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The following two theorems are well-known:

Theorem 1.1 (Sobolev Embedding). Suppose s > d/2, then
CORY N LE(RY) € HY(RY)

and we have an estimate

||u||L°°(Rd) S |l Hs(R%)-

Theorem 1.2 (Sobolev Trace). Suppose s > 1/2. Let T : S(RY) — S(R!) denote the
restriction (or ‘“trace”) map (Tu)(x) = u(x,0). Then T extends to a continuous linear map
T: H*(RY) — H~Y2(R4).

Notice that in the case d = 1 (with the interpretation that F(R’) & R whenever F is
some space, like F = L S, H®, etc.), the theorems state exactly the same thing. Taking
the trace d times, we also see that Theorem 1.2 implies Theorem 1.1, since we may of course
take the Trace along any hyperplane we like, not just the hyperplane x4 = 0.

The proof of Theorem 1.1 is easy. Set (£) = \/1 + |£|2. Then if u € S(RY),

1/2
2fu(z)| = \ [ e - ( [e ds) |

where we used the Cauchy-Schwartz inequality and the definition of H*(R?). This last
integral is finite since s > d/2. The full theorem now follows by taking the sup over all z
and observing the density S(RY) C H*(R4).

The proof of Theorem 1.2 is only slightly harder and we refer the reader to [1, Proposi-
tion 3.8].

The question remains though, are the exponents in these theorems “the best?” It turns
out they are, are the purpose of this note will be to prove them. We will start off with
Theorem 1.1. The first thing to try is a scaling argument. For u € S(R?), we set uy(z) =
u(Az). Notice that uy = A\~%iy-1. First suppose s > 0. Then

< / AEE)™ < |l
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in the sense of equivalence of norms/seminorms. Here [u]ys is the norm given by

e = [ 1€ PIEP

Changing variables, one computes that

—d/2|

uallrz@may = A7 |ul| L2(may,

and
[l ey = A2 [u] 1o (moy

If Theorem 1.1 is true for an exponent s > 0, then we should have

||U||L00(Rd) = ||UA||L<>°(Rd) S [lual Hs(R4) ™ )‘_d/2||u||L2(Rd) + )‘_d/2+s[u]Hs(Rd)'

Taking A — oo shows that the right-hand side must not go to 0, i.e. s > d/2. Soif s > 0,
then s > d/2. Now if s < 0 and Theorem 1.1 were true for the exponent s, it would also be
true for s = 0, i.e. H°(R?) = L*(R%) embeds continuously into H*(R?) for any s < 0, which
is impossible since s > d/2 > 0.

However, this still leaves open the critical exponent s = d/2, which we will need to
examine below.

Now we examine Theorem 1.2. There are two places in the Theorem where we could
hope to improve. The first is that is it necessary for s > 1/27 The second is that can we
find an trace T : H*(R?) — H*¢(R%1) if £ < 1/2? Again we will try scaling and see what
happens. Suppose 5,5 > 0. Fix u € S(RY) and set v = Tu € S(R?!). Arguing as above,
if we have a trace T : H*(RY) — H*(R%™"), then we would have

A(d_l)/QHUHH(Rdfl) + A@=D/2E [U]Hs/(ptdfl) S /\d/2||u||L2(Rd) + AW [U]Hs(Rd)~
Multiply this expression by A\=%? to obtain the equivalent expression
/\1/2HUHL2(Rd—1) + AL [U]Hs’(Rdﬂ) S ullp2ray + A [u] gs (mey.-

Taking A — oo and examining the growth rates of both sides shows that s > 1/2 and
s > 1/2+ 5. As above, from this we can deduce that there is no Trace map from H*(R?) to
H*(R%) if s < 0 and s’ > 0. So the scaling argument proves the following: if 7 : H*(R%) —
H*(R%) is a continuous Trace map, then either s > 1/2 and s’ < s — 1/2, or else s < 1/2
and s’ < 0. Again this leaves open the critical case s = 1/2.

The scaling arguments do not get us all the way, so we will need more. We now state
exactly what we are trying to prove.

Theorem 1.3. If s < d/2 then there is no estimate of the form

||u||L°°(Rd) S ||U| Hs(R4)-

and



Theorem 1.4. If s <1/2 and s’ € R or else if s > 1/2 and s > s — 1/2 there is no Trace
map

T: H*(RY — HY(R¥).

We have so far partially proved these theorems. The full proof will come from constructing
an explicit counterexample. All the work is in the case d = 1, which is where we will start.
In this case the statements of the Theorems are equivalent, and in this case the Trace map
T is really the map into R given by evaluating at 0, which we will call evaly (to see that the
Theorems are equivalent, it suffices to move around the point at which we are evaluating the
trace). We will prove the following proposition, which amounts to the case d = 1.

Proposition 1.5. There is no continuous extension of the map evaly : S(R) — R to a map
evaly : H'?(R) — R.

Notice that in the proposition, the critical exponent s = 1/2 is ruled out.

Proof. Consider the function f(§) = ({log€&)™", defined for £ > 2. Then f > 0, but [ f =
o0, indeed,
JE LR RS
2 log(2)
On the other hand, f € L?({¢) d€). Checking this amounts to showing that f € L*(R) and

f e L2(|¢] df). Indeed,
/V@F%S/f”%<w
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Let u € L?(R) satisfy & = f. Then u € HY2(R) by definition. Let 1 be a Gaussian of
integral 1, and set n.(z) = e 'n(x/e). Set u. = uxn. € C°(R) N L*(R). The idea is that
ue — w in H'2, but u.(0) — oo, which means that there can be no extension of evaly to a
continuous map from H'/2(R).

Indeed, u.(£) = f(£)n(ef). Since 7 is a Gaussian and f € L2((§) d€), 4.(§) — u in
L2((€) d€), i.e. u. — uin H'/2. Notice also that

and

(2m)~ /f N(e€) d§ — oo,

since [ f(§) d§ = o0 and f > 0. O
Using this as our building block, we can prove Theorems 1.3 and 1.4.

Proof of Theorem 1.3. We will not use Proposition 1.5 verbatim, but will mimic the proof.
Set g(&) = (|¢|%log |€])~! for [£] > 2. Integrating in polar coordinates shows that

l/mﬂdéz%/‘wl%(ﬁldld%—%/f
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where f is as in the proof of Proposition 1.5. Here ¢4 is the surface area of 4! C R%In a

similar fashion,
/|9(5)|2|§|dd§ZCd/]f(T)|2]r| dr < oo,

2d —d—ld '
[P ds<ea [ ritar <o

Let v satisfy © = g. Arguing exactly as above, v € H¥?(R%). If 7 is a radial Gaussian
and 7.(z) = e~%(x/¢), set v. = v * .. Then as above, v.(0) — oo, but v, — v € H¥/?(R%).
Thus there is no estimate

It is also clear that

o]l Loy S ||U||Hd/2(Rd)7

and since || - |[gsmey) S ||+ [|garzmay for s < d/2, no estimate

o]l zoomay S |[V]|arzmay,
either. O

Proof of Theorem 1.4. The scaling arguments carried out above show that there is no Trace
map H*(R%) — H*(RY) whenever s > 1/2 and s’ > s — 1/2. So we need only prove that
there is no Trace map T : H*(R?) — H*(R% ') if s < 1/2. In fact we will prove something
stronger: there is no map 7T : H*(R?) — F(R?!) whenever F(R?!) is a normed space in
which S(R4™') embeds continuously. Since the inclusion H/2(R%) C H*(R%) is continuous
for s < 1/2, it suffices to prove the case s = 1/2.

Proposition 1.5 already proves the case d = 1, since there is no norm in which evalyu.
can converge, as they are an unbounded sequence of real numbers. For the general case,
let g € S(R4™), and set h(z', z4) = g(z')u(xq), he(z',24) = g(z')u.(z4). Here u,u. are the
functions described in the proof of Proposition 1.5. By construction, T'(h.)(z") = u-(0)g(z’).
Thus if || - || 7e-1y is a norm associated to F(R1),

T (he) (@) £ra-1) = |ue(0)Ilg]| Fma-1),

where ||g||zra-1 < 00 since g € S(R*"). We know that as ¢ — 0, this quantity — co. So
to complete the proof, we need only show that h. — h in H'/?(R9).
This much is clear. Notice that

(€, &) < (€){Ca)-
Indeed,

((€,6) ~ 1+ (€, ) < T+ + 1€l < X+ €D+ &) ~ (€) (&)
Thus, since h(¢', &) = §(€')(Eq)

B < [ [ 18€PENaEP ) de'aa



< ( GRS ds') ( [ratcare dgd)

= l9llzr2meayllull o2y < 00

The same computation shows that h. € H/2(R%) and h. — h in H'/2(R%). O
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