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Abstract

An exact solution of the homogeneous wave equation, which was
found previously, is treated from the point of view of continuous
wavelet analysis (CWA). If time is a fixed parameter, the solution rep-
resents a new multidimensional mother wavelet for the CWA. Both the
wavelet and its Fourier transform are given by explicit formulas and
are exponentially localized. The wavelet is directional. The widths of
the wavelet and the uncertainty relation are investigated numerically.
If a certain parameter is large, the wavelet behaves asymptotically as
the Morlet wavelet. The solution is a new physical wavelet in the
definition of Kaiser, it may be interpreted as a sum of two parts: an
advanced and a retarded part, both being fields of a pulsed point
source moving at a speed of wave propagation along a straight line in
complex space-time.
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1 Introduction

The wavelet analysis has a great many different applications in signal and
image processing (see [1], [2]), in physics and astronomy (see [4], [5], [6]). It is
also used for developing efficient numerical algorithms for solving differential
equations [7], [8]; however, mother wavelets are usually not associated with
the solutions of differential equations under consideration.

There is also an analytic approach to the problems of wave propagation
proposed by Kaiser [9], where the technique of wavelet analysis is developed
for the decomposition of solutions of the wave equation in terms of localized
solutions, which are called physical wavelets. They are constructed by means
of a special technique of analytic continuation of fundamental solutions in
complex space-time and can be split into two parts: an advanced fundamental
solution and a retarded one. The physical wavelet as a localized solution
of the wave equation has also been given in [10]. Applications of physical
wavelets were discussed in [L1]-[16].

In the present paper, we treat a new wavelet, which is at the same time
a localized solution of the homogeneous wave equation in two or more di-
mensions. This solution has been previously found and discussed in [17],
[18] and generalized in [19]. It was named the Gaussian Wave Packet. We
study its properties from two points of view. First, the solution can be taken
as a mother wavelet for continuous wavelet analysis if time is a parameter
and can be used in signal processing without being connected with any dif-
ferential equation. Secondly, this solution should be regarded as a physical
wavelet, i.e., it is an analytic continuation to the complex space-time of the
sum of advanced and retarded parts of the field of a point source moving at
a speed of wave propagation along a straight line and emitting a pulse that
is localized in time. It is natural to decompose nonstationary wave fields in
terms of these solutions, using the techniques of wavelet analysis.

The aim of the paper is a detailed investigation of wavelet properties of
the Gaussian Wave Packet for a fixed time and its properties as a solution
of the wave equation in view of its further application to problems of wave
propagation. For example, the decomposition of the solution of the initial
value problem for the wave equation in terms of wavelets has been proposed
by us in [20].

In Section 2, we give a brief review of the main facts of continuous wavelet
analysis in one and two dimensions.

In Section [3, we show that the Gaussian Wave Packet for a fixed time can



be regarded as a wavelet, give some estimates of it, and present its Fourier
transform. We show that both the wavelet and its Fourier transform have
an exponential decay at infinity. The wavelet has not only zero mean but all
zero moments as well.

In Section Ml we discuss the asymptotic behavior of the Gaussian Wave
Packet as some of the free parameters become large. We compare the packet
with the nonstationary Gaussian Beam [21], i.e., with the solution of the
wave equation localized near the axis. We give the Gaussian asymptotic of
it reducing it to the Morlet well-known wavelet [5].

In Section Bl we discuss the results of numerical calculations of the centers
and widths of the packet in both the space and spatial frequency domains. We
specify how fast these characteristics tend to asymptotic ones, with respect
to the Morlet wavelet. We investigate the Heisenberg uncertainty relation
for this wavelet, depending on the parameters and check how far from the
saturation it is. We also obtain results for the nonasymptotic case where
the wavelet corresponds to the solution that describes the propagation of the
wave packet of one oscillation. This case may find applications in optics. We
specify when the wavelet is directional [3] and calculate its scale and angular
resolving powers.

Section [0] gives a generalization of the above results to the case of an
arbitrary number of spatial dimensions.

In Section [, we establish an analogy between the new wavelet and phys-
ical wavelets of Kaiser [9]. We show that it may split into incoming and
outgoing parts, each solving a nonhomogeneous wave equation. As a source,
we take new one-dimensional time-dependent wavelets, moving in the com-
plex space-time at a speed of light.

2 Main formulas of continuous wavelet
analysis

Wavelet analysis is a method for analyzing local spectral properties of func-
tions (for example, see [I] - [4]). Wavelet analysis also allows one to represent
any function of finite energy as the superposition of a family of functions
called wavelets derived from one function called a mother wavelet by shifting
and scaling its argument in the one-dimensional case and also by rotating it
in the case of several spatial dimensions. By analogy, the Fourier transform



represents a signal as the superposition of oscillating exponents derived from
one exponent by changing its frequency.

2.1 One-dimensional wavelet analysis

Let us give a brief review of some basic facts concerning the wavelet analysis
of functions dependent on one variable x (for more detail, see [1] - [4], [9]).
Let a function ¢(x) have a zero mean, and let it decrease as |z| tends to
infinity so fast that ¢(z) € L;(R)[)La(R). It must oscillate to be nonzero
and to have the zero mean. We call such a function a 'mother wavelet’
because we derive a two-parametric family of functions from it, using two
operations that shift the argument by b and scale it by a:

o™ (z) = |a|11/2 o (SC - b) ’ b€ (—00,0), a€(—c0,+0). (1)
Thus any function p®®(x) from this family again has the shape of ¢, but
shifted and dilated. By means of these operations, we can ’place’ ¢(x) at
any point of the x axis and change its ’size’ to any size by the parameter
a. Then we define the wavelet transform W (a,b) of any signal f(x) by the
formula

W(a,b) = / da’ f(2') g (), 2)

where the bar over ¢ denotes complex conjugation.
One of the best-known mother wavelets is the Morlet wavelet, which is

113'2

() = exp <_Tﬂ) lexp(—ikz) — exp(—£20?/2)] . (3)

It is the difference of a Gaussian function, filled with oscillations, and a term
that provides the zero mean of ¢(x) and that is negligible if ko > 1. It is clear
from formulas (@) - (B) that |[W(a,b)|?, defined by (2)), provides information
about the frequency content of the signal f in the vicinity of the size ac
of the point b, and k/a plays the role of a spatial frequency. So we may
regard the wavelet transform as a window transform, the size of a window
changing for different frequencies. Changing the size of the window makes
the wavelet transform more precise as compared to the Window Fourier (or
Gabor) transform.



We can also reconstruct the signal f(x) from its wavelet transform W (a, b),
or, in other words, represent the signal f(z) as a superposition of elementary
signals p®*(x). Moreover, the mother wavelet used for the reconstruction
of f(x) may differ from the one used for the analysis. The reconstruction
formula looks like this

o= [ [ dwan ) ()

Csow
0

where 1)(z) is another mother wavelet, and the constant C,, reads

T pk)bk)
CWZJ_ / dk |]{Z| ) (5)

—00

where the symboldenotes the Fourier transform. If we use the same wavelet
for the transform and reconstruction, we should put ¥ (k) = @(k) and get
|@(k)|? in this formula to calculate the coefficient C\,, = C,.

2.2 Wavelet analysis in two dimensions

Wavelet analysis can also be defined for the case of more than one dimension
(see [5], [14], [15]). A mother wavelet in the case of two dimensions r = (z,y)
is a function () € L;(R?) [ Ly(R?) that has zero mean. The Morlet wavelet
in two dimensions reads

(1) = exp (—x—2 — y_2) [exp(—irz) — exp(—r’02/2)] . (6)

We define a family of wavelets from the mother wavelet, introducing rotations
as well as dilations and the vector translations as follows:

aor 1 4r—>b _ cosa —sina
et = o (M2 T2) = ( ) o

a sina  Ccos«

The wavelet transform is defined as

W(a,a,b) =/d27°'f(7°') pred(r’), v =(ay), &' =dddy. (8)

R2



Then the reconstruction formula takes the form
1 e’} d 27
f(r) = _/ _gf / d*b / da W (a, a, b) p>*P(r), (9)
Cgm,b a
0 R2 0

where

Coo= [ @k 2GR k=), dR=didi, (0

RZ

and the Fourier transform ’{/J\(k) is

(k) = /d%«w(r) exp (—ik-7),  d’r =dzdy. (11)

RQ

3 New two-dimensional wavelets

We consider a family of functions v (r) of two spatial variables x, y containing
arbitrary real parameters t, v and positive parameters p, €, 7 :

]2 (ps)” Ku(ps) .

s=+/1—1i0/, (13)

v (14)

d=x—ct + ————,
T+ ct —1e

where K, is the Bessel modified function (MacDonald’s function) [23]. The
branch of the square root in formula (I3) with positive real part is taken.
The choice of the branch of the square root in the denominator of (I2)) is
not important, for the sake of definiteness we assume that it has positive
real part. We intend to show that each of the functions from the family (I2)
is suited for the role of a mother wavelet with good properties. The same
is valid for their derivatives of any order with respect to spatial coordinates

and time.
Function (I2) has appeared in [19] in connection with the linear wave

equation
Yy — (g + Pyy) =0, ¢ = const. (15)
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If we regard the parameter t as time, formula (I2)) gives an exact solution
of (IH), which is well localized if p > 1 (see below). If v = 1, formula (I2)
yields
o) = P (=ps)
vV +ct—1e

If in addition ¢ = =, it leads to the exact solution of (I35 which was first
reported in [I7] and discussed in detail in [1§].

In this section we view 1) as a two-dimensional mother wavelet with ¢
being a parameter, ignoring that it is a solution of (IH). According to [1],
[5], this is possible, provided that the following conditions are satisfied:

(16)

/ d*r [¢(r)| < oo, / d*r |¥(r)]? < oo, d*r = dx dy, (17)

R2 R2

ie., ¥(r) € Li(R?) N Lz(R?), and it has zero mean, i.e.,

/ d*r(r) = 0. (18)

RQ

To prove (7)) we note that formulas (I3), (I4) imply that Re(s*) > 1 and thus
we get Re(s) > 1, |arg(s)| < m/4. Therefore, (I2)) has neither singularities
nor branch points for real x,y and . It is a smooth function of z,y,t, and
its derivatives of any order with respect to x,y,t are also smooth functions.
We also obtain

(x—ct)> +9y* v ((z—ct)? +y* + 2ey — 2 — 4(ct)?)
2 ¥2[(z + ct)? + 2] '

22 =1+ (19)

If z and y are large to an extent that the third term in (I9) is positive, then

_ t2 2
|S2|2> (SL’ 67)2 +y )

(20)

Hence for large = and y the Bessel modified function can be replaced by its
asymptotics, resulting in

b(r) = (ps)”;/j zqi (;w) [1 +0 (|pl_8|” . (21)




Noting that Re(s) > |s|/v/2 because |arg(s)| < 7/4, we conclude that 1(r)
has an exponential falloff and ¢ € L; [ Lo.

To check that the condition (I8]) is satisfied, we calculate the Fourier
transform of ¥ (r)

(k) = / Prap(r) exp (—ik 1), k= (keky). (22)

The calculations yield (see Appendix 1)

- ) 2v _
D) = 2w T2 [kl 4 ) 7]

£ p?

2 2vy(k+ky)
where k = |k|. The formula (23]) shows that @(k)h@:o = 0, owing the term
in the exponent containing the denominator k + k. Therefore, the function
¥ (7) has zero mean (I8). Conditions (I7)), (I8) enable 1 (r) to be a mother
wavelet.

Moreover, the following relation holds:

o | ki (k)|
D'k Oy

X exp [—(k + 1@% (k- k) ket (23)

=0 (24)
k=0
for any integer nonnegative j, u, [, and m. This condition, the smoothness
and the exponential falloff of ¢(r) mean that any derivative of 1) may be

viewed as a mother wavelet and that all the moments of the wavelet ¢ and
its derivatives vanish, i.e.,

07 (r)
2 L, m _ 2 I, m —
R? R2

This property indicates that such wavelets could be useful in singular fields
[1- 5.

The wavelet ¢ has simple asymptotics for large values of p, which is dis-
cussed in the next section. Below we present calculations of the wavelet (12)
and its Fourier transform (23)) for moderate values of p when no asymptotics
can be applied. It should be mentioned that the wavelet (I2) represents a
wave of one oscillation when ,/p ~ 1 (see Figures[I],[2). This case is applicable
in optics in the case of propagation of short pulses.

8



Yy xz

(a) Plot of the real part of ¢(r).
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(b) Plot of the Fourier transform (k).

Figure 1: An example of the new wavelet and its Fourier transform for p =
0.5, e =1, v=0.25.
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(b) Plot of the Fourier transform (k).

Figure 2: An example of the new wavelet and its Fourier transform for p =
1, e=16, v=0.5.
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4 Simple asymptotics of the wavelet

In this section, we study asymptotic properties of the Gaussian Wave Packet
when the parameter p is large. First we note that we can replace the Mc-
Donald function in (I2) by its exponential asymptotics (see [23]) and then
we get (1)) for any x,y,t if p > 1. To prove this, we show that Re(s) > 1,
then Re(ps) > p > 1, which provides that |ps| > 1 and the exponential
asymptotics is suitable.

We intend to show first that the modulus of the exponent in (2I)) has
a maximum at the point x = ct,y = 0. Let s = a + b, then the relation
2a% = (a® — b%) + (a® + b?) yields

2[Re(s)]* = Re(s?) + v/[Re(s2)]2 + [Im(s2)]2. (26)

Hence [Re(s)]? > Re(s?), and taking into account that first

2

ey
Re(s?) =1 27
)= e+ 2 (27)
and secondly
— ct)?
22 = 1 + % (28)

which follows from () if y = 0, we get Re(s) > 1 outside the point = = ct,
y = 0. Formulas (I3)), (I4) show that s = 1 if z = ct,y = 0, which is the
point of the maximum of the modulus of exponent (2I). Hence Re(s) > 1,
next Re(ps) > 1, and the asymptotics (2I) can be used.

Now we study the behavior of the Gaussian Wave Packet near its max-
imum and show that it can be approximated by a nonstationary Gaussian
beam. Consider a domain near the point z = ct,y = 0 which is of order

x —ct 1 Yy (1) 1 1
=0(—|, —==0(—], - <a< - 29
g (p“) VEY p* 3 2 29)

We prove below that the wavelet ¢(7) has a uniform asymptotics in this
domain as p — oo :

k(x — ct)?

T }C[l%—O(p_?’O‘H)}, (30)

(1) = Yo, 7) €D [—

11



where £ = p/(27) and Ypeam is a nonstationary Gaussian beam [21], [22]

_ exp(ik0)
djboam(’ia T) - \/m’ (31>
C =p" exp (—p). (32)

To prove (30), we decompose s from ([3]) into powers of 6/~, which are
of order O(p~®) by the formula (29) and the inequality |y?/(x + ct — ie)| <
y*/e. We obtain

2

R 0 0
s = 1—29/’}/:1—’&%4-8—724—51. (33)

We insert (B3) into (2II), substituting the expression for 6 (I[4]) and the
quadratic term 62/(8v%) = (x — ct)?/(8y%) + & into it. It is easy to show
that

exp[—p(& + &) =140 (p_?"’“) ) (34)

We also note that the multiplier s* of the McDonald function in formula (I2)
has an estimate s* = 14+ O(p™®) and O(p™®) = O(p~3>™'), because we have
restricted « to the interval (%, %) The asymptotic formula (30) is proved.

Let us discuss formula (30). The intervals where (z — ct)/y and y/,/eYy
vary are small compared to unit, according to (29). However they are large
enough to ensure the exponential falloff of the function ¢ (r) on the edges of
these intervals. To clarify this we note that the exponential terms in formulas
@0), BI) are of order O(p~2**!). They tend to infinity as p — oo by our
choice of a < %

Asymptotics (B0) is expressed in terms of the field of the nonstationary
Gaussian beam peam (K, 7) [21]. If ¢ is time, peam (£, 7) is an exact solution
of the wave equation (5] with infinite energy. It is localized near the axis ox
because Re(ikf) = —rey?/[(x + ct)? + €] and the cross section of the beam
attains its minimum when = = —ct. Formula (B0]) gives the Gaussian beam
(BI) multiplied by the cutoff function exp[—r(x — ct)?/(47)]. The greater v,
the more elongated the essential support of ¢, the closer it approximates the
Gaussian beam (3TI).

Formula (B0) allows an additional simplification if v < ¢ and 2ct/e =
O(p~™@). In view of estimates (29) and the decomposition

% (Hgi;_w) - % (—z’s [1+i(x —yzt)/e + 2ict/€]>

12



2
= z’pg—7 +0 (gp_‘%‘“) +0 (p7*), (35)

the asymptotic formula ([B0) takes the form

C )2 2
Y(r) = W exp [1’1(55 —ct) - % - 2%5] [1 + O(p—?)a—i-l)]’ (36)

where
or =49%/p, ol =7¢/p. (37)

It is the Morlet wavelet (see [1], [5]) with center at the point x = ct, y = 0.
The numerical essential support of the wavelet, i.e., the points in the (z,y)
plane where 1 (7) is not negligible numerically, is an ellipse with semiaxes
proportional to oy and oy. The ratio oy /0, = 24/7/¢ rules its asymmetry.
We recall that, unlike the Morlet wavelet, the wavelet ) has zero mean and
vanishing moments of any order.

Another asymptotic formula can be obtained from the formula ([B0) if
v > € and ct/e > 1, but it is not necessarily small. This asymptotics was
found and studied in [18] in detail with the restriction v = €. It is equal to

, (x—ct)>  y* . 2ctry? C
Pl )~ exp fin(e —et) = 5 252 At 1 ¢ | (2t — i) 2

(38)

where o2 is the same as in (36]) and is given in ([37). The width of the packet

along the axis oy is a function of time ¢ and reads as o, = o} (1 + 4c*t?/€?).

This asymptotics is obtained using (B3] and decomposing 1/(x + ct — i)

inside 6 in powers of x — c¢t. The quadratic terms in x — ¢t and y are taken
into account.

5 The uncertainty relation and directional
properties

In this section, we discuss numerical properties of the Gaussian Wave Packet,
which are important for further applications of this new wavelet. We specify

when the asymptotic case becomes valid. We also consider the wavelet in a
nonasymptotic situation.
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5.1 Widths of the wavelet 1y and the uncertainty rela-
tion

Let us define the centers and widths of a function ¥(r), r = (x1, ..., x,). We
denote by ||1]|2 the Ly norm of v:

1/2

6]l = /d"r|¢(’r)|2  dr=deydes dee. (39)

n

We define the centers and widths of a function as follows

1
T= o [ d e o),
T ||¢H§R[ Tz [1h(r)] (40)
1/2
C— 1 n . 7)2 2
Az, = TR /d r (z; —7;)° [Y(r)| ) (41)

n

In the two-dimensional case we put n = 2, 1 = = and 2o = y. Using
these formulas, we can also calculate the centers and widths of the Fourier
transform of a function ¢ by replacing ¥ (r) by ¥ (k). We suppose that the
essential numerical support of the wavelet, i.e., the points in the (x,y) plane
where () is not negligible numerically, is the ellipse with semi-axes Az and
Ay. The essential numerical support of the Fourier transform @E(k) is the
ellipse with semi-axes Ak, and Ak, and center at the point k = (k,0) (see
Figure B]).

The pairs of widths Az, Ak, and Ay, Ak, satisfy the Heisenberg uncer-
tainty relation, which holds for any function :

1

Ak Az > Aky Ay > 3" (42)

N —

Equality holds only for the Morlet wavelet (see, for example [5]), which is
the asymptotics of the Gaussian Wave Packet (I2)) as p — oc.

Our purpose here is to study the dependence of the widths and the means
of the wavelet ¢ and the uncertainty relation on the parameters. Taking ¢
as the unit of distance, we rewrite the wavelet in terms of the dimensionless
coordinates =’ = /e, y' = y/e, the time t' = t/e, and two parameters p and
e/ :

U(r') _ (ps)"Ku(ps)

Ve Vit —i
14




Aky

2Aky T

Figure 3: The essential numerical support of @E

2 1/2
s = {1—2’E (x'—ct'%—yi,)] : (43)

ol x4t —1

When p is large, the parameter p and the ratio € /7 can be interpreted with the
help of the widths of the wavelet Morlet (36), which were denoted by oy, oy,
and the mean of the longitudinal spatial frequency of its Fourier transform,
which is k. The ratio /v = oy /0x characterizes the shape of the essential
numerical support of the wavelet, the product ko, = /p is the number of
wavelengths on the width Az, the product ko, = /ke/2 is the number of
wavelengths on the width Ay.

We have calculated numerically the widths of the wavelet (I2)), its Fourier
transforms, and the left-hand side of the uncertainty relations (42)) as func-
tions of p = 2k7v in two cases. In the first case, the parameter k varies,
the parameters € and v are kept constant. When p is large, it can be inter-
preted as follows: the shape of the essential numerical support of the Morlet
wavelet is kept constant and the number of wavelengths along the transverse
and longitudinal widths increases with . The results are plotted in Figures
M 6l In the second case, 7y varies, the parameters € and x are kept constant.
For large p, this means that the number of wavelengths within the transverse
width is kept fixed but the longitudinal width increases with increase of ~.

15
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(a) Widths of the Gaussian Wave Packet ¢(r) in relation to the

widths of the Morlet wavelet, solid lines are for Az /oy, dashed

lines are for Ay/oy: line (1) is for ¢/y = 1/3, line (2) is for

e/y =2/3, line (3) is for /vy = 2.
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(b) Widths of the Fourier transform of the Gaussian Wave Packet
zZ(k) in relation to the widths of the Fourier transform of the
Morlet wavelet, solid lines are for Aky /oy, , dashed lines are for
Aky /oy, line (1) is for e/ = 1/3, line (2) is for /v = 2/3, line
(3) is for e/ = 2.

Figure 4: The ratios of the widths of the wavelet 1 to the width of the
Morlet wavelet are plotted versus ,/p in spatial (a) and spatial frequency (b)
domains for several values of /7. 16
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(a) Widths of the Gaussian Wave Packet ¢ (r) in relation to the
widths of the Morlet wavelet, solid lines for Az/oy, dashed lines
are for Ay/oy: line (1) is for 2ke = 4, line (2) is for 2ke = 8, line
(3) is for 2ke = 64.
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(b) Widths of the Fourier transform of the Gaussian Wave Packet
zZ(k) in relation to the widths of the Fourier transform of the
Morlet wavelet, solid lines are for Aky /oy, , dashed lines are for
Aky /oy, : line (1) is for 2ke = 4, line (2) is for 2ke = 8, line (3)
is for 2ke = 64.

Figure 5: The relative widths of the wavelet 1 are plotted versus ,/p in
spatial (a) and spatial frequency (b) domains for several values of 2ke.
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Figure 6: The left-hand side of the uncertainty relation for the Gaussian
Wave Packet is plotted versus ,/p, solid lines are for AkyAz, dashed lines
are for Ak,Ay: line (1) is for ¢/ = 1/3, line (2) is for ¢/ = 2/3, line (3) is
for e/y = 2.
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Figure 7: The left-hand side of the uncertainty relation for the Gaussian
Wave Packet is plotted versus ,/p, solid lines are for AkyAz, dashed lines
are for AkyAy: line (1) is for 2ke = 4, line (2) is for 2ke = 8, line (3) is for
2Kke = 64.
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The results are plotted in Figures Bl [l In all cases, the number of wave-
lengths on the width Az, i.e., \/p is laid off along the horizontal axis. It is
the parameter /p that controls the asymptotic behavior of the new wavelet,
because the correcting term in (BG) is of order O(1/,/p) when o = 3. In
view of comparing the widths with their asymptotics, the relatives widths,
i.e., A /oy, and so on, are plotted as ordinates in Figures [ [l

Figure M shows that all the widths tend to their asymptotic values as
/P — 00, the parameter £/ being fixed. The widths of the wavelet in the
coordinate domain are larger than their asymptotics oy, oy (Figuredal). The
widths of the wavelet in the spatial frequency domain Ak, Ak, may be both
smaller or larger than the same widths of the Morlet wavelet o, = 1/(20y),
ox, = 1/(20y) (Figure @h)). The larger the parameter /v, the closer to
the saturation the Heisenberg uncertainty relation (see Figure [6) and the
smaller Ay/oy (Figure Ha)) and Ak, /oy, ( Figure 4h). However Ax/oy and
Aky /oy, increase somewhat with increase in e/, remaining smaller than
their counterparts.

To interpret Figures [B [7 we note that the rate of convergence of the
wavelet to the Morlet asymptotics is determined by terms of order p~%v/e =
(2k)*y17 /e, which must be small. However these terms increase with ~ if
¢ and k are fixed.

5.2 Directional properties of the wavelet ¢

A wavelet is called directional (see [5] for greater detail) if the essential
numerical support of its Fourier transform lies in a convex cone in k space
with its vertex at the origin and the angle o at the vertex (See Figure [3)).
Using the asymptotic formula (36]), we can easily prove that the Gaussian
Wave Packet is a directional wavelet when p is large enough. This follows
from the fact that kx = k = p/(27), Aky = /p/(47y) as p — oo, 7 and ¢ are
fixed. Thus the inequality ky > Ak, holds, which ensures that the origin lies
outside the ellipse.

We can calculate numerically the scale resolving power (SRP) and the
angular resolving power (ARP) if the wavelet is directional. These quantities
are especially important for numerical calculations, mainly in determining the
minimal sampling grid for a lossless reconstruction of the image (for more
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VP

Figure 8: Scale and angle resolving powers for the Gaussian Wave Packet are
plotted versus /p, solid lines are for the SRP, dashed lines are for ARP: line
(1) is for /v = 1/3, line (2) is for ¢/ = 2.

VP

Figure 9: Scale and angle resolving powers for the Gaussian Wave Packet are
plotted versus /p, solid lines are for the SRP, dashed lines are for ARP: line
(1) is for 2ke = 4, line (2) is for 2ke = 8§, line (3) is for 2ke = 64.
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detail, see [3], [5]). The resolving powers are determined by the expressions

k4 Ak
SPRW) = 2 (44
V&)~ (aky
APR(1) = 2 arccot N = q. (45)

As SRP tends to 1 and ARP tends to 0, the wavelet becomes more sensitive
to small singularities and to angular details of the analyzed data [5]. The
dependance of the angle and scale resolving powers was calculated by using
MATLAB and is presented in Figure [§ and Figure [ for the cases of varying
k and 7y, respectively.

6 Multidimensional case

6.1 Definition and main properties

Here we give a generalization of the wavelets constructed in previous sections
to the case of many spatial dimensions. The counterpart of (I2) in R™ is

2/t (ps)"K,(ps)

vir) = (1 4 et —igx) V2 (zy + et —ie3)V2 - .- (21 + b — igy)/?

(46)

where r = (1,29, 73,...,24), P, 7, €2,...,En are positive parameters, the
function s is defined by (I3), and it depends on 7, ¢, and on the parameters
via #, which is as follows:

2 2 2
0= —ct+—2 B ey
T+ ct —1e9 11+t —ieg Ty + ct — 1,

If ¢ is time, the function v (r) satisfies the wave equation

Yy — 02(1%1%1 + Vs + -+ -+ V) =0, ¢ = const. (48)

If v = 1, formula (@G) is transformed to an exact solution of (8], found in
[24]:

exp (—p 1— i@/fy)

= . 4
w(r> (xl +Ct—i€2)1/2(;(:1 +Ct—i€3)1/2 c L (LL’l —|—Ct—’i€n)1/2 ( 9>
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The exact solution (46) was mentioned in [19]. The Fourier transform of the

wavelet (46)) is found in the Appendix. It reads
. p21/ 1
@D(k) - a, [k‘(k‘ + kl)y—i_(n_l)/ﬂ x

14

k + ]{31 ]{3582 + ]fgc":‘g + ...+ ]{Zgé’:‘n 2%2’}/

- - ket
S 2(k + k1) Fk  ket|s (50)
where k = (k1, ka, ..., ky) is a wave vector, k = |k|,
a, = (2m)"/2eim(n=1/4 (51)

The axially symmetric wavelet follows from ([@€]), (A7) if e = 5= ... =

g, = €. It reads
12 (ps)"K.(ps)
,lvb('r‘) - \/; (xl Tt — ’i&f)(n_l)/2 : (52)

Its Fourier transform is

2v

~ -1

D(k) = an];—y k(K + k)02 7 x

y e 2r%y

xexp |—(k+ k)= —(k—Fk )= —
p[ (kt kg ==k =,
All the properties of (I2)) are extended to (46]) with minor corrections, i.e., it
is a smooth function of coordinates, its moments of any order are zero. The
same is true for its derivatives of any order with respect to coordinates and
t. The modulus of ([AG) has a maximum at the point z; = ct, x; = 0,j =

2,...,n. It has asymptotics [B0) as p — oo, where

— iket| . (53)

exp (i k0)
T+ ct — i62)1/2 c. (LL’l + ct — i€n>l/2’

7pbeam(ﬁa T) = ( (54>

which is uniform in the domain

et 1 - 1
i :O(—), L :O(—>, j=23,...,n,  (55)
g p* VE; e

and % <a< % If the parameters 2ct/e;, p~*v/ej, j = 2, ..,n, are small, the
asymptotics of the formula ([B0) with ¥peam from (B4]) represents the Morlet
wavelet

(v —ct)? a3 x? }

~ ) —ct) — —
(r) ~ exp [m(ml ct) 257 207 52
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C
" (Cien) P2 (—igg) 2 (—ien) (56)

where 0? = 492 /p, 03 = veqo/p, ... 02 = veu/p.

6.2 Coefficient C),

For the usage of the Gaussian Wave Packet as a mother wavelet, we need to
calculate the coefficient Cy, (for example, see [I], [5]) defined by the formula

Cy = ﬁ / d%'%jﬁ' | (57)

R

Although we cannot calculate this integral analytically in the general case,
we can simplify this expression. It should be noticed that

(ic)m+!

n!

1
/ dtt" exp(—ikct) = pEmsE

—1300

This equation makes it possible to treat the integrand in (57)) in the way

|¢(k)|2 B e—iw(n—l)/4 ,y(n—l)/2 (ic)n+1

k| - (2m)n/2 prl n /dttn%(’%t)- (58)

—100

Here we denote the Gaussian Wave Packet with parameters (v, €s, ...6y, K, V)
by 1 and the packet with parameters (2, 2¢s, ..., 2e,,, k, 2v+ (n—1) /2) by s.
Then we can view the integral (57)) as a Fourier inverse transform calculated
at the point » = 0. Substituting the expression on the right-hand side of
(5]) into (B7) and changing the order of integrals, we get

e—iﬂ(n—l)/4 ,y(n—l)/2 (iC)n+1

Cy=—
v (2m)n/2 pnt n!

/ dt " 105(0, 1). (59)

—100

In the case where n = 3 and ¢ = ~, we can explicitly calculate the
coefficient Cy, from the formula (57) if the coefficient 2v is a nonnegative
integer. We calculate this integral in the spherical system of coordinates and
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use the integral representation of McDonald’s function K, (z) (see [23]). We
denote k = |k|. As a result, we obtain

oy L

L
RS
Ay 1 41%27
— (2 3p—/d3k — 2 |k| —
7% | Ok EgRr Ry P |2 T s
R3
4y 2V —4v+m—>5
p @) _tima1 K
= (2W)4W > 2 vm=t WKmH(‘lfW)- (60)

7 New wavelets and pulse complex sources

In previous sections, we discussed properties of a Gaussian packet viewed at
a fixed moment of time as a wavelet. Now we are going to review properties
of a Gaussian packet as a physical wavelet. The term ”physical wavelet” has
been first suggested by G. Kaiser in [9]. These wavelets have been obtained
as a sum of fields of two point sources with a special time dependence.

First we consider two wave equations with moving d-sources on the right-
hand sides:

+ 20+ £y _
Uy — € (umm + uyy) - i¢(q7 t)5(113' + Ct) 6(y)a

P(g,t) = A\/qexp(—2igct), A= —e "\ /rct. (61)
The equation, say, for u™ can be solved if we seek a solution in the form
ut(z,y,t) = exp(iga)g(B,y), a=z—ct, [=x+ct (62)

This leads to the Schrodinger equation for the function g(f3,y):

4iqgs + gyy = —4/me ™ /q5(8)d(y). (63)

The solution of this equation is merely a well-known fundamental solution
for the Schrodinger equation. So we get

ut (e t) = % exp [zq (x —ct+ - fct)} , (64)
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where © is the Heaviside step function. We interpret it as a field of a source
moving in the negative direction of the z - axis at a speed ¢, emitting an
elementary pulse ¢(q,t). The solution does vanish in front of the moving
source, i.e., for x < —ct, this is why it is called retarded. We denote the
advanced solution, which does vanish behind the moving point, by u~. It
reads

u(r,t) = % exp {z’q (:c —ct - fct)} . (65)

It can be interpreted as a field absorbed by the source moving in the negative
direction of the x - axis at a speed ¢ and producing the current —¢(¢) in this
source.

We note that v = u™ + u~ is a sourceless solution, i.e., it satisfies the
homogeneous wave equation, because O(z + ct) + ©O(—z — ct) = 1. However,
it has a singularity at the point x = —ct. In order to eliminate it, we shift
x by —ie/2, € > 0 and ¢ by —ic/(2¢) to the complex plane. This leads to a
nonstationary Gaussian beam (31]):

1 . y?
t) = eam \ {5 I —ct T Lol —ie - (66
u(r,t) = Yoeam (¢, 1) T ad e {Zq (“T ¢ +x—|—ct—z€)] (66)

We get a Gaussian beam, using the sum of fields of moving sources, one
of which emits and the other absorbs a pulse ¢(g,t) that is proportional to
exp(—2ictq). This result makes it possible to use an arbitrary function of
time ¢ instead of an exponent on the right-hand side of (&1l), decomposing it
into a Fourier integral. We apply

o)

B(1) = / dg F(q) $(a,t) = Bo" V2K, a(0), (67)

o = 267y(1 + 2ict /)2, B = —4c2e_i”/4i, (68)

NGl
Flg)=aq " " exp {—7 (q + %2)} (69)

instead of ¢(q,t) as input source functions in (6Il) and obtain (IZ) instead of
wboam (Q7 T) :
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8 Conclusions

We suggest that we should consider an exponentially localized solution of the
wave equation in several spatial dimensions, found earlier, from the point
of view of continuous wavelet analysis. We investigate its properties as a
mother wavelet and as a solution of the wave equation in view of its further
application to the study of local properties and singularities of acoustic or
optic fields.

We show that, depending on the parameters, the solution represents a
short pulse of one oscillation, or a wave packet with the Gaussian envelop
filled with oscillations, or a nonstationary Gaussian beam multiplied by a
cutoff function.

The solution for a fixed time is a multidimensional wavelet with all zero
moments. Its Fourier transform is calculated explicitly, and it is exponen-
tially localized. The widths of the new wavelet in the position domain and
in the spatial frequency domain, and the Heisenberg uncertainty relation are
numerically investigated.
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A Fourier transform of the Gaussian Wave
Packet

A.1 Fourier transform of the two-dimensional packet

The Fourier transform of the wavelet (I2)) can be calculated using the Fourier
decomposition of the Gaussian Wave Packet (I2) in terms of the Gaussian
beams (B1I) with the help of the formula

o0

b(r) = / 04 F (@) Vreann (0 7). (70)

0
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To obtain this decomposition, we use the formula (see [23])

[e.9]

\/g(ps)” Ky (ps) = /dqf(Q) exp(iq0), (71)

Flg)=aq™ " exp {—7 (q + K—Q)} : (72)

" VEE) "

where the left-hand side (7I]) depends on 6 via s from ([I3). We note that
this relation is valid in the upper complex half-plane Tm(#) > 0, where 6
lies when z,y and time ¢ are real. Dividing both sides of ({T1l) by the term
Vv + ct —ie, we obtain (70). So the Fourier transform of the Gaussian Wave
Packet is determined by the formula

[e.e]

v(k) = / dg F(q) Yveam (K, q)- (74)

0

The Fourier transform of the Gaussian beam (31]) is found to be

Dream(k) = [ d*r =2 CET) op L’q (fv —ct+ L)]

vVa+ct—ie T+ ct —1e
R2
= /d:v exp(—ikyz) explig(x — ct)] I,(q, x), (75)
where
“+o0

y2
I(q,x) = —ikyy + iqi)

T+ ct — e

1
dy ——e
Y otc—ic Xp(
2
_ T in/a [ K : }
=,/—e€ exp |—t—=(x +ct —1¢g)| . 76
J 2 ) (76)
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Inserting (76) into (78, we obtain

- r k2 .
Ybeam (k) = / dx exp(—ikyz) exp {zq(m —ct) — 14—y(3: +ct — za)] e/t 12
q q

k2 k2e E2\ p
=2mexp |—i|q+ —y) ct — L} ) (—kx +q— —y) em/4\/j, 77
P { (q 4q 4q q 4q q (77)

In view of further calculations of the integral with respect to ¢, we modify
the § - function in (7). The roots of the argument of the ¢ - function, i.e.,
the roots of the equation

2

—kx+q—ﬁ:0 (78)

are q12 = (kx £ k)/2, k = |k|. The negative root does not contribute to the
integral, because F(q,¢) = 0 if ¢ < 0. Taking into account the relations

k2 4q? kx + k
O —hetqg—L) =L —6(q—=
( +q 4q) e (q 5 ) , (79)
k2 K2 — k2 k+k, 44> ky + k
o e, SO U WS S
4q 2(k + ky) 2 k2 +4¢% kK 2k
we obtain y .
~ < —+
Branl) = BR) (- 55 ) (s1)

k2e E+ k. . or
B(k) =2 —iket — y Xem/A 2
(k) “’Xp( e 2(l<;+k:x)) o Vi e ©

After inserting (82)) into ([74]), the integral disappears and the resulting ex-
pression contains F|[(k + ky)/2], which is as follows:

k+ ky ovtl k+ ky 2Ky
]—"<72 >_a7(k:+kx)”+1 exp <— 5 7~ k+k‘x)' (83)
Taking into account
kZe k—Fk
y . X
2k +hy) 2 (84)
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we obtain .
Bt =7 (5 50w,

~

2v
D) = 2m eI [kl 4 k)]

c_
2

(k+ k)3 - (85)

2
X exp l—ikct — (k= ky) 267y } .

k4 ky

A.2 Fourier transform of a multidimensional Gaussian
Wave Packet

In the multidimensional case, the Fourier transform of a Gaussian beam must
be re-calculated. We put e5 = g3 = ... = g, = ¢ from (@) for simplicity.
Instead of Iy, the formula (75]) will contain the product Iy, - Iy, . . . Iy, where
n — 1 is the number of coordinates that are transverse to the direction of
propagation. We obtain a formula for Iy , k = 2,...,n, by replacing y by
and x by z1 in (76). The analog of (77) will contain the sum k3+k3+. . .+k2 =
k? — k7 instead of the term k2 = k* — k2, which does not yield any corrections
and also the factor exp (im(n — 1)/4) (7/q)™~Y/2 instead of such a factor for
n = 2. Therefore, (8H) is modified as follows:

@E(k) =A [k(k + ]{;1)1/+(n—1)/2}—1

. e 22
x exp | —iket — (k= k)5 — (k+ 1) - k+zl , (86)
where
) p2u
A — (27’(’)”/2 eZ(TL—l)T(/4 v (87)
ryl/
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