BULLETIN OF THE POLISH
ACADEMY OF SCIENCES
MATHEMATICS
Vol. 65, No. 2, 2017

DIFFERENTIAL GEOMETRY
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Summary. We adress the problem of qualitative properties of multipeakons, particular
solutions of the Camassa—Holm equation. Our approach makes use of the well-known
fact that the evolution of multipeakons is governed by the geodesic motion of a particle
on an N-dimensional surface whose metric tensor is given via the inverse matrix to the
one defining the Hamiltonian. Our approach yields some properties of twopeakons in a
very simple way. We classify initial shapes of twopeakons according to the occurrence of
collision. Moreover we extend the class of matrices that are invertible for similar reasons
to the one occurring in the Hamiltonian. We get exact formulas for the inverses.

1. Introduction. We consider the motion of multipeakons as weak so-
lutions of the Camassa—Holm equation. This motion is described via the
Hamilton equations with the following (singular) Hamiltonian:

1 & lai—as
(1) H(prs- o Pns @iy n) = 5 > pipje” ]
ij=1

where p;, ¢; are respectively amplitudes and positions of troughs and peaks
of the multipeakon

(2) u(z,t) = Zpi(t)e_u_%'(t”,
i=1

In other words, the Hamiltonian is given as
H(p,q) = 50" E(q)p,
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where

3 B(g) = (el

is a symmetric matrix, and p = (p1,...,pn), ¢ = (q1,...,qn) are vectors
in R".

Multipeakons are important particular weak solutions of the Camassa—
Holm equation (see [5] and [11] for the global-in-time existence of weak solu-
tions). Multipeakons have been extensively studied (see for instance [2], [4],
[9], [LI0], [7]). As already noticed in [5], the positions g;(t) obey the geodesic
equation with the metric tensor being the inverse of F(q) given in . This
is due to the fact that one can pass to the Lagrange description with the La-
grangian given by the Legendre transform of H which is given by the bilinear
form defined by E~! as long as it is invertible (see [1]). It is well-known that
H (q) is invertible if and only if ¢; # ¢; for all i # j. Indeed, the Hamiltonian
H is actually given by

[e.9]

1
(4) 2H(p.q) = 5 | (u* +u})da,
—0oQ
for u as in . Formula is a consequence of
00 min{q;,q;}

1 1 —
3 S (u? + u?)dx = 3 Z DiD; S e~ lr—ail=lz=a;] g

1 o< v
=1 max{g;,q; }
1 < n
=5 Z 2pipjemin{Qi7Qj}_maX{Qi7Qj} - Z pipje_‘Qi_QH
ij=1 ij=1

as long as ¢; # ¢;. Hence, we see that H(p,q) > 0, with H = 0 only if u = 0.
The latter is equivalent to p; = --- = p, = 0. Thus E is a positive definite
(in particular invertible) matrix.

In the next section we give an alternative proof of this fact. As a conse-
quence we shall see that a wider class of matrices containing E as a special
case is invertible. Moreover, we shall give a formula for the inverse of F. We
shall use it to compute the Lagrangian associated to the Hamiltonian H.

In the last section we study the properties of twopeakons, interpreting
them as trajectories of the Lagrange formulation of the problem. This allows
us to arrive at very precise results concerning collisions of twopeakons.

Since multipeakons are solutions of a fully integrable Hamiltonian system
before collision, much is known about their behavior (see for instance [5],
[2], [9], |[10]). However, the formulas obtained in those papers are rather
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complicated, so that listing the properties of solutions in the last section
seems useful.

2. Invertibility of matrices and Lagrangian. There are many ways
of demonstrating that F is positive definite. One of them is presented in the
Introduction. As noticed by the referee, another way would follow from the
Bochner theorem. Indeed, the function e~ 1*! is the inverse Fourier transform
of H% which is supported on the whole real line, so in particular F is
positive definite.

In this section we present an elementary probabilistic approach. The
advantage of this method is that we directly obtain a formula for the inverse
matrix. Moreover, in our approach the matrix F is just a particular example
of a more general class of matrices A which are shown to be positive definite.
The inverses of A’s are found.

We start with the case where q; < --+ < qp.

LEMMA 2.1. Let p1,...,pn—1 € (—1,1). Let A = [ai;], where a;; =1 for

t=1,...,n and a;; = aj; = Hi;ipk for 1 <i< j<mn. Then A is positive
definite.
Proof. Let e1,...,e, be independent random variables such that Ee; =0

andEz—:?zlforizl,...,n. Let

{X1:81,
Xi—&-l:piXi"’_\/l_p?Ei—i-l fori=1,...,n—1.

From the construction of X = (X3,...,X,) we have by induction, for i =

1,....,n,
i—1 i—1
Xi= 1= pyei+ > 1=t T  piew
k=1 j=k

From the above formula we can see that X; and ¢; for j > ¢ are independent
(by our choice of the vector € = (e1,...,e,)). Hence by induction Var X; =
Varsl = E€% =1= (077} and

Var Xi-i—l = Var(piXi + \/ 1-— p? 5i+1)

= p? Var X; + (1 — p?) Vare;y1 = pf Var X; + (1 — p7) = 1.

Moreover, we can prove by induction that for j > i,

Jj—1 Jj—1 Jj—2
X;= H peXi + Z A H PIEK41-
k=i k—i I=k
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From this formula we obtain (for i < j)

j—1 Jj—1 Jj—2
Cov(X;, Xj) = COV(Xi, H peXi + Z \/1-p3 H plek+1)
k=i k=i =k

j—1 j—1 j—2 j—1
= H pr. Var X; + Z v/ 1= p% H Pl COV(Xi,6k+1) = H Pk = Qjj.
k=i Y k=i 1=k Y k=i

This means that VarX = EXX” = A4 and A is non-negative definite, be-
cause for v € R™ we obtain v7 Av = E|vTX|2 > 0. To prove that A is
positive definite, observe that (pp = 0)

(5) X = L1 X + De,
where
0 00 VIR .. 0
P1r .- . .
Li=|_ . . ;. D= ; : .
S 0 ... J1—p2
0 ... pp—1 O . =l v
Hence for L := (I — L1)~! we have X = LDe and we see that
(6) A=VarX = LDVare DT LT = LD?L7,
——
I

so that vT'Av = |[DLTv||3 > 0 for v € R™ \ {0}. It follows that A is positive
definite. =

A particular case of the above lemma concerns matrices F in the case of
ordered ¢;’s.

LEMMA 2.2. Let vi,...,v, € R with vi < --- < v,. Then the matriz
C = [¢ij] € R™™, where ¢;j = cj; = e VitV for j > i, is positive definite.
Proof. Let p; = e U+t for 4 = 1,...,n — 1. Then ¢;; = e %% =
‘;;1 pr. for 7 > i, and the matrix C' has the same form as A in Lemma
and the assumptions of that lemma are satisfied. m

By a permutation of the random vector X we obtain the same result for
any order of ¢;’s.

LEMMA 2.3. Let ui,...,u, € R be pairwise distinct. Then the matriz
E = [eij] = [e”imwl] € R™*™ s positive definite.

Proof. Let m : {1,...,n} — {1,...,n} be a permutation such that
Ur(i) < Ug(j) for i < j. Let v; = ug) for ¢ = 1,...,n. Then the matrix
C defined as in Lemma is positive definite and we can construct the
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vector X = (X7, ...

, X;) as in Lemma[2.1]in such a way that Cov(X;, X;) =
cij=e VitV = e vl Let V=X, 1 := (Xr-1(1)s -+ -

,Xﬂ.—l(n)). Then
COV(V;', V}) = COV(Xﬂ-—l(Z'),Xﬂ—l(j)) — €—|Uﬂ71(i)—vﬂ—71(]~)‘ — e_‘ui_ujl = ejj
and from the definition of V we have V = PX, where P = [p;;] € R™*" and

{L j=a"1%), i=1,...,n,
bij = .
0, otherwise.
Thus for every b € R \ {0} we obtain

b Eb = bT Var(V)b = b PCPTb = d'Cd > 0,
where d = PTh € R™ \ {0}. This ends our proof. =

In the proof of Lemma A is defined as the covariance matrix of a
random vector X. This vector is defined in the inductive way, but we can
also define it by means of a matrix equation. This is a key observation for
obtaining the inverse matrix to A.

COROLLARY 2.1. A~ is the tridiagonal matriz

al bl 0 0 i
b1 as bg 0
0 bg as 0
0 0 0 Gn
where )
1 p; —pi
a; = + —t=, b= .
Colepiy 19 T 1-p
In particular, in the case of the matriz E with ¢1 < --- < g, we have
sinh(gi+1 — ¢i-1) , —1

b, = — .
* 2sinh(giy1 — ¢)
Before proceeding with the proof let us remark that the matrix E! was
found in [7].

Proof. As noticed in , X is given by

a; = " A 5
" 2sinh(gi+1 — ¢i) sinh(g — gi—1)

(7) X = L1 X + De,
where L1 and D are defined below . Hence
(I — L1)X = De,

and by taking the covariance matrix we obtain (see @)

(I — L))A(I — L) = D
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Hence
1
At =T-L)'D*1-1,), D?= diag{Q}.
L=pi,
Thus we get
1 1flpf 0 0
(I - Ll)T'D72 = 0 0 1 ___Pn—1 )
1=pp_, 1—pp_4
1
0 0 0 =7

and multiplying the above matrix by I — L; on the right we obtain the claim
of the corollary.

To obtain a simplified form of a; and b; in the most interesting case of
the matrix F, we notice that on the one hand
1— (eqi_qi+1)2

2sinh(gi+1 — gi) = e%i—di+1

)

and on the other
eqi+1_qi—1 _ eqz'—l—%+1

(e4it179i — e%i—Gi+1)(edi—%i-1 — edi—17i)
1 — ¢2(¢i-1—qi41)

(1 — 62(%71_‘11'))(1 _ 62(qz‘—qi+1))7

where for p; := e%~%+1 the last quantity is exactly

1—p7 10} 1 pi

Q=) —p)  1-pi, 1-pF

As long as multipeakons do not collide, the inverse matrix is used to

compute the Lagrangian associated to the Hamiltonian H by the Legendre
transform,

(8) L(g,q) = 3" E ()4

3. Equations of geodesics. Consider the N-peakon given by
N
u(z,t) = Zpi(t)e_|x_q"(t)|.
i=1

We can write the Hamiltonian H in the form H = %pTEp, where
E = [e_|qi_Qj‘]£;:l.
As we already know, E is strictly positive definite and invertible if ¢; # g;
for 7 # j. One can easily check that if ¢; = ¢; for some 7 # j then E is
singular. From the general theory we know that ¢ is described by a geodesic
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in the metric E~! wherever possible. In the case of N = 2 we will write the
equations of those geodesics. We start by considering a Riemannian manifold
(R2, g), where g is of the form

1 1 —e~lai—aal
1—e2n—al| _o-la—al 1
We look at this problem in the coordinates

a1+ q q1 — q2
S1 i — S92

9 0 2T g

THEOREM 3.1. The equation for the geodesics in (s1,s2) coordinates is

'él = z1,
S92 = 22,
(9) . 26_2‘32|
21 = —8SgN Sy — - 7R1%2,
1 + e—2ls2]
. 672|82‘(1 — 672‘32|) 9 n 672‘82|
Z9 = SN s z SN S ——————25.
e I T P R e PP P

Proof. In the new coordinates the tensor metric has the form

1
_ _ o lai—az
9= 1= c2la—al (dg1 ® dg1 — e dq1 ® dga

— e l1%2ldg, ® dgy + dgo ® dgo)

1 _ _
= m(2(1 — € 2|S2|)d$1 ® d51 + 2(1 +e 2‘S2|)d52 & dSQ)
2
= md81 (=) d81 + mdSQ & dSQ.
And the matrix of g is
2
]_-1-672'52' O
2
0 1_3_2|32|

Observe that Christoffel’s symbols are easy to compute: First,

F111:F212:F122:0-

agll 46_2|s2| 8g22 . 46_2|52|
(Ie D2 sy 001 el
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the other symbols are

o dgn 1 + e~ 252 — son s e~ 25|
2= 059 4 = SEh 2 1+ e2ls2l’
dgi1 1 — e 22l e~ 2s2(1 — e—2s2l)
2 _ _
Mh==9, 1 R T f e w2
Dgao 1 — e~2I52] e 2ls2|
2 _ - _ -
F22 - 882 4 - Sgn 32 1 — 672|52| .

Hence, we can write the equations of the geodesics in the form @D "

Analysis of @ gives us some insight into when twopeakons can collide.
Let us start with the following observation.

LEMMA 3.1. If
(q1(to) — q2(t0)) (p1(to) — p2(to)) >0,

then there is no collision.

Proof. Observe that 29 always has the same sign as s2. So in case so > 0
we see that if zo = a > 0 then 2z is always greater than «. From the equation
we see that $o = z90 > « and a collision cannot occur. The same happens if
9 < 0 and z5 < 0.

Let (q1,q2) describe the geodesic in the previous coordinates. Our con-
siderations show that if

(10) (q1(to) — q2(t0))(d1(to) — g2(to)) > 0,
then there is no collision.

Moreover, with the Hamiltonian H one can associate the Lagrangian L
given by

. 1 o 1 —e~la—al]
L(q,q) = 21— T e |_-ln-al . q.
Using L we can obtain p from ¢ via
0L
P 0g
This gives
1
— s o lai—az|
p1 = 1 — o—2la—a| (¢ —e d2),
1
— o e l—azl g
p2 1 _ o—2la—a| (g2 —e q1)-
Since

g1 — q2

p1—p2= 1— e*‘fh*q2|’
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implies
(q1(to) — q2(t0))(p1(to) — p2(to)) > 0. =

Using the equations for the geodesics one can also study the well-known
peakon-antipeakon case.

LEMMA 3.2. Let p1 +p2 = 0 and q1 > qo, p2 > p1. Then a collision
occurs in finite time.

Proof. Now suppose that in @, z1 =0, s> 0 and z2 < 0. Then

52 = zZ2,
(11) e 282

29 2

Tl 2

The assumption z; = 0 implies that ¢; + g2 = 0. In terms of p we can rewrite

this as
it G
prtp2= 1+ e—lai—az| -

One can check that
(12) 29 = Cy/1 — e 252

for C' < 0. Now it is enough to solve

5o =C+/1— e 2s2,

1 De*Ct — 1\?
5= ‘21“<1‘ (W) )
where D > 0. Hence for t; = 7% we see that so = 0.

The solution is

Using the equations of geodesics one can determine whether there is a
collision in the general case. However, this requires some more advanced
tools of differential geometry and will be given elsewhere, together with the
analysis of prolongation of solutions past a collision. In [§], exact formulas
for twopeakon solutions are given; one can analyze the question of collision
using them. Below we fully classify the initial conditions from the point of
view of collisions.

THEOREM 3.2. Let q1(0) < q2(0). Then a collision occurs if and only if
p1(0) > 0 > pa(0). Moreover, the time of collision T* is given by

o L (P20 = pi(0) —a
g _al <p2(0)—p1(0)+a>’

where a = +/(p2(0) = p1(0))2 + 4p1(0)p2(0)e~ (=20 -a ),
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Proof. Recall the Hamiltonian system
p1 = —pipae 1270,
P2 = pipae” 20l
1 = p1 + pae” 270l
q2 = p2 —|— ple_qu_q1‘7
and its first integrals
Hy=pi+ps, Hi=2ip+p3) + pipgelzmal,
Since ¢1(0) < g2(0), until the collision we have ¢1(t) < ¢2(t) and we may
drop the absolute value in the above equations. In the new variables,
xr = e_(qQ_ql), Yy=Dp2 —DpP1,
the system under consideration is
j = pa — p1 = 2p1pae” @)
= 3((01 +p2)* = (1 —p2)*)z = 3(H§ — y°)a,
&= (G — 2)e” 21 = (py + poe” (BTN — py — pre (@MW)
= (p1 —p2)(1 — e (@ )y = (1 — ).

Moreover we have

Hy = 5(p} + p3) + pipae” (@90
= 2((p1 +p2)* + (p1 —p2)*) + (1 + p2)? — (01 — p2)?)z
= 1(H§ +y* + (H§ — y*)).
Hence
(H§ —y*)x = 4H, — Hi — y°,
Because

4y — HE = Hijz +y*(1—2) > 0
we may denote a® = 4H; — Hg and find that

j=3(a®—y?).
After integration we obtain
y(t) +a| _ |y(0) +a
y(t) —a y(0) —af

and finally the solution is
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The blow-up occurs if and only if the denominator vanishes, and the blow-up
time is given by

<P2(0) —p(0) — a)
p2(0) —p1(0) + a
Observe that T* > 0 if and only if ‘ZEO) —o > 1, which is equivalent to y(0) <
—a. The last inequality is equivalent to the system of inequalities
{y(O) <0,

y(0)? > a?.

1
a
0)—a

Observe that
y(0)2>a” & (p1(0) = p2(0))* > 2(p1(0) +p2(0))? + (1 — 2)(p1(0) — p2(0))?
< —2p1(0)p2(0) > 2p1(0)p2(0)(z — (1 — x))
< 0> p1(0)p2(0).
Finally, the condition for blow-up is
{PQ(O) —p1(0) <0,
p1(0)p2(0) <0,

pl(O) >0> pQ(O). ]

In Lagrangian coordinates the collision condition can be expressed as
follows:

which is equivalent to

REMARK 3.1. If ¢1(0) < q2(0) then collision occurs if and only if one of
the following conditions is satisfied:
i ql(o) 2 07 Q2(0) < O;
hd ql(o) > 0’ C]2(0) < O;
e ¢1(0) >0, ¢2(0) >0 and

¢ (1(0) <0, ¢2(0) <0 and

Proof. Since

] 1 1 —e~(@2=a)] [
9 1 — e 2e—a) |g—(2—a1) 1 o ’

the collision condition obtained in Theorem [3.2] can be formulated as
{ ¢1(0) — 6—(qz(0)—q1(0))42(0) > 0,
—e (@01 0)g,(0) + ¢2(0) < 0,
from which the claim follows. =
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