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The radiative transfer equation (RTE) arises in a wide variety of applications. In
the literature, there has been much study of the RTE. The main purpose of the paper
is to present a unified framework to develop a posteriori estimates for numerical
solution errors and modeling errors, in an energy norm natural to the RTE problem.
The derivation of the error estimates is through duality arguments. A posteriori
error estimates in an L2 norm are also presented, extending existing results
available in the literature. The error estimates are completely computable in the
sense that no unspecified constants are involved. A posteriori error estimates
for numerical solutions are the basis for developing efficient adaptive solution
algorithms, whereas a posteriori estimates for modeling errors are useful to
analyze the effects of uncertainties in problem data on the solution.

Keywords: radiative transfer equation; weak formulation; variational principle;
dual formulation; a posteriori error estimation; parity equation
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1. Introduction

The radiative transfer equation (RTE) arises in a wide variety of applications, such as
astrophysics,[1] atmosphere and ocean,[2,3] heat transfer,[4] neutron transport,[5,6] optical
molecular imaging,[7] and so on. Substantial research effort on the RTE began in the middle
of last century. Today, research on the RTE remains to be a very active and important area,
see e.g. the collections.[8,9] Recently, there is much interest in analysis and numerical
simulation of the RTE and its related inverse problems, motivated by applications in
biomedical optics.[10-16]
The model boundary value RTE problem considered in this paper is given by

o-Vu+pu—Su=f inX x Q, (1.1)
U=ujy onl_. (1.2)

Throughout the paper, we denote by X a C! domain in R3, and by € the unit sphere in R3.
A generic point in X is denoted by x, whereas a generic point in 2 is denoted by . The
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unknown function u(x, @) is the angular flux at the point x in the direction @. The RTE
(1.1) contains two medium parameters, the total cross section u,(x) and the differential
scattering cross section s (¥, @-®), which is the kernel function of the integral operator S:

Su(x, ) :/Ms(x, @®) u(x,®) ded. (1.3)
Q

The function f (x, @) represents a source density. We use I' = X x  for the boundary of
X x Q,and I'_ and I' ;. for the incoming and outgoing parts of the boundary:

I'.={(x,0) el' | wv(x) <0},
'y ={(x,0) el' | wv(x) > 0},

where v(x) is the unit outward normal vector at x € dX. The relation (1.2) is an inflow
boundary condition with a given inflow function uj,.

The RTE has been studied extensively, theoretically, and numerically. An early system-
atic mathematical study of the RTE problem is [17], where parity equation formulations
were also introduced. In [5], solution existence for the boundary value problem (1.1)—(1.2)
is shown by transforming it into an equivalent integral equation. In [18], a detailed treatment
of the RTE through the semi-group theory is given. Variational formulations of the RTE are
studied in detail in [19]. In [20], mixed variational formulations with different smoothness
requirements on the even-parity solution component and odd-parity solution component are
introduced and analyzed. The Ref. [21], written from an engineering perspective, contains
a wealth of materials on optimal principles, complementary variational formulations, and
numerical simulations of the RTE problems. One purpose of the present paper is to revisit
some variational principles, dual formulations, and parity equations for the RTE through a
concise approach, and to provide a solid mathematical foundation for all the relevant results.
Precise function space settings will be introduced in the studies. The dual formulations will
be derived based on the general framework presented in [22]. Parity formulations will be
deduced directly from the weak formulation of the RTE problem. This approach eliminates
the need to first figure out appropriate form of boundary conditions for the second-order
form of the RTE. We will derive a posteriori error estimates for the effects of numerical
discretizations and of uncertainties in the problem data. The error estimates will be given in
a natural energy norm of the function space, where the solution is sought, as well as in the
L? norm. For the former type of error estimates, the duality theory in convex analysis will
be applied. The latter type of error estimates extend some existing results. A posteriori error
estimates for numerical solutions are the basis for developing efficient adaptive solution
algorithms, whereas a posteriori estimates for modeling errors are useful to analyze the
effects of uncertainties in problem data on the solution.[23]

In the study of the boundary value problem of the RTE, we need some function spaces.
Let

0:=L*X x Q) (1.4)

be the Hilbert space of measurable functions on X x € with the inner product (u, v)g =
fosz uv and norm |jvllg = (v, v)gZ. Here and below, to simplify the notation for an
integral, we usually do not explicitly display the infinitesimal volume or surface element
which can be easily identified by the domain where the integration is taken. Denote by
L2(I") the Hilbert space of functions v on I with the inner product (u, v)r := fr |w-v|uv
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and norm ||v||r := (v, v)l]q/ 2, Similarly, we define the spaces Lz(Fi) with the inner products
(u, v)ry = fl“i |@-v| u v and norms ||v|r, = (v, v)}‘jj We will need the Hilbert space

Vo= iv €LXX x Q) |0Vve XX xQ), v|r € L2(F)} . (1.5)

This space will be endowed with an inner product natural to the boundary value problem
(1.1)—(1.2) and the corresponding norm may be viewed as an energy norm; cf. Subsection
2.1.

‘We make the following assumptions on the data

ue € L°(X) and p; > puo > Oa.e. in X, (1.6)
s € L(X x (—=1,1)) and pg>0ae.in X x (=1, 1), (1.7)
1
K := esssup f us(x, 0-@)do < 1, (1.8)
xex Mei(x) Jo
feLl*X xQ), upnelLl*T), (1.9)

where (¢ is a constant. For the assumption (1.8), note that

1
/us(x,w-c?))dé)=2n/ ws(x, t)dt
Q —1

is independent of . It is well known [19] that the boundary value problem (1.1)—(1.2) has
a unique solution in the space V.

The rest of the paper is organized as follows. In Section 2, we present a weak formulation
and a variational principle of the boundary value problem (1.1)—(1.2), and show that the
dual formulation of the variational formulation is itself. In Section 3, we provide two kinds
of a posteriori error bounds. In the first kind, the error is measured in the energy norm of
the space V, and the error bound is derived through an application of the duality theory in
convex analysis. In the second kind, the error is measured in L? norms; the errors bounds
are derived directly and they extend some existing a posteriori error estimates found in the
literature. In Section 4, we consider the even-parity and odd-parity problems, which can
be constructed from the weak formulation of the boundary value problem (1.1)—(1.2) in a
straightforward manner. In Section 5, we show that the dual of the even-parity problem is
the odd-parity problem, and the dual of the odd-parity problem is the even-parity problem.
In Section 6, we apply the duality theory in convex analysis to derive a posteriori error
estimates for numerical solution errors and modeling errors in even-parity and odd-parity
problems. The paper ends with some concluding remarks in Section 7.

2. A variational principle and its dual

In this section, we consider a weak formulation and the corresponding variational principle
of the boundary value problem (1.1)—(1.2). Then, we show that the dual formulation of the
variational formulation is itself.

2.1. A variational principle

The RTE (1.1) is a first-order equation and thus itself is not the Euler equation of a
variational principle. To introduce a variational formulation for the problem (1.1)-(1.2), we
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first formally convert (1.1) to a second-order equation. We define an operator ¥ : Q — Q
by the formula
Yv:i=uv—Sv, veo. 2.1)

LemMa 2.1  Assume (1.6)—(1.8). Then for any r € R, the power " : Q — Q is well
defined, and is bounded, self-adjoint, and Q-elliptic. Moreover,

1
1=~ < 1=712) <

e —— _— 2.2
T (1=K o [(1 — k) pol'/? @2

Proof First, we note that obviously, ¥ € L(Q) and is self-adjoint. Let us prove the
Q-ellipticity of X. Consider the quantity (Xv, v)g = (v, v)g — (Su, v)g. Let us bound
the term

(Sv,v)p = / dx/ ws(x, @) v(x, ®) v(x, w)dodo.
X QxQ

Use the Cauchy—Schwarz inequality repeatedly,

< (/ s (X, 0-®) d&))(f v(x,w)zdw>.
Q Q

(Zv,v)g = (1 =x) (v, v) 0 = (1 = «) po(v, v)o. (2.3)

/ s (X, w-®@) v(x, ®) v(x, w)dodw
QxQ

Hence, (Sv, v)Q < k(psv,v)g, and

Thus, X is Q-elliptic.

Since ¥ : Q — Q is bounded, self-adjoint, and Q-elliptic, foranyr e R, X" : 0 — Q
is well-defined, and is bounded, self-adjoint, and Q-elliptic.

The bounds (2.2) follow from (2.3). O

Thanks to Lemma 2.1, we can introduce the following inner product and norm in the
space V:

(mvnu:(z—quMwaw)Q+(2mka+m,mr, (2.4)
172 2 1/2 2 2 V2
lully = [Hz— Povo| + BP0+ ||U||r:| - 2.5)
The norm || - ||y is equivalent to the canonical norm | - ||y over V. As we will see later,

the inner product (2.4) is natural in the study of the RTE problem (1.1)—(1.2) and the norm
(2.5) may be viewed as an energy norm.
From Equation (1.1), we have

u=3'(f - wVu). (2.6)

Using this expression to rewrite the term @-Vu in (1.1), we can formally write the RTE as
a second-order equation

oVE N (f—oVu)+Zu=f inXxQ. 2.7)
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To determine appropriate forms of boundary conditions for this second-order equation,

we multiply Equation (2.7) by an arbitrary smooth function v, integrate over X x €2, and
perform an integration by parts,

/w~v2_1(f—w~Vu)v+/ [—E_l(f—qu)w-Vv—}—E(u)v]:/ fo.
r XxQ

XxQ2

The boundary integral term is split into sub-integrals over I'y and I'_; over I';, we use the
relation (2.6), whereas over I'_, we use the relation (2.6) and the boundary condition (1.2):

/arv E_l(f—onu)v=/ |w-v|uv+/ |w-v| (u — 2 uijp) v.
r Ty _

Summarizing, we have derived the following weak formulation for the boundary value
problem (1.1)—(1.2):

ueVv, / [Z_l(w-Vu) w-Vv + X(u) v] +/ |w-v|uv
XxQ r
=/ [f'v+2*1(f)w~Vv]+2/ lw-v|umv YveV. (2.8)
X xQ r

Formally, the classical formulation of the problem (2.8) is

—oVE N0 Vi) +Zu=f—wVEST(f) inXxQ, (2.9)
u+ 3 Nwvu)=271(f) onTy, (2.10)
u—3 Yo Vu)=2up — T (f) onT-_. (2.11)

Applying the Lax—Milgram Lemma ([24, Theorem 8.3.4]), we see that the problem (2.8)
has a unique solution. Moreover, the variational principle for (2.8) is

inf E(v), (2.12)
veV
where

E(v) := / [1 > N Vv)w-Vv + ! SW)v— fv— E_l(f)w-Vv}
XxQ 2 2

1 2
+ [ = |ov|v—2 |@-v| Ui v.
r2

2.2. Dual formulation

We next derive a dual formulation for the problem (2.12), following the framework presented
in [22]. Let U and P be two normed spaces, U* and P* denote their dual spaces. The duality
pairings in both U, U* and P, P* will be denoted by (-, -). Let A € L(U, P). Its transpose
A* € L(P*, U*) is defined through the relation

(A*q*,v) = (¢*, Av) YveU,q*e P

Let J be a functional mapping U x P into R. We consider the minimization problem (the
primal problem)
inf J (v, Av). (2.13)
velU
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Its dual problem is defined as

sup [—J*(A*q*, —q") ], (2.14)
q*EP*

where J* : U* x P* — R is the conjugate function of J:

T, q") =sup [ (v, 0) + (¢F.q) —J(v.q) ], v*eU* ¢*eP" (2.15)
i
For the problem (2.12), we choose the space U to be V defined in (1.5) and P to be Q
by (1.4). We define the operator A by
Av(x,®w) = w-Vu(x, w). (2.16)

Obviously, A € L(V, Q). For a function v € V, we introduce a new variable ¢ for
the function ®-Vv(x, w). Based on the variational formulation (2.12), we introduce the
functional

1 1
J(v,q) = /X . [5 2 Mg g+ SZWv—fo- El(m}

1
+/ —|w-v|v2—2/ |0V Uinv. (2.17)
r2 _
We follow the definition (2.15) to compute

JH(A*g*. —q") = sup [(A"q". v) — (¢". q) — T (v.9)].
Vv
g0
For g* € V, we can find that

I =g =5 (0Va -1 2 @V = )+ (20— 137 s D)

1 1
+ 5 1" IF, + 5 g™ = 2uinllf. (2.18)

Consider the dual problem (2.14). Since C (X x ) is dense in Q, V is also dense in
Q. Thus,
sup [—J*(A* * —q*)] = sup [—J*(A*q*, —q*)] )
q €0 q*eV
We have, at a maximizer g* € V, that

(27] (@-Vg* — f), w.Véq*)Q + (Zq* - 1, 5q*)Q
+ (q%, ‘Sq*)m +(¢" —2uin, 8¢")p, =0 Vég*eV. (2.19)

Observe that problem (2.19) coincides with the original problem (2.8), i.e. the dual of the
problem (2.8) is itself.

3. A posteriori error estimation

In this section, we provide a posteriori error estimates for approximate solutions of the RTE
in the energy norm of the space V and in the L> norm of Q.
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3.1. A posteriori error estimates in energy norm

We first recall a basic result in the duality theory; detailed discussion and proofs of these
results can be found in [22]. In [23], the duality theory is employed extensively to derive
a posteriori estimates for errors of numerical solutions and for errors in mathematical
modeling. We use the setting of Subsection 2.2. For the relation between problems (2.13)
and (2.14), we have the following duality theorem.

TueorEM 3.1  Assume the following conditions:
(1) Uisa reﬂexive_Banach space and P is a normed space; A € L(U, P).
2) J:U x P — Ris proper, lower semi-continuous, and convex.
(3)  There exists ug € U such that J(ug, Aug) < oo and the mapping q +— J (uo, q)
from P to R is continuous at Auy.

@) J(v, Av) > 4+ooas ||v]| = oo, v e U.

Then the problem (2.13) has a solution u € U, the problem (2.14) has a solution p* € P*,
and

J(u, Au) = —J*(A*p*, —p™). 3.1

Furthermore, if J (v, Av) is strictly convex in its effective domain, then a solution u of the
problem (2.13) is unique.

We now apply Theorem 3.1 to derive a posteriori error estimates for the RTE problem
(1.1)—(1.2). Let w be any given function from V. Consider the quantity

D(u,w) := J(w, Aw) — J(u, Au). 3.2)
Using (2.8) with v = w — u, we can derive the following formula
1 2
D, w) = > llw—ully (3-3)

where || - ||y is the energy norm over the space V defined in (2.5).
Applying Theorem 3.1, we have

D@, w) < J(w, Aw) + J*(A*q*, —q*) VYq* € V. (3.4)

Through algebraic manipulations, we find that

J(w, Aw) + J*(A*q*, —q*) = : / > N o Vw+ Zw— f) (@Vw+ Zw— f)
XxQ

2
+ /XQ (a)Vq +2¢* — f) (@ Vg* + =q* — f)

1
2
/ ool [ @ = i) + (" = u)?]
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Therefore, we have the following a posteriori error estimate for any ¢* € V:
2
o —ulfy < |57 2@Vt Zw — )+ 2w~ walp

2
+ Hz*l/z(w.w* +3q" - f) HQ F2lg* —unld . (35)

The function g* should be chosen as closely as possible to the solution of the dual
problem (2.14), equivalently, that of the original problem (2.8) (cf. (2.19)). When w is the
only approximation of u available, it is natural to choose ¢* = w. With ¢* = w in (3.5),
we have

2
lw—ul? <2 H2—1/2(a).vw FSw—f) ”Q A fw — uin]? (3.6)

In other words, an a posteriori error bound for ||u — w||y is given in terms of the equation
residual and boundary condition residual of w.

If w € V is an approximation of the solution u, then (3.6) provides an a posteriori error
bound for the approximate solution. The approximate solution can be computed from a
numerical method. If a conforming finite element method is applied to solve (2.8), then the
finite element solution u” (x, ®) can be used as the approximate solution of u. An example
of a conforming finite element method is the projection of the problem (2.8) onto a con-
forming finite element space V", consisting of functions that are piecewise constant in the
variable @ and are continuous piecewise linear in the variable x, corresponding to a finite
element partition of the domain X x 2. The a posteriori error bound (3.6) applies with
w=u".

The angular variable @ is usually discretized through a discrete-ordinate procedure:
the unit sphere 2 is split into a finite number of connected sub-regions: Q2 = UILZ] Q,a
representative value w; is selected from €2;, and the integral over Q2 in the definition of
the operator S is approximated by a numerical quadrature with {wl}ll‘:1 as the nodes. The
RTE problem (1.1)—(1.2) is then reduced to a system of first-order equations in x along the
directions {w;} 1L=1~ Denote by uf’ (x) a finite element approximation of the solution u(x, @;)
along the direction ;. If the finite element space used to compute {uf’ (x)}[L=1 consists of
continuous piecewise polynomials, then

L
u'(x,0) =) x@)uf (x) 3.7)
=1

belongs to V and can be used as an approximate solution for which, the a posteriori error
bound (3.6) applies. Here, x;(w) is the characteristic function of the sub-region €2;, i.e. the
value of the function is 1 or 0, depending on whether the variable w is in or outside ;.
If a discontinuous Galerkin finite element method is used to compute uf‘(x), as is the case
discussed in [25], then the function " defined by (3.7) does not belong to V and (3.6) does
not apply directly. In this case, we define a new approximation

L
i (x, 0) =) xi(®) if (x), (3.8)

=1

where ﬁf’ (x) is constructed from ulh (x) through an averaging procedure so as to ensure
12;’ (x) is continuous on X. For simplicity in exposition, suppose {u;' (x)}[L=1 are linear
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discontinuous Galerkin finite element solutions. Then, at each finite element node x;, we
compute a weighted average of the values of ulh(x,-) from all elements sharing the node
x;, and use the averaging values at all nodes to construct a piecewise linear interpolant
IZ;’ (x). The functions {ﬁf’ (x)}lL= | are continuous on X. The approximation a" defined in
(3.8) belongs to V, and hence the a posteriori error bound (3.6) applies on " — u ||%,.

Remark 3.2 The inequality (3.6) provides a robust upper bound for the error. A salient
feature of the error bound is completely computable. We comment that the error bound
is also efficient. To see this, we note that the error function e := w — u is a solution of
following problem

w-Ve+ e —Se=wo-Vw+XZw— f inX x Q,

e=w—uj;, onl_.
By [19, Theorem 3.3], there exists a constant ¢ € (0, 0o) such that
loVelld + llely = e1 [lorVw + Zw = £ + lw - winlf_]

where || - |[r_ « is an L?-like norm on I'_, which is weaker than the norm || - ||_. Using the
properties of the operator ¥ from Lemma 2.1, we deduce from the above inequality that
there exists a constant ¢ > 0 such that

2
uw—m@zcmz‘”wVw+2w—wa+nw—mﬂ%]

This shows the efficiency of the error estimate (3.6). Note that, however, it is not easy to
provide a reasonably good, explicit numerical value for the constant c.

Next, we derive an a posteriori bound for the error due to noise in data. Let ub € Vbe
the solution of a perturbed problem:

0 Vud + pu? — S’ = f° in X x Q, (3.9)
ub =ud onT_, (3.10)
where
Sou(x, w) = / W (x, 0-®) u(x, ) dé. (3.11)
Q

Assume M? and ,uf satisfy (1.6) and (1.8), f? and ufn satisfy (1.9). We apply the bound
(3.6) with w = u®. Notice that

2 1 2
—1/2 B 5 RvaTl s _
HE (@-Vu’ + Zu f)”Q = T oV’ +zu’ — £,

where (2.2) was used in the last step. So

2
S V2 (@0-Vul + 2ub — f H <"
H ( ) 0~ (I=x)po

Define X%v := ,ufv — S%0. Then,

[(2 =) @) + (£ = Ny (G12)

@Vl +3u’ — f = (2 -2+ (f - f)
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in which

(= -2 W) = (e — 1d)u® — / [1s (x, 0-®) — 11 (x, 0-@)] u’ (x, ®) dp.

o
Thus,
(2 =)@+ =Dl
< [ (e — 1)’ | o + H/Q (165, 0-0) = 13 (. 0-0) |’ (- &) d@HQ
+r° =1l (3.13)
Let

b= s — o 8 o= | / s(x00) — e )| do @19
Q L(X)
Sp=1f=Flo. i := lluim — udll 2 - (.15)
Then, it follows from (3.13) that
[(Z =)@+ (P = Ny = G+ 1u’llo +85.

Therefore, from (3.6), we conclude the a posteriori error bound
2 2
lu —ul|3 < d—om [ +8) lu’llo + 8] + 482 (3.16)

In practice, available data contain noises and the RTE problem we solve is not (1.1) and
(1.2), but rather (3.9) and (3.10). The significance of the error bound (3.16) is that once the
solution u® of the problem (3.9)-(3.10) is found, it can be used, together with knowledge
of levels of the noises, to generate a computable bound for the difference between u® and
the solution of the original problem defined by (1.1) and (1.2).

The error bound (3.16) can be sharpened when certain additional information is avail-
able. For example, suppose u; and uf are equal on a portion of the spatial domain X, and
so are g and ,uf, i.e.

ud=pin X/X,, = pin X/X,.

Then (3.16) can be replaced by

2 2
lu — |5, < —— [8:00° 1 L2 0x, ey + s 168 Il L2 x, ey +85] +480.  (3.17)

) 1o

3.2. A posteriori error estimates in L? norm

The L? norm error estimates can be derived directly. For an approximate solution w € V
of the problem (1.1)—(1.2), the error e := w — u is the solution of the problem

®-Ve+pe—Se=ef inX xQ, (3.18)
e=e¢p onl_, (3.19)
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where

e =0-Vw+puw—Sw—f inX xQ, (3.20)

€in :=w —uj; onl_ 3.21)

are the residuals of the Equation (1.1) and of the boundary condition (1.2). We multiply the
Equation (3.18) by e, integrate over X x €2, and perform an integration by parts to obtain

1 2 1
5 lell®, + HEI/ZeHQ = (er)g+5 lewmll? .

Using the Cauchy—Schwarz inequality, we conclude with the following a posteriori error
estimate:

where e s and e, are defined by (3.20) and (3.21), respectively. This error estimate extends
the resultin [26], which deals with the homogeneous inflow boundary condition, i.e. uj, = 0,
and where the approximate solution w is also assumed to satisfy the homogeneous inflow
boundary condition.

Next, we consider the error due to perturbations in the problem data, i.e. the difference
e := u® — u between the solutions of the problems (3.9)~(3.10) and (1.1)—(1.2). After
subtraction, we see that ¢® satisfies

2 2
S12( — u)HQ +llw —ul}, < Hzfl/zef HQ + llemll> (3.22)

®-Ve' + e’ —Se’ = inX xQ, (3.23)
e =e) onl_, (3.24)
where
e = (f" = f) = () — ) u’ + (8 = S)u’ in X x Q, (3.25)
e i=ud —up onl_. (3.26)

Applying the error bound (3.22), we have
2 2
|z - u)HQ +la® —ulf, < |57 HQ + el |12 (3.27)

Then, with the quantities defined in (3.14) and (3.15), using the bound (2.2), we can obtain
from (3.27) that

H21/2(M$ —u)

2 1 2
) 2 ) 2
o™ u® —ullf, < A= [ +8) lu’llio +87]" + 85 (3.28)

)

4. Even-parity and odd-parity problems

Let Y be a subset of X x 2, or of ', or of 2. We say Y is w-symmetric if (x, ) € Y implies
(x,—w) € Y,orif w € Y implies —w € Y. Obviously, X x @, I', and 2 are @w-symmetric.
In the rest of the paper, the symbol Y always denotes a set with @w-symmetry. We say a
function v(x, w) defined on Y is of even parity if v(x, —®) = v(x, @) on Y, and is of odd
parity if v(x, —@) = —v(x, @) on Y; where Y is a subset of €2, we suppress the variable x
in the above definition. The following orthogonality property will be used repeatedly:

/ uv =0, uofeven-parity and v of odd-parity. 4.1
Y
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Even-parity and odd-parity components of u(x, @) were first introduced in [17]:
1 1
uy(x, @) = 3 [u(x, @) +u(x, —w)], u_(x,0)= 3 [u(x, w) —u(x, —w)].

They are also called the even-parity angular flux and odd-parity angular flux. The inverse
transformation is

ux,w) =us(x,0) +tu_(x,»), ulx,—o) =ui(x,®) —u_(x,w). “4.2)

The parity components of the angular flux u(x, @) are useful in certain applications. E.g.
if the goal of computation is to determine the flux w(x) := fQ u(x, ), then it can also be
computed through w(x) = fQ u4+(x, w). Note that it is less expensive to compute u 4 than
u, since U (x, w) is even with respect to .

Similar to (4.2), we have the decomposition

s (X, @@) = g4 (X, @@) + py_ (X, ©-)
with

1 ) A
[1s (¥, @-®) + s (x, —0-@)],

Ust (X, 0-®) = 5

1
o (¥, 00) = 5 [1s (¥, @-®) — ps(x, —0-@)] .

We introduce two operators C and G~ ! as follows [21]:
Cu)(x, w) :=p(x)us(x,®) — /Qus+(x,w-c?>)u+(x, @) d®, (4.3)

Gl u)(x, w) = Ml(x)u,(x,w)—/ ws— (%, 0@ u_(x,d) déd. (4.4)
Q

As will be seen from Lemma 4.1 below, the operator defined by the right side of (4.4) is
invertible and in the literature, it is denoted by G~'. C is called the removal operator, and
G is called the leakage operator. Then, the following result can be shown.

Lemma 4.1  Assume (1.6) and (1.8). Then, C : Q4 — Q4 has an inverse C~': O, —
Q4 and GV : Q_ — Q_ has an inverse G : Q_ — Q_. Moreover, both C and C~!
are linear, bounded, self-adjoint, and elliptic operators on Q.; both G~" and G are linear,
bounded, self-adjoint, and elliptic operators on Q_.

Through a formal calculation, the following formulas for C~! and G can be derived
[21]:

C M up) (%, ©) = e (x) ug (x, w)+/ ky(x, @) uy(x, ®) do, (4.5)
Q

Gu_)(x, ) = (%) 'u_(x, w)+/ k_(x, 0@ u_(x, ®) dd, (4.6)
Q

where ky and k_ are the even-parity and odd-parity components of k, and k is defined by
the equation

k(x, 0®) = e (x) 2 (x, @0-@) + p (x)7! / ws(x, @) k(x, ®o)do. 4.7)
Q
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The next result can be proved by applying the Banach fixed-point theorem (cf. e.g. [24,
Theorem 5.1.3]).

ProrosiTioN 4.2 Under the assumptions (1.6) and (1.8), the Equation (4.7) has a unique
and non-negative solution k(x, ®-®) in L*(X x Q x Q).

It is well known [21] that the first-order transport Equation (1.1) is transformed into a
pair of second-order equations,

—o-VG(-Vuy)+Cuy) = f+ —o-VG(f-) (4.8)
@ VC N0 Vu_ )+ G u_) = f- — 0 VO (fp). (4.9)
Correspondingly, the boundary conditions for the even-parity Equation (4.8) are
ut(x, ) — G(@-Vuy(x,®)) = ujn(x, ) — (Gf-)(x,w) for (x,w) el_, (4.10)
Uy (x, @) + G@-Vuy(x, ®) = uin(x, —») + (Gf)(x,w) for (x,w) e Ty, (4.11)
whereas for the odd-parity Equation (4.9),

u_(x, 0) — C N Vu_(x, w) = uin(x, ) — C~ ' fr(x,w) for (x,w) e_, (4.12)

u_(x,®) + C N Vu_(x, w) = —uin(x, —) + C_1f+(x, ®) for (x,w) e I';.
(4.13)

To study the well posedness of the even-parity and odd-parity problems, we need some
more function spaces. Let

Vi={veV]vx, - =vx o) VxecX 0cQl, (4.14)
Voi=fveV]vx, —w)=—vxw)VxeX, wel}, (4.15)
0+ ={geQlqx,—w)=q(x,@)Vx e X, weQ}, (4.16)
0_-={qgeQ|qx, —w)=—qgx,o)VxeX, weQ}. (4.17)

Over the spaces Q4 and Q_, we use the inner product and norm of the space Q. We use
the following inner products

(u, v)y, = (G(@-Vu), w-Vv)g + (C(u),v)g + (4, v)r,
u, v)y. = (c—l(w-W),w-w) n (G_l(u), v) + (u, v)r,
0 0

and corresponding norms. Thanks to Lemma 4.1, the norm || - ||y, is equivalent to the
canonical norm of V, over V., while the norm || - ||y_ is equivalent to the canonical norm
of V_ over V_.

The weak formulation of the boundary value problem of the even-parity equation,
defined by (4.8), (4.10), and (4.11), is

uy € Vg, /x Q[G((;)-Vqu) ®0-Vv+ C(uy) v]+/r |w-v|uiv
X
:f [f+v+G(f_)w-Vv]+2/ lw-v|upmv Yv e Vi, (4.18)
XxQ

Applying the Lax—Milgram Lemma, we see that problem (4.18) has a unique solution.
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The weak formulation of the boundary value problem of the odd-parity equation, defined
by (4.9), (4.12), and (4.13), is

u_eVv_, / [C_l(arVu,)wVv—i—G_l(u,)v] +/ |w-v|u_v
XxQ r

=/ [f,v+c—1(f+)w-vu]+2/ lo-v| umy Yo e V.
XxQ r_
4.19)

The unique solvability of the weak formulation (4.19) also follows from the Lax—Milgram
Lemma.

Actually, the problems for the even-parity and odd-parity components can be derived
directly from the weak formulation (2.8) of the RTE problem. The operator X can be split
into the sum of two parts:

S(u) =Cuy) + G u) (4.20)

where the operators C and G~! are defined in (4.3) and (4.4). The following result [21]
provides a formula for the inverse of the operator X:

Lemma 4.3
> w)y=C N up) + Guo). 4.21)

Thanks to Lemma 4.1, real powers of C and G are well defined. Moreover, the formulas
(4.20) and (4.21) are extended to the following:

Sw)=C'(ur)+G "(u_), rekR. (4.22)
A consequence of (4.21) is
N w-Vu) = C‘l(w~Vu_) + G(®-Vuy). (4.23)

Now taking v € V. arbitrary in (2.8) and using the formulas (4.20), (4.21), and (4.23), we
derive from (2.8) that

/ [(C_l(w-Vu_) + G(w-Vu+)) ©0-Vo+ (C(u+) + G—l(u_)) v]
XxQ
+ / lwv| (uy +u_)v
r
= / [(f+ +fov+ (c—l(f+) + G(f_)) w-Vv] + 2] |00 tinv.
XxQ

An integral over 2 is zero if the integrand is a product of an even-parity function and
an odd-parity function (cf. (4.1)). Hence, the above relation simplifies to the even-parity

component problem (4.18). Similarly, taking v € V_ arbitrary in (2.8), we obtain the odd-
parity component problem (4.19).

5. Even-parity and odd-parity problems as dual to each other

We first derive a dual formulation for the even-parity problem.
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To use the framework given in Subsection 2.2, we choose the space U to be V. according
to (4.15) and choose P to be O_. We define the operator A = A by

Atv(x,®) = w-Vu(x, o). 5.1

Obviously, Ay € L(V4, Q). For a function v € V., we introduce a new variable ¢ =
q(x, w) for the function -Vv(x, w). Corresponding to boundary value problem of the
even-parity equation, (4.8), (4.10), and (4.11), based on the weak formulation (4.18), we
introduce the functional

1 1 1
J+(0,9) = 5@, Gao+5 @, C)o+5 vl = (g, Gf-)o — (v, f+)o — 2 (uin, V)F_.
(5.2)
Let g* € V_. We follow the definition (2.15) to find

1 -
SN =) = 5 (0Ve" — o CT @ Ve = 1)
1 _ _
+5 (67" 1 6@ = 1) g

Since V_ is dense in Q_, we consider the dual problem

sup [—JE(A* g, —gM)] = sup [—TF(A*q", —g")].
q*eQ_ g*eV_

We have, at a maximizer ¢* € V_, that
(¢ @Vg* = f1), 0Vsg") o (67'q" = 1-.59%)
+2 (q* — Uin, Sq*)r_ =0 Véqg*eV_.

Q

This is exactly the weak formulation (4.19) of the boundary value problem for the odd-
parity component. So the dual variable for the even-parity component is the odd-parity
component, and the dual problem of the even-parity component is the problem for the
odd-parity component.

Similarly, it can be shown that the dual problem of the odd-parity component is the
problem for the even-parity component.

6. Error estimation for parity solutions
For any wy € V., we define the quantity

Dy(uy, wy) i= Jp(wi, Aywy) — Jp(ug, Ajuy). (6.1)
Using (4.18), we can derive the following formula
1
Dy, wi) = 5 llwy — sy (6.2)
Applying Theorem 3.1, for any ¢* € V_,

Dy (uy, wy) < Jp(wy, Aqwy) + L (ALg™, —g%). (6.3)
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Then, we have the a posteriori error estimate: for any g* € V_,
2
s =il < [ 6@V + 67N = £
—-1/2 * 2 * 2
e P wvg  cov = o+ 20w 44"l 64)

Let w_ € V_ be an approximation of u_. Then, we may take ¢* in (6.4) to be w_ and
obtain the following a posteriori error estimate:

2
s = sl = [ 620wy + 67 o) = 0]

2
+ e P vw- + Cawy) - f+)HQ + 2wy +wo = winllf

(6.5)
Note that the RTE (1.1) can be written as
oViy +oVu_ +Cu)+G 'u)=fr+f. inXxQ.
Taking the even-parity part and odd-parity part of the equation, we obtain
oVu_~+Cug)=fr inXxQ (6.6)
and
oVuy+G 'u_)=f_ inXxQ, (6.7)

respectively. So the first two terms on the right side of (6.5) represent effects of the equation
residuals for (6.6) and (6.7). The last term on the right side of (6.5) is for the residual of
the boundary condition (1.2).

Based on the duality for the odd-parity solution, we can similarly derive the following
a posteriori error estimate:

ho- — -ty < |62 @-Vwy + G o) - f—)HZQ

2
e @yt con) — fo |+ 20w v~ il
(6.8)

The bounds (6.5) and (6.8) for the parity solutions together imply (3.6) for the original
RTE solution. This claim is based on the relation ||v||%/ = ||lvy ||%,+ + lv_|I?>_ and

|2 2@vot s - = e e v +con - sl

+ HGl/z(w.Vv+ + G ') - ff)HzQ .

7. Concluding remarks

This paper is devoted to a concise presentation of rigorous mathematical results on the RTE,
and to the development of a posteriori error estimates for numerical solutions of the RTE,
as well as for the effects of uncertainties in the problem data on the solution. The boundary
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value problem of the RTE with the incoming flow boundary condition is adopted as the
model for the presentation. It is shown that the boundary value problem of the RTE enjoys
beautiful mathematical structures, e.g. the dual of the problem is the problem itself, and the
even-parity problem and the odd-parity problem are dual to each other. A posteriori error
estimates for numerical solutions are the basis for developing efficient adaptive solution
algorithms,[27] whereas a posteriori estimates for modeling errors are useful to analyze
the effects of uncertainties in problem data on the solution.[23] Development of adaptive
numerical solution algorithms based on the a posteriori error estimates is under the way.

In the previous sections, the theoretical studies are made on the RTE (1.1) with the
boundary condition (1.2). We comment that the discussions can be extended to problems
with other kind of boundary conditions.
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