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Abstract We introduce an hp—version discontinuous Galerkin finite element
method (DGFEM) for the linear Boltzmann transport problem. A key feature of
this new method is that, while offering arbitrary order convergence rates, it may
be implemented in an almost identical form to standard multigroup discrete
ordinates methods, meaning that solutions can be computed efficiently with
high accuracy and in parallel within existing software. This method provides a
unified discretisation of the space, angle, and energy domains of the underlying
integro-differential equation and naturally incorporates both local mesh and
local polynomial degree variation within each of these computational domains.
Moreover, general polytopic elements can be handled by the method, enabling
efficient discretisations of problems posed on complicated spatial geometries.
We study the stability and hp—version a priori error analysis of the proposed
method, by deriving suitable hp—approximation estimates together with a novel
inf-sup bound. Numerical experiments highlighting the performance of the
method for both polyenergetic and monoenergetic problems are presented.
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1 Introduction

The linear Boltzmann transport problem describes the flow of particles through
a scattering and absorbing medium, and is a widely used model in areas as
diverse as medical imaging, radiotherapy treatment planning, and the design of
nuclear reactors, for example. Here, we consider the numerical approximation
of the stationary form of the problem, seeking a solution which is a function of
up to six independent variables: d, d = 2, 3, spatial variables varying over a
domain in R, (d — 1) angular variables on the surface of the d-dimensional
unit sphere S, and an energy variable on the non-negative real line R>q. The
high dimensionality of this problem means that it is imperative to develop
efficient numerical approximation methods. Over the years numerous methods
have been proposed for this problem, which we shall briefly review below.

Given the structure of the underlying problem, the space, angle and energy
components of the solution are typically discretised separately using a variety
of techniques. Historically, there has largely been a predominant standard
approach to energy discretisation known as the multigroup approximation;
see [36, Chapter 2] and the references cited therein. Essentially, this approach
approximates the energy by a piecewise constant function with respect to a
finite number of non-overlapping energy groups. A key appeal of this approach
is that the numerical solution is computed by sequentially solving a single
monoenergetic Boltzmann transport problem (i.e., only depending on the
spatial and angular variables) for each energy group. This is possible because
the scattering process is typically structured in such a way that particles only
lose energy in each collision with the medium, either by producing secondary
particles or depositing energy locally, and hence the solution in a given energy
group only depends on the solution in groups at higher energies, cf., also [21].

On the other hand, discretisations of the angular component of the solution
have a rich history and numerous numerical schemes have been proposed. A few
classes of such schemes have received particular attention within the literature
due to their numerical properties. Spherical harmonic approximations are a
widely used form of spectral discretisation in angle, constructed utilising a basis
of typically high-order smooth spherical harmonic functions defined globally
on the sphere; see [14,19,36]. The emphasis of such schemes is to simplify the
implementation of the scattering operator, typically at the expense of a more
expensive implementation of the streaming operator. Such schemes offer a
natural variational setting for their analysis, but the global nature of the basis
functions makes local adaptivity a challenging task and Gibbs’-type oscillations
may be expected around sharp variations in the solution.

An alternative strain of methods are collectively known as discrete ordinates
methods, in which the angular component of the problem is discretised via
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collocation at a discrete set of angular quadrature points. The advantage of
this approach is that, when combined with an appropriate linear solver, the
Boltzmann transport problem may be solved in parallel as a set of independent
linear transport problems in the spatial domain with fixed wind directions.
There appear to be two predominant flavours of discrete ordinates-type methods
in the literature, which may be coarsely classified as global high-order methods
and local low-order methods. Schemes in the former category typically fall
within the family of spectral collocation methods, based on sets of interpolatory
or quadrature points for high-order spherical harmonic functions on the sphere,
designed according to the principles laid out by Sobolev and Vaskevich in
[42]. Such schemes include those based on the widely used level symmetric
quadrature formulae in [31,13,28], Lebedev quadrature schemes in [35,34],
general double cyclic triangle quadratures in [29,28], or sets of points arranged
on spherical ¢t-designs in [3], to name but a few. The appeal of such methods
is that they formally approximate the solution using high-order spherical
harmonics, although generating efficient point sets can become difficult for
very high-orders, limiting the theoretical accuracy of such schemes. Moreover,
it is typically challenging to produce such point sets adaptively, i.e., to focus
quadrature points in zones of the angular domain where higher resolution is
required, for instance, around beams or other localised structures present in
the underlying solution.

Complementing these are methods based on quadrature sets constructed
locally using an angular mesh. Typically, the quadrature schemes used are
exact for constant functions on each element, such as so-called T schemes,
cf. [46], or sometimes linear or quadratic functions; see [25,26,32,33,48]. In a
similar category, we include methods based on interpolation using continuous
finite element basis functions in angle, such as those of [20], and schemes
incorporating piecewise spherical harmonic approximations on an angular mesh
in [30] and wavelet-based approaches in [8,2]. Although such schemes formally
approximate the solution using lower-order polynomials, the ability to generate
a higher fidelity approximation by refining the mesh, either locally or globally,
has contributed to their significant popularity. Recent work has generalised
these schemes to use higher order polynomials in angle in various different
ways; see, for example, [30,21,48]. While such schemes offer the possibility
of high-order convergence and mesh adaptivity, underpinned by a variational
framework, they can be more challenging to implement efficiently because the
high-order nature of the basis functions on each angular element means that
the problem may not immediately facilitate a discrete ordinates-like decoupling
into independent spatial transport problems.

In this article, we propose a state of the art Ap-version discontinuous
Galerkin finite element method (DGFEM) for the discretisation of the lin-
ear Boltzmann transport problem, in which the space, angle, and energy
components of the solution are approximated in a unified manner. In many
applications, particularly those arising in medical physics, the spatial domain
may be highly complicated; to deal with such strong complexity of the physical
geometry, in an efficient manner, we admit the use of general polytopic meshes;
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see, for example, [12,10,11] and the references cited therein. The key prop-
erties and advantages of the proposed methodology include: the exploitation
of a unified DGFEM discretisation of the linear Boltzmann problem over the
entire computational domain ensures that the resulting scheme is naturally
high-order; note that, in particular, the use of the aforementioned multigroup
approximation limits the accuracy of the resulting numerical method to first-
order. Taking advantage of the intrinsic variational formulation of the scheme
means that the convergence and stability analysis of the underlying DGFEM
can be developed, which is the key objective of this article. Furthermore, the
proposed framework naturally lends itself to the exploitation of hp—adaptivity
techniques coupled with rigorous a posteriori error estimation to ensure that
the spatial, angular, and energy meshes can be focused around solution features
of interest. Moreover, as already highlighted above, complex geometries can
be efficiently meshed and easily handled. Finally, and perhaps most impor-
tantly from a practical viewpoint, the proposed method enables arbitrary order
mesh-based approximations to be built independently in each of the space,
angle and energy domains, while still being implemented in the same way
as conventional multigroup discrete ordinates schemes. This highly efficient
and naturally parallelisable implementation is made possible by exploiting a
novel set of basis functions for the polynomial function spaces which satisfy a
Lagrangian property at the nodes of a (tensor product) Gaussian quadrature
scheme. We remark that employing a unified DGFEM approximation in all
dimensions has been utilised in other application areas, such as, for example,
coupled wave/circulation problems, cf. [37]. Previous work using higher order
local basis functions in angle has also aimed to build quadrature sets which
decouple the angular variables, although the focus was on schemes where
the angular quadrature is used in a collocation-type manner such as [25,32,
33] for evaluating the angular integrals. For this, the quadrature points and
basis functions are chosen together such that the quadrature is exact for the
basis functions, and the basis functions satisfy the Lagrangian property at the
quadrature points. Despite the apparent similarity to our approach here, these
existing approaches are based around piecewise spherical harmonic functions
(on triangular or quadrilateral elements) and the quadratures are therefore
unable to offer the Gaussian-type exactness property which is required to inte-
grate products of basis functions and therefore produce a family of variational
schemes which are stable (Theorem 6) and offer arbitrary order convergence
rates (Theorem 7). To the best of our knowledge, analogous quadrature sets
are not available for general order piecewise spherical harmonic basis functions.

To the best of the authors knowledge, the mathematical convergence re-
sults presented in this article represent the first hp—version error analysis of
the DGFEM approximation applied to the poly-energetic linear Boltzmann
transport problem, which also admits the use of general polytopic meshes in
the spatial domain. To this end, a novel inf-sup bound is established based on
extending the analysis presented in [10] to the high—-dimensional setting, with
the inclusion of the scattering operator. Here, great care is taken to not only
track the discretization parameters for each finite element space employed in
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the space, angle, and energy domains, but also the material coefficients present
in the underlying integro-differential equation; this latter issue is particularly
important when studying the convergence rates of iterative solvers for the
resulting system of linear equations, cf. [23], for example. For related error
bounds, we also refer to the early paper by Johnson and Pitkdranta in [27],
who derived the first a priori error estimates for a discrete ordinates h—version
DGFEM approximation of the mono-energetic Boltzmann transport problem,
assuming isotropic scattering, albeit under very low regularity assumptions on
the analytical solution.

We remark that a very popular alternative computational framework for
simulating the linear Boltzmann transport problem are Monte Carlo methods,
which are widely used in practice. Such methods naturally incorporate the
stochastic nature of the underlying physical processes and are highly efficient
to implement, as the trajectories of individual incoming particles are simulated
independently, yet the mean observed behaviour may only be expected to
converge with the square root of the number of samples used. For this reason,
Borgers in [9] identified that finite element-based methods could expect to
perform more efficiently than Monte Carlo-based methods if high-order finite
element methods could be utilised in a suitably efficient way. Our work therefore
provides a stepping stone to answering the open question of how to achieve
this objective in practice, as we are able to compute high-order numerical
approximations with minimal additional computational overhead compared to
conventional multigroup discrete ordinates methods.

The outline for this paper is as follows. In Section 2 we introduce the linear
Boltzmann transport problem. Then in Section 3, we formulate the unified
hp—version DGFEM discretisation. Section 4 introduces the necessary inverse
and hp-approximation results; on the basis of these bounds, the stability and
convergence analysis of the underlying DGFEM is undertaken in Section 5. In
Section 6 we outline how the proposed DGFEM may be implemented in a highly
efficient and parallelisable manner based on employing a careful selection of the
quadrature and local polynomial bases in the angular and energy domains. The
practical performance of the method is assessed in Section 7 through a series
of numerical examples. Finally, in Section 8 we summarise the work presented
in this paper and draw some conclusions.

1.1 Notation

For a bounded open set w C R%, d > 1, we write H*(w) to denote the usual
Hilbertian Sobolev space of index k > 0 of real-valued functions defined on w,
endowed with the seminorm | - | () and norm || - || &), as detailed in [1],
for example. Furthermore, we let L,(w), p € [1,00], be the standard Lebesgue
space on w, equipped with the norm || - ||z, ). Similarly, for a bounded (d — 1)
dimensional surface S embedded in R?, the spaces H*(S) are defined in an
analogous manner, cf. [18], for example.
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2 Model problem

Given an open bounded polyhedral spatial domain £2 C R? for d = 2 or 3, let
D=0xSxE, where S = {u € R? : ||, = 1} denotes the surface of the
d-dimensional unit sphere and E = {E € R : E > 0} is the real half line.

The linear Boltzmann transport problem reads: find u : D — R such that

B Vu(x, p, B) + (a(x, p, E) + B(x, p, E))u(x, p, E) = S[u} (x, u, E)
+ f(x, 1, F) in D,

U(X,[.L,E) = gD(leJ/aE) on an
(1)

where f, gp,, 5 : D — R are given data terms (discussed further below), Vy is
the spatial gradient operator, and I}, = {(x,, F) € D : x € 92 and p-n < 0}
denotes the inflow boundary of D, where n denotes the unit outward normal
vector on the boundary 02 of (2. The action of the scattering operator applied
to the solution u is denoted by

Slul(x, . E) = / / 6,1 — . B = Eyu(x,n, E') dn dE,
EJS

where 6 is a specified scattering kernel, and B(x, u, E) = fE fs ox,p—n,E —
E'dndFE'.

Physically, the model (1) describes the transport of particles through a
scattering medium, and is linear due to the key physical assumption that
particles are only scattered by interactions with the medium and do not
interact with one another. The solution u(x, u, E) represents the fluence of
particles with a particular energy E € E, travelling in direction g € S, passing
through the point x € (2. The scattering kernel 8(x,n — p, E' — E) represents
the proportion of particles at position x with energy E’ travelling in direction
7 which transition to direction p and energy E as a result of an instantaneous
collision with the medium. Conversely, the reaction coefficient a(x, p, E) +
B(x, u, E), commonly referred to as the total scattering cross section, models
loss of particles from the fluence in direction g with energy E as they are
absorbed by the medium («) or scattered into other directions and energies
(8).

We simplify the model slightly by assuming that the medium is angularly
isotropic in the sense that a(x,pu, F) = a(x, F) and the scattering kernel
depends only on the cosine of the angle between the initial and final directions;
ie, 0(x,n > u, B/ — E) = 0(x,n- u, E' — E). This has the implication
that B(x, i, E) = B(x, E) by symmetry. Furthermore, we make the (physically
reasonable) assumption that 6(x,n - u, B’ — E) =0 for E’ < E, which states
that particles cannot gain energy by scattering off the medium.

Remark 1 We remark that this assumption on the scattering kernel is not
essential for the definition of the proposed DGFEM discretization or the
proceeding a priori error analysis presented in Section 5; indeed, it is only
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relevant in Section 6, where we present a source iteration linear solver. For
many applications involving photon/electron transport, the assumption that
particles cannot gain energy by scattering off the medium is typically fulfilled,
though of course up-scattering is relevant in some applications, e.g., thermal
neutrons [36,43]. In the case where up-scattering occurs, then the iterative
solver presented in Section 6 would need to be suitably modified, whereby, for
example, one sweeps both up and down the energy groups.

Finally, we assume that f and g are compactly supported functions of
energy, and that there exists a constant ¢y such that

e, 1, B) = a(x, ) + 5 (8061, B) 76, ) > e >0, (2)

where y(x, u, E) = [; [s0(x,m = p, E' — E)dndE'. For notational simplicity,
henceforth we will suppress the dependence of the data terms «, 3, f and gp
on the independent variables.

Remark 2 In practice the absorption cross section o may be equal to zero;
hence, in this setting, condition (2) reduces to the requirement that 8 —~ >
¢y > 0, ¢ = 2¢p, or more precisely that the macroscopic scattering cross
section related to outgoing directions and energies (8) is greater than the
corresponding quantity related to the incoming directions and energies (7).
An important scattering model employed in practice for photons is the Klein-
Nishina scattering model, discussed in Section 7; one can show that this model
does indeed satisfy (2) within a physical range of energies; see [39] for details.

Remark 3 In neutron transport applications, cross-section data may not be
calculated from first principles, and instead must be determined through empir-
ical means, cf. [36, Chapter 2.2]. By contrast, photon and electron applications
may directly use analytic expressions of cross-section data [22].

3 Discrete scheme

We discretise the Boltzmann transport problem (1) using a DGFEM approach,
seeking an approximate solution which is a product of discontinuous piecewise
polynomial functions with respect to meshes defined in the spatial, angular,
and energy domains separately. For this, we introduce the following notation.

3.1 Spatial discretisation

Let Ty be a subdivision of the spatial domain {2 into non-overlapping open
polytopic elements kg, with diameter h,, such that 2 = U%g. The set of faces
in T will be denoted by Fy,, which are defined as the (d — 1)-dimensional
planar facets of the elements k¢, present in the mesh 7. For d = 3, we assume
that each planar face of an element k € T can be subdivided into a set of
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co-planar (d — 1)-dimensional simplices and we refer to this set as the set of
faces, as in [11].

Given kg € T, we denote by p,,, > 0 the polynomial degree on kg, and
define the vector p := (px,, : ko € T2). The spatial finite element space is then
defined by

Vo ={v € La(2) : v]w, € Py, (ko) for all kg € To},

where Py (k) denotes the space of polynomials of total degree k on kg. We
denote by Okg the union of (d — 1)-dimensional open faces of the element
k. Then, for a given direction p € S the inflow and outflow parts of Jky; are
defined as

0_ko={x€0kn: p-n,,(x) <0},
Ok ={x€0kn: p-n,,(x) >0},

respectively, where n,, (x) denotes the unit outward normal vector to 9k, at
X € OKkg.

Given kg, € Tp, the trace of a (sufficiently smooth) function v on 9_k, from
kg is denoted by vl . Further, if 9_ o\ 042 is nonempty, then for x € 0_r\012
there exists a unique kf, € Ty such that x € 94k,; with this notation, we
denote by v, the trace of v|.,, on 0_ko\0f2. Hence the upwind jump of the
function v across a face F' C 0_k\0{2 is denoted by

lv] =l — v,

In the remainder of the article we suppress the subscript kg, since it will always

be clear which element kg € T, the quantities v,fn correspond to.

3.2 Angular discretisation

A general framework developed for solving partial differential equations on
surfaces has been developed in [4,17,18] and the references cited therein. Given
that our particular setting is greatly simplified, we proceed in a slightly different
manner. Let S, to denote a polyhedral surface in R? composed of (closed) planar
faces kg which are assumed to be either simplices (intervals if d = 2; triangles
if d = 3) or (affine) quadrilaterals (when d = 3). We write 75 = {g} to denote
the associated regular conforming triangulation of Sy, i.e., Sp = U; 7 ks. We
now introduce a smooth invertible mapping ¢s : Sy, — S; for example, assuming
the surface is star-shaped with respect to the origin, we may simply define
os(fr) = \[L|2_1/1, where |- |2 denotes the l3-norm. With this notation, we define
a mesh of curved surface elements defined on S by

Ts = {Hs t ks = ¢s(Rs) VAs € 7~é} -

Crucially, we assume that elements kg € Ts are mapped to kg € Ts, without
any significant rescaling. More precisely, we assume that the determinant of the
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inverse of the first fundamental form of the mapping ¢s : S;, — S is uniformly
bounded from above and below, cf. [18]. Following [4,17,18], in the case when Tg
is composed of simplices, then S;, may, for example, be chosen to be a piecewise
linear approximation of S, whereby the elements forming Sy, may be constructed
so that their vertices lie on S. In the case when quadrilateral elements are
employed, then an initial polyhedral domain Sj, may be constructed in a similar
fashion, though in general the resulting element domains will not be affine.
In this setting, we assume there exists S; consisting of affine quadrilateral
elements, in such a manner that the corresponding quadrilateral facets of S},
and S, may be mapped to one another without any significant rescaling. We
stress that, irrespective of the specific choice of Sy, the assumption on scaling
of the Jacobian of the mapping ¢s : S;, — S is crucial to ensure that Lemma 5
holds, see Section 4 below.

Since the surface we are interested in discretising is simply the unit sphere
in RY, a practical choice for Sy, is the surface of the cube [—1,1]¢. This leads
to the widely used cube-sphere discretisation of the sphere, and enables a
particularly simplified implementation of the method.

Let &g C R9™! denote the reference element (either a simplex or quadrilat-
eral), ¢y, : Rs — Rg, which is assumed to be affine, and define F,, : ks — ks
by Fis = ¢s 0 ¢y,. For each ks € Ts, let g, > 0 denote the polynomial degree
used on kg, and introduce q := (g, : ks € Ts). The finite element space defined
on the surface of the sphere S is then given by

Ve ={v e Ly(S) : v|ss = Do F ', 0 € Ry, (ks) for all ks € Ts},

where Rk(l%g) = ]Pk(l%g) if /%S is a Simplex and Rk(fig) = Qk(l%g) if IAig is a
square; here Q(ks) denotes the space of tensor product polynomials on Kg of
degree k in each coordinate direction.

3.3 Energy discretisation

We first restrict the energy domain to be a finite interval by selecting mini-
mum and maximum energy cutoffs F;, and E .y, respectively. Due to the
assumption that the problem data is compactly supported in energy and the
assumption on the structure of the scattering kernel, these limits may be chosen
so that the analytical solution is compactly supported in energy; with a slight
abuse of notation we refer to E to be this restricted domain (Epin, Emax)-
Then, for Ng > 1, let Fhax = Eg > E1 > ... > ENE71 > EN[E = Fuin
define a partition of the energy domain of the problem into Ny energy groups.
We will refer to the interval k, = (E4, E4_1) as energy group g, g =1,..., Ng,
and define Tg = {Kg}ngil. To each energy group kg, g = 1,..., Ng, we associate

a polynomial degree 74 > 0. Defining r = (rﬁg)N we introduce the energy

E
g:17
finite element space

V]I}:: = {U S LZ(Emina Emax) : U|K,g S I[DTNQ (K/g) for all Kg € 7?3}
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3.4 Discontinuous Galerkin scheme
Employing the definitions introduced in the previous sections, we define the
full space-angle-energy mesh by

T=ToxTsxTe={k:Kk=kKo X ks X kg, ko € To, ks € Ts, kg € T}.

Over the mesh 7, we combine the separate function spaces defined above to
obtain the discretisation space

Vit =V ® Ve ® Vg,

and, for any p €S, let G, p, = {v € La(92) : - Vxliy, € La(kg) for all kg €
Ta} denote the broken spatial graph space.
We define the upwind transport bilinear form af :Gun X Gun —+Ras

af(wm) = Z (u-wav+ (o + B)wv) dx

k€T

- / (1) L] ds
k€T r2\082

- Z / (- n,)whvt ds,
kn€To KNON2

and further define the scattering bilinear form sf : Ly(D) x Ly(£2) — R and

load linear form 65 : Gu,n — R, respectively, by

sff(wm) = /QS[w} (%, , E)v dx,
and
/ fwdx — Z / (1 ny,)gpwds.
e T, ) O ranon
Finally, we introduce the DGFEM: find u;, € V}"*" such that
b(up, vr) = a(un,vn) — s(un,vp) = £(vp) (3)

for all vy, € VP'%", where a,s : VD@ x VD" — R and £ : V9" — R are
given, respectively, by

a(wy, vp) ://af(wh,vh) dpdE, s(wp, vp) z//sf(wh,vh) dpdFE,
EJS
L(vp,) //KE (vn) dp dE.

We note that this scheme is consistent in the sense that if the analytical solution
u to (1) is sufficiently smooth then

b(u,v) = £(v)

for all v € VD™,
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Remark 4 We note that when q = 0 and r = 0, i.e., when piecewise constant
polynomials are employed over the angular and energy meshes Tg and Tg,
respectively, then the proposed DGFEM scheme (3) is essentially equivalent to
employing a discrete ordinates approximation over the angular domain S, with
the multigroup approximation in the energy domain [E, subject to a slightly
different treatment of the scattering operator, cf. [21], for example.

4 Inverse inequalities and approximation theory

In this section, we briefly outline the key technical results required to analyse
the DGFEM defined in (3); for further details, we refer to [10-12]. We first
introduce some assumptions on the polytopic spatial mesh Tg;.

Assumption 1 The subdivision Tq, is shape reqular in the sense that there
exists a positive constant Cshape, ndependent of the mesh parameters, such
that:

h
VK;Q S TQ7 ae < Cshape>

Ko

with p,, denoting the diameter of the largest ball contained in Kg.

Assumption 2 There ezists a positive constant Cr, independent of the mesh
parameters, such that

max (card{F € F: F C 0kn}) < Cp.

Ko€To

In order to state the following hp-version inverse estimates, proved in [10,
12], which are sharp with respect to (d — k)-dimensional, k = 1,...,d — 1,
element facet degeneration, we first recall the following definition.

Definition 1 Let 7:(3 denote the subset of elements k¢ € T, which can each
be covered by at most my,, shape-regular simplices K;, i =1,...,my,, and

dist(k g, 0K;) > Cos diam(K;)/p2 . with |K;| > cas|ko]

forallv=1,...,mg,, for some my,, € N and Cys, cqs > 0, independent of kg
and T, where p,,, denotes the polynomial degree associated with element kg,
ko € To.

Next we recall the following definition from [10].

Definition 2 For each element ko € To, let F'? denote the family of all
possible d—dimensional simplices contained in k¢, and having at least one face in
common with kg,. The notation /@f will be used to indicate a simplex belonging
to F,"? and sharing the face I with rg.
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With this definition, we introduce the mesh parameter hin defined by

F

. SupﬁFCKQ ‘Hb |
hJ_ = 1Y —b ; = 2 4
K0 FCéIKln |F‘ d VHQ €/, d 737 ( )

and note that hi, < hy,. This enables us to recall the following inverse
inequality, cf. [11] (equation (5.23)).

Lemma 1 Let ko € Tp, F C 0kgn denote one of its faces. Then, for each
v € Py(kn), we have the inverse estimate

||v||L2 (F) < CVlnv hl ||’l}||L2 (k) (5)

where CE is a positive constant, which depends on the shape reqularity of the

covering of kg, if ko € Ta, but is independent of the discretisation parameters.

To state the H! — Ly trace inequality, we need the following further as-
sumption.

Assumption 3 We assume that every polytopic element kg € 7}2\719, ad-
mits a sub-triangulation into at most ny,, shape-reqular simplices s;, i =

1,2,...,n7,, such that Ko = U?:fﬁi and

|si| > ¢[rol
foralli=1,... nr,, for some ny, € N and ¢ > 0, independent of ko and
Ta.

Lemma 2 ([11] (Lemma 14)) Given Assumptions 1 and 3 are satisfied, for
each v € Pp(kg), ko € To, the inverse estimate

wo D
IVs0llZ, () < Ci% 70— n 1olZ, (x (6)

holds, with constant C{i$ independent of the element diameter hy,,, the polyno-
mial order p, and the function v, but dependent on the shape reqularity of the

covering of ko, if ko € Ta, or the sub-triangulation of kg, if ko € TQ\T_Q

Furthermore we recall the following multiplicative trace inequality, see [12],
but written in a slightly different form, see [10].

Lemma 3 Forv € H'(kg), ko € To, given F C kg, the following bound
holds

C
2 T 2
||U||L2(F) > hL (H”HLQ(HQ) + hlm||”||L2(KQ)Hvx”HL2(m)) )

where Cr is a positive constant which is independent of the element diameter

h

Ko~
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We now turn our attention to deriving suitable hp—version approximation
results on each of the finite element spaces VY, V¢ and V§. Starting with the
spatial finite element space V¥, we first introduce the following covering of the
mesh Tp, see [12].

Definition 3 A (typically overlapping) covering T; = {K} related to the
polytopic mesh Ty, is a set of shape-regular d-simplices K, such that for each
ko € Tq, there exists a I € Ty, with kg C K. Moreover, we assume there
exists a covering such that diam(KC) < Cgjamhs, for each pair kg € T, K € Ty,
with ko C K, for a constant Cqjam > 0, uniformly with respect to the meshsize.

Furthermore, we introduce the following extension operator from [44] (The-
orem 5) and [40] (Theorem 3).

Theorem 4 Let D be a domain with minimally smooth boundary. Then, there
exists a linear extension operator € : H*(D) — H*(R%), s € Ny = {0,1,2,...},
such that €v|p = v and

€0l = rey < Cellvla+ (D),

where C¢ is a positive constant depending only on s and parameters which
characterize the boundary 0D.

With this notation we recall the approximation result from [12] (Theo-
rem 4.2).

Lemma 4 Let ko € T and K € Ty denote the corresponding simplex such that
ko C K, cf. Definition 3. Suppose that v € Ly(£2) is such that €v|x € H'x2 (K),
for some l,;, > 0. Then, there exists Ilgv, such that IIqul., € Pp, (kq), and
the following bound holds
Sk —Mm
o~ Tl ey < Ca €0l gra ey beo 20, (7)
Ko
for 0 <m <l,. Here, s,, = min{p,,, + 1,1, } and C is a positive constant,
that depends on the shape-reqularity of KC, but is independent of v, h.,,, and
Prg-

A careful inspection of the proof of Theorem 4 reveals that the constant
C¢ is independent of the measure of the underlying domain D, cf. [5]. Hence,
employing Theorem 4, the bound (7) given in Lemma 4 may be stated in the

following simplified form:
hsNQ—nL
v = Iovll g () < C%H””H%o (ko)
5

leg >0, (8)
for 0 <m <l,, and therefore the condition placed on the amount of overlap
of the simplices K in [10-12] is not required.

To construct a projection operator onto the angular finite element space
V¢, some care is required to account for the curvature of S; for completeness
we recall the key steps. Under our assumptions on the mapping ¢s : Sp — S,
we first recall the following result from [4,17].
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Lemma 5 Let v € H'(kg), j > 0; then writing © = v o ¢g, we have that

1 - -
GHUHLQ(HS) SHUHLz(R%) < CHU||L2(1€5)7 and |U|H-7(RS) < C”’UHHJ'(KS)a
where C' is a positive constant, which is independent of the meshsize h.

Employing hAp—approximation results for standard shaped elements, we
recall the following result from [7,41].

Lemma 6 Suppose that R is a d-simplex or d-parallelepiped of diameter hg.
Suppose further that v|g € H'S(R), la > 0. Then, there exists I, v in R, (&),

pa=1,2,..., such that for 0 < m < lg,
R S"_ﬁ—m
lo = Hpvllam < C—= 0l s,
R

where sg = min{pg + 1,lg} and C is a positive constant, independent of v and
the discretisation parameters.

Equipped with Lemma 6, we introduce the projection operator Ilg by
5|, = (I, 0|k 0 ¢5) 0 b3 "

for all kg € Ts. Hence, employing Lemmas 5 & 6, together with the definition
of IIs we deduce the following result.
Lemma 7 Let ks € Ts, then given v|., € H's (kg), for some lus > 0, the
following bound holds

hess
v = Hsvl 1, () < C%‘SIIUIIH% (ne)r e 20,
q

K

where sy, = min{qu, + 1,1} and C is a positive constant, that depends on the
shape-regularity of ks, but is independent of v, hyy, and q.,.

For approximation with respect to energy, we simply define the projection
operator Ilg by IIgvl., = ]AL,KVQUL{Q, for g =1,..., Ng. Collecting these three
projection operators, we define IT : Ly(D) — VP4 by IT = II,IIsITg. With
this notation we state the following approximation result for the projection
operator 1.

Lemma 8 Let k € T such that k = ko X ks X kg, ko € T, ks € Ts, kg € Tr,
then given v, € H'*(k), l,. > 0, the following bound holds

QSﬁg

2s 2S ke
hea? hp. S h
2 K Ks Kg 2
v —="ITv|[7, ) < C ( zfz: + 25 + ) V1o ) 9)
Ks

Ko ){g
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Furthermore, assuming v|,, € H'* (k) U H (ko; H' (ks X Kg)), s > 1, we have
that

28k —2

V(o — 0|2, ) < C (h ol

x La(r) = 20, —2 IVIH® (k)
Pro
2s 28,
hie™ B )
+< 2Sl~ T o ) HV"UHL2(HQ;HZN("égX"ég))>’ (10)

ks Kg

and

2
/ / lv — HUHLQ(am) dudE

2s 2s 28,
1 hn ) hn "s hn g 2
< C|l— 2t —— 4+ —— | v
= o Hl»e
<hé_n < 20, —2 q;%é" ’/‘2l“ (k)

R Kg

h2 h2sNS 28Ky
K RS Kg 2

L < T T > |VXU||L2(HQ;H’~(NSX%))>' (11)
Ko

Ks Kg

Here, 5., = min(pe, +1,1c), sk = min(ge, + 1,1x), 85, = min(ry, +1,1),
and C' is a positive constant that depends on the shape reqularity of the element
K, but is independent of the mesh parameters.

Proof We start by first writing the projection error in the form
v—ITv=v— IIgv + Hg(v — sv) + Hglls(v — [nv).

Then (9) follows immediately upon application of the triangle inequality,
employing the Lo-stability of IIg and Ils, and the approximation results stated
in Lemma 4, cf. (8), Lemma 6 and Lemma 7. The proof of (10) follows in an
analogous fashion. To derive (11), we first employ the trace inequality stated
in Lemma 3, together with (9) and (10).

5 Stability and convergence of the discrete scheme

In this section we study the stability and convergence of the DGFEM (3). To
this end, we introduce the DGFEM-energy norm

2
ol =lvevlz, o)

1 _
w3 L (107 =0 1B eoron + 10 Bunon) dud, (12

k€T

where || - ||, w C Ok, denotes the (semi)norm associated with the (semi)inner
product (v, w), = [ |p - Mg, |vwds, and define streamline norm

oll2 = ol + [ [ 3 mallis e e

k€T
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Furthermore, for ko € Tq, we define
_ b,

=5
pK;Q

Tro

Firstly, we state the following coercivity bound.

Theorem 5 (Coercivity) The DGFEM (3) is coercive with respect to the
DGFEM-energy norm |||-|||pe in the sense that the following bound holds:

b(v,v) > [[vlllpg
for all v € V¥,

Proof Integrating by parts and rearranging the face terms, the transport
bilinear form satisfies

2 1 _
aEw.0) = @+ 820l + 5 3 (10 =013 o0 + 1 Bemnon).
k€To
as shown in [24]. Recalling that 8(x, p, E) = [ [c0(x, -1, E — E') dndE’
and y(x,u, E) = [; [0(x,n-n,E' — E)dndE', employing the Cauchy-
Schwarz inequality implies that the scattering term may be bounded by

s(v,v)z///// O(x,pu-n, B — E)v(x,n, E')v(x,u, E)dxdndE dudE
EJsJEJs /o
1 1
<1870/l Ly ) 17> 0ll Lo 0y < 5”51/2””%2(1)) + §||71/2v||2L2(D)~

The result then follows by combining these bounds with the definition of ¢ in

(2)-
We now derive an inf-sup stability result in the streamline norm |||-||,.

Theorem 6 (Inf-sup stability) Given that Assumptions 1, 2, and 3 hold,
then the DGFEM (3) is inf-sup stable in the streamline norm, i.c., there exists
a constant A > 0, independent of discretisation parameters, such that

inf sup M > A
veVEP\(0} yevean (o} [0l lwllls

Proof The proof follows a standard form for inf-sup results, and is similar to
the argument presented in [10] for a scalar advection problem, adapted to the
Boltzmann setting. To this end, we construct a function w € V" for each
v € VP such that [|Jw]]|, < Ay||v]]l, and b(v,w) > As||v]|>. The result then
follows with A = 42/4,.

Let w(x, p, F) = v(x, , E) 4+ dvs(x, p, E) where 6 > 0 is a constant which
will be determined, depending only on the problem data, and vs(x, @, E)|,, =
Teol - Vxv(X, p, E) on each spatial element ko € 7. To prove that there
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exists C' > 0 such that |[|w]||, < C|||v[|,, we apply the triangle inequality to
find
llwlily < llvllly + éllfos il

and bound each term of |||vs]||, by [||v]||, individually. Observing that |p| =1,
upon application of the inverse inequality stated in Lemma 2, recalling the
definition of 7., and noting that hi‘n < hy,, we deduce that

2
IVesl2, p) = / /S S 2 Ve Vel didE

k€T
C‘KQHC”L D 2
< IHVTOO()H\@UH@(D)-

Similarly, we have

L] X e Vel e

k€T

< [ [ X mualli Varll g dndE:

k€T

We now consider the face terms arising in the definition of the streamline
norm ||||||,. Noting that |u - .| < 1, applying the inverse inequality stated
in Lemma 1 gives

1 _
5/]E/S Z (||U;r — Vs Hg,m\arﬂ' ijﬂgmnan) dpdE

k€T

= /E/S SN I3, drdE < ChCrlllvll2.

k€T FCOko

Since the terms resulting from these bounds are components of |[||-|||,, it follows
that

el 12
ol < Adloll, with Ay =14 5(cge (14 S =®) or o)

mv mv
Co

We now show that b(v, w) > A2|||v|||§ By linearity and the coercivity bound
stated in Theorem 5, we deduce that

b(v, w) = b(v,v) + 8b(v,v5) > [[oll[Be + 0(a(v,v5) = s(v,v5)),  (13)
and expanding the second term on the right-hand side of (13) gives

a0 = [ [ 3 el Vel + [ 0 B Vahuax

k€T ra

—/ (1) |v]p- Vvt ds
O_r2\0R

- / (- me,)vt - Viev™ ds) dpudE
O_KkpNON

=1+ 1T+ II+1IV.
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Term I is already in the required form; employing Lemma 2, Term II may be
bounded as follows:

1< ot By [ [ 30 tualie Ftllsum [9lagu) disdE

k€T

et Bl
< (CrizyY 7L(D|M V12, o)

mv

We now consider the face terms present in terms III and IV; employing the
inverse inequality in Lemma 1 together with Young’s inequality, we deduce
that

v < [ [ 3 (CROE (0= 1B aoron + 10" [esnsn)

l‘énGTn

ZH - VscvlZ, ) dp dE.

Finally, we bound the scattering term; recalling the definition of 8 and =,
employing the Cauchy-Schwarz inequality and Lemma 2 gives

’UUS = E Tro

k€T

x/ ////Q(X’“'"’E/—>E)”(Xv"vE')wva(X,u,E)dndE’dudde
K0 EJS

E
12 1/2
= </Q/E/gﬁ”2d“dde> (KQEG:TQT?Q AQ/IE/SV(N'VxU)2dudde)

1B oIV o )
=0 LBy /ool )

Combining the individual estimates above, we deduce that

o) > [ 37 (CVEIR e+ ColIv =713 o0+ 10" [Bunon)

k€T

< ()"

mnv

Co

36 )
+ gl Vvl ) ) i dE.

4
where
/2 1/2
s o+ B o 1811 Yl
Ol -1 —5(01’:18) /2 || ||Loo( 6(01";2) /2 Lo (D) ,
Co Co
and Cy = 1 — 6C2CFE. . Setting Ay = min{%‘s, o 02} which is positive for
0 < 6 < min €0 1

K 1 1 2 N ’
(R (llo+ Bl oy + 18I oo I ) 2CECiy

mv

we conclude that b(v,w) > A2|||v|||§ and the result follows.
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Finally, we state the main result of this paper in the following theorem.

Theorem 7 (Convergence in the streamline norm) Given the mesh T
defined over the space-angle-energy domain D, we assume that the spatial
polytopic mesh Tq satisfies Assumptions 1, 2, and 3. Let up, € V5" denote
the DGFEM approximation satisfying (3), let u € H' (D) denote the solution of
the problem (1) and suppose that ul, € H' (k) U H (ko; H' (ks X Kg)), Le > 1.
Then it follows that

2 ey 1 2 hics 2
= unll? < € (287 (o B+ (122, + )
weT \ Preo Ko KO

28, 28,
hie ™ hi, ? 1 9
n (l 1 e ) ((cﬁ<a,ﬁ,v> " m) el
Kg Kg Ko
h? hi 9
1+ ) 1l gzt (o xs
<h,%9 pzn) (ke; (KsXKg))
where

2 _
L(a,B,7) = llellp_ ey + o+ Blz_ ey + 1Bl p oo IV £ 1)) 0 Y

Skp = min(pe, +1,1c), 8 = min(ge, + 1,15), 85, = min(r,, +1,1;) and C
18 a positive constant which is independent of the discretization parameters.

Proof The triangle inequality implies that
= wunllly < llw = Iulll, + ([ Tw — uall,, (14)

where IT denotes the projection operator defined in Section 4. Exploiting the
approximation results derived in Lemma 6, the first term on the right-hand
side of (14) can be bounded as follows:

h? ht

2 2 K K 2

muIHMLS(?E:N&WMHMW)+Tk<hj7+1ﬁ”>HUMpmmHmmMﬁﬂy
KQ

KET ko
(15)
where ) )
Srke Sk
L LY
K 20, T
Gks Tkg
and
25, 1
hiire 1 , . h 1
M, = R <||C||Lm(n) + %(1 + Prpy) + ﬁ + T (el ) + W)

Recalling the inf-sup bound derived in Theorem 6 and employing Galerkin
orthogonality, the second term on the right-hand side of (14) can be bounded
by

1 b(u — Hu,w
Mu—wll, < L sup  Ae—Hww)

(16)
A weVE T\ {0} [[lwlll,
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We proceed by estimating the individual terms arising in b(u — ITu, w). Writing
uyy = u — ITu and integrating by parts elementwise gives

aﬁ(un,w)

= Z (AQ((a+ﬁ)unw—unu-wa)dx

k€T

+/ (p -1y, lwluy ds—/ (- g )ufwt ds) .
0_ko\OR 0+ kNN

The Cauchy-Schwarz inequality therefore implies that

aﬁ(un,w)
o+ Bllr . (xe)
o0 +
< Z (\/cion||un||L2(m)|\/EwL2(m)+una+mma_rz||w+||a+mman
k€To

—1 — -
el g 2 - Vwlly )+ il ol —w ||3_m\ag)

and, applying the Cauchy-Schwarz inequality once again gives

Y o+ Bl ey | 1 2
af(umw) < (3 (= )l
k€T 0 re

2

_ 2 2
+2||U’H||6NQ\BQ+2HUEH8+KQOBQ>>

2 2
(X (VG0 + sl Tl
k€To

2

1 2 1 2
+ §||wJr —w ||37,.m\zm + 2|w+a+mm‘m))

Hence, integrating over energy and angle, and applying the Cauchy-Schwarz
inequality and Lemma 6, we deduce that

28, 2
hm(’vn ||Oé+ﬁ||LOC ].
a(un,w><c<§j< ; ( (402, |l
Ko

21
KET Pra co

. 25, ]
+ hins™ LI lo+ Al | 1 lull7
q/%lgﬁ rilg» Co héﬂ e

h2 9 12
R Nl e ) ) ) ol
Ko




Efficient High-Order Space-Angle-Energy DGFEMs for Boltzmann Transport 21

Finally, we consider the scattering term; applying the Cauchy-Schwarz inequal-
ity, recalling the definition of 8 and -y, and using Lemma 6 gives

s(um,w)
1/2
||ﬁ||L ()H’Y”L ( h2SK/Q h2s,.;S hZSKg ,
<o) : D Rme e R )l | Vel )
KET Co Pro ks P

The result then follows by inserting the above bounds into (16) and using (15).

Remark 5 (p-suboptimality of Theorem 7) Let h, = diam(kg), k € T, and
h = max.cT7hg, and suppose we have a uniform polynomial degree for all
elements, so ps, = p for all ko € T, g, = p for all kg € Ts, 1y, = p for all
kg € Tg. Assume that we also have a uniform smoothness degree s,, = s for all
k €T, s =min(p+1,1),1 > 1, and that the diameter of the spatial faces of each
element kg € T is of comparable size to the diameter of the corresponding
element, i.e., so that h;- ~ h,,. Then, the a priori bound stated in Theorem 7

70
yields
hsfl/z
e =l ~ 0 (2 ).

as h — 0 and p — oo. This bound is optimal with respect to the meshsize h, but
suboptimal in the polynomial degree p by half an order, cf. the corresponding
result derived in [10] for the DGFEM approximation of the linear transport
problem on (spatial) polytopic meshes.

6 Efficient implementation as a multigroup discrete ordinates
scheme

The numerical method (3) introduced above can be implemented in the frame-
work of a multigroup discrete ordinates scheme. Although at first sight it appears
that the method fully couples the space, angle and energy unknowns, we show
that, through a judicious choice of basis functions and element quadrature
schemes, it is possible to evaluate the DGFEM solution by simply computing a
sequence of linear transport problems in the d spatial variables. More precisely,
we select (tensor-product) Gauss-Legendre quadrature points for angle and
energy. This allows, on the reference element, exact integration of the bilinear
form a(-,-) generated by the (tensor product) polynomial basis elements which
satisfy the Lagrangian property at the quadrature points. The Lagrangian prop-
erty of the basis functions allows us to eliminate coupling between quadrature
points, while retaining the same order of convergence of the underlying scheme.
To this end, we first consider the multigroup approximation in energy before
outlining the angular implementation. For further details, we refer to [47].
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6.1 Multigroup implementation in energy

We first show how the energy dependence of the problem may be decoupled. If
we had perfect knowledge of the function

u(x, p, E) for E > E,
0 otherwise,

U+(X,M,E) = {

for some E > 0, then the assumption that the scattering kernel satisfies
0(x,m-w,E' — E) =0 for E' < E, would imply that a(x, ) = u(x, u, E)
satisfies the monoenergetic radiation transport problem: find @ : 2 xS — R

such that

- Vil(x, ) + (a(x, g, E) + B(x, p, B))iu(x, p) = Slu™](x, p, E)
+ f(x, s, E) in D,

a(x, ) = g(x,u, E) on I},.

This is the observation underpinning the standard multigroup discretisation: in
the discrete setting, we first solve for the fluence in the highest energy group
(corresponding to g = 1) and then subsequently for each lower energy group in
turn. Recalling that k, = (E4, E;,_1) denotes the gth energy group, 1 < g < Ng,
we therefore introduce the following family of energy cutoff functions:

u;]"(x,p,,E) _ {uh(x,u,E) for E > E, 1,
0 otherwise,
which represents the component of the discrete fluence which may be considered
as pre-computed ‘data’ when solving for the fluence in group kg4, and focus on
solving the problem in a single energy group x4, 1 < g < Ng.
We expand uy, in group sy in terms of energy basis functions as

r,.;g—&-l
un(X, ph, B, = ug(x, 1, B) = > ul(x, u)) (E),
j=1
where u} € V5s=VoeVd,j=1,2,...,r, +1, and {gag};;glﬂ forms a basis

of P, (rg) (which is only supported on rg). Selecting v, = vy¢) € Vp¥,

with bg € V&% i = 1,2,...,7, + 1, the fluence in group #, may then be
computed by solving: find {u;}::l—H € VG such that

rny—i-l

> < | aﬁ(ug,vg)wéwédudE—S(U§¢§7vg¢§)> = s 1) + Lvy})
j=1 \’"s

(17)

for all v, € V5§ and i = 1,2,...,7,, + 1.
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Currently, this takes the form of a fully coupled system of monoenergetic
Boltzmann transport problems for the 7, +1 unknowns within the energy group

1

kg. To simplify this structure, let {Eg};:“’l+ C Ky denote the 7., + 1 Gauss-
. . . . rgt1

Legendre quadrature points on k4, with associated weights {w‘gl};:g;r C R>o.

iTrgT1 . .
We then select the basis functions {tpg}::gﬁ to be the unique set of polynomials

which satisfy the Lagrangian property gog(Eg) = 0ij, 1,J = 1,2,...,1r¢, + 1,
where d;; denotes the Kronecker delta. This quadrature is exact for polynomials
of degree 2r,, 41, and so we use it to evaluate the (energy) integrals present in
the bilinear form af (-, -), meaning we replace (17) with: find {ug};iglﬂ € Ve
such that

Thg +1

wg/sau (uhyvg) dp — Y s(udel vgph) = s(ug, veph) + L(vgl)  (18)
j=1

for all v, € VG and i = 1,2,..., 7, + 1. Here, a,}f;(-, -) is defined analogously
to aﬁ (+,+) with the coefficient data o and § evaluated at the energy quadrature
point E¢, i =1,2,...,7,, + 1. Furthermore, with a slight abuse of notation we
have written {u;}::lﬂ to also denote the solution of (18), though we stress
that (18) is an approximation of (17).

We have not applied the above quadrature scheme in energy to the forcing
and scattering terms, since in applications it is usually preferable to treat these
terms separately. Instead, we express the scattering term in an alternative form.
For w,v € V33, we define

gtwn) = [ [ [ 03 e wuixn)ot ) dn dx di
where
oy e = [ [ Oben B~ By E)e (B dE dE,
vy Jry
forg,g'=1,2,...,Np,i=1,2,...,r +1,and j =1,2,...,7, , + 1. With

this notation (18) may be rewritten in the following equivalent form: find
{ug};zﬂ € Vi ¢ satisfying the discrete monoenergetic radiation transport

problem
) rmg-i-l g—1 Tng/JFl
i 9 () _ 9ot () — Jb (o) i
wg/SaM (uf, vg) dp E 53 (ul,vg) = E E Sy g (g, vg) + £ vgepg)
=1 g=1 j=1

(19)

1 This quadrature scheme exactly evaluates the integral when the problem data is indepen-
dent of energy, otherwise it is an approximation which may be expected to be of higher order
than the scheme itself when the problem data is sufficiently smooth; see [15], for example,
for a detailed discussion of the role of quadrature in finite element discretisations.
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for all v, € V5§ and i = 1,2,...,7,, + 1. This yields a system of 7, + 1
monoenergetic radiation transport problems to solve within each energy group,
which are only coupled through the scattering operator. Moreover, the assumed
structure of the scattering kernel implies that the problems within a given
energy group depend only on the solutions within the same group and from
higher energy groups.

6.2 Discrete ordinates implementation in angle

We now focus on solving the monoenergetic radiation transport problem (19)
for a single energy group g, g = 1,2,..., Ng, and energy basis function ¢g,
t=1,2,...,7rc, + 1. To simplify the presentatmn in this section, we will use uy,
to denote ug for an arbitrary g and 4, and write (19) in the following simplified
form: find uy, € VQ s such that

[ awtun. o) da = stun,0) = i) (20)

s
for all v € VQ §» Where
) Trgt+l
. E‘L ~ ..
au(v,w) = wyau’ (v, w), S(v,w) = Z 50 (v, w),
j=1

Z Z u,, —&—f(wpg)

for some (fixed) g, g = 1,2,..., Ng, and some (fixed) 4,1 =1,2,...,7,, + 1.
For simplicity, we discuss the scheme in the context of the widely-used
framework of source iteration, although similar simplifications may be incorpo-
rated into other linear solvers; indeed, source iteration may be effectively used
as a preconditioner within a GMRES solver, for example, see [39].
We may express the problem (20) in the following equivalent matrix form:
find the vector U € RY of coefficients with respect to a basis of V&S such that

AU —SU =F (21)

where A, S € RV*N and F € RY denote the matrix representation of the
streaming and scattering operators and load term, respectively. Source iteration
simply refers to the technique of solving this linear system using the Richardson
iteration: given U? € RY, find U” € R¥ such that

AU™ = SU™ ' + F, (22)

for r =1,2,.... It may be shown that this iteration converges to the solution
of (21) under certain assumptions on the problem data. The advantage of this
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approach is that it avoids inverting the scattering matrix, which is typically
dense and highly coupled in angle.
To investigate the structure of the matrix A, we introduce the following

notation: for an angular element ks, ks € Ts, we define the local element

basis by {gaf%}‘;ff ‘, where |q,,;| denotes the dimension of the polynomial space

defined on g. Furthermore, write V® = span{p}, V2 N, = dim(V¥)). Then,
noting that the underlying DGFEM does not contain any communication terms
between different angular elements, the matrix A has the natural nested block
structure

D' 0
2 n n
0 D0 Dy, oL Dl,l%\
A= 0 ,  with D"= . : :
0 Dlin - Plusllans |

0 DIl

where |Ts| = card(Ts) and, forn = 1,2,...,[Ts|, DY; = [, ¢k, (1)@l (1) Ay dpe,
i, =1,2,...,|qus|, where 4,, € RNe*Ne with (A4,);,; = a“(qub,(big), i, =
1,2,..., Ng. Solving (22) therefore requires inverting each diagonal block D™,
n =1,2,...,|Ts|, which corresponds to solving a coupled system of spatial
transport problems on each angular element.

By working once again as in Section 6.1, this algorithm can be made
significantly more efficient. To enable this, we restrict the angular mesh to
only consist of tensor-product elements, with local element spaces consisting of
tensor-product polynomials. We can therefore define a basis on each angular
element kg € Ts which satisfies the Lagrangian property with respect to a
tensor-product Gauss-Legendre quadrature scheme, simply by using the tensor
product of the 1D bases constructed above for the energy discretisation. Given
the reference element &g, let { (ﬂq,wq)}‘fﬁ‘ (where | gy | = (qus +1)%71) denote
the tensor-product Gauss-Legendre quadrature scheme with g, 4+ 1 points in
each direction. As in the 1D case, this scheme exactly integrates polynomials
in the space Qzq,_+1(Rs).

On the reference element &g, let {gﬁz}lq:“y denote the Lagrangian basis for
Qq..s (As) constructed with respect to the Gauss-Legendre quadrature points fi,,
q=1,2,...,|qus|, which uniquely satisfies @;(ft;) = di5, 4,7 = 1,2, ..., |¢xs|. On
each angular element kg, kg € Ts, we map the local basis defined on the reference
element to kg based on employing the mapping Fj..; more precisely, this yields

the local basis {¢}, = @0 F 1}L(fl§| on kg. Furthermore, the quadrature scheme
‘q»agl

on kg, kg € Ts, is given by (pg,wq),—1 , where pg = Fio (fig), wg = ©qT (fq),
qg=1,2,...,|qx|, and J denotes the square root of the determinant of the

first fundamental form of the mapping Fi.. Hence, the mapped basis retains
the Lagrangian property of the reference basis.

Using this quadrature to approximate the angular integrals in the first term
on the left-hand side of (20), corresponding to the streaming operator, we
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deduce that
w1 Alll 0
0 LUQAIJQ ’

0
0 lenglA“N‘qA |
]
Consequently, with this approximation A becomes a block diagonal matrix
formed from block diagonal matrices where the individual blocks correspond
to a single spatial transport problem. Solving the source iteration system (22)
therefore only requires the numerical solution of a set of independent spatial
transport problems, one for each angular quadrature point, which may be
performed in parallel.

Remark 6 We point out that similar ideas have also been exploited in [25,32,33],
for example, to develop high-order discrete ordinates schemes, though there are
a number of key differences in terms of the general methodology adopted here.
Most notably, in this article we start from a variational framework, rather than
directly considering a collocation method. Moreover, our basis functions are
built from local mappings from a (d — 1)-dimensional reference element rather
than piecewise spherical harmonics on the sphere. Although the philosophy
of constructing interlinked basis functions and quadrature sets is similar, the
Gaussian rules used here allow the method to be seamlessly interpreted as being
both collocation-type (enabling an efficient discrete ordinates implementation)
and variational (facilitating the stability analysis of Theorem 6 and the error
estimates of Theorem 7). To the best of our knowledge, analogous quadrature
sets are not available for general order piecewise spherical harmonic basis
functions.

6.3 Full algorithm

Combining the multigroup energy discretisation and the discrete ordinates
angle discretisation described above, we arrive at the efficient algorithm for
solving the problem presented in Algorithm 1. Here, we require a function
GaussLegendre(w,k + 1) which provides the set of points within the one- or
two-dimensional element w consisting of k 4+ 1 points in each dimension, or the
mapped analogue for an element on the spherical surface. The function weight
is then used to obtain the quadrature weight associated with a given quadrature
point. The notation parfor indicates a for loop where the individual iterations
are independent of one another and may therefore be performed simultaneously
and in parallel.

We associate a solution vector U, g, containing degrees of freedom with
respect to the basis {¢’Q}f\; 2 of V¥, with each pair of angular quadrature points
p and energy quadrature points E in the natural manner described above. The
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Algorithm 1 High order multigroup discrete ordinates implementation of the
DGFEM scheme
Energy, angle and space meshes:  Tg, Ts, T2,

. Polynomial degree vectors: r,q,p
inputs:
Source and boundary data: 1,9,
Number of source iterations: N>1

initialise solution vectors U9 =0 € RN2 for each angle and energy quadrature point

pwm,Ey
wm and E;
for energy group g with g € {1,..., Ng} do
for source iteration t € {1,..., N} do
parfor energy quadrature points E; € GaussLegendre(kg,7x, + 1) do
parfor angular quadrature points pn, € U,{Seﬁq GaussLegendre (ks,qrg + 1) do

Evaluate the scattering operator SE € RNe:

E -1 i
(Si)i = s(up ™, wowlen)

end parfor
end parfor
parfor energy quadrature points E; € GaussLegendre(kg,7x, + 1) do
parfor angular quadrature points pn, € UNsGTg GaussLegendre (ks, gk + 1) do
Assemble:

transport matrix AE e RN2XNa with (Aﬁ)i’j = a;EL(gon, <pf(.2),

E N : E E( i 1
source vector F,/ € R™? with (F,,"); = £, (Pnpgens)-
Solve for UL,E satisfying:

AfUL g = vweight(E) 'weight(u) ~'(FY + S[f)
end parfor
end parfor
end for
end for
return angular flux vectors U}im,El for each pm, E;

DGFEM solution uy, is therefore obtained by summing these solution vectors
weighted by the space, angle and energy basis functions.

The general structure of the algorithm is to iterate through energy groups
in order of decreasing energy, and apply the discrete ordinates algorithm within
each group. We note that the solutions associated with all of the energy basis
functions in a given energy group are necessarily coupled together through the
scattering operator. This coupling is quite weak, however, and source iteration
reduces this to alternating between two algorithmic steps. First, the scattering
operator is evaluated (using the current solution within the energy group and
the previously obtained solution from higher energy groups), which may be
performed in parallel. Second, we solve the spatial transport problem associated
with each angle and energy quadrature point. Again, these are independent
problems which may be performed in parallel.

We note that this algorithm could be made more efficient by splitting up the
evaluation of the scattering operator into intragroup and intergroup components
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as in (19), although we do not pursue this here to keep the presentation of the
algorithm as simple as possible.

Remark 7 The convergence analysis of the source iteration linear solver outlined
here is analysed in our recent article [23]. Furthermore, in [23], we also study
a modified source iteration solver for mono-energetic solvers, as well as a
preconditioned GMRES method, where the preconditioner is selected based
on employing the source iteration proposed here. This latter iterative solver is
shown to be particularly effective in the low-energy photon scattering regime
where traditional solvers may stagnate.

7 Numerical results

In this section we present the results from a series of computational experiments
designed to numerically investigate the asymptotic convergence behaviour of
the proposed method for both polyenergetic and monoenergetic problems. The
deal.II finite element library in [6] was used for the implementation of the
method in these numerical examples.

7.1 Example 1: Polyenergetic problem in 2D

In this example we consider the numerical approximation of the polyenergetic
problem (1) posed in a two-dimensional spatial domain, i.e., d = 2, with a
one-dimensional angular domain and a one-dimensional energy domain. To
this end, the spatial domain is defined as 2 = (0,1)? (in units of m) and the
energy domain is E = (500keV, 1000keV). Furthermore, the macroscopic total
absorption cross-section o and the differential scattering cross-section 6 are
chosen to mimic Compton scattering of photons travelling through water, see
[16], albeit in a two-dimensional setting. This is achieved by setting o = 0 and

0(x, " = u, EB' = E) = p(x)oxn(E', E,p- ' )o(F(E', E, - '),

where p(x) &~ 3.34281 x 10%%¢/m? is the electron density of water, and o is
the Klein-Nishina differential scattering cross-section, see [16], defined by

1,/EN\N°(E E
oxnN(E, E' cos ¢) = 57”? <E) (E tm - sin” ¢> ;

with r. ~ 2.81794 x 10~ %m. Further, § denotes the Dirac delta distribution

and
E

a 1+ 2 (1—cosg)’

is used to enforce the conservation of particle momentum. Finally, f and gp
are selected so that the analytical solution to (1) is given by

F(E,E' cos¢) = E’

U(X, M, E) = ei(Eu'x/EmaI)2 ef(lf(E/Emaz)Z)il’
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Fig. 1 Example 1: Convergence of the DGFEM under h-refinement for p = 0, 1, 2. Here,
the DGFEM-norm is defined in (12).

where FE,,,, = 1000keV.

We investigate the asymptotic behaviour of the proposed DGFEM on a
sequence of successively finer meshes for different values of the polynomial
degrees. To this end, the spatial meshes are (non-nested) polygonal grids
generated using the Polymesher software package [45]. As noted in Section 3.2
the angular meshes are formed by mapping uniform interval elements, defined
on the boundary of the square (—1,1)? to the unit circle S. We set polynomial
degrees p., = p for all kg € Tp, g, = p for all ks € Ts, and 7., = p for
all k4 € Tg. Figure 1 shows the error, measured in terms of both the Ly (D)
and DGFEM-norm, against the number of degrees of freedom (denoted by
N) in the underlying finite element space V%", Writing dp to denote the
dimension of the domain D = 2 x S X E (here, dp = 4), we clearly observe that
lu —unllz, ) ~ O(N"*"/9) as the space-angle-energy mesh 7T is uniformly
refined for each fixed p. Equivalently, since h ~ N~1/42 where h denotes the
meshsize of T, we note that ||u—up|| 1, o) ~ O(RPT) as h tends to zero for each
fixed p. This is the expected optimal rate of convergence with respect to the
Ls(D)-norm, though this rate of convergence for the DGFEM approximation
of first-order hyperbolic PDEs is not guaranteed on general meshes, for further
details see [38] and the remarks in [10]. Secondly, from Figure 1 we also observe
that for fixed p, p = 0,1, that the DGFEM-norm of the error behaves like
O(N"*/2/1) " or equivalently O(hP*1/2); as the meshsize h tends to zero.
This is in full agreement with Theorem 7 (see also Remark 5). In the case
when p = 2, we observe that |||[u — ul||p converges at a slightly faster rate
as h tends to zero; despite the large number of degrees of freedom in V}'%",
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Fig. 2 Example 2: Convergence of the method under h-refinement for p = 0, 1, 2. Here, the
DGFEM-norm is defined in (12).

the meshes are relatively coarse and hence we expect that we are still in the
pre-asymptotic regime.

7.2 Example 2: Monoenergetic problem in 3D

We now consider the numerical approximation of a simplified monoenergetic
variant of the problem (1), where the energy is assumed to remain constant,
posed in a three-dimensional spatial domain with a two-dimensional angular
domain. To this end, we let 2 = (0,1)3, a =1, 0(x, 1’ — p) = 1/|s?| = an,
B(x) = fSG(x,u — p') dp' =1, and select f and gp so that the analytical
solution of the underlying problem is given by

u(x, p) = cos(4¢) (xcosy + ysinz) ,

where ¢ = arccos 3 denotes the polar angle of p.

Figure 2 shows the convergence of the DGFEM using meshes comprising of
uniform cubes in the spatial domain {2 and mapped quadrilateral elements in
the angular domain S. As before, we plot the error measured in both the Lo(D)-
norm and the DGFEM-norm. As in the previous example we observe that
lu—unl L,y ~ ONT*V/42), dp =5, or equivalently [[u—up||1,p) ~ O(hPF?)
as h tends to zero for each fixed value of the polynomial degree p, p =0,1,2.
Moreover, we observe that [|lu — up||pg ~ O(N"H/2/42) (~ O(hP+1/2)) for
p=0,1, as h tends to zero. As in the previous example, we again observe a
slighter faster rate of convergence of |||u — us|||p for p = 2, which we attribute
to being in the pre-asymptotic regime.
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8 Conclusions

We have introduced a unified hp—version DGFEM for the numerical approxima-
tion of the linear Boltzmann transport problem. We have proven stability and
convergence results for the method, through an inf-sup condition in an appro-
priate norm, and shown how it may be efficiently implemented as a high-order
version of the widely used multigroup discrete ordinates method. The unified
DGFEM formulation in the space, angle and energy domains therefore provides
a simple and flexible way of computing arbitrary order approximations of
solutions to the Boltzmann transport problem for the first time. General classes
of polytopic elements are admitted for the design of the spatial computational
mesh, which facilitates the accurate and efficient representation of complex
geometries. Numerical experiments have been presented which confirm the
theoretical results derived in this paper. Further work will include generalizing
the scheme to include more general boundary conditions, such as reflective
conditions, for example, utilizing automatic hp-refinement mesh adaptation,
and investigating problems arising in medical physics applications. In addition,
the extension of the proposed linear solver to the case when particles gain
energy after scattering off the medium, which can occur in applications such
as thermal neutrons, for example, cf. [36,43], will also be considered
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