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ABSTRACT

Context. It is widely accepted that the large obliquity of Uranus ie tesult of a great tangential collision (GC) with an Earttesi
proto-planet at the end of the accretion process. The impuaiparted by the GC hadfacted the Uranian satellite system. Very
recently, nine irregular satellites (irregulars) haverbdiscovered around Uranus. Their orbital and physical gntigs, in particular
those of the irregular Prospero, set constraints on the @Qasio.

Aims. We attempt to set constraints on the GC scenario as the causarws’ obliquity as well as on the mechanisms able to give
origin to the Uranian irregulars.

Methods. Different capture mechanisms for irregulars operateftdrdint stages on the giant planets formation process. The-mec
anisms able to capture the uranian irregulars before apdthft GC are analysed. Assuming that they were capturedebisfe GC,
we calculate the orbital transfer of the nine irregularsh®yitmpulse imparted by the GC. If their orbital transfer tesdynamically
implausible, they should have originated after the GC. Vém timvestigate and discuss the dissipative mechanisms@bigerate
later.

Results. Very few transfers exist for five of the irregulars, which raakheir existence before the GC hardly expected. In péaticu
Prospero could not exist at the time of the GCff&ient capture mechanisms for Prospero after the GC aretigstesl. Gas drag
by Uranus’envelope and pull-down capture are not plausitbehanisms. Capture of Prospero through a collisionlessaiction
seems to be dicult. The GC itself provides a mechanism of permanent captdowever, the capture of Prospero by the GC is a low
probable event. Catastrophic collisions could be a passitdchanism for the birth of Prospero and the other irregultier the GC.
Orbital and physical clusterings should then be expected.

Conclusions. Either Prospero had to originate after the GC or the GC didogotr. In the former case, the mechanism for the
origin of Prospero after the GC remains an open question.bsemwing program able to look for dynamical and physicalifi@sis
mandatory. In the latter case, another theory to accouritfanus’ obliquity and the formation of the Uranian regulatedlites on
the equatorial plane of the planet would be needed.
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1. Introduction

Very recently, rich systems of irregular satellites (héezarregulars) of the giant planets have been discovetedbled by the
use of large-format digital images on ground-based tefess;onew observational data have increased the known pimpute
Jovian irregulars to 55 (Sheppard et al. 2003), the Satupdgulation to 38 (Gladman et al. 2001, Sheppard &t al. 2(0E6a)
and the Neptunian population to 7 (Holman et al. 2004, Shejgtzal [ 2006b). The Uranian system is of particular intesexe a
population of 9 irregulars (hamed Caliban, Sycorax, Prag@&etebos, Stephano, Trinculg2801U2: XXIV Ferdinand, 2001U3:
XXII Francisco and 2003U3: XXIII Margaret) has been discovered around Ura@ladman et al. 1998, 2000, Kavelaars et al.
2004, Sheppard et al. 2005b). The discovery of these oljjectsdes a unique window on processes operating in the ySotey
System. In the particular case of Uranus, their existengeaast light on the mechanism responsible for its peculitatian axis
(Parisi & Brunini. 1997, Brunini et al. 2002 (hereafter BPP2)
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Irregulars of giant planets are characterized by eccefigbly tilted with respect of the parent planet equatgoiahe, and in
some case retrograde, orbits. These objects cannot haweddry circumplanetary accretion as the regular satebitéshey are
likely products of an early capture of primordial objectrfrheliocentric orbits, probably in association with plgieemation itself
(Jewitt & Sheppard 2005). It is possible for an object cirglabout the sun to be temporarily trapped by a planet. Ingdefithe
classical three-body problem this type of capture can ostien the object passes through the interior Lagrangiart,dginwith a
very low relative velocity. But, without any other mechanjsuch a capture is not permanent and the objects will eafiyteturn
to a solar orbit after several or several hundred orbitabpler To turn a temporary capture into a permanent one regjaisource
of orbital energy dissipation and that particles could rienaside the Hill sphere long enough for the capture to fiective.

Although currently giant planets have nfiieient mechanism of energy dissipation for permanent capairtheir formation
epoch several mechanisms may have operategasigrag in the solar nebula or in an extended, primordial planetanoaphere or
in a circumplanetary disk (Pollack et[al.1979, Cuk & Burn®2)) 2) pull-down capture caused by the mass growth godorbital
expansion of the planet which expands its Hill sphere (Briit995, Heppenheimer & Porco 1977), &llisionless interactions
between a massive planetary satellite and guest bodies%96) or between the planet and a binary object (Agnor & Hizmi
2006), and 4) collisional interaction between two planetets passing near the planet or between a planetesimal aegutar
satellite. This last mechanism, the so calledak-up process, leads to the formation of dynamical groupings @ajombo &
Franklin 1971, Nesvorny et &l. 2004). After a break-up theulting fragments of each progenitor would form a populatd
irregulars with similar surface composition, i.e. simitaors, and irregular shapes, i.e. light-curves of wide lgogbe. Significant
fluctuations in the light-curves of Caliban (Maris etlal. 2ZD@nd Prospero (Maris et al. 2007a) and the time dependdrsez\ed
in the spectrum of Sycorax (Romon etlal. 2001) suggest tteedtla break-up process for the origin of these bodies.

Several theories to account for the large obliquity of Usahave been proposed. Kubo-Oka & Nakazawa (1995), invéstiga
the tidal evolution of satellite orbits and examined thegiuifty that the orbital decay of a retrograde satellitads to the large
obliquity of Uranus, but the large mass required for the lilgptical satellite makes this possibility very implausibAn asymmetric
infall or torques from nearby mass concentrations durirgcihilapse of the molecular cloud core leading to the foromadif the
Solar System, could twist the total angular momentum veaifitihhe planetary system. This twist could generate the alties of
the outer planets (Tremaihe 1991). This model has the disadges that the outer planets must form before the infathisplete
and that the conditions for the event that would producewhst fare rather strict. The model itself isfidi¢ult to be quantitatively
tested. Tsiganis et al. (2005) proposed that the curreitebeschitecture of the outer Solar System could have beedyzed from
an initially compact configuration with Jupiter and Saturassing the 2:1 orbital resonance by divergent migratidre drossing
led to close encounters among the giant planets, produangg lorbital eccentricities and inclinations which werbsaguently
damped to the current value by gravitational interactioitls planetesimals. The obliquity changes due to the chamtjeei orbital
inclinations. Since the inclinations are damped by plagietals interactions on timescales much shorter than thestiales for
precession due to the torques from the Sun, especially fanldr and Neptune, the obliquity returns to small valuesi#f gmall
before the encounters (Hoi etlal. 2007).

Large stochastic impacts at the last stage of the planetanyattion process have been proposed as the possible catise of
planetary obliquities (e.g. Safronbv 1969). The largeabty of Uranus (98) is usually attributed to a great tangential collision
(GC) between the planet and an Earth-size planetesimatrectat the end of the epoch of accretion (e.g., Parisi & Biid®97,
Korycansky et al. 1990). The collision imparts an impuls&Jtanus and allows preexisting satellites of the planet &ngle their
orbits. Irregulars on orbits with too large semimajor axésape from the system (Parisi & Brunini 1997), while irregalwith
a smaller semimajor axis may be pushed to outer or innersoalsijuiring greater or lower eccentricities depending erirtitial
orbital elements, the geometry of the impact and the seteltisition at the moment of impact. The orbits excited by pieirturbation
must be consistent with the present orbital configuratiatefUranian irregulars (BP02).

In an attempt to clarify the origin of Uranus obliquity andtsfirregulars, we are using in this study the most updatiaimation
on their orbital and physical properties.

In Section 2, we improve the model developed in BPO2 for treelfivanian irregulars known at that epoch and extend our study
to the new four Uranian irregulars recently discovered byeédaars et al[(2004) and Sheppard et(al. (2005b). The oofginese
objects after the GC is discussed in Section 3, where sav@ethanisms for the origin of Prospero are investigated digwission
of the results and the conclusions are presented in Section 4

2. Transfer of the irregulars to their current orbits:

Assuming the GC scenario, the transfers of the nine knowegitdars to their current orbits are computed following thecpdure
developed in BPO2 for the five irregulars known in 2002. Wespng improved calculations using a more realistic code topege
the evolution of the irregulars current orbital eccentigs.

If the large obliquity of Uranus has been the result of a giangential impact, the orbits of preexisting satellitearted due
to the impulse imparted to the planet by the collision. Thgudar momentum and impulse transfer to the Uranian systémjtct
were modeled using the Uranus present day rotational anlgpboperties as imput parameters (BP02).

Just before the GC, the square of the orbital veloeitgf a preexisting satellite of negligible mass is given by:
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r being the position of the satellite on its orbit at the monadrihe GC,a; its orbital semiaxis andy, the mass of Uranus before
the impact. The impactor massns andG is the gravitational constant. After the GC, the satelltéransferred to another orbit
with semiaxisa, acquiring the following square of the velocity:
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We setv2 = AvZ andv3 = B (1 + m/my) vZ, whereA andB are arbitrary cofiicients (O< A < 1, B > 0), v being the escape
velocity atr before the GC.
The semiaxis of the satellite orbit befom ) and after &,) the GC verify the following simple relations:

r r
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If A < Bthena; < ay. In the special case @& = 1, the orbits are unbound from the systemAl$ B thena; > ay, the initial
orbit is transferred to an inner orbit. Whén= B, the orbital semiaxis remains unchangagd+ ay).
The positiorr of the satellite on its orbit at the epoch of the impact mayyFessed in the following form:
_2Gmy B - A 5
(AV)2 | \Acos¥ + V(B —A) + Acos ¥ |

(4)

with B’ = B (1+m/my). Since stochastic processes can only take place at vergtiges in the history of planetary accretion (e.g.
Lissauer & Safronoy 1991), the GC is assumed to occur at the@edranus formation (e.g. Korycansky etlal. 1990). The nudiss
Uranus after the GCng + my), is taken as Uranus’ present magss the angle between and the orbital velocity change imparted
to UranusAV. An analytical expression faxV is derived in BP02 assuming that the impact is inelastic yikansky et al. 1990) as

a function ofm;, the impact parameter of the collisibnthe present rotation angular velocity of Urafsthe spin angular velocity
which Uranus would have today if the collision had not oced®,, anda which is the angle betwee® andQ:

ﬁ 2, Q3 __ 20Qqcosa 1z
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Ry being the present equatorial radius of Uranus. A collisidgti the core itself was necessary in order to impart the requi
additional mass and angular momentum (Korycansky et aDj1$nceb is an unknown quantity, we take its most probable value:
b=(2/3)Rc, whereR: is the core radius of Uranus at the moment of collision assutimée 1.8x 10* km (Korycansky et al. 1990,
Bodenheimer & Pollack 1986). The results have a smooth digere with the impactor mass which allows us to take- 1m;
(Parisi & Brunini1997).

The minimum eccentricity of the orbits before the collisisiven by:

emn=21-A -1 if A<05 , emn=1-2(1-A) if A>O05, (6)

while the minimum eccentricity of the orbits after the csiltin is:

&mn=2(1-B)-1 if B<05 , e&mn=1-2(1-B) if B>O05. @)

The minimum possible value @V (AVy,) is obtained from Eq[{5) for an initial perioth= 20 hrs o = 27/Qo) anda = 7C°
(BP02). Therefore, although simulations of solid accrepiooduce in general random spin orientations (e.g. Chasi#d1), we
further assumd& = 20 hrs ancdw=70° in order to set a maximum bound on EQl (4). Upper bounds ifa;y) anda, (agm) are
obtained from Eq[{3) through EqEl (4) arld (5) takix\=AVpin with ¥=18, i.e., assuming the impact in the direction opposite
to the orbital motion of the satellites and taking the pusisign of the square root in E@l (4):

_ Gmy (B - A2 . Gmy (B - A2
T A2 (- A(VB - VA2 T (AVan)2 (1- B)(VB - VA?

For each A, we calculate the value of B{MB’/(1 + m;/my)) corresponding to the transfer &gy = a, wherea is the present
orbital semiaxis of each one of the Uranian irregulars shiowthe second column of Table 1 in units Bf. From Eq. [(¥), this
value of B provides the minimum possible valuesgfin, &m, that the orbit of each irregular may acquire at impact faheaitial
condition A and every initial condition foFo, @, ¥ andm, i.e., if a transfer of a given orbit (A,B) is not possible fB£18C, To=
20 hrs andr = 70°, the same transfer (A,B) is not possible for any other intidkrection of the impactor and for any other value
of To ande either.

Since the orbits of the irregulars are time dependent, thgabrevolution of the five Uranian irregulars known in 2002w
computed in PB0O2 by numerical integration of the equatidnthe elliptical restricted three body problem formed by &ign,
Uranus and the satellite. In this paper, we present theabeaiblution of the nine known Uranian irregulars foP3@s using the

(8)



Satellite rJkm] a[Ru] &man &[RU] & (AQ)/&) (Ae/e)

Caliban 49 283 0.191 2875 0.1973 1.602x2%0 3.289 x 10?2
Sycorax 95 482 0.541 485 0.5436 6.307 X310 4.795 x 103
Prospero 15 645 0.432 648  0.4342 4.585x°10 4.997 x 10°
Setebos 15 694 0.581 701.8 0.5853 1.123%¥107.366 x 10°
Stephano 10 314 0.251 333 0.2781 6.058 ¥100.1080
Trinculo 5 336 0.218 361.6 0.2501 7.623x310 0.1475
Ferdinand 6 813 0.660 839.3 0.6701 3.241x%10 1.533x 102
Francisco 6 169 0.142 280.6 0.3593 0.6604 1.530
Margaret 55 579 0.633 649 0.6705 0.1209 5.917¥10

Table 1. Present parameters of the Uranian irregulars and orbitapdey due to gas drag exerted by Uranus extended envelope.
rs anda are the present physical radius and the present orbitabgésaf the irregularsmean is their calculated mean eccentricity
tabulated in Table 25 ande are the orbital semiaxis and eccentricity just after the Gidle (Aa)/a) and (Ae/e) are the damping

of these orbital elements since the epoch of the GC until timééraction of Uranus envelope.

Satellite €mean €max  Emin
Caliban 0.191 0.315 0.072
Sycorax  0.514 0.594 0.438
Prospero 0.432 0.571 0.305
Setebos  0.581 0.704 0.463
Stephano 0.251 0.381 0.121
Trinculo  0.218 0.237 0.200
Ferdinand 0.660 0.970 0.393
Francisco 0.142 0.187 0.093
Margaret 0.633 0.854 0.430

Table 2. Variation of the eccentricity of the Uranian irregulars da&olar and giant planet perturbations over a period 6fyt€.

symplectic integrator of Wisdom & Holmah (1991), where thegtprbations of the Sun, Jupiter, Saturn and Neptune aheded.
The meanémean), Maximum €max) and minimum éyin) eccentricities are shown ifable 2 for all the known Uranian irregulars.

The transfer of each satellite from its original orbit to fhresent one is possible only for those values of (A,B) whitissy
the conditionesm < enax- A satellite did not exist before the impact if it has no tf@nsnd the satellites with the widest range of
transfers are those with the highest probability of exgsbiefore the impact.

The transfers within a range of Z), around each present satellite semiagig& a+ 20 Ry; a taken from Table 1) for all the
Uranian irregulars are shown in Fig.1. There are few trasdfar Setebos, Ferdinand and Margaret. This makes thecagistof
these satellites before collision little probable. Theydransfers for Trinculo and Prospero are close to the petécef an eccentric
initial outer orbit 1,> 0.58 for Prospero angl,> 0.62 for Trinculo). The minimum eccentricity after coltisie,,, for Trinculo is
in the range [0.16-0.23], very closedgax (0.237). This result gives a very low probability for thes®rince of Trinculo before the
GC. For Prospereyn is in the range [0.52-0.57¢&m ~ emax (0.571). Therefore this satellite could not exist before GC. If the
present large obliquity of Uranus was caused by a large itrgidhe end of its formation, Prospero had to originate dffterevent.
Relating the origin of the outer Uranian system to a commomé&tion process, all the Uranian irregulars probably weigirated
after the GC. The possible post-GC origin of Prospero andther Uranian irregulars idiscussed in the following section.

3. Origin of Prospero after the Great Collision

In this section, we analyze the possibility that Prosperehseen captured after the GC. We investigate the possiséipdiive
mechanisms able to produce its permanent capture takiogao@ount that the giant impact is assumed to have occurredeat
stages in the planetary accretion process.

3.1. Gas drag by Uranus’ envelope

Bodenheimer & Pollack (1986) and Pollack et al. (1996) stddhe formation of the giant planets by accretion of solius gas.
In their model, the so called core instability scenario, wttee mass of the core of the planet has grown enough a gasemispze
begins to form around it. For Uranus, its envelope extendsil its accretion radius which was 500Ry at the end of Uranus’
formation (Bodenheimer & Pollack 1986). The formation ofabus is completed when there is no more nebular gas to accrete
Otherwise, gas accretion by proto-Uranus would have coatitowards the runaway gas accretion phase and the plané&t wo
have now a massive gaseous envelope. Bodenheimer & Pdlla86) obtained that after the end of accretion, the radiubef
envelope of proto-Uranus remained almost constafQ0OR) over a time scale of ¥0yrs and then contracted rapidly 08 Ry
in 10° yrs. The final contraction to the present-day planetaryusadccurred on a slower timescale of 3@s.

Korycansky et al.[(1990) carried out hydrodynamical caltohs of the GC for a large set of initial conditions at thel en
of accretion. They found a sharp transition between thescag®re almost all the mass of the envelope of Uranus remained
after the impact and those where it was almost entirely dégakby the impact. This implies that the impact should haxe n
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Fig. 1. The transfers capable of producing the present orbits dfitheian Irregulars. A (B) is the square of the ratio of theRid¢'s
speed just before (after) the impact to the escape velotityeasatellite’s location just before (after) the impas&t, (e2m) is the
minimum eccentricity of the orbits before (after) collisioThe full-black line A=B divides the upper region (the current orbits
arise from inner orbits) and the lower region (the curreiiterarise from outer orbits). The value &fax tabulated in Table 2 is
shown on the dashed line for comparation veth. Trinculo: empty down triangles, Caliban: full circles,®yax: empty rhombus,
Ferdinand: empty squares, Francisco: full down triandgieggaret: empty up triangles, Prospero: full up triang&estebos: empty
hexagons, Stephano: empty circles.

dispersed the envelope, as there would have been no nelsléo ge-accrete on the planet. They showed that the envedapts
hydrodynamically at impact and it expands outward. After shock the gas falls back on the core over a timescale of femsho
being the final result a readjustment instead of a catasod@msformation. The timescale for this hydrodynamicabess is much
shorter than the orbital period of the irregulars which ishaf order of years. We may then assume that the GC did not elihag
envelope density profile.



The extended envelope of Uranus could be in principle, aceonfrgas allowing the capture of Prospero and the othenitaeg)
after the GC. Assuming that the GC did not change the enveglogfde, we fit from Fig.1 of Korycansky et al. (1990) the dépsi
profile of Uranus’ gaseous envelope before the GC+= ceR™* g cn® with ce= 10°° andR being measured in cm. It gives a
nebular density of 4 x 10713 g cn 2 at the boundary of 50By in agreement with the minimum mass nebula model.

As a first approximation, we compute the ratio of gas mas®tsad by a body of densips and radiug s in a characteristic
orbital period P, to the mass of the body. Assuming for theyteodircular orbit of radius R, we calculate the so-catguarameter
(Pollack et al._ 1979):

5= P 2nRognr? _ 3mpgR

=— = ,
T §7rp5rg 2o4l's

9)

wherer is the characteristic timescale for changing any of thetakpiarameters. For the permanent capture to ggé@annot be
very small,3 > 0.04 (Pollack et al. 1979). Using Hg.(9) and assuming a etbemsity 10 times that of the minimum nebula model
(ce= 10°) for an object the size of Prosperas€ 1.5 g cn®) and at Prospero’s pericenter{R78Ry), 8 ~ 9 x 10°°, which is too
small to dfect the orbit of Prospero.

Following BP02, we now investigate with more detail the loisseffect of gas drag on the Uranian irregulars after the GC due
to Uranus’ extended envelope before its contraction torigésgnt state. Following the procedure of Adachi et al. ().9%6 obtain
the time variations of the eccentriciejand semiaxis of each Uranian irregular. The drag force per unit mass isesged in the
form:

2
CDﬂ'rS

F = -CpgVrg.C = om
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wherev,q is the relative velocity of the satellite with respect to gees. In computing the satellite massa satellite mean density
ps Of 1.5 g cnm? is taken for all the satellites (htfiissd.jpl.nasa.gg?sat physpar). The drag cd@icientCp is ~ 1 andrs is each
satellite radius taken for each satellite from Table 1.

Assuming that the orbital elements are constant within oaplétian period (the variations af ande are very small), we
consider the rates of change of the elements averaged og¢reviod, that is:

da 1 (% pg(€ + 1+ 2ecosh)?
a>__;(G(m+mu)a)2f0 (1 + ecosp)?

de C G(m + my) 3 2r po(e+ cost)(e? + 1 + 2ecosh)?
a>__;(l_e2)( a ) fo (1 + ecosd)? do

(

( (11)

Since after the end of accretion the gas density in the oetgons of the envelope contracts rapidly, we have intedfatgs [11)
back in time on 16 yrs for the 9 Uranian irregulars. We have takga as the satellite orbital velocity since we have assumed a
null gas velocity. This assumption maximizes the orbitahgang for retrograde satellites which allows us to set uggmemds in
the damping fect for the orbital eccentricity and semiaxis of all the ogtade irregulars. The mean eccentri@fy,, and the
actual semiaxis from Table 1 were taken as the initial conditions for the gnétions. We tak@g= Ce R g cnT® with ¢ =
10°¢ andR = a(1 - €)/(1 + ecosd), a being measured in cm. The orbital damping is shown in Tablehkrea; ande are the
initial semiaxis and eccentricity just after the GC at thd ehaccretion and\a=(a — a) andAe= (& — €mean), are the damping in
the orbital semiaxis and eccentricity. Stephano, Trineumd Margaret had experienced little orbital evolution wiklancisco had
sufered a large orbital damping (see Table 1). The permittedtteas of Fig.1 would increase for Francisco since the dmrdé,,
< g should be then satisfied. However, the orbital evolutiomeflarger satellites, in particular of Prospero, resultdigible. Even
increasing the nebula density by a factor of £@<(10°") the damping of the orbital elements of Prospero is too swigl Aa/a;=
0.046 andAe/e= 0.048. This satellite had not experienced any orbital giaudue to Uranus’ extended envelope and then could
not have been capture by gas drag after the GC.

The pressure forces acting on a body traveling through tisengaonly decelerates it, but also subjects it to stresédise|
stress is greater than the strength of the body, the bodwdsuired in fragments of flerent size. The fragments move away one
another since drag forces vary inversely with size and aseparate them. The average pressure on the forward hemaspfhee
non-rotating, spherical body as it moves through the gds reiative velocityv;q is approximately equal to the dynamic pressure,
Payn = %pgvfe, (Pollack et al.1979). The body will fragment into piecepifn > Q, where Q is the compressive strength. Values
of Q on the order of % 10° dyne cn? are needed to shatter strong (e.g. yax targets ( which is 10 times lower than the value
adopted for asteroids), while compressive strength onrither@f 3x 10* dyne cn1? are appropriate for relatively weak (snow-like)
targets (Farinella & Davis 1996, Stern 1996). For a body otutar orbit at the present pericenter of Prospere 2R8Ry), where
Vra is the circular speed around Uranus at R and taking10®” for pg, payn ~ 0.17 dyne cm?, and at Sycorax’s pericentpgiyn ~ 1
dyne cn?. In both case®qgn << Q and Prospero could not have been originated by the dynarajataire of a parent object.

A collision may fracture the parent body but if the energynapact is not sfficient to disperse the fragments, drag forces may
act to separate them against their mutual attraction. Tlaéwe importance of thesefects is measured by the raéipof the drag
force on a given fragment j to the gravitational force actimg by the other fragments i (Pollack et al.1979):

= = (12)

7 Faijm,
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whereFg;j is the gravitational force between the particles i and j, Bpdis the drag force on the particle j of radiys

Cngﬂr2V2
Fo; = i (13)

8 3
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The fragment j is dispersed by the gas;it- 1 (Pollack et al.1979). In order to estimate the order of ntage of the &ect, we
computed Ed.(12) fo§Prospero at Prospero’s pericenter taking into accountrdndtgtional attraction due to another fragment of
equal size, and at Sycorax pericenter taking into accoergtavitational force of Sycorax on Prospero. In the firsecage obtain
;= 107° and in the second case at Sycorax pericesjte0.04. We then conclude that pressure forces are not strangyemeither
to fragment a possible parent object from which Prospegirated, nor to disperse its fragments. In addition Praspdfered no
orbital evolution due to gas drag and could not have beemuoapy Uranus’envelope after the GC.

3.2. Pull-down capture

Within the GC scenario, runaway of the cores of the planetsiwed during the first stages of accretion but stopped foh ea
embryo after it reached a size of about 1000 Km. At 10-35 AUfitte mass distribution contained several hundreds of Mars-

(or larger) bodies dominating the mass of the residual ddgaugé et al. {2002), investigated théeets of the post-formation
planetary migration on satellites orbits. They obtained ththe large-body component (composed of Mars-size ®)dieminated

the mass of the residual disk, the presently accepted charlge orbit of Uranus of 3 AU is too large and it is not compatible
with the observed distribution of its satellites. Even abitaf change of 1.5 AU already causes ficient instabilities to eject all

the Uranian irregulars. Pull-down capture caused by thiabdxpansion of the planet could then not be a plausiblevaism for

the origin of Prospero and the other irregulars. Pull-doaptere caused by the mass growth of the planet after the GG&lwot

be possible given the impact is assumed to have occurree anith of the accretion process when there was no more mass to be
accreted by the planet.

3.3. Collisionless interactions

Within the framework of the restricted three-body problencapture is always followed by an escape. To end up with atknng
capture, the satellite has to dissipate energy in a shoet fithe entrance energyE within the gravitational field of the planet is
(Tsui[1999):

AE = —2.15473(1 - 5)%, (14)
P

1= My/Mg ands << 1, whereM, anda, are the mass and orbital semiaxis of the planet .

Tsui (1999), suggested a permanent capture mechanism alwrest satellite encounters some existing inner orbit ireass
planetary satellite causing its velocity vector to be déflédeeping the irregular in orbit around the planet. In thégy, the
effective two-body potential would be about twice the entragreergyAE of the guest satellite. The radi&g of the orbit of the
guest satellite after deflection is then given by:

023

R, =
1715

u3ay. (15)

In the case of Uranus, for a minimum entrance energ§=df, the minimum permanent orbital radius of the guest sttaHi
R;= 955Ry. This value ofR; is much larger than the present semiaxis of Prospero (sde Tghmaking the capture of Prospero by
this mechanism implausible.

The fact that binaries have recently been discovered inynathithe solar system’s small-body reservoirs suggestsiimary-
planet gravitational encounters could bring a possibleharism for irregulars capture (Agnor & Hamilton 2006). Oresgible
outcome of gravitational encounters between a binary syated a planet is an exchange reaction, where one memberluifidry
is expelled and the other remains bound to the planet. T89€)lextended the scenario of large angle satellite-gatstiattering to
the formation of the Pluto-Charon pair assuming that Plude wsatellite of Neptune and that Charon was a guest sat&hitough
Eqgs.[14) and(15), the conditions for the escape of the pasrfsund. Following their scenario, let us consider the hygsis that
Prospero was a member of a guest binary entering Uranus; ¥igthl energy density\Ey;,, above the minimum density given by
Eq.(14) ands=0. A close encounter with Uranus could result in disruptidmhe binary, leading to the ejection of one member
and capture of the other. The minimum semidiss given by Eq[(I5). However, even this scenario seems talieely since the
semiaxis of Prospero is smaller than 985

3.4. Collisional interactions: Break-up processes

Collisional interactions between two planetesimals paseear the planet or between a planetesimal and a reguddliteathe so
called break-up process, leads to the formation of dyndmgrcaipings (e.g. Colombo & Franklin 1971, Nesvorny et aDZ20 The
resulting fragments of each progenitor body after a brgalvll form a population of irregulars expected to have samsurface
composition, i.e. similar colors, and irregular shapes large temporal variations in the light curve as thesgutar bodies rotate.



The critical rotation periodT) at which centripetal acceleration equals gravitatiosakeration for a rotating spherical object
is:

31 12
Te = , 16
¢ (Gpob) (16)

where G is the gravitational constant gngis the density of the object. With,,=0.5, 1, 1.5and 2 g cnd, T=4.7,3.3,2.7and 2.3
hrs, respectively. The rotation period of Prospero is adus (Maris et al. 2007a), and it seems unlikely that light dark surface
markings on a spherical Prospero could be responsiblesftighit curve amplitude of 0.2 mag (Maris etlal. 2007a). Eviiorger
periods, real bodies will ter centripetal deformation into aspherical shapes. Fovengiensity and specific angular momentum
(H), the nature of the deformation depends on the strengtheobbject. In the limiting case of a strengthless (fluid) ypdtle
equilibrium shapes have been well studied (Chandrasél&¥)1For H< 0.304 [in units of GM3Rgpne) /2], where M (kg) is the
mass of the object anBlsyhe is the radius of an equal-volume sphere, the equilibriunpebare the oblate Maclaurin spheroids.
For 0.304< H < 0.390 the equilibrium figures are triaxial Jacobi ellipsoi8trengthless objects with +0.390 are rotationally
unstable to fission. The Kuiper Belt objects (KBOs), beinmposed of solid matter, clearly cannot be strengthless.ddewit is
likely that the interior structures of these bodies haventrepeatedly fractured by impacts, and that their mechbrésponse to
applied rotational stress is approximately fluid-like. Btiwbble pile” structure has long been studied in the asddyelt (Farinella
et al.1981) and in the Kuiper Disk (Sheppard & Jewitt 200%itle& Sheppard 2002, Romanishin & Tegler 1999). Farinella &
Davis [1996) obtained that KBOs larger than about 100 km amgiter are massive enough to survive collisional disrapticer
the age of the solar system, but may nevertheless have keenally fractured into rubble piles.

Whether a collision between an impactor and a target reisuiiowth or erosion depends primarily on the energy of thedot
and the mass and strength of the target. If the mass of thectonpia small compared to the mass of the tamggtthe energy
required at impact to result in a break-up is given by:

Y (17)

wherevg is the collision speed, S is the impact strendRhs is the radius of the target andis a parameter which specifies the
fraction of collisional kinetic energy that goes into fragmt kinetic energy and is estimated to-b®.1 (Farinella & Davi$ 1996).
The speed of the fragments is critical when the target hasvatgrfield. Fragments moving slower than the local escapedp
re-accumulate to form rubber pile structures.

We attempt to investigate whether Prospero could be a imwiisfragment or if a collision on a primary Prospero woldgult
in a rubber pile structure.

In computing Eq[@?)\/goI = V2+V2 ., Wherev, is the scape speed at the target surfacevands the typical approach velocity
of the two objects at a distance large compared with the plilese of the target. For two bodies colliding in the Kuipeskgii,; is
given by (Lissauer & Stewalrt 1903):

=3¢+ ) 9
whereyy is the keplerian velocityg is the mean orbital eccentricity anthe mean orbital inclination of the KBOs. We ta@=2(i)
(Stern’1996). EJ.(17) was computed using [EG.(18) for vatdiesin the range [0.01-0.1] and orbital semiaxes of the KBOhe
range [30-60] AU. In computing the mass of the tangetwe consider the radiu’ys of the KBOs in the range [10- 500] km and
densities between [0.5 - 2] g cfh Impact strengths in the range ¥30%-3 x10f] erg cm~2 were taken. We obtain that targets with
Rms < 210 km stfer disruption for all the values of these parameters in thpé&aDisk. Prospero has a radius of just only 15 km. If
Prospero originated from the Kuiper Belt, it would have bewne likely a collisional fragment rather than primary boegospero
would preserve an irregular shape after disruption singegtich small object that is unable to turn spherical becasiggavity
cannot overcome material strength. Prospero could havedsggured during the break-up event if the two KBOs collid&ithin
Uranus'’ Hill sphere, which could be possible for a minimurhital eccentricity of the original KBOs of 0.37.

We also consider the case in which the target is a satellité¢rafius which collides with a KBO that enters the Hill sphefe o
the planet. Eq.{17) remains valid but the following expi@s®f vi,; is considered:

Vinf = Vip — Vsp, (19)

wherev,, is the velocity of the KBO with respect to Uranus anglis the satellite orbital velocity, at the epoch of th evene. #¥sume
that the satellite orbital velocity is circular. In orderget bounds in the relative velocity, we take two values;af, Vinr=Vip + Vsp.
Forvip, we assume that the KBO describes a hyperbolic orbit arouadus$ during the approach giving:

26(m +my)  GMo
as aw

v2

inf

(20)

where we assume@M, /ax, as the relative velocity between the KBO and Uranus far frieenencountern + my) is the present
mass of Uranus anal; the orbital semiaxis of the satellite. We calculate [EQ.(isiihg Eqs[(119) and (20) fa, in the range [20,60]
AU andag [100 -700]Ry for the same values of ys and densities we have used for the collisions among KBOs. M#rothat



for all the possible parameters, any Uranus’ satellite wattiusR,s < 1000 km siffers disruption if it collides with a KBO larger
than 10 km. This process would lead to the formation of twatets of irregulars, one associated to the preexistindlisatend
the other to the primary KBO. This process has the disadgaritaat it is unlikely that the preexisting satellite werenfied from a
circumplanetary disk as regular satellites given the lampial semiaxis required for this object.

Break-up processes predict orbital clustering. Howeweobvious dynamical groupings are observed at the irregofddranus.
A further intensive search of more faint irregulars aroumdnuis is needed in order to look for dynamical and physicallfas.

3.5. The CG itself as a possible capture mechanism

We now turn to the question of whether the GC itself could haewided a capture mechanism (BP02). Since all the trasgfith
A > B’ lead to a more bound orbit, this process might transform @teary capture into a permanent one (see Section 2 and Fig.1)
Moreover, a permanent capture could even occur from andegiidc orbit (transfers witih=1).

It is interesting to estimate the number of objeldtin heliocentric orbits at the time of the GC, at distancesnfldranus less
than or equal to 30&,. Assume that the GC occurred when Uranus was almost fulipdd; meaning that its feeding zone was
already depleted of primordial planetesimals. We assumetlie objects passing near Uranus at that time were maingpeses
from the Kuiper belt. Using the impact rate onto Uranus arddistributions of velocities and diameters given by Lenist al.
(2000), and assuming that the mass in the transneptuniamragthe end of the Solar System formation was 10 times éseont
mass, a back-of-the-envelope calculation gives one objeiameter D> 20 km passing at a distancesR300Ry from Uranus
every 6 yrs at the end of accretion (BP02). The typical cras8meTc among protoplanets in the outer Solar System is larger than
one millon years (Zhou et al. 2007). The number of objectsipgsear Uranus during a timescdlg is then 167000, which gives
a probability of 6x 107° for the capture of an object at about 3BQ by the GC. This low rate of incoming objects, makes the
possibility of the capture of all the irregulars from hekmdric orbits dfficult. Even the capture of a single object, Prospero (note
that Prospero could not have an orbit bound to the planetbdie GC), turns out to be low probable. Since temporaryuraman
lengthen the time which a passing body can spend near thetptamore plausible situation arises if we assume that theds(@
produce the permanent capture of one or more parent objédth wrere orbiting temporarily around Uranus being the @nes
irregulars the result of a collisional break-up occurriftgiethe GC.

4. Discussion and Conclusions

It is usually believed that the large obliquity of Uranushis result of a great tangential collision (GC) with an Easitted proto-
planet at the end of the accretion process. We have caldulagetransfer of angular momentum and impulse at impact amd h
shown that the GC had stronglffected the orbits of Uranian satellites. We calculate thesfiex of the orbits of the nine known
Uranian irregulars by the GC. Very few transfers exist foe ff the nine irregulars, making their existence before tleh@rdly
expected. In particular, Prospero could not exist at the tifiithe GC. Then, either Prospero had to originate after BeoGthe
GC did not occur, in which case another theory able to explaamus’ obliquity and the formation of the Uranian regulatediites
would be needed. It is usually believed that the regulatlgateof Uranus have accreted from material placed intatdmpthe GC
(Stevenson et &l. 1986).

Within the GC scenario, several possible mechanisms fordbture of Prospero after the GC were investigated. If thlan
irregulars belong to individual captures and relating thigio of the outer uranian system to a common formation psecgas
drag by Uranus’ envelope and pull-down capture seem to bé&aimjble. Three-body gravitational encounters might bewace
of permanent capture. However, we found that the minimurmpeent orbital radius of a guest satellite of Uranus 855 Ry
while the current semiaxis of Prospero is 8&5. The GC itself could provide a mechanism of permanent cegnod the capture
of Prospero could have occurred from a heliocentric orbig asquired within the GC scenario, but due to the low ratenobming
objects it turns out to be flicult. Break-up processes could be the mechanism for thénasfgProspero and the other irregulars
in the frame of diferent scenarios. Prospero might be a fragment of a primai® KBctured by a collision with another KBO.
The fragment could have been captured by Uranus if the two KB&2 a minimum orbital eccentricity of 0.37. Prospero cddd
a secondary member of a collisional family originated by¢b#ision between another satellite of Uranus and a KBO wlike
parent satellite of Prospero could have been captured bynaahanism before or after the GC. This process has the distatie
that it is unlikely that the preexisting satellite were faafrom a circumplanetary disk as regular satellites gihenarge orbital
semiaxis required for this object. Since collisional sec@sarequire in general high collision rates, perhaps thegirlars were
originally much more numerous than now. Then, Prospero ¢salthe other irregulars might be the result of mutual cioliis
among hypothetical preexisting irregulars (Nesvorny e2@03/20017) which could have been captured by any other amésin
before the GC.

The knowledge of the size and shape distribution of irreguRimportant to know their relation to the precursor Kuipelt
population. It could bring valuable clues to investigat¢higy are collisional fragments from break-up processesraug at the
Kuiper Belt and thus has nothing to do with how they were iidiially captured later by the planet, or if they are collisb
fragments produced during or after the capture event (Nagwt al/ 2003, 2007). Thefligrential size distribution of the Uranian
irregulars approximates a power law with an expornerit.8 (Sheppard et al.2005b). If we assume that the sizellisivh of the
nine irregulars with radii greater than 7 km extends dowrathirof about 1 km, we would expect about 75 irregulars of #iig or
larger (Sheppard et @l.2005b).

The nuclei of Jupiter family comets are widely consideredddilometer- sized fragments produced collisionally ia iuiper
Belt (Farinella & Davis 1996). Jewitt et al. (2003) compatieel shape distribution of cometary nuclei in the Jupiterifamith the
shape distribution of small main-belt asteroids of simiiae (1 km -10 km) and with the shape distribution of fragregmbduced



in laboratory impact experiments. They found that while déisteroids and laboratory impact fragments show similaridigion
of axis ratio {(b/a) ~ 0.7), cometary nuclei are more elongatéa/&) ~ 0.6). They predict that if comets reflect their collisional
origin in the Kuiper Belt followed by sublimation-driven is&loss once inside the orbit of Jupiter, small KBOs shoule lazerage
shapes consistent with those of collisionally producedrfrants (i.e{b/a) ~ 0.7). To date, constraints on the shapes of only the
largest KBOs are available. Prospero being a bit larger¢bametary nuclei, displays a variability of 0.21 mag in thedd (Maris
et al..2007a). This corresponds to an axis ratio projectextive plane of the sky,/a of 0.8. The knowledge of the size and shape
distribution of irregulars would shed light in the size armhge distribution of small KBOs as well as on the irregulatare
mechanism.

Colors are an important diagnostic tool in attempting toailnthe physical status and the origin of the Uranian irragsll
In particular it would be interesting to assess whether pidssible to define subclasses of irregulars just lookingkirs, and
comparing colors of these bodies with colors of minor bodigke outer Solar System. Avalilable literature data shalispersion
in the published values larger than quoted errors for eaetmidn irregular (Maris et al. 2007a, and references theréfa have
concluded in Maris et all_(2007a), that the Uranian irreguigaie slightly red but they are not as red as the reddest KBOs.

An intensive search for fainter irregulars and a long terwgpaim of observations able to recover in a self consistentera
light-curves, colors and phasffects informations is mandatory.
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