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CHAPTER 1

Linear wave equation: classical theory

I.1. Presentation of the equation
The linear wave equation is the equation:
(LW) OPu—Au=0, (t,z)eR xRN,
where N > 1 is the spatial dimension (in this course, we will often assume N = 3), and

N

82
A= el
k=1 9Tk
(We will use either the notations 0, or 8% for the derivative with respect to the variable y € {¢t,z1,...,2n}).

This is an evolution equation: we fix initial data at a certain time ¢ = ¢, and are interested in the evolution
of the equation over time t. Since the equation is of order 2, we actually fix an initial data for @ = (u, d;u):

(1.1.1) a[t:to = (uo,ul)

where (ug, u1) is to be taken in a certain functional space.

We will consider in this course initial data with real values. The passage to complex or vector values is
immediate for most properties of the equation (LW) (by working coordinate by coordinate), but can induce
drastic changes in the nonlinear case, if the nonlinearity mixes the components.

Equation (LW) is invariant under several obvious space-time transformations. If u is a solution, it is also
the case of

,U,U(t — to, )\(RSE — IEo)),

where u € R, tg € R, A > 0, R € On(R), 1o € RY. It is in fact invariant under a larger group of linear
transformations, the Lorentz group (cf Exercise 1.8 p. 16).

As a consequence, we can limit ourselves, without loss of generality, to the case of an initial time ¢, = 0,
ie.

(ID) I_L'[t:() = (UO,U1>

Furthermore, the equation is invariant under time inversion: if u is solution, it is also the case of ¢ — u(—t, x).
It is thus a reversible equation.
We will also consider the equation with a force:

(1.1.2) 02— Au = f,

(still with an initial condition of type (ID)), whose understanding will be crucial for the study of the nonlinear
wave equation.
The Cauchy problem (LW), (ID) can be approached in at least 3 different ways:

e The classical approach which consists in finding an explicit formula to express the solution. It works
when the initial data is sufficiently regular (C® x C? in dimension 3 of space) and gives classical
solutions (that is to say C2 in (¢, z) and satisfying (LW) in the sense of classical differentiation).

e The use of the Fourier transformation in space, which is very simple (once the Fourier transformation
is known) and particularly effective in Sobolev spaces based on L? (which are natural spaces for the
study of the equation due to the conservation of energy and other L2-based quantities). This method
allows to obtain weak solutions with degrees of regularity lower than the previous ones, and to use
tools based on the Fourier transformation, which can be useful, for example, to prove certain dispersive
properties of the equation.

e The "functional analysis” approach, by the theory of semi-groups, which gives the same type of
solutions as the previous method.
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In this chapter, we will detail the classical method, first by writing the explicit formula for solutions in dimension
1 of space, then in higher dimensions. We will study in the following chapter the equation in the energy space
by the Fourier transformation. This chapter is partly based on Chapter 5 of the beautiful book by Folland on
partial differential equations [12].

1.2. Explicit Formula in Dimension 1

In dimension 1, the equation (LW) can be written as:
(1.2.1) (02 — 0%)u =0,
which can be written (9; — 0,)(9¢ + 9z)u = 0. We thus make the change of variables n =z +¢, £ = x — t.
Setting v(n, &) = u ("775, "TE , or u(t,z) = v(t + x,t — x), we have:

0% 0% 0% 02v

oz o "o ooy

and
Pu  0Pv O 02v

92 "o "o “ocon

which gives:
*u  Pu 0%v

o2 0x2 onoE

Thus, we obtain:
v _
ono¢
Let u be a C? solution of (1.2.1), (ID). Thus, u; € C1(R) and ug € C*(R).
The equality % = 0 shows that ?TZ is a (class C') function w(¢) independent of 1. Integrating with
respect to £ for fixed 1, we deduce:

(LW) «<—

¢
v(n,§) = / w(o)do +(n),
N

©(8)
for a certain function v, necessarily C? since v is of class C? and w of class C'. Thus, we necessarily have:

v(n,€) = (&) +¥(n), ¥ e C*R?),

or equivalently:

(1.2.2) u(t,z) = oz —t) + Yz +1).
Using the initial condition (ID), a direct calculation gives:
1/ 1
wln) =3 [ wilo)da+ Suoln) +c.
0

§
o) = =3 | wlds+ Fu( .

where ¢ € R (the choice of this constant is irrelevant). Hence, we deduce:

1 1 -+t
(1.2.3) u(t,z) = §(uo(x +1t) +uo(x—1t)) + 5/ u1 (y)dy.
x—t
Conversely, it is easy to verify that formula (1.2.3) gives a C? solution of (I1.2.1), (ID). Therefore, we have
shown:

PROPOSITION 1.2.1. Let (ug,u1) € C*(R) x C1(R). Then, there exists a unique solution u € C*(R x R) of
(LW) satisfying the initial condition (ID). This solution satisfies formula (1.2.3).

On formula (I1.2.2), we observe that a solution of the wave equation in dimension 1 is the sum of two waves:
one, ¢(x —t), moving at speed 1 to the right, and the other v(z + t), moving at the same speed to the left.!

It is also possible to obtain a formula for the equation with the right-hand side (I.1.2). We leave this as an
exercise to the reader. Further on, we will provide a general method giving the solution of the equation with
the right-hand side in terms of the equation without the right-hand side.

INote that the equations (LW), (1.2.1) have been normalized, so that the speed of propagation is exactly 1.
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We can see from formula (I.2.3) that u(t,z) depends only on the values of (ug,u1) over [m — ¢,z + \t@
This is a first example of ”finite speed of propagation” which holds in all spatial dimensions.
I1.3. Integral on the Sphere and Divergence Theorem

We denote SVN=1 = {x € R, |z| = 1}, where | - | represents the Euclidean norm on R":

N
|z|? = Zx?
j=1

More generally, Sh ' will denote the sphere of radius R: {z € RV, |z| = R}.
We denote do as the volume element on one of these spheres. Thus, the integral of a function f € £1(S g -
(i.e., a function integrable on SN ') is written as

[ fwdotw.
SR

This integral can be calculated using spherical coordinates. In dimension 3, this writes:

2m ™
fy)do(y) = RZ/ / f(Rsin 6 cos ¢, Rsinfsin ¢, R cos §) sin(0)dOdp.
o Jo

S%
We denote Bg (o) as the ball centered at xy with radius R:
BY (z0) = {x eRN, |z — x| < R}

and simply B = BJ (0).
We will use the following formulas:
Scaling:
| Ao =¥ [ fRiist) £ e £S5,
R

SN-1

Integral in radial coordinates: if f € L1 ({|z| < R}),

R R
f(z)dx = / / f(y)do(y)dr = / / f(rw)do(w)rN = dr
BN 0 JsN—t 0 Jsn-1
Divergence theorem: if F' € C'(Bg,RY),

_ Yy :
/zng'F(x)dx a /Sg_l Iv] F(y)do(y),

where V- F = Z;V:1 O, Fj is the divergence of the vector field F'.

I.4. Energy density. Uniqueness and finite speed of propagation

Before giving an explicit formula for the wave equation in dimension 3, we prove a uniqueness result valid
in any dimension:

THEOREM L4.1. Let (ty,z0) € RN, t; > tg, R > 0. We denote T' = {(t,m) ERXRYN : ty<t<

t1, [t —xo]l <R — |t — to\}. Let u € C%(T) be a solution of (LW) on T'. We suppose (u,d;u)(to, ) = 0 for all
x € Br(xo). Then u is identically zero on T.

The proof of the theorem is based on a monotonicity law that has its own interest.
We define, for (¢,z) € T, the density of energy e, as

1 1
eu(t,x) = §|Vu(t,x)|2 + 5([“),5u(t,:13))27

where |Vu|? = Zle(axju){ and we consider, for {y <t < ¢1, the local energy

Eloc(t) :/ eu(t,x)das:/ ey (t, z)d.
BRr—(t—t0)(%0) |z—mo| <R—(t—to0)

LEMMA 1.4.2. The function E\ is decreasing on [to,t1].
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The lemma immediately implies Theorem 1.4.1. Indeed, if @(¢g) vanishes on B(xg, R), then Ej..(tg) = 0,
and thus Ey..(t) = 0 for all ¢ € [tg, 1], showing that u is zero on T'.

PrROOF OF LEMMA 1.4.2. We notice that

N N
(1.4.1) % = Z (amjuataxju + Gij u@tu) = Z ai 8$ju8tu) =V (0uVu),

j=1

where Vu = (95,u)1<i<n Without loss of generality, we can assume that zy = 0 and ¢p = 0. By the integration
formula in radial coordinates,

R—t
Fioc(t) =/ SN_l/ ey (t, sw)do(w)ds.
0 SN -1

By differentiation under the integral sign, we get that Fj,. is differentiable and

Efyo(t) = —(R—t)N~" /SN_1 eu(t, (R — t)w)do(w) + /BN aaet“ (t,x)dx.

By formula (I.4.1), then the divergence formula

/ %(t, z)dr = / V- (0wuVu) (t,z)dx = / Vuatu(t y)do(y).
By, Ot BN sy Jy

R—t

We thus have

’ 1 o 1 2 Y 1 / ?
Eloc (t) /SN71 (2 |VU" + 92 (atu) |y‘ Vuatu(tv y) dO’(y) = 2 Sg:tl |y| VU + 8tu<t y) dU(y)

R—t

1.5. Explicit formulas.

This section is devoted to explicit formulas in space dimensions N > 2. In dimension N = 3, we will show
that for any initial data (ug,u;) € C? x C?, there exists a unique solution u € C?(R'*3) of (LW), (ID), and
provide an explicit formula for this solution. We will also provide a formula in dimension N = 2. We refer the
reader to [12, Chapter 5B] for expressions of solutions when N > 4.

5.a. The radial case in dimension 3. When the initial conditions depend only on the variable r = |z|,
the explicit formula is very simple.

We start by observing that if f depends only on the variable r, then the function f is C? as a function on
R? if and only if it is C? as a function of the variable r on [0, cc[, and satisfies %(0) = 0. Moreover,

Y
dr?2 ' rdr

(cf Exercise I.1). We notice that we can rewrite this formula as

Af =

rAf = (Tf )-

Now let u be a C? solution of (LW), (ID) with initial data (ug,u;) assumed to be radial. We also assume that
for all ¢, u(t) is a radial function. We will show a posteriori that this second assumption is a consequence of the
assumption on the initial data. The previous formula gives

0? 0?

The function (¢, r) — ru(t,r) is thus a solution of the wave equation in dimension 1, on R;x]0, co[. To obtain
a function on R?, we extend ru(t,7) to an odd function:

U(tvy) = yu(t7 |y|)

One can verify (using Exercise 1.1) that v is of class C? on R?, and that

02 02
(atz‘ayz)“zo'
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Formula (I.2.3) then gives:

y+t
() = H(unly+ )+ wly =)+ 5 [ wi(o)do

—t
where (vo, v1) = Uj=0, thus

1

r+t
(L5.1) u(t,r) = %((r + uo(r +t)) + (r — tyuo(jr — t|)> + 5 /it our (|o])do.

Notice that when ¢t > 0 (to fix ideas),

r+t r+t
/ oui(lo|)do = / ouq (|ol)do.

—t |r—t]
The finite speed of propagation is satisfied: the solution u(t,r) depends only on the initial condition (ug,u;) on
the ball centered at r with radius |¢].

The formula (I.5.1) defines a function u(t,7) of class C? outside the origin x = 0, as soon as the initial
conditions (ug,u;) have the expected regularity C? x C1. However, there is a subtle phenomenon of loss of
regularity of the solution u compared to the initial data at the origin : there exist data (ug,u;) € C? x C! such
that u, defined by formula (I.5.1), cannot be extended by a C? function up to r = 0. Indeed, it can be checked
that (at fixed t),

(L5.2) tim w(t, r) = wo 1)) + [ty (1]) + tua 2],

which shows that if (ug,u1) are C* x C*~1 functions, then u(t,0) is only C*~! in general (see also Exercise 1.2).
We can interpret this phenomenon physically as follows: a singularity on the circle r = ry at the initial time
0 that travels at speed 1 towards the origin will concentrate at the origin at time ¢ = ry, causing a stronger
singularity.

The limit (I.5.2) suggests a maximal loss of regularity of a derivative with respect to the initial data, which
is indeed the case:

PROPOSITION L5.1. Let (ug,u1) € (C3 x C%)(R?) be radial functions. Then formula (1.5.1) extended by
u(t,0) = ug(t) + tuh(t) + tui(t), defines a C? function on R x R3, radial with respect to the variable x, and
satisfying (LW), (ID).

The Proposition 1.5.1 is left as an exercise to the reader. Combining with the uniqueness property (Theorem
1.4.1), we obtain that (I.5.1) gives the unique solution of (LW) with initial data (ug,u1).

The formula (I.5.1) is remarkably simple. In higher space dimensions, we also have an explicit formula for
radial solutions, which becomes more complicated as the dimension increases (see Exercise 1.3). The loss of
regularity observed in dimension 3 (and absent in dimension 1) increases with dimension, as the reader can
verify on the formula obtained in Exercise 1.3.

There is no simple formula in the radial case in even dimensions.

We also have explicit formulas (of course more complicated) without radiality assumptions, in all dimensions.
We will explicitly state these formulas when N = 3, then N = 2.

5.b. General solutions in dimension 3: averaging over spheres. We start with computation in
general dimension N > 2. If f € CO(RY) and r € R, we let

(153) M) === [ et rdoty)

ON
where o is the surface of the sphere SN¥~=1. When 7 > 0, it is the average of f over the sphere of radius r and
center x, which can also be expressed as:

(My)(r,z) = —

UNTNfl

/Syl F(@ + 2)do(2)

We recall that o3 = 4.
Note that in the definition of My, r and x are two independent variables (with contrast with the previous
subsection where we had r = |z|).
Denote )
0 N-10
Ar=—4+—7-—
T or? + r  Or

the restriction of the Laplace operator on radial functions in dimension N. Then:
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LeEMMA 1.5.2. Let f € C?(RYN). Then M; € C?*(R x RY) and, forr >0,
A,«Mf = MAf = Afo.

Proor. The fact that My is C? is a direct consequence of the theorem of differentiation under the integral
sign.
We have

sMy(r) = = [ w Vo) = = [ gap@+ i,
ON JSN—1 \y|<1

or ON

by the divergence formula. Thus

0 1 T
EMf(T, x) = W/@ /SN?l(Af)(er sw)da(w)sNﬁlds.

As a consequence,

% (TN—lngf(r,w)> _r /SN?I(Af)(x—i—rw)da(w).

ON
This is exactly the equality A,My = May¢. The equality Az My = May is immediate from the theorem of
differentiation under the integral sign. |

Consider a function u € C?(R x RY). By the Lemma, for all z € RV,
aEMu(t) (T’, 33) - A7’]\411(75) (Ta :IZ) - M(afquu)(t)(Tv Z), teR, r>0

where we have denoted by u(t) the function = — u(t, ), and used the fact that 0 My ) = Mz, s)-

Thus u is solution to the linear wave equation on R x R if and only if M) (r, ) is, for all x, a solution
of the linear wave equation in radial coordinates. In space dimension N = 3, we can deduce from the explicit
formula obtained in the preceding subsection the following formula for the solutions of (LW) without symmetry:

THEOREM 1.5.3. Let (ug,u;) € C3(R3) x C?(R3). Then the wave equation (LW) with initial conditions
(ID) has a unique solution, given by the formula:

(I1.5.4) u(t, ) = tMy, (t,x) + %(tMuO (t,x)).
PROOF. Let u be a C? solution of (LW), (ID) with N = 3. Then for all z, (t,r) — My (r,z) is a C?
solution of the radial wave equation in space dimension 3
(at2 - A7’)]\471@) (r,z) =0.
We fix ¢t and x, and let 7 > 0 goes to 0. By the formula (I1.5.2) of the trace of a radial solution at r = 0, we

obtain

: 0
u(t,x) = }1_1}1%) My (r,x) = tui(t,x) + a(tvo(t, x)),

where vo(r, ) = M) (r,2) t=0 and vi(r,z) = %Mu(t)(r,x)“:o. By the definition of M,,;) and differentiation
under the integral sign, we see that

vo(t, @) = My, (t,x), vi(t,x) = My, (¢, ),
which proves that u must satisfies (I1.5.4).

It remains to check that (I.5.4) yields a solution of (LW), (ID). Letting u be definied by this formula, we
see that w is C?, and that u(0) = wug, d;u(0) = uy (to check this last point, observe that My(¢,z) is an even
function in ¢, and thus its first derivative in ¢ vanishes at ¢ = 0).

Furthermore, we have

OF(tM,, (t, 1)) = 20, M, (t,2) + t0? M,, (t,z) = tAL M,, (t,z).
by Lemma 1.5.2. This proves that tM,, (¢, z) satisfies (LW). Since 97 — A and d; commute, the same proof
yields that %(tMu0 (t,x)) satisfies (LW), concluding the proof. O
Notice that we can rewrite the formula of the theorem as:
(1.5.5) u(t, x) = tMy, (t, x) + My, (t, ) + tMy.vu, (¢, ).
The preceding method remains valid in any space dimension N: the only point where we have used that N = 3
is when we have applied the explicit formula for radial solutions of the wave equation in space dimension 3.

In higher odd dimensions, similar (although more complicated) formulas for radial solutions exist (see Exercise
I.1), and we can thus deduce a formula for general solutions of (LW). In even space dimension, there is no easy
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formula for radial solutions, and the explicit formula follows from the method of descent, which is described
below in the case N = 2.
We now give two important consequences of the previous formula.

COROLLARY 1.5.4 (Strong Huygens’ principle). The solution u(t,x) depends only on the values of ug, Vuyg,
and uy on the sphere centered at x and of radius |t|.

REMARK 1.5.5. The strong Huygens’ principle is a stronger version of the finite speed of propagation
property, which states that u(¢,x) depends only on the values of (ug,u1) on the ball centered at x and of
radius [t|. This principle remains valid in any odd dimension > 3 (the number of derivatives of uy and u
in the statement increases with the dimension). In even dimension, solutions only satisfy the finite speed of
propagation: see §5.c. In dimension 1, as shown by formula (I.2.3), only solutions that are even in time (i.e.
with initial condition of the form (ug,0)) satisfy the strong Huygens’ principle.

The second consequence of the explicity formula proved above is an estimate related to the dispersive nature
of the wave equation. We will denote

(1.5.6) lellyirer = sup 1070l o @y -

|a|=s
We prove:

THEOREM 1.5.6 (Dispersion inequality). Let (ug,u1) € (C?® x C?)(R3), with compact support and u the
solution of (LW), (ID). Then for allt >0,
1
t

[u(®)l|zoe sy S 7 (luollyiza + lluallyr) -

PROOF. By space translation invariance it is sufficient to bound |u(t,0)|. We have

drru(t,0) = t/52 u(ty)do(y) + /Sz ug (ty)do(y) +t/

y - Vuo(ty)do(y).
S2

By the divergence theorem (denoting by B? the unit ball of R?),

(L5.7) ‘ /S Cuity)do(y) =t [ V- (yu(ty))dy =31 /B un(ty)dy + 2 /B e Vun(ty)dy.

B3
We have
1 3

(1.5.8) / y-Vm(ty)dy‘ < fg/ [Vur(y)ldy < = llurllyia,

B3 t tB3 t
and

1
(15.9) [ty <t [ 10wty < gl
B3 R3

where we have used the inequality [ [¢dz S [gs [0z, ¢, that follows immediately from the formula

T

@($17x271‘3) = / am1@(87$271'3)d8.

—00

Combining (1.5.7), (I.5.8) and (I1.5.9), we obtain
1
(15.10) t | w(ty)do(y)| < ¥||u1||W1,1.
S2

By the same proof, using also the inequality [, @] S [ps |0z, Oz, ], we have

(1511) ||u0||W2,1o

| =

/S . uO(ty)dff(y)‘ +

[y ultmast)| <

This concludes the proof of the dispersion inequality. O
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5.c. Dimension 1+ 2. A solution u of equation (LW) with N = 2 is also a solution of the same equation
with NV = 3, constant with respect to the 3rd spatial coordinate. From Theorem 1.5.3, one can derive an
expression of u from the initial data. This strategy is called ”descent method”.

THEOREM L.5.7. Let (ug,u;) € (C3 x C?)(R?). Then equation (LW) has a unique C? solution on R x RZ,
given by the formula

(15.12) S P A Py I ') ) Y R G ) W
271- at ylSl ylS]

1—|y? 1—|y?

PROOF. Uniqueness follows from Theorem 1.4.1. Moreover, as in the proof of Theorem 1.5.3, the formula for
even solutions in time (with initial condition (ug,0)) can be easily deduced from the formula for odd solutions
in time (with initial condition (0,u;)). So we only consider this second case.

Let u be a C? solution of (LW) on R x R?, with initial data (u,d;u)(0) = (0,u;), where u; € C?(R?). By
Theorem 1.5.3, considering v as a solution on R x R?, we obtain:

t .
y / 1 ((21, 22, 0) + ty)do(y)dy,
78 S2

where by definition 3 (x1, 22, x3) = ui(x1,x2). Passing to spherical coordinates, we get

U/(t, x1, .’132) =

[ in((or,2,0) + t)do(y)
SZ
2 ™
= / / ug (z1 + tsin b cos p, xo + tsin 0 sin ) sin 0dOde
o Jo

2n  pm/2
= 2/ / up (1 + tsin b cos p, xo + tsin O sin ) sin OdOdp.
o Jo

The announced formula then follows from the change of variable y; = tsinf cos ¢, yo = tsinfsin . ]

It can be seen from the formula in Theorem 1.5.7 that the strong Huygens principle is not verified in

dimension 1+ 2: the solution u(t,z) depends on the values of the initial condition over the entire ball B|2t‘(:1c)7

not just on the sphere {y € R? : |z —y| = |t|}.

I1.6. Conservation Laws

The energy of a solution u on R x RY is defined as:

1
BGt) = [ etado=3 [ (G0 + Vu®)da.
RN 2 Jrn
This is the global version of the local energy considered in §1.4. The energy of a solution is conserved over time.

THEOREM L.6.1. Let u € C2(R™N) be a solution of (LW), (ID). Assume (ug,u1) has finite energy. Then
for any t, E(u(t)) is finite and E(u(t)) = E(ug,u1).

PROOF. One might be tempted to write

%(E(ﬁ(t))) = /&eu(t,x)dx = /V - (OpuVu)dz =0,

but the last equality, obtained by integration by parts ignoring the ”boundary” term (i.e., when |z| — 00) is
purely formal. To justify the preceding calculation, we can use the decay of the local energy (Lemma 1.4.2).
For R > 0, we define:

E_r(u(t)) = / ey (t, x)dz.

|z|<R
Notice that this quantity is finite as soon as u € C'(R'**V). Fix ¢ > 0. By Lemma 1.4.2, for any R > t,

E<r-(i(t)) < E<g(i(0)) < E(uo, u1).
As we let R tend to +oo, we obtain that FE(u(t)) is finite, and
E(d(t)) < E(ug,uq).
Reversing the direction of time, we also obtain the inequality

E(ug,u1) < E(u(t)).
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We have shown that the energy is conserved for ¢ > 0. By applying this result to the solution (¢, z) — u(—t,x),
we obtain energy conservation for ¢t < 0, which concludes the proof. |

There exists another (vectorial) conserved quantity, the momentum, defined as
P(u(t)) = /8tu(t, z)Vu(t, z)de € RN,

PROPOSITION L1.6.2. Let u € C*(R™N) be a solution of (LW) with finite energy. Then
vVt € R, P(ﬂ;(f)) :P(uo,ul).

The proof of this proposition is left as an exercise (see Exercise 1.5).

.7
1.8. Equation with a source term

We now consider the equation with a source term (I.1.2). We will express the solution of this equation in
terms of the propagator of the free equation (LW). For (ug,u1) € C® x C?(R3), let Sy (t)(ug,u1) denote the
solution of (LW) with initial data (ug,u1) at t = 0. We denote S(t)u; = SL(¢)(0,u1), so that

SL(t)(Uo, ul) = % (S(t)uo) + S(t)ul.

For u; € C?, we recall that

(S(t)ur)(x) = tMy, (t,) = 1 /S e+ ty)doy).

THEOREM 1.8.1 (Duhamel’s Formula). Let (ug,u1) € (C? x C3)(R3) and f € C*(RxR3). Then the equation
(L.1.2), (ID) has a unique C* solution, given by the formula:

u(t) = Sr(t)(uo, u1) —|—/0 S(t—s)f(s)ds.

REMARK 1.8.2. The Duhamel term fot S(t — s)f(s)ds can be explicited, see (I1.8.1).

PrOOF OF THEOREM 1.8.1. Uniqueness follows immediately from Theorem 1.4.1, since the difference of
2 solutions of (I.1.2) with the same source term f is a solution of (LW). For existence, taking into account
Theorem 1.5.3, it is sufficient to check that the function

U:(t,x)»—)/o S(t—s)f(s)ds

is C? and satisfies equation (I.1.2) with zero initial conditions.
We have:

(181) Ulta) = 1= [ (t=3) [ fls.+ (= pdotu)is

and the fact that U is C? follows from the theorem on differentiation under the integral sign.
Furthermore, using that S(0)g = 0 for any function g,

%—(tj = /Ot %(S(t— s)f(s))ds.

Upon further differentiation, we obtain

’U 0 t o2 ¢
= 5 (S(t - s)f(s)) - +/0 o (S(t - s)f(s))ds = f(t) +/O A(S(t - s)f(s))ds = f(t) + AU.
where we used that %(S(t)g) it=0 = g for any function g of class C?. O

REMARK 1.8.3. Duhamel’s formula is certainly not specific to dimension 3, as shown by the calculation
leading to this formula, which is completely independent of dimension. The reader is invited to explicitly
rewrite the solution of equation (I.1.2) when N =1 and N = 2.

From Duhamel’s formula, we deduce the energy inequality:
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PROPOSITION 1.8.4. Let u be a C? solution of (1.1.2) with N = 3 with initial data (ug,u1), such that
f € C3RY™3). Suppose furthermore that (ug,u1) has finite energy, and for all T > 0,

/ |f(t, z)|2dzdt < cc.
[~T,+T] \/ R3
V2E(i(t)) < v/2E(ug, uy) +/0 ”/Rs |f(s,2)[Pdxds.

ProoF. To lighten notations, we will denote:
)2, . / IVt z) 2d:c+/ Ot 2)Pdr, Il rze) /Hf ()] 2y dt

(Il - || g2 is the norm defining the homogeneous Sobolev space H'(R?), see Section I1.2 below). From Duhamel’s
formula and the conservation of energy for the free equation (LW), it suffices to verify that for all ¢ > 0,

Then for all t > 0,

t t
(152) ([ se-sseaso [ se-9reas)| <l
0 0 H'x L2
By conservation of energy (Theorem 1.6.1), we have
ISEEHORACERION I VO]
XL
which implies directly (1.8.2) O

1.9. Exercises

EXERCISE LI.1. Let f : RN — R (N > 1). Suppose f is radial (i.e. That it depends only on the variable
r=|z| = \/2? +2%+...+3%). Denote f(x) = g(|z|), where g : [0, 00[— R.
(1) Show that f is continuous on RY if and only if ¢ is continuous on [0, oo].
(2) Show that f is C' on RY if and only if g is C! on [0, 00[ and ¢’(0) = 0.
(3) Show that for any k > 2, f is C* on RY if and only if g is C* on RY and ¢\)(0) = 0 for all odd
integers j < k.
(4) Assuming f is C1, compute z —f in terms of ¢’, 5 =1,..., N. Compute ¢'(r) in terms of V.

(5) Assuming f is C? on RY, prove the formula
N-—-1
Af($)=:g"ﬂxD-+‘W}T*9%kﬂ)

To lighten notation, we use the same notation (f) for functions f and g, and denote g’ = df

, etc..

EXERCISE 1.2 (Loss of regularity for the radial wave equation in dimension 1+ 3). Let k > 0 and f be a
radial function in C*(R?) . Define a function u on R x (R?\ {0}), radial with respect to the space variable, by

1
u(t,a) = o ((r+0f(r+4) + (r =D f(Ir = 1))
where r = |z|. Note that this defines a function of class C* on R x (R?\ {0}).
(1) Suppose that f is supported in the annulus {1 < |z| < 2} and is such that for [ — 1| < 1/10,

2-n ifn>1
f(n)={ : :
n ifn<1

Calculate lim, o u(t,7) whent =1,¢ > 1, and t < 1 (close to 1). Conclude that u cannot be extended
to a continuous function on R x R3.

(2) Similarly, give an example of a C? function f such that u cannot be extended to a C? function on
R x R3.

(3) Assume f is C3. Show that u defines a C? function on R x R3.

(4) Let g be a C? radial function on R®. Show that

1 r+t
u(t,r) = g/ og(|o|)do
r—t

extends to a C? function on R23.
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ExERCISE 1.3 (Explicit solutions of the radial wave equation in odd space dimension). Let N > 3 be an
odd integer, written as N = 2k + 1. Let T}, be the operator defined by

T _ —1 d ot 2k—1
kO = <7" dr> (7’ ¢(7")) .
(1) Show that

k—1
Tro = Z Cj’l“j+1(b(j)’f‘,
§=0
for some c¢; € R. Determine ¢y and c;_;.
(2) Show that for any function ¢ € C**+1([0, +o0|),

£ mo=(12) oo

Hint: You can start by verifying that the formula is true when (r) = r™ for any integer m.
(3) Consider a solution u(t,z) of the linear wave equation in space dimension N, radial with respect to
the space variable. Suppose u is C*¥*1 on R'*V. Show prove

(0F — 07)(Tyu) = 0.

Deduce an expression of Tpu in terms of ug and u.
(4) Express u(t,r) in terms of ug and u; when N = 5. What regularity of uy and w; is required for u to
be C? on R1T57?

EXERCISE 1.4. Let u be a solution of the wave equation (LW) in spce dimension N > 3, radial with respect

to the space variable. Recall that Au = % + N;ld%. Suppose u € C?*(R*Y), with compactly supported
initial data. Let

v(t,r):/ poyu(t, p)dp.

Show that v defines a radial solution, of class C?, to the wave equation in space dimension N — 2.

EXERCISE 1.5 (Conservation of momentum). (1) Let u be a C? solution of (LW) on R x RY, and
j€l,...N. Let pj(t,x) = 0,,u(t, z)0wu(t, ). Show
apj,u o 10

—_—— 2_ 2 .
o =20, ((Bru)® = [Vu?) +V -V,

where V is a C! vector field to be specified.
(2) Assume that (ug,u;) has finite energy. Justify that

pya) = [

R
is defined for all times. Show that this quantity is independent of time. You can start by considering
a local version of the momentum

T
Diu(t, dxor/ Piu(t, ) | = ) dz
[ itz or [ piateone ()

then let R tend to 4+o0c. Here ¢ denotes a C? function with compact support equal to 1 in a neigh-
borhood of the origin.

EXERCISE 1.6. (1) Let u; € C?(R?) such that
Vt >0, Vo € R®, uy(x) > 0.

Pju(t, z)dx
N

Assume ug = 0. Let u be the corresponding solution of (LW). Prove
Vt >0, Vo € R, wu(t,z) > 0.
(2) Suppose now N =1 or N = 2. Let u be the solution of (LW), (ID), with (ug,u1) € C3x C? (if N = 2)
or C? x Ct (if N =1).
Show that if u1 > 0 and ug = 0 then wu(¢, x) has the sign of ¢ for all x and ¢ # 0.
When N =1, give a weaker sufficient condition on (ug,u1) such that:

Vt>0, Ve eR, wu(t,z)>0.
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EXERCISE 1.7. Assume N =1 or N = 2. Let u be a solution of (I.1.2), with up = uy = 0, and f of class
C! (if N =1) or C? (if N = 2). Express u in terms of f.

EXERCISE 1.8, The Minkowski spacetime of dimension N is the space R!*Y, equipped with the quadratic
form of signature (1, N):

N
g(X) = I’(Q) - Zx? =1 — |z =X JX,
j=1
where *X is the transpose of X,
X = (anxlv"'va), t=wxo, x= (xlv"‘,:L'N)a

and J = [J,, v]o<pu v<n is the matrix such that Joo =1, Jop=—-1if¢e1,...,N,and J,, =0if p # v.

The Lorentz group O(1, N) is the group of real square matrices P of size 1 + N which leave the quadratic
form g invariant, i.e., such that g(PX) = g(X) for all X in R'*¥. In other words, if P isa (1+ N) x (1 + N)
matrix,

PecO(1,N) < 'PJP=J.
(1) Prove that a function v of class C% on R satisfies the wave equation (LW) if and only if Tr(Jv”) = 0,
where v" is the Hessian matrix [8xua€vuv]ogl;g1v'
(2) Let P € O(1,N), v € C*(R*¥), and w(X) = v(PX). Then
(02 — Ao =0 < (8?2 - A)w=0.

(3) Prove that the space rotations:
1 0
[ 0 R ] , ReO(N)
and the Lorentz boosts

| Rs 0 | cosh(o) sinh(o)
Ro = { 0 In_1. ] » o= { sinh(o) cosh(o) |’
where Iny_1 denotes the identity matrix (N —1) x (N —1) and o € R are Lorentz transformations. In

these formulas, 0 always denotes the zero matrix of appropriate size.



CHAPTER II

The linear equation in Sobolev spaces

II.1. Reminders on the Fourier transform

Here, we recall the definition and basic properties of the Fourier transform on RY, in the most general
framework possible, that of tempered distributions. We omit the proofs. For more details, one can consult, for
example, the foundational writings of Laurent Schwartz [24], the course of Jean-Michel Bony [5], as well as [2,
Section 1.2] for a quick introduction, and [17] for a more in-depth exposition (the first two references are in
French).

We begin by introducing a notation: a multi-index is an element a = (ay,...,ay) of NV, The order of «
is |a| = Z;\Ll ;. The derivative with respect to a of a function f of class C!*l on R¥ is then defined by:

N
ogf=losr
j=1

1l.a. Fourier Transform on S.

DEFINITION I1.1.1. The Schwartz space S(RY) is the space of functions f of class C> on R¥ such that for
every p € N,
Np(f) = sup (14 |z])"]07 f(z)| < oo

z€RY |a|<p

It can be observed that each N, is a norm on S(RY), but N, is not complete for any of these norms.
We equip S(RY) with the distance function

(IL1.1) d(p, ) = Zimin (Np(go—w),l).

Notice that d(¢,, @) tends to 0 as n tends to infinity if and only if N,(¢, — ¢) tends to 0 for every p.
The metric space (S, d) is complete.!
The Fourier transform of an element ¢ of S is defined by the formula

(I1.1.2) 26 = Fe(©) = [ el

One easily checks that F is a continuous application from S into S.
Fubini’s theorem immediately implies the duality formula:

(IL13) / s = | pla)d()dr,

for p,1 € S(RY).
The Fourier transformation is a bijection of S: by defining

o L, (e = i),

we have the Fourier inversion formula: for all ¢ € S(RY),

(I1.1.5) FFo=FFp=op.

(IL.1.4) F)(z) =

1Such a vector space, equipped with a countable family of semi-norms, and which is complete as a metric space (where the
distance function is defined as in (II.1.1)), is called a Fréchet space. It is a natural generalization of a Banach space when a unique
norm is not sufficient to ensure completeness.

17
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By combining the Fourier inversion formula (I1.1.5) and the duality formula (I1.1.3), we obtain the Plancherel
theorem: for all ¢, in S,

_ 1 —
II.1. = — 7l d§.
(IL.16) |, el = oo [ aonea
The Fourier transform exchanges multiplication by powers of  with differentiation. For all ¢ € S(R™V)
(I1.1.7) Va e NV, Fotp =il*levg(e), F(avp) =il*loga(€).

1.b. Fourier Transform of Tempered Distributions.

DEFINITION I1.1.2. The space S'(RY) of tempered distributions is the topological dual of S(RY), i.e., the
vector space of continuous linear forms on S.

In the definition, continuity must be interpreted in the sense of the topology induced by the distance d
defined by (II.1.1). Using the definition of this topology, one sees that a linear form f on S is an element of S’
if and only if:

We equip &” with the topology of pointwise convergence: a sequence (f,), of elements of &’ converges to f in
S’ if and only if

Several function spaces continuously embed into S’(RY) in the following manner. If f is a measurable, locally
integrable function on f such that

VR >0, / |f(x)|dz < C(1+ R)“
|z|<R
for some constant C' > 0, we define an element Ly of S’(RY) by
L) = [ 1@eyis,
RN

The preceding application is injective, i.e., Ly is null if and only if f is null almost everywhere on RN . We
then identify f with the linear form Ly, also denoted f. The preceding identification allows us to consider S,
Lebesgue spaces LP(RY) (1 < p < 00), CF (the space of C* functions on RY that are bounded along with all
their derivatives up to order k) as subspaces of S’.

Examples of tempered distributions that are not functions are given by the (improperly named) Dirac delta
function at a, denoted d, and defined by (6., ) = ©(a), as well as the surface measure o on the sphere S™V=1,
defined by:

{o,0) = /SN_1 p(y)do(y).

By duality, several actions can be defined on the elements of S’.
Differentiation. Let a € NV and f € S’. The derivative of f of order « is the element 9% of S’ defined by:

VoS, (05f.0)= (-1 (f,02¢).

The integration by parts formula shows that if f € Cgal, its derivative of order « in the sense of distributions
coincides with its derivative in the classical sense.

Multiplication by a Function. We denote by P = P(RY) the space of C* functions with slow growth, i.e.,
such that

(I11.1.8) VYa, 3IM,C>0 VeecRY [0%(z) <O+ |z))™.

It is easy to check that the multiplication by an element of P defines a continuous mapping from S into S. We
then define, for f € &’ and g € P, the product fg by:

(fg.0) = (f,99¢)-

The product fg is an element of S’. Fixing g € P, f + fg is a continuous mapping from &’ into &’.
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Fourier Transform. We define the Fourier transform of an element f of S’ by
voes, (fe)=(9)

The duality formula (I1.1.3) shows that if f € S, its Fourier transform according to formula (II.1.2) and its
Fourier transform in the sense of S’ coincide.

We recall that L'(RY) and L?(RY) are identified with subspaces of &'(R"). The Fourier transform on
S’ thus applies to elements of these two spaces. On L'(RY), we recover the Fourier transform in the classical
sense.

PROPOSITION 11.1.3 (Fourier Transform in L'). Let f € LY(RY), and f be its Fourier transform in S’
Then f can be identified with the continuous function given by the formula:

flo = [ e s
RN
The second proposition immediately follows from the Plancherel theorem:

PROPOSITION I1.1.4 (Fourier Transform in L?). Let f € L?(RY) then fe L*(RYN) and

1 N
112 = gmywral Pl

Indeed, the Fourier inversion formula in &’ (see below) implies that f — W f is an isometry of L2(RN).

The properties of the Fourier transform on S are transmitted by duality to the Fourier transform:

e We define the inverse Fourier transform F of an element f of S’ by
(Ff.o)=(fFe).
Then we have the Fourier inversion formula:
VfeS, FFf=FFf=Ff

e Property (I11.1.7) remains valid for p € S'.

I1.2. Sobolev Spaces

2.a. Definition. (cf [2, Section 1.3]) We mainly focus on Sobolev spaces on RY | of Hilbert type (i.e. based
on L? spaces). In this section, we consider homogeneous Sobolev spaces H?. We refer to the exercise sheet for
classical Sobolev spaces H?.

The Hilbertian Sobolev spaces on RV are easily defined using the Fourier transform:

DEFINITION 11.2.1. Let o € R. The Sobolev space H°(RY) is the set of f € &'(RY) such that f can be
identified with a function in L!(K) for every compact set K, such that the following quantity is finite:

11 = Gy [ €I

The space Hoe, equipped with the inner product:

1 P—
(F-9ae = Gy |, Vo FloaEae
is a pre-Hilbert space.

THEOREM I1.2.2. The space H?(RN) is complete if and only if o < N/2. In this case, the vector space So
of functions in S whose Fourier transform vanishes in a neighborhood of 0 is dense in H(RY).

Note that H? is exactly the space L2.
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2.b. Sobolev Inequalities. We have the following Sobolev embedding on R¥.

THEOREM I1.2.3. Let o €]0, N/2[, and p € (2,00) such that % =1—Z. Then H(RN) is contained in LP
with continuous embedding.

The result is well-known. We give a proof based on the Fourier transform, which yields a slightly stronger
result that we will use in Chapter VI.
By the density result in Theorem I1.2.2, it suffices to show that there exists a constant C' > 0 such that

(112.1) VF e SEY),  fllrny < Ol e e
Let f € S. We denote?
1 ~
I =sup o [ €I F(e) e,
I = s o [, IR
and observe that || f|| zo < || f|l 7o We will prove the following result, which implies (II.2.1):

THEOREM I1.2.4 (Improved Sobolev Inequality). Let o and p be as in the previous theorem. Then there
exists a constant C > 0 such that

vieS®RY), I < IR,
NoTATION I1.2.5. Let ¢ be a function on RY. For u € §'(RY), we denote

p(D)u = F (p(§)u(s)) -
The operator ¢(D) is called Fourier multiplier (with symbol ¢).

The tempered distribution ¢(D)u is not well-defined for all functions ¢ and u € &' we need ¢ u to define
a tempered distribution. This is for example the case if ¢ € L and v € H? (in this case ¢(D)u € H?), or if
¢ € P(RY) (the space of C* functions with slow growth i.e. that satisfy (I.1.8)).

PROOF. We use a method introduced by Chemin and Xu in [7]. We fix a parameter A > 0 and decompose
f into a high-frequency part fs 4 and a low-frequency part fca:

fsa=F <]1|£|>AJ?(£)) =ULipsaf, fca=1lpaf=1-f

Let k(A) be the largest integer such that 2¢(4) < A. By using the Cauchy-Schwarz inequality, then the fact
that o < N/2, we obtain:

< 1
—

|f<A($>| = (27T)N 271_)]\]

/ e f(e)de
[El<A

/ Fo))de
2k €| <2HH1

1/2
1 —0 o Iy —0
<@y 2 207 ’(/5 €2 |f(£)|2d§> < On AN fl| g

k<k(A)

k<k(A)

where Cy depends only on the dimension N. Then we write (using Fubini’s equality):

|f(@)] 400
1 = [1f@pde= [ o [7 v ante=p [0t [fo e Y 5 If)] 2 4} an
Ry Jo 0
where |S| denotes the Lebesgue measure of the measurable subset S of RY. Let A()\) be such that
Cx AN F 7| fllp = A/2

For any z in RV,

o | >

|fcapn(@)] <
Thus |f(z)] > A = [f>a0y(2)] > A/2. Hence:

191 <p [ 27| {z € RN ¢ |foap(@)] > A/2}|ax
0
By integrating | fs a()|? over the set {z € RY : [fs 40 (@) > A/2}, we get

4
[{z e RY ¢ |foar @) > M2} < Zl a2

2This norm defines the Besov space Bg oo~ See [2, Section 2.3] for the definition of general Besov spaces.



I1.3. THE WAVE EQUATION IN THE SCHWARTZ SPACE 21
Combining with the Plancherel theorem, then Fubini’s theorem, we obtain

4p \p—3

€)|?ded

- e el [ [ e

where ¢(f, &) = 2C’N||f||B(,|§|%_s, and Cp, ny depends only on N and p. It can be easily verified that (§ —
o)(p — 2) = 20, which proves the announced inequality. O

£z, <

€\>A(>\)

We will focus more particularly on the case s = 1. According to the above, the Sobolev space H HRN),
N > 3, is a Hilbert space, contained in L%, which can be defined as the closure of the space S(RY) (or

C3°(RN)) for the H*(RN)-norm. We can characterize this norm with the first-order partial derivatives of f.
Indeed,

1 . N .
171 = W/|52|f(£>|2d5;/yfjf@)ma

which shows by Plancherel’s theorem and formula (I1.1.7)
71 = [ 1V 5@

The attentive reader will have noticed that the space H'(RN) is not the set of ¢ € S’'(RV) such that for all j,
9z, € L*(RY): indeed, nonzero constant functions are in this space, but not in H'(RV) (the Fourier transform
¢ of a nonzero constant function is the multiple of a Dirac function, which does not satisfies the assumption of
local integrability in the definition of H).

The density result of Theorem I1.2.2 implies that H'(RY) is the closure of C§¢(RN) for the norm || - ||i[1
An other characterization, using the Sobolev inequality, is given by
(I1.2.2) H®RY) = {f e LF5®Y), |v/l € L*RY)}.

The proof of (I1.2.2) is left to the reader.

I1.3. The wave equation in the Schwartz space

Let (ug,u1) € S(RY). We will write the solution u of (LW), (ID) using the Fourier transformation. We
start with a formal calculation, assuming that u(t) € S for all ¢ (which we will prove later). We denote u(t) as
the Fourier transform of u with respect to the spatial variable, i.e.,

u(t, &) = /RN e~ Syt z)d.

Thus, we have
Au(t, 6) = _|£|2a(t7€)7
and the wave equation (LW) is formally equivalent to the linear differential equation
7u(t,€) + [¢l*u(t, €) =0,

where the variable £ is considered as a parameter. The solution to this equation, with initial conditions
(@(0), 0¢u(0)) = (ug, uy), yields

P I sin(t|&|) ~
a(t,6) = costle) () + =5 o),
or, with the previously introduced notation,
(I1.3.1) u(t) = cos(t|D|)ug + Sml(gfbul.

THEOREM I1.3.1. Let (ug,u1) € S(RN)2. Then u defined by (11.3.1) is an element of C°(R x RYN). It is
the unique C? solution of (LW), (ID).
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PROOF. Uniqueness follows from Theorem 1.4.1. Hence, it suffices to prove that u, defined by (I1.3.1), is
C* and satisfies (LW), (ID). We have

1 - - sin(t[¢]) )
u(t,r) = —— e”£<cost u + m dg.
() = oy aighin(e) + 2 T ) de
By writing
sin(t[€]) ' (—1)k(t\§|)2k’
€] = (2k +1)!
we see that it is a C°° function of (¢,£). Moreover, w < |t||€)7. Similarly, (t,€) — cos(t|¢]) is C°° and

‘Bf cos(t[¢ |)’ < |€]. Using the fact that @y and ; are elements of S(RY), by the theorem of differentiation

under the integral sign, we obtain that u is C°° and satisfies (LW). The Fourier inversion formula shows that
u also satisfies the initial conditions (ID). O

I1.4. The wave equation in Sobolev spaces

4.a. The equation in general homogeneous Sobolev spaces. Let (ug,u1) € H x H ™! ¢ < N/2.
We define as before u by (I11.3.1). We also define the formal derivative of u with respect to time:
u'(t,x) = cos(t|D|)u; — |D|sin(t|D|)ug.
Then u and v’ satisfy the following properties:

CLam I11.4.1. w € CO(R, H?), u' € CO(R, H° 1), u(0) = ug, v’ (0) = uy. Furthermore

(IL4.1) Vio € R, 1im “) = ult0)

=/ (to) in HO L.
t—to t—to (O)

REMARK I1.4.2. Formula (I1.4.1) says that u/ is the time derivative of u “in the sense of H7~”. If we let
E? = H°"' 4+ H?, we have
ue CYR,E?), O =1,
where J;u is the time derivative in the usual sense, for the E?-valued function u. We will prove below that we

also have v/ = dyu in the sense of distribution on R x R¥. In the sequel, we will use the notation O, instead
of .

PROOF. Using that tg € L2(|¢[>*9d€) and 6y € L?(|€]2772dE), it is easy to see that
(I1.4.2) i€ COR, L*(|¢*7dg)), ' € COR, L2([¢[*~dg)),

which yields the announced continuity property. The facts that u(0) = ug and u/(0) = u; follow immediately
from the definition.
Let us prove (I1.4.1). We have for almost all &:

(11.4.3) i CO8(tEN @0 (€) — cos(tol€])do(€)
t—to t— tO

= —|¢|sin(to|¢])ho (€).

Furthermore letting
2

corEN0() = CosttoleDUE) 1 sinrofelyao(e)| e~

t—to

I(t,§) =
we have
[1(t,€)] < 2(1 + [to])] 0 () *[€]%,

by the bounds |cos(a) — cos(b)| < |a — b| and |sina| < |a|. By dominated convergence, we obtain that (I1.4.3)
is valid in the weighted space L?(RY|¢|?9=2d¢). This means exactly

cos(t|D|)ug — cos(to|D|)ug

. . . o—1
tliglo r— = sin(to|D|)up in H7~".
Treating similarly the term Sinl(gllDl, we obtain (11.4.1). O

Crama TL4.3. W, [ (u(t), ' ()| o s ro— = [ (wos wi) | gro s pro—1-
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PROOF.

/ (e, €)2le27de + / (1, €)[ePo2de
RN RN
sin(le]) -

L. M
+ /RN ’ — [¢] sin(t[¢])uo(€) + cos(t|§|)a1(§)‘2|§|ga—2d£

2
cos(t[€])uo(€) + |€[77 d¢

= [ (@(©P + aa(©)Plel ) e
which gives the desired property. O
Formula (IT.4.1), we see that as functions in CO(R, H7~2):
O*u = Au,

where A is the Fourier multiplier —|D|? (which maps H? to H°~2, and d; has to be understood as the derivative
in appropriate Sobolev spaces. We will next prove that this equation is also valid in the distributional sense in
R x RV,

Cram T1.4.4. Let (ugn,u1n) € (So(RN))? such that (ugn, 1) converges to (ug,u1) in H” x HO~'. Let
uy, be the solution of (LW) with data (uon,u1,n). Then

lim sup [l (t) — w(®)l| o + [t () — o' ()] fror = 0.

PRrOOF. It follows immediately from the preceding claim, applied to (v — wn, uw — Opuy,). O

CrLAIM I1.4.5. One can identify u with a distribution on R x RN and it satisfies the wave equation (LW)
in the distributional sense. Furthermore v’ = O;u in the sense of distribution.

PrOOF. We first give a “concrete” proof of these facts for the reader which is not familiar with the theory
of distributions, assuming that o is large enough so that the object considered are all functions on R x R,

Let 0 > 0. We let u, be as in Claim I1.4.4. Using that w, is a C* solution of (LW) and integrating by
parts, we obtain

// un (t,2)(0? — A)pdzdt = 0.

Using the Sobolev embedding H° C L?, % = 5 — %, and the point (I1.4.4), we see that

1
2

Aim [lw = unll e 0 = 0,
for all compact K of RY. This implies

0= lim // Uy (t,2)(0? — A)pdrdt = li_>m //u(t,m)(@f — A)dzxdt,

n—roo

and thus
Vo € C° (R x RY), //u(af — A)pdtdr = 0,

which is precisely the meaning of 9?u — Au = 0 in the distributional sense.
Let 0 > 1. The equality
Oyuy, = —|D|sin(t|D|)ug,n + cos(t|D|)u1 p.-

holds by differentiation under the integral sign. By integration by parts,

Vo e C§°(R x ]RN), // Oyunpdtdr = — // Uy Oppdtde,

Letting n — oo, we obtain

Yo € C°(R x RY), // o pdtdr = — // udgpdtdz,

which means that v/ = O;u in the distributional sense.
The proof for general ¢ is essentially the same, and can be skipped by the reader who is not familiar with
distributions.
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If ¢ € C°(R x RY) (the space of smooth functions with compact support on R x RY), one defines the
action of v on ¢ by

+oo
() = / w(t), ¢(t)) 5 s dt,

where @(t) is the function ¢ — ¢(¢,-). It is a straightforward exercise to prove that u is well-defined and that
is is a distribution on R x RY. The facts that u satisfies the wave equation in the distributional sense and that
uw'(t) = Opu(t) follow immediately from Claim II.4.4, that implies that limu,, = w in the distributional sense,
where u,, is a in Claim I1.4.4. This last fact is an immediate consequence of Claim 11.4.4. g

From now on, we will use the formula (II.1.2) as the definition of the solution u of (LW), (ID) with

(ug,u1) € H° x H°~'. The preceding claims show that such a u is a limit of smooth, classical solutions of
(LW), (ID), and that it satisfies (LW) in a weak sense.

4.b. The wave equation in the energy space. Of particular interest for us is the case s = 1. We will
call “finite energy solutions” the weak solutions with initial data H' x L? given by the preceding subsection in the

case s = 1, N > 3. We will focus on the case N = 3. We note that if (ug,u1) € (C? x C?)(R3)N (Hl X L2) (R3),
we have two ways of defining the solution u: by integrals on spheres, as in Theorem 1.5.3, and using the Fourier
transform, i.e. by formula (II.3.1). Let us prove that these two definitions coincide:

PROPOSITION I1.4.6. Let u € C%(RxR?3) be a solution of (LW), (ID). Assume furthermore ug = u(0) € H*,
uy = 0yu(0) € L2, Then

sin(t[D))

u(t) = cos(t|D|)up + ———=
D]

uy, OQwu(t) = —|D|sin(t|D|)ug + cos(t|D|)uy.

PROOF. Let (ugn,u1n) € (S(RN))2 with
Jim Jjuo,n —uoll 1+ lurn —urfz2 = 0.

Let u,, be the corresponding solution of (LW) given by (I1.3.1) (note that by uniqueness it is also the solution
given by Theorem 1.5.3). Since u — u,, is a C?, finite energy solution of (LW), Theorem 1.6.1 yields

vt fut) = un(®)l7, + 100u(t) = dua(®)22 = lluo — wonlfp + lur — wi,nllze,
which tends to 0 as n goes to infinity. This proves the result, since wu,(t) converges to cos(t|D|)ug + %u

in H'(R®) and dyu,,(t) converges to —|D|sin(t|D|)ug 4 cos(t|D|)u; in L? by Claim I1.4.4. O

Using the approximation of finite energy solutions by solutions with initial data in S, we can transfer several
results of Chapter I to general finite energy solutions. This is the case of the decay of energy on past wave
cones, which imply finite speed of propagation. If u is a finite energy solution (in any dimension N > 3) and
R >0, g € RY, ty € R, we denote by

Eic(t) = / ey (t, x)dz.
|z—z0|<R—|t—t0]

Then
THEOREM I1.4.7. Ej..(t) is nonincreasing for t > to.

PROOF. From Theorem 1.4.1, this quantity is nonincreasing when (ug,u1) € S. Considering the approxi-
mation given by Claim I1.4.4, we obviously have, as a consequence of this claim,

vt, lim €u, (t, z)dz z/ ey (t, z)dz.
0 J1z—ao|<R—|t—to| |z—z0|<R—|t—to|
This gives the desired monotonicity property. O

We note that for general finite energy solution the integration by parts used in the proof of Theorem 1.4.1
is no longer valid (since the boundary terms are not always well-defined).
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4.c. Equation with a source term. We next consider the wave equation with a source term (1.1.2). By
linearity, it is sufficient to study the equation with zero initial data:

(11.4.4) Ofu— Au=f, == (0,0).
PROPOSITION IL4.8. Assume f € C° (R*™N). Then u defined by

t o _
(IL.4.5) ult) = / sin (¢ = 9IDN )4

0 D]
is a O solution of (I1.4.4). It is unique (in the class of C? solutions of (11.4.4)).

PROOF. The uniqueness follows as usual by Theorem 1.4.1. It is thus sufficient to check that u defined by
(I1.4.5) is of class C°, and is a solution of (I.4.4). We consider the function F defined on R x R x RY by

F(t,s,x) = (sin ((tBSND') f(5)> (x).

Thus by the Fourier inversion formula

1 em.ésin ((t—s)[¢]) s
Flts.a) = Gy [ e ¢S s e,

where f(s,€) is the Fourier transform, in the space variable, of the function f (s):

~

Fs9)= [ e fs,)da,
RN
Using that f € C2°(RV*1) we see that f is C° and that

VieN, Vae NV, vp>0, 3C >0 VreRY, VseR,

201 f(s, )] < C1+ 1)

As a consequence, F'is C*° with respect to the variable (s,t,x), one can differentiate under the integral
sign and

Vi €N, Va e NV VT >0, 3C >0, VY(ts,z)¢c[-T,T?xRY,

DI F(t, s,x)’ <c.
The desired result follows since by integration by parts in the § variable,

sin ( )I&\)

AF(t,s,x) = ||

f(s,€)de
O

We note that the Duhamel formula (I1.4.5) still makes sense when f € L'(R, H°~') (see Appendix A for
the definition of this space), where o is a fixed real number (assumed to be < N/2 for simplicity), and that it
yields a function u € C°(R, H?), such that

t
(I1.4.6) L P— / 1£(5)l 7o ds.

Note that (I1.4.6) is exactly the energy inequality proved in Chapter I when o = 1.
One can prove that in this case, d;u € C°(R, H°~ 1), where

¢
(I1.4.7) Opu = / cos ((t — s)|D|) f(s)ds

0
is the derivative in the sense of distribution (and as a derivative in H°~1) and that 0?u — Au = f in the sense

distribution on R'*# and in H°~2(R"). For simplicity, we state this result in the case o = 1:

PROPOSITION 11.4.9. Let f € LY (R, L>(RY)) and u be defined by (11.4.5). Then Oyu defined by (11.4.7) is
the time derivative of w in L?:

lim ||~ (u(t + h) — u(t)) — du(®)| = o0.
h—0 || h L2
Furthermore, (u,0u) € CO(R, H' x L?) with (u,dyu)(0) = (0,0) and
O*u— Au = f

in H=Y and in the sense of distribution in R x RN .
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‘We omit the complete proof, which is similar to the proof of the analogous results in the preceding subsection.
Let us mention that to prove that the equation is satisfied in the distributional sense, one can use that C2°(R x
RY) is dense in L*(R, L?>(RY)). Thus there exists a sequence (f,), of C°(R x RY) functions such that

Tim (1fn = £l 2y = 0-

The corresponding solution u, of
atzun — Au, = fn7

w) = [ IO g

satisfies the assumptions of Proposition I1.4.8. Furthermore, by the energy inequality (I1.4.6), we have

defined by

Jim (|G — v, 0t — Op) 12 = 0.

This implies that u satisfies 9?u — Au = 0 in the distributional sense
As in the case of the free wave equation (LW) with nonzero initial data, we will take, in the sequel of this
course, the formula (I1.4.5) as a definition of the solution u of (I1.4.4).



CHAPTER III

Strichartz inequalities

II1.1. Introduction

In view of Plancherel theorem and the Fourier representation formulas for the wave equation, it is natural
to study the wave equation in L?(R™) or in L? based spaces such as the Sobolev spaces H* considered in
the preceding chapter. However, this is not sufficient for the study of nonlinear wave equations. Indeed since
If1Pl L2y = ||f||i’;p, the appearance of Lebesgue spaces L? with ¢ # 2 is unavoidable. A first way to deal
with this issue is to use Sobolev inequalities. For example, if one wants to consider solutions in the energy
spaces for the equation

(IT1.1.1) Pu—Au=u® xcR3

the energy inequality will yields terms of the form® [[u?|| 11 (jo,77,22) = 1l Zs0.77,26) S Tllell poe 0,79, 1) Which
is sufficient to prove the existence and uniqueness of finite energy solutions for (III.1.1). However this strategy
will not work for higher order nonlinearities, and in particular the quintic one which we will focus on in several
chapters of this course. In this chapter we will introduce the celebrated Strichartz inequalities, that use the
dispersive properties of the wave equation to improve over Sobolev type inequalities. This type of inequalities
was introduced by Robert Strichartz in an article published in 1977 [27], and generalized later by several
authors. See e.g. [15] or the book [25].

The original inequalities of Strichartz were formulated in terms of Lebesgue spaces L¢(R x RY) on the whole
space time R x RY. Having in minds applications to nonlinear wave equations, it is useful to consider more
general spaces LP(I, LY(R"™)) where the Lebesgue exponents in space and times are distinct. We will often write
LP(I, L7) instead of LP(I, L4(RY)) to lighten notations. When I = R, we will also use the notation LPL. We
will use the generalized Holder inequality in these spaces:

ProprosITION II1.1.1. Let p,q,p1,q1, P2, g2 in [1,00] with
1 1 1 1 1 1

p op P2 a4 @
Let f € LP*LY and g € LP2L9%. Then fg € LPL? and

1fgllLrLe < [[fllLerLarllgllzes Lo
The proof of Proposition III.1.1, using the standard Hélder inequality, is left as an exercise to the reader.
We will also use the following consequence of Proposition III.1.1 (whose proof is also left to the reader):
COROLLARY I11.1.2. Let 6 € [0,1], p,q,p1,41, P2, g2 in [1,00] with
1 0 1-60 1 0 1-90
+

P 171 p2 g E a2
Let f € LPPLI N LP2 L%, Then f € LPLY and

IFllzezs < UFIZor par 11 E0s e

I11.2. Statement of the estimate
The Strichartz inequalities in space dimension 3 with initial data in the energy space read as follows:
THEOREM II1.2.1. Let (ug,u1) € (H' x L?)(R?) and f € L'(R, L*(R®)). Let

sin(¢|D|)uq /t sin ((t — s)|D|)
+
0

(I11.2.1) u(t) = cos(t[ D[ )uo + D] D|

f(s)ds.
1See Appendix A for the notations LP(I, L7)

27
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Then for any (p,q) with p > 2,
(I11.2.2) a1
q

one has u € LP(R, LY(R3)) and

lullLe@,zay < C (w0, u)ll gz + 1l m,L2y) -
for a constant C > 0 depending only on p.

REMARK I11.2.2. If I is an interval with 0 € I, f € L*(I, L*(RY)), and u satisfies (I[1.2.1) for ¢ € I, then
u € LP(I, LY(R3)) and

(1I1.2.3) lullpe(r,Lay < C (‘|(u07u1)||H1xL2 + ||fHL1(1,L2)) .
This follows immediately from the Theorem, extending f by f(t) =0if t ¢ I.

REMARK II1.2.3. We recall that in the setting of Theorem III.2.1, we also have @ € C° (R, H' x L2>, and

the energy inequality
()l g1 2 < NGO 22 + 1f 122 0,71, 22).
for any T' > 0, which can be easily checked using the space Fourier transform of formula (IT1.2.1)

The Strichartz estimates express two phenomena, both related to the dispersive properties of the wave
equation:
(1) Local gain of regularity in space: if u is as in Theorem II1.2.1 and ¢ € (6, 00), then for almost every ¢ in
R, u(t) is in L4(RY). This is better, in terms of local space regularity, that the condition u(t) € Lé(RY)
given by the energy inequality and the Sobolev embedding H'(R3) ¢ LS(R?).
(2) Decay for large times: for (p,q) satisfying (II1.2.2) with p > 2, the L? norm of u(t), is, as a function
of t, an element of LP(R). This is a property of decay in time when ¢ — fo0o which completes the
dispersion inequality of Theorem 1.5.6.

We have focused on solutions with initial data H' x L? in space dimension 3, in view of application to the
quintic wave equation in space dimension 3. Analogs of Theorem II1.2.1 exist in all space dimensions N > 2,
with more general assumptions on the initial data (ug,u1) and the right hand-side f. The condition (I11.2.2) is
necessary by the scaling of the equation. For solutions in space dimension N with initial data in H® x H°~1,
it becomes
1 N N

+—==-o
p g 2
In this context, assuming f = 0 to simplify, one has, with the additional condition

1 N-1 N-1
(I11.2.4) R G —
D 2q 4

we have the Strichartz estimate:
lulle® ey S [1(uo, ua)ll o fro—1-
Note that (I11.2.4) does not appear in Theorem III.2.1 as it is implied by the scaling condition (III.2.2).

We refer to [15, 25, 19] for the proof of general Strichartz estimates that imply Theorem II1.2.1. See also
[2, Section 8.3].

To give the general idea of the proof of Theorem II1.2.1, we will detail part of this proof in the case p > 4 in
the remainder of this chapter. The main ingredient is a L*/ L*/3 dispersion inequality for the half-wave equation
which is a consequence of the L> /L' dispersion inequality (Theorem 1.5.6) proved in Chapter I. In this chapter,
we will assume the L*/L*/3 dispersion inequality and standard functional analysis results and prove Theorem
I11.2.1. The proof of the L*/L*/3 inequality is given in Appendix B together with elements of Littlewood-Paley
theory that are needed for this proof.

We will use the following notations. If A and B are positive quantities, we will write A < B when there
exists a constant C, independent of the parameters, such that A < CB, and A= B when A < B and B < A.

By the energy inequality and Sobolev embedding, we have for all ¢.

lu@)llze < lu@l g < wo u)ll grspz + 1 £l @22y

which solves the case p = 0o, ¢ = 6. Next, we notice that by Holder inequality, if p and ¢ satisfy (I11.2.2) with
p € (4,0), we have

(II1.2.5) lull oz S lull=2psllullfa e
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where 6 = %. Thus the inequality (I11.2.3) for this pair (p,q) will follows from the same equality for p = 4,

g = 12. We are just reduced to prove the estimate (I11.2.3) for p = 4, ¢ = 12. By density, we can assume
2
(uo,u1) € (C§°(R?))7, f € C°(R x R3).
The proof of Theorem III1.2.1 is divided in two sections. In Section II1.3, we prove a Strichartz inequality
for the “half-wave equation”, which is an order 1 equation related to the wave equation. Section I11.4 is devoted
to the end of the proof of Theorem III.2.1.

II1.3. A Strichartz inequality for the half wave equation

It is sometimes useful to decompose the wave equation in two first-order equations in the time-variable. This
is particularly the case when dealing with Fourier analysis tools. We thus introduce the half-wave equations
Owu+i|Dlu=0, Owu—i|Dju=0,
and their solutions (given in term of Fourier representations) e~*I”ly and e**IPlp. Note that the solution to
the usual wave equation (LW), (ID) is given by
¢itl Dl o—it|D]

ou(t) — ¢itDl —it|D| B
u(t) =e ug + e u0+i|D| Uy D] Uy

Note also that if v(t) = e®Plp, then e~*Plyy = v(—t), thus it is sufficient to consider only the solution e*/Pl¢p.
The function €€l is not smooth at & = 0, so that e**/Pl does not map S(RV) to S(RY). However it maps
So(RY) to So(RY) (where as before Sp(RY) is the space of functions ¢ in S(RY) such that ¢ is identically 0 in
a neighborhood of the origin).

In this section, we sketch the proof of the following inequality:

ProproOSITION II1.3.1. There exists C > 0 such that
i-|D|
e

@
D]

(I11.3.1) Vo € S(R?), S lellze,

LA(R,L12)

where as usual ePly denotes (t,z) — (ePly) (z).
Proposition I11.3.1 is a consequence of the dispersion inequality prove in Theorem 1.5.6 which we recall:
sin(t|D
(D\ ) f
D
Writing e”1Pl = cos(¢| D|) + i sin(t|D|), we obtain (using that ||[D[=f|| ;.. = [If 10 = ||[[DIf]| ., which can
be proved rigorously):

(I11.3.2)

1 1
S il s Nleos(tDNgll e S w9 llyi2a-
e I [t]

£i(tID))

@
Dl

(I11.3.3)

1

/S 7|||D|S0||Lla SOESO(RS)
L " It
Moreover, Plancherel equality gives:

i(t| D) 1
e

= lTTP , pE SO (R3)

or-#].. [l

A formal interpolation between the two estimates (I11.3.3) and (II1.3.4) gives:

(111.3.4)

¥

o] 1

DJ”
It is indeed possible to prove (II1.3.5) from (II1.3.2) and (II1.3.4), using Littlewood-Paley theory and the Riesz-
Thorin interpolation theorem. We postpone this proof to Appendix B for the interested reader. In the remainder
of this Chapter, we will prove Proposition I11.3.1, then Theorem II1.2.1 assuming (I11.3.5). For the proof of
Proposition II1.3.1, we will need the Hardy-Littlewood-Sobolev inequality, which we will use in the particular
case 0 =1/2, p=4/3, g =4

THEOREM I11.3.2 (Hardy Littlewood Sobolev). Let 6 €]0,1[, (p,q) €]1,00[* satisfy

1 1
=1+ -.
p q

(I11.3.5)

1
.\ S WH@HLM&
L

Let f € LP(R). Let, fort € R,

(I11.3.6) o) = /R f(s)ﬁds.
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Then the integral defining g converges for almost every t, and
9lla@) < I1fllze)-
We refer e.g. to [2, Theorem 1.7] for the proof.

REMARK I11.3.3. The function ¢ + 1/tY, is not in L'? due to a logarithmic divergence at 0 and oo.
Theorem I11.3.2 says that the convolution by this function has the same boundedness properties (given by
Young’s Inequality, see Theorem B.2.1 in the appendix), in terms of LP spaces, as a L'/? function.

PrOOF OF PROPOSITION II1.3.1. We consider the operator 1" defined by
(Te)(t,x) = (e"1P1|D|71/2p) ()

We will prove that T extends to a bounded operator from L?(R3) to L*(R x R3), with an operator norm that
is independent of j, i.e.

111.3.7 vpe S®?), |[|PDI1 2| < .

(m3.7) peS®), e PpI | Sl

Note that the inequality (II1.3.1) follows from (II1.3.7) (applied to |D]|¢) and the Sobolev inequality
(ITL.3.8) VIeS, e S IO,

see e.g. [16, Theorem 6.2.4].

See also section B.4 for an alternative proof of (II1.3.1) based on Littlewood-Paley theory and that does
not use the Sobolev inequality (II1.3.8).

To prove (I11.3.7), we will use a so-called TT* argument to reduce the proof of (II1.3.7) to the proof of the
boundedness of an operator acting on functions on R x R3.

The inequality (II1.3.7) is equivalent to the following statement:

/ / (Tp)gdxdt

Using Plancherel equality in the space variable for every ¢t € R, we obtain

[[ @it = [ ooz,

where the (formal) adjoint 7% of T is defined by

T'gla) = [ 17D (o)

Vo € S(R?), Vg e C°(R x R?),

S lellze@s)llgllpars @xms)-

We are thus reduced to prove

(IIL.3.9) Vg € C3°(R x R?), 1Tl p2ray < 91l Lars (mxrs)-

We have

(I11.3.10) IT* gl = / T T gda — / / TT* ggdudt,
R3 RXR3

and (IT1.3.9) would follow from the inequality

(IIL.3.11) ||TT*g||L4(R><R3) S 9l s mxrs)-

We have

TT*g(t,x) = / e =)Dl D=L g(s)ds.
R
Using the L*/L*/3 dispersion inequality (II1.3.5), we obtain at fixed t,
. 1
T ) Olla0) % | s 10
By Hardy Littlewood Sobolev inequality, we deduce

||TT*Q||L4(]R><]R3) S ||g||L4/3(]R><]R3)a
which yields (II1.3.11) and thus concludes the proof of (IIL.3.7).
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I11.4. Proof of the Strichartz estimate for the full wave equation

We are now ready to prove Theorem II1.2.1. We can treat separately the terms
sin(t|D|)u
wr(t) = cos(t|D|)uo + (||D||)1

and

(I11.4.1) (Bf)(t):/0 Sln((tms)'DD f(s)ds.

Using that cos(t|D|) = 3 (Pl + e=#IP1) sin(t|D[) = £ (eIPl — e~IP]), we obtain immediately from Propo-
sition II1.3.1

lurllpe@ z@s)) < lluoll gy + flualze-
The other term is more delicate. We first consider

R R L B T
ug(t) = ———f(s)ds =¢€' , = s)ds
0 D o D]

o0 y—i(t—s)| D]
wit) = [ s

Using that eI /| D| is a bounded operator from L? to H', we obtain that F' € H' with

and

1Fl g S e w,z2me))-
By the Strichartz estimate for the half-wave equation, Proposition I11.3.1, we deduce
lwallLar,Lrz@sy) S I1f L, 2 ®e))-
Similarly
lusllLar, pr2a)) S 12w z2@e))-
Combining, we obtain
(II1.4.2) [AfllLa Liz@ey) S 1fllr® L2 ®s)),
where A is the operator defined by

_ Oosin((t—s)|D|) \ds
ar) = [ EEESEE s

Note that Af is analogous to Bf defined above, the only difference between the two being that the integral
defining Af is on [0, 00), whereas the integral defining Bf is on [0,¢[. An important functional analysis result,
due to Michael Christ and Alexander Kiselev [8], shows that the boundedness of A implies the boundedness of
B. We state this result in a version that was proposed by Christopher Sogge:

LEMMA II1.4.1. Let X and Y be Banach spaces. Let 1 < p < q¢ < oo. Let K a continuous function from R?
to the space of bounded linear operators from X toY. Let

/KtT T)dT,

and assume that A is a bounded operator from LP(R, X) to L4(R,Y"), with operator norm C. Define the operator

B by
/KtT T)dT.

Then B extends to a bounded operator from LP(R, X) to L(R,Y), with operator norm < C , where 6 = 21~

‘d\*—'

Applying Christ and Kiselev Lemma to

sin ((t — T)\D\)

(I11.4.3) K(t,7) = 1.0 D

x(e|DY),

where y € C§°(R3) is equal to 1 close to 0, one obtains
Ve >0, VfeL'(R,L?), |x(eD)Bflrsz SN flize,
where Bf is as in (II1.4.1). Letting € — 0 we obtain the desired result.
EXERCISE III.1. Justify this last argument.






CHAPTER IV

Cauchy theory for the non-linear equation

In this chapter we will consider the nonlinear wave equation with a power-like nonlinearity
(NLW) o’ — Au = ouP,

on I x RY, where N is an interval, where the power p is an integer > 2 and o is nonzero real parameter.
Considering the unknown Au instead of u for a suitable choice of A > 0, we see that we can assume

o e {£1}.
We will briefly consider the general case, then restrict to the quintic case p = 5 in space dimension 3. We will

also comment on the cubic case p = 3, in the same space dimension.

IV.1. Scaling invariance. Critical Sobolev space
Let u be a (nonzero) C? solution of (NLW) on (a,b) x RV, where a < b. Let uy(t,7) = \*u(\t, Ar), where
A >0 and a = a(p, N) will be specified later. We have
DPuy — Auy = )\“+2_"pou’;\.
Thus, if @ = -2, we see that u, is a solution of (NLW) on (%, %) x RN, We will assume that o has this

p=1’
particular value in the sequel, denoting

ux(t,x) = )\%u()\t, Az).
Let
H® = H3(RY) x H*~Y(RM).
The critical Sobolev exponent is by definition the unique s such that
18X (0) 15 = [12(0) [l
Since by explicit computation

(IV.1.1) 177 (0) | = A7TH N2 G(0) | 5.
We see that
Lo N_ 2
) p— 1’

We observe that s. grows with p, and is always strictly smaller than N/2.

Consider a solution u of (NLW) defined on a finite interval [0,T[. The corresponding solution wy is defined
on [0,7/\[. Growing X has the effect of decreasing the time of existence. If s > s., the H* norm of iy (0)
becomes larger with A. If s < s, it becomes smaller. Thus in the case where s < s., the effect of scaling is to
simultaneously decrease the norm of the initial data in 7-.[3, s < s. and shrinking its interval of existence. This
is contrary to the intuition that for smaller solutions, the effect of the nonlinearity is weaker, and the solution
should behave in a linear way (and in particular has a long time of existence). This leads to an informal
conjecture that s, is a threshold for local well-posedness. It turns out that this conjecture is true for the wave
equation: the equation (NLW) is locally well-posed! in H* for s > s., and ill-posed if H* for s < s,.

We will focus on the quintic case p = 5 in space dimension N = 3:

(W5) (0} — Ayu = ou®.
In this case the critical Sobolev case is H!, and the equation is called “energy critical”. As usual, we will take
initial data, say at t = tq:
(ID) (u, Opu)p=t, = (ug,u1).
1By “well-posed in X”, we mean that there is existence and uniqueness of solutions with initial data in X and a reasonable

stability theory. We will not give a more rigorous definition of local well-posedness. See e.g. Definition 3.4, Remark 3.5 of T. Tao’s
book [29]

33
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An other equation of interest, that we will sometimes study in the exercise sheets, is the cubic equation
(W3) (07 — A)u = ou?,
in dimension 1 + 3, for which s, = 1/2. In all the sequel, we fix N = 3.

IV.2. Definition of solutions

As for the linear wave equation, the notion of classical (C?) solution is too restrictive for the equation (W5),
and we will define the following weaker notion of solution, based on Duhamel’s formulation of the equation:

DEFINITION IV.2.1. A finite energy solution of (W5), (ID) on an interval I with ¢y € I is a function
we LY (I,L'9) such that Vt € I,

loc

(IV.2.1) u(t) = cos ((t — to)| D|)uo + Mul n /t sin ((t = 9)|D])

u’(s)ds,
D) D) (®)

0

where (ug,u;) € H.

In the definition, by u € L} (I, L'°(R3)), we mean that u € L5(J, L'?) for any compact interval J C I.

Note that if u is a finite-energy solution in the above sense, one has u® € L{ (I,L*(R?)), and thus by
energy estimates (see Remark I11.2.3),

i€ COIHY).
Also, by Chapter II, u satisfies the equation (W5) in the sense of distribution on I x R3.

The solutions given by the Duhamel formula as in Definition IV.2.1 are called “strong” solutions in the
book of Terence Tao [29], by opposition to the weaker notion of distributional solutions (that do not impose
continuity in time) and the stronger notion of classical solutions (that are C? and satisfy the equation in a
classical sense). Note however that this terminology is not universal. For example the solutions of Definition
IV.2.1 are called ... “weak” solutions in the book [25] of Christopher Sogge.

We refer to Section 3.2 of [29] “What is a solution?”, for a discussion on different types of solutions.

In the sequel, by “solution to (W5)” we will always mean (unless specified otherwise) a solution in the sense
of Definition IV.2.1.

EXERCISE IV.1. Check that the definition of finite energy solutions above does not depend on the choice
of the initial time. In other words, if u is a solution of (W5) on I and ¢; € I, then for all ¢t € I,

e sin ((t — t1)|D|) Psin ((t—s)|D|) 5
u(t) = cos ((t — t1)|D|)u(ty) + — o Oru(ty) +/t — o u’(s)ds.

1

IV.3. Existence and uniqueness

3.a. A local statement. We introduce the following notations:

wﬁf%m S ()0 = (St ()0, 0,51 (1)ilo) ,

where @y = (ug, u1). We start with the following local statement:

Sp(t)ip = cos (t|D]) uo +

THEOREM IV.3.1. There exists 6o > 0 with the following property. Let I be an interval with to € I. Let
g € H'. Assume

(IV31) ||SL( - t0)60‘|L5(I,L10) =9 S (50.

Then there exists a unique solution u of (W5), (ID) on I. Furthermore

(IV.3.2) sup Hﬁ(t) St tO)FLOHHl = Si(- = to)ioll o 1. g0y S 57
te

In the Theorem, Si,(- — to)tp denotes the map ¢ — S (t — to)up.
Theorem IV.3.1 has two important consequences:

Local well-posedness: Note that (5,10) is a H'-admissible couple in dimension 3 (it satisfies (I11.2.2)).
By Theorem I11.2.1, if @y € H!, then Sy ()i € L5(R, L°(R3)). Thus if 7 > 0 is small enough, then
lltio || s ((—7,4-17,210) < do,
and Theorem IV.3.1 implies that there exists a solution to (W5), (ID) on [T, +T1.
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Small data global well-posedness: If iy € H' and |jug||;: < do/Cs, where Cg is the constant in
the Strichartz inequality (II1.2.3) with p =5, ¢ = 10, then [|SL(-)ol| 5% 10y < do, and one can use
Theorem IV.3.1 with I = R. This shows that the corresponding solution w is globally defined, and
that v € L°(R, L'?).

PrOOF OF THEOREM IV.3.1. Assume without generality that tg = 0. We use the Banach fixed point
theorem, proving that the operator A, defined by

t sin ((t - 5)|D|)

v (s)ds,
Dl

(Iv.3.3) Av (t) = Sp(t)dp + Buv (t), Bu(t) = 0/0
is a contraction on X defined by
X ={ve L (I, L"), |v|lzsr,z10) < 260} .
We first prove that A maps X into X. Indeed, If v € X, then by Theorem III.2.1 (see Remark I11.2.2),
HBU(t)”L5(I,L10) <Cs ||U5||L1(I,Lz) <Cs HU”E])‘ﬁ(I,LlU) < 0558 < do,

assuming dg < 05_1/4. Thus Av € X.
We next prove that A is a contraction on X. Let v,w € X. Using w® —v® = (w — v)(w* + w3v + w?v? +
wv? + v*) and Young’s inequality ab < a?/p +b%/q, 1/p + 1/q = 1, one obtains

)
|05 —wd| < 3 lv —w| (v* +w?).
Combining with Holder’s inequality, we obtain
5
(IV34) H’U5 — w5HL1(17L2) § 5”1} - ’LUHLS(LLIO) (H’UH%P(I,LIO) + ||UJH%5([’L10)) .

By Strichartz estimates

| Av — Aw|

L5(1,110) = ||Bv — B'LUHL{,(I,LH)) < Cg HvS _ w5||L1(I,L2) < 5Cs]lv — w||L5(I7L10)6§.
If &g is small enough (§p = (IOCS)_1/4 works), one has

1
[Av — Awl| s (1 p10) < 5”“ —wl| 57,110

This shows that A is a contraction on X.
Let u be the only fixed point of A4 in X. Since u = Au and u € L3(I, L'9) we see that u is a solution of
(W5) on I.2 Using
u— S (-)ip = Bu,
and || Bulzs (7 10y < 5%, and Strichartz inequality, we obtain (IV.3.2). It remains to prove the uniqueness
statement. From the contraction argument, we see that u is the unique solution of (W5) such that ||u||zs 7 10y <
dg. We prove a stronger statement, Lemma IV.3.2 below, that will conclude the proof.

LEMMA IV.3.2. Let u, v be two solutions of (W5) on an interval I with to € I. Assume W(ty) = 9(to).
Then v = v.

PROOF. Assume again ty = 0 to simplify notations. Let dg > 0 be as in Theorem IV.3.1. We let K = [a, b]
be a compact subinterval of I such that ¢ty € K. We will prove that u(t) = v(¢) for t € K. Since K is compact,
we have by Definition IV.2.1,

ue L°(K, L"), wveL°(K,L"Y).
We can thus divide K into p subintervals [7;,7j41], 0 < j < p—1, with 70 < 74 < ... < 7p, such that

vje{0,...,J —1}, max (Hu||L5([Tj,Tj+1},L10)a ||U||L5([Tj,rj+1],L10)) < do.
Let jo be an index such that 0 € [}, 7j,+1]. By the proof of Theorem II1.2.1, with I = [7},, 7j,+1], noting that
uw and v are in X, we obtain u(t) = v(t) for t € [7,, Tjo+1]- This implies
ﬁ(Tjo) = U(Tjo) and 7'_[(7_jo+1) = U(Tjo+1)'

We can then iterate the preceding arguments on the intervals [7;, 7j41], j=Jjo+ 1, j = jo+ 2 until j = J — 1,
and j = jo — 1, j = jo — 2 until j = 0 to obtain that u(t) = v(¢) for t € K, concluding the proof. O

2Recall that “solution” is to be taken in the sense of Definition IV.2.1.
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3.b. Maximal solution. Using the above local existence theorem, we can now glue the solutions above
to construct a maximal solution of (W5).

COROLLARY 1V.3.3. Let iy € H' and ty € R. Then there is a unique mazimal solution of (W5), (ID).
Denoting by Imax = (T—, T4 ) its interval of existence, we have the following blow-up criteria:

(IV.3.5) T, < oo = u¢ L([to, T4 [, L'?), T_ > —oc0 = u ¢ L°(JT_, o], L"°).

The phrase “maximal solution” in the theorem means that if v is another solution of (W5), (ID) defined
on an interval I with ¢t € I, then I C Iax and u(t) = v(t) for all ¢ € I.

PROOF. Let J be the set of all open intervals I such that ¢y € I, and there exists a solution v of (W5),
(ID) on I. Let
Imax = U 1.

Ieg
By Theorem IV.3.1, J is nonempty. Thus . is an open interval containing tg. If ¢t € I,.x, there exists an
interval I and a solution v of (W5), (ID) on I. By the uniqueness Lemma IV.3.2, the value v(t) does not depend
on the choice of I. We denote by u(t) this common value. Let K be a compact subinterval of ;. We next
prove:

(IV.3.6) u € L°(K, L'°).

Indeed, for all ¢ € K, there exist an open interval I € J such that ¢t € I and v is a solution of (W5) on I. This
implies in particular that u € L5([t — e, + €], L1?) if € = £(¢) is small enough. Using the compactness of K, we
can cover K by a finite numbers of interval |t — e(t),t + £(¢)[, and thus we obtain (IV.3.6).
If t € Ihax, by the definition of I, and the uniqueness Lemma IV.3.2, we have that
tsin ((t —s)|D
ult) = S (t)io + o / m((|D|S)||)u5(s)ds,

0
which concludes the proof that u is a solution of (W5), (ID) on Inax. The maximality of u is a direct consequence
of the definition of I, and Lemma IV.3.2.

Finally, we prove that if T, < oo, then u ¢ L°([to,T%), L'°(R?)). We argue by contradiction, assuming
that there exists a solution u with maximal time of existence T < oo such that u € L5([tg, T} ), L'°). This
implies u® € L([ty, T} ), L?). By energy inequality, we obtain that u can be extended to a function (that we
still denote by u) such that (u,dyu) € C°([tg, T'], H'). Since u is a solution on [to, Ty ), we also have, for any
tty € [to, Ty),

u(t) = St —t)u(ty) + U/ Mtﬁ(s)d&

t D]
Letting t; — Ty, we obtain

VE € [to, T4), u(t)zSL(t—T+)zZ(T+)+a/ sin (¢ = 9IDN 5514,

) D]

i.e. that u is solution of (NLW) on [tg,T]. Let v be the local solution of (NLW) with initial data @(T%) at
t =Ty, given by Theorem IV.3.1, and let J be its interval of definition. By the uniqueness statement, Lemma
IV.3.2, u(t) = v(t) for t € JN[to, T4]. Letting

~Ju(t)  ift € Inax
w(t) = {v(t) if t € JN [Ty, +o0),

we obtain a solution w of (NLW) that extends u on an open interval I, U J that strictly contains Ipax. This
contradicts the definition of I,,y, concluding the proof.
O

Let us mention that it is not possible to improve the blow-up criterion to
T} < oo = limsup ||i(t)||;: = +o0.
t—o00
Indeed, it was proved by Krieger, Schlag and Tataru [21] that there exist solutions of (W5) with o = 1, with
finite time of existence T4 and such that

lim sup [|@(t) || ;2 < oo.
t—Ty



IV.5. STABILITY 37

IV.4. Finite speed of Propagation

REMARK IV.4.1. The proof of Theorem III.2.1 implies that if I is an interval, tg € I, and u is a solution of
(W5), (ID) on I such that |lul|ps(s,z10) < 60/2, then w is the limit, in L5(1, L'?), of the sequence u™ defined by
u? =0, u" = Au”, where A is the operator defined in the proof. Indeed, by Strichartz estimates,

— 5 4 5
ISL(- = to)tolls(r,z10) < [|ullLs(r, L0y + Csllullps(r 10y < 50 + Csdy/32 < do.

Thus gy satisfies the assumption of Theorem II1.2.1 and the conclusion follows from the fact that u is a fixed
point of the contraction A.

This remark will be used at least twice in this course to obtain properties of the solution u. We will first
use it to prove the finite speed of propagation property for the nonlinear equation:

THEOREM IV.4.2. Let (tg,z0) € R13 t; > tg, R > 0. We denote I’ = {(t,:c) ERXRY : tg<t<ty, |[v—

xol| < R—|t— t0|} Let w and v be two solutions of (W5) on [to,t1]. We suppose (u, Opu)(to, x) = (v, Opv)(to, )
for all x € Br(xg). Then u(t,z) = v(t,z) for almost all (t,x) € T.
ProoF. Dividing the interval [to,t1] into subintervals [7;,7;41], 0 < j < J -1, tg =790 <71 < ... < 7y,
such that
Vje{0,....,J =1}, max ([[ullLsir, r0), 210 @) 101 L5 (1) mya], L0 (R3))) < G0/2,
we see that it is sufficient to prove the theorem with the additional assumption

max ([|ull s ((ro, 1,10 R2)) s 101 L5 (0,041, L10(R2)) ) < F0/2-
Thus u = lim,, s u™, v = lim,, o v™ in L5(I, L'%), I = [to,t1], where u™ and v™ are defined by
w=0"=0, u"*!=Au,, "= /va”,
where A is as in the proof of Theorem IV.3.1 (see (IV.3.3)), and A is the analog of A for the initial data of v:

Aw(t) = SL(£)T(0) + /0 Sin((tl;f)D)wf’(s)ds.

(As usual, we assume ty = 0 to simplify notations).

We prove by induction on n that u”(¢,2) = v™(t, z) for almost every (¢,z) € T'. This is true for n = 0, since
u® =% = 0.

Next, we assume that u™(t,z) = v"(t,z) for almost every (¢,z) € I'. We have

t o/ .
. . sin(t — s)|D n "
w0 - 00 = S0 - a0 + [ EHEZDED @) < uneas
By finite speed of propagation for the linear wave equation and the assumption that @ (z) = @°(z) for |z —x¢| <
R, we obtain that S, (¢)(@(0) — ¥(0)) = 0 for almost all (¢,z) € I'. On the other hand, if s € [0, ], the inductive
hypothesis implies that u™(s,z) = v™(s,z) for |x — 29| < R — s. Combining with finite speed of propagation,
we see that
(sin(t — )| D)
D]
for almost every (¢,z) with |x — x| < R—s — (t —s) = R —t, i.e. for almost every (¢t,z) € T.
Thus u™ = v™ almost everywhere on I'. Passing to the limit, we obtain ™ = v™ on I O

(u"(s) = 0"()) =0

IV.5. Stability

We now prove that the flow of the equation (W5) is continuous in M, ie. that if the initial data of two
solutions u and v are close in this space, then #(t) and ¥(¢) are close for all times ¢ in their domain of existence.
In the statement, we must take into account the fact that the solutions v and v might have different maximal
interval of existence.

THEOREM IV.5.1. Let tg € R, @y = (ug,u1) € H'. Let u be the solution of (W5), (ID). Let I be a compact
interval such that tg € I C Iyax(iio). Let (ii§)r be a sequence in H' such that lim,, @k = iy in H'. Let u* be
the corresponding solutions. Then for large k, we have I C Imax(ﬁg). Moreover

li ik (1) — 7 ()] ko gk —o.
i (s [0 = ) + I = ¥l ) =0
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PRrROOF. We will consider T' > 0 such that

(IV.5.1) [ull 23 0,71, 10y < do

(where d is a small parameter), and prove that T+ (u*) > T for large k and

(IV.5.2) ||u — Uk”Lf’([O,T],LlO) + sup Hﬁ(t) — ’Jk(tm?_zl — 0.
0<t<T k—o0

The conclusion of the theorem will then follow by iteration, dividing as above the interval I into subintervals
where the L° L% norm of u is small.
We have

(IV.5.3) u(t) —u(t) = Sp(t) (o — ak) —l—/o s1n((t|D|s)|D|) (u5(s) — (u¥)?(s)) ds.

As in (IV.3.4), we have

‘|

5 4
||u5 - (“k)g)”uqo,tm?) S ||u Wl Ls([0,4],L10) (H“||%5([07t]7L1°) + ||“k| L5([07t],L10)) :

=2
Using the triangle inequality, and (IV.5.1), we deduce

250 + Hu—uk|

5 4

5 k)5 k

1 = @ ooy < 5 1= ¥ oo oo Leo.om)
Thus, by (IV.5.3) and Strichartz estimate, we have that for all ¢ € [0, T

ar(t) < C (e + Spar(t) + ar(t)’),

where ay(t) = Hu — uk||L5([0,t],L10)’ €k = ||€L'0 — ﬁng,ﬁ[l k::o 0, and C is a constant. Taking dy small (so that
Cd5 < 1/2), we deduce

(IV.5.4) ar(t) < 2Cey + 2Cay(t)°.

We temporarily fix k, large enough so that 2C(4Ce},)® < Cey, and prove

(IV.5.5) Vte [0,T), ai(t) < 3Ces.

Indeed, (IV.5.5) is true for small ¢ > 0, since a is continuous and a(0) = 0. If (IV.5.5) does not hold, using
again the continuity of a, we see that there exists a ¢ € [0, T] such that 3Ce, < ay(t) < 4Ce;. By (IV.5.4), and
the smallness of €5 we see that a(t) < 3Ce,. This is a contradiction, concluding the proof of (IV.5.5). This
type of reasoning is called a bootstrap argument. By (IV.5.5),

lim ai(T) =0
k— o0
Using (IV.5.3) and Strichartz estimate again, we deduce

Q(t) — u* @), 0,
o (170 — @l =2

which concludes the proof. O

IV.6. Persistence of regularity, conservation of the energy

The energy of a solution u of (W5) is defined as

(IV.6.1) Bi(t)) % / (Ouult, ))2dz + % / Vult, )P~ / (u(t, ))0da,

where all integrals are taken over R3. Multiplying the equation (W5) by du(t,z), integrating on R3 and
integrating by part, we would obtain that the derivative of the energy is 0, and thus that it is independent
of time. However this computation is purely formal. To make it rigorous, we need to work on more regular
solutions. The key ingredients for this are the stability theorem from the previous section and a persistence of
reqularity property:

THEOREM IV.6.1. Let @y = (ug,u1) € H', u be the solution of (W5), (ID) given by Corollary IV.3.3, and

Imax its mazimal interval of existence. Let £ > 2 be an integer. Assume g € HE. Then

(IV.6.2) ieC’ (Imax,# N 7{1) L Yje{l,....0), duec® (Imax, "9 L2)
(IV.6.3) Vo, j with j+ o] <0—1, 8%0u e LY (Inax, L'°).

In particular, if ¢ >4, u € C? (Inax x R?)
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In the theorem, the derivative 0; can be interpreted as a derivative for a function of the time variable, with
value in L?(R3).
REMARK IV.6.2. Recall that H* is not complete for s > % However, if 51 < % and sy € R, the space
H* N H*2, endowed with the norm defined by
2 2 2
I e mgres = I e + 1LF s

is a Hilbert space. This encompasses the spaces HYN H' and H"1 N L? that appear in the statement of the
preceding theorem. Also, we have

(IV.6.4) HY(R?*) N H2(R?) (L N C°)(R?)
and
(IV.6.5) Cr@®%) c (H cC™,

with continuous embeddings. We leave the proof of these facts as an exercise to the reader. Hint: to prove
(IV.6.4), use the Fourier representation of u:

u(z) = ﬁ /IRs e q(€)de.

PrOOF OF THEOREM IV.6.1. We prove the result for £ = 2. The proof for £ > 3 is very close and left to
the reader. As usual, we assume tg = 0.

Step 1. Reduction to an interval with small Strichartz norm.

Let K be a compact sub-interval of I},,x. By time reversibility, we only consider positive times. We denote
[0,T]=KN[0,00). Welet o =0<T) <...<Tn_1 <T, =T such that
(IV.6.6) lullzs((1y,1541),010) < 6/2,
where § > 0 is the small constant given by local well-posedness theory. We will prove by induction on j that

aﬂ?kue L5((E7Tj+l)7L10)a k= 172733 815“6 L5((Tjafrj+1)7L10)
and ) )
UECO([TJ"T]'-H]’HQL 8tu600([Tj,Tj+1],Hl).

By time translation, it is sufficient to consider the case 7 = 0. To simplify notation, we will denote T' = T;. We
are thus reduced to prove the conclusion of the theorem with ¢ = 2, assuming

(IV67) ||u||L5((0,T),L10) S 5/2,

Step 2.
By the proof of Theorem IV.3.1, the restriction of u to [0, 7] is the limit, in L>([0,T), L?), of the sequence
u™ defined as above by u® = 0, u"™! = Au", where A is defined by (IV.3.3). Let j € {1,2,3}. We have

where 0, is the distributional derivative with respect to x;, and we have used the formula 0, (v°) = 51)481_7.1)7

(u™(s))" 9, u"(5)ds,

which is valid for v € H' N H? (this can be checked easily using that the functions in H'N H? are continuous).
Fixing j € {1, 2,3}, we prove by induction on n that
(Iv.6.9) ||C{)wjun||L5([07T],Lm) < M;,

where
Mj =2 HSL(t)(@xjuo,@xjul)‘

L5([O’T]’L10) ?
is finite since (ug,u1) € H? x H'. The case n = 0 is trivial since u° = 0.

Next we assume that 9, u" € L°([0,T], L'°) and satisfies (IV.6.9). Then by Strichartz estimates, the
definition of 4™, the inductive hypothesis, Holder inequality and the smallness of §:

(IV.6.10) 102, w™ | L5 0,477,210y < M;/2 + CsM;0* < M;.

This shows that (IV.6.9) holds for all n.
By (IV.6.9) and Banach-Alaoglu, we obtain that there exists a subsequence (u"*); of (u™), and v €
L3((0,T), L'°) such that
O, u™ —— v; in L((0,T), L'?).

k—o0
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By uniqueness of limits in the sense of distribution on R x R3, we obtain
dp;u=v; € L°([0,T], L'?).

The same argument, using the equality (between C°([0,77], L?) functions):

(IV.6.11) A (u"*h) = Sp(t) (w1, Aug + WS) + 50/0 Sln((t|_D|S)D)

(u”(s))* Opu” (s)ds,
yields that (9,u"),, is bounded in L?([0, 7], L'°) and that
dwu € L7([0,T], L'°).
To prove, (IV.6.11), we use that for all ¢t € (0,T)
n\5 _ n\5
@R h) — ()
n—oQ h/

Indeed, fixing t, we have u"(t + h) = u™(t) + howu™(t) + he(h), where e (depending also on ¢ and n) satisfies
limy, 0 |le(h)||z2 = 0. Thus

= 59" (t)u"™(t)* in L?(R?)

5 .
(u")>(t + h) = (u")°(8) + h(@pu" () + e (8)) (™) (8) + Y (é) u (£)* W (D™ (t) + en(t))’

=2

= (u™)5(t) + howu™(t)(u™)*(t) + 0n(h) in L,

where we used that u® € (L= N C°)([0,T], H' N H?) (which can be proved by induction). Thus u" € (L N
C9)([0,T] x R?), and as a consequence h(0;u™(t) + ,(t)) is uniformly bounded.
Step 8. The formulas

tsin ((t — s)|D|)

= Uy o w(s)* 0, u(s)ds
0, (u) = 51010, 0+ 50 | R (u()* 0, u(s)ds.
O = 510, S+ ) + 50 | o (DD 4 5))* u(spas,

follow from step 2, letting n — oo in (IV.6.8), (IV.6.11). Using these formulas and energy inequalities, we
deduce from the fact that dyu, (9,,u);=1,2,3 are in L°([0,T], L'°) that

Ot € CO([0,T), HY),  Ou,u € CO((0,T], H").
This concludes the proof for £ = 2. The proof for £ > 3 is by induction. More precisely assuming that the result
holds true for some ¢ > 2, a similar proof as before yields the result for ¢+ 1, dividing the interval [0,7] in a
finite number of subintervals (a;, a;+1) such that

sup H@gﬁgu
0<laltj<t—1

< §/2.

L5((a.77a_7+1)7L10)

REMARK IV.6.3. If Ty < oo, then

im0 e = 0.

This is an immediate consequence of the embedding H2 N H! and the blow-up criterion in L>L'0.

COROLLARY IV.6.4. Let u be a solution with initial data (ug,u1) € (C§°(R?))2. Then the corresponding
solution u of (W5), (ID) is in C°°(Iynax X R3), where Iyax = Imax(to) is the maximal interval of existence of
u.

PRrROOF. The corollary follows immediately from Theorem IV.6.1, using Sobolev embeddings (see (IV.6.5)).
O

We are now in position to prove rigorously the conservation of the energy:

THEOREM IV.6.5. Let the energy E be defined by (IV.6.1). Let @ be a solution of (W5). Then E(u(t)) is
independent of t € Ipax(u).
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PROOF. Let fo,t1 € Imax(u). Let @ = (uf,u) € (C5°(R?))? such that
(IV.6.12) lim || — @i(to)|| ;2 = 0.

n—oo
Let u™ be the solution of (W5) with initial data u™(0) = uf, d;u™(0) = u}. By the stability theorem IV.5.1,
[to, t1] is included in the maximal interval of existence of u™ for large n.
By Corollary IV.6.4, u™ € C*([to,t1] x R?). Since it satisfies (W5) in the sense of distribution, it must
also satisfy this equation in the classical sense. By finite speed of propagation u™(t) is a compactly supported
function (in space) for all ¢ € [to,t1]. We have

/afu”atu" - /Au"@tu" - a/(u”)58tu” =0
Since [Au"du" = f2j=1,2,3 Dz, u" 040y ;u™, we deduce
d

ZE@(#) =0, ty<t<th,

Thus E(d"(t9)) = E(4d™(t1)). Passing to the limit n — oo and using Theorem IV.5.1, we deduce
E(i(to)) = E(a(ty)),
concluding the proof. We have used that by the Sobolev embedding H'(R?) ¢ LS(R?), the convergence in H'

implies the convergence in LS. O

In the case 0 = —1, all the terms in the definitions of the energy are positive, and we have
t) < 2B(a(t)).

This implies that the H' norm of any solution u of (W5) is bounded on its maximal interval of existence. This
is not sufficient to ensure global existence. We will see however that in this case, all solutions are indeed global.

DEFINITION IV.6.6. The equation (W5) or the corresponding nonlinearity is called defocusing (or repulsive)
when o = —1 and focusing (or attractive) when o = 1.

Let us mention that we can also construct classical solutions of (W5) (or of any equation of the form (NLW)
with p € N, p > 2, in space dimension 3), without Strichartz estimates, using the representation formulas of
Chapter 1 and a fixed point argument. These solutions coincide with the finite energy solutions of Definition
IV.2.1 when i@ € C3(R?) x C2(R3) for example. This is an alternative approach to obtain Corollary IV.6.4.
We refer to [25, Section 1.5] for the details.






CHAPTER V

Examples of dynamics

In this chapter, we consider again the quintic wave equation in space dimension 5:
(W5) (0} — Ayu = ou®.

We give 3 examples of dynamics of (W5). Section V.1 concerns solutions that blow up in finite times (in the
case 0 = 0). Section V.2 deals with global solutions which behave asymptotically as solutions of the linear wave
equation. In Section V.3, we will consider stationary solutions and traveling waves.

V.1. Blow-up in finite time
In the focusing case o = 1, there exists solutions blowing-up in finite time:

THEOREM V.1.1. Let T > 0. There exists a solution u of (W5), with C*°, compactly supported initial data
tp at t =0, such that Ty () =T.

PROOF. By scaling invariance, it is sufficient to construct one solution of (W5) blowing-up in finite time,
with compactly supported, smooth initial data.

Let Y be a solution of the ODE Y” = Y?® defined on [0,1], and blowing-up at t = 1. For example
Y(t) =c(1—1t)"'/2, where 2 = ¢*. Note that Y is a solution of (W5) (in the classical sense).

Let ¢ € C§°(R?) such that ¢(z) = 1 for |x| < 2. Let u be the solution of (LW) with initial data
(pY (0), Y (0)) Let T+ be the maximal time of existence of u. By finite speed of propagation,

u(t,z) =Y (@), |z]<2—¢, t€]0,T4]
If Ty > 1, we have

1 1/2 1 1
u®(t, r)dx dt = 05/ ————dt = 400,
/0 </|x|<1 o (L—1)%/2
a contradiction with the fact that « must be in L([0, 1], L'?). Thus Ty < 1, concluding the proof. 0

The preceding proof is not completely rigorous: we have used finite speed of propagation for the equation
(W5) outside of the framework of Theorem IV.4.2. However Y is not a solution of (W5) in the sense of Definition
IV.2.1. We thus need the analog of V.1.2 for classical solutions:

THEOREM V.1.2. Let (to,r9) € R'3, t; > tg, R > 0. We denote by I' = {(t,x) ERXRN : ¢ <
t <ty |[t—xz9] < R—|t— t0|} Let u,v € C*(T) be two classical solutions of (W5) on I'. We suppose
(u, Q) (to, x) = (v, Ov)(to, ) for all x € Br(xo). Then u(t,z) =v(t,z) all (t,z) € T.

We leave the proof of Theorem V.1.2 as an exercise to the reader:

EXERCISE V.1. Let v and v be as in Theorem V.1.2. Assume tqg =0, g = 0. Let

V(t) = ;/|$|<Rt(u(t,x) —o(t,x))?dx + ;/lIKRt(@tu(t,z) — O(t,x))%dx

1 3

2
+3 Z/ﬂ@ t(awju(t,x) — 0, 0(t,x))%dz.
j=1
(1) Prove that V'(¢t) < CV (¢) for t € [0,t4].
(2) Prove that V(t) =0 for all ¢ € [0,t1].
context.

REMARK V.1.3. There are at least two other ways to prove the existence of solutions of the focusing (W5)
that blow up in finite time:

43
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e A monotonicity /convexity argument based on the computation of the first and second derivatives in
time of [ |u(t,z)|?dz. This argument goes back to an article of Howard Levine [22], and implies that
any solution with negative energy blows up in finite time. It is detailed in [20] (see the proof of
Theorem 3.7 there).

e A proof based on differential inequalities and the fact that % is a positive functional in space
dimension 3, as seen in Exercise 6 of the worksheet of Chapter 1 (see [18]).

V.2. Scattering
2.a. Definition and characterization.

DEFINITION V.2.1. The solution u of (W5) is said to scatter in the future to a linear solution if T (u) = 400
and there exists 7 € H!(R?) such that

(V.2.1) lim || S (t)7, — @(t)

t—o0

=0.

[
In the remainder of this section, we will simply say that a solution as in Definition V.2.1 scatters or is a
scattering solution. We next give a characterization of scattering solutions:

PROPOSITION V.2.2. The solution u of (W5), (ID) scatters if and only if u € L5([0,T}), L'°), where T,
is the maximal time of existence of u.

PROOF. Let u be a solution such that u € L5([0, T ), L'?). By the blow-up criterion, we already know that
T, (u) = +oo. Let i € H!'. Since Sy (t) conserves the H! norm, we have

(V.2.1) <= lim
t—o0

To — gﬂ%)ﬁ(t)”ﬂl —0.

We are thus reduced to prove that S, (—t)i(t) has a limit in 7. Since u is a solution in the sense of Definition
1V.2.1, we have

—

Sp(—t)i(t) = o + /O S1(—5)(0,u®(s))ds.

Using u € L°([0, 400, L'°) and

|Se=)0,w @), = 1 (5)] 2 = luls) e,
we see that

/0 8250, 1), ds = Nl 0,y 210) < o

Thus fot §L(—s)(0, u5(s))ds converges in H! as t goes to oo, which shows that u scatters to a linear solution.
Next, we consider a solution u of (W5) that scatters to a linear solution. Thus T’ (u) = oo, and there exists
Uy € H! such that
s 0505, =o.
Fix Ty > 0 such that
1SE )P0l £ (175 o0, 210y < 90/25

where g is given by the local well-posedness theory (Theorem IV.3.1). Let T' > Ty. Then, by Strichartz
estimates

1SL VAT o seg oy < IS C)ollsrocgm) + Cs [@T) = S
for large T'. By Theorem IV.3.1 and the uniqueness Lemma IV.3.2,
u € L([T, +00), L'Y)

<5

H1

which concludes the proof. O
Combining Theorem IV.3.1, Strichartz estimates and Proposition V.2.2, we obtain:

COROLLARY V.2.3 (Small data scattering). There exists a constant € > 0 such that for all @y € HY with
lto|l3n < e, the solution of (W5), (ID) scatter in both time directions.

Two natural questions arise:
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Existence of wave operators: Given @, € !, does there exist a solution u of (W5) with T’y (u) = 400
and
im ||[@(t) — Sp(4)7, =07
(V.2.2) lim Hu(t) SL(t)UOHM 07
Asymptotic completeness: Do all solutions of (W5) scatter?

It turns out that the answer to the first question is always positive, independently of the sign ¢ in (W5). The
asymptotic completeness is a much more delicate issue. We already know that it is not true in the focusing case
o = 1, since there exist solutions blowing-up in finite time (see Section V.1). On the other hand, the asymptotic
completeness holds in the defocusing case o = —1 (see [4]). We will prove this fact for radial solutions. The
general proof is more complicated but relies on the same type of arguments.

2.b. Existence of wave operators.

THEOREM V.2.4. Let %y € H'. Then there exists a solution u of (W5) with Ty (u) = +oo and such that
(V.2.2) holds.

PROOF. Let @ € H!. Let u be a scattering solution of (W5), defined on [tg,o0) x R3, such that (V.2.2)
holds. Letting ¢ — oo in the equality
Sp(—t)id(t) = Sp(~to)do +o [ Sp(—s) (0,u°(s)) ds,
we obtain

(V23) Uy = SL(*t())ﬁ() + U/oo S’L(*S) (O,US(S)) ds.

to

Note that the integral is convergent in H' by conservation of the energy for the linear wave equation and since
u € L3([tg, oof, L'?). In view of (V.2.3), we can rewrite Duhamel’s formula as

(V.2.4) u(t) = S(t)vy — a/toc Sp(t—s) (0,u’(s)) ds.

Conversely, if u € L5([tg, 00), L'?) satisfies (V.2.4) for t > t, then it is a solution of (W5) such that Ty (u) = oo
and (V.2.2) holds. This shows that the problem of existence of wave operator can be interpreted as a Cauchy
problem with initial data at time infinity. To solve this problem, we fix T' large such that

||SL(')60||L5([T,OO)7L10) < bo,
for some small §y > 0 and we prove that the operator A defined by
Av(t) = SL(t)vy — U/OO Sp(t—s) (0,v°(s)) ds
is a contraction of the metric space X defined by t
X = {v e L(T,00), L), [vllzo(z.00),110) < 200}
The details are very close to the ones of the proof of Theorem IV.3.1 and are left to the reader. ]

2.c. Asymptotic completeness. The existence of solutions blowing up in finite time excludes asympotic
completeness for the focusing nonlinearity o = 1. In the defocusing case, we have:

THEOREM V.2.5. Let u be a solution of (W5) with 0 = —1. Then u scatters.

This is due to several authors. See e.g. J. Ginibre, A. Soffer, G. Velo (see [14]) for the radial case, and H.
Bahouri and J. Shatah [4]. We will give elements of proofs in the end of this course.

V.3. Stationary solutions and travelling waves

3.a. Stationary solutions. We are interested by stationary solutions of the equation (W5), i.e. nonzero,
H?' solutions of the elliptic equation —AQ = ¢@®. In the defocusing case o = —1, the equation is

_AQ+Q5 = 07

to be interpreted in the sense of distribution on R3. This means

Vo € C°(R3), /VQ-Vgﬁ—/Q%:O.
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Approximation ) by smooth, compactly supported functions, we obtain

[1var+ @ =o,

which implies @ = 0 a.e. Thus in the defocusing case, the only nonstationary solution is the constant null
solution. This was already known, since in this case, all solutions scatter and a scattering solution cannot be
stationary since it is in L5(R, L?).

We next consider the focusing case 0 = 1. The equation is:
(ELD) —AQ=Q°, Qe H'R®).

Since @ must be a solution of (W5) in the sense of definition IV.2.1, we will also assume Q € L1°.

PROPOSITION V.3.1. Let Q be a solution of (El) with Q € L°. Then
Qe () H"
s>1

In particular, Q is bounded as well as all of its derivative.

PROOF. Since Q € L'°(R?), we have Q° € L(R?). Thus AQ € L2. This implies [¢]2Q(£) € L?, and thus
Qe H'NnH2.

Using that H'NH*® is an algebra for s > 2 one obtains by induction on s, using the equation —AQ = Q°,
that Q € HYN HS for all s > 2.

Recalling that H? N H'(R?) is continuously embedded into CP(R3) (the space of bounded, continuous
functions on R?), we obtain that @ is C> and that all its derivatives are bounded. g

EXERCISE V.2. Let s > 2 be an integer, prove that HsN H' is an algebra.

Let us mention that the assumption Q € L'© in Proposition V.3.1 is not necessary, and that it is possible
(but not trivial), to prove that @ satisfying (Ell) must be in C*° N L (see [30]). Note that in this case, a
simple elliptic regularity argument based on Sobolev inequalities does not work. Indeed, we have:

(V.3.1) QeH' = Qe = AQ=-Q°cLY° = vVvQe I

where we used the Sobolev embeddings H' C L% and W29/5 ¢ H'. Of course, the circular implications (V.3.1)
do not give any improvement on the regularity of Q.
The equation (Ell) has nonzero solutions. In the radial case, the solutions are completely classified.

THEOREM V.3.2. Let
(V.3.2) W)= ————, z€ R3

1/2°
(1+57)

Then W is a solution of (El). Furthermore the set of radial solutions of (El) is given by
L .

PROOF. It can be checked by explicit computations that W is a solution of (EIl) . Since the equation is
invariant by scaling and sign change, we obtain also that W, x = 7z W (X) is a solution for any A > 0, t =1
or —1. We have W, x(0) = 517z. This can take any nonzero real value a.

Since any L9 solution of (Ell) is smooth, and smooth radial functions satisfy Q’(0) = 0, we are reduced to
prove that for all a € R, there is at most one smooth solution of

.2
(V.3.3) ' =~y =y y(0)=q, y(0)=0.

We can write the differential equation satisfied by y as d% (rgy’) = —r2y>. If y is a solution of (V.3.3) we obtain,
integrating twice between 0 and 7,

T 1 S
y(r) =a— / 3/ p*y>(p)dp ds.
o $7Jo
Let y and 2z be two solutions of (V.3.3). For 0 < R < 1, we let
M(R) = sup |y(r)—z(r)], K= sup (jy(r)|+|z(r)]).
0<r<R 0<r<1
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Then, using the inequality [y° — 2°| < S|y — 2|(y* + 2*), we obtain, for 0 <r < R <1,
5K* 1 ff 5
) = =0 < 25-M() [ 5 [ pdpds = S xar(ry
o S 0 12

Taking the supremum over r € (0, R], we deduce:
5

M(R) < EK‘*R?M(R).
Thus M(R) = 0 for 5 K*R? < 1. This shows that y(r) = z(r) for 7 > 0 close to 0. By uniqueness in the
Cauchy-Lipschitz theorem, we deduce y = z everywhere. This concludes the proof. O

The equation (Ell) without symmetry assumption admits other solutions. Multiplying (Ell) by @ and

integrating by parts, we obtain
[var = [ =sp@u

In particular, the energy of a nonzero solution @ of (Ell) (considered as a solution of (W5)) is positive. Com-
bining with (V.3.4), one obtains that the energy of any nonzero solution of (Ell) is greater or equal to E(W,0).
The least-energy nonzero solution W of (Ell) is sometimes called the ground state of (W5). It was proved by
Ding in 1986 (see [9]) that one can also construct solutions of (Ell) with arbitrarily large energy. However there
is no general classification of these solutions.

We next state an important property of W, that we will not prove

THEOREM V.3.3. The ground state W is the mazimizer for the Sobolev inequality on R3: || f|lre < [V £lz2-
That is, if f € H', one has

(V.3.4) /f6 < C, </|Vf|2>3, C, :/WG X </vw2>_3 = </|VW|2)_2,

with equality if and only if
JpeER, A>0, X €R? s.t. f(z) =pW(A\z — X)).

This was proved independently by Aubin [1] and Talenti [28] in the mid 70’s. We will discuss the proof of
Theorem V.3.3 in the next chapter.

3.b. Travelling waves. Travelling wave solutions of (W5) are by definitions solutions of the form p(z—ct),
where the speed ¢ € R? is fixed, and ¢ € H!. Using the invariance of (W5) by rotation, we can assume
c = (c¢,0,0), where ¢ € R. We are thus lead to study solutions of (W5) of the form

(V.3.5) u(t,z) = p(z, — te,x0,13), c€R, @e H.
These solutions can be deduced from solutions of the elliptic equation (Ell).

THEOREM V.3.4. Let u be a nonzero solution of (W5) of the form (V.3.5). Then o =1, || < 1, and Q
defined by

(V.3.6) Q(z1,22,23) = ¢ (Cﬁl\/ 1- 627$2,$3>
is a solution of (Ell).

REMARK V.3.5. Recall from Exercise 1.8 the definition of the Lorentz boost of a function u : R* — R. One
can check that the Lorentz boost of a C2, global solution u of (W5) is also a solution of (W5). The travelling
waves are exactly given by applying Lorentz boosts to solutions of (Ell).

PROOF OF THE THEOREM. Let u be a nonzero travelling wave solution.

The fact that |¢| < 1 follows from finite speed of propagation. Indeed, arguing by contradiction, we consider
a solution u of (W5) of the form (V.3.5), with ¢ > 1 (where we have assumed ¢ positive to fix ideas, the case
¢ < —1 can be deduced by the transformation 1 — —x1).

We fix L > 0 such that

(V.3.7) / |Vuo|? +u? = €2,
x1>L
where & > 0 is small. Let (v, v1) € H'(R?) such that

(V.3.8) x1 > L = (vg,v1)(x) = (ug, u1)( /|V1}0|2 +vidr < 262
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(Defining v, for j = 0,1 by vj(z1, 2, x3) = (2L — 1, %2, x3) for 1 < L would work for example). Let v be the
solution of (W5) with initial data (vg,v1) at t = 0. By the small data theory (Theorem IV.3.1), v € L5(R, L'?).
By (V.3.8) and finite speed of propagation,

Vt>0, VoxeR3 2 >L+t= ov(t,x)=u(t,r) =@(r; —ct,r2,3).

Thus
lo(t, 2)[0dz z/
x1>L+t

where a = fz1>L lo[1%dz > 0 by (V.3.7). This concludes the proof.

We thus have ¢ < 1. In this case, it is easy to check, using (W5), that @ defined by (V.3.6) satisfies
—AQ = 0@ This implies since @Q is not identically 0, that ¢ = 1 and that @ is solution to (Ell), which
concludes the proof. O

lo(x1 — ct,xo, x3)[0dx > / lo(x)|"dz > a,

R3 z1>L+(1—c)t

3.c. Energy trapping. In this subsection, we state and prove a property of solutions of (W5) with o = 1,
that is:

(W5f) 0P — Au = u’.

with energy below E(W,0). This property will be proved by purely variational arguments, using only the the
conservation of the energy and the continuity of the flow of (W5f) in H!.

PROPOSITION V.3.6. Let E < E(W,0). Then there exist constants 0 < C1(E) < [|[VW|? < Ca2(E) such
that for any (uo,u1) € H'(R3) with E(ug,u;) = E, one has

/\Vu0|2 +u% < Ci(E) or /|Vu0\2 +u% > Co(E).

- COROLLARY V.3.7 (Energy trapping). Let u be a solution of (NLW) with o = 1, with initial data (uo,u1) €
H' and energy E < E(W,0). Then one of the following holds:

(1) [|Vuol*+ [ui < [ VW2 In this case

Wt € Lnax(w), /|vu(t)\2 +/(3tu(t))2 < Ci(B).
(2) [|Vuol>+ [ui > [|[VW|2 In this case

Vt € Lnax(w), /|Vu(t)\2 +/(3tu(t))2 > Co(E).

The corollary is an immediate consequence of Proposition V.3.6, the intermedaite value theorem, and the
continuity of the map ¢ — [ |[Vu(t)|* + [(dyu(t))?. We next prove Proposition V.3.6.

PROOF. By the Sobolev ineqality with the optimal constant, we have

4= G ()

Thus
1 1
cut o} = [ ot oo (fe
= [ vy [t -5 fus= 5 [1VuP o+ [ f\VWI [Vl
Let F the function defined by F(a) = %a — W. The preceding inequality implies
E > F(4),

where A = [u? + [ |Vug|?. We have F'(a) = % (1 —ad* ([ |VW\2)72). Thus F is increasing on (0, [ [VW|?)
and decreasing on ([ [VW|?,00), its maximum value is E(W, O) attained at a = [ [VW/2. Since E < E(W,0),

we obtain that there exist two positive numbers 0 < C1(E) < [|VW|[* < Co(E) such that F(Cy(E)) =
F(Cy(E)) =E, and

F(a) > F <— Cl(E) <a< CQ(E)

The conclusion of the proposition follows.

O
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Proposition V.3.6 and Corollary V.3.7 are due to F. Merle and C. Kenig: see [20]. The proof of this result
is quite robust and can be applied to several dispersive equations with a similar structure. It goes back to the
work of L. Payne and D. Sattinger on Klein-Gordon’s equation, see [23].

In [20] a stronger statement than Corollary V.3.7 is proved:

THEOREM V.3.8 (Dichotomy below the ground state). Let u be as in Corollary V.3.7. Then in case (1), u
scatters to a linear solution, and in case (2), u blows up in finite time.

The proof is much more involved than the proof of Corollary V.3.7. We will give some elements of the
scattering of solutions in case (1) in the next chapters.

V.4. Resolution into stationary solutions
We have identified 3 types of solutions to (W5f).

(1) Solutions of the ordinary differential equation y” = y5, such as (%) %, that can be truncated to obtain
finite time blow-up solutions with finite energy.

(2) Scattering solutions, that are global and asymptotically close to solutions of the linear wave equation,
that move with the speed of light (1 in our normalization).

(3) Stationnary solutions, and travelling wave solutions, with velocity < 1. We have also mentioned a

fourth kind of solutions, constructed in [21]:
(4) Type II blow-up solutions, that are solutions such that T4 (u) < co and
lim sup ||| g1y 2 < 00.
t—T4 (u)
If we believe that the ODE solution will not play any role for the asymptotics of global solutions!, we are lead to
conjecture that this asymptotics will only be influenced by the travelling wave and linear solutions. Moreover,
the different speeds of propagation would decouple asymptotically the linear and travelling wave dynamics. A
similar conjecture holds for Type II Blow-up solutions (this is coherent with the solutions constructed in [21]).
In the radial case in dimension 3, these conjectures are true. Note that in this case, there is no travelling

wave with speed ¢ # 0, and the only nonzero solutions of (Ell) are given by the transforms of W. Denote
Wi(z) = A=Y2W(A'2). The following result is proved in [10]:

THEOREM V.4.1. Let u be a radial solution of (W5f) such that one of the following property holds:

(1) T+ (u) = 400 or
ii T < d liminf [|d(t)|;. < oo.
(i) () < oo and i (0], < o0

Then there exist (vg,v1) € H', J > 0, and, for j € {1,...,J}, a sign v; € {£1} and a scaling parameter
Aj(t) > 0 (defined for t < Ty (u), close to T'y(u)) such that

: (1)
V.4.1 vjed{l,...,J}, lim ]7:0,
(V.4.1) Jed b, tm ()
and
e In case (i), No(t) =t and
J .
(V.4.2) i(t) = Sp(t)(vo, v1) + 3 _(1;Wa,0),0) +0(1) in H', t— o0
j=1
e incase (i), J > 1, \o(t) =Ty —t and
J
(V.4.3) i(t) = (vo,v1) + Y _(,;W, ), 0) + (1) in H', t— o0
j=1

Theorem V.4.1 can be compared to Theorem V.2.5 on the defocusing equation. For this equation ((W5)
with ¢ = —1), there is only one type of dynamics: scattering to a linear solution. The dynamics of the focusing
wave equation is much richer. Let us note however that there is no known examples of solutions as in (V.4.2)

r (V.4.3) with J > 2.

LThis belief is false in general for semi-linear wave equation, but turns out to be true in the energy-critical case. See [11] for
an example of a global solution of the cubic wave equation which is asymptotically close to a solution of the corresponding ODE.
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We will not give complete proofs of Theorems V.2.5, V.3.8 and V.4.1 in this course. We will however
give elements of proofs. In the proofs of these three theorems, it is important to understand the behaviour of
sequences of solutions, when the corresponding sequence of initial data is bounded in the energy space. This is
useful to extract the profiles in the expansions (V.4.2) and (V.4.3) in Theorem V.4.1, and to extract a particular
critical element in a contradiction argument in Theorems V.2.5 and V.3.8.

For this, we will introduce, in the next chapter, an important concentration/compactness tool, the profile
decomposition, following a work of Hajer Bahouri and Patrick Gérard ([3]).



CHAPTER VI

Profile decomposition

This chapter concerns both the linear wave equation (LW) and the quintic nonlinear equation (W5) in
space dimension 3. We will present one important tool, the profile decomposition, due to Hajer Bahouri and
Patrick Gérard in this context. It is one of the key ingredients to prove the two results on the focusing equation
presented above, Theorems V.3.8 and V.4.1. It can also be used to prove Theorem V.2.5 on the defocusing
equation. This decomposition is related to the full understanding of the defect of compactness of the Strichartz
estimates of Theorem II1.2.1. We will first work on this defect of compactness in Section V1.2, then state and
prove the profile decomposition in Section VI.3. We start this chapter with a few preliminaries.

VI.1. Preliminaries

1l.a. Compactness of operators. Let A and B be 2 Banach spaces. We recall that a bounded linear
operator L : A — B is compact when for any bounded sequence (ay)nen of A, one can extract from the
sequence (Lay,)nen a subsequence that converges in B. If A is reflexive, an equivalent formulation is that for
any sequence (an), in A that converges weakly to a € A, the sequence La,, converges strongly (to La since a
bounded operator is continuous for the weak topologies).

We will be interested by the following example of noncompact operator. Let (p,q) such that p > 2 and
%—F% = 3. By Strichartz estimates (Theorem II1.2.1), the map iy ~— Sz(-)d is a bounded operator from H' to
LP(R, L?). This map is not compact. Indeed, let ¢(¢, x) be a fixed nonzero solution of the linear wave equation
(LW) and (An)nen €]0,00[N be such that lim,, |log()\,)| = co. Consider the sequence (ur,), of solutions of
(LW) defined by

upn(t, ) = A 20(Apt, \pz),
with initial data
~ _ (y1/2 3/2
ton(x) = ()\n ©(0, Apx), A/ “01p(0, )\n:c)) .

Then the sequence (i, ), converges weakly to 0 in #'. However the sequence (ur,)n = (Sr.(-)ion),, does not
converge strongly to 0 in LPLY (the norm of uy, in this space is exactly the norm of ).

Similarly, let (t,,Zn)n € (RH‘S)N such that
lim |t,| + |z,] = 400,
n—oo

and
upn(t, ) =@t +tn, T+ xy),
then (d1,,(0)), converges to 0 weakly in H', and (ur, ), does not converge strongly in L?(R, L¢(R?)).
The statement below, Theorem VI.2.1, says that these scaling and translations are the only causes of the
defect of compactness of the map Sz (-) : H! — LPLY.

1.b. Notations. We introduce a few notations:

e LWV is the set of solutions of (LW) with initial data in #H'.

e We denote by G =]0, 0o[xR x R3.

o We will use the following convention for limits, sequences and subsequences. A sequence of elements
of X or sequence in X, is a family (z,)ne1 of elements of X, indexed by an infinite countable set
I. The real sequence (z,)ner converges to £ if for all € > 0, there exists a finite subset F' of I such
that Vn € I\ F, |¢ — x,| < e. In this case, we will write lim,eg 2, = ¢. We can deduce from this
definition the definition of strong and weak convergence of sequences in a Banach space. These notions
of convergence are of course identical that the one which we would obtain by identifying the countable
set I to N by any bijective application.

If T is an infinite countable set, we will write I’ — I when I’ is infinite and I’ C I. A subsequence
of (zy)ner is thus any sequence of the form (z,)ncr with I’ C I. To lighten notation, we will often
omit the set of indices, writing a sequence (v, ),, when it is not relevant.

51
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VI1.2. Defect of compactness
2.a. Defect of compactness for the Strichartz estimate.

THEOREM VI.2.1. Let (p,q) withp > 2, 1/p+3/q = 1/2. Let (un)nen be a sequence in LW such that w,(0)
is bounded in H'. Assume that for all (gn)nen € GV one has

(VL.2.1) ()\}/zun(tm A F20), N3 20u (s Ay - —i—xn)) ——(0,0).
Then
(VI.2.2) nl;lrgo ||un||Lp(]R7Lq) =0.

PROOF. We first observe that it is sufficient to prove the result for p = co, ¢ = 6. Indeed, assume that
(VI.2.2) holds p = 0o and ¢ = 6, and let 2 < p < o0, ¢ with 3/p+ 1/qg = 1/2. By the assumptions that u—g(O) is
bounded and Strichartz estimates, (uy,), is bounded in L*L? for all a > 2 and b with 1/a + 3/b = 1/2. Using
this fact for a pair (a,b) with a < p < oo (and thus 6 < ¢ < b), we obtain, by Holder’s inequality, that (VI.2.2)
holds for this (p, ¢) also.

We prove the theorem for p = 0o, ¢ = 6 by contradiction, assuming that (VI.2.1) holds and that

(VI.2.3) lim sup ||wy, || oo (v, 16y > 0.
n—oo

Thus there exists € > 0 and I = N such that

(VI24) Vn € I, ||un||L°°(R,L6) Z E.

As a consequence, for all n € I, we can choose 7, € R such that

(VI.2.5) [|un ()| s > /2.

Also, we observe that (VI.2.1) implies that for all sequence (An, Ty )ner € (]0, oo[xR3)I, we have
(VI.2.6) )\}/Qun(Tn, An - +2n) — 0 weakly in H*,

We are reduced to prove the following proposition (due to Patrick Qérard [13]), which is the analog to Theorem
VI.2.1 for the defect of compactness of the Sobolev embedding of H!(R?) into L°(R?).

PROPOSITION VI.2.2. Let (fn)nen be a bounded sequence in Hl(R3). Assume that for all sequence (An, x,) €
(0,00[,R?) ,

(VI.2.7) A2 fa - +20) ——0.
n (oo}

Then

(V1.2.8) dim || fullze =0

Note that Proposition VI.2.2, together with (VI.2.5) and (VI.2.6) yield a contradiction. We next prove
Proposition VI.2.2. |

2.b. Defect of compactness for the Sobolev inequality. In this subsection we prove Proposition
VI.2.2. This is a consequence of the improved Sobolev inequality (Theorem I1.2.3). We recall the definition of
the norm

€217 (€)]2de,

1
o =sup L
” ”Bl keZ (271')3 2k <|¢|<2k+1

and note that
(VI1.2.9) £l = sup [| Ak fll 1
kEZ

where the A}, are defined by!
(VIQIO) Akf - ]1{2kS‘D‘<2k+l}f7

o~

that is A/;Q”(f) = f(¢)if 28 < |¢] < 2F+! and A/;:f(g) = 0 for all other £&. We recall the improved Sobolev
inequality

(V1.2.11) I17e SNAIEN g

LThe reader should be aware that this is not exactly the notation of Appendix B, where we use smooth bump functions instead
of characteristic functions to localize in frequency.
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We first prove the following lemma:

LEMMA VI1.2.3. Let (fn)nen be a bounded sequence in H' and such that
(VI.2.12) limsup || fnllzs > 0.
n— o0

Then there exists a subsequence (fn)ne1 of (fn)nen and a sequence (jn)ne1 € Z' such that

lim | A, full o > 0.

PROOF. We argue by contradiction, assuming that for all sequence (j,)nen € Z,

(VI.2.13) ILm 1A, fullLe = 0.

Fixing ¢ > 0, we will decompose (f,)nen as fn = v, + wy,, where

(VL.2.14) lim ||vp|lps =0, Vn, [w,| g <e,
n—oo

(V1.2.15) £l 3 = lonllF + lwallF -

Assuming (VI.2.14) and (VI1.2.15), and applying the Sobolev inequality (VI.2.11) on w,,, we obtain

limsup || f,||ze = limsup |Jwy||zs < Ce?

n— oo n— oo

for some constant C' > 0. Since € > 0 is arbitrary, this contradicts (VI.2.12).
To construct v,, and w,, we let, for any n € N,
In={i€Z : |A;fallg = e}
Un =3 Djfn, wn= Y Ajfo=fn—vn.

jedy JEZN\ Ty,

We have

@l full3, / e

Hence (VI.2.15).
Next, we see that

Ful€

R@la+ X [ler

JEZN\ Iy,

Fule Z / €

= 2m)° (lonll%s

loallZ = > 1A falfn > [nle®
JE€In
(where |J,,] is the number of elements of J,,). Thus
|Jn| < Ce™2,

where C' = sup,, || f»|%,. This proves, together with (V1.2.13), limy, [|v,||zs = 0.
We next prove the statement about w,, in (VI1.2.14). We have

(V1.2.16) [wnl g1 = sup | Apwa | g1,
kEZ

and

0 ifkeJ,.
and it follows from the defition of .J,, that ||Agwy,||;;: < e. This concludes the proof.

Apo, — {Akfn itk ¢ Jy

+ [lwn 1%

).

53

O

PROOF OF PROPOSITION VI.2.2. Let (f,)nen be as in the proposition. We argue by contradiction, assum-

ing that (VI.2.8) does not hold, i.e. that there exists I C N such that
lim [| ful|ze > 0.

By Lemma VI.2.3, there exists I' C I and a sequence (j,)ner such that

lim [|A;j, fullze > 0.
ner

Rescaling f,,, we can assume j,, = 0 for all n, i.e.
(VI.2.17) liemp 1Ao frllLs > 0.
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Since (fy,)n is bounded in H', we have

(VI.2.18) limsup || Ao fulr2 < 0.
nel’

Next we prove
(VI.2.19) liernp 1A frllLe = 0.

Indeed,
1

_ ix-£ T
AOf?’t(f’c) (27‘()3 /1§§§26 fn(f)dé,

which proves (since f,, € L'({1 < |¢] < 2})) that Agf, is a continuous bounded function. Let z,, € R3 such
that [Aofy(@4)| > 5]|A¢fnllze. Then

)= i€ -
Aofn( n) - (27‘(’)3 / </1<|£|<2 df) fn(y+ n)dy

Note that y — f1<\f\<2 e~ WEd¢ is the Fourier transform of I1<|¢<2}. As a consequence, it is in () g Hs.

Using that f,(z, + -) converges weakly to 0 in H'!, we obtain lim, Agfn(z,) = 0 and thus (VI.2.19).

Combining (V1.2.18) and (VI.2.19), we deduce that Agf, goes to 0 in L®, which contradicts (VI.2.17) and
concludes the proof. O

VI1.3. Profile decomposition

3.a. Preliminaries on the group of transformations. We start with some preliminaries on the group
G of transformation (scaling and translation) of solutions of the wave equation. Recall that for g = (\, T, X) €
G = (0,00) x R x R? and u a function defined on R x R3, we write:

1 t—T x—X
(VL.3.1) wI(t,x) = ek < SRS\ > .
The set G is equipped with a group structure with the operation o:
goh=u, T+ S, X +)Y),

where g = (\, T, X), h = (11, 9,Y), and the operation is chosen so that that (u")9 = u9°". Denoting by e the
unit element and g~! the inverse of g, we have

L (1 T X
62(1,070), g = X7_X7_X

4 p S—T Y-X
g oh=|—- ————,—— .
XA )

We identify £W (the set of finite energy solution of the linear wave equation) with # = H' x L? using the
vector space isomorphism:

and

u +— 1(0).
The scalar product and norm on £W given by this identification will be denoted by (:|-) and || - ||. Thus:
(uv) = (@(0),5(0))5,,  [lull = [1€(0) 3
For all g € G, the linear operator u — w9 is an isometry of LWV:
Cram VI.3.1. Let u,v € LW and g € G. Then

(u?v?) = (ulv).
PROOF. The claim is equivalent to the fact that
-T z—X T x— X T x— X -T x— X
— - dx —_— — ——|d
_//\3 ( ’A)V”(A’A> +/A38t“<A /\)atv<)\’/\)$

is independent of T' € R, X € R? and A > 0. The fact that it does not depend on T follows from conservation
of the energy. The other statements follow by the change of variable y = %= X O

The group G endowed with the usual topology of (0,00) x R x R3, is a topological group. This topology is
compatible with the weak topology on LW (which is by definition given by the weak topology on #H through
the identification u — @(0)):
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LEMMA VI1.3.2. Let (uy)n be a bounded sequence in LW and (gn)n a sequence in G. Assume
Uy —u in LW, g, —ginG.

Then

udr — u? in LWV.
n

PROOF. Since (uf"), is bounded in LW, is it sufficient to check, by density, that for all ¢ € LW such that
3(0) € (C=(R?))?, one has
lim (ufr o) = (up).
Then » » » »
(ulr o) = (un, %) = (unlp? ) + (unlp? —¢? ).

We have, by the weak convergence of u,,

. -1 -1

lim(up |p? ) = (ulp? ) = (w?]p).
Furthermore, it can be easily checked that

,1|

lim |9 — @9 || =0,
n

using that F(0) is smooth and compactly supported. This concludes the proof. O

DEFINITION VI.3.3. Let (gn)ner be a sequence in G. We will write:

lim g,, = oo,
nel

if g, goes out of every compact of G, i.e.

lim |z, | + [te] + A 4 Ay = +oo.
nel

We say that two sequences (gn)ner, (hn)ner in G are orthogonal, and we note (gn,)nL(hy, ), when
li}ln g, oh, =00
or equivalently
lim |$n_yn|+‘tn_3n‘ _"_@_’_)‘i _
nel An An Hn
Where g’I’L = ()\nytnyxn)a h’ﬂ = (Mnas’l’wyn)

+00,

REMARK VI.3.4. The reader should be careful with the notation lim, 1 g, = co. Note for example that
lim, A, = 0 = lim, g, = oo, and that lim,, g, = c0 <= lim,, g,jl = 00.
REMARK VI.3.5. If the two sequences (gy,,), and (h,), are not orthogonal, there exist g € G and I’ C I and

. -1
lim g, " o hn = g.

Recall the notation w9 from (VI.3.1).
CLAIM VL.3.6. Let (gn)n and (hy)n be two sequences in G that are orthogonal. Let u and v be two solutions

of the linear wave equation. Then
o) = 0.

lim (w9
Equivalently, if g, — oo, and u € LW, then
udr — 0 in LV.
n

PRrROOF. By the preceding claim, we have
(uon o) = (w00 o).

It is thus sufficient to prove the result with h, = e and g, — oo (which is also the second statement of the
claim). We let g, = (A, tn, x,). We are left with proving

(VL.3.2) lim (W(O),ﬂ(())) =0,

n—00 H1

— 1 _tn LT —Tn 1 _tn R
u?" (0,2) = (Al/?“ ( A A )’A?’/?atu (M’An».

where
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and

lim [tn| + |70

n—oo

+ | log(An)| = +o0.

By density and energy conservation, we can assume %(0) € (C’go(R3))2 and 0(0) € (C’go(R3))2. By the
explicit formulas of Theorem 1.5.3 (using e.g. the dispersion inequality), we have
sup |u(t,z)| + |Vu(t, )| + [Opu(t, )| < oo
(t,z)ER*
and similarly for v.

If \,, = oo, (VI.3.2) is immediate (since the scalar product is bounded by C/)\,l/2 for large n). If A\,, — 0,
one can perform the change of variable x — x/\,, and obtain (VI1.3.2), using that the scalar product is bounded
by C)\}l/ ? for large n. Thus extracting subsequences, we can assume that A, and 1/, are bounded.

If lim,, o0 % = 00, we see that the two components of I (0) go to 0 uniformly as n goes to infinity, and
(VI.3.2) follows.

Extracting subsequences again, we are left with treating the case where K—f’l, An and 1/A,, are bounded. In
this case, lim, o |T,| = +00, and (VI.3.2) follows by the strong Huygens principle. O

3.b. Statement. We are now ready to state the profile decomposition result of H. Bahouri and P. Gérard.

THEOREM VI1.3.7 (Profile decomposition). Let (u,)nen be a bounded sequence in LW. Then there exists
IC N, and, for all j > 1, there exists ¢; € LW, and a sequence (gjn)ner such that the following properties
hold:

(VI1.3.3) J#F k= (gj,n)vLEIJ—(gk,n)nelv
-1
. gj,n .
(VL.3.4) Vi, un —‘nel P
and, denoting by
J
(VI.3.5) W = Uy — Z((pj)gj,n7
j=1
we have
(VL.3.6) lim lim sup ||w s Lo (r,z5) = 0.
J—oo  per

Furthermore, for all J, the following Pythagorean expansion holds:

J
1.3. li 4= 1% — Z=0.
(VL.3.7) Lim [|un| Z; ;1" = lwsnl® =0
J:
?’”” + wy, is called a profile decomposition for the sequence (un),. The
sequences of modulated solutions (gp?j’")n (or equivalently the couples ¢;, (g;n)n, Or by a slight simplification
the solutions ¢;) are called the (linear) profiles.

The expansion u,, = Z'j]:l %

REMARK VI.3.8. There might be only a finite number of nonzero (¢;);. In this case, denoting by (¢;)1<j<,

the nonzero profiles, we have
Jo

Up = E ©j + Wiy n,
i=1
where
lim sup ||w sy ,nl 2o (r,z6) = 0.
nel

3.c. Quantifying the defect of compactness. To prove Theorem VI.3.7, we will need a somehow more
quantitative version of Theorem VI.2.1. For a bounded sequence (vy,)ner in LW, we denote

n((vn)ne1) = sup limsup (sup <U;"l’gp>> .
Tl)g‘f:l/\l) n€el geg

Let A((vn)n) be the set of U € LW such that there exists I’ = I, (gn), € G¥ such that

vIn — U,
nel’
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Then

(VI1.3.8) n((vn)n) = sup U]
UeA((vn)n)

Indeed, if U € A((vy)n), then

N T—
nel’

for a set I’ C I and sequence (g, )ner of modulation parameters. This implies that for all p € LWV,

i gn _
lim vz le) = (Us 9)

and the definition of n gives

(v, QO> <7 ((Un)n) ”‘pH,

and thus [[U|| <7 ((vn)n). This yields the inequality supye 4((v,).) 1Ull < n((vn)n). We leave the proof of the
reverse inequality to the reader. As a corollary to Theorem VI.2.1, we have:

COROLLARY VI.3.9. o Let v, be a bounded sequence of LW such that 1 ((vp)n) = 0. Then
nh—>Holo ||Un||L°°(R,L5) =0.

o Let ((vn,j)ner) 5, be a family of LW such that

(VL.3.9) sup ||vn ;|| < 0o and lim n ((vn,;)n) = 0.
n€l J—oo
j>1
Then
(VI310) hm lim sup HUTLJ‘”LDO(R’L6) =0.
] npel

PROOF. By (VL3.8), 1) ((vn)n) = 0 is equivalent to the fact that (vg") goes weakly to 0 for all sequence
of transformations (g, ),. Thus the first point of the corollary follows immediately from Theorem VI.2.1.

The second point of the corollary is also a consequence of Theorem VI.2.1, although less immediate. We
let vy, ; satisfy (VI.3.9). We denote by D = (Z,),en a countable dense family of the unit sphere of LW (it is
easy to show the existence of such a family, since H has a countable Hilbert basis). We let Dy = (Z,)o<p<s-
We prove (V1.3.10) by contradiction, assuming that there exists € > 0 and a sequence j; — oo such that

limsup ||vp j, || rs > €.
ne

For all k, we fix nx € I such that

sup sup |(v8 . |Z)| <1 ((vnji)n) +27F
9€G Z€Dy,

and

(VL3.11) [0ng.icll poo o =

| ™

Let ¢ € LW with [l¢[| = 1 and § > 0. Then there exists p € N such that ¢ — Zp[|;;, < d. By the choice of n,
and the uniform boundedness of (v, ;), we have:

SlElIg) {<ng,jk|@>| <06+ ((vn,j)n) + 27,
g

and hence, using the assumption that 7 (v, j)n) goes to 0 as j goes to infinity,

lim sup |(v] . )| < C6.
5 :

k—oc0 ge n

Since ¢ is arbitrary, we obtain

3 g —
dim, sup | (5, )| =0

This contradicts Theorem VI.2.1 and (VI.3.11), concluding the proof. O
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3.d. Construction of the profile decomposition. We are now ready to prove Theorem VI.3.7.

PROOF. Step 1: induction argument.
We construct a nonincreasing sequence (I7)s>1 of infinite subsets of N, and, for j > 1, a sequence (g n)net,
of elements of G and a solution ¢; € LW such that for all J '>1,

(V1.3.12) 1<j#k<J = (gjn)ner, L(grn)ner,,
-1
9 ’

VI1.3.13 B ——

( ) u nEIJ/ SO

Let J > 1 and assume that there exist I;_; C N, and, for 1 < j < J — 1, a profile ¢; and a sequence of
parameters (g;n)ner, , such that (VI.3.12) hold for J' = J — 1, and (VI1.3.13) hold for all J" < J.

Recall from Subsection 3.c the definitions of n((v,)n,) and A((vy,),), where (vy,), is a sequence in n. We
distinguish wo cases

Case 1. n ((wJ—l,n)neI,;_l) = 0. In this case we stop the process and let ¢; =0 for all j > J.

Case 2. i ((w‘]_lm)nel‘,fl) > 0. In this case, there exists an element ¢ ; of A ((wJ_17n)n61J71) such that

1
(VI3.14) sl = 5 (s amdnct, ).
and we choose I; C I;_; and a sequence (gj.n)ner, ,
-1
(V1.3.15) wim ——
’ ne

weakly in L.
We next prove that the orthogonality conditions (VI.3.12) hold for J' = J. By the induction hypothesis
((VI1.3.12) with J' = J — 1), it is sufficient to prove (gxn)n-L(gsn)n for 1 <k < J.
We have (by the induction hypothesis (VI.3.13) that hold for 1 < J' < J —1),
J—1

TenO9im | Gk i
S i, =l ——
]:1 J
and, by the induction hypothesis and Claim VI1.3.6
~Log; n
1<j#k<JT—1= " —0
J
Thus
-1
Ikn
(VL.3.16) wJ]il,n —0

nely

Assume that (gj,n)ner, and (gg n)ner, are not orthogonal. Then there exists I' © I; and g € G such that
li g
m gy 0g;, =9

Hence from Lemma VI1.3.2 and (VI1.3.16),
95n 0
nely

which contradicts (VI.3.15). Thus

(gk:,n)nEIJL(ng)nEI‘m 1 S k S J -1

We have obtained (V1.3.12) for J' = J. As a consequence, using the equality

& g5lous 97 97

IJn-JIm J,n J,n
> ¢ Tw,l, = Un
j=1
and arguing as above we also obtain (V1.3.13) for J' = J. This concludes the induction argument.

This general principle of proof is sometimes called “exhaustion method” .

Step 2. Conclusion of the proof

If there exists a J > 1 such that Case 1 above holds, then we are done: indeed, in this case, w;, does not
depend on J for large J, and (VI.3.6) is an immediate consequence of the definition of 1 and A and Corollary
VI1.3.9.

It is easy to see, expanding the square of the norm of u,, = ijl g&?’”" + wy, and using the orthogonality
of the modulation parameters and Claim VI.3.6, that the Pythagorean expansion (VI1.3.7) holds for all J.
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Next assume that Case 2 holds for all J > 1. Using a diagonal extraction argument, we obtain I C N and,
for all j > 1, profiles ¢;, and sequences of parameters (g;n)ner such that (VI.3.3) and (VI.3.4) hold. Again,
the Pythagorean expansion follows easily for every J > 1.

It remains to prove (VI.3.6). By the Pythagorean expansion (VI.3.7), we see that

D sl < oo,

i>1
and thus
lim [|p; | = 0.
j—o0
By the choice of ¢;, (VI.3.14), this implies
lim 7 ((wyn)n) =0,
J—o0

and the conclusion follows from Corollary VI.3.9. O






CHAPTER VII

Nonlinear profile decomposition and compactness/rigidity argument

The goal of this chapter is to extend the decomposition of bounded sequences of solutions of the linear wave
equation from the previous chapter to bounded sequences of solutions of the quintic wave equation

(W5) (02 — A)u = ou®,

where o € {£1} is fixed, and to give an application, the compactness/rigidity method, which is part of the
proof of Theorems V.2.5 and V.3.8.

The possibility of finite time blow-up is a major obstruction to this nonlinear profile decomposition. We
will see however that it is possible to achieve the decomposition with a natural assumption on the profiles that
exclude finite time blow-up.

VII.1. Nonlinear profile

Recall that a linear profile is a couple (¢, (gn)ne1), where ¢ € LW and g,, € G. Given such a linear profile,
we seek for a solution u of the nonlinear wave equation (W5) such that

— —
(VIL1.1) lim_{|u?"(0) — ¢ (O)HH — 0.

n—roo

This is possible with an additional assumption on the sequence (g, )n:

DEFINITION VIL1.1. We say that the sequence (g, )ner € G is tidy when there exists 7 € RU{+o0}U{—oc0}
such that

LEMMA VIL1.2. Let o € LW and (gn)ner € G' a tidy sequence. Then there exists a solution u of (W5),
defined in a neighborhoud of T = lim,, —t,, /A, such that (VIL.1.1) holds.

PROOF. By the definition of the action ¢ — ¢? and a simple change of variable, the condition (VII.1.1) is

equivalent to
t t
i|—)—-3-—= =0.
() -5,

We distinguish two cases according to the value of 7 = lim,, —t,,/A,.

(VIL1.2) lim

Case 1: 7 € R. Let u be the solution of (W5) such that @(7) = @(7). Then by continuity of the H-valued
functions @ and &, (VII.1.2) holds.

Case 2: 7 € {£oo}. We know by the existence of wave operators (see Theorem V.2.4) that there exists a
solution u of (W5), defined in a neighborhood of 7, such that

lim () — G(t) |, = O,

and (VIL.1.1) follows. O

VII.2. Nonlinear profile decomposition

Consider a sequence of initial data (@, )nen Wwhich is bounded in H. Let (ur,)nen be the corresponding
sequence of solutions of the linear wave equation, with @y, (0) = @y, ,. By Theorem VI.3.7, there exists I' C N
such that (upn)ner has a profile decomposition:

J
(VIL.2.1) ULn = QP +wyn,
j=1
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where (gjn)n-L(grn)n for j # k, and
lim limsup ||wy | pecrs =0,
J—o0 ner !

which implies
lim limsup ||wyp,||Lspi0 = 0.
J—o00 nel’ !

Extracting subsequences at fixed j, and using a diagonal extraction argument, we can assume that there exists
I C T such that for all j, the sequence (g n)ner is tidy. By Lemma VIL.1.2, we can associate to each linear
profile ¢;, (g;n)ner a nonlinear profile Uj, that is a solution of the nonlinear wave equation (W5) such that

—
. 9j,n o _
Jm o0 - o), =0
The linear expansion (VIL.2.1) gives
o
(VIL.2.2) o =Y UP"(0) +wsn(0) +0n(1), in H, nel
j=1

It is reasonable to think that the U fj " are decoupled at first order because of the orthogonality of the parameters,
and that (VII.2.2) implies for the solution u,, of the nonlinear wave equation (W5) with initial data @, (0) = g,
an expansion of the form: w,(t) = Z‘j]:l U;’J’" (t) + wyn(t) + 0,(1), where 05, (1) is small when J and n are
large, in a sense to be specified. It turns out that such an expansion can be obtained with an additional
assumption on the profiles:

THEOREM VII.2.1 (Nonlinear profile decomposition). Let (tp n)ner be a bounded sequence in H that admits
a profile decomposition with profiles ©;, (gjn)n. Assume that for all j, the sequence (g;n)n is tidy, and consider
Uj, the nonlinear profile associated to ¢;, (¢jn)n. Assume that U; scatters in both time directions. Let u, be
the solution of (W5) with initial data Wy ,. Then for large n, w, is global and scatters in both time directions.
Moreover,
n
(VIL.2.3) Uy = Y U™ 4w +1m,
j=1
where
Jinn tmup (110l 5 )+ 509 720 ()1 =0)
This result is due to Bahouri and Gérard (see the main result of [3]). In [3], the authors consider the

defocusing equation (¢ = —1), but the proof works as well in the focusing case, assuming that all the nonlinear
profiles U7 scatter.

REMARK VIIL.2.2. The assumption that U7 scatters in both time direction is equivalent to the fact that the
maximal interval of existence of U7 is R and that U’ € L?(R, L'°).

The proof of Theorem VII.2.1 is based on a refinement of the stability result (Theorem IV.5.1 above) that
we will now state.

VII.3. Long time perturbation theory

THEOREM VII.3.1. Let M > 0. There exist a small ep > 0 and a large Cpy > 0 with the following
properties. Let I be an interval and ty € I. Let v € L>(I, L'°) with

(VHSI) HU||L5(I,L10) < M,
such that

(VII32) ||6HL1(I,L2) <e<em
where

e=0%v— Av —ov®.
Let u be a solution of (W5) such that
(VIL3.3) l|li(to) — U(to)ll4 <€ <em.
Then wu is defined on I and
llu— vl L5110y + stu? lE(t) — () ||ln < Cume.
€
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SKETCH OF PROOF. The proof of this long-time perturbation theorem is a refinement of the proof of Theo-
rem IV.5.1. To lighten notations, we assume to = 0 and consider only positive times, letting I = [0, 7] (without
loss of generality due to the reversibility of the equation). We divide the interval [0, 7] as follows:

ap=0<a; <...<ap="T,
where
||1JHL5([QJ',‘1J'+1]7L10) <94 O0<j<n-1
and ¢ is a small universal constant to be specified. We choose n in order to minimize the number n of subdivisions.
This can be done, for example, by choosing a; such that |[v| s ((a;,q,,,],210) = 6 for 0 < j < n—2. We thus have
M? > vl 257, g0y > (0 —1)87,

which gives n < M?°.

Let t € Imax(w) N [a;,aj+1]. Then by Strichartz estimates and the equations satisfied by u and v,

= 0l L5 (a4, 010y S Nlell o, L0y + ||u® — ”5||L1([o,t],m> + [ld(a;) — (az)|ln

S e+ lliag) — #a;)lae + = ollus o0y (Il = ol3s 0,000 + )

Assuming ||@(a;) — ¥(a;)||% is small, and using also the smallness of §, we obtain, by a bootstrap argument,
Vt € [a;,a541] N Imax(w),  [[u = vl|L5((a, 4,210y < Ce+ C [|i(az) — T(az)lly, »
and thus, using energy estimates again
Vt € [aj, aj41] N Imax(u), (@) = 0()[l < Ce + Cllti(az) — lag)|l4, -
By induction on j, provided that ¢ is small enough, we deduce that u is defined on [a;, a;41], for all j € [0,n—1],
that
[d(a;) — v(az)]ln < 10C7¢,

and finally

sup [|a(t) - 5(t) s < 200",
0<t<T

and

||u — 'UHLS([O’T]’LH)) < 20nC"e.
This concludes the proof. Note that the argument needs C"e < 1, which is a smallness assumption on &
depending only on n, thus depending only on M since n < M?°. |

VII.4. Proof of the nonlinear profile decomposition

We next give a sketch of proof of Theorem VII.2.1.

We let
J

Vin = ZU]»gj’" + wJJn
j=1
We will check that for large J and n, v;, and w,, satisfy the assumptions of Theorem VII.3.1. More precisely,
we will prove that there exists M > 0 such that for all J > 1,

(VII41) lim sup ||UJ,7L||L5(R,L1°) < ]\47
n—oo

and letting
egn = (8)52 — Ny, — avin,

one has

(VIL4.2) lim limsup [lenl 11 (&, z2) = 0.
J—=0 pooo ’

Since

im {|,(0) = 77,0 (0) |2 = 0

by the definition of the nonlinear profiles, we see that for a large fixed J, we can apply Theorem VII.3.1 for
large n, and that the conlusion of Theorem VII.2.1 hold.
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Proof of (VI1.4.2). We have

5
J

J
UZ Ug” - ZU;”’”—FwJ’n
Jj=1

Jj=1

Using the elementary inequality

2| 2a| | X aflal,

j J 1<j#k<T
(see Claim C.0.1 in the appendix), we obtain
lesnllor@ c2y < Co Y U UL | pape + winll2s po-
itk
By the orthogonality of the parameters, we have
: 9j,n\4779k,Nn
Jim [[(UF") U

L1112 :O

for j # k (see Proposition C.0.2 in the appendix). Since

hm limsup ||w | LsL10 = 0,
n—oo

we obtain (VIL.4.2).
Proof of (VI1.4.1). The same argument as above gives

J J 5
>y - (L)
j=1 j=1

= 0.
Lir?

This proves
J J

ZU]‘%’" —hm Z Ug]"

=1 L5 10 i=1 L1L2

5

J
<Y U115 110,
j=1

n

by the triangle inequality in L'L2.
Let Jy > 1 such that for j > Jy+ 1
lesll = 1&5(0)l2 < 6/2,
where the small constant 6 > 0 is given by the well-posedness theory. By Theorem IV.3.1, for j > Jy + 1, the
corresponding nonlinear profile U; is global and satisfies |Uj|| ;5,10 < Cll¢;]]. Since U; € L°L' for all j by our
assumptions, we obtain, for J > Jy + 1,
J Jo
Y MG sz00 < DTG5 100 + C Z s 1.
Jj=1 Jj=1 Jj=Jo+1
By the Pythagorean expansion (VI1.3.7),
J

> llesl® < (ZII%II )’ < lim sup [, (0) 3.

j=Jo+1
Combining the inequalities above, we obtain (VII.4.1) with
Jo

M= (Uil }s 00 + C Z ||s01||5+buphmbup||w | s 1o,
J=1 j=Jo+1
which is finite. U
**%* End of the course April 19th***



APPENDIX A

Bochner integrals

(See e.g. section 1.2 in the book [6].)
Using the Lebsegue integral for scalar valued functions, we can define integrals of functions defined in a
Banach space. Fix a Banach space B and an interval I. A simple function s: I — B is a finite sum of the form:

where b; € B and F; is a measurable subset of I.
The integral of f on I is then defined as [, f = Y7 | |Ej|b;, where |E;| is the Lebesgue measure of E;.
One says that a function f : I — B is measurable if there exists a sequence (s, ), of simple functions such
that
li_)m Isn(t) — f(¢)||p for almost all ¢t € I.

If f is measurable, the function ¢t — || f(¢)|| 5 is measurable. One says that f is Bochner-integrable if there exists
a sequence s, of simple functions such that

lim/Hsn — fllB=0.
noJrI
In this case, the integral of f on I is defined by

f= lim [ sy,
I n—oo

where s, is any sequence of simple functions such that lim, . [; [|s, — f|lz = 0.
S. Bochner has proved that Bochner-integrability is equivalent to the condition:

J11s <.
H/f ) < [l

More generally, for 1 < p < oo the space LP(I, B) is defined as the space of measurable functions such that
J7 If|IP < oo. In this case, we denote by

1/p
1 fllzecr,) = </1 ||f(t)||pdt> .

We will mainly use these spaces with B = L?(RY) for some ¢ € [1,00). One can prove that a function
f € LP(I,LY(RYN)) can be identified with a L. . function on I x RY, and that the space C°(I x RY) is dense

loc

in LP(I,L9(RY)). In these notes, using these properties, we will mostly see LP(I, L(R")) as the closure of
C(I x RY) for the LP(I, LY(RY)) norm.

and that
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APPENDIX B

Completion of the proof of Strichartz estimates

This appendix is dedicated to the proof of the L*/L*/3 dispersion inequality II1.3.5. This proof uses the
Riesz-Thorin interpolation Theorem, and some elements of Littlewood-Paley theory which we recall in Sections
B.1 and B.2?

B.1. Interpolation
We first recall an interpolation Theorem for a linear operator between LP space.
THEOREM B.1.1 (Riesz—Thorin interpolation Theorem). Let (X, ), (Y,v) be measure spaces. Let

¢ 6]0,]—[; (PoaplaQO»(IhP;(I) € [1700]6
with
1 6 1-606 1 6 1-6
(B.l.].) —:——"— , 7:7+ .
P Po p1 a9 4o il
Let A be a linear operator defined on LP°(X) + LP'(X) which is bounded from LP°(X) to L?(Y) and from

LPY(X) to L1 (Y). Then A is a bounded linear operator from LP(X) to LY(Y), and

1Al o () 20y < 1A r0 301 20 o AN ) s -

In the theorem, ||A|| g r denotes the operator norm of the bounded operator A : E — F, where E and F
are Banach spaces. Theorem B.1.1 is classical. See e.g. [26, Chapter 2, Section 2].

B.2. Littlewood-Paley theory

We next give a few elements of Littlewood-Paley theory, which is a useful Fourier analysis tool to study
LP spaces with p # 2. What follows is by no mean a complete account on Littlewood-Paley theory: we will
just state the needed results, and will give only some of the proofs. We refer to [2, Chapter 2] for a complete
introduction to the subject.

We will need Young’s inequality for the convolution

THEOREM B.2.1. Let f € LYRY), g € L"(RY) with 1/q+ 1/r > 1, and p defined by +1=L+1 Then

(1 T
frg) = [ fa-
is defined for almost every r € RV and

(B.2.1) 1f*glle <[l fllzallgllzr,

EXERCISE B.1. Prove Young’s inequality. Hint: start with the cases (¢,7) = (1, 1), (¢,7) = (00,1), (¢,7) =
(1,00) and use the interpolation theorem B.1.1.

We start with some inequalities on frequency localized function.
THEOREM B.2.2 (Berstein-type estimates). Let 1) € C§°(RY). Then if 1<g¢g<p<o
(B.2.2) v eSRY), WA>0, 6D sAETD|s|

Assume furthermore (&) = 0 for £ close to 0. Then, if s € R and p € [1, 0],

(B.2.3) Vi e SRY), VA >0, H|D|Sw(AD)fHLp ~ A w()\D)fHLp
Moreover, if s € N,
(B.2.4) VfeSE®RY), YA>0, sup |02 wOD)S) HL ~ 25|

|a|=s P
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In the theorem, the implicit constants might depend on v, but of course not on f and A > 0.

PROOF. Step 1.
We first prove (B.2.2) for A = 1. We have
(B.2.5) Y(D)u = (Fo)  u,

where f * g is the convolution of f and g. This is a classical property of the Fourier transform, which can be
checked by an explicit computation of F(1)(D)u). Note that F¢ € S C ()<<, LP. Using Young’s inequality
we obtain that (B.2.2) holds for A = 1, i.e. that there exists C' > 0 such that

Ve S®RY), (D)l < [Ifllza-
Step 2: rescaling. Denote by Thu(x) = u(Ax). By a simple change of variable, one can prove
U(D)(Tou) = Tx (Y(AD)u)
Thus by Step 1,
1T (p(AD)W) | Lo S I Txul| g -
Since || Txfll» = 5775 I fllze, we obtain (B.2.2) for any A > 0.

Step 3: proof of (B.2.3).
Let x € C§°(R®\ {0}), such that x(&) = 1 if & € supp(¢)). Then

1

[DI*(AD)u = [DI*X(AD)Y(AD)u = 1-Z(AD)$(AD)u,
where Z(&) = [€|°x(&). Using (B.2.2) with p = ¢, we obtain

1
(B.2.6) [1DIFADul S 35 [$ D)l -

Using (B.2.6), with s replaced by —s and u replaced by |D|*x(AD)u, we obtain
[e(D)u],, = 1D vAD)DI*ull,, £ A [EAD)IDI .

This concludes the proof of (B.2.3).
Step 4: proof of (B.2.4). First, we have
1

’Lp - ‘ ~ el

where y is as above and E,(&) = (i€)*x(£). The estimate 5 in (B.2.4) then follows from (B.2.2) with ¢ = p
Next, if s is even, we have |D|* = (—A)*/2, which shows that (B.2.3) implies the other estimate in (B.2.4).
If s is odd, we write

(B.2.7) Hmwwg f

9 x(AD)Y(

=, (AD)(AD) fH

1 _
| = WODIDI o fla £ s |21D1 O,
1
~ 1 sup 950D
|a|=s+1
and we conclude with (B.2.7) that the inequality 2> in (B.2.4) holds in this case also. O

The Littlewood-Paley theory is based on a dyadic decomposition of a distribution f € S’(RY). We fix once
and for all a radial function ¢ € C§°(RY) with ¢(&) = 1 if |¢| < 1/2, and p(x) = 0 if |z| > 1. We let

050 =¢(55) - (5) =0 (5). ©=ve2 -0,

supp©; C {2771 < [¢] < 27, Z 0,( , (£#0),

j=—00

We have

where the sum is, for any fixed &, a finite sum. We denote
Ajf =0;(D),

so that (at least formarly) f = Z;ez ;(D)f (Dyadic decomposition of f in frequencies). If f € Sp, it is easy

to prove that this sum converges in S.
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We have the inequality

(B.2.8) vE£0, L<Y e <L
JEZ

EXERCISE B.2. Prove (B.2.8). Hint: Let
A€ =Y 0;(6), BE = 6,0

j odd Jj even
Check that if £ # 0,
A+ BE) =1, A€ =) 0, B =) 5.

Jj odd j even

Combining with Plancherel identity, it follows that if f € S(RY),
(B.2.9) £ @ny = D 185 F 112w,
JEZ
and more generally,
(B.2.10) 113 = DA DI flige = D (2%)* (1A £
JEL JEZ
The situation is more complicated for p ## 2. Nevertheless, we have the following estimates:

THEOREM B.2.3. For allp € (1,2], for any f € S
(B.2.11) D IA Iz SIFIZ
jEZ
For all p € [2,00), for any f € L?,
2
(B-2.12) A1 S D18 £ 10
JEZ
We omit the proof refering the interested reader to [2, Theorem 2.40].
EXERCISE B.3. Prove:
e Forall p € [1,2], for any f € S
(B.2.13) 1A S D185 F117,
JEZL
e For all p € [2,00], for any f € LP,
(B.2.14) Do IAFIE, SN
j €z
(where the sum has to be interpreted as sup; [|A; f||Le when p = 00).
Hint: Start with the cases p = 1 and p = 2 for (B.2.13) and p = oo and p = 2 for (B.2.14), then use an

interpolation argument.

The two estimates of Exercise B.3 complete the estimates of Theorem B.2.3. The proofs are simpler than
the proof of Theorem B.2.3, but are not detailed here since we will not need these estimates below.
Note that there is no perfect equivalence between the norm || f||z» and a norm defined as a ¢7 norm of the

sequence ([|A;f|[rr); if p # 2.
Let us mention that the quantities

(B.2.15) 171 =D AT
sq jEZ

appearing in (B.2.11), (B.2.12), (B.2.13) and (B.2.14) defines the norm of the so-called Besov space Bqu. See
Sections 2.3, 2.4 and 2.5 of [2] for more details on Besov spaces.
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B.3. Proof of a dispersion inequality
In this Section, we prove the dispersion inequality (III.3.5), which we recall:
- 1
it|D|_~
2
1D

using the tools introduced in Sections B.1 and B.2.
Step 1: frequency-localized dispersion estimate.

We will use the Littlewood-Paley decomposition of ¢, o = 3 jez Ajp. In this step we prove the following
frequency localized version of the dispersion inequality for the wave equation

(B.3.1)

1
< W”‘P”L“Sﬂ
L4

citl D
(B.3.2) Vi, ‘

Z A,
] 3P
We let ¢; = Ajp. By the dispersion inequality for the full wave equation and Theorem B.2.2, we have

27
S THAﬂPHLl-

oo

sin(t|D]) 1 27
— %l S llesllina = el
D] 7| e TR g T
and )
cos(t|D|) 1 1 27
‘Dl Lp] oo 2j HCOS(t‘DD(ijLOO ~ 2J|t| ||(pj||W2,1 ‘t| ||<pj HLI'

Step 2. A L4/L4/3 dispersion inequality
We next introduce A;f = A;_1f + A;f + Ay f. Noting that ©;_1 + ©; + 0,41 = 1 on the support of
O;, we see that AjA;f = A;f. For fixed t > 0 and j, consider the operator eit|D||D|’1Aj. By Step 1, it is a
bounded operator from L' to L>°, with operator norm < 27/t. By Plancherel and Theorem B.2.2, it is bounded
from L? to L? with operator norm < 277. Using the interpolation Theorem B.1.1, we obtain that e*/P!|D|~1A;
is a bounded operator from L*/3 to L* with operator norm < t~!/2. Using that AjA; = Aj, we deduce
. 1
it|D]_Z A
|D| iP
Taking the square and summing up, we deduce (using Theorem B.2.3) the inequality (B.3.1).

e

1
S W||Ajé0||L4/3~
L4

B.4. Alternative proof of the Strichartz estimate for the half-wave equation

To illustrate the tools introduce Section B.2, we give here a proof of the Strichartz inequality (III.3.1)
from (II1.3.7) that does not use the Sobolev inequality (II1.3.8), but rather Theorems B.2.2 and B.2.3. By the
preceding step, applied to A;|D|y, we have
2

Jle1PIA , 2
(BA.1) 2| P850, e < 1251D1
By Theorem B.2.2 (Bernstein inequalities), at fixed ¢,
€7 Al S 2972 [P g0,

Taking the L* norm in time, then summing up the squares, we obtain

. . 2
(B.A.2) >l 1P Al e 52|
J J

eit|D|Aj(p‘

< : 2
LA(RxRS) ~ ; 1A;1D]el| 72
where we have used (B.4.1) to obtain the last inequality. The right-hand side of (B.4.2) is ~ ||g0||§q1 by Plancherel
equality (see (B.2.9)). We must prove that the left-hand side dominates Hei”D'(pHL%m. Let u = e'*IPlp and
u; = Aju. By Minkowski inequality (i.e. the triangle inequality for the L?(R) norm), we see that

S luslidazse = ||l sages | g, = |20 s O
JEZ JEZL JEZ

By Theorem B.2.3, at fixed t,

L2(R)
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B.4. ALTERNATIVE PROOF OF THE STRICHARTZ ESTIMATE FOR THE HALF-WAVE EQUATION

This shows
1/2
= Hu||L4L12a

> luslazse 2 [|lalEees)
JEZL

which together with (B.4.2) concludes the proof of Proposition III.3.1.

‘L2(R)
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APPENDIX C

Proof of two technical results

In this appendix we prove two results that are needed in the proof of the nonlinear profile decomposition
(Theorem VII.2.1).

CramM C.0.1. Let J > 2 There exists Cj > 0 such that for all (a;); € R7, one has

J J
D4 -Qa)’|<C > djlal
j=1 j=1

1<j#k<T

ProOF. Expending (Z;jzl a;j)® we obtain

J

>d (Z ) _Zﬂlw

Jj=1 Jj=1 (k)i k

where the sum is taken over all 5-uple (ji)r with 1 < ji < J such that at least two of the indices jj are distinct.
Let 1 < /¢; # {5 < J such that

lae,| = max la;|, |ag,| = max |as].
]7621

Then for all 5-uple (jx)r with at least two distinct indices ji, we have

5
H |a’jk| < a?1|aj2|-
k=1

This yields, for a constant C,
J J 5
S (Y a) | < Culaf, lacl,
j=1 j=1
and hence the conclusion of the Claim. O
PRrROPOSITION C.0.2. Let (gn)n, (hn)n be two orthogonal sequences of G. Let u,v € L>(R, L'?). Then
=0.

gn H
i e )|

PROOF. Let U,V € L°L'. Writing
uIn (Uh”)4 —_U9n (th)él —y ((vhn)él _ (th)él) + (ugn _ Ugn)(vhn)zi7
we see that

Hugn (Uhn )4 _ Ugn (th)4 HL1L2
<10l = Vs polfull zs o (Jollzspro + [V £spio) + [lu = Ull ps o IV 25 Lo
Using the density of C°(R*) into L°L9, we deduce that it is sufficient to prove the conclusion of the claim
assuming u,v € C°(R*). The proof is elementary in this case and we leave it to the reader. O
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