o is a function of . Let us summarize some results
obtained in [21] and the strategy of their proofs.

Result 1. At any time t > 0, we can choose the best matching Barenblatt as
follows. Consider a given function u and optimize A — F)[u].

LEMMA 7. For any given u € LY (R?) such that u™ and |z|*u are both
integrable, if m € (my, 1), there is a unique X = X\* > 0 which minimizes
A= Falu], and it is explicitly given by

* 1 2
A —K]V[/Rd\x| u dx

where Ky = [ga |z|* By dz. For A = X*, the Barenblatt profile By satisfies

/ |z|? By dl':/ |z|? u dz .
R RY

As a consequence, we know that

d
gX(f}hd)A:A*::O.

Of course, if u is a solution of (10), the value of A in Lemma 7 may depend
on t. Now we choose o(t) = A(t), i.e.,

(11) o(t) = 5o

This makes (10) a non-local equation.

/d|x\2u(:n,t) dr VYt>0.
R

Result 2. With the above choice, if we consider a solution of (10) and compute
the time derivative of the relative entropy, we find that

d ’ (d ) m m—1 m—1 3u
— L)) = — — - B — dx .
g0l =0 (L Fl) o= [ (e ") g

However, as a consequence of Lemma 7, we know that

(i Fs [u}) =0,
do o= (t)

and we finally obtain

d mo(t)s(m=me)

(12> %fa(t) [u(7t)] = _ﬁ /]Rd U ‘V {um—l _ B:frzt—)l] ’2 de |
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From there on, the computation goes essentially as in [8, 10] (also see [24, 25, 18]
for details). With our choice of o, we gain an additional orthogonality condition
which is useful for improving the rates of convergence (see [21, Theorem 1}) in
the asymptotic regime t — oo, compared to the results of [10] (also see below).

Result 3. Now let us state one more result of [21] which is of interest for the
present paper.

LEMMA 8. With the above notations, if u and o are defined respectively
by (10) and (11), then the function t — o(t) is positive, decreasing, with
limy_,oo 0(t) =: 000 > 0 and

(1 —m)?

d m—"me
R 0T Falu ) 0.

(13) o(t) = —-2d
The main difficulty is to establish that o is positive. This can be done
with an appropriate change of variables which reduces (10) to the case where o
does not depend on t. The proof relies on the asymptotics which have been
obtained in [18, 8, 7, 10].
Let us give some details. In [21], it has been established that the function
v such that

v(T,y):R_du(x,t), R =R(7), t:%logR, T =

Tl=

is a solution of

ov

m—1) _
(14) §+V'(va )—O
with initial datum vy = ug € L1 (RY) if R and o are related by
9o $m-mo) = gr-a-m M pgy
dr

Using this identity on the one hand, and the time-dependent change of variables
which transforms v into v on the other hand, we obtain an ordinary differential
equation for R in terms of the second moment of v, namely

d
dlog R Ky >2(m_m6)
gt _ . R(0)=1.
<fRd [y — 2o v(r,9) dy ©)

Notice that Eq. (14) has no explicit dependence in 7, which is the key ingredient
to establish that o is positive. See [21] for details.

dr

5. The scaled entropy - entropy production inequality

Consider the relative Fisher information

2
Th|u] = % » u ‘Vum_l ~ VB dx .
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By applying (8) with ue = By and n =1 to z — ¢%? u( /o x) and using the
fact that By (x) = 0%2 B,(\/o ), we get the inequality
1
Folu < 3 Tolu) with T u] := g m=me) T 1] .
Now, if ¢ is time-dependent as in Section 4, we have the following relations.

LEMMA 9. If u is a solution of (10) with o(t) = ﬁ Jra |z? u(z, t) dz,
then o satisfies (13). Moreover, for any t > 0, we have

(15)  Faplu(1)] = ~Tplu(- 1)
and
16)  Goluaol < 1+ § m=m) T o ut 1.

Proof. Eq. (13) and (15) have already been stated respectively in Lemma 8
and in (12). They are recalled here only for the convenience of the reader. It
remains to prove (16).

For any given o = o(t), Proposition 5 gives
: (o), + oo (G5 )

G001 = (FHue) (g0

A=a(t)

<~ 4 Typlu( 0] +0'(0) (o (]

A=o(t)
Owing to the definition of 7, we obtain
d d 1
o Ilu] = 3 (m —me) X T [u]
m d m—me m—1 m—1 d m—1
+ - AR )/RdZu (Vum=t = VB) - (VBT da .
By definition (9), VBY !(z) = 2= Afg(mfmﬁ), which implies
g m—me d m—1 d

Substituting this expression into the above computation and integrating by
parts, we conclude with the equality

d d 1
ajx\[u] = ) (m —me) Xj,\[u]
d
2d 2m A~ 2(m=me) ) .
+>\(mmc)l1_m /Rd|x|udx—d/Rdu dx].

A simple computation shows that

2 2
(17) d/ B{"d:c:—/ x.VBindxzim/ \x\zBlda::imKM
Rd Rd 1—m Jra 1—-m
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| 2
and, as a consequence, if A =0 = ¢ [gq |z[*u dz, then

92 m A5 (m=me)
—/ ]x|2udx:d/ BY" dx
1-m Rd R4

and finally

2
STl = 5 (m = me) L el + 2 (m = me) (1= m) Fafu].
Altogether, we have found that
d d a'(t)
£«70(t) [u(-,t)] < =4 To@ylul-t)] + B (m —m) () To[u(-1)]
a'(t)

+2d2(1—m)(m—mc)@

The last term of the right hand side is non-positive because by (13) we know
that ¢/(t) < 0. This implies (16). O

(18)

fa(t) [u(7 t)] .

Multiplying both sides of (15) by 4 + 4 (m — m.) |0’ (t)|/o(t), which is a
positive quantity, and using Inequality (16), we obtain

o’ d d
20| 5 Faolu0) = 4 (TaluC0)

Using (13) and the fact that o(¢) is non-increasing in ¢, we get that

(19) 4+g(m—mc)

o —m)? d

(1 —m)? 07% (1—m)

>2d
m Ky

where we set o¢ := o(t =0) = %M Jga 2> uo(z) da.
Recalling that the derivatives on both sides of (19) are non-positive, we
can use the above inequality into (19) to obtain

~7:c7 [U(,t)] d d
411+2Ch4 % pn (fa(t) [u(at)]) > ot (ja(t) [U(’t)D
Ky og
where
(20) O 1= @ L) (= me)

8m
Integrating from 0 to co with respect to t, we finally get the improved inequality

(]:00 [UO])z 1

Cma d < — Jooluo] — Fop[uo]
KMO'(?

)

(I-m) = 4
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which holds for any admissible function wg. Observing that
d_ _d (g
Ky og (I=m) _ op 2 (m mc)/ |m|2u0 dzx
Rd

and omitting the index 0, we have achieved our key estimate, which can be
written as follows.

THEOREM 10. Letd > 1, m € [mq,1) and assume that u is a non-negative
function in LY(R?) such that u™ and x +— |x|*u are both integrable on Re. Let
o= ﬁ Jga |2> u(z) do where M = [ga u(z) dz. Then the following inequality
holds

(}—U[UDQ
Jga |x|? v da

d

(21) Cpng 02 (m7me) < = Tolu] — Folul

1
4
where Cp, 4 is defined by (20).

Notice that (17) gives a straightforward proof of (13) using the definition of o.
Since o depends on u, the left hand side of (21) can be rewritten to give

s (1=m)2(m—m.) (Fslu])? 1 B
¢ 8m Ky M7 a% (1—m) < 4 jg[u] fa[u]
with
(d+2)m—d
=

See Appendix A for details. Notice that this definition of - is compatible with
the one of Corollary 3if p=1/(2m — 1).

Remark 3. Our estimates are actually better. With

) 1
F#) = Fon[ul- )], 3(t) == T lul, )] and o(t) = -— / |2|* u(z,t) da
M JRrd

we can rewrite (13), (15) and (18) as the coupled system

f, = _.7 S 0 )

/ (1 — m)2 < (m—m.)
= 2d~— 1 o) £ <
g 2d mKM o2 f ~ 0 )

d /
J 445 < 5 (m—me) [j+4d(1—m)f]%.

It is then clear that the estimates o < oy and

O_/

. . d .
i+ 4j <5 (m—me)j—,

which have been used for the proof of Theorem 10, are not optimal.
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6. Proofs

m—1/2

Let us start by rephrasing Theorem 10 in terms of f = u . Assume

that

1
M:/ ud:c:/ |f|?? dz and 027/ \33|2de:/ | ? | £I?P da
R4 Rd KM Rd R4

where p =1/(2m — 1) and consider the functional
p+1
RO = =2 [ [P = (i)™ ] de
COROLLARY 11. Letd > 2, p > 1 and assume that p < d/(d—2) if d > 3.
For any f € LPY1 N DLY2(RY) such that [ fllg,2, is finite, we have

2
_g\27P R(p)[f]
22) (e IVAS 1715 ) —Hfué;fpch,dw
1£152, 15115,
with § = =L oo a=d(p—1), f=d—p(d—2) and y = L2

The constant C, 4 is the same as in Theorem 3: see Appendix A for
its expression. In preparation for the statements of Theorems 1 and 3, we
distinguish the case m = m; and the case m € [m1, 1) in the proof.

Proof. By expanding the square in J,[u] and collecting the terms with
the ones of F,[u], we find that

1 m(l-m) 4(m—m m—1
Zja[u]_fa[u]:ﬁgz( C)/Rd ’Vu 2|2 dx

— 1 d(1—
+d"}_’7;”11 /Rdumdx—km (mKMO-Q( m) _ Rngmdx) )
The last term of the right hand side can be rewritten as
-5 (- d(m—me) _d(1—
— (mKMU 2(1-m) _ RdB;” dx) — _%(d(&%m“ m oy MO
2(1—m)
with v = % (as in the previous Section) and C; = M,/ ™) (see

Appendix A for details). Consequently Inequality (21) can be equivalently
rewritten as

(23) mi=m) o2 m=m¢) /R d\wm—%ﬁd:c

m—m m m  d(m—mc d(1—m
+d1_ml/Rd“ da — s e o2 (o) ¢y Mo

- Folu])?
> (m—me) ( )
2 Cmao Jga |z]? v dx

ol
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If m = m1, we observe that 4 (m —m,) = 4 (1 —m) = 3 so that the result

of the inequality amounts to

) s 1 (d—2\* (F,[u))?
V5 —d(d—2)Cy ||f]|a > §(d_1) ool de

with f = w3 . Since Flu] = (d—1)R[f] and Sg = d (d—2) C1, this concludes
the proof of Corollary 11 when m = m;.

If m € [my,1), we can rewrite Inequality (23) in terms of a function wu)
such that [pauy dz = M and [pq |z|? up dz = 0y as

m(1—m d(m—m m—2
(2&4)g ‘7)\( ! /Rd [Vuy ? da

—my % (1=m) d(m—me
+dAR oy /RduT dx_%(d(:;);nijle

s ot Tl
= TTeTA Jga |z|?uy do

If we choose uy(z) = A u(Az), then

_ o 2 _ 2 _ \d(m—-1)
ON= 3 /]Rd |x|* uy de = 2 /Rd lz|“ude, Fylur]=A Folu]

and the above inequality becomes

mil—m - m—m m—1
B 2oyt [T i da

AT (o) 0 [ de g2 e €
R

) (7, )
Jga |z]? v dx

Notice that the right hand side is independent of A. By optimizing the left

hand side with respect to A > 0 and replacing u by f2P with p = s—=—, we

2m—1’
find

> Cm,d

279p g Cnya 04 (F,[u])?
GN 0 1-0 B 2vp 1—m (d+2)m—d “m,d o
(X IV A1 17155 ) = 11537 = 25 s = =i
with the notations of Inequality (3). It is indeed clear that the left hand side
has to vanish if u = B, which guarantees that, after optimization, the constant
is precisely equal to ngdN. Using
1 2p d (]. — m) 2
- Ky =2 " @~ Py
g KM HfH2,2p ’ M (d+2)m—d 1 HfHZp

(see (27) in Appendix A) and F,[u] = = R®)[f] completes the proof of
Corollary 11 when m € [mq,1). See Appendix A for an expression of C, 4. O
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Proof of Theorems 1 and 3. Theorem 1 is a special case of Theorem 3,
which is itself a simple consequences of Corollary 11.

Let us consider the relative entropy with respect to a general Barenblatt
function, not even normalized with respect to its mass. For a given function
u € L1 (RY) with u™ € L' (R?) and |z|*> u € L' (R?), we can consider on (0, c0) X
R x (0,00) the function h defined by

1 -1
h(C,y,0) = e [u™ = BE, , —mB&, L (u— Boyo)] dz
where B¢, » is a general Barenblatt function

d 1
Beyo(z) =02 (C’ +1z - y[2) mT Y g eRe
An elementary computation shows that

Oh ma% (1=m)

% — 71 “m R (U — BC,y,O’) d:,U 5
da

2m oz (m—me)
Vyh= /Rd (@ =) (u— Boyye) da
oh d _dm_m.
S —mGa i a[c/Rd(u—Bay,g) dz

m—me 1 9
_l—mU/Rd |z —y|* (u — Bey,s) do

Optimizing with respect to C fixes C = Cy, with M = [pau dz. Once
C = (s is assumed, optimizing with respect to ¢ amounts to choose it such
that [pa |2|? Bey,e d = [ga |z — y|* u dz as it has been shown in Lemma 7.
This completes the proof of Theorem 3, since R®)[f] > R®)[f] by defini-
tion of R®) (see Section 1). Notice that optimizing on 3 amounts to fix the
center of mass of the Barenblatt function to be the same as the one of u. This
is however not required neither in the proof of Corollary 11 nor in the one of
Theorem 3. O

Proof of Corollary 4. It is a straightforward consequence of Theorem 3
and of the Csiszar-Kullback inequality (5) when f € D%2(R?) is such that
| fllg,2, is finite. However, [/f|l55, does not enter in the inequality. Since
smooth functions with compact support (for which [|f|5 5, is obviously finite)
are dense DY?(RY), the inequality therefore holds without restriction, by den-
sity. Recall that Corollary 2 is a special case of Corollary 4. (|

7. Concluding remarks

Let us conclude this paper with a few remarks. First of all, notice that
Theorem 6 gives a stronger information than Theorem 3, as not only the
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LY(R?, dx) norm is controlled, but also a stronger norm involving the second
moment, properly scaled.

No condition is imposed on the location of the center of mass, which simply
has to satisfy ([ga zu da:)2 < Jpat dz [ga 2> w dz = 0 M Ky according to the
Cauchy-Schwarz inequality.

Hence in the definition of R[f] and R®[f] (Theorems 1 and 3) as well
as in Corollaries 2 and 4, the result holds without optimizing on y € RY,
In [10, 21], improved asymptotic rates were obtained by fixing the center of
mass in order to kill the linear mode associated to the translation invariance of
the Barenblatt functions. Here this is not required since, as t — oo, the squared
relative entropy is simply higher order. Our improvement is better when the
relative entropy is large, and is clearly not optimal for large values of ¢.

Our approach differs from the one of G. Bianchi and H. Egnell in [6]
and the one of A. Cianchi, N. Fusco, F. Maggi and A. Pratelli, [17]. It gives
fully explicit constants. The norms involved in the corrective term are not the
same either. However, our estimates are not optimal, as it has been noticed in
Remark 3, in the sense that the only functions for which we have equality are
the Aubin-Talenti functions in case of Theorem 1 and the functions in smff ) in

case of Theorem 3.

Non scale invariant forms of the improved Gagliardo-Nirenberg inequality
of Theorem 3 are by themselves of interest. Starting from (23), it is for instance
possible to scale out some numerical coefficients as follows without putting the
inequality in scale invariant form. Let

f(z)=u""2(z/\) VzecR?
We have M = A~? [, |f|?P dz, and all other quantities are also changed:

/ Va3 da = >\2‘d/ V1|2 de
Rd Rd

Kuo= [ lafude =X [ jof |27 ds,
R4 R4

/ u|™ dz = xd/ 1P da
R4 R4
d—p (d—4)

4p 9p2—pld—2)
With the choice \¢ = (% (p—1)%(p+ 1)) dt2-p(d-2) HfHQZd”*“d*Q), we find

that (23) can be rewritten as
v(p.d)
(1) [ VIR de+(d—pa—2) [ 7P do—Kya ([ 127 do)
R Rd Rd
(R(p) m)Q

Z Kp’d vad—
1£152, I1F15,)
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where C, 4 and R®)[f] are defined as in Corollary 11. See Appendix A for an
explicit expression of K, 4 and C, 4.

If we optimize the left hand side of (24) under scaling, that is, if we rewrite
it for fy(z) := AYP) f(\z) for any x € R? and optimize with respect to X > 0,
we find that it can be rewritten as
d—p (d—2)

d—p(d— 4272750 [d(p— 1)) 7@ (VA 1715

which is of course consistent with the fact that

2 d—p(d—2) d(p—1)
25) Ky ()" = [d—p(a— )2 FHED 4 (p— 1] T

Altogether, we have recovered (22) with R®)[f] = _1% Jga [(1f[PTY = gPT1] da

and g(z) 1= By 2 (a/) = F&,_(w/).
Consider the scaling A + uy with uy(z) := M u(Az) for any z € R%
Then we have
o) = KIM/Rd |m|2u>\ dr = )\12K1M » |:E\2udx: %
and may observe that
By, (z) =\ B,(\z) .

_2(1-m)
Similarly notice that for any m € [d%‘ll, 1), we have Cpy = C1 M 4(m=me) and

2(1—m

_ 2/ )
Ky = Ky M@ me | et uy = Au and denote by B, the correspond-
ing best matching Barenblatt function. Using the fact that ||uy|l; = AM if
|ul|; = M and observing that

2(1—m

)
Ky = Ky A ~Tmoe) and /\x|2u>\dm:/\/ |z|?u dz
R4 R4

we find

1 9 2(1-m)_
o\ = / |z|* uy do = Adtm=me) g
Kym

2(1—m)

Since Cypy = A 4tm=—me) (s, we find that
1

2 (1—m) —% 2(1—-m) mg m—1
Byy(w) = (AT o) (AT O+ ) = A B ().

Ad(m—me) o

Coming back to (22), the function g which appears in (22) has therefore the
same homogeneity and scaling properties as the function f to which it corre-
sponds. In terms of homogeneity, this means that g has to be replaced by A g
if f is replaced by A f. It is then straightforward to check that homogeneity
in terms of f is the same on both sides of Inequality (22) since

2yp=2(pp+1)—a—-p87.
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Scalings are also consistent with Inequality (22): to fi(z) = AZr f(Az) corre-
d
sponds gx(xz) = A%r g(Az). A simple computation indeed shows that

URd (’f/\|p+1 - 9§+1) dw]Q _ URd <|f’p+1 _ ng) dxf VA>0.

1£AIS 2 LIS 1£155, I1£15

As m — 1, which also corresponds to p — 1, we observe that the constant
C,,q in Theorem 3 has a finite limit. Hence we get no improvement by dividing
the improved Gagliardo-Nirenberg inequality by (p — 1) and passing to the
limit p — 1., since R [f] = O(p — 1). By doing so, we simply recover the
logarithmic Sobolev inequality as in [18].

This is consistent with the fact that, as m — 1_, we have Cp, g ~ (1—m)?,
o= O(K;}') = O(1 —m) and, since

Brla) ~ Bofe) =M (o )gexp( s e )

27 [pa|z|?u da 2 fpa |72 u da

we also get that Folu] ~ [pau log (Bl0> dx. Hence, in Theorem 10, the addi-
tional term in (21) is of the order of 1 —m and disappears when passing to the
limit m — 1_.

Appendix A. Computation of the constants

Let us recall first some useful formulae. The surface of the d — 1 dimen-
sional unit sphere S~ is given by [S*~1| = 27%2/T(d/2). Using the integral
representation of Euler’s Beta function (see [1, 6.2.1 p. 258]), we have

—a _ QI‘(a—%)
/ﬂ%d(1+|x|2> d:n—wzw.

With this formula in hand, various quantities associated with Barenblatt func-
tions can be computed. Applied to the function B(z) := (1 + |z|?) ﬁ, r € RY
we find that
(d(m:mc))
(26) .= Bdx=m N 20=m) J

& (%)
Notice that when M = M,, B = B; with the notation (9) of Section 3. As a

1
consequence, for By(z) = (Cps + |2|?) ™7, a simple change of variables shows
that

_d(m—mc)

1
M :=/ By dx :/ (Car +a?)™ T do = M*Cy, 20
R4 R4
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which determines the value of Cj, namely

2(1—m)
M* ) d(m—mc)

M

o=

_ 2(1-m) 2(1—m)
A useful equivalent formula is Cy; = C1 M d(m—-me) where Cq = M2mTme)

By recalling (17) and observing that
/ B de :/ BBy d — / (Cat + |212) By de = M Car + K
R4 Rd Rd

where Ky := [pa |z|?2 By dx, using M Cyy = Cy MY with v = %, we
find that
(27)

d(1—m) m 2m
M:—(d—i-Q)m—dClM’y and RdBl dm:—(d—l—Q)m—dClMV‘
Concerning best constants in Sobolev’s inequality (1) in R?, d > 3, equal-

ity is achieved by f(z) = (1 + |z]?)~@2/2, & € R?, which provides the ex-
pression of Sy given in Section 1. According to the duplication formula of
Legendre (see for instance [1, 6.1.18 p. 256]) for the I' function, we know
that F(:J;)F(:L‘—i— %) = 21722 /7T(22) for any * > 0. As a consequence,
the best constant in Sobolev’s inequality (1) can also be written as Sy =
1d(d —2)|S%?/? (see for instance [5]; also see [26, 9, 23] for earlier related
results).

Consider the sub-family of Gagliardo-Nirenberg-Sobolev inequalities (3).
It has been established in [18, Theorem 1] that optimal functions are all given
by (4), up to multiplications by a constant, translations and scalings. This
allows to compute ng. All computations done, we find

1 p+1 (p_l)”]
CEN = (ot )" (Lo ld) )% (=)
p,d (p+1)d+17p(d71> 2 (pfl) (27I'd)% F(P+l g)

with 1/n = p(d+2—p(d—2)). This expression of ng will be recovered below
by a different method.
Next, the computation of C,4 in Theorem 3 goes as follows. With p =

g that is, m = 551 and Flu] = 25 RW[f] with u = f27, we first get

Cp,d _ 1-m (d+2)m—d Cm,d Kl_d (m—my) <L)2 '

m  d(m—mc) 4 1-m

We can also rewrite (26) as

2(p—1)

d—p (d—4)
gr<2 ) ‘
r(;24)

M,==
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2(p—1)

With €y = M7 and Ky = 5% €y, we finally obtain

7d_p2(d_4) _d—p(d—2)

To(dp-1))

o —1 C
Cp»d =d ??2;02 (d+2—p1(d—2))

Finally, we turn our attention to (24) and compute an explicit expression
of K, 4, which is the best constant in the following non-homogeneous Gagliardo-
Nirenberg-Sobolev inequalities: for any f € LPT1 N DL2(RY),

(p.d)
(28) /]Rd |Vf|2 dz +[d—p(d—2)] /]Rd |f|p+1 dr > Ky g4 (/Rd|f|2p dx)w P

with v = v(p,d) = %. As observed in Section 7, By optimizing the
left hand side of (28) written for fy(z) := A%(P) f(\z) for any = € R?, with
respect to A > 0, one recovers that (28) and (3) are equivalent, with optimal

constants related by (25).
1
Consider the radial function g defined by g(z) = F,(z) = (1 + |z[?) 71
for any x € R? (c.f. Eq. (4)), which solves the equation

d—p(d—2) Ap  op
—Ag+2 g’ — g P =0.
(p—1) (p—1)
With a rescaling, namely by considering f(z) := o3 g(x/\/o), we find that
f solves

=0.

P
-z 7 T
Owing to the uniqueness of the radial solution as in [18], we identify f with
the optimal function for (28). This can be done by identifying the coefficients
of the Euler-Lagrange equation. Requiring that f solves

-1
S2Af+ () [d-p(d- D] = 290Ky ([ 5P da) 20 =0

means that o is such that
p + 1 2 _d-p (d—4)
= g 4p s
2 (p—1)

CapafTRUD s

that is
29—
— {(p—f—l) (p—l) } d—p (d—1)

and allows to compute K, 4 by solving

’Y_l 4p d—p (d—2)
1PKpa{ | 1f] TEE
d—p (d—2) 2d(p—1)
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All computations done, we find that

2(p—1)
_ d—p(d—4)\T d»r@-9D
K d—p (4—4)) (p+ 1) =o= (P;1>_d2—dp(fdfi) {F( 2(p—1) )-I

pd = dt2—p(d—2 [F(LIDJ
p—

Using (25), this also justifies the expression of CSdN which was stated earlier in
this Appendix.
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