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Abstract

In this Bachelor Thesis we are going to put some ground work on the study of
orbits in the system Sun-Earth that could receive a telescope like the James Webb.
The James Webb is the latest launched telescope by NASA and has some different
characteristics than previous telescopes like the Hubble. We are going to search
for the perfect orbit to fulfill the needs these characteristics demand.

In order to do that, we are going to study the restricted three body problem
(rtbp) where the two primaries are the Sun and the Earth and the third body
(which we consider that doesn’t affect the two primaries) is our telescope. This
problem, using a carefully selected rotational coordinate system, is going to get
us some differential equations that will define the movement of the third body.
This equations have 5 fixed points and we are interested in seeing the stability
and position with respect to the two primaries of this points, there is also a family
of periodic orbits that we are going to find integrating the equations using the
Taylor’s method and also numerically find the stability of these orbits.

2020 Mathematics Subject Classification. 34A12, 34C25, 34D20, 37]12, 37]25, 37N05, 65L05,
65107, 70F07, 70F10, 70H12.
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Introduction 1

Introduction

The James Webb telescope is a space telescope that uses infrared radiation
technology, this technology allows it to view objects further and older than any
previous telescope. It was launched on September 25th, 2021, and was traveling for
30 days until reaching its desired orbit on January 24th, 2022. After commissioning
it was ready to begin full scientific operations on July 11th, 2022, and since then it
has been collecting data and taking impressive images as for example the deepest
and more detailed image of the universe taken to date (Figure 1):

Figure 1: (Image credit: NASA, ESA, CSA, and STScI)

An image of the "Phantom Galaxy" that is around 32 million light-years from
earth (Figure 2):

Figure 2: (Image credit: ESA/Webb, NASA, CSA, J. Lee and the PHANGS-JWST
Team; ESA /Hubble, NASA, R. Chandar. Acknowledgement: J. Schmidt)

Also images of the faintest galaxy ever seen, at about 13.3 billion light-years
from earth. And the first image inside of a black hole.

But this arises the question, which is the desired orbit of a telescope like the
James Webb? This question is what inspired this work.

We are going to be studying possible orbits of an object on the system Sun-
Earth, this means we are going to be studying the motion of three bodies, (the



2 Introduction

three-body problem). But we are going to consider the telescope mass doesn’t
affect the motion of the other two bodies which are called primaries, (the restricted
three-body problem), since, as we are going to see, the mass of the telescope is
minuscule compared to the masses of Earth ans Sun.

We will start explaining and understanding the Taylor method to numerically
integrate differential equations since it’s the one used in the Taylor 2.1 software
developed by Angel Jorba and Maorong Zou, that we are going to use in order
to find orbits. We will do a short introduction on automatic differentiation while
explaining why it is the chosen way of evaluating derivatives, and then study
how the software chooses the step size and degree to maximize efficiency while
keeping the desired tolerance.

Then, we will focus on study of the equations and basic properties of the n-
body problem, with the respective conservations; then we will see the particular
case of the three-body problem with the Jacobi coordinates and finally we will con-
sider the restricted three-body problem, here we will see a rotational coordinate
system so that the primaries are fixed. With that we will have a basic understand-
ing on the properties, difficulties and type of behavior we are expecting on our
problem.

We are going to do short parenthesis to do a brief introduction to Hamiltonian
systems since this notation will be useful for the next part and to find a symmetry
in the system that will help use find periodic orbits later on.

Once the bases are set we are going to find fixed points of the system (Libra-
tion points) that include both the collinear and the equilateral points, arguing the
existence of exactly 5 equilibrium points, discussing the general location, and do-
ing a study on the stability of these points, focusing on £,, since it is the one we
are interested for a number of reasons that are also discussed in the last chapter.

Then we are going to focus on periodic orbits around the point £,, we will
study the existence of a one-parameter family of periodic orbits around a equilib-
rium point using y the Lyapunov center theorem. Then, we will see a method to
find a periodic orbit that uses both the Newton-Raphson and the secant methods,
how to extend this solution to the other orbits of the family and finally how to
study the stability of these orbits using the Poincaré map.

With all the theory we just mentioned we are going to do some numerical to
explicitly find the fixed points, the orbits and the stability of these, while explain-
ing why the point £, and the Lyapunov orbits around it are intteresting for our
problem. To do that some programs where developed, which are included in the
appendices and use the previously mentioned Taylor software. Finally we will see
some factors we did not take into account and a short explanation on how the final
orbit of the James-Webb ended up looking like.



Chapter 1

Numerical integration of ODEs:
Taylor method

To study the restricted three body problem, more specifically to study the
orbits of the third body, we will need to integrate some differential equations,
so we will need to solve the following problem:

Given a function f(t,x(f)) that is analytic in its domain of definition, we con-
sider the equation:

{ K1) = f(t,x(t)), (1.1)

x(to) = X0.

We want an approximation of the function x(f) solution of this problem where
it is defined: t € [a,b], (a = to). This is a Cauchy problem and as we know if f is
analytic the problem has a unique analytic solution.

To approximate the solution to this problem we are going to use software from
Angel Jorba and Maorong Zou that uses the Taylor method to integrate differential
equations, let’s see how the method works:

1.1 Introduction to the Taylor method

The Taylor method is a method to integrate ODEs that given the initial condi-
tion x(tp), approximates x(fo + h) with the order p Taylor polynomial of x(t) at
t = to:

x// (to)

X(to —|—h) = x(to) + x/(to)h -+ o ”lz +

(P (to)
=, (1.2)

Then we can define new values of the function recursively, using in each step

3



4 Taylor method

the previous value of x(t,,) to center the Taylor series. If we denote t,, = to + mh,

X1 = Xp +x/(t0)h+ x”2(!to)h2+ cee 4+ %hﬁl

et = o+ (b + Vg2 g ), (13)

0 = X(ao1) + & (b))l + SR 4 ‘X(p)(;fw;l)hp-

Note that we are supposing h fixed so if we wanted to cover all the interval
[a,b] we would choose h = (b —a)/M where M + 1 is the number of points we
want to calculate. We are also supposing the degree p is fixed but in section 1.2.2
we are going to see it’s better to choose both /1 and p independently for each step.
As we know when using the Taylor polynomial the error is given by the following
theorem that we have seen in different subjects:

Theorem 1.1. (Taylor) Let f(x) € CP*! be a (p + 1)-times diﬁerentiable function in
x =ah =y—aand gly) = f(a)+ f'(a )h—i—f )h2+ O] ()hp the Taylor
polynomial of order p.

FEO) pia s O(hr+1
Then Ry(x) = f(x) — g(x) = Whp , where 0 € [a, x]. So the error is O(hPT1).

1.2 Implementation of the method

To implement the method we need to compute the values of x()(t,,) for i €
[0, p] and a given t,,. We can have that by using the differential equation (1.1) so:
X (tm) = f(tm, x(tm)),
X (tm) = fr(tm, x(tm)) + fx (b, X ()" (),

where f; = afrfx = =

In order to apply this method we need to compute the derivatives of f and then
evaluate them for different ¢,,. If we try to do that computing all the derivative
functions using differentiation rules and then evaluating all the functions, it would
be a very complicated, high time and computational resources consuming process.
Numerical differentiation has the problem that when wanting a high precision in
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a wide range of functions and orders, the error could be getting uncontrollable.
That’s why we need to use automatic differentiation.

1.2.1 Automatic differentiation

Automatic differentiation is a technique to evaluate the derivative of a function
in a point that is fast and works for large orders without loosing efficiency or
precision.

Definition 1.2. A function g is called a elementary function if it is defined as taking
sums, products, quotients and composition of finitely many functions that include:
polynomial, trigonometric, hyperbolic, real power, exponential, and logarithmic
functions.

For automatic differentiation to work we need f to be elementary.

Definition 1.3. Let g : | € R — IR be a smooth function (C* or differentiable
enough). The Normalized n-th derivative is defined as:

()
gy =80, (1.4)

n!

We are going to focus on computing the Normalized derivatives.

Proposition 1.4. Let a : I C R — R be a smooth function (C* or differentiable enough)
and i € R\{0} then a'l=1 = alilj,

- i-1) (0 oF .
Proof. a1 = R R allli. O

Proposition 1.5 (Leibniz product rule). If f and g are n-times differentiable functions,
then the product f - g is also n-times differentiable and its n-th derivative is given by

oy — 3 (T pn—k) o)
(f-8) k;)(k)f g,

where (}) = k!(nnik)!'

The proof is easy using the definition of derivative and it is seen in differential
calculus.
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Proposition 1.6. Let a, b be smooth functions, and « € R\{0}:
(a) If g(t) = a(t) £ b(t), then gl (t) = al?l(t) £ bl (1)).

Proof. gl (t) = g _ a4 () _ alrl () £ 17 (1)). O

n! n! n!

(b) If g(t) = a(t)b(t), then gll(t) Za"” £)bll (¢

quigmkﬂzzgﬂf)z(“ﬁﬂ”V::(@il§:<7>aW*Nﬂb@(0:=

nt = \i
1 n 7’1! i . n a(nfi)( ) b(l)(t) n
= Zoiu(n a0 () = ;)7(;1 TR ;Ja[” HOLUIO)
(*)Using Leibniz product rule (Proposition 1.5). ]

(c) Ifg(t) = ZE;; then gl (t) = bml(t) [aw(t) — fbﬁl(t)g[nﬂ(t)].

Proof. 1f g(t) = [Z)Eg, then a(t) = g(t)b(t) so using b),
all(t Zg" 1(t)b = ol (1)pl0 4 Zg[n 1(1)bl (1), then,
i=1
al"l(t) — g (H)pl0) = Zg” 1t
1
() = I (g1t
=& = m |° Zb O
n—1
(@) Ifg(t) = a(t)", then gl")(t) = [.}](t) Y (ne— o+ 1))t (a1 ().
ha i=0

Proof. If g(t) = a(t)*, applying log on both sides, log(g(t)) = alog(a(t)),

then if we differentiate, gg' ((:)) _ a‘;'((:)) '(Da(t) = ad (H)g(t) =
(&' (Ha(t))"1 = a(a'(t)g(t))"~1, applying b) on both sides:

n—1
Z g/[nflfi] g[z S Z a 1] ( )
i=0

Now using Proposition 1.4 on both sides:

Zlg[”_i]()(n—zu[l —ocEa” Tty(n—i)g(t) =

i=0
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= a% () gl (H)n + fg[”_i](t)( all(t) = a E al"=(vst) (n — )¢l (1) =
i=1 i=0

(If we change the order of the sum we will see better how to merge the

summations): )
g6 = - T g0) a0 1) 0 T 0) - )
i=1
n—1
= E 000+ T a0 g
i=0
= nil(gm(t)a["*l](f))(ﬂé(” —i)—i)=
i=0
n 1 = : 1 n—i
= () = s X e = e+ 1)g 0 )
O
© IFg(t) = e, then g (1) = Y (n — i) (1)al" 1 1)
i=0
Proof. 1f g(t) = e*"), log(g(t)) = a(t) = gg/((tt)) =a'(t) = ¢'(t) = g(t)d'(t) =
(usingb)):>g’[” 1 Za/[n i— 1] l(t)
Using Proposition 1.4 we see that ¢'l""1(t) = ¢l"/(t)n and /" -1(t) =
a"=1(t)(n — i). Then,
n—1 n—1
grli(tyn = Y- al" () (n = D)gll (1) = (1) = % (n = )ghl ()l (s).
i=0 i=0 -
n—1
P ¥3(0) = logla(t), then (1) = 5o [”[’”(t) 1Y (- (g (1) .
i=1
Proof. g(t) = log(a(t)) we differentiate both sides: ¢'(t) = Z((:)) = (using

D= g0 = s [a'["%) - 'fam(t)g’["-l-”(t)].
i=1

Using Proposition 1.4 we see that ¢/l"~1 = o[y, o'~ = gl"lp and g
g (n —1i) so:

Mn—1-i] _
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n—1
0 = [a[ﬂ(t)n - ¥ al (gl - i>] =

§() = [aWt)—fli(n—zva[”(t)g["-”(t)]. a

(g) Ifg(t) = cos( ( )) and b(t) = sina(t), then
ghrl(t) = —= Zza” bI"=il(t) and

b[n] Em n i]

Note that to get g[”] it's necessary to know the previous normalized derivatives of
b(t), not of g(t), and the other way around. That is why we need to use both in the
recursive method.

Proof. ¢'(t) = —sina(t)a (t) = —b() () and b'(t) = —cosa(t)a'(t) =
g(t)a'(t) . Applying b): ¢ Za — b1 (1) = (using 1.4) =

g[n i z+1 l+1 b Za[ b[n i] ) g[n](t) _

The other equation can be proven the same way. O

Formulas similar to these ones for other functions like inverse trigonometrics,
hiperbolics,... can be obtained using these same procedures.

We observe that if g(t) = F(a(t),b(t)) and we know alll(t), bl!(t) fori = 0,...,n
and gll(t) for i = 0,..,n —1 we can compute g"l with a number of arithmetic
operations that is O(n). Recursively we see that for every g that is elementary we
can evaluate all normalized derivatives up to order n with a number of arithmetic
operations that is O(n?). This procedure is called automatic differentiation.

We saw that automatic differentiation is a way to evaluate arbitrarily high
order derivatives that is exact (all the error comes from the precision when doing
the arithmetic operations), and requires a relatively low computational effort. It’s
worse than the usual differentiation when we want to plot the derivative function
because it only evaluates in one point, but in this case that is exactly what is
needed.
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1.2.2 Step size and degree selection

The other problem that we already introduced in section 1.1 is that the solu-
tion x(t,,) will have different radii of convergence at each t,, so if we use a fixed
h, p at some steps the computational effort would be greater than needed and at
some other steps we are not going to get the required/desired precision. For that
reason, for each m, we want to choose hy,, pi; that give the desired precision min-
imizing the number of arithmetic operations required to compute x(t,). In this
case ty4+1 = ty + hy and we want to compute x(t,,) for m =0, ..., M where t) = a
and fy = b.

Let’s suppose we got to the step m, and we denote the jet of normalized
derivatives of x(t,) as {x[!(t;)};. Then if h = t —t, is small enough, using

Taylor, x(t) =) _ U1 (t,)h'. We want to choose h,, and p,, such that if we denote
i=0

pn .
X1 = Y (b)), and by = oy + h,
i=0

Hx(tm—i-l) - xm—i—l” <e& (1-5)

Proposition 1.7. Let g be a analytic function on a disc of radius 6y, such that g(z) =
x(tm +z), and A, € Rsg such that:

; A
me(tm)H <Zm  VieN. (1.6)
Orm
If e tends to 0, Ay, can’t be reduced while meeting the condition (1.6) and x(t) is not entire
(otherwise the bound makes no sense). Then the optimal values that minimize arithmetic
operations while keeping the tolerance (1.5) tend to:

Om 1 €

Proof. We are going to start proving that /1, is optimal: Let & be the tolerance. If

we go to degree p,,, by theorem 1.1 the error is m%’ff“ = xlpm+1] (g)hﬁ;ﬁ’l
and using (1.6): x[Pr 1 (9)nhr " < (ﬁ"llhf,;"“.
m
Let k), = glm Then it’s enough to take:
m
log(3,,)

An(p)Prl = e = p, +1= (1.8)

log(hy,)
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Now the computational cost of automatic differentiation is O(p?,) as we saw in

2
subsection 1.2.1. So the cost per unit of t is C ~ Z—mB where B is constant, C ~
m

2
P iy swhere D = B/du. Now using (1.8):

h,
<log2(;m>>
log? (1!,
C~ og”(h},) D

~ i

Then to minimize C we need to maximize g(k,,) = log?(h!, )k,
§'(h,) = log*(h},) +2log(hy,);  §'(hy,) =0 = K, = e 2 (maximum); h},, = 1
(minimum).
o
Now using equation (1.8):
_ log(4-) 1 €

€ 1
pm+1= loge 2 ——ElogA—mipm——Elog<A—m>—1. O

The problem using this proposition is that some information needed to get the
optimal values is difficult to obtain like 8,,, Ay.
That’s why we are going to approximate p,, without using A, and approximate
Oy using py,.
If &, is the relative tolerance for error and ¢, is the absolute tolerance for error, we
want to control the absolute tolerance by max(e,, &¢||xm||,) to do that, we define:

ea if &f|xm|le < €a,
" { ¢, otherwise. (1.9)

Now we define .
Pm = {— Elogsm—l—l—‘. (1.10)

where [.] is the ceiling function. Now we are going to define J,,:

(,ﬁ ) it &lxmlle < ar
50 = " lleo ic0,p] (1.11)

1
1
”xﬁ les otherwise.
X o

Then we define the estimated ¢,,:

O = min{sP~1, 5P, (1.12)
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and the step size h,, we define it as in equation (1.7):

Om

hy = —-.
i’l’lez

(1.13)

Proposition 1.8. Keeping the notation and definitions in 1.9 to 1.13:

(a) Ifngmeoo < &g,

€
Sl

H pm 1 hpm 1” < ea, ﬂnd H pm hpm .
00 62

1
Proof. From equation (1.10), p,, > —Elog em+1= —2(pm—1) <logey =
e 2=l < e;

_ [Pn—1] cpm—1
@) H P 1hp'”71H < (using (1.13)) < ||x A (%)pm 1 pr (pi’il) Hoo <
(using (1.11) and (1.12)) ”
=t (Pn—1)
. 1
H . EZRN 1
- eZ(rurl)w = e2(pm—1) S &m =&
[pm] spm
(ii) prm]hp’” < (using (1.7)) i [pm] (‘Zt;) P H . (ii) H
(using (1.11) and (1.12)) ©
o P
l\per)
e2(pm) = = 2(pm—1)+2 = % = ET;'
]
®) If e[| xmlog > €a,
[pm— 1hpmfl x[Pm]hPm
= EZ = <o Huuww—

Proof. Is the same as (a) with the other definition of ¢ @, O
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This proposition tells us that the term of order p,, — 1 has a contribution of
order ¢, and the term of order p,, has a contribution of order 8—’;
Observe that the error of Taylor is determined by the first deiivative we do not
calculate in a random point and we use the last terms we calculate to control the
error of the orders we are omitting, then it is important to note that we are not
limiting the error but approximating it. Though we can observe via numerical test
that it is a very good approximation since we used the optimal values as a starting
point.
These results are the ones implemented by the program with a safety factor and
a correction to avoid large step sizes added. These are always added to make
sure we are within the tolerance we need since as we already mentioned we are

approximating the error, the safety factor used is exp (;;T()jl)'

Notice that in both the optimal and the approximate selection we first choose
a fixed hy, (it doesn’t depend on ¢ ) and then we select the order that guarantees
the required precision given the selected step size. That could be done the other
way around. Let’s explain why choose p,, once h,, fixed:

Suppose we have p,,, h;, that guarantees us a precision ¢ and we want to increase
it to a precision €. There are two ways this precision can be achieved:

(a) Increase the order to ip,;, which would increase the cost by a factor of i2.

2 H 2
(C:%B:Ciz(lzm)B:C-iz).

hm m

(b) Decrease the step size to ki, which would increase the cost by a factor of

1
Wt
2 2 2
(C:@B:»CingMB:pﬂB-%:c.%).
s By B i) B

1 ,
Usually s >> i and that is why is much more efficient to get the precision

from modri’}ying pm while the optimal value of h,, is fixed.

With this we have an idea on how the program we are using implements the
Taylor method to differentiate ODEs by doing the steps described in (1.3) and in
each step (m) it computes the step size and order using the method described in
subsection 1.2.2 and then use automatic differentiation (subsection 1.2.1) to get

X(m+1)-



Chapter 2

Equations of the Restricted
three-body problem

2.1 The n-body problem

In this problem we are studying the motion of n particles (bodies) with mass
m;, and vector position r; € R® i € [1,n].

2.1.1 Basic equations

We denote 7 the distance between particle jand k: rjx = |r; — r¢|, and suppose

n > 2. We also denote # = 3 and # = atZ We know, by Newton’s law of universal
gravitation, that the module of the force between two particles is Fy = G":{mk,

i
where G is the gravitational constant: G ~ 6.67430 - 101! Nm? /kg? (supposing all
in SI units).

1 Gm]mkr] Tk

The total force exerted on the k-th particle is F = Z . Then
j=1,j#k ]k Tik
by Newton’s second law Fy = m . So we get:
. "o Gmimyri — 1y
myty, — ' Z / / (21)

Theorem 2.1. If we have initial vectors for t = 0 : rj, tio for i € [1,n] such that
V],k STk > 0.

We define r(t) as the smallest rj at time t. Then there exists a unique sets of functions
ri(t) : U C R — R3 and a largest interval (—tp, t1), ta,t > 0 such that Vi € [1,n]:

(i) ri(t) satisfies equation (2.1) for t € (—tp,t7).

13



14 Equations of the Restricted three-body problem

(i1) 7’1'(0) =Tio and f’i(O) = Tip.
(iii) r(t) — 0ast — ty if 1y is finite;
r(t) — 0as t — —t, if tp is finite.
The proof can be found in Sec. 409 of the book by Aurel Wintner, [1] in the
bibliography.
We have n vector equations, so 3n scalar equations, each of them of order 2 so
in total the order of the system is 6.

2.1.2 Constants and conditions

Definition 2.2. The linear momentum is the product of the mass and velocity of an
object: my iy

Proposmon 2.3. (Conservatlon of linear momentum)

Z mpf =0 = Z myfy = constant.
k=1 k=1
n Gm]mk ri— Tk

Proof. kark = Z Z

k=1j=1,j#k 7’]k Tk

= 0, since Vi; # i, we have the term

Gmymg, 1y, —1; Gm,my, i, —1;
S—2——2 canceled by the term —>—*—2—=. O
Tiriy Tiriz Piiy Tiaiy
Definition 2.4. We define the center of mass as r. = Z £, where M = Z M.

Corollary 2.5. The center of mass moves uniformly in a straight line.

My Tk

n n
Proof. ¥ =Y _ , but by Proposition 2.3: ) _ m# = 0.
k=1 k=1

0
We get 7. = Mo 0. Then, #; = 0 = r. = at + b where 4, b are constant vectors. [

We want to move the origin of coordinates to the center of mass and to do so
we replace ry for r, — 7. but this won’t change equations (2.1) because #. = 0, so
Py — Fo = Py
With this change of coordinates we have the condition:

n n
Z mre =0, te€ (—tz, tl) and Z mie =0, te€ (—tz, tl). (2.2)

This gives us 2 vector conditions so 6 scalar condition and reduces the order of
system (2.1) to 6n — 6.
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Definition 2.6. The negative of the potential energy is defined by:

n
Proposition 2.7. %%( ) mki’%) =Uu.
k=1
Proof. U depends on ry = (xg, Yk, 2x) k = 1,..,n; so it depends of 3n real vari-
ables, and can be seen as a function of those variables.
Jdu ou oJu
We denote the gradient of U by o = |ox dyer oz |-

" o [ Gmm
—3@ = E 2 25Tk , since the ones that don’t include r; go to 0.
i arl |1’l' — ]‘

n
Then, 2 ar Z |rG1m Zj]|<2 = #;m;, (using (2.1)). Multiplying both sides by 7 and

making the summat1on for k =1,...,n we get to:

- "~ U
Myt ¥ = ), =— Tk (2.4)
kzzl k; ory
. . owou = | oU axk oUady, odUodz,| .
Now the right side is: k; 87k Z ax; o aykg az ot | u,

(using the chain rule to diffe;entiate)
n

And using %(i’k k) = (Fe - 7x) + (7 - ) = 2(F - 7¢), the left side is: Z MyFy -

k=1
. 10 10 &
T = 28t Z mkrk Tk Eaf Z krk'
= n
So equation (2.4) can be written: %%( Z m;j,%) = U. O
k=1

1 n
Definition 2.8. The kinetic energy is defined as: T = 5 2 myis.
k=1

Theorem 2.9. Law of conservation of energy T = U, so T = U + h where h is a
constant (the total energy).
Proof is immediate using proposition 2.7 and definition 2.8.

The law of conservation of energy and is a new condition, this is a scalar
condition so reduces the order of (2.1) to 6n — 7.
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n
Definition 2.10. The moment of inertia is 2] = E myrz.
k=1

A very important form of this law of conservation of energy is:

Theorem 2.11. Lagrange-Jacobi [ = T +h = U + 2h.

1¢ . . .
Proof. I ==Y myr?. We differentiate twice with respect to t:
5 k P
k=1

. 1 & .
I=— Zka(rk . 1’k>;
k 1
1y n ) n _ n )
2 szk P 1o+ k- Tx) Z Myt + Z my (% - ry) = 2T + Emk(rk Tk
= k=1 k=1 k=1

We are now focusing on Z my(¥x - ). Using equation (2.1),

n n " Gmimy "o Gmimy
Y mye(Fe - i) Z Z =) =Y. Y - [(Vj'rk)—rk]
- k=1j= V]k k=1j=1j#k Tk

We use the identity:

1
r]zk:rjz—(rj-rk)jtr,% = (r]--rk)zi(r]z—}—r,%—]-k),

and the expression becomes:

" Gmam oo Gmimy [1
J k 2 1"k 2, .2 2 2

r X =) =% L T et -]
k=1j=1,j#k ]k k=1j=1,j#k jk

n Gmmy [1 1 1
_ j 2 2 2 2
L L R eatai A
—iiG’”f“ I N M M S
=T T N P B 2k = 3 ok
=1ij= j=1,j#k jk k=1j=1,j#k jk

) Y 3k
k=1j=1,#k Tik
This is exactly the gravitational potential energy —U, since all the terms are
repeated but multiplied by 1. Therefore, we have:

n

Z (P 1me) = —U.
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Finally, using the relationship for the time derivative of the angular momentum
I, we obtain:

[=2T-U = [=2T-T+h=T+h=U+2h.

O
n
Theorem 2.12. The angular momentum C = Z my(re X 7x) is constant.
k=1
Proof. Take equation (2.1), cross product by r, and sum on k each side:
n . n n Gmmk
Z mk(rk X }’k) = Z Z g{ [rk X (I’] - rk)]
k=1 k=1j=1#k Tk
noor Gmimg
=) ) rg{ (re x 1j) — (re X 1)
k=1j=1,#k Tk
&L Gmim
= Z Z é k(rk x 1j) (since rp X 1y =0 Vk).
k=1j=1,#k ik
. My . Gmjmy
This is 0 because for each term ——— (¢ X 1) there is a term ——5—(r; X 1¢) =
e T
ik jk
Gm;m "
1’3]‘kk(_rk x rj) that cancels it. Then kzlmk(rk x ¥x) = 0.
] =

n
Now, 2 (r¢ x ) = (ri X i) + (Fx X #x) = (r X #) so integrating, Y my(re X #) =
k=1
¢ where c is constant. O

This is a vector condition, so 3 scalar conditions that reduce the order of our
system to 6n — 10.

With that we saw an introduction to the n-body problem that will help us
understand the three body problem, of course this is a very interesting problem in
itself which we could study in depth, studying a variety of things like collision of
particles, growth of minimum and maximum distance between particles,... Both
[1] and [2] are great references to expand on these topics.
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2.2 The three-body problem

The equations (2.1) if n = 3 are:

miy = ——5—(rn—r)+—73—(3—1),
c "2 c 3
i mym Mmom
moiy = #(71 — 1)+ 32 2(r3—1), (2.5)
C "2 G 33
.. m m
maiz = 31 2(r1—13) + 32 2(ra—13)
3 "3

We could use (2.2) to eliminate one of the r; but we are going to do it a bit different:

miry+maro : e
“hime s so p is the position
of m3 in relation to the center of mass of mj,my. Then p = r3 — % =
(since myry + mpry + marz = 0, because we have our origin in the center of mass)
_ _ —mmarz  __ msrs _ M7’3 _ _

=713~ ot = 31 it = e We denote p = my +my, so p = Mrs/j.
Note that 1, =|r| = rr = 1’%2 but we are going to use r for the vector, rZforr-r

and rqy for|r|. these vectors 7, p are called the Jacobi coordinates.

Consider r = 1, —r; and p = r3 — O’ where O’ =

Proposition 2.13. With the previous notation:

(i) o —ry=r.

Proof. Definition. O
.. myr
(i) r3—r1=p+—.
H
myry + Moty miry 4 mary — r1(my + my)
Proof. p=13 — ——— =r3—r1 — =
my + my my + myp
Moty — 1My r mor
r3—1——————— =131 —Mp— =>1r3—1 =p+ —. O
my + my P‘ H
myr
(iii) 13— =p — —.
H
myiry + maory myry + mary — ro(my + my)
Proof. p =13 — ———"" =13 —12— =
my + my my + my
mqry — romq —r mqr
r3—r2—7:r3—r2—m1—:>r3—r2:p——. O

my + mp 2 2
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Now if we use this proposition in (2.5) and we divide the first equation by m;,
the second by m; and subtract them we get :

— -1 -1
! 23 23
And multiplying the third equation by W:
3
N GmM _ GmyM B
p=- 31 (o + maru 1)— 32 (o —myru 1). (2.7)
sk 53

With this we reduced the system to order 12 We could reduce it even further (to
order 8) using conservation of angular momentum and conservation of energy.
It’s easy to verify that in terms of the Jacobi coordinates:
mitiy . msp .
c=——(rxi)+——(0xp),
U valCReD
mym m
o1 = TM2,2 | TR

Vi (2.8)

Although we could reduce it to 8 equations and then to 6 using some other meth-
ods, that’s still a very complicated problem that have been studied for years and
different solutions for particular cases have been found, like the Lagrange solu-
tions (particles moving uniformly in circles and in the same plane and with the
same angular velocity but they are not in a straight line for any t), or the Euler
solutions if they are in a straight line for some ¢, but no general solution have been
found. We are going to make an extra assumption to simplify the problem.

2.3 The restricted three-body problem

If we assume the mass m13 is so small in relation to m1, m, that it does not affect
the motion of mj,my, we can suppose that m3 = 0 which means M = u then
equations (2.6) and (2.2) become:

. —Gu
Y = 1,-3 r, (29)
and
. Gm _ Gm _
PZ—i%@+mm¢5—7£@—mwll (2.10)

"3 23
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The equation (2.9) is the two-body problem (m3 does not appear) and as we know
it can be solved in multiple ways. So take r as the solution of the two-body prob-
lem.

Then equation (2.10) describes the motion of m3 and it is called the restricted-three
body problem. It has order 6 but since we made the assumption m3 = 0 we can
not use conservation laws to reduce the order.

We will suppose that the motion occurs in one plane and that the primaries
(m1,my) rotate uniformly in a circle around their center of mass (O') with a an-
gular velocity w. Now consider a coordinate system (&, #7) with center in (O’) and
rotating at an angular velocity w. In this coordinate system, the primaries are at
rest and we can place them on the ¢ axis. We denote (¢1,0); (¢2,0)) the position of

my,my in these coordinates. As: mi&1 + maly = 0, my +my = p, and & — & = ryp:
—Mmor
(H—mp)C1+ma(rip+8&)=0=27 = ; 12

mory _ rip(p—mp) _ mirp

And: é(z =T12 —

We illustrate this coordinate system in Figure 2.1.

m2:(m,ry,/H,0)

Figure 2.1: Rotating coordinate system.

Now we want to know the angular velocity w. Observe that r = r, —ry so it is
the movement of r, with respect to r; and equation (2.9) tells us this is a central
force problem.

Reminder: The central force problem describes the motion of a particle attracted to
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a fix center with force mf(r). In this case f(r) = %

This equation is the same if we change r for —r = r; — rp; This tells us that both
masses move as if they were a particle of mass attracted to a fixed center located
in the other mass. Then is enough to take one of those movements to find w.

As we are supposing a circular motion, to obtain the w of the orbit we need the

mGu
2

force of attraction: (F = ) to be the same as the centrifugal force: (F. = mw?r).

mG . o
Then, r_ mw?r, this means the angular velocity is:

1/2
w = ,/%. (2.11)

If we add a third coordinate which is perpendicular to &, # , which we call v
we have a completed three dimension coordinate system in which m; is fixed at

(_”;27’12’0’ 0)} my is fixed at (m11’12

,0, O) and we want to study the motion of
ms.

Going back to (2.5) for r3 with the original coordinate system (x,y,z) we have:
.. Gm1m3 Gm2m3
Mmais = 3 (7’1 — 1’3) + 3 (7’2 — }’3).
13 23
If we separate in three scalar equations and divide by m3:

. Gm Gm
x3:—31(x1—x3)+ 32(JC2—X3),
513 Grzs
.. m my
iy = =51 = y3) + —5— (2 — ¥3), (2.12)
£13 523
m m
Z3 = —3 1 (Zl —Zg) + —3 2(22 —Zg).
L 5t} 23

We are going to transfer this to the new coordinate system using:

X = Grcos(wt) — nysin(wt),

2.13
Vi = Cxsin(wt) + nrcos(wt). (213)
We differentiate twice:
X = cos(wt) (& — Epw? — 217.kw) — sin(wt)(iy} — mw? + 2&w), 2.14)
Yie = cos(wt) (ijx — qrw? + 28Exw) + sin(wt) (Cx — Crw? — 2ijw)
also,
)~ x, = cos(wh)(& - &) — sin(wt) (1~ 1), o1

Yj = Yx = cos(wt) (17 — i) + sin(wt) (g — Gx).
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And finally we observe that in the 3rd dimension the equation does not change.
So, rewriting (2.12) using all this information:

cos(wt) (& — Eaw? — 2faw) — sin(ewt) (is — 1sc0? + 2E3) =
S cos(cwt) (61 — &) — sin(@wt) (1 — 7)) +

+%(cos(wt)(§2 —&3) —sin(wt)(n2 —113)),

cos(wt)(ijz — p3w? + 2&w) + sin(wt) (&3 — Ew? — 2ipw) = (2.16)
S cos(wh) (1 — 1s) + sin(w) (&1 — &)+
+%cos(wt)(172 —113) + sin(wt) (82 — ),

i3 = (igl (1/1 — 1/3) + %(VQ — 1/3).

\

This implies that :

- . Gm Gm
&3 — Gw?® — 213w = Tl((?l —G3) + —3 2(8 &),
3 23
N . Gm Gm
i3 — n3w* + 283w = rTl(m —13) + 72(172 —13), (2.17)
13 23
Gm m
V3 = — ! (1/1 1/3) + T(Vz — 1/3)
3 23

Now we use the known (&1,11,v1) = ( =212 0,0) and (&, 12,12) = ( 212 0,0 ):
7’] U T]

[T
.. . Gmy ,myr Gmy ,myr
& — Bw? = 23w = — (R )+ g (e — &),
s M fs M
. : Gm1 sz
ij3 — 13w* + 283w = — = (13) = —5—(13), (2.18)
13 23
. Gm1 sz
V3 = — 3 (V3) - 3 (U3)/
L "3 33
where w = % and y = my + my.

Note that {3 depends on 73 and the other way around, but in the last equation
we see that v3 only depends on itself, this means the movement in the axis v is
independent of the planar motion of the plane (,7) so for example if the motion
begins being planar it will remain planar.

Definition 2.14. The Jacobi’s integral is defined as: C; = 2( Gy + %) + w?(&2 +

) 13 23
%) — (& 477 +7%).
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Proposition 2.15. Jacobi’s integral is a constant value for the restricted three body prob-
lem.

2
Proof. It is easy to see that if we define U = %(62 +17%) + % + % Then
13 23
system (2.18) can be seen as:

. . ._au
¢ — 2w = E
. oUu

i = 2.19

ij + 2w o (2.19)
p
v’

Now multiplying both sides of each equation by ¢,1, v respectively and adding
all three equations we get: &¢ — 2w + 1ij + 2wné + vil = é%—g + 17%—%1 + vaa% =
&+ pij+vv = gL

Integrating we get: %(CZ + 1% +v?) = U — C where C is the integration constant.

1. .
This means that C = —E(éz + 7% +v?) + U is constant, and since C; = 2C; Cj is
constant. O

Notation: From now on we are going to refer (&3, 73,v3) as (&, 7, v) to simplify
notation since we are just going to be studying the particle ms3.
Also, we are going to change units of mass so that y = 1, of distance so that 7 =1,
and of time so that G = 1. With these units if we denote the mass of the first

ml . 1
particle & we can easily see that « = —, the mass of the second particle is 1 — «,

U
¢1=—1+a,and { = «a, also w = 1. With this (2.18) converts to:

;

. . o 1—«
E-g-2 =5 (-atd)+ 3 w0,
i3 3
.. . o« 11—«
13 23
. o 11—«
V=—>V— 5,
"3 23

where 1}y = (§+1—a)2 + 72 +v2 and o3 = (& — a)2 + 72 + 2.
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2.4 Hamiltonian systems

Definition 2.16. A dynamical system is called Hamiltonian if there exists a smooth func-
tion H : R" x R x R — R, such that the flow satisfies:

§= %IZ p= —?f;, (2.21)
where q € R’ is called the position and p € R’ is called the momentum.
The function H(p, g,t) is called the Hamiltonian of the system (2.21).
We define | : _OI (I) , where [ is the identity ¢ x /.
Then we can write the system (2.21) as
z=]VH(z), z=1(q,p). (2.22)

A function f : R’ x R® — R is a first integral of the system if it takes a constant
value in each orbit of the system.

Proposition 2.17. If the function H doesn’t depend on the time t, H is always a first
integral of the system (2.21).

Proof. 1f H does not depend ont, H = H (p, q), to see it is constant we are going
to consider H, using the cham rule, H = ap p+ g 4. But now if we are in a

orbit of the system, § = a hr D= 91 Multiplying the first equation by p and
the second one by 4, we get j - p = ap ;ﬁ, g-p=—95 4. Going back we get
H=4g-p—¢-p=0. Then H is constant on the orbits. O

Going back to our problem, if we define the momentumas: (P; =¢—17, P, =
7 +¢, P, =), then we have the next Proposition:

Proposition 2.18. The system (2.20) is Hamiltonian with:

—_

11—«
P2+ P2 4 P2) 4 yPs — P, — - — ) 223
(g"‘ + Py) + 1P — Py 3 . ( )

H =

2

wh6787%3: (E+1—a)?+n>+viandr = (8 —a)? + 7 + 12
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Proof. In this case, p = (Pg, P, Py) and q = (&, 7,v).
%% - (Pé“‘ﬂ/Pr] —(:,Pu)/'

oH « 11—« b3 11—«
M — ([—P+ — 2(F+1—a)+ —a - 2(E— )], [Pr+ = 207 + — - 211],
i = ([P o+ g 2C 1=+ = 2€ = )] (Bt 3= 20+ - 21)
o 1-«a

v+ — ")),

[27%3 o 213, V])

Now:q:%%é(pgzg_q, Py=n+¢ Pl,:l'/)andp:—%—gi

. & 11—«
—Pr=—-P,+— -2 1l—a)4+ ——-2(¢ —u),
¢ ]7+21’?3 (C:"f‘ )+ 27’%3 (é( )
. o 11—«
—P, =P+ — 2+ ——-2
Ul g Ul 1, =
2r3, 2r3,
. 1—
P = v o
2r13 2r23

(Using (P =¢—1n, Py=1+¢ Po=v)=(Pr=C(—1, P,=ij+¢ P, =
7))

o
Er= G (G- (€ ),
13 3
= =8t st s,
13 23
1/—i +1_ -V
r% r§’3
(. ® 11—«
C—2—¢= 3 (§+1_D‘)_ 3 (g_a)/
13 23
.. . o 1—w
= T+28—n=—F n1——35—"1,
"3 "3
ﬁ—_i.v_l_“.
7?3 723

O]

As we already saw the Hamiltonian of a system defines it .We are going to
use the Hamiltonian because it simplifies everything by having one equation to
study instead of 6 in our case. We could have used the Hamiltonian to study the
problem from the beginning as shown in bibliography [2] but we choose to keep
standard notation until this point.

Definition 2.19. We define the Hessian matrix of a Hamiltonian as :

M 2H
o)
JHess(H) = | “B1 B | . (2.24)
o7 dpp
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Proposition 2.20. The Hessian matrix is the same as the Jacobian matrix of (2.22).

Proof. If we call F = (Fi(p,q), F2(p,q)) = JVH(p,q) so that (2.22) is { q="Fh(p.q)

p="hE(pq)
In this case Fi(p,q) = 9, E(p.q) = o

ap’ R
PH  9H % % Gk Gk
_ [ 9roq  op? _ RZB p — 0 op _
JHess(H) = (aH _ a2H) = lacw ey | T lacw ey | T
9q* dq9p q op g ap
OF  0F
0 )
b b | =J(F): 0
dq  dp
2.5 Symmetry
We see that H(G, —1, — Pz, P;) can be written as:
L (B2 P24 P+ () (—By) — P, - = - Lo
2 ! (E+1—a)p+(—n)2+v> (F—a)*+ (-n)*+1?
1 % 1—u
= (P2 + P24+ P2 Pr — P, — —
2 (Fe & By +Po) +nPe = &Py E+1—a)2+12+12 (E—a)?+n>+12
= H(& 1, Pz, Py).
If H(E, —1,—Ps, Py) = H(Z, 17, Pr, Py), then 21E—Jlely)  SHERRR) gng Oy Fubi)
aH(C,g,Pg,Pq)
e

So 4(8, =11, —Pe, By) = 4(8, 1, Pe, Py), and p(&, =11, —Pg, Py) = p(C, 1, P, Py). This

means we have a symmetry with axis # = 0. Then, we know that for any solution
(¢(t),n(t), Pe(t), Py(t)), there is a solution (&(t), —1(t), —Pz(t), P;(t)).



Chapter 3

Study of the equilibrium points

In this chapter we are going to study the equilibrium points of the system 2.20
and the stability of these points.

3.1 Equilibrium points

We want to find the equilibrium points (&, 7,v) sothat ¢ =0; # =0; v =

0, ¢=0;, ij=0;, ¥=0.Using all this information in (2.18) we get:

;

o 11—«

~f=—50-a+)+ (x—2Q),
i3 3

=y Yy (3.1)
7’%3 733 , ‘

1_
0= —%V—Tav.

"3 23

We are going to start studying the third equation:

o 11—« o —
OzV(—T—T).WecanseethatT > 0, and 3 > 0.
r T r 7
13 231 13 23
. -
This means -5 3 <0.Sov=0.
r 7
13 23

In other words, any equilibrium point should be in the plane of motion of the two
primaries. To study the first two equations we need to separate some cases:

a) 17 # 0:
. x 11— .
The second equation tells us 17( -1+ 5+ T) = 0. Soif 7 # 0, then
3 23
x 1—ua
s 123

27
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« 1—a
But now if we go to the first equation we get C( -1+ 5+ T) =
"3 3
a—a®  a—a?
i e 2 2 2\(,3 3
— — o —as)(ry, —r
So using (3.2),—“ 2“ 4 2“ =0= ( 2)( ;3 2) = 0= r13 = 13,
"3 3 . 3723 )
- — o -
and going back to (3.2): (—1+%+T> =0= 13+ 3+ =0=
"z T3 "3

r13 = 1 = ry3. There are two points that are at distance 1 of (—1+«,0,0) and
(«,0,0) that have the third coordinate = 0:

VE=a)Z+2=1 P20l +at 4P =1

= (using the second equation) : # = j:\/ 1—¢%+2ag — a2

{\/(§+1—a)2+172:1 N {52—2ag+a2+2g—2a+1+;72:1

Then going back to the first equation:

=2 20f+a?+28 20 +1+1 - +20f —a® =1.
So, simplifying:
-1+ 2«

2
Next, substitute this value of ¢ into the expression for #:

—142a\? 142
n:i\/1_<;“> —|—2zx#_a2

:j:\/l—oc2+uc—i—ac+20c2—zx2:i %

26-2a=-1 = &=

So we got two equilibrium points. The one with # > 0 is going to be called
L4 and the one with 7 < 0, Ls.

b) n =0:
If # = 0 we only need to determine ¢ and we are going to separate three
cases:

i) ¢ < ¢1: This means also ¢ < §». In thiscase, ri3 =¢1 —¢ = —-14+a—¢

and r;3 = ¢ — ¢ = a — ¢ = r13 + 1. Using this in (3.1), —¢ = %(713) +
i3
1—« o 1—«

ot 1)3(7’13 +1) = ) + s 172 = (using —¢ = r3 +
1 _
a)él—a:%—l—i(xz—ﬁs
3 (1’13 + 1)
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o 1—«
Then if we define f(r;3) = — + ————— — r13, we have that:
f( ) 1’%3 (1’13 + 1)2

—2¢  —2(1—a)
1. f =

f (7’13) 1’?3 (7’13 + 1)3
2. limm%o f(1’13) = 0o,

3. 111’1’11/13%00 f(?’lg) = —O0Q.

-1 f/(7’13) <0 Vriz>0,

If the function is strictly decreasing, continuous and it goes form oo
to —co, this means it takes the value f(r13) = 1 — a in some point
r13 € (0,00). This means we have a equilibrium point that is unique
for this case, to calculate it explicitly we would need to solve a degree
5 polynomial function which we know there is no formula for. We are
going to call this point L.

ii) ¢ > ¢p: This means also ¢ > ¢1. Inthiscase, ri3 =¢—¢1=1—a+¢
andrp3 = —C» = —a+ ¢ = r;3 — 1 = r13 = rp3 + 1. Using this in (3.1),

= o (r )—1_“(r):>§— « +1—0c:>
(rs + 122 ()32 1 (r3+1)2  (r2s)?
(using & = rys +0) = & = — 0+~ — s,
(r3+1) (1?23)
x -«
Then if we define f(ry3) = + — 123, we have that:
f( 23) (7’23 T 1)2 (1’23)2 23
—2u —2(1—«
1. f'(ra3) = CEIE + ((723)3 ) —1,s0 f'(r3) <0 Vry >0,
2' lim7’23—>0 f(r23) = 0,

3. limrzs_m f(7’23) = —OQ.

With the same argument we have another equilibrium point that is
unique for this case, we are going to call this point £,, that would need
solving another degree 5 polynomial function to get. For this point

we are going to give a result on where itis : f(1 —a) = 2=ay +
11—« ® 1 1

e 1 ince —— > 1;
A=y +a (2_0‘)24-(1_0‘) + «, and since (1—a)> ;

f(l—zx)>(2_aa)2—|—uc>zx. This means rp3 > 1—a = ¢ > 1.

And also let’s see what polynomial function we need to find the roots
« 1-uw
of: o = (723 n 1)2 + (7’23)2 — 123 =
args+ (1= a)(rs + 17 + (—rs —a) (e + 1),
(r3 +1)%r3,
0=uarf;+ (1 —a)(r3y +2r3 + 1) + (=13 — &) (r35 + 2135 +133) =
0=—r5+(—a—2)r3+ (—2a —1)ri; + (1 —a)riy+ (2—2a)r3 + 1 —a.

0=
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iii) §1 < ¢ < . Inthiscaseriz=¢—¢1=1—a+Candrzs =3 —¢=a—

Q -
- _ 1. Using this in (3.1), —¢ = —— (—712+1)3
& 13 + sing this in (3.1), —¢ 3y (ra) + (=113 + 1)3(

N e

—7r13 +

1) =(using ¢=1—-a—r3)=1—a=—

i + 1_7“
r% (=113 +1)?
2u 2(1 —a)

1. f'(r3) = =— + ———~— + 1. In this case ri3 € (0,1), because
f'(r13) N Gy 13 € (0,1)

otherwise it would not be between the two primaries. Let’s suppose
that « > 0.5. This means that the first particle is heavier than the
second one, then f'(r13) >0 Vri3 € (0,1),

We define f(r13) = — + r13, and we have that:

2. limm%lf(rlg,) = 09,
3. f(0.5) <1—u, for « > 0.5.

This means we have a new equilibrium point that is unique for this case
and it’s between the two primaries but closer to the lighter one. We are
going to call this point £;.

We saw that there are 5 equilibrium points called £; (Libration points). For
L; i = 1,2,3 these are called the collinear points and where discovered and
studied by Euler, and £; i = 4,5 are called the equilateral points and where
discovered and studied by Lagrange.

As an example we are going to see the equilibrium points that for &« = 0.9 in
Figure 3.1.

L4

-08 1’5

Figure 3.1: Libration points (¢ = 0.9).
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To study the stability of these points we are going to use the previously intro-
duced Hamiltonian notation.

3.2 Stability of the points

To study the stability of the fixed points we need to use the Jacobian matrix
of the system, and as we have just seen on the previous section, we can use the

1
Hessian matrix of H. If we differentiate H = 5 (Pg2 + P74 P}) +yP; =GPy — ri —
13

1—a

123 .
0 1 0 1 00
-1 0 0 0 10
0 0 0 0 01
9*H 9*H
JHess(H(&o, 170, vo, Pro, Pyo, Puo)) = | —azoc  —agoc Y 0 10
9*H 9*H
—dyoc " anon 0 -1 00
0 0o —2H 0 0
vy (éOVUUIVOrPﬁ]/PﬂOrPL’U)‘
Rearranging we have the following matrix:
0 1 1 00 0
-1 0 0 1 0 0
9*H 9’H
9*H 9’H
—oF ooy -1 0 0 0
0 0o 0 00 —2H
0 0 0 01 0

Since we clearly see we have two blocks, we are going to study them separately,
so we are going to study the planar stability (¢, #) and then the stability in the
coordinate v. We will start studying the matrix for the first two coordinates. We
will call that Hamiltonian H:

x 1-ua

1
Ho (&1, Pe, Py) = E(Pg2 + P} + P — &P — PO (3.3)

where 12, = (£ + 1 —a)? +4? and 13, = (& — a)? + %. We define:
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2 2 2
seoe(Como) = U, aei(Go,m0) = Uno; 5k (€0, 10) = U2, and we get:

0 1 1 0
JHess(Ha(&o, 170, Pzo, Pyo)) = __&1 —812 8 1 (3.4)
—Up —-U -1 0
We are going to calculate the characteristic polynomial:
—-A 1 1 0
det(JHess(Ha(Zo, 10, Peo, Pyo) — Ald) = __Llll __L;L _OA 1 _

—Up U -1 —A

A 0 1 -1 0 1 -1 —-A 1
=—Al-Up —-A 1|-1|-U -A 1|+1|-y -Up 1
U, -1 —-A ~Up -1 —A “Up U —A

=AM — AUy + WpA? + A2+ A% — Uy + UppA + 1 — UppA + UsUp + UppA — U3, +
WA — U = A+ 24U+ Up)A?+1 - U — U + Uy U — U3, = Pl bess(Hy) op0) (A)-
Now let’s use the point £, as the fixed point. We are going to use from section
3.1, thatif £, = (r,,0), thenrys = —a+ Gy, riz3=1—a+ 8, =13+ 1.

= 20000 = LB oo s,
where f(,17) = ;;3“2\/(“ 11_ s eri-a
31—« 1
- _)é/m e
SO;_?(z: 05113 2\/(6? = 2(0)(&e, +1—a) +

s 2y, —a)2+0 20)Es, —a) =0

| Pyt o5 2(E+1—a)+ 154 2(5—a)
¢ = e 000 = CEEEIE) ¢ o0 g0
—3u 1
«  —3(1-a) 1 1—«
L 2@ -w) +
3, ;‘213 2 (Cl— x)? +n? 3
—3x o
So: Uy — .2 +1—u +1—a)4+ =+
Vb /@ 1o a2 40 (G, e ) s
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—-3(1—«a) 1 1—w
+ 2(6g, —a)(§ —a2) + :
o 2y/(E, — )2 40 ’ 33
Using 103 = —a + G, 13 =1—a+ ¢, =13 + 1
a0 l1—ua a 1—a
U =-2-(%+-——) =—2c, wherecy = (+ + —).
(7%3 33 > O
(P2 1-a 2 )
W R A
2 2r 2r
o Up = 37]713727(652/ 0,0, 0) = 12 an 2 (Cﬁzl 0,0, 0) = f(gﬁz’o)’
—3u 1
where f(&,1) = - 2n1 +
N s e
+i+_3(1_“) 1 2’717+1—oc'
8 s 2/ (E—a) 172 r3y
—3u 1 o —3(1—a) 1 1—«a
So: Up = ——5— 2(0)(0) + 5 + ¥* 2(0)(0) + —— =
3 2113 s 753 2123 33
1— 1-
= % + sz = ¢p. Using the same definition of c; = (% + Ta)
3 153 "3 23

Going back to the characteristic polynomial: Pjpees(p, (¢ CZ,O,O,O))(A) =M+ (2-
200+ )A2+ 1420 —co+ =263 = A4+ (2 — c2)A? + 1+ cp — 2¢3.

, 2 — 24 4/9c% — 8¢,
=0= A= .

2

Now we search the eigenvalues: Pjpee(pr, (¢ £,00,0)) (A)

02 —2+1/9c3 — 8cz 2 —2—1/9c3 — 8cz .
< 0.

This means there are two real eigenvalues (A1, A2 € R) (one positive and one neg-

> 0 and

Using ¢ > 1,

ative), and two pure imaginary eigenvalues (A3,A4 € C\ R). This as we know
means L, is unstable, and it is a (centre x centre x saddle). Let’s see the eigenvec-
tors associated with these eigenvalues.
To do that, we first examine the matrix:

A 1 1 0
1 A 0 1 AL b

M = = , where:
2, 0 —A 1 (B AA> where

Next, we want to solve the system:
M- (g,ﬂ,Pg,Pﬂ)T = 0,

which corresponds to finding the kernel of M. To do this, we can solve:
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(B—A3) (g) = 0 and then (ﬁj) =—A) <§) .

Now, solving the equation (B — A2%) - (&,77)T = 0, we get:

200 — A2 41 2\ A
—27 —c—A2+1) \y) 7

which leads to the system:

(200 = A2+ 1) = —2Ay
20 = (2 + A2 — 1)y

If we set { = 2A, then 7 = —2¢, + A2 —1. Solving for Pz and P,, we have:
A —1 2A [P
1 A )\ -20+A2-1)  \p,

which results in: Pz = 2¢, + A% + 1, P, = (—2c2 + 1)A + A3. Therefore, the kernel
of M is:

Ker(M) = < <2A, 20+ A2 — 1,20+ A2+ 1, (=20, + 1A + A3) > .

And this is the eigenvector related to the eigenvalue A.
In the third direction, we need to study the matrix:

0 — 9*H
JHess(Hsz(vo, Pyo)) = 1 365”

P]Hess(H3(v0,Pvg)) = A2 + aajgx
we get: A = X4/ — aaj I meaning we have two purely imaginary eigenvalues and
since the real part is 0 this behaves as an undamped oscillator.

With this we have studied the stability for £,.

In a similar way we could see the other collinear points also have two real and
two purely imaginary eigenvalues and a similar stability.

To look at the stability of the equilateral points we use that we know them

as a function of a and finding the characteristic polynomial for the two cases we

Now, if we search the roots to find the eigenvalues

get they are stable if (1 —a) < a3, and unstable if a1 < (1 —a) > % Where

1
M =5 (1 —+/69/9), this is called Routh’s critical mass ratio.



Chapter 4

Periodic orbits

We are going to search periodic orbits of the system (2.20) near the equilibrium
points found in the previous chapter.

4.1 Existence of periodic orbits near equilibrium points

Definition 4.1. (Continuation of a periodic solution)
Assume that the differential equations depend on some parameters, so consider

x = f(x,v,1), 4.1)

where f : O x Q xR — R™ is smooth, O (the domain) is open in R™, and Q (the
parameter space) is open in R¥. The general solution ¢(t,&,v) is smooth in the parameter
v as well.

Now let the solution ¢(t,&’,v") be T-periodic. A continuation of this periodic solution
is a pair of smooth functions u(v), t(v), defined for v near v’ such that u(v') = &',
T(v') =T, and ¢(t,u(v),v) is T(v)-periodic.

Definition 4.2. A periodic solution is elementary if +1 is an eigenvalue of the monodromy
matrix %&5’” with multiplicity one for a general autonomous differential equation and

with multiplicity two for a system with a nondegenerate integral.

Proposition 4.3. An elementary periodic solution in a system with a nondegenerate inte-
gral can be continued.

We are not going to prove it because it requires the use of topics not relevant
to this work, the proof can be found in (Reference [2] page 226.)

35
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Theorem 4.4. (Lyapunov center theorem)

Let the system X = f(x) admit a nondegenerate integral and let x, be an equilibrium point
of the system with eigenvalues £0i, A3, ..., A, where 0i # 0 and is a pure imaginary.

If % j = 2,..,m is never an integer, then there exists a one parameter family of peri-
odic orbits emanating from the equilibrium point and where approaching the equilibrium

point the periods of the periodic orbits tend to 2% and the nontrivial multipliers tend to
27'[/\]

exp(=52) j=3,..,m

Proof. We consider, without loss of generality, that x, = 0 is the equilibrium point
and that f(x) = Ax+ g(x). Then f(0) = 0 = ¢(0) = 0 and if we scale the
problem to y = ex the equation becomes: y = Ay + g(ex) and since we consider €
a small parameter, we get y = Ay+ = (€). When € = 0, the system is linear with
eigenvalues +6i, so it has a periodic solution of period 27" of the form exp(At)a
where a is a fixed nonzero vector. The multipliers of this periodic solution are the
eigenvalues of exp (A%"): 1,1,exp (27;—)\’) .

This means the periodic solution is elementary and using Proposition 4.3 it can be
continued. So since € is near 0, we have u(€), 7(€), such that u(0) = exp(At)a,
7(0) = 2%, and ¢(t,u(€),€) is T(e)-periodic. We have a periodic orbit of the form
u(e) = exp(At)a+ O(e). If we undo the scaling we get u(e) = eexp(At)a+ O(€?).
And this is our one parameter family of periodic orbits. O

4.2 Finding the family of periodic orbits

We are going to start searching the orbit in two dimensions, so we consider the
system with Hy(, 7, P, Py).
First we are going to see a method to find a periodic orbit that goes through a
point in the 7 = 0 axis near L;:

4.2.1 Finding a periodic orbit going through (¢, 0)

Definition 4.5. We define the map P : R* x R — R* such that P(Co, 10, Pzo, Pyo, T) =

(¢(T),n(T),Ps(T), P;(T)), where (G(t),n(t), P=(t), Py (t)) is the solution to the system
_ 1.5 > B L
with Hy = 5 (Pg + Pﬂ) + 1P — CP, . =

(Equation (3.3)), and initial condi-
tions (8o, 170, Pzo, Pyo) at time t.

Proposition 4.6. If we have a periodic orbit ({(t),1(t), Pz(t), Py(t)) near Ly, if it crosses
the 1 axis at time t; (17(t;) = 0), at that moment, Pg(t;) = 0.
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Proof. We are going to prove it by contradiction: Let’s suppose we have a orbit
(¢(t),m(t), Pg(t), Py(t)) such that at time ¢; is (;, 0, Py, Py;), Pri # 0. Using the sym-
metry described in section 2.5, we would have a orbit (§(t), —#(t), —Pz(t), P;(t)),
that at time t; : would be(¢;, 0, — P, P,ﬁ-). This would mean we have two periodic
solutions (see Figure 4.1) that go through the same point but are different and this
is contradictory with Theorem 4.4 that states there is a one parameter family of
periodic orbits. O

2
L/

Figure 4.1: Case Px(t;) # 0 / CaseP¢(t;) = 0.

Corollary 4.7. If we have a periodic orbit (&(t),n(t), E(t),1(t)) near Ly, if it crosses the
1 axis at time t; (7(t;) = 0), at that moment, &(t;) = 0.

Proof. 1f 7(t;) = 0 and Ps(t;) = 0, then &(t;) = Ps(t;) + n(t;) = 0. O

We are going to use the system with (¢,7,¢,1) to simplify things, this means
we are going to be working with the system 2.20 in two dimensions:

.. . % —
—¢-21=—-—5(1-a+Q)+ (x—2Q),
"3 T3
(4.2)
. . 1—«a
17—77+26=—317 ok
13 23

Using the symmetry we are going to search half orbits, so we want as initial
conditions & = &, 70 = 0,¢p = 0 (using Corollary 4.7),19 = 1jo. And consider
(&(t),n(t),E(t),7n(t)) the solution of the system (4.2) with these initial conditions.
So, considering we have a fixed ¢, we have all of the initial conditions except for
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0. We also have T as a variable. And to find a half periodic orbit we want a T, 7jg
such that #(T) =0 = &(T) = 0.

For each 7y we are going to find T, such that 1(T,,) = 0 (**).

Then we see we have T fixed so we can put &(T,,) as a function of 7o so f(7j0) =
&(Tw). So, (€0,0,0,70) — Tw — (&(Tw),0, f(110),77(Ty)). If we find a 0 of this
function (*) we have found all the initial conditions of a half periodic orbit and we
have found the initial conditions of a periodic orbit of period 2T,,.

(*) To find a 0, since we would have a difficult time finding f’(7), we are going
to use the secant method. So, if we have 7jq, 7701 near the root of f using the
secant method we get an approximation of 7 such that f(779) = 0.
Reminder: The secant method is an iterative numerical method for finding a
zero of a function f. Given two initial values xp and x;, the method recurs
in the following way: x, = x,_1 — f(x,-1) - % This method has
order of convergence ¢ = 14“2—*/5 ~ 1.618 if the initial values are close enough
to the root and the root is simple.

(**) Let’s suppose now we have everything except for T, fixed and we want
to find T, such that (T,,) = 0. So we want a 0 of the function 7(T},).

We are going to use the Newton-Raphson method. So given an initial T,

T = Timo — ;/./(Tm())
71(Timo)

Reminder: The Newton-Raphson method is an iterative numerical method

, ... until 17(T,,;) < € where € is the desired precision.

for finding a zero of a differentiable function. Given an initial value x( the
method recurs in the following way: x,11 = x, — j{c,((’;;)).

The method will usually converge, provided xj is close enough to the un-
known zero, and that f’(xp) # 0. Furthermore, for a zero of multiplicity 1,

the convergence is at least quadratic.

We see that this gives us a method (we are going to call it method 1) to find
a periodic orbit going through (o, 0) (given we have 7, 7701 close enough to the
root of f):

1. Using the Taylor method compute the orbit of the system with initial condi-
tions (&o, 0,0, 7j00) until the first time step in which 7 is negative and take that
as Tpp. With this Taylor you also get #(Too), 7(Too), (that will be needed to
do the step of the Newton-Raphson method). Then compute Ty, using (**).
Use Taylor to integrate from Ty until Ty to get (17(To1),%(To1)) and repeat
until you have a good approximation of Ty and &(T).

2. Repeat step 1. with initial conditions (¢,0,0,701) to get a Ty and ¢(Ty).

o . ; o1 — #oo

3. Do a step of the secant method (*) defining 702 = o1 — ¢(T1) - = ——-

¢(Th) = ¢(To)
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4. Repeat step 1. with initial conditions (&,0,0,702) to get a T, and &(Tp).
5. Repeat 3. and 4. until ¢(T;) < € Then we got this 7 -

4.2.2 Extending to other periodic orbits

Let’s suppose we have a periodic orbit with initial condition (&, 0,0, 7o) and we
want to find a periodic orbit going through (&1,0) &1 = o + h; where h; is small
enough. We are going to take as the two initial conditions for the value ¢;: #19 = 7o
and 111 = o + ho where h; is small enough. If ki, hy are small enough, using that
the system is continuous with respect to all initial conditions this would be good
approximations to #; (such that the system with initial conditions (1,0,0,71) is a
periodic orbit.

Using method 1 with these initial conditions:#19 = 7o and #1170 + h2, we can get
11. Iterate to get all the periodic orbits needed.

4.2.3 Stability of periodic orbits

Consider the system % = f(x,t) (in our case x € R*) . If we know a periodic
orbit with period T we can consider the Poincare map: P(xg) = x(T;xo) (solution
to the system with initial condition xq at time T).

We know xp gives a periodic orbit if P(xg) = xp so the stability of this orbit is
g1ven by ap(x‘)) = ax x(T;x9). Now we see that the system can be written as
5(t x0) —f( (£ x0), 1)

Differentiating by xo at both sides: ai(@ (tx0)) = % (x(t;x0),t), using that

t, xo are independent variables: z?t [ axe X (6 xo)] = ai f(x(tx0),t), differentiating
x(t;x

o)

0
If we call [a%ox(t; xg)} = V we get the system V = ai(f( (t;x0),t))V. This is what
is called the variational system.
At t=0: %x(O; Xp) = 3870950 so Vp = Id. We need to solve both of the systems
together since -2 (f(x(t x0),t)) depends on x.
So we need to integrate:

the right side: g[%x(t;xo)} = 2 (f(x(t; x0), {

X = f(x,t),

_— ;C(f(x(l‘;xo)/t))v' ,fromt=0tot=T.
x(0) = xo,
V(0) = Id,

and then we found V(T) = ax x(T; xp).
Note that in this case V is a 4 x 4 matrix. Also %(f(x(t; xo),t)) = JHess(Hy)
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defined in equation(3.4). So the system is:

(

. . o 1—u«
¢—C-2=-5(0-at+d)+——(a—F)
13 23
. ; « 1—ua
fi=n+26=—"31——5"1
13 23

V = JHess(H)V.

Then we need to get the eigenvalues of V and if the module of all eigenvalues is
less than 1 then it is a stable orbit, if its greater than 1 is unstable.

There are some theorems about these eigenvalues that are going to help us
better understand the stability of these orbits. The next result has already been
seen and proved in the degree of mathematics:

Theorem 4.8 (Liouville’s formula). Consider the n-dimensional first-order homoge-
neous linear differential equation
M= A(t)M,

on an interval I of the real line, where A(t) for t € I denotes a square matrix of dimension
n with real or complex entries: A = {aj;}; jc(1,n)- Then if we consider the solution M(t),

det(M(t)) = det(M(ty)) - exp ( tttrA(s)ds> Vi to € I

Where trA(s) = Y. q aii(s).

Theorem 4.9. The product of all the eigenvalues of the variational equations V is 1.

Proof. The system V = aa—x(f(x(t; x0),t))V is of the type M = A - M where A, M
are matrices, (in this case 4 x 4). Using Liouville’s formula (Theorem 4.8) we get:
det(V(T)) = det(V(0)) - exp (fOT trf(x(s; xo),s)ds>.
In this case trf(x(s; x9)) =0 Vs. Thendet(V(T)) = det(V(0)) -exp(0) = det(V(0)) =
det(Id) = 1. Then we now Aq - ...- Ay = det(V(T)) = 1.

O

Theorem 4.10. Two of the eigenvalues are exactly 1, so without loss of generality A\ =
Ay =1

Proof. This was part of the proof of Theorem 4.4, when seeing the periodic solution
is elementary. ]
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4.2.4 Extending to the third dimension

If we know consider (&, 7,v, g 1,7) and the system (2.20):

. . % 1—«
E-g-2 =5 (a8 + (=0,

i3 23
.. . o« 11—«
fi=n+20=—751n=—5"1

13 23

ﬁ——i —71_“1/
r%a 733

we can use everything we have done with added initial conditions vy = 0,
vy = 0.

Note that we are still searching for planar orbits and that’s why all the work
done still holds, we are just adding the influence of this third dimension since
we are interested in a 3D problem. Then the only thing we need to take an extra
attention is to the stability and the eigenvalues of V since in this case we will have
6. It is easy to see that we are just adding to extra eigenvalues with module = 1:
|As| = |A¢| = 1. This is due to the stable nature of the v coordinate discussed in
section 3.2.

To put it in a different way the orbits are going to be the same with v(t) =
P, =0 Vt, and the stability is going to be the same.
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Chapter 5

The James-Webb telescope

We want to apply this knowledge to the system Sun-Earth to find the points
and orbits we discussed previously, using the Taylor method, and approximate
the orbit of the James Webb telescope.

5.1 Characteristics needed

There are several conditions that would be needed for a telescope like the
James Webb, we are going to mention some of them:

1. First you want it to be relatively close to the earth so that it can transfer
information faster and easier. But also we don’t want it to be that close to the
earth because then it could be in a zone with a lot of spacial rests and also have
interferences with electromagnetic waves.

2. As mentioned in the introduction the James Webb telescope uses infrared
technology unlike the previous telescopes and some of its components need to
be close to 0 Kelvin (—273°C) to work correctly, this is why the James Webb is
equipped with a giant sun shell that protects it from the heat of the sun. This
means the chosen orbit needs to be stable from respect to the sun otherwise the
sun shell would need to change position very often.

3. It needs to have a clear vision of the space to be as useful as possible and
also be directed to all kinds of directions to gather information.

4. It should need the least amount of corrections possible to be in the chosen
orbit (ideally a stable orbit but we will see that is not possible).
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5.2 Calculating the orbit

Mostly conditions 2 and 3 make it impossible for the James Webb to orbit
around the earth as the Hubble or other previous telescopes. Then we will con-
sider the point £, which we already discussed on the previous chapter and is
the closest stability point to the earth. This would mean the telescope is orbiting
around the sun together with the earth at a distance that will be discussed in the
following section, during the year it would get to every direction and the sun shell
wouldn’t need that many movement to always protect the telescope.

With this we have that £, is a good point for conditions 1, 2 and 3.

5.2.1 The £, point

In this case we are going to use the Sun as our m; and the Earth as m,.
So: my ~ 1.988416 - 10%° kg, and my ~ 5.9722 - 10* kg.

my 1.988416 - 10%°

Th = ~
o ¥y 1.988416 - 109 + 5.9722 - 1024
and 1 — & ~ 3.0034 - 10~°.

~ 0.9999969966,

Using section 3.1, the distance 1,3 can be obtained by solving the equation:
0=—1u+(—a—2)r+(2a—1)r3; + (1 —a)r3;+ (2 —2a)ris+ 1 —a,
in this case:
0 = —75; + (—0.9999969966 — 2)r3; + (—2-0.9999969966 — 1)r3; + 3.0034 - 10673, +
2-3.0034 - 10~ ®rp3 + 3.0034 - 10°.
Using a Newton-Raphson method we get r23 ~ 0.01003.
Obviously this distance to the earth is in units such that » = 1. If we want the
distance km, we use the conversion of units: 0.01003 - 1’%5 where 775 is the distance
Earth-Sun in km, this distance is variable but we are going to take as an average
rrs = 1.496 - 10%km = 1AU. So rp3 = 0.01003 - 1.496 - 10® = 15004679 ~ 1.5 - 10°km.
Now we know that ¢ ~ 0.01003 + a ~ 0.01003 + 0.9999969966 ~ 1.010027. So
£ ~ (1.010027,0, 0).
As discussed we could also get £1, £3 solving a similar equation but since those
points are not interesting for us, we will not do that.

The equilateral points we will give since they are easy to find:
142« /3 —142-0.9999969966 /3 3
Lo~ (5, \/;, 0) ~ ( >,0) ~ (0.4999969966, \/;, 0).

2 2 V4

L5~ (0.4999969966, —\/2, 0).
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Figure 5.1: Libration points Sun-Earth.

-9 .

Figure 5.2: Close up £ to earth.

We also can calculate ¢ = ( LI 1- 06) iy 0.9999969966 n 1- 0.9999969966) _
S 1 (1+0.01003)3 0.01003°
3.947032. With this we can get the eigenvalues of the Hessian on the first two di-
rections:
22— 3.947032 — 2 + /9 - 3.9470322 — 8 - 3.947032

So: A = i2.0586 Ap = —i22.0586 A3 ~2 248695 A4~ —2.48695.

As we already saw in the previous chapter this point is very unstable and
would not be easy to maintain (condition 4), but as we said this would be a great
point to have our telescope, that’s why we are going to search for periodic orbits
near this point:
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5.2.2 Periodic orbits 2D

We are going to find periodic orbits in 2 dimensions. First some important
comments on the programs:

e 1. We see that in "equations" the variables are called (x,y, px, py) instead of
(¢,7,¢,7) but it is just notation, px doesn’t mean Pr.

* 2. In some places the programs calculate rq, 7, and check rq > 4.65- 1073 7, >
2.57-1073. This is because the radii of the sun is 695500km and we are using
UA since 1UA is the distance from earth to de sun. 1TUA = 1.496 - 10%km.
Then rs = 695500/1.496 - 108 ~ 4.65 - 10 3UA. Using the same, the dis-
tance from earth to the moon is 384400km so rgy = 384400/1.496 - 10% ~
2.57-1073UA. Of course it makes no physical sense for the telescope to go
inside the sun or the orbit of the moon around the earth and that is why we
stop in these cases.

We are going to start by searching a periodic orbit with ¢y = 1.0101, so approx.
7,3-107° units to the right of £,. We use "Main 1" that using the method described
in [**] in subsection 4.2.1 that asks for a P,o and returns P(1.0101,0,0, Pyo, T) such
that 17(T) = 0, specifically we are interested in Pz(T), we manually try to find two
values of Py such that Pz(T) changes its sign and is near 0. We found:
If Pyo = —0.00045, then Px(T) = —1.52117-107%,
If Py = —0.00042, then Px(T) = 2.33900 - 10~*.

With the given two initial values we proceed to run "Main 2" that does method
1 in subsection 4.2.1 to find a better approximation of Pzy. This program gives us
the approximation: Pzp = —4.35008 - 10~* — P;(T) = 4.87519 - 10713, If we plot
the orbit with these initial conditions using gnuplot we get Figure 5.3.
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Figure 5.3: Half Periodic orbit with ¢p = 1.0101.



5.2 Calculating the orbit 47

Observe that £, is in the middle so as we wanted this is a periodic orbit around
L>. We also see that the Taylor software returned us a polygonal shape since it
only calculated 5 points of the orbit, these shows how efficient are the step size
choices described in subsection 1.2.2. We can manually make it give a smoother
orbit.

Let’s see what happens if we do a Taylor with this initial conditions and period
2T. At the end of "Main 2" it calculates this orbit with more smoothness and the
result is Figure 5.4:
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Figure 5.4: Periodic orbit with ¢y = 1.0101.

Now we are going to find other orbits of the family as described in subsection
4.2.2 to do that we use "Main 3". We choose h; = 10° and h, = 1072 because with
a bit of testing we saw these values where small enough. The program (starting
with xop = 1.0101), first goes away from £, finding orbits until r, < 2.57 - 1073
since as mentioned it makes no sense to be close to the orbit of the Moon around
the Earth.

Then we find orbits closer to £, until r3 < 2.57 - 10~ (distance to £,) . Since,
though theoretically we have orbits as close as we want to £, with the error we
accumulate we get weird behavior when trying to go closer. Also later we will see
those orbits are not interesting either.

This program outputs a list of (&o, 770, t) where (o, 0,0, 7o) are the initial conditions
of a periodic orbit of period T = 2t for ¢, € [1.010063, 1.014307| every 0.000001.

By modifying this program we plotted some of the orbits and in Figure 5.5 we

can see them:
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Figure 5.5: Family of orbits near £,

In this case the earth would be situated at (0.9999969966,0), slightly at the
left of where the plot ends. When the orbits get closer to the earth the shape of
these seems to be modified, being clearly influenced by the proximity to one of
the primaries.

Let’s do a test on these results. We can see that when getting near the £, the
last orbit has period 2 - 1.527224451 = 3.054448902, and by the Lyapunov center

2.
theorem (Theorem 4.4) the period tends to Tn, where A1 = 0i = 6 = 2.0586. So:
2.7

3.054448902 )
theory so we are sure they work as intended.

= 3.0521. This means the results of "Main 3" are consistent with the

5.2.3 Stability of these periodic orbits

To study the stability of the periodic orbits we are going to use "Main 4" to
apply what we saw on subsection 4.2.3.

Here is a short explanation of what it does:

It reads each line of the output of "Main 3":(&o, #jo, t) from a file and then it uses
the jets option of the Taylor software to compute the system :

. ) x o
¢—C—2n= T(l_“+g)+ 3 (“_C)/
13 "3
. 11—«
17—17+24§=—r711— L
13 23

V = JHess(H2)V.
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with initial conditions (Z(0) = &, 7(0) = 0, £(0) = 0, #(0) = 7y, V(0) = Id) until
time T = 2t.

(Note that using this option "jets" in the 4 variable system is the same as using the
normal Taylor for the 20 variables system that includes the V).

Then the program uses a library called lapack that we used to calculate the eigen-
values and eigenvectors of a matrix.

Once we have the eigenvalues of V(T), we are going to get 4 of them, and
two of them are exacly 1 (Theorem 4.10). Then "Main 4" gets the module of each
eigenvalue and finds the maximum for each orbit (expressed with {p). Then doing
a graph of these maximum values of [A| we get the following:
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Figure 5.6: Highest module of the eigenvalue for each xo.

We are going to do another test: The module of the greatest eigenvalue of the
closest orbit to £, we calculated is |A| = 1975.15634. The unstable eigenvalue
on the point £; is A3 = 2.48695. So when the orbits tend to £, the module of
the eigenvalue should increase by A3 propagated during the period. To know the
module of the eigenvalue of V(t) we should solve the system x = Azx. if |A[(t) =
exp(Ast) is a solution to the system, |A|(T) = exp(A3T) = exp(2.48695 - 3.0521) =
1979.1448 (since T tends to 3.0521 using Theorem 4.4). This means the results of
"Main 4" are consistent with the theory so we are sure they work as intended.

With this we also saw that the instability is propagated during the period and
to know the value of instability we are more interested in what we called A3 than
|A|l. Now |A| = exp(A3T) so A3 = M. Modifying a bit the program we are

going to plot these values. In Figure 5.7 we can see the results:
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Figure 5.7: % for each xo

We want a minimum of these numbers because the higher this relation is,
greater is the instability. But we see that it is strictly decreasing the more we get
away from L5, (so the closest to earth). But in condition 1 we mentioned we don’t
want to be so close to earth. This arises the question: Where is the optimal xo? We
are going to answer in section 5.4. As said in section 4.2.3 neither the orbits or the

stability of these are going to change when we take the third dimension (v) into
account, that’s why we studied the orbits in 2D.

5.3 Other factors we didn’t take into account

The mass o f the James-Webb telescope is approx 6200kg that relative to our
primaries is: mr/m; = 9.6326 - 10%0; mg/mj = 3.2072 - 10%. This means the
assumption we made of the problem being a restricted three body problem instead
of normal three body problem is very reasonable.

On the other hand we also did not take into account other astronomical objects
like the Moon that might influence the system especially on the orbits that are
near the orbit of the moon.

Also we supposed for the earth to have a circular orbit around the sun but in
reality we know it has an eccentricity of approx 0.0167086. This is a low eccentric-
ity so the assumption of the orbit being rounded is not that far-fetched but is not
precise either.

There is one last factor we omitted, as we already said the James Webb has
a big sun shell to protect it from the heat. This sun shell is constantly receiving
photons that, although they have no mass, they apply a force that is not negligible
due to the size of the sun shell.
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5.4 Short explanation on the final orbit

We previously asked the question: Where is the optimal x(?.

To answer that we need to understand how instability affects a mission like
this, if a orbit is unstable you need to do correction movements to maintain the
orbit. The more instability you have, you need more frequent and bigger correc-
tions.

These movements need for weight to be propelled out of the satellite since
there is no friction in space, which means the only way to move is by Newton’s
third law.

Since you have a limited amount of mass (combustible), when you are out of
combustible the mission will end. This means if you have a desired lifetime and a
desired mass carried you can evaluate how unstable of a orbit you can be in.

The instability together with other factors made the NASA scientists realize
the orbits we studied where not good enough.

To solve this problem, they used the third dimension so (v,v). In this third
dimension there is also periodic orbits that are also not good enough. The solution
they came up with is what is called a Lissajous orbit that is a superposition of two
perpendicular oscillations with different periods. This is what is called a semi-
periodic orbit.

To better understand this we need to imagine that in the plane we studied:
(¢, 1) it keeps the periodic orbit we studied with period T and in the v direction it
keeps another periodic orbit of period T" # T that makes so that it does not match
but is contained in a kind of Torus. These orbits are not stable but require a low
effort to maintain.
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8

9

Codes

Equations:

extern alpha;

rl=sqrt ((x+1-alpha) *(x+1-alpha)+y=*y) ;
r2=sqrt ((x—alpha) =(x—alpha)+y=*y);

x'=px;

7y =py;

px’=x+2+py—(alpha*(x+1-alpha)) /(rl+rl+rl)—((1-alpha) *(x—alpha))/(r2*r2xr2

) 7
py ‘=y-2s+px —y=(alpha/(rl*rl=rl)+(1-alpha)/(r2+r2x+r2));

57
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Main 1:

#include <math.h>
#include <stdio .h>

#include "taylor.h"
double alpha;

int main(void)

{

double t,tf ,x[4], r1, r2, CJ, x0,h, ynl, xnl, yn2, xn2, x3, yn;
int j, i, v, dir;

scanf ("ple", &x0);
scanf ("%le", &x3);
alpha=0.9999969966;
dir=1;

t=0;

tf=1000000000;

printf ("%20.15f %20.15f %20.15f \n",t,x[0],x[1]);
v=taylor_step_rtbp2(&t,x,dir,1,-16,-16,& tf ,NULL,NULL,NULL) ;
if (v==1){
printf ("error taylor, tf no prou gran");
break;
}
} while (x[1] <=0);

/+Taylor per refinar t=/
do{

h=-x[1]/x[3];

if (h<0){

dir=-1;

}

else{dir=1;}

tf=t+h;

while (taylor_step_rtbp2(&t,x,dir,1,-16,-16,&tf ,NULL,NULL,NULL) != 1);
}while (fabs(x[1])>1e-15);
printf ("%20.15f %20.15f %20.15f \n",t,x[0],x[1]);
printf ("%le \n",x[2]);
return 0;

}
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Main 2:

#include <math.h>
#include <stdio.h>

#include "taylor.h"
double alpha;

int main(void)

{

double t,tf,x[4], rl, r2, CJ, x0,h, ynl, xnl, yn2, xn2, x3, yn;
int j, i, k, v, dir;

printf ("x0?\n");
ynl=0;

yn2=0;
scanf("%le", &x0);

7 alpha=0.9999969966;

t=0;
ynl=-0.00045;
xnl=-0.000152117256106;
yn2=-0.00042;
xn2=0.000233900252735;

/+metode secantx/

7 k=0;
s dof

tf=1000;
dir=1;
k++;
yn=ynl-xnl*((ynl-yn2) /(xnl-xn2));
printf ("yn=%le \n",yn);
t=0;
x[0]=x0;
x[1]=0;
x[2]=0;
x[3]=yn;
/+pas per trobar un primer t=/
do{
printf ("%20.15f %20.15f %20.15f %20.15f \n",t,x[0],x[1], x[2]);
v=taylor_step_rtbp2(&t,x,dir,1,-16,-16,& tf ,NULL,NULL,NULL) ;
rl=sqrt ((x[0]+1-alpha) #(x[0]+1—-alpha)+x[1]+x[1]) ;
r2=sqrt ((x[0] —alpha) *(x[0] —alpha)+x[1]*x[1]) ;
if (rl<4.65e-3 || r2<4.25e-5)({
printf ("colisio \n");

}
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if (v==1){
printf("error taylor, tf no prou gran");
break;

}
}while (x[1]<=0) ;

/+*Taylor per refinar t=/
do {
h=-x[1]/x[3];
if (h>0){
dir=-1;
}
else{dir=1;}
tf=t+h;
while (taylor_step_rtbp2(&t,x,dir,1,-16,-16,&tf ,NULL,NULL,NULL) != 1);
}while (fabs (x[1])>1e-15);
printf ("%20.15f %20.15f %20.15f %20.15f %20.15f \n",t,x[0],x[1], x[2],
x[31);
xn2=xnl ;
yn2=ynl;
xnl=x[2];
ynl=yn;
if (k==6) exit(0);
}while (fabs(x[2])>1e-12);
/+Ja he trobat la y’0:+/
printf ("y’_0= %.16le, x’'f=%le , T= %.16le\n", yn, xnl, t);

x[0]=x0;
x[1]=0;
x[2]=0;
x[3]=yn;
tf=2+t;
t=0;
dir=1;

printf ("%20.15f %20.15f %20.15f %20.15f %20.15f \n",t,x[0],x[1], x[2],
x[3]);

do{
v=taylor_step_rtbp2(&t,x,dir,1,-16,-16,& tf ,NULL,NULL,NULL) ;
printf ("%20.15f %20.15f %20.15f %20.15f %20.15f \n",t,x[0],x[1], x
[2], x[3]);

}while (v!=1);

return 0;

}
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Main 3:

#include <math.h>
#include <stdio.h>

#include "taylor.h"
double alpha;

int main(void)

{

double t,tf ,x[4], r1, r2, r3, CJ, x0,h, yn[2], xn[2], x3, ym;
int j, i, k, v, dir;

3 x0=1.0101-0.000001;

alpha=0.9999969966;

5 ym=—0.00043;

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34

k=0;
do{
x0=x0+0.000001;
yn[0]=ym;
yn[1]=ym+0.00001;
for(i=0; i<2;i++){
t=0;
tf=10000;
dir=1;
x[0]=x0;
x[1]=0;
x[2]=0;
x[3]=yn[i];
do{
v=taylor_step_rtbp2(&t,x,dir,1,-16,-16,& tf ,NULL,NULL,NULL) ;
if (v==1){
printf ("error taylor, tf no prou gran");
break;
}
} while (x[1] <=0) ;

/+Taylor per refinar tx/
do{

h=—x[1]/x[3];

if (h<0){

dir=-1;

}

else{dir=1;}

tf=t+h;

while (taylor_step_rtbp2(&t,x,dir,1,-16,-16,&tf ,NULL,NULL,NULL) != 1);
}while (fabs(x[1])>1e-15);
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48 xn[i]=x[2];

49 }

50

51 /*metode secantsx/

52 do{

53 tf=1000;

54 dir=1;

5 ym=yn[0] -xn[0]+((yn[0]-yn[1]) /(xn[0] -xn[1])) ;

56 t=0;

57 x[0]=x0;

58 x[1]=0;

59 x[2]=0;

60 x[3]=ym;

61 /+pas per trobar un primer t=/

62 do{

63 v=taylor_step_rtbp2(&t,x,dir,1,-16,-16,& tf ,NULL,NULL,NULL) ;

64 rl=sqrt ((x[0]+1-alpha) *(x[0]+1—-alpha)+x[1]*x[1]);

65 r2=sqrt ((x[0] —alpha) *(x[0] —alpha)+x[1]+x[1]) ;

66 if (r1<4.65e-3 || r2<2.57e-3){

67 printf("colisio \n");

68 }

69 if (v==1){

70 printf("error taylor, tf no prou gran");

71 break;

72 }

73 }while (x[1] <=0);

74

75 /+Taylor per refinar t=/

76 dO{

77 h=-x[1]/x[3];

78 if (h<0){

79 dir=-1;

80 }

81 else{dir=1;}

82 tf=t+h;

83 while (taylor_step_rtbp2(&t,x,dir,1,-16,-16,& tf ,NULL,NULL,NULL) !=
)¢

84 }while (fabs(x[1])>1e-15);

85 xn[1]=xn[0];

86 yn[1]=yn[0];

87 xn[0]=x[2];

88 yn[0]=ym;

89 }while (fabs (x[2])>1e-12);

90 /+Ja he trobat la y’0:x/

91 printf ("x_0=%.16le y’_0= %.16le, x'f=%le , T= %.16le\n", x0, ym, xn
[0], t);

) r2=(x[0] —alpha);

93 printf ("%.16le \n",r2);
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k++;
printf ("%d \n", k);

9% }while(r2>2.57e-3);

97
98

99

100 j=0;

101 ym=-0.00043;

12 x0=1.0101+0.000001;
103 do {

104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121

122

140

x0=x0-0.000001;
yn[0]=ym;
yn[1]=ym+0.00001;
for(i=0; i<2;i++){
t=0;
tf=10000;
dir=1;
x[0]=x0;
x[1]=0;
x[2]=0;
x[3]=yn[i];
do{
v=taylor_step_rtbp2(&t,x,dir,1,-16,-16,& tf ,NULL,NULL,NULL) ;
if (v==1){
printf ("error taylor, tf no prou gran");
break;
}
} while (x[1]<=0) ;

/+Taylor per refinar t=/
do{

h=—x[1]/x[3];

if (h<0){

dir=-1;

}

else{dir=1;}

tf=t+h;

while (taylor_step_rtbp2(&t,x,dir,1,-16,-16,& tf ,NULL,NULL,NULL) != 1);
}while (fabs (x[1])>1e-15);
xn[i]=x[2];
}

/+*metode secant=/
do{
tf=1000;
dir=1;
ym=yn[0] —xn [0]*((yn[0] ~yn[1]) /(xn[0] -xn[1]));
t=0;
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x[3]=ym;
/+pas per trobar un primer t=/
do{
v=taylor_step_rtbp2(&t,x,dir,1,-16,-16,& tf ,NULL,NULL,NULL) ;
rl=sqrt ((x[0]+1-alpha) *(x[0]+1—-alpha)+x[1]*x[1]);
r2=sqrt ((x[0] —alpha) *(x[0] —alpha)+x[1]+x[1]) ;
if (rl1<4.65e-3 |1 r2<2.57e-3)({
printf("colisio \n");
}
if (v==1){
printf("error taylor, tf no prou gran");
break;
}
}while (x[1] <=0);

/+Taylor per refinar t=/
do{
h=-x[1]/x[3];
if (h<0){
dir=-1;
}
else{dir=1;}
tf=t+h;
while (taylor_step_rtbp2(&t,x,dir,1,-16,-16,& tf ,NULL,NULL,NULL) !=
1);
}while (fabs (x[1])>1e-15);
xn[1]=xn[0];
yn[1]=yn[0];
xn[0]=x[2];
yn[0]=ym;
}while (fabs (x[2])>1e-12);
/+*Ja he trobat la y’0:%/
printf ("x_0=%.16le y’'_0= %.16le, x'f=%le , T= %.16le\n", x0, ym, xn
[0], t);
r3=(-x[0]+1.010027) ;
printf ("%.16le \n",r3);
j++;
printf ("%d \n",j);
//if (k==2) exit (0);

}while (r3 >2.3e-5);

return 0;

5}



26

65

Main 4:

#include <complex.h>
#include <math.h>
#include <string .h>
#include <stdio.h>
#include "taylor.h"
#include "vaive.h"

double alpha=0.9999969966;

int main(void) {
MY_JET jets [4];
double complex #vap,**veps,*u;
double t,tf, x[4], =df[4], s ,r, max, mod;
int i, j, k, n, 1;
FILE =file;
char line[5000];
char =token;
n=4;
file=fopen("z.txt","r");
if (file==NULL) {
printf ("error opening file \n");

return 1;
}
for (i=0; i<n; i++)
{
df[i]=(double*) malloc(n*sizeof (double)) ;
if (df[i] == NULL) {puts("error 4."); exit(1l);}
}

vap=(double complexx)malloc(nx*sizeof (double complex));
if (vap == NULL) {puts("error 0."); exit(1l);}
u=(double complex+)malloc(n*sizeof (double complex));
if (u == NULL) {puts("error 0."); exit(1l);}
veps=(double complex++)malloc(n+sizeof (double complex=));
if (veps == NULL) {puts("error 3."); exit(1);}
for (i=0; i<n; i++)
{
veps[i]=(double complex+*)malloc(n*sizeof (double complex));
if (veps[i] == NULL) {puts("error 4."); exit(1);}
}

taylor_initialize_jet_library () ;
for(j=0;j<4;j++) InitJet(jets[j]);

while (fgets (line , sizeof(line), file)){
//remove \n

line[strcspn(line, "\n")]=0;

//get first column by ,
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Codes

token=strtok (line, ",");
x[0]=atof (token);
token=strtok (NULL, ",");
x[3]=atof (token);
token=strtok (NULL, ",");
tf=2+atof (token) ;

t=0;

//printf("%le %le %le \n",x[0], x[3],

x[1]=0;

x[2]=0;

max=0;

printf ("%.16le " ,x[0]);

taylor_make_identity_jets (jets , x, NULL,NULL);

tf);

while (taylor_step_rtbpjet(&t,x,1,2,-16,-16,&tf ,NULL,NULL, jets) != 1);

for(i=0;i<4;i++){
for(j=0;j<4;j++){
df[i][jl=jets[i][j+11;

//printf ("%20.15f ", df[i][j]);

}
//printf("\n");
}

l=vaive (df ,n,vap,veps, 'f");

for(i=0; i<n; i++){
mod=cabs (vap[i]) ;
if (mod>max) {
max=mod ;
}
}
printf("%.16le \n", max);
}

return 0;



