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On limiting embeddings of Besov spaces
by

V. I. KoLyapa (Karlstad) and A. K. LERNER (Ramat Gan)

Abstract. We investigate the classical embedding B, 4 C B, n(1/p=1/9) The sharp
asymptotic behaviour as s — 1 of the operator norm of this embeddmg is found. In
particular, our result yields a refinement of the Bourgain, Brezis and Mironescu theorem
concerning an analogous problem for the Sobolev-type embedding. We also give a different,
elementary proof of the latter theorem.

1. Introduction. For 0 < s < 1 and 1 < p,0 < oo the Besov space
5 o(R") consists of all functions f € LP(R") such that

0 g dt\'?
£k, = (e wntr0) ) <oc,
0
where wy,(f,t) is the LP-modulus of continuity of f. Set also B, = B, ..
One of the basic inequalities of embedding theory, which goes back to
the classical Hardy—Littlewood theorem on Lipschitz classes, says that if
v=n(l/p—1/q) < s, then (see [11, §6.3])

(1) 1 lpe— < cll fllyg,  (L<p<g<oo,1<6<00).

Note that a simple argument shows that || f|] b5, — 00 as s — 1, whenever

f 7 0. The aim of this paper is to study the asymptot1c behaviour of the
optimal constant ¢ in (1) as s — 1 — 0. Our main result is the following.

THEOREM 1.1. Let 0 < s <1 andp < q < co. Let alsoy =n(1/p—1/q).
Assume that v < s and 1 < 0 < oo. If eitherp>1,n>1o0rp>1,n > 2,
then for any f € B;’Q(R”) we have

(1 _ 8)1/6‘*

(2) 1Fllps = A (s =)0 [1£1lb5 5

where 6* = max(p, 0) and the constant A does not depend on s and f.
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This theorem fails for p = n = 1. We will also show that the exponent
1/6* is sharp in a sense.

We should mention that this work was inspired by recent results of Bour-
gain, Brezis, and Mironescu [1, 2] and Maz’ya and Shaposhnikova [10]. Let
W (R™) be the Sobolev space of all f € LP(R") for which every first-order
weak derivative exists and belongs to LP(R™). First, it was observed in [1]
that there exists a limiting relation between Sobolev and Besov norms, that
is, for any f € Wpl(R”),

(3) sgrlrio(l — S)||f||§§ = IV 115,

The main result of [2] concerns the well known Sobolev-type embedding
B, C LT, q* = np/(n — sp), proved in the late sixties independently by
several authors (for the references, see [3, §18], [7, Sect. 10], [8, p. 56]).
In [2], the sharp asymptotics of the best constant as s — 1 in a related
inequality was found, namely, if 1/2 < s < 1 and 1 < p < n/s, then for any
f € By(R™),

1—s np
4 p L < Yy —————— ps *
(W e < en ity (4 )

n — sp
where the constant ¢,, depends only on n. In view of (3), the classical Sobolev
inequality
[l prpsenwy < eV Fllp,  1<p<n,

can be considered as a limiting case of (4).

Similarly, Theorem 1.1 allows us to find a relation between (1) and the
following result: if either p > 1, n > 1orp > 1, n > 2, and v = n(1/p —
1/q) < 1, then for any f € Wpl(R”),

(5) 1l < el VAl (0 << o).

For p > 1 this estimate was proved by II'in [3, Theorem 18.12]. In the case
p > 1,n > 2 the proof was given in [6]. By (3), Theorem 1.1 shows that
inequality (5) is a limiting case of (2).

We now return to inequality (4). Note that the proof given in [2] is quite
complicated. Afterwards, Maz’ya and Shaposhnikova [10] gave a simpler
proof of this result. Also they studied the behaviour of the optimal constant
as s — 0. More precisely, they proved that the constant in (4) can be
replaced by ¢,,5(1 — s)(n — sp)!™P. An important point of the method in
[10] is the fact that the spherically symmetric rearrangement is bounded in
Besov spaces. Observe that the proof of this fact (due to Wik [15]) is rather
difficult. However, it was shown in [5, 14] that sharp theorems on embedding
into Orlicz classes can be directly obtained from estimates of rearrangements
via moduli of continuity. The proof of these estimates is much simpler than
that of Wik’s theorem mentioned above.
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In this paper we show that (4) as well as a more general result of [10] can
be immediately derived from the rearrangement estimates obtained in [5].
Moreover, we show that a stronger inequality with the Lorentz L9 P-norm
on the left-hand side of (4) holds: for any 0 < s <1 and 1 <p < n/s,

(6) A1 .- p@ny S Cpin (Z( )) HbeS (R")"

It is easy to see, by the standard relation between Lebesgue and Lorentz
norms, that (6) implies (4). Note that (6) is contained implicitly in [10].

Observe that estimates of Lorentz norms via Besov norms (without the
sharp asymptotics of the best constant) are also well known [4, 12] (see
Section 2 below). We show that to get (6) for 1/2 < s < 1, it suffices to
use these estimates with some intermediate Besov norm and then apply
Theorem 1.1. Thus, this theorem is a more precise result than (6) in the
casesp# lorn#1,1/2<s<1.

We also note that the papers [1, 2] deal with a slightly different definition
of the Bj-norm. However it is well known that these definitions are equiva-
lent with corresponding constants not depending on s. We recall briefly the
proof of this fact below.

The paper is organized as follows. Section 2 contains necessary informa-
tion and some auxiliary results concerning Hardy-type inequalities, moduli
of continuity, and non-increasing rearrangements. In Section 3 we prove
Theorem 1.1, and in Section 4 we prove (6).

2. Auxiliary results

2.1. Hardy-type inequalities. We will use the following lemma of Hardy
[13, p. 196].

LEMMA 2.1. Let a« > 0 and 1 < p < oo. Then for any non-negative
measurable function ¢ on (0, 00),

(7) (OSO (§s0<u> au)' 1071 ar) " <
0 0

o

(Fegwyprran)'”

0

SRS

1/p

o(u) du)pto‘_l dt) < g(T(w(t))Pta—l dt)l/p.
0

(®) (Og(

We say that a measurable function f on (0, 00) is quasi-decreasing with
constant ¢ > 0 if f(t1) < ¢f(t2) whenever 0 < t2 < t; < 0.

We will need a Hardy-type inequality for quasi-decreasing functions in
the case 0 < p < 1. Though the following statement is apparently known,
we shall prove it for the sake of completeness.

P#L’ﬁg
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PROPOSITION 2.2. Let f be a non-negative, quasi-decreasing function on
(0,00) with constant c. Suppose also that o > 0, > —1 and 0 < p < 1.
Then

oo u 1— o
9) S T ( S f(t)tﬁdt)pdu < W S uw”H(f (w)uP TP du.
0 0 0
Proof. We can assume that (1 + §)p > «a, otherwise the integral on the
right-hand side of (9) diverges. Also, one can suppose that f is bounded
and compactly supported. Define F(u) = {; f(t)t” dt. Note that F(u) >
f(u)uPt! /e(B + 1). Therefore, integrating by parts yields

S u Y (F(u))P du = g S uw” B f(u) (F(u)P~t du
0 0

< (1 +5)) +£))1Pp Osou_o‘_l(f(u)uﬁ“)p du,
0

as required. m

2.2. Moduli of continuity. For any f € LP(R™),1 < p < oo, and h € R",
set

1/p
L) = (§ 1f@+h) = f@)rda)
R’I’L
The modulus of continuity of a function f is defined by

wp(f,6) = sup Ip(h) (0<d < o0).
|h|<8

Observe that wy(f,d) is a non-decreasing and subadditive function. In par-
ticular, this implies that wy(f,d)/6 is quasi-decreasing on (0, 00) with con-
stant 2.

We wish to point out that the papers [2, 10] deal with the seminorm

1fllwg = ( | dedy)l/p

2 Te e

in place of || f|lps. It is well known that these seminorms are equivalent. We
outline the proof of this fact just in order to show that the corresponding
constants do not depend on s.

PROPOSITION 2.3. For any f € B,(R") and all s € (0, 1),

(n0) /227" 72| llog < [ flluwg < (0 + p)oa) /Pl Fllog.
where vy, s the volume of the unit ball in R™.
Proof. Define wy(f,0) = (67" S\h\éé I (h) dh)Y/P. Tt is easy to see that

(10) vl/P27 20, (f,8) < Wp(f.6) < vi/Pwy(f,8) (6> 0).
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Next, by Fubini’s theorem,

171, = 0+ s) § (g0 2
0

Thus, applying (10), we obtain the desired result. m

The following proposition is also based on simple and well known argu-
ments.

PROPOSITION 2.4. For any f € Wp1 (R™),
hm wp<f7 6)
—+0 0

Proof. For each h € R™ and almost every x € R™,
1
fl@+h) = flx) =\Vf(z+th)-hadt
0
(see [9, p. 135]). By Minkowski’s inequality we get I,(h) < |h| ||V f|p, and
hence
(12) wp(f,0) <OVl (6> 0).

On the other hand, for any € > 0 there exists an infinitely differentiable
function f. with a compact support such that

(13) IV = £2)llp < =

It is easy to see that

pe(6) = litllg | fe(- +h) = f(:) = V() - h|p/d — 0 asd— 0.

(11) =[IV£ll, (1 <p<o0)

Thus, there exists 6. > 0 such that p.(0) < € for all 0 < § < d.. Further, by
(12) and (13),
wp(fe,6) < wp(f,0) + 0.
Therefore, for all 0 < § < 6. we get
IVfllp < IVFellp + & < pe(0) + wp(fe,0)/6 + € < wp(f,6)/0 + 3e.
Together with (12), this yields (11). m
The last proposition easily implies that the limiting relation (3) still

holds for our choice of the definition of the Besov space. Moreover, we get a
more general result.

PROPOSITION 2.5. For any f € W, (R"),

. 1 1/6
) g 1= ey, = (5) 197 (1 <p0 <o)
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Proof. Set A = ||V f]||rr. Fix € > 0. By (11), there exists 6 > 0 such that
[(wp(f,t)/t)? — A%| < ¢ for any ¢ € (0, ). Hence,
é

I(1— S)Hf\\ggﬁ — A%/0) < (1— ) £ (w, (f,1) /1) — A% dt
0
A%, T s dt
+ S 1+ (1) [ (£ 0)
)
£ (1- A% 2(| 119
< S s5=9)0 4 = 501 8)0_1 Pl _g)
_96 +915 y+89589< s)
Now we can choose o > 0 such that
0
€ sa-s0 A% 1) 2141y |
06 + 7 |0 -1+ <0550 (1 s) < 3¢

for any s € (1 — o,1), which proves (14). m
Finally, the proof of our main result is based on the following theorem [6].

THEOREM 2.6. Let 1 <p<qg<oo andy=n(l/p—1/q) < 1. If either
p>1,n>1o0rp>1,n>2, then for any 6 > 0,

o0 1/p J 1/q
19 (e etror §) < (Jemror )

2.3. Rearrangements. The non-increasing rearrangement of a measur-
able function f on R" is defined by

f*(t) = sup inf |f(x)] (0 <t < o0).
|B|=t °<E

Define also
t

{Fruwydu (t>0).

0

| =

) =

Let 0 < p,7 < 0. A measurable function f belongs to the Lorentz space
LPr(R™) if

oo 1/r
1l = (S(tl/pf()) dt) <o

0 t

It is well known (see, e.g., [13, p. 192]) that

1/v 1/r
as) = (2)(2)

The following theorem was proved in [5]. It plays a key role in our proof
of (6).

pr (0<p<oo,r<v).
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THEOREM 2.7. Suppose that f € LP(R™),1 < p < oo. Then for any
7,6 >0,

(17) [ (7 () — ()P du < 20(f, 717)

and . Ot

(1) [P (7 () = (0 du S < e (7,0)577,
on 0

Using (17) and Holder’s inequality, we immediately get the estimate
(19) FrE() = fr(t) < 2V Py (f,87),

Note that in the one-dimensional case this was first proved by Ul'yanov [14].
We will also use the following result mentioned in the Introduction.

THEOREM 2.8. Let 0 < s < 1 and 1 < p < n/s. Suppose also that
1 < < oo. Then for any f € BEQ(R") we have

* np
(20) oo < iy, (0= 2,

n— 8p

where ¢ = 21/Pp1/0g*,

This theorem was proved in [4, 12]. In order to get the explicit value of
the constant ¢ we will give an independent proof. Namely, applying (19), we
obtain

£ = [ ) = fo@)] S < 20 [ () du.
t t
From this and (8) we get
£ g0 < 277 § 2770 (§ a7V Py (f, 07 du)dt
0 ¢
< (Ql/pq*)f)?tf?(l/q*—l/p)wf)(f £y at
— p ) t
0

” T s o dt

= 270 § (7 wp(f1)"
0

which yields (20).

3. Main result
Proof of Theorem 1.1. Set wy(f,t) = w(t), we(f,t) =n(t), and
T (o dt
I= ||f||ZZ,97 - S (1= w)wq(f,t))e?
’ 0
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First we suppose that 6 < p. Using Fubini’s theorem, we have

— _ y—1-1/p 0~ p(l—s) 22

I=p(1-s) §) ( S (t n(0) dtur =) =,

where a = (1-6/p)(1+p(1—
inequality, we get

o0

s)). Next, applying (in the case 6 < p) Holder’s

(e.9]

0/p o0 1=0/p
[ (o)) dr < (S ("~ n(t))” ﬂ) (S L)

t tl-i-p(l—s
u u

u

o

0/p
— [p(l — S)]G/P—lu(é’—p)(l—s) <S (t’y_lﬂ(t))p cit) .

u

It follows that

o0 o0 0/p
I L (GO e R
u
0 u
Applying (15), we obtain
T o1 (i dt\ " du TN A dt\ %7 du
Sue(l )<S(tw 177(t))p 7) — < S uf006=) (S (tw(t))? ?> o
0 u 0 0

where c is a constant depending only on p, ¢, and n. Now we use the fact that

the function w(t)/t is quasi-decreasing with constant 2. Therefore, using (9)
with 0 = ¢(1 —~) — 1, we get

[e.9]

u /9 qu,
S w06 (S (t Tw(t)) @) d_

0 0 t U
o (2%q(1 - N _
= (s —7)gq 0 u (s —7)q

From this and from (21) we have

(- >
e i

(A depends only on p, g, 0 and n).
Assume now that 6 > p. First, by Fubini’s theorem,

oo, 00

I=0(1-s)| ( | @) ﬂ)ml—s) d—j.

t
0 u
Further, since 7 is non-decreasing,

o0

w\ /P
o < (= S tap ) @> 0,

u
t
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Applying this inequality, we get

o0 o0

L) & = [ ) @ty &
0 0/p
<o (Jeord)

u

Therefore, from this and (15),

T < o
I<c(1-y9) u?(1=9) (tW—l (t))P @ o
e (o)
0 u 0/q
<e(1—s) | w0 (g (t ()" %) d—;‘
0 0

It remains to use (9) in the case 6 < q or (7) if § > ¢, to obtain

1—s 0
=251,

I<c

where ¢ depends only on ¢,p,0, and n. u

REMARK 3.1. It is easy to show that the assertion of Theorem 1.1 fails
in the case p = n = 1. Indeed, assume that (2) holds for p = n = 1. Let
J = X(0,1)- A simple computation shows that

wp(X(0,1),t) = 2'/P min(t1/7, 1).

1/6
Hence, ||X(0,1)”b';9 = 2(95(1175)) and

1/ l—n 1o
sy =2/ ——— .
sty = (g =)

Let, for example, ¢ = 2 and 1/2 < s < 1. Then we get ¢ < 1 — s for some
fixed ¢ > 0, which contradicts (2) as s — 1.

REMARK 3.2. The exponent 1/6* in (2) is sharp in a sense. First assume
that 6 < p. Let « =2 — s — n/p. We may suppose that a # 0. Set

1
fla) = — (1= [2]")xp (2),
where By is the unit ball in R™. Then a calculation shows that [|f|h <
¢pn, Where the constant ¢, does not depend on a. Further, |V f(z)| =
|2|* " x B, (x) and [V f]lp = cpn(1 - s)1/?. Thus, wp(ft) < cpn(l— s)~ /et
for 0 <t <1 and wy(f,t) < 2| f]l, < cpn for t > 1. Hence,

(22) 1£1los , < cpm(1 =)~ HP7H2,
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On the other hand, if 0 < ¢t < 1, t/8 < |z| < t/4, and |h| = t, then
|f(x) — f(x+h)| > 275t and thus, w,(f,t) > ct®*™/7 (0 <t < 1), where
c is a positive constant that does not depend on s. From this and (22),

1Fllps— = c(1 = 5)™ YOz (1= s) 7P flles,

(¢ is positive and does not depend on s). This shows that the exponent 1/p
of 1 — s in (2) is sharp (6 < p).
If 6 > p, it suffices to consider the function f(x) = max(1 — |z|,0).

REMARK 3.3. Ifeitherp#lorn#1,1/2<s<1l,and 1 <p < n/s,
then Theorem 1.1 easily implies (6):

1—s np
P« I ps * =
q*p — Cp,n (TL Sp)p ||f||bp <q n Sp>’

which is a more precise result than (4). Indeed, set § = p, v = s —1/2, and
q=mnp/(n—~p). Then ¢* = ng/(n — q/2). Applying Theorems 2.8 and 1.1,
we have

Cnyp 1-—

p
111G o = N1/ nay2yp < = sp? £l < cpm (n—sp)p ) 17155

as required.
In the next section we will show a different way of proving (6) for any p
and n.

4. On the Bourgain—Brezis—Mironescu inequality. In Section 2
we applied inequality (19) to prove Theorem 2.8. We now use sharper re-
arrangement estimates (Theorem 2.7) to prove the following.

THEOREM 4.1. Let 0 < s < 1 and 1 < p < n/s. Then for any f €
B;’(R”),

(23) s ®n) S Cpn T o Hl-9) [male R™) q = T_lp .
(n —sp)P i n — sp

Observe that, by (16),
p —Sp
||f||Lq* ||f||Lq p?

and hence (23) immediately implies ( ) with the constant

cpns(1—s)(n — sp)tP.
Proof of Theorem 4.1. Suppose first that 1/2 < s < 1. Using the identity

< dr

O =) = 1) —

T
t
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we obtain
A1 °§< PP < °§)°<f**<t>>pts%
< (nfpsp)wg(f**(t) PP
= (nf_lpsp>p(1 - 5)pogu(18)p:itp/n(f**(t) _ ))pdt%u
- <n T—Zp8p>p(1 - S>po§j““‘8)pit‘p/”§<f*<5> ~rra s
< ¢ ﬁ ng—%p(f, 0P =, ﬁ 1£1,

(we applied Hardy inequality (8), Fubini’s theorem, Holder’s inequality and
(18), respectively).

Consider now the case 0 < s < 1/2. Using the elementary estimate

) < OS:(f*(r/e) — (1) dT_T
we have
1/l < <n T_Lpsp)poﬂ:(f*(t/e) — f*(t))pts%
= (nvipspy%og sp/ns “(t/e) — t))Pdt%“
= (nipspf%oﬁoo /g “(t/e) - u))pdtd—j

§€< np > sp S u_Sp/nS(f*(t)_f*(u))pdtd_u

n— sp 0 5 U
np P Spoo —sp/n 1/n du
< 2e — S PIOP(fyu ™) —
n — sp n U
_ p,pt+1 S p
= 2en pp (n — Sp)p Hbe;

(here we used Hardy inequality (8), Fubini’s theorem and (17)). Combining
both cases, we get (23). m
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REMARK 4.2. The cases 0 < s < 1/2 and 1/2 < s < 1 correspond to
“small” and “big” smoothness, respectively. Inequality (17) is sharp only in
the case of “small” smoothness, while (18) is sharp in both cases (see [5]
for details). Therefore, to prove Theorem 4.1 for small s, it suffices to apply
(17), while the case of big s requires a stronger inequality (18).

REMARK 4.3. Observe that in the case p = n = 1 the proof of (23) is
extremely simple. Indeed, exactly as in [5, Theorem 1], one can prove that

(24) () < 2wi(f,t)/t.
Therefore,
T e, dt T dt
1 flliya—s)1 = (ij (t) 175 §25§Jw1(f, )t1+1/s 25| f1lvs »

and (23) is proved. We also outline, for the sake of completeness, the proof
of (24). It suffices to assume that f has a compact support. Then for any
xr€Randallt >0,

t
@) < |1 - §§sto+ )y
0
1 (G+1)t (4+2)t
23| | setna- | s
Jj=0" gt (G+1)t
t
< {If@+y) — F@ldy+ 5 {1+ 1)~ F)ldy.
0 R
Hence,
P < 251+ - SOy + 2§ 150+0 - 1)y < 20
0 R

and (24) is proved.
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