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Abstract

Extending several works, we prove a general Adams-Moser-Trudinger type inequality for
the embedding of Bessel-potential spaces H » () into Orlicz spaces for an arbitrary domain
Q with finite measure. In particular we prove

P

=1

sup eomp|ul P~ g0 < Cnpl Qs
o p 7= Q

u€H P (Q), [(=A)2P ulLpo)<1

for a positive constant o, , whose sharpness we also prove. We further extend this result
to the case of Lorentz-spaces (i.e. (—A)%u € L®9). The proofs are simple, as they use
Green functions for fractional Laplace operators and suitable cut-off procedures to reduce
the fractional results to the sharp estimate on the Riesz potential proven by Adams and its
generalization proven by Xiao and Zhai.

We also discuss an application to the problem of prescribing the Q-curvature and some
open problems.

1 Introduction

Let © C R™ be an open domain with finite measure |Q]. It is well known that for a positive
integer £ < n and for 1 < p <  the Sobolev space Wéc’p(Q) embeds continuously into = (Q),

while in the borderline case p = 7 one has Wg’%(ﬂ) ¢ L*(), unless & = n. On the other
hand, as shown by Yudovich [50], Pohozaev [41], Trudinger [46] and others, for the case k = 1

one has

W, "(Q) C {u € L) : Eg(u) := / Ay < oo} , for any 8 < oo,
Q

and the functional E3 is continuous on WO1 (). This embedding was complemented with a
sharp inequality by Moser [37], the so-called Moser-Trudinger inequality:
_n_ 1
sup / el N dr < 10, oy = nw! (1)
uEW, ™ (), [|Vul|n (@) <172
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where w,,_1 is the volume of the unit sphere in R™. The constant «, is sharp in the sense that
for @ > v, the supremum in (1) is infinite.
An extension of Moser’s result to the case k > 1 was given by Adams [2] who proved that

sup / el g < €10, (2)
WECH(RM), supp(u)C, |A S u] @

n
Lk (Q)

for an optimal constant « = «(k,n). Here k € (0,n) NN and A :=VA"T u when k is odd.
In this paper we study the fractional case of Adams’ inequality, i.e. we allow k € (0,n) to
be non-integer. Let us consider the space

Ly(R") = {u € L. (R™) : / de < oo}.

rn 1+ |z Fs
For functions u € Ls(R") the fractional Laplacian (—A)2u can be defined as follows. First set
(—2)3¢ = F (€1 Fe())

for ¢ belonging to the Schwartz space S(R™) of rapidly decreasing functions, where F denotes the
unitary Fourier transform. Then for u € Ly(R) we define (—A)zu as a tempered distributions
via the formula

(~A)u, ) = (u, (~A)bg) = /R uW(~A)ipdr, o€ SR, (3)

the right-hand side being well-defined because

s C
— 3 < L ny.
[(—A)2p(z)| < T o for every ¢ € S(R")

see e.g. Proposition 2.1 in [21].
For a set © C R™ (possibly unbounded), s > 0 and p € (1, 00) we define

HP(R") = {u € LP(R") : (~A)3u € LP(R")}
H*P(Q) = {u € H*?(R") : w =0 in R" \ Q}.

Then we have:

Theorem 1 For any p € (1,00) and positive integer n set

_ Il(n=9)/2) n D

= , Opgy = ——K 8 = 5
mT sy T g, ey BT T )

Then for any open set Q C R™ with finite measure we have
sup ecnrlvl” gy < ¢, 10 (6)

~ E,p n (9]
ueHP " (Q), [[(=A) 2P ul|Lp () <1

Moreover the constant oy, is sharp in the sense that we cannot replace it with any larger one
without making the supremum in (6) infinite.



Remark 2 The norm ||(_A)%u||Lp(Q) is equivalent to H(—A)%UHLP(W) for functions in ﬁ%’p(Q),
see for instance Theorem 7.1 in [19].

To explain the idea of the proof let us recall that Adams’ result (2) follows at once from the
following result, which is Theorem 2 in [2]:

Theorem 3 (Adams) Let Q@ C R™ be an open set with finite measure |Q|, and fix p € (1,00).
For a € (0,n) and f € LP(Q) consider the Riesz potential I, f defined as

If(z) = /Q L),

|z — gyl
Then )
sup /e“’"*ll e < euplel, = L
FELP(), [ fllLp(@)<1/Q p—1
The constant w:_l is sharp in the sense that
In pl n
sup / eﬂ 31 dr =00 for everyd >0, v> .
JeC§(Bs), 1fllLp(s)<1Y Bs Wn—1

Adams applies this result to the function f = (—A)%u where u is smooth and supported in
n

Q, and p = % (compare to (2)). Here it is crucial that when % € N, then the support of f (with

n/p—1

Adams’ convention that (—A)% = V(=A) =z for 2 odd, up to a sign) does not exceed the
support of u, so that Theorem 3 can be applied. This is not the case when % ¢ N. Indeed for

general s > 0 the support of (—A)%u can be the whole R" even if u is compactly supported.
In order to circumvent this issue, instead of using the Riesz potential we will write u in terms
of a Green representation formula (Proposition 8 below)

uw) = [ Galo.-A)Fumd. ™

which holds for a suitable Green function which we construct using vari%tional methods, and
which we can sharply bound in terms of the fundamental solution of (—A)2r in R™ (see estimate
(19) in particular). The Green formula (7) will be first proven for functions in C2°(2), and then
extended to all functions in H»”? (€©2) thanks to a density theorem of Yu. V. Netrusov. Since
is not necessarily bounded and might have rough boundary, we must be careful, particularly in
using maximum principles (we will use a simple “variational” maximum principle instead of the
one of Silvestre [44]). We remark that estimates for the Green function of (—A)2 on bounded
domains with C1'! boundary were proven by Chen and Song [12] and other authors (see e.g [1])
when s < 2. This is of course insufficient for our purposes. Our strategy here is to first prove
the precise estimate for G, when o € (0,2] (only assuming || < o), and then, following a
suggestion of A. Maalaoui, write G5 as convolution of k copies of Gy and one copy of G, for
s =2k+o.

The sharpness of the inequality (6), i.e. of the constant «,, will be instead obtained by
constructing suitable test functions, with a method of cut-off suggested by A. Schikorra, and
using a disjoint-support estimate (Proposition 11 below) which extends analogous estimates
from [33].



Let us mention some previous partial results. Extending an early result of Strichartz [45],
Ozawa [40] proved a subcritical version of Theorem 1, i.e. (6) for some o < oy, under some
regularity assumptions on  (for instance 2 bounded and with regular boundary, or with the
extension property). Lam and Lu [30] proved that for Q = R™ the integral in (6) is uniformly
bounded for w such that ||(7] — A)Z%UHLP(R”) < 1 (here 7 > 0 is fixed). More recently Iula,
Maalaoui and Martinazzi [24] proved Theorem 1 in dimension 1, i.e. on a bounded interval
I € R and for the sharp constant o ,. They also proved the following sharpness result:

_r_
sup /|7,L|“e°”>1’|“|p_1 dx = oo for every a > 0. (8)
1 i
w€HP (1), [|(=2) 2 ul| 1o (1) <1

Notice that this is stronger than just saying that oy p is optimal. In Theorem 1 we are not able
to prove the analog of (8) because we use cut-off functions, which are convenient, but difficult
to estimate when handling fractional norms. The proof of (8) instead relies on constructing test
functions of the form

uw) = [ Gyta) )y,

~ 1
where f is suitably prescribed, and on the fact that such u belongs to H»"*(I). The same does
not hold when dealing with operators of order % > 1, since u defined via a Green representation

formula might not be regular enough at the boundary to belong to the right space H »P (Q).

Recently, extending results of Cassani and Tarsi [9], Xiao and Zhai [49] considered a fractional
Adams’ type inequality under the assumption that (—A)%u is supported in £ (which is not
implied by and in general not compatible with our request that u itself is supported in Q).
In their work they extend the above-mentioned Adams’ Theorem 3 to several situations, in
particular considering f belonging to the Lorentz space L(pvq)(Q) (when % € N this had been
previously done by Alberico [5]). For further extensions we refer to the work of Fontana and
Morpurgo [17].

Theorem 4 (Xiao-Zhai) Let Q C R™ be open and have finite measure, let p € (1,00), and let
Then

R

the Riesz potential I, be defined as in Theorem 3. For q € (1,00] set Ynpq = (

-y
Wn—1

for q € (1,00) one has

/
e'Ynyp,qU%f‘q

sup dz < Cnp,qlS2,
<1JQ

JEL@D), Il (p.a) @=

and the constant vy pq is sharp. When g =1

Wn—1

1
12 Pl < (Z58) 7 Il for every £ € LD (@),

Finally when ¢ = oo (and by convention ¢ = 1)

In dp.p|02
sup / eﬂy| Fﬂdm < LH for every v < Ynp,co;
fGL(p’oo)(Q)v HfHL(onc)(Q)Sl Q ’Yn,p,oo -7

and the constant v, p.oo cannot be replaced by a larger one.



Still resting on the Green representation formula (7), Xiao and Zhai’s results can be immedi-
ately extended to the case of functions supported in {2 without any assumption on the support
of their fractional derivatives. More precisely for ¢ € [1, 0c] let H*>®9) () denote the closure of
C2°(Q) under the norm

[ull s, ey = Nl Lo @y + [1(=2) 20l Lo emy - 9)
Notice that by Netrusov’s theorem (Theorem 13 in the appendix) H PP (Q) = H»"(Q), the
latter space being defined in (4). We then obtain:

Theorem 5 Let ), p, ayp and Ky, be as in Theorem 1. For q € (1,00] set By pq = (Qnp)? .
Then for q € (1,00)

sup Prwalil” gz < e, 019, (10)

wel 7 PO Q) (=2) 2 ul p,q) ) 1

and the constant By, ;4 is sharp. When g =1

_ 1 n ~ N
lull e (@) < (anp) 7 [(=A) 250l iy for every u € HyPD(Q). (11)

Finally when ¢ = oo we get

K, ndnp|Q
sup / ePlildy < piﬁ, for every B < B p.oo- (12)
uell v (q), ||(-A) 17¢ mpee

TpuHL(p,oo)(Q)S
The constant B poo in (12) cannot be replaced by a larger one, . The constants ¢y pq and dy
are as in Theorem 4.

We mention that Adams-Moser-Trudinger type inequalities of integer order on manifolds
have been proven by Fontana [16]. In the case p = 1 related inequalities (similar to (12))
have been originally proven by Brézis and Merle [7] in dimension 2, and then extended by C-
S. Lin [32], J-C. Wei [47] and the author [36] to arbitrary even dimension, and recently by Da
Lio-Martinazzi-Riviere [13] in dimension n = 1 and by A. Hyder [21] in arbitrary odd dimension.

The paper is organized as follows. In Section 2 we will prove Theorems 1 and 5. In section
3 we will discuss a couple of applications to semilinear equations involving exponential non-
linearities, including those arising in the prescribed Q-curvature problem. Open questions are
discussed in Section 4, while in the Appendix we collect some known results which we need for
the proofs in Section 2.

2 Green functions and proof of Theorems 1 and 5

The following lemma is well known. One can prove it by hands using (3) and the formula for
the Fourier transform of |z|*~™, see e.g. [31, Theorem 5.9].

Lemma 6 The fundamental solution of (—A)2 on R™ is Fy(z) = K, |x|*™", in the sense that
F, € Ly(R") and (—A)2F, = & in the sense of tempered distributions (see (3)). Moreover

(=A)2(Fyx f)=f for every f € S(R™).



Proposition 7 Let Q C R™ be open and have finite measure and o € (0,2] such that o < n be
fized. Then for every x € Q there is a function Gy (x,-) € LY(R") satisfying

{(Aﬁ@@ﬁ_@ in Q (13)

Go(z,")=0 in R™\ Q,

the first equation being in the sense of distributions (i.e. as in Proposition 16 in the appendiz).
Moreover

0< Go(z,y) < Fyp(x—y) forae y#xell (14)

Finally given w € H7P(Q) for some p > 1, we have

x) = / Go(z,y)(=A) 2u(y)dy, for a.e. x €, (15)
Q

where the right-hand side is well defined for a.e. x € Q thanks to (14) and Fubini’s theorem.

Proof. We first consider that case o < 2. Given z € Q let § =  dist(z, 9Q) and g, € C*(R") be
any function with g,(y) = F,(x —y) for y € R™ \ Bs(x). We first claim that g, satisfies

/ /n 9z|y — z|"+")) dydz < 0. (16)

Indeed, splitting for a fixed z € Q

(9:(y) — 92(2))? | (9:(y) — 92(2))* (92(y) — 92(2))?
/" ly — z["te = /Bl(z) ly — 2|t W /R”\Bl(z) ly — 2["+e @
() + (I1)

we easily see that with a constant C' only depending on n and o
(D) < IVaulBoiou) | sty < ClIVa: ey
Bi(z) [y — 2"t
(where we used that [gz(y) = 92(2)| < IV el oo, (2))ly — 2[) and

(D) < ool | gty < Cllaslegany

R™\ By (z) ly
and integrating with respect to z on € (which has finite measure) we infer that (16) holds, as
claimed.

Now Proposition 16 in the appendix implies that there exists a unique H, (z,-) € H2'?(Q)+g,
solution to

(=A)2Hy(z,-)=0 inQ (17)
Hy(z,) = gs in R™\ Q,
in the sense of distribution. Moreover, by Proposition 17 in the appendix applied to the functions
ur = Hy(z,-) and up = —Hy (7, ) + Supgn\q 9o, We infer
0 < Hy(z,y) < sup F,(v—2z) forae ye. (18)
zER™M\Q



Notice that here we used that

ur € H22(Q) + go,  up € H2(Q) — gz + sup g,
R™\Q

and the functions g1 = g, and g2 = —g; + Supgn\q g» satisfy (30) thanks to (16).
Set
Go(2,y) = Fo(x —y) — Hy(2,y), (z,y) € 2 xR".

That G, (z,-) satisfies (13) follows at once from Lemma 6 and (17). We also have G, (x,y) <
F,(x —y) thanks to (18).
We want to show that G,(x,-) > 0in Q. Since H,(z, ) is bounded, for € € (0, d] sufficiently
small we have
Fy(x —y) > Hy(x,y) for ae. y € B(x),

hence G,(x,-) > 0 in Be(z). We can now modify F,(x —-) in Be(z) to obtain a new function
I, € CLYR") with

I, <F,(x—-)inR", T,=F,(z—"-)inR"\B.(z), (-A)2l,>0inR",
as done in [44, Section 2.2], see [44, Prop. 2.11] in particular. We now claim that
T, — H,(z,-) € H2%(Q).

Indeed the function Ty — g, lies in C'(R") and vanishes outside Q. Then with the same com-
putations used to prove (16) one easily sees that I'y — g, € W22(R") = H2?*(R") (see also
Proposition 15), so that

Ly = Ho(x,) = (T = ga) = (Ho(2,) = g2) € HE2(),
as claimed. Then, since
(=A)2(T, — Hy(x,))) >0in Q, T, — H,(x,-)=0in R\,
by the maximum principle (Proposition 17) we have I';, — Hy(z,-) > 0 in Q, hence G, (z,-) > 0
also in Q\ B.(x). This completes the proof of (14).

To prove (15), let us start considering u € C2°(2). Let d, denote the Dirac distribution in
x. Then, using u as test function in (13), we get

u(z) = (65, u) = (~A)7Co(z, ), u) 1=/§2Go(x,y)(—A)%U(y)dy-

Given now u € H7P(Q), let (ug)reny C C°(Q) converge to u in H7P(Q), i.e.
up = u, (—=A)2up — (=A)2u in LP(R™), hence in L*(Q),

see Theorem 13. Then

u @ uk:/GU(-,y)(—A)%w(y)dy — /Ga(-ay)(—ﬁ)%“(y)d%
Q Q



the convergence on the right following from (14) and Fubini’s theorem:

J

dzr

| Gola) [(=8) (o) — (~8)Fu(w)] dy
< [ [ Folo =) -2 5u) - (~8)Fu(y)| dady
QJQ

< sup 1o (- = )l @l (—A) 2w, — (—A) 2wl i) — 0
Y

(MR

as k — oo, where we used that ||F,(- — y)||11(q) < C for a constant C' independent of y, as can
be seen by writing

15 = Wlzr) < 1= lloaiw) + 1= )lloio\sw)
< Cn,a + Kn,a‘ﬂ‘~

Since the convergence in L' implies the a.e. convergence (up to a subsequence), (15) follows.

The case 0 = 2 is probably well known. The reader can easily prove it in a way similar to
the case o € (0,2), replacing Propositions 16 and 17 with the natural (local) analogs for o = 2.
For instance the functional B, will be replaced by

Ba(u,v) := A Vu-Vuvde, u,ve HY(RM).
To avoid confusion it might also be useful to notice that
Hy?(Q) :={ue L*(R") :u=0in R"\ Q, Vu € L*(R")}
—{ue L} R") :u=0in R"\ Q,(—A)2u € LA(R")}
= H'2(Q),
as can be seen via Fourier transform. g
Using the convolutions of several Green functions (an idea suggested by Ali Maalaoui) we

can extend Proposition 7 to higher order s > 2.

Proposition 8 Let 2 C R" be open and have finite measure. Set s = 2k + o < n with k € N,
o €(0,2], and define

Gy(z,y) ::/Gz(%m)/Ga(yl,y2)~--/Gz(yk_l,yk)/Gg(yk,y)dyk---dm-
Q Q Q Q
Then
Kn,s

_ Tms 19
|z —y|ns’ 19)

0 < Gs(x,y) < (Fox Fox---x FyxFy)(x —y) =
e .
k times

where x denotes the usual convolution in R™. Moreover, if u € fls’p(ﬂ) for some p > 1, it holds

u(x) = /QGs(x,y)(—A)%u(y)dy, for a.e. x € Q. (20)

More generally (20) holds for functions u : R™ — R which can be approximated by a sequence
uy, € C(Q) in the sense that up — u and (—A)2ug — (=A)2u in LY(Q).



Proof. Using (14) we immediately infer (19), where the right-hand side can be computed explic-
itly using Lemma 6 and the formula

e NG
2 | () = e i i, i 2)

Ca+BCn—aln—p s

which can be found for instance in [31, page 134].
To prove (20) consider first u € C2°(£2). Writing

(~A)5u=(~A)F o (~A) o0 (-A)u,

and using (15) k + 1 times one obtains

ulz) = /Q G, 1) (—A)u(n )

— /QGQ(I,ZA)/QGz(yl,m)"'/Qfo(ykay)(—A)%U(y)dyd?/k~-'dyl
_ /Q Gal,y)(—A)3uly)dy,

where in the last identity we used Fubini’s theorem.
When u is not smooth one can proceed by approximation, again using Fubini’s theorem,
exactly as in Proposition 7. g

Remark 9 The Green function used in (20) is with respect to the Navier-type boundary condi-
tion

(=AY u=00ndQ for0<j<k—1, (=A)Fu=0inR"\Q.

Proof of Theorems 1 and 5. Let u € ﬁ%’p(Q). Setting f := |(—A)%u|’Q € LP(Q) and using
Proposition 8, we bound

@) < [ Gl f0)dy < Ko T2 (o) (21)

where I» is defined as in Theorem 3. Then, assuming that || f||z») < 1 we can apply Theorem
r
3 and get

an,pul?’ s 1P
e dy < [ en—17P dr < ey plQ.
Q Q

Theorem 5 follows analogously applying Theorem 4. One only needs to notice that every u €
v ’Q)(Q) can be approximated (by definition, see paragraph before (9)) by functions uy €
C2°(Q2) which satisfy up — v and (—A)%uk — (—A)%u in L9 (Q), hence also in L(£2), since
LP9(Q) embeds continuously into L'(Q) when Q has finite measure and p > 1. Therefore
Proposition 8 can be applied. For instance for the case ¢ = oo, still using (21), and assuming



that || f]l ey < 1, we bound for 8 < Bpp.oo

B
/65‘u|d$S/egnypyoo'Yn,P,ooH%f‘dx
Q Q

. p|

" Brupoo
K, ndnp|Q]
" Bupee— B
The cases ¢ = 1 and ¢ € (1,00) are very similar.
The sharpness of the constants 8y, , 4 for ¢ € (1, 00] (this includes vy, , = B pp) follows from

Proposition 10 below. Indeed, up to a translation and rescaling we can assume that B; C €.
Then C2(By) C H» P9 (Q), and Proposition 10 gives the desired conclusion. O

Tn,p,00 Tn.p,00

Proposition 10 Let p € (1,00), q € (1,00]. Then

sup A dr = oo (22)

7 B
ueCe (BUl(=8) 2 ull p.q) n) <17 B

AL

for any 8> B pq, where By pq = (anp)? is as in Theorem 5.

Proof. We argue by contradiction. Fix 8 > ;4 and assume that the supremum in (22) is
finite. For some p € (0, §] to be fixed later and for a cut-off function § € C°(By) with =1 in
By, consider an arbitrary function f € C2°(B,) with || fl| .0 (p,) <1 and set

2

- U
u = Knjggf%f, u = 1+£7
for an € such that 5
Bi= — > B
/B (1+E)q B P4

With the help of Lemma 6 we now write
(=A)F i = (—A)3 (Fa # f = Ky n (1= 0)I f)
= f = Kpn (=0)5 (1= 0)Ix f),
and with Proposition 11 below we bound
1K, (=) (1= )L )| oy < Co% |l o5,
Choose now p € (0, 1] such that :
1+ Cpr' 1
1+ —
Then with the triangle inequality we get

||(_A)%u||L(p,q)(Rn) < 1.

10



Thus,

-7 ’ ~ ’
BKY 4 |In f|9 BK? ,10In f|7 /
/ e M P dr < e M r dp = ePlul dz,
Bp B: B

’

=

and since BKZIE > (w” - ) ”" this is a contradiction to Theorem 3 when ¢ = p and Theorem 4
7p n—

in general. g

Proposition 11 Let § € C°(B;) with @ = 1 in Bi. Giwen t > 0, s € (0,n), p € (0, %],
2

p € (1,00) and q € (1,00], we have

i o o0
1(=A)2((1 = O L)l oo @y < Co7 | fllLwas,), for every f € CF(By), (23)
for a constant C not depending on f.
Proof. By duality it suffices to prove
i o
M = 0)(=A)59) | v sy < CPF 9]l v nys  for every g € S. (24)

This in turn follows from the estimate
1601~ 8)(-8)30) (3 < Cllgll oy for every g € 6, (25)
since by Holder’s inequality in Lorentz spaces (see [39]) we have
I7((1 = 0)(=2)29)l 6005,y < I, (1 = O(=8)30) | (5

< Cp¥ | L((1 = 0)(=A)2 9) || oo, )-

ool

Estimate (25) in turn follows as in Lemma 3.6 of [33], with minor modifications, as we shall now
see. Set 61 := (1 —0), fix 05 € C’é’O(B%) with o =1 in B%. In particular the supports of §; and

05 are disjoint with distance at least %. Consider

_ 01(y)a(x)

N

k(z,y):

which is smooth thanks to the disjointness of the supports of 1 and 6. Then we can write for
x € B1 and g € S(R™)
8

02(2)15(01(~8)3g) (2)
[ k=8 gy

/Rn(_Ay) 2 (2, y)g(y)dy
- / Bz, v)g(y)dy,
Rn

L((1 - 6)(~A)zg)(x)

N+



where k(z,y) = (—Ay)%k(x,y) is smooth and decays like |y|™"~* as y — oo uniformly with

respect to « € B1 (see e.g. Lemma 3.5 in [33]). In particular from Holder’s inequality (see [39,
8

Theorem 3.4]) we get

sup / ke, 9)g(w)dy < sup [5G, ) oo o 9] o o
,TGB; n fEGBl
8 8

< CHg”L(p’JI’)(Rn)

and (25) follows. O

3 Some applications

A consequence of Theorem 1 is the existence of conformal metrics on Q@ C R™ with prescribed
Q-curvature K i.e. solutions to the equation

(=A)zu = Ke™ inQ, (26)

particularly in the case n odd.
Here the set Q is required to have finite measure. For existence results for (26) in the case
Q =R", n odd, we refer to [20] and [25], when n is even we refer to [10], [11], [22], [35], [48].

Theorem 12 Let 2 C R™ be open and have finite measure. For any K € LP(Q), p > 1, there
is a solution u € H22(Q) +R to (26).

Proof. We only sketch the proof, since the details are similar to those in the proof of Theorem
3.1 in [34]. Consider the set

A= {u S ﬁ%Q(Q) : / K™ —1)dz > 0} £ 0,
Q
and the functional

Fu) = Allulf® — log ( /Q K(e™ — 1>dx) = /R (-A)tula,

where A is any constant such that A > 4755 ;, and ay, 2 is as in Theorem 1. Then, bounding

ot < Q2 (gl
= Tl T dans

using Holder’s inequality and Theorem 1 with p = 2 we get

log (/Q K(e™ — 1)dm) < log([| K1l r() + log([le™ = 1]l b (@)

1 /
<C+ —log </ e dx)
p Q

log(cy, |9 n2p
<c+ g( n;p' ) e,
p 4an,2
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so that 5
np 9 A
Flu)>A——— -C
> (A= 22 ) Jul? = €,
i.e. I is well-defined, bounded from below and coercive on H%2(Q). A minimizing sequence uy,
is therefore bounded in H %*Q(Q), hence weakly converging to a minimizer ug € A. By taking

first variations (the set A is open) it follows that

n nKe™o
“A)Sug =
(=A)7uo 2A [, K (emvo —1)dz’
and up to adding a constant we find a solution to (26). O

One can also prove existence results for more general semilinear equations, say
(=A)zu= f(u) inQ (27)

with u € H22(Q) and f critical or subcritical, in the spirit for instance of the works of Adimurthi
[4] and Tannizzotto and Squassina [23], even in the case of the fractional p-Laplacian, but we
will not do that. We only remark that in the case when f is critical, e.g. f(u) = ue“Q, a
crucial ingredient is (8) for p = a = 2, which is known only in dimension 1 (by [24]) and in
even dimension (by [2]), hence the critical case in odd dimension > 3 is open. In arbitrary
even dimension we mention the work of Lakkis [29]. The subcritical case should instead present
no major difficulties since the functional corresponding to (27) should satisfy the Palais-Smale
condition. For the regularity theory of nonlinear nonlocal equations we refer the reader e.g. to

[27], (28], [42] and [44].

4 Open questions

An interesting question in whether fractional Adams-Moser-Trudinger inequalities hold for some
domains of infinite measure, in the spirit of the results of Gianni Mancini-Sandeep [34] and
Battaglia-Gabriele Mancini [6] who in dimension 2 and in the classical case p = 2 proved that
the inequality

sup /Q (64”“2 - 1) dz < o (28)

u€Cee (Q):||Vul| 2<1

holds if and only if A;(Q2) > 0, where A;(Q) is the first eigenvalue of the Laplace operator with
Dirichlet boundary conditions on © (open set in R?).

Another natural question is whether one can replace the spaces H »P (©) with the spaces
W#P(Q), defined via a double integral (see e.g. (29) below). This appears to be unknown
already in dimension 1, except when p = 2 (see Proposition 15).

As already discussed in the introduction it would be interesting to prove the sharpness of
the constants in the stronger form
sup F(ful)em o g = oo
el ? 7 (), (=8 % ullpp o) <17

for any function
f:[0,00) = [0,00) with lim f(t) = oo,
t—o0

as already known in the non-fractional case and in dimension 1.
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A Appendix

A.1 Some useful results
The following density result is due to Yu. V. Netrusov [38], see [3, Thm. 10.1.1] .
Theorem 13 (Netrusov) For s > 0 and p € [1,00) the sets C°(Q2) (@ C R"™ open set) is
dense in HSP(Q).
The following way of computing the fractional Laplacian of a sufficiently regular function

will be used. For a proof see e.g. [44, Prop. 2.4].

Proposition 14 For an open set @ C R", let o € (0,1) and u € Ly(R™) N CY¥*(Q) for some
a € (0,1], oro €[1,2) and u € Ly(R")NC*(Q) for some a € (o6 —1,1] . Then ((=A)Zu)|g €
CY%(Q) and

i u(z) — u(y) u(z) — u(y)
2 Cn,UP.V./ ———F———=dy := C), , lim ———="dy
(=8)2ulz) = re T —y[" o e=0 Jpm\B.(2) |7 — y|"t

for every x € Q. This means that

(—A)%u,9) = Cp g / /R T Zg)dydcv, for every ¢ € C°(Q).

n |z —

A.2 Hilbert space techniques

Proposition 15 For o € (0,2) we have [u] < o0 if and only if (=A)iu € L2(R™), and

in this case

W 32(Rn)

s = ([ [ G dxdy) = GOl (29)

In particular
H32(R") = WE2(R?) := {u € LAR"): [u] 5.2 gy < oo} .

Proof. See e.g. Proposition 4.4 in [14]. O

Define the bilinear form

(u,v) / / y)(v(z) - U(y))da:dy, for u,v € H%’Q(Rn),

—y|nte

where the double integral is well defined thanks to Holder’s inequality and Proposition 15.
The following simple and well-known existence result proves useful.

Proposition 16 Let Q2 C R™ be open and have finite measure. Given o € (0,2), f € L*(Q) and

g :R"™ — R such that
(9(@) ~ 9(v))?
o o it o < @
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there exists a unique function u € ﬁ%’Q(Q) + g solving the problem

By (u,v) = fuodz  for every v e HZ2(Q). (31)
R

Cn a

Moreover such u satisfies (fA)%u f in Q in the sense of distributions, i.e.

/ u(—A)%godw = %/ fedz  for every p € C°(Q), (32)
n Rn

where Cy, 5 is the constant in Proposition 14.
Conversely if u € H%’Q(Q) + g satisfies (32), then it also satisfies (31).

Proof. The first part follows by the abstract Dirichlet principle, see e.g. [18, Theorem 3.2].

Indeed it is easy to verify that |[v]|;2q) < Clv ]Wg,g(Rn) for v € W22(Q), so that

||’U||%I = BU(U7U) = [U]f/v%ﬂ(Rn)

is an equivalent norm on the Hilbert space H := W%’Q(Q). Also notice that the linear functional
L:H—R, L(v /fvdxf (g,v)

is bounded, since by Hélder’s inequality, the symmetry of B,, and the vanishing of v outside €2

we bound
2 3
g\y
L) < Il +2 ([ [ I ddy) oy

<C(f.9)llvlla.
Then, by the Dirichlet principle the functional
1
F() = 5loli = Lv)

has a minimizer v, and it follows at once that u := v + g solves (31). To show that u also solves
(32) we notice that C2°(Q) ¢ H2%(2) and with Proposition 14 we get

/n u(—A)% pdr = Cpy /]Rn u(z)P.V. Mdydx

R | €T

= CZJ Ba (u, (P)

C

n,o
p— ? d
3 o fedz,

where in the second identity we used the symmetry of |z — y|" 7.

The same computation shows that (32) implies
By (u,p) = fodz  for every ¢ € C°(Q),
Rn
which in turn implies (31) thanks to the density result of Netrusov, Theorem 13. O

The following maximum principle is a special case of Theorem 4.1 in [15]. We recall its proof
because in our case it is very simple.
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Proposition 17 Let Q C R™ be open and have finite measure. Let o € (0,2) and u € ﬁ%’Q(Q)—&—
g solve (31) for some f € L*(Q) with f > 0 and g satisfying (30) and g > 0 in Q°. Then u > 0.

Proof. From Proposition 15 it easily follows v := min{u,0} € H2'?(). Then, setting ut :=
max{u, 0}, according to (31) we have

0> By (u,v) = / / (u* (2) + v(z) — u* (y) — v(y))(v(z) — W) gy

|z —y|nte

where we used that u™(z)v(z) = 0, ut(y)v(z) < 0 and u* (x)v(y) < 0 for z,y € R"™. It follows

at once that v = 0, hence u > 0. [l
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