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Abstract

A class of evolution equations in divergence form is studied in this paper. Specifically,
we develop conditions under which the spatial divergence term, the flux, corresponds to
the characteristic of a conservation law. The KdV equation is a prominent example of an
equation having a flux term that is also a characteristic for a conservation law. We show that
the flux term must be self-adjoint. General equations for the corresponding conservation
laws and Hamiltonian densities are derived and supplemented with examples.
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1. Introduction

In this paper we study conservation laws for evolution equations of the form
u,+ 0, =0, (1.1)

where Q is a smooth function of u = (u, u,, u,, ..., u,). Here, u; denotes the kth
partial derivative of u with respect to x, and uy = u. In particular, we focus on a
class of evolution equations (1.1) that have the property that the flux term Q is also
the characteristic for a conservation law. A prominent example of such an equation is
the KdV equation

u, + (u2 +3u?) =0. (1.2)

Recall that if a partial differential equation % (u, u,, u,4+) = 0 has a conservation
law with characteristic Q(u), then there exists a function P(u) = (P, (u), P,(u)) such
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that

Q) F W, uy, upy) = V- P(w), (1.3)
where V denotes (3/9¢, 3/dx) = (D,, D,). Note that Equation (1.3) must be satisfied
for all u. If u is such that & (u, u,, u,y;) = O, then V - P(u) = O represents a
conservation law.

Conservation laws are often derived via Noether’s theorem, which requires a La-
grangian formulation. Following Anco and Bluman [1, 2], and van Brunt et al. [8],
however, this formulation can be bypassed by recognizing that the kernel of the Euler
operator is the space of total divergences. The particulars of this method are discussed
in the above references and in Olver [5].

The class of differential equations (1.1) involves operators that depend on u, and u,
so that the corresponding Euler operator for a function K (u, u;, u,41) is

E(K) = K, — DK, — D,K,, + D}K,, — D}K,, + -+ + (=1)""'Di*'K

Unsr*

Here we use the notation DX*!' = D, D*fork =0, 1, ..., and K,, = 9K /du, denotes
the partial derivative of K holding u and u; fixed for j # k. Suppose that Q(u) is a
characteristic for a conservation law of % (u, u,, u,,;) = 0. Then, there is a P such
that Equation (1.3) is satisfied and hence

E(QF)=E(V-P)=0. (1.4)
Equation (1.4) is particularly simple for operators of the form & = u, + D, Q. Since,
for any smooth functions A and B, E(A+ B) = E(A)+ E(B), Equation (1.4) implies
E(Q(u, + D.Q)) = E(Qu,) + E(QD, Q) =0;
however,
Q?.

00.0=30.0°=v-(0.2).

and hence Equation (1.4) reduces to
E(Qu,) =0. (1.5)

Equation (1.5) is thus a condition on the flux Q for the partial differential equation
(1.1) to have a conservation law with Q as a characteristic. Equations of the form
(1.1) that satisfy (1.5) will be called flux characteristic.

Any first-order equation of the form (1.1) is flux characteristic. In this case

Q = Q(u), andhence E(Qu,) = E(V-(R(),0)=0,
where R, = Q. A conservation law corresponding to this characteristic is thus
V- (R, Q*2) =0.

In contrast, no even-order equation of the form (1.1) can be flux characteristic. This
result is given in Corollary 2.2.
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2. General Results for Higher-Order Equations

In this section we derive results for equations of the form (1.1), where n > 1. The
third-order case (n = 2) is discussed in more detail in the next section. Suppose that

Q = Q(u, uy, ..., u,), then Equation (1.5) is
E(Qu)) = Quity = Dy (4, Qu,) = Di(Q) + Dy, Quy) + -+ + (=1)" D (1, Q) =0.
2.1
For notational simplicity, let
ak+ly
Uk = W’

with i, = u,. Now,
. (m
D;"(ulQu,-) = Z <k>utkD;"_k(Quj)v
k=0
so that Equation (2.1) expands to the form

1

- 1 2. (2
EQu)=uQu— ) unQu,— Y _ (k)uka,l"‘(Qu,) +> <k>u,kDf"‘(Qu1)
k=0 . k=0

k=0
Foo (=1 (:)u,kD:—k(Qu,,) =0.
k=0

Collecting coefficients of u,, gives

E(Qu,) = Z Uj Wj,
j=0
where

n—j .
Wj = _Quj + Z(_l)j+k (j _;k) Dﬁ(Qu/M)' (22)
0

k=

If Q is a characteristic for a conservation law of Equation (1.1), then Equation (1.5)
is satisfied for all u; hence the coefficients of u,, must vanish fork =0, ...,n. In
summary, we have the following result.

THEOREM 2.1. Equation (1.1) is flux characteristic if and only if for all u we have
that Q satisfies

W, =0, j=0,...,n 2.3)

where W, is defined by Equation (2.2).
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COROLLARY 2.2. Equation (1.1} is flux characteristic only if n is even. Hence, only
equations of odd order can be flux characteristic.

PROOF. This result follows immediately from (2.3). Suppose that n is odd and that
Q., # 0. Putting j = n in (2.3) gives

Wn = (—1 + (_l)n)Qu,. = O,

which implies Q,, = 0. We thus conclude that » must be even and hence partial
differential equations of the form (1.1) that are flux characteristic must be of odd
order. a

COROLLARY 2.3. Suppose that Equation (1.1) is flux characteristic and n > 2.
Then Q must be of the form

Q =au, + ﬂuﬁ_l + yu,_, +9,

where o = (i, Uy, ..., Up_p), 8§ = 6(u, U1, ..., Up_2),
B = -}au"_z and 2.4)
n
y=3 (D — oy, ,un-y) - (2.5)

PROOF. The form of @ follows from (2.3) with j = n — 1, noting that n must be
even. Specifically, the relation

Wn-l = —2Qu,._1 + an Qu,. = Oa (26)

must hold for all # and hence the partial derivatives of W,_, with respect to the u;,
j=0,...,n+ 1, must vanish. Expanding the total derivative, the above equation is

n
200, =1 Quulhics1-

k=0

Now, differentiating W,_, with respect to u, | gives

Qu, =0, 2.7

and differentiating W, _, with respect to u, gives

=204, _u, T 1 (Z Quppi st T Q“n—lun) =0,

k=0
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and Equation (2.7) thus implies

(n— 2)Qu,._|u,. =0.
Since n > 2, the above expression gives

Qupun =0. (2.8)
Differentiating W,_, with respect to u,_; and using Equations (2.7) and (2.8) we have
2Q“n-1un-| - nQu,.-zu,.v (29)

and differentiating both sides of the above expression with respect to u,_; yields

2QM,,_|M,,_|M,|—| = nQ"n-2“n-l"n = 0’
where Equation (2.8) has been used. We thus have

Qurrtn-sns = 0. (2.10)
Equations (2.7), (2.8) and (2.10) imply that Q@ must be of the form

Q = au, + Bul_ + yu,_, +34,

where o, B, y and § are functions of u, uy, ..., u,—;. Using the above expression
for @, Equation (2.9) implies Equation (2.4) and Equation (2.5) comes directly from
Equation (2.6). , O

Recall that the Fréchet derivative of Q = Q(u, u,, ..., u,) acting on a function

F=F,u,...,u,)is

Do(F) =Y Q. D'F,
k=0

and the adjoint is

n

DY(F) =) (=)*D} (Qu,F).

k=0

The Euler operator can be expressed in terms of the adjoints of Fréchet derivatives,
for example,

E(QF) = D}(F) + D%(Q).

A Fréchet derivative Dy, is self-adjoint if Dy (F) = D’é(F ) for any smooth function
F = F(u,uy,...,u,). The next theorem shows that flux characteristic equations are
characterized by self-adjoint Fréchet derivatives.

THEOREM 2.4. Equation (1.1) is flux characteristic if and only if

DQ = Dg
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PROOF. For any smooth function F = F(u, uy, ..., u,),
n n—j .
. +k :
Dh(F)=)" (Z(—l)ﬁ‘* (’ . )D,ﬁ(Qu,ﬂ)) DI(F);
j=0 \k=0 J :
hence

D%(F) — Do(F) = Y _ W;DI(F),

j=0

where W; is defined by Equation (2.2). If Dy, is self-adjoint, then the above expression

must vanish for all F; hence W; =0 forall j =0, ..., n. Theorem 2.1 thus implies
that Equation (1.1) is flux characteristic. If Equation (1.1) is flux characteristic
then Theorem 2.1 implies that W; = O forall j =0, ..., n and hence Dy is self-
adjoint. O

We note here that self-adjoint conservation law characteristics are generic to evo-
lution equations. In other words, if Q is a characteristic of a conservation law for an
equation of the form

u,+GQ,uy, ..., u) =0,
then Dy must be self-adjoint. The expression
E(Qu + G)) = E(Qu,) + E(QG) =0,

must hold for all u, and ¢ derivatives occur only in the term E(Qu,). Every term of
E(Qu,) has a t derivative, and this leads to

E(Qu,) =0,

which in turn produces (2.3).
Equation (1.1) has a Hamiltonian density if there exists a function ¢ such that

E(J#) = Q. (2.11)
Equation (2.11) does not uniquely define .7# because
E(W +D,F)=E()=Q

for any smooth function F.

COROLLARY 2.5. Equation (1.1) is flux characteristic if and only if there exists a
function € such that E(J€) = Q. The function 5€ can be constructed using the
homotopy formula

1
%”=/ u@@Au)da, (2.12)
0

where Q(Au) = Q(\u, Auy, ..., Au,).
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PROOF. The corollary follows immediately from Theorem 2.4 and the Helmholz
condition (see, for example, Olver, op. cit., page 355). Specifically, Theorem 2.4
shows that (1.1) is flux characteristic if and only if Dy, is self-adjoint. The Helmholz
condition asserts that there exists a function 5# such that E(5#) = Q if and only if
Dy is self-adjoint. The reader is directed to Olver loc. cit. for a proof of the homotopy
formula. O

The above corollary shows that flux characteristic equations are characterized by
the existence of a Hamiltonian density. The equation

u +(E#)), =0

must have a conservation law with characteristic E(5#) for any smooth function
=, uy, ..., ).

Third and higher-order equations that are flux characteristic have at least three
distinct conservation law characteristics.

COROLLARY 2.6. Suppose that Equation (1.1} is flux characteristic. Then Qg = 1,
Q1 = u and Q3 = Q are characteristics for conservation laws.

PROOF. Since Equation (1.1) is in divergence form, it is clear that @y = 1 is
a characteristic for a conservation law, and O, = @ must be a characteristic of a
conservation law from the definition of a flux characteristic equation. The only result
to establish is that Q, = u is also a characteristic, and this follows immediately from

the self-adjointness of Q. Specifically, it is evident that u is self-adjoint and that
E(uu,) = 0. Now,

EuD,Q) = E(D,(uQ) — w1 Q) = —E(u; Q) = — (D (u1) + D} (Q))
= — (Dg(u1) + D} (Q)) = — (D:Q — D, Q) =0;

hence Q; = u is also a characteristic for a conservation law. ad
3. Third-Order Equations

In this section we focus on conservation laws for equations of the form (1.1), where

Q = Q(u, uy, ua).

Note that Corollary 2.3 does not include this case; however, it is straightforward
to glean the general form of Q from (2.3). If Equation (1.1) is flux characteristic,
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then (2.3) must be satisfied for j = 0, 1, 2. The proof of Corollary 2.2 shows that
W, = 0. The remaining equations are

Wi = Q4 — Dy(Qu,) =0 and (3.1
= D, (Qu, - Dx(Quz)) =0

Evidently, Wy = 0 if W, = 0 so that Equation (3.1) is the only mdependent equation.
Expanded, Equation (3.1) is

Qul - Quuzul - Qu1u2u2 - Quzu2u3 = O' (32)

Now, Q does not depend on u;, and Equation (3.2) must be satisfied for all u. We
thus conclude that the coefficient of u; must vanish and hence Q is of the form

Qu, uy, uz) = A, up)uy + B(u, uy). (3.3)
Substituting the above expression for Q into Equation (3.2) yields the condition
B, = Au;. 3.4)

Any smooth function @ of the form (3.3) that satisfies (3.4) also satisfies Equation
(1.5) and hence the corresponding equation is flux characteristic. Equation (3.4) is
evidently the condition for Dy, to be self-adjoint. Note that if Q satisfies Equation
(3.4), then there is a function ® such that

U Q = Dxd),
where ®,, = Au, and ¢, = B. It follows from Equation (3.4) that
] =-/Au1du1. (35)

Corollary 2.5 shows that if the equation is flux characteristic, then there is a
function 4% such that E(5#) = Q. Equation (2.12) provides a homotopy formula
for ##. For the third-order case, however, (2.3) is tractable and a Hamiltonian density
can be constructed directly. Once ## is determined, a conservation law corresponding
to the characteristic Q can be constructed explicitly without reference to the homotopy
formula for a conservation law (see, for example, Anco and Bluman [1,2] for the
homotopy formula).

If Equation (2.11) is satisfied for all u, then

—DX‘%M + jﬁl = _%1141”2 - %Mlul + % = Auz + Bv
so that any function J# (u, u,) that satisfies the equations

A= —%“ul and B = «%‘ - ul%un
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is a Hamiltonian density for the third-order case of Equation (1.1). A solution to these
equations is given by

%:/Bdu—ulfAdul+K(u1)+DXF(u), (3.6)

where F is an arbitrary smooth function and K,, = u;A — [ B,, du. Now,
Qu, = E(H)u, = (% - Dx)ﬁ,)ur = Hu, + %.url - Dx(“r‘;ﬁ,) =V R,
where R = (¢, —u,5%,,). A conservation law corresponding to Q is thus

(E(%’))Z) o
2

Corollary 2.6 also shows that u is a characteristic for a conservation law. The conser-
vation law corresponding to this characteristic is

V. (%ﬂ —u, I, + (3.7)

u2
V-(-z—,uQ—d:v), (3.8)
where & is given by Equation (3.5). The equation is in divergence form and hence
V- (u, Q) 3.9)

is also a conservation law. In summary, we have the following result.

THEOREM 3.1. A third-order equation of the form (1.1) is flux characteristic if and
only if Q is of the form (3.3), where A and B satisfy Equation (3.4). In this case a

conservation law corresponding to Q is given by Equation (3.7), where 3¢ is defined
by Equation (3.6). Conservation laws are also given by Equations (3.8) and (3.9).

EXAMPLE 1. The KdV equation (1.2) has a flux of the form
Q = Uy + 3u2.

Evidently Equation (3.4) is satisfied and hence the equation is flux characteristic.
Equation (3.6) gives a Hamiltonian density

2
H = —-uz—l +u’.
The homotopy formula (2.12) gives

U,

) 1
'}f = / uQ()"u) d)" = u/ (A-u2 + 3)\2142) d)\. = T + u3
0 0

1 2
= EDX(uul) - EZ—I +u,
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so that the densities are equivalent up to a total derivative. Equation (3.7) yields the
conservation law

2 +3u22
V-(—%+u3,u,u1+———(u2 2 ) =0.

We note that the u, can be eliminated at this stage using the evolution equation itself,
that is, u, = — D, (43 + 3u?).
A close relation to the KdV equation is the KdVB equation

u + (puz —vuy +u?) =0,

where @ and v are constants. Here, A = w and B = —vu, + 12, so that Equation

(3.4) is satisfied only if v = 0.

EXAMPLE 2. The equation studied by Dey [3, 4] in divergence form is

un-H u2n+l
b =0,
u, + (cu2+an_*_1 +a T l)x

where a, b and ¢ are constants, ¢ # 0 and n is a positive integer. Here, Q = Au, + B,
where A = ¢, and

un+l u2n+l

b .
T

Equation (3.4) is satisfied and hence the equation is flux characteristic. A Hamiltonian
density is
cu% n+2 2n+1

U U
H=-—F+ars Dot ity

and the corresponding conservation law is
2
V. (%, cu iy + %) =0.
EXAMPLE 3. Petersson et al. [6] considered a third-order equation of the form

u, +uus + nuu, +mu? +ru; + puf—i—qul +s5s=0,

where n, m, r, p, q and s are functions of u, and t is a real constant. For the cases
T = 0 and T = 3, they studied the functional forms of n, m, r, p, ¢ and s such that
the equation is integrable in the sense that it has an infinite number of Lie-Backlund
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symmetries. The above equation can be put into divergence form only if s = constant,
r'(u) = p(u) and

o) —2mu) = t(t = Du™2.

If, in addition s = 0, the equation can be written in the form (1.1), where
_ul
Q=ulup+ (n—rtu’ ‘)—2'—+ru| + f

and f'(u) = q(u). Equation (3.4) shows that the p.d.e. is flux characteristic if r =0
and n(u) = 2tu*"". The class of equations that are flux characteristic is thus
(r—-1) .

- -2
u, + uTuy + 2t "y + ——u ‘u? +qu; =0.

V4

The Hamiltonian density is

wtul

2

= fu) -

and the conservation law corresponding to the characteristic Q is

utul Q?
V. (f(u) - Tl, Wuu + 7) .

4. Fifth-Order Equations

We now look at fifth-order equations of the form (1.1) that are flux characteristic.
Corollary 2.3 shows that Q must be of the form

0 =oaus+ ﬂu§ + yus + 6,

where «, B, y and § are functions of u, #; and u,, and 8 and y are given by Equations
(2.4) and (2.5), that s,

B=a, and y=2(au +a,uz).

Corollary 2.5 implies that Q has a Hamiltonian density #. Once a Hamiltonian
density is determined, the corresponding conservation law is

2
V. (H, D, (urjﬁn) -2 (utlﬁiz) - uﬂ%ftl + %) =0. 4.1)

Equations such as the fifth-order KdV equation

u, + (us + 10uuy + Sul + 100°) =0, (4.2)

X
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the Kuperschmidt equation

U — (u4 + %uzu + 18—5u% + %lf)x =0 4.3)
and the Caudrey-Dodd-Gibbon-Sawada-Kotera equation

u, + (ua + 30uu; + 60u”) =0, (4.4)
are of the form .

u, + (aug + F(u, uy, uy)), =0, 4.5)

where « is a constant. The test for self-adjointness and the calculation of the Hamil-
tonian density are particularly tractable for this form. Briefly, if Q = R+ S is
self-adjoint and R is self adjoint, then

E((R + Su,) = E(Ru,) + E(Su,) = E(Su,) = 0;

hence § must also be self-adjoint. Now, R = u, is self-adjoint; hence, if Equation
(4.5) is flux characteristic, F must be self-adjoint. In essence, if Equation (4.5) is flux
characteristic then it must be of the form

U, + ((xu4 + Au;;_ + B)x = 0, (46)

where A and B satisfy Equation (3.4). Evidently, if ¢ is a Hamiltonian density for
the equation

U, + (Au2 + B)‘ = O,

then a Hamiltonian density for Equation (4.6) is
2

%:a%-&-l’.

EXAMPLE 4. For the KdV equation (4.2), A = 10u and B = 5u? + 10u>. Equation
(3.4) is satisfied and hence the fifth-order KdV equation is flux characteristic. A
Hamiltonian density is given by

u? 5
H = -2—2 —Sulu + Eu“.

Equation (4.1) gives the conservation law
V., X)=0,
where, for

Q = uy4 + 10uu; + Suf + 1047,
2
X = wuy — uyuy + 1Quu,u; + >
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For the Kuperschmidt equation (4.3), A = 5u/2 and B = 15u3/8 + 5u4%/12. Here,
Equation (3.4) is not satisfied and hence the Kuperschmidt equation is not flux char-
acteristic. It is straightforward to see that Equation (4.4) is also not flux characteristic.

EXAMPLE 5. Tan et al. [7] studied the general fifth-order KdV equation
U+ us+u3 + (Nw), =0,
where, for constants a;, k =0, 1, 2, 3,
N(u) = ogu? + ayuu, + azuf + azu’.
The above equation can be written as
u, + (ug + Auy + B), =0,

where A = ayu+ 1 and B = agu? + apu? +a3u. The equation is flux characteristic if
A and B satisfy Equation (3.4), and this leads to the condition &, = 20, in agreement
with Tan.. A Hamiltonian density is given by

u? u? ut  u?
M = 72+a0?—a2uuf+a3z—51-.

A conservation law corresponding to the characteristic Q = uq + Auy + B is
V. (##,X)=0,

where
Q2
X = D (u,uz) — 2(uquz) + u,Caguuy + uy) + -
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