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Abstract

An operator-splitting finite element scheme for the time-dependent radiative trans-
fer equation is presented in this paper. The streamline upwind Petrov-Galerkin finite
element method and discontinuous Galerkin finite element method are used for the
spatial-angular discretization of the radiative transfer equation, whereas the backward
Euler scheme is used for temporal discretization. Error analysis of the proposed numer-
ical scheme for the fully discrete radiative transfer equation is presented. The stability
and convergence estimates for the fully discrete problem are derived. Moreover, an
operator-splitting algorithm for the numerical simulation of high-dimensional equa-
tions is also presented. The validity of the derived estimates and implementation is
illustrated with suitable numerical experiments.
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1 Introduction

Radiation plays a significant role, both as a detectable and dominant mechanism
for transmitting energy inside and outside a system, in several areas, including
optics, astrophysics, atmospheric science, and remote sensing. Consequently, radiation
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propagation through a medium is one of the most critical processes studied exten-
sively. Analyzing the released radiation from an object provides insight into the
radiative source, the medium between the object and the observer, and its surroundings.
Formulating this dynamic physical process mathematically yields a time-dependent,
six-dimensional Partial Differential Equation (PDE). The challenge lies in effectively
addressing the higher dimensionality of this PDE, a crucial aspect in solving the
radiative transfer equation (RTE). Besides, considerable uncertainty is added due to
radiation’s ability to affect the medium’s state, which is the source of the radiation
itself. Although analytic solutions to RTE exist for simple cases, numerical solutions
are often sought for more realistic, complex applications. Therefore, it is challenging
to develop numerical schemes for the radiative model. More details on the radiative
transfer model can be found in [12, 37]. The design and implementation of the com-
putational method for time-dependent, high-dimensional radiative transfer equations
remain a challenging task in computational science, even though tremendous advances
have been made in this area over the past few years.

Most investigations of radiative transfer in astrophysics are concerned with sta-
tionary problems. There are some problems in which the time-dependent theory of
radiative transfer is required, such as the study of atmospheres of unstable stars, radi-
ation from nova shells, etc. A comparative study of the analytical properties of the
exact solution of the time-dependent RTE model is discussed in [43]. For core-collapse
supernovas, the time-dependent radiative transfer is discussed in [31] and references
therein. This kind of model is also employed in optical tomography techniques, such
as diffuse optical tomography, to model the propagation of light through biological
tissues for imaging purposes [39]. The evolution of the radiant distribution of light in
a laser pulse as it propagates through a scattering and absorbing medium can in many
circumstances be described by the time-dependent radiative transfer equation, more
details can be found in [51].

1.1 Model problem

Let © be a bounded domain in R® with a smooth boundary 3. For simplicity, the
case that Q is a convex polygonal or polyhedral domain is considered, particularly
Q = (0, 1)*. Denote by n(x) the unit outward normal for x € 9. Let the angular

space $2 be the unit sphere in R3. For each fixed direction s(sy, 52, 53) € SZ, we
introduce the following subsets of the boundary 02:

02 ={xedQ:s-nx) <0}, 024+ ={xe€adQ:s-nx) >0}

Let G be the phase space which is the tensor product of the domain in space and
angle, i.e., G = Q x S2. Then the boundary I' = 3G can be split into two parts

I_={(x,8):X€ 3 _,s€8), Ty={x5):X€dx,secS?
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as the inflow and outflow boundaries. In this article, the high-dimensional radiative
transfer equation (RTE) is formally defined by an initial-boundary-value problem:

Ju

s-V —
8t+ U-+oru O’S/

u(t,x,s)®(s,s)ds' = f,in (0, T] x G,
S2

u(t =0,x,8) =up, ing, (1)
u(,x,s) =0, on (0, 7] x I'_,

where o, (X) = 0,(x) + o5(x). Here, o,(x) and o, (x) are the total absorption and
scattering coefficients, respectively. For simplicity, the particle speed is assumed to
be one. Here, the scattering phase function ®(s, s’) describes the probability of a
photon at position x that originally propagates in the direction s, and s’ as its new
propagation direction after the scattering event. Further, the data o;, oy, f, and ug of
the model problem (1) are assumed to be sufficiently smooth, and detailed assumptions
are described in the following section. Note that, the given RTE model can also be
viewed as the high-dimensional integro-differential equation.

The existing numerical schemes for RTE models can be classified into (i) a stochas-
tic approach and (ii) a deterministic approach. Among all stochastic approaches, the
Monte Carlo method is often used to solve the radiative transfer equation, see, for
example, [28, 29, 32], and the references therein. As described in [10] when evaluat-
ing the results of Monte Carlo simulations applied to configurations with moderate to
high optical depth, adequate attention must be taken. This is because photon packets
must be scattered thousands of times in such domains. The fundamental advantage
of this system, however, is that it is extremely adaptable and easy to set up, at least
for basic geometries. A detailed discussion on Monte Carlo simulation for radiative
transfer can be accessed from the review article [44].

Several deterministic numerical schemes have been proposed in the literature for
the stationary RTE, see for example, [5, 6, 11, 19, 36, 49], and the references therein.
A robust numerical Sy-DG-approximations for radiation transport has been discussed
in [38, 48]. Stabilized finite element scheme with a discrete ordinate method has been
discussed for steady-state RTE models in [30, 52]. A numerical scheme based on
Ad hoc angular discretization and vectorial finite elements for spatial discretization
has been studied in [20]. In [13], An adaptive nested source term iteration method for
steady-state RTE has been presented. A preconditioned Richardson iteration approach
for anisotropic radiative transfer is discussed in [16]. Recently, the numerical solution
of the radiative transfer equation based on the weak Galerkin finite element method is
studied in [50].

For a time-dependent RTE model in one-dimensional slab geometry, a semi-
analytical numerical method has been presented in [14]. A low-rank approximation for
time-dependent radiation transport in one- and two-dimensional Cartesian geometries
has been discussed in [47]. In [15], a variable discrete ordinates method has been used
to solve the transient radiation heat transfer in a semi-transparent slab. A Galerkin
framework using even and odd parts of the solution in different finite-dimensional
spaces for time time-dependent RTE is considered in [18]. In [54], the stochastic
Galerkin method of the generalized polynomial chaos (gPC) approach is employed
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for solving time-dependent RTE with uncertain coefficients. Recently, a computational
study using a sweep-based low-rank method for the discrete ordinate transient trans-
port equation in [46]. Despite several numerical schemes proposed in the literature,
numerical solution of the time-dependent high-dimensional RTE is still challenging
and is an active research field.

The operator-splitting finite element methods have been developed in the recent
past for many high-dimensional physical and mathematical models. For example, an
operator-splitting numerical method for the micro-macro dilute polymeric fluid model
has been provided in [40]. For a multi-dimensional convection-diffusion problem, an
operator-splitting method with detailed numerical implementation has been presented
in [26]. The high-dimensional population balance equation using the operator-splitting
method has been discussed in [3, 22]. An operator-splitting finite element method
for an efficient parallel solution of high-dimensional population balance systems
has been discussed in [25]. In [42], the operator-splitting finite element scheme is
established for the reactive transport model in saturated porous media. The spatio-
temporal model for infectious disease is solved using an operator-splitting method in
[24]. Recently, an Operator-splitting local discontinuous Galerkin method for multi-
dimensional convection-diffusion equations is derived in [21]. More details on the
standard operator-splitting FEM can be found in the book [27].

For high-dimensional time-dependent RTE, we present an operator-splitting hetero-
geneous FEM. The key idea is to split the RTE model problem concerning the internal
(angular) and the external (spatial) directions, resulting in a transient transport problem
and a time-dependent integro-differential equation. The transient transport problem
is numerically approximated using the streamline upwind Petrov-Galerkin (SUPG)
finite element method, whereas the discontinuous Galerkin method with piecewise
constant polynomials (DG(0)) is used for the integro-differential equation. The pro-
posed numerical scheme uses this tailor-made spatial discretization method and the
backward Euler scheme. The stability estimate of the fully discrete form of the pro-
posed scheme is first derived. A convergence analysis is then established under the
assumption of certain regularity conditions on the data and the stabilization parameter.
Finally, an array of numerical experiments is provided to support the theoretical error
estimates of the numerical approximation.

The rest of the article is organized as follows. In Section 2, we briefly discuss
the weak formulation of the operator-splitting method for the model problem, and
later, we discuss the finite element approximation of RTE. Further, a fully discrete
form is derived in this section. Next, the stability estimate of the discrete problem and
the convergence analysis of the numerical approximation are presented in Section 3.
Further, the implementation of the numerical scheme is discussed in Section 4. Finally,
a concluding remark is discussed in Section 5.

2 Finite element approximation for RTE
This section starts with prerequisites for the finite element discretization of the model

problem (1). Denote the L?-inner product concerning the spatial variable x over the
domain Q as (-, -)x. The inner product and L?-norm over the phase space G are defined
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by

(v, w) :=/ (v, w)de=/ /vwdxds, vl = (v, v),
s2 Sz JQ
(v, w)r, :=/ / (v, wxdxds, [}, = (v, v)r,.
52 02, +

For simplification of mathematical presentation, we have omitted ds from
/. 52 (v, w)x ds and we simply write /. 52 (v, w)x throughout this article. We briefly intro-
duce the Sobolev spaces used in this work. For m > 0, let H" (£2) be the Hilbert space
for the spatial approximation. And, let H™(S2) be the Hilbert space for the angular
approximation. The surface gradient Vv is given by

Vsv = Vv —n(n - Vv)

where f is a unit normal to the unit sphere S2. The norm associated with space H™ (S2)

is given as follows:
m
2 — ko2
Vli3m ) = / D o IVevlTa gy
$% k=0

where ||V§UI|L2(52) is given by

172
Vvl = (|vgu|2) o Viui={V|lal =k},
la|=k

where ¢ = (o1, @2, ...,®,) is a multi-index. Similarly, one can define the norm
associated with Sobolev space H™ (2).

Next, we introduce Bochner spaces. Let Z be a Banach space associated with the
spatial variable x equipped with the norm || - || z. For spaces Z and Y, we use a short
notation Y (Z) := Y (S2; Z) and define the following spaces

C(§2; 2) := {v Q- Z‘v continuous, sup ||[v(s)|lz < oo} ,

ses?

L*(8%; 2) = {v Q- Z‘/z lvllz < OO},
S

H™ (82 Z) := {v e L%(S%; 7)

vive L2(S% 2), 1§j§m},

Before deriving the numerical approximation of the model problem (1), the analyt-
ical properties of the scattering phase function are discussed here. An operator K is
defined by

Kv(t, x, s)=/ D (s, sH(t, x,8)ds'.
SZ

Assumption 1 Assume that the scattering kernel ® holds the following conditions:
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— @ is a measurable function and positive, i.e., ®(s,s’) > 0 fors, s’ € 2,
— and it satisfies

/52 d (s, s)ds = 1. )

Lemmal K : G — G is a self-adjoint and bounded linear operator with |Kv|o <
lvllo, forallv € G.

Proof The proof is given in [17, Lemma 2.6]. O

Now, we denote the removal operator [17] by
Ksv(t, x,s) = o,(X)v(t, X, 8) + os(X)v(t, X, 8) — Kv(t, X, §),

where o, (x)v(f, X, s) models the absorption of particles by the medium. The absorp-
tion and remission of particles during the scattering process are described by
(US(X)v(tv X, S) - ICU(I, X, S))

Assumption 2 The absorption and scattering coefficients satisfy the following condi-
tions

— 0y is measurable, non-negative, and uniformly bounded, i.e., there exists s € R™
such that 0 < o4(x) < o fora.e x € Q.

— 0, is measurable, non-negative, and uniformly bounded, i.e., 0 < o, < 0,(X) <
o, foraexeQando,, 0, € R*. For the convergence analysis, we assume that
o, = 1/8.

Lemma 2 The operator Ky : G — G is a self-adjoint and elliptic bounded linear
operator and it satisfies

(Kov,v) = o lvl2, 3)

(Kov, w) = [IKsvllollwllo = (26s +aa)llvllollwllo-

Proof The proof of the lemma is discussed in [17, Lemma 2.7]. O

We will adopt the notation associated with the operator-splitting technique intro-
duced in [2, 26] for the numerical analysis of this article. Throughout this article, C
(sometimes subscripted) denotes a generic positive constant, which is independent of
discretization parameters.

2.1 Operator-splitting method

The gradient operator in the RTE model (1) is defined for the spatial variable x
only. Thus, we can take advantage of the decomposition of the model problem
by decomposing the model problem (1) into a purely convective problem in the
spatial variable and an integro-differential equation in the angular variable. Let
0=1) <t <...<ty =T be the time discretization of the time interval [0, T'].
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Using Lie’s operator-splitting method, the operator-splitting method of the model
problem (1) read:

Step 1. (s-direction)
For given ii(") = u(t"), find it : (", t"*') x G — R such that,

o
B Kei=0, (" ") x G,
ot @

ut",x,s) =u(t",x,s),
by considering x as a parameter. In this step, the solution is updated in the s-direction.
Then, this solution # is taken as the initial solution for the x-direction update.
Step 2. (x-direction)
For given u(t") = A", find u : (¢", ") x G — R such that

9
a—': Fs-Vu=f, ", ") %G,

u=0, (", "t x_, (%)
u(", x,s) = a(t"tL, x, s).
by considering the variable s as a parameter. Here, the solution u in the time step
(¢", t"*1) is obtained by first updating in s-direction (4) and then updating in x-
direction (5).

Now, we introduce the weak form for the operator-splitting method (4) and (5),
which is given by

Step 1. Find i : (", ") — Z; with #(t") = u(¢") such that
f (ﬁl‘av)x +f (]C(Tﬁvv)x =Oa Vv € 217 (6)
§2 52

where Z; = L2(G).
Step 2. Find u : (¢", ") — Z, with u(¢") = ii(t"*1) such that

fz(u[’ v +SS : VU)X + /2 aSUPG(u’ 'U) - fz(fa v +8S : VU)Xa VU S sz (7)
N N N
where the space Z» is given by

7y = {v € L*@) :s- Vv e L2(G), v+ € L, (T%; s - n|)}

and the bilinear form asypg(u, v) = a(u,v) + (s - Vu, 8s - Vv)x with a(u, v) =
(s - Vu, v). It is well documented in [9, 33] that standard FEM produces a spurious
oscillation. To achieve the coercivity of the bilinear form, the test function is taken as
(v+38s- Vv), where § is a stabilization parameter. More details about § are given later.
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2.2 Angular and spatial discretization

In the current subsection, we derive a semi-discrete form of the operator-split equa-
tions. It is well-known that the standard Galerkin finite element method for convection
problems (7) induces spurious oscillation in the numerical solution. Therefore, we pre-
fer the SUPG method for spatial discretization. Since the numerical approximation of
the double integral term in (6) will be compute-intensive, we implement DG(0) for
the angular discretization.

2.2.1 Angular discretization

Let S;Zl be a subdivision of $2 into a surface mesh, which is obtained by discretizing the
unit sphere 2 using hierarchical sectioning of the sphere into spherical triangles. In
particular, the subdivision S}zl is obtained by projecting polyhedra onto the unit sphere.
More details on this type of triangulation can be found in [35, Chapter 3] and [41, 45].
Further, the mesh size of the spherical triangles K in S}Zl is denoted by

hs := max hg,, hg, := diameter of cell K.
KseS?

Let W), C L(S?) be a finite element space of the piecewise constant polynomial,
which is given by

W, = {whs(x, ) e LA(S%) : wp, |k, € Po(Ks), VKs € 5,3} .

2.2.2 Spatial discretization
For the spatial discretization, let {75} be a family of shape regular triangulation of the
domain 2. Here, K is the mesh element, the hexahedron (a box element). Further, the

mesh size is denoted by

hx := max hy k, hx k := diameter of the cell K.
KeTy,

Denote the spatial finite element space
Vp = [uhx(.,s) e HY(Q) :up |x € P1(K), VK € Th}
After introducing both spaces Wj, and V},, we denote that
Wy =span{¢;, i =1,..., Ng}, Vj, =span{yyy,l =1,..., Nx},

where ¢; and ; are basis functions associated with angular and spatial discretization,
respectively. Then, the typical discrete functions wy,, € Wy anduy,, € Vj, are expressed
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as

Ng Nx
Wiy (%6, 8) = D wiihi (), iy (X, 87) = Y ur; Y (x),
i=1

=1

where x;, € Q fork = 1,2,..., Ny and s; € S2for j = 1,2,..., Ns, where Ny
and N represent the indices of Cartesian coordinates and discrete angular points
respectively. These indices are essential for computing the nodal functional within the
finite element spaces W), and Vj,.

2.3 The semi-discrete method

We define the spatial inflow and outflow boundaries of K € 7j, for a fixed direction
S j» by

8£K={xe 0K :sj-n(x) <0}, aiK ={x € dK :s;-n(x) > 0}.
Then, one can write
89;]_ ={xe€dQ:s; -nx) <0}, 89; ={xe€dQ:s; -nx) > 0}.
Now, the discrete inflow boundary I'” is given as follows:
rh — {(x, s)s €S2, x e asz;} .

The combined finite element space Z, C Z; N Z; is defined as

Zp ::{{ efh:;F’iZO}’

where Z,
Nx Ns
Zh:=Wh®Vp = {éi C=) ) Gt (Ni(s), Gi € R}.
=1 i=1
Now, by using the finite element space Zj, the respective semi-discrete form (6)
and (7) read:

Step 1. Find iy, 5, @ (", "ty — 7, with Uy he (") Xk, 8) = Upy ny (t")(Xk, ) such
that forallk =1, 2, ..., Ny,

/ G s O)x + / Koiinons Ox = 0. V¢ € Zp. ®)
S2 S2
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Step 2. Find uy, 5, : (t", ") — Zj, with up, p (t")(X,8;) = fip, ng (1" TN (x,'5))
such that forall j = 1,2, ..., Ng,

/ (uz,hx,hs,é)x+/ aSUPG(uhX,hS,§)=f (f, Ox
S2 52 SZ

+./S2 Z 8K (f_utah»hs’s'vé‘)l{a Vé‘ S Zh,
KeT,
(€))

where the stabilized SUPG bilinear form asy pg (-, -) is given by

asypgu,v) =a(u,v) + Z 0k (s-Vu,s-Vv)g, se€ S}ZI,
KeT,

where §g > 0 is a user-chosen stabilization parameter. For the convergence analysis,
we assume that
0 <égx <déoh, &> 0. (10)

Further, the corresponding SUPG-norm is given by

vli3y po = Z (5K||S'VU||%2(K)+ |||S-n|1/2”||iz(a+l<))'
KeT,

In the next few lines, we will discuss the coercivity of the bilinear term
/. s asupc(, ). For v € Z;, by using integration by parts, one can easily obtain
that

/ asypc(v, v) =/ a(v, v)—i—/ Z Sk (s-Vu,s-Vu)g
S2 S2 S2

KeT,

_ Lo o
_/SZ/Z)QHZ(S n)v dx—i—/s2 Z /KéK(s Vv)sdx (11)

KeQy,
1
2
> — v .
=5 [ 1hue

This operator splitting method is based on a quadrature point-based algorithm, a
detailed discussion for efficiently handling the associated matrices from the result-
ing finite element approximation is presented in Section 4. More details about the
quadrature point-based operator-splitting method can be found in section 4 of [26].
To simplify the mathematical presentation of this article, we denote uy, ,, by u; and
also use similar notations throughout.

2.4 Temporal discretization
We consider a uniform partition of the time interval [0, T'] with At = T/N, i.e.,

t, =nAt, n=0,1,..., N. After discretizing the temporal variable by the backward
Euler scheme, the fully discrete operator-split form of the model problem (1) reads:
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Step 1. For a given i} (xx,s) = uj(t")(Xk,s), find u"“ € Zjp such that for all
k=1,2,..., Ny,
/ (daviy* ¢) / Koty 0)x =0, ¢ € Zp, (12)
S2
where da, i) T = (@}t — ull)/At.

Step 2. Update the solution u}} (x, s;) = il n+l (x, s;) from (12) and find u"+1 Zp
such that forall j = 1,2, ..., Ng,

/32 <8A u”“,{) +/ asupc ), )x=/2(f"+l,é“)
/ Z fn+1 danul ™+, S'VC)Ky ¢ ez

13)

where dauf T = T — @t/ At

3 A priori error estimate: stability and convergence analysis

We now discuss the stability and convergence analysis for the proposed numerical
scheme. We first establish interpolation error estimates and then discuss the local
truncation error of the two-step method. After that, both the local errors are combined
to obtain a global error estimate.

3.1 Stability result

The stability estimate of the two-step operator-splitting method (12)-(13) is derived
here.

Theorem 1 Assume that the stabilization parameter S satisfy

(14)

N =

At
S < i § = max{fg}, At <

Then, the solutions uZH and u”+1 of the two-step algorithm (12) and (13) satisfy

n—1 n—1
upl3+ar > / I 3y pe < €7 (||u2||% +2A1(1+48A0) Y | ||%) :
m=0 S m=0
(15)

Proof Setting ¢ = /""" in (12) and using 2(a — b)a = a®> — b* + (a — b)? with
Lemma 2, we obtaln

~ 1 ~n+1 ~ 1 1
gt + slaptt —ull + Ata i HIZ < 3. (16)
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By neglecting the positive terms from the left-hand side of the above equation to
deduce that
@R+ g < N I3- (17)

Next, setting ¢ = u"‘H in (13) and using coercivity argument (11) with assumption
(14), we get

+1 ~n+1 +1 ~+1 +1
—|| n IS — || S+ = || b b ||o+—/ [|ue}, 130 PG

< At

n+1 n+1
[t

+At/ > sk (f s vtk (18)

KeT),

/ Z Skl — @ s Vit |

KeTy,

Using C-S inequality and Young inequality, the first two terms of the right-hand
side are bounded by

fn+1 n—&-l)X

At
< T+ || Fan (19)

Al 3 st Ve <2ar [ 30 skl g

KeT, KeT, (20)

+1
+_/ 130 po-

Again, employing C-S and Young inequalities with assumptions (14) to deduce that

1 1 ~ntl 1
< Sl =gt 13+ = / 113y pe-

l/ S st — it s vuith ¢
$?

e 1)
Then, combining (19)-(21), we have
N I — NG + —= / Iy 130 po
(22)
< Atluf TS+ A3 +4At/ D Skl e

KeT,
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This can be reduced as follows

At
1 1
(1= An)fuj™ ||% + 5 /s2 luf ™ ||§UPG

(23)
< 1@ + At R + 4Ar /S Yk g,
KeT,
using 1/(1 — At) < 1+ 2Ar < 2. Employ (23) in (22), we deduce that
I 1 + a1 By g
52 (24)
< (L +2A0 1313 + 2401 + 48 A0 T3
Adding stability results of both the steps (17) and (24), we have
”un+1”2 + A[/ ”un+1”2
no o o h ISUPG (25
< (1+2A0) [ul |3 +2A0(1 + 4540 £7113.
Now summing over m =0, 1, ..., n — 1, we get that
n—1
AL EIND B N ko
m=0"" (26)

n—1 n—1
<2AE Y U 1G4 g + 2801+ 4540 Y [ £

m=0 m=0

By using the discrete Grownwall’s lemma, we obtain the stated stability result of
the lemma. o

Remark 1 In Theorem 1, the stability condition of the discrete method (12) and (13)
is established with the stability parameter §g satisfies g = O(At). From (10), we
would be able to take At ~ h.For more details on the choice of stabilization parameter,
one may see the detailed discussion in [9, 34].

3.2 Convergence analysis
In this subsection, an error approximation for the numerical solution is established.

To derive the error estimate of the operator-splitting finite element discretization (12)-
(13), we discuss approximation properties of the finite element spaces W), and Vj,.
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Let v € V), be the spatial interpolation operator of v. By following [8, Theorem
4.8.12] and [8, Corr. 4.8.15], we have

lhullgm) < Cllullgm @), form =0,1,2,
||M —_ ]TthHLZ(Q) + hX”I/L — 7ThXM||H1(Q) S Ch?|u|Hm(Q), VM S Hm(Q) (27)

Next, 7Ty is the Clement-type interpolation operator. By applying the argumentation
from [4, Lemma 4.2] and [4, Theorem 4.6], we have

||7Ths”||L2(52) < C||u||L2(s2),
lw — mhwllo < Chslwl 252, Yw e H'(S?). (28)

In the following, we will use the property that the interpolation operators mj, and
7, commute, since both are acting in different directions. Furthermore, the projection
operator Iy, : Z1 N Zy — Zj, is defined as

Iy := mp Tpg = Tp Thy -

Further elaboration can be found in [2, 22].
Now, we discuss the error estimate of the discrete problems (12)-(13). The local
truncation error in the first step (12) is denoted by

EF =i — TLi(e"),

where i}, is the fully discrete solution of the first step (12) and i is the weak solution
of (6). The error term E,’l’“ solves the following equation

f (amEz“,oﬁ/ (/caéz“,;)x:/ (ll,z)x+f Kolo O)xe ¢ € Z,
S2 S2 S2 s2
(29)
where
I =, (") — a T (" tY, L = a" ) — M th.

Assumption 3 For the convergence analysis, we assume that o, > 1/8.

To proceed, we will examine error estimates for both steps (2) and (3) in the forth-
coming lemmas. These lemmas will make use of the spaces H" (HY),r,q > 0, as
defined in the preceding section. For mathematical simplification of the derivation of
these estimates, we assume that §x = 6. Extending this estimate to non-uniform §g
is trivial.

Lemma 3 Let u be the sufficiently smooth solution of (1) and the approximation prop-
erties (27) and (28) are satisfied. The local truncation error E Z + associated with the
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angular discretization satisfies

n—1 T
> (VBTG - 1ERIE) < cmzfo e I3
m=0

n—1
+Car Y (Rl "I g2y + B3 1A GO 1)) -
m=0
(30)
Proof Setting ¢ = EZH in (29), we get
1 rn+1p2 1 ny2 rn+1 pn+l
SNETE = SNERR + A [ (K Byt B
2 2 S2 X
31)

§At/ (1. Er7Y) ‘—i—At/ (ko B .
S2 X S2 X

By following the argumentation from (16), it can be deduced that

1~ 1 ~ - -
SVELTIE = SUERIR + aro 0By < o [ |(noB) [+ [ |(kae E7)
§2 X S2 X
(32)

Let us consider the first term of the right-hand side. Applying C-S and Young
inequalities with estimates (27)-(28) and Taylor’s theorem with remainder, we deduce
that

~ - - At -
At /SZ (. B3Y) | < 4anlaeth) —oa @ O3 + T ERIR

< 8A| Ty (") — 97, it (") )13
F8AL it (") — Ty, ()12 + ||E"+1||0

tn+l
< cmzf T (" TOIZ + C Al (") — it (D13
t

n

+C At mpg (i1 (") — mp (" TY13 + 16 ||E”+1 I3
tn+l
scar [ @I+ Canin o
t)l

FCAL ]2 1, +—||E"+1||0.
(33)

@ Springer



1740 Numerical Algorithms (2025) 98:1725-1753

Next, the second term is decomposed as

[ (ora EE) | = st i (o (3 = mice) 1Y) |

+At /52 ‘(ICG (nhs(ﬁ,(t”“) - nhxﬁ(t”“)) , EZH)x‘ .

Using Lemma 2 with estimates (27)-(28), the first term can be deduced employing
C-S and Young inequalities,

o 5 i - £5)

= MQF+ T |80 = 7w @ 1B 0 64

At~
< CARNlG 2+ 5 1ER G,

Similarly, one can obtain that

n+1y _ n+1 n+1 2 ~n+1
At/ ‘ IC(, (nh (i (") — 7 (e )) B )X‘ < CALRaI2 5 1)+ 5 HE 12.
(35)
Combing estimates (34) and (35), we get
At Az (Kot E3*) | 5cmhgnzzni,]@z)+CAzh§||ﬁ||L2(H.)+ 2Ly g2,
(36)
Next, employing (33) and (36) in (32), it can be devised that
l 1 tn+l
SNERTHE — SIERIG + Atg, IE;TIF < €A / (LG
" (37
5 - At~
+C AL g2y + CAL IR G gy + - IHERTHIG:
By using Assumption 3, inequality (37) is reduced as follows
Lo 1 2 2tn+1 +14)12
SIE, g — SIER NG < CAt / [l (")l
2 1= llo = 511 Esllo p 1 0 (38)
+CAL Rl 2 + CAL RGN g1, -
Finally, we obtain the required results by summing overm = 1,2, ...,n — 1. O
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Next, we discuss the bound for the local truncation error term for the second step.
The local truncation error in the first step (13) is denoted by

E} =Tpu(") —uy, E} =u(") — Muu(").

Since we have uj = u(t") — E; — E}, which implies

[ (oai6) = [ (onim*) = oni b = o )

X

and
/ asupG Wy Ox = f asupG (M(t"+1) — Eptt gt {)
s2 S2 X

By substituting the above expression into equation (13), we can infer that

[ (a1 ~ s, B} 0,7 ¢ -5 )
S X

+fp asupa (ue™) = B = B g) = [ (g 488 VO ¢ € 2
s
which can be rewritten as follows

[ ouigr e w50 9¢) & [ asura(Er o
S2 X S2
= [ (a4 55 90) + [ asuratarth. o
S2 X S2
—/ (aAzE?+l,{+Ss-V§> —/ asupc(ElT, O)x
S2 X 2

_/gz(fn+lv§+85'vg)x'

(39
From (9), one can write

Lt ctss Vo= [ eris Vot [ asupa . ox. ¢ € 21
(40)

Using (40) in (39), we have
/ <3A1EZ+11§+55‘V§) +/ aSUPG(EZJrlv{)x
S2 X S2
= [, (aaun™ ) w1 ¢ - 9
52 X

_/52 (3AzE7+l, ¢ +38s- V{)X - /52 aSUPG(E7+ls Ox-
(41)
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In a more simplified form

/ (aAtE"“,;Mch) +/ asupc(E}™", ) = —/ (AT AL o4 85 Vo),
52 x Js2 52 !
(42)
where A+ and AZH! are
1

AT = (u " — dpu ("t )) and A3 = (3AtE?+1 ts- VE7+1).

Lemma4 Let u be the sufficiently smooth solution of (1) and let the approximation
properties (27) and (28) be satisfied. The local truncation error EZH associated with
the spatial discretization satisfies

n—1 At n—1
> (IE IS = 1T R) + 5 /2 IEP 2y po
m=0 m=0 S
2 r 2 2 2 T 2 2
clar® [ (v v ) + A8 [ (bl g1, + i )

T T
2 2 2 2 2 2 2
+At hs ‘/0 (”uT”Hl(LZ) + ”ul‘thl(LZ)) + At./(; (hx”ul‘ ”LZ(HZ) +hs”uT”H1(Hl)>

IA

n—1
+ar Y (B2, o + BN ) )}
m=0

(43)

Proof Set¢ = E}*! in (42) to obtain that

1
27 (1B 18 = 1E13) + 5 S NER BB

stZ

OacE T s - VEThy|.

(Ag“ + AL ET 4os VEZ“) ’ +8 [o
X

By following methodology form Theorem 1, we get

n—1
> (et g - nEy ) +— Z/ IEP T 3y p
m=0

n—1 n—1
<1000 +8) Y Ar(IAGF G+ IAEI3) + 108 Y Arloa £,
m=0 m=0

(44)
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Next, we discuss the estimate for the last term of the right-hand side, i.e.,
||8A,E}’1"Jrl ||(2). Consider x"t1 = aA,EZH in (42), it satisfies the following equation

/ (3A1X"+1,§+55'VC) +/ asurc (X", ¢)
SZ X S2

(45)
= [ (s + onng o o5 V)
S2 X

where da, "' = (x"*' — x")/At and 9, AT, 8A,A’I’;l’1 are defined in a similar

way. Further, assigning ¢ = x"*! 4+ 89, x"*! in (45), we deduce

1 1
n+12 _ ny2 n+1y2 . n+12 . _ nll/2,n+1)2
2At<|lx 12—l ||0>+5||3Atx 1§+ 8lls - VX" g + S s - mi 22,

52
20 (s Vo2 s V|2 +25/ a5 vyt
2At<” x g =l x' g o At X X )

< / <3A[A,’j+l +oaNETL X 4 s vx"“)
S2

X

+8 /Sz (aA,AZ“ +0a A D! +8s-V<aAtx”+‘>)

X

8 fs2 (@aex"t.s - V@ax"h);.
(46)

Next, we define the norm || - ||xs as follows:

2 1
||Xn+l ||)2(s =5 HS . VXn+l + aAtXn+1 HO + 5“ s - n|1/2Xn+1 ||iz(r+).

By using the above norm, we get

1 n+12 n 2) n+12 52 ( 1,2 2
— - 2 (s V"2 = s - Vx" )
AT (||X o — x5 ) + llx ”"5+2At I X g =l x"lo

X

< / (3AtAZ+1 +oa A T 4 5s VX"“)
52

+5 [ (an Az a0 4 85 V")
N

5 / (Oaex™ s Vioax ™),
N
(7)
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Using C-S and Young inequalities, the right side terms of (47) are estimated. By
following a similar argument from [33], we obtain following inequality

At
”X"+”%'—HX"”%*‘7;HX"+”@S+”$(HS'VX"+”%'—HS'VX"H@
(48)

< Al + Car (N AL + 04 A% IR)

By summingoverm = 1, ..., n—1 and replicating the arguments from Theorem 1,
we deduce that

n—1
™15+ A > lx™ iz + 82lls - VXI5 < Cexp(ZT)[llxlll(z)

m=1

n—1
+C82||s . VXI ||% + CAt Z <”8A’AZ1+1 ”% + ||8A,A’E”1+1||%) :|
m=1
(49)
Note that §%|s - VX1||% < ||Xl||(2) by means of inverse inequality and (10). Now
substituting the estimate of || BATEZ’H ||% from (49) in (44), we get

n—1

—1
. N
1 1 1
(B g = 1B E) + 5 /Sz IEP 2y pe < CSlIOAELIR
m=0

m=0
n—1 n—1
+ear | 30 (IAm G+ uapg) + 8 Y (1oa At I3 + Noar g I3)
m=0 m=0

(50)

Next, we discuss the bounds of the right-hand side of the above equation. Applying
the Taylor’s theorem with remainder, we obtain that

n—1 T n—1 T
Do IAtG < cAr / Il D loaAy G < CAL / lusse 13 (51)
m=0 0 m=0 0

Next, we estimate terms || A’El ||% and ||0a; A’EIFI ||(2). By using approximation results
27)-(28) and Taylor’s theorem with remainder, one can obtain that
y

108 EFEUI = N0ar (") = magea™ ) + 0, ™) = a1 ) 1

Int+1 2
”ul ”LZ(HI)'
1

Int+1
< Ch; / 31 g2, + Ch f
tn n
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IVEFHE = |9 (0 = w1 + 7 (™) = 7)) ) Hi
<C HV(u(r"‘H) — mpu("th) H; + H Vtn (@) — mapu ™)) Hz

= CIIV (u™* ) = 7)) I + Cllu) =z 112

< Chilu@"*™H|3,

(HY

+ Chiu@™ 1%,

(H?) (HY

Combining both, we get
1 1 1
IAGIE < 19a BTG + IVETTIG

Ch2 In+1 ) Ch2 Int1 5 -
E S ”ul”Hl(LZ) + X ”uf”LZ(Hl) ( )
In

+ Chgllu@ D13 o) + Chzllu(t"“)llﬂl(ﬂ]

By using above inequality and Taylor’s theorem with remainder, one can deduce
that

2
VE7+2 o VE;H—]
At

2
8A1E?+2 o BA[E;H—I
At

+1)2
||3AtAr;51 o <

0 0

- Ch2 In42 ) Ch2 Int2 5 =3
= s ”ull”Hl(LZ) + X ”ul‘t”LZ(Hl) ( )
I tn

0 [ e, + 02 [
th+1 i1

It is remain to bound term §[|da, E} " |12 of (50). By employing ¢ = da,E}t! in
(42), we have

1 1 1
loarEp G = — f . asupc (E}T an E)Th
S

+/2 (At + A as B 4 85 - Vo B —/2 (ani B+ b5 Von ELF)
N X N X
(54)

Using C-S inequality and inverse inequality, we can show that
7
19a0E5 715 = € (s VERTIE + 1AL 15 + 1A% 13) + S10ai B3 15 (59)
Take n = 0 in the above equation, we get

Slloai EAIG < € (lIs- VELIZ + IALI3 + IAE13)
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Employing (44) and the fact that E 0 — 0 with results (51)-(52) to deduce that
819a EAIG < C(AL® + hE + hd). (56)

By combing the estimates (51)-(53) with (56) in (50), we obtain the desired result
(43). This completes the proof. O

Next, we present the convergence estimate of the operator-splitting finite element
method (12)-(13) for the model problem (1).

Theorem 2 Let u be the sufficiently smooth solution of (1) and the approximation
properties (27) and (28) are satisfied. Then, the global error e" = u(t") — uj satisfies

At & N
le" |12 + - > /Sz le™ 3y pg < Cu, i) (AL> + b3 + h). (57)
m=0

Proof By combining the local error estimates (30) and (43), we get

n—1

At
1B+ 5 3 [ 1ER Burg
m=0 s

T T
< |IEQIZ + cmZ/ i 112 + cmZ/ (
0 0

2 2
I3 + N 1)

T T
+CA{hZ fo (s gy + Dl 2)) + 13 /0 (N2 gy + Nt 221

n—1

T
+/ (RN 2 gy + 3N s gy ) + D0 (B2 D ) + B3N )
0

m=0

n—1

+ Z (hillu(thrl)“iZ(Hz) + hgllu([’n+l)”i]1(ﬂl)> :|

m=0

(58)

Noting that EY = 0. Then, the estimate (58) can be further simplified using discrete
Grownwall’s lemma as follows:

n—1

At -
IE} 3 + > > /2 IEM T 3y pe < Clu, i) (AP +hE+RD),  (59)
m=0 S

where C (u, i) is the positive constant, depending upon u, i in (58). Finally, by employ-
ing the approximation results (27), (28) and combined with (59), the main convergence
result (57) is devised. This completes the proof. O
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4 Computational results

In this section, we present the numerical algorithm for the proposed discrete scheme
and validation of the theoretical estimates.

4.1 Numerical implementation

We briefly discuss the quadrature point-based operator-splitting algorithm for the
radiative transfer equation solution, whereas more details on implementation for gen-
eral scalar equations can be found in [1, 26] and [7]. All the numerical experiments
are performed in our in-house finite element package [23, 53].

In the context of numerical discussion, we begin by expressing the discrete solution
and its gradient as follows:

Ny Ny

s NX
wh(x,8) =Y Y uhdi W), Vup =Y "> ufii(s)Vin(x),

i=1 I=1 i=1I=1

where u;; is the unknown degrees of freedom (DOFs). Define the mass matrices
M}, M2 e RNs*Ns where the (i, j)'" entries of these matrices are given by

(M) =/ gig;ds, (M2 =/ Keip; ds.
52 52
Further, the (/, m)’h entries of the matrices My, Ay, M,f, Ai are given by

(Mx)im = /Q Yiymdx,  (MD),, = > Sk(n.s- Vi) dx,

KeT,

(A = /Q S VUmdx, (A2, = 3 Sk(s VUi, s Vm)k dx,

KeT,

8,n

and m'" component of the load vectors F} and Fx'" are given by

) =f9f"wm dx,  (FP"), = D> 8x(f".s - Vim)k.

KeT,

Here the matrices M?, AS and F{™ are due to the SUPG stabilization terms.
Further, we use ﬁZ‘H to denote a two dimensional array of unknown solution coeffi-
cients {u”‘H} k=1,2,...,Nx, i =1,2,..., Ns. With these notations, the system
matrix of the s-direction step in the time interval (1", "t1] becomes:
For given uZ, solve

M = Ml M (Ml + Ato M} — At Gst) (60)
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fork =1, 2, ..., Nx. In this way, we solve the numerical solutions in the s-direction.

We next discuss the x-direction step, where the updated solution from the s-direction
is used to compute the solution of (12). In the x-direction step, we first need to transpose
ﬁZ‘H to obtain ﬁZ‘H and then solve the linear system

(My+ M + At(Ax+ AD)up ™ = Ar(F] + FP™) + (Mx + M), ™, (61)

for¢ = 1,2, ..., Ns. Though the mass matrix My is independent of s, all other matrices
in (61) depend on s. Therefore, all these s-dependent matrices need to be assembled
for each ¢ in all time steps. However, matrix assembling can be avoided for every £ by
assembling and storing the s-dependent matrices in a component form. For example,
Ay can be split as

o

0 0
(Ax>zm=s1f ﬂwmdxﬂz/ Wy ax+s [ Dy, ax
Qn ax Q 3)1 0z

Q
= 51(ADm + 52(AL )y + 53(ALT Y.

Hence, it is enough to assemble matrices AL, A/ and AZ/! only once and then

multiply it with s1, s> and s3, respectively, for every £ in each time step. Following
a similar technique for s-dependent matrices, matrix assembling for each ¢ in every
time step can completely be avoided, and it is enough to assemble all these component
matrices only once at the beginning of the computation. In this way, we can solve the
linear system (61) very efficiently.

4.2 Validation

To validate the theoretical estimates discussed in the previous sections, we consider
multiple test examples using manufactured solutions. The scattering phase function ®
is taken from the previous studies [6, 52]. The backward Euler time-stepping method
is applied for time discretization with a final time 7 = 1 and time step At = hy
in all the numerical experiments. Furthermore, the value of absorption and scattering
coefficients are taken as o7 = 2, oy = 1/2 for both the test problems. For validation
purposes, we discuss the error estimate of the numerical approximation in the phase
space G and time domain (0, 1) by using the following norm:

1/2

N
lell 22y = (At Z |I€”Iliz(g)>

n=1

2

where ||e”||L2(g)

is computed by applying quadrature rule in x- and s-directions, i.e.

1|2, = f / (") 2dxds.
L2(G) e Jo
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For computing the error terms, we have used the spherical triangles and box
elements which are generated by successive refinements starting from the coarsest
meshes (level 1) with mesh parameters Ny = 48 and Nx = 27 respectively. The
x and s-direction equations are refined at successive mesh levels by uniformly sub-
dividing their initial coarse meshes. For example, each spherical triangle is divided
into 4 sub triangles for the next refinement and each face of hexahedrons is divided
into 2 parts for the next refinement. Therefore, we have used these mesh parameters
Nx = 27,125,729,4913 and Ny = 48, 192, 768, 3072 for our numerical validation.

Example 1 Consider the model problem (1) with the exact solution as
u(x, s, ) = e “sin(rx;) sin(wxy) sin(wx3), o« =0.1,
where the source term f is given by

f(x,8,1) = (0r —a — o5)u + me™* sy (cos(mxy) sin(wxa) sin(wx3))
+ne—0‘fsz(sin(nx1) COS(WXZ) sin(7TX3))

+me * s3(sin(w x1) sin(wxz) cos(mwx3)).
The scattering phase function

(2+2s-5)

d(s,s) =
(5,5) 4

Also, one can easily verify that the homogeneous boundary condition u(x, s, t) = 0
on['".

To verify the accuracy of the numerical approximation, we discuss the discretiza-
tion errors in the solution of the same example. In particular, we have presented the
discretization error in the above-defined norm to authenticate the theoretical results. In
Table 1, we have presented the end time error in L?-norm, i.e, ||eN ||i2 G and error in
phase space and time, ||e||;2(.2(g))- Furthermore, we have demonstrated convergence
orders for error terms, aligning closely with theoretical estimates.

Example 2 Consider the model problem (1) with the exact solution

u(x,s, t) = e *s3sin(wx;) sin(wxy) sin(wxz), o = 0.1,

Table 1 Discretization error for N2
operator-splitting method of Level le “LZ(g) Order ”elle(Lz(g)) Order
Example 1
1 2.6088e — 01 2.6855¢ — 01
2 6.3417e — 02 2.0404 8.1076e — 02 1.7278
3 1.9910e — 02 1.7313 2.7095¢ — 02 1.5812
4 8.1660e — 03 1.2259 9.6150e — 03 1.4947
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where the source term f is given by

f(x,s,1) = (67 —a — oyncos)u + me ¥ sys3(cos(mwxy) sin(rx2) sin(rx3))
+me % sr53(sin(wx1) cos(mxz) sin(mwx3))

—Hre’“’s%(sin(nxl) sin(wxy) cos(mwx3)).
And, the Henyey-Greenstein phase function is considered as

1—7?
4 (1402 —2ns - 8/)3/2°

®(s,s) =

where the anisotropy factor n € (—1, 1). Similar to the previous example, the homo-
geneous boundary condition u(x, s, ) =0onI"~.

We have discussed the convergence estimate of this test example with the anisotropy
factor n = 0.5. The discretization error with the convergence order is presented in
Table 2. These findings again confirm the error estimates of the numerical approxi-
mation achieved in the theoretical findings.

The numerical experiments conclude that we can use tailored numerical methods in
the operator-splitting finite element methods. It also explains that the convergence error
is not affected by the consistency error induced by the Lie-Trotter splitting technique
in the backward Euler heterogeneous finite element method.

5 Conclusion and discussion

An operator-splitting finite element method for the time-dependent, high-dimensional
radiative transfer equation is proposed in this paper. The numerical scheme combines
the backward Euler scheme, the SUPG method, and DG(0) for time, space, and angu-
lar discretization. The stability and consistency are established for the fully discrete
scheme. Further, the convergence estimate with optimal order is derived. Moreover,
the operator-splitting algorithm to compute the solution is also presented. Various
numerical experiments are performed to support the theoretical estimates and validate
the proposed algorithm. The computed numerical results validate the implementation
and confirm the derived error estimate.

Table 2 Discretization error for N2

operator-splitting method of Level lle L2(G) Order lellz222(g)) Order
Example 2
1 1.855% — 01 1.8640e — 01
2 7.9253e — 02 1.2276 8.2175e — 02 1.1816
3 3.9041e — 02 1.0215 3.9019¢ — 02 1.0745
4 1.9017e — 02 1.0377 1.9381e — 02 1.0095
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