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ABSTRACT. — We present here a new method for solving minimization
problems in unbounded domains. We first derive a general principle
showing the equivalence between the compactness of all minimizing
sequences and some strict sub-additivity conditions. The proof is based
upon a compactness lemma obtained with the help of the notion of concen-
tration function of a measure. We give various applications to problems
arising in Mathematical Physics.

REsumE. — Nous présentons ici une méthode nouvelle de résolution
des problémes de minimisation dans des domaines non bornés. Nous
commengons par établir un principe général montrant I’équivalence
entre la compacité de toutes les suites minimisantes et certaines conditions
de sous-additivité stricte. L.a démonstration s’appuie sur un lemme de
compacité obtenu a I'aide de la notion de fonction de concentration d’une
mesure. Nous donnons diverses applications a des problémes de physique
mathématique.
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110 P. L. LIONS

INTRODUCTION

In the Calculus of Variations or in Mathematical Physics, many mini-
mization problems are given on unbounded domains like RN for example.
In general, the invariance of RN by the non-compact groups of translations
and dilations creates possible loss of compactness: as an illustration of
these difficulties, recall that Rellich-Kondrakov theorem is no more valid
in RY. The consequence of this fact is that, except for the special case of
convex functionals, the standard convexity-compactness methods used
in problems set in bounded domains fail to treat problems in unbounded
domains.

In this series of papers, we present a general method—called concentra-
tion, compactness method—, which enables us to solve such problems.
Roughly speaking in this paper and in the following one (Part 2), we show
how this method enables us to solve problems with some form of « local
compactness » or in other words problems which, if they were set in a
bounded domain, would be solved by classical convexity-compactness
methods. Subsequently we will study limiting cases when even in « local
versions of the problem » loss of compactness may occur be the action of
the group of dilations.

We first explain below that for general minimization problems, some
sub-additivity inequalities hold. In the setting we take in this part (more
general ones are given in Part 2), we consider minimization problems
with constraints and the sub-additivity inequalities we obtain are for
the infimum of the problem considered as a function of the value of the
constraint. For a more precise statement we refer the reader to section 1.
These inequalities are obtained by looking at special trial functions essen-
tially consisting of two functions, one of which being sent to infinity by
the use of translations.

We then show a general principle (concentration-compactness principle)
which states that all minimizing sequences are relatively compact if and
only if the sub-additivity inequalities are strict. The proof is based upon
a lemma which, intuitively, indicates that the only possible loss of com-
pactness for minimizing sequences occurs from the splitting of the functions
at least in two parts which are going infinitely away from each other.
And since this phenomenon is easily ruled out by the strict sub-additivity
inequalities, we obtain some form of compactness. This crucial lemma is
proved with the help of the notion of the concentration function of a measure
—introduced by P. Lévy [I4]. At this point, we want to emphasize that
the arguments given in section I are only heuristic and that in all the
examples we treat a rigorous proof has to be worked out, but always
following the same general lines we give in section I
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THE CONCENTRATION-COMPACTNESS PRINCIPLE. — 1 111

We next apply this principle and its method of proof to various problems
and examples. In this paper we consider the so-called rotating stars problem
(see A. G. Auchmuty and R. Beals [/], [2], P. L. Lions [/6], A. Fried-
man [/3]):

1
(1) Inf {L Jp) + K(X)pdx ~5 J L RSP(X)p(y)f (x — y)dxdy/

p =0, peLY(R), J pdx = ft}
R3

where K, f are given and j is a given convex function and where 4 is a
prescribed positive constant—representating the mass of the star-like
fluid which density is given by p—. We will give below (section II) a com-
plete solution of this problem by a direct application of our method.

We next treat the so-called Choquard-Pekar problem (see for example
E. H. Lieb [/5]):

Lva i + L voouzax —
2 Inf{LNZ[VuI +2V(x)u dx 4JLNXRNu2(x) Ay )l dxdy/

ue HY J 2dx—~1}

We give below a necessary and sufficient condition (on V) for the solva-
bility of this problem.

In part 2, we apply our methods to various variational problems asso-
ciated with nonlinear fields equations such as for example:
(3) — Au= f(x,u) in RN, u#z0, u —-——0

|x][— o0

where f(x, 1) is a given nonlinearity satisfying (for example): f(x, 0) = 0.

These equations also arise in the study of solitary waves in nonlinear
Schrédinger equations (study of laser beams, see Suydam [26]) or in non-
linear Klein-Gordon equations (see W. Strauss [25], H. Berestycki and
P. L. Lions [3] [4]).

We give in Part 2 sharp conditions ensuring the solvability of (3): the
results we obtain contain the particular case when f is independent of x;
this special case was studied by various authors (Z. Nehari [22];
G. H. Ryder [24]; M. Berger [6]; C. V. Coffmann [8], W. A. Strauss [25];
Coleman, Glazer and Martin [9]) and was settled in H. Berestycki and
P. L. Lions [3] [4] — but all the results and methods in these references
used heavily the spherical symmetry of this special case and thus could
not be extended to the general case (3).

In Part 2, we also explain how our general method may apply to
unconstrained problems, (ex. : Hartree-Fock problems), problems with
several constraints (systems), problems in unbounded domains other
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112 P. L. LIONS

than RY (half-space, exterior domains...), problems invariant by trans-
lations only in some particular direction(s) (ex. : the vortex rings problem,
see Fraenkel and Berger [/2], H. Berestycki and P. L. Lions [5])...

Let us also mention that the method presented here also enables us
to show the orbital stability of some standing waves in nonlinear Schré-
dinger equations (see T. Cazenave and P. L. Lions [7]). As a very particular
consequence of our method, we present conditions for the solvability of
problems in RY which, if they were set in bounded domains, would always
be solvable. The fact that conditions are needed was first noticed
in M. J. Esteban and P. L. Lions [//].

The author would like to acknowledge the determinant contribution
of 8. R. S. Varadhan without whom this work would not have been possible.

The results and methods given in this paper and in the following one
(Part 2) were announced in [/9] [20].

1. THE HEURISTIC PRINCIPLE

I1.1. General framework.

Let us first indicate the typical problem we want to look at: let H be
a function space on R™ and let J, & be functionals defined on H (or on a
subdomain of H) of the type:

(0 Eu) = J e(x, Au(x))dx ; Juw) = J‘
RN

R

Jx, Bu(x))dx

where e(x, p), j(x, q) are real-valued functions defined on RN x R™ RN x R"
and j is nonnegative (for example); A, B are operators (possibly nonlinear)
from H into E, F (functions spaces defined on RY with values in R™, R")
which commute with translations of RN, To simplify, we assume: J(0) = 0.
We consider the following minimization problem
(M) inf { Sw)/ueH, Ju) =1}.
We first imbed the problem (M) into a one parameter family of
problems (M)
(M) I, =inf { &Sw)juecH, Ju) = 1}
where A > 0.
Our main assumption lies in the fact that we assume that it is possible
to define « a problem at infinity » : for example we assume
) Jx, q) - j*), ex,p) > e®(p) as [x] - ©
for all p, ge R™, R". The precise meaning of (2) has to be worked out in
each problem. We then consider the problems at infinity

MP) I =inf {&°(w)ueH, J°u) = A}
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THE CONCENTRATION-COMPACTNESS PRINCIPLE. — I 113

where
E”(u) = j e®(Au(x))dx, I®(u) = j FeBu(x)dx .
RN RN

We will finally assume that we have some type of « a priori estimates »
for problems (M;), (M) insuring in particular that

K,={ueH,Jw=1)#@,1,> — o

for all A >0 or for all Ae(0, 1], and that minimizing sequences for
(M,) — (MY) are bounded in H. Again, these a priori estimates are adapted
to each particular problem.

ReMark I.1. — In what follows, we will also treat problems where:

— j is not nonnegative

— the constraint: J(u) = 1 is replaced by: J(u) =0

— functions u in H take values in R? instead of R (or C)

— one has several constraints

— functions u in H are defined on unbounded domains different from RN,

For all those variants, the idea that we describe in the next section is
adapted by straightforward arguments. [ ]

1.2. The sub-additivity conditions.

We first remark that we always have:
(3) I/l < Ia + Iio—aa V(X € [0’ /1[

where we agree: I, = 0. Let us explain heuristically why (3) holds: indeed
let ¢ > 0 and u,, v, be satisfy:

@ I < &) <1, +e¢ Ju) = o

I¥, < &%v) <17, + & I*v) =4 — a;
by a density argument we may assume that u, and v, have compact sup-
port and we denote by v} = v,(. + ny) where ¥ is some given unit vector

in RY. Since for n large enough, the distance between the supports of u,
and v} is strictly positive and goes to + oo as n goes to + oo, we deduce:

5 {é"( )~ (£ + 67} 3 O
Ju, + vf) — {Ju) +T=°(7)} - 0
and since £*, J* are translation-invariant, we finally obtain:
I + 12, < lim &(u, + 0f) = 6u,) + ) <1, + 17, + 2¢
{ lim { Ju) + J=(v7) } = A

Vol. 1, n® 2-1984. 5*



114 P. L. LIONS

and by definition of I, we conclude:
Ilg Ia + I/l—a + 2¢

Let us now explain the typical results we may obtain using what we
call the concentration-compactness principle: we first consider the case
when e and j do depend on x, in this case we show that, for each fixed A > 0,
all minimizing sequences of the problem (M,) are relatively compact if and
only if the following strict subadditivity condition is satisfied:

(S.1) L<I+I1, Vael0 Al

In the case when e and j do not depend on x, and thus (M) is equivalent
to (MY) and is invariant by translations, then, for each fixed 1 > 0, all
minimizing sequences of the problem (M;) are relatively compact up to a
translation if and only if the following strict subadditivity condition is
satisfied :

(S.2) L<L+1,_, VYael0, A[;

recall that I, = I?, Vaee JO, 4].

The fact that (S.1) (resp. (S.2)) are necessary conditions for the compact-
ness of all minimizing sequences is a consequence of the argument we
gave to prove (3): indeed if for example

I,‘« = Ia + I;.O—a

with ae 10, A[ and if u,, v, denote minimizing sequences with compact
supports of problems (M,), (M{_,). Obviously:

J(T,) =/ —a  &7(T,) = E@,) o 17,

where 7, = v,(- + £,) and ¢, € RY. Choosing | ¢, | large enough, we may
assume that: dist (Supp u,, Supp ,) - co.

Therefore if we consider: w, = u, + 9,, w, cannot be relatively compact
since we can always find y,e 2(RY) with given norms in H such that:

J wox.dx = 0. On the other hand, we find:
RN

J(Wn) _,,’ )"7 éa(wn) = 11'1;11 {éa(un) + éa(vn)} = Ia + I;O—a = I/l

and we conclude.

In conclusion, we see that conditions (S.1)«(S.2) insure the compactness
of all minimizing sequences and we will see in the following section—where
we prove that (S.1)-(S.2) are sufficient conditions for the compactness
of minimizing sequences— that (S.1)-(S.2) « prevent the possible splitting
of minimizing sequences u, by keeping u, concentrated ».
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THE CONCENTRATION-COMPACTNESS PRINCIPLE. — 1 115

1.3. The concentration-compactness lemma.

In this section, we show heuristically the fact that (S.1)~(S.2) insure
the compactness of minimizing sequences. As we just said the argument
we give below is heuristic but nevertheless, conveniently adapted and
justified in all examples in sections below, will be the key argument that
we will always use in the following sections.

The argument is based upon the following lemma, which admits many
variants all obtained via similar proofs:

LemMa I.1. — Let (p,)=1 be a sequence in LY(RY) satisfying :

(6) pn = 0in RN, J pdx = A
RN

where 2> 0 is fixed. Then there exists a subsequence (p, )=, satisfying
one the three following possibilities:

i) (compactness) there exists y, € RN such that p, (- + y,) is tight i. e.:

7 Ve > 0, 3R < o0, PrX)dx = A — &;

v+ Br
ii) (vanishing) hm sup J Pr(¥)dx =0, for all R < o0
© yeRN Jy+Bg
iii) (dichotomy) there exists a€ 10, A[ such that for all ¢ > 0, there exist
ko = 1 and pl, p?e LL(RY) satisfying for k = k,:

J prdx—o j pidx—(A—a)
’N RN

dist (Supp py, Supp pf) o + .

Let us first explain how we use Lemma 1.1 and we will then prove
Lemma I. 1. We consider first the case when ¢, j depend on x and we assume
that (S.1) holds, and we take a minimizing sequences (u,),»; of (M)):

g(un) 7 Ib J(un) = /1 .

We apply Lemma I.1 with p, = j(x, Bu,(x)): we find a subsequence (1), >,
such that (i), (ii) or (iii) holds for all k > 1. It is easy to see that (ii) cannot
occur since we have in view of (S.1): I, < I¥ and Ju,) = A. Next, if (iii)
occurs we split u, exactly as we split p, (see the proof of Lemma I.1)
and find, for all & > 0, u}, u in H satisfying for k large enough:
Uy, = Ui + Uf + v,

{|J<u¢>—a|<e, | 36d) — (3 — )] < e

( >
dist (Supp u;, Supp ;) - oo, |l <e.

| om. — (& + P0) L <. <g, <e

&)
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116 P. L. LIONS

Replacing possibly a by 4 — &, we may assume without loss of generality
that we have:

W) = I7ad) » 0, lim () — £2(u) > 0
k

— see also the construction of pi, p2. Finally we obtain:

I, = lim &(u,,) > lim { 8(uz) + £°ud)} — 9,
k

> Ia*e + I;.o*a—e - 6(8)9
and sending & to 0 we find:
IA. > Ia + I:.O—a

and this contradicts (S.1). The contradiction shows that (ii) cannot occur:
therefore (i) occurs and we conclude easily if e, j do not depend on x. If e, j
depend on x, we still need to show that y, given in (i)is bounded. If it were
not the case, we would deduce (taking a subsequence if necessary)

L = lim &(u,) > lim 6=(,),  |y| 3 o
k
A= Juy) = lim T*(u,,)

and thus: I, > I, which again contradicts (S.1). [ ]

In conclusion, let us insist on the fact that the above argument is not
rigorous but will be justified on all examples below. Let us also point
out that, as we indicated, assumptions on H, e, j are needed insuring a priori
estimates: more precisely we will assume that H, e, j are such that if (M)
was posed in a bounded domain instead of RN, then the solvability of (M)
would be insured by « usual » arguments using convexity-compactness
methods. The role of (S.1) (or (S.2)) is to prevent (ii), (iii) from occuring
and thus because of (i) to essentially reduce the problem to the case of
a bounded domain.

We now prove Lemma 1.1 using the notion of the concentration function
of a measure (notion introduced by Lévy [14])i. e. we consider the function:

Q,(t)=sup J p)dE. (Q,), Is a sequence of nondecreasing, nonnegative,
BN y+ B,

yeRN

uniformly bounded functions on R, and: ligrn Q.(t) = 4 By a classical
=+

lemma, there exist a subsequence (n;),», and a nondecreasing nonnegative
function Q such that Q,(f) » Q() for all t > 0—observe for example

that Q, is bounded in BV(0, T) for all T < co—. Obviously
o= tligl Qt)e [0, A].

If @ = 0, then (ii) occurs. If & = 4, then (i) occurs: this is a classical conse-
quence of the notion of concentration functions, see for example K. R. Par-

Annales de Ulnstitut Henri Poincaré - Analyse non linéaire



THE CONCENTRATION-COMPACTNESS PRINCIPLE. — I 117

thasarathy [23]. We recall briefly the proof of this claim: indeed take u > %

and observe that there exists R = R(u) such that for all k > 1 we have

Q,(R) = sup f . Pm(E)AE > u

yeRN

and thus there exists y, = y(u) satisfying:

f Pu(OE > 1.
ye+Br

A .
We then set y, = yx <§> and we remark that we have necessarily:

[N RER

/A
I yd) — vl < k) for all p>

Therefore setting R'( <>+ 2R(u), we find that there exists a

A
sequence y, in RN such that for all k > 1 and for all u > 5 we have:

J PulE)AE > s
Y+ Bgr’

and (ii) is proved.

Finally if « € (0, A), we have to show that (iii) holds. Let ¢ > 0, choose R
such that: Q(R) > o — &. Then for k large enough (k > k) we have:
a — & < Q,(R) < « + & Furthermore we can find R, » + oo such that:
Q,.(R) < « + & Finally there exists y, € RN such that:

J‘ pnk(é)déela_gaa—}—g[‘
i + Bg

We then set: pg = pu 1y 4B Pk = Onles — (y+ Bryy- It is NOW clear that (8)
holds since:

J { Pme— Pk — Pt }dx = J P (x)dx
RN R<|x—yi| <Rk

< QuRy — Q,(R) + 2¢
Sla+e)— (0 —e) + 2 =4e.
| |
REMARK [.2. — In the case when the elements in H have necessarily

some smoothness, one replaces of course the characteristic functions 1, 5_
by smooth cut-off functions: this argument will be detailed later on. ]
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118 P. L. LIONS

II. MINIMIZATION PROBLEMS IN L'

IT.1. Setting of the problem and main resuit.

We consider the following problem: find 4 minimizing:

© I- inf{ J ez 3 j J u(u() f(x — Y)dxdyfu e K}
=N R’N x N

where K ;= {ueL“(RN)mLI(RN), uz0 a. e, J udx=/1} with g= P+l
rN p
€ ]1, co [ and where j, f satisfy:
(10) feMP®RN (), f20ae;
j is a strictly convex, nonnegative function on R* satisfying:
(11)

lim jt):~! =0, tl_l}n ™=+ oo.

t—>04

Such problems arise in Astrophysics and in Quantum Mechanics (Tho-
mas Fermi theory): we refer the reader for more details to J. F. G. Auchmuty
and R. Beals [/] [2],P. L. Lions [/6], A. Friedman {/3], a typical function f
is:

(12) fx) = X and N =3;
x
4
of course in this case we have: fe M3(R?) and q = 3

Let us immediately give our main result concerning this problem—we
will see in sections 11.3.4 various extensions of this result.

THEOREM II.1. — Under assumptions (10) and (11), every minimizing
sequence (Uy),» 1 of (9) is relatively compact in LY(RY) up to a translation
if and only if the following condition holds:

(S.2) L<L+1,_, Vael0,A[.

In addition if (S.2) holds, for every minimizing sequence (u,),», there
exists (Y)»1 in RN such that u,(- + y,) is relatively compact in L' n LY{RY)
and j(u (- + y,)) is relatively compact in LY(RN). In particular if (S.2) holds
there exists a minimum of problem (9).

We give below examples where (S.2) holds and conditions insuring
that (S.2) holds. The very formulation of the result above suggests that
this result is a direct application of the concentration-compactness principle

(*) MP? denotes the Marcinkiewicz space or weak LP space.
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THE CONCENTRATION-COMPACTNESS PRINCIPLE. — I 119

stated in the preceding section and indeed the proof given in section I1.2
will follow the general lines we indicated.

REMARK II.1. — We will see extensions of assumption (10) in section II.3
below. Let us also mention that if j is a strictly convex function on R*
satisfying: j(0) = O, }Lm Jit T = + oo, li-gl Jj®Ot™! > — oo we may con-

© 50
sider ]N =j —j(0;)t and this modification changes the value of I, by
(= j(0,)4). We may then apply Theorem II.1. We will also discuss the
cases when j is not strictly convex and when we only have: lim j(t)t7? > C,

jamdee]

where C = C(p, N) is a suitably choosen constant.

1
REMARK I1.2. — In [/] was treated the case N=3, f= ﬁ by a method
x

using the symmetry of f (and additional assumptions on ;) while in [/6]
general results were obtained but still using symmetry assumptions on f.
In particular the infimum had to be restricted to the subset of K, consisting
of functions with certain symmetries: the symmetry giving the necessary
compactness as it is explained in P. L. Lions {/7] {/8]. Let us mention
by the way the very interesting open problem: if (S.2) holds, does any
minimum of (9) has (up to a translation) spherical symmetry? We know
the answer of this question (and it is then positive) only if f is radial non-
increasing,

ReMARK I1.3. — Let us recall the following well-known convolution
inequalities:

JJ ux)u(y) f(x — ydxdy < Cy ||u
RNx RN

tram 1 f lve@)
where r = (2p)/(2p — 1), and thus using Holder inequality we find:

(13) J‘LN RN“(X)U(}’)f(x — Ydxdy < Col| f ”MP(RN) “ u ”qu([ReN) H u ”%!_(u%N)

Therefore if j satisfies:
| _
lim j(#): 4 > 5 Coll f lImpmmyd® 1
t— o

we immediately obtain, that I, > — oo for all pe(0, 4], I, is continuous
with respect to p on (0, 4] and that any minimizing sequence (U,),, of (9)
satisfies :

(14) { u, is bounded in L* ~ 12

j(u,) is bounded in L' .

Vol. 1. n° 2-1984.



120 P. L. LIONS
On the other hand if f(x) = | x| NP (thus f e MP(RY)) and if j satisfies:
e g 1 _
}Lrg JoeTd < ECO if HMP(CRZN))-2 4

where C, is the best constant in inequality (13) (we will show in section VII

that C, is achieved), then it is possible to show that 1, = — co. Indeed,
take ue 2, (RY) such that: j u(x)dx = A and
RN

%JJ (V) flx — Ydxdy = K > k = lim j(£)t 9.

t—> o0

We then consider u,(x) = S‘Nu(f>, clearly u, still lies in K; and we have:
£

1
J e — 2“ )~ y)dxdy

N
ng Cu, +
RN

k+K

k+K 1
uldx — - ux)u(y) f(x — y)dxdy
2 RN xRN

K-k
e™NP — Ke™NP = Ch — ( )8“1‘”" — — o,

2 e~04

< CL+

We next observe that if j is convex, tlirgl j(®)t ' =0 and if (10) holds

then:I; < 0.Indeed take ue 2 ,(RY) with | u(x)dx = A. We then consider
RN
u,(x) = eNu(ex), clearly u, still lies in K, and we find easily:

Lj(us(x»dx - j U > 0

and this shows: I; < 0. u

Let us now give a few examples of situations where (S.2) holds: all
examples are obtained using the following elementary Lemma:

LemMa 1.1, — Let h be a real-valued function on [0, A] with A >0
satisfying: h(Bx) < Oh(a) for all a0, A[, 0 11, /a]. Then we have:
(A < h(o) + h(A — ) for all € 10, A[.

Indeed if for example « > 4 — o, we have:

W) < h(o) = hay + 2
o o

Wy < h(e) + h(A — a).

Using this observation we deduce from Theorem II.1:
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THE CONCENTRATION-COMPACTNESS PRINCIPLE. — I 121

CoroLLARY II.1. — We assume (10), (11) and either:

(15) Vt=1,a e £eRN, &) = 7™ f(8), for some me (0, N)

or
(16) V0= 1,Vt =0, J(01) < 6%(t).

Then (S.2) holds if and only if 1, < 0. If this is the case the conclusions
of Theorem 11.1 hold.

RemMARK I1.4. — Of course if f = 0, (10), (15) hold but [, = 0 and (S.2)
does not hold. Let us also mention that if (15) holds, f # 0 and if
lim jB)t"®*m/N =0, then 1, < 0 for all A > 0: indeed take ue 2 ,(R")

=04

with j u(x)dx = A and consider u(x) = &Nu(ex). This is the case for example
RN

. 1 . . N + m
if f(x) = W with m = N/p | one finds again the exponent g = A

In addition if either (15) holds and f # O or if (16) holds with 62 replaced
by 6" for any v < 2, then I, < 0O for 4 large enough: more precisely there
exists A, = 0 such that I, = 0 for 1€(0, A5] and I, < 0 for 1 > 4,. This

1
is proved by considering either u(ex) or —u(x). ]
£

Proof of Corollary 11.1. — Let a€(0, ), we are going to prove that
if 6e 1, A/a] then we have: Iy, < 01, provided I, < 0. By a straight-
forward modification of Lemma II.1, we will conclude that (S.2) holds
provided I, < 0. Now if(S.2)holds, necessarily I, < Osince(¢f. Remark I1.3)
I, <0 for all 4 > 0. Therefore we may assume that I, < 0. If (15) holds,

we take any u in K, and we set: v = u<—>

o o clearly ve Ky, and thus

2
Lo < inf {BJ jopdx — U W) £ 0x — y))dxdy}
ueK, RN 2 RN xRN

62—m/N

< inf {Gf Jwdx — JJ u(u(y) f(x — y)dxdy}
ucK, RN 2 RN xRN

< 62N < 61, < 0.

On the other hand if (16) holds, we take any u in K, and we set: v = Oy,
clearly ve K, and thus

. 6
Io, < inf {J JOu)dx — *Jj ulx)u(y) f(x — y)dxd)’}
ueK, RN 2 RN xRN
<6, <06I,<0. |
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ReMark I1.5. — Looking closely at the above proof, one sees it is possible
to replace (15) by:

(15 Vve=1, 39>0, a.e. £eRY, [t =N+ 9)f(E)

11.2. Proof of Theorem II.1.

We first recall that the argument indicated in section I.2 is easily justified
here and thus we see that we always have:

L, +1,, for all ae(0, 4)

and if there exists o € (0, 4) such that the equality holds, then we can build
some minimizing sequence which will not be relatively compact. There-
fore (S.2) is a necessary condition for the compactness of minimizing
sequences. We now have to show the converse and we thus assume that
(S.2) holds. Then take a minimizing sequence (u,) for (9) and recall that,
in view of Remark II.3, we have:

u, is bounded in LY{(RN) ~n LYRY)

j(u,) is bounded in L}(R").
We may apply Lemma I.1 (with p, = u,) and we find a sequence that we
still denote by (u,) satisfying (i) or (ii) or (iii) for all n = 1. Exactly as in
section 1.3, we will rule out the possibility that (u,) satisfies (ii) or (iii)

by the use of (S.2) and we will conclude using the compactness obtained
in ().

Step 1: Dichotomy does not occur.

If (iif) (in Lemma I.1) occurs, there exists « > 0 such that for any fixed
& > 0, we may find ul, u? satisfying for large n the condition (8) and further-
more recall from the proof of Lemma I.1 that we may assume:

, =u} +u+v, 0<ul ulv,<u, uul=ulv,=uv,=0ac.

Finally we denote by: d, = dist (Supp u,, Supp u?), «, = J uldx,
RN

B, = J uZdx. We may assume without loss of generality that: 4, - o,
RN

o, = o, B, 2 B with @0, A), Pe(0,i—d), |la—o] <e |f—(A—a)] <e.
We first notice that we have:

f J(u)dx >J‘ J(ug)dx +J J(ul)dx .
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In addition, we have:
” ufXu{y)f(x — y)dxdy = ” ul(Xud(y) f(x — y)dxdy
RN xRN RN xRN
+ J L NXRNuf(x)uf(y)f (x — y)dxdy + 2 j L NXRNu;(x)uf( Wf(x — y)dxdy

+ 2JLN RNu,.(x)vn(J’)f (x — y)dxdy — JJ v (XY} f(x — ydxdy .

And we remark that we have:

ULN RNu,.(x)v,,(y)f (x — y)dxdy‘

<l f lme Httn HlL2przo -0 || Uy llL2orcr-0 < C H v, Hl{fq/z < Cgl~92 ;
HJ v(X)0n( ¥) f(x — Y)dxdyl < Cllv, ||2re < Ce?7a.
RN xRN

We next claim that we have:
jj ur(ui(y) f(x — y)dxdy — 0;
RN xRN

indeed remarking that for all 6 > 0, f; = f1/ 55 lies in LY{RY) for all
1 < g < p, we deduce:

UJ u (W) f(x — y)dxdy‘
RN xRN
<oA% + \” ur (g (Y) folx — y)dxdy\
RN xRN

< 047 + \J‘J‘ urll(x)u:(,\’)fé(x - )’)1(|x—y|>d,.)dydy
RN xRN

since d,, = dist (Supp u}, uZ). And the last integral may be bounded by:

“ Uy HLW@Q*“ ” Uy HLZ%’(ZP“ | f5lqxi> a0 Lo

and we conclude since 3 le [1, (p + 1)/p] if q is choosen in [L, p[
q—
near p and since || f51xza, llLs@ny 7 O-

n

Vol. 1, n® 2-1984.



124 P. L. LIONS

Combining these inequalities we find:

Ix = lim {J\ j(un)dx - ljJ un(x)un(y)f(x - y)dXdy}
n— RN 2 RN xRN

> lim inf {J‘ Jup)dx — EJJ ur(ul(y) flx — y)dxdy}
RN 2 RN xRN

+ lim inf U Jod)dx — %U W20 S (x — y)dxdy} — 8(¢)
—1; + I; — &(e) '

where d(g) > 0 as e - 0.
Sending ¢ to 0, we obtain a contradiction with (S.2) and the contradiction
shows that (iii) cannot occur.

Step 2 : Vanishing does not occur.

If (ii) occurs then arguing in a way similar to the preceding, we obtain:
f j u(x)u,(y) f(x — y)dxdy
RNx RN
<842 +JJ un(X)u( y) fox — y)dxdy
RN xRN
<5}'2 +JL un(x)un(y)glé((x_y)l(lx_y[ gR)dXdy + [] U, H12‘2q/(2‘1‘ 1) H f;{ HLq
N RN
2q

+1
e[l,p and where fX,
2g — 1 P

gs are given by: g5 = f; AR, f}= (fs — R)+1(|x{SR) + f&l({x!>R)' To
conclude we observe:

where g is choosen in [1, p[ such that

”f,?“u —- 0 as R —» + oo, for each fixed 6 > 0;

JJ{R un(x)u,,(y)gg(x - y)l(lx—yISR)dXdy
NxRN
< RJ u,,(x)J u,(y)dydx < RQ,(R)A.
RN [x—y{<€R
Therefore sending n to + oo, then R to + oo and finally é to 0, we find:
Ji[ u(X)un(y) f(x — y)dxdy — 0.
RN xRN

This would imply: I, > 0, and this again contradicts (S.2).
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Step 3 : Conclusion.

We have proved the existence of (y,),»: in RN such that (7) holds. We
then denote by #, = u,(- + y,). Taking a subsequence if necessary we may

_ . 1
assume that %, converges weakly in LR to some ufor 1 < o < Pt =q
p

and ue L'(R™) n LYRY). In addition the convex functional J‘ Jwdx

RN
being strongly lower semicontinuous on L? by Fatou’s lemma is weakly
lower semicontinuous and we have:

lim inf J Ju)dx = J Jwydx .
n RN RN

In addition, using (7), it is easy to deduce: j udx = .
[RN
We next show that u is a minimum i. e. that we have:

_” () y) f(x — y)dxdy — JL u(xyu(y) f(x — y)dxdy .
RN xRN N xRN

Indeed we have:

1/2
‘ { ,” u (XN (y) f(x — y)dxdy}
RN xRN
1/2
RNXRN

1/2
< UJ (@(x) — ulx)(@Ay) — w(Y)f(x — yydxdy
RN x RN
and
LLN rRzN(ﬁn(X) — u(x))u,(y) — u(y) flx — y)dxdy‘
< 8A% + g4R ”J — u(x))(@(y) — w(y)gs(x — y)dxdy|.
RNxRN

We now introduce:
{x) = j {u(y) — w(y) } g5(x — y)dy;
IRN
since gh(x —-Ye L' n L=, we have for all xeRN:

va(x) = LNﬁn(y)g‘é(x — ydy — LNu(y)g{}(x —yydy - 0.
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In addition:

f (J u,(y)gs(x — y)dy>dx = (J g‘édX)'U ﬁndy>
RN RN RN RN

= )“J‘ ghdx
RN

(L ([
- L~(LN“(Y)g?(X - Y)dy>dx

Nu(y)g§(x —ydy  in LY(RY)

and this yields easily:

L Nﬁn(y)g‘é(x - ydy - J

R

or v,(x) = 0 in LYRM). Therefore: v, - 0 in LYRY) for 1 < a < oo,

and thus we find:
J uvdx - 0
RN "

j[ﬂ@” RN(EH(X) - u(x))(ﬁn(y) . u(y))f(x - _V)dXdy - 0.

1. €.

This proves that u is 2 minimum of (9) and thus:

J Ju)dx - j Jdx .
RN RN .

Since j is strictly convex, we deduce now that actually u, — u in measure.

u, + u .
. satisfies also:

Indeed observe that by similar arguments v, =

j Jwdx - j Jw)dx
RN RN

therefore we have: j(u,) + jlu) — 2/(v,) - 0in L.
Let K < oo, and denote by:

+t
0<aKw:inf{j(s)+j(r)—2f(fz—)/o<s<1<, 0<r<K, |s—1| 21}

for all 2 > 0. Remarking that

24
meas (u,(x) =2 K or u(x) = K) < °d
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we deduce for all y > 0:

_ 22
meas (11, — ul > 3) < - + meas (6|7, — ul) > 3x0)

24
st (5K(V))_1J Ox( |ty — u|)dx
RN

24
st (5K(V))_1J {J@,) + jw) — 2j(v,) } dx;
RN

therefore u, — u in measure. Using (7) and the consequence of | j#,)dx,
RN
this implies easily: %, — u in L' nL? and ju,) - ju) in L. |

ReMaRrk 11.6. — Let us point out that the strict convexity of j is assumed
only to insure L? convergences and that if we no longer assume that j is
strictly convex but merely convex then (S.2) is equivalent to the fact that
every minimizing sequence is weakly relatively compact in L}(RY), and
if(S.2) holds then this compactness insures that all converging subsequences
are, up to a translation, converging to a minimum. ]|

11.3. Extensions.

We now consider the case of problem (9) where f is taken to be more
general than in (10): we will assume that f satisfies:

(10 freMPRN) + MP(RY)  with 1<p, <p,< o
f e MPYRY) + MP(RY)  with 1<p, <P, < ©
+1
where we agree: MY(RY) = LY(R™). We then denote by g -
As in remark 11.3, we then have for all ueL! n Le: P

l f J wu(y) f1(x — Vdxdy | < Coll fy e, 1w e [ |27
RN xRN

where [ = f, + f, and f, e M, f, e MP and where C, is the smallest
positive constant such that the above inequality holds for all u.
We will then assume:

j is strictly convex, nonnegative on R* and: liron Jt~t =0
t—04

W) | tim o > %co 17y w29

t— 0
Then with a similar proof, we extend Theorem II.1 as follows:

THEOREM 1. 2. — Under assumptions (10), (11'), every minimizing sequence
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(Un)n=1 of (9) is relatively compact in L'(R™) up to a translation if and only
if (S.2) holds. If (S.2) holds, for every minimizing sequence (u,),;, there
exists{ Y= in RN such that u,(* + y,) is relatively compact in LY(RNALYRN),
Ju, + vy and u(x + yu(y + ) f ~(x — y)isrelatively compact in LY(RY)
and in LY(RN x RN) respectively. In particular there exists a minimum of (9)
if (5.2) holds.

Similar remarks to those made above can be formulated but we will
skip them. Instead let us discuss one example arising in Thomas-Fermi
theory (cf. {16)):

—ulxl vl

[x] | x|

where A, B, u, v are given positive constants satisfying:

Example. — N =3, f(x)=A , j(t) = t* with o > 1,

either u>=2v,A>B or u<v

(remark that if this is not the case then f < 0 and (9) has no solution).
Clearly (10") holds with p, = p, =p; =p, =3 if A> B or A =B (and
U< v) or with p, = p, arbitrary in ]1, o[ and p; =p, =3 if A<B
(and thus g < v).

Case 1. — A > B, u, v arbitrary or A = B and u < v:
then (11’) holds if & > g (or = % if A is small enough). Using the proof
of Corollary II.1, we see that (S.2) holds if & < 2 and if I; < 0. Therefore
in this case and if o e}g, 2}, (S.2) holds if and only if I, < 0.

Case2. — A< B u<wv:
then (11’) holds for all « > 1. And if « < 2, then (S.2) holds if and only
if I, < 0. ]

I1.4. Translation-dependent problems.

With the same motivations from Physics as before (¢f. [1] [2] [I3])
we consider now the problem:

(9" I, =inf { Sw)/ueK,}

where K; is given as before and 4 is defined by:

Eu) = j Jwdx + j V(x)u(x)dx — EJJ wxu(y) f(x — y)dxdy
RN RN 2 RN xRN
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and f, j still satisfy (10)-(11) (we could as well assume (10’)-(11")). Finally
we assume that the potential V satisfies:

17) Ve CRN), V(x) » V, as |[x| > oo;

(we will see below extensions of this condition).
We then consider:

1
£(w) = j jdx + V., f uldx 5” () S (x = dxdy

I9 =inf{&°w)/uekK,};
and we set I, = 0. Then we have:
THEOREM I1.3. — We assume (10)-(11) and (17). Then every minimizing

sequence (u,),=, of (9) is relatively compact in L'(RY) if and only if the
following condition holds:

(S.1) L<I +1I2, Vael0 A[.

If this condition holds, then any minimizing sequence (u,),», is relatively
compact in L* ~ L% and j(u,) is relatively compact in L' ; in particular there
exists a minimum in (9). —

Proof. — We follow the proof of Theorem II.1. Concerning step 1,
we just remark that in view of the construction of u}, u2, two cases are

possible: we have uy = w1, i, us = t,lgn_(, 15y and if y, is bounded,
then:

‘( Vuldx = J Vuldx = Vooj uZdx + J {V -V, tuzdx
RN [x=yn|ZRp RN fx~yn|ZRnN

and:

J. |V =V, |uldx - 0 since R, » .
|x—¥nl ZRn

n

On the other hand if y, is unbounded, then taking a subsequence if necessary
we may assume |y,| - oo and thus:

J Vuldx —J Veuldx
RN RN

Therefore, arguing as in Step 1 above, we find:
either L 2 Iz + If — d(e)
or L2 IR+ Iz — de)

and sending ¢ to 0, this contradicts the case ae ]0, A[ in (S.1).

n

gj [V —-Vejuldx - 0.
jx—ynl €R
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Concerning Step 2, we observe that if Q,(t) — 0 for all ¢ < co, then:

J‘ Vu,dx —J V®u,dx
RN RN

< V-V® HL_J u,,dx+[ [V—=V=ludx
x| <R x| =R

<IV=V=l-Q4R)+4 sup [ V(x)=V*=|

x| ZR

and we find I, = I{ sending nto + oo and then R to + oo. This contradicts
the case @ = A in (S.1).

Therefore (i) in Lemma I. 1 holds and if y, is unbounded, we may assume,
taking a subsequence if necessary, that |y,| — + co. This implies in

particular that for all R < oo: f udx — 0 and by the same argument
" JBr

as above we deduce:

—n>0

J Vu,dx —J Veu,dx
RN RN

and again this contradicts the case a = A in (S.1).
This shows that y, is bounded or in other words that u, is weakly rela-
tively compact in LY(RY). And we conclude as in the proof of Theorem II. 1.

RemaArk II.7. — Looking carefully at the above proof, we see that we
may replace (17) by:

(17’){V:VI+V2 with V,eCyRY), V{elP+L*, VS elL#4L%
where  1<p,;<p, <00, ¢1<g,<©

and q; = q/(qg —1) (it is even possible to consider the case when V, € L*(RN)
but it would involve technicalities below). We then set V® = hlnl1 inf V,(x)

and define &%, 13 as before. Then in this situation (S.1) holds is a sufficient
condition for the compactness of minimizing sequences and is a necessary
condition if V, orryed Ve,

Let us give one simple example where it is easy to check (S.1):

COROLLARY I1.2. — We assume (10), (11), (16) and (17). Then if V = 0
and if 1, < 0,(S.1) holds if and only if : 1, < 1. If this is the case, the con-
clusions of Theorem 11.3 hold.

Remark I1.8. — If V = 0 is given then in many cases it is possible to
see that, for A large enough, I; < 0. In addition if V2 0 and if I}, <O,
the result above implies that theorem II.3 may be applied if we know:
- I, < I?. We now claim that this is the case if V(x) < V* Vx e R": indeed
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if we had I, = I, by Corollary II. 1, there would exist a minimum of the
problem at infinity I$: let us denote by u, such a minimum, then

J Vugdx < V”j Uodx
RN RN

and thus I, < &(u,) < IP. The contradiction shows that indeed we have:
I, <I.

Let us also point out that if V(x) = V*, ¥xe RN, then we have I, = I¢
and (S.1) does not hold.

Finally let us notice that, since we may add constants to V without
changing the minimization problem, we may always « normalize » V in
such a way that V > 0 and more precisely: %Qfo V=0 | |

Proof of Corollary 11.2. — We follow the proof of Corollary II.1,
take o > O such that I, < 0 and consider I, for some 6 > 1, then:

Iy, = I‘1Er11(fm &(Ou)
= inf { J HOuydx+ QJ Vudx+ — 02JJ u(xX)u(y) f (x — y)dxdy }
ucKq RN RN RN xRN

< inf { QZJ‘ Jwdx + BJ Vudx + — QZJJ u()u(y) f (x— y)dxdy }
ueKe RN RN RN xRN

and using the fact that V is nonnegative we find:
I, <0%,<6l, <0,

This implies: 1, < I, + I,_,, since we assume I, < 0. Remarking finally
that I, < I, we conclude easily. n

We conclude this section by a fundamental counter-example: the con-
centration-compactness principle states that the subadditivity conditions
(S.1),(S.2) are necessary and sufficient conditions for the relative compact-
ness of all minimizing sequences. But it may happen that (S.1), (S.2)
do not hold but still there exists a minimum in the original minimization
problem: in this case our principle only indicates that the problem is not
well-posed in the sense that there exists some minimizing sequence which
is not relatively compact (even up to a translation in the translation-
invariant case). We give now one example of such a phenomenon:

1 1
Example. — Take N =3, f(x) = rwl, j(t) = —t7 where ¢ is taken in
4 . X q
]g 2 [ In view of Theorem I1. 1 and Corollary I1. 1, there exists a solution u,
of the minimization problem:

1P = 6=(u,) = inf { E"w)ueK,}
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where

1 1
E%(u) = j auqu - EJ‘j u(x)u(y) x — y| ‘dxdy
RN RN xRN

and A is an arbitrary positive constant. Looking at the Euler equation,
it is an easy exercise to check that u, has compact support (see [/] [2] [I3])
say: Supp uy < Bg,. Then if we consider: Ve C*(RY), V =0 if | x| < Ry,
V(x) > 0 for | x| > Ry, V(x) - 0 as |x| — oo; and if we denote by I,
the infinum corresponding to (9’) then we have:

I,=12, I,<I,+1I7, VYae 10, A[.
Therefore (S.1) does not hold, but still there exists a minimum of (9')

namely u° since | Vu%dx = 0!
RN

IIT. CHOQUARD-PEKAR PROBLEMS

III.1. Main results.
Motivated by quantum mechanics (see E. H. Lieb [/5]) and statistical
physics (see Donsker and S. R. S. Varadhan [/0]) we consider the following

problem: find ¥ minimizing

. 1 1
18 I, = 1nf{J —Vu? + - V(xpu?dx +
.2 2

1 w?(x)u?(y) }
— ZJLMRZ‘*IX _— dxdy/ue K,

KZ. = {UGHI(R3), lul%‘z([ms) = /,1’.}

where

V(x)u?(x)dx to be meaningful on H'(R3), therefore
RS

we assume (more general cases will be discussed later on):

We need the term J

3
(19) VELXRY) + LR, with Z<p.g<oo.

A typical example (relevant for Physics) is the Coulomb potential:
Z.
V(x)=—27', with z;, > 0, x;,e R*(1 < i< m).
[x — x|
i=1
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Since (19) implies that V, in some weak sense, vanishes at infinity; the
« problem at infinity » is given by:

20) 12 = me —|Vu|2dx—4” sl )dxdy/ueKl}
R3 <R3 IX— [

Obviously, the considerations of section 1 are easily justified and we
obtain in a straightforward way:

IP <L+ 18, Vael0, A[.

Notice also that we have; choosing some u in K, and denoting by u, = (—)
foro > 0. g

_ J L Yo Pdx - J J [0732u(x) 12 [0~ 2u () dxdy
A s 2 7 4 ) Jrsxm> [x =yl

1 1 2 2
Ii"<—2j |Vu|2dx—1” WMD) gy <o
g R32 R

o sxm3 | X — ¥

or

for o > 0 large enough.
Our main result is the following:

Tueorem I11.1. — 1) If V = 0, every minimizing sequence (u,), is relati-
vely compact up to a translation in HY(R?). In particular if V=0,1, = I
has a minimum.

2) If V % 0, every minimizing sequence (u,), is relatively compact in H'(R?)
if and only if the following condition holds:

(21) L <I2.

3) This condition holds for all A> 0 if V<0, V#£0 or for A large
enough if V is negative somewhere. Finally if V= 0, V £ 0, there is no
minimum in the problem (18).

ReMARK II1. 1. — This result illustrates the striking differences between
problems in unbounded domains and those in bounded regions. Indeed

if we replace R* by any bounded region, (18) has a minimum for all poten-
tials V.

REMARK II1.2. — In the case V = 0, the existence of a minimum was
proved by E. H. Lieb [/5] by the use of symmetrization arguments (which
cannot be used in the case of general potentials V); in addition it is proved
in [/5] that the minimum is unique up to a translation (and a change of
sign). Later we proved (in P. L. Lions [21]) that for all potentials V with
spherical symmetry, there exists a minimum of (18) when we restrict the
infimum to functions with spherical symmetry.
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In the case when V = 0, V # 0, we prove here that there is no minimum
and that for any minimizing sequence (u,), there exists (y,), in R* such
that u,(- + y,) converges in H! to be the minimum of the problem with
V =0 and that | y,| = oo. If we assume in addition that V has spherical
symmetry, these considerations only show that

2 2
Il<Inf{J l|Vu|2+1V(|x|)u%1x—3” de/dy/ueKﬁ}
w2 2 4l

sxg3s | X — yi

where K§ = {ue K julx) = u(|x])}.
In the next section we prove Theorem III.1; the following sections

being devoted to various variants and extensions of this problem and
of Theorem III.1.

1I1.2. Proof of Theorem III.1.

We first make a few preliminary observations: let (u,), be a minimizing
sequence of (18), then we have:

2 2
Jj (e () dxdy < Clu, |fi2sma) (convolution
Rixms | X — i inequalities)
< C l U, ‘iz(R3) 1 U, |L6(R3) (Holder
inequalities)
< Clu, famsy | Vit li2@) (Sobolev
inequalities)

3
while if V=V, +V, with V, eL?, V,eL? and 3 < p, g < 0, we have:
[Vt < 1Yy [ = e < € 2
RN

- 3
and similarly for V,. If p or g = 5 we argue as follows:

J |V1[ufdx<j Min { |V, ], M }u2dx + M4
R3 R3

< M) | Vu, |Z2@s) + M(A)
where 6(M) = [ Min ([ V,|, M), » 0asM — oo,

These inequalities show that u, is bounded in H*(R3) and thus I, > — co.
We next claim that we have always:

(28) I, < 01, VA>0,V8e]l, of.
Recalling Lemma II.1, this yields:
L<l,+L_, <, +1I7 Vae 10, A].

A
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In particular we see that condition (S.2) holds; while (S.1) holds if and
only if (21) holds and this immediately explains Theorem III.1 in view
of the heuristic principle and method given in section 1. To prove (22),
we observe that:

IM=Inf{ J —|Vui2+ Vuzdx— JJ y)d dy/ueKl}
R3xR3 ‘X v

and (22) is proved as soon as we know that in (18), we may restrict the
infimum to elements u of K, such that:

JVJ wW2euA(y | x — y| ldxdy = o> 0
R3 xR3

for some « > 0. If this were not the case, there would exist a minimizing
sequence (u,),—thus bounded in H'(R*)—satisfying:

JJ wAx)u(y)|x — y| " tdxdy - 0.
R3 xR3

This would imply in particular that u, converges weakly in H' to 0, there-
fore u2 converges weakly in L? to 0 for 1 < 8 < 3 and thus
j Vuldx - 0.
R3

This would then imply that I, > 0, contradicting the scaling argument
made before Theorem III.1.

We are going to prove that every minimizing sequence (u,) is relatively
compact in H' up to a translation. Of course we are going to involve the
concentration-compactness lemma (I.1) with p, = uZ. We first rule out
the possibility of vanishing: indeed if we had

lim sup J 12 (x)dx = 0, forall R < oo;
y+Br

k—co yeR3

for a subsequence #, ; then by the same érgument asin Step 2 of section I1.2,
we prove that this would yield:

Jj ur(ur(y) | x — y| " tdxdy - 0
R3xR3

and we already saw that this is not possible.

To prove dichotomy does not occur, we have to modify the construction
of pi, p? in the proof of Lemma 1.1 according to the:

Lemwya II1.1. — Under the assumptions and notations of Lemma 1.1,
if we assume in addition that p, = u? with u, bounded in HY{(RY); there
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exists a subsequence n, such that either compactness ((i)) occurs, either vanish-
ing ((ii)) occurs, or dichotomy occurs as follows: there exists a€ 0, A[ such

that for all ¢ > O, there exist ko > 1, ut, ut bounded in H'(RY) satisfying
Jor k= ky:

-

H Uy, — (u’% + ul%) HLP < 51;(8) g 0’ for 2 < < 6’

e~04
j (ug)?dx — o j (up)Pdx — (A —a)| < e;
RN RN

dist (Supp ug, Supp uf) - + 0}

<&,

@f ([ Vi, [~ | Vad [P — | V|2 ) dx > 0.
\ k RN

It is now easy to rule out dichotomy: indeed if it would occur, we would
easily deduce as we did before:

L2l +18, o L>I°+1,,

contradicting the strict subadditivity inequalities we already obtained.
Let us now prove Lemma III.1: we therefore assume that Q,,(t) converges
for all t > 0 to some nondecreasing function Q satisfying:

0< Q) ~ e ]0, A] as t A + 0.

Let £ > 0, choose R, such that Q(R) = o — ¢ if R = R,. Next let &, ¢ be
cut-off functions: 0 K K 1,0< o < ,E=11f|x| < L E=0if [ x| =2,
p=01if [x|< L o=11if|x][22, & ¢e2(RY) and let &,, ¢, denote

é<ﬁ> "’(u) We have for R > 1 and for v in H'(R*) with fjvls: <M,
where M > sup | i, |l:

<
2

<

f | V(&rp) [Pdx — j EX Vo |2dx
RN RN

C
R
C

J lV(q)Rv)\zdx—J e2|VoPdx| <
RN RN

C
for some constant C = C(M) > 0. We choose R, large enough: R < e

1
Of course we may assume R; = R, and thus Q(R,) = a — & Then for k
large enough: Q,,(Ry)€ [ — 26, a + ¢]. Let y, € R® be such that:

QuR,) — J (1, dx.

yic + Br,
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We then set: u; = & (- — yu,,. Then for k large enough we find:
j (ux)*dx — a1 < 2¢; and
RN

JR | Vui [2dx — J Er,(x — ¥ | Vu,, Pdx | < e.
N RN

We finally consider ¢, = @g,(- — yi) and ui = @y, ; Where R, — + o0
is such that: Q, (2R,) < o + 2e.
To conclude, we first observe that:

L 1y, — (uf + ) [P = j (1= &.(x — 1) — 0200) } ud (0)dx
N [RN

J u,%k(x)dx
Ry <x — yic] < 2Ry

< Qu(2Ry) — Q,(Ry) < 4e;

A

therefore by Holder and Sobolev inequalities we also have:
|y, — (e + uf)|Lr < Ce?;  with 0=(6—p)2p.
And the proof of Lemma II1.1 is completed.

REMARK TII.3.— Of course in Lemma III. 1, we may replace H! by W™?
for all m>0, p > 1 and the relation p, = u2 by p, = |u,|* for all

< Np
psa< N—mp |

At this point, we have proved that any minimizing sequence satisfies
the following compactness criterion: 3(y,), € R® such that:

Ve > 0, 3R < oo, J wldx > 1 —¢.
¥n+Br

We then denote by %, = u,(- + y,). The above property implies obviously

that if u, (or a subsequence) converges weakly in H', a. e. on R® and in
LY, (for 2 < p < 6) to some u, we have:

f uldx > ) — ¢
Br

and thus J u’dx = 4, 1. e. &, converges strongly in L? to u.
R3

By Holder inequalities, u, converges strongly to u in L? for 2 < p < 6.
Next, two cases are possible: either I, < If or I, =19, If I, < IT, we
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claim that (y,) remains bounded, if it were not the case we would deduce
easily from the above informations that:

J Vufkdx =J Vix + y,,k)(ﬁ,,k)zdx e 0, if |yp | — o0;
R3 R3

hence I, > I{. Now if (y,) remains bounded, we see that u, converges
strongly to some u in L? for 2 < p < 6 in that case it is easy to show that u
is then a minimum and thus a posteriori:

J‘ [Vu, Pdx — J’ | Vu |Pdx
R3 . R3

showing the compactness in H'. In the second case, that is if I, = I?,
we argue as before if (y,) is bounded while if | y,, | - o, then we check in

a straightforward way that u, converges in H' to & which is a minimum
of the problem 15 .

There just remains to prove part 3) of Theorem I1I.1. To do so, we first
remark that we just proved that in the case V = 0, there exists a minimum u,
which by the uniqueness results of E. H. Lieb [15] satisfies: u,(x) = A%u;(1x).
In addition we may assume that u, is spherically symmetric, positive in R*
and exponentially decreasing at infinity. Therefore if V < 0, V # 0, we
have:

J V(x)u}(x)dx < 0

and thus I, < I{. Now if V is only negative somewhere i. e. if V™ #£ 0
on a set of positive measure and denoting by y, a Lebesgue point of V
and of this set we see that:

j Vst — youde = [ VOO0~ 30 sz Vi) <0,
IR > R
therefore for A large enough, we deduce: I, < I7.

Finally if V > 0, V = 0, it is clear that we have: I, > I?. And since the
reversed inequality always hold, we have I, = I{. If a minimum u of (18)
would exist, this would imply:

I,IZIZO—FJ

R3

Vuldx =1, + j

Vuldx = 1,
R3

and thus u = 0 on a set of positive measure. But since u is 2 minimum of (13),
u is an eigenfunction corresponding to the first eigenvalue of the Schro-

1 1
dinger operator — A + W with W =V — E(uz * I_T) and by well-known
X
results u cannot vanish on a set of positive measure. [ |
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II1.3. Variants and extensions.

It is possible to treat by analogous methods similar problems where
Duj? is replaced by arbitrary Sobolev norms and R? by RN, where the

potential V and the kernel are replaced by more general ones,

lx —yl
where we add in the functional local terms like: J f(x, u)dx. Two relevant
examples of this sort are: "

ExampLE II1.1. — f(x, u) = flu), where feC}(R), f(0)= f(0)=0.
In that case we only need to assume:

lm £~ * < oo, I}Ii—m ffolem°? =0
t— -0
and then the concentration-compactness principle holds.
ExaMpLE I11.2. — f(x, u) = f(x)u, where, to simplify, feL? + L5

Again the concentration-compactness principle holds.
We only mention one possible extension: we replace (18) by
1

18) 1, =Infd | 1 o 1 Vi
(18 I, =1In RNEaij(x)a‘ié;“j > xju~ax

4oL J J PORIW(x — ydxdyfue K}
4 RN xRN

where K; = {ue H{(RY)/julf = 1}.
And where we assume (to simplify):

N
19 Viel!l .;V6>0, V"1 y.5,el?withp 25 fN=3p>1ifN<2;

N
V’ELP+L‘1withUc>p,q>5ifN>3,p,q>1 IfN<2;

3) a;(x)eCy(RN); Iv>0,VEeR, q; (x)E:6,2v | &2 a. e xeRN;
a;{x) - a; as |{x|— oo;

. N .
(24) WeMARN) + MYRN) with p, g > 5ifN =>3,pg9>1i{N<2

Of course, we have now to replace the problem at infinity (20) by
00y 12 =tnfd | 1z 2% g
= In Qe — ——
* w2 o O,
1
- = JJ wW(x)uA(y)W(x — y)dxdy/ue X, }
4 RN xRN
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We then have the:

THEOREM II1.2. — We assume (197), (23), (24). Then (21) is a necessary
and sufficient condition for the relative compactness in HY(R™) of all mini-
mizing sequences. If V =0, a;{(x) = a;; then 1, < 0 is a necessary and suffi-
cient condition for the relative compactness up to a translation in H*(RY)
of all minimizing sequences.

The proof of Theorem III.2 is very much the same than the proof of
Theorem III. 1, we only describe two technical points which are necessary
in order to complete the proof. First if u, — 0 weakly in H'(R") then
we have for all 6 > 0:

J V*iuZdx < 84 + J Vv aupdx
RN RN

and this yields: j V*uldx — 0.

RN
Next, if 7,(-) = u, (- + y,) converges weakly in HY(RY) to some % with
[yul 5 oo, then we have:

au,, 5u,, aan 0 an

E”Q JRNaij(x)a;axj dx = lim LNaiJ{x + V) —

d
» Ox; Ox x

J

>limj a{x + )aa"aa"d

= a;{x ) —
Sl N G I

i j

_ Ou du
= BRaijE;;iaj’ forallR < o0}

du, 0 7 o%
limj ax) “"dxzj R
RN R

—~ ai'—— -
n 0x; Ox; ~ 7 Bx; 0x;

and we deduce:

REMARK I11.4. — It is possible to show as in the proof of Theorem I11.1
that if I, < 0 then all minimizing sequences are relatively compact up
to a translation. In addition if (g;{x)) > (a;) for all xe RN and if V >0,
then I, = IY and there is no minimum of (18").

Remark III.5. — Inthecase when (g;/(x)) does not converge as|x| — o,
it 1s possible to argue as follows: assume there exist (a;;), (a;;) satisfying:

Vée RN, a;éé; = Iimlfﬁpmess a{(x)&:&;

= Iifrllx]igﬁoess ai(x)¢i8; = aytil;
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and let IP, IP the infinum given by (20") corresponding to @}, a;; TeSpec-
tively. We always have:

LI +1I2, Vael0, Al
while if I, < I, + I ., Vae [0, A[, then all minimizing sequences are
relatively compact in H}(RM).

REMARK I11.6. — Of course, if we assume that: (g;{x)) < (a;;) on RY
and if V # 0, V < 0 then (21) holds if and only if I, < 0. Indeed either
I? = 0 and then (21) holds, or I < 0 and by Theorem III.2 there exists u
minimum for the problem I{: we then conclude remarking that we have:

)au au <J‘ _ du du J
< a;; — —dx
AL s a8, 0%,

J’ Vuldx < 0.
RN

I1I.4. On the Euler equation.

Clearly enough, if u is a minimum of (18’), then u solves the following
Euler equation:

(25) _ ¢ ( U(x) ) + Vu + Ou = (u® * W)u) in Z2'RY

where 0 € R is a Lagrange multiplier. It is often of interest for Mathematical
Physics to investigate directly the solutions of the equation (25)—where
# is now a fixed parameter. To find one solution, one may take advantage

of the homogeneity of the nonlinearity by looking at the following minimi-
zation problem:

260 I,= Inf{ — JJ w2 ()t (y)W(x — y)dxdy/ue H}(RY), J(u) = l}
with: 5
Hu) = J aij(x)—ual + Vu? + Ouldx .
RN Ox; 0

x; 0x;
Indeed if u is a minimum of (26), then there exists ¢ > 0 such that ou is
a solution of (25) — by the way, let us mention that here and in all the mini-

mization problems considered in section III, the solutions we find are
positive on RN,

Next, if we want to solve (26) we have to consider the problem at infinity:

Q7 IP= Inf{ - JVJ‘ w2 y)W(x — y)dxdy/ueH*(RYN), J°(u)= A }
RN xRN
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with:
1= a2 4 ud
w=1\| a;—— u
RN J@xi axj X
and where we assume (23) and 8 > 0 (for example).
Before stating our main result, let us point out that one clearly has:

(28) L=, <Ie=220P2<0.

THEOREM II1.3. — Assume (19'), (23) and
N
(29)' W #£0; WeM? + M?  with Z<p,q<oo if N=5;
WelL! + M? with 1<g<o if N<4;
(30) v >0, Yue HY(RY), Jw) = v|uli.
Then (21) is a necessary and sufficient condition for the relative compactness
in HY(R™) of all minimizing sequences of (26). In the particular case when

‘a;{(x) = a;;, YV = 0, every minimizing sequence of (27) is relatively compact
in HY(R™) up to a translation if and only if : 1, < 0.

ReMark II1.7. — The analogues of Remark I1I.4-6 hold in the above
situation. In addition it is possible to treat cases with more general W if
N <4

Remarxk II1.8. — The condition (30) is essentially necessary in order
to obtain a positive solution of (25)—as we do in the preceding result.
Indeed if uy = 0, ugy # 0 solves (25) then 0 is the first eigenvalue of the

o[ @ , o o
operator | — — | a;=— | + V + 0 — (1§ » W) Jin H(R") and this implies:
0x; 0x;

Jw = | {ud*W}uldx = 0, Vue HY(R") as soon as W > 0. If W admits
RN

both signs, it is possible to relax a little bit (30) but we will skip such
extensions.

We present now a rough sketch of the proof of Theorem II1.3: let u,

be a minimizing sequence of (2). Because of (30), u, is clearly bounded
in HY(RY). We then set:

) [N)n = ]Vun’:z + Llf
and we consider the concentration function Q,, of p,. Let u, = I%m Q1)
o}

Without loss of generality we may assume that p, - g > 0. We will
I L

apply the concentration-compactness lemma on p, = — p,. This will

yield Theorem III. 3 since, in view of (23), the strict subadditivity condition
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(S.1) is equivalent to (21), while the condition (S.2) is equivalent to I, < 0.

Indeed, if we apply Lemma 1.1, we first observe that vanishing ((ii))
cannot occur: indeed if it occurs, then by an argument similar to the one
used in Step 2 of the proof of Theorem II.1, we obtain:

Jj uz(uz(PW(x — y)dxdy — 0
RN xRN

and this contradicts the fact that I; < 0 since I, < I7 < 0.
If dichotomy occurs, arguing as in the proof of Lemma III.1, we see
that we can find u}, u? satisfying: 3y,e RN, 3R}, < o

n

{lin = @l <5l = 3] <5000 < 0
2 ||a: — (1 — &)] < e; dist (Supp u,, Supp u3) — o

for some @ e (0, 1). This immediately yields:

m{ - ” (42 (9 o4 (YW — y)dxdy}

n RN xRN

+ lim { - ” (uzP (N uzP(Wx — y)dxdy} :
n RN xRN

and without loss of generality we may assume that there exists ae 10, A[
such that for some constant C:

[J(up) —a| < Ce  |Jud) ~ (A — )] < Ce.

>l

Two cases are then possible: either |y,| (or a subsequence) — oo, then
because of (23): lim | J(us) — J*(uy)| = O; or y, remains bounded and then:

lim | J(u7) — J°(uz)| = 0.

n

Combining these equalities-inequalities, we deduce letting ¢ — O:
L>17+L., o L>L+I2,

and this is not possible since (21) holds and since (21) is equivalent to (S. 1)
as we remarked before.

Therefore we are always in the situation of « compactness » ((i)): there
exist (y,), = RY such that:

Ve > 0, 3R < oo, J [ Vu, | + u2dx < ¢.

‘i_ynlzk
If (21) holds, it is easy to show as we did before that (y,) must remain
bounded. Therefore we may take as well: y, = 0. Next, if u, converges

weakly and a. e. to some u in H}RY), by Rellich Theorem u, converges
strongly to u in L?(Bg) and the above property shows that u, converges
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strongly to u in L*RM). Using then Sobolev embeddings and Hdolder
inequalities, we see that u, converges strongly to u in LPRY) for

2<p< 2N And this yields:
Sy m n 18 yields:

I, =— J‘J' W (x)uA(Y)W(x — y)dxdy, Ju < 4.

We then claim that J(u) = A. Indeed if this were not the case, we would
have: 1, > I, for some a«e 0, A[, and this would contradict (S1) since

®_. < 0. Therefore u is a minimum and the convergence of u, to u is strong
in H. [ ]

ReMaRK II1.9. — The above proof shows that in the concentration-
compactness method, Lemma I.1 needs not to be used with quantities p,
directly related to the constraint but that there exists a certain flexibility
in the choice of p, which only has to be a nonnegative quantity giving
some control on the constraint functional.
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