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1 Introduction

The spherical harmonics method is an important approach for representing square-integrable
functions on the unit sphere [1] and when it comes to finding solutions to partial differential
equations [2,3]. In the field of radiative transfer, this spectral method is abbreviated as Py
method [4, Section 8.2]. Here, it is used for representing solutions to the radiative transfer
equation (RTE) as linear combination of these orthogonal functions [4-6]. However, the de-
termination of the unknown expansion coefficients (that depend on space and time) leads to
a complicated system of partial differential equations, known as the Py equations [5], which
are still challenging to solve. In addition, if boundary conditions are taken into account, the
resulting systems of linear equations for finding the unknown constants within the homoge-
neous solution can become difficult to solve, see for example [6, Section 6]. To mitigate the
problems associated with the Py method, the so-called simplified spherical harmonics equa-
tions (SPy equations) were introduced, at first in the steady-state domain about 60 years
ago [7]. Not even 20 years ago, the SPy method was extended for approximating solutions
to the time-harmonic RTE [8,9]. As mentioned in [10], the time-dependent (parabolic) SPy
equations were first introduced by Frank et al. [11] in 2007 via an asymptotic analysis. In
2010, these equations were directly derived from the (hyperbolic) Py equations, see e.g. [9],
in a similar manner as the classical diffusion approximation [5, pp. R46-R49] many years
before. We note that the latter kind of derivation (regarding the SPy equations) is shown
within the scope of this thesis. Of course, we will see that the simplifications made do not
remain without consequences, especially at short times. In the literature, the fraction of
studies focusing on theoretical aspects or reporting on analytical solutions to the S Py equa-
tions is considerably smaller than that dealing with direct applications of these equations
e.g. in biomedical optics [9], medical physics [12] and especially in nuclear sciences [13-16].
For example, Zheng and Han investigated the well-posedness of the steady-state S Py equa-
tions under reflective boundary conditions [17] . In their work, which was published in 2011,
the authors mentioned in the introduction the lack of mathematical studies on the SPy
method. In the article of McClarren [18], dealing also with theoretical aspects (mainly in
the steady-state domain), there was additionally a brief discussion on the SPy equations in
time domain. Until today, there still seems to be a lack of theoretical studies on the SPy
equations, especially with regard to the time-dependent case. A few words about the RTE,
for which the Py and S Py methods were developed are appropriate in this context. This fun-
damental equation is involved in many areas of science such as optical tomography [5], heat
transfer [19], biophotonics [20] or nuclear physics [21]. However, analytical solutions to this
integro-differential equation, which would be of particular importance in view of applications,
are very rare. As a consequence, the RTE is mainly solved numerically e.g. via Monte Carlo
methods [22], the discrete ordinate method [23] or the finite volume method [24]. Apart from
this, the RTE is also approximated by the diffusion equation (DE) [20], which corresponds
in the light of the Py or SPy methodology with the lowest order approximation. There
are well-known shortcomings of the DE (in comparison with the transport theory), which
limit its applicability. For example, the diffusion theory fails near sources and in highly ab-
sorbing media and it suffers from the unrealistic feature of an infinite speed of propagation,
due to the parabolic nature of the DE. In contrast to that, the Telegrapher equation (TE),
which represents a second order formulation of the time-dependent P; equations, is of the
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hyperbolic type that indeed has a finite propagation speed. However, the associated value
for the speed (resulting from the Py method) is too low, namely by a factor of v/3, see also
Example 3.4 and the TE (3.14). The differences between the results obtained from the DE
or TE and those predicted by the RTE are generally too large. Consequently, higher order
models such as the Py or SPy equations must be used. Regarding the applicability of the
DE in the field of biomedical optics, we refer to [20, Chapter 3.

Aim and structure of this thesis

According to the relevant literature, the SPy equations are widely used in different fields
of applied science, but there seem to be relatively few publications on theoretical aspects,
especially when it comes to the time-dependent case. This also includes the derivation
and investigation of concrete (analytical) solutions. In this thesis, we focus on the SPy
equations in the time domain, where our main goal and contribution is the derivation (and
partly justification) of exact solutions to the SPs equations. This is also motivated by the
fact that this kind of solution (if available) is particularly interesting and useful for several
reasons. For example, it allows a fast and accurate evaluation, it often permits an insight into
the underlying physics and, this is of particular importance, it is usable for verifying results
obtained from numerical approaches such as finite differences and/or finite element methods.
Another reason for the mentioned goal is that the results predicted by the SPs; equations
have been shown to be sufficiently accurate for several applications, see for example [9,13,15].
We furthermore point out at this stage that we accept (and adopt) the kind of derivation of
the SPy equations without doing further investigations in this direction (e.g. in form of an
error analysis). The structure of this thesis is as follows.

In Chapter 2, we give a brief introduction to the basics of radiative transfer and present some
computable solutions to the RTE, which are needed in Section 3.5 for comparison purposes.
Most of the content in this chapter is known to scientists in the field of radiative transfer.
However, the derived Fourier series solutions (2.21) and (2.22) for the bounded domain could
not be found by us in the literature.

In Chapter 3, we begin with the spherical harmonics method (Py method) and derive, in
accordance with the relevant literature, the three-dimensional Py equations (3.6). We then
incorporate the simplifications resulting from the plane symmetry and arrive at the (known)
hyperbolic system (3.10). In Example 3.4, we look at the lowest order approximation, the
Py equations (3.13), and derive the Telegrapher equation (3.14) from them. Due to the
relevance of the Telegrapher equation (and the P; equations) in applied sciences, we present
a proof of a known fundamental solution (Theorem 3.5) that has been developed by ourselves.
In this context, we only could find Ganapol’s paper [25] on the multiple collision method,
which goes very roughly in the direction of our proof. Subsection 3.2.1 deals with the Py
equations in lossless media. One reason for this is that solutions for lossless media are usable
to construct solutions for the more general case of lossy media, see e.g. the formulation (3.21).
We note that this principle is exactly what we have used in proving Theorem 3.5. Moreover,
the determination of the characteristics (to the Py equations) serves as preparation for the
classification of the SPy equations, see Section 3.3, and the derived solution (3.33) to the
Py equations is needed in Section 3.5 for comparisons purposes. We leave the discussion
about the Py equations with a well-posedness result (Corollary 3.10) and with verifying the
energy conservation in lossless media. The introduced energy function (3.35) is also used
later (in a slightly modified form) in the context of the SP; equations (Lemma 3.18).

In Section 3.3, we perform the necessary simplifications to get the time-dependent SPy
equations in form of the vectorial diffusion equation (3.40). So far, this step (regarding the
neglect of the time derivatives) is not new and can be reviewed in the relevant literature
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such as [9,14]. However, our derivation differs in the treatment of the absorption. We
separate this quantity (by a product ansatz) at the beginning and verify a positive effect
on the long-time behavior, see for example (3.58). Next, we confirm with Proposition 3.11
the parabolic nature of the SPy equations. This classification has been mentioned in the
literature, e.g. in [9, 10], but a concrete verification has not been presented.

Section 3.4 constitutes the main part of this thesis in terms of original contributions. Here,
we start with some considerations in the infinite medium (Subsection 3.4.1). Of particular
importance (with regard to the next subsections) are the moments (3.50) and the estimates
(3.52) and (3.53). As a byproduct, we confirm Einstein’s formula for the means-square
displacement (Proposition 3.14) and the normalization of the zero order moment (Remark
3.15), both for arbitrary orders N > 1. In Subsection 3.4.2, we present an exact solution
to the SP3; equations in a bounded domain and proof the well-posedness of the obtained
expression by verifying existence and uniqueness (Theorem 3.20) as well as the continuous
dependence on the initial data (Corollary 3.21). In Subsection 3.4.3, there is the derivation
of alternative representations for solutions to the SP3; equations in Laplace space. The
numerical inversion of the Laplace transform is demonstrated in Subsection 3.5.2 by means
of the Post-Widder formula. Due to the relevance of time-harmonic sources in diffuse optical
tomography, we additionally consider and solve in Subsection 3.4.4 the time-harmonics SP;
equations, which consist of two coupled Helmholtz equations. To our knowledge, the results
presented in Section 3.4 have not yet been reported in the literature on the SPy equations.
In Section 3.5, various numerical experiments are carried out for both the infinite medium
and the bounded domain in order to illustrate and verify the theoretical findings.



2 Fundamentals of Radiative Transfer

In this chapter, we give an overview about the quantities, definitions and mathematical con-
cepts that are often used in the field of radiative transfer. In addition, we present computable
solutions to the RTE for the infinite medium and for a bounded domain, which are used in
Section 3.5 for comparison purposes.

2.1 The radiative transfer equation

The radiative transfer equation (RTE) is widely used for modelling the propagation of par-
ticles like photons, neutrons, electrons or molecules in random scattering media [4,21]. It is
a conservation law that governs the gains and losses of the radiance due to scattering and
absorption [26]. We note that a solution to the RTE is called specific intensity or radiance.
Throughout this thesis we use the latter designation. The time-dependent RTE formulated
as integro-differential equation is given by [5, p. R46]

LSV () =y [ 16 )18, 0) (2.1)
c Ot S2

for (x,8,t) € V xS?xR;. We assume the domain V = {(z,y,2) € R® : 2 € Q,y € R,z € R}
with Q C R denoting an open interval. The quantity I(x,§,t) is the radiance at the position
x € V evaluated for the direction § € S? := {x € R3 : ||x||2 = 1} and the time ¢ > 0. The
constant ¢ > 0 denotes the speed of light in the medium and f : [-1,1] — [0,00) is the
scattering phase function that is normalized according to fSQ f(8-8)ds = 1. Tt describes
the probability that a particle travelling along the direction § is scattered within the unit
solid angle around §' [20, Chapter 1]. Moreover, u, > 0 denotes the absorption and us > 0
is the scattering coefficient. Both quantities are assumed to be spatially independent. We
also note on the streaming operator § - V = 510, + s20, + s30. and the parametrization of
the direction variable

cos 6
§(0,0) = | sinfcose |, (0,¢)€[0,7] x [0,2m). (2.2)
sin # sin ¢

This means that the polar angle 6 is measured from the positive z-axis of a Cartesian
reference system. The isotropic! initial condition belonging to equation (2.1) is given by

xeV,§e§? (2.3)

where Q € C1(V). Under the regularity assumption I € C*(V x S? x R, ), the radiance that
satisfies (2.1) and the initial condition (2.3) can be seen as a classical solution. As usual for
the derivation of the SPy equations, we consider in accordance with the publications [9, 11]
an infinitely extended plane source of the form Q(x) = Q(x), where z € . Due to the

'This means that the source is independent of § and radiates uniformly in all directions.
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infinite extend of this source, solutions to (2.1) will be independent of the variables y and
z and hence of the form I = I(x,8,t). In view of the phase function, we take into account
the uniform distribution f(8-8§) = 1/(4w) (isotropic scattering), which is often assumed
in atmospheric science [4] or nuclear physics [27]. For convenience and without loss of
generality, we set ¢ = 1 because the case ¢ # 1 can be readily determined afterwards via
scaling. This means that if I(z,§,t) belongs to ¢ = 1, then cI(z,8§, ct) holds true for ¢ # 1.
Furthermore, we separate the absorption according to I(x,8,t) := e MW (x, u, ¢, t), where
=8 %X = cosf € [—1,1] denoting the cosine of the angle between § and the positive -
direction % = (1,0,0)7. Inserting this ansatz into (2.1) and considering the above mentioned
conventions results in the transport model

ov OV 2m 1
=t / Uz, i, ¢, t) dp'dy (2.4)
8.%' 47 0 -1

ot
for (z, pu, o, t) € Q@ x[-1,1] x [0,27) x Ry and ¥(x, u, p,0) = Q(z)/(47). In accordance with
the derivations outlined in [10], we integrate equation (2.4) and the initial condition over
¢ € [0,27) and define the azimuthally integrated radiance according to [10]

21
Bl t) = /0 (e, oo, t) di, (2.5)

for (x,p,t) € 2 x [-1,1] x [0, c0).

Remark 2.1. In the present case of an isotropic initial condition, solutions to (2.4) reduce
to U = U(z, pu,t). Concerning (2.5), this means ¢ (x, u,t) = 27V (x, u, t).

As a consequence, we arrive at the following simplified transport equation

oY o s /1 ’ ’

— — =— t)d, 2.6
8t +Max+ﬂs¢ 2 _11/}(:137“7) s ( )
for (x,u,t) € Q x [-1,1] x Ry and ¢(x, 1,0) = Q(x)/2. In view of concrete applications,
e.g. in medical physics, the fluence that corresponds with the integrated radiance is a quantity
of particular importance [12].

Definition 2.2. The fluence is defined as the integral of the radiance over the angular
domain, which means

1
O(x,t) := /_1 Y(z,p,t)dp, xe€Q,t>0. (2.7)

Remark 2.3. The fluence is currently defined in a non-absorbing medium with ¢ = 1. In
the more general case of i, > 0 and ¢ > 0, we again find via scaling ce #a“t®(z, ct).

Within radiative transfer (theory and applications), point sources are of particular impor-
tance e.g. when modelling a point light source that radiates uniformly in all directions, which
we abbreviate as d-source, or when thinking about a narrow light beam that penetrates bio-
logical tissue. These source types as well as the description of ballistic (uncollided) intensities
can be conveniently handled by the Dirac delta distribution §(z) := %@(m), with © being
the unit step function [28, Chapter 1]. It also appears in the context of integral transforms
such as Fourier, Laplace or Mellin transform, especially when discontinuous functions and
their (generalized) derivatives are taken into account.
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Remark 2.4. For illustration as well as for numerical considerations, the Dirac delta dis-
tribution can be approximated by several elementary functions. Two examples are
o~/ (2€)

(1) (z) =lim ———, z€R,
e—0 2me

o1 1—g°
= lim — ,
g—12m 1+ g2 — 2gcos ¢

(2) d(¢) ¢ € (—=m,m],

where (2) represents a 27-periodic Dirac delta distribution.

In this thesis, we also make use of this helpful concept without going into the theory of
distributions. Instead, we refer to the textbooks [28, Chapter 1] and [29, Chapter 2], from
which we adopt the following results.

Proposition 2.5. The Dirac delta distribution considered on the entire x-axis satisfies
(1) f(@)d(z — x0) = f(zo)d(x — x0), x0 ER,

(2) d(ax) = 5|(ax|)’ aceR, a#0,

@) dlote)) =SS5 where g(a,) = 0./ (a;) £ 0.

(4) F(5)(k)=1 VkeR,
with F denoting the Fourier transform, cf. Definition 2.7.

The lowest order approximation to the RTE (in view of the angular dependence) is the
classical heat or diffusion equation [5,20]. In that case, the exact transport theory fluence
(2.15) associated with the RTE (2.6) for the infinite medium caused by a d-source reduces
to the well-known heat kernel [2, p. 463]

22

e 4rt

2V Akt

where ®(z,0) = 6(x) and k := 1/(3us) is the diffusion constant (or thermal conductivity).
In Section 3.3, we will see that the SP; equation coincides with the heat equation u; = Ktyg.
At this stage, it should be noted that the plane source problem treated in this thesis differs
from the two-stream methodology [30]. The latter configuration, in which particles can only
travel along two specific directions (e.g. particle transport in a very thin fiber), is a real
one-dimensional problem that is significantly easier to solve. The idea of restricting the RTE
(in view of the angular space) to a finite number of directions leads to an approximation
technique known as the discrete ordinate method [23,30]. We furthermore have to address the
issue of boundary conditions (BCs) that must be taken into account for modelling transport
processes in finite domains. In this thesis, we take into account reflective BCs? according to
the following definition [27].

O(x,t) = zeR, t>0, (2.8)

Definition 2.6 (Reflective BC). Let Q C R be an open domain with a reflecting boundary
09, which means that a particle coming from direction §(6,¢) and reaching 0Q will be
reflected back into the medium along §(7—#6, ¢). Then, the azimuthally independent radiance
1 associated with the RTE (2.6) must satisfy

w(%ﬂat) = 1/’(% _/’L7t) Vz € 09,
and (u,t) € [—1,1] x [0, 00).

°In this context, one could think of a ball before and after reaching a wall.
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In the sections below, we make use of two integral transforms. One of that is the Fourier
transform according to the following definition [31, p. 213].

Definition 2.7. The Fourier transform F : f — F(f) = f of an absolutely integrable
function f € Li(R) is defined as

f(k) = /OO f(x)e *dz, keR.

Remark 2.8. For f € Li(R) the Fourier transform is bounded for all £ € R due to

fwl< [ If@e o= [ (5@ do < oo, (2.9

Moreover, in [31, Chapter 7] it is shown by the Riemann-Lebesgue Lemma that f € L1(R)
implies f € Cyp(R) with

Co(R) :={p e C(R): lim ¢(x)=0}. (2.10)

|z| =00

The Fourier transform has many useful properties of which we only need a few for the
purposes of this work. A proof or derivation of the following results can be found, for
example, in [29, Chapter 2] and [31, Chapter 7].

Proposition 2.9. For f € L (R) with Fourier transform F(f) = f we have

1) J@=F D) =g [ fWetar ek fe L),

2) F() (k) = (ik)"f(k), if FO),...,f" V(@) =0 as|z] — o0, n € N,
(3) F(f()e™)(k) = f(k — ko), ko €R,

@) S fe—nT) = % S f(2rn/T)e /T, 5 e R, T >0,
nez nez

where (4) is known as the Poisson summation formula.

Besides the Fourier transform, we will also use the one-sided Laplace transform, see e.g. [28,
Chapter 5] for more details on this subject.

Definition 2.10. Let f : [0,00) — R be a continuous function with f(t) = O(e%%)? as
t — oo and o € R denoting the exponential order. Then, the one-sided Laplace transform
L:f— L(f) = f defined by

f(s) = /OOO ft)e *tdt, s=o+iweC,

exists in the half-plane {s € C: 0 > 0¢} with oy € R being the abscissa of convergence. The
corresponding inverse relation, also known as Bromwich integral, is given by

ot S )
f(t) = 62/ flo+iw)e™dw Yo > oo,
™ — 0o

where the integration takes place along a straight line (within the region of convergence)
that is parallel to the imaginary axis.

*Here, we use the big-O notation. That is, f(t) = O(g(t)) as t — co means that there are constants M > 0
and to such that |f(t)] < M|g(t)| for all ¢ > to.
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Remark 2.11. If the region of convergence contains the imaginary axis, then the Bromwich
integral can be evaluated for 0 = 0 leading to the inverse Fourier transform, cf. Proposition
2.9. In the context of partial differential equations, the inverse Laplace transform must be
in general carried out numerically. Depending on the properties of the image function f ,
there are different approaches for reconstruction of f such as Talbot’s (contour deformation)
method [32, Chapter 6] or the Post-Widder inversion formula, see e.g. [32, Theorem 2.4] or
Proposition 3.25.

For our purposes, we need an operational property regarding the first time derivative.

Proposition 2.12. Let f : [0,00) — R be a continuous function with f(t) = O(e%!) as
t — oco. Then, the Laplace transform of f' exists for o > o¢ with

L(f")(s) = sf(s) = f(0).

Proof. A proof of this differentiation property can be found in [28, Theorem 5.2]. O

2.2 Analytical solutions to the RTE

In general, closed-form solutions to the RTE (2.6) are very rare. Even in the simplest
cases such as the infinite medium, the corresponding solution is only available in form of a
quadrature that must be evaluated numerically. Nevertheless, this type of solution is also
useful e.g. for verification of Monte Carlo codes and/or Py-based methods. The purpose of
this section is to provide some computable solutions to the RTE (2.6), which are needed in
Section 3.5 for checking the accuracy of the derived S P5 solutions.

2.2.1 Solution for the fluence in the infinite medium

Let us start with the derivation of an expression for the infinite-space fluence caused by
an instantaneous d-source. To this end, we consider equation (2.6) on 2 = R subject to
Y(z,p,0) = 6(x)/2 for (z,u) € R x [~1,1]. The application of the Fourier transform with
respect to the space and the Laplace transform in view of the time converts the RTE (2.6)
into the following equation

. 1
(s + s + k), 1, 5) = L0 (k,5) + 3, (2.11)

for k € R, p € [-1,1] and Res = o > 0, where we have considered Proposition 2.9 and
Proposition 2.12 with ¢ (k, ,0) = 1/2 for (k, ) € R x [—1,1]. We note that the assumption
o > 0 is in accordance with the considerations in the work [33].

Lemma 2.13. The fluence in Fourier-Laplace space due to an instantaneous d-source is
uniquely determined by

A - (i)(](kas)
Glk.s) = 1 — ps®o(k, s)

with @O(k,s):;arctan< f ),
s+ s

where k € R and o > 0.
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Proof. By solving (2.11) for the radiance gives

11+ ps®(k, )

. 2.12
2 54 ps +tkp ( )

bk, 1, 8) =

Next, we integrate this expression over p € [—1, 1] to obtain
b(k, 5) = Dok, 8)[1 + usP(k, 5)],

where we have used <I> k,s) f k , 1y ) dp and &g is the uncollided fluence in the trans-
formed space that is given by

1
do(k,s) == 1/ di,u ! arctan b .
2 ) 1 s+pstikp  k s+ s

Therefore, the transport theory fluence in Fourier-Laplace space turns out to be

éo(k,S) A

O(k,s) = m =: G(k,s). (2.13)

O]

In the next subsection, we also need the radiance in the transformed space. By inserting the
expression (2.13) into (2.12) gives

1 1 1
254 pg +ikp 1 — ps®o(k, s)

'(/)(k 1, 8) = =: gA(kvf% s). (2.14)

Theorem 2.14. The spatially resolved fluence in time domain due to an instantaneous 6-
source exhibits for x € R and t > |z| the following representation

G(x,t) =

—ust 1 [7s/2 g(kcot(k/ps)—ps)t
¢ / ¢ cos(kz) dk
0

2t * m sinc?(k/ )

Nse—#st |z| t — n ps(lzl=n)/2 t+ n |f13‘ -n
_ — 2mIn —— cos | psm
it Jo \t+n t=mn 2
" _
N (73 w2 ttz) “in (Msﬂ\wg 77)] i, (2.15)

where sincx := sinx/x and G(z,t) =0 for 0 < t < |z|, due to the finite speed of propagation.

Proof. We have to perform F~1£1G = £71F1G = G under the use of the transformed
fluence G from Lemma 2.13. This task is not easy and requires some knowledge in complex
analysis. We refer at this stage to the article [33], in which the authors have proposed an
appropriate contour in the complex plane in combination with the residue theorem. O

The integral representation (2.15) enables the determination of the fluence in the long-time
limit. To this end, let us first investigate the contribution of

1 [THs/2 g(kcot(k/ps)—ps)t
1= [ —
0 sine (k/ps)

s

cos(kx) dk, (2.16)
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for t — oco. The particular form of this integral gives rise to the application of the Laplace
formula [34, Chapter 5]

b 1 27
—t9(k ~ —t9(0
/0 et )g(k‘)dk‘,\,§ 7519”(0)9(0)6 WO as t— . (2.17)

This asymptotic expansion requires that g(0) # 0 and ¥ must be a monotonically increasing
function on (0, ] with ¢(0) = 0 and ¥”(0) > 0. In the present case, we have b = 7us/2 and
W(k) := ps — kcot(k/us) with 9/(0) = 0 and 9”(0) = 2/(3us) > 0. Moreover, the associated
function g satisfies g(0) = 1 # 0 and the first derivative of ¥ is given by

il

sin”(k/us) 2
On its domain of definition it is positive due to sin ¢ < ¢ for all £ > 0. Hence, all requirements
are fulfilled and the application of Laplace’s formula (2.17) to (2.16) shows that

1
I(t) ~ = H(t) as t— oo, 2.18
(1)~ < = H(1 (2.18)
which coincides with the classical heat kernel (2.8) in the long-time limit. We note that the
remaining terms in (2.15) decay exponentially as t — oo. Thus, expression (2.18) is the
leading term of the transport theory fluence at late times. In Subsection 3.4.1, we verify the
convergence of the SP3 fluence against (2.18) when ¢ — oo.

2.2.2 Solution of the RTE in a bounded domain

In addition to the infinite medium, it would be important to have also an exact reference
solution for the bounded domain. In the case of Q = (0, L) subject to the reflective BCs
from Definition 2.6, there is the possibility to derive an expression in form of a Fourier series.
Moreover, we will see that the d-source problem can be alternatively solved by the method of
images, see e.g. [35] for more details on this solution approach. Again, the starting point is
the transport equation (2.6) on the whole space R, but under consideration of the following
even and 2L-periodic source distribution

o0 L
2—46
Q@) = Y- 2 g cos(ene). ani= [ Q) coslona) do (2.19)
n=0 0
where wy, := nn/L and §;; denotes the Kronecker delta. We furthermore assume uniform
convergence with (g, )nen, € ¢'(No) such that > > |¢s| < co. As shown below, the obtained
solution on R satisfies the intended reflective BCs according to Definition 2.6. To proceed
further, we need the Fourier transform of the periodic source (2.19). It has a discrete
spectrum consisting of weighted Dirac pulses, see e.g. [28, Chapter 2]. This leads to
A 2w
ng:iZEZQMMk—wm, k€R. (2.20)
neZ

We now can proceed in the same manner as in the previous subsection. The resulting
radiance in Fourier-Laplace space is nearly the same as before and given by the product

Ok, p, s) = Q(k)G(k, p, s), (k,p) ERx[~1,1], o > 0.

10



2 Fundamentals of Radiative Transfer

Considering (2.20) and making use of the property (1) from Proposition 2.5 gives
1/}(]{ Ky s Zg Why Wy )Q|n\5(k wn) (kvlu> €R x [_17 1]7 o> 0.
neL
The Fourier transform can be inverted under the use of F(e®n")(k) = 2w (k — wy,), yielding
7 1 5 wnT
U(x,pu,s) = T Zg(wn,u,s)qwe o (x,u) € Rx [-1,1], 0 > 0. (2.21)
neL

At this stage, when using the symmetry property G(k:, W, 8) = Q(—k‘, —u, §), one can confirm
the reflective BC

D@, p,5) = Pla,—p,5)  V(x,p) € 0 x [~1,1], 0> 0.

Thus, the radiance obtained on R is simultaneously a solution for the bounded domain. The
fluence is found via integration under the use of fil G(wn, ity 8) dp = G(wn, ), yielding

d(x, s) Z Glwn, s q|n‘e““"x = Z 2 _L(Snoé'(wn, 8)qn cos(wp), (2.22)

nEZ n=0

for z € R, ¢ > 0 and G with property é(k, s) = @(—k, s) is adopted from Lemma 2.13. We
also see that the fluence (2.22) satisfies homogeneous Neumann BCs. Let us briefly discuss
the special case ¢, = cos(w,zp) with g € Q. In contrast to the considerations above, the
coefficients ¢, do not decay towards zero and lead to the periodic §-source distribution

Qz) =) _ 2 _L5"0 cos(wno) cos(wnz) = > _[6(x — 20 — 2nL) + 8(x + 29 — 2nL)].
n=0 nez

We note that this (symbolic) relation, which represents an infinite number of §-sources, is
still consistent with the Poisson summation formula from Proposition 2.9. Regarding the
fluence (2.22), a symbolic manipulation by means of the Poisson summation gives

2 1 N . 1 . '
(I’(HZ 8) :f Z G(wn, s) cos(wnxo)elwnx = 37 Z G(wn, 8>elwn(:c+x0)
nEZ ne?

ZGwn, ’w"xm°)—ZGm—xo—2an)

neZ nez
+Zé(x+xo—2nL,s), z e Q\ {xo}, o > 0. (2.23)
neZ

This expression represents the fluence caused by a J-source located at z¢ € (0, L). Hence, this
transport theory problem (under reflective BCs) can be successfully solved by the method
of images. Let us go back to the Fourier series (2.21) and (2.22) with (gn)nen, € £1(No).
Here, the remaining inverse Laplace transform must be in general carried out numerically.
An exception is the lossless medium with ps = 0. In that case, we obtain with (2.14)

11 ; e~ et

- = t) =
g(wn7N7 ) 25+ ipwn, P g(wnaﬂ7 ) 2

, MEZL,

and (p,t) € [—1,1] x [0,00). Inserting this result into (2.21) leads to the radiance

246
— Ono
(@, p,t) = E ann cos wy (T — pt),
n=0

11



2 Fundamentals of Radiative Transfer

for (z,p,t) € Q x [—1,1] x [0,00). Due to |g, coswp(z — ut)| < |gn| and D00 |gn| < oo,
this series converges according to the Weierstrass majorant criterion [2, p. 87] absolutely and
uniformly to a continuous function. In view of the fluence, we note on

1 efz,uwnt
Glwn, t / Glwn, 1, t) dp = / 5 dp = sinc(wyt), n€Z,t>0.
1

Inserting this into (2.22) leads to the uniformly convergent series

= 2-4,

T 0 sinc(wnt) cos(wnz), (7,t) € Q x [0, 00). (2.24)

O(z,t) =
n=0

For the classical wave equation uy = >tz on = (0, L) under homogeneous Dirichlet or
Neumann conditions, it has been shown in the literature that the total energy according
to E(t) = 5 [o(u? + c*u?)dz (assuming sufficient regularity) is constant over time, see for
example [36, Section 3.3]. Due to the hyperbolic nature of the RTE, one may expect a similar
result for the radiance in a lossless medium. Let us investigate the following energy function

B(t) = 9 ()12, 1) / / (@, 1) dedy, 2 0. (2.25)

The RTE (2.6) in lossless media reduces to 1, + ptp, = 0 with ¥(x, u,0) = Q(z)/2. This
simple transport equation is solved by ¢ (x, u,t) = Q(x — ut)/2. Due to the fact that @ is
even and 2L-periodic, we have ¢(x, u,t) = ¥(z, —p,t) for (z,pu,t) € 002 x [—1,1] x [0, 00).
In view of the energy integral (2.25), we get

_1 1 L 9 _1 1 2L )

_4/_1/0 Q(m—ut)dxdu—8/_l/() Q*(z — pt) dzdp
1 1 L 1 L

:4/1/0 Q2(§)d§d,u:2/0 Q*(z) dz = E(0),

where we again have used the symmetry and periodicity of (). This shows that the introduced
energy function (2.25) is a conserved quantity. Below, we will see that the Py method
represents in lossless media a conservative scheme. For illustration purposes, we will consider
the derived Fourier series solution (2.22) within the last numerical experiment from Section
3.5. In view of the SP3; equations discussed in Section 3.4, we will apply the Poisson’s

summation formula in exactly the same way as we did to obtain the fluence expression
(2.23).

(2.26)

12



3 On the SPy Equations in Time Domain

The simplified Py equations (S Py equations) can be derived from the Py equations belong-
ing to the azimuthally independent RTE (2.6). Thus, we first have to derive these equations
before we can apply the remaining simplifications with respect to the time derivatives. There
are different ways to proceed further. One possibility would be to start the analysis directly
from the transport equation (2.6). On the other hand, to get a deeper insight into the Py
methodology and its applicability to more complicated (higher dimensional) problems, it
is also possible to start from the original equation (2.1) and carry out the simplifications
afterwards. Although being more extensive, we prefer to show the second option. Let us
start with a short overview about the spherical harmonics and some of its basic properties.

3.1 The spherical harmonics method

Within the spherical harmonics method, in radiative transfer abbreviated as Py method,
all angle-dependent quantities such as the (unknown) radiance, the source term as well as
the scattering phase function are represented in terms of spherical harmonics [4,5]. They
form an orthonormal basis of the Hilbert space of square-integrable functions. A spherical
harmonic function ;™ : S — C of degree £ € Ny and order m (|m| < ¢) can be defined
as [2, p. 282]

Y/"(8) ::\/ g MPE (cos@)e'™?,

for § = §(0,¢) € S? and P} are the associated Legendre functions according to [2, p. 319]

m d™P,
P (x) = (-1)"(1 — x2)2d€m($), lz] <1,0<m < /.
x

For negative values —¢ < m < —1, we note on the useful relation [2, p. 319]

(+m)

B (@) = (-1 s Py

(), |zl <1,
yielding Y™ = (—1)™Y, ™.! The first few spherical harmonics are given

1 /3 1 /3 :
Yoo(é):ﬁ, Y (8) = - cos0 and Yf(g-,):—5 5 sinfe’?.

With the above normalization these functions are orthonormal in the sense [2, p. 283]
(Y7 Y5 ) Lys) = /2 Y™ (8)Y (8) d8 = Sgvr G- (3.1)
S

Concerning the expansion of a function f € Ly(S?) in terms of spherical harmonics, we adopt
from [1] the following important result.

'In general, we denote by f the complex conjugate of f.

13



3 On the SPy Equations in Time Domain

Proposition 3.1. Every function f € La(S?) can be represented in terms of the spherical
harmonics according to

00 12
FE =D > f"V"E), where fi" = (£.Y/") 1y,
{=0 m=—/¢
The convergence with respect to the La-norm ||f||%2(sg) = Jo2 [F(8)[* d8 is

00 l
DD D i 7k

{=N+1m=—/¢

=0,
Ly(S?)

15 = ol = i

N 4
where fy == > f"Y," denotes the Nth partial sum.
L

=0m=—¢

Remark 3.2. The Nth partial sum fy € Sy := span{Y;” : |m| < £,0 < ¢ < N} is the
best approximation of f within the subspace Sy of dimension (N + 1)? with respect to the
Lo-norm. This means

1f = Inllpaeey < If —dllys2) Vo € Sn.

Proof. Due to the orthogonality (f — fn,p)r,s2) = 0 for all p € Sy we find for an arbitrary
q € Sy (Pythagorean identity)

2 2 2 2
If = Q||L2(S2) =|f=fv+fnv— Q||L2(s2) =|f - fN||L2(S2) +lfv = Q||L2(Sz),
where we have considered fy — ¢ € Sy. This is just the best approximation property. O
The scattering phase function occurring in equation (2.1) has a particular form, namely
f(8-8") = f(cosOcos +sinfsin cos(p — ¢)).

For this kind of rotationally invariant function, which means that there is no dependence on
a laboratory coordinate system, the corresponding expansion coefficients can be computed
more conveniently by means of the Funk-Hecke formula [3, Theorem 2.16]

1
[ #6807 @) ds =205 [ f) Pt d (3.2)
S2 -1

In addition, if we set 27 f_ll f(u)Pe(p) dp =: fo and making use of the addition theorem for
spherical harmonics [5, p. R89]

¢
A a 4m TTa .
P3-8) =5 2 YPE)YG),
m=—{
we can identify with f;* = f,Y;"(8') the simple Legendre series
9 ¢ 9

F8-8) =" fYPE)YE) =) 20+ 1ffpg(g 8.

4
=0 m=—/¢ {=0

14



3 On the SPy Equations in Time Domain

As an example, the Henyey-Greenstein phase function is an often considered model within
biomedical optics applications [20]. It has the following explicit representation [26, p. 148]

1 l—g2 20+ 1
A Al VA PPN
fHG(S S) 1 (1 2 2 §'§,)3/2 g Z(S S)7

with g € (—1,1) being the so-called anisotropy factor. This function provides also an ap-
proximation of the Dirac delta distribution on the unit sphere such as [26, p. 148]

lini fua(3-8)=—=—"""2 = §(8— &) = d(cos O — cos 0 )(p — ¢).
g—

Within the Py method, the radiance I from (2.1) is (in view of the angular space) projected
onto the finite-dimensional space Sy with N > 1 being the truncation parameter that is
necessary for realization of the Py method on a computer. Consequently, we have the
representation [5, p. R47]

s ~ v =5 S /2 Slopeanyr@), (3.3)

{=0 m=—¢

for (x,8,t) € V x S? x [0,00). Here, the pre-factor /(2¢ + 1)/(4n) is only due to conve-
nience for reducing the size of the coefficients within the Py equations. Next, we insert the
approximated radiance Iy ~ I into (2.1) under the use of the derivatives

N l
1aat s ZZ /2£+110¢€(xtm()

N l
204+ 1
5 VIn(x,5,1) = ZZ Vo 8 Ve (0 ),

where we have used the linearity of the partial derivative operator (applied to a finite series).
In view of the integral term on the right-hand side of (2.1), we find with (3.2)

N 14
l
[ 16w s =3 3 (e [ 6-8)E) s
=0 m=—/¢
AR FY
Xy O (%, [V (8).

Collecting the provided information enables us to write

Z Z 2€+ : (cc‘?t +op+8- V) o (x,1)Y,"(8) =0, (3.4)

=0 m=—/

for (x,8,t) € V x S? x (0,00) and oy := pq + ps(1 — f¢). To proceed further, we use the
identities sin ¢ = (e’ — e7%)/(2i) and cosp = (e*¥ + e7%¥)/2 to get

§ -V =cos 00, + sin 0 cos 0, + sin 0 sin ©0,
1 ) 1 :
=cos 60, + 3 sin @e'? (0, — 10;) + 5 sinfe” " (0, + i0,).

15



3 On the SPy Equations in Time Domain

Multiplying both sides of (3.4) with the test function 4/ %, H YZ” € Sy results in

N ¢

20+1[10 1
_ - ip _

ZZ 2€/+1[ + 07 + cos 00, +2sm96 (0, —i0,)

=0 m=—

+ %sin e (), + z'az)] O (x, )Y (B) Y (8) = 0.

We finally have to integrate this expression over the unit sphere. For this, we can use the
following recurrence relations for the spherical harmonics [5, p. R90]

- _\/(e+m) K—m)YZm1+\/(ﬁ—i-l—i-m)(ﬁ—i-l—m)yﬁl,

(20— 1)(20 + 1) (20 +1)(20+3)

(

(
A l—m)(l—m-—-1)_,.. L+m+1)l+m+2)_,,
sin ey _¢ (@0 )20+ 1) Y“H_\/ PSR

. iovm  [U=m+ D)l —m+2)_ . l4+m)(l+m—1)_ .
sin fe 7Y, _\/ (20 +1)(20 +3) Yf+11_\/ 20— 1)(20+1) Y

With these formulae all integrals can be evaluated via the orthogonality relation (3.1). For

example, we have
i e aa M)l —m)
/S2 cos Y, (8)Y, (8) ds = \/(%, ENCTY 80,0~ 10mm/

+\/(€’+1—|—m’)(€/+1—m’)

The remaining integrals can be evaluated in the same way. After that, we get

" [\/w =) EH T T =) W;l]

20041 B 20041

L [T D) e S DO = T8
_7(8 —Zaz) [ 20 +1 ¢41_1 - 20 11 d)zl_j'_l

1 0—m' — 1) — 4 T+ 1) "+2)
5(@ +z’8)[\/( “;“)1( ) gt Y +m2+€,i(1+m+ >¢?7++11]

1 09y,
+- o
c Ot
We now can summarize the resulting Py system consisting of (N + 1)
differential equations. That is
1 9¢7" 99" 4 97
204+ 1) ( -5 7 -
( + ) (C ot +o €¢€ > + am O + Qr+1,m O

9 .90 m— m—
(ay — Zaz) (bf—l,m(,bg_ll - CZ+1,m¢g+11) (36)

<8y + zaz> (co—1m® 5 = beramdl ') =0, (x,t) €V x Ry,

fopdl =0, (x,t)eV xR,.

2 coupled partial

N | = [\3\»—!

_l’_
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3 On the SPy Equations in Time Domain

for £ =0,1,...,N, |m| < ¢ and moments of the form ¢;* = ¢}*(x,t). The corresponding
coefficients are given by

Qo = V2 —m2, by = (L+m)l+m+1), com:= be —m.-

We note that our obtained system (3.6) differs slightly from that found in [5] due to the
differences in the parametrization of the direction variable (2.2). It remains to provide the
associated initial condition. This can be done via comparison such as

14

1(x,8,0) = In(x Z > 2”1@ (x,0)Y7"(8) L Q)

47
=0 m=—4

Nt /2£+1
cQ(x)de00moY,"(8) = ¢} (x,0) = cQ(x)ba00mo,
éz:: g 20 0ty ? 00 0

for x € V. We leave the discussion about the three-dimensional Py equations at this stage.
In the next section, we derive the intended Py equations for the plane symmetric medium
based on the three-dimensional Py equations (3.6) just derived.

3.2 The Py equations under plane symmetry

We now apply the simplifications from Section 2.1 to the system (3.6) in order to obtain the
Py equations associated with the azimuthally independent transport equation (2.6). The
separation of the absorption at the beginning allows us to consider (3.6) for p, = 0. We
also recall the convention ¢ = 1 for the speed of light. The isotropic (constant) scattering
phase function corresponds with f, = dy9, yielding oy = g + ps(1 — fr) = ps(1 — dgg). Due
to the infinitely extended plane source @, we know from Section 2.1 that the problem is
independent of y and z and governed by the equation (2.4). Hence, (3.6) simplifies at this
stage to the following block-diagonal system

997"
ot

aom OO | apy1m 0)1
20+1 Ox 20+1 Ox

+ vyt + =0, (3.7)

for (z,t) € Q x Ry and ¢7*(z,0) = Q()d¢00mo with @ € C*(2). These Py equations belong
to the transport equation (2.4). The corresponding radiance ¥y ~ ¥ has the form

AR bY
(e pt) = 30 30 AT R (Y (8), (33)

{=0 m=—¢

where the coefficients ¢* now depend only on two instead of four variables. The integrated
radiance from (2.5) is found via integration of (3.8) using

2m . 2041
; Y/"(8) do = 2m\ e PP (11)6mo,

2 . .
where we note on fo TP dp = 218,,0. Hence, we arrive at the Legendre series

(o, u,t) = Z%“W D) ~ (e, 1,8). (3.9)

=0
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3 On the SPy Equations in Time Domain

which only considers the moments qﬁg = ¢y for m = 0. This means that the Py equations we
are looking for correspond to the block for m = 0 of system (3.7). The resulting equations
considered on €2 x R4 can be given as

06 1 Doy | (41060 (3.10)
- T — + + +1us¢€:07 62172a"'7Na

ot 20+1 Ox 20+1 Ox

for the moments ¢, € CH(Q x Ry) with ¢p(x,0) = Q(x)dy for # € Q and ¢nyi1 = 0.
These are the desired Py equations associated with the transport equation (2.6).> From
now on, when we refer to the Py equations, we always mean (3.10) respective (3.11). The
truncation parameter N > 1 is typically an odd number. One reason for this convention can
be reviewed in [10]. The Legendre polynomials occurring in (3.9) satisfy the orthogonality

relation f_ll Py(z)Pp(z) dx = ggiml, see for example [2, p. 310].

Remark 3.3. The fluence from Definition 2.2 corresponds with the zero order moment ¢,
due to

! Y 2041 !
Bt~ [ owlont)du= 30 2T ou(at) [ Pilu)de = ono.)
: 2 g

The Py equations (3.10) can be conveniently written in matrix notation. For this, we
introduce the vector-valued function

o
a N+1 2
¢:Qx[0,00) >R with ¢=1| . |,
N
together with the diagonal matrix ¥ := diag(0, s, s, - . . , pts) € RVFTLNTL and
O 1 0 O 0
1 2
3 0 3 0
2 ..
A= 0 3 0 c RV+LN+L
0 0 0
DY ... N
: C AN
0 -~ 0 0 ¥ 0
Then, system (3.10) becomes
¢+ AP, +Xp=0, z€Q,t>0, (3.11)

subject to ¢(z,0) = Q(z)eq for x € Q with eg := (1,0,...,0)T € RV*L. Tt remains to transfer
the BC from Definition 2.6 into the frame of the Py methodology. Let x; € 9€) be an element
of the boundary. By requiring ¥y (xp, i, t) = ¥y (p, —p1,t) for all (u,t) € [—1,1] x [0, 00),
one obtains

N
Z %; 1[1 — (=1)"]pe(xp, t) Pe(p) 20 V(p,t) € [-1,1] x [0, 00),
=0

2As already mentioned, the system (3.10) can be derived more conveniently if one starts from (2.6). Then,
the unknown radiance can be directly expressed in Legendre polynomials according to (3.9)
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3 On the SPy Equations in Time Domain

where we have used Py(—p) = (—1)°Py(p), see e.g. [2, p. 304] for more details on the Legendre
polynomials. Due to the linear independence of these polynomials, the reflective BC from
Definition 2.6 translates into the zero BC

¢e(z,t) =0 V(z,t) € 02 x [0,00), £ =1,3,...,N. (3.12)

Example 3.4. Let us consider the lowest order approximation on Q = (0, L) for the 2L-
periodic source distribution (2.19). From (3.10) we get for N = 1 the time-dependent P

equations
% + % — 07
ot~ Oz (3.13)
% + 3% +3usp1 =0
Ox ot Hs®1 ’

with initial conditions ¢g(z,0) = Q(x) and ¢1(x,0) = 0 for x € Q. The corresponding zero
BCs are ¢1(0,t) = ¢1(L,t) =0 for t > 0, cf. (3.12). A computable solution to this problem
is given by the Fourier series (3.33) for N = 1.

The P; equations (3.13) represent the Telegrapher equation. This can be seen as follows.
The first equation d;¢g + 1 = 0 gives 02y = —0;0pb1. From the second equation, we
find 02¢0 + 3us0: 1 + 30:0;¢1 = 0. The combination of these results and the assumption
that Schwarz’s theorem can be applied leads to the Telegrapher equation

%o Oy 10%¢q

o2 Mot T 3 0a2
subject to ¢p(z,0) = Q(z) and dypp(x,0) = 0 for = € Q. Moreover, for x € I, we obtain
from the second equation of the system (3.13) the condition 0,¢o(x,t) = 0 for all t > 0,
because ¢1(x,t) = 0 = Oyp1(x,t). Thus, the BCs belonging to the Telegrapher equation
(3.14) are given by the homogeneous Neumann conditions 0,0 (0,t) = Op¢o(L,t) = 0 for
t > 0. We also note on the particular case pus = 0. Then, the Telegrapher equation (3.14)
reduces to a classical wave equation with propagation speed 1/ V3. In some cases, equation
(3.14) admits a closed-form solution.

reN, t>0, (3.14)

Theorem 3.5. The Telegrapher equation on 2 = R subject to the initial conditions ¢o(x,0) =
d(x) and Oypo(x,0) =0 for x € R admits an explicit solution of the form

do(z,1) :‘fe—ust/%(z& —V3z|) + usfe—“stﬂ@(ﬂ — 322)
(3.15)
X [Io(“S N 3x2) L (& N 3x2>],
2 2 =322 \ 2

with I, for n = 0,1 being the modified Bessel function of the first kind.

Proof. In the literature, fundamental solutions to the Telegrapher equation are often derived
by means of integral transforms [37]. While it is not difficult to recover the solution in the
transformed space, the required inversion leads often to complicated integrals that must be
looked up in tables. In the following, we propose an elementary proof with reference to the
theory for the classical wave equation. We first introduce ¢o(z,t) := e #st/2u(z,t). In view
of the initial values, we note on u(z,0) = ¢o(x,0) and (by the product rule) dyu(z,0) =
(1s/2)po(x,0). Inserting this ansatz into (3.14) leads to the new initial value problem

1 2
Upp — 3”” = (%) u, xTz€R,t>0,
u(z,0) =6(x), x€R, (3.16)

w(x,0) = %5(;3), z €R.
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3 On the SPy Equations in Time Domain

Next, we seek a solution in form of the function series

o0

2n

u(z,t) = Z (%) up(z,t), x€eR,t>0, (3.17)
n=0

where the convergence is shown at the end of the proof. Inserting this into (3.16) leads to

the following system of recursively defined wave equations

Gfuo — *6211,0 = 0,
O, —

subject to up(z,0) = §(x)dne and Opun(x,0) = (us/2)0(x)dno. Thus, starting from ug, we
can successively determine all elements u,>1. In this context, we need the complete solution
of the classical wave equation on R, see for example [2, p. 477]. The first equation is just a
homogeneous wave equation that can be solved by the d’Alembert formula, yielding

3 3
uo(z,t) = \gé(t — V/3lz|) + us‘f@(ﬂ — 32%). (3.18)
The second inhomogeneous wave equation under zero initial values is formally solved via
integration of the right-hand side over the characteristic triangle in the xt-plane with corners

(x —t/V/3,0), (x +1/4/3,0) and (x,t). This results in

t prtis
n(z,1) = \f/ tn_1dS = \f/ / f wn_1(y, 5) dyds.
A 0 Ja— 35

=t
The computation of u, for several n = 1,2, ... gives rise to the assumption
V3 _
un(0) = iy [38(# — 322" + 2nt(t? — 322)" 1} 02 — 342), (3.19)

for an arbitrary n € N. We want to confirm this formula by induction. We begin with n =1,
which requires the computation of @ 1) A UodS. In this context, we rewrite the Dirac delta
distribution occurring in (3.18) under consideration of Proposition 2.5, yielding

5(t —V/3Jal) = 6(v/3la| — 1) = jgaw —t/V3)

Cx—t/V3)+o(x+t/V3)  d O(x—t/V3)+O(z+1t/V3)
B V3 Cdx V3 '

With this and under the use of [ O(\)d\ = AO(A) + C, we find regarding the Dirac delta
distribution

t =S _
Li(x,1) :=/ / 7 LBy =V +OW V) gy g2
0 Ja-tze dy 3

V3 V3

For the second double integral, we perform a linear coordinate transformation according to

=t o.0)|_ V3
2’ $5)) _ V2 3.20
S 3l 20
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3 On the SPy Equations in Time Domain

which is also used for the induction step. Under this transformation, the characteristic
triangle becomes a right one with corners (z —t/v/3,2 — t/v/3), (z +t/V/3,2 +t/v/3) and
(x +t/V/3,x — t/\/3) in the &np-plane. The application of the transformation formula for
multiple integrals leads to

V3 z+t/V/3
ve [ ot-sen s
:Eft/\f T— t/\f

\/> :B+t/\[ _ 31/,
:®t2—3x2/ / dnd§: — 322).
( ) 2/, /3 VN o(t? )

We now can combine both integral contributions to obtain

?/Auo ds = \f !\fh(x,t) +us\flz(fv»t)] = u1(z,1),

(x,t) y?) dyds =

which agrees with formula (3.19) for n = 1. We assume the correctness of (3.19) for a natural

number n > 1. For the induction step, we have to evaluate @ Jx tun dS with u, from (3.19).
In doing so, we again use the coordinate transformation (3.20) to obtain

z+t/\/3
2 Ja 22n+3 n' z—t/v/3 Jz— t/\f

- \/§n(£ —~ 77)(—3&1)”_1} O(—3¢n) dndé

z+t/V/3
: | /’ [ (sen)"
22n+3 nl o t/\f

+¢%@ﬂM%WW1M%0<—m%

V3.9t - 327
22D+ (4 1)!

E |5 = 32" 4 2(n + Dt - 32%)",

which agrees with wu,4; from (3.19) and hence the induction is completed. The last step
consists in the evaluation of the series (3.17). For # € R and t > v/3|z| we get

> n (2 _ {L‘2 n
U,(«T,t) :\235(2‘/ — \/§‘$|) +Iu5\fl§ Z (%>2 w
n=0 .

oo n (12 — 3421
FivaY (t)" I Bt Bl
2 il
t
4 2 )Jth(?

where we have incorporated the modified Bessel function of the first kind according to the
definition [2, p. 246]

+ ,usﬁ [Io('usx/ 2 — 32 s 12— 3w2)} ,

T\ e x/2)%"
I (z) = (§> z%n!((n/—i—)m)!’ r € R, me Ny,

which is known to be an absolute convergent series. The proof of Theorem 3.5 is completed
after setting ¢o(z,t) = e #s/2u(x, t). O
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3 On the SPy Equations in Time Domain

As we have just seen, the Telegrapher equation could be solved with recourse to the general
solution to the classical wave equation 97¢y = %8%@1)0. The latter one is a second order
formulation of the P; equations (3.13) in the non-scattering (lossless) medium. This concept
is also applicable to higher order Py equations by seeking for a solution ¢ =Y 7 &,,, which
leads to the following recursively defined first order systems

0i&o + A0y =0

(3.21)
atfn + Aaxén = _Egn—lv n Z 17

subject to &,(z,0) = Q(x)epdno for x € R. Looking at the left-hand side, we see that it
makes sense to give a closer look at the Py equations in lossless media. After that, we will
focus entirely on the time-dependent S Py equations.

3.2.1 The Py equations in lossless media

In general, it is not easy to solve the Py equations in closed form. For lossless media,
when pgs = 0, there is the possibility to derive an analytical solution that is also useful
for verification of numerical approaches. Furthermore, as shown above, it can be used to
construct solutions for the lossy medium. We remind on the convention N > 1 and N odd.

Theorem 3.6. Let Q € C*(R) be the spatial distribution of particles that are initially emitted
into the unbounded domain 2 = R. Then, the Cauchy problem

{qbt +Ap, =0, (2,t)€RxR,, (322
¢(x,0) = Q(z)eo, z€R,
has a classical solution of the form
Q(x — A\ot) 0 e 0
b(z,t) = DU 0 Q(“””__ Art) ' UTe,, (3.23)
0 S Q(ac—o)\Nt)
for (z,t) € R x [0,00). It can be written more explicitly in terms of the moments
N1
du(x,t) = 2£+ Z[ Qx — At) + (~1)'Q(a + Ajt) | ulul?, (3.24)

7=0

where D := diag (\/I, V3,...,V2N + 1) and (Aj,uj) for j =0,1,...,N are the eigenpairs
of the associated Jacobi matrix

1
0 &% 0 0 e 0
1 2
w0 oys 0
0o -2 - 0
I+l = Vib c RN+LN+L

0 0 0

. N

) AN2—1

0 0 0 4JJVV2_1 0
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3 On the SPy Equations in Time Domain

Proof. First, we notice that the matrix A is similar to the Jacobi matrix due to the factor-
ization DAD™' = Jy,1. The Jacobi matrix itself is a symmetric tridiagonal matrix which
admits the decomposition Jyy1 = UAU T, where A = diag()\j)og j<N contains the real-valued
eigenvalues. With the current entries of Jy1, they coincide with the roots of the Legendre
polynomial Px41, see for example [38, Chapter 2]. The orthogonal matrix U is the eigen-
vector matrix with property UTU = I, where I € RNTLNFL denotes the identity matrix.
We therefore have the decomposition A = D™'UAUT D so that the system of Py equations
decouples into the following N + 1 transport equations

wi +Aw, =0, w(z,0) = Q(x)U" e, (3.25)

where we have introduced the function w := UTD¢. The general solution to the jth
equation of (3.25) is given by w;(z,t) = Cj(x — A;t) with C; being an arbitrary continuously
differentiable function. The incorporation of the initial condition (component-wise) gives

wj(z,0) = e]TW(:U, 0) = Q(:U)u;fpeo L Ci(z) = wj(z,t)=Q(z— )\jt)ugrffO-

With this result, we get for the original solution

Q(x — )\ot)ugeo

Qx — Mt)ule
d(z,t) = D-\Uw(z,t) = D-'U (e= Ao | g s,

Qx — )\Nt)u%eo

which is the same as given in (3.23). The more explicit representation (3.24) is found by
considering the symmetry of the eigenpairs. That is, for N odd, the spectrum of A is of
the form o(A4) = {£); : 0 < j < (N —1)/2}. Furthermore, if u; € RV*! is an eigenvector
with components ug-e) (¢ =0,...,N) belonging to the eigenvalue \;, then (—l)euy) are the
components associated with —\;. O

Expression (3.24) displays the hyperbolic nature of the Py equations. There is no change/im-
provement of the initial regularity and the domain of dependence regarding the value ¢(zo, to)
is given by the finite set {(xg & A;tp,0) : 0 < j < (N —1)/2}. The corresponding character-
istics can be found without the prior determination of an explicit solution by making use of
the following definition (see e.g. [36, p. 55] or [39, pp. 142-143)).

Definition 3.7 (Characteristics of a first order system). Characteristics are curves along
which it is not possible to determine the first order derivatives of the unknown solution using
only the information provided by the Cauchy data and the first order system.

Based on this definition, we are able to state the following result, which also applies to lossy
media.

Proposition 3.8. The characteristics of the Py equations (3.11) are given by the lines
x £ \jt = const., where \j are the positive roots of the equation Pn41(\) = 0.

Proof. Let (z,t(z))T € R? be a continuously differentiable curve for z € J C R on which we
would like to prescribe Cauchy data according to

o(z,t(z)) = v(x) = (yo(2). n(@),..., ()" (3.26)

23



3 On the SPy Equations in Time Domain

Taking the first derivative with respect to the curve parameter leads to

b (2, t(2)) +t'(2) py(x, t(x)) =+ (2). (3.27)

On the other hand, the Py equations (3.11) must also be satisfied along the selected curve,
yielding the following second set on conditions

¢y(x,t(2)) + Ad, (2, t(2)) = =X (x). (3.28)
From (3.27), we find ¢, (z,t(z)) =~'(x) — ' (x)p,(z,t(x)). Inserting this into (3.28) results
in the system of linear equations

(t'(2)A = )y (2, t(x)) = Ay'(z) + Z(x). (3.29)

This system is, in general, not solvable if

det(#'(x)A — I) = det(t'(x)A - I) = [] [1 - (t’(w))\j)Q] = 0.
=0

Thus, given ¢(z,t(z)) = y(x) with ¢/(z)\; = £1 and j € {0,..., (N —1)/2}, we cannot find
the first order derivatives of ¢ along x £ \;t = const. under the use of the Py equations. [

Example 3.9. The zero order moment (fluence) belonging to the P3 equations can be found
from (3.24) and summarized as

18 30
¢0($> t) :4_2\/7

7 1Q(x = dot) + Q(z + Aot)]

18 — v/30
+7

- [Q(z — Mt) + Q(z + Mt)], ze€R, >0, (3.30)

where the wave velocities \g = % — %\/g and A\ = 1/% + %\/é are the positive roots of

Py(A\) = 0. For illustration purposes, Figure 3.1 shows the time evolution of the fluence
22

(3.30) for the Gaussian wave packet Q(x) = e 2t /v/2me with ¢ = 0.1.

12 —t=0 |
—t=05
10 —t=1 |
0 08r .
o
5
S06r A
0.4 8
0.2 | /\ /\ |
0 ‘ ‘ ‘ ‘ ‘
-6 -4 -2 0 2 4 6

Figure 3.1: Time evolution of the fluence in the infinite medium obtained from the P3 equations.
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3 On the SPy Equations in Time Domain

In Section 3.5, we also consider within the numerical experiments solutions to the P3 equa-
tions in order to highlight differences to the derived S Ps equations. In contrast to the system
(3.11), the Py equations in Fourier space

b+ (EZ+ikA)p=0, keR, t>0, (3.31)

with @(k,0) = Q(k)ep for k € R are solvable with relatively little effort, even for the
lossy medium. The corresponding solution leads to the matrix exponential with property
%eMt = MeMt = eMt)Af. Further details on this matrix-valued function can be found, for

example, in [40, Chapter 1]. Hence, the initial value problem (3.31) is solved by
Gk, t) = Q(k)e~F+kAle kL eR, t > 0. (3.32)

For an even source distribution Q(—k) = Q(k), one can deduce from the (tridiagonal) system
(3.31) the symmetry relation ¢g(—k,t) = (—=1)¢pe(k,t) for £ = 0,1,...,N. The usefulness of
this property becomes apparent when considering the even and 2L-periodic source distribu-
tion (2.19) together with its Dirac-like spectrum (2.20). Then, as shown in Subsection 2.2.2,
we can invert (3.32) to get in space-time domain

1 ) .
o(x,t) = 7 Z q‘n‘ew"xe_(EH”"A)teo, zeR, t>0. (3.33)
ne”L

For ¢ odd, we deduce ¢4(0,t) = ¢¢(L,t) = 0 for ¢ > 0, which is due to the mentioned
symmetry in Fourier space. More concretely, for x = 0 and ¢ odd, we have

T q0 1+ (1) T —(Stiwn At
¢e(0,t) = ¢p p(0,t) = —dpg + ———— Gn€y € ey =0 VYt >N0.
l J7 I3 ¢
n>1

The same result can be confirmed for the boundary point x = L. Thus, the obtained
expression (3.33) is simultaneously a solution for the bounded domain © = (0, L), because
it satisfies the required BC (3.12). For the lossless medium, it can be directly seen that if @
is even and 2L-periodic, the odd moments from (3.24) vanish at 02 = {0, L}. In contrast
to the solution from Theorem 3.6, the series (3.33) is also valid in lossy media. It will be
used later in Section 3.5. For illustration purposes, let us perform a comparison between the
transport theory fluence (2.24) and the zero order moment from (3.24). To get the bounded
domain © = (0, L), we employ the Poisson kernel

1 1—o?
L1+ 0?—2¢0cos(rx/L)’

P(z):

x €R,

where |p| < 1 and set in view of the initial source distribution

Oa) = P(z — x0) J2r P(z + ) _ |- Q_T(S"()qn cos(wn). (3.34)

n=0

Here, g, = 0" cos(wy, o) are the corresponding Fourier coefficients with z¢ € 2. This source
is even, 2L-periodic and normalized according to fQ Q(x)dx = 1. Figure 3.2 displays the
fluence in a bounded domain with L = 3 caused by the Poisson-like distribution (3.34) with
0 = 0.6 and z9p = 2. The Py-based solution (3.24) was evaluated for the order N = 7
and the Fourier series (2.24) was truncated at ny,., = 20. As can be seen, the zero order
moment of the P; equations (black dashed lines) provides a reasonable approximation of
the transport theory fluence (red and green line). We also note on the equilibrium state
lims_yoo ®(z,t) = 1/L =1/3 for all x € Q.
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3 On the SPy Equations in Time Domain

Figure 3.2: Time evolution of the fluence in a lossless and bounded domain due to a Poisson-like
initial condition.

As a consequence of Theorem 3.6, we additionally can show the following well-posedness
result.

Corollary 3.10. The Cauchy problem (3.22) has a unique solution that depends continuously
on the initial data.

Proof. In view of the existence, we note that ¢ from (3.23) is of class C! because Q € C(R).
Furthermore, we have ¢(x,0) = Q(x)D~'UUTeq = Q(x)ep and

¢, =D 'Uw; = D'U(-Aw,) = —-D'UAUT D¢, = —A¢,,

where we have used A = D~'UAU” D. Thus, we have ¢, + A¢, = 0 and hence the existence
of a solution. Regarding the uniqueness, we have decoupled in the proof of Theorem 3.6 the
original Py system into N + 1 simple transport equations of the form w;; + Ajw;, = 0 with
w;(z,0) = Q(m)u?eo for € R. Let w; be a solution of class C* and (z,t) € R x [0,00) an
arbitrary point. Then, w; is constant along the line (z + \j(s —t), s)T for s > 0 that passes
through the point (z,t). We therefore obtain

wi(z + Xj(s —1),s) = wj(z,t) = wj(r — A\jt,0) = Q(z — )\jt)ujTeo Vs > 0.

Thus, the value wj(z, t) is uniquely determined by the initial condition. Hence, ¢ = D~Uw
is also unique. To show the continuous dependence, we take into account the induced matrix
norm || - || : R™™ — R defined by

M
01l 2= sup 12 5y ap e
20 ||l
with the vector norm ||z|[5 := >_" ; |#;|P. This matrix norm is compatible in the sense

|Mz||, <||M|pllz|, for all M € R™", x € R™ and sub-multiplicative according to ||[MN||, <
[M||p||N|lp for all M,N € R™". We then obtain under the assumption [|Q|[; &) < ¢ the
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3 On the SPy Equations in Time Domain

uniform estimate

(. 1)l = ||D7 ' Do(a,1)||
<||D~ 1HooHUGhag( Q(z — Ajt))o<j<nUTeo|
< [|Udiag(Q(z — Ajt))o<j<nU" el

< ||Udiag(Q(z — /\'t))0<j<NUTH2 leolly

= [ diag(@Q(e = Ai)osjenll, = max Q= Ajt) <

where we have used ||[D7!||oc = 1, [|#||oc < ||z||2 and the invariance of the spectral norm under

orthogonal transformations. For a given € > 0 and under the assumption ¥ (z,0) = Q(z)eq
and ¢(z,0) = P(x)eg, we can choose § = € to ensure

1Q = Pllp ) <0 = l¥(.t) =D)L @ <e YE=0.
O

To conclude this subsection, we want to show that the Py method preserves the initially
entered energy. We first have to translate the energy definition (2.25) into the frame of the
Py method. In doing so, we evaluate (2.25) for the projected radiance ¥ ~ 1. This gives

l
l¥n(, )||L2(Q>< [—1,1]) // 1/’1\/90#’ dﬂdﬂf_/QZQ +1¢1z t)dx

=0

=5 [ 1D8(.0l3ds = SISOl 0 120,

with D being the diagonal matrix from Theorem 3.6. Concerning the integration over p €
[—1, 1], we have considered the Parseval-like relation

2£+ 1
HfNH%Q(fl,l) = <fN>fN>L2(—1,1) Z fe

=0

Hence, in the light of the Py method, we introduce the following energy function

1 1
E(t) = 5 ID$(, )0 = 5 (- )@y £20. (3.35)

To incorporate this quantity, we multiply both sides of (3.25) with w’ (which is also of class
C1) followed by an integration over €, which results in

1
—/WTAW;B dx = —/ (Wl AW) da =
Q 2 Ja

The last conclusion is due to the zero BC (3.12). That is, for all x € 992, we have
(wlAw)(2,t) = (¢" DIy 1DP)(2,t) =0Vt >0,

where DJyy1D has the same structure as Jyi1 from Theorem 3.6. Therefore, the Py
method under the zero BCs (3.12) is a conservative scheme with

1 1
B(t) = BO) = 5 ID#(.0)l 0 = 5 | QPla)da w20,

which agrees (for all orders N > 1) with the exact transport theory value (2.26). At this
stage, we also note on the article [27], dealing with the convergence of the Py method to the
solution of the RTE (2.6) under reflective BCs. After this excursus on the Py equations in
lossless media, we continue with the derivation of the S Py equations.
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3 On the SPy Equations in Time Domain
3.3 Derivation of the time-dependent S Py equations

The S Py equations in time-domain are obtained from the Py equations (3.10) by neglecting
the time derivatives applied to the odd moments [9,13,14]. It is important to note that
this does not insinuate odd moments of the form ¢;(z,t) = ¢¢(x). The main motivation
for this simplification is due to the difficulty in solving the hyperbolic Py equations and
the breakdown of the classical diffusion approximation in several situations of high practical
importance. Thus, the SPy method yields a compromise between accuracy and computa-
tional effort [15]. There are also physical reasons for neglecting the time derivatives of the
odd moments. For example, in the field of biomedical optics, there is the assumption that
the (relative) change of the odd moments within a characteristic time is very small [9]. For
reactor core analysis, it is assumed that the time variation of the odd moments is much
smaller than the spatial variation of the even moments, see for example [13]. In the case of
the classical diffusion approximation, we get under the assumption 9;¢; = 0 from the second
Py equation of the system (3.13) the well-known Fick’s law

— kabo(a) = (2, 1) + ;atm(a:,t) ~ i (x.8), (3.36)

where the first moment ¢;(z,t) = fil Y(x, pu, t)udp represents the diffuse flux. In this
context, we also refer to [20, Chapter 3] for some historical aspects on Fick’s law. The neglect
of the time derivative regarding the odd moments can therefore be seen as a generalization
of the assumption made in (3.36). Of course, the removal of certain time derivatives does
not remain without consequences, especially at short times. However, when the data at
early times are negligible, this does not represent a serious limitation. In the publication [9],
the authors mentioned the parabolic nature of the SPy equations without any concrete
verification. Let us continue with the classification of the S Py equations in the sense of the
characteristics and with finding out the consequences of the missing time derivatives.

Proposition 3.11. The characteristics of the SPy equations are given by the lines t =
const. in the xt-plane.

Proof. We can start as in the proof of Proposition 3.8. In view of the Cauchy data, we
adopt equations (3.26) and (3.27). To enable a smooth transition from the hyperbolic Py
equations to the desired simplified system, we replace (3.28) by the following e-dependent
Py equations

I (z,t(x)) + Ap,(z,t(z)) = —Z~v(x), z€J, (3.37)

where I, := diag(1,¢,1,¢,...,1,¢) € RVTLN+L . Thus, we have scaled the time derivative

of the odd moments with the parameter € € [0, 1]. The resulting system of linear equations
becomes

(t'(2)A = L)@y (z, t(z)) = Ay'(2) + B(2),
which looks nearly like (3.29). As before, the characteristics are found by setting the deter-
minant equal to zero. The use of the product rule for determinants leads to®

3In this context, we note on the factorization

tA—I = %[\/g(t’A — VeI Vee (0,1].
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3 On the SPy Equations in Time Domain

The characteristics to the scaled Py equations (3.37) turn out to be

+ N-—-1
t(x) = \/E:c +const. for j7=0,...,——.
Y 2

Thus, for € — 0, we arrive at the S Py equations that exhibit horizontal characteristics. [

We see that the removal of the time derivatives applied to the odd moments transfers the
hyperbolic Py equations (3.11) into a parabolic system. The SPy equations in first order
form, that is Iy, + Ap, +X¢p = 0 (e = 0), are typically converted into a system of (N +41)/2
coupled diffusion-like equations. This reformulation can be done as follows. By selecting an
arbitrary equation from (3.10) for £ odd and the neglect of 9.¢y gives

¢ Oppy n C+1 Odeyq
20+1 Ox 20+1 Ox

+ Us¢€ = 0.

Solving this equation for the odd moment ¢, results in

1( t Oppy  L+1 5¢£+1>

(3.38)

W:‘; 20+1 0r 20+1 Ox

Next, we replace all odd moments occurring in the ¢th Py equation (¢ even) of the system
(3.10) by the expression (3.38). The resulting second order form becomes

Oby 1 9%¢g 2 0%y
Ot 3us Oz2 + s Ox?
o 1 -1y  ?¢po 1 1 2 (C+1)2\ 9%y
Ot s (204+1)(20—1) 022 T pg20+1 (26—1 T ) D2
1 ((+1)(6+2) Pryn
ps (20+1)(20+3) 022

(3.39)

— puspp for £=2,4...,N—1

for (z,t) € Q x R4 and the moments ¢y € C*1(Q x R;) with ¢n41 = 0. In view of the
initial condition, we have ¢y(z,0) = Q(z)dy for z € Q and ¢ = 0,2,..., N — 1. By defining
the vector-valued function ¥ := (¢g, ¢2,...,¢n_1)7, we can write (3.39) schematically as
vectorial diffusion equation

Y, +SY =Dy, z€Q t>0. (3.40)

Remark 3.12. The characteristics to the SPy equations can also be obtained from the
second order form (3.40). In that case, we have to look for curves on which the determination
of the second order derivatives becomes impossible. Suppose that ¥ and its first derivatives
have already been fixed by the prescribed Cauchy data and available in the form

Yz, t(x)) = alz), P,z i) = B(z) and y(z,t(z)) =~ (2).

By differentiating the latter two conditions with respect to the curve parameter and incor-
porating equation (3.40) results in the linear system

D 0 0 Yo (2, (1)) Sa(r) +(x)
I (@) I 0 You(@,t(2)) | = B(x)
0 I t@)I) \Pylzt(z)) v'(z)

Suppose that det D # 0. Then, the second order derivatives can be determined in all cases
if ' # 0. On the other side, if ¢ = 0, we see that 1, remains completely undetermined. All
in all we again find ¢ = const. as characteristics.
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3 On the SPy Equations in Time Domain

The BCs to the derived SPy equations (3.39) respective (3.40) can be found under the use
of the condition (3.12) in combination with the relation (3.38). That is, for z € 91, the
left-hand side of (3.38) becomes zero. The resulting homogeneous system (with an upper
bidiagonal matrix) has only the trivial solution, yielding the Neumann-type condition

Y (x,t) =0 VY(x,t) € 0N x[0,00), (3.41)
that belongs to the system (3.40).

Example 3.13. Let us consider the SP; equation® on = (0, L) for the 2L-periodic source
distribution (2.19) with Q'(0) = Q'(L) = 0. From (3.39) we get for N =1

o0 _ oy
ot oz’

subject to ¢o(z,0) = Q(x) for z € Q and k = 1/(3us). The corresponding Neumann BCs
are given by 0,¢0(0,t) = 0y¢0(L,t) = 0 for all ¢t > 0. This problem has a unique solution,
see for example [31, pp. 48-51], with representation

xeQ t>0, (3.42)

[ee]

5 _

do(x,t) = E 7 "0 e rent cos(wpx), x€Q,t>0, (3.43)
n=0

where w,, := nm/L. It belongs to C®°(Q x (0,00)) N C(Q x [0,00)). We also recall the
fundamental solution to (3.42) on © = R that is given by the heat kernel (2.8).

Now we turn our attention to the SP; equations, which represent the next higher approxi-

mation over the standard heat (SP;) equation. The following Section 3.4 contains the main
results of this thesis.

3.4 The time-dependent SP; equations

We now consider the time-dependent SPy equations for the order N = 3. That is
v, +SY =Dy, e t>0, (3.44)

where 1) = (¢o, $2)” and the matrices associated with this system are given by

1 2
_(du di2\ | 3ps 3 _ (00
D_<d21 d22>_ 9 11 and S = 0 1) (3.45)
1ops  21ps

We furthermore assume p; > 0 and the corresponding initial condition reads
b(z,0) = <ng)>, req. (3.46)

We consider both the infinite medium © = R and the finite domain € = (0,L) under
the Neumann-type condition (3.41). A vector-valued function ¥ € C*(Q x R, ,R?) that
satisfies (3.44) and (3.46) can be considered as a classical solution to the time-dependent
S P53 equations. We also remind at this stage on the absorption and the speed of light in the
medium. Both can be readily incorporated afterwards according to ce He“4)(z, ct).

“This is nothing other than the well-known heat equation (diffusion equation without absorption).
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3 On the SPy Equations in Time Domain

3.4.1 Considerations in the infinite medium

This subsection is primarily intended as preparation for the next Subsection 3.4.2, in which
we will incorporate some of the results obtained for the infinite medium. In the present case
of an unbounded domain, some caution is required when it comes to the question of well-
posedness. Without a boundedness condition on the solution, the classical heat equation
Ut = Uy, on Q =R is solved by v = 0 and also by the (unbounded) candidate

oo (k) —1/t2
g (t) o . e for t >0,
t) = th t) =
o) =3 e w0 =10 P

which we have adopted from [36, p. 145]. Moreover, in both cases we have u(x,0) = 0 for
x € R. Thus, there are (at least) two possible solutions to the same initial value problem.
According to the textbook [41, Section 3.4], uniqueness can be guaranteed by requiring
additionally an exponential boundedness condition. It can be expected that the same sort of
solutions will also be present when dealing with the SP3 equations on 2 = R. We therefore
omit the well-posedness issue in the case of the infinite medium. Regarding the more realistic
case of a bounded domain (cf. Subsection 3.4.2), we verify in detail the existence of a classical
solution, its uniqueness as well as the continuous dependence on the initial data. Let us
continue with the derivation of a formal solution to the SPs equations (3.44) by making
use of the Fourier transform formalism. In doing so, we multiply both sides of (3.44) and
(3.46) with e~ followed by an integration over R. In this context, we assume @ € L (R)
which implies Q = F(Q) € Co(R), cf. Remark 2.8. The consideration of the differentiation
property (2) from Proposition 2.9 leads in Fourier space to the Cauchy problem

P+ Ap =0, keR, t>0, (3.47)
where ¥ = (do, ¢2)” = F(3) and (k. 0)

coefficient matrix is given by

(Q(K),0)T for k € R. The time-independent

A(K) = S + KD = (d“kz ok ) € R?? (3.48)

' do1k?  daok® + pus ‘ '
Thus, we have converted the SPs; equations (3.44) into a first order system with constant
coefficients. From the theory of ordinary differential equations, it is known that (3.47) admits
a unique solution. It can be given in terms of the matrix exponential, similar as in the case
of the Cauchy problem (3.31). Setting A = Udiag(\1, A\2)U ! enables us to write

Pk, t) = e <(62> =U <€_glt e%) Ut <%2> keR,t>0. (3.49)

The required eigenvalues and eigenvectors can be given explicitly by starting with the roots
of the characteristic polynomial

k2 kY k2
det(A—)\I)—AQ—(us—irG ) ;

> NI
T TR

This quadratic equation exhibits real-valued solutions of the form Ay = p+q¢gand Ao =p—gq

with
3k% s 24k4  2k2 g2
k = —_— d k = R 78
plk) =2 -+ and (k) \/245,,@ torty

Concerning the asymptotic stability, it is worth to mention that both eigenvalues are non-
negative. Otherwise, the moments in Fourier space would grow exponentially as ¢ — oo.
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3 On the SPy Equations in Time Domain

The positivity of A; is evident because p and g are both positive real numbers. In view of
A2, Vieta’s formula gives

3kt k2

AMA2 = ——
1A2 35M§+

The eigenvectors follow as solution of (A — A;I)u; =0 (j = 1,2), which leads to

- dyok? - dyok?
AN —dnk?) 2=\ —duk?)

The moments (3.49) can be given in the form ¥ (k,t) = Q(k)G(k,t), with

GA'O(k t) — Lh(k)e—kz(k)t + 1_7h(k)e—)\1(k’)t
) 2 2 ,
12 oM _ (bt (3.50)

1545 q(k) ’

~

Go(k,t) =

and h(k) = (% + %) /q(k). We note that the moments G correspond to the source

Q =1 = F(). As a composition of elementary functions, they are smooth. Let us derive
at this stage two useful estimates. In view of G, we have introduced in (3.50) the even
function h, which takes the values h(0) = 1 and h(£o0) = v/30/18 ~ 0.304 < 1. The first
derivative satisfies

, 4 K3
") = = B WP

We therefore obtain h(R) = (1/30/18,1] and the upper bound

. 1+ h(k 1—h(k
G()(ki,t) < eAg(k)t( +2( ) + 2( )) _ eng(k)tj (351)

<0 Vk>0.

for all £k € R and ¢t > 0, where we have used e~ k)t < e~ 22kt The eigenvalue Ao can be

estimated under the use % > %, yielding

2
24 k2 ps 24k 2 6 5 p? )
Y AL I S22 B S (qk)? VEER
( 245Ns+2) oaspz T\ ER T 2 k) <

With this result, we deduce for all £ € R

2
A2 (k) = p(k) — q(k) > p(k) — (3\/525 + ”;) = ak?,

where a := (% - %\/é) /s =~ 0.116/ s has the meaning of a diffusion constant. Notice that

a € (D) is just the smaller eigenvalue of the diffusion matrix D from (3.45). Hence, (3.51)
becomes

Golk,t) < e Mt < et y(k 4) € R x [0, 00), (3.52)
where equality arises for £ = 0 or ¢t = 0. In view of the second moment éz, we note on
1 K2 7

0< <
~ 15ps q(k) 630

vk € R.
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3 On the SPy Equations in Time Domain

Thus, we get for £ € R and ¢ > 0 the upper bound
kQ 67/\2(]6)2& _ 67}\1 (k)t 7
<
150 q(k) ~ 6v30

With these relations on hand we can show two things. Concerning the zero order moment
(fluence) in space domain, we have (notice that Gy is non-negative)

Ga(k, )] = ekt (3.53)

1 A . 1 [
Go(w.0)] < 5 [ Golkt)e™|dk = Gofo,0) < - [ ek dk = (3.54)
T JR ™ Jo

1
Varat ’

for all x € R and ¢ > 0. Thus, the fluence in SP3; approximation due to a d-source can
be uniformly bounded by a square root function, similar as the classical heat kernel (2.8).
Secondly, we have for all ¢ > 0 and m € Ny

~ 0 o0 1—\
[ 1Gothaygnian <o [T me g <o [T memort g = TCL)
: : : (at)""

with T denoting the gamma function [2, p. 242]. This result has a direct consequence on
the smoothness in real space. It can be shown that k™ f(k) € L;(R) implies /) € Cy(R)
for r =0,1,...,m, see for example [42, Theorem 9.2.13]. The moments in real space can be
(formally) reconstructed by means of the inverse Fourier transform

p(x,t) = / Pk, t)e* dk, zeR,t>0. (3.55)

For an even source distribution Q(—k) = Q(k), the inverse (3.55) reduces to a Fourier cosine
transform. In particular, in the case of a d-source when Q = 1, we get for x € R and ¢t > 0

Gj(x,t) / G(k,t) cos(kz)dk, 5 =0,2. (3.56)

Notice that G (j = 0,2) are the moments from (3.50). There is an interesting result on
the SPy equations, which coincides with the famous Einstein formula (22)(t) = 2kt for the
mean-square displacement in the theory of Brownian motion. For more information on this
topic, we refer to the textbook [43].

Proposition 3.14. The second-order moment (¢?)(t) = [ #*Go(z,t) dx for t > 0 of the
fluence to the SPyn equations on 0 = R caused by a §-source agrees for all orders N > 1
with Einstein’s formula for the mean-square displacement.

Proof. Based on the differentiation property (2) from Proposition 2.9, it is not difficult to
deduce the relation F(z" f(x))(k) =" d‘f:n f(k). Using this for n = 2 and setting k = 0 gives
for the second order moment (z2)(t) = —32610(0, t) for t > 0. To find the required derivative
at k = 0, we consider the SPy equations (3.40) in Fourier space

G+ (S+kD)G =0, G(k,0)=ey=(1,0,...,00eR 2,

for (k,t) € R x Ry and G= (Go, Gg, e ,GN_l)T. The corresponding solution can be again
given in terms of the matrix exponential. In particular, the zero order moment becomes

Go(k,t) = el G(k,t) = el e SHF Dl ke R, ¢ > 0.
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3 On the SPy Equations in Time Domain

Next, we use the (convergent) Taylor series for the matrix exponential and remind on the
diagonal matrix S = diag(0, us, ..., is). We then obtain the expression

A k%t > (S + kK*D)"
Go(k,t) =1— —— +k*lI'D —1)n 2 2 Dey. 3.57
The use of the difference formula for the second derivative gives
GO(&, t) - ZGO(Ov t) + GO(*& t) _ 2. T > nyn+2 (S + €2D)n
5‘2 = —2Ht+2€ Copnzz:o(—l) t WD@O,

for a small number ¢ > 0 and k = 1/(3ps). In the limit ¢ — 0, we arrive at Einstein’s
formula®

(@?)(t) = —8,3@0(k,t)’k:0 — 9kt V> 0.

O

Remark 3.15. In accordance with the classical heat kernel (2.8), the fluence to the SPy
equations on €2 = R caused by a d-source is normalized according

/ Golz,t)dx = Go(0,t) =1 ¥t >0,
R
for all orders N > 1. This can be readily verified by setting & = 0 in (3.57).

We furthermore want to find the SP3 fluence (caused by a d-source) in the long-time limit.
It can be found under the use of the Laplace formula (2.17) for b = co. In this context, we
write the zero order moment from (3.56) according to

Go(z,t) :1/ e_)‘Q(k)tLh(k) cos(kx) dk
™ Jo 2
1 o (o9}

1
+— e MW cos(kx) dk — —

e M B (k) cos(ka) dk.
2 0 27 0

The main contribution for ¢ — oo arises from a small environment around k& = 0, due to
the rapid decay of the exponentials. Let us verify the requirements. We have \|(0) =
A5(0) = 0, M/(0) = 22/(21ps) > 0 and M5(0) = 2/(3us) > 0. Moreover, A\; and Ay are
both monotonically increasing on (0,00) and in all cases the associated function g satisfies
g(0) # 0. Therefore, using formula (2.17), we see that the fluence in SP3; approximation

behaves like )

VAarkt

which coincides with the exact transport theory fluence at late times, see (2.18). To transmit
this exact asymptotic behavior from transport theory to the SPs fluence, it was necessary to
separate the absorption before neglecting the time derivatives applied to the odd moments.
Otherwise, the SPs equations would still look like (3.44), but the diffusion matrix (3.45)
would depend on absorption, which prevents the convergence to the exact asymptotic value.
We note that this is principally the same problematic as in the case of the classical diffusion

Go(z,t) ~

=H(t) as t— oo, (3.58)

®Einstein’s result approaches the exact transport theory value at late times, see e.g. [44]

2pst —1+ e Hst

3 3 /2/-@t~1 as t— oo.
s
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3 On the SPy Equations in Time Domain

equation. Here, there is a discussion about the correct treatment of the absorption for almost
thirty years, see e.g. [45-48]. We also want to confirm (3.58) by a numerical experiment. For
this, we have evaluated Gy from (3.56) for the time values #; = 10% and 3 = 10°. Moreover,
we have set x = 1 and the scattering coefficient is assumed to be us = 0.5. As a result, we
find the numerical values

Go(1,12)

M = 1.000000825000392 and ———— = 1.000000000824997.
H(t) H(t2)
We note that these ratios are independent of the absorption, because the exponential factor
e Hat cancels out. We finally want to provide a fourth order formulation to the S P3 equations.
It can found from system (3.44) by eliminating the moment ¢9 and by adding a second initial
condition. The latter requirement follows directly from the first equation of (3.44) and reads

2 o _ Q'(z)
L aa:ng(l'ao) — 3#5 )

1

2
3,UJ5 amgbo (.’E, O) +

at¢0($, 0) =

for x € R. The resulting fourth order formulation for the fluence ¢y € C*?(R x Ry) can
then be written in the form

9*¢o Ipo _18%¢g 6 Pdo 3 ¢
a2 Mot T 37022 T T, 0t0a? 3542 92t

zEeR, t>0, (3.59)

subject to ¢o(z,0) = Q(z) and dipo(x,0) = Q"(x)/(3us) for € R. Compared with the
classical heat equation, this higher order model contains a coupling between the space and
time variable in form of a mixed partial derivative. If we assume for a moment that integra-
tion and differentiation would be interchangeable, then it can be verified that ¢g from (3.55)
satisfies equation (3.59). In the next subsection, we will apply the finite cosine transform
(FCT) in order to solve the SP5 equations on a bounded domain.

3.4.2 Solution for a bounded domain via the FCT

We now employ the SPs equations (3.44) as a simplified transport model on the finite
domain © = (0, L) with reflecting boundaries. As shown above, reflective BCs correspond
in the frame of the SPy methodology with the Neumann-type conditions (3.41). Hence, we
consider the SP3 equations (3.44) subject to

P, (0,4) = (L,t) =0 Vt>0. (3.60)

In view oft the initial condition (3.46), we assume throughout this subsection the compati-
bility condition Q'(0) = Q'(L) = 0 and that @ is representable on €2 in form of the uniformly
convergent cosine series (2.19). Considered on the entire space, @) represents an even and
2 L-periodic function. Similar as for the classical heat equation, it would be possible to seek
for separable solutions. Let us briefly discuss this method on hand of the separation ansatz
¢j(x,t) == X;(x)T;(t) (j =0,2). Inserting this into the SP3 equations (3.44) results in

XoT} XoTo\ ([ X{To
<X2T2’> + S<X2T2 =D X, ) xe, t>0. (3.61)

In contrast to the classical heat equation, we are not able to perform the separation directly.
We therefore divide the first equation by 75 and the second one by Ty. After that, we
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3 On the SPy Equations in Time Domain

additionally apply on the obtained equations the partial derivative with respect to t. We
then get the following separated equations

T/ T / X/I
3#3( 0/T2) _ 20 _ 2
(To/T2)  Xo (3.62)
21ps (T3 + psT2) /To)' _ Xié/ — 2 '
1 (T/Tyy X,

By the homogeneous Neumann conditions (3.60), we find for the unknown separation con-
stants the discrete values wy = n = kn/L with k € Ny. Furthermore, the appropriate
eigenfunctions have the form X ,(z) = o cos(wgx) (7 = 0,2). To find the corresponding
time-dependent factors T}y, we insert the obtained eigenfunctions into (3.61) and get for
each k € Ny a condition of the form

d (agrThy k) (040 xTo k) (0)

L(CoktoR) g (QokI0k) _ (V) S 3.63

dt <a2,kT2,k k o To 0 (3.63)
where Ay := A(wy) is the matrix from (3.48). The general solution to (3.63) is given by

aoxTo k(t)> At
k10, —e . keNp, t>0,
(az,szk(t) P 0

with B, = (Bo, Bg,k)T being an arbitrary constant vector. Multiplying both sides of this
expression by cos(wgx) results in the eigensolutions

Tt X
)= () =Bt ket ez

The general solution to our problem is then obtained via superposition
0 —
Plo,t) =) hyla,t), z€Qt>0. (3.64)
k=0

If we consider the cosine series (2.19) as initial condition, we can fix the unknown vector
according to

ﬂk; 2 — o (Sk

L
7 0>, Sk = /0 Q(z) cos(wx) dz, k€ Ny. (3.65)

We omit at this stage the justification of the obtained series solution, because we will do
this shortly after we have confirmed (3.64) via the FCT. In the present case of homogeneous
Neumann conditions, we will see that using the FCT is a little more convenient than seeking
for separable solutions. At the same time, we can use some of the results prepared in the
previous subsection. The FCT we are going to consider is defined as follows [29, Definition
10.2.2).

Definition 3.16. The FCT of a piecewise smooth® function f : [0, L] — R is the sequence
(ag)ren, € £1(Np) with elements

L
ay = / f(z) cos(wgz)dx, wp=knr/L,k € Ny. (3.66)
0
The inverse relation corresponds with the uniformly convergent cosine series
24
f(z) = kZO 7 M o cos(wgz), x €0, L]. (3.67)

“We denote a function f € C(Q) as piecewise smooth if it has a piecewise continuous first derivative, see for
example [2, pp. 19-20].
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3 On the SPy Equations in Time Domain

As is typical for finite transforms, the FCT exhibits a discrete spectrum. For our purposes,
we need the following relations concerning the FCT.

Proposition 3.17. Let (ay)ren, € £1(No) be the FCT according to (3.66) of a sufficiently
smooth function f defined on [0, L]. Then, we have

/ f"(z) cos(wpr) dr = —wiag, f'(0) = f/(L)=0, f € C?[0, L),

oo

2—90

/ f2 dx = Z i3 +0 ai, f piecewise smooth.
k=0

Proof. The differentiation property (1) results from integration by parts. The Parseval re-
lation (2) can be obtained by multiplying both sides of (3.67) with f(z) followed by an
integration over (0, L), which leads to

L 00 _
/0 A (z)dx = Z 2 L(Sko / f(x) cos(wpz) de = Z 2 L5k0 az.

k=0 k=0

We note that term-by-term integration is allowed due to the uniform convergence. O

We now can proceed as for the unbounded domain. That is, we multiply both sides of the
system (3.44) by cos(wiz) (k € Np), followed by an integration over 2. At the same time,
we make use of the differentiation property (1) from Proposition 3.17 under consideration of
the homogeneous BCs (3.60). As a result, we obtain the Cauchy problem

with 4, (0) = (s, 0)7 for k € Ng. Thus, we have obtained practically the same initial value
problem as in (3.47). Hence, the corresponding solution can be given in the form

_ (Por(®) _ . (Gox(t)) _
¢k(t)_<¢27:(t)> Sk (ng(t))—sk(}k(t), ke Ny, t >0, (3.69)

where Gj(t) = G(wg,t) and G (j = 0,2) are adopted from (3.50). The inverse FCT
(3.67) applied to the function sequence (t},)ken, is then in agreement with the eigenfunction
expansion (3.64). Now it is time to address the well-posedness of the recovered (formal)
solution to the SP3 equations. In doing so, we start with an energy analysis.

Lemma 3.18. Let (¢;,)ken, be the function sequence with elements from (3.69). Then, the
energy function E : [0,00) — [0,00) defined by

[e.9]

-0 1
B(t) = Y 222D (B = S Db )2, (3.70)
k=0
with D, := diag(1,V/5) and E(0) = 3 fo 2dz belongs to C1([0,00)) and satisfies the

relation 0 < E(t) < E(0) for all t >0. In addztwn, there holds the energy inequality
E(t) — E(c0) < (E(0) — E(c0))e™ 2@t ¢ > g, (3.71)

where E(o0) = limy o E(t) = s3/(2L) and wy = /L.
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3 On the SPy Equations in Time Domain

Proof. We first note that the scaling of the (even) moments with D, is used to hold a certain
similarity to the energy definition (3.35) for the Py equations. The integral representation
on the right-hand side of (3.70) results from the Parseval relation (2) from Proposition 3.17.
The function series (3.70) converges uniformly on [0, c0) due to

265

2
1Dty (8)]12 < 292 g2 -2t < 205 2

216"k < 5165 VR € No,

where we have used the estimates (3.52) and (3.53). The series obtained after termwise
differentiation still converges uniformly up to ¢ = 0. To show this, we consider

1d ~
§£||De1/’kz(t)”§ = —u(t)T Appy(t), k€N, t >0,
where we have used ¥}, (t) = —Agap,(t). The matrix Ay is symmetric and looks like
w,% Qwi
7 2 3pis s
A = DeAk = 5 9 , ke Ng. (372)
2wy Hdwy 45
3, 20ps | M

The Cauchy—Schwarz inequality enables for k € Ny and ¢t > 0 the estimate

91 ()" Apapr (D] < [ Arpr ()12 190k (D)l < 1Ak 144 )15 (3.73)

The spectral norm of the symmetric matrix A, equals its spectral radius o(Ay) = Hglng
The spectral radius itself can be bounded by any compatible matrix norm such as o(Ag) <
| Aglloe = Bpus + 23w /(Tus). Hence, (3.73) becomes for all k € Ny and ¢ > 0

[ ()" Ay (t)

1129 23 w?
| < + Sk
=7080 \"H* T 7 4,

2
) s2e 200t < (¢ + cow?) st

It remains to show the convergence of E?;l(wksk)Q. By assumption, @’ is piecewise contin-

uous and the Fourier coefficients of @ € C(2) can be reformulated via integration by parts.
That is

I B
Sp=—— Q'(z) sin(wpx) do = —— Vk € N,
Wk Jo Wk

The coefficients of a piecewise continuous function satisfy Bessel’s inequality [2, p. 56]. Hence,
in view of f := fOL Q' (x) sin(wgx) dz, we get

M Iy
Zﬁ;% < 2/ (Q(z))*dz < co VM e N.
k=1 0

Due to |Bg| = |wksk|, we deduce D> 72 (wisk)® = D poy 87 < oo. Thus, term-by-term
differentiation of the energy series (3.70) is permissible and leads to the continuous function

(1) =~ S b Aty (1), 120, (3.74)

The leading principal minors of Ay, for k € N satisfy w?/(3us) > 0 and

~ w2 [/ 55w? 4ot 3w 5w?
det A, = —& k by, | ——E ="k 7k 5 3.75
o 3us<21us+ o) “o2 T2 s 70 (3.75)
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which means that (3.72) is a positive definite matrix. In view of (3.74), this in turn shows
that E’(t) <0 and hence 0 < E(t) < E(0) for all t > 0. The second part, namely the energy
inequality (3.71), can be derived from the series (3.74) as follows. We first note on

P Apapy(t) > ()" Arepy(t), k€N, t>0.
Moreover, we perform the manipulation
Ay = D2A; = DAy — Da(w)] + Xa(w)I], wi =n/L,

with Ag(w1) = p(w1) — g(w1) being the smaller eigenvalue of the matrix A; = A(w;) from
(3.48) with property Aa(w;i) < Ag(wg) for all k& € N. With these relations on hand, we deduce
from (3.74) after some smaller rearrangements the following differential inequality

E'(t) + 2Xa(w1) E() < 2Xa(w1)E(00) — - Z% = Ao (w1) DZJp (¢).

Note that E(co) = s§/(2L) is the first (time-independent) term in the energy series (3.70).
The symmetric matrix A; — Ag(w;)D? = D?[A; — Ao(w1)I] has the eigenvalues 0 and

- 8w
trace(A1 — )\Q(wl)Dz) Q,U + i; + 6q(w1) 0

which means that it is positive semidefinite. This leads to the inequality

% (E(t)e%(wﬂt) < 2o (w) E(oo)e2 @)t ¢ > .

By the monotonicity of the integral, we find after integration over [0, ¢] the inequality (3.71).
O

Remark 3.19. The energy inequality (3.71) could also be derived as in the case of the heat
equation u; = Kug,. That is, we can multiply the SPs system (3.44) with 1,/JTD3 followed by
an integration over €). Moreover, after integration by parts under the use of the homogeneous
Neumann BCs (3.60), we can incorporate the following Poincaré-like inequality”

| #T DD - Ll DD, < C* [ $IDIDY, i,
Q Q

with C':= L/m = 1/w; and the mean value v, := 1 fo (z,t)dz = (so/L,0)T. Note that
the matrix D2D is symmetric and positive definite.

We are now in position to verify the existence and uniqueness of a solution to the SPj
equations in a bounded domain.

Theorem 3.20. Let Q € C(Q) be a piecewise smooth source distribution with Q'(0) =
Q'(L) = 0. Then, the SPs equations (3.44) on Q = (0, L) subject to the Neumann-type
BCs (3.60) and the initial condition (3.46) admit a unique solution in form of the uniformly
convergent cosine Series

12— _
= %0 sy (1) cos(eopa), @€ Dyt 20, (3.76)
k=0

"This relation can be obtained e.g. under the use of the cosine series (3.76).
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with 1, being the time-dependent Fourier coefficients from (3.69). In addition, if we consider
the defining equation for the source coefficients sy, we additionally have

L
P(x,t) = /0 K(z,n,t)Q(n)dn, x€Q,t>0, (3.77)

where the corresponding integral kernel IC = (Ko, K2)? is defined as

Kz, t) =Y 2 _L‘S’“O G (t) cos(wyn) cos(wpz). (3.78)

k=0

Proof. We begin with verifying the existence of a solution. In view of the series (3.76), we
define Wy (x,t) := 1, (t) cos(wrz). Note that each ¥y is an eigensolution of the S Ps equations
(3.44). The derived estimates (3.52) and (3.53) can be used to provide the uniform upper
bound

%8, )l < [9(Olo0 = 58 [GR() oo < Me™E0 ik € N,

for an arbitrary ¢y > 0. We furthermore have used |sj| < fOL |Q(z)| dz = M. The application
of the ratio test shows that "7, e~ Wit < oo, Thus, according to the Weierstrass majorant
criterion [2, p. 87], the series (3.76) converges on  x [tg, c0) absolutely and uniformly to a
continuous vector-field. Next, we investigate the partial derivatives

0, ¥k(z,t) = —wipy(f) sin(wizr) and  0yWy(z,t) = — Ak () cos(wx),

that exist everywhere and vanish for ¥ = 0. They can also be uniformly bounded on the
domain Q x [tg, 00) for each k € N according to

10k Dl < Mo 80 and |0 %5 (2, 1), < M(ps + w}/p)e 0,

where we have used || Ag |l < ps +wi/ps. Again, by the ratio test, both upper bounds can
be summed up. Consequently, the series obtained after termwise differentiation of (3.76)
converge uniformly and yield (continuous) representations for 1, and 1,. Regarding the
necessary conditions for termwise differentiation of a function series, we refer to [2, p. 92].
Moreover, we have on Q x [tg,00) the uniform estimate

107 0P (2, 1) | g < M} (s + wi /ps)"e™ k% Vk € N.

Due to > -7 wit(ps + wi/us)"e*““’ito < oo (ratio test), we successively come to the same
conclusion for higher order derivatives. In particular, the series solution (3.76) satisfies on
Q2 X [to, 00) the SPs equations (3.44), due to (termwise differentiation)

2 — Oko

W, + S — D, = (0r W, 4+ SW), — DI>Wy,)

k=0

2294
=Y Lko(—Ak+S+w§D)\Ifk = 0.
k=0

For t > 0, we can differentiate the series (3.76) to confirm % ,(0,t) = ¥,(L,t) = 0. When

t = 0, we remind on the compatibility condition ’(0) = Q'(L) = 0. This means that the
BCs are satisfied for ¢ > 0. In view of the initial condition, we have the alternative estimate

15 (2, )l < I8kl [1GR(E) oo < |8k VE € No,
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3 On the SPy Equations in Time Domain

which holds true on Q x [0,00). Due to (sk)ken, € ¢*(Np), we can interchange limit with
summation (due to the uniform convergence) which results in

[e.9]

lim e (x,£) = )

k=0

2 — 0o

11/i_r>r(1) Wy (x,t) = <Q(()x)> Vo € Q,

where we have used Wy (z,0) = (sg,0)7 cos(wpx). Thus, we in fact have found a solution

to our problem with regularity ¢; € C*(Q x (0,00)) N C(Q x [0,00)) for j = 0,2. As
typical for parabolic systems, solutions to the SP3 equations undergo smoothing as soon as
t > 0. The integral representation (3.77) follows by replacing s by fOL Q(n) cos(wgn) dn in
the series (3.76). Then, the exchange of summation and integration, which is allowed due to
the uniform convergence on Q2 x (0, 00), yields the integral representation (3.77). To show the
uniqueness, let @ and ¢ be two classical solutions to the same problem. Then, by Lemma
3.18, we find 0 < [|9(, ) — (-, )| 1) < 0 for all £ > 0 and hence 9 = . O

A direct consequence of Lemma 3.18 is the following result on the stability and the long-time
behavior.

Corollary 3.21. The solution to the SP; equations from Theorem 3.20 depends continu-
ously on the initial data and converges exponentially in time to the equilibrium state v, =

limg o0 ¥ (z,t) = (s0/L,0)7.
Proof. Under the assumption [|Q||z,q) < d, we obtain from Lemma 3.18 the estimate

10 Dl y) < Db (Dl y0) < 1Ry < ¥E20.

This means that for every € > 0, we can choose § = ¢ to ensure

H'lb(,O) - ¢(’0)HL2(Q) <d = ||1ﬁb(’t) - Lp(.7t)HL2(Q) <e Vt=0. (379)

Thus, small perturbations in the initial data yield small deviations in the solution. In
addition, we can measure the stability in the maximum norm. For this, we consider the
integral representation (3.77) under [|Q||;_ () < 0 and |K;(z,n,t)] < T3 e e~ito for
t > to > 0. The last series can be bounded by the Poisson summation formula (cf. Proposition
2.9) according to®

1 ot 1 k2L? 1 1
— k0 — — < .
L Ze Vmaty %GXP ( aty ) ~ /matg é 1+ k2L?/(aty)

k€EZ k

For the last step, we have used 1+2z < e” for all z € R. Under consideration of )}, ., W =

%COth(ﬂ /B), we find with Holder’s inequality on  x [tg, o0) the upper bound

L
|6 ()] < HQHLOO(Q)/O |ICj(2,m, t)| dnp < v/ coth(mv/ato/L).
Hence, for an arbitrary € > 0, we find with § = ¢ tanh(w+/ato/L)/+/7 the implication

1900l <90 = 90Dl @ <& VE=to

5In this context, we note on the required transform pair, see for example [31, p. 223]

F e ) (@) = exp[—2°/(4a)]/VATa, a > 0.
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3 On the SPy Equations in Time Domain

The convergence to the equilibrium state follows directly from the energy inequality (3.71)
by making use of

1 1
S0 — ) = 5 19D, @ — Blo0) < B(1) — E(oo)
where we again have considered [|9(-,t)[|1,() < [|De®(+, )| 1,(0)- Consequently, we get

1600 = Bl < 186.0) = Byl oy e 20 >0,

where we note on E(0) = %||¢(~,O)||2L2(Q). For media with Lus > 1 we have wy/pus < 1.

Then, the rate of decay approaches that for the heat (SP;) equation, due to

3w 24wt 2w? p2 Wi
Ny (ior) — SWL |, Hs Lo, 2w s W e
2wn) =7 -+ 3 \/245@ M TR A

with C' = 1/w; = L/7 being the Poincaré constant. O

The kernel (3.78) has the meaning of a fundamental solution on a bounded domain.” In
accordance with Subsection 2.2.2, we can apply the Poisson summation formula to both
components, which results in

Kj(z,n,t) = [Gj(x —n— 2kL,t) + Gj(x +n — 2kL, 1)), (3.80)
keZ

for (z,n,t) € [0, L]* x R4 and G, are the moments for the infinite medium. This means that
the point source problem for the SP5; equations on a bounded domain can also be solved
by the method of images. In the next subsection, we derive closed-form expressions for the
kernels (3.80) in Laplace space. The subsequent inversion of the Laplace transform enables
us to verify the series representation (3.78) by a numerical experiment.

3.4.3 Solution for a bounded domain via the Laplace transform

In Subsection 3.4.1, we have used the Fourier transform in order to reduce the S Ps equations
to an ordinary first order system. The transformed moments Gj (j = 0,2) could be found in
explicit form, cf. (3.50). In this subsection, we apply also the one-sided Laplace transform
(cf. Definition 2.10) with respect to time. As a consequence, the SP; equations (3.44) are
reduced to a system of linear equations in Fourier-Laplace space. If we invert only the Fourier
transform, we get moments of the form Gj(a:, s). Then, by the method of images, we can
construct the desired kernels for the bounded domain according to

Kj(z,n,s) = [Gi(w —n—2kL,s) + Gj(z +n — 2kL, s)], (3.81)
keZ

where z,m € [0, L] and s € R;. The reason for restricting the complex Laplace variable to
the positive real axis is due to the Post-Widder inversion formula, see Proposition 3.25. We
will see that the series for Iéj can be summarized in closed form. It should be noted that
the Laplace transform approach offers the possibility to incorporate much more complicated
BCs than the Neumann-type conditions currently considered. However, the required inverse
transform must be in general carried out numerically.

9This kernel function satisfies the initial condition }C(z,7,0) = (6(z —n),0)T for z,n € Q.

42



3 On the SPy Equations in Time Domain

Proposition 3.22. The moments of the fundamental solution to the S P3 equations on ) = R
in Laplace space are given by

. A e-mlzl B e—walal
Gz, s) = 2LE Ml B

R R .82
2 K1 9 Ko y TER,s€elRy, (3 )

for 5 =0,2. The corresponding parameters are defined as

110502 (s + pus) — 55K3 s 1 14@#3
Ag = 9 2 _ 2 , A=y P
K5 — K{ 9 K2 — K2
110542 — 55k3 114
By — L10%ms(s ¥ pe) = B0rapts L ’*2“52, (3.83)
1225
Rij2 = \/5M55 + 2 Ms\/52 *Ms s+ M”g'

Proof. We start with the SPs equations in Fourier space, see (3.47), under consideration of
the initial condition G(k,0) = (1,0)? for k € R. The application of the Laplace transform
leads to the following system of linear equations

[sI + A(K)G(k,s) = (1,007, keR,seRy, (3.84)

where we have used the differentiation property for the first derivative, cf. Proposition 2.12.
The corresponding solution is given by

55k2 s + 10502 (s + p1s)
9k* + (90s + 35715 ) k2115 + 105u25(s + 1)
—14Kk%p,
9k% + (905 + 355 ) k2 s + 105025(s + 1)

Go(k,s) =

(3.85)

Ga(k,s) =

These expressions can be written in form of the following partial fractions

Aj B,
k2+51+k2+n§’ keR, seR,.

Gk, s) =

We note that the coefficients belonging to these decompositions do not depend on k£ € R, see
(3.83). Hence, the inverse Fourier transform'" can be carried out analytically, which results
in the moments from Proposition 3.22. 0

Remark 3.23. The moments (3.82) can also be derived by solving st + Sip = Dzﬁm in
Laplace space. More concretely, we then seek for a function that satisfies

/lz;azcc :M’(ﬁv z ER\{O}a SER-H (386)
with M := D~!diag(s, s + us) including the following continuity and jump condition

@E(OJFVS) = ¢(0773)7
$07,5) = D075 = D71 ().

19Tn this context, we make use of the transform pair

—alx o —alz| —ikx 2a
Fle “)(k):[ e “"le kdm—kQ -5 a>0.
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3 On the SPy Equations in Time Domain

for all s € Ry. The general solution to (3.86) can be formally written in the form

P(x,s) = VMg 4 e*mxd,

with arbitrary constant vectors ¢ and d. In the present case, when s € R, the matrix M is
diagonalizable with real-valued and positive eigenvalues k% and x3, which are exactly those
from (3.83). This means that the square root /M is similar to diag(s1, ko). Hence, we find
the following more compact alternative to (3.82)

. -1
G(z,5) = %e*mix‘ (D\/M) (é) z€R, seR,. (3.87)

This expression can be conveniently evaluated in Matlab using the functions expm and sqrtm
for the exponential and the square root of a matrix. The vector-valued function (3.87) has a
certain similarity to Green’s function of the classical heat equation in Laplace space, namely

22

e 4rt

Varkt

Gl ) = £ (s) = %e—ﬁlw\ (rey/m) ", (3.88)

for (z,s) € R x Ry and m =k~ !s.

Based on Proposition 3.22, we can give the desired kernels for the bounded domain.

Corollary 3.24. The kernels (3.81) in Laplace space that satisfy the Neumann conditions
0, K(0,m,s) = 0, IC(L,n,s) =0 for (n,s) € Q xRy are explicitly given by

. Aj cosh —n|—L sh —L
o)~ ol =l = D)+ cosba 9~

2 k1 sinh(k1L)
_i_icoshmﬂﬂ:*??’*[./)WLCOSh“?(:':+777L)7 (3.89)
2 ko sinh(kaL)

where x,n € [0, L] and s € Ry. The coefficients A;, Bj and k; for j = 0,2 are adopted from
(3.83). In addition, the kernels written as vector-valued function become

N 1
R (x.1,5) =3 [cosh VI (J — 1] - )

+ cosh VM (z + 7 — L)} (D\/Msinh(\/ML)) B (é)

Proof. We only have to evaluate the series (3.81) under consideration of the moments from
Proposition 3.22. This can be done under the use of

—klz—n—2kL| _ cosh I€(|l’ - 77’ - L)
k% e Suh(sL) . k>0, (3.90)
where |z — n| < L. The vector-valued kernel function follows via summation of (3.87). O

For the last step, we need to apply the inverse Laplace transform to the kernels (3.89). In
this way, we have the possibility to verify the derived Fourier series expansion (3.78). This
is done in Subsection 3.5.2. Concerning the numerical inversion of the Laplace transform, it
is advantageous to have some information about the function to be inverted. In the present
case, if we consider the kernels (3.89) as function of the real variable s € R, we see that
they are non-oscillating and continuously differentiable up to any order. In this situation,
instead of evaluating the (complex) Bromwich contour integral, the inversion of the Laplace
transform can also be carried out along the positive real axis by means of the Post-Widder
inversion formula.
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3 On the SPy Equations in Time Domain

Proposition 3.25. Let f : [0,00) — R be a continuous function of exponential order ap € R
and f = L(f) the corresponding Laplace transform that exists for all o > og. Then, f =
L7Y(f) can be reconstructed according to

o (D)7 el f(n) (I
F(t) = lim = (t) f (t)’ t>0. (3.91)
Proof. A possible proof of this result can be found e.g. in [32, Theorem 2.4]. O

The direct application of the Post-Widder formula is difficult due to the required high order
derivatives, which are in general not available. In Subsection 3.5.2, we make use of a discrete
version of (3.91), the so-called Gaver-Stehfest formula [32, p. 144].

3.4.4 The time-harmonic S P; equations

Time-harmonic (monochromatic) light sources of the form e™™®! with w € R being the
angular modulation frequency, are often considered in diffuse optical tomography [9,49, 50].
Here, the modulation frequency f = w/(2m) typically lies between 25 MHz and 1 GHz [50].
It is important to note that this source type is formally defined for ¢ € R and hence a
two-sided signal. Besides optical imaging, time-harmonic fields are also of importance in the
context of Maxwell’s equations, see e.g. the textbook [3]. Until now, we have considered the
homogeneous (source-free) SP3 equations (3.44) under a given initial condition at time zero.
The same result can be obtained from the inhomogeneous system

Y, (z,t) + SY(z,t) = DY, (x,t) + Q(x)i(t), x €, teR,

under (-, t) = 0 for t < 0 and Q = (Q,0)”. Thus, in view of the time variable, we have
recovered a causal impulse response that vanishes for ¢ < 0. In this case, the convolution
theorem enables us to get the response to an extended source. More concretely, we have'!

(P(x,-)e Ha % e T (1) = e /0 h p(x,7)e” T gr — Tl (2) g —iw),  (3.92)

for (z,t) € Q x R. The amplitude W satisfies the SP5 equations in Laplace space
(s + S)(x,5) = Diy,(x,5) + Q(z), =€,

for s = iy —iw. In the time-harmonic case, we can set ¥ (z,t) := ¥ (z)e~ ™! for (z,t) € QxR
with 1) : Q — C? being the time-independent part that satisfies

P, (x) + Mip(z) = —D1Q(z), zeQ, (3.93)

where M := D~ !diag(iw — pia,iw — pta — pts) € C*2. The time-harmonic system (3.93),
which consists of two coupled Helmholtz equations, already contains the absorption. For
a point source of the form §(x)e~™! in the infinite medium, equation (3.93) exhibits the
closed-form solution (z) = G(z, g — iw) with G = (G, Go)T being the moments from
(3.82). Moreover, if the point source §(x —xg)e ™ is located in the finite domain Q = (0, L),
we have (x) = K(z, 0, tq — iw), where K = (Ko, K2)” are adopted from (3.89). Apart
from d-sources, we can also solve (3.93) for the more general case of Q(z)e ™",

"We remind on the factor e #* due to the absorption.
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3 On the SPy Equations in Time Domain

Proposition 3.26. Let Q € C(Q) be a piecewise smooth source distribution with repre-
sentation (2.19). Then, the time-harmonic SP3 equations (3.93) on 2 = (0, L) subject to
Y, (0) =, (L) = 0 exhibits a solution of the form

00 9 _ R
P(x) = Z L(SkOG(wk, g — 1w)qk cos(wgx), x € €, (3.94)
k=0

where pg > 0 and pg —iw # 0. Moreover, G = (Go, G2)T are the moments from (3.85).

Proof. The application of the FCT to (3.93) under consideration of Proposition 3.17 leads to
the system [(pq — iw)I + Agltr = (qx, 0)7, which is practically the same as (3.84). It would
also be possible to show the well-posedness, due to (qx)ken, € £*(No). O

For the modulation frequency w = 0, one obtains the solution of the SP; equations in
the steady-state domain. On the other hand, if we consider (3.93) for variable modulation
frequencies, we get solutions of the form ¢ = (x,w). We then can reconstruct the time-
dependent moments for x € 2 and t > 0 according to

/ Pz, w)e “dw = / P () o + iw)e™! dw = 2meFatap(x, t). (3.95)
R R

Note that the second integral can be seen as a Bromwich integral, see Definition 2.10. This
means also that, instead of solving the SPs equations directly in time domain, we alter-
natively could solve (3.93). However, the remaining (numerical) integration in frequency
domain can become a quite challenging task especially in the neighbourhood of d-sources,
caused by the slowly decaying and oscillating integrand. Due to the causality in time do-
main, the real and imaginary part of ¢ associated with (3.93) are connected by the Hilbert
transform [28, Chapter 7]

Im1p(x,w):1/RRe¢(x’T)dr and Reqp(w’w):_l/ﬂglmd’wdﬂ

s Ww—T s wWw—T

for (z,w) € 2 x R and the integrals are considered as Cauchy principal values. By taking
into account Re# (-, —w) = Re¢(-,w) and Im (-, —w) = —Ime(-,w), we can restrict the
integration to positive frequencies which leads then to the classical Kramers—Kronig relations
[28, Chapter 7]. If one part is known, the other one can be computed. This is consistent
with the fact that a one-sided signal is completely determined by its even or odd part.'?
Hence, as an alternative to (3.95), we can reconstruct the solution to the time-dependent
S P53 equations according to

™

e Halap(z,t) = 72T/000 Rep(z,w) cos(wt) dw = 2 /000 Im ¢ (z, w) sin(wt) dw.

Remark 3.27. The time-harmonic SP3 equations (3.93) already contain the absorption,
but the speed of light is missing. We can incorporate this quantity by a simple modification
of (3.92) according to

(cp(x,c-)e M x e7 ) (1) = e “hap(z, pg — iw/c), x€Q,teR. (3.96)

Thus, we only have to replace iw by iw/c in the matrix M occurring in (3.93).

2We note on
feven(t) = w and fodd(t) =

S0 = J(-t)
2
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3 On the SPy Equations in Time Domain

In the next section, the last numerical experiment is carried out in the frequency domain
under consideration of realistic optical properties. The relevant quantities in view of exper-
imental activities are the modulation M and the phase shift 6 [50]. In the case of fluence
measurements these quantities are defined as

M(z,w) = gbo(a:,w)‘ and O(z,w) :=arggo(r,w), (z,w)e€ N xR. (3.97)

N ¢0($, 0)

3.5 Numerical experiments

The derived solutions to the SP; equations were implemented in Matlab for comparison
purposes. We show in this section the result of different numerical experiments for both the
infinite medium and the bounded domain ©Q = (0, L) under the Neumann-type conditions
(3.60). In general, except for two examples, we restrict our attention to non-absorbing media,
because the solutions to the derived SPy equations exhibit the same exact dependence on
absorption'® as the solutions to the RTE and the Py equations. We recall at this point that
the presented results for the SP; equation correspond to those of the classical heat equation.
We also note that the figures shown below were generated with Matlab.

3.5.1 Simulations for the infinite medium

The first comparison is for an infinite medium with scattering coefficient us = 0.9 that is
illuminated by an instantaneous d-source. Figure 3.3 displays the fluence for the time value
t = 2 predicted by different theories. We see that only the exact transport theory fluence
(2.15) exhibit the correct causality principle. For small distances, the S P fluence according
to (3.56) performs better than the classical heat kernel (2.8).

0.4

—RTE
—SP, ||

- -.SP

0.35

0.3

0.25

0.2

fluence

0.15
0.1

0.05

Figure 3.3: Fundamental solution in the infinite medium for ¢t = 2 predicted by different theories.

We reconsider the infinite medium from the first comparison, but we replace the d-source

IQ
by the more realistic Gaussian distribution Q(z) = e~ 2¢ /v/27e with parameter e = 0.05. In
this case, the data for the transport theory fluence can be generated numerically by means

13That is given by a simple multiplication with the exponential e #a.
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of the convolution. In addition, we have included the fluence predicted by the (hyperbolic)
P5 equations, which can be computed by the formulae (3.99) for ¢ = 1. Figure 3.4 shows a
snapshot for the time value ¢t = 3. Interestingly, in this case, the fluence belonging to the
more exact and complicated P3 equations performs not really better than the SP; fluence.
The deviations disappear completely when increasing the Py approximation order N.

0.3

0.25

Figure 3.4: Fluence in the infinite medium for the time value ¢t = 3 caused by a Gaussian distribution
with € = 0.05.

As mentioned at the beginning of this section, we consider in two cases also an absorbing
medium. Figure 3.5 displays the time-resolved fluence Gy from (3.56) due to a d-source
located in an infinitely extended scattering and absorbing medium with properties ps = 1
and p, = 0.03. As expected, the fluence predicted by the (parabolic) SPs equations (red
solid lines) fails at short times, but converges to the exact transport theory (black dashed
lines) as t — oo.
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Figure 3.5: Time-resolved fluence in an infinitely extended scattering and absorbing medium eval-
uated at the positions x = 3 and = = 5.

For the last experiment in the infinite medium, we want to reconstruct the derived SPj
solution (3.55) by solving the e-dependent Pj equations numerically. They are explicitly
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given by
%o
O] L up +5p=0, z€R t>0, (3.98)
ot | o2
€d3

subject to ¢(z,0) = Q(x)eg for x € R, where ey = (1,0,0,0)”. Note that the matrices A
and X are those from (3.11). The parameter € € [0, 1] allows us to make a smooth transition
from the hyperbolic P3 equations (¢ = 1) to the parabolic SP; equations (e = 0). The Ps
equations (3.98) in Fourier space become I.¢, + (X +ikA)@ = 0 with ¢(k,0) = Q(k)eo and
I. = diag (1,¢,1,€). The corresponding solution can be again given in terms of the matrix
exponential, namely g%(k:, t) = Q(k:) exp (—Ie_l(E + z'k:A)t) eop- The application of the inverse
Fourier transform leads then to the moments

o(z,t) = % /_OO Q(k) exp (—I71(Z + ik A)t) eoe*® dk, (x,t) € R x [0, 00). (3.99)

Figure 3.6 shows the zero order moment ¢ (left figure) and the second order moment ¢
(right figure) for different values of the parameter e. The considered time value is ¢t = 2.
The infinite medium is characterized by the scattering coefficient ps = 0.9. In view of the
initial condition, we consider the Gaussian pulse from the second experiment. The derived
solution to the SPs equations ¥ = (¢0,¢2)T from (3.55) is shown by the black lines. As
can be seen, when € goes to zero, the even moments (3.99) predicted by the e-dependent P;
equations tend to the SP; moments (3.55).

04r
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Figure 3.6: Reconstruction of the S P; moments via numerical solution of the e-dependent P; equa-
tions for different values of the parameter e.

3.5.2 Simulations for the bounded domain

We now perform comparisons in a bounded domain under consideration of Neumann-type
conditions. The kernel function (3.78) plays a key role in solving the SP; equations on
Q = (0, L). The first experiment concerns with the verification of Iy from (3.78) by applying
the Post-Widder inversion formula (3.91) to the image function Ko from (3.89). The direct
evaluation of the Post-Widder formula is difficult due to the required high-order derivatives in
Laplace space. We therefore have implemented a computable representation for the formula
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(3.91), namely the so-called Gaver-Stehfest formula. That is [32, p. 144]

In2 <X
k=1
where sj, 1= k1In(2)/t are the discrete values on the positive real axis on which the image
function f is evaluated. Moreover, the corresponding weights V}, are given by [32, p. 144]
M .
7 (25)!
Vi := (—1)FM S — ,
zj: (M = )15 = Dk = 5)N2) — k)!

where |(k+1)/2| <j <min(k, M) and |[-] is the floor function. Figure 3.7 shows the kernel
function Ky for 7 = 2 in a bounded domain of thickness L = 3 and us = 1. Physically, it
represents the fluence in a bounded domain caused by a d-source located at n = 2. The solid
colored lines correspond with the Fourier series expansion (3.78), whereas the black dashed
lines are the numerical inversion of Ky from (3.89) by means of the Gaver-Stehfest formula
(3.100) for the value M = 8. We see that the numerically inverted kernel function is in good
agreement with the data generated by the Fourier series (3.78).

1.5 T

/ A\ t=0.2

fluence

Figure 3.7: Comparison between Ky in Fourier series representation (3.78) and the numerical in-
version of the image function Ky from (3.89) by means of the Gaver-Stehfest formula
(3.100).

Similar as done for the infinite space, we compare the fluence in the bounded medium
Q = (0,4) with ps = 0.9 predicted by different theories. In view of the initial condition,
we take into account the Poisson-like distribution (3.34) for zp = 3 and ¢ = 0.95. This
distribution satisfies also the compatibility condition Q'(0) = Q'(L) = 0. We additionally
note that for p = 1 we would recover the kernel function (3.78) for the bounded domain with
n = xp. The Poisson-like distribution becomes in this case a Dirac comb. Thus, we simulate
in the present case a kind of damped kernel function. In view of the SP; equations we have
to consider the Fourier series (3.76). We also incorporate the fluence belonging to the Pj
equations, which can be computed by the derived expression (3.33). Figure 3.8 displays the
fluence for two time values predicted by different theories. Again, the fluence obtained from
the hyperbolic P; equations exhibits an interesting behavior. For the smaller time value
t = 0.3 (left figure), it agrees at least for |z — 3| > 0.5 with the exact transport theory. By
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contrast, large deviations from the expected values are observed in the case t = 1 (right
figure). These deviations can be removed by increasing the Py approximation order N.

1.2

fluence

X X

Figure 3.8: Comparison of the fluence in a bounded domain caused by a Poisson-like distribution
with parameters o = 0.95 and zg = 3. The left figure shows the case t = 0.3, whereas
the right one corresponds with ¢ = 1.

To address the question of uniqueness and stability, we have seen that the derived energy
function from Lemma 3.18 was quite useful. Figure 3.9 shows as an example the energy
function (3.70) including its first derivative (3.74) in a bounded domain of thickness L = 5.
The scattering coefficient is set to us = 0.9 and the considered Poisson-like distribution (3.34)
is characterized by o0 = 0.4 and x¢p = 3. In accordance with the theoretical predictions, the
energy function decreases monotonically and converges for ¢ — oo against the final value
E(<) = s3/(2L) = 0.1. In addition, the green dashed line shows the upper bound of the
energy inequality (3.71).
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Figure 3.9: Energy function and its first derivative associated with the time-dependent SP; equa-
tions on a bounded domain.
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3 On the SPy Equations in Time Domain

The last numerical experiment is carried out in the frequency domain. For this, we consider
a medium of size L = 10mm with optical properties s, = 0.01mm™" and g, = 1.0mm™".
We note that these values for the absorption and the scattering coefficient are typical for
biological tissue in the near-infrared (NIR) spectral range [20]. The sample is illuminated by
a sinusoidally modulated point light source located at zg = 5mm and the resulting fluence
b0 = |¢ole? is detected at a certain distance d := |z —x0|. The speed of light in the medium is
set to ¢ = 300 mm/ns. Figure 3.10 shows the modulation M and the phase shift 6 according
to (3.97) for a typical frequency range. The red solid lines display the fluence belonging to the
time-harmonics S Ps equations (3.93). Note that this is just the kernel function Ko from (3.89)
evaluated for n = x¢ and s = p1, —iw/c. Alternatively, one can use (3.94) for g, = cos(wpzo).
For illustration purposes, we additionally have included the exact transport theory fluence
(black dashed lines) and the solution to the often used SP; equation (blue dashed lines).
The latter one can be obtained by the method of images applied to G (z, g — iw/c) from
(3.88). Concerning the transport theory, we can directly use the derived fluence expression
(2.22) for g, = cos(wpzp) and s = g — iw/c. As shown in Figure 3.10, for the larger
distance d = 2mm, all theories are in relative good agreement (especially in the case of
the modulation M ). However, for d = 0.1 mm, we observe the mentioned problems of the
classical diffusion approximation near sources and/or high modulation frequencies.'* Of
course, the SP3 fluence indeed performs better, but also starts to deviate from the (desired)
transport theory data.

d=2mm — _
1 /_//,
o e -
g 06 =
= P
0.4 /,,
/./,/ d _ 0.1 mm
0.2¢
0 200 400 600 800 1000 0 200 400 600 800 1000
f (MHz) —

Figure 3.10: Modulation M (left figure) and phase shift 6 (right figure) for the frequency domain
fluence ¢q in a bounded domain.

See also [20, Chapter 3] regarding the applicability of the diffusion equation in biomedical optics.
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4 Conclusion

In this thesis, we have reported about some known as well as some new (or at least not
well-known) results on the time-dependent simplified spherical harmonics equations. Let
us summarize in this conclusion the findings we have obtained regarding these equations.
The starting point, the derivation of the S Py equations, was basically known to relevant
scientists, but without the separation of the absorption. However, as shown in (3.58), this
small modification ensured the convergence of the S P fluence (in the long-time limit) against
the exact transport theory quantity. In the further course, we have confirmed the parabolic
nature of the S Py equations by determining their characteristics. We now come to the main
objective of this thesis, namely the derivation of exact solutions to the SP3; equations. To
accomplish this task successfully, we started with some considerations in the infinite medium.
Here, we have derived an analytical solution to the SP3; equations in Fourier space. The
obtained moments (3.50) belonging to the fundamental solution could be uniformly bounded

by the Gaussian function e_“th, with a = (% — %\/§> /s being the smaller eigenvalue of

the diffusion matrix D from (3.45). Based on this, we were able to bound the SPs fluence
(caused by a d-source) by the square root function (3.54). This is similar as for the classical
heat kernel. Some of the results obtained for the infinite medium could be directly used
in the next Subsection 3.4.2, in which we considered the more realistic case of a bounded
domain. Here, we started with the derivation of a formal solution under the use of the finite
cosine transform, which led to the same initial value problem as for the infinite medium. In
proving the well-posedness of the obtained series solution, we have introduced Lemma 3.18
as preparation. It is mentionable that the derived energy inequality (3.71) has the same
form as that for the classical heat equation under homogeneous Neumann conditions. The
existence and uniqueness as well as the C™ regularity (on Q x (0,00)) were then shown
with Theorem 3.20. As a consequence of the analysis carried out so far, we could prove
the continuous dependence on the initial data as well as the exponential decay (in time) to
the equilibrium state (Corollary 3.21). In Subsection 3.4.3, we derived alternative closed-
form expressions in Laplace space, which are particularly useful in the context of the time-
harmonic S P3 equations, which have been considered in Subsection 3.4.4. For illustration and
verification purposes, we have implemented the obtained solutions for the infinite medium
and the bounded domain within Matlab. The numerical experiments outlined in Section 3.5
have shown different things. On the one hand, we could successfully verify the derived series
solution (3.76) with the numerical inversion of the expression (3.89) by means of the Post-
Widder formula. On the other hand, the considered numerical experiments indicated the
improvements achieved by the S P3 equations (compared to the diffusion theory) especially in
the neighbourhood of sources. In some figures, we additionally included the results obtained
from the more exact P3 equations. However, at least in the cases shown, these strongly
oscillating results were not really better (compared to transport theory) than those obtained
by the SP; equations. In view of concrete applications, this can become a decisive point
since the SP; equations are easier to solve than the (hyperbolic) Ps; equations. As for a
future work, it would be interesting to consider and solve the time-dependent S Ps equations
in a layered medium (piecewise constant coefficients), because this is an often assumed model
within biomedical optics applications.
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