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Abstract

Fractional wave equations with attenuation have been proposed by Ca-
puto [5], Szabo [28], Chen and Holm [7], and Kelly et al. [11]. These
equations capture the power-law attenuation with frequency observed in
many experimental settings when sound waves travel through inhomoge-
neous media. In particular, these models are useful for medical ultrasound.
This paper develops stochastic solutions and weak solutions to the power
law wave equation of Kelly et al. [11].
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1. Introduction

In medical ultrasound, high frequency sound waves are transmitted
through human tissue. The sound waves are attenuated with distance trav-
eled through the inhomogeneous medium (human tissue), so that the wave
amplitude at a distance r from the source falls off like e=*“)" where the
attenuation coefficient a(w) follows a power law: a(w) = ap|w|? depending
on the frequency w. Experimental evidence indicates that the power law
exponent y lies in the interval 1 < y < 1.5 for sound wave attenuation in
human tissue, see for example Duck [§].
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Physicists and engineers have proposed several different models for
sound wave propagation with power law attenuation. The wave equation
of Szabo [28] modifies the traditional wave equation by adding a time-
fractional derivative term of higher order. The power law wave equation
proposed in Kelly et al. [I1] modifies the Szabo wave equation by adding
another time-fractional derivative term. The power law wave equation has
an exact analytical solution in terms of stable probability densities, see
Section 2] for a brief review.

The stable density is connected to a fractional diffusion equation in
a continuous time random walk framework, see Meerschaert and Sikorskii
[21]. Power law waiting times between particle jumps lead to a fractional
time derivative, while power law jump lengths lead to a fractional deriva-
tive in space. A stochastic model for the power law wave equation has been
developed, based on a continuous time random walk. The stochastic model
explains the appearance of a stable density in the analytical solution to the
power law wave equation of Kelly et al. [11] and provides a simple expla-
nation for frequency dependent attenuation in terms of statistical physics.
We review the basic ideas here, and then we proceed to develop explicit
distributional solutions to the power law wave equation.

Fractional wave equations have a long history, see for example [1, [9] 12,
13 23] 27]. The recent book of Mainardi [17] gives a nice review. Atten-
uated wave equations offer new challenges, and many interesting problems
remain open. It is our hope that this paper will inspire further research in
this important area.

2. Fractional wave equations
The traditional wave equation
Oip(®,t) = ciAap(a, ) (2.1)

models sound wave propagation in an ideal conducting medium, where cgy
is the speed of sound in that medium, and p(z,t) is the pressure. Szabo
[28] proposed the following model (see also [6], [15]):

1 20&0 1
Ay = 07 Y 2.2
p(m7t) C(Q)atp(m7t) + o cos(7ry/2) 81& p(m7t) ( )

to account for attenuated wave conduction in a heterogenous medium. Here
9 is a (distributional) Riemann-Liouville fractional derivative in the time
variable, so that 97 f(t) has Fourier transform (FT) (—iw)Y f(w), where

fw) = / () dt

— o0



264 P. Straka, M. M. Meerschaert, R. J. McGough, Y. Zhou

is the FT of f(t). Note that, in general, f(t) here is a tempered distribution
or generalized function, which can be associated with a pointwise defined
function under suitable conditions. Equation (2.2]) interpolates between
the Blackstock equation [4] for sound wave propagation in a viscous fluid
(y = 2) and the telegrapher’s equation for wave propagation in conductive
media (y = 0).
Kelly et al. [11] modify the Szabo wave equation, including an additional
term: ) 0 )
«
%@21) + @@y“p + b_g
Here p = p(«,t) and b = cos(wy/2). For small oy > 0, the additional
term is negligible, so that (2.3)) can be used to approximate (2.2]). This is
useful because equation (2.3) admits an exact analytic solution in terms of
stable densities: Take F'T in the time variable, and rewrite as a Helmholtz
equation: —k(w)?p = Agp where k(w) = calw — b tag(—i)¥TwY. The
Green’s function solution in three dimensions is

OVp = Agp. (2.3)

L k(o) ghor/eo ao(r/b)(—iw)Y
- Le"Qo - 24
p(@,w) Arr* arr © ' 24)
where r = ||z|| is the radial distance from the source. The first term in

([2.4]) models wave motion, and the second term is the F'T of a stable density
gy(t,r) with index 0 < y < 2 [21]. Invert the FT in ([2.4) to get a time
convoluton p(x,t) = po(x,t) * g,(t,r), where po(x,t) = 6(t —r/co)/(4mr)
solves the lossless wave equation (2.1]).

Numerical solutions are developed in [16].

3. Stochastic model

The continuous time random walk (CTRW) model in Meerschaert et

al. [22] assumes that a random travel time

A
W, = ArtYZ, + =
co

is required to traverse the nth spherical shell of thickness Ar, where Z,, has
a Pareto distribution with
P(Z, > 1) = 207 (3.1)
n =0 =410 =y) '
for ¢t > 0 sufficiently large (if 1 < y < 2, substitute Z,, — E[Z,,] for Z,).
The time for a randomly selected packet of wave energy to reach the radial
distance r = nAr from the source is

r
T, = W1+"'+Wn:>D(T) ::DO(T)—FC_
0
by [21, Theorem 3.37] as Ar — 0, where = denotes convergence in distri-
bution. Here Dy(r) is a stable Lévy motion with density function g, (t,r).
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The number of spherical shells traversed by any given time ¢t > 0 is Ny =
max{n > 0: 7T, <t}, and [3, Theorem 3.1] shows that N; converges to E;
as Ar — 0, where

E; =inf{r: D(r) >t}

is an inverse stable subordinator. The random variable D(r) has probability
density pi(t,7) = gy(t — 7 /co,7), with Laplace transform p1(s,r) = e TY(s)
where 9(s) = s/co + (oo /b)sY. Then 0,p1 = —1(s)p1. Inverting the (dis-
tributional) Laplace transform yields 0,p1(t,r) = —Dyp1(¢, 1), where

D; = 1[)(615) = —615 + —8y (32)

is a pseudo-differential operator (e.g., see Jacob [10]). Now suppose that
0 <y < 1. Since t = D(r) and r = E; are inverse processes, and D(r) is
strictly increasing, we have P(E; < r) = P(D(r) > t). Then the probability
density h(r,t) of E} is given by
P{E; <r} =P{D(r) = t}
=P{Dy(r) +r/co >t}

= / pl(tvu) du
t—=(r/co)

for t > 0 and r > 0. Take Laplace transforms in ([3.3]) to see that

(3.3)

~ d
h(r,s) = — [ -1 —rw(s} — —ri(s)
(r8) =~ Y(s)e
and then take Laplace transforms in the other variable to see that

s7(s)

h()\,s):/OOO “Mh(r, s)dr = NEo0s)

Rewrite in the form

D(s)h(X,5) = AR\, 5) + 57 1)(s)
and invert the (distributional) Laplace transforms, using the fact that
t7¥/T(1 — y) has Laplace transform s¥~! by Example 2.9 in [21], to see

that the densities h(r,t) of the inverse process E; solve

(5(t) oy t7Y
Dh(r,t) = =0rh(r,t) + 6 — + == 3.4
ohirt) = =0h(rt) +00) | 520+ i (34)
See Kolokoltsov [14] for an alternative derivation.

Let f,(-) be the standard stable density with index y, center 0, skewness
1 and scale 1 in the parameterization of Samorodnitzky and Taqqu [25].
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Then Dy(r) has pdf py(t,r) = (aor) /Y f,(t(agr) /). Using the relation
B3) and taking the derivative with respect to r, the density of E; is:
_(t=rfe 1 1y t—r/cy
h(r,t) = <7yr + Co> (cor)™ Y fy (o)1 I(0 <r <cot), (3.5)

see also [20, Eq. (40)].

Now we will show that the function (B.5]) solves the power law wave
equation in one dimension. Take Laplace transforms in the remaining vari-
able r to see that

= _sT(s) w(s) A sTh(s)[W(s) — A
TP R ST Sy Ca
a special case of Corollary 3.5 in [20]. Rearrange to get
U(s)*h(A, 5) = A*h(A, s) + R(A, s),

where R(\,s) = s~ %(s)[t)(s) — A]. Invert both (distributional) Laplace
transforms to see that

D?h(r,t) = 0?h(r,t) + R(r,t)
which is equivalent to the power law wave equation with initial/boundary
term

R(r,t) = ~6(r)d(t) + —20‘2 516 (1) — L5 (r)s(2)
CO Co C
al =2 o o, =Y
Ty 5 Ty

which we obtained by inverting the (distributional) Laplace-Laplace trans-
form R(),s), where 6% is the yth order fractional derivative of the Dirac
delta function. We have shown that the probability density function (3.5])
of the inverse subordinator E; solves the one dimensional power law wave
equation. This is a point source solution, since Ey = 0, so that hA(r,0) =
0(r). The random variable E; represents the (random) distance 7 traveled
by time t, so h(r,t) represents the pressure at time ¢. Thus the power law
wave equation governs a CTRW limit with deterministic jumps and ran-
dom waiting times. The fractional time derivatives come from the power
law waiting times in the CTRW framework.

For the case y > 1, the arguments are a bit different, because now D(r)
can decrease, so that P(F; < r) # P(D(r) > t). The governing equation for
E, in this case was derived by Baeumer et al. [2]. Using that formula, the
argument that the hitting time density h(r,t) solves the power law wave
equation is similar, with slightly different boundary conditions to account
for the possibility that D(r) is decreasing. Three dimensional solutions
are also available, obtained by replacing the time variable ¢ in a solution
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po(x,t) to the traditional wave equation by the random time E; required
for a packet of sound energy to reach the radial distance r from the source.
See [22] for more details.

4. A convolution of two solutions in one dimension

Let H(t) := I(t > 0) denote the Heaviside function, and p,(t) :=
t*"1H(t)/T(a). Tt is not hard to check that the functions {yu, : @ > 0}
form a convolution family piq*pg = pia4p for all a, 5 > 0, with pq(t) = H(t)
and pa(t) = tH(t). The Riemann-Liouville fractional integral can then be
defined as a convolution: I f(¢) = [f * pa](t). Since the Riemann-Liouville
fractional derivative 8¢ = 9!, Y for 0 < y < 1, it follows from (34) that

(Do 0)0r1) =SB0 = 50) | 60 + Sy (@)

in the sense of distributions, see also Kolokoltsov [14, eq.(25)]. Then the
function h(r,t) = h(—r,t) solves

. 1 «
and a quick application of distributional calculus shows that

(DF = 07)[h + A

(Dt — Or)h]  [(Dy + Or)R]
[0(r)Dy H (2)] * [0(r) Dy H (2)]
§(r)D7 (tH(t))

1 209 ad

= 5(r) {%m) =0+ b—zuz—zy@)} =

i.e., the function h A solves the power law wave equation in one dimension
with source term &(r)D? (tH (t)).
5. Distributional solution

Write D(Y') for the space of test functions on an open subset Y C R™
and D'(Y") for the corresponding space of distributions.

LEMMA 5.1. Let Q(x,t) € D'(R4*1) solve the standard wave equation

07 — A)Q(x,t) = f2(2)d(t) + f1(x)d(t) (5.1)

in R for d = 1 or d = 3 with initial displacement f; and initial velocity
fa, where Q(z,t) is supported on R?x [0, 00). Then Q(z,t) has the following
properties:
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e (Q(z,t) is a function in t and a distribution in x. More precisely, there
exists a mapping (0,00) 3 t — q(x,t) € D, (R?) such that [ q(¢,t)0(t)dt =

(Q(z,t), p(x)(t)) for all p(z) € D(RY) and ¢(t) € D(R).
e For every ¢(z) € D(R?) the mapping t — q(¢,t) is in C2((0,00)) and
bounded on [0, 00).

Proof. If d=1, we have
2q(w,t) = [H(z +1) — H(z — )] * fa(a) + [6(z + 1) + 6(z — )] = fu(x)

and for d = 3 we have

drq(z,t) = t/ fo(z + wt)dw + O, (t/ filz + wt)dw)
[lwll=1 l|lw||=1
and for these ¢, the mapping t — ¢(¢,t) is smooth. O

LEMMA 5.2. Let Q(x,t) and q(x,t) be as above. Then
82
Sa(6,0) = 4B 1), (5.2

P r o o f. Localizing the distributions on both sides of (5.1I) to the open
set R? x (0,00), we have

A, — 6B1Q = 0. (53)
Now let ¢(z) € D(RY) and ¢ (t) € D((0,00)) be arbitrary. Then
0=(Q,¥(t)Aso(x) — d(2)¥" (1)) (5.4)

and hence by definition of ¢(x,t) we have

o) o0 " _ 0082
| aaenewa = [~ a@.ouwa = [ Srae.ouni 65)

Since (t) is arbitrary and ¢ — ¢(¢,t) is continuous, this shows the state-
ment. O

Now define the mapping (0,00) 3 t + p(x,t) € D’ (R?) via
p(g,t) = / (¢, T)h(T, t)dr, ¢ € D(RY), (5.6)
0
and define P(xz,t) € D'(R*1) via

P ®y) = / p6.(t)dt, ¢ eD®Y,YeDR).  (57)
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Recall that tensor products of test functions are dense in the space of test
functions on the product space.

THEOREM 5.1. The distribution P(x,t) defined above satisfies the
power-law wave equation

[DF — AL]P(x,t) = fo(x)DeH (L) + fi(x)D7H(L). (5.8)

P r oo f. On the domain (7,t) € (0,00) x (0,00) the function h(7,t) is
smooth and satisfies the differential equation
Dih(7,t) = —0-h(T,1) (5.9)

in the sense of actual real functions (not only distributions), where 0, de-
notes the pointwise derivative, and we use the pointwise Riemann-Liouville
fractional derivative in (3.2]). Multiply the above equation by ¢(¢,7) and
integrate over 7 € (0,00). For the left-hand side, the temporal operator Dy
can be carried outside the integral. For the right-hand side, 7 — ¢(¢, 7)
is bounded. Since 7 — h(7,t) is a probability density, it vanishes at oo.
Hence we find via integration by parts

— /OO q(¢, 7)0rh(7, t)dT = lim q(p, 7)h(T,t) + /OO 0-q(¢, T)h(T,t)dT.
0 710 0

It follows from Kolokoltsov [14, Theorem 4.1] that h(0+,t) = D.H(t).
Moreover, it follows from Stakgold [26 Section 8.2] that ¢(¢,0+) = fi(¢)
and 0pq(¢,0+) = fa(¢). Then we have shown

D, /0 ~ 46, PYh(r, D = f1(6 / B, ), )dr

Another integration by parts yields
D2 /0 " (6, )h(r t)dr
=0 [ A@Ditr(o) + [ orato. 0]
— A(ODRH(?) / 0rq(6,7)0: h(r, t)dr
— A(@DEH () + f()DH(?) / 24(9, )h(r, t)dr,

for every t > 0 and every ¢ € D(R?), where 92q(¢,7) = q(Ayé,7) b
Lemma 5.2. We now pass over to distibutions on R%*!: Extend both sides
of the above equation by 0 for ¢ < 0, multiply them by (t) € D(R) and
integrate over R to get
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(DP(x, ), (t)g(x)) = (fi(x)DFH (L), p(x)9 (1))
(t)

and the theorem follows easily. O
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