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Abstract

We establish a sharp Sobolev inequality on bounded domians with remainder term in weak
L% norm for a wide range of q. Through this, we can get a lower bound for the exponent in the
quantitative sharp Sobolev Inequality.

The key step in the present paper is to show that for radial functions with certain compact
support, the distance between the functional and the extremals of the Sobolev Inequality can
be bounded from below in terms of weak L? norm of the functional.
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1 Introduction and Main Theorem

1.1 Introduction

The sharp form of Sobolev Inequality in R™, proved by Talenti in [1], tells us that, for any
n > 2,1 < p < n, the following inequality holds for every u € WP (R"):

S () [lullp < [Vullp (1)

%, that is, p* = £ and,

Here, p* is the number such that 1% =1_ M

Tp

| p (=2 (T /)T (L0 —n/p)\ "
soo=vant (320) T (FERE SR )

is the sharp Sobolev constant.
As proved by Brothers and Ziemer in [2], the extremals to (1) is the family {gq4.p 20 }acR b>0,20cr?
defined by

N (p—n)/p
Gopaa (@) = a (1+ (blz —wo])") (3)

Here, p/ is number such that 1 + % =1, that is, p’ = 1%'

It is noteworthy that the extremals are not compactly supported. And therefore it is natural
to consider what remainder terms can be introduced to (1) when the integral is taken over certain
bounded domain. Some of the most important results and techniques in this field are in [3], [4] [5],
and [6].

The following theorem is proved by Egnell, et al. in [6]:

Theorem 1.1. For open, bounded Q@ C R", 1 < p < n, q < ngf__pl),

A= A(p,q,n,Q) >0, such that for every u € Wol’p (Q) the following holds :

there exists a constant

IVully = SPllullpe = Allully (4)
; ' — nlp=1)
Moreover, such inequality does not hold when q = -

Here are some side-notes on our notations:

1. Unless otherwise noted, S = S (p,n) is the sharp Sobolev constant as in (2), where p, n will
refer to the proper p,n as in the context.

2. We will refer to the value nng:pl) as ¢* (n,p). When the values of p,n are clear, we will write
it as ¢* for short.

3. When the domain of u is clear under context, we will write ||u|zs(domain of uy @8 [|ulls-
Alternatively, it can be taken as: we are always defining u to be 0 wherever it is undefined and by
|ulls we mean [|ul|psgn). Also, we will write || - [|r(q) as [ - [|p(q) for short.

4. Because the present paper is focused on radial and radially decreasing functions, we will call
radial and radially decreasing as radially decreasing for short and write g, 50 as g pb-

5. wy, will refer to the volume of the unit n-ball.

In the case p = 2, the endpoint inequality of Theorem 1.1 was proved to hold in the weak sense by
Brezis and Lieb in [3].



Theorem 1.2. For open, bounded 2 C R™, ¢ = q* (n,2), there exists a constant B > 0, depending
only on n,Q, such that the following holds for every u € H} (Q):

IVull3 — 52 u

5 = Bllullg. (5)

where ||ul|q.w denotes the weak LY norm defined as:

g = s AT [ (o) 0
A A

with A taken over all A C R"™ of finite measure.

Unfortunately, the generalization of Theorem 1.2 to other p, to the best of our knowledge, is
still open. We will rephrase it as the following:

Conjecture 1.3. For open, bounded Q@ C R"1 < p < n, ¢ = q*(n,p), there exists a constant
D > 0, depending only on n,p, 2, such that the following holds for every u € Wol’p (Q):

IVullf — S%lu

p
pe = Dlullgw (7)

The motivation for this project was Conjecture 1.3 and our attempt was to use the results
proved by Cianchi et al. in [7], which are the following two theorems:

Definition 1.4. Fix n > 2 and 1 < p < n, then for every radially decreasing u € WP (R?), we

define

lu = gaslp-

inf ];* =t | gaplly = llully if u#0
ab | [l

A(u) =

0 if u=0
Theorem 1.5. Forn > 2, 1 < p < n, there exists k, 5 > 0, such that the following holds for every
radially decreasing u € WP (R"):
Slulys (1482 @)°) < IVull, (8)
Moreover, (8) holds for some (3, k) with B =3+ 4p — ?’pn—ﬂ. Whenp =2, 5=2/2"=(n—2)/nis
such a B as proved by Bianchi and Egnell in [8].
With a slight abuse of notation, we will define A for general u:

Definition 1.6. Fix n > 2 and 1 < p < n, then for every u € WP (R"), we define

*

14 = Gabao [+

in o 9apaollpr = llullp< o if w70
b Tl
A(u) = P

0 if u=0



Theorem 1.7. Forn > 2,1 < p < n, there exists k,« > 0, such that the following holds for every
u € WhHP (R"):
Sllullpr (14 £ (u)) < [[Vullp 9)

Whenp=2, a =2/2* = (n—2) /n is such a «, as proved by Bianchi and Egnell in [8]

Observe that the sharp « in Theorem 1.7 is greater than or equal to the sharp  in Theorem
1.5.

Though we did not solve Conjecture 1.3 completely, we found an inequality similar to (7) for a wide
range of ¢, which could imply Conjecture 1.3 if we can improve the 8 in Theorem 1.5 to p/p*.

Reversely, we will prove that (7) does not hold for any ¢ > ¢* and use the Main Theorem to
conclude that p/p* is a lower bound for the 8 in Theorem 1.5.

1.2 Main Theorem and the organization of the present paper

Main Theorem. For open, bounded Q C R", 1 < p <n,1 < ¢q < p*, if 8 is a value for which (8)
holds, then there exists 8 = 0 (n,p,q,3) > 0 and C = C (0, p,q,n,, 3) > 0 such that the following
inequality holds for every u € WP (Q),

1-6 (10)

0
IVullp = Slullps + Cllullgwllull:

More specifically, we can take 6 as follows:

Bp* if ¢ <2l
0= g
CEICETS

otherwise

As a corollary, we have that

IVullh > SP[lullb. + C'()[[ull] a2 (11)

We will first focus on radially decreasing functions with compact support and estimate A (u)
(as in Definition 1.4) in terms of ||u||q. from below. The key in this step is to analyze the relation
between ||g|lg.w and [|g],+((rn—q)), Where the latter can be controlled in terms of ||u — g|,+. Then,
we will combine this upper bound on ||u||q. with Theorem 1.5 to obtain the Main Theorem. After
that, we will prove by direct computation that (7) does not hold for any ¢ > ¢*. And finally, by
combining the previous step with our Main Theorem, we will conclude that p/p* is a lower bound

for the 8 in Theorem 1.5.
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2 Proof of the Main Theorem

2.1 Preliminaries

For given p, q,n, <), we first fix x and /8 for which (8) holds.

By extending u to be 0 outside of Q and applying the rearrangement inequality (for example,
see [1]), we may assume WLOG that u is radially decreasing, nonnegative and is not constantly
zero, and (2 is a ball.

Rescaling and normalization arguments allow us to assume Q = B (0,1) and |lul[,» = 1. Note
that, even though (10) is not scale-invariant, C' is changed only up to a constant independent of w.

Now, for such u, (10) is equivalent to

IVullp > S+ Cllullg, (12)

11 11

Because ||u|gw < [|ullp|Q]s 7" =|Q]a 7" and (8) holds, for any € > 0, we may take the C in (12)
to be small enough such that (12) would hold for all u € I/VO1 P (Q) with X\ (u) > e. Therefore, we
will assume WLOG that A (u) < €, where € > 0 is a small constant to be determined.

2.2 Bound ||u||,. using A (u)
Claim 2.1. A\ (u) >0

Proof. We argue by contradiction.
By the definition of A, if A(u) = 0, then there exists a sequence of extremals {g,} such that the

LP"-norm of each g, = Gamby 18 1, and gp, — w in LP". Note that we have

m

[ = gmllp= = X (Rr—0)gmlp- (13)

and that ||gq,, b, |lp» = 1 implies that we can write g,,, 5,, as a one-parameter family of functions:
by, - We have ||xrn_q)gmllp= — 0, which implies b,,, — co. However, when b,, — 00, gs,, point-wise
converges to 0 but u cannot be 0. Hence, g, does not converge to u. Therefore, X (u) is always
positive ]

Consequently, we can take an extremal g, such that ||u — ngii < 2X (u).
Then, we have the following bound on ||u||g..:

1
gw < [|lu — ngq + Hngq,w < CrA (u)?™ + Hngq,w (14)

[

where the first inequality holds by the triangle inequality and the fact that weak L%-norm is bounded
by L%-norm. And the second inequality holds by Holder’s inequality.

Let us first calculate ||gpl|q,» in terms of b. As g, is radially decreasing, we know that for all A C R"
with the same measure, [, |gs|dx is maximized when A is a ball centered at the origin. Therefore,

sup |A|_1/q//|9b|dl‘: sup |A|_l/q,/|gb’dﬂf
ACR™,|A|<o0 A A=B(0,R) A



Hence,
_ 1 R N 1=
n ’/ a(l—l—(br)p) r"Ldr
0

R
- Q
~ sgp (%) ’ bci/o (1 —i—rp) Pl
n —n+ n _n Q / - D 1
~ b7 T sup (Q) W / (L) mmtar (15)
Q 0
~ b T E
N e (16)
For the supremum in (15), we have the following two estimations
lim (Q)_% /Q (1 + rp/)k% "Ly ~ lim |A|_1/q// |gp|dz
Q—0 0 A=B(0,Q),Q—0
< Idz) /1 =0
A=B0.0),00 / il
and
_n Q ’ 1-2 . 0 ’ 1-2
lim (Q) ¢ / (1 + rp> Pnldr < lim (Q) 7 / (1 + rp> Py (17)
Q—>OO 0 Q—>OO 0
Pl converges, the right hand side of (17) is 0

because the integral [;° ( 4P

Therefore, the supremum in (15) is equal to the supremum of the same expression over a certain
compact interval. Hence, the supremum is attained at some @Q = Qo and thus it is finite. Moreover,
(18)

we can see that

swp A1 [ e = (1177 [ Jaas )
ACR” | A|<oco A A A=B(0,Qo0/b)
Then, it is natural to estimate b in terms of \ (u)

2 (u) > flu— gollPe > IxGgsllb-
e * N\
= nwn/ a? (1 + (br)p) Ly
1

G AN
:nwnbn/b <1+r > r i dr

(19)

*an

Note that ||gp||,» = 1 implies
o

Hence,
/ (1 + rp/) " " ldr <\ (u)
b
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As X (u) < e for € chosen to be sufficiently small, we may assume that b > 1. Thus,

/ (2r) "ty < / (1 + r”/>7n r"ldr < A (u)
b b

This implies
(o.9)
/ P i=np’ gy < A(u),
b

which is to say,

b2 A ()T (21)
Combining (21) and (16), we now have:
oo £ 277 5 () (22)
Moreover, by (14) and (22),
lullgw < A ()7 + A ()@ PG75) < A @m0 (G5 )) (23)

i
Denote the above exponent min{%, (p—1) (% - JT%)} by 7, then ||ul|gw < AP, Hence, taking 6 = %
and we can deduce (10) from (8).

This finishes our proof of the Main Theorem.

Note that if (8) holds for 8 = p/p*, we can take ¢ = ¢*. Then, % = p, which is to say (11) holds
for ¢ = ¢*,0 = p, which coincides with (7). That is, to prove Conjecture 1.3 holds, we only need to
show that (8) holds for § = p/p*. As this value is achieved when p = 2, our Main Theorem offers
a new proof for Theorem 1.2.

3 Application: A lower bound for

In this section, we will show that (7) does not hold for any g > ¢*, which will be rephrased as the
following lemma. And then, we will apply our Main Theorem to show that p/p* is a lower bound
for the 8 in Theorem 1.5.

Lemma 3.1. There exists some open, bounded 2 C R™ such that for any C > 0, there exist some
u € Wol’pﬂ such that:
IVully = SPllullpe < Cllullg.,

Proof. We will prove by construction. Take = B (0,1) and consider the family {up}y~¢ defined
by up (z) := (g (x) — g5 (1)), where g; is the unique extremal g, such that [|g, /[, = 1 and for
r € R, we define gy (1) = gp (rv) where v € R™ is arbitrary unit vector. As g is radial, there is no
ambiguity on the definition of g (). And we claim that this family {u;} will be a counter-example
to (7).

Let us first compute ||u|/h,. As remarked in (18), the supremum in expression (6) is attained
when A = B(0,Qo/b) where @ is a fixed constant. Therefore, we can fix some sufficiently big

M > 0 such that B(0,Qq/b) € B(0,1/3) and 1+ b > 2¢' (1 n (g)f“) holds for every b > M.

7



Then,

b

p’ (p—n)/p
g (r) > gp(1/3) =a (1 + <3> ) > 2=/ (=D g (1) for all r < 1/3

and hence g, () — gy (1) 2 gp (z) for any |z| < 1/3. Thus we know, as b — oo,
[ubllg.w Z 119bllg.
As |up (z) | < |gp ()| point-wise, we have ||upl|gw < ||gbllg,w. Therefore,
[usllgw ~ lgbllg.w (24)

n__n
!

By (16) and (24), we can deduce that as b — 0o, |lup||hw ~ bp<q (P*>’), which is asymptotically

_n__

greater than bp<(q*)’_ﬁ) ~ ||Ub||Z*7w ~ pp—n)/(p—1)
In fact, for this family of u, as b — 0o, we have

IVupllp = Sllupllp ~ llubllge o (25)
but for our purpose, it suffices to prove

IVupllp = Sllusllps S llusllgs o (26)
Using the fact that [Jup|/gxw S |ubllpr < |lgbllge,w = 1, we can derive from (26) that

IVuplly = SPllupllpe < lusllge

And the lemma will follow immediately.
We now compute the left hand side of (26):

[Vupllp — Sllup|lp+
= [IVabllp) = Sllgo — g6 (1) llp+(2)
= [IVabllp) = Sllgbllp=) + (Slgsllpr@) — Sllgs — g6 (1) [l ()
= (IIVgbllp@ny — Sllgnllp+&n)) + S (lgbllpemny = llgbllp= ()
— (IVgsllpn) = IVasllp)) + (Sllgsllp=) — Sllgs — g6 (1) [lp@))
=5 (1= llgly ) = (IVallp@e) = IVgllp0)) +5 (lgsllp-) — llge — g5 (1) =) (27)

J/

I Jp Op
For Iy, we have

1 N —n ) 1/p ap* b N = L
v = (nwn [ (14 (br) nlq = (nw,— [ (1+7? nlq
p*(Q) <nw /0 a ( + (br) ) r 7“) <nw m /0 ( +7r ) r 7“)

1/p

9o



Using the fact that 1 =

n 1/p
)= <nwn i fo (1 + rp/> r”_ldr> , we have, for b sufficiently
large, that

fb (1 + 'rpl> - rLdr v

fo (1 + ") " =1y

L—lgllp=y =1 -

0o N\~ 1/p
f (1 + 7P ) rldr
—1—
fo (L+r?P") " rn=ldr
1 fboo (1 + rp/)in rn—ldr
~ = 28
p fo (1+rP") " pn=1dr (28)
~ / (1 _|_7a17')7n Tn_ldr
b
~ / T_p/n+n_1dr
b
~ p—n/ (1) (29)

where the comparability in the third line follows from

1—(1—-B)*
i 1= 1= B)"

=1 f 0
Lim Ba or any o >

Because we will bound J, by —J; < 0, estimating it is irrelevant to our goal. However, interested
readers may take the similar approach as in the estimation for [ to derive that

Jy ~ b/ (=D (30)
And finally, as for §,, note that by the triangle inequality of LP" norm, we have

N (p—n)/p
0< 8 < llgs (D llproy ~ g5 (1) = a (145) 7 7 ~ ape=m/=D
as shown in (19), a ~ b™/?" = p(*=P)/Pand hence:

0< & <bPD 0 asb— oo (31)

Therefore,

o = llas =g (V12 o) = lgsllB iy = (b llpe ) — 8)"
1
> 0" (I9ollps ) — )"~ 0 (32)
where the inequality holds because for any A > ¢ >0, a > 1,

A
dz®
AO‘—A—EO‘:/ —_—
a-er= [

dy € [a (A—e)* e, aAo‘*ls}

=y



The upper bound in the above line will be used later.
Since the limit of || gp||,«() — dp as b — oo is 1 — 0 = 1, we know from (32) that

8 S N9ell2 ) = llgs = 96 (1) 122 (33)

The right hand side of (33) is:

nwp, /1 <<a (1 + (br)p/)(pn)/p>p* - (a (1 + (br)?")(pfn)/p —a (1 n bp/>(pn)/p>p*> =1y
0
o /01 (p* (a <1 i (br)p/)(pn)/p>p*_1 ) (1 N bp’>(p”)/p> .

~ aP’ <1 + bp,)(p*n)/p /1 <1 + (br)pl> e r"dr
0

_ <1 N bp,>(p—n)/p 1 b <1 n rp/> Erpt-1) .
0

bn
« N @-n)/p 1 [ N (p* 1)
< gP - p P n—1
<a (1+bp> b, <1+T ) " dr (34)
N (p—n)/
S (1 + bp) e (35)
~ bpl% — pp—n)/(p—1) (36)

We can go from (34) to (35) as a?” ~ b" (see (19)) and the integral converges by a simple test.
Combining (36), (30), and (28), we have

IVusllp = Sl S bE/@Y
as desired. O
Corollary 3.2. For 0 < 8 < p/p*, there is no k such that (8) holds.
Proof. Assume to the contrary that (8) holds for some Sy < p/p*.
By taking ¢ = gﬂ%?iig(;l—)l) € (¢*,p*), which is the value such that 6 = anﬁ = p and

applying the Main Theorem, we have (11) holds for this g, which contradicts Lemma 3.1. O

Hence, p/px is a lower bound for the 5 in Theorem 1.5, as well as the « in Theorem 1.7.
In particular, we can conclude that when p = 2, the sharp exponent 8 in Theorem 1.5 and the
sharp exponent « in Theorem 1.7 are both 2/2* = (n — 2) /n.

4 Further Questions

As remarked earlier, the Main Theorem can yield Conjecture 1.3 if (8) holds for 5 = p/p*. And we
know this is the smallest 5 possible. Therefore, it is natural to conjecture that p/p* is the sharp
exponent.

Conjecture 4.1. § = p/p* is the sharp exponent in Theorem 1.5.

10



Conjecture 4.2. a = p/p* is the sharp exponent in Theorem 1.7.
And one can also ask if the converse is true. That is:

Question. Assuming that Conjecture 1.3 is true, can we conclude that (8) holds for g = p/p*?
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