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Abstract

By considering the closure property of a Lagrangian multiform as a conservation law, we use Noether’s
theorem to show that every variational symmetry of a Lagrangian leads to a Lagrangian multiform. In
doing so, we provide a systematic method for constructing Lagrangian multiforms for which the closure
property and the multiform Euler-Lagrange (EL) both hold. We present three examples, including the
first known example of a Lagrangian 3-form: a multiform for the Kadomtsev-Petviashvili equation. We
also present a new proof of the multiform EL equations for a Lagrangian k-form for arbitrary k.

1 Introduction

When considering integrable systems, a key weakness of the conventional Lagrangian description is that
it does not capture multidimensional consistency - the fact that the equations of motion can be seen
as members of a hierarchy of compatible equations which can be simultaneously imposed on the same
dependent variables. A classical Lagrangian functional will only provide one single equation of the motion
per component of the system, with no clear connection to the other equations of the hierarchy. This
weakness was overcome in the paper [1] where it was proposed to extend the scalar Lagrangian

ZL(x,u™)dzy A A day, (1.1)
a volume form on a k-dimensional base manifold, to a differential k-form

L= Z Ly .in) (@, u(”)) dz;, A...Adz, . (1.2)

1<i1<..<ip <N

on a N dimensional base manifold with k& < N'. We use the notation u("™) to represent u and its derivatives
up to the n** order. This led to the introduction of a new notion of a Lagrangian multiform, where the
multidimensional consistency manifests itself by the action

Slu; o] :/L(Jc,u(")) (1.3)

having a critical point u, such that u is simultaneously a critical point for every choice of the surface of
integration o, and also that the action S is invariant with respect to interior deformations of the surface
of integration. The first of these conditions is equivalent to the requirement that ddL = 0 and defines the
equations of motion known as the multiform Euler-Lagrange equations?. The second of these conditions
gives us the closure relation that, on the equations of motion, dL = 0 (this follows from Stokes’ theorem).
We shall call a differential form L of the type given in (1.2) a Lagrangian multiform if dL = 0 on the
equations defined by ddL = 0. If the solution u defined by ddL = 0 is the zero function, or dL = 0 for any
u we consider our multiform to be trivial.

The full form of the multiform Euler-Lagrange equations for a Lagrangian k-form is given in Appendix
A. These equations require that the usual EL equations hold for each coefficient Z{;.. ;) of the multiform
as well as additional relations between the different coefficients.

!Note that in principle we are often working in an arbitrary number of dimensions, determined by the number of flows of a
given integrable hierarchy that we include in our multiform.
2See (A.11) for an explanation of this notation.



Remark 1.1. We shall often use the notation ;.. ;) to represent the coefficient of duv; A ... AN dx; in a
Lagrangian multiform L (e.g. Z(123) would be the coefficient of dry A dxa A dxz). We need only define
the Z;...j) in the case where i < ... < j. We then define the £ ;. ;) for other permutations of indices by
the convention that they are anti-symmetric. There are examples of Lagrangian multiforms, such as those
given in [1], [2] and [3], where there is a natural covariance and anti-symmetry built into the structure
such that it is automatic that £y = —Zjiy. In the case where we are considering an N — 1 form
on an N dimensional base manifold, we shall also use the notation £ to represent the coefficient of
dr;y1 A ... ANdxy Adxy A... Adx;_1, i.e. where the dx;’s appear in cyclic order and dx; is removed.

A major difficulty in studying Lagrangian multiforms (particularly when working with Lagrangians that
are not naturally covariant) is the construction of the components .Z{;.. ;), even for known integrable
classical field theories. This problem has attracted attention previously, e.g. in [4]. In this paper, we
introduce a new method to answer this problem based on the use of variational symmetries and Noether’s
theorem [5]. We note that the connection between Noether’s theorem and Lagrangian multiforms was
first explored in [6], and extended in [7] where a systematic method of constructing Lagrangian 1-forms
from variational symmetries was given for systems in classical mechanics. In this paper, we deal with field
theories in 1+ 1 and, for the first time 2+ 1 dimensions. Because we require that dL = 0 on the equations
of motion, we are able to consider this as a conservation law and use Noether’s theorem [5] to relate this
to variational symmetries of the components .Z; ;) of our multiform. This provides us with a systematic
means of constructing Lagrangian multiforms (of any order). In Section 2 we give a brief overview of
variational symmetries, and Noether’s theorem. In Section 3, we present our new results along with three
examples, including a multiform for the first two flows of the K-P hierarchy - the first ever example of
a continuous 2 + 1 dimensional Lagrangian multiform. In Appendix A, we provide a new proof of the
multiform Euler-Lagrange equations for a Lagrangian k-form, which were first derived in [8].

2 Variational symmetries and Noether’s theorem

In this section, we shall make use of a version of Noether’s (first) theorem as presented in [9], where
proofs of all statements in this section can be found. We consider systems with p independent variables

x = (z1,...,7p) and ¢ dependent variables u = (u!,...,u?)T. In the rest of this paper, we will often use
1 q)T
yee s ud)t

u to denote the collection of fields u!,...,u9 or the vector (u

2.1 Generalized and evolutionary vector fields

We consider vector fields of the form

v—Zgz +Z¢a - (2.1)

We say that v is a geometric vector field if the & and ¢, depend only on x and u. If the & and ¢,
depend also on derivatives of u, we say that v is a generalized vector field. If all of the &; are zero, i.e.

_ i Q 9 _ Q 9 (2.2)
Q_a:1 “oux T ou’ '
we call vg an evolutionary vector field with characteristic Q(z, u™) = (Q1(z,u™),. .., Qq(z, u(™)NT,

where Q(z, u(™ ) is taken to mean that () may depend on z, u and derivatives of u. The prolongation of
an evolutlonary vector field v takes the form

prvg =Y D, Qaaiu3 (2.3)
a,J
where we have used the multi-index notation where J is the ordered set (j1,...,Jj,) and
- : 0 0
D,y := E(Dzi)ﬁ ; Da, = (9_1'1 + ;U%HT?; . (2'4)

We shall write Ji" to denote (j1,...,Ji+7,...,7p), J\K" to denote (j1,...,Jk—7,-..,Jp) and |J| to denote
the sum j1 + ... + Jp.

Every vector field v in the form of (2.1) has an associated evolutionary representative v where



P
Qo = ¢a — Y _ &iul, (2.5)

i=1

2.2 Variational symmetries

The vector field v is a variational symmetry of a Lagrangian £ (z, u(™)dz; A ... A dz; if and only if

prv(Z)+ £ Div¢ = DivB (2.6)

for some B(z,u™) = (By(x,u™),..., By(z,u™))T. For an evolutionary vector v¢, this simplifies to
prvg(Z) = Div B (2.7)
for some B(z,u™) = (By(z,u™),..., By(z,u™))T. A generalized vector field v is a variational sym-

metry of . if and only if its evolutionary representative v¢ is.

Finding the variational symmetries of a given Lagrangian is a non-trivial exercise. Methods for doing so
are covered in [9], [10], [11] and [12]. In our approach, we assume that such a variational symmetry is
given (by applying one of those methods for instance) and we use it as our starting point to construct a
Lagrangian multiform.

2.3 Noether’s theorem

In order to introduce Noether’s theorem, we will require the Euler operater E. We define the Euler

operator E to be the g-component vector operator whose a!” component is E,, given by
E, = Z(_l)u\ D, 9 (2.8)
oug

J

The sum is over all multi-indices J = (ji1,...,jp). For a Lagrangian &, E(.Z) = 0 gives the standard
Euler Lagrange equations for .Z. For example, in the case where p = 2, ¢ = 1 and . contains terms up
to the 2% jet,

_9Z o, 92 g a"g+132
ou

x1 o Yz
' Ouyg, ? Oug, Uy g4

02 +D,, D 02 +D? 0z

T
2 8uzlx2 *2 auxg:w

E(Z)

(2.9)

We say that the equations of motion given by E(.£) = 0 are of maximal rank if the ¢ x (p + ¢(” Z”))
Jacobian matrix

OE;(Z) aEi($)> (2.10)

J =
B(#) ( dzj = Oug
is of rank ¢ (i.e. of maximal rank) on the equations of motion given by E(.Z) = 0.

Theorem 2.1. [Noether] Let vg be an evolutionary vector field with characteristic Q and £ a La-
grangian density, such that E(Z) is of maximal rank. Then,

prvg(Z) = Div B(x,u(")) for some B <— Q-E(¥)=DivP for some P(z, u(”)) . (211

q
where Q) - E = Z Q. E,.

a=1
The right hand side of (2.11) is the characteristic form of a conservation law. Since setting E(.Z) = 0
defines the equations of motion, this tells us that Div P = 0 on the equations of motion - the usual form
of a conservation law.

3 Variational symmetries as Lagrangian multiforms

In this section, we shall take the well known results of the previous section, and apply them in the context
of Lagrangian multiforms. We consider the Lagrangian density .Z on a manifold with p independent,
and g dependent variables from the previous section. In order to be able to apply Noether’s theorem,
we require that the corresponding EL equations E(.¥) = 0 are of maximal rank. If we introduce a new

independent variable x, 1, independent of z1,...,x;, and the vector field w = ug,,, - 7~ then

ou



prw(Z)=D Z (3.1)

Tp+1 :

Also, by reversing the integration by parts that was used to get from £ to E(.%) it follows that

Ug, ., E(L)=D,,,, £ +DivA (3.2)

Tp+1

for some A, where the z,; component of A is zero. If ) is the characteristic of a variational symmetry
of .Z then Noether’s theorem tells us that

Q- -E(¥)=DivP (3.3)
for some P. Adding (3.2) and (3.3) gives us that

(Uz,,, + Q) - E(Z) = Div P (3.4)

where P = A+ P so the Zp4+1 component of P is . We use this idea to construct Lagrangian multiforms
as follows.

Theorem 3.1. Let Q(z, u(”)) be the characteristic of a variational symmetry of the Lagrangian density
X(x,u(")) such that £ and @ have no dependence on xpy1 or derivatives of w with respect to xpy1. If

Q =1z, , +Q then

Q-E(Z)=DivP (3.5)
for some P = (Py,...Py, Pyi1)T, and the p-form L such that
p+1 _
L= Z‘,S,ﬂ(;)dl'prl AN A dSCerl A dl‘l VANPAN dSCifl with Dg,ﬂ(;) == (71)”’]31' (36)
i=1

is a Lagrangian multiform. The p+ 1 component of P is equivalent (i.e. equal modulo total derivatives)

to L.

Proof. The existence of a P that satisfies (3.5) and has £ as its p+ 1 component follows from the
introduction to this section, equations (3.1) to (3.4). Since @ is a symmetry of E(.Z) we know that the
equations Q =0 and E(Z) = 0 are compatible in the sense that there exists a general common solution.
Then

dL = (-1)’DivP dzq A ... Adzpiq, (3.7)

and it follows that ddL = 0 is equivalent to the requirement that

0 .
Gu; DIVP =0 VI (3.8)
Using (3.5), this gives us that
0 0 ~ ~ 9
L pwpr=(-209) E (L E :
9u; iv (3U1 Q) (L)+Q (3u1 (X)) ) (3.9)

and since E(.Z) is of maximal rank (a requirement for Noether’s theorem), the necessary and sufficient
condition for §dL = 0 is that both @ = 0 and E(£’) = 0 hold simultaneously. From the form of (3.5), it
is clear that dL = 0 on solutions of either @ = 0 or E(.Z) = 0. O

Remark 3.2. Theorem 3.1 allows us to construct a p + 1 dimensional Lagrangian multiform from a
Lagrangian in p dimensions and a single variational symmetry. It is natural to consider whether, in the
case where we have a set of I commuting variational symmetries, we can iterate the process to find a p+1
dimensional Lagrangian multiform, as was achieved for a class of 1-forms in [7]. In Section 3.3 we use
Theorem 8.1 to obtain a multiform that incorporates the first three flows of the AKNS hierarchy. We
also show why, in the case of a Lagrangian 2-form, it is always possible to obtain a 2 + [ dimensional
Lagrangian 2-form from an autonomous polynomial Lagrangian £(12) and a set of | commuting variational
symmetries with autonomous polynomial characteristics. A similar argument can be used for autonomous
polynomial k-forms for arbitrary k. Whether or not non-autonomous, non-polynomial systems can be
extended through repeated application of Theorem 8.1 remains an open problem.



We note that P is not unique. Indeed, any change to P that is equivalent to adding an exact form to L
will also satisfy (3.5). In addition, we can perform “integration by parts” on the left hand side of (3.5)
and the remaining terms will still be a divergence, e.g.

Q- E(Z)— -D,Q-D;'E(Z) and DivP — DivP = DivP — D,(Q - D, ' E(Z)). (3.10)

Such a transformation amounts to adding a double zero to one of the components of P so the resultant
Lagrangian multiform will be essentially the same in that ddL = 0 will give the same equations of motion,
and dL = 0 will still hold on these equations of motion. This idea can be generalized further by noticing
that the “integration by parts” can be carried out on any constituent part of Q - E(.Z), e.g.

whilst leaving the resultant multiform essentially unchanged. The Q in (3.5) is in evolutionary form with
respect to z,11 i.e. it is in the form u, ., + Q(z,u™) = 0 where Q(z,u(™) does not contain z,1 or
derivatives of u with respect to z,11. If, by using the above operations we are able to put E(.Z) into
evolutionary form with respect to some z;, and neither z; nor derivatives of u with respect to z; appear
in Q then we can reverse the roles of Q and E(Z) whilst essentially leaving the resultant multiform
unchanged. This idea forms the basis of the following theorem.

Theorem 3.3. Consider the Lagrangian and variational symmetry as given in Theorem 3.1 and let
j€{1,...,p} be fived. If there exist constants aj and multi-indices Jy, for k = 1,...,q where the p+ 1
and j components of each Jy are zero, such that

ar D Ex(Z) =0 (3.12)

is in evolutionary form with respect to x;, then the ¢ components of E(X@), up to re-ordering, are
precisely the q expressions

1 .
— Dy, Q- (3.13)
ar

Proof. 1f there exist multi-indices J; and constants ay, as described that put E(.Z’) into evolutionary form
with respect to x;, then applying as Djkl to Ex (%) and i Dy, to Qk in (3.5) amounts to performing
integration by parts on the products Qj, Ex(.2), i.e.

1 - .
o D, Qk-ar D} Ex(L) = Qr Ex(£) + Div Cy, (3.14)

for some Cj. We note that the j and p + 1 components of C}, are zero since the j and p + 1 components
of each Jy are zero. It follows that

q
1 - R
§ — Dy, Qreay D;'Ey(£) =Div P (3.15)
k
k=1

where P = P+ >%_, Ck. Now that each aj, D}kl E; (%) is in evolutionary form, it follows from Noether’s
theorem that the corresponding characteristics represent variational symmetries of i Dy, Qr, and by
Theorem 3.1, (5 is the Lagrangian for LDy, Qw k=1,...,q. O

(23

It follows that the multiforms described by P and P in theorems 3.1 and 3.3 both have Z5) and £ as
their j and p + 1 components respectively, since the j and p + 1 components of each Cj are zero.

3.1 The “zero” symmetry

Every Lagrangian multiform we know of that has been considered up to this point has related to inte-
grable system. However, it is not the case that Lagrangian multiforms only exist for integrable systems,
since Theorem 3.1 applies to any Lagrangian with a variational symmetry. In fact, it turns out that every
variational equation has at least one Lagrangian multiform description.

Using our construction, the requirements for a Lagrangian multiform are a Lagrangian density £ (z, u(”))
and a variational symmetry v. It is trivially true that the zero vector (i.e. vg where @ = 0) is a symmetry
of every Lagrangian since vo(.Z) = 0. Letting Q = uz,,, + Q = u,,,,, it follows that



Q-E(Z)=DivP (3.16)

for some P, and it follows from Theorem 3.1 that P describes a Lagrangian multiform. Therefore every
Lagrangian, regardless of integrability, fits into at least one Lagrangian multiform description.

Remark 3.4. This particular multiform could reasonably be described as semi-trivial, in that one of the
equations of motion is simply ug, , = 0. However, it does have a practical application relating to the
inverse problem of finding a Lagrangian (if it exists) for a given equation of motion. Also, the relation

E(P-Q) =Dp(Q) +D5(P), (3.17)

as given in [9] (where Dp(Q) is the Fréchet derivative of P acting on Q and D} is the adjoint of Dp)
can be applied to (3.16) in the case where Q = u,,,, to derive the condition (also given in [9]) that an
equation has a Lagrangian description if and only if its Fréchet derivative is self adjoint.

Since we can apply Theorem 3.1 with any variational symmetry, many Lagrangians can fit into more
that one Lagrangian multiform description. For example, if a given Lagrangian possesses time/space shift
symmetries and rotational symmetries then we can obtain a Lagrangian multiform for each. However,
unless the symmetries themselves describe mutually commuting flows, we cannot expect it to be possible
to connect these multiforms descriptions to each other in any coherent way (i.e. as we are able to do
in the case of the AKNS multiform in section 3.3). The latter point emphasises the distinction between
multiforms as just described, and multiforms carrying information about the integrability of the equations
of motion, which was the original intent of the notion of Lagrangian multiforms.

Next, we shall give three examples of constructing Lagrangian multiforms from variational symmetries. All
three systems considered come from well known integrable hierarchies - this simplifies the task of finding
variational symmetries, since the required symmetries are other equations taken from the respective
hierarchies.

3.2 The sine-Gordon equation

The sine-Gordon equation, u,,,, = sinu with Lagrangian density

1
L2y = 5 Uer g — COSU (3.18)

and variational symmetry @ = usz, + %ug | is given as an example in [9]. We can confirm that @ is a

variational symmetry of .Z by checking that prvg.Z = Div P for some P. Indeed, we find that

1 3 1 3 1 .
pI"VQZ :5(11‘4961 + Euilumlml)umz + 5(“3961962 + §ui1uzlmz)u11 + (u311 + Euil) sSmu
1 1 1 1, 1,
:Dgcl(iugclummg62 = U Yoy + 5 Uy a1 U + 7 Y U + Uy, SIDU — oz, €08 u) (3.19)
1
+ DZ2(_U4 )
8 1

We now let Q = Uz, — Q. In this case, Q = 0 is precisely the modified KdV equation which is known to
be compatible with the sine-Gordon equation. By Theorem 3.1, the product

~ 1
Q -E(Z) = (ug, — usey — §ui1)(sinu — Uz, z,) = Div P, (3.20)

i.e. it is a divergence. If we write this product in terms of the components of P we find that

1 . 1,2
— 5 Ugy Uz + ?Ilzluzm - gmml SlIll u4+ 35Uy, COSU ZL23)
P = TUzy Uy — QUL 4, + guml = ‘75/0(31) (321)
5 Uz, Uz, — COSU ZL2)

satisfies (3.20), and is precicely the Lagrangian multiform for the sine-Gordon equation that was given in
[6].



3.3 The AKNS multiform

The first two flows of the AKNS hierarchy [13] were shown to possess a Lagrangian multiform structure
in [3]. The L4 4,) and Z,,,,) AKNS Lagrangians, (see e.g. [14]) are as follows:

1 i )

Laz) = 5(7’%2 —qrz,) + 5 91T + 5(]27"2 ) (3.22)

and ) ) 3
$(31) = i(qrws - rqws) + g(rll iz — q$1rllw1) + gqr(r(]ml - qrzl)’ (323)

giving equations of motion
rw2 = _%Tm1m1 + ’L’T2qa (324)
) .

Goz = Hwror — i¢*r (3.25)

corresponding to the two components of E(Z{13)) = 0, and

3 1

Ty = 57‘(]7‘11 - Zrzwhﬂh ) (326)
3 1
Qzg = §qrqzl - qulwlivl ) (327)

corresponding to the two components of E(Z(31)) = 0. It is straightforward (but time consuming) to
check that

3 1 0

3 1 0
= (= - — — B — 2
vQ (2qrqz1 4qm1m1m1)aq + (27“(]7‘11 4rm1w1w1)ar (3 8)

is a variational symmetry of Z(;2). In order to apply Theorem 3.1 we define

- (q) _Q (3.20)

Trs

and it follows that

- qzs — %qﬂhl + iq:nlzlzl Ty — %Tzlxl + 7:7"2(]
Q- E(ZLaa) = : | =Div P (3.30)
Tog — %rqrzl + irxlxlxl qzy — %qgcwm + tiT
for some P. We find that
Z23)
P=| L (3.31)
(12)
with
1 ) 1 3
°§’ﬂ(23) :Z(Qz2rm1z1 - Tz2‘1z1z1) - 5(q13T11 + rrsqu) + g(qmlrmlmz - T11q1112) + qu(qTIZ - quQ)

i i i i i (3.32)

- nglzlrmzl + qu(qrmm + Ty zy) — g(q27€1 + 72(151) + quqahrm - 5(]37‘3.
and Z{(12) and Z(31) as given in (3.22) and (3.23) will satisfy (3.30). This gives us the Lagrangian
multiform

L= 3(12) d.’L'l A\ d.’L'Q + as/ﬂ(gg) dZCQ A\ dZCg + 2(31) d.’L'3 N d.’L'l, (333)

for which dL = 0 and ddL = 0 as expected. This 3-component multiform was first derived in [3]. We
now follow a similar procedure to find the £{14), Z(24) and Z(34) Lagrangians of the AKNS multiform,
illustrating how our construction can be used to go beyond the first few terms in a Lagrangian multiform
to include the higher flows of an integrable hierarchy. For the AKNS case, this means that we want to
include the flow corresponding to the independent variable x4 to produce the Lagrangian multiform

Lio3s = ag(lg) dxri A d.%'g-i-g(lg) dzi A d$3+$(14) dzi N d$4+ﬂ23) daa A d$3+$(24) dzaA d$4—|—ﬂ34) dzsA dxy
(3.34)



In order to find the Z(14), Z(24) and 02”(34) we require our ) to represent the x4 flow of the hierarchy, i.e.

- qxy + Z(% iq2rwlw1 - %qulrll —qrqzq xy — %Tqil + %q‘lll)
Qe = . (3.35)
Tgy — Z(iq2rg lT?qgclzl - %Tq:nlrzl —qTrTzy2zy — %qrgl + %T4I1>

The components of Q4 are obtained by using the recursive procedure given in [15]. Theorem 3.1 tells us
that

Q1 -E(Z2)) = Div P'* (3.36)
where the components of P24 (with respect to z1, x2 and x4) are found to be
1 ) )
P2 = 5(71112 —qry,) + 51T + §q2r2, (3.37a)
1 3 ) 51
132124 2((]7"14 Tqﬂﬁ4) + E( 9261 + TQQ?Q) + ququrﬂﬁl + 1_6(]7’((]7"119“ + Tquzl) ( )
. 3.37b
(3
- §q$1$1rllm1 - Zq r
and
P124*§22( o )71(2 +2 )7ﬁ ( 4 )
1 78(] r TqI1 qracl 16 q T:ElT:EQ r Qz1Qz2 16qT qrxle TQzlmg
1 1 1
- gqr(rq&nl - quzl) - g(QQTlezlzl - T2QI1QI1I1) - g%ﬂ’xl (T(Izl - qracl)
1 3i i (3.37¢)
qu(rw1 riz, — q$1rllw1) + gqr(qwlrwz + Ty ql2) - g(Qszﬂ“zg + 324 sz)
1 ) )
+ = 16 (QBmlrmlm T3m1%c1m1> + g(qzlzlrﬂﬁ112 + T11I1q1112) - §(QI1T14 + rrlqr4>'

We can now recognize Pj?* = Z(12) and we set Pyt = Z41) and Pl = Z(24), consistently with
Theorem 3.1. From the construction of the coefficients, it follows immediately that for the multiform

Ligg = f(lg) dzy A dxs + 95/0(24) dzo A dxyg + $(41) dry A daxq, (338)
the multiform EL equations are satisfied when both E(Z{13)) = 0 and E(Z(41)) = 0, and that dLis4 = 0

on these equations of motion.

To produce the rest of the coefficients needed for Lia34, we now use the same Q4 together with {13 to
define P34 such that }
Q1 -E(ZL3)) = Div Pt (3.39)

Then we find that the components of P*3* (with respect to z1, x3 and x4) are such that P{** = %3 =
—Z(31) given in (3.23), as expected from Theorem 3.1,

) ) )
P1134 = "%(34) :g(Qleszlmg + rxlibqulmg) - g(q3I1T13 + 7’311‘113) - ﬁ‘IBmerzl
(@1 + 72 0) oGP+ i (r e, — gra) + gt

32 xr1T1 1T 32 T Il 8 4 32
31 2, o1

- 1_6q (qT11I1 =+ rqzlﬂﬁl) 16(q Tz, Tzy +r quqzz) - 1—6qT(q7’x1m3 =+ rquCS) ( )

3.40

1 3 )

+ Z(qmwlrﬂm — ToyaQay) + Eq (G, T30y + T2y @32, ) + Eqrqmwlrmwl

31
16 q 7 Gz Tz, + _qr(qzlrmg + Tibqug)

8

16Qzlrx1 (qrmlxl + TQIlzl) -

- _(Qz1rz1z4 - TIqu1I4> )

8

and Pi3* = Z(41) - identical to the £{41) previously identified as P32% given in (3.37b). Again, from the
construction of the coefficients, it follows immediately that for the multiform

Ligq = $(13) dry A dxs + 95/0(34) drs A dxy + $(41) dry A daxq, (341)

the multiform EL equations are satisfied when both E(Z(13)) = 0 and E(Z41)) = 0, and also that
dLi34 = 0 on these equations of motion. We are now able to form the 6 component Lagrangian multi-
form Ljo34 given in (3.34) and, as we would hope, the multiform EL equations are all consequences of



E(iﬂ(u)) =0 for i € {2,3,4}, and dLi234 = 0 on these equations. Therefore, in this case, we were able
to incorporate two commuting variational symmetries to extend our multiform, but will this always be
possible? Inspired by the AKNS example we have just carried out, we now examine this problem in the
case where the .Z{19) Lagrangian and variational symmetry characteristics are autonomous polynomials
in the field variables and their derivatives.

Given that each Li;; is determined from dL;;;, we have the freedom to add any exact 2-form to Ly;;
without affecting the multiform structure. As a result, the Z£{1;),Z;; and £{;1) we obtain are not
uniquely defined; this fact holds added significance when extending our multiform to include more
than one commuting symmetry. When forming Lj23, any choice of Z(12), Z£{(23) and Z{31) such that
dliss = Q - E(Z12))dz1 A dxg A dzz will give us a valid multiform. When we then form Lios4, we now
require that the (5 is exactly the same as the one in Li23. This is not a problem, since we will always
be able to make it so by adding an appropriate exact 2-form to Lis4. Similarly, when we come to form
L134, it will always be possible to get the same £{13) that was obtained in Li123 by adding an appropriate
exact 2-form. However, it is not entirely obvious that the £(14) obtained at this stage will be exactly the
same as the one in Lig4. If the two ‘,5,”(14) components were to differ by a total x4 derivative then it would
not be possible to correct this by adding an exact 2-form without also changing {13, which we don’t
want to do because it is already in the form we require.

In the case of a 2-form where .Z(;5) contains only x; and xa derivatives of u, it follows from the form
of dlLy2;, as given by Theorem 3.1, that the resulting £;;) Lagrangian need only contain first order
derivatives of u with respect to x; and no products of x; derivatives of u. This is because, when applying
Theorem 3.1 to obtain dLis;, the only x; derivatives of u that appear come from

When reversing the integration by parts that was used to obtain E(Z{19)) from Z(12), this becomes

Dzi aa12) + Dzl Al + DZz AQ (343)

for some A; and As, and since all integration by parts was with respect to x; and x2, A; and As do not
contain 2"% or higher order derivatives with respect to z;, or products of z; derivatives of u. This, in
conjunction with the multiform EL equations, in particular those of the form

0Zuy _ 0L

3.44
Oy, g, ( )
for ¢ > 1, where
0L _ N 0L ij)
— = ~1)9" D DI YL 3.45
5u[ Z( ) Fe % 8u1iqu ( )
q,7r=0
tells us that, modulo total x1 derivatives, all £y, for ¢ > 2 are of the form
0%
12 vy, + Fi (3.46)
Oy,

where .%; is some function that has no direct dependence on x; derivatives of u. This guarantees that,
for example, the .Z(14) coming from L34 can be made to coincide with the one coming from L24.

There is also the question of whether the multiform EL equations and closure relation that relate to dLasy
will be satisfied on the equations of motion relating to {12y, £{(13) and Z(14). To show that this is the
case, we follow a similar argument to the one given in [16]. Once all of the .Z{,;)’s are consistently defined,
we can form Lio34 and it follows from

d?(Lyg34) =0 (3.47)
and the form of dlLi23,dLi24 and dLy34 in terms of the Diﬂ(ij) that

Dy, (sz «3(34) — Dg, iﬂ(24) + Dy, iﬂ(zg)) (3.48)

has a double zero on the equations of motion. Then, since each Z{;;) is an autonomous polynomial, it
follows that dLog4 also has a double zero on the equations of motion, so all of the required relations will
be satisfied. This argument can then be used iteratively to further extend the multiform to include higher
flows relating to additional commuting variational symmetries. It is also possible to extend this argument
to the case of autonomous polynomial systems in higher dimensions, but it remains an open problem to
extend this argument to non-autonomous, non-polynomial systems.



3.4 The KP multiform

In this section, we shall construct a Lagrangian multiform for the Kadomtsev-Petviashvili (KP) equation
[17]. This is the first example of a Lagrangian multiform for an integrable PDE in 2 + 1 dimensions. It
is therefore a 3-form. A Lagrangian multiform for the discretised KP equation is given in [18]. Attempts
to perform a continuum limit (see [4] for examples of such a procedure) in order to obtain a continuous
Lagrangian multiform for the KP equation have, so far, been unsuccessful. In order to proceed, we take
as our starting point the Lagrangians

1 L, L, 3

Z0123) = 5Vn101Vs1as ~ V30, T GVmms T Ve (3.49a)
1 2
3(412) = §Um1z1vz1z4 — 2032, Vgy g2y — gvzlmgvmgmz + 4?}11117}1112 (349b)

where vsy, = Vgyz,2,- These are based on the KP Hamiltonians given in [19], which are based on the
formulation of [20]. In order to avoid non-local terms, these Lagrangians are given in terms of v such that
Uz, 3, = q, Where ¢ is the usual KP field variable. These Lagrangians give equations of motion

V3,25 — Unywyzams + Uz, + 61)§zl + 6V, 2, Vaz, = 0, (3.50a)
the first KP equation, and

4
U3I1I4 + 4’051112 - §’UI1312 + 8U4I1’UI1I2 + 24’0311”111112 + 161}11I1’031112 = 0 (3'50b)

the second KP equation respectively. It is straightforward (although time consuming) to check that setting
Q equal to

D;13(_’U119611212 + V6s, + 6’()%11 + 6U2Z1U411) = _D;11 (’U1212 + 3’1}5111) + U3a, (351)
gives a variational symmetry v of the second KP equation (3.50b). This implies that

4
—1 2
(Vzrorz12a + V52120 — ZV2132, + 80tz Vayas + 24030, Vay 21wy + 1602101 V32125 ) (Ve — Dy, (Vzpws + S'Uzlxl) + v3a,)

3
=Div P
(3.52)

We use integration by parts (i.e. integrate the first bracket and differentiate the second bracket, both
with respect to z1) to remove non-local terms and get

4 ~
VUgizizy T 4U4z 2 — 7 VU3z, T 87}31 Vgizy + 16Uw z1Vziz12 VUgizs — Vzoms T 3'U2 + V4zy) = Div P
1T1%4 172 3 2 1YT1T2 171 YT1XT1T2 123 272 12T 1
(3.53)

As expected, P describes a Lagrangian 3-form

L= ﬂlgg)dxl ANdzo Adzs +ﬂ234)dl‘2 Adzs Adxy +ﬂ341)dl‘3 Adxg Adzy +ﬂ412)d$4 ANdxi Adxg (354)

with the 1,2,3 and 4 components of P corresponding to —Z(234), Z£(341), —L(412) and Z(123). The {123
and .Z(419) Lagrangians are precisely those given in (3.49a) and (3.49b). We find that the Z{234) La-
grangian is given by

1 2
Dzﬂ(234) = - §UI1I3UI1$4 - 4UI113U311I2 + 2UI1I1$3UI1I1I2 - ngzmzvmzls + VgoxoVrixy
8 2
+ 41}12x2v3x1m2 - gvzlznglemlxg - USzlvzlzlz4 + §v3m10312 - 4U3IIUI1I2 (355)
4 3

3
+ 81}119611)3961’0961961962 + 8’0961961’0961962”1212 =+ gvlllg - 8’0961961’0961962’096113 - 8vz1zlvﬂﬁ112

and the Z(341) Lagrangian is given by
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4 2

_ 2 2
3(341) _§Uz2z2 + 2U4$1 - 2U3$1v111113 - §v$212v1113 - gvllwszzws + VzyzoVzimy

4
2 2 2 2
- §v$1$1$2 + 3321 Vzyapas + 121)@1351’0411 + 4v3zle1I1 - 4")@1351'0962962

3
+ 4%111“31@2 + 4v

(3.56)

2
Tr1Tq

4
Tr1Tq

Uz zs + 100

It is clear from (3.53) that dL = 0 when either the first (3.50a) or second (3.50b) KP equation holds.
When both the first and second KP equations hold, the left hand side of (3.53) gives a double zero, so we
also have that ddL = 0. As a consequence, all of the multiform EL equations hold. This is the first ever
example of a Lagrangian 3-form.

In theory it should be possible to produce an infinite Lagrangian multiform for the entire KP hierarchy.
However, it is expected that the increasing prevalence of non-local terms as one progresses up the hierarchy
would result in non-local terms appearing in the multiform. We were able to avoid such terms in this
example by expressing our equations in terms of a “double potential” v where vy, = ¢, but it is
expected that, even in terms of this v, non-local terms would appear in the Lagrangians for the equations
of the higher flows of the hierarchy. For any finite KP multiform, one can introduce a higher potential
dependent variable (e.g. w such that wy, 2,2, = q) in order to avoid non-local terms. However, it is fairly
straightforward to extend the multiform EL equations to allow linear non-local terms, and this may be
the best approach when considering the full KP hierarchy.

4 Conclusion

Given any Lagrangian and an associated variational symmetry, the method outlined in this paper al-
lows us to construct a Lagrangian multiform. As a consequence, we have shown that the existence of
a Lagrangian multiform structure is not a sufficient condition for integrability. However, by linking La-
grangian multiforms to variational symmetries, existing results relating symmetries to integrability can
now be applied to Lagrangian multiforms of the type described in this paper. Whilst we have shown that
every variational symmetry leads to a Lagrangian multiform, the question of when the converse holds
remains an open problem. In this paper, we have only considered continuous systems; we anticipate
that the Noether-type theorems that are known for discrete systems, such as those given in [21], may
yield analogous results in for discrete Lagrangian multiforms. Whilst finalising this paper, the paper [22]
has appeared, which uses the ideas of Noether’s theorem to give an algorithm for finding the extended
Lagrangian 2-form structure (i.e. incorporating arbitrarily many flows) from an appropriate set of %y
Lagrangians.

A Lagrangian k-form EL equations

The multiform EL equations for a Lagrangian k-form were first published in [8]. Here we present a new
proof of those equations. We let

L= Z g(h...lk) dz;, A ... Adzg,. (A1)

1<l <. <l <N
be a k-form on a manifold of N independent coordinates x1,...,xy and dependent variable u. Therefore
dL = > Alrteindy, AL Adg,,, (A.2)

1<i1<...<ip41<N

where the A% #+1 depend on the Z,..1,) in the usual way, i.e.

k

k+1
Afteikdr — Z(_l)k(a-i-l) Dﬂcia g(ia+1...ik+1i1miafl)- (AS)
a=1
For a fixed i1,...,ik4+1, we shall write Z(5) to denote ;. iy iir..ia_,)- We define the variational

derivative with respect to us acting on Z(4)

dur z]: =D dury’ (84

Jia =0

11



where [ is the usual N component multi-index representing derivatives with respect to x1, ...,z N, and the

multi-indices J are such that components j; = 0 whenever i # i1, ...,4i,1+1, i.e. J represents derivatives
0%

with respect to x;,,..., 5, ,. We define that @ _ ) in the case where any component of the multi-
ur

index I is negative. Note that by this definition, the variational derivative of Z; . i, i1..i0_,) With

respect to uy only sees derivatives of uy with respect to the variables x; ... 24, @5 ..., 2, _,, €ven

though derivatives with respect to other variables may appear in Z{;_ ... i1...i0a_1)-

Theorem A.1. The dependent variable u is a critical point of the k-form L as defined in (A.1) if and
only if for all i1, ... ix41 such that 1 <iy < ... <igp1 < N, and for all I,

k+1
5.L
_)erlZ@ A5
a§:1( ) Fun, (A.5)

In order to prove that these are the multiform EL equations, we will require the following lemma;:

Lemma A.2. Let 1 <i1 < ... <igy1 < N be fired. For all multi-indices I,

— = D A6
(9’&[ z]: 7 511,]J ( )
Ji<1
Jia =0

where the summation is over all multi-indices J as defined for (A.4), such that the it component of J is
zero and the non-zero j; are equal to 1.

Proof. We first notice that the partial derivative on the left hand side of (A.6) appears only once in the
sum on the right hand side. We now need to show that all other terms that appear on the right hand

0% 5
side of (A.6), which are all of the form D 4 @) for some multi-index A, sum to zero. To show this, we
Ura

Za)
ura
appears exactly once when |.J| = 0 with a factor of (—1)I4l, exactly (}) times with a factor of (—1)

consider the term D 4 , and let r be the number of non-zero entries in A. We notice that this term
[Al+1
when |J| = 1, exactly (}) times with a factor of (—1)41*2 when |J| = 2 etc... In total, this term appears
with a factor of £3;_(—1)*(}). It can easily be seen that this sum is zero by considering the binomial
expansion of (1 —1)".

o

Proof. (of Theorem A.1) For the first part of this proof, we will show that 6dL = 0 by following the
argument given in [16]. We assume that L contains terms up to n'* order derivatives of u, (i.e. L depends
on uy with |[I| < n). Let B be an arbitrary k¥ + 1 dimensional ball with surface 9B. We consider the
action functional S over the closed surface 9B such that

ST = 729 L (A7)

We then apply Stokes’ theorem to write S in terms of an integral over B:

St = /B dL (A8)

and we look for solutions of

5S = / sdL =0 (A.9)
B

Since this must hold for arbitrary variations (i.e. with no boundary constraints) for every ball B, it follows
that u is a critical point of L if and only if the integrand ddL = 0, where

aAil...ik+1

1<iy <..<ipg1<N I
This is equivalent to the statement that for all 1 <i; < ... <ipy; < N, for all I,

aAil...ik+1

= A1l
o 0 (A.11)
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We could stop here, and use (A.11) as our multiform EL equations. Indeed, there are occasions where
this is the most convenient formulation to use. However, it is more illuminating to express this in terms
of variational derivatives; by doing so we see more clearly the interplay between the constituent £, ;)
and see that a consequence of ddL = 0 is that E(Z{;,. ;,)) = 0 for each Z{;, ).

For the second part of this proof, we show that, for any choice of 1 <4y < ... < igt1 < N, (A.11) holds
if and only if VI,
k+1
0L 4
) e CORSY) A12
Sy (A12)

a=1
To do this, we first show that (A.12) holds for |I| > n. We then use an inductive argument to show that
if (A.12) holds for |I| > m then it also holds for |I| = m. The converse (that (A.12) = (A.11)) is then
easily seen from the intermediary steps of the proof.

We begin by (arbitrarily) fixing 1 <4y < ... < ig41 < N and noticing that for [I| > n + 2, (A.12) holds.

In fact all terms are zero since, by definition, there are no n + 1" order derivatives in our multiform. We
11 Tk41
now consider the relation —————— = 0 in the case where |I| = n 4+ 1. In this case we find that
ug
k+1
aAh k41 _ Z ak-‘rl 83@ (A.13)

3u1\ia
since there are no n + 1** order derivatives in the Z(5)- By setting this equal to zero, we see that (A.12)
holds in the case where |I| = n + 1.

aAil...ik+1

Our inductive hypothesis is that (A.12) holds for |I| > m. We now consider the relation —u = 0
ur
in the case where |I| = m.
We now notice that
o k+1
aAll...zk+1
— -1 ak+1 m k%
dur ;( ) a o )
k+1
_ ekt ) 9
Qup, ‘o Qur
k+1
_ ekt { 0L | Z p,, 2@
aul\za f 5’[1,]]
j{j:lo (A.14)
k+1
_ ak+1{ 0L | Z D, }
Oup, 5UIJ\za
Jl<11
Jia=
+
0% 0L a
ak—i—l (@) ak—i—lD (@)
z:: {8U1\z } Z Z J5U1J\z‘a

]1<1 Jm>0
|J|>0

where we have made use of (A.6) in the third line, re-labeled J in the fourth line and changed the order
of the summation in the last. We now apply the inductive hypothesis to get

11 1 + _ —
8A ’““ Z )ok+l 0Za) Z Z L)
a=1 Qupy, 5UIJ\ia
_]Z<1 Jia
|J|>0
k41 (A.15)
_ (_1)ak+1{a°2ﬂ(a) _ Z D, 0-Za) }:0_
o1 dupi, 7 Our i,
Ji<l1
Jio =0
|J|>0
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Finally, we use (A.6) to express this as

91Tk 41 k41 .Y -
94 - Z(_l)akJrl @ _g (A.16)

Juy B —= dupyi,

and we have shown that (A.12) holds for |I| = m. By induction, it follows that (A.12) holds for all 7. The
converse can easily be seen to hold by following the steps taken in (A.14), (A.15) and (A.16) in reverse
order.

We have shown that the multiform EL equations (A.5) for a given 1 < i3 < ... < ig41 < N are equivalent
to AR -ik+1 = () for the same 1 < 47 < ... < ik+1 < N. It follows that the multiform EL equations
holding for all 1 <143 < ... < igy1 < N is equivalent to ddL = 0. O
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