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Kapittel 1

Lie group methods

1.1 Background material

This is section a summary of the results of the first and second chapter in [Ol] which are
particularly relevant for the introduction of Lie group methods.

1.1.1 Manifolds

Definition 1.1.1. [Ol] An m-dimensional manifold M is a topological space covered by
a collection of open subsets W, C M (coordinate charts) and maps Xy : Wy — Vi, C
R™ one-to-one and onto, where V,, is an open, connected subset of R™. (Wy, X,) define
coordinates on M.

M is a smooth manifold if the maps X5 = X o X1, are smooth where they are defined,
i.e. on Xo(Wo NW3) to Xg(Wo N Wh).

Example 1.1.2. R™ is a m-dimensional manifold covered with a single chart.

Example 1.1.3. The unit sphere ™1 := {x € R™| Y- | 2? = 1} is a m—1-dimensional
manifold covered with two charts obtained by omitting the north and south poles respectively.
The coordinate maps are obtained considering the stereographic projection from the north
and south pole respectively.

Given two smooth manifolds M and N we say that F' : M — N is a smooth map if
it is smooth in local coordinates. Introducing local coordinates on the manifolds we get
reM,z=(x1,...,xn), and y E N,y = (y1,...,yn). Assume y = F(z) and y; = F;(x)
1=1,...,n; if F; is smooth as a map from an open subset of R" to R, then F' is smooth
also as map between M and N.

The rank of a map F : M — N is the rank of the Jacobian of F, the map is said to be
reqular if its rank is constant.

A subset N'C M of a manifold which is a manifold in its own right is a submanifold.

Definition 1.1.4. Submanifolds An immersed submanifold N of a manifold M is a
subset N C M and a map F smooth and one-to-one F': N — N C M with F everywhere
of mazximal rank and N an n-dimensional manifold.

Example 1.1.5. M = R3 consider the parametrized curve ¢(t) = (cos(t),sin(t),t) (a
circular eliz), ¢ is one-to-one and ¢ = (—sin(t),cos(t), 1) is never 0 so the mazximal rank
condition is satisfied and the eliz is an immersed submanifold of R3.
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1.1.2 Vector fields

A tangent vector to a manifold M at a point is the tangent to a smooth curve passing
through the point: given z € M and ¢(t) € M the curve such that ¢(0) = x then

d
vl, = Lol)

t=0

Definition 1.1.6. The tangent space to a m-dimensional manifold M at the point x is
the vector space of dimension m formed by the collection of the tangent vectors at x and is
denoted by Ty M.

d
T, M :={v= ﬁgb(t)

, st 6(t) € M, VE, $(0) = z}.

t=0

The definition of the tangent space of a sub-manifold of R" is also given in [HLW]|
chapter IV.5.
The tangent bundle
TM = UgepT M

is the collection of all tangent spaces, it can be given the structure of a manifold of di-
mension 2m.

The tangent bundle to the circle can be identified with the cartesian product of the
circle with R, TS ~ S x R. The tangent bundle to the sphere T'S? can NOT be identified
with the cartesian product of the sphere and R2.

A wector field on M is a section of the tangent bundle of M, i.e. is a smoothly varying
assignment of tangent vectors: v : M — TM such that v(z) = v|, € T, M. In local
coordinates

S 0
_ iy 9
1=1
¢i(x) are smooth functions and a?ci denote a basis of the tangent space T, M.

A curve ¢ : R — M is an integral curve of the vector field v if, when ¢(t) = z, the
tangent to the curve at ¢ coincides with the vector field at z, i.e. ¢(t) = v(z). This means
that in local coordinates ,

dz’
dt

=&'(z), 2'=ai(t).
Example 1.1.7. We consider a vector field on R?,

v(z,y) = Y0, — 20,

ven= (&)= (%),

and to find the integral curve one has to solve

T =y,
y = -,
obtaining
xz(t) = cos(t)zo + sin(t)yo,

y(t) = —sin(t)zo + cos(t)yo.



1.1. BACKGROUND MATERIAL 7

If ¢(t) is a maximal integral curve of the vector field we denote it with

¢(t) = exp(tv)xo, o = @(0),

exp(tv)xzg is the flow generated by the vector field v, while v is called the infinitesimal
generator of the flow. This notation is justified by some fundamental properties of the flow
resembling known properties of the exponential mapping:

exp(tv) exp(sv)ag = exp((t + $)V)zo,  exp(0v)zg = o,

3 d
exp(tv) 1z = exp(—tv)x, pn exp(tv)xo = V‘exp(tv)xo
and also J
V|x0 = aexp(tv)xo , Vzge M,
t=0

i.e. given the flow starting from xy we can retrieve the vector field at zo by differentiating
the flow with respect to t and then setting t = 0. The flow of a vector field can be expanded
as

exp(tv)rg = xo +t v|, + O(t?).

If zg is such that v| z, = 0 we say that x¢ is a singularity or equilibrium point of the vector
field, and this implies
exp(tv)zg = xg, V.

Points that are not equilibrium points are called regular.

Vector fields can operate on functions as derivations.

A derivation is a linear operator defined on an algebra! A, D : A — A satisfying the
Leibniz rule, D(ab) = D(a)b+ aD(b), for all a,b € A, where ab is the product of a and b
in A.

Given f: M — R the result of applying v as a derivation on f is a new function v(f)
such that

of

V(@) = Y€ gt = sl
=1

dt =0

v(f) determines the infinitesimal change of f along the flow of v. It is easy to verify that
v acts as a derivation

L v(Af + pg) = Av(f) + pv(g),
2. v(fg) = fv(g) + gv(f).

The Lie series expansion of f: M — R is an expansion of f evaluated along the flow
of v

Flexp(tv)a) = F(x) + tv(F()) + PV () + .

converging for t sufficiently near 0. This is a way of reconstructing f along the flow of v
given v.

! An algebra is a vector space equipped with a multiplication operation, “-” : Ax.A — A. This operation
is distributive with respect to the addition of the vector space and is compatible with the product by scalars
in an appropriate sense.
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The Lie bracket of vector fields is an operation on the set of vector fields, given two
vector fields v and w, [v, w] is also a vector field. Such vector field is identified by the way
it is acting on smooth functions, i.e. for all smooth f: M — R,

v, w](f) = v(w(f)) —w(v(f))

In coordinates, assuming

V:;5 oxt’ W:;n oxt’

we obtain

m

i~ 0 & SIS,
vow) = ,Z;E oxt OxJ Z Z dz' OxI
= 7=1 i=

B m ; m 85 8
o <Z£ oxt _ZZ 8.’BZ> Oz

j=1

One can verify that the following important properties hold for the Lie bracket of vector
fields:

1. bilinearity: [A\1v1 + Aava, W] = Aq[vy, W] + Ag[va, W].
2. skew-symmetry: [v,w] = —[w, v].

3. Jacobi identity: [v, [w,u]] + [u, [v,w]] + [w, [u,v]] = 0.

The derivative map or differential of a given map F : M — N is a map
dF : TM — T./\/, s.t. dF‘l, TeM — Tp(x)./\/

which is such that for any curve ¢(¢ ) t) such that ¢(t)|,_, = = and correspondingly F'(¢(t))|,_, =

F(x), with tangent vectors v, := dtgf) and W (y) := %F(qb(t)) we have

M=o 1o

dF|, (ve) = W (z)-

The differential is a linear map and in coordinates it is represented by the Jacobian of F.
Only when F' is one-to-one dF' maps vector fields to vector fields, [O]].

Assume F is one-to-one and v a vector field on M and d F(v) a vector field on N, one
can prove that

F(exp(tv)z) = exp(td F(v))F(z). (1.1)

If w is also a vector field on M than one can also prove that the Lie bracket of vector
fields is invariant under d F, i.e.

dF([v,w]) =[dF(v),d F(w)].
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1.1.3 Lie groups

(132

A Lie group is a manifold G equipped with a smooth product operation which gives
to G a group structure, e.g. there exists an identity element e € G and for any g € G its
inverse ¢g~! is in G.

Here follows a list of examples of Lie groups,

e (R, +)

e GL(n) ={A4 € M™"|det(A) # 0} with the product between n x n matrices as group
product,

o SL(n) ={A € M"*"|det(A) = 1} with the product between n x n matrices as group
product,

e SO(n) = {A € M™"|det(A) = 1, ATA = I} with the product between n x n
matrices as group product,

e SP(2r) = {A € M*>*?"| AT JA = J} with the product between 27 x 2r matrices as
group product,

here M™*™ is the set of n x n real matrices.

1.1.4 Transformation groups

A transformation group acting on a smooth manifold M is a Lie group G and a smooth
map A : G x M — M such that

o Ale,z) =z for all x € M.
e A(g,A(h,z))=A(g-h,z) for all z € M and g,h € G.

A is called a Lie group action. We say that the Lie group action is global when A(g, ) is
defined for all x € M and g € G and local if it is defined on an open subset V C G x M
such that {e} x M C V.

Some examples:
e GL(n,R) (or any of its subgroups) acting on R™ by matrix-vector multiplication.
e Any Lie group can act on itself by the group multiplication.

The set
Oy ={me M|m=A(g,z), g € G}

is called orbit of the Lie group action.

Example 1.1.8. Consider the group O(2) acting on R? the orbits are circles around the
origin of R2. Analogously for O(n) acting on R™ the orbits are spheres:

{zeR"||z]=C}
with C' a constant.
A lie group action is said to be transitive when there is only one orbit, O, = M, i.e.
Yy e M3dg € G, s.t. AN(g,x) = y.

Example 1.1.9. The action of a Lie group G on itself by left multiplication is transitive.
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1.1.5 Homogeneous spaces

Given a Lie group G and a subgroup H we can define an equivalence relation on G:
g~ §< IheHst.g=gh.
The equivalence classes, [g] = g - H, are called left-cosets

9] ={gh|h € H}.

One can prove that if H is a closed subgroup then the quotient G/H (i.e. G/ ~) is a
manifold called homogeneous space.

Recall that for G/H to be a group H needs to be a normal subgroup i.e. gHg™! = H
for all g € G.

In a homogeneous space the action A : G x G/H — G/H, A(g, [g]) = [¢g] is transitive.
In fact for any [g1] and [go] in G/H it exists g € G such that g = gog; " and A(g, [91]) = [g2]-

Example 1.1.10. Relevant homogeneous spaces. Prove that the sphere is an homo-
geneous space S% = SO(3)/SO(2).

More in general SO(n)/SO(p) for p < n is another interesting homogeneous space called
Stiefel manifold and can be identified with the set of all n X p matrices with p orthonormal
columns.

Analogously O(n)/(O(p) xO(n—p)) is the homogeneous space also known as Grassmann
manifold.

Definition 1.1.11. Given x € M and A a Lie group action on M the isotropy subgroup
of x € M s
Ge ={g € G|A(g,z) = x}.

Recall that if H C G is a subgroup of G (a Lie group) and H is topologically closed
then H is a Lie subgroup see chapter II in [O]].
This implies that G, is a Lie subgroup.

Theorem 1.1.12. A Lie group G acts globally and transitively on M if and only if M =~
G/H is isomorphic to the homogeneous space obtained as G/H with H = G, the isotropy
subgroup of any chosen x € M.

So any transitive Lie group action corresponds to a homogeneous space and viceversa.

1.1.6 Lie algebra of a Lie group
A Lie algebra g ia a vector space with a bracket operation:
e [,]] : g X g— gis a bilinear map
e is skew-symmetric: [u,v] = —[v,ul], Yu,v € g
e satisfies the Jacobi identity: [u, [v, w]] + [w, [u, v]] + [v, [w,u]] = 0 Yu,v,w € g.

The Lie algebra of a given Lie group G is the tangent space at the identity element e,
g:=T.G.

This means that g is a linear vector space, for matrix Lie groups the Lie algebra is
typically a linear vector subspace of M™*™,

One can verify that



1.1. BACKGROUND MATERIAL 11

e the Lie algebra of (R, +) is R

e the Lie algebra of GL(n) is gl(n) = M™ ",

e the Lie algebra of SL(n) is sl(n) = {4 € M™*"|trace(A) = 0},

e the Lie algebra of SO(n) is so(n) = {A € M™"|AT + A = O},

e the Lie algebra of Sp(2r) is sp(2r) = {A € M?™*?"|AJ + JAT = O},

Bevis. Consider A(t) € Sp(2r) A(0) = I, we get V = %A(t)}tzo € sp(2r). We
differentiate A(t)JA(t)T = J and obtain

AJAT + AJAT = O.

Setting t = 0 we obtain
VJ+JvT =o0.

O

We now consider an alternative definition of the Lie algebra of a Lie group, we will see
how this is equivalent to the definition given above, and will naturally obtain the definition
of the bracket operation on g.

Consider the left multiplication of the Lie group L, : G — G, Ly(g) = gg, consider also
the derivative mapping or differential of Ly, d Ly : T,G — Ty, G.

Definition 1.1.13. A vector field on G, v, is left invariant if
dLy(v) =v.

Since for a left invariant vector field v(e) = A implies d Ly(v(e)) = v(g), once we know
how the vector field looks like at the identity, e, we know how it looks like everywhere.
For this reason we can identify the tangent space at the identity of the Lie group G, i.e.
the Lie algebra g, with the set of left invariant vector fields. An analogous definition and
identification can be given for right invariant vector fields.

The Lie algebra can be also used to describe the tangent space to G at any point. Here
is the case of the orthogonal group.

Example 1.1.14. Consider v(t) € O(n). v(t)Ty(t) = I assume v(0) = Q and %(0) = W.
By differentiating with respect to t and setting t = 0 we obtain WTQ + QTW = O. Set
A = QTW and substitute W = QA in the previous equation, obtaining AT + A = O. So
we obtain a characterization of the tangent space of O(n) at @ by means of so(n):

ToO(n) ={W =QA| A cso(n)}.
Analogous results can be obtained for other matrixz Lie groups.

Recall form chapter I in [Ol]: given a mapping F' : M — N the derivative mapping d F’
does not map vector fields to vector fields unless F' is one-to-one. Assume F' is one-to-one
and v a vector field on M and d F(v) a vector field on N, one can prove that

F(exp(tv)x) = exp(td F(v))F(x). (1.2)
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If w is also a vector field on M than one can also prove that the Lie bracket of vector
fields is invariant under d F, i.e.

dF([v,w])=[dF(v),dF(w)].

If M = G (a Lie group) the right multiplication Ry : G — G is one-to-one. Assume v
and w are right invariant vector fields: d Ry(v) = v and d Ry(w) = w, then

d Ry([v, w]) = [d Ry(v),d Ry(W)] = [v, W],

so that also the Lie bracket [v, w] of the two right invariant vector fields is right invariant.
The Lie algebra is closed under the Lie bracket of vector fields. So the Lie bracket of vector
fields is the bracket operation of the Lie algebra g of a Lie group G. Recall that the Lie
bracket of vector fields is bilinear skew-symmetric and satisfies the Jacobi identity, see [Ol]
chapter I.

Example 1.1.15. Consider gl(n) and the bracket of vector fields by a similar argument to
that used in example 1.1.14 we obtain that a left invariant vector field v4 on GL(n) has
coordinates given by the matriz product X A with A € gl(n) and X € GL(n). Consider two
left invariant vector fields v o and vp and write them as derivation operators:

- 0 - 0
vaX)= > Tikthjm —, VB(X)= > kg —
i,5,k=1 J ij,k=1 J

here we denote with a;; = (A);; the (i,7)-element of the matriz A. Computing the Lie
bracket of the two vector fields we obtain

n

VavBl(X) = D mikaeg ) biag— = 3 mebns ) asgpo-
1,8 le ,

i,5,k=1 s=1 l,r,s=1
- 0
e Z .’L'Z,k(AB — BA)k’ST
) Li,s
i,k,s=1

The Lie bracket of the two vector fields is a vector field with coordinates the matrixz com-
mutator of A and B: [A, Bl = AB — BA. The situation is analogous for the case of right
mwvariant vector fields a part from a change of sign.

1.1.7 The exponential map

Consider v a right invariant vector field on G and the right multiplication of the Lie group
R,. Using (1.2) we obtain

Ry(exp(tv)e) = exp(tdRy(v))g
and further using the right invariance of v on the right hand side we get
(exp(tv)e)g = exp(tv)g,

so that the left multiplication of g by the flow through e of v is equal to the flow through
g of v. We therefore can identify the flow of the right invariant vector field to be the
corresponding one parameter subgroup? of G:

exp(tv) :=exp(tv)e.

20ne parameter subgroup: a subgroup depending on one parameter, in this case t.
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We can also define the exponential map exp : g — G as
v e g exp(tv)el,_, € G.
Example 1.1.16. The flow of a right invariant vector field
0
va = Z @ijThj gy
“~ Ti,j
1,5,k
is y(t) such that v = v4(y(t)), in coordinates

n n
Yig = Z ( az,k%,j@)) , le. §=Ay,
k=1

ij=1

and y(t) = exp(tA)~v(0). For the left invariant vector fields the flow is instead of the type
n(t) = n(0) exp(tA).

Exercise 1.1.17. Show that exp(O) = e, where O is the zero element in g and e is the
identity element of G. Show that the derivative mapping of exp at O is the identity mapping
m g.

The results of the previous exercise guarantee that exp is a local diffeomorphism from a
neighborhood of O € g to a neighborhood of e € G. This follows from the inverse function
theorem. (See also [HLW]| chapter IV.6 on this topic.)

The exponential mapping can be used to put local coordinates on the Lie group by
means of the Lie algebra.

Theorem 1.1.18. Let G be a connected Lie group with Lie algebra g. Fvery group element
can be written as a product of exponentials:

g = exp(V1) exp(V2) - - - exp(Vk),

forVi,..., Vi €g.

1.1.8 Some properties of the exponential in matrix Lie groups

We want to consider

d
% eXp(O'(t))e o )
where o(t) is a curve in gl(n). We proceed giving two Lemmas which are used for this aim.

Lemma 1.1.19. Variation of constants formula.
The solution of the differential equation

U= Au+w, u(0)=uo,

where A is a m X m constant matriz and ug, w € R™ are fized, is

t
u(t) = ey +/ =D Aydz.
0
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Bewvis. To find the solution of the considered differential equation we use the integrating

—zA

factor e™*4, we obtain

e " u(x) — Ae " u(x) = e .

We now integrate between 0 and ¢ and obtain

¢
e Au(t) —u(0) = / e " Awdz,
0
and multiplying on both sides with e we obtain the result.

Corollary 1.1.20. If w € R™ and A is a m X m matriz we have that

t t
/ et Apdy = er -1
0

w.

z z=A

Bevis. We expand the integral at the left hand side of the equality by using the Taylor

series of the exponential mapping and we obtain

t o0 ety oNi
/ =D Ay dy = Z/ (t i'x) Alwdzx,
0 i=0 /0 '

and since
t i i+1
t— t
/ ( ,':E) wdr = — Tw,
0 1. (Z + 1)
we obtain
" t—a)a o i U o kit
—x _ 7 — L ___
/Oe wdxr = E A (Z,+1)!w— E A k!w.
=0 k=1

Now one can verify that

(use the expansion for e%?), which implies that

t t
/ e Aydy = -1
0

z

z=A

This Lemma is used in the proof of the next Lemma.

Lemma 1.1.21. Assume o(t) is a n X n matriz for each t then we have that

d e —1
2 po(t) ) g—olt) —
(dte > ‘ z

(1.3)

where for two n x n matrices B and C we have adg(C) = [B,C] = BC — CB, where |-, -]

1s the matriz commutator.
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Bevis. Consider B(s,t) = (%ew(t)) e—57() By differentiating with respect to s we obtain

0 d d
v — el so(t) —so(t) [ Y% _so(t) —s0o(t)
8SB(S,t) <dt <a(t)e )) e (dte > e o(t)

d
= o(t)eWe7® 4 o5(1) <(ﬁesa(t)> e M _ B(s,t)o(t)
= 5(t)+[0(t), Bs,)].
This means that
gsB(s,t) = ads(B) + 7,
and we have B(0,t) = O. Note that ad, is a linear operator acting on n x n matrices, and

can be represented as a n? x n? matrix. Then taking A = adg(s), in Lemma 1.1.19 and

Corollary 1.1.20 we have

e’ —1

B(s,t) =

From Lemma 1.1.21 we have that

d U(t)_ez—l

—e
dt z

(&) - eﬂ(t)’
z=ady

and for ease of notation we define

dexpy (6(1) 1 = & _®
D)
k=1
= 5(0) + 5lo(0), (0] + 5[0 (1), [0, 6(0)] + .

1.2 Integration methods on manifolds

1.2.1 Introduction and motivation

We are interested in deriving intrinsic numerical integration methods for the problem

(1.4) y = F(y)
(1.5) y(to) = o,

with yo € M, M a smooth manifold, and F" a vector field on M, i.e. F(y(t)) € T, M
for all t. Using a classical Runge-Kutta or multi-step method to approximate this problem
does not automatically produce approximations on M. Our aim is to design numerical
methods which by construction produce approximations on the manifold. We call them
intrinsic because we use only operations which make sense in the manifold setting.

As an example consider the following differential equation on the orthogonal group

Y =AY)-Y, Y(0)=Yy, (1.6)
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where Y and A(Y) are n x n matrices, A(Y) is skew-symmetric for all Y and Y{ is an
orthogonal matrix. The solution of (1.6) is an orthogonal matrix in fact if we take the
derivative w.r.t. time of Y (¢)7Y (t) we obtain

%Y(t)TY(t) = YTy + YTy =vTAW)TY + YTA(Y)Y

= -YTAY)Y +YTAY)Y =0,
which means that Y (¢)7Y (¢) is constant and therefore
YY) =Y Yo=1, Vi,

i.e. Y(¢) is an orthogonal matrix for all . The format (1.6) is a consequence of the cha-
racterization of the tangent space discussed in example 1.1.14 and is valid in general for
A(Y) belonging to the Lie algebra g of a Lie group G and Yj € G.

This type of differential equations arise in rigid body dynamics, structural mechanics,
and many other fields of science and engineering. Often it is important to compute nume-
rical approximations of the solution which belong to the Lie group.

Example 1.2.1. The rigid body equations Fuler’s theorem states that the general
displacement of a rigid body (or coordinate frame) with one point fized is a rotation about
some axis. This leads to Fuler’s equations for the free rigid body,

7 = skew (T~ m) r, (1.7)
where
0 V3 —V2
skew(v) = fvs 0 v |,
Vo —Uq1 0
and
L 0 0
T = 0 I, 0
0 0 I3

Here m is the angular momentum, Iy, I, Is are the principal moments of inertia of the
body. According to Euler’s theorem there exists a 3 x 3 rotation matriz Q(t) such that
m = Qmg. Such a matriz must then satisfy the following differential equation

Q = skew(T'7) Q. (1.8)

Correct and efficient numerical integration of equations (1.7) and (1.8) is of interest
for applications in molecular dynamics and celestial mechanics, for example.

Suppose we apply the Forward Euler’s method to (1.6), i.e.
Yot1 =Y, +hAY,)Yn, n=0,1,2...

and assume YOTYO = I. We want to know if this implies that also Y{'Y; = I. By direct
calculation we obtain

Y'Y = (Yg +hYy A(Yo)") (Yo + hA(Yo)Yo)
I+ hY{ A(Yo)Yo + Y A(Yo)TYo + R2Y A(Yo) T A(Yo) Yo
I — WY A(Yy)?*Y,
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in general we can not expect the term Y A(Y()?Yy to vanish and therefore we can not
expect Y7 to be orthogonal.

We want to find strategies alternative to the forward Euler’s method which maintain
the orthogonality under time discretization. Given a n x n matrix B with constant entries
we know that
Lk

L B

k!
k=0

exp(tB) = !B =

is the solution of the matricial differential equation
Y =BY, Y(0)=1I.

Observe that if B is a skew-symmetric matrix the above equation is a special case of
equation (1.6) and exp(tB) is an orthogonal matrix. We consider the following alternative
to the forward Euler method for the numerical integration of equation (1.6),

Y1 = exp(hA(Y;,))Y,. (1.9)

Provided Y Yy = I and exploiting the orthogonality of exp(hA(Yp)) we can verify that Y;
is an orthogonal matrix, in fact

Y'Y = Yy exp(hA(Y)T exp(hA(Yy))Yo = I,

in other words the proposed method produces numerical approximations to the solution of
(1.6) which belong to the set of orthogonal matrices.

The method (1.9) is known as Lie-Euler method and has order 1. In fact if we consider
the Taylor expansion of Y (h) and Y; = Yj(h) around zero, we can easily verify that they
coincide up to second order in h. We have

h2 ..
Y(h) = Yo + hA(Yo)Yo + ;Y (0) + ...

and
2

. B2 ..
Yl(h) = Yl(O) + hYl(O) + aYi(O) + ...,
Now Y1(0) = Y} and since

N = 2 exp(hA(Yp))Yo = A E(AA) Yol = AV

we easily see that the two Taylor expansions coincide up to terms of order at least 2 in h.
In the next sections we will generalize this method following two different strategies
which lead to two different classes of methods.

1.2.2 Methods based on frame vector fields

Definition 1.2.2. A set of vector fields {&1,...Eq} on the manifold M of dimension m < d
1s a set of frame vector fields if

M =span{&i],,... &l,}, VaeM.

Given any vector field F' on M we have
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Definition 1.2.3. We denote with F), the vector field

d
Fy(z) = Z filp)€i(x)
=1

we say that F, is the vector field F' frosen at the point p.

Given at M is a manifold with a set of frame vector fields we can define intrinsic
Runge-Kutta like methods as follows:

Commutator-free method

forr=1:sdo
Y, = eXP(ZZ:1 O‘fJFk) - -eXp(ZZ:1 alﬁFk)(P)
F, = hFy, = h Y0, (V)€

end

y1 = exp(Xoj_y B5F) -+ exp(Xi_y BF Fr)p

Here n counts the number of time steps and h is the step-size of integration. The integrator
has s stages and parameters osz 75 5§~ Fach new stage value is obtained as a composition
of J exponentials of linear combinations of vector fields frozen at the previously computed
stage values.

In the following tableaus we report the coefficients of a method of order 3 and a method
of order 4. The method of order 3 requires the computation of one exponential of each
internal stage value and the composition of two exponentials for updating the solution.
In the order 4 method the first three stage values require one exponential each, while the
fourth stage and the solution update require two exponentials.

0
1| 1
0 2| 3
1| 1 1 1
3] 3 2] 0 3
2 2 1
2 0 2 104 00
T
0 0 101
L o 3 T I 1 I
12 1 i 6 § "1
_1 11 1
12 6 6 4

Example 1.2.4. Let M be a manifold acted upon transitively by a Lie group G. Denote
with A : G x M — M the Lie group action. Suppose E1, ..., Eq a basis of the Lie algebra
then Fg,,... Fg, obtained by

Fg,(x) = %A(exp(tEi),x) ,
t=0
are a set of frame vector fields.
In particular for matriz Lie groups consider the vector field A(Y)Y of equation (1.6).
Here A(y) € g and A(Y) = Z?:l a;(y)E; with By, ..., Ey a basis of the Lie algebra®. The
vector field frosen at a point P € G is simply A(P)Y .

®Say for so(n) a basis is given by the matrices of rank 2 of the type e;e] — eje] with e;,e; € R
canonical vectors, and i =1,...,n, 7 <¢—1.
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Note that at each stage in the commutator-free methods we allow for the composition
of at most J exponentials. As, in general, the computation of matrix exponentials is a
computationally demanding task, it is of interest to find methods in this class which require
a minimal number of exponentials, see [CMO| for details.

Given the above format for the methods the challenge is to find parameters

k k . k k
AJiyer0qg, Ghk=1...,8, By,....,0, k=1,...;s

such that the formulae above produce a method of a desired order. The order theory for
these methods can be developed as usual by requiring that
dr dr
dh M,y dhr
The number of order conditions for order p is higher than for classical Runge-Kutta met-
hods. A complete treatment of this subject can be found in [O].

If we assume J = ¢ — 1 and allow for just one of the a values to be different from zero
in each exponential, we obtain the Crouch and Grossman methods, [CG].

Y;

Y (h) , r=1,...,p.

h=0

Crouch and Grossman
fori=1:sdo
Y; = exp(aii—1Fi—1) - -exp(ai1 F1) Yy
Fy = hFy, = h 33, fiYo)E

end
Y1 = exp(bsF) - - - exp(b1 F1)Y,.

Crouch and Grossman pioneered the field of integration methods on manifolds (and
Lie Group methods) in the nineties. These methods are defined by a tableau similar to
the classical Runge-Kutta Butcher tableau, but also in this case the methods require extra
order conditions compared to classical Runge-Kutta methods. An example of a method of
order 3 is the following:

0
1|1
24 24
17 | 161
24 24

1

3
In the case of matrix Lie groups, equation (1.6), using the results of example 1.2.4 and
applying this method we obtain:

—6
72
3

Y, =Y,
Yo = exp(—h/24 A(V1))Y,
Y3 = exp(—6 hA(Y2))exp(161/24 hA(Y1))Y,

Yasr = exp(2/3 hA(Y3)) exp(~2/3 hA(Ya)) exp(hA(Y1))Y,

this method requires 6 exponentials. If we use the commutator-free method of the same
order we obtain:

Y1 . = Yn
YQ = exp(h/S A(Yl))Yi
Y = exp(2/3hA(Y2)Y:

Y1 = exp(—1/2hA(Y1) + 3/4hA(Y3))Y,

requiring three exponentials.
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1.2.3 RK-MK methods

Assume the manifold M is acted upon transitively by a Lie group G. We use the action
and perform the following change of variables for (1.4):

y(t) = Mexp(a(t)),50),  o(t) € g,

valid in a neighborhood of yp € M. The idea is to derive an equation for ¢ in the Lie
algebra and then to integrate this equation with a classical Runge-Kutta method and
obtain an approximation & & o(h) which still belongs to the same Lie algebra and which,
via exponentiation, and the Lie group action, generates

y(h) = y1 = Aexp(), yo)-

Consider the mapping Ay, : G — M, defined by Ay, (9) = A(g,y0). By differentiation
we obtain

F(y(1) = S9(0) = SA(exp(o(1), 30) = Ay (exp(o (1))

and further, from the definition of differential (derivative mapping), [Ol] chapter I, we
obtain

F(y(0) = dAyy (5 explo (1))

By assuming now without substantial loss of generality that we work with matrix Lie
groups, from Lemma 1.9 we obtain

F(y(t)) = dAyo (dRexp(o)deXpU(d)) = (dAyo o dRexp(o))(deXpa(é—))’ (110)

where Ry is the right multiplication by g in the Lie group.
Using the same set of frame vector fields defined in example 1.2.4 in the previous
section, Fg, () = dA;(E;), and the linearity of the map dA,

d d

F(x) =) file)Fp,(z) = dAs () filx)Ey),

i=1 i=1
here we can define f(x) := Zf-l:l fi(z)E; € g. Setting x = Ay (exp(o(t))) we obtain the
following expression for the left hand side of (1.10)

Fy(t)) = F(Ayy(exp(a(t)))) = dAr, (exp(o)) (f (Ayo (exp(0))) -

Now we have that

dAyo © dReXp(U) = d(Ayo © Rexp(a)) =dAy

vo (exp(0))>
see [Ol] chapter I. By substituting at the right hand side of (1.10) we obtain

d

A, (expo) (D Fiy(0)Ei) = dAp, (exp(o)) (dexDy (6)),
=1

which is fulfilled if
dexp,(d) = f(Ay,(exp(0)),

and which in turn gives the differential equation for ¢ in the Lie algebra g:

o = dexp, '(f(Ay,(exp())). (1.11)
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Here dexp,, is an invertible map provided ||o|| < 7, see [HLW| (Lemma 4.2 chap. III, 4.1 )
for details, and the inverse is given by

o0

(w) =Y —rads (u). (1.12)
z=adys k=0

-1 L z
dexp_ (u) :== prnt

Here the coefficients By, are called Bernoulli numbers, the first four of them are

1 1

By=1, Bi=——=, By= -

0 ) 1 9’ 2 6 )

We solve numerically with a Runge-Kutta method equation (1.11) in place of applying
the same method directly to equation (1.4). The approximation & ~ o(h) is then used to

construct y; =~ y(h) via exponentiation and the Lie group action, i.e.

B3 = 0.

y1 = Aexp(d), 0)-

This procedure gives the Runge-Kutta Munthe-Kaas (RKMK) methods, and has been
originally presented in [MK], in an equivalent but different way.

Assuming o(h) = 5+ O(hP*1), (which means that the Runge-Kutta method considered
is of order p) the local error |ly(h) — y1]| = [|A(e”,90) — A(e%,yo)|| is also O(hPT!). This
can be shown using the Taylor expansion of the exponential and of the action. In other
words if we apply a RK method of order p to (1.11) we obtain an approximation of the
same order for (1.4).

In the practical implementation of this strategy, as o(h) = O(h), (remember that
o(0) = 0) the infinite series defining dexp, !, (1.12), can be truncated to the right order of
consistency in h, including just a small number of terms. We here report the algorithm for
the RK-MK methods applied to (1.4).

RKMK
fori=1:sdo
i A~ =1
oi = hY 2} aijdexp,. (f(Ay,(exp(o;)))
end

&= h Y5 bidexp, (f(Ay, (exp(0y))
Y1 = Ay, (exp(7)),

where we have denoted with de;cp;1 the truncation (to the correct consistency order) of
the expansion (1.12). Here a;; and b; i = 1,...,s j = 1,...,s are the parameters of a
classical Runge-Kutta method.

Alternatively the algorithm can be written in the following format.

RKMK
fori=1:sdo
o, =h 23;11 ai’]f(j
Ki = f(Ay, (exp(0i)))
K, = dexp,, (K)
end )
g=hY; | bK;
Y1 = Ay, (exp(9)).
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We stress once more that for the RKMK methods the Runge-Kutta parameters coincide
with the parameters of the classical Runge-Kutta methods and no extra order conditions
are produced in this case. We can for example consider the Butcher tableau for the Heuns
method of order 3, see [HNW]| p. 135. This method applied to the ordinary differential
equation y = g(y), y(0) = yo takes the following form:

Yl = Un
Unt1 = Yn+ 2(g(Y1) + 39(Y3)).

We use now this method on a matrix Lie group equation in the RK-MK fashion. The
Lie group action is the action of G on itself by matrix-matrix multiplication, and the
exponential is the matrix exponential. We obtain

o1 =0

K, = AY,)

K1 = dexpy' (K1) =K

o) = 2K

Ky = Alexp(02)Ya)

Ky = Kz — g0z, Ko + g5[09, [02, K]
o3 = 2hK,

Ky = Alexp(03)Ya)

K; = K3~— %[Ug,NKg] + %[03, [0'3,K3H
& = LK +3hK;

Yn+1 = eXp(&)Yn'

The described method requires the computation of 4 matrix commutators and 3 matrix
exponentials per time step. It is possible to reduce the number of commutators to 1 for
methods of order 3 by using techniques described in [MKO].

1.2.4 Magnus methods for linear systems of ODEs

A complete treatment of Lie group methods includes the methods based on Magnus expan-
sion. We refer to [HLW] p.121-123, for this topic.

1.2.5 Further implementation details for the implementation of Lie group
methods

We have seen that he Commutator-free and Crouch and Grossmann methods and RK-MK
methods, applied to differential equations on manifolds acted upon by Lie groups, produce
numerical approximations which belong to the manifold.

We leave as an exercise to the reader to show with similar arguments that the methods
based on Magnus series are also producing approximations of linear differential equations
on the Lie group G which belong to G.

For techniques for the approximation of the matrix exponential in a Lie algebraic setting
see |CI1], [CI2], [1Z].

In Lie group methods we exploit the crucial property that the exponential mapping is
a local diffeomorphism form a neighborhood of O € g to put local coordinates on the Lie
group G. This can be done also in other ways. In the case of quadratic Lie groups, i.e.

G:={y e GL(n)|yPy" =P}, g:={zegl(n)|zP+ Pz" =0},
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where P is a fixed n x n invertible matrix (like for example SO(n): P = I, SP(2r): P = J)
it is possible to use alternatively the Cayley transformation as a coordinate map:

1 1
cay(A) = (I — §A)_1(I+ §A)’
see for example |LS| and [DLP]. The mapping dexp];‘l is replaced by
_ _ 1 1
deay|3' g =g, deayly' (B) = (I - JA)B( + ;A).

Alternative coordinate mappings valid for any Lie group are the so called second kind
coordinates (skc) [V], and can be obtained by taking a basis Ey,..., Ey of g as a starting
point and considering the following composition of exponentials:

d
skc(A) = exp(a1Er) .. .exp(agEy), A= Z a;F;.
i=1
For further details on integration methods using these coordinates see [OM].

1.2.6 Applications of Lie group methods
Isospectral flows

Isospectral flows arise in a wide range of applications for example in certain control pro-
blems and in medical imaging. See p. 107 in [HLW].

1.2.7 Stiefel manifolds

Differential equations on Stiefel manifolds arise in many applications as for example sta-
tistical signal processing and neural networks, multivariate data analysis, and mechanical
systems.

Definition 1.2.5. The Stiefel manifold is the set
St(n,p) ;== {X € M™P st. XTX = I,.,c MP*P}

where M™ P is the linear vector space of n x p matrices and we assume p < n, and L,xp
denotes the p X p identity matriz.

One can show that St(n,p) is a differentiable manifold.

Note that with n = p, St(n,n) = SO(n), while, for p = 1, St(n, 1) is the unit sphere in
R™. We want to show that any differential equation on the St(n,p) can be written in the
form

Y =AY)-Y, Y(0)=Y, e St(n,p), (1.13)
with A(Y) € so(n). To prove this fact we start by characterizing the tangent space of
St(n,p) by means of so(n).

Consider the curve X (t) € St(n,p), by definition we have that for each ¢, X (t)T X (t) =
Ipxp.

Proposition 1.2.6. For any smooth curve X(t) € St(n,p) one can find a smooth curve
X(t) = (X(t), X (1)) € SO(n) such that X(t) = X - I, 5, where

I
I, = pxp ] ,
" [ O(n—p)xp

and O(n_p)xp 15 the (n —p) X p zero matriz.
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Proof omitted

Consider V' € TpSt(n, p) with P € St(n,p), assume X (t) € St(n, p) is a smooth curve
such that X (0) = P, and X (0) = V then, from Proposition 1.2.6, we have

==g%XU%X@V?Mm = (X(), X(O)")|  Inp = C(P)Inyp,
dt =0 t=0

|4
with C(P) € T(p p1)SO(n), (assuming X1(0) = P1). Now Proposition ?? guarantees the
existence of an A(P) € so(n) such that C(P) = A(P) - (P, P*), which implies that

V = A(P)-(P,PY)I,, = A(P) - P.

A direct consequence of this characterization of T pSt(n,p) by means of so(n) is that any
differential equation on St(n,p) can be written in the form (1.13).

We can now apply Lie group integration methods to (1.13). The strategy is as usual
to assume Y (t) = exp(o(t))Yo with o(t) € so(n), and applying a classical Runge-Kutta
method to the equation for o, which also in this case is (1.11). Finally the RKMK met-
hods applied to (1.13) assume exactly the same format as given in section 1.2.3, with the
difference that the stage values now are Y; € St(n, p) while, as before, the o; belong to the
Lie algebra.

The reader can show that the straightforward use of the commutator-free methods
to (1.13) produces numerical approximations of the solution which belong to the Stiefel
manifold.

Example 1.2.7. Equation (1.7) is a differential equation on the sphere of radius \/7’[’%17'['0

in R3. The use of Lie group methods on this problem guarantees that the numerical solution
7(t) has constant Euclidean norm, i.e. ©(t)Tn(t) = nl mo, for all t.
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Kapittel 2

IMEX methods and exponential
integrators

2.1 Integration methods and exponential integrators for PDEs

Consider a semi-linear PDE, our main example in this section is the viscous Burgers equa-

tion
B u(z,0) = wo(x), t>0 z€]0,1],
U + Uy = Vg, w(0.8) = u(lt) = 0. (2.1)
Another example is the KdV equation
pu— >
p + Wy = Vg, u(z,0) uo(z), t>0 z€]|0,2n], (2.2)

Assume we discretize these equations with finite differences, finite elements or spectral
elements in space and we generate a system of ODEs with n components of the type

y=N(y) +A vy, (2.3)

where N(y) is a nonlinear term in the right hand side and A - y is a linear autonomous
term. If, for example, we discretize using central finite differences in space, considering
n + 2 equispaced nodes in the space domain [0, 1] (including the boundary), we have

and the coefficient {7 = v(n+ 1)2, dictates the stiffness of the linear part of the problem.

In particular A has real and negative eigenvalues —4 1% sin(z(sil))2 some are near the

origin and some have big absolute value. The stiffness of the linear part of the problem

grows when Az = n%rl goes to zero.

The finite differences discretization of a convection term of the type uu, = %%(uQ),
would give a semidiscretized convection term in (2.3) of the type D -diag(y) -y = C(y) - v,

27
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1500

* eigA
[e] e@gC
1000 O eigh+C

500 -

-500 -

-1000 -

[e]

71§?8000 780‘00 760‘00 740‘00 720‘00 6 2000
Figur 2.1: Discretization of the convection C and diffusion A operators.Discretization with
a spectral method. Polynomial of degree 64, Gauss Lobatto Legendre nodes, v = 1 diffusion
dominated problem.

where

Here we have used upwinding in the first case and central differences in the second case.
The first operator has eigenvalues all equal to z-, the second operator is skew-symmetric
(as the continuous convection operator) and its eigenvalues are pure imaginary and appear
in complex conjugate couples on the imaginary axis.

An appropriate modification of the above discretized linear convection operator leads
to the semidiscretization of the nonlinear convection uu, in (2.1) giving

N(y) =C(y)-y, Cly) = diag(y)C,

where diag(y) denotes the diagonal matrix with the entries of y on the diagonal. In figure 2.1
we report the spectrum of A, C, (linear case), and A + C for a discretization in space of
(2.1) obtained using spectral methods, with v = 1.

The spectrum of A is on the real axis and the spectrum of C is on the imaginary axis.
The minimal rectangle including all the eigenvalues of A and C' contains also the spectrum
of A+ C. We shall consider numerical methods for the integration of these problems using
separate strategies for the convection and the diffusion terms in the equation.

Let us consider the implicit Euler method for the integration of (2.3) in time. We have

Ynt1 = Yn + LAY, + N (Yni1) = (I — hA)yni1 — AN (Yni1) = Yn,

where [ is the n x n identity matrix. The obtained expression is implicit in y,11, this
requires the use of a Newton iteration in the implementation.
An alternative to this method is the following strategy

Ynt1 = Yn + hAYn+1 + AN (Yn) = yni1 = (I — RA) " (yn + AN (yn)). (2.4)
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The implementation of this method requires the solution of a linear system per time step.
The computational burden per time step is much lower now than for the previous method.

Exercise 2.1.1. Prove that the method (2.4) has local order 2.

The method (2.4) belongs to the class of implicit-explicit methods (IMEX).

2.1.1 Higher order IMEX methods

We will now outline a systematic procedure to generate high order IMEX methods. Assume
y(t) = W ()= (2), (2.5)
where W (t) € M™™ is satisfying the differential equation
W =AW, W(0) =1,
and z(t) € R™ with z(0) = yo. By differentiation with respect to ¢t we obtain
Wzt Wi=y=AWz+W:i=AWz+ N(W2),
which leads to the system of equations

W o= AW, W) = I,
. 1 (2.6)
2 = WINWz), z(0) = gyo.

The system (2.6) is naturally partitioned into a diffusion part (the first matricial equa-
tion) and a convection part. We can now apply a partitioned method using an implicit
method for the linear diffusion part and an explicit method for the nonlinear convection
part.

If we for example apply an implicit Euler method for the diffusion and an explicit Euler
method for the convection we obtain

Wi =(1—-hA)"", 21 =2+ hW; 'N(yo),

which by taking y; = Wi21 gives the method (2.4). Note that if Wy = W (h) + O(hP*1)
and z; = z(h) + O(hPT!) one has that

y1 = Wizi = W(h)z(h) + O(hPTY) = y(h) + O(KPT1).

This proves that the simple IMEX method (2.4) is a first order method. Therefore a
partitioned method of order p for (2.6) generates a method y, = Wyz, =~ y(t,) which
is also of order p for (2.3). Note that in this case not all the extra order conditions for
Partitioned Runge-Kutta methods must be satisfied. In the system (2.6) the equation for
W can be solved independently from the equation for z, but vice versa the numerical
integration of z requires the use of the approximation of W(c;h) to a sufficiently high
order of accuracy.

We now construct a method of order 2. We can consider the partitioned method of
order 2 defined by the following Butcher tableaus

D= O
o
[N
N

o= O
ol
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Applying this method on the partitioned system and then defining y; = Wiz one obtains
the second order method

Yip = ( —%A)_l(y0+%]\7(y0)
y1 = (I+2A) (I —h/24) Yo + h(I + AN (Y )2).

The following IMEX method of order 2 has been proposed by Ascher and collaborators
[ARS]:

0 00

v 7|0 v

116 1-96 110 1—v v
1 1—-7 4 0 1—v o

with v = % and 6 = —%. The implicit method to the right is stiffly accurate and
L-stable. An IMEX method of order 3 can be derived by starting from the partitioned
method

0 0 0
1 1 1 8 148
2 2 2 3+525 2 1453
1|-1 2 1 5= —(1 + Bﬂ) == !
12 2 T 2 2
6 3 3 6 3 3

with g = @ the method has order 3 and the implicit method on the right is A-stable, this
method has been proposed by Griepentrog in 1978.
Another example of a method of order three is given by the following two methods:

0 0 |o
v v v |0 v
l—y|y—1 2(1-7) =710 1=2y v~
T T T T
|0 ] o3 3

with v = %, [ARS].

Exercise 2.1.2. Consider the following IMEX method based on the combination of the
implicit trapezoidal rule and an Adams Bashford method of order 2.

prir = (1= 24y L+ 2 Ay + 21— D) N () - M)

Prove that the method has order 2.
More information on IMEX methods based on multi-step formulae can be found in

[ARW].

2.1.2 Exponential integrators

Consider the partitioned system (2.6) equivalent to (2.3), we want now to use the exact
integration of the matricial equation in the system as a part of the methods. Since this
equation is linear with constant coefficients we can take for example

Wi = W(h) = exp(hA),
which combined with an explicit Euler method for the second part of the system gives

21 =20+ hW(0)"'N(y0) = yo + AN (o), (2.7)
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and finally
y1 = Wiz = exp(hA)(yo + hN(yo))-

This method has order 1 and is known as Lawson-Euler method. Following a strategy
similar to the one considered in the previous section, one can construct higher order met-
hods. These methods are called integrating factor methods. These methods and the IMEX
methods fit in the more general setting of exponential integrators whose format is reported
here below.

Exponential integrators

fori=1:sdo
Y; = @i(hA)yn + h Yy ai j(RA)N(Y))

end

Ynt1 = Pss1(hA)yn + h 320, bi(RAIN(Y)).

In the method a; j(2), bi(2), ¢i(2) are analytic functions of z, with z = hA. We require that
a;j(0) = a;; b;(0) = b; and ¢;(0) = 1, where a; ; and b; are the coefficients of a classical
Runge-Kutta method. This guarantees that when A = O, i.e. z = 0, the resulting method
is a classical Runge-Kutta method applied to the nonlinear part of (2.3). We can represent
each exponential integrator by using a Butcher-like tableau as follows

cilai(z) ... ais(z) | @1(2)
Cs | as1(z) ... ass(2) | Ps(z)
‘ bl(z) s bs(z) ‘ SESJrl(z)

The order conditions for exponential integrators can be derived directly from the general
format for the methods, for more details on this subject see [BOS| and [HO|, where the
convergence of the methods for semi-linear parabolic partial differential equations is also
studied.

We give here to examples of exponential integrators of order 4. The first example is due
to Cox and Matthews, they called their class of exponential integrators exponential time
differencing methods (ETD) [CMt]:

0 1
3 301(3) e*/?
3 0 3¢1(3) e*/?
1| 301(3)(e*/2 = 1) 0 3¢1(3) e
01 — 32 +4p3 209 —4dps 209 —4dps —po +4dps | €7

where

| —

vi(2) — 7 1
2 ’ SDZ(O) - ll?

1
‘Pl(z) = (l — 1)| /0 6(1_0)29l_1 do, SOH-I(Z) =
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Figur 2.2: Discretization of the convection C' and diffusion A operators.Discretization with
a spectral method. Polynomial of degree 64, Gauss Lobatto Legendre nodes, v = 0.01
convection dominated problem.

¢0(z) = €*. The second example is a method derived by Lawson

1
1| 1,(%) z/2
3 26 2 e
1 1 z/2
2 0 2 €
z
1 0 0 &) e?
1oz 1,5 1.5 1 z
¢~ 3¢? 3€2 @ ¢

For an overview and some history as well as more details on the relationships of exponential
integrators and Lie group methods see [MW]. For a Matlab package implementing expo-
nential integrators see [BSW], for results on Krylov subspace methods for the computation
of the matrix exponential see for example [HL|.

2.1.3 Methods for convection dominated problems

When the viscosity parameter in (2.1) is small, the convection term prevails compared to
the diffusion term. In figure 2.1.3 we can see how the eigenvalues of the operators A, C
(linear convection) and A + C' are placed in the complex plane for a convection dominated
problem, see figure 2.1 for comparison. In this case it is useful to consider methods which
allow for the accurate integration of the convection part rather than the diffusion. Assume
the nonlinear term can be written in the form

and
y(t) = W(t)z(t), (2.8)
where W(t) € M™ " is satisfying the differential equation

W =Cly)w, W) =1,
and z(t) € R™ with z(0) = yo. By differentiation with respect to ¢t we obtain
Wzt Wi=9g=>CW2)Wz+Wzi=AWz+C(W2)Wz,
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which leads to the system of equations

W = Cc(Wa)w, W) = I,

;= W1AWz, 2(0) = wo. (29)

Using a Lie-Euler method for the convection and an implicit Euler for the diffusion we
obtain the following first order method

Yn+1 = exp(hC(yn))yn + hAYn11. (2.10)

To generalize this procedure to higher order one can consider a combination of a Lie group
or Commutator-Free method for the convection and an implicit method for the diffusion.
We can for example obtain a second order method using the partitioned Runge-Kutta
method of order 2 already considered in subsection 2.1.1, i.e.

00 111
11 513
32 0 2z
0 2
We obtain
yo = Wozo
Wi = exp(2C(y0))

= yo+ sWi AW Z
2
W, = exp(hC’(W%Z%))
21 = Yo+ AWITAWLZ,,
5 2 2

1
2

which, setting Y1 = W1Z1 and y; = Wiz, becomes
2 2 2

Wi = exp(

2

_ h
Clyw)) Y1 = Wiy + 341

NI P N e

W, = exp( C(Y%)) 1 = Wiy + hW1W£1AY%.

2
We will discuss how to achieve an accurate approximation of terms of the type W;yg at
the end of this subsection.

Operator integrating factor splitting method

Another way of achieving higher order is to linearize the problem using extrapolation an
then use an implicit method, say a BDF formula, for the diffusion and an explicit Runge-
Kutta method of high order for the convection in (2.9), see [MPR] for details. This approach
is known as the Operator Integrating Factor (OIF) Splitting method. We here outline this
procedure for order 2.

Assume we are given the values of the numerical solution y(0) = yp and y; = y(h) +
O(h3). Consider the polynomial of degree 1

t—t  t—tp
pi(t) = — Yot

with t9 = 0, t; = h, p1(to) = yo and p1(t1) = y1. We consider the linearized system of
equations
Clp(t)W, W) = I,

(i ()W, W (2.11)
= WwtAwz, 2(0) Yo-

e %z-
|



34 KAPITTEL 2. IMEX METHODS AND EXPONENTIAL INTEGRATORS

Note that the semi-discretized convection operator C(y) is in some cases a linear function of
y, (see for instance the case of finite differences discretizations considered at the beginning
of this section). .

Using the Taylor expansion of W solution of (2.9) and W (2.11), and assuming for
simplicity the linearity of C(y) as function of y, we have

- h? . .
W (h) =W (h) = (I=T)+h(C(yo) =C(p1(0)))+ 57 (C(5(0)+C(y0)* = C (51(0)) = C (o)) + O(h?),
which gives
W RN Py Y1 — Yo 3
() = W(h) = 2 (C(0) — P2 20)) + 0?).

By expanding y(h) in a Taylor series around zero we obtain

3(0) = y(h) — o +oM?) = y(h) — y1h+ YLTY0 L o2y = U ; 0 4 o),
and as a consequence W(h) — W (h) = O(h®) and similarly W (2h) — W(2h) = O(h?),
2(h) — 2(h) = O(h3) and z(2h) — 2(2h) = O(h3). We conclude that the solution of (2.11)
is an approximation of order 3 in h for the solution of (2.9) on the interval [0, 2h]. If we
apply a numerical integration method of order 2 to (2.11) we obtain an approximation of
(2.9) of the same order of accuracy.

In the system (2.11) the equation for W can be solved independently form the equation
for Z and we assume to compute W(cih) for opportune ¢; very accurately. We consider a
BDF method of order 2 for the integration of the equation for z in (2.11), we obtain

1 - -
252 =25 -5+ hW (2h) L AW (2h) 2o,

and by setting g2 = W (2h)z2 we get

3. ~ 1= N
QY2 = 2W (h)yr — §W(2h)y0 + hA7s.

In the BDF2-OIF method above we need to compute W (h)y; and W (2h)yo. Each of
these problems corresponds to the solution of a differential equation of the type

o =C(p1()v, v(0) =b, (2.12)

where b = yo and t € [0,2h] or b = y; and ¢ € [0, h]. Equation (2.12) is a semi-discretized
pure convection problem arising from a PDE of the type

u +v(x, t)u, =0, x€[0,1], (2.13)

with u(z,0) = B(z) and S(z;) = b; and v(x;,t) = p1,i(t), where z; are the nodes on the
grid of the chosen discretization and py ; is the i-th component of the polynomial p;.
Such problems can be solved computing characteristics. In fact we have that the solution
of (2.13) is
u(e,t) = u(X(5),0) = BX (D)),

where X () is the solution of the differential equation

X = —wu(X(),1)

X(0) — (2.14)
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Burgeres equation with viscosity=1
T

Burgeres equation with viscosity=1 10°
T

—5 expCimplA
& imex
expAexplC

global error
3
global error
3

Figur 2.3: Discretization of the Burgers equation with a spectral method. Polynomial of
degree 64, Gauss Lobatto Legendre nodes. Methods: imex (red), expAexplC (green) and
expCimplA (blue). v = 1. Global error y-axis versus step size z-axis (left). Global error
y-axis versus CPU time x-axis (right). The imex is the best in this case.

for any « € [0,1], (this can be shown by differentiating with respect to ¢ the solution
u(X(t),0)). Therefore the accurate numerical approximation of (2.12) can be done by the
direct numerical integration of the system with a Runge-Kutta method of high order,
(Runge-Kutta 4 is a good choice), or by the accurate numerical approximation of the cha-
racteristic trajectories satisfying (2.14). The second choice gives rise to a semi-Lagrangian
method. For related topics see also [Ce].

2.1.4 Numerical comparison of the various methods of order 1

We report here the comparison of the different described approaches for the numerical
integration of the Burgers equation (2.1) with different values of v, (v = 1, diffusion
dominated, v = 0.1 and v = 0.01, convection dominated). We consider spectral methods
for the discretization in space with a polynomial of degree 64 based on Gauss Lobatto
Legendre points.

In the first three experiments we compare the IMEX method (2.4), imex in the plots,
with the exponential integrators (2.7) and (2.10), expAexplC and expCimplA respectively in
the plots.

We present plots of the global error versus the time step, for different step sizes, and
global error versus the CPU time for the same experiments.
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Burgeres equation with viscosity=0.1
T

Burgeres equation with viscosity=0.1 10
T
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Figur 2.4: Discretization of the Burgers equation with a spectral method. Polynomial of
degree 64, Gauss Lobatto Legendre nodes. Methods: imex (red), expAexplC (green) and
expCimplA (blue). v = 0.1. Global error y-axis versus step size x-axis (left). Global error
y-axis versus CPU time z-axis (right). The expCiplA is the best in this case.

Burgeres equation with viscosity=0.01
T

Burgeres equation with viscosity=0.01 \
10
T
“o— expCimplA

imex fails
expAexpIC fails

global error
3
global error
>

.
o 10! 10°
cputime

Figur 2.5: Discretization of the Burgers equation with a spectral method. Polynomial of
degree 64, Gauss Lobatto Legendre nodes. Methods: expCimplA (blue) the other methods
fail on this experiment. v = 0.01. Global error y-axis versus step size z-axis (left). Global
error y-axis versus CPU time z-axis (right). The expCimplA is the best in this case.
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Kapittel 3

Energy preserving methods and
multi-symplectic methods

3.1 Introduction

In chapter VI of the Geometric Numerical Integration book, [7], you find the treatment
of the preservation of invariants in the numerical integration of ODEs. An invariant (first
integral) of the flow of a differential equation

y=f(y), y(0)=y €R",

is a function I : R™ — R which is constant along solutions of the differential equations i.e.

dI(y(t))

a VI(y(t)" f(y(t) =0, ¥t>0.

We distinguish between linear, quadratic and polynomial invariants of degree higher than
2. Linear invariants are of the type

I(y)=dTy, deR™
Quadratic invariants are of the type
Q) =y'Cy, C=C".

An example of a polynomial invariant of degree higher than 2 is the determinant of a
matrix valued solution of a matricial ODE of the type

y=A(y)y, y(0)=1I, trace(A)=0, det(y)=1,

and Anxn,n>3.
It is possible to show that all Runge-Kutta methods preserve all linear invariants, and
that a special class of Runge-Kutta methods preserve any quadratic invariant, see |7].
But no Runge-Kutta method can preserve all cubic/polynomial invariants.

Example 3.1.1. We consider the following simple ODE

= X

=Y
z = =2z

39
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with initial value x(0) = xg, y(0) = yo, 2(0) = z9. We observe that
z(t)y(t)z(t) = elzoelyoe 20 = zoyo20
1s a cubic invariant of the flow. The equation can be written in the form
x=Ax, x(0)=xo,

where A is the diagonal matriz with diagonal entries 1,1,—2. Applying a Runge-Kutta
method to this problem amounts to compute

X1 = R(hA)Xo,

where R(z) is the stability function of the Runge-Kutta method, R(0) =1 and R'(0) = 1,
and R(2) is a rational function. In particular multiplying together the components of x1 we
obtain

z1y121 = R(h)*R(—2h)z0y020-

The invariant is preserved by the Runge-Kutta method if and only if
R(h)>R(—2h) =1, Vh.

Now we observe that this can happen only if R(z) = €, in fact: assume
() = log(R(2)) = Y oy 2",
k=0

so R(z) = e?() | By the properties of logarithms we have
log(R(z)ZR(—2z)) = 2log(R(z)) + log(R(—2z2)) = 2¢(2) + ¢(—2z) = 0.

So expanding the series and collecting terms we get
oo
2(2) + (—22) = Y 2F(2-2%) =0,
k=0

since (2 — 2F) £ 0 for k > 2, i must be zero for k > 2. Also since R(0) = 1 = &%)

Yo =0 and
¥(2) =1 2,
finally R'(0) = wleW\z:O =1 gwes 1 =1 so
R(z) = €.

3.2 Discrete Gradients

We consider a general ODE problem with an invariant I. It is always possible to write the
ODE in the following form

y=f(y) =SuVI(y), y(0)=yo, (3.1)

where S(y) is a skew-symmetric matrix. A choice for S(y), under the assumption that
V1(y) does not vanish, is

S) = 1o VW = VI W)").

[9], see the same reference for a discussion on the boundedness of S(y) defined above around
non degenerate fixed points of VI(y), (i.e. equilibria of f(y))?777.

For problems reformulated in the form (3.1) it is is always possible to build an energy-
preserving method by approximating VI by a so called discrete gradient.
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Definition 3.2.1. (Gonzalez 96, [6]).
If I is differentiable then VI : R™ x R™ — R" is a discrete gradient if I is continuous

and _
{ VI(u, V' (v—u) = I(w)—I(u)
VI(u,u) = VI(u)

Example 3.2.2. Examples of discrete gradients
1. .
VI(u,0) = / VI((1 - €)u+év)de
0
is the average vector field discrete gradient;
uto, | I(v) = I(w) = VI(*2" (v = u)
2 )+

this discrete gradient is due to Gonzalez.

VI(u,v) = VI( (v—u),

lo = ulf?

Theorem 3.2.3. A numerical integrator having the format

Ynt1 = Yn + PSWn,s Yn+1)VI(Yn, Ynt1),

where S(Yn, yni1) = S(y) is a skew-symmetric matriz and VI(yn, yni1) = VI in a neigh-
borhood of y,, is an energy-preserving integrator.

Proof Using the definition of discrete gradient and the skew-symmetry of S(yp, Yni1)
we get

I(yn-i-l)_l(yn) = V_I(ym yn-l-l)T(yn—i—l_yn) = hV_I(yn, yn+1)T‘§(yna yn+1)V_I(yna yn+1) =0.

Example 3.2.4. The method

o Yn +yn+1 !
Yn+1 = Yn + hs(f) . VI (1= &yn + EYng1) dE,

fits the framework of the previous theorem and is an energy preserving method. By using
Taylor expansion it is possible to show that this method has order 2.

3.3 Preservation of the energy of ODEs in canonical Hamil-
tonian form

Consider the ODE ¢ = f(y), y(0) = yo, we call the integration method

_ 1
B [0 = €+ ) 32

" Average Vector Field method", [13].
Consider canonical Hamiltonian systems in the form

g=fly)=J""VH(y), y(0)=y. (3.3)

Theorem 3.3.1. Let y, be the solution of the average vector field (AVF) method (3.17)
applied to equation (3.3). Then the energy H is preserved ezactly :

H(yn—i-l) = H(yn)
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Proof H is preserved since

H=(VH)' J"'VH =0. (3.4)

It is possible to prove that this method has order 2 by usual Taylor expansion.

Corollary 3.3.2. Given by,...,bs and c1,...,cs defining a quadrature formula of polyno-
mial order m — 1. Consider an ODE of the type (3.3) where H is a polynomial of degree
m. Then the s-stages Runge-Kutta method

Ynt+1 = Yn + hz bi f (Yn + (Yn+1 — Yn)ci)
i=1

preserves H and has order min (m,2).

Proof For polynomial Hamiltonians of degree m, f = J~!VH has polynomial compo-
nents of degree at most m — 1 and

s 1
hY bi flyn+ (Yne1 —yn)er) = /0 FI(L = &yn + Eynt1) dE.
i=1

So the given quadrature formula coincides with the exact integral, and the given method
coincides with the AVF method.

3.4 Hamiltonian PDEs and preservation of energy

This part is taken from [5]. We consider evolutionary PDEs with independent variables
(z,t) € R? x R, functions u belonging to a Banach space B with values' u(z,t) € R™,
and PDEs of the form

=Dt :
i=Ds-, (3.5)

where D is a constant linear differential operator, the dot denotes %, and
Hlu] = / H(z;u™) da (3.6)
Q

where Q is a subset of R% x R, and dz = dxidxs . .. dzg. % is the variational derivative
of H in the sense that

%”H[u + ev] L:o = A %v dx, (3.7)
for all u,v € B (cf. [12]). For example, if d = m — 1,
H[u] = /QH(:U;u, s U - ) (3.8)
then

when the boundary terms are zero.

LAlthough it is generally real-valued, the function u may also be complex-valued, for example, the
nonlinear Schrédinger equation.
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Similarly, for general d and m, we obtain

0H  OH o (oH
5o = 3w~ X

>+“w I=1,...,m. (3.10)

We consider Hamiltonian systems of the form (3.5), where D is a constant skew sym-
metric operator (cf. [12]) and #H the energy (Hamiltonian). In this case, we prefer to desig-
nate the differential operator in (3.5) with S instead of D. The PDE preserves the energy
because S is skew-adjoint with respect to the Lo inner product, i.e.

/ uSudr =0, YueB. (3.11)
Q

The system (3.5) has Z : B — R as an integral if 7 = Jo %S% dz = 0.
Integrals C with D% = 0 are called Casimirs.

Besides PDEs of type (3.5) where D is skew-adjoint, we also consider PDEs of type
(3.5) where D is a constant negative (semi)definite operator with respect to the Lo inner
product, i.e.

/ uDudr <0, YueB. (3.12)
Q

In this case, we prefer to designate the differential operator D with A and the function H
is a Lyapunov function, since then the system (3.5), i.e.

oH
= N— 1
U Néu’ (3 3)

has H as a Lyapunov function, i.e. H = Jo %N% dxr < 0. We will refer to systems (3.5)
with a skew-adjoint S and an energy H as conservative and to systems (3.5) with a negative
(semi)definite operator N and a Lyapunov function # as dissipative.

Conservative PDEs (3.5) can be semi-discretised in “skew-gradient” form

i = SVH(u), S =-S8, (3.14)

when D = § is skew-adjoint. u € R”, and here, and in the following, we will always denote
the discretisations with bars. H is chosen in such a way that HAx is an approximation to

H.

Lemma 3.4.1. Let

HM:/H@MWM, (3.15)
Q

and let HAx be any consistent (finite difference) approzvimation to H (where Az =
Ax1Axy ... Axg). Then the discrete analogue of the variational derivative Su s given
by VH.

The proof is given in the appendix.

It is worth noting that the above lemma also applies directly when the approximation
to H is obtained by a spectral discretization, since such an approximation can be viewed
as a finite difference approximation where the finite difference stencil has the same number
of entries as the number of grid points on which it is defined.

The operator V is the standard gradient, which replaces the variational derivative
because we are now working in a finite (although large) number of dimensions (cf. e.g.
(3.10)).
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When dealing with (semi-)discrete systems we use the notation u;, where the index j
corresponds to increments in space and n to increments in time. That is, the point u;, is
the discrete equivalent of u(a + jAx,to + nAt) where x € [a,b] and where ¢y is the initial
time. In most of the equations we present, one of the indices is held constant, in which
case, for simplicity, we drop it from the notation. For example, we use u; to refer to the
values of u at different points in space and at a fixed time level.

Theorem 3.4.2. Let S (resp. N') be any consistent constant skew (resp. negative-definite)
matriz approzimation to S (resp. N'). Let HAx be any consistent (finite difference) ap-
prozimation to H. Finally, let

f(u) == SVH(u) (resp. f(u) := NVH(u)), (3.16)
and let uy, be the solution of the average vector field (AVF) method

1
Upil — U
tt = R = O + ) (317)
applied to equation (3.16). Then the semidiscrete energy H is preserved exactly (resp. dis-
sipated monotonically):

g(unﬁ-l) = ﬁ(un) (7’68]) g(un-i-l) < ﬂ(un))

H is preserved since

H=(VH) SVH =0. (3.18)
Discretisations of this type can be given for pseudospectral, finite-element, Galerkin and
finite-difference methods (cf. [10, 11]); for simplicity’s sake, we will concentrate on finite-
difference methods, though we include one example of a pseudospectral method for good
measure.

The AVF method was recently [13] shown to preserve the energy H exactly for any
vector field f of the form f(u) = SVH(u), where H is an arbitrary function, and S is any
constant skew matrix 2. The AVF method is related to discrete gradient methods (cf. [9]).

If D is a constant negative-definite operator, then the dissipative PDE (3.5) can be
discretized in the form

= NVH(u), (3.19)

where N is a negative (semi)definite matrix and H is a discretisation as above.
That is, H is a Lyapunov-function for the semi-discretized system, since

H=(VH) NVH<O0. (3.20)
The AVF method (3.17) again preserves this structure, i.e. we have
H(unt1) < H(un), (3.21)

and H is a Lyapunov function for the discrete system. Taking the scalar product of (3.17)
with fol VH((1 — &)uy + Eupny1) d€ on both sides of the equation yields

Ait /Ol(un+1 —up) - VH((1 = )y + Eupgr) dé <0, (3.22)
ie. L opg
At/o deH((l — &up + Eupt1) dé <0, (3.23)
and therefore - B
~; (H(ni1) = H(un)) 0. (3.24)

Our purpose is to show that the procedure described above, namely

2The relationship of (3.17) to Runge-Kutta methods was explored in [4].
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1. Discretize the energy functional H using any (consistent) approximation HAx
2. Discretize D by a constant skew-symmetric (resp. negative (semi)definite) matrix
3. Apply the AVF method

can be generally applied and leads, in a systematic way, to energy-preserving methods for
conservative PDEs and energy-dissipating methods for dissipative PDEs. We shall demon-
strate the procedure by going through several well-known nonlinear and linear PDEs step
by step. In particular we give examples of how to discretise nonlinear conservative PDEs (in
subsection 2.1), linear conservative PDEs (in subsection 2.2), nonlinear dissipative PDEs
(in subsection 3.1), and linear dissipative PDEs (in subsection 3.2).

3.5 Conservative PDEs

Example 3.5.1. Sine-Gordon equation:
Continuous:

D?p  d%p .
T = gz Osine (3.25)

The Sine-Gordon equation is of type (3.5) with

’H—/ Lo L(00 2+ (1 —cosp)| d (3.26)
—J 2" T2\es) T Sl '
Whereu::(SD)and

Vs

3—(_01 (1)) (3.27)
ot

Boundary conditions: periodic, u(—20,t) = u(20,1).
Semi-discrete: finite differences®

(Note that it follows that 7 = 22.)

a7 1 1
Hypa = Z [2792 + W(@j-&-l — ;)% +a (1 - cos goj)] . (3.28)
J

S= < _?d ig ) (3.29)

The resulting system of ordinary differential equations is

| so ™

where L is the circulant matrix

3Summations of the form >, mean Z;V;Ol unless stated otherwise.
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We have used the bold variables ¢ and 7 for the finite dimensional vectors [¢1, 2, ..., @on] "
et cetera, which replace the functions 7 and ¢ in the (semi-) discrete case. Where necessary,

we will write ¢p,,, et cetera to denote the vector ¢ at time ¢y + nAt.
The integral in the AVF method can be calculated exactly to give?

Ll e —¢
- n n — 31
At |: TTpn+1 — Tp (33 )

)

|: (g1 +70)/2
L(Qon—f—l + Qon)/Q - Q(COS Pn+1 — COS Qon)/(gon—&-l - (Pn)

Semi-discrete: spectral discretization

Instead of using finite differences for the discretization of the spatial derivative in
(3.26), one may use a spectral discretization. This can be thought of as replacing ¢ with
its Fourier series, truncated after N terms, where NN is the number of spatial intervals,
and differentiating the Fourier series. This can be calculated, using the discrete Fourier

transform® (DFT), as F ]?,ld ~NFn where Fy is the matrix of DFT coefficients with entries
given by [Fylni = Wi, wy = e’ and 6 = 27/l where | = b— a is the extent of the spatial
domain; that is [/N = Az. Additionally, [Fy'],x = wy™ and dy is a diagonal matrix
whose (non-zero) entries are the wave-numbers 0, = i2wk/l, k =1,..., N, i.e., [dn]|gxr = .
(For more details on properties of the DFT and its application to spectral methods see [2]
and [15].)

- 1, 1, )
Hop = [2792' + 5 [FxldnFne]; +a(l - cos Soj):l , (3.32)

| S= ( o 151 ) (3.33)

J
The resulting system of ODEs is then given by
@ S ™
p— = . 4
{ 7 ] SVHap [ —(FRDNFN) T (FrldnFae) — asing } o (339

where [Dn], r = 0. Again, the integral in the AVF method can be calculated exactly to
give

Pnt+1 — Pn

= (T ) /2, (3.35)
Tn — Tn _ _
= (N DN EN) (PR AN FN) (Pt + 00) /2

— a(cos @1 — o8 y,) /(@i — Pn)- (3.36)

Initial conditions and numerical data for both discretizations:

Spatial domain, number N of spatial intervals, and time-step size At used were ©
x € [—20,20], N = 200, At =0.01, parameter: o = 1.
Initial conditions:
_ Right-moving
pla,0) =0, 3 kink and left- (3.37)
, 0 — e — . ._ . .
m(x,0) cosh(22) moving anti-kink
solution.

4For numerical computations, care must be taken to avoid problems when the difference ¢, 11— P, in
the denominator of (3.31) becomes small. We used the sum-to-product identity cosa — cosb = —2sin((a +
b)/2) sin((a — b)/2) to give a more numerically amenable expression.
In practice, one uses the fast Fourier transform algorithm to calculate the DFTs in O(N log N) opera-
tions.
®Here and below, if z € [a,b], then Az = 2%, and ; = a + jAz,j =0,1,...,N.
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«10*  SG equation, Nspace= 201, At = 0.01
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Figur 3.1: Sine-Gordon equation with finite differences semi-discretization: Energy error
(left) and global error (right) vs time, for AVF and implicit midpoint integrators.

Numerical comparisons of the AVF method with the well known (symplectic) implicit
midpoint integrator” are given in figure 3.1 for the finite differences discretization.

Example 3.5.2. Korteweg-de Vries equation:

Continuous:
ou_ g ou 0%
ot “ax ox3’
_ 1 2 3
H = 3 (ug)” —u’| dux,
0
S = e

Boundary conditions: periodic, u(—20,t) = u(20,1).
Semi-discrete:
=2

[Q(Algj)Q (ujr1 — Uj)2 -

-1 1
) 1 0 -1
S—
2Ax
1 -1
| -1 1 0 |
Initial conditions and numerical data:
x € [—20,20], N = 400, At = 0.001.

3.6 Dissipative PDEs

Example 3.6.1. Heat equation:

Un41—Un
At

:f(

"Recall that the implicit midpoint integrator is given by

Un+Unt1

7).

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)
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x10° KdV equation, Nspace= 401, At = 0.001 KdV equation, Nspace= 401, At = 0.001
2

0.16 e
[ " ///
2‘ . o e /
- - - - Midpoint i - - - Midpoint f
o~
5 0 " é0.12 L ”\ j
| = p |
a | 1 & o1 p |
- gl = b
' < 0.08]
a -sf) o

Figur 3.2: Korteweg-de Vries equation: Energy error (left) and global error (right) vs time,
for AVF and implicit midpoint integrators.

Continuous:
The heat equation
ou
is a dissipative PDE and can be written in the form (3.5), i.e
ou 57‘[1 57“2
= = 3.44
o N at =Ne (8.44)
with the Lyapunov functlons Hi(u fo 2u dx and Ha(u) fol %u2 dx and the operators
N =—-1and Ny = respectlvely
Boundary condltlons u(0,t) = u(1,t) = 0.
Semi-discrete:
1 N-1
fh 2(Az)? ui + 2 (uj —uj—1)® +uf_ (3.45)
and
N1y
Ho = 5(uj)Q, (3.46)
j=1
as well as ) ;
-2 1
) 1 -2 1
Ny = g 3.47
o= ao | (3.47)
1 -2 1
L 1 _2 -

and the obvious discretisation of 7. With these choices, both discretisations yield identical
semi-discrete equations of motion and therefore 7; and Hs are simultaneously Lyapunov
functions of the semi-discrete system and therefore, the AVF integrator preserves both
Lyapunov functions.

Initial conditions and numerical data:

zel0,1, N=50, At=0.0025. (3.48)

Initial condition: u(zx,0) = z(1 — x).
This system is numerically illustrated in Figure 3.3, where the monotonic decrease of
the Lyapunov functions for the heat equation in (3.45) and (3.46) is shown.
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Figur 3.3: Heat equation: plots of Lyapunov functions H; Az (left) and HoAxz (right) vs
time, AVF integrator.

3.7 Multi-symplectic partial differential equations

The introduction on multi-symplectic PDEs is mainly based on [14] and the part on multi-
symplectic methods is taken from |[3].

3.7.1 Conservation laws for partial differential equations

Given a PDE with solution u = wu(z,t), z € Q@ C R, t € [0,T], belonging to suitable
function-space X, we say that we have a conservation law for the PDE if there exist two
functions £ : R — R and F' : R — R such that

OE(u(z,t))  OF(u(z,t))
o ow

= 0. (3.49)

The function F is called local density and F' is called local flux of the conserved quantity.
Integrating the conservation law on the space domain we obtain

gt/QE(U(M)) dz + F(u(z,t))|p = 0,

where I' is the boundary of 2.

Example 3.7.1. Consider the inviscid Burgers equation
u+—(zu?)=0, ze€][0,1], t>0,

with homogeneous Dirichlet boundary conditions. By taking E(u(x,t)) = u(x,t) and F(u(z,t)) =

%uZ(x,t) we can write the equation in the form (3.49). The conserved quantity is

1 1
1
9 u(z,t)de = —-u?| =0.
ot Jy 2 |
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3.8 Multi-symplectic PDEs

These are PDEs which can be written in the form
Kzt + Lzy = VS(2),

where z = z(z,t) x € Q C R, t € [0,T], and K and L are d x d skew-symmetric matrices
and are constant, S : R? — R.
These PDEs admit an energy and a momentum conservation law.

e Energy: take F(z) = S(2) + 227 Lz (energy density) and F(z) = —1z{ Lz (energy
flux) then (3.49) is satisfied. One can easily verify this fact by direct calculation:

OE(u(z,t)) n OF (u(x,t))
ot Ox

1 1 1 1
VS(2) T2 + =25 L2 + §Z£th - §Z£Lz - §thsz =

and using the multisymplectic PDE we get

=2l KT 24+ 21 L7 2 + 2T Lz = 0.

e Momentum: take I(z) = —327' Kz (momentum density) and G(z) = S(z)+ 52 Kz
(momentum flux) then (3.49) is satisfied. The proof is similar to the previous one.

Example 3.8.1. Consider the scalar nonlinear wave equation:
Uty = Ugy — V,(U)7

withV : R —- R,z € Q CR,tel0,T], with periodic boundary conditions. A possible
choice for V(u) is V(u) = $u?, and V'(u) = u?.

A Hamiltonian formulation of this equation can be obtained by considering the Hamil-
tonian function

1 1
Hiu, v] :/ (30 + 503 + V(u)) de,
Q

computing the variational derivative one obtains

0H
U = —_
ov’
o0H
v = ———
ou’
0H 0H :
where 52 = v and 5 = uge — V'(u), i.c.
U = 0,

!

Ve = Uy — V' (w).

For a multi-symplectic formulation consider v := u; and w := u, and z = [u,v,w]’,

while S(z) = (v?—w?)+V (u) is just a reformulation of the integrand of Hu, v] in the new

dependent variables of the problem. The wave equation can then be put in multi-symplectic
form by taking

0 -1 0 0 01

K=|1 0 0], L= 0 00

0 0 O -1 0 0
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Example 3.8.2. The KdV equation
up = —6uty — Ugaz,

with periodic boundary conditions. Consider the new unknowns u = ¢g, vV = Uy, W =
%(bt vz +3u? and z = (¢, u, v, w]". The multi-symplectic formulation is achieved by taking

S(z) = 0% — uw +u® and the two 4 x 4 matrices:

0 1/2 0 0 0 0 0 1

—-1/2 0 0 0 0 0 -1 0

K= 0 0 0 0}’ L= 0 1 0 0
0 0 00 -1 0 0 O

There is a third conservation law for multi-symplectic PDEs this is the multi-symplectic
conservation law. Consider the variational equation

Koy + Lipy = V2S(2)0, ¢ =(x,t),

which is obtained taking the first variation of the multi-symplectic PDE.
Consider also the following two skew-inner-products:

w(U,V):=U'KTV, ~UV):=U"LTV.

For any U = U(z,t) and V = V(x,t) solutions of the variational equation we have the
following conservation law (multi-symplectic conservation law) :
ow(U, V) n oy(U, V)
ot ox

=0,

this is readily seen by taking the derivatives of w(U, V') and v(U, V) and using the varia-
tional equation:

T 1T TrT
o alj V)+8(U ai V) _ (UFKT+Ur LYW+ UT (KTV+LTV,) = UTV2S(2)V-UTV2S(2)V.

3.9 Multi-symplectic methods

J

Assume 2z ~ z(x;,t;) where z; ¢ = 1,...,N and t;, j = 0,1,... are the nodes of a

discretization grid in space-time. Assume also 9,7 =~ 9; and 9y’ ~ 9, are suitable finite

difference approximations of the derivatives in time and space. We define the following
discretization method based on these difference operators:

Kop=] + 103951 = (V.S(),

By using the same discretization operators we obtain the discrete variational equation

KOpw] + L0p79] = (VESED)], 9l mlwity),
here V2 S(zg) is the Hessian of S(z{) with respect to the variables zlj Assume Ul‘-j and Vij

are any two solutions of the discrete variational equation then we say that the method is
multi-symplectic if the following discrete multi-symplectic conservation law is fulfilled

Oplw] + 0] =0, Wl =U] KTV, Al =00 LTV

As an example we consider the Preismann box scheme (or concatenated midpoint rule).
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The method is derived as follows. One starts by performing a semi-discretization of the
multi-symplectic PDE in time using the midpoint rule:

Pt S

d - 1 L1
—Lts = . Jtsy 2~
T =VLS(IE) - K

dx

the analogous semi-discrete conservation law is

d . .
%’Y(Uj—i_%v Uj+%) +

w(Uj“, Vj+1) _ w(Uj, Vj)
At

=0.

By using the midpoint rule in the z-direction we now obtain

A ity s -
1Ty ity Z. z. 1
K +2At T3 gl " :vzs(zj:§)7
where | - | N . |
Ay =gl +ada), AT =g + A,
and 1 | | |
Z]+§ = 1(d + e+ + ).

One can prove, [3] that the solutions of the corresponding discrete variational equation
fulfill the following discrete multi-symplectic conservation law

G+ i+l

. — W 1 J 2 .7+12

ity ity Yyl % T LA L S B L,
~ + - =0, W =U/"K"!, =0l L"V/,

W

which is obtained discretizing in space with the midpoint rule the semi-discrete multi-
symplectic conservation law.

Multi-symplectic schemes have been shown to be superior to other schemes when con-
sidering their linear stability properties (Von Neuman stability) [1]. For more information
on multi-symplectic integration see also [8].
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