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We present a realizability-preserving numerical method for solving a spectral two-moment model
to simulate the transport of massless, neutral particles interacting with a steady background material
moving with relativistic velocities. The model is obtained as the special relativistic limit of a four-
momentum-conservative general relativistic two-moment model. Using a maximum-entropy closure,
we solve for the Eulerian-frame energy and momentum. The proposed numerical method is designed
to preserve moment realizability, which corresponds to moments defined by a n onnegative phase-
space density. The realizability-preserving method is achieved with the following key components:
(i) a discontinuous Galerkin (DG) phase-space discretization with specially constructed numerical
fluxes in the spatial and energy dimensions; (ii) a strong stability-preserving implicit-explicit (IMEX)
time-integration method; (iii) a realizability-preserving conserved to primitive moment solver; (iv) a
realizability-preserving implicit collision solver; and (v) a realizability-enforcing limiter. Component
(iii) is necessitated by the closure procedure, which closes higher order moments nonlinearly in
terms of primitive moments. The nonlinear conserved to primitive and the implicit collision solves
are formulated as fixed-point p roblems, w hich a re s olved w ith ¢ ustom i terative s olvers designed
to preserve the realizability of each iterate. With a series of numerical tests, we demonstrate the
accuracy and robustness of this DG-IMEX method.

I. INTRODUCTION Neutral particle transport is an important aspect of
modelling many relativistic astrophysical systems, in-
cluding core-collapse supernovae (CCSNe) [1], neutron
star-neutron star or neutron star-black hole mergers
[2, 3], and the dynamics of accretion flows onto black
holes [4]. The study of transport processes in these sys-
tems is, in part, complicated by the need for kinetic
models, seeking the distribution function f(p,z,t) — a
phase-space density, which at time ¢ gives the number of
particles in an infinitesimal phase-space volume element
centered about the phase-space coordinates {p, x}. Here,

In this paper, we design and analyze a numerical
method for solving a spectral two-moment model to simu-
late the transport of massless, neutral particles (e.g., pho-
tons or classical neutrinos) interacting with a steady (i.e.,
time independent) background material moving with rel-
ativistic velocities. The proposed method uses the dis-
continuous Galerkin (DG) method for phase-space dis-
cretization and implicit-explicit (IMEX) time-stepping.
In particular, the fully discrete scheme is designed to

maintain certain physical bounds for the evolved an-
gular moments, generated from a nonnegative distri-
bution function. These bounds are respected numeri-
cally, through careful consideration of the phase-space
and temporal discretizations, and the formulation of it-
erative nonlinear solvers, which are part of the solution
process.
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p and x are momentum-space and position-space coor-
dinates, respectively. The evolution of f is governed by
a kinetic equation, specifically the Boltzmann equation,
which expresses a balance between phase-space advection
and collisions.

Solving for f numerically, to study the aforementioned
astrophysical systems in full dimensionality (six phase-
space dimensions plus time), with high phase-space res-
olution, is computationally expensive, if not infeasible
with present-day computational resources, although full-
dimensional solvers, e.g., using Monte Carlo methods
[5, 6], or methods based on spherical harmonics [7], dis-
crete ordinates [8, 9], finite-elements [10], and finite-
volumes [11] to discretize the angular dimensions of mo-
mentum space, have been proposed. To reduce cost, a
common approach is to solve for a few angular moments
to capture the lowest-order directional features of the
distribution. To this end, spherical-polar momentum-
space coordinates {e,d, ¢} are introduced, and f is in-
tegrated against angular basis functions (depending on
momentum-space angles w = {, p}) to obtain angular
moments, which depend only on x, ¢, and ¢, where ¢ is
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the particle energy. In this paper, we consider a non-
linear two-moment model obtained as the special rela-
tivistic limit of the 341 general relativistic framework in
[12, 13], where only the zeroth and first moments, repre-
senting particle energy and momentum densities, respec-
tively, are evolved.

Due to the appearance of higher-order moments in
the truncated equation hierarchy, obtained after taking
moments of the Boltzmann equation, the model is not
closed, and a closure procedure is required to express
higher-order moments in terms of the lower-order evolved
moments. To close the model, we consider the maximum-
entropy closure proposed by Minerbo [14] for Maxwell-
Boltzmann statistics — the low-occupation number ap-
proximation to maximum-entropy closures of particle
systems obeying Bose—Einstein or Fermi—Dirac statistics
[15]. Specifically, for our numerical experiments, we use
an algebraic approximation to the Minerbo closure (e.g.,
[16]).

The design of a numerical method to model the trans-
port of particles interacting with a moving fluid is com-
plicated by the need to choose appropriate coordinates
for the momentum-space discretization. Two obvious
choices are Eulerian-frame and comoving-frame momen-
tum coordinates (see, e.g., [17, 18], for detailed dis-
cussions). In this paper, as in, e.g., [12, 19], we use
comoving-frame momentum-space coordinates; that is,
momentum coordinates with respect to an inertial frame
instantaneously comoving with the fluid [20]. The angu-
lar moments are thus functions of Eulerian-frame space-
time coordinates, {x, t} and the particle energy measured
by a comoving observer, €. On the one hand, this choice
simplifies the treatment of particle-fluid interactions (be-
cause material properties are more isotropic) and the mo-
ment closure procedure (because the distribution func-
tion is isotropic when particles are in equilibrium with
matter). On the other hand, the left-hand side of the
moment equations, modeling phase-space advection, is
made more complicated by the appearance of velocity-
dependent terms (so-called observer corrections).

While the primitive variables of the two-moment
model are components of a Lagrangian decomposition
of the particle stress-energy tensor, we employ the four-
momentum-conservative formulation of [12, 13], where
the evolution equations evolve components of an Eu-
lerian decomposition of the stress-energy tensor, and,
when integrated over the particle energy dimension, ex-
press conservation of Eulerian-frame energy and three-
momentum. The Eulerian-frame (conserved) quantities
can be expressed in terms of their comoving-frame (prim-
itive) counterparts [1, 13] to, e.g., evaluate closure rela-
tions and fluxes. The mixture of Eulerian- and comoving-
frame quantities necessitates a moment conversion pro-
cess (similar to what is needed in relativistic magnetohy-
drodynamics [21]). To this end, extending prior work on
a similar model in the O(v/¢) limit [22], we propose an
iterative scheme to solve for comoving-frame quantities
from the evolved Eulerian-frame quantities.

Several numerical methods for general relativistic two-
moment (neutrino or photon) transport have been pro-
posed to date. These evolve either grey moments, where
the energy dependence has been integrated out, or spec-
tral moments, as we consider here. For example, grey
moment solvers have been developed for application to
neutron star merger simulations [23, 24]; for CCSN sim-
ulations [25]; and for simulation of black hole accretion
disks [26, 27]. For application to CCSN, a general rel-
ativistic spectral two-moment solver was proposed by
[28], and in the context of conformally flat spacetimes
by [29, 30], and for spherically symmetric spacetimes in
[31]. We also mention the general relativistic spectral
two-moment solver proposed by [32]. These schemes —
largely based on finite-volume or fi nite-difference meth-
ods, in combination with explicit and implicit time step-
ping — have been coupled to hydrodynamics solvers and
used extensively to model astrophysical phenomena.

Here, we apply the DG method (e.g., [33]) to discretize
the moment equations because of their ability to capture
the asymptotic diffusion limit [34-37], which is charac-
terized by frequent scattering off the background [38]. In
contrast, finite-volume and finite-difference methods may
have difficulties capturing this limit, unless, e.g., the par-
ticle mean free path is resolved by the spatial mesh, the
numerical flux is modified in the diffusive regime [39], or
additional degrees of freedom are evolved [40].! Resolv-
ing the mean free path is computationally inefficient for
the applications we target. Furthermore, with the modi-
fied flux, it is difficult to design a provably realizability-
preserving method for the two-moment model, for which
we take advantage of the flexibility o ffered by the DG
method to more freely specify the numerical fluxes. Sim-
ilar to the finite-volume m ethod, t he D G method is lo-
cally conservative and is able to capture discontinuities.
There have been extensive studies of structure-preserving
DG methods in recent years. These methods preserve ex-
actly, at the discrete level, the continuum properties of
the underlying physical models, such as positivity, maxi-
mum principle, and asymptotic limits. Some recent stud-
ies on structure-preserving DG methods can be found in
[43-46] and the survey paper [47].

To evolve the semi-discrete DG scheme, we use IMEX
time-stepping methods [48, 49], where we treat the phase-
space advection terms explicitly and the collision term
implicitly. We opt for IMEX methods because treating
collisions explicitly results in a highly restrictive time-
step condition for stability, while the explicit phase-space
advection update is governed by a Courant-Friedrichs—
Lewy (CFL) time-step restriction depending on the speed

1 When the equilibrium déﬁ;usion limit [41] is considered (in
which scattering is a subdominant opacity, distinct from the

scatter-ing dominated diffusion limit referred to in this
work), finite-volume spatial discretization with IMEX time-
stepping may be asymptotic-preserving [42], with the caveat
of potential numeri-cal instability in this limit due to odd-
even decoupling [24, 42].



of light, which is not too different from both the sound
speed and flow velocity in relativistic systems. The added
cost of the implicit treatment of collisions is that a nonlin-
ear system of equations (akin to a backward Euler step)
must be solved multiple times per time step, depending
on the number of implicit stages of the IMEX scheme. We
point out that collisions are local to each spatial point,
which makes the implicit part embarrassingly parallel.

Under Maxwell-Boltzmann statistics, the particle dis-
tribution function f must be nonnegative, which leads to
constraints that the moments must satisfy. Specifically,
the energy density must be positive, and the norm of the
momentum density vector must be bounded by the en-
ergy density. Moments satisfying these constraints are
said to be realizable. Solving the two-moment model nu-
merically can result in nonrealizable moments, which is
unphysical, makes the closure procedure ill-posed, and
can result in code crashes. Therefore it is desirable
to design numerical methods which maintain moment
realizability. Some realizability-preserving two-moment
schemes have been developed in [22, 46, 50].

Our proposed method for the special relativistic two-
moment model is designed to preserve moment realiz-
ability. We use strong stability-preserving (SSP) IMEX
schemes, which allow us to write the explicit update as a
convex combination of forward Euler steps. For the DG
discretization, we propose numerical phase-space fluxes
which, together with the SSP IMEX scheme, maintain
moment realizability of the cell-averaged moments in the
explicit update under a CFL-type time-step restriction.
After each stage of the IMEX scheme, the realizability-
enforcing limiter proposed in [46] is applied to ensure
realizability pointwise in each element. As the moment
closure procedure requires a conversion process from con-
served to primitive moments, we formulate the conver-
sion problem as a fixed-point problem analogous to the
modified Richardson iteration, where each iteration pre-
serves realizability. Finally, each implicit update of the
IMEX scheme can be formulated as a backward Euler
step. The resulting nonlinear system is an extension of
the nonlinear system for the moment conversion process,
and, with minor modifications, the iterative scheme for
the implicit update is formulated to preserve realizabil-
ity. With each of these components, we prove that our
proposed DG-IMEX scheme for the special relativistic
two-moment model is realizability-preserving.

The method proposed here can be considered as
an extension (to special relativity) of the realizability-
preserving methods in [46] and [22], which are, respec-
tively, non-relativistic with focus on aspects of Fermi—
Dirac statistics, or include special relativistic corrections
to O(v/c). An important distinction from [22] is that
we here consider the special relativistic limit of the four-
momentum-conservative general relativistic model from
[13], while [22] considered the O(v/c) limit of the number-
conservative general relativistic two-moment model (see,
e.g., Section 4.7.3 in [1]). While the relativistic four-
momentum-conservative and number-conservative two-

moment models are analytically equivalent at the contin-
uum level, this is not the case for their respective O(v/c)
limits, which differ to O(v?/c?) [22]. Moreover, the two
formulations may possess different characteristics of rel-
evance to their respective discrete representations. One
benefit of the four-momentum-conservative model is that,
in the absence of collisions, both the zeroth and first mo-
ment equations are in conservative form, while this is
true only for the zeroth moment equation of the number-
conservative model. In [22], the appearance of non-
collisional source terms in the first moment equation in-
troduced obstacles to proving the realizability-preserving
property of the fully discrete multidimensional scheme
(see [22, Section 5.1.3]). The extension of the scheme
proposed in [22] for the O(v/c) number-conservative two-
moment model to special relativity is also faced with
these obstacles. Since the realizability-preserving prop-
erty is closely linked to numerical stability and conserva-
tion properties of two-moment solvers, one of the main
objectives of this study is to consider this important issue
in the context of the four-momentum-conservative two-
moment model in special relativity. The successful out-
come in this context presents an important step towards
robust methods for general relativistic two-moment mod-
els. We also note that the numerical study of CCSNe in
[51] was performed without velocity-dependent terms due
to observed numerical instabilities when velocity depen-
dence was included. Although the origin of these insta-
bilities is unknown to us, their link to velocity-dependent
terms reveals additional challenges associated with their
inclusion.

The paper is organized as follows. The special relativis-
tic, four-momentum-conservative two-moment model is
presented in Section II. The DG-IMEX scheme is pre-
sented in Section III. Section IV presents the itera-
tive solvers used for the moment conversion process and
the implicit collision solver. Section V is devoted to
the analysis of the DG-IMEX scheme and proving its
realizability-preserving property. Results from numeri-
cal experiments demonstrating the performance of the
proposed method are presented in Section VI. Summary
and conclusions are given in Section VII. We include some
additional technical results in Appendices: Appendix A
provides an estimate used in the dissipation term of the
numerical flux in the energy dimension, while in Ap-
pendix B we prove conditional convergence of the con-
served to primitive solver.

For the remainder of the paper, we adopt units where
the speed of light is unity (¢ = 1). We also use Einstein’s
summation convention, where repeated Greek indices im-
ply summation from 0 to 3, and repeated Latin indices
imply summation from 1 to 3.

II. MATHEMATICAL MODEL

We consider a special relativistic two-moment model in
Cartesian spatial coordinates, where the evolution of the



spectral radiation four-momentum is governed by [12, 13]

dw
o=

1 1
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The angular moments corresponding to the energy-
momentum and heat flux tensors are

dw

e )

1
(7 BV
T o /S S (2a)
1
oMP = — / fo'p”p? 7dw, (2b)
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respectively. In Eq. (2), f: (w,e,2,t) €S> x RT x R? x
R+ — RT is the particle distribution function, which
gives the number of particles in an infinitesimal phase-
space volume element propagating in the direction w &
S2, with energy ¢ € R, at position € R? and time t €
R*, p# is the particle four-momentum, dw = sin 9dideyp,
and the integrals extend over the sphere

S*={we @) |Ve0,n],pel0,2m)}, (3)

where 9 and ¢ are momentum-space angular coordinates.
Through the collision term C[f] on the right-hand side of
Eq. (1), the particles interact with a fluid whose four-
velocity is u*, and {e,9, ¢} are spherical-polar momen-
tum space coordinates with respect to an orthonormal
reference frame comoving with the fluid. Thus, the an-
gular moments in Eq. (2) are functions of Eulerian-frame
spacetime coordinates, {x,t}, and comoving-frame par-
ticle energy, €. Eq. (1) corresponds to the special rela-
tivistic (i.e., flat spacetime) limit of Eq. (3.18) in [12] and
Eq. (40) in [13], assuming Cartesian spatial coordinates,
where covariant spacetime derivatives are replaced with
partial derivatives (i.e., V, — 9,).

For simplicity, in this paper we write the collision term
on the right-hand side of Eq. (1) as

1 1
“elfl=n-xfro(y [ =1 @
where 1 and x are the emissivity and absorption opacity,
respectively, while ¢ is the scattering rate for isotropic
and elastic scattering. Here, 1, x, and ¢ may depend
on g, but are assumed to be independent of w. We also
define the total opacity x = x + o and (for x > 0) the
equilibrium density Jiu, = € (n/x)-

The fluid four-velocity, the four-velocity of a La-
grangian/comoving observer, has the Fulerian decompo-
sition

uwt =W (n' 4 ot) = W(1,0"), (5)
where
n* = (1,0,0,0) (6)

is the four-velocity of an Eulerian observer, normalized
so that n,n* = —1, and v* = (0,v") are the Eulerian

components of the fluid three-velocity, orthogonal to n*,
so that n,v* = n,,n"v" = 0. Here,

N = diag[—1,1,1,1] (7)

is the Minkowski metric. With the normalization u,u* =
—1, it follows that W2 = 1/(1—v?) is the squared Lorentz
factor, where v? = v, v* = v;v’. (In this paper we always
assume v < 1.) Similarly, the particle four-momentum
has the Lagrangian decomposition

pt = a(u“ + E“), (8)

where ¢# is a unit spacelike four-vector, £,¢* = 1, orthog-
onal to u* so that u,¢* = 0. Then, the component of p*
along u*, ¢ = —u,p", is the particle energy measured by
a Lagrangian observer. Egs. (5) and (8) are decompo-
sitions relative to four-velocities n* (Eulerian observer)
and u* (Lagrangian observer), respectively. We let

v =", 4+ ntn,, (9)
h¥, =", +utu,, (10)

denote the projectors orthogonal to n* and u", respec-
tively. In particular,

y,n" =0,

ht u” =0,

vt = Wok, (11)
¥, p" = el (12)

We also introduce the Eulerian decomposition of the
particle four-momentum

p'=E(n"+ L"), (13)

where n,L"* = 0. Using the Eulerian four-velocity, the
projector in Eq. (9), and the Lagrangian decomposition
in Eq. (8), the Eulerian components can be expressed in
terms of components of the Lagrangian decomposition as

E=—n,pt=c(W+uv,0"), (14)
(E“—I—Wv“—n“v”ﬁy)

LF =yt p"JE = 15

v/ (W+v6,) (15)

Here, E is the particle energy measured by an Eule-
rian observer. A straightforward calculation shows that
L,L* = 1. Moreover, since n,L* = 0, it follows that
L% = 0. This can also be verified by direct evaluation
using Eq. (15) (noting that ¢° = v¥£,). Since ¢ > 0 and
v < 1, it is straightforward to verify that £ > 0. Here, F
is to be considered a function of the comoving momen-
tum space coordinates € and w, while L* is a function of
the momentum space angular coordinates w (similar to

o).

A. Evolution Equations

Following [13], we define Eulerian and Lagrangian de-
compositions of the energy-momentum tensor

TH = Enfp¥ + Fru¥ +nl FY+ S, (16)
= Julu’ + H a1+ KR, (1)



where, after inserting Eq. (8) into Eq. (2), the compo-
nents of the Lagrangian decomposition are found to be
given by

J = i/gz fdw, (18a)
WP = i [ S0, (18b)
k= e dw, (18¢)
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and u,H* = 0 and u, K" = 4, K" = 0. The compo-
nents of the Eulerian decomposition in Eq. (16) satisfy
ny,F* = 0 and n,S" = n,S* = 0, and can be ex-
pressed in terms of the Lagrangian moments in Eq. (18)
as [13]

E=nyn, T = W27 + 2WvHH,, + o' Ky,

(19)
Fi=—n~ T = WH' + in(Wj +vj’Hj) + ’ujICij,

(20)
S =l 1, T = K9+ W(H + v H ) + Whivl J.

(21)

Because n, = n,,n" = (—1,0,0,0), the orthogonal-
ity conditions on the Eulerian components imply that
FO =0, 8% =0, and S*° = 0. Moreover, in Minkowski
spacetime, where the metric is given by Eq. (7), Fo =
NowFY = 0o F° = 0. For the same reason, Sy, = 0 and
Suo =0.

We obtain evolution equations for the Eulerian energy
and momentum by, respectively, projecting Eq. (1) along
n# and tangential to the slice with normal n# (using v, ).
The result is (cf. [12, 13])

O E+O,F! — 51235(52 (—n,) Q% Dyu, )

WX (T — T) — 60" Ha, (22a)
;1
O Fs+0:8"j = =50 (° 75 Q" Dy )
=—kH; +Wu x(Teq — T). (22b)

Note that indices on vectors and tensors are lowered and
raised with the metric, 7,,, and its inverse, 7*¥, respec-
tively; e.g., F; = nj " = 6 F".

Egs. (22a)-(22b) comprise the system for which we de-
velop the DG-IMEX method, beginning in Section III.
In the absence of collisional sources on the right-hand
side, they reduce to phase-space conservation laws for
the spectral energy and momentum momentum densi-
ties. By further integrating over particle energy, with
weight €2, and assuming that the distribution vanishes
sufficiently fast for large €, we obtain conservation laws
for the Eulerian-frame energy and momentum,

HE+OF =0 and O,F;+09,5;=0, (23

respectively, where the Eulerian-frame grey moments are
defined as

{E,F,S1U} = 4”/ {&,F,87)ede. (24)
R+

We point out that the system in Eq. (22) is consistent
with the following evolution equation for the Eulerian
number density [13]

,1 86(52Typauup ) =X (qu—j)/€, (25)

3

N -|-3i.7:N—

o

where the Eulerian number density is given by

N=W(E-v'F)/e=(WT+v'H;)/e (26)

and Fi= (H'+ W Jv')/e. In the absence of collisions, Eq.
(25) is'a phase-space conservation law for the spectral

number density. Then, by further integrating Eq. (25)
over particle energy, we obtain a conservation law for the
Eulerian-frame number

N + 9;F =0, (27)
where the Eulerian-frame gray number density and
num-ber flux are defined as

N, Fi,} = 4 / N (28)
(N, P} (N, F'} e2de.

R+
As elaborated in detail in [13] (see also Section 6.5.4 in [1]

for the special relativistic case considered here), the an-
alytical relationship between the system in Eq. (22) and
Eq. (25), as can be inferred from Eq. (26), is nontrivial. It
involves exact cancellation of terms remaining after
bringing W/e and Wv'/e inside the phase-space diver-
gences in Eq. (22). When solving the system in Eq. (22)
numerically, maintaining consistency with Eq. (25) at the
discrete level for simultaneous four-momentum and num-
ber conservation is challenging, and, to our knowledge,
remains an open problem. Capturing this consistency
is not a focus of this paper, but we monitor the number
density in some of the test cases considered in Section VI.

Remark 1. As a simplification to make our analysis more
tractable, we assume that the material background is
steady; i.e., the fluid four-velocity (u*), the emissivity (n),
the absorption and scattering opacities (x and o),

and the equilibrium density (Jz,) are assumed to be inde-
pendent of time. Without these simplifying assumptions,

the spectral two-moment model should be coupled to
equa-tions for relativistic hydrodynamics (e.g., [52]),
which is beyond the scope of this paper. We discuss the
relevance of our work to this more general case in
Section VII.



B. Moment Closure

The two-moment model given by Eqgs. (22a)-(22b) con-
tains higher order moments, and is not closed. To close
the system, the higher-order moments are determined
through a closure procedure. Here, the pressure tensor
Kt is obtained from the lower-order moments as (e.g.,
[53, 54])

v — % [(1 —K) h* + (3k — 1)F"F”} J, (29)

where k is the Eddington factor (in general a function of

the flux factor h = #/J and J, where H = /H,H*)

and h* = H" /H. The pressure tensor in Eq. (29) satisfies
the trace condition

KF, =1, K = 7. (30)

Moreover, since Hu FV K* = kJ, the definition of M
in Eq. (18) implies that the Eddington factor is given by

Jiz £ (hu0)? du %f_llf(u)u2 du
k = = , (31)
Jor o L[N ) dn
where we have defined
27
fu) = % f(u, 0) dp. (32)

With this definition, the momentum-space coordinates in
the co-moving frame have been aligned with h, so that

ﬂuﬁ“ = cos Y = p. Below, a functional form is imposed on
(1), which allows the Eddington factor to be computed.

The energy derivatives in Egs. (22a)-(22b) contain pro-
jections of the rank-three tensor Q#*?, which has the La-
grangian decomposition

oM le = T ur u’ uf + H* v’ uf + HY v uf + HP v u
+ KH ul + KFPu” + KPP ut + LHVP, (33)
where

Lrve = FO07 0P d. (34)

S2

In analogy with Eq. (29), the rank-three (heat flux) ten-
sor is written as (e.g., [16, 55])

1 ~ ~ ~
LHP = 3 {(h —q) (h*h"P 4+ h” h*? + h? BV )
+ (5q — 3h) h* hv HP} 7, (35)
where q is the heat flux factor (also a function of h and

J). The heat flux tensor in Eq. (35) satisfies the trace
conditions

LAY, = 10 LH7P = HE, (36)

Then, since Euﬁyﬁp LrvP = qJ, the definition in

Eq. (34) gives the heat flux factor
_ e S ()P de L () dp (37)
st faw 3 ) dps

The moment model in Eq. (22) is closed when k and q
are specified in terms of h and J. We determine k and q
using the maximum entropy closure (see, e.g., [14, 15, 56,
57]). In this approach, k and q are determined by finding
a distribution function fye that maximizes the entropy
and recovers the lower order moments J and H = h,H*.
In the simple case of Maxwell-Boltzmann statistics, the
maximum entropy distribution has the general form [14]

fae (1) = exp(ao + a1 p). (38)
Given J and H, direct integration of fyy yields

1
7=3 / fuas (1) dpr =€ sinh (@) fon, (39)

=5 [ B i =" coshia) = sinh(on)) /o
(10)

which can be solved for ag and «;. In particular, the
known flux factor, h, can be expressed in terms of the
Langevin function on oy

h = coth(ay) — 1/a; =: L(ay). (41)

The coefficient ay(h) = L~!(h) is then obtained by in-
verting the Langevin function. Once a; is obtained, «q
and fy are easily obtained. Then, by directly integrating
fue, We have

2h 3k(h)
(b’ q(h) = coth(ay(h)) ()’
This is the closure given by Minerbo.

Inverting the Langevin function requires numerical
root finding, which can be costly. In practice we use
polynomial approximations to k and q in terms of h. This
leads to the computationally more efficient algebraic ex-
pressions [15, 16]

k(h)=1— (42)

2
+ 1—(3h2 —h? + 3h?), (43)

— (45 4 10h — 12h? — 12h3 4 38h* — 12h° + 18h°).

(44)

G

The algebraic expression for k is accurate to within one
percent, while the expression for q is accurate to within
three percent (e.g., [22]).

C. Tetrad Formalism

In the following, it will sometimes be useful to appeal
to the tetrad formalism (e.g., [58, 59]), which relates com-
ponents of coordinate basis four-vectors and tensors (e.g.,



p*) to corresponding components in a local orthonormal
frame comoving with the fluid (indices adorned with a
‘hat’; e.g., pH)

pHt = E’Lﬂpﬂ, where pf = ¢ (1,¢), (45)

and where
o = (0, Ei) = (O7 cos 1, sind cos ¢, sinﬁsimp) (46)

is a unit spatial four-vector with spatial components par-
allel to the particle three-momentum in the orthonormal
comoving frame.

In the special relativistic case with Cartesian spatial
coordinates considered here, the transformation £* . from
the orthonormal comoving basis to the coordinate basis
is simply the Lorentz transformation

Lh = ( ﬁt_)() L(.)i )
7 /CZG Lli
- ( N v ) (47)
WVi 6,4+ (W = )(Vi/V)(V/V) )

We follow [13, Appendix B], where V' = |/vFv,, = Vv*
and

Vieol =V, VZ=0"=V; VP=0"=V; (48)
are three-velocity parameters in the Lorentz boost (not
to be viewed here as components of four-vectors). This is
expressed to be consistent with our general index conven-
tion, where unadorned indices are used to denote compo-
nents of coordinate basis four-vectors while indices with
a hat denote components of four-vectors expressed in
an orthonormal basis comoving with the fluid. The in-
verse transformation (obtained by replacing V¢ — —V?,
Vi = =V;, and 6, — &', in Eq. (47)) is denoted £, and
satisfies £" ﬂﬁﬂy = 0K,

Using Eq. (45) to write

Pt =e (LM + L0, (49)

a comparison with Eq. (8) shows that

ut = LM = LM uf and 0 = LU0 = LM 00 (50)
(Note that u# = (1,0,0,0).) Using Eq. (50), we can, as
an example, write H* in Eq. (18) as
€

h p_ =
where H e

H* =Lt HE, fO0rdw.  (51)
S?

D. Moment Realizability

In this paper, we aim to design a realizability-
preserving numerical method for the two-moment model
in Eq. (22). In the relativistic setting, multiple mo-
ment pairs are encountered; e.g., the Lagrangian mo-
ments (J,H,)T and the Eulerian moments (€, F,)T. To

introduce the concept of moment realizability, we first
define the set of non-negative distribution functions

:{f|f20 and ﬁ Szfdw>0}. (52)

(I.e., we avoid the trivial case where f is zero every-
where.) The moments .# = (_¢,5¢,)7, defined by

1 1
=— [ gd d #,=— [ gL dw, (53
4 47r/329°’ o " 47T/S2g v, (53)

where .Z), (w) is a spacelike unit four-vector (£,.-Z* = 1),
are said to be realizable if they arise from a distribution
function g € MR, and we define the set of realizable mo-
ments R as

R={ M =(F.H)T| 7 >0and () >0}, (54)

where v(A) = # — /I, 7" Tt is straightforward to
verify that .# € R if and only if there exists an under-
lying distribution g satisfying Eq. (53) that is in fR.

From the definition of the realizable set in Eq. (54),
the set of all realizable moments forms a convex cone.
As a consequence, we have the following lemma

Lemma 1. Let .#(@ = (/(a)7%a))T and #® =
(/(b),«%’ﬁ(b))T be realizable moments. For 01,05 > 0,
define M) = 0,4 V) + 004D . Then 49 € R.

Proof. Since .#(*) € R, there exists an f(*) € R such
that

1
(a) _
s An T

There exists an analogous f() € R for //l(b . Let f(©) =
01 f(@ + 0, f®) . Then, since 61,02 > 0, f(©) € R, and
thus .#(©) is realizable as

1
() —
s An

f(“ dw and " = f ) LH dw.

1

f<c dw and ) =
Am

O L dw.
S2
O

Corollary 1. Let # € R. Then, for 0 >0, 0.4 € R.

Remark 2. The definition of the realizable set in
Eq. (54) is made with respect to the generic moment pair
in Eq. (53). In Propositions 1-4 we prove the realizabil-
ity of specific moment pairs that appear in the analysis
of our proposed numerical method.

Proposition 1. Let the moments J and H" be defined
as in Egs. (18) and (51), respectively, where € > 0, f €
R, and 0" is defined in Eq. (46). Then (J,Hp)T € R.
Proof. Since ef € R it follows that J > 0. Using the
Cauchy—Schwarz inequality

N R 2 R
HaHP = HH = i) / flidw | fOdw
47 S2 S2
€\2 .
< (7) / fdw | flibidw = T2,
A7 S2 S2
Taking the square root on both sides completes the proof.

O



Proposition 2. Let the angular moments J and H* be
defined as in Eq. (18) withef € R. Then, (J,H,)T € R.

Proof. Since e f € R, positivity of J follows from Propo-
sition 1. Lorentz invariance of the inner product and
using Proposition 1 gives

H2 = H H" = L0, L' Hy H = 6" Mo M = Ha 1 < T2

Taking the square root on both sides completes the proof.
O

Proposition 3. Let the angular moments & and F" be
defined as

~ y 1

E=n,u, TH = SZEfdo.) (55a)
~ 1

b=, BT = — [ B f O dw, 55b
F ny, W, T I e fer dw (55b)

respectively, where THY is given in Eq. (2) with f € R,
and E > 0 is defined in Eq. (14). Then, (£, F,)T € R.

Proof. Since E > 0, it follows that E f € R, so that
&€ > 0. Using the Cauchy—Schwarz inequality

~.

12 )
2_ . . 7
F _(47T) /SZEf&dw [ Bl

1\2 )
g(f) /Efdw/ Efo0do = &2
47T S2 S2

Taking the square root on both sides completes the proof.
O

Proposition 4. Let the angular moments £ and F" be
defined as in Egs. (19) and (20),

1
£ = ” pv -
TLHTL T 47 2

FH = —yH n, T = i/ (E2/€) f LM dw, (56D)
S2

(E?/¢) f dw (56a)
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where f € R and E,e > 0. Then (£,F,)T € R.
Proof. Since E;e > 0 and f € A, it follows that g :=

(E?/e)f € R and € > 0. Using the Cauchy-Schwarz
inequality we have

}'2:]:i]fi:($>2/ gLidw/ gL dw
112 - g .
S(E) /Szgdw/gszilew:52.

Taking the square root on both sides completes the proof.
O

III. NUMERICAL METHOD

In this section, we present the DG-IMEX method
for the two-moment model in Eq. (22). The semi-
discretization of the two-moment model with the DG
method is provided in Section IIT A, while Section 111 B
details the integration of the semi-discrete DG scheme
with IMEX time-stepping.

A. Discontinous Galerkin Phase-Space
Discretization

To discretize the phase-space of Eq. (22), we divide
the phase-space domain 2 = Q. x Q, into a disjoint
union 7 of open elements K = K, x K, so that Q =
Uke7K. Here, (), is the energy domain, and €2, is the
d-dimensional spatial domain. We define the DG spatial
and energy elements as

K,={z:2'€c K'=(2},2}) for i=1,...,d} (57)
K. = (ev,en), (58)

respectively. We denote the volume of the DG element
as

d
K| = / e?dedx, where dx = H da’. (59)
K i=1

The length of individual spatial elements is given by
|K'| = [jdx’ = i, —x, = Az’. In the energy
dimension we let |K.| = [,.e?de = %(e} — &) and
Ae = e, — .. We introduce the notation K = K. x I~{§E,
where K, = (x4 K7), and d&' = [1,..; d2’ to define the
surface elements orthogonal to the ith spatial direction.
We also define |Ki| = |K.| x (IT; |K7]). Finally we let
z = (&, ) denote the phase-space coordinate, and define
dz = dedx and dz' = de dZ’.

We let the approximation space for the DG method be
VE(Q) = {¢n : dnlx € Q"(K), VK € T}, (60)

where, locally on K, Q*(K) is the tensor product of one-
dimensional polynomials of maximal degree k.

To write the two-moment model in Eq. (22) compactly,
we define

U= fgj] , (61a)
F' = gj : (61b)
C= _%f %vlﬁ w:qviﬂji)] - (61



Then, with the closure specified in Section 11 B, Eq. (22)
can be written as

d
U+ 0i(F(

i=1

U)) + éa&.(a?’ F=(U)) = C(U). (62)

The semi-discrete DG problem for Eq. (62) is to find
Uy, € VE(Q), where Uy, approximates U, such that

/3tUh¢h€2dz
+Z{/ [F'(Us) 6n s, — F'(Up)nl,; |2 dz’

f/ Fi(Uh)aiqﬁhede}
K

+/ [53ﬁE(Uh)¢h|5H *53?5(Uh)¢h|n} da
K

- / SR (U )0, o dz — /
K K

holds for all ¢;, € VE(Q2) and all K € 7. In Eq. (63),

the numerical fluxes, Fi and F¢ , approximate F? and
F¢, respectively, on the surface of K, and are given by
Lax—Friedrichs-like fluxes. The numerical flux in the ith
spatial dimension is

C(Up)pne’dz,  (63)

B, = 5[ (e +Fs) @ (Unlo ~ Unla) |, (64)

where % = limgs_,o+ £ 6, and a’ > 0 is an estimate of
the spectral radius of the flux Jacobian matrix OF¢/0U.
In practice we always assume a’ = 1. To compute the
fluxes F?, which requires closure evaluations, we first
compute the primitive moments M = (J,H;)T from the
conserved moments U. This procedure is described in
detail in Section IV A.

The numerical flux in the energy dimension is given by

S . (T3 3
F |E:§[(F |- + Flev) —a(Uler _U‘e—)}v (65)

where e* = limg_,g+ € £ 6,
T _ g . nuuuT/“) _ Wj+vl7'[1
Y= |:j-:j:| o L%ﬂ“vfrw] ; {Hj +W~7%} .+ (69)

and a® > |¢g| with the quantity ¢ defined as
VP
= pg—];a,,up = k"EPO,u,, (67)

where k# = pt/e. To compute F¢ and U, we again com-
pute M = (7, H;)T from U (discussed in Section IV A).
The processes by which we evaluate 0,u, and a® are dis-
cussed in the following paragraphs.

To compute F¢, we need to compute the derivatives of
the four-velocity, u,. In this paper, as in [22], we assume
the four-velocity is independent of time, i.e., Oyu, = 0.
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Let (u,)n € VK () denote the approximation of u,. We
compute the derivatives, (;u,)n € VF(Qy), by demand-
ing that

/ (&u#)hd)h dx :/ [aﬂ ¢h|$IL_I - ﬁ# d)h‘xﬁ} dj;Z
K. K?

@«

- / (w)n Oipn de, (68)
Ko

holds for all ¢;, € VF(Q,), and where velocity on the
element boundaries is approximated with the average

= a8 + e, 3. (69

For the numerical flux in Eq. (65), we require that
a® > |gq|. Thus, we need an upper bound for |g|. To this
end, we first express ¢ in terms of a contraction with a
symmetric tensor A4,,

q=k"k"O,u,

(2", ")

1 1
= kYkP [5(8yup + Opuy) + 5(8yup — apul,)}
= kVkPA,,, (70)

where A,, = %(ayup + O0,u,), since the contraction of
the symmetric k”k” with the antisymmetric d,u, — 0,u,
vanishes. Using an Eulerian decomposition of A,,, we
can derive an upper bound for q. Next, we introduce the
Eulerian decomposition

Al“’ = An#ny + B#ny + Bun,u. + C,LLV} (71)
where n,B"* = 0 and n,C*" = 0 = n,C*. Using
Egs. (13) and (71), we have

E? . o
1= (A—2L'B; + L'L’Cy;), (72)

where the components of the Eulerian decomposition in
Eq. (71) can be expressed in terms of derivatives of the
three-velocity as

A=nun, A" =0oW, (73)

I

DN =

Cij = Yipvjpp A =

Then we bound |q| as

E? -
lal < 5 (JAl+2VBiB +p(Cyy)),  (76)

where the inequality follows from the triangle inequality,
Cauchy-Schwarz, and using L;L* = 1. Here, p(C;;) de-
notes the spectral radius of Cj;. Since Cj; is a symmetric
3 x 3 matrix, we compute its eigenvalues directly to de-
termine p(C;;). The quantity E/e depends on ¢ (see
Eq. (14)), which in practice is not known. We have that

(E/e)? = (W +vk0,)? = (W + Wo't;)?

<W?1+0v)? =



where v = vv;vt. Hence

1+ -
gl < (1) (J41+2VB.B + p(Cij) ) = G- (78)
In Eq. (65), we use this upper bound and set a® := a5

max*

We provide a discussion on the tightness of the upper
bound aZ, ., in Appendix A.

max

Remark 3. While we assume that the fluid four-velocity
is independent of time in this paper, this assumption
is not a fundamental limitation of the proposed method.

Specifically, the bound on |g| in Eq. (78) is still valid for
the case when the four-velocity is time dependent. Thus,

extension of the proposed method will require an
approz-

imation of Oy, to be included in the numerical fluz in Eq.
(65). This inclusion will increase a5, (and a®), and
potentially decrease the time step needed to preserve real-
izability of the cell average, given later in Proposition 5.

We use quadratures — constructed by tensorization of
one-dimensional quadratures — to evaluate integrals over
the multi-dimensional elements in Eq. (63). We denote
the N-point Legendre-Gauss (LG) quadrature on K. and
K, respectively, by the points S N(K) = {e1,...,en}
and SV(K) = {z},...,2%}. Then the set of local DG

nodes in the element K is denoted as

d

Se(K) = SM(K) @ (Q),_, ST (K)).  (79)
Also, the analysis of the realizability-preserving prop-
erty in Section V uses specific quadrature rules. We
denote the M -point and M,-point Legendre-Gauss—
Lobatto (LGL) quadrature rules on the intervals K.
and K, respectively, by the points SM<(K) = {e} =
1,80, En, = e} and SM(K) = {aiT =
&y, 2h,..., &Y =y }, with respective weights {wg}gg
and {11}3}34;1. Here M. > %2 5o that the LGL quadra-
ture rules integrate polynomials of degree k 4 2 or less
exactly, and M, > % so that the LGL quadrature rules
integrate polynomials of degree k or less exactly. Ex-
act integration is required for the realizability-preserving
analysis. In an element K we define the auxiliary sets

© SV K)),

K2

$e(K) = 5M(K) @ (R (80a)
S0 =SNK (R SVK) @ 5M (K),

J=Lj#i 7
(80b)

The union of the auxiliary sets in an element K is denoted
as

A A d 4

Sg(K) = S: 9(K)U (U Sie(K)), (81)

i=1
and the union of the auxiliary sets and the local DG
nodes is denoted as

Se(K) = S5 (K) U Sg(K). (82)
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B. Time Integration

The semi-discrete DG problem in Eq. (63) can be re-
arranged into a system of ODEs of the form
u = T(u) + C(u), (83)
where u = {ﬁ J5c Unondz : K € T} represents all the
evolved degrees of freedom, T is the transport operator
corresponding to the terms in Eq. (63) arising from the
spatial and energy derivatives, and C is the collision op-
erator corresponding to the right-hand side of Eq. (63).
We use IMEX Runge—Kutta (RK) methods to evolve the
degrees of freedom forward in time, and integrate the
transport operator explicitly, and the collision operator
implicitly. Diagonally implicit s-stage IMEX methods for
the system of ODEs in Eq. (83) can be written generally
as [49]

i—1 i
u(’) = lln + Atz&” T(ll(j)) + AtZaij C(ll(j)), 7= ]., Lo, 8
j=1

j=1
(84)
u = a4+ ALY @ T(u) + At w; Cu?).
i=1 i=1
(85)

Here A = (dij) and A = (aij) are the s x s stage co-
efficient matrices for the respective explicit and implicit
parts of the IMEX scheme. While the s-vectors w = (w;)
and w = (w;) are the respective coefficients for the as-
sembly stage of the explicit and implicit parts. These ma-
trices and vectors are subject to order conditions, which
can be found in [49, Section 2.1].

Importantly, for the purpose of proving the
realizability-preserving property of our method, one
hopes that the stage equations in Eq. (84) can be
expressed in the Shu—Osher form

u® =u" (86)
i—1

ul® = Zciju(ij) +a; AtCY), i=1,...,s (87)
3=0

where the coeflicients satisfy c;; > 0 and Z;;E cij = 1,
and u(¥) is given by the forward Euler step

u(ij) = u(‘j) + é” At T(u(j)), (88)
where the parameters ¢é;; > 0. Details on determining
¢;j and ¢; for IMEX schemes can be found in [44, 46],
and for explicit RK methods in [60]. The Shu-Osher
form of the stage equations in Eq. (87) allows us to ex-
press u(? as a convex combination of forward Euler steps
with step sizes ¢;;At. Then to show the realizability-
preserving property of the updates in Eq. (87), one only
needs to consider a sequence of forward and backward
Euler steps. The other advantage of the Shu—Osher form



is the derived time-step restriction. If At < Atgy is the
time-step restriction to maintain realizability of the cell
average in the Forward Euler step, then, assuming the
implicit solve in Eq. (87) does not impose a restriction
on At, the time-step restriction to maintain realizability
for the IMEX method is At < ¢ Atgy, where

. o1
C=min —.
) Cij

(89)

It is then ideal for the IMEX method to have ¢ as close
to 1 as possible.

In this paper, we consider s-stage IMEX methods that
are diagonally implicit (a;; = 0 for j > ¢) and globally
stiffly accurate (GSA), i.e., as;; = Ww; and ay; = w;, SO
that the assembly step in Eq. (85) can be omitted and
u"t! = ul®). Specifically, we use the IMEX PD-ARS [46]
scheme, whose Butcher tableau is

. 0l0 o000
¢ld _1{1 0 0 clA
w  1]1/2 1/2 0 w o (90)

1/2 1/2 0

where the left table represents the coefficients for the
explicit method, and the right table represents the coef-
ficients for the implicit method. The vectors ¢ and c are
used for the treatment of non-autonomous systems. The
IMEX PD-ARS scheme is formally only first order accu-
rate, but performs well in the diffusion limit, and recovers
the optimal second-order explicit RK scheme from [60] in
the streaming limit (C = 0). The Shu-Osher coefficients
for the IMEX PD-ARS method are

[22 czj - [1}2 1/2}

610 _].
620 621 |0 1|

For problems with no collisions, C = 0, we set a;; = 0,
and use explicit strong stability-preserving (SSP) RK
methods. Specifically, we use the second and third or-
der SSP-RK methods from [60] (SSPRK2 and SSPRK3,
respectively). The Shu-Osher coefficients for SSPRK2
are identical to Eq. (91), while for the SSPRK3 method
they are

(91a)

(91b)

C10 1

C20 C21 = 3/4 1/4 (923)
C3p C31 C32 1/3 0 2/3

[¢10 1 [

Go0 21 =01 (92b)
C30 C31 Cs2 001

Note for each method we have ¢ = 1. As we will show
in Section V E that our implicit collision solver does not
impose a restriction on the time step At, then our derived
time step will be no different than if we were solving a
collisionless problem with forward Euler.
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IV. ITERATIVE SOLVERS

The proposed DG-IMEX scheme requires two nonlin-
ear solvers: (a) for the recovery of primitive moments M
from the conserved moments U, and (b) for the implicit
collision solver, which is formulated directly on the prim-
itive moments. Both solvers involve element-local data
and are formulated in terms of point values, where input
data is provided from pointwise evaluations of the poly-
nomial representation; i.e., U = Up(z) for some z € K.
Both solvers also require the components of the three-

velocity, v = (v!,v2,v%)7, as input.

A. Conserved to Primitive Moment Conversion

The recovery of the Lagrangian moments M =
(J,H;)T from the evolved Eulerian moments U =
(€, F;)T consists of two steps. First, the “hat” moments
U = (&, F;)7, defined in Eq. (55a), are obtained from U.
These moments are linearly related by

E=WE+V'F and F,=F +Wué, (93)
which can be easily inverted to give

E=W(E—v"F) and F,=F — Wy, (€ —o*F).
(94)
For use later, we write Eq. (93) as

U= A(0) T, MmeAM:(£L?>,(%

where [ is theA?) x 3 identity matrix.

Next, with U known, the Lagrangian moments M are
obtained through an iterative procedure. The moments
are nonlinearly related by

E=WJT+v'H; and F; = WH, +v'Ki;(M). (96)

To solve this system for the Lagrangian moments, we
adopt the idea from [22], which is based on Richardson
iteration for linear systems, and formulate the following
fixed-point problem

e (8)-(8) 4 (5275
Hj Hj w (W’Hj +’Ui’C7;j) —.Fj
A

=M- -=F

W g(M) := Hg(M), (97)

U

where A/W is a constant “step size”, and A is taken to
be

! v =y 00 (98)

>\:
14+’

The Lagrangian moments are then obtained with Picard
iteration,

Mk — HG(M[H)’ E=0,1,..., (99)



with initial guess M%) = IAJ/ W. We consider the method
to have converged when the residual satisfies

[Fg (M) < tolcop, (100)
where || - || is the Euclidean norm and tolcep is a user-
specified tolerance.

Remark 4. Convergence of the iterates gemerated by
Eq. (99) to a unique solution is guaranteed for v <
0.221075 (see Appendiz B), however, in our numerical
tests we have mot encountered a velocity for which the
fized-point iteration fails to converge when using A =
(1 +v)~! (see Figure 2). The convergence analysis re-
quires that, when MO € R, each iterate M remains
realizable. This property is proved later in Lemma 6.

The conserved to primitive moment conversion prob-
lem can also be solved by Newton’s method. To this end,
we write Eq. (96) as

Fg(M) =0, (101)

The Newton update step is then given by

JMH) (MF - M) = —FgMED, k=0,1,...,
(102)

where J = [0Fg/0OM] is the Jacobian matrix, and

Ml = ﬁ/ W is used as the initial guess. We also con-
sider Newton’s method to have converged when Eq. (100)
is satisfied. Both the modified Richardson iteration
method and Newton’s method have been implemented
and are studied later in Section VI A.

B. Collision Solver

With collisional source terms, a nonlinear solve is re-
quired when performing the implicit update during time
integration. The element-local nodal implicit update of
the IMEX scheme in Eq. (87) can be formulated as a
backward Euler solve with step size AT,

U =U™ + Arc(U), (103)
where U™) represents the first (known) term on right-
hand side of Eq. (87), and U represents the unknowns
to be solved for. (For notational convenience we omit
the superscript (¢) on the unknowns.) We formulate the
implicit solve in terms of the primitive moments. To this
end, using the matrix A defined in Eq. (95), we can write
the collision term as

C(U) = A(v) 6(M) where C(M) = <X(~77;7;*7> ) :

(104)
so that multiplying Eq. (103) by A~! on both sides leads
to

UM) = U™ + ArC(M), (105)
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where U = A-1U® = (g(*),f;*))T. Next, we formu-
late a fixed-point method to solve Eq. (105). With M
known, C(U) is evaluated and used to update the con-
served moments in Eq. (103).

Similar to Eq. (97), and following [22], we use the
Richardson iteration idea to formulate the fixed-point
problem

M =M-XA[UM) - (U® + ArE(M))]

=M - AA Gg(M) = Qg (M), (106)
where A = diag(fiy, p, fi, fix); py = (W + XATX)
pe = (W+XATK)™L and A € (0,1] is a step size param-
eter. In this paper, for reasons detailed in Section V E,
we propose A = 1/(1 +v).

Remark 5. The fixed-point problem in Eq. (106) reduces
to Eq. (97) when x = k = 0; i.e., when C(U) = 0.

The primitive moments are then obtained through Picard
iteration,

M = Qg(MM), k=0,1,..., (107)
with initial guess M = U™, Tterations continue until
the residual satisfies

|GgMF)|| < tolcan, (108)
where, as in Eq. (100), we use the Euclidean norm, and
tolcon is a user-specified tolerance.

V. REALIZABILITY-PRESERVING PROPERTY
OF THE DG-IMEX SCHEME

The realizability-preserving scheme is designed to pre-
serve realizability of cell averages during time integration.
The realizability of cell averages is then leveraged to re-
cover pointwise realizability within each element with the
aid of a realizability-enforcing limiter, which is detailed
below in Section V D.

The cell average of the moments is defined as

1
UK = 7/ Uhs2dz.
K| Jx

Recall the evolved degrees of freedom are u =
{ﬁ Ji« Unon e?dz : K € T}. For ¢, = 1, the evolved
degrees of freedom represent the cell averaged moments.
Using Eq. (87), the stage equation for the cell average of
the moments is then

(109)

i-1
U%) = ZcijU%j) + ai AtC(U%?), i=1,...,s
j=0
(110)
where

U = Uy + e At T(UY )k, (111)



and (see Eq. (63))

T(Ugj))K :*E 3 [53f‘5|8H 753ﬁ8|5L]dw
d 1m

~ . .

_;|K|/f< [F ajy —F miL]g dz’.

(112)

Eq. (110) can be separated into an explicit update and
an implicit update. We define the explicit update as

i—1
Up = > ey Ui,

(113)

j=0

so that the implicit update is
U =0l 4 a,AtcUY), i=1,...,s  (114)

Proposition 5. Consider the stages of the IMEX
scheme in Eq. (87) applied to the DG discretization of
the evolution equations in Eq. (63). Assume that

1. For all £ = 1,...,d, the LGL quadrature points,
SM=(K), are chosen such that it is exact for com-

puting the cell average of Ugj) over K*.

2. The LGL quadrature points, S&ME (K), are chosen
such that it is exact for computing the cell average

of Ul(lj) over K..

3. For all0 < j <i—1 < s, the values Ul(lj)(m) eR
for all x € Sg(K).
4. The time step At is chosen such that
Wy Ae wh, Azt
d+1)eya’ (d+1)at |7

At < ¢ min {W(l—v)
K. K* (

(115)

with a® > |q|, a* > 1, and ¢ is defined in Eq. (89).

Then Ug))( eR.

As a consequence of Proposition 5, we have that the
implicit update given by Eq. (114) is realizable.

Proposition 6. Consider the stages of the IMEX
scheme in Eq. (87) applied to the DG discretization of
the evolution equations in Eq. (63). Assume that the con-
ditions of Proposition 5 hold so that U,(El))( € R. Let Ui?
in Eq. (114) be obtained by the modified Richardson iter-
ation described by Eq. (107) with X < (1 +v)~L. Then
Uy eR.

Finally using Propositions 5 and 6 in conjunction
with the realizability-enforcing limiter described in Sec-
tion VD we arrive at our main result.

Theorem 7. Consider the stages of the IMEX scheme in
Eq. (87) applied to the DG discretization of the evolution
equations in Eq. (63). Assume that
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Theorem 7
(Realizability-

Preserving

Scheme)
Proposition 5 Proposition 6
(Explicit update) (Implicit update)
T, Lemma 11
r vl er

Lemma 10

(i) Realizable
Uy’ e R
/K \ Collision Solver
Lemma 8 Lemma 9
U 65) € R re(Ue;) e R
L 1 Lemma 2 Lemma 3 & 4
;rau'ma Spatial Flux Energy Flux
5a Realizability Realizability
COIVEX CONE Property Property

Lemma 5 & 6
Realizable Moment
Conversion

FIG. 1: Flowchart depicting how the Lemmas
introduced in Section V build upon each other to prove
Theorem 7. Realizability of the moment conversion
process guarantees realizability-preserving properties
that can be derived from our numerical fluxes
introduced by the DG discretization. These properties,
along with the set R being a convex cone, ensure the
explicit update of the conserved moments maintains
realizability. Then the realizability-preserving collision
solver guarantees the implicit update maintains
realizability. Finally, this allows us to conclude that
updating Uy to U’IL;r1 preserves the realizability of the
conserved moments.

1. Conditions 1, 2, 4 of Proposition 5 hold, and Con-
dition 3 of Proposition 5 holds for i = 1.

2. With U%) € R, the realizability-enforcing limiter is
invoked to enforce U,(Z)(:B) € R for all x € Sg(K).

3. In the s-stage IMEX scheme u™t! = u(®),
Then Ugt € R.

The remainder of Section V is devoted to proving
Propositions 5 and 6 and Theorem 7. We encourage the
reader to refer to the flowchart in Figure 1, which aims
to explain how various lemmas are combined to prove
Propositions 5 and 6 and Theorem 7.

In the following analysis, as in [22, Assumption 1],
we employ the exact closure assumption; i.e., given
the lower-order primitive moments {7, H*}, the higher-
order primitive moments {/C*¥| L#YP} are computed such
that {J,H*, KH, LHP} satisfy Egs. (18) and (34) for
some nonnegative distribution f.



A. Preparations for Analysis of Numerical Method

Our choice of numerical fluxes is motivated by the goal
of designing a realizability-preserving numerical scheme
for the two-moment model. The following lemma is useful
when proving that our choice of spatial numerical fluxes
in Eq. (64) will preserve moment realizability under a
CFL-type restriction on the time step.

Lemma 2. For a given i € {1,...,d}, let U = (€, F;)7
and F* = (F*,8%,)7, as defined in Eq. (61), be moments
of a distribution function f € R. Let o be such that
0<a' <1, then ®*(U) := {(U+ 1F') e R.

Proof. The first component of ®*(U) is
1 1_, 1
“(Ex-F')=— d
yEET = /Sz 94,

where we have defined g :=
given by Eq. (15).
OHE(U) is

1(1+ L'/a)f, where L' is
Similarly, the second component of

1
— L;dw.
471'\/529 e

Since |L}| <1 and 0 < a~! <1, g € R. Using the same
reasoning as in the proof of Proposition 4, it follows that
PH*F(U) € R. O

1 1.,
JF xS =

The following two lemmas will be useful when proving
that our choice of numerical flux in the energy dimension
in Eq. (65) will result in a realizability-preserving scheme
under a CFL condition.

Lemma 3. Given f € R, let U = (€, F;)7 and U =
(g, .7-'J) be as defined in Eq. (61) and (66), respectively.
Then, for a > 0 such that 0 < aa® < W +v#{, = E/e
(see Eq. (14)), U — aafU is realizable.

Proof. The first component of U — aa® U is

1
(EQ/E)fdw——/ ad’Efdw=— gdw,
SZ

Am 47

where we have defined g = (E?/e)(1 — aa®(e/E)) f
Since aa® < E/e, g € R. The second component of
U—-aad®*Uis

1
Am

It follows~ from arguments similar to Proposition 4 that
U—-ad®U e R. O

Lemma 4. Given f € ‘R, let U and F be given by
the deﬁnitions in Eqgs. (66) and (61), respectively. Let
max > |q|, where q is defined in Eq. (67). Then U +
FeeR.

5
aln'mx

1
(EQ/E)fL dw——/ aaEfLjdw = E/Sz gL dw.
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Proof. The first component of U + —F°i
1 1 1
E dw+ — Efdvw=— d
4m Jde 4 /Sz A% ax fdo = 4m zg “

)f Since ‘q‘ <
—F¢ is

max

where we have defined g := E (
1, g € R. The second component of U +

1
ELdi—
ir PLidet s | e

1
Eijdw—E/Sszjdw.

max

It follows that U + —L-F¢ € R. O

m

B. Conserved to Primitive Moment Conversion

In this section we prove that the Picard iteration de-
fined in Eq. (99) for the moment conversion problem is
realizability-preserving. We need the conversion to be
realizability-preserving so that the numerical fluxes are
evaluated using moments of a distribution f € R so that
Lemmas 2, 3, and 4 hold. The following two lemmas es-
tablish realizability-preserving conversion from conserved
moments U to primitive moments M.

Lemma 5. Assume that U =
sition 4, are realizable.

(€, F;)7, defined in Propo-
Let the three veloczty be vH =

(0,097 such that 0 < vy’ < 1. Then U = (&, .7-")
defined in Proposition 3, are realizable.
Proof. To prove realizability of (5 , ﬁj)T, it is sufficient

to show that & > 0 and & > .7/-:, where F = \/ﬁu]?”'
Since (€, F;)T are realizable, £ > 0 and £ > F, where
F = F;Fi. Applying the Cauchy—Schwarz inequality
to the left expression in Eq. (94), it is straightforward to
show that & > 0;

E=W(E—"Fp) > W(E—Vvivi VFF¥) > W(E-F) >0

To show that £> f we note two useful equalities. First,

since U“]:u =0, .Fo = fvl]-" Then, using the right
expression in Eq. (93) gives

ﬁo = invig— 1]1.7:1

Second, using the definition of the Lorentz factor, we
have

. 1 .
2 ) — W2
1+ Woyet =1+ 1 Uwivzv’ 1 o w=.



We then find
F? = —(Wo'v, =i F, ) + (Fi — Wo,6)(F — Wo'é)
= —(W'F)? + F2 4 2WEV Fi(vv' — 1)
+ W2521)Zvi(1 —v?)
—(v'F)? +]:2—2§Ui]:i/W+§2wvi
—(0'F)? + E2 = 280 Fy )W + E2v0
E—V'F )(€+vi]:v) —25&]-}/W+52v v
E(E—V'F) W+ &2
E2(1+ Wy )/W2 =

/\

—~

Taking a square root on both sides gives the desired re-

sult. O
Lemma 6. Let U = (£, F,)T and MW = (g gy
be realizable. If X < (1 4+ v)~', then MF+1 =

(gle+1], HEkH])T, determined by the modified Richardson
iteration scheme given by Eq. (99), is realizable.

Proof. The first component of MF+1 ig
A~
k]l — gkl . 2 2
g = g W+ ZE,
where we have defined

A gyt L (k] g
W & 47r/g “

and gl .= [(1-X)— 3 vi¢; ] e fI¥)
component of MF+1] ig

f[k] =(1- )\)j[k]

. Similarly, the second

S
(2 1 + W
where
K] _ kA el _ / K
okl = A s dw.
AN = (1=l - Skl = — 0 dw
Note that, since £y = —v*¢;, we also have
%[k] _ _Uijﬁ[k] - = g[k] £y dw.
47

We let . *] = (/[kh,}fu{k])? Since the first and second
components of .Z!¥ are expressed as moments arising
from the same distribution function, gl¥!, then .#* ¢
R follows from Proposition 2, provided g¥! € %. By
assumption ¥ € MR, in order to obtain ¢g¥ € R, we
require

(1—=X)— %vi& > 0.
Since v'l; = 0 = Wult,

—Wo < v'; < Wo.
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Then since (1 —A) — Fv'; > (1—A)
latter to be greater than 0 yields

— A\v, requiring the

1
A< .
14w

Since .M, U € R, realizability of MIF1 = 1M 1 AU
follows from Lemma 1. O

Remark 6. The mapping in Eq. (99) is formulated for
an effective step size X' = A/W. Given the result of
Lemma 6, the Picard iteration is realizability-preserving
when N < m

Following the realizability-preserving result in
Lemma 6, the convergence of the modified Richardson
iteration scheme in Eq. (99) is proved in Appendix B
under conditions detailed in Remark 4, which concludes
the realizability-preserving property analysis for the
conserved to primitive moment conversion step.

C. Explicit Update

Here we establish conditions for which the explicit up-
date Ug) in Egs. (111)-(113) is realizable.

X

Lemma 7. Assume that U%j) € R foralliandj <i—1.
Then Ug))( € R for all i.

Proof. The proof is a consequence of Lemma 1 since we
consider methods where ¢;; > 0. O

We now establish the conditions for which U%j ) is re-
alizable. To this end, define

re [Uh s Gijl \K |/ U(])€2d5

- S R,
—SF(UP), ] (116a)
r‘uy;e;) :ﬁ » U da!
- S R,
~FU)L ] (11eb)

for £ = 1,...,d. Note that I' is a function of & and
I'* is a function of 2° = {e, &'}, but to ease notation
we do not include this explicit dependence below. It is
straightforward to show that

U(U) — / FE U(J)A’L d
K (d+1 |K | [ h ’CJ} €z

U(J),cl e2dzt. (117
;d+1|Kf/ bl (1)



Recall that we use M.-point and M,-point LGL quadra-
ture rules on the intervals K. and K*, given respectively

by the points SMe (K ( ) {ef = é1,é0,...,ém. = €5}
and 5" (K) = {abT = &, @5, 84 = 257} with
respective weights {wZ}q:1 and {wg}gﬁl

Lemma 8. Assume Um( ih) € R for all & € SM(K),

and M, > (k+ 3)/2, where k is the polynomml degree

of Ug). Let the spatial numerical flux be given as in
Eq. (64), and At be chosen such that

y (d+1)¢; Ata’
= 0T 2N 118
iy d}ewz Azt - (118)

Then Fe[Uglj);éij] ER forl=1,...,d.

Proof. Using the spatial flux in Eq. (64) and the M,-

point LGL quadrature rule defined by Sé‘/ff (K) to evalu-
ate the integral in Eq. (116b) exactly, it is straightforward
to show that

2
fUﬁzJ)( )—"_(1_71])

+ (1 =) LU @)
+ 7 iy, [0 (U ee + «bfv—(US))ugf

+ (U)o + (U e ],

where ®“* is defined as in Lemma 2. Since U(j)( q) €
R for all g € S,fVI (K), application of Lemma 2 gives
@4+ € R. Since At is chosen such that ’yfj <1, Lemma 1
implies I'! [Ug ); ¢i;] € R, since it is expressed as a conical
combination of realizable states. O

Lemma 9. Assume Ugj)(éq) € R for all ¢, € SM=(K).
Let the numerical flux in the energy dimension be given as

in Eq. (65), with a® = a,,, > |q|, as defined in Lemma 4.
Let At be chosen such that
. (d+1)¢&; Ategad, <E E (119)
Y Wy Ae e’

Then T[UY);¢,,] € R.

Proof. Using the Mc-point LGL quadrature rule defined
by SM(K) to evaluate the integral in Eq. (116a) exactly,

we can express ' [Ugf); Cij) as
M.—1

N Ae o .
(U35 5] :IKEI{ Z 5 ;U

+ 105 €3 (U(J)| s AL FE(UD))

i, (U], = X FU)]) -
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(d-l—l) C” At EL.H
wg, Ae

Here, U((Ij) = Uglj)|éq, and A" = . Note

that €1 = e, and £y, = ey4. Since Wy éi > 0 for all g,

the above expression is a conical combination. To prove
realizability it remains to show that

U(J)| + )\L FE(U(J))|€L cR
and

U(j) _ R :/E\MS U(J) R

h |5H i ( h )|EH € )

Note that Aj; > Aj;, since ey > €, Expanding the flux

term in the first expression using Eq. (65) we have

(J)| +>\L Fa( (J))|€L

= (Ugj)|5}f - Zj maxU| +)
)‘iarsn X /11 1

+]Ta( |s£ s EL)
)\117 Ianax 1

+ J2 (U|++G7FE|+)

max

Applying Lemmas 3 and 4, we have that U
A% FE(UELJ))|€L € R. Similarly,

\++

Uy = N FE U
:(U]('L)‘ _)\Z fnaxU|*)
)\IZH aiﬁax e
o Mt m ")
AL a ~
+%(U|E;{_ maXFE‘Sg)'

Again, applying Lemmas 3 and 4 we have Uéj )| o
H

NLFE(UY)., € R. Realizability of T°[U};¢;] then
follows from Lemma 1. O

The previous two lemmas require assumptions on the
time step At. Satisfying those assumptions gives us our
realizability-preserving time-step restriction in Eq. (115).
Now, to establish realizability of U%J ), it is sufficient for
Eq. (116) to hold for the auxiliary quadrature sets defined
in Eq. (80a), S. ¢ (K) and Sy ¢ (K), provided I [U 2), ¢ijl
and T [Ug); ¢i;] are realizable.

Lemma 10. Assume that the conditions for Lemmas 8

and 9 hold for all quadrature points in S;x(K) and
Sp.5(K). Then U € R.

Proof. The conditions of Lemma 8 and Lemma 9 hold,
which allow us to conclude I‘E[Ug ), ¢j] € R and
It [Uflj); ¢ijl € Rfor £ =1,...,d. Then using the quadra-
ture sets Se o (K) and Sy g (K) to evaluate the integrals



over K, and K¢ in Eq. (117), respectively, yields

g 1 .
U(ZJ) — e U(J) Ai'
K (d—|—1)|Km| Z Wq [ h 703](wq)
zg€Se, 5 (K)
d 1
&’ ~t
+Z ~g Z 2 FZ[UEL])CU]( q)
/=1 (d+ 1)‘K ‘ ~£€S[®(K)
Here z, = (xél,xgz,--~ ,a:gd) and wy, = wélwgz ...wgz,

where 1 < q1,q2, - ,q4 < N. The quadrature points Eg

and their associated weights, ﬂ}g are similarly defined,
and recall by the tilde we mean to exclude the ¢** di-
mension. Because the weights w, and ﬂJg are from LG

quadratures, we have expressed Uﬁj ) as convex combina-
tions of I‘E[U,(f); ci;] and T'* [Ugf); ¢ij], respectively. Ap-
plying Lemma 1 then gives the desired result. O

We can now prove Proposition 5.

Proof of Proposition 5. We have that

i—1
= Z CijUiéj).
7=0

The four assumptions of the proposition statement sat-
isfy the assumptions needed for Lemmas 8 and 9. Since
these two lemmas hold, we can apply Lemma 10 to get

Uﬁj ) e R. Finally we can apply Lemma 7 to get the
desired result. O

Remark 7. Lemma 8 and 9 require inequalities on ij
and v§;, respectively, to hold. Solving for At in both in-
equalities gives the quantities we minimize over to deter-
mine the realizable time step in Eq. (115). The inequality
in Lemma 9 requires that 721 < E/e. Then for realizabil-
w Ae
t< f(d-‘,—ﬂfﬁ
known precisely. Therefore, to arrive at Eq. (115), we
lower bound E/e by W (1 —v).

ity we require A In practice, E /e is not

D. Realizability-Enforcing Limiter

Proposition 5 guarantees the explicit update of the ith
stage cell-average is realizable. It does not guarantee that
Uy ()W) € R for all ¢ € Sg(K), as required by Condi-
tion 3 of Proposition 5. To ensure this requirement, we
employ the following element-local realizability-enforcing
limiter from [46] after each explicit update.

To enforce positivity of the zeroth moment, &, we re-
place the polynomial &, (x) with the limited polynomial

Eh(.’ll) =0, Eh(ﬂ?) + (1 — 91) &k, (120)
where the limiter parameter 6, is given by
61 = min 2 SR (121)
m§® — EK
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with
m=0 and mg = min &(x).
$€S®(K)

The next step enforces £ — F > 0. We define U, =
(En, Fr)T. If U, = Up(zx,) lies outside of R for any
quadrature point x,, then x, is a troubled quadrature
point. For troubled quadrature points, there exists a line
connecting the realizable cell average, Uk, and ﬁq that
intersects the boundary of R. This line is parametrized
by

sq(¥) =vUq + (1 -¢)Uk, v €[0,1]. (122)

The unique point where s,(1) intersects the boundary
of R is obtained by solving ~(sq(%)) = 0 for ¢ using

the bisection algorithm. (Recall that for U = (£, F;)T,
¥(U) = € — F.) We then replace Uj, by
Uy, =0, U, + (1 - 65) Uk, (123)

where the parameter 6, is the smallest ¥ obtained in
element K by considering all troubled quadrature points.
The limiter is conservative in the sense that it preserves

the cell average; i.e., Ux = Uk = Uk.

E. Collision Update

In this section, we prove the realizability-preserving
property of the implicit collision solver. We first note
that our analysis of the explicit update shows that U®™) in

q. (103) is realizable, when U®) = U Furthermore,
by Lemma 5, U ), as defined in Eq. (105), is realizable
if U™ is realizable.

Lemma 11. Let U® = (5(*),f,g*))T, defined
as in FEq. (103), be realizable, and assume that
M*] (JW HINT is realizable.  Let MIF+1)
(;7“““,7-[%“57 be given by the Picard iteration in
Eq. (107) with A < (1 +v)~Y. Then MF+1 s realiz-
able.

Proof. The first component of MF+1] is
= I 4 Ay (EW) + ArxTo),
where we have defined
1
My [(1— oF
S =y [ ( o / 9" dw
Similarly, the

and glf = [ (1 = W — X't ] efIkl,
second component of MF+1 ig

j[k+1]

NWIH — xoiulM] =

HIHY = ) 4 A, FCO,
where we have defined
i k Mk
AW = [ =N WHE — Xkl = o AW,



with
1
k] _ k
%}—4 / []f dw.
SZ

Note that there is no independent update for
Eq. (107). Instead, it is completely determined by 'HEkH],
since H([)kH] = —viHl[kH] = —vijfi[k} - Au,{viﬁfj) =
A A F.

We desire gi*l € . By assumption, efIFl € R, there-
fore we need to show W (1 — X) — Av?¢; > 0. Similar to
the moment conversion problem considered in Lemma 6,
this condition is satisfied when A < (1 + v)~!. Then,

since the moment pair .Z = (7 [k],j?;k])T arise from
g[k] € fR, Proposition 2 implies that A € R. Further-

]

in

more, #F = (j[k],%i[k])T € R, since
W = Br W) < M < g M,
Hx h h

Here, 2 — o A, 720 — oy 7200 709,

and 0 < pye < iy becaube 0 S x < k. Note that since
U™ € R, we have U®) = (£ )T € R. Then, by a
similar argument, AU®) € R. Tt follows from Lemma 1
that

M+ = 7 AAU®) 4 Ay Arx( o, 0)T € R.

O

Similar to the analysis of the moment conversion solver
in Section V B, the result of Lemma 11 is needed for
the convergence analysis of the implicit collision solver
in Eq. (107). In Eq. (107), the collision term introduces
damping factors p, and p, that are stronger than the
W1 factor in the moment conversion solver given in
Eq. (99). Therefore, with Lemma 11, the implicit solver
is expected to converge given the convergence of the mo-
ment conversion solver analyzed in Appendix B.

To prove Proposition 6, we also need to show that re-
alizable primitive moments lead to realizable conserved
moments, which is given in Proposition 4 under the ex-
act closure assumption (see, e.g., [22, Assumption 1]). In
the following lemma, we prove the desired result when
the algebraic Eddington factor k (see Eq. (43)) is used,
i.e., when the closure is not exact.

Lemma 12. Assume that v < 1. Let U = (£, F,,), with
€ and F, giwen as in Egs. (19)-(20) with K" (M) and
k given by Egs. (29) and (43), respectively, and M =
(J,Hu)T € R. Then, U € R.

Proof. We break the proof into two steps. In the first
step, where we use some key results from [22, Lemma 11],

we show that U = (g, ﬁM)T € R. Using the bound

—vWH < v'H, < vWH, (124)
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we have

E=WIT 40", >WT —oWH>W(JT —H) >0.

(125)

Next, we prove €2 — F? > 0, which implies £ = F > 0
and thus U € R. Direct calculations give

E2 = (WJ)? (1+ 2sh + s2h?), (126)

fQ — j2 (W2h2 + QW'UVkU#EMh + U”ky”’ky‘p’()p), (127)

where k,, = K,,,/J, h € [0,1] is the flux factor, and we
have defined s = v*h,/W € [—1,1]. Using Eq. (29), we
obtain

vk b = W sk, (128)

+ (1+k) (3k — 1) s?).
(129)

1
vk, k0" = W2 1 ((1—k)?2?

Inserting these into Eq. (127) gives the following sufficient
condition for £2 — F2 > 0: Vs € [-1,1] and Vh € [0,1],
1 1

(khzj(kk)? )+2(17k)sh+(h271(1+k)(3k71) )s? >0,
(130)

where we have used the assumption v < 1. Eq. (130) is

identical to Eq. (122) of Lemma 11 in [22] and holds for

the algebraic Eddington factor in Eq. (43). Thus, relying

on results in [22], we conclude that U € R.
In the second step, we use the result of the first step to
complete the proof. From the first expression of Eq. (93),

using a bound similar to Eq. (124) for v*F,,, we have
E=WE+v'F, > WE—wvWF >W(E-F)>0. (131)
Direct calculations with the expressions in Eq. (93) gives

2P =P+ (' F)2=E-F2>0. (132)

This completes the proof. O
We can now prove Proposition 6.

Proof of Proposmon 6. Since the conditions of Proposi-
tion 5 hold, U 6 R. The realizability-enforcing limiter

is applied to U .. to ensure pointwise realizability. Then,
Lemma 11 can be repeatedly applied to Eq. (114), start-

ing with M[°) = Ug))(, until the iterative solver converges
to the Lagrangian moments which define U&?. Thus it
follows from Lemma 12 that Ui? € R. O

F. Realizability-Preserving DG-IMEX Scheme

With the previously established lemmas and proposi-
tions in this section, we can finally prove the realizability-
preserving property of our DG-IMEX scheme as stated
in Theorem 7.



Proof of Theorem 7. Using Proposition 5 with i = 1
and Proposition 6 we get UE) € R. Applying the
realizability-enforcing limiter gives US) € R for all
T € §®(K). Repeated application of these steps for
1=2,...,8 gives Ug) € R. Then since US) = Uﬁgﬂ),
the proof is complete.

VI. NUMERICAL RESULTS

In this section, we evaluate the performance of our pro-
posed numerical scheme for the special relativistic two-
moment model. We use tests with and without collisions.
For tests with collisions, the polynomial degree of the DG
method is quadratic (k = 2) and the IMEX PD-ARS [46]
method, with coefficients given by Eq. (90), is used. For
collisionless tests, the second order method uses linear
polynomials (k = 1) and SSPRK2 time stepping, with co-
efficients given by Eq. (91), and the third order method
uses quadratic polynomials (k = 2) and SSPRK3 time
stepping, with coefficients given by Eq. (92). Unless spec-
ified otherwise, spatial and energy elements are uniformly
spaced, and collisionless results are presented using the
third order method. In each test, the time step is deter-
mined by the realizable time-step restriction as outlined
in Eq. (115).

A. Moment Conversion Solver

The conserved to primitive moment conversion prob-
lem incurs the most cost in our realizability-preserving
scheme. Because of this, it is desirable to have an it-
erative scheme that converges quickly to the desired ac-
curacy, and where the evaluation of each iterate is inex-
pensive. Generally, Picard iteration is inexpensive per
iterate but may converge slowly, while Newton iteration
is more costly per iterate but with faster convergence.
Here, we compare the proposed Picard iteration solver
with Newton’s method to solve Eq. (96).

To this end, similar to [22], we fix a pair (v,h = H/J),
with v € [0,1) and h € [0,1], and randomly sam-
ple 100 realizable values of M. To generate the sam-
ples for a fixed (v,h), spherical polar coordinates are
used to randomly sample directions for the three-velocity
and comoving-frame flux. First, for randomly sampled
¥ € [0,7] and ¢ € [0, 27|, the fluid three-velocity is given
by

v! = wsind cos p, (133a)
v? = vsindsin o, (133b)
v® = v cos . (133c)

To generate J € [0,00) without setting a hard upper
bound on J, a parameter « is sampled uniformly in the
interval [—7m/2,7/2]. We then set J = —1/mq, mq =
(1 —sina)/(0 — cos ). This value of J is determined by
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finding where the line connecting (0, 1) and (cos «, sin «),
given by y = mqyx + 1, intersects the z-axis. Next, using
this value of 7, H! := Jq', where for randomly sampled
¥ € [0,7] and ¢’ € [0, 27]

q' = hsin®’ cos ¢, (134a)
¢®> = hsin?'sin ¢/, (134b)
¢® = hcos?'. (134c)

Finally, the Lorentz transformation, L¥,, given by
Eq. (47), is used to generate H* = L"H'. Note that
H HY = HH = h?272. We then have J — H =
(1 =h)J > 0. Thus, the randomly generated samples
oAf M are_ realizable. Given realizable M, we compute
U= (&, F)T € R, using Eq. (96), and aim to recover M
using the two methods.

In Figure 2, for each (v, h), we plot the average itera-
tion count needed for convergence of the 100 randomly
generated samples of M for both Picard iteration, us-
ing the “step size” N = A\/W = [W(1 + v)]7!, and
Newton’s method. From Eq. (100), we set tolcep =
1078, We can see that our proposed method based
on Picard iteration takes significantly more iterations
to reach convergence for the specified tolerance. At
(v,h) =(0.975,1),(0.975,0), (0.3, 1), the averaged Picard
iteration count is 97,74, and 13, respectively, while for
Newton’s method it is 2, 5, and 2, respectively. The max-
imum observed averaged iteration count for Picard iter-
ation was 106, while for Newton’s method it was 5. It
should also be noted that the minimum error and max-
imum error (excluding the case where v = 0) for Pi-
card iteration are, respectively, on the order of 10~
and 10~%. While for Newton’s method those values are
10716 and 107'3. While performing our numerical ex-
periments we have observed that, despite requiring more
iterations, the Picard iteration scheme is somewhat faster
than the Newton-based scheme when v < 0.6. We have
not attempted to optimize the implementations to better
assess which is a better choice in production simulations,
but this could be considered in a future study since the
conserved to primitive solver contributes significantly to
the overall computational cost of our proposed method.

In the bottom half of Figure 2 we break the
realizability-preserving constraint on A’ by setting it to
the larger value of \' = (1 +v)~!. This causes the Pi-
card iteration to fail to converge in 10000 iterations for
any h when v > 0.925. For v = 0.9 and v = 0.875, it
fails to converge for h > 0.45 and h > 0.925, respectively.
Otherwise for any h and v < 0.875, the Picard iteration
converges. Despite breaking the realizability preserving
constraint, using the Picard iteration with X' = (1+v)~1
does not result in nonrealizable iterates for the majority
of (v, h) pairings. Nonrealizable iterates are encountered
for all v whenever h = 1, which should be expected since
these M are on the boundary of R. Nonrealizable iterates
for h < 1 occur in the region where the Picard iteration
failed to converge. For any h and v > 0.95, nonrealizable
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FIG. 2: Top left: Iteration counts for the proposed Picard iteration method for the moment conversion problem
using ' = \/W = [W(1 4 v)]~!. Top right: Iteration counts Newton’s method when solving the moment conversion
problem. Bottom left: Picard iteration using A’ = (1 4+ v)~!. Each square represents the average iteration count of
100 randomly generated samples of M at each (v, h). White squares indicate Picard iteration failed to converge
within 10000 iterations for at least one of the 100 values of M tested for that specific pairing of (v, h). Bottom right:
Number of nonrealizable iterates produced by Picard iteration when using a nonrealizable A’ = (14 v)~!. Each
square represents the average number of nonrealizable iterates before the convergence criteria are satisfied for the
random samples of M. White squares have a value of zero, indicating realizability is maintained.

iterates are encountered. For v = 0.875,0.9,0.925, non-
realizable iterates are encountered for h > 0.95, h > 0.65,
and h > 0.2, respectively.

In light of these observations, it would be desirable to
prove that Newton’s method (i) preserves realizability of
the iterates, M¥], and (ii) converges for all v € [0,1).
The reason we use Picard iteration as opposed to New-
ton’s method is because proving (i) and (i7) is easier since
we work with the moments directly. Whereas in New-
ton’s method, one would be working with derivatives of
the moments. In regards to (i) and (i7) we note:

1. Though we have not proven (i) for Picard it-

eration, in all our tests using the realizability-
preserving step size we have not encountered a v
for which the method fails to converge.

2. We have not encountered an instance of a non-
realizable iterate when using Newton’s method.

B. Streaming Sine Wave

In this test, we model the propagation of free-
streaming radiation through a background with a con-
stant velocity field. This test, originally from Section 8.2
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of [22], is adapted here to the special relativistic case.
We set x = 0 = 0 and consider a fluid three-velocity
v = [v,0,0]T with v = 0.1. The purpose of the test
is to verify the scheme’s order of accuracy. The test is
performed on a periodic one-dimensional unit domain,
0,1 = [0,1]. The Lagrangian energy is initialized to

J(x',0) = 0.5+ 0.49 x sin(27wz').

We require the flux factor H/J = 1. This implies the
Lagrangian momentum for any ¢ is

H (2 t) = W T (21, 1).

Under these conditions, &(x',t) = Fl(al,t) =
St (zht) = W2(1 +v)2J (a,t), so the analytical solu-
tion is given by J(z!,t) = J(z! —¢,0). We run the test
until ¢t = 1, at which point the initial profile has returned
to its initial position.

In Figure 3 we plot the L? error of the numerical so-
lution versus the number of spatial elements. For the
second order and third order scheme we observe the ex-
pected convergence rates to the exact solution.

C. Gaussian Diffusion 1D

Here we present two 1D tests modeling the diffusion
of radiation through a background moving with a con-
stant speed. The first diffusion test follows [22], which
was adopted from [16], while the second diffusion test fol-
lows [24]. In both tests we consider a purely scattering
medium (x = 0), and the two tests differ in the initial
profile and velocity magnitude.
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1. Test I

In this test we set ¢ = 3.2 x 103, and we let v =
[v,0,0]T with v = 0.1. The spatial domain is periodic,
Q1 = [0,3], and is discretized using 96 elements. The
initial conditions are

JI(z',0) = exp[—(z' — z4)?/(4torp)],
H(2',0) = —kpDpn T (21,0),

where kp = (30)7!, and we set z§ = 1 and ty = 5.
For the background velocity considered here, the evolu-
tion equation for the Lagrangian energy is approximately
governed by the advection-diffusion equation

hT + 01 (Jv — kp0,nJ ) =0, (135)

whose analytical solution is given by

1o to ((zt —vt) — x})?
T@t) = o &P <_ 4(t0+t)fs:DO ) (136)

We evolve the initial condition until ¢ = 30, at which
point the peak in the solution has returned to its initial
position. The purpose of this test is to qualitatively verify
that our scheme captures diffusion in a medium moving
at a moderate speed.

In the left panel of Figure 4 the Lagrangian energy, 7,
is plotted against ! — vt so that the peaks of the Gaus-
sian pulses are all centered on ! = 1. Since v = 0.1,
we expect good agreement with the O(v/c) results from
[22] and the approximate solution. Our numerical solu-
tion (open circles) agrees well with Eq. (136) (solid lines),
demonstrating that our scheme captures the advection-
diffusion behavior.

2. Test II

We also perform a second test with a purely scattering
medium to simulate the advection of trapped radiation
in a medium moving at a more relativistic speed. We set
o =1x10% and let v = [v,0,0]T, with v = 0.5. The spa-
tial domain is periodic, Q,1 = [—3, 3], and is discretized
using 100 elements. We follow the initialization in [24]
by setting

3&8(x1,0)

1 —
j(x 70)7 4W2_17

(137)
where €(z1,0) = exp[—9(z1)?]. Under the assumption of
trapped radiation, we set H*(z!,0) = 0. The solution is
a slowly diffusing and translating pulse.

In the right panel of Figure 4 we plot the initial con-
dition and the results at ¢ = 1 and t = 2 for the Eule-
rian energy (dashed lines) along with a reference solution
(solid red lines). The reference solution is generated by
translating the solution to the diffusion equation,

€ = kpd2 &, (138)



along the fluid velocity. That is, for ¢t > 0,

KD _rpat—vt—y? —vt) v)?
) E(y,0) dy.
(x! =\ 1t / (y,0) dy

Similar to [24], we see good agreement between the ref-
erence solution and our numerical solutions.

(139)

D. Streaming Doppler Shift

In this test, we model the propagation of free-
streaming radiation through a background with spatially
varying velocity. The test is adopted from [61] (see also
[16, 22, 62]), who considered methods valid to O(v/c). As
far as we know, this is the first time the test is performed
in a special relativistic setting. Due to using comoving-
frame momentum space coordinates for the two-moment
model, the radiation energy spectra will be Doppler
shifted in accordance with the background velocity. We
consider a one-dimensional spatial domain, Q.1 = [0, 10],
and set the energy domain to 2. = [0,50]. We set

x = o = 0, and define the velocity as v = (v,0,0)7,
where
0, zl €10,2),
Vmax sin?(m(zt —2)/3), z' €2, %),
v(@) = { Vmax; 2t e[1,18) (140)
Vmax sin?(m(zt —2)/3), '€ [12—3,8)7
0, 2t € [8,10].

We let vpmax € {0.0,0.1,0.3,0.6,0.9} to test the model’s
ability to capture special relativistic effects as vpax in-
creases. The spatial and energy domains are discretized
using 128 and 32 elements respectively. The elements in
the energy domain have geometrically progressing spac-
ing with Ae;11/Aeg; = 1.1. The Lagrangian moments are
initialized for all (z!,€) € Q1 x Q. as
J=1x10"% and H'=

At the inner spatial boundary we impose an incoming
forward-peaked radiation field with a Fermi—Dirac spec-
trum, setting

J(e,z =0)=
Hi(e, ol =0) =

e/lexp(e/3 — 3) +1],
0.999 x J (g, 2" = 0).

At the outer spatial boundary we impose an outflow con-
dition. For ¢ 2 10 the solution reaches a steady state
given by [16]

s%e

J = exp(se/3—3)+1’ (141)

where s = /(14 v)/(1 — v). The purpose of this test is

to compare the numerical steady state solution with the
special relativistic prediction given by Eq. (141) across
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a range of vyax values. Given the initial and bound-
ary conditions, this is also a very challenging test with
respect to maintaining moment realizability, as the solu-
tion evolves very close to the boundary of the realizable
domain. To reach a steady state numerically, the test is
run until ¢ = 20.

In the left panel of Figure 5 we plot spectra from the
steady state solution at z' = 5, where the velocity is
Umax- (The spectrum for vy, = 0 is identical to the
incoming spectrum at x! = 0.) As vpay increases, the
energy spectra become increasingly Doppler shifted to
lower energies relative to the incoming energy spectra
for which v(x!) = 0. The numerical spectra (dotted lines
with open circles) match very well with the analytical
steady state, even for large values of vy, indicating our
scheme is able to capture special relativistic effects.

In the right panel of Figure 5 we plot the RMS energy,

ERMS:\// J€4ds// Je? de,
QE Qa

versus position for the steady state solutions. We ex-
pect the RMS energy to decrease with z' as the veloc-
ity increases (and vice versa). We observe this behav-
ior in the numerical solutions (dotted lines with open
circles), which match well with the analytical solutions
(solid lines).

We have also run this test using Newton’s method as
the iterative solver in the moment conversion process.
We obtained similar results as in Figure 5, which uses
Richardson iteration, and notably we did not observe any
non-realizable iterates during the time-stepping process.
However, we observed that the code running with New-
ton’s method tended to be slower due to its increased
computational costs.

(142)

E. Transparent Shock

In this test, adapted from [22], we consider the propa-
gation of radiation through a velocity jump for which the
gradient varies. We consider both smooth and discontin-

uous transitions by letting v = [v, 0, 0]T, where

lvmaxx [l—tanh((ml—l)/H)].

v(zt) = 9

(143)
We will vary the velocity magnitude with the parame-
ter vmax and the gradient with the length scale H. We set
the opacities as x = 0 = 0, the spatial domain as
Q1= [0, 2], and the energy domain as €. = [0, 300]. Un-
less stated otherwise, these domains are discretized using
80 and 32 elements, respectively. With this resolution in
the energy dimension, elements have geometrically pro-
gressing spacing with Ae;11/Ae; = 1.119237083677839.
The moments are initially set for all (g, 1) € Q. x Q 1 as
J=1x10"8

andH'=(1-6)WJT,
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centers in the e-direction. In the right panel, the RMS energy defined in Eq. (142) is plotted versus x!, with open
circles representing every fourth cell center in the z-direction. In both panels, solid lines represent the analytical
solution, while dotted lines with open circles represent the numerical solution.

where § = 1078, That is, the initial moments are very
close to the boundary of the realizable domain. We use the
same boundary conditions as in the streaming Doppler
shift test, except at the inner spatial boundary

Hi(e,z'=0)= (1 - W (2 =0)T (¢, 2' = 0).

The moments are evolved until ¢ = 3 when an approx-
imate steady state is reached, again given by Eq. (141).
This test is challenging for two main reasons: (1) the
solution evolves very close to the boundary of the re-

alizable domain and (2) the velocity profile is essen-
tially discontinuous for small values of H. We will first
present results under the setting outlined above with
Vmax € {—0.1, —0.5} and H € {3 x 1072,1072, 103}

We will follow up these results with a discussion on the
effect of spatial mesh refinement, varying the polynomial
degree, and the use of a slope limiter to control nonphys-
ical oscillations.

10



1. Vmax= —0.1

In the left panel of Figure 6, we plot the velocity pro-files
for each length scale H. With the spatial grid Az! =

0.025, we have Ax/H € {5(6, 5/2, 25} for the length
scales we consider, which implies that the “shock” is re-

solved for H = 3 x 1ﬁﬁ§er—resolved for H = 1072, and
discontinuous for H = 10 °. Fhe right panel il-

lustrates the time evolution of J when H = 1073, As time
evolves, a front, represented by a discontinuity in J,
propagates from left to right through the domain, and the
solution settles to a steady state in its wake. The steady
state solution at ¢ = 3 is constant before and af-ter the
shock, and the size of the jump across the shock

increases with the magnitude of vy.x. As stated before,
one difficulty in this test is capturing the change in J
when the velocity jump around x' = 1 is sharp.

Figure7 shows theesult®f the test for vyax = —0.1

with thelength scalesH =3 {10<2,1072,1073 . Welot
Lagrangian and Eulerian energy and number densi-

ties versus position,

{J,E7D,N}:/Q{j’87j/5’j\/}52d5_ (144)

The Eulerian spectral number density, A, is given by
Eq. (26). The left panel plots J (dashed lines), the La-

grangian energy density, versus position for each length

scale. For vy, = —0.1 we observe %ood agreement be-
tween the numerical (dashed) and analytic (solid) solu-

tions for J for all length scales H. To quantify errors, we

define the error in a quantity X € {J, D} relative to the
analytic solution X4 as

[|6X||F = \//ﬂi(X—XA)de/ X3dz,  (145)

oF

where the spatial domains to the left and right of the
shock are Q7= [0, 1] and Q* = [1, 2], respectively. For the
steady state Lagrangian energy density, we

find |[6J]|]; = {2 x 1077,3 x 1078, 7 x 1078} and ||5Ji|
={6x10 9,3 x10% 4 x108},forH = {3 x 102,10 %,
10 3} respectively.

In the same panel we also plot the Eulerian energy
density E (dotted lines). In a steady state, the Eule-
rian energy density should remain constant across the
spatial domain — including across the velocity jump —

in this test. For v, = —0.1, F is constant to ma-chine
precision before the shock, where v = 0. We ob-

serve a relative jump in F on the order of 10~ across the
shock, and FE remains relatively constant from the shock
to the outer boundary. For H = 1073, E is no-ticeably
oscillatory after the shock, whereas for the other two
values of H, FE is relatively smooth. We note that no slope
limiter is applied in the numerical methods to generate
these results. These oscillations can be removed or
reduced by increasing the number of spatial elements to
resolve the shock or using a slope limiter (see Sec-tions VI
E 3 and VI E 5, respectively). This demonstrates
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that our method captures Doppler shifts correctly —
even when velocity gradients are large. However, our
results illustrate challenges with using comoving-frame
momentum coordinates, which requires approximating
four-velocity gradients—see Eq. (68)—that can become
inaccurate with finite spatial resolution, as we will inves-
tigate further in this section. We mention that we tried
replacing approximate derivatives with exact derivatives,
but this did not result in any noticeable improvements.

We solve conservation equations for the Eulerian-
frame energy and momentum densities, and our proposed
scheme conserves these quantities to machine precision,
as illustrated in Figure 8, which shows the relative change
in the Eulerian-frame energy versus time (normalized to
the energy in the computational domain at ¢ = 3). Sim-
ilar to conservation plots in [22], energy fluxes through
the boundaries of the computational domain are included
in the energy balance accounting. This is a nontriv-
ial result for this challenging test, where the solution
evolves very close to the boundary of the realizable do-
main. (Flux factors, both F/& and H/J, are found to be
1—0O(10~8) across the spatial domain.) By construction,
cell-averaged moments remain realizable at all times, but
the realizability-enforcing limiter is frequently triggered
to recover pointwise realizability of moments in a way
that ensures our scheme is simultaneously conservative
and realizability-preserving.

The right panel in Figure 7 is similar to the left panel,
but plots the Lagrangian and Eulerian number densities,
D (dashed) and N (dotted), respectively. As discussed at
the end of Section IT A, our method does not evolve the
number density directly, and is not designed to conserve
the Eulerian-frame particle number. Yet, it is interesting
to see that, for H = 3 x 1072 and H = 1072, D matches
the analytic steady state solution very well, and that N
is relatively constant across the domain. In these two
cases, ||0D]|3 = 7x 107° and 10~%, respectively, and the
relative change in N across the domain is on the order of
10~% away from the shock, but spikes to ~ 1073 in the
shock. The method does not handle the case with H =
1073 as well as the other two, as D is slightly larger than
the analytic solution after the shock (||6D||; =3 x 1073
and [|6D||3 = 2 x 107?), there are visible oscillations in
D and N just before the shock with relative amplitude
of ~ 2x 1072, and there is a slight relative increase in N
of order 103 after the shock. To improve these results,
we suspect that additional care in the discretization of
the two-moment model in Eq. (22) will be necessary to
ensure better consistency with the number equation in
Eq (25) — e.g., as discussed in Appendix D in [13].

2. VUmax = —0.5

Figure 9 shows the same quantities as Figure 7, but for

the more relativistic case with vyax = —0.5. The larger
velocity magnitude makes the test even more challenging.

Despite this challenge, our proposed method is able to
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solid lines, with line colors matching the corresponding numerical solution.

capture the Lagrangian energy density across all length
scales, however J becomes visibly oscillatory after the
shock for H = 1073, (We also observe smaller oscillations
for H=1072.) Moreover,||§J||; = {5 x 1077,3 x 10 4
5x103} andi|5J|| ={2x10 °2x10% 5x10?}, for
H=1{3x10% 10 % 10 *}. Thelarger velocity jump also
impacts the evolution of F after the

shock. The case with H = 3 x 1072 ig the only one to
maintain relative changes in E below 10 ° away from

the shock, spiking to ~ 10™% in the shock. The relative
jump in F across the shock increases as H decreases, and
E exhibits oscillatory behavior after the shock. A trend of
increasing error with decreasing H is also reflected in

the results for D and N. For H = 1073, D is visibly
different from the analytic solution after the shock, there
are oscillations in D and N just before the shock, and
there is a noticeable relative jump in N of about 5%

acg(%sls()th‘le ghockbgp}e‘gngf%%}é|ﬂ% fi“ﬂf%'% ?—i %())%715)51,18

—X
Jor H={3 x'107,

The sustained oscillations in the numerical solution,
seen after the initial transient (illustrated in Figure 6)
has propagated through the domain and the solution has
settled into a quasi-steady state, are in part caused by
intermittent triggering of the realizability-enforcing lim-
iter [22]. The inner boundary condition is set to ensure
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energy in the computational domain versus time for the
case with v = —0.1 and various values of H.

that the steady state solution is in the free-streaming

limit (flux factor is 1 — 10~%), which facilitates compar-
ison with the analytic solution’in Eq. (141). For t = 3,

we find that the energy-averaged flux factor, computed
with either Eulerian or Lagrangian moments, remains
very close to unity across the computational domain;

specifically, /&, H/J =1 — O(10~8). Despite evolu-tion
close to the boundary of the realizable domain and

frequent triggering of the realizability-enforcing limiter,
our proposed method maintains its conservation prop-
erties in this more relativistic case, as can be seen in
the plot of the relative change in the Eulerian-frame en-
ergy versus time in Figure 10. At the end of the simu-
lation, the relative change in total energy for the case

Wwith vay = —0.5 and H = 1073 (blue line in Fig-ure 10) is
almost a tactor of 40 larger than the model

with vpax = —0.1 and H = 1073 g;blue line in Figure 8).
The reason for this is the accumulation of errors as a re-

sult of the smaller time step, due to the larger velocity
magnitude and the time step’s dependence on the veloc-
ity gradient through a° (recall Eq. (115)), and the corre-
sponding increased number of time steps needed for the
more relativistic models to complete. For the case with
Vmax = —0.1, we find At = { 1073, 8x107%, 3x107} for
H={3x102 10 210 3 }= For the moreelativistic model
with vpa= —0.5, we find At = i 1.3x10 4 4.5x10°1.1
x 10 Ffor H= {3 x 102,110 2, 10 3 }. We note that the
time step restriction is a sufficient—not
necessary—condition to maintain realizability. In prac-
tical applications, a larger time step may be taken, but
this will be problem dependent. However, due to the
possibly severe time step restriction for maintaining re-
alizability with explicit integration of energy derivative
terms in the moment equations, implicit integration of
these terms, e.g., as explored in [28], may be a fruitful
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avenue for future investigation.

3. Spatial Mesh Refinement

The results obtained for the under-resolved (H = 1072)
and discontinuous (H = 10~2) shock cases with

Umax = —0.5 exhibit features associated with the sharp
velocity gradient around z' = 1. Notably, the steady

state solutions for the Lagrangian energy density J are
visibly oscillatory after the shock. The same can be said
for the Lagrangian number density, which is also visibly
offset from the analytic solution when H = 1073,

Here we study the effects of spatial mesh refinement

for the case with vpax = —0.5 and H = 10~2. Be-ginning
with 40 spatial elements, we refine the mesh

until Az'/H < 1 to resolve the shock. We double the
number of spatial elements, going up to 320, so

1 . .
{IGh Dancl) and D (ght panel) veroea posi et Pt/
tion, clearly illustrates the effect spatial mesh refinement
has on improving the quality of both J and D after the
shock. As the shock becomes better resolved, the nu-
merical solution for both J and D (dashed lines with
markers) approaches the analytic solution (solid magenta
lines) and oscillations are significantly reduced. With
Azl'/H = 5/8 (green curves), the shock is resolved and
there are no visible oscillations in J or D. Specifically,
we find |[6J]|T = {1073,2 x 1072, 3 x 1074, 1078 } and ||
SD|| ={6x 03,3 x103,3x 104, 7x 10 °} for {40, 80,
160, 320 } spatial elements, respectively.

Based on these spatial mesh refinement results, we be-
lieve that sharp gradients in the fluid four-velocity are a
dominant source of errors in numerical methods for the
conservative spectral two-moment model based on
comoving-frame momentum coordinates. Refining the
spatial mesh to resolve the shock when H = 1073 is
computationally expensive as it would require 2560 spa-
tial elements. In practice, it may be necessary to ap-ply
smoothing to the four-velocity supplied to the phase-
space advection solver to avoid numerical artifacts.

4. Polynomial Degree

In this section, we investigate the effect of the polyno-
mial degree, k, on the solution in the most challenging

case of v = —0.5 and H = 1073. We keep the total
number orfa)égrees of freedom the same for each polyno-

mial degree. Thus, for quadratic polynomials (k = 2) we
use 32 energy elements and 60 spatial elements; for linear
polynomials (k = 1), 48 energy elements and 90 spatial
elements; and for constant polynomials (kK = 0), 96 en-
ergy elements and 180 spatial elements. (The case with
k = 0 is identical to a first-order finite-volume method.)
When changing the number of energy elements, we ad-
just the geometric progression of the element widths to
maintain a similar distribution of points. For k = 0, we
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use Aeg;y1/Ae; = 1.038647428867211, while for k = 1, we
use Ag;1/Ae; = 1.019368113873667. We use SSPRK3
time stepping for all values of k.

Figure 12 presents the results of this investigation.
The left panel plots J versus position around the shock.
Numerical solutions obtained with constant, linear, and
quadratic polynomials capture the features of the ana-
lytic solution well (modulo oscillations for & > 0). The
constant polynomial solution is the only case that re-
mains nonoscillatory. The right panel shows D versus
position around the shock. In addition to displaying os-
cillatory behavior for k > 0, results for all values of k
indicate larger errors in the jump in D across the shock.
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—0.5. The plotted quantities correspond to the ones in Figure 7.

spifically, [|6J]|7 = { 6x 1073, 2x 1073, 5x 1073 } and ||
DIf 5 {4 x 102 6 x 10 2 5 x 10 2} for polynomial
degree k=1{0,1, 2 }.In future work, we believe it would
be worthwhile to investigate structure—preserving meth-
ods for the two-moment model that maintain consistency
with the number conservation equation — with coarse
spatial meshes — to see if results for this test improve.

5. Slope Limiter

The oscillations present in the numerical solutions af-
ter the shock for £k > 0 can be damped using a slope
limiter. In Figure 13 we show the effects of using a TVD
slope limiter in the challenging case with vy.x = —0.5
and H = 103, using quadratic polynomials on a mesh
with 32 energy elements and 60 spatial elements. The
minmod-type TVD limiter we use is applied to the poly-
nomial representation in position space, and is described
in Section 3.3 of [63]. Specifically, for Sryp € [1, 2], we
set fryp = 1.25, and the limiter is applied component-
wise to the conserved variables U, as opposed to charac-
teristic variables. As can be seen in the plot of J versus
position, the limiter damps the nonphysical oscillations
present in the numerical solution. The damping of os-
cillations carries over to E, D, and N. For these two
modelswe find ||(5J||+ = 6 x 1073 (without limiter) and|
8J|| =8 % 10 4 twith limiter), and ||6D|| = 5J5< 02 -
(with"and without limiter).

F. Shadow Casting

In this 2D test, we consider a material at rest and
set up a source region of radiation and an absorbing
region. The goal of the test is to demonstrate that
our code can capture the radiation shadow cast by the
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absorbing region as the radiation propagates from the
source region. Similar setups are frequently used to
demonstrate the advantage of two-moment models over
flux-limited diffusion models in capturing shadows (e.g.,
[16, 24, 28, 32]). Following [16], we set up a Cartesian
domain of Q.1 x Q2 = [0,15] x [—5, 5], discretized into
300 x 200 elements. We use outflow boundary conditions
in each direction. The fluid velocity is set to v = 0. The
source region, S, is defined as the circle of radius rg = 1.5
centered at the point (z!,2%) = (3,0). The absorbing re-
gion, A, is defined as the circle of radius r 4 = 2 centered

at the point (z!,2%) = (11,0). We set o = 0, while x
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and Jp are determined as follows

10exp[—(4|lx — zs|/rs)?], =€ S
x(x) = ¢ 10, rzc A
0, elsewhere,
(146)
107, xzeS
= ’ 14
o () {0, elsewhere. (147)

Throughout this section, z = (2!, 2%). We initialize the
Lagrangian moments as

J(x,0) =107 Hi(x,0) =0, forall &€ Qi xQyo.

We run the test until ¢ = 15, when an approximate steady
state has been established.

In Figure 14 we plot a contour map of the isotropic
luminosity emitted by the source region,

L =27z — xs|\/ FF*

Similar to [16], the plots depict the solution at three dif-
ferent time values to illustrate the emission of radiation
from the source and the formation of the shadow, demon-
strating our code is able to capture radiation shadows.

(148)

G. Transparent Vortex

In this test, we consider a two-dimensional spatial do-
main, Q.1 X Q2 = [=5,5] x [=5,5], and model the
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propagation of free-streaming radiation through a spa-
tially varying velocity field mimicking a vortex. For
the setup we follow [22], which is an adaptation of the
spherical-polar test in [16] to Cartesian coordinates. We
set the opacities as x = ¢ = 0, and let the velocity field
v = [v},v2,0]T be given by

Ul(ﬂfl,xQ) - 7Umax‘r2 eXp [(1 - ‘$|2)/2],

1)2(:]5171'2) =  Umax xl exXp [(1 - |€B|2)/2],

where |z| = y/(21)2 + (22)2. The energy domain is given
by Q. = [0,300]. In the energy dimension, elements have
geometrically progressing spacing with Ae;y1/Ae; =
1.119237083677839. We discretize the spatial and en-
ergy domains with 48 x 48 and 32 elements, respec-
tively. The moments are initialized as J = 1 x 1078,
H' = (1-6W T, and H? = 0 for all (21, 22) € Q1 xQy2,
with § = 1078, For the inner spatial boundary in the z'-
direction we set 7 (g, 2! = —5,2%) = ¢/ exp|(¢/3—3) +1],
Hi(e, 2t = —5,2%) = (1 — )W (a! = —5,22) T (e,2! =
—5,2%), and H?(e,2' = —5,2%) = 0. For the outer spa-
tial boundary in the x'-direction we use outflow condi-
tions. In the z2-direction we impose reflecting boundary
conditions. In this test, the moments are evolved until a
steady state is reached at ¢t = 20, and we run simulations
with Umax € {0.03,0.1,0.3}.

In the steady state, as radiation propagates through
the vortex, we expect the spectra to be Doppler shifted
towards lower (red shift) or higher (blue shift) energies,
depending on the local direction and magnitude of the
velocity. When considering energy integrated quantities,
we expect the Lagrangian number and energy densities
to be affected by the velocity field due to Doppler shifts,
while the Eulerian number and energy densities should
be unaffected. The purpose of this test is to investigate to
what extent these aspects are captured by our proposed
scheme. Similar to the tests in VID and VIE, this test
is also challenging because the solution evolves close to
the boundary of the realizable domain.

Figure 15 plots the energy spectra at different locations

in the spatial domain for vy € {0.1, 0.3}. For all plots,
the black and magenta curves are located at points where

the velocity is approximately zero, while the red and blue

(149)
(150)

curves aresampled at locations where v & [Umax, 0,0]T

and v = [ ., Ond meesprctinetyedWo expiedt the spackra
imposed at the

inner 2! boundary because the velocity is approximately
zero at these points. We observe very good agreement
between the numerical and analytic spectra for all values
of vmax. Even the magenta curve, which is located after
the vortex, matches up almost identically with the black

curve. This is a major improvement over the O(v/c) re-
sults in [22], where they reported trouble recovering the

expected spectra (x!,2%) = (3.5,0). As for the red and
blue curves, they are red- and blue-shifted relative to
the incoming spectra, respectively. We again see good
agreement for all vyax. When comparing with the re-
sults obtained with the O(v/c¢) implementation reported
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in [22], our results are in better agreement with the ana-
lytic solution, even for vy.x = 0.3, and especially in the
wake of the vortex. We elaborate further on this point
below.

Figure 16 plots the relative difference between the en-
ergy integrated z'-component of the Lagrangian flux den-
sities evaluated at the inner and outer boundary, defined
as |HY(5, %) — HY(=5, 22)|/H(-5, z?). This quantity
sh0|uld (vanis})l for exa(ct calcuﬂl/tim(ls. We f1)nd that the
error increases with increasing vy,.x. However, with the

relativistic model, we are able to improve over the O(v({ c)
results reported in [16] and [22], since for vyax = 0.1

our error is no larger than about 10~°— compared to

about 3 x 1072 in [16] and about 5 x 1072 in [22]. Even
with a more relativistic velocity, vymax = 0.3, this error is

no larger than 10~%. This indicates that for this test the
inclusion of higher-order velocity observer correction
terms is important even for non-relativistic (v < 0.1) ve-
locities. Furthermore, Figure 16 compares this quantity
when using 48 (solid lines) and 64 (dashed lines) spa-tial
elements in each spatial dimension. For the different
spatial meshes this quantity is not significantly different.

In Figures 17 and 18 we plot the energy integrated La-
grangian and Eulerian number and energy densities for
Umax = 0.1 and vpax = 0.3, respectively. To emphasize
the impact of the Doppler shift, in each panel we plot
the relative difference with respect to the value at the
inner 2! boundary. We can see that for all values of vpax
the relative difference of the Lagrangian number density
D matches with the behavior we see in Figure 15. For
2% > 0, inside the vortex, we observe an increase cor-
responding to blue-shifted spectra, and for z? < 0, in-
side the vortex, we observe a decrease corresponding to
red-shifted spectra. In the wake of the vortex we ob-
serve that the relative differences do not return exactly
to zero, and that the magnitudes of these errors scale
with vpnax. The plots for J are similar to the plots for
D, the only difference being the scale on the plots for J
is roughly doubled. For comparison, the relative changes
in the Eulerian number and energy densities, N and FE,
using the same color scales, are presented in the right
panels in Figures 17 and 18. Both the Eulerian num-ber
and energy densities are constant to within 107° and
10~* for vpayx = 0.1 and 0.3, respectively. For both N and
FE, these maximal values occur in the wake of the vortex.
While we observe small variations in the Eule-rian
number and energy densities, which ideally should be
unaffected by the vortex, we emphasize that the vari-
ations are considerably smaller than was reported for the

O(v/c) model considered in [22]. Furthermore, as in the
Transparent Shock test, we observe at ¢t = 20 that the

energy-averaged flux factor, computed either as F/€ or

[J — @etitonalddmdin. 1 (10~8) across the computa- H



Umax = 0.1
45 T T T T
......... (z',2%) = (-3.5,0)
] 77NN U (z,22) = (3.5,0) |
......... (x1,2?) = (0,-1)
stk e (21, 22) = (0,1) |4
30F
w 25F
X
S 20}f
15F
10
5 =
0 . : ; y
0 5 10 15 20 25

1

31

Vmax = 0.3

FIG. 15: Numerical energy spectra at select locations (indicated by the legends) for the transparent vortex problem.
The left panel shows results for vyax = 0.1, while the right panel shows results for vy,.x = 0.3. In each panel, the
solid lines are the analytic spectra, while dotted lines are the numerical results.
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FIG. 16: Relative difference between the incoming and
outgoing flux in the z'-direction for
Umax € {0.03, 0.1, 0.3}. The solid lines are from solutions
on a 48 spatial mesh. The dashed lines are on a $4
spatial mesh. Blue lines are for vya.x = 0.03, red lines
are for vymax = 0.1, and yellow lines are for vy, = 0.3.

VII. SUMMARY AND CONCLUSIONS

We have proposed and analyzed a realizability-
preserving numerical method for solving a spectral two-
moment model to simulate the transport of massless,
neutral particles interacting with a steady background
material moving with relativistic velocities. The model
is obtained as the special relativistic limit of the four-
momentum-conservative general relativistic model from
[13], which is formulated in terms of comoving-frame
momentum-space coordinates to facilitate computational
modeling of the material coupling. The two-moment

model solves for the Eulerian-frame energy and mo-
mentum, and is closed by expressing higher-order mo-
ments in terms of the evolved moments using the
maximum-entropy closure proposed by Minerbo [14].
The realizability-preserving method maintains algebraic
bounds on the Eulerian-frame energy and momentum.

The proposed numerical method combines DG phase-
space discretization with IMEX time-stepping. The
phase-space advection terms are treated explicitly, while
the collision term is treated implicitly. To preserve realiz-
ability of the evolved moments, the DG phase-space dis-
cretization is equipped with numerical fluxes, which allow
us to derive a sufficient time-step restriction to preserve
realizability of the cell-averaged moments. For the IMEX
scheme, the time-step restriction is no worse than the re-
striction imposed by the explicit Forward Euler scheme.
A realizability-enforcing limiter is used to recover point-
wise realizability from the cell-averaged moments.

Because the closure procedure and the implicit colli-
sion solve are formulated in terms of primitive moments,
the proposed method requires solving two respective non-
linear systems. For both of these nonlinear systems, so-
lution methods have been proposed in the form of fixed-
point problems. The fixed-point problems are formulated
such that they preserve moment realizability of each iter-
ate, subject to a mild step-size constraint. For the prim-
itive moment recovery problem we have proven conver-
gence to a unique realizable moment pair for the algebraic
approximation to the Minerbo closure for v < 0.221075.
Although this (sufficient) convergence condition appears
restrictive, it is likely not sharp since, numerically, we
have not observed any convergence failures during primi-
tive moment recovery for any 0 < v < 1. Additionally, in
practice we have not observed any issues regarding con-
vergence or maintaining realizability when using New-
ton’s method for primitive moment recovery.
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The proposed algorithm has been implemented and
tested against six benchmark problems. We run two
tests — Streaming Sine Wave and Gaussian Diffusion
1D — with constant background velocities. The results
of these tests demonstrate the proposed method’s order
of accuracy for smooth solutions and ability to perform
well in the dynamic diffusion regime (e.g., [20]), respec-
tively. Three tests — Streaming Doppler Shift, Trans-
parent Shock, and Transparent Vortex — are run with
spatially varying (smooth and discontinuous) background
velocities. The Streaming Doppler Shift and Transpar-
ent Vortex tests demonstrate the proposed method’s abil-
ity to capture special relativistic effects, such as Doppler
shifted energy spectra, in one and two spatial dimensions,
respectively. The results of these tests also demonstrate

improvements over the same tests for the O(v/c) model
in [22]. The Transparent Shock test demonstrates the
proposed method’s ability to capture solutions which de-
velop discontinuities due to steep velocity gradients, as
we see good agreement with reference solutions, even
for large, v < 0.5, velocities. The Shadow Casting
test, which has zero velocity, demonstrates the proposed
method’s ability to accurately capture radiation shadows.

Further work is needed to address challenges associ-
ated with extensions of the model considered here. First,
the collision operator considered in this paper is simpli-
fied and the background is fixed. Extending the method
to collision operators that include more complex particle
interactions, such as inelastic scattering, and considering
the dynamical response of the material should be done.
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FIG. 18: Result for the transparent vortex problem. The same quantities as in Figure 17 are displayed

for

Umax = 0.3, and again the dotted circle is the contour where the magnitude of the velocity is vmyax-

To this end, we would consider extending the nested
fixed-point algorithm proposed in [22] to the relativistic
case. In this algorithm, the matter states are updated in
an outer iteration layer, while the radiation moments are
updated in an inner iteration layer with the matter states
held fixed. In this context, the iterative collision solver
proposed in Section IV B can be used straightforwardly in
the inner layer. Second, this paper addresses neutral par-
ticles obeying Maxwell-Boltzmann statistics, but we aim
to apply the proposed method to model neutrino trans-
port in nuclear astrophysics applications. Neutrinos are
fermions, which due to Pauli’s exclusion principle have an
upper bound on the phase-space density and associated
bounds on the moments. Therefore, our analysis should
be extended to moment closures based on Fermi-Dirac
statistics. Third, the model is special relativistic and
formulated in Cartesian coordinates, so it is desirable to
extend to general relativity and more general curvilinear
spatial coordinates. Finally, our method is not designed
to conserve particles even though our model possesses

this conservation law at the continuum level. To model
neutrinos, it is desirable to simultaneously conserve both
number and energy (e.g., [1]). We believe the analysis
and method proposed here can be helpful as a starting
point to address these challenges in future work.
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Appendix A: Sharpness of ¢ with respect to |g|

The upper bound for |¢| given by Eq. (78) is not a sharp
bound overall. For small values of v, the bound is sharp,
but it becomes looser as v increases (see Figure 19). To
test these bounds we consider a one-dimensional three-
velocity which has derivatives only in the x-direction.
We let v* = (v,0,0)T, where —1 < v < 1, and set
0,v" =v'/L. Here L is a length scale parameter, and
in the rest of this appendix we will denote g by ¢(w; L)
to emphasize its dependence on the angle w and param-
eter L. We then generate 100 different values of ¢(w; L),
where the parameter w = (3, ) is randomly sampled
from ¥ € (0,27) and ¢ € (0,7) to produce ¢* and L* as
given by Eqs. (50) and (15), respectively. In Figure 19
we plot the relative difference

al, . (L) — max,, q(w; L)

max

max,, ¢(w; L) (A1)

where af,,, is defined in Eq. (78). If this relative differ-
ence is close to zero, then the bound is sharp. We ran
the test with L € {1074,1073,...,103,10%}. The results
of the test in Figure 19 are the same for any L. Thus, the
bound is sharp only for small v, and becomes looser as v
increases. For —0.004 < v < 0.004 the relative difference
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is less than 10~2; for —0.048 < v < 0.048, less than 107 !;
and for —0.334 < v < 0.334, less than 10°.

Since our bound is not sharp, it could be worthwhile
to improve this upper bound in the hopes of improving
test results, especially for larger velocities. Improving
the bound would require either a more careful bounding
of the quantities L'B;, L'L7C;;, and E?/?, or attempt-
ing an upper bound through a Lagrangian decomposition
of the tensor A,,. A Lagrangian decomposition proves
more difficult to bound since ° # 0, whereas with the
Eulerian decomposition, L% = 0.

Appendix B: Moment Conversion Convergence
Proof

We derive a restriction on v = /v,vF to guarantee
the moment conversion scheme, Eq. (99), converges to a
unique solution. We do this by showing for M € R the
mapping in Eq. (99),

(1= AW)T = AiH; + \E

H=(M) = . ~
U( ) (1—/\W)H¢—/\U]]Cij+/\.7:i ’

(B1)
is a contraction mapping on R equipped with the 2-norm.
That is, for all M(® M®) € R, we have

[Hg (M) - Hg(M®)], < LMW - M©|, (B2)

for some 0 < L < 1. We will follow the framework used in
the appendix of [22] where the authors proved a conver-
gence condition for a similar moment conversion problem.
The following inequalities will be necessary for proving
our restriction on v
HH <W2H?, (H®)? < WK% (B3)
They can be derived from definition of H? by us-
ing the identities H"=v'"H;, (1—0%)=W~2 and
W2 — 1= (Wwv)2 We then define

AT =g —g®), (B4)
AH; = HY — 1), (B5)
ARy =K — K. (B6)

Then the norm on the right-hand side of Eq. (B2) is given
by

: a7
v - M0l = |57 = AT+ 1ans,
tll2

(B7)
where |AJ|3 = |AJ]?, and [|[AH|2 = |[AH.|* +
|AHo|?+|AH3|%. Applying the triangle inequality to the
left-hand side of Eq. (B2), we have the following upper
bound

—AMV)AT — MiAH;
- )\W)AHz - )\’UjA,Cij
viA'Hi
UjAICZ‘j

IFi (M) ~ Ho (M) = |

AT

2

. (B8)

< (1—AW>H
2




Thus it suffices to show for some 0 < L<W

VAN, =
wAK |, S A, (B9)
We will prove the above inequality holds for

L= v\/14W6 +V14W5 + 1 with the restriction that
v < 0.221075.

We first bound the left-hand side of Eq. (B9) using
Cauchy-Schwarz,

- 2
UZA'HZ' i
< VP||AH, |3 + [l AK; 13,

UjA/Cij , (B10)

and by the mean-value theorem for vector-valued func-
tions

; oK
1o A1z < 1?5

H2 AT 2 + IIUJ ||2 [AH; 2.
(B11)
Thus to prove a convergence criterion, we seek bounds
on [Jo? 3+ 2 and [[o7 2 .
Lemma 13. For any M € R, |[v/ a(,;c; 2 < W2o.
Proof.
1 A
(2 k)(mij + usuj) + (3k — 1)h;h;]
j Ok oh
< [(3h; h 70
1 JA
= 5[W%Z-a — k4 k'h) +h%;(3k — 1 — 3k’h)]
1 JA
= §(W2Uz’¢o + h%hgen), (B12)
where k' = 0k/0h, and we have defined
=1—k+kh, (B13)
1 =3k — 1 — 3k'h. (B14)

Recall k is the Eddington factor given by Eq. (43), and
h=%H/J € [0,1] is the flux factor. The functions vy and
11 satisfy the following inequalities for h € [0, 1]

SwOSZa _4S1/)1S0

Wl N
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These bounds can be verified by plotting ¥y and ¥, as
functions of h. Taking the norm squared of Eq. (B12)

and bounding h;h? from above yields

0Ky, 1 C0vap o .
Y I3 = 7 (W5 + (h°)*hih ot + 272 (h")*gorin)
1

< (W5 + W2(h0)2 (47 + 240th1)).
(B15)

S

It can be shown that ¥? + 21 < 0 for all h € [0, 1].
Then

oK
lv? 07 HI3 < *W4v21/)(2> < Wi,
O
Note Lemma 13 is comparable to Lemma 8 in [22].
Lemma 14. For any M € R, |[v/ 557 a’C” lo < V14W30.
Proof.
O A ok Oh
I —3[(3hih; — hii)—
o, ~ By = b G
oh; . Ohi T
3k — 1)(h;—~
@k D + RSOl
1 A o~
:ik’(3hih° — W2u;)(hy + houy)
3k —

1. . DU
T(hﬂ’k + %, — 2h;h° (hi, + hovy))

To prove ||v3 2 < V14 14W3v, we will show that

ijykai?-t,zuz <V14W3vy, Vy' = (v y% )T,

where y = \/y;y*. We define the following quantities

3k—1 .
¢2 = Ta ﬁ = Ukyka Y= hkyk7 (B16)
aE = Flk + Ho’t}k = F]k - Hovk. (Bl?)
Then,
L O 1 P
7ok v *k/ th o 2, k
vy 9, 2 (3h; Wev;)agy
1 ~ ~ A
+ 51/)2(hi5 + h%; — 2h;h%ayy®).  (B18)

Taking the squared norm of Eq. (B18), it then follows
that



J ka’C”H :}
27y

+ 3K Ua(any ) GRAROG +3(R)

[[v (K)?(cwy®)? (9hsh* (h°)?

1 n a . JUIN .
+ ng(h,—hlﬂQ + 2h°By — 4h;h*h° (e y®) B + (h0)2y?

GWQ(FIO)Q
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+ We?)

— 6h;h (h) 2% — 2W2h03 4+ 2W2(h°)2 (apy®))

— 4(h%) (any")y + 4hib* (1) (ary*)?)

=P (RO (G ()7 — 3K+ 03) + W2 (S ()7 + Kbn) + Kby — 93] + i 2, 2
ARO[ LR (SR — 03) + W — T3]+ TR 4 ()%
+ (R0 iR (1 >2<§<k'>2 ~ 3K+ 4B) + (RO (=S () + K)
WA R K — 43) + W)
— 2RO (RO (F(K)? = 3K + 03) + (ROPW(—5 ()2 +K'ga) + 5 (R0 (5K — )]

To save space, we introduce the following quantities

9

A= 1(k’)2 — 3Ky + 92 >0,

B= —g(k’)Q +k'1py <0,
3

The inequality for A holds for all h € [0,1], while the
inequalities for B and C' hold for h > 1/6. The follow-
ing bounds can be shown by expressing the quantities as
polynomials of the flux factor h and using the inequalities
in Eq. (B3),

1o 1 1
—ihihZC + 7W2k'w2 — ﬂpg >0, for h €[0,1], (B19)
HHA+WQB+2C>0 if h<1/6, (B20)
PP 1
hhA+WQB+§C§O, if h>1/6, (B21)

J

(

We will ignore the case of h < 1/6 as it results in the
smaller upper bound. Thus, for the remainder of the
proof we assume h > 1/6. We apply the inequality
—2ab < a? + b? to the three —2ﬁ05'y terms, where for
the first term we take a = vﬁo and b = (3, while for
the remaining terms we take a = Hoﬁ and b = . Note
that we can apply this inequality since Egs. (B19), (B21)
show the coefficients for each of the 72[1057 terms do
not change sign for h > 1/6. Reexpressing the norm in
terms of A, B, and C, and applying the —2ab inequality,
we have

0K, SON2ie £ [P 1 1 <ol P 1 1
lo7y" 3 15 < (h°)[hsh" A = Shib'C + W2B + SWK4pa + O = 2053] + B[hih" 703 — Shih'C + WKz — 93]

(h%)2C + W4v2(k’)2

DN | =

+ (h°B)%[~

72[76261(}1 )2A o W2(F]O)2

We now focus on upper bounding the terms in brack-

. n 1
— h;h'C + WK o] + ZW4”

1.
A (K)? 4 (002

B - %(ﬁo)zc + iW‘lvz(k/)Q}.

(

ets. The remaining terms are easily upper bounded by



Eq. (B3) and the inequality 0 < k/ < 2.

h;h*A — —h;h'C + W?B + %W2k’1/)2 +C - iwg

| =

1 1 1
S WA+ B+ 5Kea) + (5C = J95) < W2,

A0 Do Dy, - Lo
<h (iz/g — fC) + ng’wz - fwz
- o bow - L <o

N %(HO) C+ W4 2(K')? — hyhiC + W2K'2hs
<G 2<k> + WKy < 6W?,

— h;ih*(h%)24 — W2(h)?B %( )C+4W4vQ(k’)2

These bounds can be shown by using our inequalities on
A,B, and O, the inequalities for H;H® and (H°)?, and by
plotting the quantities as functions of the flux factor h.
Thus we have

oy L I3 IR0 + 20252 + 6172 (105
+W4U2’}/2+(H0)2 2+3w4 2 2
<WO(vy?) + 22 (0% )+6W6 Hw2y?)
+ WO (wy?) + W2(v?y?) + 3W6 (v?9?)
<14W5 (v?y?).
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Hence, [|v7 57 Ok i; 1|y < V14W3y 0

Applying Lemmas 13 and 14 to Eq. (B11), we have

[0/ AR5 <(W20l|AT |2 + VIAW 0| AH, 2)?
=W AT |5 + 14W 0| AN 3
+2VIAW P AT o[ AH, 2. (B22)

Then,
VEAH, ?
VI AK,, . <WH2||AT |3 + (14W 50 + %) | A3
+ 2V AW AT o] AH; o
<(W*+ VW) (|AT |13
+ (14W° + V14W° + 1)0°|| AH, |12
<(UWS +VIAW® + 1) |\ || . (B23)
7112
We let L = v\/14W6 +14W5+1. Then, us-

ing WolframAlpha, we find that L < W when
v < 0.221075. Hence the scheme is guaranteed to con-
verge for v < 0.221075.
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