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Abstract

We develop the 3D generalization of the planar analytical theory presented in
(Gaitanas et al., 2024), which deals with states slightly perturbed from the exact
‘single-synchronous equilibrium state’ (SSES) of the full two-body problem. The
SSES corresponds to two non-spherical gravitationally interacting bodies, settled
in nearly circular relative orbit, with rotation axes normal to the orbital plane,
rapid rotation of the primary and synchronous rotation of the secondary. In the
present paper we remove all simplifying assumptions of our previous work (Gai-
tanas et al., 2024), and show how to compute analytical solutions describing a
3-dimensional perturbation of the system from the SSES in the framework of two
distinct theories, called ‘linear’ and ‘nonlinear’. Linear theory stems from averag-
ing the equations of motion over the primary’s rapid rotation angle. This maps
the SSES to an equilibrium point of the averaged system, around which analyt-
ical solutions can be computed by linearization of the equations of motion. In
nonlinear theory, instead, we compute a high order normal form for the Hamil-
tonian of motion through a sequence of canonical transformations in the form of
series. Resonances between the basic system’s frequencies appear in the nonlinear
theory as small divisors. We show that, close to resonances, the nonlinear theory
leads to a partially integrable model, sufficient to analytically describe the evo-
lution of the relative orbit, but only of some of the Euler angles of the system.



As a basic application, we compute analytical solutions representing various pos-
sible Didymos-Dimorphos post-impact orbital and rotational states. In this case,
all analytical formulas here proposed are of direct utility in fitting algorithms
exploiting available time series of post-impact observational data.

Keywords: binary asteroid, kinetic impactor, dynamical evolution, canonical
perturbation theory

1 Introduction

The present paper generalizes in three dimensions the methods and results discussed
in our previous work (Gaitanas et al., 2024), referring to the analytical study, in the
planar case, of the orbital and rotational dynamics in a system of two non-spherical
bodies interacting through gravitational forces. Our focus is on the case when the sys-
tem gets ‘perturbed’ (by natural or artificial causes) with respect to a basic equilibrium
state, hereafter referred to as the ‘single synchronous equilibrium state’ (SSES).

The SSES and nearby states are among the most frequently occurring endstates in
astronomical applications of the full two-body problem. Leading examples are planets
with a satellite (e.g. Earth-Moon), or binary asteroids with a secondary in synchronous
rotation. In the context of the present paper we adopt the following four requirements
of definition of an exact SSES: (i) the primary (more massive) body rotates rapidly
with respect to the orbital period of the companion and has axisymmetric (typically
oblate) shape, (ii) the secondary is triaxial and rotates synchronously with the orbit,
(iii) the rotation axes of both bodies are normal to the orbital plane, (iv) the relative
orbit is circular.

By ‘perturbation’ to the SSES we mean a small variation of any of the above
conditions (i) to (iv). Such variations can be caused by altering one or more of the
system’s parameters with respect to a parameter set for which the SSES exists, or by
assuming a small variation in the orbital or rotational state of the system with respect
to an initial SSES. Here, as in Gaitanas et al. (2024), we focus on a main example
of current interest, namely the change of the dynamical state of the binary asteroid
system 65803 Didymos after its impact with DART. In this example, the ‘perturbation’
consists in that condition (i) is not precisely fulfilled (the primary is triaxial), while
conditions (iii) and (iv) are no longer fulfilled after the impact.

We call the perturbation ‘planar’ if the vectors of the orbital and spin angular
momenta of the two bodies undergo no change in orientation in the perturbed state,
respective to the considered exact SSES (condition (iii) maintained). Planar pertur-
bations were the subject of our previous paper, in which we developed two kinds of
analytical theories, called ‘linear’and ‘nonlinear’, to describe the evolution of all gen-
eralized coordinates of the problem in the perturbed state, given the latter’s initial
conditions. In the Hamiltonian context, the planar problem has four degrees of free-
dom (length and azimuth of the relative orbit’s radius vector, and one Euler angle per
body). Averaging over the fast rotation of the primary, and exploring the invariance of
the total angular momentum, the number of degrees of freedom can be reduced to two.



In the present paper we deal with the same problem in three dimensions. We now
have nine degrees of freedom, the coordinates (Xg, Yr, Zr) of the relative radius vec-
tor, and three angles (for example the ‘roll-pitch-yaw’ angles) per body. By reduction
to the relative rotation angles (see Maciejewski (1995)) the number of degrees of free-
dom can be reduced to six. However, in what follows we avoid making this reduction,
since it leads to cumbersome formulas in what regards the application of perturbation
theory, while our perturbative scheme based on canonical transformations guarantees
invariance of the non-reduced system in all three components of the total angular
momentum at any order of perturbation theory. Averaging with respect to the pri-
mary’s fast rotation is only required in the theory called below ‘linear’: in the averaged
system the primary’s effect is virtually reduced to that of an axisymmetric body, for
which the SSES is mathematically represented as an equilibrium point. We then com-
pute approximative analytical solutions for initial conditions near this point through
the linearized equations of motion. No simplifications are made, instead, in nonlin-
ear theory, which yields analytical (series) solutions in time for all nine generalized
coordinates of the problem as a function of the initial conditions.

To outline the key steps in our theories, after stating the mathematical formulation
of the problem in Section 2, we initially develop linear perturbation theory (Section
3). If the primary has triaxial shape, our adopted definition of the SSES is not strictly
fulfilled (condition (i) is violated). However, by ‘scissor’-averaging the Hamiltonian
with respect to the fast-rotating angle of the primary, we effectively recover a SSES
as equilibrium point of the averaged Hamiltonian. Physically, the process of averaging
mimics the effect of approximating the shape of the primary as axisymmetric by
rotation. Nonetheless, the information on the primary’s true triaxial shape is retained
in the solutions obtained by linear theory after averaging, since the variational matrix
of the linearized equations of motion around the equilibrium depends on the values of
all three primary’s principal moments of inertia. In summary, we give below the linear
solution in explicit form, i.e., by a set of formulas exhibiting explicit dependence on
all the physical parameters of the problem.

In Section 4, a more precise, nonlinear theory is developed through series obtained
by the method of the Lie canonical transformations. In this we implement a ‘book-
keeping’ method introduced in Efthymiopoulos (2011). A key difference between the
two theories is that the nonlinear theory is based on expansions taken not with respect
to the SSES of the averaged problem, but around a basic state of spherical rotating
bodies in Keplerian orbit. The latter turns to be a mathematically more convenient
starting point for nonlinear series expansions. On the other hand, SSES-like equilib-
rium states of the normalized equations of motion are recovered by this approach ‘on
the go’, i.e., computed by iteration of the normal form algorithm, together with their
nearby perturbed states.

In Section 5 we apply the above theories to the Didymos-Dimorphos problem, thus
obtaining 3D analytical solutions for the post-impact spin-orbit state of the system
under the assumption that the impactor’s velocity vector is slightly inclined with
respect to the pre-impact orbital plane. The momentum enhancement parameter (3,
which encapsulates ejecta-related effects (see Rivkin et al. (2021)), remains central
to our analysis of this problem: § appears symbolically in all equations of motion



and all obtained analytical solutions. As a result, the formulas presented below are
of direct utility as entry data in algorithms seeking to compute a best-fit value for (3,
or of the orbital and rotational parameters of the system post-impact, on the basis
of detailed time-series observations. In the case of the Didymos system, one of the
effects observed numerically even by mild excitations of the system around a starting
SSES is the destabilization of the roll and pitch angles, which, for our assumed bodies’
physical and collision parameters, are found to enter into chaotic motion after impact
with DART for a value of 8 beyond § 2 3.6. Since estimates from Earth observations
render such a state a real possibility, we here pay some attention to it. Section 5 makes
a comparison of the analytical with the numerical solutions for the post-impact state
of Didymos-Dimorphos under various assumptions on the value of # and on the mass
and ellipsoidal axial ratios of the secondary. From these comparisons we find that the
onset of this partially chaotic regime is connected with a particular set of resonances
between the basic orbital and librational frequencies of the problem (Agrusa et al.
(2021)). The instability marginally affects the relative orbit, which can be described
very accurately as a Keplerian ellipse with precessing longitudes of the pericenter and
of the nodes, with the nodal line taken as the line of intersection of the two orbital
planes before and after the impact. Fixing the orbit by an ad hoc model of (precessing)
Keplerian ellipse, we can derive two separate restricted spin-orbit problems (one for
the primary and another for the secondary) which approximate the full problem. Then,
we show that the instability in the secondary’s rotational state observed under the full
problem corresponds to a parametric resonance observed in the respective restricted
problem.

Notwithstanding our particular interest in the Didymos-DART problem, we stress
that the analytical theories here presented are generic, i.e., applicable to any two-body
system of astronomical or astrodynamical interest settled close to single-synchronous
equilibrium state. Section 6 summarizes, in respect, our main results and conclusions.

2 Problem statement and equations of motion

2.1 Coordinate system

We consider two rigid bodies Bj, Bs in space, of masses My, My, under their mutual
gravitational influence, as depicted in Figure 1. We assume M; > Ms and call B; the
‘primary’ and By the ‘secondary’. Both bodies are allowed arbitrary rotation, described
relative to their principal axes of inertia. We adopt the Tait-Bryan angle set 1-2-3
(commonly referred to as Euler angles, i.e. roll, pitch, yaw) for each body, denoted
hereafter by the symbols 6;5,6;y,0;., ¢ = 1,2, where the indices (z,y, z) respectively
refer to each body’s long, intermediate, and short principal axis of inertia. For the
description of the relative orbit we employ cylindrical coordinates (r, 8, z) such that the
relative position vector R with origin at the center of mass of the primary and endpoint
at the center of mass of the secondary has relative coordinates R = (Xg, Yg, Zr) with
Xg =rcos, Ygp = rsinf, Zg = z. Assuming an inertial reference frame O(XY Z7)
with origin at the center of mass of the system we recover the barycentric radius
vectors Ry = OBy, Ry = OB; through the relations Ry = —MyR/(M; + M),
Ry = M 1R/(My + Ms).



Fig. 1 Coordinate system setup of the F2BP. Both bodies can move along 3 directions and spin
around 3 axes, while gravitationally interacting.

The bodies’ gravitational interaction is expressed through a ‘second-moment’
approximation of the mutual potential function (Scheeres (2009))
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where G is the gravitational constant, A; is the rotation matrix of the body B; around
its center of mass and I, = diag(liz, Liy, I;.), with I, < I, < I,, is the (constant)
inertia matrix of the body B, expressed in its own solidal frame. In terms of the Euler
angles 0;,,6;, and 6;,, the matrix A; is expressed as

where ~ _
cosf;, —sinf;, 0
A;, = |sinf;, cosf;,, 0 (3)
| 0 0 1]
[ cos 0iy 0 sin Qiy—
Ay = 0 1 0 (4)
| —sinf;y, 0 cosb;y |
1 0 0
A, = |0 cosb;, —sinb;, (5)
10 sinf, cosb, |

are the matrices corresponding to rotations about the bodies solidal axes z, y, and =
respectively.



For dynamical states close to the SESS (see below), the solidal z—axis of both
bodies remains always nearly normal to the orbital plane. It then turns convenient to
replace the generalized coordinates 6;, (yaw angles) in the equations of motion with
the ‘relative yaw angles’ ¢;, ¢ = 1,2 given by

¢i =0, —0 . (6)

When the coordinate z of the relative orbit, as well as all four angles 0;, 6;,, are small
quantities, the angles ¢; become nearly equal (with an error of second order in the
small quantities) to the geometrical angles formed between the lines containing the
relative radius vector R and each of the bodies’ major inertial axis z;.

2.2 Hamiltonian

For our study, we employ the Hamiltonian formalism. The total kinetic energy of the
system is

1 1 1
T:§mv-v+§w1~11-w1+§w2'12'w2 ) (7)
where MM
12
m=——<_ 8
TR T (8)

is the reduced mass of the binary,
) 7cos® — rfsinf
v=R= |rsinf + rfcosd 9)
z
is the linear mutual velocity vector in the cylindrical coordinates and w; is the angular
velocity of B;, expressed in the corresponding body frame. Denoting 8; = (0,5, 6y, 0:2),
for ¢ = 1,2, and using the formula
éir — éz’z sin gzy
w;i(0i,0;) = |0y cosb;y + 0, cos by, sin b, , (10)

0; cos 04 cos 0y — 04y sin 0,

the Lagrangian is expressed in terms of the generalized coordinates and velocities
(R,01,02,R,01,0) as

L=T(R,0.,05,R 0,,0,)—V(R,0,,0,) , (11)
from which we derive the Hamiltonian

H = ip, +0pg + 2p- +012p6,, + O1yPoy, + 0106, + 02065, +O2ypo,, +dops, — L . (12)



where
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are the canonical momenta, corresponding to the Hamiltonian (12). The
functional form of H(gq,p), with q = (1,0,2,012,61y,01,02:,024,02), P =
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with the potential V' given as
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Note that, Hamilton’s equations for the canonical pair (6, py) read

1

mr?

9.:

(pG — D¢y _p¢2)7 pe =0 . (15)

The second of the above equations comes from the fact that the gravitational interac-
tion between the bodies depends only on the relative angles ¢;, hence 6 is ignorable,
and it expresses the conservation of the total angular momentum magnitude of the
system, equal in modulus to pg. Note also that by the chosen set of Euler angles, the
Hamiltonian (14) exhibits a virtual singularity when the pitch angle becomes equal to
iy = km £ /2, k € Z. However, our perturbation theories below provide analytical
expressions valid around the state 6;, = 0, i.e., ‘far’ from the singularity.

2.3 Single-synchronous equilibrium state

Assume a binary system with axisymmetric primary I, = Iy = I,. We can readily
show that, for any observed value of the primary’s spin frequency vy s, and of the
system’s orbital period Ty ops = 27/vg,0bs, Hamilton’s equations under the Hamilto-
nian (14) admit the following exact solution, called the ‘single-synchronous equilibrium
state’ (SSES):

r(t) = Teq, z(t) =0, 0(t) = 0(to) + vo,ops(t — o),
01.(t) =0, 014(t) =0, $1(t) = ¢1(to) + (V1,005 — Vo,00s) (t — to),
025 (t) = 0, B2y (t) = 0, ¢a(t) =0, (16)
pr(t) =0, p-(t) =0, Po(t) = Po,eq = (Tm‘zq + I92)V9 obs + L1211 obss
oy, (t) =0, Poy, (1) =0, pg, (t) = Pgy,eq = V1005112,
o, (t) =0, D0, (1) =0, Dy, (t) = Piy,eq = V0,005 125



Xr

Single synchronous equilibrium state

SSES by rotation

Fig. 2 Top: schematic representation of the SSES. The primary has two of its principal axes lying in
the orbital plane and rotates around its third principal axis with spin frequency equal to ¢1 +6 = v;.
The relative orbit is circular, with frequency 6 = vp. Bottom: an SSES created ‘by rotation’, i.e., by
averaging the Hamiltonian (14) with respect to the ‘fast’ angle ¢;.

In Eq. (16), 6(to), ¢1(to) are arbitrary initial conditions, while re, is the positive
algebraic root of the equation (Scheeres (2009))

G(My + My) 3 (L,—1, 2l + I+ 1o
obs — 1 s 17
V6,0 \/ T3, + 2r2, M,y + Moy (7

closest to the Keplerian estimate 7eq ™ Teq rep = [G(M1 + My)]|Y/3/ 1/92/032,5. Physically,

the system’s relative orbit is circular at radius r = r., with uniform angular frequency
Vg obs (see Fig. 2, top panel).

Consider, now, the case in which the primary body is triaxial I1, # I1,. Strictly,
an SSES of the form of Eq. (16) does not exist for Hamilton’s equations under the



Adopted preimpact state, Parameter set 1
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Fig. 3 Our adopted pre-impact kinetic state of the binary system 65803 Didymos. The functions
r(t),0(t), z(t) (upper row), 014(t), 01y (t), $1(t) (mid row) and 024 (t), 024 (t), p2(t) (lower row) are
numerically integrated in time for G = 0.0864989, M; = 5.150418, M2 = 0.0392693, I;, = 0.260108,
Iy = 0.267618, I, = 0.337960, I, = 8.20454 - 1073, I, = 8.88782 - 1075, I, = 1.1899 - 1074,
which we refer to as ‘parameter set 1’ in Section 5. The units of measurement are in [hr], [km], [kg*],
where 1 [kg*] = 10! [kg]. The system is very close to an exact SSES.

full Hamiltonian (14). However, we readily find that an SSES still can be defined for
Hamilton’s equations in all nine degrees of freedom under the averaged Hamiltonian

1 2m

Havg(raZaelza61y7921702y7¢2> = % H(T, Z761I)01y7¢17021‘762y7¢2)d¢1 . (18)
0

The equilibrium is given by the same formulas as in Eq. (16), with the equilibrium
radius r., now given as the root of

G(M; + Mo 3 (25, — Ty — Ty | =2l + Iy + Do,
Vg 0bs = ( qu—) |:1 + @( 2M1 Y + ng >:| ’ (19>
which closely follows the formulation of Scheeres (2009) in Eq. (17), extended here to
the triaxial case where I, # I14, but for the SSES case. Physically, the averaging of
Eq. (18) mimics approximating the triaxial primary as axisymmetric by rotation, yet
it remains more general than directly setting I, = Iy = I, = (I + I1y)/2, since
both I, and Iy, are kept as symbolic parameters in the averaged Hamiltonian (see
Fig. 2, bottom panel).

Numerically, we find that the SSES recovered by averaging the equations of motion
with respect to ¢, is justified if the primary is a fast rotator vy ops > Vg 0bs, and the
ratio I, /I, is a number of the order of unity. As an example consider the orbit of the

10



65803 Didymos system prior to DART impact, with initial conditions at tg = 0 equal
to those corresponding to Eq. (16) and 7., computed through Eq. (19). Fig. 3 shows
the result in time of the numerical integration of the equations of motion under the
exact Hamiltonian (14), with physical parameters as in the caption of the figure, and
estimated observed values vg obs = 27/T obs, Lo,0rb = 11.92149 [hr], 11 ops = 27/T1 obs,
Ty obs = 2.26 [hr] and rops = 1.18 [km]. As shown in Fig. 3, the SSES is reproduced by
the real pre-impact observed motion of the system except for a fluctuation of about one
meter with respect to the equilibrium radius, and a small libration of the angle ¢5 of
about 0.15 degrees amplitude with respect to the exact alignment of the SSES. Note,
finally, that the non-planar degrees of freedom (z,0:15,01y, 024, 02,) satisfy the SSES
condition exactly. This occurs because the assumed potential (of second multipole
order) preserves any initial planar symmetry by confining forces strictly to the z — y
plane and torques to the z—axis. In contrast, a potential of higher multipole order,
along with the influence of possible shape irregularities, would introduce a coupling of
in-plane and out-of-plane motions, thereby rendering the SSES approximate for the
out-of-plane degrees of freedom as well.

3 Linear perturbation theory

3.1 Linearized equations of motion around the SSES

The angle ¢; is ignorable in the averaged Hamiltonian (18), hence its conjugate
momentum pg, is a constant of motion of the flow under Hamilton’s equations of
H,ys, additional to the constant py. Consider the equilibrium solution of the SSES
type defined for a particular choice of parameters 11 = v1 obs, Vo = Vg,0bs a11d Teq given
by Eq. (19). The constant quantities pg = pg,cq and pg, = pg, eq With values as in Eq.
(16) can be considered as parameters in the Hamiltonian H,yg, effectively reducing
the latter to a Hamiltonian with seven degrees of freedom. In the so-reduced phase
space, Hamilton’s equations read

o OHa  OHuy
 Op, br= or

. 8Havg . _ aHavg
= Op. b= 0z

. O0H. 0H.

i .= avg . _ avg
! 8p911 pelm 891$
. OH, OH.

O, — vg . _ avg
Y Ope, T o0y, (20)
. OH, OH,

6 .= avg . _ _ avg
2 apezm p92z 862;5
. OH. 0H.

o, — PHave . Ollavg
2y ap02y p92y 892y
. OH,, . OH,
bo= NE = -

aqu)z a¢2
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Introducing a small disturbance to the SESS

7(t) = Teq + 0r(t) pr(t) = opr(1)
z(t) = 0z(1) p=(t) = p-(t)
010(t) = 0614(2) oy, (t) = 0pg,, (1)
O1y(t) = 661, (t) oy, (t) = 6pe,, () (21)
022 (t) = 302, (t) P05, (1) = 6pes, (t)
02y (t) = 662,(2) Po,, (1) = 0pa,, (1)
P2(t) = dpa(t) Do (1) = Do, + 0P2(t)

and linearizing the averaged equations of motion (20) around the equilibrium state,
leads to the linear system

£E=J-¢&, (22)
where
£= [5T7 02,6014, 5elya 6024, 5023:7 d¢2,0pr, 0p-, 6p01m ) 5p01ya 5}70% ) 5p02y ) (5]9(/)2] !
and the variational Jacobian matrix J has the structure
[0 0 0 0 0 0 0 juigO6 0 0 0 0 0 |
0 0 O 0 0 0 0 0 ji8 O 0 0 0 0
0 0 0 j3,4 0 0 0 0 0 j3’10 0 0 0 0
0 0 j4,3 0 0 0 0 0 0 0 j4’11 0 0 0
0 0 O 0 0 7556 0 0 0 0 0 Jsiz2 O 0
0 0 O 0 Jes O 0 0 O 0 0 0 Jeiz O
J— jra 00 0 0 0 0 0 O 0 0 0 0  Jria
jsg 0 0 0O 0O 0 0 0 0 0 0 0 0 —jm
0 joo 0O 0O 0 jogg O 0 O O 0 0 0 0
0 0 j10’3 0 0 0 0 0 0 0 _j4,3 0 0 0
0 0 0 jiua O 0 0 0 0 —j34a O 0 0 0
0 0 O 0 Ji2s O 0 0 O 0 0 0 —Jes O
0 jos O 0 0 Ji36 O 0 0 0 0 —Jjs¢ O 0
| 0 0 0 0 0 0 Juu7 0 O 0 0 0 0 0 |

The non-zero elements of the Jacobian, j, ., evaluated at the equilibrium point,
depend only on the chosen values of the system’s physical parameters and SSES. Their
mathematical form is provided in Appendix A.

The block structure of the Jacobian matrix J implies a natural decoupling of the
linearized equations of motion (22) in three non-interacting subsystems, namely: i) the
(planar) variables (67, dd2, 0pr, Opy, ), are grouped together into a 4x4 linear subsystem,
ii) the (non-planar) variables (02, 002;, 002y, 0p., dpg,, , 0pe,, ) form a 6x6 linear subsys-
tem, and iii) the primary’s (non-planar) orientation variables (661,361, dp, ., ope,,)

12



form a 4x4 linear subsystem. We have

or J1,80Dr
5{?2 _ | J7207 + j7.140pg, (23)
opr J8.10m — j7.10pg,
Do J14,7002
[0z ] [ J1,80D- 1
662, J5,6002y + j5,120p0,,
59:2.1, _ J6,5002 + J6,130D6,, (24)
op. J0,202 + jo,6002y
5po,., J12,50022 — J6,50Dg,,
_519.9%_ | 79,602 + j13,6002y — J5,60D0,, |
661, J3,4001y + j3,100p0,,
59:131 _ J4,30012 + j1,110pg,, (25)
opo,., J10,30012 — j4,30pg,,
po,, 11,4001 — J3,40D0,,

Note that the above block structure can be understood substituting Egs. (21) to the

system of Hamilton’s equations under the full (non-averaged) equations of motion (14)
and expanding up to terms of second degree in the small disturbance. As regards the
primary body, we then find that the expanded Hamiltonian contains: leading terms
involving pairs of variables within the set (001,661, dpe,,,dps,,) that are quadratic
(class (i)), pairs involving the variable 6z and one of the variables in the previous
set (class (ii)). However, the pairs of class (i) come from the linearization of the
torque-free Euler’s equations for the primary body, hence they are not related to the
averaging process. On the other hand, the pairs of class (ii) are spin-orbit terms with
coeflicients depending trigonometrically on the fast angle ¢, and hence vanishing after
the averaging. The same 2 classes of terms appear also for the variables describing the
secondary, but the class (ii) terms are not averaged out due to libration. In physical
terms, this difference represents the difference between the primary (fast rotator in
1) and secondary (librator in ¢5). Finally, the decoupling of the linear block (23)
from the rest of the linearized equations of motion represents the fact that the problem
is assumed to remain essentially planar, i.e., all off-plane disturbances are considered
small quantities.

3.2 Solution of the linearized system

The 4x4 subsystem of equation (23) is identical to the linear system discussed in
Gaitanas et al. (2024) when I, = I, = I, (primary axisymmetric). If, instead,
(Iy # Ihy), the entries j, ., depend on both I, and I ,, and hence the general
solution resumes a slightly different form. The subsystem (23) has the characteristic
polynomial

Pi(A) = M +uad? + g (26)
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with parameters ug, us whose explicit form is given in the Appendix B. The roots are
A1,2 = Fiwi, A3,4 = Fiwg, where

ug £ \/us — 4ug
w12 = \/i .

Taking into account the inequalities I;, < I;y < I;,, i = 1,2, and by a leading term
expression of the coefficients ug, ug in the small quantities My /M, as well as Iim/mrfq,
I;y /mrgq, I /mrgq, we find that wq,ws are real and positive, hence they represent
the fundamental set of linear frequencies of libration around the SSES for planar
perturbations. For a generic initial perturbation £(0), we obtain the general solution

of the 4x4 system in the form

(27)

2
or(t) = E Cr. 1o (w1, w2; €(0)) cos (wit) + Sr k (w1, w2; €(0)) sin (wgt)
k=1

2
dpo(t) = Z Coy (w1, w2;€(0)) cos (wit) + Se, 1 (w1, we; €(0)) sin (wit)
k=1
) (28)
pe(t) =Y Cp, i(wr,w2; £(0)) cos (wit) + Sy, k(wr, wa; £(0)) sin (wit)
k=1

2
Ipg, (t) = Z Cpy, (W1, w25 €(0)) cos (wit) + Sp,, (w1, w2; €(0)) sin (wit) ,
k=1

where the coefficients C,. i, Sy, etc. depend on the the eigenvectors of the 4x4 subma-
trix of the system. Generic explicit expressions for these coeflicients are cumbersome
to obtain. However, they obtain a simple form in particular cases, such as the case
of an oblique DART-like impact in the secondary asteroid in the case of the system
65803 Didymos (see Subsection 5.2.1).

Next, we examine the 6x6 linear subsystem (24), which introduces a cou-
pling of only off-plane coordinates and momenta (62, 302, 002, 0p-, 6ps,, , 0ps,, ). The
corresponding characteristic polynomial has the form

PQ()\) = )\6 + V4>\4 + V2)\2 + Vo . (29)

Its roots are A5 ¢ = Fiws, A7.8 = Fiws and Ag 10 = Fiws, where

\/_22/3’{1/3 + 2V4 _ 24/3(;?/\732+VZ)
B V6

Wws (30)

\/22/3(1 + V)KL 4 Ay, — ZLUIVIEveovi)
2v/3

(31)

Wy =
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B \/22/3(1 _ 7:\/3):“61/3 + 4V4 _ 24/3(1+i’\£§/£(3V27v2)

Explicit expressions for the polynomial’s coefficients vg, va, v4, along with the param-
eter x, are given in the Appendix B. Again, by a leading terms analysis in the small
quantities My /My, Iy /mr?,, Liy/mr?,, Ii./mr?,, we find that ws, ws, and ws are real
and positive, hence they represent the fundamental set of linear frequencies of the
off-plane librations of the secondary around the SSES. For a generic initial perturba-
tion £€(0), the corresponding linear solution can be expressed in terms of the cosines
and sines cos(wgt), sin(wgt), k = 3,4, 5, with amplitudes C, x, S, i, etc., similar as in
Eq. (28) for the planar perturbations. Explicit expressions in the case of a DART-like
perturbation are deferred to Subsection 5.2.1.

The final 4x4 subsystem (25) contains a coupling only in the variables
(012,014, Do, Po,, ), Which correspond to the angular motion of the primary body. The
characteristic polynomial has the form

w

(32)

Ps(\) = M 4+ wod? +wo (33)

with explicit expressions for the coefficients wg, wo given in the Appendix B. The
polynomial’s roots are A1q,12 = Fiwg, A13,14 = Fiwy, and the two linear frequencies,

are
\/WQ + \/W% — 4wy
Wwe,7 = \@ .

As before, the generic solution can be expressed in terms of the cosines and
sines cos(wyt), sin(wit), & = 6,7. Explicit expressions in the case of a DART-like
perturbation are again deferred to Subsection 5.2.1.

(34)

4 Nonlinear perturbation theory

The linear theory developed in the previous section yields a good first approximation
to the librational dynamics of the secondary. However, as shown by numerical examples
in the next section, the linear theory fails to encapsulate several relevant effects on the
dynamics, which manifest themselves when i) the amplitudes of librations are large,
and/or ii) the system approaches a resonance condition between the fundamental
frequencies of the system. In the present section, we develop a nonlinear perturbation
theory based on a Hamiltonian normal form. Our treatment is similar as in Gaitanas
et al. (2024), but extended to three dimensions. In particular, our series are based on
a non-resonant normal form, which yields some approximate integrals of motion. Far
from resonances, we check the accuracy of the method by quantifying the variations of
these integrals. Close to resonances, the method partially fails, but we still find that
the series are able to partially describe a subset of librational degrees of freedom. We
attribute this partial (near-)integrability to the multiplicity of the resonance close to
which the initial conditions are taken, as shown by numerical examples in Section 5.
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4.1 Hamiltonian expansion

As in our previous work (Gaitanas et al., 2024), the point of departure of our non-
linear perturbation theory is an expansion of the Hamiltonian (14) around the SSES of
two spheres (so, different from before) of masses M;, My in Keplerian circular relative
orbit, defined as:

r(t) =r", pr(t) =p; =0
0(t) = 0(to) + vy (t —to), po(t) = pp = pl, + pl, + mr*’y;
z(t) = 2" =0, p=(t) =p; =0
01.(t) = 07, =0, po,.(t) =pp,, =0 (35)
014(t) = 67, =0, oy, (1) =pp,, =
¢1(t) = d1(to) + (1 — vg)(t — to), Po () = Py, = V111,
02.(t) = 03, = 0, Po,.(t) = pp,, =0
02y (t) = 05, =0, Doy, (t) = pg,, =0
P2(t) = ¢35 =0, Py () = 14, = v 12z,

where 11 = vy ops = 912(0) and vy = \/G(Ml + My)/r*3 is the Keplerian orbital
frequency. We now perform an expansion of the full (non-averaged) Hamiltonian (14)
up to a chosen truncation order N + 2, where N > 1, around the above SSES, suitable
for the computation of a normal form. To this end, consider first the shift-of-center
canonical transformation of 1) all librational variables

r=1r"+¢eor Py = 0Dy
z=¢ebz D, = €D,
le = 5691x Po,., = Eép@lm
91y - 5501y p(hy = Eépoly (36)
2z = €002, P02, = EODp,,
0oy = €602, D6, = €0Dp,,
P2 = by Ppy = D, + 0Dy,
and 2) all rotational variables
po=Dp+E0ps Py, =P, T 0ps, (37)

The rotational variables are scaled with €2 to reflect their larger characteristic
magnitude compared to the librational ones. Let

C = (57’, 52:7 5911‘7 6917;7 6021:7 6021/7 5¢27 5pr7 6pzv 5p6'1,, ) 5P01y ) (5170% ’ 6p92y ) 5p¢2) (38)

be the vector of all new librational variables. The Hamiltonian then takes the form H =
H(C, #1,0p4,,0pp). Through the use the ‘book-keeping’ assignment (Efthymiopoulos
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(2011)), we separate the above Hamiltonian in powers of the ‘book-keeping symbol’ ¢,
whose numerical value is equal to ¢ = 1. The expansion then, obtains the form

N+2
H =" H;(¢, ¢1,0p4,0p0) - (39)
§=0
Because € = 1, we can freely lower/raise the exponents of ¢ at any term of the Hamil-
tonian. In our case we want to isolate the quadratic part of H in order to enable
diagonalization. Therefore we lower the book-keeping exponents in the Hamiltonian
(39) by two, but we do so only for j > 2 and then apply the substitution

cos (k1) < ecos (koq)

40
sin (k¢1) < esin (ko) (40)
where k € Z. The Hamiltonian then becomes
N+1
H = Zy(C,0ps,0pe) + Y &/ Hjya(C, b1, 0pg,0pa) (41)
=1

where Zj is a sign-definite quadratic expression in the variables ¢. The exact form
of the function Z; is given in Appendix C. Physically, this function represents the
integrable dynamics of two rotators (variables (6, pg)), (¢1,pg,) X seven coupled linear
oscillators (variables ¢). Furthermore, by a diagonalizing canonical transformation we
switch from the variables ¢ to Birkhoff complex canonical variables (Q;,P;), j =
1,...,7. The transformation is given by

67" Q5
0o | Q7
o | = Ayxa P, (42)
5p¢72 P7
S 04
002, Q4
5923/ _ QG
. | = By P, (43)
0po,, Py
_5p92y_ _PG_
[ 5601, | [Q1]
691y QQ
= Cyy 44
dpo,., P (44)
19po,, | P,

where the matrices A4y4, Bgxg, Caxa contain as columns the eigenvectors of the matrix
J7V ¢ Zy, where J7 is the 14x14 standard symplectic matrix. By substituting equations
(42)-(44) into (41), we finally obtain the Hamiltonian

N+1

H=H®Y = Zy(Qx, Py, $1, D4, , Opg) + Z @ hj(Qr, Pe, d1,D4,,0p6), (45)
=1
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for k=1,...,7, where (omitting the constant term)

7
Zo = vidpe + (11 — V3)0pg, — Y i ker Qs P - (46)
j=1

The quantity Zj is called the ‘kernel’ of the Hamiltonian (45) and contains the fun-
damental information regarding the system’s decomposition into 7 oscillators with
(kernel) frequencies w; ker and 2 rotators with frequencies v; and vy — v}.

4.2 Hamiltonian normal form and solution

To obtain a nonlinear theory of analytical solutions of the equations of motion under
the Hamiltonian (45), we apply Birkhoff canonical normalization, based on the Lie
series approach (Hori, 1966; Deprit, 1969), carrying out a recursive normalization
process for a maximum of N iterations (described in detail by Efthymiopoulos (2011)).
In summary, after n near-to-identity canonical transformations, the Hamiltonian in
new canonical variables reads:

N
H™ = Zo+eZi+...+e"Z, + Z R (47)
s=n-+1

Spliting the term hﬁl in a normal form part Z,,; and a part to normalize ﬁgﬁzl, the

homological equation

{Zos Xni1} + "B =0 (48)
is then solved (where {, } is the Poisson bracket binary operator), allowing to determine
the Lie generating function x,1. In our case, setting

= 3 b (0pe )@Y - QTP - Pyt (49)
|kl 70

with |k| = (ijle |k; — €j|) + |kg, |, the solution of the homological equation (48)

reads

X1 = ™t Byl (00 )QL - QE P - Prreibonds (50)
" o Hwilby = &) + - wr(ky — £7) + wg, kg, )
The Hamiltonian in the next step is then expressed as
g+ eXp(ﬁxn+l)H(”) ’ (51)

truncated at the maximum order (in book-keeping) equal to N.

The Hamiltonian H (1) depends on the new canonical variables (Q§n+1), P;"H)),

j=1,..,7, as well as on the canonical pair ( §”+1 @1, 6p(n+1 ) and on the (con-
stant) dpp. By the structure of the generating function (50), the new variables in all
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nine degrees of freedom are near to identity transformations of the original variables,
except for the angles 6, ¢1, which do not transform, and the momentum dpy, which is an
invariant of the Hamiltonian flow. Thus, after IV normalization steps, the composition
of all near-to-identity transformations leads to the new canonical variables

QN = Qi+ QM (¢ b1, 0p0,)

PJ(N) = P] + APJ(N) (C7 ¢176p¢1)7

LY = g, + ALY (C, 61, 6ps,), (52)
¢<N) = 61+ A6V (C, b1, 8P, ),
o) =6, 5pi") = 6py .

After N normalization steps, we obtain the final normal form Hamiltonian

N1 <N N7<N

7
7= S S et TR

n1=0 n7=0

Since all dependence on the fast angle ¢; is eliminated in the normal form Z®),
the conjugate momentum 6p$:7) becomes an integral of motion in the new canonical
variables. Physically, this is equivalent to averaging out the primary’s rapid spin from
the equations of motion. Nonetheless, the averaging is now achieved through proper
canonical normalization, instead of the non-invertible ‘scissor’ averaging adopted in
Eq. (18). Furthermore, in (53) the quantities Cy(ljl\f)n7 are constants that depend on
the physical parameters, as well as on the quantities dpg,dps,, which are integrals
of motion. The variables QS»N),P;N) appear only through their product Q;N)P;N).
Hence, the real quantities

I = QN pv) (54)
are integrals of motion under the flow generated by Z(N). Finally, the equations of
motion, corresponding to the normal form Hamiltonian (53) are

(V)
() _ 07 )
j op (N) = w;jcQ;

i Q(N)

szCP(N)
(55)
oz7(N)
= = ch
ddpy
oz(N)

35p¢1

1 =

= We¢ic >

with wjc, wee, wg, . being the canonical frequencies, containing only products of the
form QS.N)PJ.(N). As a result, equations (55) are directly integrable and yield the
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solution in time in the new canonical coordinates, namely

Q1) = @V (et
(N) _ (N) —iwjct
Py (t) = P (0)e (56)
G(t) = 9(0) + weet
M) = 68 (0) + wgyet

where (Q§-N)(O)7 Pj(N) (0), 6(0), §N) (0)) are the initial conditions of the problem, com-
puted from the initial conditions in the original variables through Egs. (42) - (44) and
(52). Using (56), and by the inverse of the transformations (52) and (42) - (44), we
finally retrieve the analytical solution in time expressed in our original variables (see

Subsection 5.2.2).

5 Application to the post impact state of the 65803
Didymos system

5.1 Oblique impact and new equilibrium

We assume an oblique DART-like impact upon the secondary asteroid (Dimorphos) of
the 65803 Didymos system, as shown in Figure 4. The impactor’s velocity ¥p has two
components in the relative coordinate system: the first is tangent to the orbital plane,
parallel to the velocity vector of the secondary asteroid, aiming at its center of mass.
The second is perpendicular to the orbital plane, also aiming at the secondary’s center
of mass. This second component is quantified by the inclination v between ¥p and the
initial orbital plane. During the impact, it is assumed that no direct torque is induced
upon the secondary asteroid. The resulting change in the velocity A¥ imparted to
the secondary can be described using the momentum enhancement factor 5, via the
equation (Rivkin et al., 2021)

_  BMpip
A= ———— >1 57
= (57)
where, in cylindrical coordinates
Up = —(vp cosy)0 + (vpsiny)z . (58)
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Fig. 4 Schematic representation of an oblique collision between the impactor and the secondary
asteroid. In the chosen coordinate system, the impactor’s velocity Up is decomposed into a tangential
component (lying in the Xp — Y plane) and a normal component (along the Zg axis), with an
inclination . During the collision it is assumed zero net torque on the secondary.

Once the collision occurs, the binary moves away from its pre-impact single-
synchronous state. The momentum transfer from the impactor, which is oblique in this
case, modifies both the integral of motion py and the initial momentum p,. Setting
to = 0 at the time of the impact in the approximation of the averaged Hamiltonian
(18), the post-impact state has initial conditions such that all the generalized position
variables remain identical to those given in Eq. (16) for ¢ =t = 0 and r¢, computed
by Eq. (19), while the initial velocities and momenta are

. . . MpuvpBcosy ) MpupBsin~y
r(O) =0, 9(0) = eimp = V9,0bs — %—Mg’ Z(O) = Zimp = T
éu(O) =0, ély(o) =0, Q'Sl (0) = d’l,imp = V1,0bs — éimp (59)
) ) ; ; Mpvpfcos
62 (0) = 0, 62,(0) =0, a(0) = iy = 1RUDICOSTY
TeqMQ

mreqMpup B cosy
M, ’

P, (0) =0, Do, (0) =0, pg,(0) =rv111,
Po2, (0) =0, pp,,(0) =0, pg,(0) = v ovsla: -
To the new (post-impact) value of the integral pj, = pg(0), corresponds a new theoret-
ical SSES, given again by Egs. (16), but with a new equilibrium radius r;, and orbital

pT(O) =0, pg(O) = Pleq — pz(o) = méimp

(60)
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frequency v given by

0 =y = (IQZ + mrgq)aeq mreqMDUDBCOSPY
eq — Y0 — -

Iy, + mr% MQ(IQZ + mr%) ( )
61
| G(My + My) 14 3 (26, — Iy — Iy n —2I95 + Loy + 1o,
- 7"2:1 27“3;1 2M1 M2

Solving for 7, yields the equilibrium state around which the linear theory is to be
applied, post-impact. The radius réq can be expressed as an analytical function of
the physical parameters and of the impact parameter 8. Taylor-expanding Eq. (61) in
powers of the small quantity ér = req — 7, results in

Teq = Teq + Cr. B+ o(6r?) (62)

eq

where

2mr242 6CT + 4r2, Mpup cosvy

Cr., =
Mo/ G(My + Mg)(6]gzr§q —=2mrg, +3C1 (512, + mrgq)) (63)
2[12 711.’6 *Ily *212£+[2y +122
Cr= )
! 20, + M,

In the following, we adopt two distinct physical configurations for the Didymos-
Dimorphos system, hereafter referred to as ‘parameter set 1’ and ‘parameter set 2’.
Each set specifies a different combination of the system’s physical parameters, namely
the individual masses M; and the principal moments of inertia Iz, Iy, lix, ¢ = 1,2.
The adopted values are listed in Table 1. Our motivation for checking two parame-

Parameter Parameter set 1 Parameter set 2
M [kg*] 5.150418 5.159394

Mo [kg*] 0.0392693 0.0287669

I, [kg*-km?] 0.260108 0.260562

Iy [kg*-km?] 0.267618 0.268085

I, [kg*km?] 0.337960 0.338550

Iy [kg*-km?] 8.20454 - 102 4.33115-107°
Iy [kg*-km?] 8.88782- 107> 6.07052 - 10~°
I, [kg* km?] 1.18990 - 10~4 6.59724 - 10~°

Table 1 Physical parameters adopted for each configuration
of the Didymos-Dimorphos system. 1 [kg*] = 10! [kg].

ter regimes stems from the current uncertainty surrounding the precise post-impact
configuration of the system. Observational and dynamical analysis indicate that the
DART impact likely induced reshaping of Dimorphos (Naidu et al., 2024), altering its
inertia tensor and orbital response (‘parameter set 2’). At the same time, pre-impact
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determinations of Dimorphos’ ellipsoidal dimensions, as obtained from DRACO imag-
ing (Daly et al., 2024), provide a natural baseline for ‘parameter set 1’. The adopted
masses and inertia values are therefore constructed with nominal observational con-
straints on bulk densities and volumes, such that the ellipsoid semi-axes and the
resulting inertia tensors are compatible with the reported figures. Importantly, rather
than inferring the system’s total mass from a purely Keplerian fit to the binary orbit,
we acknowledge that the Didymos - Dimorphos system is not strictly Keplerian and
therefore, the orbital mean motion is governed by Eq. (19).

Notably, for a fixed value of momentum enhancement factor 5, we find that
different choices of the system’s physical parameters, each consistent with current
observational uncertainties, can lead to qualitatively different dynamical outcomes. In
particular, while some parameter values yield regular, quasi-periodic evolution follow-
ing the impact, others give rise to chaotic behavior under the same perturbation. This
sensitivity underscores the importance of exploring multiple plausible configurations,
as even slight variations in the parameters, such as in I,, may suffice to induce a
transition from order to chaos.

5.2 Comparison of the linear and non-linear theories
5.2.1 Solution of the linear theory

From the particular DART-like impact initial conditions of Eq. (60), we have dr(0) =
Teq = Togs OPr = 0, d¢pa = 0, dpy, (0) = (vg — vy)l2.. Then, we readily find that only
some of the sine and cosine coefficients of the general solution (28) of the 4x4 planar
linear subsystem acquire non-zero values. The solution (28) then takes the form

or(t) = Ar(w1,wa) cos (wit) + A, (we,wr) cos (wat)
dpa(t) = Ag, (w1, w2) sin (wrt) + Ag, (w2, w1) sin (wat) (64)
Opr(t) = Ap, (w1, we) sin (wit) + Ay, (w2, wr) sin (wat)
0pg, () = Ap,, (w1,wa) cos (wit) + Ay, (w2,wr) cos (wat)

with coefficients A,,Ag,,Ap,,Ap,, as given in the Appendix B. Note that these coef-
ficients depend on the differences 6r(0) = r.q — r.,, and vy — v. Using Eq. (62), we
can then obtain a linear solution of the form

Tiin(t; 8) = 104 (B) + or(t; B)
G2,1in(t; B) = dg2(t; B
Pr1in(t; B) = 0pr(t; B)
Do tin (85 B) = Do (104 (B)) + 0pg, (&5 )

/
eq’

i.e., depending explicitly on the impact parameter 5.
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Working in the same way, we obtain the linear solution of the 6x6 system (24) for
a DART-like oblique impact as

21in(t) = 62(t)

92x,lin(t) = 5923; (t)

B2y 1in (t) = 602y (1)

Patin(t) = Opa(t (66)
in (£)
i (1)

with

02(t) = A, (ws,ws,ws) sin (wst)
+ Az (w4, ws, w3) sin (wat)
+ A, (ws, w3, wy) sin (wst)

004, (t) = Agp,, (wg, w3, ws) cos (wst)
+ A92 W3, W4, W5) COS ((.L)4t)

x

(
+ Ag,, (w4, ws, w3) cos (wst)

062, (t) = Ao,

(w3, wq,ws) sin (w3t)
+ A92y (W4, w3, WS) sin (W4t)

Yy

+ A92y (w5, w3, W4) sin (W5t)

0p-(t) = Ap, (w3, w4, ws) cos (wst)
+ Apz (w4, w3, UJ5) COS (W4t) (67)

+ A, (ws,ws,wa) cos (wst)

06Pos,., (1) = Ap,, (w3, wa,ws) sin (wst)
(wat) (68)
(

w5t)

+ Ap,,. (W1, w3, ws) sin

L
+ Apy, (W5, w3, ws) sin

pe,, (1) = Ape2y (w3, w4, ws) cos (wst)
+ Apy,, (W, w3, ws) cos (wat)  (69)
+ A

Doy, (ws, w3, wyq) cos (wst) ,

where the linear amplitudes A.(we,wim,wn), Ag,, (We,Wm,wn), Aoy, (We, Wi, wn),
Ap. (We, Wi, wn), Apy, (We, W, wn), Apo,, (we, Wi, wy) are provided explicitly in the
Appendix B.

Finally, since we assume that the impactor strikes at the secondary asteroid, the
primary exhibits no direct initial disturbance in its angular momenta, resulting in
0pg,,(0) = dpg,,(0) = 0. In such a scenario, the corresponding linear solution for the
primary’s variables 01,(t), 61,(t) is trivial (015(t) = 61,(t) = 0). In order to obtain
a non-trivial solution for these variables, we then need assign an initial disturbance
(offset) in the orientation itself of the primary at the moment of impact, namely
0015(0) = 60150 # 0 and 66,,(0) = §61,0 # 0. By doing so, both the angular positions
and the momenta get excited, rendering a non-zero linear solution of the 4x4 subsystem
(25). We find:

alx,lin(t) = 50196 (t)
014 15n(t) = 601, (t
1y,in (1) 1y(?) (70)
P14 1in (t) = 5p‘911: (t)
POy 1in (t) = 6p91y (t)
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Fig. 5 Comparison between the numerical (blue) and the linear (orange) solution for the parameter
set 1, post DART impact for 8 = 1. The impactor’s inclination, relative velocity and mass are v = 9°,
vp = 22121.6 [km/hr] and Mp = 5.79434-10~7 [kg*] respectively. The primary’s initial orientation is
set to 06140 = 00140 = 0.0025°, corresponding to the maximum amplitude resulted by the numerical
solution.

with

661:(t) = Ai,, (wr,ws) cos (wet) 6po,, (t) = Azp,, (we,wr) cos (wet)
+ Ai,, (we, wr) cos (wrt) + Agp,, (w7, ws) cos (wrt) 1)
+ Az, (we,wr) sin (wet) + Atp,,, (w7, ws) sin (wet)
+ A, (w7, we) sin (wrt) + Aip,,, (we, wr) sin (wrt)

0014(t) = Az, (w7, wg) cos (wet) 6po,, (t) = A1p,, (w7, we) cos (wet)
+ A201y (W67 W7) Ccos <W7t) + A1P01y (w6, UJ7) Ccos <W7t) (72)
+ A, (w7, we) sin (wet) + Azp,,, (we,wr) sin (wgt)
+ Ay, (we,wr) sin (wrt) + Az, (w7, we) sin (wrt) .

Again, explicit expressions for the amplitudes A, (W, wm), Ao, (W, win ),
Alely (we, W), A291y (we, W), Alpelz (we, wm), AQPelz (we, wm), Alpely (we, wm) and

A2p91y (we, wr,) are given in the Appendix B.

The dynamical evolution of the binary system following the DART impact, for
parameter set 1 and momentum enhancement factor § = 1, is illustrated in Figure 5.
The solid blue curves correspond to the numerical integration of the full, non-averaged
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Fig. 6 Left: comparison between the numerical (blue) and the linear (orange) solution for 8 = 3.6.
Right: comparison of the numerical solution with the nonlinear solution, truncated at order N = 4.

Hamiltonian system, whereas the dashed orange curves represent the analytical lin-
earized solution derived from Egs. (65), (66) and (70). As seen in the numerical curves
r(t), ¢2(t), O22(t), 24(t), the post-impact behavior of the system remains regular,
characterized by multi-periodic librations and small-amplitude oscillations. Further-
more, the analytical predictions by linear theory closely match the numerical curves.
As regards the off-plane motion of the primary, (curve 6;,(t)), since in linear theory
the motion in the angles 0y, (t), 62, (t) is decoupled from the rest of the system, the
analytical solution is a superposition of linear oscillator modes obtained by setting
an arbitrary initial amplitude, and exhibit no coupling with the orbit of the sys-
tem (see Subsection 3.1). The numerical curves, instead, show this coupling which is
through nonlinear terms in the equations of motion. To compare the linear with non-
linear modes behavior, in the curves shown in Fig. 5 we introduce an ad hoc initial
orientation 661,(0) = d61,(0) = 0.0025°, corresponding to the maximum amplitude
of libration attained by the numerical solution. We then see that the linear solution
exhibits a fast oscillation with frequency close to the fast frequency of the numerical
solution, but fails to reproduce the slow-frequency modulation of the latter solution.

Figures 6, 7 and 8, now, highlight the transition to chaotic behavior of the system
under more energetic impact conditions, with 8 = 3.6. The left-column panels in Fig.
6 compare the full numerical solution with the linear analytical approximation for a
relatively short-time propagation (40 days). We observe that the libration angle ¢ (t)
retains a quasi-regular behavior, and it is fitted qualitatively by the linear analytical
solution, the difference in the two solutions being due mostly to the de-phasing of the
analytical solution due to the error in the linear estimate of the libration frequency.
In fact, correcting for this error by the nonlinear theory (see next subsection) makes
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Fig. 7 Same as in Figure 6, but for long term propagation.

the analytical and numerical solutions to coincide (compare the top-left and top-right
panels in Fig. 6. On the other hand, the numerical solution in the off-plane variables
024 (t), B2, (t) shows that the corresponding modes are unstable from the beginning,
and cannot be fitted neither by the linear nor the nonlinear analytical solution.

On the other hand, as the instability leads the secondary’s off-plane oscillations
to grow in amplitude, the nonlinear couplings between in-plane and off-plane degrees
of freedom eventually destabilize the in-plane regular libration as well (Fig. 7). In the
chosen parameter set the destabilization takes place at a time t &~ 90 days. Note that
the timescales involved imply possible consequences in the interpretation of observa-
tional data of the system post-impact. In particular, as shown in Fig. 8, after the
loss of partial stability the osculating semi-major axis and eccentricity of the system
undergo variations, leading, in particular, to noticeable change in the value of the
mean eccentricity and rate of apsidal precession.

5.2.2 Solution of the nonlinear theory

To obtain the corresponding nonlinear analytical solution for a DART-like perturba-
tion, we set the same post-impact initial conditions as in the linear theory, given by
Egs. (59)-(60). However, we assign no initial offset in the orientation of the primary,
i.e., we set 6601,(0) = 661,(0) = 0. This choice is justified by the fact that, within the
full (non-averaged) Hamiltonian system, all degrees of freedom are coupled. Thus, even
in the absence of a direct perturbation to the primary’s attitude angles, the inclined
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Fig. 8 Top: numerical Cartesian states r(t) and z(t). Mid and bottom: numerical Keplerian elements
a(t), e(t),w(t) and Q(¢) - all for 8 = 3.6, corresponding to chaotic evolution.

impact is sufficient to excite all relevant dynamical modes - an effect clearly illustrated
in the numerical results of Figure 5, where the blue curve of 1, (t) displays non-trivial
evolution despite zero initial displacement.
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Under these assumptions, the nonlinear analytical solution computed as in Egs.
(56), back transformed in the original variables is

Ny tot
Tean(t; 8) =7 + Pro(B) + Z C,.i3" cos [sz)t}}
N tot -
ann(t; 5) = Z Cz,iﬂkz'i sin [QZ(B)t]]
Nelz;tl,ot r
olm,can(t;ﬂ) = Celm,iﬂkelm'i Cos [Ql(ﬂ)ﬂ]
o
Hly,can(t; 6) = Cﬁly,iﬁkely'i sin [Ql(ﬁ)t]]
N:;,lmt -
O can(t; B) = Co,, 825 cos [Qi(ﬁ)t}] (73)
Vo |
02y,can<t§ 5) = Cezy,iﬁk%y’i sin [Ql(ﬁ)t]]
=1 L
Ngg tot [
B2,can(t; B) = Clp,. B2 sin [;(B)t]
o No ot
Ocan(t; B) = 0(0) + woc(B)t + Z Cy.i3%i sin [Ql(ﬂ)t]]
qulz,tlot
¢1,can(t; B) = ¢1 (0) + w¢10(/8)t + Z C¢17i/8k¢1)i sin [Ql(ﬂ)t]]
=1

We observe that the nonlinear solution (73) is represented as trigonometric time
series, whose frequencies ;(/3) are linear combinations of the canonical frequen-
cies Wjc, Woe, We, ¢, which themselves are polynomial expressions of 3. Specifically, the
frequencies Q(S) are expressed as

7
Ql(ﬁ) = Z [njch(ﬂ)} + n¢71w¢10(ﬂ) + noWoc(ﬁ) ,  Mj,MNe,Ng, € Z ’ (74)

Jj=1

with amplitudes also determined by polynomial expressions in . The coefficients
Cri,Cs iy ...; Cp, i depend directly on the physical parameters inherent to the system.
Each solution includes a finite series summation, indicated by indices ¢, which run
from 1 up to their respective totals Ny tot, Ny tots -, Noy tot- Similar expressions (here
omitted) can be derived for the conjugate momenta.
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Fig. 9 Comparison between the numerical (blue) and nonlinear-analytical (orange) solution for
B = 1. The primary’s initial disturbance is now set to d61,0 = 061,40 = 0.

From the structure of the solution of 7.4, (¢;3), we observe that although the
starting point of the canonical normalization procedure is the idealized two-sphere
single-synchronous configuration, where both bodies are assumed spherical, the canon-
ical formalism recovers ‘on the go’ (i.e. through iteration of the normalization steps) a
more precise value for the equilibrium state r,, consistent with the effect on the orbit
by the bodies’ triaxiality. The correction is encoded in the polynomial term P, o(8),
which represents a displacement of the equilibrium radius of the orbit with respect to
the radius 7*. As a result, 7* + P, o(8) serves as a refined estimate of the mean orbital
separation of the bodies, around which small oscillations take place. This estimate
mirrors the behavior observed by ‘scissor averaging’ in the linearized theory, while
offering higher-order corrections consistent with the mutual potential expansion.

Figure 9 (same parameters as Fig. 5) shows the comparison of the full numerical
solution (blue) with the nonlinear (‘canonical’) analytical solution obtained from the
normal form iterated at order N = 4 (orange) in the parameter set 1 for 3 = 1.
Comparing with the linear analytic solution (Fig. 5), the nonlinear theory accurately
captures the amplitude modulation and phase evolution in all degrees of freedom,
including the primary’s libration in the angle 6, (and also 61,, which is similar, but
not shown in the figures). Figure 10, which presents the absolute difference between
the numerical and linear or nonlinear analytical solution, shows that the nonlinear
solution consistently improves the accuracy, i.e., produces a lower error than the linear
solution.

As already mentioned, increasing the impact parameter to 5 = 3.6 causes a regime
transition in which the system exhibits only partially regular behavior. Figure 11
shows the one year evolution of all nine coordinates of the system. We distinguish
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Fig. 12 Quasi-integrals of motion in time, corresponding to Eq. (54), but transformed via N inverse
Lie transformations back to the original variables ¢ of Eq. (38). The evolution of the quasi-integrals is
shown in the case of the trajectory of parameter set 1 with S = 3.6, corresponding to Figs. 8 and 11.

Each panel shows the quasi-integrals computed with the normal form iterated N times with N = 1
to 4.

three groups of variables depending on their observed evolution: i) the three primary’s
angles (015,614, ¢1) as well as the angle 6 of the relative orbit exhibit a long-term
regular behavior. The angles 61,, 61, undergo a slowly modulated libration of tiny
amplitude, while ¢; and 6 rotate with nearly constant frequencies. ii) The variables
T, 2, 0oy initially exhibit a transient regular behavior, then converted into bounded
chaotic libration-like motion. iii) the secondary’s angles ¢, 6o, initially exhibit a
transient regular librational behavior, which then turns into a chaotic motion switching
erratically between libration and rotation. From the dynamical point of view, these
different types of evolution observed in the coordinates’ time series can be properly
characterized through the evaluation of the time series representing the quasi-integrals
of Eq. (54). These include the seven products IJ(-N) = ngN)Pj(N), for j =1,...,7,
and the quantity (5pglv) which are exact invariants of the truncated flow under the
normal form Hamiltonian Z(™), but only approximate integrals of the full Hamiltonian
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flow, exhibiting small and bounded variations for those variables which exhibit regular
behavior. The variation of the quasi-integrals can be computed through the expressions
IMN(¢, 0, ¢4, e )s 5pgj)(§’, 6, ¢1,6ps,) found by the transformation (52), where the
evolution of {(t),0(t),¢1(t),0pe, (t) is obtained by the numerical time series through
the full equations of motion.

Figure 12 displays the evolution of the eight quasi-integrals over time for the tra-
jectory of Fig. 11. A classification consistent with the decoupling observed in the
linear system (see Eqs. (42)-(44). Namely: i) The integrals II(N) = ngN)Pl(N) and
IQ(N) = iQéN)PQ(N correspond to the nonlinear normal modes associated with libra-
tions in the primary’s Euler angles 6, 61,. ii) The integrals IéN) = ngN)Pg(N),
IéN) = iQéN)Pﬁ(N), and IéN) = ngN)P7(N) are related to the nonlinear normal modes
associated with the secondary’s Euler angles (025, 62y, and ¢2). iii) The integrals
LEN) = iQElN)PiN) and IE(,N) = iQéN)PéN) are related to nonlinear normal modes asso-
ciated with epicyclic oscillations of the relative orbit in the variables r and z with
respect to the equatorial equilibrium circular orbit. iv) Finally, dpy, is the angular
momentum associated with the primary’s rotation in the relative yaw angle ¢;. From
Figure 12, we observe that the integrals associated with the primary’s Euler angles (I3,
I, and 0pg, ) exhibit an initial phase of stability, which lasts for ¢ < 77 = 150 days.
This timescale is related with the modulation timescale induced by the orbit in the
nearby resonances as we will see in the following. In this phase, the fluctuations on
the integrals shrink in size as the order NV of the normal form increases. After the time
T, however, the three above quasi-integrals truncated at order higher than N = 1
show an abrupt variation, while the integrals 11(1), Iél), and (5p((;1) (truncated at order
N = 1) keep representing quasi-constants of motion. The fact that the three quasi-
integrals loose their stability beyond order N =1 is due to the presence in the series
of small divisors (see the next subsection). Note also that the integrals IéN) and IéN),
associated with the secondary’s Euler angles 05, ), exhibit a phase of initial linear
drift, lasting up to T ~ 70 days, from where on their behavior undergoes the same
qualitative transitions as for the integrals Iy, I, 6ps,. Comparing with Fig. 11, the
transition at time 77 is connected to a chaotic switch of the secondary’s rotational
state in the angles 0s,., ¢ from libration to rotation. The transitions observed at the
timescale T are connected to resonance effects, as analyzed in the next subsection.
Finally, both transitions have small effects in the orbit, which, however, remains essen-
tially a bounded orbit with nearly constant angular velocity and mean values of the
cylindrical coordinates r and z.

Further discussion on the behavior of the analytical series is made in the next
subsection. As a general remark, the above dual approach - examining both trajectories
and conserved quantities - reveals the hierarchy of stability among the degrees of
freedom of the system, and illustrates how canonical normalization exposes ‘hidden’
partial regular structure in the dynamics, even under the presence of chaos.
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5.3 Sensitivity of the solution to the system’s parameters. The
role of resonances

It is possible to see that the transition of the system from regular to chaotic behavior
observed in the previous figures is very sensitive to the system’s parameters, which
determine the proximity of the system to a single or multiple resonance condition,
i.e. a commensurability between the fundamental orbital and librational frequencies of
the system. The most important resonances (see Agrusa et al. (2021)) are between the
orbital frequencies of the system and the librational frequencies of the secondary. Their
role is revealed through a simplified ‘spin-orbit’ model for the secondary, obtained by
considering the equations of motion for the secondary as given by the Hamiltonian
(14), with the substitution py — py, — Pg, — we(t) = 6(t), and the substitution of
the relative orbit (r(t),0(t), z(t)) with the one found under the averaged, over the
primary’s angle ¢, axisymmetric potential

Vorb = -

G(M1 -+ Mg) G(Ilm + Ily — 2[12) < 322 ) (75)

(r2 + z2)1/2 + 4(r2 4 22)3/2 o242

Epicyclic theory then yields the following approximate solution for the relative orbit
under the potential (75):

P(t) = 1o+ & cos(it), =(t) = (Uoz>sin(f<az(t)), w(t) = we (1—2&)(:08(51%)) (76)

Rz Tec

where the equilibrium radius 7., = 7. is the positive root of the equation

MpvpBcosy

2
P ) — Vi

7‘8 ( roVy(ro) —

with V(1) = Vorp(r, 2 = 0), 79 equal to the initial cylindrical radius at the moment of
the impact (set equal to req), &9 = 170 — ¢, Vo, = MpvpSsin(vy)/Ma, and the epicyclic
frequencies given by:

- (G(M1 +My) | 3G(Iiy + Dy — 21@)”2

r3 4rs
G(M, + M) 3G(Iiy + I, — 21.)\ */?
We = - - - (77)
73 4r2

o — G(Ml —+ Mg) 9G(Ilm + Ily - 2Ilz) 1/2
2 r3 47’? -

As shown in Fig. 13, the epicyclic approximation to the relative orbit fits excellently
the numerical orbit under the full Hamiltonian as long as the latter remains regular.
Inserting the approximate solution (76) to the equations of motion, linearizing with
respect to the SSES solution 02, = 02, = pyp,, = pg,, = 92 = 0, pp, = I2.we,
considering the oscillations in z as of second order, and expanding the quantity 1/(r?+
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Fig. 13 The epicyclic approximation of Egs. (76) (solid line) superposed to the exact numerical
solution (dotted curve) for the relative orbit for 8 = 3.6 under parameter set 1, for a short propagation
of 4 days.

2%) up to terms of first degree in the epicyclic amplitude & = ro — 7., we arrive at
a simplified system of linearized equations for the Euler angles of the secondary. For
the off-plane angles we find:

302z 502,
86y, | 302,
5P, | = (B1+Baz(1)) 5Py, (78)
(5P02y 5P92y

where 6Py, = 0po,, /I2z, 0Py,, = 0pe,, /I2y, and

0 We ! "
(1) “ .
: ) 2z 12y
~ (&= -1) Zxw2 0 0 (B

0 —wi g - BT "

0 0 00

0 0 00

B;(t) = 0 0 0 0

0 QU LMigy cos(nt) 0 0

For the libration angle ¢, instead, we obtain the forced (non-homogeneous) spin-orbit
second order differential equation

3G M, (Izy — Ia;) (1— 380 cos(kt))pz = _M sin(kt) . (79)

r3 I, e Te

<52+

Through the above approximation, we can now recognize two types of resonances
which affect the evolution of the secondary’s Euler angles: i) The linearized equations
of motion (Egs. (78) and (79)) exhibit parametric resonance, similar as described in
Wisdom (1984). ii) Nonlinear resonances occur by small divisors involving commensu-
rabilities between five frequencies, namely the two orbital frequencies (k, k,) and the
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Fig. 14 Plot of the moment of inertia ratios Ia./l2z, I2y/I2. where various linear or nonlinear
resonances affect the dynamics and/or the convergence of the analytical series solution. The blue line
corresponds to the locus of the resonance k — 3k, + 2(w1 — w3) = k — 3k + 2(Wprec — wiip) = 0 in
the plane of the moment-of-inertia ratios (I2z/I2z,I2y/I2.) for the system in all parameters as in
parameter set 1, except for the moments of inertia I2z, I2, altered within the limits indicated in the
figure. The point (1) corresponds to the exact conditions of the parameter set 1, and satisfies the
resonance condition with an offset Aw = |k — 3k, + 2(w1 — w3)| = 2.9 - 10~*[hr]~!. By contrast, for
the parameter set 1’ (I, = 8.23863- 1075, I, = 8.92192-107°, I, = 1.1899-10~* in units same as
in Table 1 the offset is Aw = 5.09 - 10~3[hr] ™!, while for the parameter set 1" (I2, = 8.93181-1075,
Ioy = 9.07161 - 1075, I, = 1.24425 - 10~%) the offset is Aw = 2.2 - 10~ ![hr]~L. The two strips in
orange indicate values where parametric resonance takes place. The points 1p and 1p’ correspond to
the parameters Io, = 1.1899 - 10~* and o, = 7.88606 - 1072, I, = 8.86832 - 10~° (point 1p), or
Iog = 7.76410-107°, Iz, = 8.74755- 1075 (point 1p’). The gray domain below the diagonal Io, = T2y
indicates initial conditions for which the secondary’s libration is linearly unstable (wy;, imaginary).
The nonlinear analytical series solution converges for all parameter values in the white area of the
plot where the numerical solution is regular.

three rotational frequencies wj, j = 1,2, 3, where wy, wy are obtained by the eigenvalues
of the matrix By and ws = (3GM; (I — Iggg)/IQZ)l/2 7“{3/2 is the classical spin-orbit
libration frequency. Note that these latter resonances create multiplets around the
resonances discussed in Agrusa et al. (2021). The multiplets are due to the small fre-
quencies of precession of the periapsis and of the nodes, @, €, of the secondary’s
orbit with respect to the Keplerian orbit. The latter frequencies are connected with
the epicyclic frequencies through the relations A = w,., w = w, — K, Q) = w, — K.
The association of one resonance in the multiplet with the corresponding central reso-
nance in Agrusa et al. (2021) can be done using, in addition, the relations wq = wprec
(frequency of precession of the secondary’s spin axis), and w3z = wy;, (secondary’s libra-
tion frequency). As shown in Fig. 14, we find that the chaotic behavior exhibited by
the system for the parameter set 1 at 8 = 3.6 is caused by the nonlinear resonance
Kk — 3k, + 2(wprec — wiip) = 0. Since all three frequencies w;, j = 1,2, 3 depend on the
moment-of-inertia ratios Ioy/Is,, I2,/I2, (or the corresponding axial ratios), keeping
B = 3.6 as well as all the parameters of the parameter set 1 fixed, and altering the
axial ratios Isy/Is,, Ioy/I2, even slightly, as indicated in Fig. 14 (set 1), leads the
system off-resonance and restores the regular character of the motion. In particular,
as shown in Fig. 15, changing slightly the secondary’s axes’ length (by a few meters),
suffices to set the system off-resonance and restore the regular character of the orbits.
For a resonance offset Aw = |k — 3k, + 2(w1 — w3)| of the order of 1073, the effect of
the resonance is still visible as a slow modulation of the libration in the angles 0, 82,.
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Fig. 15 The evolution of the secondary’s angles under the full model of the equations of motion for
B = 3.6 and secondary’s axial ratios corresponding to the parameter set 1 (top row), 1’ (middle row)
or 17 (bottom row).

This creates the characteristic ‘zig-zag’ variation of the integrals I3 and Ig computed
through the nonlinear normal form (see Fig. 16). The ‘zig-zag’ period is equal to the
modulation period, and interprets the transient period T3 observed in Fig. 12. On the
other hand, for a resonance offset as high as Aw ~ 107!, the modulation disappears
and the typical non-resonant behavior of all integrals of motion computed by the non-
linear normal form is restored (Fig. 16). In this case, the analytical predictions of the
evolution of the orbit with the nonlinear normal form returns to be more precise by
about two orders of magnitude with respect to the linear analytical solution.

As regards the orbits in the zone of parametric resonance of Fig. 14, we first
note that, by the form of Egs. (78) and (79), parametric resonance conditions appear
whenever the epicyclic frequency k is in near-resonance condition with one of the
libration, precession or nutation frequencies of the secondary. In particular, we find
that the thick orange strip in the upper corner of Fig. 14 indicates parameters leading
to Floquet instability around the exact resonance k = 2ws = 2wy;p. The points marked
(1p) and (1p') satisfy the above resonance with an offset of |Aw| =4 -10~3[hr] " and
|Aw| = 1.3-10"*[hr] - Notwithstanding their close proximity to the resonance, we find
that the numerical orbits (Fig. 18) are regular, a fact which indicates that the nonlinear
terms in the equations of motion restores stability in the close neighborhood of the
(Floquet unstable) periodic orbit at the center of the resonance. However, the fact that
these orbits are inside the parametric resonance zone implies that a nonlinear resonant
normal form is required to eliminate the corresponding small divisors and represent
analytically the orbits. As a consequence, our non-resonant normal form constructions
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Fig. 17 Comparison between numerical, linear and nonlinear solutions of ¢2(t) and 62, (t) for the
orbit with 8 = 3.6 and parameter set 1’ (regular case).

fails to reproduce correctly the evolution of all three secondary’s Euler angles (see Fig.
18). Similar results hold the the second thin line of parametric resonance in Fig. 14,
which corresponds to the resonance 3x = 2wprec.

Testing several simulations as those described above, in general we find that the
break of near-constancy of the integrals of motion is very local, and happens only very
close to nonlinear resonances as those described above. As a second example, for 8 =
3.6, the parameter set 2 of Table 1 leads to chaotic behavior of the system with similar
features as for the parameter set 1 (Fig. 19). In this case, a careful analysis of the
frequencies shows that we are within a nonlinear doubly-resonant domain, created by
the intersection of the resonances R = 3wprec —wiip = 0 and R = 2Wprec T Wiib — Wnut +
2(k—£,)=0. In fact, for the orbit of Fig. 19 each of the two resonances independently is
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Fig. 18 Comparison between numerical (blue) and nonlinear (orange) solutions in r(t) and the
secondary’s angles 025 (t) and ¢2(t) for the orbits with 8 = 3.6 and parameters corresponding to the
parameter set 1, except for the values or I2z, I2y, I2., which are taken as indicated in Fig. 14 for the
points 1p (left column of panels) or 1p’ (right column of panels).

satisfied by an offset of about 3-10~3[hr] ™", while their linear combination is satisfied
with an offset of about 1.8 - 10~4[hr] .

Most notably, as shown in Fig. 19, also in this case we find the chaotic behavior
affects mostly the time series of the orbital eccentricity, and appears to lead to a
circularization of the orbit, i.e., an abrupt decrease of the orbital eccentricity which
takes place at about the same time (¢ &~ 50 [days]) when the onset of large scale chaotic
behavior of the orbit takes place. A qualitative interpretation of this evolution of the
orbital eccentricity (similar also as in Fig. 8) stems from the consideration that, after
the onset of large scale chaos, the stochastic evolution of all three Euler angles of the
secondary implies that, as regards its contribution to the gravitational potential which
determines the orbit, the secondary behaves on the average as a spherical body. That
is, dynamical chaos in the rotation implies an effect similar to the physical effect caused
by a secondary’s re-shaping (see Naidu et al. (2024)). It is important to recognize,
however, that in our case the effect on the observable orbital parameters stems from
a chaotic behavior of a conservative dynamical system, while real re-shaping is a
dissipative physical process.

6 Conclusions

As a summary of our results, in the previous sections we constructed two 3-
dimensional, linear and nonlinear, theories able to reproduce analytically the
evolution in time of the relative orbit and of the bodies’ relative orientation in
binary systems interacting through gravitational forces and torques being close to the
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Fig. 19 Comparison between numerical (blue) and nonlinear (orange) solution for the parameter
set 2. The primary’s attitude remains almost intact, while the rest of the variables gradually drift to
chaos.

‘single-synchronous’ equilibrium state, whose exact definition was given in Subsection
2.3. As a focus example of application, we reproduce analytically the post-impact
state of the Didymos-Dimorphos system under various assumptions for the system’s
physical parameters. Our main conclusions are:

1) Far from i) nonlinear resonances leading to chaos, or ii) linear (parametric) reso-
nance, we find that our theories reproduce with precision the numerically observed
evolution of the perturbed system. In the case of the Didymos-Dimorphos system,
our nonlinear theory, based on a Hamiltonian normal form of the fourth order with
respect to a suitably-defined book-keeping parameter, leads to predictions whose
errors are of the order of centimeters in the relative orbit and arcminutes in the
post-impact evolution of the secondary’s libration angles. On the other hand, linear
theory has errors growing linearly in time as a result of the gradual de-phasing of the
linear analytical from the numerical solution, due to the difference between the linear
and nonlinear normal mode frequencies of the system. The cummulative error with
the linear theory raises to about two orders of magnitude larger than with nonlinear
theory after about one year of evolution of the system.

2) Linear theory, however, offers insight into the dynamics through the block struc-
ture of the variational matrix of the linearized equations of motion. In particular,

40



through the analysis of Subsection 3.1, three blocks are identified: i) the block of the
in-plane variables (epicyclic difference of the cylindrical radius ér = r — r. coupled
with the secondary’s libration angle d¢2), ii) the block of the off-plane variables (z of
the relative orbit and the secondary’s angles 6o, 62, ), and iii) the primary’s angles
012,01y, which, in linear theory, are coupled only between themselves through Euler’s
free-torque equations. The nonlinear theory, however, introduces extra couplings
through all of the above three blocks.

3) General precision tests on the validity of the nonlinear theory are provided through
the computation of approximate integrals of motion associated with the nonlinear
normal modes of the systems. Such integrals break partially close to resonances, or
completely inside resonance zones, where the evolution of the system becomes chaotic.
We identify two types of resonances: ‘linear resonances’ are parametric resonances
qualitatively similar as described in Wisdom (1984), but with a forced frequency
equal to the epicyclic frequency x of the relative orbit. Nonlinear resonances, instead,
appear as harmonics in the series of perturbation theory involving both the radial and
vertical epicyclic frequencies k, k, of the relative orbit, as well as all three librational
frequencies of the secondary.

4) In the case of the Didymos-Dimorphos system, we examine two different parameter
sets suggested in literature by the analysis of post-impact observational data (see
Section 5). Besides probing the accuracy of our analytical theories, we examined also
states close to a nonlinear resonance. As regards the application of our theories to the
analysis of real data based on the DART experiment, we emphasize two aspects: i)
our time series of the evolution of the system are obtained through simple analytical
formulas explicitly containing the physical parameters and beta, which practically
eliminate any need of numerical integrations once the system’s post impact state is
assumed to be non-chaotic. For example, our formulas can be inserted directly in
any algorithm aimed to parmeter-fit the post-impact light curves, radar data etc. of
the system. ii) For chaotic orbits, instead, we emphasized the existence of transient
timescales of several months (see Subsection 5.2.2) corresponding to the system’s
stickiness close to a regular state before the onset of chaos.

5) Inspecting the time series of the evolution of orbital elements for chaotic orbits,
we find that the timescale corresponding the onset of large-scale chaotic evolution
of the secondary’s Euler angles is imprinted in observable time series mostly as a
sudden drop of the system’s orbital eccentricity. We interpret this effect by the fact
that the stochastic evolution of all three secondary’s Euler angles after the onset
of chaos implies that the secondary affects the orbit on the average as a spherical
body. Hence, as regards the orbit, this dynamical effect in an otherwise conservative
dynamical system mimics the dissipative effect of real re-shaping of the secondary.
The comparison between these two different scenaria leading to circularization of the
orbit presents interest as regards the interpretation of real post-impact data for the
Didymos-Dimorphos system, and it is proposed for further study.
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Appendix A Nonzero elements of the Jacobian
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3GM1 (I2LE - I2z)

Jiae = —02To: + . (A18)
eq
3GM; (12 — I

J1a7 = 1l 2) (A19)

T3,
Appendix B Coefficients and parameters of the
linear solution

The parameters ug, us of the characteristic polynomial P () (Eq. (26)) are given by
uo = j1,8514,7(J% 1 + jr,1478,1) (B20)

Uz = —j1,8J8,1 — J7,14J14,7 - (B21)
The linear amplitudes A,,Ag,,Ap, Ay, of the solution (64) are given by

6 . . _ 5 2 . .
Ar(wrsiop) = PerlOad1a = 070 ¥ Jradna) (B22)
14 m

wijraa + J1,8(j7 1 + Jrads,1)
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Apr (OJ@, wm) = %WAT(‘U& Wm) (B24)

w? + j1,8, 8,1
AP@ (we, win) = WAT(WZWJWL) . (B25)

The coefficients of the characteristic polynomials Py(\), P3(\) (Egs. (29), (33))) are
given by

vo = —j1.8 (J§.5 + Jo1312,5) [Jo,2d5 6 + Jsa2 (Jo,2d13.6 — Jo6) ] (B26)
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The corresponding linear amplitudes of the non-planar solutions (67), (71) are:
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Appendix C Full form of Z,

2L, N G(2M; (2L, — Iny — Mor*?) + Mo (Iiy + Iy — 211, + 215.))
2 43
+ G(6M1(2IQI — IQy — IQZ) -+ 3M2(I1m -+ Ily — 2]12) —+ MlMQT*Q)(;TQ
2T*5
+ G(*gMg(Ilm + Ily — 2]12) + 2M1(712I2m + 3I2y -+ 912z -+ 2M27"*2))
8r*d
T (Ilz — Ily)(?)GMQIly + 2V12]1ZT*3)§9%I
4[1yT*3
3GM2(ILZ — Ilr) + 21/12]127’*3
+ 3
4r*
G(Ml + MQ)(IQZ - I2y)12z 2
*3 592;8
2Lyyr (C42)
G(=3L My + I, (4M;y + My)) _
+ 562
271*3 Yy
3GMi(Iay — Ing) - o
* 2r*3 0¢3
6p$ + 6p§ 6p311: 6p317/ 6p32a: (5])32?/ IQZ + mT*Q p2
om ' 2m ' 2@, @ 2@, 2L, = 2L, | 20p.mr? %2
+ v50pe + (11— 15)0py,
vi(liz — Iy)

Zo

52>

562,

+

+

2y
—+ Tf(ST(Sp@ + 691m6p91y + V1681y5p91z

Iy
V* I2Z — 12 * 3GM1 122 — ng
+ W&ezzapezy + 13602, 06pg,, + (T*4 )5z592y
References

Agrusa, H.F., Gkolias, 1., Tsiganis, K., Richardson, D.C., Meyer, A.J., Scheeres, D.J.,
Cuk, M., Jacobson, S.A., Michel, P., Karatekin, O., Cheng, A.F., Hirabayashi, M.,
Zhang, Y., Fahnestock, E.G., Davis, A.B.: The excited spin state of Dimorphos
resulting from the DART impact. Icarus 370, 114624 (2021) https://doi.org/10.
1016/j.icarus.2021.114624

Daly, R.T., Ernst, C.M., Barnouin, O.S., Cheng, A.F., Chabot, N.L., Rivkin, A.S.,
Agrusa, H.F., Farnham, T.L., Collins, G.S., Michel, P., Moskovitz, N.A., Jutzi, M.,
Hirabayashi, M., Ormé, J., Pravec, P., Raducan, S.D., Stickle, A.M., et al.: An
Updated Shape Model of Dimorphos from DART Data. Planetary Science Journal
5, 24 (2024) https://doi.org/10.3847/PSJ/ad0b07

Deprit, A.: Canonical transformations depending on a small parameter. Celestial
Mechanics 1(1), 12-30 (1969) https://doi.org/10.1007/BF01230629

45


https://doi.org/10.1016/j.icarus.2021.114624
https://doi.org/10.1016/j.icarus.2021.114624
https://doi.org/10.3847/PSJ/ad0b07
https://doi.org/10.1007/BF01230629

Efthymiopoulos, C.: Canonical perturbation theory; stability and diffusion in Hamil-
tonian systems: applications in dynamical astronomy. Workshop Series of the
Asociacion Argentina de Astronomia 3, 3-146 (2011)

Gaitanas, M., Efthymiopoulos, C., Gkolias, 1., Voyatzis, G., Tsiganis, K.: Analytical
theory of the spin-orbit state of a binary asteroid deflected by a kinetic impactor.
Celestial Mechanics and Dynamical Astronomy 136(4), (2024) https://doi.org/10.
1007/s10569-024-10204-4

Hori, G.: Theory of General Perturbation with Unspecified Canonical Variable.
Publications of the ASJ 18, 287 (1966)

Maciejewski, A.J.: Reduction, Relative Equilibria and Potential in the Two Rigid
Bodies Problem. Celestial Mechanics and Dynamical Astronomy 63(1), 1-28 (1995)
https://doi.org/10.1007/BF00691912

Naidu, S.P., Chesley, S.R., Moskovitz, N., Thomas, C., Meyer, A.J., Pravec, P.,
Scheirich, P., Farnocchia, D., Scheeres, D.J., Brozovic, M., Benner, L.A.M., Rivkin,
A.S., Chabot, N.L.: Orbital and physical characterization of asteroid dimorphos fol-
lowing the dart impact. The Planetary Science Journal 5(3) (2024) https://doi.org/
10.3847/PSJ/ad26e7

Rivkin, A.S., Chabot, N.L., Stickle, A.M., Thomas, C.A., Richardson, D.C., Barnouin,
0., Fahnestock, E.G., Ernst, C.M., Cheng, A.F., Chesley, S., Naidu, S., Statler,
T.S., Barbee, B., Agrusa, H., Moskovitz, N., Terik Daly, R., Pravec, P., Scheirich, P.,
Dotto, E., Della Corte, V., Michel, P., Kiippers, M., Atchison, J., Hirabayashi, M.:
The Double Asteroid Redirection Test (DART): Planetary Defense Investigations
and Requirements. Planetary Science Journal 2(5), 173 (2021) https://doi.org/10.
3847/PSJ/ac063e

Scheeres, D.J.: Stability of the planar full 2-body problem. Celestial Mechanics
and Dynamical Astronomy 104(1-2), 103-128 (2009) https://doi.org/10.1007/
$10569-009-9184-7

Wisdom, J.: The chaotic rotation of hyperion. Icarus 58, 137-152 (1984) https://doi.
org/10.1016/0019-1035(84)90032-0

46


https://doi.org/10.1007/s10569-024-10204-4
https://doi.org/10.1007/s10569-024-10204-4
https://doi.org/10.1007/BF00691912
https://doi.org/10.3847/PSJ/ad26e7
https://doi.org/10.3847/PSJ/ad26e7
https://doi.org/10.3847/PSJ/ac063e
https://doi.org/10.3847/PSJ/ac063e
https://doi.org/10.1007/s10569-009-9184-7
https://doi.org/10.1007/s10569-009-9184-7
https://doi.org/10.1016/0019-1035(84)90032-0
https://doi.org/10.1016/0019-1035(84)90032-0

	Introduction
	Problem statement and equations of motion
	Coordinate system
	Hamiltonian
	Single-synchronous equilibrium state

	Linear perturbation theory
	Linearized equations of motion around the SSES
	Solution of the linearized system

	Nonlinear perturbation theory
	Hamiltonian expansion
	Hamiltonian normal form and solution

	Application to the post impact state of the 65803 Didymos system
	Oblique impact and new equilibrium
	Comparison of the linear and non-linear theories
	Solution of the linear theory
	Solution of the nonlinear theory

	Sensitivity of the solution to the system's parameters. The role of resonances

	Conclusions
	Conflicts of interest

	Nonzero elements of the Jacobian matrix bold0mu mumu JJJJJJ 
	Coefficients and parameters of the linear solution
	Full form of Z0

