BEST CONSTANTS FOR TWO FAMILIES OF HIGHER ORDER
CRITICAL SOBOLEV EMBEDDINGS

ITAI SHAFRIR AND DANIEL SPECTOR

ABSTRACT. In this paper we obtain the best constants in some higher order
Sobolev inequalities in the critical exponent. These inequalities can be sepa-
rated into two types: those that embed into L% (R™) and those that embed
into slightly larger target spaces. Concerning the former, we show that for
ke{l,...,N =1}, N —k even, one has an optimal constant ¢, > 0 such that

lulli < e [ [94(-2) 72

for all u € C°(RY) (the case k = N was handled in [12]). Meanwhile the most
significant of the latter is a variation of D. Adams’ higher order inequality of
J. Moser: For Q C RN, m € Nand p = %, there exists A > 0 and optimal
constant 89 > 0 such that

/ exp(Bolul”’) < A0
Q

for all u such that ||[V™ul|ppy < 1, where ||[V™ul|pp(q) is the traditional
semi-norm on the space W™P(Q).

1. INTRODUCTION AND MAIN RESULTS

Let Q C RY be open, bounded and smooth or all of RN, m € N, and p € [1,00).
Further denote by W™P(Q) the Sobolev space of functions in LP(£2) whose mth
order distributional derivatives are also in LP(). It is well known that the case
mp = N is a limiting one for the embedding of WP () into L>°(2). Indeed, the
embedding holds for mp > N and fails to hold for mp < N. The critical exponent
mp = N is more delicate. The exception here is W:!(Q), for which the embedding
in L*°(€2) does hold. For all other values of p = N/m > 1, W™P(Q) does not
embed into L (). In this regime, instead of boundedness one can show the local
integrability of exp(a|u|?") for some a > 0. Our main concern here is the issue of
best constants in the aforementioned embeddings and related ones.

We start with the exceptional case p = 1. In a recent paper [12], the first author
has found the best constant for the embedding of the space WN:1(RY) into L>°(RY).
That is, he computed the smallest constant ¢y > 0 for which the inequality

(L.1) sup |u(x)| < CN/ |V u(z)| da
zERN RN

holds for all u € WN:1(RV). An earlier result by Humbert and Nazaret 6] estab-

lished this results in dimension N = 1,2. Moreover, it was proved in [6] for N = 2

and in [12] for N > 2, that the inequality in (1.1) is strict for any non-trivial  (i.e.,

if u is not the zero function). Here and in the sequel, for k € N, we denote by

k _ o*u —
Viu(z) = 3 3 (where Zy = {1,...,N}),
Tiq T 1,0tk €ELN
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2 I. SHAFRIR AND D. SPECTOR

the tensor consisting of the N* partial derivatives of u of order k at the point z and
by |V¥u|(x) the Euclidean norm of this vector in RY " Note that by scaling invari-
ance proporties of the quantities involved, (1.1) implies, and actually is equivalent
to, an analogous inequality for functions in Wév 1((2) for any subdomain Q Cc RV.
The key observation in [12] that led to (1.1) was the identification of log |z| as a
fundamental solution of a certain elliptic operator of order 2/N, namely

(1.2) (—1)Ndivy (Jz|V VN log|z]) = pndo.
Above and in the sequel we denote, for a tensor T, consisting of N* components,
Ty, i
1.3 divg(T) = btk
(13) AU DI
i1,k ELN ‘1 'k

One of our main observations here is that (1.2) is just a special case of a family of
equations satisfied by log |z|, namely

(L) (=)*dive(=2) @2 (a2 NI (= )@ D 2 10g ] ) = gy ado

for k € N and a € [k,00). Actually, in order to let (1.4) make sense also when
(v — k)/2 is not an integer, we consider an equivalent form of it in (3.13) below.
From (1.4) we deduce below in Theorem 1.1 that for each k € {1,..., N — 1} one
has the following inequality:

(1.5) sup |u(z)| < ek / (VE(=A) V=02 ()| da,
z€RN RN

for all u € C2°(RY). In the case where N — k is even we prove that the constant cy
we have found in (1.5) is also optimal. We note that in the case k = 1 inequality
(1.5) could alternatively be deduced from a recent work of the second author and
Rahul Garg concerning the mapping properties of the Riesz potential [4,5] (although
this inequality was not stated explicitly in [4,5], it follows from Lemma 3.1 in [5]
and the relationship of the fractional Laplacian and Riesz potentials - see below for
precise definitions).

Our results extend in the usual way to the completion of C°(RY) with respect
to the semi-norm

e ;:/ IVE (= A)YN=8)/2y (3| d
RN

If we denote these spaces by {X™¥}&_ then one observes they can be partitioned
into two nested families of spaces

WN,l(RN) — XN,N C XN7N72 cC..-C XN,N mod 2

(1.6) XNN-1 = xNN=3 —  ~ xNN-1mod2

Simple pointwise inequalities show that one has the preceding inclusions, while the
fact that all the inclusions in (1.6) are actually strict is a direct consequence of
Ornstein’s celebrated theorem, see [10] (we are indebted to Petru Mironescu for
informing us about this result).

Thus if one rewrites (1.5) as the family of inequalities

(L.7) sup |u(x)| < cplulx~.x,
z€ERN
for k € {1,...,N}, our work asserts that such a ¢ < +oo (which could also

be deduced from classical potential representations and Sobolev embeddings on
the Lorentz scale), and in the case N — k is even, it cannot be improved. In this
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framework it is natural also to consider the case k = 0, i.e. the space X V-9 associated
with the semi-norm

|u| xn0 = /RN (= AN 20 ()| da.

Here, for k = 0, in strict contrast with the case k > 1, the analogue to (1.7) is false,
as X0 does not embed into L>(RY). We will discuss in more detail this issue
below.

In order to give the explicit expression for ¢ in (1.5) we need to recall the work
of Morii, Sato, and Sawano [9] on the Euclidean norm of the derivatives of certain
radial functions. In particular we require firstly their result concerning the function
log |z| that

k

l
(1.8) V¥ log |z||” = e T40

for a combinatorial constant ¢%; (see (2.6) for its explicit value), and additionally
the following: for each integer £k > 1 and s € R there is a positive constant )\f\’,k
(denoted by Vf\}k in [9]) that satisfies
)\s,k:
k s|12 __ N
(19) |v |33| | - |x|2(k_s)7 x;é()?

see (2.7). With these ingredients we can give the following result on the sharp
constant in the inequalities (1.7).

~1/2
Theorem 1.1. Fork e {1,...,N —1} set ¢;, := ()\?V_N’k) (N —k)~'. Then,
(1.10) sup |u(z)| < cx / |VF(=A)N=R/2y(z)| da
RN

z€RN

for all uw € C°(RN). Furthermore, when N — k is even cy is optimal in the sense
that it cannot be replaced by any smaller constant.

Here, () is a normalization constant associated with the Riesz potential I, (« €
(0, N)), for which we use the definition as given in [13, p. 117]):

(111) g0 = (Lo v g)(o) = s [ Iy

where

(1.12) Aa) = 7V220D(g)/D(N52).

For later use we also define, this time for each «a € [0, 00),
~ ay(a) a>0
(o) = { e
WN—-1 a=0

Note that () is continuous at @ = 0. We were only able to prove optimality of
the constant ¢ in (1.10) when N — k is even. It is therefore natural to raise the
following question:

Open Question 1. Is the constant in (1.10) optimal when N — k is odd?

Next we move to the question of optimal constants in embedding of the space
WP(Q) when p = N/m > 1. The first result of this type is due to Moser [8], who
for the case m = 1,p = N proved the following;:

(1.13) / explao(N)|ul”') < clQ], Yu € WEN () sit. / N <1,
Q Q
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1
with ag(N) = Nwy_;, and ao(N) cannot be replaced by any larger number.

In [1] D. Adams generalized Moser’s result to all spaces WP (Q) = W™/ ™ (),
where m is any positive integer less than N, for which he proved that

(1.14) / exp(Bo (N, m)[ul?’) < €|, Yu € WIP(Q) s.t. / DMl < 1,
Q Q

with Bo(N,m) given by

a1 oy [FEP e
' o = w}\],\llﬁ(m—l)p/ m odd

Moreover, Bo(N,m) is optimal, in the sense that it cannot be replaced by any larger
number. In the above,

(—=A)™/ 2y, m even
1.16 D™y = .
(1.16) u {wm(mwzu m odd

The norm [|[D™ul|»(q) used by Adams looks somewhat unnatural, as in particular
it requires to distinguish between the cases m is even and odd in (1.15). We shall
see below how to obtain the same result as Adams’, but for the more traditional
norm |||[V"™ul|| 1 (q)-

The difficult part of Adams’ proof of (1.14) is the following sharp exponential
estimate for the Riesz potential proven in [1]:

Theorem 1.2. [D. Adams] For 1 < p < 400, there is a constant A = A(p) such
that for all f € LP(R™N) with support contained in €, || < +oc,

N p Iaf(:c)
(1.17) /QeXp (Wva(a)

[palya
where a = N/p. Furthermore, no number greater than ijvil'y(a)p/ can replace the

coefficient without forcing A to depend on u as well as p.

p/
dx < A|Q],

In order to deduce (1.14) from Theorem 1.2 Adams used standard potential
representations of a function in terms of the differential object (1.16). Indeed, one
has for any smooth function with compact support:

(1.18)
u(z) = 7(1%) fRN(—A)m/Qu(ny —y[™Ndy m even
ﬁ(mlq) Jan V((=2)=D2u(y)) - |z — y[™ N (2 —y)dy m odd
Note that the special case m = 1 in (1.18) is nothing but the well-known formula:
1 Vu(y) - (z —
u(z) = (y) - ( - Y) dy.
WN-1 JrN |z —yl

In order to justify (1.18) for every m > 2, note that the first formula just expresses
the fact that I,,, and (—A)™/2 are the inverse of each other. To obtain the second
formula (for m > 3 odd) it suffices to apply the first formula for m — 1 instead of
m, use the identity

div (lz = y" Nz —y)) = (m = 1)z —y[" 77V,

and finally apply integration by parts. From (1.18) one deduce easily the pointwise
inequality

Im(|DmuD($) m even
(1.19) ful@)] < {ﬂm)l)fm(wmun(x) m odd

y(m—
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Plugging (1.19) in (1.17) leads immediately to (1.14). In our approach, we still rely
on Theorem 1.2, but instead of (1.19) we use the inequality

) < (V) o),

which is established in Corollary 3.1. This inequality is a consequence of the new
representations of the higher order gradient in terms of potentials that are sharp,
which follow from the case k = m = « of our equations (1.4).

The above considerations allow us to obtain the following variant of Adams’
estimate (1.14):

Theorem 1.3. Let m € {1,...,N — 1} and p = N/m € (1, N], and define
Bo(m, N) := Nep/N=m) (g 2o
Then we have

/eﬁom,mw’ de < AlQ),
Q

for all w € WP (Q) such that ||[V™ul|| ey < 1. Furthermore, no number greater

than Bo(m, N) can replace the coefficient without forcing A to depend on u as well
as p.

_ We draw the attention of the reader to the natural way in which our formula for
Bo(m, N') generalizes Moser’s formula for ag(N) in (1.13).

Remark 1.1. The only case where Adams’ constant coincides with ours is when
N = 2m. This is because of the equality

(1.20) D™ ullp2(0) = [[[V™ull[L2()-

The equality Bo(m,2m) = Eg(m, 2m) leads, after some simple manipulations, to the
formula

(1.21) o = 22D ((m — 1)1)2,

An elementary direct way to deduce (1.21) from (1.20) is to apply the latter to the
family {us} constructed in Proposition 2.1 (functions that approximate log(1/|z|)).
A simple computation gives

1970 = g, tos(1/2) + 0Q1),
RN
while
[ 1D = a2 (o - 11 og(1/2) + (1),
]RN

Equating the above expressions and sending € to zero yields (1.21).

More generally, the potential representations we develop in this paper enables
us to give the best constants in the intermediate family, which is given in our

Theorem 1.4. Let m € N, k € {1,...,m — 2}, m — k even, and suppose p =
N/m € (1,00). Further define

Bo(m, b, N) = > (y(m — k) Ay

WN—-1

Then we have

/ PomkMlel” g0 < 4|,
Q
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for all w € C2(Q) such that |||VF(=A) "=k 2|, < 1. Furthermore, no number
greater than Bo(m, k, N) can replace the coefficient without forcing A to depend on
u as well as p.

Finally, we return to the exceptional case XV:0(R"). Here the embedding into
L is false, though it is well known that one has an embedding into the larger
space of functions of bounded mean oscillation (BMO). In fact, in this regime John
and Nirenberg’s work implies the existence of a C' > 0 for which

(1.22) lulrvo < C/ (=AM 2u(z)| do

RN
for all (=A)N/24 € L*(RY). Indeed, they show that functions which can be ex-
pressed as

(123 u(e) s L dosle = ol ) d,

= 7TN/QQNI‘(%) R

for some f € L'(RY) are of bounded mean oscillation (see p. 417 in [7]) with a
norm depending on the norm of f € L'(RY). The inequality (1.22) follows when
one takes into account that for such u one has

(—A)V 2y = §,

(see, for example, Corollary 2.1 below).

We can give an alternative proof of this embedding with the techniques developed
here, provided one uses the appropriate semi-norm on BMO. In particular, let us
here take the natural norm on BMO arising as the dual of a Banach space. Thus,
we take for granted C. Fefferman’s result that this space is the dual of the Hardy
space HL(RY) (see [2,3])

(H'(RM)) = BMO(RY),

where we equip the Hardy space H!(RY) with the norm of Stein and Weiss [14]

b = [ (@) Ri@) da.

where Rf = V(I f) is the Riesz transform of f. Then we consider the semi-norm
of an element of w € BMO(RY) as

lu|Bpo = sup / uf.
FEHI(RN),|IfII<1 /RN

For this semi-norm, we prove

Proposition 1.5. Define cg := ¢y as in Theorem 1.1 in the case k = 1. Then one
has

(1.24) lulprmo < CO/ ‘(_A>N/2u(33)| d,
]RN

for all u such that (—A)N/?u € My(RN), where My(RN) the space of finite Radon

measures.

In this endpoint, we are not able to prove optimality, and so this prompts one
to ask

Open Question 2. Is the constant in (1.24) optimal?

The plan of the paper is as follows. In Section 2 we collect some useful results
regarding the function log |z|, the Riesz potentials, and the fractional Laplacian.
In Section 3 we state and prove precise versions of the equation (1.4). In Section 4
we prove our main embedding results, with best constants, whenever possible.
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2. PRELIMINARIES

We here recall some facts which will be useful in the sequel. For o € (0, N), the
Riesz potential as defined in (1.11) satisfies the semigroup property

Intpg = 1,139, for a, 8 > 0, such that a + 8 < N,

for g in a suitable class of functions. Note that this implies (or can be deduced
from) the Fourier space relation

(Lag)~ (&) = (2ml¢)~g(E),

again for g suitably regular and integrable, and where we take the convention that

36 = [ awye e da,
RN
For such functions, we can define the inverse of I, by

((=2)*29)7(&) = (27| G(£).
This is the fractional Laplacian, and in particular, when 0 < o < 2, one can deduce
from these definitions the relation

(—A)*2g = Ir_o(=A)g.
A limiting case of the Riesz potentials I, is the case @« — N7, the limit inter-
preted in a suitable sense. In fact, for f € S(RY) with [y f =0 one has
1 1

I If= 1 R p
ai%* f aj)I]n\/'* RN ’Y(Oz) |J) _ le—a f(y) Yy
1 1 1
= - f() dy,
a—N- Jpx Y(a) [w —y|N-e  |g|N-e
while
1 1 — emlz—y[*™N _ x|V

ey e
=(a—N)(ln|z —y| —In|z|]) + o(a — N).

Thus applying Lebesgue’s dominated convergence theorem one obtains

- N
lim I,f= lim M/ In |z —y[f(y) dy.
a—N— a—N~— 7(04) RN

Finally, we can resolve the constant

. (a=N) L(%F2)
1 — =1 —N)———————
SN TNG) T m  N) Tagar(a
-2 N—
_ li ( Ot)l—\ N—«
N o2 L)

and thus we find

2
aj)%* / 7TN/22NF(%)

so that in a suitable sense

/ Injz — |~ f(y) dy.
]RN

(Ing)~(€) = (2mle])~g(&).
Corollary 2.1. One has, in the sense of distributions,

(—AYN/2 log ||~ = 6.

aN/2oNT ()

For m € (0, N) we compute (—A)™/?log|x| in the following
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Lemma 2.1. For any m € (0, N) we have in the sense of distributions

(2.1) (—A)™2log 2] = — (7(m)) 1

WN_1 |x|m !

Proof. We treat separately the cases N > 3 and N = 2. For N > 3 we recall that
(2.2) —Alog |z = (2= N)/|a|* = (2 = N)7(N — 2)(In—280)(z)

~1/2

Using the representation of (—A) via the Riesz potential we get the following

formula for (—A)'/?log |z|:
(23) (~A)"2logle] = L(~A)log ] = I (2~ N)y(N —2)Ix 200) (x)
= (2= N)y(N = 2)(In-100)(2).

The semi-group property of the Riesz potential and fractional Laplacian now imply
that

2-N)y(N-2) 1
AN —m) e

(24) (~A)™2logla] = (2~ N)Y(N — 2)(In—mo)(z) =

Next we use the well-known formula

I ¢)
T2 N -2 (see (1.12)),

in conjunction with the semigroup property of v to rewrite the coefficient on the
R.H.S. of (2.4) as

(2.5) 2NN -2) 12N -2)  5(m)
’ Y(N —m) wn-1Y(N —m) WN_1

WN—-1

and (2.1) follows, when N > 3.
When N = 2 we start with

—Alog|z| = =27,

then, again by the semi-group property of the Riesz potential and of v we deduce
that

2
—A)™/? log || = Io_(—Alog|x|) = 27l pp= ——————.
(=22 1og ] = I n(~Aloga] e
Finally, it suffices to note that
~(1)? 472
v(2—m)= (1) = ,
(m)  y(m)
to conclude that —27— = 21m) _ 3(m) O

y(2—-m) — 27 w1

In the paper of Morii, Sato, and Sawano [9], they verify that the identities (1.8)
and (1.9) hold and compute explicitly the constants in terms of some combinatorial
quantities. We here recall their values. If we denote by

k=1

[I(v—j) forveR,keN
0 )

Wk = { 4=
1 forv eR k=0

then the relevant quantities are firstly
(2.6)

Lm/2] m—1
N -3 o (D)7 n m—n
N =m! E =200 —— +1 E 92n—m+l} ~J)
N = = (m ) < 2 +>l 2n (m—n)( l

n=[m/2]

2

K
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and secondly
(2.7)

lm/2) m—l \
87 | 171 2n—m+l [ 2 n m-n
=t e (S er) (3 = (0 (0)

n=[m/2]

In the next proposition we construct a family of smooth maps that will be useful
for the proof of Theorems 1.1 and 3.1. The same construction was used in [12].

Proposition 2.1. There exists a family of maps {u.}eso C C°(RYN) satisfying

(2.8) ue(x) =log(1/[xz[) on By \ Be,
(2.9) [[te|| Lo (rv) = ue(0) =log(1/e) + O(1),
(2.10) supp(ue) C Ba,
(2.11) [V el || oo 5. = O™), 1< K< N,
(2.12) H|Vkug|HLm(Bz\Bl) =0(1),1<k<N.

Proof. Let ¢ € C*°[0, 00) satisfy ¢ =0on [0,1/2], ¢ =1 on [1,00) and ¢(t) € [0, 1]
for all ¢. For each € > 0 define . (t) = ¢(t/e) on [0,00). Clearly,

, C; ‘
(2.13) leP N 0.00) < 5 Vi 2 1.

Set on [0,00), f-(¢t) = (—loge) — f “"E(S ds. Finally, let ¢ € C(RY) be a cut-off
function satisfying supp(¢) C Ba(0) and ¢ =1on B1(0) and set u.(x) = ((z) f(|x])
on RY. The validity of (2.8),(2.10) and (2.12) is clear from the definition. Com-
bining (2.13) with the estimates (see (1.8))

Ck

(2.14) [|IV*log \z|\|Lw(BE\BE/2) <=2 1<k<N,

with (2.13) yields (2.11). Finally, (2.9) follows from the case £k = 1 in (2.11),
together with (2.8).
O

3. PDE AND POTENTIAL ESTIMATES

In this Section we prove two versions of (1.4) with precise constant, as well
as some useful corollaries. Let us first give the following result, which extends
[12, Proposition 3.1] from k£ = N to any k € N.

Theorem 3.1. For k € N one has the equality
(—1)% div (|z** N VFlog |z]) = —thwn_150
in the sense of distributions.

A useful consequence of Theorem 3.1 that we will require in the sequel is the
following corollary which establishes a potential estimate for a function in terms of
its higher order gradient.

Corollary 3.1. Let m € N, m < N. Then one has

)] < — (T (z) , V€ O RY).
NWN -1

Let us quickly prove the corollary before we return to give the proof of Theorem
3.1.
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Proof. As a result of Theorem 3.1, if u € C°(RY) we have

1

u(z) = 7@\}&”\]_1

/ PN V(e — y) - ™ log(1/]y]) dy,
RN

and using finite dimensional Cauchy-Schwarz and the relation (1.8) we find

1 m— m Y
ju(a >|f—emw / PN V(e — )| dy
NWN-1 JRN

ly™
EmwN 1

which is the desired result. O

Proof of Theorem 3.1. We argue as in the proof in [12, Proposition 3.1]. Thus, we
define the function

(3.1) F(z) := (—1)* divy (|a:|2k7NVk log |z|),

which again belongs to C*°(RY \ {0}). As in [12], it is easy to verify that F is a
radial function which is homogenous of degree —N. Therefore it must be of the
form

(3.2) F(z) = el Y,

for some constant ¢ € R. We claim that ¢ = 0.

Assume by contradiction that ¢ # 0. For each € € (0,1) set v. = (p. € C(RY),
with the same ¢ and ¢, (f) = ¢(t/¢) as defined in the course of the proof of Propo-
sition 2.1. It is easy to verify that

(3.3) / |V*v.| < C, uniformly in €.
RN
On the other hand, by (1.8) we have
1
(3.4) |z|?* N | ——=V"log |z|| = 1, for all z # 0,
4
whence
(3.5)

/ Thu,) - (jN T log J2)
Bz\Bs/2

|VEu,| 2/
/RN : BQ\BE/Q /

Applying integration by parts to the integral on the R.H.S. of (3.5) and using (3.2)
gives

[NV log |2]) =

\/ZT/BQ\BEM
o) = N log(1/e)+0(1),
/gk /32\35/2 |z [N \/KT/Bl\B \CC| 1/6?\, "

where O(1) denotes a bounded quantity, uniformly in e. Combining (3.5)—(3.6)
with (3.3) leads to a contradiction for & small enough, whence ¢ = 0 as claimed.
From the above we deduce that the distribution

(3.7) F = (=1)F divg (|z** "N V¥ log |z]) € D'(RY)

/ V UE (
,/Ek Bz\Bs/2




BEST CONSTANTS FOR CRITICAL EXPONENT SOBOLEV EMBEDDINGS 11

satisfies supp(F) C {0}. By a celebrated theorem of L. Schwartz [11] it follows that
L
(3.8) F =Y ¢;DYd,
j=1

for some multi-indices a1, ...,ar. But by (1.9) the R.H.S. of (3.7) can be written
as

(—1)% div (|z[**~N V¥ log |z]) = div G,
with G = (G1,...,Gn) : RN — RY satisfying |G,(z)| < C/|z|V~1, for all j. Hence
G € LL (RN, RY). It follows that F in (3.7) is a sum of first derivatives of functions

loc
o7l
in L., whence for some ;1 € R,

(39) F = ,U(SO .

It remains to determine the value of p in (3.9). For that matter we use the test
functions {u.} given by Proposition 2.1. By (3.7) and (3.9) we have

(3.10) e (0) :/ 2|2V (VFu.) - (VFlog |z]) .
RN
By (2.8)—(2.12) we get for the R.H.S. of (3.10),
(3.11)
/ 2|2 (VFu.) - (VF log |z]) = —/ ||V (V¥ log |z])- (V¥ log |2|) +O(1)
RN {e<]z|<1}
dz
= —z’;v/ — +O0(1) = —l{wy_1(—loge) + O(1).

{e<|z|<1} |Z]
On the other hand, for the L.H.S. of (3.10) we have by (2.8) that
(3.12) pue(0) = —ploge + O(1).
Plugging (3.11)—(3.12) in (3.10) yields u = —¢X.wy_1 as claimed. O

For the more general family of inequalities we prove in this paper, we require the
following version of (1.4) in the regime o > k.

Theorem 3.2. For every k € N, « € (k,00), we have

1 )\kfa,k
1 —1 di 2a—Nwk _ N .
(3.13) (—=1)" divg <|37| \Y ||k |x|N—atk

To see that Theorem 3.2 is a version of (1.4), we note first that by Lemma 2.1
we have

(—A)@=R)/2 Jog 4| = — ('y(a — k)) 1

WN—_1 |I|a7k’

and invert the outermost fractional Laplacian (—A)(@~%)/2 on the L.H.S. of (1.4).
Again, before we prove Theorem 3.2, let us record and prove another useful sharp
potential representation, the following

Corollary 3.2. Let m e N, m < N and k € {1,...,m — 1}. Then one has

(m) k m—k)/2
Ju(@)| < 1 Ln| V(= A) =92y,
~y(m — k)\/)\?\fm’k

Proof. By the semi-group property of the Riesz potentials and fractional Laplacian
for u € C°(RY) we have

) = Inea (=)D 2= L (e s () ) (o),
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An application of Theorem 3.2 with @ = m then yields

1 _k
(| N=(m=h) * (—a) k)/2u) (z)

1 . m_
= ok /RN PNV (=) Pz — y) - VkW dy,
N
and thus
1 . . 1
) = ST WA e =) 9
N

Then similarly by the finite dimensional Cauchy-Schwarz and the relation (1.9) we
find

k—m.,k

1 / 2m—N vk —k)/2 Ay
w2 < —m8 ——— y|*™ VFE(—A)m )/ux—yidy
[u(z)| O — RN RN\ | IV¥(—=A) ( )l T

v(m i

- ) g |94 ()2 ),
k—m,k
y(m — k) VAN
which is the desired result. O

Proof of Theorem 3.2. Let the L.H.S. of (3.13) be denoted by F(x), i.e.,

(3.14) F(x):(—l)kdivk(|m|2an’f< ! >)

|x|a—k

By the same argument as in the proof of Theorem 3.1, F' is a radial and homogenous
of order @ — N — k. From (3.14) we deduce easily that |F(x)| < Clz|*N=F ¢
LL (RN), whence F(x) = p|z|* N=F for some constant p. To finish the proof of
(3.13) it remains to determine the value of p.

For each ¢ € (0,1) let v. € C®(RY) be the function as defined in the proof of

Theorem 3.1. We multiply the equation

) o 1 a—N—
(—1)* divy (|x2 va(|x|a_k>)—u|x Nk

by ve|z[F~* and integrate over R™V. For the R.H.S. we get
(3.15)

,u/ |z Nk |z ke = ﬂ/ lz| ™ 4+ 0(1) = wy_1plog(1/e) + O(1).
RN Bl\Bs

For the L.H.S. we obtain, using the properties of v, and (1.9),
(3.16) / (—D)*divy, (Jz>* N VF[zF7) (ve|zF7e)
]RN

I B A B I T AT

I\BE

’ +0(1)

= wy 1\ “Flog(1/e) + O(1).

Equating (3.15) to (3.16) yields p = /\];\,_a’k, as claimed. O

4. PROOFS OF THE MAIN RESULTS

We begin with the result that provides embedding of the spaces XN:* (k =

1,...,N —1) in L>®(R"), with best constant when N — k is even.
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Proof of Theorem 1.1. We start with (3.13), for & = N, to which we apply convo-
lution with the function (—A)N=%)/2y € S. For the L.H.S. we get, applying the
Cauchy-Schwarz inequality and (1.9),

@0 [ Y ()Y e ) dy <

(AI;V—N,k)lm /]RN ‘Vk(_A)(N—k)/zu .

For the R.H.S., we deduce using the Fourier transform, see [13, p. 117], that
(4.2) )\];V_N’k x| % ((—A)(N_k)ﬂu) = /\ﬁ,_N’k'y(N — k)u(x).
Combining (4.1) and (4.2) finally yields

—1/2
fu(@)] < () VUV_ky&/“VW—AﬂN7MNu.
RN

Next we prove optimality of the constant ¢i in (1.10) in the case where N —k is
even. Consider u. as given by Proposition 2.1. By (1.9), (2.1) and (2.8) we get,
(4.3)

’Vk ((_A)(Nik)/Zus)‘ (z) = <M) (/\fV_N’k)l/Q lz| =N for e < |z| < 1.

WN -1

From (4.3) we deduce, taking into account (2.10)—(2.12), that

[ = [ o (caoh ooy

=2V =) (M) log(1/2) + 0.

Combining (4.4) with (2.8) yields

. SUPern [Ue ()] C(eeNk) 2 .
(45) Ly Jan [VE (—A)N=R/24)[ — ()‘N ) YN —Fk)~.

We continue with the results related to Adams inequality.

Proof of Theorem 1.3. Clearly it suffices to consider u € C2°(€2). We begin with
the assertion given in Corollary 3.1, which is the estimate

v(m)
\/@WNA

Then an application of Theorem 1.2 with f = |V™u| and o = m yields the estimate

N ,
[ (oo
Q WN—-1

which by monotonicity of the exponential implies

[ e (N(\/évale)p/ )

WN -1 1V ull e

lu(z)| < I, |V ™.

I |V ul
V™l e

p/
dx < A|Q,

p/
dx < AlQ).

This demonstrates the estimate holds with

Bo(m, N) = N(03)7' 28—t = Nepaw—m N |
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We now show optimality of this constant Bo(m, N). Without loss of generality
we may take = By (otherwise the construction can be translated and dilated
appropriately). Assume that for some § the inequality

(16) [, e (5 el

holds for all u # 0 in W;""(By). Our objective is to show that necessarily g <
Bo(m, N). Taking the test functions u. constructed in Proposition 2.1, we observe

V™2, = / V™ P+ O(1)
B1\B

p/
> dx S A|B2| y

€

1
(4.7) = / [V™log |z||P + O(1) = (E%)p/Q/ — T 0)
1\Be B\B. 7|
’ ].
< (L 0P wnalog o
for every § > 0 and ¢ < £¢(d). Applying (4.6) with v = u., taking into account
(4.7) and the fact that on By, \ B. we have u.(z) = log1/|z| > log1/(2¢), yields

p/
A|Bz|2/ exp ﬁ‘ﬁ‘jm da
Ba.\B. V™| e

1y\p'
(4.8) > O(N)eN exp 5 (,k;g 2)
(1+0) ()P WR/T (log L )w'/v

%—N
_ C(N) 1 (o) (e )" 2 n
2N\ 2¢ '

Letting e — 0 we deduce from (4.8) that we must have

B < N(L+8) (R 2 wi/h.
Since § > 0 is arbitrary, we finally obtain that 5 < Eg(m7 N). O

We now proceed to prove Theorem 1.4. The proof follows in analogy with that
of Theorem 1.3, though we provide the details with precise track of the constants
for the convenience of the reader.

Proof. Here we begin with the inequality established in Corollary 3.2, which asserts

IS e—o m— N (L]
(m — k) Ay

Then in this setting we invoke Theorem 1.2 with f = |V*(—A)(™=%/2y| and o = m
to obtain the estimate

[ <N7(m)p,
Q WN-1

while again monotonicity of the exponential then implies

[ ex (ﬁ (v0m =3’ ’ |||v'c<—A§L<fzk>/2u|||Lp

This establishes the estimate with

Bo(m,k,N) = N (,y(m_k)\//\;;\[_m)p.

WN -1

Im‘vk(iA)(mfk)/ZM
[[VE(=A) =k 2yl s

p/
) dr < A|QJ,

p/
dz < A|Q].
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The proof of the optimality of the constant go(m,k,N ) follows by the same

argument used in the proof of Theorem 1.3, i.e., using the functions {u.} on Bs;
the details are left to the interested reader. O

Finally, we conclude with the proof of Proposition 1.5.
Proof of Proposition 1.5. By approximation in the strict topology on M;,(RY), it

suffices to prove the result for u € C2°(RY). Thus, we begin by using the duality
of HY(RY) and BMO(RY) to realize the semi-norm of u € C>°(RY) as

(49) |U|BMO = sup / uf.
FEHI(RN),|IfI<1 /RN

Now by the semi-group property of the Riesz potentials and fractional Laplacian
we find

/ uf dr = / (IN,l(—A)Npu) (Ilf) dx.
RN RN
Let us expand the term Iy_;(—A)Y/2u, where we find

1
_ L[ Ay, d
T A

= ! —A)N/2y, iv "
(N—l)v(N—n/RN( A7 uly)d “’(u—m) .

However, now performing an integration by parts and Fubini’s theorem we have

In_1(=A)N/2y =

foo e = i o (RO [ Pt = v

Thus by the finite dimensional Cauchy Schwartz inequality we deduce

(4.10) \ [ uf da| < cll-a0 2l 1R Sl ey,
RN

As

RSl < [ GO = 1 o)

we find that (4.9) and (4.10) yield the desired result with

- Ca =)
CTWoyWw-n T N
[l
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