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IMPROVED ENERGY BOUNDS FOR SCHRODINGER OPERATORS

LORENZO BRASCO AND GIUSEPPE BUTTAZZO

ABSTRACT. Given a potential V' and the associated Schrédinger operator —A+ V', we consider
the problem of providing sharp upper and lower bound on the energy of the operator. It is
known that if for example V or V! enjoys suitable summability properties, the problem has
a positive answer. In this paper we show that the corresponding isoperimetric-like inequalities
can be improved by means of quantitative stability estimates.
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1.1. Aim of the paper. Let Q € R be an open set not necessarily with finite measure (it
could be © = R¥) and V : © — R be a potential. We consider the associated Schrodinger
operator —A +V defined on the homogeneous Sobolev space W& 2(Q) The latter is the closure

of C§°(Q2) with respect to the norm

1/2
o 2
lellya ) = (/Q|Vu da:) |

We also denote by W~12(0Q) its dual space and by (-,-) the duality pairing between VVO1 2(9)

and W=12(Q).

In this paper we are concerned with the following problem: given a source

term f € W—12(Q), find lower and upper bounds on the energy of the relevant Schrédinger

operator, i.e.

1 1
5f(V):—2/Q\Vuv\Qdaz—2/QVu%/d:z.
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2 BRASCO AND BUTTAZZO

Here the state function uy is a W& 2(€2) solution of
—Au+Vu=f, in Q.

In the recent paper [10], this problem has been solved for summable potentials or for confining
potentials, i.e. for potentials blowing-up at infinity such that 1/V enjoys some summability
properties. For example, the harmonic-like potential

V= (2+?)?,  §>0,

belongs to this class, for suitable v > 0. In order to provide a deeper insight into the scopes
of this work, it is useful to briefly recall some of the results in [10]. In that paper it has been
shown that (V') can be universally bounded from above in the class (see [10, Proposition 5.1])

Vlz{V:/|V|p§1},
Q

and from below in the class (see [10, Proposition 5.4])

ng{VZO:/V‘pgl}.
Q

The value 1 above plays no special role and can be replaced by any constant ¢ > 0. Indeed,
one can show that there exist two potentials V and Uy such that

/%ypda:_1_/ |7 da,
Q Q

and
(1.1) Er(V) < Er(W), for every V €V,
(1.2) Er(V) > Ep(Uy), for every V € Vs.

In both the estimates (1.1) and (1.2), the equality sign holds if and only if V' =V and V' = Uy,
respectively. Moreover, the extremal potentials V) and Uy can be characterized in terms of the
solutions vy and wug of the semilinear non-autonomous PDEs

— A +Cv(()p+1)/(p—1) —f and — Aug +Cu(()p—l)/(p+1) — 7
through the relations

-1/p 1/p
Vo — ( / g |2/ dx) WD and U= ( / g 2/ D) dw) g -2/ +1).
Q Q

For completeness, we point out that a special class of potentials from the sets V; and Vs, are

given respectively by
E|-1/p E E|l/p E

0, otherwise 400, otherwise,

and V(z) = {

where £ C Q) is an open set and |E| denotes its N—dimensional Lebesgue measure. If we
suppose for simplicity that |F| = 1, the corresponding operators are given by

WOL2(Q) Sur —Au+tu-lg and W01’2(E) Surr —Au+u.
Thus from (1.1) and (1.2) we get
1 1
wiy |5 [ wuPars ] [ Pde - (5.0] < €06
uewl?@) 12 Jo 2 Jg
and

1 1

min { / Vuldz + / 2 dz — (f, u>} > &5(T0),
wewl?(E) L2 JE 2 Je

for every E C Q with |E| = 1. Observe that for the second problem the set Q simply acts as a

design region where the admissible domains E have to be contained.
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The problem of finding sharp bounds on energetical quantities linked to a Schrédinger oper-
ator is quite classical, with many studies devoted to the ground state energy or first eigenvalue

A(V)=min {/ |Vu)? dx—i—/ Vu?dr lullz2(0) = 1}.
ueWwy?(Q) LJa Q

For example, the pioneering paper [22] by Keller considers the problem of finding sharp lower
bounds on A;(V) in the class Vi, in the case of space dimension N = 1 and 2 = R. Related
problems have been considered by Ashbaugh and Harrell in [2] in higher dimensions. There is
a vast literature on the subject, considering optimal bounds for other spectral quantities, like
the first excited state or second eigenvalue \o(V') and the fundamental gap A2(V) — A\ (V). We
also mention the recent paper [8], where the case of successive eigenvalues A\ (V') for k > 2 is
considered, for the non-compact case of © = RY. Actually this kind of problems is even older:
indeed, we observe that for potentials of the second form in (1.3), we have

A(V)=min {/ |Vu|? de —l—/ lul? dx ull2(z) = 1} =M (E)+1,
uewy?(B) \VE E

where A\ (F) now stands for the first eigenvalue of —A with Dirichlet boundary conditions on

OE. Thus the celebrated Faber-Krahn inequality (see [21, Chapter 3])

M(E) > M (B), with B any ball such that |B| = |E| =1,

can be seen as a particular instance of these problems. A more general overview on optimization
problems of spectral type can be found in [9] and [21], to which we refer the interested reader.
We wish to point out that on the contrary the case of the energy £;(V') appears to be less
investigated.

1.2. Main results. In this paper, we improve the previous sharp bounds (1.1) and (1.2) on the
energy of a Schrodinger operator, by means of a quantitative stability result. In other words,
we will prove that the energy gap £¢(Vo) —E¢(V') or £4(V)) —E¢(Up) controls the deviation from
optimality of a potential V. Thus it is possible to add a reminder term in the right-hand side
of (1.1) and (1.2), which measures the distance of a generic potential V' from Vjy or Uy. The
relevant results are summarized in the following couple of theorems, which represent the main
results of the paper. We refer the reader to Sections 4 and 6 for the precise statements.

Theorem A (Stability of the maximizer). Let 1 < p < oo. There exists a constant o1 > 0
such that for every V € Vi we have

Er(V) <& (Vo) — a1 IV = Vollfs . ifp>2,

2
E(V) < E (Vo) — o H\V|p—2 V- Vo2 V‘)Hm(g)’ ifl<p<2.

In the case of inequality (1.2) we need to distinguish between the case |Q2] < +oo and
|Q] = +00.

Theorem B (Stability of the minimizer). Let Q C RY be an open set such that |2 = +oo.
Let 1 <p<oo,r>N/2, and let f € L"(Q) be a function decaying to 0 at infinity as O(|z|~%)
with o > 1+ N/2. Then there exist a constant o2 > 0 and an exponent = B(p) > 2 such that
for every V€V, we have

1 17

> -
Er(V) = &Er(Up) + o2 VT

Q)
If || < +o0, the same result holds for every f € W—12(Q) without any additional hypothesis.

Stability results of this type have attracted an increasing interest in recent years. As a non-
exhaustive list of works on the subject, we point out for example [13] and [17] dealing with
the classical isoperimetric inequality, the papers [5, 6, 7, 20] and [23] concerning sharp bounds
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for eigenvalues of the Laplacian and [4, 11, 15] about quantitative versions of the Sobolev and
Gagliardo-Nirenberg inequalities with sharp constant.

Among these papers, the recent one [12] is very much related with the subject here consid-
ered. In [12] a quantitative stability estimate for A;(V') is proved, for potentials belonging to

the class (here r > N/2)
V/:{V : / \V_lrgl},
RN

where V_ is the negative part of V. In this case A\;(V) admits a sharp lower bound, corre-
sponding to the negative potential

—1/r
WO — _ / ’wO‘QT/(T—l) |w0|2r/(r—1)
RN ’

where wy is an extremal of the Gagliardo-Nirenberg inequality

(r—1)/r 1-9 9
(/ w27/ (r=1) dx) <C </ |Vu)? da:) (/ |u|2daﬁ> :
RN RN RN

The parameter 0 < 9 = ¥(N,r) < 1 above is uniquely determined by scaling invariance.

1.3. Plan of the paper. Along all the paper, for the sake of simplicity, we assume N > 3. In
this way the Sobolev exponent 2* is finite; all the results also apply, with minor modifications,
to the cases N =1 and N = 2 by using the corresponding Sobolev embeddings.

We start with Section 2 where we fix the main notations and prove some basic results which
will be used throughout the whole paper. Then Section 3 is concerned with maximization
problems for £, under a constraint on the L norm of the admissible potentials. The relevant
quantitative stability result (Theorem 4.3) is then considered in Section 4. Minimization prob-
lems are adressed in Section 5, while the last section of the paper contains the corresponding
stability result (Theorem 6.6). Finally, a self-contained Appendix on sharp decay estimates for
finite energy solutions of

—Au+cui =7, fore>0, 1<gqg<2,

concludes the paper (Theorem A.1).

2. PRELIMINARIES

In the paper we mainly focus on the following three model cases:
e O =RY;
e O =wxR, with w C RV~! open set with finite Lebesgue measure (waveguide);

e O C RY with finite Lebesgue measure (compact case).

For N > 3, we define

2N

2= ——.

N -2
)

The following embedding properties of I/VO1 ’2(9 are well known.

Proposition 2.1. Let N > 3; then
i) if @ = RN, we have the continuous embedding W01’2(Q) — L*(Q), but WOM(Q) Z
L3(Q) for s # 2*;
i1) if @ =w x R is a waveguide, we have the continuous embedding W(}’Z(Q) — L*(2) for
every 2 < s < 2%;

i11) if | < +o0, we have the continuous embedding WOI’Q(Q) — L5(Q) for every 0 < s < 2%,
Moreover, this is compact for 0 < s < 2%,
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In what follows, for N > 3 we set

(2.1) Ty :=  inf {/ |Vo|? dz 0[] 2 (mrvy = 1} < 400.
ueWy ?(RN) LJRN

This infimum is finite by Proposition 2.1 and attained on VVO1 2(RN), see for example [26].
Let f € W~12(Q); for every potential V belonging to the admissible class
Y= {V 1 Q0 — (—00,+0c] : V Borel measurable, |[V_|[,v/2q) < TN} ,

we define its energy by
1 1

(2.2) Er(V)= min / \Vul|? dz + / Vuldr — (f,u).

uewl?() 2 Ja 2 Ja
Proposition 2.2. For every V € V the minimization problem (2.2) admits a solution uy €
W(}’Q(Q). Moreover the energy inequality
In
V-llLvre@

(2.3)

HuVHWg»Q(Q) < Tx — | ) HfHW*lﬂ(Q)-

holds.

Proof. At first we observe that, taking v = 0 gives £;(V) < 0. Moreover, since V' € V, the
energy functional is bounded from below, because

IVl a2
(2.4) / Vu?dr > —/ V_u?dx > =IV=llLvrz@ HUH%Q*(Q) > — L()/ |Vul|® de,
Q Q Iy Q

and thus

1/ |vu\2da:+1/vU2dx—<f,u>
2 Jo 2 Jo
(2.5)
1 HV*HLN/Q(Q) 2 1 2
> (1—TN—5 [ 19u da = 11y

for every 0 < § < 1. Thus £¢(V) is finite. Let now {un}nen C W01’2(Q) be a minimizing
sequence; we can assume that

1 1
/ yvuny2dx+/vugdx_<f,un> <&(V)+1.
2 Q 2 Q

By (2.5), if we take § < 1 the sequence {uy }nen is bounded in Wol’2(Q), so uy, weakly converges

(up to a subsequence) in VVO1 2(Q) to a function u € WO1 2(€). Moreover, by the compact Sobolev
embedding of Proposition 2.1 iii), we have strong convergence in L*()'), for every (smooth)
2 € Q and every 1 < s < 2*. In particular, u, converges almost everywhere (up to a
subsequence) in € to u. Also observe that still by Proposition 2.1 we have weak convergence
of u? to u? in LQ*/Q(Q). By using this and the Fatou Lemma, we get

liminf [ Vu?dz = liminf [/ V+u,21dx—/Vuidx} 2/Vu2dm.
Q Q Q

n—o0 e} n—oo

Finally, the weak lower semicontinuity of the norm implies
1 1
/ \vu|2dx+/ Vu?dr — (f,u)
2 Ja 2 Ja

< lim inf {1/ \Vun\QdaH—l/ vuzdx—<f,un>] —&(V),
2 Ja 2 Ja

n—o0

which gives the existence of a minimizer uy .
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This function uy satisfies the Euler-Lagrange equation

/<Vu,w>dw+/dex=<f,so>,
Q Q

for every ¢ € C§°(2) N L2(Q; V), where for V € V we set
LA V) = {cp : / V| ¢? dx < +oo}.
Q

By density, the previous equation holds for every ¢ € I/VO1 2(Q) N L?(Q;V). By taking uy as a
test function and then appealing to
1 2 0 12
(o) < 25 1 =120 + 5 ||U||W01,2(Q)7

we have the estimate

5 1
<1 — 2> /Q\Vuv\zda:+/gvu%/ dx < ﬁHfHIZ/V—LQ(Q)'

By using (2.4) and choosing
V-l ar2 ()
Ty ’
we get (2.3). O

§=1-

Remark 2.3. If |V_|; ~/2 > T, in general problem (2.2) is not well-posed. Indeed, take
Q = RY and indicate by U € I/VO1 2(RN) a positive function such that

./ VU |? dz = Ty and L/ \U* dz = 1.
RN RN

We then take
V =Ty UYN=2),
and f € L&Y' (RY) such that
fUdx > 0.
RN
By evaluating the functional in (2.2) on the sequence u,, = nU, we get

1 1
[ VP dot ) [ Vi de = () = < {.0)
2 Ja 2 Ja

thus the functional is unbounded from below.

Lemma 2.4. Let Vi, V5 € V be two admissible potentials and let uy, us € Wol’Q(Q) be solutions

of (2.2). Then
/Vlu%daz/Vgu%dm
Q Q

TN + TN
In — H(Vl)—”LN/2(Q) TN — H(V2)—HLN/2(Q).

In particular C = 3 if V1, Vo are nonnegative.

(2.6)

< C ||f||W_172(Q) HU1 - UQHW(JI’Q(Q)’

where

C=1+

Proof. From the respective PDEs, we obtain

l/|vmfdx+l/vmﬁdx:<ﬁug, i=1,2,
Q Q

so that

/Vlu%dx—/VQu%d:v
Q Q

< ‘/ Vu1]2da:—/ |Vus|? da
Q Q

I llw-r2@llwr = uallyrzg)-
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Finally, we observe that
191220y = IV 220y | = (V0120 + I 9allag@y ) IVl 220y = [ Vuzll o)
< (IVut 2o + VU2l 220y ) llur = wallya gy,
then we can conclude by using (2.3). O

Lemma 2.5. Let Vi, Vo € V be two admissible potentials. Let uy,us € W(}’Q(Q) be solutions of
(2.2) such that

u; € L2(Q; V1) N L2 (9 V), i=1,2.

Then we have

(2.7) Sf(Vl) — 8f(V2) = ;/Q(Vl — Vg) U1 U9 dx.

In particular there holds

1 1/2 1/2
@9 lg0n-g0al <5 ([ v-vlda) ([ mowda)

Proof. We first observe that, from the hypothesis on the potentials, we can use u; — ug as a
test function for the equations solved by u; and us, i.e.

(2.9) /(Vui,V@ dﬂH—/ Viuipdx = (f, p), for every ¢ € W&’Z(Q)HLQ(Q; Vi), i=1,2.
Q Q
We have
1 1
&) = &2 = 3 [ Vot 5 [ Viudde — (f.u)
Q Q

1 1
—/ \VuQ\de—/Vgu%d:U+<f,uQ>.
2 Jo 2 Jo
On the other hand
1

1 1
/ |V |2 dm—/ |V |? do = /<VU1,V(U1—U2)> dx
2 Ja 2 Ja 2 Ja

1
—/<VUQ,V(U2—U1)> d$7
2 Ja

thus by appealing to (2.9), we get

1 1 1 1
/ \VuﬂQd:):—/ ‘VUQ’Qd.I':—/VlU/l (up —u2)de + = (f,u1 — uz)
2 Jo 2 Jo 2 Jo 2

1 1
+2/V2U2(U2—U1)df€—2<faU2—U1>
Q

1 1
:—/Vlu%dx+/V2u§dx+<f,u1—uQ>
2 Ja 2 Ja

1
+/(V1-V2)U1U2dl‘.
2 Ja

This concludes the proof of (2.7). The estimate (2.8) just follows by applying Holder inequality.
O

Remark 2.6. Observe that if V1,V € LP(Q) with p > 1 and w1, us € L?/?=D(Q), then the
hypotheses of the previous Lemma are verified and (2.8) gives the Lipschitz estimate

1
€701) = & (V)| < S 1IVi = Vallioqoy o/l ovriomviay o/l oo 0.

By Proposition 2.1, the condition uy,us € L*/®=1(Q) is verified for example if
e |Q = +oo and p = N/2;
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e ) =w x R is a waveguide and p > N/2;
e |Q < +ooand p > N/2.

3. MAXIMIZATION PROBLEMS

In this section we fix p > 1 and we consider the optimization problem for potentials

(3.1) max{sf(V) : /Qywpdxgl}.

vey

We also introduce the strictly convex functional

1 9 1 op/(p—1) (r-1)/p 19
32 Gpslw) =3 [ [Vu da:—|—2</ﬂ|u| /(0 dx) (), uwe WRAQ),

where it is intended that G, f(u) = +oc if u ¢ L?P/(P=1)(Q). We recall the following existence
result from [10]. We give the proof for the reader’s convenience.

Proposition 3.1. The problem (3.1) admits a solution and is equivalent to

. : > Pde =14%.
(3.3) r‘glg)}({gf(‘/) V >0, /QV dz }

The solution Vy is unique and is of the form

-1/p
(3.4) Vo = ( /Q g |27/ dm) W2/ D).

where vy € Wol’Q(Q) N L%/=D(Q) is the unique minimizer of G, ;. Moreover, we have
(35) Er(Vo) = Gy, (vo)-

Proof. We start by proving that we can restrict the optimization to positive potentials that
saturate the constraint on the L” norm. We have

sup {Ef(V) V>0, / |[VIPdx = 1} < sup {Ef(V) : / |[V|Pdx < 1}.
vey Q Vey Q
On the other hand it is immediate to see that
Er(V) <& (’V|> , for every V € LP(Q2) \ {0} with / |[VIPdx <1,
Ve Q
thus the two suprema coincide.

In order to characterize the optimal potential Vj, we observe that for every u € L?P/(®=1)(Q)
and every admissible potential, we get

(»—1)/p
(3.6) /Vu2 dzx < </ |u|?P/ (P~ 1) dx) )
Q Q

thanks to Holder inequality. By appealing to the definition of the energy £¢(V'), we then get

1 9 1 9 0 (»=1)/p 19
Ef(V)§2/Q]Vu| da + - </Q|u p/(p= >dx> —(fyu),  YueW,*(Q).

By taking the infimum on u, we obtain
E(V)< min Gps(u), for every V' admissible.
ueWy % (Q)

On the other hand, we see that if vy is a minimizer of G, s and (Vp,vg) achieves equality in
(3.6), we have equality in the last inequality. By appealing to the equality cases in Holder
inequality, we get the characterization (3.4). ]
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Remark 3.2. For the sake of completeness we observe that by a standard homogeneity argu-

ment
1 2
Er(V) = —3 sup () :
ueW,*(2)\{0} / |Vul? dx + / Vu? da
Q Q

By using (3.6) we can infer

gf(v) < _1 S <f7u>2

up ’
=Y
2 ueW&’Q(“)\{O}/ Yl d + (/ fuf?/ =0 dx) o
Q Q

for every V € LP(€2) with unit norm. This implies that

2
, U

sup {Ef(V) : /|Vpd37: 1} =75 sup o (r—1)/p’

Q ueWol’Q(Q)\{O}/ \Vul? dz + (/ ‘u‘Zp/(p—1)>

[¢) Q

so that £¢(Vp) is related to the best constant in a Poincaré-Sobolev type inequality, i.e.

2 2p/(p—1) =/ 1 2 1,2
Vu d:z—l—(/ U daz) > u, )4, Vu € W, °(42),

with equality holding if and only if u is proportional to vy.

4. STABILITY FOR MAXIMIZATION PROBLEMS

In what follows ¢; will denote the constant

(p—1)/2p
¢l = (/ v |2/ =1 daz) ’
Q

where vy is the unique minimizer of G . In this section we prove a quantitative improvement
of the inequality

Er(Vo) > E¢(V), for every V € V such that / |[VIPde < 1.
Q

At this aim, we need the following result, see [12, Theorem 3.1] for a proof. An earlier related
result could be found in [14, Proposition 2.6].

Lemma 4.1 (Quantitative Holder inequality). Let 2 < g < oo and ¢ = q/(q¢ — 1). For every
feLiQ) and g € LY (Q) such that [fllza) = 9l ) = 1, we have

(4.1) [ roaa <1- T2 irm2r =
and
(42) /Qfgdx <1- q;]_l Hf— Iglq'_QgHiq(Q)-

Remark 4.2. In the case ¢ = co no quantitative inequality of the previous kind may hold. In
fact, by taking Q = (0,1) and the functions

1
n=1lp1-1/n d =95
f [0,1—1/n] an g 2z
we obtain
lim </fngdx - 1) =0  while ‘fn =R = || fn — Ul poor) = 1
n—00 Q ’g‘ L>(Q)
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4.1. Stability of the potentials. This is the main result of this section.

Theorem 4.3 (Stability of maximal potentials). Let Vi be the optimal potential achieving the
mazimum in (3.1). Then for every V' € V such that ||V 1pq) < 1 we have

p—2 pP— 1 >
(4.3) &(Vo) = E(V) 2 oy [IvVI2v = g \LP o Trp=2
and
(4.4) Er(Vo) = E(V) > ol |V — VoHLp ; forl<p<?2,

where o, > 0 and o', > 0 are two constants depending only on p and ¢, (see Remark 4./

below).

Proof. We start observing that by hypothesis

IV =Volley <2, and  [|[VP2V =[PV <2

)

’ ‘ Lr'(Q)

thus we can always suppose

02
(4.5) Er(Vo) — E4(V) < min {41 1} ,

because otherwise (4.3) and (4.4) are trivially true, with constants

By using vy as a test function in the variational problem defining £;(V') and recalling the

definition (3.2) of G), f, we get
(»—1)/p
/ Vvddr — (/ |vo |22/ P~ 1) dx)

(»=1)/p
/ V vk dr — </ |wg 2P/ (P~ 1) da:) .
Q Q

The optimal potential Vj and vy are linked through (3.4), thus by substituting above we get

Er(V) = E4(Vo) < C;/(V Vo) VP~ ldx—j [/QVVOp_ldzv—l].

From the previous inequality we obtain
2 1/p .
+ 2 (/ |V|de) /VVOP dz| .
2 Q Q

2 1/p
(4.6) Er(Vo) —&p(V) > 51 1-— </ VP dx)
Q
The two terms inside the square brackets are both positive, since ||[V[| 1r(q) < ||V0p*1 ||Lp/(ﬂ) =1.

Er(V) < Gy, f(vo)

=& (Vo) + o

The previous estimate in particular implies that

(17) (f |V|pdx)1/p > 1

since otherwise we would contradict (4.5). We now distinguish two cases.

\V)

Case p > 2. By applying (4.1) with the choices
\% _
f=rm— g=W7', g¢=p and ¢=Yp,

IV e o)

we get

1/p p/ -1
(4.8) (/ \Vypdx> —/VVOp_ld:rZ
Q Q 8

2
’V|p—2V p—1
-1 Y0
V%o

)

L' ()
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where we used (4.7) to estimate the LP norm of V' from below. We now observe that by the
triangle inequality and convexity of t — t2, we get
2

p—2 1 2 p—2
WPV et st verv—ve |, - ey
VI , 2 @ | IVIE /
LP(Q) LY (Q) Lp(Q) LY (Q)
1 2 2
_ = p—27 _ Pl 11 p—1
=5 [PV =L g [ VI
1 2 2\? 2
> — p—2 _ p—1 _ _ 1 2 = _
> 5 vy v - 012 () (500 - £04)
where we used that for p > 2
-t 1< (p—1)(1—1t), for every 0 <t < 1,

and (4.6) in the last inequality. By inserting this information in (4.8), combining with (4.6)
and using that £¢(Vy) — £¢(V) < 1, we end up with (4.3).

Case 1 < p < 2. By applying (4.1) this time with the choices
14 /

f=wW  g=——— q=p and J=p,
1Vl @)
we get
1/p 1 v 2
(4.9) (/W?m> —/mewxzp ‘ Y ,
Q 0 8 |Vl Lr(Q)
where we used again (4.7). We can estimate the remainder term as before
14 ? 1 2 14 2
e~ 25 W= Valle - | -V
H HVHLP(Q) LP(Q) 2 Lrm HVHLP(Q) LP ()
1 2
=3 v - V0||?;p(sz) — 1=V
1 ) 2\ 2 2
> 5 IV Vol — (%) (5000 -&01)"

where we used again (4.6) in the last inequality. We can obtain the desired result by combining
(4.6), (4.9) and the previous estimate. O

Remark 4.4. From the proof, we can see that a possible value for o/, is

1 4 2
a’Mzmin{@'—DCl | 1} p>2.

4 8ci+2(p—1)" " 4
while for o/, we could take
1 ct c?
" o= mi -1)—2=Lt 1 4 1<p<2.
oM 4m1n{(p )86%—’-2(])—1)’ ) 4 ) D

Remark 4.5. We point out that we could have used (4.2) in place of (4.1). In this way, one
could obtain stability estimates of the type

(4.10) E(Vo) — (V) 2 8 |V = Vil forp>2,
and

Vo) — &) =&y [vir2v—vg |7 . deri<p<2

124(9)
We also notice that these estimates are asymptotically worse than (4.3) and (4.4). Indeed,
when V' is of the form V. =V + e, for e < 1 and ¢ € LP(1), it is not difficult to see that

~g,

Ve Vol =2 ond Ve
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so that we have
_ —112 .
Va2 VeV gy > Ve = Vallgey itp>2,

2 ) 10’ .
Ve =Volfoy > [IVelP2Ve = Ve 1 ifl<p<2

4.2. Stability of the state functions. We have the following stability result for the mini-
mization of Gy, ;.
Proposition 4.6. Let 1 < p < oo and let vy be the unique minimizer of Gy defined by (3.2),
then for every u € W&’Q(Q) we have
(411) G () = Gy (o) > 3 1w = w0l 1
Proof. We first observe that if u ¢ L?/(P=1(Q), then G}, ;(u) = +oo and (4.11) trivially holds.
Thus, let us take u € Wol’z(Q) N L2/ P=1)(Q) with u # vy and set
u — g

d
Then u can be written as u = vg + d ¢ and ¢ has unitary norm in W01’2(Q). We then get

d= HU—UOHWOI,Q(Q) and o=

~1/p
Gp,f<u>—Gp,f<vo>>d[ [ Teydes ([ oprevae) [P0 pde - (£
Q Q Q

d? 9
2 Jo

where we used the convexity of the C'! map

) ) ) (r—-1)/p
D(s) = llvo + 5 @l 720/60-1) () = (/Q |vg + s 0| /(P )dl‘) ,  seER,

so that
o(d) > ®(0) + <I>’(0)d.
It is now sufficient to observe that

-1/p
/Q<Vvo, Vi) dz + </Q o |2/ 1) dx) /Q wol” PV vy g dz — (£, ) =0,

by minimality of vy, thus we directly get (6.2). O

As a consequence of the previous result, we get that if (u, V') is almost realizing the equality
in (3.6), then u is near to the optimizer vy in the I/Vol’2 norm.

Corollary 4.7. Let V be an admissible potential for (3.1) and u a corresponding energy func-
tion. Then

(4.12) lu— w02 10, < [(/ |u| 2P/ (1) dx) (P—l)/P/ . dm] |
Wor @) = 1 g 0

Proof. We already observed that
Er(V) <Gy p(v), for every v € Wol’z(Q).

By taking the energy function vy corresponding to Vg, we get
1 2
gf(V) S GP,f(UO) S Gp,f(u) - §||U - UO||W01’2(Q)’

where we used (4.11). Thus we have

=l ) < Gogw) — &) = 3| ([ a0 a v [ v
2 Wyt = TS ! 2 [\ g ) :

which concludes the proof. O
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In general, for an admissible potential V the corresponding energy function is not in L2/ (1) (Q).
When this is the case, we can infer stability of the energy functions as well.

Proposition 4.8. Let V' be admissible in (3.1). If a corresponding energy function u belongs
to L?P/(0=1)(Q)), then
1
(4.13) (5f(Vo) - gf(V)> " lu = voll g2/ 0y > € llu— vonyga(Q),
where ¥(p) = max{2, p} and ¢ > 0 is a constant depending only on c1, p and HV7||LN/2(Q).
Proof. We first observe that since v € L2/~ (Q) and uy € L?>?/?=1(Q) as well, we have
P =u— g € Wy2(Q) N LAQ; V).
The function v verifies
/(V%V@dm—k/(V—Vb)vmodm—k/ Viedr =0,
Q Q Q

for every ¢ € 1/V01 2(Q) By using v itself as a test function, we get

/!vwr2da:+/vw2da:s/\V—vouvouwdx
Q Q Q

1/p 1) (p—1)/p
< (/Q|v—vz)|pdx) (/Q (lvol 1)) dx>

< HV - VO”LP(Q) ||/U0HL2P/(P*1)(Q) ||,¢||L2P/(P*1)(Q)'
By noticing that from (2.4)

V_
[ivoracs [verar> (1—” ”;N”“”> [ Ivup iz,
Q Q N Q

and recalling that ¢ = u — vy, we get

<1 V=i

Tn ) l[u— U0H12,V01,2(Q) < |V —=Vollze) v = voll p2v/o-1) q)-

Appealing to (4.4) (for 1 < p < 2) or to (4.10) (for p > 2), we then get the conclusion. O
Remark 4.9. Observe that for p = N/2, we have 2p/(p — 1) = 2* and (4.13) simply becomes

1
(£:0%) = £ 1) ™ = cllu = wllys20);

by Sobolev inequality, possibly with a different constant ¢ > 0. When 2 has a finite measure or
is a waveguide and p > N/2, by Proposition 2.1 we can always assure that the energy function
u belongs to L?/P~1)(Q) and thus we have a similar stability estimate in these cases as well.

5. MINIMIZATION PROBLEMS

In this section we consider, for a fixed p > 0, the minimization problem

(5.1) inf{Sf(V) LV >0, /Qvl,pd:r < 1}.

Remark 5.1. Observe that this time, it is not clear whether the minimization problem on V
without sign hypothesis, i.e.

1
i : —_ < .
33;{5”‘” f e < 1}

is well-posed or not, since it may happen that no admissible V' < 0 exist (for example if € is
unbounded). If an optimal potential W exists for the previous problem, this should be such
that W, # 0 and W_ # 0. This seems to be an interesting issue, which we leave for future
research.
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We collect a couple of technical results which are needed in the sequel.

Lemma 5.2. Let V >0 be such that V=1 € LP(Q). Then we have

(p+1)/ 1/p
(5.2) </ |u|?P/ (P d:c> (/ Vu? dx) </ vr da:) , for every u € C5° ().
Q

In particular we have the continuous embedding L*(; V) ¢ L2/ ().

Proof. If u ¢ L*(Q; V), there is nothing to prove. So let us assume that the first integral in
the right-hand side of (5.2) is finite. By Holder inequality with exponents ¢ = (p+ 1)/p and
¢ = p+1 we have

yr/(p+1) p/(p+1) 1 1/(p+1)
2p/(P+1) gy — p/(p+1) 2 —
/Q\u| dx /Q\u] VoD dzx < </Q Vu dx) (/ v dx) ,

which concludes the proof. [l

Remark 5.3. By standard interpolation in Lebesgue spaces, under the hypothesis of the
previous result we have the continuous embedding

L2 V) € L*(%),

for every 2p/(p+1) < s < 2*. In particular L?(€2; V) is embedded into L?(Q), since 2p/(p+ 1)
is always strictly less than 2. It is then not difficult to show that the operator —A + V has a
discrete spectrum on L?(€2).

The following energy estimate will be needed in the sequel.

Lemma 5.4. Let f € W=12(Q), V be an admissible potential for (5.1) and u its energy
function. Then we have

) L (p+1)/p 1
(5.3 ([ aprroas) ™ < SR

Proof. By using the equation and Young ienquality, we have
1 1
/Q |Vu]2dx + /Q Vu2 dr = <f7 ’U,> <= HfHI%V—laQ(Q) + 5 /Q ‘VU|2d$
From the previous we obtain
1
/QVU2 dr < 3 Hf”IZ/I/*lv?(Q)v
then it is sufficient to apply (5.2). O

Let 1 < p < 00, in what follows we set for simplicity

1 2 1 2p/(p+1) 1)/ 1,2
Ip.f(u) = B /Q |Vul|*dx + 5 /Q |ul dx —(f,u) Vu € W, 7 (),

where it is intended that .J, ;(u) = 400 if u ¢ L2P/(P+D(Q). Again, it is not difficult to see
that J,, ; admits a unique minimizer. We recall the following result from [10].

Proposition 5.5. The problem (5.1) admits a unique solution Uy of the form

1/p
(5.4) Uy = </ |ug| 2/ P +D) dx) |ug| 2/ @HD)
Q

where ug € Wol’Q(Q) N L#/e+D(Q) is the unique minimizer of Jp ;.
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Proof. Let u be the energy function corresponding to V', then we have

(p+1)/p
/Vu2 _ </ ‘u|2p/<p+1>) ,
Q Q

By using (5.2) and the minimimality of ug, we get

Er(V) 2 Jpg(uo) =  min Jp ¢(u).
u€W, " (Q2)

Ef(V) =dps(u) + 5

By appealing again to the equality cases in Holder inequality, we get the characterization of
the optimal potential Vj. O

Remark 5.6. As in Remark 3.2, by applying (5.2) we can infer

(p+1)/p’
2 UGW {O}/ ‘vu|2 dx + (/ |u’2p/(p+1>

for every V' admissible, so that

2
inf{é’f(v) V>0, /V_pdxﬁl}——l sup (f>u)
Q

7y
2u€W01’2(Q)\{0}/ |Vu|2 dr + </ |u|2p/(p+1)>(p+ )/
Q Q

(p+1)/p 1
/g; \Vu]Q dx + (/Q ’u‘Qp/(erl) dm) Z W(“, f>27 u € WOLQ(Q) N LQp/(erl)(Q)a

Thus we have

with equality if and only if u is proportional to ug.

6. STABILITY FOR MINIMIZATION PROBLEMS

In this section we take p > 1 and we still denote by ug the unique minimizer of .J, . We
also set

(p+1)/2p
(6.1) co 1= </ |ug| 2P/ P+1) dm) )
Q

6.1. Preliminary results. We start with a stability result for the minimization of .J,, y. The
proof is the same as that of Lemma 4.6, thus we omit it.

Proposition 6.1. Let 1 < p < oo and let ug be the unique minimizer of Jp, y. Then for every
1,2
u € Wy*(R2) we have

(6.2 T () = Ty o) > 3 w202

We also need the following result, asserting that the energy gap controls the difference of
the L2P/(»+1)(Q) norms.

Lemma 6.2. Let f € W=12(Q) and let V be an admissible potential for (5.1). If we suppose

that E¢(V') — E¢(Up) < 1, then
+1)/ (p+1)/
(/ |ug| /P 1) d:v) v g </ Ju|?P/H1) dx) A
Q

for a constant c3 > 0 depending only on || f|[y-12(q)-

(63) (/& (V) — & () > c5

9
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(p+1)/p
/ Vu?dr — (/ |u|?P/ (P+D) dm) ,
Q Q

and both terms inside the square brackets are positive. In particular we get

(r+1)/p
/ Vu?dr — (/ |u|?P/ (PHD) dx> .
Q Q

By using the estimate on the weighted L? norms (2.6), we then get

(6.5)
/] g
[ vagao = (@)™ = 2 oo wollwia
Q Q

We now use that by (5.4) Up and ug are linked through

1/p
Uy = ( / g 22/ 51 dx) g |2/ )
Q

Proof. We first observe that

(64) E¢(V) = &5(Uo) = [Jp.s(w) = Jp (uo)] + %

E4(V) — E(U) 2 5

(V) ~€1(U) 2 5

so that

(p+1)/p
(6.6) / Upud dx = (/ |ug 2P/ P+1) dx) .
Q Q

If we use this in (6.5), we end up with

3
Er(V) = Er(Uo) + 5 Ifllw-120) llu — uollwrze)

1 (p+1)/p (p+1)/p
> - / |ug |22/ P+Y) — / w2/ P+ g _
2 Q Q

By recalling (6.2), (6.4) and using the hypothesis £¢(V') — £¢(Up) < 1, we then get

1 (p+1)/p (p+1)/p
VEW) =@ = & |( [ lulroar) == ([ uprosas)

On the other hand, we have

(p+1)/p (p+1)/p
</ |20/ () d:c> _ (/ g |2/ P+ 1) dx) < / Vil du _/ U2 da,
0 Q Q Q

where we used (5.2) and (6.6). If we now apply (2.6), we get

/1) g )T TN S _
1 . [ Juo . < 31 fllw ey e — ol oy

and again we can conclude thanks to (6.4) and (6.2). O

Remark 6.3. A closer inspection of the previous proof ensures that we can take

. V2 1
¢3 := min , .
V243 fllw-12) 3V2IIfllw-1200)

The following result guarantees that it is sufficient to prove stability for potentials saturating
the constraint [, V7 < 1.

Lemma 6.4 (Reduction Lemma). Let V' be admissible in (5.1) and such that [, VP dx < 1.
Let us suppose that its energy function u satisfies

(6.7) /QVUQd:L‘>5>O.
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Then there exists a potential U > 0 with fQ U Pdx =1 such that
(6.8) E1(V) — &5(Uh) = &(U) — & (U0),

and

’ 1 1 1 1

2
< + 2 (E(V) = Er(U)).
VU LP(Q)—’U Uo |l (o ,B(f() st 0))

Proof. Let A = ||V_1||Lp(Q) < 1, then we set U = AV. It is clear that U < V, so that
E:(U) < (V) by the definition of the energy and the first property (6.8) follows. In order to
prove the second, we observe that by (6.4), we have

(p+1)/p
/Vqua:— </ \u|2p/(p+1) dx>
Q Q
1 Ul g
Z/Vu2d1: 1—</V‘pdx> :(/VU2d$> 11— Al
2 Jo Q 2 \Ja

where we also used (5.2) in the second inequality. By using the hypothesis on u and the
definition of U, we get

(6.9)

£4(V) — E(U0) 2 5

2
1= < 2 (&) - &),
and since by the triangle inequality
1 1 ‘ 1 1
sl <lm-ll -
‘ V. U LrP(Q) U Uo Lr(Q)
we get the desired conclusion. O

Finally, the following very simple estimate will be quite useful.

Lemma 6.5. Let 1 <r,s < oo and g,g0 € L"(2) N L*(Y). Then we have
|7‘—1‘

g0 L (Q)
(6.10) lgollzr) < llgllzr@) + 119 — gollLs () — =1
HgOHLT(Q)

Proof. We can suppose that |go|"~' € L*¥ (Q), otherwise there is nothing to prove. For every
@ € L"(Q) N L () we have

/90906111C
Q

g/lg—gollwdaﬂr‘/gsodw
Q Q

< llg = golls@ Il Lo @y + 9l Lr (@) lell L -
If we now choose
v = lgol" % g0,
and then simplify by HgOH?};(lQ) on both sides, we obtain (6.10). O

6.2. Stability of the potentials. The following is the main result of this section, which is
proved under the integrability assumption (6.11) on ug. For a discussion on this hypothesis,
we refer the reader to Remark 6.7 below.

Theorem 6.6 (Stability of minimal potentials). Let Uy be the optimal potential achieving the
minimum in (5.1). Let us suppose that the optimal function ugy is such that
o (p—1>/<p+1>H
(6.11) ca H\uoy Yoy < T
Then for every positive potential V' such that [|1/V||Lpq) < 1 we have

1 1 2p(p+1)/(p—1)
v ’

(6.12) E¢(V) = E(Un) = om H

Lr(Q)
for a constant o, > 0 depending only on N, p,ca,ca and || f|lw-12(q) (see Remark 6.8 below).
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Proof. We divide the proof into various steps.

Reduction step. Let V' be a potential admissible in (5.1). We set

9 2
(6.13) ¢s = min {1, <C22C3> } :

where we recall that ¢ is the L2P/(P+1)(Q) norm of ug and ¢ is the constant in (6.3). Since by
hypothesis

<2

— )

‘ 11
Lr(0)

VU

we can always assume

Er(V) = &r(Uo) < cs,

otherwise (6.12) is trivially true with the constant o, = c54~P®+1D/P=1)_ Under this assump-
tion, by definition of ¢5 and Lemma 6.2 we have that the energy function v of V' verifies

(p+1)/ (p+1)/ 2
(/ |v|2p/(p+1)dx> ’ le </ \uo|2p/(p“)dx> ’ pzcl.
Q 2 \Ja 2

This in turn implies that v verifies (6.7) with 3 = ¢2/2 thanks to (5.2). From the Reduction
Lemma 6.4 we thus obtain that there exists a positive potential U with [|1/U]||r»q) = 1 such
that

1 1

Q) ’ U Uo

1 1
Vi U

+ 5 (&) — &)
@)

and
Er(U) = & (Uo) < E¢(V) = Ef(Uh).

We are going to prove the stability estimate (6.12) for the potential U. Observe that since the
energy gap has decreased, we still have

(6.14) E5(U) ~ E(U0) < es,

and thus again

+/p 2
(6.15) < / |u|?P/ (PHD) d:c> > 52
Q

where u is now the energy function of U. From (6.4) and Proposition 6.1, we have
1
(6.16) EHU) — E5(T0) > 5 (T + 1),

where we introduced the notation

2 o) 2
v :/QUu dx — (/Q Jul P77 ) and - Ty = [lu —uollyr2 -

We proceed to estimate Z; and Zy separately.

FEstimate on Z;. For this we use the quantitative Holder inequality (4.2) with

+1 _
g=p+1, =P"2  f=ur/en

P p/(p+1)"
(/ U u? dx)
Q

|2/ (p+1) o/ (p+1)
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Thus we get

p/(p+1)
</ Uuzdx> —/ |u| 2P/ P+ g
Q Q
1 L \P/etD
>
= 2(p+1) </QUU dx)

By using (5.2) and (6.15) we have

o\ @\
> [ 22
(o)™ =(3)"

and by convexity of the function ¢t — t®+t1/?_ we have

2p 1
/ Uu?de— </ \u|p2+p1 dz) : p+ (/ |u|p+1 d£C>
Q Q

Thus, for the moment we obtained

p+1

[/ @+ {71/ )

1/(p+1)
(/ U u? dx)
9

_ y—r/lp+1)

Lr+1(Q)

2 Ca 28
/Uu dx / |u|P+1  dx| .
Q Q

p+1

9 21
5 |u|p+T Ur+1 1
T P

= portl (/ 20 g >p+1 Unit ’
u X
Q Lp+1(Q)

where we used again (6.15) to estimate the norm of u from below. Observe that we have

(6.17)

p+1 p+1
Jul 751 U 1 fuf 71 1
1 P 1 77
) 1 U ) w1 U
u* Udx u* Udzx
Q LrT1(Q) Q Lr+1(Q;U)
p+1 (2
2
|71 1
u*Udzx
Q L2(U)

then by applying (5.2) we get

p+1

ju| 7T U7 1
T

p+1

2
|u| PFT 1

> _

1

Q

9 p+1 U p+1 B ) ey )
/u U dx /u U dx
Q Lrt1(Q) Q Lr(Q)
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We now use the triangle inequality and the convexity of ¢ —+ P! so that

p+1 p+1
| 75T 1 1 | 741 1
U 2 U
(/ u? de) </ |u\f'+1 dm)
Q Lr(Q) LP(R)
pH
2 2
7 7

; 2 Til 2p % '
/u U dx / |u|P+T dx
Q Q LP(Q)
The last term simply gives

p+1 2p % ﬁ
2 2 </ |u| P da:) — </ u? Uda:)
Juf 7+ Jul 741 Q Q
i 1 =
Pl P 2
</u2de>p+1 </\u’1’2+p1dx>p /Qu Udx
Q Q LP(£2)

By keeping everything together, we have obtained

p+1

p+1

2
3 |u| P+t 1

I > p22p+1 . I U
(6.18) (/ \U\P“dw)
LP(Q)
1

</ jul 741 dx) - </Qu2Ud$)”“

where as always we used (5.2) and (6.15) to estimate the L?(2; U) norm of u. By using (6.16)

and the convexity of t — tPT1, we get
NS b b
u*Udx - |u|P+T dx
Q Q

o (3 [(fore) - ()’

By using the latter, from (6.18) we can infer

p+1

i

p2p

2(E/(U) - EU0) 2 T = () [ ol da

p+1

3 jul#*
22p+1

1
U
(/ |u]P+1 dm)
Lr(Q)

(E4(U) — Ex(Uo)"+.

p(p+1) ((p+1)62)

We now insert the previous estimate in (6.16), use that £¢(U) —E;(Up) < 1 and take the power
1/(p+ 1) on both sides. The resulting estimate is

1 ‘u|p+1 1

(6.19) (sf(U) gf(UO))p“ > ¢ 1 7

(/ |u]1>+1 daz)
LP(Q)

d



IMPROVED ENERGY BOUNDS FOR SCHRODINGER OPERATORS 21

where cg > 0 is the following constant depending only on p and ¢

1 1
2 2 P\Trtt (3 P
6.20 cg =1+ _— .
(6.20) ¢ < p(p+1) ((p+1)03>> (p4p+1>

Estimate on Iy. Again by combining the triangle inequality and the convexity of ¢ — t2, we
have

2
U Uo
I2:||’LL—U0||I2/VO1,2(Q):C% HUOH 2p _HUOH 2p
LPFT(Q) L) llwl2 ()
2
1 u "o
6.21 =56 -
(6.21) “2% Tl 25 ol 2
L+ (Q) L) llwy 2 (@)
2
el 2
0 S (| 2 = [fuol| 2p -
l[ull 25 L7 (Q) Lrri(@)
LP+I(Q)

We also observe that, by recalling the energy estimate (2.3) and (6.15), we get

||UHW1«2(Q) 2
(6.22) W < S 120
LT (Q) 2

In order to estimate the negative term on the right-hand side in (6.21), we can simply use
Lemma 6.2. Indeed, we have

hull 2+l 2
L+ (Q) LPF1(Q)
lull 2p = luoll 2p | < |lull 2 —lluoll 2p
LT (Q) LPHT LI (Q) LT (Q) luoll 2o
Lr+1(Q)
1
(6.23) S | [
luol| 2p LT (Q) LPHT(Q)
LPFI(Q)
1
< 7\/51‘([]) — &(Uo)

C3C2

where we used (6.3) (recall that we are assuming (6.14)). By using (6.22) and (6.23) in (6.21),
a further application of Sobolev inequality leads us to

u uQ
6.24) & (U - & (U()) Z Cc7 5
( Ve - lull 2 Juoll 2s

Ly Lrrt(@) [l 2% ()

where the constant ¢; > 0 depends only on N, f and ¢y

T 3
(6.25) o7 = \/ N 8%,

AN g 2

Stability estimate for U. We now use Lemma 6.5 with the choices

2
T = 4p 5 S = 2*7
p+1
and
1
(6.26) o= -—20 g= I .
|uol| 2p 2 | lull 2p luoll 2p
Lr+1(Q) L+l Lr+1(Q)
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Thus we get
17

HQHL%(Q) >1—caes™ |lg— 90||L2* Q)

since
-1
gol" x - lp
H||‘):H’90’Z+i . —C4C§H,
9077 L' (@)

which is finite by hypothesis. By combining the previous with (6.24), we obtain!

o cé’“

(627) ol 25, g 2 VErU) - &(U0).

The previous estimate is crucial in order to estimate g — go in L2?/®*1)_ Indeed, by Clarkson
inequality® and (6.27) we can infer

2 2 =1
lo=ools, <1-lgld, <1 | Cff? Ve -gw |
and thus
lo—goll 5, <2 4 \/5f — £(U),

Lv¥t(Q) P~

thanks to the convexity of ¢ — t27/(*=1) We now go back to the definition (6.26) of g and go,
so that the previous finally gives

2p
2p p-l1
1)\ »-1 PH
(6.28) ()p e S - \/5f —&;(o),
2 llul] 2p |uoll 2p 2p
LPFI(Q) L+t () [l Lp+1 ()

Recall that 2/(p + 1) < 1, thus the function t — [¢t|*P*1) is 2/(p 4+ 1)—Hélder continuous and
we have
P

jul 71 Jug| 741

N2 e | Tl Tl e
(/ [l 77 dx) (/ [ug|#+7 d:p) SRORE )
Q Q

Thus from (6.28) we obtain

IS
<
S

ju| 7T juo| 74T

(6.29) [E(U) — £4(Ug)] P TD > g _ ,

2 \» 2 \»
</ ’u|p+1 d;p) </ ’u0|p+1 d:C>
Q Q LP(R2)
p—1 2
p+1
£4(U) — £;(Up) < min { (2) } :
4

we can assume that the right-hand side of (6.27) is positive.
et 1< g <2 and hi, he € LI(Q) be two functions with unit norm. Then we have

1Up to further suppose that

hi + ha ||
2

hi — ha ||
2

"

<1
La(9)

I

La()

see [16, Theorem 2].
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where the constant cg is given by

1
p=1y\ 5\ P
1 —1 p+1
(6.30) s = | =~ p—1¢rc
4 14 c4

If we now use the relation (5.4) between Uy and wuy, the triangle inequality, (6.19) and (6.29)

we get

U Uy

2 2 2
1 ’u‘zﬂrl ‘u|p+l ‘u0’p+1
LP() u 2p v
/ |u|P+T dx
Q LP(Q

+ 1 1
2p P 2p P
</ |u| P+ da?) </ |ug| P+ d:c)
) Q Q Lr(Q)
~ 1

<5f(U) - 5f<Uo)) o . (&;(U) - sf(Uo))#iw

Ce Cs

‘ 11

<

Observe that since p > 1, we have
-1 1
p _ ,
2p(p+1) p+1
thus it is now sufficient to use hypothesis (6.14) to get (6.12) for U.

Conclusion: stability estimate for V. We now go back to our potential V. By using (6.9), the
previous step and (6.8), we get

1 1 1 1 4
o I LAl I (CURET)
< O () - £ 00) T 4 (£5V) - £(U)
Cg C8 C5
p—1
< |2 5] (g0 - gg0w) T
where we also used that £¢(V) — £;(Up) < 1. This concludes the proof. O

Some comments on the previous result are in order.
Remark 6.7 (Integrability assumption on ug). We point out that

s\ P~ 1
0<(2)p+1<2, for every p > 1,
thus the condition (6.11) of Theorem 6.6 is always satisfied if [}] < +00. When || = +o0, this
is still verified if f decreases sufficiently fast at infinity. For example, by appealing to Theorem
A.1 in the Appendix this holds true for f € L"(Q2) with » > N/2 and

\f(x)\zO(l), for |x| — oo, a>N+2.

[ 2
Observe that the condition on « is the minimal assumption for |x|~® to be (2*)'—integrable at
infinity.
Remark 6.8. A closer inspection of the previous proof informs us that a possible value for
the constant o, in (6.12) is

_2p(p+l) % 2
ce + cg 4) p—1 _p+D) 2¢7¢5 _p(+D)
, C5

Cg C8 cg

p—1 s - & 4 p—1

O = min
C4

where the constants cs, cg, ¢7 and cg are defined in (6.13), (6.20), (6.25) and (6.30).
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6.3. Stability of the state functions. By suitably combining some of the estimates we used
so far, we also get a stability result for the energy functions in the natural space VVO1 2((2) N

L2P/ (et (),
Proposition 6.9. Under the hypotheses of Theorem 6.6, we have
p—1
_ 2p _ 2 . 2
(6:31) (V)= £5000) ™ = ¢ [l =l +hu =l 2,

for some constant ¢ > 0 depending on N,p,c2,ca and || fllyw-1.2(q)-
Proof. We first observe that by (2.3) we have
o = woll 1y < Nl + lollyagay < 2017 lw-r2(0y.

and by (5.3)

- < < V2 - .
Ju ol zg, o < Il g, ) + ol 25, ) < V2 w20

PFH(Q)
Thus we can assume without loss of generality that
Er(V) = &r(Vo) <1,

otherwise the result is trivially true. From (6.4) and (6.2) we already know

1 2

and by (6.28)

Ap
p—1
u UuQ
Co <& (V) = &M,
[ull 25 [uoll 2 2
Lp+t Lrt (@) ll o1 ()
with
p=1\ 2 4
p—1cred™ <1>z>—pl
cg= | —— =
P c4 2
Moreover, by the triangle inequality it is not difficult to see that
o= ol g, o < |11, 25~ ool 2 |
Lr+1(©) Lr+1(©) Lr+1(©)
u U
+ 2 0
[ull 2n Juoll 2z 2
Lp LrHt(Q) I Lp+1 (@)

By combining these estimates and using (6.23), we get the desired conclusion.

O

Remark 6.10. By interpolation, it is easy to obtain a stability estimate like (6.31) in L"(2)

for every 2p/(p+1) <r < 2* and in WS’Q(Q) for every 0 < s < 1.

APPENDIX A. SHARP DECAY ESTIMATES FOR NON AUTONOMOUS SCHRODINGER EQUATIONS

Given 1 < p < oo, we set for simplicity ¢ = 2p/(p + 1) which is always between 1 and 2. In

what follows we still denote by ug the unique minimizer of

Tpsw =5 [ [VuPdo+ 5 </Q|uqu>q —{f,u).

The aim of this Appendix is to prove some decay properties for the optimal function ug, in the

case |Q2] = +00. We can confine ourselves to consider the case = RY.
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Theorem A.1 (Properties of ug). Let r > N/2 and f € L"(RY) be such that there exist
C,R >0 and o > (N +2)/2 with

[f(@)] < Clz|™, for [z[ = R.
Then there exists M = M(||f| 1r@ny, c2, C, R, ) > 0 such that
(A.1) lup(z)| < M, xRN,

Moreover, if we denote by w € W&’Q(RN) the unique minimizer of

1 027(1 U
T (u :/ Vu2dx+2/ qda:—/ Y
(=3 fo IV A e (L1 [aP)o2

then there exists T =T(M,C, R,«) > 0 such that
x

(A.2) uo(@)| < TP w (2}, aeRN.
In particular, we get

(A.3) lug(z)| < C ||~/ (@D, for |z| > 1,
for some constant C" > 0.

Proof. We first observe that if f > 0, then the unique minimizer ug is positive since Jp r(|u|) <
Jp,f(u). We also notice that it is not restrictive to prove the result for f > 0. Indeed, if f is
not positive, by using the minimality of ug and the fact that f < |f], it is not difficult to see
that

|[uo| < o,
where ug is the unique minimizer of J, ;. We thus assume f > 0 in what follows and divide
the proof in three parts.

Boundedness of ug. The integrability of f already implies that ug € L (RY), see [18, Chapter
7]. Also, since ug solves

—Aug+c; TulT =,
it is the unique minimizer of the functional

~ 1 2—q
Jp.p(u) = 5 / |Vu|2dm—i—02— \u|qdaj—/ fudz,
RN q JrN RN

as well. Let M > 0, by testing the minimality of ug against ¢y; = min{ug, M}, we get
2—q 2—q

j;,’f(goM)—jp,f(uo) < & M dg — 2 / ugd:c—i-/ f(uo— M)dx
q  J{uo>M} 4 J{uo>M} {uo>M}
2—q
-2 (wd — M) dz+ [ f(uo— M)y da.
q {uo>M} RN

We then observe that
ul — M > q M (ug — M).
If we take Y1)
1/(g—1
M :maX{HU()HLoo(BR), (Cgi2CR_a> } s
then we have
{up > M} C {z : |z| > R},
so that
flx) <Clz| < CR < TMIL, on {ug > M}.
In conclusion, by using the choice of M and the decay of f, we get

Toton) = Tpgtwn) < [ (£ M) (uo— M) do <0
R

By uniqueness of the minimizer of ug we get that ¢y = up and thus ug < M in RV,
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Comparison. In order to prove the second assertion, we start observing that o > (N + 2)/2
guarantees

h(z) = (1+ |a:|2)‘°“/2 e L&V (RN c w2(RY),
thus a function w minimizing J exists, is unique and radially decreasing. Moreover, it solves
—Aw + cg_q wi™t =h, in RY.
The rescaled function
wy(x) = /=D g (%) ) t>0,
then solves
—Awy + cg_q wg_l = hy, where  hy(z) = t2(07)/C=0) p, (%) )
Since by the first part of the proof ug is bounded and wy, > wy, for t; > to, we can find a Ty
sufficiently large such that
(A.4) wy(z) > up(x), for [xf] <R and t>Tp.

In addition, if we define
T, = max {R, (202 C R—a)@—q)/(zq—z)} ,

by hypothesis on f we get®
29-2_ 29-2
t2-a t2-¢ R® C
> > > f(z), for [x| >R and ¢>T;.
(2 + |2[2)/2 — 2072 || ||

(A5)  he(z) =

We now define T = max{7Tp, 71} and test the minimality of uy against the function ¥y =
min{ug, wr}. Thus we get

-~ ~ 1
02 Joslun) = o) 2 5 [ (Vuol = [Vurf?) do
{wT<uo}

24
+ 2 / ud —wl) dx
. (ug — wi)

- / f (up — wy) dz.
{wr<uo}

By using the convexity of the functions involved and the equation solved by wp, we thus get
0> / (Vwr, V(ug — wr)y) de+ ¢571 / wh (uy — wr) 4 da
RN RN

[ F (o - wr)y da = / (hr — f) (o — wr)s do.

RN RN
By combining (A.4) and (A.5), we have

hr(z) = f(x),  on{ug > wr},

thus we would obtain that v is a minimizer of jp7 ¢. By uniqueness, {7 = up and thus (A.2)
holds true.

Decay estimate for ug. Finally, the estimate (A.3) simply follows from (A.2) and Lemma A.3
below, applied to the rescaled function wr. O

3For the first inequality, we just use that for x,¢ > R we have

2\ % ER
(1+t—2 <\ 1+ ) <27 oo
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Remark A.2. A different way to compare ug with a radial function and obtain (A.3) could be
that of using symmetrization techniques. More precisely, one could look at the radial solution
of the symmetrized problem

2-q g1
—Av+cy T = f

where f* denotes the Schwarz rearrangement of f (see [21, Chapter 2| for the relevant defini-
tion). There is a huge literature on results which permit to compare u§ and v (see for example

[1, 26]), but the presence of the nonlinear term cg_q v9~1 complicates the task. An interest-
ing result covering this case is contained in the recent paper [19] by Hamel and Russ, which
however deals with the case of a bounded domain 2. Since it is not clear whether this strategy
could work or not, we decided to take a different path, which just uses the minimality of wug.
We also refer to the related discussion in [27, Sections 5.2 and 5.3].

Lemma A.3 (Sharp decay estimate). Let N > 3,1 < ¢ <2 and o > (N+2)/2. Let us suppose
that u € WOI’Q(]RN) N LYRYN) is a smooth positive radial function verifying

~Au+au?t < bl for |z| > R,
for somea, R > 0 andb > 0. Then there exists a constant C > 0 depending on o, q, R, a, ||u||WO1,2(RN)
and |[ul| awny such that
(A.6) 0 < u(z) < C |z~ @1, for|z| > 1.
Proof. We divide the proof in two parts: in the first we prove that if

~Au+autt <blx|7, |z| > R,

for v > (N + 2)/2, then the following weaker decay estimate holds
(A.7) 0 <u(z) < Celz|777"e, for |x| > 1,

for every ¢ > 0. Then we will get (A.6) by using a contradiction argument and a suitable
maximum principle.

Part 1: weak decay. We first observe that Lemma A.5 below already implies that

2
<P h =(N-1)——.
u(e) S0, where o = ( )2+q
If v < By, then (A.7) holds and there is nothing to prove. We can thus assume that v > fy.
We are going to prove (A.7) by using a recursive argument, namely we will prove the following

implication:

+8

(A.8) |u(o)] < cg_ﬁ, for o > rg and 8 > By = lu(p)| <o "2, foro> 7“6.

By starting from 8 = fp and iterating a finite number of times (A.8), we will get the desired
result. Indeed, observe that since v > g, the sequence

+ B

is monotone increasing and converges to -.

To prove (A.8) we adapt a classical argument that can be found for example in [3, Lemma 2],
but some care is needed in order to deal with the non-autonomous term. Also, for notational
simplicity we give the proof just for a = b = 1. Then by hypothesis we have that u verifies

N -1
u"(0) +
(o) .

u(0) —u(0)T'>—-07,  o>R

The function v(g) = o™V =1/2 u(p) verifies

C
v > ?g+( +1) wv—07 7, 0>R
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We then make the further substitution w = v?

1

C _
wfz(v’)2+w Q—Jz\[—l—(l—i-u)q*2 —Q%*W\/ﬁ, 0> R.

2
As we already know that ©u — 0 as o — 0, we have
CN -9 m
where m > 0 is a suitable constant. Thus we obtain that w verifies
(A.9) w’ —mw > -2 g¥_7 Vw, 0> R.
We then set

2(0) = e V" (w'(0) + vVmuw(o)),  o>R,
thus we get
(o) = e Ve (w(0) ~muw(o)) > ~2e Vo T T Vw, o> R.

where we used (A.9). In order to prove (A.8), we assume that

lu(e)l <co™,  o>r0 >R,
for 5 > [y, then by recalling that w = o™V~ u? we get

M,B

Vw(Q)SCQ2 3 Q> To.
Thus for 2’ we can infer
(A.10) d(0) = —ce Ve NTITITE g s,
Let us now take the (negative) function 7 defined by

—+00
n(o) = —c / [e*‘/ﬁs sNﬁl*V*’ﬂ ds, 0> rg.
)

Observe that 7 is strictly increasing and 7 goes to 0 as g goes to co. Then from (A.10) we get
Z(0) > —ce VNI = yf(g), o>y,
that is z + 1 is non decreasing on (g, +00). Let us suppose that there exists r1 > rg such that
z(r1) +n(r1) > 0,
then by monotoncitiy of z + 1 we obtain
eV (2(0) +n(0)) > V™ (2(r1) +n(r1)) > 0, 0> 1.

The previous gives a contradiction, since the right-hand side is not integrable on (ri,+00),
while the left-hand side is. Indeed, observe that*

eV 2(0) = w'(0) + v/mw(g) € L'((r1, +00)),

and eV @y is integrable at infinity by construction, since

/+OO [e_‘/ms sN_l_V_ﬁ] ds
0

e~V =
and the latter is integrable on (r1,400) thanks to the fact that v > (N 4 2)/2 and 8 > fo.
From the previous argument, we get

Z(Q) < _77(9)7 0 > Ty,

(A.11) eV (o) = N=t=s,

4We have that w = ¢V ~'u® which is integrable near oo since u € Wy (RY) N LYRY) ¢ L*(RY). On the
other hand, w’'(p) = 2v(0) v'(p), with
v(e) = Vw(e) € L*((r1,+00)),
and
/ N-3 N—-1 2
Wl e = |u(e)+o = [u(e)| € L7((r1,+00)).
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that is
(e‘/mgw(g)y = Ve (w'(0) + vVmw(o)) = 2V e 1 (0) < —e2V™ (), 0 >Tp.

This in turn implies

0
0< w(p) <e Vme [C —/ eV p(s) ds} , 0> 1o.
R

By recalling the definition of 7, we get

0 2y/mo
—v/mo 2yms ~ e 77(9)
e /R e n(s)ds ~ e

thanks to (A.11). This finally implies the following decay of w at infinity
w(e) <CNTTTT o>,

~eVmen(g) o NI o1y

and by going back to u, we can finally infer
ue)=Vwe' T <VCo'7 o7 1r =0T, o>
This concludes the proof of (A.8) and thus of (A.7), as already explained.

Part 2: sharp decay. We now prove (A.6). Let us assume by contradiction that u verifies

(A.12) lim w(z) |z = 400

|z| =00
This implies that for every € > 0 there exists a radius R, such that
lz| ™ < eu(x)r, |z| > R..
By taking e = a/2, we thus get that u verifies
a
—Au + 3 ui™! <0, |z| > R..

Thus by (A.7) we get that u = o(|z|~7) for every v > 0, as |z| goes to co. This clearly
contradicts (A.12), thus

0 < liminf u(z) |20V < 4o00.

|z|—00
This implies that there exists a sequence {ry}ren of radii converging to co and a constant
A > 0 such that
u(r) < A |95|_a/(q_1)7 for k€N and |z| = rg.

We now take @i(z) = Al|z|~/(@=D where A > A is a constant large enough such that there

exists a radius R > 1 for which
~AU+au? !t > blz|?, for |z| > R.
We take ko = min{k : r, > R}, then we claim that
(A.13) u(z) < u(z), for i, <|z| <rgpr and k> k.
If (A.13) were not true, there would exist a radius rj such that

u(y) —u(y) == min (a(z)—u(z)) <0.

eS|z <rega
Since by construction we have
0 <u(x) —u(x) for |z| =ry and 0 <u(x) —wu(x) for |z| = rg41,
then y would be an interior minimum point of © — u. By using this and the differential
inequalities verified by w and w, we would get
0 < At(y) — Au(y) < a(ay)™" —uly)") <0,

thanks to the strict monotonicity of ¢ — t49~1. This gives the desired contradiction, thus (A.13)
holds true and the decay estimate on w is proved. U
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Remark A.4. Observe that the last part of the previous proof also shows that estimate (A.6)
is the best possible.

In the previous proof we used the following result, which is essentially due to Strauss, see
[24, Radial Lemma 1]. The statement is slightly more general (the original case corresponds to
q = 2), the proof just relies upon Holder inequality.

Lemma A.5 (Strauss lemma). Let N > 2 and u € W&’2(RN) N LYRYN) be a radial function,
where 0 < ¢ < 0o. Then we have

(A.14) lu(z)[T < Sy n || 72N </ |Vu]2d:c> </ |uyqu>, zeRY,
RN RN

where )
1 2+4g¢
S, N = —
N (N(,UN 2 )

and wy 1s the measure of the N-dimensional ball of radius 1.

Proof. Let u € C3°(RY) be a radial function, for every p > 1 we have (with a small abuse of
notation)

+oo ¢ +o00
lu(o)|P = —/ —|u(®)[Pdt = —p / u'(8) )P u(t)dt, 0> 0.
o i 0
By taking p = (2 + ¢)/2, we thus get

+oo
(@) < 228 [T ) oo
e

2 Foo
< % ot N / (yu’(t)MN*l)/?) (\u(t)yq/Q t(N*W?) dt, 0>0.
0
We now use Holder inequality, then for every o > 0

2+q +oo 1/2 +o00
(A15)  |u(p)|?9/? < — ot ( / |/ (1) 2tV 1 dt) ( / lu(t)|9 ¢V 1 dt>
e 4

By noticing that for a radial function

1/2

1/2

(/RN ‘V“|2df”> R o (/Om \u’(t)\%Nldt> ,

([ peae) ™ = oo ([ ater=tar)

from (A.15) we finally get (A.14) for smooth functions. The inequality for u € VVO1 2(RN) N
L(RY) is obtained by a standard density argument. O
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