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SCATTERING THRESHOLD FOR THE FOCUSING NONLINEAR
KLEIN-GORDON EQUATION

SLIM IBRAHIM, NADER MASMOUDI AND KENJI NAKANISHI

We show scattering versus blow-up dichotomy below the ground state energy for the focusing nonlinear
Klein-Gordon equation, in the spirit of Kenig and Merle for the H' critical wave and Schrodinger
equations. Our result includes the H! critical case, where the threshold is given by the ground state for
the massless equation, and the 2D square-exponential case, where the mass for the ground state may be
modified, depending on the constant in the sharp Trudinger—Moser inequality. The main difficulty is the
lack of scaling invariance in both the linear and the nonlinear terms.
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1. Introduction

The problem and overview. We study global and asymptotic behavior of solutions in the energy space
for the nonlinear Klein—Gordon equation (NLKG):

i—Au+u=f'w), u:RFT SR (deN), (1-1)

where f : R — Ris a given function. Typical examples that we can treat are the power nonlinearities in
any dimension:
S) =AulP*? 2, <p+2=2", 120), (1-2)

where 2, and 2* respectively denote the L2 and H' critical powers
4 .
4 24— ifd =3,
VDA R b B (1-3)
d 00 ifd <2,
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and the square-exponential nonlinearity in two spatial dimensions:
F) = MulPe™® (@ =2, p>4,1>0, k>0), (1-4)

which is related to the critical case for the Trudinger—Moser inequality. The equation conserves (at least
formally) the energy

— f(u) dx. (1-5)

-2 2 2
Bin) = B, = [ HEHEEE
Rd 2
The main goal in this paper is to give necessary and sufficient conditions for the solution « to scatter,
which means that u is asymptotic to some free solutions as ¢t — 300, under the condition that # has less
energy than the least energy static solution, namely the ground state. In the defocusing case, where f has
the opposite sign, one has the scattering result for all finite energy solutions, see [Brenner 1984; Ginibre
and Velo 1985a; Nakanishi 1999a; 1999b; 2001; Ibrahim et al. 2009]. In the focusing case, it turns out
that the solutions below the ground energy split into the scattering solutions and the blow-up solutions (in
both time directions in both cases). Such results have been recently established for many other equations
including the nonlinear wave equation (NLW), the nonlinear Schrodinger equation (NLS), the Yang—
Mills system and the wave maps, since Kenig-Merle’s [Kenig and Merle 2006] on NLS with the H'!
critical power (i.e. p 4+ 2 = 2* in (1-2)); see [Akahori and Nawa 2010; Cote et al. 2008; Duyckaerts
et al. 2008; Kenig and Merle 2008; Killip et al. 2008; 2009; Krieger and Schlag 2009; Sterbenz and
Tataru 2010; Tao 2008a; 2008b; 2008c; 2009a; 2009b].
To be more precise, let us recall the result by Kenig and Merle for the critical nonlinear wave equation

ii—Au=f'(w), fu)=u". (1-6)

Let E© (1) be the conserved energy, and Q be a static solution with the least energy:

©) |i|? + |Vul|? W e

Kenig and Merle [2008] proved that every solution with E©® (1) < E©(Q) scatters in the energy space
as t — =£oo, provided that |Vu(0)| ;2 < |[VQ]|/;2, and otherwise it blows up in finite time both for
t > 0 and for < 0. The idea of their proof is to bring the concentration compactness argument into
the scattering problem by using space-time norms and the concept of a “critical element”, that is, the
minimal non-scattering solution.

The equations in those papers following Kenig and Merle have a common important property—the
scaling invariance. It is further shared with the solution space (either the energy space or L2, i.e. the
critical case), except for the NLS with a subcritical power [Duyckaerts et al. 2008; Akahori and Nawa
2010]. The scaling invariance brings significant difficulties for the analysis, but also a lot of algebraic or
geometric structures and simplifications. Hence it is a natural question what happens if the invariance is
broken in the linear and the nonlinear parts of the equation. This is the main technical challenge in this
paper.

The dichotomy into the global existence and the blow-up has been known long before the scattering
result of Kenig and Merle, under the name of “potential well”, defined by derivatives of the static energy
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functional. More precisely, Payne and Sattinger [1975] proved on bounded domains the dichotomy into
blow-up and global existence for solutions below the ground energy, by the sign of the functional

Kio(u) = / \Vul? + |u|* —uf'(u) dx. (1-8)

It is easy to observe that their argument applies to the whole space R as soon as one has the local
wellposedness in the energy space. Hence our primary task is to prove the scattering result in the region
of global existence. Then our first problem due to the inhomogeneity is that the above functional Ky g
is not suited for the scattering proof, though it is useful for the blow-up and global existence. More
specifically, we want to use the functional

Kaoa0)i= [ 2090l + dlus ')~ 2/ @] dx, 1-9)

which is related to the virial identity. There is actually a one-parameter family of functionals, corre-
sponding to various scalings, each of which defines a splitting of the solutions below the ground energy
by its sign. For example, Shatah [1985] used another functional

d-2 d )
Ko,1(u) ::/T|Vu|2+5|u|2—dj(u)dx, (1-10)

to prove the instability of the standing waves. Note that in his proof the instability is not given by blow-
up in the region Ko ;(u) < 0. More recently, Ohta and Todorova [2007] proved blow-up in the region
K4.—>(u) <0, but they need radial symmetry for the powers p close to 2*.

The special feature of the critical wave Equation (1-6) is that those functionals are the same modulo
constant multiples, which is exactly due to the scaling invariance. For the NLS with a subcritical power
[Duyckaerts et al. 2008; Akahori and Nawa 2010], the functionals are different from each other, but the
situation is much better than NLKG, because they contain only two terms (without the 2 norm), the L2
is another conserved quantity, and the virial identity is used both for the blow-up and for the scattering,
while K o is not so useful for NLS.

It turns out, however, that those algebraically different functionals for NLKG define the same splitting
below the threshold energy. This observation does not seem to be well recognized, but it is indeed crucial
for the proof of the dichotomy, since we need different functionals for the blow-up and for the scattering.

One interesting feature resulting from the breakdown of the scaling is that, for some nonlinearity,
the energy threshold is not given by the ground state of the original NLKG, but by that of a modified
equation. More precisely, for the H' critical power (p + 2 = 2*) in three dimensions or higher, the
threshold is given by that of the critical wave equation, or massless Klein—-Gordon equation. This can be
expected because the concentration by the critical scaling makes the L? norm vanish while preserving
other components, namely the massless energy. However the transition from the Klein—Gordon to the
wave requires some effort in the scattering proof.

We find another instance of mass modification, which is more surprising. That is in two dimensions
and for nonlinearities which grow slightly slower than the square exponential e|“|2, where the mass for
the threshold ground energy can change to any number between 0 and 1, depending on the constant
in the sharp (L?) Trudinger-Moser inequality. Thus we prove the existence of extremizers as well as
the ground states with mass less than or equal to the sharp constant, which also seems new for general
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nonlinearity on the whole plane. For the existence of the ground state on bounded domains, we refer to
[Figueiredo et al. 1995; Adimurthi 1990; Adimurthi and Struwe 2000]. One should be warned, however,
that the situation on the whole plane is different from that on disks, unlike the higher dimensional Sobolev
critical case, since here the concentration compactness has to be accompanied with a leak of L? norm
to the spatial infinity. This will be discussed in [Ibrahim et al. 2011].

It is worth noting that the scattering result in the focusing exponential case is actually easier to
obtain than in the defocusing case, concerning the global Strichartz estimate. This is because the
(mass-modified) ground energy threshold implies that our solutions are in the subcritical regime for
the Trudinger—Moser inequality. Hence concentration of energy is a priori precluded, and so we do not
need the concentration radius or the localized Strichartz estimate used in [Ibrahim et al. 2009] on the
Trudinger—Moser threshold in the defocusing case. This is another striking difference from the power
case, where the analysis for the focusing case essentially contains that for the defocusing case.

Main result. To state the main results of this paper, we need to introduce some notation and assumptions
for the variational setting and the nonlinear setting of the problem.

Variational setting. To specify our class of solutions, we need the static energy

1
1@)i=3 [ 9P +lePlax=Fi). F@)i= [ r@)ax 11

and its derivatives with respect to different scalings. In the critical and exponential cases, we also need
the energy with a modified mass ¢ > 0,

1
1O =5 [ IV6P +cloPldx - Fp). (112

For any o, B, € Rand ¢ : R? — R, we define the two-parameter rescaling family
0 p(0) = (e Ph), (1-13)

and the differential operator £ g acting on any functional S : H I(RY) > R by

d
LapS@) = 77| S(¢} ). (1-14)
=0

The scaling derivative of the static energy is denoted by

Ky p(o) :=%4,pJ(p)
Qa4 (d—2)B,_ , 2a-+dB
— L ] v/ s

K@) = La,879(p).

lez—wpf/(w)—dﬂfﬁp)] dx. (115

For each (o, B) € R? in the range

>0, 20+dB>0, 2a+(d-2)>0, (xB)#(0,0), (1-16)
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we consider the constrained minimization problem

myp = inf{J(p) | ¢ € H'(R?), ¢ # 0, Ky p(p) = 0}. (1-17)

We will prove that it is attained, (after a modification of the mass in some cases), provided that («, f) is
in the above range (1-16). The condition on (e, B) is also necessary in general (see Proposition A.1).
Our solutions start from the following subsets of the energy space:

Wi g = {(o.ur) € H'(R?) x L*RY) | E(ug,u1) < mg g. Ko pgltio) = 0},

- 1/d 2 md (1-18)
Uy p = {(uo.ur) € H'(R®) x L*(R?) | E(ug.uy) < mypg, Kq g(ug) <0}.

Nonlinear setting. For the nonlinearity f, we consider the following three cases: the H'! subcritical
(d = 1), the 2D exponential case, and the H I critical (d > 3) cases. First we assume that fR—>Ris
C? and
f(0) = f'(0) = f"(0) = 0. (1-19)
Secondly for the variational arguments, we need some monotonicity and convexity conditions. Let D
denote the linear operator defined by

Df (u) := uf'(u). (1-20)

We assume that [ satisfies for some ¢ > 0,
(D=2,—¢)f >0, (D=2)(D—2,—¢)f >0, (1-21)
which implies in particular that
D*f > (2. +¢&)Df = (2. +8)>f = 0. (1-22)

Finally we need regularity and growth conditions, which can differ for small || and large |u|. Fix a
cut-off function x € C5°(R) satisfying x(r) = 1 for [r| < 1 and x(r) = 0 for |r| > 2, and set

xr(x¥) == x(|x|/R). (1-23)
for arbitrary vector x and R > 0. Decompose the nonlinearity by
Js@) = x1 ) f), fL)= f(u)— fsu). (1-24)
We assume that for some p; > 2, —2
1 < D1 d < 4 ,
PO, <4 (125,
| f§ 1) — fg W) < |uy —uz Pt (d = 5),

where we should choose p; < 1 for d > 5.
For the behavior of f for large |u|, we distinguish three cases:
(1) H! subcritical case: We assume that for some Py <2* =2

| /7 @)] < |ulP? 2=<d =<4
| £ uy) = [ @) S (| + luz)P2"Huy —uz|  (d = 5and py > 1) (1-26)

| /7 i) = 7 (u2)| S luy — uz| P2 (d = 5and py <1).
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We allow p, = 2* —2 in some of the later arguments. There is no growth restriction for d = 1. A typical
example is

S ) = Aqlul 4 hg|u |7, (1-27)
where A; > 0 and 2, < ¢; < 2* for all j, which satisfies (1-26) as well as (1-19), (1-21) and (1-25).
(2) H! critical case. We assume
d>3, fu)=|u?/2*". (1-28)

In this case, we do not include lower powers in order to avoid their nontrivial effects in the variational
characterization. The absence of lower powers will only be used in Section 2. In particular the Strichartz
spaces we use in Section 4 can handle the sum of a critical power with a subcritical function.

(3) 2D exponential case: We assume that

d =2,
. _ 2 .
ko = 0 { Vi > Ko, limjy| o0 f7/ (w)e™ 1" =0 } andif ko > 0 then fim 2 —o ()
- Vi < ko, limj,|— o0 fL(u)e_"|“|2 =0 lul>o00 Dfp(u) .
Then we define C}}, by
Cou(F) = sup{2F (@)@l 32y | 0 # ¢ € H'(R?), kol V@l 72y < 47} (1-30)
For example, all the conditions are satisfied by
S ) = oM — 1 —eolul® = i ul? (1-31)
and by
2
S () = JufPerol eyl (1-32)

where p > 4, kg > 0, and max(—y, 0) < 1 (depending on ko(p — 4)). More specifically, it suffices to
have for all u € [0, co) that

8kou? +3yu+2(p—4) >0, (1-33)

since, putting g := Df/f = 2kou* + yu + p, we have 2, = 4 and
(D-2)(D—-4)f =[(g—4*+ Dg+2(g—4)/. (1-34)
Dg +2(g —4) = 8kou® +3yu—+2(p —4) = 2[g(3u/2) — 4] —u?/2.

In addition, one can easily observe that C,(F) = oo if y > 0 and C}},(F) < oo if y < 0, using Moser’s
sequence of functions for the former, and by the spherical symmetrization for the latter (compare [Moser
1971; Adachi and Tanaka 2000; Ruf 2005]).!

1 Actually, the optimal (fastest) growth to have Ch(F) < oo is given by

Sy ~ X0 Ju2 (ju] > o0), (1-35)

as shown in [Ibrahim et al. 2011]. The results in the present paper do not rely on this observation, though it seems to have its
own interest.
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In short, our assumption on f is that
(1-19), (1-21), (1-25), and [(1-26) or (1-28) or (1-29)]. (1-36)

Then by Sobolev or Trudinger—-Moser, we observe that F', £, g F and iféy g I’ are continuous functionals
on H'(RY).
Now we can state our main result. Denote the quadratic part of the energy (i.e., the linear energy) by

|a]? + |Vul® + |u]?

5 dx. (1-37)

ECwu;0) = ECu(),u(r)) := /Rd

Theorem 1.1. Assume (1-36) for f. Then for all (a, B) in (1-16), both mq g and W{iﬂ are independent
of (a, B). Moreover (1-1) is locally wellposed in the energy space H' x L?, and

(1) If (u(0),1(0)) € ¥, g, then u extends neither for t — oo nor for t — —oco as the unique strong
solution in H' x L2

(2) If (u(0),u(0)) € 57{;”3, then u scatters both int — $00 in the energy space. In other words, u is a
global solution and there are v satisfying

Vg —Avyg +ve =0, 138
E9u—vi,ii—v1) >0 (1 — oo). (1-38)

The dichotomy of global existence versus blow-up in the subcritical case was essentially given in
[Payne and Sattinger 1975], using Kj o, on bounded domains. Hence our main contribution is the
scattering part, and the parameter independence of ‘:7{2:’ g- The corresponding result in the defocusing
case (hence only the scattering) has been shown in [Brenner 1984; Ginibre and Velo 1985b] for the
subcritical f in three dimensions and higher, in [Nakanishi 1999b] in lower dimensions, in [Nakanishi
1999a] for the H! critical f, and in [Ibrahim et al. 2009] for the 2D exponential nonlinearity. The
massless H! critical case (the other powers cannot be controlled by the massless energy) was solved by
[Bahouri and Shatah 1998; Bahouri and Gérard 1999] for the defocusing f and by [Kenig and Merle
2008] for the focusing nonlinearity.

The parameter independence of m g seems to be known in the study of stability of standing waves,
but the authors could not find an available result as general as the above one. See [Ohta and Todorova
2007; Zhang 2002] for partial results. We quote a recent paper [Jeanjean and Le Coz 2009] for a pure
power nonlinearity, but unfortunately their range of (o, 8) was not correct (the condition & > 0 was
overlooked; its necessity is shown by Proposition A.1).

The parameter independence of ?{i > on the other hand, does not seem to have got much attention
from the stability analysis, but it is essential in our proof of the scattering, since the monotonicity is
given for the blow-up and for the scattering in terms of different K g, respectively Ko and Ky _».

Thanks to the parameter independence, we may write

m=mgg and H* =T,

We will also show the following important properties of the energy threshold.
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Proposition 1.2. Let the assumptions be as in Theorem 1.1.

(1) In the subcritical case (1-26), the threshold energy m is attained by some Q € H' ([R{d ), independent
of (e, B), solving the static equation

—AQ+0 = f'(Q), (1-39)

with the least energy J(Q) = m among the solutions in H(R?). In other words, m is attained by
the ground states.

(2) In the critical case (1-28), there is no minimizer for (1-17), but we have
m=J9(Q). (1-40)
for a static solution Q € H! ([R?d ) of the massless equation
—AQ = f(0Q), (1-41)

with the least massless energy J ©). In other words, m equals the massless ground energy.

(3) In the exponential case (1-29), let
¢ :=min(1, C},(F)),
where C\,(F) is as in (1-30). Then
m =J“(Q), (1-42)
for a static solution Q € H'(R?) of the mass-modified equation
~AQ+cQ = f(0), (1-43)
with the least energy J©)( Q). Moreover we have
m < 271 /ky, (1-44)

where the equality holds if and only if C},(F) < 1, and m = my, g is attained in (1-17) if and only

if C(F) = 1.
Again this is well known in the subcritical case. Hence the main novelty is in the mass change in
the critical and exponential cases. Note that the ground state Q with a different mass ¢ € [0, 1) yields
standing wave solutions e®//® Q(x) with 1 —w? = ¢. But it is not a true obstruction for the scattering,

because its dynamical energy is above m, although m is the right threshold in the sense that for higher
energy level E > m the sets % are no longer separated from each other, that is, 9%+ N X~ # @.

Some notation. We recall some standard notation. & denotes the Fourier transform on R , and

(VY i=V1I-A=F1/1+|£2F. (1-45)
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L?, H*, B; , and Bls,’q respectively denote the Lebesgue, Sobolev, inhomogeneous and homogeneous
Besov spaces on R4 For later use we recall the most used functionals Ko, p and Hy g:

Kio@) = [ [IVel +1o = of ()] dx.
Koao) = [ [C5296 + FloP —dr)] dx, (1-46)

Kia9) = [ [AV0P =d(D=2) /()] dx.

1
Hiolw) = 5 [ (D=2 /@)dx.
Horo) = [ [190F]dx, (1-47)

His0) = [ 3P+ 50-2070)] dx.

We give a table of notation on page 458.

2. Variational characterizations

In this section, we prove Proposition 1.2. In particular we prove the existence of ground states as
constrained minimizers, the (&, f)-independence of the splittings, together with various estimates for
solutions below the threshold by variational arguments, which will be used for the scattering and blowup.

Throughout this section, we assume that (&, 8) is in the range (1-16). For ease of presentation, we
often omit (o, 8) from the subscript. We associate with it the following two numbers:

i =maxQa +dp,2a+ (d —2)B), w©=minQa +dp,2«a+ (d-2)p), 2-1)

which come from the scaling exponents for H! and L? in (1-13). Notice that in the range (1-16), we
have i > 0, u > 0, and that « = u = 0 if and only if (d, «) = (2, 0), which will often be an exceptional
case in the following arguments.

We decompose Ky g = £o,pJ into the quadratic and the nonlinear parts:

Kop=KZ2,+ KNy KZ24(0) = Luploll /2. KYp(@) = -FapFlp).  (2-2)
Then KaQ, 8 ((pé‘, ﬂ) is non-negative and non-decreasing with respect to A € R, and
: Q (A y_
kgr_noo K, (@58 =0, (2-3)
from its explicit form.

Energy landscape in various scales. First we investigate how J and its derivatives behave with respect
to the scaling 90;" B in order to get mg g as a minimax value. The results of this subsection are essentially
known, at least under more restrictions on the nonlinearity and (e, 8).

We start from the origin of the energy space.
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Lemma 2.1 (Positivity of K near 0). Assume that f satisfies (1-36), and that («, B) satisfies (1-16) and
(d, ) # (2,0). Then for any bounded sequence ¢, € H'(R9)\ {0} such that KaQﬂ (¢n) = 0, we have,
for large n,

Ka,ﬂ(‘l’n) > 0. (2-4)

Note that if (d,«) = (2,0) the conclusion is false, since in that case K2 (p*) = e?P*K2(p) — 0 as
A — —o0, but K(p*) = e?P* K(¢) can be negative.

Proof. First we consider the H'! subcritical/critical cases. If d > 2 then

D@+ 1/ (@) S lpP1 T2 + || 7272, (2-5)

for some 2, < p; +2 < p, +2 < 2*; hence, by the Gagliardo—Nirenberg inequality

d(g/2—1 d—q(d—-2)/2
lelgq <IVel7s > llel ;7“2 @ <q <27, (2-6)

we obtain

d(g/2—1 d—q(d-2)/2
F@)l+I2F@) s X Vel ]2 V) 122, @-7)
g=p1+2,p2+2 * *

If d = 1 then we can dispose of f7 by Sobolev H!(R) C L*°(R). Then we get

[F@)|+ILF@I < IVel7y > el 73> Cllela). 2-8)

for some function C determined by f7 .
Hence if 2 + (d — 2)8 > 0 then for any d we have

KN (@) = o(IVel7,) = o(K2(p)). (2-9)
Under the assumption, 2« + (d —2)8 = 0 is possible only for d = 1; then, using (2-8),
(KN (@) = o(lel72) = o(K(e)). (2-10)
Finally we consider the 2D exponential case (1-29). Then we have
D @) +1/@)] 5 lol? (147 ~ 1), @-11)

for some p > 2 and any k > kg. Since > 0, we have K2 (¢,) = ||V
consider ¢ € H! satisfying, for some ¢ > 1 such that (4 — p)q < 2,

|17, — 0, so it suffices to

qk||Vel7, < 27. (2-12)
Let ¢ = q/(q¢ — 1) be the Holder conjugate. Then by Holder, Gagliardo—Nirenberg (2-6) and the
Trudinger—Moser inequality
||(P||12(R2)
4 — ||V(/’||12(R2) ’

”VQDHLZ([RZ) < A4 — /[Rz(el(p'z — 1) dx < (2-13)

we obtain
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[LF(@)| + | F@)] < ll0l12,, 1?19 — 100 < o) 20 ||V 257/ [ 1ol ]l/q
Loa' L~ 4 —qk || Vo2, (2-14)
2
<llol2, Vel 2527
Since p —2/q’ > 2 by the choice of ¢, we get
KN (@) = o(IVel2,) = o(K2(p)). (2-15)
Thus in all cases K(¢) ~ K2(¢) > 0 when 0 < K2(p) < 1. O

The following inequalities describe the graph of J, and will play the central role in the succeeding
arguments.

Lemma 2.2 (Mountain-pass structure). Assume that f satisfies (1-36) and («, B) satisfies (1-16). Then
forany ¢ € H! (RY) we have

(Lap = Wllelg < =218l min(l@l|75, IVell] ),

~ (2-16)
(La.p— W) F(p) = acF(gp),
where ¢ > 0 is given in (1-21). Hence
(L —La,p)J (p) = acF(p) + |B| min(lle]7 .. Vel 2). (2-17)
Moreover we have
~(Fap— ) Eap— ) (9) = Fap— ) (Eap— W) Flp) = - ilfa,ﬂ (D= d—+1F (9). (2-18)
Proof. First we observe that
(£=20—(d=2P)Vel}, =0. (£—2a—dB)lel}, =0, (2-19)
and for any functional S of the form S(¢) = fRd s(p) dx,
TapS0) = [ @D+ pd)slig)d. 220
where Df (¢) = ¢f”(¢) as defined in (1-20). Using this, we obtain
. IVell7, (B=0),
(=@l = -2IBlx { L (2-21)
o lel7. (B =0).

and also
FF(p) = /[a(D -2+ 20+ dB]f(p)dx = /[(ch —2a+4+2B8)+2a+ (d—2)B]f(¢)dx. (2-22)

Since 5
aD—20+2p8 = oz(D—Z,,)+3(2a+d,8), (2-23)

using (1-21), we obtain
SF > (p+ae)F. (2-24)
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Using these computations, we have
—(E-)(&E-wWJ(p) = (E—-)(L—p Flp)

=a/(aD—2oz+2,3)(D—2)f(<p)dx

2 . (2-25)
> ae/ [a(D -2)+ 5(205 + d,B)] f(p)dx
2aeld
> LF(p) > ——F(9),
L (<p)_a,Jrl (@)
where we used (2-23) and (1-21) in the first inequality, min(1,2/d) > 2/(d + 1) in the second, and
(2-24) in the last. O

Using the inequalities above, we can replace the minimized quantity in (1-17) with a positive definite
one, while extending the minimizing region from “the mountain ridge” to “the mountain flank”. Let

Hyp = (1—%qp/i)J. (2-26)

Then Lemma 2.2 implies that Hy g > 0 and
S Hap =~ =) (E— )T+ 0 /)] = = F + g =0, @-27)
We can rewrite the minimization problem (1-17) by using H:
Lemma 2.3 (Minimization of H). Assume that [ satisfies (1-36) and (., B) satisfies (1-16). Then mq g
in (1-17) equals
map = inf{Hyp(¢) | ¢ € H'(RY). ¢ #0. Ko p(p) <0}. (2-28)
Proof. Let m’ denote the right side of (2-28). Then m > m’ is trivial because J = H if K = 0, so it

suffices to show m < m’. Take ¢ € H' such that K(¢) < 0.
If (d,a) # (2,0), then from Lemma 2.1 together with (2-3), we deduce that

(d,a) # (2,0), K(p) <0 = 31 <0, K(¢") =0, H") < H(yp), (2-29)

where the latter inequality follows from (2-27) since H(¢") is nondecreasing in A. Hence m < m’.
If (d,«) = (2,0), then we use another scaling vu with v € (0,1). We have K€(vg) = v2K2(p)
and |KN (vg)| = o(v*) by (2-7) or (2-14). Hence K(vg) > 0 for small v > 0, and so we deduce

(d,a) =(2,0), K(p) <0 = v e (0,1), K(vp) =0, Hvp) < H(p), (2-30)

where the inequality follows from H(p) = ||Vo|| 22 /2 in this case. Hence m < m’. O

The ground state as common minimizer. Now we can prove the parameter independence of m, g via
its characterization by the ground states. First we consider the H' subcritical case.

Lemma 2.4 (Ground state in the subcritical case). Assume that f satisfies (1-36) and (1-26), and that
(e, B) satisfies (1-16). Then my, g in (1-17) is positive and independent of (., B). Moreover my g = J(Q)
for some Q € HY(R?) solving the static NLKG (1-39) with the minimal J(Q) among the solutions in
H'(RY).
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Proof. Let ¢, € H' be a minimizing sequence for (2-28), namely K(¢,) < 0, ¢, # 0 and H(¢,) \, m.

First we consider the case (d, o) # (2, 0). Let ¢, be the Schwartz symmetrization of ¢y, i.e. the radial
decreasing rearrangement. Since the symmetrization preserves the nonlinear parts and does not increase
the H'! part, we have on #0, K(¢y) < K(¢n) < 0and H(p,) > H(p,y) — m. Then using (2-29), we
may replace it by symmetric ¥, € H' such that

Un 0, KWn) =0, JWn) = H®Wn) — m. (2-31)
If « > 0, then (2-17) implies

(L +ae)J (V) = aellYul i /2: (2-32)

hence v, is bounded in H'.
If« =0 (and d > 2), then H(y,) = ||an||i%/d is bounded, and if ||, ||z 2 — oo, then by (2-7)
dBllvnl, < 2K2(m) = —2KN (W) < o(|9ll 527273, (2-33)
but since d —2,(d —2)/2 < 2, this is a contradiction. Hence v, is bounded in H!.

Since v, is bounded in H'!, after replacing with some appropriate subsequence, it converges to some
¥ weakly in H!. By the radial symmetry, it also converges strongly in L? for all 2 < p < 2*. Then in
the subcritical case (1-26), the nonlinear parts converge, and so K(¥) < 0 and H(y) < m.

If ¥ = 0, then K(,) = 0 implies that K2 (y,) = —K™ (y,) — 0, and by Lemma 2.1 we have
K(Yry,) > 0 for large n, a contradiction. Hence ¥ # 0.

By (2-29), we may replace ¥ by its rescaling, so that K(¥) = 0, J(¥) = H(y) < m and i # 0.
Then  is a minimizer and m = H(y) > 0.

Since v is a minimizer for (1-17), there is a Lagrange multiplier € R such that

J'(¥) = nK'(¥). (2-34)

Then denoting £y = awgﬂhzo, we get

0=K(y)=2JW) = (') | £¥) = n(K'(W) | L¥) = nL>J (). (2-35)
By (2-18) and £J(y) = 0, we have
5 _ 2oL
LIW) = —ppd () — dr F(y) <0, (2-36)

since . > 0 or o > 0.

Therefore n = 0 and ¥ is a solution to (1-39). The minimality of J (1) among the solutions is clear
from (1-17), since every solution Q in H'! of (1-39) satisfies K(Q) = (J'(Q) | £Q) = 0. This implies
that mg g is independent of (c, B).

In the exceptional case (d,«®) = (2, 0), the above argument needs considerable modifications, due to
the scaling invariance

H(p) = |Vol2,/2 = He"). K(@") = P K(9p). (2-37)
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First, we should use (2-30) instead of (2-29) to get v, satisfying (2-31). Next, the invariance breaks the
H' boundedness of ,. But we are free to replace each v, by its rescaling so that ||y,|| ;2 = 1, without
losing its properties (2-31). Then

which clearly implies that the limit ¥ is nonzero. By (2-30), we may replace Y by its constant multiple,
sothat K(y) =0, J(¥) = H(¥) < m and ¥ # 0. Then ¢ is a minimizer and m = H(y) > 0.

Finally, the invariance gives us $2.J(y) = 0 and the Lagrange multiplier  may be nonzero. In this
case (2-34) is written

Ay = (ndp - Dy — 1)l (2-38)
Since (—AYr | W)Li > 0 and

=10 1913 = Koy = [(D-D 7w dx <o, (2-39)

we have (ndB — 1) < 0. Hence there exists A > 0 such that ¥* solves the static NLKG (1-39), and it is
also a minimizer. O

H? critical case; massless threshold. Tn the H' critical case (1-28), we still have the («, 8) indepen-
dence, but my g is equal to the massless energy of the massless ground state. This is a consequence of
the invariance of the massless energy with respect to the H! scaling.

Lemma 2.5 (Ground state in H! critical case). Assume that f satisfies (1-28), and that («, B) satisfies
(1-16). Then mgy g in (1-17) is positive and independent of (o, B). Moreover mgy g = J(O)(Q) for some
0 € HY(RY) solving the static massless NLKG (1-41), with the minimal J©(Q) among the solutions
in H'(R?).
Proof. Let H" and K™ be the massless versions of H and K, respectively. Then

m=m" :=inf{H"(p) | ¢ € H', K¥(p) < 0}. (2-40)

Indeed, comparing this expression with (2-28), we easily get m > m" from H*Y < H and K% < K if
20+dp > 0. If 2a + df = 0, then we may replace K < 0 in (2-28) by K < 0, because for any nonzero
¢ € H! satisfying K(¢) < 0, we have by (2-18)

-
$KW)SﬂK@)—i§%FW)<Q (2-41)

which implies that K(¢*) < 0 for all A > 0, and so the set K < 0 is dense in the minimization set of
(2-28). Hence m > m™ 1in this case too.
To prove m < m™, let

¢ = 9u12-1,-1 (2-42)

denote the H! invariant scaling. Then K(¢") — K¥(¢) and H(¢") - HY(p) as v — oo. Hence if
K" (p) < 0then K(¢") < 0 for large v, and so m < m"™.
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Due to the H! scale invariance, K 8 for all (o, B) are constant multiples of the same functional, and
HY is independent of (&, 8), so is the minimization for m™. In fact we have

m” = inf{|[Vol|7./d | ¢ € H', Vol < lel3-}. (2-43)
By homogeneity and the scaling ¢ — v, this is equal to
Iel2, ] a d
1 \ 11|V C3)~
inf Vel [l =t [” “’”LZ} -GS
0£peH! d ||(p|L2* o#peH! d | ||| 2+ d
where C¢ denotes the best constant for the Sobolev inequality
lell 2+ = C5lIVel L. (2-45)
which is well known to be attained by the explicit O € H! given by
_d=2
O(x) 1+ b i (2-46)
x) = _— , -
d(d—2)
which solves (1-41). O

Exponential case; mass-modified threshold. In the 2D exponential case (1-29), the conclusion is some-
what intermediate between the above two cases. If C[},(F) > 1 then m, g is achieved by a ground state,
but if CJ,(F) < 1 then we can still see m1, g as the energy of a ground state to an equation (1-43) where
the mass is changed to ¢ = min(1, C}},(F)) € (0, 1).

Lemma 2.6 (Ground state in the exponential case). Assume that f satisfies (1-36) and (1-29), and that
(cr, B) satisfies (1-16). Then my, g in (1-17) is independent of (o, B) and 0 < my g < 27 /Ko, where the
second inequality is strict if and only if C}} (F) > 1. Moreover my g = J©(0) with ¢ = min(1, Ch(F))
for some Q € H'(R?) solving the modified static NLKG (1-43) with the minimal J©)(Q) among the
solutions in H'(R?).

For the proof, we prepare some notations and lemmas. For any functional G on H!(R?) and any
A > 0, we introduce the Trudinger—Moser ratio

Cin(G) = sup{2G@)lIgll 3 [0 # ¢ € H'(R?). [Vl L2 < 4], (2-47)
the Trudinger—Moser threshold on the H' norm:
M(G) := sup{d > 0| CA(G) < oo}, (2-48)
and the ratio on the threshold: o
Cr(G) := C @ (G). (2-49)
The growth condition (1-29) together with (1-21) implies
M(Eo,pF) = M(F) = /4 /Ko (2-50)

for any (o, B) satisfying (1-16), by the Trudinger—Moser inequality (2-13). Hence the definition of C;,
just given is consistent with (1-30).



420 SLIM IBRAHIM, NADER MASMOUDI aAND KENJI NAKANISHI

For any functional G of the form G(¢) = [ g(¢) dx, and for any sequence (¢n)nen € H HR2N, we
define its concentration (at x = 0) conc G((¢,)nen) by

conc G((gn)nen) = lim lim 2(pn) dx. (2-51)

e>+017>0 Jix|<¢
We will use the following compactness by dominated convergence.

Lemma 2.7. Let g, h : R — R be continuous functions satisfying

lg(w)|

. lg@)|
u—=+oo h(u) =0 lim =0

u—0 |u|2

(2-52)

Let @y be a sequence of radial functions, weakly convergent to ¢ in H'(R?) such that {h(¢n)}n is
bounded in L' (R?). Then g(¢n) — g(¢) strongly in L' (R?).

Proof. By assumption (2-52), for any ¢ > 0 there exist § > 0 such that
lu| > 1/(28) or |u| <28 = |g(u)| < e(h(u)+ |u|?). (2-53)

Then we have
/ Ig(cpn)ldX§8/h(<pn)+Iwnlzdxie. (2-54)
lon|>1/(26) or |pn|<26

200 Loe S ll@n ||1L/22||V(pn [ 1/2 implies that ¢, (x) are uniformly small

The radial Sobolev inequality ||r 12

for large x. Then the weak convergence together with

Ry
on(R1) — on(Ry) = / dyn(r) dr (2-55)

Ry

implies that ¢, (x) — @(x) for x # 0. Then Fatou’s lemma implies

/ lg(@)ldx < e, (2-56)
lp|>1/(28) or |p] <28
and the dominated convergence theorem implies

lg@@n) =P @1 =0 (11— o0, (2-57)
where g is defined by g@® (1) = (1— x5 (1)) x1/5(u)g (1) using the cut-off defined in (1-23). Combining
(2-54), (2-56) and (2-57), we deduce the desired convergence. O

Proof of Lemma 2.6. We start with the exceptional case (d, ) = (2,0). First, let A > 0 and assume
CA(F) > 1. Then there exists 0 # ¢ € H' such that || Vg||; 2 < 4 and F(¢) > ||<p||22/2 For small ¢ > 0
we have Ko 1((1 —¢)¢) <0, and hence mq ; < ||V (1 —e)<pn||iz/2 < A?/2. Hence mg,; < M(F)?/2.

Consider the case C;,(F) > 1. Then by choosing A = 9U(F) in the above argument, we get
mo,1 < M(F )2/2. Now we take a minimizing sequence for my,1. By the Schwartz symmetrization
and rescalings as in the proof of Lemma 2.4 for (d,«) = (2,0), we get a sequence of radial functions

V¥, € H' such that

Vnllpz =1, Hoj1(Wn) — mo1, Ko, 1(Yn) =1-2F(Yy) =0, (2-58)
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and Wn — ¢ in H'. Because of mo,1 < 9M(F)?/2, we can choose some k € (ko,2m/myg,1), so that
e<l¥nl* _ 1 is bounded in L! by the Trudinger—-Moser inequality (2-13). Then we can use Lemma 2.7
with ¢, := Yy, g := f and h(u) := e<lul> _ 1 which implies F'(y,) — F(). Hence  attains my_j.
After appropriate rescalings, we obtain a ground state Q, as in the proof of Lemma 2.4.
Next consider the case C,(F) < 1. Then for any ¢ € H! satisfying |V |2 < D(F) we have
Ko,1 () = 0. Hence

mo,1 = inf{|Vel72/2 | Ko1(p) <0} = M(F)?/2, (2-59)
and so my,; = IM(F)?/2. Now we show that there exists ¢ € H! satisfying
IVellz = M(F), Flp) = CL(F)/2, el =1 (2-60)

After rescaling this ¢, we obtain a ground state . However, due to the criticality, we have to approximate
the problem by a subcritical one, namely we first prove the existence of ¢, € H! satisfying

1
IVenllze < MF) = Flgn) = ca/2. Ngullz2 =1 (2-61)

where ¢, 1= CT%,TII(F) "(F);then0<c, / C} (F)<1.Fixn>> 1andlet ¢* € H'(R?) be a maximizing

sequence for ¢, (see (2-47)):
1
IVe iz < MEF) ——. F@*) en/2, (10802 = 1, (2-62)

where the L2 norm is normalized by the rescaling ‘/’0 - The Schwartz symmetrization enables us to
assume that <p are radial functions, and convergent to some ¢, weakly in H'!, by extracting a subse-
quence. Moreover, we have F(p*) — F(¢,) = ¢4/2, by Lemma 2.7 with g :== f and h = elul® _ 1
for some k € (kg, 47w/ (M(F) —1/n)?).

Thus ¢, is a maximizer, which implies that ||¢,||;2 = 1 and

—nApy = f/((/)n) — CnPn, (2-63)

for a Lagrange multiplier n(n) € R. Multiplying it with ¢,, we obtain
0¥l = [ Drondx—cilanlis = [ (D=2 st dx >0, (2-64)
since (D —2) f > 0. Hence n > 0, and s0 Q,(x) := @n(n'/2x) € H' satisfies
IV0ullz2 < M(F) =1, —AQu+1Qn = f'(Qn). (2-65)
Now consider the limit # — oo. The equation for Q, implies that 0 = K (c")(Qn) K (c" " (Qn), so
cnllQnll72 = 2F(Qn). IV Qnl7 =2 / (D =2)f(Qn)dx = 4F(Qn). (2-66)

where the last inequality follows from (D —4) f > 0. Since ||V Q| ;2 is bounded and ¢, is positive
non-decreasing, we deduce that ||Qy||z2 and [ Df(Qp) dx are bounded as n — oo. Hence we may
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extract a subsequence so that O, converges to some Q weakly in H'!, and then apply Lemma 2.7 with
¢n:= 0n, g = f and h := Df. Then f'(Q,) — f(Q) strongly in L', and so Q solves

—AQ +cQ = f(Q), c:=Cp(F). (2-67)
This implies that
KE(0) = (79'(0) | £0.10) = 0. (2-68)

namely 2 F(Q) = ¢| Q|| 22. Hence Q is a maximizer for CTQ&T(F) (F) with a non-zero Lagrange multiplier,
which implies that |V Q|| 2 = 9(F). Thus J©(Q) = M(F)?/2 is unique for any solution Q of (2-67).
Next we consider mq g with o > 0. If mq; < IM(F)?/2, then there exists a ground state O, which
satisfies Ko g(Q) = 0 for all («, B). Hence mq g < J(Q) = myq;.
Otherwise, mg 1 = 9M(F)?/2 = IM(LF)?/2. For any A > M(LF), there exists a sequence ¢, € H'
satisfying
IVenllz2 < A, ligallzz =0, LF(pn) — oc. (2-69)

Since K(¢) = oz||V<p||§l2 + (o + ﬂ)HQDHiZ — Y% F(p) and @ > 0, we can replace each ¢, with @, (x/v;)
with some v, — 4-0, so that we have after the rescaling

IVenllp2 = A, K(en) =0, llgnllL2 — 0. (2-70)

Hence
my g < lim J(gy) < A%/2,

n—>o0

and so my g < IM(LF)?)2 = my,1. Thus in both cases we have mgy g < mg ; < M(F)2/2.
Now suppose that my g < mg; < IMM(F)?/2. As in the proof of Lemma 2.4 for (d,a) # (2,0), we
may find a sequence of radial ¢, € H! such that

K(pn) =0, H(pp) \y m. (2-71)

Therefore there exists ¢ such that ¢, — ¢ weakly in H!, and pointwise for x # 0.
Let ¥, = ¢, — . Then ¥, — 0 weakly in H!, and so

Jim K€(gn) = lim KO(n)+ KO(p) = lim LF(gy) = conc LF((pn)n) + £F(g).  (2-72)

where the second identity is because K(¢,) = 0, and the last one follows from ¢, (x) — ¢(x) for x # 0
and the radial Sobolev inequality ||7'/2@y || oo < [|¢nll g1 Since H(p) < m by Fatou’s lemma, we have
K(p) > 0, otherwise there would be some A < 0 such that K((pk) = 0 and H((p)‘) < H(p) <m, a
contradiction. Thus K2 (¢) > £F(p), and so from (2-72), we deduce

Jim K@ () < conc LF((gn)n)- (2-73)

Since £ F(¢p) is bounded by (2-72), Lemma 2.7 with /i, := (« D+ Bd) f implies that conc F((¢n)n) =
0. Hence by (2-73) and (£ — 1) F = 0, we get

Jim K2 (y) < cone(£ — @) F((gn)n) < lim (£~ 1) F(pn). (2-74)
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On the other hand we have
m = lim H(gn) = lim H2W,) + HS(¢) + lim (£— ) F(e,) /i, (2-75)
n—o0 n—0o0 n—>o0

where H2(y) := (1-%/)||v || 1 /2 denotes the quadratic part of H. Combining the above two, and
discarding H2(p) > 0, we obtaln

Hm [[Ynll71/2 < m < M(F)?/2 = 27/ko. (2-76)
n—oo

Hence applying Lemma 2.7 to ¢, with h(u) := e*lul® _ 1 for some « € (kg,2m/m), we get LF(py) —
£ F(¢), and so ¢ is a minimizer for m, g. Indeed, we have

oMlon® _ 1 < oCenrlol® _ | 4 o€l¥ml? _ (2-77)

for some k’ € («,2m/m) and constant Cy .- > 0. Hence /(¢y) is uniformly bounded in L'. Recall that
forafixed p € H', eCen’l¥ _1 ¢ L1,

Then as in the proof of Lemma 2.4, we obtain a ground state Q with J(Q) = mq g < myg,1, which is
a contradiction since Ko 1(Q) = 0. Hence my g = my,; for all (a, B) in the range (1-16). O

Remark 2.8. In the above argument for («, 8) = (0, 1) in the case C}},(F) < 1, we used a priori bounds
on the ground state to get the compactness. For general sequences, we can have concentrating loss of
compactness on the kinetic threshold ||Vg| 2 = 9(F) if and only if f satisfies

im e P12 @) € (0, ). (2-78)

|u|—>o0

Lemma 2.6 implies that the concentration requires more energy than the (mass-modified) ground state.
Similar phenomena have been observed in slightly different settings (either on a bounded domain or on the
H'(R?) threshold, where exolul® appears as the critical growth instead of e¥0l* ? /|u|?, see [Carleson and
Chang 1986; Flucher 1992; Ruf 2005]). More details about this issue, including the above concentration
compactness, will be addressed in a forthcoming paper.

Parameter independence of the splitting. The («, B)-independence of 37{ - follows from that of mg g
and contractivity of 37{;; B

Lemma 2.9 (Parameter independence of H¥). Assume that f satisfies (1-36), and that («, B) satisfies
(1-16). Then W{iﬂ in (1-18) are independent of (o, B).

Proof. Since mq, g is independent of (o, B), we only need to see that the sign of K is independent under
the threshold m. Also, we may restrict to the first component. For any § > 0, we define %a BCH Uby

&F% ={pe H' | J(p) <m—3§, Kqp(p) >0},

. (2-79)
37{0”3 ={pecH |J(p) <m—4§, Kqplp) <0}

Then (uo,ul) € ?7{ - if and only if ug € ?J{a 3 with § = |luy || ,/2. In addition, the disjoint union
57{+ BY ?7{ ‘g is already independent of @ and . Hence it suffices to show the independence of 57{+%

First we consider the interior exponents satlsfylng 204+ dp > 0and 20 + (d —2)B > 0. Then 57{a ‘B
is contracted to {0} by the rescaling ¢ — (p with 0 > A — —oo. This is due to the following facts:
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(1) K(¢*) > 0 is preserved as long as J(¢*) < m, by the definition of m.
(2) J(¢") does not increase as A decreases, as long as £J(¢*) = K(¢*) > 0.
(3) ¢* - 0in H' as A — —o0, since 2o + df > 0 and 2o + (d —2)B > 0.

In particular, J cannot be negative on ¥ g and so 57{+% = @ for § > m. For 0 < § < m, both 57{a ‘B
are open in H'. It follows for 9~ 8 from the definition, and for #% from the facts that J (p) < m and
K(¢) = 0 imply ¢ = 0, and that a neighborhood of 0 is contained in %%, which follows from (2-7),
(2-8) or (2-14). Then the above argument of the scahng contraction shows that 37{+ ‘p is connected. Hence
each '57{+ ‘p cannot be separated by gc+s o.p and 0 o’ With any other (o', B’) in the interior range. Since
3{""23 N ?K;C‘sﬁ, contains 0, we conclude that ?7{"'% = f]fa, B

Finally for (&, B) on the boundary 2« + df = 0 or 2« + (d — 2) = 0, take a sequence (¢, B5) in

the interior converging to («, B). Then Ky, g, — Ka,g, and so

)
Wk c U HES . (2-80)

Since the right side is independent of the parameter, so is the left. O

Variational estimates. We conclude this section with a few estimates on the energy-type functionals,
which will be important in the proof of the blow-up and the scattering. We start with the easy observation
that the free energy and the nonlinear energy are equivalent in the set H*.

Lemma 2.10 (Free energy equivalence in H1). Assume that f satisfies (1-36). Then for any (ug,u) €
H! ([R{d) X Lz([R{d) we have

Kio(ug) 20 =

{J(“O) = ””0”2}/2 = (14+d/2)J(uo), (2-81)

E(uo,uy) < EQug,uy) < (1+d/2)Eug, uy).
Proof. Since (D —2—c) f(u) > 0 with ¢ := 4/d > 0 by (1-21), we have for any (1o, u;) € H'! x L?,
Kioluo) = ol = 2+ ) Fwo) = [ (D=2-0)f(uo)dx

< @+ (o) —clluol,y /2 = @+ ) Ewo, ur) — cEL(ug, ur) — ]2,

(2-82)

and hence we obtain the desired estimate. O

In the 2D exponential case, we have a sharper bound on the derivatives, which implies that X7 is in
the subcritical regime for the Trudinger—Moser inequality.

Lemma 2.11 (Subcritical bound in 3 in the 2D exponential case). Assume that | satisfies (1-36) and
(1-29). Then for any (ug,u1) € HT we have

IVuolzs + llurllz> < 2m < M(F)? = 4 /xo. (2-83)
Proof. Since Ko 1(ug) > 0, we have

IVuoll7 > + llurll7> < IVuollzs + lurllz» + Ko,1(uo) = 2E(ug.uy) < 2m. O
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The next estimate gives a lower bound on | K| under the threshold m2, which will be important both
for the blow-up and for the scattering.

Lemma 2.12 (Uniform bounds on K). Assume that f satisfies (1-21), and that («, B) satisfies (1-16)
and (d, o) # (2,0). Then there exists 6 > 0 determined by («, B), d and ¢ in (1-21), such that for any
¢ € H with J(¢) < m we have

Ko p(@) = min(i(m — J(9)).6K2,4(9)) or Kap(p) < —ji(m—J(p)). (2-84)

Note that if (d, @) = (2, 0) then the conclusion is false, since in that case
K(ph p) = e K(p) > 0 as A — —o0, (2-85)

while J(¢*) is away from m, since it is decreasing if K(¢) > 0 and J(¢*) 7 H(¢) < m if K(p) < 0.
Proof. We may assume ¢ # 0. Let j (1) = J(¢*) and n(A) = F(¢p*), where gogt‘ p= @* is the rescaling
(1-13). Then j(0) = J(p) and j'(0) = K(¢), and (2-18) implies
2o,
n
d+1

First we consider the case K(¢) < 0. By Lemma 2.1 together with (2-3), there exists Ag < 0 such
that j/(A) < 0for g <A <0and j'(Ag) = 0. For Ay < A < 0 we have from (2-16),

"< (pApi—ppj— (2-86)

(R+wj —ppj <ij'. (2-87)

Inserting this in (2-86) and integrating it, we get

/0 J'A)dr < ﬂ/oj’(k) dA, (2-88)
2o Ao
and hence
K(p) = j'(0) = (j(0) = j(Ro))- (2-89)
Since K(¢*0) = 0 and p*® # 0, we have j(Ao) = J(¢*°) > m. Thus we obtain
K(p) = —p(m—J(9)). (2-90)

Next we consider the case K(¢) > 0. If

2ae
Cr+ ) K(p) = pud(p) + ——LF(p), (2-91)

d+1

then applying (2-81) to the first term on the right-hand side, and K = K€ — £ F to the second one, we
get

e i}
) beha > 7= 2-92
[M+M+d } (<p)_2 d||<p||H1 d 1 (2-92)

and so K(¢) > §K2(¢p) for some § > 0, since u > 0 or & > 0. If (2-91) fails, then

2o ,
d+1"

Q4w < jipnj+ (2-93)
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at A = 0, and so from (2-86),
-/ = =/
JU<—nj. (2-94)

Now let A increase. As long as (2-93) holds and j’ > 0, we have j” < 0 and so j decreases and j
increases. Also by (2-18) and (2-16) we have

n" > (4 pn' — ppn > gn’ > j@*n > 0. (2-95)

Hence (2-93) is preserved until ;' reaches 0. It does reach at finite Ay > 0, because the right-hand side
of (2-86) is negative and decreasing as long as j’ > 0. Now integrating (2-94) we obtain

K(p) = j'(0) = i(j(Ao) — j(0)) = it(m — J (9)), (2-96)
where we used that J(¢*0) > m which follows from K(¢*0) = 0 and g0 £ 0. d
3. Blow-up

Here we prove the blow-up part of Theorem 1.1. The idea is essentially due to Payne and Sattinger
[1975], but we give a full proof for convenience. We will use that ™ is stable under the flow.

Assume for a contradiction that a solution u exists for all # > 0. (The proof for # < 0 is the same.)
Let

YO = ut. 07 2 gay- (3-1)
Multiplying the equation with u, and using (2-82), we get
§=20all7,—2K10) = G+ o)llil7. =22+ ) E@) +cllulf, (3-2)

for some ¢ > 0. Sine u(f) € 3™, Lemma 2.12 implies that there is some positive § < —K o(u(¢)). Thus
for all # > 0 we have

y(t) =228 >0, (3-3)
and so y(¢) = ||u(l)||]242 — 00 as t — o0o. Going back to (3-2), and using Schwarz, we deduce that for
large ¢ )

.. . 44cy
¥z @+olilg. > — 7 (3-4)
therefore A
— C _c/4— . +c
7 = =gy [yy_Tyz] <0, (3-5)

which contradicts that y — oo.

4. Global space-time norm

In this section we introduce Strichartz-type estimates and a perturbation lemma for global space-time
bounds of the solution.

The inhomogeneity of the Klein—Gordon equation makes the exponents a bit more complicated than
the case of wave or Schrodinger equation. In the H! critical case, we get another complication in higher
dimensions, due to the fact that we have to estimate the difference of solutions in some Sobolev (or
Besov) spaces with positive regularity but the nonlinearity is not twice differentiable.? This is not a

2The problem is not in the local regularity of the nonlinearity (at u = 0), but rather in the global Holder continuity for f7..
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problem in the subcritical case, where we are allowed to lose small regularity, so that we can estimate
the difference in some L7 spaces and then interpolate. This technical issue was solved in the pure
critical case in [Nakanishi 1999a] by using space-time norms with exponents away from the admissible
region for the standard Strichartz estimate, which was later called “exotic Strichartz estimates” in the
Schrodinger case [Tao and Visan 2005].

Here we have a further complication by the presence of lower powers, for which we need the exotic
Strichartz for the Klein—Gordon equation. Note that it is not a big trouble in the Schrodinger case (see
[Tao et al. 2007]), because the same Strichartz estimate is used both for higher and lower powers. In
the Klein—Gordon case, in contrast, we have to use different Strichartz norms, with better regularity for
higher powers and with better decay for lower powers. It is easy in the standard Strichartz estimate,
where we can freely mix different norms by the duality argument, but this does not work for the exotic
Strichartz estimate, which uses exponents away from the duality. Hence we are forced to use a common
exponent for different powers, which makes our estimates much more involved. In particular, when we
have both the H'! critical and the L? critical powers, we need three steps to close our estimates.

Reduction to a first-order equation. To simplify the notation, we rewrite NLKG as a first-order equation.
To any real-valued function u (¢, x), we associate a complex-valued® function #(¢, x) thus:

i = (Vyu—iu, u= (V) 'Rei. 4-1)

This relation u <> # will be assumed for any space-time function u throughout this paper. The free and
nonlinear Klein—Gordon equations are given by
O+Du=0 (equivalently, (i9; + (V)i = 0),

(O+ Du= f"(u) (equivalently, id; + (V)i = f'((V)"' Reur)), 2

and the free energy is given by E€(u) = ||L7||i2 /2. We set
E(p):=llgl}2 /2= F(V) ' Reg).  Kop(@) = KZp(V)'9) + KYs((V) ' Reg).  (4-3)

Remark that B B
E@ut) = E(u;t), K(@u(t)) = K(u(r)), (4-4)

where the inequality is an equality if and only if () = 0. The invariant set ¥ = 57{;2 p for u is given
by
Tt =g e LX®R) | E(p) <m, KRe(V) 'p) 2 0}

={p e L’R?) | E(p) <m, K(p) = 0}.

The second identity is proved as follows. Let ¢ € L2(R%) satisfy E((p) < m and K(Re(V)"lp) < 0.
Let ¥; = Re(V) !¢ and ¥, = Im(V)~'¢. Then Lemma 2.12 implies that

K@) < —fu(m = J (Y1) < =plly2lfy/2 < =KC(), (4-6)

(4-5)

3We do not need the complex structure; we use i purely for notational convenience, and could use vector notation instead,
especially if u is originally complex-valued. We chose the complex form rather than the vector one to avoid adding a subscript,
for this notation will be applied mostly to sequences.
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o) Iz((p) = K1)+ K2 (y,) < 0. Hence under the condition E(go) < m, the signs of K(;) and E(w)
are the same, which proves (4-5).

Strichartz-type estimates and exponents. Here we recall the Strichartz estimate for the free Klein—
Gordon equation, introducing some notation for the space-time norms and special exponents.

With any triplet (b, ¢, o) € [0, 1]*> xR and any ¢ € (0, 0c], we associate the following Banach function
spaces on I x R4 for any interval [:

[(b,c,0)g(I) := L} (1; BY,,  (RY)),

1/c,q
[(b.c, o) := L}P (1 LV (RY)), 4-7)
[(b.c.o)y (1) == L;"°(1: BY, ,(RY)).

where Bls,,q and Bls,’q respectively denote the inhomogeneous and homogeneous Besov spaces, and the
following characteristic numbers with a parameter 6 € [0, 1]:

reg? (b,c,0) 1= 0 —(1-20/d)b—d(c - 1),
st (b, c,0) =26+ (d—1+0)(c— 1), (4-8)
dec?(b,c,0) :=b+(d—1+0)(c—1).

The cases 8 = 0, 1 correspond respectively to the wave and the Klein—Gordon equations. rege indicates
the regularity of the space, while str? and dec? indicate the space-time decay, corresponding respectively
to the Strichartz and the L? — L9 decay estimates. We denote the regularity change and the duality in
H*~1/2 (here —% takes account of one regularity gain in the wave equation) respectively by

(b,c,0) :=(b,c,s), (b,c,0)*® :=1—=b1—c,—0+25—1). (4-9)

Given a real number s, we say that Z = (Z, Z,, Z3) is Strichartz s-admissible if for some 6 € [0, 1]
we have

0<Z < 0<Z,<1i re(z)<s, su?2)<o. (4-10)

1
2 ’
We avoid the endpoint Z, = % to mix different 6°s. We now state the Strichartz estimates:

Lemma 4.1 (see [Brenner 1984; Ginibre and Velo 1985a; Machihara et al. 2002)]). Forany s € R, let Z
and T be s-admissible. Then for any space-time function u(t, x), any interval I C R, and any ty € I,
we have

lullizr, () < lu(@o) s + (i (20) | grs—1 + [lii — Au + ullr1, (1) (4-11)

where the implicit constant does not depend on I or ty.
The “exotic Strichartz estimate” is given for the Klein—~Gordon equation by

Lemma 4.2. Let Z, T € R3 satisfy for some 6 € [0, 1]
regg(Z) < rege(T)+2, strg(Z) < strg(T)—2, 0<Z,T) <1,
1 (4-12)

1 1
deCG(Z)<0<deC0(T)—1, O<§—Zz,T2—§<m
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Then, for any interval I C R, ty € I, and u(t, x) satisfying u(ty) = u(ty) = 0,

lulliz1, () < i — Au+ ull[71,(1)- (4-13)

Proof. The wave case § = (0 was essentially proved in [Nakanishi 1999a, Lemma 7.4], where the
borderline case str®(Z) = str®(T) — 2 was excluded for the real interpolation to improve the Besov
exponent 2. Here we discard that improvement, restoring the borderline case, which is needed for the
lower critical power py = 4/d.

The proof is rather immediate from the standard Strichartz estimate and the L? decay estimate. Indeed,
if st?(Z) = 0 = su?(T) — 2 and rege (Z2) = regg(T) + 2, then the above estimate is nothing but
Strichartz. If moreover Z, + T, = 1, then the estimate directly follows from the L? decay and the
Hardy—Littlewood—Sobolev inequality

<
2Ly LYTI()

‘/t(V)_leii(’_s)(V)h(s) ds
S 12l y- (4-14)

t
-2z

[ =52l ds

to i1

This estimate can be translated in the time and the regularity exponents as

0 1/T,.2

Zw—7Z =Z4+(b,0,5), T—T =T+ (b,0,s) (4-15)

forany s € Rand b € (—1/2,1/2), as longas 0 < Z,T| < 1. By the complex interpolation for those
estimates and the standard Strichartz estimate, we obtain the desired estimate in the case str? (Z2) =
str? (T') — 2 and reg9 (Z2) = rege(T ) + 2. It is extended to the remaining cases (with inequality in these
relations) by the Sobolev embedding. ([l

The following interpolation is convenient for switching from some exponents to others:
Lemma4.3. Let Z, A, B,C €[0,1] xR and 0 € [0, 1]. Assume that A1 < Z1 < By and that either
(1) min(str9 (A), str? (B), str? C)) = str? (Z) and min(reg9 (A4), reg9 (B)) > reg9 (£), or
(2) min(str? (4), str? (B)) > str? (Z) and min(reg? (A), reg? (B),reg? (C)) > reg? (2).

Then there exist a, B,y € (0,1) such that « + B + y = 1 and that, for all q € (0, 00|, we have the
interpolation inequality

lullzy, < Nl eyl (4-16)
Proof. Since A1 < Z{ < By, for any 0 < 8, < 1 there exists 6; € (0, 1) such that
(1=02)(1=01)A1 +61B1) +6,Cy = Z;. (4-17)
Let Z := (1—6,)((1—=67)A+ 6, B) + 6,C. Then from the assumption we have
stre(Z) > stre(Z), regg (Z) > rege(Z), (4-18)

which imply Zy>Zyand Zy—dZy > Z3—dZ,, and so we have the Sobolev embedding [Z]q C[Z]g.
In the first case, we have reg? (Z) > reg? (Z) and so

[[[4]o0: [Bloola, - [Cloo ]g, = [Z)oo C [Z]g- (4-19)
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The desired inequality follows from that for the complex interpolation.
It remains to prove the result under condition (2). By the real interpolation in the Besov space in x
and Holder in ¢, we have forall 0 < § < 1,

lullizy, < NullgZhy Nulizhy . 2% = Z£5(1.0,1-20/d). (4-20)
Let 0 < ¢ < 1 satisty e(B; — A1)(1 —0,) = § and
ZEF = (1=0,)((1—6, Fe)A + (6 ££)B) + 6,C. (4-21)
Then from the assumption and the definition of Z* and &, we have
str? (Zi) > str? (Zi), rege (Zi) > rege (Zi) = rege (2), (4-22)
when ¢ > 0 is small. Hence we have the Sobolev embedding

[[[4loc: [Bloolsy 6+ [Cloo g, = [ZF oo C [Z* oo, (4-23)

where the left-hand side is a nested complex interpolation space. Now the conclusion follows from the
interpolation inequality. O

Global perturbation of Strichartz norms. Now we fix a few particular exponents. Define H, W, K by

H:= (o,%, 1), W= (%,WI,%), K= (2(%+2)’K1’%)‘ (4-24)

Then [H], = L®®H) is the energy space, while W and K are 1-admissible, diagonal and boundary
exponents respectively for the wave (6 = 0) and the Klein—-Gordon (f = 1) equations:

1 =reg®(H) = reg! (H) = reg®(W) = reg! (K),

0 1 0 1 (4-25)
0=str'(H) = str (H) = str’ (W) = str (K).
Let eq(u) denote the left-hand side of NLKG:
eq(u) == uy — Au+u— f'(u). (4-26)

Recall the convention u <> i (page 427) to switch to first-order equations. We will treat the H! critical
case (1-28) together with the subcritical case. Since fg(u) is for small |u| and f7 (u) for large |u|, we
may freely lower p; in (1-25) and raise p, in (1-26). Hence we assume (1-25) with

4 4(d + 1)

2,-2=+ —_ 4-27
d =T Wrnd- (27
and we assume either d = 1, (1-29), or (1-26), with
4d+1) N
—_ <2¥-2. 4-28
J2_g_] - P2= (4-28)

Before the main perturbation lemma, we see that [H], N [W], N [K], is enough to bound the full
Strichartz norms of the solutions.
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Lemma 4.4. Assume that f satisfies (1-36). Let Z, T and U be 1-admissible. In the 2D exponential case
(1-29), let © € (0, 1). Then there exist a constant C; > 0 and a continuous function C, : (0, 00) — (0, 00)
such that for any interval I, any ty € I and any w(t, x), we have

lwlizyay = Cillw (o)l 2 + Cilleg(W) | g7+, 4wy + Collw | (AL AW LK) @) (4-29)
provided, in the exponential case, that

supko||Vw ||i2 < 470. (4-30)
tel X

We remark that (4-30) is needed only in the exponential case.

1

5> without losing any generality. We introduce the new exponents M # and

Proof. We may assume © >
X by

2
M¥ = m(1,1,0), X = (v,0,v—1v?), (4-31)

with some v € (0, 1/10) satisfying ©® < (1 —v)2, where M ¥ is used only if 4 > 2 and X only in the
exponential case. In either case we have

0>st®(M¥), 0>su(X), 12reg®(M¥), 1>reg®(X), 0<Mi X, <w. (@432
Hence by Lemma 4.3(1), we have
lwlliare, ) + lwllixn o) S lwllaLAwLNEK L) @) (4-33)
The Strichartz estimate gives

lwlliz1, )
< ”J)(IO)”L% + ”eCI(u))||([T*(1)]2+[U*(1)]2)(I) + ”f/(w)||([K*(1)]2+[W*(1)]2+L}L_%C)(I)' (4-34)

By the standard nonlinear estimate we have
4/d
176 ) ik < I ligam I lies 0. (4-35)
and in the subcritical/critical cases
p
117 @) oy ry S N0l 101, 1) (4-36)

In the exponential case, there are k¥ > ko and . > 0 such that

suplc||w||§{1 <470, (4-37)
tel H
where @ := # < 1 and
ol gy = IVoI2; + ullol;. @-38)

Then we have

. 2 2 1/2 2.1/2
12 @)l < Mwl@PF = Dl < lwilzge e — 172 e ) 2. (4-39)
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where the second factor is bounded by Trudinger—Moser:
e — 1,1 < w2,/ -6, (4-40)

and the third factor is bounded by the following log-interpolation inequality [Ibrahim et al. 2007, Theorem
1.3]: forany a € (0,1), A > 1/(2wa) and p > 0, there is C > 0 such that

1017 oo g2y = Kllwllfq&mz)[c +log(1+ llelcomey/ 101l gy )] (4-41)

forany ¢ € H' NC%(R?), where C* = B%, ~ denotes the Holder space. Plugging this with o := v —v?

into the exponential, we get

2 Aecllw]? 2700’
le ™ Pl < (L4 Iwlcg/Iwllgy) s (14 klwlge/ )™, (4-42)
where A > 0 is chosen so that
1 <27ha, (QaAO® +1)v=1. (4-43)
Since fr vanishes for small |u|, we may assume ||w|ce 2 ||w|zee 2 1. Hence
2 ’ —
el Lge < wl & = )z ", (4-44)
and plugging this into (4-39), we get
1/v—1 1
1ALz S Wl peolwl ez w070 g S Iy, I, (4-45)
which concludes the proof. O

Lemma 4.5. Assume that f satisfies (1-36). Let Z, T, U and V be 1-admissible and reg®(V) = 1.
In the exponential case (1-29), let © € (0, 1). Then there are continuous functions €y, Co : (0, 00)% —
(0, 00) such that the following holds: Let I C R be an interval, ty € I and ii,w € C(I; L2(R%)). Let
vo = e!V)E=10) G — )(19) and assume that for some A, B > 0 we have

”ﬁ”L‘;O(I;L%C) + ”w”L;X’(I;Li) =4, (4-46)
lwllp,mnika) < B, (4-47)
[(eq (), eq (W)l (71,4 [0y 1) T 1Yol 1) = €0(4, B), (4-48)
and in the exponential case,
sup Ko max(||Vu||i)2(, ||Vw||i2() <470. (4-49)
Then we have !
lulliz1,r) < Co(4, B). (4-50)

Remark 4.6. (4-49) is needed only in the exponential case. The lemma remains valid in the lower critical
case p; = 4/d = 2, —2, if we assume in addition that

Ivollix1o(r) < €0(4, B). (4-51)

We will indicate the necessary modifications in the proof.
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Proof of Lemma 4.5. We restrict py, p, as in (4-27) and (4-28), without losing any generality. In the
following, C(-,...) denotes arbitrary positive constants which may depend continuously on the indicated
parameters. Let § € (0, 1) be a fixed small number, whose smallness will be specified by the following
arguments. Let

e:=equ)—eq(w), y:=u—w. (4-52)

Then we have the equation for the difference

p=Ay+y=fwty)—fw—e 7o) = o). (4-53)

First note that by Lemma 4.4, we have the full Strichartz norms on w.
Next we estimate the difference u — w in the easier case d < 4. We define new exponents .S, L and a
space & by
[S]o := Lf)l—HLi(pl‘H), [L]o := L{J2+1L)26(172+1)’

L= [SToN[X] (1-29),
[SloN[L]o (otherwise).
Thanks to the restrictions (4-27) and (4-28), we have
0> str!(S), 0>str®(L), 1>reg'(S), 1>reg’(L). (4-55)
Hence by Lemma 4.3(2) with C := V, we get for some 61, 6, € (0, 1),
Ivollacry s 4"~ 0reg! + ' 22. (4-56)
If p; — 4/d, then str®(S) — 0, and we would need the smallness in [K]o([).
Since w € (1) by Lemma 4.4, there exists a partition of the right half of I:
to <ty <<ty Ij=(,tj4+1), IN(ty,00) = (to, 1) (4-57)
such that n < C(A4, B, §) and
lwllew) =8 (G =0,....n—1). (4-58)
We omit the estimate on I N (—oo, fg) since it is the same by symmetry.
Let y; be the free solution defined by
yj = Dy, (4-59)

Then the Strichartz estimate applied to the equations of y and y; 4| implies
ly = villecryy + i1 = villew SIS w+v) = f/ WL 20, + el ooy, 41010 a5)- (4-60)
The nonlinear difference is estimated as follows. For smaller |u|, we have by Holder

I £ +y) = fs@)l L1 p2 S 1w, )G 17 st (4-61)
tx [ ]0
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and for larger |u| for d > 2 in the subcritical/critical cases,
11w+ v) = @22 S 1w I 1 iz (4-62)
Ifd =1,let C(v) = supj, <, | /{'()|/|u|P'. Then we have

17+ ) = @)l 12 S Cllwllzes, + 1Y) 1. I, 1V isto
< CUw. )l o )N I 1Y is1o- (4-63)

In the exponential case, there exist k > k¢ and @ > 0 such that (4-37). Let wg = w+0y = (1—0)w+6u
for 6 € [0, 1]. Then we have
kllwg |3, < 4n@,
"W

where ®' = 1—26 and H& is defined in (4-38). In the same way as for (4-45), we obtain

/L +y) = fL @)1z E/ /7 (wo)y 1 2df < Sup]||w9||[H]2 IIwe)II[X]2 Nyl

€lo

<Al I 17 .- (4-64)
Thus in all cases, assuming
Iylley <6 <1 (j=0,...,n=1), (4-65)
where the smallness depends on A (and ®), we get
1 leeczyy + 1Vi+1lle 1 1.00) = ClUYVilleg; 1) + €05 (4-66)
for some absolute constant C > 2. Then by (4-56) and iteration in j we get
17 lery S QCY" (A~ 0eg! + 4 %26(2) < C(4. B)(sg! + 0. (4-67)

Choosing g (A, B) sufficiently small, we can make the last bound much smaller than §, and thus the
assumption (4-65) is justified by continuity in ¢ and induction on j. Then repeating the estimate (4-60)
once more, we can estimate the full Strichartz norms on y, which implies also the bound on .

Next we estimate the difference u — w in the harder case d > 5, where we need the new exponents
M,M,N,N,R, Q, P, and Y defined by

-2 |1 _d=2, _
_d+l[p2(1+d,0,0) n (d, 1,0)],
~ 2 1 d—1 d—2
o2 (L) (-2 ],
7 — —N__2 ]
M =M+ (d+1)(0 1/d,1), N =N d+1(0,1/d,1), (4-68)
0= (1,2,2) _(4d-1.49 , _ (6.d+3.4
 pid+1)y’ o 2(d+1) o 2(d+1)

_ (d+4) 1
*= (2(d+2)(p1 o R 2) '
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In the case p, > 1, we need another exponent
2(p2—1)
p2(d +1)

and if p, < 1 then we put M = M. Note that p1 < 1 under (4-27) for d < 5. Then we have the sharp
Sobolev embedding

A~

M:=M+ 0,1/d,1), (4-69)

(M), C [M], c [M],, [N], C[Nl,. (4-70)

and nonlinear and interpolation relations
R+piRO =KD R=(1-a)W+aK, M*=Q1-B)W°+BR°, (4-71)
for some «, B € (0, 1), thanks to (4-27) and (4-28). Y is a non-admissible exponent satisfying
Y=N+pM=N+pM=P+p0° =P +p 0 (4-72)

where the second and the last identities follow from P3; = p; 03, ]V3 = p2]\~13, and the above sharp
embeddings. If p, > 1, we have in addition

Y =N+M+(pr— M. (4-73)
These exponents satisfy (when d > 5)
1= rego(ﬁ) = —reg?(Y) > rego(]\Al), 1 > reg' (Q),reg! (P), —reg! (Y),
0> strO(J\Al), stro(ﬁ), str! (Q), str! (P),

stro(ﬁ) <st?(¥)=2, str'(P)=str'(Y)-2, (4-74)
0< My, My, Q1,02 Ry <1, 1<dec®(Y),dec! (Y),
1 1 ~ 1 1 1 1
<yt Myt Pty

Moreover, rego(]\’/}) = lonlyif p; =2*—2 =4/(d —2). Lemma 4.3(1) implies that
|w ||([Q]2p] ﬂ[M]zﬂ[M]zpz)(I) < flw ”([H]ZO[K]ZO[W]Z)(I) <A+ B. (4-75)
As before, we divide I N (¢y, 00) into ty < --- < ty, n < C(A, B) such that

1wl o1, AR ALy, AE LA @) =8 <TG =0..n=1). (4-76)

We also introduce the following spaces:
Yo =Wl N[Rlo. ¥:=[N2N[Ph. ¥:=[WLN[K]. W
Yy 1= WO + KDl 4 1= WO +[K* D],
Our proof for d > 5 consists of three steps:

(1) We estimate y in %Yy, assuming it is bounded in some norm similar to (4-76). Here we can use the
standard Strichartz because the estimates do not contain spatial derivative.

(2) We estimate y in %, under the same assumption on y. Here we use the exotic Strichartz.
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(3) We estimate u in Y by using the bounds in []V ]> N[R]o. The assumption in the previous steps is
justified once we get a better bound.

Actually we could skip the first step, by using interpolation in the last step to bound [R]y by the other
norms. However, if p; = 4/d the lower critical power, then R = K and the first step becomes necessary.
Assuming that

1 ¢01,,, LRIz, ALRONIMA ) 1) =6 G = 0 in =), (4-78)

we have by Strichartz and Holder (since W© and R are f—admissible)

1y =villwocry) + 1¥i+1=Vilag@ S 1 w+v) = f' @)z zy) + llellayz;)
S 0@ Ry 1Y lR1o ) + 1@ 30 ) 1Y liwio ) + €0
<8Py gz + €0, (4-79)
where we used (4-76) and (4-78). By Lemma 4.3(2), we have
170llwor) S A"~ Pegt + A" uet, (4-80)

for some 03, 04 € (0, 1). Note that str! (R) — 0 as p; — 4/d, hence in the lower critical case we would
need y to be small in [K]y. By the same argument as for (4-67), we obtain

17 lwor) < C(A. B)(eg* +£5*) < 6. (4-81)
Next, still assuming (4-78), we have by the exotic Strichartz estimate,
=¥l + 1741Vl <17 @) = £ @lya) + lelvsa).  @-82)
where the nonlinear difference is estimated by
I/ (w +v) = fL ),
S 160 i 17 iy, 10 DI vty + 10 Iz 10 ) g, 17 s (4-83)
where the last term is for p, > 1 while the second last is for p, < 1, and similarly

/5w + )= f5 @)y, S 1w, I 17 ley, + N I, Yl @-84)
Thus we obtain
Iy =villga,) + Vi1 =villge S8 1y lg ;) + €o. (4-85)
where we used (4-76), (4-78), and the following embeddings in x
[QL2p, €[Qlo. [Pl C[Plo. [ML+[Mp, C Mo, [N]2 C[N. (4-86)
By Lemma 4.3 and Strichartz, we have

1-05 6
ol S Wolliamsanmn Ivoliin,a S 4"’ (4-87)
0
IvolliProcr) < ”VOH[H]Z([)Q[K]Z(])||VO||[M]O(]) <A 068 o
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for some s, 0 € (0, 1). Note that str! (P) is away from 0 as p; — 4/d, and so 05, ¢ are uniformly
bounded from below. Thus by the same argument as for (4-67),

17150y < C(A. B) (el +eg) < 6. (4-88)

Hence under the assumption (4-78) we have obtained

6
0y
¥l sontmonidmnierm < CA-B) 2 &7 <3 (4-39)
Finally by Strichartz, (4-76) and (4-78), we have

leellevczyy S N@@E) 2 + leq@) + f' @)l
SA+eo+ ||14||f’1$]0(1j)||u||[R]2(1,~) + ||u||f;\2,1n]0(1j) el mr, 1) (4-90)
SA+eo+ 8P ullyu;)-

Hence we obtain
lulloycr;) < A+ €o, (4-91)
and so
lullycry Sn(A+e0) = C(A4, B), (4-92)

which is extended to the full Strichartz norms by Lemma 4.4.
It remains to justify (4-78). By Lemma 4.3(2), we have
N ~ 1—6 O B
1lion,, nvitantin,y, = 2 1Y liaaucpoms, 1V ey, agn, (4-93)
for some 67, 6g € (0,1). If p; = 4/d, then we need to add [ K]y to the last factor.
In either case, by (4-91), (4-76), (4-89), and (4-71), we obtain

0
11 (01, A1, NRINIM ) 1) < € (A5 B)Eo, (4-94)

for some 6 € (0, 1). By choosing g9 (A4, B) sufficiently small, the last bound can be made much smaller
than §. Then the assumption (4-78) is justified by continuity in ¢ and induction in j. Thus we have
obtained the desired estimates. O

5. Profile decomposition

In this section, following Bahouri, Gérard, Kenig, and Merle, we investigate behavior of general se-
quences of solutions, by asymptotic expansion into a series of transformation sequences of fixed space-
time functions, called profiles. This is the fundamental part for the construction of a critical element in
the next section.

Linear profile decomposition. Here we give the Klein—Gordon version of Bahouri and Gérard’s profile
decomposition for the massless free wave equation. The only essential difference is that the massive
equation does not commute with the scaling transforms, but the proof goes almost the same.

For simple presentation, we introduce some notation. For any triple (lé> , xg, hg) e R'*4 x (0, 00)
with arbitrary suffix © and <, let rg , Tt g and (V)g respectively denote the scaled time shift, the unitary
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and the self-adjoint operators in L2(R?), defined by
<

‘ x—x$
rgz—%, Tgw(x) (h$)~1%¢ (Wo)’ (V)gz\/—A-i-(hg)z- (5-D

We denote by 6 the set of Fourier multipliers on R4:
M€ ={F ' iF | i € C(R?) and fi(x) has a finite limit as [x| — oo}, (5-2)

(Practically we need only 1 and |V[(V)~! in .l%€). Also recall the correspondence u <> u defined on
page 427.

Lemma 5.1 (Linear profile decomposition). Let v, = eitV)tg, (0) be a sequence of free Klein—-Gordon

solutions with bounded L)ZC norm. Then, possibly after replacing it with some subsequence, there exist
K €{0,1,2...,00} and, for each integer j € [0, K), ¢l e LA(RY) and {1, x5 h))nen C R x R x
(0, 1] satisfying the following. Define v;, and w¥ for each j < k < K by
o v i ., . k=1 . K
v = VIt Ti gl 5, = S G 4wk, (5-3)
j=0
Then
. T -k _ _
Jim  tm 0 e g; prdz2 ey = 0 (5-4)

and for any Fourier multiplier i € M6, anyl < j <k < K andanyt € R,

[ _ l J
: L /pJ |tn_tn|+|xn_xn|_ )
nll)n;o |log(hy,/ h))| + 7l = 09, (5-5)
lim (0, () | 10 (0) gz = 0= Tim (w0 (t) | widg (1)) 2. (5-6)

Moreover, each sequence {hj tnen either goes to 0 or is identically 1 for all n.

We call such a sequence {vn }neN a free concentrating wave for each j, and w the remainder. We
say that {(l,, X5, hl 7)}n and {(l hk ~)} are orthogonal when (5-5) holds. Note that (5-6) implies

Jim [||vn<z>|| = % 150l ~ 17317 | = o (5-7)
j<

We remark that the case /1j, — oo is excluded by the presence of the mass, or more precisely by the use
of inhomogeneous Besov norm for the remainder.

Proof. We introduce a Littlewood—Paley decomposition for the Besov norm. Let Ag(x) € $(R?) such
that its Fourier transform Ag(§) = 1 for |£] < 1 and A¢(§) = 0 for |£| = 2. Then we define Ay (x) for
any k € N and A (g)(x) by the Fourier transforms

Ar€) = Ao7Fe) = Ro27%11E), Ay = Ao(§) — Ao(26). (5-8)
Let
vi= Bm il poaz ~ imosup 27RRIAL T, ) (5-9)

teR, xeR9, k>0
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If v = 0, we are done with K = (. Otherwise, there exists a sequence (¢, X5, k) such that for large n
27K I2| A T (g, x) | 2 0/2. (5-10)

Now we define /1, and ¥, by
hy =275 Gy(tw.x) = Ty¥n. (5-11)

Since v, is bounded in L2, it converges weakly to some ¥ in L2, up to an extraction of a subsequence.
Moreover,

27 RndI2| Ay s Tyt x) | = {'AO *VnO G =0), (5-12)
' A * ¥ (kn 2 1),

and hence by the weak convergence and by Schwarz
Il 2 2 (Ao [ )+ (A [ ¥} = v/2. (5-13)

If hy, — 0, then we put (l,(,), x,(,), hg) = (tn. Xn, hy) and @° = . Otherwise, we may assume, by extracting

a subsequence, that /1, converges to some /1o, > 0, and we put

(19,50 10) = (o xw ). 0° = hd Y (x/ hoo). (5-14)
Then we have T,y — T,0¢° — 0 strongly in L2. Now we define 7 and w, by

30 = VI TI0 Bl = 5, 3. (5-15)

Then (T,0)~'w) (t?) = (T ' Ty yn — ¢° — 0 weakly in L2, and uT,? = T2 2, where 112 denotes the
Fourier multiplier whose symbol is the rescaling of s, that is i(§/h9). By the definition of (%6, the
symbol of Mg converges, including the case h2 — 0, so /Lg converges strongly in LZ([R{d ) to some ,ugo.
Hence

(uBp () | piby (t0) 12 = (up@® | ua (T~ B, (e0) 2 — 0. (5-16)

The left-hand side is preserved in ¢, hence the above holds at any ¢. This is the decomposition for k& = 1.

Next we apply the same procedure to the sequence 17),11 in place of v,. Then either the Besov norm
goes to 0 and K = 1, or otherwise we find the next concentrating wave 9! and the remainder w2, such
that for some (#},x),/)) and ¢! € L*(RY),

n>''n
o1 -1 - - V) (f—t) . .
Bl =3l 1 w2, gl = MEDTIGN uEl () | g (1)) 2 = 0, (5-17)
(TH™'w2(t}) — 0 weakly in L2 as n — oo, and

T -1 1

Iterating the procedure, we obtain the desired decomposition. L2 orthogonality implies ||¢* || 20
as k — o0, and then (5-18) (for general k) gives the decay of the remainder in the Besov norm.
It remains to prove the orthogonality (5-5) as well as (5-6). First we have

N o ) )i ) J . . . . . .
(udh(0) | uvi (0)) = (VT plol | e Vi T uigTy = (S§ ulo! | nie?), (5-19)
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where ,llf, =&/ hfl) as before, and S,{’l is defined by

SJ A (T]) (V)(t;{—f,ll)Tnl — e—i(V){;t,{'l (Tnj)—lTnl — e_i(v);ja't;{.l Tnj’l, (5-20)
with the sequence
] xpt oty = (el =) XL =) hly (5-21)

Using the last formula in (5-20), (5-5), and the uniform time decay of e’(v)j S - Ef’/ it is easy to see

that S] — 0 weakly on L2 as n — oo for all j < /. Since /Ln = /,L(é/hl) and fij, are convergent,
(5-19) also tends to 0. Then we have also

(W340) | i () 2 = (w0 | i ¥ (1) - b wiy o), — (5-22)
m=j+1
thus we obtain (5-6). Now suppose that (5-5) fails. Then there exists a minimal (/, j) breaking (5-5),
with respect to the natural order

(1, J1) =z, j2) <= 1 =l and j; < j>. (5-23)

By extracting a subsequence, we may assume that hfl — héo, log(hf,/ h,{), (t,ll —t,{)/ hfl and (x,l1 —x,{)/ hf,
all converge. Now we inspect

J . . ;
(TH™'wlt @y = > shmem 4+ shirHy~ Yt (@)). (5-24)
m=I[+1
where S,i’j converges strongly to a unitary operator, due to the convergence of (t,i’j , x,l,’j , hf,’j ) and hﬁ,.
Since S,i’m — 0 form < j and (T,,])_IJ),J,Jrl (t]) — 0 weakly in L2, we deduce from the weak limit
of (5-24) that gok = (0, a contradiction. This proves the orthogonality (5-5). O

Those free concentrating waves with scaling going to 0 are vanishing in any Besov space with less
regularity. Hence in the subcritical case, we may freeze the scaling to 1 by regarding them as a part of
remainder. Hence:

Corollary 5.2. Let vy, be a sequence of free Klein—-Gordon solutions with bounded Li norm. Then,
after replacing it with some subsequence, there exist K € {0,1,2..., 00} and data ¢l e _LZ(Rd) and
(], x))nen C RxRE, for each integer j € [0, K), satisfying the following. Define U; and 17),]1‘ for
each j <k < K by

i) = e’.W)(t_”g)(pj (x—x1), Un kzl v+ wk. (5-25)
j=0
Then, for any s < —d /2, we have
Jim T |y oo e 31, ey = O (5-26)
and forany u € M6, anyl < j <k < Kandanyt € R,
nlggowvn | 1i))7, = 0= lim (] | DR ) 2. (5-27)

. k k
nli)rrolo t] — k| +|x) — x¥| = 0. (5-28)
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Orthogonality holds also for the nonlinear energy, which implies that the decomposition is closed
in . Recall the vector notation for the energy (page 427). We will use the following estimates for
I < p<oo:

VI = (V)alelipe < hall(V/ ha) " @l

VT = (V) el S IV ) 2V el

they hold uniformly for 0 < /1, < 1, by Mihlin’s theorem on Fourier multipliers.

(5-29)

Lemma 5.3. Assume that f sansﬁes (1-36). Let vy, be a sequence of free Klein—Gordon solutions satisfy-
ing Un(0) € X+ and limy— oo E(vn (0)) <m. Let v, = ZJ <k Un +wk be the linear profile decomposition
given by Lemma 5.1. Except for the H' critical case (1-28), it may be given by Corollary 5.2 too. Then
we have v;(0) € Tt forlargen andall j < K, and

Jim Tim |E@.(0) - - E(](0) = Ei; (0)| = 0. (5-30)

j<k

Moreover we have for all j < K

0< lim E@;©) < fim E@}0) < Tm E(@/(0)), (5-31)

n—>oo
where the last inequality becomes an equality only if K = 1 and J),g — 0in L?OL)ZC.

Proof. First we see that in the exponential case (1-29), all the profiles and remainders are in the subcritical
regime. Since U,(0) € ¥*, Lemma 2.11 implies

[V(V)~!Re an(0)||i§ + | Tm 5,,(0)||§% <2m < 47 /K. (5-32)
For any (g, ..., 0) € C'TK satisfying |0 Lo = max; |0;] <1, let
=Y 60;v) + Owk. (5-33)
j<k

Choosing 1 = |[V|(V)~! € M€ in (5-27), we get
im_sup Vg2, 2 < lim ||V(V)_117n||L2 =M < 4r/ko. (5-34)
n—>oo

T teR
Hence there exist k > kg and g € (1, 2) such that gk M < 4.
Now we start proving (5-30) in all the cases. Since the linear version of (5-30) is given by Lemma 5.1,
it suffices to show orthogonality in F, i.e.

Jim i lim | F(vy(0) — Y- F(v}(0)) — F(wk(0))| = o. (5-35)
j<k

For this we may neglect w , because by the decay in Béo,géz and interpolation with the /! bound we

have
. T~ k _ < * _
khm nhm [wy Oz =0 (2<p=2%). (5-36)

In the exponential case, we deal with w,’f as follows. Let vn<k+0 =v,—(1— 9)w,’1C for 0 <6 < 1. Using



442 SLIM IBRAHIM, NADER MASMOUDI aAND KENJI NAKANISHI

the Holder and Trudinger—Moser inequalities, we get

1 1 <k
| F(un) — Fu2%)] < fo / L kY wk dxde < /0 e A P
| ||v<k+t9”i 1/q
< do| ——= ’ 5-37
< [t ] 5-37)

In the subcritical and exponential cases, it suffices to have the decay in BS_, for all s < 1—d/2, which
is given by Corollary 5.2. Thus in any case we are allowed to replace vy, (0) by v<k (0) in (5-35).

Next we may discard those j for which 7, = —tn / h] — +o0, since for any p € (2,2*] satisfying
1/p=1/2—5s/d with s € (0, 1], we have

167 )Lz < e V% |V =g/ || p =0 (n = o0), (5-38)

by the decay of e"(v)ﬁt
HS c L%

So extracting a subsequence, we may assume that ‘L’n has a finite limit roo for all j. Let

in¥ — L? as |t| — oo, which is uniform in #, and the Sobolev embedding

Yl = Ree Vst ¢ [2(RY), (5-39)

Then v,{ 0) — (V)1 T,,jwj — 0 strongly in H, thus (5-35) has been reduced to

'F(Z V)T ) = X PR T )| > 0, (5-40)

j<k j<k
In the subcritical and exponential cases, if 4, — 0 then (V)~! Tyl —0 strongly in L% for2 < p <
2*, so it can be neglected. Hence we may assume that /1, = 1. Then each T,/ (V)~1y/ is getting away

from the others as n — oo, and (5-40) follows.
In the critical case, if 4}, — 0 then we have by (5-29),

YT T = TV | pax S IV )2V | par — 0. (5-41)

Hence we may replace (V)™ lTjwf in (5-40) by hj Tjwf for some wf e L?", including the case
h] = 1. Then we may further replace each wf by

v ~ 0 ifthereis/ < j s.t. hl<hjand(x xi )/h’lesuppwl
Yl(x) == ¢/ (x) x { (5-42)
1 otherwise,
where (x,, , hJ l) is deﬁned in (5-21), because (5-5) after the above reduction implies either hJ ¥ —0or
|x,, | — 00, and so wf — wf at almost every x € R? as n — oo, and strongly in L2 by the dominated
convergence theorem. Now the decomposition is trivial

F(S T = % Fa T, (5-43)

j<k Jj<k

by the support property of 1},{ . Thus we have obtained (5-35) and (5-30).
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By exactly the same argument, we obtain also

lim Tim |Kyp(0n(0)) = 3 Ko p(55(0)) — Ko g (0))| = 0. (5-44)
k—K n—>00 j<k

The remaining conclusions follow from the next lemma. (]

Lemma 5.4 (Decomposition in 1), Assume f satisfies (1-36). Letk € N and ¢y, . .., or € H'(R?).

Assume that
(é ) —3, I?a,g(jéo <Pj) >
E(Xwr) = X Elo—e. R

for some (a, B) in (1-16) and some 6, & > 0 satisfying e(1+2/j1) < 6. Then ¢; € fo"'forall j=0,....k,
ie. 0 < E(pj) <mand Ky g(p;) = 0 forall (o, B) in (1-16).

Dﬂ

(5-45)

~.
it

ko _
01) = X Raplo)) +e.
j=0

Proof. Let {; = Re(V) ™ !¢; and suppose that E(gol) < 0 for some /. Then K(y;) < IE((pﬂ < 0 and so
H(y;) = m. Since H is non-negative,

k k k .
m=< Y H{j) < Z [H(y;) + H2(Im(V)™ Z [E(p;) — K(¢j)/fi]
]= = =
_, k ., k
<E(X ¢)-K(X oj)/m+e+1/m) <m. (5-46)
Jj=0 Jj=0

where H€ denotes the quadratic part of H. Hence K (yj) = O forall j, and so
E(gj) = ;) = HWj) + K(Wy)/ 1 = 0. O

Nonlinear profile decomposition. The next step is to construct a similar decomposition for the nonlinear
solutions with the same initial data.

First we construct a nonlinear profile corresponding to a free concentrating wave. Let v, be a free
concentrating wave for a sequence (¢, X, h,) € R X RY x (0, 1],

(3; + (V)Un =0, Tp(ty) = Tpy, v(x)e L? (5-47)

satisfying v,(0) € %*. Here we use Lemma 5.1 only in the H! critical case, and Corollary 5.2 in the
subcritical and exponential cases. Hence /1, — 0 can happen only in the critical case, otherwise /4, = 1.
Let u, be the nonlinear solution with the same initial data

(0; + (V)iin = f'(un)., in(0) = Vn(0) € T, (5-48)
which may be local in time. Next we define 17,, and 17,, by undoing the transforms

l_))n = Tnl_}n((t _tn)/hn)7 ﬁn = Tnﬁn((t _tn)/hn)- (5‘49)
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Then they satisfy the rescaled equations

t
Vo=t Wy U, =V,—i / =V £/ (Re(V) 1 T,) ds, (5-50)
Tn
where t, = —t,/ hy,. Extracting a subsequence, we may assume convergence:
hy = hoo €10,1], T = Too € [—00, 00]. (5-51)

Then the limit equations are naturally given by

. - - t . ~
Voo = e!Vleoy Upg = Voo —i / e =9 WVee 11T ds, (5-52)

Too

where (700 is defined by

—177 _
A 17 {Re(V) Uso (oo =1), (5-53)

Uso :=Re(V) Uy = -
°° Voo Uoa Re|V| ' Us (hoo = 0).

The unique existence of a local solution l}oo around ¢ = T4 is known in all cases, including /oo = 0
and 1o, = Fo00 (the latter corresponding to the existence of the wave operators), by using the standard
iteration with the Strichartz estimate. In the exponential case, it requires that (}oo is in the subcritical
regime in the Trudinger—-Moser inequality. It is guaranteed by Lemma 5.3, because 1700 (t) € Kt for ¢
close to 740, and so (}oo (t) 3t for all 7 in its existence interval.

1700 on the maximal existence interval is called the nonlinear profile associated with the free concen-
trating wave Up,. The nonlinear concentrating wave ii ) associated with vy, is defined by

iy = TnUoo((t = 1n)/ h). (5-54)
If hoo = 1 then u(,) solves NLKG. If /1o, = 0 then it solves
(0F = A+ D@y = (0 + (V)i my = (V) = VD) + £ (IVITH{V)umy)- (5-55)
The existence time of u(,) may be finite and even go to 0, but at least we have
||ﬁn 0) - ﬁ(n) (0)||L§ = || Va(zn) — Uoo(fn)”L)%
< V() = Voot 12 + Voo () = Uno(Ta)ll 12 = 0. (5-56)

Let u, be a sequence of (local) solutions of NLKG in 3T around ¢ = 0, and let v, be the sequence
of the free solutions with the same initial data. We consider the linear profile decomposition given by

Lemma 5.1 or 5.2:
k—1 . . j .
U= Y 0l + 0k, o) = VMITi) (5-57)
Jj=0
With each free concentrating wave {v; },en, We associate the nonlinear concentrating wave {ﬁ( n) bnen.
A nonlinear profile decomposition of uy is given by

k—1 .
ﬁfn’; = 'Zo - (5-58)
]=
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We are going to prove that ﬁ(<nl§ is a good approximation for i, provided that each nonlinear profile
has finite global Strichartz norm (in Lemma 5.6). Now we define the Strichartz norms for the profile
decomposition, using the notation from page 428. Let ST and ST* be the function spaces on RI+d
defined by

ST =[Wl,N[Kl,., ST* =[W* O, +[K*D), 4+ L1L2, (5-59)

where the exponents W and K as well as their duals are as defined in (4-24) and (4-9). The Strichartz
norm for the nonlinear profile depends on the scaling hgo for any suffix <:

ST {[W]z N[KL, (hS =1),

(5-60)
(W15 (hS, = 0).

In other words, we take the scaling invariant part if h,? — 40, which can happen only in the H'
critical case. The following estimate will be convenient in treating the concentrating case: For any
S €0, 1] x][0, %] x [0, 1] we have

—1ee®(S) 1
I nyllisto @) S (hn) ' "% (S)”UOOH[S]E(R)’ (5-61)

where Uy is as defined in (5-53). Indeed, using Bg , C L? with p =1/8, > 2 in the lower frequencies,
we have

ey llis1, S NVIT33 ()P lsg
—reg® _ 17 —reg
~ () TS Re [V TSHV)S T T 539 S () T D Uollpsys. (5-62)
Concerning the orthogonality in the Strichartz norms, we have:

Lemma 5.5. Assume that [ satisfies (1-36). Suppose that in the nonlinear profile decomposition (5-58)
we have

108 571 gy + 10l Lo 2 gy < 00 (5-63)

for each j < K. Then, for any finite interval I, any j < K and any k < K, we have

nErolo ”“{n) lsTcy < ”ljgonsrgg(w)’ (5-64)
Tim k2 I j 2
i uGy sy < i, % Iy 370y (5-65)

where the implicit constants do not depend on I, j or k. We also have

im \)f(u;,’;)— /() (5-66)

“w)lsra) =
Yo sy

Proof. First note that if héo = 1 then u{n) is just a sequence of space-time translations of l/]\o]o In
particular, (5-64) is trivial in that case.

Next we prove (5-64) in the case s, = 0, which is only in the H! critical case. For the moment we
drop the superscript j. For the [W], part, (5-61) gives us

1@l S 1 Usollmiswy = Ueoll g 11y (5-67)
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For the [K], part, let V' be the following interpolation between H and W

= Loty g CLOD (5-68)
Cd+2 d+2 2(d +2)°

Then using Holder in ¢ and (5-61) together with reg®(K) = (d + 1)/(d + 2), we get

1 1 . 1
Ny lix12(0) S ||u(n)||[V2] (I)|I|2(d+2) < (hn) 294D |Uso Iy @y 1122 — 0, (5-69)

as n — oo. Thus we have proved (5-64). . .
Next we prove (5-65) in the subcritical and exponential cases. Define Ucfo, R> u{n) g for R > 1 and

(n) R 1YY
Udo.r = xg(t. X)Uds, 1ty o = T UL rU—1]), uih = = uly g (5-70)
<

where xp is the cut-off defined in (1-23). Then we have

||M(n) u(,,) rllsT@ < 20 11— xgp(, x))Uojo”ST(R) -0, (R— +0) (5-71)
j<k

so we may replace u( ) by u( ) g Let 5’ denote the difference operator
Bup(x) = g(x —27"ep) — (). (5-72)

where ¢; denotes the /-th unit vector in R?. Each Besov norm in ST is equivalent to

d
> | X 28 uly g (5-73)

zlz .

Dy2
ém>0

J
o T Hj% u(")aR‘ LPLe’
where (1/p,1/q,s) = W or K. (5- 28) 1rnphes that each supp u( ).R is away from the others at least by
distance 2 for large n, and then supp 5m (n).R AT€ also disjoint for j < k at each /,m. Hence the first
norm in (5-73) equals
J
L, < < [|2™8},u Uiy, R”ZZ prez_ond Sy rllez_ rrps o 674

m=0

”2sm8 (n) R”L”Zz

m=0

where the first inequality is by Minkowski. Thus we have obtained (5-65) in the subcritical and expo-
nential cases. .

Next we prove (5-65) in the H! critical case. For the nonlinear concentrating waves with hl, =1,
the above argument works. For those with hl, = 0, the K component is vanishing by (5-69). Hence it
suffices to estimate [W], in the case all /7, tend to 0 as j — oo. Using that W3 = l € (0, 1), we have

Huéﬁ\l[Wh(mSI\IVI‘W u(n)H[W]Z(IR{) | Re|VI™ lﬁ(<nl§H[W]2(|Rz) H Z Véfn)L%z Le’ (5-75)

mez
where we have put (1/p,1/q,s) = W and

L= 2omsl )i 0L ((t—1])/ hl). (5-76)

mn—-n
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where 6. is the difference operator defined in (5-72). For R > 1, let

. Y .
i X gt x = XDt x) (i —logy W] < R)
Up'm, R, X) 1= n ; (5-77)
0 (Im —log, | > R).
where x4 is as in (1-23). Then by the same computation as for (5-61), we have
vl vl I 77J
it = i m R ez, ot SN2 SmUsollLp ez, LGt 4 imi+1x1> R) = O (5-78)

as R — oo uniformly in n. Hence we may replace L?,J,fn by Lﬂ,fn R in (5-75). The orthogonality (5-5)
implies that {Supp; », x) Lﬂ,,ln R}j<k becomes mutually disjoint for large n. Then arguing as in (5-74),
we obtain (5-65).

To prove (5-66) in the subcritical and exponential cases is easier than (5-65), because after the smooth
cut-off, we have for large n

Sk p) = Py Sy p)- (5-79)

Note that the ufn) € ST implies that the full Strichartz norms are finite by Lemma 4.4. The error for
f! (u(<n]§ ) coming from the cut-off is small in S 7* by (4-61)—(4-64) if d < 4. When d > 5, the difference
estimates in the proof of Lemma 4.5 are not sufficient because they control only the exotic norm Y. In
order to estimate the difference in the admissible dual norm S 7 *(/), we introduce the new exponents

H, := (52,%, ). Wei= W= pre(d.~1,0), M} = M* 45, ~1,0), (5-80)

where W and M * were defined in (4-24) and (4-31), and ¢ € (0, py) is fixed small enough to have
str’ (Hy), st (MP), st (We) <0, reg®(H,) < 1,
reg®(Wy) = reg®(W) = 1, rego(Mgﬁ) = regO(Mﬁ) <1, (5-81)
We+ paM} = W+ pym¥ = w*®,

Then we have, for any « and v,

_ 2
160 = £ 2.y S 1 = vlizgoen (el oo 2y + Iolpsorz )’ (5-82)

because | f¢(u) — f5(v)| < |u—v|(Ju| + [v])®. For large u, we have if p; > 1,

116 = £ @) llgpr=,

—1
S lallP2 o=l + D= vlgage, (llgagey, + 10lags,) ™ Ioloms,. (5-83)

and if p; < 1,

1170 = f @) gy, S Nl oy = vllpwg, + lu =l ooy, (584

The latter estimate is not Lipschitz in # — v, but suffices for our purpose here.* Thus we obtain (5-66)
in the subcritical and exponential cases.

4The situation is different from the long-time iteration in the previous section, where we needed the exotic Strichartz estimate
in order to get the Lipschitz estimate for the iteration along the numerous time intervals.
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It remains to prove (5 60) in the H' critical case, where we need further cut-off to get a disjoint sum.
First we see that each u’ e ) in u(n) may be replaced with

ul,y = (V)d) ™ V)l = W T] U4t = t])/ ). (5-85)

For the moment we drop the superscript j. Let p = 4/(d —2) and hoo = 0. If d < 4, then we have by
using (4-62) and (5-29)

17" e) = S i) ) 2z S e W10 =t o
~p -1 /7
~NUsoll 3@ 1IVIY)7 " = 1000 11,y

SN Too 13, 0 1V / Fin) 2 UsollL10) = O- (5-86)
since Uso € [H]; N[W]5 C[L]o by the homogeneous version of Lemma 4.3(1).
If d = 5, we introduce a new exponent
d-2 1 d+3
= , 0. 5-87
d+2(d+1 2(d 4+ 1) ) (5-87)
Then reg?(G) = 1, str®(G) < 0 and
1,0,1
2*—1)G = w* — (2—) (5-88)

Hence
£ my) = S @) g =on,

SIS @) = @ lgr=og@ + 2L @) = £/ @mliier—nelom,  (5-89)
where the first term on the right is dominated by (the homogeneous version of (5-83)—(5-84))

0 —0
” U(n) ||[Mn] (R)” (n) — U(n) ||[W5]§(R) + ””(n) — U(n) ”[Mf]o(R)”(u(”)’ ”(n))”ﬁ%g(gg)

—277 277 p2—0
1000l 1 o 109/ 1) > Uoolmgn + W/ 1) > Voollfy ey o 1000l ey (5-90)

where 6 := min(p,,1). The right-hand side goes to 0, since Uso € [H]S N [We]5 C [Mf]o by the
homogeneous version of Lemma 4.3(1). Similarly, the last term in (5-89) is bounded by

ety 123, o 124y — 1 li6T0 > ~ 100 1{ G, iy 1Y/ 1) > U G108 = O- (5-91)

Thus it suffices to show
— 0. 5-92
Hf <]<k ) Z AC "))HST*(I) 6-92)

Now we define (7,{ R forany R > 1 by
UJ g(t.x) = xp(t.x) UL, x) TTL(1 — Xyt )t —tl x—x)h 1<l <k, AR <)}, (5-93)
where xp and (t,{ < x,, ,h] l) are as defined respectively in (1-23) and (5-21). Then Uj, i _R 1s uniformly
bounded in [H]3(R) N [W]5(R), and
ﬁnj’R — XRﬁgo in [M”]O(R) as n — 0o,
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because either hj — 0 or |t J | + |xp J | — o0 by the orthogonality (5-5). Then by the homogeneous
version of Lemma 4.3(2), it converges also in [L]o(R) (if d < 4), [We]3(R) and [M lo(R). Moreover,
we have XRU] — Ugo as R — 00 in the same spaces.

Hence we may replace u/ ) by

uly g =T O] gt =11/ h)).

n),

and then we get the desired result, since {supp; ) u{n) R Jj<k are mutually disjoint for large 7, and so

I(Z who.e) = Z S ) (5-94)

j<k
which concludes the proof of (5-66). O
The next lemma is the conclusion of this section.

Lemma 5.6. Assume that f satisfies (1-36). Let u, be a sequence of local solutions of NLKG around
t =0in AT satisfying llmn_,C>o E(uy) < m. Suppose that in its nonlinear profile decomposition (5-58),
every nonlinear profile U J has finite global Strichartz and energy norms, i.e.

10l g7y + 100l Lo 12y < 00 (5-95)
Then uy is bounded for large n in the Strichartz and the energy norms, i.e.

nll)nolo lunllsT@® + ”ﬁn”L?oL)%(R) < 00. (5-96)

Proof. We will apply the perturbation lemma to ) k w as an approximate solution. First observe that

liin (0) — i (0) = wh (0| 12 < Z 157 (0) = iif,,, ()| L2 = o(1) (5-97)
and
()17 = 1all7 > = by 157135 +o(1) = by i,y O)17 2 +o(D). (5-98)
i< j<

where o(1) — 0 as n — oco. Hence except for a finite set J C N, the energy of u{n) with j & J is smaller
than the iteration threshold, which implies

st S iy O 2 (G ¢ ). (5-99)

Combining (5-65), (5-64), (5-99) and (5-98), we obtain, for any finite interval 7,

sup Tim_ Gy 57y < P 10115 + Jim_ [lin ()7, < oo. (5-100)
The equation of u( ) is given by

equih) = X (V)= (VL)iil,y + 1 (u5h) = X ' (uly): (5-101)

j<k Jj<k
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where u/ ) = =V )oo)_ (V)u(‘ ) as before. The nonlinear part goes to 0 by (5-66), while the linear part
vanishes if h{,o = 1, and is dominated if h’ = 0 by

1V = VDG It 22y S O iy e 2.0y
) Ol ooy = 0 (100, (5-102)

by continuity in 7 for bounded ¢, and by the scattering of Ugs, L for |t] — oo, which follows from
||Uoo||[W]-(R) < 00. Hence Lemma 4.4 gives for any 1-admissible Z

szpnll)n;o ||U(n)||[Z]2(R) < 00. (5-103)

On the other hand, by Lemma 4.3 we can extend the smallness of wk from LB ., to the other
spaces that we need for the nonlinear difference estimates, those being [S]o, [L]o, [X ]2, [H los [M lo>
and [We]», depending on d and f. In addition, in the exponential case (1-29), Lemmas 5.3 and 2.11
imply that u; ) k and u)k are both in the subcritical regime for the Trudinger—Moser inequality. Putting
them together with the above bounds on u (n]§ in the nonlinear difference estimates (4-61)—(4-64) or

(5-82)—(5-84), we get

: T k k k
Jim  Lim 1 gy +wy) = ') llsT=ay = 0, (5-104)
and so
kli)n}( nhm ||eq(u(n) +w )||ST*(1) =0. (5-105)

Hence for k sufficiently close to K and n large enough, the true solution u, and the approximate
solution u<n’§ + w,’j satisfy all the assumptions of the perturbation Lemma 4.5. Hence u;, is bounded in
global Strichartz norms for large n. O

6. Extraction of a critical element

In this section, we prove that if uniform global Strichartz bound fails strictly below the variational thresh-
old m, then we have a global solution in % with infinite Strichartz norm and with the minimal energy,
which is called a critical element.

Let E* be the threshold for the uniform Strichartz bound. More precisely,

E* :=sup{4 > 0| S(A) < oo}, (6-1)

where S(A4) denotes the supremum of |u||s7(r) for any strong solution u in #* on any interval /
satisfying E(u) < A.

The small energy scattering tells us E* > 0, and the presence of the ground state tells us E* < m, at
least in the subcritical case, and also in the other cases if we allow complex-valued solutions, because the
stationary solutions with different masses yield standing wave solutions of the original NLKG. Anyway,
we are going to prove E* > m by contradiction.

We remark that there is an alternative threshold:

if u is a solution in # 1 of NLKG}

-2
with E(u) < A, then |ul|s7®) < o0 6-2)

Efg = sup {A >0
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Obviously £* < EY.¢. Kenig and Merle [2008] chose this definition. The advantage of using E£* is
that £* > m implies uniform bound on the global Strichartz norms below m, which is very important
in applications where we want to perturb the equation.

The next lemma is the conclusion of this section.

Lemma 6.1. Assume that f satisfies (1-36), and let u, be a sequence of solutions of NLKG in ™ on
I, C R satisfying
E(un) > E* <m, |unlst,) — o0 (1 — 00). (6-3)

Then there exists a global solution uy of NLKG in K™ satisfying
E(us) = E*, lus|srm = oo. (6-4)
In addition, there are a sequence (ty, Xn) € RxR? and ¢ € L*(R?) such that along some subsequence,
liin (0. x) — eV (x — x,) | 12 — 0. (6-5)
We call such a global solution u, a critical element. Observe that by the definition of E*, we can find
such a sequence u,, once we have E* < m.

Proof. We can translate u, in ¢ so that 0 € I, for all n. Then we consider the linear and nonlinear
profile decompositions of u,, using Lemma 5.1 in the H' critical case (1-28) and Corollary 5.2 in the
subcritical and exponential cases.

VIt,(0) = ) +11’)’11€’ v — V)= tn)T](p ,
j<k

uGh = Z”(n)’ il = T UL ((t = t])/ b)), (6-6)
”B] (0) — (n)(O)”LZ -0 (n— ).

Lemma 5.6 precludes that all the nonlinear profiles Uojo have finite global Strichartz norm. On the other
hand, every solution of NLKG in %t with energy less than E* has global finite Strichartz norm by the
definition of £*. Hence by Lemma 5.3 we deduce that there is only one profile i.e. K = 1, and moreover

E(i(,) = E*, 1(,(0) € KT, 10 sollsT0 @ = °°, lim ||17’5||L;>0L§ = 0. (6-7)
If 19 — 0 in the critical case, then (7(90 = |V|71Re UOOO solves the massless equation
07 =2 UL = /'(UQ). (6-8)
and satisfies
E'UQ) = E* <m=J90). K"(U0)=0. [Ulmwy = ce. (6-9)

where Q is the massless ground state and K™ is the massless version of K. However, there is no such
solution, by [Kenig and Merle 2008].° Hence hg = 1 in all cases, and we obtain (6-5).

SThat reference is restricted to the dimensions d < 5 for simplicity of the perturbation argument, but the elimination of
critical elements works in any higher dimensions.
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Hence hg = 1 in all cases, and we obtain (6-5).
It remains to prove that ﬁooo = (V)" 1Re ﬁgo is a global solution. Suppose not. Then we can choose
a sequence #,; € R approaching the maximal existence time. Since the sequence of solutions U dQ(t+1tn)
satisfies the assumption of this lemma, we may apply the above argument to it. In particular, from (6-5)
we obtain
10 (tn) — e Yy (x = x7) [ 2 — 0, (6-10)

for some ¥ € L)zc and another sequence (1), x,) € R x RY. Let 3 := ¢/ (V) Y. Since it is a free solution,
for any & > 0 there is § > 0 such that for any interval I satisfying |I| < 2§, we have |(V)™! Vst <&,
where ST = [W], N[K], as in (5-59). Then (6-10) implies that

fim (V)" TL ()l s7(-5.5) < . (6-11)

n—>oQ

If ¢ > 0 is small enough, this implies that the solution [7000 exists on (¢, — 8,1, + 8), by the iteration
argument, for large n. This contradicts the choice of #,. Hence U2 is global and so a critical element. [

7. Extinction of the critical element

In this section, we prove that the critical element can not exist by deriving a contradiction from a few
properties of it. The main idea follows [Kenig and Merle 2006; 2008]. Let u. be a critical element given
by Lemma 6.1. Since NLKG is symmetric in 7, we may assume that [|u¢ || s7(0,00) = 00. We call such
u a forward critical element. Note that since the critical element is in %1, we have E€(u;1) ~ E(u)
uniformly, by Lemma 2.10.

Compactness. First we show that the trajectory of a forward critical element is precompact for positive
time in the energy space modulo spatial translations.

Lemma 7.1. Assume that f satisfies (1-36), and let u. be a forward critical element. Then there exists
¢ : (0, 00) = R? such that the set

{(u,0)(t,x —c(t)) | 0 <t < o0} (7-1)
is precompact in H'(R?) x L2(R%).

Proof. The proof in [Kenig and Merle 2008] can be adapted verbatim, but we give a sketch for the sake
of completeness. Recall the convention u <> u defined on page 427.

It suffices to prove precompactness of {u(t,)} in L2 for any t;,,,--- > 0. If #, converges, then it
is trivial from the continuity in /. Hence we may assume that #, — oo. Applying Lemma 6.1 to the
sequence of solutions u(z + ), we get another sequence (7, x},) € R!*4 and ¢ € L? such that

i(tn, x) — e Vg (x —x)) = 0in L2 (n — 00). (7-2)
If #;, — —o0, then we have
"M Gi(tn) 570,000 = Ile" V" @l 5T (17 .00) + 0(1) = 0, (7-3)

so that we can solve NLKG of u for ¢ > 1, with large n globally by iteration with small Strichartz norms,
contradicting its forward criticality.
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If #;, — 400, then we have

i(V)t

e i) 570000 = " @llsT(<00,~15) +0(1) = 0, 7-4)

so that we can solve NLKG of u for ¢ < ¢, with large n with diminishing Strichartz norms, which implies
u = 0 by taking the limit, a contradiction.
Thus #, is precompact, so is (ty, X + x},) in L2 by (7-2). O

As a consequence, the energy of u stays within a fixed radius for all positive time, modulo arbitrarily
small rest. More precisely, we define the exterior energy by

Ere(u:t) = / el VL] s (7-5)

forany R >0 andc € R?. Then we have

Corollary 7.2. Let u be a forward critical element. Then for any ¢ > 0, there exist Ro(¢) > 0 and
c(?) : (0,00) — R such that at any t > 0 we have

ERycey(u:t) = eE(u). (7-6)

Zero momentum and non-propagation. Next we observe that the critical element can not move with
any positive speed in the sense of energy. For that we first need to see that the (conserved) momentum

P(u) := / uVudx € R4 7-7)
R4

is zero for any critical element u.

Lemma 7.3. For any critical element u, we have P(u) = 0.

Proof. For j =1,...,d and A € R, we define the operator Lj.‘ of Lorentz transformation:
Liu(xo.....xa) = u(o. .- Va): 78
Yo = xpcoshA + xjsinhA, yp; = xosinhA +xjcoshA, yr =x, (kK #0,)).
Then L;?‘Lf = L;‘Jrﬂ. Since 0y yo = y; and 9, y; = yo, we have
O Lru = LY(xj0, + t9))ul. (7-9)
Also we have
;LY = L} (50, +¢d;). 0L} = LE(s?0sr +25¢8,j +¢*3j)), 710

aij.‘ = Lj.‘(cat +50;), aijj-‘ = Lj-‘(czatt + 25¢04j +523jj),

where s := sinh A and ¢ := cosh A. In particular [3? — A, L;‘] =0, and so Lj.‘ maps global solutions to

themselves. For the space-time norm, we have
cs
(s c)‘ dt dx;j ://vddej; (7-11)

//L}vdzdxj ://v
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hence L;‘ preserves all Lf” x (R'*9) norm. For any solution u, we have

0V E(LYuy = (u, | 039, Lu) + (Vu | 99V LYu) + (u— £'(u) | 89 Lu)
= (us | Xjue +tug +uj) + (ug | xXjuge + tug +Sjus) + (w— f'(u) | xjur +tuj)
= (xjur | Au) +2{ue | uj) — (Xjuge | ug) = (ur [ uj) = P(u), (7-12)

where 82 = 0jlr=0. If Pj(u) # 0 for some j, then we obtain another global solution L%u, which

has smaller energy and infinite Strichartz norm. It also belongs to %, by continuity. More precisely,
the continuity of L;‘u in A in the energy space easily follows from the local wellposedness if u has
compactly supported initial data. Then the original solution is approximated by smooth cut-off using the
finite propagation property. Thus we obtain another critical element with less energy, a contradiction.
Hence P(u) = 0. O

Next we see stillness of critical elements in terms of the energy propagation. For any R > 0, we define
the localized center of energy Xz(7) € R? by

Xp(u;t) := /XR(x)xe(u)(t,x) dx, (7-13)
where xp is as defined in (1-23), and e(u) denote the energy density of u, namely
e(u) = (Juel® + Vul* + [ul*) /2~ f (). (7-14)

From the energy identity é¢(u) = V - (u;Vu), we get for any solution u

d
& Xp(us1) = ~dP(w) + / (41— X)) + (r8,) xp (V)] V. (7-15)

If u is a critical element, the first term disappears by the above lemma, so we have

‘%XR(”Qt)

S ERo(ust). (7-16)

Moreover, since u is in KT, by Lemma 2.12 there exists §¢ € (0, 1) such that
Ko@) = 8ollu(r)|3;, forall 1 € R. (7-17)

Lemma 7.4. Let u be a forward critical element, and let Ry(¢) > 0, ¢(¢) € R? and 8y > 0 be as in (7-6)
and (7-17). If 0 < ¢ K 89 and R > R(¢) then we have

|c(t) = c(0)| = R—Ro(e), (7-18)
for 0 <t <ty till some ty Z 6o R /e.
Proof. By translation in x, we may assume that ¢(0) = 0. Let ¢y be the final time for the above property

to = inf{t > 0| |c(t)] = R— Rg}. (7-19)
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Then the finite speed of propagation implies that zy > 0. For any 0 < ¢ < ¢y we have |c(f)] < R— Ry,
hence by (7-6) we have Eg o < ¢E(u), and so by (7-16) we get

‘%XR(M;I)

<eEu). (7-20)
Next we expand it around c:

) Xr(:0) = e [ xptoledx+ [ rpeoe:r=clewydx. (7-21)
where the first term on the right is bounded from below by
E(u) - f (1= xg(eDe() dx = [i(0)]12 /2 + Ky o@(©) = CER,o(2)
> 8o E(u) —CeE) =80 E(u), (7-22)

since ¢ < 8g. The second term of (7-21) is dominated by splitting the integral into |x —¢| < Ry and
|x —c| = Ryp. In the interior it is bounded by using the energy bound, and in the exterior it is bounded
by using (7-6). Thus we obtain

‘/ Xr(X)c-(x —c)e(u)dx| S (Ro+ Re)E(u)lc|. (7-23)

In the same way we have | Xg(u;0)| S (Ro + Re) E(u), since ¢(0) = 0. Thus we get
SoE(m)|c(t)| S(Ro+ Re+et)E(u), (7-24)
and sending 1 — fy, we get §o R < ety. O

Dispersion and contradiction. Finally we use the localized virial identity to see dispersion of the critical
element, which will contradict the above non-propagation property. For any R > 0, we define the
localized virial Vg(u;t) € R by

VR(u;t) := (xg()us | (x-V+V-x)u), (7-25)

where xp is as defined in (1-23). Then we have for any solution u,

VRin) = — [ XG> =d(D =2 £ )]+ Gl glo)
— / ror xg(x) [|ut|2 +2lur|? = |Vul® — |u|* + 2]'(u)] dx
= —Kg,2(u()) + CER,o(u;1). (7-26)
If u is a critical element, then u € % T and hence by Lemma 2.12, there exists 6, € (0, 1) such that

Kq—(®) = 8| Vu)ll7, (7-27)

for all # > 0. Thus we obtain, integrating in ¢,

14
Ve(u:tg) < Vr(u;0)—46, / ||Vu(z)||i2 dt + CeE(u)ty. (7-28)
0 X
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Now by the compactness Lemma 7.1, we have:

Lemma 7.5. Let u be a forward critical element. Then for any ¢ > 0 there exists C > 0 such that

IIu(l)IIZg( < CIIVu(l)IIig( +8||it(l)||i§, (7-29)
forallt > 0.
Proof. Otherwise there exists a sequence t, > 0 such that

IIM(Zn)IIigc > nIIVu(ln)||i§ + 8”7/.’(51)”2)2(- (7-30)

Since u is L2 bounded, it follows that || Vu(z,)|| I e 0. Then Lemma 7.1 implies that, after passing to
a subsequence, u(t,) — 0 strongly in H!, then the above inequality implies that i(z,) — 0 too. Hence

E2(u;t,) — 0, which contradicts the energy equivalence, Lemma 2.10. O
Multiplying the equation with u, and then applying the above lemma with ¢ = %, we obtain
Or(u | u) = / | = |Vu|? = |ul? + Df (u) dx = [ |i@]?/2 + |u]? = C|Vu|*dx, (7-31)
R4 R4
with some C > 0. Hence
10 2 2 ‘0 2
[ iz, + iy s £+ [ 19wl (732)
and so
to to
toE(u) < / EQ(u;t) dtSE(u)—i-/ ||Vu||izdt. (7-33)
0 0 x

Now we choose positive ¢ < 8,809 and R > Ry(g). Then by Lemma 7.4 there exists typ ~ §oR /¢
such that E'g o(u;1) < eE(u) for 0 < ¢ < ty. Then from (7-28) and (7-33), we have

8280 R
&

—Veu;to) + Vr(u;0) 2 [§210 — Cetg — C1E(u) 2 Sato E(u) ~

E(u), (7-34)
while the left-hand side is dominated by R E(u) — a contradiction when &/6,8¢ is small enough. O

Appendix: The range of scaling exponents

In Section 2, we have shown that m_ g in (1-17) is positive and achieved (after modification of the mass
in the critical and exponential cases) if (o, B) satisfies (1-16). Here we see that it is also necessary,
modulo the obvious symmetry (¢, ) — (—«,—pB). For simplicity, we consider only the pure power
nonlinearity.

Proposition A.1. Assume that neither (o, B) € R* nor (—a, —B) satisfies (1-16). There exists q €
(24, 2%) such that my g = —oo for f(¢) = |¢|4.

Proof. By symmetry with respect to (¢, ) — (—a, —f), we may assume that 8 > 0 and i =2a+dp > 0.
First we consider the case @ < 0 and p > 0, which implies that d > 2. Let (2+,2*) 2 ¢ =2+ p,
then we have

ap+i>du/(d—2)>0. (A-1)
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Decompose K(¢) by setting
Vel
2

Suppose that 0 # ¢ € H'(R9) satisfies K,(¢) = 0. If there is no such ¢, then K is positive definite
and the minimization set in (1-17) becomes empty. Let 1 < v — 1 + 0. Then

loll7 -

K=K +K;, Ki(p)=pu . Kip)=p

—(ap + 1) Fp). (A-2)

0> K>(vp) = Ka(p) =0, Ki(vg) —> Ki(p) > 0. (A-3)
Now let A(v) > 0 solve
0= K(we(x/A) = M72K(vp) + A9 Ky (v); (A-4)
in other words A(v) = [—-K,(vg)/K;(vg)]'/2. Then A(v) — oo as v — 1 + 0 due to (A-3). Since
RIW) = K@)+ BIVY L2 +apF (), (A-5)
we obtain
aJe(x/1) = pr*272 Vel 7, +apr? Fvg) — —oo, (A-6)
which implies that m = —oo.

Next, if i = 0 > «, which implies d > 2, then for any nonzero ¢ € H!(R?) satisfying K(¢) = 0
we have
K(p(x/1) =2/ K(p) = 0. (A7)
and similarly as above,
J(@(x/2) = O(=A%) > 00 as A — 0.
Finally consider the case 4 < 0 < jt. Then ap + 28 = 0 has a solution p € (4/d,2* —2). Since
ap + i = ap+ 28+ u, there exists p € (4/d,2* —2) such that

ap+ i <0<ap+2B. (A-8)

Then KV (¢) = —(ap + 1) F(¢) is positive and so for any ¢ € H'(R?), K(vg) > 0 if v > 1. Since
the kinetic term in K is negative, there exists &(v) € R? such that K(e’$*v¢) = 0. Since

I ) =~k + 28202 _ 2y pp), (A9)

we obtain
—pJ (€ vp) = zﬂvz% —(ap +2B)F(vyy) — —oo, (A-10)
which implies that m = —oo. O

The above proof shows that if @ < 0 and g > 0 then m = —oo for all ¢ € (2,2*]. The choice of ¢
was needed only in the other region.
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Table of Notation

Notation applies to any s € R, v > 0, (0, B) € R%, j.k €Z, Z € R}, I CR, ¢, € H'(RY),
ue Ci(H! (R%)), any suffix <, Q, any sequence ¢, € H'(R?), and any functional G on H'(R?).

Dimension and scaling

d €N, 2,,2* > 0: space dimension and critical powers

o, B € R, i > u > 0: scaling exponents and their functions

goé‘, B £a,pG: rescaled family and scaling derivative
(subscript $o g and O, g are often written as < and Q)

(1-3)
(2-1)
(1-13) (1-14)

Function spaces
and exponents

H,W,K,M* V e R? exponents ford € N
X, S, L e R3: exponents for d < 4

Ist order representation i <> u: linked with each other by -1

F(¢), f(s) > 0: nonlinear energy and its density (1-11)

Nonlinearity fs(s), fL(s) = 0: small and large parts of f (1-24)

P1, P2 > 0, ko > 0: leading powers of fg and f1, (1-25) (1-26) (1-29)

J(@), J™(¢) € R: static energy, with mass change (1-11) (1-12)

Ko p(@). KSh(@) € R, Hy p(p) > 0: derivatives of J (1-15) (2-26)

Ko!Ql3 (9), Kévﬁ (¢) € R: quadratic and nonlinear parts of K (2-2)

. E(u;t), E(p, V), e(u) € R: total energy and its density (1-5) (7-14)
Functional

unctionazs EQ(u;t), E2(p,v¥) > 0: linear energy (1-37)

E(p), Ky p(p) € R: vector versions of E and K (4-3)

P(u;t), ER,(u;t) € R: momentum and exterior energy (7-7) (7-5)

XRr(u;t), Vg(u; t) € R: localized energy center and virial (7-13) (7-25)

mg g, E* > 0: static and scattering energy thresholds (1-17) (6-1)

¥y p Ky ¢ splitting below the threshold (1-18) (4-5)

Variational splittings Chi(G), C1(G) € [0, 0o]: Trudinger—Moser ratio (2-47) (2-49)

IM(G) € [0, 0o]: Trudinger—Moser threshold on ! (2-48)

conc G((¢n)n) € R: concentration at x = 0 (2-51)

(Z]v(I).[Z]o({),[Z];(]): Lebesgue—Besov spaces on [ X R4 4-7)

7%, Z*®) e R3: regularity change and dual of exponents 4-9)

reg? (Z), stt? (Z), dec? (Z) € R: regularity and decay indexes (4-8)

(4-24) (4-31) (5-68)

(4-31) (4-54)

M,M,M,N,N,Q,P,Y,R,G € R3: exponents for d > 5 (4-68) (4-69) (5-87)

H,, Wy, M} € R®: exponents ford > 5

H!, M¢: H'(R?) and a set of Fourier multipliers on R4

X, Y, Yy, ¥, Y5, Y*: Strichartz-type spaces
ST(I),ST*(1), STOQO(I): Strichartz-type spaces on I x R?

(5-81)

(4-38) (5-2)
(4-54) (4-77)
(5-59) (5-60)

Profile decomposition

(t%> , xg , hg) € R'*4 x [0, 1]: time-space-scale shift parameter
Yo = —tg / hg € R: rescaled time shift

hS, € {0,1},y3 € [—o0, ool: limit of A and y,¥

Tg ®, (_V)@Q(p: operators dependent on (xg, hg)

@ l, x,]ll, h{,l), S, "u: relative shift and transform

‘L'g € R, 18 € [~00, 00]: scaled time shift and its limit
ug, 002, : nonlinear profiles (scaled limit)

ﬁ( n u (<n’§ : nonlinear profiles (in original scales)

page 438

(5-1)
(5-21) (5-20)
(5-1)
(5-52) (5-53)
(5-54) (5-58)
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