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Abstract

Computing numerical solutions of the thermal radiative transfer equations
on a finely resolved grid can be costly due to high computational and memory
requirements. A numerical reduced order method that has recently been ap-
plied to a wide variety of kinetic partial differential equations is the concept
of dynamical low-rank approximation (DLRA). In this paper, we consider
the thermal radiative transfer equations with Su-Olson closure, leading to a
linearized kinetic model. For the conducted theoretical and practical consi-
derations we use a multiplicative splitting of the distribution function that
poses additional challenges in finding an energy stable discretization and de-
riving a hyperbolic Courant-Friedrichs-Lewy (CFL) condition. We propose
such an energy stable DLRA scheme that makes use of the augmented ba-
sis update & Galerkin integrator. This integrator allows for additional basis
augmentations, enabling us to give a mathematically rigorous proof of energy
stability and local mass conservation. Numerical examples confirm the deri-
ved properties and show the computational advantages of the DLRA scheme
compared to a numerical solution of the full system of equations.
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1. Introduction

Thermal radiative transfer problems are a class of kinetic transport equations
modeling the movement of particles that interact with a background medium,
for instance by scattering or absorption. By this interaction, the background
medium can heat up and itself emit new particles, enforcing the exchange of
energy between particles and the background material. This process is descri-
bed by two coupled equations, one for the particle density f(t,z, ) and one
for the internal energy e(t,z) of the material. The variable ¢ € R* denotes
time, x € D C R stands for the spatial and p € [—1,1] for the directional
variable. The numerical solution of this set of equations is challenging as its
high dimensionality requires enormous computational and memory costs. To
overcome these problems, the concept of dynamical low-rank approximation
(DLRA) [1] can be used. It is a numerical reduced order method providing
accurate and efficient approximations of the solution of kinetic partial diffe-
rential equations and has already been applied in various fields of research.
Recent work for instance has been published on radiation transport [2, 3, 4],
radiation therapy [5], plasma physics [6, 7], chemical kinetics [8] and Boltz-
mann type transport problems [9, 10]. The main idea of DLRA consists in
approximating the distribution function as

f(t7 I,M) ~ Z Xi(t7I>Sij(t)v}(t7 M)a

3,j=1

where {X; : i =1, .., r} are the orthonormal basis functions in space and {V; :
j =1,..,r} the orthonormal basis functions in direction. This splitting can be
understood as a continuous analogue to the singular value decomposition of a
matrix, explaining why S = (S;;) € R™*" is called the coefficient or coupling
matrix and r the rank of this approximation. However, note that the matrix
S is not required to be diagonal. The time evolution of the low-rank factors
is then determined by a projection of the equation onto the tangent space
of the low-rank solution manifold. Integrators that ensure that the solution
stays on the low-rank manifold while being robust to small singular values
(otherwise this may lead to enormous restrictions on the choice of the time



step size [11]) are the projector-splitting [12], the (augmented) basis update
& Galerkin (BUG) [13, 14], and the parallel integrator [15].

A challenge for constructing a stable dynamical low-rank scheme is to derive
a suitable discretization of the system. To account for the angular dependence
of the solution, we consider a modal representation that makes use of a finite
expansion of the particle density in terms of spherical harmonics (Py). This
approach is explained in [16, 17] and for instance used in [18, 19, 20]. Also
the spatial discretization has to be chosen carefully. In [9] it is shown that for
an efficient dynamical low-rank scheme for the isothermal Boltzmann-BGK
equation it is useful to consider a multiplicative splitting of the distribution
function. To transfer knowledge to such systems, we decide on a multiplicative
splitting of the particle density f also for the considered problem. Different
from [21], in this case it is per se not clear how to deal with the spatial
derivatives. In addition, the multiplicative splitting poses further challenges
for the proof of energy stability and the construction of a low-rank scheme
to which we account for instance by pursuing a ‘first discretize, then low-
rank’ strategy. Recent work on this topic has been published for the linear
Boltzmann-BGK equation in [22]. For the time discretization the potentially
stiff opacity term has to be taken into account, leading to a coupled-implicit
scheme similar to the one treated in [21], which again is complicated to
solve.

In this paper we propose an energy stable multiplicative dynamical low-
rank discretization for a linearized internal energy model called the Su-Olson
problem. The main novelties are:

o A multiplicative splitting of the distribution function: Based on the in-
sights from [9], we consider a multiplicative splitting of the distribution
function. Similar to [22], we show that the spatial discretization has to
be chosen carefully. Further, the multiplicative splitting requires ad-
ditional modifications in the low-rank scheme in order to obtain an
energy stable numerical discretization of the problem.

o An energy stable numerical scheme with rigorous mathematical proofs:
We show that the derived DLRA scheme is energy stable and give ri-
gorous mathematical proofs, enabling us to deduce a classic hyperbolic
CFL condition. This allows to compute up to a maximal time step si-
ze of At = CFL - Az, which again enhances the performance of the
algorithm.



e A mass conservative augmented integrator: We make use of the aug-
mented BUG integrator from [14], leading to a basis augmentation in
two substeps of the numerical scheme. As this integrator allows for
further modifications, we include additional basis augmentation steps
that ensure the exactness of the projection operators needed for the
theoretical proof of energy stability as well as the local conservation of
mass.

o Numerical test examples confirming the derived properties: We compare
the numerical results obtained from the low-rank discretization with the
solution of the full system for relevant examples from the literature. The
derived properties are validated and the accuracy and the efficiency of
the proposed DLRA method is shown.

The structure of the paper is as follows: After the introduction in Section 1,
we provide background information on the thermal radiative transfer equa-
tions in Section 2. We explain the considered multiplicative structure and
derive two possible systems that in the continuous setting are equivalent. In
Section 3, we discretize both systems in angle, space and time. Section 4 is
devoted to the subject of energy stability. We show that the advection form
of the multiplicative Su-Olson problem is generally not numerically stable
in the sense of von Neumann, whereas for the conservative form a hyperbo-
lic CFL condition is derived, under which an energy estimate can be given.
Section 5 first provides an overview of the method of dynamical low-rank
approximation. Then, a provably energy stable DLRA scheme is derived.
The provided rigorous stability analysis is the main novelty of this work. In
addition, mass conservation can be shown, when using a suitable truncation
strategy. The numerical results in Section 6 confirm the derived properties,
before in Section 7 a brief conclusion and outlook is given.

2. Thermal radiative transfer

In a one-dimensional setting the thermal radiative transfer equation with
absorbing background material is given by

SO (1, 1) + p0uf (12, 1) = o (Bt ) — (8,2, 1)),
ate(tv .%) - O—(<f(t7$7 ) - B(t’ 117)>u),



where an integration over the directional domain [—1,1] is denoted by (:),.
The speed of light is denoted by ¢ and the variable o represents the opacity
that encodes the rate at which particles are absorbed by the background
medium. The black body radiation B(T') at the material temperature T' can
be described by the Stefan-Boltzmann law

B(T) = acT*,

where a = 4"% is the radiation density constant and ogg the Stefan-Boltzmann
constant. Further information on the thermal radiative transfer equations and
their relevance in physics can be found in [23, 16, 24]. The above set of equa-
tions is not closed. To determine a relation between the temperature 7" and

the internal energy e(T') we follow the ideas of Pomraning [25] and Su and
Olson [26] and set e(T') = aB(T). From this point on, we call aB(T") the

internal energy of the material. Further, we perform a rescaling 7 = ﬁ and
by an abuse of notation write ¢ instead of 7 in the remainder. This leads to

the system

atf(taxv M) + Maxf(t>$’ :u) = J(B(t7$) - f(ta x?ﬂ))? (1&)
8tB(t7'r) = 0'(<f(t,l', ) - B(tv JZ)>M), (1b>

where without loss of generality we assume o = 1. This system is a closed
linearized internal energy model that is analytically solvable and commonly
used as a benchmark for numerical examples [27, 18, 19]. In the following, we
call equations (1) the Su-Olson problem. Note that for the moment we omit
initial and boundary conditions.

In [9] it has been shown that for deriving an efficient dynamical low-rank
scheme for the isothermal Boltzmann-BGK equation it is crucial to consider
a multiplicative splitting of the distribution function. This allows one to sepa-
rate a generally not low-rank Maxwellian from a remaining low-rank function
g, to which the DLRA scheme is subsequently applied. The considered Su-
Olson problem is similar in structure to this equation. To transfer knowledge
of the construction of stable efficient dynamical low-rank schemes from the
Su-Olson problem to more general kinetic equations, we have decided on a
multiplicative splitting of the distribution function of the form

ft,z, 1) = B(t,x)g(t,z, p), (2)

and apply the low-rank ansatz to ¢g. For this system, we give a mathematical-
ly rigorous proof of energy stability and derive a hyperbolic CFL condition,
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which allows for determining an optimal time step size, making the proposed
scheme even more efficient. In this sense, this paper can be understood as an
intermediate step from the Su-Olson problem treated in [21] towards more
complicated non-linear problems with multiplicative splitting. The main no-
velty of this paper consists in providing a rigorous theoretical analysis for the
multiplicative Su-Olson problem, distinguishing this work for instance from
the multiplicative DLRA scheme proposed in [9], where the time step size of
the constructed algorithm is chosen experimentally based on the correspon-
ding numerical experiment. The idea of applying a multiplicative splitting
to a linearized model and deriving a concrete CFL condition is also pursued
in [22] for the linear Boltzmann-BGK equation. However, there are crucial
differences between the multiplicative Su-Olson problem and the multiplica-
tive linear Boltzmann-BGK equation. In the latter, due to the appearance of
the Maxwellian equilibrium distribution, the evolution equation couples with
the momentum equations. In the Su-Olson problem, the evolution equation
for the particle density (1a) couples through (1b) with the background ma-
terial. This leads to a different notion of stability in the theoretical analysis.
In addition, the construction of the low-rank scheme requires new ideas for
the basis augmentations as well as an adjusted truncation strategy to ensure
mass conservation, which is not available in [22]. Hence, this paper provi-
des novel insights into the construction of conservative and provably stable
multiplicative low-rank schemes.

We insert ansatz (2) into (1a) and (1b) and obtain the set of equations

8tg(ta IHU’) = Naacg<t7xv :u) +o (1 - g(tv %M)) - %8753(1571') (3&)
- f’ggt—”ﬁw(wx
OiB(t, ) = o B(t, ) ((g(t, 2, 1)) — 2), (3b)

that is called the advection form of the multiplicative system. Using the
product rule, it splits up the spatial derivatives for B and ¢ in (3a). This
corresponds to the form in which the multiplicative splitting in [9] is applied
to the Boltzmann-BGK equation. Equation (3a) can be equivalently rewritten
into a conservative form, leaving the spatial derivative of Bg together and



leading to the system

0u(t, 1) = = Gy O (Bt ) +0 (1= gt ) (4a)
- —ggiz; ‘)‘) 0, B(t, ),
0B(t,x) = oB(t,) ({g(t, 7, 1)~ 2) (4b)

In later considerations, we are interested in the conservation properties of
our numerical scheme. For the multiplicative Su-Olson problem, the mass
and the momentum of the system shall be defined as follows.

Definition 1 (Macroscopic quantities). The mass of the multiplicative Su-
Olson problem is defined as

p(t,x) = /f(t,x,u)du + B(t,z) = B(t, x) /g(t,a;,u)du + B(t, z).

The momentum is given as
ut.a) = [ uf(t.v.p)du=Blt.s) [ uglt.z.dn

In particular, the multiplicative Su-Olson problem satisfies the local conser-
vation law

Owp(t, z) + Oyu(t,z) = 0. (5)
Global conservation of mass is then obtained by integrating over the spatial
domain [6].

In the following, we discretize both sets of equations to compare them in
terms of numerical stability. We derive an energy stable dynamical low-rank
scheme and give a concrete hyperbolic CFL condition. Note that in contrast
to [21, 9], but similar to [22], we first discretize the equations and then apply
the low-rank ansatz here.

3. Discretization of the multiplicative system

In this section, we fully discretize the advection form (3) as well as the
conservative form (4) of the multiplicative system. We start with the angular
and spatial discretization, followed by the time discretization.
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3.1. Angular discretization

For the angular discretization a modal approach with normalized Legendre
polynomials P, is used [16, 17]. They constitute a complete set of orthogonal
functions on the interval [—1, 1] that satisfy (Py, Pr), = 6r. As an approxi-
mation, a finite expansion of the distribution function g with N, expansion
coefficients, called the moments, is used. It writes

N,—1

g(tv'r?M) ~ gNu(t,x,,u) = Z Uﬁ(tvx)Pé(/U‘

=0

We insert this representation into (3), multiply (3a) with P.(u) and integrate
over u. Further, we introduce the matrix A € RM>*Nu with entries A =
(Py, FPy), and use that Py = \/Li This gives

Oyui(t, ) #Z Opve(t, ) Ape + 0 (\/—5k0 — (¢, x)) (6a)
vg(t, ) R
g(t, >(9t ( )— ezl fo)amB(t,x)Akg,
aB(t,x) = oB(t,x) (V2v(t,x) — 2) . (6b)

Analogously, we obtain for system (4) the angularly discretized equations

Oyui(t, ) HZ_ B B(t,x)v(t,x)) Ape + 0 (\/_(5ko — ug(t, x))
(Ta)
vg(t, )
— Blt.2) O B(t, ),
aB(t,x) = oB(t,x) (V2v(t,x) — 2) . (7b)

Note that the matrix A is symmetric and diagonalizable in the form A =
QMQ" with Q orthonormal and M = diag(oy, ...,on, ). We then define
Al=QM|Q".



3.2. Spatial discretization

For the spatial discretization we prescribe a spatial grid with N, grid cells
and equidistant spacing Ax = N% Spatially dependent quantities are appro-
ximated at the grid points z; for j =1, ..., V,;, and denoted by

Bj(t) = B(t,z;),  v(t) = vp(t, ;).

First-order spatial derivatives 0, are approximated using the tridiagonal sten-
cil matrices D* € RM*Ne and a second-order stabilization term D% ¢
RN approximating 3 Azd,, is added. The entries of those matrices are
defined as

+1 1 1

T _ Tx Tx

r = — R D S —
FVE= IAT JsJ Az’ J,g£l AT

Note that from now on we assume periodic boundary conditions to which we
account by setting

-1 1 1

T T _ T  __ )TT

D Dy = _ -
LNz ™ 9Ag Naol ™ 9 A LNz Neol ™ 9 Ay

The stencil matrices D* and D** then fulfill the following properties:
Lemma 1. Let y, z € RN with indices i,j = 1, ..., N,. It holds

Z yJDx Z; = Z z]Dﬂyl , Z zJD -z =0, Z yJszl = Z z]Dm

3,j=1 3,j=1 3,j=1 4,j=1 3,j=1

Moreover, let DY € RN=*Ne pe defined as

—1 1
D = , Df . =——.
JsJ N 33+l N
Then, Z” 12 Dji 2 = — Zj:l (Zi:1 Djizi> :
Proof. See [21, Lemma 4.2]. O

We insert the proposed discretization into the angularly discretized advection
form (6) of the equations and add a second-order stabilization term for Bo,v,



leading to the angularly and spatially discretized set of equations

N, Nu—1 N, N,—1
’U]k Z Z D Ulg Akg + Z Z D Ulg ’A|M (8&)
=1 (=0 =1 /=0
v ( t Mo Tl n t
+0(\/_5k0 v (t )) j t Z Z L t i(t) Ake,
=1 /(=0 J

B;(t) = 0B;(t) (V2uy(t) — 2). (8b)

Inserting the discretization into the angularly discretized conservative form
(7) of the equations and adding a second-order stabilization term to 0, (Bv)
gives

Ui (t Z Z i () vie(t) Are
i=1 £=0 j
+Zl Z DmB () vie(t) | Al e (9a)
i=1 /=0 J
Ujkt .
+ o <\/_5k0 vk(t )) — ngt;Bj(t),

B;(t) = o B;(t) (V2vj(t) — 2) . (9b)
Note that due to the different structure of the equations the stabilization
term in (8a) is applied to Bd,v, whereas in (9a) it is added for 0, (Bv).

3.8. Time discretization

From [21] we know that constructing an energy stable scheme for the Su-
Olson problem is challenging. For the advection form of the equations we
start from (8) and apply an explicit Euler step to transport terms. The
potentially stiff absorption term is treated implicitly and the time derivative
0;B is approximated by its difference quotient. We obtain the following fully
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discrete space-time discretization

Nz Nll_l Nz NH_I

jk = U Atz Z Dﬂ zéAkf+AtZ Z D]xf ?g|A|k€ (10&)
i=1 (=0 i=1 (=0

1 B N, Nu—1
f z R0
+ oAt (V2000 — v)y.) — Atﬁ At o= ALY > S e BY Ay,
i=1 (=0 J
B! = BY + oAtB} (Vavl, - 2) (10b)

that describes one time step from time ¢ to time ¢t; = to+ At and holds for all
further time steps equivalently. For the conservative form (9) we again apply
an explicit Euler step to the transport parts, treat the absorption terms
implicitly and approximate 0;B by its difference quotient. In addition, we
add a factor g—; in the absorption term of (9a). This gives the fully discrete
scheme

Ny Nu—1 N, Nu—1
k = U Atz Z —D$ BZ ZeAkg—i—AtZ Z —l):mBZ z€|A|M
i=1 ¢=0 i=1 ¢=0
(11a)
1 B} — B}
+ O'At (\/_5k0 ) AtﬁT’l};k,
B! =B+ aAtB} (Vavl, —2). (11b)

Note that the evolution equations (10b) and (11b) for the internal energy B
are the same in both schemes. The main difference of (10a) and (11a) consists

B!
in the distinct second-order stabilization terms and the additional factor —‘5
]

in (11a) that we will explain later when showing energy stability.

4. Energy stability

The goal of this section is to investigate energy stability of the derived sche-
mes. Note that this section is closely related to the considerations in [21]. We
first introduce the following notations.

Definition 2. In the following we write u3), := Bv$, and uj, = Bjvj, at
time to and ti, respectively. Note that u® = (u?k) € RN=xNu corresponds to

ft=0,2,p) and v° = (v3,) € R¥"Nu corresponds to g(t = 0,z, 1) in (2).
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With this notation we can give the definition of the total energy of a fully
discretized system.

Definition 3 (Total energy). Let u® € RY=*Nu be the fully discretized angu-
lar solution of the full Su-Olson problem and B® = (B]Q) € RN the internal
energy at time tg. Then, the total energy at this time is defined as

1 1
B = S+ 5B,

where || - || denotes the Frobenius and || - ||g the Euclidean norm. For t; =
to + At this definition shall hold analogously.

4.1. Advection form
We start with the advection form (10) of the Su-Olson problem which is
comparable to the considered low-rank discretization in [9] for the isothermal
Boltzmann-BGK equation in the sense that the term 0, (Bv) is split up into
the sum of Bd,v and vd, B. We can show that this scheme is not, in general,
von Neumann stable.

Theorem 1. There exist initial values v0 € RN=*Ne gnd B € RN* such
that the advection form (10) of the Su-Olson problem for o = 0 is not von
Neumann stable.

Proof. Let us assume a solution v?k that is constant in space and direction,
e.g. U?k = 1. For this solution all spatial derivatives are zero, i.e. the terms
containing D*v? and D*v? in (10a) drop out. We further assume that for
the opacity it holds o = 0, i.e. the Su-Olson problem reduces to a simple
advection equation. From (10b) we thus obtain that Bj = B = Bj, i.e. the
internal energy is constant in time. We insert these results into (10a) and get

N, Np—1

—1—Atzz —D ' B; Ape.

i=1 (=0 B
Multiplication with B; then leads to

Ny Nu—1

wlp = ufy — ALY > Dhuf A

i=1 (=0

This is a discretization of dyu + ud,u = 0 with an explicit Euler step forward
in time and a centered finite difference scheme in space. From [28] we know
that this discretization is not von Neumann stable. ]
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This result matches our considerations that the DLRA scheme presented in
[9] is not von Neumann stable but stable for relatively small time step sizes.
Hence, Theorem 1 is intended to serve as a motivation to seek a generally
stable numerical discretization as done in the next section.

4.2. Conservative form

For the conservative form of the discretization of the Su-Olson problem given
in (11), we can derive a hyperbolic CFL condition and show that under this
time step restriction the total energy of the system decreases over time. We
start with the following lemma.

Lemma 2. Under the time step restriction At < Ax it holds

At Ny Nu—1 / N Nu—1
52 (Z > (DjujAw — D7 “}k|A|’f‘f)>

i=1 (=0 \j=1 k=0

2

2

N, Nu.—1 N, N,—1
5SS (z 3 D;u;m;f) <o

i=1 (=0 \j=1 k=0
Proof. See [21, Lemma 5.2]. O

With this relation we can now show that the energy of the conservative
form (11) of the Su-Olson system dissipates and hence the system is energy
stable.

Theorem 2. Under the time step restriction At < Ax the fully discrete
system (11) is energy stable, i.e. it holds E* < E°.

Proof. The proof of this theorem is similar to the proof of [21, Theorem 5.3].
We start with equation (11b) and multiply it with le. This gives

(B))* = BYB! + oAt (B))* (V2vl, —2).

J

Note that it holds

BB} = £ (B])'+ 5 (BY) — 5 (B}~ B))".

J J

13



We insert this relation and sum over j, giving

1 Ng ) 1 Ng ) 1 Ng )
52 (B) =52 (B) 5> (B - B (12)
=1 j=1 j=1

Nz
+oAtY (B (V2ul, —2).
j=1

Next, we multiply equation (11a) with B} Bjvj, and sum over j and k. This

leads to

Ny Nu—1

j=1 k=0

N, Np—1 N, Nu—1
j=1 k=0 4,j=1 k=0
N, Nu—1
—f-AtZ Z j ]szmBz ZZ|A|k€ (13>
2,j=1 k=0
N, Nu—1
+ oAy > (B)) v (V200 — )
Jj=1 k=0
N, Ny—1
2
=2 > Bi(v) (B - B))
j=1 k=0

1

Note that for this step the additional factor % in the absorption term of
J

(11a) is crucial. As above, it holds for the first term on the right-hand side

that

Ny—1

Na
Bl
ZZ U3k B; Vji

j=1 k=0

N, -1
x H 1 1
=303 (G Bl 5 (B - 5 (Bluk - B0’

j=1 k=0

We insert the notation w3, = Bjv}, and uj, = Bjvj,, respectively, as well as
insert the above relation into (13), bring the last term of (13) to the left-hand

14



side and rearrange the equation. We obtain

N, N.—1 N,—1 2 | X NM—I ,
IDIUNIEE) 3D S TAEED b ST
j=1 k=0 Jj=1 k=0 j=1 k=0
N, Np—1
— ALY Nl DYl A (14)
2,j=1 k=0
N, Nu—1
+At Z Z Ujksz 0 |A‘kg
%,j=1 k=0
N, N,—1
+ aAtZ Z (B;)ijl.k (\/55190 - vjlk) .
j=1 k=0

We now add the zero term Atz
tract the second-order term At Zij:l kNj:é wjy, D3P uly| Al giving

iv‘é Su D?ul Ay and add and sub-

1] 1 gt il

1 Ng Nu_l Ny Nu— 2 1 Ny Np—1
1
3 > 3 Z Z —52. > (u
j=1 k=0 ] 1 k=0 j=1 k=0
N, Nu—1
— At Z Z Ujl'kD;ci (Uge - u%@) Age
i,j=1 k(=0
N, Nu—1
+ At Z Z wip DFT (ude — jg) [Alre
©,j=1 k=0
N, N.—1
+ At Z Z i DFF e Al
ij=1 k(=0
N, N,—1
+ aAtZ Z (B})2 vjlk (\/§5k0 - Ujlk> .
j=1 k=0

In the next step, we apply Young’s inequality, which states that for a,b € R

15



we have a - b < %—l—%, to the term

N, Np—1 N, Np—1
— At Z Z wj, D, (ugy — ugy) Age + At Z Z wi DST (ugy — uig) [Alke
i,j=1 k=0 ij=1 k,£=0
N, Np.—1 Ny Nu—1
=—AtY > (ug - uj (Z > (DjujAn - fo“}k|f4|kz)>
i=1 (=0 j=1 k=0
| Do N ,
< 2 (Uze Uzlz)
=1 /=0
(At)Q N, Nu—1 / N, Nu—1 2
* 2 (Z Z (DﬂujkAM fo“glk‘A’ké)>
i=1 (=0 \j=1 k=0

In addition, we note that with the properties of the stencil matrices from

Lemma 1 we can write

Ny Nu—1 N, No—1 / N, N.—1 2
ALY ST Wl DAl = —Aty Y (Z > Diu Jk|A|1/2> .

3,7=1 k=0 i=1 (=0 j=1 k=0

We insert both relations and get

Ng Np—1 1 N, Np—1
2
3202 () <530 ()
j=1 k=0 j=1 k=0
(At)2 Ny Nu—=1 / N, Nu,—1 2
i=1 /=0 j=1 k=0
2z Nu—1 / N, Nu—1 2
- At D]z ]k‘A|1/2>
i=1 (=0 \j=1 k=0
w Nu—1
+ oAt N (B vk (V260 — vly)
j=1 k=0

With Lemma 2 we have that under the time step restriction At < Az it

16



holds

N, Np—1 2 1 N, N‘ﬁl ) N, Nu—1 )
g 1 k=0 j=1 k=0 j=1 k=0

(15)
To obtain an expression for the total energy of the system, we add (15) and
(12). This gives

Ny

E'< E°— ;Z(B ~ BY) +0Atzz ;k(\/ﬁéko—vj-k)

Jj=1 j=1 k=0

Ng
+oatd (B])" (Vauj - 2).

j=1

The term —3 Zjv;”l (B} — B?)2 is non-positive. The remaining two terms on
the right-hand side can be rewritten and bounded as follows:

Ny Nu—1

UAtZ Z (B (\/—5k0 — v, ) + UAtZ <\/§vj1-0 — 2)

j=1 k=0

<oAtY ST (B (= (v)® + 2V20k6k0 — 2010 )

=— UAtZ Z (B;)Q (v]lk — \/§5k0)2 <0.

Hence, we have shown that under the time step restriction At < Ax it holds
E' < E° and the system is energy stable. O]

5. Dynamical low-rank approximation for the energy stable sys-
tem

Having attained an energy stable discretization of the multiplicative Su-Olson
problem, its practical implementation can still pose numerical challenges such
as large memory demands and computational costs, especially in a higher-
dimensional setting. To overcome these problems, we introduce the concept
of dynamical low-rank approximation.
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5.1. Background on DLRA

The method of dynamical low-rank approximation has originally been in-
troduced in a semi-discrete time-continuous matrix setting [1], in which it
will also be explained in this section. Let us consider the matrix differential
equation

where f(t) € RN=*Nu is the solution of the equation and F (f(¢)) : RNV=*Nu —
RN=XNu denotes its right-hand side. The dynamical low-rank approximation
of f(t) is then given by

f.(t) = X®)SH)V(H)", (16)

where X (t) € RM*" is the orthonormal basis in space, V(t) € RM*" the
orthonormal basis in direction, and S(¢) € R™" the coupling or coefficient
matrix of the rank r approximation. All matrices of the form (16) constitute
the manifold of low-rank matrices M,. The basis matrices X (¢) and V (%),
and the coefficient matrix S(¢) shall then be evolved in time such that the
minimization problem

min[f() = F (£() |Ir
fr(t)eﬁr(t)Mr

is fulfilled at all times ¢, where ¢ )M, denotes the tangent space of the
low-rank manifold M, at f.(¢). In [1], it has been shown that solving this
minimization problem is equivalent to projecting the right-hand side F (f,.(¢))
by means of an orthogonal projection P onto ¢, 4)M,, and solving

£.(t) = P (£() F (£(t)). (17)

For f, = XSV, the orthogonal projection P onto T, )M, is explicitly given
[1] as

P(f)F (f) = XX'F(f) - XX'F(f)VV' +F(f.)VVT.

Different time integrators that make use of the special form of this orthogonal
projection such as the projector-splitting [12], the (augmented) basis update
& Galerkin (BUG) [13, 14], and the parallel integrator [15] exist. They are
able to evolve the solution on the low-rank manifold while not suffering from
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the stiffness of (17). In this paper, we focus on the augmented basis update
& Galerkin (BUG) integrator, that shall be explained in the following.

The BUG integrator first updates and augments the spatial basis X and the
directional basis V in parallel. This leads to an increase from rank r to rank
2r. Note that we denote augmented quantities of rank 2r with hats. Next,
a Galerkin step is conducted for the coefficient matrix S in the augmented
setting, before in a last step all augmented quantities are truncated to a new
rank r; < 2r. To be more specific, the BUG integrator evolves the low-rank
solution 0 = X°S°VOT at time t, to the time-updated low-rank solution
fl = XISIVLT at time t; =ty + At as follows:

K -Step: We fix the directional basis V? at time ¢y and introduce - the notation
K(t) = X(£)S(). Then, we update the spatial basis from X° to X! € RN=x2r
by solving the PDE

K@) =F (KHV"T)V?  K(t) = XS’

and then determining X! as an orthonormal basis of the augmented matrix
[K(t1), X% € RN=*?" e.g. by QR-decomposition. We store M = XLTXO ¢
R2T><T.

L-Step: We fix the spatial basis X" at time ¢, and introduce the notation
L(t) = V(t)S(t)T. Then, we update the directional basis from VO to V! €
RNu*2r by solving the PDE

L(t) = F (X°L()7) " X°, L(t) = V°S°T,
and then determining V! as an orthonormal basis of the augmented matrix

[L(t1), VY] € RM«*? o by QR-decomposition. We store N = VITVO ¢
RQTX’I"

S-step: We update the coupling matrix from S° € R™" to S! € R2*2" by
solving the ODE

S(t) =X"TF (X'S()V"T) V!, S(ty) = MS'N".

Truncation: We compute the singular value decomposition of St = f’EQ\T
with 3 = diag(c;). The new rank r; < 2r is chosen such that for a prescribed
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tolerance parameter ¢ it holds

o 1/2
( Z sz) < 9.

Jj=ri+1

We set St € R™*™ to be the matrix containing the 7| largest singular values.
For the update of the spatial and the directional basis we introduce the
matrices P! € R?*™ and Q! ¢ RQTX“ containing the first ry columns of

P and Q, respectively, and set X! = X'P! € R¥*"1 and V! = VIQ! ¢
RNHXT1.

Altogether, this gives the time-updated low-rank approximation in the form
f! = X!S'VIT at time ¢; = to + At. Note that in the following, in an abuse
of notation, we will write f instead of f. and call this the low-rank solution
of the considered problem.

5.2. DLRA scheme for multiplicative Su-Olson

In this section, the DLRA method is applied to the energy stable conservative
form (11) of the Su-Olson problem to evolve v = (v%;) to v' = (v};). First
note that for the derivation of the low—rank scheme we rewrite equations (11).
In (11a), we put all terms containing v} i to the left-hand side and divide by
1 4+ oAt. Further, we multiply (11b) w1th . This establishes the system

Bl Ny NM 1
Iyl —D“”B 04 18
BU kT 1+0At Uk 1+aAtZMZ i Vit St (18)
N, N,—1
X V20 At Bj
L pmpog|a Zig
1+0Atzl; Bo vl |M+1+aAtBJQ K
B} B!
50 = 1+ ol (Vavj, - 2). (18b)
J J

We then apply the DLRA approach to this set of equations. In a ﬁrst step7 we
Bl * *
X9 89 VO to B?ng = Zmn ) S .

m,n=1 jm~mn jm mn

want to update vl = >

for k # 0. This corresponds to an update of the advection part of (18a)
without the absorption term coupling to equation (18b). We introduce the
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notation KJ =" _ X2 S} and solve the K-step equation

jm~mn
K-t g0 At ZD BOZ NuzlvoAMvO (19a)
P14+ 0At P 1+ 0ALBY - e
A e
D BO V2| ALV

We derive the updated basis X* of rank 2r from X* = qr ([K*, X"]). Moreo-
ver, we perform an additional basis augmentation step according to

o * 1 T 0 0 1 T 0 0

X :qr<[X 50 OD (B’ 0X'), 550D" (B’ 0 X") (19b)
This basis augmentation step is crucial for the theoretical proof of energy
stability of the DLRA scheme as it ensures the exactness of the correspon-
ding projection operators. Its concrete form is motivated from the theoretical
stability analysis and will become clear in the proof of energy stability in the
next section Here, the symbol ® stands for a pointwise multiplication and the
vector gy € R¥= is defined to contain the element =5 for each j =1,..., N,.

In addition, we compute and store M = X*’TXO. Note that in this paper we
perform full rank updates, leading to an increase from rank 2r to 4r. Quan-
tities of rank 2r are denoted with one single hat and quantities of rank 4r
with double hats.

The L-step can be computed in parallel with the K-step. We introduce the
notation L%, =>"" | S% VO and solve

1 N‘ulr

Yo = Tomte ~ 1% At ZZ ZA%LMZ BOZD” B

(19¢)
oAt 1 +0At Z mz ‘A’UcLemZ BOZD?@XO

We derive the updated basis V* of rank 2r from V* = qr ([L*, V°]). Moreover,
we perform an additional basis augmentation step according to

=

Vo=qr ([V, ATV [A]TV]). (19d)
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Again, this additional basis augmentation step is required for the exactness
of the corresponding projection operators in the theoretical proof of energy
stability. Its concrete form will become clear in the next section. In addition,

we compute and store N = V*TV0,

For the S-step we use the information from the K- and L-step, set g%n =
ij 1 MmJS ank:, and solve

1 Q0

S* =— 5
w4t ?
At Do Nu—1
* 0 * Q0
o 1+ oAt ZXJQBO ZD B Z szsmn Z VZnAkEVkp (198)
j=1 m,n=1 k=0
A ey Nu—1
zx R0 * Q0
T 1+ oAt ZXJQBO ZD B Z szSmn Z V£n|A|kkap
j=1 J =1 m,n=1 k=0
In the next step, we COI]Sldel“ the equations for £k = 0. In this case, the
equations for %;UJO and 2 BO couple and we solve the system
B} 1 r
! X0 g0 10
Sy Ve
BO Yjo = 1—|—O'At mzl jm*~mn Y 0n
Ar e Nu—1
—D”JB0 X: 50 Vi A 19f
1 + O'At Z mgl im~mn Z 410 ( )
Nu=1
At - V20 At Bj
Di? B} X: g0 Vi A
* HUNZBO Z inSon 2 Vil + 1T 50 5
Bl
BO =1+ UAt— (\/_UJO — 2) (19g)

From (19f) and (19g) we can then retrieve vj = (vjy) and B' = (B]). We

1
use the latter to divide out the factor % in the low-rank representation of
J

B} = .
FV = ngn 1 ijfm in- We perform the transformation step
J k)
BO
*,trans J *
ij Bl K (19h>
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From a QR-decomposition we obtain X*"ans§strans — qp (K*trans)  Then we

perform an additional basis augmentation step according to
X! = qr ([vé, /)E*’tranSD , V= qr ([el, {\/*]) , (19i)

where we add v} to the updated spatial low-rank basis since the mass of
the system is given by the zeroth order moment v{. In the directional basis,
we add e; € RV, denoting the first unit vector in R+, This ensures mass
conservation of the proposed low-rank scheme. Then, we have to adjust the

coefficient matrix S*%" correspondingly as

§1 _ §I,T§*,tran5§*,tran5§* (I . elef) @1 + il,Tvée]—@l c R(4r+1)><(4r+1)'
(19j)

Tn a last step, we truncate the augmented quantities X', S and V! back to
a new rank r, using the truncation strategy described in [14] or an adjusted
truncation method inspired by [7] that ensures conservation of mass and will
be given in Section 5.4. Altogether, we obtain the updated low-rank factors
X', 8" and V! such that vj, = > X Sy Vi, The structure of the

m,n=1“*jm~mn
DLRA scheme is visualized in Figure 1.

Note that this scheme is significantly different from the one presented in [21]
as the multiplicative structure leads to additional basis augmentations in

(19b) and (19d) as well as a different solution of the coupled equations (19f)
and (19g).

5.3. Energy stability of the proposed low-rank scheme

It can be shown that the proposed DLRA scheme preserves the energy sta-
bility of the full system. The rewriting of equations (11) into (18) as well as
the basis augmentations in (19b) and (19d) differentiate the proposed DLRA
method from existing schemes and are crucial for the proof.

Theorem 3. Under the time step restriction At < Ax, the fully discrete
DLRA scheme (19) is energy stable, i.e. it holds E* < EY.

Proof. We start with the internal energy B and multiply (19g) with B)B;.
This leads to

(BN = BYB} + oAt (B (V2vl, - 2).

J
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e internal energy at time tg: B0

input e low-rank factors at time t5: X ]m, so vy
e rank at time ty: r
|
[update bases according to (19a) and (19c)
K]*p’ L;;p
(augment bases with X7 | kon}
X]*m7 Vk*n

augment bases with ﬁ S DEBYXD, 7 S DEBIXY,
and Zzzo ApVR, Ze:o |Al,, V&, according to (19b) and (19d)

S —

=

* *
X kn

jm>

[update coefficient matrix according to (196)}

S
update zeroth order moment and internal energy
according to (19f) and (19g)

. . 1 1
[perform transformation step according to (19h)} Bj,vj

X* ,trans S* trans

ym

[augment bases with v} and e; according to (191)}«

X! V}m

Jjm?

Ladjust coefficient matrix S* trans according to (19J)]

Sl
[truncate factors lem, S}m, V}m}
!
e internal energy at time ¢,: Bj
: 1
output e low-rank factors at time ¢1: X}, S}, Vi,

e rank at time t: r;

Abbildung 1: Flowchart of the stable and conservative method (19).
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Analogously to the proof of Theorem 2, we rewrite the product B?BJ1 and
sum over j, rendering the expression

Nz N

—Z =SB -3 (B - B (20)

j=1 j=1

Ny
+ UAtZ (B;)2 (\/ﬁv}o - 2) )
j=1

In the next step, we multiply (19e) with X Zq?};p and sum over ¢ and p.
We introduce the projection operators Py = ZM )? x )? 5, and PYy =
Z4r Vi Vgp as well as the notations v} 1= qu ) X(*qu:;pVﬁp and 00, =
qu ) X+ 50 Vgp. We obtain

aq—qp

N, Nu—1

o PX*—D”“"B 0 A PV, 91

Vo = 1+0At aﬁ 1+0At 121 MZO aj BO i Vie ke kﬁ (21)
N, N.—1

PX*—D“’B A
1—{—0Atz Z aj BO i z£| |k£

1,j=1 k £=0

Further, we denote v} 5 := Zﬁr; L X iqS;pVép. From equation (19j), we can
derive the equation
Bcly,\1 B!

BO Vap = *B (1 - 55(]) + =0 B() aO(SﬂO

e
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We insert (21) and (19f), establishing the expression

Bl N, Nu—1
aR1 o X*

+ At Z Z Po)cg*ﬁDchz M’A‘M ) (1 - 5,30)

i,j=1 k=0

N, Np—1
( Atz Z —Dx B@ ZgAOE

i=1 ¢=0 a
Ny Nu—1

T B
+ALY Z D B M|Alog—|—\/_0AtBO>650.

i=1 ¢=0 0‘

We now use the fact that we have augmented the spatial basis according to
(19b) and (19d). This allows us to write any function h € span (X}) and
hY € span (V) as

N N N,—1 Np—1
T . 1 z H -
X z p07,0 _ z 07,0 0
> Py g5 = 5 3D 3 AR = 3 A
i1 a =1 k,0=0 =
N,—1 N,ufl
Z P ﬁDMBOhO = ZD”B%O and Y WAl Pl = > WY |Al,,.
i,7=1 k=0 =0

The basis augmentations as well as the properties of the projection operators
enable us to obtain a representation of the form

Bé’\l \/_

BO s (14 0At) = F (1 —0g0) + Fogo + o—At 550

with

Ny Nu—1 -
Uaﬁ — Atz Z EDI Bz zEAﬁE —I—Atz Z —DmCB,L z(’A|/5€

i=1 ¢=0 o i=1 ¢=0 a
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We use that on the right-hand side F'dg, cancels out. This yields the equation

Bl N, Nu—1
aR1 T
o Vo (10 = v — s— ALY Z —D B, Ay
@ i=1 4=0 a
N, Np—1

+AEY Z D’”’”Bl ZZ|AW—|—\/_0A25 5,30

11600‘

In the next step, we multiply with B! B% Vs, sum over « and f3, rearrange,
and introduce the notation U}, = B0} 5. This leads to

N, Np—1 ) Ny Nu—1 N, Nu—l/\
Z Z (ﬁ(lx,é’) = Z Z ugﬁﬂ}lﬂ At Z Z @a/BDﬁiuggAﬁg

a=1 =0 a=1 =0 i,a=1 ¢,=0
N, Ny—1
+ At Z Z uaBD U'L£|A’ﬁ£
1,a=1 £,=0
N, Nu—1
—I—UAtZ Z (B 2/\1 <\/_550—v )
a=1 B=0

Inserting the relation

Nac Nﬂ_l N N_]' 9 1 0 9 1 A1 0 9
D20 it =30 3 (5 ()" 5 (k)" — 5 (B~ u)’)
a=1 =0 a=1 =0

establishes the expression

Nz Nu— Ny Np—1 1 N, N.—1 R ,
—ZZ DIEEPIDICHIETD DD DAY
a=1 g=0 a=1 =0 a=1 B=0
Ny Nu—1
— At Z Z @éﬁD&U?@ABe
i,a=1£,8=0
N, Ny—1
ALY Y Ul DE G| Alse
i,a=1£,5=0
N, Nu—1
+0Atz Z (BY) Qﬁl (\/_550—1) )
a=1 =0
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This is the same expression as in equation (14) in the proof of Theorem 2. We
apply the same estimates as in the proof of Theorem 2 and add the resulting
equation with equation (20). Analogously to the proof of Theorem 2 and due
to the fact that the truncation step does not alter the zeroth order moment,
we obtain energy stability of the multiplicative DLRA scheme under the time
step restriction At < Ax. O

5.4. Mass conservation

In addition, the DLRA scheme (19) can be shown to be mass conservative
when using a suitable truncation strategy. We follow the ideas in [7, 29,
30] and adjust the truncation step such that it conserves the zeroth order
moment. Different from [7] and as explained in [30], we do not need to adjust
the L-step equation due to the usage of the augmented BUG integrator from

[14]. Starting from the augmented quantities X1 S1 and V1 the conservative
truncation strategy then works as follows:

1. We set I K! = X'S' and split it into two parts K' = [ﬁlcons ﬁlrem]
where K1 cons corresponds to the ﬁrst and K1 o to the remamlng co-
lumns of K. Analogously, we split V1 into V! = [V1 ,cons V1 rem] where
V1 cons corresponds to the first and Viem (o the remaining columns of
Vl.

2. We compute §l,cons _ §1,cons/H§1,consH and §1,cons _ Hﬁl,consn‘

3. We perform a QR-decomposition of Klrem g get Klrem — X LremGlrem

4. We compute the singular value decomposition of §1’rem = f’Ea\T with

3 = diag(c;). The new rank r; < 4r is chosen such that for a prescribed
tolerance parameter 1 it holds

i 1/2
( Z a?) < 9.

Jj=ri+1

We set Strem ¢ R™*™ to be the matrix containing the r; largest sin-
gular values. For the update of the spatial and the directional basis

we introduce the matrices Pl”em € R‘“’X” and Qrem € R*¥>" contai-
nlng the first 7, columns of P and Q, respectlvely, and set Xbrem —

Xl remPrem c RNIXH and Vl rem Vl remQrem c RN;LXTl
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5. We set X! = [X1 cons X1, ] and Vi= le1, V™| and perform a QR-
decomposition to obtain X! = X!R! and V! = VIR2, respectively.
6. We compute

Sl _ Rl §1,COHS 10 R2’T.
0 Glrem

This leads to the updated solution v = X'S'VLT after one time step at
time tl = to —|— At

In order to show local mass conservation for the proposed DLRA scheme,
we translate the macroscopic quantities given in Definition 1 to the fully
discretized setting.

Definition 4 (Fully discretized macroscopic quantities). The mass of the
fully discretized multiplicative Su-Olson problem at time ty is defined as

_ 0,,0 0
= V2B + BY.
The momentum s given as

Nu—1
=V2B] Y o} Aw.

=0
For ty =ty + At the definitions shall hold analogously.

We can then show that the DLRA algorithm together with the conservative
truncation strategy fulfills the following local conservation law.

Theorem 4. The DLRA scheme (19) together with the conservative trunca-
tion strategy is locally mass conservative, i.e. it fulfills the local conservation
law

1 141 1 0,0 0
N, Np—1 N, Nu—1
==V2) Y DBl Aw+V2) Y DBl Al
i=1 ¢=0 i=1 (=0
’where @0 Zmn 1X?m5%n%n, QD} = Zmn 1X]1mS,%mV01n as well as v?k =
XO SO VO This is a discretization of the continuous local conser-
m,n=1“*jm~mn " kn-

vation law given in (5).

29



Proof. The conservative truncation strategy is de81gned to leave the zeroth
order moment unchanged, i.e. it holds >" lX]lmS}mVén = vj,. In addi-

tion, we know from the bas1s augmentatlon (19i) and the adjustment step
(19j) that it holds S_* X! 3 X1 St Vit . Combining

m,n=1~"jm mn - Zmn 1“*gm~mn
both equalities, we obtain

1 4r

m,n=1 m,n=1

We insert this relation into the coupled equations (19f) and (19g). We multi-
ply (19f) with v/2 (1 4 oAt), rearrange it, and multiply both equations with
BY. This leads to

N, Nuy—1 4r
V2B]®! = V2BI®) — V2AtY > DiBY Y X: 50V Ay,
i=1 (=0 m,n=1
Ny Nu—1 4r
+v2ArY S DB S X550, VilAle (23a)
i=1 (=0 m,n=1
+0ALB} (2 - V20})
B! = B! + oAtB} (V20 - 2). (23b)

Due to the basis augmentations with X° and V° from the augmented BUG
integrator it can be concluded that

SR @ T Y XS

m,n=1 m,n=1

We insert this relation into (23a), add equations (23a) and (23b), and rear-
range the result. This leads to the local conservation law (22), ensuring the
local conservation of mass. O

6. Numerical results

In this section, we compare the solution of the DLRA scheme (19) to the
solution of the full equations (18) to underline the efficiency and accuracy
of the proposed method. We give different test examples in 1D and 2D that
validate our theoretical results.
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6.1. 1D plane source

We first examine the 1D plane source test case which is a common test exam-
ple for thermal radiative transfer [31, 32, 3]. We consider the spatial domain
D = [-10,10] and the directional domain [—1,1]. The initial condition is
chosen to be the cutoft Gaussian

1 L1 (x — 1)2)
t=0,2)= — 1074, —— (——
v ( ,T) o nax ( oz exp 207,

with constant deviation ojc = 0.03. The traveling particles are initially cen-
tered around z = 1 and move into all directions p € [—1,1]. The initial
internal energy is set to B® = 1 and the opacity to the constant value o = 1.
For the low-rank computations we use an initial rank of r = 10. The to-
tal mass m™ at time ¢, is defined as m™ = Ax Zjv;”l <\/§B;‘U§l0 4 B;“) As
computational parameters we use N, = 1000 cells in the spatial domain and
N, = 500 moments for the approximation in the directional domain. The
time step size is determined by At = CFL - Az with CFL = 0.99, according
to the corresponding CFL condition.

For the theoretical proof of energy stability of the multiplicative DLRA sche-
me (19) the basis augmentations to rank 47 + 1 performed in (19b) and (19d)
are essential. However, in practical implementations it can be observed that
the standard basis augmentations to rank 2r+-1 provide similar solutions whi-
le being significantly faster.For this reason, we propose to leave out the basis
augmentations presented in (19b) and (19d) in practical applications.

We compare the solution of the full system (full) with the solution of the
reduced DLRA scheme with rank 2r +1 (DLRA) and the solution of the
augmented DLRA scheme with rank 4r +1 (DLRA BasisAug). Figure 2 dis-
plays the solution f(x, 1) computed with the three different solvers. In Figure
3 the numerical results for the scalar flux ® = \%( f), and the dimensionless

temperature T = v/B are shown. All quantities are captured well by both
DLRA schemes. In addition, Figure 3 shows the evolution of the rank 7.
For a chosen tolerance parameter of ¥ = 107!||X||r the rank of both DLRA
schemes increases up to r = 23 before it significantly reduces again. Note
that the ranks of the reduced as well as the augmented DLRA scheme show
a similar behavior as they are displayed after the corresponding truncation

mO_mn
step. The relative mass error | | i of order © (1071%), i.e. the DLRA

ImO]
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f full f DLRA f DLRA BasisAug

1 0.625 1 0.625 1 0.625
0.600 0.600 0.600

0575 0.575 0575

3 0 0550 X 0 0550 3 0 0.550
0.525 0.525 0.525

0.500 0.500 0.500

-1 0.475 -1 0.475 -1 0.475

-10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10
X X X

Abbildung 2: Numerical results for the solution f(z, 1) of the 1D plane source problem at
time tenq = 8 computed with the multiplicative full solver (left), the reduced multiplicative
DLRA scheme (middle), and the augmented multiplicative DLRA scheme (right).

scheme is mass conservative up to machine precision. These results confirm
our theoretical findings. The memory demand reduce from O (N,N,,) for the
full solver to O (r max (N,, N,,)) for the DLRA schemes.

6.2. 1D external source
In a second test example an external source term ((x) is added to the con-
servative form (4) of the Su-Olson system, leading to the equations

_H
B(t,x)
g(t, z, 1)

ax (B(t7 x)g(t, Z, :u)) +o (1 - g(ta Z, :u))

Q(z)
— W@B(f,x) + M,

aB(t,x) = o B(t,2) ((g(t, 2, 1)), — 2).

The source term again generates radiation that moves through and interacts
with the background material which in turn heats up and itself emits partic-
les. The resulting travelling temperature wave is called a Marshak wave [33].
Again, we compare the solution of the full equations (full) with the solution
of the reduced DLRA scheme with rank 2r + 1 (DLRA) and the solution
of the augmented DLRA scheme with rank 4r + 1 (DLRA BasisAug). All
schemes are adjusted to take the additional source term into account. For
our numerical example we choose the function Q(x) = X[-05,0.5)(2)/a with
a = 4"% being the radiation constant. The initial internal energy is set to
BY = 50. All other initial settings and computational parameters remain
unchanged from the previous test example given in Section 6.1.

8tg(t,$,,U) = -

Figures 4 and 5 display the numerical results for the solution f(z, u), for the
scalar flux ® = \/Li( f)u, and for the dimensionless temperature 7' = v/B,

32



0.625 -\ - full 082 ~ —= full
/S N —. Dlra SN —- bra
0.600 LAY DLRA BasisAug 0.81 [ DLRA BasisAug
0575 i 0.80
& 0.550 / \  0.79
0525 / v 0.78
0.500 J 077
04754 oo e ”’ N 0.76 b e’
-10 =5 0 5 10 -10 -5 0 5 10
x x
= DLRA PN ]
ST DLRA BasisAug 10713 s e A, e S D T
20 " 3 RS
: ATy
! 4 !Ii' L | L
154 # i = ~14 [T TR
i ‘. §l= 10 fi ’h,,—*’f
S : JE
104, | T i
i " 10-15 !LH
5 T l;' == full
! =+ DLRA
i DLRA BasisAug
0 h
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
t t

Abbildung 3: Top row: Numerical results for the scalar flux ® (left) and temperature T'
(right) of the 1D plane source problem at time to,q = 8 computed with the multiplicative
full solver, the reduced multiplicative DLRA scheme, and the augmented multiplicative
DLRA scheme. Bottom row: Evolution of the rank in time for both multiplicative DLRA
methods (left) and evolution of the relative mass error compared for all methods (right).

computed with the full and both DLRA solvers. We again observe that both
DLRA schemes capture the solution of the full system. The rank r increases
up to a value of r = 23 for a chosen tolerance parameter of ¥ = 1073||X|| .
Due to the additional source term, there is no conservation of mass in this
test example.

6.3. 2D beam

Computational benefits of the DLRA method can especially be observed
in higher-dimensional settings. We extend the Su-Olson problem (1) to a
2D spatial and a 2D angular setting. The corresponding equations is given

by

O f(t,x, Q)+ Q- V,f(t,x,Q) =0o(B(t,x) — f(t,x,Q)),
atB(tvx) - 0'(<f(t,X, )>ﬂ - B(t,X)),
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plicative DLRA scheme (middle) and the augmented multiplicative DLRA scheme (right).
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Abbildung 5: Numerical results for the scalar flux ® (left) and temperature T' (middle) of
the 1D external source problem at time tenq = 3.16 computed with the multiplicative full
solver, the reduced multiplicative DLRA scheme, and the augmented multiplicative DLRA
scheme. Right: Evolution of the rank in time for both multiplicative DLRA methods.

where x = (z,y) and 2 = (£, ,,,). For the numerical computations let
€ [-1,1] x [-1,1] and © € §%. The initial condition is chosen to be

1 2
f(t=0,xQ) =10°" 52 OXP <—M)

o2 202
1 O, — )2+ (Q, — )2
L (@ @)
2rog 204,

with Q* = \/Li’ oy = 0q = 0.1. The initial internal energy is set to BY = 1 and
the opacity to the constant value o = 0.5. The low-rank computations are
performed with an initial rank of » = 100. The total mass m™ at time t,, is
defined as m™ = AzAy Z;y:“”iNy (Bvfy + BY). As computational parameters
we use N, = N, = 500 cells in each spatial dimension. For the 2D angular
discretization we consider a spherical harmonics expansion with a polynomial
degree of Ng = 29, corresponding to 900 expansion coefficients in angle. The

time step size is determined by At = CFL - Ax with CFL = 0.7.
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In Figure 6 the numerical results for the scalar flux & = f52 f(t,x,€2)d2
and the temperature T = 47v/2vB at time t = 0.5, computed with full
multiplicative solver and the reduced multiplicative DLRA scheme, are dis-
played. Note that the extension of the full as well as the DLRA scheme to
2D is straightforward. It can be observed that the solution of the full multi-
plicative solver is captured accurately by the multiplicative DLRA scheme.
Figure 7 presents the evolution of the rank r of the reduced multiplicative
DLRA scheme. For a chosen tolerance parameter of ¥ = 5 - 107%|| 2|/ the
rank increases continuously over time but does not reach its allowed ma-
ximal value of r. = 100. Both the full and the DLRA scheme are mass
conservative as the relative mass errors are of order O (107) and O (10~1),
respectively. For this setup, the computational benefit of the DLRA method
is significant. The scheme is implemented in Julia v1.7 and performed on a
MacBook Pro with M1 chip, resulting in a decrease of run time by a factor of
approximately 35.5 from 61385 seconds to 1731 seconds. Due to the efficient
implementation of the coupling of the equations in the multiplicative setting,
the proposed multiplicative DLRA scheme is approximately 1.5 times faster
than the non-multiplicative DLRA scheme presented in [21].

7. Conclusion and outlook

We have presented a DLRA discretization for the multiplicative Su-Olson
problem that is energy stable and mass conservative. To achieve both of
these features, additional basis augmentations in the augmented BUG in-
tegrator combined with an adjusted truncation step are performed. This
enables us to give a mathematically rigorous stability analysis. Numerical
test examples confirm the theoretical properties and validate the accuracy
and computational advantages of the DLRA scheme. However, the extension
of the considered stability analysis from a linear to a non-linear problem,
for example the isothermal Boltzmann-BGK equation treated in [9], poses
additional challenges as the general theoretical setting is significantly more
difficult. For example, to our knowledge, the theoretical framework we have
used here is not available in the non-linear case. Nevertheless, the analysis
performed in this paper provides valuable insights into the choice of a suita-
ble space discretization and stabilization when considering a multiplicative
splitting of the distribution function, also for more complicated, potentially
non-linear problems. In this sense, the theoretical considerations on the mul-
tiplicative splitting approach provided in this work can be extremely useful
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Abbildung 6: Numerical results for the scalar flux ® (top row) and temperature T’ (bottom
row) of the 2D beam problem at time teng = 0.5 computed with the multiplicative full
solver (left) and the reduced multiplicative DLRA scheme (right).

for the construction of stable and efficient DLRA schemes for more general
equations, which we consider future work.
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