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Abstract.

We give a systematic method for discretising Hamiltonian partial differential equa-
tions (PDESs) with constant symplectic structure, while preserving their energy exactly.
The same method, applied to PDEs with constant dissipative structure, also preserves
the correct monotonic decrease of energy. The method is illustrated by many examples.
In the Hamiltonian case these include: the sine-Gordon, Korteweg-de Vries, nonlinear
Schrodinger, (linear) time-dependent Schrodinger, and Maxwell equations. In the dis-
sipative case the examples are: the Allen-Cahn, Cahn-Hilliard, Ginzburg-Landau, and
Heat equations.

AMS subject classification (2000): 65L12, 65M06, 65N22, 65P10

Key words: Average vector field method, Hamiltonian PDEs, dissipative PDEs, time
integration

1 Introduction

“The opening line of Anna Karenina, ‘All happy families resemble one another,
but each unhappy family is unhappy in its own way’, is a useful metaphor for the
relationship between computational ordinary differential equations (ODEs) and
computational partial differential equations (PDEs). ODEs are a happy family
— perhaps they do not resemble each other, but, at the very least, we can treat

*Received **. Revised **. Communicated by **.
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them by a relatively small compendium of computational techniques... PDEs
are a huge and motley collection of problems, each unhappy in its own way”
(Quote from A. Iserles’ book [8]).

Whereas there is much truth in the above quote, in this paper we set out to
convince the reader that, as far as conservation or dissipation of energy is con-
cerned, many PDEs form part of one big happy family (cf. also [9]) that, after a
very straightforward and uniform semi-discretisation, may actually be solved by
a single unique geometric integration method — the so-called average vector field
method — while preserving the correct conservation, respectively, dissipation of
energy. The concept of ‘energy’ has far-reaching importance throughout the
physical sciences [4]. Therefore a single procedure, as presented here, that cor-
rectly conserves, resp. dissipates, energy for linear as well as nonlinear, low-order
as well as high-order, PDEs would seem to be worth while.

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

(1.1) i=Ds,

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

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

d oH
(13) &H[U;‘i‘EfU”e:o = /Q E’U d%',

for all w,v € B (cf. [16]). For example, if d =m =1,

(1.4) Hu] = / H(z;u, up, Ugg, - .. ) dz,
Q
then
0H  OH 0H 5 OH
9 5= w0 () + 2 (o)~

when the boundary terms are zero.
Similarly, for general d and m, we obtain

SH OH &
1. l=1,... .
(1.6) 5ul aul Zaxk <3Ulk> * ’ ’ o

LAlthough it is generally real-valued, the function u may also be complex-valued, for ex-
ample, the nonlinear Schrédinger equation.
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We consider Hamiltonian systems of the form (1.1), where D is a constant
skew symmetric operator (cf. [16]) and H the energy (Hamiltonian). In this
case, we prefer to designate the differential operator in (1.1) with S instead of
D. The PDE preserves the energy because S is skew-adjoint with respect to the
Lo inner product, i.e.

(1.7) / uSudr =0, VYueB.
Q

The system (1.1) has Z : B — R as an integral if 7 = Jo 831 4z = 0.
Integrals C with Dg—g = 0 are called Casimirs.

Besides PDEs of type (1.1) where D is skew-adjoint, we also consider PDEs of
type (1.1) where D is a constant negative (semi)definite operator with respect
to the Ly inner product, i.e.

(1.8) / uDudr <0, YueB.
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 (1.1), i.e.

. OH

has H as a Lyapunov function, i.e. H = Q %N % dxr < 0. We will refer
to systems (1.1) with a skew-adjoint S and an energy H as conservative and to
systems (1.1) with a negative (semi)definite operator N and a Lyapunov function
‘H as dissipative.

Conservative PDEs (1.1) can be semi-discretised in “skew-gradient” form

(1.10) i=S8VHu), & =-8,

when D = S 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 1.1. Let

(1.11) Hlu] = [ H(z;u™)da,
Q

and let HAx be any consistent (finite difference) approzimation to H (where
Az = Ax1Azy ... Axy). Then the discrete analogue of the variational derivative

5 _
5—H is given by VH. The proof is given in the appendix.
U

It is worth noting that the above lemma also applies directly when the approx-
imation to H is obtained by a spectral discretization, since such an approxima-
tion can be viewed as a finite difference approximation where the finite difference
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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 deriva-
tive because we are now working in a finite (although large) number of dimen-
sions (cf. e.g. (1.6)).

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 w;,, is the discrete equivalent of u(a + jAz, to + nAt) where x € [a, b]
and where tg 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 1.2. Let S (resp. N) be any consistent constant skew (resp.
negative-definite) matriz approzimation to S (resp. N'). Let HAx be any con-
sistent (finite difference) approximation to H. Finally, let

(1.12) f(u) := SVH(u) (resp. f(u) := NVH(u)),

and let u, be the solution of the average vector field (AVF) method

_ 1
(1.13) tet = [ = O+ €

applied to equation (1.12). Then the semidiscrete energy H is preserved exactly
(resp. dissipated monotonically):

ﬁ(“n«%l) = W(un) (T@Sp ﬂ(un+1) < ﬂ(un))

'H is preserved since

(1.14) H=(VH) SVH=0.

Discretisations of this type can be given for pseudospectral, finite-element, Galerkin
and finite-difference methods (cf. [12, 13]); for simplicity’s sake, we will concen-
trate on finite-difference methods, though we include one example of a pseu-
dospectral method for good measure.

The AVF method was recently [17] 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. [11]).

If D is a constant negative-definite operator, then the dissipative PDE (1.1)
can be discretized in the form

(1.15) o= NVH(u),

2The relationship of (1.13) to Runge-Kutta methods was explored in [3].
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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

(1.16) H=(VH) NVH<O0.
The AVF method (1.13) again preserves this structure, i.e. we have
(1.17) H(unt1) < H(un),

and H is a Lyapunov function for the discrete system. Taking the scalar product
of (1.13) with fol VH((1 = &)up + Euprr) d€ on both sides of the equation yields

I _
(1.18) E/o (Uns1 — Up) - VH((1 = E)uy + Eupr) d€ <0,
ie.
1
d_
(1.19) a7 [ 30 = O+ ) e <0,

and therefore
1 _
(120) E(H(un+1) - H(U’n)) S 0.

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

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 demonstrate 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).

2 Conservative PDEs
2.1 Nonlinear conservative PDEs

EXAMPLE 2.1. Sine-Gordon equation:
Continuous:

o 9%

(2.1) 2 = 9a2

— assin .



6 E. CELLEDONI ET AL

The Sine-Gordon equation is of type (1.1) with

(2.2) Hz/ %71’24-1 <a¢>2+a(1—cos<p)} dx,

2 \ Ox
where u := ( ¥ ) and
T

(2.3) 5=<_01 é)

(Note that it follows that = = %.)

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

— 1 1
(2.4) Hra = ; [27%2‘ + m(%‘ﬂ —;)? + a (1 = cosg;)

(2.5) S:(?d ig).

The resulting system of ordinary differential equations is

? | s T
(2:6) |:ﬂ':| _SVHfd_[ Almchp—asincp}’
where L is the circulant matrix
-2 1 1
L= 1
SO
1 1 -2

We have used the bold variables ¢ and 7 for the finite dimensional vectors
[©1,02,...,0Nn]", et cetera, which replace the functions 7 and ¢ in the (semi-)
discrete case. Where necessary, we will write ¢,,, et cetera to denote the vector
p at time tg + nAt.

The integral in the AVF method can be calculated exactly to give?

1

@1 5

('Pn+1 — $n —
Tnt1 — Tp
{ (”nJrl + 7"'n)/z

L(Lpn+1 + (Pn)/2 - a(COS ipn—&-l — COs Qon)/((lon—&-l - ‘Pn)

3Summations of the form Zj mean Z;V:_Ol unless stated otherwise.

4For numerical computations, care must be taken to avoid problems when the difference
®ni1 — Py in the denominator of (2.7) 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.
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Semi-discrete: spectral discretization

Instead of using finite differences for the discretization of the spatial derivative
in (2.2), one may use a spectral discretization. This can be thought of as replac-
ing ¢ with its Fourier series, truncated after N terms, where N is the number of
spatial intervals, and differentiating the Fourier series. This can be calculated,
using the discrete Fourier transform® (DFT), as Fy'dyFn¢ where Fy is the
matrix of DFT coefficients with entries given by [Fn]nr = wiF, wy = e—i2m/N
Additionally, [Fx'lnx = %w;,"k and dy is a diagonal matrix whose (non-zero)
entries are the scaled wave-numbers® [dy]g , = i27k/l, k = % +1,..., %7 (for
N even), where | = b — a is the extent of the spatial domain; that is I/N = Az.
(For more details on properties of the DFT and its application to spectral meth-

ods see [2] and [18].)

_ 1 1. 2
(2.8) Hep = Z [271']2- + 5 [ledeN‘P]j + a(l —cosy;)| ,

J

(2.9) 3_(_?(jl ig).

The resulting system of ODEs is then given by

T

¢ | _svrn —
(2.10) { - ] =SVH,, = [ —(FN'DNFN)T(FldnFne) —asing |’

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

@11)  EECE () /2,

TTn — Ty — —

HT = —(Fy'DnFn) T (FN ANFN) (Prsr + 04)/2
(212) - OL(COS Pn+1 — COS ‘pn)/(son+1 - ipn)'

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.

5In practice, one uses the fast Fourier transform algorithm to calculate the DFTs in
O(N log N) operations.

6Care must be taken with the ordering of the wave numbers since different computer pack-
ages use different effective orderings of the DFT/IDFT matrices in their algorithms. Addi-
tionally, one must ensure that all modes of the Fourier spectrum are treated symmetrically —
for N even, this requires replacing the k = % entry with zero. For the FFT/IFFT algorithms
in Matlab the vector of wave numbers is [0, ..., % - 1,0, % +1,...,-1].

"Here and below, if = € [a, b], then Az = b;]“, and z; = a+jAz,j=0,1,...,N.
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SG equation, Nspace= 201, At = 0.01

SG equation, Nspace= 201, At = 0.01

x10” o
— a2 — a2
- - - Midpoint Midpoint
| J
i 10° e
i e
o | e
i i
P 0 5
= i 2107 "
o -1 I sl
= " =
=@ n S
20 2
g -2 " o
a0 l o0
! [
) ¥
i I ’
! - . Vo 10
. -
- 10°
o 10 15 20 25 30 5 10 15 20 25 30

time

time

Figure 2.1: Sine-Gordon equation with finite differences semi-discretization: Energy
error (left) and global error (right) vs time, for AVF and implicit midpoint integrators.

x 10~

4

SG equation, Nspace= 201, At= 0.01

—avf2
- - ~Midpoint

Energy Error
f
S

10 15 20 25 30
time

SG equation, Nspace= 201, At=0.01

5 10 15 20 25 30

time

Figure 2.2: Sine-Gordon equation with spectral semi-discretization: Energy error (left)
and global error (right) vs time, for AVF and implicit midpoint integrators.

Initial conditions:

e(z,0) = 0, Right-moving kink
(2.13) w(2,0) — 8 ' and. . left—m(.)ving
cosh(2x) anti-kink solution.

Numerical comparisons of the AVF method with the well known (symplectic)
implicit midpoint integrator® are given in figure 2.1 for the finite differences
discretization, and in figure 2.2 for the spectral discretization.

EXAMPLE 2.2. Korteweg-de Vries equation:

Continuous:

ou ou Ou

214 o= s

8Recall that the implicit midpoint integrator is given by

Up41—Un _f Un+Up41
At - 2 :
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x10° KdV equation, Nspace= 401, At = 0.001 KdV equation, Nspace= 401, At = 0.001
0.1
0.16 P
| I y
i g e /
-2 - - -Midpoint " - - - Midpoint f
5 0 o £ 0.12 P
e i : N
& | I & 01 1
& o] 3
g I <008
& -gf! <]
' 0.06
|
-10r ¢ 0.04
-12 e e e 0.02
-14
0o 05 1 15 2 25 3 35 4 o 05 1 15 2 25 3 35 4
time time

Figure 2.3: Korteweg-de Vries equation: Energy error (left) and global error (right) vs
time, for AVF and implicit midpoint integrators.

(2.15) H= / [1 (uz)” —u3] dr,

(2.16) S=—.

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

— 1
(2.17) H= Z |:2(Ax)2 (ujs1 — Uj)2 - U}O’ )
J
0 -1 1
) 1 0 -1
2.1 S=— -
(2.18) N :
1 0 -1
-1 1 0

Initial conditions and numerical data:

x€[-20,20, N =400, At=0.001.

Initial condition: u(z,0) = 6 sech?(x) (for two solitons).

EXAMPLE 2.3. Nonlinear Schrédinger equation:
Continuous:

(2.19) (e )=(% o) (i)
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x10°  NLS equation, Nspace= 201, At = 0.05 \ NLS equation, Nspace= 201, At = 0.05
1 107
R N N A N A —avf2
14] RNy’ \\ S - - ~Midpoint
12 —avf2 N 4 |
10
= 10| q
2
= g |
= 1
=0 I
g 6f)
2 |
4t
! 4|
2t 10
)
1
0
- 107
0 10 20 30 40 50 0 10 20 30 40 50

time time

Figure 2.4: Nonlinear Schrodinger equation: Energy error (left) and global error (right)
vs time, for AVF and implicit midpoint integrators.

where u* denotes the complex conjugate of w.

(2.20) H:/ [— % 2

(2.21) 5= ( ol >

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

Y, 4
= d
+2|u|] -,

1 2,7

(2.23) Szi(_oid ig).

Initial conditions and numerical data:

x € [—20, 20], N = 200, At = 0.05, parameter: v = 1.

Initial conditions:

Ru(z,0) exp (—(z —1)%/2),
(2.24) { Su(z,0) = exg E—m2/2). )

EXAMPLE 2.4. Nonlinear Wave Equation:
Continuous:



ENERGY CONSERVING PDES 11

s NLS equation, Nspace= 201, At = 0.05

—avi2
- - - Midpt

10
2

Probability Error
>

time

Figure 2.5: Nonlinear Schrodinger equation: Total probability error vs time, for AVF
and implicit midpoint integrators.

The 2D wave equation

¢ oV (p)
(225) W :ASD_ a(p ) gozgo(x,y,t), (xay) € [_131] X [_171}3 tZ Oa
is a Hamiltonian PDE with Hamiltonian function
2.26 H = B R LY 1% dx d
( . ) - ) i(ﬂ- +S0x +<py) + (90) X ay,

and the operator S is the canonical 2 x 2 symplectic matrix.

Boundary conditions: periodic.

Semi-discrete:

We discretise the Hamiltonian in space with a tensor product Lagrange quadra-
ture formula based on p + 1 Gauss-Lobatto-Legendre (GLL) quadrature nodes
in each space direction. We obtain
(2.27)

ﬁ:

p P P 2 P 2
1 4
§ : E : Wiy Wi, 7T]2’1,j2+ <§ :dj17k(pk7j2> + ( § : dj21m¢j1,m> +§<Pj1,j2
Jj1=0j2=0 k=0 m=0

N | —

_ dig(z)
where d;, p = —7—

b , and [ (z) is the k-th Lagrange basis function based

T=Tj,
on the GLL quadrature nodes xq, ..., x,, and with wy, ..., w, the corresponding
quadrature weights. The numerical approximation is

(2:28) Ep(, 0, t) =Y Y Pk (Ol (2)lm (y),

k=0 m=0

and has the property ¢,(z;,,%),,t) = ¢j,.j,(t), so that the data can be stored
in the (p+ 1) x (p+ 1) matrix with entries ¢, ;,.
Initial conditions and numerical data:

(z,y) € [-1,1]2, V(p) = ‘%_
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T=0 T = 3.1250

A
\t\\‘\
o A\ 42/
SO K
s “‘:‘\\‘::':"/ﬁzbt\‘“
, \\\\\\::“’o:f, ;’,’,'A‘\\§‘

“‘{t\\\\\‘ ST
SN
SRR
Y%
&

-1

Figure 2.6: Snapshots of the solution of the 2D wave equation at different times. AVF
method with step-size At = 0.6250. Space discretization with 6 Gauss Lobatto nodes
in each space direction. Numerical solution interpolated on a equidistant grid of 21
nodes in each space direction.

Initial condition: ¢(x,y,0) = sech(10z)sech(10y), 7(z,y,0) = 0.

In figure 2.6 we show some snapshots of the solution. The energy error is
shown in figure 2.7.

2.2  Linear conservative PDEs

EXAMPLE 2.5. (Linear) Time-dependent Schrodinger Equation:
Continuous:

ou . 0%u

— iV (z)u.

This equation is bi-Hamiltonian, i.e. it has 2 independent symplectic struc-
tures. The first Hamiltonian formulation has

& du 2 2
(2.30) Hy :/ — == —V(z)|ul"| dz

ox

and

(2.31) S = ( fi é >
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-1 2D Wave equation avf and ode15s
x 10
0.5 T T T
OfF=T
.
*\
-0.5¢ Tee 1
.
.
g 1
5] \\
@ -1.5 e ]
2
w ot N g
.
~~~~
-2.5F s 7
“«
-3t N
0 2 4 6 8 10

time

Figure 2.7: The 2D wave equation (2.25). MATLAB routine ode15s with absolute and
relative tolerance 10™'* (dashed line), and AVF method with step size At = 10/(2°)
(solid line). Energy error versus time. Time interval [0, 10]. Space discretization with
6 Gauss Lobatto nodes in each space direction.

The second Hamiltonian formulation has

(2.32) Ho = /7r lul? dz
and

_ 0 03 — V()
(2.33) S = ( 02 4 V(a) 0 ) .

Boundary conditions: periodic, u(—m,t) = u(m,t).
Semi-discrete:

(2.34) Hi= Z {(A;)Q ujr — uyl” — V(Ij)|“j|2] )

- (0 id
(2.35) 81:z<id 0).

The second semi-discretization is

(2.36) Hy=> |ugl?,
J

(2.37) S —i( 7OA 61 )
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Energy error

0 2 4 6 8 10
time

Figure 2.8: Linear Schrodinger equation: Error in energy Hi Az vs time, AVF method

where
-2-V 1 0o ... 1
1 -2-V 1 0
(2.38) A= 0 :
0 1
1 0 .1 —2-V

Both discretizations result in the same semi-discrete system and the AVF method
(which in the linear case coincides with the midpoint rule) therefore preserves
both H; and Hs, as well as the two symplectic structures.

Initial conditions and numerical data:

x € [—m, 7, N =50, At = 0.1, V(z) =1— cos(x).
Initial conditions:
(2.39) Ru(z,0) =e 3, Su(z,0) =0.

EXAMPLE 2.6. Mazwell’s Equations (1d): We first look at the one-dimensional
Maxwell equation

Continuous:
0| FE 0 2 IH
240 s )=l TS
ot | B cZ 0 $2

(2.41) H(E, B) = /1 c% (E? + B?) du,
0
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and

0o 2
(2.42) 3[ 0 % }
52 O
S is skew-adjoint on {(E,B) € C' : E(0) = E(1) = 0} (and therefore on the
Sobolev space H}).
Boundary conditions:

E(0,t) = E(1,t) =0,
(2.43) { 95 (0,1) = 2B(1,1) = 0.

Semi-discrete:

We now obtain H by discretizing H in a simple way by applying the trapezoidal
rule to the integral (2.41) at the points z; = %j and dividing by Az, that is
(2.44)

o 1 Ry | 1
H(E:, - En-1,Bo, -+ ,Bn) = Z (CzEJQ-> +CZB§ + Z <62sz> +cZBJ2V,
j=1 j=1

where we have already used that E(zo,t) = E(xn,t) = 0. The differential
operator S is discretized with central differences yielding

o ONfl,Nfl G
(2.45) S = { _qr ON+1LN+1 ] )

where the (N — 1) x (N + 1) matrix G is given by
-2 0 1

(2.46) G=——

Initial conditions and numerical data:

Note that the Neumann boundary conditions are satisfied at least to order 1
in space, despite the fact that we only intended to somehow approximate the
energy H. The numerical experiments confirm that the discrete energy HAz is
preserved to machine precision. Figure 2.9 shows the error of the AVF method
for the Maxwell equation with N = 100, A¢ = 0.001, ¢ = 1, and initial value

E(z,0) = 6_100(”“%)27 B(z,0) = e~ 100(e=%)"

EXAMPLE 2.7. Mazwell’s Equations (3D):

Continuous:

We consider Maxwell’s equations in CGS units for the electromagnetic field in
a vacuum

e g[2]-[& (2]
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Energy Error

0 0.2 0.4 0.6 0.8 1
time

Figure 2.9: One-dimensional Maxwell equation: energy error vs time, AVF integrator.

with the operator

o 8
0z oy
R o el
(2.48) V=15 0 -5
o o
~o oz 0

This equation has two Hamiltonian formulations of type (1.1). The first Hamil-
tonian formulation has the helicity Hamiltonian

1 1
(2.49) Hi = / <02BT (V x B) + ciET (V x E)) dxdydz
Q
(cf. [1]) and the operator

[0 —I
(2.50) s=[2 "]

where I3 designates the 3 x 3 unit matrix. The second Hamiltonian formulation
has the Hamiltonian

2.51 Hoy = clBTB + CEETE dxdydz
(2.51) Yy

o\ 2 2
(cf. [7]) and the operator

(2.52) Sy = { 0 —Vx ]

V x 0

Boundary condition: periodic on the unit cube Q.
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Semi-discrete:

On a regular grid with lexicographical ordering in every component of E (resp.
B) and concatenating the discretized components gives one discrete vector Ej,
(resp. Bp), the operator Vx is represented by a matrix A. The discretisation
in the first case is given by

_ 1 1
(2.53) Hy = CEE,?AEh + c§B£ AB;,

and the obvious discretisation of S;. For the quadratic Hamiltonian,

_ 1 1
(2.54) Hy = ciE,?Eh + ciB,?Bh
and

= 0 —-A
(2.55) Sy = [ 4 0 } .

Both discretisations result in the same semi-discrete system
B, [0 —A][ By
230 AL L
and the average vector field method preserves both H; and H..
Initial conditioni and nugerical data:
Preservation of H; and Hsy is numerically confirmed by an experiment with
random initial data on a regular grid with 30 points in every direction and

constant ¢ = 1. The result of the AVF method with At = 0.01 can be seen in
Figure 2.10.

3 Dissipative PDEs
3.1 Nonlinear dissipative PDEs

ExXAMPLE 3.1. Allen - Cahn equation:

Continuous:
ou
1 = 3
(3.1) ot dug, +u —u’,
1 s 1, 1,
2 = Z I =
(3.2) H /[2d(um) 5 U —|—4u dz,
(3.3) N=-1.

Boundary conditions: Neumann, u,(0,t) = 0, u,(1,¢) = 0.
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2.5

Energies

0 0.2 0.4 0.6 0.8 1
time

Figure 2.10: Three-dimensional Maxwell equation: plots of energies H1Az (dash-dot)
and HoAz (dash) vs time.

AC equation, Nspace= 101, At = 0.001 AC equation, Nspace= 101, At = 0.001

'

-0.16

-0.17|

= -0.18

y

> -0.19

Global Error
Energy

-0.21

-0.22]

time time

Figure 3.1: Allen-Cahn equation: Global error (left) and energy (right) vs time, AVF
integrator.

Semi-discrete:

g d 1 1
2

(3.5) N = —id.

Initial conditions and numerical data:

x € [0,1], N =100, At = 0.001, parameter: d = 0.001.

Initial condition: u(z,0) = cos(nz).
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. CH equation, Nspace= 51, At = 0.00083333 CH equation, Nspace= 51, At = 0.00083333
10” o] 0
0.02
B 0.04
10
z
A £;-0.06
E g
3 = _0.08
° 8
10°
-0.1
0.12
"
10 -0.14/
0 0.5 1 15 0 0.5 1 1.5
time time

Figure 3.2: Cahn-Hilliard equation: Global error (left) and energy (right) vs time, AVF
integrator.

ExXAMPLE 3.2. Cahn-Hilliard equation:

Continuous:
ou 02
(3.6) il (pu +rud + qum) ,
Y O 2
(3.7) H= / [qu + T 2q(ugc) dz,
(3.8) N =2

Boundary condition: periodic, u(0,t) = u(1,t).
Semi-discrete:

_ 1 1 1 g
(3.9) H= Z {21?“? + ZTU? T2 (A (w1 —uj)* |,
J
-2 1 1
) 1 -2 1
1 N=__"—"_ :
(3.10) N o) :
1 -2 1
1 1 -2

Initial conditions and numerical data:

x € [0,1], N =50, At =1/1200, parameters:p=—1, ¢ =—0.001, r = 1.
Initial condition:

u(z,0) = 0.1sin(27z) 4 0.01 cos(4mz) + 0.06 sin(4mwz) + 0.02 cos(10mx).
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EXAMPLE 3.3. Ginzburg-Landau equation:
Continuous:
A Ginzburg-Landau equation arising in a model of traffic flow is given by

0
(3.11) ai; = (0, — €02) [6u + 0%u — u®]
and is a slight modification of the model considered in [14] and [15]. The equation
can be written as

(3.12) % =N %,
with

(3.13) N =0, —ed?
and

(3.14) H = / [3u2 - % <gz>2 - iu‘*] dz.

Boundary condition: u(+5,t) = 0 and wu.,(£5,t) = 0.
Semi-discrete:

Ry 1 /u wi\? 1
7 _ 2 j+1 — Y% 4 _
(3.15) H= 2 |f’)1@- -3 <JA1:J> - 4%1 , uny = 0.
and
(3.16) N =A—eB,
where
[0 1
-1 1
(3.17) Ao :
’ T 2Az .
-1 0 1
i -1 0
is a discretisation of J,, and
[ —2 1
) 1 -2 1
3.18 B = .
( ) (Az)2 .
1 -2 1
I 1 -2
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-4.865 ! . . . -4.8655
-4.8655 -4.866
- -4.866 - -4.8665
2 S
B 5
S -4.8665 5 -4867
> >
o o
S -4.867 5 -4.8675
Q Q
© ©
= =2
-4.8675 -4.868
-4.868 -4.8685
-4, -4.869
8685, 0.002  0.004  0.006  0.008 0.01 ) 0.002  0.004  0.006  0.008 0.01
time time

Figure 3.3: Ginzburg-Landau equation: Plots of the energy function HAxz computed
with the AVF method (left) and Matlab’s ode45 (right). Note that ode45 does not
exhibit the correct monotonic decrease in energy.

is a discretisation of 02%. The average vector field method preserves the decay of
function H in contrast to some standard integrators.
Initial conditions and numerical data:

x € [-5,5], N =100, At =0.001, parameter:e = —107.
2
Initial condition: u(z,0) = e 100(z=3)",
In Figure 3.3, we compare the AVF method with Matlab’s ode45, the latter
not preserving the monotonic decay of H.

3.2 Linear dissipative PDEs

EXAMPLE 3.4. Heat equation:
Continuous:
The heat equation

ou
3.19 a, = Uzx,
(3.19) 5 = U
is a dissipative PDE and can be written in the form (1.1), i.e.
du (57‘[1 du 6H2

2 A V. gy V.
(3.20) o ~ NG NG
with the Lyapunov functions H;(u) = fol su2 dr and Ha(u) = 01 $u? dz and
the operators A} = —1 and Ny = 92, respectively.

Boundary conditions: u(0,t) = u(1,t) = 0.

Semi-discrete:

1 N-1

(3.21) Hi= s [+ D (w —ui1)’ +ui,

2(Ax)?

J=2
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. 0.25 0 0.05 0.1 0.15 0.2 0.25
time time

Figure 3.4: Heat equation: plots of Lyapunov functions H; Az (left) and Ho Az (right)
vs time, AVF integrator.

and
N1y
(3.22) Hy = a(uj)%
j=1
as well as
-2 1
) 1 -2 1
3.23 Ny=—= -
( ) N2 (Az)? :
1 -2 1
1 -2

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

Initial conditions and numerical data:

(3.24) ze0,1, N=50, At=0.0025.

Initial condition: u(z,0) = z(1 — ).

This system is numerically illustrated in Figure 3.4, where the monotonic
decrease of the Lyapunov functions for the heat equation in (3.21) and (3.22) is
shown.

4 Concluding Remarks

The concept of energy, i.e. its preservation or dissipation, has far reaching
consequences in the physical sciences. Therefore many methods to preserve en-
ergy, and several to preserve the correct dissipation of energy (e.g. [6, 11]), have



ENERGY CONSERVING PDES 23

been proposed for ordinary differential equations. Surprisingly, when partial
differential equations are considered, a unified way to discuss the preservation
or correct dissipation of energy is missing and similar ideas are often developed
from scratch (e.g. [5, 10]). In this paper, we have presented a systematic and uni-
fied way to discretise partial differential equations and to preserve their correct
energy preservation, or dissipation, by the average vector-field method.

For the equations treated in this paper, one can replace the average vector-field
method by any energy-preserving B-series method, while retaining the advanta-
geous properties of energy preservation or dissipation. More generally, geometric
integrators for Hamiltonian or non-Hamiltonian PDEs with non-constant matrix
D can be constructed using discrete gradient methods, cf. [11].
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5 APPENDIX

PROOF OF LEMMA 1.1
We denote the consistent discretisation of

(5.1) Hlu] = /QH(z;u(")) dx

by

(5.2) ﬂ/[u] = Z anH (203 Ugn 1)) A,
Q

Here H = HAz, and U(n+k) denotes the set

(53) {ﬂl(n + k171)7 ey ﬂl(n —+ kl)p);ﬂg(n + k271)7 e ,EQ(TL + kzm);

3 U (Mt km1)s - Um (N4 kmp) b
where n and the k; ; are discrete vectors in Z¢, and Q is some discrete approxi-
mation to Q.

)
The discrete analogue of the variational derivative 5—7—[ is then defined by
u

d_r H'\
(5.4) d—EH (w+ 5v)|€:0 =: Z (M) Ty, Az

Q

oH
= (v- 5U>Ax.
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We now calculate the Lh.s. of eq.(5.4):
d—r,_  _
(5.5) d—eH (u+ Ev)‘ezo
d _
=0 XﬁjanH(xn;m(n + k) + €T (n+ ki),

ST (1 Fnp) 4 €0m (04 Emp))|

= Z [an,kl,lﬁg(xn,kl,l;ﬂl(n), v U (Nt ke — k11)) -

Q
+an7km,pﬁmp+1(xn7km,p§ﬂl (Tl + kl,l - km,p)a s aﬂm(n))] : 6nAx
0 — _ _ _
= zﬁ: [a—un qz; Sk, H(zp,ur(n+k11), ..., Gm(n+ kmm))] ST Az

where S, denotes the shift over the multi-index a.
It follows that

(5.6) %ﬂ/(ﬂqLa@)L:O =@ -VH).

Since egs (5.4) and (5.6) must hold for all vectors v, we have

§H' _
(5.7) %Am =VH,
and hence
—
(5.8) 5{% = VH.

O
While the proof above is for a scalar function u, the case where u is vector-
valued follows in a similar fashion.



