UNCONDITIONAL STABILITY OF A
CRANK-NICOLSON/ADAMS-BASHFORTH 2
IMPLICIT/EXPLICIT METHOD FOR ORDINARY
DIFFERENTIAL EQUATIONS

by
Andrew D. Jorgenson
B.S., Gonzaga University, 2009
M.A., University of Pittsburgh, 2010

Submitted to the Graduate Faculty of
the Department of Mathematics in partial fulfillment
of the requirements for the degree of

Master of Science

University of Pittsburgh
2012



UNIVERSITY OF PITTSBURGH

MATHEMATICS DEPARTMENT

This thesis was presented

by

Andrew D. Jorgenson

It was defended on
April 17th, 2012
and approved by
Dr. Catalin Trenchea, University of Pittsburgh, Mathematics
Dr. Myron Sussman, University of Pittsburgh, Mathematics
Dr. William Layton, University of Pittsburgh, Mathematics

Thesis Advisor: Dr. Catalin Trenchea, University of Pittsburgh, Mathematics

ii



Copyright (© by Andrew D. Jorgenson
2012

iii



UNCONDITIONAL STABILITY OF A CRANK-NICOLSON/ADAMS-BASHFORTH 2
IMPLICIT/EXPLICIT METHOD FOR ORDINARY DIFFERENTIAL EQUATIONS

Andrew D. Jorgenson, M.S.

University of Pittsburgh, 2012

Systems of non-linear partial differential equations modeling turbulent fluid flow and other processes present
special challanges in numerical analysis. A time-stepping Crank-Nicolson/Adams-Bashforth 2 implicit-
explicit method for solving spatially-discretized systems of this type is proposed and proven to be un-

conditionally stable and second-order convergent.
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1.0 INTRODUCTION

The motivation of this work is to consider the stability of numerical methods when applied to ordinary

differential equations (henceforth “ODEs”) of the form
u'(t) + Au(t) — Cu(t) + B(u)u(t) = f(t), (1.1)
in which A, B(u) and C are d x d matrices, u(t) and f(t) are d-vectors, and
A=AT »0,B(u)=-Buw)T,C=CT>0and A—-C>0 . (1.2)

Here > and = denote the positive definite and positive semidefinite ordering, respectively.
Models of the behavior of turbulent fluid flow using convection diffusion partial differential equations

discretized in the spatial variable give rise to a system of ODEs, such as
1:Lij (t) + b- thij - (Eo(h) + Z/)Ahuij + GQ(h)PH(AhPH(Uij)) = fij7 (13)

where A" is the discrete Laplacian, V" is the discrete gradient, e(h) is the artificial viscosity parameters,

and Py denotes a projection onto a coarser mesh [1]. System (1.3) is of the form (1.1), (1.2) where
A= —(e(h) +v)A" C=¢(h)P,A"P,, B(u)=b-V".

In this case the matrix B(-) is constant, but in general it may depend on u, and thus the system is allowed to
have a nonlinear part. A linear multistep method for the numerical integration of the system u'(t) = F (¢, u),

such as (1.1), is

k k
Z QjlUp—5 = At Z Ban,j, (14)

j=—1 j=—1

where ¢ is defined on Z = [tg,to + T] C R, u,—; € RY, Fj = F(tn_j, tn—;).
In [1], Anitescu et al. show that the first-order implicit-explicit (IMEX) method

Un — Un
—HT + Aun_;,_l — C’Ltn + B(Un)un_;,_l = fn+1 (15)

is unconditionally stable (its stability properties are independent of the choice of step-size At). The aim of this
work is to prove unconditional stability and second-order convergence for a proposed Crank-Nicolson/Adams-

Bashforth 2 IMEX numerical method,



“”%t‘“” +(A-0)? (A(A —O)  luy g+ (LA 2C) (A= C) Fu, + LO(A - C)*%unfl))

+ B 3)(A— )7 (JAMA = O) Funys + (34— 3C) (A - C) Huy + 5C(A =€) Fuy )

= fort (1.6)

where Sn_i_% = %un + %un_l, an explicit approximation of u(tm_%). As will be shown in Theorem 4, this

method is a second-order convergent numerical scheme of the form (1.4), where k£ = 2 and

Ba=—(A=C)PJA(A=C)"% = B(£,3)(A-C) 2 5A(A-C) 2
fo=—(A=0)F(3A-5C) (A~ 0)7% = B(£,, (A~ O) 2 (34~ §0)(A-C) 2

2

Bi=—(A=C)25C(A=C) 2 = B(£,41)(A=C) 2 3C(A-C) 2.

Applying this method for solving the system (1.1) will require solving for the vector w,41 in terms of w,,

Up—1 (given two initial conditions wug, u1), that is
-1
tny1 = [I — hB_1] [[I + o]t + Byt |. (1.7)
The method requires the inversion
[[—hB_y] = [[+hA—-C) LAA—C) % + hB(E,,1)(A—C) 3 LA(A-0) 73]

In practice (1.7) will not be solved by computing the inverse since this would be overly costly and introduce
large round-off error, which would have adverse effects on the method at each step n. Also of note is that
in general, A, B, and C do not commute, and thus the calculation in (1.7) appears to be somewhat more
costly than in the case of (1.5) due to the additional (A — C)~= and (A — C)? terms. As will be seen, the
fact that these matrices do not commute plays a critical role in the stability analysis developed in Chapter

3.



2.0 STABILITY CONCEPTS FOR CAUCHY PROBLEMS

2.1 STANDARD CAUCHY PROBLEM

Before considering the stability properties of a non-linear system such as (1.1), let us first analyze the stability

of a more well-behaved system of first-order ODE and initial conditions

y'(t) = F(tyt),  y(to) =0 (2.1)
defined on F: R x RY — R, 5y : R — R%, t € I C R, that satisfy the Lipschitz condition

[E(t,y) = F(t2)| < Llly — =], (2.2)

for some positive constant L, where || - || is an appropriate norm.

Often finding analytical solutions for systems of the form of (2.1) is difficult or impossible, so it is worth
exploring suitable numerical schemes that give good approximate solutions under the broadest possible
conditions. Of particular concern are the numerical method’s order of convergence, consistency, and stability

properties, the last of which is the main focus of this paper.

2.2 WELL-POSEDNESS OF THE CAUCHY PROBLEM

Before stability of the numerical method is analyzed it is first worth ensuring that the underlying problem
(1.1) is itself stable, and thus the problem is “well-posed.” “Indeed, it is not appropriate to pretend the
numerical method can cure the pathologies of an intrinsically ill-posed problem”[3].
To examine the stability of the Cauchy problem (2.1), consider

Z(t) = F(t,2(1)) +6(t),  2(to) = yo + do, (2.3)
which is (2.1) but perturbed in both the initial condition and in F, where §o € R? and § : R — R? is a
continuous function.
Definition 1. Liapunov Stability [3]. The Cauchy problem (2.1) is stable, or “Liapunov-stable,” if for any

perturbation (5(t), ),

16(E)lloc <€ lldollc <€, VEEL (2.4)



where || - ||oo is the infinity vector norm, and € > 0 but small enough to ensure the solution exists, there 3 a

C which is independent of €, such that
ly(t) — 2(t)||oo < Ce, ¥Vt e (2.5)
Theorem 1. If the Lipschitz condition (2.2) holds, the system of ODEs (2.1) is Liapunov-stable, and
[w(t)lloo < (14 [t = to| el (2.6)
which implies C = (1 + K)el® | where K =mamer|t — tol.
Proof. See Appendix (A.1.1). O

Thus since the largest difference in solutions between the perturbed and unperturbed Cauchy problems of
any individual ODE in the system remains bounded for all ¢ € I, the underlying problem (2.1) is Liapunov-
stable and is thus “well-posed.” This is the same as saying that in a general sense, small changes in “data”
(perturbation in the forcing term and initial conditions (2.3)) give small changes in the solution, or as stated
in Theorem 1, bounded changes in the solution.

Once the stability of the underlying problem is ensured, one can then consider what kind of numerical
methods applied to the problem are also stable. What follows is a review of some basic assymptotic stability
concepts, which are applied to scalar examples that motivate a discussion of the stability of the proposed

CN/AB2 method when applied to system (1.1).

2.3 A-STABILITY

Consider the Cauchy problem

y'(t) = (e +v)Ay(t) — edy(t), (2.7)
y:R—=R, y0)=1, X<0, 0<wy O0<e

Note that this is the classic Dahlquist test-problem y'(t) = vAy(t), with exact solution y(t) = e“*!, broken

into two parts.

Definition 2. A-stability (Dahlquist 1963). The multistep method (1.4) applied to the Cauchy test problem
(2.10) is A-stable if A D C~ (where A is entire region of stability for the method). This is equivalent to

requiring the numerical solutions |u,| — 0 as t, — +oo [2].

A method’s A-stability region can be illustrated by plotting its root locus curve, that is, the values
of AtAv corresponding to the stability boundary roots |[((AtAv)| = 1 of its generating polynomials (see
Appendix A.1.2). Recall that for stability the roots of these polynomials must be lie within the unit circle
(¢j(AtAr) <1 in modulus) [2].



The aim here is to explore methods which, when applied to the Cauchy test problem (2.7) as stated,
display stable behavior. Let us consider methods which apply an implicit scheme to the first part, and an
explicit scheme to the second part, which are thus called implicit/explicit (IMEX) methods. A-priori it is
not obvious under which conditions such a mixed method will exhibit stable behavior (if at all), and if so,

whether the stability properties of the implicit or explicit part will dominate.

2.3.1 Backward Euler/Forward Euler IMEX

Let us first investigate an IMEX method which is Backward Euler for the implicit part and Forward Euler
for the explicit part;

Un+1 — Un

A7 = (e + V) \upt1 — EXUy,. (2.8)

This method can be solved for u,, in terms of A, €, v, and an initial condition ug. Iterating backward n times
gives

1 —eAAL )”

tn :Uo(l — (e +V)AAL

As n — 400, |u,| — 0 if |1_1(:_f_7m‘ <1. A< 0,0 < v, and € < 0 are sufficient for this to hold. None of
these conditions is dependent on the choice of step-size At, so given our assumptions on A\, €, and v we can
immediately conclude that this method is unconditionally stable.

Note that if € is allowed to be zero, we recover the Backward Euler method, which has the solution

w= ()

2

Figure 2.1 shows the convergence of the energy (u;

Euler/Forward Euler for initial condition ug = 1, A = —10000, v = .001, At = .01, e = .01 (for the BE/FE

) of the solutions of Backward Euler and Backward

scheme). Notice that Backward Euler converges faster than Backward Euler/Forward Euler mixed method.
This illustrates that the advantages of using an IMEX method as described in Chapter 1 come at the cost
of decreased speed of convergence of the method’s solutions.
To see the stability region of the BE/FE method in terms of step-size and eigenvalues, we take (" = w,,
i = AtAv, and solving the method (2.8) for u gives the root locus curve [2]
= VP(C) =v ¢—1 . (2.9)
o(¢)  (atv)(—e
Since |¢?| = 1 for all 6§, taking ¢ = €% in (2.9) and letting  vary in [0,27] produces the desired stability

region (with »=.001).

Figure 2.2 illustrates that the BE/FE IMEX method is stable for any choice of p outside the solid blue
line, which is to say the method (2.8) is A-stable since any choice of AtAv in C~ will be stable and the
solution u, will converge to zero as n gets large. This plot is the same, except for the size of the stability

region, for any choice of e.
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Firgure 2.3 shows, somewhat counterintuitively, that the stability region of BE/FE IMEX method is

growing with e (since the stability region is outside the circles as shown in Figure 2.2).

2.3.2 Crank-Nicolson/Adams-Bashforth 2 IMEX

We are interested in finding a second-order convergent IMEX method that is also A-stable. We consider

un+1 + U,

T = (e AT

A7 ) — eABun — Sup—1), (2.10)

which is a Crank-Nicolson second-order (implicit) method for the first part of the Cauchy problem (2.7),
and Adams-Bashforth 2 second-order (explicit) for the second part. If e is allowed to be zero we recover
Crank-Nicolson:

B [1 + %Atu)\}n
n =17 C %Atu)\ ’

The characteristic polynomial of method (2.10) is
I(r) = (1 — 1At +v)A)r? — (1 + $At(e + )X — SAteN)r — 2edAtr? = 0.

This second-degree polynomial has two roots,

(1 — Ated — $AW) + /4 + 4AAtAw + APvA2 (v — 8e)

1,2 = .

2 — Athe — At
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This implies that the analytical solutions of the CN/AB2 scalar method (2.10) can be written as
Un =77 + 7275

Using initial conditions ug, u; to solve for vy, vo gives

Uy +roug , . UL+ T1U0
Uy = T Ty.
ry+re ry+re

Figure 2.4 shows the convergence of the energy of the solutions of Crank-Nicolson and Crank-Nicolson/Adams
Bashforth 2 for initial conditions ug = 1, u; = .8 (for CN/AB2), A = —10000, v = .001, At = .5, ¢ = .01
(for the CN/AB2 scheme). Like BE and BE/FE in Figure 2.1, pure Crank-Nicolson converges faster than
the mixed method.

For method (2.10) the root-locus curve is

_ P9 _ ¢*—¢
Atdr = Q) (e—i—u)(%)—&(%(—%). (2.11)

Figure 2.5 shows the region of stability for CN/AB2 IMEX is similar to that of BE/FE IMEX, and this
method is also A-stable.
Figure 2.6 shows the root locus curves corresponding to different values of . As with BE/FE, the region

of stability is growing with e. This plot is similar, except for the size of the stability region, for any choice

of € # 0.
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Figures 2.7 and 2.8 show that for for e = .001 and € = .01 the region of stability for BE/FE is relatively
larger than that of CN/AB2, and this holds true for any e. This reflects the fact that using a higher order

method (CN/AB2, which is second-order) comes at the cost of a decreased region of stability.

2.4 G-STABILITY

Now let us study the stability of the two aforementioned methods under the lens of a stability definition that

is both more complicated and in some cases more useful. Consider the Lipschitz condition
Re(F(t,y) — F(t,2),y — 2)) < Llly — 2. (2.12)

If the system (2.1) satisfies (2.12) with L = 0, then its solutions are contractive. In this case we want to
know which linear multi-step methods applied to (2.1) also have contractive solutions, and are thus G-stable

as defined in Definition 3 stated below. Let
_ T
Yn — (yn+k717 Yndk—25 s yn)

be a sequence of numerical solutions to (1.4), and define the G-norm of Y, to be ||Y,,[|% = Y,I GY,,.

Definition 3. G-stability (Dahlquist 1975)[2]. A multi-step numerical method is G-stable if the system of
ODEs y' = F(t,y) satisfy (2.12) with L = 0, and if there exists a symmetric positive-definite matriz (SPD)
G, such that

Y1 — Yn—‘rl”G <Y, — Yn“Ga (2.13)

for all steps n and step-sizes At > 0 where Y, isa sequence of solutions for (1.4) that correspond to different

initial conditions than Y,,.

Thus, we can use G-stability to test the behavior of a method where the underlying ODE is linear or
non-linear, providing that it satisfies the Lipschitz condition with L = 0. In the non-linear case, we have

G-stability when the difference of the solutions Y, — Y;, are not growing in the G-norm.

2.4.1 G-stability of Scalar Crank-Nicolson/Adams-Bashforth 2

Showing that the method in question is G-stable involves checking that the conditions of the G-stability
definition hold. Since in this case our underlying ODE (2.7) is linear, we can consider the Lipschitz and

G-norm conditions

<f(t7y)7y)> <0, HYH+1”G < ||Y'n,HG; (214)

11



respectively. It is easy to see that if A < 0 and v > 0 then (v\y,y) = v y? < 0, and the Lipschitz condition
is satisfied. Thus, the task is to see if we can construct a G that satisfies the G-stability definition.

The G-matrix corresponding to this method can be generated directly following along similar lines as
the example in [2] or using the proof Dahlquist’s equivalence theorem as is done in the preceding subsection

(both of which are reproduced for the reader’s convenience in Appendix Section A.1.3).

2.4.1.1 Direct Computation of G First, consider the inner-product

Un+41 + un . 3 1 Up+1 — Un >
<(6+V)/\(72 ) = AGun = 3Un—1)s = — )> >0, (2.15)

which holds because they are the RHS and LHS of method (2.10) under consideration. Multiplying by fé

and expanding gives
2 2
—C1Uy 1 — (€2 = €1)Uny1Un + C2Uy, — C3UR41UR—1 F C3URUR—1 < 0 (2.16)
where

a=12(e+v)\,  ca=3(e+v)A—3eX, 3= 1lel (2.17)

Now consider the equation
E = |Yoiall&: = 1YallE + llagynsr + ar9ns1 + aoyall®s  ao,a1,a5 € R. (2.18)
Imposing E < 0 implies [|Y,,+1]|% < Yo%, since |lasyn+1 + a1Yn+1 + aoynl/* > 0. Let
g11 912
G= (2.19)
g21  G22
Thus, if the matrix G produced by matching the coefficients of (2.16) to those of (2.18) is SPD, method
(2.10) is G-stable by Definition 3.

Following this approach and letting g12 = go1 produces the following non-linear system of six equations

in six unknowns:

Yai1: —C1 =g+ a3, Ynt1Yn @ C1 — C2 = 2912 + 2a2a;
YZ: cy=goa— g1 + a3 Ynt1Un © —C3 = 2as2aq (2.20)
ya_1: 0= —go+a YnYn—1: €3 = —2¢12 + 2a10a0.

Solving this system produces the G-matrix

N —€—2v €
G= I\ . I (2.21)

This matrix is symmetric by construction, and it is easy to see that if A < 0 all its principle minors have a
positive determinant, and therefore this G is positive-definite by Sylvester’s Criterion (see Appendix A.1.4).
Thus, by Definition 3 this IMEX method is G-stable (as well as A-stable, as demonstrated in the previous

section). This, as Dahlquist was finally able to prove in 1978, is not a coincidence.

12
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Figure 2.9: G-norm and Energy decay of CN/AB2 method

Figure 2.9 shows the convergence of the G-norm and energy of the solutions of the Crank-Nicolson/Adams
Bashforth 2 schemes for initial conditions ug = 1, u; = .8, ¢ = .01, A = —10000, v = .001, and At = .5, ).

Notice that the G-norm is monotonically decreasing, as the G-stability definition requires.

Theorem 2. (Dahlquist 1978): If a method’s generating polynomials p, o, have no common divisor, then

the method is G-stable if and only it is A-stable.

The proof of Theorem 2 is not included here, refer to [2], Chapter V.6 for its details.

2.4.1.2 Constructing G Using Generating Polynomials A second, more universally applicable
method of checking for G-stability is to use the proof of Theorem 2 to construct a G-stability matrix,
then check its positive-definiteness. This is a useful technique since it does not involve solving a non-linear
system as was required in computing G directly.

The generating polynomials (see Appendix A.1.2) for scalar CN/AB2 IMEX are

).

C,

[\l
NI

pO=C—¢ o) = (e+ )5 — o

Define the function

13



which for CN/AB2 is

E(0) = 3¢ - Ol + ) (55) — (3~ DI + (& — (e m)(E5) — (3~ 1))
-1
4c2
= [ - 1] [0t - 1]
— a(a().

Define the function P(¢,w) = 5(p(¢)o(w)+p(w)o(¢))—a({)a(w), which with some simplification and factoring

becomes

P((,w) = —€(¢ = 1)*(w—1)* + e(w — Dw — {(a(2v — 4€)w + 3aw?) + (* (€ — Bew + 2(e + v)w?))]

R )

= (Cw — 1)(g11¢w — g12¢ — g21w + g22)-

This yields the matrix

1{e+2v —¢
G:Z . . , (2.22)

which is SPD. Multiplying (2.22) by the positive constant —A gives the same result as computing G directly
as in the previous section.

Somewhat surprisingly, the method’s stability properties are driven by its implicit part, and this is
consistent with the idea that separation of linear parts A and C' as done in (1.1) will lead to a more stable

regime.
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3.0 CRANK-NICOLSON/ADAMS BASHFORTH 2 IMEX METHOD:
UNCONDITIONAL STABILITY, CONSISTENCY, AND CONVERGENCE

Let us now return to considering a system of ODEs (1.1) under assumptions (1.2).

The Crank-Nicolson/Adams Bashforth 2 method proposed in Section 1 is a member of a broader family
of three level, second order time-stepping schemes [4]:

6+ %)Um-l — 20u, + (0 — %)un_l
At

+(A-C)? (A(A —O) 3 upi + (1= 0)A— (0 +1)C)(A—C) Fuy, + C(A— 0)*%9%_1))

+ B(Epig)(A— )% (A(A —C) 3 upi + (1= 0)A— (0 +1)C)(A— C) Fuy, + C(A— C’)’%é)un_l))

= fn+o, (3.1)

where &, ¢ is an implicit or explicit second order approximation of u,1 and 6 € [%, 1]. This work will focus

on the case of 0 = %, and take &9 = %un — %un,l, which is

unHAt— Un L (A-C)b (A(A —C) " g + (AA - 30) (A - O) Fuy + 2O(A - C)’%un_1)>

+ B(E, ) (A= O)H(3A(A = O) hupir + (34— 3C)(A - €) Huy + 5C(A =€) Hu, )

Of particular interest are the numerical stability and convergence properties of (3.2).

3.1 STABILITY ANALYSIS

Here we will consider the stability properties of the method (3.2). However, unlike the examples in the previ-
ous chapter, the system under consideration will have be d-dimensional and be in terms of non-commmuting
coeflicient matrices A, B, C', where B is allowed to be nonlinear. This added complexity is worthwhile since
many processes have highly non-linear behavior, but it comes at the cost of greatly complicating stability

analysis.

15



3.1.1 Well-Posedness of the Problem

Unlike the Cauchy problems analyzed in Section 2.2, nonlinearity will prohibit the Lipschitz condition (2.2)
from holding globally. This is not trivial, since this means none of the stability theory for the underlying

problem developed in the Chapter 2 will necessarily hold. The system is, however, locally stable.

Theorem 3. Local Stability of Nonlinear System (1.1). Under assumptions (1.2),
u' (t) + Au(t) — Cu(t) + B(u)u(t) = f(t)
is stable for allt € T =1[0,T)], for all finite T.
Proof. The proof, which is taken from Anitescu et al. [1], is included in Appendix A.1.5. O

By Theorem 3 problem (1.1) is well-behaved locally, which is to say that its solutions u(¢) do not blow
up on t € Z. This allows us to conclude that the problem is sufficiently well-posed in at least a local sense,

and we can thus discuss stability of a numerical method for solving it.

3.1.2 Transformation of the Method
In [1] the numerical solution w,, provided by the BE/FE IMEX method (1.5) is shown to be nonincreasing,
ltnsills < lunllp, B =T+ AC,

in the energy norm E, and this condition is sufficient to conclude the method is unconditionally stable. The
aim of this section will be analogous in nature. Borrowing heavily from the G-stability concepts developed in
Section 2.4, given an appropriately chosen transformation of the method, it can be proved that the numerical
solutions are decreasing at each time step in the G-norm, and thus the method is unconditionally stable on
the interval of interest Z.

Since B(u) is assumed to be skew-symmetric, multiplying method (3.2) from the left by the vector
1 1 1 1 T
[(A o)t (%A(A —O) Bty + (BA - 3C) (A= C) P, + LC(A - c)*aun_l))] (3.3)
will cause the nonlinear term
B(€,,1)(A—C)7% (%A(A —O) Bty + (BA - 3C) (A= C)Pu, + 1C(A - C)’%un_1)>
to disappear, leaving

<(A —o)t (%A(A —O) Bup + (RA—3C) (A= C) Fu, + LO(A - C)’%un,1)>,
Up+1 — U

(Ao (A(A —O) ka4 (A= 2C) (A= C) Fu, + LO(A - C)—%un,l)»

- <(A o)t (%A(A —O) Bty + (FA - 3C) (A= C) P, + LC(A - C)*%un_l)),fn+%>.



By the properties of the inner-product and Euclidian norm, this can be rearranged as
L
At

1 1 1 2
+ (A =€) i + (34~ 30) (A= O)Hun + SC(A - ) Hu) |

<un+1 oy, (A—C)E (A(A —C) i+ (BA - 3C) (A= C) B, + 10(A - 0)*%un_1))>

= (fury» (A=) 3 (A= O) Hunn + (34— 30) (A= O) Hun + 1C(A= O) Hu ). (3.4)

Focusing on the first line of (3.4), the goal will be to simplify the transformed method into positive pieces
using the G-norm to group and compare terms, as was done in the G-stability examples in Section 2.4.1. The
G-stability matrix is calculated using Dahlquist’s equivalence theorem as demonstrated in Section 2.4.1.2.
Method (3.2) and its corresponding characteristic polynomials yield matrix

o ( (A=C)72 (34 - {O)(A-C) 72 <Ac>%<10><AC>%> | 55

—(A-C)"5(;C)(A-C) > (A=C)~3(3C)(A=C)~

Referring to the G-stability examples in Section 2.4.1, taking A = —(a + v)A, C = —a, and ignoring
(A—C)"2 terms, G matches matrix (2.21).

3.1.3 G-norm

We now wish to check that G is a symmetric positive-definite matrix so it can be used to finish putting the

transformed method (3.4) into norms and positive terms.

3.1.3.1 Symmetry of G The G matrix defined in (3.5) is a 2 x 2 block-partitioned matrix with subma-
trices of size d x d. Since the off-diagonal blocks are the same, if each of the four blocks is symmetric this is
sufficient to conclude G is symmetric also.

Since A and C are both symmetric by assumptions (1.2), adding or subtracting positive-definite multiples
-3

of them also results in symmetric matrices. (A — C')~ 2 is symmetric by Lemma 4. Thus

(A-C)H(GA - {O)(A-C)F = [(A-C) (34— ;O)(4-0) 1],

Making the same argument, the other three blocks are symmetric as well, and so G is also.

3.1.3.2 Positive-Definiteness of G If G is PD the following will be strictly positive for any choice of

110 = (Lo i) 50

Lemma 1. G is a positive-definite matrix.

d x 1 vectors u, v not equal to zero:

Proof. Expanding equation (3.6) gives
<mgm> = i[uT[(A O 324 C)A—C) Hu—uT[(A—C) 3C(A—C) o

v v

—T[(A=C)2C(A=C) 2 Ju+v"[(A—C) 2C(A—C) 3 |u]. (3.7)
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Subtracting and adding % [u”[(A — C)"2C(A - C)_%]u] to (3.7) and using the fact that
WT[(A-C)30(A-C) o= [uT[(A- C)3C(A - 0) o] =0T [(A- )2 C(A - O) Hu

gives

<[Z‘}GH>

u'[(A-C)”

WT[(A=C) 24— C)A—=C) 2lu—uT[(A—C) 2C(A - C) 2]u

=

mb—‘

C(A—C) #u— 2uT[(A— C)"3C(A - C) %o+ vT[(A— O)"2C(A — C)~ v }
The first two terms can be combined and simplified to be
LT (A-C)"2(24-20)(A - C)"2u = Lu"u.

Take F = (A—C)"2C(A—C)"2. (A—C)~'is SPD by Lemma 3 and by Lemma 4 so is (A — C)~2. These

results allow us to conclude that ' = FT, and the remaining terms can be factored as

= i(F%u—F%U,F%u—F%@
= IF3u— F2o[3 >0
Thus we can conclude that H [ } H > %u u > 0 for all non-zero u, v, and G is positive-definite O

3.1.4 Unconditional Stability Result
As proved above, the matrix G is symmetric and positive-definite, and therefore the expression defined in
(3.6) is a G-norm.

Lemma 2. Let u, satisfy (5.2) for alln € {2,...,5}. Then

1

27 (st —un s (A= O)7F (3A(A - 0)—%un+1 +(3A- §c)(A —O) b+ 30(A - O) hun )

~ At H [“n-H] H H [un J H 4At I (un+1—2un+un,1)||§,, (3.8)

Proof. Expanding the LHS of (3.8) gives

1 L . ) 1

7 (e =y (A= 07 (JAU = O Funis + (34— 30) (A= ) Fup + 3C(A= ) Fup)) )
1 B . -

:Kt[ug_;rl(A*C) Z%A(A—O) 2un+1+un+1(A C) 2( A — C)(A*O) Iy,

+ul (A= C) FLC(A— ) Bupy —ul (A= C) 2LAA - O) 2upy
—ul (A=) 2 (AA-3C)A—-C) 2u, —ul(A—C) 2LC(A - C) Fupy

Next, note that expanding each piece of the RHS of the previous equation and omittting ﬁ gives

Ul (A= C) P LA(A = C) onpgn =ul (A= C) 2 (24— C) (A= C) 2 Jupp
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Ul F (A= C) 2 C(A = C) Flunp

[(A—C)"3(=C) (A~ C) %]u,

Tal(A—o) 2 (-20)A-0)
" +ul[HA - O)TE(—20) (A~ O) Eu,

unJrl

+
S
CRS
’qivﬁ
N
8
:
0
a
N
I
3
m\»—a

+ul[(A—C)"2(=2C)(A ~ C) 2 unts

T alA- cr%%c(A — O) 2 upor = ul 1A - C)TEC(A - O) Fupy

A=) (A=) 2 unp

“Hu, = ul (A~ C)EC(A - C) Huy
C) 2un + ul 1[(=2)(A - C)"2C(A — C) " %]uy,

£
S 93
b
I
>
|
[V
I
Q
IL
9
m\»a

Tl[(A—cr%@A—cx
+ul H(—-2)(A - O)"2C(A - C) " FJuy,

ul[(A-C)"3(-3C)(A-CO)73 }un L=l

Summing these exapanded RHS terms and replacing Ait gives

Un+1 . 2
At”[ }HG H[un JH 4At“(u”“ 2unttn-1) o) -bopa oy b

and since F = (A — C)~2C(A— C)~2 we have the result.
3.1.4.1 Energy Equality To see that the method is unconditionally stable consider the following energy

equality, which holds for ug,u; given inital conditions at all time steps n = 1 through N — 1

2 1 N-1 ,
AN+ nt1 — 2Unp n—
AtH[uN 1}HG+4A(‘,;”U 41— 2Up + Un1l[E

+N21H%A<AC>%UHH+(;A§c><Ac>2 ie- o) tuy

=zl
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N—-1
+ < i1 (A0 *%(%A(AfC)*%unHJr(%Af%C)(AfC’)’fun+%C(AfC’)*%un_l))>.

n=1

Proof. The method (3.2) multiplied by the d x 1 vector (3.3) at n =1 1is
]. 1 1 1 1
Kt@z —ur, (A= O)7H(3AA - ) Hua + (34— §0)(A - ) Hur + §C(A - C) " Hug) ) )
1 1 1 2
+ 1A - )R+ (34— 30) (A - O)Fun + 2O(A - O)Fuo|

= (73 (A=) (344~ O) Funa + (34— 3O)(A = O) by + 304 - O) Lu)) ).

By Lemma 2 this becomes

arlllll ~ mell Bl + el o2+l

1 1 2
+ 34 - 0 Fus + (34 - §0) (A= 0) hu + Se(a - ) Hu |

= (f3. (A=) (3AA - O) Fup + (34— 3C) (A= C) hur + SC(A - O)hug)) ).
By the same argument, at n = 2 we have

aal el = mel e + sl a2

1 1 2
¥ H%A(A —C)hus + (JA— 3C)(A—O)Buy + LO(A - C)*mH

= (f3, (A=) (A= O) Fug + (34— 3C) (A= O) Huz + SC(A - O)hu)) ).

2
Solving this for ﬁ [Zﬂ HG and plugging in to the previous equation gives

Sl g 35 o =24l
iy |54 = O Funin + (34 - 30)(4 - 0) 2+ 3004 - )| — | [4] ]
n=1
= Z (Farps (A= O3 (FAA = C) Fupia + (34— 30)(A = ) Fup + 3C(A =€) Fuy 1)) ).
n=1
Repeating this calculation N — 2 more times yields the result. O

Notice Lemma 2 and the Energy Equality immediately imply G-stability in the case of f,, 1= 0. That
is, if the the energy source (forcing function) is removed , stability of the method requires that the energy

in the system decays to zero. To see that this is so, note that

H Un+1— 2un+un 1)||F

welle Tl =zl )l + s
+ H%A(A — C) By + (3A - 3C) (A= C) Fu, + LO(A - c)*%un_l)‘f —0
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holds for all n € {1, N — 1}. Further,
1 1 1 2
|34 - ) Funia + (34-30) (A =€) hun + S04 - ) Hun)|| 20,

1
m||(un+1—2un+un—1>\\iz 0,

since F' is a positive-definite matrix. Thus we have

Il = el

Since this result is independent of the the size of time-step At, we have unconditional stablility.

3.1.4.2 Energy Estimate In the case of f(t) # 0 for some ¢ € Z, the effect of fnJr% on the energy
equality (3.9) is ambiguous. For this case we can derive the following energy estimate to bound the effect of

f on the energy in the system:
N—1 ,
||UJ\T||2 + % Z ||un+l - 2un + un—lHF

n=1
N-1

+ ALY BAA=C) Fungr + (3A - 3C)(A=C) Fuy + SC(A=C) Fup ||

n=1

2 N-1
<2 [ +ar S a-0) gy (3.10)
1

Proof. The energy estimate (3.9) is a consequence of Lemma 2 and the proof of Lemma 1. Using the

Cauchy-Schwarz and Young inequalities, we have that the forcing term in (3.9) can be bounded as follows:
<fn+;, (A=) H(3AA=C) Funar+ (3A-3C) (A-C) un+5C(A=C) Hupy))

< 2IA=0) fu I + S5 AA—O) b1+ (BA-30)(A=C) Funt 5O(A-C) R,

\}

which gives
2
H [UN 1:| H |un+l - 2un + un_l”F
At . , B 1 B 2
Z 13A(A=C)~ Pt + (34 —=3C)(A=C) Zup + 3C(A=C) 2 uy_||
n=1
2 AL .
(251 1 )
= H [Uo} G ™ 9 ; [(A=C) 2fn_‘_%H .

Using the conclusion of the proof of Lemma 1 we obtain

N-1

1
HU‘NH2 + 5 Z ||un+1 - 2un + unfl‘l%
n=1
N-1
1 1 1
+AL Y FAA=C) s + (FA = C)(A=C)2up + JO(A=C) 2upa |
n=1

2 N-1
<+2|[] |+ 2t X A=) 2
n=1

which by induction completes the proof. O
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Figure 3.1: Energy and G-norm convergence of CNAB2, d=2, f(¢t) =0

3.2 NUMERICAL EXPERIMENTS

To demonstrate that the proposed CN/AB2 method (3.2) is unconditionally stable consider the following

numerical experiments.

3.2.1 Experiment 1

Take

A=(c+v) <180 18()), C=c (180 180), B(u) = /i T 43 <_01 é) . fH)=o0,
where u; and us denote the first and second elements of the vector v (not the time step). Let v» = .001, and
initial conditions be u; = uy = [1,1]T.

Figure 3.1 shows the convergence of the energy and G-norms for CN/AB2 (3.2) with d = 2, and € = .01.
Notice that as in the scalar example in Chapter 2, Figure 2.9, the G-norm decreases monotonically, even
though the energy of the solution does not.

Figure 3.2 shows the convergence of the G-norm for CN/AB2 (3.2) with d = 2 and f(¢) = 0 for various
At. As expected from the theory, the smaller At is the faster the method converges. Nonethless, even when
At is taken to be very large (At = 5), the method’s solutions still converge in the G-norm, which illustrates

the unconditional stability result derived in the previous section.
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Convergence of G-norm for CNAABZ

1 i T T

G-naren

Figure 3.2: G-norm for for various At

3.2.2 Experiment 2

Now we relax the restrictions on C and f(t) and consider the case where C' is not diagonal, and f(t) # 0 for

100 —10 _
0_6(10 100>’ ft)=e™,

A—C— (100y 1oe>.

some t. Taking

implies that

10e  100v
Recalling that A — C' is required to be positive-definite, by Sylvester’s Criterion (Appendix A.1.4) we see
that A — C is positive-definite when 10,0002 —100e? > 0, which is satisfied by all v and € such that 10v > e.
e = .009, satisfies the inequality for v = .001, and Figure 3.3 shows the expriment with the revised conditions
for this choice of €. Notice that this is nearly the same plot as the previous figures with f(¢) = 0 and C
diagonal except the amplitute of the initial osccilations are greater.

Figure 3.4 shows the energy and G-norms for various At under the new conditions on C' and f(t). Notice
that when At = % the G-norm is not monotically decreasing until ¢ ~ 5. This is due to the forcing function
f(t) = e, and is an illustration of the Energy Estimate (3.10), which says that the solutions in the G-norm
are bounded by solutions at previous steps and a norm depending on the forcing function f(t).

If we take ¢ = .015, A — C' is no longer positive-definite when v = .01. Figure 3.5 shows the energy and
G-norm of the CN/AB2 solutions for this value of €. Given that A — C' is no longer positive-definite, the

23



Energy and G-norm for CNAAB2, fifl=expl-t)
2 T T T T T T T

Energy of CN/ABZ, At = 1.2
= =" G-norm of CHAAB2, At =172 []

[} sy =y iy
fus] — [N = o
T T T T T

1 1 1

G-narm, Energy

o
[a7]
T

=
i
T

02r

40 a0 ] 70
Time

Figure 3.3: Energy and G-norm convergence of CN/AB2, d=2, C not diagonal, f(t) = e~
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Figure 3.4: Energy and G-norm convergence of CN/AB2, d=2, C not diagonal, f(t) = e~?, for various At
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Figure 3.5: Energy and G-norm divergence of CN/AB2, d=2, C not diagonal, f(t) = e~!
divergence at the end of the interval is not surprising.

3.3 CONSISTENCY AND CONVERGENCE

The local truncation error (LTE) of a method is the error that arises from substituting the exact solution (de-

noted u(t,) for exact solution at point ¢,) into the method. With EfLJrl = 2u(t,) — $u(tn—1), corresponding
2

to &, 11, the explicit approximation of u(t, 1 ), the local truncation error for method (3.2) is
u(tn))

tnfl))

)(A=-0)H(AA-O) (A=) Fultus) +H(A=C) Fult)) = S(tugy).  (311)
To remove the autonomous function f(t,, 1) take the ODE (1.1) at (¢, 1),

and subtract it from (3.11). This, after some rearranging of terms, gives
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The consistency and convergence of the general class of methods (3.1) for 6 € [3,1] is proven in [4]. This

proof is presented here for 6 = %

Theorem 4. Assume that (1.2) holds and f € C1([0,T]),u € C?([0,T)). Then the local truncation error is
O(At?), the method (3.2) is convergent, and if eg = ey = 0 the global error satisfies

len||? < 2exp(4Txk|(A — C)"2||2)||(A — C) " 2||2U2ALY,
where

U= max ||u”(t)||2(%)

[tn—1:tn1]
1 1 1
+  max ||(A—C)7§A(A—C)7§Ul(t)||2(*)
[tn—1,tnt1] 8
1 1 3
+ max ||(AfC’)ffC’(AfC')fﬂﬂ(t)HQ(7)
[tn—1,tny1] 4
7
d . . L
+, max aB)|, o luC)l2(3)
1 1 ].
4 B (- A-C) 2 AA-C) 2d/(- )AL
B, mex  1A4-0)72AU=0) T Olle(5)
1 1 3
4 B(u(- A—C) 2C(A-C) "2/ (- Z)AL?
F e PO, max IA-OTOA-C ROl ()
1 _1 1
+ max |[B(u(-)l2 max [[(A=C)"2AA-C)"2u'(-)]2(3)
n7t71+1 [ n7tn,+1] 8
_1 _1 3
omax (B max A~y iea-0 e Ol(5).
notngi] [tn—1:tnt1] 4
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Proof. Using the Taylor expansion around ¢, 1= tn + %At we obtain

o
tn+AL //
~ail L

[l (¢

1
< max
= 2At [tn—1,tni1]

max
[tn—1,tn+1]

" (0)lag A2,

n+ At —t)%dt —

‘ /tn-l—At
tn + At

(tnt1) - u(tn>)—u’<tn+e>H2

tn "(t
/ v t)thH
tiar 2! 2

tn + At — 1) dt‘ + ’/ (tn —t)2dt’
t+At

I(A=C)2 A(S(A=C) 2 ultnr) + 3(A=C) "2 ultn) — (A=C) Fult,;1))ll2
_ H(A—C)m(§ /tn+§At(A—C)—zu/(t)(tn+At—t)dt+2/WréAt(A—C)—zul(t)(tn+At—t)dt)H2
< i -0 -0y b0l

| = (A=C)2C(3(A~0) 2ulty) — 3(A=C) Zult,_1) — (A—C)_%U(tm%))ﬂz
i tnt1 Ny ) tn—At
< H (A-C) 20(2/tn+;At(A_C) Zu(t)(tn—i—At—t)dt—2/tn+;At(A C)= 2 () (L, —At—t)dt)”

< max [(A-C):C(A-C) 3
[tn717tn+1]
|(BEL, 4 () - Blult,

-C(3(A-0)~

+AA-C) 3 (4

/tn+1
t

n+%At

2

+1 / " u'(t)(t, — t)dt)

ntd

<||(BEL @) = Blultuyy) )ulta: )

2

+3 / "0t ) — C(a-0)H (0+) /

ntd

D) (A=C)* (AG(A=C) Fultusn)+3(A-C)

| (el ) = Blult, ) [ultns ) + (A=C) 73 (4(4-C)

3
u’(t)HQZAt2

%u(tn))
%u(tn)_%(A—C)‘%u(tn—lm H

1

2

| (Bl @) = Blult, ) (A-C) 73 (A(A=C) Fultyyy)

W (t)(tn + At —t)dt + L / " ! (t) (b, — t)dt)

n+i

C(A-C)Fult,, ) — C(A-C)~3 (gu(tn)—;u(tn_l))) H2

[N

t”+1
(3 / o' (t)(tn + At — t)dt

t

—ou-ori [ WOt = tde=} [ (0t — 1)) ]|

‘ 2

(36t 400~ Bt ) (a-01 (a0t [ o + oo

tn+%

(1) (tns1 — t)dt—e/tnl u' () (b1 = t)dt)ﬂ H

tnto 2
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3
< max (|4 B(u(- H max |lu(-)||l2> At
T [t itnga] 119 @), i DX [ u( )||24
1 1 1
+ max H max A—CO) 2A(A—C)" 20/ ()| = At
[tn—lytn+1 tn 1 tn+1] ) ( ) ( )”28
1 3
+  max H max A—O) 2C(A—C)"2d/(- A,
[tn—1,tnt1] 2 [tn_1 tn+1] ) ( ) ( )H24

= |[Blutt,sy ) [(4-C) % (Aa-c) 4 (3 /t . u/(t)(thrAtt)dtJr%/tn o (t) (1, — t)dt)

tn+% tn+%
tnt1 tn—1
—C(A-C)? (g/ o () (bpgr — t)dtf%/ 0 (#)(tay — t)dt))} H2
t,41 tn+%
tng1

u'(t)(tn + At —t)dt + 3 /tt" ) o' (&) (tn — t)dt) H2

n+% ntsz

#Btapa-otoa-o b @ [ w0t - va-1 [ w6 - 0a)]|

nid bt}
N tn41 tn
< max || B())|s H (A-C)~ A(A—C)*E(%/ u/(t)(thrAtft)dtJr%/ u'(t)(tn—t)dt)H
[tn tny1] tosd tosd 2
. tn41 tn—1
+ max [Bu)|L[(4-c)Foa-0) (3 / W (1) (ty1 — )t~ L / (1)t — 1)) |
[t" tn+1 tn+% tn+% 2

1 1 1
< max [B(u() 2 max [[(4-C)7PAA-0)hl () o200

[tn tnt1] tnytnt1

1 1 3
s mas Bl max [4-0)Ho(a-0) ROl S
[tn,tnt1] [tn—1,tnt1] 4

Therefore

[ Tni1(AD)|]2 < UAF, (3.12)
which proves the consistency of method (3.2). The error e,, = u(t,) — u, satisfies

M+(A—C)%A(A )~ %( entl + 5€n) — (A-C):C(A-C)~ %( en — 3en—1)

At
+ B(E, ) (A=)} (A(A=C)E (Senss + bea) — C(A=C)H (Ben — Sen )
= Tpt1(Al)
(BEL,3) = B(£,43))(A=C)* (A(A=C) 7} (Bultusn) + Su(ty))
- C(A=0)7H (Julta) - Jult-))). (3.13)

From (3.10) we have

Junlls < A= (ol + 2] [22], + TCA=C) 4 mag IFOIF)° vn=1...N,
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also from (2.1) we obtain

T 1
a0l < Az= (1O + [ 4 -0 s)1°as)°

and define

As = max (A=)~ F (A(A=C) " H(ultarn)+ butn)) — C(A=C)H(Fultn) = Jultn-1))ll2

- C(A_O)_% (%u(tn) - %u(tnfl)))] |u:s€i+i+(1—s)$n+%d8 (SZJF% - gn+%)a

< 26(|lenll2 + llen—1l)), vn

where

= max [Vu[B(sVa + (1 — s)U1)Us] |-
s€[0,1],|U1[|2<2A1,[|U2[|2<As,[[V2[[2<2A2

Multiplying (3.13) by (A—C)_%( (A-C)~ %( €nt1+ en) -C(A-0C)~ %(f en %en_l)) and taking the

sum from n =1 to N — 1 we obtain

N-1
H[eN”F—I—lZHe +1— 2ep +e 71”2
eN—1 4 " no e

A N—-1 ) )
D BAMA = C) B + (A= 3C) (A=) Fen + 4C(A = O)Fep|? (3.14)
. n=1 1 N
SH[;J +AtZ|\A C) i1 (AB)2 + 5[ (A— C) 3| Z (lenll? + llens[I2).
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Using again the proof of Lemma 1, after some calculation we get

N-1

1
llenl® + 3 Z lent1 — 2en +en 1%
n=1
N—-1
1 1 1
+ALY FAA-C) Zeni+ (3A-3C) (A= C) Zen + 3C(A = C) 2e |
n=1
e 1112 N-1 ) ) N-1
<2([[[S]] + a8 XA - O E s (Q0) + 4l (A = C)F AL S flenl
n=1 n=0

Therefore, from the discrete Gronwall lemma, we deduce the following error estimate

N-1
||6N||2 + % Z ||€n+1 - 2671 + en—l”%‘
n=1

N-1
+ALY LA - C) e + (A 20)(A—O)Fe, + SC(A - O) Zepn |2
n=1
1 e 2 — 1
< 2exp(dTwl| (A= )R (|| [22] ] + 28 X A= ) B ra(an)).
n=1

Finally, the convergence result follows from the consistency bound (3.12).
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4.0 CONCLUSION

The Crank-Nicolson/Adams-Bashforth 2 second-order method analyzed herein offers an improvement over
the first-order method proposed in [1] in terms of accuracy, though it does so at the expense of being
considerably more computationally expensive. Nonetheless, the fact that it is unconditionally stable, and

thus accomodates any choice of At makes it an attractive method in terms of its stability properties.
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A.1 APPENDIX

A.1.1 Proof of Theorem 1

Proof. Consider the difference of solutions of the two Cauchy problems (2.1) and (2.3)

w(t) = z(t) —y(t), w:R—R?
and take the derivative with respect to t:
w'(t) =2'(t) —y/(t) = F(t,2(t)) — F(t,y(t)) + ().

Integrating both sides from t to ¢y and recalling intial conditions yields

w(t) — dp = / [F(s,2(s)) — F(s,y(s))]ds —l—/t o(s)ds.

to

Taking the infinity norm of both sides and applying the Triangle Inequality gives

lw(®)loo < lI60lloo + / 1P (5, 2(5)) — F(5,5(5))lloods + / 16(5) loodls.

Using the Lipschitz condition and assumptions (2.4),

¢ ¢
lw(t)|loo < 6+/ L|z(t) — y(s)||ood3—|—/ € ds.
to to
Integrating further and recalling w(t) = z(t) — y(t) gives

t
lo(t)lloo < €+ |t — tole + / Ll (s) | oods.

to

Since L is a nonnegative integrable function on Z, e+|t—to|e and ||w(t)|| are continuous on Z, and e+ |t —to|e

is nondecreasing, we can apply the Gronwall Lemma and conclude

lw(®)lloe < (14 [t = to| e =1,

Choosing C = (1 + K)el¥ where K =max;cz|t — to| gives the result, and Definition 1.1 is satisfied [3].

A.1.2 Generating Polynomials for a Linear Multistep Method

For the general multistep method (1.4), the generating polynomials are

k k
p(Q) =Dt o) =D B¢
j=0 j=0

For a general introduction to the theory of difference equations on which this concept is based see [2], Chapter

10.4.
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A.1.3 G-stability for Scalar BDF 2
The general 2-step BDF (Backward Differentiation Formula) method is
%yn—&-Q = 2Yn1 + %yn = hf(tn+2, Yn+2)- (2)

To allow for the possibility of f being a nonlinear function, take a second numerical solution sequence {gy }
and denote its difference from {y,} as Ay, = yn — §n. Next, assume the method satisfies the Lipschitz
condition (2.12) with L = 0. Substituting (2) into (2.12) and multiplying by ; gives

B = Re(3Ayn+2 = 2054138y, Ayasa ) <0, (3)
Now consider the equation
E = [|AY i1 llE — [AYllE + lazAynt1 + a1 Ayni1 +aoAyal®,  ao,a1,a2 € R. (4)
Using £ < 0 from above implies ||AY,,41]|Z < ||AY, ||, since ||[a2Ayni1 + a1 AYnt1 + aoAy,|> > 0. Let
gi1 912
G =
921 922
If matching the coefficients of (3) to (4) produces an SPD G, method (2) is G-stable by Definition 3.

Imposing symmetry by letting g12 = go1 produces the following nonlinear system of six equations in six

unknowns:
qu21+1 : % =g+ a%, AYni1yn : —2 = 2912 + 20201
Ayz: 0= g —gn +af Ayni1yn : 3 = 2a2a0
Ay?2 10 0= —gog+a? Ay, Ay, _1: 0= —2g12 + 2a;1ap.

Solving this system produces the G-matrix

1/ 5 -2
G:4<2 1). (5)

By Sylvester’s Criterion (see A.1.4) this is a positive-definite matrix, and thus the BDF 2 method (2) is
G-stable.

Alternatively, one can use the method’s generating polynomials (see A.1.2), which for scalar BDF 2 are
p(Q) =3 -20+4, a(Q)=¢

Define the function

which for BDF 2 simplifies to

B(C) =L+ %) Sy 8 = -2y
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Define a function P(¢,w) = 1(p(¢)o(w)+p(w)o(¢)) —a(¢)a(w), which with some simplification and factoring

becomes

P(Gw) = (w=1)(S¢w = 5¢ - 50+ 7)

= (Cw — 1)(g11¢w — 912 — 921w + g22),

1/ 5 -2
G:4<2 1). (6)

which is the same as when calculated directly.

which gives matrix

A.1.4 Sylvester’s Criterion
Theorem 5. If a matriz A and all its principal-minors have strictly positive determinants, then A is positive-
definite.
A.1.5 Proof of Theorem 3
Proof. Since B(u) is skew-symmetric, multiplying method (1.5) through by u”(t) gives
ul () (t) + u’ (£)(A = Cult) = u" () f(2),
and since A — C =0,
d
ul () (t) < ol (8) f(t) <= 2uT () (t) < 2u” (1) f(t) = allu(t)llg < 2u" (1) f(1).
Letting F2 = maxyeo,7] ()3, using Young’s Inequality gives
d
%lllt(t)llg < a3 + £ -
Multiplying both sides by integrating factor e~*, letting v(t) = ||u(t)||3, and rearranging terms gives
1oy —t —t 2 —t d —t 2 —t
V(t)eTt —v(t)eT < Fre ! <= %[v(t)e | < Fie™".
Finally, integrating both sides from 0 to ¢ gives
t d t
/ d—[v(s)e_s]ds < / Fie *ds <= v(t)e " —v(0)e’ < —Ffe ' + Ff <= v(t) < v(0)e + F2 (e — 1),
o @s 0

and taking |lu(t)]|3 = v(t) and |[u(0)||3 = v(0) gives the result. O
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A.1.6 Inverse of a Symmetric Positive-Definite Matrix

Lemma 3. The inverse of a symmetric positive-definite matrix is symmetric positive-definite.

Proof. Let D be an SPD matrix. Since D is symmetric, there exists a diagonalization of D
A=Q7'DQ, A=diag(Mi,\z,...; \n),
where Q~'Q = I, the identity matrix, and Q~! = Q7. Then
D =(QAQTH) T =@ )T =AT T =@ )T(ATHTRT = (@A) = (DY
Thus D' is symmetric, and it is positive-definite since
1 1

1
A = diag( —, —, ..., — \i Vi,
’Lag()\la)\Qv ’An), >0 1

A.1.7 More Properties of Symmetric and Positive-Definite Matrices

Lemma 4. If D is a symmetric positive-definite matriz it can be diagonalized as QA™'Q~! by Lemma 3.
Define D= as a matriz such that D2 D% = D (derived more specifically in the proof below). Then Dz s also
positive definite, and (D2)T = (DT)z.

Proof. Since D is symmetric positive-definite, there exists a diagonalization of D such that
A=Q'DQ, A=diag(\i,)a,..; M), X >0 Vi,
where Q7'Q = I, the identity matrix, and Q' = Q7. Then
D} = (QAQ™ME = (QVAVAQT)! = (QVAQT'QVAQ ) = (QVAQ™)*)} = QVAQ ™.
Taking the transpose gives
(D))" = (@QVAQTHT = (@) (VAHTQT = @VAQT = D* = (D)%,

where the last equality holds since D = D™ from the fact that it is symmetric by assumption. Dz is thus

positive-definite since

A = diag(v/3a, Vg s V),

and v/A; > 0 for all ¢ since \; > 0 for all 4. O
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