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ABSTRACT. We give a new proof of the Gagliardo—Nirenberg and Sobolev in-
equalities based on the heat semigroup. Concerning the Gagliardo—Nirenberg
inequality, we simplify the previous proof by relying only on the LP-L9 esti-
mate of the heat semigroup. For the Sobolev inequality, we consider another
approach by using the heat semigroup and the Hardy inequality.

1. INTRODUCTION

In this paper, we give a new proof of the Gagliardo—Nirenberg and Sobolev in-
equalities. In what follows, for 1 < p < oo, let WHP(R"™) denote the Sobolev spaces
equipped with the norm || f|lw1.r@ny = || fl|Lr@®n) + [[Vf | Lr@n). In particular, we
set H(R") := W12(R") for the case of p = 2. We shall consider the following
inequalities:

Theorem 1.1.

(i) Letn>1and1 < q <p < oo. Suppose that 1 < r < 0o satisfies np/(n+p) <
r < p. Then for every f € LI(R™) N WL (R™), it holds that f € LP(R™) with the
estimate

— 1/q 1/p)
pirny < l1-0o 0'7. . — TL(
”fHL (R™) 7C||fHLq(]Rn)H;f‘L (Rn), O 1 n(l/q 1/7“)7

where C' > 0 is a constant independent of f.
(ii) Let n > 3. Then for every f € H(R"), it holds that f € L?"/(=2)(R")
with the estimate

£l 2ns o2 @y < ClIV fllz2 @),
where C' > 0 is a constant independent of f.

The inequality in Theorem [[I(i) was shown by Gagliardo [8] and Nirenberg
[13] in 1959. In addition, the inequality in Theorem [[Iii) is called the Sobolev
inequality, which may be regarded as a critical case of the Gagliardo—Nirenberg
inequality. In fact, if we assume that o = 1, i.e.,, n(1/¢ —1/p) =1+ n(1/q—1/r)
in the statement of Theorem [LIIi), then it holds that p = nr/(n —r). Such an
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exponent p = nr/(n —r) is called the critical Sobolev exponent in L” sense and in
this case there holds

(1.1) Hf”Lnr/(nfr)(Rn) S CHVfHLT(]Rn)

In particular, by setting r = 2, we obtain the same estimate as in Theorem [LTJ(ii).
Here we should remark that although the inequality (L)) actually holds for all
f € WL (R™) with 1 <7 < n, in this paper we have concentrated only on the case
r = 2 due to the difficulty of the generalization in our proof; its details will be stated
in the last part of this section. Both of the inequalities are well known and quite
fundamental tools in the fields of the analysis, so such inequalities have supported
various kinds of studies essentially. As well as the studies conducted by applying
such inequalities, there are a lot of previous works on the precise analysis of the
inequalities themselves. For instance, one of the typical studies of the fundamental
functional inequalities may be obtaining the best constant. We should refer to Aubin
[1], Talenti [14], Del Pino and Dolbeault [6], and Cordero-Erausquin, Nazaret, and
Villani [5] for such results on the Gagliardo—Nirenberg and Sobolev inequalities.

In this paper, we focus on the method of the proof of the functional inequalities.
Here we recall the classical methods to show the Gagliardo—Nirenberg and Sobolev
inequalities. The original way by Gagliardo [8] and Nirenberg [13] is mainly based
on the fundamental theorem of calculus and the Holder inequality. Note that their
methods are valid for the Sobolev inequality as well. We also refer to the result [3] of
Calffarelli, Kohn, and Nirenberg, which gives the generalized Gagliardo—Nirenberg
inequality by means of considering the weight | - |*. Compared with the classical
methods, the aim of this paper is to give a new proof of Theorem [Tl based on the
heat semigroup. Here let us define the heat semigroup {e/®};~¢ by setting e/® =
Gy * for 0 < t < oo, where Gy(z) = (4mt)~"/2e~ 121/ for (¢, 2) € (0, 00) x R™.
We should emphasize that using the semigroup to show the functional inequalities
is a well-known method: Here, let us recall the Nash inequality [12];

2/(n+2) 1-2/(n+2
(1.2) 1 llz2ny < CUAIA G IV oy 2,

which may be regarded as a special case of the Gagliardo—Nirenberg inequality like
the Sobolev inequality. Indeed, setting p =2, ¢ = 1, and » = 2 in the statement of
Theorem [[1i) yields (I2)). Concerning the Nash inequality ([2)), Carlen, Kusuoka,
and Stroock [4] showed that ([2]) and the LP-L? estimate of the heat semigroup
are essentially equivalent. Moreover, in the book [I5, II1.3.3 Remarks (a)] written
by Varopoulos, Saloff-Coste, and Coulhon, they gave proof of (L2)) by using the
semigroup as well. In the case of the Gagliardo—Nirenberg inequality, a proof based
on the heat semigroup is given by, e.g., Maremonti [IT, Theorem 2.2] and Giga,
Giga, and Saal [9, Theorem, p. 190].

Now we shall explain the novelty of our method by comparing that of [9, Theo-
rem, p.190]. In order to show the Gagliardo—Nirenberg inequality under the condi-
tions ¢ < p and r < p, they used the following characterization of the L? (R™)-norm
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for 1 <p < oo;

Ifll » () = sup { /R f(z) ((emw)(x) - /Ot A(eTAw)(x)dr) dz

||50||Lp’(Rn)

<l,p€ CS"(R")},

where p’ satisfies 1/p + 1/p’ = 1. Indeed, we may confirm that the above charac-
terization appears in [0, The First Step, p.195] and see that such a relation relies
on the duality of LP(R™). Note that the same method is used in [II, Theorem 2.2]
as well. Moreover, the above characterization is similar to that of [7, Lemma 1.5.3]
in the book written by Fukushima, Oshima, and Takeda. On the other hand, our
method relies only on the LP-L? estimate of the heat semigroup, so we may give
a more simple discussion. Once we may simplify such a part, we also see that the
condition < p in Theorem [[II(i) may be removed by the same discussion as in
[0 The Second Step, p. 196]. Here we mention that Kozono and Wadade [I0, The-
orem 2.1] also have used a similar method to ours. In this paper, by considering
the more simple case of the Gagliardo—Nirenberg inequality, we concentrate only
on giving a short and simple proof without any technical method. Furthermore,
Giga, Giga, and Saal [9, The Second Step, p. 196] point out that their method has
to exclude the marginal case, namely, the method does not work for the Sobolev
inequality. So, they [9, p. 216] have given the proof of the Sobolev inequality by ap-
plying the Hardy-Littlewood-Sobolev inequality instead of using the heat semigroup.
In our case, although we have to give another proof to show the Sobolev inequality
as well, we show the Sobolev inequality by using the heat semigroup and the Hardy
inequality. Hence, our approach gives new possibilities having the heat semigroup
in the proof of such functional inequalities. However, as stated above, we should
note that Theorem [[I(ii) has considered only the case of r = 2, i.e., f € H}(R"), so
our result does not cover the general Sobolev inequality (LI]) whose proof is given
in [9 p. 216]. In fact, our proof relies on the Hardy inequality in the homogeneous
Sobolev space H'(R™); we see by [2, Theorem 1.72] that

_ 2
(1.3) 117 fllpz@ny < mHVfHU(R")

for all f € H'(R™) with n > 3. We usually assume that f € H'(R") to obtain
([C3), but thanks to the fact that C3°(R™ \ {0}) is dense in H'(R™) for n > 3 from
[2, Theorem 1.70], we have (I3) even for f € H'(R"). Such a relaxation of the
assumption for (3] plays a key role in our proof, hence in other words, it seems
that the discussion of the general case (L)) for f € WHT(R?) with 1 < r < n will
become more delicate. In any case, this paper aims to establish a new method due
to the heat semigroup and give another proof of the inequalities.

2. A NEW PROOF OF THE RESPECTIVE INEQUALITIES

Proof of Theorem [l (i) In the case of ¢ = p, the desired estimate trivially holds.
So we may assume that 1 < ¢ < p < co. Since the condition np/(n + p) < r yields
—n/p <1—n/r, wesee by ¢ <pthat 0 <n(l/¢—1/p) <1+n(1l/q—1/r), which
implies 0 < o < 1. Moreover, in the case of r = p = 0o, we see by the assumption
f € WLe°(R") that f is a bounded uniformly continuous function on R™. Thus
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we have lim;_, o [[e’®f — f|ze®n) = O from the strong continuity of the heat

semigroup. In the case of 7 < oo, the set C§°(R") is dense in L4(R™) N WL (R").

Therefore, to show the desired estimate, it suffices to consider the case where f # 0

i)s b}?unded and uniformly continuous. Then it holds by lim;_, ¢ [|€"® f— f| o rn) =
that

fl@) = (2 f) (@) = {(e"* f)(z) = f(2)}
tAf /8 TAf
tAf /A TAf

for all (t,z) € (0,00) x R™. Since Ae™f = V - e™Vf and since the LPo-
L4 estimate of the heat semigroup [9, Theorem, p.8] yields [[V7e! f||ro(rn) <
Ct=(/2(1/a0=1/P0)=3/2|| f|| Lag gy for 0 < t < 00, j = 0,1, and 1 < g < py < 00,
we observe that

t
HfHLP(R") < Ct_("/2)(1/q—1/”)||f||Lq(Rn) + C/ T—(n/z)(l/r—l/p)—1/2Hvﬂ L@y dT
0
< Ct*(n/2)(1/q71/p)||f||Lq(Rn) + Ctl/Q’("/Q)(l/“l/p)||Vf||Lr(Rn)

for all 0 < t < co. Here we note that the integrability condition —(n/2)(1/r —
1/p) — 1/2 > —1 holds from the assumption np/(n + p) < r. Hence, noting that
1—o=(1-n(1/r—1/p))(1+n(1/q—1/r))"!, we obtain

HfHLP(R") <C (t70(1/2+(n/2)(1/(I*1/7’))||f||Lq(Rn)
+ t(1=o)(1/2+(n/2)(

&)

for all 0 < ¢ < co. Since the above constant C' > 0 is independent of ¢, by taking ¢
so that t1/2H/2 AU = | || L gny [V F[| 77 gy We have

1oy < € (1A Nz IV F15 @y - I loey
I IV SN ) 1V e ey

< ClA I G IV 1

which yields the desired estimate.
ii) It suffices to consider the case of f € C$°(R™). Since e!® = G, * and since
(i) 0

fRn G(y)dy = 1, we have

L7 (R")s

€40 - Fle) = [ Gutfe =iy @)= [ G~ ) - Fla))dy

for all (t,z) € (0,00) x R™. We set n :=2/n and 6 :=n/(2n — 2). Then it holds by
n > 3 that n,0 € (0,1). In addition, we also define
Fo(y) = [y’ Ci(y),
Fi(z,y) = |yI7'f (@ —y) = f2)],
Fy(z,y) = {Gu(y)} 0| f(x —y) - f(2)]
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for all 0 < t < oo and z,y € R™. Since

Gu)If (x —y) = f(@)| = {Fo ()} {Fr (2, 9)} { Fala, y)} 7,
we obtain

() (@) = f(2)] < Rn{Fo(y)}e{Fl(% Y)Y {Fe(z, )} " dy

for all (¢t,z) € (0,00) x R™. Noting that 8(n —1)/n+n/2+ (1 —n)/2 = 1, we see
by the Holder inequality that

21) |2 ) = f@)] < 1FolTn/o- @ 11, ) 2

|F2( )HL2(Rn

Here, since we have
(2.2)

/ 2| {Gy(z)} P da = ta/%(n/?)(ﬁ*l)/ |z|*{G1(2)}Pdx < Ct/?~ (/A1)
]Rn

n

forall0 <t < 00,0 <a<oo,and 0 < 8 < oo, by setting a =n/0-n/(n—1) =4/n
and 8 =n/(n — 1) in the estimate (2.2]), we observe that

n/(n—1 n/(n— n/(n— n—m n—
NS ey = / |1/ DGy ()} D < O/ 20D,

which yields ||F0||(zn/(n,1)(Rn) < Ctt/n—n/(4n=4) for all 0 < t < co. Moreover, the
Hardy inequality (L3) in the homogeneous Sobolev space H! (R™) implies that

9 2

2
IR < (25) [ 194000 1@y = (2519 ven)

for all 2 € R™, which gives the estimate sup,cgn [|[F1(2, )| z2@r) < C||V fllL2@®n).-
Therefore, by taking L?*/("=2)(R™)-norm in the estimate (2.I)), we have

€82 f = Fllzan/c-o @ny < CE/P =DV £|T, gy

(/ | B, )| 2 2 g

n—n/(4n— 2/n
Ctl/ /(dn—4) ||vf||L/2(]Rn

(n=2)/(2n)
(/ / IFz(x,y)zdydx>

for all 0 < t < oco. Concerning the estimate of Fy(z,y), since the mean value
theorem and the Cauchy—Schwarz inequality yield

)(WQ)/(%)

e —y) - f(@)] = \ [ v @ne- Aym‘ <ol [ 10V~ w)lax

<wl( [ V- Ay>2dA)1/2
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for all z,y € R™, we see by the Fubini theorem that

/ / \Fy(z, y) Pdyde < / (Gu(y)} @20/
n n RTL Rn

- (|y [ 10 =) dA) dydz
= [ PG
RTI,

' (/01 JVH@- Ay)lzcl:ch> dy

= ||Vf||%2‘(mn)/]R ly|P{ Gy (y)} 220/ A=) gy,

By setting & = 2 and 5 = (2 —-260)/(1 —n) = n/(n — 1) in the estimate (Z2), we
obtain [5, [on [F2(2,y)Pdyde < Ctl_”/(zn_z)HVfH%z(Rn) for all 0 < t < co. Hence
it holds that

[ f = Fllonsnmsrgany < CH/m=/ G| g pl2n
e " n— n— n—2)/n
=2/ Em=(r=2) =) |7 ) (- 2)/

Since the above constant C' > 0 is independent of ¢ and since the estimate of the
heat semigroup yields

£l z2n/ -2 (rny < 1€ Fllp2n/m-2 ny + 1€ F = Fll p2n/on-2) @ny
< Ct_1/2Hf||L2(]Rn) =+ CHVfHLQ(R”)a

we have the desired estimate by letting ¢ — oo. This completes the proof of
Theorem [T11 O
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