SPECTRAL THEORY OF FIRST-ORDER SYSTEMS: FROM
CRYSTALS TO DIRAC OPERATORS
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ABSTRACT. Let
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Lo=Y_ M{D;+ Mg, D;= “ 5
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Jj=1

z € R™,

be a constant coefficient first-order partial differential system, where the ma-
trices MJQ are Hermitian. It is assumed that the homogeneous part is strongly
propagative. In the nonhomegeneous case it is assumed that the operator is
isotropic . The spectral theory of such systems and their potential pertur-
bations is expounded, and a Limiting Absorption Principle is obtained up to
thresholds. Special attention is given to a detailed study of the Dirac and
Maxwell operators.

The estimates of the spectral derivative near the thresholds are based on
detailed trace estimates on the slowness surfaces. Two applications of these
estimates are presented:

e Global spacetime estimates of the associated evolution unitary groups,
that are also commonly viewed as decay estimates. In particular the
Dirac and Maxwell systems are explicitly treated.

e The finiteness of the eigenvalues (in the spectral gap) of the perturbed
Dirac operator is studied, under suitable decay assumptions on the po-
tential perturbation.

1. IINTRODUCTION

The equations of classical physics, governing acoustic, electromagnetic and elastic
waves in anisotropic media, are given as first-order hyperbolic systems. Similarly,
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the Dirac equation of relativistic quantum electrodynamics is such a system. Al-
ready in the classical treatise of Courant and Hilbert the common features of these
systems are brought to the fore [17, Chapter 111, §2, Chapter VI, §3a].

Motivated by this approach, emphasizing a unifying point of view, we study here
basic spectral properties of a class of first-order self-adjoint operators, that includes
the aforementioned systems, or, more explicitly, their spatial generators.

Thus, we consider operators acting on C¥-valued functions in R, n > 2, having
the form

n
10
— 0 0 —
(1.1) L_ggMﬂ%+m%+vw%Lg_;&? z €R",
where the matrices M 70 , 0 < 5 < n, are Hermitian K x K constant matrices and
the matrix V(z) is Hermitian for every € R™. Thus L is symmetric (with respect
to the £2(R", CK) scalar product) on C§°(R",CK).
The obvious notation

£2(Rn’ (CK) — ﬁQ(Rn) ®CK

(resp. C§°(R"™,CK) = C§°(R") ® CK) has been used for the space of Lebesgue
square-integrable (resp. smooth and compactly supported) CX-valued functions.
Our objectives in this paper are:

e Establish a “Limiting Absorption Principle” (LAP) for the special cases
of the Dirac and Maxwell operators (Section 4) up to the thresholds, with
sharp resolvent estimates.

e Generalize the LAP to “strongly propagative” or “isotropic operators” (Sec-
tion 5).

e Extend the LAP to the case of potential perturbation (Section 6).

e Exploit the sharp resolvent estimates of the Dirac and Maxwell operators
near the thresholds in the study of two applications:

— Obtain decay conditions on the potential perturbation of the Dirac
operator which guarantee the finiteness of the isolated eigenvalues in
the spectral gap (Subsubsection 6.2.1).

— Derive global spacetime estimates of the solutions in weighted L2
spaces (Section 7). We note that while various spacetime estimates
have been derived for the Dirac equation, we could not find anything
in this direction for the (non-dispersive) Maxwell equations.

e Extend the global spacetime estimates of the solutions in weighted L? spaces
to the case of strongly propagative systems (Section 8).

Both the Dirac (Subsection 2.1) and the Maxwell (Subsection 2.2) systems are
isotropic. Their prime significance in physics justifies the detailed study of their
spectral structure, as is carried out in Section 4.

The methodology used in this paper is very different from the techniques used so
far in the literature. In particular, it enables us to treat these two physical systems
using the same tools.

The operator L is viewed as a perturbation of a constant coefficient, symmetric
operator

10

-—, x€R™
i O’

(1.2) Ly=Y_ MJD; + Mg, D;=
j=1
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The cases where Ly is either strongly propagative (Definition 5.1) or isotropic (Def-
inition 5.14) are studied in Section 5.

It will be seen that the LAP is closely connected to the geometry of the level
sets of the characteristic surfaces (“normal”, by the terminology of [17]) in R™. In
the physical context they are referred to as “Slowness Surfaces” [49, Section 4].

The presence of the non-zero matrix Mg is motivated by the “massive” Dirac op-
erator (Subsection 2.1). The basic operator Lg is then nonhomogeneous, meaning
that the associated eigenvalues are not homogeneous functions (see Section 5 for
details) and as a result the geometry of the “slowness surfaces” is more complex.
As far as we know, the massive Dirac operator is the only instance of a nonhomo-
geneous operator that has been treated in the literature. In this paper we study
the nonhomogeneous operator in the general isotropic setting, of which the massive
Dirac operator serves as a special case. In particular, we admit the possibility of
“crossing points” (Remark 5.25) that do not exist in the Dirac case.

A general (potential) perturbation theory is presented in Section 6. As an im-
mediate consequence of the LAP for the perturbed operator, it follows that the
spectrum is absolutely continuous, except possibly for a discrete sequence of em-
bedded eigenvalues.

The general theory is then applied to the perturbed Dirac operator, as an impor-
tant example. The threshold estimates for the perturbed Dirac operator enable us
(Subsubsection 6.2.1) to give criteria for the finiteness of eigenvalues in the spectral
gap.

Remark that the perturbed Maxwell system can also be reduced to the case of
potential perturbation [44, Section 1.4], but we choose not to treat it here in detail,
as the paper is already quite long. We refer to [11, 26] and references therein for the
study of the perturbed Maxwell operator in terms of self-adjointness and absolute
continuity of the spectrum.

In Section 7 we establish global spacetime estimates for the Dirac and Maxwell
operators, and in Section 8 such estimates are derived for general (homogeneous)
strongly propagative operators.

The literature concerning various aspects of the spectral and scattering theory of
first-order systems, as well as asymptotic decay of their solutions, is very extensive,
hence our reference list is far from being comprehensive. Certainly there are many
papers that well deserve being included in our list and of which we are not aware.
However, we have made an effort to include references to works directly related to
this paper and dealing primarily with the LAP (in interior intervals of the spectrum
or at thresholds). Most of these papers were concerned with the Dirac operator.
We refer to [36, 38, 42, 50] and references therein for classical treatments of decay
of solutions of first-order symmetric systems, and to [35] in the case of exterior
domains.

The first proof of the LAP for the (massive) Dirac operator with short range
potential perturbation was obtained by Yamada [52]. It was subsequently proved
(imposing various hypotheses on the perturbation) by several authors (see [3, 12,
13, 37, 53] for the massive case and [18, 39] for the zero mass case), as well as the
recent papers [15, 22] (and references therein) for both the massive and zero mass
cases. Their treatments rely on the fact (see Equation (2.8)) that the square of
this operator is the Schrodinger operator. A weak* form of the LAP, using the
methodology of conjugate operators, was obtained in [14]. The LAP (for the Dirac
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operator) up to the threshold was proved in [31]. Recently their method has been
extended in [15] in order to obtain a global LAP for the massless Dirac Operator
in all dimensions. The zero modes and zero resonances of massless Dirac operators
were studied in [39] and eigenfunctions at the threshold energies were studied in [40].
We refer also to [8, 46] for the closely related “relativistic Schrodinger operator”.

For the Maxwell equations in crystal optics the LAP was established in [44,
Theorem 1.2].

n

For a uniformly propagative system (see Definition 5.3) of the form E(z)~! Y>> M?D;

j=1
the LAP was established in [43, 51], and also in [41]. For the more general strongly
propagative systems it was proved in [48, Lemma 2.1]. See however Remark 5.13
concerning this paper. These works dealt with interior intervals of the spectrum,
whereas here we obtain detailed estimates at the thresholds.

We are not aware of any work where the LAP for the nonhomogeneous operator
Lo (namely, M{ # 0) has been addressed, other than the massive Dirac operator.

We refer to Remark 6.19 concerning previous studies of the finiteness of eigen-
values in the spectral gap, in the case of the perturbed (massive) Dirac operator.

2. THE CLASS OF UNPERTURBED OPERATORS-DIRAC AND
MAXWELL SYSTEMS

The coefficients MY, MY, ..., M2 of the unperturbed operator Lg (1.2) are con-
stant Hermitian K x K matrices (over C). The addition of M will enable us in
particular to include the massive Dirac operator in our treatment.

The (unitary) Fourier transform is defined by

(2.1) (Fu)(€) = a(€) = (2m) 3 / w(w)e i <ET> d,
R"L

The constant coefficient operators are transformed into multiplication operators
(by symbols).

The homogeneous part of Ly is assumed to be strongly propagative [50], accord-
ing to Definition 5.1 below.

We shall address this general case in Section 5. We start here with the two most
famous physical examples of such operators, namely, the Dirac and Maxwell sys-
tems. As we shall see, both systems (including the nonhomogeneous Dirac system
with mass) share the property of being isotropic (Definition 5.14 below).

2.1. EXAMPLE: THE FREE DIRAC OPERATOR. As a special case we
consider the free Dirac operator. It is the self-adjoint operator H,, in £2(R3,C*) =
L2(R?) ® C* given by

(2.2) Hy,=a-D+mp, m>0,
where

1
(2.3) D=-V,, zcR}

i

and a = (aq, @, a3) is the triplet of 4 x 4 Dirac matrices

o 02 G'j .
(2.4) ozj< 02), ji=1,23.

gj
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Here O is the 2 x 2 zero matrix and the 2 X 2 matrices o; (Pauli matrices) are
given by

R S () (O

and

(2:6) i=(g %)on=(o 1)

The symbol M,, (&) (corresponding to My(§) above) is a 4 x 4 Hermitian matrix
given by

(2.7) M, (&) =a-&+mp.

It is readily verified that we have the following equality of self-adjoint operators in
L*(R?,CY),

(2.8) (Hn)® = (=0 +m*) @ L.

Claim 2.1. The eigenvalues of M,,(§) are given by Ay (§) = £+/[€]> + m?, and
are both of double multiplicity (except for m =0 and € =0).

It follows that the homogeneous operator Hy is uniformly propagative (Defini-
tion 5.3).

For any ¢ € R? (assuming either & # 0 or m # 0) there exists a unitary matrix
U (€) such that

" _ (ML O
(29) U@ MU = (V)2 )
For f € £%(R3,C*) we define the transformation
(2.10) (G F)(€) = UL (O (€), £ € R,

Then

G : L3(R®,CY) - LHR®,CY)
is unitary and diagonalizes H,, in the sense that G,, H,G,,! in LZ(R?, C*) is given
by the diagonal multiplication operator

(2.11) (G HnG:1F) (€)= (Mgz)fz % b) f).

In fact, in the physical literature this transformation is known as the Foldy-
Wouthuysen-Tani transformation [27]. The transformation is explicitly pre-
sented (as can be easily verified) by [45, Section 1.4] and [2, Section 2.1]:

(2.12)

1
Un®) = A (MO L+ (a0
A (§) +m 0 —&3 =& + 16
_ L 0 A€ +m & — ik &
V2/ AL ()2 +mAL(€) €3 §Si—ife  Ap(§+m 0

&1 +1i&e —&3 0 A (&) +m
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Clearly, the columns of this matrix are the eigenvectors of the symbol matrix
M (€).-

We shall need this transformation when studying the spectral structure of the
Dirac operator in Subsection 4.1.

Remark 2.2. Another representation of (2.12) is given by (see [3])

(2.13) Un(€) = exp { = Bla- €)0m(i]) },

0, (t) = (2t) L arctan(m™'t), m, t > 0.

Observe that due to the double multiplicity of Ay (§) the diagonalizing matriz Uy, (§)
18 not unique.

2.2. EXAMPLE: THE FREE MAXWELL OPERATOR. Consider a pair
of three-dimensional vector functions E (the electric field) and B (the magnetic
field). We shall denote by (g) the six-component (column) vector that consists of
the vertical arrangement of E, B.

The free (vacuum) Maxwell operator L, azwen i a 6 X 6 self-adjoint operator
acting on the combined vector (%) in £2(R?,C°%) = £2(R?) ® CS,

E\ 1(03 —cul\ (E\ (O3 —-Dx)\/[(FE
(2.14) Lnazwel (B) =3 (curl 05 > (B) - (DX O3 ) (B>7

where as above D = (Dy, Dy, D3) = 1V,, 2 € R3 and Oz is the 3 x 3 zero

n
matrix.

Remark 2.3. Recall that the electric (E) and magnetic (B) fields in vacuum are
divergence-free fields, namely, there are no electric or magnetic charges. This re-
striction is imposed on the initial data and then the time-dependent equations ensure
that the fields evolve as divergence-free fields.

However, here we take the point-of-view that Lyazwenr acts on the entire space
L2(R3,CS).

For the Maxwell operator Ly, qzwen in (2.14), the matrix symbol M,,qzwen(§) is
readily seen to be of the form

(03 —(§
(215) Mmamwell(g) - <’Y(§) 03 > ’
where, for £ = (&1, &2, &3),
0 =& &
&) =1¢& 0 =&
& & 0

The eigenvalues of Myazwen(§), € # 0, are

Ar(€) = €] > Ao(§) = 0> A (&) = —[¢],
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and the multiplicity of each of them is two. Since v(£)¢ = 0, it follows that the
kernel of M, azwen(€) is two-dimensional, with basis vectors

0 &1
0 &2
0 &3
&1 ’ 0
) 0
&3 0

Thus the kernel is two-dimensional, independently of £ € R3 \ {0}. It follows
that this operator is uniformly propagative (Definition 5.3 below).

In order to construct the full system of eigenvectors of My, azwerr(§) we introduce
(for any & # 0) the following vectors in C? :

—&162 —&(¢]
& +&5 0 ,E+E >0,
—&283 &€

a(§) = . b=
&2 |€2]
0 0 y §16=86=0
&2 —[&2]

It is readily seen that the vectors a(€), b(€), € are mutually orthogonal in C?. They
also form a right-hand orthogonal system in R?, and satisfy the relations

Y(€)a(§) = [£]6(£),  (§)b(§) = —[¢[a(s).

In the following corollary, we write a (column) vector in C® as a column with two
(column) C? components.

Corollary 2.4. Consider the following three pairs of vectors in C8

- ! a(g) 1 —b(¢)
T { |a@>2+|w§>2( Mﬁ))’ |a@n2+|ug)2( a(¢) )}’

219 e {ig(¢) (8} ’

. :{ 1 ( —a(¢) ) 1 ( b(¢) )}
R@P+BEOP \ 86 )" a@OPF +p@)F \ a)

Then the set of siz vectors T UYoUY_ C CO constitutes an orthonormal basis of
eigenvectors of My azweir(€).
The pairs Ty (resp. To) are eigenvectors associated with AL (§) (resp. Ao(§)).

Remark 2.5. The double multiplicities of the eigenvalues implies that the basis
vectors in each subspace are not uniquely determined. This explains the appar-
ent asymmetry (with respect to (£1,&2,&3)) of the eigenvectors in each of the sets
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Y1, Yo. The operator (and its symbol My azwen(§)) is clearly symmetric with re-
spect to orthogonal rotations in R3.

Eo(z)
Bo(z)

in C%) whose Fourier transform (%8) € span{ Y1}, for every 0 # £ € R3. In other
Eo(8)

1?0(5)) is orthogonal to ker(Mmazwen(§)) for all & # 0. Then in particular

Remark 2.6. (propagation modes) Let ( ) be a vector function (with values

words, (

< Bo(€),6 >5=0, < By(€),{>w=0, &£eR3

Eo(x)

The propagation of the initial data ( ) by the time-dependent Mazxwell system

Bo(x)
yields the solution (ggg) Both E(x, t) and B(z, t) are superpositions of the plane

waves €<% E>FUED q(¢) and (< E>FUEDB(€), each of which is transverse (in fact
orthogonal) to the propagation directions & or —&.

The terminology of “TE-modes” (resp. “T'M-modes”), introduced by Lord Rayleigh
in 1897, is used to characterize such fields.

The behavior of these waves for large time is further studied below in Subsec-
tion 7.2.

The diagonalization procedure of the Dirac operator (see (2.11)) can now be
repeated, with suitable modifications, for the Maxwell operator as follows.
We define a continuous map

£ Vo(€), €eR®\ {0},
where Vp(€) is unitary for all £ € R3\ {0}, so that

A2 Oz O
(217) ‘/O(f)*Mmawwell(f)‘/O(g) = 02 02 02
O- Oz A_(H12
We can clearly assume that V5 (&) is homogeneous of order zero; Vo(8€) = Vo(€), 8 >
0.

Remark 2.7. Continuing Remark 2.5, the fact that the eigenvalues are “separated”
and are of constant multiplicity implies [32, Chapter 11.1.4] that the projections on
the eigenspaces are continuous (and indeed real-analytic), hence this is true also for
the map
£—=W(§), £#0.

Remark that the choice of the unitary matriz is not unique. In particular, taking
the matriz whose columns are the siz vectors Y UYoUY _| yields a unitary matriz
that diagonalizes Myazwen(§), but is not continuous (as a function of £).

For f € L%(R3,CY) we define the transformation

(2.18) (Tof)(E€) = V5 (OF(€), € e R*\{0}.
Then
To: L2(R?,C%) — LF(R?,CP),
is unitary and diagonalizes L,qzwer in the sense that
M (O O 0o R

(219) (%Lmaxwell’]?)_lf) (5) = O, 0o Oz (6), f S RB,
0y 05 A (O
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is a multiplication by a diagonal matrix.

Remark 2.8. Note that the diagonalization equation applies only to f in the do-
main of Lyazwerr- This will be discussed below, in Subsection 4.2.

3. WEIGHTED SOBOLEV SPACES and BASIC NOTATION

Here we introduce the weighted Sobolev spaces which play a basic role in our
treatment. We shall only need these spaces in the framework of £2.
For s € R and p a nonnegative integer we define:

31) LR = {ul@) / |ullf,= /(1 +[2f*)*|u(2)*dx < oo},

R

(32) HPUR™):={u(z) /| Vouel® lof<p lulj.= D [Vul.}

le|<p
The scalar product in £%*(R") is
(3.3) (u,v)0,s = /(1 + |z ) *u(z)v(x)de.
]Rn
We write £2 for £2? and ||ullo = ||ulo,0. We also write HP for HP and , when

needed for clarity, ||u|l%» = ||u||p,0. The scalar product is then denoted by (-,-). We
do not distinguish in this scalar product between scalar and vector-valued functions;
that will be clear from the context.

Let K > 0 be an integer. For functions valued in C¥, if needed for clarity, we
denote, as has already been done above for £2,

HPH (R, CF) = 1P (R™) (K) CK.
For negative (integer) indices —p we denote by {H ™7, |||} the dual

space of HP'~°. In particular, observe that any function f € H~1* can be repre-
sented (not uniquely) as

- )
A4 = E i 2. <k<n.
(3 ) f f0+k=12 8zkfk7 fkec 5 O_k_n

On the side of the (Fourier) transformed functions we shall need Sobolev spaces
of any real order. The Fourier transform (2.1) carries weighted-L? spaces to Sobolev
spaces (and vice-versa).

We let H? = HP(R™), 0 € R be the Sobolev space (based on L?(R™)) of order @

of functions obtained as Fourier transforms, namely,
(3.5) H={a /| uel*R"), |ullye = luloo}-

Of course for an integer § = p the definitions of H? and H? are consistent, noting
that the latter is used in the Fourier £ —space.

Remark that the more general (weighted) spaces H%* can be defined, for exam-
ple, by interpolating between H?>® with integer values of p, but we shall make no
use of such (weighted) spaces.

In our study we rely heavily on the trace lemma for functions in H?(R™) [5,
Proposition 6.3],
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Lemma 3.1. Let h € H(R™), n > 3, 1 <0 < 3. Denote the sphere of radius r

by
Sr={¢eR"/ [¢|=r}.
Then
(3.6) /|ﬁ|2d2r < Cmin(1, 7 ||h|20, >0,
S,

where C > 0 is independent of E, r, and dX, is the Lebesgue surface measure on
Sy

Furthermore, the family of trace maps {<I>T s HO(R™) — L£2(8)), r € R+} given
by

‘I’rﬁ(w) = TnT_lﬁ(rw), weSy, reRy,

is locally Holder continuous, in the following sense.

For a closed interval [a,b] C Ry there exist constants C > 0 and a € (0,1) such
that

~ ~ 2 ~
(3.7) /‘@,Jz(w) — @, h(w)| dE1 < C|[h|30lr2 —71]%, 71, 72 € [a, ).
S1

Notation. For any two Banach spaces we use B(X,Y) to denote the space
of linear bounded operators from X to Y, equipped with the uniform operator
topology.

4. SPECTRAL STRUCTURE of the UNPERTURBED DIRAC and
MAXWELL OPERATORS

In this section, we study in detail the spectral properties of the free Dirac and
Maxwell operators operators, as introduced in Section 2. This will provide a prelude
to the general case that we defer to Section 5.

4.1. THE FREE DIRAC OPERATOR. We first consider the spectral den-
sity of the free Dirac operator, with suitable estimates in weighted Sobolev spaces.
These estimates allow us to derive the Limiting Absorption Principle for this oper-
ator (Theorem 4.2 below).

Recall the definition (2.10) of the transformation G,,.

Observe that in view of Equation (2.11) the operator G,, H,,G,,! is reduced by

the two (complementary) orthogonal subspaces X1 C £2(R3,C*) given by
(4.1) Xy ={f€L*R*C") / thetwo last components of G, f(£) vanish},
. X_={fe ¥R C*) / the two first components of G,, f(€) vanish} .

In order to determine the domain of the self-adjoint operator H,, we repeat the
discussion in [32, Section V.5.4].
From (2.9) we obtain the coercivity property (in each reducing subspace)

(4.2)
| < Mo (6)F(€), F(€) >ct | = | < UL (&) Mun(€) U (€)U () F(E), U (€) F(€) >ca |

> [EIF (O, fe Xy, R
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It follows that the domain of H,, in each reducing subspace, hence in the full space
L2(R3,C*), is

(4.3) Dom(H,,) = H'(R*,C*),
and its spectrum (that is absolutely continuous) is
(4.4) spec(Hp,) = R\ (—m,m)

(it is of course R if m = 0).
Recall that by Equation (2.11) the operator H,, can be diagonalized with

Ax(r) = £Vr2 +m2.
Let E,,()\) be the spectral family associated with H,,.
As is customary we use xp as the indicator function for a set B C R?, namely,
xB(&) =1 (resp. xp(§) =0)if £ € B (resp. £ ¢ B).
It is easily seen that if we confine f € C§°(R3,C*) then for A > m we have

(45) (EnN1 1) = ( (’“@;*5 ?j) Grnf. G ).

where the right-hand side is the scalar product in Eg (R3,C*).
Differentiating the last equality (assuming f, g to be sufficiently regular), we get
(with dX, being the Lebesgue surface measure on the sphere of radius r > 0),
d A 9
@0 HEWNLN == [ 1GaD ORI e,
|¢|=vAZ—m?

where (G, f)+ is a 2—vector consisting of the first two components of G,, f.
An analogous equation is clearly valid in the case A < —m.
Since

~

(G f)+ ()] < [(Gm F)(E)] < [F(E)];

we conclude from Lemma 3.1 and the definition (3.5) of the space H?® that, for any
Al > m and £ < s < 2, there exists an operator

An(N) € B(L2*(R?,CY), £L27(R%,CY),

such that
< A f 5= S (Bn N )
A .
@) < Cmin (Pl O = ) 1
A

_ : 2
—len( ETp

T O =) )1

where <, > is the (£ 7%(R3,C*), £>*(R3,C*)) pairing.

Proposition 4.1. (1) Lets > 3. Then the weak derivative A,,(\) = 2% (Ep, (X))
is locally bounded and locally Holder continuous for || > m, with respect
to the uniform operator topology of B(L?*(R3,C*), £2~5(R3,C*)).

(2) Let s > 1. Then the weak derivative Ap,(N) = -5 (En (X)) is uniformly
bounded and uniformly Hoélder continuous for A € R, with respect to the
uniform operator topology of B(L**(R3,C*), £2~5(R3,C*)).
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Proof. Note that the topology of B(£%*(R3,C*), £%~%(R3,C*)) becomes weaker as
s grows, so without loss of generality we can assume s < 2, so the estimate (4.7)
can be used.

Consider the expression for the spectral derivative, Equation (4.6). Using the
expression (2.10), we can rewrite it explicitly as

29

A N 2
(4.8) < AmNf, f >= \/ﬁ / ‘[Um(f) ©l+ dX sz
1=/ Ar=m?

We now estimate the right-hand side of Equation (4.8) in H® with 5 > 2. By the
Sobolev embedding theorem,

(4.9) IFE) < Clflas € €R
Thus

< C()‘2 - m2)||f‘|(2),§7 5> 2)

[ meRen| e mm

&|=vAT=m?
and from (4.8) we obtain in this case
(4.10) < AN F>< OAN2 = m?)2|f|35 5> 2.

Furthermore, using the explicit form (2.12) of U,,(£) and the Sobolev embeddding
theorem we have, in addition to (4.9), also

VelU5 () F(©] < Cllfllags, R, 5> 3.

Rewriting (4.8) in the form
(4.11)

< AN f >=

A . ~ 2

\/ﬁ / ‘Wm(\/>\2 - m%)f(\/)\2 —m?w)]4 | (A*=m?)dZ,
|w|=1
we can differentiate to obtain, for |A| > m,
d
(4.12) < AN f > ‘ <O\ —m?) | f|2, 5> 3.
Since the right-hand side is uniformly locally integrable in A € R\ (—m,m), we
conclude that the operator-valued function
An()) € B(L23(RE,CY), £2(R,CY), |\ >m, 5> 3,

is uniformly Holder continuous (and vanishes at |A\| = m).
Interpolating this estimate with the boundedness estimates (4.7) we conclude
that

e For s > % the operator-valued function
A (X) € B(L**(R?,CY), £27*(R?,CY), [\ >m,
is locally bounded and locally Holder continuous .
e For s > 1 the operator-valued function
An(N) € B(L»*(R®,CY), £L27°(R%,CY), [ 2m,
is uniformly bounded and uniformly Holder continuous in A € R (and van-
ishes for A € [-m,m]).
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This concludes the proof of the proposition. ([

We can state a slightly more general fact by taking the norms of f and g below
in different weighted spaces. In fact , suppose that f, g are smooth and compactly
supported. Since the bilinear form < A,,(\):, - > is nonegative, applying the
Cauchy-Schwarz inequality yields, for any [\ > m and s, [ > 3,

(4.13)
d 1 1
E(Em(A)fvg){ = ’ < Am(>‘).ﬂg > ’ < < Am()‘)faf >2 - < Am()‘)gag >2

. A St 1\ N

< Cmin (2 O ) ) | el
. )\| s+l _

= Cmin (2 OZ =) F ) ol

It is obvious that in the inequality above, the first <, > is the (£ ~*(R3,C*), £>*(R?,C?))
pairing, while the second is the (£%~!(R3,C*), £L%!(R3,C*)) pairing.

The general theory [5, Section 3] now yields the Limiting Absorption Prin-
ciple (LAP) for the unperturbed Dirac operator.

Theorem 4.2. Let Ry,(z) = (Hy, — 2)7 Y, Imz # 0. For any 5,1 > 3 the limits
(4.14) R () = Hm R (o £ i€), p € R\ [=m,mi],
€.

exist in the uniform operator topology of B(L**(R3,C*), HV—{(R3, C*)).

If s,1 > 1 then the limits in (4.14) exist for all p € R, or, otherwise stated, they
are continuous across the thresholds at = +m.

Furthermore, in both cases the limit functions RE (1) are locally bounded and
locally Hélder continuous (in their respective domains) with respect to the uniform
operator topology.

Proof. As already pointed out, the properties of A4,,()), as given in Proposition 4.1,
enable us to invoke the general theory and obtain the result in the operator setting
of B(L**(R3,C*), L2~I(R3,C*)).

In order to complete the proof we need to show that it is possible to replace
£2’_Z(R37 (C4) by Hl’_l(Rg, (C4)

Take f € £2*(R3,C*), so that by the already established result, the limit

RE(n)f = li&l R, (ntie)f, p e R\ [-m,m)],
£
exists in £L27H(R3,C*).
We have
(Hp — )R (ptie)f = f £ieRy (u L ie) f,
and since {R,,(u +ig)f, 0 < & < 1} is uniformly bounded in £%~{(R3 C*), we ob-
tain the limit (in this space)

i Hon B (11 & 82) f = f + pBR5, (0) -

Note that H,, is densely defined and closable in £2~!(R3,C*) and in fact, in
view of the coercivity (4.2) its graph norm in this space is equivalent to the norm
of HY—H(R3, C4).
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Retaining the same notation for its closure, we get
(4.15) Hpn Ry (0)f = f + Ry () f,

so that indeed
RE(u)f € HY ! (RE, CY).
O

Remark 4.3. o The first part of Theorem 4.2 (namely, s, | > % and avoiding
the thresholds) was obtained in [3, 53]. Both papers made use of the LAP
for the Schridinger operator , by way of formula (2.8) .
e Note that for the second part of the theorem it suffices to assume s, [ > %
with s +1> 2.
e In Proposition 4.5 below we give a somewhat different argument for the proof
of (4.15), based on the fact that Hy, is a constant coefficient operator.

We shall now extend this theorem to more general function spaces. We take
s, 1> 1.

Let g € HM(R?,CY), f € H~1(R3,C*), where f has a representation of the
form (3.4), with f;, € L2*(R3,C*%), 0 <k < 3.

Equation (4.6) can be extended (at least formally) to yield

(4.16)
3
< Am(N)[fo +17 Z
k=1
A e
T2 / (gmfo )+ Z&c gmfk )+(8); (Gng)+ (&) >c2 dX o=z,

el =32 —ms
f € r)]_[—l,s7 ge Hl’l.

Observe that this definition makes good sense even though the representation
(3.4) is not unique, since

3 B i d
_ 1 _ 7 1 ;
= fo+ E i 8xkfk_f0+ E i axk.fk’
k=1 k=1

implies

3 — 3 ~
&)+ > &fr(©) = fol&) + D &fr(©)
k=1 k=1

(as tempered distributions).

Proposition 4.4. Equation (4.16) can indeed be used to define an operator (for
which we retain the same notation)

Apn(A) € B(H™V(R?, €Y, HHTH(R?, CY)).
In this setting <,> is the (V=L HY) pairing and |\ > m.

Proof. To estimate the operator-norm of A,,(\) as given in (4.16) we use, for 1 <
k < 3, the estimate (4.13), in the form
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B
e —m?

lg2=A2—m?

< Amma% fog>| = < (G i)+ (©), E6(Gn@)+ () >z dE sz

. R 9 gu skl 1\ > —
< C'min (ﬁa [A(A" = m7) >||fk|H5 Ergllar
so from (4.16) we obtain
(4.17)
| < Am(N)f, 9> |
. A stl_ —1,s
< Cmin (\/)\J——mf IA[(A? —m?)7= 1>||f||—1,s||g||1,la feH™ e, geHY, 51> 1.

O

Theorem 4.2 can now be enhanced to yield

Proposition 4.5. The operator-valued function R,,(z) is well-defined (and ana-
lytic) for nonreal z in the following functional setting.

(4.18) 2z = Ry (2) € B(H™M(R3,CY), £27Y(R3, CY)).

where s, | > 1.

Furthermore, it can be extended continuously from C* to CE, in this uniform
operator topology. The limiting values ( denoted again by RE (X)) are Hélder con-
tinuous in the same topology.

The extended function satisfies

(4.19) (Hp — 2)Rn(2)f = f, feH V(R CY), zeCH,
where for z =X €R, R, (z) = RE(N).

Proof. By the estimate (4.17) , we get readily R,,(z) € B(H~1*(R3,C*), H~V~{(R3,C*))
if Imz # 0, as well as the analyticity of the map z — R,,(2), Imz # 0. Further-
more, the extension to Im z = 0 is carried out as in [4, Section 4].

Equation (4.19) is obvious if Imz # 0 and f € £%°. By the density of £** in
H~1% | the continuity of R,,(z) on H~1* and the continuity of H,, — 2 (in the
sense of distributions) , we can extend it to all f € H 1%,

As z =+ A+i-0 we have R,,(2)f — RE(\)f in =Y~ Applying the (con-
stant coefficient) operator H,, — z yields, in the sense of distributions, f = (H,, —
2)Rin(2)f = (Hpm — A\ RE(X) f which establishes (4.19) also for Im z = 0.

Finally, the established continuity of z < R,,(z) € B(H™'*,H~%7!) up to
the real boundary and Equation (4.19) imply the continuity of the map z <
H, R, (2) € B(H™3(R3,C*), H~L=HR3,CY)).

The stronger continuity claim (4.18) follows since the norm of £2~! is equivalent
to the graph-norm of H,, as a map of H 5! to itself. O

Remark 4.6. Note that we could actually take s, | > % with s +1 > 2. This is
identical to Proposition 2.4 in [12], except that here we obtain the Holder continuity
of the limiting values.
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4.2. THE FREE MAXWELL OPERATOR. In Subsection 2.2 we introduced
the Maxwell operator L,qzwelr- It is a constant coefficient differential operator and
its symbol M azwen(§) is Hermitian. Thus, it can be realized as a self-adjoint
operator in £2(R3, C%), for which we retain the same notation.

The spectrum of the operator is readily seen to be

(420) Spec(Lmawwell) =R

The spectrum is absolutely continuous except for the point A = 0. In view of
Corollary 2.4 the eigenspace associated with the zero eigenvalue is given by

(4.21)  ker(Lmagwen) = {f € L2(R®,C%) / F(€) € span{To},0 £ ¢ € R3} .

We now consider the spectral density and the Limiting Absorption Principle for
the Maxwell operator, in the setting of weighted Sobolev spaces. The treatment is
quite analogous to that of the Dirac operator and we discuss it briefly, focusing on
the aspects of difference between the two cases. As in the Dirac operator case, we
obtain detailed estimates at the threshold energy A = 0. Such estimates are needed
for global spacetime estimates (Subsection 7.2). Note that the Maxwell operator
is not elliptic (nor bounded from below), so suitable care is needed with respect to
its domain of definition .

In addition to the kernel expressed in (4.21) we define two other (complementary)
subspaces, as follows.

(422)  Xa={F e L2R,CO)/ J(€) € span{Tu}0 £ € € R .

Note (compare (4.1)) that these subspaces can also be expressed as

X, ={fe€ L2(R3,C%) / the four last components of T f(€) vanish} ,

(4.23) S ,
X_={feL*R*C" / the four first components of 75 f(£) vanish},

where the transformation 7y is defined in (2.18).

Observe that these subspaces are those containing the “TE, TM” modes (Re-
mark 2.6).

These subspaces are clearly reducing for L,azwer- From (2.17) we obtain the
(partial) coercivity property

~ ~

| < Mmaa:well(g) (5)7f(£) >cs | = | < Mmaa:well(§)76f(§)a76f(€) >cs |
> TS OF = EIFEF, ¢eR, feXs.

These facts enable us to give an explicit expression for the domain of L;,qzwelr-

(4.24)

Claim 4.7. The domain of Lyazwell, as a self-adjoint operator in L2(R3,CS), is
given by

(4.25) Dom(Lomazwenr) = ker(Lmazwen) ® (X4 NHY (R, CO)) @ (X_NH(R3,CP)).
The eigenvalues of the symbol M, qzwei(§) are
A+ (€) = ¢
Let F'(\) be the spectral family associated with L.,qzweli-
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It is easily seen that if we confine f € C§°(R3,C°) then for A > 0 we have

Xap()<alz Oz Oz
(4.26) FOLH=([ 0 0. 0] T8 Tof),
0 Oy I

where the right-hand side is the scalar product in Eg (R3,C5).
Differentiating the last equality (assuming f, g to be sufficiently regular), we get

)

(2.27) FENEN = [ (TP,
1€1=A

where (Tof)+ is a 2—vector consisting of the first two components of 7 f.
An analogous equation is clearly valid in the case A < 0.
Since

~

[(Tof)+ O < (T )] < [F(E)],

we conclude from Lemma 3.1 that, for any A € R\ {0} and s >

(4.28) %WW, f) < Cmin(1, A7) f]

1
29

2
Hs

= Cmin(L, A5 s
It follows that there exists a map
A(\) € B(L>*(R?,C%), L2 (R?, CY)),

so that p
N FONL ) =< ANF. f >,

where <, > is the (L%7%(R3,C%), £2*(R3,C")) pairing.

Proposition 4.8. Let s > 3. Then the weak derivative AN = L(F(N)) is locally
bounded and locally Hélder continuous for X € R\ {0}, with respect to the uniform
operator topology of B(L**(R3,C°), £2~3(R3,CY)).

In fact, defining E(O) =0, The function Z()\) is uniformly bounded and uniformly
Hélder continuous for A € [—r,r| in the operator topology, for every r > 0..

Proof. The proof is quite parallel to that of Proposition 4.1, so we give a rather
brief exposition here. We take A > 0.

Consider the expression for the spectral derivative, Equation (4.27). Using (2.18),
we can rewrite it explicitly as

~ - 2
(4.29) <Anfr>= [ | ©F©):| a.
[€]=X
The local boundedness of A(\) € B(£%*(R3,CS), £275(R3,C)), A # 0, is imme-
diate from (4.28).
In what follows C' > 0 is a generic constant that does not depend on &, A, f.

Next consider the right-hand side of Equation (4.29) and estimate it in H*, 5 > 2.
In view of the Sobolev embedding theorem (see (3.5) for notation)

(4.30) IFE) < Cliflws, € €R
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Thus

- 2
[ |0 @F©:| amn| < oxisig 5> 2
[€1=A

and from (4.29) we obtain in this case

(4.31) <AWNSf><ON|fl35 5> 2.

Using the homogeneity of V5(§) (of order zero) we have

. C

Ve[V ()] < Gk £ e R\ {0}.

In conjunction with the Sobolev embeddding theorem we have, in addition to (4.30),

VeV () F(©)]] < Cmax(L, ¢ flas, € € R\ {0}, 5> 3.
Rewriting (4.29) in the form

~

(4.32) <AWNLS>=2 [ 05w Fow| s,
Jw]=1

we can differentiate to obtain, for || > 0,

d ~
(4.33) <AL > | < Cmax(A )| f R 5> 3

The right-hand side is locally integrable in A € R, hence the operator-valued func-
tion
A(N) € B(L*®(R?,C%), £>7°(R3,C%)), |\ >0, 5> 3,
is locally Holder continuous (and vanishes at |A| = 0).
Interpolating between the local boundedness (4.28) for s > % and the local
Hélder continuity above (for 3 > 3) we obtain the local Holder continuity for any
5> % (]

Remark 4.9. Since A =0 is an eigenvalue of Ly,qzwen there is no spectral deriva-
tive there. However, as seen from the estimate (4.28), the weak derivative vanishes
as A — 0.

We can state a slightly more general estimate than (4.28) by taking the norms of
f and g below in different weighted spaces. In fact , suppose that f, g are smooth
and compactly supported. Then, as in the derivation of the estimate (4.13), for
A#£0, and s,1 > %,

LENLo| < < AN > < AN >

(4.34) < Cin(1, A7) ]

7+ |G|

g |O,l .

= C'min(1, |>\|S+l71)||f lo,s

It is obvious that in the inequality above, the first <, > is the (£L%~%(R3, C®), £2*(R3,C"))
pairing, while the second is the (£%~!(R3,CS), £L%!(R3,C°)) pairing.

The general theory [5, Section 3] now yields the Limiting Absorption Prin-
ciple (LAP) for the unperturbed Maxwell operator.
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Theorem 4.10. Let Rouzweil(2) = (Lmazwetr — 2) Y, Imz # 0. For any s,1 > %
the limits

(4.35) Riumwell(/’é) = lalﬁ)l Razwen(p £ig), p € R\ {0},

exist in the uniform operator topology of B(L**(R3,C%), £2~(R3,CY)).

The limits in (4.35) can be extended to p = 0, or, otherwise stated, they are
continuous across the eigenvalue at p = 0.

Furthermore, the limit functions meweu(u), w € R, are locally bounded and
locally Holder continuous with respect to the uniform operator topology.

Remark 4.11. Continuing Remark 4.9, notice that the limiting values mewe”(O)
are not, of course, limiting values of the resolvent (Lmazwerr £ €)™ Lase — 0.
However, on the subspace (of “TE,TM” modes) orthogonal to the kernel we have
the following corollary.

Corollary 4.12. Let s, > % Consider the operator P+ Roazwei(2) = P (Limazwell —
2)71, z = pdie, where P is the orthogonal projection on ker(Lpazwen) in £2(R3, CS).
Then the limits

(4.36) PLR* (1) = lsiﬁ)l PLRoazwen (it £ i€), 1€ R,

mazwell
exist in the uniform operator topology of B(L**(R3,C®), £L2~{(R3,C")).
Furthermore, these limits are Holder continuous in the same operator topology.

Proof. Indeed, the corollary follows directly from the last part of Proposition 4.8,
since the weak derivative A(\) = -&(F (X)) (extended by A(0) = 0) is uniformly
bounded and uniformly Hélder continuous for A € [—r, 7] in the operator topology,
for every r > 0.. |

As in the case of the Dirac operator, we can extend the theorem to more general
function spaces. We continue to assume s, [ > %

Let g € HY(R3,CO), f € H™1%(R3,CF), where f has a representation of the
form (3.4), with fr € £2*(R3,C%), 0 <k < 3.

Equation (4.27) can be extended to yield an operator (for which we retain the
same notation)

(4.37) A(N) € B(H V5 (R3,C%), 1~ 1H(R3, C%)),

defined by (where now <, > is used for the (K=~ H'!) pairing and we assume
A>0),

fo-l-’L

Mu

k=1

= [ <o +ka Tofr(©), (Toghi(€) > dSx, e H1", g e HM,
[€£]=A

that can be rewritten as
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3
<AWf+i Y g fidg>= [ < (Tfahi©): (Togh(9) >cr d
k=1

(4.38) 1=

3
+Z / < (Tofi)1(E)ék, (To9)1(€) >c2 dS\, feH 5, ge HM.
F=Ligi=x

To estimate the operator-norm of A()) in this setting we use (4.38) and the
considerations leading to (4.34), for 1 <k <3

~ 0
< AN =— fr, 9 >
| < A( )8xkfk 9>
< Cmin(L AP Y fll-islglhe . feH™, geH!,
so that, instead of (4.34), we have
(4.39) | < ANf.g > | < Cmin(L N D1f ] -1sllglh

where s,1 > %

The following proposition is proved in the same way as Proposition 4.8.
Proposition 4.13. Let 5,1 > 3. Then the weak derivative AN = L(F(N)) is
locally bounded and locally Hélder continuous for A € R\ {0}, with respect to the
uniform operator topology of B(H~15(R3,C8), H~L~{(R3,CH)).

When trying to establish the regularization property of the resolvent, in anal-
ogy to the Dirac case (Proposition 4.5) we need to take into account the fact
that the kernel is nontrivial, so that regularization can only take part in the sub-
space P-L2(R3,C%), where P is the orthogonal projection on ker(Liazwen) in
L2(R3,CY), as in Corollary 4.12.

Theorem 4.10 can now be enhanced to yield

Theorem 4.14. The operator-valued function Ruyazweir(2) is well-defined (and an-
alytic) for nonreal z in the following functional setting.

(4.40) 2 = P Razwen(2) € B(H™ (R, C%), £27HR3, C)).

where s, | > %

Furthermore, it can be extended continuously from C* to C* (JR, in this uniform
operator topology. The limiting values ( denoted again by PJ'Rimwe”()\)) are
locally bounded and locally Hélder continuous in the same topology.

The extended function satisfies, for z € CT [J{R\ {0}},
(4.41)

(Lmamwell - Z),PLRmamwell (Z)f = f - ZPRmarwell (Z)f7 f € Hil’s(RSa C6>7 )
where for z =X € R\ {0}, PLRnazwen(z) = PLRE (A)

mazwell

Remark 4.15. Note that the operator PRpyazwen(z) is well-defined for Imz # 0
and can therefore be extended continuously (in the sense of distributions) to the
real axis, in view of the continuity of the left-hand side in FEquation (4.41), as is
established in the following proof.
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Proof of the Proposition. The proof runs parallel to that of Proposition 4.5. In fact,
in the functional setting of B(H~1*(R3,CS), =L ~{(R3,CY)) the claims follow from
the general theory, in view of Proposition 4.13 . Also the proof of (4.41) is identical
to that of (4.19).

Since the operator L,,qzwen is not elliptic, we only need to justify the stronger
continuity claim (4.40), namely, the fact that H~1~!(R3,C%) can be replaced by
£271(R3,CY) in the statement. However, the restriction of Li,qzwer to the subspace
orthogonal to its kernel is elliptic , as seen from Equation (4.25). Therefore , for
any w in this subspace, the graph-norm |[ul|—1,—; + || Limazwent||—1,—1 is equivalent
to the £2~! norm ||ul|o, ;.

O

5. STRONGLY PROPAGATIVE OR ISOTROPIC OPERATORS

We now turn back to the study of the spectral structure of the general (constant
coefficient) operator (1.2):

LQ :L07hom+M8 = ZMJOD] +M8
Jj=1

Its (K x K matrix) symbol is given by

(5'1) Mo(f) = MO,hom(g) + M(g) = Z M]Og] + Mg

Jj=1

All the common physical systems (Dirac, Maxwell, wave propagation in elastic
medium and others) share the basic property of being strongly propagative,
according to the following definition.

n

Definition 5.1. [50]: The homogeneous operator Lo nom = Y, M} Dj is said to

=1
be strongly propagative if Mo nom (&) has a kernel of fixed dimension 0 < d < K,
independent of £ = (&1,...,&,) € R™\ {0}.
The nonzero eigenvalues of My nom have the following properties.
e They are positive-homogeneous of degree 1.
o Let QMorom (0;¢), 8 € C, be the minimal polynomial of My pom(§). Let

min

(5.2) Z= {f € R"\ {0}/ the discriminant of Q%" (6;¢) Vanishes}.

Then Z = Z U {0} is a closed cone of Lebesgue measure zero [50] .
e In R"™\ Z every eigenvalue of My nom (€) has constant multiplicity .

The distinct nonzero eigenvalues can therefore be enumerated as

(53)  pp() > > () > 0> p (8 > ... > p(6), EER™\ Z.

The basic properties of these functions can be summarized as follows.

(i) pr(€)is continuous on R™, and in fact real analytic on R™\ Z,
(54) (”) /u’k(f) = _ﬂ*k(_g)a k= 1,.. P 5 eR" \7» .
(11d) pr(BE) = Bur(§), B>0,k=1,...,p, L€R"\ Z.
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The corresponding projections are denoted by
{Pk(g) /5 eR"™ \7}0;£|k|§p :

Remark that for £ € Z the disjointness property (5.3) is not valid, but the eigen-
values clearly retain the homogeneity property. In fact, they are all bounded on
every sphere |£] =1 > 0, as is stated in the following claim.

(5.5)

Claim 5.2. There exist constants co > c¢1 > 0 so that all nonzero eigenvalues
satisfy

(5.6) ClS‘Mik(él)‘SCQ, E£0, k=1,...,p.

Proof. The sphere || = 1 is compact, so the boundedness of the nonzero eigenvalues
follows from the “group continuity” [32, Section IL.4] of these eigenvalues and the
assumption that the operator is strongly propagative.

The inequality (5.6) follows from the homogeneity property. a

Even though we do not treat in this paper the general nonhomogeneous strongly
propagative case, we shall make here a comment concerning its possible eigenvalues.
Suppose then that the constant matrix M{ # 0 is not a scalar matrix.

Let us consider the possibility of having an eigenvalue n of My(&) that is inde-
pendent of & for £ in some open set O C R™. The existence of such an eigenvalue
is equivalent to the fact that n is an eigenvalue of Lg. In the homogeneous case
(M§ = 0) we can only have n = 0.

For 7 to be such an eigenvalue we need

det(Mo(f) - ’I’]IK) =0, £€O0.

Since the determinant is a polynomial in &, it follows that it actually vanishes for
all ¢ € R™. In particular, 7 is an eigenvalue of M.

We conclude that 1 must be contained in the finite set (subset of the set of
eigenvalues of M)
(5.7)

n
A = the set of common eigenvalues of M + ZajMJQ, Va = (ay,...,a,) € R".
j=1
Any further spectral information, in our approach, requires a detailed study of
the level surfaces of the eigenvalues (in analogy to the cases of the Dirac operator
and the Maxwell system) . The information we need (in the general nonhomoge-
neous case) requires the use of delicate tools of real algebraic geometry and will
not be attempted here. We remark that, to the best of our knowledge, the spectral
study of this general class of operators (e.g., the Limiting Absorption Principle)
has never been carried out.
A more restricted class is that of operators for which Z = (), as follows.

n
Definition 5.3. [49]: The operator Lo hom = . MJQDj s said to be uniformly
j=1
propagative if it is strongly propagative and, moreover, the eigenspace associated
with every eigenvlaue has a constant dimension , independent of & € R™ \ {0} .

For simplicity in what follows we shall refer also to the associated symbols as
“strongly” or “uniformly” propagative.
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J. Rauch studied the asymptotic behavior of solutions of first-order hyperbolic
systems, imposing the assumption of a uniformly propagative system [38, Assump-
tion (1.3)]. Note that “the equations of electromagnetic and elastic waves in crystals
are not uniformly propagative. However they are strongly propagative” [48, Intro-
duction)].

In our treatment we shall always assume that Lo pom is strongly propagative.

We shall restrict our considerations to two classes of operators:

e Strongly propagative homogeneous operators, a generalization of the Maxwell
system, as well as the massless Dirac operator.

e Nonhomogeneous isotropic operators (see Definition 5.14 below), a gener-
alization of the massive Dirac operator.

5.1. SPECTRAL STRUCTURE OF HOMOGENEOUS STRONGLY PROP-
AGATIVE OPERATORS. The assumption that M{ = 0 and Lo hom is strongly
propagative permits an explicit representation of its domain as well as “partial co-
ercivity” characterization, in full analogy to the Maxwell operator (see (4.23)).

We define for every index k = +1,...,k = £p, the subspace

~

(5.8)  Xp={f € LXR",CK) [ P(&)f(&) = m(6)F(€), € e R"\ Z},

where the projections Py (§) are as in (5.5).
These subspaces are clearly reducing for Lo pom. In view of (5.6) we obtain the
(partial) coercivity property |,

| < Mohom(€)F(€), (&) >cx | = all€||FOP,  feXu, 1< || < p,

(compare the analogous fact (4.24) for the Maxwell system). We therefore conclude
that

(5.9) Dom(Lohom) = ker(Lonom) ® Y (X, NH' (R",CK)).
1<|k|<p

5.1.1. The Limiting Absorption Principle for homogeneous strongly prop-
agative systems. Recall that the set Z was defined in (5.2). Let p;(§), & €
R™\ Z,0 # |j| < p be a nonzero eigenvalue. Let A € R\ {0} and consider the
surface

(5.10) Li(A) = {§ €R"\ Z/sgn(j) = sgn(N), ;(€) = A}

It is an open smooth submanifold of codimension 1. It is bounded (and bounded
away from the origin) in view of Claim 5.2.

The homogeneity property implies that the surfaces are homothetic in the sense
that

(5.11) T;(\) = AT;(1), A#£0.

The surface I';(1) plays a basic role in the wave propagation associated with the
operator.

Definition 5.4. The surfaces I'j(1) = {p;(§) = sgn(j)} are called the slowness
surfaces of the system (see [49, Section 4]).
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The term used in [17] is normal surfaces. We note that treatments by means
of global Fourier integral operators necessitate a very careful study of these surfaces
as well as very special assumptions on the system (see e.g. [33]).

Since I'j(1) = —I'_;(1), we shall henceforth assume j > 0, with A > 0.

The homogeneity of 1;(€) implies, by the Euler identity, that

<& V(&) >re=p5(8) = A, €T;(N),
so that the Cauchy-Schwarz inequality and (5.6) yield
(5.12) V)] > 1> 0, E€T;(0), A>0, 1<j<p.

Remark 5.5. The inequality (5.12) means that the “group velocity” at the wave-
front I'; is bounded away from zero. Compare with the analogous situation in the
study of the asymptotic behavior of solutions of first-order systems [38, Equation

(1.7)].
Let d¥p, (x) be the Lebesgue measure on I'j(A). The scaling property (5.11) yields

(5.13) dSr,(n) = A" NS, (1)-

Let w € IT';(1) be a general point, with a corresponding Aw € I';()). By (5.13) the
traces of any bounded continuous function f on the two submanifolds satisfy

(5.14) [ owPasne = [ 3 i0w)Pase, o,

T (0) r5(1)
Define (using appropriate scaling) the trace maps of the Sobolev space H?(R™) into
LZ(FJ(I))v by
(5.15) (®Ih)(w) = AT h(w), wel;(1), 1<j<p.
To estimate these trace maps we invoke [6, Lemma A.5]. The uniform lower
bound (5.12) implies that the essential condition in that lemma (|Vg| < d) is
satisfied uniformly for any compact K & I';(1). We conclude (by exhaustion) that

the estimate can be applied to the smooth manifold I';(1), hence these maps are
uniformly bounded for any 6 > % :

(5.16) sup {|\<I>§||B<He<w>,z:2<rj<1>>)} < 00,
A>0

and the operator-valued map A — B(H?(R™), £2(T';(1))) is locally hélder continu-
ous in the uniform operator topology (compare Lemma 3.1).

Let {Eo hom(A), A € R} be the spectral family of Lo pom. Since Eg pom(A) com-
mutes with Lo pom, it also has a symbol , which we denote by Ep pom(A; ). The
following claim gives an explicit expression in terms of the projections on the
eigenspaces (assuming A > 0, with a similar expression for A < 0). We use xp
as the indicator function for a set B C R™, namely, xp(z) =1 (resp. xp(z) =0)
if x € B (resp. = ¢ B).

Claim 5.6. Let A > 0. Then,

p

(517) Eo hom )\ 5 ZP +P0 +ZP X{MJ <A}
=1

(refer to Equations (5.4) and (5.5) for notation of eigenvalues and projections).
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If £, € C°(R™\ Z) then, assuming A > 0, we obtain by a well known formula
(“coarea formula” [25, Appendix C.3]) for differentiation of volume integrals

(5.18) dd)\ (Eo,hom ( Z / < Bl |Vulj((§|)§(£) s dXr,(n)

=10
where d¥r (y) is the Lebesgue surface measure (compare Equation (4.27)).

Note that the coarea formula requires global Lipschitz condition on p;(€). How-
ever, it is obtained by multiplying w;(€) by a cutoff smooth function such that
©(€) = 1 on the supports of f(§) 3(¢) and vanishes in a neighborhood of Z. Then
we see from (5.17) that for A >0
(5.19)

d 2 d ~ R
J(Eo,hom(A)fv g9) = ; J/Rf Pi (&)X 1o, )<y F(€), Pi(€)g(&) >cx dE.

Since the level set {&|p(&)p;(§) = A} is a smooth (n— 1)-dimensional hypersurface
for A > 0, one can apply the coarea formula to the right hand side of (5.19),
obtaining (5.18).
The real analyticity of the functions p;(£), & € R™ \ Z, guarantees that Equa-
tion (5.18) can be repeatedly differentiated, using higher derivatives of f(ﬁ), a(9).
We introduce the subspace of functions permitting such recurrent differentiation
in the following definition.

Definition 5.7. Let TEZ be the closure of C°(R™ \ Z,CX) in H*(R",CK), for
s> %, and let Y3 C L(R"™,CX) be the subspace of its inverse Fourier transforms.
It is a closed subspace, equipped with the same norm || - |lo,s (3.1).

Since Z has Lebesgue measure zero (in R™) it is clear that Y%, is dense in
L2(R™,CK). In the following claim we characterize the orthogonal complement
of T¢ in L%*(R",CK).

Claim 5.8. Let (T3)= C £**(R",CX), s > 1, be the orthogonal complement to
T3, (using the scalar product associated with (3 1)) Let h(x) € (Y5)L. Then the
Fourier transform of (1 + |x|?)*h(z) is supported on Z :

(5.20) supp F{(1+ [¢[2)*h(2)}(€) € Z.

Proof. Let 1 € £2%(R",CK) such that Ve Cs°(R™ \ Z,CX). The scalar product
in £2(R", CK) can be expressed as

6:2)  (hwdos = [ RO - APFE >ox dt =< (1= A5 >
R7l
where <, > in the last term stands for the H~*(R", CK), H#*(R", CK) pairing. The
assumption h(z) € (T%)+ means that (h,1) s = 0 hence
supp (I = A)*h = supp F{(1 + |2|*)*h(z)} € Z.
O
Remark 5.9. Note that if h(x) € £L2*(R",CEK) then (1+|z]?)2h(z) € L2(R",CK)
and (1 + |z|?)*h(x) € L25(R",CK). Thus (T4)*+ C L2(R",CK) is non-trivial
if and only if the set of functions in ’H*S(R?,CK), for s > %, supported on Z,
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is non-trivial. In other words Y3 is not necessarily equal to £2°(R",CE) if Z is
“arge” in some “(n — 1) — dimensional” Hausdorff measure sense. In fact, using
the terminology of [30], Y% is equal to £2°(R™,CK) if and only if Z is “s—polar”,
namely, if it has zero Bessel potential theoretic capacity of order s [34, Sections
10.4, 13.2]. A sufficient condition is that the a—dimensional Hausdorff measure is
zero for any a > n — 2s [28, Theorem 5.12].

Given the special algebraic structure of Z (see (5.2)) we introduce the following
conjecture.

CONJECTURE 5.10. The set Z is s—polar for s € (%, %), hence the subspace
Y, is equal to L>*(R™, CK).

In conjunction with (5.12) and (5.16) we conclude from Equation (5.18) that,
for any s > % there exists a constant C' > 0, depending only on s, ¢1, so that, for
all A >0, and all f,ge Y%,

d 1 & N R
| BononNE0)| < 37 [ 1T 3Ol o
I=1rio
(5.22) ,
1 . -
T a / 2L F(@)1®3g(w)|dr, 1) < Cllfllosllgllo.s-
I=1r; ()

Any continuous functional on the closed subspace T%, can be uniquely extended to
a functional on £2*(R", CK) (namely, a function in £%~(R", CK)) by defining it
as zero on the orthogonal complement.

It follows (compare Proposition 4.8) that

Corollary 5.11. There exists a map
— 1
Ao nom(N) € B(Yg, L275(R™,CK)), s > 3
so that

(52 A EononO. 1) =< AopomNf, S >, FETy,

where <, > is the (L>~%(R",CK), £2*(R",CX)) pairing.
The map Ao hom(A) is uniformly bounded

(5.24) ||A07;wm(/\)||B(TSZ,LQ,_5(RTL7CK)) <C, A#0,
and locally Holder continuous in the uniform operator topology.

The global uniform boundedness (5.24) will play a crucial role in the spacetime
estimates of Section 8.

The general theory (see Theorem 6.2 below with X = T4 ) now yields the LAP
in this case as follows.

Theorem 5.12. Let Ry pom(2) = (Lohom — 2) "%, Imz # 0. For any s > % the
limits

(5.25) Rihom(“) = lelfgl Ro,nom(n £i€), p € R\ {0},

exist in the uniform operator topology of B(Y%, L%~ (R", CK)).
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Furthermore, the limit functions R(jf,wm(u), u € R\ {0}, are locally bounded and
locally Holder continuous with respect to the uniform operator topology.

Remark 5.13. The LAP result of Theorem 5.12 was proved by Weder in [47, 48] for
intervals interior to R\ {0}, in the operator space B(L**(R",CK), H1:—3(R", CK)).
We emphasize that we do not believe that the presence of the singular set Z could
be entirely dismissed. The proof in [47] relies on the commutator approach, and
we were not quite able to follow the details there. On the other hand the proof
in [48] is essentially based on the methodology of trace maps. It seems to us to
be fundamentally flawed, and this impression has not changed even after a long
correspondence with him. The proof of [48, Theorem A.1] involves a deformation
map of the slowness surface I';j(1) onto the unit sphere followed by an application
of the trace theorem on the sphere. Thus, the measure dw; on I';(1) is defined
by the radial projection on the unit sphere (see [48, Eq. (A.20)]) so as to obtain
a “polar decomposition” d"k = p"'dpdw; [48, Eq. (A.19)]. This is of course
wrong, since the coarea formula is ignored. That formula introduces a denominator
|V (k)| (see Eq. (5.18)) in the last expression, which is singular on Z. Effectively,
he argues that Z is of “measure zero” in I';(1), so our Y% can be identified with
L2 (R, CK)). This whole argument is applicable in obtaining a trace on every star-
shaped surface, no matter how singular, and this is clearly wrong, see Theorem 2.3
in [1] and Remark 5.9.

5.2. SPECTRAL DENSITY OF ISOTROPIC OPERATORS. . The ex-
amples of the Dirac and Maxwell operators motivate our next definition. In fact,
like these two examples, all physical models where there is no “built in” prefer-
ence for specific (spatial) directions, naturally fall into the category of isotropic
operators [49, Section 4] , that we recall next.

Definition 5.14. The operator Lo (1.2) is said to be isotropic if the eigenvalues
of its symbol (see (5.1)) My(€) are functions of |€|.

We assume in addition that Lg pom is strongly propagative (Definition 5.1).

If Ly is homogeneous, namely, M{ = 0, then My(£) = Mo pom (€). By definition
the zero eigenvalue po(€) = 0 is of fixed dimension dg > 0. The singular set Z (5.2)
is empty and the eigenvalues uy (see Equation (5.3)) satisfy

where pj, are positive constants such that u$ > ... > uf > 0.

Each eigenvalue py, is of fixed dimension d > 0, £k =1,2,...,J, and dy = d_.
In particular, in this case the operator is uniformly propagative (Definition 5.3).

It is therefore a special case of the class considered above in Subsection 5.1 and
does not require a further consideration here.

We now turn to the nonhomogeneous operator.

In this case the eigenvalues are functions of a single variable r = |£|, and we
denote them by
(5.27) A(r) < Aa(r) < - < Ap(r).

However now these eigenvalues are not homogeneous functions of » > 0, and, unlike
the homogeneous case, their multiplicity is not fixed. In other words, two (or more)
different eigenvalues \;(r) # A;(r) can “coalesce” at a point r = 7. Such a point
ro is called “ a crossing point”.
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As we shall see below, it will be necessary to forsake their ordering in order to
maintain their analyticity.
Since Ly is isotropic, the eigenvalues of

Mo (&) = Mo pom (§) + MJ = €] > MPw; + M (w = €/I€])
j=1

are functions of |¢|. In particular, the eigenvalues of My(§) = My(|¢|w), together
with their multiplicities, are independent of w € S?~1.

By virtue of this fact, we can take w = e; = (1,0, ---,0), and study the
eigenvalues of
(5.28) Mo([¢ler) = [€]M7 + M.

Taking r = |£| > 0, the eigenvalue study is reduced to the study of the symmetric
matrix, depending (linearly) on a positive parameter,

(5.29) T(r)y=rM)+MJ, r>0.

However, it is useful to regard T'(r) as a function of the coordinate r € R. Then
the analytic perturbation theory of Hermitian matrices [32, Section I1.6 | can be
invoked.

We conclude that the eigenvalues A\i(r), ---, X,(r) of T'(r) are analytic func-
tions of 7 € R. The sum of their multiplicities is K, and each of them is constant
in intervals not containing crossing points, as will be explained below.

We denote by

(5.30) Pi(§), -+, Ppl&),

the corresponding projections.

Note that P;(§) cannot be assumed to depend on [£].

Clearly, to maintain Ai(r), ---, A,(r) as analytic functions we cannot order
them, as there may be crossing points:

Definition 5.15. A wvalue r = rq > 0 is a crossing point if there are two indices
1 <j <k <p such that \j(rg) = A(ro).

In every closed interval [«, 5] € R there is at most a finite number of crossing
points. In fact, the fact that T'(r) depends linearly on r, enables us to claim even
more.

Claim 5.16. There is at most a finite number of crossing points in the whole real
line r € R.

Proof. The crossing points are zeros of the discriminant of the minimal polynomial
of T(r), as a function of r € R. However, clearly this discriminant is an algebraic
function of r, and as such can have at most a finite number of zeros. O

We define the crossing values as the finite set
{AeR/A=X;(q), forsome j and some crossing point ¢} .

In preparation for the Limiting Absorption Principle in the present case, we need
to determine the set A to be excluded from the spectrum of L. As noted above, the
eigenvalues remain analytic (as functions of r > 0) even at crossing points. Thus,
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the only values of A to be excluded from the spectrum of Ly are the critical values,
defined as follows.

Definition 5.17. A value A € R is a critical value if A = \;(r) and N;(r) =0
for some j € {1,2,...,p} and some r € R.

Claim 5.18. There is at most a finite number of critical values of the eigenvalues
)\j(?‘), j = 1, 2, ey P

Proof. The functions A;(r) are roots of the algebraic equation det(T'(r) — Alx) =0
(T'(r) is defined in (5.29)), and are therefore algebraic functions of the real variable
r € R. We can now apply the classical argument in [29, Section 14.3]; the set of
critical values is of measure zero by Sard’s theorem, hence being semi-algebraic set
it must be finite . |

Recall the definition (5.7) of the finite set A, that contains all possible eigenvalues
of Lo .

Definition 5.19. The set A of (5.7) is extended (retaining the same notation) to
include also the finitely many critical values.

Remark 5.20. Continuing Remark 5.5: the requirement that \ is not a critical
value means that the “group velocity” at the wavefront T'j() is bounded away from
zero, for all j € {1,2,...,p}.

5.2.1. The Limiting Absorption Principle for isotropic operators. Let Ey(\)

be spectral family associated with Lg. Since Ey(A) commutes with Lo, it also has

a symbol, which we denote by Ey(X;€). As in the case of Claim 5.6 we have here.
The finite set A C R is as in Definition 5.19.

Claim 5.21. Let A € R\ A. Then, with projections P; as in (5.30),
P
(5.31) Eo(A:€) = Y Pi()X(a, (<

Corollary 5.22. If f, j € C°(R",CK) and A € R\ A, then

d gp €),3(&) >cx
dA / IVA )| XA (1e)=2y 42,
Jj=1
(5.32) r;(\)

=3 ) / Pi(E)F(©).3(6) >ex xin(ehorydSi.
j=1

;N

with d%,; being the Lebesgue surface measure on the sphere I'j(X\) of radius 7; > 0
such that X\j(r;) = A.

Remark 5.23. In Equation (5.32) we know that N;(r;) # 0 since A is not a critical
value.

In analogy to the case of the strongly propagative system (Theorem 5.12) we
can state here the LAP as following from the general theory.

Theorem 5.24. Let Lo(D) be isotropic and Ro(z) = (Lo — 2)~%, Imz # 0. Then

1 . .
for any s > 5 the limits

(5.33) R (1) = lim Ro (& ie), pr € R\ A,



30 MATANIA BEN-ARTZI AND TOMIO UMEDA

exist in the uniform operator topology of B(L**(R™,CK), £2~3(R",CK)).
Furthermore, the limit functions Roi(u), € R\A, are locally bounded and locally
Holder continuous with respect to the uniform operator topology.

Remark 5.25. Remark that the LAP is valid even at crossing values, provided
they are not critical values.

6. THE CLASS OF PERTURBED OPERATORS

We now turn to the study of the spectral structure of perturbations of the op-
erators introduced in Section 2. Our ultimate goal is the study of the operator L
introduced in (1.1). This is done by regarding this operator as a perturbation of
Ly, as given in (1.2).

We take the most basic perturbation of the form

(6.1) L =1L+ V()

where V() is a Hermitian K x K matrix that decays as |z| — co. In Subsection 6.1
we expound the abstract theory of such perturbations. In particular, general con-
ditions are given that imply the absolute continuity (and LAP) of the continuous
spectrum, apart possibly from a discrete sequence of embedded eigenvalues.

In subsection 6.2 we apply the general theory to the potential perturbation of the
Dirac operator. Observe that this includes the case of the magnetic Dirac operator,
as the magnetic field can be merged into the potential perturbation. We choose
to deal with this example in detail as it illustrates the applicability of the general
theory, and also allows us to give decay conditions on the potential, to the effect
that there are only finitely many eigenvalues in the spectral gap (of the massive
Dirac operator, see Subsubsection 6.2.1.

The perturbed Maxwell system can also be reduced to the case of potential
perturbation [44, Section 1.4], but we choose not to treat it here in detail, as the
paper is already quite long.

6.1. GENERAL THEORY: PERTURBATION BY A POTENTIAL. .

Our treatment is based on the general theory expounded in [7, Sections 3-4].
The abstract setting will allow us to consider various operator settings in a unified
way. We briefly recall some definitions and statements that will be needed here.

Let H be a self-adjoint operator in £2(R", CK). The scalar product in £2(R", CK)
is denoted by (, ).

Suppose that there exists a Hilbert space such that X C £2(R",CK), and the
embedding is dense and continuous. In other words, X can be considered as a
dense subspace of £L2(R",CX), equipped with a stronger norm. Then, of course,
X < L2(R",CK) — X*, where X* is the anti-dual of X'; the continuous additive
functionals [ on X, such that I(av) = @l(v), a € C.

We use ||z||x, ||x*| 2« for the norms in X, X*, respectively, and designate by
<, > the (X*, X) pairing.

The (linear) embedding h € L2(R", CK) < h* € X* is obtained as usual by the
scalar product (in £2(R",CK)), h*(z) = (h,z).

We introduce still another Hilbert space X}, which is a dense subspace of X',
equipped with a stronger norm (so that the embedding X}y — X™* is continuous).
However, we do not require that £2(R",C¥) be embedded in X7};. As indicated
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by the notation, Xj; may depend on H. A typical case would be when H can be
extended as a densely defined operator in X* and Aj; would be its domain there,
equipped with the graph norm.

Let {E(N)} be the spectral family of H. We denote by E(B) the spectral pro-
jection on any Borel set B (so that E(\) = E(—oo, \)).

Definition 6.1. Let U C R be open and let 0 < o < 1. Assume that U is of full
spectral measure, namely, E(R\U) = 0. Then H is said to be of type (X, X};,a,U)
if the following conditions are satisfied:

(1) The operator-valued function
A= E(A) e B(X,X%), XeU,
is weakly differentiable with a locally Hélder continuous derivative in

B(X, X};); that is, there exists an operator-valued function
A— A\) € B(X,X}), MeU,

so that

d

a(E()\):v,y) =< ANz, y>, z,ye X, Ael,
and such that for every compact interval K C U, there exists an Mg > 0
satisfying

AN = AWl g gy < Mrc A= pl®, A peK.

(2) For every bounded open set J C U and for every compact interval K C J,
the operator-valued function (defined in the weak sense)

A
—>/ () d\, zeC,RzeK, |3z <1,
U\J}\*Z

takes values and is Hélder continuous in the uniform operator topology of
B(X, X}y), with exponent o

We can now state the basic theorem, concerning the Limiting Absorption Prin-
ciple (LAP) in this setting. We use the notation C* = {z € C, £3 2z > 0}, and
denote by R(z) = (H — 2)™', z € C*, the resolvent of H.

Theorem 6.2. Let H be of type (X, X}, a,U) (where U C R is open and 0 < a <
1). Then H satisfies the LAP in U. More explicitly, the limits

RE¥(\) = lim R\ +ig), NeU,

exist in the uniform operator topology of B(X, X}f;) and the extended operator-valued

function
+
R(2) = R(z), =ze€CT,
RT(z), z€U,
is locally Hélder continuous in the same topology (with exponent «).

A similar statement applies when CT is replaced by C~, but note that the limiting
values R*(\) are in general different.

Remark 6.3. In view of the Stieltjes formula we have

(6.2) AN = zim (R*(\) =R~ (\), AeUl.

In particular, H is absolutely continuous in U.
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We now consider a perturbation by a potential function V(x). To deal with the
requirements on V' in this framework we introduce the following definition.

Definition 6.4. An operator V : Xj; — X will be called
(1) Short-range with respect to H if it is compact.
(2) Symmetric if D(H) N X}y is dense in L2(R™,CX) and the restriction of V
to D(H) N Xj; is symmetric in L2(R",CK).

The following lemma shows that (with some additional assumption) the operator
H + V is well defined.

Lemma 6.5. Let H be of type (X, Xj;,a,U) and let V' be short-range and symmet-
ric. Suppose that there exists z € C, Sz # 0, and a linear subspace D, C D(H)NX};
such that (H — z)(D,), the image of D, under H — z, is dense in X.

Then P = H +V, defined on D(H) N X};, is essentially self-adjoint.

In what follows we always assume that H is of type (X, X}, «,U) and that V is
short-range and symmetric. Thus, by the lemma, P = H 4+ V can be extended as a
self-adjoint operator with domain D(P) D D(H) N X};, and we retain the notation
P for this extension.

Our aim is to study the spectral properties of P, particularly the LAP, in this
abstract framework.

Denote by S(z) = (P — 2)71, 3z # 0, the resolvent of P. Our starting point is
the resolvent equation

S(z)I+VR(2)) =R(z), Sz#0.

It can be shown that the inverse (I + V R(z))~! exists on X if Sz # 0. This leads
to

(6.3) S(z) = R(z)(I + VR(2))™2,

where the equality is certainly valid from X — ;.
Suppose now that A € U. In view of Theorem 6.2 and the assumption on V' we
have
hﬁ)l VR(\ +ie) = VRE(N) in B(X).
€

Thus, if (I + VRE(X\))~! exists (in B(X)), then Eq. (6.3) implies the existence of
the limits
(6.4) SE(N\) = 11&1 S(\+ic) = RE(\) (I + VRE(\) ™,
£
in the uniform operator topology of B(X, X};).

Let A € U be a point at which, say, (I + VRT()\))~! does not exist (in B(X)).
Since VR™()) is compact in X, there exists a non-zero ¢ € X so that

¢ = —VR*(\)é.
Let ¢ = RT(\)¢ € Xj;. Then
<P, p>=— lalfg (R(A+1ie)p, VR(A +ie)o) .
By the symmetry of V' the right-hand side of this equality is real, so we conclude
that & < RT(\)¢, ¢ >= 0, and invoking Eq. (6.2) we conclude that
< AN, ¢ >=0.
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Now the form < A(N)z,y >= 4 (E(\)z,y) on X x X is symmetric and positive
semi-definite. Hence, for every y € X,

(6.5) < ANg,y > < < AN, ¢ >> < AN,y >2=0,
and we conclude that
(6.6) A(N)¢ = 0.
In particular, RT(\)¢ = R~ (\)¢ and
¢ = —VE*(\)¢.

Definition 6.6. We designate by X p the set
Yp= {)\ € U / There exists a non-zero ¢y € X such that ¢ = —VRi()\)(b)\}.

Remark 6.7. The set Sp is (relatively) closed in U. Indeed, if (I +VR*(\g))™"
exists (in B(X)), then (I +V RT()\))™! exists for \ close to \g.

The discussion above leads to the following theorem.

Theorem 6.8. The operator P = H + V satisfies the LAP in U \ Xp, in the
uniform operator topology of B(X,X};), and the limiting values of its resolvent
there are given by Eq. (6.4).

In particular, the spectrum of P in U \ Xp is absolutely continuous. We single
out this fact, stated in terms of the eigenvalues, in the following corollary.

Corollary 6.9. Let 0,(P) be the point spectrum of P. Then
O'p(P) NnNU g ZP.

6.1.1. The exceptional set Xp. Our aim is to identify the set X p introduced
in Definition 6.6. It will turn out that (modulo one additional assumption on the
smoothness of the spectral measure of H) we have equality of the sets in the last
corollary. In other words, Xp is the set of eigenvalues of P embedded in U, and is
necessarily discrete.

Let 1 € ¥ p, so that by definition there exists a non-zero ¢ € X satisfying

(6.7) ¢ =—VR*(n)¢.

In view of (6.6) we have A(u)¢ = 0, and since the form < A(M\)¢,¢$ > is non-
negative we infer that the zero at A = p is a minimum. Thus formally this minimum
is a second-order zero for the form. However, our smoothness assumption on the
spectral measure (Definition 6.1) does not go so far as a second-order derivative.
We therefore impose the following additional hypothesis on the spectral derivative
near such a minimum.

REGULARITY ASSUMPTION ON SPECTRAL DENSITY. Let K CU
be compact and ¢ € X a solution to (6.7), where u € K. Then there exist constants
C, e >0, depending only on K, so that

(6.8) <AN$ ¢ >< CIA—pu[T g%, AeK.
Remark 6.10. This assumption is satisfied if the operator-valued function X —

A(N) € B(X,X}) has a Holder continuous (in the uniform operator topology)
Fréchet derivative in a neighborhood of . Indeed, in this case we have

< ARG, 6 > =< (AN) ~ A()6, 6 > = & < A0)9,6 aciur) (A — 4.
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Theorem 6.11. Let V' be symmetric and short-range, and assume that the con-
dition of Lemma 6.5 is satisfied, so that P = H 4+ 'V is a self-adjoint operator.
Assume, in addition, that the assumption above is satisfied and (6.8) holds. Then

Ep :O'p(P) NnU.

Furthermore, every eigenvalue is of finite multiplicity and the set of eigenvalues
op(P) has no accumulation point in U.

6.2. PERTURBATION OF THE DIRAC OPERATOR. .
We now consider the operator

(6.9) H), = Hp +V(2),
where H,, is the free Dirac operator given in (2.2) and V(z) is a Hermitian 4 x 4
matrix that decays as |z| — oo.

We assume m > 0. In this case the spectrum spec(H,,) has a “gap” (—m, m) (see
Equation (4.4)) and our focus is on the finiteness of the eigenvalues therein. We
refer to [9, 10, 21] for general discussion of the eigenvalues in the gap. A variational
characterization of the eigenvalues is given in [20].

The spectral structure of H,, was studied in Subsection 4.1. Recall that by (4.3)
the domain of H,, (as a self adjoint operator in £2(R?,C*)) is H#!(R3, C*). Using the
terminology introduced in Subsection 6.1 it follows that , in view of Theorem 4.2,
we can take

( 1
(6.10) X = L2(R3,CY), &x*=L>(R3CY), s> 3

Also, the space X}; can then be taken as the domain of (the closure of) H,, in
L£275(R3,C*), so that
(6.11) X =HV TSR3, CY).

For the selfadjointness of HY the following proposition suffices for our study here.

Proposition 6.12. Assume that V is bounded and decays at infinity. Then the
operator HY is self-adjoint with domain H'(R3,C*) C L2(R3,C*). Its essential
spectrum is R\ (—m,m).

Proof. By the coercivity inequality (4.2) it follows that V' is compact with respect to
H,,,, which establishes the claim by the general theory of self-adjoint perturbations.
|

Remark 6.13. Indeed, the self-adjointness of HY. holds for a much wider class of
potentials, see e.g. [2, Chapter 2], [24]. As in the case of the classical Scrodinger
operators , the stronger decay assumptions are needed when studying the LAP and
the spectral derivative associated with the operator, as we proceed to do next.

In order to derive the Limiting Absorption Principle (LAP) of the perturbed
operator HY from the general theory presented in Section 6.1, we need to assume
that, for some constant C' > 0,

(6.12) V(z) <CA+z))~F), e>0, xR

It is readily verified that V satisfies the conditions of Definition 6.4, so that it is
short-range and symmetric.
Now let
U=R\[-m,m].
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In view of Theorem 4.2 and Theorem 6.8 we obtain the LAP for HY as follows.

Theorem 6.14. Assume thatV satisfies the decay assumption (6.12). Let RY (z) =
(HY —2)7Y, Sz #0. Then:

e For any 3 < s < 1= the limits

(6.13) RY*(n) = lim R}, (u £ de), p € U\,

exist in the uniform operator topology of B(L**(R3,C*), £L%~%(R3,C*)),
where the (relatively) closed set Egm is given by

Ezm = {A €U / There ezists a non-zero ¢ € L£2%(R3,CY) such that ¢y = —VRi(x\)(bA}.
o Assume that the decay assumption (6.12) is replaced by the stronger one

(6.14) V(z)| < CA+z))~ 3, >0, zeR3,
then for any 1 < s < 2% the limits in (6.13) exist for all p € R\ ZYIM,
where now

52: = {X € R / There exists a non-zero ¢ € L>*(R®,C*) such that ¢ = —VRi(/\W/\}

Proof. The existence of the limits in (6.13) in U \ B} (resp. in R\ gg:) for the
decay rate (6.12) (resp. (6.14)) follows from the general theory (see Theorem 6.8)
and the estimates implied by Theorem 4.2. (I

Remark 6.15. Note that the operator HY is certainly defined on a dense subspace
of L25(R3,C*). If it is closable and the graph-norm of its closure is equivalent to
the norm HY~*(R3, C*), then the general theory (as in the case of the free opera-
tor, see Equation (6.11)) implies that the limits (6.13) are actually obtained in the
uniform operator topology of B(L%*(R3,C*), H}—5(R3,C*)).

6.2.1. The discreteness and finiteness of eigenvalues. Our next goal is to iden-
tify the set sz with the (discrete) set of embedded eigenvalues. The abstract
framework that enables us to do that was introduced in Subsubsection 6.1.1. We
shall need to replace the short-range condition (6.12) by the stronger decay condi-
tion (6.14) on the potential V, even when dealing with spectral intervals that do
not include the thresholds at £m.

Theorem 6.16. Let
U=R\[-m,m].
Suppose that the potential V' satisfies the following decay condition:

(6.15) V(z)] <CA+z))~ @), e>0, 2R
Let ng be as in Theorem 6.14. Then

(6.16) YV =0,(HY) = the set of eigenvalues in U,

m

and this set is discrete, with all eigenvalues of finite multiplicity.

Proof. In view of Theorem 6.11, we need to verify that the regularity condition (6.8)
is satisfied under the decay assumption (6.15) .
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The spectral derivative is given by Equation (4.6) (assuming A > m):

A 2
(6.17) < AnNf, f >= \/ﬁ / [(Gm f)+(6)] d¥ sse—me-
[€]=VAZ—m?
Let 1 < s < L=,
Suppose that ¢, € £2(R3,C*) is such that ¢, = —VRE (1)d,, p > m.
Thus < Ap,(1)pu, ¢ >= 0, so that (Gmou)4+(§) = 0 for all £ on the sphere

€] = \//m We need to show that

(618) < AnNpobu > < CIA— pl'.
We note that by Theorem 4.2 we have R (u)¢, € HY~*(R3,C*). Therefore (6.15)
implies that ¢, = —VRE(u)g, € L£27s+2+(R3,C*). Tt follows by (2.10) that

Gm®Pu E’H(’,wher69>2+5—% :%—I—%E.

In particular, the trace of V¢G,,¢,(€) on the sphere |{| = VA2 —m? is Holder
continuous (for A near z1). From Equation (6.17) we infer that % < A, (N) @y, ¢, >
is Holder continuous in a neighborhood of p. Since the nonnegative function <
Ay (N oy, ¢, > has a minimum at A = p, its derivative vanishes there, which
yields (6.18) in view of the Holder continuity.

O

Finally we treat the case of the full line (and in particular the thresholds at
A = +m are included). This is related to the second part of Theorem 6.14. In fact,
the following theorem can be viewed as the “perturbed” version of the second part
of Theorem 4.2.

Theorem 6.17. Suppose that the potential V' satisfies the following decay condi-
tion:

(6.19) V(z)] <CA+1z))~CF), >0, xR

Let ng be as in Theorem 6.14. Then

—_—

(6.20) nY = o,(HY) = the set of eigenvalues in R,
and this set is discrete, with all eigenvalues of finite multiplicity.

Proof. We follow the line of proof of Theorem 6.16 , subject to modifications needed
due to the fact that we are now looking at a full neighborhood of the thresholds.

Without loss of generality let us consider a neighborhood of A = m.

Let 1 <s< %

According to the second part of Theorem 6.14 the limits (6.13) exist in R\ X} .

Suppose that ¢, € £**(R3,C*) is such that ¢, = —VRE(u)d,, where u €
(m —n,m +n), for some small 1 > 0.

Thus < A, )Py, ¢ >= 0. For g > m this means that (Gp¢,)+(€) = 0 for all
¢ on the sphere |£] = \/u? — m2.

In view of Theorem 6.11, we need to verify that the regularity condition (6.8) is
satisfied under the decay assumption (6.19) .

We need to show that, for some C' > 0 depending only on 7,

(6.21) < AN, b > <O =p['*, A pe (m—nm+n).
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Remark that < A,,(A)¢y, ¢ , >= 0 for A € [-m,m].

We note that by Theorem 4.2 we have R (11)¢,, € Hb~%(R?, C*). Therefore (6.19)
implies that ¢, = —VRE(u)g, € L275+H3+(R3,C*). Tt follows by (2.10) that
Gy, € HY, where 0 > 3 +¢ — % :2+%5.

In particular, the trace of V¢G,¢,(£) on the sphere [{| = VA2 —m?2 can be
estimated (for A near p). In view of the trace Lemma 3.1 and Equation (6.17)
we infer that, for A € [m,m + n), the derivative % < Ap(N)ou, ¢ > is Holder
continuous and

(6.22) < Am(/\)qﬁﬂ,gb# > < C(\/W)Q-l-s—l—l _ C’()\Q 7m2)%.

| d
d\
Now

d
< A77L(M)¢;m¢u >= a < Am(/\)¢ua¢u > ‘)\:# = O’

so that (6.21) follows readily , as in the conclusion of the proof of Theorem 6.16.
O

Corollary 6.18.

(6.23) HY = H,, +V(z),
where Hy, is the free Dirac operator given in (2.2) and the potential V(x) is a
Hermitian 4 x 4 matriz satisfying the decay condition (6.19).

Then HY has at most a discrete sequence of eigenvalues in R. In particular, it
has at most a finite number of eigenvalues in the “gap” (—m,m).

Remark 6.19. Using a stronger decay hypothesis (typically |V (z)| < C(1+|x])~>7¢)
it was shown in [12, Proposition 2.3] that there are no eigenvalues of H), near the
thresholds at £m.

More generally, Cojuhari [16] established the finiteness of the number of eigen-
values in the gap under the weaker condition (6.15) (which in our study served only
for the discreteness of embedded eigenvalues).

Remark 6.20. For a class of potentials, including the Coulomb potential, it was
shown [45, Theorem 4.21] that there are actually no embedded eigenvalues in the
essential spectrum R\ (—m,m).

On the other hand, for the special potential V(x) = v/|x|, |7] < g, it is known
( [2, Section 3.1], [21]) that there is an infinite sequence of eigenvalues in the gap

(—m,m).

7. GLOBAL SPACETIME ESTIMATES —-FREE DIRAC and
MAXWELL OPERATORS

As in the case of the spectral study above, we deal first with spacetime estimates
for the free (“unperturbed”) Dirac and Maxwell operators. In the case of the latter
we derive spacetime estimates for the “TE-modes” and “TM-modes”. We are not
aware of any analogous spacetime estimates for the Maxwell equations. We mention
also the case of spacetime estimates for generalized wave equations in [4, 5].
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7.1. SPACETIME ESTIMATES FOR THE FREE DIRAC OPERATOR.

The free Dirac operator was defined in (2.2). We consider the unitary group
associated with it

(7.1) tug = Hpu, teR,
subject to the initial condition
(7.2) u(z,0) = ug(z), =€R?,

where u, uo are C*—valued functions.

We refer to [19, 23] for Strichartz and decay estimates for the Dirac operator
with magnetic potentials. Here we formulate a global spacetime estimate in the
weighted—L? framework.

Theorem 7.1. Let m > 0, s > 1, and let u(x,t) be the solution to (7.1)-(7.2).
There ezists a constant C = Cs , > 0, such that

[ [ 1Py lute. 0P dsdt < ol
R R3
Proof. The solution u(x,t) can be represented as
u = exp(—itHp )uo.
In the proof we find it clearer to use the separate notations (-, -), [+, ] for the scalar
products in £2(R3,C*), £L2(R*, C*), respectively.
We denote by
oz, 7) = (2m)" 2 / v(z, t)e T dt
R
the partial Fourier transform with respect to ¢.
The spectral derivative A,, was defined in equation (4.7).

To estimate u(z,t) we use a duality argument. Take w(z,t) € C§°(R*, C*).
Then,
—o0

[u,w] = / dt/ < (e Hmyg) (2, 1), w(z,t) >ca dr
R3

o0

= / <Am()\)u0,/e_mw(~7t)dt>d)\ ,

= (27r)1/2/ < A (Mg, (-, ) > dA.

where in the last two terms <, > is the (£>7%(R3,C*), £2*(R3?,C?)) pairing.
We note that by the spectral theorem

o0

(73) / < Ap(NF f > dr= | fII2.

— 00

The Cauchy-Schwarz inequality yields
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| fu, ]|
- 1/2 - 1/2
< (2m)1/? / < Ap(Vugyuo > dr| - / < A (NN, (5 A) > dA
- 1/2
212w - / < AN, N), (-, A) > dA

and recalling (4.7) we obtain

|z, ]|

[N

A

< em2Clulo- ([ min(2

[A]|>m

A2 = m2) ) i, AE dA)

By the Plancherel theorem, using s > 1,

1/2

fuvl] < )2 Cllualo | [ ot 015
R

Let f(x,t) € C§°(R*,C*), and take w(x,t) = (1 + |z]|?)73 f(x,t), so that
[ 0013 e = 111
R

We infer that

|[(L+ |2*) "2, f1] < (2m)/2C - [Juollo - 1| fllo.
which concludes the proof of the theorem. O
Remark 7.2. Note that we need only (for the unperturbed case) s > 1, including
the propagation near the threshold. This is to be compared with Theorem 1.1 and
Proposition 2.1 in [12], where s > 3, is assumed (including a potential).

7.2. SPACETIME ESTIMATES FOR THE FREE MAXWELL OPER-
ATOR. .

The free Maxwell operator Lp,qzwen was introduced in (2.14).
We consider the unitary group associated with the operator,
(7.4) it = Lipggwentt, te€R,
subject to the initial condition
(7.5) u(z,0) = up(z), x€R3,

where u, 1o are C®—valued functions.
We further assume that

(7.6) ug € (I —P)L*(R3,CY),
where P is the orthogonal projection on ker(Lpazwerr) (see Equation (4.25)).
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In view of Remark 2.6 the orthogonality condition means that if ug(x) = (gggz g)
(&)

(with values in C®) then Fourier transform (%(5)) € span{Y 1}, for every 0 #£ ¢ €

R3. In particular

<ET)(€)’§>(C3: 0, <E](§)7£>C3:O7 gERB\{O}a
so that Fy (resp. Bp) is a “TE-mode” (resp. “TM-mode”).

Theorem 7.3. Let s > %, and let u(z,t) be the solution to (7.4)-(7.5)-(7.6). There
ezists a constant C = Cs > 0, such that

//u+m%ﬂwwwmmsmw%

R R3

Proof. The solution u(z,t) can be represented as

u = eXp(_ithazwell)UO .

As in the proof of Theorem 7.1, we find it clearer to use the separate notations
(-,+), [, ] for the scalar products in £2(R3,C%), £L2(R*, C°), respectively.
We denote by

o(x,T) = (277)_% /U(m,t)e_”Tdt
R

the partial Fourier transforin with respect to t.

The spectral derivative A was defined in equation (4.28).

To estimate u(z,t) we use a duality argument. Take w(z,t) € C§° (R, CO)).
Then,

[u, w] = / dt/ < (e7thmavwetyy)(z, 1), w(x, t) >co da
R3

= / <Z(A)u0,/e*i”w(.,t)dwdx

_ (27T>1/2/ < Ao, (-, \) > dx.

We note that by the spectral theorem

o0

(7.7) /<mww>wzmﬁ

— 00

The Cauchy-Schwarz inequality yields
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[, w]|
oo 1/2 00 1/2
< (2m)'/? / < A(N)ug, ug > dA - / < AN)D(-, N), (-, A) > dX
IS 1/2
= 2m) 2w s - / < A ) (- A) > dA

and recalling (4.28) we obtain

[, w]]
® 1
< (2)/2C ol ([ min(1, AP [, ) A
— 0o
By the Plancherel theorem, using s > %,
1/2

|, w]| < (27)/2Cuollo / (- D)2 dt
R

Let f(z,t) € C$(R*,CY), and take w(x,t) = (1 + |z|?)~3 f(z,t), so that
[ w018 e = 1113
R

We infer that
|[(L+ |2*) "2, f1] < (2m)2C - [Juollo - I lo.
which concludes the proof of the theorem. O

8. GLOBAL SPACETIME ESTIMATES -STRONGLY
PROPAGATIVE HOMOGENEOUS SYSTEMS
We now address the spacetime decay estimates for homogeneous strongly prop-

agative operators Ly = Y, MJD; (see (1.2)), for which the LAP was stated in
j=1

Theorem 5.12. Recall that both the Dirac (zero mass) and Maxwell systems belong
to this class, but the singular set Z (defined in (5.2)) is empty in both cases.
We consider the associated unitary group

(8.1) tuy = Lo pomtt, tER,
subject to the initial condition
(8.2) u(z,0) =up(z), =eR",

where u, 1y are CX —valued functions.
We further assume that the initial function is orthogonal to the “stationary
waves” of the system, namely,

(8.3) ug € (I —P)L*R",CK),

where P is the orthogonal projection on ker (Lo hom)-
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Clearly the solution u(x,t) = e~ Loromy satisfies u(-, t) € (I-P)L2(R",CK), t €

R.
It is represented by the Fourier integral operator
L [ it X Mg _
(84) u(e.t) = (2m)7# [T e g e

R

However, this explicit expression does not easily lend itself to asymptotic analysis
by classical methods of geometric optics; the non-commutativity of the matrices
{M ]Q};L: L requires a very detailed study of the algebraic structure of the eigenvalue
manifolds and their intersections. Hence various restrictive hypotheses need to be
imposed, even in the case of constant coefficients.

There is extensive literature concerning the (large-time) asymptotic behavior
of solutions of such systems and their perturbations, using primarily the geometric
optics approach. It is beyond the scope of the present paper to present an exhaustive
account of these works, and we refer to [38] and references therein. In particular it
is assumed there that the system is uniformly propagative [38, Assumption (1.3)].
The rate of decay in time of the L? norm of scattered solutions in balls is shown [38,
Theorem 1] to be O((logt)~!). Confining to the constant coefficient case, the global
estimate (8.13) obtained below yields a faster rate of decay (in integral sense).

The presence of the singular set Z makes our spacetime estimate somewhat more
delicate. Recall Definition 5.7 of the closed subspace T4, C £2*(R", CX), and note
also Remark 5.9. We now define the closed subspace Yz C L2(R",CK) as the

inverse Fourier transform of (I — A)27T%, namely
(85) Yz=(1+|z]? ={g/g(x) = (1 + |z[*)2h(z) for some h € T} .
Let £ : £L2(R",CK) < Tz be the orthogonal projection unto this subspace.

Theorem 8.1. Assume that Lo pom 15 strongly propagative. Let s > %, and let
u(x,t) be the solution to (8.1)-(8.2)-(8.3).
Define uz(x,t), t € R, by
ug(x,t) = E[(1+ [a*) " 2u(z,1)).

Then there exists a constant C' = Cs,, > 0, such that

(8.6) //\uz(m7t)|2dxdt§ Clluol 2.

R R”»

Remark 8.2. Note that uz(z,t) € Yz implies (1 + |z|?)"2uz(z,t) € T3 for
everyt € R. Fix t = tg € ]R In light of Definition 5.7 , given n > 0 there exists
¥, € L2*(R™,CK) so that 1/}77 € C°(R™\ Z,CK) and

/(1 F12) 11+ [22) Sz (@, o) — v (2)2de < 7P,
Rn
Thus

/'“Z(ﬂcato) = (L |2) ey (2) Pda < o,
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and by the Plancherel theorem

/ |26 t0) — (I — A)E gy (€)2dE < o

Rn

The function uz(x,to) is therefore the part of u(x,to) whose Fourier transform is
in the closure (in L2(R™,CK)) of the range of (I — A)% acting on smooth functions
“supported away” from the singular set Z.

Proof of theorem: By density (in £2(R",CK)) we may assume
(8.7) up(€) € C5°(R™\ Z,CF).
The solution u(x,t) can be represented as
u = exp(—itLo hom )Uo-

In particular, u(-,t) € C°(R™ \ Z,CK) for all ¢ € R.

As in the proofs of Theorems 7.1 and 7.3, we find it clearer to use the separate
notations (-,-),[,-] for the scalar products in £2(R"?, CX), L2(R"*! CK), respec-
tively.

We denote by

3w, 7) = (2m)" / o )17 dt
R

the partial Fourier transforrg_\vyi/th respect to t.

The spectral derivative Ag hom(\) € B(T%, £L275(R", CK)), s > %, was defined
in Equation (5.23).

To estimate u(z,t) we use a duality argument , as in the cases of the Dirac and
Maxwell systems. Take w(x,t) € C°(R"*1 CK), so that

(8.8) W(E,t) € C((R™\ Z) x R,CK).
Then,

[u,w] = / dt/ < (e Mthonomy,) (z,t), w(w, t) >cx do
R3

(8.9) = / < Ao nom(Nuo, / e, t)dt > dA
— (2712 / < Aorom(Nuo, (- A) > dA.

We note that by the spectral theorem

(8.10) / < Ag hom (A uo, ug > dX = [|ugl[5-

—00

The Cauchy-Schwarz inequality yields
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|, w]|
< (2m)1/? / < AoromNuou > dr | - / < Aoraom N+, A), (- ) > dA
= (2m) "2 g - / < Ao\, A), (5 A) > dA

and recalling (5.24) and the fact that the norm of Y% is the £%* norm, it follows
that

wvwl] < @2C o [ (NG

Invoking the Plancherel theorem, this estimate leads to

1/2

(8.11) |, ]| < (27)Y2CJuollo / (-, 1)]12.odt
R

The estimate (8.11) was obtained under the condition (8.8), and by closure it holds
for all w(z,t) € L2(Ry, T3).
Now note that v(z,t) = (1+ |z|?)2w(x,t) € L2(Ry, T 7).
The estimate (8.11) can be rewritten as
(8.12)
1/2

(142%™ Fu, 0]] < (2m)2Clluollo /Ilv(wf)llﬁdt . V(1) € L2(Re, Tz),
R

which clearly entails (8.6).
(]

Corollary 8.3. Assume that Lo pom is uniformly propagative (Definition 5.3). Let
s> L and let u(z,t) be the solution to (8.1)-(8.2)-(8.3).

29
Then there exists a constant C' = Cs,, > 0, such that
(8.13) //(1 + \x|2)*s|u(x,t)\2dxdt < C||u0||(2).
R R"

Proof. In this case by definition Z = () so that uz(z,t) = (1 + |z|>)"2u(z,t) in
Theorem 8.1. (]

Remark 8.4. Note that if Conjecture 5.10 is shown to be true, then Y z = L2(R", CK)

and uz = (1 + |z|>)"2u(z,t) for any strongly propagative system.

The result in Theorem 8.1 involved the “projected” function uyz because we let
the initial function uy be any function in £2(R", CK). However, if we restrict the
support of 1y away from Z we can get an improved estimate , but with a constant
that depends on the support of ug as follows.

1/2
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Theorem 8.5. Assume that Lo pom is strongly propagative. Let s > %, and let

u(x,t) be the solution to (8.1)-(8.2)-(8.3). Let & € R™\ Z be a compact set and
assume further that supplug] C R.

Then there exists a constant C' = Cs ,, ¢ > 0 such that

(8.14) //(1 + |22 "% u(x, t) P dadt < Cllugl|2.

R R"»

Proof. We repeat the proof of Theorem 8.1. However instead of (8.8) we take any
W(E,t) € O (R, CK). Now let x(¢) € C5°(R™ \ Z) so that x = 1 on a compact
neighborhood of &. Define w1 (£,t) = x(§)w(&,t) and let wi(x,t) be the inverse
Fourier transform. Clearly wy(z,t) € £L2(R;, T%) and with the notation of (8.9) we
have

[w, wi] = [u, w].

The proof now proceeds as before and is completed by noting that with a constant
C = Csm)ﬁ >0
[wi(,8)llo,s < Cllw D)o, tER.
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