CONVERGENCE OF FILTERED SPHERICAL HARMONIC
EQUATIONS FOR RADIATION TRANSPORT *
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Abstract. We analyze the global convergence properties of the filtered spherical harmonic
(FPxn) equations for radiation transport. The well-known spherical harmonic (Py) equations are
a spectral method (in angle) for the radiation transport equation and are known to suffer from
Gibbs phenomena around discontinuities. The filtered equations include additional terms to address
this issue that are derived via a spectral filtering procedure. We show explicitly how the global L?
convergence rate (in space and angle) of the spectral method to the solution of the transport equation
depends on the smoothness of the solution (in angle only) and on the order of the filter. The results
are confirmed by numerical experiments. Numerical tests have been implemented in MATLAB and
are available online.

1. Introduction. The purpose of this paper is to analyze the global convergence
properties of the filtered spherical harmonic (FPy) equations [27,34], a system of
hyperbolic balance laws that are used to model radiation transport. These equations
are a modification of the well-known spherical harmonic (P y) system [10,24,33], which
is derived via a global spectral approximation in angle of the solution to the radiation
transport equation. Like any spectral approximation, the Py system may suffer from
Gibbs phenomena around discontinuities that can lead to highly oscillatory behavior
and even negative particle concentrations [7]. This fact is considered one of the major
drawbacks of the Py method. The natural way to address deficiencies in the P
equations is to modify the spectral approximation; indeed, the Py approximation is
just a linear combination of spherical harmonics and is not guaranteed to be positive.

There are a variety of nonlinear approximations that ensure positivity. For ex-
ample, entropy-based methods [13,30] yield, among other things, positive approxima-
tions for low-order expansions and have produced promising results in several appli-
cations [4,14,16,25,32,39]. However, the implementation of high-order expansions is
computationally expensive because of the complicated relationship between the co-
efficients and the moments of the expansion [1,2].! Positivity can also be enforced
directly through inequality constraints [19] or by penalty methods [15]. However,
these approaches are also computationally expensive when compared to the Py equa-
tions. In addition, all of these methods still suffer from Gibbs-like phenomena around
discontinuities.

Another method that uses a positive approximation of the transport solution is the
quadrature method of moments (QMOM) [29]. Although the theoretical properties of
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this method are not well-understood, the solution algorithm is simple and relatively
fast. There are several variations of QMOM. (See, for example, [26] and references
therein.) One such variation, known as extended QMOM (EQMOM) has been used to
simulate thermal radiative transfer in one-dimensional slab geometries [41]. However,
its fidelity for multi-dimensional radiative transport problems has yet to be evaluated.

A very simple modification of the Py method, which does not significantly in-
crease the computational cost, is to dampen, or filter, the coefficients in the expansion.
Filtering has been widely used in conjunction with spectral methods to handle instabil-
ities and oscillations that often arise when simulating linear and nonlinear advection.
There are many papers on filtering in the literature. We refer the interested reader
to [5,17,22] for analysis, further background, and a host of additional references.

Filters were first applied to the Py equations in [27,28]. There it was observed
that the filtering process suppresses Gibbs phenomena in the spectral approximation
of the angular variable, leading to significantly improved results for several challenging,
multi-dimensional problems in radiative transfer. In its original form, the filter was
applied after each stage of a time integration scheme; unfortunately, this approach
is not consistent with any continuum equation in the limit of a vanishing time step.
However in [34], the strength of the filter was made to depend on the time step in
such a way as to give a modified system of equations in the continuum limit. This
new system contains an additional artificial scattering operator that is analogous
to the artificial viscosity induced by filtering methods for spatial discretizations of
hyperbolic equations [5]. As with the original discrete approach, the filter strength is
still an adjustable parameter. However, because of the consistent implementation, the
parameter can be tuned once on a relatively coarse mesh and then held fixed under
mesh refinement. In addition, the modified equations are more amenable to numerical
analysis than the original filtering procedure is.

The filtering approach does have some drawbacks. Unlike the other methods
discussed above, the filtered spectral approximation is not a projection, i.e., it is
lossy. In addition, the approximation is not strictly positive. Finally, there is no
optimal value for the filter strength; rather it may require adjustments for different
problems. What’s more, the “best value” of the filter strength depends on the local
solution: suppressing oscillations in some regions causes a loss of accuracy in others.
In spite of these drawbacks, the FPy equations are a promising tool for simulating
radiation transport due to their efficiency, overall accuracy, and simplicity.

In this paper, we analyze the global convergence properties of the FPy equations
derived in [34]. In particular, we show explicitly how the global L? convergence rate
depends on the smoothness of the solution and the order of the filter. The analysis
results are confirmed by numerical experiments. Such results are a helpful guide for
practitioners who will use the equations for scientific simulation.

The remainder of the paper is organized as follows. In section 2, we introduce
the filtered spherical harmonic equations. In section 3, we state and prove our main
theorem, which gives the convergence rate of the filtered P method. Finally, several
numerical tests are presented in section 4, to confirm the dependence of the conver-
gence rate on the regularity of the solution and the order of the filter.

2. Background. In this section we introduce the transport equation, the spher-
ical harmonics (Py) equations, and the filtered spherical harmonic (FPy) equations.
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2.1. Radiative Transport. We consider the Cauchy problem

O (t, 2, Q) + Q- Vaib(t, 2, Q) + 0a(2)(t, 2, Q) = (QY) (¢, 2,Q) = S(t,2,9Q) , (2.1a)
P(0,2,9Q) = Yo(x, ), (2.1b)

where the unknown ¥ (t, z, Q) gives the density of particles, with respect to the mea-
sure dQdz, that at time ¢ € R are located at position z € R?® and moving in the
direction Q € S2. The scattering operator Q describes the change in particle direction
due to collisions with a fixed background medium:

(Qu)(t,z,Q) = Us(x)/ 9(z, Q- V)(t, 2, Q)dY — ¥(t, 2, Q) (2.2)
SQ

where for each x, g(x,-) is a non-negative probability density on the interval [—1,1].

Thus Q is an integral operator in €2, but local in x and t¢.

For each fixed z and t, Q is a self-adjoint, bounded linear operator from L?(S?)
to itself. It has a nontrivial null space comprised of functions that are constant with
respect to 2. Orthogonal to the null space, —Q is coercive—that is, there exits a
constant ¢ > 0 such that

/ h(—Qh)dQ > c|[h||72(2)  for all h € [Null(Q)]* . (2.3)
S‘Z
These properties are standard results in kinetic transport theory; their proofs can be
found e.g. in [12, Chapter XXI] or in [11].

In what follows we use the abstract notation 7 = S for (2.1a), where T de-
notes the linear integro-differential operator on the left-hand side. We also use angle
brackets as a short-hand for angular integration over S2:

0= [ (an. (2.4)

2.2. Spherical Harmonic (Py) Equations. The spherical harmonic (Py)
equations are derived from a spectral Galerkin discretization of the transport equation,
using spherical harmonic functions as a basis. These functions and their properties
are classical (see, for example, [3,31]), but for completeness we briefly describe them
here. We write

Q= (U, 2,9)" = (V1 —p2cos(p), V1 —p?sin(p), w)", (2.5)

where p = Q3 € [-1,1] and ¢ € [0,27) is the angle between the zj-axis and the
projection of  onto the x1-z2 plane. Given integers £ > 0 and k € [—£, /], the
normalized, complex-valued spherical harmonic of degree ¢ and order k is expressed
in terms of u and ¢ as

2 +1(0— k),
R e ] (2.6

where ng is an associated Legendre function. The primary motivation for using the
spherical harmonics is that they form a complete set of eigenfunctions for Q:

—~

—~

QY =os(ge—1)Y}F, £=0,1,2,...and k= —(,...,0,...,0, (2.7)
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where gy = 27 f_ll Pig(p, -)dp and Py is the degree ¢ Legendre polynomial with nor-

malization f_ll PEdu = %ﬂ. The eigenvalue relation (2.7) is derived by expanding
the kernel ¢ in Legendre polynomials and then applying the addition formula for
spherical harmonics (see, for example, [23, Appendix A] or [24]), and it reduces the
approximation of @ in the Galerkin method from an O(N?) to an O(N) operation.

For convenience, we use the real-valued spherical harmonics which, up to a nor-
malization factor, are the real and imaginary parts of each Yekz

k
CE v+ (-0 h), k>0,
mg =Y, k=0, (2.8)
—1)k; _
- - (CD)RYE) k<o,
We collect the ny := 2¢ + 1 real-valued harmonics of degree £ together into a vector-
valued function my and then for given N, set m = (mg, my,...,my). In all, m has
n:= leio n; = (N +1)? components which form an orthonormal basis for the space
N ¢
PN_{ZZcfmg:cﬁeRforOSESN, |k§£}. (2.9)
£=0 k=—¢

Finally, the spherical harmonics fulfill a recursion relation of the form

. . T .
Qimg = aéilmg+1 + (ay) ) my_1, where aéz) S R(2Z71)X(2Z+1). (210)

More details, including exact expressions for the matrices agi), can be found in the
appendix.
The Py equations are derived by approximating ¢ by a function ¢p, € Py:

Y ~p, =mlup, , (2.11)

where up, : R x R3 > (¢,z) — up, (t,7) € R" solves
(mT (m%up, (t,z)) = s(t,z), (t,z) € (0,00) x R?, (2.12a)
up,, (0,2) = (myp(x,-)), reR3, (2.12b)

and s := (mS). Using (2.1a), the system (2.12a) can be written more explicitly as
Owup, + A -V,up, +o,up, —osGup, =s, (2.13)

where A := (mm”(), G is diagonal with components Gk, ek) = ge — 1, and we
have used the fact that (mm?”) = I. The inner product between A and the gradient
is understood as
3
AV, = Z A0, (2.14)
i=1

where A; = (mm7”Q);). Moreover, due to the recursion relation (2.10), the structure
of the matrices A; is very specific:

0 agi)

T )
(a(ll)> 0 aéz)
A, = ) ) ) . (2.15)

(W) o



2.3. Filtered Spherical Harmonic (FPy) Equations. The filtered spheri-
cal harmonics (FPy) method was originally introduced as a modification in a time
integration scheme [27,28]. After each time step, the spherical harmonic expansion is
filtered, using for example a spectral spline filter. It was later shown [34] that if the
filtering function is raised to some strength parameter depending on the time step
At, then the filtering procedure is consistent with a set of modified equations. Before
presenting these equations, we first introduce the definition of a filter:

DEFINITION 1. A filter of order « is a real-valued function f € C*(R™) that
satisfies

Q) f0)=1, (i) f90)=0, fora=1,...,a—1, (i) f0)#£0. (2.16)

REMARK 1. There are several slightly different definitions of a filter in the lit-
erature [5,9,21,22,84,40]. In [22] a filter of order « is a real-valued, even function
f € Co7H(R) that, in addition to conditions (i) and (i) above, satisfies

(iv) f(n) =0 for|n| >1 and (v) fD1)=0fora=01,...,a—1. (2.17)

Conditions (i) and (i) are essential to every filter, but the other requirements may
vary slightly. Commonly used filters are additionally strictly monotone decreasing on
the interval [0,1] and smoother than required. At the same time, some filters do not
satisfy conditions (i) or (v). For example, neither the fourth order spherical spline
filter, f(n) = ﬁ, nor the exponential filter of order «:

fn) =exp(en®) with c=log(en), (2.18)

where €y 1s the machine accuracy, satisfy these conditions. Since filtering functions
like the exponential filter are suitable for our purposes, we neglect conditions (iv) and
(v) in the above definition. Condition (iii) has been added so that the filter order
becomes a unique property.

ASSUMPTION 1. In what follows, we make the additional technical assumption
that the filter f satisfies

(vi) f(n) = CA—n)*, n€no,1] (2.19)

for some k > 0, some constant C, and some ng € (0,1). This condition will be used
in the proof of Theorem 3.3.

REMARK 2. Filters in the sense of Definition 1 that satisfy Assumption 1 include
the exponential filter (which we use in computations) or any C-function that satisfies
conditions (i)-(v) above.

In [34], the truncated filtered spherical harmonic expansion of a function ® with
expansion coefficients ®} is given by

N V4
SN (r(ab) kb, (2.20)
0=0 k=—¢

where f is the filter and o;At is a filter strength that is tuned by the selection of the
filtering cross-section oy or, equivalently, the filter effective opacity

ferr = ot log (f (N%l)) : (2.21)
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The dependence of the filter strength on At allows one to express, in the formal limit
At — 0, the filtered spherical harmonic (FPy) equations in the following continuum
form [34]:

3tquN + A - kuFPN + gaurp,y — USGUFPN — UfoquN =S, (2.22)

where Gt is a diagonal matrix with components (Gt) s x),¢,x) = l0g (f(ﬁ)) Back

in the abstract notation, (2.22) can be written as

(T (Yrpy)) — (MmQs(Yrpy)) =, (2.23)
where the operator Qr depends on Gy:
9¢(®) = oym” G¢(m®). (2.24)

In a way, the FPy equations can be viewed as a Galerkin method for the transport
equation (2.1a), but with an additional scattering operator that depends on N.

3. Error Estimate. In this section we analyze the L? convergence of the FP
method. This will require assumptions on the regularity of the transport solution.

3.1. Preliminaries. We begin by defining the spaces and operators that will
be used in the analysis, using ® and u to denote generic scalar and vector-valued
functions.

e For any nonnegative integer ¢, H%(S?) denotes the Sobolev space on the unit
sphere with norm

1/2
@l a2y = | > /S | D*®()[*d2 . (3.1)
lal<q

where the sum is over integer multi-indices o and the case ¢ = 0 recovers
the regular L? norm on S?. An equivalent weighted L? norm can be derived
using the Beltrami (surface Laplacian) operator

for which the spherical harmonics are also eigenfunctions:
Lmb = —Xemb, N =0(0+1). (3.3)
Therefore, the expansion coefficients ®% := (mk®) of any function ® €
H?4(S?) satisfy
B = (mf®) = o (Cm)0) = b (B4

where the last equality in (3.4) follows from the differentiability of ® and the
fact that the Beltrami operator is self-adjoint. Therefore

[e%S) 4 1/2 [e%S) 4 1/2
P (Z > Eq(€+1)q|¢>f|2> = (Zwu N |<1>;f2> (3.5)
£=0

0=0 k=—¢ k=—¢

defines an equivalent norm on H9(S?) that can then be extended to non-
integer values of ¢ [17, p. 317]. This norm will be used in the proofs of
Theorems 3.3 and 3.4.



e For vectors u € R™ we define the Euclidean norm in the usual way: [ju|g» =
VuTu. Since (mm7”) =1, it follows that [|m”ul|;2(s2) = |Jul|rn.

e For functions of space and angle, we define the space L?(R3; H(S?)) by the
norm

1/2

By = | 3 [ [ Dre@panas) . @9

la|<q

For vector-valued functions of space, we define L?(R?;R") by

1/2
fullzgoeey = ([ uo uwie) (3.7
R
e Finally, we add time dependence. We define the space CY([0, T|; L?(R3; H%(S?)))
by
1/2

||¢‘|CO([07T];L2(R3;Hq(§2))) = sup Z/ |Da¢(t,$,Q)|2deﬂ;‘
FEOTT \ jaj<q R /57

(3.8)
and C°([0, T]; L*(R%* R™)) by
1/2
llullco(o,77;2(r3;mm)) := sup (/ u(t,ac)Tu(t,x)dx) . (3.9)
te[0,T] \JR3
e The mapping
Py® = m” (mm”) " (m®) = m? (m®) (3.10)

is the L2-orthogonal projection of a generic function ® € L?(S?) onto Py.
For any non-negative integer ¢,

(Py —Pr_1)® = m} (mym] ) ' (m;®) = m} (m,P) (3.11)

is the L?-orthogonal projection of ® onto the space of homogeneous polyno-
mials in € of degree £. It is easy to show that

[[{m®)]

wee = 1(Pe = Peo)®llaen < |2~ PO®lieey  (312)

and the equivalent H? norm in (3.5) is equal to Y 2, ¢4(¢ 4 1)9||(m,®)| 2., .

A standard existence and uniqueness result for the transport equation is
THEOREM 3.1 ( [12, Theorem XXI.2.3]). Let

0g, 04 € L(R®) with 05,0, > 0. (3.13)
Let the initial condition 1y be such that
Yo € L*(R% L%(S?) and Q- Vo € L*(R3; L3(S?)). (3.14)
Furthermore, let the source S satisfy

S e ([0, T]; L*(R?; L*(S?)). (3.15)
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Then there exists a unique solution that satisfies

u € CH[0,T]; LA(R?; L*(S?))) and -V, € C°([0,T]; L*(R?; L*(S?))). (3.16)

REMARK 3. The assumptions of the Theorem can be weakened to allow for initial
conditions that are not in the domain of the advection operator Q- V,. Then there
exists a C° solution. However, the convergence results below require estimates on
the spatial gradient of ¥ and additional regularity in angle. As Theorem 3.1 is a
semigroup result, this could be achieved by additional reqularity in the initial condition,
see e.g. [6, Theorem 7.5]. In all our numerical examples, the initial condition is either
zero or smooth.

The FPy equations are a symmetric hyperbolic system. Thus if the initial value
upp, (0,-) € L2(R3R"), then a straight-forward Fourier analysis (see [38, Chapter
3]) shows that there is a unique solution up, € C°([0,T]; L?>(R3;R")) and that, in
the absence of a source, ||urpy |/z2(rs;r») is bounded uniformly in time by the initial
data. However, with the assumptions of Theorem 3.1, more can be said.

THEOREM 3.2. Let upp, (0,2) = (miyy) and s = (mS), where ¥y and S satisfy
(3.14) and (3.15), respectively. Then there exists a unique solution that satisfies

urpy € CH([0,T]; L*(R%;R™)) and A -V,urp, € C°([0,T]; L*(R*R™)). (3.17)

This result follows from standard semigroup theory (see, e.g., [6, Theorem 7.4]). The
regularity provided by (3.17) is sufficient for the analysis that follows.

3.2. Main Result. We now state and prove the main convergence result.
THEOREM 3.3. Assume the transport solution 1 satisfies the additional regularity
conditions

Y € C°([0,T); L*(R?; HY(S?))) and 0., € C°([0,T]; L*(R*; H"(S?))), (3.18)

for each i € {1,2,3}, where r and q are positive constants. Let Ypp, = mTugp, be
the reconstructed solution to (2.23). Then for any t € [0,T],

l0(t, -, ) = Yrpy (- MlL2ms;L2s2y) < U+ -) = Pno(t, - )l L2 ms;n2(s2))

+t{llan+1 - Vo{my i) |l ooo )02 sren+1)) + 01| Ge{my) || oo (o, 7 L2 R2 =) }

(3.19)
and as N — oo, we have the following rates:?
(¢, ) = Pnip(t, -, )|l L2 ms;pe(s2)) < CONTY, (3.20a)
lan+1 - Va{myi19) | cogo. 1) 12 (rogen+1y) < ONT", (3.20b)
CN—a+1/2 a>q—1
G . ey < ’ 2
|Gelme)leoqoyize @z < {CN“**E Ve>0, a<qg-3
(3.20¢)

Theorem 3.3 allows one to predict the order of convergence of the FPy solution as
N — o0, depending on the order of the filter o and the smoothness of 1. The term

2Throughout the paper, we use C' as a generic positive constant.
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in (3.20a) is the projection error. We refer to the term in (3.20b) as the closure error,
and the term in (3.20c) as the filter error.

The remainder of this section is dedicated to proving Theorem 3.3. The strategy
is a Galerkin-type estimate similar to [35]. As is standard, we split the total error
into the projection error and a remainder that is an element of Py:

Y —Yrpy = (¥ — Pyyp) + m’r, (3.21)

where r = (m(Pyt — ¢rpy )) = (mT9) — upp,, inherits the regularity in (3.17). The
first step is to control r.

LEMMA 1. Let ¢ be the exact solution to (2.1a) and Y rp, = mTupp, be the
solution to (2.23). Then for any t € [0,T], the residual vector r in (3.21) satisfies the
estimate

et ) L2@sirny < t{llans1 - Velmy 10, -, )l ooo,m); 2 (reren+1))
+ort[|Ge (mip(t, -, ')>||CO([O,T];L2(R3;R"))} - (3.22)

Proof. The proof is essentially a calculation. We apply T to (3.21), then multiply
by mTr and integrate in angle. Since v is the exact transport solution, (m7 ()) = s.
Combined with (2.23), this gives for the left-hand side of (3.21)

(e T (¢ — ¢ppy)) = —(m"r Qs (vrpy)) (3.23a)
= —(m"r Q;(Py1)) — (m"r Q(m”r)) (3.23b)

Equating this to the result for the right-hand side, we find
(m"rT(m'r)) — (m"rQy(m’r)) = —~(m"rT (¢ — Pny)) — (m'rQs(Pnv)). (3.24)

The individual terms in (3.24) can be explicitly computed:

(mTr7T(m"r)) = 20|r> + 1V, - (Qm"r]*) + ou|r|* — osr" Gr (3.25a)
(mTrQ;(m”r)) = oir” Gyr (3.25b)
(m"rT (¢ — Pyp)) = (m Q- Vo (Y — Pyep)) = ryanis - Va(my 1) (3.25¢)
(mTr Qs (Pyy)) = opr? G (my)) (3.25d)

In (3.25¢), we have used the notation defined in (2.14) and the recursion relation of
the spherical harmonics in (2.10). After integration with respect to = we obtain

10, /]RB r|2de = —/RS rhany1-Ve(my 19)de —og /]RS rTGf<m1/)>d:c—/ r’ Mrdz.

R3
(3.26)
where M := 0,1 — 0,G — 0¢Gy is positive definite. This implies that

8t||r||L2(R3;Rn) S ||aN+1 . vm<mN+1w>”L2(R3;R2N+1) + 0’{||Gf<m1/J>HL2(R3;Rn) s (327)

and the result in (3.22) follows immediately. O

The next step is to prove the convergence rates in (3.20). The projection error rate
in (3.20a) is well known (see, for example, [17,18]) and the result in (3.20b) follows a
similar argument. We rederive these rates for completeness. Our convergence proof
for the filter error follows the approach used in [20]. For all three cases, we utilize the
equivalent H? norm in (3.5) to simplify the presentation.
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Projection error. Using equation (3.4) and Parseval’s identity, the projection error
satisfies

[t ) — Prtb(t, ) 2oy / S S o) P

(=N+1k=—¢
<-— / ZZ@Qthdx
N +1)% Jgs (=N+1k=—¢
C
< ﬁ”"/}(t’"‘)||%2(R3;H<1(S2))‘
(3.28)
Closure error. We note first that for each ¢ € {1,2,3}, the scalar elements ag\l,)ﬂ

are all bounded independently of N. Moreover, the number of nonzero components
in any row or column is also bounded independently of N (see the appendix for more

details). Thus ||a5\i,)+1||2 < Haﬁ\i,)ﬂ||1||a§\i,)+1||OO is uniformly bounded in N, and under
the conditions of Theorem 3.3,

3
o r - Vo ma ot )3 s gon 1) < C 0 I, 0t D) son )

i=1

3
= CZ [(Ps1 = Pn) (O th(t, -5 ) |72 (3. 1252y

i=1

3
< CZ ||(I - ,PN)(allw(t7 K '))||2L2(R3;L2(S2))

i=1

S N7 Z 1029t -, M2 @52 »

(3.29)
where we have used (3.12) and the estimate of the projection error in (3.28), replacing

g by r and ¢ by 0,,1. Taking the supremum over all ¢ € [0, 7] on both sides yields
the desired rate.

Filter error. The filtering error satisfies

N
Gt DI sy = D108 (F(50) )1 0metb (e, D) s qasens)

£=0

—Zlog( )H(Pe Pe1)(t, -5 )72 ms.12(s2)

—OZIOg (f

)”(I Pg 1)¢(t7'7')||%2(R3;L2(SZ))

i)

1
<czlog (£(51)) g It Mooy

(3.30)
where we have again used (3.12) and the estimate of the projection error in (3.28). It

remains to find an estimate for the sum in the last term of (3.30). We follow the strat-
egy in [21], approximating this sum with a Riemann integral and then determining
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conditions under which the integral is bounded. For any 6 < 2gq,

N

élogQ (f(%“))ﬁ% S +11)0—1 N:— 1 ;1%2 (f (zﬁ)) (M) (3.31)

=3

The quantity ¥ is a Riemann sum corresponding to the integral

/O log? ((m)) n~*ds (3.32)

where the integrand is singular at n = 0 and n = 1. The singularity at n = 1 is
because of the logarithm and is integrable under Assumption 1. The singularity at
n = 0 is polynomial; for it to be integrable, one must impose additional conditions
relating 0 and the filter order a. A Taylor expansion of f around n = 0 yields

(a) (a)
log f(n) = log (f(O) +nf(0)+...+ nafa(é)> = log (1 + nafal(g)> (3.33)

for some & € [0,n]. Thus log f(n) < Cn® for n positive, but sufficiently small. As a
consequence, the singularity at 7 = 0 will be integrable if and only if

0 <2u+1. (3.34)

There are two cases:
Case 1: a > q— % In this case, convergence is limited by the regularity of v,
and (3.34) is valid for all § < 2¢. In particular, for § = 2¢, we obtain from
(331) the estimate ||G‘f<m'l/}>HCO([O7T];L2(R3;R7L)) S CN7q+1/2.
Case 2: a < q— % In this case, convergence is limited by the filter order, and
(3.34) is valid only for 8 = 2a+1—4, where § > 0 is arbitrary. We obtain from
(3.31) the estimate ||Gf<m’(/)>HCO({QT];Lz(RS;Rn)) < CN~%*t¢ where € = 6/2.
This completes the proof of Theorem 3.3.

3.3. A Sharper Estimate. The estimates of the closure filter errors in the
previous section rely on the projection error estimate and the conservative bound of
the projection Py —Py_1 that is expressed in (3.12). However, in the numerical results
below, we observe faster decay rates that lead to sharper overall estimates.

THEOREM 3.4. In addition to the assumptions of Theorem 3.3, suppose that for
all £ >0,

C C ,
[me)licoqo, 2@z < jmp and mede,Yllooqoryre@errey < grgm s 1€ {1,2,3}

(3.35)
Then the rates in (3.20b) and (3.20¢) of Theorem 3.3 can be sharpened to
||aN+1 : Vm<mN+1w>||C°([0,T];L2(R3;]R2N+1)) < CN_T_% (336)
CN™1, a>q
|G+ () || oo, 772 (R R7Y) < {CN‘”E Ves 0. a<gq (3.37)
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Proof. The proof is a trivial modification of the Theorem 3.3 proof. One simply
needs to insert the bounds assumed in (3.35) into the appropriate place. O

REMARK 4. The decay rates in (3.35) cannot be deduced from the Sobolev index
alone. However, given sufficient smoothness, a subsequence of the expansion coeffi-
cients will always satisfy (3.35).% On the other hand, the decay rates in (3.35) imply
that ¢ € C°([0,T]; L?(R3; H4*(S?))) and d.,% € C°([0,T); L*(R3; H™(S?))), respec-
tively, for any q. < q and r. <r.

4. Numerical Results. In this section, we compute the numerical rate of con-
vergence for several test cases in two spatial dimensions (five dimensions total, in-
cluding time). Here it is assumed that v is constant in 3. Thus we fix z3 and, in an
abuse of notation, set * = (x1,x2) and adapt the relevant definitions in Section 3.1
from R? to R2. Beyond this, the results of Theorems 3.3 and 3.4 are unchanged.

The numerical calculations are performed using a modification of the code StaRMAP
[37], which was originally designed for solving the P equations, but is easily modified
for FPy computations. The original code implements a fully-discrete, second-order,
L%-stable method that places even (uf with k even) and odd components (uf with
k odd) on staggered grids and then uses central finite differences on one grid to ap-
proximate spatial gradients on the other. This is possible due to the specific coupling
of the unknowns, which also enables a time stepping via a splitting of the sub-steps.
In particular, the even components can be evaluated exactly if the odd components
are assumed to be constant and vice-versa. Each time step At requires four substeps:
updating the odd components by At/2, updating twice the even components (At/2
each time), then again updating the odd components by At/2. The size of the time
step is related to the spatial resolution dx through the hyperbolic CFL condition
At = 0.99A2 /| Amax|, where |Amax| is the largest eigenvalue among the matrices A;
defined in (2.15).

To modify the code for the FPy equations, we use (2.20), applying the filter f
in each substep to the components that are updated in that substep. Filtering all
components after a full solution time step with doubled filter strength yields similar
results. The source code for all examples in this paper is available to the reader
online [36].

We consider three test cases, each of which is designed to reveal one of the rates
in Theorem 3.4. The Gaussian test has a smooth solution, so we expect a convergence
rate determined by the filter order «.. In the lattice test, we numerically determine the
Sobolev indexes ¢ and r of the true solution and its derivative; the convergence of the
FPy solution is determined by these indices. The hemisphere test has a solution that
is smooth in space but discontinuous in angle; here the convergence order depends on
the Sobolev index q.

For each test case, we compute both the Py and FPpy solutions. The latter
are computed using the exponential filter, cf. (2.18), using an effective filter opacity
fet = 10 and several different filter orders: « € {2,4,8,16}. The final time for

3For example, let the sequence {ar}72, be non-negative. Then the convergence of the series
>0 €2qa§ does not imply |ag| < Ce¢—(a+1/2); consider for instance the counterexample

=@t/ Y - forp =47, je{1,2,...},
ap = ¢—4a

Tt otherwise .

In fact, a; does not necessarily need to be bounded by C¢~(4+7) for any v > 0. However, any
subsequence of a; will always decay faster than ¢~ (4+1/2)

12



Filter order Gaussian Lattice Hemisphere

&3 REH | &7 RE | &7 Ry
1.92 1.92 | 1.05 1.04 | 0.58 0.52
398 398 |1.06 1.04 | 0.61 0.52
8.00 800 | 1.07 1.07 | 0.63 0.56
15.99 1599 | 1.09 1.20 | 0.64 0.64
18.32 1743 | 1.02 0.95 | 0.65 0.96

B 500k

Table 4.1: Approximate order of convergence for different filter orders and test cases.
Spatial resolution 150 x 150 (Gaussian, hemisphere), 250 x 250 (lattice). Filter order
of oo means that no filter is applied.

each problem is chosen so that the boundary does not affect the solution. Although

Theorem 3.4 actually gives an estimate for the error in the C°([0,7])-norm in time,

we consider the error at a fixed final time. We however observe the expected rates.
We denote by Ey and Ry the norm of the total and projected error, respectively:

1
2

En =¥ — ¥nllreme;r2se)) = (Z > / 05 (1) = (¥n)§ (2, 1)) dﬂ?) , (41)

=0 k=—/¢

N|=

Ry = Py — ¥nll2me;2s2)) = (Z > / |05 (@, t) = (¥n)§ (2, 1)) dﬂ?) ; (4.2)

£=0 k=—/¢

where 1y is either ¢pp, or ¥p,.* To estimate Ey and Ry we use the trapezoidal
rule for the integrals and we approximate ¢ by a Py, . solution, with Nyyue > N
sufficiently large. Thus the reference solution has a sharply higher angular resolution
than ¢¥rp, and 1p, but the same spatial resolution.

The error terms Ex and Ry are determined for different values of NV, and we
estimate the rate of convergence from two values N1 and Ny by

1Og(RN1) B log(RNz)
log(N7) — log(Na)

log(EN1) _ log(ENz)
log(N7) — log(N2)

and R%ﬁ =— (4.3)

N =—
The spatial resolution is chosen so that the space-time errors are negligibly small. To
check this, we have performed a grid convergence study. A summary of the results is

given in Table 4.1 and, with doubled spatial resolution, in Table 4.2.
According to Theorem 3.4, the order of Ey and Ry are given by

With filter: Ex ~ Ry = O(N~mn{ar+i.aly

: . A (4.4)

Without filter: Ey = O(N™ mln{q,r+§}), Ry = O(N*(Hf)).
In particular, both depend on the regularity of the solution, which is given by the
values ¢ and r. To obtain an estimate for these values, we estimate the order of
decay for the moments of the solution and their differentials, cf. Lemma 1. Thus, we

4 1t can be shown that since v is independent of x3, it is also invariant under the mapping
Q3 — —3. As a consequence, moments with respect to m’g vanish whenever £+ k is odd. The total
number of nonzero moments that remain is (N + 1)(N + 2)/2.
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Gaussian Lattice Hemisphere
R RB [ €F RE[EF WY
1.92 192 | 1.04 1.04 | 0.59 0.52
398 398 | 1.05 1.07 | 0.62 0.52
8.00 8.00 | 1.04 1.13| 0.64 0.58
1599 1599 | 1.03 1.20 | 0.65 0.64
17.87 1694 | 0.99 0.96 | 0.66 0.96

Filter order

B 500k

Table 4.2: Approximate order of convergence for different filter orders and test cases.
Spatial resolution 300 x 300 (Gaussian, hemisphere), 500 x 500 (lattice). Filter order
of oo means that no filter is applied.

approximate

5 1/2
By = |[(mg))|| 2 (re gy and Dy = <Z ||<mfa$i¢>||i2(R2,R"£)> (4.5)

i=1

by using again the reference solution Py, . to estimate ¢ and the trapezoidal rule to
approximate the spatial integrals. As in (4.3), we use specific data points to define
approximate decay rates

Ny _log(BNl) - log(BNz) _log(DNl) - 1Og<DN2)

= and DY = 4.6
M log(Ny) — log(Na) M log(Ny) — log(Na) (4.6)

Using (3.35), we approximate
g~ By —05 and r~Dy —05. (4.7)

4.1. Gaussian test. This first test case has smooth input data to show that the
convergence order of the FP  solution is bounded by the filter order a. All moments
are initially zero, except the first:

1 z2+y? ) _

— exp | — =), k=£=0

b Irx10-° p( Ix10-3 . (4.8)
0, otherwise.

The medium is purely scattering, with oy = os = 1. The computational domain
is [-0.6,0.6] x [—0.6,0.6] and the solution is computed on a 300 x 300 spatial grid (or
150 x 150 for Table 4.1) up to time ¢t = 0.4. Errors are computed using a Pgg reference
solution. Since the initial condition is smooth, we expect spectral convergence for the
P solution and a convergence order equal to the filter order for both £ and R. This
behavior is clearly confirmed in Table 4.3, where we observe that the convergence order
increases until it reaches filter order or until the error reaches machine precision.

4.2. Lattice test. The lattice test was first proposed in [8]. It contains source
terms and material cross-sections that are discontinuous in space. Due to the coupling
of the spatial and the angular variable, this leads to a loss of regularity in the angular
variable as well. Thus it is expected that the convergence order for £ and R is
determined by ¢ and 7.

For this problem, the computational domain is a 7 x 7 square that is divided into
smaller squares of length one. There is an isotropic source in the middle of the domain

14



Filter order | €5 & &7 &3 &% | RT R Ry R®E RS
2 0.47 0.84 133 1.73 1.92 | 0.03 052 1.28 1.73 1.92
4 0.76 1.57 2.89 3.79 398 | 036 1.05 268 3.78 3.98
8 1.01 213 4.93 7.61 800 | 1.14 1.68 4.30 7.54 8.00
16 1.06 240 6.15 13.61 1599 | 1.29 2.63 5.53 1295 15.99
00 1.02 241 6.48 18.22 1787 | 1.10 2.55 6.71 1855 16.94

Table 4.3: Gauss test: Filter order of co means that no filter is applied. The term
5]]\\,]12 is the convergence rate when going from N; to Nj.

7 0
6 -1
5 -2
4 -3
8
3 -4
2 -5
1 -6
1 2 3 4 5 6 71 1
Ty

(a) Material coefficients (b) ¢ = (v) computed with Pi2g

1 2 3 4 5 7

X1

6

Fig. 4.1: Lattice test. (a) Material coefficients: isotropic source (white square) S = 1;
purely scattering oy = 05 = 1 (orange and white squares); purely absorbing oy =
o = 10 (black squares). (b) Scalar flux ¢ = (¢p) at ¢ = 2.8 for Pjag, computed with
500 x 500 grid points. The values are plotted in a logarithmic scale and limited to
seven orders of magnitude.

and a mixture of purely scattering and purely absorbing squares surrounding it (c.f.
Figure 4.1a). The Py and FPy solutions are computed on a 500 x 500 spatial grid
(or 250 x 250 for Table 4.1) up to time ¢t = 2.8. We use Nyue = 129 (i.e. a system
with more than 2.1 x 10'° degrees of freedom) to compute a reference solution and
estimate convergence rates.

We estimate the decay rates of {B,};°, and {D;}32, which, due to the lack of
regularity in the solution, converge very slowly. As a consequence numerical estimates
of these values are not always reliable. In fact, we observe that they depend on the
parity of both ¢ and the value of Niyue. This behavior can be observed in Figure 4.2.
To address it, we approximate By and D, using both Pjsg and P9 numerical solutions
and then determine a cutoff ¢, so that the relative difference in the two resulting
approximations is acceptable for all ¢ < /.,.x. For a relative difference of three
percent, {1, = 62 for By and £y, = 38 for Dy are sufficient. In this range, the even
and odd subsequences {B,}7°, and {D,}7°, decay monotonically at a fairly constant
rate. We use the slightly slower rates given by the odd subsequences: B2 = 1.5511
and D32 = 0.7691 (see Table 4.4). According to (4.4), we expect Ex and Ry to both
converge at a rate of r+1/2 when the filter is on and to converge at rates g and r+1/2,
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Fig. 4.2: Lattice test: Log-log plot of the sequences B, and Dy vs. the order ¢. The
dashed lines indicate until which point the relative difference between the sequences
computed with Pjag and Pjag differs by no more than 3%.

respectively, when the filter is off. Using (4.7), we approximate ¢ ~ B—1/2 = 1.0511
and r+1/2 ~ D32 = 0.7691. However from Table 4.5, the convergence rate is roughly
one in all cases, meaning that the observed convergence is actually slightly better
than any of the estimates that depend on r.

4.3. Hemisphere test. In our final test, we consider a problem with input
data that is smooth with respect to the spatial variable but a source term that is
discontinuous in the angle variable. As a consequence, we expect that r = ¢ < a so
that the convergence order does not depend on «.

The domain is a 1.2 x 1.2 square centered at the origin with a 300 x 300 spatial
grid (or 150 x 150 for Table 4.1). The final time is ¢ = 0.3. There is no material
medium (i.e. oy = 0) and the initial condition is zero everywhere. The source term S
is

S(taxaﬂ) = W(Z)XRJr (Ql)7 (49)
where W(z) = m exp (— fj;fi) and xgr+ is the characteristic function over
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(N1, No) | B2 | Dj: (N1, No) | By | Dy,

(2,4) 1.3188 | 0.6213 (3,5) 1.6167 | 0.7818

(4,8) 1.8212 | 0.8161 (5,9) 1.8371 | 0.8204
(8,16 ) | 1.5208 | 0.8293 (9,17) 1.4901 | 0.7998
(16,32) | 1.5782 | 0.8679 (17,33) | 1.5511 | 0.7691

(a) even order moments (b) odd order moments

Table 4.4: Lattice test: Approximate decay rates of the sequence of the moments By
(and the moments of the differentials Dy). (a) Even order moments No = 2F+1 vs.
N; = 2% and (b) odd order moments No = 28+ 41 vs. Ny = 2F 41 with k =1,...,5
(Computed with Pjag).

Filter order | &3 g & eB IR R ORY O RE
2 0.89 0.80 094 105|086 0.78 093 1.05
4 1.02 115 1.13 1.05| 098 121 121 1.06
8 1.20 122 1.04 1.06| 132 155 1.14 1.16
16 1.61 131 1.03 1.04 | 210 212 123 1.20
00 1.10 095 098 1.00| 1.10 0.85 0.95 0.96

Table 4.5: Lattice Test: Filter order of oo means that no filter is applied. The term
& 11\\7712 is the convergence rate when going from N; to Ns.

R*. Since S only depends on = and Q; = Q- e; with e; = (1,0,0)7, its expansion in
spherical harmonics is

0o L 1
Py — P,
S0 = W)Y Y semb(enmb (@), with s =2r [ Pulg)dy = 2= 0
=0 k=—¢ 0
(4.10)

In particular, all the moments with ¢ even are zero.

As before, we determine the smoothness of the exact solution numerically. To
this end, we compute P solutions which are highly resolved in the angular variable.
Again, we observe parity in By and Dy with respect to £. However, unlike the lattice
problem, the values do not depend on the parity of Niue. This fact is confirmed
in Figure 4.3, which shows values of By, and D, approximated with N, = 98 and
Nirue = 99, respectively. For ¢ = 0,...,75 the values of By (as well as D;) with
Nirge = 98 and Nipye = 99 coincide up to machine precision. Figure 4.3 also shows that
the odd subsequences of By and D, have larger values than the even ones. This can be
explained by the form of the source, whose even order moments are identically zero;
nonzero values are only generated by spatial gradients of the odd moments. Although
the values of the even and odd subsequences differ, the order of the decay rates of the
sub-sequences are almost the same in the range 16 < ¢ < 90. In particular, (4.7) with
N; =17 and N = 33 (cf. Table 4.6) yields the estimate ¢ = r ~ 1/2. According to
(4.4), the order of the error terms are given by min{q,r + %, a} = q =~ 1/2, except
the order of the unfiltered Py error term Ry, which is approximately one. These
predictions match the observed orders of convergence given in Table 4.7.
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Fig. 4.3: Hemisphere test: Log-log plot of the sequences By and Dy against the order ¢.
The dashed lines indicate until which point the sequences computed with Pyg and Pyg
coincide up to machine precision.

(N, No) | BY? | Dy (N, No) | By | Dy
(2,4) 1.0221 | 0.7133 (3,5) 1.1774 | 1.0546
(4,8) 1.5839 | 1.6689 (5,9) 1.2450 | 1.5673

(8,16) | 1.1459 | 1.3454 (9,17) | 1.0202 | 1.1413

(16,32) | 1.0085 | 1.0288 (17,33) | 0.9906 | 1.0076

(32,64) | 0.9963 | 1.0008 (33,65) | 0.9921 | 0.9962
(a) even order moments (b) odd order moments

Table 4.6: Hemisphere test: Approximated decay rates of the sequence of the moments
By (and the moments of the differentials D). (a) Even order moments Ny = 28+1 vs.
N; = 2% and (b) odd order moments No = 28+ 4+ 1 vs. Ny = 2F +1 with k=1,...,5
(Computed with Pyg).

5. Conclusions. In this paper, we have proven global L? convergence proper-
ties for filtered spherical harmonic (FPy) equations. These equations govern the
evolution of the coefficients in a spectral approximation, with respect to the angular
variable, of a radiative transport equation. The estimates derived here are based on
the reformulation of the filter in [34] as an additional anisotropic scattering term in
the transport equation which depends on the order of the spectral approximation.

We have shown how the convergence rates depend on both the regularity of the
underlying transport solution and the order of the filter. In particular, we observe
that for problems with smooth solutions, the order of the filter determines the rate of
convergence, while for non-smooth problems, it is the regularity of the transport equa-
tion. In addition, we have shown that sharper estimates are possible if the angular L2
projection of the transport solution onto rotationally invariant subspaces satisfies ad-
ditional mild conditions. Finally, we have presented numerical convergence results for
several test problems which demonstrate various aspects of the theoretical predictions.
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Filter order | &3 g &m EB | Ry R ORIT RE
0.55 0.58 0.57 0.58 | 0.44 0.61 0.59 0.52
0.67 0.60 0.55 0.61]0.71 0.70 0.57 0.52
0.75 0.61 0.56 0.63|1.06 0.83 0.61 0.56
0.77 064 057 064|114 1.03 0.79 0.64
0.71 059 056 065|133 126 099 0.96

B 50k

Table 4.7: Hemisphere test: Filter order of co means that no filter is applied. The
term Sﬁf is the convergence rate when going from N7 to Na.

While most of the results agree with the theoretical predictions, we do observe one
discrepancy for the hemisphere test case. There the convergence of the filtered solution
is actually slightly better that what is predicted by the estimates on the closure error.
Thus, either our estimates are not quite optimal or the numerical simulations used
to approximate the decay in the moments of the true transport solution (upon which
the estimates depend) are not resolved enough. Further investigation of this issue is
ongoing.

Our analysis has been performed using global norms. We can show how a filter has
to be chosen so as to not destroy the accuracy of the method. In many examples [27,34]
however, it has been observed that filtering drastically improves the quality of the
solution near discontinuities. This behavior is not captured by global norms. A local
analysis is therefore the scope of future work.

Appendix A. Real-valued Py equations. We consider the properties of the
matrices A, which occur in the real-valued Py equations (2.13)

(’)tupN + A unpN + gaupp, — UsGquN = s. (Al)

First, we turn our attention to the complex-valued spherical harmonic basis func-
tions, which are analyzed in [8]. They fulfill the following recursion relation:

R E=T | k=1 k=T | k1 hFl ekl Bl
= Yy Hdi Y e YT = Y

o o1 Y041 +1 e
E_ 1 |:( k=13k—1 k—13,k—1 k+13 k+1 k+13 k+1
Qyy =5 |i (0271 Yo —dy Y e Y — f Yo ) ) (A2)

2(“5711/@61 + b?ﬂyelil)

where the coefficients are [8]

ko JUk Dkt e [ (k) (k) k(R D) (t+k+2)
ay = 2e13)(20+1)  ° % =\ Rern(e— o G = (20+3)(20+1)  °

A3
dk — U=k (—k-1) k_  [({—k+1)({—k+2) k_ [(+k)(+k—1) (4.3)
¢ =\ @)= € = (20+3)(20+1)  ° fi (20+1)(20-1) °
Note, that for any £ =0,1,2... and —¢ < k < ¢ these coeflicients satisfy:
af =a;®, b =b" f=eF and df =f7" (A4)

This leads to a similar recursion relation for the real-valued spherical harmonic basis
functions, defined in (2.8):
k=1 Glkl=1 g~ slkl+1 gt
(L= 6k,—1)(G_y my_y —dpiy my ) — €y my_y + f, ) my,
k_ 1 Slk=1 —k~  Glk[=1 kT slkl+1—kt k41— kT
Qimy = 5 |sgn(k) ((1 —0k1) (=G M5y A dyly my ) — €y my T+ fyl my )

E ook Eook
2(ag_ymg_; + by my )

f-‘|k|+l Kt

(A.5)
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where 0; ; denotes the Kronecker delta, and sgn(k) denotes the sign function (with
abuse of notation in zero: sgn(0) = 1). The coefficients are given by

kT =k +sgn(k), k™ =k —sgn(k)
0, k<O ) 0, k<O
&= Vock, k=0 , di=¢ V2df, k=0 |, (A.6)
o, k>0 dy k>0 '
ék: \/ie][ga k=1 fk: \/iflﬁ:a k=1
¢ el k>1 7 7t fE, k>1

The recursion relation is used in (2.10) to obtain the explicit formulation of the Py
equations

atl,IpN + A - VzuPN + o urp, — UsGuFPN =S8, (A?)

with A; = (mm7Q;) and i € {z,y,2}. Moreover, it shows the existence of the
matrices aéz) of size (2¢ — 1) x (2¢ + 1), which satisfy (2.15)

[0 . agi) |
(a@) (Q) ) ag) .
A; = (a; ) 0 ay (A.8)

The first matrices a((f) are given by

f2 0 0 0 0 0 0 —Vv2d3 0 —f2
a =110 0 0o v2fl oo|,a¥ =110 va2ft o0 0 o0

0 0 —/2d9 0 3 f2 0 0 0 0

0 B 0 0 0
a?=10 0 8 o0 of,.

00 0 b 0

(A.9)

Since the coefficients af, cee ff are bounded by 1, the entries of the matrices ay) are

in the interval [—1,1]. Together with the recursion relation (A.5), this yields upper
bounds for the co-norm and the 1-norm

laf’ oo <1 and faf”|l <4 (A.10)

and by implication we also get an estimate for the 2-norm ||a§i) Il < ||a;) Iloo ||a§i) Ih <
4. This is used to estimate the closure error in (3.29).
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