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Abstract
Our aim in this paper is to deal with Sobolev’s embeddings for Sobolev—
Orlicz functions with Vu € LP() log L10)(Q) for Q € R™. Here p and ¢ are
variable exponents satisfying natural continuity conditions. Also the case
when p attains the value 1 in some parts of the domain is included in the
results.

1 Introduction

Variable exponent spaces have been studied in many articles over the past decade;
for a survey see [6,21]. These investigations have dealt both with the spaces
themselves, with related differential equations, and with applications. One typical
feature is that the exponent has to be strictly bounded away from various critical
values. More concretely, consider the example of the Sobolev embedding theorem.
Such embeddings and embeddings of Riesz potentials have been studied, e.g., in
[1,3,5,6,9,11,14,15,18,22] in the variable exponent setting. Most proofs in the
literature are based on the Riesz potential and maximal functions, and thus lead
to the additional, unnatural restriction infp > 1.

Early papers due to Edmunds and Rékosnik [7, 8] avoided this restriction by a
use of ad hoc methods of proofs, but these turned out not to extend conveniently to
other situations. Recently, Harjulehto and Hést6 [12] introduced a method based
on a weak type estimate which covers the case inf p = 1 and can be easily adopted
also to other situations. Their result was extended to the case of unbounded
domains in [13].

In this paper we consider more general variable exponents following Cruz-Uribe
and Fiorenza [4]. To define these spaces let p : R* — [1,00) and ¢ : R®™ — R be
continuous functions. We will be considering spaces of type LP() log L¢")(Q). For
simplicity we denote the function defining the space by ® throughout the paper,
i.e. (x,t) =P (log(co +1))?®). By C we denote a generic constant whose value
may change between appearances even within a single line.

We assume throughout the article that our variable exponents p and ¢ are
continuous functions on R" or ) C R” satisfying:



(pl) 1 <p~ = infyern p(r) < SUP,epn P(T) =: pT < 00;

C
p2) |p(x) —p(y)| < whenever x € R" and y € R";
42 (o) =PI <
(03) Ip(e) — Py < o whenever [y| > Jul/2;

(ql) —oo < ¢ = inf,ern ¢(x) < SUpepn q(T) =: ¢7 < 00;

C
<
log(e + log(e +1/]z —y|))

(a2) |g(z)—q(y)| whenever € R" and y € R".

Moreover, we assume that
(®1) there exists ¢y € [e, 00) such that ®(x, ) is convex on [0, 00) for every z € R".

If there is a positive constant Cj such that
Co (p(z) — 1) +q(z) = 0,

then condition (®;) holds; this follows from a computation of the second derivative
of ®(x,-). For example, this inequality holds if p~ > 1 or if ¢~ > 0. For later use
it is convenient to note that (®;) implies the following condition:

(®y) t+ t ' ®(x,t) is nondecreasing on (0, c0) for fixed x € R™.

We define the space L(€) to consist of all measurable functions f on the open

set 2 C R™ with
/CD (x,M> dr < oo
Q A

for some A > 0. We define the norm

[/ lec.,)@) = inf {A >0: /Q<I> (x @) dr < 1}

for f € L®(Q). These spaces have been studied in [4,18]. Note that L?(Q) is a
Musielak—Orlicz space [19]. In case ¢ = 0, L*(Q) reduces to the variable exponent
Lebesgue space LPO)(Q).

Our first aim in this paper is to prove a weak type inequality of maximal
functions in Theorem 2.5. Then we prove in Theorem 3.5 a weak-type estimate
for the Riesz potential. These enable us to prove the main result of this paper, a
Sobolev embedding for functions in W®. The Sobolev space W' (2) consists of
those functions u € L®(Q) with a distributional gradient satisfying |Vu| € L®(Q).
Further we denote by Wy'*(€) the closure of C3°(Q) in the space Wh®(Q) (cf. [10]
for definitions of zero boundary value functions in the variable exponent context).

Let p*(x) denote the Sobolev conjugate of p(x), that is,

1/pf(z) = 1/p(z) — a/n.

For the Sobolev emedding in W® we need the conjugate exponent with o = 1,
which is denoted by p*.



THEOREM 1.1. Let p and q satisfy the above conditions. If p* < n, then
lullwy0) < allVullac o

for every u € Wol’q’(Q), where ®(x,t) := (tlog(co + t)1@/P@YP@ and (x,t) =
(tlog(cy + t)1@/P@)yp"(z),

This extends [11, Proposition 4.2(1)] and [13, Theorem 3.4] which dealt with
the case ¢ = 0.

2 Weak type inequality of maximal functions

In order to prove the main result of this section, a weak-type inequality for the
maximal function, we start by presenting several preparatory results.

Let B(x,r) denote the open ball centered at x with radius r. For a locally
integrable function f on R"™, we consider the maximal function M f defined by

Mf(z) = s%pr zsgpﬁ/Blf(y)ldy,

where the supremum is taken over all balls B = B(x,r) and | B| denotes the volume
of B.
The following lemma is an improvement of [18, Lemma 2.6].

LEMMA 2.1. Let f be a nonnegative measurable function on R™ with || f||s(..)@r) <
1. Set

1
Ii= f(y)dy
|B(fL’,T’)| B(z,r)
and .
J = P (y, f(y)) dy.
|B([L’,’I“)| B(z,r)
Then

[ < C{TYP@ (log(co + J))~9@/PE) 4 1},
Proof. By condition (®,), we have for K > 0

ren i 0 () (i)

where the first term, K, represents the contribution to the integral of points where
fly) < K. If J <1, then we take K = 1 and obtain

I<1+CJ <
Now suppose that J > 1 and set
K = CJl/p(x)(log(co + J))—q(x)/p(:v)_

Note that JO/10s(C7"™) < € and (log(cy + J))C/l0sllos(+CT™) < ' Since we
assumed that || f{|e(., @) < 1, we conclude that

1 1

J < W - Dy, fy))dy < m



Hence, by conditions (p2) and (q2), we obtain, for y € B(x,r), that

K7W < LOJY7) (log(co + J))—Q(fﬂ)/p(x)}—p(IHC/ log(1/r)

< A{C TP (log (e + J))—Q(I)/p(:c)}*P(I)Jrc/log(CJl/”)

< CJ Y (log(co + J))4@
and
v < {Clog(co + J)} 4 2)+C/ log(log(e+1/r))
< {Clog(co+ J)} 2)+C/ log(log(e+C.JL/™))
< Clog(ey + J)) 1),
Consequently it follows that

I < CTYP@ (log(cy 4 J))~9@/P@),

Combining this with the estimate I < C from the previous case yields the claim [J

In view of Lemma 2.1, for each bounded open set GG in R we can find a positive
constant C' such that

{Mf(x)}® < C{Mg(z)(log(co + Mg(x))) ™" + (1 + [z)™"}  (2.1)

for all x € G and ¢(y) := ®(y, f(y)), whenever f is a nonnegative measurable
function on R™ with || f|lo(. y@n) < 1.
For later use it is convenient to note that

CTH L+ [a) 7P < (L |a) P < O+ Ja) ™/ (2.2)
in view of (p3).

LEMMA 2.2. Let f be a nonnegative measurable function on R™ with || f||s(.)@r) <
1. If J < 1, then

1

Il = -
1B(@,7)| JB(2r)\B(0,)2l/2)

f(y) dy < C{IJYP@ 4 (1 4 |a|)~/P@1,

Proof. By condition (®,), we have for K >0

rw)-1 7 a(y)
I <K+ C ( ) <0g00+f( ))) dy.
1B, 7)| JB@m\BO,2)/2) log(co + K)

Then we take K := max{(1 + |z|)~/?® J/P®)} < 1 and find
I <K+ CK™M ) < CK

since p(y) < p(z) + C/log(e + |z|) for y € B(z,r) \ B(0, |x|/2) by (p3). Thus the
proof is complete. [



LEMMA 2.3. Let f be a nonnegative measurable function on R™ with || f|o(.,)@r) <
1. If J <1, then

: /
2= fly)dy < C(1 4 [a|) /P,
|B(z,7)| B(x,7)NB(0,|z|/2)

Proof. Since J < 1, we see from Lemma 2.1 that I5 is bounded on B(0,e), so that
we have only to treat the case when |z| > e.

If » < |z|/2, then the integration set is empty and the claim is trivial. We will
show that

) dy < Cr—"/P= 2.3
07"'/07, y : ( )

for r > 1. Since Iy < I’ when r > |z|/2, the claim then follows.
By condition (®3), we have for a measurable function K = K(y) > 0

1
I'< ——— K(y)dy
|B(O7T)| B(0,r) ( )

C & p(y)-1 log(co + f(y)) a(y)
+!B(0,7“)|/B<o,r)f<y) (K(y)) (10g(Co+K(y))) W

If poo > 1, then we take K := (14 |y|)~"/P> and find that

I' < C<7rn/poo + rn(pmfl)/poojl)

- 1
J = |B(0,’F)| /B(O,r)q)(y’f(y»dy.

If poo = 1, then we take K := (1+ |y|)~? for 8 > n and obtain

by use of (p3), where

r<c@eEm+J).
Noting that J' < Cr~™ completes the proof. ]

LEMMA 2.4. Let f be a nonnegative measurable function on an open set Q with
| fllocy@ < 1. Set

N(z) :== Mg(z)Y?® (log(coy + Mg(x))) 1@)/P@),

where g(y) :== ®(y, f(y)). Then
/ O(z,t) de < C,

where By := {x € Q: N(x) > t, Mg(x) > Ci(1 + |z|)™"} and Cy := |B(0,1/2)|7".

Proof. By the Besicovitch covering theorem, we can find a countable family of balls
B; = B(x;,r;) with a bounded overlap property such that F; C U;B;,

t < gl/P (log(co + g, ))—q(xi)/p(xi)
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and
9B, > Cl(l + ’.lel‘)in

If 1 < gp, < |Bi|™, then conditions (p2) and (q2) imply that
gg/ip(xi)(log(co + gBi))*Q(ﬁi)/p(mi) < Cg;/ip(x) (log(co + gBi))fq(x)/p(w)

for © € B;; and if C1(1+|z;]) ™ < gp, < 1, then r; < (1+]24])/2, so that we obtain
the above inequality by use of (p3). A similar argument holds for changing ¢(x;)
to ¢(x). Thus we obtain

®(z, gy"" (log(co + gg,)) ~1@)/P))
< CD(, 94" (log(co + gp,))~1=)/P®))

— Cyp,(log(co + gn,)) @ (log(co + gp™ (log(co + gi,))1/P@)) 2
< COys,.

Hence we see that

/th>(x,t)dx<zi:/&q>(x,t)dx
<CZ/BigBidx=CZ/Big(y)dy

<C/g(y)dy<0. O
Q

We are now ready for the first main result, a weak-type estimate for the maximal
function. This is an extension of [2, Theorem 1.6] and [12, Theorem 3.2].

THEOREM 2.5. Let f be a nonnegative measurable function on R™ with || f||e(.,)@mn) <

1. Then
/ O (z,t) de < C.
{z€R™: M f(z)>t}

Proof. Lemmas 2.1-2.3 and (2.2) give
I< C{Jl/p(l’) (log(co + J))~9@/P@) 4 (1 4 |x|)—n/poo} (2.4)
for x € R™. Hence
{r eR": Mf(z) >t} C BE,U{z € R": (1+ |z]) VP> >t/C}
with F; as in Lemma 2.4. Note that we may assume Mg(z) > C;(1+ |z|)~™ in the
first set since if Mg(z) < C1(1+]2|)™™ and N(z) > t/C, then (1+|x|)™/P= > ¢/C.
If the second set is empty, the claim follows from Lemma 2.4. If this is not the

case we define r > 0 so that (1 +r)™™/P~ = ¢/C. Note that ¢ is bounded in this
case. Then

/ @(x,t)dwé/ @(x,t)dm+/ O(x,t)d.
{z€R: M f(z)>t} Ey B(0,r)



The first integral on the right hand side is bounded by Lemma 2.4. For the second,
we note that ®(z,t) < Ct?® since t and ¢ are bounded. By the definition of r we
have

/ @) 4 < C / (1r) =@/ gy < © / (1)~ (Cn/p) (e lzl) gy
B(0,r) B(0,r) B(0,r)

For 0 < m < n, noting that (14 r)~m+(En/p)/loge+t) (1 4 )™ is hounded on (cy,7)
when —m + (Cn/ps )/ log(e + ¢1) < 0, we find

[ ewdws [ e@dascaenm [ @) ma<c
B(0,r) B(0,c1) B(0,r)

Therefore [ B O (z,t)dx < C, and so we obtain the theorem. O

REMARK 2.6. Take w € C*(R) such that 0 < w < 1, w(r) = 0 when r < 0 and
w(r) =1 when r > 1/2. Let

o alog(e + log(e + |z|)) (an - ]a:\)
p(zr) =1+

log(e + |z|) 1+ |z
for x = (21, ...,2,), where a > 0. Consider the function
() = { (e +|z])~"(log(e + |x]))? if 4x,, > 3|z| + 1,

0 elsewhere.

If -1 < B <an—1, then f € LP0)(R™). Note that
Mf(x) = Cle +|x|) ™" (log(e + |z[))"*

for all x € R". There exists a constant C' > 0 such that if

lz| < Ct~Y™(log(e + 15_1))(5“)/”7

then M f(x) > t, so that
/ tP@ dy > t|{x € R" : Mf(x) > t,z, < 0}
{zeR™: M f(x)>t}

> C(log(e +t71)),

which tends to oo as t — 04. This example shows that the assumption on the
exponent in our weak type estimate is quite sharp.

3 Weak type inequality for Riesz potentials

For 0 < a < n, we define the Riesz potential of order « for a locally integrable

function f on R™ by
]af(l‘) = / % dy
R [T — Yl

Here it is natural to assume that
[ 1) dy < oo, (3.1)

7



which is equivalent to the condition that I,|f| # oo (see [16, Theorem 1.1, Chapter

2]).
Our aim in this section is to establish weak-type estimates for Riesz potentials
of functions in L®(R"), when the exponent p satisfies

" <n/a.
Let p*(x) denote the Sobolev conjugate of p(x), as defined in the introduction.

LEMMA 3.1. Suppose that p™ < n/«. If f is a nonnegative measurable function on
R™ with || f]lo(.,)@r) < 1, then

/ f(y) dy < C{Ta—n/p(:r) + (1 + |x|)a—n/poo}
R

" Bz | T — Y[
for allz € R™ and r > 1/e.

Proof. 1f |x| < r and r > 1/e, then (2.3) gives
[ AUaco [ crmrriwa
R n

"Bz 1T — Y|
<c/)</ f@@0v+w%*ﬁ
0 B(0,¢)

< Crafn/poo < C(l + |x’)a*n/poo.

Next consider the case |z| > r > 1/e. Then we have

f y a—n a—n
/ IO <o F(y) dy < Clafo—/r
B(O.Jel/2\B(z.r) 1T — Y] B(0,J2/2)
and
fy a—n
/ L) Ny " f(y) dy
R™\B(0,2|x|) |z —y R™\B(0,2|x|)

<cC / ( / f(y)dy) =1 gy
20z] \JB(0,0)

< O(1 + |a|)o/r=,

It remains to estimate the integral of |z — y|*~" f(y) over the set E := B(0, 2|x|) \
{B(0,|x|/2) U B(x,7)}. By condition (®,), we have for K(y) := |z — y| /7

é%dy < [E # a0
A= ( (é))) (1155((55 . zé(é)))))q(y) dy
)=

< Cron/p@) o Cpa—ntn(p@)=1)/p() /q)(yyf(y))dy
E

< Cro—n/p@)
since p(y) < p(x) + C/log|z| for y € R™\ B(0, |z|/2) by (p3) and apt < n. O

8



LEMMA 3.2. Suppose that p* < n/a. Let f be a nonnegative measurable function
on R™ with || flle(.y@ny < 1. Then

/ f(y) dy < C«(Sa—n/p(ac) (10g(co + 1/5))—Q($)/p($)
(

Ba,1/e)\B(z8) 1T — Y™™
forallz € R™ and 0 < 6 < 1/e.

Proof. The proof is similar to the last case in the previous proof. Let us set

E = B(z,1/e) \ B(x,6) and
K(y) = |z — y| 7@ (log(co + 1/|z — y|))~1@/?@)

for y € E. By conditions (p2), (q2) and (P2), we obtain
fy) K(y)
A Arer=
f(y) < f(y) >p<y>-1 < log(co + f(1)) >q<y>
C
" /E =y \K(y) log(co + K (y)) W

< c(aa n) (log ¢y + 1/8))1)/P@)

[ o=y log(ea + 1712 )0, £ (1) dy>

< o oga + 1/0) 0 (14 [ aly. ) dy)
< C57P (log(co + 1/8))~9@)/P@), E
as required. ]
The next lemma is a generalization of [18, Theorem 2.8].

LEMMA 3.3. Suppose that p© < n/a. Let f € L®(R™) be nonnegative with
| flloy@mny < 1. Then

Lof () < C{M f(a)@/P@ (log(co + M f(x))) =9/ 4 (1 4 |z]) /75 ).

Proof. By Lemmas 3.1 and 3.2,

f) fy)
1, = ——=r ——7
f@) /B(z,5) |z —y[re vt /Rn\B(ms |z —y[re Y

< O{8° M f(w) + 87 (log ey +1/8)) "1 4 (14 o)/}
for § > 0. Here, letting
§ = min{ M f(x) P/ (log(co + M f ()" 1+ |z},
we find
Iof () < C{M f ()@ (log(co + M f(2))) /" 4 (L fal) 7P} O

Recall that U(x,t) = (tlog(co + t)2@)/p@))p* (@)

9



LEMMA 3.4. Suppose that p* < n/a. Let f be a nonnegative measurable function
on an open set Q with || f|lo(y@) < 1. Set

N(.CE) = Mg(x)l/p (x)(log(CO —+ Mg(g;)))“](ﬁv)/p(a:)’

where g(y) == ®(y, f(y)). Then
[ U(z,t) dr < C,

where Ey = {x € Q: N(z) > t, Mg(x) > Cy(1 + |z|)™} and Cy := |B(0,1/2)|7".

Proof. By the Besicovitch covering theorem, we can find a countable family of balls
B; = B(x;,r;) with a bounded overlap property such that F; C U;B;,

t < gl/p( )(10g<00 +gBi))fq(wi)/p(mi)

and
g8, > Ci(1+ =)™

As in Lemma 2.4, we obtain
U(z, gjlg/p -)(log(CO_{_gBi))—q(xi)/p(wi)) < CU(z, g}lg/P (log(co+gB )~ q(fv)/p(x)) < Cyg,

for x € B;. Hence obtain as before that

/\I/(a:,t)dxgz:/ U(z,t)dx
Et i Bz
<CZ/ gBid:véC/g(y)dyéC. O
— JB, Q

Now we are ready to show the weak-type estimate for Riesz potentials, as an
extension of [2, Theorem 1.9] and [12, Theorem 3.4].

THEOREM 3.5. Suppose that p™ < n/a. Let f be a nonnegative measurable function
on R™ with || fllo(, mm < 1. Then

/ V(z,t) de < C.
{zeR™:1, f(z)>t}

Proof. Lemmas 3.3 and 2.1-2.3 give
I f(x) < C{M f(2)" @@ (log(co + M f(x))) 1@/ 4 (1 + |a]) /75 )
< C{Mg(2)"7" @) (log(co + Mg(x))) /M) 4 (14 [a]) 775}
for x € R™. Hence
{zeR": I,f(z) >t} CE,U{z eR": (1 + |x|)—n/p§>o > /0,

where E, is as in Lemma 3.4. If the second set is empty, then the claim follows
from Lemma 3.4. If this is not the case we define r > 0 so that (1 —|—r)_”/pﬂ°° =t/C.

Then
/ U(x,t)dx g/ U(z,t) dm—i—/ U(x,t)d.
{zeR™:I, f(x)>t} E; B(0,r)

10



The first integral on the right hand side is bounded by Lemma 3.4. For the second
we note that W(xz, ) < Ct*(® since t and ¢(-) are bounded. Thus

/ 17" d < / C(1 ) 7H(Cn/r lslelel) gy o,
B(0,r) B(0,r)

where the last step follows exactly as in the proof of Theorem 2.5. ]
REMARK 3.6. Continuing with the notation of Remark 2.6, we further see that
Lof(x) = Cle + |z)* " (log(e + [a])) ™!

for all x € R™, so that

/ @ dy > /| fz € R" 1 I, f(z) > t, z, < 0}
{zeR™: 1, f(z)>t}
> C(log(e + t1))nB+D/(n=a),

which tends to oo as t — 0+.

REMARK 3.7. In view of [17], for each # > 1 one can find a constant C' > 0 such
that

Rn{faf(ﬂf)}pﬁ(x)(log(e +1af(2)) " (log(e + Lo f(x) ™)™ da < C

whenever f is a nonnegative measurable function on R™ with || f|| o) gn) < 1. This
gives a supplement of O’Neil [20, Theorem 5.3].

4 Sobolev functions
Let us consider the generalized Orlicz-Sobolev space Wh®(Q) with the norm
lulliec@ = l[ulloco@ + 1Vule@) < oo

Further we denote by Wy'*(€) the closure of C3°(Q) in the space Wh®(Q) (cf. [10]
for definitions of zero boundary value functions in the variable exponent context).
To conclude the paper, we derive a Sobolev inequality for functions in Wy*(Q) as
the application of Sobolev’s weak type inequality for Riesz potentials of functions
in L®(Q). First note the following lemma:

LEMMA 4.1 (COROLLARY 2.3, [18]). Set k(y,t) := t(log(e+1))Y fory andt > 0.
Then

K(y,at) < 7(y,a)k(y,t)

whenever a,t > 0, where
7(y,a) := amax {(Clog(e + a))?, (Clog(e + a™")) ¥} .
We define local versions of p* and p~ as follows:

P = essinfeap(e) and pj = esssup,cop(e).

Using the previous lemma we can derive a scaled version of the weak type estimate
from the previous section which will be needed below.

11



LEMMA 4.2. Let Q be an open set in R™. Suppose that p* < n/a. Let f € L*(R")
be nonnegative with | f||lo(..y@n)y < 1. Then for every e > 0 there exists a constant
C > 0 such that

/ V(1) da < CIFIS o
{zeQ:1n f(z)>t}

for every t > 0.

Proof. For simplicity we denote || f||(y®r) by a € [0,1]. The case a = 0 is clear,
so we assume that a > 0. We apply Theorem 3.5 to the function f/a, which has
norm equal to 1. Thus

/ U(z,s/a) de = / U(z,t) do
{weQ:1, f(z)>s} {z€Q:lo L (z)>1}

< / U(z,t) de < C.
{zeR™: It = (z)>t}

With % as in the previous lemma and r = q(z)p*(z)/p(z), we have ¥(z,t) =
7 (@~145(r,t). Hence the lemma implies that

WLW@ZW@$¢%mﬂ%%?>W@$¢%@ﬂn®*
k(r, s

Since 7 is logarithmic and a < 1, it follows that apu(x)_lT(r, a) < CaP)a—¢. Now
the claim follows by combining the inequalities derived. ]

LEMMA 4.3. Suppose that p™ < n,pd < (p*)q and Q is an open set. If u €
Wy ®(R"), then there exists a constant ¢, > 0 such that

lullo @ < allVulle,)@n

Proof. We may assume that ||Vu|er.ymr) < 1 and u is nonnegative. It follows
from [16, Theorem 1.2, Chapter 6] that

[o(z)] < C(n)L[Vv|(2)
for v € Wy''(R") and almost every z € R™. For u € W, "®(R") and each integer
J, we write U; = {z € Q : 27 < u(z) < 27"} and v; = max{0, min{u — 27,27}}.
Since v; € W, () and v;(x) = 27 for almost every x € Uy, we have

L|Vvj|(z) > C2

for almost every x € U; ;. It follows that

/Q\I/(a:,u(x))d:v< Z/U U (z, u(z)) da

JEZ Jjt+1
C’Z/ U(z, 27t do
JEZ J+1
<C / U(x,C27) dz.
jez {xEUj+1:11|ij|(x)>C21}
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Taking r € (p*, (p*)g), we obtain by Lemma 4.2 that

U(z,C2)dx < C IV 05y e
/{mer+1:11vvj|(x)>02j} Z TNS(-)(R™)

JEL JET
<0y / z, |[Vu(z)]) dz < C,
JEL
which completes the proof. ]
Proof of Theorem 1.1. We may split R™ into a finite number of cubes €2, ..., Q4

and the complement of a cube, €y, in such a way that p;gi < (p)q, for each i.
Then

k k
fulloymn < D Mulleeyen < e Y I Vulloey@en = (k+ Derl| Vall o)),
i=0 1=0
by the previous lemma. ]
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