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We present new numerical methods for the porous media equation (PME), a
non-linear parabolic PDE used to model a variety of diffusive processes. It is
well-known that, unlike the archetypal linear parabolic heat equation, the PME
evolves compactly supported initial data to compactly supported solutions for all
time. Compactness of solutions gives rise to the “free boundary” of the support
set, which itself exposes computational concerns. Additionally, it is well-known
that solutions of the PME tend to a self-similar Barenblatt-Pattle solution as time
tends to infinity.

We introduce new spectral Galerkin (sG) methods for this problem: solutions
that are the result of forcing truncated series expansions in bases of functions
to satisfy a finite-dimensional, weak formulation of the PDE. We prove that by
carefully tracking the free boundary and adding the Barenblatt-Pattle solution
to our bases of functions our numerical solutions preserve the correct asymptotic
behavior as time tends to infinity. Our method is preferable for long-time numerical
simulations because it preserves this useful property whereas previous methods do
not. Numerical experiments suggest convergence to the true solution for all time
as the number of basis functions tends to infinity. Next, we investigate sG methods
for an equation of unsteady filtration (EUF), of which the PME is a special case.
We show that the asymptotic computational cost of our approach is better than

that exhibited by prior methods based on finite-difference discretizations.
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CHAPTER 1
INTRODUCTION

We will construct spectral Galerkin (sG) solutions to the following partial dif-
ferential equation (PDE) initial value problem (IVP):

Find u such that

u = (u™),, iIn R x (0,77, m > 1, (1.1)

u(-,0) =1up, in R. (1.2)

Equation is known as the porous medium equation (PME).

The PME can be used to describe the flow of a fluid or gas in a porous medium.
For m > 1 we get a model for interstellar diffusion of galactic populations [27],
for m = 2 we get the equation of thin saturated regions in porous media [32], for
m > 2 we get models for spatial spread of biological populations [16], for m = 4 we
get the equation for thin liquid films spreading under gravity [7], while for m =7
we get a zeroth order approximation from the study of radiative heat transfer by
Marshak waves [24]. Lacey et al. [23] give more examples and references.

Let (f,g9) = [z f(x)g(x) dx, then (-,-) is an inner product if we identify
functions differing only on sets of measure zero. Consider the weak formulation of
the PME:

Find u such that
(u, ) = ((u™) ) (1.3)
for all smooth v with compact support. A sG solution of the PME is a function of
the form U = Z;V:O B; (t) ¢ (x), where {gbj}j.vzo is a set of linearly independent
functions known as the set of trial functions and where {3; (t)};vzo have been

determined by forcing a discrete version of ([1.3)) to hold:



Find {p; (t)}j.vzo in the expression for U such that

(U, i) = (U™) g i) 5 (1.4)

fort =0, ..., N, where {wi}ﬁio is a set of linearly independent functions known as
the set of test functions. Equation ((1.4]) can be rewritten in a way that shows that
the residuals, U, — (U™),,, are orthogonal to the subspace spanned by {2/)2'}?;02 U

satisfies ([1.4) if and only if U satisfies

(Ut = (U™) g, 91) = 0, (1.5)
fori=0,..., N.

For sG methods the space of trial functions and the space of test functions are
polynomials or trigonometric polynomials of degree at most N. Strictly speaking,
Galerkin methods are those where {¢;}~ = {%’}ij\io is an orthonormal set. While
we use the same set for the trial and test functions, we briefly entertain the use of
a non-orthogonal set.

In this dissertation we cite original authors, though [I 31, 20] survey many
results about PME problems and are excellent sources at which to begin studying
this PDE. Good starting points to study sG methods, and, more generally, spectral
methods are [5, (13, 17, 37, [36 [§]. In the remainder of this introduction we give
preliminary results that will be useful throughout this dissertation and use these
results to define our problem more clearly.

Oleinik, Kalashnikov and Yui-Lin [29] show that (L.1)-(L.2) has a weak solution
if ug is a continuous non-negative function with («{'), bounded. One by-product
of their construction is the comparison principle: if u(x,t) < w(x,t), Vo € R,
are two solutions of the PME, then u (z,t') < w (z,t'), Vo € R, if ' > ¢. Their
analysis shows that the PME preserves mass, so that fR u (z,t) dx is independent of

time, if u is a solution to (|1.1)). Suppose that, in addition to the above conditions



on ug for the existence of weak solutions, ug is compactly supported. In this
case, Oleinik, et al. also show that solutions will have compact support for all
time. This anomaly defies the characteristic flavor of the paragon linear parabolic
PDE, the heat equation u; = u,,: no solution to the linear heat equation has
compact support for any positive time [I1]. The compact support of solutions of
the PME defines at least two free boundaries such that u > 0 between the two
free boundaries and u = 0 otherwise. We restrict our study to the case when wuyg
is compactly supported and such that only two free boundaries occur. This can
be done by restricting ug to be of a certain class as will be demonstrated below.
Denote by &, the smallest (leftmost) free boundary, by &, the largest (rightmost),
and by £ some free boundary, when either the context is clear or irrelevant. As
solutions to — are translation invariant, we locate the spatial origin so that
& (0)+&, (0) = 0; that is, we translate ug such that its support lies equally on both
sides of the origin. We denote the support of u (x,t) by Z(t) = (& (t), &, (t)) and
Z = {(z,t): € Z2(t)}. Our approximate solutions to (L.I)-(1.2) will ultimately
be constructed in approximations of =.

A central player to our method is a self-similar solution due to Barenblatt [2]
and Pattle [30]. We will refer to this solution as the Barenblatt-Pattle solution

and denote it by B. It is given by

, (1.6)

2271/
)

B(x, t) =t [A—C—

+

where [z], = max (0,z). The parameters «, 3, and C' depend on m: a = f =

_l’_

1/(m+1), C = p(m—1)/(2m). Note that B(z,t) > 0 for x € =(¢) and
B (z,t) = 0 otherwise, where & (t) = —&, (t) = —t° (A/C)"*. The parameter A
determines the mass of B (x,t), [ B (%,t) dz. For a derivation of this solution see
[1]. Figure shows the Barenblatt-Pattle solution for various values of m.

Knerr [22] showed that if uf' ' (z) € O ((x — ¢ (0))2), as |[x — & (0)| — 0, then



Barenblatt-Pattle Solution

B (z,t)

Figure 1.1: The Barenblatt-Pattle solution for various values of m (the upper-left
corner of the character m touches the curves to which it corresponds.). Note that

for 1 < m < 2 the slope at the free boundary is zero, while for m > 2 the slope at
the free boundary is infinite.



u(z, t),t=0 u(z, t), t=t">0

[ NN

T T

Figure 1.2: Two positive densities initially separated by interval of zero density
eventually coalesce.

there is a 7 > 0 such that £ (t) = £(0), for all ¢ € [0, 7]. This time, 7, is called a
waiting time. In this thesis we do not consider uy that give rise to such waiting
times.

Since one can always find a Barenblatt-Pattle solution that is everywhere domi-
nated by the initial profile ug, one can easily see that —&, and &, are non-decreasing
functions of ¢ by appealing to the comparison principle. This also shows that, aside
from ug that exhibit waiting times, the support must be ever-expanding. Suppose
that the support of ug is not connected. Suppose that the support is two non-
intersecting connected intervals, as in the example depicted in the schematic in
Figure [I.2] Note that the supports of the two positive densities will join for some
value of t = t* < oo (see Figure . So, if we initially do not have disjoint pos-
itive densities, i.e. if the support of ug is connected, then u will never develop a
disconnected support. Our study does not address uy with disconnected support.

We will construct approximations to — where we restrict ug to be
bounded, compactly supported, and such that joining densities and waiting times
are precluded.

The pressure equation (PE)

vy = (m — 1) Vg + 02 (1.7)

m

was useful in the development of our sG solutions. Letting v = -Z-u™"1, where u

m—1
is a solution to (1.1]), gives the PE. Note that the PE solution corresponding to a

Barenblatt solution is quadratic in . Authors use various multiples of the scaled



pressure, v, to study solutions and free boundaries of the PME and associated
problems. In essence, we will see that solving the PE gives insight to a much
better numerical solution methodology that can be more widely applicable.

Along with the Barenblatt-Pattle solution and the PE ((1.7)), Kamenomost-
skaya’s asymptotic result has influenced our sG solutions. In [2I] she proved that
solutions of -, where 1 is continuous, non-negative, and compactly sup-
ported, tend to particular Barenblatt-Pattle solutions as t — oo.

This thesis is an exploration for a method to solve — accurately and
quickly. Some of the directions initially taken resulted in experiments whose results
pointed us towards better methods. Such experiments are referenced in this thesis
though not always presented.

For purposes of error analysis in chapter [d] we will need the following PDE IVP:

Find u such that

w =¢(u),,, inRx(0,T], (1.8)

u(-,0) =wup, in R, (1.9)

where ¢ (s) is defined for s > 0, ¢ (s) > 0 and ¢’ (s) > 0 for s > 0, and ¢ (0) =
¢ (0) = 0. Equation is a generalization of the PME, known as the equation
of unsteady filtration (EUF). Oleinik, et al. [29] proved that this problem has
solutions if ug is a continuous non-negative bounded function such that ¢ (uy), is
bounded.

The rest of this thesis is structured as follows. In chapter [2] we describe two
sG solutions and some of their features, consider the implications of the choice of
basis for {gbj}j.vzo, and discuss some details of computing with these methods. In
chapter [3| we show how the Barenblatt-Pattle solution is an attractor for one of

the solutions described in chapter [2 as is the case for true solutions. In chapter [4]



we estimate the global order of accuracy for this method applied to a Barenblatt-
Pattle solution and to the EUF. In chapter [5| we show that the work required to
use this method compares favorably with a finite difference scheme. In chapter [f]

we mention directions for future studies emanating from this thesis.



CHAPTER 2
APPROXIMATE SPECTRAL GALERKIN SOLUTIONS

Let 11y be the space of all polynomials of degree at most N. In section [2.1
we construct approximations to — in two different ways: the first uses
sG methods applied in a straightforward way (model 1) and the second seeks to
model true solution characteristics (model 2). To complete either method one
must choose a basis for IIy from which the trial and test functions will come.
We will denote by {gf)i}i]\io the chosen basis for IIy. In section we discuss two
such bases as well as some computational concerns that arise when considering

orthogonal bases.

2.1 Model solutions

We formulate two different sG solutions for ([1.1f)-(1.2]). In subsection we first
present the standard spectral Galerkin method. In subsection [2.1.2| we present the
second method which builds features of an asymptotically characteristic solution

into the resulting numerical solutions.

2.1.1 Model 1

We seek approximate solutions Z of the form
N
Fx,t) =) B (1) ¢ (x). (2.1)
§=0

We assume that Z (z,t) has roots & () and &, (t) that comprise the approximate

free boundary and which define the support of z: = (t) := (& (t),& (t)) To

determine the {8 (t)}Y, we force % to satisfy the orthogonality constraints (L.3)

with inner product (f, g)i(t):fé(t) f(z)g(z) do:

(2 = (") o » ¢i)§(t) =0, (2.2)



i =0, ..., N. We term the numerical solution in (2.1)) model 1. We will often use
the shorthand py (, t) in place of a time-dependent linear combination of the basis
functions {¢; (l")}z]io like that found on the right-hand side of (2.1)). Though py
will always represent a polynomial in Iy, in the sequel we will omit the subscript
N for the sake of simplicity of notation.

Let Zy (z) = Z (z, 0). We start the method by finding the projection of ug in
IIy :

Find Z, € Iy such that

(uo — Zo, ¢z)3 = (2.3)

1=20,..., N.
Equations (2.2)-(2.3) give a system of ordinary differential equations and an
initial condition. Plugging ([2.1]) into ( . - gives

N
5=0
N
Z(¢Ja¢z) =(0) B;(0) = (U0>¢z)5 (0) (2.5)
7=0

i=20,..., N, where p = p(x,t). These systems can be written in matrix-vector

notation,

HB =t (B.1), (2.6)

Hpo = fo, (2.7)

where -/ denotes differentiation with respect to time, 8 = (3; (t)) € RVt By =
(B;(0)) € RN* H = (H (i,j)) € RV £(8,4) = (f;) € RV, fo =
(fo,) € RV,



H (27]) = (¢j7¢i>§(t), (28)

= - ¢i (z) ¢j (x) dx (2.9)

fi=((0") a » ¢i)§(t)
= (m (m—1)p™" 2piv¢i)é(t)
+ (mp pzma d)z) t)’

—m(m—1) / L) @D o) da

(2.10)
o 2 (" Pae) (2,8) @i () da,
and
fO P — ('LL(), ¢) 0)
:/ ug (x) ¢ () du, (2.11)
(0)

fore,7=0,..., N.
Though we do not use orthogonal bases for {gzﬁi}fv_o, we mention a standard

technique for determining {4 (t)}., and {; (0)}., when {gbl}l _o is orthogonal.

If {gbz} _ is orthogonal with respect to (f, g)= fﬁ(t ) dz, then ([2.4))-
gives
Bi(t) = fil (6i, di)z) (2.12)
Bi (O) = fO,i/ (¢z7 gbz)g s (213)

fori=0,..., N.

10



Remark 2.1. Note that H is symmetric positive definite. The proof of this follows
from the fact that H (i,7) can be considered an inner product of the functions ¢,
and ¢;. That H (i, j) is indeed an inner product can be seen easily. Non-negativity,

bi-linearity, symmetry, and that (0,0) )= fé(t) 0% dx = 0 are obvious. To see that

E(t
(f: aw = Jzw f* () dz = 0 implies f(x) = 0 a.c. on = (t) suppose by way of
a contradiction that f (z) # 0 on some subset S C = (t), and that (f, Nzw = 0.
Since we are identifying all functions that differ only on sets of measure zero, the
measure of S must be nonzero. On S there is C > 0 such that f?(x) > C for
e S. Since S CE(®), (f) Dzw > (f,f)s > Cu > 0, where p is the non-zero

measure of S. This is a contradiction, so H (i,7) is an inner product and H is

positive definite.

Since H is symmetric positive definite, it is possible to find 3 and By from

[2.6)-([2.7). Letting g := H~'f, we have

/8/ =g (187 t) ) (214)
Bo=H 'fo. (2.15)

Finally, to find our approximation Z (x,7T) we solve the IVP — using
an ODE solver.

We finish this section by discussing some of the properties of the above frame-
work.

In order to enforce boundary conditions, normally one must restrict the set
from which our test functions come by constructing a basis of test functions each
element of which satisfies the boundary conditions [6]. Numerical experiments (see
chapter [4)) show that is enough to guarantee that free boundaries exist for
numerical solutions as long as the time-stepping computation is stable. This is a
welcome surprise as the true free boundaries, too, arise naturally: they are not

part of the formulation of the PME.

11



Perhaps several times per time step, the ODE solver used to solve —
will need to compute g = H~'f in . Direct methods for this computation
requires first factorizing H and next applying backward and forward solves. The
backward and forward solves each have O (N?) complexity. For general H, the
first step can be done via LU factorization, H = LU, LT, U upper triangular, and
has %N 3 + O (N?) complexity. For symmetric positive definite H, as is the case
for , the factorization step can be done via Cholesky factorization, H = RT R,
R upper triangular, and has $ N* + O (N?) complexity [39].

If we choose an orthogonal basis of I1, {(bi}i]\io, H is diagonal, thereby reducing
the running-time complexity of computing g from order O (N3) to O (N) and
equations — become equations —. Note that one must still use
some quadrature rule to evaluate the inner product with the nonlinear diffusion
term, f; = ((p™),, - ¢i)§(t)- The factor (@-,gbi)é(t) is available for many bases, or
computable in closed-form for some other bases.

The condition of the linear solution problem corresponding to that must
be computed at each time step, perhaps multiple times per time step, is directly
linked to the choice of basis. When a non-orthogonal basis is used, numerical
experiments in chapter {4] suggest that the condition number of H grows to prob-
lematic sizes for t — T for fixed N as small as 22. When an orthogonal basis is
used H is diagonal, so the condition is ideal. E.g. for the Legendre basis orthonor-
mal with respect to (f,g) f_ ) dzx, the spectral condition number
of H is

max; H (i,i) 1

W) = i en —1 b (2.16)

Unfortunately, the full benefit of choosing such a basis cannot be fully realized.

We will see that the time-stepping computation becomes unstable because the

12



support of our solutions is time-dependent and because we opted for our inner
product also to be linked to this time-dependency. This issue will be more closely
examined in subsection [2.2.3 after the model solution in the next subsection has
been discussed. There, the reader will see that due to practical concerns we should
construct a compromise basis that practically overcomes the difficulties in such a
way that allows for stable computation, but where the condition number in ([2.16|)
is not achieved. In subsection 2.2.3] we illustrate such a basis that results in a
condition number that is bounded by a very slowly growing function of ¢ for t — T
for fixed N. In chapter [ we present numerical evidence.

Lastly, solutions to conserve the zeroth and first moments, i.e. the mass
and center of mass, like solutions of the PME [40]. Fix ¢t € {t;}, where {¢;} is the

sequence of time steps at which our numerical solution has been computed. Let
w = Z. Substituting (2.1)) into (2.2]) with i = 0, we get

(wtv ¢0>§(t) = ((wm)xar 3 ¢0)§(t)

wy (x,t) doe = / (w™),, (z,t) dx

wy (2,1) do = (mw™ " w,) <,§T (1) ,z) — (muw™ w,) (gg (t) ,t) . (2.17)

as long as ¢y € Ily. Each term of the right-hand side of (2.17)) is zero since m >
1, w, (é(t),t) = Ds (é(t),t) < oo, and w(é(t),t> = p(é(t),t) = 0. The

numerical free boundaries in this method are roots of polynomials, so, providing p

in (2.1) has roots,
W) % (t) (;
/E(t)wt(:v,t)dx—— o (& ()1) + =5 (6 (0).¢)

i)
+ = w (z,t) do
ot E(t)

85/015‘ < 00. The left-hand side of (2.17)) is

13



This gives that
%[ w (z,t) de =0,

E@®)

as needed. A similar argument shows that solutions to ([2.2)) preserve the center of

mass as well. For the sake of simplicity, suppose that ¢; € I1;\II5. Compute

((wm)mg ) gbl)é(ﬂ

rwy (2, t) doe = [ o (w™),, (v,t) dv
(t) E(t)

(wtv ¢1)§(t)

[m\

the left-hand side of which is

o) 06 ()
o zwy (x,t) doe = — 5 & (H)w (5,, (t) ,t) + gt & (t)w (& (t) ,t)

L2
0t Jz)

[m\

zw (z,t) dx

0
:—0+0+—/ rw (x,t) dx.
i o, )

The result then follows. For a general ¢; € II;, we need only write ¢ (z) = ax +b
for some constants a and b, and carry through the last two arguments separately
on both terms on the right-hand side of

(wt - (wm)m ) ¢1)§(t) =a (wt - (wm)m 7@@@) +b (wt - (wm)m ) 1)%(,5) .
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Despite the attractive properties detailed above, the above framework suffers
from a drawback that we now illustrate. Note that Kamenomostskaya [21] showed
that the solution to — behaves asymptotically like a certain Barenblatt-
Pattle solution. Since true solutions tend to the Barenblatt-Pattle solution, we
would prefer that Z, (ér (t) —, t) — oo ast — oo when m > 2; while Z, (é,, (t) —, t>
00, since % € My, where &, (t)— = limm_@(t)f x. Analogous remarks apply to the
left, free boundary point, ég. Numerical experiments (see figure confirm that
numerical solutions indeed suffer in this regard.

We now consider points in the free boundary. Though we will use the right, free
boundary point, ér, analogous comments apply to the left, free boundary point, ég.
We will use the term root because we also want to use the language of multiplicity
of roots. We will say a root c of function f is of multiplicity greater than one if
there is a 7 > 1 and a constant C such that lim, . f (z) / (z — ¢)” = C. We do not
precisely define what we mean by nearly of multiplicity greater than one, except to
describe how one observes them in the context of our methods. First, to perturb
a root is to perturb the coefficients of the polynomial that gave rise to the root in
such a way that the perturbation of the root is small. Note that when one perturbs
a root of multiplicity greater than one in this way, the root separates into two roots.
These roots can both be real, or they can both be complex. The term root nearly
of multiplicity greater than one refers to the pair of real, perturbed roots that our
method evolves to a pair of complex, perturbed roots in a single time step. Note
the misnomer: this imprecise definition actually refers to two roots rather than to

a single root.

Remark 2.2. When 1 < m < 2, the Barenblatt-Pattle solution has roots of mul-
tiplicity greater than one. While it is possible for Z to have roots of multiplicity

greater than one, this situation is computationally undesirable. A root of multi-
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Computed solutions near boundary, m>2

0.1

0.08
N 0.06F
S 0.04r

0.02r

3.86 3.87 3.88 3.89 3.9 3.91 3.92 3.93 3.94 3.95

X
04r
0.3
N
- 0.2
S
0.1
0 : Do el el 8 el
3.98 4 402 404 406 408 41 412 4.4
X

Figure 2.1: Model 1 numerical solutions cannot model the infinite slope at the free
boundary of the true solution for m > 2. The top panel corresponds to m = 3 and
the bottom panel corresponds to m = 5. Numerical solutions pictured here were
computed using model 1 with the modified Legendre basis (see subsection
and RK8. Z = Z is our model 1 numerical solution. Markers for curves are - for
N =38, 0for N =14, x for N = 20, and + for N = 26. These are the same
functions pictured in the top panels of figure [4.3]
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t =1t
l\—/~/= = ~= 1 =
&l &)+ E(t) &t te "

Figure 2.2: A root that is nearly of multiplicity greater than one is lost when a
time step is taken. This can also happen if the root is of multiplicity greater than
one before the time step is taken. € > 0 is small.

plicity greater than one, or nearly of multiplicity greater than one, can become two
complex roots after a time step. Small perturbations in {S; (t)}i]\;[) due to rounding
errors can cause root-finding routines to find a root of multiplicity greater than
one, or nearly of multiplicity greater than one, instead as two complex roots. See

figure . At this point the method would break down since the integrals in (12.2))

are no longer well-defined.

2.1.2 Model 2

In this section we describe a method that uses a new model solution form and
discuss the motivation of this choice.

We seek approximate solutions @ of the form

u(z,t) = pt/(m=1) (x,t), (2.18)
p (l’,t) - Zﬁj <t> qu (l’) ) (2'19)

where p € IIy. We assume that p has roots & (t) and &, () that comprise the ap-
proximate free boundary and which define the support of @: = (t) := <§g (t),&, (t)) :
Note that = is not the same as that used in the previous section. To determine

the {f; (t)}i]io we force 4 to satisfy the orthogonality constraints ((1.5) with inner

17



product (f,g)= fﬁ(t) ) dz:

1=20,..., N. We will refer to u in — as model 2.

We now set initial conditions for , though below we will supplant this
choice with one that is more amenable to solution. We start the method by finding
Up:

Let @ (z) = @ (x,0). Find 1y € [y such that
(UO — Uo, ¢z)3(0) = 07 (221)

i =0, ..., N. This is a nonlinear system in {g; (0 N o from - -

We mention that we would like to know that p(x,t) > 0, for # € Z(t), for
t =0, and similarly for ¢ > 0. Numerical experiments suggest that this is true (see
chapter {4)). Though we do not show that this is the case, we assume it is true in
the sequel.

Since p(:v,t) > 0 for € Z(t), we can define an inner product as follows
(f,9)z20 = w3 f “H(z,t) f(x) g (x) dz, m > 1. Below, it will be shown

that (-,-)z is an inner product.

Plugging (2.18))-(2.19)) into (2.20)-(2.21)), we get the following system of ordi-

nary differential equations with initial condition

HB =f£(8,1), (2.22)

G (Bo) = fo, (2.23)

where B = (5, (1)) € RY*1, By = (5, (0) € RV, H = (H (i, ) € ROVHxV+1),
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G (Bo) = (Gi) e RV £(B,1) = (fi) € RV, fo = (fo,1) € RM,
1

H (27]) = —pl/(m1)1¢j7¢i)~ ) (224)
()

=—— [ p/" I (@, t) i (2) 6 (2) da, (2.25)

(1

_ / pt/m=1) (z,0) ¢ (z) dz, (2.26)
=(0)

fi= ((ﬁ’m)xx ) ¢i)§(t)

= (sz” (m‘”‘lpi,cbi) + (Lpl/ (m‘”pm,@) (2.27)
(m—1) (1) m—1 2@
- [0 6 ) o
(m . ) 5 (2.28)
- 1/(m-1) nys d
t -0 (p Paa) (2,1) ¢ () d,
and
fO,i = (an ¢i)5(0)
= / uo () ¢; () dx, (2.29)
E(0)
for ¢, j = 0, ..., N. Note that for this model the mass matrix H depends upon

the state of the solution, as well as the value of m, unlike the mass matrix of model
1.

If one used the inner product (-,-) defined above then one can write the ex-

pressions ([2.24) and (2.27)) as

and

_ (M2 -
fi= <mpx, ¢i>a(t) + (MPPz, Pi)zy) »
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respectively. This may aide in a future analysis of the method, where energy
methods could prove to be useful.

H in is symmetric positive definite. The proof of this follows from the
fact that H (7, j) can be considered an inner product of the functions ¢, and ¢;, with
the positive weighting function —L-p/("=D=1 That H (i, j) = (¢, j)z(y is indeed
an inner product can be seen easily. Non-negativity, bi-linearity, symmetry, and

that ( = Jz e gp! D7 (2,4) 0% dar = 0 are obvious. That (f, f)z,) = 0
implies f (ac) = 0 a.c. on = (t) follows from our assumption that p(z,¢) > 0 for
z e E(1).

Since H is symmetric positive definite, it is possible to find @' from .

Letting g := Hf, (2.22)) gives
B =g(Bt). (2.30)

Finally, to find our approximation @ (x,T") we solve the IVP (2.22))-(12.23)) using
an ODE solver.

Recall that g (x) = @ (x,0) and define 0y € IIy_5 and vy through the equations

uo (2) = [(& (0) — @) (z — & (0)) v ()] 7V, (2.31)
iio () = [(& (0) — @) (z — & (0)) T ()] /"1, (2.32)

Note that since we know = (0) we use the true interface = (0) as opposed to the
approximate interface Z (0).

Note that to find initial conditions for we must solve the nonlinear sys-
tem ([2.23]). To make this calculation simpler we instead solve a slightly different
problem:

Find g € Il such that

(up ™ =g i) =g (2.33)

[l]
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1 =0, ..., N. Equation gives a linear system the matrix of which has the
same form as (2.8), and is thus nonsingular. A linear solve gives {f; (0)}Y, in
(2.33).

We can go a step further for setting initial conditions for . We can use
the true initial free boundary information, = (0), if we force @y to share a common
free boundary with ug. To do this we use the following modified projection rather
than that in ([2.33):

Find ug € IIy such that

(@0 — o, ¢i)5(o) =0, (234)

1=20,..., N =2 Equation gives a linear system the matrix of which is
similar to that of except the matrix in ([2.34]) is two dimensions smaller. The
argument in remark [2.1] shows that the matrix in is nonsingular.

For the sake of the completeness, we mention an obvious modification to the
other methods for setting initial conditions for (|2.22]):

Find ug € Il such that

(Ué/(m—l) _ gl/m=1), @,) I (2.35)

1=20,1, ..., N—2. This is the nonlinear counterpart to . Being nonlinear,
we do not comment any further on it, except immediately below where we mention
its relation to the other methods for setting initial conditions for ([2.22)).

We finalize our choice of setting initial conditions by choosing , though
before moving on we now make a few comparisons between the different methods

of setting initial conditions.

Though each of the systems (2.21)), (2.33)), (2.34)), and (2.35) is heuristically

as correct as any of the rest, the systems are not equivalent. Thus, the resulting
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numerical solutions will not be equal and it is natural to ask about the effects of
these different initial conditions.

The linear system is preferable to the nonlinear system because of
the ease of implementing solutions of linear systems as compared to that of imple-
menting solutions of nonlinear systems. The nonlinear system results from
(2-21). We recast the solution of as the solution of ming |f (8,)|, where
f(8,) = G(B,) — fy, and apply the robust and time-tested trust-region Newton’s
methods for solving unconstrained minimization problems. This general frame-
work uses quadratic information about f in a way that progresses quickly when
such information approximates f well, and safely when such information poorly
models f. It carries the optimal local convergence behavior of Newton’s method

(quadratic convergence) while precluding its ability to diverge. These methods

require computation of first and second derivatives. Let H = ( 8%- %)ZZO be the
Hessian matrix, the collection of second order derivatives of f with respect to the
coefficients 3, arranged in the intuitive way. These methods avoid the require-
ment that H be positive definite that is required by line search methods that try
to use quadratic information about f. Hand computation of the first and second
derivatives is tedious but manageable and error-prone. Automatic differentiation
could be applied to corroborate hand-calculated and programmed derivatives (see
chapter @ Lastly, a good initial guess will help our method to quickly get into the
local convergence behavior regime. Heuristically, the solution of is a good
initial guess. More on how to solve the unconstrained minimization problem can
be learned from [12].

It is natural to compare the error in the solution resulting from to the
error in the solution resulting from , though we reserve such questions for

future work. These comments also apply when the nonlinear system ([2.35) is
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compared to the linear system . It is also natural to ask about the effects of
using true initial free boundary data. We leave this study to future work as well.

Another warranted study with promise is to check whether an equivalence can
be found between computing using Gauss-Lobatto quadrature and comput-
ing using Gauss quadrature with two less nodes, and similarly for
and . This seems reasonable since the smallest and largest Gauss-Lobatto
quadrature nodes are the endpoints of the interval of integration [17, [§].

One can also modify the problem so that the initial interface data, = (0),

is used. Recall that Z, (x) = Z (x, 0). Analogous to (2.31)) and (2.32)), we define

wg € I y_o and wy:

up () = (& (0) — ) (x = & (0)) wo (z), (2.36)
Zo (2) = (& (0) — 2) (z = & (0)) wo () -

We thus modify (2.3) so that the initial interface data is used:

Find Z, € 1l such that
(wo — Wo, $i)z(gy = 0, (2:37)

1=0,..., N—=2.

We close this section by discussing properties of model 2.

One can view this choice of the form of the trial solution @ as being the sG
solution to a straightforward application of the sG method to the PE. Precisely,
consider the following sG method:

Find V (z,t) = Z;V:O n; (t) ¢; (z) such that

T

fori=0,..., N, {(bi}fio as before, and € (t) is the support of V', which we assume

to be compact. Then one can show that V = —2-a™" with n; (1) = 2=, (1),
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for i = 0,..., N, where {8}, is from ([2.19). To sece this suppose V (z,t) =
Zj o7 (t) ¢; (x) that satisfies (2.38) is written as V = —2-¢"~!  then
_ 2

o (mo™ ) - (m@m_%x)2 , @-)
Q(t)

m

m—1

mo™ 20, — m2omt ((m 2) 00 + 0 ’790»’6) m* oy, Z')ﬁ(t)

3

o 2/INJt m2 ((m_z)UZm 4~ 2+U2m 37}3;3;"‘772711 4~ 2) (bl)

~m—2 ~ ~m—2~2

(
(
= (ma™ 0 — ma™ ™ (m (m — 1) 0"+ 0™ 0a) L 1)
(
(

mo™ 2 (0 — m (m — 1) 077207 — mo"™ " 0,,) ¢z)

mo™ 2 (v, — (0") 1) v¢i)§(t)

which is true if and only if © satisfies . So, v is u from —, if
ni (t) = -5 (t), for i = 0, ..., N. It should be noted, however, that a different
numerical solution would result from using .

One benefit of this model is that the model solution — exactly cap-

tures the Barenblatt-Pattle solution of equation (|1.6)):
B (z,t) = p"/ Y (z,1), (2.39)

forz € Z(t). B.g. if {¢;} 1, in is the standard basis, 3, (t) = At~ (m=1/m+1),
Bi(t) =0, Ba(t) = —Ct ', and B, (t) = 0, for j > 3, in terms of the constants
from ((1.6). This also happens to be a handicap, too, since it robs us of the only
known solution in our class of initial profiles to test against. To remedy this we
consider the EUF IVP (L.8)-(L.9) for numerical experimentation (see chapter [4).
As was the case for the method of the previous section, this method does not
need to take into account boundary conditions in order to fulfill them. Numerical
experiments (see chapter 4] suggest that, when numerical solutions behave well,

(2.20) is enough to guarantee that the numerical solutions have free boundaries.
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As with model 1 and solutions of , model 2 conserves the zeroth and first
moments. The proofs for model 1 carry through for model 2, except that one must
now use slightly more detail to see that (ma™ '4,) (f (1) ,t) = 0. Under model 2,
M, = 2t Dp, o (mam ) (€(1) ) = (mam ) (§),) € (1) =
0, as well.

Note that as  — & (£)” and as z — & ()7, p | 0, so we should justify that
such apparent singularities as p/(™=D=1 in and are integrable when
m > 2. We appeal to corollary and lemma to show that these integrals
are indeed well-defined.

Let us consider the integrand in from a computational point of view.
For m = 2, the exponent z(m) = 1/(m—1) —1 = 0, so H can be computed
without resorting to quadrature. Fix m # 2. In order to successfully integrate
the p*(™ factors in and , we should treat the singularities at the
free boundaries carefully. To resolve this we calculate said integrals using a Gauss-
Jacobi quadrature dependent on z (m). For example, to compute ([2.25]), we instead

compute

- z(m) ~ z(m)
L, E@=2)" (r=&w) " rme@o @ i

St

with
~ —z(m) ~ —z(m) 2(m)

f@=(Ew-2) " (e=&w) T p @0
L.e. the Gauss-Jacobi quadrature parameters « and (3 are both z (m). Recall that
p(x,t) > 0 for z € Z(t), i.e. such singularities in the interior of the numerical
support do not exist. When 1 < m < 2, Gauss-Legendre quadrature suffices,

but numerical experiments suggest better results when Gauss-Jacobi quadrature

is used in this case too.*

*This is another instance where we do not present numerical experiments. In this case, we
omit the poor experiments that lead us to consider using more accurate quadrature methods.
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2.2 Bases

We now discuss the effects of the choice of basis functions for the space of test
and trial functions for the problem ([2.2)-2-3), {¢:}1,. Let 2 C R. We will say
that a basis {gbi}i]\io is orthogonal on Q if (¢;, ¢)q = [ ¢i (x) ¢, (x) dx = ¢;0;,
for some nonzero constants {ci}ﬁvzo, for i,7 = 0,..., N. The comments in the
below sections apply equally to the solution of , . We will see that
computational concerns guide us from a naive starting point to our ultimate choice

of basis functions.

2.2.1 The standard basis

When the standard basis is used for {qﬁi}ﬁo the resulting method is called the
method of moments. This choice yields a mass matrix H that is Hankel, i.e.
H (i,5) = R(i+ j) for some function R [39]. For model 1 we get the well-known,
highly ill-conditioned Hilbert matrix [39]. But a similarly ill-conditioned Hankel
system results if we use the method of moments for model 2. According to Tyr-
tyshnikov [38], Hankel matrices have spectral condition numbers bounded below
by 3 - 2¥75. Despite this, we get good results as N — oo, though there is a value
for N where the ill-conditioned nature of such matrices makes accurate numerical
resolution impossible. This will be discussed further in chapter [l The obvious

choice is to use an orthogonal basis.

2.2.2 The traditional Legendre basis

It is well-known that the approximation of non-periodic functions on a finite in-

terval is best achieved by eigenfunctions of a singular Sturm-Liouville problem

The experiments presented in chapter [4f use the more accurate quadrature methods.
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[5, 3], 17, 37, 8]. The Barenblatt-Pattle solution illustrates that this is the case
with solutions of the PME. It is for this reason that we consider Legendre basis
functions. Such functions need to be defined on the interval on which they are ex-
pected to be orthogonal. Suppose we set our basis functions {gzﬁi}fvzo to be Legendre

basis functions that are orthogonal on = (0):

where
(GO -&O\ T & 0)+&(0)
N e B G ]
(P, Py = ST
(f.9); = [, f(®)g(x)de, and I = [-1,+1], for i, = 0, ..., N. ({P}Y, are

the standard Legendre polynomials orthogonal on I . These are available on most
computing platforms.) Time-stepping methods for or must compute
inner products defined on Z (), ¢ > 0. The orthogonality of this basis is of ex-
tremely limited use since {(bi}ﬁio is not orthogonal on = (t). As we will see shortly,
the situation is actually worse.

One might try to remedy the limited applicability of the previously described
basis by constructing a basis that is orthogonal at the start of any time step. For
instance, suppose that times ¢t = t;, 1 = 0, ..., k, are times at which —

has been numerically integrated, and that we will now step to time ¢ = t5, ;. Let

U (J}) _ (gr (tk) ;gﬁ (tk)) -1 (I B ér (tk> ‘;' & (tk)> ’

then {P; (yx (x))}fio is an orthogonal set on Z (#;). We change coordinates of our

solution at time t; with respect to {P; (yx_1 (x))}i]io, {Br—1 (tk)}fio, into coordi-
nates of our solution at time #;, with respect to {P; (yx (2)) ¥y, {Br. (tk)}i]\LO’ We

now step forward to time t;,;. These bases are better than the single basis of
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Legendre polynomials orthogonal on = (0), though all the bases considered in this

section suffer from a more subtle problem that we discuss in the next section.

2.2.3 Computational domains

We now carefully examine the difference between the analytical expressions that
set forth our methods and what is actually computed. Here we will find what
causes the basis from the last section to fail in numerical experiments.

Analytically, solutions of — are defined on E. Through the following
construction, we now describe the computational domain on which our solutions
are computed, S. We will write = (¢) for (ég (), & (t)), where € denotes an ap-
proximation to ¢ found via a numerical root finding routine.! Let ty = 0, k be
the step size, and = (0) = Z (0).} For the first step, we solve the IVP ODE arising
from (2.2)-(2.3) on [0,#1] and set So = Z(0) x [0,t;], where ¢, = k. This yields
{5; (tl)}j.vzo in (2.1)) which we use to find the support of 7 (z,t;): = (t1). If a change
in basis is required, we do that at this point. Next solve with IC given by
{B; (t1)}7Lg on (tr,ta] and set Sy = Z(t1) x (t1,ta], where ty = 2k.

Now suppose that, for each 1 = 1, ..., n — 1, we have solved on (t;,ti1],
where t;11 = (i + 1) k and have set §z _ (t;) % (ti,tix1]. We now construct §n
We use {f; (tn)};.vzo in to find = (t,). If a change in basis is required, we do
that at this point. Now we solve on (tn,tn+1], where t,y1 = (n+ 1)k, and
set §n _ (tn) X (tn,tns1]. We continue until we reach ¢t = T. This process defines

the truncated domain S:

S=J8. (2.40)

fThe methods in this work all rely on algorithms to find the boundary of the support of
Z (z, t) given {B; (t)};yzo. For all the methods contained in this work, this amounts to finding the

roots of the polynomial with coefficients {; (t)};vzo. Except when we discuss the computational
workload of our methods, we omit the details of this procedure.
tFor the sake of simplicity, suppose the step size is constant.
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0 t ta

Figure 2.3: Sketch of domains S (shaded), = (diagonal-, cross-hatched), and free
boundaries of “nearby” solutions (large dashes).

Figure shows a typical S.

One advantage of using S is that we are computing in the interior of E, or as
near to the interior of = as this method allows. Heuristically, our solutions should
always be positive in our computing domain since we approximating functions that
are positive in their support, =.

Defining our inner products on the interior of the support of u has potential
disadvantages for future considerations. Suppose we wanted to handle the joining
densities situation illustrated in figure Apparently, using this myopic, local
view prevents the method “seeing” another density approaching without using
some artificial machinery. If we advance the numerical solutions of two disjoint
densities, although these two densities must join, as they are each independent of
the other, neither will ever suspect the existence of the other. The same deficiency
would arise if such a density approached some obstacle, some fixed object, like a
insulated wall, that imposes external conditions on our solution.

Numerical experiments with the sequence of Legendre bases orthogonal on the

domain at the start of a time step and the computational domain S suggest that
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time-stepping in this computational regime is unstable. The instability manifests
as in remark (See figure . One possible explanation is connected to the
domain where we evaluate the orthogonal polynomials.

Suppose that we are at time step ¢; and are stepping to time step ¢;.1. Time
stepping routines will need to evaluate the expressions defining our methods for
t € (ti,tiy1).} Let t € (ti,ti1]. Using S to evaluate the expressions defining our
methods, e.g. inner products defined on = (), means that we must evaluate powers

or derivatives of expressions like

N

> B (1) ¢ (x) (2.41)

=0
for € Z(¢). The orthogonal polynomials {¢; (x)}fio in these expressions are
orthogonal on = (t;) and are bounded by one in absolute value for z € = (t;) .
Following from the fact that the roots of each ¢; are in = (¢;) [34], {¢s ()}, are
not bounded in absolute value by one for z ¢ Z(t;) as || — oo. In fact, for
RE=10) \§ (t;), ¢n (x) — 00 as N — oo. Of course, |¢; ()] — oo as |z]| — oo,
for fixed 1 € {0, ..., N}.

In the next subsection we construct a basis orthogonal on an approximation
of Z (tis1), = (tis1) , for which the containment = (£;51) 2 Z (¢) holds heuristically.

Using this basis ameliorates the situation in practice: we observe stable time-

stepping.

§Some methods may require t € (fi, f,;+1] D (ti,tiy1]. If implicit methods are used to step in
time ¢;41 > ti41.
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2.2.4 The Legendre basis orthogonal with respect to a mod-

ified inner product: the modified Legendre basis

To guarantee that key computational expressions like are evaluated accu-
rately we aim to ensure that |¢; (x)] < 1 for t € (t;,t;41] and = € Z(¢). To do this
we approximate = (t;+1) and perform computations using a basis that is orthogonal
on this approximate support.

We use a differential equation to construct an approximation of = (tir1). Knerr

[22] proved that the true free boundaries satisfy the differential equation

§(t) = —va (£(1), 1), (2.42)

_m_

1 the derivative is a one-sided derivative defined on = (¢), and

where v =
v (E(t), 1) = limyeqyve (x, t), for € Z(t). We use (2.42) to construct an
estimate of g, S. The formal construction of this approximation closely follows
that of S except now we show the construction for , . The construction
for — or — is analogous.

We will write = (¢) for (gg 1), & (t)) and = (t) for (éf (1), & (t)). Let to = 0,
k be the constant time step size, and = (0) = Z(0).

We solve on [0, t1] using Euler’s method, where t; = k. This yields
= (t;). We change bases for @™~ (z,0) in ([2.18)-(2-19) from coordinates in the
Legendre basis orthogonal on = (0) to coordinates in the Legendre basis orthogonal
on = (). We solve the system of differential equations (2.20) - on [0, ¢1] and
set So = = (t1) x [0, ). This yields {ﬁ] tq } _in - 2.19) where {(bj} _, are
orthogonal on Z (t;). We use {Bj (tl)}]io to find Z (¢1).9 At this point we perform

the administrative task of finding and storing appropriate coordinates: we change

from coordinates of our solution at time t; with respect to the basis orthogonal on

YAs mentioned above, this is done by finding roots of a polynomial. We discuss the method
for finding the roots in chapter 5
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£(0)
0 ty to

Figure 2.4: Sketch of domains S (shaded), Z (diagonal-, cross-hatched, and barely
visible), free boundaries of “nearby” solutions (large dashes), and numerical Euler
trajectories (small dashes).

v v N
=(t), { B; (tl)} , to coordinates of our solution at time ¢; with respect to the
i=0

basis orthogonal on = (t1), {5; (tl)};.vzo. We store = (t1) and {5; (tl)};vzo.
Suppose that, for i = 1, ..., n — 1, we have solved (2.42)) on (ti, ti11] using
Euler’s method to get = (ti41); changed bases for @™ ! (z,¢;) in 2.19) from

coordinates in the Legendre basis orthogonal on = (t;) to coordinates in the Leg-

endre basis orthogonal on = (¢;4,); found { B; (ti+1)}N_ in 2.19) by solving
the system of differential equations on (t;, tiy1]; set S == (ti+1) (t;, tita);
found E (fi41); and changed from coordinates of our solution at time ;4 with
respect to the basis orthogonal on = (ti+1) to coordinates of our solution at time

t;+1 with respect to the basis orthogonal on = (ti+1). We repeat this process until

we reach ¢t = T. This process defines the truncated domain S:

5= 5. (2.43)

Figure shows a schematic of one possible 3.
The sequence of bases that are orthogonal on = (t;+1) that are used for compu-
tations (for ¢ € (¢;, t;+1]) will be denoted by the symbol g; and will be called the

modified Legendre basis:
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{gi}ij\io are such that

/ gi (x) gj (x) de = 6, ;. (2.44)

E(tit1)
They are related to the standard Legendre polynomials {Pi}i]io that are standard

in most computing platforms through

y y —1/2
o (@) =" (5" i) — “’””) Rl@), (9

‘ 2
_ 2

where ¢; = 527, and
o o ~1 o o
r t - t r t t

J@) (5 (t11) = & )) ( &) +&( >> (2.46)
2 2
fori =0, ..., N. Note that the bases and corresponding coefficients are not those

related to the free boundary = (t;+1) computed during the administrative stage of
each time step.
Note that time-stepping algorithms will compute expressions as in ([2.41)) for

t # t; 11, consequently even the benefit of diagonal matrices is lost. For example,

/~( )gi (x) g; (x) dr # di(sz’,ja
2t

fori =0, ..., N, for any sequence of constants {di}é\io.

Though neither the basis orthogonal on é(t,) nor the basis orthogonal on
= (t;11), the modified Legendre basis, makes the H matrices or di-
agonal, their condition numbers are greatly improved when the modified Legendre
basis is used. More importantly, when the modified Legendre basis is used the
time-stepping computations are stable.

In practice we find = (t;+1) by taking an Euler step. A more complex method
for finding = (t;,1)-one that uses information at intermediate times ¢ € (¢;, t;41]
and would hence require multiple stages or a fixed-point iteration—would necessarily

couple the free boundary differential equation (2.42)) with the ansatz system (2.20)).
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Figure 2.5: Various free boundary curves &, (t) (solid) and the associated Euler
trajectories (dashed), for ¢ € (¢;, t;+1]. The leftmost pictured free boundary curve
has £ (t;) < 0, the middle free boundary curve has £ (¢;) > 0, while the rightmost
free boundary curve has & (¢;) < 0. In the rightmost curve, k is too big, though,
so that = (t;11) 2 Z(t;). Benilan et al. [3] showed that the middle case cannot
occur.

However, this is not necessary: numerical experiments show that no improvement
in the error results when the true free boundary, &, is used rather than using
the free boundary differential equation (2.42) to estimate it. This makes sense
since the purpose of using the free boundary differential equation is not to
accurately approximate the = (tir1), but to try to get some wiggle room about

Z(t), t € (ti, tip1]. Consequently, this method should be sufficient as long as
= (tiv1) 2 E (i), (2.47)

which seems to be true though we cannot guarantee it. Heuristically, we have
some reasonable expectation that holds because of what happens in the
true solution. Benilan et al. [3] shows that &’ (t) < 0 and —¢/ (¢) < 0, which
means that & (t) and —& (t) are concave down. It is when &, () and —& (t) are

concave down that the Euler step overestimates &, (t + k) and —&; (¢ + k), for small

enough k (see figure [2.5).
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CHAPTER 3
CONTRACTION TO THE BARENBLATT-PATTLE SOLUTION

We wish now to prove that small perturbations of Barenblatt-Pattle solutions
converge to Barenblatt-Pattle solutions under our semi-discrete computational
scheme using the standard basis, just as solutions to the PME converge
to a Barenblatt-Pattle solution.

Recall that our system
HB =f£(B6,1)
can be rewritten as
B =g(B t) (3.1)

where g (3, t) = H 'f (3, t). Let 8* be the coefficients of the Barenblatt-Pattle
with respect to this basis, and let € > 0 be small. Let 3 be a solution of (3.1]) that
can be represented as a small perturbation of 8*, i.e. 3 = 8* 4 6, where ||§| < e.

If we expand the right-hand side of (3.1)) in a Taylor series about 3*, we get that

g(8. 1) =g(B )+ %g (8, )6+ o(]8])).

Then, a first-order approximation is

p_d o od o,
J_dtﬁ dtﬁ

8 *

In chapter |Alwe show the calculations needed to show that dg (3, t) /03 exists; the

results of chapter [A] are summarized in chapter Bl Below we show that the eigen-

values of 0g (8%, t) /08 are all negative. Our first-order approximation then shows
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that such perturbations from a Barenblatt-Pattle solution decay to the Barenblatt-

Pattle solution. First we show that g (3*, t) has a special form.
3.1 Derivative of semi-discrete system for the Barenblatt-
Pattle solution

In the following we write the Barenblatt solution (2.39) as B (z, t) = p(«z, t)l/ (m—1)’
p(z,t) = a — cx?, where a = At=(m=1/(m+1) A i a constant, ¢ = Ct™!, and

C=(m—1)/2m(m+1)).

Theorem 3.1. Let the basis for each of the trial and test functions be the standard
basis and let the trial solution be as in model 2 (2.18)-(2.19). The derivative, g, in
the semi-discrete system (3.1) has only two nonzero components in the case of the

Barenblatt solution. The form of the derivative is

2 1 T
m(m A1) g0 0) (3.2)

g = (—cha, 0, —
Proof. By corollary and corollary [A.3] H and f are well-defined. Plugging
into

HE =f

using (B.1]) and gives the result with a few algebraic manipulations. We need

to show that

fr 1
—2mca

, 2 1 & }

& m—1

Or, that m/ (m — 1) fér pY/ ™=V (2) 2 f (v) dz = 0, where

f(x)=2ca+2(m+1)/(m—1)c2*> =1/ (m —1)p2 () — p () paa (7).
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It is clear that f (z) =0:

3.2

2 1 1
f(x) = —2ca+ %021‘2 "] (—2cx)® — (a — cz?) (—2¢)
2 1 4c?
= —2ca + M02$2 — ¢ 2% + 2ca — 27222
m— 1 m—1

1 2
:2(”“r —1>02x250.

m—1 m—1

Jacobian is upper triangular for the Barenblatt-Pattle:

case 1

Though the result is true for all m > 1, we state the result and organize the proofs

in two cases: 1 < m < 2 and m > 2, since the case m > 2 is much more difficult

to establish than the case 1 < m < 2.

Theorem 3.2. Let 1 < m < 2. In the case of the Barenblatt solution, the Jacobian

of g is upper triangular and banded with bandwidth of three and one entirely zero

superdiagonal in the band. To be specific, the form of the Jacobian is

where

0,00 0 y(0,2) |
y (1, 1) 0
y(2,2) . y(l—-2,0)
_ . |
y (¢, 0) . y(N -2, N)
0

i y(N, N) |
(3.3)
y(t—2,0 = mé({—1)a, (=23, .., N, (3.4)
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y(l, £)=—m <£2+%€+2> c,?=0,1, ..., N, (3.5)

Though we next state the theorem in the case m > 2, we prove this case in

section [3.41

Theorem 3.3. Let m > 2. In the case of the Barenblatt-Pattle solution, the

Jacobian of g is of the same as in theorem[3.3
Before the proof of theorem [3.2] we state an important corollary.

Corollary 3.1. The eigenvalues of 0g/0B are all real and negative.

Proof. Using the definition of dg/08 in —, we can easily read off the
eigenvalues. They are obviously real. Recalling that ¢ > 0, the eigenvalues are
negative if we can establish that, for m > 1, 2 + fn_—frllé + 2 > 0. We establish this
fact now.

If1<m <5, 62—1—7571_—_”}6%—2 > ( for £ > 0. Suppose m > 5. We can write
02+ 2210+ 2= ({ —{y) ({ — {s), where £, 5 € C. Then

(m—5)+ VA
2(m—-1)

b o=

3—16v2
7

where the discriminant A = —Tm?*+6m+17 = (m — my) (m — my), m; = ~
—1.1877, and my = ¥1Y2 ~ 20448, This means that for m > 5, A < 0, which
means that £ 5 are purely imaginary, which means that ¢* + %E + 2 has no real

roots. So, ? + fn_—frllé + 2 > 0, as needed.

Next we prove theorem [3.2]

Proof. We will use 0y [-] to mean 9[-] /08, and O[-] if the dependence on the
index is not useful or to mean the collection of first order derivatives with respect

to B. The idea of this proof is to plug expressions for OH, g, H, 0g, and Of into

OH . .0g _Of

%ng 23 = %, (3.6)
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from which the identity will fall out. The integrals defining 0H, H, and Of are
well-defined; to see why see subsection for OH, subsection for H, and
subsection for Of. Define A, = 0,Hg + HOyg — 0,f. We wish to show that
A, = 0. We organize the calculations into cases based on m and /. In each case,
we will perform algebraic manipulations to arrive at the result. The case m > 2
requires more calculation and will therefore be handled separately.

Let 1 <m < 2.
Let ¢ = 0. Here we plug dpH from (B.3), g from (3.2)), H from (B.1)), dpg from
(3.3)-(3.5), and Opf from (B.7) into (3.6) to get

Ay = <(2_—m / "R () o dx) (—2mea)

m — 1)2 e

¥ (ﬁ /5 £pm () 212 dx) (—2mﬂi”j 1%2)
(e [T @atde ) (—2m
= )

m(2—m) [* T2 () 02 (1) 2 da
el A IO

m 1

&r
— m/s pm1 ! () pow (7) 2" dov.
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It is clear that Ay = m/(m — 1) é’“ pY/(m=D=2 () 2 f(x) dov = 0, since

—2(2—=m)ca 2(2—m)(m+1)

= 22 20D s
2—-m 1
Tl @ T P P (@)
22— mea | 22 —m)(m 1),
B m—1 (m —1)°
— 20p (.T) — (2 __T{L)Qpi( ) - 1p (‘r)p:ﬂx (I)
2—m 2(m+1) 5 4 L
= —] (—20& — mpx (95))
—p(2) (20—‘—;1]91‘9: (w))
_2—m 2(m+1) 5 5 1 2
_m<—20 — —m(—%x)>
—p(2) (20 t—— (_26)>
— % (—2ca + 2¢°2%) + 2¢ (m—— — 1) p(z)
:—2£:T)c(a—cx2)+2(il__n1L)Cp($):0

Let ¢ = 1. Here we plug 01 H from (B.3), g from (3.2)), H from (B.1)), 0;g from
(3-3)-(3.5), and 0if from (B.7) into (3.6) to get

Ay = ((2‘—m / o () g dx> (—2mea)

m — 1)2 e

" (% /5 gpm () 2 da:) (—ani”j ”02)
+( = pr e ) (-2

€ m—1
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It is clear that Ay = m/ (m — 1) fé’” pt/m=1=2 () 2 f (x) dz = 0, since

2(2—m)(m+ 1>02x2

fx)=-2(2—m)ca+ |

—p(x) (2 (m+1)c+2p, (2) 27 + pas (:1:))

2(m+1) , , 1 2
= (2— —2ca + ——= - — (-2
( m)( ca 1 c'x 1( cx)
2

—p(z) (2(m+1)c+2(—2cx)x" + (—2¢))
= (2—m) (—2ca+2¢*2”) — p(z) (2 —m) (—2¢)
=(2—m)(-2¢) (a — c2®) — p(z) (2—m) (—2c) =0

Let ¢ > 2. Here we plug dyH from (B.3), g from (3.2)), H from (B.1]), d,g from
(3.3)-(3.5), and 9,f from (B.7)) into (3.6) to get

A = ((2_—m / T R () o dx) (—2mea)

2 — & 1 . 2 1
+ (—m 5 / pr-1 2 () T2 dx) (—m (m + >c2)
(m - 1) & m—1

+ (_ / " g () it dx) (mf (€ - 1) a)

1 & 1 . —
+ (—/ pr1 ! (@) 2t d:r) (—m (62 + 5_m€ + 2) c)
m—1 & m—1

&r L )
—————/"mw*@mﬁmﬂ“m

- [ @ @)
&r ) )
- / pm-1 ! (%) Pz () 2 dx
&
/ (ﬁ — 1) m &r 1

_ L i+=2 g
—— pm1 (z)x x
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It is clear that Ay =m/ (m — 1) fé’” pt/m=1=2 (1) 27+ f () do = 0, since

2(2—m) 2(2—m)(m—|—1)c2x2

flz)=— 1 ca + (1 +0(0—1)ap(x) x>
o 0—m 2—-m
_ (€ +m€+2> CP(SU)_W% (x)
@) ()~ () e () — £~ 1) () 2
2—m 2(m+1) 5 , 1,
“mol (—QCHﬁ” TP @))
+p(x) (6(5—1)@:10_2—(52%—;_—_”;6—1-2)0)
#0(0) (—= 2 @7 = L 0) (- D p(a) o)

f(x)= 2_—”11 (—20& + Mg%ﬂ o1 (_2%)2)

m — m—1 m—1
—|—p(a:)(€(€—1)aa:2—<€2+%€+2)c)
p () <—m2—fl(—20x)x1—&(—20)—6(5—1) (a—ch)xZ)
= % (—2ca + 262902)
+P(1:)(—(€2+5—_m€+2>c+ M_ClJr 2j1+€(€—1)0>
_2eome(
+cp(:c)(—62—%5—2+m4fl+m2_1+€(€—1)>
——Q(i__?)cp(x)—kcp(x) ( :71”>zo

Let m = 2.
Let ¢ = 0. Here we plug dpH from (B.4), g from (3.2)), H from (B.1)), dpg from
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(3-3)-(3.5), and Opf from (B.8)) into (3.6) to get

Bo= <_pf(:§r) " pf(é&z)) (e (_pfi(Z«) " pf(Z)) (12¢)

&r &r
+ (/& 7’ dx) (—de) +2(—2¢€,) & —2(—2c&) €} — 2/ (—2¢) 2" dx

&e

= (- & + & (—4dca) + | — Sa + i (12¢%) — 4e& + 4eg)t
—2c¢€,  —2c& —2c§,  —2c& ' ‘

= (674671 2a) + (€7 = &) (6) — g™ + e (-1 g

a

- (—1 + (—1)"‘1) 2a€i! + (1 - (—1)”1) 6egi! — (1 - (—1)i—1> 4%%(:@{*1
_ (1 - (—1)1‘*1) 206! + (1 - (—1)“) Gagi~! — (1 - (—1)“) 4agi™!
= (1= 1) O =0

Let ¢ = 1. Here we plug 01 H from (B.4), g from (3.2)), H from (B.1)), 0,g from
(3.3)-(3.5), and 0if from (B.8)) into (3.6) to get
gitl i+ git3 i+3 )
A fry —_ r _4 - L 12
: ( —2cg, —2@) (~dee) + ( —2cg, —2@) (12¢)

&
(/ pie1 Tt (z) 2t dx) (—12¢) +2(=2¢&,) &1 = 2(—2c&) 1
&e

— 4/&& (—2cz) z" dv — 2 /; (—2c) 2" dx
= (57{ — f@) (—2a) + (§i+2 — é“) (6¢) — 4cET? + deg)™?
. (1 - (—1)1') 2l + (1 - (—1)1') 6c%§;' - 4c%§i +de (1) %gi
— (1 - (—1)1') 2ai + (1 - (—1)i> Gaci — <1 - (—1)i) dagi
— (1= 1) 0 =0

Let ¢ > 2. Here we plug 0,H from (B.4), g from (3.2)), H from (B.1]), d,g from
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(3-3)-(3.5), and 9,f from (B.8) into (3.6) to get

€i+f é—M €i+€+2 §+Z+2 )
Ay = (— "o, + —20&) (—4ca) + <—_2€5r + _20&> (12¢%)

(/; A d:z:) (20(0—1)a)+ (/: a'tt d:c) (=2(+30+2)c)

. . & ,
+2(—2c€,) €8 — 2 (—2e&)) €T — 4@/ (—2cx) 2 da
&

&r . . |

& &
— (_gi—i—f—l + é—é—‘rf—l) 24 + (§i+€+1 . gé—l—[—l—l) 6
& &
26(6—1)@/ xz+£_2dm—2(€2—|—3€—|—2)c/ o da
& &

. . &
— 4 4 4egit 4 80c / = dx
&

& &
+ 40/ e de —20(0 1) a/ 2 dy
&e &e

&
+20(0— 1)6/ " dr
&e

- — (1 _ (_1)1'%71) 2a§i+£—1 + (1 - (_1)i+£71> 6C€:+g+1
&
— (20 +60+4—-80—4—20(0— 1))c/ 2 dx
&
— (1 — (_1)i+4+1> 4C€i+z+1

= — (1 - (—1)”’“) 2a€H1 4 (1 - (—1)”’“) 2cl¢iHi-1 — g
C

3.3 Barenblatt-Pattle calculations: case 11

Let m > 2. We will prove some necessary identities. Then we will compute H, 0H

and Of in the Barenblatt-Pattle solution case using the formulas in the summary:

(B-2), (B.5), and (B.9)-(B-11). We will then use these to show theorem [3.3]
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When m > 2, to correctly handle an apparent singularity in some terms it
becomes necessary to consider an alternative form of the relevant quantities. The
alternative form is that which uses a change of variables to show that the apparent
singularity can be successfully integrated.

In the case of the Barenblatt-Pattle solution, we have that p(x) = a — ca?,
so that By = a, 1 =0, B = —c and §; = 0 for ¢« > 3. We have simplified the
notation from (T.6)), where a = At=(m=Y/(m+1) and ¢ = Ct~!. In the variables a
and ¢, we have &, = —& = (a/c)"/%. Also following is that p, (z) = —2cz, so that
pe (&) = =2 (ac)"’* and p, (&) = 2 (ac)'?. Define degree N — 1 polynomials ¢ and
r such that p(z) = (r — &) q(z) and p(x) = (& — x)r (x). One can verify that
q(x) = (ac)l/2 — ¢z and 7 (z) = (ac)"? + cz. From of lemma , we get
&, = a(zfl)/ch(£+1)/2/2 and 0, = (_1>€+1 a(ffl)/2cf(€+1)/2/2‘

We will use the following computations to calculate , , and —
(B.11)). Using and the quantities from the previous paragraph we calculate
9o g (& +s™1)]:

) (0 (6 + 5] = (& +sm 1)+ §—§f;px (& +sm1)

a_ﬁ() Sm—l
1—la=5¢72 (=2¢) (& + ™)
- gm—1
VA (VR
- Sm—l
— _55—1
For general ¢ observe that
9 e,
a—gipm (&+sm) = ( 2) a7 F (=2¢) (& + s™71)

in the case of the Barenblatt-Pattle solution. We can calculate 9y [q (& + s™ )]

45



for ¢ > 0 to be:
170 —
(&e+ ™) + e (& + ™)
Smfl

(€ + 5™ — €57 (& +5™7Y)
Sm—l

&+ s =

95,1

Using this formula for £ = 1 we see that d; [q (§ + s™1)] = 0. To summarize:

_55_17 t= 07

—q &+ = 0 =1
8ﬁzq(& ) e L . ’
feren ) (o) gy

Similarly, we use (A.4]) to calculate 9y [r (&, — s™ 1))

NP ot i et ] ki
9f r gm—1
14 Lam2e72 (=2¢) (& — s™ 1)
- gm—1
1= =51
o gm—1 b

For general ¢ observe that

% _ em—1y _
957 (& —s1)

in the case of the Barenblatt-Pattle solution. From this we can calculate 9y [r (w)],

-1 241

0T (220) (6 — 5 = €7 (6 — )

N | —

where w = &, — s™ 1, for £ > 0 to be:

9 oy (G = S, (6 — )
a (€ — ™) = i
(& s e (6 — s
- Smfl

Using this formula for £ = 1 we see that 9y [r (¢, — s™ )] = 0. To summarize:

& (=0,

0
8_ﬁf (fr - Sm_l) = 0, (=1,
(Erfsm_l)éfﬁfi_ll(ﬁr*sm—l)7 /o1
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Since we will need the following quantities note that q (&, + s™ 1) = ¢ (=2, — s™7 1)

and r (&, — s™71) = ¢(2¢, — s™71) . In general one can see that for the Barenblatt-

Pattle solution we have that

0 7 0
35,0 (E+sm ) =L (&+sm ) a—g‘;pm (& +s™)
_1\¢—1 (—1)£+1 -1 041
=0 (& + ™) +—2 azc z (—2c)
— (&t T, (3.7)
i m—1) _ _ om—1 -1 % m—1
aﬁepx(fr s =0 (€, ) + 5 e (& — ™71
=/ (57» m_l)hl + %CL[_QIC_Z+21 (—2c¢)
— (& —sm) T g (3.8)
and
i m—1\ __ . m—1\{—2 m—1 %
=0(-1)(e+s™ ) 10 %X - (E+sm )72
P

(3.9)

We end this section with a lemma that we will need below.
Lemma 3.1. Ifp € (0, 1) and ¢; and ¢z are positive, then

1
_ _ _ +q —1 p+q—1
1—tp2tq11—tq21dt:p—3 —-———B
(3.10)

where B (p, q) is the beta function:
1
B(p, q) = / (1= )7~ 4 g,
0
Remark 3.1. The left hand side of equation (3.10)) cannot be written as

1 1
/ (1—t)P 21t dt — / (1—t)P 2ttt
0 0

47



since neither of these integrals exist. This is because both integrands behave like
(1 —t)p_Q, as t 1 1, which grows faster than (1 — t)_l, as t 1T 1, which is not
integrable. If this were not the case then the result would follow simply using beta

function identities: B(p—1,q)=(p+q—1)/(p—1)B(p, q).

Proof. The following equation being well-defined, we apply integration by parts

q1 42 q1 ! 1
B - —B = 1— )P gt
o) - B =2 [y

1
" / (1—t)P et
p—1Jg

1
1 _
:/ —1 (1—t)P " (gt — got=7Y) dt
-

iy (1 HP (1 — 1) — 0

1
+/ (1—t)P 72 (17 —1%) dt
0
1
:/ (1 — )P (17 — t22) dt,
0

where L’Hopital’s rule shows that the limit is zero. Adding B (p, ¢;) and subtract-

ing B (p, ¢2) from both sides we get

G+p—1

)_qz+p—1
—1

—1
1 1

:/ (1— 0P 2 (11 — %) dt+/ (1=t "t (et — 27ty at
0 0

- /1 L=t (t+ (1 —t) (et —t2h) dt
— /1 (1—t)P 2 (1=t —¢27h) dr,

B (p, q1 B (p, QQ)

as required. [
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3.3.1 H in the Barenblatt-Pattle case

We begin by introducing some notation. We will use 7 (k), p(k), and v (k) to

denote the following products:

T(k)zH(?S—l)

s=

—_

and

where we take 7(0), 1 (0), and v (0) to mean empty products producing unity.*
Note that 7 is a constant, while ;1 and v are functions of m.

Recall that B (p,q) denotes the beta function: fol (1 — )P t9= 1 dt. When it is
understood that the arguments to the beta function are 1/ (m — 1) and p we will
omit the 1/ (m — 1) and write B (p) for B (1/(m — 1), p). When it is understood
that the arguments to the beta function are 1/ (m — 1) and 1/2 we will simply
write B for B (1/(m —1),1/2). A change of variables shows that B is symmetric
with respect to its arguments, so that B(1) = fol (1—t)"" i Lt = m — 1.

On multiple occasions we will have need to reduce expressions like B (k + 1/2)

and B (k) for a positive integer k. By repeatedly using the identity B (p, ¢ +1) =

* Another notation exists for the numbers 7 (k): some authors use the double factorial notation,
k!. We will not use that notation since we will not be using its full connotation which we also
omit.
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q/ (p+q) B(p, q) we can reduce B (k + 1/2):

where

k— 22 (2k—2i+1)(m—1)
Coi—1 = —3 =

b k-2l 2k -2+ 1)m— (2k—2— 1)
fori=1, ..., k. So B (k + 1/2) becomes

1\ %, (2k —2s+1) (m — 1)
B(’”E) TR, ((2k — 25+ 1)m — (2k — 25 — 1)) B

 (m=1FIr (25— 1)
T, (25— m—(25—3)
The last derivation shows that

B(k+%):M-B

a0 . (3.11)

Using the same identity, we can also reduce B (k):

ko1
Bk)=B(k=1+1)=5————B(k-1)=dB({k-1)

m—1
BB (h—2+1) = di— =2 Bk —2) = didsB (k — 2)
1 - _1—+I{Z 9 — W1l

k—3
= didyB(k—3+1) = d1d2ﬁ3 (k —3) = didyd; B (k — 3)

co=dydy - dp1B(k— (k—1)) = didy - di_y (m — 1),

where

g ki (ki) (m-1)
L tk—i (k—i)ym—(k—i—1)

20



We can more compactly write

(m— 1) (k—1)!
p(k—1)

Lemma 3.2. Let m > 2. In the case of the Barenblatt-Pattle solution the mass

B(k) = (3.12)

matriz given in (B.2)) can be written more simply as

i+ "

1 2 1 (m—1 1 (it
T _1(m=1) T . .
cm1m gt (5) - B, i+ j even,

Hi, j) = v(5) (3.13)
0, 1+ j odd.

Proof. To see this we plug the results derived above into (B.2)) to compute H in
the case of the Barenblatt-Pattle solution:

Plugging the relevant quantities from above into (B.2]) we get

*

H (i,j) = / et} (—2& — sm_l)mfl 21 ds
0

= (14 (-)") e / (26, — s 1) 7 (g, — sm1) T ds

0
If i +7is odd H (i, j) = 0, henceforth we consider only the case when i + j = 2k,
for some k € {0, ..., N} . We now change to variables that lead to the closed form

of the integrals, s = (& — x)l/(m_l) . This gives that

2 1

g'r
H(i,j) = lel/ (& - x2)ﬁ_1 2% da.
0

m—1

Changing variables again, x = &,y, we get that

1

L et 2 ek N1 2k
T S (L=y?)" "y dy,
0

2

o1



and yet again, y = t'/2, we get that

1
-1

-1 2k—1

T

m—1

_1
cm—1 r

Hig) = — ¢

which we recognize as a beta integral:

1
/(L%MLAt
0

2k+41
2

~Ldt,

H(Z ]) — 1 cﬁfl %§2k—1B 1 ]{7+1
’ m— 1 o m—1" "2
Using [3.11] we can write H as
o 1 a2 (m=1) 7 (k)
H — pro—) 1 ;n—l 2k—1 B
k—1
1yttt (m = 1) T (K)
= m—1 r . B
i+j_1 i
_ Cm71—15ﬁ31€i+j71 (m—-1)=""7(5) B

which gives the result.

3.3.2 OH in the Barenblatt-Pattle case

Lemma 3.3. Let m > 2. In the case of the Barenblatt-Pattle solution the deriva-

tive of the mass matriz given in (B.5)) can be written more simply as, fori+j =0,

L —2¢+m— -3 3— B
cm=172Em N (m_T)z cE l
OH L2 (1
e 070 = m—1 2¢m—1 K_S(m 1)2 T(i) . E g
35@ ( ) C gr r V(g— ) 2
0, 12
\
and, fori+j > 1,
( i B
cﬁfzgﬁng—:a(m—l)#_%(%) . B
r r u(%—l) 2
it )
Lo i pig— (m—1) T () g
cm—1 r ’l‘ Z 5,
35 (1) = o AR
¢
0,
Knot guven,
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=0,
even, { > 2, (3.14)
odd,
1+ ¢ even, j =0,
1+ ¢ even, j =2,

(3.15)

i1+ odd, 7 =0,2

otherwise.



Proof. Let C = ¢M/(m=1=22/(m=Veitt o — ¢, 4 gm=1 and w = & — s™ 1. Take
i+ 7 > 1. Using (B.5), (A.2), that 2 = —w, and the formulas for q (& + s™7 1),

r (& —s™ 1Y), and p, (€ & s™71) given above we get

aH - 2 s 1 1 l {—1 o
Uy [ g e
0

Sm—l
14 {—1
19 Mol —2 W — W
+/0 cm—1 (2§7~—S )m ! Tw ds
S*
1

l 1 S
— (i +7) E—f/ cm1 ! (—2& — qu)m—l 21 ds
8[ 0

4 s# L i L
—i——r/ cm-11 (2@ — smfl) =T T g

0. Jo

m—2 _a s 1L g I FAar)
= _ cm-1 2 (_2@ _ Smfl) 12 561 ds

m—1 0 sM=

s 1 wz+]+€ _ géflwwﬁrl

o om—1 m_1_2 r
+ /0 (26 — ™) o ds

—(i+7) el 5—5 /S* (—2¢ — sm’l)ﬁ_1 2l s
0 o
i
P gy it

(_1)i+j+e/ (26” . Smfl)ﬁ—Q w . ds
0 sm

(26 — ™) L il ds]

L itiHl =1, itj+1
m—1\ =1 —2 w f’r w
+/0 (2@ - S )m 1 = ds]

s

) y 1 L. 1 L.
i g [<—1>W“ [ g sy s as
0

#
+ [
0
s i+j+4 =1, i4+j+1
_gr w

L ) 1
— (1 + (_1)’““) %cml—l_2/ (26, — sm )2 - ds
0

(26, — 5™ e ds]

i L+ J s* IR
+ <1 + (—1)”3”) ! ;jcml_l—ng—l/ (26, — sty Loiti=1 g
0

(3.16)
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From this we see that 0H (i, j) =0 if i + 7 + £ is odd.
Take i + j + ¢ to be even.

CEN )

- /os# (2¢ — smfl)ﬁ_2 (& — s )T — gt (g — smo )™

ds

m—1 gm—1
oH

+ (i +7) 57{—1/ (2& _ Sm—l)ﬁ—l (fr . Sm—l)i+j—1 ds

0
After using the change of variables s = (&, — :L‘)l/ m=1) e get that the last equation
is

_ 2m=-2) 1 /& (€2 - x2)ﬁ—2 (aHH+ — g1y gy
0

m— 1 m—1

1 gr 171 o
. S\ ¢of—1 2 2\ m-1 i+j—1 d
g [T @ -

Using the change of variables x = £,y we get

]. %1_2 -t aH . .
<m_1c ) o)

2(m —2)

= ;n%l*‘lfﬁﬂﬂ&q /1 (1- y2)ﬁ—2 (e — ) dy
0

2 g 1 IR
+ (45" & 2&“_1&/ (1—y?) ™ Ty dy
0
Making the last change of variables, y = t'/2, we get

_,0H 2(m—2) 1 (! 1 g f itite+1 42
51—(z,j)=——-—/(1—t)m1 <t Tl —t2 1>dt

+(i+j)-%/01(1—t)7ftll_1ti§j‘1dt,
where & = C&73/(m —1). The second term of this equation can be written
as (i+j)B((i+7)/2) /2. Taking p, ¢i, and ¢o from lemma as 1/ (m —1),
(t+7+¢+1)/2, and (i + 5+ 2) /2, respectively, we can write the first term of

(3.17) can be written as

o4



(z'+j+£+1)(m—1)+2(2—m)B i+j+l+1

2(m—1) ( 2 )
(i+j+2)(m—-1)+22-m) _[(i+j+2
- 2(m 1) B (2.

Using these we write (3.17)) as

OH o (i) (m-1)+22-m) (i+j+l+1
& o7 (1)) = B

9B, 2(m—1) 2

B (Z'+j+2)(m—1)+2(2—m)B(i+j+2>_}_i‘i‘jB(i“’j)'

2(m—1) 2 2 2
(3.18)

The form of g informs us that our calculations of OH can be restricted to

O0H (3, [0, 2]). We proceed only with j = 0 and j = 2 cases:

1, .\ oH
(mcfr ) 8ﬁ (1, 0)

_(z+é+1)(m—1)+2(2—m i+l+1

B 2(m—1) (
(i+2)(m—1)+2(2—m) i+ 2 i i

a 2(m—1) B( 2 >+23<2>

i+ 0—1)m—(i+0—3) [i+l+1
- 2(m—1) B< 2 )

(7))

and

_ (i+£+3)(m—1)+2(2—m)8<i+£+3>

2(m —1) 2
(t+4)(m—-1)4+22-m)  [(i+4 i+2 _[i+2
B 2(m —1) B(z)+2B<2>
(i+0+V)m—(i+0—1) _ [i+(+3
- 2(m—1) B( 2 )

B (z‘;(i)inl—)iB <H2—4>+i—12—23 (2—12—2)

Since i + j + ¢ is even and 7 = 0 or 7 = 2, ¢ + ¢ must be even.
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Suppose both ¢ and ¢ are even and write ¢ = 2k; for some ky € {1,..., |[N/2]}

and ¢ = 2k, for some ky € {0,...,|N/2]}. Let j = 0 and compute 0H (i,0):

1,3\ 'OH
(mcfrg) =7 (,0)

9B
(i+0—1)m—(i+£¢—3) 1
- B (g
- %B (k1 + 1) + %B (k1)
(2ki + 2k — 1)m — (2k1 + 2ke — 3)  (m — 1M (B + ky) 5
Q(m— 1) ‘ I/(k’1+k’2) ‘
L 2km— 2k —2) (m—D"T R 2k (m— D" (k- 1)
2(m—1) () 2 p(ky—=1) 7

where we have applied (3.11)) and (3.12)). We can further rewrite 9H (i, 0):

. 0H — 1)lthe2 B

) 2 (i, 0 = 2D rhths) B

aﬁg v (lﬁ + ]{,'2 — 1) 2

(m— 1) ey L (m - DM k!
p (k= 1) p(ky —1)

. (m — 1)k1+k2_27' (k)l + k?g) B

V(kl—f—kg—l) .2’

or "
N P 1)7_27(#) B
(Cgr ) aﬂﬁ (7'7 O) - v (% o 1) 9 '

Let j = 2 and compute 0H (i,2):

1\ 'oH
(mcfrl) =7 (0, 2)

OB
i+ 0+ 1)m—(i+0—1) 3
= 2(m—1) B<k’1+k‘2+§)
_%B(l@1+2)+2+23(k1+1)

o6



(2k1 4 2ky + 1) m — (2ky + 2ko — 1) (m — 1) r (k) 4k + 1)

2(m—1) v(ky+ ke +1)
@k t2m =2k (m—1D" (ki + D! 2k +2 (m— 1)y
2(m—1) p(ky +1) 2 pke)

where we have applied (3.11)) and (3.12)). We can further rewrite 0H (i, 2):

—1\—1 a_H . . (m - 1)k1+k2_1 T (kl + kg + 1) ) E
(&) 98, (4,2) = oo + ko) 5
C(m =1 (k4 1) N (m —1)" (ky + 1)!
(k1) (k) '
="+ +1) B
V(k‘l +k§2) 57
or »
W 0H  (m=1)F'r(E 1) B
(Cgr 1) a_ﬂg (7’72) - » (%) : ) 5

Suppose both ¢ and ¢ are odd and write i = 2k;+1 for some k; € {1,..., (N — 1) /2]}
and ¢ = 2ky + 1 for some ky € {0,...,[(N —1)/2]}. Let j = 0 and compute
O0H (i,0):

m—1 8&
i+ l=1)m—(i+(-3) 3
= 2 (m 1) B k1+k2+2
im — (i — 2) 3 i 1
- B (ars) 58 (nrg)
@k A2k )m— 2k 2k = 1) (m— D" (k4 Ry 4+ 1) 5
B 2(m—1) vk + kg +1)
@A D)m =2k —1) (m=1)" 7k +1) Bl (m — 1) 7 (ky) 5

2(m—1) vk +1) 2 v (ky) ’
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where we have applied (3.11)). We can further rewrite 9H (i, 0):

-1 0H (m— 1) (k4 ky+1) B
(Cfr ) 0_@(1’ 0) = MCES) )
(m—-1""7(ky+1) B (m-1""7(k) B
- v (k1) T T Uy 2
C(m =M (k4 ke +1) B
B v (k1 + ks) 2
(m-1)""7(k) B .~ (m-1)""7(k) B
- v (k1) IR v (k1) )
 (m— DR (k4 ky+ 1) B
B v (k1 + k) 2
or
-1 0H (m — 1)#727 (%) B
(Cgr ) 8_53(17 O): V(%—l) E

In the last sequence of reductions we used that

Tk +1) =12k +1)=1)7(k1) = 2k + 1) 7 (k1) = i7 (k1) .

Let j = 2 and compute 0H (i,2):

1\ 'oH
(mcfr) (3_5@(27 2)

' Hm—(G+£6—-1
:(z+€+ ym— (i +¢ >B(k1+k2+§)

2(m—1) 2
_ —(i;(:j_mlg ‘B (k1 + g) + #B <k:1 + ;)

(2ki + 2k +3)m — (2k1 + 2k + 1) (m— )M (k4 ky 4 2)

2(m—1) V<k1+k2+2)

(2k1 +3)m — 2k +1) (m =17 (ky + 2).B+i +2 (m=1)""r (ki +1)

2(m—1) v (ki +2) 2 vk +1) ’
where we have applied (3.11]). We can further rewrite 0H (i, 2):

- B

-1 0H o (m =) r (ki +k+2) B
(Cfr ) aﬁé <Z72) - l/(kl—|—]€2—|—1) 9
(m—1)"7(+2) B (m—1D"7r(ky+1) B
T umrny 2 U Ty

o8



(m—1)"" 7k +k+2) B

(m—1)"7(k+1) B
2

- v(ki+ ko + 1) g +2) vk +1)
, (m—1"7(ky+1) B
R ey e e}

_(m— 1)k1+k27'(k31 +k‘2 +2) E
B V(k1+]€2+1) 27

or »
_\-10H . _(m_1>“£ _17(%4'1) B
(Cgr ) a_ﬁe (4,2) = y (%) )

In the last sequence of reductions we used that

To summarize, when ¢ + 7 > 1:

S92 rite
OuH (i,0) = C&° V(%—l) 2 -5,z+€even,
i+£_1 i,
—1):2 =4+1) B
ol (i,2) = ce ™ ) HZ( z * )~—,i—|—€even,
v (%) 2

8,H (i,0) = 0, i + Lodd,
0,H (i,2) = 0, i + fodd.

Take i + j = 0. Using (B.5) and the relevant quantities above we get

oOH 1 ¢ 1 L 4.1
0, 0) == (1 . ) o=
o5, 0O =5 (1+=0) Z=qam e G
m—2 1 o[ [° I T
— m—1 _2 _cm m—1 .
m—lc { 0 ( Se—s )

ds

Sm—l

s# 14 -1
Lo wt =& w
9 . — m—1\ m—1 T d
+/0 ( é s ) sgm—1 S]

1 1 _2
(1 + (_1)€> — Cm*172 Tmflgf—fi

m—2 1 s*
_ cm-172 [(_1)5/
m — 1 0

s# 1 |
A e
0 s™T

L 0 ¢t—1
A\ 2 W 5 w
(2{,, — s ) m—1 —Sm_’"l ds
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= (14 (D)) em g

—9 s* ot gt
— <1 + (—1)Z) m cm11—2/ (26, — 5™ 1) 2 W §r1 w o
0 sm=

l\DI»—l

(3.19)

m—1
If ¢ is odd, then ({3.19)) says 9,H (0,0) = 0. If ¢ is even, then (3.19)) is the same as
(3.16) with ¢ = 7 = 0, and the first term in the last expression added. In light of

this, we use (3.17) to say that

1
( ! CT—QT Tet= 3) aH(O 0)
m—

1 0By
:1_2(7:?—__12).%/01 (1—t)mi™ (tifl tH) dt.

Applying lemma 3.1 with p=1/(m —1), ¢ = ({+ 1) /2 and ¢» = 1, we get that

the last equation

1 (+1 (41 1

:1+(K—Dmf%ﬂ—$3(€;1)_nf m—1)

2(m—1) -1
1 1 (+1
=3 m_l[(ﬁ—l) (5—3)]B<T).
Suppose that ¢ = 0 then the last equation shows that
0H 3—m B
Z2(0,0) = e 2T S 2 3.20
T (0.0)= G e (320)

For ¢ > 1, the term B ((¢{+1)/2) can be handled as before. Write ¢ = 2k,
for k € {1, .., |N/2]}, and use (3.11)), then B(({+1)/2) = B(k+1/2) =
(m—1)"7 (k) [v (l{:)]f1 - B. Plugging this in we get that

| o5\ L OH _1@k—1m—(2k-3) (m—1)"r(k)
(m—lcm " fr > 85 (0,0) 2 m—1 ' v (k) B
1.2 % -3 - oH ( )k_27—(k) B
(rteen) g 00 =BT EE
oH 2 sm=1) 7 (5) B
85 (0,0) = Cm &8, (_ — 1) g

Note that using ¢ = 0 in this last equation does not give (13.20]).This shows the

result. [ |
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3.3.3 Of in the Barenblatt-Pattle case

Lemma 3.4. Let m > 2. In the case of the Barenblatt-Pattle solution the deriva-

tive of the load vector given in 1' can be written more simply as

. 2 1) 2 (it
of 2 (i — 1) mem-1&r T €t 1 1)7%)( 1) B, 1+ { even,
5 : (3.21)
otherwise.

)

Proof. We use of the summary. First we calculate 0I;. Take ¢ > 1. Us-

ing the formulas (B.10), (A.2)), and the formulas for ¢ (& + s™7 1), r (& — s™71),

pe (€ £ s™71) and p,, (€ £ s™71) given above, we get

oL . m(m—2) 1 _1y -2 22—
7Sy / e (<2 — ) T (2 TR s
. 0 ct-1,,
-I—/ 226 — 8™ l)w_z(—2cw)2wwzds]
s§mT
2 S 1 .
+ —méinl {/0 cm-11 (—2& — sm_l) = (—2cz) 2 ds

s# )

+/ cmt ! (2¢ — sm_l)m_l (—2cw) w ! ds]
0

9 -1 st 1 )
Loamoe [ -1 / cm1 (=26 — M) Y (=2¢2) (=2¢) 2 ds
m 0

1

¢t / c11 (2¢ — sm_l)m_l (—2cw) (—2¢) w' ds]
0

1

. —1 s*
m@m ¢ l 51/0 e (—2¢ — sm’l)m_l (—2¢z)* 27 ds

+¢! / 1! (2¢ — sm_l)m_l (—2cw)? w'™? ds]
0
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*

— s 042 _ ¢l-1 043
_ _dmm=2) o { / (g, — sm-1) 722 T
0

(m —1)° gm—1
s# 1 iH0+2 -1, ,04+3
—i—/ (257« —Sm_l)m 2 Y g; Y ds
0 S

*

cm=1 {/ (_2& - Smfl)ﬁ_l 2 ds
0

S
/
0

4 5 g
m le,l [ 51/ (_2& _ Smfl) o St g
0

(26, —s™71) Lyt ds]

s* 1.
£t (26 — s )T s ds]
0
22m 17 |: i1 /‘S* (_2££ B Smfl) m_l—l Zi+1 dS
o
+£41 (26, — 5™ meT it ds]
0
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ds

# . .
4 -9 . s 1 i+0+2 _ ¢0—1,,i43
— —MQ)le—l [(_1)2+5/ (2€r . Sm—l) g2 W £r w
0

Smfl

s# 1 iH0+2 _ el—1,,i+3
R ds]

0 sm—l

. s* T
cm—1 [(—1)”@/ (25,, - sm’l) w1 it s
0

o
+ / (26, —s™71) oLy ds]
0

#
4 . s 1 .
i m C"Llflffil [(_1)24-5/ (257' . Smfl)m—l 1 werl ds
m—1 0
S# 1 1 .
+/ (2& _ Smfl)m_ witt ds]
0
2 . s* EEEE
+ m cﬁgffl |:<_1)z+€/ (2£r . Smfl) m—1 lwz+1 ds
m—1 0

st
+ / (26 —s™1) L it ds]
0
Taking i + ¢ to be odd gives that 0,1, (i) = 0. Take 7 + ¢ to be even, then

dm 1 71%(')_
m—lc aﬁg b=

# Cyie2 _ _1\i+3
2 -2 8 1 . — m—1 _ b1 . — m—1
o (m ) / (257« _ Sm—l) 22 (& =" r (& =s"T) ds
m-—1 J, sm—1
s* 1 "
_ 26/ (257" _ Sm—l)mfl (fr i Sm—l)z+ ds
0 p 1 |
L2 / (26, — sm ) m T (g — ) g,
0
Changing variables using s = (&, — )™ we get

4m N\ tarn 2(m—2)/5’“ ) L9, L
- _cm-1 — ()= - 7 — p2)m-1 Iz+€+2_ 4 ll_z+3 dr
((m—1)2 > o5, ="t ) &) &)
& 9
—26/ (& — %)™ o da
0
& . A
+ (i +2) ff‘l/ (& — )7 it dg,
0
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Changing variables again, using x = .y, we get

2(m—2) /1 N =2 [ iti42 i+3
_ 7 1_ m—1 _ d
i (147 (y Y3 dy

m—1
1 Ly,
_Qg/ (1_y2)m_1 ler dy
0
. 1 B
+(z—|—2)/ (1—y)m*1 y ™ dy.
0

Changing variables one last time, using y = t'/2, we get

_2m LT i1 _1% .
((m—1)2c S ) ag,

2 (m /1 (tz‘+g+3 1 tzJ2r4 1) dt
m— 0

A B R e e
0

1 )
—I—(i—|—2)/ (1—t)mi ¢4t
0

Using lemma 3.1 with p=1/(m—1), ¢ = (i +(+3) /2 and ¢ = (i +4) /2, we

get
om 1 2., N\ oL . i+0+3 2-m z’+£+3
—m_17f" ? R =92 Bl ———
(<m—1>20 S ) 95, CR—
_ 9 i+4+2 m
2
—263(#) z+23(“;2>

IN{ ym—(i+L—-1), (i NG ) i
5 +0+1 + ¢ 1B<+£+3> +2 ( 4) .

2(m—1) 2 2(m
— B (#)Jr(wzw(i;?).

From this point we case on the parity of i.

64



Let i = 2k; for some k; € {1, ..., |[N/2]|}, then only even ¢ correspond to
nonzero 0,1 (i) and we write ¢ = 2k, for some ky € {0, ..., [N/2]|}. Then (3.22)

can be rewritten as

i+ 0+ 1)m—(i+0—1)

=2 2 (m = 1)

B(k1+k2+g) —2%3(@%)

1
— 2(B <k1+k2+§>+(@'+2)3(k1+1).

Using (3.11)) and (3.12)) this can be rewritten

(2ky + 2Ky + 1) m — (2ky + 2ky — 1) (m — D) (ky + ky 4+ 1)

=2 2(m—1) ' v (ki + ko + 1) B
(2k1 +2)m —2ky  (m — 1M (ky +1)!
- 2(m—1) p(ky +1)
(m — 1M (k) + ky) (m —1)" % k!

—20- - B+ (2k1 + 2)

v (k) + k) (k1)

-1
1 2 ol

2 m—1 ;nfl i+0—1 _1 N

(2memtsgr ) )

=DM (ke + 1) B olm— D7 (kg + 1))
1% (]{31 + kg) M (kl)
(m =D (ki ko) o (m = DO (k4 1)!

V(kl —|—]€2) ,LL(I{Z1>

—92¢.

(m— )22 (ky + ky + 1) (m — 1) 272 1 (k) + ky)

- B—2- ‘B
1% (k’l + k’g) 14 (]{?1 + k’g)
, (m — 1)k1+k2_2 T (k1 + k2)
—i—l+1 ‘B
<Z + ) V(k]_“‘kQ)
o i+l
— 1)z itt
:(¢—£+1)( MT(2).B,
v (%)
or
w$too i+l
oI, e (m =17 7 (B
“i1 o _ 1 1 ¢m—1 ¢itl—1 i 2 )
aﬁz(z) 2(0 =L+ 1)memT&m 1, e B (3.23)
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In the last sequence of reductions we used that

T(k‘l +l€2—|— 1)
T(kl —|—]€2)

=2(k1+ka+1)—1=2k +2ke+1=i+(+1.

Let ¢ = 2k; + 1 for some ky € {0, ..., [(N — 1) /2]}, then only odd ¢ correspond
to nonzero 0,1 (i) and we write £ = 2ko + 1, and ky € {0, ..., | (N — 1) /2]}. Then
(3.22) can be rewritten as

2—m L T i l—1 71% )
((m—l)QC S ) a5, )

_(i+£+1)m—(i+£—1)B i+0+3 _(i+2)m—iB i+4
B m—1 2 m— 1 2

— 2B <Hl%>+(i+2)3(2;2)

_ (z+€+1)m—(@—|—€—1)B(k1+k2+g) B (Z+2)m—zB (k1+g>

m— 1 m—1

3 3
—2£B(k:1+k2+§>+(z’+2)B<k1+§>
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(2ky 4 2ky 4+ 3)m — (2ky + 2ko + 1) (m — D)0 (k) 4 ky 4+ 2)

= . 'B
m—1 V(k1+k2+2)
_(2k1+3)m—(2k1+1)_(m—l)k1+27(k1+2).8
m—l V(k1+2)
_ 1\k1tka+1 _ 1\kit1
_%_(m 1) T<k1+k2+1)-B+(z’—|—2)~(m 1) T(k?1+1)_B
V(/{Z1+]€2+1) V(k1+1)
e N ) N (e VL
V(k1+k32+1) V(k1+1)
-1 k1+ko+1 1 -1 ki+1 1
_26‘(771 ) T(k1+k2+ )_B+(Z.+2)'(m ) T(k‘1+ )B
V(kll+k32—|—1) V(k1+1)
_ 1\k1tkat1
v(ky+ ke +1)
o k1+1
R
1
_ \k1tka+1 _ 1\kit1
_26_(771 1) T<k1+k2+1)-B+(i—|—2)~(m 1) T(k?1+1)_B
V(/{Z1+k2+1> V(k1+1)
_ 1\k1tka+1
l/(k’l—f—kig—f—l)
i+l .
, (m—l)QT(ﬂ)
=(G—-(+1 : 22.B
S T S I
or
S92 rite
on . , a2, (m=1) 2 T (5
8—61(1):2(@—“1)771@%1@” gitt=1 e (5) 5 (3.24)
2

In the last sequence of reductions we used that

T(k1+k72+2)
T(k‘l—f-]fg—f-]_)

=2(ki+hy+2) —1=2k +2ky+3=i+0+1,

and that
T (]{31 + 2)
T (lfl —f- ].)

Note that (3.23) and (3.24) are equal.
Take i = 0. In this case (B.10]) picks up the boundary term

mo L, [ &

=2k +2)—1=2k1+3=1i+2.
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and loses the last term. So, we can reuse the above computations. First we note
that the boundary term has no contribution since the factor f; is zero as this is
the coefficient of x in the Barenblatt-Pattle solution. We pick up the computation
for this case at equation (3.22)). Note that d,1; (0) = 0 if i + ¢ = £ is odd. Take

1+ ¢ = { to be even, then

) 1
(e e) o

m—1) 9B
Cl+)m—(£-1) (+3Y  2m B (+1
B 2(m—1) B( 2 ) 2(m—1)B(2) EB( 2 >+B(1)
C+Dm——1)_[(+3 (+1
— 2= 1) B( ; )—EB(—Q ) (3.25)

where we have used the facts B (2) = (m —1)* /m and B (1) = m — 1.

Let ¢ = 2k, for some k € {0, ..., [IN/2]}, then (3.25) can be rewritten as

dm o 2R 71%
((m—l)zc G ) 0By ©)

- (£+;)(Z:(1§_1>B<k+;> — (B <k+%>

Using (3.11) and (3.12) this can be rewritten

C@2k+D)m—(2k—1) (m—-1)"" 7 (k+1) (m —1)"7 (k)
- 2(m—1) ' v(k+1) 'B_eTm'B
L m=D'rk+1) , (m=1D) (k)
=3 V() B=t— B
1l m=D) (k) L, (m=D 7 (k)

2 v (k) b=t v (k) b

(-1 (m—1)"7(k)
T2 O

Oh () = _a (0= 1ymergr et UM D7) g

7 o0
Note that this is a special case of (3.23)) or , which are equal.
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We now calculate dl5. Suppose ¢ > 2, then we get

g_g ) = ley /: P (@) P (2) 2 da
" g(i———lim ; P (@) 2t de (3.26)
__ % /j (a—ca?) ™ o da
:
* % ; (a— ca®) ™7 2 do,
‘

the integrands of which are odd if ¢ + ¢ is odd and even when 7 + ¢ is even. This

says that 0,15 (i) = 0 if i 4+ ¢ is odd. Take i + ¢ even, then the last equation

4m & g
=——073 cﬁ / (53 _ ZU2) e xl-‘rf dr
0

(m—1)
2000 — 1 1 & 1 .
+ —( )mcm / (53 _ x2) T pitl=2 g
dm 1 2o ! - ——

— ——26m—1€’rm 1 £r+£+l/ (1 _ y2) m—1 y +£ dy
(m—1) 0
20(0—1)m 2 .., 1 1,

+ —C""*lé}' 1€T+f 1/ (1 _ y2) m—1 y +0—2 dy
m—1 0

—1
Mmool i ol .

2 ' i 1 ! 7 —1
:_—/(1—1t)m11‘1t+§+ —1dt+€(£_1)/ (1—t)ymtt™ s 1t
m—1J o
2 i+0+1 1 i+0—1
__m_lB( . )MM_DB(H“’T)
2 i+l+1 20(0—1) i+0—1
=i’ B 2
m—1 < 2 )+(i+€—1)m_(i+g_3) ( 9 ) (3.27)
Using (3.11)) we have
it i
B<z+€+1):(m—1)f;(%) 5
2 v (5

and




Using these we get that (3.27) is

_ 2 (m-pr (Y
I GO R
20(0—1) (m—1)F "7 (- 1) .
(t+l—1)m—(i+{—3) v (2 —1)
-1
(mcm_lgm—lgi-i-f—l) g_éj ( )
(m—1)% 7 (1) (m— 1) 27 (& 1)
=- Tco) B+20(0—1) ) B
| (m—1)% 27 (L 1) (m—1)7 27 (i — 1)
= 2(i+0—1 , B+20(0—1 : B
(i+0-1) S (50 +20(0—1) ()
_ ol y (m =) 7 (1)
=-2[i—((—1)7] ey B,
or
OL (v ori (g1 ﬁ%iwfl(m_l)i;ldT(%_l),
8@)(@)— 2[i— (0= 1) memTgn e e B, (3.28)

Suppose that £ = 0, 1, then the second term in (3.26]) is absent and the calculations
can be reused with this taken into account. When i + ¢ is odd, 0yl (i) = 0, and

when ¢ + £ is even,

oI,
9B

Note that this is a special case of ([3.28]).
We now add 9,/; in (3.24)) and 0,15 in (3.28))

of ol . ol
8_@<Z)_8_@g(2)+8_ﬁg(z)

2
(i) = —2memgr= gt

e Y
(m—1)z T(%

2
=2(i—0+1) mcﬁ&m’lfﬁz_l

C)E (i
“a i (- D mertgrrgre (M T (G 2l

(m—1)% 7 (4~ 1)

1 =2
= 2Pmem-Tgr gt
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where T = (i — £+ 1) (i + £ —1) — [i — (£ = 1)°] =i (i — 1) since

This finishes the proof. [ |

3.4 Jacobian is upper triangular for the Barenblatt-Pattle:
case 11

We now prove theorem |3.3

Proof. As before we define A, = 0,Hg + HO,g — 0,f and we want to show that
A, = 0. We will break the proof into cases on ¢ and i. The strategy is simple and
the same for any of the below cases, plug 0,H from (3.15)); g from (3.2); H from

(3.13); Opg from (3.3)-(3.5)); and 0 f from (3.21)) into (3.6) and simplify.
In the first case all terms are wiped out by zeros. This case can be viewed as

six subcases. Suppose that either

1. £=0,7>1, and 7 odd;

2. £=1,and i =0;

3. £=1,1> 2, and i even;

4. £ > 2, even, i > 1, and 7 odd,;
5. £>2,¢odd, i =0;or

6. £>2, ¢ odd, 7> 2, and 7 even.
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For any of these cases, we get (term four is not present for cases 1, 2, and 3)

Ap(t)==—(2,0)g(0)+ =— (¢, 2) g (2
() =55 (08 (0) + 75 (1, 2)8(2)
g og of .
+ H (i, ¢ O+ H (i, 0—2 0—2)— — (i
(i) 55 (0 + H (i 0= 2) 55 (6= 2) = = (i)
Jg Jg
=0-g(0)+0-g(2)+0-— ) +0- — (¢ —2)—-0=0.
B(0)+0-g(2)+0- 55 () +0- 28 (¢ -2)
We must check the remaining cases:
7. 0=0,1=0;
8. £=0,7>2, and i even;
9. /=1,7>1, and 7 odd,
10. £ > 2, ¢ even, and ¢ = 0;
11. £ > 2, ¢ even, i > 2, and 7 even; and
12. £ > 2, ¢ odd, ¢ > 1, and i odd;
Case[7l In this case we get
8H oH g of
Ao (0 0,0)g (0 0,2)g(2)+ H (0,0 0)— —(0
1 3—m B
= (C 5 S(m 2)2 2) ( cha)
L Lm=1)""7(1) B\ [2m(m+1),
+<C e v (0) 2 m—1
1
1yt (m = 1) 7(0) 2, O—m
m—1 ;n B J— _ . 2
—l—(c ., v (0) )( m<0 +m—1 0+
-0
Using that 7(0) = 7(1) = 1, v(0) = 1 and & = a/c; dividing Ay by C; =

(m=1)¢2/(m=V =1, and simplifying gives

m+1

)

2

Ci Ay (0) = —
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Case [8 In this case we get

oH 0H g of

Ao (i) = BRI (¢, 0)g(0) + BEN (2, ?)g(?) + H (i, 0) %, (0) - BEN (4)
I (e 2 (m_l)%i%'(i) B
= (cm— e 1/(%‘—'1) : Y (—2mca)
2 m=DE (54 1) BY (2m(m+1)
e e [ =
( LT ‘—1(m_1)%717<%) > 2, D—m
+ [ em 1T, - -B (—m(() +—-O+2)C)
v (3) m—1
572 (i _
—2i (i — 1)mem-1&m ¢! (m—1) iT (2 1) B
v (3
Using that
TG+ 7 ()
L =4 +1 . =1—1
w6 RV
and
v(3) v
T 1) =@{—1)m—(i—3);
dividing Aq by
-2 (i
CQ _ Cm*l_lfrmilfiig (m_ 1) i T(?) ~Bm,
v (3)
and simplifying gives
€ A0 i) = [(i ~ D)m — (i~ 3] (~a) + &2 (m — 1) i + 1) LT
+§3(m—1)(—20)—Qi(i—l)cgfi_ll.

Dividing by a = c£2, and simplifying gives

(aCo) " Ao (i) = —[(i —1)m— (i =3)]+(m+1)(i+1)—2(m—1) —2i

=0
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Case[9] In this case we get

Bu0) = G G0 B(O) + 5 (D @)+ H (i, 1) 55 (1) - 5

i+1 .
Dy (M D T (1)
—2i(i—1)mem=1&"7 ¢ e 2 - B.

Dividing A; by

1) 2 (it
C3 — lefl 1 rm—lé—; (m 3(u)7—( 2 ) . Bm’
2
we get
i+l i+l 1)
“IAL (4) = £-2 VA(z) _ 7'(2‘—|- 1
Ci A (i) @V%_l)( a)+c (5 (m+1)
P e
—2c(m+1)—2i(i— 1) c—=%
7 (5)
Divide this by ¢ = a& % and use
i+1 i+1
v(*5) : (et
- =im— (i1 —2), - =i+ 2,
v (% —1) 7 (5)
and '
aC
(5 -1)
to get

(o)™ A (1) = — (i — (= 2)) + (4 2) (m+ 1) = 2m 1) =20 (i~ 1) +

=0.
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Case [I0] In this case we get

OH OH g

Az(o)Za—ﬁe(O, O)g(0)+a—5€(0, 2)g(2)+ H (0, 5)6—5@(5)
g of
+H(07£_2)8_Bg(€_2)_a_ﬁg(0)

(m —

: 27 (4
— <0w3125f%45f‘3 ) -f3> (=2mca)

¢ ergngm N ) 2) (enta

m—1

1%
) g1 Y4 _
n Cﬁ_lé_;nflfffl (m 1)( T (2) . B) <_m (62 + 5—TT1L€ -+ 2) C>

m —

1 _2
+ | e le e

:— 1) -B) (ml (¢ —1)a)
—0.

Dividing A, (0) by

£_o ¢
1 2 —1)2 = —1
azm%ﬁﬁml)(gg ). bm,
2
and substituting a = £2¢ we get
D v (1)
C5' A (0) = =& &) . v +& 7 (m+1) —3
’ -1 v(z-1) (3 -1)

~1 L T(é) -1 V(%)
&, (m—l)(ﬂ +m—_€+2>7_(§_1)+€(£_1)€r V(g—l)
Using that
(4 7 (5
T(ﬁ(i)n:g_l’ TEE_B—@H)@—D,
and




and dividing by &1 gives

(67Cs) " A (0) = = (L= 1) [(E = m— (0= 3)] + (m+ 1) ((+ 1) (£ = 1)
—(m—1) (e%%uz) (C—1)+ (=1 —1)m—({—3)]
=0

Cases and [I2] These cases can be combined since 7 + ¢ is even. In these

cases we get

. _8H o0H og
A (i) a—ﬁe(l,o)g(UHa—m(l,2)%(2)+H(274)a—ﬁ4(€)
0 of
+H(z,€—2)a—§£(f—2)—a—ﬁg(z)
m—1 ¢4 —(m_l)% QTu B
— (le 2 ; gr—l—f 3 (% - 1)( 2 ) 2) (_2mca)
2 m=D)F T (1) B (2 +1
+ (cm—l ettt V(é)( 2 ) 5) (—mﬂinz 1 )02)
2 — %_1 i+l _
+<le_1_1 S wT(;)'B) <_m(€2+—5 m€+2>0>
/() m=1
m—l)%_QT %

N (lel1&p121§i+z3( ) —1) ~B> (ml(€—1)a)

e Y
T 2 — 1) =1
— (22’ (i — 1) mem-T &gt (m—1) (5 ) : B)

' v ()

1

and using that £2 = ac™! we get




Using that

T(%) (5+1) _ |
- =i+(—1, - =@+0+1)(E+L0-1),
(5 -1 (5 -1)
and
v (5)
- =@@+l—1)m—(i+{-3),
v (5 -1)
gives

CoA()=—@G+ L= +—1)m—(i+{—3)]

b (m+1) G+ l+1)(i+0—1)— <£2+5_—m£+2) (m—1)(i+(—1)

m—1

SO =1)[(i+C—1)m— (i +0—3)] —2i(i—1)
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CHAPTER 4
NUMERICAL EXPERIMENTS

We now evaluate the application of the models and bases from chapter [2| to
—. We give a brief overview of other methods and make general remarks
concerning our methods. We then describe our numerical experiments to determine
the order of accuracy for method 1, then method 2.

We give a quick snapshot of some previous studies of numerical methods for
the PME. Graveleau and Jamet [14] solve the PE by a splitting into the
hyperbolic v? and parabolic (m — 1) vv,, terms and using finite differences (FD).
Tomoeda and Mimura [35] modify the method of [14] by solving the hyperbolic part
by using a Rakine-Hugoniot jump condition. Di Benedetto and Hoff [9] adapt [14]
by incorporating numerical solutions of the free boundary. Hoff [I8] overcomes the
parabolic stability condition on the mesh in [9] by including a viscosity parameter.

In another line of research, Berger et al. [4] used the non-linear Chernoff
formula to solve linear approximations schemes applied to ([I.1)). Following this
approach, others made extensions and contributed to error estimates: Magenes et
al. [25] provide error estimates and show that using numerical integration preserves
convergence, while Nochetto and Verdi [28] prove near-optimal error estimates.
Unsatisfied with the performance of the method in [25], Jager and Kacur [19]
improve the method by using a transformation and by using a relaxation parameter
that incorporates the location of the free boundary. Pop and Yong [33] solve the
PME by perturbing the IC rather than nonlinear diffusion coefficients as in [19],
to marginally better success.

In order to demonstrate the effectiveness of their models, these authors com-
monly solved — with Barenblatt-Pattle initial conditions. It is not un-

common to demonstrate a method’s effectiveness by overlaying plots of true and
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computed solutions or free boundaries. At this level of measure of accuracy, the
methods in this dissertation compare favorably: when a graph of a numerical so-
lution generated by our methods and the corresponding true solution are overlaid
upon one another the naked eye cannot discern a difference (See the top panels
of figure and figure [£.3). For those methods described in the papers men-
tioned above, it is valid to use the Barenblatt-Pattle solution since it cannot be
expressed exactly in terms of the numerical solution. For model solution Z of —
, , we can use the Barenblatt-Pattle solution as a benchmark since the
Barenblatt-Pattle solution is not included as one of the solutions. Figure 4.3 shows
that while the numerical solutions converge to the true solution, the errors decay

slowly, more so near the free boundary where a boundary layer can be seen to

develop as m — oo. For model solution @ of (2.18))-(2.20)), (2.34), the Barenblatt-

Pattle solution is part of the model solution. In this case one should realize that
observed errors result from the quadrature of inner products, from the inversion
of linear systems, and from time-stepping, but not from the discrete nature of the

approximate solution.
4.1 Experimentally determining global order of accuracy:

PME

We experimentally determined the rate at which the error decays in order to eval-
uate models and bases. The experiment was set up as follows: we computed each
of the model solutions Z and @ of equations —, and —,
, respectively; each using the standard basis then the modified Legendre basis.
Recall that we will refer to the modified Legendre basis constructed in subsection
m as the modified Legendre basis (MLB). We used 4th- and 8th-order Runge-

Kutta methods to numerically solve the semi-discrete systems in time: ([2.6|) in the
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case of model 1 and ([2.22)) in the case of model 2. For initial conditions we used
ug (x, t) = B (x, t + to) (4.1)

of with A =1, C = (m—1)/(2m(m+1)) and ¢y such that the & (0) =
6 (0) =3 to= (& (0) VTA) "

For each combination of model, basis, and time-stepping method, we proceeded
as follows: for a fixed degree N in and in (2.19), we shrank the time step
size parameter k£ until a particular error level, to be described below, was reached.
Labeling this value of k by kope = kop (IV), we fitted this experimental relationship
between k,,; and N. The error corresponding to each pair (N, ko (N)), €opt, Was
then used to determine an experimental relationship between k,, and the errors.

Before we can define k,,; we must introduce the best approximation (BA) and
its error. For both models and bases, the BA uses both the true solution and true
free boundary to approximate u and £. Let ¢ € [0,T]. We will omit the dependence
on t in our notation: £ = £ (t), ¢; = ¢; (t), d; =d; (t). Let

d; = o f(B(x,1)) ¢i (x) dz, (4.2)

(1

fori =0,..., N —2, where B is the true Barenblatt-Pattle solution corresponding

to (4.1)), {¢i}£\io is orthonormal on = (),

= oe-a
for model 1 and
flr)=——

for model 2.
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In the case of model 1, the BA is given by

ZBA Z Cj ¢j
wBA Z d] ¢]

where {¢;}, are computed from {d;}.*, in ([@.2) so that
Zpa (v) = (& —2) (¥ — &) wpa (2)

In the case of model 2, the BA is given by

1/(m—1)
UBA [Z Cj ¢j ] )
UBA Z d] ij

where {¢;}, are computed from {d;}\, in (&2) so that

s (@) = (& — ) (z — &) Upa (2).

For either model, in the case of standard basis the coordinates {ci}i]io are

further converted to coordinates with respect to the standard basis {xi}i]\io, {éi}f\io,

so that

Practically, the above procedures for determining {dj}fvzo amount to solving

(w wBA7 ¢Z)E = 07

in the case of model 1 and

(v —0pa, di)zy =0,

[I]
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for:=0,..., N — 2, in the case of model 2, where w and v are defined implicitly,

like wy and vg in (2.36)) and ([2.31]), respectively,

B(l‘,t) = (57’ —I) (m—&)w(x),
=[(& —2) (z = &) v (x)/"Y.

With the BA defined for both models, we set the errors to be
61BA = ||ZBA(' 7T) - B(7T)||

and
QQBA: ||UBA(7T)_B<7T)”7

where ||-|| is the Ly-norm over Z (T)UZ (T). Recall that = (T') is the “administra-
tive” numerical support that is retained from time step to time step. Furthermore,

let

and

Note that the superscripts denote labels, rather than powers and that we will use
epa and e when the model is irrelevant.

The following procedure was used to assign to each N a k. For each N, we
shrunk k until an e ~ eg4. The value of k£ for which this happened was labeled
Fopt. Sometimes, shrinking & produced e that shrunk but never achieved the size
of epa. In these cases, we labeled that %k for which the error was minimal by k.
We label the error corresponding to each k¢ by €4, When we need to distinguish
between which model produced the error we use a superscript: e, and e?)pt.

Two kinds of instabilities were observed during these trials. Considering the

semi-discrete systems ([2.14)) and ([2.30f), we apply the terms stability and Eigenvalue
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stability (e-stability) as Trefethen does in his monograph [37]. Specifically, the
terms stability and Figenvalue stability (e-stability) apply to ODE systems and
answer the following two questions that arise when performing an experiment that

aims to experimentally determine the accuracy of a method:

stability: For fixed ¢, do numerical solutions remain bounded as k | 07

e-stability: For fixed k, do numerical solutions remain bounded as t — oo?

For fixed N and k, consider trying to step in time from ¢t = 0 to t = T. The
numerical method crashed if the time step size parameter k was too large. Specif-
ically, there is a value of the time step size parameter k,,, where the numerical
method did not run to completion if & > keomp. In these cases there is a tepqs, such
that for t < t...sn, the numerical solution exists, while for t > t...s;, the polynomial
component of the model solution loses roots (see remark and figure , at
which point the definitions of the method do not make sense. This is most likely
caused by the time-stepping method.

Recall that g is the symbol denoting the derivative in a semi-discrete system:
and . Eigenvalue stability of these semi-discrete systems might be
better understood by the first order approximation dg (3, t) /03, (see chapter [3)).
We did not investigate the second order terms, though they can be important.
Trefethen [37] illustrates how the behavior of such higher-order terms can reveal
more structure (in the form of instability). Roughly*, the containment of the point
spectrum of g in the stability region of the time-stepping method (e.g. RK4, RKS,
or leap frog) will dictate stability constraints on the time-stepping solution of the
semi-discrete system [37, [I7]. For linear systems convergence and stability are
nearly equivalent, though this need not be the case for nonlinear systems. Modes

(basis functions) corresponding to eigenvalues not contained (at least roughly) in

*modulo a factor of the step size parameter k

83



the stability region of the time-stepping method will not be bounded.

Now, suppose that k < kcomp so that marching in time from ¢ = 0 to t =T is
possible for all k£ | 0. As mentioned in subsection [2.1.2] the numerical methods
naturally define numerical free boundaries when the methods are used in this
stable regime of k. However, for some N it happens that as k | 0, e grows from
a minimum. In such cases the numerical solution is equal to a “nearby” errant
approximant. The bottom panel of figure [4.1] shows typical behavior of such errant
solutions. As k£ | 0 the errors in these approximants could grow to troublesome
sizes.

We now present results from experiments on each combination of model nu-
merical solution and the two bases: the standard basis and the modified Legendre
basis. We fit the resulting data in order to experimentally determine the order of
accuracy.

First we verify the observations made in chapter |2l about the effect of the choice

of basis on the numerical solution. Table 4.1| shows the poor performance of the

2

~15 2 -
opt tracks the order 107 error ej 4, until

standard basis. In this case, the error e

N = 12 where egpt grows unboundedly as N — co. When N > 12 the condition

2

of the matrices is large enough to affect numerical solution and e,

begins to

1

opt tracks the order 107> error

grow unboundedly away from €% ,. Also, the error e
ek 4, until N = 22 where the method breaks down. Table also shows how
nicely-conditioned the linear solution of the semi-discrete systems becomes when
the modified Legendre basis (MLB) is used. Indeed, for either model, using the
modified Legendre basis instead of the standard basis allows for accurate resolution
of numerical solutions for larger N: e, tracks or is smaller than epy.

Before moving one we mention some patterns that occur in « () when the

modified Legendre basis is used. If we fix N and k and watch & (t) as the time-
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Numerical solution and its error

1 T T T T T T T T T

Figure 4.1: Errant numerical solution matches quite well, but the error shows that
the numerical solution is actually a “nearby” function. Note that the method
should be programmed to take advantage of the symmetry of the problem because
the numerical method does not respect parity in such solutions. This example
is for m = 1.75, N = 16, and k = 1/17 < k, = 1/15 where model 2 and the
modified Legendre basis are used.
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Table 4.1: Spectral condition number of mass matrices in (2.8) and ([2.24)) for ¢ = 1.
Here, m = 1.75, RK8 and k = k,,;. DNC means that k., could not be found in
the range of k we searched.

model 1 model 2
N  standard MLB standard MLB
4  3.8019e+04 1.3948 2.5423e+04 2.1578
6 1.5381e+07 1.8074 8.7008e+06 2.6276
8 7.6870e+09 2.0336 3.9832e+09 3.0522
10 4.6062e+12 2.0266 2.2333e+12 3.4508
12 2.9987e+15 2.1153 1.3667e+15 3.8688
14 2.0192e+18 2.1713 8.7300e+17 4.2527
16 8.7910e+20 2.2083 7.3380e+23 4.6288
18 7.4063e+24 2.2337 1.1067e+26 4.9246
20 1.9060e+26 2.2521 3.2192e+29 5.2992
22 DNC 2.2983 1.5077e+30 5.5729
24 DNC 2.3039 DNC 5.8693
26 DNC 2.3083 DNC 6.1594

stepping method marches through [0, 7], we see that & (¢) is a bounded function.
See figure . k (t) dips for ¢ within a timestep of RK8, at its so-called stages. This
pattern persists as N — 0o. When model 1 is used, the scale of « (t) grows like
O (N), with a small constant, as N — co. As m — oo, the dipping pattern changes
to a backslash-shaped (\) sawtooth function and the scaling pattern persists as
N — 0o. When model 2 is used and m = 1.75, & (t) is a backslash-shaped sawtooth
function. As N — oo a sag develops in the sawtooth and the scale grows to about
90. When model 2 is used and m = 3 or m = 5, x(t) is a forward slash-shaped
sawtooth function. As N — oo a sag develops in the sawtooth and the scale grows
to about 120.

As mentioned, applying model 2 to Barenblatt-Pattle initial conditions results
in errors on the order of machine epsilon regardless of the value of N > 2. This is
expected since there is no approximation error in the numerical solution form in
this case. Here, the only sources of error are from the use of quadrature and from

time-stepping, the former of which includes solution of linear systems. Since this
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Condition number versus time
2.5 T T T T T T T

1.5 §

0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
t

Figure 4.2: The spectral condition number of matrices in (2.8)),  (¢), when using
the modified Legendre basis constructed in subsection for t € {t;}, and where
t; are the thirty largest time values used by RK8. The condition number is bounded
as a function of time. Here, m = 1.75, N = 8, and k = 1/8. Note the drop and rise
of the condition number within the last two steps of the time stepping method.
Within each time step RKS8 evaluates the derivative in the semi-discrete system at
13 stages/times, 10 of which are unique.
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Computed solutions and errors

1 1 1
0.8 0.8 0.8
N 06 0.6 0.6
S 04 0.4 0.4
0.2 0.2 0.2
0 0 0
0 5 0 2 4 0 5
0.2 0.4 0.8
0.15 0.3 0.6
N
| 0.1 0.2 0.4
=
0.05 0.1 0.2
0 0 0
0 5 0 2 4 0 5
X

Figure 4.3: Model 1 solutions and their errors as m — oo. Columns 1, 2, and 3
correspond to m = 1.75, m = 3, m = 5, respectively. Note that a boundary layer
forms as m — oo. Z = Z is our model 1. Markers for curves are - for N = 8,
ofor N = 14, x for N = 20, and + for N = 26. The functions pictured in the
two right-most panels in the top row of panels are the same functions pictured in

figure 2.1}
does not test model 2’s ability we confine our remarks to model 1. As the standard
basis restricts our ability to use large N, we also limit our remarks to the use of
the modified Legendre basis.

Figure [4.3| shows model 1 solutions and their errors for a selection of m values
as m — oo. Our results are drawn from these solutions.

Fix m to be 1.75, 3, or 5. Consider data corresponding to either k,p or e, p:

a set of tuples (N, kopt (N)) or (N, epp (N)), for N = 4,...,26. We fit this data
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Table 4.2: Fitting parameters o and C' in ko = CN™ and e,y = CN™ as
m — 0.

m = 1.75 m=3 m =5
Fopr 18107, 4.8152 18999, 28831  1.6000, 2.0314 x 10!
Eopt 1.7975, 4.3092 x 10! 1.8834, 1.1152 1.4023, 1.5208

Table 4.3: Estimated order of accuracy p in e, = Ckb,. Cis 9.0523 x 1072,
3.9038 x 107!, and 4.4581, for m = 1.75, m = 3, and m = 5, respectively.
m = 1.75 m=3 m=>5

0.9927 0.9913 0.8764

to a power model, CN~®, an exponential model, CaV, and an exponential model
with geometric rate r, Ca¥", to determine which fits best. We then used the

proper fittings to estimate p in e, = Ck}

opt- 1N €ach case a power model was most

appropriate. This led to the following estimates

kopt = ClNiala
—a
Copt = CZN 27
_ p
- C3kopt7

where C3 = C'QC’I_O“/O62 and p = as /. Table shows the fitting parameters and

table [4.3| shows the pattern in the estimated global order of accuracy as m — oo.

4.2 Experimentally determining global order of accuracy:
EUF

We next investigate the global order of accuracy of the fully discrete method when
time-stepping with RK4 and RKS8. We present an instance of the initial value
EUF problem (1.8)-(1.9). Suppose w is the solution of this problem for a given
¢ and initial condition, wy. We compute a sequence of sG solutions {w}y_,.

We fit numerical data to the error model |w (-,T)—w(-,T)|| = CkP, where
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k=O(f(N)) = 0as N — oo, ||| is an Lo-norm, and where we determine f

experimentally.

We compute a sG solution @ to the EUF IVP ([1.8)-(1.9) with

© (u) = —u — Va? — u? arccos <?—L> + ga, (4-3)

a
a=a(t)=aoby (2t + baQ)_l/Q, (4.4)
1
ap = §Mb0, (45)
.
=26 (0), (1.6)

M= fg;(g;) wo (z) dx, and = (0) := (& (0), &, (0)) is the support of wy. If wy (x) =

2 With

ag cos (boz), then w (z,t) = a(t)cos (b(t)z), where b(t) = (2t + by?)
such initial profiles & f&r(g) w (z,t) dz =0 for any, t > 0.

Our numerical solution w will take the form

i (o,t) = Y By (65 a).

The basis {qﬁi}f\;o is as in subsection , orthogonal on an approximation to
the support at time ¢ = k, where k is the time step used in the semi-discrete
system solver. The approximate support is gotten by using a differential equa-
tion (given explicitly below) analogous to (2.42). Assume that @ has roots £(t)
that comprise the approximate free boundary and which define the support of

w:

[

(t) = (ég (t),&, (t)) Let wg (z) = w (2,0) and define gy € Iy_o and g
implicitly such that

wo () = (& (0) — ) (z = & (0)) go (%),

wo () = (& (0) = ) (z = & (0)) go () -
The coefficients { ﬁi}f\io are determined by forcing w to satisfy the weak formulation

of (L8)-[L.9), E-3)-{E0):
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RK4: Optimal Time Step Size vs Problem Size, L2—norm

10" ¢ ‘ ‘ ‘
i —— QObserved

——Estimated - C o™, C = 7.1363, a = 1.9965|]

10_ ! ! ! ! ! ! !

Figure 4.4: Optimal k£ versus N where e and egy are measured in the Ly norm.

Find w € IIy such that

(W — (W), , ¢z‘)§(t) =0, (4.7)

fori=2,..., N, and
(g0 — Go, Cbz‘)s(o) =0 (4.8)
fori =2, ..., N—2. We have lost two degrees of freedom by setting = (0) = Z(0).

Suppose that v = (7; (0)) € R¥~! is the vector of the coordinates of ¢ with

respect to the basis {gbz}f\io To solve (4.7)-(4.8) we first solve (4.8)) by finding ~o
such that

=2
N

(¢, Di)z(0) 5 (0) = (g0, Di)z(o)

<
Il
o
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or, in matrix-vector notation,
H’YO = fo, (49)
where H = (H (i, 7)) € RV-DXWN=D £y = (fy ;) e RN,
= o (z) ¢; (x) dx.

£(0)

and

wo (z) ¢i (x)
fo /E@ CIOEDICEIAU
Note that H (i,7) # d; ; since {¢;}., is not orthogonal on = (0) but on = (k).

To solve (4.7)) we find {g; (k’)}fio by plugging v = @ into (4.7)) where v, (x,t) =
>0 B () 65 () and

_arccos (v/a) o\ arccos (v/a) 4 o v
(V) = s (V0aa T 07) + R A el

In order to find the approximation to Z (¢ + k), = (¢ + k), we use the differential

equation satisfied by the free boundary curve [22]

where v =9 (v), ¥ (s) = [ ¢’ (2) 27 dz. So, v, = ¢/ (V) v,.

Thus,

v, = TR (v/ za) " (4.11)
ac — v

Using the generalized velocity, v,, (4.11) and the numerical form in (4.10]) we

get
_arccos (v (§) /a) ;
a? = v (&)’

__ arccos (0/a) o, (€)

CL2—02

™

= =5 Uz (E) :

= = (§)
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Table 4.4: Fitting parameters « and C' in k. = Ca™ for each time stepping

method and for each norm.
RK4 RKS8

Ly 1.9965, 7.1363 1.5651, 7.2492
Lo 1.9997, 7.3000 1.6028, 8.6773

We use this to take an Euler step

v ™

S(t+k)=&(t) — ko v (E(1))

to find Z (¢ + k).

Let wpa (x,T) be the solution to (4.8)) with wy replaced with w (z,T), let
e=|w(-,T)—w(-,T)|| and egs = ||[w (-,T) —wpa (-,T)||, where ||-|| is the Lo-
norm over = (T)UZ (T). As a check we also computed Lo,-norms over = (T)UE (T).
For each time stepping scheme, RK4 and RKS, for each norm, L, and L., and for
each N, we determined the smallest k such that e ~ eg, and called this value of
the time step size parameter k,,. We refer to the e corresponding to the k., by
eopt- We fitted this data to a power model, k,y = CN~%, and to an exponential
model, ko = Ca™. In each case, the exponential relationship fit better. Figure
[4.4] exemplifies how well the data fits the model for each time stepping method and
norm. Table [£.4] shows the results.

For each time stepping scheme and for each norm, using the exponential rela-
tionship between k,,; and N given in Table we found @ (-, T) and fitted e, to
three different models: e, = CN™?, e, = Ca™, and ey = Ca™". The first
model did not fit as well as the second and the degree to which the third model
improved upon the second was marginal: for each time stepping scheme and norm,
r was 0.99 or 1.00, and the coefficient of determination of the least squares fit was
R? = 1.00 for both models. Table 4.5 shows the results.

Using these relationships we can determine the global order of accuracy for
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Table 4.5: Fitting parameters a and C' in e, = Ca™ for each time stepping

method and for each norm.
RK4 RKS8

Ly 14.5859, 6.6850 14.1236, 4.2821 x 10
Lo, 14.1284, 3.3419 x 10 15.7573, 1.0338 x 102

Table 4.6: Estimated order of accuracy p in e, = Ck}, for each time stepping

opt
method and for each norm.
RK4 RKS8

Ly 3.8763 5.9110
Lo, 3.8214 5.8448

each time stepping scheme and norm. Table shows the results.
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CHAPTER 5
RUNNING-TIME ANALYSIS

We now examine the time-consuming aspects of the algorithm. We briefly
discuss those aspects of the time stepping iteration that are particularly costly.
We will see that, asymptotically, the number of flops required for one time step
is O (N?) in the degree of the polynomial expansion. We will see that the spec-
tral method outperforms the Hoff method in terms of the global amount of work:
% (log (%))3 compared to 1%2 For the spectral method, the nature of the expo-
nential relationship between the problem size N and the time step size k obviates
reductions of per-time-step workload.

In the time stepping iteration we must perform the following costly operations:
finding the free boundary, changing basis coordinates, computing a dense matrix
of discrete inner products, and solving a dense linear system. In the sequel the
number of quadrature points, v, is O (N) and we are always considering N — oc.
At a few points I point out where the O (N?3) complexity for one time step may
be reduced, but do not put much emphasis since the main result still holds if one
time step required O (N?) for any p < oc.

Finding the free boundary amounts to finding roots of a polynomial equation.
We solve this using a polynomial root finder, which solves an eigenvalue problem or
a generalized eigenvalue problem and takes O (N?3) flops. One way to reduce this
is to use NM. Each Newton iteration requires evaluation of polynomial expansion
of the pressure Y 8,6, (z) and its derivative. These require O (N?) flops and may
be reduced to O (N log N) if the appropriate technology exists, as is mentioned
below. Using the root at the previous time step as a seed should allow for optimal
quadratic convergence of NM, which translates into O (N?) complexity. This is

plausible since Knerr [22] proved bounds on maximal growth of the free boundary
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of the PME and particular generalizations of it that include the generalized PME
of the previous chapter.

At each step we must change coordinates of the solution at time ¢, 3 (), from
coordinates with respect to Legendre basis functions orthogonal on = (t) to co-
ordinates with respect to Legendre basis functions orthogonal on Z (t 4 k). We
considered three methods for doing this. One reduces to solving a dense linear
system and two others construct dense, upper triangular transformations matrices
for use in a less costly matrix-vector multiply.

The first algorithm could take advantage of the high degree of interdependence
between the matrices from one time step and the next, in terms of starting guesses
for iterative methods. This may be successfully exploited to reduce the cost of this
operation to o (N3).

The first of the last two methods, implements the closed form transformation,
but turns out to be unstable in practice. We will omit this method from further
discussion.

The second of the last two algorithms numerically integrates the inner products
which make up the entries of the transformation matrix. Each of these requires
O (Np (N)) flops since we numerically integrate the inner products which make up
its entries, where p () is the time required to evaluate a polynomial expressed in
non-exponential basis functions. Evaluating the functions in the inner products at
the quadrature nodes requires O (N?) flops to compute, i.e. p(N) = O (N?). If
FFT technology for non-exponential basis functions exists this might reduce the
computation to O (N?log N) flops.

Forming H from or requires O (N3) since , for each entry, we are
numerically integrating inner products of functions which cost O (N?) to evaluate

at the quadrature nodes. As discussed above this may be lowered with FFT-like
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technology.

Finally computing the derivative in or requires solving a dense
linear system which requires O (N3) flops. This matrix is symmetric so these
methods enjoy Cholesky’s partial reduction in work and stability. Investigating
the interdependence between derivatives at one time step and derivatives at the
next time step may reveal more structure that could be used to advantage in the
context of iterative methods.

The method of Hoff [I§] is a finite difference method that sidesteps the normal
parabolic mesh condition needed for stability. In the paper Hoff proves convergence
and gives bounds on the rate of convergence. This method performs a linear solve
with a tridiagonal matrix, so requires only O (V) flops per iteration. Convergence
is guaranteed for k = O (h). Since h = O (N'), we that the total complexity
O(MN)=0 kK1) =0 (k2.

The total complexity for the spectral method is O (M N?3) = O (kfl (log k*1)3>

which grows asymptotically slower than Hoff’s O (k72).
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CHAPTER 6
FUTURE WORK

We list some ideas for future work that range from highly pertinent to this

work, to interesting questions for future investigations or extensions to this work.
From the first category:

e As mentioned in section , our numerical form — can be con-

sidered a spectral method for the pressure equation ([1.7)). We can reconsider

some of the questions that were left unanswered in light of this interpretation

of our numerical form.

e Can we prove a comparison principle for solutions of the semidiscrete system
(2:22)? This would prove that our method stays positive if Z (z, 0) > 0,
Va € Z(t). Similarly for a.

e Estimate the accuracy in approximating (u™),, with numerical form (2.18)-
(2.19). This is usually done using linearity of the functional being approx-
imated and by estimating the error by summing the tail of the infinite ex-
pansion. See [10] [§].

e Study the eigensystem of model 2 that uses the modified Legendre basis.

In particular, that those solutions contract to the Barenblatt would not be
surprising, but the form of the decay will be interesting.

e Get a better understanding of the dependence of the time-step on the sta-
bility. This will undoubtedly involve the shape of the stability region of the

time stepper used to solve the discrete system (2.14)), as well as the eigen-

values of the derivative from this discrete system, g. And similarly for the

semidiscrete system ([2.30)).

e Let f be a multivariate vector-valued function and consider computing deriva-

tives of the ith component of f, f (). We collect the first derivatives of f (7)
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with respect to the coefficients B into vector known as the gradient of f (i),
V£ (i). Similarly, the collection of second derivatives of f (i) with respect to
the coefficients 3 are arranged in a matrix known as the Hessian, V*f (7).
Given the code to compute f, automatic differentiation produces code to
compute Vf (i) and V2f (i). These are necessary, e.g., for trust-region New-
ton’s methods mentioned in the solution of . These methods require
the computation of the vector s = — [V2f (i)] ' VF (i), called the Newton
direction. As mentioned in the solution of , we can use automatic
differentiation to produce the code that computes Vf (i) and V?f (i), and
use them to corroborate our own implementations of our hand-computed

gradients and Hessians. For more about automatic differentiation see [L5].

e Extend the method to higher dimensions. Begin by applying it to the radial

formulation of the PME.
Interesting questions for future investigations:

e Consider solving the system that explicitly keeps the free boundary as part

of the unknown. For instance, if we plug w

=

" = (G —a) (x =&)Y B (1) 65 (x)

§=0

into (1.5). The mass matrix divides the DE into two coupled subsystems:
one for the free boundary curves and one for the coefficients. How does the
free boundary equation of Knerr fit in? Can we prove that the matrix
system analogous to is nonsingular? One obvious benefit is that we do

not need to find roots of a polynomial to find the free boundary at each step.

e Apply the ideas from this work to other PDE with free boundaries. This
dissertation work started by trying to numerically solve a nonlinear diffusion

PDE with a free boundary found in the Mainguy and Coussy [26].
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e Solve the joining nonzero densities problem where two disjoint supports even-

tually join.
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APPENDIX A
CALCULATIONS

We summarize the calculations used in determining the derivatives involved in
the differential identity in . The free boundaries & and &, used in the sequel
are the roots of sG solution of section [2.1.2, For the most part, calculations will
be for the case when the trial and test functions bases are each the standard basis.
In some places we use a more general setting where stipulations on the basis are
relaxed.

We note the following changes of variables, which will prove useful. For z &€
€, 0], we let s = (z— &)™V so that (m—1)s™2ds =dz, s | Oasz | &
and s 1 (_&)1/(m71) as x T 0. Let s* = (—54)1/("%1). For x € [0, &], we let
s= (& — )™V sothat — (m — 1) s™2ds =dx, s | Oasz 1 & and s 1 g/ m=1)
as x| 0. Let s% = &/m™1),

Now we note the following rewriting of p that isolates the singularities at the
interface. Define ¢ and r such that p(z) = (z — &) q(x) = (& — z) r (x), where
q, v € IIy_1. In the case where each of the trial and test function bases is the
standard basis, ¢ () = Y0 o'z, o = ij:_ol_i B, 7 (x) = N et and
v = — Zé\f:_ol_i & Bitj+1. The quantities & + s™ ! and & — s™ ! will appear often

m=1 and

enough that we will use the shorthands z and w for them: z = & + s
w =& —s™ 1 Also, we will use the following notations: 0, = p, (&), 0, = p. (&),

and 0 = p, (£). Also, x;(z) is the indicator function: x;(z) = 1 if 2 € I and
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xr(z)=0ifx ¢ I

A.1 Mass matrix, H, and its derivatives

A.1.1 Mass matrix, H

Let p and @ be as in (2.18)-(2.19)). Then the mass matrix, H, in (2.24]) is

1 & 1

H(, j)=—— i P (@) 65 (2) ¢ (w) da, (A1)

where the trial and test functions {¢;} form a basis of ITy. In the course of writing
down such formulas, we must be cautious that we are not writing nonsense. That
is, we must ensure that the integrals involved exist. In this chapter, we address
this point.

We now give sufficient conditions for a keystone integral to exist.

Lemma A.1. If q and r are such that 0 < q(x), r(y) < oo, for x € [&, 0] and
y €0, &], then
&
A :/ pr-1 ' (z) dv < oo,
&e

for all m > 1.

Proof. Take m € (1, 2), then 1/ (m — 1) — 1 is positive. Since p (x) is bounded for
x € [&, &, we have M < oo such that
1 &
A<Mm1_1/ dr < oo.
&
Take m = 2, then A = f&f dr < oo. Take m > 2, then 1/ (m — 1) — 1 is negative.
Since g and r are bounded away from zero and infinity, we have an 0 < M < oo such

that ¢"/(m=D=1 (2), r/m=D=1(3) < M, for x € [&, 0] and y € [0, &,]. Proceeding
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with this estimate we have

1

&r 0 &
A= Mot @ de= [yt @ des [Tpr @) do
& &e 0

1 1

0 1 L &r
= / (. —&)mT tgm1t(z) d +/ (& —x)mT Lpmi Tt (2) do
€ 0
Z 0 1 &r 1
<M [ (z—=¢&)=1" dx+M/ (& —a)m1 " da
£ 0

1

= M (m—1) {(—&)mll 0w 4 & — om} < 00,
since 1/ (m — 1) > 0. |
From this follows the result we are after:
Corollary A.1. H given in s well-defined.

Proof. To see this, we use that for € [£, &], we have that any ¢; (x) will be
bounded as each is a polynomial on a bounded set: |¢; (z)| < M, for some 0 <

M < oo. Applying lemma we get that

2 &r
H (i, j) < w11 (z) d . n
0.9)% oy | v ) de <o
Corollary A.2. H given in (A1) with {¢; (z)} = {x'} is well-defined.

Proof. Such ¢; are particular examples of those described in the proof of corollary

Al |

We will need the following preliminary calculations in the sequel.

A.1.1.1 Preliminary calculations

All subsequent calculations will hold for general polynomials.

We will need the following lemma to continue.
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Lemma A.2. If the bases for the trial and test functions are both the standard

basis and that p, (&) # 0, then

g_; _ _%} (A.2)
- lale+ o) = & G Bl /5 TR NS
8% (e —sm1)] = & s - lefpx (& — ™) (A4
% [pe (62 s™ )] =€ (6%5m7) " - %ﬁpm (£s"7)  (A)

9 [ (€2 5m )] = (0= 1) (€ 2571 2 = gpm (E+s™).  (A6)

op
Proof. The formulas follow from using the definitions of p, ¢, r, p., and p,,.
Equation . The equation giving 9¢ follows from implicitly differentiating
the equation p (§) = 0 with respect to g:

B d
T

d N
- B k
d&; €
N ¢
_ k—1 £
—;ﬁkks 55 ¢

15)
:px<s>a—§£+f4

0 (€)

Now solve for 9,¢. This shows (A.2).
Equations (A.3)), (A.4). To calculate the term 9 [q (£, + s™71)], substitute & +

s™ 1 in ¢’s defining equation, p (& + s™ 1) = s™1q (& + s™1), and differentiate
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N

"o g (G5 = fj O et ™Y + 38 (6 + )
9P = 9B = ’ IPe

e D .
= (& + 5™ 1)e+a—§‘;px (& +sm7Y),

so that dividing by s™ ! and using (A.2)) gives (A.3). We can derive (A.4) for
d[r (& — s™1)] in a similar way. This shows (A.3)) and (A.4).

Equation (A.5)). Proceeding as above,

_ . -aﬁj 4 gL Jj—1 Y . 0 4 gm-1 j—1
_Zja_ﬂg (5 S ) +;j5ja—ﬁe |:(§ S ) ]

j=1
N L, 0¢
A ST D WERIER Gy i<
j=1
¢
:E Zl: m-1 ot - € xTT j: ml )
(Ex) e )
where we used in the final equality. This shows .
Equation . We use the same methodology:
O [pe (g 5] = iiy‘ (=18 (€)™
9B e <=
N N
iy 95, m—1\J—2 » 9 m—1\J—2
= - 1) = (&+ + - 1) B— +
L A A WAL LT (=)
-2 al i—3 85
=LE=DEEmT) T4 GU-DE- (-2 (ExmT) T 55
j=3
=/ (g - 1) (5 + Smil)z_2 - g—épzx:p (5 + Smil) :
P (§)
This shows and completes the lemma. [ |
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A.1.2 Derivatives of H: Introduction

For the remainder of section we set {¢;} to be the standard basis. With the
question of existence of H settled in corollary and in corollary [A.2] we take a

derivative of H:

OH 1 06 4

L oG o P T TR
o5, D = it @& - g @&

+ ! ! -1 /&pmllQ(x)gcz‘Hde
m—1\m-—1 ” '

Notice that the above equation may not make sense for m > 2; in this case, the

(A7)

boundary terms seem to blow up because p (§) = 0 and the exponent, 1/ (m — 1) —
1, is negative. Likewise, the integral fér pt/m=D=2 () dz has a singularity at the
interface that may not be integrable, since the exponent, 1/ (m — 1) — 2, is smaller
than —1. We address these issues in the following sections. The calculation is

broken into several cases and steps:

1. 0H, m € (1, 2] in section |A.1.2.1
2. O0H = 0J, + 0.J5, m € (2, 00) in section |A.1.2.2

(a) 0J; in section |A.1.2.3
(b) 0J3 in section [A.1.2.4

A.1.2.1 Derivatives of H, 1 <m <2

Putting 1 < m < 2in (A.7]) we see that because |0¢| and |¢| are bounded, p (§) =0

and the exponent 1/ (m — 1) — 1 is positive, the boundary terms are zero:

—_— s = —_— m—1 v d .
OB (8, 9) (m —1)° /ge P (w) !

This integral exists because |p (x)| and |z|*, a > 0, are bounded and the exponent

1/ (m —1) — 2 is positive for m € (1, 2). This formula is recounted in equation

(B.3)) of the summary.
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Putting m = 2 in (A.1)) gives

&
H(i,j):/ ' dr =

i+7 i+7+1
: m(€+]+l_€£] )
¢

T

Taking a derivative of this and using (A.2) gives (B.4) of the summary.

A.1.2.2 Derivatives of H,m > 2

Set m > 2. To resolve the potential issues observed in this case, we rewrite H (i, j)
as integrals over the intervals [¢y, 0] and [0, & ], change variables, and use ¢ and r

in order to show that the effects of the apparent singularity in (A.7)) are negligible:

H=J +Js,
where
I »
Ji (4, j):m 5 pr1 0 (z) 2" dx (A.8)
and
Ja (i, j) = ! ’ S (2) 2t d (A.9)
gz,]—m_lop T)x €. .

We want to calculate H, which can be written as

o _os o
o o0p I8

We calculate 9.J; in section and 0.J, in section [A.1.2.4, The calculations

of 0J; and 0J, are completely analogous to each other. Lemmas and

establish that 0.J; and 0J; are well-defined, respectively, and depend on lemma

[A.3] which we show next.

We now consider the existence of the integrals in and . To es-
tablish the existence of those integrals with ¢* and r*, o =1/(m —1) — 1, we
require that ¢ and r be bounded away from zero. To establish the existence of the
remaining integrals, those with ¢*, r*, a = 1/(m — 1) — 2, we require the strict

positivity ¢ and r and that ¢ and r be such that
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Cl+&) <q@), asa L&, (A.10)
and

C(l+&'n) <r(z), asz &, (A.11)
for some positive constant C. Note that such C > 0 can be found if we have strict

positivity of ¢ (z), for x € [&, 0], and 7 (y), for y € [0, &].

Lemma A.3. The integrals in (A.15) and (A.18) are well-defined provided that
q(x) >0, for x € [, 0], and r (y) > 0, fory € [0, &].

Proof. We will write 6, = p, (&) and 6, = p, (§.). We first take care of the second
integrals in (A.15)) and (A.18). Since ¢ and r are bounded away from zero, there

is an M < oo such that

gmi! &+ ‘(& + sm_l)iﬂ*l <M

and

pe 1 (& _ tm—l) (& _ tm—l)i+j—1 < M,

for s € [0, s*] and ¢ € [0, s¥] , respectively. Then we have

*

/ qﬁil (5@ + Sm_l) (& + Sm_l)i+j_1 ds S M/ ds < 0o
0 0

and
o

s
/ N (& =" (& - sm_l)lﬂfl ds < M/ ds < 0.

0 0
We next show the result for the first integral in (A.15). Change variables using

s=(z— 54)1/(m_1) , then again using = &y and yet again using y = t'/? :

*

A= / g2 (g, 4 5mo) 0 (657 = &lpa (g + 577 | ds
0

1 0 19 1 _4 , ,
— —m 1 /; (SC - f@) m—1 qm_ (l’) [9@1‘ — fﬁpx (l’)] dx
_1 L2 pt1 0 19 1 __4 ’
= (&)™ Y /1 (1 —gy)mT17"gmT1"7 (&) [Hgy — Da (@y)} dy

m—1

= Co /10 (1 —t%)7r1112 qﬁﬂ (&ﬁ) [95755 —p, (&t%ﬂ Bea
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where Cp = 271 - (m — 1)7! (=¢,)/ D2 ++1. Since (A-10) holds, changing vari-

ables, there is a t* € (0, 1) such that

c(1+6h) <q(eat), vee @, ). (A.12)

Write |A] < Ay + Ag, where

A=lal [ ()T g () [outt - (61
0
and
Ay = |Co /1 <1 — té>771112 qﬁ_2 <&t%> ‘Qgté — Px (fgt%> 21 gt
"

Then, since 0 < ¢ (z), |p. (z)| < oo, there is an 0 < M < oo such that
1 1 ¢ 1
g1’ (&W) ‘thz — D2 (&W)‘ <M,
with which we can say that
¢ 1 ﬁ_z 1
A < cl/ (1-)"" vt
0
\/F l
:2(31/ (1 —u)™1 % du < oo,
0

where C; = M |Cyl| . Using ((A.12)) we have

1
J— 2 — 2 -1
Ay < Cy /t (1 — t)m ‘egt Do (&t ) dt
1
_ 31
gcl/t* (1—t)mT ( >t dt
= /1 (1 —t)ﬁ”t%—l p (1)| dt, (A.13)
.
where Cy = CY/Mm=1=2|Cy| and
N—/(—1 .
(1) = Zkﬁkf’“ 145t (1—752) _ 3 Z kB ek (1—ﬁ)
V4 . eN —(—1 .
<> kIB e (1= t8) 12 3 kgl [e ] (1-48)
= 4 ok N—¢—1 =
<GStz (1—t2) +Cyt2 1—t2),
ot (1) et 3 (1))
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where C3 = NBC, B = maxy, | x|, C' = maxy, ‘ﬁf‘l| . Note that

)] < C3N -2 (1—tN‘§‘l), (=0, .., N2,
p (1) <
N (1-15), (= [52]+1, N,

<, (1 —t%) : (A.14)

where C4 = C3N. Since m > 2, 1 —1/(m—1) € (0,1), so there is v €
(1-1/(m—1), 1) such that

ol

1—t2 <(1—t),Vte(t'1),

and t* is the same as that above. Using this and (A.14)) in (A.13]) we get that

1
Ay < 65/ (1—¢)mT2¢5! (1 - t%) dt
tl 1 1
< 65/ (1—t)mT 221t
t*

1
< 65/ (1—t)y T 21y
0

1 1
— CB 1=
5 (7+m_1 72>7

where C5 = C,C4 and B (p, q) is the beta function. The beta function is positive

and finite for p, ¢ > 0. Similar considerations give

[ =) [ 6 -5 ) €l (6 — )] ds < o
0
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A.1.2.3 Subcalculation one: 0.J;

Lemma A.4. Suppose condition (A.10) holds, then

oh . . 1 €yt _
aﬁé (?’7 j)*m_l 6650 X{O}(Z_'_j)
m—2 1 [ 1 0,28 — Ep, (2
e - = 2(2) L gép ( )

_ 55 v 1 i+j—1
—(i+7j) > g1 (2) 2 ds.
9( 0

2 ds (A.15)

Sm—l

Note: the derivation of this formula shows that the integral in the last term need

only make sense when i + 7 > 1.

Proof. Assume that i + j > 1. Changing variables in (A.8)) gives
J( )_ 1 0%1_1()i+jd
G =o= x) x dx
. 1 ’ L9 m—1 m—1\¢+J m—2
=—— [ prr (&) (&) T (m = 1) s ds
m—1J

*

:/ (Sm—lq (&jLSm—l))ﬁ*l (& + Sm—1>i+j $M2 g
0

*

:/ g1 (2) 2 ds
0

Taking a derivative of J; we get

on .
95, (¢, j) = 011 — Oz
+ /S* ; -1 qﬁd (2) i [q(2)] 2 ds (A.16)
0 m—1 9B .
s 108
T e 1 4 i+ l_d 7
| e
where
_0(s") 11 i+j
O 95, q (0)0
1 1_18&(@)) SR
= - (— > - 074 J
1 O g e
—_ 1 @ m—1 1OZ+]
m—1 854 0

111



and

8(0) L1 i+j
aﬁ[ q (£Z> l !

=0 gm1 (&) e

a12 =

We have calculated ¢ (0) in 013 by taking x = 0 in the identity p (z) = (v — &) ¢ (x) .
Considering the second boundary term, we see that d15 = 0, since 0 < ¢ (&) < oc.

Using (A.2) and that i + 7 > 1, the first boundary term dy; can be calculated

1 & |
O = — <— . ) P 0=0.
om—t\ (&))"
Using (A.3]), (A.2)), and that the boundary terms are zero in ({A.16) gives that

s* -1
00 i, ) = m_2/ qﬁ—z(z)zhee &Pz (2) isi g
0

Smfl

as

— (i +7) gg / g1 (2) 2 s
o

Assume that 7 + j = 0. In this case J; (0, 0) fo (m=1)-1(%) ds. Taking a

derivative gives that

00 =on - ) (L - 1) 2 () L g (o) ds, (A7)

05, m—1 0B
where
_8(5*) 1.1
o = 95, q (0)
LU gy % (AT
S om 1( &) By (-fz)
- 1 8{( prosnc 1
= =105,
and
_8(0) 11
Oro = 8&(] (f)
—0.gm1- "(&).
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We have calculated ¢ (0) in 013 by taking x = 0 in the identity p (z) = (z — &) ¢ (x).
Considering the second boundary term, we see that 12 = 0, since 0 < ¢ (&) < oc.

Using (A.3]), (A.2)), and that d15 = 0 in (A.17)) gives that

aJ 1 0& L—
0, 0) = L S
8@ m—1 8615
_m-2 / g2 (2) 2 =8 6ipa (2) ds
m—1J, sm—1
_ ]' g 'm1 1 1
m—1 0@ 0
— m— 2 / qm1,1*2 (Z) ZZ Qf_lggp:c (Z) d
m—1 J, sm—1
This completes the result. [ |
A.1.2.4 Subcalculation two: 0.J;
Lemma A.5. Suppose condition (A.11)) holds, then
0ty . . 1 e B L
8—66(273)——m'9—Tﬁo X{oy (i +7)
#
_ 2 1 S 1 0 y4 . y4 L
N = ST e
m — r Jo sMm=
¢ st
— (i +7) —T/ pm-1 ! (w) w1 ds.
0. Jo

Note: the derivation of this formula shows that the integral in the last term need

only make sense when i + 7 > 1.

Proof. Assume i + j > 1. These calculations will proceed much the same as those

for 0.J;. We proceed to rewrite Jo by changing variables:

#
Jo (i, §) = / rit ! (w) Wit ds.
0
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We calculate a derivative of J; to be

oh
3_@ (i, j) = Oa1 — Oa2
s* 1 14 0 m
S— — ar .
+/0 <m_1 )r () 57 [ (w)] ™ ds (A.19)
5# . .
+ / P (6 = ) (4 ) (6 — )T O,
0 By
where
8 S# 1 L
_ 1 ﬁ%Aa& @ w1 0it+i
m—1 aﬁﬁ 57’
_ 1 65’!" dm%liloi%*j
m—1 aﬁg
and
0(0) "
R

— 0.t (&) &,
We have calculated 7 (0) in 01 by taking x = 0 in the identity p (z) = (& — z) r ().
Considering the second boundary term, we see that day = 0, since 0 < r (§,) < oo.

Using (A.2) and that i + 7 > 1, the first boundary term Jy; can be calculated

as
1 3 T
O = ——= st 0=0.
vt ()
Using (A.4]), (A.2)), and that the boundary terms are zero in ({A.19) we get
ol . . m—2 [ 1, w =07, (w) .
B, (1, J) = —m/o re T (w) g1 w'™ ds
4 s* 1 L.
—(i+ ) O_T/ ra-1 ! (w) w1 ds
rJo

Assume that 7+ j = 0. In this case J; (0, 0) = [

derivative gives that

o,
e

0

(0, 0) = Byt — O + / " (L - 1) T2 (1) a% i (w)] ds,  (A.20)



where

8(3#) -
(921 = aﬁg rm-= (O)
. 1 mll 1857’ ﬁo 77171
o5 ()
1 06 -1
m—1 854 0
and
_ 8(0) 11
O = 96, r (fr)
=071 ()

We have calculated r (0) in 01 by taking z = 0 in the identity p (z) = (§, — z) r ().
Considering the second boundary term, we see that day = 0, since 0 < r (§,) < oo.

Using (A.4]), (A.2)), and that dos = 0 in (A.20]) we get that

0J. 1 0§ L -
Z72 (0, 0) = — 3 ! !
aﬁg m 1 aﬂg
9 s ¢ p-lgt )
— m—/ rm1_1_2 (w) w r :p (w) ds
m—1J sm=
1 g

This completes the result. |

Now that 0J; and 0.Js have been shown to be well-defined, we combine the

results of lemmas and to give (B.5)) of the summary.

A.2 Load vector, f, and its derivatives

A.2.1 Load vector, f
Let p and @ be as in (2.18)-(2.19)). Then the load vector, f, in (2.27)) is
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&r
fi- / m (m — 1) @2 (2) @2 (2) 61 (z) da

&e
&
+ ma"™ ! (2) Uy () ¢4 () da
e
&
- o L T @R @ e ) de
(m - ° (A.21)
- j P () pae (&) 1 () da.
We write f = I; + I5, with
&
N m | 2 ‘
L) = [ @p @)
and
. m b
L) =—— P (%) e (7) @i (2) d.

We should be sure that these formulas make sense.
Lemma A.6. The integrals in I, and Iy in the definition of £ are well-defined.

Proof. Since ¢; (x) is a polynomial defined on a bounded domain ¢; (x) € L™ (2 (1)),
for any fixed t. Similarly, p, (z) € L* (= (¢)). Finally, since we have seen from
lemma that pt/m=Y=1(z) € L' (Z(t)), we have that the integral in I, < oo.
To see that I is well-defined we point out that since 1/ (m — 1) > 0 for all m > 1
and p (x), pz (z) and ¢; (x) are bounded for x € = (t), there is an 0 < M < o0

such that

&e
Corollary A.3. If {¢; (z)} = {z'}, £ is well-defined.

Proof. The arguments made for lemma hold. [
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A.2.2 Derivatives of f

For the remainder of section we set {¢;} to be the standard basis. f being
well-defined, we calculate 0f. The calculation is broken into several cases and

steps:

1. of, m € (1, 2) in section
2. Of, m = 2 in section

3. of =01, + 01y, 0I; = 0.J1 + 0J2, m € (2, 00) in section

(a) 0J; in section |A.2.5.1
(b) 0.Jy in section |A.2.5.2

A.2.3 Derivatives of f, 1 <m < 2

Lemma A.7. Let 1 <m < 2.

ofi _m(2—m)/€r 1 )
3

9B moy S U

2€m & _1 il —
2 [ @ )
£

&r
m 1 i
+ — D) / pm_l ! ($) Pz (fL‘) iy +Z dI
(m_l) &
0(0—1 &
JHe-m
m— 1 &

L

pml—l (z) 22 da.

Note: the derivation of this formula shows that the integral in the second term need

only make sense when ¢ > 1. Similarly, the integral in the fourth term need only

make sense when ¢ > 2.

Proof. Take 1 < m < 2 in (|A.21)). Taking a derivative of f, we get Of = 911 + 015.

These terms may be written as 9Iy = 011 + 012 + 0111 + 0112 and Oly = Og1 + Oag +
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0I5 + 0ls, where

m  0&,
(m —1)° aﬂep

m 8&

(m —1)* 9B

O+ 012 =

w1 () PR (E,) €6 —

8[11 . _m(2_m> & ﬁ—Q i+L
a_m(”‘m——lf’/@ P72 (2) 2 (2) 0 do,

0Ly ..  m & 1y 0 1 i
a_m(z)ﬂm—n?/ PR ) g, e ()] o' de

2m & 14 0 i
- /5 P @)1 () 5 e (@) de
20 & 1 .
= o LT @ e
0 [ i 0 1 i
821 + 822 - %82@19”11 (§r>pz$ (gr) fr - %a_gipml (é.f) Pz (5@) 5@7
ol & 1 .
0=t [ et
and
Ol .. m & L 0 i
%(2)_m ‘., pm (I)a_ﬁg[ ve (2)] 2" do

(0 —1 & 1 .
— w pm (gj) "L‘l+£72 dx.
m—1 &

Pt L (€0) P2 (€0) €,

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

The boundary terms 017 + 012 and 0y + Oqe vanish since |9, |[px (£)], [Pee (€)]

and ¢ are finite, p () = 0 and the exponents 1/(m —1) — 1 and 1/ (m — 1) are

positive.

Note that when ¢ = 0, dp, = Ip,. = 0 because the coefficient of the constant

term of p, By, appears in neither p, nor p,,. Similarly, when ¢ = 1, dp,, = 0,

because the coefficient of the linear term of p, £, does not appear in p,,. This

gives that Jyl12 (1) = 0, when ¢ = 0, which is consistent with (A.24]). Similarly,

Oplas (i) = 0, when ¢ < 1, which is consistent with (A.27). The integrals defining

Opl1s (i), for £ > 1, Opl51, for all £, and Oyl5s, for £ > 2, exist because the functions
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p(x), |ps ()], |pe ()] and 2%, « > 0, are bounded on the interval = (¢) and
because the exponents 1/ (m — 1) — 1 and 1/ (m — 1) are positive. The relevant

integral arising from 011, 5; p/(m=D=2 (1) dz, also appears in H and was shown

to exist in the case 1 < m < 2. [ |

The results of lemma are collected in (B.7)) of the summary.

A.2.4 Derivatives of f, m =2

Lemma A.8. Let m = 2.

&r
ofi _ —20,67 + 20,6 + 4€/ pe (2) 2 da
9B, &
&7‘ ) é.'r )
+ 2/ Pee () 2 d 420 (€ — 1) / p(z) x 2 dr,
& &e

Note: the derivation of this formula shows that the integral in the third term need
only make sense when ¢ > 1. Similarly, the integral in the fifth term need only

make sense when € > 2.

Proof. Putting m = 2 in (A.21]) gives f = I + I, where

&r
L(i) = 2/ P2 (x) 2" do

&e

and

&r
I (i) = 2/ P (2) Pee () 2 da.

&e
We compute 9,1, for the cases £ = 0 and ¢ > 1, then compute 0yI5 for the cases

f<1and/?¢>2.

Taking the derivative of I; gives

on a@ 2 fe 2 (o g & 0

the boundary terms of which are well-defined since |0¢], p, (£), and £ have bounded

(i) = [Pz ()] 2° do,

ranges.

119



Assume that ¢ = 0. The coefficient 3y, of p,, is identically zero, which gives

Then

)

2L (i) = 200602 (&) € — 20062 (€0) &)
I

(2 ) kee - (- ) k@

= —2p; (&) & + 202 (&) &i-

Assume that ¢ > 1. We get

% ; i+ i+l & i+t0—1
55 ()= 20 (@& + 2 €06 4t [ o (@)a" e

Regardless, the integral appearing in 01; is well-defined since |p, (z)| and x,
a > 0, are bounded on the interval = ().
We now compute dl,. Taking the derivative of Iy gives 0l = 01 + Joo + 011 +

0155, where

a1 + 022 = 28—519 (&) Paa (fr) 06

aﬁ 5 (éf)pmc (fﬂ) f@,
& |
% (Z) =2 /& Pzx (I) 7 de
and
8]22 5’“ a ;

The boundary terms, da; + 022, vanish since p (§) = 0 and because |9|, [p (§)],
and ¢ have bounded ranges. The integral in 0l is well-defined because |p,, ()|
and %, a > 0, are bounded functions over = (¢). When ¢ = 0, 1, the term 0yl is
identically zero since the coefficients 5y and (1, of p,,, are identically zero. This

means that when ¢ =0, 1, we have

oI, . /ﬁr '
— (i) =2 o () 20 d
=2 [ o
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and when ¢ > 2, we have
&r

é’l‘
oL, (i) =2 / Do () 2 dx + 20 (0 — 1) / p(2) 22 da.
8/85 & ¢

The results of lemma are summarized in (B.8)) of the summary.

A.2.5 Derivatives of f, m > 2

We calculate the derivative to be Of = 011 +01,, where 0I; = 011+ 010+ 0111+ 0119
and 0ly = 091 + Ogg + Ols1 + Olse, and where 011 + 012, Ol11, Ol12, Oa1 + Oaa, Oloy,
and 0lyy are defined in equations —.

Take m > 2. The boundary terms appear to blow up because p(£) =0
and the exponent, 1/(m — 1) — 1, is negative. Likewise, the first integral term
has an apparent singularity at the interface that may not be integrable,
since the exponent, 1/ (m — 1) —2, is smaller than —1 and p (z) = O as |z —&| — 0

for x € Z(¢).
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Lemma A.9. Let m > 2. Of = 01, + 0l,, where 01, and 0I5 are given by*
Ly =
aﬁ( ( ) ( o 1 2
_m(m=2) { /
(m—1)> |0
#
1 # 1 __9 9 erwg_ fipx (w) i
+ e_r/o (7’ ! pm) (w) gm—1 w' ds
26m - L1 i+0—1
+m—1{/0 (q I pw>(z)z ds
—l—/ (rﬁ_lpx> (w) w1 ds
0
2m & L1 i
- [04 / (q pxpm) (2) 2" ds
¢ ps
+§_:/0 (Tﬁ_lpxpxx) (w) w' dS]
. ¢ s*
— vm _E ml—l_l 2 i—1
e ()

¢ ps? L '
—i——er /0 (Tm_lpi> (w) w"? ds] :
0l m

N & ! i+l g
8_@(2) = m/& P (X) Pag () 2 da

(-1 & :
+ fe-ym prt () 2% da,

on . { } X0y (7)

€ ¢t '
) Gzz §ePae <Z)ZZ s

Smfl

m—1 13
Note: the derivation of this formula shows that the integrals in the third term in
O¢ly meed only make sense when ¢ > 1. Similarly, the integrals in the fifth term of
OI4 (i) meed only make sense when i > 1, and the integral in the second term of

¢l need only make sense when € > 2.

Proof. We address 015 then 0I;. The formulas for 01, are well-defined: The bound-
ary terms (|A.25)) are zero since |0¢| is bounded [£|, |pz: (§)] < oo, the exponent
1/ (m — 1) is positive for all m > 1, and p(§) = 0. The second integral (A.27))

*Recall that x; (z) is the indicator function on the set I.
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exists because 1/ (m — 1) > 0 and |z|, |p (z)| < oo, for z € Z (). Likewise, the first
integral (A.26)) exists as p,, (v) 2" € L>® (2 (t)) and p/" V=1 (z) € L' (2 (1)), as

has been shown in lemma So our results from the case 1 < m < 2 carry over:

If £ < 1, then
ol . m b i+
95, (1) = m/& Pt () Pag () 2 dix.
If ¢ > 2, then
ol . m R i+t
5 0= o [ @ e )0 e

0(0—1 & 1 .
+ e-ym pr1 (z) 22 da.
m—1 &

Now we address 01;. Rewrite I; as Iy = J; + Jo, where

1) = [ T )t e

o e U e AR IR i

= _m <qﬁ_1pi> (2) 2" ds (A.28)

and

_1)2
s# m L i
- [ e = e =) (= ds
[T () )y wds (A.20)
—

The calculation of 9.J; is in lemma[A.10] of subsection [A.2.5.1] The calculation
of 8J, is completely analogous to that of d.J; and is in lemma of subsection
[A.2.5.2] We combine the results of these lemmas to get dI; as above.
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That every integral in these formulas is well-defined can be seen as before. By
judiciously choosing factors of the integrand to bound from above we arrive at

integrals the existence of which was established above. [ |

The results of lemma are summarized in (B.9)-(B.11) of the summary.

A.2.5.1 Subcalculation one: 0.J;

Lemma A.10. Let m > 2.

oJy . m & L1, .
)= —"_.3¢ i
aﬁg ( ) (m N 1)2 04 0 /61X{0}( )
mm—2) 1 [/ 1 002" — Epe (2)
(m—1)? 07/0 (7572) () =5 s
20m [~ | i+0-1
R ; (CZ pw) (2) z ds
2m ¢ s 1 i
Tm—1 2_2/0 <qm71 1pxpm> (2) 2" ds
m A i
- [ () 9 s

Note: the derivation of this formula shows that the integral in the third term need
only make sense when £ > 1. Similarly, the integral in the last term need only

make sense when 1 > 1.

Proof. Taking a derivative of (A.28) we have

o0J
—1 = 811 - (312 -+ L1 —+ LQ —+ Lg, <A30)
9P
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where

On =55 g™ (07 (0)0

- em g () S

- _ﬁgg 2 (0) 0, (A.31)
0 = ) g ) 2 ) €

~0- m”j T (E) P (€ €

(A.32)

mml ) (m ) T aﬁe[ q(2)]p2(2) 2 ds,  (A.33)
)= 1/0 7T (= aaﬁz 2 ()] = ds
mml/ g )]%()%[z()]ZdS (A.34)
and
/ P (2) iz 1§§id (A.35)

Consider the boundary term d;; (A.31]). Take i > 1. Using ({A.2)) and that |0¢]
is bounded in (A.31)) we get that 011 = 0. If i = 0, we use (A.2) in (A.31)) to get

. m &
O = _(m— % ( 94) 51

_ m fe -1 2
= ror

Consider the second boundary term 05 given by (A.32)). As ¢ (&), p. (&), and

&y are all finite, we see that 015 = 0.

Consider L;. We use (A.3) and (A.2)) in (A.33) to get
2 s L9 e, :
L) = A [ g2 () 2 B )i
(m —1 0

Sm—l
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Consider Ly. We use (A.5) and (A.2) in (A.34) to get

*

. 2£m s 1 il—
Lo(i) == | @ H(2) pa (2) 2 ds
om  0& ¢ 1, ;
o Nt = id
+—— 654/0 g1 (2) (Papaa) (2) 2* ds
2€m 1

_ et <q7*H_1px> (2) SiH-1 g
0
2 s :
0
Consider Ls. Taking i = 0 in (A.28)) shows that L3 will not be present in this

case. Take i > 1. Using (A.2) in (A.35)) we have

' R A 2 [\ ;i1
Ly(i) = —— 5L [ gt .
= T g ) i

This gives the result. [ |

A.2.5.2 Subcalculation two: 0.Js

Lemma A.11. Let m > 2.

0Jy . m f L1 ,
3_ﬂ2g (i) = 17 0, L Bix (i)
m(m—2) 1 s* 1 __9 9 erwf_ fpl" (’UJ) %
- (m_ 1)2 QTA <71m_1 px)( ) sgm—1 w' ds
2m [+ :
m—m1 <rml—1 px> (w) w " ds
—LJo
2m fﬁ 57 1 4 ;
- m= rPxx ‘d
T A G L
im_ & 7 o1 2 i—1
_ S = i1 s,
et A Gl LM

Note: the derivation of this formula shows that the integral in the third term need
only make sense when ¢ > 1. Similarly, the integral in the last term need only

make sense when 1 > 1.
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Proof. Taking a derivative of (A.29) we have

g—éz = 0y — 0o + Ry + Ry + Rs,
where
d (s* 1
01 = 8(;@) mﬂz 1 H(0) P (0)0°
o 1 mll 1651" m BO m£1_1 2 i
L 1 () BT
_ m 08 i1 o i
(m — 1)* 98 ’ =00,
(0 ;
0 = G ()52 6)
=0- mTi L Y& (&) €
=0,
. m s 0 L 2 i
Rafi) = =2 [0 [ )] i (w)wds
m s* 1 1 0 i
T A e B CE PR
#
N m B ﬁ 1 i 2 i
R2 (Z) - m — 1 /0 r (w) aﬂé [px (/I.U)i| w' ds
s7 L a X
- / P () (2)ps () 5 e ()] ds
and
Ry (i) = — " (w) p2 (w) w2 ds
T - 0 Pa 0B

(A.36)

(A.37)

(A.38)

(A.39)

(A.40)

(A.41)

Consider the boundary term dy; (A.37). Take ¢ > 1. Using (A.2)) and that |0¢|
is bounded in (|A.37) we get that dy; = 0. If i = 0, we use (A.2) in (A.37) to get

¢ 1
()

(m—1)2 97“
m f L1
S o e
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Consider the second boundary term 0y given by (A.38)). Asr (&), p. (&), and

& are all finite, we see that 0y = 0.

Consider R;. We use ({A.4) and (A.2) in (A.39) to get

m (m — A wl — 01k, (w -
Ry (i):——( 2)/0 P12 (w)[ 0, &pe (W) P2 (w) w' ds.

(m — 1) sm=1

Consider Ry. We use (A.5) and (A.2) in (A.40) to get

20 s .
Ry (i) = L pril (w) py (w) w1 ds

s#
1

+ 2 / P (W) (PaPaz) (W) w' ds
0

_ 1 i+€—1d
[ e ) as

om & * ;
_m__lg_/o P () (papes) (w) W ds.

Consider Rs. Taking i = 0 in (A.29) shows that R3 will not be present in this
case. Take i > 1. Using (A.2) in (A.41)) we have

£ 1
Ra(i) = =" [ gt (w) i
This proves the result. n
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APPENDIX B
SUMMARY OF FORMULAS

The following is a summary of the formulas for H, f, and their derivatives
computed in appendix[A] Recall that 6, = p, (&), and 6, = p, (&) for p as in (2.18)-
([2.19), that z = & + s™1, w =& — s™7!, that s* = (=) m=0) g# = g/ m=1).
that x; (x) is the indicator function on the set I, and that ¢ € lIy_; and r € [Iy_,4
are defined such that p (z) = (z — &) ¢ () = (§, — x) r (z). All indices run through
0,... N.

B.1 H formulas

P (B.2)
—I—/ ra-1 b (w) w ds
0
B.1.1 0H,1<m<?2
0H 2 — & y
o5 (o) = o [ ) (B.3)
B.1.2 0H, m =2
g, (1 ) = =616 4 01 (B.)
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B.1.3 0H, m > 2

OH . | 1 g & L

8_&(1"7) —mﬂo {9_5_07 X{oy (i +7)
m—2[1 [ 1 0ot — ffpx (2) i+j
m—1 {94 /0 ) sl s

#
1 /7 1 0wt — &t .
+9—/ re1 2 (w) 25 pr(w)wzﬂdsl (B.5)
rJO

S 55 ” ! i+j—1
— (i 4 ) —/ g1 (2) 2" ds
¢ Jo

¢t o
rJO

The derivation of this shows that the integrals in the last term need only make

sense when ¢ 4+ 5 > 1.

B.2 f formulas

—1) m—1

&r 1 1 .
fi= / [Lﬂ?mll (2) P2 (2) + — 7T (&) P ()| @' da
& L(m
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B.21 of,1<m<?2

fi m(2—m)/§’" 1 )
e (m —1)°

2€ &r )
e [ @) ()

&r

m 1 i

+W/s Pt () Pag () 2 da
- 0

00 —1 & 1 .
+ fe=bm pr-t (2) 22 da

m—1 &
The derivation of this shows that the integral in the second term need only make

sense when ¢ > 1. Similarly, the integral in the last term need only make sense

when ¢ > 2.

B.2.2 of, m=2

Ofi ; ‘ &r ‘
J = —2p, (&) & + 2p, (&) EH + 4£/ pa (@) 2 da
9P s
& gr (B.8)
' 2/ Pas (@) 2™ do 20 (¢~ 1) / p(z) ™2 dx
& £,

The derivation of this shows that the integral in the third term need only make
sense when ¢ > 1. Similarly, the integral in the last term need only make sense

when ¢ > 2.

B.2.3 of, m > 2

of _oh ol
o 9B 0P
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9P ' (m—1)°
Ty [1 [ () o P,

(m—1)* |0 sm=1

_/ 7_2 2 ( )[erw — GpPz (’LU)] w' dS]

Oh (h|o ™ Tl F—‘—g—q X0y (7)

Smfl

2 [ e
+/OS# <Tﬁ_1px> (w) w1 ds]
—% [Z/ (qm i pxpm> (2) 2" ds
ff * 1 i
4 /0 (rm—l pxpm> (w) w dS]
+€—f /5# (rﬁfl 2) (w) w'™? ds]
0, J, Py

(B.10)

ol m /fr o w
-5 )| =—7= m=1 (1) P () " dx
/(¢ —1 & 1 .
+ fe-ym pr1 (z) 22 da

m-—1 ¢

(B.11)

The derivation of 0,I; shows that the integrals in the third term need only
make sense when ¢ > 1. Similarly, the integrals in the last term of 01; (i) need
only make sense when ¢ > 1 and the integral in the last term of 9,15 need only

make sense when ¢ > 2.
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