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A B S T R A C T 

The arcs of Neptune – Fraternit ́e, Egalit ́e, Libert ́e, and Courage – are four incomplete rings immersed in the Adams ring. A recent 
confinement model for the arcs proposes that the structures are azimuthally confined by four co-orbital moonlets. In this work, 
we intend to approach some points related to the dynamics of co-orbital moonlets and suggest a model for their formation. We 
study the equilibrium configurations for 1 + N co-orbital satellites under the 42:43 Lindblad resonance with Galatea. We obtained 

three distinct configurations with 1 + 3 and 1 + 4 moonlets able to confine and reproduce the location of the arcs. The moonlets’ 
formation is analysed by the disruption of an ancient body at a Lagrangian point of a moon. The disruption fragments spread 

out in horseshoe orbits and collide to form moonlets, which reach an equilibrium configuration due to a non-conserv ati ve ef fect. 
In such a scenario, the arcs likely formed through a mixture of different processes, with impacts between disruption outcomes 
and meteoroid impacts with the moonlets being possibilities. 

Key words: celestial mechanics – planets and satellites: dynamical evolution and stability – planets and satellites: formation –
planets and satellites: rings. 
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 I N T RO D U C T I O N  

n 1984, during a stellar occultation, an incomplete ring was detected 
round the planet Neptune (Hubbard et al. 1986 ). Confirmed by 
round-based observations (Sicardy, Roques & Brahic 1991 ) and 
oya g er spacecraft images (Smith et al. 1989 ), the four arcs of
eptune, known as Fraternit ́e, Egalit ́e, Libert ́e, and Courage, are

ndeed the densest parts of a complete ring, the Adams ring. They
ave individual angular widths ranging from 2 deg (Courage) to 
 deg (Fraternit ́e) and radial width of 15 km (Porco et al. 1995 ).
ince dif ferential K eplerian motion would completely spread the 
rcs in about 3 yr (De Pater et al. 2018 ), several confinement models
ere proposed o v er time to explain these structures’ dimensions and

tability. 
The first known confinement model is present in Brown ( 1911 ),

n which the author shows that Jupiter confines trojan asteroids in 
adpole orbits around its triangular points ( L 4 and L 5 ) in the Sun–
upiter–trojans system. Based on this work, Lissauer ( 1985 ) proposed
hat a sizeable hypothetical satellite would azimuthally confine the 
eptune arcs in its triangular points. At the same time, another 
ypothetical internal satellite would be responsible for the radial 
onfinement of the arcs. Sicardy & Lissauer ( 1992 ) impro v ed such
odel by proposing that a pair of co-orbital satellites azimuthally 

onfine the structures, which allows the possible existence of smaller 
atellites. Ho we ver, such models were ruled out since Voya g er
pacecraft did not observe satellites with the dimensions required 
y them. 
 E-mail: gusta v o.o.madeira@unesp.br and madeira@ipgp.fr 
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A confinement model envisioned by Goldreich, Tremaine & 

orderies ( 1986 ) and confirmed by the disco v ery of the satellite
alatea (Smith et al. 1989 ) proposes that a single internal satellite
ould be responsible for the azimuthal and radial confinements of 

he arcs. Porco ( 1991 ) shows that the arcs are close to the 84:86
orotation inclined resonance (CIR, azimuthal confinement) and the 
2:43 Lindblad resonance (LER, radial confinement) with Galatea. 
he author proposes that the arcs are trapped in some of the 84 sites

ormed by the CIR, which could explain their radial and azimuthal
idths (Foryta & Sicardy 1996 ). Similarly, the coupling between 
indblad and corotation resonances with Mimas is the mechanism 

hat holds (at least, temporarily) the Aegaeon, Anthe, and Methone 
rcs of Saturn (Hedman et al. 2009 , 2010 ; El Moutamid, Sicardy &
enner 2014 ; Sun et al. 2017 ; Madeira et al. 2018 ; Madeira &
iuliatti Winter 2020 ). 
Ne w e vidence from ground-based observ ations sho ws that the

emimajor axis of the arcs is displaced from the 84:86 CIR location
Sicardy et al. 1999 ; Dumas et al. 2002 ), which leaves the arcs without
zimuthal confinement. The arcs have changed location and decayed 
n intensity since their disco v ery (de Pater et al. 2005 ; Showalter et al.
013 ; Renner et al. 2014 ). In fact, data discussed in De Pater et al.
 2018 ) indicate the disappearance of the arcs Libert ́e and Courage. 

Renner et al. ( 2014 ) rescue the confinement model based on co-
rbital satellites, proposing that Galatea radially confines the arcs 
hile several co-orbital moonlets (at least four) with diameters below 

he precision of Voya g er spacecraft confine them azimuthally. The
ystem was assumed to consist of four co-orbital moonlets and 
alatea. A set of azimuthal locations and mass ratios is obtained

or the co-orbital satellites to reproduce the arc widths. Next, a
epresentative case is explored by the authors where the masses of the

http://orcid.org/0000-0001-5138-230X
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298 G. Madeira and S. M. Giuliatti Winter 

M

Table 1. Orbital elements and masses of Galatea and the hypothetical moon S 1 (Giuliatti Winter 
et al. 2020 ). 

a (km) e (10 −4 ) I (deg) � (deg) � (deg) λ (deg) m (kg) 

Galatea 61 953.0 2.2 0.0231 225.81 196.94 351.114 1.94 × 10 18 

S 1 62 932.7 3.0 0.0 50.82 0.0 211.88 6.00 × 10 14 
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Figure 1. Scheme of the trajectory in the rotating frame of a moonlet co- 
orbital to a larger moon. Based on fig. 3.14 of Murray & Dermott ( 1999 ). 
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oonlets S 1 , S 2 , S 3 , and S 4 , are assumed to be 60.0, 0.54, 1.17, and
.66 × 10 13 kg, respectively. S 2 , S 3 , and S 4 are azimuthally located
t longitudes θ = 48.31 deg, 59.38 deg, and 72.19 deg, respectively,
ith respect to S 1 ( θ = λ − λS 1 , where λ is the mean longitude). All

he system is in the 42:43 LER with Galatea. 
Giuliatti W inter , Madeira & Sfair ( 2020 ) explore the model

roposed in Renner et al. ( 2014 ), including the effects of the solar
adiation force and also accounting for the mass production rate of
he moonlets. They found that micrometre particles are removed from
he arcs due to solar radiation in less than 50 yr. Part of these particles
ecome transient between the arcs, being a possible explanation for
he arcs’ changes in longitude and intensity. In this work, we intend
o approach some points related to the dynamics of these co-orbital
atellites and propose a model for their formation. 

The 1:1 resonance dynamics have been known for o v er a century
n the planar restrict three-body problem. It has been used to explain
he dynamics of the trojan asteroids (Brown 1911 ), Helene and
olydeuces (Lecacheux et al. 1980 ; Porco et al. 2007 ) – confined

n the L 4 and L 5 points of Dione, respectively – and Telesto and
alypso (Pascu, Harrington & Seidelmann 1980 ; Smith et al. 1980 ;
berti & Vienne 2003 ) – confined in the L 4 and L 5 points of Tethys,

espectiv ely. Another e xample is the Janus and Epimetheus system, in
hich both satellites have comparable masses and perform horseshoe

ashion orbits in the rotating frame, as shown by Dermott & Murray
 1981 ) and Yoder et al. ( 1983 ). 

The study of systems with more than two co-orbital satellites
ecame feasible with computational advances. Salo & Yoder ( 1988 )
arried out complete analytical and numerical studies of N co-orbital
atellites with the same mass ( N ≤ 9) in circular orbits, identifying
table equilibrium configurations. Similar work was carried out by
enner & Sicardy ( 2004 ), where the authors solved analytically the
ase N = 3 and proposed a numerical method to find the possible
inearly stable solutions for any given set of masses and number of
o-orbital satellites. More recently, A’Hearn, Hedman & Hamilton
 2021 ) analysed the confinement of four D68 clumps by co-orbital
atellites, obtaining a set of five moonlets capable of confining them.
o we ver, the authors rule out this scenario as a likely explanation for

he clumps, given the highly fragile stability shown by the co-orbital
onfiguration. 

Here, we based our analysis on the work of Renner & Sicardy
 2004 ) to obtain the equilibrium configurations of 1 + N co-orbital
atellites. We e v aluate the effects of Galatea in the co-orbital system
nd also propose different scenarios for the formation of the arcs.
reffenst ̈adt, Mour ̃ ao & Winter ( 2015 ) showed that the collisions
f large fragments produced in the disruption of an ancient satellite
ight form Janus and Epimetheus. Following this work, we suggest

he formation of co-orbital satellites through the disruption of an
ncient body located at a triangular point of a satellite. 

In Section 2 , we obtain the equilibrium positions of moonlets and
articles in an eccentric system of 1 + N co-orbital satellites. The
ffects caused by Galatea are analysed in Section 3 . In Section 4 ,
e study the temporal evolution of fragments from the disruption
f an ancient body. In Section 5 , we present the discussion on the
mplications of our model for the formation of the arcs. A general
NRAS 513, 297–309 (2022) 
iscussion is addressed in Section 6 , and we present our conclusions
n Section 7 . 

 1  + N C O - O R B I TA L  SATELLITE  DY NA MIC S  

n this section, we revisit the work of Renner & Sicardy ( 2004 ) and
nvestigate the dynamics of a system with a gravitationally dominant
atellite sharing its orbit with N smaller satellites and a set of particles.
e will assume the dominant satellite as the satellite S 1 proposed in
enner et al. ( 2014 ) in an eccentric orbit ( e = 3 × 10 −4 , Table 1 ).
ll results will be given in the rotating frame with S 1 . 
For clarity, we will refer to the largest co-orbital as ‘moon’ and the
 smaller ones as ‘moonlets’, keeping the ‘satellite’ nomenclature

or Galatea. Moonlets and particles differ from each other by the fact
hat the moonlets interact gravitationally with each other. In contrast,
he particles feel the gravitational effect of the massive bodies but
o not interact with each other. Consequently, each of these classes
ill have different stable equilibrium positions. First, we analyse the

quilibrium positions of the moonlets. 

.1 Moonlet stable equilibrium positions 

ssuming a system composed only by the planet and the 1 + N
o-orbital satellites, we obtain tadpole-like trajectories for the N
oonlets in the rotating frame. Such trajectories are composed of

wo distinct motions: an epicyclic motion and the guiding centre (or
picycle centre) motion (Dermott 1984 ). Fig. 1 shows a scheme with
he trajectory of a moonlet in the rotating frame. The equilibrium
ositions are locations of maximum potential energy and depend on
he mass distribution in the system. When all moonlets are precisely
n the equilibrium positions, they remain stationary in relation to each
ther, and we say that the system is in an equilibrium configuration.
We obtain the equilibrium configurations of 1 + N co-orbital

atellites by performing numerical simulations with the Mercury
ackage, with the Bulirsch–Stoer algorithm (Chambers 1999 ). We
nclude Neptune with its gravitational coefficients ( J 2 and J 4 , the
lanet parameters were taken from Owen, Vaughan & Synnott 1991 ),
he moon S 1 , and N moonlets. The initial orbital elements of S 1 and
alatea (later added to the system) are the same as those used in
iuliatti Winter et al. ( 2020 ), given in Table 1 . Such values were
btained by Giuliatti Winter et al. to reproduce the observational
ata (Porco 1991 ) and the results of Renner et al. ( 2014 ). 

art/stac944_f1.eps
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Figure 2. Azimuthal angle ( θ = λ − λS 1 ) of S 1 and three test moonlets 
initially at θ = 50 deg (solid blue line), 70 deg (solid red line), and 90 deg 
(solid green line) for (a) ν = 0 and (b) ν = 10 −6 yr −1 . The dotted lines 
correspond to the equilibrium position associated with each moonlet. 

Figure 3. Equilibrium positions of moonlets (small blue dots) and equilib- 
rium positions of massless particles (red crosses) in a 1 + 1 co-orbital satellite 
system. The x -axis gives the longitude θ in relation to the moon (largest blue 
dot), and the y -axis shows the radial variation with scale � r given in the 
upper right corner of the figure. The red lines show the trajectory of some 
representative particles. 
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Figure 4. Same as Fig. 3 for 1 + 2 co-orbital satellite system. 

Figure 5. Same as Fig. 3 for 1 + 3 co-orbital satellite system. 

Figure 6. Same as Fig. 3 for 1 + 4 co-orbital satellite system. 
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We have assumed moonlets with masses m = 10 −2 m S 1 , where m S 1 

s the mass of S 1 , in the same orbit as the moon, but with different
nd randomly selected mean longitudes. We have also included a 
on-conserv ati ve term in the velocities to vary the system energy and
arry the moonlets to the linearly stable equilibrium points (Renner & 

icardy 2004 ). The term, provided in Renner & Sicardy ( 2004 ) for
ircular orbits, is given by 

˙ = −ν( r − r 0 ) , (1) 

here r is the orbital radius of the body, ṙ its temporal deri v ati ve, r 0 
s the average orbital radius, and ν is a constant that defines the time
pan for the system to reach an equilibrium configuration. 

To demonstrate the effect of this non-conserv ati ve term, we present 
n Fig. 2 the angular evolution of three moonlets initially at θ = 50,
0, and 90 deg, for ν = 0 and 10 −6 yr −1 , from top to bottom.
he moonlets are initially close to the equilibrium positions at 
= 51.5, 61.3, and 71.9 de g (v ertical dotted lines). As we can

ee, without the non-conserv ati ve term (top panel), the moonlets 
emain in a significant angular motion around the equilibrium 

ositions of the system. Meanwhile, when we include the non- 
onserv ati ve term (bottom panel), the amplitude of motion of the
uiding centre decreases with time, and the moonlets spiral towards 
he equilibrium positions (Renner & Sicardy 2004 ). The system 

eaches the equilibrium configuration in approximately 3000 yr. The 
ate at which the amplitude of motion decreases depends linearly on
he value of ν. For example, for ν = 10 −5 and 10 −4 yr −1 , the system
eaches the equilibrium configuration in 300, and 30 yr, respectively. 

The equilibrium configurations of the 1 + N co-orbital satellite 
ystem for N = 1, 2, 3, and 4 are presented in Figs 3 –6 , respectively.
ach system with N odd has ( N + 1)/2 equilibrium configurations
symmetric with respect to S 1 , while systems with N ev en hav e ( N
 2)/2 equilibrium configurations, being one of them symmetric 

Renner & Sicardy 2004 ). The large blue dot at θ = 0 deg is the
oon, and the smaller ones are the moonlets. The red crosses are

he equilibrium positions of particles, obtained in Section 2.2 , and
he red lines are the trajectories of representative particles. The 
 -axis gives the radial variation of the trajectories. In the figures’
pper right corner, we have the amplitude � r of the trajectory with
he largest radial variation ( y -axis scale). For visual purposes, the
MNRAS 513, 297–309 (2022) 
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M

Figure 7. Trajectory of a particle in horseshoe fashion orbit for a 1 + 1 
(top panel) and 1 + 3 (bottom panel) co-orbital satellite system, both in P 1 

configuration. The blue dots provide the location of moon/moonlets, and the 
red crosses are the particle equilibrium positions. 
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Figure 8. Resonant angles (a) of 42:43 LER ( φLER ) and (b) 84:86 CIR ( φCIR ) 
between S 1 and Galatea. The angles are given by φLER = 43 λ − 42 λG − � 

and φCIR = 86 λ − 84 λG − 2 �G , where λ, � , and � are mean longitude, 
longitude of pericentre, and argument of longitude node, respectively. The 
subscript G refers to the satellite Galatea. 

Figure 9. The blue lines are the location of the equilibrium points for P 1 
configuration with 1 + 3 co-orbital satellites without Galatea’s effects. Regions 
where one body remains in 42:43 LER with Galatea are shown as grey bands. 
The azimuthal evolution of the moonlets under the effects of Galatea is shown 
by the red lines. 
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oon/moonlets are not in scale. Just to be clear, the particle trajectory
ever crosses the satellite. 
The nomenclatures ‘P i ’ on each line correspond to the label we

ill use to refer to each equilibrium configuration from now on.
e start in the configurations with all moonlets grouped near the

agrangian point L 4 and ends in the configurations with moonlets on
ither side of S 1 , near L 4 and L 5 . We point out that the mirror version
f every asymmetric configuration is an equally possible solution.
n example is L 5 , corresponding to the mirrored version of L 4 . 
We obtain that the small eccentricity of the system does not signif-

cantly alter the equilibrium positions of the system in comparison
o the circular case. The positions found by us are the same as
hose obtained by Renner & Sicardy ( 2004 ). If we assume larger
ccentricities ( e ∼ 10 −3 ), ho we ver, the locations of the equilibrium
ositions will change. 

.2 Particle stable equilibrium positions 

e obtain the particle equilibrium positions in a 1 + N co-orbital
atellite system using a practical method, seeking the azimuthal
ocation with maximum radial variation of particles, in a simulation
ith a set of randomly distributed co-orbital particles without the
on-conserv ati ve term. The particle equilibrium positions are the
aximum of the potential e x erted by the co-orbital satellites, and

or a 1 + N co-orbital satellite system, there will be 2 + N particle
quilibrium positions. As a rule, the particles are confined at one of
he moon’s triangular points or azimuthally trapped between a pair
f moonlets. 
In Figs 3 –6 , the red crosses give the particle equilibrium positions,

hile the red lines are trajectories of some representative particles.
ll trajectories involve only one red cross and therefore correspond

o tadpole-fashion orbits. This type of orbit is thought to be associated
ith the Neptune arcs, in the model of Renner et al. ( 2014 ). There are

lso orbits involving more than one particle equilibrium position, as
hown in Fig. 7 for a 1 + 1 and 1 + 3 co-orbital satellites, from top to
ottom. They correspond to horseshoe-fashion orbits and are beyond
he scope of this work. In the next section, we give a step further by
ncluding the internal satellite Galatea into the system. 

 EFFECTS  O F  GALATEA  O N  1  + N 

O - O R B I TA L  SATELLITE  SYSTEMS  

nce we studied the equilibrium configurations in the co-orbital
atellite system, we redid the simulations of Section 2 including
he gravitational effects of Galatea with initial orbital elements
NRAS 513, 297–309 (2022) 
iven in Table 1 . In this case, S 1 is involved in 42:43 LER with
alatea and displaced less than 1 km from 84:86 CIR (Renner et al.
014 ; Giuliatti Winter et al. 2020 ). The resonant angles associated
ith these resonances are shown in Fig. 8 . We used the algorithm
resented in Renner & Sicardy ( 2006 ) to transform the state vector
nto geometric orbital elements. 

When Galatea is included in the system, we see a slight shift in
he moonlet’s equilibrium locations. Fig. 9 shows the longitudinal
volution of the moonlets in P 1 configuration with 1 + 3 co-orbital
atellites, for cases with and without Galatea (in red and blue,
espectiv ely). The gre y bands (LER bands) correspond to the regions
here the φLER of a particle librates. As can be seen, the equilibrium

ocation of the orbits shifts to the nearest LER band and the moonlets
emain in a libration motion around the equilibrium. In this way,
he moonlets remain confined azimuthally and radially around these
new equilibrium positions’. 

Fig. 10 gives the moonlet equilibrium positions (black dots)
or the 1 + 3 co-orbital satellite system, under Galatea effects. The
quilibrium positions for the case without the satellite are the open
lue dots. If we assume different conditions for the moon/Galatea,
he initial condition in the resonance phase space will change, leading

art/stac944_f7.eps
art/stac944_f8.eps
art/stac944_f9.eps
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Figure 10. Moonlet equilibrium positions in a 1 + 3 co-orbital satellite 
system. The black dots give the positions of the moonlets when we include 
Galatea. The open blue dots correspond to the case without the satellite. 
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Figure 11. (a) Azimuthal and radial variation, (b) semimajor axis, and (c) 
eccentricity of a representative particle in a P 1 configuration with 1 + 1 co- 
orbital satellites. The solid black line provides the particle in the system under 
the effects of Galatea, and the red line is the case without the satellite. The 
simulation time span is 100 yr, with the first 50 d shown in the zoom. In the 
top panel, the moonlet confining the particle is in black and blue for the case 
with and without Galatea, respectively. 
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o slightly different effects on moonlets motion (Foryta & Sicardy 
996 ). As a consequence, the angular positions of the moonlets will
iffer by a few degrees. The displacement of the equilibrium locations 
ue to LER were also verified by Foryta & Sicardy ( 1996 ) and El
outamid et al. ( 2014 ) in systems where the o v erlap of corotation

nd Lindblad resonances comes from the same satellite. In our work, 
 similar phenomenon occurs, with the difference that corotation and 
indblad resonances originate from different bodies. 
Galatea also disturbs the orbital evolution of the particles, which 

scillate around the equilibrium positions with larger radial varia- 
ions. Fig. 11 shows the radial variation (top panel), semimajor axis 
middle panel), and eccentricity (bottom panel) of a representative 
article in P 1 configuration with 1 + 1 co-orbital satellites, for 100 yr.
he time span of the zoom box in the top panel is of 50 d. Cases with
nd without Galatea are in black and red lines, respectively. 

In the top panel, the black dot places the moonlet equilibrium 

osition in the system with Galatea, and the open blue dot places the
osition in the system without the satellite. As can be seen in the
oom, the particle shows an additional oscillation with Galatea in the 
ystem, which translates into larger radial and azimuthal variations 
n the particle motion. The satellite is also responsible for the larger
ariations in the semimajor axis and eccentricity of the particle. 
he peaks seen in the temporal evolution of the semimajor axis 
re due to closest approach between the particle and the co-orbital 
atellite. 

To e x emplify equilibrium configurations when Galatea is pre- 
ented in the system, we show in the Fig. 12 , from top to bottom,
he P 1 configuration with 1 + 3 co-orbital satellites and the P 1 

nd P 2 configurations with 1 + 4 co-orbital satellites. These cases 
re especially interesting because they can reproduce the angular 
istribution of the arcs Fraternit ́e, Egalit ́e, Libert ́e, and Courage.
n the figure, the particles (in red) are azimuthally confined by the
oonlets (in black). The solid lines correspond to the case with 
alatea, and the dotted lines to the case without the satellite. In the
ext section, we simulate a set of fragments supposedly formed in 
he disruption of an old moon, analysing whether they can give rise
o a system of 1 + N co-orbital satellites. 

 T E M P O R A L  E VO L U T I O N  O F  FRAG MENTS  

RO M  A  M O O N  DISRUPTION  

.1 Impact between an ongoing object and a trojan moon 

n light of the Janus/Epimetheus formation model proposed in 
reffenst ̈adt et al. ( 2015 ), we envision the following scenario for the
ormation of a 1 + N co-orbital satellite system (Fig. 13 ): Initially, we
ssume an ancient system composed of the moon S 1 ( R S 1 = 5 . 2 km)
nd an object located at one of its triangular points (trojan). After an
mpact with an ongoing object (Fig. 13 a), the trojan disrupts, forming
 set of fragments (Fig. 13 b). The fragments perform horseshoe
rbits with S 1 and collide with each other, giving rise to moonlets.
inally, the moonlets settle into equilibrium positions of the system 

Fig. 13 c). 
Keeping in mind the system proposed by Renner et al. ( 2014 ),

e define the minimum trojan mass as m tro = 4 × 10 −2 m S 1 , corre-
ponding to an object made of ice with physical radius of R tro =
.8 km. m tro is approximately the sum of the masses of the moonlets
 2 , S 3 , and S 4 proposed by Renner et al. ( 2014 ). For a fiducial impact
f 3000 m s −1 , the minimum incident kinetic energy per mass Q ∗
equired to disrupt the trojan is (Benz & Asphaug 1999 ) 

 ∗ = 2 . 7 × 10 −12 

(
R tro 

1 m 

)−0 . 39 

+ 4 × 10 −2 

(
R tro 

1 m 

)1 . 26 

J kg −1 . (2) 

he radius R imp required for an ice impactor to disrupt the trojan can
e estimated as (Stewart & Leinhardt 2012 ; Melita et al. 2017 ) 

 imp = 

(
3 

2 π (10 3 kg m 

−3 ) 

Qm tro 

(3000 m s −1 + v esc ) 2 

)1 / 3 

, (3) 

here v esc is the escape velocity of the trojan and Q is the reduced
inetic energy of the system. For a disruption, Q ≥ Q ∗. 
MNRAS 513, 297–309 (2022) 
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Figure 12. Temporal variation of the azimuthal angle of moonlets (black 
lines) and particles (red lines) for (a) P 1 configuration with 1 + 3 co-orbital 
satellites, (b) P 1 configuration with 1 + 4 co-orbital satellites, and (c) P 2 
configuration with 1 + 4 co-orbital satellites. The full lines correspond to 
the case with Galatea, and the dotted lines are the trajectories for the case 
without the satellite. 
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Benz & Asphaug ( 1999 ) show that the mass of the largest remnant
 lr produced by the disruption of the trojan can be estimated as 

 lr = 0 . 5 − 0 . 6 

(
Q 

Q ∗
− 1 

)
m tro . (4) 

rom these relations we find, for example, that a kinetic energy
 / Q ∗ = 1.4 and an impactor of R imp ≈ 100 m are needed for the

rojan to be destroyed, and its largest remnant has the mass m lr =
 tro /4. 
Neptune’s sphere of influence is regularly crossed by comets from

he Kuiper belt. It was proposed by Colwell & Esposito ( 1992 ) that
uch objects were responsible for catastrophic disruptions of original
oons. These events would be the sources of ancient rings around

he planet. Levison et al. ( 2000 ) calculated the comet impact rate
n the Neptune region as 3.5 × 10 −4 yr −1 . Taking into account the
ravitational focusing (Levison & Duncan 1997 ; Stern & McKinnon
000 ), we obtain that a comet reaches the Adams ring region every
10 5 yr. Since these comets have typical sizes ( ∼km, Levison et al.

000 ) larger than R imp , it seems that a trojan disruption, caused by
mpacts with such comets, is possible. 

If we assume that the arcs are composed of particles with physical
adius s ranging from 1 μm to 1 m, following a numerical distribution
iven by d N ∝ s −3.5 d s (Colwell & Esposito 1992 ), we get a total mass
f ∼4 × 10 10 kg for the structures (Sfair & Giuliatti Winter 2012 ;
iuliatti Winter et al. 2020 ). This value is an order-of-magnitude
NRAS 513, 297–309 (2022) 
reater than the mass of the ongoing object, which means that a
00 m-sized impactor does not contain the material needed to fill the
bserved arcs, requiring additional material production mechanisms.
e will discuss some of these processes in the next section. 
A disruption is an extreme event, responsible for producing

umerous fragments. Ho we ver, the rupture of an object of a few
ilometres due to an impact of ∼ km s −1 usually gives rise to a limited
umber of larger fragments with the same mass order (kilometric
ragments), while producing a large amount of material with sizes
anging from micrometres to metres (Michel, Benz & Richardson
004 ; Stewart & Leinhardt 2009 ; Jutzi & Benz 2017 ). In this section,
e stick to calculate the evolution of these larger fragments, while

ome comments on the smaller fragments are addressed in Section 5 .

.2 Simulations of a r epr esentati v e case 

o assess whether the trojan disruption generates a family of
o-orbital satellites, we performed a set of simplistic numerical
imulations starting right after the trojan disruption. For this, we
se the MERCURY package (Chambers 1999 ), with the Bulirsch–
toer algorithm. The dynamical system is composed of Neptune
nd its gravitational coefficients ( J 2 and J 4 ), Galatea, the moon
 1 , and the major fragments of the disruption. We also include the
on-conserv ati ve term for carrying the fragments to the equilibrium
ositions. 
Next, we present the results obtained in 3000 numerical simula-

ions for a representative case with ν = 10 −4 yr −1 and four fragments
f same mass m fra = 10 −2 m S 1 ( R fra ≈ 1.1 km). The fragments are
istributed at the vertices of a regular polygon with four sides centred
n the L 4 point. The length of the polygon sides is l = 2 R fra + 100 m,
nd its angular orientation with the radial direction ( ϕ) is given
andomly in the range 0–180 deg (Fig. 13 b). 

From fig. 15 of Benz & Asphaug ( 1999 ), we obtain that fragments
ith mass m tro /4 are ejected with radial velocities ∼0.4 m s −1 . With

hat in mind, we get randomly chosen ejection velocities from 0.36
o 0.73 m s −1 . For velocities below 0.36 m s −1 , the relative velocity
etween the fragments is v ery low, and the y collide right at the
eginning of the simulation. For velocities larger than 0.73 m s −1 ,
he fragments leave the horseshoe region. 

The MERCURY package treats collisions as inelastic events with
onservation of linear momentum and mass. To ensure the validity
f this treatment, we compare the impact velocity v imp between the
ragments with a cut-off velocity v d for which a collision can be
onsidered as constructi ve, gi ven by (Ste wart & Leinhardt 2012 ;
reffenst ̈adt et al. 2015 ) 

 d = 

√ 

2 Q ∗μfra , (5) 

here the values of Q ∗ are taken from fig. 11 of Stewart & Leinhardt
 2012 ) and μfra is the mass ratio between the fragments ( μfra ≥
). Fig. 14 shows v imp / v d as a function of time for our 3000
umerical simulations. As can be seen, only a small part of impacts
 < 1 per cent ) have velocities above the cut-off limit, showing that
ollisions can be, in general, treated as constructive events 

Despite this, the impacts have relatively high velocities, v imp 

m s −1 (an order-of-magnitude higher than the ejection velocity).
his fact is a result of the forced eccentricity gradient caused by

he resonance with Galatea, as discussed in works such as Porco
t al. ( 1995 ), Foryta & Sicardy ( 1996 ), and Renner et al. ( 2014 ).
he high impact velocities, especially those in the last years of
imulation, indicate that the impacts are not al w ays perfect merging,
ut events with partial merging or erosion, presenting themselves as
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Figure 13. Steps from the formation of co-orbital moonlets: After a collisional event, an ancient body located at the Lagrangian point of S 1 disrupts into a set 
of fragments. The fragments collide and form moonlets that settle in the equilibrium positions. 

Figure 14. Fraction between impact velocity and cut-off velocity as a 
function of the time the impacts occurred. The dotted vertical line provides 
the boundary between constructive and disruptive collisions. 
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Figure 15. Angular evolution of fragments in two systems that form 1 + 3 
co-orbital satellites. In both systems, two fragments collide, giving rise to a 
moonlet with mass 2m fra and a pair of moonlets with masses m fra . We got a 
P 1 final configuration in the top panel and a P 2 configuration in the bottom. 
The 2m fra mass moonlet is shown in blue line in the top panel and in green 
line in the bottom one. 
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ossible sources for the arcs. Some comments about it are addressed 
n Section 5 . 

We obtained that about 13 per cent and 19 per cent of the systems
ive rise to 1 + 1 and 1 + 2 co-orbital satellites, respectively . About
9 per cent of the simulations form 1 + 3 co-orbital satellites, while
n ∼19 per cent of the simulations the fragments do not collide
nd form 1 + 4 satellites. We classify the formed systems in relation
o their final equilibrium configurations through the classifications 
iven in Figs 3 –6 . The 42:43 LER angle librates for all moonlets
t the end of the simulations. Fig. 15 shows examples of the
ormation of 1 + 3 co-orbital satellite systems, where in the top
anel is a P 1 configuration and in the bottom is presented a P 2 

onfiguration. 
Despite having the same P i configuration, two systems can be 

ynamically different, depending on the moonlets mass distribution. 
 or e xample, a P 1 configuration with 1 + 3 co-orbital satellites is
btained if a fragment collides with S 1 – forming three moonlets 
ith masses m fra – or if two fragments collide with each other –

orming two moonlets with masses m fra and one with 2m fra . The latter 
an correspond to three different dynamical systems depending on 
he position of the moonlet with mass 2m fra , resulting in a total of
our degeneracies for the same P 1 configuration with 1 + 3 co-orbital
atellites. Ho we ver, our results sho wed that these dif ferent mass
istributions are only responsible for producing small differences 
n the orbital evolution of the moonlets. Equilibrium positions are 
pproximately the same for all the degenerate cases. 
The fractions of numerical simulations that produce 1 + N 

o-orbital satellite systems are given in Fig. 16 by the black line,
hose values are given on the left y -axis. The figure also shows
y coloured lines the fractions of systems in P i configuration. The
alues of the coloured lines are given on the right y -axis and are
elative to the number of simulations with 1 + N co-orbital satellites,
or N = 1, 2, 3, and 4. For example, 19 per cent of the simulations
roduce systems with 1 + 2 co-orbital satellites (570 simulations), 
54 per cent of this set corresponding to systems in P 1 configuration

red line, 309 simulations), and ∼ 46 per cent in P 2 configuration 
blue line, 261 simulations). 

As a rule, we obtain a predominance of systems with moonlets
istributed on each side of the moon than system with moonlets
lustered near L 4 / L 5 point. For example, for 1 + 4 co-orbital satellites,
onfigurations with three moonlets near L 4 and one near L 5 are
ore common than configurations with all moonlets near L 4 but less

ommon than the case with two moonlets near L 4 and two near L 5 . 
MNRAS 513, 297–309 (2022) 
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Figure 16. The left y -axis gives the fraction of 1 + N co-orbital satellites 
obtained in the 3000 numerical simulations (black line) while the fractions 
of systems in P i configuration relative to each set of 1 + N co-orbital satellite 
system ( N = 1, 2, 3, and 4) are given on the right y -axis (coloured lines). The 
dynamical system includes four fragments of same mass ( m fra = 10 −2 m S 1 ), 
Neptune and its gravitational coefficients, Galatea, S 1 , and a non-conservative 
term ν = 10 −4 yr −1 . 
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Figure 17. Fractions of 1 + N co-orbital satellite system and P i configurations 
for initial fragments with masses m frac = m tro /4, m tro /4, m tro /4, m tro /4 
(representative case, solid line with dots), m frac = m tro /8, m tro /8, 3 m tro /8, 
3 m tro /8 ( m i case, dashed line with stars), and m frac = 3 m tro /16, 3 m tro /16, 
5 m tro /16, 5 m tro /16 ( m ii case, dotted line with triangles). The black lines give 
the fraction of systems with 1 + N co-orbital satellites at the end of simulations, 
with values given on the left y -axis. The coloured lines show the fraction of 
simulations in P i configuration for each 1 + N co-orbital satellite system set, 
these values being given on the right y -axis. 

Figure 18. Fractions of 1 + N co-orbital satellite system and P i configurations 
for cases with four (representative case, solid line with dots), six (dashed line 
with stars), and eight fragments (dotted line with triangles). The coloured 
lines are the fraction of systems in P i configuration, for N = 1, 2, 3, and 4 
(right y -axis). The black lines give the fraction of simulations that produce N 

moonlets (left y -axis). Position ‘ + 5’ on x -axis corresponds to systems with 
five moonlets or more. 
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In our case of interest, we need at least three moonlets near L 4 / L 5 

o azimuthally confine the four arcs of Neptune. This condition is
et by P 1 configuration for the 1 + 3 co-orbital system, and P 1 and P 2 

onfigurations for the 1 + 4 co-orbital system. These cases correspond
o about 31 per cent of our numerical simulations, and therefore,
ur representative case has approximately one in three chances of
roducing a system of moonlets that can confine Neptune arcs. 
Given this, we performed new numerical simulations by varying

he mass and number of fragments to verify the robustness of our
tatistics. Given the simplicity of our numerical simulations, we
annot make strong claims about the formation of 1 + N co-orbital
atellite systems. Ho we ver, with the ne w simulations, we intend to
nalyse, at least in a first approximation (Treffenst ̈adt et al. 2015 ),
ow common is the formation of systems capable of confining the
rcs. The results of the new simulations are presented next. 

.3 Varying the mass of fragments 

o e v aluate the ef fect of the relati ve mass of the fragments on the
esults, we performed simulations assuming the following sets of
ragments: m i) a set varying by 50 per cent the mass of the fragments
n relation to the representative case – two fragments with mass m tro /8
nd two with mass 3 m tro /8 – and m ii) a set varying the mass of
he fragments by 25 per cent – two pairs of fragments with masses
 m tro /16 and 5 m tro /16. Note that the total mass in fragments is m tro 

n all simulations. Fragments with the same mass are initially placed
t opposite vertices of the polygon in order to conserve the linear
omentum after disruption. The length of the polygon is l = 2 R 

〉 
fra +

00 m, where R 

〉 
fra is the radius of the largest fragment. We performed

00 numerical simulations for each set of fragments. 
Fig. 17 provides the fractions obtained for the representative case

solid line with dots) and the cases m i (dashed line with stars) and
 ii (dotted line with triangles). The values relative to the black lines

re those given on the left y -axis and correspond to the fraction
f simulations that result in 1 + N co-orbital satellites systems.
he coloured lines correspond to the fractions of P i configurations
btained in the systems with 1 + N co-orbital satellites, with values
iven on the right y -axis. 
The fractions for the cases m i and m ii show small variations

n relation to the representative case, indicating that variations in
he mass of fragments have a small effect on the evolution of the
ystem. The orbital evolution of the fragments is mainly defined by
he azimuthal confinement due to S 1 . As we are assuming fragments
NRAS 513, 297–309 (2022) 
ith masses two orders of magnitude smaller than the moon, we have
hat such a result is somehow expected. 

Assuming different masses for the fragments, we obtain moonlets
ith a greater variety of mass in relation to the representative case.
onsequently, the equilibrium positions will not be strictly the same

n all systems with the same P i configuration. Ho we ver, we find that
he azimuthal differences with respect to the cases shown in Figs 3 –
 are less than 1 deg for all simulations. Next, we vary the initial
umber of fragments. 

.4 Varying the number of fragments 

e performed sets of 300 numerical simulations with N fra fragments
f the same mass m tro / N fra . The fragments are distributed in a regular
olygon with N fra vertices and length l = 2 R + 100 m. In Fig. 18 ,
e show the same fractions as in Fig. 17 for the representative case

solid line with dots) and for the cases with six (dashed line with
tars) and eight fragments (dotted line with triangles). 

As a rule, cases with N fra fragments give rise to systems with up
o N fra moonlets, and we obtain that the main effect of the number of
ragments is to change the fractions of systems with 1 + N co-orbital
atellites. The fraction of systems in P i configuration for N ≤ 4 is
lmost the same for all cases. In the case with N fra = 6, 18 per cent of

art/stac944_f16.eps
art/stac944_f17.eps
art/stac944_f18.eps


Formation of moonlets confining arcs 305 

Figure 19. Longitudinal evolution of four fragments (coloured lines) and a set of particles (black lines) initially distributed in the circle circumscribing the 
polygon of the fragments. The moonlet settles in the L 5 point and two arcs are formed, near L 4 and L 5 points. 
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he simulations result in systems with five or six moonlets, reducing 
he fraction of systems with three or four moonlets compared to the
epresentati ve case. Ho we ver, systems with 1 + 3 co-orbital satellites
emain the most common outcome of the simulations. For N fra = 8,
9 per cent of the systems have more than five co-orbital satellites. 
In Section 3 , we obtained different equilibrium configurations with 

 + 3 and 1 + 4 co-orbital satellites that can confine the Neptune arcs.
he characteristic that defines whether a configuration can confine 

our arcs is the presence of at least three moonlets near to the moon’s
 4 / L 5 , which is met for all equilibrium configurations with more

han five co-orbital satellites. Although the fraction of systems with 
hree and four moonlets decreases when the number of fragments 
ncreases, the fractions of systems that can confine the four arcs are
reater than that obtained in our representative case (31 per cent). 
herefore, the case with four fragments can be interpreted as a lower
ound in our analysis of how common is the formation of a system
apable of confining the arcs. In the ne xt section, we co v er the
roduction of debris in the system. 

 C O M M E N T S  O N  A R C  F O R M AT I O N  

he origin of Neptune arcs remains a topic of debate among planetary
cientists. In light of the confinement model of Porco ( 1991 ), it was
roposed that the arcs would originate from dust ejected by immersed 
atellites in resonances with Galatea. Ho we ver, we no w kno w that
his confinement model is not applicable to the arcs (Sicardy et al.
999 ; Dumas et al. 2002 ), being required a different origin for them.
Several works propose that collisions between macroscopic par- 

icles are the source of the dust content observed in the Neptune
rcs (Smith et al. 1989 ; Colwell & Esposito 1990 ; Porco et al. 1995 ;
alo & Hanninen 1998 ). It is an attractive proposition given the
bserv ational e vidence for the existence of metric bodies immersed 
n the arc Fraternit ́e (de Pater et al. 2005 ). In the context of their
onfinement model, Renner et al. ( 2014 ) propose a hierarchical 
cenario where a previously accreted satellite gathers material at its 
agrangian point, forming the moonlets and the arcs. Furthermore, 

he hypothesis that the structures originate from the break-up of a 
arent satellite is mentioned in De Pater et al. ( 2018 ). 
Generally speaking, the Neptune arcs are likely composed of 
aterial produced by different processes. In the context of the 

cenario proposed in Section 4 , we envision the production of
aterial in three different stages of the system: At the disruption of

rojan moon, in the later stage, in which the fragments are evolving
o form the moonlets and after the formation of the 1 + N co-orbital
atellite system. Next, we discuss the mechanisms involved in each 
tage. We need to emphasize that collisions are complex events that 
re not yet well understood, and the formation of Neptune arcs
equires a careful study that is beyond the scope of our work. We
o not intend here to reproduce the arcs, but only to comment on
ossible sources for them. 

.1 Moon disruption stage 

he disruption of objects with a few kilometres in radius due to a
km s −1 impact simultaneously produces a set of larger fragments 

nd a large amount of debris with sizes ranging from micrometres
o metres (Benz & Asphaug 1999 ; Michel et al. 2004 ). The former
ere assumed by us as the building blocks of the moonlets, while the

atter may have contributed to the formation of the arcs. As shown in
allardo et al. ( 2020 ), the dust material in the Adams ring region has a

hort lifetime due to solar radiation and plasma drag, so macroscopic
ebris are the most likely to have contributed to the formation of the
rcs. 

To analyse the evolution of such particles, we redid some numer-
cal simulations of the representative case, distributing 500 massless 
articles randomly in the circle that circumscribes the fragments’ 
olygon, with randomly chosen radial ejection velocities of 0.36–
.73 m s −1 . The non-conserv ati ve term was also applied to the
articles. The simulation with the highest particle survi v al rate is
resented in Fig. 19 , where the fragments give rise to 1 + 1 co-
rbital satellites in P 1 configuration. After impacts in the first years
f simulation, the moonlet settle in the equilibrium position in less
han 10 yr and particles are confined azimuthally to two of the three
article equilibrium positions of the system. 
In general, we obtain a low particle survi v al, with more than

0 per cent of the set colliding with the fragments in 5 yr of
imulation. We do not verify particle survi v al in the cases of our
nterest (1 + 3 and 1 + 4 co-orbital satellite systems), whereas up to
 per cent of the particles survive in the 1 + 1 and 1 + 2 co-orbital
atellite systems. These results seem to indicate that the debris 
ormed in the disruption does not directly contribute to the arcs,
r only contributes with a small amount of material. Ho we ver, the
elatively high impact velocities ( ∼m s −1 ) indicate erosive events
Stewart & Leinhardt 2012 ). Therefore, they should give rise to a
econd generation of debris that contribute to the arcs, as will be
iscussed ahead. 

.2 Moonlets formation stage 

zimuthal confinement due to S 1 and Galatea’s gravitational effect 
ncrease collisions between debris, which can be a significant source 
f material to the arcs. Just as a proof of concept, we assume the total
MNRAS 513, 297–309 (2022) 
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Figure 20. Evolution of a set of particles produced by the collision of two fragments in a simulation initially with four fragments that give rise to a system in 
P 1 configuration with 1 + 3 co-orbital satellites. The particles are initially in a disc around the moonlet formed after the collision. The instant of the collision 
( ∼4 yr) is set by the black dot. We only show the surviving particles (black dotted lines), which are about 8 per cent of the initial set. Fragments that give rise to 
the satellites are the solid coloured lines. 
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ebris mass as m tro /4, following a distribution given by N ∝ s −2.4 

Krivov et al. 2003 ) ( s = 1 μm–1 m) and we calculate the rate of
ass-produced due to impacts between debris. This can be estimated

or soft target-ejecta as (Colwell & Esposito 1990 ) 

˙
 coll = 4 × 10 −8 �

A 

∑ 

s i >s j 

N i 

∑ 

s j 

N j K j ( s i + s j ) 
2 , (6) 

here � is the orbital frequency, A is the area of the region, and N i , j 

s the number of debris with radius s i , j . K j is the kinetic energy of
he impactor particle, where we have assumed impacts with mean
elocities of v imp = 1 m s −1 . 

As a result, we obtain that impacts can populate the four arcs in
 ∼ 10 4 yr (optical depth of τ = 0.1), showing that such events can
e the source of the arcs. Using Ṁ coll , we made a rough estimate
omparing the cross-section of the debris with that of the fragment
nd found that the production, due to debris-fragment impacts, can
educe the time T by one order of magnitude. 

As shown in Section 4 , some impacts between fragments are likely
o be events with partial merging or erosion and therefore will also
ive rise to a second generation of debris that can contribute to
he arcs. Based on Canup & Esposito ( 1995 ), Sun, Schmidt & Spahn
 2015 ) assume that 12 per cent of a moon’s regolith layer is released in
 collision between two moonlets. As an estimate only, we made the
umblest assumption that 1 per cent of a fragment’s mass is released
n a collision between two fragments, giving an output of 6 × 10 10 kg
er collision. This amount of material exceeds the estimated mass
f the arcs (4 × 10 10 kg). Therefore, if completely confined, the
aterial produced in just one impact between fragments is sufficient

o reproduce the optical depth of the four arcs. 
In order to analyse the evolution of the second-generation debris,

e redid some numerical simulations, distributing 500 massless
articles in a disc around the moonlet formed right after a collision.
he particles are influenced by the non-conserv ati ve term, and the
istance of each particle to the moonlet is chosen randomly in the
ange 1.0–1.5 R b , where R b is the physical radius of the body. The
adial velocity is chosen randomly in the range 1–3 v esc . For higher
elocities, particles leave the horseshoe region. 

Most particles collide in the first few years after being added to
he system. Ho we ver, the fraction that e ventually survi ves is greater
han in the case of particles produced in the disruption. This was to
e expected, as particles are added later in the system, sometimes
hen satellites are already in tadpole-like orbits. In 15 per cent of

he numerical simulations in P 1 configuration with 1 + 3 co-orbital
NRAS 513, 297–309 (2022) 
atellites, at lest one arc with material is obtained at the end of the
imulation. 

Fig. 20 shows a case where all particle equilibrium positions are
opulated by material at the end of simulation, with a particle survi v al
ate of 8 per cent . As can be seen, four arcs are obtained near the L 5 

oint of the moon. This case is an exception, in most simulations only
wo arcs were produced, but it serves our purpose to demonstrate that
ollisions between fragments can be the origin of at least some of
he arcs. 

.3 Post-formation stage 

fter the moonlets are formed, they can suffer impacts of interplan-
tary dust particles (IDPs) or meteoroids originating mainly from
he Kuiper Belt (Poppe 2016 ; Poppe et al. 2019 ). These impacts can
rovide material for the Adams ring and also be part of the source
f Neptune arcs. IDPs have a typical radius of order 100 μm, while
eteoroids can be up to a few metres in size. At the end of the section,
e briefly discuss different sizes of material produced by these two
ifferent populations of impactors. 
We distributed 500 particles in a disc around the moonlets. The

istance of particles to the moonlet is chosen randomly in the range
.0–1.5 R b and their radial velocities are chosen randomly in the
ange 1–3 v esc . Fig. 21 shows the evolution of the particles in black
otted lines for a P 1 configuration with 1 + 3 co-orbital satellites.
ach panel corresponds to a different simulation, where particles
re initially around a different moonlet of the system. The moonlet
hich produces the particles is shown in red, while the others are in
reen. We found that < 10 per cent of the particles collide in all the
imulations. 

As expected, the particles are confined by a pair of moonlets, as
e can see for example in Fig. 20 (b), where most of the particles

aunched by S 3 are confined between S 2 − S 3 and S 3 − S 4 . A few
articles leave the confinement of the pair S 2 − S 3 , becoming confined
y the pair S 1 − S 2 ; these particles correspond to the transient
articles classified by Giuliatti Winter et al. ( 2020 ). 
We emphasize that the type of impactor influences the sizes of

he launched particles. The impacts of IDPs produce micrometre
articles (1–100 μm) that suffer the effects of dissipative forces, such
s the solar radiation force and plasma drag (see Gallardo et al. 2020 ).
iuliatti Winter et al. ( 2020 ) showed that the lifetime of micrometre
articles in the arcs under the effects of the solar radiation force is
ess than 50 yr and that moonlets cannot replenish the arcs by IDP
mpacts. 
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Figure 21. Temporal evolution of particles produced by impacts of external bodies for a P 1 configuration with 1 + 3 co-orbital satellites. We show in separate 
panels the particles (black dotted lines) that originated from different moonlets. The moonlets are shown in coloured lines. The one that produces the material 
is the red line, and other moonlets are the green lines. We refer to the moonlets from bottom to top as S 2 , S 3 , and S 4 . 
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On the other hand, meteoroid collisions can produce from mi- 
rometre particles up to metric-sized debris. For centimetric or larger 
odies, the effects of the dissipative forces can be disregarded and 
he orbital evolution of the bodies is represented by Fig. 21 . Giuliatti

inter et al. ( 2020 ) showed that larger bodies survive for more than
000 yr in the arcs, making meteoroid impacts a possible source 
or the arcs. The arcs’ formation due to meteoroid impacts is an
ntricate problem, as collisions cannot disturb the stability of co- 
rbital satellites while they must produce an amount of material that 
eproduces the system. 

 DISCUSSION  

n this work, we analyse through a set of numerical simulations the
ormation and orbital evolution of 1 + N co-orbital satellite systems
hat could confine the arcs of Neptune. Revisiting the work of Ren-
er & Sicardy ( 2004 ), we obtain that the equilibrium configurations
btained by them are not altered when we consider the moonlets in
n orbit with the estimated eccentricity of particles located at the
dams ring (Renner et al. 2014 ). It turns out that the 42:43 LER with
alatea does not destroy the equilibrium configurations, but only 

hifts the equilibrium positions by a few degrees. 
We obtained a total of three distinct equilibrium configurations that 

an reproduce the angular width of the arcs – P 1 configuration with
 + 3 co-orbital satellites and the P 1 and P 2 configurations with 1 + 4
o-orbital satellites. We also have that small variations in the mass
f the moonlets do not alter the equilibrium configurations (Renner 
t al. 2014 ). These results are interesting, as they demonstrate that
ifferent set of masses, longitudes, and number of moonlets can 
onfine the arcs, giving robustness to the model proposed by Renner
t al. ( 2014 ). 

The origin of these moonlets and arcs is still unknown, being
iscussed in Renner et al. ( 2014 ) a scenario in which an ancient
atellite gathered material around its L 4 / L 5 point, forming the
oonlets. The arcs would be the residual material of this process.
lthough mechanisms such as the one proposed by Izidoro, Winter &
MNRAS 513, 297–309 (2022) 
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suchida ( 2010 ) show the formation of moons at the triangular
oints of satellites, it is not clear which process would lead to the
ormation of some moonlets and not just one. It is also unclear how
hese moonlets would reach the equilibrium configuration. Satellite
ormation simulations in circumplanetary discs show the formation
f pairs of co-orbitals (Madeira, Izidoro & Giuliatti Winter 2021 ), but
ot of systems with more than two co-orbitals. Such results indicate
hat the moonlets, if they exist, probably have formed by a process
ther than simple accretion. 
We propose the formation of moonlets by the disruption of an

ncient body due to an impact with an ongoing object. This is
 possible scenario since many objects originating in the Kuiper
elt crosses the Neptune region (Colwell & Esposito 1992 ; Levison
t al. 2000 ). We are aware that our treatment is very simplistic.
 more realistic model requires the study of the disruption itself,
hich depends on the physical parameters of target and impactor,

mpact parameter, and velocity. It also requires studying the post-
volution of fragments and debris, considering mechanisms such
s growth due to collisions with smaller debris and Adams ring 
aterial. 
Ne vertheless, our simulations v arying the mass of fragments result

n variation in the fractions lower than 10 per cent , showing a self-
onsistency. In these simulations, we obtain that a disruption has a
robability of ∼ 30 per cent of producing a system capable of con-
ning the four arcs. When we assume the formation of more than four
ragments in the disruption, these values increase due to the possible
ormation of a system with more than five moonlets. These results
lace the scenario studied here, at least in a first approximation, as a
ossible scenario for the formation of the moonlets. 
Our simulations include an artificial non-conserv ati ve term re-

ponsible for varying the system’s energy and carrying the moonlets
o equilibrium positions. In our representative case, this term was
djusted to generate the equilibrium configuration o v er an arbitrary
eriod of 30 yr, and we also performed simulations with time spans
f 300 and 3000 yr. In the real system, a series of mechanisms act
y varying the energy of the system, such as inelastic collisions
ith disruption debris and the Adams ring material, and resonant

orques due to Galatea. Ho we ver, such ef fects work o v er long time-
cales, indicating that the moonlets formed and settled at equilibrium
ositions o v er time-scales longer than the ones considered by us. 
Changes in brightness and longitude of the arcs (de Pater et al.

005 ) and the disappearance of the arcs Libert ́e and Courage (De
ater et al. 2018 ) seem to indicate that the dust population of the arcs

s recent. Giuliatti Winter et al. ( 2020 ) support this assumption by
btaining lifetimes of a few decades for the dust material in the arcs.
iuliatti Winter et al. also found that the disappearance of two arcs

an be explained if they are composed of particles with typical sizes
ifferent from the arcs that still remain. 
In our scenario, these differences in the particle sizes between

he arcs can be obtained if they originated at different stages. In
articular, our crude analysis shows that micrometre-sized material
s possibly originated from impacts between the disruption outcomes
fragments and debris). Meteoroid impacts with the already formed
oonlets is another possible source. Ho we ver, it is likely that several

rocesses act to produce the arcs, such as impacts, fragmentation,
nd erosion. 

 C O N C L U S I O N  

e hav e e xplored, by numerical simulations, the confinement model
or Neptune arcs proposed in Renner et al. ( 2014 ). The model
ro v es to be possible, as different sets of moonlets, in number,
NRAS 513, 297–309 (2022) 
ass, and location, can roughly reproduce the width of the four arcs.
o we ver , further in vestigation and refinements are needed to explain

he interesting evolution shown by the arcs since their disco v ery. If
hese co-orbital satellites exist, we show that the disruption of an
ncient body at a triangular point of a moon is a possible model for
heir formation. In such a scenario, the arcs may have been formed by
ifferent processes such as collisions, fragmentation, re-accretion,
xternal impacts, among others. We find that impacts between
ragments and debris and meteoroid impacts with the moonlets are
ttractive possibilities. The arcs may have been formed in different
tages, with the arcs composed only of dust particles being the final
tage of the arc life. 
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