Metadata, citation and similar papers at core.ac.uk

Provided by RERO DOC Digital Library

Lett Math Phys (2011) 97:45-60
DOI 10.1007/s11005-011-0464-2

Generalized Euler—Poincaré Equations
on Lie Groups and Homogeneous Spaces,
Orbit Invariants and Applications

FERIDE TIGLAY'!? and CORNELIA VIZMAN3

USection de Mathématiques, EPFL, 1015 Lausanne, Switzerland

2 Fields Institute, 222 College Street, Toronto, ON M5T 3J1, Canada.

e-mail: ftiglay@fields.utoronto.ca

3 Department of Mathematics, West University of Timisoara, Bd. V. Parvan 4,
300223 Timisoara, Romania. e-mail: vizman@math.uvt.ro

Received: 25 August 2010 / Revised: 4 January 2011 / Accepted: 24 January 2011
Published online: 6 February 2011 — © Springer 2011

Abstract. We develop the necessary tools, including a notion of logarithmic derivative
for curves in homogeneous spaces, for deriving a general class of equations including
Euler—Poincaré equations on Lie groups and homogeneous spaces. Orbit invariants play an
important role in this context and we use these invariants to prove global existence and
uniqueness results for a class of PDE. This class includes Euler—Poincaré equations that
have not yet been considered in the literature as well as integrable equations like Camassa—
Holm, Degasperis—Procesi, ©CH and wDP equations, and the geodesic equations with
respect to right-invariant Sobolev metrics on the group of diffeomorphisms of the circle.
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1. Introduction

The Euler—Poincaré (EP) equations on a Lie group G are the Euler—Lagrange
equations for G-invariant Lagrangian L:7G — R [18,19]. They are written in the
right-invariant case for the reduced Lagrangian / on the Lie algebra g of G as

d sl . Ol
— -, 1.1
drou Ty (1.0
while the left-invariant case has no-sign. We consider more general equations of
the form
) 8l
—_f* (1.2)
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where 6* is the infinitesimal action of g on g* associated with a right G-action on
g*n which replaces the coadjoint action. We call them generalized EP equations.
This generalization is motivated by [17], where the action of the diffeomorphism
group of the circle on A-densities is considered, and the Degasperis—Procesi (DP)
equation and the uDP equation are obtained for A =3. With the action of the dif-
feomorphism group of a manifold on 1-form A-densities, we obtain a generalized
EPDiff equation. We generalize the formalism in [10] and prove an abstract Noe-
ther theorem for the generalized EP equations (1.2).

Geodesic equations with right G-invariant metrics on homogeneous spaces of
G are studied in [13] and [16], the main examples being the Hunter-Saxton
equation and the multidimensional Hunter—Saxton equation, which are geodesic
equations for right-invariant H' metrics on the homogeneous spaces S!\ Diff(S!)
and Diff o (M)\ Diff (M), respectively. We introduce EP equations on the homo-
geneous space H\G as Euler-Lagrange equations with general right G-invariant
Lagrangian functions. For this purpose we introduce a right logarithmic deriv-
ative suited to homogeneous spaces of right cosets: the logarithmic derivative
of a curve y in H\G is the orbit of the logarithmic derivative of y, an arbi-
trary lift of y, for the left action of C*°(I, H) on C*°(l,g) given by h-u =
Ad(h)u + h'h~". The reduced Lagrangians [ on g have to be at the same time
h-invariant under addition and H-invariant under the adjoint action. An example
is the H~! Lagrangian on loop Lie algebras, which leads to the Landau—Lifschitz
equation.

The replacement of the coadjoint action ad® by a Lie algebra action 6* of g
on g* produces generalized EP equations on the homogeneous space H\G if the
group C*®(I, H) is a symmetry group of the equation (1.2). This is accomplished
if 6* is H-equivariant and if the restriction of 6* to the Lie algebra h of H is the
same as the restriction of the coadjoint action ad* to h. The typical examples are
the Lie algebra of vector fields on the circle acting on A-densities and the Lie alge-
bra of vector fields on a manifold with a volume form acting on 1-form (A —1)-
densities. These lead us to the puBurgers equation [17] and to a multidimensional
uBurgers equation.

We consider a class of nonlinear partial differential equations

Oy Pu + udy Pu + A(Oru)Pu =0 (1.3)

where @ =Z;:O(—1)j &%j or ®=p —6)2(. These equations are generalized right
Euler—Poincaré equations (1.2) on the diffeomorphism group of the circle for the
reduced Lagrangian [(u) = % Jg1 u®udx. Integrable equations such as Camassa—
Holm, Degasperis—Procesi, nCH and uDP are notable members of this class
of PDE. One also obtains all geodesic equations with respect to right-invariant
Sobolev metrics on the group of diffeomorphisms of the circle. Using orbit invari-
ants we prove global (in time) existence and uniqueness of classical solutions of
the periodic Cauchy problem for Equation (1.3).
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2. Generalized Euler-Poincaré Equations and an Abstract Noether Theorem

Let G be a Lie group and g its Lie algebra. The Euler-Lagrange equation (1.1)
for a right-invariant Lagrangian L:7G — R, with value /:g— R at the identity, is
called the right Euler—Poincaré (E P) equation [18,19]. Here, u=y'y 1 =5§"y is the
right logarithmic derivative of a curve y in G, and % is a curve in g*.

For quadratic Lagrangians we obtain geodesic equations on Lie groups with
right-invariant Riemannian metric determined by a non-degenerate inner product
on g. In this case, the reduced Lagrangian writes /() = %(5, E)g= %(Aé, &), where
the symmetric inertia operator A :g— g* is injective. The derivative % = A¢ =
(€,)g can be identified with &, and the EP equation (1.1) is no other than the
Euler equation %u:— ad(u) "u under this identification [15]. Here, ad(£) " denotes
the adjoint of ads with respect to the inner product on g, i.e. A(ad(€)'n) =
adf (An) [21].

We consider a generalized EP equation associated with a right G-action ®* on
g*, namely (1.2), where u is the right logarithmic derivative of a curve y in G, 6*
is the infinitesimal action associated with the group action ©*.

PROPOSITION 2.1. The quantity ©7 (%) is preserved pointwise along the solu-

tions u of the generalized EP equation (1.2), for any curve y in G satisfying u =
vyl

With the classical notation m = % for the momentum, the generalized EP equa-
tion becomes %m =—0,m and the conserved quantity is © (m). The meaning of
this conservation law is that the solution remains on the same orbit of the (right)
group action ®* in the dual space g*. An abstract Noether theorem that formal-
izes the connection between invariance of coadjoint orbits and conserved quantities

along the flow of the EP equation is proved in [10].

THEOREM 2.2. Given a G-manifold € and a G-equivariant map « :6€ — g**, the
Kelvin quantity I(c,u)= (K (c), %) is conserved for u solution of the generalized EP

equation (1.2) and ¢ driven by the flow: c=y -co for y a curve in G with u=y'y L.

A tensor density of weight A >0 (respectively 4 <0) on S! is a section of the
bundle (8A T*S! (respectively, ®_’\ TS"). There is a right action of the diffeomor-
phism group Diff (S!) on each density module .7y = {mdx* :m € C*(S")} [22] given
by y - (mdx*) = (moy) (y")*dx*, which naturally generalizes the coadjoint action
Ad* on the regular dual of the Lie algebra X(S'), identified with the space of qua-
dratic differentials. The infinitesimal action L} (mdx*) = (um’+ iu'm)dx* can be
thought of as the Lie derivative of tensor densities. It represents the right action
of X(S") on .%,. The adjoint action Ad,,(u):(uoy‘l)((y_l)/)_1 is the left action
on .%_; and the coadjoint action Ad* is the right action on .%>.

EP equations on the group of diffecomorphisms on the circle with restricted
Lagrangian [: X(S') - R take the familiar form 8,m = —um’ —2u'm, m = % For
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[ the quadratic Lagrangian given by the L? inner product (up,us)= fsl ujusdx,
the H' inner product (uy,us)y = fsl (uiuy + ujus)dx, resp. the inner product
(1, u2) = [ (u(uy) pw(uz) +ufu)dx, where p(u)= [ udx is the mean of the func-
tion u on S', we get m=u, m=u—u", resp. m = (u) —u”, and geodesic equations:

Ou=—=3uu', Ou—0mu" +3uu' —uu"" —2u'u" =0, Ou"=2u)u’ —2u'u" —uu”,

namely Burgers’ equation, Camassa—Holm equation (CH) [4] resp. the uCH equa-
tion (it is introduced as wHS in [14]). The orbit invariant in Proposition 2.1 assures
that Ad;‘, m=(moy)(y')? is conserved, for a geodesic y. Other geodesic equations
on diffeomorphism groups can be found in [24].

Replacing the coadjoint action ad)m = um’ + 2u’m, which is the action on
2-densities on the circle, with the action on A-densities, we write down generalized
EP equations on Diff(S!) as 9;m = —um’ — ru'm.

EXAMPLE 2.3. The Degasperis—Procesi (DP) equation [6]
Ou — Opu”" +4uu’ —uu" —3u'u" =0 2.1

admits a Lax pair and a bihamiltonian structure. It has a geometric interpreta-
tion on the space of tensor densities on the circle [17]. Let ® be the left action
of Diff(s") on .Z_, and ©®* the right action of Diff(S') on .%; its dual. The
corresponding generalized EP equation on Diff(S') for the right-invariant H'
Lagrangian is the DP equation d;m = —um’ — 3u’m where m =u —u”. Applying
Proposition 2.1 we obtain the conserved quantity @;(m)z moy)y) m=u—u"
for y'y ! =u. This conserved quantity is observed both in [8] and [17].

EXAMPLE 2.4. The wDP equation [17]
(@) — 0" +3uw)u’ =3u'u” —uu” =0 (2.2)

is an integrable equation with Lax pair formulation and bihamiltonian structure.
It can be written in the form 9;m = —um’ —3u'm with m = pu(u) —u”, as a gener-
alized EP equation with 6;f =ud, + 3u’ and reduced Lagrangian /(u)= [, sl (nu)* +
(u)?)dx. Applying Proposition 2.1 to the uDP equation, we obtain the conserved
quantity O (m)=(mo YY), m=p@w)—u” for y'y~!=u. This conservation law
is used in [17] to prove a global existence theorem for the periodic Cauchy prob-
lem for the uDP equation.

EXAMPLE 2.5. A quadratic Lagrangian [ on the Lie algebra of vector fields
X(M) on a compact Riemannian manifold (M, g) can be expressed through a
positive-definite symmetric operator ® on X(M) by [(u) = % /; v 8, ®(u))v, where
v is the canonical volume form on M. The EPDiff equation is the geodesic equa-
tion on Diff (M) with right-invariant metric defined with the symmetric operator
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®. The regular dual of X(M) is the space Q (M)®Den(M) of 1-form densities.
The momentum density of the fluid is m = 3L = ® ()" ® v, where the operator b
is associated with the Riemannian metric g. S1nce the coadjoint action is the Lie
derivative, the EPDiff equation is d;m + L,m =0, and written for m = ® () in
X(M) it takes the well-known form [9]

om-+u-Vm+ (Vu) " -m+ (divu)m=0. (2.3)

In the special case ®(u) =u — Au, one obtains a higher dimensional CH equation:
the geodesic equation on Diff (M) for the right-invariant H' metric.

A generalized EP equation on Diff (M) can be obtained by considering the right
action @;‘ja:](y))"ly*a of Diff (M) on Q!(M), where J(y) denotes the Jacobian
of the diffeomorphism y with respect to the volume form v, i.e. y*v=J(y)v. The
infinitesimal action is 6o = L,o 4+ (A — 1)(divu)a. For A =1, it is the canonical
action on I-forms. For A =2 we recover the coadjoint action Ad;’ioe =J(y)y*a,
while identifying the space of 1-form densities, the regular dual of X(M), with
Q'(M). In analogy to the case of tensor densities on the circle, we say that the
above action ©* is the action of Diff(M) on the space Q'(M)® .Zy_1(M) of
I-form (A — 1)-densities. The generalized right EP equation (1.2) is simply d;a +
Lya+ (O —D(divu)a =0, o =P (u)’. We call this the generalized EPDiff equation.
A more familiar form is

om+u-Vm+ (Vu)' -m+ A —D(diviym=0, m=>d(u). (2.4)

In the special case A =3 and ®(u) =u — Au, it extends the DP equation to higher
dimensions.

A known circulation result says that the quantity |, 1 % is conserved, for a loop
¢ in M and a density p on M, both driven by the EPD1ff flow, 1.e. c=y ocgp and

=y Y*po for y'y~!=u and fixed co and po [10]. The result fits in the setting
of the abstract Noether theorem when choosing € =2 (M) x Den(M) the product
of the space of loops and the space of densities on M, acted on by Diff (M): the
equivariant map « : £ (M)x Den(M) — X(M)**, (k(c, p),m)= m meX(M)*
provides the Kelvin quantity /= |, ;1;(?114 This means that for p f v, f€C®(M),
driven by the EPDiff flow, the quantity /= [ %m is constant along (2.3). There is
a circulation result also for the generalized EPDiff equation, obtained for the equi—
variant map « : L (M)x.F_1(M) — X(M)**, (k(c, f), oz)_f 7, with a € Q1 (M)
the regular dual of X(M), where the group of diffeomorphisms acts from the left
on the space .%,_1(M) of (A —1)-densities by y '+ f=J()* 1 (foy), feC®M).

3. Euler-Poincaré Equations on Homogeneous Spaces

In this section we study the Euler-Lagrange equations for left (respectively, right)
invariant Lagrangians on the tangent bundle of a homogeneous space of left
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(respectively, right) cosets. For writing corresponding EP equations, we need a kind
of logarithmic derivative for curves in homogeneous spaces.

Smooth curves in G/H can always be lifted to smooth curves in G, since 7 :
G — G/H 1is a principal bundle. Given a smooth curve y:1=[0,1]— G/H, we
compare the left logarithmic derivatives of two smooth lifts y,y; : I — G of 7,
1Le. y=moy =moy|. There exists a smooth curve h:[1 — H such that y; = yh;
hence u; =8y =8 (yh)=hr"'y ' (y'h +yh)=Ad(h " Yu+8'h for u=8'y: 1 - g.
We notice that u; is obtained from u via a right action of the group element & €
C>®(1, H):

u-h=Ad(h Yu+8'hn. (3.1

This means one can define the left logarithmic derivative §' of a curve y in G/H
as an orbit under the right action (3.1) of C*°(I, H) on C*°(l, g), namely the orbit
u=u-C>®(I, H) of the left logarithmic derivative u of an arbitrary lift y: 1 —> G
of y:

§':C®(,G/H)— C®(I,9)/C®, H), §'y=38y -C®U, H).

When the subgroup H is trivial, we recover the ordinary logarithmic derivative
on G.

Remark 3.1. In the same way one defines a right logarithmic derivative for curves
on the homogeneous space H\G of right cosets: 8"y =C>(I, H) -8y, where the
group C*(I, H) acts on C*®°(l,g) from the left by h-u = Ad(h)u + §"h. The
rigid rotations of the circle form a subgroup isomorphic to S' of the group
Diff (S!) of diffeomorphisms of the circle. The left action of the group C*®(I, S!)
on C®(I,%X(8Y) is

(@a-w))x)=u@)(x—a@)+a'(t), tel ,xeR, 3.2)

where @ € C®(I,R) is any lift of the group element a € C*®(I, S') and vector
fields on S! are identified with periodic functions on R. This action is involved
in the definition of the right logarithmic derivative 8" on the homogeneous space
ST\ Diff(s1).

The tangent bundle 7G of a Lie group G carries a natural group multiplica-
tion, the tangent map of the group multiplication on G. Given a subgroup H
of G, its tangent bundle TH is a subgroup of TG and the submersion T :
TG — T(G/H) induces a diffeomorphism between TG/TH and T(G/H). A left
G-invariant Lagrangian L:T(G/H)— R determines a left G-invariant and right
T H-invariant Lagrangian L = L o Tw : TG — R. The left G-invariance and
right 7 H-invariance of L translates into H-invariance under adjoint action and
h-invariance under vector addition of its restriction /:g— R. The left G-invariant
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Lagrangian L:7T(G/H)— R is uniquely determined by its restriction / to the tan-
gent space T,(G/H)=g/h at o=eH € G/H. If p:g— g/bh denote the canonical
projection, then /=1Io p. The adjoint action of H on g induces an adjoint action
of H on g/h, and the H-invariance of [ translates into an H-invariance of /. These
results are summarized in the next proposition.

PROPOSITION 3.2. The following are equivalent data: left G-invariant function L
on T(G/H), right T H-invariant and left G-invariant function L on T G, b-invariant
and Ad(H)-invariant function | on g, and H-invariant function | on g/b.

THEOREM 3.3. A4 solution of the Euler—Lagrange equation for a left G-invariant
Lagrangian L : T(G/H) — R is a curve y in G/H such that the left logarithmic
derivative u=y =Yy’ of a lift y of y satisfies the left EP equation

d é&l , 0l

drsu "ou
for | the (h-invariant and Ad(H)-invariant) restriction of L=LoTm to g.

(3.3)

Proof. A variation with fixed endpoints of the curve y in G/H can be lifted to
a variation with endpoints in H of a lift y in G of y, 1.e. y = oy. Denoting by
u=y~1y’ the left logarithmic derivative of y and by v the left logarithmic deriv-
ative of the variation of y, we get du= dz Y+ [u, v], so

0:5/L(;?/(r))dtzs/L(y/(r))dtza/l(u)dtz/ (%,(Su)dt
= [ (G G raden)ar= [ G (o)ars [ (= g adi 5 0)an

The variation of y has endpoints in H and [ is h-invariant, so the first term van-
ishes. Hence, u satisfies the EP equation (3.3). It is easy to verify that if the EP
equation is satisfied by the logarithmic derivative of one lift of ¥, it is satisfied by
the logarithmic derivative of any lift of . O

We call (3.3) the left EP equation on the homogeneous manifold G/H. One has
an orbit invariant for this equation, similar to the one in Proposition 2.1, as well
as an abstract Noether theorem for homogeneous spaces.

PROPOSITION 3.4. The quantity Ad*,l 5; € 9% is conserved along the left EP
equation (3.3) on G/H with b- znvarzant and H-invariant Lagrangian function | on
g, where y is any lift of v and u=35'y.

THEOREM 3.5. Considering a G-manifold ¢ and a map « : ¢ — g** which is

G-equivariant, the Kelvin quantity 1:¢xg— R, I(c,u) = (K(C) ) is conserved

> ou

along solutions y of the left Euler—Lagrange equation on G/H.
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Remark 3.6. A special Euler-Lagrange equation is the Euler equation on homoge-
neous spaces: geodesic equation for a left G-invariant Riemannian metric on G/H.
It was studied in [13], using the Hamiltonian point of view.

Let A:g— g* be a symmetric degenerate (inertia) operator with kernel b, such
that A is H-equivariant. We consider the Lagrangian [(§) = %(Aé‘;,é) on g. Tak-
ing into account the symmetry of A, the h-invariance of [ is easily checked. The
H-equivariance of A ensures the H-invariance of [, so [ descends to an H-invariant
Lagrangian [ :g/h — R, as needed for the EP equation (3.3) on homogeneous
spaces. Now m = % = Au, so the left EP equation on G/H is the image under
the inertia operator A of the left-invariant Euler equation: %u =ad(u) "u. This can
be interpreted as the geodesic equation on G/H for the left-invariant Riemannian
metric coming from the degenerate inner product (£, n)g = (A&, n).

EXAMPLE 3.7. The Hunter—Saxton equation describing weakly nonlinear unidi-
rectional waves [11]

8114// — _2u/u// _ Mu/// (34)

is a geodesic equation on the homogeneous space S'\ Diff(S') of right cosets with
the right-invariant metric defined by the degenerate H' inner product (uy,us) =
Jo1 ufulydx on X(S1) [13].

In this case [(u) = %(u, u)= % fsl (u)*dx, so m= % =—u” satisfies Oym =—um’ —
2u’m, which gives Hunter-Saxton equation (3.4). It has to be read as an equation
for the orbit i=C(I, SV)-u of ue C®(I, X(S")) under the left action (3.2), which
plays the role of the right logarithmic derivative of a curve 7 : 1 — S'\ Diff(s1).
A conserved quantity for the Hunter-Saxton equation is Ad; m=—u"oy)y")?,
where y : I — Diff(S!) is any lift of the curve 7.

EXAMPLE 3.8. This example concerns the multidimensional Hunter—Saxton equa-
tion from [16]. Let M be a compact manifold and let v be a fixed volume
form on M. We consider the homogeneous space Diff,y(M)\ Diff (M) of right
cosets. The Lagrangian [(u) = %fM(divu)Zv on X(M) is both X,q(M)-invariant
and Diff, (M)-invariant, so we have a corresponding EP equation

sl
om=—Lym, m=—=—d(divu)veX(M)* 6 =" (M)®Den(M)

6“ reg
on the homogeneous space Diff(M)\ Diff (M).

We replace the special form of the momentum m and we drop the constant den-
sity v to obtain the equation 8,d(divu)=—dL,(divu) — (divu)d(divu) in Q'(M).
It coincides with the Hunter—Saxton equation when M =S!: the subgroup of vol-
ume preserving diffeomorphisms of the circle is the subgroup of rigid rotations of
the circle.
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EXAMPLE 3.9. Let K be a Lie group with Lie algebra £ possessing a K-invariant
inner product (,)e. The Lie algebra of the loop group LK :=C>(S!, K) is the
loop algebra Lt=C>(S', £) with bracket [ , J¢. The inner product permits the
identification of the regular dual of L€ with L. The subgroup of constant loops,
identified with K, defines the homogeneous space of right cosets K\LK. Each
¢-invariant and K-invariant Lagrangian / on L determines a right EP equation on
K\LK:

Om=[u,mle, m=_—, (3.5)
Su

If the Lagrangian is defined by the H' inner product I(u) = % fsl (', u')edx, then
" and the EP equation (3.5) becomes O;u” = [u,u”]¢. Another possibility
is the Lagrangian [(u) = % fsl (u — (), u — uw(u))edx. This time m =u — u(u), so
Ot — ((Oyu) = —[u, u(u)]e. More important is the H™! Lagrangian

m=—u'

l(u):%/(8;1u,8;1u)gdx:—%/(8;2u,u)gdx (3.6)
s! s!

because it leads to the Landau—Lifschitz equation [1,12]. It is defined on the homo-
geneous space \L¥, which can be identified with the space of all derivatives of
loops in ¢ It is also K-invariant, so it fits well into our setting for EP equa-
tions on homogeneous spaces. We get m = —8;2u, so u=-—m", and (3.5) becomes
Orm=[m, m"]g. In the special case K =S50(3) we get the Landau-Lifschitz equa-
tion 9;L =LxL", where one identifies the Lie algebras (so(3),[ , 1) and (R3, x).
This equation is the vortex filament equation d,c =c'xc”, for L =c¢’ the tangent
vector to the filament, a closed arc-parametrized time-dependent curve ¢ in R3.

4. Generalized EP Equations on Homogeneous Spaces

The coadjoint action ad* in the right EP equation on the homogeneous space
H\G of right cosets can be replaced with another action 6*. The result is a gen-
eralized right EP equation on H\G, similarly to the generalized EP equation on
Lie groups in Section 2. This time we have to impose some conditions on 6*, so
that the following holds: if the right logarithmic derivative u=48"y of one lift of
the curve y satisfies the generalized right EP equation %% =—0;‘%, then the right
logarithmic derivatives of all the other lifts of y satisfy the same equation. In other
words the group C°°(I, H) with the left action in Remark 3.1 has to be a symme-

try group of the above-generalized right EP equation (obviously true for 6* =ad*).

PROPOSITION 4.1. Let H be a subgroup of G with Lie algebra V), and let 0* be
a Lie algebra action of g on g*. If the map 0* :gxg* — g* is H-equivariant and
if the action 6* restricted to § equals the coadjoint action ad” restricted to b, then
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C®°(1, H) with the left action in Remark 3.1 is a symmetry group of

d 8l . 6l
—— 4.1
dr Su " Su S

Proof- We have to show that for any solution u € C*°(I,g) of (4.1), and for
any h € C®°(I, H), the curve h-u=Ad(h)u+ 8 h e C>(l,g) is again a solution
of (4.1). In the computation below, we will use the fact that & acts on m = gi
by the coadjoint action: % - m_AdZ,lm. The H-equivariance of 6* means that
Ad(h)u(Ad _ m) =Ad;,1 6rm. Knowing also that 65, =adj,, for any curve h e
C(1, H), we compute

8[(}1 m) +9}Tu (h m) :8t (AdZ—l m) +9Zd(/’l)u+5rh(AdZ*l m)
=Ad’ | (Oym) —adfy, (A, m) + 63, (AdE_ m) + 6%, (AdE, m)
=Ad;_ (Orm +6;m).

This shows the symmetry of the generalized right EP equation under C*°(I, H).
O

Remark 4.2. This proposition ensures that if the two conditions on 6* (1.e. to be
H-equivariant and to extend ad™ on b) are satisfied, then (4.1) is an equation on
the homogeneous space H\G. The orbit-invariant o3 ﬂ is an orbit invariant for

the generalized right EP equation on homogeneous spaces.

When G =Diff(S') and H =S, the action of X¥(S') on A-densities, 1.e. OFm =
um’ + Au'm, satisfies the two conditions required in Proposition 4.1. This means we
get a generalized EP equation on the homogeneous space '\ Diff(S!) in the form

ol
Om=—um' —xu'm, m= . 4.2)
u

The same thing can be done in higher dimensions too. Let G =Diff (M) be the
diffeomorphism group of a connected compact manifold, and H = Diff,, (M) the
subgroup of volume preserving diffeomorphisms, where v is a fixed volume form
on M. As in Example 2.5, we identify Q!(M) with the regular dual of ¥(M) using
v, so the coadjoint action can be written as ad} o = L,a + (divu)a, an action on
l-form densities. The action 6* on 1-form (A — 1)-densities: 6o =L, + (A — 1)
(divu)a satisfies the conditions required in Proposition 4.1and hence it provides a

generalized EP equation on the homogeneous space Diffy(M)\ Diff (M):
81
Ora=—Ly,a— (A —1)(divu)e, a:s—. 4.3)
u

The first condition on 6* can be verified as follows:

Org, ., u A o =055, (@) = Lysu (h*e) + (L= D (divh*u)h*e
=h"(Lya+ (A — D (divu)a) =h*6;a) =Ad} 6, a),
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using the fact that J(h)=1 and div(h*u) =h*divu for all h € Diff,,(M). The sec-
ond condition follows from 0}« =L,a=ad} « for all we X, (M).

EXAMPLE 4.3. If the Lagrangian is given by the H' inner product: [(u) =
% Sl(u’)zdx, the generalized EP equation (4.2) becomes dym = —um’ — lu'm,
m=—u". For A=2 one obtains a geodesic equation: the Hunter-Saxton equation
from Example 3.7. For A=3 one obtains a generalized EP equation: the uBurgers
equation

—Ouu” —3u'u" —uu" =0, (4.4)

which is shown to admit a Lax pair formulation and a bihamiltonian structure
n [17]. This terminology is related to a reformulation of this equation as (J,u +
uu’)’ =0 and hence as du +uu’ = —u(du), where u denotes the mean of a func-
tion on the circle.

Applying Remark 4.2, we get the conserved quantity 7 (m)=(m oy)(y")? where
m = —u" for any lift y : I — Diff(S!) of the solution curve y : I — S\ Diff(s!)

whose right logarithmic derivative is i =C>(I, ') -u, i.e. y' oy~ =u.

EXAMPLE 4.4. As observed for the multidimensional Hunter—Saxton equation
from Example 3.8, the Lagrangian l(u):%fM (divu)?v on X(M) is both Xyo(M)-
invariant and Diffy(M)-invariant. The generalized EP equation (4.3) on the
homogeneous space Diff o (M)\ Diff (M) becomes

Ord(divu) =—dL,(divu) — (A — 1)(div u)d (div u). 4.5)

With the notation w=divu, this equation is d(J;w+ L,w+ %wz) =0.

For A =3, this generalized EP equation is the multidimensional pBurgers equa-
tion. It can be rewritten as ddiv(d;u + (divu)u) =0. We deduce that the time-
dependent function div(d;u + (divu)u) is constant on M. Its integral over M
vanishes, so it is the zero function, and we have a simpler expression for the
multidimensional uBurgers equation: div(0;u + (divu)u) =0, thus generalizing the
uBurgers equation on the circle (9,u +u'u) =0. With Remark 4.2, we get a con-
served quantity: G)”)joz =J(y)?y*a for o =—d(divu).

EXAMPLE 4.5. In the setting of Example 3.9, with a linear function tr:¢— R
vanishing on all brackets in ¢, we build a Lie algebra action of L£ on its regular
dual, 6%(m)=ad} (m)+ (tru’)m, which satisfies both conditions from Proposition
4.1. T corresponding generalized EP equation on K\LK is d;m =1[u, m]e + (tru')m,
%, after the identification of Lt with its regular dual using the given
K -invariant inner product. For the H~! Lagrangian (3.6) we get u=—m", and the
generalized EP equation above becomes dym =[m, m"]e — (tr m"”

m =

ym.
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5. Applications: Orbit Invariants in Global Existence Results

In this section we consider equations from mathematical physics that are general-
ized EP equations and prove global existence and uniqueness of solutions to the
associated periodic Cauchy problems using Proposition 2.1.

The four integrable equations: CH, wCH, DP and uDP from Section 2 are spe-
cial cases of the equation

Om=—um' —ru'm, m=ou, (5.1

where the operator @ on the space of smooth functions on the circle is either a lin-
ear differential operator of the form Z;:O(—l)j 8)2/ or the linear operator M—E)‘Zx,
where s(u) is the mean of the function u on S!. The equation (5.1) is a gen-
eralized right Euler-Poincaré equations 1.2 on the group of diffeomorphisms of
the circle for the reduced Lagrangian [(u)= % /. g1 u®@udx. In this case the Diff (sH
action ®* is the action on A-densities on the circle, with associated infinitesimal
action 6 f =uf’+ iu’f. The coadjoint action is obtained for A =2 and in this
special case (5.1) is the geodesic equation on Diff(S') with respect to the right-
invariant metric defined by the H" inner product.
We consider the periodic Cauchy problem for (5.1):

@u—i—uu':—d)_l([u,CID]u’+)»u’<I>u), u©,x)=up(x), xeS teRT (5.2

where ®: H* — H™", @:Z;zo(—l)f 8,2/ and A is an arbitrary real number. The
main result of this section is the following global (in time) existence and unique-
ness theorem.

THEOREM 5.1. Let s > 2r + % Assume that the initial data ug € H*(S') sat-
isfy ®ug > 0. Then the Cauchy problem (5.2) has a unique global solution u €
CRT, HS(SH)ynC®RF, H~1(Sh).

We postpone the proof until the end of this section and proceed to establish
local well-posedness (existence, uniqueness and continuous dependence on initial
data of solutions for a short time) and persistence of solutions of the Cauchy prob-
lem (5.2).

THEOREM 5.2. Let s > 2r + % Then the periodic Cauchy problem (5.2) has a
unique solution u € C([0,T), H*(SY)NC([0, T), H~1(SY)) for some T >0 and the
solution depends continuously on initial data.

Our proof of this theorem uses an approach developed in [7] for Euler
and Navier-Stokes equations. Let y(¢) denote the flow of u(r), ie u(t,x) =
y(t,y~1(z,x)). For convenience we use the notation U, &= (\IJ(S oy_l)) oy for
a pseudodifferential operator W. We write the Cauchy problem (5.2) as an initial
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value problem for an ODE in the form

P=—0, [y, @100y 7 +27'®y7), ¥/ (0,0)=up(x), yO0,x)=x  (53)

and the local well-posedness of (5.2) follows from Picard iterations if F(y,y)=
—q>;1([y,q>y]axy;> +A)}’d>y)}) defines a continuously differentiable map from
2* x H*(SY) into H*(S'). Here, 2* denotes orientation preserving circle diffeo-
morphisms of Sobolev class H*.

Proof of Theorem 5.2. We use the symbol < to denote <C, where C,, is a con-
stant that depends on A and the H* norms of y and y~!'. Three important results
about Sobolev spaces are used in the following estimates repeatedly: The algebra
property of H® for s> 1/2, the Sobolev imbedding theorem C!< H* for s> 3/2
and the composition lemma (see the Appendix in [2] and lemma 4.1 in [20]).

Our first estimate

IF () las Sy oy~ @10c(7 oy Doz + 107 0y ™). @ oy ™l yoar
Sy oy s 1y oy szt ly oy ™ ms Sy 1%

follows from composition lemma and algebra property of Sobolev spaces and
establishes that F' is a bounded map from 2° x H® into H*.
The directional derivatives of F are given by the formulas

05 Fiyp)(X) = =@, (X, @101y 7 + [, Py 101, X)
20, () 7)) X + (D) X)Dsy 7). (5.4)
Oy Fiy ) (X)=[X, @, 1(() )03 7) + @5, [, @, 1((Oxy X) sy ¥)
—[X, @' [y, @, 110,57 — .+ DIX, @, 104, ((9,7)0:,7)
2.0, (D) V)@, X104, 7). (5.5)

The H® norm of the first term on the right-hand side of (5.4) is bounded by the
sum [I[X, @ 10x, 7 ll o + 17, @y 10s X | o which is bounded by I1X |l 17l 1s-
Similarly, the second term on the right-hand side of (5.4) is estimated by
19 1 s 11 X N gs—2r41 + 1 X | s |97 || ggs—2+1 Which is bounded by ||y || gs || X || gs. Therefore,
we have the estimate [0y Fy y)(X)|lgs Sy 1las | X]lgs. To estimate the H® norm
of 0, F ;)(X) we use the same tools along with commutator estimates to get
10y Fiy iy X I s S II)?||2H5 | X|lzs, so both 0y F(, ;) and 9, F(, y are bounded linear
operators on the space of H* functions.

In order to complete the proof of the theorem, it is sufficient to establish
that 0y F(,,) and 0, F(, ) depend continuously on (y,y) in some neighbour-
hood of (id, 0) in Z° x H®. Note that |0, F(y.;)(X) —5yF(id,y)(X)||HS is a sum of
differences corresponding to each term in (5.5). For instance, the difference corre-
sponding to the first term on the right-hand side of (5.5) is [X, CD;I]((QD),)))GXJ%)}) -
[X, <I>_1]((CI>)})8§)}). We add and subtract appropriate terms to this difference to
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bound its H® norm:

ILX, 51 1((@y )03 7) — [X, @7 1((29) ) | s

<X, @, 1(( @y )03 7) = [X. @, ' 1((2y )05 7) oy s (5.6)
X oy L @ (@ oy .0t oy ™) — (@Y s (5.7)
HIX oy~ =X, @7 N((@9)EY) - (5.8)

Here, we use another property of composition of H* functions with H® class dif-
feomorphisms, Lemma 4.2 in [20] (see [2] for the proof in the case of s integer),
to estimate all three terms (5.6)—(5.8). For (5.6) we have the bound

X oy, @ (@ oy “HIZIlY —idl ms
SUX s 17 s 19 gs—ars2 N1y —id )l s (5.9)

The term in (5.7) is bounded by the expression || X|lps||®(y oy~ ) (P oy™) —
PV sz + 1X s 1 (@ 0y~ = @P) 7 Nl o2 S IXNas 1713 1y — id 5. The
estimate on (5.8) is given by [[X o y~! — X, @71 ((@)Py)llms SIX oy~ —
XN aslyllas 19 gs-2+2 SIX s lly —id||Hs||)>||%1s. For all the difference terms cor-
responding to (5.5) are bounded similarly by || X| gs|ly — id|| Hx||;}||%1s, hence we
have

10y Fiy. i (X) = 3y Fiig i XNl SUX sy = id s 157 - (5.10)

Furthermore, for [|0; F(y.5)(X) — 0, F(id,y)(X)” s a similar estimate follows using
the same techniques.

Hence, (y, F(y,y)) defines a continuously differentiable vector field in a neigh-
bourhood of (id, 0) in the space 2° x HS. Therefore the classical Picard iterations
apply to the Cauchy problem (5.3). O

For A=2, Equation (5.2) is an equation for geodesics for the right-invariant met-
ric induced by the H” inner product. The local well-posedness is proved in [5] in
this case. Another case of interest is when ® = — 8)26 where w(u) = fsl u(x)dx.
Both local well-posedness and global existence results of Theorems 5.2 and 5.1 are
shown in [17] for A >0 in this case.

The following proposition is a persistence result for Sobolev class solutions of
(5.2); i.e. it provides a condition under which the short-time solutions persist for
all time. It is in the spirit of the persistence result of Beale et al. in [3] for Euler
equations of hydrodynamics.

PROPOSITION 5.3. Let s > 2r +% and let ue C([0,T), H*(SY)) be a solution of
(5.2). If there exists a K >0 such that |u(t)||c1 <K <oo for all t, then u can be
extended to a solution of (5.2) that exists for all time.
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The idea of the proof is to use mollifiers [23] to obtain the differential inequality
%Hu” s Sluller ||u||§+r and then Proposition 5.3 follows from Gronwalls inequality.
Now we have all the ingredients for the global existence and uniqueness result.

Proof of Theorem 5.1. The Sobolev embedding theorem implies |0yullco <
|®ull;1. The orbit invariant mentioned in Proposition 2.1 guarantees that ®ug>0
implies ®u > 0. Furthermore, the integral fsl ®dudx is conserved; hence, we have
[ Pull;1 = [ Pudx = [ Puodx. Therefore, by Proposition 5.3, the solution of
theorem 5.2 persists for all time. O

As an anonymous referee pointed out, the results of this section hold for the
more general case ®=>"_, aj(—1)1 3y where aj €R.
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