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ABSTRA CT

We have searted the four brightest objects in the Kuip er belt for the pres-
enceof satellites using the newly commissionedkedk Obsenatory Laser Guide
Star Adaptive Optics system. Satellitesare seenaround three of the four objects:
Pluto (whosesatellite Charon is well-known), 2003EL61, and 2003UB313. The
object 2005FY9, the brightest Kuip er belt object after Pluto, doesnot have a
satellite detectable within 0.4 arcsecondswith a brightness of more than 0.5%
of the primary. The presenceof satellites to 3 of the 4 brightest Kuip er belt
objectsis inconsistert with the fraction of satellitesin the Kuip er belt at large at
the 99.1%con dence level, suggestinga di erent formation medanism for these
largest KBO satellites. The satellites of 2003EL61 and 2003UB313, with frac-
tional brightnesseof 5% and 2% of their primaries, respectively, are signi cantly
fainter relative to their primariesthan other known Kuip er belt object satellites,
again pointing to possibledi erencesin their origin.
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1. Intro duction

The discovery and orbital characterization of satellitesto objectsin the Kuip er belt has
provided a unigue window into the early history of the outer solar system. The early discor-
ery of Charon (Christy & Harrington 1978) around Pluto and the seeminglyhigh angular
momertum of the Pluto-Charon systemled to the hypothesisthat a giant impact wasrespon-
sible for formation of the system(McKinnon 1989), suggesting.even beforethe discovery of
the remainderof the Kuip er belt, that many more objects might exist in the regionsbeyond
Neptune. It was generallyexpectedthat satellitesto smaller Kuip er belt objects (KBOs), if
they existed, would form through the samemedanismand would consequetly be on tightly
bound circular orbits. The discovery of the rst satellite to the smaller Kuip er belt object
1998 WW31 with a satellite separationof almost three times the separationof Pluto and
Charon and with a highly eccettric orbit wasthus quite a surprise(Veillet et al. 2002). The
large semi-mgor axis of the 1998WW31 systemleadsto even more speci ¢ angular momen-
tum than the Pluto-Charon system. The angular momertum is signi cantly more than can
be explainedfrom impact formation, leadingto the suggestionof a capture origin (Goldreich
et al. 2002). Subsequendiscoreriesof KBO satellites and the determination of their orbits
have found that most, sofar, resenble the 1998WW31 system(Osip et al. 2003;Noll et al.
20044a,b). The Pluto-Charon system, perhapsbecauseof its size, has beenthe only binary
systemfor which an ertirely di erent formation metanism has seemedhecessary

With the recen discovery of seweral KBOs approading (and even exceeding)the sizeof
Pluto, we have undertaken a survey of satellitesin thesesystemsin an attempt to determine
if the Pluto-Charon systemremainsunique. Progressin surveys of newly discorered KBOs
has beenhampered in the past by the long lead time required to make obsenations from
the Hubble SpaceTelescop. Recenly, howewer, a newfacility hasbecomeavailable for high
spatial resolution imaging of KBOs from the ground. The W.M. Kedk Obsenatory hasjust
nished commissioninga Laser Guide Star Adaptive Optics (LGS AO) systemfor usewith
the Kedk |1 telescope which is capableof obtaining infrared imageswith a similar resolution
to that which the HST obtains for visible images(Wizinowich et al. 2005).

An LGS AO systemworks similarly to natural guidestar (NGS) adaptive optics systems,
which have now becomestandard on large telescoges throughout the world, in that the
aberrations of starlight causedby the earth's atmosphereare measuredand removed by
the system. An LGS system, howeer, instead of measuringthe aberrations using the light
from a bright natural star, measuresaberrations from obsenations of 589 nm laser light
resonarly scatteredo of sodium atomsin a layer at approximately 90 km altitude in the
earth's mesosphere While the use of the laserwould ideally allow the LGS AO systemto
be usedto imageany location visible in the sky, the systemhasse\eral practical limits that
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canonly be overcomeby having at leastonerelatively faint natural star in moderately close
proximity to the astronomicaltarget. For current Keck LGS AO systemperformance,near
di raction-limited resolutionat the K band (2.1 m) requiresa star with magnitudeV < 18
within 60 arcsecondf the target (Wizinowich et al. 2005). Partial aberration correction
can be obtained for a star up to a magnitude fainter (van Dam et al. 2005).

Moving KBOs occasionallycomecloseenoughto bright starsto be ableto be obsened
with the LGS AO system, but four known objects in the Kuiper belt are bright enough
that they themsehescan be usedasthe natural guide star, and thus they can be obsened
without the time restriction imposedby the requiremen of a badkground star. We presen
a Kedk LGS AO surwey for satellitesaround thesefour brightest known Kuip er belt objects.

2. Observations

The four brightest known objects in the Kuip er belt, Pluto, 2005FY9, 2003EL61, and
2003UB313,with V magnitudesof 14.0,16.8,17.5,and 18.8, respectively, were all obsened
with the Keck LGS AO systemduring engineeringcommissioningin 2005. All of the KBOs
were obsened using an LGS AO setup deweloped for observingfaint sciencetargets where
the target itself is to be used as the natural star reference. In LGS AO, there are quasi-
static aberrations resulting from the parallactic elongationof the LGS from the perspective
of the fast wavefront sensorthat strongly a ect the image quality, and these aberrations
would rotate asthe telesco pupil rotates. Theseaberrations are measuredat a given pupil
rotation angle using a bright nearby NGS. The pupil angleis then kept xed on the fast
wavefront sensorasthe telescope is re-pointed to the KBO and throughout the obsenations,
ensuringthat the point spreadfunction (PSF) remains as stable as possible(this step was
skipped for Pluto which is bright enoughitself to measurethese aberrations). The image
eld, howewer, rotates about the optical axis asthe azimuth angle of the telescop changes.
The tip-tilt mirror cortrol loop, which provides fast telesco guiding to keepthe science
target preciselycertered, is cortrolled using a quad cell of avalande of photodiodesguiding
onthe KBO. The laseris then projected at the target and the resonarly scatteredlaserlight
is obsened by a fast wavefront sensorwhich drivesthe 349-actuator deformablemirror to
correctatmosphericaberrations. A nal cortrol loop cortrols the systemfocus. The focusof
the systemchangesslowly dueto changesin the structure of the mesosphericsodium layer.
Thesefocuschangesare measuredusing a low-bandwidth wavefront sensorthat looks at the
KBO, and the measuremenis usedto drive the position of the fast wavefront sensorto be
optically conjugateto the height of the sadium layer.

Once the LGS AO system s set up, observing proceedsidertically to standard IR
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observingprocedures.All the KBOs wereobsened through aK lter (1.948-2.299 m) with

the NIRC2 imager. The brightest three KBOs were imaged using the 9.9 milliarcsec plate
scalecamerawhile 2003 UB313 was imaged using the 39.7 milliarcsec plate scalecamera
sinceit is fainter and the correction is consequetty worse.

For Pluto, three 10-secondexposuresneretakenat dither positionsseparatedoy 2 arcsec
on the detector, for a total integration time of 30 seconds.For 2005FY9 and 2003EL61 six
60-seconcexposureswere taken at ead of four dither positions, for a total integration time
of 720seconds.For 2003UB313six 60-seconxposureswere obtained at ead of four dither
positions, for atotal integration time of 1440seconds.The imageswerecorrectedfor sky and
instrumental badkground by subtracting the median of the imagesin ead dither pattern.
They werethen at- elded usingtwilight sky ats and known bad pixels were interpolated
over. The individual imageswere then conbined, correcting for rotation of the image with
time, by shifting to a commoncerter by cross-correlation.

Figure 1 shovs Kedk LGS AO imagesof the four brightest objects in the Kuip er belt.
The image of Pluto clearly shows its known satellite, Charon. Faint point sourcesare also
seemear2003EL61 and 2003UB313, while noneis seenaround 2005FY9. Thesefaint point
sourcesare clearly not badkground stars or galaxies,as they move acrossthe sky with the
samemotion asthe primaries. They also cannot be artifacts of the LGS AO system,asthe
PSF of the LGS AO systemrotates in the image plane during the courseof the obsenations
and thus any PSF artifact would be smearedinto an arc. We thus concludethat Pluto, 2003
EL61, and 2003UB313 are circled by satellites. No satellite is seenin the vicinity of 2005
FY9. Experimerts with embedding arti cial point sourceinto the 2005FY9 eld suggest
that a satellite with a fractional brightnessof 0.5%that of 2005FY9 would have beenseen
at a separationof 0.4 arcsecondr greater. Table 1 summarizesthe detectionsor upper
limits of the satellites for thesefour brightest objects in the Kuip er belt.

After the initial Kedk LGS AO discovery of the satellite to 2003EL61, v e obsenations
over the courseof six months were usedto determinethat the massof the 2003EL61 system
is4.2x 1021kg or 32%that of Pluto (Brown et al. 2005). With only a single obsenation of
the satellite of 2003UB313we cannot yet measureor constrainthe massof 2003UB313, but
we can estimate likely orbital parametersto aid further study. If the satellite is on a circular
(like Charon) or near-circular (lik e the 2003EL61 satellite) orbit with a random orientation,
then at any random point in time it is 50% likely to be at a separationwithin 14% of its
semi-mgor axis. An early seart for a satellite to 2003UB313 using NACO at the VLT
and a chanceappulsewith a bright natural guide star would have detectedthe satellite out
to a separationof approximately 0.4 arcsecondsput sav no satellite (lvanov et al. 2005),
suggestingthat the satellite does not spend all of its time at the currernt separation. If
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the semimgor axis is 14% greater than the current separation,and if 2003UB313 has the
size estimated by assumingan albedo and density similar to Pluto's (Brown et al. 2005),
the satellite will have an orbital period of approximately two weeks. Obsenations over the
comingseasomwill allow an accuratedetermination of the massof this planetary-sizedbody.

3. Discussion

Three out of four of the brightest known objects in the Kuiper belt have satellites.
The most extensive Hubble SpaceTelescoe survey of the generalKBO population to date
found 9 satellites out of 81 obsenations(Stephens& Noll 2005). The probability that these
two populations have the samesatellite fraction, fs, can be calculatedfrom simple binomial
probability theory. Given 9 satellitesout of 81 obsened objects, the probability distribution,
P[f¢] for f canbe calculatedas

oCarf J(1 o)™
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Plfs]= R;
0
whereCg; is the number of unique ways to chose9 objects out of a sampleof 81, calculated
as81(81 9)!9!. The probability, P3. that 3 or more out of 4 objects obsened would then
have a satellite is given by
Z,
P3. = , PIfsl(sCaf (1 )+ 4Cuf Hd s
For the current sample,Ps., the probability that the two populations have the samevalue
of f, is equalto 0.9%. Thus, even with the very small sampleinvolved, the result that the
large satellites and the smaller onesdo not have the sameprobability of having a satellite is
signi cant.

While the survey of Stephens& Noll (2005) has not yet published detection limits, it
is likely that for many of the objects obsened in this surwey, faint satellites like those of
2003EL61 and 2003UB313would not have beendetected. Thus the di erence in fractional
abundancebetweenthe two populations could simply be due to the greater relative depth
of the LGS AO survey. A smallerbut deeper HST program surveyed 19 satellitesto a depth
su cient to have detectedsatelliteswith a fractional brightnessof 1% within 0.3 arcseconds
of the primary (Trujillo and Brown, in prep). This survey detected two satellites within
theselimits. Using the above binomial calculation, the probability that a sample of 3 or
more out of 4 and 2 out of 19 would be drawn from the samefraction is only 1.8%. Again,
even with the small number of objects surveyed the di erence betweenthe two populations
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is signi cant. It thus appearsthat the overabundanceof satellitesto the brightest KBOs is
intrinsic to this population rather than a function of survey limits.

The satellites of 2003EL61 and 2003UB313 are much fainter comparedto their pri-
mariesthan any other known satellites. Neither of these satellites appearslikely to have
formed from the processof dynamical-friction aided capture thought to have occurred for
many smaller Kuip er belt objects (Goldreich et al. 2002) as this processrequiresthat small
bodies drain energyfrom the larger bodiesto aid the capture. For bodies as faint asthese
satellites, dynamical friction would be essetially inoperable. Numerical simulations of a
collisional origin for the Pluto-Charon system have beenexploredin detail (Canup 2005),
and many of the potential systemoutcomesafter an impact cortain satelliteswith a relative
sizessimilar to the 2003UB313 and 2003EL61 satellites. The simulated formation of these
smaller satellitesdi ers from the simulated creation of the Pluto-Charon systemin that the
large sizeand angular momenium of Charon are best producedby intact formation following
the impact, while smaller sizedobjects are formed in accretiondisks similar to that thought
to have formedthe Moon after an impact on the Earth. Formation in a disk hasbeenshavn
to lead to a more-rapidly spinning primary (Canup 2005), which could also explain the un-
usually rapid rotation of 2003EL61 (Rabinowitz et al. 2005). Nothing is currertly known
about the rotation state 2003UB313, but the small secondaryto 2003UB313 might suggest
a similarly rapid rotator. While simulations suggestthat a giant impact with special geom-
etry is requiredto explain the large massfraction of Charon, smaller satellites appear to be
able to be formed around Pluto-scale KBOs with a much wider range of impact geometries
(Canup 2005). While oncePluto appearedunique in the outer solar systemin terms of size
and satellite formation medanism, it now appearsto be one of a family of similar-sized
objects with perhapssimilar collisional histories and a range of satellite outcomes.
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Fig. 1.| Imagesof the four brightest Kuip er belt objects from the Keck Obsenatory Laser
Guide Star Adaptive Optics system. All imagesare idertically scaledlogarithmically to the
brightest point of the Kuiper belt object and oriented with north up. Satellites are seen
clearly Pluto (directly below), 2003EL61 (above and left; the faint sourcedirectly below is
a trailed badkground star), and 2003UB313 (directly right).
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Table 1: Parametersof satellites of the largest Kuip er belt objects

Pluto 2005FY9 2003EL61 2003UB313
Observingdate (2005) 11 Septenber 28 May 30June 10 Septenber
V magnitude 14.0 16.8 17.5 18.8
FWHM (arcseconds) 0.058 0.068 0.063 0.120
Strehl ratio® 0.37 0.20 0.18 0.10
Fractional brightnessof satellite 0.19 < 0:005 0.050 .02
Apparent semi-mgor axis (arcseconds) 0.87 > 04 1.3 0.53
True semi-mgor axis (km) 19640 - 49500 36000
Orbital period (days) 6.4 - 49 14¢

a Full width at half maximum of the image of the primary, shaving the near di raction-limited performance.

bStrehl is a measureof the peakintensity of the image comparedto the theoretical expectation for a di raction-
limited image.

¢Obsened separationsonly for 2003UB313.

dCrude estimate. Seetext.



