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Abstract

We propose realizations of the Poisson structures for the Lax representations
of three integrable n-body peakon equations, Camassa—Holm, Degasperis—
Procesi and Novikov. The Poisson structures derived from the integrability
structures of the continuous equations yield quadratic forms for the r-matrix
representation, with the Toda molecule classical r-matrix playing a prominent
role.

We look for a linear form for the r-matrix representation. Aside from the
Camassa—Holm case, where the structure is already known, the two other cases
do not allow such a presentation, with the noticeable exception of the Novikov
model at n = 2.

Generalized Hamiltonians obtained from the canonical Sklyanin trace for-
mula for quadratic structures are derived in the three cases.

Contents

[1__Introductionl 2

2 Camassa—Holm peakons| 4
2.1 The linear Poisson structurel 5
(2.2 'The quadratic Poisson structure] 5
[2.3  The Yang—Baxter relations| 6

[3 Degasperis—Procesi peakons| 7
[3.1 'The quadratic Poisson structure] 7
[3.2  The Yang—Baxter equations| 8
13.3 Search for a linear Poisson structurel 9

[4 Novikov peakons| 10




SciPost Physics

[4.1 The quadratic Poisson structure] 10
[4.2  The Yang—Baxter equations| 11
[4.3  Dual presentation for Novikov peakong 12
[> Non-trivial boundary terms for peakons | 13
6 _Hamiltonians| 15
6.1__Camassa Holm Hamiltonians 15
[6.2  Degasperis—Procesi Hamiltonians| 16
3 Novikow Hamilion 17
[7__Conclusionl 17
[References] 18

1 Introduction

Peakon solutions to non-linear two-dimensional (z,t) integrable fluid equations have been
shown to exhibit themselves integrable dynamics in several interesting cases. They take
the generic form

p(,t) = zn:pz'(t) e~ lrmait) (1.1)
=1

and their dynamics for (p;, ¢;) is deduced from a reduction of the 1+1 fluid equations for
o(z,t).

Integrability of peakons entails the existence of a Poisson structure for (p;, ¢;) deduced
from the original Poisson structure of the fluid fields, including ¢(x,t); the existence of
a Hamiltonian h(p;,¢;) and Poisson-commuting higher Hamiltonians, a priori deduced
by reduction of the continuous Hamiltonians to peakon solutions for the integrable 141
dynamical system. In a number of cases, the dynamics is expressed in terms of a Lax
equation:

L=I[L,M] (1.2)
where L, M are (p,q)-dependent matrices and contains all equations for p;(t), q;(t)
obtained from plugging into the 141 integrable equation.

The Lax matrix naturally yields candidate conserved Hamiltonians h(¥) = tr(LF).
Poisson-commutation of h(¥) is equivalent || to the existence of an r-matrix formulation
of the Lax matrix Poisson brackets:

{L1, Lo} = {Lij, Ljk} ei; @ exy = [r12, Ln] — [ra1, La. (1.3)

The r-matrix itself may depend on the dynamical variables . A simple example of such
dynamical r-matrix is given by the reformulation of the well-known “quadratic” r-matrix
structure, extensively studied [3H5]. We recall the form of this quadratic structure:

{L1, Ly} = a12L1 Ly — L1 Ladig + Lib1aLy — LaciaLy (1.4)
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where a1 = —ag1, dio = —do1, b2 = 21 to ensure antisymmetry of the Poisson bracket.
When the regularity conditior]

a1z — c12 = di2 — b2 (1.5)

is fulfilled, is indeed identified with by setting r15 = %(alng + Loaj2) — Lacia.
Hence when the regularity condition is fulfilled, the quantities tr L*¥ mutually Poisson-
commute, ensuring the integrability of the peakon models. The case a = d, b = ¢ = 0 was
first characterized by E. Sklyanin [6]; a = d, b = ¢ yields the so-called classical reflection
algebra [3,/4].

We consider here the three integrable peakon equations discussed in e.g. [7] for which
the key features of Poisson structure, integrability and Lax matrix, have been established:

1. The Camassa—Holm equation [8,9]. Poisson structure for peakons is given in [10],
Lax formulation in [11] although the Poisson structure here is not the one in [10]. We
shall comment and relate the two structures in Section 2.

2. The Degasperis—Procesi equation [12,/13]. Poisson structure for peakons is given
also in [10]. Lax formulation is given in [13], also commented in [14].

3. The Novikov equation [15]. Poisson structure for peakons is given in [16]. Lax
formulation is given in [17].

Note that a fourth peakon-bearing integrable equation was identified (so-called modi-
fied Camassa—Holm equation [18,/19]), but peakon integrability properties are obstructed
by the higher non-linearity of the modified Camassa—Holm equation, precluding the con-
sistent reduction of Poisson brackets and Hamiltonians to peakon variables |20].

We will establish in these three cases the existence of a quadratic r-matrix structure
. In this paper, we only study the peakon dynamics inside the Weyl chambers defined
by relative positions of the peakons ¢;. We postpone the consideration of the possible
crossings of the boundaries of the Weyl chambers to further studies.

We will show that the four parametrizing matrices a, b, ¢, d are equal or closely
connected to the Toda A, r-matrix [21]. This close connection can be understood in
the Camassa—Holm and Novikov cases, via an identification between the Lax matrix of
Camassa—Holm and the well-known Toda molecule Lax matrix [22]. In addition, the
construction of the Novikov Lax matrix as LN = TL®H, where T = Z?] (1 + sgn(g; —

qj))eij, relates the two r-matrices by a twist structure. The occurence of ajs in the
Camassa—Holm context however also requires an understanding of the Camassa—Holm
peakons Poisson bracket in [10] as a second Poisson bracket in the sense of Magri [23,24],
where the first Poisson bracket is the canonical structure {g;, p;} = d;;, to be detailed in
Section 2.

Each following section is now devoted to one particular model, resp. Camassa—Holm
(Section 2), Degasperis—Procesi (Section 3), and Novikov (Section 4). We conclude with
some comments and open questions. As a convention, to lighten the presentation, we
will use the notation a, b, ¢, d,~ in the Camassa—Holm case, a’,V/,c/,d', v’ for Degasperis—
Procesi models, and a”,0”,c”,d",~" for Novikov ones.

!The name ’regularity’ will be motivated in section
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2 Camassa—Holm peakons

The Camassa—Holm shallow-water equation reads [8}9)
Up — Uggt + SUUE = 2UpUgy + Ulgry (2.1)

The n-peakon solutions take the form
u(z,t) = sz‘(t) e~ 1r=a(®)] (2.2)
i=1

yielding a dynamical system for p;, g;:
n n
Gi=Y pie Ul p = " pipj s el (2.3)
j=1 J=1

where s;; = sgn(¢; — ¢;j). This discrete dynamical system is described by a Hamiltonian

1 « Mo
H = 5 Z pip;j e lgi—a;1 (2.4)
2,7=1
such that ‘
f=A{r, H}, (2.5)

with the canonical Poisson structure:

{pispi} ={a,q} =0, {ai,pi} = di5.- (2.6)

The same dynamics is in fact also triggered [10] by the reduced Camassa—Holm Hamilto-
nian:
H=> p (2.7)
i

with the reduced Camassa—Holm Poisson structure (which is dynamical and “non-local”):

{pi,pj} = i pipje” 154,
{gi,pj} = pje” 1=l 28)
{gi,q;} = sij(l - e—|qz‘—qj|) _

It is also encoded in the Lax formulation [8}25]

% = [L, M] (2.9)

with
- “Ligi—al
L= E Lijeij Lij = \/pipje 2791, (2.10)

,j=1

where e;; is the n x n elementary matrix with 1 at position (7, 7) and 0 elsewhere.
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2.1 The linear Poisson structure

We summarize here the results obtained in [11]. The Poisson structure (2.6) endows the
Lax matrix (2.10) with a linear r-matrix structure

{Ll , LQ} = [7‘12 , Ll] — [’1“21 , LQ] ,  with 719 =ajs —b1a. (2.11)

In (2.11)), a2 is the A,,—; Toda r-matrix

1 n
a2 = Z .Zl 55 €5 @ €ej; = —a21 and bi2 = —a%, (2-12)
)=

with by convention sgn(0) = 0 and t3 denotes the transposition in space 2. Connection
of the Lax matrix with the Toda r-matrix structure was already pointed out in [11]. The
r-matrix structure is indeed identified with the same structure occuring in the so-
called Toda lattice models [24]. One can add that the r-matrix structure for the Toda
lattice in [11] and the peakon dynamics in is directly identified with the well-known
r-matrix structure for Toda molecule models [22] (strictly speaking, this identification
holds in the first Weyl chamber, where sgn(g; — ¢;) = sgn(i — j)). Indeed, both Toda
lattice and peakon Lax matrices endowed with the canonical Poisson structure are
representations of the abstract A,,_1 Toda molecule structure

L:in hi—i—% Z Talea +€—qa), (2.13)

CMGA+

where {zq, 28} = Taqp and {z;, o} = (i) xa, With [k, eq] = a(i)eq. Here, h; and e,
denote the usual Cartan elements and root vectors with root «, A, denotes the positive
root system, and the Killing form is normalized as tr(h;h;) = 0;; and tr(eqeg) = dap-

In the highly degenerate case of Toda Lax matrix (where x, = 0 for non-simple roots
«), it is directly checked that a and b yield the same contribution to (2.11), implying
that the Toda Lax matrix has an r-matrix structure parametrized by ajs solely, as it is
well-known [21].

2.2 The quadratic Poisson structure

The new result which we shall elaborate on now is stated as:

Proposition 2.1 The Poisson structure (2.8) endows the Laz matriz (2.10) with a quadratic
r-matriz structure:

{L1, Lo} = [a12, L1 Lo] — Lobio Ly + L1b1o Lo, (2.14)
where a1z and bis are given in (2.12)).

Proof: Direct check by computing the Poisson bracket {L;j, Ly;} on the left hand side
and right hand side. The antisymmetry of the Poisson structure, explicitly realized by
(2.14), allows to eliminate “mirror display”, i.e. (ij,kl) <+ (k,ij). The invariance of the
Poisson structure under each operation ¢; and t5 is due to the symmetry L' = L of
, the identification of by = —ath, and the antisymmetry at112t2 = —aqo. It allows to
eliminate transposed displays (ij, kl) <> (ji, kl) <> (ji,lk) <> (ij,kl) and to check only a
limited number of cases (indeed 13 cases). [
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Remark that the form ensures that the regularity condition is trivially
obeyed. The Poisson bracket structure is indeed a restriction to a coadjoint orbit,
of the well-known Kostant—Kirillov bracket on sl(n) restricted to symmetric matrices (on
the full set of which it does not determine a symplectic structure). The quadratic Poisson
bracket defined from the antisymmetric and symmetric components a, b of the linear
structure, is a related natural object (also known as Sklyanin bracket). We expect that its
intrinsic interpretation as a Poisson structure on symmetric matrices may be connected
to the notion of Heisenberg double introduced in [2].

The Poisson structure , identified as a second Poisson structure in the sense of
Magri [23], yields the natural quadratization (2.14)) of the r-matrix structure . This
fact is consistent with the fact that is obtained by reduction to peakon variables
of the second Poisson structure of Camassa—Holm, built in [10], while is obtained
by reduction of the first Camassa—Holm Poisson structure. Reduction procedure (from
fields to peakon variables) and recursion construction (a la Magri, see [24]) are therefore
compatible in this case, and the compatibility extends to the r-matrix structures of the
reduced variables. Such a consistency at the r-matrix level is not an absolute rule. For
instance, the first and second Poisson structures for the Calogero-Moser model yield 7-
matrix structures, “linear” [26] and “quadratic” [27], but with different r-matrices.

2.3 The Yang—Baxter relations

Quadratic structure. As is known from general principles [5], quadratic Poisson r-
matrix structures obey consistency quadratic equations of Yang—Baxter type to ensure
Jacobi identity of Poisson brackets. In the case of original Camassa-Holm pair (a,b) in
, the skew-symmetric element a9 obeys the modified Yang-Baxter equation:

n

1 . .
la12, a13] + [a12, azs] + [a13, az3] = E(Qm:a — Qt112t32t3> , with Qo3 = Z eij @ ejk @ ep; .
i7j7k:1
(2.15)

The symmetric element b5 obeys an adjoint-modified Yang—Baxter equation directly
obtained from transposing ([2.15)) over space 3:

1
[a12, b13] + [a12, bas] + [b13, bas] = E< — QP + Q?Jf) : (2.16)

Cancellation of a suitable combination of (2.15)) and (2.16|) with all permutations added,
together with symmetry of the Camassa—Holm Lax matrix, allows to then check explicitly
Jacobi identity for LEH and Poisson structure (2.14).

Linear structure. The Jacobi identity for the linear Poisson structure (2.11f) also follows
from ([2.15) and (2.16]). It is equivalent to the cyclic relation:

[[le, T13] + [7’12, 7“23] + [7‘32, 7‘13], Ll] + cyclic =0, (2.17)
where cyclic stands for sum over cyclic permutations of (1,2, 3).

The Yang—Baxter "kernel” [ri2,713] 4 [r12,723] + [r32, 713] must now be evaluated. In

many models, it is known to be equal to 0 (classical Yang-Baxter equation) or to a combi-

nation of the cubic Casimir operators {2123 and Q'ilz'frf“” (modified Yang-Baxter equation).
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If any of these two sufficient conditions holds, is then trivial However, in the
Camassa—Holm case, the situation is more 1nvolved Indeed from and (| -, and
denoting the Casimir term Cho3 = 123 — Q?Qt?ft?’, one has:

[r12,713] + [r12, r23] + [r32,713] = Chas + Cf3g + Cag — Clg (2.18)

which is neither a cubic Casimir nor even cyclically symmetric. Realization of
indeed follows from explicit direct cancellation of the first (factorizing) Casimir term in
under commutation with L1 + Lo + L3 and cross-cancellation of the remaining 9
terms, using in addition the invariance of L under transposition. We have here a textbook
example of an r-matrix parametrizing a Poisson structure for a Lax matrix without obeying
one of the canonical classical Yang—Baxter equations.

3 Degasperis—Procesi peakons

This integrable shallow-water equation reads [13]
Up — Uggt + dUly = FUzplUpy + Ulgpry (3.1)

Note that, together with the Camassa—Holm equation, it is a particular case of the so-called
b-equations:

for which integrability properties are established for § = 2 (Camassa-Holm) and g = 3
(Degasperis—Procesi), by an asymptotic integrability approach [13]. This approach fails
at g = 4.

3.1 The quadratic Poisson structure

For 8 = 3, n-peakon solutions are parametrized as
n
% Zp] —le—a; (01 (3.3)
7j=1

yielding a dynamical system:

n
Pj =2 pippsje %%
k=1
’ (3.4)

k=1

Note the extra factor 2 in p; compared with the Camassa-Holm equation.
The Lax matrix is now given by

Lij = /pip; (Tij — sij 7197 %1) (3.5)
with
T’ijzl—i-ﬁij, ,7=1,...,n. (36)
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The dynamical equations (3.4) derive from the Hamiltonian H = tr(L) and the Pois-
son structure obtained by reduction from the canonical Poisson structure of Degasperis—
Procesi:

{pi,pj} = 2pipjsi; e 147!,
{4, p;} = pje 1791, (3.7)
{aia;} = 355 (1 - e_lqi_qj‘) :
Again one notes the non-trivial normalization of the Poisson brackets in (3.7)) compared
with . which will have a very significant effect on the r-matrix issues. Let us note that

the Hamiltonian associated to a time evolution f = {f, H} consistent with the dynamics
is in fact the conserved quantity noted P in [13]. The Hamiltonian H in [13] is tr L2

Let us now state the key result of this section.

Proposition 3.1 The Poisson structure (3.7) endows the Lax matriz L given in (3.5)

with a quadratic r-matriz structure:
{L1, Lo} = [ayg, L1 Lo] — Lobis Ly + L1biy Lo, (3.8)

where (we remind our convention that sgn(0) =0)

1
ayy = B Zﬁij eij ® eji = 2a12, (3.9)
l’-?
n
12 = Zﬁzy eij ® ejj — Ql2 ;o with Qip = Z eij ® e (3.10)
ij=1

Proof: : By direct check of the left hand side and right hand side of . Since the
Lax matrix L is neither symmetric nor antisymmetric, many more cases of inequivalent
index displays occur. More precisely, 12 four-indices, 18 three-indices and 5 two-indices
must be checked. |

The regularity condition (|1.5)) is again trivially fulfilled.

3.2 The Yang—Baxter equations

The matrix a}, in the Degasperis—Procesi model is essentially the linear Toda r-matrix as
in the Camassa—Holm model. On the contrary, the b’ component of the quadratic structure
must differ from the b component in the quadratic Camassa—Holm bracket by
an extra term proportional to Qo = 73?2 12 = Q91, where P1o = szzl eij ® ej; 1s
the permutation operator between space 1 and space 2. For future use, we also note the
property

P =1,®1, and Pip My MyP1y= M| My, (3.11)

My Qia = M3 Q12 and  Qip My = Qg M (3.12)

which holds for any n x n matrices M and M.
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Remark 3.1 Since the Laz matriz L of Camassa—Holm peakons is a symmetric c-
number matriz, L = Lt, one checks that

PioLiLy=LoLiP1o and LiPiyLo=LoPiyLy. (3.13)

Hence the (a’,b') pair of r-matrices yielding the quadratic Poisson structure for Degasperis—
Procesi peakons yields (up to a factor 2) the quadratic Poisson structure for Camassa—Holm
peakons with a pair (a, b—%Q), since the extra contribution —Lo Q19 L1+ L1 Q19 Lo cancels
out. In this case, we will call this pair an alternative presentation for Camassa—Holm
peakons.

The Degasperis—Procesi (a/,d’) pair obeys a set of classical Yang-Baxter equations
which is simpler than the Camassa—Holm pair (a,b). The skew-symmetric element a2
still obeys a modified Yang—Baxter equation

1
[y, al3] + [a)g, ans] + [a)3, ab3] = 1 <9123 - Q?zt??t3> ) (3.14)

but the symmetric element b’ obeys an adjoint-modified Yang—Baxter equation with zero
right-hand-side:
(a9, B3] + [a)a, byg] + [bl3, byg] = 0. (3.15)

Remark 3.2 A term proportional to Pia can be added to aly, leading to a matriz @}y =
aly + %7712. This term is optional, it does not change the Poisson brackets, nor the reg-
ularity condition. If added, it allows the relation b}y = —(@}5)", which already occurred
for the Camassa—Holm model. However, such a term breaks the antisymmetry relation
ah, = —a),, which has deep consequences at the level of Yang—Bazter equations. Indeed,
the form of the left-hand-side in heavily relies on this antisymmetry property of a}y.
In fact, if one computes "naively” [aq, d) 5] + [a]y, @53] + [@)3, ahs], one finds exactly zero
and could be tempted to associate it to a Yang—Baxter equation with zero right-hand-side.
Yet, the "genuine” Yang—Bazter equation, i.e. the relation ensuring the associativity of the
Poisson brackets, plugs the 2-term back into the game, leading in fine to again a modified
Yang-Baxter equation.

3.3 Search for a linear Poisson structure

Contrary to the Camassa—Holm peakon case, the canonical Poisson bracket is not
compatible with the soliton-derived Poisson bracket structure . Indeed, the linear
pencil {-, -}can + A{:, -} pp (“can” is for canonical and DP for Degasperis—Procesi) does
not obey Jacobi identity due to extra non-cancelling contributions from the non-trivially
scaled brackets of {p,p} and {q,q} in . The statement is consistent with the fact,
pointed out in [10], that no second local Poisson structure exists in the Degasperis—Procesi
case, contrary to the Camassa—Holm case (where it is denoted as By in [10]).

Consistently with the absence of a second local Poisson structure for soliton Degasperis—
Procesi equation yielding a “linear” r-matrix structure for the Lax matrix, one observes
that the associated linear r-matrix structure naively defined by ri2 = a}, + b}y, does not
yield consistent Poisson brackets for the variables in the Lax matrix. If one indeed sets

{Lla LZ} = [a/12 + b/127 Ll] - [a’/21 + b/217 LQ] ) (316)
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the Poisson brackets for individual coordinates of L are inconsistent, due to the antisym-
metric part in (3.5)), contrary to the Camassa—Holm case where L;; = Lj;.

We also checked using software calculations that (at least for n running from 2 to 7)
that there is no non-trivial linear combination rj, = xa}, + y b}, such that the relation
{L1, Lo} = [y, L1] — [rhy , Lo] with L given in (3.5), yield a consistent Poisson structure
for the (p;, q;) variables.

The peakon Lax matrix realizes therefore an interesting example of a non-
dynamical quadratic (a,’) Poisson structure where there is no associated linear r-matrix
structure. The exact form, or even the existence, of such linear r-matrix structure for
Degasperis—Procesi peakons remains an open question.

4 Novikov peakons

The Novikov shallow-wave equation reads
Up — Ugat + 402Uy = SUlglagy + Ullggs, (4.1)

showing now a cubic non-linearity instead of a quadratic one as in Camassa—Holm or
Degasperis—Procesi. Originally proposed by Novikov 28] as an integrable partial differen-
tial equation, it was later shown [16] to have integrable peakons:

u(x,t) = ipi(t) e~ lrma®l, (4.2)
i=1

4.1 The quadratic Poisson structure

The complete integrability structure was established in [17]. The dynamical system for
Di, q; reads

n
Pi = p; E 5ij DiDk e~ 19i—4;1—gi—ax|
7,k=1

n
Gi = E DDk e~ 19i—4j1—9i—qx| 7
7,k=1

(4.3)

still with the notation s;; = sgn(¢; — ¢j). They constitute a Hamiltonian system where the
Poisson structure takes the following form:

{pispj} = sijpip; e 2lai =gl ,
{gi,p;} = pje ol (4.4)
{Qia q]‘} = §;; (1 — 672‘%*‘1]’\) ,
The conserved Hamiltonians are obtained as traces of a Lax matrix
L=TPEP (4.5)

where
Tyj=1+sy,  Pj=pdiy,  Ey=e %%l (4.6)

10
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In other words, the time evolution (4.3)) is described by the Hamilton equation f= {f,H},
with H = % tr L and the PB (£.4).

Redefining now
q; = 2q; and Dj = p?, (4.7)
yield a Poisson structure
(i Bj} = 48y Dipje” 1470
{@,pj} = 4pje” 101, (4.8)
{Qlaq_J} = 4'52] (1 - €_|lji_(jj|) 5
identical to the Camassa—Holm peakon structure (2.8]) up to a factor 4. The Lax matrix
now reads

n
1,
Lij — Z T /ﬁk pj 6_5“11'_‘]k| (49)
k=1
exactly identified with TLE¢H

Hence, the Novikov peakons are in fact described by a Lax matrix simply twisted
from the Camassa-Holm Lax matrix (L — T'L) and an identical Poisson bracket, a fact
seemingly overlooked in [17]. The r-matrix structure immediately follows, but several
inequivalent structures are identified due to the gauge covariance pointed out in section

Proposition 4.1 The Poisson structure (4.4)) endows the Lax matriz (4.9) with a set of
quadratic r-matrix structure

{Ll, LQ} = a’1’2L1L2 — LlLlellg + lell/QLQ — L20/1,2L1 , (410)
where
aly =4T Ty ar Ty Ty dly = 4as, (411)
lo =T (- 4a'3 — Q1) T, g = by, '

and ayz is given in (2.12]).

The proof follows trivially from section 2 and gauge invariance in section 3.

The regularity condition (|1.5)) is fulfilled by this Poisson structure. Although less trivial
than in the previous two cases this property will be proved in the next section.

4.2 The Yang-Baxter equations

The Yang—Baxter equations for follow immediately by suitable conjugations by T
of the Yang—Baxter equations for the alternative form of Degasperis—Procesi structures
matrices. Precisely, from the redefinitions in the Yang—Baxter equations for a”, b,
" and d" read

[a12, a13] [‘1127 a23] [alll?n agg] = Q23 — QI‘il2t32t3 )
[y, 5] + [dy, dys] + [dY5, dys] = Q123 — QL3 (4.12)
[‘1127 3] + [a12, 3] + [ 13 b 3] =

[d1a, 5] + [dYs, chs] + [cl3, 53] = 0,
where in writing the right-hand-side of the relation for a”, we have used the property
that 793 — 9?232@’ commutes with any product of the form M; My M3 for any matrix M
(M = T for the present calculation). Note that the adjoint Yang-Baxter equations for
b” and ¢” remain with zero right-hand-side, despite the conjugations by T depend on the
matrices (e.g. a” or b”) one considers.

11
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Linear structure. As for the Degasperis—Procesi case, we looked for a linear combi-
nation 7y = waf, + ybly + 2y + td{y such that the Poisson structure {L;, Ly} =
[y, L1] — [rh;, Lo] with L given in (4.9), yield a consistent Poisson structure for the
(pi,q;) variables. For n > 2, the only solution is given by 7y = z (afy + b{y — ¢y — df;)
which is identically zero due to the regularity relation . The calculation was done
using a symbolic computation software for n running from 3 to 5. Hence, in the generic
case, we conjecture that there is no non-trivial linear structure, at least directly associated
to the quadratic one. Again, the existence (and the exact form) of such linear r-matrix

structure for general Novikov peakons remains an open question.

In the particular case n = 2, there is indeed a solution related to the solution

10 0 O
o = %(a,ﬁ — by — iy + /1/2) = ajy — ¢y = 3 ? Bl ! (4.13)
2 0 -2 1
The r-matrix obeys the modified Yang—Baxter relation
[P, 73] + [F19, T3] + [P, 73] = Q103 — Q153" (4.14)

and leads to PB of the form

_lia g
{P1, P2} = —4s12v/P1p2 e 511 —a2] :
7. . = ﬁl 7l|* —o
- =4 il 2191—q2 4
- \/;26 o (4.15)

{q_l - QQ 9 pQ} — —4 \/g?e_éql_qﬂ _ 4

Indeed since the combination ¢; + g2 does not appear in the expression of L, one can realize
a consistent associative, albeit degenerate, Poisson bracket by setting {gi + g2, X} = 0
for all X. In order to obtain a non-degenerate Poisson structure, one has to implement
the PBs {¢1 + @2, X} = fx(P1,P2,G1,G2) for X = p1,P2,G1 — G2 and solve all functional
equations (on the functions fx) provided by the Jacobi identities. Finally, among the
solutions, find a solution that leads to a non-degenerate Poisson structure. This is beyond
the scope of this article.

4.3 Dual presentation for Novikov peakons

Let us remark that the form of the Novikov Lax matrix LY = T L¢H suggests a_dual
presentation for the Novikov peakons. Indeed, one can introduce the Lax matrix LY =
LEH T which takes explicitly the form

n

- 1,

Lz‘j = E \/ Pk Di 6_2‘% q’“‘Tkj. (4.16)
k=1

In that case, the PB (4.4) have still a quadratic structure of the form (4.10)), but with now

6/12 = 4a12, ~/1/2 = 4T1_1 T2_1 a2 T1 TQ, (4 17)
’1’2:Tf1(—4a§227912)T1, Clp = by

It is easy to see that these matrices still obey precisely the same Yang-Baxter relations
(4.12)).

12



SciPost Physics

The Hamiltonians one constructs using LN are exactly the same as for LY. Thus,
we get a dual presentation of exactly the same model and the same Hamiltonians. This
property extends to the calculation presented in the next section.

5 Non-trivial boundary terms for peakons

A general construction of Poisson-commuting Hamiltonians from any quadratic structure
(1.4) is based on the product of two dynamical objects: L obeying (1.4) and @ obeying a
dual Poisson structure:

{Q1,Q2} = Q1Q2a12 — d12Q1Q2 + Q2b12Q1 — Q1c12Q2 , (5.1)

with {@, L} = 0. It is then easy to show that QL obeys a linearizable (albeit dynamical)
r-matrix Poisson structure:

{Q1L1,Q2L2} = [r12, Q1L1] — [ra1, Q2Lo)] (5.2)

where

ri2 = 3(d12Q2L2 + Q2Lad12) — QabiaLs . (5.3)

The traces tr ((QL)'“) are thus seen to be Poisson-commuting dynamical quantities. Fol-
lowing the traditional approach of integrable systems with boundary [6,29], these boundary
matrices characterize the boundary condition. Note however that this approach is mainly
used in the quantum case: in the classical (i.e. PB) case, the relation is less clear and
deserves a more detailed study.

We restrict ourselves in this paper to the case when the dual term () is a non dynamical
matrix 7, hence obeys the purely algebraic, dual reflection equation:

T1Y2012 — d127172 + Yebi2y1 — Y1c1272 = 0. (5.4)

More general peakon Hamiltonians can then be defined for each solution v of the dual
classical reflection equation . In the case where v is diagonal, one in fact re-obtains
the original Hamiltonians by a rescaling of the p; variables, see below. The Hamiltonians
take the form tr ((yL)¥). The solution v = I,, exists whenever the condition holds,
motivating its designation as regularity condition. Note that in the Freidel-Maillet ap-
proach [5], the immediate correspondence between solutions 7 of the dual equation and
solutions y~! of the direct equation (r.h.s. of = 0) is used to yield an equivalent
form of the commuting Hamiltonians.

We shall now propose classes of invertible solutions to the classical reflection equation
for each of the three peakon cases. Let us first emphasize that any solution v’ of
where a)y = 2a12, by, ¢y = by, dj; = 2a12 are the matrices associated with the
Degasperis—Procesi peakons, or to the alternative presentation of Camassa—Holm peakons,
corresponds to a solution 7" = v/T~! for the reflection equation associated to the Novikov
peakons, since the structure matrices are related as: by = 215 b}, Ty *, ¢y = blyy, afy =
2T Ty aiy Ty P Tyt and dfy = 2a/j,. Hence the Degasperis—Procesi case provides solutions

for the two other peakon models.

Lemma 5.1 If v’ is a solution of the Degasperis—Procesi reflection equation (5.4]), then
for any diagonal matriz D, the matriz Dvy'D s also a solution of the reflection equation.

13
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Proof: The structure matrices a}, and b}, of (5.4) for the Degasperis—Procesi peakons
obey :

a/12 D1D2 = D]_D2 a/12 and D1 b,12 D2 = D2 b/12 D1 s (5.5)

where we used also the property (3.12). Now, multiplying (5.4) by D;Ds on the right or /
and the left hand sides, and using the above properties of a’, and b/,, leads to the desired
result. [

Note that the transformation v/ — D~’D is equivalent to a canonical redefinition p; —
d? Di-

Proposition 5.2 For Degasperis—Procesi peakons, and for n arbitrary, we have two fun-
damental solutions:
(i) the unit matriz L,,,
(ii) the matriz T introduced in (3.6)).
Moreover, when n is even, we have an additional solution, whose explicit form depends
on the Weyl chamber we consider for the variables q;. In the first Weyl chamber, where
g > qj & 1> j, it takes the form
oy
(vit) Sid — Z (€2i+1,2i42 — €2i42,2i41) = L2 ® (_01 (1)> : (5.6)
i=0
In any other Weyl chamber defined by a permutation o such that ¢; > q; < o(i) > o(j),
the solution S° takes the form

—

w3

S7 = (€0(2i41),0(2i42) — €o(2i42),0(2i41))- (5.7)

1=

[en]

Using the lemma it leads to 2 (resp. 3) classes of solutions for n odd (resp. even).

All these solutions are also valid for the alternative presentation of Camassa—Holm,
and (once multiplied on the left by T') for the Novikov model. The solutions (i) and (iii)
are also valid for the original Camassa—Holm model.

Proof: (i) The unit matrix is trivially a solution since is then the regularity condition.
(1) The reflection equation for 7" projected on a generic element e;; ® ey, contains explicitly
the indices i, j, k, [, and possibly two summation indices corresponding to the products by
v and 4. Since the entries of the matrices depend on the indices only through the sign
function sgn(r — s), it is sufficient to check the relations for small values of n. We verified
them through a symbolic calculation software for n running from 2 to 8.

(7i7) Similarly, the reflection equation for S needs to be checked for small values of n. We
verified it through a symbolic calculation software for n running from 2 to 8. ]

Remark 5.1 For all three models, if v is a solution to the reflection equation, then ~'
is also a solution. For Camassa—Holm peakons, v~ is also a solution. However, the
classes of solutions induced by these transformations falls in the ones already presented in

proposition [5.2

Note that dressing 7' by the diagonal matrix D = diag((—1)*) yields 7!, which is
also a solution to the Degasperis—Procesi reflection equation. Moreover, it proves that the
unit matrix is also a solution of the reflection equation in the Novikov case, proving
the property mentioned in the previous section that regularity condition is fulfilled by the
Novikov r-matrix structure.

14
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6 Hamiltonians

Now that the quadratic r-matrix structure have been defined, we are in position to compute
higher Hamiltonians for each of the three classes of peakons. These Hamiltonians will be
PB-commuting, with the Poisson brackets , or , depending on the peakon
model that is to say the Lax matrices , or . We provide also some cases
of Hamiltonians with non-trivial boundary terms. Note however that when non diagonal
boundary terms enter into the game, the square root of the momenta p; may be involved,
notably for boundary terms associated to the T" matrix, see e.g. . In that case, one
should check the sign of these momenta, and the corresponding conserved quantity will
be real only in the domains where the positivity of p; is preserved.

6.1 Camassa—Holm Hamiltonians

In addition to the peakon Hamiltonian Hoy = tr L = ), p;, we get for instance
1
HY) —trL = Zpi,
(2 2 —lgi—g;l
HCH_trL pr € o, (61)

Hg}){—tI‘L3 Zplpjpke Q‘Qz QJle 2|QJ lee 2|‘1k Qzl‘
.5,k

We recognize in H, é I){ and H, é [){ the usual Camassa—Holm Hamiltonians, as computed e.g.

in [10].

Diagonal boundary term. If one chooses v = D as a diagonal solution to the reflection
equation, we get another series of PB-commuting Hamiltonians:

=> dipi,

= de P42 didjpipje” 49l (6.2)
- i<j
tr ((DL)?) Zd dj di pip;pr e 21991 =319~ ak| o= lan—ail
3,5,k

One gets a ”deformed” version of the Camassa—Holm Hamiltonians, with deformation
parameters d;. Since they can be interpreted as a rescaling p; — d;p; of the momenta,
the corresponding PDE will have just the same rescaled form.
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T-boundary term. Choosing now v = DT D as a solution to the reflection equation,
we get:

Lo _q.
tr(yL) = dipi+2>  did;\/pipje 21991,
%

1<J
(D)%) = Y dtp? + 33 @ Bpip; e 0 143 dbdyJpipy e 2l
’ i#i i)
+6 ) did;dy pin/PipR 2190l ¢~ 3laal (6.3)
i
+ Z (1 + s;51:) didjdyd; \/me*%“h*qﬂ e~ sla—al
1,7k,
all #

Note that since the alternative presentation of Camassa—Holm peakons describes the same
Poisson structure, the above Hamiltonians are also valid when using the presentation of
section 2

S-boundary term for n even. Since for Camassa—Holm peakons, the Lax matrix L is
symmetric while S7 is antisymmetric, we get in any Weyl chamber
tr ((S7L)*™ ) =0,Vm. (6.4)

As an example of non-vanishing Hamiltonian, we have for v = DS?D (in the Weyl chamber
defined by o):

n/2—1
tr ((’)/L)Q) =2 Z dgo Do (¢0) Por(t0+1) (e_lq”“o*l)_%“o)‘ — 1) , (6.5)
£=0
where ¢° = 2¢ 4+ 1 and JZ’O = di(go)d§(€o+1).

6.2 Degasperis—Procesi Hamiltonians

Diagonal boundary term. Considering immediately the case with diagonal matrix ',
we have

tr(y'L) = Z d; pi

7
tr((v'L)?) =Y dipi+ ) did;pip <2 - €_|qi_qj|>€_‘qi_qj| ;
7 1<J
tr ((y ’L)3) _ Zdz’djdk PiDj Dk ( — 3¢ lti—arl-laj—axl 4 4e—%(qu'—qk|+\qj—qk\+|qj—qi|)> )
i,k
(6.6)
The ”usual” Hamiltonians tr L™ are recovered by setting d; = 1, Vi.
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T-boundary term. In any Weyl chamber, we get

(' Ty'L) = 3 dipit ) did; ypipje 0,
%

i#]
2
(/7' D)) = (S didy oip;) + Y. dpip; (1 — e 0l)?
i i#]

— 4 A dipi /i (1 - e (3 dy)

i#j k 6.7
—8 Y didjdy \/pip;pr(1 —e*'qﬂ'*%')(zdz\/ﬁz)

q5<qi<gk l
+2 3" d? djdypi/Bipr (1 — ¢ 14y (1 — eIl

i
+8 Y didjdydy /immm (1 — el (1 - Tl

2:<q;<qr<qi

S-boundary term for n even. In the Weyl chamber characterized by o, we get for
~'? = DS°D:

L]

tr(y'7L) =2 dfo \/Po(es) Po(eor1) (1 - 6_‘%“"’_""“(’“)') :
/=0

o1

~ 2
tr ((’Y/ L)Q) =2 Z (dg0>2p0(20) Do(to+1) (1 — e“qff(‘v"’)_q““"“)')
—0 (6.8)

12

2 dpodio \/Bo(e) Paeo1)Pa () Pojo41)
(=0 =0

> <2€_|qa(lo+1)_qa(j°)| — e~ 9o r1)—do o] — €_|QU(ZO)_QU(J'°)|>

where we noted ¢° = 2¢ + 1 and j° = 2j + 1 to have more compact expressions. Once

again, we noted dg, = dg(zo)d?;(ewrl)'

6.3 Novikov Hamiltonians

We recall that the Novikov and Camassa—Holm Lax matrices are related by LV = T L¢H
and that the solutions of the dual reflection equation are related dually: v/ =y T~ L.
The basic combination "L entering the Hamiltonians for the Novikov peakons therefore
yields the same object as for the Camassa—Holm case. Hence Camassa—Holm and Novikov

peakons share identical forms of commuting Hamiltonians, a consistent consequence of
their sharing the same Poisson structure (4.8) after renormalization (4.7]).

7 Conclusion

We should start this section with some brief comments on the newly constructed integrable
Hamiltonians in section @ focusing for simplicity on the Camassa—Holm case ([6.3]) and
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(6.5). They exhibit original features when compared to the already known ones (6.1)):
the already commented-on explicit \/p dependence; the three- and four-body interaction
already present at order 2 in and the pairing of nearest neighbours 2¢, 2¢+ 1 observed
in . It is not clear at this stage whether such features may arise from the description of
peakon dynamics when non trivial boundary conditions and/or defects conditions (shock
or jump at some fixed point) are introduced in the Camassa—Holm equation. Indeed
this type of boundary condition with “reflection” effects usually yields dynamics for the
collective modes characterized by potentials depending on x + y which are not directly
observed here inside the absolute-value terms. However, the interaction of 3 and 4 peakons
at order 2 or the pairing of nearest neighbour peakons may still be a more subtle effect
of boundary /defect conditions “entangling” direct and reflected /transmitted peakons: as
an example, the 4-body absolute-value terms in always contain two + signs and two
— signs, possibly signaling an interaction between two direct and two reflected peakons.
However, the nearest neighbour pairing observed in is not obvious to characterize as
such. In any case a much more detailed analysis would be required.

Having established the quadratic Poisson structures for three integrable peakon models,
in every case based on the Toda molecule r-matrix and its partial transposition, many
issues remain open or have arisen in the course of our approach.

Amongst them we should mention the problem of finding compatible linear Poisson
structures and their underlying r-matrix structures. Only solved for the Camassa—Holm
peakons this question is particularly subtle in the case of Degasperis—Procesi peakons as
follows from the discussion in Section 3.3.

Another question left for further studies here is the extension of integrability properties
beyond the exact peakon dynamics, on the lines of the work in [11] regarding Camassa—
Holm peakons and (not surprisingly) based on the linear (and canonical) Poisson structure,
yet unidentified in other cases. The difficulty is to disentangle , whenever only a quadratic
structure is available, the peakon potential in the Lax matrix from the dynamical weight
function in the n-body Poisson brackets (the so called G function in [10]).

Excitingly, the quadratic structures we have found open the path to a quantized version
of peakon models, in the form of ABCD algebras, following the lines developed in [5]. We
hope to come back on this point in a future work.

Finally in this same extended integrable peakons the still open problem of full under-
standing of the unavoidably dynamical r-matrix structure remains a challenge.

References

[1] O. Babelon, C. Viallet, Hamiltonian structures of Lax equations, Phys. Lett. B 237,
411 (1989), doii10.1016/0370-2693(90)91198-K.

[2] M.A. Semenov-Tyan-Shanskii, What is a classical r-matrix?, Funct. Anal. Appl. 17,
259 (1983), doi:10.1007/BF01076717.

[3] E.K. Sklyanin, Some algebraic structures connected with the Yang—Baxter equation,
Funct. Anal. Appl. 16, 263 (1982), doi;10.1007/BF01077848.

[4] E.K. Sklyanin, Some algebraic structures connected with the Yang—Baxter equa-
tion. Representations of quantum algebras, Funct. Anal. Appl. 17, 273 (1983),

18


https://doi.org/10.1016/0370-2693(90)91198-K
https://doi.org/10.1007/BF01076717
https://doi.org/10.1007/BF01077848

SciPost Physics

[10]

[11]

[12]

doi:10.1007/BF01076718.

L. Freidel, J.-M. Maillet, Quadratic algebras and integrable systems, Phys. Lett. B
262, 278 (1991), doi:10.1016/0370-2693(91)91566-E.

E.K. Sklyanin, On the complete integrability of the Landau-Lifshitz equation,
preprint LOMI E-3-1979, Leningrad, LOMI (1980) [not published].

S.C. Anco, E. Recio, A general family of multipeakon equations, J. Phys. A:
Math. Theor. 52, 125203 (2019), do0i:10.1088/1751-8121/ab03dd,, arXiv:1609.14354
[math-ph].

R. Camassa, D.D. Holm, An integrable shallow water equation with peaked
solitons, Phys. Rev. Lett. 71, 1661 (1993), doi:10.1103/PhysRevLett.71.1661,
arXiv:patt-so0l/9305002.

R. Camassa, D.D. Holm, J.M. Hyman, A new integrable shallow wave equation, Adv.
Appl. Mech. 31, 1 (1994), doi:10.1016/S0065-2156(08)70254-0.

A. Degasperis, D.D. Holm, A.N.W. Hone, Integrable and non-integrable equa-
tions with peakons, Proceedings of Nonlinear Physics II: Theory and Experiment,
Gallipoli 2002, pp. 3743, ed. World Scientific, doi:10.1142/9789812704467_0005,
arXiv:nlin/0209008 [nlin.SI].

O. Ragnisco, M. Bruschi, Peakons, r-matrix and the Toda lattice, Phys-
ica A: Stat. Mech. Appl. 228, 150 (1996), doi:10.1016/0378-4371(95)00438-6,
arXiv:solv-int/9509012.

A. Degasperis, M. Procesi, Asymptotic integrability, in: Symmetry and Perturbation
Theory (A. Degasperis and G. Gaeta, eds.), World Scientific, Singapore (1999), pp.
23-37.

A. Degasperis, D.D. Holm, A.N.W. Hone, A new integrable equation with peakon
solutions, Theor. Math. Phys. 133, 1463 (2002), doi:10.1023/A:1021186408422,
arXiv:nlin/0205023 [nlin.SI].

D.D. Holm, A.N.W. Hone, A class of equations with peakons and pulson solutions
(with an Appendix by Harry Braden and John Byatt-Smith), J. Nonlin. Math. Phys.
12, 380 (2005), doi:10.2991/jnmp.2005.12.51.31, arXiv:nlin/0412029 [nlin.SI].

V.S. Novikov, Generalizations of the Camassa—Holm equation, J. Phys. A: Math.
Theor. 42, 342002 (2009), , doi;10.1088/1751-8113/42/34 /342002, arXiv:0905.2219
[nlin.SI].

AN.W. Hone, J.P. Wang, Integrable peakons with cubic linearity, J. Phys. A: Math.
Theor. 41, 372002 (2008), , doii10.1088/1751-8113/41/37/372002, arXiv:0805.4310
[nlin.SI].

A.N.W. Hone, H. Lundmark, J. Szmigielski, Explicit multipeakon solutions of
Novikov’s cubically nonlinear integrable Camassa—Holm type equation, Dyn. PDE
6, 253 (2009), doi:10.4310/DPDE.2009.v6.n3.a3, arXiv:0903.3663.

B. Fuchssteiner, Some tricks from the symmetry-toolbox for nonlinear equations:
Generalizations of the Camassa—Holm equation, Physica D: Nonlinear Phenomena
95, 229 (1996), doii10.1016/0167-2789(96)00048-6.

19


https://doi.org/10.1007/BF01076718
https://doi.org/10.1016/0370-2693(91)91566-E
https://doi.org/10.1088/1751-8121/ab03dd
https://doi.org/10.1103/PhysRevLett.71.1661
https://doi.org/10.1016/S0065-2156(08)70254-0
https://doi.org/10.1142/9789812704467$_$0005
https://doi.org/10.1016/0378-4371(95)00438-6
https://doi.org/10.1023/A:1021186408422
https://doi.org/10.2991/jnmp.2005.12.s1.31
https://doi.org/10.1088/1751-8113/42/34/342002
https://doi.org/10.1088/1751-8113/41/37/372002
https://doi.org/10.4310/DPDE.2009.v6.n3.a3
https://doi.org/10.1016/0167-2789(96)00048-6

SciPost Physics

[19]

[20]

[21]

[22]

[23]

[24]

[25]

A.S. Fokas, The Korteweg—de Vries equation and beyond, Acta Appl. Math. 39, 295
(1995), doi:10.1007/BF00994638.

S.C. Anco, D. Kraus, Hamiltonian structure of peakons as weak solutions for the mod-
ified Camassa—Holm equation, Discrete and Continuous Dynamical Systems (Series
A) 38, 4449 (2018), doi:10.3934/dcds.2018194, arXiv:1708.02520 [nlin.SI].

D. Olive, N. Turok, Algebraic structure of Toda systems, Nucl. Phys. B 220, 491
(1983), d0i:10.1016/0550-3213(83)90504-7.

L. Ferreira, D. Olive, Non-compact symmetric spaces and the Toda molecule equa-
tions, Commun. Math. Phys. 99, 365 (1985), doi:10.1007/BF01240353.

F. Magri, A simple model for the integrable Hamiltonian equation, J. Math. Phys.
19, 1156 (1978), doi:10.1063/1.523777.

W. Oevel, O. Ragnisco, R-matrices and higher Poisson brackets for integrable systems,
Physica A: Stat. Mech. Appl. 161, 181 (1989), doi:10.1016/0378-4371(89)90398-1.

F. Calogero and J.-P. Francoise, A completely integrable Hamiltonian system, J.
Math. Phys. 37, 2863 (1996), doi:10.1063/1.531536.

J. Avan, O. Babelon, M. Talon, Construction of the classical R-matrices for the Toda
and Calogero models, Algebra i Analiz 6, 67 (1994), arXiv:hep-th/9306102.

J. Avan, E. Ragoucy, Rational Calogero-Moser Model: Explicit Form and r-Matrix of
the Second Poisson Structure, SIGMA 8, 079 (2012), doi:10.3842/SIGMA.2012.079,
arXiv:1207.5368 [math-ph].

A.V. Mikhailkov, V.S. Novikov, Perturbative symmetry approach, J. Phys. A: Math.
Gen. 35, 4775 (2002), doi:10.1088/0305-4470/35/22/309, arXiv:nlin/0203055.

Cherednik, Factorizing particles on a half-line, Theor. Math. Phys. 61, 977 (1984),
doi:10.1007 /BF01038545.

20


https://doi.org/10.1007/BF00994638
https://doi.org/10.3934/dcds.2018194
https://doi.org/10.1016/0550-3213(83)90504-7
https://doi.org/10.1007/BF01240353
https://doi.org/10.1063/1.523777
https://doi.org/10.1016/0378-4371(89)90398-1
https://doi.org/10.1063/1.531536
https://doi.org/10.3842/SIGMA.2012.079
https://doi.org/10.1088/0305-4470/35/22/309
https://doi.org/10.1007/BF01038545

	Introduction
	Camassa–Holm peakons
	The linear Poisson structure
	The quadratic Poisson structure
	The Yang–Baxter relations

	Degasperis–Procesi peakons
	The quadratic Poisson structure
	The Yang–Baxter equations
	Search for a linear Poisson structure

	Novikov peakons
	The quadratic Poisson structure
	The Yang–Baxter equations
	Dual presentation for Novikov peakons

	Non-trivial boundary terms for peakons 
	Hamiltonians
	Camassa–Holm Hamiltonians
	Degasperis–Procesi Hamiltonians
	Novikov Hamiltonians

	Conclusion
	References

