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A Note on the Adams’ Inequality
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Abstract. In this paper, we present a novel proof of the well-known Adams’ inequality.
Our approach employs a different technique from those originally used by Adams. The
primary constraints we impose on the parameters p and ¢ are their conjugacy, expressed
by the relation % + % =1, and the condition 1 < p < n.
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1. Introduction and preliminaries

The study of function spaces and the inequalities governing their embeddings
has been a central topic in analysis for decades. In this regard, we consider an
inequality established by D.R. Adams in his 1971 paper “Traces of potentials
arising from translation invariant operators” [1]. Adams’ inequality provides an
important estimate for potentials associated with certain integral operators and
plays a crucial role in the study of Sobolev spaces and trace embeddings.

In this paper, we present a new proof of Adams’ inequality. The motivation
for revisiting this inequality stems from its wide range of applications in analysis
and partial differential equations. Furthermore, alternative proofs often provide
additional insights that may lead to generalizations and new connections with
other branches of analysis, including nonlinear potential theory and spaces with
variable smoothness and integrability. Through this work, we aim to contribute
to the ongoing study of function space embeddings by offering a novel proof that
may inspire further developments in the field.

In order to achieve our goal, we begin with a fairly brief review of Morrey
spaces. Morrey spaces play a vital role in the study of regularity problems for
solutions to PDEs. They provide a framework for characterizing the regularity of
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solutions and estimating their derivatives. Overall, Morrey spaces offer a versatile
tool for studying the regularity properties of functions, particularly in the realm
of PDEs.

Their introduction and development have enriched the field of analysis and
provided valuable insights into the behavior of solutions to differential equations.

Definition 1 (Morrey Space). Let 1 < p < oo, A > 0 and B C R" be a ball
centered at x with radius r > 0. The Morrey space LPN(R™) is defined by

n n 1
DR =S Fe b ®): s o [ If)rdy <o
’ B(z,r)

where
B(z,r)={yeR": |y —z| <r}.

It is worth mentioning that every function belonging to a Morrey space
also belongs to the classical Lebesgue space of locally integrable functions, i.e.
LPAR™) € LP (R™). Indeed, let f € LP*(R™), then

loc

sl de = | 5 [ 1@

B(z,r) B(z,r)

1
<t sup | / [f()IP dy | < oo.
zeRnr>0 \ T
B(z,r)

Hence, f € L (R").

loc
The Morrey space is indeed a complete normed vector space. Although this

is a well-known fact, for the reader’s convenience, we include a proof.
Theorem 1. The space Lp”\(]R“) 18 complete with respect to the norm

1
P

s = swe | [ 1Py

Proof. Let {fn}nen be a Cauchy sequence in LP* with respect to the norm
Il - [ zp.». Then for all € > 0, there exists N € N such that, for all m,n > N:

[fm = fallea <e.
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This implies that, for every ball B(z,r) C R”

% / [fm(y) = fa)Pdy | <e

B(z,r)

Hence,
A
| frn — fNHLP(B(m,r)) < e€re.

Therefore, {f;} is a Cauchy sequence in LP(B(x,r)). Since LP(B(z,r)) is com-
plete (see [3, p. 5]), there exists a function f;, € LP(B(x,r)) such that

fe = for in LP(B(z,1)).

Since this holds for every ball B(x,r), there exists a function f € L} (R™) such
that fr — f in LP(B(z,r)) for every ball.
Now, we prove that f € LP*(R™). To this end, we use the convergence

fk—>f in L

loc

(R™)

and the lower semicontinuity of the Morrey norm with respect to convergence in
LY (R™).

loc

p
1 L 1
S [ wwra| < | S [ nera

B(z,r) B(z,r)

Taking the supremum over all x € R™ r > 0, we have

11l pr < Hminf || fi]l por < oo,
k—o0

(since {fx} is Cauchy, the norms are bounded). Therefore, f € LPA(R™). It
remains to prove that

/5 = fllger = 0.

Indeed, for a given € > 0, choose N such that ||fx — fnl[;p.x < € for all k,n > N.
Since f, — f in L,(B(x,r)) and by previous semicontinuous argument, we get

[fk = flleon < liminf |[fi = fallpes <e
k—o0

Thus, fp — f in the Morrey norm. Hence, we have proved that LPA(R™) is
complete with respect to its norm. <«
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2. A new proof of Adams’ Inequality

In his paper [1], D.R. Adams proved the following inequality
1
q

1
/yu(a:)qu(x) de | < Clp, AV Lo oy IV ll, @) (1)

for V€ LPA(R™), for all u € C(R™), q = np—_)‘p, 1 < p < n. As announced at the
beginning of this note, we shall use a different technique to prove (1).

Theorem 2 (Adam’s inequality). Let V. € L*, 1 < p < n, ¢ = np—j‘p and
u € C(R™). Then there is a constant C' = C(n,q, \) such that
‘ 1
/U(w)qlV(fﬁ)ldx < CIVII o oy Vel Loy, (2)

1,1 _
where;—l—a—l.

Proof. For any u € C§°, let us consider a ball B = B(x,r) such that u €
C3°(B). By using the well known inequality

[Vu(y)|

u(z)| < C / —2—dy,

| ( )| |x_y|n—1 Y
B(z,r)

(see [2, Lemma 2.1]) and the Holder inequality, we have

q

|z —y|*

B(z,r)
q
p

dy »
<C / Wdy / [Vu(y)[? dy

(z,r) (z,r)
q
p

> "y o ()
A7 p
<C (wn/o ey /!VU(@/)! dy

" n—1—q(n—1
_c <wn/0 1l )dt> IVl g
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_ [ Wn n—q(n—1)
=C _n—q(n—l)r ] ”VUHLP R")
o a(3)
=C P — r } ||Vu||LP(Rn
o)
=C P —Y r ] HVuHL,,(Rn
oo ()
| Wn -2 q
—O_H_Mn_lyﬂ}HVumqu
Hence

Wn _

u(z)]? < C [n—q(n—l) A] IVulZ, - (3)

Next, multiplying both sides of (3) by |V (x)| and integrating over B(xo,r) with
respect to x, and applying Holder’s inequality once more, we obtain

Vel < |2 [ vl | 190

B(zo,r) B(zo,r)
1

P

Wn, _ 1
e A} / V(@)[Pdz | (mn(B(zo, 7)) 7 [Vl gy
) (20,7)
W, o L
= n—q(n—l)r A (wnr )Q] / |V (z)P dx ”VUHLP R
\B (0.
1
P
wn, L a _agn] »
S e LA A N LGOI
i (CC(),?“)
1
= Wn g2z | L P
ol Prrey wpr 4 ] (M |V (x)P dz ||Vu||Lp R7)
B(zo,r)

V(@) dz | [Vullfgn)

Il
3
| (S
N P
3 +

Q=
|
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_ 1 -
wn+q . n=XA 1 p
= | == [diam(B,)] 4 X V(@) dz | VUl e
(2 ¢ (n—q(n—1)) | Blaor)
_ 141 -
Wn, . n=XA
< | == [diam(B,)] @ | [Vl zoa VUl -
277 (n—q(n—-1))
Finally

/!V )[u(z)|? dz < C(g, A, n)[diam(B,)] "+ HVHLMHVUHLP Rn)-

Hence )
‘ 1
/ V@) u@)|tde | < Cla\m) [V, Vall oo
where
C(g,\,n)=C — n [diam(Br)]”’)‘,

24 (n—gq(n—1))
as was announced. <«

We conclude this note by presenting a Poincaré-type inequality, which may
be proved in a similar way to (1).

Theorem 3. Let V € LPAR"), 1 <p < n, u € CP(R"). Then

q
1

/ V(@)|[u(e) —upgltdz | < Clp.g, \n)[V][7, AV,

where up, = mn(BR) f y) dy, and m,, stands for the Lebesgue measure on R™.

Proof. First, choose an arbitrary ball B(x, R) C R". We claim that there
exists a constant C', depending on n, such that

lu(z) —upg| < C / m

B(z,R)
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To this end, fix an arbitrary point w € 9B(0,1). Then, for 0 < s < R we have

°d
/Odtu(:n~|—tw)dt'
= / Vu(a:—}-tw)‘wdt‘
0

lu(z + sw) — u(x)| =

< / |Vu(z + tw)] dt.
0

Hence

S

/ \u(x+sw)—u(x)|ds</ / V(e + tw)| dsdt

9B(0,1) 0 9B(0,1)

/ / |Vu(z + tw ] dsdt

8B(0,1)

Setting y = x + tw, we obtain tw = y —z and t = |z — y|. Since |w| = 1, it follows

that
/ lu(z + sw) — u(x ]ds</ / |$\V_u - 1t”_1dsdt

8B(0,1) 9B(0,1)
/ / AVt gy

o lz—yl"”

8B(0,1)

_ [ o,
|z —y["!

0B(z,s)

< [ v
|z —y|*!

0B(z,R)

In this way, we obtain the inequality

/ |u(z + sw) —u(x)|ds < / M dy. (4)

y‘n—l
0B(0,1) OB(z,R)

Multiplying both sides of (4) by s"~!, and integrating from 0 to R with respect
to s, we obtain

[ttt s —u@lstas <ot [T,

8B(0,1) B(0,R)
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Then
R [Vu(y)|
/ / u(z + sw) — u(z)[s"* dsdsg/ st / T dyds,
0 |z — |
9B(0,1) B(z,R)
thus
/ / u(z + sw) — u(z)|s" Hdsds < — / L{y)lldy,
n lz —y|"
dB(0,1) B(wz,R)
and hence o Vuly)|
uly
_ < YT
|t —ut@lay <2 [y,
B(z,R) B(z,R)
and so
1 1 [Vu(y)|
. — - dy< —— VYT
om0l s e [T
B(z,R) OB(z,R)
Finally
u(@) — ug| Gy [ e )
w(@) —upy| = (B R) u(z) — u(y)) dy
B(z,R)
< u(e) - u(y)| d
m,, (B(x, R)) E) — iy ey
B(z,R)
[Vu(y)|
<C(n / Vel
) o~y
B(z,R)
Thus,
[Vu(y)|

) —upy < Cn) [

B(z,R)

_ y|n71

which proves the claim.

The rest of the proof follows line by line as in the proof of Theorem 2. «
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