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SOBOLEV AND MAX NORM ERROR ESTIMATES FOR
GAUSSIAN BEAM SUPERPOSITIONS*

HAILIANG LIUT, OLOF RUNBORG?!, AND NICOLAY M. TANUSHEVS

Abstract. This work is concerned with the accuracy of Gaussian beam superpositions, which are
asymptotically valid high frequency solutions to linear hyperbolic partial differential equations and the
Schrodinger equation. We derive Sobolev and max norms estimates for the difference between an exact
solution and the corresponding Gaussian beam approximation, in terms of the short wavelength e.
The estimates are performed for the scalar wave equation and the Schrodinger equation. Our result
demonstrates that a Gaussian beam superposition with kth order beams converges to the exact solution
as O(sk/2_s) in order s Sobolev norms. This result is valid in any number of spatial dimensions and it
is unaffected by the presence of caustics in the solution. In max norm, we show that away from caustics
the convergence rate is O(E’—k/ﬂ) and away from the essential support of the solution, the convergence
is spectral in €. However, in the neighborhood of a caustic point we are only able to show the slower,
and dimensional dependent, rate O(a(k’")m) in n spatial dimensions.
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1. Introduction

In this paper we consider the accuracy of Gaussian beam approximations for two
time-dependent partial differential equations (PDEs) with highly oscillatory solutions:
the dispersive Schrodinger equation in the semi-classical regime,

2
fieutf%AquV(y)u:O, (t,y) € (0,T] xR™, (1.1)
u(0,4) = Bo(y)e o,
and the scalar wave equation,

utt—c(y)2Au:07 (t,y)G(O,T] Xan (12)
u(O,y) = Bo(y)ei¢0(y)/€a
u(0,y) ="' Ba(y)e /7.

In these equations, V(y) is an external potential, ¢(y) is the speed of propagation and
e <1 is the short wavelength, or the scaled Planck constant for Equation (1.1). Since &
is small, the initial data for both PDEs are highly oscillatory. The amplitude functions
By and phase ¢ are real valued functions on R™. We will assume that ¢,V,¢q, By are
all smooth and that B, are supported in the compact set Ko CR"™.

Direct numerical simulation of these PDEs is expensive when ¢ is small. A large
number of grid points is needed to resolve the wave oscillations and the computational
cost to maintain constant accuracy grows rapdily with the frequency. As an alternative
one can use high frequency asymptotic models for wave propagation, such as geometrical
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optics [3,16,36], which is obtained in the limit when & — 0. The solution of the PDE is
then written as

u(t,y) =a(t,y,e)e /e, (1.3)

where ¢ is the phase, and a is the amplitude of the solution, which both vary on a
much coarser scale than u. When € — 0 the phase and amplitude are independent of the
frequency. Therefore, they can be computed at a computational cost independent of
the frequency. However, at caustics where rays concentrate, geometrical optics breaks
down, and the predicted amplitude becomes unbounded [19,28].

Gaussian beams form another high frequency asymptotic model which is closely
related to geometrical optics [2,5,10,15,17,31,33]. Unlike geometrical optics, there is no
breakdown at caustics. The solution is assumed to be of the same form as Equation (1.3),
but a Gaussian beam is a localized solution that concentrates near a single geometrical
optics ray x(t) in space-time. We write it as

o(t,y) = Aty —x(t))e!Pty—=®)/e,

The concentration comes from the fact that, although the phase function is real-valued
along x(t), it has a positive imaginary part away from z(t). Moreover, the imaginary
part is quadratic in y so that S®(¢,y) ~|y|?> >0, and therefore |v(t,y)] ~ely—e®/e
which means that the beams have essentially a Gaussian shape of width /e, centered
around z(t). Because of this localization one can approximate the amplitude and phase
away from z(t) by Taylor expansion, both ®(t,y) and A(t,y) are polynomials in y. For
instance, in first order beams ®(¢,y) is a second order polynomial, and A(t,y) is a zeroth
order (constant) polynomial. The coefficients in the polynomials satisfy ODEs. Higher
order Gaussian beams are created by using an asymptotic series for the amplitude and
using higher order Taylor expansions for ®(¢,y) and A(t,y). For higher order beams, a
cutoff function is also necessary to avoid spurious growth away from the center ray.

In numerical methods one must consider more general high frequency solutions,
which are not necessarily concentrated on a single ray. Superpositions of Gaussian
beams are then used. This is natural since the PDEs are linear. If we let v(¢,y,2) be a
beam starting from the point y =z, the Gaussian beam superposition is defined as

ugp(t,y)= (1>E/I(0U(t’y,2)dz, (1.4)

2me
for the set K where initial data is concentrated. The prefactor normalizes the su-
perposition appropriately, so that ugg=0(1). More details about the construction of
Gaussian beam superpositions are given in Section 3.

Numerical methods based on Gaussian beam type superpositions go back to the
1980’s for the wave equation [2,15,17,31,39] and for the Schrodinger equation [6, 7).
Since then a great many such methods have been developed for various applications
[4,8,9,20,30,32,37,38,40]. Typically, the ODEs for the Taylor coefficients of the phase
and amplitude are solved using numerical ODE methods like Runge-Kutta and the
superposition integral (1.4) is approximated by the trapezoidal rule. There are also
Eulerian methods [13,14,21] in which PDEs are solved to get the Taylor coefficients on
fixed grids. For more discussions of numerical methods using Gaussian beams, see [12,
sections 8-9].

The topic of this paper is the accuracy of Gaussian beam approximations in terms
of the wavelength . Several such studies have been carried out in recent years. One
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of the reasons have been to give a rigorous foundation for the beam based numerical
methods above. For the time-dependent case error estimates were first derived for the
initial data [18,37], and later for the solution of scalar hyperbolic equations and the
Schrodinger equation [22-24,26,41]. For the Helmholtz equation estimates have been
given in [25,29]. The general result in those papers is that the error between the exact
solution and the Gaussian beam approximation decays as ¥/2 for kth order beams in the
appropriate Sobolev norm. However, numerical evidence strongly suggested a faster rate
when k is odd, and in the recent paper [41], Zheng was for the first time able to show the
improved rate e for first order beams (k=1) applied to the Schrédinger equation. This
is most likely the optimal rate. It also agrees with the el*/21 rate shown in a simplified
setting for the (pointwise) Taylor expansion error away from caustics in [29]. These
sharper estimates come from exploiting error cancellations between adjacent beams;
the higher rate is not present for single beams. There are also estimates for other
Gaussian beam like superpositions, in particular for so-called frozen Gaussians [27,34]
and for the acoustic wave equation with superpositions in phase space [1].

In this paper we first derive error estimates in general higher order Sobolev norms
for the Schrodinger equation and the scalar wave equation. The result is in Theorem 5.1
where we obtain a convergence rate of e¥/2=% for sth-order Sobolev norms. Since the
solution oscillates with period ¢, this reduced rate is expected. The proof follows closely
the proof in [26] for the case s=0. Second, we derive the main result of this paper. It
is a max norm estimate given in Theorem 6.1. All earlier estimates for Gaussian beam
approximations that we are aware of, have been in integrated (Sobolev) norms. We
believe this is the first max norm estimate. We show that, away from caustics, the error
has, uniformly, the faster rate /*/2] shown in [29,41]. Close to caustics, our estimate
degenerates and we only get the dimensional dependent rate ¢(*~™)/2 This rate can
likely be improved, at least for certain types of caustics, and a better understanding of
this error will be the subject of future research. Finally, away from the essential support
of the solution the error, as well as the solution itself, decays at a spectral rate in €.

The proof of the max norm estimate uses the Sobolev estimates derived in the first
part of the paper, together with Sobolev inequalities to first get a rough estimate. It
is subsequently refined by analyzing the difference between beam approximations of
different orders. We show in Theorem 6.2 that the difference can be written as a sum of
oscillatory integrals with certain properties. The main difficulty lies in making uniform
estimates of these integrals; see Theorem 6.3.

The paper is organized as follows: In Section 2 we introduce notation and state
our main assumptions. Section 3 introduces Gaussian beam superpositions for the
Schrédinger equation and the wave equation. In Section 4 we show some simple con-
sequences of our assumptions as well as some known results about Gaussian beams.
Section 5 and Section 6 are then devoted to proving the error estimates in Sobolev
norms and max norm, respectively.

2. Preliminaries

In this section we introduce some notation and describe the assumptions made for
the PDEs and their initial data. We also summarize some key well-posedness results.

We write |z| for the Euclidean norm of a vector x € R™. However, for a multi-
index a= (a1,...,a,) €Z, we use the standard convention that |a|=aq+---+a,. We
frequently use the simple estimate,

|z2| < |z|!, zeR", acZl.

For a function f:R"—R we let Vf(z) denote its gradient, and D?f(z) its Hessian
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matrix. Partial derivatives of order « is written as 0% f(z). For a function f:R™— R"”
we denote the Jacobian matrix by D f(x).

For function spaces we let Cp°(R™) be the functions in C°°(R™) whose derivatives
are all bounded. Moreover, H*(R™) denotes the usual Sobolev spaces, with H°(R") =
L2(R™). For these spaces we use the standard norm, and an e-scaled norm defined as

Hf”HS(JR”) = Z ||8;f||L2(Rn)v ||fHH§(R") = Z 5|a|7s Ha?(ijL?(]Rn) (21)

lal<s lal<s

We finally define, for continuous f,

£ (2) = f(2)]
A lLoe ey :=sup [f(2)], [ fluipr) -= sup — (2.2)
z€EK z,2' €K |Z z ‘
and note that for all 7'>0, compact set K CR™ and f(¢,z) € C*([0,T] x K),
sup |[f(t,)|| o (x) sup |f(t,-)|Lip(x)s (2.3)
t€[0,7 t€[0,T

are both finite.
We then make the following precise assumptions:

(A1) Smooth and bounded potential; strictly-positive smooth and bounded speed of
propagation,

e, Vel (R"), inf ¢(y)>0.
yER™

(A2) Smooth and compactly supported initial amplitudes,
Bye C*(R™), suppByC Ky, (=0,1,

where Ky CR"™ is a compact set.
(A3) Smooth initial phase,

po € C=(R™).

For the wave equation we also assume that the initial phase gradient is bounded
away from zero,

inf .
Jnf [Vo(y)| >0

(A4) High frequency,
O0<e<1.

These assumptions imply that there are unique, smooth, solutions of Equation (1.1)
and Equation (1.2). To be precise, the solutions and their time-derivatives belong to
Le°([0,T]; H?(R™)) for all s>0 and T'>0; see [11, Chapter 23].

The corner stone of our error estimates are the energy estimates for the PDEs. To
facilitate the presentation we will use the following notation for the partial differential
operators,

Plu] :=us; —c(y)*Au, Pelu] = —igu;, — %Aqu V(y)u. (2.4)
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The estimate of the solution of the Schrodinger equation uses the norm in Equation
(2.1). For s>0 and T >0, there is a constant Cs(7T) such that whenever e € (0,1],

1
sup |u(ta')|HSSCS(T)(||“(07')||H§(R")+ sup ||P6[u](ta')|Hg(R“))- (2.5)
0<t<T € 0<t<T

This estimate is standard for s =0. For s >0 it follows by induction upon differentiating
the Schrodinger equation s times. For the wave equation, there is a constant Cs(T) for
each s>1 and T >0, such that

sup_ ([t e ey + 104utt, Va-s a)
0<t<T
<C0) (0. ey + 1000, sy + s [Pl i) (20)

See e.g. [11, Lemma 23.2.1].

REMARK 2.1. For the Schrédinger equation, we do not need to assume the lower
bound on |Vp|. This means that non-oscillatory initial data is allowed in this case,
since we can take g constant.

REMARK 2.2. The assumption of C*° smoothness for all functions is made for sim-
plicity to avoid an overly technical discussion about precise regularity requirements. In
this sense, the error estimates given below can be sharpened, since they will be true
also for less regular functions.

3. Gaussian beams

In this section, we briefly describe the Gaussian beam approximation. We restrict
the description to the points that are relevant for the accuracy analysis in subsequent
sections. For a more detailed account with a general derivation for hyperbolic equations,
dispersive wave equations, and Helmholtz equation, we refer to [12,23-26,33,37].

Individual Gaussian beams concentrate around a central ray in space-time. We
denote the kth order Gaussian beam and the central ray starting at z € Ky by vg(t,y,2)
and z(t,z) respectively. The beam has the following form,

ok(t,y,2) = Ak(t,y — x(t,2), 2)e" Pe by =2 (B2)2) /e, (3.1)
where
1 k+1
i (t,y,2) = do(t.2) +y-p(t.2) + 5y M(t.2)y+ D %2y 7, (3:2)
[B]=3
and
[$1-1 4
Ak(t7y7z) = Ejaj,k(tayvz)a (33)
=0
k—2j—1
a;1(t,y,z Z B'QJB (t,2)y”. (3.4)
[8]=0

Note that none of ¢g, p, M, ¢g, or a; 3 depend on k.
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Single beams are summed together to form the kth order Gaussian beam superpo-
sition solution wug(¢,y),

wien=(5) " [ (. 2)enly—(0,2))d, (35

where the integration in z is over the support of the initial data Ky CR™. The function
0 € C(R™) is a real-valued cutoff function with radius 0 <n < oo satisfying,

L for [z <, for 0<n< oo
0n(2)>0 and g,(z)=1¢ 0 for [z|>2n, K ' (3.6)
1, for n=oco.

As shown below in Lemma 4.1, if >0 is sufficiently small, it is ensured that S®j >0
on the support of g, and the Gaussian beam superposition is well-behaved. For first
order beams, k=1, the cutoff function is not needed and we can take n=oc.

Since the wave equation (1.2) is a second order equation two modes and two Gaus-
sian beam superpositions are needed, one for forward and one for backward propagating
waves. We denote the corresponding coefficients by a + and — superscript, respectively,
and write

it =5 ) [ Bt e -si G)

where v,f are built from the central rays z%(¢,2) and coefficients dﬁ, pE, M*, (bg:, and
+
45,6
3.1. Governing ODEs.  The central rays x(t,z) and all the coeflicients ¢y, p,

M, ¢g, and aj g satisfy ODEs in ¢t. The dependence on z is only via the initial data.
For the Schrédinger equation, the leading order ODEs are

Opr =1, (3.8a)
dp=—VV(x), (3.8b)
="V (a), (3.80)
oM =—M?—D?*V (), (3.8d)
Dyao = —%Tr(M)ao. (3.8¢)

The ODEs for the higher order coefficients ¢g and a;g are more complicated. The
phase derivatives ¢3 can be solved recursively in such a way that all ODEs are linear.
They are of the form

n [Bl-1
at¢ﬁ Z Z /8 (bﬁ 7+el¢7+ej—65V, \5|23
2 m (B
v<B

The amplitude terms a; g satisfy a big linear system of ODEs of the form

Oa(t,2) =A(t,z)al(t,2), (3.9)



H. LIU, O. RUNBORG, AND N.M. TANUSHEV 2043

where a is a vector containing all coefficients {a; 3} and A is a matrix determined
from the phase terms {¢3}. Moreover, A is lower block triangular if the elements of
a is ordered with increasing |3|; O.a; s only depends on aj g with |5'| <|5|. We refer
to [33,37] for more detailed discussions.

The leading order ODEs for the two modes of the wave equation are

p:l:
Ot = ic(i’?i)ﬁ7 (3.10a)
Oip* =FVe(a™)|p*|, (3.10b)
iy =0, (3.10¢)
OM*F=T(E+BTM*+ M*B+M*CM%), (3.10d)
1 Yot MpE
dray == ST (pi Ve(r™) + W — (™) Tr(Mi)) af,  (3.10e)
p P
with
+ + + +
E:|pi‘D20({Ei)7 _B:%C(‘T)7 C c(x ) C($ )pi®pi.

:7(1 —_
IpE| pE T pEP

The higher order phase terms {qbg} again satisfy linear ODEs, if solved in the right

order, and the higher order amplitude terms {aji’ﬁ} satisfy a linear ODE system of the
same type as Equation (3.9).

REMARK 3.1. The leading order ODEs for both equations, and for general hyperbolic
equations, actually have a Hamiltonian structure,

Ox=V,H(z,p), (3.11a)
Op=—V H(z,p), (3.11b)
Orpo=—H(x,p)+p-VpH(z,p), (3.11c)

where H =|p|?/2+V (z) for the Schrodinger equation and H = +c(x)|p| for the two
modes of the wave equation.

3.2. Initial Data. Each Gaussian beam vy (t,y,2z) requires initial values for
the central ray and all of the amplitude and phase Taylor coefficients. The appropriate
choice of these initial values will make u(0,y) asymptotically converge to the initial
conditions in Equation (1.1) and Equation (1.2). As shown in [26], initial data for the
central ray and phase coefficients should be chosen as follows, for the Schrodinger as
well as the two modes of the wave equation.

x(0,2) =z, (3.12a)
p(O,Z)—VgDo(Z), (312b)
¢0(0az):@0(z)a (312C)
M (0,2) = D?po(2) +i Id, s, (3.12d)
¢5(0,2)=000(2),  [Bl=3,....k+1. (3.12¢)

For the Schrodinger equation, initial values for the amplitude coefficients should be
given as

6530(2:)7 J=0,

3.13
0, j>0. (3:13)

a;,5(0,2) = {
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The construction is more complicated for the wave equation. Let

AG (y,2) _! (Bo(y)+ Bl(y)zz)> :

2 iy 0,y — 2,
_ 1diat, (0,y—z,2)+dwa: (0,y—z,2
Ai+1<ya2):_* t])k( y :I:) tj’k( ! )7
J 2 id; @5 (0,y—2,2)
where
dtq)li:(07y7'zaz)::atq)f(ovyfzﬂz)781‘,1':‘:(072)'qu)ki(oayfz7z)v
dtdji’k(O,y—z,z):zﬁt&fk(o,y—z,z)—8tmi(07z).Vyaji’k(o,y—z,z).
Then

aiﬁ(o’z):agg;t(yvz)‘y=2~ (3.14)

Note that the time derivatives &k(I)f7 Oyx*, and 8td;.tk, are given by the right-hand side
of the ODE system.

4. Gaussian beam properties
In this section we collect some simple consequences of assumptions (Al)—(A4) for
the Gaussian beam approximations, as well as some other known results.

4.1. Existence and Regularity. From (A1) and (A3) it follows that the
Gaussian beam coefficient functions are well-defined for all times ¢ >0 and initial po-
sitions z € R™. We briefly motivate why. By (A1) the right-hand sides of the ODEs
for (z(t,z),p(t,z)) are globally Lipschitz, for the Schrédinger equation. For the two
modes of the wave equation, we use (A3) and the fact that the Hamiltonian +c(x)|p| is
constant along the flow. From this it follows that for all ¢,

Cmin Cma

0 < Pmin ‘=
&

inf Voo (y)] <[ (1) < 2 (9400 (2)| =P () < 0,

max YER min

where c¢pin=infc(y) and cmax =supc(y). The right-hand sides of the ODE for
(xF(t,2),p*(t,2)) are globally Lipschitz for these values of p*. It follows that unique
solutions to the ODEs exist for all times. Moreover, the choice of initial data and a
result in [33, Section 2.1] ensure that the non-linear Riccati equations for M and M*
also have solutions for all times. The remaining coefficient functions are well-defined
since they satisfy linear ODEs with variable, continuous, coefficients.

Furthermore, the coefficient functions are smooth functions of ¢ and z. By (A2) and
(A3) all coefficient functions are solutions to ODEs with initial data that is C*°(R"™)
in z. The right-hand sides of the ODEs are also smooth, for both equations, since
|pi| > pmin > 0 for the wave equation. The regularity of the initial data therefore persists
for t > 0. Hence,

xvx:tap7pi7 (bOv ¢§7 M7 M:ta (;bj,ﬁa ¢Ji[-3a aj,ﬁ7aji@ S COO([O’OO) X Rn)’ (41)

for all 7, 5. Moreover, by the form of the ODEs for the amplitude coefficients in Equation
(3.9) and the fact that initial data is compactly supported, all amplitude coefficients
will be compactly supported in z for ¢ >0,

suppa;j g(t,-) C Ko, suppafﬁ(t,-)CKo, te[0,00). (4.2)
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We finally note that none of the coefficient functions x, p, ¢, M, ¢; 3, a; 3, and
the corresponding functions for the wave equation, depend on the order k of the beam.
This is true since the ODEs and the initial data for higher order coefficients functions
only involve lower order coefficient functions. Hence, the higher order beams have the
same lower order coefficient functions as the lower order beams.

4.2. Initial data. For the initial data chosen as in Section 3.2, the following
error estimate follows from a result in [26].

THEOREM 4.1.  Let uy be either the Gaussian beam superposition approximation in
Equation (5.5) to the Schriodinger equation (1.1) or the one in Equation (3.7) to the
wave equation (1.2). Let the initial data for the Gaussian beams be determined as in
Section 3.2. Then, if u is the corresponding exact solution, there is a constant C' such
that

k

||uk(07')_u(07')HHsS“uk(()?')_u(OW)HH;‘<C‘€§_s ) VEE(OJ], (4'3)

and, for the wave equation,
10k (0, -) = Byu(0, )]|| o s <Ce2 % Ve e (0,1], (4.4)

for s>1.

Proof. It was shown in [26, Lemma 3.6] that there are constants Cp o and Ci 4
such that

[e% o k_ «
Hayuk(o,-)—ayu(o,~)||m§007a52 lol
and, for the wave equation (1.2)
102 Oyui (0, ) = 85 Du(0, )|, < Cr0e2 1171

Clearly |[-[|gs <||-|[#s when € <1, and from the definition in Equation (2.1),

||Uk(0, ')7u(07 )HHES - Z €|a|75 Haguk(ov ) 78@?“(07 ')HLQ(Rn)

| <s
<ef™* N Cpa=:Cct,
laf<s
This shows Equation (4.3). The estimate (4.4) follows in a similar way. o

4.3. Phase and ray properties. The Gaussian beam phases and central rays
have the following properties, as shown in [26, Lemma 3.4].

LEMMA 4.1.  Under assumptions (A1)-(A4), for a given compact set Ko CR™, final
time T >0 and beam order k, there is a Gaussian beam cutoff width ng >0 such that the
Gaussian beam phase ® and central ray x have the following properties for all 0 <n<mng:

(P1) z(t,z) € C>=(]0,T] xR™),
(P2) @(t,y,2) € C=([0,T] xR™ xR™),
(P3) V&(t,0,2) is real and there is a constant C such that

|Vy<I>(t,(),z)—VytI)(t,O,z’)|+\x(t,z)—:c(t,z’ﬂ2C|z—z’| )
for all t€[0,T] and z,2' € K.
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(P4) there exists a constant wy >0 such that
%(P(tay7z)2w4|y|2 ) VtE[O,T], ZEKOa

when |y| <2n (or for all y if n=00).

Here, ® and x can be either the phase and central ray of the Schrédinger equation,
Dy and x, or of one of the wave equation modes, ‘IJki and x*. When k=1, n can take
any value in (0,00], that is ng=00.

These properties of the phase and the central ray are of great importance in the
subsequent estimates. In fact, they are necessary for the Gaussian beam approximation
to be accurate. Following this lemma we therefore make the definition:

DEFINITION 4.1. The cutoff width n used for the Gaussian beam approximation of
Equation (1.1) and Equation (1.2) is called admissible for Ko, T, and ® if it is small
enough in the sense of Lemma 4.1.

We note that if 7 is admissible then 7’ is also admissible if n’ <7. Moreover, the
difference between two solutions with different admissible cutoff widths, is exponentially
small in &, as seen in the following lemma.

LEMMA 4.2.  Ifn, n' are both admissible cutoff widths, and uy,uj, are the corresponding
Gaussian beam superpositions for the Schrédinger equation or the wave equation, then

sup_||ug(t, ) = ()| Lo (mmy < Ce ™75,
t€[0,T]

for some constants C' and w>0.

Proof. We consider the Schrédinger case. Suppose 1’ <n<oo. From the construc-
tion of beams in Section 3 together with Equation (2.2) and Equation (4.1), there is
a constant C such that |Ay(t,y,2)| < C(1+|y|*~1) for all t€[0,T], 2 € Ko and e € (0,1].
Then using (P4) in Lemma 4.1, with ¢ € [0,7T7,

1
ty)—u,(t,y)|=| =—
o) =t = 51 )
1\?2
<(32) | (19,2 ldz
e Ko\{z;ly—=|<n'}

1?2 0
- <> / |Ap(t,y—x,2) e SCEy=:2)/2 4,
2me Ko\{z:|y—z|<n'}

SC"eS*”/Z/ (1+|y—x\k71)67“’4|y7m‘2/5dz.
Ko\{z;|y—z|<n'}

2

/K 0k (t,9,2) 00 (y — 2(£,2)) — o (y— (8, )]

We now use the fact that for given p>0 and ¢>0 there is a constant D such that
|z|P exp(—cz?/e) < Dexp(—cx?/2¢) for all x. Then,

Jug (t,y) —up (t,y)| < Ce™/2 / (1+ D)e~wslv=o"/2 g,
Ko\{z;|ly—z|<n'}

< C/E—n/2|K0|(1+D)e—11)4n/2/25 < Cﬂ/e—w/s7

for some 0 <w <wyn’ 2 /2. The wave equation case is proved by considering each mode
separately, in the same way. ]
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4.4. Representation with oscillatory integrals. An important step in the
Gaussian beam error estimates in [26] is to bound the residual that appears when the
Gaussian beam approximation is entered into the PDE. Up to a small term in ¢, this
residual can be written as a sum of oscillatory integrals belonging to a family defined
as follows. For a phase @, central ray x, multi-index «, compact set Ky CR"™, cutoff
function g, as given in Equation (3.6), and a continuous function g(t,y,z,¢), we let

75 ,..4(ty)

::E_”Jrz“"' / g(t7y727€)(y_x(tvZ))a€i¢(t7g_m(t,z>72)/sgn(y_'T(taz))dz . (45)
Ko

Indeed, the following lemma was shown in [26].

LEMMA 4.3. Under assumptions (A1)-(A4) the Schridinger operator P and the
wave equation operator P in Equation (2.4) acting on the Gaussian beam superposition
up can be accurately approximated by a finite sum of oscillatory integrals of the same
type as Equation (4.5),

pPe [uk ay 7€2+IZ€ ]Iéirg ’y)+0(600)’

k

Plug](t.y) =< 1Ze (Tt O+ T2 )} 4O,

where £; >0, and 1 is assumed to be admissible for Ko, T and the corresponding Gaus-
sian beam phase(s) ®). or ®F. Moreover, (®y,x) or (¥ ,xF), have properties (P1)-
(P4), and all g],g have the followmg property:
(P5) g(t,y,z) € C([0,T] xR" x Ky) is independent of € and for any multi-index
there exists a constant Cg such that

sup 00g(t,y,2)|<Cs ,  Vte[0,T], z€ K.
yeRn

REMARK 4.1. A closer inspection of the proof of this lemma in [26] reveals that
also the derivatives with respect to (¢,y) of the exponentially small terms O(£°) are
exponentially small in e.

The key estimate in [26] used to bound the residuals P¢[uy] and P*[u] is the following
theorem, which gives an e-independent L? estimate of the integrals in Equation (4.5).

THEOREM 4.2. If the phase ® and central ray x have properties (P1)-(P4), and g has
property (P5), then there is a constant C such that, for all e € (0,1],

sup ||Zg . ,(t, )] . <C. (4.6)
te[0,T

In [26, Theorem 3.2], an integral operator of the same form was estimated. That result
immediately gives Equation (4.6).

5. Error estimates in Sobolev norms
Here we show the following theorem.

THEOREM 5.1.  Let uy be the kth order Gaussian beam superposition given in Sec-
tion 3 for the Schrédinger equation (1.1) or the wave equation (1.2), with an n that is



2048 ERROR ESTIMATES FOR GAUSSIAN BEAM SUPERPOSITIONS

admissible for Ky, T >0 and the corresponding Gaussian beam phases, ®y or @f. If u
is the exact solution to Schrédinger’s equation (1.1) and $>0, there is a constant C
such that

sup [[u(t, ) —up(t, )| go@ny <Ce3 7%, Vee(0,1]. (5.1)
0<t<T

If w is the exact solution to the wave equation (1.2) and s>1, there is a constant C
such that

sup (||uk(t,o)—u(t,~)HH5(RTL)+H8tuk(t,~)—6tu(t,~)\|Hs_1(Rn)) ngg’s , (5.2)
0<t<T

for all e €(0,1].

The results (5.1) with s=0 and (5.2) with s=1 were proved earlier in [26]. This
theorem extends the results to higher order Sobolev norms. Note that e™° is the rate at
which the norm of the initial data for the PDEs go to infinity as € — 0, because of their
oscillatory nature. The decreased rate for larger s is therefore expected also for the
solution error. Still, for large enough £ the Gaussian beam approximation will converge
as € — 0 also in higher order Sobolev norms.

We now prove the results for the two types of PDEs separately. For the Schrodinger
equation (1.1), applying the well-posedness estimate given in Equation (2.5) to the
difference between the true solution u and the kth order Gaussian beam superposition,
ug we obtain

sup |Jug(t, ) —u(t, ~)||H5(Rn)
0<t<T

1
<C(T) (lluk(0,~)—u(0,-)IIH‘;(Rn>+ sup IIPs[uk](t,-)lH;m)).
€ o<t<T

The first term of the right-hand side, which represents the difference in the initial data,
can be estimated by Theorem 4.1 and the second term, which represents the evolution
error, can be rewritten using Lemma 4.3 and then estimated to obtain

sup ug(t,-) —u(t, )| m
0<t<T

J

<C,(T) Ce? %+ sup fng’
0<t<T 4

Tt ) oy | O (53)

since /; >0 in Lemma 4.3. Here we also used Remark 4.1, which implies that the Sobolev
norm of O(e*) is again O(e*).

To continue, we need to estimate Igjx in Sobolev norms. In Theorem 4.2, such

9i
estimates were given in L2-norm. In Section 5.1, we extend this result to general Sobolev

spaces by proving the following theorem.

THEOREM 5.2. If the phase ® and central ray x have properties (P1)-(P4), and g has
property (P5), then there is a constant C such that, for all e € (0,1],

t:[l(l)%] Hzg,a:,g (t, )HHS‘(RTL) < f.gsﬁé%] HI%)Lg(t7 )HH;‘ &™) <Ce".

Upon applying Theorem 5.2 to Equation (5.3) we obtain Equation (5.1).
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For the wave equation (1.2) we use Equation (2.6) and obtain

sup (Huk(t, )=ty )| s mny +[|Opun (t, ) — Orult, ')||H571(Rn))
0<t<T

<Cs(T) (IIUk(O, ) = (0, )| ey +[10ruk (0, ) = Byu(0, ) | o1 )

+ sup [Plu](t ) s e (5.4)
0<t<

From Theorem 4.1 we can again estimate the initial data terms,

Huk(o, ) —’U,(O, -)HHs(Rn) + H({)tuk(o, ) —8tu(0, ~)||Hs—1(]Rn) < C&g_s. (5.5)

Moreover, by Lemma 4.3, Remark 4.1, and Theorem 5.2

OSUP | Plur](t, ) ms—1 )

<55_1ZE ( sup

¢I>J.r ot gj (t’ )H

0<t<T H"‘*I(R")
+ sup T (t’.)‘ )+O(6oo)
o<t<T || PrT095 H==1(R")
J
<A1 el < et (56)
j=1

Together Equation (5.4), Equation (5.5), and Equation (5.6) give Equation (5.2) and
the proof of Theorem 5.1 is complete. We now turn to proving Theorem 5.2.

5.1. Proof of Theorem 5.2. The main idea of the proof is to reduce the
derivative of the oscillatory integral to a sum of the same type of integrals, scaled by
g, and then apply Theorem 4.2. We begin by proving a lemma giving the form of the
derivatives of a monomial multiplying the exponential of a polynomial.

LEMMA 5.1.  Suppose Q(y,r) is a polynomial in y with coefficients that depend smoothly
on r. Then for multi-indices « and 3,

o¢ (yaezc@(y r)/e ) — glel-18] Z ( ) Q.5(y,r)ei Qe (5.7)

[v|=0

for some Q~ g(y,r) which are also polynomials in y with coefficients depending smoothly
on r.

Proof.  We use induction and first note that Equation (5.7) holds for =0 with
Qao=1 and Q,0=0 for y#a. Let e; be the unit vector multi-index and suppose
Y=(Y1,---,7n). Then, assuming Equation (5.7) holds for g,

o
. vy .
ey Q= — clel 1819, 5™ (g) Q. 5(y,r)ei QW
[v[=0

la]
al=IPI= AN iQ(y,r
:El I=181=1 E (g) [77Q77ﬂ(y’r)+yjaij%ﬂ(y7T)]e Qlw.r)/e
lv[=0
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igtel=181- 12( ) Qs w110y, Qy ) 7,

[v|=0

This is of the same form as Equation (5.7) if we identify

Q'y,B+ej = iQ'y,Bayj Q + (’Yj + 1)Q’y+ej B +yj8yj +e; Q'y+ej ,B8

for |v[<|al and Q4 g1, =iQ~,50,,Q when |y|=l|a|. Moreover Q, g c,(y,r) depends
smoothly on r since @), g and @) do. The lemma is therefore proved by induction. 1]
We now continue with the proof of Theorem 5.2. Let

W(t,y, ) yaezé(t Y, z)/e
Then, since ®(t,y,z) is a k+1 degree polynomial in y with coefficients depending
smoothly on ¢ and z we can use Lemma 5.1 to obtain
n+|a|

T30t =5 [ 0 (st W (t—att.2) e,y =a(t.2)) )
0

_nt]a] .
=Y Con [ 0000 W00 0,
Br+Ba+Bs=p Ko

il

= Z Z C81,82,85€

B1+B2+B3=B]v|=0

‘7‘7‘1517,32753,’7(7552)7

where

To, 5o () = /K 08 g(ty.2)) (4 —2(6,2)) Qo (ty — (£, 2), 2)
X VDD D o (y (1, 2))]d,

with @ s, (t,y,2) being polynomials in y depending smoothly on ¢ and z. We now first
consider the terms I, g, 3,4 wWhere |33]>0. Since the derivatives of g, (y—x(t,2)) =0
except when 1 <|y—x(t,2)| <2n, and by properties (P4), and (P5),

I asn SC@) [ oo ledz < 0@y,
Ko

for all 0<t <T. The remaining terms Ig, g, 0,4 are all of the form
/ 3ty 2)(y —x(t,2)) Qt,y —x(t,2),2)e V=2 D2 g, (y — (8, 2))dz,
Ko

for some smooth function ¢, which is a y-derivative of g, and Q(t,y,z) which is a
polynomial in y with coefficients that are smooth in ¢ and 2. Suppose the degree of
Q is d and denote the coefficients by ¢;(t,z). Then the term can be written as

=3 [ 20t 2) =t g (2
w 07 Ko

71+\7\+W
= Z ‘I’ \T,9q¢ (t Y)-

[¢]=0
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Clearly (P5) holds also for gge and then, if 0 <e <1, we get from Theorem 4.2,

d
nt|v|+[e| ¥ nt|vyl
sup [Tt ) py@ny < Y e 2 sup (|35 (6 ) @ <C(T)e 2
tE[O,T] |e‘=0 t€[07T]
Therefore,

sup ‘ |85:Zg,z,g(t7 : ) | |L2 (R™)
te[0,T

o
<om | Y el hl SR | /e | < o(r)e 1,
B1+B2=8]v|=0

for all €€ (0,1]. From this last estimate it immediately follows that also

sup |28 4o (Ml emy = sup > 10T L o (8l SC(T)e .
te[0,T] te[0,7] 18]<s

Since when 0 <e <1, we clearly have || - |[zs(mn) <|| - || s(mn) the theorem is proved.

6. Error estimates in max norm

We will here consider max norm estimates for Gaussian beams applied to Equation
(1.1) and Equation (1.2). The main result is Theorem 6.1 in Section 6.2. Also in the
case of max norm estimates the oscillatory integrals in Equation (4.5) play a crucial
role. However, here slightly different assumptions are made for the functions in the
integrals, and they are estimated pointwise. In Section 6.1, we define notation and the
sets used in Theorem 6.1. The statement of the theorem and the general steps of the
proof are then given in Section 6.2. Finally, the details of these steps, in the form of
two secondary theorems, are proved in Section 6.3 and Section 6.4.

6.1. Preliminaries. For the proof of the max norm estimates the assumptions
(A1)—(A4) must hold for a slightly larger set than Ky, where the initial amplitude is
supported. We therefore define the family of compact sets that “fatten” the set Ky,

Ky= {Z eR™: diSt(Z,Ko) < d} D K.
We also introduce the corresponding space-time set,
Ka=1[0,T] x K.

Clearly (A1), (A2), and (A4) hold with Ky replaced by Ky, for any d>0. Since the
initial phase g is smooth, we can also always find some, small enough, d such that (A3)
holds. We will henceforth consider a fixed such d. Then, all results in previous sections
will be true, if K, is used instead of Ky. Note that the cutoff width 7 must now be
admissible for Ky rather than K. The oscillatory integrals can still be taken over K
though, since it contains the support of the amplitude functions.

For the remaining definitions we recall that by Section 4.1 the ray function x(¢,z2)
is smooth under our assumptions. We define the Jacobian J by

J(t,z):=D,x(t,z).

Furthermore, we introduce the set of caustic points on [0,7]xR™ for a central ray
function x(t,z),

Co={(t,y) €[0,T)xR™: 3(t,z) € K4 such that y=x(t,2), detJ(¢,2) =0},
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X~1(Cy) and Ko C, and Ko
1
0.5
> 0
-0.5
=
2 -1 0 1 2
X X
Ko and X ~1(Cz) at t=0.8 Dz, and Cp at t=0.8

Fig. 6.1: Ezamples of the the various sets used in this section for a two-dimensional case, where
g

wo(z,y)=—x+y>+0.422, T=1.2, and Ko is the unit circle. In the last row the intersection of the
sets with the plane t=0.8 is shown; the solid black line indicates X ~1(Cy) and Cy, respectively.

and the fattened caustic set,
Cos={(t,y) €0, T)xR™: dist((t,y),Cs) <}.
We also let D, 5 be the fattened domain of z(t,z),
D, s={(t,y)€[0,T] xR": dist(y,x(t,Ko)) <d}.

Note that when € — 0 the solution will concentrate on the set D, (. Hence, D, s can be
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thought of as approximating the essential support of the solution. In Figure 6.1, the
sets are visualized for an example in two dimensions.

The total caustic set Cs and domain Dy are finally defined as the union of the
corresponding sets of each mode,

Cs.s, Schrédinger, D Dys, Schrédinger,
6= . 6= .

Cpt+ 5UC,— 5, wave equation, Dy+ sUD,- 5, wave equation.
Note that for the wave equation an equivalent definition of Cs is the J-fattened version
of Cp+ UC,—. Moreover, we always consider [0,7] xR™ to be the universal set and
complements of sets are taken with respective to this, i.e. for U C [0,T] x R",

U =[0,T] x R"\U.

Finally, in the proofs we will typically not use property (P4) the way it is written
in Lemma 4.1, but rather the following simple consequence, which we denote (P4’),

(P4') there exists a constant wy >0 such that

eié(t’%z)/agn(y) < 6*1”4\74\2/5’

for all (t,z) € Kq and y eR™.

REMARK 6.1. Note that the caustic set is fattened both in space and time. This is
necessary for the estimates derived below to be true; the rate £/*/21 is only obtained
uniformly away from the caustics, in space and time.

6.2. Main result. We are now ready to state the main theorem of this section. It
gives max norm error estimates in terms of €, over different parts of the solution domain.
The theorem shows that uniformly away from caustics, (¢,y) € Cy, the convergence rate
is the same O(£*/2) as in [26] when k is even. For odd k, however, error cancellations
between adjacent beams can be exploited, and the better rate O(c(*T1)/2) is obtained,
similar to the results in [29,41]. We believe this rate is sharp. Close to a caustic point,
(t,y) €Cs, the theorem gives the rather coarse rate estimate O(s*=™)/2) which can
likely be improved for many types of caustics. Finally, away from the essential support
of the solution, (t,y) € D§, the convergence is exponential in . In fact, the solution itself
is also exponentially small in € on this domain.

THEOREM 6.1.  Let uy be the kth order Gaussian beam superposition given in Section 3
for the Schriodinger equation (1.1) or the wave equation (1.2), with a cutoff width n that
is admissible for Kq, T >0 and the correspondning Gaussian beam phases, @i or @f.
If u is the exact solution to Schrodinger’s equation or the wave equation, then we have
the following estimate. For each 6 >0 and m >0, there is a constant Cj ,, such that

5“6/2] ) (tay) €C§7
lug(t,y) —u(t,y)| <Csm{ e®™/2, (t,y)€Cs, (6.1)
em, (t,y) € Ds,

for all e€(0,1].

The theorem also immediately gives us an estimate for the initial data in all L,-
norms.
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COROLLARY 6.1.  Under the same conditions as in Theorem 6.1, there is a constant
Cp for each 1 <p<oo such that

ux(0.9) ~u(0.9)|rm SCue™?, 1<p<oo, Vee(1.  (62)

Proof. Since 2(0,z) =z and K is compact, there exists § > 0 such that det J(t,z) #
0 for t €[0,6] and z € K4. Hence, there is a caustic free initial interval [0,6] and for 7=,
the fattened caustic set Cs is empty. Theorem 6.1 then shows that there is a constant
C such that for all € € (0,1].

lug(t,y) —u(t,y)| <C™/21 Y(t,y)€0,6] x R™

Since initial data for both uy and u is compactly supported, the result extends to all
L,-norms at t=0. 1]
We prove Theorem 6.1 starting from a standard Sobolev inequality and the result
in the previous section, namely
sup [[u(t, ) —u(t, )| g @) SC sup [Jult, ) —ur(t,)||g@en <Ce2 7%, (6.3)
te[0,T] te[0,T]
for any s>n/2, and s>1 for the wave equation. We take s=|n/2]+1 to ensure this.
The estimate (6.3) is rather pessimistic. However, we can improve it by using the
fact that better estimates can be proved for the difference between beams of different
orders. Let p=2{n/2] +3+m/=2s+1+m’ where m' € Z" and m’ > max(2m —k—1,0).
Assume that 7 is admissible also for K4, 1" and the higher order Gaussian beam phase
@} p, for the Schrédinger equation, or (I);-p for the wave equation. Then, by Equation
(6.3)

u(t,y) —ur(ty)| < [[ult, ) = urgp(ts )l e @) +[un4p(t,y) —un(t,y)]
<CeMHPE70 s fuy () — un(£,9), (6.4)

for (t,y) €]0,7] x R™. We now need to use a representation result similiar to Lemma 4.3
showing that the difference between beams of different orders can be written as a sum
of oscillatory integrals of the same type as Equation (4.5), but where the property (P5)
is replaced by three new properties, namely:

(P6) &(¢,0,z) and V,®(¢,0,z) are real and
J(t,2)"V,®(t,0,2)=V,®(t,0,2), (6.5)

for all t>0 and z€R™.

(P7) g(t,y,2,6) € L=([0,T] x R" x K4 x R") is compactly supported in Ky for fixed
(t,y,e), and there are positive constants D7, wr, such that for all (¢,2) € g4,
e>0and yeR"”,

[g(t,,2,2)e 2002/ g, (y— (1, 2))| < Deevr =P (6.6)

(P8) when yo=x(t,z0), there are positive constants Dg, ws, such that for all ¢ € [0,T7],
2,20 € Kgq, e>0 and yo € R",

‘ (9(757907275) _g(tay07Z075))ei(p(tyo_x(t’Z)’Z)/EQn (yO - x(t,Z))
— q
<Dl aol (1 B st (6.7

with ¢ > 2¢.
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We are then able to prove the following theorem.

THEOREM 6.2.  Let ui and upy, be the kth and (k+p)th order Gaussian beam su-
perpositions given in Section 3 for the Schridinger equation (1.1) or the wave equation
(1.2). Suppose the same cutoff width n is used for both uy and ugs,. Then there is a
finite J such that

Uptp(t,y) —up(t,y)=e2 ZE JI\/IB,JJJW% (t,y), (6.8)

where (\I/],a:j) is one of (®g,x), (Ppip,x), for the Schridinger equation, or (¥ a*),
(fbf+ ,x%), for the wave equation. Moreover, ;>0 and when £;=0, the parity
(odd/even) of |B;| is the same as that of k.

In addition, if n is admissible for Kq, T >0 and the corresponding Gaussian beam
phases, @y, ®pp, for the Schrodinger equation, or (I%, @irp, for the wave equation,
then each triplet (¥;,x;,9;) have properties (P1)-(P4) and (P6)-(P8).

Applying Theorem 6.2 to Equation (6.4) yields for ¢ € [0,77,

J
[u(t,y) —up(t,y)| < Celbt1+m))/2 4 5 ZE
Jj=0

Bj
I\Ilj7wj,qj (t y) ) (69)

where we used the fact that (k+p)/2—s=(k+14+m')/2. The last piece needed to
prove Theorem 6.1 is a pointwise estimate of Zg , (¢,y), which is contained in the final
theorem of this section,

THEOREM 6.3. If (®,x,9) have properties (P1)-(P4) and (P6)-(P8), then, for each
6 >0 there are constants Cs and ws >0 such that

1, la| even, (t,y) €C 5,

gl/2 || odd, (t,y) €CE
15, 4(ty)| <C ’ ’ - 6.10
’ @,z,g( y)|_ 0 E_n/Q, (t,y)ECm,a, ( )

eXp(—wg/E), (tay) EID;757

for all e €(0,1]. The constants Cs and ws depend on a, ®, x, and g.
Using Theorem 6.3 in Equation (6.9), we have for (t,y) € C§ C (U;Cs,,5) =N;C3 5,

k even,
k odd,

¢ |75

;@ gl(ﬂl)‘SC et/? ¢;=0and k odd, <C

1, £;=0 and k even,
{ 1/2
e, 4;>1,

since k and |3;| have the same parity when ¢; =0 and € € (0,1]. Therefore,

efeh|Th o (ty)| <Cel,

and because m’>0, the first case in Equation (6.1) is proved. When (t,y) € D§C

(U;Dg,,5)¢=N;Dg 5, the second term in Equation (6.9) is asymptotically smaller than
all powers of €, so the first term in Equation (6.9) dominates, irrespective of m’>0.
This shows the third case in Equation (6.1) since (k+1 +m’)/2 >m. The second case



2056 ERROR ESTIMATES FOR GAUSSIAN BEAM SUPERPOSITIONS

is finally estimated simply by the largest term in Theorem 6.3. Theorem 6.1 is thereby
proved, if n is indeed admissible for the higher order phase ®;, or @fﬂ). If not, let
71<n be an admissible cutoff width for K4, T, and the higher order phase. Lemma 4.1
ensures the existence of such 7j. Denote by 4, and 4y, the Gaussian beam superposi-
tions of orders k and k+ p respectively, which (both) use 77 as cutoff width. This width
is clearly admissible for both of them and therefore the theorem holds for . Moreover,
by Lemma 4.2, the difference |uy — x| is exponentially small in e, which implies that
the theorem also holds for uy.

The remainder of this section is dedicated to proving Theorem 6.2 and Theorem 6.3.

6.3. Proof of Theorem 6.2. As we will show below, the Gaussian beam phase
U, of the oscillatory integrals in Equation (6.8) is always one of @y, ®yy,, for the
Schrédinger equation, and one of @f, @fﬂ), for the wave equation. All these phases,
and their corresponding central rays x, =, have properties (P1)-(P4) by Lemma 4.1,
and the assumption on 7. The first step in the proof is a lemma proving that these

phases also satisfy (P6).

LEMMA 6.1.  For all k>0, property (P6) is true for the Schridinger phase ®y, and its
central ray x, as well as for the phases @f and central rays x* of the wave equation.

Proof.  As noted in Remark 3.1, the first three equations in Equation (3.8) and
Equation (3.10) have the Hamiltonian structure of Equation (3.11). Let ¢ and H rep-
resent the phase and Hamiltonian for the Schrodinger equation or one of the modes of
the wave equation. Moreover, let ¢g, x and p be the corresponding phase, central ray
and ray direction. They are well-defined for all ¢ >0 and z€R"™ by the discussion in
Section 4.1. They are also real, since the initial data Equation (3.12) is real and H(x,p)
is real whenever  and p are real. The first part of (P6) is then proved by noting that
@(t,0,2) = o (t,z) and V(t,0,2) =p(t,z). Next, let J(¢t,z)=D,x(t,z) and define

S(t,2):=J(t,2)TV,6(t,0,2) — V. ¢(t,0,2) = J(t,2) " p(t,z) — V.¢o(t, 2),

which is zero at ¢t =0 by Equation (3.12). From Equation (3.11), with P(¢,z) = D.p(t,z),
it then follows that
018 = (D.0yx) " p+ J" 0ip— V. 0:0
=(D,V,H)'p—J'V,H—-V . (—H+(V,H)"p)
=(D,0,H)'p—J"V,H+J"V,H+P'V,H—(D,V,H)'p—P'V,H=0.

This shows that S is zero for all times, which proves the lemma. 1]

We will now continue with the proof for the Schrodinger case. Since the wave
equation beams are just sums of beams for its two modes, the proof for the wave
equation case will be identical, and we leave it out.

By Equation (3.5) we have for the Schrodinger equation

waplte) = uslt) = (502) [ Brinltns) ~onlt2len(y - (e

since the same 7 is used for the kth and the (k+p)th order beams.
Starting from the expressions for ®;, and Ay in (3.2) and Equations (3.3) and (3.4),
we can analyze the differences vy, —vi. We obtain

iPpyp/E Dy /e
vkﬂ,—vk:Akﬂ,e wtp/ —Ake w/
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= (Apyp— Ag)e'Prr/c+ A (e@kﬂ/s - ei@k/s) : (6.11)

By the discussion in Section 4.1 none of x, p, ¢o, M, ¢3, and a; g depend on k. Therefore,

Ak+p(t7yvz) 7Ak(t7y7z)

511 [k4p)/21-1
= Z &l [a’j,kJrP(tvy?z) - dj,k?(tay7z)] + Z E]a’j,kJr;D(tv:%z)
=0 7=I%1

[51-1ktp—2j—1 [(k+p)/2]—1k+p—2j—1

= Z Z ; a;j 5(t,2)ey’ + Z Z ;lajﬁ(t 2)edyP.

=0 |Bl=k— J=I%] |B]=0

This is a finite sum of terms having the form a; 5(t,2)e’y”/B!. It can easily be checked
that j+|3|/2> % for all terms. Therefore, for some finite N,,, functions g;, multi-indices
a; and powers £; >0, we can write the sum as

Na

Apip(t,y,2) = Axlty,2) =22 Y el 71012g, (1 2y,
j=0

where the g; functions are equal to scaled amplitude coefficients, which satisfy Equation
(4.1) and Equation (4.2). Moreover, if £; =0 then |a;| =k —2j, so |a;| then has the same
parity as k. In Equation (6.11) the amplitudes and phases are evaluated at y—x(t,z2)
and hence, the first term there contributes to w4, —us as

n

n N,
1 ’ i®pyp/e EN 3T
() [ Geendgeoigas et Socbzy . 12

Jj=0

where |o;| has the same parity as k when ¢;=0. For this case the g; functions are
independent of both y and ¢, and by Equation (4.2) they have supp g; C Ky. Therefore,
by Equation (4.1) and Equation (2.3), property (P4’) implies (P7) and (P8), with w; =
wg = wy and

Dr= sup ||lg;(t, )=k, Ds= sup |g;(t,")|Liprs), ¢=¢=0.
t€[0,T) te[0,T]

We conclude that the oscillatory integrals in Equation (6.12) all satisfy (P1)—(P4) and

(P6)—(P8).
We now consider the second term in Equation (6.11) and define the function

1
g(t,y,z,s)::/ ¥ (P (ty:2) = Pr(ty.2)) /2 g (6.13)
0

By Equation (4.1) we have §(t,y,z,e) € C([0,T] x R™ x K4 x R"). A simple calculation
shows that

i ®hip/e _ gitk/e _ (ei('@k_'_pf(bk)/s _ 1) i/ Eg(q)kﬂj )il
19

Then we have

Ap(t,y,2) (ei%ﬂ(t,y,ﬂ/s _ ei<1>k(t7y72)/€)
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ZENt 2,8) Ap(t,y,2) (®psn(t,y,2) — Op(t,y,2) ) e Trtv:2)/e
g\, y,z, Y, +p Y, kLY,
€
i k+p+1 ,
=—§(t,y,2,6) Ak(ty,2) Y Efbﬁ(t&)yﬁem(t’y’z”s
© Pl
[E1-1k—2j-1 k4p+1 i

=iglty2e)e™ Ty Y DL G (h2)0m b2y

J=0[B1]|=0 |B2|=k+2
As before, this is a finite sum, now with terms of the form

g1

zg(t,y,z,e)majﬁl (t,2) 03, (t,z)yﬁﬁﬁ2 i ®r(ty.2) /e (6.14)

It is again easy to check that j— 14|81+ 52]/2>k/2 for all terms. There are therefore
functions g;, multi-indices a;; and powers ¢; >0 such that for some finite Ny,

Ny
Ak: (€i<bk+p/s - €i¢k/s) = Eg ngj—|(lj |/2g] (taya 275) (y - x(t? Z))aj ei¢k(t,y—z(t,z),z)/s7
j=0

where |a;|=k—2j+2 if £;=0, so, again, |a;| then has the same parity as k. Hence,
the second term in Equation (6.11) contributes to ug4, —ui as

n

n N,
1 2 . ) 2 s
(27T€> / Ay, (6z¢’k+p/e _ez‘i’k/E) Qndz:fz% g Eejl-@iﬂc,gj’ (615)
Ky =0

where, as before, @) and z have properties (P1)—(P4) and (P6).

We have left to prove that ®j, z, and g; have properties (P7) and (P8).
By Equation (6.14), Equation (4.1), and Equation (4.2), each g; is of the form
fi(t,2)g(t,y—x(t,z),z,e) where f;(t,2)eC>®(Ky) and suppf;(t,-) C Ky for t€[0,T].
Hence, g;(t,y,z,e) € C=([0,T] x R" x K4 x RT), with compact support in K for fixed
t,y,e.

To show Equation (6.6) and Equation (6.7), we note first that since both the phases
Dy, Pppy satisty (P4’), we have for any s€[0,1], (¢,2) € g4, y€R™ and £ >0,

ei[S<I>k+p(tay’z)+(175)®k(t7yrz)]/Egn (y) = efssq)k-f—p(tvy"z)*(l*s)gq)k (tayvz)]/sgn (y)
< e~ SWak+ply|* fe—(1=s)wakly|? /e
< eyl (6.16)

where wy ¢ is the constant in (P4") for ®, and w4 =min(wa gyp,ws ). To simplify the
presentation in the remainder of the proof, we let §=yo—x(t,z) and drop the index j
from g; and f;. Then by Equation (6.16) and Equation (2.3),

[9(t,y0,2,e)e Htmt:2/2 g, (yo —a(t,2)
= |1(t,2)3(0,5.2,)e T g, ()

1
:‘f(t’z)/ (il5Phip (LT A=)k (TA/2 g (5)ds| < CyePalil* /e,
0
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for all (t,2) €Cq. This shows Equation (6.6) and therefore (P7) with D7;=C; and
wy = 1?)4.

Finally, for Equation (6.7) we use the fact that ®y(¢,0,2) = sy, (¢,0,2) =Po(t, 2),
which means that g(¢,0,z,6) =1. We can therefore split

(g(tayf))ZvE) - g(t’yOa ZO?‘E)) ei':bk (t7y0_x(t,2)72)/sg7] (yo - x(ta'Z))
= (F(1:2)3(1,5.2.6) = £(8,20)3(1,0,20,9) ) P72/, ()

= (,2)(3(t,5,2,6) = 1) P02, () - (F(1,2) = F(t,20) ) =T g, ().

Since f is smooth, t €[0,7] and z,zp € Ky, it follows from Equation (2.3) and (P4’) that
the second term can be estimated as

|(£(8,2) = F(t,20))e72)/% 0, (5)| < Gl = zole ™44/, (6.17)
For the first term we consider
(3(t.5,2,6) =1 ) ernten0e

1
_ / (eis<<1>k+p<t,@,z)—<1>k<m;,z)>/s_1) s x ik (LT.2)/2
0

; 1 01
L @ (1.5:2)— u(1,5,2) [ [ sl BB 8D e gy,
€ 0o Jo
Hence, upon again using Equation (6.16), Equation (4.1), and Equation (2.3),

F(t.2) (3(t.3,2,) 1) 092 2, ()
C -
S?l ‘(I)k+;0(t7gvz) - ¢k(t7gvz)|6_W4‘y|2/8

k+p+1
Ch
<

1 e
< > E\%,E(t,dllyl'ﬁ'e o/
|B|=k+2

! . C- AR
§71@|k+267w4\y| /6§j|z_20|k+267w4\y\ /6’
€ €

where we also used the fact that by Equation (2.3),
19| =|z(t,20) —2(t,2)| < C|z — 2],

whenever ¢t € [0,T] and z, zp € K4. Together with Equation (6.17) we thus get an estimate
of the type Equation (6.7) with Dg =max(C1,Cs,C3), ws =wy4, ¢g=k+1 and £=1, which
satisfy ¢ >2¢ as k> 1. This completes the proof of Theorem 6.2.

6.4. Proof of Theorem 6.3. We henceforth consider a fixed § >0 and start
by proving the two most simple cases in the theorem: when (¢,y) is either outside the
essential support of the solution, (¢,y) €Dy s, or close to a caustic point, (t,y) €Cys.
We next consider the most difficult case, when (¢,y) €Cj 5. In particular, showing the
extra e'/? factor when || is odd, requires careful estimates. To avoid breaking the flow
of the arguments we move most of the proofs of the various lemmas to Appendix A.
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6.4.1. Cases (t,y)€Dg ;s and (t,y) €C; 5.  For both these cases we make use of
the following integral estimate.

LEMMA 6.2.  Let UCR" be a bounded measurable set. Suppose |y—xz(t,z)|>a>0
when z€U for a fired t€[0,T]. If b>0 and ¢>0 then

/ ly — x(t,z)|be*c‘y*x(t’z)‘2/5dz < C\U|5b/2efca2/25, (6.18)
U

where C only depends on b and ¢; it is independent of a, (t,y) € [0,T] xR™, and € > 0.

Proof.  'When b=0 the result is obviously true for C'=1. When b>0 we use the
fact that 2Pe~* <(p/e)? for p>0 and = >0. Then

/|y_x(t,z)|be—c\y—x(t,z)\2/sd2S/ |y_w(t’Z)|be—c\y—m(t,z)\2/2£e—ca2/25dz
U U

b/2
<(€b) e_b/2e_c“2/25/dz.
c U

This shows the lemma with C'= (b/c)b/Qe_b/Q. O

We now first suppose that (¢,y) € D3 5. If z€ Ko, then by definition
ly —x(t,2)] > 0.

Therefore, by (P7) and Lemma 6.2, with b=|«|, c=w7, and a =34,

g(taya Z,E) (y - l‘(t, Z))ozei{)(t,y—x(t,z),z)/sQn(y - Jf(t, Z)) dz

75, (L) <e /
Ko

_ n+tlal

< Dse~ 2 / ‘y_m(tz)‘Ia\e—w7|y—r(tvz)|2/6dz
Ko

n 2
§D7O|K@‘57567w75 /2e < C/efw/s’

for w < w762 /2, which proves the case (t,y) € D7 5 since D7 and C' are uniform constants
in t and y.

Second, suppose (t,y) €C, 5. Here, we simply use Lemma 6.2 with a =0. This does
not give an optimal estimate, but slightly better than Equation (6.3). Hence, by (P7)
and Lemma 6.2 as above, with b=|«|, c=w7 and a=0,

n+lal

173, , (t.y)] < Do / ly - x(t,2) || e—vrv—= 62 e g
Ko

§D7C|K0|E_% SC/E_%,

where again C’ is independent of (t,y)€[0,7]xR™. This proves the theorem when
(tay) € Cm,&

6.4.2. Case (t,y)€C; ;.  This is the most complicated case, in particular when
|cr| is odd. The key idea of the proof is that the ray function x(t,z) is locally invertible
in z on the set Cy ;. We derive this property from a uniform version of the inverse
function theorem; see Theorem 6.4 below. In order to carefully track the constants
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in the estimates, and verify that they are independent of (t,y) €Cj 5, we define the
following finite numbers

n

Ri= sup |J(t2)], RQZZ sup | D2w;(t,z2)], (6.19)
te(0,T] j=1 t€[0,T]
z€conv(Ky) z€conv(Kg)
where conv(K) represents the convex hull of K and z = (z1,...,7,)?. This means that

whenever z,2' € K4 and t € (0,7,

|z(t,2) —x(t,2")| < Ri|z— 2], (6.20)
|J(t,2) = J(t,2")| < Ralz — 7|, (6.21)
|z (t,z) —x(t,2") = J(t,2") (2 —2")| < %R2|zfz/|2. (6.22)

We also define the extended mapping X : Kg— [0,7] x R™ as
X(t,2)=(t,x(t,2)),

and we let B,.(z) be the open ball of radius r centered at z. We then have the following
theorem for the ray function x(¢,z).

THEOREM 6.4 (Uniform inverse function theorem).  Suppose d' € (0,d) and &' >0.
Then there are numbers R_1, p>0, and 0<r<d—d' such that, for all (t,z0) € Ka \
X Cap),

° B_T(ZO) CKd,

o x(t,-) restricted to B,(z0) is a diffeomorphism on its image V,(t,z9):=

x(t,B-(20)),
o V,.(t,20) is open; if yo=x(t,z0), then B,(yo) CVr(t,z0), and
e the inverse of the Jacobian J(t,z) is bounded on B, (zo),

sup |J M (t,2)|[ < R_;.
z€B,(z0)

Note that R_1, r, and p are uniform in (t,zo) but in general depend on d' and §'. See
Equation (A.1), Equation (A.2), and Equation (A.4) for their precise definitions.

This result follows essentially in the same way as the standard inverse function
theorem. For completeness, a proof is given in Appendix A.1.

We let {z;} be the set of all solutions in Ky to the equation y=ux(t,z). Since
(t,y) €C; 5 CCq 5/, all points (t,z;) belong to Ka2\X1(Cy5/2). This set will be used
extensively, and we introduce the shorthand notation

K:=Kap\ X Css/2)-

We then apply Theorem 6.4 with the parameters d’ =d/2 and ¢’ =§/2, and, henceforth,
we let R_1, r, and p be as given by the theorem with these parameters. They then
satisfy

0<r<d/2, R_i,p>0. (6.23)

We stress that the four bullet points in the theorem are then valid with these numbers
for all (t,z0) € K.
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In the remainder of the proof we will make use of a few consequences of Theorem 6.4
which we collect in a corollary.

COROLLARY 6.2. The number of solutions {z;} in Kq/p is bounded by a number
M; < oo, independently of (t,y) €Cg 5. The balls {B,/2(2;)} are all disjoint. Moreover,

if (t,20) €K and x(t,2),2(t,2") € B,(z(t,20)), then

|z =2 | <R_i|z(t,2") —x(t,2)]. (6.24)

Proof.  If the number of solutions {z;} is more than one, suppose |z; — z;| <r for
some indices j,k. Then z; € B,(zx) and z(t,z;) =x(t,2;) so x(t,z) is not one-to-one on
B, (zx). This contradicts the second point of Theorem 6.4. Hence, |z; —z;|>r for all
j#k and the balls {B, /2(z;)} are disjoint. Moreover, by the first point in Theorem 6.4,
each disjoint ball B, /5(z;) is a subset of K4 and their total volume is therefore bounded
by the volume of Kj. The number of solutions must hence be finite, say M, and

M |K 42" /2
Kil> = Moy (r/2)" M < My = , Wn=me—,
| d|7§ 1B, /2(2;)| wp(r/2)" = sMs="""0 w T(n/2+1)

Jj=1

where w,, is the volume of the unit n-sphere. This shows the first statement since M;
only depends on Ky, r, and n. For Equation (6.24), we note that by Theorem 6.4 there
is a smooth inverse m(t,z) satisfying m(t,z(t,z)) =z for all z € B,.(20). Let yo =x(t,20).
Then

2= 2| =|m(t,z(t,2)) —m(t,x(t,2)| < sup |Dom(ty)l|z(t,z)—x(t,2")
yE€B,(yo)
< sup ’J_l(t7q)‘\aﬁ(t,z)—x(t,z’)\§R,1|x(t,z)—aﬁ(t,z/)|.
q€B;(20)

For the last inequality we used the fourth point in Theorem 6.4. This shows the corollary.
d

Hence, by Corollary 6.2 the number of solutions M to y=x(t,2) in Ky, is finite.
We define the set S C Ky as the points away from these solutions {z;},

S — KO? M:07
KO\Uj]VillgT/Q(Zj)’ MZO

Since {B,/2(z;)} are disjoint by Corollary 6.2 we can then split the integral as

n+|o|

I%,x,g(tvy) =g 2

/ g(taya 236) (y - l’(t, Z))aeié(t,yfz(t,z),z)/egn(y - $(t72))d’z
Ko

M

— e dz+ / - dz
/»;' Z 87,/2(Zj)r‘lK0

j=1
M M
:/ dz—i—Z/ codz=tIs+Y Ip,.
S j=1 B..2(z;) j=1

Here we also used the fact from (P7) that g(t,y, - ,&) is compactly supported in Ky. We
will show below that there are positive constants wg, C's, and Cp that are independent
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of (t,y) €C; 5 and € € (0,1] such that

(6.25)

1 || is even
Is|<Cse/%,  |Ip,|<Cp{ ’
sl <Cs s, | < B{\/E, || is odd.

From Corollary 6.2 we have that M is bounded by My uniformly in (¢,y). We therefore
get the desired estimate,

1 || is even
T$ . ()| <|Is|+ Msmax|Ip | < Cge /¢ + MsCp{ ’
|28 0. (t9)| <[ s|+ Ms : |I5,|<Cs 5B 2. |l is odd,

1,  |af is even,
<C .
Ve, |alis odd,

for all (t,y) €C; 5 and £ € (0,1].
We now turn to proving Equation (6.25). It will be done in three steps, one for
each case.
Estimate of Ig.
For this estimate we show that when z € S then

ly —x(t,2)| > p:=min(p,r/2R_1,6/2).

Suppose first that X (t,2) €C, /2. This implies that (t,z) € K and Theorem 6.4 applies.
Assume |y —xz(t,2)| < p<p. Then y € B,(x(t,z)) and by Theorem 6.4 there is a 2’ € B,(2)
such that y = x(t,2"). Since z €S C Ko and r <d/2 by Equation (6.23), we have 2’ € K5,
so that 2’ € {z;} and M >0. Hence, by Equation (6.24), and the fact that z€ .S,

gg lz—2'| < R_q|a(t,z) —a(t,?')| < Ro1p <

NN ]

a contradiction. So |y—x(t,2)|>p if X(t,2) ZCy 5/2-
Suppose instead that X(t,z) €Cy 5/2. Then

(2, 2) —y| =dist(X (¢,2), (t,y)) 2 dist((£,y),Cs) —dist(X(£,2),Co) 26 —0/2=6/2>p,

since (t,y) €Cg 5. We have thus shown that if z €5, then |y—x(¢,2)| > p. Therefore, by
(P7) and Lemma 6.2, with C' and D7 independent of (¢,y) and £ >0,

n+tlal

g2 /Sg(ty,»z,&)(y*m(f,Z))aei@(t’y*z(t’z)”)/g@n(y*fv(t,Z))dZ

|Is|=

nt|ol

<D7e™ "2 / |y—CE(t,Z)|‘O‘|e_“’7‘y_x(t’z)‘2/adz
S

< DyCe™%|S|ew1P"/% < Oge™ e /e,

for ws <w7p?/2. Here we also used the fact that |S| <|Kg|<oo. This shows the first
inequality in Equation (6.25).

Estimate of Ip,;.
The integrals I, are all of the form

Ip(t,z0) = 3" / 9,0, 2,2) (Yo — (b, 2)) *e w0262 D/ (40— (t 7))z
Bz (z0)
2
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where (t,20) €K, yo=x(t,20), and the number r is determined using Theorem 6.4. It
follows in particular that B, 5(20) C Kq so that the estimates in properties (P4’), (P7),
and (P8) can be used. We now need to bound Ip(t,zp) with constants independent of
(t,z0) €K and € € (0,1]. For this we use the following lemma.

LEMMA 6.3.  Suppose 1 is given as above and yo=x(t,20). If a,b>0 and ¢>0 there
is a constant C' such that for all (t,z0) €K and €>0,

n4a+b

/ \z—zo\a|yo—x(t,z)|befc|y°7m(t’z)|2/€dzSC’E 2. (6.26)
Br(zo)
2

The proof is given in Appendix A.2.

Case when |a| even.

For |a| even we directly apply (P7) and Lemma 6.3 to I with a=0, b=|al, and c=wy
to get

_n+lal

|I5(t,20)| < D7e” 2 / lyo —x(t, 2) |1l e~ wrlvo—e(t2) /e g, < o
Bi (Zo)
2

for all (t,29) € K and & >0. This shows the first half of the second estimate in Equation
(6.25).

Case when |a| odd.

In this case we can gain an additional factor of €'/ if we make a careful estimate. To do
this, we approximate the phase ® by its leading order Taylor expansion in z and show
that the integral using the approximate ® gives negligible contribution to the integral.
The following lemma details the phase approximation. It is proved in Appendix A.3.

1/2

LEMMA 6.4.  Suppose 1 is given as above and yo=x(t,zo). If the phase ®(t,y,z) and
central ray x(t,z) have properties (P1)-(P4) and (P6), then there is a bound Rz such
that for all (t,z0) €K and z € B, /2(20),

@(t,yo 71’(@2),2) — ((I)(LO,Z()) -+ %(z — Zo)TA(t,ZQ)(Z — Zo)) ‘ § R3|Z — Zo|3,

where A(t,29) € C"*". The imaginary part of A is symmetric positive definite, and there
exists wq >0 such that for all (t,z0) €KX,

SA(t,z0) > wal. (6.27)

We thus start by approximating d~® and Ip~Ip on B, j2(20), where

- 1
D(t,2,20) :=D(¢,0,20) + §(z — zo)TA(t,zo)(z —2p),

with A(t,zp) as in Lemma 6.4, and

_ n+|af id(t,z,2
Ip(t,z0) =" > / 9(t,50,20,€) (J (,20) (20 — 2)) e 05202 g, (4o — (8, 2) ) dz.
Br(z0)
2

We will now show that Ip is exponentially small in €. To do this we use the following
lemma describing cancellations occurring in integrals over odd mononomials multiplied
by a Gaussian.
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LEMMA 6.5. Let o be an n-dimensional multi-index such that |«| is odd. For A,R¢€
C™ ™ and any r >0,

/ (R(z—2))*ex==0) " AG=20) g —0,
B,«(Zo)

The proof of the lemma is given in Appendix A.4. It shows that the I3 integral, without
0y, vanishes, since

| altanne) (Ut — ) et m s

B (20)

:6i¢(t’0’zo)/sg(t,yQ,ZO,{:‘)/ (J(tvzo)(ZO 7Z))ae%(zfzo)TA(t,zo)(zfzo)/edZ:O.
Br(z0)

p)

Therefore,

IB(t,Z()):8_%eitb(tﬁ’zo)/eg(tyo?2075)
x/ (J(t,zo)(zo—z))ae%(Z_ZO)TA(thO)(Z—Zo)/E(Qn(yo—x(t,z))—l)dz.
Bg(zo)
Moreover, g,(y—x)—1 is identically zero for |y—x|<n, and since |yo—z(t,2)|=

|x(t,20) — x(t,2)| < R1|z — 20| when z€ B, (z), we have by the positive definiteness of
S A given in Lemma 6.4,

/B ( )(J(t’ZO)(ZO—Z))“e%(Z‘ZO)TA“’Z”)(Z_Z”)/E(Qn(yo—af(m))—1)dz
5 (%

< [ g ol RS g (1, 2) 1)
Br (20)
2

R la wa
<(B) [ e ol ) - 1ias
Bg(zo)

Ryr lad —w.n%/R2
(7)) st

Since ®(¢,0,2p) is real by (P6), then by (P7), noting that yo —z(t,20) =0,
|g(t7y07z()7€)| = |g(t7y072076)6i¢(t707Z0)/€Qn (0)| é D7a (628)

where D7 is clearly uniform in (¢,20). Hence, there are constants Cp and @ such that
for all (t,2z9) € K and ¢ >0,

la|
. o R - ;
T5(t,20)| <" Dy (;) Bz (z0)| e~ e/ T2 < Cpe /e, (6.29)
with @ <w,n?/2R3.

We next write the difference as

ntlal

g 2 (IB_jB):/ (E1+E2+E3>d2,
Bz (z0)



2066 ERROR ESTIMATES FOR GAUSSIAN BEAM SUPERPOSITIONS

where
El - [g(tayOaZ7E) _g(t7y07207€)](y0 _x(t7Z))Oéeiq)(t7y0_m(t72)72)/szg7](yO —.T(t,Z)),
Es=g(t,90,20,8)[(yo — x(t,2))* = (J(t,20) (20 — 2)) "] ve =222/ g (4 — (2, 2)),
s = (t0,20,2) (T {1, 20) (20— 2))* [ 020211/ _ 80 /e] , 3 (1, 2).

We will now consider these integrands in sequence.
From (P8) it follows that for all (¢,20) €K, z € B, /2(20), and £ >0,

| B1| < Ds|z — 2ol <1+ ';‘") lyo — z(t, 2)| 1@l e~ wslo—a(t2)*/e (g 30)

with g > 2/¢.
For E5 we note first that

||

|a® = b =[(a—b+b)* —b|=| > 6'6 (a—=b)»b%| <C(a)> la—bf b7
B1+Ba=a 1P2: Jj=1

BaFa

Therefore, by using (P4’), Equation (6.28), and Equation (6.22) we get for all (¢,z0) € K,
z2€ B, /2(20) and € >0,

||
— 2 . .
| Ba| < C(a) Dre™slvo==ta/EN "y — (1, 2) — T (£,20) (20 — 2)| |yo — (2, 2)[1*1 7
j=1
\al

<C(a D7Z Q‘Z_z0‘2]|y0_ (t,z)|!1=7 g walvo= a(t,2)|* /e

|ox]
<0y |z — 20|y — w(t, )|l emwslmo et l/e (6.31)
j=1
where Cy =C/(a) Dymax(Ry/2,(Ry/2)1).
For E3 we first need to approximate the phase difference factor when z € B, /»(20)
and (t,7z9) € L. By Lemma 6.4 and Equation (6.20),

‘(I)*é‘ §R3|2720|3,
L1 walz= 20/ _ walyo—(t,2)P

3= (e—20) SA(h20)(r-20) 2 =5 > =

Therefore, upon using (P4’),

i(fb—@)/ i(s®+(1—5)d /2 oyds
€ 0

3
. = zZ—2 e
ez@/s _esz/s <Rs ‘ | e min(3P,IP) /e

3

On=

_ 03 .
<Rs |Z ZOl 6—n11n(w4,wa/2Rf)\yo—ac(t,z)\z/s.
€

Then from Equation (6.28), with w’ =min(w4,w,/2R?) and Cs fR3D7R|a|

1Bl < Dzl o-steo e (6.32)
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for all (t,z9) €K, z € B, 2(20), and € >0. We note that all the E; terms can be bounded
by a form that can be estimated by Lemma 6.3. Indeed, if we define

U=(a,b) 1= — 20/%lyo — o(t, )| Pe~c0 ==/, o min(ug,u),
and set C, =max(Dsg,C2,C3), we can summarize Equation (6.30), Equation (6.31), and
Equation (6.32) as

n+H ~
13 |IB(t Z()) IB(t,Zo)|
laf
1
<C. US(L o))+ Ua(q+1|a\ +3 U(2),|o] - J)+ZU(lal +3,0)d=
Br(z0) 1
2 Jj=

We then use Lemma 6.3, the constant in which we denote C',. We get for 0 <e <1,

n+ ~
g 2 (t,Zo)—IB(t,ZQ)|
ntlt|al ntq+l-204|a il nt2itlal=j n+|a\+3+0—2 , ntltlal
<C.Cple =2 +e¢ 2 g 2 <Ce 2 ,

since ¢ >2¢. Together with Equation (6.29) we finally obtain
|I5(t,20)| < Ip(t,20) — I5(t.20) |+ B (t,20)| < C'VE+ Cpe™ ™/ < Cp/e,
for all (¢,29) €K and 0<e<1. This shows the last part of the second inequality in
Equation (6.25), and completes the proof with C'p =max(C%,C%).
Appendix A. Proofs.

A.1. Proof of Theorem 6.4. The proof essentially follows the standard
steps for proving the inverse function theorem; see for instance [35]. We let K'=Kg \
X~1(C, 5) and consider the function

¢(2) =2+ (t,20) (y — x(t,2)),

with (¢,29) €K’ and y €R™ fixed. Since J is non-singular on K’, finding a fixed point
¢(z) =z is equivalent to finding a solution to the equation y=x(t,z). We note that J is
non-singular also on the shghtly larger set K" =Kq\ X ~1(Cy/2) DK and we let R_;
be an upper bound of J~! on this (compact) set,

R_y= sup |J '(t,2)|<o0. (A.1)
(t,z)eK”
‘We then choose r as
1 o
=min|(d—-d,——, — 0. A2
r mln( 72R_1R272R1>> (A.2)

We note that if z € B,.(z9) we have
dist(z, Ko) < |z — 20| +dist (20, Ko) <r+d’ <d,
Hence, B,(z) C K4 and for 21,29 € B,.(29), using Equation (6.21),
6(20) - 6(ea)l < _max Do) 1 —s2l=_max [1-T7t,20) (8] 12—

z€B (20 2€B,.(20)
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<R, G%ga(x )|J(t,z0)—J(t,z)\\zl—zg\SR_1R2|z1—zQHz—zo\
z r(Z0

1
SR_1R2T|21722|§§|21722|. (A3)
If 21 and z2 are both, different, fixed points of ¢ we get an impossible inequality. It
follows that ¢ has at most one fixed point in B,(z9) and therefore x(t,z) is one-to-
one on B,(zp). We next show that V,.(¢,z0) is open. For each y’' €V, (¢,2) there is a

Z'€B,(z0) and a A>0, such that ¢y =z(t,2’) and Bx(z") CB,(29). Let N'=X/2R_;.
Then if y € By (y'),

1
[p(z") = 2'|=|J " (t,20)(y—y") | < R-i1ly — /| <SRN =3\
Consequentially, by Equation (A.3), if z€ By (2") C B, (),
/ ! !/ ! 1 ! 1
6(2) ~ 21 <16(2) — ()| +16() ~ 2] < 5z~ |+ 2A <A

Hence, ¢(z) € BA(2') and ¢ is a contraction mapping on By (2’). This means that ¢ has
a unique fixed point 2z, € By(2') at which y=x(t,2.). Thus y€V,(¢,20), showing that
B (y') CVy(t,z0). Hence, V,.(t,20) is open. In particular, if y' =yo=x(t,z) we can take
A=r and B,(yo) CV,(t,z0) with

p=r/2R_;. (A.4)

For z € B, (z0),

dist((t,x(t,z)),cx) 2dist<(t,a:(t,z0)),cx) —dist((t,x(t,z)),(t,x(t,zo)))
:dist((t,x(t,zo)),cw) —Ja(t,z) —x(t,z0)| > ' — Ry|z — 2]
o
>0 —Rir>6——=—
= 1r= 2 2 )
which shows that (t,V;(t,20)) CCg 5 5. This means that J(t,z) is invertible and (¢,z) €
K" for all z€ B, (z). The last point in the theorem then follows from Equation (A.1).
That the inverse of x(t,z) on B,.(z) is differentiable is proved in the same way as in [35].

A.2. Proof of Lemma 6.3. By Theorem 6.4 there is a smooth inverse of z(t, -)
on V,. Let m(t,-) be this inverse and p the number paired with r in Equation (6.23).
Set B=m(t,B,(yo)). We then split the integral as

[ Y S,
Bz (20) Br(z0)\B Bz (z0)NB

By construction we have |yo —z(t,2)| > p for z € Br (20) \ B. Therefore, by Lemma 6.2,

r
2

nl<(3) / o —a(t,2) eGP g
27 Iy o8

<ctel ()

n+a+b
2

By () \B|e2e= "2 < C'(a,b,c.m,r ) 5,
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for all (t,z9) € K and € >0. Furthermore, on B we can use Equation (6.24), and upon
changing variables y=x(t,z), we get

L] <R", / lyo — x(t, z)|*Toe o2t /2 g,
B
=R%, / lyo —y|*oe w0 =/2 | det Dym(t,y)|dy
Bp(y())

<R%; sup \detDym(t,y)\/ |y|tPeclvl®/e gy
YEB,(yo) Rn

n+a+b
2

=R*, sup |detD,m(t,y)le ly|Foeclvl gy, (A.5)

yEB,(Yo) R™

For the determinant let \; be the eigenvalues of A€R"*". Then
|det A| =TT I\ 1 < [Amasl™ = 14T A[57* <] Al3.
Hence, by the fourth point in Theorem 6.4,

sup |detD,m(t,y)|< sup \Dym(t,y)|n:sup|J71(t,z)|nSR’_Ll.
yEB,(yo) y€B, (o) z€B

Finally,

] < RT{"C"(mb,c,n)swngb )
where C"(a,b,c,n) is the value of the last integral in Equation (A.5). The result follows
with C' =max(C’, R*1"C"), since all these constants are uniform in (¢,zy) € K.

A.3. Proof of Lemma 6.4. We consider (t,z) € K. By Theorem 6.4, we have
B, j2(20) C Kq4 for these (,20). For simplicity we henceforth drop the ¢-dependence in
the notation. By (P1) and (P2) we can Taylor expand ®(x(zp) —(z),2) around z = z,
and since K4 is compact, we can bound the remainder term using a constant Rs that
is uniform in (¢,29) € K and z € B, /2(20),

D(yp—x(2),2) — (CI)(O,ZO) — [J(ZO)TVy<I>(O,z0) —V.9(0,20)] - (z—20)

b5 (= 20) DB(e(z0) ~2(2), ]|, (2= 20)) | < Rl 0
Using also (P6) we get
By~ 2(2),2) ~ (2(0,20) + 5 (2~ 0)- Alz0) (2~ 0)) | < Rl 2,

where

A(z0) = D?[®(x(20) — 2(2),2)] }Z=ZU
= J(20)" Dy @(0,20)J (20) — T (20) Dy # (0, 20)
D. (=J(2)7V,®(0,2)+ V.5(0,2))|

zZ=Zz0
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=J(20)" D2 ®(0,20)J (20) — J (20) D, ®(0, 20).

We have left to show the properties of A(zp). Since V,®(0,z) is real by (P6), so is
D2 ®(0,2). Clearly J(z) is also real. Hence,

SA(20) = J(20)" (SD;®(0,20)) J (20),

which is symmetric. To show the positive definiteness, we note that by (P6) both
®(0,20) and V,®(0,2) are real and therefore,

SUTSD2(0,20)y = 3(y,20) + O(ly).
Moreover, for |y| <2n we have from (P4) that I®(y,z0) >w4|y|?, so
LU SDER0,20)y > waly? + O
Setting y = sv for some arbitrary v € R"™ and scalar s >0, we therefore get

1 1
§’UT%DZ<I>(O,20)’U = @(SU)T%DZ@(O,Z())(S”U) > wylv2+0(s|v]?),

when s is sufficiently small. Letting s — 0 shows that %Dg@(o,zo) > 2w,. Thus, finally,

2’LU4

v SA(z)v= (J(zo)v)T%Dfl@(O,zo)(J(zo)v) > 2wy |J (20)v|* > Vel

[of?,

since [v| = |J 71 (20)J (20)v| < R_1]|J(20)v| by Theorem 6.4. This concludes the proof with
we =2wy/R% .

A.4. Proof of Lemma 6.5. Without loss of generality we can take zo=0. By
symmetry B,.(0) is invariant under the transformation z — —z, so

T T 1 T
/ (Rz)“e” Azdz:/ (R(—z))"€? Azdz:f/ (R2)*+ (R(-2))%)e* 4*dz.
5,.(0) 5.(0) 2 JB,(0)

Moreover, (Rz)* will be of the form
(R2)*=) ¢z, |4]=lal,
for some multi-indices ¢; and constants c;, determined by the elements of 2. Hence,
/ (Rz)anTAzdz:%ch/ (2% —l—(—z)éj)ezTAzdz
B, (0) B, (0)

if [£;|=|a| is odd.
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