Lecture Notes of Carlos Kenig

Part 1: Elliptic Quantitative Unique Continuation, with an Application to Anderson
Localization

The classical unique continuation theorem, which originates in the work of Carleman, in its
simplest form is the following:

Proposition: Assume that Au = Vu in {|z| < 10}, with |u| < Cy and ||V||pe < M. If |u(z)| <
Cn|z|Y, for all N > 0, then u= 0.

In order to establish this Proposition, Carleman developed a method, the “method of Carleman

estimates”, which still permeates the subject. An example of such an estimate is the following one
due to Hérmander (1983).

Lemma: There exist C,Cs, Cs, depending only on the dimension n, and an increasing function
w(r),0 <r < 10, so that & < @ < Cy and such that, for all f € C3°(B(0,10)\{0}), a > Cs, we

have

a3/w(—1—20¢)f2 < Og/w(Q_Qa)|Af|2.

I will give the proof of this Lemma later on, but let’s illustrate Carleman’s method by showing how
it yields the Proposition.

Proof of Proposition: Let ¢ € C5°(B(0,10)),9o =1 on B(0,2),0 <o <1,y € C*R"), v =1
for |x| > 1,9 =0 for |z| < 1/2. For € > 0, small, let

o / w22 < Oy / w2 (Af)? < Cs / w? 2 n(2) Au + 2Vn.Vu + Anoaul® .

Note that Ve = 1V (£) o + 1 (£) Vi, while

A= a0

Yoo (2o 2o0(2) e

€

In order to control the term involving Vu, we use the Caccioppoli inequality



C
) v [P [
Bzo,r) B(zo,2r) " JB(z02r)

(The inequality is obtained by multiplying Au + Vu = 0 with 0*u,0 = 1 on B(xg,r), supp 0 C
B(xg,2r) and integrating by parts). Now, our assumption that |u(x)| < Cy|z|™ and (1) easily give
that all the terms in which v is differentiated on r.h.s. — 0 as ¢ — 0. Hence, letting ¢ — 0, we
obtain:

aB/ w™ T upl* < Cs / W p()V (@)ulz) + u(@)Ap(e) + 2Vu - V.

We now use ||V]|e < M,

w2 (x) < w(z)w 2 (x) < w(10)3w 2 (2)

and choose « so large that 4w(10)*M3C3 < a?/2, to obtain:

3
% /@U‘l_2a|ugo|2 < C’g/w2_2a [u(x)Ap(z) + QVUVgo]Q.

Now, supp (A, V) C B(0,10)\B(0,2), so, by the monotonicity of w we have that the right hand
side is smaller than

CgCn'LUQ_Qa(Q) / ‘u|2 + ’Vu’Q < 0303011102—204(2),

supp(Ve,Ap)

—1-2«a

where we use () once more. Hence, %Sl |fQ [fjg;] lu|> < C3C,C3. Note that w(2)/w(z) > 1
z|<

on |z| < 2, so that u = 0 on |z| < 2, by letting a — oco. A chain of balls argument finishes the

proof.

A natural “quantitative” question might be: How large can N be and still have u % 07 Clearly,
some normalization on u is needed, because, when n = 2 wu(z) = Re(z") is harmonic for each N.
This question was studied by H. Donnelly and C. Fefferman (1988) for eigenfunctions on compact
manifolds, i.e. solutions to —Agu = Au, ||ul|2) = 1, who showed that the possible order of
vanishing is O(\'/?), which is sharp. We will return to this question later on.

Another “quantitative unique continuation” problem arose in my work with J. Bourgain on
Anderson localization for the Bernoulli model, to which I will now turn to. The problem of Anderson
localization for the Bernoulli model is a well-known problem in the theory of disordered media. The
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problem originates in a seminal 1958 paper by Anderson, who argued that, for a simple Schrédinger
operator in a disordered medium, “at sufficiently low densities, transport does not take place; the
exact wave functions are localized in a small region of space.” In our work with Bourgain (2004)
we concentrated on continuous models; the corresponding issues for discrete problems remain open.
Thus, consider a random Schrodinger operator on R™ of the form

Ho=-A+V,

where the potential V,(z) = Zejgo(x — j), where ¢; € {0,1} are independent, 0 < ¢ < 1, ¢ €
jezr
C$°(B(0,1/10). It is not hard to see that, under these assumptions,

inf spec H. =0 a.s.

In this context, Anderson localization means that, near the bottom of the spectrum (i.e. for
energies £ > 0, F < 6, § = §(n) small) H, has pure point spectrum, with exponentially decaying
eigenfunctions, a.s. This phenomenon is by now well-understood in the case when the random
potential V. has a continuous site distribution (i.e. the €; take their values in [0, 1]). When n = 1,
this was first proved, for all energies, for potentials with a continuous site distribution by Goldsh’ein-
Molchanov-Pastur (1977). The extensions to n > 1, for the same potentials, were achieved by the
method of “multi-scale analysis”, developed by Frohlich-Spencer (~ 1983). When the random
variables are discrete valued (i.e. the Anderson-Bernoulli model), the result was established for
n = 1, by Carmona-Klein-Martinelli (1987) and by Shubin-Vakilian-Wolff (1987). Neither one of
their methods extends to n > 1. We now have

Theorem (Bourgain-Kenig 2004). For energies near the bottom of the spectrum (0 < E < §), H,
displays Anderson localization a.s., forn > 1.

The only previous result when n > 1 was due to Bourgain (2003), who considered instead

Ve(z) = qup@ — J), where ¢(x) ~ exp (—|z|) instead of ¢ € C§°. The non vanishing of the tail
jezn

of p as |r|] — oo was essential in Bourgain’s argument (which also applied to the corresponding
discrete problem on Z"). In our work on the true Bernoulli model, we overcome this by the use of a
quantitative unique continuation result. The proof of the above Theorem proceeds by an “induction
on scales” argument. Thus, we consider restrictions of H, to cubes A C R", of size-length [. We
establish our estimates by induction on [. The estimates that we establish are weak versions of the
so-called “Wegner estimates”. Thus, let Hy = the restriction of H, to A, with Dirichlet boundary
conditions and let Ry (2) = (Hpy — 2)™! be the resolvent in L?(A). We fix an F (the energy) and set
Ry = Ry(E +10). We also let x, = XB(z;1), for € R”. Our basic estimate, for 0 < E < 4, small,
is:



Proposition A: 3Q; C {0, 1} s.t.
(a1)|Q2] > 1 =177 (p is any number < 3n/8), such that, for € belonging to Q;, the resolvent satisfies

()27 ||Ral] < exp (I7)
()3 [[XeBaxw|| < exp (=C1) |z — 2| = 1/10.

Such estimates (with exponentially small exceptional sets in (a);) are what in the literature are called
“Wegner estimates”. The difficulty in proving such estimates in the Bernoulli case, as opposed to
the case in which we have a continuous site distribution, is that we cannot obtain the estimate
by varying a single j at a time. Here, “rare event” bounds must be obtained by considering the
dependence of eigenvalues on a large collection of variables {¢;};cs. The proof of the Proposition
A is obtained by induction on [. An added difficulty is the fact that the bounds on the exceptional
set are weaker from the standard ones, but we show that they still suffice to obtain Anderson
localization.

For instance, to obtain the bound (a),, we write Hy — F+i0 = H + 1+ V. — 1 — E +40 and
if welet Ty = Tp(E,¢) = (HY +1)"Y2(=V, + 1 + E)(H? + 1)~'/2, which is a compact operator on
L3(A), it is easy to see that ||Rp|| =~ ||[(1 — T'r)™!|]. Thus, the issue is to obtain a lower bound for

dist(1, spec I'y).

In carrying this out by induction in [, one of our key tools is a probabilistic lemma on Boolean
functions, introduced by Bourgain in his 2003 work.

Lemma: Let f = f(ey,...€q) be a bounded function on {0,1}? and denote I; = fle,oy — fle;—o, the
j™" influence, which is a function of €/, 5" # j. Let J C {1,...,d} be a subset with |J| < §~Y4 so
that k < |[;| <0, for all j € J. Then, for all E,

meas {|f — B| < k/4} < |J|7Y/?

(here meas refers to normalized counting measure on {0,1}%.) The proof of this Lemma relies on
Sperner’s Lemma in the theory of partially ordered sets. The function to which this Lemma is
applied is the eigenvalue. It then becomes crucial to find bounds for the j** influence of eigenvalues.
To calculate it, note that V. and H,, defined as functions of € € {0,1}%", admit obvious extensions
Vi, Hy,t € [0,1]%", namely V;(z) = thgo(x — j) and we also have the analogues of Rj,I's. Let
jezr

E.(t) be an eigenvalue parametrization of spec I'y (¢), near 1. Upper estimates on I; (for f = E; as
a function on {0,1}#") are standard and the crucial issue is lower bounds for I;

LOE. y .
I — / S (e € ZNGhit) dty.
0 J



A calculation shows that %‘ZT = <%FA£,§> = —/Agp(q: — DIH +1)712¢)?, where € = £,(t) is the

corresponding normalized eigenfunction of T'y. If ¢ = (HY + 1)~%/2¢ we see that

1
I, / / (@ — )|Cley t))Pdtyde

From the fact that £ is a normalized eigenfunction of I'y one obtains H{¢ = E (1 + E — V,)(, so
that

|A¢| < CI¢l.

Moreover, 1 < |[{||r2 < C||¢]|z2 and from interior estimates || < C. We see then that what we need

to estimate from below is (|2, where j € A. This then leads us to the following quantitative
B(j,1)
unique continuation problem at infinity. Suppose that u is a solution to

Au+Vu=0 in R",

where |[V| <1, |u|] < Cy and u(0) = 1.

For R large, define

M(R)= inf sup |u(x)].

[zo|=R  B(x,1)

Q: How small can M(R) be? Note that, by unique continuation sup |u(z)|# 0.
B(zo,1)

Theorem: (Bourgain - K 2004)

M(R) > C exp (—RY? log R)

Remark: In order for the induction on scales argument to prove Proposition A to work, if we have
an estimate of the form M (R) > C exp(—CR?), one needs 3 < %g ~ 1.35. Note that 4/3 ~ 1.33.

It turns out that the estimate described in the Theorem is a quantitative version of a conjecture
of E.M. Landis (~ 65). Landis conjectured that if Au+Vu = 0in R", with ||V || < 1, ||u]|e < Co,
and |u(z)] < C exp (—=C|z|'"), then u = 0. This conjecture was disproved by Meshkov (1992)
who constructed such a V,u,u # 0, with |u(z)| < C exp (—=C|z|*?). (Meshkov also showed that if
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lu(z)| < C exp (—C|z|*?*), then u = 0.) Meshkov’s example clearly shows the sharpness of our
lower bound on M (R).

It turns out that one can give a unified proof of the above Theorem and of the quantitative
version of Carleman’s Proposition that we mentioned earlier. We first formulate precisely the
latter:

Suppose that we are in the following normalized situation: Let (A 4+ V)u = 0 in B(0, 10), with
[V ][ee < M, ||u||zoe(B(0,10)) £ Co. Assume that sup|u(z)| > 1. What is the sharp lower bound for

|lz<1

a2

m(r) = sup|u| > a;r®”, asr — 0

lz|<r

where a1, as depend only on n,Cy and 8 = (M), M > 1. As I mentioned earlier, when V = M,
H. Donnelly and C. Fefferman (1988) showed that 3 = M'/2.

Theorem: (Bourgain -K 2004) For general V, 3 = M?/3. Moreover, this is the sharp rate.

The most efficient way to prove both Theorems is through “3-ball” inequalities. For harmonic
functions, such inequalities were first proved by Hadamard.

3-Ball Inequalities. Fix Ry = 6,71 = 2 and 2ry < r1. Let ( € C§°(Bg,),( = 1 on [3ro, R1/2],
¢=0on (0,7 U [3Ry, Ry], with [V(|+1|V*(| < C/r on [0, 2r] and [V¢|+ Ri|VZ(| < C/R; on
[R1/2,3R;]. Let f = Cu in Carleman estimate, where we assume now that |Au| < Mlu| in Bpg,.
Then:

ozg/w_l_m(gu)2 < C’g/w2_2"‘|A(§u)|2, a> (.

Let K| = {%TO <lz| < R1/2}, Ky, = {7“0 <l|z| < %TO} K3 = {R1/2 <lz| < %}. Then:

OéS/ w—l—Qa‘u|2 S C«gMQ/ w2_2°‘|u\2+J,
Kl Kl

where J = C3 [i e [A(Cu)[Pw?=?*. Thus,

o / w22 < Oy M2 (Ry /2) / P 4 ).
K K

Thus, if o® > 2C3M?w3(R,/2), we obtain:
o3
() T e <
2 Jrk,
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We next estimate J. We have |A(u)| < M|u| + 2|V{||Vu| + |AC||u|. Thus,
C C C C
[A(ul)| < Mlul + —[Vu| + —lu| on K, |A(uC)] < Mu| + == [Vu| + —5[uf on K,

SO

J<Cy [M2+94}/ w“‘”\u!2+c—§‘°’/ w? | Vul® + Cy {M%Q]/ w2
K> T Ko K3

T 0 Ril
CCs / 2-2 2
+ w | Vu
R% K3 | |
ga{waiwmfm e e A
To | Ko o Ko
C] cc
+Cs [MZ + — | w(Ry/2)>* |lul® + 23w(R1/2)2’2a [Vul?,
Rl_ Ks Rl Ks

Let Ky ={z € Ky : |z| <ri}, and still assume that o® > 2C5M?*w?(R;/2) and insert this into
(1). We get

CT1 w(ro)
2 < 2a+1 —2a—1 2 < C 2a+1 M2 - / 2
[ <t [ < g H v o] o [

+% 5((;;0)); /K |Vu|2} + Cyw(ry)? ! { [M2+ R%] % . |ul® + }%% /K |w|2}.

We now use the interior regularity bounds (Caccippoli)

C
vir< e Sl [

Ky 0

and

C
(Vul? < {M + ﬁ} / |u|?.
Ks 1

Finally, add / lu|? to both sides of the previous inequality, together with the Caccioppoli esti-

|lz|<Zro
mates, to obtain:



w(ry)

2a
ul> < CC {w(rl)} 2w(r {M2r2+
||/||_ S P |y
x|<ry

for a® > 2C3 M*w?(Ri1/2), where 1 = [|ul|12(5,,,) and pt = |Jul|L2(5,,,- If we now define

1 1
77% = 772711(7’1) |:M27"(2) + ﬁ:| ) ,U% = ,UQ'LU(Tl) |:M2R2 + ﬁ] 3
0

A% = CCj3, we have, for a > 2C5M?w3 (R, /2),

s ] ko i)

|z|<ry

7] oo Gt <Rl/2>ra“2w(“) R ]

Let now K be defined by KLO = 1+101g0[ :},)%/1%(; I sothat Kio ~log1/ro. Let ay = 2—th log((p1/m1)?).

log
w(ry) w(ry)
If a3 > 2C3M?w3(Ry/2), we can insert it above. With these choices, a computation gives

1/2) Ko

Il < VEA R = VEA (ol ot [+ ]
1/2Y 1Ko
{llim o e+ )

If, on the other hand, a; < 21/3C§/3w(R1/2)M2/3, since ||ulz2(p,,) < p and

K |
2log [w(Rl/Q)]

w(ry)

og((p1/m)?) < 2305 w(R, /2) M3, 12 < n? exp (CM*P/K,)

and so

[M2T2

= ]1/2 ~M2/3
lullz2z,,) < 2 o ||ul|22(Bs,,) exp c :
1 [MQR 1]1/2 0 KO

Combining both estimates, we obtain:



1712 Ko
HUHL2(BT1) < \/§A {|]u|\L2(B2TO)w(7"1)1/2 |:M27“(2) + ﬁ} } .
0

1-K,
1/2 op2 , 1 2 '
Nl pzs, yw(r) MRHFR—%

[ M?*r2 +1/r2

1/2
m} [ull2(argy exp (M /E),

with 1/Ky ~ log1/ry. This is our “3-ball inequality”. We can now combine it with the elliptic

regularity estimate ||ul[re(s,) < Cn {M™? + 1} ||ulr2py) < CoM™?||ul|12(p,) (for M > 1). Hence,
lullzo sy < T+ 1L

where

Ko
1742
- mcnw/?{||uup<3m>w<m>”2 R } |

0
2R ype L
: ||U||L2(BR1)7~U(T1) [ 1 +1/ 1} ’

M?*r2 +1/r3

1 = ¢c,m?{—290 "0
{M2R§+1/R§

1/2
b e oo (€O o).

Recall that in our quantitative unique continuation question, we assume that ||u||pe(p,) > 1. If I
< II, we obtain

2,241 /,2 ) 1/2 ~
1<211 SQCnM”/Q{A%#M} [l 12(Byro) - exp (CMP/? ] Ky)

C, M™?(M + 1/7‘0)7“8/2 exp (CM??3/Ky) max |ul

|z|<2rg

IN

< C, exp (2CM?3/Ko) max |u] < Cry “™" max |ul,
|lz|<2ro |z[<27o

which gives the desired lower bound with 3 = M?/3 (recall that
hand IT < I, we have

KLO ~ log1/ry). If, on the other



Ko
1 1/2
1 S QCnMn/Q {HUHLQ(B%"O)UJ(Tl)l/Z [MQT'(Q) + T_g:| }

1-K,
Alullizon o (R)Y2 MR+ 1/R) )
Raising both sides to 1/Kj and using the bound ||u||L~ < Cy, we obtain
1 < (20, M™2) V50 M| || o vy - (CoCrRY?)Rs ™1 A1/ o1
< G/ TGy (M |, )

~ log 1/7¢, the right hand side is bounded by

1 Chn 1 C'log Co 1 C'log M H H
— — — U\|f,00
To To To L (B2TO)’

which gives a better bound. Thus the Theorem follows.

. 1
Since y7e

We next turn to the proof of the first Theorem. Fix o, |zo| = R so that M (R) = | ir|1fR sup |u(x)]
Zol=4 B(xo,1)
sup |u(z)|. Set ur(r) = u(R(x + x9/R)), so that ||ur|lee < Co, |Augr| < R?|ug|, so that, using
B(zo,1)

our previous notation, M = R% Note also that if Zo = —x¢/R, |To| = 1 and ur(Zy) = u(0) =1, so

that ||ug||re(s) > 1. Also, sup |u(z)] = sup |ug(y)|, where 2ry = 1/R. Our previous estimate
B(zo,1) B(0,2r9)

gives

M(R) = suplur(y)| > C(2rg)"" = C(1/2R)*" = C exp (~CR'* log R)

B2r0

as claimed. The example of Meshkov shows that this is sharp. To show that it is also sharp for the

“rate of vanishing” theorem in its uniform form, we will find r; — 0, potentials V}, ||V}||cc = M;
2/3—

and solutions to Au; + Vju; = 0, with ||u;|| < Co, [|u;||ze(5,) > 1 and ‘Hllaxluj(x)\ < CrfMj
z|<rj

In fact, let u be the Meshkov solution, normalized by u(0) = 1, ||ulle < Co, |Au| < |u| and
lu(z)] < C exp (—Clz|*?). For R; — oo, let M; = R?, fix o, |zo;| = R;, and let u;(z) =
w(Rj(x + zoj/R;)). Clearly the required conditions on u; are verified. Let r; = QLRJ_. Then,

4/3—
4/3 1 “
b0 < g o 50 8) <€ o (ORI <€ ()
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since log(2R;) < C’R?Jr for R; large. Before ending this topic by proving the Lemma concerning
the Carleman estimate, I would like to point out a few questions that these results suggest.

Question 1: In my work with Bourgain, we establish Anderson localization for the continuous
Bernoulli model —A + V,, where A is the usual Laplacian in R™. It is also of importance to study
the corresponding discrete Bernoulli model, where A is now the Laplacian on Z". Here there are
no results for n > 1. The reason why our approach does not apply in this setting (at least without
modifications) is because unique continuation fails and there could be solutions vanishing in a ball
which are not identically 0.

Question 2: In Meshkov’s example mentioned earlier, v and V' are complex valued. Can the
exponent 4/3 be improved to 1+ in our theorem, for real valued v and V? Is Landis’ conjecture
true for real valued v and V7

Question 3: Can one improve the lower bound on the “quantitative order of vanishing theorem”
to 3 = M2, for real valued v and V, thus giving the same order as in the Donnelly-Fefferman
work?

Remark: The Carleman lemma admits various extensions. One can add to the left hand of
the inequality a term of the form « [w!'™?*|Vf]%. One can also substitute A by A, given by
3 00,013 (0)y, With g5 ()G = AICP, lgig(@)] < A" and |gij(@) — gis(@)] < AMa - . (In
view of the well-known Plis-Miller examples, the Lipschitz condition is best possible.) The order of
vanishing theorem can be extended to solutions of ) 0y, 6i;(2)0y,u + > bi(x)g—; + V(z)u = 0, with
b < N, [V] < M.

We finish this part of the course by giving a proof of the Carleman estimate i.e.: Jw, A <

O =
wl) < 4,0 <r <6, wl,so that, for a < Cy, f € Ce(Bs\{0}),

/a3w—1—2a|f|2 S 03/w2_2a|Af|2.

Let g = w™“f and compute:

2V 2 V 2
(+) woAf = Ag+ VO Lo VU g,
UJ w

where A(g) = w|§1:,|v29 + %ng, and F,, = “’Ar’v;uw. For future use, we set M, = %(Mw + Mj;),

where

1 wVw WOy, W 1
Mo == div | —= 8., —9. [ —2") — ZF §...
Y9 di (]VwP) % = Os; (]Vw|2> 2 w04
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Step 1: We have

[Vw|®

w?2

2
/|Vw—w|2(w_°‘Af)2 > 4a/Mng -Vg+ oz/FwA(gQ) + 4a? A(g)*.

Proof: Let

7 :/<2a¥fl(g))2, 7, :2/ {zaA(@{Agm?'Vw—“;'QgH.

Then, (*) gives that [ % {w=*Af}* > J, + J,. Consider J, and note that [ ‘VU)LQPA(g) -g =0, so

that
2
Jy = 4a/A(g)Ag = 204/ (%Ag - Fw|Vg|2) + oz/FwA(gQ).

We now use the Rellich identity:

2(6- Vg)Ag =2 div (- Vg)Vyg) — div (3|Vg*) + div (3)|Vg[* — 20,0309 - Dig

wVw

[Suwl2> Use the formula above and the divergence theorem to conclude:

and choose 5 =

404/A(g)Ag = 4a/Mng -Vg+ oz/FwA(gZ).

This gives Step 1.

We will now choose w. Let o(z) = |z|, p(s) = s exp ( N 671_1dt> , o(s) = 2L — es. We define

w(z) = ¢(o(z)) = p(r), r = |z|. Notice that for 0 <r <6, ¢(r) T, p(r) ~r, Vw(x) = ¢'(r)%, so
that |[Vuw(z)] ~ 1. With this definition, Fy, = (n — 2)¢(0) — 0¢/(0) and My, = 0¢/(0) [I - WWU} ,

Vol?
so that M,Vg-Vg > o¢/'(c). |Vg|* and hence [M,Vg-Vg > [o¢'(0)|Vg|?, where Vg =
Vg — Vo-Vg . Vo

[Vol?
Also,

[Ra@) = -2 [ o0)n6) - [od@)n)
~(n-2) [ A0 —2 [0 ()gng 2 [ 0|V

~ M 2
— (n—2)/A¢92—2/0¢’9Ag—2/0¢’|V9|2—2/0¢'%-
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We next turn to —2 [ 0¢/gAg, using (*), to get

2
—2/a¢’gAg: —2/0¢/9Afw_a+2042/ ,|V " +2/2 |Vu2)| A(g)god'.
w? w

Thus,

4a/Mng-Vg+a/FwA(g2) > 4a/0¢’]@g\2+a(n—2)/Aq§g? —2a/a¢’gAfw_o‘

_ Vo - V)2
+2a3/0¢’| g% + 4o /| 9)god — /U¢'[Vg|2—2a/a¢'—( |OV0|29)

~ 2
:2a/a¢’|Vg|2+2a3/a¢’| u2}| ¢ — R,
where

2
Ry = —a(n—2) /A¢92 + 2a/0¢,gﬁfw_a - / |Vw| 9)god’ + 2a/ o/ V|JV TQQ

Recall that ¢(s) = €*, so that A¢(c) = ¢"(0)|Va|* + ¢'(0)Ac = ¢"(0)|Vo|* + @gb’(a) so that
for 0 <o <6, |[A¢(c)| < C/o. Hence,

~ . 3 Vo - Vgl|?
ri<cfa [utgva [uelglasive [uawlsl+ao [u V3L,

Once we combine this with Step 1, we obtain:

Step 2:

40 /'vwf (g)2+2a/a¢’|@g|2+2a3/ ’W /|V 2 w O Af)?+

- . B Vo - Vgl
re{a futgra [urplian+a? [ulawlol +a [T,

To conclude the proof, recall that A(g) = w‘vviggg + 3 F,g and that F, = (n — 2)¢ — 0¢/(0).

Hence, |F,| < C in Bg. Thus,

w  |[Vw-Vg|?

Clg|?
Vwl?  |[Vw|? ’

< Cw'Agl]* +
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so that

Q

VO—.VQ2 Vng — -
/w—’ ‘VU|2 ‘ :a/w||v—w|2’ SC(I/U} 1|Ag|2+0a/|g|2w !

3 2
SC’a/ ’un;‘ |Ag|2+0a/|g|2w_1.

Also,

B 1 Vuwl|? ~ _
Ca?/w " Agllg < 5042/—’ w2| !Ag|2+0a2/92w !

and

o [utglias < [t iafp+ ca? [ g
and the Lemma follows choosing « large enough.
Part 2. Parabolic Unique Continuation and Backward Uniqueness

We start out with a version of the Carleman lemma, valid for parabolic equations. We will state it
for the heat equation dyu— Au. For tg,r fixed, define Q% = B, x (—tg,t), Q = B,\ {0} x (—tg, to)-

Lemma: (Escauriaza-Vessella 2003) (In this Lemma, Ry ~ 1,T ~ 1). Let f € C° ( ~£0> , >
Cy,w as in the elliptic Lemma. Then:

/ [@®fPw™ 72 + |V f[P w' ] gcg/ 0 f — AfIP w2

z 5
With this Lemma in hand, arguing similarly to the elliptic case, we obtain:
Corollary 1: (“3 cylinder inequality”)
Let rqo, 11, R be as in the elliptic case. Assume that

|0u — Au| < M (|Vu| + |u|) in QF.

14



1 1
Then, with Ky so that A ~ log — and for 0 <ty < T, we have:
0 T'o

Ko

1 n/2 1-Ko
oo, < €3 (] Mola, ) (leeg,)

n/2
1
() Mulie, ~exp<0M/Ko>} .

Corollary 2: If u is as above and (say) bounded on Qf, and ||ul|2qry = O(s™) as s — 0 for each

N, then u = 0.

A typical application of Corollary 2 is to the following “unique continuation through spatial
boundaries” theorem.

Corollary 3: Assume that |Oyw — Aw| < M (|w| + |Vw|) in Byg X [to, t1], |[w| < My and w =0 on
(B4R\BR) X [to,tl]. Then w =0 in B4R X [to, tl].

A brief Digression on the Navier-Stokes Equation
Given a smooth divergence free vector field in R3, decaying fast as z — oo, we seek a v solving

o+ div (v®wv) — Av=—-Vp
(NS)
div v =0, v(x,0) = a(z)

where v : R* x Ry — R? p: R® — R are smooth and div(v ® v) = 9,,(v;v;). Later on we will
consider the same problem for more general a.

In 1934, Leray showed:

i) 37* > 0 s.t. (NS) has a unique solution, well-behaved as x — +o0, in R3 x (0,T%)).

ii) (IVS) has at least one ‘weak solution’ satisfying an ‘energy inequality’. Moreover, this ‘weak
solution’ coincides with the smooth solution for 0 <t < T™.

iii) If [0,7%] is the maximal interval of existence of a smooth solution, then, for each p > 3, there
1/p

exists €, > 0 such that /|u(:1:, t)|Pdx > ast — T*.

p
- (T*,t)%(1—3/p)
R3

Let me clarify the definition of ‘weak solution’.

15



Cs° = all C° vector fields, with divergence 0 in R3.

J = closure of Ce° in L2 7 3 = closure in Wj.

Qr = R® x (0,7). We say that v is a weak solution to (NS) in Qr if v : Qr — R3, with
v e L™ ((O,T); 3) N L? <(O,T); 35) , t— /U(:L’,t)w(:c)dac can be extended continuously to
0, T1], for any w € L?, and

/ (00,0 —v®v: VO + Vo : Vo dedt =0, V0 € C(Qr), ||v(—,t) — a2 = 0
Qr

and

1 1
Z/M%mfw+ /‘ﬁmﬁmmgi/mmfw,
R3

R3x[0,t0]

for all ¢ty € (0, 7).
Theorem: (Leray 34) For a € j, 3 a weak solution v on R3 x [0, c0).

Theorem: (Prodi-Serrin-Ladyzhenskaya 60’s) If vy, v are two weak solutions, a € J, and for some

T 7
2
T>0,v€ L y(Qr) = {f: (/ Hf(—,t)”ﬁdt) < oo},with%—{—z =1, s € (3,+00], then v = vy
0

in Q7 and v is smooth in R? x (0, T7.

Remark: Standard Sobolev embeddings show that if v is a weak solution, v € L, (Qr) with

3 3
-+ 7= 5 € [2,6]. The significance of the condition in the second Theorem comes from scaling:
s

if u is a weak solution to (NS), ux(z,t) = Mu(Az, \*t), pa(z,t) = Ap(Az, A\*t) is another weak
solution and the norms in L,, with — + 7 = 1 are invariant under the scaling.
s

Escauriaza-Seregin-Sverak (2002) provided the end-point in iii) of Leray’s work and the case s = 3
in the above theorem.

Theorem: (ESS-2002) If |0,T7* [ is the mazimal interval of existence, T* < oo, then,

hm/@@ﬁﬁm:+m.
P
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Also, if v € Lsoo(Qr) is a weak solution, then v € Ls5(Qr) and hence, by second Theorem

3 2
(5 + R = 1) v is smooth and unique in Q.

The main interest in this result comes from the fact that it seems out of the reach of “standard
methods”. These are methods which give regularity of solutions, provided that some scale invariant
quantity becomes small, when restricted to a small set. For example, a norm of the type || f||s., < oo,
with s,/ < oo implies this kind of smallness in small sets, automatically. This is not the case for
the L3 o, norm and possible concentration effects may be an obstacle to regularity. A typical result
one can achieve by “standard methods” is:

Theorem: (Caffarelli-Kohn-Nirenberg, '82) There exists ¢g > 0,Coy, k = 0,1,..., such that if
(U, P) is a “suitable weak solution” to (N.S) in Q and /|U|3 + |P|2dx dt < &g, then V*U is Holder
Q
continuous on Q (%) , max |VkU| < Co .-
Q(3)
To prove their Theorem, ESS argue by contradiction. They say that if zg = (z0,%0) is a “bad

point” (where regularity breaks down), by using a variant of the C-K-N result mentioned above,
JRy | 0 s.t.,

1
sup o / lv|*dx > e, > 0.

to—R2Z<t<tg
B(xo,Ry)

This is a scale-invariant quantity). Then, they perform a blow-up:
Yy Yy
Let
v (2 t) = Rpv(zo + Rpw, to + R2t),
pf(z,t) = Rip(zo+ Rix, to+ Rit).

They then show that, after passing to a subsequence,

v win Ly oo (R*), divu=0, g € Lz (R*),

¥Q < B, [luft+ [VuP +10l? + [V2ulf +[74l} < .
Q

v — win L3(Q) and (u, q) is a “suitable weak solution” to (N.S) in Q. They also show that
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—1<t<0

sup / lu(z,t)|?dx > &,
)

B(0,1

and that Vz* € R3,

/ u(z, 0)[2dz = 0.

B(z*,1)

(Here they use that v(—,¢) € L? for all £.) One then should have, by “backward uniqueness for
(N —S)” that u = 0 for ¢t < 0, which would be a contradiction. To actually carry out this, they
introduce the vorticity w = V Au = (Opux — Opuy;) 1 < j < 3, 1 < k < 3, which verifies
Ow = Aw+ VA(wu), i.e., a ‘standard’ parabolic equation, without the pressure. Then, for R large,
VT >0, Vk =0,1,..., V¥u is Holder continuous, bounded in the set

(]R3\B (o, g)) x (=27, 0]

by CK N. Inserting this information in the equation for vorticity, we have, in (R*\ B(0, R)) x (=T, 0]
that |Oyw — Aw| < M (|Vw| + |wl]), |w| < C and w(z,0) = 0. From a “backward uniqueness” for
standard parabolic equations (to be described momentarily) one would conclude that

w =0 on R*\ B(0, R) x (—T,0].

From this one concludes further regularity on u in B(0,4R) x (—T,0], which then gives us that
|0yw — Aw| < M (|w| + |Vw]|), |w| < C on B(0,4R) x (=T, 0], with w = 0 on B(0,4R))\B(0, R) X
(—T,0]. By our uniqueness through “spatial boundaries”, w = 0 on B(0,4R) x (—7,0] and hence
w = 0 in R¥(=T,0]. But then, u € L3 (R* x (=T,0]), Au = div w = 0, so that u = 0, a
contradiction. The “backward uniqueness” theorem for parabolic equations that is used above is
the following:

Theorem: Assume |Ou — Au| < M (Ju| + |Vul) in RY x[0,1], |u(z,t)| < CePl’ and assume that
u(z,1) =0. Then w=0 in R? x [0,1] (here R} = {z = (2!, ,) : x, > 0}).

Note that there is no assumption made on ‘(mnzo) x[0,1]- The standard “backward unique con-
tinuation” theorem for parabolic equations is the same as the result mentioned before, but for «
defined in R™ x [0, 1].

Let us now reexamine backward unique continuation theorems from the perspective of the Landis
elliptic conjecture we discussed earlier. Thus, let us consider solutions to
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O — Au~+ W(z,t)Vu+ V(z,t)u =0

in R" x (0,1], with ||Vl < M, ||[W]lee < M and let us restrict ourselves to bounded solutions, i.e.,
||U||Loo S Co.

In 1974, in connection with backward uniqueness, and in parallel with Landis’ elliptic conjecture,
Landis and Oleinik posed the following:

Conjecture: Assume that u is as above and at t =1 we don’t have u(x,1) =0 but

lu(z,1)] < Cexp (—C|z|**) for some e > 0.

Isu=07

Note that the growth rate is clearly optimal, but for real and complex solutions. We now have:

Theorem: (Escauriaza-Kenig-Ponce-Vega, 2005) In the situation above, if |u(x, 1)| < Cy exp(—Fk|z|?)
for each k, then u = 0. Moreover, if ||u(—,1)||r2(5,) = 6 > 0, there exists N s.t., for |x| > N we
have

lu(=, D) z2(B@1)) = exp(—N|z|*log|z|).

Corresponding uniqueness results and quantitative results hold also in the case of R” x (0, 1). The
proof is inspired by the elliptic one I discussed earlier. The main points are a rescaling argument
and a quantification of the size of the constants involved in the “two sphere and one cylinder”
inequalities satisfied by solutions of parabolic equations, in terms of the L* norm of the lower order
coefficients and the time of existence of solutions.

We end this part of the course with:

Question 4: Consider variable coefficient parabolic equations, i.e., du — > 0y, ay(x,t) Oy, u +
W(z,t). Vu +V(z,t)u = 0 in R™ x (0, 1], where {a;;(z,t)} is uniformly elliptic and symmetric.
What conditions on the local smoothness and the behavior of the coefficients at infinity are needed

for the previous theorem to hold? For example, we conjecture that |V(x7t)aij(x, t)| < W

x
suffices for this. The elliptic result we discussed before can be proved under the corresponding
assumption. (Escauriaza, unpublished).

Part 3: Unique Continuation for Dispersive Equations

We now turn to the possible existence of results in the spirit of the parabolic ones, for dispersive
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equations.

Let us consider for example, non-linear Schrodinger equations, i.e. equations of the form

i+ Au+ F(u,u)u =0 in R" x [0, 1],

where F' is a suitable non-linearity.

The first thing we would like to discuss is what is the analog of the backward uniqueness result
for parabolic equations which we have just discussed.

The first obstacle in doing this is that Schrodinger equations are time reversible and so “backward
in time” makes no sense.

As is usual in the study of uniqueness questions, we consider first linear Schrédinger equations
of the form

i0u+ Au+ V(x,t)u =0

in R™ x [0, 1], for suitable V(z,t), so that in the end we can let V' (z,t) = F(u(x,t)).
We first recall the following well-known version of the uncertainty principle, due to Hardy:

~ Let f: R — C be such that f(z) = O(exp(—mAx?)) and such that its Fourier transform is
f(&) = O(exp(—7BE?)) with A, B > 0. Then, if A- B > 1, we must have f = 0.

For instance, if
|f(x)] < Cc exp (—=Ce|z**)
and | f(€)] < C. exp (=C.[¢]*),

for some € > 0, then f = 0.
(The usual proof of this result uses the theory of analytic functions of exponential type.)

It turns out that this version of the uncertainty principle can be easily translated into an equiv-
alent formulation for the free Schrodinger equation.

If v solves i0;v + 9?u = 0 in R x [0, 1], with v(z, 0) = vo(x), then

o, 1) = % / !l g () dy
so that
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v(z,1) = cellylz/ll/e”yﬂey‘lvo(y) dy

If we then apply the corollary to Hardy’s uncertainty principle to f(y) = eilvl®/ Yuo(y), we see
that if

lv(z,0)| < Ceexp(—C.|x|*T¢) and
lv(z,1)] < Ceexp(—C|z|?>T€) for some € > 0,

we must have v(z,t) = 0.

Thus, for time-reversible dispersive equations, the analog of “backward in time uniqueness”
should be “uniqueness from behavior at two different times”.

We are thus interested in such results with “data which is 0 at infinity” or with “rapidly decaying
data” and even in quantitative versions, where we obtain “lower bounds for all non-zero solutions”.

It turns out that, for the case of “data which is 0 at infinity”, this question has been studied for
some time.

For the one-dimensional cubic Schrodinger equation,

10w+ 02u F [uPu=0 in R x [0,1],
B.Y. Zhang (1997) showed that if u = 0 on (—o00,a] x {0,1}, or on [a,+o0) x {0,1}, for some
a € R, then u = 0 on R x [0, 1]. His proof used inverse scattering (thus making it only applicable
to the one-dimensional cubic Schrodinger equation), exploiting a non-linear Fourier transform and

analyticity.

In 2002, Kenig-Ponce-Vega introduced a general method which allowed them to prove the cor-
responding results for solutions to

i0u+ Au+V(z,t)u =0
in R" x [0,1], n > 1, for a large class of potentials V. We thus have:

Theorem. (Kenig-Ponce-Vega 2000). If V € L{LY 0 Lis, and imp_oo ||V 1150 (zj>r) = 0 and

loc
there exists a strictly convexr cone I' C R™ and a yo € R™ so that

supp u(—,0) Cyo+ T
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supp u(—,1) Cyo+ T,

then we must have u =0 on R™ x [0, 1].

This work was extended by Tonescu-Kenig (2004) Who considered more general potentials V' and
the case When [ is a half-space. For instance, if V' € L (]R” xR) or more generally, V' € LY L1(R" x
[0,1]) with 2 c+2<2 1<p<oo(forn=11<p § 2) or V € C([0,1]; L™*(R™)), n > 3, the
result holds, with I' a half-plane. This work involves some delicate constructions of parametrices
and is quite involved technically.

We next turn to our extension of Hardy’s uncertainty principle to this context, i.e. the case of
“rapidly decaying data”. Here there seems to be no previous literature on the problem.

Theorem (*) (Escauriaza-Kenig-Ponce-Vega 2005). Let u be a solution to iOpu+Au+V (z,t)u =0
in R"x [0, 1] withu € C([0,1]; H*(R")). Assume thatV € L*(R"x[0,1]), V,V € L'([0,1]; L>=(R™))
and imp oo [|V|| L1100 (2)>r) = 0. If ug = u(z,0) and uy = u(z,1) belong to H'(e¥**dz), for each
k> 1, then u=0.

As we will see soon, there actually even is a quantitative version of this result. The rest of this
lecture will be devoted to a sketch of the proof of Theorem (*). Our starting point is:

Lemma (Kenig-Ponce-Vega 2002). Suppose that u € C([0,1}; L*(R")), H € L{L} and [|[V|| 11100 <
€ where € = €(n) is small enough. Suppose that ug(x) = u(x,0), ui(x) = u(x 1) both belong to
L3(R™; e?P*1dx) and H € LY([0,1]; L*(e*’*1dz)). Then u € C([0,1]; L?(e*’*1dx)) and

suPg<i<y (= )| p2(e20m1an) < C {Iuollp2(e2se1 amy + [uall2(e2om1 an)
HIH L1 o.1):22(e2051 ) }

with C' independent of (3.

The proof of this lemma is quite subtle. If we know a priori that u € C([0, 1]; L?*(e?’*1dz)), the
proof could be carried out by a variant of the energy method (after conjugation with the weight
e?8%1) where we split into frequencies £ > 0 and & < 0, performing the time integral from 0 to ¢
or from ¢ to 1, according to each case.

However, since we are not free to prescribe both uy and u;, we cannot use apriori estimates.

We thus introduce a fixed smooth function ¢, with ¢(0) = 0, ¢’ non-increasing, ¢'(r) = 1 for
r <1, ¢(r) =0 for r > 2. We then let, for A large, pa(r) = Ap(r/A), so that px(r) T r as
A — oo. We replace the weight e25%1(3 > 0) with 2% @) and prove the analogous estimate for
these weights, uniformly in ), for A > C(1 + 3%). The point is that all the quantities involved are
now apriori finite.

The price one pays is that, after conjugation with the weight €2%#2(#1) the resulting operators
are no longer constant coefficient (as is the case for €?’*1) and their study presents complications.
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At this point there are two approaches: in KPV 2002 one adapts the use of the energy estimates,
combined with commutator estimates and the standard pseudo-differential calculus.

The second approach, in IK 2004, constructs parametrices for the resulting operators and proves
bounds for them.

With this Lemma as our point of departure, our first step is to deduce from it further weighted
estimates.

Corollary (EKPV 2005). If we are under the hypothesis of the previous Lemma and in addition
for some a > 0,a > 1, ug, uy € L2(e?dx), H € L'([0,1]; L%*(e?*!"dz)), then there exist Cyp,
C,, > 0 such that

sup / lu(x, t)|?e“ " da < 0.
0<t<1J|z[>Can

The idea used for the proof of the corollary is as follows: let ug(x,t) = w(z,t)nr(x), where
nr(x) =n(x/R) and n =0 for |z| < 1, n =1 for |z| > 2. We apply the Lemma to ugr and a choice
of 8 =0bR*!, for suitable b, in each direction x1, Zs, ..., x,. The corollary then follows readily.

The next step in the proof of the theorem is to deduce lower bounds for L? space-time integrals,
in analogy with the elliptic and parabolic situations. These are our “quantitative lower bounds”.

Theorem. Let u € C([0,1]; H*(R™)) solve idyu + Au+ Vu =0 in R™ x [0,1]. Assume that

1
/ / [u|? + |Vul|?dz dt < A*
O n

and that

1,1
2Ts N
/ / lu|*dx dt > 1,
l—é |z|<1

2

with ||V||p < L. Then there exists C, > 0 and Ry = Ro(n, A, L) > 0 such that if R > Ry, we
have 6(R) > C,, exp(—C, R?), where

5(R) = (/01 /R_MSRWM Vul?)dz dt) "

Once the Theorem is proved, applying the Corollary to u and Vu (which verifies a similar
equation to the one u does) we see that the Theorem yields a contradiction, which proves our
theorem.
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In order to prove the Theorem a key tool is the following Carleman estimate, which is a variant
of the one due to V. Isakov (1993).

Lemma. Assume that R > 0 and ¢ : [0,1] — R is a smooth compactly supported function.
Then there exists C' = C(n, ||¢||oo||¢"||oo) > 0 such that, for all g € C§*(R™) with supp g C
{(z,t): |5 +¢(t)er| =1} and o > CR?, we have

0312

R2

ol 5 +oen?

» =0

ea|%+¢(t)€1‘2 (Zat + A)(g) ‘

2’
(Here e; = (1,0,...,0).)

Proof. We conjugate (i0; + A) by the weight el mte®el® and split the resulting operator into its
Hermitian and its anti-Hermitian parts Thus, let f = eIzt )€1|2g, so that el 7+eMel® (9, 4+ A)g =
Sof —4aA,f, where S, —Z@H—A—i— !R—i-go 61‘ and A, (%—i—gpel)-V—l—#—H% (x—Rl—Hp).
Thus, S = 95,, AL = —A, and

2

— (Sof — 40 Ao f, Suf — 40 AL f)

eelEHe®el (79, 1 A)(g )]

L2
Z —4a <(SOéAoc - Aocsoc) fv f> = —da <[SOH AO‘] f’ f> :
A calculation shows that
2 402 | 2 1[/x\ , o N4
[SaaAa] - ﬁA - ﬁ E + wer _5 |:<R_<p) 2 + (90) } +2@Eaa:1

and

2
eelirewelion+ A)g|| > 258 [ 2+ (eI
L

+5 JIVIP 20 [ [(F+9) "+ (@2 P =5 [ &0 fT.

Using our support hypothesis on g, and taking o > CR?, with C' = C(n, ||¢/|]s0.||¢”|]c0) vields
our estimate.

In order to use the Lemma to prove our Theorem; we choose Og, 6 € Cg°(R"™), ¢ € C§°((0,1)),
so that

1 if |z|<R-1
Or(r) =
if || > R,
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it |x| <1
1if 2] > 2,

0< ¢ < 3, with

We let g(z,t)
if || > R and if
in Br_1 X

= 0r(2)0 (% + @(t)er) u(x,t). Note that supp g C {|% + p(t)es| > 1}, g(z,t) =0
€ [0, 4] f |x| < R, g(x t) = 0, so that the Lemma applies. Note that g = u
% L 4+ p(t)er| >3 —1=2. We have:

t
1
o T where

OOI»—‘

5
(0, + A+ V)(g) =0 (% v goel) (2V0r - Vu + ul\0r}
+0gr(z) {2R’1V0 (% + <pel> -Vu + R2uA6 (% + @el) + 1/ (t) 0y, 0 <% + g061> u} )

The first term on the right-hand side is supported in (Bgr\Br_1) x [0, 1], where ‘}% - gpeﬂ < 4.
The second one is supported in {(:L’,t) 1< }}% + 9061‘ < 2}. Thus

2
t)er]? > ela > o
‘ eR Y L (dadt) = e ||U||L2(le[§f§,§+§]) =€
and by the Lemma,
oB/? ) ) ) 4
& ||l mtemel, <C L‘ al&+e(t)el] +CLe55(R) + CretA,
R? L2(dz dt) L2(dzx dt)

provided o > C,, R?. If we choose a = C,, R?, for R large we can hide the first term on the right-hand
side in the left-hand side to obtain

Re'® < Ce'%5(R) + Ce* A,

so that R < Che'**§(R) + C, A, and for R large, depending on A, we obtain R < 2C,e'2*5(R),
which, since o = C, R?, is the desired result. m
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Question 5: Can one obtain sharper versions of Theorem (*) in the spirit of the uncertainty
principle of Hardy? For instance, assume

uy € H' (e~ dz) for a fixed ag > 0 and
wy, € H' (e M dz) for all k > 0.

Prove, for the class of V' as in Theorem (*) that u = 0.
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