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Abstract

We propose a renormalization process of a two phase WKB solution, which is based
on an appropriate surgery of local uniform asymptotic approximations of the Wigner
transform of the WKB solution. We explain in details how this process provides the
correct spatial variation and frequency scales of the wave field on the caustics where
WKB method fails. The analysis has been thoroughly presented in the case of a
fundamental problem, that is the semiclassical Airy equation, which arises from the
model problem of acoustic propagation in a layer with linear variation of the sound

speed.
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Chapter 1
Introduction

High-frequency wave propagation in inhomogeneous media, has been traditionally
investigated employing the method of geometrical optics. Not only it is used to draw
a qualitative picture of how the energy propagates, but also to evaluate the wave
fields quantitatively. However, geometrical optics fails either on caustics and focal
points where it predicts infinite wave amplitudes, or in shadow regions (i.e. regions
devoid of rays) where it yields zero fields. On the other hand, formation of caustics
is a typical situation in optics, underwater acoustics and seismology, as a result of
multipath propagation from localized sources. Indeed, even in the simplest oceanic
models and geophysical structures (see, e.g. Tolstoy and Clay [TC], Chapt. 5, and
Cerveny, et.al. [CMP], Chapt. 3, respectively) a number of caustics occur, depending

upon the position of the source and the stratification of the wave velocities.

1.1 Caustics and phase-space methods

Mathematically, caustic surfaces are envelopes of rays. Physically, these surfaces are
distinctive in that the field intensity increases on them sharply as compared with the
adjacent regions. The rise of field is best of all seen at the focal points where all the
rays corresponding to the converging wave front intersect.

In his classical book Stavroudis [Sta] has remarked that in contrast to rays and

wave fronts, the caustic is one of the few objects in optics that can be observed in
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reality. This remark emphasizing the role of caustics, of course, has its own range of
validity, and it is true only to the point that in the close vicinity of caustics, one can
observe or measure a concentration of the field. Is the caustic real in the above sense
in all situations, i.e., is the effect of field buildup on a caustic appreciable enough
for instruments to reveal, separate and identify the caustics? This question may be
answered with heuristic criteria. A caustic may be deemed real, i.e., observed or
recorded, if the amplitude on the caustic is at least a few times the mean field value
elsewhere and the near-caustic zones of adjacent caustics do not completely overlap.
Some other conditions of practical character like, noise should not be high, resolution
and sensitivity of the instruments should be sufficient, should be satisfied.

Moving across a caustic gives birth or annihilation of a pair of rays at a time, and
this discontinuous variation of the number of rays across a caustic is qualified as a
catastrophe. This new and fruitful approach to caustics, developed only in the recent
years, allows a universal classification of the typical caustics (see, e.g., [KO1]).

From specific examples allowing exact solutions, it has been known that the phase
of the wave fields change by —7/2 upon touching a smooth (nonsingular) caustic,
and by —m after passing a three-dimensional focus. However, a universal rule on the
additional phase shift at a caustic has been formulated only in the comparative recent
works of Maslov ([Mal], [Ma2]) and Lewis [Le], although the germ of the idea goes
back to Keller [Kel]. The formulation is based on the stationary-phase approximation
of certain diffraction integrals, and it finally leads to the notion of the so-called Maslov
trajectory indez, in the general case of multiple caustic reflections.

Because the wave amplitude predicted by geometrical optics is infinite on the caus-
tics, as a result of ray convergence, geometrical optics is inapplicable within a close
neighborhood of the caustic, as actual wave fields are always finite. However, available
exact and approximate solutions for certain canonical wave problems involving caus-
tics in the high-frequency limit, indicate a substantial concentration of energy near
a caustic. This phenomenon is more profound within a finite region which is usually
referred as caustic zone or caustic volume. The rigorous estimation of the size of this
zone should rely upon delicate uniform asymptotic expansions of certain canonical

diffraction integrals associated with the particular caustic, but for the moment only
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heuristic estimations leading rather to qualitative than to fully quantitative results
exist. A very important feature is that the rays cannot be adequately resolved in the
caustic zone, and therefore we can draw the general conclusion that within any caustic
zone, no physical device is capable of separate determination of ray parameters. In
this sense, in that caustic zone, rays loose their physical individual properties, though
they continue to play the role of the geometric framework for the wave field.

From the mathematical point of view, formation of caustics and the related mul-
tivaluedness of the phase function, is the main obstacle in constructing global high-
frequency solutions of the wave equation. The problem of obtaining the multivalued
phase function is traditionally handled by resolving numerically the characteristic
field related to the eikonal equation (ray tracing methods), see, e.g. [CMP]. A con-
siderable amount of work has been done recently on constructing the multivalued
phase function by properly partitioning the propagation domain and using eikonal
solvers (see, e.g., [Ben|, [FEO]).

Given the geometry of the multivalued phase function, a number of local and
uniform methods to describe wave fields near caustics have been proposed. The local
methods are essentially based on boundary layer techniques as they were developed
by Babich, Keller, et.al. (see, e.g., [BaKi|, [BB]). The uniform are those which exploit
the fact that even if the family of rays has caustics, there are no such singularities
for the family of the bicharacteristics in the phase space. This basic fact allows the
construction of formal asymptotic solutions (FAS) which are valid also near and on
the caustics. For this purpose two main asymptotic techniques have been developed.
The first one is the Kravtsov-Ludwig method (sometimes called the method of relevant
functions). This method starts with a modified FAS involving Airy-type integrals, the
phase functions of which take account of the particular type of caustics. The second
one is the method of the canonical operator developed by Maslov. The construction of
the canonical operator exploits the fact that the Hamiltonian flow associated with the
bichararcteristics generates a Lagrangian submanifold in the phase space, on which
we can “lift” the phase function in a unique way (see, e.g., [MF],[MSS],[Val]).

Although uniform caustic asymptotics have been widely used by the acoustical

and seismological community (see, e.g., [CH1], [CH2] and the references cited there),
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the problem of the limits of applicability of uniform asymptotic expressions has not
been completely resolved yet, as it has been observed by Asatryan and Kravtsov
[AsK] who attempted to give a qualitative answer. Note also that apart from their
importance in the qualitative description of wavefields near caustics, the Kravtsov-
Ludwig solutions have been also proved useful for numerical computations through

appropriate matching with geometric optics far away from the caustics [KKM].

1.2 The Wigner-function approach

A relatively new technique to treat high frequency dispersive problems is based on
the Wigner transform of the wavefunction, whose basic properties (i.e. the relation
of its moments with important physical quantities, as energy density, current density,
et.al.), make it a proper and extremely useful tool for the study of the wavefield.
Wigner function is a phase space object satisfying an integro-differential equation
(Wigner equation), which for smooth medium properties can be expressed as an
infinite order singular perturbation (with dispersion terms with respect to the mo-
mentum of the phase space)of the classical Liouville equation. At the high frequency
limit the solution of the Wigner equation equation converges weakly to the so called
Wigner measure [LP] governed by the classical Liouville equation, and this measure,
in general, reproduces the solution of single phase geometrical optics.

We should note at this point that there does not exist, up to now, either some
systematic theoretical study of the Wigner integro-differential equation (except the
results of Markowich [SMM] for the equivalence of Wigner and Schrédinger equations).
This is due to fundamental difficulties of this equation, which is an equation with
non-constant coefficients, that combines at least two different characters, that of
transport and that of dispersive equations. The first character is correlated with
the Hamiltonian system of the Liouville equation (and the classical mechanics of the
problem), and the second with the quantum energy transfer away from the Lagrangian
manifold of the Hamiltonian system, but mainly inside a boundary layer around it,
the width of which depends on the smoothness of the manifold and the presence or

not of caustics.
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Moreover, in the case of multi-phase optics and caustic formation, Wigner measure
is not the appropriate tool for the study of the semi-classical limit. In fact ut has
been shown by Filippas & Makrakis [FM1], [FM2] through examples in the case
of time-dependent Schrodinger equation that the Wigner measure (a) it cannot be
expressed as a distribution with respect to the momentum for a fixed space-time point,
and thus cannot produce the amplitude of the wavefunction, and (b) it is unable to
“recognize” the correct frequency dependencies of the wavefield near caustics. It was
however explained that the solutions of the integro-differential Wigner equation do
have the capability to capture the correct frequency scales. It must be said here that
a numerical approach based on classical Liouville equation has been developed, as an
alternative to WKB method, in order to capture the multivalued solutions far from
the caustic. This technique is based on a closure assumption for a system of equations
for the moments of the Wigner measure (essentially by assuming a fixed number of

rays passing through a particular point) (see, e.g., ([JL], [Rul], [Ru2]).

1.3 The present work: Renormalization of WKB

solutions

In the present work we employ Wigner transform as a tool for the renormalization of
WKB solutions near caustics (wignerization). More precisely, we consider the funda-
mental example of the semiclassical Airy equation, whose two-phase WKB solution
fails at the caustic (namely the turning point of the Airy equation) due to the di-
vergence of the geometric amplitudes. We show that the combination (“surgery”)
of appropriate asymptotic approximations of the Wigner function in various areas of
the phase space leads to an approximate Wigner function which recovers the correct
semiclassical (Airy) amplitude in a spatially uniform way. Moreover, the interaction
mechanism between the two geometric phases (realized as the two branches of the
folded Lagrangian manifold) is investigated by thoroughly analyzing the structure of
the stationary points of the corresponding cross Wigner integrals and their asymptotic

contribution in the Airy structure. Note that for our particular examples, it happens
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that the asymptotics of the Wigner function leads to the exact Wigner transform of
the semiclassical Airy function, which confirms the validity of the proposed wigner-
ization. It should be emphasized that the proposed renormalization process has many
similarities and it has been inspired by the so-called quantization processes (see, e.g.,
Nazaikinskii et al [NSS]), since we can consider the WKB solution as the “classical
object” and the constructed approximation of the Wigner function as the “quantum
object”. It is then interesting to observe that in the full high-frequency limit the
approximation of the Wigner function, the quantum object, gives us back the WKB
solution, that is the classical object.

The structure of the work is the following. In Chapter 2 we present the technique
of geometric optics(WKB solutions) and the method developed by Kravtsov & Lud-
wig. We also analyze the propagation of plane acoustic waves in a layer with linear
variation of the reafraction index, we construct the WKB and Kravtsov-Ludwig solu-
tions and we explain how the semiclassical Airy eqaution bounces out of this model.
In Chapter 3 we introduce the Wigner transform, we review its basic properties and
we also present in details Berry’s construction of the semiclassical Wigner function.
In Chapter 4, which is our main contribution, we construct the asymptotics of the
Wigner transform of the WKB solution of the semiclassical Airy equation and we
make some remarks on the stationary Wigner function and the possibility of gen-
eralizing our process in problems with more complicated refraction indices as well
in two-dimensional propagation problems where folds can also appear. Finally, in a
series of four appendices we briefly append basic results for the uniform stationary
phase method and the idea of the parametrization of the Lagrangian manifold used

by Kravtsov and Ludwing in the derivation of their asymptotic formula.



Chapter 2

Geometrical optics

2.1 The WKB method

We consider the propagation of n-dimensional time-harmonic acoustic waves in a
medium with variable refraction index 7(x) = ¢o/c(x), ¢y being the reference sound
velocity and ¢(x) the wave velocity at the point x = (x1,...,2,) € M, where M is
some unbounded domain in R?. We assume that n € C*°(R%) and 7 > 0. The wave
field u(x, ) is governed by the Helmholtz equation

Au(x, k) + K*(x)u(x, k) = f(x), x€ M, (2.1)

where Kk = w/cy is the wavenumber (w being the frequency of the waves) and f is a
compactly supported source generating the waves. We are interested in the asymp-
totic behavior of u(x, k) as k — oo (i.e. for very large frequencies w) , assuming that
X remains in a compact subset of M. Note that the asymptotic decomposition of
scattering solutions when simultaneously |x| and & go to infinity is a rather compli-
cated problem, as, in general, the caustics go off to infinity. This problem has been
rigorously studied in Vainberg [Va], when M is a full neighborhood of infinity and
n =1 for |x| > 1y, 19 being a fixed positive constant, and by Kucherenko [Ku] for
the case of a point source (i.e., f(x) = §(x)) , under certain conditions of decay for

n(x) as |x| — oo .
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For fixed x > 0 there is, in general, an infinite set of solutions of (2.1), and
we thus need a radiation condition to guarantee uniqueness (cf. [CK] for scattering
by compact inhomogeneities, and [Wed] for scattering by stratified media). This
condition is essentially equivalent to the assumption that there is no energy flow from
infinity, which in geometrical optics is translated to the requirement that the rays
must go off to infinity (cf. [PV], [Ca]).

Definition We say that

un(x, k) = "5 N (ir) T A (x) | (2.2)

(=0

where the phase S and the amplitudes A, are real-valued functions in C*°(R%) | is a

formal asymptoptic solution (FAS) of (2.1), if it satisfies the asymptotic equation
(A + w*P(x))un(x, k) = O(k™™) , & — 00, (2.3)
with N; — oo as N — oo, in a bounded domain |x| < a, a being a positive constant.

According to the WKB procedure, we seek a FAS of (2.1) in the form (2.2). Substi-
tuting (2.2) into (2.3), and separating the powers (ix)~“ ¢ =0,1,... , we obtain the
etkonal equation

(VS(x))* = () , (2.4)

for the phase function, and the following hierarchy of transport equations

2V S(x) - VAy(x) + AS(x)Ag(x) = 0 , (2.5)

2V S(x) - VA (x) + AS(x)Ay(x) = ~AA,_1(x), £=1,2,... (2.6)

for the principal and higher-order amplitudes, Ay and A, , respectively.
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2.2 Rays and Caustics

A standard way for solving the eikonal equation (2.4) is based on the use of bichar-
acteristics (see, e.g., [Ho|, Vol. I, Chap. VIII, and [Jo|, Chap. 2). Let H(x,k) be the

Hamiltonian function

1
H(x.k) = 5 (K —n’(x)), xeM, keR", (2.7)
corresponding to the Helmholtz equation (2.1), where k = (ky, ..., k,) is the momen-
tum, conjugate to the position x = (1, ...,x,) .

The associated Hamiltonian system reads as follows

dx

dt vk (Xu ) )

dk

= = ~VxH(xk) = n(x) - Va(x) . (2.8)

Here, since we deal with a time-independent problem, ¢ is simply a time-like parameter
which parametrizes the trajectories. For k = V4 S(x) , we see that H(x,k) = 0 gives
just the eikonal equation (2.4).

Let now Ay be a manifold of dimension n — 1 in R" ,
Ao ={x=x00), 0=(0y,....0,_1) €Uy C R"'}.
For t = 0 we specify on Ay the following initial conditions
x(0) =xo(0) , k(0) =ko(0) , 0€lo, (2.9)

for the Hamiltonian system (2.8), and for this reason, in the sequel, we refer to A as
the initial manifold (from which the bicharacteristics depart).

Also, we assume the initial conditions
S(x)=50(0), Ai(x)=aq0) for x=x0(0) €y, (2.10)

for the phase and the amplitudes, Sy() , a;(6) being given smooth functions on the
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initial manifold Ag . Note that kq(f) must satisfy the condition

2
[ ko(6) * = (n(x0(0)))", %0 € Ay, (2.11)
for the eikonal to be satisfied also at ¢t =0 .

Definition The trajectories {x = x(¢,0) , k =k(¢,0) , t € R, § € Uy} which solve
the initial value problem (2.8), (2.9), in the phase space R are called bicharac-
teristics, and their projection {x = x(¢,0) , t € R, 0 € Uy} onto RY are called

rays.

The initial manifold Ay evolves under the Hamiltonian flow defined by the bicharecter-

istics to the manifold
Ay = {(x(t,0),k(t,0)) , 6 € Uy, t >0} .

Obviously, since k = VxS , the bicharacteristics lie on the manifold H(x,k) = 0 ,
thanks to the eikonal equation, and therefore A; is a subset of the constant-energy
manifold H (x,k) = 0 for any ¢ > 0 . Moreover, in order to the eikonal to be satisfied
for t = 0, it must be kg = VxSp(x) and therefore Ay has the important property
that it is a Lagrangian manifold in the phase space R (see, the book by Maslov
& Fedoryuk [MF] for a detailed introduction to the theory of Lagrangian manifolds
and its relation to the construction of asymptotics, and also the expository paper by
Littlejohn [Lit]). This property remains invariant under the Hamiltonian flow, and
therefore A; remains Lagrangian for all t > 0 .

Also, in the sequel, we will assume that that ko(6) is nowhere tangent to Ay in
order to the (non-characteristic) Cauchy problem for the eikonal equation have a
smooth unique solution for small ¢ (see, e.g. Courant & Hilbert [CH], Vol. II, Chap.
IT).

Now, using the first equation of the Hamiltonian system (2.8)

dx
— =k = « 2.12
7 ) (2.12)
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we see that S satisfies the following ordinary differential equation

dS(X)_ dx dx o
7 = VS o _kdt = k|* =n"(x) . (2.13)

Integrating the last equation along the rays, we obtain the phase

S(x(t,0) = Su(6) + [ "2 (x(r, 0))dr (2.14)

The solution of the transport equation (2.5) for the principal amplitude Ay along
the rays, is obtained by applying divergence theorem in a ray tube 7; . Assuming that
Ay is finite and non-zero, the transport equation (2.5) is rewritten in the divergence

form

V- (A’VS) =0, (2.15)

and integrating on the ray tube T; with boundary 07, = ¥y U ¥o; U Y, , we have
0= [ V.(A42V8)dTl = / A(VS - 7) dS (2.16)
T, Ty

where 7 the unit outer normal vector on the boundary 97; of T; , and dX is surface
element.

Now, since the rays have the direction of V.S | that is, the rays are perpendicular
to the wave fronts S = const. , the vectors 7/ and VS are orthogonal on the lateral

boundary Yy of the ray tube, and we therefore obtain

0:/8 AX(VS - D) dE = /Eag(vs-ﬁ)dzﬁ [ A(VS 7).,
Tt 0 t

- —/ @g\ko\dzo+/ Aok T . (2.17)
Yo P

Then, we have
—ag|ko| dg + Ao?|k| d¥; = 0 (2.18)
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that gives
kol d¥y o
A2 = o2&l o _ g 2.19
TR I SR (2.19)
where
J= a0 = 20 bt ) = ger 2400) (2.20)
— YT D00y AT ) '

is the Jacobian of the ray transformation (¢,60) — x(t, ) (see, e.g., [BB], [Zau]).

Therefore we derive the principal amplitude

Ao(x(t,0)) = (2.21)

where Ay(x(t = 0,0)) = ap(#) is the amplitude at the point x = x((#) on the initial

manifold Ag .

Remark An alternative way to derive the formula (2.21) starts form the Liouville

formula [Ha]

d, D(t,0) <0k 028
a4 _ _ — AS 92.22
dt " D(0,0) ;axi 2 0a? (2.22)
which, since D(0,6) =1 , implies
d
—1InD(t,0) = AS . (2.23)
dt
From the transport equation (2.5) we have
—AS = EVS VA
-1 0
and since
d 2 dAy 2 dx 2
—nAl="2""= = —VA,-VS
T I TR P b T M
it follows
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Then using (2.22) we get

d d
—InA?=——InD
g Ae = g PO

which after integration on the interval (0,t) leads to the formula (2.21) for the prin-

cipal amplitude.

The higher-order amplitudes can be also derived by integrating the hierarchy of
transport equations (2.6) in a similar way.

The transformation
(t,0) — x(t,0) ,

is one-to-one, provided that the determinant of the Jacobian

Ty, .oy )
It,01,....0, 1)

D(t,0) = det

is non-zero. Note that D(t,#) is non-zero since we have excluded the possibility of
the characteristics to be tangent to Ag at ¢ =0 . But even if D(t =0,0) # 0, D(t,0)
and therefore J(t,0) , it does not necessarily remain non-zero for all ¢ . Whenever
J = 0, it can happen that (¢,0) may be non-smooth or multi-valued functions of
x, and the rays may intersect, touch, and in general have singularities, although the
bicharacteristics never develop such singularities in the phase space. Then, the phase
function S = S(x(t,#)) may be a multi-valued or even a non-smooth function. It must
be emphasized that in the neighborhoods of the singular points we cannot choose the

coordinates x,...,x, as local coordinates.

Definition The points x = x(¢,6) at which J(¢,0) = 0 , are called focal points,
and the manifold generated from these points, that is, the envelope of the family of

the rays, is called caustic.

It follows from (2.21), that the principal amplitude Ay blows up on the caustics.

However, it is known that solutions of the Helmholtz equation are analytic away
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form source points and it is therefore the WKB procedure for constructing the (FAS)
which fails to predict the correct amplitudes on the caustics. From the geometrical
point of view, this non-physical blow up of the amplitude at the caustic is associated
with the diminishing of the ray tubes there (the ray tube cross section ¥; vanishes
whenever the ray touches the caustic), and it is clearly a consequence of the way of
solving the transport equation by integrating along the rays. In fact, a boundary layer
analysis [BaKi], [BuKe| shows that the ray structure breaks down near the caustic,
and within a boundary layer the modal structure of the wave field is dominant, which
makes therefore impossible to separate the waves approaching the caustic from those
leaving from it. However, uniform asymptotic solutions which will be considered in
the sequel, show that it exists considerable energy concentration near the caustic,
which makes it detectable, but the field is spatially finite but strongly increasing with
increasing frequency.

Asymptotic methods for calculating finite fields on the caustics have been devel-
oped by Kravtsov [Kra], [KO] and Ludwig [Lu] (the method of relevant functions)
and by Maslov [MF](the method of the canonical operator). Although the two meth-
ods have been developed along different lines, they are both essentially based on the
symplectic properties of the Lagrangian manifold A; . We will briefly present the
Kravtsov-Ludwig technique. A relatively recent way to treat high frequency prob-
lems is based on the Wigner transform of the wavefunction, whose basic properties
(i.e. the relation of its moments with important physical quantities, as energy density,
current density, et.al.), make it a proper and extremely useful tool for the study of
the wavefield. Wigner function is satisfying an integro-differential equation in phase
space, which for smooth potential functions can be expressed as an infinite order
singular perturbation (with dispersion terms with respect to the momentum of the
phase space), of the classical Liouville equation.

At the high frequency limit, the solution of Liouville equation converges weakly to
the so called Wigner measure [LP], which for relatively smooth initial phase functions
Sp produces the solution of single phase geometrical optics. But in the case of multi-
phase optics and caustic formation, Wigner measure is not the appropriate tool for

the study of the semi-classical limit, because as is shown through examples for the
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time-dependent Schrodinger equation by Filippas & Makrakis [FM1], [FM2] (a) it
cannot be expressed as a distribution with respect to the momentum for a fixed
space-time point, and thus cannot produce the amplitude of the wavefunction, and
(b) it is unable to “recognize” the correct dependencies of the wavefield from the
semiclassical parameter € near caustics. This is a property that the solutions of the
integro-differential Wigner equation do have.

We should note that up to now, there does not exist either some systematic
theoretical study of the Wigner integro-differential equation (except the results of
Markowich [SMM] for the equivalence of Wigner and Schrodinger equations), nei-
ther some method for constructing solutions or their representations. This is due to
fundamental difficulties of this equation, which is an equation with non-constant co-
efficients, that combines at least two different characters, that of transport and that
of dispersive equations. The first character is correlated with the Hamiltonian system
of the Liouville equation (and the classical mechanics of the problem), and the second
with the wave energy transfer away from the Lagrangian manifold of the Hamilto-
nian system- mainly inside a boundary layer around the manifold- the width of which

depends on the smoothness of the manifold and the presence or not of caustics.

2.3 The Kravtsov-Ludwig technique

2.3.1 Motivation and heuristic foundation

The idea of obtaining global high-frequency solutions of the Helmholtz equation (2.1)
by the method of relevant functions, is to replace (2.2) by integrals of the form (see,
e.g., the classical paper by Ludwig [Lu], the modern approach by Duistermaat [Duil],
[Dui2], also the book by Guillemin & Sternberg [GS])

u(x, k) = (;—K) : / eI A(x,€)dé, xEMCRY, €€ZCR:. (2.24)

T =z

where the phase S(x, ) and the amplitude A(x, §) must satisfy the eikonal equation
(2.4) and the transport equation (2.5), respectively, identically with respect to &.
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Here, the term global solution means that the integral representation holds uniformly
away and on the caustics.

The integral (2.24) can be regarded as a continuous superposition of oscillatory
functions of the form (2.2). The underlying physical motivation is the fact that in
every small region in which the refraction index of the medium can be approximately
considered as constant, and the wave front as plane, the field can be represented as
a superposition of plane waves Ae*® . where the local amplitude 4 and the local
wavenumber V.S vary slowly in transition from one region to the next.

The phase S(x,£) parametrizes the Lagrangian submanifold A, generated by the
corresponding Hamiltonian flow, in the sense that A, is locally represented by (x, k) =
(x, VxS(x,€)) . In the language of microlocal analysis, the representation (2.24) de-
fines a Lagrangian distribution on A, which for large s is an asymptotic solution
(compound asymptotics) of the Helmholtz equation (see the book by Guilllemin and
Sternberg [GS] for a detailed but rather technical exposition of this technique). In
this sense, the construction of an asymptotic expansion in the form (2.24) is “equiva-
lent” with the construction of the Lagrangian submanifold A. Near caustics S(x, ) is
a multivalued function and, in general, it cannot be derived by integration along the
bicharacteristics by simply applying (2.14). Representation formulae for the phase
function S(x, &) are constructed, for each caustic which is generated from the particu-
lar ray system (different caustics may appear for the same Hamiltonian with different
initial data), by appealing, in general, to the methods of singularity theory (see, e.g.,
[AVH]). For a simple fold caustic this construction is relatively simple, and we briefly
present it in the next section.

First of all, in the case of single-phase geometrical optics, we can take S(x,&) =
d(x)—&* . Then, 9¢S(x,£) = —2¢ , and there is only a simple stationary point £ = 0.
By the standard stationary phase lemma (see, e.g., [BH|, p. 219), the oscillatory

integral (2.24) reduces asymptotically to (2.2). If there are more than one simple
stationary points §;(x) , that is, 0:5(x, {;(x)) = 0 and 8§S(X, €;(x)) # 0, we obtain
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the asymptotic expansion
=7 ,
u(x, k) ~ > Af(x)e i) (2.25)
j=1

Here

Sj(x) = S(Xv fj(X)) ) (226)

solve the eikonal equation (2.4), and

. i (14 sgn02S(x.£:(x A(X,f(x))
Al (x) = T (1+sm025(x6,00) J , (2.27)
VIS (x, &(x))

solve the zero-order transport equation (2.5).

Note that the existence of many stationary points &;(x) , j = 1,---,J for some
fixed point x, means that from this point pass J rays, and S;(x) , A}(x) are the phase
and the amplitude computed by integrating the eikonal and the transport equations
along the j—th ray passing from x. The summation in (2.25) extends over all the
rays, a fact which implies that the principal asymptotic contribution to the wavefield
is just the superposition of the individual geometric (WKB) wavefields, and there no
significant interference effects between these waves. However, the above picture is
not valid whenever 075(x,&;(x)) = 0 , i.e. for the stationary points of multiplicity
greater than one. In this case, a modified stationary phase lemma ([BH], p. 222, [Bor],
[CFU]) must be applied in order to obtain the correct expansion. The appearance of
many stationary points which coalesce, is associated with the formation of caustics
and the interference effects between the local geometrical waves cannot be ignored,
thus making the modal structure of the wavefield important within a boundary layer

adjacent to the caustic.

2.3.2 Phase functions for smooth caustic (folds)

We start by stating and briefly describing the proof of the following basic proposition
which can be found in the book by Guillemin & Sternberg ([GS], p.431, Proposition
6.1).
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Proposition 2.3.1 Near a smooth caustic (fold), the phase function has the form

3
S, 8) = 600) + &000) — & (225)

and the amplitude admits of the decomposition
A(x,€) = go(x) + Er(x) + h(x,€) (p(x) =€) (2.29)

where h(x,€) is a smooth function, and p(x) — &* = 9:5(x, €) .
Substituting (2.28) and (2.29) into (2.24), integrating the first two terms, and
estimating by the standard stationary phase lemma the contribution of the third

term, we obtain the following uniform asymptotic expansion

w(x) = V2rkieT e ) <go(x)Ai (—ﬁ%p(x)) + ik T3 gy (x) Ad (—H%p(x))> +O0(k™),
(2.30)

K — 00 , where Ai(-) is the Airy function.
Now, by inserting the asymptotic expansions of the Airy functions for large neg-
ative arguments (see, e.g., [Leb]) into (2.30), we find for kK — oo and p # 0 , the

following geometrical-optics expansion of the field

u(X) = % ((go(x) + 9 (X) p(X)) Pieiﬁq>+(x)+(go(x) — 01 (X) p(x)> p%einé_(x)Jr%r)
(2.31)
where ,
D (x) = 9(x) £ 502 (x) . (2.32)

In order to define the Kravtsov-Ludwig amplitude and phases ¢, p, go and g;, we
apply the so-called asymptotic matching principle, which states that the expansion
(2.31) must coincide with the WKB expansion

u(x) = Ay (x)e™ 5+ 4 A (x)e™5-09 (2.33)
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away from the caustic and for large frequencies. This principle implies that

%(gax)m(x) o)) = A, (2.34)
= (60— 90 o)) 2 = A ), (2.35)
and
P (x) = Su(x) | (2.36)
and therefore we obtain
Go(x) = %<A+<x>—m_<x>>, (2.37)
_ ot .
90 = L2 (A0 +id () (2.38)

and

2/3
a@:a&®+sgnam;@p«%&®_sgw . (2:39)

Note that near the caustic, from any point M near the fold pass two rays (see
Figure 2.1). The subscript (—) (respectively (+)) indicates the ray which arrives at
M directly from the initial manifold (respectively, after “reflection” from the caustic),

and Ay are the principal geometrical amplitudes A along the (%) rays.

initial manifold

fold

Figure 2.1: Initial manifold, rays € caustic



CHAPTER 2. GEOMETRICAL OPTICS 20

The geometrical amplitudes AL (x) solve the transport equations (2.5), and ac-

cording to (2.21) they are given by

Ay(x) = , (2.40)

where 64 = 01 (x) are the values of the parameter at the initial manifold corresponding
to the rays (£) passing from M, ag(f+) are the corresponding initial amplitudes, and
Ji(x) are the values of the Jacobian at the point x calculated along the (+) rays.
The value of the square root /Jy is given by the formula /JL = m ¢'27* where
v, =1 and 7~ = 0 . Note that 4 is the Maslov trajectory index, and it counts the
number of tangencies of the rays with the caustic along their course from the points
Xo(04 ) on the initial manifold to the point M. Moreover, the geometrical phases Sy (x)
can be computed by integration along the rays according to (2.14).

On the basis of the asymptotic formula (2.30), Ludwig [Lu] has drawn the following
qualitative picture of the wave field near the fold:

i) At points in the illuminated zone whose distance from the caustic is small compared

1
3 -

with li_%, the predictions of geometrical optics are correct to order —
i) The intensity of the field on the caustic is large but finite (of order x8).

iii) In the shadow zone there is an illuminated strip (penumbra) of width of the order
k5 . It must be emphasized here that WKB method fails to predict any penumbra
as the shadow zone is devoid of classical rays.

It is finally interesting to note that we can construct the equations satisfied by the
functions ¢, p, go and g; entering the Kravtsov-Kudwig formula (2.30). For this, we
substitute this formula into the Helmholtz equation (2.1), and we ask for the equation
to be asymptotically valid for large x. This procedure leads to the following system

for the Kravtsov-Ludwig phases

(Vx0)* + p(Vxp)* = n?(x) | (2.41)
Vo -Vep=0. (2.42)

The system for go, g is rather complicated and it is given in [Lu], [KO].
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2.4 Example: Plane wave incident on linear layer
We consider the two-dimensional Helmholtz equation
AU(x) + kg (2)U(x) =0, x = (y,2)

in a linearly stratified medium occupying the strip 0 < z < h, with refraction index

(see Figure 2.2)

n°(z) = po + 1z

which increases with depth z (py > 0).

A plane wave of the form
Ul(y, h) = exp(iroysin )

arrives at the boundary z = h, with angle ¥ (0 < ¢ < 7/2) with respect to the

vertical direction z.

(=) (v.2) (+)

caustic

Figure 2.2: Caustic for a linear layer

For this medium, the Hamiltonian function is
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1
H(ya Z, kya kz) - 5(‘k|2 - nQ(Z))a k = (ky? kz)

and the equations of the rays are given by the Hamiltonian system

Yook ) =¢

% = k., z(0)=h

% = 0, ky(0)=mnysiney
Do B (0) = —mpcose

Solving the above system, we find the parametric equations of the rays

z = %tQ — ot costp + h

Yy = f—i—notsinw .

The Jacobian of the ray transformation is given by

1 ¥ % 1 Ha
t ot
= = ——t+mnycosy) ,
Mo COS Y g—zf g—z‘ Mo cos¢( 2 )

and it vanishes on the caustic given by

1
ze=h — —1702 c052¢ .
1

22

(2.43)

(2.44)

(2.45)

(2.46)

From the equations of the rays (2.44), and for any given point (y,z < h), we find

two values of the parameter ¢, that is

ti(2) = %(UOCOS¢+\/7]0200821/)‘1‘#1(2—]1)),
t-(z) = %(nocosw—\/n026082w+u1(z—h)),

(2.47)

(2.48)
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and the corresponding initial positions

§iy,2) = y— %770 Sin¢[ﬁo cos ) + \/7702 cos? P + iy (2 — h)} ; (2.49)

€02 = y——msind[meost = otz —1)] . (250)

This means that from every given point (y,z), at the times t. pass two rays
emanating from the points £&. on the illuminated boundary z = h. Note that for
z=2z.,we have t (z.) =t_(z.) =: t. .

Using now the equation (2.14) we compute the phase function

S = [ )+ 5(0), 20)

= [0 — pma(r))dr + 56 )
1

_ ml mmcost,

D 5 + (o + prh)t + noésine |

and substituting the values of t, ,t_ | &, , £ | we obtain the geometrical phases

6(40 + puh)(a — ) + 60%3 — do® — 25°

Si(y,2) = — m + no&ysiney , (2.51)
S.(5.2) = ~ 6(po + pah)(a + ﬂ;u: 60%3 — 40® +25° E_sint (2.52)

where
a=—ngcosty , (= \/7]02 cos? Y + pi(z — h) . (2.53)

Using the equations (2.39), we compute the Kravtsov-Ludwig coordinates (modi-
fied phases)

2 :
o(y) = 3—/“773 cos” 4 + oy sin ¢ (2.54)

and L2
p(2) = () (@ lz=h)). (2.55)
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The Jacobians Jy along the two rays passing from the point (y, z), are given by

1

_ 2 a2 _
Jy o cos¢\/n0 cos? Y + pi(z — h) (2.56)
1
2 02 _
J_ ” cos¢\/n0 cos? Y + py(z — h) (2.57)

and the corresponding principal geometrical amplitudes are

~1/4
A, = —i(nycos w)l/Z {ng cos® 1 + i (z — h)} / , (2.58)
~1/4
A_ = (gycosip)? [17(2) cos® 1 + py (2 — h)} / (2.59)
Therefore the modified amplitudes (2.37) are given by
. 1 1/6
go = —iV/2(ng cos w)m(—) , g1 =0. (2.60)

M1

It is then easy to check that the Kravtsov-Ludwig formula coincides in the layer
0 < z < h with the analytical solution of the Dirichlet boundary value problem in
the half space z < h. In fact, by separation of variables we look for solutions of the
form U(y, z) = exp(ikpysiny)u(z) , and it follows that u(z) satisfies the ordinary
equation u”(2) + k2(po + p12z — sin? 1) u(z) = 0 which using the changes of variables
Z = po+ iz —sin®¢ and z = Ze'/® | € = (u1/ko)? , is transformed to the Airy
equation

cu’ (z) + 2u(z) =0, z€R. (2.61)

In the sequel we are interested for the high-frequency regime, that is when € is
small, and we study as a model problem the geometrical optics of the semiclassical

Airy equation (2.61).
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2.5 Geometrical optics for the semiclassical Airy
equation

According to the WKB method we are looking for asymptotic solution of the semi-

classical Airy equation
Eu(z) +ou(zr) =0, r€R (2.62)

in the form
u(z) = A(z) eS(@)/e

where S(x) is a real-valued phase and A(z) is the complex-valued principal amplitude
(from now on we drop the subscript in the principle amplitude Ag), solving the eikonal
equation

(S'(2))? =x (2.63)

and transport equation (2.5), respectively.

The Hamiltonian (2.7) is given by
Lo
H(z, k)= §(k — ), (2.64)

and the corresponding Hamiltonian system (2.8) has the simple form

dx dk
—H =k, 2=
k ) dt

ar _ _H, — 2.
o (2.65)

1
5 -
We assume that the rays are launched from a point source at x = x¢, where xy > 0,

therefore (2.65) must satisfy the initial conditions
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Solving the system (2.65) with the above initial conditions we obtain the bichar-

acteristics
w(t; o, ko) = t2/4 + kot + mo ,  K(t; w0, ko) = £/2+ ko . (2.67)

Now for constructing the rays, since ko must satisfy the condition H (zg, ko) = 0,

we have kg = & /Zo . The positive sign (ko = +./7g) corresponds to the ray

TRt 10) = 12 /4 + t\/T0 + T0 (2.68)
moving from z, towards = +o0c , while the negative one (ky = —/Z¢) to the ray
wp(t;mo) = t2/4 — t\/z0 + 20 (2.69)

moving from zy towards the turning point z = 0 (which is the caustic of the problem
as we will see in the sequel).

The Jacobian of the right-moving ray xp is

0
Jr(t; o) = % =1+1t/2\/70 , (2.70)
0

and it is always positive. However, the Jacobian of the left-moving ray x, ,

T (t; 7o) = g% —1-1/2\/10 (2.71)
0

vanishes for t = t. := 2,/xy corresponding to xp(t.;;2x9) = 0 . Therefore, z = 0 is
the caustic for the left-moving ray and it coincides with the turning point of the Airy
equation.

We now observe that for any z > zy the equation zg(t;29) = = has the single
solution tr = 2(\/x — \/Tp) , while for 0 < & < x the equation z(t; z¢) =  has two

solutions

= 2(/To - Va), L =2+ Va) (2.72)
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and the corresponding values of the Jacobian Jy, are

I A S R (2.73)

Vo V%o
The arrival time ¢_ and the Jacobian J_ correspond to the ray left-moving ray
from the source, while ¢, and J, correspond to the ray reflected from the caustic
z=0.
Moreover, using the formula (2.14) and imposing the condition that the geometric
phase of the rays emitted from the source must vanish at the source point (see Avila
& Keller [AK] for a detailed analysis of the geometrical optics with point sources),

we obtain the geometric phases

2 2
Sy(z) = i§x3/2 + gxg/Q , O<o <y, (2.74)
and )
Sr(z) = (VI — 2y/x0)° + x8/2 , T > T . (2.75)

3

Note that Sg(zg) = 0, S_(z9) = 0, that is the rays emitted by the source
satisfy the Avila-Keller condition, while Sy (z9) = —xo/ for the reflected ray and
Sy(x=0)=5_(z=0)= 227"

Concerning the geometry of the ray system, obviously the bicharacteristics (2.67)
lie on the Lagrangian manifold A = {(x,k) : @ = k*} since k* = (t/2 + ko)* =
x4+ (k§ —20) =« , and for k = S% p(x) we have in fact H(x,k) =0 (see Figure 2.3).

The principal amplitudes A (z; zo) of the WKB waves along the rays in the region
0 < & < xg are found from (2.21) using the corresponding values of the Jacobian, and

they are given by

1/4 1/4
(%)) Qo (7)) QoL

A—:\/(]—_: Y7 A+:\/i:_l Z1/4

Then, the multiphase WKB solution in the region 0 < x < xg is given by

(2.76)
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Figure 2.3: Lagrangian manifold for the semiclassical Airy equation

u%/VKB(‘I) _ A+eiS+(x)/e+A_eiS_(x)/e

1/4 ;12,3/2 - i12,3/2 _ _;12,.3/2
= gy T3 (—zx Vigheze™™ 4 g temicg® ) (2.77)

Here «q is the WKB amplitude of the wave at the source and it is equal to ap =
e~1/4251/2/2 . This value follows from the asymptotics of the fundamental solution
of the semiclassical Airy equation which are presented in Appendix A, in particular
by comparing (2.77) with (D.5). The same value would be derived by applying the
Avila-Keller technique for the WKB approximation of fundamental solutions near the
source point.

Finally the Kravtsov-Ludwig solution is found from the formula (2.30). To apply
this formula we compute the Kravtsov-Ludwig coordinates (2.39) and the modified
amplitudes (2.37),

o) = (S + 5 () = Sail® (2.78)
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5 2/3
oz) = [Z (S+(a:) L5 (x))] . (2.79)
and
Go(e) = =@ (A4 0) —id (@) = ——= e (280)
V2 ! ) V2 " '
1 .
nl@) = = P (@) (A (x) +iA (2)) =0 . (2.81)
Then the KL uniform solution in the region 0 < x < z is given by
¢ /2 —im/2(, —1/4 12232\ _1/6 4. ol
U, (z) = wt/2emi/ (xo e'cs%o )6 /Az<—€2?> (2.82)

and it coincides with the fundamental solution (D.4) derived in Appendix D.
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Wigner functions and its

asymptotics

3.1 The Wigner transform and basic properties

For any smooth complex valued function v (z) rapidly decaying at infinity, say ¢ €
S(R) , the Wigner transform of ¢ is a quadratic transform defined by

Wil k) = Wia k) = o [ e+ D - Yyay (3.1)

™

where 1) is the complex conjugate of v». The Wigner transform is defined in phase
space R, , it is real, and it has, among others, the following remarkable properties.

First, the integral of W (z, k) wrt. k gives the squared amplitude (energy density)

of 9,
/RW(:C, k)dk = [(x)]? . (3.2)

In fact, we have
_ 1 —iky Y\ )
Wiz, k)dk = — e (x4 2)Y(x — 2)dydk
R 2 JrRJR 2

- (e oD

= [ 6w v+ -5 dy

30
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= Y(2)Y(r) = [Y()]*

31

(3.3)

where we have used the Fourier transform 6(y) = 5= [ e ¥ dk ¢ of Dirac’s measure.

Second, the first moment of W (z, k) wrt. to k gives the (energy) flux of 1,

EWi(x. k) dk =
| RW k) dk =

In fact, we have

/RkW(x,k)dk - /(i/ ke““%lk) W+ L)z —

2
_ __/5 w(x——>dy
_ 1/5(3/) (lw’( )E(a:——)——iﬂ( W(iﬁLg
i JR 2 2 2 2
_ 2%@(:5) V(@) — () ¥ () .

() (@) — D) ¥ (@) = F(a)

Y
Zyd
2)3/

(3.4)

(3.5)

The = to k duality in phase space can be recognized using the alternative definition

W(x, k) :/Reipw( k——)i(

L P
2)dp,

where (k) = 5= [ €7 1(z) dz denotes the Fourier transform of 1.

In fact, the definitions (3.1) and (3.6) are equivalent, since we have

W@w>:-i/’ﬂ@wx+§¢@——my

= / ’ky/ —iz(@+3) 1Z dz/ —iw(z—3 15( ) dw dy
o

_ %/ 6fzky/ 6fzz(x+§ &(20 dZ/ et

jw(z—

3) i(w) dw dy

R

= / / k:+ = + —) e~ HEwT ) (2)

= 2/ —i2(k+z)z i( 2k — z) dz

= [ e i k——)i( +5)dp.

(w) dz dw

(3.6)

(3.7)
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As we have explained in the previous chapter, in the case of high frequency wave

propagation, it is useful to use WKB wave functions of the form
V() = Alx) 50 (3.8)

where S(x) is a real-valued and smooth phase, and A(z) is a real-valued and smooth
amplitude of compact support or at least rapidly decaying at infinity. The Wigner

transform of ¢°(x) is the Wigner function

Wi k)= W ) = o [ e A e 0BG - dy, (3.9)
2m JR 2 2
but W (x, k) does not converge to a nontrivial limit, as € — 0 . However, it can be
shown that the rescaled version of W (z, k) , that we call the scaled Wigner transform
of 9,
W k) = 2w (2, 2) (3.10)
z, k) =-Wlz, - .
’ € "€
converges weakly as € — 0 to the limit Wigner distribution [PR], [LP]
=
2m

WOz, k) = |A(z) / e~ =@ gy = | A(2)|?5(k — S'(x)) | (3.11)
R

which is a Dirac measure concentrated on the Lagrangian manifold k£ = S'(x) , asso-
ciated with the phase of the WKB wavefunction, and it is the correct weak limit of
We (see, e.g., Lions & Paul [LP]).

Indeed, proceeding formally, we rewrite W€ in the form

1 . o . .
We(z, k) = o /Re’““y Az + %) Alx — %) et -s@-2] g

and we expand in Taylor series about = both A(z & %) and S(x £ ¢) . Then, we

have

A+ DAE-2) = (A(x) +SyA @)+ ) (A(x) — A @)+, )

= A(x) A(z) + O(e)
= [A@)]* +0(e)
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and

S(z + %) —Sa-Yy = (S(w) + %yS/(x) + %ﬁs (z) + .. )

2

’ € ”

— [ S(2) = SyS' (@) + S48 (2) — ...
(36550 10— )

= yS (z) +O() .

Retaining only terms of order O(1) in A and O(y) in S, and integrating the expansion
termwise we obtain that W¢(z, k) “converges” to (3.11).

More precisely, if ) is any test function in S(RZ%,) , then

J, J @Ry W ) dwdk — [ Q. S () |A) P

The above observations suggest that the scaled Wigner transform

1 k
Wz, k) = EW(x, E)
1 ; —e

is the correct phase-space object for analyzing high frequency waves.

3.2 Asymptotics of the Wigner function for a WKB

wave function
Consider now the (scaled) Wigner function
1 —e i
We(z, k) = —/ V(x4 0) P (x — o) e % do (3.13)
me Jr

of the WKB wave function
V(x) = A(z) 5@/ (3.14)

where we assume that A, S are smooth and real-valued, and S’(x) is globally concave.
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We want to construct an asymptotic expansion of W¢(z, k), that is the oscillatory

integral .
We(z, k) = —/ D(o,x) e eF k) g | (3.15)
me JR
where
D(o,z) = A(x 4+ 0)A(x — o) (3.16)
is the amplitude, and
F(o,z,k)=S(x+0)— S(x — o) — 2ko (3.17)

is the Wigner phase. Asymptotics of such integrals are usually constructed by apply-
ing the method of stationary phase.
For this purpose, we first compute the critical points of the phase F'(o;x, k), that

is the roots of
Fy(o;2,k)=S"(x4+0)+ S (xr—0)—2k=0 (3.18)

Figure 3.1: Berry’s chord

By the geometrical picture of Figure 3.1 (Berry’s chord construction; see the
seminal paper by Berry [Ber|), we conclude that (3.18) has a pair of symmetric roots
+oy(x, k) such that the point P = (x, k) be the middle of a chord QR having its ends
on the Lagrangian (“manifold”) curve A = {k = S'(z)} .

We observe that as P moves toward A the chord QR tends to the tangent of A
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and oo(x, k) — 0 . Therefore, the two critical points of (3.18) tend to coalesce to the
double point ¢ = 0 as P moves towards A.

In fact, we have

Foo(o,z,k) =S5"(x +0) — S"(x — o) (3.19)
and
Fooo(o,x, k) = S" (x4 0) + 5" (x — o) (3.20)
and therefore
Foolo=0,2,k) =0, F,oo(c=0,2,k)=25"(x)#0 (3.21)

which assert that o = 0 is a double stationary point of F'.

We would like therefore to apply a uniform stationary formula like that derived
in Appendix C which holds even when the stationary points coalesce. For this we
need to identify the parameter « of the uniform stationary formula, which controls
the distance between the stationary points of the Wigner phase. In order to do this

we expand F about ¢ =0,

Flo;z,k) = S()+o0S'(x) + %S”(a:) + %s'"(x) T
- (S(:U) —08'() + Z5"() - T8"(x) + ) %o

= 2(k—-95'(x))o+ %S”/(a:)UB +0(0°) .

It becomes evident that for P lying close enough to A, the parameter o has to be
identified as
a=alx,k):=k—5(x). (3.22)

Then, for any fixed  we rewrite the Wigner phase F' in the form

F(o;a,2) = Sx+o0)—8S(x—0)—20(a+ 5 (x))
= (S(x +0)—S(x—0)— 205’(3:)) —20a (3.23)
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and we have

Foolo =0;2,k) =0, F,pploc=0;2,k)=25"(x), Fyo(oc=0;a,2)=-2.
(3.24)
These are exactly the conditions in Appendix C which are needed for applying the
uniform asymptotic formula.
Then, the asymptotic formula of Appendix C (B, vanishes since D is even wrt o)

gives the following approximation of the Wigner function

We(z, k) ~ 2w Ag(z, /{3)62/3Ai(—62/3f($, k:)) (3.25)

where 2Dy (. k). 2)

__ o—1/ / Oo\T, y L
Aol k) = 271/2¢1 4‘ T (ol ) 2 ) (3.26)

5 2/3
E(x, k) = [5 (S(x +09) — S(x —0p) — QkUO)] (3.27)
and

Foolo =o00;2,k) = S"(x 4+ 09) — S"(x — 09) <0 . (3.28)

We now further approximate the various quantities entering (3.25) as a — 0 .

First of all, in this approximation

= 2(8"(x)) Y3 (k — S'(x)) . (3.29)
Furthermore we approximate

Foo(o =o00;2,k) = S"(x 4+ 09) — S"(x — 00) =~ 200(x, k)S" () (3.30)
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and since o is approximated by

oy ~ (_2Faaa Faa Q)l/Q(Faaa)il
— (<228 (@)(=2)(k — §'(x))/2(25" ()"
9 1/2
—= k— ! . ]_
(5ot -5 ) (331
when o« — 0 , we have
" 2(]{—5’(1’)) 2 "
~ —9| 2 =\ .32
Ffon ) 2008"(0) 2| B2 sy s
and then s
1/4
S (R L (3.33)
| Fyy |12 | 5"(x) | 91/2+1/3

Moreover, since D(o,; ) = D(—0p;z) , it follows
By =0 (3.34)

and using the approximation (3.29) of £, we have

1 9 1/3
Ao =5 /3<’ ) ’> D(oo(a, k), z) . (3.35)

Finally, using (3.25) with
Flo=0;2,k)=0, By=0

and &, Ap given by (3.29), (3.35), respectively, we arrive to the Airy-type approxima-
tion of (3.15),

. 92/3 9 1/3
W k) ~ 62/3<\s~f<x>\> Dlo(=, k), 2):

Az’(—i;/j <‘ S,,,Q(x) ’>1/3(/< - S’(x))) (3.36)
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which is Berry’s semiclassical approximation of W€, and we call it the semiclassical
Wigner function (of the WKB function). Note that (3.36) is an approximation of
(3.25) which holds locally near the manifold (a = k — S’(x) very small).



Chapter 4

Wignerization of two-phase WKB

solutions

In this chapter we study the structure of the Wigner transform of wave functions
whose high-frequency asymptotics are described by two-phase WKB solutions, which
is typical for wave fields around fold caustics. In order to start understanding the
related asymptotic mechanisms, we first investigate the Wigner transform of the Airy
function and its relation to the Wigner transform of the WKB asymptotic solution
of the semiclassical Airy equation.

More precisely, we first compute the exact Wigner transform W, (see (4.7) below)

of the fundamental solution
u(z) = /2 p—in/2 (1_51/461’%%9:8/2)6—1/6Ai (—5‘2/%) 7 (4.1)

(cf eq. (D.4)) of the semiclassical Airy equation. Recall that the Kravtsov-Ludwig
formula (2.82) coincides with (4.1) in this case.

In the sequel we compute the asymptotics of the Wigner transform of the WKB
approximation (2.77) of the fundamental solution, using the semiclassical Wigner
function developed in previous chapter, and we show that this approximation coin-

cides with the exact Wigner transform (4.7) below.

39
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4.1 Wigner transform of the Airy function

We start with the integral representation

1 B
Ve(x) = Ai(—e3z) = / eilF =) g (4.2)
R

T or

of the Airy function. The scaled Wigner transform W€ of ¢¢ is given by
1 —€ i
W (x, k) = — / U (z+ o) (x—0)e < do (4.3)
e JR
and therefore, if we substitute (4.2) and we put A = ¢ 2/3, we have

Wﬂ@/ﬂ(x, ]C) _ (27’(’)_3/ / ez‘%(p3_g3) €—i>\$(p—0')/ e—i(k+)\e(p+0)/2)7— dede’
RJR R

= (2n)7? 2671/3/ / ¢3(0°=0%) g=ida(p—0) 5 (p +o0+ 21{5671/3) dpdo
RJR
where Dirac’s mass is expressed through the Fourier transform

i(z) ! /Re*"’” dr . (4.4)

" or

On the support of Dirac’s mass ¢ = —(p + 2¢/3k), and p — 0 = 2(p + u) with

uw=¢e3L  so we have

0 — 0 =2p + 6up® + 12u%p + 8u® .

1/3

After some straightforward algebra, and by the linear change p = 27/°r —u , we
obtain
22/3 i 2 o-1/8 u?—2X\z )T
We ) (z, k) = —671/3/ e ( 527t (2t o) ) dr (4.5)
27 R
which by the integral representation (4.2) gives the Wigner transform of the Airy
function
€[,/,€ = A 092/3_-2/3/1.2
W k) = 377 Ai(23e (k2 — 1)) . (4.6)

Then, the Wigner transform of the fundamental solution (4.1) is given by
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1

W;h(xv k) = We[ue] (ZE, k) - 21/3¢2/3

a;gl/QAi(22/3€_2/3(k2 _ x)) , (4.7)

By employing the asympotics of the Airy function we see that in the interior of

the Lagrangian manifold z > k? W€[u] oscillates at the scale e,

1
2T

4

Weu(x, k) ~ e V2P (- k2)_1/4 cos (—(x — k)32 — E) : (4.8)

3e 4

while at the exterior of the manifold (which is connected to the shadow region) z < k?,

Weuf] decays exponentially

€f, € 1 —1/2,,-1/2/72 —1/4 _ 4 (p2_p)3/2
Weus](z, k) ~ NG e PPry (kT —x) Temn W TETT (4.9)

This asymptotic picture suggests the existence of a transition boundary layer
with thickness O(¢?/?) around the Lagrangian manifold = k? | inside which the
wave field is described by Airy structure and where most of the energy of the wave
field is concentrated.

The weak limit of W€[u¢] as € — 0, is computed by the formula

€ €

1F <E> — 5(z)/RF(y) dy, e—0, (4.10)

and, since
| Aityay =1,
R

it is given by

_ 1
WO, k) = ag 227185 (2212 (k? — 2)) = —5 6(K* — ) . (4.11)
2z,
Note that in the illuminated zone x > 0 ,
1 1
WOz, k) = ——0(k* — 1) = ——(6(k — 2V/?) + 6(k + 2/?)) | 4.12
() = 5 08 = ) 43%/2%1/2( (k=) 46k +2'),  (412)

that is, W0 splits to two Dirac masses supported on the branches k = + z'/? . This
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splitting fails on the caustic x = 0 , while in the shadow zone x < 0 the limit Wigner
WY is weakly zero since k* —x > 0 .

On the other hand we can compute the limit Wigner distribution of the (two-
phase) WKB expansion of the fundamental solution (2.77) of the semiclassical Airy
equation (cf also (D.5)),

Uiprp(t) = Ap(z) eSO L A (2) 50

1/4 ;12.3/2 . ;12.3/2 _ _;12,.3/2
_ QOxO/ elc3%0 (—Z.T 1/46263I +x 1/46 ics ) 7

By (3.11) we have the weak limits
wWelA ( iS4 (z)/e 2 </
+(x)e — [As(z) ["o(k — Si(x)), €—0.
Moreover, the cross Wigner transform

WelA, (z) e¥+@) A () 9-@) | =

=(me) ' [rA (x+0)A (x — o) ¢it (S+(+0) =S4 (@—0)=2k0) g7 (4.13)

converges weakly to zero, since following the same reasoning as for proving (3.11) by
expanding the phase and the amplitude in Taylor series wrt. o, we get in front of the
integral the oscillatory term

it (51(@) -5+ (@)

Y

which weakly tends to zero as € — 0, for S’ (z) # =S (z) .
It then follow that

Wiy gl (@ k) — | As(2) 3k — S (x) +| A-(2) [*6(k — 5" (2))

1
= (0(k —2'*) + 6(k 1/2> 4.14
s (B = H i)

and, as it is anticipated for ¢ — 0 , we derive that

WSy g (2, k) — WO (k) . (4.15)
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4.2 Wigner transform of the WKB expansion for
the Airy equation

We have already constructed the WKB solution of the Airy equation in the form
Uiyiep(r) = A (@) e 4 A () %) (4.16)

where the phases Sy and the amplitudes AL are given by (2.74) and (2.76),

2 2
Si(x) = i§x3/2 + §x03/2 ,

and

1 , 1 ,
A (z) = (_i)ix*1/4e*m/4x071/4 , A (z) = Z g VAgmin/ag —1/4

The scaled Wigner transform of ujy ;5 is given by

4

1 i 4
Wiykp(e, k) = — Z/RDe(U;»T) e Feowh) gy — > Wilx, k) (4.17)
=1

e —1

where

Wiz, k) = /RDg(a;x) et o p =14 . (4.18)

The amplitudes and phases of the above four Wigner integrals are given by

Di(o;x) = Ay(z+o0)A(r —o)
Dy(o;x) = A (v+0)A (v —0)
Ds(o;2) = A (z+0)A (v —o0)
Dy(o;x) = A (v+0)A (z—0) (4.19)
and
Fi(o;z k) = Si(x+o0)—Si(x—0)—2ko 4.20
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Fs(o;2,k) = Si(x+o0)—S_(x—0)—2ko (4.22)
Fyo;z,k) = S (x+0)—Si(x—0)—2ko . (4.23)

In the sequel we compute the stationary-phase asymptotic expansions of the
Wigner integrals Wy | using either the standard or the uniform formula according

to the structure of the stationary points in each case.

4.2.1 Stationary points of the Wigner phases

In the sequel we compute the stationary points of the Wigner phases in the illuminated
area x > 0 , since the real-valued phases Si(z) of the WKB solution have been
computed only in the illuminated region. It turns out that all real stationary points,
which give the main asymptotic contribution to the Wigner integrals, lie in the area
|o| < x in which the Wigner phases are real. Outside this area, the stationary points
are imaginary and their contribution to the Wigner integrals is exponentially small.

Stationary points of the Wigner phase Fi(o;x,k) . The critical points of
Fi(o;x, k) are given by

Fi (o;2,k) =S (x+0)+ S\ (x —0)—2k=0, (4.24)

that is
(z+0) 4 (x—0)?—2=0. (4.25)

For k < 0 we see that the phase F}(c; x, k) has not critical points since (z+0)'/? >
0, while for £ > 0 we can see that the roots of (4.24) appear in symmetric pairs. In

fact, if we set 0 = o + io; and substitute into (4.25) we have
(op — 2k*)? — 0” + 2io (op — 2k*) = 4k*(x — o) — 4k%07i (4.26)
and equating the real and imaginary parts to zero, we obtain

(op —2k*)? — o> —4k*(x — o) =0 (4.27)
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Oj0R = 0. (428)
Thus we must consider the following cases.
Case 1: 07 =0. Then, 0 = o € R and (4.27) gives

(22 — )2 =2k — x| (4.29)

which implies the restriction x < 2k? . From the last equation we find that the real

critical points of F} are
o(z, k) = £2|k|(z — E*)V? = £oo(z, k) . (4.30)

Therefore, in the region k> < x < 2k% F, has two real stationary points, the
+oo(x, k) = £2|k|(z — k?)V/? | which coalesce to o(z,k) = 0 on the upper branch
of the Lagrangian manifold z = k? . Now since

1 ([L’ + 00)1/2 — ([L’ + 00)1/2

Flaa(a = :tO'O;[E, k’) = 5 (xQ — 0_2)1/2 7é 0 s (431)
0

and
1
Fiop(c=0;2k) =0, Fiypp(oc=0;2k)= —ix*?’/Q £0, (4.32)

it turns out that the points +o¢(x, k) are simple and the point o(x, k) = 0 formatted
by the coalescence of +oq(z, k) is double. In fact, by Berry’s chord construction we
see that, as we move toward the Lagrangian manifold {(z, k) : k = 5/ (x)} the chord
tends to the tangent of the manifold, and the critical points +o( tend to the double
stationary point o = 0 .

Case 2 : g7 #0 . Then from (4.28) we have

o = £2|k|(k? — 2)Y/? |

and therefore for x < k? Fy has simple imaginary stationary points o (z, k) = +2|k|i(k*—
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x)Y/? | since in this region
Fi,5(0 = tiog;x, k) #0 . (4.33)

Stationary points of the Wigner phase Fy(o;x,k) . The critical points of F;

are given by the equation
Foy(o;2,k)=S"(x+o0)+ S (x—0)—2k=0
that is,
(z4+0)? 4 (z—0) /> +2k=0. (4.34)

For k > 0 the equation (4.34) has no solution since (z + ¢)/2 > 0. For k < 0 we
set 0 = op+io; into (4.34) and we obtain again the system (4.27), (4.28) . Therefore,
the critical points of I, are o(x, k) = +2|k|(x — k*)'/?2 = £0, , when k% < x < 2k?
and o(z, k) = £2|k|i(k*> — 2)'/? = +io, , when z < k? .

At any point (z, k) in k* < x < 2k? there exist two simple stationary points, +oy.
For fixed (z, k) moving towards S’ (z) = —+/z we see again that the critical points
coalesce to the double point ¢ = 0 . Finally, in the region < k? we have two simple
imaginary stationary points, +ioy , which again coalesce to ¢ = 0 on the lower branch
of the Lagrangian manifold z = k? .

Stationary points of the Wigner phase F3(o;z,k) . The critical points of the
phase F3(o;x, k) are given by the equation

(x4 o)? = (z—0)?—2%6=0. (4.35)

In this case we find that the solutions of the above equation are o = +2|k|(z —
k)12 = 404 for x > 2k* | and 0 = +2|k|i(k* — 2)Y/? = +io, for x < k* . By
geometrical considerations similar to Berry’s chord construction, we see that for fixed

(x,k) with x > 2k* | the stationary point is o = +0q if k¥ > 0, while if & < 0 the
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stationary point is ¢ = —o . These stationary points are always simple since

1 (2 F 00)V? + (z 4 09) /2

F3UU(O' = :|:O'0; X, k}) = E (x2 — 0_(2)>1/2 7é 0 s (436)
and | (27 ioo)V2 + (z & i) /2
FgUU(U = :EiUQ;.CE, k) = 5 7é 0. (437)

(22 + 0)1/?

Note that F3,,(c = *09; x, k) becomes infinite for z = 2k? .

Finally, it is important to observe that in this case there are no stationary points
in the region k* < x < 2k? .
Stationary points of the Wigner phase Fjy(o;x,k) . In this case the critical
points are ¢ = +0y when x > 2k? and o = +ioy when z < k? . Here, for fixed x with
x > 2k? | the stationary point is 0 = —og for k > 0, and o = +0 for k < 0 . Again,
the stationary points +0y and +ioy are simple.

For easier consideration of the structure of the stationary points, the results of

the above computations are tabulated in the following two tables, where we have set
oo = ooz, k) =2 |k| |z — Kk |V2 .

Fik | (—00, =) | (=va@,—\J2/2) | (=/x/2,\/2/2) | ({Jz/2,V7) | (V7,0

F no s.p. no s.p. no s.p. o= *toy o = Fioy
simples simples
F o = *+ioy o = +oy no s.p. no s.p. no s.p.

simples simples

Iy o = %oy no s.p. o= to, no s.p. o = tiog
simples simple simples

Fy o = tiog no s.p. o= toq no s.p. o = tiog
simples simple simples

Table 4.1: A. Stationary points between the parabolas
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Fok|k=—yz|k=—\2/2 | k=\/2/2 | k=\z
F no s.p. no s.p. o= *oy o=
simples double
F oc=20 o= *toy no s.p. no s.p.
double simples

Fy no s.p. o= —0yp o =+0y | no s.p.
simple simple

Fy no s.p. o = —+o0y o= —0g | NO S.p.
simple simple

Table 4.2: B. Stationary points on the parabolas

4.2.2 Asymptotics of the diagonal Wigner function

For constructing the asymptotics of the diagonal Wigner functions Wy , Wy , we first
observe that the asymptotic contribution to W comes from the stationary points in
the region x < 2k? | k > 0 , while the contribution to W comes from the stationary
points in the region z < 2k* , k < 0 , since there are no stationary point of the
corresponding Wigner phases outside from the above indicated regions, respectively.
We therefore consider the following two regions.

Region 1 : k? < < 2k?

Because ¢ = 0 is a double stationary point for the diagonal Wigner phases on
the Lagrangian manifold z = k? (see Tables 4.1, 4.2) we need to apply the uniform
approximation formula (3.25) of Section 3.2. .

For the integral Wy(x, k) we choose the parameter a = a(z, k) == k — /z .

Expanding Fj in Taylor series about o = 0 , we have
L 3 3
Fi(o;a,x) = =200 — e o (4.38)

and Fi (0 =0,a =0,2) = —2 # 0, and we easily see that all other conditions for
the validity of (3.25) also hold. For applying this formula, we need to compute the
unknowns &, Ag, By, and Fi(oc =0, =0,x) .
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From (3.27) we have

3/ 2

(o k) = B (Fi(ov) - Fl(—ao))] " li (45 - k2)3/2>] ST

and from (3.26) we get
Ag = 275 (2 — E2)VA(a? — 002) VA gV 2012
Since (2?2 — 0¢?)"/? = 2k® — x| we rewrite Ay in the form
Ag = 27 Pk 2 Ay T R (2K — ) (4.39)

and from (4.38) we also have Fi(c =0, =0,2) =0 .

Thus (3.25) leads to the following approximation formula of W for small e,

We(r, k) ~ 2;93,0 (%)2/3A¢<<§)2/3(k2 - x)) W () (4.40)

Similarly for the integral Ws(z, k) we choose the parameter a := k + /x and

compute that,
= 22/3(x B, Ay = 2*4/3(—k)*1/2x3/4x0*1/2(2k:2 _ x)*l/Q

and

then from (3.25) as € — 0 we have,

W5 (x, k ! 22/3A' 2\ k> W5 (z, k 4.41
iwh g =(0) A7) won)=Wien. @
Region 2 : 7 < k?

In this region the imaginary stationary points o(z, k) = +£2|kli(k* — x)V/? =
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+ioy(z, k) coalesce for x = k? to the double point o =0 .
For the integral W(z, k) , as in the case of real stationary points, we apply the
uniform stationary formula (3.25) for k£ > 0, with small parameter a := k —/z . In

this case we have

£(a, k) = E (Fitiow) - Fl(—wo)ﬂ " E (-4%(/& _ x)?’/?)] T ey

and
Ag = 273 V()42 L Fi(o=0,a=0,z) =

Thus (3.25) gives the approximation

We(a, k) ~ 2;36_0 (%)2/3A¢<<§)2/3(k2 _ x)) — e ) (4.42)

Similarly, for the integral Wi (x, k) we choose the parameter o := k++/z , with k£ < 0

and we have
E(x, k) = =223 (k* — x)
and
Ay =274 B V2(—)YV4T2 L Fyo=0,a=0,z) =

Thus (3.25) gives the approximation

We(z, k) ~ 2;36_0 (%)2/3A¢<<§)2/3(k2 _ x)) — () (4.43)

Note that the symbols Wf, W; denote the approximations of Wi¢ |, W5 in the
region x < k? | although they are formally the same with Wf, Wf which denote
the corresponding approximations in the region k? < o < 2k* with &k >0,k <0 ,

respectively.
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4.2.3 Asymptotics of the non-diagonal Wigner functions

Recall from Table 4.1 that the non-diagonal Wigner phases F3, F; have two simple
real stationary points +oq(x, k) in the region x > 2k* | and also two imaginary
stationary points +iog(z, k) in the region x < k* . Recall also that these phases have
no stationary points in the intermediate region k? < x < 2k? .

We therefore consider the following two regions and we compute the asymptotics
of W5 , Wy by applying the standard stationary phase formula since the stationary
points are simple and never coalesce to a double point due to the lack of stationary
points in the intermediate region. The resulting asymptotic formulae are

Region 1 : z > 2k?

L —1/2
€ 1To _ in/d iA (p—k2)3/2 e
Wi, h) & ~ gy (0 — B e k) (4aa)
and
€ —~ 7;5150_1/2 2\—1/4 —im/4 —id(x—k?)3/2 1€
W4([B, k) ~ W (.CL" —k ) e e 3 =: W4(.f17, k) . (445)

It is important here to observe that in the region > 2k? the non-diagonal Wigner

functions Wy , Wy are the asymptotic approximations of the expression

() () 0o )

and we can therefore substitute this expression in place of them.

Region 2 : 2 < k?

¢ __ e . —i' Py 2\—1/4 1

.[eéFg(iao)Jrifr/Q+6§F3(iao)+i37r/2_i_e%Fg(fiao)Jrifr/Q+6§F3(7i00)+i37r/2} ‘ (4.46)
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and
e _i1/2x071/2 ) . 1
€ ~ € ,: —1/4 .
Wiz, k) = Wiz, k) : 95/2,1/2¢1/2 (z” + 007 | Fuy (i00) |2
.[6§F4(iao)+i7r/2 +6§F4(wo)+137r/2 +6£F4(fiao)+i7r/2 +6§F4(fiao)+i37r/2} ‘ (4‘47)

From the last two equations we see that
WE(z, k) + Wiz, k) = Wz, k) + Wiz, k) =0. (4.48)

This means that in the region < 2k? the contribution of the non-diagonal Wigner
functions is asymptotically negligible.

It is however important to stress here that the computation of the Wigner function
in the high-frequency regime through any direct solution of the Wigner equation
which will be presented in the next chapter, would face severe difficulties because of
the (essentially cancelling) oscillations of the terms Wy , Wy which appear outside
the Lagrangian manifold.

Therefore, combining the asymptotic expansions derived in the various regions we
find that the leading order approximation of the Wigner transform Wy, 5(z, k) =
Weuly e pl(x, k) , where uy ;g is the WKB approximation of the fundamental solution

of the semiclassical Airy equation, is given for every (z > 0, k) by

Wi k) ~ Wy k LY (3 e 4.49
wip( k) ~ Wiy kg, k) = 2./70 (E) ? <E) (k" =) . (4.49)
We observe that this approximation coincides with the exact Wigner transform

(4.7) of the fundamental solution of the semiclassical Airy equation,

and it therefore is meaningful on the caustic z = 0 , in the sense that it can provide
the correct amplitude of the wavefunction there.
In the sequel, for easy reference, we collectively use the term WKB-Wigner trans-

form, for the approximation Wﬁ, KB -
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4.2.4 k—integration of the asymptotics of the WKB-Wigner
transform

The amplitude |[¢¢(z)|? of a wavefunction, for any fixed x, is given by the k— integral

of its Wigner function
@) = [ W, k) di (451)
R

and therefore, in general, for small €, we expect that
u (@) ~ | Wiy (o, k) di (4.52)
R

where WVGV kg 1s the WKB-Wigner transform.

Of course, in our particular example of the fundamental solution (4.1) of the
semiclassical Airy equation, it turns out that the integration of the WKB-Wigner
function gives the exact amplitude of the fundamental solution, as the WKB-Wigner
function coincides with the exact one.

In fact, using the formula [VS]

= o 1 2y
/ Ai(rik? + 1ok + 13) dk = — '2<—w>, r>0  (4.53)

- NG 44737,

with 71 = (2/€)%3 |1y =0, r3 = —(2/€)?/3z , we obtain

u(@)l = | 2;55_0 @)2/3/17;((%)2/3%2 _ :1:)) h = — s A(= ), (450

which is the anticipated result as the fundamental solution is given by

u(x) = C’7T1/2a:gl/46_1/614i(—6_2/3x) , C = emim/2git 3

The constant C' cannot be computed from the Wigner function. Indeed, the first
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moment of the Wigner function is

d 1 2\ 2/3 2\ 2/3
eIm(@ (@) He(x)> :/Rkwe(x, k) dk = /sz\/m_o (E) Az’((z) (k?-@) dk =0,
(4.55)
If we write u¢ in the form u¢ = a“(z) €@, then (4.55) implies that L¢¢(z) = 0,
that is ¢°(x) = const., and obviously C' = ¢,

C| = 1. However, it is possible to fix

this constant by going back to the semiclassical Airy equation.

4.2.5 The stationary Wigner equation

Along the same lines as for time-dependent Schrodinger equation (see, e.g., [LP]; also

[Tat]), we can show for the homogeneous Helmholtz equation
Eu(z) +n*(r)u‘(z) =0, z€R. (4.56)

(by formally dropping the time derivative and identifying V(z) = —n*(z)/2 in the
time-dependent Schrodinger equation), that the Wigner transform f¢(z,k) of the

wave function u(x) must satisfy stationary Wigner equation
RO [+ 1/207 (@) 0 = =1/2 Y ame®™ (i ()" ()3 (2, k) . (4.57)
m=1

Note that in the formal limit € = 0 the series disappears and the limit Wigner distri-

bution fY satisfies the classical Liouville equation
kOuf+1/2(n*(z)) Opf< =0 . (4.58)

In the special case of the Airy equation, n?(x) = z, the stationary Wigner equation

(4.57) takes the very simple form
kO, fC+1/200f =0 . (4.59)

It is important to note that in this case the Wigner equation coincides with the
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limiting Liouville equation,and we easily find that its solution is given by
f(z, k) = F(x — k?) (4.60)

where F¢(z) is an arbitrary differentiable function, which may contain € as parameter.

We observe that the Wigner transform (4.7) of the semiclasical Airy function
indeed is of the form (4.60), and therefore is a solution of the stationary Wigner
equation (4.59), as it should be. However, F'* (Airy, in our case) cannot be derived
from (4.59). This can be done either by using the x—equation derived by Moyal [Mo]
and Baker [Ba| or, alternatively, employing the so called deformation quantization
procedure; see e.g., Zachos [Zal), but we will not enter this subject here.

Finally, we must emphasize that we cannot derive a pure Wigner equation for
the inhomogeneous Helmholtz equation, because in this case the wave function itself
appears in the right-hand side of (4.57) (see, e.g., Castella et al [BCKP]; also [Za]),
and therefore the influence of a point source cannot be studied by directly solving the
stationary Wigner equation. This makes our approach of wignerization of a WKB
solution to derive a uniform solution in phase space, a promising way for constructing

solutions, or at least appropriate anzatz, for kinetic equations.

4.2.6 Remarks on the wignerization of a general two-phase
WKB solution

We first observe that in the case of semiclassical Airy equation, by using the Airy
phases (2.74),

2 2
Si(x) = igx?’/? + §x§/2 ,
the Kravtsov-Ludwig coordinates (2.39) are
232 gy
o(z) = 3%0 ¢ (x)=0 (4.61)

and

o) = [z (Su0) - 5 <x>)] R (462)
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and they obviously satisfy (2.41). Also in the case of a general smooth refraction

index n(x) , we obtain the same results since the geometric phases have the form

Se(r) =+ / P (2)dz + So(zo) (4.63)

and the whole procedure of the wignerization of the WKB solution can be repeated
along the same lines as for the semiclassical Airy equation.

In the more general case of, for example, a two dimensional problem with a smooth
caustic (fold), the Kravtsov-Ludwig coordinates ¢ arises naturally from the consider-

ation of the stationary points of the diagonal Wigner phases

Fi(o;z,k) = Si(v+o0)—Si(r—0)—2ko
Fyo;x k) = S (x+0)—S_(x—0)—2ko

since the point o = 0 is stationary when

k= %(s;(x) 8 (@) = (@)

However, the role of the second Kravtsov-Ludwig coordinate p, is not obvious before
we pass to local (tangent and normal) coordinates at the caustic, which are typically
used in boundary layer analysis (see, e.g., the detailed exposition in the book by
Babich & Kirpichnikova [BaKi]). In these local coordinates coordinates, the semi-
classical Airy equation appears again in a way quite similar with that in the model
example presented in Section 2.4., and then the proposed wignerization process can

be applied.



Chapter 5
Conclusions

We have studied the asymptotic expansion of the Wigner transform (wignerization)
of the two-phase WKB solution of the semiclassical Airy equation, combining uniform
and standard stationary phase approximations for two kinds of Wigner integrals in
various regions of the phase space (“surgery” of asymptotics).

The diagonal Wigner integrals in the illuminated zone have been locally handled
in the same way as in the derivation of the semiclassical Wigner function for single-
phase WKB functions. It turned out that this derivation holds true in regions near
the two branches of the folded Lagrangian manifold (z = k%) , which are comprised
between the manifold and the conjugate curve (xr = 2k?) , defined as the locus of
points beyond which Berry’s chord does not exist any more.

The non-diagonal Wigner integrals have been handled in the illuminated region
by the standard stationary phase formula including the contribution of two conjugate
imaginary points appearing at points of phase space at the exterior of the Lagrangian
manifold. However, although important for understanding the structure of the wigner-
ized WKB solution Wy, -5 , these imaginary points do not contribute asymptotically
to the approximation WVGV xp - On the other hand, the real symmetric stationary
points arising at points of phase space at the interior of the conjugate curve, offer
oscillatory contributions which can be recognized as the high-frequency asymptotics

of W§, , an observation which is decisive in the “surgery” of asymptotic formulae in

27
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order to show that Wﬁ, i p 1s finally expressible in the Airy form

W iep(, k) = W (x, k) = @xolmfli(?/%%g(k? — x)) :
Although the whole process has been done in the illuminated zone, all formulae can
be meaningfully extended in the shadow zone, and then they predict there the antici-
pated exponentially decaying wave fields away from the caustic. Such an extension is
plausible in the light of complex geometric optics (see, e.g., Chapman et al [CLOT],
for a recent review), and it has been probably used for first time in the works by J.B.
Keller (see, e.g., [SK]).

The analysis performed for the semiclassical Airy equation suggests how some-
one can wignerize fold caustics in two dimensional propagation, by introducing local
caustic coordinates which reveal the essential Airy structure of the problem, but the
details of such a computation are long and still to be worked out.

Finally, the observation that the wignerized WKDB solution Wﬁ/ xp Satisfies the
stationary Wigner equation (although almost trivially in our model problem), suggests
that, in the general case, the wignerized two-phase WKB solution is expected to be
a formal asymptotic solution of the Wigner equation (a fact which has been already
confirmed for the single-phase case in [FM1]), which could be a fruitful way to handle

multiphase wave-kinetic equations.



Appendix A
Stationary-phase method
Lemma A.0.1

J = / £ e dt
0
F+

o opatl
— (i) 7 TV imGrvson

e'2r
| p
where v and v are real constants, v > —1 and p is a posilive inleger.

A heuristic analysis of the leading term of the asymptotic expansion of Fourier

type integrals closely follows Laplace’s method (see also [BH]). Consider the integral

I(\) = / ’ f(t) W dt (A1)

and suppose that f € C[a,b] while ¢ € C?[a, b], real-valued function. Suppose further
that ¢ = ¢ is the only point in [a, b] where ¢'(t) vanishes and ¢”(c) # 0. We rewrite
I(\) as

I(A) = ¢ / " P (1) @060 gy

The main contribution to the integral (A.1) comes from a small neighborhood of c.

29
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Then we expect that the large A behavior of (A.1) is given by

/ T f (o) e+ @) gy
C

-

where r is small but finite. To evaluate this integral, we let

[9"(c)|A

2 ¢ (c)
) ——= A 5

9 ) :(t_c)

pur? = (t —

where = sgn¢”(c). Then the above integral becomes

VAT @I
Md) et
(c) z /\/_ i -
V1" () I\ -/ Nom@l2

As A\ — oo the last integral reduces to [0 ¢ dr, which can be evaluated exactly

o0 ipr? o ipr? irp
e dr =2 et dr = \J/me 4
—00 0

where we have used the lemma A.0.1 with v = 0, p = 2, and v = pu (recall that
['(1/2) = /7 ). Hence our formal analysis suggests that

(A.2)

27{' 1/2
I()\) ~ ei)\¢(c)+i,u7r/4f(c) [ ‘|

Alg"(c)|

as A — 0o, where pu = sgn¢”(c).



Appendix B

Sketch-proof of the Proposition
2.3.1

The idea of the proof is due to Chester, Friedman and Ursell [CFU], who worked out
the analytic rather the smooth case.

The starting point is the following lemma.

Lemma B.0.2 (Whitney’s lemma) Let f be a smooth even function on the real line.
Then, there exists a smooth function g on the real line such that f(z) = g(z?) . If f
depends smoothly on a set of parameters, g can be chosen so that it depends smoothly

on the same set of parameters.

Now, let us assume that the Lagrangian submanifold has a fold point at (xq, p,) €
M x R™ . We assume for simplicity that M C R? , and that xo = 0. Let S = S(x,¢)
on M x R be a phase function parametrizing A in the neighborhood of x; , i.e.,
(x,k =VS) € A for x near xq , and let

C= {(X> €)|a§S(X> 6) = O} 5

be the critical set of A. The caustic ¥(A™) consists of those points in C' where
0eS(x,8) = 08S(x,€) = 0. Without loss of generality, we may assume that the point

in C' corresponding to (xg, py) is the origin. Then, the following lemma holds.
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Lemma B.0.3 There ezist smooth functions vy(x) and p(x) on M, and {(x,§) on
M x R, such that
¢? a¢ 2

g—PC-HJo S, 3_§>0’ and ¢C—p=0 for (x,)e€C. (B.1)
Proof First us prove the assertion for the special case when the base manifold M, is
one dimensional (n = 1, x = ). The assumption that the origin is a fold point of C
means that

oS  0*S 0?8

#0 at x=0.
Since 2 aga # 0, we can solve for x as a function of £ on C' and let z = z(£). Since

0%S *S reey
96 (x(£),¢) + 262 (@(£),§)2'(€) =0,

on C, we conclude that 2/(0) = 0. Now since

83

e 70

we conclude that z”(€) # 0, so by a change of coordinates on R we can assume x = &*
on C. Let C'" be the part of C' where £ > 0, and C'~ be the part where £ < 0. By
the last of the equations (2.20) we have { = 4,/p on C'~. So on C" we have

—§P5 +vo = 5(§)

and on C~ we have )
gp% + vy = S(—f) .

Since p and vy are functions of x alone, we must have

9

we) = 5(5©+50-9). (o0) = (5@ -5-0) . B2

with 2 = ¢2 . The expressions on the right are both even functions of £, so vy and p?

exist by the above lemma . To show that the cubic roots of p? exists we note that
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since S’(§) = S”(§) = 0, and S (&) # 0, the Taylor series for (5(5) - S(—S))2 starts
with a non-zero term of order six. Thus p exists and is of order two with respect
to &, and of order one with respect to x. In particular, ¢ = +,/p exists on C' and
9¢ /€ # 0.

Now suppose dimM > 1. Choose coordinates (z1, ..., x,) on M, such that

)
8§8x1

£0.

For o = (o, ..., av,) , let Cy, be the intersection of C' with the line zy = o, ..., z, =
ay,. Applying the preceding argument to C,, we find functions vy®, p® and (% on
C* satisfying (2.20) and depending smoothly on a. We let vy, p; and ( be the
corresponding functions on C. Finally, we extend ¢ from C' to M x R arbitrarily.

This concludes the proof of the lemma. |

To prove the Proposition (2.3.1), let ¥(x, &) = vg(x)+ p(x)¢ () —¢3/3. From (B.1)
it follows easily that the critical set of ¢/ equals the critical set of S. Making the change
of coordinates x — x and £ — ((6,x), we get the phase function of the desired form.
The representation (2.29) follows directly from the Malgrange preparation theorem
(see, e.g., [Ho], vol. 1, Sec 7.5).



Appendix C

Uniform stationary phase

asymptotics

We consider the integral

I\ o) = /oo @) £ (1),

—00

where v > 0, A is a large positive parameter. With smooth f, for the case when the

phase function ¢ € C'™ has two stationary points, z;(«) and z5(«), which approach

the same limit zp when o« — 0. Let ¢, (21, ) < 0 and ¢, (22, ) > 0.
The standard stationary-phase approximation of (A, «) fails:
f(ai(a))erote@e) .o

- 27\ 1/2 :
e~ ()7 X T e

with 0; = sgno..(x;(«)). In our consider §; = —1,d, = 1, so we have

I\ a)=(—
( A ¢xx(x2(a)) ‘ ¢x:c(x1(a)) ‘

A — 00.

64

271-) 1/2 [f(l'g (a))e(i)\¢(xz(a),a)+i7r/4) f($1 (Oz))e(i)‘d’(xl (a),0)—im/4) N

(A )
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Assume also that ¢(z, «) is analytic for small (z — x¢) and small o > 0, we have

¢xzx 7é Oa ¢; - ¢mc - Oa ¢xa 7é 0 (02)

at x = xp,a = 0.

Under these conditions a theorem by Chester, Friedman and Ursell (“An extension
of the method of steepest descent”, Proc. Cambr. Phil. 1957, 53, 599-611) imples
that there exists a change of variable x = z(7), analytic and invertible for small

(x — o) and small « > 0, depending parametrically on «, such that

3

0(w,0) = do(a) + 5 —&(a) 7 (€3)

where ¢g(a) and £(«) are analytic functions of a.

Then, we have

I(ha) = e [~ s gy E20)

—00 dT

dr (C.4)

By a version of Malgranges preparation theorem, we have the representation

F@(m) =22 dr = A() + Bo(@)7 + h(r)(7* =€) (C.5)

where h(7) is smooth function.
Substituting (C.5) into (C.4) we have

I(\, @) = €20 [21 Ag (@) A2 Ai(— X/2€) — 2mi Bo(a) A>3 Ail (= X/3¢) + C (), )]

where

C(A€) = %/_O:O W (7)erT 378 47 — O(A=4/?3)

Integrating the integral for C as many time as we wish we obtain

I(\, @) = e [2m ANV Ai(—\2/2¢) — 2mi BAT/2 Ad' (— N3¢ (C.6)
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where
A= i}An(@)(g)”, B= i}Bn(a)(j\)n

In order to compute ¢(), () and the leading coefficients Ag(«), Bo(a) we use
the principle of asymptotic matching.
We fix o > 0 and we consider A — oco. Then the asymptotics of Ai, A7’ read as

follows

1 A L6g1/4 {€2i,\53/2/3—iw/4+e—2i/\§3/2/3+iﬂ/4} (C.7)

Ai(=X\¥3¢) ~ N

Ai’(—/\2/3§) g 2?/1_/\1/651/4 [€2i,\§3/2/3+m/4 + 622’)\53/2/3—2%/4} (C.S)
™

Substituting (C.7) and (C.8) into (C.6), we get the expression

[()\,04) ~ (%)1/2(/1061/4 _3061/4) ei)\(¢0+2§3/2/3)
m

- (5)” (A 4 Byglly N2 L o) ()

The principle of asymptotic matching requires that the expansion (C.9) must
coincide with the non-uniform expansion (C.1). Comparing these expressions, and

taking into account that ¢(z1,a) > ¢(xq, o) we obtain

bo + % €32 = p(21, @) (C.10)

bo — g €32 = (x4, a) (C.11)
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for the phases, and
Ae~VA L gel/A— 5 f(z2) C.12
Og + Og \/_ (stx(xQ, &))1/2 ( )
Age Mt~ Byttt = vz @) C.13
Og 06 \/7 ’ ¢xx(x1,04) ‘1/2 ( )
which give
1
do(0) = 5(#(a1(a), @) + d(za(0), ) (C.14)
3 2/3
&) = [ ((0(x1(a). a) = $lra(a),@)) | (C.15)
We want now to approximate {(«), o — 0%. For this we set zp = 0 (which
amounts for changing the variable z to 2’ = 2 — zo) and we expand ¢(x,«) near
(x =0, =0),

gf)(%,oé) - ¢(070) + d)a:(O?O) T+ ¢a(070) «
1

1
+ 5 d)a:a:(oao) ZL‘Q + d)a:a azr + 5 ¢aa 052

1 1 1
+ = ¢xmc(0a0) -CEB + 3 ¢xxa -TZQ + = ¢xaa 1’0&2
6 2 2
1
+ 6 d)aaa(oa 0) 053 + (4th — order terms)
1 1

1 1 1
+ 5 d)a:a:a 1'205 + 5 ¢$aa [EO&Q + 6 d)aaa Oé2

Differentiating the last equation we have

1 1

(C.16)

(C.17)
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and
Gua(T, Q) = Pz T+ Prza @ (C.18)
We compute z; (), 2 () by solving the equation (approximate eq. (C.17), O(a?))
62(2,0) = 3 Gr2el0,0) 22 + 6120(0,0) 70+ 6,(0,0) 2 = 0 (C.19)

The roots of the last equation are

—« ¢mcoz + ( gm Oé2 - 2¢xmc ¢xa 04)1/2
¢xmc
i(_2¢axa:a: ¢$a 05)1/2(¢$$$)_1

1'1,2(()[) =

Q

since y/a >> a > a? as a — 0. The assumptions ¢"(z; (), @) < 0, ¢"(xa(a), ) > 0
and equation (C.18) , for « — 01, imply that

1’1(04) ~ _(_2¢xzx ¢xa 04)1/2(¢xmc)_1 (CQO)

25(0) & +(—20000 Paa @) (Gora) " (C.21)

We also need to approximate the difference

06 = o(r1(a), a) — p(xe(a), ) = 1 beze (117 — 22%) + pa a(zy — 22) +...(C.22)

(@)

From (C.20), (C.21) and (C.22) we have (for a > 0)
[L‘13 - [L‘23 - _2(¢$$$)_3(_2¢$$$¢$a)3/2053/2

T — T = _2(¢$$$)_1(_2¢$$$ ¢:va)1/2a1/2
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and therefore
5¢ - _2053/2(¢xmc)71(_2¢mcz ¢xa)1/2
[ é(¢xmﬁ)l(_2¢xxx ¢xa) + ¢xa :|

- _§ a3/2(_2¢$$$ ¢$a)3/2(¢$$$)_2

Then, using (C.16) we obtain

52 (Z 5 ¢)2/3 ~ 2—2/3a(—2¢xa::v ¢:va)(¢$$$)_4/3

f = _21/3¢xa ¢;9014304

(€ = —¢ua ( %QM ) 71/30‘)

Going now back to (C.16) we have for a« — 07,

62(,0) 2 9(0,0) + by 20 + Tra 7

and comparing with (C.3) we obtain that as o — 07,

do(a) = ¢(0,0)

(o) = =00 (¢Z$$)1/3a
T~ —% Puze T° = T & _(qﬁzm)l/%

Also using ¢y (7, @) = ¢px(0,0) T + ¢22a(0,0) a, we have

¢mc(x1(a)> 04) - _¢mcx (_2¢mcz ¢xa 04)1/2(¢mcz)71 + ¢xwa (6%

Q

_(_2¢xmc ¢xa 04)1/2

69

(C.23)

(C.24)

(C.25)

(C.26)
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’ ¢II($1(Q)’Q) | ~ (_2¢xmc ¢xa a)l/Q

’ ¢II($2(Q)’Q) | ~ (_2¢xmc ¢xa a)l/Q

and

51/4 ~ (_d)a:a (¢$2$$)1/3a)1/4

70



Appendix D

The fundamental solution of the

Airy equation

We consider the semiclassical Airy equation with a point source
Eu"(z) + vu(z) = 06(x — 10), TER, (D.1)

where the constant o depends on €, and it will be defined for u¢(x) to have appropriate
asymptotics at * = +o0.

The solution of (D.1) is given by
u(x) =iom (Ai (—6_2/3:L’0) —iBi (—6_2/3x0)>6_4/3Ai (—6_2/3$) , x < xo(D.2)
u(x) = iomAi (—6*2/3330) <Ai (—6*2/3x) —iBi (—62/3x)>64/3 , x>0 {D.3)

where Ai(z) , Bi(z) are the Airy functions of the first and second kind which are the
two linearly independent solutions os the homogeneous Airy equation w”(z) —zw(z) =
0 (see, e.g. [Leb]).

We can now choose the constant o so that u(z) = O(1), as € — 0, for  — +o0.
This choice leads to the value o = —ie™"/4e.

Moreover, if we consider the solution in the region x < xy and we approximate
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the coefficient of the Airy function Ai (—6_2/ 31’), that is

o <Ai (—6_2/3ZE0) — 1B (—6_2/3ZE0)>€_4/3 ,

for small € we get the approximation
u(x) ~ 7r1/26*i7f/2( —1/4ic 25”3/2) 1/6Az( 2/31’) , (D.4)

Furthermore, invoking the asymptotics of the Airy function for small € and fixed x in
(D.4), we arrive to the expansion

' 1/4 Z1 2 3/2 / 1/4 Z1 2.3/2_2 3/
_ <%62ﬂ/4x61/2> <—Zx0— e ( +3 223 2) + ZEO_ e (3130 3% a? 2)(>)5)

1/4 /4

Therefore, we have constructed the fundamental solution of the semiclassical Airy

equation in 0 < x < x,
u(z) = iom <Az’ (—e*520) — iBi (—62/3:,;0)> VSN (e a)

which has the desired compound asymptotics at infinity, namely
u(z) =0(1), ©— +oo, €—0,

and it leads to a WKB approximation which remains O(1), as ¢ — 0 in the region
0<z<uxp.

We close this Appendix by noting that for large zy > €, we can approximate
the fundamental solution for any = > 0 by (D.4), a fact which is used in checking
the uniformization process of the WKB approximation to the Airy equation near the

caustics.
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