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A PARAMETRIX CONSTRUCTION FOR THE WAVE EQUATION
WITH LOW REGULARITY COEFFICIENTS USING A FRAME OF
GAUSSIANS*

ALDEN WATERST

Abstract. We construct a frame of complex Gaussians for the space of L2(R™) functions.
When propagated along bicharacteristics for the wave equation, the frame can be used to build
a parametrix with suitable error terms. When the coefficients of the wave equation have more
regularity, propagated frame functions become Gaussian beams.
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Introduction. In A Parametriz Construction for the Wave Equation with O
Coefficients, Hart Smith constructed a parametrix solution for the wave equation using
a frame that is now called curvelets. We construct, in this paper, a new frame out of
Gaussian functions. When a Gaussian function is propagated along the ray, it becomes
a Gaussian beam, which looks like a Gaussian distribution on planes perpendicular
to a ray in space-time. The existence of such solutions has been known to the pure
mathematics community since the 1960s. Recently, there has been a revival of interest
in Gaussian beams, given their robustness in approximating solutions to PDEs.

Nicolay Tanushev numerically simulated mountain waves with a high degree of
accuracy using superpositions of high frequency Gaussian beams. Gaussian beams
are concentrated along a single ray, and thus it is desirable to use many of them to
represent a solution because a global solution is rarely concentrated along a single
curve. Tanushev’s thesis showed that Gaussian beams have several major advantages
over other techniques used to numerically approximate the solution to a mountain
wave. Motivated by these numerical calculations, we will show that a frame consisting
entirely of complex Gaussians can be used to build an accurate parametrix to the wave
equation.

The idea of using complex Gaussians to build an accurate parametrix is not new.
Daniel Tataru, in his paper, Strichartz Estimates for Operators with Nonsmooth Co-
efficients and the Nonlinear Wave Equation, constructed a parametrix to the wave
equation with low regularity coefficients using a modified FBI transform. While the
solution in his paper is elegant, numerical calculations with such a construction would
be difficult, if not impossible. Representing initial data in terms of a frame of Gaus-
sians may lead to more viable and accurate numerical solutions.

For the rest of this paper we will consider the wave equation,

O2u(t,r) — A(t,r,0, )u(t,r) = 0tu(t,r) — Z i (t,2)0p, 0z, u(t,z) =0,
1<ij<n
and we let

A(z,t) ={aij(x,t) h1<ij<n-
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226 A PARAMETRIX CONSTRUCTION USING A FRAME OF GAUSSIANS

We assume that the matrix A is uniformly positive definite and bounded — that is,
there exists a constant C >0 with

=< D, au(ta)gg <CleP

1<i,j<n

for all (t,z,€) in [-T,T] xR™xR"™. Here, T is fixed and finite. Furthermore, we
assume the entries of the matrix, denoted a;;(t,z) with (¢,2) €[-T,T] xR", are in
CYt. Coefficients which are ! are of interest because they are minimally regular;
they satisfy a Lipschitz condition in x and t,

|aij(t,2) — ai; (t',a")| < C(jt=t'| + |z —2|),
and their first derivatives in x satisfy a Lipschitz condition
|Vapaij(t,z)—Vyai(t,a")| <Cle—2'|.

This paper is divided into three major parts. The focus of Section 1 is the
introduction of a frame of Gaussian functions, which will represent elements of the
Hilbert space L*(R™). Theorem 1.1 is the main topic of Section 1, which shows
not only that the essential L?(R™) estimate for a frame holds, but also that we also
have stronger estimates for weighted sequences of frame functions in terms of Sobolev
norms. The proof of Theorem 1.1 consists of two technical lemmas which introduce
notation that will be used in Section 2.

Building on the framework of Section 1, Section 2 details the construction of what
are usually called Gaussian beams (when the higher regularity cases are considered)
and shows how they are propagated in space-time. The main theorem in Section 2 is
Theorem 2.1, which shows that the propagated frame operators are bounded in the
appropriate little-¢ sequence spaces. These sequence spaces correspond to the natural
Sobolev norms of the functions which are used as initial data. This section contains
the necessary estimates for the construction of a parametrix for the wave equation
with 1! coefficients. Finally, Section 3 follows the work of Hart Smith very closely
and contains the actual parametrix construction.

The reader may first wish to examine the introduction of the frame functions and
Theorem 1.1 with the description of the associated lemmas on pages 2-4 below. He
may then skip to pages 12 and 13, in Section 2 stopping at Theorem 2.1. It is the
author’s belief that these pages may be read independently, and from them it will
be clear that the ultimate goal of the paper is the construction of the parametrix as
detailed in Section 3 by Theorem 6. However, the ordering of the sections is important
for the understanding of the various technical lemmas which make this construction
work well.

1. Construction of the frame
Let the set of functions {¢-(x)}er be defined as follows:

A 5
(0= (22 ) enp ity (o) g o, ),

where ~ is the index v = (i,k,«) with i € I}, and where I}, is a finite subset of integers
which depends on k€N and a€Z". In the first two lemmas we will pick &, :2’“wi’k
a vector in R” with § <|w; x| <1, and z, = Az,a another vector in R" with Az, a
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scale factor depending on k. We will show that these vectors can be chosen so that
the set of functions {¢- (x)},er form a frame for L?(R™). Not only will our chosen set
of {¢(z)}yer form a frame in L?(R™), but we also will show that weighted sequences
of frame functions are comparable to the m** Sobolev norm (provided it exists) of
any f(z). In particular, we have

THEOREM 1.1. For any finite m >0 and f(x) € H™(R™) there exist constants Cy and
Cs, independent of v and with 0 < Cy < Cs, such that the following holds:

0<CullF @)y < S 122 < Ca [ @) Zm (L1)
Y

with

() G~ () f(z)dz.

Rn

For this paper we will use the convention that the Fourier Transform for a function
h(u) € L3(R™) is defined as

h(n) ::/e*i”'“h(u)du.

R

We will also need to introduce the following functions:

irtwyi= (521 e g -u-les o).

The only difference between 9, (z—u) and ¢,(z) is that the discrete variable z is
now a continuous one, u, and there is no factor of (Az.)%. Here we note that

n 2 _o—n < _|€_§"/|2)
(=2 e (5 50).

In Lemma 1.1 we construct an approximate partition of unity from the sum of the
squares of the Fourier transforms of the . (w).

LEMMA 1.1. One can chose w; i, i € Iy, k € N with % <|wi k| <1 so that the inequalities

€ — 2w, 1 |?

O<O/ 2m < 22km o
1‘€| = Z exp 2|2kwi,k|

(i,k)

) <yl (1.2)

hold for all E€R™, 0<m < +o0. Here C| and C4 are constants independent of €.

For clarity, we will save the proof of Lemma 1.1 and Lemma 1.2 below until the
end of the proof of Theorem 1.1. For Lemma 1.2, we will pick Az, so that we can
approximate the center term in the inequality (1.1) by an expression which no longer
involves «, effectively turning the summation over « into an integral.
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LEMMA 1.2. For fized k€N, let Az, equal C’EZ’g’ek with € >0 and C. a small
constant independent of k and dependent on €. Then, for every € >0, there exists a
choice of C¢ such that the following holds:

Z//Qm“””f(gc)(b7 (z—aAzy) f(2")py (2" —alz,y)dzds’ —

Y RnRn

'L k)JRn R R

2
171122z

Proof. [Proof of Theorem 1.1]. If we let
/22’“7”1#7(:1: —u) iy (2" —u) f(z) f(z")dudzdz’,
R‘n R‘IL R‘IL
then the kernel of this expression can be rewritten as
[ 2 (=i wdu=(2m) [ S e,
R™ R”

since the Fourier Transform is an isometry on L?(R™). As remarked earlier,

/\2_ -n |€_§ |2
@ =2 e (550,

so that, by Lemma 1.1 and Fubini’s Theorem,

(yall
™ C

€O,

<Z ///Q%m% o — )by (@ =) f () f (') dudee da’

RTL R R

"€l

2
<",

L2(Rn)’
which is equivalent to

7O @) e <Z [ [ ]2 ta—wp = @) dudads’

2 k) R» R R"
SWﬂCsz(@HHm(Rn)- (1.3)

From Lemma 1.2, we also have

> [ [ 2 @)oo - ade, ) Fe o - aba, deda

Y RnRn

e !

-2 / / / 2%, (@ — ) f (@), (@ = u) f(2) dudeda’ | <

(i,k) o i i

2
1112 ny

(1.4)
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but, since % <O =e"! and C4 >4 ,we can combine inequalities (1.3) and (1.4) to
conclude

I By < |5 / / 224 £ () (12— ) F (@) By (& — ) de

7Y RnRn
2
<Gl grm (meny

which is the result (1.1). 0

Proof. [Proof of Lemma 1.1]. Since £ € R"/{0}, we begin by considering R™ as an
infinite union of dyadic annuli, each of which we will cover with real Gaussians which
are centered at our choice of 2Fw; 1. In every annulus 28! <|¢| < 2%, for all k€N, we
choose the vectors 2Fw; ;. such that, for all i # j, we have [2¥w; ; —2Fw; x| > 2%, while
allowing the number of 2kwi7k in each annulus to be as large as possible. The index
set I} is finite, as the volume of every annulus is finite.

Fixing ¢ for the rest of this proof, £ must lie in an annulus 2¥~! < |¢] < 2" for some
fixed k in N. As a result of our choice of vectors, for all £ € R™ there exists at least
one point 2¥w; ;. for which the inequality | —2¥w; x| < 2% holds. This condition gives
a lower bound:

_2k i 2
et < 3 ey (D).

k, .
(ik) 22 wi il

To show the sum is bounded above, we will consider sets of indices A,B,C,D,
and E, whose union contains all the indices (i,k) in v and show that the contribution
to the sum from each of these sets is bounded by a constant multiple of |£|?™. The
cases k=0,1 are easy, so we consider k> 2.

First let A consist of those indices (i,q) for which |€ — 29w, .| <2%. Clearly, ¢ can
only be equal to k—1,k, or k+1. Fixing ¢ for the moment and setting r=2%, if we
consider a ball B of radius § centered at each 29w; 4, then, for all pairs (i,q),(j,q) € A
with i # j, we have B(2%w; 4,5)NB(2%wjq,5)=0. But by the triangle inequality, all
balls of radius £ with centers that have indices in A are contained in a ball of radius

2
3" around &. Therefore, the total number of balls N is bounded, as

2
Vol (B (5, 3;)) > NVol (B (2%2,(1, g)) :

which implies N <3". Since there are only three possible values ¢ can take, the total
contribution for the set of indices A to the sum is bounded by 37*1.

For the second set, let B consist of those indices (i,q) for which the inequality
25 < € — 29w, 4| < 2" holds and |k—¢q|<1. We can write B as a collection of subsets
B; such that

[\

Jj=

were B; denotes the set of indices for which (j— 1)27 <|¢— 29w, 4| <j2%. As before,
we consider balls of radius %:2%*1 centered at each 29w; 4, such that for all pairs
(4,9),(j,q) € B; with i#j, B(2%;q,5)NB(2%wjq,5)=0. By the triangle inequality,
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all balls with centers that have indices in B; are contained in an annulus centered

about £ with inner radius (j—1)r— % and outer radius jr+ 5. The total number of

indices for fixed ¢ in each set B; is bounded, as

Vol (B (g,jw%)) —Vol (B (5 G—1)r— 5)) >NVo1( (2'1%,,,%)),
which implies
e (69

Since ¢ can take only three possible values, multiplying this last bound by 3 gives a
bound on the total number of indices in each set B;. Because of the restriction on
the size of | —2%w; 4| and the fact that |¢—k| <1, the inequality

- 2 _9q,,. |2
(-1 < € —29w; 4 §4j2
D TN

holds for each tuple in B;. Summing over all of the sets Bj,

29w;
Z Z 92k g =€ —2%w; 4*
2|29w; o

Jj (i,q)€B;

(1) ~(-2) e 252)

S 1)2
22km3(2n)(j+1)nexp ( (] 21) >

[SE

&

||
N

J

The sum

i3(2")(j+1)"exp (_ (j—21)2)

Jj=2

is finite; furthermore, it is uniformly bounded regardless of the choice of k and hence
of &. Therefore since 2°~1 < [¢| < 2¥, the total contribution from the set B is bounded
by a constant times |£|>™.

Next, let C be the set of indices (i,q) for which |¢ —2%; ,|>2* holds and also
|k —q|<1. As before, for each fixed ¢, we take balls of radius 522%_1 centered
at each 29w; , so that, for all pairs (i,q),(j,q) €C with i#j, we have B(2%w; q,5)N
B(29w; 4, 5)=0. All balls with centers that have indices in C are contained 1n an
annulus centered about the origin with inner radius r2 — 5 and outer radius r24I 5-
Since we have removed a number of the vectors because their indices are in B, the

total number of indices, IV, for fixed ¢ is over-estimated as follows:

Vol (B (0,r2+g)) ~Vol (B (0,7 *§>) > NVol (B (QQwi,q,g)),

which implies
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Since |€ —2%w; 4| >2* for all (i,q) €C, the inequality

22 €= 2%wi g
201 = 2244y, |

k—2 <

holds for each point 29w; , with indices in C. Then the contribution from the set C is
bounded in terms of a sum over k as

—|&—29w; 2
Z 22kzmexp< IS Wiyq| )
(g ec 2‘2qwi7q|

k+1 1\ " 1\"
< Z 22km2n<<23+2> _(23_2> >exp(—2k—2).

q=k—1

But, since

£ () () e
(G I ) § SR R

and since 2*" exp (—2%72) — 0 for all finite n in R as k— oo, (1.5) is bounded is inde-
pendently of £. So we can conclude that, since 2871 < |¢| < 2%, the total contribution
from the set C is bounded by a constant times |£|?>™ as well.

Now, let D be the set of indices (i,q) for which ¢ <k—1. To find the number of
vectors in D for fixed g, we again take balls of radius 5 = 231 centered at each 29w; ,
so that, for all pairs (i,q),(j,q) €D with i#j, B(2%w; 4, 5)NB(29w; 4, 5)=0. By the
triangle inequality, all balls with centers that have indices in D are contained in an
annulus centered about the origin with inner radius r2 — 5 and outer radius r2 4+ 5-
The total number of indices N is bounded, as

Vol (B (0,7‘2 n %)) — Vol (B (O,r2 _ g)) > N'Vol (B (2‘1%«,,1, %)) ,

which gives
" n\"
N<2" -] —(r—= .
< ((+3) -(-3))

We can conclude there are at most 2™ (2% +%)n7 (2% —

Since, for these indices, g < k— 1, the inequality

%)n) vectors for fixed q.

9a-1 <« (2~ —29)? < € —29w; 4|
- 2¢+1 - 2|2qw¢7q\

holds for each (i,q) in D. The total contribution from the set D is also bounded by a
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constant times |£[*™:

Z 22kmexp<_|€_2qwi7q|2>
(i.0)eD 2|2qwi,q‘
k2 . 1\" . 1\"
< 222”“”2” <<22 + 2) — (22 - 2) )exp(2q1)
q=1

oo
<) 2%Fmon(23 +1)"exp (—2771),
g=1

since the sum
> 223 +1)"exp (—297)
qg=1

is uniformly bounded with respect to k.
The final set £ contributing to the sum consists of the indices (i,q) for which
q>k+1. Again, as above, the total number of vectors N for fixed ¢ is at most

()

To find the exponential contribution for each ¢ > k+1, note that, for each (i,q) €€,

(2071212 _ |6~ 200, ?

2175 <
- 2¢+1 T 2029w, 4] ’
and hence
2km _|§_2qwi7q|2 = 2kmon (o " q—>5
Z 2 exp(22quq| < Z 2 2 (22 +1) eXp(—Z )
(i,9)€€ ’ q=k+2
The sum
> 2 (28 41) exp(-2077)
q=k+2

is convergent and bounded independently of k£ and g. Therefore the total contribution
from the set £ is bounded by a constant times |£|>™ as well. This completes the proof
of the Lemma. The construction of the approximate partition of unity is similar in
idea to the construction of almost orthogonal frames in Meyer’s book Wawvelets. The
&, which are further away from the variable £ contribute less to the the partition than
those which are close. 1]

Proof. [Proof of Lemma 1.2]. For convenience we let:

g'y(uawi/)(A’Yx)n = 22km¢7’($ _u)(b’y(xl —U),

which implies that the operator

> (2276, (@~ ade,)6, (@ —aday))

Y
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is equal to

Z Z (9y(alzy,2,2"))(Azy)".
(i,k) a€Z™

We will rewrite the sum over o above using the Poisson summation formula. Recall:

THEOREM 1.2. (Poisson Summation Formula) Let a be constant, h(u) € S(R™), and
a,BEZ™. The following holds:

Y hlaa)= 3 h(W)

Qa€Zn Bezn

Since, by definition,

g’y(n’x’x/):/Q*iﬁ'ug’y(u’x’x')du’
RTL

we start by computing

gy(u,x,x 22km(|§7 exp —\{ﬂ(u—x)Q—i(u—aﬁ')-&,—|§7|(u—m/)2)

)

(5]
Cp—

(o

=)

exp (i(z' —2)- & )exp (& | (—2u® +2u(z + ') — 2% — 2'?))

241 x;))) e (16l (- +ar')
sl o 552)

which, by a standard result on the Fourier transform of a Gaussian (see Appendix A),

gives
g’Y(n’xvx/):22km<2|§ |) (EZJ) exp<i(£—$/)'£'y+i77~(z_;x ))
v

2 el
eXp( 816, 5 ) (1.6)

Now we notice that
G-(0,2,2") :/gfy(u,a:,x')du,
R’VL
so, by applying the Poisson summation formula, we obtain

S (0, @Aya )8 = [ (uaaiant Y g (22w,

Az,
= B BEL™ B0
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where g, (n,x,2’) is given explicitly by (1.6). From this we can conclude the left hand
side of (1.4) is

[ 5 0Tt
RrRre (ki) BEL™,7#0

By symmetry of the integrands in x and 2/, if we use Schur’s lemma, the inequality
n (1.4) follows from the estimate

zs;lg/ Z Z (27T€ x,x’) dx'<\/7rn;71. (1.7)

(i,k) BeZ™, ﬂ;éo

If we examine the integrand in the left-hand side of (1.7) we find, from equality (1.6),
that

-y e () g (Gl

BEL™ B0
Integrating both sides of the above inequality with respect to =’ gives
2 2 2
sup / DA I | PR e . )
zeR™ pez™,#0 Ly BEZ™ B0 |€'Y|( .73»),)

Let 8=(01,02,...,0n). Then since, with this notation, §; € Z is indexed independently
of B; € Z for all i# j, we have

3 (Tlow (52 0)) T o (222

As 0, at least one of the /s must also be nonzero. Without loss of generality,
take 8, #0, and then

> o wianr)

BeZ™,B#0
27?61) ) (_ (27rﬁn)2 ) 18
H ;ﬁ’( 316, (A, )2 BHE%#OQXP Sle,[daz ) |- (1Y)

To put a bound on this last expression, we now need to pick Axz.. Let

(27)?

“®)= S laz,)”
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Then, since Az, is of the form C.2~ , we have that
29¢k
20,

a(k)=

Now if we pick Ce <4, then, for all k, a(k) > 1 provided e >0. Therefore, for any such
choice of C,, we have

(B:)? 2 2
zexp( SR <2 S e el = = <

which ensures the first product in (1.8) is uniformly bounded independently of k:

n—1 271',81) 2 n—1 % n—1
I X (i) ) )< (=) <(F5)

i=1 \B;€Z

From Lemma 1.1, the number of the 2¥w; ;. can be over-estimated by by 2”(2% +1)"
for any fixed k, so, combining estimates,

2km neX (27TB)
2 > p( 8|§7|<Axv>)

(i,k) BEZ™ B0

< o%mp(2% £ 1) <62_61> ) exp(—a(k)).

k=1

Since €>0, exp(—a(k)) dominates any power of 2¥. Thus as long as C. is chosen
sufficiently small we can make this sum less than “n§7 , which concludes the proof

of inequality (1.7). d

2. Operator norm estimates
From Theorem 1.1 in Section 1, the operator P{"(f(y))={c(y)},er, where

)= [ 2"E @ (w)da,

is a one-to-one bounded mapping of H™(R") into the space of sequences which are
convergent in [2(T") when weighted with 25™. Let P" = P/™* be defined as follows:

PP = LARY),  Pa(fe(m)}) =) 2""e(7)¢4(y)

Now recall that T' is an operator of order m if T maps H"(R"™)— H"~™(R"™). In
Section 1, we showed that II"™ = Pj" o P™ is an operator of order 2m. Let I denote
the identity operator. As there exist constants C} and C} such that C11 <TI° <31,
in L?(R™) norm sense, Py is bounded and invertible on its range. The construction
of P and PY allows us to translate the characterization of functions and operators
in H™(R") to the framework of weighted sequences in [?(T"). Armed with the frame
operators, we will show that, when the frame functions are propagated along bichar-
acteristics for the wave equation, their Sobolev norm is preserved. This will help us
also show that the the action of the operator T(x,t,0,,0;) =07 — A(z,t,0,) on the
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parametrix is order 1. The estimates established in this section will ultimately be
useful in building the parametrix in Section 3.

First we recall that T(x,t,0,,0;)=0?— A(z,t,0,) has principal symbol
p(z,t,&,7)=72=>"a; ;(z,t)&&;. The bicharacteristics associated to p are

i,J
dt dl‘j dfj dT
75 =P 7y =P 1o = Doy 7= P (2.1)

Setting g= [ > a;;&&; | , we find that p=(r—¢)(7+¢q). There are two choices for
0,J

null bicharacteristics. Here we assume that 7=¢q, so the bicharacteristic Equation

(2.1) become

dt dr  pe

—_—= 7_:2 :2’ —_—= = — s 22
ds b TeA dt 2q 1 (2:2)
%__px_ dl_l

it~ 2¢q ™ dt

Define
(1'7(t,t/,Z,Y,f»y),f,y(t,t/,x,y,f,y))
as the solution to the system (2.2) at time ¢ with initial conditions
’y/a/a’ya’yv'y/ala'w'y:’y,’ya
(24 (1 24,69), & (F, 1, 24,65)) = (24,&5)

where (z,,£,) are given in Lemmas 1.1 and 1.2 of Section 1. We let U(¢,t") denote the
the evolution operator associated to this transformation. Often we will abbreviate

U(t,O)(l‘wfy) = (m‘y(tava”/agv)v&/(taovxwgw))

(z4(1),64(1)),
and
U0,t)(x4,&y) = (24(0,t,2,8),&(0,t,24,&))
(z4(=1),&(=1)).
Let

o (t0)= (225 ) e i(0)- (o, () 6 (Ol 2, ().

Then define E(t) to be the propagation operator acting on f(x)€ L?(R") as follows:
HENI°f=PYBr(t)P f
=> be(1,7 ey )y (),
aled
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where

be(v,7' ) = %( )¢ (t,x) dx
denotes the entries of the matrix Bg(t). As a result, TE(t) is defined by the following
equation:
MOT B f = P Br(t) PV f
= br(7,7 (v )y (@),
aled

where

bT(%W/,t):/W,WT‘i’v’(t’x)dx

denotes the entries of the matrix Br(t). The central theorem of this section is then:

THEOREM 2.1. E(t) is a bounded operator of order 0, and TE(t) is a bounded operator
of order 1.

From Section 1, II° is bounded and invertible, and also, by Theorem 1.1, we
know the relationship of the frame to the Sobolev norm of f(x). Therefore, to prove
Theorem 2.1 by Schur’s lemma, it suffices to show

Dby 0I<C Y ey )I<C, (2.3)
v v
and
S br(r A 01<02Y, S (br(y ) < 02F, (2.4)
v v

where C denotes a constant independent of v and 7/. We will also show that this
constant is uniform for all ¢t e [-T,T7.
We start by examining T¢.,(¢,z):

LEMMA 2.1.

i) = () e+ O, ).

where
Dt w2 (8),&, (£) =E(1) - (& =24 (1)) +l& () ||z — 2 (8)°

and

p(t,2, v, 0e) = O(I& (1) | — a4 (1) ).

Proof. As p(t,x,1,1,) is positive and homogeneous of degree two in |, (t)|, the
desired conclusion will follow if, on null-bicharacteristics (t,z~(t),&+(t)), we can show
that

Vmp(taxvwx(t7x“/(t)7§’v(t>)awt(tvm“/( ) 5’7( ))):
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Computing Vp(t,z,9.,%:),

0

aip(t7x7wa:7wt):pzj +pflw:mmj +pTwij' (25)
Ty

Dividing (2.5) by 2¢ and substituting the equations in (2.2) into the right hand side
of (2.5), we obtain

d¢;  dx

T T Ve e =0 (2:6)
As g, (t,24(t),6, (1)) =&;(t), differentiating &;(¢) with respect to ¢ we have
d¢;  dx
CT;:EZ/JMT/J% + ;. (2.7)
Substituting (2.7) into (2.6) implies (2.6) is 0, which happens if and only if (2.5)
vanishes on null-bicharacteristics. a

With Lemma 2.1 in mind, we consider the entries of the matrices Bg(t) and
By (t). First we set

0 (|sv||s»y/<t>|mwmw)3

Y (27r)2
and then
be(v,7,t)
=89 / exp (i — 21 (1)) - &y (1) — i = 24) & — €57 (1) | — 2o (1) 2 &5 ||| — 24 |2) dx
Rn

and, to leading order,

bT('Yarylvt)
=53,w/e><p (i(x =2 (8)) - & () =iz —25) - & = & ()| — 2 () = |&; | — 2, [2)
RTL
x|z — 2 () P&y (1) daz, (2.8)
The first inner product, bg(v,7/,t), is evaluated via
bE(’%’Y/vt)
=B, / exp (i@ — 2 (1)) &/ (1) — (= 24) & — &/ (1) |2 — 2 (1)* = |&3 |0 — 24| v
]Rn
=, xp (it &y — i1 (£) €1 (1))
. YTy + €y ()| (2) |2
1[ exp(lw-(éw'(t)—ﬁw))exp<—(§v|+|§w'(t))‘w—K b )
o Ol z>d
Xep( BECIRA A

Making the change of variable

y=z— |§7|x7—|—‘§7/(t)|1‘7/(t)7 (2.9)

|§v| + |£v’ (t)|
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we see that bg(y,7',t) takes the form of the Fourier transform of a Gaussian integral
which we can evaluate (see Appendix 1), obtaining

be(v,7'5t)
=P,y exp (z (xn, &y —a (1) & (1) + |€~/|$|gj|‘f|~,£fv(jle|§y(t) () —@)))

X e p( 4(|§7|+|§7/(1§)|)>e p ‘fv"’“fv’(t)“ () =z, ).

Therefore
_ |fv||§w(t)|Aa¢7Am7/)g
5%7,_( A ([& ()] +1€41) ’ (2.10)

so that

1be(v,7,t)]

_ |£V’(t)_fv|2 oxp [ — |§v’(t)||§v| oo (£) — 2|2
<ﬂ”’“‘p< 4(|€7|+Ifw(t)l)> p(“ie e o0 nL) @

For the integral br(~y,v’,t) we make the same substitution of (2.9) into (2.8). Then
we set

77=§vf(t)—€m C:‘Ev"i_‘fv’(t)L
and

b— |§7|(.237 — Ty ()
&1+ 16 (O]

so that we can apply the estimates in Appendix 1. These give that |br(y,7/,t)] is
equal to

2 2 1

2 /A /B
ﬁ%v|fw|exp( 4c>‘ 22T c+b +2C'.

Applying Cauchy-Schwartz and back substituting values for n,c, and b, we have that,
for C' a constant independent of 7,v/,

’ |§7’(t)|2|§7_f'y’(t)‘2 |§7’(t)‘2|€7|2|$7_x'y’(t)P
'bT”’”’“'Scﬁ””'( 6 OITEE T (6] -6 @) )

ex *M ex *M:p/ 7:52
‘ p( 4(|£7|+|f7'(t))> p( |§'y|+|§'y/(t)|| ’Y(t) ’y|)

<CByy (16 =& (OF +ley WIIEs oy =2 (1))
2
exp (_4|€w(t)—§~/| )exp( |£71(t)|§w|||%/(t)_%|2).

(& 1+ 1€ ()]) &+ 1E (D)

The next two Lemmas characterize properties of the evolution operator U (t,t)
acting on the lattice, and they will assist us in obtaining the bounds (2.3) and (2.4).
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LEMMA 2.2. We let
A(z,t) ={ai;j(z,t) h1<ij<n

be a real symmetric n x n matric with entries a;;(x,t) in CY1, as in the introduction.
For the rest of this lemma, C' >0 denotes a constant which is independent of the
essential variables. Furthermore, as before, A(t,x) is bounded and positive definite
and, we let

=

q(z.t,8)= | Y aij(x.t)&¢;
0,J

If we consider the system

dz d¢

ar @ _ 2.12
7 qe, il (2.12)

with initial conditions |z(0)| < R and 1 <|¢(0)| <a for some finite a, R>0, then solu-
tions to the system (2.12) satisfy the following two conditions:

1. |z(t) —2(0)| < Cv/n|T|, and
2. For all finite T >0, there exists a constant C(T,a) such that

1
C(T,a)

<|w(t)| < C(T,a)

whenever || <T.

Proof.  We prove condition (1) first and then condition (2).
1. Computing g¢,,

=

P 2 aij(z,)E;
o | Doai(@ g | =— <C, (2.13)

(Z aij (%U&fj)

since the expression in the middle of (2.13) is homogeneous of degree 0 and
the numerator and denominator are both bounded above and below on || =1.
From (2.12) we then have

[SIE

dzr i
dt

<C,

which implies

dx

p <Cv/n.

Integrating this inequality gives (1).
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2. Differentiating g with respect to x, we have

'd§ B %:(aij)m(%t)&ﬁj

dt|
2 (Zai,j (z,t)&&;
i

T <C|¢] (2.14)

for some C independent of £, z, and ¢, since the expression in the middle of
(2.14) is homogeneous of degree 1 and the numerator and denominator are
both bounded above and below on |£|=1. Using Gronwall’s inequality gives

1
C(T,a)

<[£(0)|exp(=C1) < [£(1)] < [£(0)|exp(Ct) < C(Ta) (2.15)

This results in the desired conclusion for finite T, that is, if 1< [£(0)|<a
then, for any ¢ € [T, T, there exists C(T,a) such that condition (2.15) holds.

d
Recall that U(t,t') is the evolution operator associated to (2.12), and
U(tvtl)(x“/’g’y) = ("EW(tvt/7x77€“/)1gv(tvtlvxwvf"/))-
By homogeneity, if ¢ is a constant, then the above equation scales as follows:
(x’y(tatlvxvaf’y)acé‘/(tatlvxwgv)) = (x’y(t,t/al'vaCf’y)vg’y(tat/achf'y))' (2'16)

Since &, =2Fw; ), with 3 <|w; x| <1, the relationship (2.16) with c=2"% gives that
the pair (z,w,) lies in a compact subset of R” x (R"/{0}) whenever |z,| <R for R a
constant independent of . We note that Lemma 2.2 then applies to (z.,w~), and so
we have a bound on the size of z,(t) and &, =2 w; x(t) in terms of the initial data.

Because our frame is similar to an almost orthogonal frame in type, it makes sense
that the pairs of initial data which are close together in frequency contribute the most
to the absolute value of the inner products in the sums in (2.3) and (2.4). However,
we have an extra variable « since we have a non-compactly supported set of frame
functions. Therefore we will use the term ‘close in frequency’ to mean that the pairs
(x,&) and (2/,&4) from Section 1 satisfy not only the condition |z, ||z, | <R but
also that |k —k'| <k, where k¢ is a finite constant independent of 7,7’. In Lemma
2.3, we will show that close pairs of lattice variables have an extra property beyond
that of Lemma 2.2, which makes it possible to compute the bounds on (2.3) and (2.4).

First we see, by Equation (2.16), that for all such close pairs with ¢=2"*" (where
here without loss of generality we have taken k' <k) the corresponding scaled pairs
(24,25%w,) and (z,w,) lie in the same compact subset [~ R, R]" x [1,2%0]™ of R™ x
(R™/{0}). Thus we can conclude from Lemma 2.2 that the transformation (¢,0) is
invertible and Lipschitz with uniform Lipschitz constant when acting on (., Qk’k'w,y)
and (x,/,wy ). In other words, for all close pairs and for all t e [—T,T] with T fixed
and finite, there exist nonzero constants D; and D, independent of ,~', with

Dad?((a+(1), 287wy (8)); (2 (£), w1 (1)) < 2 (24,257 w3)1 (2, 040))
< Dad? (4 (£), 25wy (1)); (- (£) w04 (1)), (2.17)
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where d denotes the usual Euclidean distance. We will abbreviate this type of equiva-
lence relationship, where the left hand side is bounded above and below by multiples
of the right hand side, by ~, so that inequality (2.17) can be rewritten as

A2 (29,257 1) (w1 )~ @2 (@ (£), 257K w0 (8)); (@ () 0 (1))

The inequality (2.17) allows us to obtain another similar relationship which is
crucial in the computations to obtain bounds on the action of the matrices Bg(t) and
Br(t).

LEMMA 2.3. For pairs (x~,&y) and (x+/,&+) such that |z|,|z,| < R where 0 < R < o0
and |k —Fk'| <kg, with R and ko independent of v and 7', the following holds:

d*(U(t,0) (2 ,w7); (x’ya2k7k/w'y)) ~d*(U(0,) (-, 2kik,°~’7)§ (@47, 0y))-

Proof.  Since U(t,0)old(0,t) =1, the right hand side of the relationship,
dz(l,{((),t)(wak*k/w,y);(zv,’ww,)%
can be expressed as

AP U(0,8) (2,25 w U0, U (£,0) (2,004 ))
and from estimate (2.17) we obtain the desired conclusion. O

With these Lemmas, we can now calculate a bound on

Z‘bE(’Yavlvt” (218)

for fixed . We break this sum into three pieces: in region 1, v': k' < k — kg, in region
2, 7" : |k — k| <kg, and in region 3, v/ : k' > k+ ko where, for all t € [-T,T] with T < oo,
ko =max{2log, C(T,a),1}. For the rest of this argument, let D >0 denote a constant
which is independent of k" and k and which is uniform for all t e [-T,T7.

We will apply Lemma 2.2 in each region to subsets of the initial data (z,w,)
as outlined earlier. Here we must cut off the x.,/’s so that |z,/| <R, for some large
positive R. This corresponds to having the initial data with support living in a ball
of radius R.

Again, because of the similarity of the frame to an almost orthogonal frame, in
regions 1 and 3 from Lemma 2.2 the exponential term from the bound on each inner
product will dominate the sum, but in region 2 the argument is more subtle. In each
case, formula (2.16) and Lemma 2.2 imply that:

I} ’:(|£’Y||£’Y,(t)|Ax'yAx,y/>g
RN AT

_(C22i koK oy ()]
47 (2 + 27wy (1))

C225 k9%~ (T, q)

A (261 + o2rs)

IA

(2.19)
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The right hand side of (2.11) contains a product of two exponentials, with arguments

2w, =2y ()P

. 2.20

4(2F |y [+ 2% |wn (1)) (220)
and

el @l 21

\%H\fw'(tﬂ‘ v =y (. (2.21)

In region 1, Lemma 2.2 implies a lower bound on (2.20)
, 2
250, — 2w (D)2 >@““ﬂ0@@>
4(2F|wy |4 2% |wy (2)]) 4(2F+2+C(T,a))
, 2
265 (1-2¢ ~++1C(T,0))
(127 FO(Ta))
2
k— 2
A (1 - C(T,a))

@+Wﬁﬂ
=2¢D.

>

>

For (2.21), we only know that
|2y =2 (1)* 20,
which gives
exp (—|zy — 2z (1))?) < 1.

Since, by assumption, ‘fUV'| <Rand zy =Azy o = 062_%/_6ka’ for fixed k’, by scaling
we have |o/| < RCE_12%+€’“/. Bounding the number of points in both Z™ and this ball

by D(Q%,“'Ek,)", we obtain a bound on the number of z.,, for fixed (7,k"). While the
position of the ., may change, their total number does not change when they are

propagated. From Lemma 1.1, there are O(leTn) vectors wj - in each annulus indexed
by k’. Applying (2.19) in region 1, we find, since k' <k — ko,

|3

20k _ckokl ek’ 2 , 3
ﬁ’\/”\/, S Cg 22 22 C(Taa) SD (2_§_€k2%_5k/) .

Combining estimates gives

Z |bE(7a’y/7t)|:O Z 2_%_€gk232k/+L;/eXp (—D2k)

vy k! <k—ko (i,k")
k'<k—ko

:0< > 2”k’exp(—D2’f)> (2.22)

k' <k—ko
=0 (2"k exp (—D2k)) .
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But since 2"%exp (—D2F) —0 as k— o0, the contribution from (2.22) is bounded
independently of ~,7'.

Similarly, in region 3, an application of Lemma 2.2 to the first part of the expo-
nential contribution (2.20) gives

, 2k/ k 2
2 (0) =2 0 (cFrm —2)
T2, O)[+ 2 ey (O]) ~ A2+ 2V C T )
2’6/73 21@72
> —_
C(T,a)* C(T,a)?
> D2¥.

Again, the same estimates as in region 1 for the number of the z.,/(t) and their
exponential contribution hold, and the number of vectors w; s in each annulus for

fixed k' is still (9(2”71‘/) For the size of 3/, from (2.19) and the fact k&' >k+ko we
have

NE

C225 k9%~ (T, q)

— K
4 (261 + oy )

oo < <p(arse-)

Thus

> ey =0 | Y 2H T e (—D2V)

v k' >k+ko (3,k")
k'>k+ko

_(9< 3 2?"2’“+"’4"+""'“2"’“’exp(—m’“’)). (2.23)
k' >k+ko

By hypothesis, ¥’ > k+ kg, so the exponential term dominates the sum here as well,
and so the contribution from (2.23) is bounded independently of ~,7’.

If we try to simply apply Lemma 2.2 in region 2, as we did in regions 1 and 3,
we get a constant bound on the exponential contributions (2.20) and (2.21) which is
not enough to dominate the contributions to the sum from the number of z, and &,.
Therefore the application of Lemma 2.3 to the exponential term is essential in region 2
since the treatment of the exponential contribution to the summation is more delicate
there. The key is that the additional Lemma 2.3 allows us to sum over unpropagated
variables which, from the construction, are fixed in space.

In region 2, by homogeneity and the fact |k —k’| < kg, the entire exponential term
can be re-written as follows:

& (1) — &, & Ol&
e 11 ) T e+ ey 7l

2

~ 2P P U0 (24,25 w, ) (2,050)). (2.24)
Applying Lemma (2.3) to (2.24), we obtain
|‘£“/’(t) _§7|2 |§7’ (t)||§“/| £ — 2
T 1716 () T T+ (] 0 7

~ 2 (7,25 w0 )U0,1) (0, 050)), (2.25)
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where the constants in this equivalence relation may depend on kg but are uniform in
T.
Since z, = Az, a’, we can factor out the scaling Az, = C.2= %5~ from part of
the right hand side of (2.25), giving
kK 2 ~20—2ek’ | 1 2
2 [~ (1) = €222 |of — g,
where we have set €9 = (Az./) "2, (—t). Substituting A\=C222¢*"an application of
the integral estimates in the appendix gives

Z exp (—Qk/ |z —xv(—t)|2) < Z exp (—0622_261“/ o’ —€0|2)
o'€77 o’ |<R o'ezn
—0 (2“) . (2.26)
But, looking at inequality (2.19), the k' dependence in this last bound is exactly
canceled by the size of 3, in region 2. Since |k—Fk'|<kg, the other part of the

exponential contribution may be tackled with an argument similar to that of Lemma
1.1 applied to £ =2*w. (—t). This implies that the sum

’ ! 2
3 e (2’“ ‘2’“ w,y/—2kwfy(—t)‘ ) (2.27)
(i,K)
|k —k|<ko

is bounded independently of v,7’. From these bounds and from the equivalence rela-
tion (2.25), we can conclude that

> lbe(nyl=0(), (2.28)

y |k —k|<ko

and thus

> (.Y H=0(1).

If we reverse the roles of v and ~/, we can run a similar argument to the one above
to bound

Z|bE(777,at)"
il

The bounds in each of the regions |k —k'| <k, k>k +ko and k <k — ko will follow
almost identically. The main difference in the argument will be that, in the region
where |k —k'| <ko, we do not need to apply Lemma 2.3 since the v variables are not
propagated. In this way, we obtain the desired bound (2.3).

For the estimate (2.4), we examine

> br(v.A ). (2.29)

The only difference between the bound on |bg(v,7',t)| and the bound on |br(v,7/,t)| is
the factor of [&, — &,/ (£) |2+ & (0)||& ]|z — 2/ (2)]?. In region 1, application of Lemma
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2.2 gives

|2+|§'v’ O[Ey |z — 24/ (t)|2

€51+ 1€+ (t)‘)2+|§’y’ (t)||§7|(|337—$7/|—|—|x7/(t)—xfy/|)2
i 2 A

< |28 42¥'C(T,a)| +2F2% O(T,a)(R+T)* < D2%*.

)
(

&y (t
<

The rest of the estimates on 3, ., and the exponential contribution stay the same.
Therefore, by (2.22),

n exp (7D2k)

Z |bT(737/,t)|:O Z 22k2 ,enkQ

v :k!'<k—ko (4, k' )
k' <k—ko

:(9< > 22k2“’f’exp(—D2k)>

k' <k—ko
=0 (2("+2)kexp (—D2k))

and, as k— oo, we see that 2("*2*exp(—D2¥) -0, so the sum in question is also
uniformly bounded independently of 7,~’.
Similarly, in region 3, by Lemma 2.2, the extra factor is bounded by

‘gfy _gfy’ (t)|2 + |§'y’ (t)||§7||x7 Xy (t)|2
< (1€ ]+ 1€y (t)‘)Q & & (|2 — 2oy [+ [ (8) — 20 |)2
< |28 4+2¥ C(T,a) 2+2k2k,C(T,a)(R+T)2

< D2

Again, the rest of the estimates stay the same so that, analogously to (2.23),

Yo vy =0 22k,2%7%2%+%exp(—D2k/)

/K >k+ko (i,k")
k' >k+ko

=0 < Z 92! o2t 4 b =) exp (D2k’)> , (2.30)

k'>k+ko

and, as before, this sum also converges independently of v, since k' >k + k.

The only region where the extra factor in question makes a difference is in region
2. As in the treatment of the sum of |bg(y,7')| over 4/, Lemma 2.3 is again crucial.
By homogeneity and Lemma 2.3, the extra factor in the bounds for |br(vy,v/,t)| can
be rewritten as

&y =&y (t)|2 & N |2y — 2 (t)|2 ~ 2%/dz(ul(oat)(x'yﬂkik/w'y); (T4, wy)),

and the exponential factor in the bounds still follows the equivalence relation (2.25).
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With these relationships in mind, we split the sum
ST By (& =& WP +1& OlIE N2y — 20 ()]
Vi |k=k'|<ko

_ |2kw7*2k/w'y/(t)|2 _ &511€4 ()]
Xe’“’( A2y [+ 27 oy (]) 165 +1 (2

)| |$’Y 7x7/(t)| ) (231)

into two pieces which together are equivalent under the ~ relationship to (2.31). These
sums are

' 2 ’ 2
Z Byt 22 [y =y (1) exp (_Qk |y — 2y (1)) )

V= [ <ko
’ ’ 2
X exp (2_k |29y = 2, (1) ) (2.32)
and

’ 2 ’
S By [2Mwn =2 (<) exp (<2l —ay (<0))

v |k—k'|<ko
! ’ 2
X exp <2k ’2]“ Wey 72kw7(7t)’ > . (2.33)

To handle the sum (2.32), since again x., = Az./a/, we can factor out the scaling
Az =277~ from part of the right hand side of (2.25) and obtain

2V |2 —QL‘W(—1€)|2 =222 | —€0|2.

We can also factor the scaling from the new multiplication factor in (2.32), which
gives

22 |y — oy (— )| = C227 2K K o/ — |2

In both cases we have set eg = (Az.,)~'a, (—t). Substituting A=C222*"an appli-

cation of the second integral estimate in Appendix 2 gives

4 2 4 2
3 (2% |2y — 2 ()| )exp (fzk |2y — 2 (1)) )
o/€Z" o/ |<R
< Z (0622—2ek’+k’ |O/_€0|2> exp (_0622—2616/ |a’—50|2)

a’ ez

=0 (2k'(226k')%) . (2.34)

Using the previous estimates (2.19) and (2.27), and the fact |k—k'| <ko, the sum
(2.32) is O(2).

For the second sum (2.33), estimate (2.26) still applies for the sum over o, so we
are reduced to examining

’ 2 ’ ’ 2
S }2’@ wv/—kay(—t)‘ exp <2’“ ’2’“ wﬁ,/—kav(—t)’ > (2.35)
(i7k/)
|k'—k|<ko



248 A PARAMETRIX CONSTRUCTION USING A FRAME OF GAUSSIANS

Now if we consider the sets defined in Lemma 1.1, with £ =2%w. (—t), for the first set
A we get

, 2
29wy — 2, (—)| <28

This implies, from previous bounds on the number of w.+ in A, that
’ 2 ’ ’ 2
3 ‘2’“ Wy —2%7(—1&)‘ exp (2—’c ‘2’“ Wy —kav(—t)‘ ) < gntlgh
A

<2%j+C(T,a)2"
< D2*.

In each of the sets B;,
, 2
29wy — 2%, (=) <522,

and similarly, from an argument in Lemma 1.1, we can deduce that

/ 2 Y 2
Z ‘2’“ Wy 72kw7(7t)’ exp (2’c ‘2’“ Wy —ka.y(ft)‘ )
B

< i2”2k(j+1)”+26xp Ol < D2*.
=2 5 <

Now it is easy to see that there is only a small (or 0) contribution coming from
the sets C, D, and & since |k—k'| <ko, and this contribution is uniformly bounded
independently of v,7’. From here it follows that the second sum (2.33) is O(2%).
Combining the estimates above gives

Z |bT(’7a’7/7t)|§D2k
v k' —k|<ko

Since the contribution from regions 1 and 3 was uniformly bounded independently of
~,7', we find

Z‘bT(Wv’ylat” SDQk
’Yl

By symmetry, we can use similar estimates to obtain the second bound in 2.4.
Again, the main difference will be that there is no need to apply Lemma 2.3 in region
2. The combination of these estimates concludes the theorem.

3. Construction of the parametrix
With the frame of functions established, we turn our attention to constructing an
appropriate parametrix for the Cauchy problem

Tu(t,z) = (0} — A(t,x,0,))u(t,z) =0,

u(t,x)]—o = f(x),
Opu(t,x)|t=0 = h(x),

where f(z) and h(z) are functions in L?(R™). We will construct operators C(t,t')
and S(t,t’) out of families of functions which are related to the frame functions. This
section will follow the work of Hart Smith in [5] very closely.
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As earlier U(t,t") denotes the evolution operator associated to H™ =1 —¢q. Addi-
tionally we denote the evolution operator associated to the Hamiltonian HT =7-+¢q

as V(t,t'). We set
u(t7t/)($"/ (0)7&/ (0)) = (.%'j (t,t/)f::_ (t7t/))

and

V(t,1')(24(0),&(0)) = (2 (t,t'),£5 (t.1)).
Accordingly,

A 5

o (Lt x)= (KW(QJT x”) exp (i (t,t) - (w— a3 (4,1) =[5 (4,1 [|o —aZ (¢,)]?),
and we let
o5 (t,1',x)
+ ! _
QV (t’t 7m) B q(;/ux’yag’y) .

From these definitions, we construct the operators C(¢,t') such that
°C(¢,t")I° f =Py Be(t,') Py f
:Zbc('y,'y’,t)c(’y’)qﬁ,y(x),

¥y

and S(t,t") such that
°S(¢,t)II° f =PV Bs(t,t') P f
=3 b (7 () ().
v

Here
be(rr' )= [ 5@ (63 8 )+ 05 (18 ) e
[ 9 o ¥ ¥ IR} ~ 'V
and
bs(rr' )= [ @) (m(t tx)— Qo (Lt x)) dz
[ A) 2 an o ~ s Uy ~ s Uy

denote the entries of the matrices Be(¢,t") and Bs(t,t') respectively.

THEOREM 3.1. TC(t,t') and TS(t,t') are bounded operators of order one and zero
respectively, with operator norms which are uniformly bounded on intervals where t —t/
is finite. Furthermore,

Ct' t)~1, 0,C(t',t') =0,
and
S(t',t") =0, St ') ~1,

to leading order.
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Proof. The first statement is an immediate extension of Theorem 2.1 in Section
2. The first set of operator estimates follow directly from the definition of II° and
the calculations in Section 2. For the second set of estimates, the result (where

q:(J(tlax’Yag’Y))
_ q q
(atQ+(t/at/ay) - atQ (t/atl?y)) = ((1 - q;) - <_1 + q;)> d)’Y(y)
is easy, as on null bicharacteristics 7 ==¢q, so by homogeneity

q 1
=0 ()

From the proceeding arguments, if we define u(t,z) as

u(t,z) =8S(t,t") f(z) +C(t,t")h(z),

then u(¢,z) is the desired parametrix solution to the Cauchy problem. 1]

THEOREM 3.2. If —1<m<2, if fe H""(R"), if he H*(R"), and if F&
LY ([T, T); H™(R™)), then there exists a G € L*([-T,T); H™(R™)) such that

u(t,z)=C(t,0) f(x)+S(t,0)h(x) + /S(t,s)G(s,x)ds
0

and

NG 1 (o7 52 () < C(T) (HfHHmH(Rn) A g ey + ||F||L1([—T,T];Hm(R”))>
solves the Cauchy problem

Tu(t,r)= (0} — A(t,z,0,))u(t,x) = F(t,x)
u(t,x)|e=0 = f()
Opu(t, ) |t=0 = h(z)

in the weak sense. If f and h are both identically zero and F is also zero for all
te[-T,T], then G and u will vanish as well.

Proof.  As per Smith, we will show the existence of such a G using Volterra
iteration. Assuming G € L'([-T,T]; H™(R")), we let

t

v(t,z)= /S(t,s)G(s,w)ds.

0

Because S(t,t') and 9;S(t,t') are both strongly continuous operators and S(¢,t) =0,
we have v(t,z) is in C([-T,T); H™1(R"))NCY([-T,T); H™(R"™)), and also

¢
Opv(t,x) = /&S(t,s)G(s,x) ds,
0

so it follows that

v(0,2)=0 and Jw(t,x)|i=o=0.
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Furthermore, differentiating in the sense of distributions, we obtain
t
Ofv(t,x)=G(t,x) + /afS(t,s)G(s,:zr)ds.
0

We can conclude that u(t,x) of the form in Theorem 3.2 is a weak solution to the
Cauchy problem if the following Volterra equation

G(t,x) —l—/TS(t,s)G(s,m) ds=F(t,x) =T (S(t,0)f(x)+S(t,0)h(x)) (3.1)
0

holds. Equation (3.1) can be solved by iteration since the operator norm of S(t,s) is
uniformly bounded on finite intervals of time by Theorem 2.1. Setting

G@@:F@@+§y%@@ (3.2)

with
S1 Sn—1

t
Gn(t,x)z//... / S(t,51)5(81,82)...5(8n—1,80)F (8n,z)dsy...ds1,
00 0

we see that G(t,z) is a solution to the equation

G@@+/S@Qm&@$:F@@.
0

As the series in (3.2) converges in L'([-T,T];H™(R™)) with norm bounded by

exp(T'C(T)||F||), this finishes the Theorem. O
Appendix A. It is well known that
n 2
. ™ n
/exp (iy-n)exp (—cyz) dy= <E) : exp <_40) . (A1)

Rn

We will use this fact to help us evaluate integrals of the form

/(y+b)exp (iy-m)exp (—cy?) dy (A.2)
R"I,
and
/|y+bl2exp(iy-n)exp (—cy?) dy. (A.3)
]Rn

Recall that, for ¢ a constant, n,y € R", and « a multi-index with n components,

i'“‘n“/eXP(—cy2)exp(i77-y) dy:(—1)‘”"/3$(exp(—cy2))exp(i77~y) dy, (A.4)
R™ Rn
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and also

% exp (—cyz) = —2cyexp (—cyz) ,
32
TyQGXp (—cy2) = (—2c—|—462y2) exp (—cyZ) .

With these equalities in mind, (A.2) is equal to

zic/ay(eXp (—cy?®))exp(in-y) dy+b/(eXp (—cy®))exp(in-y) dy
R™ R~

We can also expand and re-write the integral in (A.3) so it is equal to

1

. b .
1= /3§(eXp(fcy2))exp(m~y) dy*E/ay(exp(fcyz))exp(w-y) dy
R™ R™

+ (b2+2lc> /(exp(—cy2))exp(in~y) dy.

R

Using the integration by parts formula, (A.4) is just
n 2 ;
T 2 n n hn 5 1
— —— )=+ —+b"+— . A.
(c) exp( 4c> < 402+ c * +20> (&.5)

Appendix B. An integer valued function h(a) may be estimated by the Euler
summation formula

b

> h(a):/h(x)dﬁz%h(j*l)(x) =% 4 R, (B.1)

a<a<b a

where B; is the j* Bernoulli number and h()(z) denotes the j** derivative of h(z).
The remainder R,,, is defined as

Rm:(—l)mﬂ/wwl(x)dx.
R

The notation {z} denotes the fractional part of z, and By, ({z}) denotes the m'"
Bernoulli polynomial. Formula (B.1) is derived in Concrete Mathematics, cf Ref[1].

Fix ¢g € R™ and A€ R, with A>1. We wish to use the Euler summation formula
to estimate the sums

2

3 exp <_|a€0|) (B.2)
A

a€Zm

and

2 2
Z Lé ;0| exp (_|a ;OI ) (B.3)

aeZm™
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in terms of the parameter A. Since the variables aq,as,...,q, are indexed indepen-
dently of each other, we may re-write (B.2) as

5 (Tl (-5 )T Seo(-2520)). wa

«; €L
We apply the Euler summation formula with m =2 to the sum in parentheses on the
2
right hand side of (B.4), so that h(z)=exp (—@) Letting g(z) =exp (—?), via
the change of variables z =v/A(u+¢,),

R2:%/Bz({x})h"(x)dxz2;/BZ({\&(U+€OJ})9"(UW“-

and

|]%2|<:\/?;.

The second term on the right hand side in the Euler summation formula vanishes:

. E% 1 =
> S =0

As a result,

— 2 n
Z exp <_|a;0> <(27\)?

QL™

The second sum (B.3) can be re-written as

Sl )

1=1 \o,;EZ
Here, o = (a1,0,...04,...00p) and €(,= (€g, ,€0,,.--€0;,---€0, ). Applying the Euler sum-
mation formula to

I 12
)3 exp<la;o|>.

a’ezn—1

> Mexp (‘x) (B.5)

a; €L

gives that (B.5) is also O(v/)). This follows since

7 x? x? VA
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The details are left to the reader. Therefore (B.3) is O((\)?) as well.
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