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Synopsis
A general decomposition theorem that allows one to express uniquely arbitrary differential
polynomials in one independent and one dependent variable as a combination of conservative,
dissipative and higher order dissipative pieces is proved. The decomposition generalises the Rayleigh
dissipation law for linear equations.

1. Introduction

In classical mechanics, a conservative system of differential equations is repre-
sented by the Euler—Lagrange equations of some variational principle. Not every
differential equation can be represented as a conservative system; the Helmholtz
conditions [S, Theorem 5.68] give necessary and sufficient conditions for a
differential equation to be the Euler-Lagrange equation for some variational
problem. For equations which are not Euler-Lagrange equations, one is left with
the problem of seeing how ‘“‘close” they are to Euler-Lagrange equations. A
precise measure of “closeness’ should include an algorithmic way of determining
the “conservative part” of the equation, the remainder playing the role of
dissipation or frictional forces. In this paper we propose a general decomposition
for polynomial ordinary differential equations in one independent and one
dependent variable into conservative, dissipative and higher order dissipative
pieces. Subject to certain homogeneity requirements, the decomposition is
unique; in particular it determines a unique conservative component of such an
equation. v

Consider the classical case of a linear ordinary differential equation A[u]=0.
Here x is the independent and u = u(x) the dependent variable. The equation is
an Euler-Lagrange equation if and only if the defining differential operator A is
self-adjoint: A = A*. A general linear ordinary differential equation can always
be written uniquely in the form

Ag[u] + DA[u] =0,
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where both A, and A, are self-adjoint differential operators, and D denotes the
total derivative with respect to x. Consequently, there exist two quadratic
variational problems %= { Lo[u] dx and &, = [ L,[u] dx, whose Euler-Lagrange
expressions

Aolu] = Qo=E[Lo], Aiu]=Q,=E[L{],

form the two components of the equation. (Here E denotes the Euler operator or
variational derivative.) Therefore the differential equation has the ‘“‘dissipative
decomposition”

Qo+ DQ,=0, where Q;and Q,€imE. (§))]

The Euler—Lagrange expressions Qg and Q; are uniquely determined, hence the
corresponding Lagrangians L, and L, are uniquely determined up to a diver-
gence. In physical problems, %, can be identified with the Lagrangian for the
conservative (i.e. self-adjoint) component of the problem, while % is closely
related to the Rayleigh dissipation, and measures the rate of dissipation in the
system, [3, p.24]; see Section 7. Thus any linear ordinary differential equation
can be uniquely decomposed into a conservative part, Q,, and a dissipative part,
Q1.

The goal of this paper is to investigate to what extent the conservative/
dissipative decomposition of a linear equation generalises to nonlinear ordinary
differential equations. In general, the representation (1) is no longer valid; for
instance, the simple equation

uu” +2u'?=0

cannot be written in this form. However, for polynomial ordinary differential
equations, there is a natural generalisation of this decomposition which incorpor-
ates ‘‘higher order dissipation” terms.

The fundamental theorem to be proved is the following decomposition
theorem.

THEOREM 1. Let P be a homogeneous differential polynomial of degree n. Then
there exist unique differential polynomials Q;, 0=j= N, with Q; = E(L;) for some
differential polynomial L;, such that P can be decomposed as

P= ZDI‘Q,. = é:OD"E(L,-). )

For example, in the case of a quadratic differential equation P =0, there are
three Lagrangians, Ly, L,, L,, each uniquely determined up to a divergence, and
the equation can be written uniquely in the form

P= QO + DQI + DZQZ = E[L()] + DE[LI] + DZE[Lz] = 0,

which is the proper generalisation of the Rayleigh form (1) for a linear ordinary
differential equation. For example, we find

uu” +2u'? = (—2uu" — u'?) + Quu” + 3u'?) = E[uu'?] + D’E[3u?],
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Dissipative decomposition of ordinary differential equations 299

hence
Qo=2uu"~u"? Q,=0, Q,=3uu"+3u’?

Lo=uu?, L,=0, L,=3u’

We interpret Q, = E[L,] as the conservative piece of the equation, with L, the
associated Lagrangian, while Q,=E[L,] and Q,=E[L,] represent “first and
second order dissipation”, respectively. For this reason, we name (2) the
dissipative decomposition of a differential polynomial P. See Section 7 for a
further discussion of the role of the dissipative pieces. An important direction for
further research is to relate this decomposition to physical examples of dissipa-
tion, both positive and negative, in nonlinear ordinary differential equations
arising in applications.

Unfortunately, the method of proof of Theorem 1 is existential, relying on
combinatorial formulae for partitions, and we do not yet have a closed formula
for computing the functionals ¥ = [ L,[u]dx or Euler-Lagrange expressions
Q; =E[L,] directly from the differential equation P. However, in Section 6 we
will discuss a simple algorithm which will readily provide the decomposition. A
table of representative dissipative decompositions can also be found in this
section. Calculations were performed with the aid of the symbolic manipulation
language SMP on an Apollo workstation at the University of Minnesota.

2. Some differential algebra

We begin by deriving some simple formulae from the formal calculus of
variations of use later; the basic reference for these results is [S, Chaps 4 and 5].
We will work with a single dependent variable u and a single independent
variable x. We shall use the notation

_du
s

for derivatives of u throughout the paper. Let of = o {u, x} denote the space of
differential polynomials in the dependent variable u and the independent variable
x. Thus, o consists of all polynomials in the variables u;, and we shall allow
arbitrary smooth (C”) functions of x as coefficients. We will also have occasion to
use the differential subalgebra o/, consisting of all constant coefficient differential
polynomials. By the degree of a differential polynomial we mean the degree in the
u’s; for example the differential monomial x?uu’ has degree 4. The (total)
derivative operator on & is given by

d 3 d
—E—a—x‘*' igouiﬂan

U; i=0,1,2,...,

where

)
a,-=——, .=O,1,2,....
Ju; !

Note that only finitely many terms in the sum for D are needed when applying it
to any specific differential polynomial.
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LemMA 2. If P € A is a differential polynomial, then DP =0 if and only if Pis a
constant. In particular, if P is a homogeneous differential polynomial of degree
n=1, then DP =0 if and only if P =0.

Suppose
$[u]=JL(x, Uy Uy, ..., U,)dx
is a (polynomial) variational problem with Lagrangian L € &{. The extremals of &
satisfy the well-known Euler-Lagrange differential equation
E(L)=0,
where E is the Euler operator or variational derivative with respect to u:
E=E, = (-D)3,
i=0

THEOREM 3 [5, Theorem 4.7). Let L e o be a differential polynomial. Then

E(L)=0 if and only if L =DP for some P € A.

Therefore, two Lagrangians are equivalent, meaning they give rise to the same
Euler-Lagrange equations, if and only if they differ by a total derivative:

E(L)=E(L) ifandonlyif L=L+DP. 3)

The characterisation of null Lagrangians in Lemma 2 is the first stage in the
“variational complex”. At the next stage, one solves the so-called inverse
problem of the calculus of variations which is to characterise all Euler—Lagrange
equations. See [5, Section 5.4].

DEerniTiON 4. Let P € o be a differential polynomial. The Fréchet derivative of
P is the differential operator
D= P,-D), where P, =3,P.

i=0

THEOREM 5 [5, Theorem 5.68]. A differential polynomial P € o is the Euler-
Lagrange expression for some Lagrangian L € o, i.e. P = E(L), if and only if its
Fréchet derivative is a self-adjoint differential operator:

D, =D} (4)

The condition (4) is sometimes referred to as the Helmholtz conditions. Finally,
we note a useful computational formula.

LemMma 6. If L € A, then
E(E(L)) = 30E(L) = E(3,L). ©)

Proof. Using Theorem 3, we see that
E(E(L)) = E( (-DYa,L) = E(30L)
i=1
since by (3) all the other summands are annihilated by E. Moreover, it is easily
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Dissipative decomposition of ordinary differential equations 301

seen that the partial derivative 3, = 8/3u commutes with all the 3,’s and the total
derivative D, hence it also commutes with the Euler operator E, completing the
proof of (5).

3. Uniqueness of the decomposition

The proof of the decomposition theorem (Theorem 1) will be divided into two
stages. We first use the algebraic results from the previous section to prove that,
provided such a decomposition exists, it is unique. In Section 4 we prove the
existence of the decomposition for constant coefficient differential polynomials
using combinatorial techniques. Section 5 completes the proof for variable
coefficient differential polynomials. We begin with a simple version of the
uniqueness result, which holds for general differential functions (i.e. general
smooth functions of x, u and derivatives of u), not just polynomials, and has an
interesting application to the theory of biHamiltonian systems.

ProposiTION 7. Suppose k >0 and L, M, are differential polynomials, or, more
generally, smooth differential functions. Let P =E(L), Q =E(M). Then

P=D*Q (6)

if and only if k is even and P and Q are affine functions of the form
0= 2 cuy +f(x), P= 2 Citbziri + fP(x), (7)
i=0 i=0

where each coefficient c; is a constant, and f is an arbitrary smooth function of x.

Proof. We use the Helmholtz conditions (4) characterising Euler—Lagrange
expressions. Taking the Fréchet derivative of both sides of (6), we find that

D,=D"-D,.
Since both P and Q are Euler-Lagrange expressions, (4) implies that
D .Dy =Dp =D} = (-1)"D} - D* = (-1)*D,, - D,
hence Q must satisfy the equation
D* - D, =(-1)*D,, - D-. (8)

Suppose Q depends on u, uy, ..., u,, with Q, = 3,0 #0. Expanding both sides
of (8), we see that

D Dyp=> D*-Q; D' => {QD** +kDQ, - D1+ ..}
i=0 i=0

=Q,D"* +(Q,_,+kDQ,) - D" 14 |

whereas
DQ . Dk — 2 QiDi+k — QnDn+k + Qn—an+k_l + ...,
i=0
Comparing the coefficients of D"** on both sides of (8), we deduce that k must be
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even. Then the coefficient of D"**~! shows that
k-DQ,=0,

hence @, must be constant. Continuing to compare the coefficients of the lower
order powers of D, we find that all the derivatives Q; = 3, must be constant,
hence Q must be of the form (7). This proves the proposition.

COROLLARY 8. Suppose j#m and L, M € A. Then
D’E(L) = D"E(M)

if and only if k =j —m is even and P = E(L), Q = E(M) are of the form given by
(). '

This last result has a direct application to biHamiltonian systems, cf. [§, Section
7.3]:

CoROLLARY 9. An evolution equation u,= K[u] in one spatial variable is a
biHamiltonian system with respect to two constant coefficient Hamiltonian opera-
tors D’ and D™, j, m odd, if and only if it takes the form (7) of a linear constant
coefficient equation plus a potential.

We can extend this result to more general constant coefficient Hamiltonian
operators; we leave it to the reader to state the relevant theorem.

Proceeding to the general uniqueness result of Theorem 1, we need to prove
the following:

ProposiTioN 10. Let Lo, ..., L, be homogeneous differential polynomials of
degree n + 1. Suppose

S D/E(L) =0. ©)
j=0
Then
E(L)=0, j=0,...,n,
and hence L; = DPF, for some P e of, 0=j=n.

Proof. We work by induction on the degree n of the differential polynomials.
The case n =1 is the classical case of a linear differential polynomial, and follows
directly from Proposition 7. Further, let u, denote the highest order derivative of
u which appears in the summands D’E(L)) in (9), and for each n we do a further
induction on k. The case k =0 is completely trivial for all n since only the first
term in the sum can depend on u alone.

To prove the inductive step, let n =2. Apply the Euler operator to (9), and use
(3) and (5). We find

0=E(3, DE(L)) = E(E(L) = SE(L)

hence E(L,) cannot depend on u, although it can still depend on derivatives u; for
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Dissipative decomposition of ordinary differential equations 303

i = 1. Next we apply the operator 3, to (9), and use its commutativity properties:

o= ve0) =S

= D<g D’E(ﬁ,»)),

where
£i=aOLj+1J j=0,...,n_1.

The last expression in parentheses is a homogeneous differential polynomial of
degree n — 1 =1, hence according to Lemma 2,

n—1
j=0

By the induction hypothesis (on n), this is possible if and only if
0=E(L,) =3E(L;+;), j=0,...,n—1

Therefore none of the Euler—Lagrange expressions E(L;) can depend on u, i.e.

they are all functions of u;, u,, . .., u.
We now use a result proved in [4, Lemma 2.15] characterising Euler—Lagrange
expressions which only depend on derivatives of the dependent variable.

Lemma 11. Suppose Q =E,(L) satisfies 30Q =0. Then there is an equivalent
Lagrangian L + DP such that Q =E,(L), and L also satisfies 3,L =0. Moreover,
if we make the substitution v = u, = du/dx, (hence v, = u;.,), then both Q and L.
become functions of v and its derivatives, and

Q =D(E,(L)). (10)

Applying this result to our situation, we see that we can replace the
Lagrangians L; by equivalent Lagrangians L;, which are functions of v =u,, v, =
u,, etc. Moreover, if we use (10), then (9) becomes

> DIE, (L) = D(3 D/E.(L)) =0,
j=0 j=0
where we are now viewing everything as a function of v. Again, by Lemma 2, this
implies that

>, D/E, (L) =0.

Furthermore, each summand D’E,(L,) depends on v, vy, ..., v;_;, and so we
are back in the same situation as before, but with the order of the highest
derivative reduced to k — 1. Therefore, we can use our induction hypothesis on k
to complete the proof.
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4. Counting dimensions - restricted partitions

We now turn to the existence of the dissipative decomposition for differential
polynomials. We begin by considering the simpler case of constant coefficient
differential polynomials, and so work with the slightly smaller differential algebra
A,. By keeping track of degrees of homogeneity and orders of derivatives, we
can reduce the formula to a result on the direct sum decomposition of certain
finite-dimensional subspaces of the full space of differential polynomials. We can
then use combinatorial methods to count the dimensions of these subspaces, and
thereby prove our result.

Let & denote the set of all multi-indices of the form I = (iy, iy, . . . , i,,), Where
mZ0 is arbitrary (but finite), and where each integer entry is non-negative,
i, =0, and the last entry is strictly positive, i,,>0. We let u’ denote the
corresponding differential monomial

w=uo-ul-uy-. . uln,

so there is a one-to-one correspondence between differential monomials, and
multi-indices I € &. Given such a multi-index I = (iy, iy, . . ., i,,), define

SI=ig+ij+... iy, =iy +2+...+mi,.

Note that ¥ I counts the degree of the monomial «’, while |I| counts the number
of derivatives appearing in it. For n, k >0, let

Fe={IeF:|l|=k}, S"={eF DI=n}, F=F"N%.

Note that ¥; = J when k > n; we also set &, = % = J when k =0. Furthermore,
let o, (respectively &£”, %) be the subspace of &, spanned by all the monomials
u’ where I € % (respectively &7, ¥%). (For k =0, we set &, = {0}.) Note that &"
is the space of all constant coefficient homogeneous differential polynomials of
degree n, while &, is the space of all constant coefficient differential polynomials
in which exactly k derivatives of u appear in each monomial. The intersection
Ar=A" N oA, is easily seen to be a finite dimensional vector space over R.
(Note, if ¥ =, then % = {0}.) One of our principal objectives is to determine
a formula for the dimension of this vector space, which we denote by

r=dim ¢ = card ¥,

which is the same as the cardinality of the corresponding set of multi-indices 7.
It is not difficult to identify this dimension with a standard combinatorial quantity.

LEMMA 12. The set ¥} can be identified with the set of partitions of the integer k
into at most n parts, so N, is the number of these (restricted) partitions.

See [1] for a survey of the theory of partitions, in which N%, the number of
partitions of k into at most n parts, is denoted by p(x, n, k); cf. [1, Section 3.2].

We can now give a more precise statement of the main decomposition theorem
for the space &f" of homogeneous constant coefficient differential polynomials of
degree n. Rather than work with the entire infinite dimensional space &{" all at
once, it is easier to work with the subspaces %, so we need only prove the
following finite dimensional version.
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THEOREM 13. Let P be a homogeneous differential polynomial in the space 3.
Then there exist unique differential polynomials Q;e dy_;, 0=j=n, with Q,;=
E(L)) for some differential polynomial L; € 3%} such that

P=2 D'Q;= 3 D/E(L).
j=0 j=0

Theorem 13 can be restated in terms of vector spaces as saying that the finite
dimensional vector space &% is the direct sum of the subspaces determined by the
operators D/ -E, j=0, ..., n:

7= im D’E N off. a1
=0

J

The uniqueness result of Proposition 10 shows that the right-hand side of (11) is
indeed a direct sum, so to prove Theorem 13 we need only check that the
dimensions of the subspaces on the right-hand side of (11) add up to the
dimension of the full space. In other words, we need only prove

Nz =dim % =Y, dim (im D’E N 3). (12)
j=0
We begin with the following elementary observations:

LemmMa 14, Foralln, k=1, and i 20,

(a) D[otf] = A3,
(b) 8if5] = i),
(c) E[st5]c i7"

The easy proofs are omitted; in particular (c) follows from (a) and (b).
Combining Lemma 2 and Theorem 3 with this lemma, we see that for n =1,
k =0, the sequence
0— off_y 2> o £ 3!
is exact, i.e. D is an injection, and im D = ker E. Therefore
dim E[{#}] = dim &/} — dim D{«/%_,] = dim &} — dim &% _;;
in other words, we have the important formula
dim E[%]) = N; — N;_.. (13)
The subspaces appearing in the desired identity (11) are just
im D’E N o} = D'E[A77]],
and so have dimensions
dim {im D’E N o7} = dim {D’E[«;*}]},
= dim {E[«/}7}]},
=NiZi - Nitl ..

Therefore, formula (12) reduces to

n
no \ n+1 __ ajn+1 _ +1 +1
p= 2 (N = N3t ) =Nz = Npth ),
j=0
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since the summation collapses. Consequently, to prove Theorem 13, we need
only verify the following combinatorial lemma.

LEMMA 15. Foralln, k>0
Ni= Nt - N7t (14

Proof. This is an elementary result from the theory of partitions, cf. [1,
formula (3.2.6)]. Define the injections

. +1 . . . _ . .

Ll' yz_)yz ; "1(10) ll,...,lm)—(lo+1, ll"")lm))

. +1 +1 . . . _ . . .
! Z—n—l_')yz > "2(]0) Jio - ij) - (0’ Jos J1s - - - :]m)'

Then the image of i, is {I € ¥3*':i,>0}, whereas the image of ¢, is {l€
Pl ip=0}). Thus ¥;*! is the disjoint union of these two images, which have
respective cardinalities N} and N3} _,. The lemma follows immediately.

For the reader’s convenience, a short table of the dimensions N} follows. For
instance, the dimension of the space &f; is 7, and in this particular case, basis

elements are provided by
2 2 2 3
UUe, UU1Us, UL U4, UUSZ, UTU,, UrUs U3, U3,
corresponding to the multi-indices

(2; 0; O; O) 0) 0; 1); (1) 1) 0: 0; 0; 1); (1’ 0; 1) 0) 1)’
(1,0,0,2), (0,2,0,1), (0, 1, 1, 1), (0,0, 3),

which make up 3.

TaBLE 1
Dimensions N}

Kk 1 2 3 4 5 6
0 11 11 1 1
1 11 1 1 1 1
2 1 2 2 2 2 2
3 1 2 33 3 3
4 1 3 4 5 5 5
5 13 s 6 71 7
6 1 4 7 9 10 1
7 1 4 8§ 11 13 14
8 1 5 10 15 18 20
9 1 5 12 18 23 26
10 1 6 14 2 30 35
11 1 6 16 27 31 44
12 1 7 19 34 47 58

5. Proof of the decomposition theorem

We now generalise the considerations of Section 4 for the constant coefficient
case to the full differential algebra «f, and thereby complete the proof of
Theorem 1. According to Theorem 13, we know that if M € & is any constant
coefficient differential monomial of degree n, then there are uniquely determined

(up to divergence) differential polynomials L, € &3}, j=1, ..., n, such that

M =E[Lo) + DE[L,]+. .. +D"E[L,]. (15)
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Dissipative decomposition of ordinary differential equations 307

To prove the theorem for variable coefficient differential polynomials, then, it
suffices to show that we can effect a similar decomposition for any differential
monomial of the form f(x)M, where f(x) is an arbitrary smooth function of x.
We prove the result by induction on &, the number of derivatives of u appearing
in M.

The case k =0 is trivial, since the only such monomial is M = ", and we have

Flo)u" = E(f(x). “"H).

n+1

Now, suppose we have proved the result for all differential monomials M € &7,
0=j<k, and let m be a monomial in &%, with dissipative decomposition (15).
Consider the expression

K =E[f(x)Lo] + DE[f(x)L\] +. . . + D"E[f(x)L,].

When we expand the Euler operators and total derivatives, we find that K is a
linear combination of derivatives of the function f of the form

K= if(i)(x)Ri) (16)

where each constant coefficient differential polynomial R; is a linear combination
of the derivatives of the Lagrangians L;, and lies in the space &/_;. Furthermore,
the i =0 summand in (16) is the same as fM, i.e. R,= M, hence the difference

f(x)M —K = il FO(x)R;,, where R, e A}_,.

Now use the inductive hypothesis on k to write each term f”(x)R,; in the form

FO)R = 3 DE(L),

=

for some L, € . Therefore

Fe)M = 3, DEL)
where .

Li=f(x)L;+ 2‘6 L.

This completes the induction step, and hence the proof of Theorem 1.

6. An algorithm for finding the dissipative decompeosition

According to the decomposition theorem, the number of the basis elements for
% is equal to the number of basis elements for the direct sum

E(A7") ODE(A) DD E(H; ) D ... DD"E(ALEL), k>n } (17
E(A;*") ODE(L::]) O DE(A; ) D ... DDE(HL*Y), k=n.

We can find a decomposition for all the basis elements of % simultaneously,

by using the following algorithm. The first step is to find canonical basis elements
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for the spaces E(#5*"), E(«%*]), etc. This task is made easier by use of the
following lemma.

Lemma 16. A basis for E(A7) is given by the differential polynomials E(u'),
where I = (iy, iy, . . . , i,,) ranges over all multi-indices in &}, such that i,, = 2.

In other words, to find a complete set of independent Euler-Lagrange
expressions, we need only look at Lagrangians in which the highest order
derivative in each monomial occurs at least quadratically. For example, a basis
for E(«3) = o3 is provided by the four differential polynomials

E(uu3) = 2u?ug + 16uu,u, + 24uu,uq + 24uiug + 16uusus
+ 48u U us + 6uu3 + 16w usu, + 12u3u,,
E(uiu?) = —2uiue — 12uquyus — 20u usu, — 12u3u, — 14u,u3,
E(uu,u3) = —2uuug — 6unsis — 6u uyus — duus — 14u,usu, — 6udu, — 6uu3,
E(uf) = 12u3u, + 24u,u3,

corresponding to the multi-indices (2, 0,0, 0, 2), (0,2, 0,2), (1,0,1,2), (0,0, 4).
The proof of Lemma 16 is a straightforward integration by parts.

Note that this lemma concurs with formula (13). Indeed, if we define the
injection

L yﬁ-l—’ffﬁ’ L(jO’jli e :jm) = (jO)jl) L )jm - 1) 1))

then the image of ¢ is {I= (i, iy, ..., in) € Fr i, =1}, so S is the disjoint
union of the image of ¢ and the subset of multi-indices indicated in the lemma.
In:ieed, in the above example, dim E(3) =4, while from our table, Ni=15,
N7 =11

Once we have determined canonical basis elements for the relevant subspaces
E(s;*]) appearing in the decomposition formula (20), it is then a simple matter
to rewrite any constant coefficient differential polynomial P in &% in terms of
these basis elements. Let r = Ny =dim &%, and let M,, v=1, ..., r, denote the
canonical basis of &/} given by the monomials u’, Ie %} Further, let P,
u=1,...,r denote the basis elements formed from the decomposition, i.e. the
differential polynomials D’E(u*), where the u* are the basis elements of #/7*}
given by Lemma 16. By inspection, we then determine the coefficient matrix
C = (¢,) for the basis P, in terms of the monomial basis M,, writing

B = 21 M,

The inverse matrix B = C™! will then provide the dissipative decomposition of all
the basis monomials in </%:

M,=3 b,P,.
pu=1
ExampLE 17. Find the Euler decomposition for the basis elements of &/3:

According to (17), we have
o3 =E(£3) © DE(H3) © D’E(sA3).
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Dissipative decomposition of ordinary differential equations 309
The monomial basis for &3 is given by
M,=uu, and M,=u?

corresponding to the multi-indices (1,0, 1) and (0, 2) in ¥3.
Next, note that the middle subspace E(s3) = {0}, since N3 =Nj=1, cf. (13).
Canonical basis elements for the other two subspaces are

E(s3): P =E(uu?)= —2uu, —uj.
D’E(s43): P, =DE(u?) = D*(3u?) = 6uu, + 6u?.

-2 -1
6 6

-2 -1\t /-1 -}
B_<6 6) ‘(1 %)‘

We thus find the dissipative decomposition for the basis monomials of &3 to be

Therefore the coefficient matrix is C = < ), with inverse

uu, = E(—uul) + D’E(-u®), u?=E(uu?)+D?E(u’).

A table of constant coefficient dissipative decompositions for basis monomials for
n=2,3,4, and k=5 appears at the end of this section. The computations were
performed using the symbolic manipulation language SMP.

For variable coefficient differential polynomials, one needs to implement the
algorithm described in the proof of Section 5.

ExameLE 18. Consider the differential polynomial

P=f(x)ui,

where f(x) is an arbitrary smooth function of x. Using the decomposition of u?
given above, we find that P differs from the decomposition terms

E(fuu?) + D’E(3fu’)
by lower order terms:
P = E(fuu?) + D’EGfu®) — 2f 'uu, — f'u>.
We then decompose these lower order terms, again using the table:
fe =EGf),
fruuy = DEGf'u’) — 34
We conclude that this monomial has the decomposition
f(o)ui = E(fuui) + DE(=3f'u’) + D’EGf’).
A similar computation shows that

fx)uu, = E(—fuui + 5f"u’) + D’E(—3fu’).
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TABLE 2
Dissipative decompositions: n =2

k
0 u=u
= E()
1 uwuy=uu,
= DE(4u)

2wy = QQuu, + ul) + (—uu, — u3)
=E(—uu?) + DE(-1u>)
u? = (—2uu, — u?) + Quu, + 2u?)
= E(uu?) + D’E(3u?)
3 uuy=(—2uquy) + (uus +2uu,)
=E(3u3) + DE(—juui)
Wity = uqU,
= E(_‘ul)
4 umg=Quuy + dugug + 3ud) + (— gty — ul) + (—ung— 3u,us — 2u3)
= E(uu2) + DE(3u3) + D’E(3uu?
wyuy = (—2uuy — s — 3u3) + (—uyuy — u3) + Quu, + 6u us + 4u?)
= E(—uu?) + DE(}u3) + D’E(—uu?)
ul= Quuy+ duyu, + 3ud) + Quyus + 2u) + (—2uu, — 6u u; ~ 4ud)
= E(uu?) + DE(-1u3) + D’E(uu?)
5 uus=(—4uuy— Buyus) + (s + 3uguy + Susuy) + (uquy + 3uyus)
= E(—2u,u3) + DEGGuu3) + D’E(-1u)
uuy = Buiuy + 6uyus) + (—2u 1, — 6uyus)
=EQGu,u3) + D’E(3ui
Uptts = (—uytty = 2uyu3) + (U144 + 3Upu3)
= E(—3u,u3) + D’E(—{u3)
6  uug= (Quug+ 6w us + 1dusu, + 9u) + (—2u us — 6uu, — 4u2)
+ (—uug — 4uus — 8uyu, — Sud)
= E(—uu3 + $u3) + DE(—u,u?) + D’E(—1uu?)
wqus = (=2uug — 6u us — 13u,u, — 8ud) + (—uyus — 3uyu, — 2ul)
+ QQuug + Suqus + 16u3u, + 10u?)
= E(uu3 — fu3) + DE(—3u,u3) + D’E(uu?)
uyu, = (Quug+ 6uyus + 1luyu, + 6ul) + (2uyus + 6u,u, + 4ul)
+ (—2uug — 8uqus — 16uyu, — 10u3)
= E(—uu? + 2u3) + DE(u,u2) + D*E(~uu?)
= (—2uug — 6w us — W0u,u, — Sud) + (—2uus ~ 6uiry — 4u3)
+ Quug + 8u us + 16151, + 10u2)
= E(uu3 - 5u3) + DE(—u,u2) + D’E(uu?)
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TABLE 3
Dissipative decompositions: n =3

k

0 w=u?
=E(u")

1 wu, =u’y,
=DE(Fu*)

2 wluy = (Qutu, + 2uu?) + (—uu, — 2uu?)
=E(-u%u?) + D’E(—$u*)
uu? = (—uu, — uu?) + (w?u, + 2uu?)
= E(3u’ui) + D*E(zu?)
3 wPuy=(—6uu u, — 2ud) + (Pus + 6uu u, + 2ul)
= E(uul) + D’E(u?)
ut Uy = (Guugi, + 13) + (Wluy + duuguy + ul) + (—uPu, — 6un u, — 2u})
= E(—iuul) + DE(-3u%u?) + D’E(—5u®)
= (—6uu u, — 2ud) + (—3uPus — 12uu,u, — 3u3) + Bulus + 18uu,u, + 6u)
= E(uu3) + DEGu?u?) + D’E(4u?)
4wty =(Qutu, + 8uu iy + 6un? + 11ulu,) + (—2uu us — 2un’ ~ 4uluy)
+ (—uPu, — 6un uy — duni — Tulu,)
= E(u?u? — 5u?) + DEGuul) + D*E(Guu?)
uuuy = (—ulu, — dugus — 3und — Suluy) + (—uuguy — uu — 2utu,)
+ (uPuy + 6un sy + duu? + Tulu,)
=E(—3u?ul + ju}) + DE(Lud) + D*E(—1u2u?
= (1Puy + dun s + 3uud + 3uiu,) + Quugus + 2uul + 4ulu,)
+ (—uPu, — 6uu us — duud — Tuu,)
= E(;ulu2 — $u?) + DE(—3uud) + D’E(Gu’u?
ulu,=ulu,
=E(—13u})
5 wlug=(—10uu u, - 20uu,us — 20utu, — 30u,u?) + (uius + 2u,u?)
+ Quuyuy + 6unus + 6uu, + 10u,u3)
+ (uPus + Suu u, + 1unyus + 13u%u, + 18u,u?)
= E(—5uu,u3) + DE(—$5u}) + D’E(—3ud) + D’E(—1u?u?)
uugu, = (Sunu, + 10u,uy + 10uiu; + 15u,u2)
+ (uPus + 6uu iy + 10uius + uduy + 13u,u?)
+ (—2un uy — 6ut,uy — 6utu, — 10u, u3)
+ (—tus — Suu u, — Vuu, — 13u3u, — 18u,u?)
=EQGuu,u3) + DEGu?u3 — Ju}) + D’EGuul) + D’E(3u?u?
uuyuy = (—un u, — 2unyuy — 203us ~ 3u,u2) + (—ulus — 2u,u3)
+ (uwequy + Susyus + 3ulus + Suud)
= E(—}uu,u3) + DE(5u1) + D’E(-uu3)
Wiy = (—duu,u, — Suuyus — 8uluy — 12u,ul)
+ (—20%us — 12uu 1, — 20Ut u, — 17u?u, — 24u,u3)
+ Quus + 16uu u, + 28uu2u3 + 26u%u, + 36u,u?)
= E(—2uu,u3) + DE(—u’u3 + Su}) + D’E(—u?u?)
wius = (Quu u, + duuyus + dulus + 6u,ul)
+ (Pus + 6un uy + 10uu,uy + b, + 13u,u3)
+ (—u?us — Buuyuy — 1duuyus — 13u%u, — 18u,u?)
= E(uu,u?) + DEGuus — u) + D’E(3u?u?
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TABLE 4
Dissipative decompositions: # = 4

k
0 ut=ut
~ E(’)
1 wiu, = udu,
= DE(w")

2 dluy=(2ulu, + 3utud) + (—ulu, ~ 3utud)
=E(-u’u?) + D’E(—%u°)
w?u? = (—3ulu, — u?ud) + Gulu, + 2uPu?
=E(3u’u) + D’E(3u°)
3 wWuy = (—9uuyu, — 6und) + (Wlus + lu u, + 6us)
= EGu%sd) + DE(5u”)
P u, = Buluyuy +2und) + Gulus + 4uu uy + 2und) + (— 3uuy — 6utu uy — 4unl)
= E(—iu ul) + DE(—gu ul) + DSE(—ﬁus)
wus = (=3ulu,u,— 2und) + (—udu;— 6uPu u, — 3und) + (W, + 9ulu u, + 6und)
= E(u?sd) + DEGu’u?) + DYE(Hu’)
4 wlu,=Qulu,+ 120%u 0, + 9% + 36uuiu, + 6u?)
+ (—u3u4 — 12uu 1y — YuPu’ — 36uniu, ~ 6ul)
= E(u?u? — 2uu?) + D"E(——us)
wiuuy= (%43 u4 — duPuquy — 3utud — 12unlu, — 2ul) + (—3uu u, — 3utui —
— 12utu, — 2ud) + Gulu, + 8uuyuy + 61Uz + 24unu, + dut)
= E(—3uuZ + 3uud) + DE(iuzu ) + D*E(Fu’)
w?ul = Gulu, + Puus + 3utd + dunu,) + (—4utu, — 120%u 0, — 8uPul —
— 28un?u, — du?) + Gulu, + 8uluquy + 6utud + 24uutu, + 4u?)
= E(3u%u?) + D’E(Gu’u?) + DE(Hu’)
ulu, = (4uu1u2 + ul) + Gulugus + 3uu3 + 12u?u, + 2u?) + (Wu, + ulu us +
+ 660 + 2uuu, + 3ud) + (—ulu, — 120%u,u; — uPu — 36unu, — 6u?)
=E(- 5uu1) + DE(—1u?ud) + DZE(—%u3uf) +DE(—%u’)
ut = (—12uudu, — 3ut) + (—12u? u1u3 — 12u%u? — 48uu?u, — 8uf)
+ (—4uPu, — 36u%u,u; — 24u*ul — 84untu, — 12ut)
+ (4ulug + 48u%u, uy + 362Ul + 144uuu, + 24u?)
=E(uu?l) + DEQ2u’u3) + D’E(2u’u?) + D*E(3u’)
5 wlug=(—1502u us — 30uPu,u, ~ 60un?u, — 0uu, ul — 59ulu,)
+ (Buulu, + 6uu u + 6udu,)
+ (Buu u, + uusus + 18undus + 30uu,u? + 20u3u,)
+ (Pus + 12u0%u 0, + 200050, + 39undu, + Sduu uZ + 33uduy)
=E(—¥uw?uuZ + Bul) + DE(—juud) + DZE(—5u2u§) + DE(-1uu?
wPu iy = (SuPu gy + 100u,u, + 20uuius + 30uu,u? + fudu,)
+ (Gulus + 6ulug e, + 10uPu,u, + 18uuu, + 26uu,ul + 16uu,)
+ (—2u%u 1y — 6u U, — 12uu%us — 20uu uz — Ludu,)
+ (—%uPus — SuPu u, — 140Pu,uy — 26unu, — 36uu,uz — 22u3u,)
= E(zu u,u3 ~ Tu}) + DEGuius — tuu?) + D’E(Gu’ud) + D’EQu’u?
W uy = (—uPugu, — 2utuus — duuu, — 6uu,u? — $uluy)
+ (—2uudu; — duu uz — 4uduy)
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+ (g, + 3uPusus + 6undu, + 10uu ui + 2Oufuz)
= E(Fu! — 2uu3) + DE(Guu?) + D?E(- Lu’u}
uuduy = (— 20 u, — dulu,uy — Suuiu, — 12uu,ul — 8udu,)
+ (—3ulus — 6ulu u, — 100U, — 17unu, — 24uu,u2 — 14udu,)
+ Gulus + 8uusuy + 14uuyuy + 26uutu, + 36un,ul + 22uu,)
=ECut — v u,ud) + DE(Guus — L’ul) + D’E(—3u’u?
w3 = (WPugu g+ 2uPunus + dundug + 6un ul + 3udu,)
+ (3uPus + 3uluuy + Suluyus + uudus + 13uu, 13 + 8udu,)
+ (—3utus— dPugu g~ TuPuyus — 13undu, — 18uu,u - 11uuy)
= E(—2ut + 3uu,u3) + DE(—3uu? + LuPud) + D’E(Gu’u?
wiu,=ulu,
=E(—3u})

7. Dissipation laws

Let us begin by reviewing the Rayleigh dissipation function for the simplest
classical mechanical system governed by a single linear, constant coefficient,
second order ordinary differential equation

P=au, +bu,+cu=0.

(To maintain the notation used in the rest of the paper, we use x as the
independent variable, although in mechanics this is really the time t.) The second
and zeroth order terms form the conservative part of the system, and are derived
from the Lagrangian

Lo = —%au? + 3cu®.
The energy of the system is given by the corresponding Hamiltonian
Hy=}au® + icu?;
indeed to obtain the energy law, we multiply the equation by u,, leading to
u,P=DH,+R=0,
where
= 1bu’

is the velocity-dependent Rayleigh dissipation function. In particular, if b >0, the
above identity shows that the energy H, is a decreasing function of x. Moreover,
the equation itself has the Rayleigh form

E.(Lo) + E,(R) =0,

where E, denotes the variational derivative of R with respect to the velocity
variable u,. However, if we use Lemma 11 (or by direct computation), we see
that if we replace u, by u, leading to the Lagrangian

Ll = %buzx
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then

E,(R)=DE,(L,), (18)
and so the equation does have the dissipative decomposition

E.(Lo) + DE,(L)).

The identity (18) is the essential relation between the classical Rayleigh
dissipation function and the present dissipative decomposition for linear ordinary
differential equations.

The goal of this section is to obtain an analogue of the Rayleigh law for a
general dissipative decomposition (2). To maintain the analogy with classical
computations, we seek an identity of the form

u;P=DH +R, (19)

where H will play the role of the Hamiltonian or energy of the nonlinear system,
and R the role of the dissipation. Ideally, the dissipation function R should be
positive definite, so that the energy H will be a nonincreasing function of u. The
basic approach is to integrate the terms on the left-hand side of (19) by parts,
until we have a quadratic or higher degree polynomial in the highest order
derivatives of u which appear in the dissipation term R. The computations become
slightly complicated, and we carry them through only for second and third order
dissipation. The question of when the dissipation function is positive definite will
be left to a subsequent publication.
Define the evolutionary vector fields

vV, =V, = 2 Up 40, (20)
i=0

In particular, v, multiplies a differential polynomial by its degree, while v, agrees
with the total derivative D when applied to constant coefficient differential
polynomials.

LEMMA 19. Let Le oA, and let n =0. Then
u,E(L)y=v,(L)+DP

for some P € A.

Proof. The proof is an elementary integration by parts:
uE(L)=, u,(-D)8,L =7 (D'u,)5;L+DP.
i=0 i=0
=> u,..8;,L+DP=v,(L)+DP.
i=0

CoroLLARY 20. [2). If L € o, is an x-independent Lagrangian, then
u,E(L)=DH 21)

for some H € A, called the Hamiltonian associated with L.
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The terminology comes from classical mechanics. Indeed, x-independence of L
implies that the one-parameter group of translations in x is a variational
symmetry group of L, and the Hamiltonian H is the conservation law resulting
from Noether’s Theorem [S, Theorem 4.29].

COROLLARY 21. Let Le o, and let n Z0. Then
u,D"E(L)=v,.,(L) + DP, (22)
for some P e A.
Proof. Just integrate the left-hand side by parts:
uD"E(L) = (=1)"u, . E(L) + DQ

for some Q € &, and then use the lemma.

Now consider a differential polynomial P, with dissipative decomposition (2).
The goal is to see how “much” of the ordinary differential equation P =0 is
conservative, and how much contributes to the dissipative behaviour of the
solutions. For simplicity, we treat the case when P e, does not depend
explicitly on x. In this case, if there is only one term in the decomposition, i.e.

P =E(Lo)
is an Euler-Lagrange equation, then Corollary 20 shows that the Hamiltonian H,
defined by

u,P=DH

is a constant of the motion, since clearly DH =0 whenever u is a solution to the
equation P =0. More generally, motivated by the conservative case, we multiply
P by u,, and try to make as many terms as possible total derivatives. According
to Corollary 21
u1P = E ulDlE(L])
=0

= Z (—~1)"¥;\(L;) + DH (23)

for some H € of,. (The j=0 term has been incorporated into H using (21).)
However, the summation terms so far cannot play the role of the Rayleigh
dissipation function R since they are all linear functions of the highest order
derivatives, and so can never be positive definite. Thus the next step is to analyse
the terms in the summation more closely.

For example, consider the case of a two term dissipative decomposition, so

P = E(Lo) + DE(L,).

(P is not necessarily linear.) According to (22),

u1P = _VZ(LI) + DH, (24)
and so we need to analyse
va(L) = D, u;128,L, (25)
i=0

Downloaded from https://www.cambridge.org/core. University of Minnesota Libraries, on 13 Apr 2020 at 19:35:28, subject to the Cambridge Core
terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/50308210500027785


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0308210500027785
https://www.cambridge.org/core

316 Peter J. Olver and Chehrzad Shakiban

where L=L,e s, Note that if L depends on ug, ui,...,u,, then v,(L)
depends on uy, Uy, . . ., U,+2, and is linear in the highest order derivative u, .
Thus v,(L) cannot play the role of the Rayleigh dissipation function since it can
never be positive definite. However, we can integrate each of the terms in the
summation in (25) by parts, leading to a quadratic function

i oL N - ’L

VZ(L) = — lgo ui+1D<'a_ui> +DM = — lg(”go Uir1Uj 5;;18_“] +DM (26)

for some M € of,. Let Q(L) denote the double summation in (26), so that (24)
becomes

u,P=Q(L,) + DA,

where H=H—M. In particular, if u(x) is any solution to the ordinary
differential equation P =0, then

DA =—-Q(L)).

Note that Q(L,) is a quadratic function of the highest order derivative u,,,,, and
hence we can identify the Rayleigh dissipation function in this case with Q(L,),
and, indeed, in the classical linear case, these do agree. More generally, we have
the interesting open problem of determining necessary or sufficient conditions on
the first order dissipative Lagrangian L, in order that Q(L,) be positive definite.
We hope to return to this question in a future publication.

Similar manipulations can be applied to the higher order dissipative terms, but
the calculations become quite complicated. We state the second and third order
cases, and leave the more general computations to the interested reader.

LeMMA 22. Let L € . Then

8

&L

u,D’E(L) =v5(L) + DP = , ’ZO Ui 1t Ut Fudu +DM  (27)

N —

oo
>
i=0j

for some P, M € A.
Lemma 23. Let L e o, and let n =0. Then

u;DE(L) = vy(L) + DP

IS 3w 3'L
= "32 Z Z 2 Upp1Uj 11U

i=0j=0k=01=0 auiaujaukau,
2

A - o°L
~ e2lljs2——— + DM 2
2 Z ul+2u]+2 auiauj ( 8)

i=0j=0

for some P, M € A.

Note that second order dissipation leads to a cubic Rayleigh function (27),
whereas third order dissipation leads to a quartic plus quadratic Rayleigh function
(28). Thus we observe that in general, only the odd order dissipative terms can be
truly dissipative, in the sense of having any chance of being positive definite.
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