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Abstract—The well-known problem of the nonlinear stability of L, and Ls in the circular
spatial restricted three-body problem is revisited. Some new results under the light of the
concept of Lie (formal) stability are presented. In particular, we provide stability and asymptotic
estimates for three specific values of the mass ratio that remained uncovered. Moreover, in many
cases we improve the estimates found in the literature.
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INTRODUCTION

The nonlinear stability analysis of the points L4 and Ls is completely solved in the planar case.
The spatial case has also been widely studied, mostly first by the Russian school [19, 21, 22, 28]
and more recently by the Italian current [3, 8, 14, 27]. There is a vast literature on the subject and
we do not intend to give all the existing references, but only the most relevant from the point of
view of our study. Despite the popularity of the topic, there are still some open questions and part
of the existing results can be sharpened.

We will look at this system from the point of view of Lie stability, that is a kind of formal
stability. It was Khazin [16] who introduced the concept of Lie stability, although he named it
Birkhoff stability in the case of elliptic equilibria. In [11], dos Santos et al. started calling it Lie
stability. We will use a powerful criterion given in [7] that enlarges previous criteria on Lie stability
and allows us, not only to recover all the formally stable cases reported in previous references, but
also to decide on the formal stability of the system for values of the mass parameter that remained
pending up to now.

The bound estimates of the solutions over exponentially long times in the Lie stable cases are
obtained through a theorem based in the determination of error bounds for adiabatic invariants
in Hamiltonian systems [9]. The theorem appears in [7], see also [6]. In many cases this result
allows us to get better estimates than the existing ones and even to achieve bounds for the three
aforementioned values of the mass ratio. We will make it more precise in sections 4 and 5.

“E-mail: danielacarcamodiaz@gmail.com
" E-mail: palacian@unavarra.es
" E-mail: clvidal@ubiobio.cl

koK ok .
E-mail: yanguas@unavarra.es
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The paper is structured as follows. In section 1 we establish the equations of motion of the system.
Section 2 is devoted to recall the concepts and the central theorems to establish Lie stability and
estimates on the solution. The main results of the manuscript are contained in sections 3 and 4, the
first one including our analysis on the Lie stability of L4 and Ls. Section 4 presents the asymptotic
estimates on the solutions in the Lie stable cases. In section 5 we compare our results with the ones
existing in the literature and outline our main contributions. In section 6 we establish the existence
of invariant 3-tori encasing L, and Ls. At the end of the paper there is an appendix containing
some useful tables.

The main contributions of our approach are two. First, Theorem 3, where we establish the
Lie stability of Ly and Ls in terms of the mass parameter u. Second, Theorem 4, together with
Corollary 1, where the asymptotic bounds for the Lie stable cases are provided. Furthermore, the
analysis performed in section 5 makes clear that our estimates enhance those obtained in [3] and
other references excepting a few situations, namely: (a) when the frequency vector associated to
the formal first integrals defined in (2.1) is not Diophantine and (b) when the parameter y lies in
the interval (uq, o), with p; given in Notation 2 and Notation 3, and such that the corresponding
frequency vector given in Definition 1 is a Pythagorean triple, see Definition 2. Details on the
comparison appear in section 5. Finally, the cases not considered in [3], namely the values us,
w(3,3,—2) and po 3,1y, have been proved to be Lie stable, see section 3. Their asymptotic estimates
are given in Corollary 1. The case ji(; 3, also not treated in [3], is unstable, as it is proved in
section 3.

1. SETTING OF THE PROBLEM

We consider the motion in the three-dimensional space of an infinitesimal particle under the
gravitational attraction of two bodies with masses m1 and ms9 that describe circular orbits around
their common centre of mass (see for example [22] or [29] for details). The Hamilton function
associated to this system in rectangular coordinates (z,y, z, X,Y, Z) in a rotating reference frame
is:

> =

I—p
X2+ Y24 22) — (2Y — Xy) — K - . (L1)
( ) Vie+p—12+y2+22  /(p+a)?+y2+ 22

N | =

It represents an autonomous system with three degrees of freedom depending on the parameter u,
that stands for the quotient ma/(m1 + mg). Assuming m; > mg, then p € (0,1/2]. The masses m;
and my are located at the points (—u,0,0) and (1 — p,0,0), respectively, in the coordinate space.
The Hamiltonian system has five equilibria, the Euler points Li, Lo and Ls, which are unstable
for all u, and the Lagrangian (also called triangular) points L4 and Ls, whose stability depends
on the parameter u. The coordinates of the Lagrangian equilibrium points Ly and Ls in the six-
dimensional phase space are (1/2 — 1, £v3/2,0, FV3/2,1/2 — p, O), where the upper sign applies
for L4 and the lower sign does for Ls. The stability of both equilibria is the same, so from now on
we only refer to the point Ly, although the same conclusions are valid for Ls.

We translate the equilibrium solution L4 to the origin by means of the linear change of
coordinates given by r=x; +1/2—pu, y =11 +v3/2, 2 =2, X = X1 —V3/2, Y =Y, +1/2 —
W, Z = Zj. Then, Hamiltonian function (1.1) is expanded in Taylor series around 0, constant terms
are dropped and we get a Hamiltonian of the form

H=Hy+Hs+ -+ Hj+---, (1.2)
where
Hy = g(af —5yf +428) + 3(X7 + VP + Z3) — (a1Y1 — Xayn) — 3v3zayn (1 — 2p),
Hy = £ [3V3yi(a} +y? —423) — a1 (723 — 3392 + 1223)(1 — 2u)]
Hy = %8(3733‘11 — 3yt —482) + 634(—41x%y% + 42322 + 44y323)

+2V3Baiy (523 — 9yF +1223) (1 — 2p).
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NONLINEAR STABILITY OF L4 & Ls IN THE CSRTBP 3

The linearisation matrix associated to Ly is

0 1 0 1 00
—1 0 0 0 10

B 0 0 0 0 01
-1 5V31-2u) 0 0 1 0
3V3(1—2p) : 0 -1 00

0 0 -1 0 00

The eigenvalues of matrix B read +A1, £A3, £A3, and are pure imaginary whenever 0 < pu < pugr =
2(1 —V69/9) with A1 = iw1, A2 = iws, A3 = w3 and

\/1+\/1—27u+27u2 \/1—\/1—2m+27u2
a V2 a V2

The value pg is the so-called Gascheau’s or Routh’s critical value. Note that when 0 < p < pr one
has

w1 , W2 , W3 = 1. (1.3)

2
0<w2<\2f<w1<1 and wi+wd=1. (1.4)

It is also convenient to express p in terms of wi, ws, leading to

. _f V27— 16wf + 16w} | _ 1 - V27 — 16w3 + 16w ' (1.5)
3v3 3V3

2
Observe that, taking into account (1.3), w; = v/2/2 corresponds to yu = g while w; = 1 is associated
to u = 0. When p > pug the equilibrium L4 is of focus-centre type, therefore unstable as it comes
from a symplectic system and the eigenvalues are £\ + iv with A, v positive numbers. When y = up
the linear system is not diagonalisable, thus the equilibrium points are not of elliptic nature. This
case was proved to be Liapunov stable in the planar case in [17, 24] and formally stable in the
spatial case, see [22]. In the context of the planar restricted problem with p = ug it is also worth
mentioning papers [28], where a first attempt to study nonlinear stability in the sense of Liapunov
is performed, and [2], where the author shows that, in a neighbourhood of ppg, for most initial
conditions, trajectories are conditionally periodic. An account of the stability achievements when
w € (0, ug], also for the planar case, appears in [23]. In our analysis we focus on the interval (0, ug)

for p, equivalently (v/2/2,1) for wy and (0,1/2/2) for wy.

There are several ways of performing the normal form transformation of Hamiltonian H in (1.2).
The most standard one consists in introducing a real linear symplectic change of coordinates to
put Hs in linear normal form by using the eigenvalues and eigenvectors of matrix B. We call the
transformed variables x = (q1, g2, g3, p1, P2, p3), where the ¢; stand for coordinates and p; do for
their conjugate momenta. Then, a complex linear change is introduced to express Ho in complex
diagonal form. Next, the two changes are applied to the higher-order terms. Finally, a procedure
based on Lie transformations is applied to normalise the terms from Hs on so that the resulting
Hamiltonian at each step commutes with Hs. This process is executed up to a finite order and in
most of the cases in this problem order two is enough, which means, including the polynomials of
degree four that define Hy.

In general we denote by HP the normal form truncated at order p — 2, in other words, at degree
p in terms of rectangular coordinates, thus

WP = Hy+ Hy + -+ Hy, (1.6)

and the Poisson brackets {Ha, Hi} =0 for k=2,...,p. In the setting of elliptic equilibria the
normal form is the so-called Birkhoff normal form, see for instance Theorem 5.5 in [1].

2
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To achieve the normal form we need to calculate the associated generating function that is used
to define the symplectic transformation. Since the expressions of the two terms of the generating
transformation are lengthy, we do not include them here, but they are available upon request from
the authors. The calculations have been performed in terms of the parameter w; using symbolic
arithmetic.

Now, we introduce the usual action-angle coordinates, say

(I7 9) = (117127137617 927 03)

where [; = %(qf +p§) are the actions conjugate to the angles 0, = tan=!(p;/q;) with j =1,2,3.
Then Hs is converted into

Hy = wil; — wols 4+ wsls.
Notice that Hp is indefinite when p € (0, ur).

The normalised Hamiltonian in action-angle coordinates reads as

H=Hy+Hs+- (1.7)
where
Hy = ca00l + cr10l1lz + cro1113 + coz0l3 + cornlals + cooals (1.8)
and
w3(124wt — 696w? + 81) wiwa (64w?w? 4 43)
oy = W2 1 1 o = — 1w2(bAwiws
200 144(1 — 2w2)%(1 — 5w?)’ 6(1 — 5w?)(1 — 2w?)(1 — Bw?)(1 — 2w32)’
8wiw3 w?(124wf + 448w? — 491)
C = —_ C =
1ot 3(1 — 2w?) (4 — w?)’ 020 144(1 — 2w2)%(1 — 5w?)
8wow? wiw3
co11 coo2 = —

31— 23)(4—w))’ 3a— w4 —w))
If we discard possible higher-order resonances, odd terms in the normal form Hamiltonian, say

Hs, Hs, ..., are zero. Coefficients cogp, €110, Co20 Were already calculated in [10] in the context of
the planar case.

Taking into consideration (1.4), there are only two resonant cases where the above normal form
does not apply. Specifically,

(i) wy = %, Wy = % thus, wj/we =2 and

1 V1833
B=H20) = 5 (1 T > : (1.9)
(i) wy = J%’ wy = \/#ﬁ thus, wy/w2 =3 and
1 V213
W= 11,300 = B (1 - 15) . (1.10)

For these two sets of values some denominators of the generating function vanish and, as a
consequence, the generic normal form Hamiltonian already calculated is not valid. Thus, in these
cases we should compute specific normal forms that we shall show below. Notice that, apart from

these two cases, H* does not contain any resonant terms under conditions (1.4).
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NONLINEAR STABILITY OF L4 & Ls IN THE CSRTBP 5
2. ON LIE STABILITY

In this section we review the main concepts and results related to Lie stability with the aim of
applying them in section 3. We start by recalling the notion of resonance.

Definition 1. The system related with Hamiltonian (1.7) presents a resonance relation if there
exists an integer vector k = (ki, ka, k3) # 0 such that

kiwi — kowo + ksws = 0.

The 1-norm of vector k, |k|1 = |k1| + |ko| + |k3|, is called the order of the resonance, while k is
known as the resonance vector and w = (wy,ws,ws) stands for the frequency vector.

For instance, resonance vectors corresponding to

(wl,WQ,W?,) - (%7 %7 1) and <\/i1*07 \/%7 1) )
which are associated to (1.9) and (1.10), are (ki, k2, k3) = (1,2,0) and (1, 3,0), respectively.

Notation 1. The notation iy, k,ky) ™eans taking the value of p € (0,ug) associated to the
resonance vector k = (k1, ke, ks). In fact, along the paper we will use the same notation for the
i and g, ko ky) 08 in Teference [3).

Definition 2. Consider the frequency vector w = (m/n,vn? —m?/n, 1), withm,n € ZT,0 < m <

n and m/n irreducible. Vector (m,v/n? —m2 n) is a Pythagorean triple if n®> —m? is a perfect
square or, equivalently, wo € Q. In this case we say that vector w is associated with a Pythagorean
triple.

We will notice that the previous concept is crucial to decide on Lie stability.

Definition 3. We say that the origin of RS in (1.2) is Lie stable if there exists m > 2 such that
the truncated Hamiltonian system in Birkhoff normal form associated to H’ is stable in the sense
of Liapunov for any (arbitrary) j > m.

Definition 4. We say that the origin of RS in (1.2) is formally stable if there exists a real formal
power series G(x), possibly divergent, which is an integral of H in the formal sense, and is positive
definite near x = 0.

Remark 1. The generalisation to n degrees of freedom of the definitions of Lie and formal stability
is straightforward [11]. Lie stability is a type of formal stability, see for instance [12]. As the normal
form transformation is carried out only to a finite order, checking Lie stability for the system in
normal form is equivalent to checking Lie stability for any system previous to the normal form
calculations.

Statement 1. Suppose {k',... ,k*} is a basis of the Z-module M, associated to the possible
resonances of Ha, where 0 < s < 2. The null space of M, is a vector subspace of R® spanned
by the vectors {ai,...,ay} with d =3 — s that satisfy a;-k/ =0, see details in [11], [12]. By
setting Fy = a; - T withl = 1,...,d, we get the independent (formal) first integrals of the normalised
Hamiltonian (1.7).

Definition 5. We define the set
S={I| Ad)=...=F(I)=0},
which was first introduced in [11].

The set S contains the essential vectors to evaluate the Hamiltonian and decide on the Lie stability
of the system. We note that 0 < dim § < s.
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6 D.CARCAMO-DIAZ, J.F.PALACIAN, C.VIDAL, P. YANGUAS

Statement 2. The quadratic part of H in terms of the formal first integrals Fy assumes the form

d
Hy(1) = 3" o Fi(1), (2.1)
k=1

where oy, are linear combinations of wj, see for instance [13]. The coefficients o}, are rationally
independent.

Definition 6. It is said that vector o = (01, ...,04) satisfies a Diophantine condition when there
are fixed constants ¢ > 0 and v > d — 1 such that
Vkezd \ {0}, |k-o|>clkl{". (2.2)

The symbol | | stands for the Euclidean norm.

At this point we recall two results that will be applied in the present paper in order to analyse
the nonlinear stability of L4 and give time estimates in the stable cases. We start with the theorem
on Lie stability, as stated in [6, 7], that will be applied in section 3.

Assume that Hamiltonian (1.1) is expressed as H in (1.2) after sufficient manipulations and also
that its normal form, up to an order p high enough, is given in (1.6). Then, the following result
applies.

Theorem 1. (A) Suppose there is an integer j > 3 with H/ (L, ¢1,...,¢s) #0 for allT € S\ {0},
{¢1,...,0s} €T, ¢y =k; -0 such that for all i with 3 <i < j, H'(I,¢1,...,¢s) does not change
sign for 1€ S\ {0}, {¢1,...,¢s} € T*, where |I| is small enough. Then, the origin of RS is Lie
stable for the Hamiltonian system (1.2).

(B) Suppose there is an integer i > 3 such that H' (L, ¢1,...,¢s) changes sign for some I €
S\{0}, {¢1,...,0s} € T*, where |I| is small enough. Then, there is no index j >1i such that
HIL, ¢1,...,0s) #0 for T € S\ {0}, {b1,...,0s} € T* with |1 sufficiently small.

According to the previous theorem, the Lie stability analysis consists in calculating the set

S introduced above, which is a linear subspace of RS that is contained into the orthogonal space
related to the frequency vector w. The Hamiltonian in normal form is computed only up to a suitable
order, checking whether its truncation vanishes only at the origin of S. When it so happens, then
Lie stability is obtained.

Remark 2. When S = {0} there is always Lie stability, see details in [12], [7].

For the Lie stable equilibria we will give an estimate of the solution’s evolution according to the
following theorem [6, 7]. Assume that x(¢,x) is a solution of the Hamiltonian system associated
to H in (1.2) with initial condition x¢. The following result holds.

Theorem 2. If the real analytic Hamiltonian (1.2) has the origin of RS as a formally stable
equilibrium according to hypotheses (A) of Theorem 1, while the frequency vector o satisfies the
Diophantine condition (2.2), then there exist C >0, E >0, a>1 and €9 > 0 such that for all
e € (0,e9), and for all x¢ with |x¢| < & we have

. E
2/ , _ 5
|x(t,x0)| < ae*?  forall t with 0<t<T=Cexp (51/(1/“)) .

The proofs of theorems 1 and 2 appear in [6, 7].

3. LIE STABILITY OF L4

Let us start by analysing the cases where the normal form (1.8) does not apply. Recall from
section 1 that (1.8) is not valid valid for wy = 2/v/5, i.e. u = I4(1,2,0), nor for wy = 3//10, that is,
B = p(1,3,0)- A specific normal form is calculated for each of these values concluding instability in
both cases, as it is also inferred from the planar problem [19, 20].
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NONLINEAR STABILITY OF L4 & Ls IN THE CSRTBP 7

Case p(120): Forw = 2/+/5 the normal form up to degree 3 is

VIl (3401\/5(:08 é1 — 3155v/611 sin ¢1>

1
HI, 1) = —= (211 — L) + I3 +
(L, 1) \/5( 1= )+ B+ o 3312\/10

where ¢ = 01 + 2605. Notice that S = {([1,211,0) | I; > 0}. Then, we take I in S and get
1
53/4 . 16564/109

As the coefficient of I f ’? has a simple zero then, by Theorem 3.1 in [11], the equilibrium is unstable.

H3(L, ¢1) = e (3401\/5605 é1 — 3155v/611 sin ¢1> .

Case fi(130): For w1 = 3/v/10 the normal form up to terms of degree four is

WL d) = FGBL—L)+ L+ 22812 12 g2 120757, 4 057, 4 VIO,
24146471 cos ¢1 + 143827/710sin ¢1)

2

1 3/2
" 32560/28083 VI, (
with ¢1 = 6; + 365. On this occasion S = {(I1,311,0) | I; > 0}. Evaluating #* in S we get

M, 61) = pmeromnlh (5932056339 + 338050594v/9361 cos ¢1 + 2013578v/6646310 sin ¢1)

Then, the coefficient of I? in H*(I, ¢1) has a simple zero and then, by Theorem 3.1 in [11], we
achieve instability.

Now we study the rest of the cases starting with the determination of the set S. This passes
through the construction of the formal integrals F; associated to Hy. We can have one, two or three
linearly independent integrals. The basic relations to be taken into account are written as

wili —woly + I3 = 0, kiwy — kows + k3 = 0,

with k1, ko, ks € Z and Iy, Is, I3 > 0. The following situations are in order:

(a1) If wi,wy € Q, then the frequency vector is associated to a Pythagorean triple. We get
Fi=wili —wlo+13,d=1,s =2 and

1
S = {(h, (wilq +13),13> ‘ L, Is > 0}-
w2

Considering I € S\ {0}, taking into account (1.4) to express wy as a function of wy, and
replacing everything in (1.8) we arrive at

HA(X) = Bul} + Bali I3 + B3l3, (3.1)
with
_ 644wf — 1288w? + 1185w] — 541w? + 36
fr = 16(1 — w?)(1 — 2w2)2(1 — 5w?)(4 — 5w?)’
_ wr (18580wi? — 67928w1” + T0827wf + 30890w) — 62113w] + 22128w7 — 8496)
Bo= 72(1 - w?) (1 —202)% (1 - 5w2) (34 w?) (4 — wd) (4 — 502) ’
g, — w? (960wi® — 7364w} + 29940w — 48219wf + 24155wF — 444).

144(1 — w?) (1 - 2w1) (34 w?)(4 — wd)(4 — 5w?)
(3.2)
We have to determine when there is no sign-change in H*(I), keeping in mind that I, I3
should be non-negative. First, notice that there is only one solution of 81 = 0 in the interval

(1/v/2,1).
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Notation 2. We denote

1

2
wh = 2\/ 2+ \/ Ta7 (~219 + V199945) ~ 0.959622914235418

the only solution of By = 0 in the interval (1/v/2,1). From (1.5) the corresponding value of
JTE;

1 1 [1
=~ [ 1- 24/ —=(3265 + 2v/19994
1 2( 3\/483(365+ 9995)),

following the notation in [3].

Second, notice that B3 = 0 has only one solution in the interval (1/v/2,1).

Notation 3. We denote cutli the only solution of B3 =0 in the interval (1/v/2,1). It is the
square root of a root of the fifth-degree polynomial 9605 — 7364z + 2994023 — 4821922 +
241552 — 444 lying in the interval (1/4/2,1). An approzimation of it is

wh ~ 0.935871439168618.

From (1.5) the corresponding value of p is
2 ~ 0.016376755355816,

following the notation in reference [3].

Using MATHEMATICA version 12, in particular applying the specific routines of solving
equations and inequalities and eliminating quantifiers, we have proved that H* keeps the
same sign for all w1 € D NQ, where

o~ () (vt

It is stressed that H*(I) with I € S\ {0} does not change sign for w; € D regardless of
whether w; is rational or not.

At this point it is rather convenient to introduce the rational root test [25]: Given a polynomial
in the variable = of degree n, say, 7(x) = a,z" + ap_12" L + -+ + a;x' + ag = 0, where ag,
ai, ..., a, are integers, the rational root test says that for the polynomial r(z) to have a
rational solution of the form p/q (irreducible fraction), ¢ must divide a,, and p must divide
agp.

Applying the criterion given above we have proved that w?, wg =(1- w§2)1/ 2 belong to R\ Q.
Moreover, we have checked that there is no integer vector k # 0 such that k - (w%, —wg, 1)=0.
So this case will be tackled in (b1).

Regarding w] we have also checked that it is irrational and so is the corresponding
wi = (1 —wi?)!/2. Additionally there is no integer vector k # 0 such that k - (w?, —w3, 1) = 0.
Therefore, this case has to be analysed in (b;) too.

Thence, by virtue of Theorem 1 the equilibrium L4 is Lie stable for w; € DN Q and wy € Q
related to a Pythagorean triple.

An example lying in this class is for instance w; = 4/5, we = 3/5, which yields Lie stability.
However, choosing wy = 35/37, we = 12/37, as wy € [w?,w’{], one has that H* changes sign
in S and then we cannot decide on its stability. This corresponds to a Pythagorean triple
and it is associated to a resonance of order eight, say (ki, k2, k3) = (1,6,1). It is indeed the

lowest order for a resonance corresponding to a Pythagorean triple in the interval (w%, wy).
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If w; € Qand wy € R\ Q, then the frequency vector is not associated to a Pythagorean triple,
and one gets F1 = wil1 + I3, Fs = I. Thusd =2, s =1 and
S={(,12,I3) |wil1 + I3=0, I =0, I,I3 > 0} = {0}.
Then, by applying Theorem 1 we conclude that L, is Lie stable.
An example in (ag) is wy = 6/7 and ws = v/13/7.

If wi,ws € R\ Q and there is no integer vector k = (k1, ko, k3) # (0,0,0) such that k-
(w1, —w2,1) = 0 then there are no resonances among the main frequencies. Hence, F; = I;
for j =1,2,3,d =3, s=0and S = {0}. So Lie stability holds.

As we have seen in (aj), the values w?, wj, correspondingly g9, jt1, belong to this case, so
both of them lead to Lie stability.

Two more examples are wy = 6/v/41, wy = 1/5/41 and w1 = 2/e, wo = Ve? — 4/e.

If wi,ws € R\ Q and there is an integer vector k = (k1, ko, k3) # (0,0,0) such that k-
(w1, —wgz,1) =0, then

ko ks

= wo — —

k1 ki’

with k1 # 0. Notice that k&1 = 0 would imply —wsko 4+ k3 = 0 and then, either ko = 0, in which

case k1 = ko = k3 = 0, that is impossible, or we = k3/ky € Q, contradicting the hypotheses of

(b2). Analogously ks # 0 because ko = 0 would lead to w; = —k3/k1 € Q, that is not feasible.
However, k3 = 0 is possible and this implies kiwi = kows. We have to exclude the particular

value wi = 3//10, as it leads to instability.

(3.4)

Using (3.4) we get

k k
Hy= (20 — I )wg— 21 + I,
Ky Ky

from where we deduce that Fy = koly/k1 — Io, F» = —ksli/k1 + I3, d =2 and s = 1.
Consider the set
K = {(ki,ka,ks) €Z° | k1 #0, ka/k1 >0, ks/ky >0} .
If k € K then one has dim S = 1 with
I > 0} .

B ky ks
S = {(Ih klll’ k:1]1>
W = (5455 55 0
1 le Sk% 1>

Taking I € S and using (1.4) and (3.4) we get

where 31, 2 and B3 are given in (3.2). In fact #*(I) can be obtained by replacing I3 = k3l /k1
in (3.1). Due to the form acquired by H*, we notice this is a particular situation of H* in
(a1) and we can conclude that H*(I) does not change sign in S \ {0} when w; € DN (R\ Q)
with D given in (3.3) and we € R\ Q. Therefore, Lie stability is accomplished when k € K.

As in (a1), we have verified with MATHEMATICA that in the interval [wﬁ,wﬂ there is no
k € K such that H*(I) vanishes for I in S\ {0}, so for the study of this interval we go back
to (b1), concluding Lie stability.

Finally when k ¢ K then, from the first integrals Fi, F» given a few lines above one deduces
that S = {0}, concluding Lie stability.
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An example of the previous situation is p3 3 _2) that will be mentioned in the forthcoming
sections. In this case

wi = t(2+V14), wy=1(-2+V14),

which are irrational although resonant, the resonance vector being k = (3,3, —2) ¢ K. Then,
Lie stability holds.

(bs) fwy € R\ Q and wy € Q, then we take Fy = I, Fo = —wyls + I3, from where we get d = 2,

s=1and
1
5= {(0,13,13> ‘13 20}.
w2

We consider T € S\ {0}, write wy = (1 —w?)"/? and replace it in (1.8), ending up with
HA(I) = B312, with B3 given in (3.2). Notice that we arrive at the same expression replacing
I =0 in (3.1). The domain where the normal form is properly defined and where S5 # 0
is (1/v2,1)\ {2/V5, w!,3/v/10}. Since the values of w; that we are discarding are in
correspondence with irrational values of wo, we do not care about them. Therefore, applying
Theorem 1, the equilibrium L, is Lie stable whenever w; € (1 /V2, 1) with w; € R\ Q and
wo € Q.

An example borrowed from reference [3] is j1(p;31). On this occasion w; = 2v/2/3 € R\ Q,
wo = 1/3 € Q, concluding Lie stability.

In Table 1 we have put the resonant cases corresponding to dim .S = 0 until the eighth-order of
resonance whereas in Table 2 we have written the resonant cases corresponding to dim S = 1 also
to order 8. Note that o is always a Diophantine vector. Both tables appear in the Appendix.

Taking into account Notation 2, Notation 3 and fi(1,2,0), f4(1,3,0) introduced respectively in (1.9)

and (1.10), we summarise our main result on the Lie stability of L4 in the spatial case of the
restricted circular three body problem as follows.

Theorem 3. For 0 < u < up the equilibrium point Ly is Lie stable for the Hamiltonian system
related to (1.1), excepting the unstable situations ji(12,0), fi(1,3,0) and the values ji € (p1, p2) leading

to a Pythagorean triple.

4. ASYMPTOTIC ESTIMATES

In this section we apply Theorem 2 to bound the solutions of the restricted circular three-body
problem near the equilibrium (in case it is Lie stable) over exponentially long times.

First we have to take into account the order j in the normal form (1.7) that determines the Lie
stability. When S = {0}, then j = 2 and in the rest of situations j = 4. Second, we have to consider

the number of independent first integrals, that is d, which ranges from 1 to 3 in the problem at
hand.

In our study the solution is expressed as I(t), that is a function of the order of |x|2. So, |x(0)| < €

implies |I(0)| < 2. Introducing € = €2 and setting Iy = I(0), then the thesis of Theorem 2 will read
as

, &
2/j ; — E—
I(t)| < cve forall t with 0<t<T =Cexp (el/@(”*l))) ;

where «, C, £ are obtained respectively from a, C and FE.

Usually for the estimates in terms of action-angle coordinates, the norm used to bound the
actions is the 1-norm, but here we use the Euclidean norm as both are equivalent.

The following considerations are in order:
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1. If S = {0}, then either d = 2 (cases (a2) and (bz) for k ¢ K) or d = 3 (case (b1)). Thus, the
parameter v involved in the Diophantine condition satisfies v > 1 or v > 2, respectively.

When the vector o = (01, 02) or 0 = (01, 02, 03) respectively, satisfies (2.2), there exist a > 1,
C >0, & >0 and ¢ > 0 such that for all € € (0,¢) with |I(0)] < € we get

I(t)| < ae forall t with 0<t<T=~Cexp (618/4> , (4.1)
in (a2) and (b2) with k ¢ K or
&
I(t)] < ae forall t with 0<t<T =Cexp <61/6> , (4.2)

in the situation (by).
2. If S # {0}, then j = 4.
e When d =2, v > 1 (cases (b2) with k € K and (b3)). Thence, if the frequency vector
o = (01, 09) satisfies (2.2), there exist « > 1, C > 0, £ > 0 and ¢, > 0 such that for all
€ € (0,¢0) and |[I(0)| < ¢, the following estimate holds

£
I(t)| < ae/? forall ¢t with 0<t<T=Cexp <61/4> . (4.3)

o If d=1 (case (a1)), then v >0 and since there is only one first formal integral no
Diophantine condition is needed. There exist & > 1, C > 0, £ > 0 and ¢g > 0 such that
for all € € (0,¢p) and |I(0)| < € we get

£
II(t)| < ae/? forall ¢t with 0<t<T=Cexp <61/2> . (4.4)

Notice that the constants «, C and £ are independent of ¢ and are supposed to be obtained using
bounds on the normal-form terms.

In summary, we have the following results.

Theorem 4. For the Hamiltonian system associated with (1.1) we have the subsequent asymptotic
estimates around the equilibrium point L4 in case it is Lie stable:

1. When the vector w is associated to a Pythagorean triple in D, then there exist « > 1, C > 0,
E >0 and €y > 0 such that for all € € (0, €y) with |I(0)] < e:

1(t)| < ae’?  forall t with 0<t<T=Cexp <52>
€

2. When o is Diophantine, then there exist a« > 1, C >0, £ > 0 and ey > 0 such that for all
e € (0,¢e9) with |I(0)| < e:

(a) If either w1 € Q and wy € R\ Q or wi,wa € R\ Q and there is k ¢ K such that
k- (wy,—we,1) =0, then

E
[I(t)| < e  for allt with 0<t<T =Cexp <61/4> .

(b) If wi,ws € R\ Q and there are no resonances among the main frequencies, then

I(t)| < e  forallt with 0<t<T =Cexp <15/6> .
€
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(c) If w1 € R\ Q and either wa € Q or wy € R\ Q and there is k € K such that k-
(w1, —wz,1) =0, then

I(t)| < aell? forallt with 0<t<T=Cexp —g .
1/4
€

We specify the results obtained by our approach for some values handled in previous studies.

Corollary 1. Given e € (0,¢y) and |I(0)| < €, the following estimates around the equilibrium point
Ly are satisfied.
For pu = u1, po we obtain

&
I(t)| < e  forallt with 0<t<T =Cexp (61/6)
For i = 33,9y we achieve

&
I(t)| < ae forallt with 0<t<T=Cexp (61/4> :
For p = puo3,1) we arrive at

()| < a€e'’?  for all t with 0§t§T=Cexp< 54>.
€
For = p3 =~ 0.014780913055964 we get

. £
I(t)| < e forallt with 0<t<T=Cexp (61/6>
The case us will be tackled in section 5.

5. COMPARISON WITH PREVIOUS RESULTS

Regarding related approaches to the nonlinear stability of L4, we mention that in 1971
Markeev [20] proved the stability of Ly in p € (0, ur) \ {#(1,2,0), #(1,3,0)} for most initial conditions,
in the sense of the Lebesgue measure. In other words, he proved the existence of KAM 3-
tori around L4. In 1973, see [21], the same author proved the formal stability of Ly for u €
(0, p21) U (2, f2(1,2,0)) U (14(1,2,0)5 #R)- This corresponds to the domain D that we have defined in (3.3).
The formal stability analysis made in (u1,p2) is not complete as double resonances are not
considered for orders higher than 6.

Remark 3. Theorem 3 recovers the formal stability achievements already obtained in the set
D and extends them to w1, po and the values u € (pu1, p2) not leading to a Pythagorean triple.
Moreover our proof of Lie stability uses different arguments from the one of Markeev in [21].

Indeed, our approach is straightforward since we only need that H* restricted to the set S be
sign-definite, while Markeev introduced a formal first integral in each specific case.

In 1989, Giorgilli et al. [14], applying normal form techniques with floating-point arithmetic,
proved that L, was Nekhoroshev stable for u € (0, ur), excepting a few values of p that led to
resonances. Furthermore the vector w should satisfy a Diophantine condition. In 1991, Celletti and
Giorgilli [8], along the same line, refined the preceding achievements.

In 1998 Benettin et al. [3] extended previous results with the idea of determining Nekhoroshev
stability without imposing any Diophantine condition. On the one hand, the requirement of quasi-
convexity was relaxed by introducing the concept of directional quasi-converity, that is specific for
elliptic equilibria. On the other hand, they enlarged the directional quasi-convexity requirement by
proposing a steepness condition on the 3-jet of the sixth order normal form, following the original
ideas of Nekhoroshev. They applied their results using normal forms with floating-point arithmetic
to establish that #*(I) was directionally quasi-convex, and then concluding that L, is Nekhoroshev
stable in the domain D.
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Remark 4. It is worth mentioning that the estimates claimed in Theorem 2 of [3] have not been
proved so far, and only very recently bounds for steep elliptic equilibria have appeared [4]. As
these estimates depend on the steepness indices, it is not immediate to apply them in our problem,
therefore we have preferred to use the ones of [3] in our comparisons.

For € D, |I(0)| < € and ¢ sufficiently small, two estimates were obtained in [3], namely,

I1(t)| < e/? for 0<t<exp(e/3) (5.1)
and

1(t)] < /2 for 0<t<exp(e/9). (5.2)

Several comparisons between our approach and that of [3], when w; is in the domain D, are in
order:

(i) According to Theorem 4, when w is associated to a Pythagorean triple in D, our confinement
bound for [I(t)| is of the same order €'/2 but our time estimate is longer, indeed of the order
of exp(e~1/2), whereas in (5.2) is exp(e~/).

(ii) When the vector o satisfies the Diophantine condition (2.2) and S = {0} the bounds obtained
using Theorem 4 are sharper than the ones of (5.2). Observe that in cases 2.(a) and 2.(b) of

Theorem 4 the confinement is of order €, whereas in (5.1) and (5.2) it is either of order €!/2

or €'/3. In fact, the order € is stated in the context of Nekhoroshev estimates only when the
3-jet is computed.

(iii) Under the usual Diophantine condition, in case 2.(c) of Theorem 4, the time estimate is better
than it is in (5.2), say exp(e /%) versus exp(e~1/9), for the same confinement of the solution,
that is €!/2, using only the normal form #*%, that is, without calculating higher-order terms.

When p € [u1, 2], Benettin et al. [3] calculated the normal form term H%(I) (with numerical
coefficients) as directional quasi-convexity does not hold in this interval. It was also checked
that the normal form of order eight could be computed excepting the values (i1 30), £(0,3,1) and
K(3,3,—2)- They also proved that HO(I) was steep except at u3. More specifically, they determined
when H® was non-degenerate, in other words, under which conditions the unique solution of
Ha(I) = Ha(I) = He(I) = 0 was I = 0. To simplify the calculations, it was also required in [3] that
the restriction of the Hessian matrix of Hy, say A, to the plane orthogonal to w is nonsingular, in
other words if w-I =0, AT = 0 then I = 0. Then, excluding the aforementioned values, steepness
(and Nekhoroshev stability) was concluded in [u1, u2] and the estimates were as follows.

For p1 € [p1, pa] \ {1(3,3,-2), 1(1,3,0) 13, 1(0,3,1) }» 11(0)| < € and € small enough:
[I(t)| <e for 0<t<exp(e1/20). (5.3)

The cases p(33 2, 1(0,3,1) Were excluded from the estimates (5.3) because, although for both cases
He depends only on the actions, the corresponding Hg contains resonant terms, and the above
bounds require that H® depend only on 1.

In the interval [u1, uo] we stress the following points of our approach:

(i) For € [p1, 2] \ {#4(3,3,—2), H(1,3,0)5 13, H(0,3,1)}, When o satisfies (2.2), and such that the
frequencies leading to Pythagorean triples are excluded, the time estimates of Theorem 4
obtained through H* are better than the ones in (5.3) deduced from H%. Nevertheless, the
confinement of the actions obtained in [3] is sharper, excepting when S = {0}, as then both
are of the same order.
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(ii) The case of the Pythagorean triples for u € (u1, 12) is a pending issue in our analysis. What
happens is that H4 changes sign in S and then, we cannot conclude Lie stability. According
to (B) in Theorem 1, computing higher-order terms in the normal form would not lead to a
sign-definite formal integral. From [3] (and from our own analysis) we know that Hg is steep
for all Pythagorean triples, thus bounds for the solution are provided. Although steepness
does not imply stability, if instability holds, the diffusion mechanism would be very slow.

(iii) Case pu(3 3,9 is Lie stable, as it belongs to (b2) in section 3. Case p (g 3,1y is also Lie stable, as
it belongs to (bs3) in section 3. Corollary 1 gives asymptotic estimates in both cases. However
they cannot be studied from the point of view of Nekhoroshev theory.

(iv) Cases p(1,3,0) and 120y do not satisfy the necessary conditions leading to Nekhoroshev
stability, but they are already known to be unstable.

The case p3 corresponds to a degenerate 3-jet. So, when applying Nekhoroshev techniques, one
needs to pursue the calculations to get the 4-jet, that is, H®(I). Moreover, one has to take into
account that for r-jets with r > 3 additional conditions apart from the non-degeneracy of the jet are
needed to ensure steepness. This case was studied by Schirinzi and Guzzo in 2015 [27], establishing
Nekhoroshev stability for @ = ps. It should be noticed that their normal form calculations were
performed using floating-point arithmetic. However, the related asymptotic estimates have not been
determined so far.

Trying to get the value p3 from our normal form H® we notice that the corresponding 3-jet
becomes zero for pus but then the associated Is < 0. More precisely, in our analysis p3 does not

appear as a special value and Lie stability is accomplished without the need of analysing H°. The
value us =~ 0.014780913055963 is in correspondence through (1.3) with the value w; lying in the
interval (w?,w{ ) obtained as the square root of a root of the polynomial of degree 52 given by

Z?io c;x' whose coefficients are given in Table 3 of the Appendix. By applying the rational root
test we have proved that the value of w; related to ug is irrational and the same is true with the
corresponding we. Therefore this situation is a specific example of (b1) in section 3.

We do the following considerations regarding ps:

(i) For us the equilibrium is Lie stable and time estimates are given in Corollary 1. This
conclusion is obtained just from the analysis of H*.

(ii) The calculations we have performed in order to achieve Lie stability use symbolic arithmetic.

We have carried out the computations up to order 4, that is, determining H®(I), although
for our analysis only order 2 is required, excepting for the explicit calculation of us. The
computations are valid disregarding the resonances that appear in the generating functions
and that we have treated separately.

It is not straightforward to compare our asymptotic estimates with those obtained in [3] and
other references, but in general our bounds are sharper than those accomplished with the use of
Nekhoroshev theory with low order normal forms. For instance, using H* in the Lie stable cases
where dim S = 2 our time estimate is of the order exp(£e~/2), which is not obtained applying
Nekhoroshev theory. Moreover, the exponent of ¢! in the time estimates never exceeds 1/6, while
in [3] it can be 1/20, as we have seen before. Sharper bounds could be obtained in the setting of
Nekhoroshev theory by computing higher-order normal forms, see for instance [3, 26|, and references
therein.

Finally we point out a couple of considerations related to our estimates:
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(i) It would be desirable to drop, or at least to relax, the Diophantine condition in Theorem 2,
but so far it is not possible since it is an essential requirement for estimating the bounds for
formal integrals in [9]. Sometimes given a non-resonant vector o it is not straightforward to
deduce whether it is Diophantine or Liouville, although it is a well-known fact that for a fixed
v the Lebesgue measure of the set of vectors o € R? that does not satisfy the Diophantine
condition for any ¢ > 0 is zero. In cases of Liouville vectors o we make use of Benettin et al.’s
bounds given in (5.1) and (5.2). In this context, perhaps we could apply Lochak’s method
of averaging [18] by analysing the neighbourhoods of periodic solutions of the unperturbed
system, see reference [26], dropping therefore the need of using condition (2.2).

(ii) In case (b1) it could happen that the frequency vector o = (01, 02, 03) be Diophantine. If this
occurs the best time estimates are of doubly exponential character, see [5].

In Fig. 1 we adapt Fig. 1 from [3] to collect known results about the stability of Ly.

Directionally 3-jet Directionally Directionally
quasi-convex non degenerate  quasi-convex quasi-convex
A AN N 7\
g V \/ \7” - \
Formally Formally Formally
stable stable stable
A N A
1 Y & 1 x 5 Y N
I 1 T § 1 >
O H1 | I /‘1’2 M(l,Q.O) IR
unstable Formally
,Ur(3.3’_2) ,U(O.B.l) stable
H(1,3,0)
unstable
3
steep

Fig. 1. Type of stability of the Lagrangian points depending on p in the spatial case.

6. KAM TORI

In this section we prove the existence of 3-dimensional KAM tori and quasi-periodic motions
encasing the equilibrium point L4 of the Hamiltonian system related to (1.1) at each energy
level. This is indeed Markeev’s analysis performed in [20]. For our purpose we apply the classical
theorem by Kolmogorov, Arnold and Moser in its isoenergetic version, see, for instance [1]. Thus,
an isoenergetic nondegeneracy condition has to be satisfied. More precisely, we get

o o
by o2 o | w? (w% — 1) dy
= = 6 3 3 3 37
6(;4 0 559872 (1 — 2w?)” (w? — 4)” (w? + 3)” (5w? — 4)” (5w? — 1)
where

dy = —856968120000w3? + 6855744960000w30 — 12012443413200w?® — 35888432907600w?
+156438442275660w?* — 160144630175160w?? + 31637715760125w2°
—362513394226125w1i% + 1355837182686882wi¢ — 2073003173172738w 4
+1782670403156769w1? — 952761177324729w10 + 327497353333812w5
—74195783114400w¢ + 11875034325888w  — 1435874045184w? + 95785141248.
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dy(w1)
4x1010}
3x1010 -
2><10‘0}
1x1010;
- ‘:““““““““““““wl
T80 085 0.90 0.95 1.00

Fig. 2. Graph of the curve d4(w1).

Note that the function dy = dy4(w1) is null only when wy = 2/v/5, i.e., u = 1(1,2,0), see Fig. 2.

Thus, Dy does not vanish for wy € (1/v/2,1)\ {2/v/5}. Even in the situations where we do not
know if Lie stability holds, that is, the ones corresponding with Pythagorean triples such that
W€ (1, 12), Dy is different from zero.

We establish the following result.

Theorem 5. For p € (0, ur) \ {#(1,2,0)5 4(1,3,0)}, most of the invariant 3-tori corresponding to the

term H* derived from the Hamiltonian system related to (1.1) will persist slightly deformed for any
sufficiently small perturbation of them, that is, for the full system. Moreover, the Lebesgue measure
of the complement of the set of tori tends to zero when the perturbation is small. More precisely,
the invariant tori form a majority on each energy-level manifold. The measure of the complement
of the invariant tori that remain is of the order O(e'/*) and can be refined to O(e=3)/%) when the
frequency vector w does not satisfy resonance relations of order I with [ < 4.

Remark 5. We have also applied Han-Li-Yi’s Theorem [15] dropping the isoenergetic condition.
In this way we have obtained invariant 3-tori and quasiperiodic motions for the full Hamiltonian of
the spatial circular restricted three body problem (1.1) in the situations where it can be expressed
as Ho(I) + 2H4(I) + O(e*). Around Ly, this is possible after introducing a stretching of coordinates
as we have done in the course of the paper, discarding the two unstable cases, for a sufficiently small
e > 0. Specifically there are families of invariant 3-tori enclosing the equilibrium point L4. These
invariant tori form a majority in the sense that the measure of the complement of their union is of
the order O(£°) with a fixed value of & such that 0 < § < 1/5. The invariant tori are organised in
Cantor families that depend on the parameter p.

Notice that the application of Han-Li-Yi’s Theorem for high-order proper degeneracy yields
similar results to the ones obtained through Thereom 5. Indeed, according to Han et al., the
measure of the tori that do not remain after the perturbation can be refined pushing the normal
form computation to higher orders in case that resonant terms are not encountered, analogously
as in Theorem 5.

APPENDIX

We include two tables containing the single resonant cases up to |k|; = 8. Table 1 accounts for
the case of dim S = 0. For the case of dim S = 1, see Table 2.

In Table 3 we give the coeflicients of the polynomial p3 comes from as a root.
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k Fl F2 g = (0'1,0'2) Case

(2,2,—1) I, — 1 I + 215

(3,2,—1) |3I, —2I|I; + 313

(3,1,-2) |3, — I, |2I; +3I3

(2,3,—1) |2I, — 31, |I; + 215

(1,-3,-2)|31 + Iz |21 + I3

(4,0,-3) | 3L + 413

(3,3,-1) |L—1 |I+3I;

(1,—4,-2) |4, + I, |21, + I

(4,3,—1) |4I, — 31, |I; + AL

(4,1,-3) |4l — I, |31, + 414

(3,4, —1) |3, — 4|, + 315

(3,3,-2) |I, — I, |21 +3I;

(2,5,—1) |2I, — 51 |I; + 213

(1,—4, —3) 41, + Iy |31, + I3

(
(
(
(
(
(
(=
(2,4,—1) |Ih — 20, |I) + 21 (24@,%) (b2)
(
(
(
(
(
(
(

(1,-5,-2) |50 + In |21 + I (MQ (b2)

Table 1. Resonance vector, first integrals and vector ¢ in cases of dim.S = 0. Hamiltonian Hy =
01F) + 09 F5. In the situation (bq), k ¢ K.
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k o I o= (01,092) Case
(0.2.1)|1; L—20y |(4,-1) (bs)
(0,3,1) |1 Iy — 313 (%7 —%> (b3)
(2,3,0) |31, — 21| I (1) (b)
(0,4,1)|, I, — 4l (% —i) (bs)
(0,3,2)|1, oL, — 31, (75 _g) (b3)
(1,5,0)[51, — I, |1y (1) (b)
0,5,1)| 1, I — 514 (2?6 —é) (b3)
(2,5,0)|51, — 215 | I (1) (b)
(2,4,1)|21, — I, |I, — 21 (2%@, -1 (b2)
(1,6,0) |61 — I, |Is (1) (b)
(1,4,2) |41, — I, |21, — I (Vﬁﬁm (b2)
(0,6,1) 1 Iy — 613 (%7 —%> (bs)
(0,5,2) |1, 21, — 51 (%,—%) (b3)
(3,5,0)|51, — 3L | I (ﬁ1> (b2)
(2,5,1)|55 — 2| I — 285 | (41,4 (b)
(1,7,0)|70 — Iy |1y (s5:1) (b)
(1,5,2) |51, — I, |21, — I (1036@, —1) (b2)
0,7,1)| 1, I — 74 (Lf —%) (b3)

Table 2. Resonance vector, first integrals and vector ¢ in cases of dim S = 1. Hamiltonian Hs =
o1F1 + 02 Fy. In the situation corresponding to (b2), k € K.
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