Products in Sobolev Spaces

Ethan Y. Jaffe

In this note we prove the following two theorems about multiplication in Sobolev spaces:

Theorem 1.1. Suppose s1,s2 > s, and $1 + s3 > s+ d/2. Then there is a continuous

multiplication map
H*(RY) x H*>(RY) — H*(R%)

taking
(u,v) = uv,

and satsifying the estimate
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This has the useful corollary:
Corollary 1.2. If s > d/2 then there is a continuous multiplication map
H*(RY) x H*(RY) — H*(RY)
taking
(u,v) — uw,

and satisfying the estimate
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In particular we see that H*(R?) is an algebra, provided s > d/2.

We will prove the corollary first (even though it follows from the theorem directly), since
it is the more useful result in practice, and its proof has most of the ideas of the proof of the
theorem. We will make use of the following lemma:

Lemma 1.3. Suppose t > 0. Then there exists a constant C' = C(t), such that

(L+ ]zl +[yD)" < C(A+ ]z + (1 +[y)").



Proof. We write
(L+ [z +[y]) < (A4 z]) + (1 + |y])).
By Hoélder’s inequality, if ¢ > 1 then
(L4 |2+ [yD)" < (A + |=]) + L+ [y])" < 2(Q + [2))" + 1+ [y])").

If t = 0 then the inequality is trivial. If 0 < ¢ < 1, suppose without loss of generality that
1+ |z| > 1+ |y|. Then

(L) + (T +yh)" < 21+ [a])" < 2°((1 + [z]) + (1 + [y])").
This completes the proof. O
Proof of Corollary 1.2. Observe that by the lemma
(14 J€)* < C(1+ 1€ —nl)* + (1+ )"

Thus, since w0 = 4 * 0,
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Using the lemma again with ¢ = 2 and ¢ = 1/2 us bound this by
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We change variables in the inner integral of the second sum to obtain
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Now there is symmetry between the terms in (1.1), with the places of u,v swapped, so we
only show how to bound the first one. We use Minkowki’s inequality:
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But
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by Cauchy-Schwarz, and the second factor is finite since s > d/2. In all, the first integral is
bounded by
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and similarly for the second integral. O



To prove Theorem 1.1, we need a generalization of Lemma 1.3.

Lemma 1.4. Suppose t,ri,ro > 0. Then there is a constant C' so that
(L Jol =+ [g)" < COL+ ) (L )™+ (L a7 (1 + [])).
Proof. 1t suffices to show that
(14 |z + [yDH 4 2™ (14 [y)™ < O + |o)FFm 4 (1 + [y]) i),

But of course
(T4 Jz)™= (14 |y)™ < (1 + Jz] +y|) ",

and so
(14 |z| + |y + |22 (1 + Jy)™ < (1 + |z] + [y]) e,

and so the lemma follows from Lema 1.3. ]

Proof of Theorem 1.1. We apply the lemma with ¢t = s and r| = s; — s, 79 = $9 — s to see
that

(L) < O+ =nD)™ (L + [0~ + (L + [ =)= (1+ |nf)>*.

We mimic the proof of Corollary 1.2. Using the same tricks, we may bound
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Now
/ (1)~ o(n) dy = / ()20 (n) L+ )=+ dip < |Jo]

HS(Rd) H(]. + |n’)_2(81+82_8) HLl(Rd) 3

and the second factor is finite since sy + s — s > d/2. Thus,
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A similiar proof shows that
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So in all,

[|uv] HeRd) = C [|ul H*1(R%) ||u||HS2(Rd) )

as desired. O



