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& Hamilton’s Equations of Motion

Homework Problems
8. The Lipschitz property (7 points)

Let f € C'(R,R) be a function so that f’ is bounded, i. e. there exists L > 0 such that

sup|f'(z)| = L < o0
zeR

holds for all x € R. Show that f is globally Lipschitz. (Hint: use the mean value theorem.)

Solution:

We need to show there exists L > 0so that | f(z) — f(y)| < L |:c —y| holds for all z,y € R [1]. For
x = y, this statement is always satisfied [1]. So assume = # v.

We use the mean value theorem: for all z,y € R with x < y there exists a ¢ € (z,y) so that

== f(c) 2]
holds. After taking the absolute value on both sides and using that f’ is bounded, we obtain

’f(fﬂ)—f(y)
T -y

Wy Y :

Y1 7(0)] < sup|f'(x)| = L.
Tz€R

Multiplying with = — y on both sides yields the Lipschitz property,

|f(z) = fy)| <Lz —y|. [1]



9. Hamiltonian equations of motion (23 points)

Let H(q,p) = 5—p* + V (q) be the energy function for a particle in one dimension subjected to the
potential V' (q) = ¢* + sin(mq), and consider Hamilton’s equations of motion

d (q +O0,H\
() = (For) =0 v

(i) Show that the Hamiltonian flow associated to (1) exists globally in time and for all initial con-
ditions (qo, po) € R2.

(ii) Compute all fixed points of the Hamiltonian vector field X .

(iii) Investigate the stability of (1) around the fixed point as in Section 2.4, i. e. determine whether
(1) is stable, Liapunov stable or unstable. Moreover, are the fixed points hyperbolic or elliptic?

(iv) Sketch the potential V' and mark the fixed points as well as their stability properties.

Solution:

(i) We will show that

Xu(q,p) = (igﬁggg:g;) = (—2q - ﬁcoS(M))

is globally Lipschitz and then invoke Corollary 2.2.8. With the exception of the term involving
the cos, the terms are linear in either p or ¢, and thus with the help of

i=1=|G) - (7) "
b=r12]G) - ()

we obtain global Lipschitz estimates for the first two of three terms,
;o
| Xu(a,p) — Xuld,p')| <

P r
<2q -7 cos(wq)) B <—2q’ — ﬁcos(wq’))’
(1]

S ‘% - pﬁ/‘ + |2 — (=2¢')| + |7 cos(mq) — 7 cos(mq')|
o T R
2 | (1) = (5)] + mleostma) = v costra)|.

To obtain a Lipschitz estimate for the last term, we use problem 8 [1]: since the derivative of
7 cos(mq) is bounded, it is Lipschitz, and the smallest Lipschitz constant is

IN

[y

sup | 9, cos(mq)| = sup|r? sin(rq)| = 7°.

geR geR

Hence, the vector field is globally Lipschitz,

/

| X#(q,p) — Xu(d,p')| [é] (L +2+7?%) '(i) - (q,>

» Y(q,p), (¢,p) € R?,

and thus by Corollary 2.2.8, the Hamiltonian flow ® exists globally in time [1].



(ii) Fixed points (qo, po) are stationary points of the vector field,

Xu(qo:po) = (—V%%)) - <8> .

This implies py = 0 and V’(qp) = 0 [1]. V has three local extrema, qo1 ~ —0.42, go2 ~ 0.63
and qg3 ~ 1.22[3].

(iii) The differential of the Hamiltonian vector field is

B 0 Um\ 0 1/m
DXu(a.p) = <—V”(q) 0 > N (—2+7r2 sin(rq) 0 > )
This matrix has the eigenvalues

72 sin(wq) — 2

At(g) =+ [1]

m

go1 ~ —0.42: The term under the square root is negative and thus the Ay € iR are purely
imaginary. Thus, the vector field is marginally stable [1], elliptic [1] and not hyperbolic.

go2 ~ 0.63: The term under the square root is positive and thus the AL € R are purely real
with A} > 0 > A_. Thus, the vector field is unstable [1], hyperbolic [1] and not elliptic.

gos ~ 1.22: The term under the square root is negative and thus the A, € iR are purely
imaginary. Thus, the vector field is marginally stable [1], elliptic [1] and not hyperbolic.

(iv) The stable, elliptic fixed points correspond to local minima while the local maximum is unsta-
ble and hyperbolic. [3]

2-5 T T T T T
V(q) = ¢* + sin(mq)
stable, elliptic fixed point +
2 unstable, hyperbolic fixed point ~ x




10. A two-dimensional classical particle in a magnetic field (17 points)

Assume the magnetic field b € C>°(R?, R) is smooth and bounded, and define the associated mag-

netic field matrix
_( 0 —bg)

Moreover, let H (g, p) = $p? be the energy function for a particle with mass 1 and
d (¢\ [ 0 +idge\ (V,H\
dt <p) - (—ing B )\v,u) = @

(i) Find the fixed points of the Hamiltonian vector field X ;; and investigate the stability proper-
ties of (2) at those fixed points.

its equations of motion.

(ii) Now assume b is constant. Solve the equations of motion explicitly for the initial conditions
(qo, po). (You may make use of all your previous homework problems.)

Solution:

(i) The fixed points of the Hamiltonian vector field
0 +idp2\ (V,H(q,p
Xnle.p) = (idR2 B(f)) <VEHEq,p§)
(0 +idge) (0
B <—idR2 B(q)> (p)
2] D
a (B (C])P>

are (qo, 0) [1].
We then compute the differential

[1] 0 idpe
DXH(va) = (B/(q)p Ba)) .

and setp = 0,

0 B(q)

Since this is a block matrix, the eigenvalues can be computed easily using

DXp(a0,0) & (0 i ) -

A B
det(O D>:detAdetD7

because then

. 1 Aidee —idc2
det(Xides — DX #(qo0,0)) = det ( 10(C Aidge I—CB(QO)>

= det(Midc2) det(Nidee — B(qo))

B A +b(qo0)
= \? det <—b(qo) )\qo >
(1]

=A% (A% 4+ b(q0)?).

The eigenvalues of this matrix are thus A; » = 0[1] and A3 4 = £i/|b(go)| [1]. This means all
fixed points are marginally stable [1] and elliptic [1].



(ii) Now the magnetic field b is constant. Given that ¢(¢) = p(t), we can obtain ¢(t) by integrating

p(t),
= qo +/ dsp(s)

So let us solve the equation for p(¢) which just a linear ODE:

o (0 —=b
p(t)—Bp—<+b 0>p

We can solve this by using problem 3 from sheet 1, because B is just the lower 2 x 2 block of
the matrix H of problem 3. Thus the matrix exponential is also just the lower 2 x 2 matrix

block, i. e.
1 g [cos(bt) —sin(bt)\ (po1
p(t) = e7po = <sin(bt) cos(bt) P02
[ (po1 cos(bt) — po2 sin(bt)
po1 sin(bt) 4+ po2 cos(bt) )

So we can integrate p(t) explicitly, and obtain

(1 (qo01 /t <p01 cos(bs) — po2 Sln(bs))
t) = d
a0t (qw) * 0 § po1 sin(bs) + poo cos(bs)
_ (%1) n [1 <p01 sin(bs) + po2 cos(bs) ]

qo2 b po1 cos(bs) + po2 sin(bs)

W (1) 1 ( oy sin(bt) + po2 (cos(bt) — 1)
b \—po1 (cos(bt) — 1) + po2 sm(bt)



