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utilize these coordinates is important for non-equilibrium transport problems in general
relativity and also in science and engineering applications with specific geometries. The
method achieves high-order accuracy using Discontinuous Galerkin (DG) discretization of

Keywords: phase space and strong stability-preserving, Runge-Kutta (SSP-RK) time integration. Special
Boltzmann equation care is taken to ensure that the method preserves strict bounds for the phase space
Radiation transport distribution function f; ie., f € [0, 1]. The combination of suitable CFL conditions and
Hyperbolic conservation laws the use of the high-order limiter proposed in [49] is sufficient to ensure positivity of
Discontinuous Galerkin the distribution function. However, to ensure that the distribution function satisfies the
Maximum principle upper bound, the discretization must, in addition, preserve the divergence-free property

High order accuracy of the phase space flow. Proofs that highlight the necessary conditions are presented

for general curvilinear coordinates, and the details of these conditions are worked out
for some commonly used coordinate systems (i.e., spherical polar spatial coordinates
in spherical symmetry and cylindrical spatial coordinates in axial symmetry, both with
spherical momentum coordinates). Results from numerical experiments — including one
example in spherical symmetry adopting the Schwarzschild metric — demonstrate that
the method achieves high-order accuracy and that the distribution function satisfies the
maximum principle.
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1. Introduction

In this paper, we design discontinuous Galerkin methods for the solution of the collision-less, conservative Boltzmann
equation in general curvilinear coordinates
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that preserve, in the sense of local cell averages, the physical bounds on the distribution function f = f(x, p,t). This
function gives the density of particles with respect to the phase space measure dxdp. In Eq. (1), t € R* represents time,
and x' and p' are components of the position vector x € R% and momentum vector p € R%, respectively. In general,
dx =dp =3, but when imposing symmetries for simplified geometries, some dimensions may not need to be considered.
Fi and G! are coefficients of the position space flux vector Ff and the momentum space flux vector G f, respectively,
while ,/y >0 and /A >0 are the determinants of the position space and momentum space metric tensors, respectively.
(See Appendix A for more details. In particular, Eq. (1) is obtained from the conservative, general relativistic Boltzmann
equation in the limit of a time-independent spacetime.) Eq. (1) must be supplemented with appropriate boundary and initial
conditions which, at this point, are left unspecified.
The upper and lower bounds on f follow from the non-conservative advection equation
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which is formally equivalent to (1) due to the divergence-free property of the phase space, or “Liouville,” flow
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Indeed, it is straightforward to show that (2) preserves the bounds of the initial and boundary data. (Here we assume
that the distribution function f(x, p,t) satisfies f € [0, 1] Vt.) We employ the conservative form for two major reasons:
(1) it is mathematically convenient when discontinuities are present and (2) it leads naturally to numerical methods with
conservative properties. The drawback is that preserving point-wise bounds on f becomes non-trivial.

Discontinuous Galerkin (DG) methods (see e.g., [13,12,18] and references therein) for phase space discretization are
attractive for several reasons. First, they achieve high-order accuracy on a compact, local stencil so that data is only
communicated with nearest neighbors, regardless of the formal order of accuracy. This leads to a high computation to
communication ratio, and favorable parallel scalability on heterogeneous architectures [21]. Second, they exhibit favorable
properties when collisions are added to the right-hand side of (1). In particular, they recover the correct asymptotic behav-
ior in the diffusion limit [23,1,17], which is characterized by frequent collisions with a material background and long time
scales. To leverage these properties, it is important to preserve positivity in the phase space advection step since negative
distribution functions are physically meaningless. In the case of fermions, f is also bounded above (i.e., f < 1), which in-
troduces Pauli blocking factors in the collision operator. Violation of these bounds can result in numerical difficulties due
to nonlinearities that can come from material coupling [29]. Simply introducing a cutoff in the algorithm is unacceptable,
since this results in loss of conservation — a critical check on physical consistency.

In this paper, we extend the approach introduced in [49] in order to preserve upper and lower bounds of scalar con-
servation laws. The approach has three basic ingredients. First, one expresses the update of the (approximate) cell average
in a forward Euler step as a linear combination of conservative updates. This requires a quadrature representation of the
current local polynomial approximation that calculates the cell average exactly. Second, a limiter is introduced which mod-
ifies the current polynomial approximation, making point-wise values satisfy the prescribed bound on the quadrature set
while maintaining the cell average. These two steps ensure that the Euler update of the cell average satisfies the required
bounds. The third and final step is to apply a Strong Stability-Preserving Runge-Kutta (SSP-RK) method (e.g. [15]) which can
be expressed as a convex combination of Euler steps and therefore preserves the same bounds as the Euler step.

The method from [49] has been extended and applied in many ways. Positivity-preserving DG and weighted essentially
non-oscillatory (WENO) methods have been designed for convection-diffusion equations [52,47], the Euler equations with
source terms [51], the shallow water equations [46], multi-material flows [9], the ideal MHD equations [11], moment models
for radiation transport [38], and PDEs involving global integral terms including a hierarchical size-structured population
model [48]. The specific problem of maintaining a positive distribution function in phase space has been considered in
[10,40,43] for the case of Cartesian coordinates. In [10], the authors consider an Eulerian scheme for the Boltzmann-Poisson
system with a linear collision operator. In [40,43], semi-Lagrangian schemes are used to approximate the Vlasov-Poisson
system, which contains no collisions. In the current work we also ignore the effects of the collision operator, and consider
the conservative phase space advection equation in (1). We enforce both the upper and lower bounds on f for general
curvilinear coordinates. This introduces some non-trivial differences. In particular,

1. The volume element in each computational phase space cell depends on the coordinates. This means that mass matrices
can vary from cell to cell. It also complicates the quadrature needed for exact evaluation of the cell average. Finally,
the balance between cell averages and fluxes that gives the proper bounds requires special treatment. These last two
properties may lead to a reduced CFL condition.
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2. The divergence-free property (3) relies on a delicate balance between position space and momentum space divergences
(see e.g., [6]). In the Cartesian case, each of these terms is individually zero, so that the balance between them is not
important.

This paper is organized as follows: in Section 2 we develop a high-order, bound-preserving DG method for solving the
conservative phase space advection equation given by (1). Details of the method are worked out for some commonly used
phase space coordinates (i.e., spherical polar spatial coordinates in spherical symmetry — including a general relativistic
example adopting the Schwarzschild metric — and cylindrical spatial coordinates in axial symmetry, both with spherical
momentum coordinates). The limiter proposed in [49], which ensures that point-wise values of f satisfy the maximum
principle, is briefly summarized in Section 3. Numerical results demonstrating that our high-order DG method satisfies the
maximum principle for the specific cases considered in Section 2 are presented in Section 4. We also evaluate the efficiency
of the high-order DG methods for the conservative phase-space advection problem. Summary and conclusions are given
in Section 5. This work is motivated by our objective to develop robust, high-order methods to simulate neutrino trans-
port in core-collapse supernovae (see e.g., [30,22,20,5] for reviews). Ultimately, this requires solving the general relativistic
Boltzmann equation for the neutrino radiation field. Thus, for completeness (and to provide the proper context), in Ap-
pendix A we list the conservative, general relativistic Boltzmann equation, as well as the limiting cases solved numerically
in Section 4. (These latter equations are derived directly from the former equation.)

2. Bound-preserving numerical methods for phase space advection

In this section, we present the bound-preserving (BP) method for the transport equation (1). We first examine the general
case with curvilinear phase space coordinates and identify necessary conditions for the BP property. We then consider
specific examples using commonly adopted phase space coordinates and show how to enforce these conditions in each
case.

2.1. The general case

The derivation and proof of the bound preserving property follows the strategy first described in [49]; see [50] for a
review and some refinements. We introduce some modifications to the proof that simplify the argument in the current
setting. More details about this are given in Remark 2.

2.1.1. Preliminaries
We denote the phase-space coordinates and flux coefficients using z = (x, p) and H = (F, G), respectively, and let 7 :=
J/Y* > 0. Then we rewrite (1) in the compact form'

d;
1 i
atf+;;82,—(rH fr=o. (4)

Note that both T and H depend on z; i.e., 7:R% — R and H:R% — RY%, where d, :=dy +dp. (Also note that y depends
only on the position coordinates x, and A depends only on the momentum coordinates p. However, F and G may depend
on x and p.)
We divide the phase space domain D into a disjoint union 7 of open elements K, so that D = Ugc7 cl(K), where cl(K)
stands for the closure of the element K. We require that each element is a box in the logical coordinates
K={z:7' e K':=(z1, z;y)}, ®)
where zi and z{_[ are, respectively, the coordinates of the lower and higher boundaries of K in the ith dimension. We use
Vi to denote the volume of the phase space cell
d;
VK=/dV, where dV =1:Hdz'. (6)
K i=1
The proof of the bound-preserving property (cf. Section 2.1.2) requires some analysis on the surface of the cell. For this
reason we introduce, for each i, the decomposition z = {Z', 7'} along with the associated notations

dVi:Hde and f(i:®j¢in. (7)
J#
In particular, dV = tdVidz' and K=K'® K'. We also define Az =z, —zI.

T It will be necessary later on to split the phase space back up into position space and momentum space parts.
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The approximation space for the DG method, V¥, is
VE={v:vlx e QXK), VKe T}, (8)

where QX is the space of tensor products of one-dimensional polynomials of maximal degree k. Note that functions in V¥
can be discontinuous across element interfaces.
The semi-discrete DG problem is to find fpc € C1([0, co0); V¥) (which approximates f in (4)), such that

d, d;

— —_— ~ : av

atffDGVdV+El/(erlfDG’zf_l_VTHlfDG’z{_)dVI_ 'E]lefDGEdV:O, 9)
K =i =1k

for all v € V¥ and K € 7. Here H! fp¢ is a numerical flux approximating the phase-space flux on the ith surface of the phase-
space element K. The upwind flux is utilized in this paper which, due to the curvilinear coordinates, must take into account

the fact that H' depends on the phase space coordinates z. For any z € D and v € V¥, I-T'ﬂzi =Hiv(E ", 7)), v+, 7)) 2),
where for each i, the numerical flux function A : R? x R% — R is given by

H'(@.b; &) =0V H'|)a+ O AH|)b, (10)

and for any a,b € R, a v b =max(a,b) and a A b = min(a, b). Supersgripts —/+, e.g., in the arguments of v(z"v‘/+,2i),
indicate that the function is evaluated to the immediate left/right of z'. As in the Cartesian case, ' is non-decreasing in
the first argument and non-increasing in the second.

2.1.2. Proof of Bound-Preserving (BP) property
The space V¥ contains the constant functions, and the choice v =1 in (9) gives

d
- 1 — — .
aff"Jrv_KZ/(lefDG!zg_TH'fDG|sz)dVl:O’ (11)
i=12%.
Kt

where fl( is the cell average of fp¢ in K:

- 1 1 oo

fu=ye [ focav = [ [ focrazavi i, (12)

Vk Vk
K K Ki

In this paper, we use SSP-RK time integrators, which are convex combinations of forward Euler time steps [15]. Thus,

without loss of generality, we consider here only a forward Euler time step for fk; i.e.,

d

_ - At <& — — ~

=R o> [ (H |y — e H gl ) a7 (13)
i=12.

K

where At = "1 — " is the time step. )

Sufficient conditions to ensure fg™' >0 are given in Lemma 1 below. However, to ensure gk'' =1— fi'' is also
non-negative, additional conditions on the numerical divergence are needed. These are stated in Lemma 2. The positivity-
preserving properties of the DG scheme follow from Lemma 4, while the bound-preserving properties are summarized in
Theorem 1.

Lemma 1. Let {s; f;l be a set of positive constants (independent of z and t ) satisfying Z?i] si=1.Ifforeachie{1,...,d,},

: i : At — — i o~
F’[f[’)’c](z'):/fgcrdz’—s—i(rH‘ng|ZL—rH’fSG|Z£)zO (Vz' e K'), (14)
Ki

then fﬁ“ > 0. Moreover, if S' € K is a set of quadrature points where the corresponding quadrature integrates T''[ fbc] over K (ie.,
the integral in (15)) exactly, then Fi[fgc] need only be non-negative on S'.

Proof. It is simple to show from (13) that
_ 1 ) -
4+l _ V_KZsi/rl[fgc]dvl. (15)

The result follows immediately. O
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Remark 1. The motivation for the constants s; is the formula (15). In order to maintain positivity, each of the terms I'i[ bl
will be controlled individually (cf. Lemma 4 below).

Lemma 2. Let gpc = 1 — fpg, and assume that the conditions for Fi[ggc] > 0 in Lemma 1 hold. Suppose that the divergence-free
condition in (3) is satisfied, i.e., that

V_KZ/(THiZh_THi|Z£)d‘7i:O' (16)

Then git! > 0, which implies fii™ <1.

Proof. A direct calculation shows that for any z e D and v € V¥,
HI(1 = )|, = H|, — Hv| ;. (17)

Thus, with v = f., we find

dz
= At — — .
B =T+ o Y [ (TH el — T Al )av
i=1 i

=38~ Z/ TngDG| _TH'gDG’ )dv’ +—Z/ (tH'|, —‘CH‘ )dV'. (18)
11~- i= ]f(i

If the divergence-free condition in (16) holds, then the final term vanishes, leaving
-n+1 on At H/’n\ H/‘? dVl Cire® dVl
8k =8k~ V ; (T Higpg Z, ~ T 8pclz Zs, ']
=i =l
Since the conditions under Lemma 1 hold, i.e., T'! [gDG] > 0, it follows that g"‘H >0. O

We now proceed to find conditions for which (14) holds. To simplify notation, we temporarily drop the index i, setting
z=7,K=K' T'=T' etc. Let Q denote the N-point Gauss-Lobatto quadrature rule on the interval K = (z, zy), with points

S={z=21,22,--,2n-1,2n = zu}, (19)
and weights Wq € (0, 1], normalized so that Zq Wq = 1. (The hat is used to specifically denote the Gauss-Lobatto rule.) This

quadrature integrates polynomials in z € R with degree up to 2N — 3 exactly. Thus if fpgt is such a polynomial,”> then the
integral of fpg is exact; i.e.,

/fDGTdZ—Q[fDG] Aszququq (20)
q=1

where ]A‘]S‘G’q = fhc(Zg) and Tg:=T(Zy).
Using the quadrature rule (20) and the numerical flux function H in (10), we find

Fifi] &
A[Z)G qufDGqTq+TlWl¢1(fDG17fDG1)+7:NWNq>N(fDGNafDGN > (21)
q=2
where
®q(a,b)=b+T1H(a,b;z1) and ®y(a,b)=a— TyH(a,b;zy), (22)
with
At At
=— and Tyn=—— (23)
wWiSAz WNSAZ

2 In situations where 7 is not a polynomial, one may use a polynomial approximation for .
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Lemma 3. The functions ®1 and ®y satisfy ®1(0, 0) = &y (0, 0) = 0. In addition, the derivatives are

Lo} R 0d ~
3—1=T1 OV H(21)), a—a”=1—TN 0V H(n)),
0P . 0dy R
W:l—i—T] (OAH(Z])), WZ_TN(O/\H(ZN))

Proof. The proof is a direct calculation using the definitions of ®; and ®y in (22) and 4! in (10). O

Remark 2. In [50], the authors add and subtract an additional term of the form H(fnm f po.n: &) to (21) that is, because
of the Cartesian coordinate system, actually independent of ¢. This results in a function ® which is analogous to ® but has
three arguments instead of two. One can then prove properties about ® that are similar to those found in Lemma 3 and
are well-known from previous studies of monotonicity and total variation diminishing (TVD) properties of three-point finite
difference and finite volume schemes. However, when H depends on ¢, the details of such a proof are messier. The current
proof, which is based on ®, is limited in that it requires (0, 0; ¢) = 0 (which ensures ®1(0, 0) = &y (0, 0) = 0), while the
®-based proof has no such requirement. However, this limitation can be easily circumvented by adding and subtracting an
appropriate constant.

The following lemma establishes sufficient conditions for f "1 > 0 due to (15).

Lemma 4. Suppose that

1. The quadrature rule Q integrates fbe T exactly.
2. Forallzg € Sandallz €K, fbc(zq.2) = 0.
3. The time step At is chosen such that

1-T{|0AH(Z1,2)|>0 and 1—TnN(OV H(Gy,2)>0 (24)
forallz e K.

Then T'[f1.1(2) > O.

Proof. To show that T'[f[.]1(z) > 0, it is sufficient to show that each of the three terms in Eq. (21) are non-negative. The
first term is non-negative by assumption 2, and the fact that the quadrature weights are positive and 74 > 0. To handle
the second and third term in (21), containing ®; and ®y, respectively, we note that d®;1/da and d®y/db are always
non-negative while d®1/0b and d®y/da are non-negative under the CFL constraint in (24). Therefore

0=21(0,0) < ®1(fhe . fich) and 0=dN(0,0) < ON(fhey. focn)-

Hence I'[f[;]1>0. O

Remark 3. The condition in (24) must be satisfied for each phase space dimension — that is for all i € {1,...,d;} (cf.
Lemma 1). In particular, it requires
. 1 1 N ;
Atgmm[ ]WN,- siAZ. (25)

0AHIE.Z)] 0V HI(Z,, 7))

forallie{1,...,d,}. If §' e K are the quadrature points of the quadrature used to integrate Fi[fgc] over K, then (25) must
hold for all ' €§'.

We now return to (15) and introduce a quadrature rule for evaluating f’”“ For each i € {1,...,d;}, let Q': C°(K') > R

be a quadrature rule with positive weights and points §' C cl(K'). Let S =§! ® St and define Q': CO(I() —>RbyQ=Q o0/,
where Q:CO(K') — R is the Gauss-Lobatto quadrature rule with points St With the quadrature rule, we combine the
previous results to establish the following theorem.

Theorem 1. Suppose that

1. Forallie{1,...,d,}, the Gauss-Lobatto quadrature rule 0! is chosen such that (20) holds.
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2. Foralli € {1,...,d,)}, the quadrature rule Q' integrates T''[ fpc] over K! exactly, and preserves a discrete version of the divergence-
free condition (16); i.e.,
1 &
A i i _
Ve Qe H ]y —TH| ) =0. (26)

3. Forallie{1,...,d;}andallze§',0< fi.(z) <1.
4. The time step At satisfies (25) foralli € {1,...,d,} and all Z' €§'.

Then0 < fi' < 1.

Proof. For each i€ (1,...,d,}, the fact that fJ}. >0 on S implies, via Lemma 4, that I''[ fpg] > 0 on S'. Repeating the same
argument with g} > 0 shows that Fi[ggc] > 0 as well; this fact will be used later in ensuring the upper bound on _l’z“.

Returning to the lower bound, we compute f.’l*‘ using (15)

d;
_ 1 .
i e ;si Q' ([ foc)) > 0. (27)

Here we have replaced the integral over Ki in (13) by the quadrature rule Qf, which by assumption 2 is exact. This ensures
the lower bound on fﬁ“. To ensure the upper bound, we invoke Lemma 2, using (26) and the fact that I''[g]}.]1 >0 to

conclude that g™ =1— f#*! > 0. This concludes the proof. O

Remark 4. It is important to note that the quadratures {Q! }?;1 must be used in the implementation of the method. The

Gauss-Lobatto quadrature {Qi}fil need not be. Rather, the latter is used to obtain the CFL condition in assumption 4 of
Theorem 1. In practice, a different quadrature Q' (typically Gauss-Legendre) is used to evaluate integrals over K.

Remark 5. The first condition in assumption 2 of Theorem 1 is actually stronger than necessary. Indeed, each Q' needs only
to integrate f}- over K' exactly; the surface integrals of the flux terms can be approximate, provided (26) still holds. In
such cases, the numerical method yields a quadrature approximation of )_‘,'2“ that is still provably bound-preserving. We
maintain here the condition in assumption 2 for simplicity and note that it is, in fact, satisfied for the examples we consider

in Section 4.

In the following subsections, we explore specific examples in more detail and examine the implication of (24) on the
time step in each case. In each of the examples, we specify the quadratures, i.e., Q', needed to integrate I''[ fbc] and satisfy
the divergence-free condition in (26). The bound-enforcing limiter in [49], which we discuss briefly in Section 3, is used to
ensure assumption 3 in Theorem 1.

2.2. Spherical symmetry, flat spacetime (1IDx + 1D p)

For a flat, spherically symmetric spacetime, adopting spherical polar phase space coordinates, the phase-space is D =
{(r,) eR?:r>0, ue[—1,11} and the collision-less Boltzmann equation (cf. (A.17)),

() (0 L) o )

takes the form of (4) with z' =1, 22=u, =12, H' = u=H®, and H2 = (1 — u2)/r = H™. Here the position coordinate
r is the radial distance from the origin and the momentum coordinate y is the cosine of the angle between the particle
direction of flight and the radial direction. (See Appendix A for further details.)

For this case, the phase-space element is’

K={(r,p) eR?:re KO :=(r,, ), € K™ := (ur, un)}, (29)

and, for any v € V¥ the upwind numerical fluxes are given by
— 1 _ 1
HOv(r, p) = E(M + ) v, w) + 5(# — ) vat, w,
— 1 ) 3
HWv(r, ) = -1 = pu2)v(r, uo).
r

3 To clarify the presentation, we modify slightly the general notation of the previous section, replacing indices i with the appropriate coordinate names.
For example, K! = K™ and K2 = K. Similar modifications are made in the following sections.
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Then, for any (r, &) € D and any v € V¥, the DG method is as follows: Find fpg € V¥ such that

/arfDGVTZdrdM—/H(r)fDG BrVrzdrd,u—/H(”)ch. duvridrdp

K K K
+15 / HO foe(ru, ) v(ry, p)dp — i / H® fp(re, ) vy, wydu
K K (1)
+ / HW fp(r, i) v(r, ) rPdr — / HW fpg(r, pu) v(r, ui) ridr =0, (30)

K® K®

forall v e V¥ and all K € D. In particular, the update for the cell-average is

- - At — —
;'é“zf{z—v—x[rﬁ f HO fleru, o dp — 17 / H® fpe o dp

K K®
+ / HO fe(r, pw) rdr — / HW i, ML)rzdr], (31)
K® K®

where Vg = [ r?drd.
To satisfy the first two conditions in Theorem 1, we define the quadratures

Q" =QMoQ® and QW =QW oW (32)

where Q¥ = Q™ and QW =Q®, and Q™ and Q™ are L- and L#)-point Gauss-Legendre quadratures on K and
K, respectively. We denote the Gaussian weights with {wg}5_,. Similarly, Q” and Q ® are N™- and N*)-point Gauss-

Lobatto quadratures on K and K®, respectively. The sets of quadrature points associated with Q©) and Q) are denoted
§0 —§0 @350 and §W —§MW g §W), (33)
respectively, where $ = S® and ™ = $® and
SO ={rg:a=1,---, L7} and SW ={ug:a=1,---, LW} (34)
are the Gaussian quadrature points on K and K™, respectively. Similarly,

SO ={fy:a=1,--- NP} and SW={q:a=1,---,N¥} (35)

are the Gauss-Lobatto quadrature points. The Gauss-Lobatto weights, {tfva}gzl, are normalized such that ), Wy = 1. We
note that the Gauss-Lobatto quadrature is only introduced to derive the CFL conditions needed to ensure the BP properties
of the scheme. In the numerical scheme for fpg, we use the Gauss-Legendre quadrature Q= Q™ o Q™ to compute the
volume integrals in (30). Gaussian quadratures Q ™ and Q ™ are also used to evaluate the flux integrals.

It is straightforward to show that the discretization for the cell-average in (31) satisfies the divergence-free condition in
(16) exactly; i.e.,

1
V—[rﬁ / HO (ry, ydp — 1} / H(”(rL,M)dMJr/H(’”(r,ua)rzdr—/H(’”(r,m)rzdr}=0, (36)
K

K K K@ K™

provided L™, LW > 1,
To ensure the numerical solutions to (28) satisfy the maximum principle, we need to prove the conditions in Theorem 1,
which we state in the following corollary

Corollary 1. Let the update for the cell average be given by (31). Consider the quadratures in (32) with N® > (k +5)/2, L™, N >
(k+3)/2, and L™ > (k4 1)/2. Let the polynomial fbc € V¥ satisfy 0 < fBc < 1in the set of quadrature points

s=80 ysmw, (37)
Let the time step At satisfy the CFL condition
At < Wy 5187/ |ie| and At < Wy S2Te A/ (1= ). (38)

It follows that 0 < fa*! <1.
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Proof. With the quadratures in (32), evaluation of the current cell-average gives

Vl(ff} _
AT AR

> Wowp foc(a. up)a +52 Y. Wa Wp foc(a. fig) Te. (39)
o,peSM o, BeSW
which is exact, and non-negative since 0 < ff. <1 in S. The quadratures also evaluate the integrals in (36) exactly, so that

the divergence-free condition holds. To compute the bound-preserving CFL conditions, we consider the r and p dimensions
independently. In the r dimension we have |0 A HO (rp, tte)| = [0 A e | and (0 v HO (ry, pe)) = (0 V g), so that

()
0P At
1
=1-— (LN R 40
b Wit AT | Mo (40)
)
0P At
N
=1—-— ov s 41
aa Wyo S1 AT ( Ha) 41

which are non-negative provided the first condition in (38) holds. Next, we consider the p dimension. Since HW = (1 —
12)/r >0, we have [0 A H® (ry, p11)| =0 and (0 H™ (rg, i) = (1 — ) /rq, so that 904 /ab =1 and

(23]
0Py At (A—pd)
=1-— , (42)
da Wyw S2 AL Tg

which are non- negative if the second condition in (38) holds. Therefore, the CFL condition in (25) becomes (38). It follows
that 0< fet' <1. O

2.3. Spherical symmetry, curved spacetime (1D x + 2D p)
In this section, we consider the spherically symmetric problem in curved spacetime. Adopting spherical polar phase space

coordinates, the phase space is D = {(r, u, E) € R3:r>0, m€[—1,1], E > 0} and the collision-less Boltzmann equation (cf.
(A12)),

lﬂ+;3(w4rzw) _ Li(Ez;f’_“,Lf)

o dt  aySr2ar E29E\ " y2a dr
3 o113y 10 B
o (0=my T+ 5525 ) =0 (43)

can be written in the form of (4) with z' =r, 22 =pu, 22 =E, t = yOr2 E2, H' = %MEH(r), H? = ﬁ(l —p?)w=HW,

and H3 =—E-L 2%, = H®) where we have defined

2 3
U=1+rdIny?—rolna. (44)

As in the previous section, the position coordinate r is the radial coordinate distance from the origin and the momentum
coordinate w is the cosine of the angle between the particle propagation direction and the radial direction. In addition, E is
the particle energy, while a(r) > 0 is the lapse function and ¥ (r) > 0 is the conformal factor. (See Appendix A for further
details.) Eq. (43) reduces to (28) in the case of a flat spacetime (o =y =1).

The phase space element is now

K={(r,uE)eR>:re KD, nek®™, EecK® = (EL Ep))}, (45)

and, for any v € V¥ the upwind numerical fluxes are given by

— 1
HOv(r, w, E) = { (A1) v s By 4 o (i = ) v, s E) }

1/12

1
(W + W) vr w B+ 5 (¥ = (W) v wt ) ]

N =

Hoy _ Y g2
HOOV(, . B = o wh |

—— 1 1
HEV(r, w, E) = — W[ (o o — |8rau|)v(r,u,E_)+5(8rau+|8rau|)v(r,pc,E+)].

(Note the sign difference on the energy flux term.) Then, for any (r, i, E) € D and any v € V¥, the DG method is as follows:
Find fpg € V¥ such that
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/athG vdV—/Hrfpcarvdv—/H(“)fpc,auvdv—/H(E)fDGaEvdV
K K K K

+/H</0Ec,<m,u, E)v(r;,u,ls)r(rH,E)dV“)—/Hﬂf\mm,u,mv(rﬁu, E)(ri, E)dV®

K® K®

4 / HUO foo(r, pu, E) v(r, iy, E) T(r, E)dV o) — / H foo(r, . E) v(r, i, E) T(r, E)dV®

K D)
+ [ H® fpe(r, w, Ew) v(r, w, Ey) T(r, En)dV® — / H® fog(r, w, EL) v(r, u, Ef) T(r, EDAVE =0, (46)
R(E) l"((E)

forallve V¥ and all K € T In (46), we have defined phase-space volume and “area” elements

dV =tdrdudE, dV©" =dudE, dV™ =drdE, dv® =drdpu, (47)
and subelements
K" =KW g K(E), KW = k0 g K(E), KB = kO g K™, (48)

The update for the cell-average in (13) becomes

- - At — ~ —_— -
K =f{z—V—K[w6(rH>rﬁ / HO flru, . E) E2dVT — g0y} f HO fi (e, E) E2dV ™

Q) KO
+ / HOO (v, o, E) g0 (r) r? E2dV ) — / H fB(r, ja, E) yO(r)r> E2dV W
K0 KW
+E2 / H® {1 (r, w, En) p8 (1) r2dv ® — B / H® fpe(r u, EL>w6<r)r2d\7<E>}, (49)
KE K(E

where Vg = [, ¥ r2drdu E2dE.
To satisfy the first two conditions in Theorem 1, we define the quadratures

00 =g 00, §W=g®Wod®, and GB =G oq® (50)
where Q7 =QW 0 Q®, QW =@M o Q®, and QB = Q™ 0 Q™, and, in addition to the quadratures defined in
Section 2.2, Q® is an L®)-point Gauss-Legendre quadrature on K‘®). Similarly, Q‘® is an N®)-point Gauss-Lobatto
quadrature on K®. The quadrature points associated with Q, Q), and Q&) are

§0 _§0 @30, §MW _§W @5, and §B —§B g O, (51)
We let S@ and S®™ be the Gaussian sets defined in (34), and $ and S™ the Gauss-Lobatto sets defined in (35). In a
similar manner, we let

SE =(Ey:a=1,...,L'P} and S® =(E,:a=1,...,N®) (52)

LE)
a=1

NE

be Gaussian and Gauss-Lobatto quadrature points on K with associated weights {w} and {Wa}a:l,

normalized so that ", wq =), Wy = 1. Then we let
§N s gs®  § —s0 gs®  and §E =50 g s, (53)

Again, the Gauss-Lobatto quadrature is only introduced to derive the CFL conditions needed to ensure the BP properties.
For implementation, we use the Gauss-Legendre quadrature Q= Q o Q ‘™ o Q ) to compute the volume integrals in (46).
Gaussian quadratures Q, Q. and Q) are also used to evaluate the flux integrals.

For this problem, the divergence-free condition in (16) becomes

1 ~ -
—{ws(m)rf, [ HO (ry, ., E)E2dV" — yS(r)r? / HO(r, p, E) E2dV©®

respectively,

Vk
) K®
+ / HO (1, s, By (ryr? B2V 1) — / HO (r, i, ) O (r) r? B2 d7 00
K K
+E]2_[/H(E)(r,,u, En) ¥8(r)r*dv® — E? / HE@, u, EL)w6(r)r2d\7<E>}=0. (54)

K(E KE
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In Eq. (46), we approximate the derivatives 8« and 9,v¥* in K with polynomials and compute « and ¥* from
r r
a(r) =a(m) + f dra(rydr' and ) =yt ) + / ayt(rdr, (55)
o o
where the Gaussian quadrature rule is used to evaluate the integrals exactly. With this choice, it is straightforward to show
that the discretization satisfies the divergence-free condition (54), provided L* > 1, L® > 2 while L) depends on the
degree of the polynomials approximating 8, and 9,y

To ensure the numerical solutions to (43) satisfy the maximum principle, we need to prove the conditions in Theorem 1,
which we state in the following corollary

Corollary 2. Let the update for the cell average be given by (49). Consider the quadratures in (50) with N > (k + ky +5)/2,
LD > (k+ky +3)/2, N®W > (k+3)/2, L™ > (k+ 1)/2, NE > (k + 5)/2, and L®) > (k + 3)/2, where ky, is the degree of the
polynomial used to approximate 8(r). (We also let the degree of the polynomials approximating 8.« and 8,y be equal to ky.) Let
the polynomial ff- € Vk satisfy 0 < fbc < 1in the quadrature set

s=80 ysmw ys§b, (56)
Let the time step At satisfy

At < min (Y2(r0) /o (r), Y2 () /e (ra)) Wyo 1 AT/ | e, (57)
- VAV]\](/L) SaTq AL I;[’2("01)/0‘(7'05)
T W (re)| max ((1—pud), (1—ud))’

At < Wy s3 AEY2(ry)
= |dra(re) mgl En

(58)

(59)
It follows that 0 < fit! < 1.

Proof. With the quadratures in (50), evaluation of the current cell-average j_”l'z is exact, and non-negative since 0 < f[. <1
in S. The divergence-free condition holds since the quadratures in (50) evaluate the integrals in (54) exactly. To compute the
bound-preserving CFL conditions, we consider the three dimensions (r, i, and E) independently. Defining & = a/y% > 0,
we have in the radial dimension [0 A HO (1, pq, Eg)| = @(rL) [0 A pigl, and (0 HO (ry, o, Eg)) = @(rn) (O V ig), so that

MY) 1 at a(rL) [0 A el (60)
=1- = o(r ,
ob W1Ssq Ar L Ha
()]
oo At
N ~
=1—- = a(rg) (0 v , 61
5% Wy 51 AT () OV o) (61)

which are non-negative if (57) holds. Therefore, the CFL condition in (25) becomes (57). In the p dimension, |0 A
H® (ry, i, Ep)l = (1 — ud) @(re) /1 10 A W (rg)| and (0 H¥ (rg, pn, Eg)) = (1 — u) @(ra) /re (0 V W(ry)), which give

(1) 2\~
oo At 1- olr,
P )& 14 g ry ), (62)
ob Wi1S2 Al Ty
()] ~
ap At 1—p?)a(r
N _ ( U &(re) OV W(ry)), (63)
oa Wnw S2 AM Ta

which are non-negative if (58) holds, so that the CFL condition in (25) becomes (58). Finally, in the E dimension we have
10AH® (g, g, E)| = ELI0 A =8yt (ra) ol /2 (1) and (O v HE) (rg, g, En)) = En (0 V —dra(ra) fug) /Y2 (o), SO that

00y 1 At EL 10 A —8ra(rg) fhg] (64)
=1—— —dror ;
ab W13 AE ¥2(rg) roiTe)
(E)
0P At E
N(E) H
—1— 0V —drar , 65
9a Wiy 53 AE Wz(ra)( r (oz),uﬁ) (65)

which are non-negative if (59) holds, so that the CFL condition in (25) becomes (59). It follows that 0 < fl’}“ <1. O



162 E. Endeve et al. / Journal of Computational Physics 287 (2015) 151-183
2.4. Axial symmetry, flat spacetime (2D x + 2D p)

For a flat, axially symmetric spacetime, adopting cylindrical spatial coordinates and spherical momentum coordinates,
the phase space is D = {(R,z, u, ®) € R*:R>0, zeR, me[—1,1], ® €[0, 7]} and the collision-less Boltzmann equation
(cf. (A18)),

Z—{nt%a%(R,/l — u? coscbf)+%(uf) - %a%(‘/] - u? sin¢>f)=0, (66)

can be rewritten in the form of (4) with z! =R, 2=z, 2=, 2*=®, 1 =R, H' =/1— pu2 cos® =H® H2=p=H®,
H3 =0, and H* = —/1 — 42 sin®/R = H®. Here the position coordinates R and z are the distance from the z-axis and
the distance along the z-axis, respectively. The momentum coordinate w is the cosine of the angle between the particle
direction of flight and the z direction, and @ is the angle between the projected particle direction of flight and the R
direction. (See Appendix A for further details.)
The phase space element is now
K={(R,z,;u,®) eR*: Re K® := (R, Rp), z€ K? := (21, zn),

e KW = (ur, uw), ® € K'P := (1, du)}, (67)

and, for all v € V¥ the upwind numerical fluxes are given by

— 1 B 1 .
H®VY(R,z, 1, ) = 1—u2{§(cos¢>+|cos®|)v(R ,z,u,¢>)+§(cos¢>—|cos<I>|)v(R ,z,u,¢>)},
—— 1 _ 1 N
H(Z)V(R,Z,//«,@:§(M+|M|)V(R,Z ,M7¢)+5(M—|M|)V(R,Z 1, @),

H®vR,z, u,®) =—/1—u2sin®v(R,z, u, ®)/R.

(Note that in axial symmetry sin® > 0, since ® € [0,7], while \/1—pu? > 0, since u € [—1,1].) Then, for any
(R,z,u,®)e D and any v € V¥, the DG method is as follows: Find fpg € V¥ such that

/athG vdV—/H(R)fDGaRvdV—/H(Z)fDG azvdV—/H(‘D)fDG dpvdV
K K K K

+ Ry / H® fpc(Ru, z, . ®) v(Ry, z, ., ®)dV® — Ry f H® foc(Re, z, , @) V(R z, ., @)dV P

K® KRB

+/H<Z>fDG(R,zH,M,<1>)v(R,z,;,M, @)Rd\7<z>—/H<Z>ch(R,zL,M,<I>)V(R,z[,u,®)Rd\7(l>

K® K®

+ / H® fpe(R, z, b, ®1) v(R, z, i, @) RAV®

)
- / H® fp(R, z, w, @) v(R, z, ., @) RAV® =0, (68)
)

forallve V¥ and allK € T In (68), we have defined phase-space volume element

dV =RdRdzdud®, (69)
“area” elements

dVv® =dzdud®d, dv® =dRdudd, dV® =dRdzdu, (70)
and subelements

KO =K@ @KW g K® K9 =K® g KW g K® K =Kk® gr® g KWW, (71)

In particular, in axial symmetry, the update for the cell-averaged distribution function in (13) becomes
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_ At e . — .
=T g Ra [ HE TR 20, @) a0 ® — R [ HO (R 2. @)

K® k®
+/H<Z>ng(R,zH,u,q>)Rd\7<l>—/H(Z>fSG(R,zL,M,d>)Rd\7‘Z)
K® K®@
+ / H® fR (R, z, u, ®) RAV® — / H@® fB (R, z, 1, d>L)Rd\7<‘1’>}, (72)
K(®) K(®

where Vg = [ RdRdzdud®.
To satisfy the first two conditions in Theorem 1, we define the quadratures

AP =R og®, 02=0?260@, and Q@ =Q® (@, (73)

where QR = Q@oQWoQ®, QP =Q®6Q®WoQ®, and Q¥ =Q® Q@0 Q™. Analogous to the previous sections,
Q® @@, QW and Q@ are L®-, [@_ [W_ and L(® -point Gauss-Legendre quadratures on K® K@ K™ and K@,
respectively. Similarly, 0 ®, 0 @, and 0 ® denote N® -, N@-, and N®-point Gauss-Lobatto quadratures. The quadrature
points associated with (73) are

SR 5B g B §B _§D 3@ and §® =§® g §®) (74)
where the Gauss-Lobatto quadrature points are

SR —(Ry:a=1,...,N®), o

§D ={24:a=1,...,N?}, 76)

SO —(dy:a=1,..., N, 77

. . A~ R A~ ( A (] . A
with weights {wa}g(:;, {wa}gi)l, and {wa}g(:;, normalized so that Y, Wy = 1. Moreover,

SB = 5@ g s 5(d>)’ §@ = B g s 5(d>)’ §® = s(R) & 5@ & S(“), (78)
where the Gaussian quadrature points are

S® =(Ry:ax=1,..., LB}, SO =(z4:a=1,...,19},

SW={ug:a=1,.... LW},  SP=(oy,:a=1,...,L%},

with associated weights {wq }gg {Wa}gzq, {wa}g(ﬁ]}, and {wa}gg; all normalized so that ", wy = 1.

For the axially symmetric problem, the divergence-free condition in (16) becomes

1 - -
o R / H® Ry, z, 11, ®)dV ® — Ry / H® Ry, z, 11, ®)dV®

Vk
k® q®
+/H<Z><R,zH,u, @)RdV@—/H”)(R,ZL,M,@RW(Z)
K® K®
+ / H®(R, 2, 11, yp) RAV® — / HO R, 2,1, @) RAT® |
K@® k®
AR Az
=— /,/1—M2du{ /cos@dcb—(sinCDH—sinCDL)}=0. (79)
K
K K@®

On the right-hand side of (79), the integral over the cosine emanates from the flux in the R dimension, and is not exact if
the Gauss-Legendre quadrature is used, and the terms inside the curly brackets cancel only to the accuracy of the quadrature
rule. However, in the DG scheme we evaluate the integrals over K® in (68), containing the cosine, by performing an
integration by parts, which leads to exact cancellation. (The integral of \/1— 2 over K is also not exact with the
Gauss-Legendre quadrature. However, this term appears in the exact same way for the R and ® dimension fluxes, and
cancel when the integration by parts discussed above is used.) Thus, the discretization satisfies the divergence-free condition
(79), provided only L® > 1,

To ensure the numerical solutions to (66) satisfy the maximum principle, we need to prove the conditions in Theorem 1,
which we state in the following corollary
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Corollary 3. Let the update for the cell average be given by (72). Consider the quadratures in (73) with N® > (k4 4)/2, N® N©® >
(k+3)/2,and L® > (k+2)/2, L@, LW L(® > (k 4 1)/2. Let the polynomial fl. € V¥ satisfy 0 < f. <1 in the quadrature set

s=S® ys§@ ys§P, (80)
Let the time step At satisfy the CFL condition

At Wr®R S At Wyo S At W@ S
< N®) 91 20 N®@ 92 < N(@®) 23 (81)

AR J1—p2lcosd,| B2 sl RaAP T 12 singy

It follows that 0 < fet! <1.

Proof. With the quadratures in (73), evaluation of the current cell-average fl’(l is exact, and non-negative since 0 < ffj. <1
in S. The divergence-free condition in (79) holds exactly, since integration by parts is used for the integral with the cosine.
To compute the bound-preserving CFL conditions, we consider the R, z, and & dimensions independently. In the R dimen-

sion we have [0 A H®(Ry, 2y, g, @y) = /1 — (MIZS) |0 Acos®,| and (0 H®O Ry, 2, g, @) = /1 — (/,l,é) (0V cos @)
so that

0P+ At

——=1———— /1= 2|0 Acosd,|, 82
b w151 AR Mﬁ' J/| (82)

0Py At 5

_—=1- /1 - 0V cosd,), 83
oa Wy® S1 AR 'uﬁ( v) (83)

which are non-negative provided the first condition in (81) holds. In the z dimension we have |0 A H? (R, 71, npg, Pyl =
|0 A pgl and (0V H? (Ry, zu, ug, @) = (0V fup) so that

3@1 At 8@1\](2) At
—=1——"—"—-10Apugl and =1-—
ab wW1Sy Az oa W@ S2 AZ
which are non-negative provided the second condition in (81) holds. Finally, in the & dimension we have |0 A
H® Ry, 25, uy, 1) = /1 — 12 sin®p /Ry and (0 v H®(Ry, 2, iy, Pu)) = 0, which give
2
ao!® At YT Ky

=1—-— sin ® 85
ab Wy S3 AP Ry L (85)

OV up), (84)

and 8d>qu(>;)/aa =1, which are non-negative provided the third condition in (81) holds. It follows that 0 < fl’zﬂ <1l. O

3. Bound-enforcing limiter for the DG scheme

Bound-preserving DG methods for the conservative phase space advection problem were developed in Section 2. The
numerical method is designed to preserve the physical bounds of the cell averaged distribution function (i.e., 0 < fx < 1),
provided sufficiently accurate quadratures {Qf}?ll are specified, specific CFL conditions are satisfied, and that the polynomial
approximating the distribution function inside a phase space element K at time t" is bounded in a set of quadrature points
(denoted S; cf. assumption 3 in Theorem 1). In the DG method, we use the limiter proposed by Zhang and Shu [49] to
enforce bounds on the distribution function. Then the DG scheme ensures that the cell averaged distribution, obtained by
solving the conservative phase space advection problem, satisfies the following maximum principle: if for some initial time
t =t" we have 0 < ff}- <1 in a finite set of quadrature points S € K, then 0 < 1'2“ <1forall KeT.

In addition to the quadratures and CFL conditions (cf. Section 2), we must ensure that the polynomial approximating the
distribution function inside a phase space element satisfies f[. € [0,1] in S. To this end, we use the limiter suggested by
[49] (see also [50] for a review) and replace the polynomial fJ}.(z) with the “limited” polynomial

foe@ =7 fic@+ (1 =) fg, (86)
where the limiter ¢ is given by
M-—ft | m—f"
z?:min” f_Kn ‘ f_Kn ,l], (87)
Mg — fK ms — f](
with m=0 and M =1, and
Ms = max foc@,  ms= min foc @), (88)

and S represents the finite set of quadrature points in K; cf. (37), (56), and (73).
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It has been shown [49,50] that the “linear scaling limiter” in (86)-(87) maintains uniform high order of accuracy. Also,
note that the limiting procedure is conservative since it preserves the cell averaged distribution function; i.e.,

1 - -
V—KZ.fSGdV:fl? (89)

4. Numerical examples

In this section we present numerical results that are obtained with the bound-preserving DG method for each of the
cases discussed in detail in Sections 2.2-2.4. In addition to the bound-preserving properties, we also demonstrate high
order of accuracy for smooth problems, as well as other aspects of solving the phase space advection problem in curvilinear
coordinates with the DG method (e.g., errors near the origin in spherical and axial symmetry, and ray effects in axial
symmetry).

For first-, second-, and third-order spatial discretization we employ tensor product polynomial bases (cf. Section 2.1),
constructed by forming the tensor product of one-dimensional piecewise polynomials of degree up to k=0, 1, and 2,
respectively, which we refer to as DG(0), DG(1), and DG(2), respectively. We use Legendre polynomials in each dimension.

For the explicit time stepping we use the forward Euler method (FE), or the strong stability preserving Runge-Kutta
(SSP-RK) methods (e.g., [15]) for second (RK2) or third (RK3) order temporal accuracy. Thus, schemes with overall first,
second and third order formal accuracy will be referred to as DG(0) + FE, DG(1) 4+ RK2, and DG(2) + RK3, respectively.

41. 1Dx+1Dp

The numerical tests in this section involve the spherically symmetric phase space in flat spacetime, using spherical polar
position and momentum coordinates. That is, we solve Eq. (28) for f}.(r, ) at discrete time levels t".

4.1.1. Test with smooth analytic solution
First we consider a smooth test problem involving both the position and angle coordinates. An analytical solution to
Eq. (28) is given by

fa.u.ty=exp(rpu—t). (90)

This test is of purely academic interest with little practical value, but it is very useful for evaluating the accuracy of the DG
method. It is similar to the one considered in [28] for a steady-state problem with a non-zero right-hand side.

The computational domain D = {(r, u) € R%:re(1,3], € [—1,1]} is divided into Ny x N, elements, using N, radial
zones and N, angular zones. We use the analytical solution to specify incoming radiation on the boundary 0D and simulate
the evolution from t =0 to t = 1, using the bound-preserving CFL conditions given in Eq. (38), with s; =s3 =1/2 to set the
time step. To evaluate the accuracy and the convergence rates of the different DG schemes, we compute the L!-error norm

1
ElZV_DZ/IfSc(r,,u)—f(r,u,t")mv, o

KeT g

at t" =1 for various grid resolutions; each using N; = N,. (The integral in (91) is computed with 3-point Gaussian quadra-
tures in the r and p dimensions, and Vp =52/3.) L' and L™ errors, and associated convergence rates, for DG(0) + FE,
DG(1) + RK2, and DG(2) + RK3 schemes are listed in Table 1. These results confirm the expected order of accuracy for the
different schemes.

We have also computed some results where the computational domain extends to r = 0. For practical purposes we set
r > 1 in the convergence study above to avoid small time steps; cf. Eq. (38). However, for many applications the origin must
be included in the computational domain, even though this may introduce significant numerical errors. In particular, [28]
discuss inaccuracies near r =0 in the numerical solution to the transport equation in spherical symmetry, which appear
in the form of a “flux-dip.”* To investigate inaccuracies near r = 0, we solve (28) using the models with N, = N, =16 in
Table 1, but with the computational domain given by D = {(r, u) e R? : 1 € [0, 2], € [-1, 1]}

In Fig. 1 we plot the “zeroth” angular moment of the distribution function; i.e.,

1
1

o, th = E/fgc(,u,r)du, (92)
-1

versus radius at t" = 0.5. The results were obtained with DG(0) + FE (dotted red line), DG(1) + RK2 (dashed blue line),
and DG(2) 4+ RK3 (solid black line) using a 16 x 16 mesh. (The analytical solution is plotted with the dotted black line.)

4 In the context of finite volume methods for hydrodynamics, see [36,3] for discussions on numerical errors associated with including the origin in
spherical polar coordinates.
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Table 1
L', L* error norms and convergence rates for the smooth 1D x + 1D p test.
N, DG(0) + FE
L' error Rate L*® error Rate
8 1.68 x 107! - 1.71 -
16 8.37 x 1072 1.01 1.12 0.60
32 4.18 x 102 1.00 6.57 x 107! 0.77
64 2.09 x 1072 1.00 3.57 x 107! 0.88
128 1.05 x 1072 1.00 1.86 x 107! 0.94
256 5.24 x 1073 1.00 9.52 x 1072 0.97
512 2.62x 1073 1.00 4.81 x 1072 0.98
1024 1.31x 1073 1.00 2.42 x 1072 0.99
2048 6.55 x 1074 1.00 1.21 x 1072 1.00
N, DG(1) + RK2
L' error Rate L* error Rate
8 1.54 x 1072 - 130 x 107! -
16 3.98 x 1073 1.95 4.47 x 1072 154
32 1.02 x 1073 1.96 1.53 x 1072 1.54
64 2.62x 1074 1.97 473 x 1073 1.70
128 6.68 x 1072 1.97 1.35x 1073 1.81
256 1.69 x 107> 1.98 3.66 x 1074 1.88
512 4.26 x 10~ 1.99 9.69 x 107> 1.92
1024 1.07 x 1076 1.99 2.52x107° 1.94
2048 2.68 x 1077 2.00 6.47 x 1076 1.96
N, DG(2) + RK3
L' error Rate L* error Rate
8 4.49 x 104 - 4.02x 1073 -
16 6.84 x 107> 2.72 8.63 x 1074 222
32 9.83 x 1076 2.80 1.41 x 10~ 2.61
64 1.34 x 1076 2.88 2.01 x 107 2.81
128 1.81 x 1077 2.88 2.87 x 1076 2.81
256 2.85x 1078 2.67 5.88 x 1077 229
512 3.91 x 1079 2.87 1.59 x 107 1.88
1024 5.01 x 10710 2.96 2.80 x 1078 251
2048 6.41 x 10711 2.97 4.94 x 107° 2.50
1.10
1.00
-
g
g 0.90
(=]
=
-t
=
Eo 0.804
<
0.704
0.604"
0.0

r

Fig. 1. Plot of the zeroth angular moment of the distribution function in (92) versus radius at t = 0.5 in a test where the computational domain extends
down to r = 0. Results obtained with a 16 x 16 mesh are plotted for DG(0) + FE (dotted red), DG(1) + RK2 (dashed blue), DG(2) + RK3 (solid black). The
analytical solution is also plotted (dotted black line). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 2. Geometry of the radiating sphere test.
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Fig. 3. Color plot of the distribution function fpg(r, ) at t = 3.0, obtained with the second-order scheme DG(1) + RK2 using N; x N, =128 x 128 cells.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The results obtained with DG(0) + FE appear to be offset by a constant factor from the analytical solution for r = 0.4.
However, we observe a “dip” in the numerical result inside r ~ 0.4, and the error is largest in the innermost cell. The
results obtained with DG(1) + RK2 and DG(2) + RK3 are indistinguishable on the scale chosen for the plot, and follow the
analytical solution well. Moreover, they do not show any sign of increased error near the origin. These results are consistent
with those reported in [28].

4.1.2. Radiating sphere test

Next we include a test with discontinuous solutions. We consider a radiating sphere with radius Rgp = 1 centered at
r =0 (see Fig. 2). (A version of this test was also considered in [39]; cf. their TEST 3.) The sphere radiates steadily and
isotropically at the surface — which coincides with our inner boundary — into a near vacuum (f <« 1). For r > Rg, once a
steady state has been established in D, the distribution function becomes more and more “forward-peaked” with increasing
radius; i.e., its support is contained within the cone with opening angle ®,, which satisfies

€05 Om(r) = fum(r) = /1 — (Ro/r)°. (93)

As r — oo, the distribution function approaches a delta function in angle cosine, centered on p = 1. We solve this prob-
lem on the computational domain D = {(r, ) € R?> :r € [1,3], u € [—1, 1]}, and we initialize the test with an isotropic
background by setting the distribution function to fpg = fo = 1076 everywhere inside the domain. We also keep fpc = fo
for the incoming radiation at the outer radial boundary, while at the inner radial boundary r = Rg, we set fpg =1 for the
incoming radiation. For t > 0, a radiation front propagates through the domain. After a steady state is reached, the boundary
defined by @y, separates regions where fpc =1 and fpg = fo (dashed line in Fig. 3).

In Fig. 3 we plot the distribution function versus r and w at t = 3. The numerical results were obtained with the
second-order scheme DG(1) + RK2 using 128 x 128 cells. The DG method maintains the sharp boundary between the two
regions, and fpg € [0, 1] over the entire computational domain. In the figure, we also plot wn versus r (cf. Eq. (93); dashed
line), which shows that the numerical result agrees well with the geometric considerations in Fig. 2.
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Fig. 4. Numerical results from the radiating sphere test (cf. Fig. 2) comparing the different schemes: DG(0) + FE (dotted red), DG(1) + RK2 (dashed blue),
and DG(2) + RK3 (solid black). In the left panel we plot the distribution function versus radius for constant u =1, at t =1; i.e,, fpc(r, 0 =1,t =1). In the
right panel we plot the distribution function versus p for constant radius r =2, at t = 3; i.e., fpc(r =2, u,t = 3). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Comparing numerical results obtained when running with (solid black) and without (dashed green) the bound-enforcing limiter. We plot the distri-
bution function versus radius for 4 =1 and t = 1, obtained with the DG(1) + RK2 scheme (left panel) and the DG(2) + RK3 scheme (right panel). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

We compare numerical results obtained with the first, second, and third order schemes in Fig. 4. In the left panel we
plot the distribution function versus radius for & =1 at time ¢t = 1, when the radiation front is located at r ~ 2. In the right
panel we plot the distribution function versus w for constant radius r =2 at time t = 3, when a steady state configuration
has been established in D. The first-order scheme is clearly very diffusive and unable to maintain the sharp edge. Both the
second-order scheme and the third-order scheme capture the edge with only a few grid cells, with DG(2) + RK3 maintaining
the sharpest edge.

We compare numerical results obtained when running with and without the bound-enforcing limiter (cf. Section 3) in
Fig. 5. (We use the CFL conditions in (38) for all the runs.) Without the limiter, the numerical results exhibit fpg <0 ahead
of the radiation front, and fpg > 1 behind the radiation front. These violations become less severe with the higher-order
scheme (right panel). With the limiter on, fpg € [0, 1] for all times.
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Fig. 6. Plot of the lapse function (solid lines) and the conformal factor (dashed lines) for the Schwarzschild metric (cf. Eq. (A.13)) for various spacetime
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42 1Dx+2Dp

In this section we present results obtained by solving the general relativistic phase space advection problem in spherical
symmetry as modeled by Eq. (43). We adopt the Schwarzschild metric (i.e., Eq. (A.11), with « and ¢ given in (A.13)), and
compute results for various spacetime masses M. For reference, in Fig. 6, we plot the lapse function « (solid lines) and the
conformal factor v (dashed lines) for r € [1,3] and M =0.0,0.2,4 — 24/3, and 2/3. The Schwarzschild radius rs = M/2 is
well inside the inner boundary for all models. For M = 0.0, we have o = v =1, and Eq. (43) reduces to the flat spacetime
case in (28). For M > 0, we have 9, Inoz = (M /%) (1 — (M/2r)?)~1, 9, Iny2 = —(M/r?) (1 + M/2r)~!, so that

wzl_ﬂr(wi). (94)

4.2.1. Radiating sphere test in Schwarzschild geometry

The test we consider is an extension of the radiating sphere test in Section 4.1.2. However, at the inner radial boundary
(r=1) we also specify an energy spectrum (Gaussian or Fermi-Dirac) for the isotropic radiation entering the computational
domain D = {(r, 4, E) e R®:r € [1,3], u € [-1,1], E € [0, 1]}. Since d;Ina > 0, the energy spectrum of radiation propa-
gating out of the gravitational well (u > 0) will be redshifted (cf. the energy derivative term in Eq. (43)). We also expect
gravitational corrections to the angular aberration (cf. the angle derivative term in Eq.(43)). In particular, for M = 4 — 24/3
we have W =0 at r = 1. For larger M, W <0 near r =1 for u > 0, and we expect some of the radiation entering the
computational domain at the inner radial boundary to be “bent inward” and exit the computational domain through the
inner radial boundary (cf. the model with M =2/3).

First we consider a Gaussian spectrum for the radiation entering D; i.e.,

foc(r=1,u, E) =exp{—100(0.5 — E)Z} for > 0.

Initially, the distribution function is set to zero everywhere in the computational domain. We use the appropriate bound-
preserving CFL conditions in (57)-(59) with s; = s, =s3 = 1/3, and the phase space resolution is Ny x N, x Ng =
128 x 128 x 64. We run the simulations until a steady state in D is reached (t ~3 for M = 0.0 and t ~ 20 for M = 2/3).
The numerical results are plotted in Figs. 7-9.

In the left panel in Fig. 7, we plot energy spectra at the outer radial boundary (for the angle u = 1) for the model
with M = 2/3. Results for the various schemes are plotted; i.e., DG(0) + FE (solid red line), DG(1) + RK2 (solid blue
line), and DG(2) + RK3 (solid black line). For reference, the spectrum at the inner radial boundary is also plotted (dashed
line) — illustrating the gravitational redshift as the radiation propagates out of the gravitational well. As expected, the
first-order scheme is more diffusive than the second and third order schemes, while the second and third order schemes
are indistinguishable on this plot. At the outer radial boundary, we find that the peak of the spectrum has shifted from
E =0.5 to about E =0.3. (Since o E = const., 0.5 x a(r =1)/a(r =3) = 0.3125 is expected for M = 2/3.) We also note
that the widths of the spectra have decreased slightly at r = 3. In the right panel of Fig. 7, we plot energy spectra for
various masses M, obtained with the second-order scheme (DG(1) + RK2). The spectra become increasingly “redshifted”
(i.e., shifted to lower energies) as the mass increases. The spectral width also decreases with increasing mass M. At r =3,
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Fig. 7. Redshifted energy spectra at r =3 for various general relativistic computations. Left panel: DG(0) + FE (solid red line), DG(1) + RK2 (solid blue
line), and DG(2) + RK3 (solid black line) for mass M = 2/3. (The “emitted” spectrum at r =1 is also included; dashed black line.) Right panel: results
obtained with the second order scheme (DG(1) + RK2) for various masses; M = 0.0 (green), M = 0.2 (red), M = 4 — 2/3 (blue), and M =2/3 (black). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the width of the spectrum for the model with M =2/3 is almost halved when compared with the M = 0.0 model. The
effective resolution of the various energy spectra decreases as a result of the decreased spectral width. Moreover, the lower
effective resolution results in a slight decrease in the spectral peak with increasing M. For the model with M = 2/3, we have
found that the third-order scheme performs slightly better (i.e., maintains a higher peak) than the second-order scheme.

Fig. 8 provides a different perspective on the computed models, with color plots of the distribution function versus
radius r and angle u for a constant energy E. Results are shown after a steady state is reached (similar to Fig. 3). The
results from the M = 0.0 model for E = 0.5, which correspond to the model in Fig. 3, are shown in the upper left panel.
In particular, the distribution is uniform in radius and angle in two regions, separated by the dashed line predicted by the
geometric considerations in Fig. 2. The effects of gravitational redshift and aberration are visible in the model with M = 0.2,
which is shown in the upper right panel (also for E = 0.5). Aberration results in a slightly less forward-peaked distribution
function at r = 3, while the redshift causes a reduction in the amplitude of the distribution near the outer boundary for this
particular energy bin. The two lower panels show results from the M = 2/3 model, for energies E = 0.5 (left) and E = 0.3
(right), which exhibits more extreme gravitational effects. First, as is also seen in Fig. 7, the gravitational redshift causes
the peak of the distribution to shift from E =0.5 at r =1 to about E = 0.3 at r = 3. Second, at the outer boundary, the
distribution function is significantly less forward-peaked than it is in the other models. Third, some of the radiation that
enters the computational domain at r =1 (u > 0), exits the computational domain through the inner radial boundary; i.e.,
focr=1,4<0,E=0.5) > 0.

In Fig. 9 we demonstrate the effect of using the bound-enforcing limiter and the appropriate CLF condition for the model
with M =2/3. We plot the number density

11
N = [ [ ot e du e d (95)
0 -1
and energy density
11
Er th = [ / fa-(r, ., E)du E3 dE (96)
0 -1
versus radius (red and black curves, respectively) at time t = 1, computed using the DG(1) + RK2 scheme, with the limiter
(solid lines) and without it (dashed lines). The inset illustrates the effect of the limiter, which prevents N and £ from
becoming negative. Without the limiter both N and £ take on negative values in some places.

Finally, we have computed some additional models where we specify a Fermi-Dirac spectrum for the incoming radiation
at the inner radial boundary; i.e.,

focr=1,11,E) =[exp{100(E —0.5)} +1]~" for x> 0.

“Fermi-blocking” plays an important role during the collapse phase of core-collapse supernovae (e.g., [24]), where the neu-
trino phase space occupation increases with increasing core density due to electron capture on nuclei. This process fills
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Fig. 8. Color plots of the distribution function versus radius r and angle w for a constant energy E, computed with the DG(1) + RK2 scheme for various
spacetime masses M. Selected energy bins are shown: M = 0.0, E = 0.5 (upper left); M = 0.2, E = 0.5 (upper right); M =2/3,E = 0.5 (lower left); and
M =2/3, E =0.3 (lower right). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

up the low-energy portion of the spectrum and prohibits down-scattering of higher energy neutrinos. It is important to
maintain fpg <1 during the advection part of the algorithm. In Fig. 10 we plot energy spectra at the outer radial boundary
for 4 =1, for the model with M = 2/3. Results for various schemes are plotted; i.e., DG(0) + FE (solid red line), DG(1) +
RK2 (solid blue line), and DG(2) 4+ RK3 (solid black line). The spectrum at the inner boundary is also plotted (dashed line).
As with the results displayed in Fig. 7, the energy spectra are significantly redshifted at the outer radial boundary. The
first-order scheme is very diffusive when compared to the second and third order schemes, while the results obtained with
the second and third order schemes are similar, and differ only in the high-energy tail. All schemes maintain positivity of
foc and 1 — fpg.

To further demonstrate the effectiveness of our bound-preserving DG scheme, in Fig. 11 we compare the spectrum at
r =3 from one model computed with the bound-enforcing limiter on (solid lines) with the spectrum from one model
computed without the limiter (dashed lines). Both models were computed with the DG(1) + RK2 scheme with M =2/3. As
can be seen, without the limiter, the distribution function overshoots unity (left panel) and becomes negative (right panel).
For the bound-preserving scheme, we have 0 < fpg <1 at all times.

43.2Dx+2Dp

The tests in this section involve the axially symmetric phase space for flat spacetimes. That is, we employ cylindrical
spatial coordinates and spherical momentum coordinates, and solve Eq. (66) for fJ-(R, z, i, ®) at discrete time levels t".

4.3.1. Test with smooth analytical solution
First we consider a test problem with smooth solutions. An analytical solution to Eq. (66) is given by

f(R.z,pu, @, t)=exp(y/1—pu2 cos®R+puz—t). (97)
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Fig. 10. Energy spectra at r = 3 for computations with M =2/3 and a Fermi-Dirac spectrum specified at the inner radial boundary: DG(0) + FE (solid red
line), DG(1) + RK2 (solid blue line), and DG(2) + RK3 (solid black line). The spectrum at r =1 is also plotted (dashed black line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

This function is not sufficiently smooth at @ = +1 to demonstrate high-order accuracy. Thus, we reduce angular extent in
the w-direction, and take the computational domain to be given by D = {(R, z, u, ®) € R*:R€e[1,2], z€[-0.5,0.5], ne
[—0.5,0.5], ® € [0, w]}. We evolve from t =0 to t = 0.1, and use the analytical solution to set the boundary conditions for
the incoming radiation. We use the bound-preserving CFL conditions given in Eq. (81) with s; = s, = s3 = 1/3. We note
again that this test is of purely academic interest and is included to measure the accuracy and convergence rate of the DG
schemes in the axially symmetric case.

To evaluate the accuracy and the convergence rates, we evaluate the L'-error norm

1
E'= o Y [ 1R 2. @)~ F(R 2. @001V (98)
b KETK

at t = 0.1 for various grid resolutions. (The integral in (98) is computed with 3-point Gaussian quadratures in all dimensions,
and Vp = 8m.) Each resolution satisfies Ng = N; = N, = %Nq:. (i.e., approximately “square” phase space cells). Results
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Fig. 11. Comparison of spectra at r = 3 near the “Fermi surface” obtained with the DG(1) + RK2 scheme with M = 2/3, computed with (solid) and without
(dashed) the bound-enforcing limiter.

Table 2
L', L> error norms and convergence rates for the smooth 2D x + 2D p test.

N DG(0) + FE

L' error Rate L* error Rate
43 %12 1.23 x 107! - 1.20 -
83 x 24 6.16 x 102 0.99 6.48 x 107! 0.89
163 x 48 3.09 x 102 1.00 3.49 x 107! 0.89
323 x 96 1.55 x 1072 1.00 1.84 x 107! 0.93
N DG(1) 4+ RK2

L' error Rate L error Rate
43 %12 7.09 x 1073 - 8.32 x 1072 -
83 x 24 1.92 x 1073 1.88 2.55 x 1072 1.71
163 x 48 5.00 x 1074 1.94 6.97 x 1073 1.87
323 x 96 1.28 x 10~ 1.97 1.82x 1073 1.94
N DG(2) + RK3

L' error Rate L error Rate
43 x 12 1.50 x 10~ - 1.45 x 1073 -
83 x 24 2.72x 1073 2.46 2.94x 1074 2.30
163 x 48 3.82x 1076 2.83 4.17 x 107> 2.82
323 x 96 4.67 x 1077 3.03 4.63 x 1076 317

obtained with the DG(0) + FE, DG(1) + RK2, and DG(2) + RK3 schemes are listed in Table 2. The numerical results confirm
the expected order of accuracy for the different schemes (first, second and third order, respectively). For this test, for a
given phase space resolution, the additional cost (i.e., increased memory footprint) of the higher-order DG schemes is offset
by higher accuracy. For example, with a resolution of 16 x 48, the L'-error norm obtained with the second-order scheme
(2% degrees of freedom per cell) is 5 x 104, while the L' error norm obtained with the third-order scheme (3% degrees of
freedom per cell) is reduced by more than two orders of magnitude, to ~3.8 x 107, Moreover, the L! error norm obtained
with DG(2) + RK3 using 43 x 12 cells is of the same order of magnitude as the L' error norm obtained with DG(1) + RK2
using 163 x 48 cells, but with a factor of 50 reduction in total memory cost to store the distribution function.

As in the spherically symmetric case, we have computed results for models extending to the symmetry axis, R = 0. The
results are similar to those displayed in Fig. 1. For the first-order scheme, we observe the “dip” in the numerical result near
R =0, with the largest error in the cell with R = 0. The results obtained with DG(1) + RK2 and DG(2) + RK3 do not show
such signs of increased error near the z-axis.

4.3.2. Two-beam test
As a second test we consider two beams with Gaussian shape entering the computational domain at the inner boundary
(R=Rg=1); i.e, we set
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foc(Ro, 2, . ®) =exp | = (z1 = 2)/12 = (1 — ) /12, — 0?13}
+exp | = (22— 2)° /12 = (2 — ) /1 — @13 ], (99)

with z; = —49/64, z; =39/64, 1 =9/16, uy =—11/16,and L, =L, = Ly = 0.1. Initially, the distribution function is set to
1076 in the computational domain, which is given by D = {(R, z, u, ®) € R*:Re[1,3], ze[-1,1], nel-1,1], [0, 7]}
We evolve until t = 2.6, when a steady state is reached. We use the positivity-preserving CFL conditions in Eq. (81) with
s1 =52 =s3 =1/3. (To save computational time, we run with a single energy group with E € [0, 1].) This test is also relevant
to core-collapse supernova simulations as “beams” of neutrino radiation may emanate from localized hotspots on the surface
of the proto-neutron star [4].

First we compare results obtained with the various schemes, using various resolutions (denoted by Ng x N; x N, x Ng).
In Fig. 12 we display the angular moment of the distribution function,

(

=

ER,z,t") =

N
)

7 1
[ [ 8@ 20 dpade, (100)
0 -1

versus radius R and distance along the symmetry axis z, at t = 2.6. In (100), (E) = 3/4. In the two upper panels we plot
results obtained with DG(0) + FE using 642 x 24 x 36 cells (upper left) and 2562 x 96 x 144 cells (upper right). In the two
middle panels we display results obtained with DG(1) + RK2 (642 x 24 x 36; middle left) and DG(2) + RK3 (64% x 24 x 36;
middle right). In the two lower panels we plot results where we have increased the spatial resolution by a factor of two in
each dimension for DG(1) + RK2 (1282 x 24 x 36; lower left) and DG(2) + RK3 (642 x 24 x 36; lower right).

In Fig. 13, to complement the images in Fig. 12, we plot horizontal cuts (for z=0.185) through the images displayed in
Fig. 12. In the left panel we plot the angular moment versus distance from the symmetry axis for DG(0) + FE (642 x 24 x 36;
green), DG(0) + FE (256% x 96 x 144; red), DG(1) + RK2 (642 x 24 x 36; blue), and DG(2) + RK3 (642 x 24 x 36; black).

All models maintain positivity of the cell averaged distribution function during the evolution. For the higher-order
schemes, the bound-preserving limiter is required to prevent negative distributions in certain cells, especially near the
beam-fronts when they propagate through the computational domain. (Maintaining fpg <1 is not considered an issue in
this test.) The four upper panels in Fig. 12 and the left panel in Fig. 13 demonstrate the effect of using a high-order method.
At low resolution, the first-order scheme (green line in Fig. 13) is clearly too diffusive for this problem. The Gaussian peak
to the left is reduced by almost a factor of two, when compared to the results obtained with the higher order schemes
using the same phase space resolution. The Gaussian peak to the right is virtually smeared out. The results obtained with
the second and third order schemes (blue and black lines, respectively) appear similar for this problem. Even, when the
phase space resolution is increased by a factor of four in each dimension (red line in Fig. 13), the results obtained with the
first-order method appear smeared out when compared to the results obtained with the second- and third-order schemes,
which use factors of 16 and ~3 fewer total degrees of freedom, respectively.

We observe “ray effects” (e.g., [25]) in the results obtained with the high-order DG schemes. The ray effects appear as
oscillations in the numerical solution; cf. the black line around the Gaussian peak to the right in the left panel in Fig. 13.
In the right panel in Fig. 13 we plot a zoomed-in view of this second Gaussian. We plot the results obtained with DG(1)
+ RK2 (64% x 24 x 36; dashed blue) and DG(2) + RK3 (64% x 24 x 36; dashed black). We also plot results obtained by
increasing the spatial resolution by a factor of two in each position space dimension, while keeping the momentum space
angular resolution fixed; i.e., DG(1) + RK2 (1282 x 24 x 36; solid blue) and DG(2) + RK3 (1282 x 24 x 36; solid black).
From Fig. 13, and the middle and bottom rows in Fig. 12, we see that increasing the spatial resolution does not reduce the
appearance of the ray effects.

We have computed additional models to examine the appearance of ray effects in the DG scheme. In Figs. 14 and 15
we plot results obtained with the second-order scheme, DG(1) + RK2, using various momentum space angular resolution,
while we keep the position space resolution fixed to 128 x 128. In Fig. 14 we display the spatial distribution of the angular
moment of the distribution function for the different resolutions: 1282 x 16 x 24 (upper left), 1282 x 24 x 36 (upper right),
1282 x 32 x 48 (lower left), and 1282 x 48 x 72 (lower right). In Fig. 15, we plot horizontal cuts (z = 0.185), angular
moment versus distance R, through the same models: 1282 x 16 x 24 (green), 1282 x 24 x 36 (red), 1282 x 32 x 48 (blue),
and 1282 x 48 x 72 (black). The appearance of ray effects diminish with increasing momentum space angular resolution.
Strong ray effects are present in the low-resolution model (Au/L;, =1.25). However, they are barely noticeable to the eye
in the 1282 x 32 x 48-model (Ap/Ly, = 0.625; cf. lower left panel in Fig. 14), while they are not present at all in the
1282 x 48 x 72-model (Ap /L, ~ 0.42).

5. Summary and conclusions

We have developed high-order, bound-preserving methods for solving the conservative phase space advection problem
for radiation transport. We have presented discontinuous Galerkin (DG) methods for solving the conservative, general rela-
tivistic collision-less Boltzmann equation in up to six dimensions assuming time-independent spacetimes. Specific examples
are given for problems with reduced dimensionality from imposed symmetries; namely, spherical symmetry in flat and
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Fig. 12. Results from running the “two-beam” test using various schemes and resolutions (see text for details). The images show the angular moment of
the distribution function in (100) at t = 2.6. (The pixelation is due to the visualization, which assigns a constant value to each cell.) (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Horizontal cuts (z = 0.185) through the images displayed in Fig. 12 (see text for details). (For interpretation of the references to color in this figure
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Fig. 15. Horizontal cuts (z=0.185) through the images displayed in Fig. 14. The results were obtained with the DG(1) 4+ RK2 scheme with fixed position
space resolution and various momentum space angular resolutions: 1282 x 16 x 24 (green), 1282 x 24 x 36 (red), 1282 x 32 x 48 (blue), and 1282 x 48 x 72
(black). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

curved spacetime (Sections 2.2 and 2.3, respectively) and axial symmetry in flat spacetime (Section 2.4). With the eventual
goal of simulating neutrino transport in dense nuclear matter, which obey Fermi-Dirac statistics, we have taken special care
to ensure that the high-order DG method preserves the maximum principle for the phase space distribution function; i.e.,
f €10, 1]. The combination of suitable CFL conditions and the use of the conservative, high-order bound-preserving limiter
in [49] are sufficient to ensure positivity of the distribution function (i.e., f > 0). For the conservative formulation we em-
ploy, the additional requirement that the phase space discretization preserves the divergence-free character of the Liouville
flow is necessary to ensure that the distribution function satisfies the physical bounds during the evolution (i.e.,, 0 < f <1).
High-order accuracy, bound-preserving properties, as well as other properties of the DG scheme are demonstrated with
numerical examples in Section 4.

In our opinion, the DG method is an attractive option for simulating supernova neutrino transport. However, several
challenges — which we defer to future studies — remain to be solved before it can be deployed with confidence in large-
scale multiphysics simulations with all the relevant physics included. In particular, the bound-preserving DG scheme must
be extended to include necessary neutrino-matter interactions. Here, the use of implicit-explicit methods may be used in
order to bypass timescales imposed by short radiation mean-free paths in neutrino opaque regions (i.e., in the proto-neutron
star). Our bound-preserving scheme must be extended to the case with time-dependent spacetimes (we assumed 9,/ =0
in Section 2). Moreover, velocity-dependent effects (i.e., Doppler shift and aberration) must be correctly accounted for when
the radiation is interacting with a moving stellar fluid (e.g., [34]). On the one hand, the neutrino-matter interactions are
most easily handled in a frame that is comoving with the fluid. On the other hand, the Liouville equation is mathematically
simpler in the so-called laboratory-frame formulation (see discussions in e.g., [32,6]). Mihalas and Klein [33] formulated the
“mixed-frame” approach, valid to O(v/c), which combines the advantages of these two formulations, but this approach is,
as far as we know, not extendable to relativistic flows; however see the approach proposed in [37]. Finally, we note that the
numerical methods must be developed to conserve neutrino four-momentum in limits where such conservation laws can
be stated (e.g., flat or asymptotically flat spacetimes). Our numerical phase space advection scheme conserves particles by
construction, but is in general not guaranteed to conserve energy and momentum. The possibility of extending the approach
in [26] to higher dimensions and high-order accuracy should be investigated.

We note that high-order DG methods are computationally expensive in terms of memory usage for high-dimensional
problems. In this paper, the numerical solutions are constructed from the so-called tensor product basis, de>; the
d-dimensional polynomial space formed from tensor products of one-dimensional polynomials of degree < k. The total
number of degrees of freedom per phase space cell is then ||Q’(‘d) | = k%. To save computational resources, one may use the

total degree polynomial basis, denoted IP”(‘d), by constructing the numerical solution from multi-dimensional polynomials of

total degree < k. The number of degrees of freedom per phase space cell is then ||IF”(‘d)|| = (k! +d!)/(k!d!), which is signif-

icantly smaller than ||Q’(‘d) | for high-dimensional problems (i.e., d = 6) when high-order accuracy is desired (i.e., k > 2). In
order to further reduce the overall memory footprint, the filtered spherical harmonics approach to momentum space angu-
lar discretization [29,41] may be an attractive option for core-collapse supernova neutrino transport simulations. However,
proper inclusion of all the relevant physics discussed above remains a forefront research topic in computational physics.

Appendix A. Conservative Boltzmann equations

Our long-term goal is to develop robust and efficient numerical methods for solving the general relativistic Boltzmann
equation for neutrino transport, coupled with corresponding fluid and gravitational field equations, to study the explosion
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mechanism of massive stars. This is a formidable task, which is far beyond the scope of this paper. In this study we ignore
radiation-matter interactions on the right-hand side of the Boltzmann equation, and focus on numerical methods for the
left-hand side; i.e., the phase space advection problem. To this end, we consider the fully general relativistic case, but assume
a time-independent spacetime. For reference and completeness, we include general and special relativistic Boltzmann equa-
tions in this appendix. We adopt a ‘geometrized’ unit system in which the vacuum speed of light, the gravitational constant,
and the Planck constant are unity. Where appropriate, we adopt the usual Einstein summation convention where repeated
Greek indices run from 0 to 3, and repeated Latin indices run from 1 to 3. We use the metric signature (—, +, +, +).

A.1. General relativistic Boltzmann equation

It is necessary to employ a general relativistic description in order to study non-equilibrium transport processes in sys-
tems involving dynamical spacetimes (e.g., neutrino transport simulations aimed at understanding the explosion mechanism
of massive stars). General relativistic formulations of kinetic theory (including the Boltzmann transport equation) have been
presented in various forms and discussed in detail by several authors (see e.g., [27,14,19,45,42,31,8,7,6,44]). Thus, the pre-
sentation given here is intentionally brief.

Conservative general relativistic formulation. For numerical solution we employ the conservative form of the Boltzmann equa-
tion. The conservative form has desirable mathematical properties when the solution can develop discontinuities. It is also
better suited for tracking conserved quantities (e.g., particle number and energy). The conservative, general relativistic Boltz-
mann equation can be written as (see [7,6] for details)

1 a jolad ) 1 0

- y— - + R -

J—g 8xﬂ( & E f Vo op

Cardall et al. [6] derived the conservative form of the Boltzmann equation from the corresponding non-conservative form
by showing that the “Liouville flow” is divergence-free; i.e.,

1 9 p* 1 9

L (gL

V=g axt E Vv dp’

In Eq. (A1), {x*} are spacetime position components in a global coordinate basis. The geometry of spacetime is encoded

in the metric tensor g, whose determinant is denoted g. The components of the particle four-momentum are {p*}. The

collision term on the right-hand side, C|[f], describes energy and momentum exchange due to point-like collisions (e.g.,

radiation-matter interactions). In Eq. (A.1), the particle distribution function is a function of spacetime position coordinates

in the global coordinate basis, while momentum coordinates are defined with respect to a local orthonormal basis.> (We

take only the spatial four-momentum components as independent variables due to the mass shell constraint p* p,, =0.) The

coordinate transformation et ; = 3x*/9x" (and its inverse e w) locally transforms between four-vectors associated with the

coordinate basis (unadorned indices) and four-vectors associated with an orthonormal (tetrad) basis (indices adorned with
a bar); eg., pt =ely p”. Equivalently, e#  locally transforms the spacetime metric into the Minkowskian; i.e.,

(VAPLP PP (V) £ ) = 2 CIA. (A1)

- -1
(VEPip'p? (Voe's) ) =0. (A2)

etpe’s guy =diag[ —1,1,1,1]. (A.3)

In Eq. (A.1), we allow for the use of curvilinear three-momentum coordinates (indices adorned with a tilde), defined with
respect to the local orthonormal basis. The Jacobian matrix P; =9 p'/dp’ is due to a change to curvilinear from “Cartesian”
three-momentum coordinates. As an example used in this paper, the Cartesian momentum components can be expressed in
terms of spherical momentum coordinates {p’} = {E, ©, ®} (the energy E and two angles ® and ®) as

{pi,pi,pi}:E{cos@,sin@cos@,sin@sind)}, (A4)

from which the transformation P;: =9p'/dp’ and its inverse Pfj can be computed directly (see for example Egs. (24) and
(25) in [6]). The momentum space three-metric A;; (with inverse A7 and determinant A) provides the proper distance
between points in three-dimensional momentum space; i.e., ds%J = Ajj dp’ dp/.

We have written the distribution function in terms of spacetime position components in a global coordinate basis and
three-momentum components in a local orthonormal basis; i.e., f = f(x”, pf). The use of distinct position and momen-
tum coordinates for radiation transport was discussed in detail in [7,6]. The use of an orthonormal basis for the radiation
four-momentum eliminates (locally) the effects of the curved spacetime geometry (i.e., the gravitational field), which is ad-
vantageous when describing local physics (i.e., radiation matter interactions). However, in curved spacetime it is not possible
to globally eliminate the gravitational field by any coordinate transformation.

Conservative 3 + 1 formulation. For numerical simulations involving dynamical spacetimes, the so-called 3 + 1 splitting of
spacetime (e.g., [35,16,2]) is commonly employed. In the 3 + 1 approach, the four-dimensional spacetime is foliated into a

5 In the general theory of relativity, the existence of a local orthonormal basis at every spacetime point is assumed.
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“stack” of three-dimensional spatial hypersurfaces ¥; labeled with time coordinate t. The 3+ 1 form of the invariant interval
between neighboring points in four-dimensional spacetime is given by

ds? = —a?dt® + ;i (dx' + pide) (dx’ + pdt), (A.5)

where o dt is the proper time between spatial hypersurfaces X; and X4, yjj is the spatial three-metric, and ds,% =
vij (dx' + Bidt)(dx) + BJdt) gives the proper distance within a spatial hypersurface (e.g., [2]). The lapse function « and
the (spatial) shift vector 8! are freely specifiable functions associated with the freedom to arbitrarily specify time and space
coordinates. A straightforward calculation of the determinant of the spacetime metric gives ,/—g = /Y, where y is the
determinant of the spatial metric.

The normal vector to a spacelike hypersurface can be written in terms of coordinate basis metric components as

nt=a”1(1,-p"), (A6)
where the normalization condition n,n* = —1 implies n, = (—a,0,0, O). For the derivation of the 3 +1 form of the
Boltzmann equation, we use the “Eulerian” decomposition of the four-momentum,

p* =E(n* +1"), (A7)

where E = —n,, p" is the particle energy seen by an ‘Eulerian observer’ with timelike four-velocity n*, and [* is a spacelike
coordinate basis unit four-vector orthogonal to n* (ie., [, I* =1 and n,l* = 0). Then, the conservative general relativistic
3 + 1 Boltzmann equation can be written as

(Tt (v lat -1 )]+

where

19 |
ﬁa—p;(ﬁn f)=zClfl, (A8)
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—EA’J—_I'[——O[—IJK } E2307 2 {—‘ ——“.——’i——lllki."]. (A9)
ap/ o 9x! op/ ldt o oxt  «odxi 2 oxt

describes momentum space advection (e.g., redshift and angular aberration) due to gravitational (i.e., curved spacetime) and
other geometric effects (arising from the use of curvilinear coordinates). In Eq. (A.9), Kj; is the extrinsic curvature tensor
[2], and we have defined the derivative

4Dy D gy 2

dt 9t ox)  «a Lot axi
The spacetime divergence part of Eq. (A.8) arises easily from Eq. (A.1) with the Eulerian decomposition of p# and the
specification of n*, while the momentum space divergence is more complicated. We include details of the derivation of
Eq. (A.9) in A.3.

Note that our use of the Eulerian decomposition of the four-momentum as given in Eq. (A.7) differs slightly from the
formalism used in [6], where Eulerian decompositions of the “tetrad” transformation (e.g., L" 2 in their notation) was em-
ployed. Also note that we have expressed the radiation four-momentum in terms of an orthonormal “lab-frame” basis, while
an orthonormal “comoving” basis was used in [6]. This distinction is very important to consider when the radiation interacts
with a moving fluid (e.g., [34,32]). However, for a static fluid, the two formulations coincide. We defer the case where the
radiation interacts with a moving fluid to a future study.

(A.10)

Spherically symmetric spacetime. As a simplification used for numerical implementation in this study, we adopt spherical
polar spatial coordinates {x'} = {r, 8, ¢} and spherical polar momentum coordinates {p'} = {E, ®, ®}, and specialize Eq. (A.8)
to a spherically symmetric spacetime with a metric of the following form

ds? = —a?dt? + y;jdx' dx’, (A11)

(ie, i =0) with y;j = y4diag[1, 12,12 sin? 8], /¥ = ¥5r? siné, and where  is the “conformal factor.” Furthermore we
assume that the metric components are independent of the time coordinate, and we write o = «(r) and ¥ = v (r). Then,
all the components of the extrinsic curvature tensor vanish (i.e., Kj; = 0).

With the diagonal metric tensor in Eq. (A.11), we can easily write the transformation between the coordinate basis
and the orthonormal tetrad basis as e*; = diagla~1, e'; ], where ef; = Y~2diag[1,r~1, (r sin6)~1]. We then obtain the
conservative Boltzmann equation valid for spherically symmetric spacetimes under the assumptions stated above

L 18 (yert) (e %)

ot aybr29r E? 3E Yo dr
B o1 1Y 10 1
"‘ﬁ((l_ﬂ)w [ +W7_E§}f)_5(c[f]’ (A12)
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where the angle cosine is defined as p = cos®. In particular, Eq. (A.12) is sufficiently general to accommodate the
Schwarzschild metric (an exact solution of Einstein’s field equations), where

M

1-M M
a=—2 and y=1+_, (A13)
1 oF 2r

and M is the spacetime mass observed by a distant static observer [2]. We adopt the Schwarzschild metric and solve
Eq. (A.12) numerically in Section 4.2.

A.2. Boltzmann equation in flat spacetimes

In this section, we present conservative Boltzmann equations which are considered in the numerical simulations where
we use a flat spacetime metric. The equations presented here follow directly from simplification of the general relativistic
equations in the previous section.

Conservative formulation for general phase space coordinates. For a flat spacetime, but allowing for general curvilinear phase
space (spatial and momentum) coordinates, we write the spacetime metric as (i.e., obtained by setting « =1 and ' =0 in
Eq. (A.5))

-1 0
= , Al4
a=( ) (A14)
where the spatial metric y;; provides the proper distance between points in three-dimensional position space; i.e., ds‘% =
vijdx' dxJ. In this case, Eq. (A.8) can be written as

af 1
fax’<f f) fal

where “geometric” terms describing momentum space advection due to the use of curvilinear coordinates (cf. Eq. (A.9)) are
given by

(f f) —(C[f], (A15)

R =—E*T —

all (a1 .., 9y
{11_1__,11k ka}. (A16)

ap7 axi 2 axi
Note that R’ = 0 when Cartesian coordinates are used; i.e., yij = diag[1,1,1].

Below, we adopt spherical polar momentum coordinates (E, ®, ®) and consider two specializations of Eq. (A.15).

Spherical symmetry (spherical polar spatial coordinates). By adopting spherical polar spatial coordinates {x'} = {r, 6, ¢}, the
spatial metric tensor is given by y;; = diag[ 1,72, % sin®¢ . Then, by imposing spherical symmetry (. 95 = 0), Eq. (A.15)
becomes

af 1 9 a1y 1
a e (P )+ (=) ) = geun. (A17)

We solve Eq. (A.17) numerically in Section 4.1.

Axial symmetry (cylindrical spatial coordinates). In cylindrical spatial coordinates {x'} = {R, z, ¢} the metric tensor is given by
vij =diag[ 1,1, R? ]. By imposing axial symmetry (3, = 0), Eq. (A.15) becomes

af a 10 1
Ry/1— u2 cos® ) ( ) (,/1— sin @ ):—(C . A18
8t+R8R< w )+ 52\M) = %59 W sin® f )= £ ClI (A18)
We solve Eq. (A.18) numerically in Section 4.3.
A.3. General relativistic 3 + 1 momentum space flux

Here we provide details on the derivation of the momentum space flux appearing in the conservative 3 + 1 general
relativistic Boltzmann equation given in Appendix A.1 (Eq. (A.8)). Some useful relations we use are (cf. [6])

1 dx
n*v,n,=——, A19
BV o axy ( )
Yy iyY i Vuny = =Ky, (A.20)

ont z; 0B'

P (for z* spacelike). (A.21)
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We elaborate on the term appearing in the momentum space divergence in Eq. (A.1); i.e.,

PIp¥pP Vye'y. (A.22)
We have
. ant . 9D
pi=P i 20 (A.23)
ap’ op’

Then, by employing the Eulerian decomposition of the four-momentum in (A.7), and noting that e’, p; = El,, we write
Eq. (A.22) as

-- d(ElY == 0F - alY
=M —(Bpf) p” Vopy =—2" le p” Vyopy — EAY api P’ VpDv, (A.24)

where we have expanded with the product rule to get two expressions; one parallel and one perpendicular to [” (cf. [6]),
since
ar ; ov ol

I, — =eé',e';l; — =

apl T apl T api

—0. (A.25)

We can write the term I” p® V,,p,, appearing on the right-hand side of Eq. (A.24) as

1 dx

E21 {n” Vpny +10 Vpny |+ EpP 1"Vl = E21 | — UKy |, (A.26)
o

axi

where we have used the fact that I¥ VI, =0 and Egs. (A.19) and (A.20).
For the second term on the right-hand side of Eq. (A.24) we write

alv 5 oY

o7 PP V,py =E 557 { n? Von, +1° Von, +n° Vo, +1° V1, } (A27)
We use Eq. (A.19) to rewrite the first term on the right-hand side of Eq. (A.27); i.e.,

alv ol 1 da

—nP Vo, = — ——. (A.28)

ap/’ ap’/ a ox!

Similarly, since both 31”/dp/ and I” are spacelike, we use Eq. (A.20) to rewrite the second term on the right-hand side of
Eq. (A.27); ie.,

v al .
o7 1 Vo = - I K. (A.29)
p p
For the third term we have
alv alv al
—.anplv:—.np{—v—Fff lll}
apJ apJ dxP r
alY al, onf
_ 2 0 2V 7 e
~opl {r axe Tl o ! Vi |
all ol 1 apl
= LR i (A30)
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where we have used Eq. (A.21), and defined the “proper time derivative” along constant coordinate lines

3 198 B d

=—— - (A31)
0T «adt o ox
Finally, for the fourth term on the right-hand side of Eq. (A.27) we have
alv alv al
P — Y _ M
57! Volv =71 { =Tl | (A.32)
alk (a1 .., 3y
_—~[1f—ﬁ——111’<Lff‘]. (A33)
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Combining all the terms we obtain the momentum space flux appearing in Eq. (A.8).
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