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EVOLUTION FLOW AND GROUND STATES FOR
FRACTIONAL SCHRODINGER-HARTREE EQUATIONS"

Vladimir Georgiev

We consider the fractional Schrédinger—Hartree type equations and focus our study
on one particular case: the half-wave equation with nonlocal Hartree type interaction
terms. The results we present can be divided in the following main topics:

a) existence, asymptotic properties of ground states and their linear stabil-
ity /instability;

b) existence or explosion phenomena of the evolution flow with large data be-
low/above the ground state barrier for the corresponding Cauchy problem for the
half-wave equation;

¢) uniqueness of the ground states for the Schrédinger—Hartree type equations;

d) blow-up for mass-critical nonlinear Schrodinger (NLS) equation with non-local
Hartree type interaction terms

1. General Introduction. We consider the Cauchy problem for the fractional non-
linear Schrodinger—Hartree equation
iy + (=A)Pu — po|ulP~?u — kulu|?"t =0, (t,2) € Ry x R?
(1) (—2)*0 = Jul?,
u(0, z) = ug(x).
with self-interacting term w|u|?"'. Here, the operator (—A)? is the fractional power
B € (0,1] of the Laplace operator. The parameters p, x are non-negative ones.
2. Existence of ground states and their linear stability/instability.
2.1. The classical Hartree-Choquard-Pekar model. We start with the case
Kk = 0, p = 1 and we will be interested in the properties of ground states
u(t,z) = e“'¢(z), with ¢ > 0. Clearly, ¢ = ¢,,, will then satisfy the profile equa-
tion
(2) (=8)¢ —cay(|- |77 *0")¢ 2 =wo, zeR? y=d-a.
The equation (2) is (a fractional) version of the well-known Choquard equation.

As one expects, most of the work was done in the classical context, 8 = 1, for the
Hartree-Choquard-Pekar system (for a € (0, d))

(3) iy — Au — I [|ulP]|ulP~%u = 0, (t,z) € R x R%
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The standing wave solutions of the form e~ v satisfy

(4) —Av +v — L[] Jv[P~2v = 0.
The question for existence of localized solutions for (4) has been well-studied (cf. [13],
[7]).

2.2. Linear stability /instability for the fractional Choquard equation. Our
results concern both the fractional model (2) and the more classical version (3). More
precisely, we are interested in the existence properties of solitary waves for (4), that is
whether and under what conditions, one obtains nice ground state solutions of (4). To
this end, introduce the optimization problem

. B 2
E(’LL) = *2 ||| V; ‘ u||L2(]Rd) — 5 /d>< ) |m :r'y dqjdy — Imin

()
subject to / |u(x)?dz = \,u € H?(RY).
Rd

At least formally, one can see that the associated Euler-Lagrange equation is exactly (2).
Also, the expression E(u) does not necessarily make sense for all u € H?(R?), but it will
under certain restrictions on 3,p. In [8] the following result is obtained.

Theorem 1. Let 8 € (0,1],7 € (0,d) and p > 1. Assume in addition the relationship
(6) 0< (p—2)d+~ <28
Then, there exists a solution of (2), ¢ € H?(R?), namely a solution of the constrained
minimization problem (5). Moreover, ¢ is bell-shaped.

Further, we have the following stability result obtained in [8].

Theorem 2. Let p > 2. Then, the ground states ¢ constructed in Theorem 1 are
spectrally stable as solutions of (2).

The waves constructed in Theorem 1 are the minimizers of the problem inf E(u)

llull p2=A
(dubbed “normalized solutions” in [13]), where the energy functional is given by
1 C w(x)|P|lu(y)|?
Bw) = 5 [ IVPu@)P + o) Plas - 2 [ PO g,
2 Jre 2p Jrixge |z -yl

They turn out to be spectrally stable, per the claim of Theorem 2. It so happens these
are all the stable solitary waves there are, at least in the classical case 8 = 1, as we
discuss now.

3. Evolution flow for semilinear half-wave equation. Our next step is the
analysis of the evolution flow for the semi linear half-wave equation

T {i@tu =V—Au—uulP~t, (t,z) e R x R?

u(0,2) = f(x) € H*(RY).
Since now on H*(R?) and H*(R?) denote respectively the usual inhomogeneous and
homogeneous Sobolev spaces in R?, endowed with the norms ||(1 — A)S/QU”LQ(RJ) and
H(—A)S/2u|\Lz(Rd). We shall also refer to HZ,;(R?) as to the set of functions belonging
to H*(R?) which are radially symmetric.

The first question is to define the evolution flow for (7) in appropriate Sobolev spaces.
Of special importance is the fact that we have 2 conservation laws: the conservation of
the mass, using L? norm and the conservation of the energy expressed in terms of H 1/2
norm. We recall that two values of the nonlinearity p are quite relevant: the nonlinearity
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u\u|2/("_l), which is H'/?-critical, and the nonlinearity u\u|2/", which is L?-critical.
Our main result about the Cauchy problems (7) guarantees the local existence of the

evolution flow in H},,; for p € (1,1 + ﬁ) and global existence in the same Sobolev

norm for smaller range for p.

2
Theorem 3 (see [1]). Letd > 2, p € <1, 1+ dl> Then for every R > 0 there
exists T =T(R) > 0 and a Banach space X1 such that:
o Xr CC([0,T]; Hyoq(R);
o for any f(x) € H} 4(RY) with | fllg1wey < R, there exists a unique solution
u(t,z) € Xp of (7).
2
Assume moreover thatp € [ 1,1+ ) then the solution s global in time.

Next we shall analyze the issue of standing waves. We recall that standing waves are
special solutions to (7) with a special structure, namely u(t, z) = e“’*v(z), where w € R
plays the role of the frequency. Indeed u(t, ) is a standing wave solution if and only if
v(z) satisfies
(8) (A2 +wo—vp|P =0 inRY
It is worth mentioning that, following the pioneering paper [3], it is well understood how
to build up solitary waves for half-wave equation.

In the nonlocal context in which we are interested in, the minimization problem
analogue of the one studied in [3] for NLS is the following one:

hw .
= inf
) T = inf Eu(u)
where
(10) S, = {u € H'?(R?) such that ||ul|7» g, =1}
and
1 1 1
o) = Gl ) = g Il ey + 5l

Now we recall the definition of stability.

Definition 1. Let N C H}, ,(R?) be bounded in H'/*(R?). We say that N is weakly
orbitally stable by the flow associated with half-wave equation if for any € > 0 there exists
0 > 0 such that

dist 172 (u(0,.),N') < & and u(0,z) € H} 4(R?) =
@4 (u(0,.)) is globally defined and sup dist 12 (P4 (u(0,.)),N) < €
t

where dist ;1,2 denotes the usual distance with respect to the topology ole/2 and O (u(0,.)
is the unique global solution associated with the Cauchy problem and with initial condition
(0, x).

We can now state the next result, where we use the notations (9) and (10). We
state it as a corollary since it is a classical consequence of the concentration-compactness
argument in the spirit of [3] and Theorem 3, that guarantees a global dynamic for HW
(half-wave).

2
Corollary 1. Let 1 <p <1+ P and d > 1. Then for every r > 0 we have:
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o J5 > —o0 (resp. M > —o0) and BE # 0 (resp. BM # () where BM = {v €
S, such that Eny(v) = T}, In particular for every v € B (resp. v € BM) there
exists w € R such that v/ —Av + wv —vjv[P~! = 0;

e the set Bf“’ is weakly orbitally stable by the flow associated with HW.

In order to state our last result about existence/instability of ground states for HW,
we need to introduce also the following functional:

1 n(p—1)
P(w) = 5 lulf @ mnungﬁl(m

and the corresponding set:
(11) M={ue HY2(R?) such that P(u) = 0}.
It is well known that we have the following inclusion

{w € S, such that &, ,|s, =0} C M,

namely every critical point of the energy &, on the constraint S, belongs to the set M.
It is worth mentioning that this fact is reminiscent of the Pohozaev identity, which is
here adapted to the case of HW. The following minimization problem will be crucial in
the sequel:

= siI%aA Enw(u).

2 2
- <p<l+4+——. Then for everyr >0

Theorem 4 (see [1]). Letd > 2 and 1+ ¥ 71

we have:

o T, > —oo and A, # 0, where
A, :={v € S. N M such that Epy(v) =T, }.
Moreover any v € A, satisfies
V=Av +wv —vpPt =0
for a suitable w € R;
e assume f(x) € S, N H!,,(RY) satisfies Enw(f) < I, and P(f) < 0, d > 2 and
u(t, z) is solution to (7), then the following alternative holds: either the solution

blows-up in finite time or ||u(t, )| g1/2(gay = e for suitable a > 0. In particular
the set A, is not weakly orbitally stable for the flow associated with HW.

4. Uniqueness of ground states for Hartree—Choquard equation. Ground
states for the classical Hartree—Choquard equation are minimizers of the Hamiltonian

1 1
(12) H(y) = §IIV¢H%2(RS) - ZD(WJIQ, [¥1%),

where D(f,g) is quadratic form associated with Coulomb energy functional, i.e.

(13) D(f.g) = [ I @i@ds
and

(14) 1@ =3 [ fo -2
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is the classical Riesz potential. For any p > 2 one can define a modified p-Hamiltonian
as follows

(15) HM):%WWM2”®Mma s DIVF 0 P).

The ground states are solutions to the constraint mmumzatlon problem
(16 inf H, ().

) (M R []12 3 0 =7} o(¥)
A simple substitution

¢|¢|(2*p)/p —u
enables us to transform (16) into the problem to find minimizer of
(17) inf Hp(u),
{ue H (R*)NLP (R®);]|ull] , =2}
where
1 1

(18) Hp(u) = §||vu||%2(R3) - %D(IU\’Z |ul?).

Standard symmetrization argument (we mean Schwartz symmetrization) and Gagliardo—
Nirenberg inequality
(19) D(Jul?, [ul?) < CanlIVull 7" Il G, vp e [1,5],
imply the existence of positive radial decreasing minimizers of (17), but only for the
range 2 < p < 3.

In [9] we studied existence and uniqueness of ground states for larger interval 2 < p < 5
and for this reason we can define the Weinstein functional (see [15])

V()| e, @) sy ™

L2(R3) Lr(R3)
(20) W (u) =
: D([ul?, [ul?)
and consider the associated minimization problem
(21) W = inf W, (u).

{u€H(R3)NLP(R3);u#0}
The existence of ground states is guaranteed by the following )
Theorem 5 ([9]). Assuming 2 < p < 5, there is a minimizer u € H'(R®) N LP(R?)
of Wp, such that u is solution of

(22) —Au A+ |ulP"2u = I(|ul?)|ulP~2u
and satisfies the Pohozaev’s normalization conditions

)z D([ul”, |ul?)
23 —= =V =——1 - =k,
(23 EL |Vl = 2

for some k > 0. In addition, there exists o € R®, z € C with |z| =1 and a decreasing
function @ : Ry — Ry, so that u(z) = 2zQ(|z — xo]).

Our second result in [9] treats the uniqueness of minimizers @ of W, satisfying (23),
ie.

QeG={uecH ;N LY . W;"i” = ) inf Wy (u)}
{ue H'(R3)NLP (R3);u#0}

and such that (23) is fulfilled.

Theorem 6. For any 2 < p <5 and any two radial positive minimizers Q1,Q2 € G,
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that satisfy (23), we have Q1 = Q2.

There are different method to prove the uniqueness of positive radial minimizes of
nonlinear elliptic equations with local type nonlinearities. The methods of Gidas, Ni and
Nirenberg, McLeod and Serin and the subsequent refinements due to Kwong are also
based on Sturm oscillation argument and therefore they work effectively for local type
nonlinearities. In our case the nonlinearities involve the nonlocal Riesz potential and
therefore we have met essential difficulties to follow this strategy.

The main idea is to use the asymptotic behaviour

24) 1(1QP) (@) = 190,

47 |x|
and obviously we gain control on the asymptotics of Riesz potential at infinity, since the
LP norm is a conserved Pohozhaev quantity. Applying then the Gronwall argument, we
can conclude that the function

p(r) = [Qi(r) = Qa(r)| + [I(|Q1[")(r) = I(|Q2[")(r)]

is identically zero for r € [0; c0).

+o(lz|™"), z— o0

5. Mass critical blow up for Choquard equation with self-interacting term.

Finally, we consider the case Kk = 1 and p > 0 in (1), i.e we study the nonlinear
Schrodinger equation with mass-critical nonlinearities
(25) {i@tu — Au — |u|%u — (|x|71 * |u|%> |u|%u =0, teR, xR

u(0, ) = uo(),

where u = u(t,z) is complex-valued function in time-space R x R*. This model corre-
sponds to a critical non-local perturbation of the classical mass critical problem p = 0
which still has the scaling symmetry of the problem.

The results in this section are obtained in collaboration with Yuan Li.

We can set
I(u)(@) = (j2| "+ ).
and then we have the following system
10w — Au — \u|§u - ,uI(|u|%)|u|%u =0,tcR, x€R?,
(26) —AI(ju]F) = dalulf,
u(0,2) = ug(x) € H(R?).
Let us review some basic facts about the Cauchy problem. From Cazenave given ug €

H'(R?), there exists a unique maximal solution u € C([0,T); H*(R*)) to (25) and there
holds the blowup alternative:

(27) T < +oo implies lim [lu(t)]|s: = +o0.
Furthermore, the H' flow admits the conservation laws:

Mass:
(28) M{u)(t) = / lu(t, 2)[2dz = M (uo).
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Energy:
1 9 3 10
Bu(u)(t) =5 [ [Vu(z,t)"dz — o5 [ |u(z, 6)] % dz
3
(29) = 1 () ) (@, D] F dz = B, (u).
First, we recall the structure of the mass critical problem. In this case, the scaling
symmetry
Ug(t, ) = a%u(azt,am)
acts on the set of solutions and leaves the mass invariant
[ua(t, Iz = [lu(a®t, )]z
5.1. The case i = 0. A criterion of global-in-time existence for H' initial data is
derived by using the Gagliardo-Nirenberg inequality with the best constant
10 4
lull P1o < CllullF= 11Vl Z:,

5 1 . . . . "
where C = ———, and @ is the unique up to symmetries solution to the positive

31Ql2.

ground state equation
~AQ+Q-1QI3Q =10, Q(x) >0, Q € H'(R).
Thus, for all u € H'(R?), we have

(30) Eo(u) > %||Vu||iz [1 _ (U”Lz )1 |

QI 2

which together with the conservation of mass, energy and the blowup criterion (27)
implies the global existence of solution with initial data |lug||z2 < ||Q||L2-

At the mass critical level |Jugl|zz = ||@]|z2, the pseudo-conformal symmetry of (25)
yields an explicit minimal blowup solution:
x 1S -1

_1 —lzl? s _ t—o~ 1
S(t.) = 17 Q (3) et 180l = l@loe, 1950z 2

Merle obtained the classification in the energy space of minimal blowup elements; the
only H' finite time blowup solution with mass |ju||z> = ||Q]|z> is given by above up to
the symmetries of the flow.

Note that the minimal blow up dynamic can be extended to the super critical mass
case |Jugl|rz > ||@| L2 and that corresponds to an unstable threshold dynamics between
global in time scattering solutions and finite time blow up solutions in the stable blow
up regime

log|log |[T* —t
Vo)l ~ [y

Results about the existing literature for the L? critical blow up problem, could be found
in [12] and references therein.

5.2. The case p > 0. We consider the model
(31) i@tu—Au—\u|%u—,ul(|u|%)|u|éu:0.
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We state our first result that shows the existence of solitary waves with small mass. The
smallness of the mass shall be connected with where @ the unique radial positive ground
state solution of equation

4
(32) —AQ+Q=1Q°Q
and the best constant C, in the Gagliardo-Nirenberg’s inequality

(Ll ™)l /3| 1 < Cul|Val 72 lull 75
Theorem 7 (Solitary waves with small mass). Let p > 0 be small enough. For
2

8
14+ /14 8uC. Q|2

symmetric solution of

7 7 4
AQ;L —Qu+ Qi+ #I(|Q/t|§)Qﬁ =0, HQ/LHN = a.

Define the linear operator L, and L_ , associated to @, by

_ Tos, T 1\ Ht 4 7\ 3
(83)  Luy§=—A&+E— Qe —znl (1QuF) Qi — gl (IQu1F) Qe
(81)  Lou€=—Ac+E—-Qie—ul (1Qulf) Qilt,

acting on L*(R?) with form domain H'(R®). We have the following nondegeneracy result.
ker Ly, = {0} when L , is restricted to L2,,(R?),
ker L_ , = {Q.}.

Comments on this result

all a € |0, Q22 | there exists a positive Schwartz radially

(1) Existence. From the standard variational argument, we can easily obtain the
existence.

(2) Nondegeneracy of L_,. From the Sturm argument, we can obtain the
ker L_ , = {Q,}. Here we do not need to assume that the parameter x is small enough.

(3) Nondegeneracy of L ,,. This case is very difficult and we only consider the radial
case. Here we develop a novel perturbation approach, together with the nondegeneracy
property of linear operators Ly ¢ and L_ ¢ to prove this result. On the other hand, we
can easily obtain that @, — Qo in H! (RB), but this is a very rough estimate. In this
case, this rough estimate is not sufficient. Here we obtain the following estimate

1Qu — Qlluz < -

Remark 1. (i) In the above Theorem 6, we only obtain the radial non-degeneracy
property.

(ii) We can deduce from Theorem 7 that L, ,[VQ,] = 0, but it is not clear that
ker L1 , = span{VQ,}. This property of the wave @, is often referred to as non-
degeneracy.

A second main result is the existence of a minimal mass blowup solution for (31).

Theorem 8 (Existence of minimal mass blowup elements). Let ug € H},;(R*) and
p > 0 is small enough. For E,(ug) € R, there exists t* < 0 and a radial minimal mass
solution u € C ([t*,0); H'(R?)) of equation (31) with

lullz = 1Qull L2, Eu(u) = Epu(uo),
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which blows up at time T = 0. More precisely, it holds that

1 T ;
_ iy (t) . 2 /(3 _
u(t, x) )\%(t)Q“ ()\(t))e —0in L*(R”) ast — 07,

where

1

At) = Nt +0(t), ~(t) = T

+O(t),

with some constant \* > 0, and the blowup speed is given by

1]

C(uo)

2|

IVu(t)| 2z ~ , ast— 0.
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EBOJIFOIIMOHEH IIOTOK 1 OCHOBHUN C'bCTOAHUNSA 3A
APOBHOTO YPABHEHUE HA IIIPBOAVMHI'EP-XAPTPU

Baagumup I'eopruesn

NzyuaBame ypasuenusita Ha Illproguarep—Xaprpu ¢ IpoOHA CTEIEH Ha OlepaTopa
Ha Jlamnac. KoHnenTpupaMe HaIUTe M3C/I€IBAHNS BbPXY CJIEHUTE TJIABHU TOYKMU:

a) CBIIECTBYBAHE U ACUMIITOTHKA HA COJMTOHHUTE DEIICHUST;

6) CbIIECTByBaHe M ACMMIITOTUKA Ha €BOJIONMOHHUS [OTOK Ha 3aJadara Ha Kommm
3a ypaBHEHMETO Ha IOJIOBUH BbJIHA;

B) €JIWHCTBEHOCT HA COJMTOHHW DEICHWsI Ha ypaBHeHuATa Ha LlIpbommHrep—
XapTpwu;

) n36yxBaHe Ha PEIIeHNsITa Ha MACOBO KpUTHIHOTO noJie Ha IIIpsogunrep—Xaprpu.



