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Abstract. Gravitational capture can be used to explain the existence of the irregular satellites of giants planets. However, it is
only the first step since the gravitational capture is temporary. Therefore, some kind of non-conseffetive eecessary to

to turn the temporary capture into a permanent one. In the present work we studietite ef Jupiter mass growth for the
permanent capture of retrograde satellites. An analysis of the zero velocity curves at the Lagranglanipdicates that mass
accretion provides an increase of the confinement region (delimited by the zero velocity curve, where particles cannot escape
from the planet) favoring permanent captures. Adopting the restricted three-body problem, Sun-Jupiter-Particle, we performed
numerical simulations backward in time considering the decreas,ofWe considered initial conditions of the particles to

be retrograde, at pericenter, in the region B0 < a < 400R, and 0< e < 0.5. The results give Jupiter's mass at the
moment when the particle escapes from the planet. Such values are an indication of the necessary conditions that could provide
capture. An analysis of these results shows that retrograde satellites would be captured as soon as they get inside the Hills’
radius and after that they keep migrating toward the planet while it is growing. For the region where the orbits of the four “old”
retrograde satellites of Jupiter (Ananke, Carme, Pasiphae and Sinope) are located we found that such satellites could have been
permanently captured when Jupiter had between 62% and 93% of its present mass.
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1. Introduction since this time scale is relevant for the second stage to be ac-
) ) ) S complished.
All the giant planets have irregular satellites, with high eccen- |, 4 previous paper (Vieira Neto & Winter 2001) we have

tricity, high inclination (many are retrogrades) and are distagl;,gjied this problem of temporary gravitational capture for hy-
from the planet (more than 100 planetary radii). The vast Masihetical satellites of Uranus. The adopted approach was to
jority of these satellites were discovered recently (Sheppaighnnyte the capture times for a significant part of the initial
et al. 2001, 2002, 2003; Gladman et al. 2000, 2001; Holm@gyitions space. The results were presented in terms of gray-
et al. 2003). Due to their orbital characteristics such satellitggyeq diagrams of semi-major axi) (/ersus eccentricitye

are believed to have an originftiirent from the regular satel-5ying fixed values for the other initial orbital elements. One of
lites, which would have been formed in a protosatellite diske important features presented in the results were the regions

around the parent planet. The most accepted idea is that (e, asiperiodic trajectories, trajectories that did not escape
were formed elsewhere and were captured by the planet (Pggle, integration period of fyears.

1999). Several mechanisms have been proposed to accomplish
The capture process can be divided into two phases. Fitge second phase of the capture process. Among them are:
during an encounter with the planet, the candidate satelljjg gas drag (Polack et al. 1979; Mckinnon & Leith 1995;
is temporarily captured by the gravitational attraction of thaha & Tremaine 1993); change of mass of the primaries
planet. Then, some sort of non-conservatiffe@ occurs to (Heppenheimer 1975; Heppenheimer & Porco 1977; Byl &
turn the capture into a permanent one. One of the main poienden 1975; Brunini 1995); orbital migration (Brunini
of the first phase is the length of time a temporary capture lastggs); collision between satellites (Colombo & Franklin 1971;
Horedt 1989; Goldreich et al. 1989); scattering by a regular

e-mail:ocwinter@feg.unesp.br In the present work we explore the possible contribution of
* UNESP Post Doctor Program. a mechanism that occurred during the solar system formation,
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Fig. 1. Gravitational capture trajectories in the circular restricted three-body problem. The reference system is barycentric rotating with
primaries. On the left we see a trajectory that is temporarily captured and escapes fillopsitie on the right the trajectory is temporarily
captured and escapes from theside. The dotted curves are the zero velocity curvés and atl,.

the mass growth of Jupiter. The other possible mechanisiiitee trajectory of Fig. 1a has a value of the Jacobi Constant be-
will be considered in future work. In the next section we digween the values dt, andL;, while the trajectory of Fig. 1b
cuss the change in the zero velocity curves at the Lagrangies a value of Jacobi Constant not much smaller than the value
point L; due to this mechanism, and its implications for thatL,.
capture problem. Then, we perform an analysis of tfects of A temporary gravitational capture in the examples given in
the planet's mass growth on its sphere of influence and on #ig. 1 could become permanent due to the mass change of one
semi-major axis of its satellites. The conclusion of this analysi$ the primaries (Heppenheimer & Porco 1977). That would
leads to a condition for captyescape of a satellite. In Sect. 3happen if the change in the mass produces a change in the zerc
we present our numerical simulations adopting the restricteglocity curve of the particle such that it is not allowed to es-
three-body problem, Sun-Jupiter-Particle, taking into accoutdpe anymore. In Fig. 2 we present the zero velocity curves as-
the efects of Jupiters mass growth. The results show at whigbciated to the Lagrangian poilt in the planetocentria x e
stage of Jupiters mass growth a given retrograde satellite wosfgace, for a particle at pericenter. In this diagram such a curve
have been captured. The simulations for the case of the fdivides the space into two regions. One (to the left of the curve),
retrograde satellites of Jupiter known of old are presentedvimere particles are confined around the planet and will never
Sect. 4. Our final comments are given in the last section.  escape. Another (to the right of the curve), where particles can
stay temporarily around the planet, but will sooner or later es-
cape.
Figure 2 shows the locations of the zero velocity curves
Considering the planar circular restricted three-body probleagsociated to the Lagrangian polnt for the case of Jupiter
the Jacobi constant can be given by (Szebehely 1967) with its present mass (32Ms) and with 10% of its present
mass (32Mg). The area of the region defined by the zero ve-
Ci=x+i2+ 2(& + /g) P 1) locity curve increases as the mass grows. So_, some trajectories
r.. rz that hadC; < Cy(L1) while Jupiter was growing could have
wherex, y, X andy are the components of position and velocity? > Gi(L1) when Jupiter was completely formed. Therefore,

in the barycentric rotating frame, andr, are the distances to%aS(ad only on this simple analysis the mass accretion mecha-

R nism is favorable to the capture process. It is important to note
the primaries, ang; andu; are the reduced masses. The zer, . . . .
) . . that in the case of retrograde orbits there are stable trajectories
velocity curves are the contour plots in tke plane for fixed : . .
R even outside the zero velocity curve associatelditd hey are
values ofC; takingX = y = 0.

A gravitational capture oceurs when a particle initially Orguasi—periodic orbits associated to a family of periodic orbits

. Weira Neto & Winter 2001).
biting the Sun gets close to the planet and stays tempora 'Y The mass variation of Jupiter produces at least two relevant
orbiting it. The most relevant temporary gravitational capture piter p

are those of long duration. In such cases the particle ent ects. One of them is the change in its gravitational sphere of

I . . N
the region defined by the zero velocity curve associated to {ngence. For instance, as the planet mass increases its Hill's

Lagrangian point;. The value of the Jacobi Consta@};, of radius,
such atrajectory is close to, but less than the vallie,&,(L,), Lo\
or even atl,, Cy(Ly). So the particle is allowed to stay in theRuin = (—) , (2
L o ) 3
vicinity of the planet, but at some stage it will escape. In Fig. 1
we show two examples of capture trajectories; these trajectdso increases. The other correlat&eéet produced by the mass
ries had to pass the vicinities of thg or L, to be captured. variation of the planet is the change on the orbital semi-major

2. Effects due to mass change
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Fig. 3. Diagram illustrating the process involved in a planet-satellite
gystem when the planet's mass is decreasing. The patrticle’s orbital

line to the right corresponds to the case of Jupiter with its present m %%IUS |ncre_zrisesd_wthlle thet qusz:Eonalwcvaptu(;g ra_d |u_z OT t?he planet
(320 M) and the left line corresponds to the case of Jupiter with 10r/§g.reases' € distance at which these two radii coincide Is the escape
of its present mass (3d). adus.

Fig. 2. Zero velocity curves associated to the Lagrangian plbojrin
the planetocentri@ x e space at pericenter in retrograde orbit. Th

axis @) of its satellites. This change follows the relation giveMarzari & Scholl (1998) showed numerically that an increase

by Jeans (1961) in Mq_ could cause the capture of planetesimals into librating
Trojan orbits. Fleming & Hamilton (2000) explored analyti-
auz = constant (3) cally and numerically the dynamicafffects of Jupiter’s accre-

The evolution of the present dynamical system is reversibleti@n on its Trojan companions.
time, i.e. when the equations of motion are integrated backward In order to verify the actual dynamicaffects of Jupiters
in time for a length of timeAt and then forward in time for this mass growth on the capture problem we performed some nu-
same amount of time the system returns to the same staténgfical simulations. We adopted the planar, circular, restricted
the initial conditions. So, we preferred to make the analysis géree-body problem, Sun-Jupiter-Particle, with a variation of
ing backwards in time. Therefore, we considered a particle tfia¢ mass of Jupiter. Since the evolution of this dynamical
begins as a bounded satellite of Jupiter, with its present ma&stem is reversible in time we conducted simulations tak-
then we follow the dynamical evolution of this particle to thég initial conditions of particles inside a region delimited by
past. As the mass of the Jupiter decreases the semi-major @Ry < a < 400Ry._and integrated backwards in time. The
of the satellite increases. As a consequence the gravitatiopriticle is initially bounded as a satellite of Jupiter, with its
influence of the planet on the satellite decreases and whenpresent mass, then we follow the dynamical evolution of this
satellite reaches a radial distance from the planet such thapigsticle to the past as the mass of Jupiter decreases. The simu-
gravitational influence is not enough to keep it bound, it wilations were interrupted in two situations: i) the 2-body energy,
escape (Fig. 3). Jupiter-particle, changed from negative to a positive value (es-

According to this analysis, at a given stage of the mass ew@pgcapture); ii) the particle collided with Jupiter (collision).
lution of the planet there is a critical radial distance beyorfdom such simulations we determined the time at which the
which the satellite escapes. In Fig. 4 we present a diagramesfape occurred for each particle’s initial condition. Assuming
orbital radius versusv,, . The grey area corresponds to théhat the present dynamical system adopted fairly represents the
condition where the object would be orbiting the planet ashéstory of this satellite system, the results tell us at which stage
satellite, delimited by what we called the Gravitational Captufd Jupiters mass growth an irregular retrograde satellite would
Boundary. There is also a line labeled Jean’s Relation whibave been captured by Jupiter.
gives an example of the evolution of the orbital radius as a We adopted the variation &fl,_ to be linear with time on
function of Mo, . As the mass of the planet changes the pafme scales ranging from £@o 10° years (the results are sim-
ticle’s orbital radius goes from inside the grey area to outsidtr if an exponential growth is adopted (Fleming & Hamilton
or the other way around, depending on the arrow of the timQ00; Yokoyama et al. 2003)). The initial conditions were such
Therefore, once the Gravitational Capture Boundary is knowihat the particles were considered at pericenter in opposition
one can identify at which stage of the planet’s mass growtiwéthin the ranges O< e < 0.5 and 100R, < a < 400 R,
given satellite was captured. whereR,_ is Jupiter's equatorial radius. Most of the numeri-
cal simulations were made considering planar retrograde orbits,
| =180C.

The results show the mass of Jupiter at the moment when
The dfect of planetary growth on the dynamics of planthe particle escaped from the planet (Fig. 5). The time scale
etesimals has recently been considered in the literatui@. M, to decrease from its present value to 10% of it was

3. Numerical simulations
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Fig. 4. Diagram of the orbital radius versiié,_. The grey area corresponds to the condition where the object would be orbiting the planet as
satellite. The line labeled Jean’s Relation gives the evolution of the orbital radius as a function of the mass of Jupiter for an object that w
be orbiting as a satellite of Jupiter at the present moment in a circular orbiawithOO R, . The particle’s orbital radius increases while the
gravitational capture radius of the planet decreases. The distance at which these two radii coincides is the escape radius.

10° years in Fig. 5a, 1Dyears in Fig. 5b and fOyears in whereais given in Jupiter’s radius and in Mo,_. Equation (4)
Fig. 5¢. The structure of the figures show that the time scale foas generated from the data of the results found in the case of
mass growth is not a very relevant factor for the esfegmure time scale 10 years, withe > 0.1. This equation reproduces
process. What actually dominates the process is the valuevefy well the results found through numerical integrations as
the mass of the planet at the moment of escape. Such valcas be verified in the contour plots shown in Fig. 5e.
give an indication of the necessary conditions that could pro- To investigate the féects due to the orbital inclination we
vide the permanent capture. Nevertheless, we notice that asdls® simulated the dynamical system for initial conditions of
time scale gets larger the escape occurs earlier. In other wordsograde orbits out of the plane. All the known retrograde
there is a slight dependence of the mass growth time scalesaifellites have inclinations between 4Md 180. Yokoyama
the stage of the mass growth at which the particle escaped frefal. (2003) and Carruba et al. (2002) showed that satellites
the planet. The dierence oM,_values between the results forwith inclinations between 3%nd 130 would be highly unsta-
time scales 1Dyears and 1Dyears is of the order of 5% andble. Due to the Kozai resonance they would reach eccentricity
between 10 years and 10years is of the order of 3%. Thathigh enough to enter the region of the galilean satellites and be
is an indication that for longer time scales (10C° years) the removed by them.
results are not much filerent from those presented here. Therefore, we performed numerical simulations consider-
The general structures presented in Figs. 5a—c show tn@t the cases of = 140° and| = 160, with a mass growth
the farthest from the planet the partiCIe is the sooner it escapgfe scale of 1@ years. The results are presented in F|gs 5d
as expected. The shifted band that appears in Figs. 5 for Igng f, respectively. We can see the changes due to the inclina-
values of eccentricityg < 0.1) is associated to a family of tion by looking at the left column of Fig. 5. From top to bottom,
periodic orbits (Winter & Vieira Neto 2001). This family of\ye note that the distortion produced by the family of periodic
periodic orbits retards the escape of the satellites that areglpits | = 180°) disappears as the inclination decreases. On
brating around it and alsdfact the trajectories nearby. The efthe other hand, the structure of the figures is almost the same
fect of this family of periodic orbits decreases as the time scaig e > 0.3.
for mass variation increases (the band narrows). The general, order to better understand the structure shown in Fig. 5,
structure shown in Figs. 5a—c means that there is an explig analyzed in detail a representative set of initial conditions of
relation between the planets’ mass and the initial semi-majgenar retrograde orbits for each of the three time scales given
axis and eccentricity of the particle. Using an implementatin rigs. 5a—c. We considered the set composed by nine initial
of the nonlinear least-squares through a Marquardt-Levenbggg,gitions withl = 18C¢ and given by the combinations of
algorithm we determined the relation a = 100R,,, 225R, , 350R, ande = 0.10, 025, 040. The
M(a,€) = [0.0387665¢ 0.0021] semi_—major axis of the orbits evol\(e as predicted by the Jean_s
= relation (Eq. (3)), as can be seen in the examples presented in
+[0.001444: 1.3x 10°°|a Fig. 6. As the mass of Jupiter decreases the eccentricity of the
+[0.1737+ 0.0089% orbits increases the amplitude of oscillation. Notice that the rate
+ [0.002429¢ 1.6x 10—5] ae of increase in the amplitude of oscillation of the eccentricity is
. o1 .2 proportional to the initial eccentricity (Fig. 6).
~[7.81x 107 £ 24x 10°|a The combination of the evolution of the semi-major axis
—[0.3959+ 0.0131F, (4) and the eccentricity produces an increase of the orbital radius
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Fig. 5. Mass of Jupiter at the moment of escape for particles with initial conditions in the planeto@ertespace. Initially Jupiter has its
present mass (320;) and the orbits were integrated backward in time with a decreasing mass of Jupiter. In the first three figures the orbital
inclination considered was 18@nd the time scale for the mass to decrease from its present mass to 10% of its mag< ®ag; b) 10* yr

andc) 10° yr. There are also two figures where were adopted the time scale gf, 18ut with orbital inclinationsd) 160° andf) 14C. The

only figure that is not a result from numerical integration is lejglt presents contour plots given by Eq. (4).

of the particle and of its amplitude of oscillation. In generahot a naturally expected result since the existence of stable ret-

the orbital radii of the particles evolve as shown in the sampiegrade orbits much further than this limit is well known (see

givenin Fig. 7. forinstance Vieira Neto & Winter 2001 and references therein).
Following the idea that there is a critical distance to the

planet, defined as the Gravitational Capture Boundary (Fig. 4),

beyond which the particle will escape, we determined this «q|g~ retrograde satellites

boundary from the results of our simulations. In the case of

Jupiters mass growth time scale o M@ars, this boundary is In this section we considered separately the case of the four

very well fitted by one Hill's radius (Eq. (2)), as can be seen ietrograde satellites of Jupiter that have been known for more

the plots of Fig. 7. In the cases of time scale$40d 1§ years than half a century (Ananke, Carme, Pasiphae and Sinope).

the best fits are 1.Ryy and 1.4Ryy, respectively. Therefore, Sheppard & Jewitt (2003b) classified all the irregular retro-

the results suggest that the Gravitational Capture Boundary deade satellites of Jupiter into three groups. One group has

creases as the mass growth time scale increases, but it also Angnke as the parent body, other is associated to Carme and

gests a convergence to a value close to one Hill's radius. Thigighird group is associated to Pasiphae and Sinope. Therefore,
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Fig. 6. Evolution of the semi-major axis (left column) and eccentricity (right column) of a sample of particles as a function of Jupiter's mas
This is a representative sample from the simulations with mass variation time scale equély¢arstand 1800f inclination. The initial
conditions area = 100R,, ande = 0.10 (top);a = 225R,,_ ande = 0.25 (middle);a = 350R,_ande = 0.40 (bottom). The dotted lines are
given by Jeans’ relation, Eq. (3).

the results presented in this section can be used as an estimati& 1. Orbital elements of some retrograde satellites of Jupiter and
for all the three groups. the stage during Jupiters mass growth at which the satellite could have

Considering the tridimensional problem, we numericalf§e€" captured (last wo columns).

simulated the trajectories for sets of initial conditions around

their present orbits. As the orbits of these satellites are knownto  Satellite a0 & o Jupiter's Mass
vary significantly (Saha & Tremaine 1993) we decided to take (Ry) (1Cyr) (10"yr)
their osculating orbital elements at a given epaghey andlg Carme 316.5 0.21 183 62-70% 65-74%
and use a set of 27 initial conditions for each satellite givenby  ananke 2969 0.17 147 63-72% 68-74%
the combinations adig + 0.01ag, ey + 0.1eg andlg + 0.0115. We Sinope 3319 028 153 68-82% 72-85%

considered two dierent time scales for Jupiters mass growth:
10° years and 10years.

The results indicate that these satellites could have been
captured permanently during Jupiter's mass growth. Tablecapture to occur. The results are in good agreement with those
gives the stage at which Jupiter's evolution should be fpresented in Figs. 5d and f, for = 160 and| = 140,

Pasiphae 329.1 0.38 147 75-92% 77-93%
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initial eccentricity = 0.1

We also investigated the possible contributions to this
escapgapture process due to the orbital eccentricity and
inclination of Jupiter and the gravitational influence of Saturn
and Uranus. In order to make this investigation we performed
numerical integrations of the restricted n-body system, Sun-
Jupiter-Saturn-Uranus-Particle, going backward in time and
taking into account the decreasing of Jupiter’s mass for time
scales of 1B and 10 years. The results found for these four
satellites indicate that there is no significant contribution from
these such perturbations.
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T T T T
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5. Conclusions

10 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100

Jupiter's mass (% We have presented an analysis of the gravitational es-
capegcapture process of retrograde satellites taking into account
the dfect of Jupiter's mass growth. This analysis shows the ex-
istence of a Gravitational Capture Boundary beyond which a
satellite would escape. Our numerical simulations agree very
well with this analysis. The Gravitational Capture Boundary
was determined from the numerical results. It is found that
this Boundary depends on the time scale of the mass growth.
However, as the time scale increases the Boundary seems to
converge to one Hill's radius.

In the numerical simulation we confirmed that Jupiter's
mass growth is anficient mechanism for the capture of ret-
rograde satellites. Our results show at which stage of Jupiter’s
mass growth a given retrograde satellite could have been cap-
10 20 0 a0 0 s 0 s s 1o tured. The actual values, given in these results, show a weak

initial eccentricity = 0.25
1000

'initi I' sem-r;ajor a;is
— 100
— 225

N o )
o o o
o o S
\
\

N
=]
o

radral distance (Jupiter’s radius)

Jupiter’s mss (% dependence on the time scale of the mass growth. In the case
initial eccentricity = 0.4 of the known retrograde satellites of Jupiter we found that such
1000 il [semmor @k ' ' ' satellites could have been permanently captured when Jupiter
—— 225 had between 62% and 93% of its present mass. These values
800 - 1 can also be used as an estimate for the groups of newly discov-

ered retrograde satellites of Jupiter (Sheppard & Jewitt 2003b).

The dfects of Jupiter's eccentricity and inclination, and
also of the planetary perturbation of Saturn and Uranus are not
significant. We did not simulate the dynamical system includ-
ing the Galilean satellites. It seems that they do not contribute
much to the dynamics of distant satellites. They might actually
contribute only during the very final stage, just before the es-
cape of the particles. They wouldfect the particles when they
. . . . . . . . reach very high eccentricity before escape (see the sample of
10 20 30 40 ) 50‘ 60 70 80 90 100 the eVOIUtiOn Ob in F|g 6)

Jupiter’'s mass (% . .
In the present work we explored the contribution of the

Fig. 7. Evolution of the orbital radius of a sample of particles as planet’s mass growthfiect alone. Nevertheless, othefeets
function of the mass of Jupiter. This is a representative sample fr¢jgye to be analyzed and combined with the present one to in-

the simulations with mass variation time scale equals foyHrs. gicate the most probable scenario that would have generated
The initial conditions ar@ = 100R,, (black),a = 225R,,_(gray) and irregular satellites

a = 350Ry, (light gray) withe = 0.10 (top),e = 0.25 (middle) and

e = 0.40 (bottom). The dotted lines correspond to the Hill’s radius as
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respectively Pasiphae would have been the last to be captured.

This is due to the fact that at present it has the greatest apocen-
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