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EXTENDED WKB ANALYSIS FOR THE LINEAR VECTORIAL WAVE
EQUATION IN THE HIGH-FREQUENCY REGIME*

CHUNXIONG ZHENG' AND JIASHUN HU?

Abstract. We introduce an asymptotic solution form, termed as extended Wentzel-Kramers-
Brillouin (E-WKB), to solve the high-frequency vectorial wave equation when the initial Cauchy data
are prescribed in the form of Wentzel-Kramers-Brillouin (WKB) function. The E-WKB form, formu-
lated as an integral of a family of Gaussian coherent states, can be regarded as an extension of the WKB
form. The domain of the integral is the Lagrangian submanifold induced by the underlying Hamiltonian
flow. Although the procedure of solving wave equations by using the E-WKB form is parallel to that of
the classical WKB analysis, the former can overcome the difficulty due to the presence of caustic points.
‘We present numerical tests on vectorial Schrodinger equation and Helmholtz equation to validate the
proposed asymptotic theory.

Keywords. Vectorial wave equation; high-frequency regime; caustics; WKB analysis; extended
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1. Introduction

Wave propagation is a classical problem in physics and mathematics. For wave
equations with high-frequency characteristics, the geometrical optics method presents
us asymptotic solutions. This method assumes the solution v to admit the Wentzel-
Kramers-Brillouin (WKB) ansatz, see [1]:

u(x)=A%expliS(x)/e], A® = Z(—is)jAj.

Jj=0

In the WKB form, ¢ is the reverse of the high frequency, S is a smooth real function
called phase, and {4; }‘]?';0 is a sequence of smooth functions called amplitudes which
do not depend on the small asymptotic parameter . By substituting the ansatz into
the high-frequency equation and cancelling the exponential term, it allows us to obtain
a system of equations for S and A;. The asymptotic approximation is then obtained by
solving the derived equation system.

In many situations, however, the phase S is not uniquely determined around the
caustic points, which leads to the well-known caustic problem when applying the WKB
method to the governing equation. Mathematically, the caustic problem arises from
the singularities of parametrization of the associated Lagrangian submanifold, which
can be solved by the canonical operator method developed by Maslov [2]. In Maslov’s
method, several local charts of the Lagrangian submanifold are chosen to ensure that the
submanifold can be represented as a graph manifold in Lagrangian coordinates. Then
local asymptotic solutions are constructed by employing WKB method in these local
charts. With the help of the Maslov index, local asymptotic solutions are assembled to
provide a global approximation. However, this method requires us to set up a specific
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partition of the associated Lagrangian submanifold. For high-dimensional problems,
this is not an easy task from the numerical point of view.

In 1960s, another semiclassical approximation method, called the Gaussian beam
approach, had been developed (see [3]) and later applied to the high-frequency wave
equation by Hormander [4] and Ralston [5]. The Gaussian beam approach can solve
the caustic problem without the requirement to set up the partition of the associated
Lagrangian submanifold. In recent years, there are many investigations about this
method. For example, the Gaussian beam method has been applied to various types
of equations in [6, 7], higher order asymptotic solutions are given in [8-10], and the
accuracy analysis of this method is discussed in [11-14]. In 2014, Zheng [15] proved the
optimal error estimate for the first-order Gaussian beam approximation. The Gaussian
beam method can also be used to solve the boundary value problem of high-frequency
wave, see [16,17]. For more literature on the Gaussian beam method, we refer the
readers to the review [18].

The method proposed in this paper is based on another form of solution ansatz which
can be regarded as an extension of the WKB form. The proposed asymptotic wave field
is defined as an integral of coherent states on a Lagrangian submanifold induced by the
Hamiltonian flow. This new ansatz, termed as extended WKB (E-WKB) form, can be
applied to scalar equations [19] as well as vectorial equations [20] to obtain approximate
solutions even around the caustic points. The key ingredient in those works is called
moving-frame technique. Since the caustic problem arises from the choice of singular
coordinates, we variate our choice of local coordinates by following a moving frame.
Then in each local domain, the phase and amplitude can be uniquely determined by
applying the classical WKB analysis to the transformed high-frequency equation in the
new coordinate. However, the moving-frame technique tends to be very complicated for
the vectorial wave problems, and the results obtained are difficult to generalize.

In this paper, we develop the E-WKB analysis in a way parallel to the classical
WKB analysis and recover the results obtained in [19,20] in a comprehensive way. The
motivation lies in that the unknowns are functions defined on the Lagrangian subman-
ifold. Thus we hope to derive the governing equation by directly using differential
operations on the corresponding submanifold instead of using local WKB analysis in
the moving frame. In order to clarify how the E-WKB analysis works, we first present
some key components of the classical WKB analysis and then generalize them to the
E-WKB case. Finally we discuss the application of the E-WKB analysis to the linear
vectorial wave equation in the high-frequency regime.

The rest of this paper is organized as follows. In Section 2 and Section 3, we
introduce some basic notations and recall fundamental material of the classical WKB
analysis. In Section 4, we introduce the E-WKB form and generalize the invariance
property of the classical WKB form to the E-WKB form. In Section 5 and 6, we work
out the governing equations of the phase and the amplitude functions in the vectorial
case. In Section 7, we report two numerical tests which both show a first-order accuracy
with respect to the asymptotic parameter. We conclude this paper in Section 8.

2. Preliminaries
In this section, we briefly give an introduction to Weyl quantization. We begin with
a unitary representation of the Heisenberg group.

2.1. Heisenberg group and its unitary representation. The Heisenberg
Lie group Hy is R2Y xR equipped with the group law

(2,8)(w,t) = (z+w,s+t+[2,w]/2), Vz,w RN Vs tcR.
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The bracket [-,-] refers to the symplectic inner product in R2V, i.e.,
[z,w]=q'u—plo=2"Jw, 2= (g;p), w=(v;u), Vg,p,v,ueR".

In the above, (¢;p) expresses column vectors in an economical form, and J denotes the
standard symplectic matrix, i.e.,

(g;p) = (Z) , J= <_OI é) :

The symbol I stands for the unit matrix, with a dimension generally clearly determined
from the context. Here and hereafter, all vectorial objects are arranged in the column
form, and we use the symbol T to denote their real transpose. A unitary representation
of the Heisenberg group Hy (scaled by £>0) is given by

pe(z,5) =exp{i([z, W] —s)/e}, W=(X;eD), D=—iV.

In the above, X and D denote the position and momentum operators, respectively.
Throughout this paper, we make the convention that p.(z)=p.(z,0). For any fe
L2(RY), it holds that (see page 21 in [21])

[0=(2) f1(2) =exp [~ip' (z+4q/2) [e] f(z+q). (2.1)

2.2. Weyl quantization. For any proper smooth function H = H(z) _defined
on the phase space R?V | the symplectic Fourier transform of H is denoted as H, i.e.,

H(w):(277)_2N/H(z)exp(i[z,w])dz.
The Weyl quantization of H, denoted by H (W), is defined by

H(W):/ﬁ(w)exp(i[w,W])dw:/ﬁ(w)ps(sw)dw. (2.2)
It is straightforward to verify that
YV, H(w)=ivH(w), YV H(w)=—iuH(w), w=(v;u),

where V, and V,, stand for the derivatives with respect to position and momentum
variables, respectively. Therefore, given any polynomial function f(v,u), it holds that

f(—in,di)H(z):/ f(v,u)H (w)exp (ijw, z]) dw. (2.3)

w=(v;u)

In the language of the Weyl quantization (2.2), in this paper we are concerned with the
Cauchy problem of the following general high-frequency vectorial wave equation

H(W)u®(z)=0. (2.4)

3. WKB analysis

WKB function is an important concept in the high-frequency asymptotic theory,
which gives an intrinsic sparse representation of a highly oscillatory wave field. In this
section, we recall some basic elements of the WKB theory. For the sake of generality,
we consider the WKB function which takes values in a separated Hilbert space $).
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DEFINITION 3.1. By an $-valued WKB function defined on a connected domain
QCRY, we mean

p(x) =A% (z)exp[iS(x)/e] (3.1)
with A€ C*(,9) and S € C>(Q,R). Moreover, A® admits an asymptotic expansion
Af ~Ag+ (—iS)Al + (—15)2142 +--y

where A, € C*(8,9) for all k>0.

DEFINITION 3.2. We define the associated Lagrangian submanifold of the WKB
function ¢(x), see (3.1), as a graph submanifold in the phase space RN,

A={z=(q;p)|p=VS(q),Yg€Q}. (3:2)

The following result plays a key role in the classical geometrical optics. It reveals that
the image of a WKB function under the action a Weyl-quantized operator is still a
WKB function with variated amplitude function.

THEOREM 3.1.  Suppose that H=H(z) is an operator-valued smooth function acting
on a separated Hilbert space $. For all A€ C*(Q,$), asymptotically it holds that

H(W)A(x)expliS(z)/e] = [ToA(z) + (—ie)T1 A(z) +---]exp[iS(z) /],

where {T;} is a sequence of local differential operators acting on C*(£,$). In particu-
lar, the first two operators are given by

ToA(x) = H(z)A(z),
T1A(z)=V,H(z)-VA(z)+ %tr (V2S(2)V2H (2)+ VIV,H(2)] A(z),

where z=(x;V.S(x)).

In order to find an approximate solution ¢(z) of Equation (2.4) in the WKB form
(3.1), we substitute the WKB ansatz ¢(z) into Equation (2.4) and apply Theorem 3.1
to compute the transformed WKB function. By setting the coefficients of the zeroth-
and the first-order terms in ¢ to be zero, we derive

H(z)Ao(x)=0,
H(z)Ai(x)+T1Ao(x) =0, (3.3)

where z=(x;VS(z)). The first equation is equivalent to the fact that z lies in the
zero level set of some energy surface of H(z) and Ag(z) belongs to the corresponding
eigenspace. More precisely, there exists an eigenvalue A(z) of H(z) and its associated
eigenspace Ey(z) such that

AMz)=0, Ag(z)€EN(2), Vz=(2;VS(z)).
Now we know that the phase function S(z) satisfies the Hamilton-Jacobi equation:

AMz; VS(z))=0. (3.4)
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Let us assume that the dimension of the eigenspace E(2) is a constant x and {bs(2)}5_;
forms a smooth basis. Since Ag(z) € Ex(2), it can be represented as a linear combination
of the bg(2), i.e

= o (@)bs(2)
B

where {O’B(ZL')}ZZI C C°(R¥Y,C). By introducing the projection P(z) of  onto E\(z),
the Equation (3.3) is simplified to be independent of A;(z), i.e.,

P(2)Ty Ag() =0. (3.5)

By representing Equation (3.5) in terms of {o? (z)}5—1, we obtain:

1
Z |:Sa,5'VO'B(I’)+WQﬁOﬁ(SC)+QLQ”BO'B(I) =0, (3.6)
B

where

Wa,p(2) = (ba(2),VpH(2) Vbg(2)),
a,8(2) = (ba(2),V ( )bs(2)),
a,8(2)=(ba(z),tr [V2 (x )VgH(z)—i—VJ;VpH(z)] bs(2)).

In the above, the notation (-,-) stands for the inner product of the Hilbert space ).
Thus, in principle, we can solve the phase and the leading term of amplitude from (3.4)
and (3.6) and obtain an approximate solution in the classical WKB form (3.1).

4. Extended WKB function

In this section, we introduce the concept of E-WKB function, which is a generaliza-
tion of the classical WKB function. Besides the simple algebraic relation between the
components of a WKB function and the related E-WKB function, the importance of the
E-WKB function also comes from the fact that the action of a Weyl-quantized operator
preserves its form. As we have seen, the invariance property plays an important role in
the classical WKB analysis.

DEFINITION 4.1. Let A(z) be a smooth real-valued function defined in the phase
space R?N . By a A-submanifold A, we mean a Lagrangian submanifold generated by
continuously displacing a connected isotropic submanifold AL, | of dimension N —1
according to the A-Hamiltonian vector field. Besides, we assume that A is topologically
isomorphic to Af\,_l x R.

According to the above definition, A can be parameterized as z=z(zp;t) which
obeys the Hamiltonian system

2=JVA(2), 2(20;0)=20€AN_;. (4.1)

If the initial isotropic submanifold AL, can be parametrized by (£1,-+-,6n—1), then
the tangent space at z € A is represented by a matrix C' € R2V*N | where

0z 0z 0z

o—|2% .. oz
& Oén—1 Ot

(4.2)
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DEFINITION 4.2.  We define the e-scaled fundamental coherent state function of di-
mension N as

¢ (z) = (2me) "N Zexp (—2?/2¢).

For any (2,8) €R?N xR with z=(q;p), the phase space translation of ¢°(x) is defined
as

¢%,5(1) = pe(—2,-8)¢°(z).

From Equation (2.1), we derive the following explicit form
2 s(@)=(2me) N2 exp(iS /e) exp [ip! (x — g/2) /e] exp [~ (v — q)* /2¢].

DEFINITION 4.3. Given a separated Hilbert space $) and a scalar Hamiltonian A(z), an
associated H-valued E-WKB function is referred to as an integral of the following form

/( )A.Ai s.dvs, (4.3)
2=(g;p)€

where A is a A-submanifold, S, € C*°(A,R) is a generating function of the differential
1-form pldg—d(p'q)/2 on A, and AS admits an asymptotic expansion with respect to :

A~ Ap o+ (—ie) A+ (—ie)2 Ag L+,
where Ay, . € C*(A,$) for all k>0.

The E-WKB function is indeed an extension of the classical WKB function, as is
revealed in the following theorem.

THEOREM 4.1. Given a WKB function

p(x) = A(z) exp[iS(z) /¢]

with A and S defined on a connected domain QERY, and A€CF(Q). Let A be the
associated Lagrangian submanifold of . Then the WKB function @ admits a pointwise
E-WKB representation of the following form

o(z) = / A5 s (2)dv, + O(),
z=(gq;p)EA

where
S.=5(q)—p'q/2, A.=det™* [[-iV25(q)] A(q)- (4.4)

The proof of this theorem can be found in [19].

4.1. Invariance property of E-WKB functions. In this section, we prove the
invariance property of the E-WKB form under the action of a Weyl-quantized operator.
The key point is to transform the multiplication operation in terms of x to the differential
operation in terms of z.

LEMMA 4.1. Let us denote by II, e R2N*2N the projection onto the tangent plane of
the Lagrangian submanifold A at z€ A. Then for all z=(q;p) € A, it holds that

(k —Qk)qj)i,sz (2) :iEEl,kVA¢§,sz (z), (4.5)
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where YV is the gradient operator on A and

In the above, e), represents the k-th standard basis of R™.
Proof. Since dS, =p'dq—d(pTq)/2, it is straightforward to verify that
. i(x—
15El,kvA¢i,sz = Ei,knz {_<(J; _qq))} 2.5,
) il .
= [—1@2 —eu I, [—I} (r—q)¢ s. -
Moreover, from the fact that A is a Lagrangian submanifold, it holds that
. il
i 1)1, [ I] _1

which ends the proof. ]

By iteratively applying the result obtained in Lemma 4.1 and integration by parts,
we have the following result.

LEMMA 4.2.  For all A, € C§(A,9) and all multi-indezes o, it holds that
/ (x—q)*A.¢5 5. dv.=0(e™), |a|=2m—1 or 2m.
zeN
In particular, we have
/ (T —qr) AL PS5 dv. = (—is)/ diva (AL E. k)95 s dvz,
z€A zEA
/ (xm—qm)(xn—qn)Azngi_’Szdz/Z:(—is)/ '7'Z,T,m./élz<;5;52duz—1—0(52)7
zEN z€EA
where

7;,mn :El)va(_Qn)-

Proof. By Equation (4.5) and integration by parts, we derive
/ (zg —qk)Aqui’Szdz/z :ia/ .AZE;ICVA(b;SZdI/Z
z€A zEA
:(—is)/ diva(A.E. k)95 s, dv..
zEA '
Furthermore, it holds that
/ (T —qm) (T — Qn)AzQSi,SZ dv,
K4S

A
— (—ie) / Aiva (2 — o) As Ea )65, du
zeA
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= (—is)/ [E;mVA(xn —qn) A+ (z, — qn)divA(AzEz,m)] P s.dv.
zEA
:(—16)/ 7;,mnAz¢i7Sdez +O(€2)
zEN
By induction, for any multi-index «, we have
/ A (x—q)*¢S 5. dv.=0(™), |a|=2m—1 or 2m,
zeEN

which ends the proof. 0
Now, we prove the invariance property of the E-WKB function.

THEOREM 4.2. Suppose H=H(z) is a smooth operator-valued function acting on
a separated Hilbert space $. For A, € C§°(A,9), the following asymptotic expression
holds.

HOW) / A s dvs = / ToAs + (—ie) T Ay + -] 6% g, dur,
zEN zEA

where {T;} is a sequence of local differential operators acting on C§°(A,$). In particu-
lar, the first two operators are

TOAZ = H(Z)Az,
A, = %tr [IL. (il — J)VZH (2)] A, +diva [IL.(J — i) VH (2) A.].

Proof.  Recalling the definition of the representation p., see (2.1), it is direct to
verify that

p=(ew)pe(—2)9°
=exp(i[w, 2]) exp [—ev! (v +iu) /2] exp[— (v +iu) ' (x — g)]p- (—2)¢°,

which implies
pe(ew)@s 5. =exp(i[w, z])exp [—evl (v+iu)/2] exp[—(v+iu)i(z— 9]¢ s. - (4.6)
Recalling the definition of Weyl’s quantization (2.2), we then derive
H(W)/ A9 s.dv.
z€EA
- / F(w) Aspe (cw) 6. dusduo
wJzEA
:/ / H(w)exp(i[w,2])A. exp (—svT(v—f—iu)/Q)
w=(v;u) J z=(q;p) €A
X exp[—(v+iu)T(x—q)]qﬁiyszdl/zdw, (4.7)

where the last line comes from Equation (4.6). By the Taylor expansion of the expo-
nential terms, we have

exp (—E’UT (v+iu)/2)exp[—(v +iu) T (z—q)]
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—(v+iu)f(z—q)+ (vtiv)!z—g)f? o

1 evf(v+iu)
2

2

~

Applying Lemma 4.2, we can discover the zeroth- and the first-order term in (4.7). In
fact, we obtain

ToA. = / A (w)exp(ifw, 2]) Audw = H () A.,
w=(v;u)
and

T, = / T (vy) | F (w) exp(ifuw, 2]) Az | dw,
=(vsu)

where the operator T} (v;u) is defined as follows

(v+iu) T, (v +iu)
2

~ it (v+iu
T (v;0) B(2) = f%B(z) — diva [E. (v +iu)B(2)] +

B(2),
with

—il
EZ: l:Ez71 Ez,N:I :Hz |:_I:| ) 7;:(7—2,7%71)

The formula of T} can be further simplified by summing the first and the last term, i.e.,

(tin) To(otiv)  wllvtiv) 1 {Hzm_ﬁ( ot fﬂ
2 2 vul —vv

Thus, by applying inverse symplectic Fourier transformation (2.3), we obtain

1
WA, = §tr [Hz(il— J)V2H(Z)] A, +divp [IT,(J—iI)VH(2)A,], (4.8)
which ends the proof. ]
4.2. Further simplification of 7; in the scalar case. In the preceding

section, we obtain the expression of the transformed E-WKB function under the action
of H(W) by doing calculus on the submanifold A. If H is a scalar function and A is an
H-submanifold embedded into the zero level set of H, we can simplify the troublesome
term in (4.8) involving divergence on manifold to be a matrix operation. First, we notice
that

. (J—il)VH(z)=JVH(z)= %,

where Q stands for the t-coordinate vector field induced by the Hamiltonian H. Recall

the tangent frame C' defined in (4.2), we derive its evolution equation by differentiating
the Hamilton system (4.1), i.e.,

C=JV?H(z)C. (4.9)
Let C'=QP be the polar decomposition, then Equation (4.9) is equivalent to

QP+QP=JV?H(2)QP,
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By right-multiplying P~! and left-multiplying Qf, we derive
QIQ+PP 1 =Q'IV2H(2)Q.
Taking trace of the above equation yields
tr(PP~Y) =tr[QT JVZH (2)Q] = tx[IL.J V2 H(z)],

which leads to
0 1 0
diVAf

- 9 —r(pP-1y_ 2
8t_detP8tdetP tr(PP~") =tr[lI,JV*H(z)]

and
div [ (J —iI)VH(2)A,] =tr[II,JV2H(2)]A. + A..

Therefore, we have
1 .
T1A. = St [IL (T +J)V2H(2)] As + A (4.10)

5. E-WKB analysis for vectorial wave equation

In this section, we apply the E-WKB analysis to Equation (2.4) in the vectorial
case. In other words, the Hamiltonian H = H(z) is a smooth self-adjoint operator-
valued function with compact resolvent, acting on a proper separated Hilbert space §.
In order to seek an approximate solution in the form of (4.3), i.e.,

e = / s+ (—ie) Ap s -] 6% g, dur, (5.1)
zEN

there are two main tasks to fulfill. One is to determine the Lagrangian submanifold A,
and the other is to derive the governing equations of the amplitudes Ay , and the phase
S, which are functions defined on A. By applying Theorem 4.2, we know that if u®
given in (5.1) is a first-order asymptotic solution of the Equation (2.4), the following
equations must remain valid:

H(z)A,=0, VYzeA, (5.2)
H(Z)Al)z—FTl.AZ:O, VzeA. (53)

From Equation (5.2), there exists an eigenvalue A(z) and its corresponding eigenspace
E(z) of H(z) such that A is embedded into the zero level set of A(z) and A, € E(z).
Furthermore, we assume that the dimension of E(z) is a constant x. Then we form the
Lagrangian submanifold A by continuously displacing a connected isotropic submanifold
AL _, which is embedded into the zero level set of A(z) according to the Hamiltonian
system (4.1). Moreover, let Sy be a generating function of the differential 1-form p'dq —
d(p'q)/2 constrained on the isotropic submanifold AY ™!, then the solution S, of the
following ODE problem

S.+[2,2]/2=0, S.|—0=8p € C®(AL_|,R) (5.4)

is also a generating function of that differential 1-form constrained on the Lagrangian
submanifold A. Now, only the amplitude function A, remains to be determined. As
in the classical WKB analysis, we introduce the projection P(z) from $ to E(z) and
derive the following equation independent of A; , from Equation (5.3),

P(z)T1A, =0, VzeA. (5.5)
In the vectorial case, the Equation (5.5) is more complicated to deal with than in the

scalar case. In the next section, we first introduce some useful results on the difference
between the Hamiltonian H(z) and A(z).
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5.1. Some useful results. We introduce a new term H(z) which measures the
difference between the Hamiltonian and the scalar one A(z), i.e.,

Given any smooth function B(z) defined in a neighborhood of A with B(z) € E(z), we
have

H(2)B(2) = [H(2) = A(2)] B(=) = 0.
By differentiating the above equation with respect to z, we have

VH(2)B(2)+H(2)VB(z) =0, (5.6)
V2H(2)B(2)+VH(2)V'B(2)+VB(2)VI H(2) + H(2)V?B(2) =0.
Since
P(2)H(2)=P(2)[H(z) = A(2)] =0,

applying the projection operator P onto (5.6) and (5.7) yields

P(2)VH(z)B(z)=0, (5.8)
and
P(2)V2H(2)B(2) +P(2)VH(2)VIB(2) + [P(z)vﬁ(z)vfs(z)r:o. (5.9)

5.2. Simplification of the Operator P(z)T3. Recalling the definition of T}
in (4.8), we make the following decomposition.

1
T1B(z)= 5tr [HZ(iI— J)V2H(z)] B(2)+diva [IL,(J—iI)VH(2)B(z)]
1
=tr [IL. (il — J)V?A(2)] B(z) +diva [IL.(J —1I) VA(2)B(z)]
1 . -
+5tr {Hz(il— J)V2H(z)} B(z)+divy |[IL(J —iI)VH(2)B()
= Dl + DQ,
where [y refers to the second line, and [y refers to the third line.
We notice that [J; is exactly the expression of T} in the scalar case, which can be
simplified as (4.10), i.e.,
1 .
00, = 5tr [IL. (i + J)V2A(2)] B(2) + B(z), z€A. (5.10)
To simplify [y, we perform a direct computation and obtain
diva [HZ(J—if)vﬁ(z)B(z)]
—tr [Hz(Jf iI)vT(vH(z)B(z))] +diva [IL (J —il)] VA (2)B(2). (5.11)

Applying the projection operator P onto Equation (5.11) and recalling (5.8), we know
that for all z € A, it holds that

P(2)diva [HZ(J_iz)vﬁ(z)B(z)} —P(2)tr [HZ(J_iI)vT(vﬁ(z)B(z))] .
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By applying (5.9) and the above result, we arrive at

P(2)0, :P(z)%tr [HZ(iI— J)VQH(Z)] B(z)—P(2)tr [Hz(iI— J)vf(vﬁ(z)zs(z))}
—tr :Hz(iI— J) (—P(z)v2ﬁ(z)5(z) - 2P(z)vﬁ(z)vTB(z))}
—tr :HZ(iI J) <[P(z)vﬁ(z)vTB(z)} ' P(z)VﬁI(z)VTB(z))}

—tr n (Jp(z)vﬁ(z)vfs(z) +P(z)vH(z)vTB(z)J)}

—r :HZ{J,P(Z)VET (z)VTB(Z)}} :

In the above, {A,B}=AB+ BA denotes the anti-commutator. For any FE(z)-valued
smooth function B(z) defined on the phase space R?Y, let us introduce the following
matrix-E£(z)-valued operator L as

LB(z)=P(2)VH(2)V'B(z). (5.12)

With this operator introduced, we then have
P(2)0s = %tr . {J, L} B(=).
Combining the above with Equation (5.10) yields
P(2)T1B(2)=P(2)B(z) + %tr [IL. (i + J)V?A(2)] B(2) + %tr (I{J,L})B(z). (5.13)

5.3. Derivation of amplitude equation. In order to express P(z)T1A, in
the form of (5.13), we first prove that L is well-defined as a pointwise map from F(z) to
E(2)2N*2N e, a matrix with entries belonging to E(z). To be precise, suppose that
A, € E(2) with a representation A, =02bs(2), where {bg (2)}5=, forms a smooth basis

for E(z). Here and hereafter, the Einstein summation convention is adopted. Let o (z)
be any smooth extension of o in a neighborhood of z. We have

L(o®(2)bs(2)) = P(2) VH(2)V' (07 (2)bs(2))
=P P(2)VH(2)VTbg(2),

which is independent of the choice of extension.
Next we show that the action of L on E(z) is independent of the choice of basis of
E(z). Given another smooth set of basis functions {bg(2)}5_, of E(z), we know that

there exists a smooth family of invertible matrices (c§(2)) such that bs(z)= cj(2)by (2).

Suppose that A, =2bs(2) is a new representation, and B(z) is any extension of A,
under this new set of basis functions, we have

=0)P(2)VH(2)Vb,(2) = LB(2).
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Thus L is well-defined as a pointwise map from E(z) to E(z)2V*2N_ As a result, the
Equation (5.13) holds for the leading order amplitude function A, € E(z),

P(2) A + %tr (I (G + J)V2A(=)] A, + %tr(Hz{J,L})AZ —0, (5.14)

Using (- , -) to denote the inner product of Hilbert Space $) and setting

Ma,5(2) = (ba(2),bs(2)),
w, =tr [ (1I+J) 2)\(2)]
Wa,5(2) = (ba(2),b ( )) = (ba(2), Vbs(2) JVA(2)),
Lap(2)=(ba(2), VH(2)V'bs(2)),

the amplitude Equation (5.14) is equivalent to the following ODE system

1 1
7w2Ma,ﬁa§+§tr[HZ{J,Laﬁ}}af:o, (5.15)

Mo 568 +Wo ot + >

where II, = QQF, Q:C’(CTC)_%. Omitting the higher order terms in (5.1), we derive
a first-order asymptotic approximation of the solution u® through the following integral
on the Lagrangian submanifold A, i.e.,

U%—WKBZ/AZ¢Z,sdez- (5.16)
A

6. Well-prepared data for time harmonic problem

In this section, we discuss the details on numerical computation of the time har-
monic problem (2.4) with well-prepared WKB-form incident value given on an incident
submanifold Aﬁv ~1. Since for all ze R*N, H(z) is a self-adjoint operator with compact
resolvent. This means that H(z) has countable eigenvalues {\,(z)} and their associated
eigenspace sets are { F,(z)}. But not all the eigenspaces are suitable to give an incident
value on and not all the WKB functions can be chosen as an incident value. They must
satisfy some necessary conditions.

6.1. Compatible conditions.  Suppose A(z) is a specific eigenvalue such that
the corresponding zero level set forms a submanifold of dimension 2N —1 in the phase
space. The Cauchy data for the vectorial wave Equation (2.4) are prescribed on a
connected submanifold I" of dimension N —1 in position space as follows:

uf(x)=Ar(x)expliSi(z)/e], z €T, (6.1)

where Aj(x) € C§°(T,H) and Sy(x) € C°(T',R). Additional requirements should be im-
posed on I', S7(x), A;(x) and other quantities. We will clarify this point in the sequel.
First we intend to seek a local WKB solution associated with the A-submanifold,

u® () =[A(x) +O(e)]exp[iS(x) /e]-

As revealed, the phase function S(z) should satisfy the Hamilton-Jacobi Equation (3.4).
Confined to I', we have

VS(x)=VrSi(z)+ViS(x), zel.
Substituting the above into (3.4) yields
ANz, VrSi(z)+VES(z)) =0, z€T. (6.2)
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Since T has a codimension of 1 in R and VrS;(z) is determined by S;(z), the above
equation is actually a (generally) nonlinear algebraic equation with respect to VS (z).
We assume that T' and S; are specified in a way such that there exists at least one
smooth family of solutions. Note that such kind of family might not be unique, and
different families typically correspond to different traveling wave modes.

By specifying the traveling wave mode, we derive an initial isotropic submanifold
Aﬁv ~! in the phase space

AT ={(gp) eR*Y [ p=VrSi(q)+ Vi S(q), g€T}.

Obviously, Aﬁv ~! is a graph submanifold. To ensure the existence of a local WKB
solution, we need to assume that a local continuous displacement of Aﬁv 1 by the M-
Hamiltonian flow forms a local graph Lagrangian submanifold. A sufficient condition
for this to be valid is the transversality of the velocity field to I'. This means that for all
(¢;p) EA?PI, the velocity V,A(g,p) has a nonvanishing normal component. Note that
Aj(x) should lie in the eigenspace E(z), so the third compatible condition is

Ar(qr) € E(aripr), Y(arspr) €AY

6.2. Initial phase and amplitude for E-WKB solution. To determine the
first-order E-WKB asymptotic solution (5.16), we need to specify the initial phase and
amplitude function on the initial isotropic submanifold AIIV ~1. By Theorem 4.1, we have

S.=S1(q)—p'q/2, Va=(q;p) €AY, (6.3)
and
1 .Op N-1
A, =det™ 2 I—la—q Ar(q), Ve=(g;p) e A7 . (6.4)

0
Therefore, to determine A, on the initial submanifold, we need to compute ap for all

9q
z EA? ~1. Let y be a coordinate of ', which is also a coordinate of the graph manifold
A]IV_ . Then (y,t) forms a coordinate for the Lagrangian submanifold A. As defined in
(4.2), we have

Thanks to the Hamiltonian system (4.1), it holds that

0 15)
- =[qva<q;p>},

y;t) [0y
Op {8}9 }
y;t) oy 1 (@)
This leads to
o _ 81_7 L) —VU, zeAV L (6.5)
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6.3. First-order E-WKB approximation. After determining the initial
isotropic submanifold Aﬁv ~! and the initial data functions A., S, and C [\n—1, we will
I

derive the following E-WKB asymptotic solution in the global (y,t) coordinates
R / A5 . det(CTC)dyt. (6.6)
(y,t)eT xR

Until now, we have obtained evolution equations for rays, moving frames, phase
function and amplitude functions, see (4.1), (4.9), (5.4), (5.15) respectively. These
equations consist of the following ODE system from which we can compute the E-WKB
approximate solution.

= JVA(z),
C=JV2\(2)C,
S.+[z,2]/2=0, (6.7)

1 1
Mo 365 +Wa g0t + §sza,5af + §tf(Hz{Ja Lag})of =0.

The initial condition is specified on A?] ~1as

Z‘tZO = <(II7PI) S A§V717
C|t:() == C‘A?’*M

Sz‘t:OZSzL/\;V*U

U?|t:0:US|A§V—1~

7. Numerical tests

In this section, we apply the E-WKB analysis to vectorial Schrédinger equation and
2-D Helmholtz equation to check the effectiveness of our method. There are three main
steps in the E-WKB analysis. First, we formulate the problem in the canonical form
(2.4) and derive the eigen-pair A(z) and E(z) for the Hamiltonian H(z). Second, we
choose incident data which are of WKB form defined on an N —1 dimensional manifold
' in the position space. The last part is to solve the ODE system (6.7) and compute
the integral (6.6) on the Lagrangian submanifold. In both the examples, a first-order
convergence rate of the asymptotic error is demonstrated, even beyond the caustic
points.

7.1. Vectorial Schrédinger equation. In this subsection, we consider the
vectorial Schrédinger equation

i€ 0 u = u
U — — ——
ot 2 Oz
where the potential is prescribed as

z? cos2r —sin2x
Viz)= 9 T (—sin2:c —cos?:z:) :

+V(z)u=0, (7.1)

The initial data are specified in the WKB form

uy(z) =exp(—16(z —2)%)exp (“”2> ( oS T ) (7.2)

6e —sinx
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In order to apply the theory developed in this paper, the time evolution problem
is transformed into a time harmonic one by regarding ¢ as a “position” variable. By
introducing the dual variables of z and ¢ as p and 1, we can rewrite the Hamiltonian

7i€giii2+x72 cos2x —sin2zx
ot 2 0xz2 2 —sin2z —cos2x

as Weyl quantization of the following vector valued function defined in phase space

P*+¢ cos2q —sin2q
2 —sin2q —cos2q /"’

H(q,t,p,n)=n+
The eigen-pairs of H are

2 2
A=t ? ;rq L b+<cosq>’

—sing
2., .2 .
. pT+q B __(sing
A_=n+ 5 1, b_= (cosq)’

which represent two separate energy surfaces. Since the initial vector (7.2) is parallel
to by, the solution is constrained on the top energy surface, i.e., Ay, during evolution.
Then rays are traced by the Hamiltonian system associated with A :

More explicitly, if we introduce the hidden temporal variable as 7, we obtain

dq dp dn
_— = t = _— = — =U.
ar P Tdr & ur 0

In particular, for initial point (qo,0,po,70), the exact solution of ¢ can be expressed as
q(7) =qocos(T) +posin(r). (7.3)

Next step is to determine the incident submanifold A; in phase space, which should
be of dimension 1. We truncate the support set of the incident data (7.2) as T'=[1,3].
Then we obtain the parameterization of the incident submanifold Af

5q2
A1={(q,t,pm)lq€F, t=0, p=q/3, n=—9—1},

where p is determined by phase at t =0, i.e., S;(z) =22/6 and 7 is obtained by solving
local WKB solution from the Hamilton-Jacobi equation
VQSI + q2

)\+(q7t7v’s’1an):n+f+1:0

It is remarkable that for py=¢qo/3, and 7=7 —tan"13~1.89, we have ¢(7)=0, which
means that all rays concentrate over ¢g=0 at 7. The ODE system is formulated as
follows. For rays and frames, we have

2=JVAi(2),

C=JV2\,(2)C,
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with initial data specified as

q e o L q/3
_ 0 _ (% oz _| 0 1 (U
zZf = q/3 5 C[— ( aq 87‘)_ 1/3 —q —(V> (74)
—5q2/9—1 —10¢/9 0

For phase and amplitude, they satisfy the following governing equations
S. +[2,2]/2=0, (7.5)
1 1
O"z + <b+,VTb+ JV)\+>0'Z + §tr [Hz (ZI+ J)VzA_A,_] (o + gtl‘ (HZ{J,L}) 0,= 0, (76)

where

Viby = (9gbs Otby Opby Onby),
I, =Cc(Cctc)~1cf,
Lij=(b+,0;(H —A4)0;b4), i,j€{1,2,3,4},

with 01 =0,, 02 =0y, 03=20,, 04 =0,,.

g e
A ® 107 F|lA >

102

Relative Error
Relative Error

o

)

U—u
I I between reference solution 4 and E-WKB solution u®. They

Fig. 7.1. Relative error

[lall
are measured in L? and L™ at t=1 (left) and t=3 (right). The numerical solutions are computed

with 5:10’2/2’C with k=0,1,--- 4.

By (6.3)-(6.4), the initial data for phase and amplitude are specified as

8.=Si(g) - 551 =0,

o, =exp(—16(g—2)2)det 2 (I —iVU '), z€A;.

In the numerical implementation of E-WKB method, T is discretized equidistantly into
200 nodes, and the ODE system (7.4)-(7.6) is solved by the classical Runge-Kutta
method, with At=2x 1073, The relative error is computed in domain [—5,5] between
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the E-WKB approximate solution and the reference solution which is computed by
operator splitting spectral method. Both L? and L norms are chosen to demonstrate
the error convergence. As is demonstrated in Figure. 7.1, at t=1 and t=3, the E-
WKB approximate solution converges at an order O(g). Caustics have no effect on the
performance of our algorithm.

7.2. Helmholtz equation. In this numerical experiment, we consider the 2-D
Helmholtz equation,
AP(z)+w?P(z)=0, zcR? (7.7)

with prescribed incident pressure

H (wr)

Pznc(x) = .
HP ()

r=lx|. (7.8)

The total pressure field has an analytical expression

x:M r=|x
(z) 59 () |z,

where H(g2) stands for the second kind Hankel function of order 0, Jy is the first kind
Bessel function of order 0.

Although (7.7) is a scalar equation, and can be solved by the scalar-type E-WKB
method introduced in [19], we can transform (7.7) into the following vectorial form

_P—ieV.-U=0,
—U—-i.eVP=0,

where e =w™!. The above system is equivalent to the general vectorial wave equation
(2.4) with

_ i
= (P;U), H:[pl fl].

In this experiment, we are interested in the following eigenpair of H,

;
Ag,p)=Ipl—1, b={lp| p1 p2]".

Therefore, we assume that the incident wave propagates inward and is proportional to
b. Moreover, the incident surface is assumed to be I'={z||x| =77} and the Lagrangian
submanifold lies in A(q,p)=0. As a result, we obtain the formulation of the 1-D initial
submanifold,

Ar={(q1,92,p1,p2)|q1 =r1cosb, go=r7sinf, p; =—cosh, py =—sinf, =[0,27]}.

Thus, we derive the parameterization of the incident surface as well as the representation
of the tangent space,

rycost —rrsinf —cosf
| rrsinf |0z 0z| | rrcosf —sinf| (U
T —cosh |’ 1o ot| | sin 0 AV )

—sinf —cost 0
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Since p= (—cosf, —sinf), we choose Sr(x) = —|z| so that p=V.S;(¢). In order to rewrite

the incident pressure (7.8) into the WKB form, we solve for the amplitude from the
following vectorial equation with the help of the assumption that the incident wave is

proportional to b,
( U )—AI(QL')exp<E , xel.

Note that the first entry of b is |p| =1, as is required by the Hamilton-Jacobi equation
Mz, VS1(z))=0. Then, we obtain

o Ho(wr) (—iSi(a)
AI( )_ H(gQ)(w) p( - )b

By (6.3)-(6.4), we obtain the initial values of phase and amplitude on Aj:

SzzSz(q)—qu/2=—%I,

@) i ) (7.9)
O_Z:HO(2§CU7"I) exp( lSI(q))det_Q(I—iVU_l), ZGAI.

Hy™ (w) <

The final two steps of the E-WKB method are to solve the ODE system (6.7) with
initial data (7.9) and compute the integral (6.6) on the Lagrangian submanifold.

A 2

n'all e
S
103
2
©
[0) 1
©

10
103 102
€
u—u®
Fia. 7.2. Left: Pressure field with w=>50, r; =2. Right: Relative error u between the

lla].
ezact solution @ and the approzimate one ut. The norms are chosen as L? and L™ respectively.

The left of Figure 7.2 shows the numerical solution for pressure field. In this case,
all rays gather at the origin, which results in greater pressure there. In the right picture
of Figure 7.2, we demonstrate a first-order asymptotic convergence rate of the relative
error between the approximate solution and the exact one when measured in L? and
L°° norms.
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8. Conclusion

In this paper, we perform the E-WKB analysis to linear vectorial wave equations in
the high-frequency regime. The new procedure based on the E-WKB form is parallel to
the classical WKB analysis, but remains valid even in the case of the caustic problem.
Compared to the local WKB analysis developed in [19], first-order approximate solution
is obtained in a more comprehensive way in this paper. It is hoped that high order
approximations can be derived via the E-WKB analysis.
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