Chapter 3. Dispersive Behavior

3.1. Orientation.

In this chapter we return to Fourier analysis techniques as in Chapter 1. The Fourier
transform of the solution is written exactly and then analysed.

The results show how the geometry of the characteristic variety of L = L;(09,) is reflected
in qualitative properties of the solutions of Lu = 0. The main idea is that when the
characteristic variety is curved, the corresponding solutions tend to spread out in space.
This dispersive effect is reflected in solutions becoming smaller in L>°(R?) in contast to
L?(R%) conservation.

Three simple examples illustrate the theme. The scalar advection operator
L =08 + v.0,, (3.1.1)

in dimension d and the system

ov 1 0 ov
§+<0 _1> 5y =0 (3.1.2)

in dimension d = 1 have only purely translating modes. The characteristic variety of
(3.1.1) is the hyperplane 7 + v.{ = 0 and for (3.1.2) it is the pair of lines 7+ & = 0. In
both cases the variety is not curved at all.

The system analogue of [y 4o,

1 0 0 1
L =0 + (o _1) o1 + (1 0) By (3.1.3)

behaves differently. Each component satisfies 0j you = 0. For smooth compactly supported
data, they decay (in sup norm) as t~1/2. The characteristic variety is 72 — |£|? = 0. Since
all charateristic varieties are conic their Gauss curvatures vanish. The present variety
intersects 7 = 1 in a strictly convex set. So the variety is as curved as a conic set can be.

Exercise. Prove the decay rate for compactly supported solutions of O ou = 0 by
expressing solutions as convolutions with fundamental solution(s).

For all three examples the L?(R?) norm is perserved during the time evolution.

For the solutions of the transport equation associated to (3.1.1), the size of the support of
solutions does not change in time. For (3.1.3), solutions spread out over a set whose two
dimensional area grows with time. The spread together with L? conservation, explains the
decay.

In optics, the word dispersion is used to mean that the speed of light depends on its
wavelength. In that sense, none of the above models is dispersive. The dispersion relations
of the first and third models are

T = —v.g, and T = (¢



Both are positive homogeneous of degree one in . Therefore the group velocities —V¢7
satisfy
Ver| = |v], and Ver| = 1,

respectively. In neither case does the speed depend on the wavelength. However for (3.1.2),
the velocity depends strongly on &, though not on |£]. The fact that the group velocities
point in different directions has the effect of spreading the solution, and for large time the
solutions decay.

The variation of the group velocity with £ is given by the matrix of second derivatives
VET. For our homogeneous operators, V¢7 is homogeneous of degree zero, so £ belongs to
the kernel of matrix. The rank can be at most d — 1. The D’Alembertian (44 achieves
this maximal rank so is as dispersive as a homogeneous operator can be.

At the extreme opposite is VET = 0, in which case the dispersion relation is linear in
&. The associated graph is a hyperplane which belongs to the characteristic variety. The
characteristic variety for (3.1.1) and (3.1.2) consist of hyperplanes while for (3.1.3) the
variety is curved. Where the variety is flat, 7 = —v.£, the group velocity is identically
equal to v so does not depend on £. This is the completely nondispersive situation.
Solutions translate without spread.

If the variety contains no hyperplanes, the variation of the group velocity spreads wavepack-
ets. We will show that as ¢ — oo, solutions decay in L°°. These results, presented in
§3.2-§3.3, are taken from [JMR, Indiana Math. J. 1998].

An even stronger notion of uniform dispersion is when the rank of VET is everywhere equal
to d — 1. In this case, the sheets of the characteristic variety are uniformly convex cones
and smooth compactly supported solutions decay at the rate t~(¢=1)/2 as t — oco. This is
investigated in §3.4. In §3.4.1 L' — L decay estimates are proved. These are applied in
§6.7 to prove global solvability of for nonlinear problems with small initial data and high
dimension. In §3.4.3 they are used to derive Strichartz estimates. In §6.8, these estimates
are applied to study the nonlinear Klein-Gordon equation in the natural energy space.

§3.2. Spectral decomposition of solutions.

Since (7,0) is noncharacteristic for L, any hyperplane {a7 + b.£ = 0} contained in the
characteristic variety must have a # 0. Therefore, it is necessarily a graph {r = —v.£}.

Over each £ € R? there are at most N points in the characteristic variety. Therefore,
the number of distinct hyperplanes in the variety can be no larger than N. Denote by
0 < M < N the number of such hyperplanes, Hy, ..., Hyy,

Hy={(r,§) : 7=-v;.£{}, j=1,....,M<N. (3.2.1)

Examples. 1. When d = 1 the characteristic variety is a union of lines so consists only
of hyperplanes. There are no curved sheets.

2. The operator from (3.1.3) has characteristic variety is given by 72 = [£|? so the variety
is the classical light cone, and there are no hyperplanes.
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3. The characteristic varieties of Mawell’s Equations and the the linearization at u = 0
of the compressible Euler equations are the union of a convex light cone and a single
horizontal hyperplane 7 = 0. |

Definition. A wave number w € R%\ {0} is good when there is a neighborhood §) of w
and a finite number of real valued real analytic functions A1 (§) < A2(§) < +-- < A (&) so
that the spectrum of 2?21 A& is {M (&), ..., Am (&)} for £ € Q. The complementary set
consists of bad wave numbers. The set of bad wave numbers is denoted B(L).

Over a good &, the characteristic variety of L cotains exactly m nonintersecting sheets
T = —);(§). At bad points, eigenvalues cross and multiplicities change. The examples
above have no bad points.

Examples. Consider the characteristic equation (72 — [£|?)(7 — ¢&1) = 0 with ¢ € R. If
lc| < 1 then the variety is a cone and a hyperplane intersecting only at the origin and all
points are good. If |¢| > 1 the plane and cone intersect in a cone whose projection on ¢
space is the set of bad points

B={¢: (-1)E=E+...+&}.

When |c| =1, B(L) degenerates to a line of tangency. |

Proposition 3.2.1. i. B(L) is a closed conic set of measure zero in R%\ {0}.

ii. The complementary set, R?\ (BU{0}), is the disjoint union of a finite family of conic
connected open sets ), C R4\ {0}, g € G.

iii. The mulitplicity of 7 = —v;.{ as a root of det L(7,&) = 0 is independent of { €
R%\ (BU{0}).

iv. If A\(&) € C¥(Qy) is an eigenvalue of ) A;{; depending real analytically on £, then
either there is j € {1,..., M} such that \(§) = —v, - & or V?X # 0 almost everywhere on
Q.

Proof. i. Use the basic stratification theorem of real algebraic geometry (see [BR], [CR]).
The characteristic variety is a conic real algebraic variety in R!*4\ {0}.

Over each £ it contains at least 1 and at most N points. Therefore its projection on Rg is
the whole space so the variety has dimension at least d. On the other hand it has measure
zero by Fubini’s Theorem so the dimension is at most d, since d 4+ 1 dimensional algebraic
sets contain open sets.

The singular points are therefore a stratum of dimension at most d—1. The bad frequencies
are exactly the projection of this singular locus and so is a real algebraic subvariety of Rg
of dimension at most d — 1 and i follows.

ii. That there are at most a finite number of components in the complementary set is a
classical theorem of Whitney (see [BR|, [CR]).
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iii. Denote by m the mulitplicity on ©, and m’ the mulitplicity on Qg . by definition of
mulitplicity,
OF det L(T, €)

o =0. (3.2.2)

£€Qy and k<m
T=—Vv;.§
Then OF L(—v;.£,&) is a polynomial in § which vanishes on the nonempty open set €, so

must vanish identically. Thus it vanishes on €, and it follows that m’ > m. by symmetry
one has m > m/.

iv. If X is a linear function A = —v.£ on €y, then det L(—v.£,§) = 0 for £ € Q, so by
analytic continuation, must vanish for all £&. It follows that the hyperplane 7 = —v.£ lies
in the characteristic variety and therefore that A = —v;.£ for some j.

If X is not a linear function, then the matrix Vg)\ is a real analytic function on £, which
is not identically zero and therefore vanishes at most on a set of measure zero in . |

Definitions. Enumerate the roots of det L(7,&) = 0 as follows. Let Ay := {1,...,M}
denote the indices of the flat parts, and for o € Ay, 7(§) := —v,.£. Forg € G and € € Qg,
number the roots other than the {7, : o € Ay} in order 741(§) < 742(§) < -+ < Ty, m(g)-
Multiple roots are not repeated in this list. Let A. denote the indices of the curved sheets

Ac:={(9,5) : g€G and 1<j<M(g)}. (3.2.3)
Let A:= A;UA.. Fora € Ay and ¢ € R? define E,(€) := m(—v;.£,&). For a € A, define

T(7a(£),€) for £€Q,
Eo(§) = (3.2.4)
0 for £ ¢ Q.

The next proposition decomposes an arbitrary solution of Lu = 0 as a finite sum of simpler
waves.

Proposition 3.2.2. 1. For each o € A, E,(¢) € C*(R%\ (BU{0})) is an orthogonal
projection valued function positive homogeneous of degree zero.

2. For each ¢ € RY\ (BU{0}), C¥ is equal to the orthogonal direct sum
CN = ®yeca Image B, (€). (3.2.5)
3. The operators E,(D,) := F*E(£)F are orthogonal projectors on H*(R?), and for each
s € R, H*(R?) is equal to the orthogonal direct sum,
H*(RY) = ®oea Image Eq (D). (3.2.6)

4. If f € S'(R?) has Fourier transform equal to a locally integrable function, then the
solution of the initial value problem

L(0y)u=0, Ulp—o = f (3.2.7)
is given by the formula

Wt &) =) da(t,€) =Y O B (&) F(©). (3.2.8)

acA acA



Remarks. 1. The last decomposition is also written

U= Z Ug 1= Z emeDe) B (D) f .

acA acA

2. Since 7, is real valued on the support of E, (&) the operator e*7«(P=) E (D,) is a
contraction on H*(R?) for all s.

3. If a« € Ay then —it, (D) = va.0,. For a = (g,7) € A., |1a(§)] < C[€], so the operator
To(D,)f is continuous from H® to H*~'. The mode u, = e P=) E (D,)f satisfies
Ottt = 1To(Dy)uq. For o € Ay this is (8t + vaﬁm)ua =0, so

Uy = (EQ(D)f) (:(: — Vat) .

4. Over B(L) only the E, corresponding to the hyperplanes are defined. One does not
have a decomposition of CV. It is important that B is a negligible set for f. The f € L{. .
assumption in 4 is essential.

§3.3. Large time asymptotics.

Definition. Define A as the set of tempered distributions whose Fourier transforms belong
to L*(R?). Then A is a Banach space with norm

1l o= (2m)~ 2 / (o)) de. (3.3.2)

Rd

The Fourier Inversion Formula implies that A ¢ L>(R%) and

[ flpoe ey < [1fla- (3.3.3)

The elements of A are continuous and tend to zero as * — oo. Moreover, the Fourier
transform of f2 is a multiple of f * f and therefore in L!, so A is an algebra. It is called
the Wiener algebra. It was a centerpiece of the Tauberian Theorems of N. Wiener.

Theorem 3.3.1 (L asymptotics for symmetric systems). Suppose that f € A and u is
the solution of the initial value problem L(0,)u = 0, ul;—o = f. Then with the notation
introduced in the preceding section,

lim Hu(t) — Y (Ba(Da)f) (@ = val) H ~0. (3.3.1)

t—o0 L (R4 o
aEAy (D)



Remarks. 1. This result shows that a general solution of the Cauchy problem is the sum
of M rigidly translating waves, one for each hyperplane in the characteristic variety, plus
a term which tends to zero in sup norm. The last part decays because of the dispersion of
waves.

2. The Theorem does not extend to f whose Fourier Transform is a bounded measure.
For example, u := (ei(xl_t), O) is a solution of (3.1.3) with f equal to a point mass. The
characteristic variety contains no hyperplanes so (3.3.1) asserts that solutions with f cL!
tend to zero in L>°(R?) while u(t) has sup norm equal to 1 for all t.

Proof of Theorem. Step 1. Approximation-decomposition. Symmetric hyper-
bolicity implies that for each t,¢, exp (it Y. A;&;) is unitary on CV. Therefore S(t) :=
exp ( —ty y Ajaj) is isometric on A. Since the family of linear maps

fo— SOf- Z (Ea(Dz)f) (x = val)

OéEAf

is uniformly bounded from A to L>°(R?), it suffices to prove (3.3.1) for a set of f dense in
A.

For a € A., Propostion 3.2.1.iv shows that the matrix of second derivatives, VgTa can
vanish at most on a closed set of measure zero. The set of f we choose is those with

feCERN\{BU{}U [J{Ee :  Vin(&=0}}).

acA,

Since the removed set is a closed null set, these f are dense.

To prove (3.3.1) for such f decompose

F=> fa:=Y EaDa)f, ult)=8St)f=> ua(t):=> S(t)fa. (3.3.4)

acA acA

For o € Ay, ua(t) = (Ea(Dg)f) (x — vot) which recovers the summands in (3.15). To
prove (3.15) it suffices to show that for o € A,

Jim (D) ey = 0. (3.3.5)

Step 2. Stationary and nonstationary phase. Part 4 of Proposition 3.2. shows that
for a € A,

Ua(t, ) = /Q Tz £ (e de,  fo € C(Q,). (3.3.6)

g

For each ¢ in the support of f,, there is a vector r € R? so that <V§T(§) r,r)# 0 on a

neighborhood of ¢. Using a partition of unity we can write f, as a finite sum of functions
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h, € C§°(9,) so that for each p there is a r, € CV so that on an open ball containing
the support of h,, (VET(f) r,,r,) # 0. It suffices to show that for each p

lim sup /ei(T"‘('ﬁ)Hm‘g) h,(§) d§ = 0. (3.3.7)

t—o0 zER4

For ease of reading we suppress the subscripts. Write x = tz. For each t > 0, the sup in x
is equal to the sup in z so it suffices to show that

lim sup
t—o0 ZGRd

/ et (T(&)+2.€) h(€) dﬁ’ — 0.

Choose
o > sup }VgT(f)}.

£esupp h
There is a § > 0 so that for all |z| > o,
Ve(r(§) +2.8)] > 6.
The method of nonstationary phase implies that

YN >0, ICn, V2| >0, t > 1, )/ GHTEO+2:) p(g) df‘ < Oyt

It remains to show that

Jlim  sup / T+ p(g) de ) = 0. (3.3.8)
T Jzl<e
Make a linear change of variables in £ so that r = (1,0,...,0) and therefore
2
362—57—1 #£0, on supp h .

Choose R > 0 so that for £ € supp h, || < R. Set

I = {|z] <o} x{l&,...,&| <R} € R' xR*!,

Define
K(t) = sup ’ / e (T(O+=1-8) p(g) dgy
|Z|§O‘7 |£2,...,€d|§R
= sup / eit(T(g)‘FZl-'fl) h(g) dé’l‘ .
r
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Then

sup ’/ et (T(&)+2.€) h(€) dﬁ‘

|z|<o

S / ei(z2£2—|—...-|—zd.£d) </eit(7'+Z1€1) h(f) d£1>d€2 .. dgd
| 27---7£d|§R

\{\52,...,£d| SR}‘ K(1).

IA

It therefore suffices to show that

lim K(t) = 0. (3.3.9)

t—o0

The points of T" are split according to whether the phase 7(§) 4 21£; has a stationary point
with respect to &; or not. If v € I" is such that

ﬁ-l-z
og,

the same is true on a neighborhood of 7. The principal of nonstationary phase shows that

> 0 > 0 forall |z <o [{|<R,

/eit(m(é)-FZ-f) ;}H(g) dé = o)

uniformly on such a neighborhood.

On the other hand if for v there is a stationary point, then the strict convexity of 7 in &
shows that it is unique and nondegenerate. Therefore for nearby - there is a nearby unique
and nondegenerate stationary point. The inequality of stationary phase (see Appendix)
implies that

/eit(Ta(§)+2-€) fALM(f) d¢, = O(t—1/2>

uniformly on a neighborhood of 7.

Covering the compact set I' by a finite family of neighborhoods proves (3.39) and therefore
the Theorem. |

Definition. The operator L purely dispersive when its characteristic variety contains
no hyperplanes. It is call nondispersive when its characteristic variety is equal to a union
of hyperplanes.

The nondispersive operators have a discrete set of group velocities. The characteristic
variety of purely dispersive operators have only curved sheets. The latter name is justified
by the next Corollary.

Corollary 3.3.2. If L = L1(0,) is a constant coefficient homogeneous symmetric hyper-
bolic operator, then the following are equivalent.
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1. The characteristic variety of L contains no hyperplanes (i.e. L is purely dispersive).
2. Every solution of Lu = 0 with U"t:() € O5°(R?) satisfies,

Tim flu())] sy — 0. (3.3.10)

3. Every solution of Lu = 0 with u‘t:O € A satisfies (3.3.10).

4. If 7(&) is a C* solution of det L(7,£) = 0 defined on a open set of ¢ € R? then for
every v e RY, {¢ € RY : Ver = —v} has measure zero.

Proof. Theorem 3.3 shows that 1 < 3. To complete the proof we show that 3 < 2 and
1< 4.

The assertions 2 and 3 are equivalent because the family of mappings u(0) — u(t) is
uniformly bounded from A — L, and C§° is dense in A.

That ~ 1 = ~ 4 is immediate.

If 4 is violated there is a smooth solution 7 so that V7 = —v on a set of positive measure.
It follows from the Fundamental Stratification Theorem (see [BR],[CR]) that V7 = —v
on a conic open real algebraic set of dimension d in R?\ 0. Then 7 = —v.£ on this set
and we conclude that the polynomial det L(—v.£, ) vanishes on this set and therefore
everywhere. Thus the hyperplane {r = —v.{} is contained in the characteristic variety
and 1 is violated.

Thus 1 and 4 are equivalent. |

Remark. Part four of this Corollary shows that for any velocity v the group velocity
—V¢T associated to a curved sheet of the characteristic variety takes the value v for at
most a set of frequencies £ of measure zero. |

The nondispersive evolutions are described in the next results.

Corollary 3.3.3. If L = L,(0,) is a constant coefficient homogeneous symmetric hyper-
bolic operator with Ay = I, then the following are equivalent.

1. The characteristic variety of L is a finite union of hyperplanes.
2. (Motzkin and Tausky) The matrices A; commute.

3. Ifu satisfies Lu = 0 with u(0) € A and ||u(t)|| o ey — 0 ast — oo, then u is identically
equal to zero.

Proof. 2 = 3. A unitary change of variable u = Vv replaces the equation Lu = 0 with the
equivalent equation Lv = 0 with A; := V*A;V. When the A; commute, V can be chosen
so that the flj are all real diagonal matrices. Property 3 is clear for the tilde equation
as each component of the solution rigidly translates as time goes on. The only way its
supremum can tend to zero at t — oo is for it to vanish.

3 = 1. This is an immediate consequence of Theorem 3.3.
1 = 2. This is a result of Motzkin and Tausky.
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Theorem 3.3.4. (Motzkin and Tausky) Suppose that A and B are hermitian N x N
matrices. The eigenvalues of €A + nB are linear functions of £, n if and only if A and B
commute.

Proof. We must show that linear eigenvalue implies commutation. The proof is by
induction on N. The case N = 1 is trivial. We suppose that N > 1 and the result is
known for dimensions < N — 1.

Consider the characteristic variety det(r +¢A +nB) = 0. Choose a good point (§,7) so
that above this point the variety has k£ < NN real analytic sheets. If n = 0, leave the spatial
coordinates as they are. If n # 0, change orthogonal coordinates in R? so that (§,m)is a
mutiple of dy;. In this way we can without loss of generality assume that above n = 0 the
variety consists of k real analytic sheets.

For s small the eigenvalues of A+ sB are real analytic function \;(s) with A;(0) < A;41(0)
for 1 < j < k—1. Denote by p; the multiplicity of A\;(0) and therefore of \;(s) for s small.
By hypothesis the \;(s) are affine functions of s so A\ = 0. We use this only at s = 0.
By a unitary change of variable in CV one can arrange that A is block diagonal with
diagonal entries \;(0)1; ;-

Corresponding to this block structure and the eigenvalue A1, one has one has

S dlag(Ime,Ouzqu, N .,Oukwk) :

1 1

(3.3.11)
Q = dlag(omxuw mluzxuzv e mjﬂkxﬂk> :

The matrix B has block structure

Bl,l BLQ ..... B1 k
B — Bg’l B2’2 ..... ng :
Bk,l Bk72 Bk,k

with B;; a p; X pj matrix and B;; = B;‘l
The fundamental formula of second order perturbation theory (see Appendix) yields A7 =
27 BQ Bw. By hypothesis this is equal to zero.

Straightforward calculation shows that

Bii Bip ... By, 0 0 ... 0
1
..... B
B = 8 8 8 ) QBm = Xz—A1 021 0 0
0 0 0 s=Br1 0 . 0

Therefore, the py x pq upper left hand block block of 1Q BQ7 is equal to




Conclude that this sum of positive square matrices vanishes. Thus, for j > 2, By ; = 0
and Bj,l =0.
Thus B and A are reduced by the splitting

CN =M x CNm,

The commutation then follows by the inductive hypothesis applied to the diagonal blocks.
This proves the case N and completes the induction. |

This completes the proof of Corollary 3.3.3. |

Example. The implication 1 = 2 is not true without the symmetry hypothesis. For
example, the hypberbolic system

1 0 1 1
0; + (0 _1)81 + <O 1)62

has flat characteristic variety with equation

(T+& +&)(T—-86+&) =0,

and the coefficient matrices do not commute. The conclusion is correct assuming that the
hyperbolic system generates a semigroup in L?(R9) (see [GR, Hyperbolic multipliers are
translations)).

Theorem (P. Brenner). If L = L(0,) is a constant coefficient homogeneous symmetric
hyperbolic operator then the conditions of Corollary 3.3.3 are equivalent to each of the
following.

i. Forallt € R and p € [1, 00| the Fourier multiplication operator
S(t) = Fle A6 F

is a bounded from LP(R?) to itself.

ii. For somet € R\ 0 and 2 # p € [1,00] the operator S(t) is bounded from LE(R?) to
itself.

Remark. The Fourier multiplication operators are unitary on L?. The properties ii means
that the restriction to S(R) extend to bounded operators on LP, equivalently

1S(@) flLr®e
res@ano | fllzeray

Proof. The conditions of Corollary 3.3.3 implies that after an orthogonal change of basis,
the A; are all real diagonal matrices. It is then elementary to verify that i is satisfied.
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Clearly i implies ii. It remains to show that ii implies the conditions of the Corollary.

If the conditions of the the Corollary are violated, then ii is violated. The first remark is
that ii is stronger than it appears. Since S(t) is unitary on L2, if ii is satisfied then S(t)
is bounded on L? for all p between 2 and p. Thus we may assume that p in not equal to 1
or oo.

For 0 € R\ 0, Lu = 0 if and only if u? (¢, z) := u(ot,ox) satisfies Lu® = 0. It follows that
if ii is satisfied then

IS@lsomzzy = 15® lHomzry < o0, VEF0. (3.3.12)

If ¢ is the conjugate index to p, that is % + % =1, then

(St f, g)
Sl Hom(Laray =  Sup
1) (LZ(R) f,g€S\0 ||f||L2(Rd) ||9||L£(Rd)
f7 S(_t)g)
e () Doty -

£,g€S\0 HfHLE(Rd) HgHLE(Rd)

Thus when ii is satisfied for p it is satisfied for g so we may suppose that p > 2.

When the conditions of Corollary 3.3.3 are violated, there is a conic set of good points €,
and a sheet 7 = 7(§) over §, with VggT # 0 for almost all £ € Q4. Denote by 7(§) with

associated spectral projection. Choose an f € S(R?) with f compactly supported in 2.
Replacing f by 7(§)f we may assume that 7w(D)f = f. Theorem 3.3.1 implies that

Jim [LS(E) fllpe@ey = 0.
Then

—92 -2
IS nsy < IS o<y 15O ey = ISOF 15 gey 1F2agaey — 0.

as t — oo.
Therefore,
IS (S@ | e IF1l e
S(—t > - = - 00 .
A Vi Pl ECYi
Thus (3.3.12) is violated and the proof is complete. 1

Example. It may seem that (3.3.12) together with lim;_oS(¢)f = f might imply that
S(t) has norm equal to 1. That this is not true can be seen from the one dimensional

example
o + (8 ‘f) 9.,
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and LP norm chosen so that for p = 2 one has unitarity,
1 1/2
I un, )l = t/mﬂiﬂ,uz 17 do) ", )l = (] + fual?) 2
Choosing u1(0) = uz(0) = f € C({|z| < p}) one has

lu(O)I} = (V2?5

and for |t| > p,

lu(@)l5 = 211 f1I5-

It follows that for all ¢t # 0 and p < 2, ||S(?)
p > 2.

||Hom(Lp) > 21-P/2 > 1. Reversing time, treats

63.4. Maximally dispersive systems.

§3.4.1. The L' — L> decay estimate.

If 7 = 7(£) parametrizes a real analytic patch of the characteristic variety of a hyperbolic
operator then 7 is homogeneous of degree 1 in . The group velocity v(§) = —Ve7(§) is
homogeneous of degree 0. Therefore {.V¢v = 0 so £ belongs to the kernel of the symmetric
matrix Vev(§) = VET(f). Thus the rank of VET is at most d — 1. When the rank is equal
to d—1 the group velocity depends as strongly on & as possible. The dispersion is as strong
as possible.

Definition. The homogeneous constant coefficient symmetric hyperbolic operator is max-
mally dispersive when

CharL = UL {(r,€) : 7=7(6)]

where for £ € R4\ 0
m1(§) <72(8) .. < Tm(§),

the 7; are real analytic, positive homogeneous of degree one in £, and

Vi, VEERY\0,  rankVir(¢) = d—1. (3.4.1)

Examples. i. The simplest example is

(T = EP) (= *¢f?) = 0,  0<c#1.

The variety in this case consists of two sheets 7 = || and 7 = ¢|¢| which have d —1 strictly
positive principal curvatures. The other sheets bound 7 < —|¢| and 7 < —c¢|¢| and have
d — 1 strictly negative curvatures.
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ii. The next figure gives an example with two sheets bounding strictly convex regions
for which the functions 7; change sign. In particular the generator G = — ) A,0; is not
elliptic since the points where the cone crosses 7 = 0 are characteristic for G.

The next result is closely related to Hadamard’s Ovaloid Theorem which is recalled in
Appendix III.

Propostion 3.4.1. If 7(§) is smooth in £ # 0, homogeneous of degree one and the hessian
has rank equal to d — 1 at all points, then the nonzero eigenvalues of VET have the same
sign. When they are positive (resp. negative) T is convex (resp. concave).

Proof. When d = 2, VET has only one nonzero eigenvalue and the result is immediate.

For d > 3, consider the mapping

[(§) == v(§) = —Ver(§).

The differential of the mapping I' is equal to —VET so £ is in its kernel and it is invertible
when restricted to the orthogonal to &.

Since T' is homogeneous of degree 0, it is natural to consider I' as a map from S¢~1 =
{J¢] = 1}. As such it is an immersion onto a compact d — 1 dimensional manifold, M. The
image is oriented by the image of the orientation of S%~!.

Since ¢ is orthogonal to the image of —VET(é ) it follows that the £ is the unit normal to
M at T'(§). Thus, at least locally, I is the inverse of the Gauss map of M. Since the
differential is invertible it follows that the Gauss curvature of M is nowhere vanishing.
Since & € ker(VgT(f), the unit normal to M at v(§) is equal to . Since the map from
¢ € S971 to v(€) has invertible jacobian, the Gauss curvature of M is nowhere vanishing.
Since d > 3, it follows from Hadamard’s Ovaloid Theorem, that M is the boundary of a
strictly convex set and I' : $9~! — M is a diffeomorphism.

Thus each value —V¢7(£) € M is attained at a unique £ € S41.

The normals to 7 = 7(§) are the nonzero multiples of (1,v(£)). Thus, the hyperplane
{7+ v(§).£ = 0} is tangent at 7 = 7(£) and at no other point 7 = 7(¢) with £’ € 591
It follows that the cone 7 = 7(&) is strictly convex in the sense that its intersection with
its tangent plane conists exactly of the line (R \ 0)(7(&),¢).

14



This implies that the d — 1 nonzero eigenvalues must have one sign. |

Examples. The characteristic variety of a maximally dispersive system consists of m
disjoint sheets, each the boundary of a strictly convex cone.

Lemma 3.4.2 (Pointwise decay). If d > 2, 7 is as above and k € C§°(R®\ 0) then there
is a constant C' so that

u(t,x) = /ei”(g) e 8 k(€) de,

satisfies
()| e gay < C (14 [¢))~ @172, (3.4.2)

Remark. This is the decay rate for solutions of 0jy4u = 0 which corresponds to the
choice 7(&) = £[¢].

Proof. The easy estimate

lult, o) ey < / k(&) de

shows that only the decay for |t| > 1 needs to be proved.

Let

, T = ty.

Then
sup [u(t, )| = sup |u(t,ty)| = Sup)/e”“@”y'@ k(€) de|.
T Y Y

The phase 7(§) + y.£ is stationary when

~Ver(€) = .

The left hand side is the group velocity.

As in Lemma 3.4.1, denote by M the set of attained group velocities which is an embedded
strictly convex compact d — 1 manifold.

For any open neighborhood O of M, the method of nonstationary phase shows that for
any NV,

sup | [ k) de] < Ol
yERNO

as t — 00.

Choose 0 < 71 < rg so that
suppk C {r1 < [£] < ro}.
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Write

/eit(T(€)+y-§) k(€) d¢ = /r2 (/ et (T (€)+y-8) k(r€) da(§)> =1 dr
€[=1

T1

It suffices to show that for any y € M and r € [ry,72] one has
/ O L) do(€) < CJe|~@-V/2,
[€]=1

uniformly for r,y in a neighborhood of r, y.

For r,y fixed, there is a unique { with |{| = r for which the phase is stationary and the
stationary point is nondegenerate because of the rank equal to d — 1 hypothesis. It follows
that for 7,y in a neighborhood, there is a unique uniformly nondegenerate startionary

point. The desired estimate follows from the inequality of stationary phase (see Appendix
I0). |

Proposition 3.4.3. Suppose that 0 < R} < Ry < o0 andw :={£ € R : Ry < [£] < Ra}.
There is a constant C so that for all f € LY(R%) with supp f C @,

'U/(t,f,()) = (27T)_d/2 /el(tTJ(§)+$€) f(g) d£ e eitTj(DI)f

satisfies
(@)l zmge) < €+ )2 g (3.4.3)

The proof is based on a simple idea. The solution u is equal to the convolution of the
fundamental solution with f. The Fourier transform of the fundamental solution at ¢ =0
is equal to a constant. To have an analogous but more regular representation, it is sufficient
that one convolve with a solution whose initial data has Fourier Transform equal to this
constant on the spectrum of f.

Proof. Choose a k € C3°(R%\ 0) with k equal to (27)~%? on a neighborhood of @. Define
G so that G := k. Then since (27)%? k f = f one has G* f = f. Since e®7(P=) is a Fourier
multiplier, one has

u(t) := eit7(Dz) f= eitT(D,;)(f % G) = fx (eitT(Dm) G) '

Then .
)|z < |1 fllze [|€7P=) G L -

The preceding Lemma shows that
TP Gl < C (14 [t i
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The next subsections consist of two different paths for exploiting the estimates just proved.
The first is more elementary and will be used in Chapter 6 to derive, in the spirit of John-
Klainerman, that in high dimensions there is global solvability for maximally dispersive
nonlinear problems with small data. The second is devoted to Strichartz estimates which
are important in trying to treat existence problems with low regularity data. That in
turn is important in trying to pass from local solvability to global solvability for nonlinear
problems for which the natural a priori estimates control few derivatives.

63.4.2. Fixed time dispersive Sobolev estimates.*

We next find decay estimates for ||u(t)||;: for sources with Fourier transform supported in
Aw for 0 < A. The starting point is

lullpm@sy < CHTE D2 flpgay,  suppf Cw. (3.4.4)

Proposition 3.4.4. There is a constant C' so that for all A > 0 and f € L' with
supp f C Aw, the solution of

Lu = 0, u}tzo = f,

satisfies
u(®)lzme < €1~/ [ DI 11 g (3.4.5)

First verify the dimensions of the homogeneous estimate (3.4.5). With ¢, 2 having the
dimensions of a length ¢, the factor |¢t|(*=1)/2 has dimension ¢(*~1)/2, On the other hand,
in

DD Flany = [ 1ID1s] do

the integrand has dimension ¢~ and dz has dimension ¢?¢. In total the right hand side
of (3.4.5) has dimension ¢4=7=(4=1)/2_ Tt is dimensionless as is the left hand side exactly
when

d+1

Proof. Choose ¢ € C§° (]Rg) so that ¢ = |¢|7Y on @. Then

IDI"f = Coyxf, and f = Cy_x*(|D|"f).

Young’s inequality implies that |||D|” f||z: is a norm equivalent to that on the right in
(3.4.4) so

lu(®)llpe@ay < CIIZCD2 DI fllsgay,  suppf Cw.

The material in this subsection is not needed for the Strichartz estimates in the next
subsection
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If uy(t, ) := u(At, \x) then, Luy = 0 if and only if Lu = 0 and 4y (X, &) = A~%a(t, £/N).
The spectrum of u is contained in w if and only if the spectrum of u) is contained in A\w.

Exercise. Show that if fy(x) := f(\z),
D" fa(z) = A77(IDPf)(A).

The change of variable z = Az yields
D fallLr ey = /A_’V(IDI”f)(M) dz = A7 D] fll £ ga) -
Then (3.4.3) yields

lurx®] e = )|, < CX" V2D f ) oo ey

—(d—1)/2
— MY D e

= AT @D @2 DDy | sy

The choice v = (d + 1)/2 is made so that the A factors cancel. 1

Since 4 and f are locally integrable functions, the point £ = 0 is negligible so we have the
Littlewood-Paley decompositions

oo oo

uw= Y x@7Du:= > wu, f= Y x@ID)f:= > f,

j=—o00 j=—o00 j=—o00 j=—o00

where the dyadic decomposition of unity is constructed in the Appendix on the stationary
phase inequality. This expresses a solution of Lu = 0 as a sum of spectrally localized
solutions. The estimates of the next exercise show that |D|? acts like multiplication by
299 on f;.

Exercise. Show that there is an integer k and a constant C depending on o and Y so that
for p € [1, 0]

DI fill,, < €27 > Afaller, (3.4.6)
[n—j|<k
1 fill e < €277 > DI fallzo - (3.4.7)
In—jl<k

Theorem 3.4.5. i. If Lu = 0 and u‘tzo = f then,

d+1

lullz= < CH7D 37D Sl v = =

j=—00

(3.4.8)
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ii. If 0 < 6 < 7y there is a constant C(v,d) so that

o0

> DI fill < O(H\DP“*fHLl(Rd) + H\DI””fHLl(Rd)). (3.4.9)

j=—o0

Remarks. 1. The sum on the right of (3.4.8) is the definition of the norm in the homoge-
neous Besov space B ;. Estimate (3.4.9) yields a bound which is not as sharp but avoids
these spaces.

2. A slightly weaker estimate than (3.4.8-3.4.9) was proved by [Lucente-Ziliotti].

S. Lucente and G. Ziliotti, A decay estimate for a class of hyperbolic pseudo-differential
equations, Math. App. 10(1999), 173-190, Atti, Acc. Naz. Linccei Cl. Sci. Fis. Mat.
Natur. Rend. Lincei (9).

3. It is impossible to have a decay estimate of the form
lu@ = < g@ONfllge,  lim g(t) =0,

with a conserved norm on the right hand side. If there were such an estimate one can
apply it to v(t) =v(t —T) at t =T — oo to find

[u(O)[ L= < g(T) [[fllgs — 0.

The appearance of norms which are not propagated by the equation is necessary.

4. An L' condition encodes more rapid decay as |r| — oo than an L? condition. This is
natural since the energy in a ring R < |z| < R+ 1 can focus at time ¢ ~ R into a ball of
radius O(1). If the amplitude in the initial ring in ~ @ the L? norm is ~ a? R4~1. If the
focused amplitude is ~ A one obtains A% ~ a? R?~!. If this focussing is to take place at
t ~ R and also A% < t=(@=1) that yields a < R~(@=1) which is on the L! borderline. Thus
one cannot have t~(4=1)/2 decay estimates as in the Theorem with L? norms on the right
with p > 1.

Proof of Theorem. i. Estimate (3.4.5) implies
luj @)z < ClI= DD fi s -
Summing yields
lulee < Y lluglze < CLI=@D Y DI f]l e
ii. For j > 0, estimate (3.4.6) implies

1D fille < €27 3 lfallys-

In—jl<k
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Estimate (3.4.7) implies

allp = c27m 30 DI

|m—n|<k

Finally,
HDI fmll o < CHIDI -

Combining yields

S DIl < C D, S 2

320 720 |n—j|<k

With 0 = v+ 9§, the sum is finite, so

STIDP fille < C | IDPFS] L -

720

Exercise. Prove the complementary estimate

STIDP Sl < ¢ IDP2f| 0

§<0

This completes the proof. |

Corollary 3.4.6. For any d/2 > 0 > 0 there is a constant C' so that if Lu = 0, then

u®llzemen < €D (1 fllarsae

(3.4.10)
+ DIV f) gy + (DD ) 1y g )
Remark. The smaller is § > 0 the stronger is the conclusion.
Proof. Sobolev’s inequality yields
[u(®)[ ey < Cllu®)|gorarzmay = ClIfllmovarzmay -
This yields (3.4.10) for |¢| < 1.
For |t| > 1 use the two estimates of the Theorem. 1

63.4.3. Strichartz estimates.
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The estimates involve norms

o 1/q
[ull oy, = ( / lu)1% ) dt)

which integrate over space and time. If such a norm is finite, then the integrand must be
small for large times. This requires r > 2. The estimates express time decay because of
dispersion.

The group velocities lie on the strictly convex manifold M. For a typical Fourier Transform,
an open set of these velocites is sampled. The method of nonstationary phase shows that
for large time the solution is concentrated on the rays with these speeds, starting from the
support of the initial data. Thus, a solution is expected to be concentrated on and spread
over a region of measure which grows like t4~!. An example is concentration in an annulus
p1 < |x| —t < pa. Or even finer, concentration on that part of the annulus subtending a
fixed solid angle.

The conservation of L?(R%) and also Lemma 3.4.2 show that the expected amplitude is
O(t~(4=1/2), Then
() ~ @2 gt

SO

HU}}‘ing N /100 <t_r(d—1)/2 td_1>q/r "

The limiting indices are those for which the power of ¢ is equal to —1, that is with
o :=d—1,

<—_ra + 0) 4 _ -1, equivalently, 2 +
2 r 2

-1
q.

The admissible indices are those for which the power is less than or equal to —1,

g
r

-1
< —.

o,
2 q

=19

Definitions. The pair 2 < q,r < oo is c-admissible if

_|_

=19

o
< —.
-2

|

It is sharp o-admissible when equality holds.

The estimates involve the homogeneous Sobolev norms

. 1/2
Hor sl = ([ i a)
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Theorem 3.4.7 (Strichartz inequalities). Suppose that L(0) is maximally dispersive,
oc=d—1, q,r is c-admissible, and ~ is the solution of

Ld_d
r o2 T

| =

There is a constant C so that for f € L? with |||D|"f||z2 < oo, the solution of Lu = 0,
ult=o = [ satisfies

[ull oy < C DI F]| 12 gay - (3.4.11)

There are two complicated relations in this assertion. The first is the definition of admis-
sibility. It is the crucial one which encodes the rate of decay of solutions. The second is
the definition of 4. Once admissible g, r are chosen, ~ is forced so that the two sides of
(3.4.11) scale the same for (¢,z) — (at,azx). From this perspective the dispersion is key as
it constrains the ¢, r.

There is a diametrically opposite perspective which starts from the scaling relation which
is independent of the dispersion. For example if you are obliged to work with a specific
~ then the scaling restricts 1/q,1/r to lie on a line. Then the admissability chooses an
interval on that line. Changing the dispersion, for example considering a problem with the
same scaling but weaker dispersion leaves the line fixed but constrains the 1/q, 1/r to lie
on a smaller subinterval.

We follow the proof of [Keel-Tao|. Another standard reference is [Ginibre-Velo|. The limit
point case is treated in the first reference. The key step is an estimate for spectrally
localized data.

Lemma 3.4.8. Suppose that o :=d —1, q,r Is o-admissible, and w is as in the Corollary.
There is a constant C so that for all f € L?>(R%) with supp f C @,

u(t) == P f = U@ f, U =U(-t),

satisfies
lull por, < CHIFIL- (3.4.12)

Futhermore, for all F' € L?lL;/ with supp F(t, ) Cw,

L2(Rd) S CHFHL?LQ’ (3413)

HAWU@VF@MH

Discussion. The estimate is true in the sharp admissible case even though for the heuris-
tics given before the definition, the integral diverged. It is not possible to achieve the
concentration suggested in the heuristics with data which has spectrum with support in
an annulus. For example, if one considers the wave operator 0 on R'*3 with data supported
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in |z| <1 the solutions are supported in |z| —¢ < 1 and decay along with their derivatives
exactly as in the heuristic. Thus one gets divergent integrals. However, compact support
and compactly supported Fourier transform are not compatible, and the compact spectrum
is enough to overcome the divergence.

Proof. Denote by (, ) the L?(R%) scalar product. Since.

[T wor e - [ ooerreya - (1 [ verro a).

estimates (3.4.12) and (3.4.13) are equivalent thanks to the duality representations of the
norms,

H/OOOU(t)*F(t) dt‘ - sup{(f,/oooU(t)*F(t) dt) CFeCEw), Iflle =1},

L2(R4)

Joos

e = sup{/ooo(U(t)f,F(t)) dt = F e C(]0,00[xw), [IF|lpe :1},

Estimate (3.4.13) holds if and only if
( / (U@ F() dt | / (U(s)"G(s)) ds)
is a continuous bilinear form on L7 L™, that is

‘/0 /0 (U(s)* F(s), U(t)* G(t)) dsdt‘ < CUF Ly Gy (3.4.14)

Unitarity implies that
Vs, t, B := U@)U"(s), satisfies IBfllz < [Ifllze-
The dispersive estimate (3.4.3) is
Vs,t, [IBfllee < C(t =) fllLr
With 7’ €]1, 2] the dual index to r, choose 8 €]0, 1] so that

1 1 1 2—r" r—2
— = 0= 1-0)- th 0 = = . 3.4.15
7,,/ 1 + ( ) 2 ) en7 7,‘/ r ( )

The Riesz-Thorin Theorem implies that
IBfllr < Ot =8)=" || fll o -
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With Hoélder’s inequality, this yields the interpolated bilinear estimate,
(V)" F(s), U@ G)| < €= 8)" (s |G ).

Admissibility implies that

1< (1 1)_ (7“—2)_0’9
q_a2r_a 2r 2

When strict inequality holds in the definition of admissibility, (t — s)~?% € L%/2(R,).
The hypothesis ¢ > 2 is used here. For the limiting case, it is nearly so. The Hardy-
Littlewood inequality shows that convolution with |t|_2/ 7 has the LP mapping properties
that convolution with an element of L9/2(R) would have.

The Hausdorff-Young inequality shows that

1 1 1
LPY x [P2 C P3| provided — + — =14+ —. (3.4.16)
b1 D2 b3

The Hardy Littlewood inequality asserts that when 1 < p1,p2, p3 < 00

1 1 1 1
x LP2(R) C LP*(R), rovided — 4+ — =14 —. 3.4.17
(t) 1/ ®) (®) P P1 P2 Ps3 ( )
Set q
pmo=5. p2=4¢, ad,  py =g (3.4.18)
The index conditions in (3.4.16)-(3.4.17) become
2 1 1
S+ =1+,
q q q

which holds by definition of ¢’. Then (3.4.16) in the admissible case and (3.4.17) in the
sharp admissible case imply that

H/_OO“_S)_U@ 1E(s)]| o ds‘ poy S ClFlly (3.4.19)
Holder’s inequality yields
L e 1@l as) 6@l @ < 1Py 16y -
This proves the desired estimate (3.4.14). 1

A scaling yields estimates for sources with Fourier transform suppoerted in A@w for 0 < .
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Lemma 3.4.9. With ¢,r,w,0 as in the previous lemma and vy as in the Theorem, there
is a C so that for all 0 < A and f € L? with supp f C A\,

u(t) == P f = Ut)f,

satisfies

lull o < CIIDI Lo - (3.4.20)

Proof of Lemma. If uy(t,x) := u(\t, Ax) then, Luy = 0 and the spectrum of uy is
contained in w.

The two sides of (3.4.12) scale differently. Compute

1/r
/|u,\taj daj /\u)\t Az) |7"daj) :

The substitution y = Az, de = A~ %dx yields

lux(®)]

1/r
= ([t ay) = a0

A similar change of variable for the time integral shows that

—1/q—d/r u

leallgry, = A lelzg; -

For any =, || |D|” f||L2 is a norm equivalent to the norm on the right hand side for sources
with spectrum in @. Compute

HoP sl = ( [leP i) = ( [1epiernfae)”
= w2 [l fag)” = 2D e

Given ¢, r, the v of the Theorem is the unique value so that the two norms scale the same.
Therefore the estimate of the present Lemma follows from the preceding Lemma. 1

Proof of Theorem. With x from the dyadic partition of unity for Rg \ 0 constructed in
the stationary phase inequality, introduce the Littlewood-Paley decomposition of tempered
distributions

= u g = D2 = e [ e o) de,

JEZ
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Then for 1 < r < oo the classical square function estimate (see [Stein, Singular Integrals])

asserts that there is a C > 1 so that

Mgl < 1(X lgs?) |

JEL

Lr

Lemma 3.4.10. If 2 < q,r < oo, there is a constant C' so that

2 2
HFHL;IL; < CZHFJ‘HL;IL;’
JEL

where F'(t) = >, Fj(t) is the Littlewood-Paley decomposition in x.

Proof of Lemma. The square function estimate yields

Pl

Minkowski’s inequality in L"/? shows that this is

< OB e = ¢ IEI;

Using this yields

1Fe < ([ (Zhmol

2 )" ) - I

Minkowski’s inequality in L%/?(R,) shows this is

<CZHIIF e OZHF Wiars -

< Cliglz--

<o [(Zinwp) " a = o Sim P

(3.4.21)

Lr/2 "

||Lr(Rd

)"

Return now to the proof of the Theorem. Associate to the sheet 7 = 74 (§) the projector
k(&) == m(1k(£), &) from §3.2. The 7 are real analytic on £ # 0 and homogeneous of

degree 0 in £. In addition ), 7, = I. The solution u satisfies
w= Y P f = > .
k k

Apply (3.4.21) to uy to find using (3.4.20)

leellzge, < € D2 Nuns
J
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The finite sum on k£ completes the proof of the Theorem. |

Corollary 3.4.11. Denote by S(t) the L? unitary mapping u(0) — u(t) for solutions of
Lu = 0. With the indices of the Theorem one has

H/OOO S(s)* F(s) ds‘

L2(Rd) < OH|D$P]FHLZ’L;’ : (3.4.22)

Proof. Estimate (3.4.22) is equivalent to the Strichartz estimate (3.4.11) by a duality like
that used to establish the equivalence of (3.4.12) and (3.4.13). 1

Exercise. Prove the following complement to (3.4.21) which comes from the other side of
the square function inequality. If 1 < p < 2 and 1 < r < 2 then there is a C' so that

> |IE]

j=—00

o < C|F| (3.4.23)

2
LTLE "

§6.8. The subcritical nonlinear Klein-Gordon equation in the energy space.

§6.8.1. Introductory remarks.

The mass zero nonlinear Klein-Gordon equation is
hyqu + F(u) = 0. (6.8.1)

where
FeC'(R), F(0)=0, F'(0)=0. (6.8.2)

The classic examples from quantum field theory are the equations with F'(u) = u? with
p > 3 an odd integer. For ease of reading we consider only real solutions.

The equation (6.8.1) is Lorentz invariant and if
G'(s) = F(s), G0) = 0, (6.8.3)
The local energy density is defined as

e(n) = M b G). (6.8.4)

Solutions v € H2

loc

(R'+9) satisfy the differential energy law,
Ore — div(ug Vou) = wuy <Du + F(u)) =0. (6.8.5)
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The corresponding integral conservation law for solutions suitably small at infinity is,

u? + |Vul?

o
" Ja 2

+ Gu)dz = 0, (6.8.6)

is one of the fundamental estimates in this section. Solutions are stationary for the La-

grangian,
T 2 _ 2
/ / U = [Voul” G(u) dtdx.
0 Rd 2

When F' is smooth, the methods of §6.3-6.4 yield local smooth existence.

Theorem 6.8.1. If F € C*®, s > d/2, f € H*(RY), and g € H*"'(R?), then there is a
unique maximal solution

u € C([0,T.]; H*(RY)) n C'([0,1.] ; H*H(RY)).
satisfying
u(0,2) = f, u(0,2)=g.

If T, < oo then
limsup [Ju(t)||po@sy = 0.

—T,

In favorable cases, the energy law (6.8.6) gives good control of the norm of u,u; € H' x L2.
Controling the norm of the difference of two solutions is, in contrast, a very difficult problem
for which many fundamental questions remain unresolved.

An easy first case is nonlinearities F' which are uniformly lipschitzean. In this case, there
is global existence in the energy space.

Theorem 6.8.2. If F satisfies F' € L>°(R), then for all Cauchy data f,g € H' x L? there
is a unique solution

ueC(R; H(RY) n C'(R; L*(RY).

For any finite T, the map from data to solution is uniformly lipschitzean from H' x L? to
C([-T,T; HYYNnCY([-T,T]; L?). If f,g € H* x H' then

u € L®(R; H*RY), w € L=(R; H'(RY).
If f,g€ H® x H*~! with 1 < s < 2, then

u € C(R; H*(RY)), w € C(R; H'(RY).
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Sketch of Proof. The key estimate is the following. If v and v are solutions then
O(u—v) = F(v) = F(u),  |F(u)=F()] < Clu—v|.
Multiplying by u; — v yields

d

7 (ut—vt)2+|vm(u—v)|2dx = 2/(ut—vt) (F(v)—F(u)) dr < C||Ut—vt||%2 ||u—v||2L2.

It follows that for any 7" there is an a prior: estimate

sup  (Ju(®) — 0@l + Jue=vilz2) < CT)(ul0) = Ol + Juel0) = v(Olz2).

This estimate exactly corresponds to the asserted Lipschitz continuity of the map from
data to solutions.

Applying the estimate to v = u(x + h) and taking the supremum over small vectors h,
yields an a priori estimate

swp  ([u®le + furlze) < OOl + Ju©)lim).

which is the estimate correponding to the H? regularity. |

Higher regularity for dimensions d > 10 is an outstanding open problem. For example,
for d > 10, smooth compactly supported initial data, and F' € C§° or F' = sinw, it is not
known if the above global unique solutions are smooth. For d < 9 the result can be found in
[Brenner-vonWahl 1982]. Smoothness would follow if one could prove that u € LS. What
is needed is to show that the solutions do not get large in the pointwise sense. Compared
to the analogous regularity problem for Navier-Stokes this problem has the advantage that

solutions are known to be unique and depend continuously on the data.

§6.8.2. The ordinary differential equation and nonlipshitzean F.

Concerning global existence for functions F'(u) which may grow more rapidly than linearly
as u — 00, the first considerations concern solutions which are independent of x and
therefore satisfy the ordinary differential equation,

uy + F(u) = 0. (6.8.7)

Global solvability of the ordinary differential equation is analysed using the energy con-

servation law

uz

(? + G(U)>/ = Ut(“tt+F<U)> = 0.

Think of the equation as modeling a nonlinear spring. The spring force is attractive, that
is pulls the spring toward the origin when

F(u) >0 when u>0 and, F(u) <0 when u<0.
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In this case one has G(u) > 0 for all u # 0. Conservation of energy then gives a pointwise
bound on w; uniform in time

1/2
up(t) < ui(0) +2G(u(0)),  |u(t)] < (uf(0) +2G(u(0))) .
This gives a pointwise bound
1/2
u(t)] < [u(0)] + [¢] (w7 (0) + 2G (u(0))) "~
In particular the ordinary differential equation has global solutions.
In the extreme opposite case consider the replusive spring force F'(u) = —u? and G(u) =

—u3/3. The energy law asserts that u?/2 — u3/3 := F is independent of time. Consider

solutions with
u?(0)
u(0) >0, wu(0)>0 SO E>—T.
For all ¢t > 0,
us 1/2

At t = 0 one has

w©) = (21 5)" 0.

Therefore u increases and u3/3 + E stays positive and one has for ¢t > 0

u(t) = (u33(t) + E>1/2 > 0.

Both u and wu; are strictly increasing.

Since

du

(2 4 )7 -
3

u(t) approaches oo at time

&0 du
T / __
wo) (4 +B)"

Exercise. Show that if there is an M > 0 so that G(s) < 0 for s > M and

ds < oo

Ju e

then there are solutions of the ordinary differential equation which blow up in finite time.
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Proposition 6.8.3 [J.B. Keller 1957]. If
0 3
CE,(S>O, d§37 EZ=52/2—a3/3, T = / }u_-l‘E‘_l/Q du’

and ¢, € C°(R?) satisfy
p>a and P> for |z| < T,
the the smooth solution of
Oipqu — u?, u(0) =@, u(0) =1
blows up on or before time T.

Proof. Denote by u the solution of the ordinary differential equation with initial data
u(0) = a, u,(0) = 0.

IfueC® ([O, t] x Rd), then finite speed of propagation and positivity of the fundamental
solution of O0; 44 imply that

u > u on {\x|§T—§}.
Since u diverges as t — T' it follows that ¢t < T |

In the case of attractive forces where G > 0 one can hope that there is global smooth
solvability for smooth initial data. This question has received much attention and is very
far from being understood. For example even in the uniformly lipschitzean case where
solutions H? in x exist globally, higher regularity is unknown in high dimensions.

In the remainder of this section we will study solvability in the energy space defined by
u,ug € H' x L?. This regularity is suggested by the basic energy law. For uniformly
lipschitzean nonllinearities the global solvability is given by Theorem 6.8.2. The interest
is in attractive nonlinearities with superlinear growth at infinity.

A crucial role is played by the rate of growth of F" at infinity. There is a critical growth rate
so that for nonlinearities which are subcritical and critical there is a good theory based on
Strichartz estimates. The analysis is valid in all dimensions.

To concentrate on essentials, we present the family of attractive (repulsive) nonlinearities
F = ufuP™! (F = —u|ulP™!) with potential energies given by + [ |u[P*/(p + 1)dz. Start
with four natural notions of subcriticality. They are in increasing order of strength. One
could expect to call p subcritical when

1. HY(R?) c L?(RY) so the nonlinear term makes sense for elements of H'.
2. H'(RY) c LPT1(R?) so the potential energy makes sense for elements of H*.

3. H'(RY) is compact in Lfotl(Rd) so the potential energy is in a sense small compared to
the kinetic energy.
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4. HY(RY) c L?’(R?) so the nonlinear term belongs to L?*(RY) for elements of H!.

The Sobolev embedding is

2
HYRY c LYR?Y), for, ¢ = d—_d2. (6.8.8)

The above conditions then read (with the values for d = 3 given in parentheses),

1.p<2d/(d-2), (p=<6),

2. p+1<2d/(d—2), (equiv. p<(d+2)/(d—2)), (p<5),
3.p<(d+2)/(d=-2), (p<5),

4. p<d/(d-2), (p<3).

The correct answer is 3. Much that will follow can be extended to the critical case p =
(d42)/(d —2). The case 1 in contrast is supercritical and comparatively little is known.
It is known that in the supercritical case, solutions are very sensitive to initial data. The
dependence is not lipschitzean, and it is lipschitzean in the subcritical and critical cases.
The books of Sogge, and Shatah-Struwe and the orignal 1985 article of Ginibre and Velo
are good references. The sensitive dependence is a recent result of Lebeau.

Notation. Denote by L{L~L([0,T]) the space L{L%([0,T] x RY), Denote with an open
interval
LiLL([0,T]) = Uocr<r L{L3([0,T1).

Theorem 6.8.4. i. If p is subcritical for H', that is p < (d + 2)/(d — 2), then for any
f € HY(RY) and g € L?(R?) there is T, > 0 and a unique solution

ue C(0,T.] HY(RY)) n C*([0,T.[; L*(RY) n LPL!([0, T]) (6.8.9)

of the repulsive problem

Ou — uuP™ =0, w0)=f u(0)=g. (6.8.10)
If T, < oo then
htg%l*lf IVizul|p2mey = oo. (6.8.11)

The energy conservation law (6.8.6) is satisfied.

ii. For the attractive problem
Ou + uuP~' = 0, u(0) = f, w(0)=g. (6.8.12)

one has the same result with T, = oo and with u € LYL?P(R). For any T > 0, the map
from Cauchy data to solution is uniformly lipschitzean

H'x1?* — CO(-T,7T); H") n C(-T,T); L*) n LYL([0,T))).
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In the proof of this result and all that follows a central role is played by the linear wave
equation and its solution for which we recall the basic energy estimate

t
IVeau()lpz@e)y < [1Vieu(0)|rz@e) + / I0u(@)l| L2 ray dt -
0
This is completed by the L? estimate
t
u®llsey < [ Tue®)lleao de.
0

In particular, for h € L (R ; L?(R%)) there is a unique solution

uw € C(R; H'(RY) n CY(R; LA(RY),

to

This solution is denoted
O 'h.

In order to take advantage of this we seek solutions so that

Fy(u) := +ululP™ € L;L2.

Compute
T ) 1/2
IRl = [ ([l ) ar,
where 2 s
PP
</|u|2p das) = [(/sz) } = [[ull72p(ay
SO

T
[Ep(u)llpire = [l oppa dt = Null7, 2 - (6.8.13)
0 L?PRd LPL2
The above calculation proves the first part of the next lemma.

Lemma 6.8.5. The mapping u — F,(u) takes LY L2P([0,T] to L L2([0,T1]). It is uniformly
Lipshitzean on bounded subsets.

Proof. Write
Fv) = Fw) = Guw)(v—w), [Guw)]| < (Pt + [wp).
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Write
HG(v,w)(v—w)Hii = /|G|2 lv —w|? dx .

Lg/(!)—l)

Use Holder’s inequality for x LP to estimate by

< (/|G(v,w)|2p/(p_1)dx>%</|v—w|2pdx)

—1
155 (0) = Fp(w)llee < Cllv,wllfzy flo—wlgz-

S =

Then

Finally estimate the integral in time using Holder’s inequality for LY /=1) o LY. 1

It is natural to seek solutions u € LYL2P([0,T]). With that as a goal we ask when it is
true that

o' (LyL2) C LYLZP.

This is exactly in the family of questions addressed by the Strichartz inequalities. The
next Lemma gives the inequalities adapted to the present situation.

Lemma 6.8.6. If

q>2, and -1, (6.8.14)

of

satisfies

H“HL;JL;([O,T]) = C(HhHL%Li([O,T]) + HwaHLz(Rd) + HgHL2(Rd))' (6.8.15)

Proof. 1. Rewrite the wave equation as a symmetric hyperbolic pseudodifferential system
motivated by D’Alembert’s solution of the 1 — d wave equation. Factor,

Bf—A = (0, +1i|D]) (0y —i|D]) = (9 +1i|D]) (0; — 4| D]).

Introduce
vy = (0 Fi|D|)u, Vo= (vy,v),
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Lemma 3.4.8 implies that for ¢ = d — 1, ¢ > 2, (¢,7) o- admissible, and h, f, g with
spectrum in {R; < |£] < Ra} one has

lullzzy < ClIVesulzgzy < CWVleazy < € (Illzize + WD ze + lglze)-

2. Denote by ¢ the dimensions of ¢t and x. With dimensionless u , the terms on right of
this inequality have dimension ¢%/2 1,

The dimension of the term on the left is equal to

(gdq/r g)l/q _ Zg—'_% )
The two sides have the same dimensions if and only if
—1. (6.8.16)
Under this hypothesis it follows that the same inequality holds, with the same constant C'
for data with support in AR; < [£] < ARs.

Comparing (6.8.16) with o-admissibility which is equivalent to

_|_

RERSH
Q|

)

=

shows that (6.8.16) implies admissibility since r > 2.
3. Lemma 6.8.6 follows using Littlewood-Paley theory as at the end of §3.4.3. |

We now answer the question of when 0! maps L}L2 to LYL?P. This is the crucial
calculation. In Lemma 6.8.6, take » = 2p to find

1,4 _d=2
g 2p 2
SO,
1 d-2 d  pd-2)-d B 2
q 2 2p 2p TP pd—2)—d
We want ¢ > p, that is
2 d+2
_ >1, & d—2)—d <2 < < —.
T p(d—2) < P s o

The critical case is that of equality, and the subcritical case that we treat is the one with
strict inequality. For d = 3 the critical power is p = 5 and for d = 4 it is p = 3. In the
subcritical case the operator has small norm for 7' << 1.
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The strategy of the proof is to write the solution u as a perturbation of the solution of the
linear problem, at least for small times. Define ug to be the solution of

Oug = 0, ug(0) = f, %(0) =g. (6.8.17)

Write
u = uy + v (6.8.18)

with the hope that v will be small at least for ¢ small.

Lemma 6.8.7. If u = uy + v with v € LYL?P([0,T)) satisfying

v = +0 'F,(ug +v). (6.8.20)
then
uw € C([0,T]; H (RY) n CY([0,T]; LA RY)) n LPL*([0,T]) (6.8.21)
satisfies
Ou + Fy(u) = 0, u(0)=f, u(0)=g, (6.8.22)

Conversely, if u satisfies (6.8.21)-(6.8.22) then v := u — ug € LYL??([0,T]) and satisfies
(6.8.21)

Proof. The Strichartz inequality implies that ug € LY L2’ and by hypothesis the same is
true of v. Therefore ug + v belongs to LYL?P so F,(ug 4+ v) € L; L2.

Therefore v = +071F), is C(H') N C1(L?). The differential equation and initial condition
for v are immediate.

The converse is similar, not used below, and left to the reader. |

Proof of Theorem 6.8.4. For K > 0 arbitrary but fixed, we prove unique local solvability
with continuous dependence for 0 < t < T with T uniform for all data f, g with

IFller + llglle < K.

Choose R = R(K) so that for such data,

<

R
HUOHLfoc”([O,l]) = 9

Define
B = B(T) = {ve LPL2(0.T)) : Il pgom <R}

We show that for 7' = T(K) sufficiently small, the map v — O 'F,(u) is a contraction
from B to itself.

This is a consequence of three facts.
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1. Lemma 6.8.5 shows that F, is uniformly lipschitzean from B to L} L2([0,T]) uniformly
for0< T <1.

2. Lemma 6.8.6 together with subcriticality shows that there is an 7 > p so that O~ ! is
uniformly lipshitzean from L} L2 to L} L2’ uniformly for 0 < T' < 1.

3. The injection L} L2?P — LY L2P has norm which tends to zero as T — 0.
This is enough to carry out the existence parts of Theorem 6.8.4.

If there are two solutions u, v with the same initial data, compute
O(u—v) = Gu,v)(u—n).
Lemma 6.8.6 together with subcriticality shows that with r slightly larger than p,
lu—vll gz < ClG V)=o)l < Cllu— vl
Use this estimate for 0 < t < T << 1 noting that Holder’s inequality shows that for T" — 0,
||lu — UHLfLi” < CT* ||u— U”L;Li” < CT?||u— UHLfLi” , p>0,

to show that the two solutions agree for small times. Thus the set of times where the
solutions agree is open and closed proving uniqueness.

To prove the energy law note that Fj,(u) € L; L2 so the linear energy law shows that

2 \V4 2
[l T,

t

t
= :F/ /ut Fy(u) dxdt. (6.8.23)
t=0 0

Now
ug € LY°L2, and F,(u) € L;L2.

Holder’s inequality shows that

[ e Buwlds < Jus®lloz 1F(w®lsz
The latter is the product of a bounded and an integrable function so
VT, us Fy(u) € L'([0,T] x RY).

Let
|U|p+1
 op+1-

Since p is subcritical, one has for some 0 < ¢,

lw®)lly < Cllu®)]lgr-c@ey € L([0,T7]).
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In particular w € L'([0,T] x R?) and the family {w(t)};e(0,7) is precompact in L},

loc*

Formally differentiating yields
wy = uFy(u) € LY[0,T] x RY). (6.8.24)

Using the above estimates, it is not hard to justify (6.8.24).
It then follows that w € C([0,T]; L*(R)) and

t=T -
/w(t,:z:) dx = / /ut Fp(u)dx dt.
t=0 0

Together with (6.8.23) this proves the energy identity.

Once the energy law is known, one concludes global solvability in the attractive case since
the blow up criterion (6.8.11) is ruled out by energy conservation. |

38



Chapter 3. Appendix I. Perturbation theory for semisimple eigenvalues.

The computation of the form of the operator m L m requires formulas from the perturba-
tion theory of eigenvalues. These results for multiple eigenvalues which are semisimple
is not that well known. The key idea is that one should NOT make a choice of basis of
eigenfunctions, but work systematically with the spectral projections.

Definition. An eigenvalue \ of a matrix A is semisimple when the kernel and range of
A — M\l are complementary subspaces. In this case denote by 7 the spectral projection onto
the kernel of A — M\ along its range and by Q the partial inverse defined by

Qm = 0, Q(A—)\I):I—W. (1)

Theorem. Suppose that |a,b[> s — A(s) is a smooth family of complex matrices with an
isolated smooth semisimple eigenvalue A(s). Then A(s) and m(s) are smooth functions of
s whose first derivatives satisfy

N(s) m(s) = m(s) A'(s) m(s), (2)
Ngp =qagA"n — 20 A QA T, (3)
7 = 1A Q—-QAT. (4)

Proof. For s fixed, choose r > 0 so that A(s) has only the eigenvalue A(s) in the disc |z —
A(s)| < 2r. The smoothness of 7(s) near s follows from the contour integral representation

m(s) = 1 <z - A(s)>_1 dz.

270 |z (s)|=r
The identity
Qs) = (I —m()(v(s) + Als)) T € €=
The identity A(s)m(s) = A(s)m(s) implies that

Trace (A(s)m(s))
Trace (s)

A(s) = e C™.

The formulas (2-4) are proved by differentiating the identity (A — A)m = (A —A) =0
with respect to s. The equation for each d’/ds’ is analysed by considering its projections
m and I — w. Equivalently, each equation is multiplied first by =, then by Q.

Denoting d/ds with a ". Differentiating (A — \)x yields
(A=XN)'7+ (A=XN) 7 = 0. (5)
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Mulitplying on the left by 7 eliminates the second term to yield

T(A=XN'7m =0,

which is equivalent to (2).
Multiply equation (5) on the left by @ to find

(I-mn = —Q(A-\)x.
Since Q) m = 0 this simplifies to
(I-m)n" = —QA'r.

Equation (5) is exhausted and we take a second derivative,

(A=N'm+2(A-=N)'7"+ (A - \)r"

Mutiply on the left by 7 to eliminate the last term,

=0.

(A= N)'r+2r(A- N7 = 0.

Subtract 2(m(A — \)'m)7’ =07’ =0 to find
7(A=\N)'"r+2m(A-N)'(I —m)n’

Then (7) yields

7(A—=N)"m+21(A -\ (-QA'®) =

Since m () = 0 one has
27N (-QA'7n) = 0.

Adding (8) and (9) yields (3).

To prove (4) knowing (7), what is needed is 7 ’. Differentiate 72 = 7 to find

/
rr’ +n'r = 7, whence T =

Differentiate 7 (A — X) = 0 to find
T(A-XN)+7(A-X) = 0.
Mulitply on the right by @ to find
7(I—-—7) = —7(A-))Q.
Use (10) and simplify using 7 @ = 0 to find
an = —wA'Q.

Adding this to (7) completes the proof.
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Chapter 3, Appendix II. The stationary phase inequality.

Definition. A point z in an open subset 2 C R? is a stationary point of ¢ € C*(Q2; R)
when V,¢(z) = 0. It is nondegenerate when the matrix of second derivatives at z is
nonsingular..

When z is a nondegenerate stationary point the map x — V,¢(z) has nonsingular Jacobian
at x. It follows that the map is a local diffeomorphism and in particular the stationary
point is isolated.

Taylor’s Theorem shows that
1
Vod(z) = 5 Vid(z) (w—z) + O]z —zf”).

Therefore if w CC 2 contains & and no other stationary point, nondegeneracy implies that
there is a constant C' > 0 so,

Veew, |Vig(z)] > Clz—z. (1)

We estimate the size of oscillatory integrals whose phase has a single nondegenerate station-
ary point. These integrals have a complete asymptotic expansion. Proving the estimate is
easier than deriving the expansion. The estimate is proved by the method of nonstationary
phase. I learned the dyadic proof below from G. Métivier. See [Stein, Harmonic Analysis,
Real Variable Methods| for an alternate proof.

Theorem. Suppose that ¢ € C*°(Q2; R) has a unique stationary point x € Q. Suppose
that x is nondegenerate and let m denote the smallest integer strictly larger than d/2.
Then for any w CC €2 there is a constant C so that for all f € C§°(w), and 0 < e < 1,

‘/ew/ef(x) do| < Ce? sup [|0°f(2)| poo(w) - (2)

lal<m

Lemma. There is a nonnegative xy € C§°(R%\0) so that forallz # 0, > 2~ x(2*z) = 1.

Proof of Lemma. Choose nonnegative g € C5°(R%\ 0) so that g > 1 on {1 < |z| < 2}.
Define the locally finite sum

G(z) == > g(2"2), G(@2Fz)=CG(a).
k=—oc0

Then G € C°(R?\ 0), and G > 1. The function x := ¢/G has the desired properties. |
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Proof of Theorem. Translating coordinates we may suppose that z = 0. Choose x as
in the lemma and write

/ld’/ﬁf ) do = Z/ (2 z) e’/ f Z I(k

k=—o0 k=—o0

The half sum >, _, x(2"x) is a smooth function on R? which vanishes on a neighbhorhood
of the origin and is identically equal to 1 outside a large ball. The nonstationary phase
Lemma 1.2.2 implies that

}/ z(Z)/e ngk ) dqj} < Ce™ sup [0%f (@) L1 -

lo|<m

The sum » o125 x(2F 2) is a bounded function supported in a ball |z| < Ce'/? so

[ e (X @) 1) ds| < € p@)laec.

2k 1/2>1

—1/2

There remains the sum over 1 < 2% < ¢ . The change of variable y = 2* z yields

I(k) = 27 / X(y) WD faTkyydy, giy) = 22 g(27Fy).

It follows from (1) that there is a constant ¢ > 0 so that on the support of ¥,
< }V(;Sk‘ <ec.

In addition there is are constants C'(«) independent of & > 0 so that |0%¢,| < C,. The
method of nonstationary phase shows that there is a constant independent of k£ > 0 so
that

[ x) @0 gy dy < 0 @™ s 07 @)

lo|<m

Therefore

SO < cem ST 2R gy 99 ()] e -

1<2k <e—1/2 1<2k<e—1/2 la|<m

The finite geometric sum has ratio » = 22~¢ > 1. If K is the largest index,

K—|—1_1
< 14r4+r2 40K = L < !
r—1 r—1
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The sum is comparable to the last term. Therefore, with C' = C(m,d) =r/(r — 1),

em Z 2—kd 22km < C ™ (2K)2m—d < C m (6_1/2)2m—d _ OGd/2.

1<2k <e1/2
This completes the proof. |

Corollary. Suppose that ¢(x,() is a family of phases depending smoothly on ( on a
neighborhood of 0 € R? and that ¢(z,0) satisfies the hypotheses of the preceding Theorem.
Then there is a neighborhood 0 € O so that the hypotheses are satisfied for ( € O and the
estimate (1) holds with a constant independent of ¢ € O.

Proof. The first assertion follows from the implicit function theorem applied to the system

of equations V,¢(z, () = 0. The estimates of the proof are all locally uniform which proves
the second assertion. 1
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Chapter 3, Appendix III. Hadamard’s Ovaloid Theorem.

Theorem (Hadamard). If d > 3 and M is an oriented connected compact immersed
hypersurface of R® whose Gaussian curvature is nonzero at all points, then M is the
boundary of a strictly convex set.

Proof. Consider the Gauss map A from M to S¢~! which takes a point to its unit normal
consistent with the orientation.

The nonvanishing curvature is equivalent to the differential of N being invertible at all
points. The inverse function theorem shows that this is equivalent to A being a local
diffeomorphism.

For any & € S%~! the point(s) z € M where x.£ is maximal have normal equal to & so A/
is surjective.

The number of preimages of points is finite and locally constant, hence constant. Therefore
N is a covering map.

Since S~ is simply connected, it follows that A is a homeomorphism and therefore a
diffeomorphism. We recall the proof.

It suffices to show that N is injective. If N'(m;) = N(mz) = p € S9! choose a curve
Yo : [a,b] — M connecting m; to my. The image N o is a closed curve pg in S9!
beginning and ending at p.

Simple connectivity implies that there is a homotopy of closed curves p; for 0 <t <1
beginning and ending at p with p; reducing to the constant path p.

Since N is a covering, the homotopy lifting lemma shows that there is a homotopy ~;,
0 <t <1sothat N oy = .

The point ;(a) is a point of M depending continuously on ¢t with N'(v;(a)) = p. It follows
that 7;(a) is constant and therefore equal to m;. Similarly ;(b) = ms. In particular this
holds for ¢ = 1.

But ~; is a lifting of the constant map p; and is therefore constant. Therefore

my = m(a) = 7(b) = ma

proving injectivity.
Thus each vector in S?! is normal to M at exactly one point. This shows that M is
strictly convex in the sense that it intersects each tangent plane in exactly one point.

That it is strictly convex in the stronger sense of osculating ellipsoids, then follows from
the nonvanishing Gaussian curvature. |

Example. A curve in R? with positive curvature and looping twice about the origin shows
that the result is not true when d = 2.
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