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Chapter 1

Introduction

1.1 Point vortex model

The concept of point vortex model, introduced by Helmholtz [45] in 1858, is a classical and ac-
tive topic in the field of incompressible fluid mechanics. Various practical applications of point
vortex dynamics, e.g. in the study of large scale weather pattern, turbulent flow, atmosphere of
planets, wake of boats, etc, make it worthwhile to deeply explore the point vortex motions.

Aside from its physical relevance, this model attracts much attention as a mathematical
entity as well. Surprisingly, research of it has touched upon a large number of areas of Mathe-
matics, not only the theory of dynamical systems, Hamiltonian methods, singular perturbation
theory, stability techniques and numerical methods which appear expectedly, but also some oth-
ers that seem irrelevant at the fist sight, like knots theory, Lie group, polynomial theory, etc.
Over 150 years, considerable progress has been achieved both theoretically and numerically.
For the set-up of point vortex system in mathematical aspect we refer to the work of Kirchhoff
[47], Routh [68], Lin [54, 55], Saffman [70], and Gustafsson [38, 42], to name just a few.

In order to better understand this highly idealized system, we will show how it arises from
the Euler equation of the fluid motion and has the Hamiltonian nature. We start with a two
dimensional flow domain (2 C C. Particularly, the fluid is assumed to be ideal, i.e. incompress-
ible and non-viscous with constant density p = 1. The velocity field of the fluid, denoted by v,
satisfies the Euler equations

{vt—ir(v'V)v——VP (LLD)

V-v=0
where P is the pressure of the fluid. The first equation represents Newton’s law for the fluid,
with the left hand side describing the acceleration of the fluid and the right hand side the force
acting on it. Here we assume that the only force is the pressure force. The second equation
comes from the incompressible assumption, showing that the velocity field is divergence-free.

Let us define the vorticity as the curl of velocity:

w=V xv=00%— 0w
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Chapter 1. Introduction 8

Then taking the curl of the Euler equation, and using the fact that the curl of a gradient is always
zero yield the transport equation for the vorticity:

D
F“;:Wr(v-vw:o, (1.1.2)
from which we can say that the vorticity of a fluid particle is conserved in the co-moving frame
of the fluid.
The velocity field of incompressible fluid in two dimensions is determined by a scalar stream
function ). At a point z, the velocity generated is then computed according to a Hamiltonian
system

v(z) = —iV(2)
with the stream function as a Hamiltonian function. Thus by the definition of the vorticity, the
stream function v solves the Poisson equation

{—Ag[):w in Q,

1.1.3
05,9 =0 on 0f), ( )

where 0, denotes the tangential derivative.

We make an ansatz that the vorticity field is zero except a finite number of concentrated
points. In this consideration, the vorticity could be written as a finite sum of fluid particles
represented by a collection of discrete Dirac delta functions

N

w=Y T, zc

k=1

I}, is referred to as the strength or circulation of the k™ vortex at position z;, which may be
positive or negative according to its orientation. The N fluid particles with nonzero vorticities
are called point vortices. According to the vorticity equation (1.1.2) the circulation of a point
vortex does not change with time as the vortex moves through the fluid.

Now given a vorticity field, the existence of solution to the Poisson equation allows us to
use an appropriate Green’s function to solve for the stream function, and therefore the velocity.
If 2 = C is the plane without boundary, due to the work of Kirchhoff [38], the stream function
is

N
1
Ue(zy 21,0 ,2n) = —%;Fk log |z — 2.

If ©2 # C is a domain, observed by Routh [68], one has to take the additional influence of the
boundary into account. If €2 is a bounded, simply or multiply connected domain with boundary
0f1, the solution of the Dirichlet problem

{AZG(Z,w)+5(!Z—wD =0 inQ, (1.1.4)

G(z,w) =0 on 0N.

8



9 1.1. Point vortex model

is called Green’s function of the first kind on 2. GG can be decomposed into two parts:
1
G(z,w) :—2—log|z—w| —g(z,w) for z,w € Q, z # w. (1.1.5)
T

The radially symmetric singular part is just the Green’s function in the unbounded plane, asso-
ciated with the vortex-vortex interaction, while the regular part g is harmonic in €2 and enforced
to satisfy the boundary condition, representing the vortex-boundary interaction. g and G are
both symmetric. The function

h:Q—R, h(z)=g(z2)

is called the hydrodynamic Robin function (see [38]). h(z) — oo when z — OS.

If 2 is unbounded, like the upper half-plane, GG is no longer unique. Then additional condi-
tion on the behavior of the Green’s function at infinity must be imposed to ensure its uniqueness.

Kirchhoff first recognized that since each point vortex moves with the local velocity of
the fluid and the vorticity is conserved, motion of the point vortices is itself governed by a
Hamiltonian system. One can then track the motion of the fluid just at these point vortices.
Until 1943, the motion equations of N point-vortex in general domain €2 were finally shown by
C. C. Lin in [54], stated as follows:

Theorem 1.1.1. [54] Assume ) C C is a bounded domain, simply or multiply connected.
Let q(z; 21, - -, 2n) be the stream function for the fluid motion on ) determined by N point
vortices {zx|k = 1,--- | N} C Q with strengths {Ux|k = 1,--- , N}. Then

(1) .
7/’9(2, 21,00 7ZN) - ZFkG(Z7Zk)

N N
1
SR ST TN oI
k=1 k=1

with the corresponding Green’s function G and its regular part g defined as in (1.1.4) and
(1.1.5);

(1.1.6)

(ii) the motions of these N vortices are governed by a Hamiltonian system

szk = —z'VZkHQ(z), k= 1, ce ,N, (117)
where
Ho(z, -+, 2n Z I,TxG(z5, 21) kag Ziey k) (1.1.8)
jk 1
J#k

with phase space FnS) = {z € QN z; # a for j # k}.



Chapter 1. Introduction 10

We see that the stream function is a linear superposition of Green’s functions with respect
to each source z; and the Hamiltonian function is derived by contracting the stream function
with the singular vorticity distribution. In the classical literature, the Hamiltonian is referred to
as the Kirchhoff-Routh path function.

The construction of G is intimately related to the details of the boundary shape. For vortices
in a domain possessing special symmetries, such as vortices in the upper bounded plane, inside
or outside a circle, in the positive quadrant, the Green’s functions can be obtained using a
standard “method of images” (see [30]). A more general technique based on conformal mapping
is given by C.C. Lin [55] to deal with point vortex in domains where the “method of images”
becomes complicated or unclear.

1.2 Stationary and periodic solutions

It is natural then to ask: what types of solutions are allowed by these motion equations? Here
we are only interested in periodic solutions (including stationary solutions), which repeat after
a finite time.

Stationary configuration is certainly the simplest pattern of vortex periodic motions, de-
termined by the critical points of Hg. However, it is already a highly nontrivial problem in
consideration of the complexity of Hg, for general domain (2. The configuration space Fx2 is
noncompact in CV and Hg, is unbounded from both above and below. Indeed, generally Hq(z)
may approach any value in R U {£o0} if some of the z;’s approach the boundary 0f2. This
implies there is no definite behavior of Hq(z) as z — 0Fn(), thus the energy surfaces are
noncompact and the Palais-Smale condition fails. The only exception is the case N = 2 and
1Ty < 0 when Hq, is bounded above and Hq(z1, 20) — —o0 if 2z, — 0 or z; — 25 — 0. Thus
energy surfaces are compact and Palais-Smale condition holds.

In the paper [15], which mostly deals with the case N = 2,['; +I's = 0, the existence of at
least two critical points of H, has been proven for any smooth bounded domain. Later, Bartsch,
Pistoia and Weth [17] proved when N = 3 or 4, '), = (—1)’“, Hg, processes a critical point
for arbitrary C?-bounded domain. In their proof, a min-max argument yields a Palais-Smale
sequence for Hg and a careful investigation of the behavior of Hg near 0Fn§2 shows Hg, is
bounded from above along a flow line of the gradient flow of it. Then H, satisfies the Palais-
Smale condition and the Palais-Smale sequence gives rise to a non-collision critical point of
Hq. Moreover, If 2 is symmetric with respect to a line through it, forany N € N, T}, = (—1)*,
Hg, has a critical point with all components lying on this line. The result without symmetry is
improved in [16] where the existence of a critical point of H, is obtained for 2 < N < 4 and
the I';’s having alternating signs and satisfying a certain condition. Under their hypothesis, any
C!-function F' : FyQ) — R which is C'-close to H on certain compact subset of Fx () has
a critical point in this subset. When (2 is bounded, not simply connected, and all the [';’s are
equal, del Pino, Kowalczyk and Musso [35] proved that a critical point of H, exists.

It is a basic problem in classical or celestial mechanics to study the periodic solutions of the

10



11 1.2. Stationary and periodic solutions

Hamiltonian system
2=JH,(2). (1.2.1)

These solutions can be found as critical points of the action functional

1 /T T
J(z):§/0 j2~zdt+/0 H(z)dt (1.2.2)

on a suitable space of T’-periodic functions.

This variational structure suggests results should be obtained through variational approach.
However in the beginning, except in second order cases, the direct method of the calculus of
variations which deals with absolute minima is unapplicable. This is due to the fact that the
dominant integral of .J is strongly indefinite, i.e., unbounded from below and from above. Until
1978, it was Rabinowitz [66] who successfully obtained for the first time periodic solutions of
the first order system (1.2.1) by a variational principle. Since then general critical point theory
for indefinite functionals was highly developed.

When the energy hypersurfaces are compact, this problem is well understood and plenty of
famous results are found in the literature. For some pioneering work dealing with Hamiltonian
systems via variational methods, we refer to the monographs [1, 56, 67] and the references
therein. It is worth mentioning that Weinstein [80] conjectured that any contact type energy
hypersurface admits a periodic orbit. This conjecture was first solved by Viterbo [77] in 1987
and generalized to the case of compact hypersurfaces in the cotangent bundle of a compact
manifold by Hofer and Viterbo [46, 78].

If the Hamiltonian is singular, in general the energy levels are not compact any more, which
is the case we discuss in this thesis, and then the situation turns out to be more complicated.
There are two main features of the functional related to singular Hamiltonians, namely, that
they are defined on an open subset of a Sobolev space and that they do not satisfy the usual
compactness condition. Although there exists a large literature on periodic solutions of singu-
lar Hamiltonian systems, most are dealing with second order (Lagrangian) systems related to
Kepler or N-body problems:

G+VV(g) =0 (1.2.3)
with a singular potential V' € C!(R™\{0},R). In this case, the Hamiltonian has the form
H(q,q) = 3|d|* + V(g). The dominant integral in the corresponding action functional is

1/2 fOT |¢|? dt defined on H'(R/TZ,R™). Since H'(R/TZ,R"™) embeds into L>°(R/T7Z,R"),
H'(R/TZ,R™\{0}) defines an open subset of H'(R/TZ,R™). To avoid collisions, the rate of
growth of V' near the singularity plays a key role. Consider the model case V' (¢) = —|q|™%, a >
0. If @ > 2, known as the ’strong force condition” first used by Gordon in [39], (1.2.3) pos-
sesses infinitely many non-collision periodic solutions of prescribed period and periodic orbit
exists on every positive energy surface. If & € (0,2), which is called the "weak force con-
dition”, existence results are also explored in several directions including both prescribed pe-
riod and prescribed energy problems. Many authors generalized the cases for general potential
V(g) ~ —|q|™%, see [39, 65] for strong force case and [82, 74] for weak force case. Moreover,
when V' is singular not simply on {0} but on a compact subset in R", an analogous result holds,

11



Chapter 1. Introduction 12

see [2]. We also refer to the book [3] of Ambrosetti and Coti Zelati for an overall view of this
subject.

However, the investigation on periodic solutions of first order Hamiltonian systems is not so
developed as second order ones. Nearly all existing papers in this direction are still concerned
with a class of systems in the form of N-body type, that is, H(p,q) ~ 5Ip|” — ‘q%, a, B3>0
with singularity at ¢ = 0. In [75], Tanaka presented a minimax argument and obtained the
existence of classical periodic solutions under the condition o > 3 > 1. 0 = 2,a > 2
corresponds to the strong force case of second order system. The function space is chosen
to be the product of L#(R/TZ,R") for p and W%/ (3=V(R/TZ,R") for q so that the action
functional is well defined and the (PS) condition is fulfilled as well. The case § > o > 1
was treated by Boughariou in [21] where the existence of generalized (collision set has zero
measure) periodic solutions has been proved. § = 2, a < 2 corresponds to the weak force
case of second order system. The same applies to [25] where periodic solutions on fixed energy
surfaces have been found. The energy surface has to be of contact type, and the existence is
obtained by reduction to a theorem of [46] on the Weinstein conjecture in cotangent bundles of
manifolds.

Clearly, in our system (1.1.7)-(1.1.8) the singularity set {z € Q¥ : 3j # k, such thatz; =
21} is much more complicated and the behavior of the Hamiltonian with respect to the conju-
gated variables x and y is completely different from the p and ¢ in [75, 25]. In fact, neither the
results nor the techniques of the existing papers on singular Hamiltonian systems apply here.
In addition to the well-known technical problems due to the strong indefiniteness of the action
functional for T-periodic solutions

J(z) = %i::/;(z’zk)-zkdt—/:ﬂg(z) dt.

new difficulty arises. The first integral in the action functional is defined on H'/?(R/TZ,CV),
whereas the second integral prefers z(t) € FyS). Since H/2(R/TZ,C") does not embed into
L> the condition z(t) € Fx{) does not define an open subset of H'/2(R/TZ,C"). Working
in HY(R/TZ,CY), or other spaces which embed into L, will cause compactness problems.
Compactness problems appear anyway because there is no definite behavior of Hq(2) as z —
OFNQ C CV,

1.3 Scope of the thesis

In this thesis we address two issues involving periodic solutions to the point vortex systems in
planar domains.

The first problem concerns the relative equilibria of the vortex equations in a specific do-
main, the disk. In this case, the angular momentum is another conserved quantity beside the
energy conservation. The system for two vortices is thus completely integrable in the Liouville
sense. In Section 2.1 we introduce a set of appropriate canonical transformations to reduce the

12



13 1.3. Scope of the thesis

dimensionality of the two point-vortex system in the unit disk. As an example we particularly
describe the classification of two identical vortices motion. The final (integrable) one-degree-
of-freedom Hamiltonian, with angular momentum being a parameter, is written in conjugated
coordinates which represent the relative positions of the two vortices. The structure in the phase
space changes according to the value of the angular momentum. Numerically we plot some tra-
jectories of the reduced system. Fixed points (periodic solutions of the initial system) appear
in these figures which agree with our analytical computation. Section 2.2 is devoted to “vortex
crystals” in the disk. We proved the existence of open or centered n-gon, symmetric two n-gons
and alternate two n-gons with generic choice of radii or strengths.

The second part of this thesis deals with the N-vortex problem in general domains. we
consider the problem whether (1.1.7)-(1.1.8) has nonconstant periodic solutions in a domain
2 # C. As abasic question about any Hamiltonian system, however this has not been addressed
for the N-vortex problem in a general domain. As mentioned, the difficulty lies in the fact that
in general, this Hamiltonian is singular, not integrable, and energy levels are not compact and
also not known to be of contact type, so standard methods do not apply. Therefore it is not
surprising that there are no results on the existence of nonconstant periodic solutions except
when the domain is radial. In that case, and when I', = I'; for all &, it is not difficult to find
periodic solutions where the N vortices are arranged symmetrically as shown in Section 2.2.

A central and perhaps most interesting result of the thesis is Theorem 3.1.4. For any N € N,
when all the strengths are the same, we prove the existence of a family of periodic solutions
2"(t), 0 < r < ro,of (1.1.7) and (1.1.8) with arbitrarily small minimal period 7,. — 0 as r — 0.
Instead of obtaining periodic solutions near an equilibrium we obtain periodic solutions near a
singularity of H. The solutions we obtain are simple choreographies, i.e., the /N point vortices
travel on the same curve and exchange their mutual positions after a fixed time. The dynamics
of a single vortex in €2 is completely described by the Robin function because & coincides with
the Hamiltonian in that case; see [42]. Theorem 3.1.4 shows that the Robin function also plays
a fundamental role in the analysis of the dynamics of N > 2 point vortices. Sections 3.2 to 3.4
constitute the proof of the main result. Lastly in Section 3.5 we generalize Theorem 3.1.4 to the
case of two vortices with arbitrarily non-opposite strengths and also obtain a result when the

logarithm function in H is replaced by ‘21+ with a > 0.

Zz|a

13



Chapter 2

Periodic solutions of systems in disk

As mentioned before, despite in general it is hard to know the explicit Green’s function when
the planar domain €2 # C, we still have hope to solve (1.1.4) whenever () possesses a certain
shape. The classical method of images was firstly introduced by Thomson [76] in 1845 and it
became a powerful tool for solving boundary value problems. In particular, for some simple
symmetric domains this method greatly facilitates the solution of the problem. The spirit of the
method of images is: for a given vortex located in a domain with some symmetry, one places
an “image” vortex with an opposite strength outside the domain, reflected across the boundary.
In such a way the boundary condition is satisfied.

Here we take the disk as an example to explore periodic motions, including relative equilib-
ria, of point vortices moving in it.

Consider a vortex of strength I'; located at zj
inside the disk D = {z € C : |z| < R} of ra- z L Z
dius R. We place an image vortex with strength

—TI' at position z/™, where

mo__ % -R o R x
2"t = PR
k
Then we find that for any z € 9D, aD

2" - |2l = B = |27,
From an easy geometric observation,

ANzoz™ ~ Azgoz,

which leads to

fmnl _Jal Ll
|z — zim Z| R

is a constant, so that the radial velocity components on the circle generated by z and 2™ are
. . . . >, — 2
canceled. Notice that the above equation implies |z — z;| = |ZZ’“—RR‘ for all z on 0D, thus when

14



15 2.1. Motion of two vortices in disk

we define the Green’s function associated with z;, of strength I'; as

1 1 R? — 23
G(z,2) = —%log |z — zx| + %log |—Rk|’

the boundary condition G(z, z;;) = 0 on 9D is satisfied. Then for n distinct vortices located at
2k € D,k =1,--- ,n,each with strength ', the stream function governing the fluid motion is
given by

Up(zizn, ) = > TGz %),
k=1

and hence the Hamiltonian function (remove the constant term log R) is derived as

H n:__E:F'Fl I . _E:le 2
D(Zl7 72 ) 47T e 7 k Og |R2 — . Zk| + Og ‘Zk| )
g
1 O (R? = |5|)(R* = |z, | 1
:—Ejrrl R? J —Ejr% R? — |z|?
81 ot jtk Og( + |Zj _Zk|2 >+ Am £ k Og( |ZI€| )
j#k B

2.0.1)

2.1 Motion of two vortices in disk
We begin with some definitions and well known facts in Hamiltonian dynamics for review.

Definition 2.1.1. A Hamiltonian system is a dynamical system described by a scalar function
H(z) = H(q,p) of 2n coordinates q = (q1,- - ,qn), P = (p1," -+ ,Pn) € R"™ and the evolution
equation

2 =JVH(z),

known as Hamiltonian equation. Here, 7 is the 2n x 2n symplectic matrix

0 I,
-1, 0 )’
where I,, is the n X n unit matrix.

Also recall that

Definition 2.1.2. A Poisson bracket is a binary operation on two functions f(q,p), g(q,p)
defined as

{f(q.p). 9(q, P)}:Z<ff—ff :

15



Chapter 2. Periodic solutions of systems in disk 16

Definition 2.1.3. A transformation of coordinates is canonical if it preserves the form of Hamil-
tonian equations. In other words, under a canonical transformation the new Hamiltonian equa-
tion is simply obtained by substituting the new coordinates for the old ones.

To characterize a canonical transformation, several ways are developed:
Proposition 2.1.4. A coordinate transformation
Q:q; — Q(q,p), P:p;— Piq,p)

is canonical as long as one of the following holds:

90 90
1. its Jacobian J = ( 9 % > satisfies JJJT = J. Such a matrix J is called symplec-
oq  op

tic.
2.{Q;,Qr} =0,{P;, P} =0, {Q;, Py} = 0 forany j,k=1,--- n.

3. Foranyj=1,---,n,
o0Q; _op  0Q;  Op
og 0P op  0Q
or; 0q 0P,  Oq
o 0Q; oq P

The Poisson bracket characterizes the first integrals of motion as well.

Definition 2.1.5. f is called a first integral of the Hamiltonian X, if it is a conserved quantity
of the motion. An equivalent way to state this is that f is a first integral if { f, H} = 0 since

N~ (OfOH Of OH\ ~(Of . [ Of .\ _df
=3 Gyt~ 05) =2 (ot 3,%) ~

Let f1,-- -, f,, be firstintegrals of X';. They are said to be independent or involutive if { f;, f;} =
0 for any @ # j.

Remark 2.1.6. Obviously {H, H} = 0. Hence the Hamiltonian is a first integral for an au-
tonomous Hamiltonian system, as the sum of the kinetic and potential energies of the system.

A notion of complete integrability in the sense of Liouville is then defined based on the
number of first integrals of the system:

Definition 2.1.7. For a Hamiltonian system defined on a 2n-dimensional phase space, if there
exist k& independent first integrals, one can reduce the dimension of the phase space to 2(n — k).
When k = n, the system is called completely integrable.

16



17 2.1. Motion of two vortices in disk

The knowledge of the first integral is of particular interest in both mathematics and physics
because of the possibility of using it to get explicit expressions for the solutions of the system.
For a completely integrable system, the Liouville-Arnold theorem ensures that in principle,
using the conserved quantities one can find a special coordinate transformation such that the
new Hamiltonian equations can be solved, or to say, “integrated”. However, even if all the
conserved quantities are known, the reduction procedure can be complicated and skill-intensive.
Lichtenberg and Lieberman [53], Whittaker [81], or Arnold [12] have a nice discussion of this
topic.

It is well known that in addition to the energy [, the n point-vortex system in the unbounded
plane admits three independent first integrals of motion. Besides the energy H, the other two,
the center of vorticity @ + iP = Y _,_, I'y2; and the angular momentum I = >, T'y|z/?,
correspond to the rotation and the translation invariances of the system in the two-dimensional
plane. The integrability for the three point-vortex problem in C was studied by Synge [73] with
the trilinear variables applied. The problem was further re-discussed by Novikov [62] for equal
strengths and Aref [6] for general strengths. For n = 4, The system in C is integrable if the total
vorticity I' = Zizl I'y, = 0 (see Aref and Pomphey [9, 10], Aref [7] and Eckhardt [36]). This is
because the four first integrals H, P, (), I are mutually independent in this case. When I" # 0,
the four vortex system is not integrable anymore, proven in Ziglin [83], Koiller and Carvalho
[48], and also Oliva [63], all of which are based on the Melnikov method.

But for our system in a disk, because of the lack of invariance under translations, only the
energy and the angular momentum survive. This tells that the system consisting of two vortices
in a disk is completely integrable and chaos may occur when more vortices are present. In this
section we are concerned with the complete integrable motion of two vortices in a disk. Our
work here is similar to a part of [19], but carried out in different variables and we give detailed
calculations for seeking relative equilibria.

For convenience of computation, we shall let the radius R of the disk be 1. Consider the
motion of two point vortices on the unit disk, z; = x; + iy; with strength ['; and 2z, = 25 + iy
with strength 'y, determined by a Hamiltonian system according to (2.0.1):

. OH
Fp2y = a—(ZhZz%
ng k=12, (2.1.1)
Thgjp = ——
KUk o (21, 22),
with
T2 I2 T (1 — |z *)(1 = [2]?)
H(z1, 2) = —Llog(1 — |21]?) + =2 log(1 — |2]?) + =2 log (1 :
(s1,22) = g log(1 = [=1%) & g2 log(1 = [=af") + — 2log (14—~ =20)

defined on the phase space FoD := {(21,22) € D X D : z; # 23}, an open subset of D?.
The angular momentum of vorticity, in this case is written as

I = F1’21|2 + F2’22|2.

17



Chapter 2. Periodic solutions of systems in disk 18

The existence of this conserved quantity is a consequence of invariance of the motion equations
under the continuous transformation group of the coordinates’ rotations. Equations (2.1.1) are
also invariant under certain discrete transformations, for instant, if (24, 'x) solves (2.1.1), so do
(Zk, ') and (—zg, ['x). Although these discrete symmetries do not lead to first integrals like /,
they do possess the property that as long as they are initially satisfied, they are preserved for all
future times. Direct calculus shows that / and [ are two independent first integrals. (2.1.1) is
thus completely integrable and it allows us to reduce the freedom degrees of the system and to
investigate its phase space.

First of all, we see that (2.1.1) is not in a standard canonical form. To put it canonically, we
introduce a new set of variables

@ = VI Tklsgn(Te)zk,  pe = VITklye, k=1,2.

In this new variables we can get the Hamiltonian system in standard canonical form

. OH'
%= G (q,p)
| o . k=1,2, (2.1.2)
Pr = — ) )
’ ac]k

v I} gt +pi, T3 @+ p3

H' —Liop (1 — “21og (1 —
(a,p) =7 log ( T ) + 1 log ( T )

L Iy | [(CI% + 1)@ +p3)  2(s1520102 + pipa) L 1}

dm [T T V|
Wl log {(J% +0f | G5 205150010 +p1p2)}

_|._ —
dm T T2 V1T
where s, = sgn(T'y).

Now the polar coordinates are applied:

Qe = \/2ppcos by,  pr=/2ppsinby, k=1,2,
namely, ¢i + pi = 2py, and 0), = arg(qx + ipy,). This is a canonical transformation as {p;, py} =
{0;,0,} = 0and {p;, 0} = d,. Observe that

5182Q1Q2 + p1p2 = 3152\/%005 01 cos Oy + Msin 0, sin 0,
= 5159 \/M(cos 01 cos Oy + 5155 sin 0y sin Oy)
= 3132\/Mcos(8191 — S909)
= slsQMCos(Ql — 515202),

then the equations are converted into

) 8[_[//
Pr = W(Pﬁ)
ko k=12, (2.1.3)
0, = _8i( 0)
k dpn P Y),



19 2.1. Motion of two vortices in disk

with r2 r2
2p1 2p2
H'(p,0) =—Llog (1 — 2L2) + “210g (1 — 22
(p’ ) A1 Og( |F1|> +47T Og( |F2|)

r 4 4 A/
i 2 o [ P1p2 81524/ P1P2 cos(01 B 813202) n 11
T

T,y VTl
I r 2 2 4 \/
_ i 21 { P1 P2 51824/ P1P2 cos(91—315262)1
T

+
1T VT,

Next, we introduce a set of canonical (checked as before) conjugated variables

G = p1, Gy = p1 + 5152p2,
Ql =0, — 8152‘92, Qz = 818292,

under which the equations of motion become

. OH : OH
Gl = _(G7 Q)a Ql = __(G7 Q)?
an aGl
‘ of . of (2.1.4)
Q2:_8_G2<G7Q)7 GQZT%(GvQ) :07
with the new Hamiltonian
=~ FQ 2G1 FQ 28152<G2 - G1>
H = Llog(1—=)+ -2log(1—
(G,Q) = - log ( \I&\>*_4w og ( | )
4 F1F2 1 |:48182G1(G2 — Gl) _ 48182\/8182G1(G2 — Gl) o8 Ql 4 1:|
47 |F1F2| A/ |F1F2|

F1F2 l |:2G1 28182(G2 — Gl) B 48182\/8182G1(G2 — Gl)

+
Ty Ty VT

Observe that G5 is a multiple of the angular momentum:

cos Ql} .

1 1
Gy = =(q; + p) + ss152(¢5 + p3)

2 2
1 1

= §|F1||Z1|2 + 5«5‘182|F2||Z2|2
1

= 551[31’F1”21’2 + 52|Ta|]22]]
1

= —s11
9”1

thus a constant of the motion. The Hamilton function H is independent of the variable ()s.
Hence, we have carried out a reduction from the initial system to a one-degree of freedom
Hamiltonian system (2.1.4) parametrically depending upon the value of the first integral G.

19



Chapter 2. Periodic solutions of systems in disk 20

In the end, to describe the phase space, we make use of the new canonical conjugated
coordinates

X(t) = v/2G cos Qq,

(2.1.5)
Y(t) = 2G1 sin Ql,
to obtain a new Hamiltonian system
. OH . o
X = a_Y(XﬂyaGQ)a Y = _a_X(X7Y7G2)7 (216)

where the Hamiltonian is rewritten as

~ F2 X2 + Y2 FQ 5182<202 - X2 - YQ)
HX,Y:Gy) = “Llog(l— ——) 4+ —21log (1 —

+

Il 1 {5132()(2 +Y2)(2Gy — X2 —Y?)  2s15X/5152(2G — X2 — Y?) N 1}
0 _

4 11| VTl

SIS [XQ +Y2 5189(2Gy — X2 —Y?)  2s515X/5152(2G2 — X2 — Y2)]
J— O J—

+
4r |F1| |F2| V ’F1F2|

such that the trajectories can be plotted at different values of the parameter Go.

Example. [', =15 = 1.

In the following as an example, let us consider the motion of two identical point vortices
on the disk, i.e. 'y = I's = 1, s; = s; = 1. The only effect of the strengths of the vortices
is to change the ranges for the parameter and the variables of the system. We shall plot the
constant [ contours to demonstrate the integrability of the system and investigate some partic-
ular solutions corresponding to fixed points or periodic orbits. In this case 2Gy = [ is just the
angular momentum. The range of the momentum is given by the inequalities 0 < [ < 2. The
left boundary corresponds to the case that both vortices approach the center of the disk, and the
right boundary refers to the situation that the two vortices both touch the outer wall of the disk.
Our system is now in the form (2.1.6) specified by

1 1
H = —1og(1—X2—Y2)+4—10g(1+X2+Y2—I)
7

47
1

+—log [(X2 SV - XYY —2XVT— X2 V2 + 1]
T

1
— log [I —oXVT— X2~ Y2} .
41

20



21 2.1. Motion of two vortices in disk

The variables (X,Y") physically represent the y
Cartesian coordinates of vortex 1 in a reference
frame which rotates with vortex 2. v/ X2 + Y2
is the Euclidean norm of z; and (), refers to the
angle difference between z; and 25. The domain

1z
of X and Y is found from the relations: X
0< X?24+VY2LI, ifo<I<l; \
I-1<X?*4+Y?<1, if1<I<2 X
The trajectories of (2.1.6) describe the relative =N '/rzz T

positions of these two vortices.

For a given angular momentum, the motion of the vortices is confined to be the energy
surface of H. (\/m, 0) is a singular point of H, i.e., a merging of vortices. There is an
interesting geometric interpretation of the absolute vortices’ motion:

Proposition 2.1.8. Any nonasymptotic motion of two identical vortices in disk is a superposition
of a uniform rotation of the coordinate system and a periodic motion in this rotating system.
More precisely, if £(t) is a T-periodic orbit of the reduced system (2.1.6), there is a frame of
reference, uniformly rotating around the center of disk with angular velocity

I
Qo = T/o Q2 (t)dt

such that in this frame, each vortex moves along a closed curve. Particularly, when qy and QT”
are commensurable, i.e. 2% = & for some m,n € Z, the vortex motion in the fixed frame is

qT
periodic.

Proof. For a given angular momentum /, the energy levels of the reduced H are all compact,
so each nonasymptotic orbit in the (X, Y')-plane is closed. Here the nonasymptotic orbit means
that it does not converge to any fixed point or periodic orbit. The nonasymptotic motion in
the statement then refers to the absolute motion corresponding to a nonasymptotic orbit in the
(X,Y)-plane. Thus since the reduced system is with one degree of freedom, along each nonas-
ymptotic orbit the variables X and Y are periodic functions with the same period, assumed to
be 7"

X(t)=X(t+T) and Y(t)=Y(t+T).

T differs for each trajectory. Given such X (¢), Y'(¢), we have

Ga(t) = 5 (X + Y (1)),
tan Qy (t) = %



Chapter 2. Periodic solutions of systems in disk 22

As aresult, G1(t) and QQ,(t) are T-periodic functions as well. Now let us turn back to (2.1.4).
The variable (), satisfies

Out) = 21 (G gé(j), @O _ o). (2.1.7)

Then we see that the right hand side term which we denote by Q(t) is also a T-periodic function
of time because G5, is time-independent and G (t) and @) (¢) are T-periodic. As a consequence,
we can expand ()(t) in Fourier series:

_ Z I eI 2T

meZ

Substituting it into (2.1.7) and integrating over time, we find that (), can be represented as
q'm 1271'—
t) = qot + —
Qa(t) = %+2m Z + co
meZ\{0} |

with constants qg, cg € R. Observe that

Z Um 2t B co

mezZ\{o}

is a function of period 7. This means Q5(t) = qot + Q,(t) is a combination of a linear func-
tion and a T-periodic function of time. Substituting these into the expressions of Cartesian
coordinates of the two vortices yields

21(t) = /2G1(t) cos(Qu(t) + Qa(t) + qot),
y1(t) = /2G(t) sin(Q1(t) + Qy(t) + qot);
2o(t) = /2(Ga — Gi(t)) cos(Qy(t) + got),
ya(t) = /2(Gy — Gi (1)) sin(Qy(t) + qot).-

Decomposing the trigonometric functions we obtain

( (1) > _ ( cos qot  — sin qot ) ( 2G (t) cos(Q1(t) + Qy(1)) )

(1) singot  cos got 2G1 (1) sin(Q1 (1) + Qa(t))
and
xo(t) \ [ cosqot —singot 2(Gy — G1(t)) cos Q,(t)
()= (onit o) (VatGi=Gmramar )
Denote

1 = \/2G; cos(@Qy —1—62), U, = V2G; sin(Qy +§2)7

22



23 2.1. Motion of two vortices in disk

thenZ,(t) =7:(t +7),7y,(t) =7,(t +T) and

21(t) = 21(t) +iyi (1) = (T2 (1) + 7 (1))

Analogously,

25(t) = @a(t) +iya(t) = € (T2(t) + iGo(1)),
where Zo(t) = /2(Gy — G1(t)) cos Qy(t) and 7y(t) = 1/2(Go — G1(t)) sin Q,(t) are also
T-periodic functions. From this we find that the two vortices move periodically in a rotating
system with angular velocity qg. [

For asymptotic orbits of the reduced system, they converge to fixed points or periodic orbits
as t — —oo or 400, thus they are not periodic. So the corresponding absolute motions can not
be periodic in any uniformly rotating frame.

We shall refer to configurations that move without changing shape or size as vortex equilib-
ria. These configurations are typically in a state of uniform rotation or translation and so are
also called relative equilibria. In particular, a configuration where all the vortices remain in
place is said to be stationary. B

Fixed points of the reduced system (2.1.6) given by the critical points of the Hamiltonian //
are relative equilibria of system (2.0.1). Indeed, for any fixed point of system (2.1.6), X and Y
are constant, thus |z;]? = X2 + Y2, [25|?> = I — X? — Y2 and the relative angle between 21, 2o
does not change along the motion.

The equations defining the fixed points of system (2.1.6) are

A OH 2X N 2X
TOX T 1-X?2_V?Z 14 X24vZ_]
2 2
. 2X(I —2X? —2Y?) A8 A
1+ (X24Y2)(I - X2-Y2)—2XVI— X2 —Y?
4X%42Y2 - 2] 0
VI—XZ Y21 -2XVI— X2 -Y?)
and
A OH 2Y N 2Y
oY T 1-X?2_V?Z 14 X24VZ_]
2 2 2XY
2V (I - 2X2 —2Y?) + 2
+(X24Y2)(I - X2-Y2) —2X/T - X2 Y2
2XY Ly
VI-X?2_Y2(I -2XVT-X2-Y?)
They lead to
OH OH
Ar— Y —dn— . X
Tox oy

_ 2YVI— X2 -Y2(1 -1+ (X2 +Y?)(I - X%2-Y?)
T -2XVI—XZ-Y2)(1+ (X24Y2)(I - X2—-Y2)—2XVI - X2 —Y?)
=0.

23



Chapter 2. Periodic solutions of systems in disk 24

From this we see that all the fixed points must satisfy Y = 0, which means the configurations
have the feature that the two vortices lie on the line across the origin. Moreover, with Y = 0, it

follows g—€|y:0 = 0 and
OH X 1
A ——ly—o = (21 —4X?) - -
ox == ) 1-X2)1+X2-1) JI-X2(1-XVI-X?)
1

VI = X2(I —2X T - X?)

+

Therefore, 92|, = 0 implies

I—2X2 =0,
which gives X = —/1/2, or,
. X B 1
C(1-X)1+X2-1) JVT—X2(1-XVI—-X?) 2.18)
1 1.

- VI = X1 -2X1T—-X2)

It shows that (—y/1/2,0) is always a fixed point regardless of the choice of I, which corre-
sponds to the configuration of uniform rotation of z; and z, along the same circle centered at 0.
Meanwhile, from (2.1.8) we derive

0=XV1I—-X2(1-X\I-X2)(I-2XVI—-X?2)
+(1—T+X*(I-X?)(1—-IT+XVI—-X?2).

Letm := X/ — X2, thenm € [—% L] since m? = X?(I — X?) < I?/4. To solve (2.1.9) we
define a continuous map

(2.1.9)

with
fm) =m(l —m)(I —2m)+ (1 —=I+m*)(1 —I+m)
=3m® — (L +20)m* + m+ (I — 1)

The roots of f give rise to critical points of H. Notice that
f'(m) = 9m? —2(1 +20)m + 1
1 1
= 9(m —5(1+ 21))° +1— (120"
Depending on the value of the first integral 7, different situations are possible.

e 0<I<1

24



25 2.1. Motion of two vortices in disk

We have 1 — %(1 + 21)? > 0, then f is strictly monotone increasing on [—%, é]

I 1 3 3 1
N=—-DP 4+ -Z]4+1=—(1-22>0
and by numerical computation,
I 7 3 5
—)=—-P+I*—_-I+1
iy 2) 8 Jr4 2 *
7
~— g([—ll)(l—a)(l—d)
7
—— LU~ D) —af,

where I} ~ 0.4275 and a is a complex number with Im a # 0. Thus we conclude
(i) 0 < I < I, = 0.4275. In this case f'(m) > 0 on [~%, £l and f(—1), f({) are both positive.

272
f has no zero point on interval [—%, é] Hence, there is no fixed point of the system other than
I
(=/£.0).

(i) I, < I < 1. As [ increases, f(—%) < 0, f(0) = (I — 1)? > 0, and f is strictly increasing.
Consequently there exists exactly a number mg € (—1, 0] such that f(mg) = 0. Moreover, it is
easy to show

mo — —5, as [—>Il,
mo — 0, as [ — 1.

The corresponding fixed point satisfies X/ I — X? = mg < 0, thus two new fixed points
It+y/12—4mk

are born with coordinates X, = —\/ —>5——. They correspond to the same configura-

tion where two vortices move on two different concentric circles centered at O of radii 71, 7o

satisfying r? + r2 = [ and r? - r2 = m?. We see that

1
X172—>—\/;, as]—>Il;

X172 — {—\/770}, as [ — 1.

This means they depart from — \/g at I near I; to the border —+/T and the origin at I up to 1.

e 1 <I<?2
In this case, owing to the constraints X? + Y2 < 1and [ — X? — Y? < 1, the phase space
becomes an annulus 7 — 1 < X2 +Y? < 1. As I goes to 2, the domain shrinks to the singular
circle X> +Y?=1.WhenY =0,/ -1 < X? < 1,then] — 1 < |m| = |X|vVI - X>< L
n[—L 1-1), fi her itive, th is strictly increasing. Therefor 1-1) =
0 DGE 811 1) < 0 proves somexisionce ot o of fon Lot Ty
On (I —1,1], f' has a root m; = LEZHEZYIEHIZ2 - Observe that the minimum of Flr-y
is either f(I — 1) or f(my). However, f(I —1) = (I — 1)({ — 2)? > 0, and by numerical
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Chapter 2. Periodic solutions of systems in disk 26

computation, f(m;) is also positive provided I € [1,2), so f has no root on this interval. Hence,
the system has exactly one fixed point (— \/g ,0).
The classification to the stability of the relative equilibria is determined by the Jacobian

matrix of the reduced Hamiltonian vector field (@ —@) evaluated in the corresponding fixed

) Y 98X
point p,

" 02H 02H
_ X0 Y2
Jp(H) = 82% 02H :
p

T X2 T avox

It is called the stability matrix. The linear stability theory tells us that the eigenvalues of .J,,(H)

characterize the type of the fixed point. When .J,(H) has purely imaginary eigenvalues, p is
an elliptic fixed point. p is an unstable hyperbolic fixed point, also called a saddle point when
J,(H ) has two real non-zero eigenvalues with different signs.

At the point (— \/g ,0) we compute

_821?1’ 1 (I 427 = 6% + 201 —8)
§X2X=—\/3Y=0 " 4 AI(1— L2
1 I+ - L) —af,
et 47[_ 4[( _ %)2 )
82}?’ R .
oy2'x=—y/Ly=0" 4 I(1+ 5)2 ’
2H 82H 0

XY | X=v/T¥=0 = Gy ax X=Iv=o =
Hence, N _
H)if 0 < I < I, = 0.4275, _%‘Xzf\/;y:o < 0, thus J(H) has two pure imaginary

eigenvalues and then (— \/g ,0) is an elliptic fixed point;

) if [ < I < 2, —gQ—g| Xe— /Ty =0 > 0.J(H) has two real eigenvalues in different signs.

(— \/g ,0) is then an unstable hyperbolic fixed point.

According to the analysis above, we have already grasped some information about the vortex
behavior in the disk. From the aspect of numerical calculus, we investigate some examples
to see how the absolute motions of the vortices look like. Based on our analytic research,
four different feature types of phase portraits of the reduced system are possible according to
the choice of I. In the (a) parts of Fig.2.1-Fig.2.4 , the constant H contours are plotted to
demonstrate the characteristics of each type. Since the coordinates in the XY -plane do not
represent the physical ones, we choose some points in the level curve maps and calculate their
corresponding absolute trajectories of vortices.

It is worth mentioning that when 0 < I < 1, the outer circle in XY -plane corresponds to
the arrangement that |z;|?> = I and 2z, = 0. This circle, together with a curve across the origin
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27 2.1. Motion of two vortices in disk

(referring to z; = 0, |2|? = I), constitutes the energy isoline H 4(% log 1%1) However, the
variables (2.1.5) are unsuitable for these configurations because of the singularity at O when
polar coordinates are determined. Actually since the phase portraits in XY -plane describe the
relative vortex positions, all the points on the outer circle represent the same one (]2;|* = I and
29 = 0). Thus the entire circle can be regarded as one point. In such a way, we see that the orbit
on H™'(L log 1=1) is also closed and periodic.

Another phenomenon is that some energy level sets are disconnected. For example for the
case I = 0.7, H (5= log(0.42)) is the disjoint union of a curve of new moon shape surround-
ing X, and a circle around X,. Which relative orbit the vortices move along relies on which
component the initial configuration lies on.

In each phase space figure, X, = (—\/m, 0) is a fixed point corresponding to a rotation
of vortices in one circle such that they are always on the same straight line as the center of the
disk and on the opposite sides of it. As I grows from O to 2, the radius of this circle increases
from O to 1. During this procedure for small values of I, X is the unique fixed point and stable
(see Fig.2.1). As [ reaches I; ~ 0.4275, X, becomes an unstable hyperbolic fixed point and
a pair of elliptic fixed points X;, X5 arise in its neighborhood (see Fig.2.2, 2.3). These two
new points correspond to a rotation of vortices in different circles, as before collinear with the
center of the disk and on opposite sides of it. X is just given by the interchanging of vortices
in X;. Two homoclinic orbits connect X to itself. When / < 0.5808, they surround X; and
X, respectively as in Fig.2.2. When I goes above this value, they turn to surround X5 and the
singular point SE, see Fig.2.3. The positions of X, tend to 0 and (—7,0) as I grows and
they disappear until 7 is over 1. For [ > 1, X, becomes the only fixed points again, but is still
unstable.

In some regions of the phase portrait, vortices move without affecting each other, such as
point D in Fig.2.3 and point F in Fig.2.4. In some regions, like point A, B in Fig.2.1 and O, C
in Fig.2.2, vortices rotate around the center of the disk and also around each other.
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(a) Relative vortex trajectories at I = 0.2 in the
XY-plane. X represents the elliptic fixed point
(=+/1/2,0). SE denotes the singular configuration.

(b) Absolute motion of vortices with initial po-
sitions (—0.1,0) (red line) and (0.435,0) (green
line) corresponding to the point A in the XY-

plane.

Figure 2.1:
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(c) Absolute motion of vortices with initial posi-
tions (0.2,0) (red line) and (0.4,0) (green line)
corresponding to the point B in the XY -plane.
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29 2.1. Motion of two vortices in disk

-0.8 X /Xy X, W 0.8
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(a) Relative vortex trajectories at I = 0.5 in the
XY-plane. Xy is the unstable hyperbolic fixed point
(—+/1/2,0). X1 and X3 are two elliptic fixed points.
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(b) Absolute motion of vortices with initial posi- (c) Absolute motion of vortices with initial posi-
tions (0,0) (red line) and (+/0.5,0) (green line)  tions (—0.15,0) (red line) and (0.691,0) (green
corresponding to the point O. line) corresponding to the point C'.

Figure 2.2: [ = 0.5
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(a) Relative vortex trajectories at I = 0.7 in the XY -

plane.

Xy represents the unstable hyperbolic fixed

point (—+/1/2,0). X1 and X are elliptic fixed points.
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(b) Absolute motion of vortices with initial posi-
tions (—0.4,0) (red line) and (0.7348,0) (green
line) corresponding to the point D.
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(c) Absolute motion of vortices with initial posi-
tions (0.24,0) (red line) and (0.8015,0) (green
line) corresponding to the point E.

Figure 2.3: [ = 0.7
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~
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(a) Relative vortex trajectories at [ = 1.28 in the XY -
plane. X, denotes the unstable hyperbolic fixed point
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(b) Absolute motion of vortices with initial po- (c) Absolute motion of vortices with initial posi-
sitions (—0.9059,0) (red line) and (0.6778,0)  tions (0.6588,0) (red line) and (0.9198, 0) (green
(green line) corresponding to the point F'. line) corresponding to the point G.

Figure 2.4: 1=1.28
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2.2 Vortex polygon

Since the system of four or more point vortices in the unbounded plane is not integrable, chaotic
behavior may occur. However, for some particular initial configurations of vortices, regular pe-
riodic motions are possible. Vortex crystals”, a typical type of relative equilibria, attract many
efforts. Thomson studied the regular n-polygon configurations of identical vortices in C in his
Adams Prize work [76]. Havelock [44] discussed the existence of double rings, i.e., configu-
rations consisting of two groups of n vortices with opposite strengths. Furthermore, general
studies of k n-polygons configurations have been carried out by several authors. See Aref [7],
Koiller et al.[49], or Lewis and Ratiu [52], and references therein for detailed discussions. These
beautiful vortex crystals provide a series of discrete symmetric periodic solutions. Related re-
sults are collected in the survey article [11]. For discussions on stability of relative equilibria
and chaotic behaviors we refer to [50, 51].

In this section, we investigate these highly symmetric polygonal configurations in the disk.
For later use, we write down the equations of motions of n interacting vorticesk = 1,2,--- . n
with strengths I'y, and positions zj in the unit disk D = {z € C||z| < 1} in a complex form:

n n

d 1 I, 1 I,
Yo TNV 45 2 I k=1,2,---,n. 2.2.1)
dt M~z — 2z 2mi—~ 2, — %

Jj=1 Jj=1

The overbar denotes complex conjugation. The prime means omitting the singular term j = k
in the summation. And z; = Z% In the sequel, we always assume n > 2.
J

Case I. n-polygon

The basic configuration of a relative equilibrium has vortices of the same strength I'y, = I’
at the corners of a regular n-polygon centered at the origin in the unit disk. We make the Ansatz

z(t) = Tei“’teﬁ%k, E=0,---,n—1

with constants 7 € (0,1) and w € R. Substituting these into (2.2.1), we obtain

2

27w r 1 1

_ B E=0 - .n—1
r 1—1r2 + Z [1 R I ieir‘f(i’f)}’ Oyreeym

J#k r?

Since these equations are equivalent for each £, it is sufficient to solve

2mrw r? 2 1 1
_ +§[ _ ] (2.2.2)
T 1—1r2 = 1—6127] 1—7‘%61273

To evaluate the sum, we consider a polynomial of degree n in the complex variable x with
distinct roots x1, - - - , Tp:
P(z)=(z—x1) - (x — zy).
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33 2.2. Vortex polygon

Then
1

ZL‘—I'j

P'(z) = P(x) Z

Jj=1

Now we take P(x) = ™ —~", where + is a complex number satisfying 4" # 1. The roots of P

are T, = v, Ty = Ve, -+, Ty, = "L with e = e'n . So we derive
nz" !t = (2" — ") En ;
. T — f}/ )
J=1
Letz =1, we get
- 1
) " form £ (2.2.3)
l—v-e7 1—-77

j=1

On the other hand, for the case v = 1, instead we work on

Q) =(z—e)(z—e")

Then )
" —
pr— pr— 1 LS n_l
Q(z) ——1 +x+- 42",

Qr)=1+2r+ -+ (n—1)a">
Thus from Q(1) =nand Q'(1) =1+2+---+n—1= in(n — 1) we have

n—1
1 n—1
- = ) 2.2.4
Z 1 —el 2 ( )
7=1
Combining (2.2.2)-(2.2.4) we obtain
2mrPw r? +n—1_[ n 1 ]
r 1-—r2 2 -4 1-4
- n—1 . nren
2 1 — 2’
so the angular velocity is
T [n—l+ nr" ] (22.5)
YT ol o 1—r2n]’ -

This is a well known result. Stability analysis of such n-gons in disk in terms of n and r can be
found in many literatures, here we refer to Kurakin [50, 51].

Case I1. Centered n-polygon
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Chapter 2. Periodic solutions of systems in disk 34

Figure 2.5: 6-Polygon and 5+1-centered polygon.

We locate a vortex of strength 'y at the center of the regular n-gon. Since Z?;Ol - 3= =0,
the central vortex is stationary. For the other vortices at vertices of the polygon, the rébsulting
equation becomes

n—1 nrn

omr?w’ =T 5 + 1 —7“2"] + I'.

Hence, vortices at corners rotate around the center in a uniform angular velocity augmented by
the presence of the central vortex:

L'y
I = ) 2.2.6
wmwd 27r? ( )
with w as in (2.2.5). The configuration is stationary when ['y = —I" [an1 + 1@;}.
Case II1. Two n-polygons
Consider a collection of 2n point vortices in D, n at positions z1, - - - , z,, With same strength
I'y, n at positions (1, - - - , ¢, with strength I's. Then the equations of their motions are
.1 SV S| S| o1
o = — | r -T —-T -
J= J= J= J=
N . . . (2.2.7)
= 1 o1 1 1 1
Ck:—.[rz +1' — Ty ~ -1 A}
2mi ;Ck_Cj ;Ck—zj ;Ck—(j ;Ck_zj
Proposition 2.2.1. There are solutions of (2.2.7) of the form
2 (t) = z(t) exp(2mik /n
() = 2(t) exp(2rik/n) 028)

Cr(t) = C(t) exp(2mik/n)

fork=0,--- ,n—1
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35 2.2. Vortex polygon

Proof. Substituting (2.2.8) into (2.2.7) we obtain

-
I

1 T -1 r n—1 r n—1zn r n—1/n
{1(71 )+ onz N mnz" 1z N g]

2 y 2 n _/n 1 _ ~m3zn _n/n

iy z z (1 z ,12_ 1—2z f_ (2.2.9)
5_ 1 [To(n—1) N ind™ Lon¢™=1¢"  T'in¢" 2"
 2mi 2( (n—zn 1= 1 —(nan

Obviously if (2.2.8) holds at ¢ = 0, they continue to hold for all future times when z and ¢
evolve according to (2.2.9). O

Let us rewrite z, ¢ in polar coordinates
z=re?, (= pe?.

Using (2.2.9) we can establish

Proposition 2.2.2. The only possible solutions of Equations (2.2.9) that correspond to uni-
formly rotating configurations, i.e., satisfying

r=p=0,
¢=10=uw,
where w € R is a constant, are characterized by
(1) sin(ny) = 0withy =0 — ¢;
(2) radii r and p satisfy

9 Fi(n=1)  Tyn Tonr™ Lonr™p™

o T —
o 2 1—r—2n r—p™ cos(ny) r7p™—cos(ny)
F " Ip(n—1)  Tan + T'inpn . Tinrnpn ° (2210)
2 1—p—2n pr—r™ cos(ny) rmp" —cos(ny)
Proof. Assume ¢ = wt + a and § = wt + [3, then
2(t) = re®e™!,
((t) = pefe™,
and ¢ = 6 — ¢ = 3 — a.. Then (2.2.9) requires
1 r r r
2mwr? =—(n — 1)I'} + e M 2 ;
2 1—¢ 1—yr=20r 1—9pn
(2.2.11)
2mwp? zl(n — Iy + nly — nl’s - nly
2 Tl 1—p2 1
where the phases § = £ exp(it)) and ) = %(;w). As a consequence, it must hold that
1 1
— e R.
1-¢& 11—
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Chapter 2. Periodic solutions of systems in disk 36

Suppose it equals a real value ¢, then we can derive

TTL Tn

— — — =cc R,
rn — pnezm,l) rn — p—nezm,[) ¢
that is ‘ ‘
c(e™)? — ((c4 1)r"p™ + (c — )r"p~™)e™ + cr®™ = 0.

Thus we see that e solves a quadratic equation with real coefficients:

ezt — ((e+ )" p" + (¢ — D)r"p ™)z + er® = 0. (2.2.12)

Then so does its conjugation e~™%. We find ¢ # 0, otherwise p = p~! which can not occur.

Hence, if ¢ ¢ R, ¥ and e~ are the two distinct roots of (2.2.12). There holds 72" =

e™ . e~ = 1, However this is impossible since we already know 7 € (0, 1). So we conclude

that e~ must be real, i.e. sin(nt) = 0. Then (2.2.10) follows from (2.2.11) with £ = £ cos 1)
cos

andn:T. L]

Remark 2.2.3. Actually for two nested, regular polygons to form an uniformly rotating config-
uration in the unit disk, they must have the same number of vortices. A study of vortex polygons
in the unbounded plane can be found in [8].

Associated with two choices of v, 0 or %, two kinds of vortex configurations are obtained.
e ) = 0 (symmetric two n-gons).

We refer to the case ¢ = 0 as the symmetric configuration, (2.2.10) now simplifies:

2 Mi=1) _Tun 4 Tonr™  Donr™p"
T 2 1—r—2n rn—pn rrpn—1 2713
; - Pa(n—1) _ _Ton + Linp®  Dinrtpn ’ ( e )
2 1_p72n pr—rn rnpn_l

Therefore, we need to verify the existence of proper values of r, p € (0,1) with  # p which
satisfy (2.2.13). To solve this, we define a function f(r, p) : (0,1) x (0,1) \ {r = p} — Ras

Ti(n=1)p* To(n—1)r? N nF1r2p” + Tor™p?

F1T2np2 F2T2,02n ,r,npn(r2p2 . F1T2)
—-n +n .
1_T2n 1_[0271 ]__Tnpn

(r,p) € (0,1)2\ {r = p} satisfying (2.2.13) are zero points of f. We fix r € (0,1). f(r,-) is
continuous on (0,7) U (r,1). We see that

1 <0 ifI'hy >0
{ B

T, ——Ty(n — 1)r?
Jrp) = =3ben =Dy 0 i, <0,

fr,p) = O(1) +

T172p" + Dor™p? {—I—oo if ) + Ty > 0, .
n — asp —r .

rt—p" —oo ifI'y +1% <0,
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37 2.2. Vortex polygon

Figure 2.6: two 4-Polygons and centered two 3-polygon.

and
D72 & Tor™p? — if T I'y >0

Frp) = O() 4 n L p oo AT 200

rn_pn +0o0 lfF1+F2<O>

2n 1

0 —oo ifT'y >0, _
r,p) = O(1) — nlyr? — asp — 1.
f( p) (> 2 1_p2n {—|—00 ifF2<O, 4

Hence we obtain the following result:

Proposition 2.2.4. Assume 1) = 0 and 'y + 1"y # 0. Then for any r € (0, 1), there exists at least
one value p(r) € (0,1)\ {r} such that (n,I'y,r) and (n,Ts, p(r)) form two uniformly rotating
n-gons.

Remark 2.2.5. Given n and I'y. For some r, there is only one proper p satisfying (2.2.13),
while for some others, more than one solutions of (2.2.13) exist. In other words, 1 is a lower
bound of the number of p for a given r. For instant, » = 3and I'y = I's = 1. Take r = 0.5,
then p ~ 0.2106 is the unique solution of (2.2.13) on p € (0,1). However, letting r = 0.3,
we can obtain three fitting values for p, approximately 0.1266, 0.7295 and 0.9240, to solve the
equation.

e ) = £ (alternate two n-gons).

This configuration is called alternate or staggered. In this case (2.2.10) becomes

2 Fi(n=1)  Tin + Tonr™  Tonr™p”
T o 2 1—p—2n 4 pn Tnpn+1 (2 2 14)
p2 T Ta(n—1)  Tun + Linp®  Tinrmpn* o
2 1_p72n pr+rn rnpn_|_1

So possible (r, p) are zeros of the function g : (0,1) x (0,1) — R with
Li(n—1)p* Taoln—1)r? Lorp? — Tyr?pn
2 2 rm 4 pt
F1T2np2 F2T2p2n Tnpn (Pl,r,Q _ F2p2)
—n n
1_T2n ]__p2n 1+Tnpn

g(r,p) =
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Chapter 2. Periodic solutions of systems in disk 38

Again we fix r € (0,1). g(r,-) is continuous on (0, 1). Firstly we have

asp — 07,

1 <0 if'y >0
r,p) — —=Ty(n—1)r? ’
9(rp) = —ghaln =1) {>0 if T, < 0,

g(r, p) = O(1) — nTyr? asp— 1.

p*n —oo ifI'y > 0,
H
1— pn +oo ifI'y <0,

Take p = r, then computation shows
2nr2n 1

= (I, —Dy)r? | —r — = .

g(rﬂﬁ) ( 1 2>T [1—7"4" 2}

When I'y # I'y, as a function of r € (0, 1), 7 +— fﬁ’j; — % is strictly increasing and has exactly
one zero point

ro = (V4An? + 1 — 2n)Y/?". (2.2.15)

<0, ifI'y =T'y >0,
g(r,r)

Ifr <ro,

>0, ifI'y = I', < 0.
Ifr > ro,

>0, if'y —T's >0,
g(r,r) .
<0, if[y =Ty <0.

Hence we can conclude that
Proposition 2.2.6. Assume ¢ = = and let ro = (v/4n? + 1 — 2n)"/?".

(1) If T9(I'y —T'3) < 0, then for any r < 1o, there exist at least two values pi, ps with
0 < p1 <r < py <1, such that for k = 1 or 2, (n,I'1,r) and (n,Ty, px) form two
uniformly rotating n-gons.

(2) If T9(I'y —T'3) > 0, then for any r > r¢, there exist at least two values pi, ps with
0 < p1 <71 < ps <1, suchthat for k = 1 or 2, (n,I'1,r) and (n,Ty, pi) form two
uniformly rotating n-gons.

Remark 2.2.7. A special case is when r = p, i.e., these 2n vortices are located on one 2n
polygon alternatively. Then the system attains a relative equilibrium if and only if g(r,7) = 0
which gives I['y = 'y (same as one 2n-gon) or » = ry. This implies for any pair of different
strengths (I'y, I'y), if vortices (n, 1), (n,I'y) are placed alternatively on the vertices of a 2n-
polygon, only when the radius of the polygon is ro = (v/4n2 + 1 — 2n)'/?" can the vortices
form a relative equilibrium. At this time, the uniform angular velocity of the vortices is

(An+1—v4n?2 4+ 1)(I'y + T'y)
8r(vdn? + 1 —2n)l/n

which concises with (2.2.5) for the case I'; = I';. Moreover, we see that when I'; + I's = 0, it
is a stationary configuration.
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39 2.2. Vortex polygon

Figure 2.7: two 4-Polygons and centered two 3-polygon.

Formula (2.2.10) forms a complicated polynomial algebraic equation for the radii » and p,
parametrized by the free constant vortex strengths 'y and I';. Although we obtained a general
existence result for the solutions to it, it does not appear to possess a explicit expression of
solutions. So we may reverse our sight and regard it as a linear equation for the vortex strengths.
Then we can get an alternative form of (2.2.10):

2(n— 2 1 1

E o r (nT B 1—;)1*2") —np rﬂ(r”—p"cos(m};) - r”—p*”cos(mp))
= —1 1 1

Ty p2(nT B 171?—2”) B n,ern(p”fr" cos(np) ~ prh—r—n Cos(nw))

It means the relative vortex strength % of such a configuration can be uniquely determined as a
function of radii r, p of the polygons and parameters n, 1.
Case IV. centered two n-polygons

Place a vortex of strength 'y at the the origin. These 2n + 1 vortices form a relative equi-
librium if and only if the equation

['1(n—1) Min Tonr® Lonr™p™

2 _ 1 2 _

o 2 1—p—2n + rh—p™ cos(ny) rmp™—cos(ny) + FO
2 Ta(n—1)  Tan Tinpn __ Tynrmpn

P 2 1—p—2n + pr—rm cos(ny) 77 p™—cos(ny) + FO

is fulfilled. Thus for each pair of strengths I'y, I'; and each pair of unequal radii r, p of polygons,
as long as a vortex with strength

1 1

2(n—1 2
r (nT B 1fpn—2”) —np ,rn(rnfp" cos(ng) ~ rh—pn cos(m[;)>
Fo =T 2 _ .2
P2 —r
2/n—1 2 1 1
p (nT - 1—;1*2") —nr pn(p"—rn cos(nyp) ~ pr—r—n cos(m/;))
- p2 — 12

is placed at the center, the two polygons (n, I'1, r) and (n, I'y, p) rotate around the central vortex
as a rigid body.
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Chapter 3

Periodic solutions of N point-vortex
systems in a general domain

3.1 Result statement

In this chapter we discuss periodic solutions to the Hamiltonian system modeled on the motion
of N point vortices of equal strength [';, = 1 in a bounded planar domain €2:

. 0Hq
T = (2),
Oy, k—=1... N
) aHQ( ) 1] ) )
.= — ya
yk amk Y
or in a more concise way,
Zk = —iVZkHQ(z), k= 1, ce ,N. (HS)
with
Ho : FnQ={2€Q" 12, #z.forj#k} =R
of the form
1 1
H, = — log——— — F
J}{k
1
log = h(z).
47r ; — Zk\ 2 ; 9 ZJ,Zk 2 ; (Zk)
J#k Jj#k

As mentioned in Section 1.1, g : Q x  — R is the regular part of the Green’s function of the
first kind on 2 C C, which is of class C? and symmetric: g(w, 2) = g(z,w) for all w,z € Q.
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41 3.1. Result statement

h : Q — R, h(z) = g(z, 2) is the Robin function. ¢ is bounded below and h(z) — oo as
z — 0L2. In particular / achieves its minimum in €2 if €2 is bounded.

The local result (Theorem 3.1.4) we obtain here is based upon a combination of Lyapunov-
Schmidt reduction arguments and perturbation theory. We treat the equations as a perturbed
system of the N point-vortex system in the unbounded plane, which has a known series of
periodic solutions. Working locally around these solutions, we do not need the compactness
condition for the action functional, thus avoid the usual trouble encountered in studying of
singular Hamiltonian systems. From the abstract point of view we are led to the investigation
of the existence of critical points for perturbations of a functional whose critical points appear
in manifold.

To state the theorem, we need some basic definitions. Let X be a C? Hilbert manifold.
f € CY(X,R). We denote the critical set of f by

Ky:={re X|Df(x) =0}
and the sublevel sets by
[o={r e X| fa) <.

Definition 3.1.1. We call p € K an isolated critical point of f if there is a neighborhood B of
psuch that BN K = {p}.

For a given isolated critical point p, we shall assign to it a series of groups which describe
the local properties of f on a neighborhood of p.

Definition 3.1.2. Let p be an isolated critical point of f. The critical groups are defined as

C.(f,p) = H.(fN B; (f\{p}) N B; F)

where ¢ = f(p) and B is a neighborhood of p such that B N K; = {p}. H, stands for any
kind of homology theory with Abelian coefficient group F’ satisfying the excision, homotopy
and exactness properties.

The excision property of the homology theory ensures the critical groups are well defined,
i.e., they do not depend on the choice of the neighborhood B.

Definition 3.1.3. A critical point p € X of the function f : X — R is said to be stable if it is
isolated and its critical group is not trivial.

Here comes our main result:

Theorem 3.1.4. If ay € QQ is a stable critical point of h, then there exists ro > 0, such that

for each 0 < r < ro, (HS) has a periodic solution z" = (z],...,2%) with minimal period
T, = 87%r? /(N — 1) such that 2}(t) — ag as v — 0, and 2(t) = 27(t + (k — 1)T,/N) for
every k = 1,...,N. In the limit v — 0 the vortices z;, move on circles in the following sense.

There exists a, € Q) with a, — ag such that the rescaled function
' 1 T
uy(t) == ;(zl (T,t/27) — a,)
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Chapter 3. Periodic solutions of N point-vortex systems in a general domain 42

satisfies
ui () — up(t) := €.

The convergence u; — ug as r — 0 holds in H'(R/27Z, C).

Remark 3.1.5. The domain €2 could be a bounded, simply or multiply connected region in the
plane. Theorem 3.1.4 does not apply to the annulus because, due to its rotational symmetry,
the minimum of A is not isolated but there is a circle of minima. On the other hand, perturbing
the annulus one obtains domains where the Robin function has at least two critical points, a
minimum and a saddle point. One can also construct simply connected domains, €. g. dumb-bell
shaped, where the Robin function has arbitrarily many local minima, and many saddle points;
see [37]. The function r(z) = e~(*) is the inner radius (conformal radius for simply connected
domains) from the theory of complex functions; see [43] where one can find a discussion of the
geometric role of critical points of r, hence of h.

Remark 3.1.6. An isolated local minimum or maximum is stable as is a nondegenerate saddle
point. If h(a + 2z) = h(a) + aRe(z*) + BIm(z*) + o(|z|¥) as = — 0 for some k& > 2 and
a? + 3% # 0 then a is degenerate but stable.

Since a hydrodynamic Robin function satisfies h(z) — oo as z — 02, the minimum is
always achieved in a bounded domain. Caffarelli and Friedman [22] showed that the Robin
function is strictly convex if {2 is convex but not an infinite strip. In the latter case the function
is still convex and explicitely known (see [14]), but of course invariant under translations, so that
it cannot have an isolated critical point. Thus in a bounded convex domain the Robin function
has a unique critical point, the global minimum. This is in fact nondegenerate according to
[22, Theorem 3.1]. If the domain is smooth, bounded, symmetric with respect to the origin,
and convex in the direction of the two coordinates then Grossi [41] showed that the origin is
a nondegenerate critical point. More precisely, they considered an arbitrary bounded smooth
domain 2 C R" and diffeomorphisms of R" of the form id + © with © : R” — R" small in
the C*-norm. They showed that the Robin function of the Dirichlet Laplacian of (id + ©)(12)
has only nondegenerate critical points for a residual set of ©’s. For a generic bounded smooth
domain, Micheletti and Pistoia [59] proved that all critical points of the Robin function are
nondegenerate. Thus in a generic domain Theorem 3.1.4 applies and yields periodic solutions
with arbitrarily small minimal period oscillating around the minimum of the Robin function.

Remark 3.1.7. One may consider Theorem 3.1.4 as a kind of singular Lyapunov center theorem
(see [5]). Instead of obtaining periodic solutions near an equilibrium we obtain periodic solu-
tions near a singularity. The logarithmic growth of H, as z approaches a singularity, z; —z, — 0
or z;, — 0f), is not essential. More general growth conditions can be dealt with, see Theorem
3.5.2. We concentrate on the /N-vortex Hamiltonian since it is a most prominent example of
a first order singular Hamiltonian system which appears in mathematical physics, but with a
different type of singularity appearing in classical mechanics.
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43 3.2. Rescaling and variational setting

3.2 Rescaling and variational setting

For convenience in notations and without loss of generality we assume ay = 0, the generaliza-
tion to generic aq € €2 being straightforward (see Remark 3.4.15).

The motion of NN identical point vortices in unbounded plane is governed by the singular
first order Hamiltonian system

2y = —iV, He(z2), k=1,--- N,
with

N
1
He(z) = 1 Z log |z; — 2.

k=1

itk
. 2,2 . . .
For any r > 0, itowns a7}, = 813_’”1 -periodic solution of the form
reiwrt
Tei(w,«tJrQWW)

. (N —
TGZ(MTH_%)

meaning the vortices, located at vertices of a regular N-polygon of radius r, rotate in angular
velocity w, = 2=1 as a rigid body. Inspired by this phenomenon, we wish to find 7,-periodic

4mr2
solutions of the [V point-vortex motion equations in a domain 2 C C:

as a perturbed system with

1 & 1 &
F(z) =5 > gz ) + 3 > h(z).
J k=1 k=1
J#k

This is a period prescribed problem. In the sequel, we shall rescale the problem and fix the
period to be 2. During such a procedure, r is converted into a parameter of the equations
instead of a value related to the period. Before doing this, we notice the following fact:

Lemma 3.2.1. z is a T-periodic solution of # = —iV, H(z) is equivalent to u(t) := 1z(Lt) is
a 2m-periodic solution of & = —iV, H (u), where

~ T

H(u) = 27r7“2H(ru)'
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Chapter 3. Periodic solutions of N point-vortex systems in a general domain 44

Proof. z is T-periodic iff u is 27 periodic. 2 = —iV,H(z) is equivalent to
T T
S(t) = —iVLH (2(— R.
z(zﬂt) iV, (2(2715))7 Vit €
For any r # 0, this is again equivalent to
T T T T
(1) = —iV,— H(2(—1)), VteR.
27T’I"Z(27T ) v 2mr (Z(27T ) <
With u(t) := 1z(Lt), this is exactly
i = —iV H(u).

Therefore, we compute

T o) = <7 [ = L 3 1og] |- F(ru)
ru) = - — og |ru; — rux| — F(ru
omr2 Y N -1 4 o~ LA k
i#k
N N
1 47 1
g gom

Notice that the last term is a constant independent of u, thus vanishes in the Hamiltonian equa-
tions when we take its derivative with respect to the variable u. So we may define the rescaled
Hamiltonian to be

N
T,
H,«(u) 27TT2HQ( )—F—_lZlOgT
G k=1
Ji#k
N
1 47
=—— log|u; —u| — F(ru).
N1 2 ol —wl = o Frw)

J,k=1
ik

Then as a consequence of Lemma 3.2.1, 7,.-periodic solutions of (3.2.1) exactly correspond to

2m-periodic solutions of
Uy = —iVy, H.(u), k=1,--- /N (HS,)

for non-zero r. Observe that H, defines a function
H:0O:= {(r,u) € R x CN :uy # uy, for j # k, rug EQforallk:} —R
which is also defined for » = 0. Moreover, for r = 0O there holds

N
1 47
Hofw) =~ > loguy — ] — - F(0),
j,k=1
j#k
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45 3.2. Rescaling and variational setting

hence system (HS,) is given by

. N
. 21 Uj — U,
= k=1,--- N HS
Uk N—]_le |uj_uk|2) ) ) ) ( 0)
J#k

which are the rescaled equations of motions of N vortices in the unbounded plane. Hereafter
we denote ug(t) = €. (HSg) has a family of 27-periodic solutions 6 * U, parametrized by
0 € S and a € C where

a+ Uo(t)

a+ ugp(t + 2%)
Uy (t) = o
a+ uo(t + MN_I))

generated from the translations and the rotations of (e, e!(t+27/N) ... eilt+2n(N=1)/N))tr

After explaining how the parameter r is involved, let us give the variational setting.
Let L3 (CV) = L*(R/27Z, CN) be the Hilbert space of 2r-periodic square integrable func-
tions with scalar product

(e, g1z = / REORIG) e / " Re(@n(ya(t)) dt

and associated norm || - || 2. The space Hi (CV) = H'(R/2nZ,C") is the Sobolev space of
2m-periodic functions which are absolutely continuous with square integrable derivative with
scalar product

<I,y> = <xvy>L2 + <‘fvy>L2

and associated norm || - ||. Without confusion we will use || - || for any dimension N. There is
an essential fact (see [56]):

Lemma 3.2.2. There exists a constant k = k(N,T) > 0, such that,

|tt]|co := max |u(t)| < k||lul| forany u e H%((CN).
t€[0,T

Moreover, HL(CY) embeds into C3.(CY) compactly.

There are two group actions on L3 (C") and H1 (CV). One is the action of S = R/27Z
given by time shift:
Oxu(t)=u(t+0), 0eS

and the other is the action of >, which permutes the components:
O * ’U,(t) = (ua—1(1)<t), o ,ua—l(N)(t)) , 0 €Xn,
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Chapter 3. Periodic solutions of N point-vortex systems in a general domain 46

foru € L3 (CV) or Hj (CV). They combine to yield an isometric action of S! x ¥y, where

99 .9

without confusion we all use the notation ”*”, given by
(0,0) *u(t) = (ug—11y(t+0),..., ug—1(v)(t + 0))
for (0,0) € S' x Xy. Since g is symmetric it holds
F(oxu) = F(u), for any o € Xy. (3.2.2)

The action functional corresponding to (HS,.) is given by

N 2 2T
1
®,(u) = §§ :/0 (i, g )2 dt—/o H.(u)dt, wue H, (CN),
k=1

Observe that ®(r, u) = ®,.(u) is defined for (7, u) in the set
A= {(r,u) € R x Hy (C): (r,u(t)) € O forall t}.
Critical points of ®, for » > 0 correspond to 27-periodic solutions of (HS,).

Proposition 3.2.3. a) A is an open subset of R x Hj (CV).
b) ®, is invariant under the action of S* x X y.

Proof. To prove a), we apply Lemma 3.2.2 and suppose ||u||o < | ul| forall u € Hi (C). Let
(r,u) be any element in A, that is, ug(t) # w;(t) and ruy(t) € €2 for any ¢ and k # j. Then for
every (r',u') € R x HL (C¥), a straightforward computation shows that

K
wlle" = ull = 5wy — well + [l = w51)

R ! !
= §Huk — U _Uj+uj”

1 / /
§||Uk — Ug — Uy + U 0o

WV

V

1
3 |y (8) — ()] — [ur(t) — w;(t)]
for all ¢. It follows that

i (t) — wj()] = ur(t) — wi(t)] — 2&[lu" — |, VYt

u is periodic and non-collision, so |uy(t) — u;(t)| > M > 0 with some value M for all ¢ and
k # j. Thus

Jup (t) — uj(t)| = M — 25[ju" — ul,

46



47 3.2. Rescaling and variational setting

which implies [} (t) — u/(t)| > 0 for all ¢ as long as ||u’ — ul| is sufficiently small. Meanwhile,

7w (t) — ru(t)]
< rfug,(t) — r'ug(t) + r'ug(t) — rug(t)]
< fup (8) — un ()] + [ = 7l un(2)]
< lrllug = ugll £ |r" = llulloo
<A =l 4+ 1" =l llunllo
||uk || is finite, hence, r'u) (t) € €2 provided r’ are closed to r and ||u’ — u/|| is small. Therefore

we see that A is open in R x H} (C"). The autonomy of H, and (3.2.2) lead to the invariance
of ®, under the action of S* x Y. O

With these constructions, the principle of symmetric criticality given by Palais [64] helps us
to make a symmetric reduction to ®,.. That paper provided various versions of this principle in
different settings. Here we choose the one applicable for our problem.

Theorem 3.2.4. [64] Let G be a group of isometries of a Riemannian manifold M and let
f: M — RbeaC" function invariant under G. M€ is the set of stationary points of M under
the action of G. Then if p € M is a critical point of f|yc, p is in fact a critical point of f.

As mentioned before, the set
M={6xU,:0€ 5" acC}

is a 3-dimensional non-compact submanifold of H) (CV) consisting of 27-periodic solutions
of (HSO)

Leto = (12 ... N) € Xy be the right shift, and set 7 := (2,07') € S* x Ty, hence

Txu(t) =

Since for all u € Hj_(CV),

ul(t+ 27’(‘)

P = | T <,
un (t + 2m)

ie. 7™V =id, (r) C S x By is a cyclic subgroup of S x ¥y of order N. Proposition 3.2.3 tells
for each r, the domain of ®, is an open subset of the Hilbert space H; (C"), thus is a Hilbert
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Chapter 3. Periodic solutions of N point-vortex systems in a general domain 48

manifold and a Riemannian manifold. Also @, is (S! x Xy )-invariant. Theorem 3.2.4 applies
consequently and then it is sufficient to find critical points of @, constrained to

AN ={(r,u) e At u=T7xu}.
Clearly for (r,u) € A we have (r,u) € A" if, and only if, ug(t) = wy (t + w> for all
k=1,...,N. Thus the map
Hy(C) — Hy (CV),

. 27T>l< 27T(N—1)>l< o
V=0 =\|V,—F*%0V,...,————F— %0
7N ? Y N Y

induces a diffeomorphism
My ={0%u,:0€S" uy =uy+a,acC}—MCA,
and a diffeomorphism
Ay = {(r,u;) €ER x Hy (C): (r,u;) € A7} — A",
(ryuq) — (r,uy).

Defining ¥ : A; — R by
U(r,u) = W, (up) := D, (uy),

N 2m 2m
U, (ur) = 5/0 (i1, up)me dt + N_1 /0 log

4 27
T / Flriny) dt,
0

* N -1
it suffices to find critical points of W,. More precisely, if u; is a critical point of W,., that is
DV, (u1)[v] = 0 for all v; € H, (C), then D®,(uy)[0;] = 0 for all v; € H, (C), which
implies u; is a critical point of ®,.. Hence, so far our underlying space is concerned with only
one complex component of u.
In the end of this section, we fix § > 0 such that the tubular )-neighborhood
Z/{g(Ml) = {Ul S H%ﬂ(C) . disty (ul,Ml) < (5}

of M, in H}_(C) is contained in the domain A, of Wy:

ok
Ao = {uy € HL(C) : ua(t) # uat + TW) forall, allk=1,...,N—1}.  (32.3)

This can be seen as follows: for every v € My, alltandany k=1,--- | N — 1,
Kllur — ol = [Jur — vl
1 2km okt
> 5 (lur(t) = v(®)] + Jua(t + 55) = vl + 7))
1 2km e
> o fua () = (e + S0 = o(t) = ot + S0 |
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49 3.3. Finite dimensional reduction

so that ok ok
T T
ua(t) — st + 2| > o(t) — vl + )] 2 s — o]

Observe that |v(t) — v(¢ + 22)| is uniformly bounded below away from 0. A constant § > 0
always exists to guarantee Us(M;) C Ag.

3.3 Finite dimensional reduction

Before the main task of this section, we give some basic calculus.

Lemma 3.3.1. For (r,u;) € Ay we have
N-1 2k

. 2 Uy — ”*ul 47'("/“
vV, = N(Id— A)~! N OF(ru
(UI> ( ) (wd + N -1 ; |U1 - km *u1|2 * N -1 ! (TUI)> ’

where A : H2 (C) — L2 (C), Av = 4, and 0, means the gradient in the real sense with respect
to the first complex component. Particularly,

_ N K Uy
VUo(uy) = N(Id — A)™ (zul + Z \u1 Qk > .

T s ug |2
Moreover,
N 1 2km
v— = k0
Al N(Id— A)~ N
O(UI)[ ] ( |U,1 Qkﬂ' % U1|2
=y ————> Sk
_ Uy — —— * Uy )
N —1 ’U1 2k7r * Uy ’4 N
k=1
Proof. Forany v € H;_(C),
U - v
(V) v) = Do()fo] = lim P00 20 = Tolts)
N .
/ hn% [ i(uy + s0),uy + sv)ge — (zul,ulmz} dt
s—0 S
2k 2k
Z / lim — {log [ua (8) = wn (¢ + =) + sv(t) — sv(t + =)
21k
~log fun(t) — wn(t + %)\] dt

B S ) —up(t+ 27”7“) v(t) —v(t + 2”’“))
_N/O (i1, v >R2dt+—2/ () = u(+ TP dt.
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Observe that
) =l 5 5
; g (t) — ug (t + 2Z5))2
k=1 N
— N_l/%_%g’k (ur(t = ) = wa(t), o(t) e dt
1 R us (t — %) —w(t)?
N-1 ,on (up (t — %) —ui(t), v(t))re
_ P G dt
=R SEHO] (33.1)
N-1 .or < (t + M) - U1(t)av(t)>R2
— / 27r(N k) 2 dt
1 0 |u (t+ ) uy (t>|
:N_l/ <u1(t+2ﬂk)_u1( ) vt
|, Jun (¢ + 25) — ua (1)]?
N-1 /27r (ur (t) — ur(t + 2ZE), v(t))ge
— 27k dt.
w1 /0 [ur(t) — wa(t + )P
Consequently,
’ N8 ) - e+ )
<V‘PO (ul) N/ ZUl, >]R2 dt + —— 7]|-V >U(t) 2 dt?
N-1 = () — i (t+ FH)P 8
thus we get
N—1 27k
T 2 w(t) — it + )
V(u) = N(Id = 8) iin + 7 Z Jua () — (¢ + %W}

Consider the perturbed functional

872 47 2 -
W, (1) = Vo) — o F(0) + / F(riiy) dt.
0

Setting

27
Fo(w) ::/ F(riy)dt, (rw) € Ay,
0

we have

=r Z /27T (O, F (ruy), w * U>R2 dt.



51 3.3. Finite dimensional reduction

Observe for each k,
2m om(k — 1)

(O F (rtay), ~ * U)o di
7 2m 2m(N — 1) 2m(k — 1)
:/0 <ak:F(7”U1(t), ruy (t + ﬁ)’ e rug (E+ T))’U(t + T»R? dt
o 2n(E) 2r(N —k +1) 21(N — k +2) 2m(N — 1)
= /_27((],%_1) <(9kF(ru1(t + #),rul(t + N ), ruy(t + ~ ),
2r 2n(N — k)

Tul(t),rul(t+ﬁ),~-- s rup(t + N )),U(t)>R2 dt

= [ @t I g 2IEED g 2O,

2B ot)) g

2 T T —
-/ <31F(m1(t),m1(t+%),--- ,rul(t+2U]VV”)),v(t)>R2 dt.

2
ruy(t), rug (t + ﬁﬂ), ceerug (4

here we used the invariance of £’ under permutation. Therefore, we conclude
VF, () = (Id — A)~! [rN@lF(rﬂl)] ,

and hence,

N—-1 ok
.. 2 up (t) — ui(t + =57) A7y
_ B 1
VU, () = N(Id = A) i + ;1 NG

+ O F (1 ]
t —ul(t+2]7\r[k)| N oF )

Furthermore, for v, w € H. %W(C) we continue to compute that

(V2Wo(up)v], w) = lim — [(V\Ifo(ul + sw),v) — (V¥o(u), v)]

s—0 §

_N/ lim — [ i(ty + sW), v)pe — (ity, v)g2| dt

ur(t) —u(t+ 58 + s(w(t) —w(t + %))

N Z/o 5*08 |U1 ) —ur(t+ 2E) 4 s(w(t) — w(t + 23F)) )2
_ U1<t)—ul<t+2ﬂk)

|u1(t) ul(t—l—%k)

27r IN -1 27r _ w t—l— 27rk:) (t)>]R2
=N (1, v)ge dt + —— / dt

/2”< 1(t) —wa(t + %F), ()> -(ul(t)—ul(HQ’”“) w(t) —w(t + %))

Jua (t) — wn (8 + 255

- v(t)>R2 dt

N-1

AN

dt
N -1

k=1
(3.3.2)
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Asin (3.3.1) there hold

t—i— 27rk ( N— (t + 27rk:)>
Z / - Q,Tk S d Z / . o dt (3.3.3)
uy () — uy ( t+ | — Jo |U1 u (t+ )

and

=

il
I
S—

-1

2 (un () —ua(+ 5F), v(t))re - (wa(t) —uat + ), w(t + ) e
Jus (t) — wn (t + 255

dt

) N1/27r (uy (t) — uy (t + 2 ) v(t + M)) 2+ (ug(t) —ug(t + %),w(t))Rz "
v o Jur (£) — wa (¢ + FF)|4
(3.3.4)
Thus combining (3.3.2)-(3.3.4) we have
2 OIN = 12 (u(t) — vt + 255) w(t))ge
2
(V200 (1) o], 0 N/ i, w)ae dt + 2 1;/0 |u1 it sl
4N Nzl/% (ua () = wa(t + 25F8), 0(t) — vt + 5F))re - (wa(t) — it + 5F), w(t))we @t
N=1:=Jo Jur () — wa(t + 2FF)[4 '
As aresult,
Vz\lf< )[ ]*N(Id—A)_l[”—k 2 NZ_I U(t)_v(t+27rk)
o\u1) || = (X N—]_kzl |U1(t>—ul(t+ 27rk)|2
4 = () = (t+ ZE), o(t) — ot + ) o 2k
S ) PR PR (wr(t) = wn(t + =) |
is obtained. O

From the formula above we have
VUo(u; +a) = VUg(uy) and V2Uy(u; + a) = V2Wq(uy) (3.3.5)
for any u; € Ag and a € C. A direct computation shows for u(t) = e’ that

N-1 2km 2
.. 2 (ugp — 5 *uo)? [ 2km
v2\1j0<u0>[v] = N<[d - A) ' <ZU - N —1 z : |1 €2k7m/N|4 (U - T * ’U)) :

k=1

When a functional is invariant under a continuous group action, its critical points, which
appear as orbits, are degenerate in general. Like here 1 is degenerate as a critical point of V.
Therefore, for such problems with symmetries, Bott [20] introduced the concept of nondegen-
erate critical manifold to extend the notion of nondegenerate critical point.
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53 3.3. Finite dimensional reduction

Definition 3.3.2. Let Z be a connected C?-submanifold of a Hilbert manifold X and let f €
C%(X,R). We say that Z is a nondegenerate critical manifold of f if

(1) all points of Z are critical points of f;
(2) the nullity of each z € Z is equal to the dimension of Z, i.e. dim Kerf”(z) = dim Z;
(3) f”"(z) is a Fredholm operator for each z € Z.

Remark 3.3.3. 1. Assumption (2) implies Kerf”(z) = 7,7 for each z € Z, herein T, 7 is the
tangent space of Z at z. In other words, z is a nondegenerate critical point of f constricted to
the normal space of Z at z.

2. This is slightly different from the definition 10.3 of [26] in which Z is required to be
compact. Since the compactness condition does not make any trouble to our problem, we just
ignore it for convenience.

Then we can prove

Lemma 3.3.4. M, is a nondegenerate critical manifold of W, in particular Ker V?Wy(ug) =

Tqu1~

Proof. Since M; = S' % (ug + C) is the homogeneous space obtained from g via the trans-
lations uo — wuo + a and via the S'-action, and since ¥ is invariant under these actions, it is
sufficient to show that Ker V2W(ug) = T, M. Clearly T,,M; C Ker V> (ug), hence we
only need to prove that

Ker VW (ug) C TyeMy ={a+ic-uy: a€C,ce€R }.

Consider an element v € Ker V20 (ug), so that
N1 (i

i@(t)—Nilz

k=1 |1_6

ot %Tﬂ 2 /7 T 9L
) (v(t)—u(H%T”)) = 0. (3.3.6)

- 2kT
Z'T|4

We write v in its Fourier expansion, v(t) = Y, _, oy, e™ with coefficients o, € C, and substi-
tute it into (3.3.6) obtaining

N-1 1 -2kn7‘r
— e V"N o
§ no,e 'mt + — E :2 : k7r O[nel(2 nt _ 0.
nez nezZ k=1 1 —e N

Setting

i 2wk(n—2)

Noly i 2ek
’gn = T o 2mk.o)
a comparison of the coefficients yields for each n € Z:

2
no, + mfn : ag_n = 0, (337)
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Chapter 3. Periodic solutions of N point-vortex systems in a general domain 54

and, replacing n by 2 — n:

2 _
(2= )an + 800 @0 =0, (3.3.8)
Observe that
1 . 6_7;.216(77,]\72)77 —1 1 i 2(N— k)(n 2)m N—-1 i Qk(n 2)m
é'_n - 2km = . - s - 5”7
e o L e

hence ¢, € R for any n € Z. On the other hand, the computation

N= 1_62%@%2)# 1—61%%
b =2 ((1 e )2 (1 ei""z’“v")?)

k=1
N—-1 4k 4k k 2k
N — TN 4 207N — 2e8 N
= - 2km
— N4
k=1 [1—e" |

shows that £, — &, | = —(&, — &), ie. &, — &, € iR and therefore &, = &_, € R.
Combining this with (3.3.7) and (3.3.8) we deduce

4
which immediately implies
a, =0, foralln#0,1,2. (3.3.9)
Next we take n = 1 in (3.3.7) and obtain, using the equality & = % :
2 _ _ .
N1 1 = o1 + oy, thus a; € 1R. (3310)

Finally, considering n = 0 in (3.3.8) yields
ag =0 (3.3.11)
because & = 0. Now (3.3.9)-(3.3.11) imply v € T}, M. VU (uy) is Fredholm with
dim KerV?Wy(uy) = codim RanV*Wg(ug) = 3.
]

After proving M, is a nondegenerate critical manifold of ¥, we are in the position to seek
critical points of the functional

872 47 m N
W, () = W — 2 F(0) + N—1/0 F(ra) dt.
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55 3.3. Finite dimensional reduction

Remark 3.3.5. In the work [4] of Ambrosetti, Coti Zelati and Ekeland, they applied the cele-
brated Lusternik-Schnirelmann theory to obtain a perturbation result by means of which a class
of first order singular Hamiltonian systems can be addressed. Their theorem states: let £ be
a Hilbert space, A an open subset of £ and f. € C?(A,R) is smooth in €. If Z is a compact
nondegenerate critical manifold of f; and f{ is a Fredholm operator of index O for all z € Z,
then there exists an ¢; > (0 and a neighborhood U of Z such that f, has at least cat(Z) critical
points in U for any 0 < |e¢| < €g. In the proof, equivalently they looked for critical point of f,
constrained on a neighborhood Z. C U of Z. The compactness of Z is of great importance.
It yields the compactness of Z, and then Lusternik-Schnirelmann theory is applicable since the
Palais-Smale condition is then satisfied naturally. However, in our case M is not compact
and the Palais-Smale condition fails. Without the (PS) condition the Lusternik-Schnirelmann
theory is no longer true, thus a result like in [4] does not hold in our setting. In contrast with
their approach, we turn to the continuity method and make use of the property of the Robin’s
function.

With the preceding lemma, we come to the procedure of the Lyapunov-Schmidt reduction,
which is a sophisticated technique widely used to study the solutions of nonlinear equations
when the implicit function theorem does not work. It reduces infinite dimensional equations in
Banach spaces to finite dimensional equations.

For a given v € M, we denote P, : H) (C) — T, M, the orthogonal projection. The
equation (HS,) is equivalent to the system

{ Py(VV,(u)) =

(Id — P,)(V¥,(u)) = (3.3.12)

Since V2Wq(v) is self-adjoint and Fredholm, we have the orthogonal direct sum decomposition
Hzlw(C) =T,Mi & NoM,

with T, M; = Ker V2¥(v) = Ran P, and N,M; = Ran V?¥(v) = Ker P,. We try to find
solutions of the form u; = v 4+ w withv € M; and w € N, M; small. Technically, we apply
a Lyapunov-Schmidt reduction to the system

P,(V¥,(v+w)) =0, 3313
=0. o

(Id—P,)(V¥,(v+w))

More precisely, for fixed v € M; and » ~ 0 we first solve the second equation in (3.3.13),
using the contraction mapping principle in a suitable neighborhood of 0 € N, M. This yields
a solution w = W (r,v) € N, M; which in turn will be substituted into the first equation of
(3.3.13).

In order to do this, we fix a constant p > 0 such that B,,(0) C Q. Then U, (u,) is well-
defined provided u; € Us(M;) and |ruy(t)| < 2p for all ¢; here ¢ is from (3.2.3).
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Lemma 3.3.6. There exists a constant ro = 7o(p,0) > 0 and an S'-equivariant map
Wl :={(rv) e Rx My :|r| <rg,v=0%u,ac€C,|ra| < p} — Hy(C)
such that W (r,v) € N, My, satisfying |W (r,v)|| < ¢ and solving the equation
(Id— P,) (V\IJT (v +W(r, v))) —0.
Proof. The proof is based on an application of the contraction mapping principle, and consists
of four steps.

STEP 1. Reduction to a fixed point problem
We fix R > 0 and define

MiP={v=0xu, e My:0€S" acC,|a <R}

We shall define W (r,v) € N, M, for |r| small and v € ME. First of all, there exists a constant
x > 0 such that
|ulloo < &||ul|, forallu e H,. (C).

Given r € R with [r| < £ and |r| < 7 =
|w|| <6 that v+ w € Us(M;) and

7 it follows for any v = 6 x u, € M1t and
[ro(t) + rw(t)] < [raf + [rue(t)| + [rw(?)]

<|r|R+ |r| + |r|ké

<2p

for all ¢ so that ¥,.(v 4+ w) is well-defined.
The second equation in (3.3.13) is equivalent to

(Id — P,) o V2Wy(v)[w]
4mrN

= —(Id = P,) |[VU(v + w) = V*Uy(0) u] + 77—

(Id — A) (0, F(r + mﬁ))} .

As a consequence of Lemma 3.3.4 the operator £, := (Id — P,) o V2¥(v) induces an isomor-
phism £,|n, ¢, on N, M. Also notice that if v = 0 *u, then L, = (Id— Py, ) 0 VW (0% ug)
is actually independent of a because of (3.3.5). Thus (£, |, r,) " exists and there is a constant
~v > 0 independent of v, such that

1(Lo|nypty) (W) < ylJwl]|, forallv € M, andw € N, M;. (3.3.14)
Next we define the operator 7'(r, v, -) : N,M; — N, M by

T(r,v,0) = ~(Lolw,an) ™ 0 (Id = P) V(v +w) = V2Wo(0)[u]

L 4darN
N -1

(Id — A) (&, F(rd + r@))} .
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57 3.3. Finite dimensional reduction

Then w € N, M, solving the second equation in (3.3.13) is equivalent to being a solution of
the fixed point equation w = T'(r,v,w). In the following, we will prove that for » ~ 0 and
v € M% arbitrary, T'(r, v, -) is a contraction on a suitable neighborhood of 0 in N, M.

STEP 2. We prove that there exist constants 0 < ry < r; = ﬁ and 0 < 9; < 6, such
that for any |r| < min{ry, £} and w,w’ € N, M; with |[w|], ||w’|| < 6;, there holds

1
T (r,v,w) —T(r,v,w)] < §||w — . (3.3.15)

In order to see this we first observe that (3.3.14) implies for w, w" € N, M with [Jw], ||w'|| < §
that

1T 0,0) = T, 0,0 < ([T (0 + ) = V(v + ) — F2o(v) [0 — w]|

Ar|r|N
+ R S E—

(= 8 (O (T + @) — 0 F (T + ) )

(3.3.16)
Next observe that due to (3.3.5) there exists a constant 0 < ¢; < 4, such that for any v € M,
w € N,M; with ||w]| < 6y,

V2o (v +w) — Vo (v)| < % (3.3.17)

in operator norm. Hence, there holds for any w, w’ € N, M; with ||w||, ||w'|| < d;:

HV\DO(U +w) — V(v + ') — V2o (v)[w — w'H|

_ H/Ol (V2o (v + sw + (1 — s)w') — V2o (v))[w — w'] ds (3.3.18)

1 :
< o llw =]
2

rv(t)| and the smoothness of F, there exists 0 < ry <
wll; [’} <9,

In addition, by the uniform boundness of
r1, such that for any |r| < £ and [r| < 7y,

Y 1 - 2) O F 65+ ) - D F (0 4+ )|
dm|r|N -~
< ;\;‘Tl |01F (10 4 r@) — 01 F (ro + rw')|| (3.3.19)
1 '
< EHUJ —w'|.

Substituting (3.3.18) and (3.3.19) into (3.3.16) yields (3.3.15).

STEP 3. We shall verify that there is a constant 0 < r3 < 71, such that 7'(r, v, -) maps
{w e NyM; : ||w|| <6} into itself provided || < min{rs, p/R}.
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Indeed,

47r]r|N

1T (r, v, w)|| < - (Hwo(v +w) — V2 (v)[w] || + ||a1 0 + r@)HL2) :

Similarly, 70, F'(rv + rw) converges to 0 uniformly as r — 0, so there exists 0 < r3 < rq, such
that for || < min{rs, p/ R},

47?]7“\]\7

||81 rv+r@)HL2 < %, forall v € MI, ||w|| < 6.

Moreover, (3.3.17) implies

[VTo(v +w) — V2o (v)[w]|| = [[VTo(v + w) — V¥o(v) — V2 (v)[w]|]
1
= / (V2o (v + sw) — VWq(v)) [w] ds (3.3.20)
0
< —lul
=5 w||.
Consequently,
1 01 01
700wl <7 [l + ] <5

aslongas |r| < £, |r| <rgand [|w| < 01.

STEP 4. Application of the contraction mapping principle

Taking 7o = 7¢(p, ) := min{ry, 73} the contraction mapping theorem applied to 7'(r, v, -) :
{w e N,M; : |lw|]| < 6,} yields that for each |r| < 7y, v € MIE, there exists a unique w =
Wg(r,v) € N,M; with ||w|| < 6, solving (3.3.13). Moreover, P, is continuously differentiable
in v (see 10.2 [56]), hence Wx(r, -) is also of class C'. In addition, since ¥, is autonomous and
T, M is S'-equivariant also W (r, -) is S'-equivariant: Wx(r,0 x v) = 6 * Wg(r,v). Observe
that Wx(r, v) is uniquely determined, thus Wr(r,v) = Wg/(r,v) if (r,v) lies in the domains of
both M1 and M¥. Hence we can simply write 1V instead of ¥/ and obtain a map

With={(r0) €Rx My v =0xuy,|r| <ro,lral < p} — H(C)

as required.
]

Remark 3.3.7. The solution W can be obtained directly from the implicit function theorem in
version of manifold, the proof of which is also achieved by the contraction mapping principle.
The reason we do it in a complete way here is that the estimates in the following lemma demand
for an explicit relation among the norm of W,  and some constants that appeared in the proof
of Proposition 3.3.6 .
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As a result of the construction of the solution map W, some properties about the behavior
of W (r,v) as r — 0 can be proved, which are crucial for the proof of the main theorem:

Lemma 3.3.8. The following holds uniformly onU as r — 0:
a) [[W(r,v)|| =O(r)
b) [|[PoDoW (r,0)|| oo pay) = OF):

Proof. The inequality (3.3.20) implies

W (r, o) = 1T (r,0, W(r,0)|

ATt N (3.3.21)

1 —
< W)l + =l [0 FED + 7w (r,v))

4

I

Since |01 F (rv+ T/W(T, v))]| 22 is uniformly bounded on I, there exists a constant A/ > 0, such
that .
ATy ||OLF (ro + rW (1, v))

This, substituted into (3.3.21), yields

HL2 < M, forall (r,v) €U.

4
W (r,v)| < gM]r], for all (r,v) € U,

proving a).
Next, let { f;(v)}3_, be an orthonormal basis of T, M; depending smoothly on v € M. In
order to estimate P, D, W (r,v) we differentiate the identity

3

P,W (r,v) = Z<W(r,v>,fi<v>>fi<v> =

with respect to v. This gives

3

Y (DWW (r,0)¢, fi(w) filv) + (W (r,0), fi(0)@) fi(v) + (W (r,v), fi(v)) f{(v)¢) =0

=1

for any ¢ € T, M, and therefore,

Mw

B,D,W (1, ) W(r,v), fi(0)¢) fiv) + (W (r,v), fi(v)) fi(v)9).

=1

The invariance of the tangent spaces along M; under translations and the equivariance with
respect to the S'-action imply that f;(v) and f/(v) are uniformly bounded for v € M. Then
together with part a), we obtain

| P DWW (7, v HL oy = O(r) asr — 0 uniformly on /.
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Chapter 3. Periodic solutions of N point-vortex systems in a general domain 60

Following Proposition 3.3.6, it remains to solve
P, (V\I/T (v+W(r, v))) )

for (r,v) € U. This can be reformulated as a finite-dimensional variational problem using the
function

iU R, d(ra) =Po(a) =, (ug + W(r,u,)),

where B
U:={(ra) e RxC: |r| <o, |ra|l < p}.

Lemma 3.3.9. There exists ro > 0, such that if a is a critical point of 1, for some |r| < rq, then
\VAUS (ua + W (r, ua)) =0.

Proof. According to Lemma 3.3.8 b), there exists 7y > 0 such that

1
| oD W (r,0)|| < 5 forall (r,v) € U with || < 7%. (3.3.22)

Suppose (7, a) r| <1 and Vi),.(a) = 0. Then
(VU (ua +W(r,ug)), ' + D,W(r,ug)a’y =0 (3.3.23)

forany o' € C C T,,, M.
Since W, (6 % u, + W (r,0 x u,)) is independent of 6 € S*, differentiating it at § = 0 gives

<V\IJT (ua + Wi(r, ua)), (]d + D,W(r, ua))u'0> =0. (3.3.24)
Combining (3.3.23) and (3.3.24) we obtain
<V\IJT (ua + Wi(r, ua)), (Id + D, W (r, ua))¢> =0

for any ¢ € T, M;. Moreover, as a consequence of (3.3.22) the map Id + P,, D,W (r, u,) is
invertible on 7},, M, hence

(VU, (ug + W(r,u,)),¢) =0, forallp € T, ,M,.
This implies
PV, (ug +W(r,u,)) =0,
hence u, + W (r,u,) is a critical point of ¥, O

Now we make a first order Taylor expansion for v, .

Lemma 3.3.10. There holds
42 N?
N -1

Yp(a) = co + h(ra) 4+ ¢, (a)
with Ve, (a) = o(r) as r — 0 uniformly on U.
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61 3.3. Finite dimensional reduction

Proof. We compute

p(a) =, (ua + W (r, ua))

82 4w mo
=W, (ug + W(r,ug) — ¥, (uq) + ¥o(ua) — N 1F(O) + N-1J, F(ru,)dt

and

2
/ F(rii,) dt = wN?h(ra)
0

1 2 N . w(j— T
+ 5/ E <g(7“a el 1)),ra + el 1))) - g(ra,ra)) dt
0 k=1
itk

1 2r N . o (k—1
+ 5/ Z (h(m + ety ))) — h(m)> dt .
0 k=1

Setting ¢y := Wo(u,) — 22 F(0) and

N-1
2w 2 N (t+27r(3 1)) (t+27r(k: 1))
or(a) == 1 Z (g(m + re’ ,ra+re' ) — g(ra, m)) dt
—1), %
g
2 N TR
h(ra + re’ N)— h(m)) dt

+ U, (ug + W(ruq)) — U (ua),

we have ¢,.(a) = ¢ + 4]7{,2_]\fh(m) + ¢r(a). Now

2 i z
Ve, (a)| < W|T| / Z Z ‘Gmg ra + relt+=F) ra+ relt R 1))) — Omg(ra,ra)| dt

J k=1 m=1,2
J#k

27r]r| / Z

+ \va% (uq + W(r, Ua)) = VoW, (u,)]
)+ [ Va¥, (ua + W(r,ua)) — Vo, (ug)|

2mw(k—1)

B (ra+ ref—x )) — h’(ra)‘ dt

because g is of class C' and |ra| is uniformly bounded on U.
Moreover, since VU, (u, + W(r,u,)) € T,,M; and D,W (r,u,)d’ € N,, M, for any
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a' € C, we deduce for r — 0:
Vo, (uq + W(r,u,))[a’] — ug)[a']
= U (uq + W(r,u,)) [a + D W(r ug)a'] — Wl (ug)[a’]
= U (uq + W(r,u,))[a'] — V. (uq)[d]
= (ua + W(r, ua ) — g (ug)[d]
47T7"N
)ld]

((91F Ty + TW(T‘ ug)) — O F(r,))[a'] dt

\Il(u0+Wrua — W (ug)[a’] + o(r) - |d|
= Wi (uo) [a', W (r, ua)] + o([|W(r, ua)l]) - |a'] + o(r) - ||
=o(r) - |d'l,

uniformly on U. Here we applied a’ € Ker ¥{(ug) and Lemma 3.3.8 a). Summarizing we have
proved that Vg, (a) = o(r).
O]

3.4 Proof of Theorem 3.1.4

This section is devoted to obtaining critical points of the reduced function. We simply apply
some well-known facts from the Conley index theory as well as Morse index theory as presented
in [26, 29, 40]. The index theory has a long history and can be found in different versions in the
literature. Here we just adapt some theorems related to our problem for the information of the
reader.

We consider a C? Hilbert manifold X and f € C'(X,R). K/, the critical set of f, and the
critical groups C.( f, p) are introduced as in Section 3.1.

Definition 3.4.1. A continuous map  : R x X — X is called a flow on X if the following
properties are satisfied:
(D n0,z) =z, 2)n(s,n(t,x)) =n(s+t,x)forall s, t € R.

Given a locally Lipschitz continuous vector field V' on X, we can associate a local flow 7
on X with respect to V as the maximal solution to the Cauchy problem

Nz, t) = Vin(x,t)),
n(z,0) =

Definition 3.4.2. Let f € C'(X,R). A pseudo-gradient vector field for f (for short p.g.v.f) is
defined to be a locally Lipschitz continuous section V' of the tangent bundle 7'(.X) satisfying,

forallz € X,
(V(x),df (x)) > ||ldf (=)|]%,
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63 3.4. Proof of Theorem 3.1.4

IV (2)|| < alldf (2)]]

for some constant o > 0.

Remark 3.4.3. 1. Any function f € C!(X,R) admits a p.g.v.f..

2. Since V is required to be locally Lipschitz continuous, the gradient V f of a function
f € CY(X,R) is not necessarily a p.g.v.f. for f. Butif f € C*(X,R), then V[ is a p.g.v.f. for
f.

Gromoll and Meyer [40] pointed out that the local homology of an isolated critical point
can also be computed as the homology of a suitable closed neighborhood of the critical point
relative to a part of its boundary. Using definition III.1 of Chang and Ghoussoub [27], the
Gromoll-Meyer pair for a critical subset is defined as follows.

Definition 3.4.4. Let f € C'(X,R) and S be a subset of K;. A pair of topological subsets
(W, W) is said to be a Gromoll-Meyer pair for S associated with a p.g.v.f. V' if, for the flow n
associated with V' via (3.4.1), the following conditions hold:

e 1V is a closed neighborhood of S with W N Ky = S and W N f, = () for some a.

e W has the Mean Value Property, that is, if ty < t; are such that n(z,t;) € W and
n(x,t;) € W for some x € X, then n(z, [to,t1]) C W.

e W~ is an exit set for W, i.e.,

W™ ={z € W |max{t € R|n(z,t) € W} = 0}.

e IV~ is a piecewise submanifold, and transversal to the flow 7, that is, %(0, x) & T,W-
forallx € W—.

In [27] proposition 3.2, the authors gave the existence of Gromoll-Meyer pair of an isolated
critical point.

Proposition 3.4.5. [27] Suppose [ € C'(X,R) and satisfies the (PS) condition. p is an isolated
critical point of f. Then for any open neighborhood i/ of p, there exists a Gromoll-Meyer pair
(W, W~) for p with W C U, and in particular if f is C?, there exists one pair associated with
the negative gradient vector field —V f.

They also established a relationship between the critical groups of a functional and the
homology of the Gromoll-Meyer pair at an isolated critical point.

Proposition 3.4.6. [27] Assume p is an isolated critical point of f € C'(X,R). Let (W, W ™)
be a Gromoll-Meyer pair of p associated with a p.g.v.f. V. Then we have

Cu(fip) = H(W, W F).

The homology groups do not depend on the special choice of the Gromoll-Meyer pair (W, W)
nor on the choice of the p.g.v.f. V for f.
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Figure 3.1: An example of Gromoll-Mayer pair.

Now we turn to the Conley index.
Definition 3.4.7. N is a subset of X. The maximal n-invariant set contained in NV is denoted as
Inv(N,n) ={x € N : n(x,t) € N forall t € I},

where [, is the maximal existence interval of the initial value problem. N is an isolating neigh-
borhood if N is compact in X and

x € ON = n(x,1,) € N,

in other words,
Inv(N,n) C int(N).

A compact set S C X is called an isolated invariant set if there exists an isolating neighborhood
N such that S = Inv(NV, n). The exit set of N, denoted as N, is

N ={x e N|JFe>0:n(x,t)¢ N for0<t<e}.

An isolating neighborhood N is an isolating block if N~ is closed. We say that L. C N is
positively invariant relative to N, if for any x € L, n([0,t],x) C N implies 7([0,¢],z) C L.

Definition 3.4.8. . C N C X and N, L are compact. (N, L) is called an index pair for
S =Inv(CI(N\L)), if:

e N\L is a neighborhood of S, that is, Inv(CI(N\L)) C int(N\L);
e [ is positively invariant relative to V;
e Every orbit which exits N goes through L first:

z € N, n(t,z) ¢ N forsome t >0 = n(s,x) € L for some s € [0,¢].
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65 3.4. Proof of Theorem 3.1.4

Definition 3.4.9. The homological Conley index is defined by
CH.(S) = H.(N, L).

As noted by Conley-Zehnder and Salamon, the homological Conley index is a topological
invariant for isolating neighborhoods, that is, if (/Vq, L1) and (N3, Lo) are two index pairs for
S, then H,(Ny, Ly) = H,(Na, Ls).

It satisfies Wazewski property:

Proposition 3.4.10. Let N be an isolating neighborhood and assume that C' H,.(S) # 0. Then
Inv(N) # 0.

Definition 3.4.11. An equation is called gradient-like if there is some continuous real valued
function which is strictly decreasing on nonconstant solutions. The associated function is named
Lyapunov function.

Remark 3.4.12. 1. The simplest illustration is provided by gradient equations, namely, a system
of the form & = V f(x) with Lyapunov function — f.

2. Gradient-like equations and isolated invariant sets are related by the fact that an isolated rest
point of a gradient-like equation is also an isolated invariant set. In general, a rest point may be
isolated as a rest point but not as an invariant set. A “center” of an equation in the plane is an
example: every neighborhood of the center contains a nonconstant periodic solution.

Then we have the following

Corollary 3.4.13. Suppose the local flow 7 is generated by a gradient-like vector field V' and
N is an isolating neighborhood relative to . If Inv(N,n) # (), then there exists an a € N with
V(a) = 0.

Proof. If V is gradient-like with respect to f and Inv(NN, ) # (), then there is an 2z € N such
that n(z,t) € N for all t € I,. By the compactness of N, I, = (—oo,+00) and there exists
a sequence t,, — oo such that lim, .., n(x,t,) = a € N. Thus since f is continuous and
nonincreasing we deduce that f(a) = inf{ f(n(x,t,)) : n € N}. It follows that f o n(a,-) is
constant so 7)(a, -) is constant. Hence, 77(a,t) = 0 and so 0 = 7(a,0) = V(n(a,0)) = V(a).
The corollary is proved. [

Remark 3.4.14. The significance of the above corollary lies in the fact that, in applications to
variational problems, one is interested in finding critical points of a given C*-function f : N C
U — R, i.e. solutions a of the equation f'(a) = 0. In this case V' = f’ is gradient-like with
respect to Lyapunov function — f. Thus, if Inv(/N) # () then the corollary implies the existence
of a critical point of f contained in V.

End of proof of Theorem 3.1.4
Suppose 0 is an isolated stable critical point of h with 2(0) = ¢. The Palais-Smale condition
is satisfied automatically for h since h(z) — oo as z — OS2 as a smooth function defined on a
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finite dimensional space. Then for any fixed 0 < € < p, we can choose a Gromoll-Meyer pair
(B, B™) for 0 of h such that B C B.(0) and

H.(B,B~) = H*(h*,h°\ {0}) # 0.

In particular, 0B ¢ M* U ---U M k is contained in a finite union of submanifolds M7 =
(¢7)71(0), where ¢’ € C*(C,R) with 0 being a regular value, and V¢’ (a) being the exterior
normal to B at a € 0B. By definition there holds

(Vh(a),Vg'(a))p, #0, forallac dBNM’,j=1,... k, (3.4.2)
and
(Vh(a),Vg'(a)),, <0, if,andonlyif,a € B-NM’, j=1,... k. (3.4.3)

Now we scale these sets and functions as

1 1 1 . .
B,:=-B, B, :=-B, M]:=-M, gla):=g'(ra),
T T T

T

sothat 9B, C M} U---UMF = (g})71(0)U--- U (¢%)71(0).
We consider only |r| < min{rg, 7} so that the lemmas from the former sections make
sense. Lemma 3.3.10 implies for a € 9B, N M/, i.e.ra € 0B N M7:

, 4m2rN?
(V0.0 Tl = (7%
B 422 N?
- N-1
B 422 N2
- N-1
as r — 0. Using the compactness of 05 and (3.4.2) we see that

(Vi(a),Vgi(a)) #0 foralla € OB, NM,j=1,... k.

for |r| > 0 small enough. This implies for |r| > 0 sufficiently small, that B, is an isolating
neighborhood for the negative gradient flow of 7),, and as a consequence of (3.4.3) the exit set
is B, . Since B and B,, B~ and B, are both homeomorphic,

H.(B,,B;) = H,(B,B") #0.

Vh(ra) + Ve, (a), ngi(a)>

RQ

(Vh(ra), Vg’ (ra))z. +r(Ver(a), Vo' (ra) )y,

(Vh(ra),Vg'(ra))g, + o(r?)

So Proposition 3.4.10 and Corollary 3.4.13 imply that there exists a critical point b, of ¢, in B,.
Then w,, + W (r, up, ) is a critical point of W,.. Rescaling back, we obtain a 7,.-periodic solution

P27 ¢

br -+ (23 Ty
2" (t) = r(t, + /W(T, up,)) (;—Wt> =7 bt el(:TTHN) + T/W(T, up,) (%t)
T b, + ei(%.t*'W) '
of (HS), proving Theorem 3.1.4 with a, = - b, € B C B.(0). -
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Remark 3.4.15. For arbitrary a( in Theorem 3.1.4, we modify the settings as follows:

T, 1
H,.(u) 513 Ho(ru+ ap) + pp Z log r

Tk
N

1 4

__m ;logmj uk’—mFO“U—FCLg),
g
where ay = (ag,- -+ ,a9)" € CV. Precisely, if a T,-periodic function u(t) solves 1, =

=iV, H(u) for k = 1,--- | N, then the 27-periodic z(t) = ru(2nt/T,) + ag solves z, =
—iV. Hq(z). H(r,u) := H,(u) is defined on

O .= {(r,u) ERX(CN:uj#ukforj%k, ruk—l—aOEQforallk‘},

while ®,, A, M and the group action remain unchanged. This means that we just make a
translation to the system with the “center” from a, back to 0.

Later we fix a neighborhood B,,(ag) of ag in €. Still, the reduced functional V¥, (u,) is
well-defined provided u; € Us(M;) and |ru(t)| < 2p for all ¢. Lemma 3.3.6 holds with a
constant 7o = 7¢(p, d, ap) and the final Taylor expansion formula for v, is

4% N?
N -1

Ur(a) = co + h(ra + ap) + ¢ (a)

with Vi, (a) = o(r) as 7 — 0 uniformly on . Hence, analogously we can choose a Gromoll-
Meyer pair (B, B~) for ag of h such that B C B.(ag) C B,(ag) and H.(B, B~) # 0. M7 and
¢’ play arole as before. Naturally now we set

1 1 . 1 , ) .
B,:=—-(B—ay), B, :=-(B —ag), M =-(M —ay), glla):=g’(ra+ ap),
r r

T T r

then for || > 0 small enough, B, is an isolating neighborhood for the negative gradient flow of
1, with exit set B". Hence

H,(B,,B,) = H.(B,B") #0

yields the existence of a critical point b, of ¢, in B,. Thus Theorem 3.1.4 holds when setting
a, =rb, +ag € B.
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3.5 Generalizations

Parallel results for other forms of Hamiltonian systems in C? with singularity at z; = 2, can be
obtained in the same manner.

The system governing the motion of two vortices (z1,1'1) and (22, 'y) in a domain Q C C
1s

iz = —iV., H(z); (3.5.1)
[oZy = —iV,, H(2),
with rr . |
H(z) =— 2 log |21 — 29| — ['1'2g(21, 22) — _F%h(zl) - —F%h(@)
2T 2 2
rr
=:— 21 2 log |21 — 25| — F(2)
T
defined on F»2.

Theorem 3.5.1. Assume I'y + 'y # 0. If ag € §2 is a stable critical point of h, then there
exists o > 0, such that for each 0 < r < r¢, (3.5.1) has a periodic solution 2" = (2}, z) with
minimal period |T,| for T, = 4w*r?(T'y + T'y)/T'% such that in the limit r — 0 the vortices 2},
move on circles in the following sense. There exists a, € ) with a, — ag such that the rescaled
functions

T 1 T
up(t) == ;(Zk(Trt/Qﬂ') —a)
satisfy
r it r Fl it
ui(t) — e, ui(t) - ——=e€".
Iy

The convergence holds in H'(R/27Z, C).

Proof. Suppose ay = 0. After rescaling, the problem becomes looking for critical points of the
functional

1 2m 2m
(I)T(U) = 5 / F1<ili1, u1>R2 + FQ(iUg, U,2>R2 dt — / HT(U,) dt
0 0
with
T, I,
H,.(u) = 53 (H(Tu) + o log |7"|)

rar,+r 2n(I'y + T

_ _Mlog iy — o) — ﬂl—jﬁp(m)

®(r,u) := ®,(u) is defined on an open subset of H;_(C?):
A= {(r,u) € R x Hy (C?): uy(t) # us(t) and ruy(t), rus(t) € Qforallt}.
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Then

— — F .
iTats Coluy —ugl? \ w2 —uy I (ru)}

In particular for » = 0,

V%(u):(Id—A)—lK iy ) +M(ul_u2 )}

7:1—‘2'“.2 F2|u1 - U2|2 Uz — Uy

B 1RE) DT+ 1) (v —w
2 —(Id— AL [ “n 7
V=@ (u)[v] = ( ) { ( AR + Loluy —ug|? \ v2 — 01

_ 2F1(F1 +F2) <U1 — U9, V1 —"U2>]R2 ( U1 — Uo ) :|

FQ |U1 — U2|4 Ug — Uy

and thus V®y(u + (a,a)") = V®y(u) and V*®y(u + (a,a)™) = V*®y(u) for all a € C.
Standardly as in Lemma 3.3.4, one can prove that for strengths I';, I's with I'y 4+ 'y #£ 0,

it a )
M =<0 ry i |+ :0eS,aeC
—F—2€ a

is a nondegenerate critical manifold of ®,. To see this, set uy = (%, —11:—;6“)”“.

" . A1 il vy I vp—wvy 21D g e
o(un)tel = (ra-a)~ | (it gt (0 ) -t () |

So v € ker ®f (ug) implies

: : nr 2IMT i i
ZFQUQ + I"ll—t—l"gg (Ug — Ul) + #<61t,?}1 — ’U2>R2€Zt =0

; ; IR 2y /it it _ (.
{Zflvl + 15 (v — vg) — m(e , U1 — Vg)pze = 0;
1+

Summing them up we get [';4; + ['ytiy = 0. Write v1, v9 € Hj _(C) in their Fourier expansions
as v1 = > p o vy =37, Bre’ with ay, B € C. Then it follows

I
Br = ——ay, ,VkeZ\{0}.
T,

Substituting these into one of the equations we derive

Iy
I'+1y

(@ — Bo)e™ + ) kape™ + D" e =, (35.2)
keZ keZ\{0}

Comparison of the coefficients gives
koy, + as—, =0, foranyk € Z\{0,2}.
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Replace k by 2 — k, then there holds ay + (2 — k)as_; = 0. Combining these we obtain
(k — 1)%ay, = 0 for any k # 0, 2, thus

ap =0, =0, forallk=#£0,1,2.

Considering the constant term in (3.5.2), we get a, = 3 = 0. Then from the e term, we
obtain oy = . For k = 1, there yields oy +a&; = 0, i.e., a1 € iR. In summary, v € ker ®{(u)

has the form
a _ it
V= a +1c _% ot
2

with some a € C and ¢ € R, which is an element in 7,,, M.

We fix § > 0 such that the §-neighborhood Us(M) of M in H}_(C?) is contained in the
domain of ®g, Ag := {u € Hy (C?) : uy(t) # us(t), Vt}, and also p > 0 with By,(0) C .
Then @, (u) is well defined as long as u € Us(M) and |ru (¢)], [rua(t)| < 2p for all ¢.

Given v € M, in order to solve the equation (Id — P,)(V®,(v + w)) = 0 for w € N, M,
we are led to finding a fixed point of the function

T(r,0,w) = —(Lo|nund) "L o (Id — P,) [wo(v +w) — V2 (0)[w]

N 2n(Ty + To)r

E (Id = A)"H(F'(rv + rw))} :

Denote u, = ug + (a,a)”. Again making use of the invariance of V®, and V?®, under
translations and the equivariance of them under S!'-action, as in Lemma 3.3.6 we obtain a
constant 1o = 7¢(p, d,'1, ['2) > 0 such that for any |r| < r( and arbitrary v = 0 % u, € M with
|ra| < p, T(r,v,-) is a contraction on a small neighborhood of 0 in N, M which gives rise to a
unique fixed point W (r,v). So this yields an S'-equivariant map

Wl :={(rv) eERx M:|r| <ro,v="0xuqa€C,lra] <p} — Hy (C?)

such that W (r,v) € N, M, satisfying |W (r,v)|| < § and V®,(v + W (r,v)) € T, M. Further-
more, the estimations

W (r, )l = O@r),  [P.DW (r,v)l| czan = O(r)
hold uniformly on I/ as » — 0. In the end, the problem is reduced to seeking critical points of
Ue(a) == @, (ua + Wi(r, ua))
with ¥ (r, a) = 1,.(a) defined on

U:={(r,a) e RxC: |r| <ro,|ra| < p},
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where 1y < 7o depends upon p, §, ['; and I's. We see that

Up(a) = D, (g + W(rug)) — 4 (ua) + 1 (ug)
47T2(F1 + Fg)

=P, (ug + W(r,ug)) — @, (ua) + Polug) — r?

F(0)

oy +T 2
—W( 1;_ 2)/ F(rug,)dt
I‘2 0

Let cg := Dg(uy) — 4”(?—12“2)F(0). It is a constant independent of a. Observe

2

. o
F(rug)dt = 2m(T1 Ty + 5t g)h(m)
0

21 ) F )
+ / INP (g(ra +re' ra — rr—le”) —g(ra, m)) dt
0

2

27 12 A 2 Iy,
0

2

Setting

or(a) == P, (ua + W(r, ua)) — D, (uy)

2r(ly + T 2 . T, .
L+ 1) 12+ 2) / 0y | g(ra+re, ra — 7“—16”) —g(ra,ra) | dt

27(Ty + T 2r 2 . I? r
m( 12+ 2) / — (h(ra+re) — h(ra)) + =2 ( h(ra — r—
I3 0o 2 2 d

2

ety — h(m)) dt

we have ¢,.(a) = ¢y + Mh(m) + ¢, (a). We find that

2

2T
Verta) < TR Minry ¥ i

m=1,2

I
Omg(ra+re’,ra — rr—e ") — Ong(ra,ra)

27r|r1 + Ly||r| /% r? r

1 / it ! F%
W (ra+re) — W(ra)| + 5

[y
+ \VGCDT (ua +W(r,ua)) — Va®, (ug)]
r) 4+ ‘VQ@T (ua + W(r, ua)) — Va@r(ua)|

from the facts g is of class C* and |ra| is uniformly bounded on U. Meanwhile, since V&, (ua +
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W (r,u,)) € Ty,M , D,W (r,u,)[(d',a')""] € N,,, M for any o’ € C, we deduce for r — 0:

Va®r (ug + W(r,ug))[a] = Va®@, (uq)|d]

= ot s W) [ )+ vt (&)1 art( 4 )

QR L <

(a1 ) = ) (& )1
= 0+ W) [( & )= ol ( 0 )1+ ot 1o

/

= o) (& ) W] + oW ()l + o) !
— o) - [a,

uniformly on /. Therefore we obtain Vi, (a) = o(r). Then all the remaining arguments

proceed in the same way as in Section 3.4 when I'; 4+ I's # 0. However, since in this case we

don’t have a cyclic group action under which ®, is invariant, the periodic solutions we obtain
Iy

may not fulfill the symmetry property z; = — - 25. [

Another example is with a Hamiltonian which possesses a singular term —|z; — 23|~ for

some « > (. Precisely,
1

B FE

+ F(Zl,Zz) (353)

with F' € C%(Q2,R). Carrying over similar arguments with minor changes we can obtain

Theorem 3.5.2. If ay € (2 is a stable critical point of h : Q — R; z — F(z, z), then there exists
ro > 0, such that for each 0 < r < rq, the system

2r = =iV, H(z1,22), k=12,

with H as in (3.5.3) has a periodic solution 2" = (2}, 25) with minimal period T, = m(2r)*"/«
such that in the limit r — 0 the points z;, move on circles in the following sense. There exists
a, € Qwith a, — ag such that the rescaled functions

uy(t) == %(zZ(Trt/ZW) —ay)

satisfy
ut(t) — e, uh(t) — —e™.

The convergence holds in H (R /277, C).
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Proof. Assume ay = 0 and fix a neighborhood of 0, By, C €). In this setting, the rescaled
Hamiltonian function is

B 20¢+1 1 2a+1 ro

H,.(u) =

F(ru)

a  |Ju-—wlr  a

and the usual perturbed action functional ®, is as in Section 3.2, defined on H; _(C?).

oo == ( (1) + e (10 )
V@M@@L:Ud—A)1((@1>+__zil__(m—m2>

109 lug — ug|ot? \ v2 — vy

2a+1 2 —

- |U1 - U2|a+4 Uz — Uy

One can verify as in Section 3.3 that

it
M::{Q*uazﬁ*(feit>+(3):GESl,aeC}

is a nondegenerate critical manifold of ®,. For given v € M, to solve (Id—P,)(V®,(v+w)) =
0, we look for fixed point of T'(r, v, ) : N,M — N, M by

T(r,v,w) = =(Ly|w,a) ™ 0 (Id = ) [ V¥0(v +w) = V2Wo(v)[uw]
2a+lroz+l L

Id— Ay (F }

- ( ) HF(rv + rw))
where L, := (Id — P,) o V?>Wy(v) is an isomorphism when restricted to N, M, and satisfies

| Lo|n,a1) Y| < 7y with constant y > 0 for all v € M.

Then repeating the steps in Lemma 3.3.6, we claim that there exist constants 6 > 0 and
ro > 0 independent of the choice of v, such that for any |r| < 79 and v = 6 x u, € M
with |ra| < p, T(r,v,-) is a contraction mapping from {w € N,M : |Jw|| < §} to itself and

particularly,

1
IV®o(v + w) — VZPp(v)[w]]| < EIIWII-

Thus a solution map
W .U = {(T,’U) eER x M IUZQ*uaa|T| §T0,|TU/| Sp} _>H217r((c2)

is obtained. Moreover,

a—i—lfy‘r‘a—s—l

W (r, o)l[ = [[T(r, 0, W (r,v)[| < iIIW(h )l + 2 |F"(rv + 7 W (r,0)) 2.
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Therefore, since F’ is bounded on U, it follows that ||W (r,v)|| = O(r®*™!) uniformly on i as
r — 0. This leads to

7.(.2a+27,.a
D, (u, + W(r,u,)) = co + Th(m) + or(a)

with Vi, (a) = o(r**™!) uniformly. So the result can be proved as in Section 3.4. O
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