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ABSTRACT

Context. The Pluto-Charon (PC ) pair is usually thought of as a binary in the dual synchronous state, which is the
endpoint of its tidal evolution. The discovery of the small circumbinary moons, Styx, Nix, Kerberos, and Hydra, placed
close to the mean motions resonances (MMRs) 3/1, 4/1, 5/1, and 6/1 with Charon, respectively, reveals a complex
dynamical architecture of the system. Several formation mechanisms for the PC system have been proposed.

Aims. Assuming the hypothesis of the in-situ formation of the moons, our goal is to analyse the past and current orbital
dynamics of the satellite system. We plan to elucidate in which scenario the small moons can survive the rapid tidal
expansion of the PC binary.

Methods. We study the past and current dynamics of the PC system through a large set of numerical integrations of
the exact equations of motion, accounting for the gravitational interactions of the PC binary with the small moons and
the tidal evolution, modelled by the constant time lag approach. We construct the stability maps in a pseudo-Jacobian
coordinate system. In addition, considering a more realistic model, which accounts for the zonal harmonic Ja of the
Pluto’s oblateness and the ad-hoc accreting mass of Charon, we investigate the tidal evolution of the whole system.
Results. Our results show that, in the chosen reference frame, the current orbits of all satellites are nearly circular,
nearly planar and nearly resonant with Charon that can be seen as an indicator of the convergent dissipative migration
experimented by the system in the past. We verify that, under the assumption that Charon completes its formation
during the tidal expansion, the moons can safely cross the main MMRs, without their motions being strongly excited
and consequently ejected.

Conclusions. In the more realistic scenario proposed here, the small moons survive the tidal expansion of the PC binary,
without having to invoke the hypothesis of the resonant transport. Our results point out that the possibility to find
additional small moons in the PC system cannot be ruled out.

©ESO 2021
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1. Introduction

The Pluto-Charon (PC ) binary has the mass ratio of
~ 0.122 and is currently found in a dual synchronous state,
which is the typical endpoint of the tidal evolution, over
1-10 Myr for this particular system (e.g., Farinella et al.
1979; Correia 2020). The orbit of Charon is almost circu-
lar, as confirmed by a 1o upper limit of 7.5 x 10~° (Buie
et al. 2012). In the last 15 years, the system gained atten-
tion due to the discovery of the four small moons (Styx, Nix,
Kerberos and Hydra) and their complex circumbinary con-
figurations. Several formation mechanisms for that satellite
system have been proposed (Kenyon & Bromley 2021, and
references therein). However, none of the proposed scenar-
ios of the past evolution of the whole system has provided
strong conclusions of whether the four small moons could
survive the period of the tidal expansion of the PC binary.

The small moons describe their orbits with respect to
the barycenter of the PC binary in the nearly circular and
coplanar orbital geometry. Several works have studied the

* E-mail: cristian.giuppone@unc.edu.ar
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dynamical stability of the small moons and also considered
the possibility of the existence of putative satellites (e.g.,
Weaver et al. 2006; Kenyon & Bromley 2019c,a), some of
them considering the moon’s masses one order of magnitude
larger than those determined by observational data (Tholen
et al. 2008; Pires Dos Santos et al. 2011; Youdin et al. 2012).
The orbital periods of the small moons place them very
close (depending on the uncertainties) even inside the N/1
mean motion resonances (MMRs) with Charon, namely,
3/1,4/1,5/1, and 6/1, for Styx, Nix, Kerberos, and Hydra,
respectively. For example, Brozovié¢ et al. (2015) obtained
the period ratios of a satellite and Charon, such as 3.1565,
3.8913, 5.0363, 5.9810, for Styx, Nix, Kerberos, and Hydra,
respectively. While the double synchronous state of the PC
binary is an indicator of the tidal evolution of the system,
the positions of the moons with respect to the MMRs could
be an indicator of smooth migration process.

It is well accepted that Charon was formed as a re-
sult of a giant collision that most likely happened when
the population of the Kuiper Belt was much denser than
today (Canup 2005; Ward & Canup 2006; Asphaug et al.
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Table 1: Orbital elements and masses of the Pluto’s satellites ; R, = 1188km and m, = 1.303 x 10%? kg.

Parameter Charon Styx Nix Kerberos Hydra
a/Rp T 16.51 36.92 41.55 48.99 55.00
a/Rp 2 16.50 35.70 40.98 48.61 54.47
a/R; 3 - 35.91 40.99 48.64 54.49
ex 10731 0.58 36.70 16.78 6.82 12.22
ex 10732 0.05 0.01 0.00 0.00 5.54
ex 10733 —~ 5.8 2.0 3.3 5.9
inc (°) ! 112.90 112.86 112.92 112.57 113.09
inc (°) 2 0.0 0.0 0.0 0.4 0.3
inc (°) ? - 0.81 0.13 0.39 0.24
M ()T 356.76 18.79 49.94 326.33 32.45
w(®) ! 293.25 348.42 293.25 293.25 293.25
QCe) ! 227.40 227.42 227.45 227.09 227.16
Mass (kg) 2 1.59 x 1027 | 1.49 x 107 | 4.49 x 10™6 | 1.65 x 106 | 4.79 x 10'°
Errors (km) 2 5 514 23 135 29
Aa (km) ! 0.043 1761 1086 637 443
Ae ! 7.13x107° 0.034 0.025 0.018 0.016
Ai (°) 1 7.26x1074 0.08 0.12 0.88 0.58
Aa (km) 4 1.x1073 1792 1147 616 437
Ae 1.8x1077 0.041 0.031 0.015 0.015
Ai (°) 4 ~0.00 0.08 0.12 0.88 0.58

! From the JPL Horizons site, at epoch 2021/01/01. (https://ssd.jpl.nasa.gov/7horizons) choosing the ecliptic as
reference plane.

2 From Brozovi¢ et al. (2015) averaged mean orbital elements derived based on 200 years of orbital integration. The
epoch for the elements is JED 2451544.5.  From Showalter & Hamilton (2015) , fitting a precessing ellipse. The epoch
is Universal Coordinate Time (UTC) on 1 July 2011. M, w, 2 are mean anomaly, argument of pericenter, and longitude

of the node respectively. Mass of Styx has solution with null value but we adopted 1o value. Errors correspond to
in-orbit uncertainties given in Brozovi¢ et al. (2015). Orbital element variations (Aa, Ae, and Az) correspond to those
extracted from JPL ephemerides! and to N-body integrations considering three body problem*, in 40 yr timespan.

2006; Canup 2011; McKinnon et al. 2017; Walsh & Levi-
son 2015). This giant impact could also originate the very
small circumbinary satellites Styx, Nix, Kerberos, and Hy-
dra. There is evidence that the satellites are of the age of
Pluto; indeed, the crater counting data from New Horizons
imply that the surface ages of Nix and Hydra are, at least,
of 4 billion years (Weaver et al. 2016).

Formation theories for the small moons in the PC sys-
tem include an intact capture scenario and a planetesimal
capture scenario. In the scenario of intact capture (Canup
2005, 2011), the proto-Charon grows rapidly, in about 30 h
after collision event, within a massive debris swarm pro-
duced during the collision and extending from 4R, to
25R, (in units of the Pluto’s radius). The commonly as-
sumed initial position of Charon in the disc is around 4R,
(e.g., Cheng et al. 2014a,b; Woo & Lee 2018). Depend-
ing on the characteristics of the impact, the initial orbit
of Charon varies its form, from circular to highly eccen-
tric one (ec ~ 0.50). The small moons belong to the debris
swarm, and their initial positions are generally considered
to be closer to Pluto than today.

To place the moons at their current locations, Ward &
Canup (2006) proposed the mechanism of resonant trans-
port. The main idea of the method is that, during the tidal
expansion of the PC orbit, the small satellites can be cap-
tured into resonances with Charon and migrate outward
together with Charon. Several authors have tested this hy-
pothesis and analysed the probability of capture in the
MMRs of the kind N/1 (e.g., Lithwick & Wu 2008a; Cheng
et al. 2014b; Woo & Lee 2018; Kenyon & Bromley 2021),

Article number, page 2 of 19

which are considered to be most strong around binaries
(e.g., Cuello & Giuppone 2019; Gallardo et al. 2021). How-
ever, Lithwick & Wu (2008b) have found some difficulties to
adjust the values of the Charon’s eccentricity, e, such that,
in order to transport safely Nix to the 4/1 MMR, it should
be e < 0.024, while, in order to transport Hydra to the 6/1
MMR, it should be e, > 0.04. Cheng et al. (2014b) have
found stable solutions (that is, not ejected from the sys-
tem) for the test particles at the 5/1, 6/1, and 7/1 MMRs,
but none at the 3/1 and 4/1 MMRs. Moreover, the orbits
of the surviving particles were highly eccentric, in contrast
with the currently nearly circular orbits of the small moons.
In addition, the authors have found that, when the hydro-
static value of Pluto’s zonal harmonic, Jo, was included in
the model, there was no stable transport at the regions near
the N/1 MMRs.

To overcome the problems of the resonant transport
model, the scenario of planetesimal capture gained more at-
tention. This scenario considers a ring of ejected material,
which is ranging up to 60Rp, or even 200Rp, more than
that in the intact capture scenario (e.g., Pires dos Santos
et al. 2012; Desch 2015; Walsh & Levison 2015; Kenyon &
Bromley 2019b). Smullen & Kratter (2017) studied the evo-
lution of a debris disc resulting from the Charon-forming
impact, established regions of stability according to tidal
evolution of PC binary, and characterised the collisions onto
Charon’s surface that might leave visible craters. Woo &
Lee (2018) studied several possibilities for survival of the
test particles in the regions of the known moons during the
tidal expansion of the PC binary (in-situ formation sce-
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nario). Applying different tidal models, the authors found
out most promising results when considered a constant-At
tidal model, with large dissipation coefficient (A ~ 40) and
the initially circular orbit of Charon (ec = 0.0); however,
in their simulations, they did not consider the impact of the
zonal harmonic of the Pluto’s oblateness.

The results obtained either by the tidal transport or in
situ formation scenarios are still inconclusive due to the
poor knowledge of the precise orbital elements and masses
of the small moons. The most precise orbital parameters
of the PC system, reported in Brozovié¢ et al. (2015) and
Showalter & Hamilton (2015) (see Table 1), present dis-
persion of several orders of magnitude in the eccentrici-
ties and inclinations of the small moons. The solution from
Showalter & Hamilton (2015) locked Pluto and Charon to
the ephemerides of JPL, PLU043. Our data are taken from
the JPL-Horizons and correspond to a pre-computed so-
lution PLU058/DE440, a fit to ground-based, HST, and
New Horizons spacecraft encounter astrometry in the in-
terval 1965-2018. To illustrate the uncertainties in orbital
fits we show in Table 1 the in-orbit errors (along the track)
reported by Brozovié et al. (2015) and also include the am-
plitude observed in the variation of orbital elements (see
also the Figure A.1). The precise orbital dynamics of the
small moons depends on the initial osculating orbital ele-
ments and the masses of the moons.

With this in mind, we introduce an additional mech-
anism, which could provide a robust explanation for the
existence of the four small circumbinary satellites at their
current positions. For this, we first give a global view of the
dynamics of the current Pluto’s system of small satellites in
Sect. 2. In Sect. 3, we present the model, which describes the
tidal interactions between Pluto and Charon, and discuss
the choice of the parameter values adopted in this paper.
In the next, we analyse how the tidal expansion of the PC
binary, starting at the different initial configurations, could
affect the behaviour o the small moons located at their cur-
rent positions (Sect.4). In Sect. 5, we analyse, in the frame
of the in-situ formation scenario, the effects of tidal evo-
lution of the Charon’s orbit on a large grid of the param-
eter values and the initial conditions. In that section, we
also study the impact of the zonal harmonic of the Pluto’s
oblateness on the moon’s dynamics. To overcome the prob-
lem of survival of the moons during the passages through
the low-order MMRs with Charon, we investigate the ef-
fects of a mass accreting Charon on the moon’s behaviour
in Sect. 6. Finally, we present our conclusions in Sect. 7.

2. Dynamical portrait of the current PC system

It is generally accepted that the current orbital configura-
tion of the PC binary and the four small moons is a prod-
uct of the evolutionary history of the whole system during
its lifetime, since the collision event that gave rise to the
Pluto’s satellites. In this context, the detailed analysis of
the current relative positions of the Pluto’s system mem-
bers may provide important constraints on the dynamical
past of the whole system.

A representative picture of the PC system is shown in
Fig. 1; it is calculated with the data from the JPL Horizons
site (see Table 1). To construct it, we use a modified Jacobi
reference frame, in which orbital elements of the small moon
are referred to the centre of mass of the PC system, while

the mutual interactions between the moons are neglected*.
In this reference frame, the motion of a particle of the Styx’s
mass is simulated through the numerical integration over
200yr (~ 3500 Styx’s orbital periods), and subsequently
analysed using Ae or Ai indicators, to better address the
structure of the resonances. We calculate Ae as the ampli-
tude of maximum variation of the orbital eccentricity of the
satellites during the integrations, Ae = (€émax — €min ). Sim-
ilarly, Ai = (imax — tmin) and Aa = (@max — Gmin). Regions
with higher Ae lead to chaotic motion and the indicator
also serves to identify separatrices of mean motion reso-
nances, being a powerful indicator of secular and resonant
dynamics (e.g., Dvorak et al. 2004; Ramos et al. 2015).

The instabilities in the motion of the particles are repre-
sented using colour scale on the maps in Fig. 1, on the a—¢
plane (left panel) and a—I plane (right panel) of the initial
conditions, where a, e and I are the semimajor axis, the
eccentricity and the inclination of the particle, respectively.
In the stability maps the initial conditions for Charon are
given in Table 1, whereas the initial values of the angu-
lar variables of the circumbinary moon are those given to
Styx in Table 1. The colour scale varies with Ae and A,
increasing from blue (regular motion) to red (chaotic mo-
tion), as shown in the colour bar on the top of the figure.
The positions of the four moons, Styx, Nix, Kerberos, and
Hydra, are shown by the red crosses on the maps (see Table
1). We note that all moons lie beyond the black continu-
ous curve on the left panel, which delimits the domain of
stable motion, according to the Holman—Wiegert criterion
(HWC) derived in Holman & Wiegert (1999) for circumbi-
nary configurations, and also noticed by Smullen & Kratter
(2017).

Figure 1 shows that the orbits of the moons are nearly
circular, nearly planar and nearly resonant. Although these
features of the Pluto’s system have been already pointed out
in the previous studies, it is still worth analysing them in
more detail. Indeed, as seen on the stability maps on the a—e
and a—I planes, the small satellites are confined to the very
small eccentricity and inclination regions of regular motion
(blue colour). According to secular perturbation theories,
very low eccentricities and inclinations are characteristic
of the dynamical systems with Angular Momentum Deficit
(AMD) close to zero (Michtchenko & Rodriguez 2011). Re-
garding initially excited dynamical systems (in this case,
due to the collisional origin of Charon), the low-AMD con-
figurations are generally attained by the systems evolving
under weak and slow dissipation.

The interpretation of the near resonant distribution of
the small satellites requires the analysis of an additional dy-
namical mechanism that is a capture into MMRs. The sta-
bility maps in Fig. 1 show the MMRs produced by Charon
as vertical strips of chaotic motion (red colour). The low-
order strong MMRs, such as 3/2, 5/3,2/1,5/2 and 3/1, are
located inside the domain of instability defined by HWC
(black curve on the left panel). In the low-eccentricity re-
gion, the 3/1 MMR can be regarded as an inferior limit of
stability of the motion, and Styx is stuck to it. This moon
lies so close to the 3/1 MMR that uncertainties in deter-
mination of the angular variables of its orbit, such as the

* Pires Dos Santos et al. (2011) have reported gravitational ef-
fects, due to Nix and Hydra, on the test particles in the external
region of the PC binary, but the masses of the moons used were
one order larger than those reduced from the observations.

Article number, page 3 of 19



A& A proofs: manuscript no. pluto_AandA-R2

107t

0.10

0.08

0.06

eccentricity

0.04

0.02

0.00

45 50 55 60
a/Rp

114.5

114.0

113.5

113.0

112.5

inclination (deg)

112.0

111.5

111.0

30 35 40 45 50 55 60
a/Rp

Fig. 1: Dynamical maps on the a—e plane (left panel) and a—I plane (right panel) of the moon’s initial conditions calculated
for the PC binary and a small moon of the Styx’s mass with initial Styx’s orbital elements from JPL in Table 1. The
current positions of the moons are shown by red crosses. The locations of the main MMRs are indicated, and the gray
line at right panel indicate the current inclination of Charon.

mean longitude and the longitude of the pericenter, might
put it closer to the chaotic layer of the 3/1 MMR (e.g.,
in-orbit and radial errors reported in Brozovi¢ et al. 2015).
The same is true for Nix, with respect to the 4/1 MMR
(see panels Styx and Nix in Figure A.2), but most notice-
able for Kerberos and Hydra, with respect to the 5/1 and
6/1 MMRs, respectively (see bottom panels in Figure A.2).
This fact suggests that the small moons could be involved
in one of the MMRs at some period of their common past
history. Therefore, in this paper, we will analyse the inter-
action of the small moons with the main MMRs during the
tidal expansion of the Charon’s orbit.

It is worth emphasising that the uncertainties in the de-
termination of the moon’s masses and the actual positions
can provide a general view of the phase space of the PC
system, but not specifying whether the objects are evolving
nearby or inside the MMRs.

3. Tidal model

In this section, we describe the tidal model, which we ap-
ply to investigate the orbital expansion of Charon and the
implications for the orbital motion of the small moons. As
described in the previous section, the orbital configuration
of the Pluto’s satellites is better represented in terms of
the modified Jacobi elements. The initial Jacobi orbital el-
ements are transformed to the Jacobi rectangular coordi-
nates and velocities in a three-dimensional reference frame
centred in Pluto. The equations of motion are solved using
a N-body integrator with adaptable step-size (for details,
see Rodriguez et al. (2013)). We consider the system con-
sisting of Pluto, Charon and an external small moon, where
two large bodies undergo mutual tidal interaction, while the
external moon is not (directly) tidally affected, due to its
small size and mass. We adopt a classical linear tidal model,
in which the deformations of the bodies are delayed by a
constant At, usually referred to as tidal time lag (Mignard
1979). In this scenario, the PC tidal interaction is modelled
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following Cheng et al. (2014a)**, which assumes the col-
lisional origin of Charon, when Charon emerges with the
non-zero orbital eccentricity, ec, and the initial semimajor
axis ac = 4Rp (Ward & Canup 2006).

Both Pluto and Charon would be spinning after the col-
lision, with the spin axes oriented in some directions with
respect to the orbital plane of the binary. Due to the rel-
atively small size and mass of Charon, in comparison with
Pluto, the contribution of its spin to the total angular mo-
mentum is small, and it evolves quickly (less than 10 years)
to the asymptotic tidal spin rate. For sake of simplicity,
in this work, we assume zero obliquity for both Pluto and
Charon; the model of the PC binary, accounting for the ar-
bitrary obliquities and the Sun’s perturbations, is studied
in Correia (2020).

The total angular moment of the PC binary can be writ-
ten, in the chosen reference frame and with the assumed
approximations, as

L=CpQp +Ccf% + Mpceneca/1 — €2, (1)
where Mpe = mpme/(mp + me) and ne are the reduced
mass of the binary and the mean motion of Charon, respec-
tively. According to classical theories, L is conserved during
the tidal expansion of the PC binary. Hence, its amount
for the PC system can be obtained knowing the masses of
Pluto and Charon, m, and m., and the current values ac
and ne. Indeed, at dual synchronous state of the current
PC binary, the Charon’s orbit is circularised, that is, we
can assume e, = 0, and Qp,=Q-=nc.

Then, by substitution of these conditions into Eq. (1),
the L value is obtained; in the following, this value is used to
obtain the angular velocity of Pluto, 5, resolving Eq. (1)
for given starting values of ac, es, and ., the angular
velocity of Charon’s rotation.

Following Cheng et al. (2014a), we define the dissipation
parameter A given by
= St ey fey »

kyp Atp \mg Ry
** We refer the reader to this work for a complete analysis of the
PC tidal evolution.
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Fig. 2: Dynamical maps of Styx, Nix, Kerberos and Hydra on the ac—e plane of the Charon’s initial conditions. On each
map, black curves are the Charon’s tidal trajectories, obtained for the initial e.-values of 0.01, 0.1 and 0.2; the initial
conditions of the corresponding moon are fixed at those given in JPL from Table 1. The blue tones represent regular
motions, while the brick tones correspond to increasing instabilities and chaotic motion; the colour bar on the top shows

Ae. The locations of the main MMRs are indicated.

where (kyc, kop) are the second order Love numbers and
(Rp,Rc) are the radii for Pluto and Charon, respectively.
We note that, for the masses and the radii of Pluto and
Charon (R; = 606 km),

2 R 5
Mo Ry

thus, the constant A can be closely understood as the ra-
tio of time lags between Charon and Pluto. Cheng et al.
(2014a) also have shown that, for an appropriate value of
the ratio (A ~ 10), the eccentricity of Charon’s orbit, e,
remains roughly constant during most of the tidal evolu-
tion.

Our current knowledge on the physical properties of the
PC system does not allows us to constrain the range of A
values (see Eq. (2) and Lainey (2016); Quillen et al. (2017)).
However, it is easy to show through classical tidal theories
that, for A << 1, tidal forces on Pluto dominate the tidal
evolution of the binary, whereas, for A >> 1, the orbital
expansion and circularization are dictated by the tides on
Charon. Previous works adopted different ranges for the
possible values of A, namely, 1 < A < 18 (Cheng et al.
2014a,b); A =10 or A = 40 (Woo & Lee 2018); 1 < A < 16
(Correia 2020). In this work, we initially explore the wide
range of 0.01 < A < 100; however, in order to place test
moons at the current Styx position, we adopt the range of
8 < A < 40.

(3)

Cheng et al. (2014a) have shown the tidal evolution of
PC for different initial eccentricities of Charon. Here, we
summarise the common features observed in the numerical
integrations, which we will refer in our discussions below:
(1) independently of the initial values of the Charon’s eccen-
tricity, ec, it presents a peak at some moment during the
PC expansion, (ii) the time evolution of Q. /n is correlated
with the peak of e; and can reach values of ~ 10, (iii) the
semimajor axis of Charon attains its current value (16.5R )
and the orbit is circularised, whereas both rotations syn-
chronise with the orbital period after around 3 x 10° yr.
It is worth emphasising that, according the tidal evolution
theories, the double synchronous rotation is only attained
when the orbit is completely circularised (see Cheng et al.
2014a). Also, at the end of the evolution, the angular mo-
mentum exchange between Pluto and Charon ceases and
both orbital and rotational components attain their equi-
librium configurations in the system.

4. Dynamics of the moons in the tidally evolving
PC system

In this section, we investigate the dynamics of the small
moons located at their current positions, during the tidal
expansion of the Charon’s orbit. For this, we use the
same techniques described in Sec.2. Considering that the
Charon’s orbital elements vary during the migration, we

Article number, page 5 of 19
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map the neighbourhood of each moon applying the con-
servative model, for different values of the semimajor axis,
ac, and the eccentricity, es, of Charon’s orbit and the fixed
mass and initial conditions of the satellite (Table 1). In this
way, we can visualise the dynamical behaviour of each moon
at different configurations of the PC binary acquired in the
past. Figure 2 shows the dynamical maps on the ac—ec
planes, obtained for current locations of Styx, Nix, Ker-
beros and Hydra retrieved from JPL-Horizons. The black
curves show the positions of Charon on these planes, as they
were obtained through simulations of its tidal expansion in
the past (described in the previous section). Three values
of the Charon eccentricity were used, namely 0.01, 0.1 and
0.2, while the other parameters were fixed at ac/Ry, = 4,
Qc/ne =2, A =10 and At, = 600s. By construction, the
three paths converge to the current position of Charon, at
ac = 16.5R, and e, = 0.

Now, we can investigate the dynamical behaviour of
each moon according to the position of Charon, at any mo-
ment of its past history. Indeed, for a chosen position of
Charon in one of its paths on the a.—e. planes in Fig. 2,
we can identify dynamical features, which affect the be-
haviour of the moon at that instant. These features are
mainly MMRs, which are identified by plotting the moon’s
dynamics with the colour scale. In this way, we can distin-
guish between the stable (blue-white) and unstable (red)
behaviour of satellites. The instabilities of the motion are
clearly related to the MMRs, whose locations are indicated
by the corresponding ratio in Fig. 2.

The most strong MMRs are of low order, 3/1 and 4/1,
and we expect that the dynamical stability of the moons
would be significantly affected by these resonances. Figure
2 shows that Charon’s paths (black curves) never cross the
3/1 MMR and, consequently, none of the four small moons
suffer the destabilising effects of this resonance. Currently,
Styx stays close to this resonances (left-top panel), but its
motion is still stable. It is worth noting here that the 3/1
MMR can be considered as an inferior limit of stability of
the circumbinary motion, as shown in Fig. 1.

According to Fig. 2, the actual position of Styx has been
crossed by the 4/1 MMR at some moment in the past, also
as of Nix (right-top panel) at another period. Our simula-
tions of the moon’s dynamics (described in the next sec-
tion) show that the perturbations produced by this reso-
nance increase with the increasing eccentricity of Charon.
For Charon’s paths with e = 0.1 and 0.2, Styx and Nix
spend a time evolving in the 4/1 MMR, which might be suf-
ficient to strongly excite their eccentricities and even eject
from the current positions. On the contrary, for Charon on
quasi-circular orbit (e = 0.01), the passages of Styx and
Nix through the 4/1 MMR may occur quickly and without
significant excitation of their motions.

The width and, consequently, the dynamical effects of
the higher order MMRs, such as 5/1, 6/1, 7/1, etc, rapidly
decreases with the decreasing order, as seen in Fig.2. We
expect that their passages through current positions of the
small moons would not produce perturbations to destabilise
their motion, particularly, for Charon evolving on the quasi-
circular orbit during these passages. Thus, we conclude
that, in order to ensure the simultaneous orbital stability
of the four small moons during the orbital expansion of
the PC binary, Charon’s eccentricity should be constrained
to lower values. This fact points towards a dynamical sce-
nario, in which the adequate choice of Charon’s eccentricity
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Table 2: Parameters adopted in the numerical simulations.
Here, nc is the mean motion of Charon. We note that the
initial value of 2, is calculated taking into account the
conservation of the total angular momentum of the system
(see Eq. 1 ). The adopted parameters covers a broad range
of initial conditions, as also suggested in the previous works
(e.g., Canup 2005, 2011; Cheng et al. 2014a,b; Correia 2020)

Parameter Values
ac/Rp 3,4,5,6,7
ec 0, 0.001, 0.01, 0.1, 0.2
Qc/ne 0.5,1.5,2,3,4
A 0.01, 0.1, 1, 10, 100
Aty (s) 6, 60, 600

at the beginning of the tidal expansion is essential, in order
to guarantee the orbital stability of the system of moons. In
the next section, we will simulate numerically the impact of
the migrating Charon on the orbital motions of Styx, Nix,
Kerberos and Hydra by taking into account simultaneous
effects of the tidal evolution and gravitational perturba-
tions.

5. Simulations of the moon’s behaviour under the
tidal expansion of the Charon’s orbit

In this section, we analyse the behaviour of Styx, Nix, Ker-
beros and Hydra during the orbital expansion of Charon’s
orbit and their passages through the MMRs. Here, we as-
sume the in-situ formation of the small moons, that is, our
numerical simulations start with the satellites at their cur-
rent positions. We work in the modified Jacobi reference
frame, where small moons are orbiting the barycenter of
the PC binary. In this frame, we neglect the mutual per-
turbation between the moons, due to their small masses,
that allows us to solve their orbital motions in a separate
way. We solve the exact equations of motion for each satel-
lite, according to the tidal model described in Sect.3 and
following Rodriguez et al. (2013). We consider coplanar con-
figurations and the initial mean anomalies, and longitudes
of pericenter are set to zero.

We perform a set of numerical simulations varying the
main parameters of the problem, namely, the initial semi-
major axis and eccentricity of Charon’s orbit (ac,ec), the
initial rotation velocities of Pluto and Charon (2; and ),
the time lag of Pluto Atp, and the constant of dissipa-
tion A (see Table 2). The initial orbital angles of Charon
are set to zero. We fix a fiducial set of parameters, such
that ac/Rr = 4, ec = 0.001, Qo/ne = 2, A = 10 and
Aty = 600s. Then, the simulations are done varying the
parameters one-by-one, choosing the values listed in Table
2. It is worth noting that the initial value of €2, is not a
free parameter, but is determined by the conservation of
the angular momentum of the binary through Eq. (1).

The masses and current semimajor axes of the external
moons are taken from Brozovié et al. (2015) (see Table 1).
The initial orbital eccentricities of the moons are assumed
to be almost circular (e = 107°). Note that, in this sec-
tion, we work in the frame of the planar problem, when the
small moon evolves on the orbital plane of the PC binary.
Physical parameters, such as the masses and radii of Pluto
and Charon, are the same described in Sect. 3. Since the
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Fig. 3: Two typical examples of the Styx orbital evolution
resulting in either instability (left panel) or the final con-
figuration, which is significantly different from its current
orbit (right panel). Left panel: The initial conditions used
are ac/Rp = 5, e = 0.001, Qc/ne = 2, A = 10 and
Aty = 600s. Styx is ultimately ejected from the system
when the system crosses the 4/1 MMR between Charon
and Styx (not shown), resulting in a strong increase of the
Styx’s eccentricity. Right panel: The initial conditions used
are ac/Rp = 4, e« = 0.001, Qo/ne = 2, A = 10 and
Atp, = 6s. The orbital eccentricity is excited, due to the
crossing of the 4/1 and 7/2 MMRs (not shown), to attain
the mean value ~ 0.1, that is substantially larger than the
current Styx’s eccentricity.

tidal evolution of the PC binary is not affected by the ex-
ternal small moon, we do not show the variations of their
orbital and rotational components in this section (see Fig. 2
in Cheng et al. 2014a). In addition, we performed simula-
tions for both At, = 0.06s and At, = 0.6, but the results
obtained were discarded, since Charon did not reach its
current semimajor axis after 100 Myr in these cases. We in-
tegrate the equations of motions over 100 Myr for At = 6s
and At, = 60s; for At, = 600s, we consider 10 Myr as the
integration timescale.

In the following, we summarise the results obtained for
each of the four moons, emphasising the cases in which the
final orbital configuration of the small moon is similar to its
current one. We note that, despite the fact that the moons
are currently in the nearly resonant configurations, the un-
certainties in their masses and orbital parameters could still
place them inside the MMRs (see our discussion in Sect. 1
and the Fig. A.2). In Table 3 we include the cases, for which
each of the moons reaches the end of simulation in stable
motion. Additionally, we identify the initial conditions, for
which the final eccentricity of the moon is smaller than
0.05 that is compatible with the current eccentricities of
the moons (see our Fig. A.1).

5.1. Styx

Styx is located at a mean distance of 42,650 km (~ 35.9R ;)
from the barycentre of the PC binary, and is close to the 3/1
MMR with Charon (see Fig.1 and Fig. A.2). Other initial
conditions different from those shown in Table 3, tested
for this satellite, lead to either ejection of the small moon
from the system (Fig. 3 left panel) or a final orbit, which is
different from the current one (Fig.3 right panel). In most
cases, instabilities occur when Styx approaches the 4/1 or
5/1 MMRs, in this last case, only for high initial e..
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Fig. 4: Top row: Time evolution of the Styx’s semimajor
axis (left) and eccentricity (right) during the tidal expan-
sion of the PC binary. The initial conditions used in the sim-
ulations are ac/Rp =4, esc = 0.001, Q. /ne =2, A =100
and Atp, = 600 s. The final values of the orbital elements
remain close to the current ones. Bottom row: Time evolu-
tion of the mean-motion ratio (left) and Aw (right). Note
that the mean value of n/n is larger than 3. The secular
angle Aw oscillates around 180°.

Figure 4 illustrates the Styx’s orbital evolution obtained
for A = 100. We note that, despite an apparently slow in-
crease, the semimajor axis of Styx remains close to the cur-
rent value. The eccentricity acquires a mean value of 0.02,
varying roughly between 0.007 and 0.04, which is also con-
sistent with the oscillation of the current Styx’s eccentricity.
The final value of the mean motion ratio is larger than the
nominal location of the 3/1 MMR (see Fig.1); the differ-
ence between the pericenter longitudes of Styx and Charon,
Aw, oscillates around 180°, which is an indicator of the dis-
sipative migration (see Sect.4). We have checked that, for
this particular simulation, all critical angles associated to
the 3/1 MMR circulate.

The results obtained for Styx point out that the sce-
nario with the initially quasi-circular orbit of Charon and
high dissipation ratio (large A) favours the stability of the
Styx’s motion during the orbital expansion of the PC bi-
nary. However, we note in Table 3 that only very specific
combinations of the parameters allows Styx to remain on
the stable orbit as the 4/1 MMR with Charon is crossed. For
most of the explored initial conditions, the Styx’s motion
is strongly excited by the passage through this resonance,
resulting in the escape from the system. In Sect. 6, we test
the orbital stability of Styx (and the other small moons)
assuming an on-time accretion of the Charon’s mass.
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Table 3: List of the parameters and initial conditions for which the four small moons survive in the numerical simulations.
Values in bold correspond to the simulations resulting in a good agreement with the current orbital configuration of the
small moons (e < 0.05), according to the adopted criteria (see Sect.5)

Parameter Styx Nix Kerberos Hydra
ac/Rp 4 3,4,5,6,7 3,4,5,6,7 3,4,5,6,7
ec 0 0, 0.001, 0.01 | 0, 0.001, 0.01, 0.1, 0.2 | 0, 0.001, 0.01, 0.1, 0.2
Qc/ne 1.5, 2 0.5,1.5,2,3,4 0.5,1.5,2,3, 4 0.5,1.5,2,3, 4
A 10, 100 10, 100 0.01, 0.1, 1, 10, 100 | 0.01, 0.1, 1, 10, 100
Atp (s) 6, 60, 600 6, 60, 600 6, 60, 600 6, 60, 600
45 T 02 larger than the current value, with a difference of ~ 2R,.
44.5 ag/Rp=3 g'lg B Moreover, the critical angle associated to the 4/1 MMR,
4;‘51 acRp=7 == 014 ¢4/1 = 4A— Ao — 3w, librates around 180°, as well all other
T 43 0.12 angles associated to the same MMR, while Aw oscillates
- °© 0%-; around 0° (Fig. 5 bottom-right). In this case, ec reaches ~
42 0.06 4x107° at 107 yr in one of simulations due to perturbations
415 0.04 e from Nix (not shown here).
4 : 0.02 agRe7 . On the other hand, for a./R, = 7 (blue curves), the
405 0 orbital evolution of Nix occurs with the eccentricity and
0 5x10° 1x107 0 5x10° X107 gemimajor axis close to their current values. All critical
Time [yr] Time [y1] arguments associated to the 4/1 MMR circulate in the
5 : case ac/Rp = 7, indicating that the moon is out of the
ac/Rp=3 resonance, although is still very close to it. In this case,
agRp=7 —— - ac/Re=3 the mean motion ratio oscillates around a mean value
4.5 - 8 slightly smaller than the nominal position of the 4/1 MMR
5 g (Fig. 5 bottom-left), in accordance with the current position
= . g | of Nix given in Brozovi¢ et al. (2015) (see Figs. 1 and 2).
£ A Ao 3o The results shown in Table 3 indicate that, in compar-
Am ison with Styx, almost 40% of the tested initial conditions
35 ! . result in the final orbital configurations, which are similar
0 5x108 %107 0 5x108 1x107  to the current orbit of Nix.
Time [yr] Time [yr]

Fig. 5: Top row: Time variations of the Nix’s semimajor
axis (left) and eccentricity (right), for two different ini-
tial values of ao. The initial conditions are ac/Rr = 3
and ac/Rr = 7, e = 0.001, Qo/ne = 2, A = 10 and
At, = 600s. For ac/R, = 3, the eccentricity of Nix is
excited to a mean value close to 0.16. Bottom row: Time
evolution of the mean-motion ratio (left) and two angles
for Nix (right), namely, the secular angle Aw and the 4/1
MMR critical angle ¢4/1 = 4\ — Ac — 3wc. The mean value
of nc/n is slightly smaller than 4, for a. /Ry = 7, whereas,
for ac/Rp = 3, ¢4/1 and Aw librate around 180° and 0°,
respectively.

5.2. Nix

Nix lies at the mean distance of 48,690 km (~ 41R;) from
the PC barycenter and is currently close to the 4/1 MMR
with Charon. The values of the initial conditions resulting
in final configurations similar to the current orbit of Nix
are shown in Table 3. Figure 5 shows the examples of the
orbital evolution obtained for ac/Rp, = 3 and ac/Rp = 7.
For a./Rr = 3 (orange curves), the resulting orbit clearly
deviates from the current orbital configuration of Nix. In
this case, the trapping into the 4/1 MMR excites the Nix’s
eccentricity, up to e = 0.16. The final semimajor axis is
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5.3. Kerberos

Kerberos is the third small satellite orbiting the PC binary,
at a mean distance of 48.6R;, that places it close to the
5/1 MMR, with Charon. Table 3 shows that all numerical
simulations result in good agreement with the current orbit
of this small moon.

Figure 6 shows the orbital evolution of Kerberos dur-
ing the tidal expansion of PC binary for two values of
the initial Charon’s eccentricity, e = 0.001 (grey curves)
and e = 0.1 (red curves). For both initial conditions, the
output of the simulations fit satisfactory the current orbit
of the moon. All critical angular combinations of the 5/1
MMR circulate and the ratio n. /n oscillates around a mean
value slightly larger than 5, that places the moon outside,
but still close, the 5/1 MMR (see Fig. 2). We show the angle
¢5/1 = 5A — Ac — we — 3w, obtained for e = 0.001, on the
bottom-right panel in Fig. 6. At around 5x 10° yr, this angle
changes its behaviour from circulation to libration around
0°.

5.4. Hydra

Hydra is the most distant known satellite of the PC binary,
with a current barycentric semimajor axis of a ~ 54.5Rp.
This small satellite is close to the 6/1 MMR with Charon.
Most of the simulations reproduce the current orbit of Hy-
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Fig. 6: Top row: Orbital evolution of Kerberos for two initial
conditions of e, namely, 0.001 and 0.1. The other param-
eters are ac/R =4, Qc/ne = 2, A =10 and At, = 600s.
These simulations are successful, according to the adopted
criteria (see Sect.5. Bottom row: Time variations of the
mean-motion ratio (left) and ¢5/1 = 5A — Ae — we — 3w
(right). We show the angle for the specific case of ec =
0.001. The mean value of n./n is larger than 5.

dra, as shown in Table 3. Figure 7 shows the evolution for
At, = 6s (brown curves) and At, = 60s (grey curves). We
can note that, for At, = 60s, Hydra is trapped in the 6/1
MMR, with the critical angle ¢4 = 6A — Ao — we — 4w
librating around 0°. Moreover, the ratio n./n is slightly
smaller than 6 for this specific trapping. In the case with
Aty = 6, all critical angles of the 6/1 MMR, are circulat-
ing.

As in the case of Kerberos, all initial conditions result in
stable motion of the test moons, with e < 0.05, indicating
good agreement with the current orbit of Hydra.

5.5. Discussion of moons behaviour and proximity to MMRs

Analysing the parameter’s values in Table 3, we realise that
it is unlikely to collect a specific set of the parameters and
initial conditions resulting in the final configuration of the
all four satellites consistent with the current ones. This fact
is mainly due to the difficulty to find Styx in stable config-
uration.

Since the determination of the satellite’s current orbits
is affected by uncertainties, it is not clear whether they are
or not captured in the MMRs. Thus, for sake of complete-
ness, we show in Table 4 the values of the parameters, which
provide the final moon’s orbits trapped in the nearest MMR,
with Charon, with at least one of the associated critical an-
gles librating. It is remarkable that the motion of Styx in
the 3/1 MMR is always unstable, in this way confirming
our suggestion that the 3/1 MMR delimits the domain of
stable motion in the PC binary.
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Fig. 7: Top row: An example of the successful simula-
tion concerning the orbital variation of semimajor axis
(left) and eccentricity (right) of Hydra, according to the
adopted criteria. The initial conditions are ac/Rp = 4,
ec = 0.001, Qc/ne = 2, A = 10 and At, = 6s. Bottom
row: Time variation of the mean-motion ratio (left) and
$6/1 = 6A — A\ — we — 4w (right) for two values of Atp,
namely, 6s and 60s. We note that, for At, = 60s, ¢g/1
librates with large amplitude around 0°. For At, = 6s, all
critical angles associated to the 6/1 MMR circulate.

Table 4: List of the parameters resulting in captures in the
MMRs with Charon. Styx’s simulations did not produce
any captures in the MMRs.

Parameter | Nix Kerberos Hydra
ac/Rp 3,5,6 3 3,5,6
ec - 0, 0.001 0, 0.001
Oc/ne 4 0.5, 1,5, 3,4 0.5, 1,5, 3,4
A - 0.01,0.1,1,100 | 0.01,0.1,1,100
Atp (s) 60 60 60

For sake of completeness, we compare our results with
those previously reported by Woo & Lee (2018) assuming
the tidal model of constant At. Their model considered
A =10 and A = 40 and initial ec = 0 and ec = 0.2. For
large A and initial ec = 0, all test particles survives the en-
tire simulation (see their Table 3, last row). Moreover, the
particles nearby the MMRs with Charon have final values
of eccentricities larger than the current ones. On the other
hand, for small and large A and initial ec = 0.2, the final
orbits do not match the current ones. These results are in
good agreement with ours, however, Woo & Lee (2018) only
considered fixed values of At = 600s, Qp/n = 5.65, and ini-
tial distance for Charon ac = 4Rp, while our study present
a wider range of initial parameters and tidal dissipation.
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Fig. 8: Survival times of the small particles, for the differ-
ent discs extending from 10R, to 55Rp,, during the tidal
expansion of the PC binary, with the dissipation parameter
A = 10, under the effect of the evolving zonal harmonic Js.
The colour symbols are used to identify the particles from
the different discs (see text).

5.6. Survival time of the small moons under Jy evolution

In order to refine our model, we introduce an additional
force due to the oblateness of Pluto. The Pluto’s polar
oblateness, parameterised by the zonal harmonic Js, is mod-
elled as (Cheng et al. 2014b)

AL

T2 = 3Gmp

(4)

where k¢ p is the second order fluid Love number of Pluto
and Q5 is the angular rotation velocity of Pluto. Recently,
Correia (2020) derived from the shape of Pluto a static
value of Jy = 6 x 1075, In this work, we use both formula-
tions adding them to the model described in Sect. 3.

We apply the model to study the behaviour of a ring
composed of 300 particles, each one of the very small mass
of 1.49 x 10 kg (thus, we can neglect their mutual per-
turbations and contributions in the total angular momen-
tum of the system), at different positions chosen from the
interval of 10R, < a < b5R, of the baricentric semi-
major axis. We use the constant At-model, A = 10 and
the different initial values of the Charon’s eccentricity, ec.
It is worth noting that the value of ec constrains 2,
(equivalently, the initial rotation period of Charon). For
example, starting at ac = 4Rp, with ec = 0.001 and
Qo /ne=2 (i.e. P. = 0.38136d) and using Eq. (1), we cal-
culate the corresponding initial rotation period of Pluto as
being Py = 0.13858d (Py = 27/Q5).

We work with two kinds of the disc of particles, one is
coplanar with the orbital plane of the PC binary, and other
is inclined, with the angle randomly chosen from the inter-
val —0.01° < ¢ < 0.01°. In the coplanar disc, the particles
start on the nearly circular orbits, with eccentricities uni-
formly distributed in the interval 0.0 < e < 1073, For the
Charon’s initial configuration, we consider ac = 4Rp and
three values of the eccentricity ec, namely, 0.001, 0.1 and
0.2. In the case of the inclined disc, the particles remain on
the nearly circular orbits, while ac = 4Rp and ec = 0.001.
In both cases, we set random initial conditions for the an-
gular variables of the Charon’s and particle’s orbits. The
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system composed of the PC binary and the ring of parti-
cles was integrated over 3 x 10% yr (approximately 150 x 10°
periods of the binary)***.

The case of the initially inclined disc of particles is con-
sidered due to the recently published results (Cuk et al.
2020), which demonstrate that tidal evolution of particles
at low inclinations, can induce resonant trapping and the
excitation of the particle’s inclination, that is incompati-
ble with the observed low inclinations of the moons in the
PC system. The tests with the initially eccentric orbit of
Charon are inspired on the results of the smooth particle
hydrodynamic simulations reported in Canup (2005, 2011).

Figure 8 shows the survival times of the particles from
the different discs. The results were obtained considering
the zonal harmonic J2, which evolved as the PC binary
tidally expands, according to Eq. (4). We have also inves-
tigated the behaviour of the disc considering the cases of
J>=0 and Jo = 6 x 1075, this last value derived from Cor-
reia (2020); the results obtained are discussed in Appendix.
We note in Fig. 8 that the particles could survive the tidal
expansion of the PC binary (that is, remain in the PC sys-
tem after 3 x 10° yr) only when Charon starts on the nearly
circular orbit (ec = 0.001), and only in the region beyond
the Nix’s orbit. Also, there are no significant differences
between the coplanar and low inclined discs (blue crosses
and orange dots, respectively). Contrarily, in the case of
the initially eccentric Charon’s orbit, all particles (green
crosses and red dots) are ejected from the system in less
than 103 yr, due to capture in the MMRs and subsequent
excitation of the eccentricities, as described in Cheng et al.
2014a; Kenyon & Bromley 2019b.

For the quasi-circular Charon’s orbit, the low order 3/1
and 4/1 MMRs, at the positions of Styx and Nix, respec-
tively, are responsible for the rapid (less then 10* yr) ejec-
tion of the particles. In this case, the survivors are observed
only beyond the Nix’s orbit. Moreover, even further, in the
regions around current positions of Kerberos and Hydra
(5/1 and 6/1 MMRs, respectively), the most of the ficti-
tious moons do not survive more than 10°yr. It is clear
that these times are incompatible with the hypothesis of
primordial moons after the system settled into its present
configuration through an impact on Charon (Bromley &
Kenyon 2020).

It is worth observing that, applying the simplified
model, which considers the constant value of Jo (zero or
Jo = 6 x 107%), we obtain that the particles starting on the
nearly circular and nearly planar orbits at the current po-
sitions of Styx and Nix, can survive the tidal expansion of
the PC binary (for details, see Appendix). However, in the
more realistic model, which accounts for the zonal harmonic
Jo evolving during the expansion, the additional perturba-
tions destroy the stability of the particles in the range of
10Rp < a < 55Rp. Moreover, no particles remain at the
current positions of Styx and Nix. We repeat these exper-
iments with a higher dissipation ratio, A=20, and obtain
qualitatively the same result.

*** According to Cheng et al. (2014a); Correia (2020), the PC
binary acquires its equilibrium current position after (2 —4) x
108 yr.
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Fig. 9: Time evolution of the Charon physical properties during the mass accretion: the mass, the radius, and the zonal
harmonic Jo, from the left to the right panels, respectively. Colours represent the results obtained from the different
accretion models. Dashed horizontal line (right panel) present the constant .J5 obtained in Correia (2020).

201 — Py=0.12
I P0=013
F—— Py=0.14 ———————————o -
o 151 — Py=0.149
x — P;=0.16
[S) —
S 1o Py=0.17 A=10
5_

1 2 3 4 5 6
log (time(yr))

0.10

0.08 1

0.00 - T : T T T T T

1.06 A

1.04 A

Qc/nc

1.02 A

1.00 A

1 2 3 4 5 6
log (time(yr))

Fig. 10: Tidal evolution of the PC binary, for A = 10 and logarithmic mass accretion of Charon during the first 10% yr,
starting with the initial eccentricity ec = 0.001. Panels show the orbital semimajor axis ac (panel a), in units of Rp,
the orbital eccentricity e (panel b), and the spin angular velocities of Pluto Qp (panel ¢) and Charon ¢ (panel d), in
units of the mean motion nc. Each colour represent a different initial Py, in units of days.

6. Accreting Charon’s mass

In this section, we introduce a scenario, which considers the
mass accretion of proto-Charon from the disc of debris left
soon after the giant impact. The growth of Charon occurs
simultaneously with the tidal expansion of its orbit around
Pluto and could affect the behaviour of the small circumbi-
nary moons described in the previous sections.

First, we analyse the evolution of the expanding binary
with the growing Charon in Sect.6.1. Then, we introduce
an additional small moon (either Styx or Nix), to assess
the parameters of the tidal evolution in Sect.6.2. Finally,
we simulate the behaviour of the disc of particles in the PC
system in Sect.6.4. In this section we choose the plane of
the Charon’s orbit as a reference plane. When the planar
case is considered, the initial inclinations do no shown.

6.1. Tidal evolution of the PC binary with the accreting
Charon's mass

We start considering the evolution of the PC pair described
in Sect. 3, now including the accretion of Charon from the
disc of debris. The duration of the accretion process is fixed
arbitrarily at 10* yr since a giant impact, starting with the
Charon’s mass of 60% of its current value, that is in accor-
dance with the results in Canup (2005) and Kokubo et al.
(2000). Following Kokubo et al. (2000), we adopt a loga-
rithmic law for the mass accretion, but we also consider
an oligarchic growth defined as m o t'/3. The evolution of
the increasing mass of Charon is shown on the left panel
in Fig. 9, for both models. Assuming Charon as an homoge-
neous sphere, we calculate its radius for the constant density
of p=170g/ cm3, and show its time evolution on the mid-
dle panel in Fig.9. Finally, the right panel shows the time
evolution of the zonal harmonic J5 of the Pluto’s oblateness
during the tidal migration of the growing Charon. Accord-
ing to Eq. (4), J2 is a function of the orbital spin of Pluto
Q,, whose starting value is chosen as described below. For
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Fig. 11: Time evolution of the PC binary, eccentricity (top
panel) and 2. /n (bottom panel), for the fixed initial Py =
0.149d and different values of A represented with different
colours.

the chosen €., Jo starts at ~ 0.17 and reaches 8 x 107°
at the end of the migration, for both logarithmic and oli-
garchic laws of the mass accretion. We note that both mod-
els represent almost the same evolution of J;. We also show
in Fig. 9right panel the constant J of 6 x 107° derived in
Correia (2020).

It is worth emphasising that, in the growing mass sce-
nario, the total angular momentum of the PC binary given
in Eq. (1) is no longer conserved. Thus, we need to obtain
the initial value of the Pluto’s spin 2, and the dissipation
ratio A, in such a way that both can guarantee the cur-
rent double synchronous configuration of the binary, with
orbital parameters compatible with those from Table 1.

Using a logarithmic law for the Charon’s accretion and
fixing A = 10 and e, = 0.001, we vary the initial rota-
tion period of Pluto, Py = 27/, in the range from 0.12d
to 0.21d, in order to determine the value that assures, at
the end of the migration, the current configuration of the
PC binary. We choose the low initial eccentricity of Charon
due to constraints already described in Sect.5.6. We sim-
ulate the tidal evolution of the PC binary and show the
results in Fig. 10, where the time evolution of the Charon’s
semimajor axis a. (in units of Rp) is presented on the
panel (a). The horizontal dashed line, which shows the fi-
nal state of the current system, corresponds to the initial
value Py = 0.149d. The smaller initial values of Py lead to
the wider PC binaries, while the larger values of P, lead to
more compact systems, comparing to the current PC con-
figuration. The eccentricity of the binary is more efficiently
damped for higher initial values of Py, as shown on the panel
(b) in Fig. 10. The panels (c¢) and (d) show the evolution of
the angular velocities of Pluto and Charon, 2, and . (in
units of the mean motion n.), respectively; it is clear that
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Fig. 12: Time evolution of the orbital elements of Styx,
with the mass mg = 1.49 x 10'® kg, for the different dis-
sipation values of A. Top-panel shows the Styx’s semima-
jor axis, the middle-panel shows the eccentricity and the
bottom panel shows ne/n. The continuous horizontal line
on the top panel indicates the current Styx’s position, at
a/R, = 35.7, while dashed lines on the bottom panel iden-
tify 3/1, 4/1 and 5/1 MMRs.

the system reaches the double synchronous rotation more
rapidly for the higher values of F.

The time evolution of the accreting system for the dif-
ferent values of the dissipation parameter A is presented
in Fig.11. The values of A are chosen from the range
[8 — 21], while the initial rotation period of Pluto and the
initial Charon’s eccentricity are fixed at Py = 0.149d and
ec = 0.001, respectively. The Charon’s eccentricity, shown
on the top panel in Fig. 11, is damped more efficiently as
A increases. The evolution of Q¢ (in units of the mean mo-
tion n.) is shown on the bottom panel; we note that the
synchronous state of Charon is more quickly attained for
higher values of the dissipation parameter A. The varia-
tions of the semimajor axis of Charon and the rotation of
Pluto Qp with the increasing A-value are insignificant and
are not shown in Fig. 11.

The tests described above allow us to define the param-
eters’ values, which are compatible with the current config-
uration of the PC binary, being Py = 0.149d and A for the
interval [8 — 21]. The tests, done with the oligarchic mass
accretion, indicate the initial value of Py = 0.157d; how-
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Fig. 13: Same as Fig. 12, except for Nix, with the mass
my = 1.5 x 10'® kg at the position a/R,, = 40.98 (continu-
ous horizontal line).

ever, the corresponding simulations have shown the results,
which were qualitatively similar to those obtained with the
logarithmic mass growth model.

6.2. PC binary and a small moon

In this section, the model is expanded adding a small moon,
with the mass and orbital elements of either Styx or Nix.
Indeed, as described in the previous section, the behaviour
of these two satellites is significantly affected by the pas-
sages through the strong 4/1 and 5/1 MMRs. We explore
the parameter space of the problem defined by A and m;,
being m; the mass of the small moon. For the mass, we
choose the extreme values of the masses of Styx and Nix,
given by the uncertainties reported in Brozovié et al. (2015)
and Showalter & Hamilton (2015). We set the initial eccen-
tricity of the small moon at e = 0.001, the semimajor axis
at either a = 44413km (a ~ 37.4Rp) or a = 50690 km
(a ~ 42.7Rp), for the Styx and Nyx clones, respectively,
and the angular elements equal to zero. As shown below,
these initial values of a are chosen to obtain the current
positions of the small moons. All simulations in this section
were done with the accretion time of 10% yr.

We start analysing the behaviour of the Styx clones dur-
ing the tidal evolution of the growing Charon. We consider
first the Styx’s mass of 1.49 x 10'° kg, which corresponds

0.0200 T v T T
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0.0175 : — 103, A=16 —— no growth, A=16
i —— 10% A=16
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Fig. 14: Eccentricity of the growing Charon during the tidal
expansion of the Charon’s orbit. Different colours are used
to present the different values of the accretion time. The
vertical dashed lines show the nominal locations of the main
MMRs originated by the migrating Charon at the Styx’s
current position; each MMR is identified by the correspond-
ing label.
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Fig. 15: Parametric A—t,.. plane shows, in colour scale, the
values of the Charon’s eccentricity, e (in logarithmic scale),
at the instant, in which the 5/1 MMR crosses the Styx’s
current location.

to the 1o estimate given in Brozovi¢ et al. (2015). Figure
12 shows the time evolution of the Styx’s orbital elements
obtained for the values of the dissipation coefficient A, rang-
ing from 11 to 20; the elements are the semimajor axis (top
panel) and the eccentricity (middle panel). We note that
the test moon smoothly migrates inward during the first
~ 10*yr that is related to the increasing Charon’s mass.
After the satellite reaches its current position (continuous
horizontal line), it evolves with a nearly constant semima-
jor axis, up to encounter to some important MMRs with
Charon.

The interaction of the moon with the MMRs is gener-
ally accompanied by the excitation of the moon’s eccentric-
ity. We can observe this phenomenon on the middle panel
in Fig.12, which shows the time evolution of the moon’s
eccentricity during the migration of the growing Charon.
When the Charon’s mass grows up to 90% of its current
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value (in about 3 x 103 yr), the moon’s eccentricity is ex-
cited due to the approximation to the resonance domain, in
this case, of the 9/1 MMR. From that event, the eccentric-
ity can suffer consecutive excitations during the passages
of the moon through the resonances, up to be even ejected
from the system, depending on the value of A. The cur-
rent configuration of Styx is acquired for around 30% of
the tested values of A, namely 16, 17, and 18. As observed
on the bottom panel in Fig 12, there are two ejections due
to the 5/1 MMR, four due to the 4/1 MMR, and one is
associated to the 7/2 MMR.

We repeat the simulations described above, but now
analysing the behaviour of the Nix clones during the tidal
expansion of the accreting Charon. We consider the value
of the Nix’s mass of 1.5 x 101 kg, which is smaller from the
mass range obtained in the orbital fits reported in Brozovi¢
et al. (2015) and Showalter & Hamilton (2015). The re-
sults obtained for Nix are shown in Fig. 13, which is similar
to Fig. 12, but, in this case, we observe fewer ejections: one
from the 6/1 MMR, and other from the 4/1 MMR (see bot-
tom panel). We can observe on the middle panel of Fig. 13
that the particles experience consecutive eccentricity exci-
tations during the passages through the MMRs, resulting
in the higher dispersion of the final values, when compared
to the case of the Styx’s clones.

We redid the simulations described above for the Styx
and Nix clones, considering now the larger masses, 1.5 X
106 kg and 4.5 x 10'% kg, respectively. We could not ob-
serve significant differences comparing the new results to
those obtained for the smaller masses of the test moons.
Thus, we conclude that, in the range of values considered
in this paper, the masses of the moons are not an important
factor to achieve favourable configurations of the satellite
system. On the other hand, the simulations done with the
values of the dissipation coefficient A in the range 11 — 20,
did not allow definitive conclusions on the influence of this
parameter on the moon’s behaviour. In the next section, we
return to explore this issue.

6.3. Dependence on the accretion time

The accretion time of Charon, t,.., is an important pa-
rameter, since it affects the time evolution of the Charon’s
orbital elements, particularly, the Charon’s eccentricity. As
shown in Sect. 4, the ejection of a small circumbinary moon
during the passage through one of the main MMRs is most
likely for the higher values of the Charon eccentricity. On
the other hand, the rate of the Charon’s mass accretion de-
termines the damping rate of its eccentricity. Indeed, Fig. 14
shows the evolution of e, during the tidal expansion of the
Charon’s orbit. We use the different colours to identify the
tested values of the accretion time, namely 102 yr, 103 yr,
10*yr and 10° yr; the curve corresponding to the simula-
tion with the 'no-growing’ Charon, starting with its current
mass, is also shown in Fig.14. All simulations were per-
formed with the initial value of e, = 0.001 and the A-value
fixed at 16. It is worth warning that the accretion rate de-
termines the initial value of the Pluto’s rotation period Py;
for the tested times of 102 yr, 102 yr, 10* yr and 10° yr, we
obtain the optimal values as Py = 0.1400d, Py = 0.1437d,
Py =0.149d, and Py = 0.1548 d, respectively (see Sect. 6.1
for details).

Figure 14 shows that the damping of the Charon’s ec-
centricity is more efficient for the increasing t,... Indeed, we
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Fig. 16: Evolution of the ring of particles each of the mass of
4.5x 106 kg, for A from the range [14-21]. Top panel shows
survival times for particles, middle panel the final semima-
jor axis of the small moons and Charon, and bottom panel
the final eccentricity of Charon and particles, respectively.
Mass growth of Charon is set in 10 yr. Blue colour is for
orbital parameters of Charon while orange for the particles.
Top panel also present black points identifying those parti-
cles that escape while PC binary evolve. Shaded grey region
indicates the range of values according to diverse authors
(see Table 1).

can clearly observe that the Charon’s eccentricity system-
atically increases with the decreasing accretion time, and
reaches its maximum value in the case of the non-accreting
process. The vertical dashed lines mark the main MMRs
and allow us to evaluate ec, when one of these MMRs
crosses the current position of Styx. Hence, during the pas-
sages of the small moons through the MMRs, their motions
will be more excited by Charon accreting the mass more
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Fig. 17: Distribution of inclination for the disk of parti-
cles after the dual synchronisation of PC system with mass
growth. The orbits that do not survive the entire integra-
tion time are identified with black dots. Shaded grey region
indicates the range of values according to diverse authors
(see Table 1).

rapidly. This fact would explain why we could not obtain
successful results simulating the evolution of the PC system
without considering the accretion of the Charon’s mass (see
Sect. 5.6).

As shown in the previous sections, another important
parameter of the problem is the dissipation coefficient A.
In order to link information on the dissipation parameter A
to information on the accretion times, we prepare the para-
metric A—t,.. plane, which is shown in Fig. 15. For a given
point on the plane, we show the value of ec (in logarithmic
scale) at the instant, in which the 5/1 MMR originated by
migrating Charon, crosses the current position of Styx. For
this, we use the colour scale palette shown on the top of
the figure. We note that the zero-value on the y-axis cor-
responds to the non-accreting Charon’s mass simulations.
The hot-red domains are associated with the highest ec-
values, while the dark-blue domains are related to the low-
est values. Observing the plane, we can conclude that the
efficient damping of e during the tidal expansion occurs
for higher values of diffusion parameter and the slower rate
of accretion that favours the survival of the small satellites.

6.4. Ring of particles in the accreting PC binary

In this section, we consider the behaviour of the circumbi-
nary thin disc of 500 particles during the tidal expansion
of the accreting PC binary. Following Kenyon & Bromley
(2019b), we first choose the disc, which is initially extended
from 34 R, to 60 R,, with the eccentricities of the particles
uniformly distributed between 0.5 x 1073 and 1.5 x 1073,
no inclinations with respect to the orbital plane of the PC
binary, and randomly chosen angular elements. We work
with the particles with the mass of either 1.49 x 10'% kg or
4.5 x 10 kg; these values are still smaller than the mass
of the PC binary; thus, the particle’s interactions can be
neglected. Also, we select random values of the dissipation
parameter A in the interval of [14—20], because these values
favour the survival of the Styx and Nix clones, as described
in the previous section. Finally, the time of the accretion of
the Charon’s mass is 10% yr.

Figure 16 shows the results obtained for the disc of par-
ticles with the mass of 4.5 x 10'kg, as a function of the
initial positions of the particles. The top panel shows the
survival times of the test particles: orange dots represent
survivors (the particles that remain close to initial configu-
rations during the integration time of 3x 106 yr), while black
dots represent the particles that are ejected from the sys-
tem during the integration. In the regions beyond the Nix
position, almost all particles survive the period of the tidal
expansion of the accreting PC binary, while the region be-
tween Styx and Nix presents more instabilities (black dots
in top panel). In the middle panel of Fig.16, we plot the
final positions of the particles (orange) and Charon (blue).
The final positions of the particles are generally closer to
the binary than initial conditions (the points lie slightly be-
low the line a; = ay, plotted as a continue blue line); this
is a consequence of the increasing mass of the binary.

Figure 16 bottom shows the final eccentricities of the PC
binary (blue dots) and the particles (orange dots). For the
particles with initial a chosen in the range of 34 R, —45 R,,
the eccentricities are slightly higher than those from the
range 45 R, — 60 R,. The shaded region represents the
extreme values of the eccentricities of the known moons,
according to Table 1; the output of the several simulations
end in this shaded region. The PC binary is almost circular,
with ec ~ 107°, that is compatible with its orbital fits
(Brozovié et al. 2015; Showalter & Hamilton 2015). We do
not find any preference for the A values in the range of
[14 — 20] in the region, which is interior of the Nix position;
around 35% of particles survive in this region. We repeated
the experiment choosing the A values in the range of [9—13]
and found that 99% of clones located inside the Nix’s orbit
were ejected.

Several works have shown that the particles starting
with low initial inclinations, could be captured in a sec-
ular resonance, with a consequent excitation of their incli-
nations (e.g., Cuk et al. 2020). We run some experiments,
which considered a ring of particles similar to that described
above, but now inclined with the angle, whose value was
uniformly distributed in the range —0.01° < iy < 0.01°.
We have found no qualitative differences with the results
presented in Fig.16. Figure 17 shows the result obtained
for the inclinations of the particles after the 3 x 10% yr of
the tidal evolution of the system. We observe some exci-
tation of the inclination in the domain surrounding Styx
and Nix, that is expected during the passages through the
strong 4/1 MMR. These results are in agreement with the
orbital fits reported in Showalter & Hamilton (2015).

The results obtained for the disc of the particles with the
mass of 1.49 x 10'° kg are similar to those described above.
Thus, we can conclude that the simple model, which con-
siders the accreting of the Charon’s mass during the tidal
expansion of the PC binary, is effective to explain the cur-
rent locations of the small moons of Pluto, without having
to necessarily introduce the resonant transport mechanism.

7. Conclusions

We analyse the stability and dynamical evolution of the
small moons in the PC system, namely, Styx, Nix, Kerberos
and Hydra, during the tidal orbital expansion of Charon.
We study the actual architecture of the system and also
investigate how the tidal expansion of the PC binary system
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affects the orbital evolution of the small moons, extending
previous studies.

The resonant structure around the PC binary exhibits
N/1 and N/2 resonances, although most of them are weak
in the low eccentricity and low inclination regimes. The 3/1
MMR is the most strong circumplanetary resonance even
for low eccentricity and inclination of the moons (see Fig.
1). The current orbital configuration of the system does
not show dynamical preferences of stable motion within the
N/1 resonances, despite the four small moons are currently
located close to the 3/1, 4/1, 5/1 and 6/1 MMRs.

Using dynamical maps in the ac—e. plane we recon-
struct the tidal evolution of the PC system with a small
moon initially placed at its current position (see Fig. 2). We
adopt a tidal model parameterized by the constant time lag,
At. When the PC system evolves assuming an initial value
ec ~ 0.001, the resonances are weaker than when the PC
system evolves taking initial value e ~ 0.1 or 0.2. Thus, the
evolution from initially quasi-circular orbits avoids chaotic
regions associated to N/1 resonances, constraining the ini-
tial eccentricity of Charon. In addition, for small moons lo-
cated near their current position, their semimajor axes do
not secularly change, unless they are captured in a MMR
due to the tidal expansion of the PC binary.

The results of our numerical simulations indicate that it
is possible to reproduce the current orbits of the four small
moons of Pluto during the early tidal orbital expansion of
Charon if we ignore the contribution of zonal harmonic Jo
and for a specific combination of initial conditions such as
Charon’s eccentricity, semimajor axis and dissipation pa-
rameter A. Hence, under the assumption of some specific
values of physical parameters and initial semimajor axis and
eccentricity of Charon, these results point out towards some
specific scenarios (see Table 3). For example, for Styx and
Nix, an initial almost circular orbit of Charon is needed in
order to obtain a final stable orbit of the small satellites. In
addition, a high dissipation in Pluto (At,) allows for final
orbital configurations of Styx in good agreement with their
current orbits.

In the case of accreting Charon mass and considering
an evolving J, with dissipation coefficient A = 14, we find
that the small moons can survive the rapid evolution of the
Pluto-Charon system and the unlikely resonant transport of
particles is no longer necessary. The ad-hoc mass evolution
of Charon might allows the moons to cross some resonances
and not to be trapped in specific positions of resonant mo-
tion. We also find that the eccentricity of Charon, e., when
Charon crosses the 5/1 MMR with the actual position of
Styx might be used to estimate the accretion time or dissi-
pation coefficient in order to obtain survival moons as the
system tidally evolves. Our numerical simulations consider-
ing a ring of particles between 34 R, and 60 R, show that
a significant amount of particles remains in stable motion,
with final orbits similar to the present small moons. Thus,
the detection of additional small moons in future missions
to the Pluto system should not be ruled out.

Further work is necessary to constrain the mass accre-
tion in a more self consistent scenario (e.g., Kokubo et al.
2000; Kokubo & Ida 1998). In addition, our model could
be improved by considering mutual perturbations between
the small moons (Showalter & Hamilton 2015; Lee & Peale
2006); by using a more realistic model for tidal dissipation
within icy bodies (see Ferraz-Mello 2013; Folonier et al.

Article number, page 16 of 19

2018) or by considering the obliquity of Charon and pertur-
bations from the Sun and Neptune (see e.g., Correia 2020).
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Appendix A: Dynamical evolution of small moons

Here we provide complementary information to construct
the Table 1. In Figure A.1 we show N-body integration of
three-body problem for a time-span of 40 yr (gray lines),
together with ephemerides taken from the JPL-Horizons.
Amplitude oscillation of the orbital elements are resumed
in our Table 1, and agree with the colour scale presented
in Fig 1. It is interesting to look first at JPL ephemerides
(blue lines in the figure). Left panels indicate the evolu-
tion of the semimajor axis that presents amplitude of os-
cillations from top to bottom of 1761 km, 1086 km, 637
km, and 443 km (roughly Aa = 1.5Rp,0.9Rp,0.5Rp, and
0.4Rp) for Styx, Nix, Kerberos, and Hydra, respectively.
We remind that orbital elements are given with respect
to the barycenter of PC system. Osculating eccentricities
present higher variations for closer moons and with lower
amplitude for exterior moons (being in order, 0.034, 0.025,
0.018, 0.016). These variations are of the same order than
those variations presented in Fig 2 in Woo & Lee (2018)
and Fig 1 in Woo & Lee (2020), although the authors used
eccentricity for Charon from JPL solution PLU043 which
is older and an order of magnitude lower than the current
determinations (solution PLUO058). Finally, inclination evo-
lution (right panels in Figure A.1) show oscillations around
the midplane of Pluto-Charon binary (denoted by orange
line and which is nearly coincident between N-body inte-
grations and JPL query data). It is evident that the small
moons can be either above or below the plane with different
phases, and this inspires us in sections 5.6 and 6 to choose
the PC orbit as reference plane, thus for example defining
inclinations randomly chosen around zero degrees.

Our N-body integrations (gray lines in Fig.A.1) shown
almost the same amplitudes than JPL query (see also Ta-
ble 1) but there is an evident shift in the evolution of semi-
major axis of Nix and Hydra, although Aa is almost the
same. We believe that the differences in the evolution of
semimajor axis in our simulations and JPL data could be
originated in the more sophisticated JPL-model that con-
siders a significant number of perturbations, including the
Sun and Neptune.

Figure A.2 shows four dynamical maps in the plane
semimajor axis and mean anomaly, constructed using the
Megno colour scale (e.g., Megno=(Y"), Mean Exponential
Growth of Nearby Orbits, Cincotta & Simé 2000), (Y™* =
l0g10((Y) — 2)). Red crosses indicate the positions of each
moon at 2021/1/1 and all other parameters in the plane cor-
respond to those retrieved from JPL (see Table 1). Megno
allow us to identify the separatrices of each resonance as
chaotic (reddish colour of each panel). The MMR 3/1 is ev-
idently more asymmetric than the 4/1, 5/1, and 6/1 MMRs
because of its proximity to the Pluto-Charon binary. For
example, for Styx plane the separatrices show that the ini-
tial mean anomaly modifies the location of the resonance
in ~1000 kms. Also, the MMR 3/1 and 4/1 are wider than
5/1 and 6/1 MMR because the moons experiment greater
excursions in eccentricity. These maps also helps to under-
stand that stability maps in planes a — e strongly depend
on the chosen value of mean anomaly (in our Figure 1 cor-
respond to those from Styx, Mg = 18.79°).

Appendix B: Survival times of the disc described
by simplified models

Here we present a complementary information to that dis-
cussed in Sect.b5.6. Now we investigate the survival times
of the disc of small moons applying the model, which uses
fixed values of the zonal harmonic of the Pluto’s oblate-
ness, either J, = 0 or Jy = 6 x 107° (this last value was
determined from the shape of Pluto in (Correia 2020)). We
remember that our model consists of the tidally evolving
PC binary and a disc of small moons extending from 10R,
to 55R, (for more details, see Sect. 5.6).

Figure B.1 shows the case when the effect of the zonal
harmonic is not considered (J2 = 0). For Charon starting
on the nearly circular orbit, the survival times of the test
moons on the planar orbits (blue crosses) monotonously
increase (in log scale) with the increasing semimajor axis,
reaching 103 yr for particles in the internal disk (10Rp <
a < 20Rp). The particles at the Styx’s position and be-
yond it (@ > 35Rp) show the survival times greater than
3 x 108 yr. Moreover, the numerical integrations of the in-
dividual orbits show that the moon’s motions are stable for
more than 1 x 108 orbital periods of the PC binary.

When we consider a thin disk of small moons with in-
clinations uniformly distributed between —0.01° and 0.01°
(Figure B.1, orange dots), we observe that survival times
are similar to those obtained for a coplanar disk. A differ-
ence is observed essentially for the moons initially located
at the Charon’s position. We analyse the final inclinations
of the particles in the thin disk in Fig. B.2 and observe that
the orbits of the surviving moons around 20 Rp reach incli-
nations up to 25°. The inclinations of the particles located
inside the limit given by the HWC, are dispersed around
the mean value of 5°. Also, some portion of the test parti-
cles near the Nix position is excited in inclination up to 5°,
but survive during the timespan of simulations.

Figure B.1 also presents the survival times obtained
for the coplanar disk, but with higher initial values of
Charon eccentricities, namely, e = 0.1 and ec = 0.2
(green crosses and red dots, respectively). These values put
constraints on the initial rotational periods of Pluto, being
now Py = 0.13791d and Py = 0.13593 d, respectively. For
ec = 0.1, only particles beyond the Kerberos orbit survive
during 10° yr. Setting the initial values of ec = 0.2 causes
a faster depletion of the initial disc, at < 10°yr. We do
not find differences choosing initially aligned or anti-aligned
longitudes of the particle’s pericenter and the pericenter of
the Charon’s orbit.

The Figure B.1 can be directly compared with Fig. 10
in Woo & Lee (2018), where almost all the particles in the
range a > 30Rp survived. However, their model was con-
structed for initial e = 0, massless particles, and A = 40.
We can observe in our simulations that moderate values
(A = 10) allow the survival of particles. However, Woo &
Lee (2018) do not explore cases in almost initially circular
Charon (ec ~ 0), neither inclined particles.

The results obtained setting a fixed value of Jy are
present in Fig. B.3. We remember that the static value of
Ja = 6 x 107° were derived from the shape of Pluto in Cor-
reia (2020). We can observe that, for all initial eccentricities
of Charon, the particles evolves almost in the same way as
shown in Fig. B.1.
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Fig. A.1: Orbital evolution Styx, Nix, Hydra, and Kerberos around the PC binary, from top to bottom row, respectively.
We show the evolution of semimajor axis (left panels), eccentricity (middle panels) and inclination (right panels) for
40 yr. Blue lines correspond to data from JPL, gray lines with our N-body integrations. Orange lines corresponds to

integrated inclination of Charon.
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set to JPL from Table 1. The current positions of the moons are shown by red crosses. The locations of the main MMRs
are indicated. Small deviations from initial conditions within the estimated errors from PLLU043 can put the moons inside

the MMR regime.
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Fig. B.1: Survival times of the test particles from different
discs, all extending from 10R, < a < 55R, for the dissipa-
tion parameter A = 10. We use different symbols/colours
for initially coplanar and inclined discs, as well as for dif-
ferent initial eccentricities of the Charon’s orbit. We do not
consider Jo effects, and the Charon mass is conserved dur-
ing the integrations. (see text for more details).
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Fig. B.2: Distribution of the final inclinations of a thin disc
of particles shown in Figure B.1. The particles ejected from
the PC system are identified by black dots.

1074, coplanar ec = 0.001 : : : :
=0.1
1061 + coplanarec=0 : +‘: N _‘|+ *#
coplanar ec = 0.2 14+ :p;"" Ty o L
inclied R PR Y
< 10°4 el 1. Ll \-t"_:
= ! [ et ».-'-'{" - 1
£ 10%4 ! ; e e P
= H d a4
[3 1 [P + o 1
2 3 ] I+ I 4° [ 1
g o L
A T

102 P g i
i i i g i
10t F cl <1 xI Si ol
. B S
£! N S

10° T T T T T

10 20 30 40 50

a (Rp)
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of fixed zonal harmonic Jy = 6 x 1075.
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