16. HAMILTONIAN SYSTEMS IN R?"

Let H : R — R be a C* function, k¥ > 1. Write coordinates

(qap) = (qla ce5Qqn; P1s - - 7pn> on RQH-
A system of differential equations of the form

. OH . 0H
ql - apza pz - an ’
is called a Hamiltonian system with n degrees of freedom and Hamilton-

ian function H. We also write Xy for the vector field defined by (16.1).
Sometimes we write the shortened form of (16.1) as

. OH . oH
g =

(16.1)

1=1,...,n
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where ¢ = (q1,---,qn),p = (P1,--.,Pn). If we define z = (¢,p) =
(qla"'aQHapla--'7pn)7

v = (2290 O8O
I 9qn Op1 Ipn
and
0 I
[ 7o)
where [ is the n x n identity matrix, then (16.1) has the form
(16.2) 2= JVH(z).

The matrix J above is called the standard symplectic matrix. It is
one of the normal forms of a non-degenerate alternating bilinear form
on R?". Because of equation (16.2), one sometimes refers to a Hamil-
tonian system as a symplectic gradient. However, the orbit structure of
a Hamiltonian system is vastly different from that of a gradient system.

Proposition 16.1. If Xy is a Hamiltonian system with Hamiltonian
H, then H is constant on orbits.

Proof. For any solution curve v(t) = (q(t), p(t)) we have

dH (q(t),p(t)) “0H . OH .

1=

““O0HOH 0H/ 0H

- + o (-5) =0
—~ 0q; Op;  Op;i \ Oy

O

Definition 16.1. A C' (nonconstant) function ® : R™ — R is a first

integral for a differential equation @ = f(x) defined on R™ if ® is

constant on any orbits.
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The above proposition says that the Hamiltonian function is a first
integral of the corresponding Hamiltonian system.

Definition 16.2. A map ¢ : R" — R” is volume preserving if for
any measurable set E C R", $~Y(F) and E have the same Lebesgue
measure.

Proposition 16.2. A C! diffeomorphism ¢ : R* — R™ is volume
preserving if and only if the Jacobian is +1 everywhere.

Proof. Recall the formula of change of variable
dy
[rwan= [ pop|act s
E ¢=L(E) t

where f : R" — R is a continuous function. In particular, if we take
f =1, then we have

/dy:/ ‘det@)d:@,
E (b_l(E) 8x
0y

So if det e +1, then we have m(E) = m(¢~'(E)) for any measur-

x
able set E, where m denotes the Lebesgue measure. On the other hand,

0
for example, if det a—y(:v) > 1 at some point z, then by continuity we
x

have that det 22 > 1 in a neighborhood U of x. Hence we get that

ox
dy
mbU) = | dy= ‘det —(dx > | de =m(U),
) U Ox U
that is, ¢ cannot be measure preserving. U

Proposition 16.3. Suppose ¢(t,x) is a solution of the initial value
problem

&= f(z), =(0)=u=,
where f : R™ — R™ is a C' vector field. Then ¢(t,-) : R* — R" is
volume preserving if and only if div f = 0 everywhere.

0
Proof. Recall that a—gb(t, x) satisfies the initial value problem
T

2=t 2, ol ) =1d.

0

This is a linear equation with respect to Z(t) and of a—¢(t,:z) is in
x

fact a fundamental matrix, and the Wronskian is W(t) = W (t,z) =
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det aggb(t, x), which is the Jacobian of ¢(t,-). Note that for any t¢g,t €
x

W(e) = Wto)exp [ 1w 22 (o(s, ),

to

and tr 3f(gc) = div f(z). So we get that for any ¢, ¢(t,-) is measure

Ox
preserving if and only if W (t,2) = 1 and if and only if div f(z) = 0
everywhere. O

Proposition 16.4. If Xy is a Hamiltonian system with Hamiltonian
H, and ¢(t,x) be the solution satisfying ¢(0,x) = x. Then the map
é(t,) : R*™ — R®" is volume preserving.

Proof. Since

OH OH OH OH
Xpy=(—,...—,—,...— —
We have
"/ 0’H 0*H
b = 12;(8%010@' - 8pi5qi’> -
That is, div Xy = 0. U

Classical Mechanical Systems in R"”.

Let x = (x1,...,2,) denote points in R™, and let U : R — R be a
C! function. Let m; > 0,7 = 1,...,n be n positive real constants.

The system

ou

8xi ’
is called a conservative mechanical system with potential function U
in R™. The constants represent the masses of the system, and the
function U plays the role of potential energy. The system (16.3) is a
formulation of Newton’s law of motion which, in words, says that mass
times acceleration equals force and the force is the negative gradient
of the potential energy function. Note that the potential function is
a function of position alone (not velocity) and can be an arbitrary C*
function.

Let ¢; > 0,2=1,...,n , denote some other constants.
The system
ou

8@’
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is called a dissipative mechanical system with potential function U and
frictional constants c;.

Given (16.3) or (16.4), we set v = (vy,...,v,) = (&1,...,2,) and
form the function

1 n
T(x,v) = 3 Z mv; + U(x).
i=1

This is called the total energy function, or simply the energy function,

1 n
of the system. The function K(v) = 5 Zmivf is called the Kinetic
i=1
Energy of the system. It is a function of velocity alone.
The equations (16.3), (16.4) are second order systems. We can form
the associated first order systems

T; =
(16.5) , oU
miv; = — 3%;
and
T; =v;,
(16.6) , oU
m;v; = — C;U; —

Ow;’
Proposition 16.5. There is a coordinate system on R?" in which the
conservative system (16.3) becomes a Hamiltonian system.

Proof. Let q; = x;, p; = m;v;. Then,
H(g,p) =T(z,v) 1§ p?+U( )
=T(x,v) == == e n
q,p ) 9 ot m; q1, » q

and (16.3) becomes

. Pi . (9H
= E_ api’

)
Di = Myv; = — aql

O

Fact 16.6. (1) The critical points of a classical mechanical system are
the points (z,v) with x a critical point of U and v = 0.

(2) The total energy function T(x,v) is a Lyapunov function for a
conservative mechanical system and a strict Lyapunov function for a
dissipative mechanical system.
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(3) If xq is a strict relative minimum of the potential function U, then
(20, 0) is a stable equilibrium of the system (16.5) and an asymptotically
stable equilibrium of the system (16.6).

The fact that the energy function 7'(x,v) is a Lyapunov function
for a mechanical system frequently helps us to get a picture of the the
solutions without solving the equation.

To illustrate this phenomenon, let us consider systems with one de-
gree of freedom. These have the form

&+ f(z) =0,

where f : R — R is a real-valued function of one real variable.
Writing U (z) = foz f(s)ds, we get a total energy function of the form

T(z,v) = %v2 + U(z).

Let us consider some examples.

Examples.
1. (Harmonic oscillator)

v a2?

T = — 4+ —.
The orbits are circles around the origin (0,0) which is a single stable

equilibrium.

2. (Pendulum)
T(z,v) = % + k(1 — cos(x))

for some constant k£ > 0.
The critical points are (+£nm,0). The stable ones are (27n,0) and
the saddles are (7(2n + 1),0).

3. (Duffing equation)

v ot 22

T = — 4+ — - —.
There are three critical points at (0,0), (—1,0), (1,0). The origin is
a saddle and the others are centers
When one adds friction to each of the above equations, the orbits
cross the level sets of T" instead of lying in them.
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Hamiltonian Systems and Variational Problems.

We have seen that Hamiltonian systems arise naturally in Classical
Mechanics. Now we will see that they also arise in general problems in
the Calculus of Variations.

Consider a real-valued function L(q, ¢,t) of the variables (q,q,t) €
R2"+1 Let ¢; < t5 be real numbers, a,b be two fixed elements in R",
and suppose we seek to find conditions on C? curves v : ¢ = ¢(t) defined
on the interval [t1, t] such that

q(ti) =a, q(tz) =0

and

(16.7) 10 = [ Llat). a0,

t1

is stationary for nearby curves n with the same boundary conditions
(??7) and ¢(t) is the derivative %(t).
This means that we consider one-parameter families q(¢, ) of C?

curves with ¢(t,0) = ~(¢) such that
(168) Q(tla Oé) = a, q<t27 Oé) =0
for all o and

dl

(16.9) -

=0

a=0
for
to
Ia)= [ Lialt,a).d(t. ), )t
t1
One sometimes writes the condition (16.9) as

5[2 Llg(t), 4(t), £)dt = 0.

The operator ¢ is used to denote the fact that we are not considering
an ordinary derivative, but rather, a stationary value of the integral as
a family of curves changes.

Note that if 7 were a curve for which the integral (16.7) assumed
a minimum for all nearby curves with the given boundary conditions,
then it would be stationary in the sense of condition (16.9).

To express the derivative ﬁ more conveniently, we introduce some

do
notation. Write ¢ = (q1,-..,¢n),¢ = (G1,--.,4n), Ly, for the partial

derivative of L with respect to g, L4, for the partial derivative of L
with respect to ¢, with 1 < k < n. Also, we denote differentiation with
respect to t by “dot” and that with respect to a by “prime”.
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= 0. We have

a=0

I
Counsider the condition d—

do
to
(16.10) 0= I/(Oé) = / Lq . q’ + Lq . (j/dt

t1

where L, - ¢/, L; - ¢ respectively stand for

ZLqul/c and ZLq'kq;c'
k=1 k=1
By (16.8) we have ¢/(t1,a) = ¢'(t1,a) = 0. Hence L; - ¢'|? = 0.
Integrating by parts we have
b2 2 dL, 2 dL,
Li-ddt=L;-¢lp— | —=2L-ddt=—[ —L-ddt
/t q q q q |t1 /t dt q [ dt q

1 1 1

Hence, (16.10) becomes
dl f2 d
= — = L,— —Lg)qdt.
o= [ G
Now, the “prime” derivatives ¢’ can be made arbitrary, so the equa-
tion implies

0

a=0

d
(16.11) L, — ELQ =0,
or, written out completely,
d
(16.12) ank =Lg,, k=1,....n

The equations (16.12) are called the Fuler-Lagrange equations.
At a curve (q(t),q(t),t) which makes the integral (16.7) stationary,
we have that (q(t), ¢(t)) satisfies

@ Lo a(0),4(0).1) = Ly (a(0). (0.0, ¥k =1,....n.
Note that these are second order differential equations.
Lemma 16.7. The Fuler-Lagrange equations have a first integral
L —qL,.

Proof. This is because

d ) ) . dL;
%(L—qu) =qu+qu—qu~—q—dt"
dL.
(L ——‘1>.
q( T
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We now show that if in an open set G in R*"*! the matrix function

(16.13) Ly (4,4, 1)

is non-singular, then we can choose coordinates in which the Euler-
Lagrange equations become a Hamiltonian system. This is one of the
main reasons that Hamiltonian systems are important.

So, assume that we have the independent coordinates (g, ¢,t) in an
open set G in R that L(q,q,t) is a C? real-valued function in G,
and that the matrix function (16.13) is non-singular in G.

Consider the set of equations

(16.14) pr = L4, (q,4,1), k=1,...,n.

Because of the assumption that (16.13) is non-singular, the Implicit
Function Theorem gives us a set of C? functions Si(¢,p,t) for k =
1,...,n, such that (16.14) holds if and only if

(16.15) qr = Sk(q,p, 1), k=1,...,n.
Let
k

k
Then, for / =1,...,n,

OH 0Sk(q,p,t 08,
- SAqMHZmM—ZL-—j
k

8_]98 Ipe k " op
= Su(g,p,t) =
since py = Ly, (q,4,t). Also,
OH dSk(q,p,t) 05k
g ;pk o T ; " O
- qu
d
= - Ly, (by Euler-Lagrange)
d
= (by definition of py).

In the (¢,p,t), coordinates, we therefore have a Hamiltonian system
with Hamiltonian function H. If L(q,q,t) = L(q, q) is independent of
time ¢, then so is H. However, in the general case, both L and H are
time dependent. Note that if H is time-dependent, then the function
H is not constant on solutions to the Hamiltonian system.
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Let us now return to the Conservative Mechanical system with po-
tential energy U we studied previously.

Using, position ¢ and momentum p as coordinates, we saw that the
equations of motion were a (time-independent) Hamiltonian system
with Hamiltonian function

1« 7

PR
o . . Pk

and the velocity ¢ satisfied ¢, = —.
m

If we assume that this Hamiltonian system comes from a variational
problem as above, we are led to write

k
or
k4k kYK 9 me
k k k
1 2 1 2
— pkp_k__ p_k_U:_ p_k_U:K_U’
& my 2 - my 2 . my

where K denotes the kinetic energy. The function L = K — U is called
the Lagrangian function or action function, as opposed to the function
T = K 4 U, which was called the Energy function.

From the above, we are led to guess that conservative mechanical
systems would satisfy the Euler-Lagrange equations for the function
L = K — U. This is indeed the case as can be easily verified. In this
case, it can be verified that the integral

[t

is actually minimized by the solution curves (g, ¢), not just made sta-
tionary. This is known as Hamilton’s Principal of Least Action.

Examples.

1. (Shortest curve) Suppose that we consider the problem of finding
the curve v of shortest length shortest joining two points a, b € R2.
Writing v(t) = (z(t),y(t)), t1 < t < ty, we seek to minimize the

function .
2
1) = [ VT
t1

over all such curves.
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Let L(x,y,2,9y,t) = /2% 4+ y%. The Euler-Lagrange equations be-
come

d d
—L; = L,, —L,=1L,.
dt ¥ Y
Since, L is independent of x,y,t, we get
d d
—L;=0, —L;=0, L, =0.
dt O glo=0 Le=0

These equations become

d d zx Li— zL, T

— [, =—" =" 2

dt™ "  dtL L2 L 0,
and

d, _dy Ly—gL _§ _

dt Y dtL 12 L '

Using that L is never zero, we see that the only solutions are those
(x(t),y(t)) for which & = 0, § = 0. That is, the only solutions are
straight lines. With the above boundary condition, we get a unique
line segment joining a to b.

2. (Minimal surface of revolution) We consider the problem of finding
the curve ~ joint two points a,b € R? that has minimal surface of
revolution about the z-axis.

Writing ~(t) = (z(t),y(t)), t1 < t < t, we seek to minimize the

function
to
S(y) = 27T/ yv/ 1+ y?dx

t1
over all such curves.
Replacing ¢t and ¢ by = and y respectively, we get

L(z,y,9) = L(y,y) = y/1+ 9%

The Euler-Lagrange equation is

dL,
L,=—-
Yoo da
and by Lemma 16.7 it has a first integral

Yy 1+y2—y-yﬁzch

or
y

VitgE
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for some constant ¢;. Let y = sinh7, then the equation gives y =
¢y cosh 7. Hence

_dy  cysinh7dr

dx

= ¢ydr
v sinh 7 1

and we get x = 17 + ¢3. So

T — Cy

Yy = ¢y cosh
1

The is chain curve, and the constants ¢; and ¢y can be determined by

using the fact that the curve passing through points a, b € R2.
This curve is also known as a chain curve or catenary.

3. (Brachistochrone curve, or curve of fastest descent) We consider the
problem of finding the curve v joint two points a,b € R? such that a
particle will slide from a to b in the least amount of time.

Take coordinate system such that a is at the origin, and the y-axis
is oriented downwards, and the z-axis is oriented in the direction that
makes the point b in the first quadrant.

For a curve joint points a and b, we take the arc length s as a
parameter. Since the kinetic energy of the particle is equal to the

1
change of the potential energy, mgy = §mv2, that is, v = /2gy. So
we get

or

v V2gy
Hence, the time needed for the particle travelling from point a to point
b along a curve ~y is given by

1 IEP
T(v)—\/@/o NG dz,

where z;, is the z-coordinate of b. We will minimize the function over
curves from a to b.
Replacing ¢ and ¢ by = and y respectively, we get

V1492
Vi
By Lemma 16.7 a first integral of the Euler-Lagrange equation is
Vi+gr oo Y
VA B e
VY VIV 1+ 7

L(z,y,9) = L(y,y) =
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or .
I \/E
NV Ik
for some constant ¢ > 0. We can write the equation as

c=y(l+7°).
Let y = cot 7, then
c c

9 c
= = =cs = —(1 — cos 27).
Y 1+92 1+cot?r eST 2( ™)

Also, since

d 2¢ si d

dp = &4 = ZOMTESTAT _ o gin? rdr = ¢(1 — cos27)dr,

Y cot T

we have

1
r = c<7' - §sin27') + = 5(27' —sin27) 4 .

Since we assume that a is at the origin, x = 0 at 7 = 0. So ¢ = 0.
Replace 27 by 6 and ¢ by 2A, we have

x =A(0 —sin0)
y =A(1 — cos¥).

This curve is also known as a cycloid.

(16.16)



