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ON THE UNIQUENESS OF VARIABLE COEFFICIENT SCHRODINGER EQUATIONS

SERENA FEDERICO, ZONGYUAN LI AND XUEYING YU

AsBsTRACT. We prove unique continuation properties for linear variable coefficient Schrédinger equa-
tions with bounded real potentials. Under certain smallness conditions on the leading coefficients,
we prove that solutions decaying faster than any cubic exponential rate at two different times must be
identically zero. Assuming a transversally anisotropic type condition, we recover the sharp Gaussian
(quadratic exponential) rate in the series of works by Escauriaza-Kenig-Ponce-Vega [14, 17, 18].
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1. INTRODUCTION

In this paper, we consider Schrodinger equations with variable coefficients of the form

d=i(L+V)u, (tx)el0,1]xR" (1.1)
Here
n

L=LE)= ) ai®d), (12)

jk=1
with A(x) = (axj(x))x, j=1,- » being a real symmetric matrix. Throughout this paper, we assume the
boundedness and ellipticity

n
INA>0, Y, Ee R, MEP < Y ap(x)E;8k < AlEP (1.3)
jk=1

Due to the symmetry of A(x), the operator L is self-adjoint, that is £ = £*. In our main results,
the potential is assumed to be real valued and bounded, that is, V € L*(R", R). Moreover, we will
often omit the dependence on x and simply write A, a4, and V, in place of A(x),a(x), and V(x).

S. Federico is a member of GNAMPA.
2020 Mathematics Subject Classification. 35B60, 35B45, 35Q41.
Key words and phrases. Schrodinger equations with variable coefficients, Unique continuation, Carleman inequality,
Logarithmic convexity.
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The aim of this work is to find the (minimal) assumptions on the variable coefficients a;; such
that

if both u(0, x) and u(1, x) decay fast enough, then u = 0.

These kinds of problems, dealing with conditions ensuring the existence of an identically van-
ishing solution (or, equivalently, of a unique solution), are usually known under the name of
“unique continuation problems”. Before stating our main results, let us discuss the background
of such unique continuation problems and give some physical motivation for variable coefficient
Schrodinger equations.

1.1. Background.

1.1.1. History of the study on the unique continuation question. Unique continuation type of questions
on partial differential equations (PDEs) have been receiving lots of attention since last century. The
first unique continuation problem for two dimensional elliptic equations on bounded domains
traces back to the work of Carleman [6], where the so called “Carleman estimates” appeared
for the first time. In this direction, people study local unique continuation problems across a
smooth oriented hypersurface — whether solutions vanishing on one side of the surface have
to vanish on the other side locally. Such property is in the spirit of Holmgren’s uniqueness
theorem, in smooth instead of analytic settings. Hormander (see [27] and references therein)
showed that, given a (smooth) partial differential operator P, and a (smooth) hypersurface X being
strongly pseudoconvex with respect to P, then unique continuation properties hold (locally) across
Y. Hormander’s theory was later adapted by Isakov and Tataru [31, 44] for anisotropic operators
including variable-coefficient parabolic and Schrodinger operators. In particular, their theories
indicate that solutions vanishing on a proper (large enough) space-time open subset of R x R”
must be identically zero everywhere.

In the current work, we are interested in a global unique continuation problem. For (variable or
constant-coefficient, linear or nonlinear) Schrédinger equations, in view of the time-reversibility,
one asks:

Question. Assume two solutions #; and u; are close to each other at two different times, say
t =0,1. Can we conclude that u; = uy?

Such problem was studied for constant-coefficient nonlinear Schrodinger equations by Zhang
[47], Bourgain [5], and Kenig-Ponce-Vega [36]. Eventually in [29, 30], Ionescu and Kenig proved
that for nonlinear Schrédinger equation with constant-coefficient leading terms

(id; + Ayu = G(t,x,u,i,Vyu,Vii) on [0,1] x R",
and under proper conditions on G, if two (sufficiently regular) solutions u; and u; are such that

uy — up is supported inside some ball Br at two different times t = 0, 1, then they must be exactly
the same.

Later, motivated by Hardy’s uncertainty principle [26], Escauriaza-Kenig-Ponce-Vega replaced
the compact support assumption with fast (spatial) Gaussian decay. In a series of papers [8, 14, 16,
17,18, 19, 35, 36], they discussed linear constant-coefficient equations with general potentials

i+ Au = V(t,x)u, (t,x)€[0,1] x R" (1.4)
For completeness, we present the statement of their unique continuation result for classical

Schrodinger equations with the sharpest decay assumption of this type. This result will be re-
called and compared to our result in later sections.
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Theorem A (Theorem 1 in [18]). Assume that u € C([0,1], L2(R")) solves (1.4). Then, under proper
boundedness and decay assumptions on V, if for A, B > 0 with AB > 1/16, we have

||eA|x|2u(0, X) , (1.5)

< o0
I2 (]R”)

+ ||eB|"|2u(1, x)

L2(R")
then u = 0.

As a corollary, by considering the difference equation of the two nonlinear solutions, one obtains
similar results for the corresponding nonlinear equations. To motivate such result and see the
sharpness of the decay assumption (1.5), one considers the free Schrodinger flow (that is (1.4) with
V=0)

. o ilx—yi2 oy MR AR (X
ey = (4mit) ”/Zf e uo(y) dy = (2mit)™2e 5 e ug (Z_t)
RVI
On the one hand, if a solution starts from a Gaussian initial data u|;—g, then so is u;=1. On the other
hand, solutions to free Schrodinger equations cannot have both ul;—¢p and ul,~; simultaneously
decaying at fast Gaussian rates, by Hardy’s uncertainty principle.

Theorem B (Hardy’s uncertainty principle in [26]). For any function f : R — C, if the function f itself
and its Fourier transform f satisfy

f@)= 0@ and (&) = O *)
with A,B > 0 and AB > 1/16, then f = 0. Moreover, if A = B = 1/4, then f(x) = Ce /4,

In turn, our previous remark about free solutions with Gaussian decay, amounts to a Hardy
uncertainty principle for Schrodinger equations. In view of this, Theorem A can be regarded as a
perturbation of Hardy’s uncertainty principle for free Schrodinger equations, with a zeroth order
perturbation term Vu.

Similar results for (1.4) with gradient terms were proved by Dong-Staubach in [11]. Unique
continuation results were also proved for other dispersive models including discrete Schrodinger
equations [3, 32], KdV equations [15], and higher order Schrodinger equations [28, 37]. Finally we
would like to mention that there is a research line on Hardy’s uncertainty principles for Schrodinger
equations with magnetic potential. In this direction, we refer interested readers to [1, 2, 7] and
references therein. In the current paper, we are interested in perturbations in the leading terms,
i.e., linear Schroédinger equations with variable coefficients a .

1.1.2. Motivation for variable coefficient extensions of Schrodinger equations. The nonlinear Schrodinger
equation (NLS) is an important model arising in physics and it plays a fundamental role in
nonlinear optics and many other areas of physics. As the NLS equation allows for soliton solutions,
optical solitons are regarded as an important alternative to the next generation of ultrafast optical
telecommunication systems. In fact, the problem of soliton control in the nonlinear systems is
governed by the NLS equation with variable coefficients, where the variable coefficients represent
the group velocity dispersion [25]. Further physical motivations of variable coefficient versions
of dispersive equations can be found, for example, in [4, 24, 33, 40] and the references therein. In
particular, for Schrodinger equations with time variable coefficients connected to soliton control,
we refer to [20, 21, 22] and references therein.

We would like to emphasize that in the last decades important progress has been made in
the study of Schrodinger equations with variable coefficients. Local well-posedness results for
semilinear and nonlinear initial value problems have been established thanks to the derivation
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of the fundamental Strichartz and smoothing estimates. For Schrodinger equations with the
Laplacian replaced by its compactly supported perturbation, Strichartz estimates were proved to
be valid in [43]. This result was later generalized in the case of asymptotically flat perturbations
of the Laplacian in [42] (see also [39] and references therein). Both the aforementioned results
were proved under the so called nontrapping condition (for details about this condition see, for
instance, [10]). Other results about Strichartz estimates in the asymptotically flat case can be
found in [38], where some nontrapping situations are studied as well. Homogeneous smoothing
estimates for Schrodinger equations with space-variable coefficients were proved in [10] and [9].
Inhomogeneous smoothing estimates, that is with a gain of one derivative, under the nontrapping
condition, were first proved in [34]. Recently, the previous estimates have been investigated also
for some time-degenerate variable coefficient Schrodinger operators. In this setting, weighted
smoothing estimates (both homogeneous and inhomogeneous) and weighted Strichartz estimates
were established in [22] and [21] respectively.

Motivated by the variable coefficient extensions of Schrodinger equations and the series of works
[8,14,16,17,18,19, 35,36], we would like to investigate the analogue of unique continuation results
for variable coefficient Schrodinger equations.

1.2. Main results. We now present our main results.
Theorem 1.1. Let u € C°([0,1], L>(IR™)) be a solution to (1.1) with
AeC3RY, V = V(x) e L°(R", R).

Then there exists a small positive number ey = eo(n, A, \), such that if

sup |x||VA| < & (1.6)
R7
and
0, %)), ¢ |u(, x) € LAR"), Yk >0,
then u = 0.

In the second result, we assume the following transversally anisotropic type condition on the
leading term coefficients matrix A(x): under a suitable choice of coordinates, for x = (x1,x’) €
R x R"1,

an(x) 0

A=A, x) = ( 0 A)

), where A is an (n = 1) X (n — 1) symmetric matrix. (1.7)

Theorem 1.2. Let u € C°([0, 1], L2(R")) be a solution to (1.1) with the above transversally anisotropic type
condition (1.7),

a1 € C3(R), AeC¥R™), V=V() el®R,R).

Then there exists a small positive number eg = eo(n, A, A) and a large number k = k(n, A, A, |la11lc2, IIAIICs),
such that if
sup |||V Al < o,
Rr-1
and
M (0, x)l, (1, )] € L2(R"),

then u = 0.
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Remark 1.3. (1) With merely the decay, size, and smoothness conditions on A, currently in Theo-

rem 1.1, we obtain the uniqueness under cubic exponential decays. The sharp Gaussian decay
rates as in the constant coefficient case are recovered in Theorem 1.2, by assuming (1.7). Sim-
ilar conditions also appear in the study of inverse problems under the name of conformally
transversally anisotropic condition, cf. [12, Definition 1.5] and [13].

(2) In the current paper, we assume the potential V to be real-valued, depending only on x. This is

)

needed when we take “parabolic flow approximations” in our proof. Actually, we expect that
a certain perturbation V = Vi (x) + V1 (t, x) with V; being real-valued and V; having fast decay
is allowed.

As is commonly known, due to the nontrivial behavior of the Hamiltonian flow, the setting
of Schrodinger equations with variable coefficients is much more complicated to study than
the classical constant coefficients one, hence less favorable. Our main assumption (1.6) is
comparable to those in [38, 39, 42, 43, 45] in the sense that the global smallness prevents the
possible trapping of the Hamiltonian flow. Actually in terms of smallness at the spatial infinity,
our assumption is slightly weaker than asymptotic flatness. It is interesting to ask whether
similar unique continuation results still hold if we merely assume the (weak) asymptotic
flatness at the spatial infinity, i.e.,

limsup [x[[VA| <o or limsuplx||VA|<e <1, (1.8)

|x|—>00 [x| =00

instead of (1.6). We would like to emphasize that under (suitable) weak asymptotic flatness
assumptions, Strichartz and local smoothing estimates have been established; see [38, 39] and
references therein for an in-depth analysis of the problem. Closely related to our uniqueness
problem here — see also [46] for the backward uniqueness of variable coefficient parabolic
equations —is the so-called Landis-Oleinik conjecture, where (1.8) instead of our condition (1.6)
is assumed.

1.3. Outline of the proofs and organization of the paper. The major parts of this paper will be
devoted to the proof of Theorem 1.1, which we split into the following main steps.

(1)

(2)

)

Persistence of decays at t = 0, 1.

In Section 3, we study the evolution of the weighted norm [P 1u(t, X)llz2. In particular,
we show that the logarithm of such quantity is almost convex in time. While proving such
log-convexity, fast decays at any intermediate times (0 < t < 1) are needed in order to employ
integration by parts, which we do not know a priori. To this end, we utilize the idea in [17]
and introduce an “artificial dissipation”. Thanks to the decay and regularity inherited from
the parabolic estimate, after a proper limiting argument, we are able to close the log-convexity
computation. Furthermore, by a subordination type inequality, we can prove that any decay
faster than Gaussian at initial and terminal times will be preserved for the intermediate time.
Carleman estimates and lower bounds.

In Section 4, we derive an absolute lower bound away from ¢ = 0, 1 for non-trivial solutions.
Such lower bound is absolute in the sense that the decay power is independent of the decay at
initial/terminal times. The proof is by deriving a Carleman inequality with carefully designed
weight function, from which the lower bound is obtained by a usual localization procedure.

As mentioned earlier, inequalities of Carleman type are widely used in unique continuation
principles, where the criticality (and actually, difficulty) falls on hunting suitable weight func-
tions to cooperate assumptions to be made on A(x). In fact, in our Theorems 1.1 and 1.2, two
different weights are employed under two different smallness assumptions on A.

A contradiction argument.
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With the upper and lower bounds obtained in previous steps, in Section 5, we prove the
uniqueness in Theorem 1.1. This is by contradiction: the persistence of decay shows that faster
decays at t = 0,1 lead to faster intermediate time decays, while there is an absolute lower
bound away from t =0 and f = 1.

In Section 6, we prove Theorem 1.2 transversally anisotropic type condition. The proof is very
similar to the general case. We first prove that the log-convexity still holds under the new assump-
tion. Then we prove a Carleman estimate with a better “translated in x;” weight. Such weight
leads to the sharp Gaussian lower bound, and hence the sharp uniqueness theorem.

Besides these, In Section 2, we introduce notations and calculate a general formula for com-
mutators that will be used repeatedly (but with possibly different weights) in the current paper.
In Appendices A, B and C, some technical lemmas including a subordination-type inequality, a
Sobolev inequality, and a parabolic approximation result are proved.

Acknowledgement. Z. L. was partially supported by an AMS-Simons travel grant. The work was
finished while the first-named author was at Rutgers University. Part of this work was done while
the third author was in residence at the Institute for Computational and Experimental Research
in Mathematics in Providence, RI, during the Hamiltonian Methods in Dispersive and Wave
Evolution Equations program. X.Y. was partially supported by an AMS-Simons travel grant. The
authors are very grateful to the anonymous referee for their valuable comments and suggestions.

2. PRELIMINARIES

In this section, we perform a general computation for the symmetric and antisymmetric operators
associated with e? (id;+L)e~? (with a very general weight function ¢ = ¢(t, x)) and their commutator
expansion. This will be repeatedly used in later sections.

2.1. Notations. In the remainder of the present article, we write

fr&z= fIR f0)g(x)dx and (f, g>fo = j}{; fn; f(t,x)g(t, x) dxdt.
When the context is clear, we will simply write (-, -) to keep our notations compact.
We denote the ball centered at the origin with radius R by Bg := {x € R" : |x| < R}.

For every multi-index @ € (N U {0})", and for every variable coefficient (1 X n) matrix A = A(x) =
{a (%)} jk=1,...,n, We use the notation

/2
VA| = (Z 0% ]kF] :
jk=1

where 0% := 9! ... d;".
n

For every k € (N U {0}), we say that A € Ck(IR”) if aj € Ck(]R”) forall jk=1,...,n, and we define
k
lA]l k== sup  |[VYA|, where |a|=a;+ - +ay,.

i=1 x€R",

=N aeNUIOD", lal=i
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Finally, we shall often use the abbreviations

ffdx = fﬂ;ﬂ f(x)dx, ffgdxdt = fn;f]Rn g(t, x) dxdt.

2.2. General formulas for commutator computation. Let ¢ = ¢(t, x) be a general weight function
and £ be given in (1.2). We decompose

(0 + L) =S+ A, 2.1)
where

S=@+%%+@%m+@@@@%

A = =200 — @10)Omti) — @2y @)t — 0. 22
are the symmetric and antisymmetric parts with respect to the inner product (-, -) 12,
A direct computation shows that formally the commutator [S, AJ is given by
[SAl=SA-AS =T, +T1 + Tox + Top,
where
Ty := —daya, (05 p)d2, - 4akj(8kaml)(al¢)aij + Zﬂml(amﬂkj)(azti?)aij,
Tyz—%w@ﬂ@ﬁm—%www%@%1
— 4a1( 5P (0 jn1) I 4aml(a D) (Okatkj) I — 2axj(0%,P) (ka1
— 2(910) (@ j6ty) (Oxitij) O — 201 (A1), mi)0; + 2 (D10) (D, 1%7)),
To = 40,/ (919)(9%, D)D) + 21 (Omatk))(D1H)(Fkp) (),
Top := —akjﬂml(aijml@ — 2iay(9kjoiP) + In
— 2i(01910) (Omtty) — 2ak;(93 1) (Omtimi) — 2a1j(93, D) (ittr)
- (8kakj)(az'1¢ (Pmam) — (Oar) (D2, P)(Ojam) — 2axi (I, )(9?,,1%1) —ﬂkj(ai@)(afjﬂml)
(9kﬂk])(91¢)(9]mﬂmz ﬂkj(al@(akjmﬂmz)- (2.3)

Note that here T, T; are of order 2 and 1 respectively, while T and T, are order 0 terms. The
(complicated) explicit expressions for T4, Ty are only needed in Section 6, where some cancellation
needs to be verified. Everywhere else, it suffices to work with the following:

Ty = —4i(019,0)A19m —4@ﬂmmﬁﬂm&m+CXDQV%MVAL+W@MVAF+¢V¢MﬂADV,
Top := ak]ﬂml(ak]mlﬂb — 2iaj(0xjdrp) + du¢p (2.4)
+ O()(IVIrpIIVA| + IV QIIVA| + IV2QIIVAP + [V2PIIVZA| + [VPIIVAIIVZA| + [VPIIVPA)),
where
V=V,

and O(1)g stands for a function which is bounded from above by C(A, n)|gl.
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3. LOg-CONVEXITY WITH QUADRATIC WEIGHT AND PERSISTENCE OF DECAY

The goal of this section is to prove that if u solves equation (1.1), then the function H : [0,1] — R,
defined as

H(t) = P u(t, I,
is log-convex. More specifically, we will focus on establish;ng the following result.
Theorem 3.1. Let u € C([0,1], L>(IR")) be a solution to (1.1) with

AeC¥RY, V=V() being real-valued, and M, :=||V||i» < co.

Then there exist a small enough g = eo(n, A, A) > 0 and a large enough Bo = po(n, A, A, ||Allcs), such that

if

sup |x][VA| < ¢ (3.1)
]RVl
and , )
P00, x), P u(1, x) € LAR™),  with B > Bo, (3.2)
then for all t € (0,1), we have
et 21, < CeMi1eF (0, 2)1F) U1 u(, )1, (3.3)
and

2 2 2 2 2
BIlVE = eI IVullE, + Bl = e peulff, < CeMi(lef™ (0, 1)1, + 1 u(L, 1)IF,).  (3.4)
Here C is an absolute constant.

In particular, when A = I,,, we can take By = 0.

From Theorem 3.1, we can further derive the persistence of higher order decays.

Corollary 3.2. Under the assumptions of Theorem 3.1, for any a > 1, there exists some kg = xo(Po, @),
such that if we further assume that for some x > K

e""xlmu(o, x), elelzau(l,x) e L%(R"),

then for any t € (0, 1), we also have
Myt x) € LAR™)

VHL = D™ vt x), VHL = He ™ xu(t, x) € LA([0, 1], LA(R™)),

and

with estimates
¢

1-t
f e"'x'zalu(t,x)lzdxsc( f e“""zalu(O,X)lzdx) ( f e"'x'zalu(LX)lzdx) (3.5)

20 |2 20 2a
IV = OVl +1VHL = e aff, < Cle™™ u(©, 1), + 1€ u(l, I, (36)

Remark 3.3. The proof of Theorem 3.1 is based on the lower bound for the operator
[S, Al

in (3.23). By assuming a certain regularity and a Gaussian decay at any intermediate time of
the solution, such convexity result is proved in Lemma 3.6. However, such decay and regularity
are not known a priori. To this end, we introduce an “artificial dissipation” by considering the
parabolic flow approximation u, = ¢/*£*V)y (see (3.40)), then use the parabolic estimate to get the

and
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desired decay and regularity of u,, and hence the log-convexity of the weighted norm. Finally,
passing ¢ — 0, we get the result for u solving the original equation (1.1). We remark that a similar
strategy was also used in [17] to prove Theorem 3.1 in the case when ajx = .

For the reasons explained in Remark 3.3, we postpone the proof of Theorem 3.1 till the end of
the section (Section 3.2) and devote the subsection below (Section 3.1) to the proof of the results
concerning the “dissipative case”.

3.1. Log-convexity for equations with dissipation. In this subsection we study the equation
i = (a+1ib)(Lu+ Vu), (t,x)€[0,1] xR". (3.7)

We prove the log-convexity property in Proposition 3.4, with dissipation.
Proposition 3.4. Let u € C°([0,1], L>(R™)) N L([0, 1], H'(IR™)) be a solution to
it = (a+ib)(Lu+ Vu +g(t,x)), (t,x)e[0,1]xR" (3.8)

with A € C3(R"),

a>0, beR, andV =V(x) being real-valued. (3.9)
There exist a small enough €y = €o(n, A, A) > 0 and a large enough By = Po(n, A, A, ||Allcs), such that if
(3.1)-(3.2) are satisfied, then the following estimates hold e ¢ € L=([0, 1], L2(IR"))

P au(t, )|12, < Cel®+IMM 6BF 10, 2)|2,) 1 (11 (1, 2)I2, ), (3.10)

BN = e 1Vully, + I Vi(L = Dl

(3.11)
< C(@ + 127 + (1 + M3 + M) I MM)) ma( H(0), H(1)).

Here,

[P gl 2
1= L an 2 :=S5u :
My = ||Vl and M : (3.12)

p 2 .
e el

Remark 3.5. [Outline of the proof of Proposition 3.4] We split the proof of this result in three steps,
treated, respectively, in three Subsections:

Step 1 We prove a log-convexity result under some decay assumptions on the solution; this is
Lemma 3.6 in Subsection 3.1.1.

Step 2 We prove decay properties for solutions to dissipative equations at any intermediate time
t € (0,1) in Subsection 3.1.2;

Step 3 We use Step 2 to derive the decay rate required in Step 1 and conclude the proof of Propo-
sition 3.4 in Subsection 3.1.3.

3.1.1. Log-convexity for equations with dissipation under decay assumptions. In order to prove Propo-
sition 3.4 we need several lemmas, of which the main one is the following a priori estimate.

Lemma 3.6. The conclusions of Proposition 3.4 hold if we further assume that u € Lf (2 1),H§ 1oc@R™)
and for each t € (0,1) there exists some small constant B = B(t) > 0,

lu(t, ¥)| + [Vsu(t, 2)| = o(e” B+ g5 x| — oo. (3.13)
In this case, assumption (3.9) can be relaxed to

a,beR, a®>+1*#0, and V = V(t,x) € L*([0, 1] X R") not necessarily being real-valued.



10 FEDERICO, LI AND YU

It is worth mentioning that with the extra decay assumption (3.13), 2 > 0 is not needed here. The
proof of Lemma 3.6 is essentially obtained by combining the commutator lower bound (3.28) and
the following consequence of Poincaré inequality, which we prove in Appendix B for completeness.

Lemma 3.7. Forany f = f(x) € H'(By,) and any r > 0,

£l < C(AIV fllizgayy + 7 lxflliaa,)
where C = C(n).

Now we are ready to give the proof of Lemma 3.6.

Proof of Lemma 3.6. Below the computations until (3.21) basically follow the abstract framework in
[17, Lemma 2]. Here, for completeness we provide a proof with explicit computations. Note that
in the following, all the formal integration by parts is justified due to our decay assumption (3.13).
Denote

flt, ) = P utt,x),  HE) = (f, 2, hit,x) =gt ), (3.14)
where u and g are as in (3.8). In this proof, we denote
=
and call S and A the symmetric and antisymmetric operators in the decomposition
P LTy = S+ A
with respect to the L2-inner product (instead of Lf, . asin (2.1)). Now, since u is a solution to (3.8)

and our weight PP s independent of ¢,

Oif = (@+ib)(e L + V) = (a+ib)(S + A)f + (a+ib)VS +Hh)

= @S +ibA) f+ (S +aA) f+ (a+ib)(Vf +h). (3.15)
symmetric antisymmetric
Therefore,
E;—Ij =2Re(d:f, f) =2{(aS + ibA)f, f) +2Re{(a + ib)(Vf +h), f). (3.16)
We define
. D(t)
D(t) := ((aS + ibA)f, f) and N(t):= "' (3.17)
Now, since both S and A have coefficients independent of ¢, we have
dD

—r = (@S +bA)f, f) + (@S + bA)f, ).

Using (3.15) and the symmetry and antisymmetry of the operators S and A, we can further
compute

é—? = ((aS + ibA)f + (ibS + aA)f + (a+ib)(Vf + h), (aS + ibA)f)
+{@S + ibA)f, (aS + ibA)f + (ibS + aA)f + (a+ i)V + h))

= ([aS + ibA, ibS + aAlf, f) + 20@aS + A2, + 2Re (@S + ibA)f, (a + ib)(V f + h))
= (@ + V) (S, Alf, f) + 2/|(aS + ib.A) f||§2 +2Re{(@S + ibA)f,(a+ib)(Vf+h)).  (3.18)
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Hence,
d_N _ D’H — DH’
at H?
(az + b2) <[S, ﬂ]f/ f> ||(LZS + Zbﬂ)f”izc + Re <(€lS + ibﬂ)f, (El + ib)(Vf +h > DH,
= 7 +2 = —(3.19)

By the bilinearity and the polarization identity,
@S + ibA)fII?, + Re (@S + ibA)f, (a + ib)(V f + h))
= Re ((aS + ibA)f, (aS + ibA)f + (a + ib)(Vf + h))
= 31 (IIZ(aS +ibA)f + (a +ib)(Vf + h)||i% —|i(a + ib)(Vf + h)||i§). (3.20)
From (3.16) and the bilinearity,
= (@S + ibAf, f) (2{@S + ibAf, f) + 2Re{(a + ib)(V f + h), f))
= % (Re (2(aS + ibA)f + (a +ib)(Vf + h), fy — Re{(a + ib)(V f +h), f))
x (Re (2(aS + ibA) f + (a + ib)(Vf +h), f) + Re{(a + ib)(V f + h), )
= % ((Re (2aS +ibAf + (@ + ib)(Vf +h), f))? - Re((a+ib)(VF+h), f))?).  (3.21)

Substituting (3.20) - (3.21) back to (3.19), then using the Cauchy-Schwarz inequality, the triangle
inequality, and (3.12), we have

dN (@ + b)) ([S, Alf, f>
dar H

2;2 ((Re (2aS + ibA)f + (a+ ib)(Vf +h), £ - (Re{(a+ ib)(Vf + ), £)?)

(a + ) (S, Alf, f,
H

2H2 ——(Re (2(a8S + ibA)f + (a + ib)(Vf + h), f))?

2
, @ +b><H3 AL, (|2(aS+zbﬂ VT IR, = [+ )V f + IR,

2H2 —2(aS + ibA ib)(Vf + h)||i§|| f||§§

@S, AL )
N H

(llZ(aS + DAV + @+ L)V + I, ~ @ +b)(Vf + h)”iz)

(||2(aS +iAf + (@ + )V f +)F, ~ @ +b)(VS + h)”fg)

— (@ + V*)(M? + M3). (3.22)

Next, we bound the term involving [S, A] from below. Note that, although here we are comput-
ing with respect to (., >L2 instead of (-, >L2 the results in (2.2) - (2.4) are still applicable due to the

weight being time-independent. Therefore we obtain
[S, Al = [(/Zk]@k]- + (8kak]-)8]- + 4ﬁ A jXkXj, —4ﬁam1x18 - Zﬁ(Qmaml)xl - 2B tr(A)]
= —8Bakjam( drxi )8 8ﬁﬂz<](9l<llmz)xza + 4ﬁﬂmzxz(3mﬂk])9
~——
01
OMB(IxIV2Al + VAP + [VAI)V
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3 3
+ 32ﬁ amlakj( amxk )XIX]‘ + 16‘3 amlxl8m(akj)xkxj
——

Ok

+ O(1)B(xIIVPA] + [x|[V2A|IVA| + [V2A| + [VAP). (3.23)

Now, since f = P along with its derivative decay fast enough, integration by parts in the second
order terms yields

<[S, ﬂ]f, f> = Sﬁ fakjamk&mf8jfdx + 85 fak]-@kaml)xl&mf&jf dx — 4‘3 famlxl@makj)&kf&jf dx

I

-0(1)p f (IXIV2A] + VAP + [VAI)IV £l fl dx

I

+ 32[33 fak]-aklxlx]-|f|2 dx + 1653 famlxl8m(ak]-)xkxj|f|2 dx

I,

-0(1)B f (|x||v3A|+|x||v2A||VA|+|VA|2+|V2A|)| f1? dx. (3.24)

Noting that aija,, = (A?)y, the ellipticity condition in (1.3) gives
/\min(A2) 2 /\min(A)z 2 AZ/ ie., A jAmk = /\Zémj/
which implies
akjamk(?mfc?jf > /\2|Vf|2, ak]ﬂklxlXj > )\zlxlz. (325)

Using Young's inequality, we have
I<B f A|\VFP?dx +CB f (|x|2|v2A|2 + P [VAJ* + |VA|2)| fI? dx. (3.26)
Moreover, from the boundedness of aj in (1.3),
IIL| < CBA f IIVAIVf?dx and |II| < CBA f IX|IVA||x f|? dx. (3.27)

Substituting (3.25), (3.26), and (3.27) back to (3.24), we get
([S, Alf, f)
2 92 2
> B f (8% = CAXIVA| = A2)IV £ dx (.28)

V3A V2A|VA| [V2A| VAR

x| EY |2 |x[?
where C = C(A, A, n). Hence, if we choose ¢p in (3.1) small enough, such that

CAlx||VA| < A2,

+p° f (32A2 — CAJx||[VA| -

then for each t € (0,1), we have

(S, Alf(t,"), f(t,)) = 6pA* fR n IVF(t, x)I> dx + 31°A2 fIR n lxf(t, x)* dx — III, (3.29)
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where

I = CB f (VAP + VA PIf? dx + CB f (IV3A| + [V2AIIVA])|x| f* dx
IR” ]Rﬂ

+Cp fR ”(|V2A|+|VA|2)|f|2dx.

v

For some 7 > 0 to be fixed later, splitting

IV <Cp (IV2A| + [VAP)|x /1P| f|? dx + CB (IV2A| + [VAP)IfI? dx,

x> x|<r

and using Young’s inequality, we obtain

I < C(ﬁ sup(IV2AP + [VAI*) + 2 sup(IV3A| + [V2A|IVA])? + r=2 sup(|V?A| + |VA|2)) f I f|? dx
]Rn IRn B;} ]Rn

+ f |fI? dx + CBsup(IV?A| + [VA[?) |f1? dx
R B,

lx|<r
<Ci(B+ B2 +pr2) fR efPdx o+ H) + C1( fB (PIVA? + 12 xf?) dx), (3.30)

where C; is a constant depending on (A, A, 1, [|A||cs). Note that to get the last inequality we applied
Lemma 3.7 to f(t,-). Substituting (3.30) back to (3.29), if we choose

r=A/ \/C_l and fo = po(A, A, n,||Allcs) large enough

and such that
C1r* < A%, Ci(Bo + By +2Por™) < A%,
then for any g > fo,

(S, Alf(t,"), f(t,)) = 5pA> fR VA, x)[* dx + 308°12 N lxf(t, x)/> dx — H(t). (3.31)

Now, using (3.16) and (3.17), then substituting (3.31) back to (3.22), we have
i(dlog(H(t)) _ 22Re ((a+ib)(Vf + h),f))

dt dt H
AN
2 2
20 I;f ) (55)\2 f IV £(t, %) dx + 30837 f e f (¢, %) dx — H(t)) = 2(a® + b*)(M + My)
IRY[ IRH

> - 2(a® + b*)(1 + M7 + M)).

Hence, defining

5,

_ Re (@ )V + R0, f5, )y
M(t) = .
0= AE)
we obtain
42 (10g(H(t)) _ 2]\7[(0 + t2(a2 + b2)(1 + M% + M%)) 42 log (H(t)e—Zl\Z(t)ﬂz(a2+b2)(1+M%+M%))

dar? B dr2 20,
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meaning that log (H (t)e‘zj\z(t)”z(“2+b2)(1+M%+M§)) is convex in t, that is,
—~ ~ t
H(t)e 2 MO+HE@ M) < prg)i-t (H(l)E—ZM(1)+(a2+b2)(1+M§+M§))

From (3.14) and (3.12),
IM()| < Va2 + b2(M; + M)t
Eventually,

H(t) < HO)'tH(1)! 621\71(t)—t2(u2+b2)(1+M§+M§)+t(—21\71(1)+(a2+b2)(1+M§+M§))
< Ce(a2+b2)(1+M%+M§)H(O)1_tH(1)t.

Hence, (3.10) is proved. We are left to bound the derivatives in (3.11). From (3.16), (3.18), (3.31),
the Cauchy-Schwarz inequality, and (3.12), we have

d (dH(t) .

4 (7 ~2Re((a +ib)(Vf +h), f>)
__dD(t)
= 27

=2 ((a2 + ) (IS, AIf, £) + 2@S + AP, + 2Re (@S + A, @ + D)V + h)))
> 2(a® + b?) (5[5)\2 n IVF(t, x)[> dx + 308212 ,, lxf(t, x)|* dx — H(t))

+4l(aS + ibﬂ)fnzg — 4l|@S + ibA)fll2 - I(a ]i )V + 2
> 2(a* + b%) (55)\2 N IV£(t, x)* dx + 308°A? fR xf(t, x)[? dx - H(t)) = li@a + )V + M},
> 2(a® + b?) (SﬁAZ f]R n IV£(t, x)[> dx + 308212 fR n e f(t, x)[* dx — (1 + M3 + Mg)H(t)).

Multiplying #(1 — t) to both sides, integrating in time over [0, 1], then doing integration by parts,
we obtain

1 1
2(a2+b2)(5ﬁA2 fo fR n H1 = HIVF(t, x)|* dxdt + 308° A2 fo fR n tH(1 — B)|xf(t, x)| dxdt

t
— 1+ M+ M2) fo K1 — HH(t) dt)

1 A2H(t) ! d :
< [Tra-nTgar—are [ 1a-ng (@ NVE+h), Py

1 dH .
:%_L(l_Zt)Edt_ZRe t1—t +h),f>L§O

1
+2Re f (1 =20 ((@+ib)(Vf +h), £z dt
; :

1 1
< —(1-20H()|, -2 f H(t) dt + 2 Va2 + B2(M; + M) f H(t) dt
0 0

1
= H(1) + H(0) + 2(2 Va2 + b2(M; + M) - 1) f H(t) dt. (3.32)
0
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Furthermore, from (3.10),
H(t) < Ce@ UMM max{H(0), H(1)}, Vi€ (0,1). (3.33)
Substituting (3.33) and the following point-wise inequality

3
BIVIE + Bl f = BV )P + BlaeF u? > §|eﬁ'X'zw| " %eﬁ"f'zxm
back to (3.32), we reach (3.11).
This completes the proof of Lemma 3.6. [ ]

3.1.2. Decay and regularity of solutions to (3.8). In this section, we first study the evolution of
weighted L2-norms. In particular, in the dissipative case (2 > 0 in Lemma 3.8), solutions with
Gaussian decay initial data will also have (possibly slower) Gaussian decay at later times. Actually
our proof for Lemma 3.8 also works for a space-time dependent operator £, i.e., with ay; = a;(t, x).

Lemma 3.8. Let u € L*([0, 1], L2(R")) N L*([0, 1], H'(R™)) solve (3.8) with
?+b>+0, a>0, and V= V(t, x) € L*([0, 1] x R") not necessarily being real-valued.
Furthermore, assume that for some y > 0,
e u(0) € LAR"), &gt x) € L*([0, 1], LAR")).
Then, for any t € [0, 1], u(t) has a Gaussian decay:

yAalx?
7
||e/\a+4y(/\a2A+4b2C||AHLm)tu(t)”L% <e

t|laReV—-bImV||; co 2
e P u ()l

yM\x\z

t
Ty t—s)|laReV-bImV]||; 2
4 a2+b2f e( )laRe m ||Lt,x||e/\a+4y(Au2A+4h2CHA||LOQ)sg(S)HLZ dS,
0 X

where C is a constant depending only on the spatial dimension n.

Proof of Lemma 3.8. Let

v:=cu with ¢ = ¢(t,x)
being a weight function to be chosen later. In the following, all the integration by parts is symbolic
and will be justified once we fix ¢. In the proof, we write

=4, '>L% , and L =8S+A

by the decomposition into symmetric(S) and antisymmetric(A) parts with respect to (-, -);2. Then
v satisfies '

d1v = (a + ib)e? L(e™%v) + (a + ib)e? g + (a + ib) Vv + dspv
=@+ ib)(S+ Ao+ (a+ ib)e¢g + (a + ib)(ReV +iImV)v + dipv

=: S+ Av + (a+ ib)e¢g
where
S = (a8 + ibA) + (aReV — bImV) + 9y,
A = (aA +ibS) + (almV + bReV).
Then,

8{»”’0”%% =2Re <§v, v> + 2Re <(a + ib)e(Pg, v> . (3.34)
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Now we bound
Re <§U, v> = Re((aS + ibA)v,v) + Re((aReV — bImV)v,v) + Re <(8tq5)v, v>

term by term. First, we consider the inner product involving S. By doing integration by parts, we
write

Re(Sv,v) = (Sv,v) = f&k(akj8]-v)5dx+f8j¢8j(pakj05dx
—fak](8]v)(8]5)dx+fak](8k¢)(8]qb)05dx (335)

For the A term, similarly, we have
Re (iAv, v) = Im (Av, v)

= —-Im f(a $)dx(axjv)vdx — Im f(&kqb)ak](a )0 dx —W
:W+ Imfak]-(aj(p)v(&kz?) dx —Im f(&kcp)akj(&jv)ﬁdx

=2Im f (Frp)axj(djv)vdx,
where in the last line we used
(A(Voyo, Vo) - (Vo, A(Ve)o) = 2ilm (AV¢o,0).
Combining (3.35)-(3.35), and noting
A< (agj) S A,
we have

Re <§U, v> = Re((aS + ibA)v,v) + Re {((aReV — bImV)v, v) + Re <8kqbv, v>
=-a fakj@jv)(&kz_)) dx +a fakj(akcp)(&j(jo)vﬁdx
+ 2bIm f(8k¢)akj(8jv)5 dx + f(aReV — bImV + d)[v]* dx
—aA||Vv||§§ + a/\||vvq>||§E + 2bIm f (Oxp)arj(d0)0dx + f (@ReV — bImV + dyo)[of* dx.
Furthermore,
_ Vaa
2blmf 0xd)aii(dv)vdx < CIbIAzf—IV [|Vo||v| dx
(FkP)akj(dv) v ¢
2
< f AalVol* + ci—/\2|v¢|2|v|2 dx

= )\anv@n2 +c A2 f IVo[?|of* dx
where C = C(n). Hence,

—_ 2
Re (S, ) < f (aReV — bImV + ds)[o? dx + aA f Voo dx + C%AZ f Vo RloP dx

2
< ||aReV — bImV||;= |[ol%, + | [@A)VOP + Cb—A2|V P + 910]vf dx. (3.36)
Ly Aa
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We are going to choose a proper ¢ such that

2
@M)\Vol* + C%Aﬂvmz +dip < 0. (3.37)
For simplicity, we choose ¢ in the format of
¢ =a(t) ((min{lxl, R))? 1]5), where R > ¢ > 0 and 1, € C*(B;) is a usual mollifier.

With such choice, the requirement (3.37) becomes

2
(4aA + C%Az)az(t) +a/(H) <0, a'(t) <0,

for which we solve

o (1) = —4(aA + CHIAE)a2 (D),
a(0) =y.
This yields

yAa

a(t) = 5 .
Aa +4y(Aa?A + 402 ||Allf. O)t

Combining (3.34), (3.36), and (3.37), we have
9t IlollF; < 2llaReV — bImVllye: lo®)IfF; +2 Va2 + b2 |e?g]| - llo(t)l.2

from which,

dellollyz < llaReV — BImVIizs [lo(®)ll 2 + Va2 + b2 |e? g||L% .

Hence,
¢
ReV—bImV||; e —s5)|laReV—-bImV||; 00
||U(t)||L§ < etlla eV=bImVll e ||U(O)“LE - +b2f e(t s)llaReV—bIm llgo ||e¢(s)g(s)”L2 ds.
0 X
Passing ¢ — 0,R — oo, we finish the proof of Lemma 3.8. [ ]

Combining Lemma 3.8, semigroup theories, and standard parabolic regularity theories, we have
the following regularity result. The proof of Lemma 3.9 can be found in Appendix C.

Lemma 3.9. Suppose u € C([0, 1], L2(R")) is a solution to (3.7) with
a>0,beR,V = V(x) being real-valued and bounded.

If for some > 0
PPyt x) e L2(R") VYt e (0,1), (3.38)

then we have u € Lt2 (R™)) and for all € > 0,

2
,loc((o’ 1)’ Hx

loc

u(t, x)| + [Vau(t, x)| = o(e” M) as |x] > 00, Vte (0,1).
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3.1.3. Log-convexity property with dissipation (Proposition 3.4).

Proof of Proposition 3.4. First, applying Lemma 3.8, we obtain a sub-Gaussian decay AP (e, x) €
L*(R") for all ¢ € (0,1) and all small 6 > 0. From this, we can employ the integration by parts

and prove a log-convexity result similar to (3.10), but with P being replaced by P which in
particular, implies

sup ||eﬁ|x|2_26u(t, x)IILg < C with Cindependent of 0. (3.39)
te(0,1)

The proof is very similar to that of Lemma 3.6, which we sketch below. For a usual cutoff function
1 =n(x) € CZ(BS) with n = 1 on BS, let
1o = eﬁleHun_

Then £? solves

|x|2—6 |x|2—6

i f° = (a+ ib)(eP™ (L + V)e P £0 4 1),

where 7
W = =L nlu € C2([0,11 % (B2 \ By)).
Define S° and A° from the decomposition
P LB S9 4 7

into symmetric and antisymmetric parts. Direct computation shows
<[Sél ﬂé]fé’ f6>L’26
= 4p(2 - ) f x| 00 fO 0 f dx + POO(1) f [PV dx + B f X(IVA|x| ™|V £ dx

+0(1)B f (1271 + A OIVAL + [x['PIV2A] + [P IVAR) |1V ] dx

+4p32-06)° f x| xpxapag | O dx + O(1)B>6 f 2739 212 dx + O(1)8° f P2V A| £ dx
+0(1)B f (I VAL + [x 2 IV2A] + [ P [VBA] + x| 072 + [P VA[IV2A] + x| [VAR) | dx.

Further following the computation (3.24) - (3.29) and noticing f° = 0 when |x| < 1, such commutator
term is nonnegative if we choose 6 and ¢p in (3.1) to be sufficiently small and g sufficiently large.
The rest of the proof follows from similar steps in Lemma 3.6. Here, the Gaussian decay in
Lemma 3.8 together with the regularity and derivative decay in Lemma 3.9 guarantee that all the
integration by parts is justified. Hence, (3.39) is proved.

From (3.39) and the monotone convergence theorem, we know
PPt x) € LARY) Ve (0,1).

Using Lemma 3.9, we know u € Lf . H?, and forall ¢ >0,
Jdoc” “x,loc

lu(t, X)| + [Vyu(t, x)| = o(e” =M,

Hence, we can apply Lemma 3.6 with 8 being replaced by  — 2¢. Finally, Proposition 3.4 follows
from passing ¢ to zero and another application of the monotone convergence theorem. [ ]
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3.2. Proof of Theorem 3.1 and Corollary 3.2.

Proofs of Theorem 3.1. Define
ue(t) := e y(p), (3.40)
to be the parabolic flow approximation of 1. From the semigroup property
et LtV) = rLtV)pnalltV) -y Rezy, Rezp > 0,

we have
ue() = et(e+i)(£+V)uO/

i.e., u. solves

{Qtug = (e + )L+ Ve,

u:(0) = up.
Here we used the fact that V = V(x) is real-valued. Furthermore, from
(1) = e Vu(),
we can apply Lemma 3.8 to obtain that for some . € (0,5) with . — fase — 0,
P, (1, x) € L2(RY).

Now we apply Proposition 3.4 witha =¢,b=1,¢ = 0,8 = B¢ to u, to obtain (3.10) - (3.11) with 8, u
being replaced by S, u.. The desired estimate follows by sending ¢ — 0.

This completes the proofs of Theorem 3.1. [ ]

Proof of Corollary 3.2. The proof is based on a “subordination type” inequality in Lemma A.1 in
Appendix A. We only prove the inequality (3.5) since (3.6) can be derived analogously by noting
that o > 1.

We start by proving (3.5) in the case a € (1,2). Taking g € (1,2) as the conjugate exponent of «,

p g
multiplying both members of (3.3) by e_ﬂ% (Zﬁ)g with k¥ > 0, and integrating against § in (S, ©),
we get
oo 2_ 8 -2
f ( f P ‘W(zﬁ)%dﬁ) lu(t, x)? dx (3.41)
R" \JBy

" - )15 ) 2 )H( ( T -G 12 ) ) )t
SC(fn (fﬁo e (2B) 7 dp | luo(x)I” dx f}Rn fﬁo e (2B) = dB | lur ()1 dx | .

By Lemma A.1 with r = Ix[> and & = p, for every k with
& 1 2\’
— =—14 ,
a>K0 a(ﬁo(q—2) )

+00 @p)1 _ ap R

2Blx -0 -2 L

f e K (2B) T df ma e e,
Bo

which, replaced in (3.41), gives the result for a € (1,2). Here the notation f =, ¢ means that there
exists a positive constant C depending on 4, b such that 1/Cg(x) < f(x) < Cg(x).

we have

The proof of (3.5) in the case when a = 2", with m being an integer m > 1, follows by using the
strategy of “completing the square”. We just show how to prove the case m = 1, since iterating
this result one can further get the conclusion for any m > 1.
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B 2
Multiplying ¢ (5) to both sides of (3.3), with k > o (recall, By is as before such that (3.4) holds
for g > fp), and completing the square, we obtain

f o~ B/ B o 1y 1 ) dx

t

1-t
< C(f e_(ﬁ/K—K|X|2)28K2|XI4|u(0, x)lz dx) (f e—(ﬁ/K—K|x|2)281<2|x|4|u(1,x)lz dx) .

Next we integrate both sides in §, from f to +co. By Holder’s inequality and Fubini’s theorem,

f eK2|x|4|u(t,x)|2f o Blr—wcld?)? dpdx

Bo

00 1-t 0o t
< C( f (0, )2 f o (B/r—rlt?)? d/sdx) ( f (1, )2 f ¢~ Bk’ dﬁdx) .
n ﬁo n ﬁﬁ

Taking the change of variable y = /x — k|x|?, since x > Bo
00 00 o .2 _
f e IR g — f eV dy = Kf‘o%" ¢ )2 AR - (3.43)
o o x—rIxP 25 ;e > /10

Substituting the upper (lower) bound in (3.43) back to the right (left)-hand side of (3.42), we reach
the desired estimate.

(3.42)

We are now left with the case a € (2™,2"*1) with m > 1. The strategy to be used is the same as
the one used for the case a € (1,2). The only difference here is that Lemma A.1 is applied with

and p = /2™ € (1,2). Corollary 3.2 is proved. [

r = |x|2m+1

4. CARLEMAN INEQUALITIES AND LOWER BOUNDS OF SOLUTIONS IN THE GENERAL CASE

In this section, we prove a Carleman estimate with a cubic exponential weight (Lemma 4.1), and
then show a lower bound for non-trivial solutions (Theorem 4.2). The latter will be used in Section
5 to prove the main theorem (Theorem 1.1).

Lemma 4.1. Assume A € Cg(]R"), @ = @(t) € C°(R), and rg > 0. There exists an ey = €o(n, A, A), such
that if
sup [x|[VA]| < €,

xeR”
then for any function
feCC(RxBY)
and B, R satisfying
B> p1 = max{A "I} 2y 1R3, C1(1 +gHR?), R>1 (4.1)
with C; = C1(n, A, A, ||Allcs), we have

BR™2 f f IV f? dxdt + p>R™® f x| f1? daxct
R JR” R JR"
<12 f f |eB0/RE+0O) (i), 4 L)e BIRE+9O) £ dxdy
R n

Proof of Lemma 4.1. Let ¢ = ¢(t, x). For L = dy(axjd;) with ay; = a;j(x), we decompose
e?(i0; + L)e™? =2 S+ A,
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where S and A are symmetric and anti-symmetric operators with respect to (-, -) 12 -
Now we plug in ¢ = B(|x/ R|2 + (p(t)). Using the formula in Section 2.2, noting

zﬁ I4 144
dj¢ = Rz xj, O = 720 9P = Be’, oud = po”,

and
Vo3¢ = Vaip =0,
we have
8 8 4
[S, Al = ak]amka ﬁﬂk]((?kﬂmz)xla + 5aml(amak1)xlak1
+ O(1)%(|VA| + [X|IV2A] + |[x[[VA]»)V
g g
+ 32 e MjKIXIX ] + 16 tzml(&mak])xkx]xl
+ B +O(1 P (v2a VA|V2A V3A| + VAP
"+ O( )R2(| | + [XI[VA[IVZA] + [x|[VZA| + [VA9).
Hence,
le® 0y + L)e™ fI, = IS + AfIf
> ([S, Al frf>L§x

-2 f ayamdn 0 st + O [[wIvaIw s

+ 072 ff(IVAI + [XIVAP + IV ADIV £If| dacdt

3
+3z£ - f f agjaxxixil fI* dxdt + O(1) 8 f f IxPPIVAIfI? dxdt + f f Bo” | f1? dxdt

+ 0(1)% f f (IV2A| + [XIVAIIVZA] + [X|IV3A] + VAP + [xPIV2AP + [xPIVAIY)|fI? dxdt

> 7BR™2\? f f IV fI? dxdt + O(1)BR™> f f [X|IVAV f|* dxdt

+328°R7A2 f f x| fI? dxdt + O(1)B°R™° f f IxPIVA||fI* dxdt + B f f @”|fI? dxdt

+ O(1)BR ™2 f (IV2A| + [X|IV3A| + VAP + |xP VAP + |xPIVAI*)|f1? dxdt.

Here we used

f f IX|IVAIIV2A|| f? dxdt < % f f lx? VA f12 dxdt+% f IVAP|fI? dxdt,

f f (VA + WIVAP + XIV2ADIV I dxdt < & f i % f (VAR +xPIVA + [xPIV2AR) f2 dxdt,
and the following inequality coming from the ellipticity
ajamkémE; > A2JEP YE € RY,

then chose 6 to be small enough. Furthermore, choosing ¢g in (3.1) to be small enough, we have

(S, Alf, iz, > 4BR72)\? f f IV fI? dxdt + 168°R 612 f x| fI? dxdt
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+B f f @"|f? dxdt + O(1)BR > f (IV2A| + [X|IV3A] + VAP + [xPV2AP)| £ dxdt .

I

Hence, if on supp(f)

8RO > B |¢” ||, + OWBRZ(VZA| + [xIIVPA| + VAP + [xP[VZAP),

the term I can be absorbed. Recall supp(f) C {|x| > o}, it suffices to assume

FRONr > || ||L;°

and
R L T i O\
B I
where C = C(n, A, A). Lemma 4.1 is proved. [ |

Next, we prove lower bounds for non-trivial solutions.
Theorem 4.2. Let u € L*([0, 1], L2(R")) N LIZOC((O, 1), HY(R™)) be a solution of
o =i(L+V)u,
where aj satisfies the assumptions of Lemma 4.1, V € L*(R X R", C). Denote by My := ||V||..

Furthermore, let Eq, E>, Ry, € be the numbers such that

7/8
f f n(|u|2 + |Vul?)(t, x) dtdx < E2 < o0 (4.2)
and
3/4
f f lul(t, x) dtdx > E2, (4.3)
Bry\B2e

then there exist positive constants Ry = Ry(n, A, A, |Allcs , €, M1, E1,Ez, Ro), Co = Co(A,¢€), and C =
C(n, A, A NAlles , €, M1, Eq, Ez, Ro), such that, for any R > Ry,

7/8
Br\Br-1

Proof of Theorem 4.2. We start by defining a cutoff function in time
¢ = () € C>((1/8,7/8)), with ¢ = 3 on [1/4,3/4].
Furthermore, define 6, 6%, O(e) € C*(IR"):

0 r<1 1/ x e BR—l/ O/ x € BS/
o(r) = , 0B () = 0 =
™ { 1 r>2 ) {0, vepe. 00 {1, x€BS.

As usual, we require

’ ’ R 2 Nn(R ’
o’ + 161+ [VO® + [V2o® < C, o[, | < =.

™[0
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Write also

P(t,x) = Ix/R|2+<P(f)( il x)),

p

and let
g = 0((t, 00D ()0 (x)u(t, x) = O (1x/RP + (1)) 00 .
We get the following properties of ¢ and of its support.

e From the supports of O® and 6),
supp(g) € [0,1] X (Br \ Be). (4.4)
e The support of the function 0() implies that
supp(g)  {y(t,x) = 1}.

In particular, when t € [0,1/8] U [7/8,1], ¢ = 0, which gives ¢ = Ix/RI> < 11in ([0,1/8] U
[7/8,1]) X Br. Hence, combined with (4.4),

g=0 fortel0,1/8]U[7/8,1].
In fact, 6(¢) is a cutoff in time such that
supp(6’'(¥)) c {1 <y <2},
which gives a nice control of time cutoff terms in Carleman estimates. Also, we extend g by
zero for t ¢ [0, 1]. This way the extension, that we still denote by g, has compact support in
R x R".
e Whente€[1/4,3/4], ¢ =3 and

v =x/RP+¢>x/RF+3>3,
which implies 6(1) = 1in [1/4,3/4]. This, in particular, gives
g=u on [1/4,3/4] X (Br-1\ B). (4.5)

With these properties at hand, we now apply the quadratic Carleman estimate in Lemma 4.1
to f = e?g. Below we shall use the notation LHSC, RHSC for the left and the right-hand side of
the Carleman estimate in Lemma 4.1 applied on f, respectively. Then, for f; defined in (4.1) with
ro = &, if

B>=p1, R-1=Ry, (4.6)
we have

LHSC > g°R™® f f |x|2|f|2dxdt( PR f f |x|%e 2¢|g|2dxdt)

=1ﬁ3R‘6 f lezlflzdxdt+—ﬁ3R‘ f x I dxdt
2 R JR" 2 R JR"

1 1A &
> _53R—6€2 f f eZ(Plng docdt + 2‘33R_6€2 f f 62[‘3(4R2 +3)|1/l|2 dxdt
2 R JR" 3/4 JBgry\Bae

g2 f f 20\gP dudt + 2R 24 E2,
R JR"
Here we used (4.4), (4.5), and (4.3).

To estimate the RHSC we first observe that
(i + L)g = (ids + L£)(O6N 6 yu)
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= -Vg+[id + L 00N 0 u,
which splits the RHSC into two terms. For the Vg term, we have

1 1
f f **|\Vgl dxdt < ||V|[Fe f f *?| gl dxdt.
0 n 0 R”

For the commutator term, we split it into four pieces. For simplicity, in the following we write
0 for O().
x|

ﬁ|6’|(|VA|9<R>9(S)|u| +V(O®Oyu))

[id; + £,00R01u = i0' ¢’ 000 yu + O(1)

I

’ |x|2 7
+O0(1) (510" + =10 NP 6 ul

L M2
R R

I
+O0(1) VO |O(VAIO®u| + V(ORI u)]) + O(1) V0|06 |u|

I3

+ 00 [ L, 0P]u. (4.7)
N—— —————
Iy

Note that I; and I, are terms with at least one derivative hitting on 0(1), that in I3 no derivative
hits on 0 and at least one derivative hits on 6, and that term I4 has derivatives only hitting on

O®) but not on 8 nor O e)-

We first bound I; and I,. Since
supp(0'()) c {1 <y <2}, = ¢ =By € [B,26]
and
supp(g) C {t €[1/8,7/8], |x/R| <1}
Recall (4.2), we get

1 7/8
f f Pl + > dxdt < C f f e ([uf® + [Vul?) dxdt < C1e*E},
O n 1 n

/8
where C; = C1(n, A, A, [[VA[lre , €).

Next we bound I3. From supp(V0(,)) C Bz \ B and ¢ < 3,

1 | 7/8 .
f f P\ dxdt < CreXPA(R)*+3) f f (jul? + [Vu) dxdt < Cpe?P4G+3IE2,
0 " 1/8 JB2:\B;

where C; = Co(n, A, A, [[VA|l , €).
Finally, for the last term I4, we use that
PRI < P143) < o4 i [0,1] X Bg D supp(g),

which gives

1 7/8
f f PO\ L|? dxdt < Cse®P f f ([u? + [Vul?) dxdt = C3¢®5(R),
0 R" 1/8 Br\Br-1
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with C3 = C3(n, A, A, |[VA[|r).

Combining all the calculations above, we have

1
%ﬁ3R‘6s2 f f 20|gP? dxdt + 2p°R 02 UR+IE2
0 n
1 o
sA_z(IIVIIf;o f f P0\gP dxdt + Cre*PE? + CoePUR™IE2 4+ Cae®5(R) |
O n

Finally observe that, if besides (4.6), we also require that f and R satisfy
R >217%e 2 VIfo, BRCPE; > AH(CE; + CIEY), (4.8)
then all except the 6(R) term on the right—i\and side can be absorbed, from which
S(R) > (BPR™®®E5 — A™2CoE5 — AT2C1ED) 2.

For (4.6) and (4.8), it suffices to choose
10l Il
p= Ae
which means Cy = 10||¢”||r~ /(A€), and restrict
R > Rl = C4(1’l, /\I Ar ||A||C3 /er ||(P”||L°°/ &, El/EZ) + RO + 1/
with Cy sufficiently large. This concludes the proof of Theorem 4.2. [ ]

R3

5. Proor oF THEOREM 1.1
We include the proof of Theorem 1.1 in this section.
Proof. We prove Theorem 1.1 by contradiction. Suppose that u # 0. Since V = V/(x) is real valued,

e"£+V) is an unitary group on L2. In particular, this gives that there exist some Ry > 0 sufficiently
large and ¢ > 0 sufficiently small (might both depend on u), such that

3/4
f [ul? dxdt € (0, co).
1/4 JBgry\Bae
Furthermore, from Theorem 3.1,
7/8
f (lul? + |Vul?) dxdt < oo,
1/8 n
hence, applying Theorem 4.2, we have the lower bound
7/8
f ul? + [Vul? dxdt > Cre~ Sk, (5.1)
1/8 JBRr\Br-1

with the same Cy chosen as in Theorem 4.2. On the other hand, from Corollary 3.2 with a = 3/2
and the decay properties of ug, uj, for ¥ > ko, we have

1
f f e (jut, 2 + 11 = HIVu(t,x)|) dxdt < oo,
0 n
implying that

7/8
lim ek’ ( f lu(t, x)I> + |Vu(t, x)|? dxdt) =0.
R—eo 1/8 JBgs1\Br
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Choosing « large enough, we reach a contradiction with (5.1). Now Theorem 1.1 is proved. [ ]

6. Proor orF THEOREM 1.2

In this section, we focus on the case when the matrix coefficients a; j are translation-invariant in
one spatial variable. Without loss of generality, we assume such space variable to be x1, and we
write a point in R" as

x = (x1,x') e Rx R

Assumption 6.1. Let

a0
A:A(x')z(”(l)1 Z(x'))’

where a11 > 0 is a constant, and AeC (R""1) is a symmetric (n — 1) X (n — 1) matrix .

Later we will impose smallness conditions on Ix'IIVx/gI. It is worth mentioning that we cannot
require the previous decay assumption (1.6) anymore, since

Vx’' € R"L, |xq||Vy A(x')| bounded as |x1] — oo implies V@A =0, fromwhich A =A(0).

Later, in the proof of Theorem 1.2, we will show that if A is as in (1.7), then it can always be reduced
in the form as in Assumption 6.1. For this reason, up to the proof of Theorem 1.2 we shall work
with A as in Assumption 6.1.

The proof of Theorem 1.2 includes the following ingredients:

e A log-convexity result in Section 6.1;
o A “better” Carleman estimate in Section 6.2, from which we derive a “sharp” lower bound;
e A contradiction argument in Section 6.3.

6.1. log-convexity. The results in Theorem 3.1 turn out to be still true under Assumption 6.1.

Theorem 6.2. Let u € C([0,1], L>(R")) be a solution to (1.1) with L defined as in (1.2) satisfying
Assumption 6.1. Let also V be real-valued and such that My = ||V||p~ < oo. Then there exist a small
enough o = €o(n, A, A) > 0 and a large enough B = pa(n, A, A, ||Allcs), such that if

sup |¥'[[VeAl < & (6.1)
x’€Rn-1
and
eﬁlxlzu((), X), eﬁlxlzu(l,x) € L*(R"), for some B > o,
then we have
et I, < CeMi(1eF (0, 2)1F) ™ U1 u(, )1,

and
2 2
BIVHL = 0P Vul?, + 2l VE = el
2 2 2
< CeM (e F (0, )12, + e (1, %)12,).
Here C is an absolute constant.

In particular, when A = I,,, we can take pp = 0.
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Sketch of the proof of Theorem 6.2. Recall that in Section 3, the proof of the log-convexity property is
based on a lower bound for [S, A] and on the use of a viscosity argument (see Remark 3.3). See the
detailed strategy in Remark 3.5. Actually the only place where two different types of assumptions
on aj; play a role lies in the the commutator estimate (3.29), which we give a proof below.

First notice that, taking the weight function ¢ = f|x|?>, Assumption 6.1 implies each summand
axj(Oxan)01p = 2ayj(xan)x; = 0,  if at least one of j, k,m, I equals 1.
Hence, the formulas in Section 2.2, specifically formulas in (2.3), show that
[S, Al = T2+ T1 + To1 + Top,

where T2, T1, To1, To2 can be written as

T2 = —8p’fakjamk8fnj—8ﬁ Z‘ akj(8kaml)xlafn].+4ﬁ Z aml(8mak]-)xl8,%j,
ik dm>2 ik m=2

T1 = O(DB(AIVv Al + ¥ IV AP + |AIX V2 AV,
To1 = 32‘5311m111ijl xjékm + 16ﬁ3 Z aml(8makj)x1xkxj,

jm,I>2
Toa = O(DB(IAIXIVEA] + AIIVZ Al + [V AP + x|V AlIVZ, AJ). (6:2)

Here and below, the usual Einstein convention of summation (summing from 1 to 7) is used if
the range is not specified. Now, using (6.2) we can follow the steps in the proof of Lemma 3.6 to
conclude (3.29). Indeed, (3.24) - (3.28) become

<[S, ﬂ]f, f>L§ = 8,3 fakjamk&mf8jfdx + Z f(Sﬁakj@kaml)xl&mf&jf - 4ﬁamlxl(8makj)8kf8jf) dx

m,1>2

- OB f (JAIVe Al + [ IV AP + Al V2, ATV 1| £l dx

+32ﬁ3fukjak1x1xj|f|2dx+ Z f16[33amlxl8m(akj)xkxj|f|2 dx

m,1>2

- OB f (141K IV2,A] + ANV Al + JAIVZ Al + IV AP ) £ dx
> B(8A2 — Clx'||V A — Cb) f IV % dx + 3(32A% — Cep) f lxfI* dx
- 05 f (IAIV Al + W IV AP + AT [VE A £ d
-0 f (IAIXIV2 Al + AV Al + [AIVZ Al + [V AR) 1 dx,
> B(8A” - Ceo — COIVSIE, + f §(3242 - ﬁ_Cz(l + 5 (AIVZA] + +IV0 AP) e f2 dx

—Cp(L+57) f (1AIV Al + V2 Al £ dx, (6.3)

where the factor |x1VA| does not appear in the leading terms due to Assumption 6.1. Finally,
choosing &9 and 6 small enough we get (3.29).

The rest of the proof remains the same with Section 3.1, and hence, is omitted.
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6.2. “Better” Carleman estimate and “sharp” lower bound. Next, we prove a Carleman inequal-
ity with an “x;-translated” weight.

Lemma 6.3. Let L be the operator in (1.2) with ay; satisfying Assumption 6.1. Let R > 1 and ¢ = ¢(t) €
C°(R). Then there exists a large constant co = co(n, A, A, ||Allcs, 19’ Iz, llo”|l=) > 0, such that if (6.1) is
satisfied, then for any R > 1, f € CZ(R x R") with
supp(f) C {lx/R + ¢(t)es| = 1},
and
B > B3 := coR?, (6.4)
we have

p ’ » . 2
ﬁ”vxf”i?,x + ﬁlllx/R + ey |f||it2,x < C|lePr/R+eerl (jg, + L)ePRx/R+peil f”iﬁx'

Here eq is the unit vector (1,0, ...,0).

Proof. Denote
¢ = ¢(t,x) = B/R + p(t)er .
Forall j k1 €{1,...,n}, Assumption 6.1 and the choice of ¢ imply

aj =aij=andj, an =y =0, day=0, (6.5)
and

P =0, I =2BR720y, 5 =2BR7"¢"5;1.
Hence,

81ajk =0 if atleast one of j k,/ equals 1,
ami(dmaxj) = 0 if at least one of j,k,m,l equals 1,

aml(8mak])( + @(t)6;1) = 0 if at least one of j, k, m, [ equals 1. (6.6)

In particular, there is no dy, or (x1-) in every term of the form aml(o'?makj)(% +@(t)611). Now, formulas
(2.3) in Section 2.2 and (6.5) — (6.6) lead to

[S, Al =To+T1 + Toq + Top,

where
T =~ Lajndy - Y Fai@uani e e@amnd e Y, Tanuan + pwim
2 R2 kj¥mk ' R kj\Okbml R ll ml m¥kj il kj
jkm,1>2 jkm, l>2
T =—81qu aual+0<1>ﬁ (Ve Al + Y IIVe AP + ¥ [V2.A])) V
326° X| Xj
Toy = —aklﬂkj(— + <P(t)511)(— +@(H)oj1)

R4
Xk Xj
vy aml@mak,)( + QOO + D) + 9B

]kml>2
32ﬁ3 ﬁ3 "
= i ﬂklak]( +(P(t)511)( +e®o1) + O 1g — IV Allx')
Toz = Zﬁ(— +<P)<P” +2ﬁ(q) )?
+0Mg ‘ ‘IV AL+ V2 A+ Vo AP + CA|IVZAl).
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To bound the commutator [S, A] we proceed as in (6.3) with suitable adjustments. Since
R>1, |¥/RI<Ix/R+@(t)er] Y(x,t), and |x/R+ @(t)e1] > 1 on suppf,

what we get is

(IS, A, iz
- C , .
> BR(B8A? - Ceo = COIVAIR, — =Bl + IAIZ /R + p(Bealf I,
3
+ %(32%2 — Ceo)lllx/R + <P(f)€1|f||i% - gC(IIAllcs, 1"z, Nl Il )Ml /R + (P(t)eﬂf”i% :
Hence, by choosing ¢p and 6 small enough,
IS, Af, )z,

> BRIV, +BR(3142 = CUAlle, 9l llp” =) (B2RE + B2R)lx/R + p(BealfIE, -

Finally, as in the proof of Lemma 4.1, to have the conclusion it suffices to assume 8 > coR? with a
sufficiently large co = co(11, A, A, 1A]|cs, llo’ll, lle”1l), and with R > 1. This completes the proof. [ |

Compared to Lemma 4.1, the “better” weight in Lemma 6.3 leads to the following sharp lower
bound.

Theorem 6.4. Let u € L¥L? N L>H! be a solution of (1.1) with ayj satisfying Assumption 6.1 and
V e L*([0, 1] x R", R), and denote by My := ||V||r.

Furthermore, let Eq, Eo, Ro be the numbers such that
7/8
f f (|u|2 + |Vu|2) (t,x) dxdt < E? < 0
1/8 n

3/4

and

|uf*(t, x) dxdt > E3 > 0, (6.7)
1/4 JBg,
then there exist some positive constants Ry = Ry(n, A, A, A”C3 ,Mji,E1,E>, Rp), Cog = Co(n, A, A, ||A||C3),
and C; = C1(n, A, A, A”cs ,Mj, E1, Ez, Ry), such that, for any R > Ry,

7/8
S(R) := f f P + \Vul dxdt > Cp e~ C0F.
1/8 JBRr\Br-1

Proof of Theorem 6.4. We define the cutoff functions ¢ = ¢(t) and 0, 0®) = 0, 0®(x) as in the proof
of Theorem 4.2, and
g(t,x) := OR()O(x/R + p(t)er)u(t, x).
Note that 0 is not needed here. Clearly, from O®) and 0,
supp(g) C {lx| < R} N {lx/R + p(t)e1| > 1}.

Furthermore, whent € [0,1/8]U[7/8,1], ¢ = 0. Hence, for any |x| < Rand everyt € [0,1/8]U[7/8,1],

Ix/R+ @(t)er] = [x/R| <1 = O(x/R + ¢(t)er) = 0.
From all the above,

supp(g) < ([1/8,7/8] x BR) N {lx/R + @(t)e] = 1.
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Also, the previous considerations allow us to apply Lemma 6.3 to ef%/ Rtger? g(t, x) to obtain: for all
B > B3, with B3 as in (6.4),

L3
R2

3
2 2 2 .
||Vxeﬁ|x/R+§0e1| g”i% + %”eﬁlx/lhqoeﬂ Ix/R + (Pellg”%% < C||el3|x/R+(pe1| (id; + L)g”if ) (6.8)

Next, we bound the left and right-hand side of the Carleman estimate (6.8), denoted, for short, by
LHSC and RHSC respectively.

We start with LHSC, which we bound from below as in the proof of Theorem 4.2. Suppose
R > Rp + 1. For any point

(t,x) € [1/4,3/4] x Bg,(C [1/4,3/4] X Br-1),
from the construction, we have
0®x) =1 and @(t,x)=3, = |x/R+@t)e| >3 —|x/R| =2 = O(x/R + ¢(t)e;) = 1,

from which
g(t,x) =u(t,x) V(t,x)€[1/4,3/4] X Bg,.
Then, by (6.7) and the properties of supp(g), we get

1 1 1 1
LHSC > E/3312—6|||x/1z + ey |eP/RFeerl g||i%‘ + §ﬁ3R‘6E§ > §ﬁ3R—6||e'x/R+<Peﬂ2 g||i%‘ + §ﬁ3R—6E§.

To estimate from above the term RHSC we follow the proof of Theorem 4.2. By repeating the
same steps in that proof, we get

1
2
RHSC < VI ll/* 9P gl +C f f (P + 102 + 10 + L) dt,
X 0 JRre

where[;, j=1,...,4,are as in (4.7) with 6, simply replaced by 1 (recall, we do not have the cutoff
O in g here). This gives, in particular, that I3 = 0. Now, since 0’(x/R + @e;) # 0 if and only if
1<|x/R+@e| <2and t € (1/8,7/8), we get

1
f (L + |LI?) dxdt < Ce* E2.
0 JRe
Also, since [x/R + pe;|*> < 16 on supp(g), we have

1
f |I4]? dxdt < Ce*5(R).
0 R”

Putting together the estimates for LHSC and RHSC, and arguing as in the end of the proof of
Theorem 4.2, that is by choosing 8 = CoR?, with Cy > ¢ (c as in Lemma 6.3, so that 8 > 83), and R
sufficiently large, we find

S(R) > Cye 28CoR*,

Note finally that the power R? (instead of R3 of the general case) in the lower bound for 6(R) is
allowed by the choice g = CoR>. [
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6.3. Proof of uniqueness.

Proof of Theorem 1.2. Let us first make some reduction. Take the change of variables

{yl B with i _ !

y=x dx; Va1(x1)

and the gauge transform

u(t, y) = eVult, x(y)),

~ 1 (Yral(s)
Y =9(n) = _Zf(; ds

a11(s)

where

One could check that v satisfies

(at + iayk(bkjayj')) 0= (V + (3y1¢)2 + a;lylw) o

1
B = (byj)nxn = ( Z(y’))

V(@) = @y ) = 5, € L.

where

verifies Assumption 6.1, and

See [23]. Since
) < e s Gnflann)) |

we still have
P10, Y, WP (1, y)l e Li,(]R”), for some large C depending only on  and a1;.

The rest of the proof stays the same as in Theorem 1.1, with an application of Theorem 6.4 in place
of that of Theorem 4.2. Theorem 1.2 is proved. [

APPENDIX A. A SUBORDINATION INEQUALITY

Notations. We shall use the notation f ~ g to indicate that there exists a positive constant C
such that 1/Cg(x) < f(x) < Cg(x) for every x in a suitable set. When the aforementioned constant
depends on some parameters, say a,b, we shall often just use the symbol ~,;,. Also we say

f(x) < g(x), if f(x) < Cg(x).

Lemma A.1. Let p € (1,2), Ao > 0, and q the conjugate exponent of p, that is such that 1/p + 1/q = 1.
1

Then, for any k > 2 (q%z)” and r >0,

+00
/\r— wPrP
f WA AN~y e P
A

0

Proof of Lemma A.1. By Proposition 1 in [19] (see also the comments after Proposition 1 in [19]), for
p € (1,2), g conjugate exponent of p, and r > 0,

f”‘ e
R ~——e s
L;(r,A)
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where the constant realizing the equivalence ~, is C = C(p) > 1. Now, since

f I(r, A)dA < f I,(r, A)dA,
R- R,

P
f Iy(r,A)dA =y e7.

Consequently, for any given « > 0, the change of variable A’ = Ak yields

we have

kPP

-1 ’ ’ —q/2 AW—# ,12 ’
e’ = . Iy(xkr, A)dA = x . Iy(xr, A" /i) dA” = x . e AT dA,

that is

OO AT g2 PP
f e/\r g AqT dA zK,p er,
0
where the constant realizing the equivalence is C(p)x?/2 with C(p) > 1.

To conclude the proof we just have to show that for any fixed A¢g > 0

+00 A _ —+00 q _
f AT A ~ f AT A (A1)
0 Ao
Since the relation LHS of (A.1) > RHS of (A.1) is trivial, we are then left to show
LHS of (A.1) S RHS of (A.1) (A.2)
We now denote by
o _AT g
Tope(A) = AT
From .
d. Ad- -2 .
Txlane =(r=—2=+ qTA g

1
it is not hard to see that for every fixed A9 > 0 and every x > 219 (q_%) U (recall that p € (1,2),
therefore g > 2), the function I . (as a function of A) is increasing in (0,2A). Hence,

(o¢]

Ao
LHS of (A1) = f Ip (A dA + f Iy () dA
0 A

0

ZAO B 00~
< f T dA + f Tex(A)dA
Ao

Ao
<2RHS of (A.1),

which proves (A.2) and concludes the proof of Lemma A.1. [ ]

ArprenDIX B. Proor or LEMMmA 3.7

Proof of Lemma 3.7. Let g(x) = (412 — |x|*) f(x). Then,
g€ H'(By), g=0ondBy,.
Applying the Poincaré inequality to g on B,,, we obtain

P dx < P2 f Vgl dx = Cr2 f V((4r* = ) )P dx
By, By

BZr
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=4Cr | |xfPdx+Cr f (4 — P IVfPdx <4Cr% | xfPdx+16Cr° | V£ dx.
Boy By By Boy

Since 412 — |x|* > 372 for x € B,,

|gl? dx = f |(4r* — |x?) f(x)1> dx = 9r* f |f1? dx.
BZr BZr BT

Combining the estimates above, Lemma 3.7 is proved. [ ]

ArPeENDIX C. Proor or LEMMA 3.9

Proof of Lemma 3.9. From the semigroup property (cf. [41]), we rewrite
M(t) — et(a+ib)(£+V)uO — ea6/2(£+V)e(u6/2+ib6)(£+V)e(t—é)(u+ib)(£+V)uol

where 6 € (0,t) is a small enough number to be chosen later. From (3.38), we have

P =DNa D L+V) e 2,

Now we apply Lemma 3.8 with y = g, u(0) being replaced by e-9@+®(L+V)y and ¢ = 0. By
choosing 6 > 0 small enough according to ¢, we have

||e(ﬁ—£/2)|x|2(eas(.£+V)e(a5/2+ib5)(£+V))e(t—é)(a+ib)(£+V)u0”L% <C VYse (0, 5)

Now the conclusion follows from the standard parabolic regularity theory for the operator
oy —a(L+V).
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