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Abstract

Integrable systems are dynamical systems that exhibit very special properties. These systems are exactly
solvable, have deep connections with algebraic geometry, and give rise to a maximal set of conserved quantities.
Integrable systems have proven to be essential as they arise naturally in various branches of mathematics
and physics such as differential and algebraic geometry, partial differential equations, statistical mechanics,
quantum field theories, string theory and even more. One of the unique features of integrable systems is that
all known integrable systems seem to be inherently related in some sense. This special feature has inspired
many mathematicians to attempt and find a single origin of all known integrable systems. One of the most
prominent approaches towards this unification process is through realizing different integrable systems as
symmetry reductions of the self-dual-Yang-Mills (SDYM) equations. In fact, most known integrable systems
(at least in lower dimensions) fit in this paradigm and this thesis is a further step towards this unification.

Four integrable systems are in the central attention of this thesis. Namely, these are Euler’s equations for
the motion of a rigid body, Nahm’s equations, the Hitchin system, and the the Calogero-Francoise integrable
system. Euler’s equations are the most classical example of an integrable system. Moreover, Nahm’s equations
are obtained as a dimensional reduction of the SDYM equations to one dimension. Furthermore, the Hitchin
system is an algebraically completely integrable system that arises as the space of solutions to Hitchin’s
equations. Hitchin’s equations are a coupled system of non-linear partial differential equations that arise as
a dimensional reduction of the SDYM equations to two dimensions. Finally, the Calogero-Frangoise (CF)
integrable system is a finite-dimensional Hamiltonian system that arises as a generalization of the Camassa-
Holm (CH) dynamics.

In this thesis, we show that the dynamics of Euler’s equations and the CF system can be perceived
by realizing both systems as twisted Hitchin systems. More specifically, we obtain an explicit solution to
Euler’s equations by transforming them to Nahm’s equations and then studying the evolution of the Higgs
field of Nahm’s equations. The solution method is different from the classical ones since we used a different
formulation than the one usually presented in the literature. More specifically, we formulated the problem
on the Lie algebra su(2) rather than formulating it on so(3) as usually done. Furthermore, we study the
dynamics of the Calogero-Francoise (CF) integrable system while focusing on the special case of peakon
anti-peakon interactions (d = 2). We show explicitly by embedding the CF system into a (twisted) Hitchin
system that the CF dynamics is completely governed by the evolution of the corresponding Higgs field. In
particular, we show that different singularities in the CF system correspond to very special Higgs fields in
the underlying Hitchin system. Furthermore, we show that a periodization (compactification) of the CF
dynamics corresponds to a compactification of the underlying Hitchin system. This result is then a direct
manifestation of the correspondence between the CF dynamics and the dynamics of the associated Higgs

field in the underlying Hitchin system.
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1 Introduction

Generally speaking, there is no universal agreement on a formal definition of an integrable system. How-
ever, integrable systems are known to exhibit certain features that make them special and worthy of studying,
For example, these systems give rise to many conserved quantities and are analytically solvable in some sense.
Furthermore, there is an inherent geometric picture that is usually hidden in the formulation of these systems
and therefore they can be studied using techniques from geometry. On the other hand, integrability can be
defined more concretely in classical mechanics. Such systems are known as completely integrable Hamiltonian
systems and constitute a large body of the integrable systems studied in the literature. Another fascinating
feature of integrable systems is that many of them can be obtained as special cases of the self-dual Yang Mills
(SDYM) equations by a process known as ”dimensional reduction”. These systems include the KdV hierar-
chies, the Calogero-Moser system, the Sine-Gordon equation, the non-linear Schrédinger equation, Nahm’s
equations and most importantly Hitchin’s self-duality equations. Hitchin’s self-duality equations arise as a
dimensional reduction of the SDYM equations to two dimensions. These are two coupled non-linear partial
differential equations whose solutions give rise to the widely celebrated Hitchin integrable system discovered
in [26]. In low dimensions, many integrable systems can be realized as a (maybe twisted) Hitchin system of
some sort. Furthermore, there is a common belief that all classical integrable systems fit in this paradigm.
The goal of this thesis is to give two explicit examples of the realization of a certain integrable system as a
Hitchin system and therefore as a dimensional reduction of the SDYM equations. More specifically, we will
show that the dynamics of Euler’s equations and the Calogero-Francoise integrable system can be realized
by the behavior of the associated Higgs field in the underlying Hitchin system.

One of the special features of many integrable systems is the existence of a pair A(A), B(A) that satisfies

the Lax pairs equation

dA
— = [4, B].
dt [3 ]

where A()\) and B()) are polynomials with matrix coefficients and A\ € PL. In fact, one can study the Lax
pairs equation by utilizing the theory of line and vector bundles over Riemann surfaces. The utility of this
approach manifests in three interrelated aspects. First of all, the existence of integrals of motion becomes
obvious in this case as the trace of any positive power of A()\) is an invariant of motion. Secondly, this
formulation enables us to easily define the spectral curve Y associated to the problem. This is an algebraic

curve that is defined by the following equation

det(nl — A(X\)) =0,



and which plays a critical role in studying integrable systems using the formulation of vector bundles. The
spectral curve Y is then the set of points (\,7) in the total space of the line bundle O(n) over P! that satisfy
the characteristic equation. Here n is the highest degree of A in A(\) and therefore

AN) = Ao+ A+ ..+ A\

Generally speaking, the spectral curve Y is an r : 1 branched cover of P! where r is the rank of matrix A(\).
Finally, the non-linear flow of A()) given by the Lax pairs equation can be realized as a linear flow of the
eigenspace line bundle on the Jacobian of the spectral curve J(Y'). The geometric approach to the Lax pairs
equation will be reviewed in some detail in chapter 2. While the two main results in that chapter are proved
in detail, the proofs of the classical theorems are all omitted and the relevant references will be mentioned
accordingly.

Euler’s equations for the motion of a rigid body is probably the most classical example of an integrable
system. These equations were studied heavily in the literature and their solutions are usually written in
terms of elliptic functions. On the other hand, contrary to classical integrable systems, Nahm’s equations
did not arise from a classical mechanical system. Instead, they arose in the construction of monopoles and
they can be obtained as a dimensional reduction of the SDYM equations to one dimension [25], [39]. These

are three coupled differential equations for the three Higgs fields 77,75 and T3 given as follows

dTy

Ty Ty
T (15, T3], P (T3, T1], pr (11, T3).

It is well-known that Nahm'’s equations are related to Euler’s equations and our job is to use this relation to
attain a new approach of integrating Euler’s equations and thus obtaining an explicit solution in terms of the
Weierstrass elliptic function. This part will occupy chapter 3, in which we will give an explicit realization of
Euler’s equations as a twisted Hitchin system.

Furthermore, Hitchin’s self-duality equations are two coupled non-linear partial differential equations for
a pair (D, A), where D is a connection on a holomorphic vector bundle on a compact Riemann surface E — %
while A is a holomorphic 1-form with values in the bundle of endomorphisms of the bundle E — X. These

equations are given as follows
Rp+[AANA*] =0,
OpA =0,

where Rp is the curvature of the given connection D. The 1-form A is usually called the Higgs field and a
solution (D, A) to Hitchin’s equations is equivalent to a Higgs bundle (E, A), that is a holomorphic vector
bundle E along with a Higgs field A. Over the years, the moduli space of Higgs bundles has proved to
play a pivotal role in the development of many areas in mathematics and physics. Maybe the most notable
example of their crucial importance is that they were used by Ng6 in his proof of the fundamental lemma
which led him to win Fields medal in 2010 [42], [43]. The total space of the moduli space of Higgs bundle is

an algebraically completely integrable system known as the Hitchin system. The fibre of each point in the



Hitchin base is a torus that is the Jacobi variety of the underlying the spectral curve associated to the Higgs
field A. This is known as the Hitchin fibration and the Hitchin map sends every pair (F, A) to the coefficients

of the associated spectral curve

H: M(r,d) — H°(Z,K")

where K is the cotangent bundle on the Riemann surface 3. The asymptotic behavior of a Higgs bundle
(E, A) as it approaches the ends of the moduli space is very special. Loosely speaking, the Higgs field becomes
singular at this limit and a degeneration phenomena occurs to the zeros of A. However, a desingularization
process exists such that one glues the diverging sequence of solutions to a limiting configuration, a pair

(Doo, Axo) that satisfies a decoupled version of Hitchin’s equations

RDOO = Oa
[Aoo A A:o] = 03 (1'1)
OpAs = 0.

The dimension of the moduli space of limiting configurations is exactly half the dimension of the moduli space
of Higgs bundles. Therefore, by this gluing method, any diverging sequence of solutions to Hitchin’s equations
converges to a limiting configuration (D, Aso) [35] [36]. This construction amounts to a compactification of
the moduli space of Higgs bundles and this fact will be the precursor of the main results of this thesis. We
will review the moduli space of Higgs bundles along with its asymptotic behavior in chapter 4.

Finally, the Calogero-Francoise integrable system is a finite-dimensional Hamiltonian system that arose
as a generalization to the Camassa-Holm dynamics. Similar to the CH system, the CF system gives rise to
peaked solitons (peakons). These peakons collide when their positions coincide at one point in space and the
collisions between the CH peakons were studied in detail in [7]. Even though the CF system has a priori a
non-periodic Hamiltonian, its dynamics are related to the dynamics of the periodic CH system over a window
its domain [6], [5]. At the boundaries of this domain, which we will refer to as the confinement box, the CF
dynamics becomes singular and therefore a question arises, whether there is a natural analytic continuation
past these singularities? We will prove in chapter 5 that in the case d = 2 (peakon anti-peakon pair), there is
a natural analytic continuation in which the momenta of the peakons exchange signs and the slope of distance
between them flips its sign. In other words, if the peakons were initially approaching, then they should move
apart after the collision. On the other hand, if they were initially moving apart, then they should approach
each other after colliding with the walls of the confinement box. These facts suggest that one may analytically
continue the CF dynamics to be periodic and therefore coincide with periodic CH dynamics. However, one
should naturally ask why is this choice relevant and whether there is a geometrical interpretation to this
periodization? To answer this question, we relate the CF dynamics with the asymptotics of the moduli space
of Higgs bundles mentioned earlier. We show that the periodization (compactification) of the CF dynamics
corresponds to a compactification of the underlying moduli space. Therefore, the CF dynamics is captured by

the behavior of associated the Higgs field in the underlying Hitchin system. This is then another example of



the realization of a classical integrable system as a (twisted) Hitchin system. These facts will be discussed in
detail in chapter 5 for the case d = 2. Finally, we will proceed to study some results regarding the dynamics
of the case d = 3. We will prove that the underlying Higgs field prohibits certain dynamics from occurring.
More specifically, triple collisions are forbidden and collisions between two non-neighbouring peakons are
also forbidden. Although we will not discuss in detail the geometry of the compactification of the underlying

moduli space in this case, the geometric picture shall be similar to the one obtained in the case d = 2.



2 Integrable Systems Through Vector Bundles

2.1 The Jacobi Variety of a Riemann Surface.

Let ¥ be a non-singular algebraic curve of genus g, then the Jacobi variety of X, also known as the Jacobian,
is an Abelian variety J(X) of complex dimension g. When ¥ is a Riemann surface, then [J(X) is a complex
torus that parametrizes the line bundles of degree zero on ¥. In fact, the Jacobian plays an essential role
in the theory of integrable systems and vector bundles over Riemann surfaces. Having said that, the main
purpose of this section is to define the Jacobian of a Riemann surface formally and explore its relation to the

Riemann-theta function.

2.1.1 Theta functions

The Riemann theta-function is a special multi-variable complex function that arises in many parts of mathe-
matics and physics such as Abelian varieties, moduli spaces and quantum field theories. It is a quasi-periodic
function of g complex variables that is usually defined in terms of its Fourier series as will shown shortly. For
full treatment of the Riemann theta function and its role in solving the Jacobi inversion problem, one may

consult [16],[17].

Definition 2.1.1. A Riemann matriz is a symmetric (g x g) matric R = (R;) with negative definite real

part. That is, if R, = R(R), then the quantity
zTer <0,
for any non-zero vector z € CY.

Definition 2.1.2. A Riemann theta function is a quasi-periodic function defined by its Fourier series as

follows

0= | R) = > exp <;<RN, N)+ (N, z)> , (2.1)
N

where z = (21,...,29) € C9 is a complex vector, the inner product is the standard FEuclidean inner product,

and N = (Ny,...,Ng) € Z9 is a lattice vector.

Obviously, the function 6(z | R) is analytic over the whole space C9. From now on, we fix a Riemann
matrix R and simply write 6(z) instead of 6(z | R). Let (eq,...,e4) be the standard basis of vectors in C9,
that is

(ej)e =6k, (4 k=1,..,9).



Furthermore, let the vectors (ry,...,74) € C9 be defined as follows

Tj :Rej, (]: 1,...79),
and therefore, (r;)x = Rji. Then, the Riemann theta function has the following transformation laws

0(z + 2mie;) = 6(z), (22)

1
0(z+r;) = exp(—iRjj —2)8(z2),

where j =1, ..., g. Therefore, the basis 27ey, ..., 2me4 and r1, ..., 74 are called the periods and the quasi-periods

of the Riemann theta function respectively. Combining both transformations, one gets
1
0(z + 2miN + RM) = exp (2<RM,M><M,Z >> 0(z), (2.3)
where N, M € Z9.

Proposition 2.1.3. The vectors 2miey, ..., 2wiey and r1,...,74 defined on CI are linearly independent over

the field of real numbers R.

We call the lattice generated by these vectors the period lattice of the Riemann theta function 6(z) and
denote it by I'. A vector in I' has the following form

(2miN + RM),

where N, M € Z9. Furthermore, the quotient C9/T" is a complex g-dimensional torus. This torus is defined in
terms of the periods and the quasi-periods of the Riemann theta function 6(z | R) and therefore is denoted by
T9(R). In fact, this torus is uniquely determined by the Riemann matrix R up to a symplectic transformation
as follows. Let (2mie’;, 7)) be another basis for the lattice I' such that r; = R'e} and R’ is another Riemann

matrix. Then the transformation from the old to the new basis is given as follows

2miel; = E djr2mie + Cjgry,
&

r; = E bjp2mier + a;iT,
k

where a,b,c,d € GL(g,Z). If the transformation matrix

a b
T —
c c

is symplectic, that is if T € Sp(2g,7Z), then the two Riemann matrices R and R’ determine the same torus,
that is
TI(R) =TI(R).

One can also define a f-function with characteristics as follows. Let o, 8 € RY, then the 0 function with

characteristics [a, §], denoted by 0[a, §](2), is defined as follows

O, B](z) = exp (;(Ra, a) + (z 4 2mif, a>> 0(z + 27mif + Ra). (2.4)



Obviously, [0,0](z) = (=) and 0[N, M|(z) = 6(z) where N, M € Z9. Therefore, without loss of generality,
one can only consider 0 < o, 3; < 1 where j = 1,...,g. Furthermore, Fourier series of these functions are

given as follows

1
Ola, Bl(z) = > _exp <2<R(N +a),N+a)+ (z+2nif, N + a>> . (2.5)
N
Finally, their transformation law is given as follows

O, B](z + 2miN + RM) = exp (27Ti(<a,N> — (B, M)) (RM, M) — <z7M>> Ola, B](2).

_ !

2
If all the elements «;, 8; of the characteristics [, 5] are either 0 or 1/2, then [, 5] are called half periods.
Furthermore, a half period is called even if 4(«, 8) = 0(mod 2) and odd otherwise.

Proposition 2.1.4. The function 0[a, 5](z) is even or odd if [, B] is even or odd respectively.

All over this work, we will be dealing with algebraic curves of genus g = 1 (elliptic curves). Therefore, we
will be specifically dealing with 8 functions of one variable; such functions are usually called elliptic functions.
In this case, the Riemann matrix is a single number r € C such that ®(r) < 0. Moreover, there are only four

half periods that correspond to the following 6 functions

101(z) =46 B,;} (z) = Zexp <;r (j+ ;)2—# (2];_1) (z+7m')> ,
0s(2) = Bo} ()= Y e (;r (2j2+ 1)2 + 2j2+1,z> 7

05(z) = 0[0,0](z) = Zexp (;jzr —|—jz> )

04(2) =0 {o, ﬂ (z) = Zexp <;j2r +j(z + m)) ,

where j € Z. It is obvious that all the half-periods are even except the first one which is odd. Therefore,
01(z) is odd while 62(2), 5(2) and 64(z) are even. For example, 6; has zero at the origin z = 0 as well as (by
periodicity) at all the vertices of the period lattice z = 2wim + rn. Consider now the Weierstrass p function

defined as follows

p(z)zzé—l- > [( 1 S - 1 , (2.6)

Wy O z — 2nwy — 2mws) (2nwy + 2mws)?

where n,m € Z and wy, w9 are the periods of a 1-dimensional complex torus T(R). It is quite obvious that
this function is doubly-periodic,

p(z + 2nwy + 2mwq) = p(2).

Furthermore, one can show that the series (2.6) converges uniformly on every compact set in C/{2nw; +
2mws}. Therefore, g is a meromorphic function of z that has a double pole at z = 0 as well as at each

vertex of the period lattice. Since these points constitute the zero locus of 61(z), one may expect that the



two functions are related. This is in fact true and

d2
p(z) = === log(01) + ¢, (2.7)

where ¢ is a constant.

2.1.2 Differential Forms

Definition 2.1.5. A differential form of order n, or simply an n-form, is a skew-symmetric tensor of type

(0,n).

Let the space of n-forms on a differentiable manifold ¥ be denoted A™(X). Obviously, A°(2) = C>(X)
and A™(X) is the empty set for n > d, where d is the dimension of ¥. Furthermore, the space of differential

forms on ¥, which we denote by A(X), is given as follows

d
A®) =P A
n=0

The space A(X) is equipped with two basic operations, the wedge (exterior) product and the exterior deriva-

tive. These are defined as follows
Definition 2.1.6. The wedge (exterior) product A is defined as follows

A A™(D) x A(D) — AR,

(m+n)!
m!n!

(2.8)
Ql A QQ =

A1 ® Q),
where A is the alternating operator that picks up the skew-symmetric part of the (0,m + n)-tensor Q1 ® Q.
Proposition 2.1.7. The wedge product satisfies the following properties

1. U A Q2 AQ3) = (1 A Q) A Q3.

2. If Q1 € A"™(X) and Qs € A™(X), then Q4 A Qo = (=1)™" Qy A Q.

Furthermore, in a local coordinate system (21, ..., %), an n-form has the following representation

1 ) ‘
= ﬁ Z le...jn dz7" A oNdZm. (29)

J1y--dn

Finally, the exterior derivative is defined as follows
Definition 2.1.8. Let Q € A™(X), then the exterior derivative is given as follows

d: A"(%) = A"TH(D),

and given a local coordinate system (z1,...,z,) on X, it has the following representation
1 anl J k j j
- = <-Jn J1 Jn
di=— > —Juddf Adel L nde
kg1, dn

where k =n+1,...,d.



For simplicity, consider now differential forms on a Riemann surface X. Let € be a differential 1-form on

>, which we simply call a differential. In a local coordinate system, it has the following representation
Q= gi1(z) dz + g2(2) dz.

where g1 and g, are differentiable functions on .. Therefore, if f is a differentiable function on . Then in

local coordinates, the exterior derivative of f is given by

_0f ., OF
df = 8Zdz+ azdz.

Definition 2.1.9. A differential 1-form Q on a Riemann surface X is called holomorphic if there exists a
neighbourhood of any point p € ¥ such that
0= f(z)dz,
where f(z) is a holomorphic function and z is a local coordinate on X. Similarly, if
Q=g(z)dz
for some differentiable function g(z), then Q is called anti-holomorphic. Finally a differential form is closed
if
dQ2 = 0.
We denote the vector spaces of holomorphic and anti-holomorphic 1-forms on X by AM9(¥) and A%1(X)
respectively. Then, by construction
AI(Z) — AI’O(E) @Ao’l(z).
Furthermore, the exterior derivative also splits in a natural way
d=0+0,
where
9: M%) —» AMO(R),
9:A(2) - AYH(D).

This construction extends naturally for any n-form as follows

A = @A),

p+gq=n

where the exterior derivative acts as follows
D AP(X) — APTLa(R),
d: API(E) — APIH(E).
We summarize the properties of the exterior derivative for f € A°(X),Q € AY(Z) as follows
d*(f)=0°f=8*f =0,
dQ) = 09 + 09,
d(fQ) =df NQ+ fdQ.

It follows from these properties that every holomorphic 1-form on a Riemann surface is closed [18].



2.1.3 The Jacobian

We are now ready to define the Jacobian of a Riemann surface. More specifically, we will focus on the case

of hyperelliptic curves defined by the equations
7=t (2), P =g (2), (2.10)

where ¢?971(2) and ¢®972(z) are polynomials without multiple roots of degrees 2g+ 1 and 2g + 2 respectively.
Both equations (2.10) define a hyperelliptic curve ¥ of genus g. Consider now the 1-dimensional homology

group Hq(X) = @?il Z, one can choose a basis of cycles in H;(X) such that
ajoak:bjobkz(), ajoka(Sjk, (j,]{i:L...,g). (2.11)

We will now utilize this basis of cycles to construct the Jacobian of 3. For the hyperelliptic curve ¥ defined

in (2.10), one can construct g holomorphic differentials as follows

j—1

\/ﬁdzf',

These differentials are in fact linearly independent and one can prove the following.

Q; = (G=1..9). (2.12)

Proposition 2.1.10. The space of holomorphic differentials on a Riemann surface of genus g is g-dimensional.

For the proof see [16].
Consider now a closed differential 2 on a Riemann surface 3; its periods over the cycles (a1, ..., ag, b1, ..., by)

are defined as follows

f;.Q:AJ” f_Q:Rj’ (=19 (2.13)

J J

Furthermore, if all the a-periods of € vanish, then (2 is identically zero. Therefore, if {1y, ..., is the set of

linearly independent differentials on 3, then the matrix of their a-periods

Ajk :% Qj? (] = 1779)

is non singular. Choose now another basis for the space of holomorphic differentials on 3
g
Wy :ZCijk, (]: 1,...,9),
k=1

where c;, = 2mi(Aj;)~!. Then the new basis satisfies the following condition

f wj =2mide,  (J,k=1,.,9). (2.14)
ag
This new basis is called canonically dual to the given basis of cycles.

Theorem 2.1.11. Let w; be the basis of holomorphic differentials defined in (2.14), then the matriz of
b-periods
Rjk = % w]' (_],k = 1, ,g) (215)
b

is a Riemann matrix.
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Therefore, given any Riemann surface ¥ of genus g and a basis of cycles (a1, ...,a4,01,..,by), one can

construct a Riemann matrix R(X).

Definition 2.1.12. The Abelian torus T9(R) constructed from the Riemann matriz R(X) is called the Ja-
cobian of the Riemann surface ¥ and is denoted by J(X) where

C9
~ {2miN + RM}

and {2miN + RM} is the period lattice of the Riemann theta function 6(z | R).

J(X) =T(R) (2.16)

In fact, one can show that the definition of the Jacobian does not depend on the choice of the basis of
cycles. That is, given another basis of cycles with the same intersection indices (2.11), then the new Riemann
matrix is equivalent to the old one. Therefore, the Jacobian J(X) does not depend on the choice of the
basis of cycles. Furthermore, the functions 6(z|R) constructed from the matrix of periods are called the
functions of the Riemann surface X. The zero locus of a theta function on J(X) is known as the theta divisor
©. The theta divisor forms a subvariety of complex dimension g — 1 in the complex g-dimensional torus
J(X). Therefore, for g = 1, the theta divisor will be a single point (it can not be a bunch of scattered points
because © has to be connected).

The tori J(X) = T9(R) are usually called Abelian tori and they admit a Kéhler metric [16], [21]. Fur-
thermore, meromorphic functions on these tori are called Abelian functions. These are meromorphic doubly
periodic functions of g complex variables. We have then considered one example of Abelian functions in

section (2.1.1), that is the Weierstrass p function defined by (2.7).

2.2 Completely Integrable Hamiltonian Systems.

It is well known that the classical Hamiltonian dynamics can be formulated in the language of symplectic
geometry. This beautiful geometric picture is well-studied in the literature and various classical Hamiltonian
systems were investigated by utilizing this scheme. In this section, we will introduce a very economical
version of this picture in order to give a formal definition of a classical integrable Hamiltonian system. For
full treatment, one can consult the following references [2], [8], [13], [14].

A dynamical system consists of two ingredients: a space of physical states which is usually called the
phase space P and a vector field F' on P that defines the dynamics. The evolution of a state t — f(¢) satisfies

the following equation on P
f(&) = F(£(),  f(0) = fo. (2.17)
Hamiltonian systems are a particular class of dynamical systems whose flow is governed by Hamilton’s

equations
o OH . OH
= BT o

where (¢!, ...,q") and (p1, ..., pn) are the generalized coordinates and generalized momenta respectively. Our

(.]: 1""’71)7 (218)

goal now is to show that these two equations arise from a concrete geometric picture in symplectic geometry.
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Definition 2.2.1. A symplectic manifold is a pair (P,Q) where P is an (even-dimensional) manifold and

is a closed, non-degenerate 2-form on P. That is, Q satisfies the following conditions
e dQ) =0,
o If for any f € P, Q¢(u,v) =0 Yu € TyP, then v =0.

Q is usually called the symplectic form and one can prove that the non-degeneracy of ) forces the phase

space P to be even-dimensional. Let the dimension of P be 2n, and let (z1,...,2%") be local coordinates on

P, then Q can be written in component form as follows

2n

> Qp dzt Ade,
k,l=1

1

Q==
2

where A is the exterior product. Therefore, the condition d2 = 0 can be written in component form as follows
8lem + akal + alka = 0. (219)

for all k,I,m = 1,...,2n. The simplest example of a symplectic manifold is an even-dimensional Euclidean

space R?”. In this case, the symplectic form is given as follows
Q= . (2.20)

Evidently, the symplectic form is constant and therefore is closed as required. In fact Darboux theorem implies
that any symplectic form is locally constant and therefore given by (2.20). Then the corresponding coordinates
(¢7, p;) are called canonical coordinates. Furthermore, the most prominent examples of a symplectic manifold
are the co-tangent bundle on a manifold and the co-adjoint orbit of a Lie group G. In fact, the phase space
of most classical Hamiltonian systems is the cotangent bundle of the corresponding configuration space.

Let g € C*°(P) be a smooth function on P, such a function is usually called a classical observable. One

then defines the Hamiltonian vector field as follows

Definition 2.2.2. The vector field F, on P defined by
Q(Fy, .)=dg (2.21)
1s called the Hamiltonian vector field relative to g.

Defining a local coordinates (z7) on P, the components of the vector field Fy are given by

2n
g
(Fy)* =D it ==, (2.22)
=1 !

where Q7% is the inverse of Q;, defined as follows

Z Q™ = o7,
l

12



One can now define the Poisson bracket as follows

2 dg Oh
= = ]kii
{g,h} = Q(Fy, Fy) j%:jlsz 5 Do’ (2.23)

where g,h € C*° and Fy, F} are the Hamiltonian vector fields relative to g and h respectively. Note that in
local canonical coordinates (¢, pj), one recovers the standard formula for the Poisson bracket
n
dg Oh  Oh Og
fgn =Y (o2 - o220 (2:24)

“= 04’ Op; 0¢7 Op;

Now we are fully equipped to define a Hamiltonian system.

Definition 2.2.3. A Hamiltonian system is a triple (P,Q, H), where (P,Q) is a symplectic manifold and a
function H € C*(P) called the Hamiltonian of the system.

Let Fg be the Hamiltonian vector field relative to H, then the Hamiltonian dynamics is defined by

f(t) = Fu(f(t)). (2.25)
Note that in canonical local coordinates, this formula simplifies to the standard Hamiltonian equations
. OH ; OH
¥ =—={¢,H ), =—— ={p;, H i=1,..,n). 2.26
Y= {¢ . H}, By od {pj, H}, (j=1,...n) (2.26)

Furthermore, given two symplectic manifolds (Py, ) and (Pa,Qs), then a map that preserves the symplectic

form is called a symplectomorphism. That is, a map ¢ : P; — P5 is a symplectomorphism if
C*QQ = Ql- (227)

In fact, if P; = Py = P, then symplectic transformations of P are the transformations that preserve the
symplectic form and these transformations form a group that is a subgroup of of the group of diffeomorphisms

of P. If P = R?", then this subgroup is known as the symplectic group
Sp(n) :={M € GL(2n,R)|]MQMT = Q}. (2.28)

where Q is given by (2.20).
Consider now the Hamiltonian system (P, H). A function G : P — R is a constant of motion, also

called a first integral, if

{G,H} =0. (2.29)

In fact, first integrals play a crucial rule in solving the Hamiltonian dynamics as will be shown shortly.
Moreover, note that any Hamiltonian system has at least one integral of motion, that is the Hamiltonian
itself. On the other hand, a system with n degrees of freedom can have up to 2n independent constants of
motion. However, it turns out that in order to completely solve the system, one only needs to determine
n integrals of motion that are in involution (Poisson commuting). In this case, the Hamiltonian system is

called integrable.

13



Definition 2.2.4. A Hamiltonian system is said to be integrable if there exists n = dimP/2 integrals of

motion G; such that
hd {GjaGk}:O (j7k:17'-'7n);

o the functions G; are independent on a level set of G = (G1,...,Gy) at any point © = (x1,...,&,) € R™.

In other words, the functions G; satisfy the following equation
dG1 NdGa A ... NdG,, # 0, (2.30)

on a level set

G la):={feP]| Gi(fy==z;; j=1,..,n}

Integrable systems are special not only because they are solvable but also because they exhibit certain
periodicity conditions. More precisely, the Hamiltonian flow is quasi-periodic when defined in terms of certain
variables known as the action-angle variables. To see this explicitly, consider the two classical theorems of

Liouville and Arnold.
Theorem 2.2.5. (Liouville) For an integrable system, there exists n functions ®; : P — R that satisfy the
following conditions

{(I)]a (I)k} = Oa {(I)Ja Gk} = Ojk, (231>

for all j,k =1,...,n. Furthermore, the functions ®; are unique up to the following transformation

ov
P, 5 b,
i J+8Gj

where V' : R™ — R is an arbitrary function.

Theorem 2.2.6. (Arnold) If a level set G™(x) is compact and connected, then it is diffeomorphic to an

n-dimensional torus defined as follows
Gil(l') =T" = {(élv (a3} cI)n)/Qﬂ_}

Furthermore, the Hamiltonian flow on G~ (x) is quasi-periodic; that is

dd; .
dit] =w;(z), (G=1,..,n). (2.32)
where (w1, ...,wy,) are the frequencies of the quasi-periodic motion.

One can also show that if the frequencies are linearly dependent, then the Hamiltonian flow is strictly
periodic on the torus. In other words, the trajectory of the flow given by (2.32) is closed on T™. On the
other hand, if the frequencies are linearly independent, then the trajectory is only quasi-periodic.

Let aq, ..., a, be a basis of cycles dual to the basis of differentials (d®1,...,d®,,) defined as follows

% dq)k:27T§jk (jJ{?:l,,,.,n).
@i

J
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Then, define the standard action variables as follows

I(z) = % 7{ > prAddt, (G=1,..n). (2.33)

J k=1
oI
det {axk} 7é 07

(ql, s @ D1y e D) = (1, ooy Iy @1,y oo, @)

Furthermore, if

then there exists a canonical transformation

where the canonical set (I, ..., I, ®1,...,P,,) are known as the action-angle variables. One can then show

that the Hamilton equations simplify remarkably when expressed in terms of these new variables, namely

dl; d®; .
i 0, p Wy, (J , ,n) ( 3 )
These equations are solved simply to give
I(t) = 1(0), ®(t) = (0) + wt. (2.35)

This concludes our brief survey of the classical integrable Hamiltonian systems. In the upcoming section,
we will consider integrable systems from a different point of view. More precisely, we will study integrable

systems that satisfy the Lax pairs equation by utilizing the theory of vector bundles over Riemann surfaces.

2.3 Vector bundles and Lax Pairs.

In the last section, we defined integrable Hamiltonian systems and discussed the unique features of these
systems. In this section, we will be concerned with a specific type of integrable systems, those satisfying the
Lax pairs equation

dA

— =14.B) (2.36)

where A(\) = Ag + A1A + ... + A A™ and B(\) = By + B1A + ... + B, A" are polynomials with matrix
coefficients. Evidently, the Lax pairs equation when expanded gives a system of differential equations for
different powers of A in the coefficients of A(A) and B()). In fact, many classical and non-classical integrable
systems fit in this paradigm. For example, Euler’s equation for the motion of a rigid body around its center
of mass fits in this paradigm. Furthermore, Nahm’s equations that arose in the study of monopoles also fits
in this paradigm. As will be shown, integrable systems that satisfy the Lax pairs equation can be studied
geometrically by utilizing the theory of vector bundles. An excellent treatment of this geometric approach

to the Lax pairs equation which we will follow throughout this section is [28].

Definition 2.3.1. A holomorphic line bundle over a Riemann surface ¥ is a two-dimensional complex
manifold L endowed with a holomorphic projection w : L — X such that the fibre of each point A € ¥ is a
1-dimensional vector space. Furthermore, each A € ¥ has a neighbourhood U and a homeomorphism @y such

that the following diagram commutes.
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“2UHUxC

(V)

U
Finally, oy, o @5} :U; x C = Uy, x C has the following form
(Am) = (A Tie(M)n),

where the function Tj, () : U; N Uy — C is holomorphic and non-vanishing.

The functions Ty are known as the transition functions of the line bundle L, and @y, is the local

trivialization over Uj.

Definition 2.3.2. A holomorphic section of a line bundle L over ¥ is a holomorphic map s : ¥ — L such

that mo s = Iy,

where Iy, is the identity map on Y. In a local trivialization, the sections are defined by holomorphic
functions. For example, let U; and Us be two patches on ¥, then a section s is given as a local holomorphic

function on each patch: s; on Uy and so on Us. On the overlap, these are related as follows
S1 = T1282.

In fact, the set of global sections of a line bundle L — ¥ forms a vector space which we denote H°(X, L).
Moreover, there are few examples of line bundles which will be central in the following discussions; these are

the following

e The trivial line bundle L over ¥ is simply ¥ x C. If a line bundle L admits a non-vanishing global

holomorphic section s, then this section gives an isomorphism between L and the trivial bundle
YxC— L,
(A m) = ns(A).

e The canonical bundle K, also called the cotangent bundle, is the bundle whose fibres at each point
A € X is the cotangent space T} (X). Sections of the canonical bundle K are holomorphic 1-forms. In
fact, every Riemann surface has a canonical line bundle and the dimension of the vector space of global
sections of this bundle H°(3, K) is an important invariant that is equal to the genus of the Riemann

surface. Formally,

Definition 2.3.3. Let ¥ be a compact Riemann surface, then the genus of ¥ is defined to be the
dimension of the vector space HY(%, K).

e For each point p € 3, take a neighbourhood U; of p and a local coordinate z such that z(p) = 0 and let
Us = 3\ {p}. Then z is a holomorphic, non-vanishing function on U; N Us. Therefore, we can consider
T12 = z to be a transition function that defines a line bundle L, on ¥. This line bundle has a canonical

section s, that has only one simple zero at A.
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e Finally, let ¥ = P! with the usual coordinate patches Uy and U;. Then, the transition function Tp; = A"
on Uy NU; = C* defines a line bundle that is denoted by O(n). A section of this bundle is given by

two functions sg on Uy and s; on U; related as follows

80()\) = /\"51(/\)
One can then show that every section of this line bundle is given by a polynomial of the following form
PILE
k=0
and therefore, the dimension of H°(P!, O(n)) is n + 1.

Recall now that we are considering matrix-valued polynomials A(\) = Ag + ... + A, A™. One can then
interpret this matrix in a different way. Rather than thinking about polynomials, one can regard A(\) as a
matrix whose elements belong to the space of sections HY(P!,O(m)). Finally, we state some properties of

line bundles.

e Given a line bundle L one can construct its dual bundle L* whose transition functions are defined by

(L") = TN (D).

e Given two line bundles L and L, one can form their tensor product such that it has the following
transition function Tj,(L ® L) = Tjx(L)Tjx(L). Furthermore, let s be a section of L and let 5 be

section of L, then s3 is a section of L ® L.

e One can also form the homomorphism bundle hom(L, L) = L* @ L. The fibre of this line bundle at

each point A € ¥ is a homomorphism between the vector spaces L) and L.

Furthermore, the degree of a line bundle is defined to be the degree of the divisor of any non-zero section.
That is, the degree of L is the number of times a generic section of L vanishes on the Riemann surface 3.
This degree is also equal to the first Chern class of the line bundle which we denote by deg(L). One can then
prove that if deg(L) < 0, then L has no non-trivial holomorphic sections. Moreover, the degree is additive
with respect to direct products, that is deg(L ® L) = deg(L) + deg(L).

Up until now, we have been using local descriptions in our treatment of line bundles. In order to obtain

a global description of these objects, one has to utilize the sheaf theory and its cohomology groups.

Definition 2.3.4. Let X be a topological space; a sheaf S on X associates to each open set U C X an abelian
group S(U) and a restriction map ¥ : S(U) — S(V') where V.C U. Furthermore, the restriction map has to

satisfy the sheaf axioms given as follows
1. Given W CV C U, then 7‘5[, = r“//v org.

2. Given 1 € S(U) and 75 € S(V) such that r9-,(11) = 15~ (12), then there exists 3 € S(UUV) such

that 199V (13) = 71 and r§°V (13) = 1.
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3. Given 7 € S(UUV) such that r§°V (1) =0 and rJ°V (1) = 0, then 7 = 0.

Note that we defined a sheaf of abelian groups but one can similarly define a sheaf of vector sets, rings,

vector spaces, etc. Here are some examples of sheaves that will be used later on. Let U C ¥, then
e O(U): the sheaf of holomorphic functions on U.
e O*(U): the sheaf of non-vanishing holomorphic functions on U.
e O(L)(U): the sheaf of sections of a holomorphic line bundle L on U.

One can now form the cohomology groups of a sheaf S as follows. Take a locally finite covering {U;};er of

Y and let
S' =P sy,
J

St = @ ‘S(Ujo N Uj1)7

Jo#j1
st= P SU;,n..nU;).
JoF - Fk
Finally, let C* be the alternating elements in S¥. In other words, every element in S* is an element C*
given that for a permutation of the indices ji, ..., ji that element is multiplied by a sign of the permutation.

Furthermore, let § : C¥ — C**! be the boundary operator defined by

(6f)j07~~;jk+1 = Z(_l)nfjg..jn...jk_,_l |Ujoﬂ~nt+1’

n

and satisfying 62 = 0. Then, one can define the cohomology groups as follows

Definition 2.3.5. The k — th cohomology group of the sheaf S, relative to the open covering {U,}jer is
defined as follows

ker 6 :CP — CPH!

imd:Cp~l = Cp’

H*(%,8) =
We consider now two crucial examples

e Example 1: Let L be a holomorphic line bundle over ¥ and S be its sheaf of holomorphic sections.
If h € C% then (6h);,j, = hj, — hj,. Therefore, (6h) vanishes if and only if it admits a global section
constructed by gluing the local sections together. That is,

H(X,L) = ker §

is the space of global holomorphic sections of L. This example justifies the notation used earlier for the

vector space H’(X, L).

The next example is actually the starting point in connecting Line bundles with the Lax pairs equation.
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e Example 2: Let L be a line bundle with transition functions 7}, defined by the local trivializations ®;
and ®. Then, T = T,;jl and therefore, T}, € C! for the sheaf O*. Furthermore, one can easily show
that these transition functions satisfy the cocycle condition (67');5 = I where I is the identity element
on U; NULNU;. Recall now that the local trivialization is not unique and one could change ®; to h; ®;
and then T becomes T'(dh). We conclude that the transition function of two isomorphic line bundles
differ by 6h for some h € C*. Therefore, the isomorphism classes of line bundles on a Riemann surface
are given by the elements of the group H'(X,0*). In fact, one can show that this group fits into the
following short exact sequence

1 g
BE0) 0 — HY(%,0*) = Z — 0. (2.37)

%7
= sz T 7

The group H!(X,0*) is known as the Picard group of ¥. Note also that the first term in the sequence is
topologically a complex g-dimensional torus as it is the quotient of C9 by a lattice. Therefore, each line
bundle is characterized by an integer invariant, that is its degree. Furthermore, the equivalence classes of
line bundles of some degree d is a g-dimensional torus which we denote by J¢. In fact, all these tori are
isomorphic to the Jacobian of the Riemann surface ¥. Our main goal in the next section is to show that the
time evolution of the operator A(\) defined in (2.36) corresponds to a linear flow of some line bundle on the
torus J¢.

Finally, the following two theorems are crucial in the upcoming analysis; for the proofs see [24] [18]
Theorem 2.3.6. Given a short exact sequence of sheaves on a Riemann surface %
0—>8 =S —S3—~0,

then there exists a long exact sequence of cohomology groups on X given as follows

0= HY(E,S1) = HYS,S,) — HYS,83) 2 HY(S,8) — ...
o HP(D,8)) — HP(8,85) — HP(,85) 2 HPFL(S,S)) — ...
Theorem 2.3.7. (Serre Duality) Given a line bundle L on a compact Riemann surface 3, then
HY (%, L)~ H' (S, L* @ K)*. (2.38)
Furthermore, the pullback of a line bundle is defined as follows

Definition 2.3.8. Let f : ¥ — ¥ be a holomorphic map between Riemann surfaces, then the pull back of a
line bundle L on X is defined as follows

F'L={(z%) € Lx:x(z) = f(V)},

where the transition functions of f*L are Tji, o f where T}y, are the transition functions for the line bundle

L. Moreover, the sections of f*L are the holomorphic maps s : X — L such that Tos = f.
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We now have a complete description of a line bundle over a Riemann surface. The next step is then to

define and classify vector bundles over a Riemann surface 3.

Definition 2.3.9. A rank r vector bundle over a Riemann surface ¥ is a complex manifold E endowed with
a holomorphic projection w: E — ¥ such that the fibre of each point A € ¥ is an r-dimensional vector space.
Furthermore, each A € ¥ has a neighbourhood U and a homeomorphism ®y such that the following diagram

commutes.

L(U) -2 U xCT

Finally, ®y, o <I>5]_1 :U; x C" = Uy, x C" has the following form

(>‘a 77) - ()‘7 Tjk()‘)n)a
where Tji(X) : U; N Uy — GL(r,C) is a holomorphic map to the space of invertible r x r matrices.

As before, the matrices T}, are called transition functions and they satisfy the following relation T}, T); =
Tj;, and @y, is a local trivialization of the vector bundle over U;. Obviously, line bundles are rank-1 vector
bundles and therefore all the properties discussed earlier of line bundles extend simply to vector bundles as

follows

e Given two vector bundles E and E, one can form their direct sum E @ E and their direct product E® E
where tk(E @ E) = rk(E) deg(FE) + rk(E) deg(FE) and rk(E @ E) = rk(E) + rk(E).

e Given a vector bundle F, one can form its dual E* whose transition functions are the inverses of the

matrices Tjy.

e The highest exterior power of a vector bundle E forms a line bundle defined by det(E) = A"E. This
line bundle has transition functions det(T};) and the degree of the vector bundle E is defined to be the
degree of this line bundle.

e Finally, the Serre duality applies to vector bundles as well.
Furthermore, let H°(X, E) be the vector space of global holomorphic sections of the vector bundle E, then

Theorem 2.3.10. (Riemann-Roch) Given a vector bundle E on a compact Riemann surface ¥ of genus g,
then
dim(H°(Z, E)) — dim(H' (2, E)) = deg(E) + (1 — g)rk(E). (2.39)

The theorem is usually proven by induction on the the rank of E as in [28] .
In what follows, our Riemann surface will always be the projective line P!. Fortunately, the classification

of line and vector bundles is quite simple in this case. Recall that we showed that the equivalence classes
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of line bundles are classified by the Picard group H'(X,0*) that fits in the short exact sequence (2.37). As
mentioned before, the first term is topologically a g-dimensional torus which is trivial in this case since the

genus P! is zero. Therefore, the short exact sequence simplifies to
0— HY(Z,0%) = Z 0. (2.40)

Hence, the Picard group is isomorphic to Z and line bundles are classified (up to an isomorphism) by the
integers. That is, equivalence classes of line bundles on P! are classified by an integer that is equal to their

degree. Fortunately, the classification of vector bundles is also simple in this case [22].

Theorem 2.3.11. (Birkhoff-Grothendieck) Let E be a rank-r holomorphic vector bundle over P, then

E = @O(aj)

for some a; € Z.

Recall that the line bundle L, has degree one and so is isomorphic to O(1) and similarly L,, ®...Q L,, =

O(m). An interesting corollary is the following

Corollary 2.3.12. A holomorphic vector bundle E on P! is trivial if and only if deg(E) = 0 and H°(P*, E(—1)) =
0 where E(—1) = E® O(-1).

We can now use this information to construct vector bundles on a Riemann surface X from line bundles
on a covering space X as follows. Let f : ¥ — ¥ be a holomorphic map, then the degree of f is defined as

follows
deg(f) := deg(f*Ly)

for some p € 3. Therefore, a section of the line bundle f*L,, vanishes with multiplicity deg(f); that is simply
the number of points in f~1()\) if A is a regular point in . Furthermore, given a sheaf S on ¥, one can

define in a canonical way the direct image of this sheaf on X as follows
(f:S)(U) = S(f1(U)).
Furthermore, one can compute the degree of F using the following proposition

Proposition 2.3.13. Let L be a holomorphic line bundle on ¥ and let S = O(L) be its sheaf of sections,
then

o HO(X, f,O(L)) = HO(Z,0(L)).
e f.O(L) = O(FE) where E is a rank-r vector bundle on X and r = deg(f).
e If E is a holomorphic vector bundle on X, then

fOL® f*E) = O(E® E).
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For the proof see [23]. Finally, using the above construction, one gets a relation between the degrees of

the vector bundle £ and the line bundle L.

Theorem 2.3.14. (Grothendieck-Riemann-Roch) Given the line bundle L and the vector bundle E defined

above, then
deg(E) = deg(L) + (1 — ) — (1 — g) deg(f), (2.41)

where § is the genus of & and g is the genus of 3.
Furthermore, an immediate consequence of corollary (2.3.11) and proposition (2.3.12) is the following

Proposition 2.3.15. Let L and E be defined as above where deg(E) = 0, then E is trivial if and only if
L(-1)=L® frO(-1)
has no nontrivial holomorphic sections.

Now consider the degree-r map f : ¥ — P if deg(L) = r + (§ — 1), then deg(L(-1)) = (3 — 1).
Therefore, if L(—1) has no non-zero holomorphic sections, then E = f,L(—1) is a trivial vector bundle on
P!, Furthermore, recall that the theta divisor © C J97! is the set of isomorphism classes of holomorphic
line bundles with non-zero global holomorphic section. That is, the isomorphism classes of the trivial line
bundle on J9~!. Then

HY(Z,L)=HY(Z,L) =0

for the line bundle L € J971\ ©. Now, let U C P!, L(n) = L ® f*O(n), E(n) = E ® O(n) and let
n € H°(X, f*O(n)), then multiplication by 7 defines a linear map

n: HY(f7H(U), L) — H°(f1(U), L(n)).
This map descends to a homomorphism of E defined by
A: H(U E) — H°(U,E(n)).
Since F is trivial, A is globally defined and therefore
A: H(PY, E) — H°(P', E(n)),

where HY(P!, E) = C" and H(P!, E(r)) 2 C"®@H°(P*, O(n)). Thus, A4 is an r xr matrix-valued holomorphic
section of O(n). Namely
AN) = Ag + AN+ ..+ A\ € HO(PY, O(n)). (2.42)

Finally, we have constructed a matrix-valued polynomial from a line bundle L over the Riemann surface 3.
Our aim now is to show that to every A(\) there is attached an algebraic curve, called the spectral curve
defined by the following equation

det(n — A(X)) = 0. (2.43)
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In fact, the eigenvalues of A(\) are not single-valued functions of A since for each A there are r solutions to
the equation (2.43). Therefore, there is an 7-fold cover of P! over which the eigenvalues 71 are single-valued.
This covering is the spectral curve of A(A) on which the eigenvalues 7 are single-valued functions of .

Let A € P!, and let U be a neighborhood of A, then the preimage of U under the map f consists of 7

neighborhoods U; and by proposition (2.3.12)

r

H(U,E) =@ H(U;, L).
j=1
Then, one can choose a basis of sections (si,...,s,) of E over U that correspond to a basis of sections
(01,...,0,) of L over f~1(U) that satisfy

Note that F is trivial and therefore s; are vector-valued functions. Recall now that 7 acts on H°(f~'(U), L)

by multiplication and therefore, the basis of sections (o1, ..., ;) satisfy the following equation
Aoy =nl|u,0;.
By continuity at every point of X, A()\) satisfies the following equation
det(n — A(\)) = 0. (2.44)

This equation defines the spectral curve of A(\) mentioned earlier. Furthermore, the section 7 defines the

following commutative diagram

Let S be the total space of the line O(n), then  embeds ¥ into S and the image is given by the spectral

curve equation (2.44). In conclusion, we have established the following correspondence
e The spectrum of A(\) is a Riemann surface X.
e The eigenspace of A()) is a line bundle on X.

This correspondence is given formally by the following theorem.

Theorem 2.3.16. Let Y be a smooth curve, and let X be the space of all A € H°(PY,O(r)) with a spectral
curve Y. Then PGL(r,C) acts freely on X by conjugation and the quotient is identified with J9~*(Y) \ ©.

Proof. This proof follows [27].

Let L be a degree g — 1 line bundle on a Riemann surface ¥ that has genus g, and let f be degree—r
covering map f : ¥ — P!. Then the line bundle L pushes forward to a vector bundle E = f.L on P!
Furthermore, multiplication by 7 : H°(X, f*O(n)) defines a linear map

0 HY(f7H(U), L) = HO(f7H(U), L(n)),

23



and this map pushes forward to a homomorphism on P!
A: H(PY, E) — HY(P', E(n)).
If L does not belong in the theta divisor, that is if L € J9=1\ ©, then
HY(®,L) = H°(%®,L) =0.
Therefore, by the functorial properties of the direct image this is equivalent to
H'(P',E)= H(P',E) = 0.

In other words, the bundle F is trivial and therefore by Grothendieck-Riemann-Roch

E-= éom),

and so Hom(E, E) = Hom(O",O"). Therefore, one can interpret A € H°(P*, O(n)). O

2.4 The Linear Flow

One can now use the above construction to discuss the geometric nature of the Lax pairs equation given by

% = (A, B, (2.45)

where A(\) = Ag + A4\ + ... + A, 2™ and B(A\) = Bg + BiA + ... + B,\". The Lax pairs equation implies
that the spectrum of A is conserved while the corresponding eigenvectors vary with time. That is, the
eigenspace bundle varies on a complex torus as time flows. Our purpose in this section is to show that if the
eigenspace bundle follows a straight line on the complex torus L;(—1) € J971\ O, then there is a basis for the
trivial bundle on P! such that A(A\) and B(\) satisfy the Lax pairs equation. As will be shown shortly, this
construction will force B(X) to have a specific form. The problem of realizing non-linear flows given by the
Lax pairs equation as a linear flow of the eigenspace line bundle was studied using cohomological techniques
in [20]. However, our approach in this section closely follows the algebraic geometric approach presented in
[28].

First of all, we need a good description of S the total space of the line bundle O(n) over PL. Since S is
two-dimensional complex manifold, one can use the standard patches S = U U U where U and U are both
isomorphic to C2 and U NU = C* x C. Furthermore, let (X, n) and (X, 7) be local coordinates on U and U
respectively. On the overlap, these coordinates are related as follows

A=271
(2.46)
7=nA"".

Recall now that X is embedded in S as follows

n(X) C S such that det(n — A(N)) =0.
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But since

det(n — AN) =" + a1 (AN + oo + am(N),

then it is the zero set of a holomorphic section 7*O(mn) on S, where 7 : S — P! is the canonical projection

of the line bundle. Therefore, there is a short exact sequence

et(n—A
det(n—A(X))

0 — O(mn) Os =+ 0x =0

that gives rise to the long exact sequence

det(n—A(
EEEEe——

HY(S, O(mn)) V), HY(S,0) = HY(S,0) - 0.

Note that H?(S, L) vanishes for any L € S since S is covered using only two patches. Moreover, from the
properties of the exact sequence, we see that H!(X, O) can be described as H'(S,O) modulo the image of
det(n — A(N)). Note that H'(S, ) is described by holomorphic functions on U N U modulo functions that
extend to U and U. In other words, H'(S, ©) is described as functions

oo o0

> D awr N

j=—o00 k=0

on UNU = C* x C modulo functions

on U 2 C2, and functions

on U = C2. Finally, H'(X,0) is described as H'(S,®) modulo the image of the equation
det(n — A(X)) = 0.

Hence, any class in H!(2,O) can be described by

T(n,\) = z_: b E\Ajznj : (2.47)

j=1

where b;()) are polynomials and N € Z*. It follows that

exp{Y(n, A)}

gives a class in H'(X,0*) that corresponds to a degree zero line bundle. Moreover, one can now use the
patches XNU and XN U to cover ¥. In this case, one can express any line bundle of degree d as a line bundle

with transition function

Texp{T(n, )},
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where T is the transition function of some fixed line bundle of degree d. Then making a linear variation in

H(X,0), we get a family of line bundles L; that correspond to the transition functions
T exp{tT(n, A},

where T is independent of time.

Suppose now that we have a family of sections varying with time, each section in
H°(Y,L;) = H'(P',E,) =C",

where E, is the direct image of L;. These sections will be given by functions s(t) and 5(t) on U and U

respectively, and they are related as follows on the overlap U N U

s(t) = T exp{Y(n, A)}5(t)-

Therefore, taking a varying family of global sections of L;

then these are represented by functions s; and 5; that are related by

5j(t) = T exp{tT(n, \)}5;(t),

where j = 1,...,r.. Differentiating with respect to ¢, we get

aSj 8§j

Now recall that n acts on these sections by multiplication as follows
ns; =Y Arjsk, (2.49)
k

where Aj;, are the components of the matrix A(\) given in this bases of sections. Recalling that T(n, ) is a
polynomial in 7, we can write (2.48) as follows

Osj _
ot

5 (2.50)

D AN, Nrjse + T exp{X(n,\)}
k

Moreover, since Y(A(A), A) is a finite matrix-valued Laurent series in A, one can split it into polynomials T
in Aand Y~ in A~
T(AN,N) =TT +71".

Note that the constant term can be put in either polynomial T* or T~ and it can also split between the
two. Either way, this is not going to affect the following argument as will be shown shortly. Hence, (2.50)
splits as follows

0s; — 05;
O S Tk = Y T+ Tep (T )
k k
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But since
si(t) = T exp{Y(n,\) }3k(t),
then

0
SJ Zrkysk =Texp{Y(n, A (ZT S+ ) .

Since the L.H.S is holomorphic in A and the R.H.S is holomorphic in A~!, the two sides defines a global

section u;(t) of L. Recalling that we chose o1, ..., 0, to be a basis of global holomorphic sections of Ly, then

88] ZTkjSk —ZCkJSk,

where C}; are the components of a matrix C(t) that depends holomorphically on ¢. Consider now (2.49),

differentiating both sides with respect to time, one gets

[0 5~ (04 dsi
ot ;<8t>kjs’“+zk:A’” ot

oA (2.51)
= <6t> st > Awi (T + Ci)si
l lj k.l
However,
0s;
n 8t] = nzk:(T;j + ij)sk = ;(TE + ij)Alksl- (2.52)
Combining (2.51) and (2.52), we get the following equation

0A
i [A, T + C(1)] (2.53)

Now recall that we chose an arbitrary moving basis o1 (¢), ..., o (t) for the space global sections of L;. Choos-

ing another basis amounts to a change of frame and in this case A()) transforms by a gauge transformation

as follows
A=G1AG. (2.54)
Then
0A dG ; DA ~dG™1
B thG +G6G +GA TR
and using the fact that
dG—1! 1 dG
a - ¢ @t
then
0A dG ; DA . dG

- 110G 1
E T AG! +G8G — GAG dtG .

At the same time, the R.H.S of the Lax pairs equation becomes
[GAG™Y, YT 4 C(1)).
One can then show that if
o =C G, (2.55)
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then, A satisfies the following Lax pairs equation
% =[A,TT(A,N)] (2.56)
Therefore, solving the linear equation (2.55) gives a moving frame in which A()\) and B()\) = YT (A, \) satisfy
the Lax pairs equation.
In conclusion, if we vary the line bundle L; linearly in time, then there exists a basis for the trivial bundle

E; — P! such that A()) satisfies the Lax pairs equation

dA
!

In this case, B(A) = YT+ (A, \) is the projection over the polynomial part of the quantity

T(A,N) =

(2.57)

where N € Z* and b;(\) are polynomials. Finally, note that B(A) is not unique. In particular, any
transformation of the form B(\) — B(\) + CA%(\) does not alter the Lax pairs equation where C' is a

constant and j is an integer.
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3 Euler’s Equations for The Motion of a Free Rigid
Body

3.1 Lax Pairs and the spectral curve

Euler’s equations describes the motion of a free rigid body around its center of mass. It is one of the most
extensively studied classical Hamiltonian systems that exhibit the notion of integrability [4], [32]. In three

dimensional space R3, Euler’s equation can be written in the following vector form

%M—wazo, (3.1)

where M is the angular momentum vector defined by M = [w such that I is the moment of inertia matrix
(tensor) given by I = diag(I1, I2,I5) and w is the angular velocity vector. Note that the right-hand side is
zero because the system is torque-free.

The configuration space is the space of positions the system can attain and this space is spanned by the
generalized coordinates of the system. Therefore, the configuration space of the motion of a rigid body is the
group of rotations SO(3) because each element of SO(3) describes a certain orientation of the body in space.
Furthermore, the motion is described by a trajectory ¢ — f(t) € SO(3) and the velocity is described by an
element in the tangent space f € TySO(3). Recall now that s0(3) is the Lie algebra of SO(3) whose elements
are represented by skew-symmetric 3 x 3 matrices. The elements of this Lie algebra represent infinitesimal
rotations as they are obtained as elements in the tangent space at the identity of the rotation Lie group
SO(3). However, the tangent space at any element f € SO(3) may be mapped to the Lie algebra so(3) by
left or right translation. Therefore, one may consider the angular velocities to be elements of the lie algebra
50(3)

w € 50(3).
Now recall that the Lie algebra so(3) can be also identified with its dual s0*(3) using the Killing form.
Similarly, since the inertia tensor is represented by a symmetric positive definite matrix, it defines an inner

product for elements in the Lie algebra so(3). Therefore, it defines a map that identifies the Lie algebra so0(3)
with its dual

I:50(3) = s0(3)".

In this case, one can show that Euler’s equation can be written as an Euler-Arnold equation, also known as
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Euler-Poincaré equation, as follows

d
—M =ad,M 2
dt a w Y (3 )

where ad, is the co-adjoint action of the Lie algebra defined as follows
(adi M, 1) == (M, |w, (]},

where ¢ € s0(3). Finally, equation (3.2) is also equivalent to the Lax pairs equation

d
- M = [IM, M), (3.3)

where [ is the inertia tensor. With this background in mind, our approach to Euler’s equation is different
from this classical approach. In fact, we start by noting that the Lie algebra so(3) is isomorphic to the
Lie algebra su(2) of traceless, skew-Hermitian matrices. We will then formulate the problem on su(2) and
define new Lax pairs that are compatible with this Lie algebra. We will then be able to relate the Lax
pairs of Nahm’s equations with that of Euler’s equations. Therefore, rather than solving Euler’s equations
directly, one may transform Euler’s Lax pairs to Nahm’s Lax pairs, solve Nahm’s equations and then pull the
solution back to obtain an explicit solution to Euler’s equations. This will be our technique in appraoching

the problem.

In component form, Euler’s equations are given as follows

. (I — I3)
M, = Moy M.
1 1213 2 3
. Is— T
M, = (s 1)1\431\41, (3.4)
L1,
(I = 1)
Ms e M, M,

In order to simplify calculations, we introduce the following constants

- 13
a; = 1213 )
I3 -1,
_ 3.5
= Il (3:5)
 Li—h
as = 1112 .

Then, equations (3.4) will have the following form

M, = a?MyMs,
My = a3 MM, (3.6)
M3 = a%MlMQ.

Now, to formulate the problem on the Lie algebra su(2), one can choose the following matrices to be the

30



generators of the Lie algebra su(2)

110 1

Sl = 5 s
21 1 0
1 {0 —1

SQ = - 5 (37)
21 7 0
1 ({1 O

S = —

P2y 1

In fact, these generators are defined in terms of the Pauli matrices o; as follows

1 ‘
8j= 505 ((=1..3). (3.8)

One can then show that these matrices have the following commutation relations
[Sjvsk] = ejlel (J?kal = 17233)' (39)

where €y is the anti-symmetric Levi-Civita symbol. Furthermore, since 02 = I, where Iy is the 2 x 2 identity
matrix, then
-1

SJQ = TH27 (.7 = 1a2a3)

Now, let m; = M;S;, where j =1, ...,3. Then Euler’s equations (3.6) can be written as follows

mig = az[ms, m], (3.10)

We would like now to find the specific form of the Lax pairs for Euler’s equations when formulated on

the Lie algebra su(2). For that purpose, let

A(N) = amq + Bma + Ayms + A2 (@'mq + B'ma),

(3.11)
B(\) = dms + Ma'my + 'mg).
and we require that this pair satisfies the Lax equation
d
SAM) = [A0), O (3.12)

Substituting A(A\) and B(A) in (3.12) and matching the coefficients for different powers of A we get the

following system of equations

)\0 : cmll -+ ﬁmg = —a5[m3,m1] + 55[m2,m3],
A mig = (apf’ — Ba’)[my, ma), (3.13)

N a/my + B = o/ (7 — 6)[ms, mi] + B'(5 — ) [ma, m3].
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These equations can now be solved for the coefficients «, 3,7,9,a’, and 8’. Evidently, the choice of these
coefficients is not unique. However, one has to make sure that any choice made is consistent with Euler’s

equations (3.10). Solving this system of equations, we get the following expressions for constants
a = —a' =iasas,
B =5 =aas, (3.14)
v =20 = 2iaias.
Hence, A(A) has the following form
AN = a1 = A)my + B(1+ X)ma + Aymg,
1 M3\ a(1 = A2)My — iB(1 + A\2)M, (3.15)
20 (1= A2)M; +iB(1+ N2)M; M '

Note that since we formulated the problem on the Lie algebra su(2), A()) is traceless and skew-hermitian
as expected. Furthermore, since A()) is quadratic in \, then A(\) € H°(P', O(2)) ® su(2). Since we have
the explicit form of the matrix A()), we can now study the spectral curve associated to Euler’s equations,

namely,

det(n — A(N)) = 0. (3.16)

Since A()) is traceless, this equation simplifies to the following form n? = —det(A), therefore
n? = bo(1 + A*) + b1\’ (3.17)

where

-1
bo = — [a* M} + B*M;]
[aza5 M7 — afa3My] o1

by = = [a® M} — B2 M3 — 26° M5,

— N =

_ 2 2372 2 27712 2 2372
= = [2afa3 M35 — a3a5 M} — aja3 M3 ] .

[\

By Riemann-Hurwitz formula, the spectral curve has genus one. Consequently, this spectral curve Y is an
elliptic curve and therefore is a double cover of the Riemann sphere P!. As mentioned before, the eigenvalues
n of A(\) are single-valued functions of A on this cover. Furthermore, the spectral curve Y is isomorphic to
the Jacobian J(Y) and the theta divisor is just a single point in J(Y') which we may take to be the origin.

Finally, the coefficients by and b; of the spectral curve are constants of motion

d d
Zby==b =0.
a 0= g =0

In fact, by a simple computation one can use Euler’s equations verify this explicitly in this case. Now, one

can ask an interesting question. Since these coefficients are time-invariant, they should be related in some
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way to the constants of motion of the system. Since the system is torque-free, the kinetic energy and the
angular momentum are conserved quantities defined as follows
1 /M2 M2 M2
— 5 (1 4 2 4 3) ,

Lo Lo I (3.19)

M? = M} + M3 + M3.

As one would expect, by and b; can be expressed as linear combinations of these two constants of motion.

Namely, one can show the following

2 2
bo:a:fs[E_M],

4 I3

2 2 2 (3.20)
b — |% _ % %fwﬂﬂﬁ
YL L] 2 1%l

3.2 The linear flow

Before attempting to solve Euler’s equations explicitly, we might ask whether the problem can be linearized
using the scheme of the last chapter or not. Recall that we showed in the last chapter that the flow of the
eigenspace line bundle L; for some A(A) linearizes on the Jacobian J(Y') if B(A) has the specific form

T (AN,

where Y (n, \) is given by (2.47). In the present case, r = 2 so that

b(A)A(A
T(AN) = bMAR) iN( )
Let N =1, and b(\) = 1, then
r(a,n) = AN O | ot ),

A A
and therefore

T(A,N)T = B(\) = dms + Aa'my + 'ma).

Hence, the flow of the line bundle ¢ — L; for Euler’s equations linearizes on the jacobian J(Y'). The next
goal is now to integrate the problem explicitly. For that purpose, we take a detour to solve Nahm’s equations

and then we will utilize this solution to solve Euler’s equations.

3.3 Nahm’s equations

Nahm’s equations originated in the study of monopoles and since then, they have played a crucial role in
several parts in geometry and physics [39] [25]. These equations can be obtained as a dimensional reduction

of the self-dual Yang-Mills equations over a 4-dimensional manifold by imposing translational symmetry in
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three spatial directions. More specifically, consider the space R* with a positive Euclidean metric Z?zl dx?

and then apply a 3-dimensional group of translations
(x()vmlva?xS) — (5507551 + C1,T2 + C2,X3 + C3)~

Then, a translation-invariant connection gives three Higgs fields T7, T5, T3 that satisfy the Nahm’s equations

dT;

dtl = [T27T3]a

dT:

d7t2 = [T37T1]a (321)
dT:

o =T

For more details about this reduction process, one may consult [33], . Our strategy here will be to transform
the Lax pairs of Euler’s equations to that of Nahm’s equations, then explicitly solve Nahm’s equations in
terms of theta functions. Finally, we will be able then to pull the solution back to obtain an explicit solution
for Euler’s equations. Furthermore, the solution method of Nahm’s equations presented here closely follows
Hitchin’s work [27] with some minor adaptations. For our purpose, we consider Nahm’s equations for which

T; € s1(2,C). One can now introduce A(\) € H°(P!,0(2)) given by
AN) = (Ty +1iTy) + 2T\ — (T) — iTy) N>, (3.22)

By theorem (2.3.16), A(\) corresponds to a the spectral curve Y C O(2) defined by det(n — A()\)) =0 and a
line bundle L;(—1) € J(Y)/O. Then, Letting B(A\) = A(X)/\ and projecting over the polynomial part one

gets

B(\) = (Ag\/\)>+ =T5 — (T1 — iTo)\.
Then, one can explicitly show that A(\), and B(\) satisfy the Lax pairs equation. Furthermore, since B(\)
has the form YT (A, ), then the flow of A(\) corresponds to a linear flow of the line bundle L; on the Jacobian
J(Y) where Y is defined by the following equation

4
1 .
n* = —det(A) = iTT(AZ) = g a; N, (3.23)
Jj=0

where the coefficients of the spectral curve a; are invariants of motion given explicitly as follows

1
2
a; = 2 [TT(Tng) + ’LTT(TQTg)] s

ag = = [Tr(TE) — Tr(T3) + 2iTr(TyT3)],
ay = [20r(T3)? — Tr(T?) — Tr(Ts)?], (3.24)
az = 2 [ZT’I“(TQTg) — TT(T1T3)] s

ay = % [Tr(T?) — Tr(T3) — 2iTr(T1 Ty))].
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These can also be written as follows

ay + az = 4 Tr(TxTs),
a1 — a3z =4 Tr(TyTs),
ap + ag = Tr(T?) — Tr(T3), (3.25)
ap — ag = 2i Tr(T1Ts),

ay = [2T7r(T3)? — Tr(T?) — Tr(Ts)?).

Since the L.H.S of each equation is an invariant of motion, therefore the right hand side of each of these equa-
tions is also an invariant of motion. These are the holomorphic functions on the Jacobian J(Y). Obviously,
the functions T?"(T]?) where j = 1,...,3 are not in the space spanned by these functions. Therefore, these
are not constant functions on the Jacobian. Recalling that the only holomorphic functions on a compact,
connected manifold are the constants, we conclude that these functions are meromorphic with poles along
the theta-divisor. In fact, this conclusion is also a direct consequence of theorem (2.3.16) since every A(\)
acquires a pole on ©. Our goal now is to examine the nature of these poles. In fact, it is shown in [25] that
at t = 0 as well as at any point of O, each T};(¢) acquires a simple pole. In the present case, © is a single
point which we take to be the origin ¢t = 0. Therefore, in a neighborhood of ¢ = 0, the triple T} (t) are given

as follows

Ti(t) = % YTt (j=1,..3). (3.26)

where x;,(;,7; € sl(2,C). Then, imposing Nahm’s equations (3.21) on this representation, we get the

following relations

[X2ax3] = —X1,
[X2,C3] + [C2,x3] = 0, (3.27)
[T2>X3] + [CQa CB] + [X277—3} =T1,

and the same expressions hold for any cyclic permutation of the indices. The first equation suggests that the
matrices x; can be taken to be the generators of the Lie algebra su(2). This is in fact true up to conjugacy
as was shown in [25]. Therefore, up to conjugacy, these matrices can taken to be the matrices S; defined in

(3.7). But since

1 .
SJQ - _Z]IZXQv (J = 13273)7
then
-1 2 .
Tr(T7)(t) = o T3 Tr0u6) +2Tr(gm) + - (7 =1,2,3). (3.28)

Our purpose is to show that {; = 0, and therefore the residue in the previous formula vanishes. Consider the

second relation in (3.27), it implies that

(X1 [x2, Gs]l = [xa, [xss Gl (3.29)
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Factoring the L.H.S through Jacobi identity

[Xla [X27 43]] = 7[437 [XhXQH - [X27 [C3a Xl]]a
(3.30)
= [Gs, x3] + [x2s [xa, G-
Similarly
[x1, [x3, C2l] = —[C2s x2] — [x3, [C2, xa]l- (3.31)
Thus, from (3.29)
[C3, x3] + [C25 x2] = —[x2, [x1, G]] = [x35 [C2s xa]]s
= [x2, [C1, x3]] + [x3 [x2, G1]]s
= *[Cl,Xl]-
Therefore,
3
A [ x;] =0. (3.32)
As a consequence,
[x1s Dxas Gl + [xas [xes Gal] + [xas [xs, G3]] = 0. (3.33)

Again, factoring the last two terms through Jacobi identity and cancelling terms through the relation (3.27)

we get
[X17 [Xla Cl]] + [XQ’ [X27 Cl]] =+ [X?)? [X37<1]] = O
In other words,

((adx1)? + (adx2)? + (adx3)*)G1 = 0, (3.34)

and same equation holds for (o and (3. Now, recall that these matrices are defined up to conjugacy. Further-
more, recall that for the Lie algebra s[(2,C) one can always choose a basis for the Lie algebra such that the
adjoint representation of y; is diagonal while the adjoint representations for x2 and s are nilpotent. Since
5[(2,C) is the complexification of the Lie algebra su(2), the same is true for the Lie algebra su(2) and one

can always choose a basis x1, x2 and x3 such that ad(x1) is diagonal while
(adx2)? = (adxs3)? = 0.

Therefore, equation (3.34) simplifies to
(adx1)%¢1 = 0. (3.35)

Therefore, ¢; commutes with ;1. However, since equation (3.34) is also true for (> and (3, we conclude that
X1, Gl =0, (1=12,3).
Consider now permutations of the second equation in (3.27)
[x3,C1] + G xal =0,

[x1,C2] + [C1,x2] = 0.
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Since [(3, x1] = 0 and [x1, (2] = 0, then [x3,(1] = 0 and [(1, x2] = 0. Therefore, we conclude that
Klij] :07 (]:172a3)

One can also do the same calculation for {; and (3. Therefore

(Xj ¢l =0, (,k=1,..,3).

However, one can show explicitly that this equation implies that (; = 0 for each j. Therefore, we conclude

that
G =0, (j=1,2,3).
Hence,
Tr(T?) = # +2Tr(x;m) + ... (1=12,3). (3.36)

Therefore, Tr(TjQ) are meromorphic functions on the Jacobian J (V') with vanishing residues and double

poles at ©.

3.4 Solving Euler’s Equations

Now we utilize the obtained solution to Nahm’s equations to obtatin an explicit solution to Euler’s equations.
Recall now from chapter 2 that the Weierstrass p function is a doubly periodic meromorphic function defined

on the Jacobian of a Riemann surface and has the following expansion in a neighborhood of z =0

1 ge2® g3zt
ple) =z + %55 + g T

where go and g3 are constants defined as follows

=60 - -
92 = 22 (2mw + 2nw )4’
m +n2750

1
gs = 140 Z Tom L 09,16
2 pe£0 (2mw + 2nw’)

and w and w’ are the periods of J(Y). Let z = xt for some constant x, then

1 gor2t? gartt
t) =
o) = opt Tt s

Note that the principal parts of —"“Zip(nt) and Tr(T7)(t) coincide. Therefore,
12
Tr(T7) + Sp(st) (5 =1,2,3)

J

is a holomorphic function on J(Y') and therefore is a constant. We conclude that

2

Tr(1?) = =Tp(kt) + Gy, (7 =1,2,3), (3.37)

for some constants Cj;.
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Now consider the Lax pairs of Euler’s equation (3.11) and that of Nahm’s equation (3.22). These two are

related by the following transformation
T1 = amsa, T2 = —iﬁm% T3 = 5m3. (338)
Therefore,
2 L oo
Ir (T1) =a Ml T’”(S1) §a2a3M1,

1
Tr(T3) = —B*M5Tr(S3) = §a1a§M2, (3.39)

1
TT(T??) :52M3 (53) ) 1Q§M3-

In conclusion, the solution to Euler’s in a neighbourhood of the point ¢t = 0 is given as follows

aza3M? = —k%p(kt) + Cy,
ataiM3i = —k%p(kt) + Cs, (3.40)
atas M2 = —k%p(kt) + Cs.

Few crucial points should be noted here. First of all, in the transition from Euler’s equations to Nahm’s
equations we switched from the Lie algebra su(2) to the Lie algebra si(2,C). However, s[(2,C) can be

obtained from su(2) by complexification, that is
su(2) @ isu(2) = sl(2,C),

so there is no harm in this transition. Furthermore, since we have set z = kt, therefore x is in general a
complex parameter in this solution. Finally, the solution is local and singular at ¢ = 0 since we chose the
theta-divisor to occur at z = 0. However, we could choose another local coordinate in order to translate the
theta-divisor to some point other than z = 0. In this case, the singularity will also be translated to another
moment in time ¢ # 0. However, we can not get rid of this singularity since the solution has to become
singular once the eigenspace bundle hits the theta divisor. However, there is no harm in this singularity

since, as mentioned in theorem (2.3.16), the solution is only defined on J(Y) \ ©.

3.5 Alternative Solution

In the last section, we showed one can obtain an explicit solution to Euler’s equations by transforming them
into Nahm’s equation. In this section, we provide another solution by integrating the equations explicitly.
Namely, We will exploit the constants of motion M? and E defined earlier in order to express the angular
velocities w; in terms of the Jacobi elliptic function sn(x,k). This solution is then a manifestation of the
fact that the integrals of motion reduce the degrees of freedom of the system and therefore enable us to find

the trajectory of motion. In the present case, the configuration space is three dimensional and we have three
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constants of motion. Therefore, utilizing these two constants reduce the configuration space of the rigid body
to one dimension. Hence, one can explicitly find the trajectory for the element ¢t — f(t) € SO(3) representing
the motion of the rigid body.

The Jacobi elliptic sine function is defined implicitly as follows

_/sn(z,k) du (kg <1) (3.41)
A N '

Therefore, the function sn(zx, k) is the inverse of the elliptic integral of the first kind. Now, consider the two
constants of motion
M? = M + Mj + Mg,
p_L(M M3 M3 (3.42)
=2 (11 P >
One can then use (3.42) to express M3 and M2 in terms of M?. After some calculation, one gets the

following formulas

1 M?
M= — [ang +2E — }

aj IQ

L a2 (3.43)
Mj=— [ - 2E+a§M12}

ay 13

where aj,as and a3 are the constants given by (3.5). Consider now the first equation in (3.6); squaring both
sides one gets

M} = aiMFM3,
then substituting (3.43) into this equation we get

M? = bo 4 by M? + by M, (3.44)

where the real constants by, b1, and by are given as follows

11 M4
bo=2EM?*| =+ =) —4E*> - —
’ (IS - I2) L5’
2 2
by=M2 (8B _22) L op(a2 — ), (3.45)
I; I

by = a3a3.
Now, define the two roots of the polynomial in the R.H.S of (3.44) as follows

b+ /02— dbobs

4
5y (3.46)

T+

Then, one can write (3.44) as follows

t Ml(t)
[a=]" Fememmr
0 0 by + b1y? + boy? (3.47)
1 /Ml ® d(y/\/r=) .
o W/

t:

VTt y?/ry = D(y?/r- —1)
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Now let w = y/,/r— and rearrange, then

Ma(®) du
ey A = ot (3.18)

Comparing this with the Jacobi elliptic function defined in equation (3.41), we see that

M, (t) = sn(ty/r,/r—/ry). (3.49)

One can also repeat the same calculation for Ms(t) and M3(t) to obtain similar formulas. Alternatively,
substituting the obtained solution in (3.43), we get explicit solutions for My (t) and M;(¢).

Note that sn(z, k) is an odd function in z. Therefore, M (t) is an odd function in ¢ as we may expect. In
other words, applying a time-reversal transformation ¢ — —t will transform M;(t) — —M;(¢). On the other
hand, p(rt) is an even function in ¢, and therefore M7 (t) is an even function in ¢t and M7 (t) is invariant under
time-reversal transformations. Therefore, these results are consistent with our physical intuition regarding

how these classical observables transform when acted on by time-reversal transformations.
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4 The Moduli Space of Higgs Bundles

4.1 Introduction

In classification problems, one usually has a collection of objects and an equivalence relation between them
and the goal is to describe equivalence classes of such objects. Usually, there exists discrete invariants
that partition these equivalence classes into a collection of dissociated subsets. Classification problems in
geometry are usually studied by introducing the notion of a moduli space; this is a space whose points
represent equivalence classes of certain objects. In this chapter, our goal is to present a quick review of the
moduli space of Higgs bundles over a compact Riemann surface ¥. A Higgs bundle over a Riemann surface %
is a pair (E, A) consisting of a holomorphic vector bundle E and a twisted End(E)-valued holomorphic 1-form
called the Higgs field A. Higgs bundles first appeared in Hitchin’s study of the self-duality equations over
a Riemann surface [26]. They also appeared in the PhD thesis of Carlos Simpson and his subsequent work
on non-Abelian Hodge theory [50]. Since then, Higgs bundles have held a privileged position as they arise
at the crossroads of many areas in mathematics and physics. For example, they play a crucial role in gauge
theory, Kahler geometry, integrable systems, mirror symmetry, Laglands duality, and even supersymmetric
quantum field theories. For a review of the moduli space of Higgs bundles and some of its old and recent
applications see [1], [9], [47], [49], [51]. In order to classify Higgs bundles and study their moduli space, it
would be more convenient to start by classifying Hermitian vector bundles over a Riemann surface 3. Recall
that holomorphic vector bundles over P! are classified by the Birkhoff-Grothendieck theorem. Furthermore,
holomorphic vector bundles are classified in the genus one case by the work of Atiyah [3]. However, classifying
isomorphism classes of holomorphic vector bundles over a Riemann surface with higher genus is a much more
subtle endeavor. Here we assume that ¥ is a Riemann surface of genus ¢ > 2. Furthermore, we will
study holomorphic vector bundles from the prespective of the 9 operators. The advantage of adopting this
approach is that the transition from the moduli space of vector bundles to the moduli space of Higgs bundles
will be smoother and more comprehensible. As usual, we will omit the proofs of most theorems presented

here and refer to the relevant references accordingly. For full treatment, one may consult [29], [52].

4.2 Hermitian Vector Bundles

We start here by introducing the basic notions and theorems of Hermitian vector bundles using the same

notation as in chapter 1. However, for the purpose of this chapter, a holomorphic vector bundle is a pair
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(E,0g) where E is a smooth vector bundle and the operator dg defines the holomorphic structure on E
as will be shown shortly. A holomorphic vector bundle is then E = (E,Jg) and we use both notations
interchangeably throughout the chapter and it should be clear that both E and (E,0g) refer to the same
thing.

Definition 4.2.1. Let E — X be a rank-r holomorphic vector bundle over a Riemann surface ¥, and let U be
an open set of ¥. Then a frame of E over U is a set of v sections F = (s1, ..., Sr) such that (s1(A), ..., sp (X))

are linearly independent and therefore form a basis of the fibre 7=Y(X\) for every A € U.

Note that we mentioned a change of frame informally when we changed the basis of global sections to
transform equation (2.53) to be of autonomous Lax pairs form. Now recall that any holomorphic vector

bundle E is locally trivial and let ®;; be a local trivialization over U such that

o

(I)UZE|U—>U><(CT.
Then, this map induces a map on the sections of E given by
dy, : H'(U,E) = HY(U,U x C").

Now let (e;)r = d;x where j,k = 1,...,r be the standard basis of the vector space C". This basis forms a
constant frame on the trivial bundle U x C". Therefore, ®;;1(e;) forms a frame of E|y. Thus, having a
frame is equivalent to having a local trivialization over E and therefore having a global frame over all of ¥ is
equivalent to the vector bundle E being trivial. Furthermore, a change of frame amounts to a holomorphic
mapping

G:U— GL(r,C),

acting on a frame F to give a new frame F’. Usually, a change of frame G is known as a gauge transformation.
Moreover, given any two frames F,F’ over a subset U, one can find a gauge transformation defined on U
such that 7/ = GF. The advantage of studying vector bundles in terms of frames is that this approach
enables us to give a local matrix representation of every geometric object in hand. For example, a section

s € HY(U, F) has the following representation in terms of a local frame F = (e, ..., e;)

5 = Zsj(]:) €js
j=1

where s7(F) are holomorphic functions on U that are uniquely determined by F. Therefore, a representation
of a section of E with respect to a frame F is simply a vector-valued function. Furthermore, changing a

frame by a gauge transformation G transforms a section as follows
s(F') = G7's(F), (4.1)
where s(F) and s(F’) are the vector representations of the given section in the old and new frame respectively.
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Definition 4.2.2. Let E — X be a holomorphic vector bundle. A hermitian metric h on E is a holomorphic
assignment of a Hermitian inner product { , ) to each fibre Ex of E. Given an open set U € ¥ and
51,80 € HY(U,E), then

(s1,82): U — C,

(s1,82)(A) = (51(N), 52(N))-

(4.2)

If a holomorphic vector bundle E is endowed with a Hermitian metric h, we call it a Hermitian vector
bundle. Moreover, given a frame on E, then a Hermitian metric can be represented locally by an r x r

positive-definite, Hermitian matrix over each open set U C X as follows
hF)jk = (ej,ex), (G k=1,..,7).
In terms of this local representation, the inner product is defined as follows
(s1,89) = SJ{h(}")SQ, (4.3)

where 51,50 € H°(U, E). Finally, applying a gauge transformation G from a frame F to a frame F’ transforms

the metric h as follows

h(F') = GTh(F)G. (4.4)
Finally, one can prove the following [52]
Theorem 4.2.3. FEvery holomorphic vector bundle E — ¥ admits a Hermitian metric.

Consider now E-valued holomorphic n-forms; these are holomorphic sections of the vector bundle A" KR F.

That is, let 25 be an E-valued holomorphic n-form, then
Qp € H' (X, (\"K) @ E),

where A" K is the anti-symmetric nth tensor product of the cotangent bundle. Using this definition, we may
consider the holomorphic n-forms to be sections of same bundle when F is trivial. In other words, differential
n-forms defined in chapter two are actually sections of the bundle A" K. One can use these E-valued forms

to define a connection over the vector bundle E as follows
Definition 4.2.4. Let E — X be a vector bundle. Then a connection D on E is a C-linear mapping
D:HYX,E) - H' (S, E® K) (4.5)

such that

D(Qp) = (d2) ¢ + Q2 Dy, (4.6)

where Q € HY(S,E) and ¢ € H' (S, E® K).
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For simplicity, we let H°(X, E) = A°(%, E) and H*(X, A"K ® E) = A"(Z, E). Obviously, when the vector

bundle FE is trivial, then a connection simplifies to the exterior derivative
d: A (%) — AL(D).

Therefore, a connection is an extension of the exterior derivative to vector-valued differential forms. Further-
more, given a frame F on U C X, a connection can be represented locally by a 1-form-valued 7 X r matrix,

which we denote by D(F), defined as follows
D(F) = (d I, + D(F))s(F), (4.7)

where s € HY(U, E), d is the regular exterior derivative, and I, is the r x r identity matrix. The matrix

D(F) transforms by a gauge transformation as follows
D(F') =G 'D(F)G.

Recall now that the exterior derivative decomposes into a holomorphic and an anti-holomorphic parts as

follows

d=0+0,

where

9:A%() » AM(E), 9:A%D) = A% (D).
Similarly, a connection decomposes as follows
D:0g+ 5];,

where

O : A°(Z,E) = AY (S, E), 0p: A°%,E) — A%Y(Z,E).

In other words, Oz and dg project into the holomorphic and the anti-holomorphic parts of A°(X, E) respec-

tively. We call the C-linear map Ox a pseudo-connection over the Riemann surface X.

Definition 4.2.5. A connection D is called compatible with a Hermitian metric h on the vector bundle

E—Yif

D(s1,s2) = (Ds1, 82) + (s1, Ds2),
where s1,s5 € H(U, E).
Formally speaking, the compatibility condition should be written as follows
Dy (s1,52) = ((Dy)s1, 52) + (81, (Dy)s2),

for any vector field v; this condition must hold for all vector fields v € I'(T%). In this case, we interpret the

connection D, as a map D, : Ty ® E — E rather than D, : F — E ® T%;. Then, (D,)s; is a section and
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the R.H.S is a Hermitian inner product of two sections. On the other hand, D,(s1, s2) means D, applied
to (s1,s2) ® 1 where 1 is a constant section of E. Therefore, one can use the local form of the connection
D, given in (4.7) to act on the inner product function (si, s3). But since the connection matrix acts on the
constant section, then the local form of D, reduces to the exterior derivative d acting on the function (s1, s2).
Having said that, however, we will keep using the short-hand notation D(sy, s2) for convenience.

Now, given a connection D that is compatible with a Hermitian metric h, one can prove the following

[52].

Theorem 4.2.6. Let h be a Hermitian metric on a holomorphic vector bundle E — Y, then h induces a

canonical connection D on E that satisfies the following conditions
e D is compatible with the metric h.
e Given a holomorphic section s on E, then 9%(s) = 0.
Given a connection D : A°(Z, E) — AY(Z, E), it extends naturally to n-forms such that
D:A"(X,E) —» A"T(2, E).

In this case, a connection is usually called a covariant derivative. Then the operator Rp = D - D is known

as the curvature of the connection D. Formally,

Definition 4.2.7. Let D be a connection on the Hermitian vector bundle E — 3, then the curvature of D
1s a C-linear mapping

Rp : A2, E) = A*(S,E)
such that Rp =D - D.

Given a frame F on FE, then the curvature is represented locally by the following matrix
Rp(F)=dD(F)+ D(F) AD(F),

where D(F) is the matrix representation of the connection D with respect to the frame F. Finally, the

curvature matrix transforms under the action of a gauge transformation as follows

Rp(F') =G 'Rp(F)G.

4.3 The Moduli Space of Vector Bundles
As seen in the last section, a pseudo-connection is a C-linear mapping
Op : A° (%, E) — A>Y(2, E) (4.8)

that satisfies the following equation

Or(sp) = 0s ¢ + s Opyp, (4.9)

45



where s € A%(2) and ¢ € A°(3, E). In fact, this map can be extended to a C-linear mapping as follows
Op : A%Y(S,E) — A%2(3, E) (4.10)

such that 0% = 0. But since our base space is a Riemann surface %, and A%®2(X) = 0 over any Riemann
surface, then the condition 0% = 0 is automatic in this case. Conversely, given a smooth vector bundle E
and an operator Jp that satisfies the condition 5]25 = 0, then one can find holomorphic transition functions
of E by locally solving the equation
IeTj, =0,

and thus endowing E with a holomorphic structure [30]. In other words, there is a bijection between the set of
all operators Og defined on E, which we denote by C, and the set of holomorphic structures on E. Therefore,
the pair (E,0g) defines a holomorphic vector bundle over ¥. Let G be the group of automorphisms (gauge

transformations) of the vector bundle E, then an element G € G acts on C as follows
G- 0p =G '0pG. (4.11)
The following theorem formalizes the previous discussion.

Theorem 4.3.1. The group G acts on C by conjugation and the quotient C/G can be identified with the

isomorphism classes of holomorphic vector bundles of rank r and degree d on X.

The issue with this construction is that the space C/G is not a "nice” space in a sense that it is not
Hausdorff [41]. It turns out that one has to impose an extra condition on the vector bundles to obtain a
"nice” space. This condition arises naturally from Mumford’s geometric invariant theory and is usually called

the slope stability [38].

Definition 4.3.2. Given a holomorphic vector bundle E over a compact Riemann surface 33, then the slope
of E is defined to be
u(E) = deg(E)/rank(E). (4.12)

Then the vector bundle E is said to be stable if
u(F) < u(E), (4.13)
for every proper sub-bundle F' C E.

Using the slope stability condition, one can get a "nice” moduli space of holomorphic vector bundles as

follows. Let C*® be the set of all holomorphic structures on a stable vector bundle E, that is
C* ={0p €C: (E,0p) is stable}. (4.14)
Then, the moduli space of stable holomorphic vector bundles over a Riemann surface Y is defined as follows
M?(r,d) =C*%/G. (4.15)

Then, one can prove the following [29]
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Theorem 4.3.3. The moduli space of stable holomorphic vector bundles M?*(r,d) of rank r and degree d
over a Riemann surface ¥ has the structure of a manifold of complex dimension 1+ 1r%(g— 1) where g is the

genus of 3.

Note that since every line bundle is stable, then M#(1,d) is simply Pic?(X). In particular, M*(1,0) is
the Jacobian of the Riemann surface J ().
In general, the manifold M#(r,d) is not compact. However, if one considers semi-stable vector bundles,

then this manifold can be compactified. A holomorphic vector bundle F is semi-stable if

u(F) < u(E)

for every subbundle F' C F.

Furthermore, a vector bundle F is poly-stable if it satisfies the following condition
J

where E; are stable. Obviously, a poly-stable bundle is, in particular, semi-stable. Moreover, if E is a
semi-stable bundle that is not stable, then there is a subbundle F' C F that has the same slope as F; that
is u(F) = p(FE). Furthermore, the quotient E/F is semi-stable and u(E) = u(E/F). Iterating this process,

one gets what is known as the Jordan—Holder filtration of E by semi-stable bundles; that is
OCEiCEyC..CE,=F

for some index k. In this case, E;/E7~! is stable and has the same slope as E. Then the graded vector

bundle of F is defined as follows
gr(E) = @P(E;/E;1).

J
Even though the graded vector bundle is not uniquely determined, its equivalence class is uniquely determined
and one calls two vector bundles Eq and Es to be S-equivalent if gr(E;) = gr(E;). Note that if E is
strictly stable, then the bundle has a trivial Jordan-Hélder filtration consisting of itself and the zero bundle.
Therefore, the graded vector bundle of E is trivial and an S-equivalence class of E is simply the isomorphism
class of E. One can now define the moduli space of semi-stable vector bundles M (r,d) to be the set of
S-equivalence classes of semi-stable bundles of rank r and degree d. However, note that since the graded

bundle of a semi-stable vector bundle is polystable, then M(r,d) is also the set of isomorphism classes of

polystable vector bundles of rank r and degree d.

Theorem 4.3.4. The moduli space of M (r,d) of semi-stable vector bundles has the structure of an irreducible

algebraic variety that contains M*(r,d) as an open smooth subvariety.

For the construction of this moduli space and its basic properties one may consult [37], [40]. Note that
if ged(r,d) = 1, then there are no strictly semi-stable vector bundles and therefore M (r,d) coincides with

M5(r,d).
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Corollary 4.3.5. If ged(r,d) = 1, then M*(r,d) = M(r,d) and therefore M(r,d) is a connected projective

manifold of dimension 1+ 12(g — 1), where g is the genus of the underlying Riemann surface 3.

Consider now a holomorphic vector bundle £ — ¥, and a Hermitian metric h on E. Let A be the set
of all connections of F that are compatible with the metric h. Furthermore, let G, be the subgroup of the

gauge transformations G of F that preserve h. Then, the action of G;, on A is given as follows
G-D=G"'DG, (4.17)
where G € G, and D € A. Moreover, the connection D € A is said to have constant central curvature if
Rp = A, (4.18)
where
A= —iu(E)IgQ,

Ig is the identity endomorphism of E and €2 is the Kéhler form of the Hermitian metric h. Then, one can

prove the following [52]

Proposition 4.3.6. Let E be a Hermitian vector bundle on ¥ with a hermitian metric h. Furthermore, let

Rp be the curvature of the canonical connection D. If Rp satisfies equation (4.18), then E is polystable.

Furthermore, noting that the action of G, on both sides of equation (4.18) is the same. Then the equation

is invariant under the action of G;. Furthermore, let
Ao={DeA:Rp =2} (4.19)

be the set of all connections on a Hermitian vector bundle F with constant central curvature. Then, the
quotient Ag/Gp, is the moduli space of connections on E with constant central curvature. Moreover, a

connection D € A of a vector bundle E with hermitian metric h is called reducible if
E=E®E;, h=h ®hy, D=D; DDy,

where D; is a connection on E; compatible with the metric h; while Dy is a connection on Ey compatible
with the metric hy. We call a connection D irreducible if it is not reducible. Finally, we let A" and A" be

the subsets of A and Ay respectively of irreducible connections. Then

Theorem 4.3.7. The moduli space of irreducible connections with constant central curvature AY" /Gy on a
Hermitian vector bundle E — X is a smooth manifold with dimension 1+ 1?(g — 1) where g is the genus of

Y. Furthermore, one has the following isomorphisms
Ao/gh = Cps/gv
AYT/Gr = C°/G,

where CP? is the set of holomorphic structures on the polystable vector bundle E.

(4.20)

This is the well-known theorem of Narasimhan and Seshadri, see [41],[15].
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4.4 The Moduli Space of Higgs Bundles

As mentioned before, the main goal of this chapter is to introduce the moduli space of Higgs bundles. A
Higgs bundle over a Riemann surface ¥ is a pair (F, A) where E — X is a holomorphic vector bundle and A

is an End(E)-valued holomorphic 1-form known as the Higgs field, namely
Ae HY(Z, End(E) ® K). (4.21)

A Higgs bundle (E, A) is called stable if every A-invariant subbundle of E is stable. That is, if u(F') < p(FE) for
every proper subbundle F' such that A(F) C F®K. Furthermore, semi-stability poly-stability, Jordan—Hdolder
filtration and S-equivalence classes are defined as in the case of vector bundles. Let M?*(r,d), be the moduli
space of stable Higgs bundles with vector bundle E — ¥ of rank r and degree d. Moreover, let M(r, d) be the
moduli space of S-equivalence classes of semi-stable Higgs bundles of rank r and degree d. In [44], Nitsure
constructed the moduli space of semi-stable Higgs bundles using geometric invariant theory and he showed

the following

Theorem 4.4.1. The moduli space of semi-stable Higgs bundles M(r,d) is a complex-quasi-projective variety
which contains M?*(r,d) as an open smooth sub-variety of complex dimension 2 + 2r?(g — 1), where g is the

genus of 2.

As in the case of vector bundles, if ged(r,d) = 1, then M(r,d) =2 M?*(r,d). We have also shown that
the stability of a vector bundle F is connected to the differential geometric picture of having a connection
D with a constant central curvature; see proposition (4.3.6). Interestingly, the same is true in the case of
Higgs bundles. Given a Higgs bundle (E, A) where F — X is a Hermitian vector bundle with metric h,
canonical connection D, and curvature Rp. One may now ask whether the stability of the Higgs bundle
(E, A) equivalent to the fact that the metric h satisfies an equation similar to (4.18). This is in fact true and
the desired equation is in fact the celebrated Hitchin’s self-duality equations

Rp + [ANAY) = —ip(E)IEQ,

) (4.22)
dpA = 0.

Then, one can prove the following [26], [50]

Theorem 4.4.2. Let (E, A) be a Higgs bundle where E — ¥ is a Hermitian vector bundle with a metric h
and a canonical connection D that satisfies (4.22). Then, the Higgs bundle (E, A) is polystable. Conversely,

if (E,A) is stable, then there exists a Hermitian metric h on E and a canonical connection D that satisfies

(4.22).

Consider now the set of all solutions to Hitchin’s equations
R ={(D,A) € Ax H°(X, End(E) ® K) that satisfies (4.22)}, (4.23)
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then again the set N is invariant under the action of G,. Then we define the moduli space of solutions to
Hitchin’s self-duality equations to be X/Gy. Reduciblity of a pair (D, A) is defined exactly as in the case of
vector bundles but with the additional condition A = A; @ As. As before, we call a pair (D, A) irreducible

if it is not reducible and we let

R C R (4.24)
be the subset of irreducible solutions to Hitchin’s equations. Then, one can prove the following [26]

Theorem 4.4.3. The moduli space of irreducible solutions to Hitchin’s equations N /Gy, has the structure

of a smooth manifold of complex dimension 2 + 2r%(g — 1).

Finally, to see the analog of Narasimhan and Seshadri correspondence, fix a smooth vector bundle E — 3

and let
H ={(0p,A) €Cx H (X, End(F)® K) : 0gA = 0}. (4.25)

Then consider the action of the gauge group G on H. This action is defined exactly as in the case of vector

bundles and G acts on A as follows

G-A=G1AG,

where G € G. Obviously, a pair (g, A) € H is equivalent to a Higgs bundle (E, A) where E = (0g,E). Now
let

H* = {(0r,A) € H: (E, A) stable} (4.26)

be the set of stable Higgs bundles on the Riemann surface ¥. Then, H*®/G is the space of isomorphism classes

of stable Higgs bundles and
M (r,d) =H?/G.

Similarly, let

HPS = {(0p,A) € H : (E,A) polystable} (4.27)
be the set of polystable Higgs bundles on X, then the correspondence is given as follows [26] [52]
Theorem 4.4.4. Let H®, HP*, R, X" G and Gy, be defined as before, then

N/Gn = H*/G,
Nirr/gh ~ HS/Q

(4.28)

From now on, we assume that any given Higgs field is irreducible. Furthermore, we will always be
concerned with the moduli space of stable Higgs bundles so that we will drop the superscripts refering to

stability from now on.
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4.4.1 Fixed Determinant Case

Recall that given a vector bundle E — ¥, one can form the determinant line bundle L = det(E) given by
the highest exterior power A"E. The transition function of this line bundles are simply det(7}) where T}y
are the transition functions of the vector bundle E. From now on, we fix the determinant line bundle on FE.

Furthermore, let D be a unitary connection on F, then the curvature of D decomposes as follows
o 1
RD = RrD =+ ;T?"(RD) X IE,

where RY, and %T?“(RD) ® I are the trace-free part and the central part of the curvature respectively. In
fact, the central part of the curvature is also the curvature of the induced connection on the line bundle
L = det(F). But since we have fixed this line bundle, then this central part is also fixed. Hence, Hitchin’s
equations reads
1 )
R+ ~Tr(Rp) @ Ig + [AN A¥] = —iu(E)I£Q,
r (4.29)
OpA=0.
However, there exists a unitary connection D on E such that Tr(Rp) = —i Q deg(E). Hence, fixing this
as a background connection and considering only connections which D that induce the same connection on

L = det(F), then Hitchin’s equations read

RY +[ANA*] =0,
- (4.30)
OpA =0.
Evidently, the previous choices correspond to fixing a holomorphic structure on L = det(E). Furthermore,

since the trace of the Higgs field is constant, we restrict to trace-free Higgs fields. In this case, the emerging

moduli space of Higgs bundles is defined as follows
Mg (r,d) ={(D, A) : solution to (4.30)}/Gsr, (4.31)

where Ggr, is the set of gauge transformations of E that has unit determinant. From now on, when we
mention the moduli space of Higgs bundles we mean this fixed determinant moduli space Mgy, (r, d). In fact,
all the previous constructions and theorems presented earlier carry on directly to this fixed determinant case.

However, the moduli space Mgy, (r,d) is of complex dimension
M(r,d) = (r* —1)(2g — 2). (4.32)

Furthermore, we also set r = 2 from now on and therefore, the Higgs field will be represented simply by a
2 x 2 traceless matrix acting on a two-dimensional vector spaces parametrized by A € 3.

Assume now that the Higgs field is simple, meaning that det(A) has simple zeros, then the Higgs bundle
(E, A) is stable. To see this explicitly, assume that there is a lime bundle L C E that is preserved by the
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action of A. Then there is a frame F on E and a local coordinate on ¥ such that

a(A) b\
0  —a(N)

Obviously, det(A) has double zeros at every root of a(A). We conclude that when r = 2, the simplicity of
A(\) is equivalent to the stability of the Higgs bundle (E, A).

4.4.2 Co-Higgs bundles

Since the beginning of this chapter, we assumed that the base space of the vector bundle £ — ¥ is a Riemann
surface of genus g > 2. However, as will be seen in the following chapter, the base space of our vector bundle
is going to be P'. This case was studied in [45] [46] where the underlying Higgs bundles were called co-
Higgs bundles. In this case, the definition of the Higgs bundles is the same but with the cotangent bundle
K replaced with the tangent bundle K*. Otherwise, all the definitions that we introduced previously are
basically the same. It was shown in the same reference that co-Higgs bundles are only stable on P!, that is
in the genus zero case. But since Higgs bundles are never stable on P! [26], then one can consider co-Higgs
bundles to be an extension of Higgs bundles to the genus zero case.

Recall now that the Birkhoff-Grothendieck theorem classifies vector bundles over P! up to an isomorphism

by the splitting
E= @ O(aj)
j=1

for some integers a;. Then the following result was proved in [45]

Theorem 4.4.5. Let E = @;:1 O(aj) be a holomorphic vector bundle of rank r on P* such that a1 > ay >
... > a,. Then E admits a semi-stable Higgs field A € H°(P'; End(E) ® O(m)) if and only if aj < aj+1 +m
foralll>j>r—1andm>2.

Note that in the original paper this theorem was proved for m = 2; however, it can be shown that the
result is still valid for any m > 2 as stated here. Consider now the case r = 2, d = 0 and m = 2. In this
case, the only stable bundles on P! are E =2 O ® O and E = O(—1) @ O(1). Furthermore, in the case r = 2,
d = —1 and m = 2, then every stable vector bundle on P! is isomorphic to E = O(—1) & O.

Now, consider Mgy, (2, —1) where every Higgs field in this space has underlying bundle E = O(—-1) ® O

and can be represented by the following matrix

A= : (4.33)

c —a

where a, b and ¢ are sections of O(2), O(3), and O(1) respectively. Stability ensures that ¢ is not identically
zero and therefore has a unique zero Ao € P!. It was shown in [45] that it is possible to provide a global

description of the moduli space Mgz (2, —1) as a universal elliptic curve as follows. Let 7 : S — P! be the
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projection from the total space of O(2) to the projective line. Then, one can assign to each stable Higgs

bundle (E, A) € Mg (2,—1) a point in the 6-dimensional space M defined as follows
M ={(y. D) € § x H*(P};0(4)) : 1/*(y) = D(n(y))}-

The isomorphism from Mg (2,—1) into M is defined by sending A to (Ao, a(No), —det(A)). Note that,
(Mo, a(Xo)) is a point in the total space of O(2) since \g € P! and a is a section of O(2) and therefore
a(Xp) € O(2). In fact, one can show explicitly that this point in M is defined uniquely by the Higgs field A
up to a gauge transformation. Therefore, the moduli space Mg, (2, —1) has a global description as a double
cover of the Riemann sphere and the preimage of any point A € P! corresponds to two points in Mg, (2, —1)
with two distinct Higgs fields A, and A_. More precisely, let Ay € P! be the zero of the O(1) section in A
and let m : Msr(2,—1) — P! be the restriction of the map 7 : S — P! to M, then 7—1()\) gives two Higgs
fields which we denote by A, (Ag) and A_()\g). To see this explicitly, we fix the spectrum of A by evaluating

its determinant at the point \g as follows
DO = D()\()) = —CLQ()\()).

Then, (Ao, £v/Dg, —Dy) are the corresponding two points in M and A()\) has two normal forms corresponding
to each point

Aoy | VP e | VD e | s

A=Xo —VDo A=Xo VDo

where a(\) is a unique degree-3 polynomial. One could explicitly check that there is no gauge transformation
that takes Ay to A_. Therefore, if Ag is not a ramification point, then each preimage corresponds to two
distinct Higgs fields A4 or A_. Furthermore, the two points in M corresponding to these two Higgs fields
are projected by 7 : M — P! onto . Yet, if \g is a Weierstrass point of the curve Y, that is if a(\g) = 0,
then A4 (Ao) = A_(No) and this point corresponds to a unique Higgs field.

This discussion can be reformulated by considering the spectral viewpoint. Consider the spectral curve
M, the Grothendieck-Riemann-Roch theorem tells us that the preimage of E = O(—1) ® O on P! is a
degree one line bundle on the spectral curve M. Then, the Riemann-Roch theorem tells us that this line
bundle has a one-dimensional space of sections. That is, all its sections vanish at one point that can be
either (Ao, v/ Do, Do) or (Ao, —v/ Do, Dy). Whether one gets the Higgs field A, or A_ depends on which
sheet contains the point at which these sections vanish and the covering map projects the two points onto
Xo. Again, if \g is a Weierstrass point, then the two points (Mg, /Do, Do) and (Ao, —v/Dg, Dg) coincide and
the two line bundles corresponding to the two different sections coincide (collide), and we get a single stable
Higgs field A, = A_.

Consider now the moduli space Mgr,(2,0). As mentioned before, every stable Higgs bundle in this moduli
space has an underlying vector bundle E = O ® O or E = O(—1) @ O(1). Unfortunately, this moduli space

does not have such an explicit description as in the case of Mgy, (2,—1). However, it was shown in the same
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reference that up to isomorphism, there is a unique Higgs field in Mg, (2,0) that has an underlying vector
bundle O(—1)®O(1). Therefore, every other Higgs field in this moduli space has an underlying vector bundle
E=0s0.

4.5 Ends of the Moduli Space of Higgs bundles

In [36], Mazzeo et al studied the ends of the moduli space of Higgs bundles. Their initial motivation was
to understand the asymptotic nature of the Hyperkéhler metric and therefore understand the asymptotic
geometry of that moduli space. This work was also reviewed in [35] from a different and simpler prespective.
As mentioned before, the moduli space of stable Higgs bundles is non-compact. A simple way to make sense
of this non-compactness is to note that the Higgs field is in general unbounded and its elements can take
any large values one may like. In fact, this is exactly what happens when one reaches the ends of the moduli
space. The main purpose of this section is to review this work and to state some results of the aforementioned
papers that will be crucial in the upcoming chapter.

As before, we will fix the rank of the vector bundle E to be r = 2 and we restrict our discussion to
the fixed-determinant moduli space. We also set X* to be X\ ¢~!(0) where ¢()) is the determinant of the
Higgs field A. We want now to consider what is called the fiducial solutions to Hitchin’s equations. These
are elements of a one-parameter radial family of global solutions (D{ i tAtf id) on C that satisfy the rescaled
Hitchin’s equations

Ripsia + 2[4 A (AT = 0,
¢ B (4.35)
OpA =0.

This family of solutions approaches the ends of the moduli space as t — co. In other words, what we actually
mean by the ends of the moduli space of Higgs bundles is that we follow a trajectory in the Hitchin base
such that the determinant of the Higgs field is growing is growing without a bound. Put differently, the
determinant of the Higgs field and therefore the spectral curve itself blow up as the trajectory approaches
the ends of the moduli space. We provide a schematic diagram of a trajectory in the moduli space of Higgs

bundles in figure (4.1) at the end of the section.

Moreover, the fiducial solutions for 0 < t < oo give rise to solutions of the self-dual Yang-Mills equation
which are rotationally symmetric and translation invariant in two direction. The connection between this type
of symmetric solutions and integrable systems was studied by Mason and Woodhouse in [34]. Furthermore,

since the function
MSL — R,

[D, A] = [|A%||2

is a proper Morse-Bott function, then if the sequence of solutions to Hitchin’s equations (Dgc id,tA{ id) is

bounded, then it lies in a compact subset of Mgy. FEvidently, the Higgs field in the family of fiducial

54



solutions (D! tA/") becomes singular as t — co. Furthermore, assume that (D™, Af*) — (DLid, ALid)
as t — oo, then this limiting element of the diverging family of solutions satisfies the decoupled version of

Hitchin’s equations

R%Qd == 07
[AL A (AL =0, (4.36)
opAlit = 0.

In other words, the connection D/ is flat and the Higgs field AL’ is normal. Since the limiting Higgs field
is normal, then by the spectral theorem there exists a unitary gauge transformation that diagonalizes A.o.

In other words, one can find a gauge transformation such that A., has the following form

a 0
0 —a

(4.37)

Therefore, the spectrum of Afi? degenerates at this limit. In other words, if det(Afi) € H*(X, K?) =0 at a
point A € P, then the order of vanishing must be at least two unless A/i? is nilpotent. Surprisingly, starting
with a simple Higgs field, then the spectrum of its associated family of solutions degenerates as it approaches
the ends of the moduli space.

On the other hand, given a pair (Duo, Ax) such that A, is a simple and normal Higgs field and therefore

satisfies (4.36), then this solution is known as a ”limiting configuration” and it is defined formally as follows.

Definition 4.5.1. Let (E, A) be a Hermitian Higgs bundle where the Higgs field A is simple. A limiting con-
figuration is a pair (Deo, Axo) defined on X* which satisfies the decoupled version of Hitchin’s equations (3.36)
and which agrees with (DL, Af) near each point in q='(0) with respect to some holomorphic coordinate

system and some unitary frame on E.

Then, one can obtain a global non-singular solution to Hitchin’s equations by gluing a family of diverging
fiducial solutions (D{™®, AT for 0 < t < oo to a limiting configuration (Dag, As). However, does every
diverging family of solutions to Hitchin’s equations converges to a limiting configuration? This is in fact true.

To see this, consider the following theorem.

Theorem 4.5.2. The moduli space of limiting configurations with o fixed simple determinant q which we

denote by Ty is a torus of complex dimension 3g — 3.

However, recall that by (4.32), that the moduli space of stable Higgs bundles in the fixed determinant

case is of complex dimension (r? — 1)(2g — 2). Therefore, when r = 2,
dim(Mgr(2,d)) = 6g — 6.

In other words, the dimension of 7, is half the dimension of the corresponding moduli space Mg (2,d) .
Therefore, gluing 7, to the boundaries of Mgy, (2,d) one achieves a compactification of the moduli space of

Higgs bundles in the fixed determinant case. Then, one can prove the following
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Theorem 4.5.3. Let (DI™ tAl') be a diverging sequence of solutions to Hitchin’s equations (3.35) such
that the determinant of A; is simple and fixed. Then there is a limiting configuration (Doo, Aso) such that

(DI A" converges to (Doo, Aoo) uniformally at an exponential rate in t on L*.

Simply speaking, this theorem states given a pair (D, Aso) Where Ay is a simple and normal Higgs
field, then there exists a diverging sequence of solutions that converges to (D, Aso). By this gluing process,
we then obtain a compactification of the moduli space of Higgs bundles Mgy (2,d). Schematically, the

compactified moduli space looks as follows

o o ’1tMa<g,A)

H

<

sdet(A)

Figure 4.1: The moduli space of Higgs bundles.

56



5 The Calogero-Francoise Integrable System

5.1 Introduction

The Camassa-Holm integrable system is a non-linear partial differential equation that was first discovered
by Fokas and Fuchssteiner in [19]. This equation was then derived from physical considerations by Camassa
and Holm as a model for a unidirectional propagation of shallow water waves [12]. The discovery of the
Camassa-Holm equation was followed by thorough investigations of this equation and it turned out to be one
of most extensively studied integrable Hamiltonian systems in the past few decades. The special behavior of
the Camassa-Holm system is that it gives rise solitary waves (solitons) that are similar to the solitons arising
as solutions to the KdV equation [31]. However, unlike the KdV solitons , the solitons arising as solutions to
the CH equation have peaks (sharp edges) and this is why they are called peakons.

After that, Calogero and Francoise introduced a finite dimensional integrable Hamiltonian system that
generalizes the Camassa-Holm dynamics [10], [11]. The Hamiltonian is a priori non-periodic and it also gives
rise to peaked solitons, which we will simply call peakons, as in the Camassa-Holm case. The goal of this
chapter is to study the dynamics of the Calogero-Francoise integrable system from an algebraic-geometric
point of view. More specifically, we are going to introduce an embedding of the CF system into the moduli
space of Higgs bundles and then we will study the evolution of the Higgs field associated to the system. We
will focus here on the singular dynamics that occur when two peakons interact together through one of two
processes called collisions and pseudo-collisions. We will show that the emerging singularity obtained at the
time of pseudo-collision amounts to the fact that the Higgs field is becoming asymptotically far away in its
moduli space. On the other hand, collisions correspond to a very special form of Higgs bundles known as
limiting configurations. These are Higgs bundles with normal Higgs fields that arise as limits of solutions to
Hitchin’s equations. Furthermore, we will show that the peakons are confined in a box whose boundaries are
defined by the constants associated to the problem. When the peakons hit these boundaries, the solution
becomes singular and we call this phenomenon a pseudo-collision. We will also show that there is a natural
analytic continuation past these singularities in which the system is periodized. In other words, we will glue
the boundaries of the confinement box so that the peakons are moving on a circle and therefore collisions and
pseudo-collisions will be basically the same dynamics. Finally, we will show that the introduced periodization
(compactification) of the CF dynamics corresponds to a compactification of the underlying moduli space.
We conclude that the CF dynamics can be realized completely by the behavior of the associated Higgs field

in the underlying Hitchin system. These results are then a direct manifestation of fact that the CF system
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can be realized as a twisted Hitchin system. Hence, these results are consistent with the common belief that

all classical integrable systems can be realized as a (maybe twisted) Hitchin system

5.2 Brief review of the CF system

The spectral problem associated with the CF system is given as follows. Let [6]
d2
L(N)¢ = (W —v% —2uAm)¢ = 0, (5.1)
Then the operator L(A) is compatible with the

where X is the spectral parameter and v is a constant

generalized Lax evolution
d
21 L) = (L) B + 2us LX), (5.2)
where
1 d 1
B(A) =<8 —— . 5.3
0= {05 -~ u@) } 1 + 5usle) (5.3
One can then show that equation (4.2) is equivalent to the following system of equations
me = 2ugm + umg, 2mg = 402Uy — Ugyy. (5.4)
We assume that m(x,t) is a discrete sum of Dirac measures given as follows
d
0 =3 m(0)0 — (1), (5.5)
j=1
We also assume that at t =0, 21 < 22 < ... < x4 and that xp = —oo and x441 = co. Then, the CF system
represents a finite dimensional Hamiltonian system given by
1A
H(a:l, ey Ly TNy -eny md) = 5 -;1 mjmk Gu,,@(xj — xk), (5.6)
‘7, =

where x; and m; are the positions and masses of the peakons respectively and Green’s function for the system

is given as follows
G,,)B(J}) = %62”‘“ + == B_ _QV@‘ (57)
v
Then, the function u(z,t) is given as follows
ij Gup(z — z5(t)- (5.8)
In this case, (5.4) is equivalent to the following system of equations
(5.9)

iy =u(xy), ry=-—my <uy > (z;),

where < uy > (z;) is the arithmetic average of the left and right limits of u, at the point x;. Furthermore
let
d
My = Zeﬂ”im]—, (5.10)
j=1
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then u(x) = >, m; G, p(z — z;) is given asymptotically as follows

ﬁ* vx /8 —arvxT
u(z) = EM,e2 + £M+e ey <,
u(zx) = ﬁ;M+6_2VI + &M,ez”w, x> x4
2v 2v

Moreover, in each region, (z;_1,2;) where m(x,t) = 0, a solution of (5.1) is given as follows
¢j(x,t) = a;e’" + bje™"".
Then, equation (5.1) translates to a continuity equation and a jump discontinuity as follows

apy18”"F + bppe” VT = agel - breT VTR,

(5.11)
apa1€”"F — b1V = ape”™F — bre TV 4+ Amy, (ake”‘”‘ + bke_”’“) .
Writing these equations in a matrix form, we get
A1 1+ dmy )\mk672uzk ag
= . (5.12)
br41 —)\mke2”k 1— Amy b

Then, the transfer matrix T'(\) that gives the transition from the representation defined on the interval

(20, 21) to the one defined on (x4, z441) is given as follows
T(A) = Ta(N)Ta-1(N)...T1(A), (5.13)

and since Det(Ty,) = 1, then Det(T) = 1. Furthermore, the asymptotics of T'(\) are given as follows

M M_ )
T\ =T+ +0(N\),  A—=0,
_M+ —-M
d d (5.14)
) =N [T JT (1 - e7eeme) : A (A1), A= oo,
k=1 k=2 _e2vza  _g2v(za—1) ’

where M = 2221 my, is the total momentum and My are given by (5.10). It was then shown in [6] that the

matrix T'(\) satisfies the following equation

%T()\) — T(\)B_(\) = By(NT(\), (5.15)
where

. -
poy-| =

-6 M

- Pty 2. (5.16)
B.y=| > MM

—B-My 55 |

are the vector representations of the operator B(A) on the intervals (x < z1) and & > x4 respectively.
Furthermore, setting

A(A) = T(N)B, (5.17)



where

v 0
B = ;
0 47!
and v = +/B_/B+. Then, A()) satisfies the following Lax pairs equation
d
9 A0) = 140, B, (V) (5.18)

But since the Lax pairs equation (5.18) implies that the trace of A()) is a conserved quantity, then one can

always choose A()\) to be traceless as follows. Let
AN) = A(N) = AN — %Tr(A)]I. (5.19)

Then,
d |, d ,
SA) = SAN), A, BOY = [AN), BO)]

Therefore, without loss of generality, we can always consider the matrix A(\) to be traceless. We will

always work with this traceless matrix and for convenience we will denote it by A(X) instead of A’()\).

5.3 Two types of Singularities.

For d peakons, the CF Hamiltonian is given as follows

d
1
H(z1, oo, Xgymy, ..., Mg) = 3 Z mjimy, Gy p(x; — <), (5.20)
Jk=1
where the Green’s function G, g is given by (5.7). Furthermore, we set J_ — 1 = 1; this conditions is

equivalent to the fact that the Green’s function satisfies the following equation

d2
(dan — 4V2> GV,ﬂ = _26(1;).

For d = 2, the Hamiltonian is given as follows

2
1
H(x1,22,m1,mg) = 3 Z mimy Gy g(2; — xk),
jk=1
1 5.21
= i(mf + m%) Gu.3(0) + mima Gy g(x1 — 22), ( )
1
= §M2 Gl,yg(O) + mimso [GV75($1 — .’EQ) — nyﬁ(O)]

Now let
H® = %MQ G..5(0),
H' = mymy [Gyp(z1 — 22) — Gy 5(0)]
be the stationary Hamiltonian and the interaction Hamiltonian respectively, then H = HY + H*. Since the

Hamiltonian H as well as the total momentum M = m; + my are conserved, then H° and H'® are also
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conserved. In other words, mimgo blows up if and only if [G, g(z1 — x2) — G1 3(0)] — 0 such that their
product remains constant.

Now, consider the following quantity

B

[Gup(m1 — 22) — Gy 5(0)] = %(e”l“*m -+ (e~ 2lm—2 _ ) (5.22)
Let 2v|x; — z2| = In(B-/B+), then (5.22) becomes
(Guplan —22) = Gup(0)] = 228 /81) ~ 1)+ (8. /8-~ 1), o
= (B~ Bt By — ) =0,

Therefore, the product mjims blows up whenever 2v|z; — a2| = In(8-/84). Note that for this type of
collision, which we call pseudo-collision from now on, the separation |z; — x2| depends explicitly on the
values of the constants v and ;. On the other hand, at the time of collision, which we denote by t.,
G g(x1 — x2) — Gb.5(0)] — 0 as |z1 — z2] — 0. Note that this is valid for any value of the constants v and
B+. In other words, this regular collision does not depend explicitly on these two constants. However, these
constants still implicitly determine whether this type of collision happens or not as will be shown in what
follows. Now, our task is to study these two types of collisions separately and to determine the geometric
interpretation of each case. For this purpose, we have to embed the CF system into a Hitchin system and

then study the evolution of the associated Higgs field.

5.4 The Higgs Field for d =2

Now, recall that A()) is a matrix-valued polynomial of degree d in A. This matrix acts by multiplication
on the vector spaces C? parametrized by A € P'. Therefore, we may consider A()\) = ZZ:O ApAF to be
acting on the holomorphic vector bundle P! x C2; this is a vector bundle of rank 2 and degree 0 with trivial
holomorphic structure. Furthermore, by the Birkhoff-Grothendieck splitting theorem, the vector bundle F
decomposes uniquely as £ = O @ O where O = P! x C is the trivial line bundle on P'. Therefore, one can

view A()\) as a Higgs field that acts on this trivial vector bundle. In other words,
A€ H(P'; End(E) @ O(d)), (5.24)

and so the pair (E, A) is a (twisted) Higgs bundle. Therefore, we have embedded the CF system into a twisted
Hitchin system. This new prespective allows us to study the CF dynamics by considering the evolution of the
Higgs field A(X). For this purpose, our goal now is to compute the Higgs field A()\) explicitly. For simplicity,
we will limit the present discussion to the case d = 2. In this case the Higgs field A()) is given as follows
A(N) = Ag + A1) + A2)%. Recall now that we limited our discussion to traceless Higgs fields and this Higgs

field is traceful. Therefore, we have to apply the transformation

A = A(N) — %TT(A)HQ,
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Then we obtain a traceless Higgs field given at any point A € P! as follows

1 -1 -1
AN = 2(V T =7 T 7 T , (5.25)
Y121 —1(yT — v M)

where T}, for j = 1,2 are elements of the transfer matrix 7" = T5(\)T1(\) given as follows

1 67211262 1 67211931
T:T2T1: ]I+)\m2 ]I+>\m1 y
_621/1'2 -1 _621lxl -1
M M_ 1— eZV(azlfa:z) 672119:1 (1 o 6721/(9:279:1))
=1+ + A2mymy
—M+ -M equl(l _ 6211(;1:2—9:1)) 1— e?l/(wz—xl)

Therefore, the elements of the matrix A()) defined in (5.25) are given as follows

1
Ay = —Agp = - [(’7 )+ (v M+ mymaA? (’y(l —emW@mm)y 471 ezy(m_ml)))} .

2
Agp = —ye?®2)\ [(mleﬂ”(“*“) + mag) — Mmyma (e~ (@22 1)} ,
Ay =y tem 22 [(mle%(“_wl) +ma) + )\mlmg(e%’(“_“) — 1)} .
(5.26)

Note that the trace of the original (traceful) Higgs field is an invariant of motion. In this case, it is given as

follows
Tr(A) =7Tu+7" o2 = (477 FAM (Y =57 + A2 muma[(1 — e 22 70)) (y — g7t (2o (5.27)
Therefore, the total momentum M as well as the following quantity
Cr = myma[(1 — e 2/ F2771)) (3 — y~te2v(m2mm))) (5.28)

are invariants of motion.

5.4.1 The Spectral Curve and Mobius Transformations
As mentioned before, the spectral curve associated to this Higgs field defined by the following equation
Det(nl — A(N)) = 0. (5.29)
But since the matrix A()) is traceless, the equation simplifies to the following form
02 = —Det(A())) = %TT(AQ()\)). (5.30)

But since the Lax pairs equation implies that

d
L rr(an) =
g AT =0

for any n € ZT, then we see again that this spectral curve is invariant under the flow. This spectral curve,

which we denote by Y, is elliptic (¢ = 1) by the Riemann-Hurwitz formula. Therefore, it represents a double
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cover of the Riemann sphere P! on which 7 is a single-valued function of . The branch points of Y are
those points for which Det(A) = 0. Writing these roots explicitly, one can easily see that the Higgs field is
simple. As mentioned before, since r = 2 and the Higgs field A(\) is simple, then the Higgs bundle (F, A)
is stable. Furthermore, since the spectral curve is elliptic, one can always find a Mobius transformation that

sends three of the four roots of Det(A) to 0,1, c0. Formally, let the roots of the spectral curve be A1, Ag, As,

Msb(\) = (i — t) (iz — ij’) (5.31)

is the desired Mobius transformation. Obviously, this transformation sends A\; — 0, Ao = 1, and A3 — oc.

and A4, then

In fact, this transformation can be applied to any elliptic curve to send three of its branch points points to

0,1, 00. This reflects the fact that the moduli space of elliptic curves over a Riemann surface is just P!.

5.4.2 Collision vs Pseudo-collision Higgs Fields.

Now consider the point of collision at which z1 = x5. At this point,

_ _ Ch
mima(1 — e~ 2V (@2—21)y , 5.32
1ma( ) po—— (5.32)
while
C
mima(1 — e2¥@2—21)) r 5.33
1 2( ) ,Y_l — ( )
Therefore, the collision Higgs field is given as follows
A0 = [ =7+ +yTHMA (B + B4)C1N] Tl (M 4 262
—ye?ve2 )\ (M + 7_(’;1_1 )\) F(v=7+(+7HMA+ (B + B4)C1A?]
(5.34)

Interestingly, the roots of the two elements A5 and As; collide at the point of collision. This fact will have
tremendous impact in our analysis regarding the geometric interpretation of the collision point. Now consider

the following gauge transformation
0
a=1|" . (5.35)
0 gt
Obviously this is an SL(2,C) gauge. Since this is an automorphism of the trivial bundle E = O & O, then

g € C*. Let

g% = etree,
then the gauged Higgs field is given as follows
AL(N) = GTHANG,
] s = Dy TYMA+ (B + B)C1N] A (M + 55 /\)
) A (M + ) [ =7) + (7 IMA+ (8- + 801

(5.36)
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Obviously, the collision Higgs field is special since the off-diagonal elements of A/, are identical up to a minus
sign. This fact will have a huge impact on the geometrical interpretation of the collision point and we will
elaborate on this fact in section (5.6).

On the other hand, pseudo-collision occurs when 5- (22 — 1) = In(8-/B4) = In(y?) and therefore
eV(@a=a1) — 2 om2w(Ea—w) 472 (5.37)

Hence, the Higgs field is given as follows at the time of pseudo-collision

A,(N) = 3 [ =)+ (P HyTHMA+ 2mima N (y — 7] e 2PN [(mry +may™h) + Amama(y — 7))
() =
=P\ [(miy ™t may) + dmame (v =) =5 [(v =)+ (v T DM+ 2mima NP (y =y
(5.38)

However, recall that the momenta m; and my blow up at the time of pseudo-collision ¢, as well as at the
time of collision ¢.. Therefore, it is quite evident that the Higgs field blows up at ¢,. Another way to say
this is that the holomorphic structure on the Higgs bundle (E, A) breaks down at ¢,. We will discuss this
fact further in section (5.6) when we consider the periodization of the dynamics. But before that, we need

to prove some theorems concerning the dynamics and this is the topic of the upcoming section.

5.5 Peakons Confinement

We have shown in section (5.3) that the momenta m and ms blow up at t. as well as at ¢,. A natural question
arises, is there is a natural analytic continuation past these singularities that extends smooth dynamics? As
one would expect, this is in fact true and the purpose of this section is to show that at ¢, as well as at ¢,
there is a natural analytic continuation of the solution such that m; and mso exchange signs and the slope of

distance between the two peakons reverse direction. In other words, we prove that the two quantities

d
my — ma, %@2 —x1)

change their signs at t. and at ¢,. However, we begin by proving some theorems that are the essential tools

for proving the main result.

Theorem 5.5.1. Given M_ and My given by (5.10), then

d—1

M_ 1

. T (5.39)
My _ N b
]\4+ - (/8— +ﬁ+)M p )\ij

where A\1j and Aoj are the non-zero roots of Ao and Az1 respectively.

Proof. The Lax pairs equation (5.18) implies that the off-diagonal elements of the matrix A(X) evolve as
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follows

o -1
A = TA12 + B M_ (A1 — As),

. 1 (5.40)
Aoy = Ao + M (A1 — Aza),

A
where (A7 — Ag) = (v =y~ 1) + (v + v H)MA + O(A\?). Furthermore,

A -1 Ay —A

Az ol g Au 22

A A A1z (5.41)
As; 1 A — Az

fn_C gy A2

Agl A ﬁ * A21

Now, let the non-zero roots of A;2 and As; be denoted by Aq; and Ag; respectively where j =1,...,d — 1.
Then

d-1 N
A =~y""M_\ HU - /\7)7
i=1 Y

(5.42)
d—1 \
Ao = —yMyA H(l - T)
j=1 2
It follows that
Ay M- d <
— = —+ —log(\) + — log(1 — —
Ty A o9+ g 2ot =50
An %_,_il ()\)+i ° log(1 i) .
Aoy B M, dt °9 t = 9 /\Qj
Thus,
lim @ _ M-
=3
Aoz M (5.44)
I 21 My
im — = —
A—=0 Aoy M+
From (5.42),
yTIM_ _ 1
Aqz A=, (- ﬁ)’ (5.45)
’YM+ o -1 ’
Aot AT, (1- )
Substituting both of these equations into (5.41) and simplifying, one finds that
i d—1
A12 1
lim — = (6_ + M + —,
NS0 A12 (ﬁ 5+) = )\1]
i 1 (5.46)
lim =2t = —(4_ M-y —.
A—=0 Aoy (ﬂ * B—i_) = )\2]’
This proves the theorem.
O
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Theorem 5.5.2. The non-zero roots Aij and Aaj of A1z and Asy respectively evolve as follows
; A1 (M) — Aze(A1y)
A1j = =B+ : Sl

! [T5z; (1 = Avj/Auk)

. 1, An(Aej) — Aza(Xej)
Moy = 1 B J J ,
5 =10 [Tz (1 = A5/ A2k)

(5.47)

where j =1,.....,d — 1.

Proof. Differentiating (5.42) and evaluating at the roots, one get

g

. _ d A
Arp(Aig) =7 Moy ldt [1a- A)] ;
k=1 1k A=A1;

= —’y_lM,).\lj H(]. — )\1]'/)\1]@).
k£

(5.48)
Ag1(Naj) = —y My Ag; ilgl(l—i)
21(A25) = =Y A2j dt 11 Nor N s

= ")/M_i_)-\Qj H(l — )\2j/>\2k)~
ki

On the other hand, evaluating (5.40) at the roots, we get
Aa(A1j) = B M_(A11(A1y) — Aza(A1j)),
Az (Agj) = B-My (A1 (hg;) — Ana(Aay))-

(5.49)

Equating (5.48) with (5.49) proves the theorem O

The previous two theorems where valid for any d > 2. However, the following two theorems are only valid

in the case d = 2. We also set

1
X = Zln(ﬂ—/ﬂ+)~
Lemma 5.5.3. Assume that at t =0, |zo — x1| < X. If mymg > 0, then
1
0 <[G(0) = G(a1 —w2)] < 5(\/ B —/By)?

for allt > 0.
On the other hand, if mimso < 0, then

0 < [G(0) — G(z1 — x2)] < %(ﬁ* VB:)?
for allt >0 and [G(0) — G(z1 — 22)] = 0 only when t =t. ort =t,.

Proof. By the second equation in (5.9), the momenta m; do not flip their signs and therefore the quantity
mimse preserves its sign as time flows. Furthermore, we have already shown in section (5.3) that [G(0) —

G(z1 — z2)] = 0 only at t. and at ¢,. Therefore to prove this lemma, it suffices to show that
1
0<[Gr5(0) = Guplz1 —22)] < 5(\/57—— VB1)?
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for all ¢ > 0 during the smooth dynamics. Recall that
1
G(0) — Gl —22) = _[(B- + By) = (Be 2 Imeal 4 g Plearaly] (5.50)
Let z = |x1 — 2] and f(2) = G(0) — G(z1 — x2), then

f(z)=0— /By =™ (5.51)

Therefore, the function f(z) has only one critical point zy = ﬁ In(B_/B+). Since f"(z9) = —4v+/B_B+ <0,

then f(z) has a local maximum at zo where

£(0) = 5o (VB- = VB

Furthermore, during the smooth dynamics 0 < (x93 — z1) < X. At both boundaries f(z) = 0 and therefore

zero is the global minimum of the function f(z) in that region. This proves the theorem. O

We will now prove the main theorem of this section, that is the two peakons are confined in a moving

box whose width is defined by the value of the constants v and ..

Theorem 5.5.4. For d = 2, at the time of collision t. as well as at the time of pseudo-collision t,, the
quantity, (m1 — ma) flips sign and so does %(xz —x1). Hence, if at t =0, (z2 — 1) < X, then at every
moment t > 0, (x2 — x1) < X. Therefore, the two peakons are then confined in a moving 1-dimensional box
whose width is given by the equation

(.’ﬂQ — .’tl) = X.
Furthermore, the two peakons collide with the boundaries of the box if and only if mymeo < 0.

Proof. We begin by showing that the quantity mi; — mo flips sign if and only if A\;j; — A2; also does. Note
that by (5.26) the roots A1; and A9; are given as follows for any time ¢

mle—Qu(xg—wl) + m2

A =
2T mymy(e=2(mema) — 1) (5.52)
N m162u(12—11) + mo .
BT myma (e e — 1)
One can show by direct calculation, that
Aop — A1 = m;limzh (5.53)
1

As mentioned before, the quantity mqmso preserves its sign at all times and therefore, the quantity my — mo

flips sign if and only if A\j; — A9 also does. Furthermore, the first equation in (5.9) implies that
Jfg - .fl = u(l‘g) - u(xl) = (m1 — mg) [G(J?l — .132) — G(O)] .

However, we proved in the previous lemma that the quantity [G(z1 — x2) — G(0)] is bounded from above by

zero and therefore preserves its sign at every time . Hence, whenever the quantity (m; — mg) flips its sign,
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%(xg — 1) also does. To complete the proof, it suffices then to show that at ¢, as well as at t,,, the quantity
(A1 — A2p) flips signs. Now, consider the collision moment ¢, at which 1 = x5, then M_ = Me=2¥#1 and
M, = Me?"*1. Thus,

M- M, 0

M_ M,
Then theorem (5.5.1) implies that A;; = A2 (In fact, we have shown that explicitly in (5.33). Furthermore,
theorem(5.5.2) implies that

A1 = —Aop. (5.54)

Thus, if at ¢t — ¢, , A11 and Age approach A, = —M/C> from different directions, then A\1; and Aga changes

sign at t.. Consider now (5.52), as t — ¢, e?(@27%1) 1 — 2p(xy — 1) + O((x2 — 21)?). Hence

—M —2v(xe — x1)my

A
11 — Cs )
Nt s —M +2v(zy — xl)ml.
Cy

and thus A1 and A9 approach A. from different directions depending on the sign of m;. We conclude then
that at ., the quantity A;; — A2; flips sign and so do (m; — m2) and %(:62 —x1).

On the other hand, as ¢ — ¢, the roots are given up to a constant as follows

M 1
A11 =T T —,
—mimeso mq

M 1

>\21 - - —

—mims Mo
Therefore, A1; and A2; approach A = 0 from different directions depending on the signs of m; and mo.
Furthermore, since at ¢, A11 = Ag1 = 0, then theorem (5.5.2) again implies that )\11 = *)'\21. Therefore, we
conclude that at ¢,, the quantity A;; — A2p flips sign and so do (m; — mg) and %(;vg —x1).

However, since before t., the two peakons are approaching and therefore (x2 —x1) is decreasing. Then just
after t., (x2 —x1) is increasing and therefore the two peakons are moving apart. Similarly, before ¢, (x2 —x1)
is increasing, then just after ¢, the two peakons will be approaching. We conclude if at t =0 |z — 21| < X,
then |z — 1] < X for all ¢ > 0. Now assume that at t = 0, (z2 — 1) < X, the previous conclusions imply
that the 2 peakons will never cross the boundaries of the confinement box whose boundaries are defined by
(2 —x1) = X and we showed in section (5.3) that pseudo-collision only occur when myms < 0. This proves

the theorem. O
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5.6 The Geometry of Collisions and Analytic Continuation

We will now provide a concrete geometric interpretation of the collision and the pseudo-collision points as
well as the natural analytic continuation that we discussed in the last section. Recall that since (E, A) €
M (2,0), we have to restrict to SL(2,C) gauge transformations. Therefore, we can now use the following

gauge transformation

1/ (M + 590 0

y—y~1!

G, = 0 (M+20)

to transform the trivial bundle F = O ¢ O to the bundle E = O(—1) @ O(1) as follows

3
A MM+
A"(\) = G AL (NG, = " ( = ) . (5.55)
)/ (M n vf;l,lx) Ay

Therefore, the collision Higgs field is singular. However, as mentioned in section (4.4), the vector bundle
E = O(-1) + O(1) has a unique Higgs field that, as a section of the Hitchin system, intersects each torus
in one point. In fact, this point is the theta divisor and therefore the theta divisor is the collision locus
that highlights the singular dynamics. However, recall that by theorem (2.3.16) up to conjugation, the space
of all Higgs fields A(A) with the same spectral curve Y can be identified with J(Y)/©. Furthermore, the
Higgs field becomes singular when the eigenspace line bundles hits the theta-divisor. Therefore, both results
confirm the fact that the theta-divisor is the locus of the singular dynamics. This analysis first appeared in
[48] but we included it here for completion.

As shown in (5.36), the collision point admits a unique behavior in a sense that, up to a constant, the
non-diagonal elements of the Higgs field coincide at this moment. We will show now that this unique behavior
of the Higgs field at t. enables us to normalize it using gauge transformations. All we need to do is to turn-off

the diagonal elements. For that purpose, we write (5.36) as follows

A A
A1 —An

Al =

and we transform A/, by the following gauge

1 1 0 _ 1 0
Gyl = VA

\/Alg 0 A12 ’ 0 1/A12

Then, A, becomes (for simplicity we will keep calling the transformed matrix A’)

Gy =

A 1
Ae) = GtAG = | 8
—A, —An
Then, we apply the following gauge transformation
1 0 . 10
Go = , G5 = . (5.56)
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Then, A’ transforms as follows

AL = GyrALGy = 0 ! (5.57)
c 2 cI2 — . .
Af - A} 0

However, from (5.36) det(A.) = g = A2, — A2,. Therefore, the gauged A’ has the following form

0o 1
Al = . (5.58)
—q(A) 0

Finally, we transform A/ by the following gauge transformation

1|1 0 . 1 0
Gs=— - G35t =¢q : (5.59)
Vilo g 0 1/yq

then
0 Vi
~Va 0

Al - Al =Gy ALGy = (5.60)

This is the normal form of A/ that we aspire.
Recall now from section (4.5) that limiting configurations are pairs (Do, Aso) that arise as limits of
solutions to Hitchin’s equations and satisfy the decoupled version of Hitchin’s equations (4.36). However,

since the Higgs field A’ is normal, then it satisfies the second equation in (4.36), namely
[A, AT] = 0.

In other words, the collision Higgs field A/ (A) is naturally equipped with a flat connection D, and the pair
(D., Al) represents a limiting configuration. However, as pointed our before, every limiting configuration
arises as a limit of a diverging sequence of solutions to Hitchin’s equations. Our job now is to determine
which sequence of solution converges to A’ and how does this connect with the analytic continuation for the
problem.

Recall that we proved in theorem (5.5.4) that after ¢, the two peakons shall be approaching each other
while after t. the two peakons shall be moving apart. We concluded that the two peakons are confined in a
one-dimensional box whose boundaries are determined by the constants v and S,. These results may hint
that the two peakons collide elastically with the walls of the box, reverse their directions and bounce back
just as billiard balls. However, this is not the case as we will show now. Consider the velocities of the two

peakons which are given as follows
vy = u(z1) = mG(0) + maG(z1 — z2),
vy = u(xa) = mG(x2 — x1) + m2G(0).

Then, at t. as well as at ¢,

V1 = VU = MG(O) = w
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Therefore, if M > 0 then the two peakons are moving to the right with the same speed at ¢. and at t,.
If M < 0, then they are moving to the left with the same speed. Finally, if M = 0, then they stop
momentarily, and then bounce back in different directions. Obviously, our previous interpretation concerning
elastic collisions may make sense when M = 0, that is when m; = —msy. However, in general, it is indeed
not true. Another hint towards a proper analytic continuation is to note that the Green’s function of the CF
system and the Green’s function of the periodic Camassa-Holm are identical on the interval — X < z < X

given that
X = € In(8_/B+)
2u B

is the period of the CH dynamics. Therefore, if we assume that peakons in the CF system satisfy the following

periodization condition

zj1+4(0) = 2;(0) + X, m;4a(0) + X =m;(0),

then the periodic CH and the CF dynamics coincide. This amounts to periodizing the CF dynamics such that
the CF peakons are moving on a circle. However, recall that the CF peakons where confined in a box whose
boundaries are defined by |xs — 21| < X. Hence, this periodization process is simply gluing the boundaries of
the confinement box. In this new setting, a pseudo-collision becomes simply a collision on the circle. In other
words, the pseudo-collision Higgs field A,, is glued to the collision Higgs field A.. However, starting with the
Higgs field (5.25) with an appropriate initial conditions such that the two peakons are moving apart. Then
the Lax pairs evolution gives us a (continuous) family of Higgs fields that diverge as t = ¢,,. Furthermore, note
that the degeneration phenomena of the limiting element in the sequence manifests in A, since all the roots
of its elements become A = 0. Hence, gluing this diverging sequence of solutions to the limiting configuration
Al amounts to a desingularization of the diverging family solutions ending with A,. However, this process
also amounts to a desingularization of the dynamics. Furthermore, as discussed in the last chapter, this
gluing process in Mgy, (2,0) amounts to a compactification of the moduli space of Higgs bundles. In this
case, we get a family of Higgs fields evolving with time such that A(A,t) is bounded for all . Hence, this
family of Higgs bundles is moving in a compact subset of Mgy, (2,0). We conclude that a compactification
of the CF dynamics to occur on a circle is equivalent to the compactification of the underlying moduli space

of Higgs bundles.

Hence, we have shown that the CF dynamics is completely governed (reflected) by the evolution of the
associated Higgs field A(A) in the underlying moduli space. These results are then a manifestation of the
fact that the dynamics of the CF system can be realized by the dynamics of the underlying Hitchin system.
In other words, the CF system can be realized as a twisted Hitchin system. This is then a concrete example

of the fact that many classical integrable systems can be realized as Hitchin systems.
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Figure 5.1: Compactification of the domain of the CF system is equivalent to compactification of the
underlying moduli space of Higgs bundles.

5.7 Three Peakons Dynamics (d = 3).

In this section, we will study the dynamics of three peakons interactions. We start by analyzing the Hamil-

tonian H(x1,x2,x3, m1, M2, m3) given as follows

3
1
H= 3 Z miymy Gy g(T; — xk),
G k=1
1
= 5(?”? +m5 +m3) Gup(0) + mimy Gy p(x1 — x2) + mams Gy (1 — x3) + mams G, (2 — x3),

1
§M2 Gu,5(0) +mimz [Gy(z1 — 22) — Gy (0)]

+ maoims [GV75($2 — (Eg) — Gu,ﬁ(o)] + mims [GV15(1'1 — ifg) — Gl,’g(O)],
= H°+ H',

where, M = mq + ma + ms is the total momentum and H® and H* are the stationary and the interaction
Hamiltonians respectively. They are defined as follows
o_ 1,
H = §M G,,5(0),
H = ijmk[G(acj —x) — G(0)],

j<k

(5.61)
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where j,k = 1,..,3. Obviously, the interaction Hamiltonian is nothing but the sum of the three interaction

Hamiltonians representing the interactions between pairs of peakons. Namely,
i<k

where HJ’:k is the interaction Hamiltonian between the peakons in the j-th and k-th positions respectively

Hl:k = m;mg [Gy”@(xj — Z‘k) — GUﬁ(O)]. (5.63)

J

Since the interaction Hamiltonian factors in this way, one might expect that the dynamics of the three
peakons mimics the dynamics of d = 2 between each pair separately. In other words, each pair of peakons
can collide or pseudo-collide at certain times. However, as will be shown shortly, there are other constraints
that will prevent certain dynamics from occurring. Furthermore, similar to the interaction Hamiltonian, the

total momentum M also factors out as follows

M = my + mg + mg3,

%[(m1 +mg) + (ma2 +m3) + (m1 +ms)], (5.64)

1
= 52Mjk7

i<k
where j, k =1,...,3 and M}, = m; + my, is the total momentum for the peakon pair in the positions j and
k respectively. This factorization also suggests that interactions only occur in pairs; this fact will be made
concrete while studying the Higgs field for the three peakons.
Consider now the Higgs field A(A) for the three peakons. In this case, it is given as follows

A()\) € H(P', End(E) ® O(3)),

where

A A
AN = TaToTof = . (5.65)
Aoy Ago

In this case,

A=~ |1+ AM + A2 ijmk(l . 621/(06]‘7%)) +)\3m1m2m3(1 + Z(_l)k*jSQV(Ij*Ik)) ,
i<k j<k

App =~71) Z mye 2Tk 4\ Z mjmpe 2% (1 — e @i=mk)y 4 A2y momge” 2073 (1 + Z(—l)k7j672”(zj7”)) ,
k j<k j<k

Ay =X | — Z mpe?’ "k 4\ Z mymge?r®i (1 — e @i=2r)) X2 ymgmge?”®s (1 + Z(—l)ki]‘e”(z-f*r’“)) ,
k j<k j<k

Ay = 771 1—AM + )22 ijmk(l _ e*QV(I_j*Ik)) _ /\3m1m2m3(1 + Z(_l)k*jefb(zjfmk))
j<k j<k

73



First of all note that this is the traceful Higgs field. Meaning that we have not yet applied the transformation
1
A— A- §Tr(A).

As we already know, the dynamics of the system is completely governed by the behavior of the off-diagonal
terms of the Higgs field. Therefore, we will keep this traceful form of A()) since it is more convenient for the

purposes of this section. The trace of the Higgs field is given as follows
TT‘(A()\)) = A11 + AQQ,

= (1m0 (7 =T OAM N Y mamy [y = (e ) e )
i<j (5.66)

X mmams [(y =71 4 3 (1) (e ) e )
i<j
But since the T'r(A) is a constant of motion, then the total mass M along with the following two formulas
are time invariant
Cy = Zmim]’ [(’Y + ’7_1) . (,ye2u(a:i—xj) + ,V—le—QV(mi—zj))} ’
i<j (5.67)
Cs = m1m2m3<1 _ e—QV(I2—I1))(1 _ e—2y(13—12))(,y _ 7—1e2u(m3—m1))).
Note that C5 is again nothing more than the sum of the constant C; given by (5.28) of the the Higgs fields
for the three different pairs. Namely
Cs :Zcfka (Jrk: 1a73)7 (568)
i<k
where C{k is the constant C7 given by the trace of Higgs field of the two peakons in the j-th and the k-th
positions respectively given by (5.28). In fact, it is easy to show that the d = 3 Higgs field given by (5.65)

factors as follows

1 .
AN =2 ) AR 4 Avue k—=1,... .
) 3; + AT (], sonn3), (5.69)

where A% are the Higgs fields of peakon pairs given by
AR\ =TrT9,
and

Y1+ X (FDFTe ) gl (1 3 (<1 e )

e (14 3, (—)E I ) T (1, (<) e )
(5.70)

aux 3
A =\ mimaoms =

Note: this factorization is in fact true up to a factor of 3 multiplying the elements m;my, in the three Higgs
fields A%
Recall now that the interaction Hamiltonian as well as the total momentum factored out as sums of their

corresponding quantities for pairs of peakons. Surprisingly, the Higgs field does not factor out as a sum of
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three Higgs fields for the three peakon pairs since there is an additional auxiliary Higgs field. In fact, it
turns out that this auxiliary Higgs field is necessary to prevent certain interactions that are forbidden by the

dynamics. To see this explicitly, note that A*“* can be rewritten as follows

v ,7716721/931

Aauw = )\3m1m2m3(1 — 6—21/(322—3?1))(1 — 6_2V(w3_x2)) (571)

2uxs —1€2y(9c3—9c1)

—ve —
Consider now the collision between the peakons in the positions z; and z3. In this case, Hi;, M3, are
conserved as shown previously in the case d = 2. At the same time, the three Higgs fields A7* for j < k
are finite. So without considering the Higgs field A%“*, there is no restriction for such collision to occur.
Consider now A®*  obviously the Higgs field blows up when xz; = z3. Hence, the total Higgs field A())
diverges and therefore it becomes asymptotically far in Mgy, (2,0) when z; = x3. Similarly, the Higgs field
A blows up when (23 — 1) = X. Therefore, following the interpretation of the previous sections, the total
Higgs field A(A\) becomes asymptotically far in the Mgz (2,0) at this moment. As before, a periodization
of the problem will get rid of these two singularities by gluing each sequence of diverging solutions to a
limiting configuration. Hence, gluing the walls of the confinement box will enable x; and x3 to collide on
the domain circle. As mentioned before, this compactification of the CF dynamics will then correspond to a

compactification of the underlying moduli space of Higgs bundles.

5.7.1 'Triple collisions

The natural question to ask now is whether triple collision occur or not. Can the three peakons collide at

one point in space such that 1 = zo = x3?7 The answer is indeed no, such collision is forbidden.

Theorem 5.7.1. Consider the CF dynamics in the case d = 3, peakons collide only in pairs and triple

collisions do not occur.

Proof. Consider the interaction Hamiltonian
H' = ZHJZk = Hi, + Hjs + His,
j<k
where
Hjj, = mymy [Gp(z; — k) = Gu,p(0)].

J

As mentioned before, since H = H° + H* and H as well as H? are conserved by the evolution of ¢, then H*

is also conserved. However, by lemma (5.5.3), the quantities
(G p(zj — 21) — Gup(0)]

preserve their signs for all t > 0 and are equal to zero only at a moment of singularity. But since the quantities
m;my, also preserve their signs for all ¢ > 0, then each H;k preserves its sign for all ¢ > 0. Assume now

that triple collisions do occur such that at some moment ¢ > 0, x1 = x9 = x3. Since the three quantities
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Hi,, Hi,, and Hi, are identical, they have the same order of poles and zeros; therefore, they behave similarly
at the time of triple collision. However, since mymoms < 0, two of these quantities have the same sign and
the third one has an opposite sign. Therefore, assuming that each H]’k blows up at the moment of triple
collision, then two of them will cancel (since they are identical with opposite signs) and the remaining one
will blow up. In other words, the interaction Hamiltonian blows up at the moment of triple collision. This is
a contradiction and we conclude that each H;k remains finite at the time of triple collision. In other words,
the poles of each m;my, cancel the zeros of [G, g(x; — z) — G, 5(0)] such that each H}; remains finite for
all ¢ > 0. Note that this is consistent with our previous results in the case d = 2.
Consider now the following two constants of motion
Co = 3 mymil(1 — ) (y PR
i<k (5.72)

Cy = m1m2m3(1 _ e—2u(m2—zl))(1 _ e—2u(x3—zg))(,y _ 7—16211(13—11))).
where we have rewritten C{k to be of the form (5.28). Assuming that 21 = x5 = x3, then
myma (1 — e @27y 5 O f(y =47,

We now know that this limit exists because of the argument in the previous paragraph. However, at this

moment Cj3 is given as follows

Cs = Cll2m3(1 — 6_2V($3_$2)).

But since ms(1 — e~ 2(#3=22)) _ 0, therefore, C3 = 0 when ; = x5 = x3. But since C3 is conserved by
the Lax pairs equations, this is a contradiction and we conclude that triple collisions do not occur in the CF

system and peakons only collide in pairs. O

Simply speaking, there is no way the order of zeros can be matched such that C5 and C5 are both conserved

at the time of triple collisions.
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Appendix A
Graphs of Peakons

Finally, we conclude this work with some graphs of the smooth and singular dynamics of the CF system
in the two cases d = 2 and d = 3. The first two graphs signify the smooth dynamics when all m; > 0. The
confinement of peakons is showed in both graphs but surely no singularities emerge in these two cases. The
following two graphs signify the singular dynamics for d = 2. As proved in theorem (5.5.4), with the proper
analytic continuation, these singular dynamics can be continued such that the motion takes place on a circle.
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Figure A.1l: Peakons confinement for 84 = 0.015, v = 2, 1(0) = 4, 22(0) = 5, m1(0) = 5, m2(0) = 8.
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Figure A.2: Three Peakons confinement for B4 = 0.00004, v = 1, z1(0) = 1, z2(0) = 2, z3(0) = 3,
m1(0) = 5, m2(0) =1, m3(0) = 3.
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Figure A.3: Peakons collide for 84 = 0.0015, v = 2, z1(0) = 4, z2(0) = 5, m1(0) = 5, m2(0) = —8.
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