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ABSTRACT

Context. From a dynamical analysis of the orbital elements of trapgméan objects (TNOs), Ragozzine & Brown reported a list of
candidate members of the first collisional family found amis population, associated with (136 108) Haumea (a20@3 ElLs;).
Aims. We aim to distinguish the true members of the Haumea cati@iéamily from interlopers. We search for water ice on their
surfaces, which is a common characteristic of the knownlfamémbers. The properties of the confirmed family are usedmstrain
the formation mechanism of Haumea, its satellites, andhitsly.

Methods. Optical and near-infrared photometry is used to identifyavdéce. We use in particular theH, filter of the Hawk-1 in-
strument at the European Southern Observatory Very Larigsdape as a shoH-band Hs), the (J — Hs) colour being a sensitive
measure of the water ice absorption band ajin6

Results. Continuing our previous study headed by Snodgrass, we treptmurs for 8 candidate family members, including near-
infrared colours for 5. We confirm one object as a genuine neerabthe collisional family (2003 UZ-), and reject 5 others. The
lack of infrared data for the two remaining objects prevemt eonclusion from being drawn. The total number of rejectesnbers

is therefore 17. The 11 confirmed members represent onlycdhthe 36 candidates.

Conclusions. The origin of Haumea’s family is likely to be related to an imgp event. However, a scenario explaining all the pecu-
liarities of Haumea itself and its family remains elusive.

Key words. Kuiper Belt; Methods: observational; Techniques: photimelnfrared: solar system

1. Introduction 5. Its surface composition is dominated by water ice
(Tegler etal. 2007Trujillo et al. 2007 Merlin et al. 2007

The dwarf planet (136 108) Haume&antos-Sanz etal. 2005 pjpjlla-Alonso et al. 2009Dumas et al. 2011 yet it has a

is among the largest objects found in the Kuiper Belt hjgh density of 2.5-3.3gcni (Rabinowitz et al. 2006

(Rabinowitz et al. 2006Stansberry et al. 2008together with g |t surface has a hemispherical colour heterogeneityy wit

following characteristics: 2009.

1. It has a very elongated cigar-like shapabinowitz et al. Brown et al.(2007) proposed that HaumeafSered a giant
2006 Lellouch et al. 201 collision that ejected a large fraction of its ice mantle,iath

2. Itis a fast rotatorRro ~ 3.9 h, Rabinowitz et al. 2006 formed both the two satellites and the dynamical family and

3. It has two non-coplanar satellitesBrown etal. 2006 |eft Haumea with rapid rotation. A number of theoreticaldstu
Ragozzine & Brown 2009Dumas et al. 2011 ies have since looked at the family formation in more desaik(

4. ltis the largest member of a dynamical famiBréwn et al.  Sect5).
2007, Ragozzine & Brown 2007 whose velocity dis- A characterisation of the candidate members (35 bodies
persion is surprisingly small Schlichting & Sari 2009 listed by Ragozzine & Brown 20Q7including Haumea itself)
Leinhardt et al. 2010 however showed that only 10 bodies out of 24 studied shaie the

surface properties with Haumear(odgrass et al. 20},&and can
Send offprint requests to: B. Carry, e-mailbenoit.carry@esa.int  thus be considered genuine family members. Moreover, these
* Based on observations collected at the European South&@nfirmed family members cluster in the orbital elementzepa

Observatory, La Silla & Paranal, Chileg1.C-0544& 82.C-0306& (see Fig. 4 inSnodgrass et al. 20),0and the highest velocity
84.C-0594 found was~123 ms* (for 1995 SMs).
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We report on follow-up observations tBnodgrass et al. 3. Colours

(2010 of 8 additional candidate members of Haumea's famil)(N . .
We describe our observations in Segt.the colour measure- e report the photometry of all the objects in Tabjevhere we

ments in Sect3, the lightcurve analysis and density estimatedVe the apparent magnitude in each band, averaged oveeall t
in Sect.4, and we discuss in Sect.the family memberships of observations. We used a common sequence of filters (RBVIR)

the candidates and the implication of these for the chaniatits to obserye all the objects. This limits the.inflluence of thapeh
of the family. related lightcurve on the colour determination. In Tableve

report the average colours of all the family candidates lesk
here, and refer t&nodgrass et a{2010 for a complete review
2. Observations and data reduction of the published photometry.
From these average colours, we calculate reflectances by
We performed our observations at the European Southggmparing them to the solar colours. We also report the vis-
Observatory (ESO) La Silla and Paranal Very Large Telescopge slope for each object (00 nm) in Table3, calculated
(VLT) sites (programme ID84.C-059). Observations in the from the reflectances via a linear regression over theBuIRi
visible wavelengths RVRi filters) were performed using therange. The reflectance “spectra” of the candidates from this
EFOSC2 instrumenBuzzoni et al. 198mounted on the NTT photometry are shown in Fig.. The reflectance spectrum of
(since April 2008;Snodgrass et al. 20p8while near-infrared (136 108) Haumea fronPinilla-Alonso et al.(2009 is shown
observations J, CH, filters) were performed using the wide-for comparison to the photometry. For all the objects but9199
field camera Hawk-I Rirard etal. 2004 Casalietal. 2006 CD,sg (Delsanti et al. 2004 the link between the visible and
Kissler-Patig et al. 2008nstalled on the UTA/epun telescope. near-infrared wavelengths was made by extrapolating thie vi
We use the medium-widitBiH, filter as a narrow H band (1.52-ple spectral slope to thiband, owing to a lack of simultaneous
1.63um, hereafteHs) to measure thé-Hs colour as a sensitive observations. Among these objects, 2002:;gihs a distinctive
test for water ice (seBnodgrass et al. 20 1fbr details). We list  spectral behaviour. It displays a slight dip at s despite a red
the observational circumstances in Table slope, as itsJ - Hs) colour (0.18+0.19) is slightly bluer than
We reduced the data in the usual mannex, (bias subtrac- that of the Sun (0.28Snodgrass et al. 20L0Given the uncer-
tion, flat fielding, sky subtraction, as appropriate). Wereéad- tainty in this point, and the red optical slope, we do notdai
ers toSnodgrass et a(2010 for a complete description of thethat this is evidence of strong water ice absorption.
instruments and the methods we used to detect the targels, an From the visible and near-infrared colours that we re-
both measure and calibrate their photometry. port here, we confirm that 2003 Wz is a genuine family
For each frame, we used the SkyBoT cone-search meth@é@mber, in agreement witRagozzine & Brown(2007 and
(Berthier et al. 200pto retrieve all known solar system objectssnodgrass et af2010, and reject 1999 CRg, 2000 CGos,
located in the field of view. We found 3 main-belt asteroid001 FU,, 2002 GH,, and 2005 Gls7. The TNO 1999 Ol
and the potentialy hazardeous asteroid (29075) 1950 @4 ( remains a possible candidate, as it has a neutral slope insthe
Giorgini et al. 2002Ward & Asphaug 2008 in our frames. We ible, but the poor signal-to-noise ratio of the data for taigt
report the circumstances of their serendipitous obsematin  target does not allow us to draw a stronger conclusion. In any
Table 1 and their apparent magnitude in Tabletogether with case, a neutral slope by itself does not confirm family member
the family candidates and our back-up targets. ship without near-infrared observations. This object inatyi-
cally very near to the centre of the family and remains woahy
further investigation. 2003 H# has a red slope, but not a very
strong one. It is further from the centre of the distributiaith
ov > 200ms?, so it is unlikely to be a family member (see be-
low). We cannot firmly conclude anything about the membershi
of 1999 OK; and 2003 HA7. The current number of confirmed

Table 1. Observational circumstances.

Object A? r® o Rund$
#) (Designation) (AU) (AU) ()

1999 CD 158 475 465 0.5 B family members is 11 over 36 (including Haumea and an addi-
%ggg 82 ‘105 Afs'% 421%58 %31 *A 5 tional dynamical candidate (2009 YEthat was found and di-
: ' : \ rectly confirmed byTrujillo et al. (2011)), or 31%. The number
2001 FU 172 322 320 1.7 A d . .
2002 GH 32 432 429 1.2 B qf rejected candidates is 17 over 36, hence 47% of the popula-
2003 HA 57 327 323 16 A tion, and there are only 8 objects whose status remains wrkno
2003 Uz 117 394 394 1.4 A
2004FU142 335 332 00 A _ _
2005 CB 79 399 39.0 04 A 4. Rotation and density
2005 GE 187 30.3 30.2 1.9 A . ) .
: To constrain the density of family members, and therefose te
24 Themis 34 40 120 B the hypothesis that they are formed of almost pure watemiee,
10199 Chariklo 138 136 41 B investigated their rotational lightcurves. In the Febyu2610
1‘?:)3 (5);3 1821%% Dr'gss 0'385 1'301 6%75 AA observing run, we performed a time serieReiband photome-
9 : : : try on 2005 CBg, which was demonstrated to be a family mem-
104227 2000 EH 125 3.0 25 185 A
202095 2004 TQ 20 29 19 24 A ber bySchaller &.Browr(2008 andSnodgrass et _64201()..We
2010 CU 19 13 16 06 A measured 69 points over the course of three nights, witha typ

ical uncertainty in each measurement of 0.03 magnitudes. We
Notes. @ Heliocentric distanceé® Geocentric distancé&) Phase angle. obse.rve_d a va_riat!o_n of grou_nd 0.15 magnitudes, but_found no
@ Runs: A= 2010 February 15-17, EFOSC2=E010 February 22, convincing periodicityThirouin et al.(2010 found a period of
Hawk-1. * Observed on 2009 July 24 with EFOSC2. 6.76 hours and a similar magnitude range.

A total of 8 family members have published lightcurve mea-
surements (Tablé). These can be used to estimate the density by
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Table 2. Mean apparent magnitudes for each object.

1.5 2 2505115

1.5 2 0.5 1

1

1.5 2 251 1.5

1

Object B \Y R i J CH,

1999 CD 158 - - - - 20.720.08 20.44+0.10

1999 OK 4 24.90: 0.16 24.54+0.17 23.95:0.14 23.64+0.20 - -

2000 CG 105 2432 0.14 23.62:t0.10 23.15£0.05 22.61+0.07 21.89+0.10 21.64+0.14

2001 FU 172 23.4@0.05 21.73+0.04 20.82+0.03 19.99+0.03 - -

2002 GH 32 - - - - 21.490.12 21.31+0.15

2003 HA 57 24.3A 0.09 23.48:0.09 22.96+0.05 22.69% 0.12 - -

2003UZ 117 21.86+0.09 21.34+0.08 21.09+0.08 20.67 0.07 - -

2003 UZ 117 22.04+0.10 21.32:t0.06 21.01+0.06 20.62+0.06 - -

2005 CB 79 - - 20.29 0.01 - - -

2005 GE 187 23.730.14 2291+ 0.12 22.23:0.09 21.49+0.06 - -

1950 DA 19.59+ 0.07 19.15+0.06 18.82+0.02 18.56+ 0.04 - -

2000 EH 125 2158 0.03 20.780.02 20.374 0.02 20.05+0.03 - -

2004 TQ 20 21.920.06 21.23+0.07 21.19+0.08 20.73+0.07 - -

2010 CU 19 - 19.26 0.04 - - - -

Chariklo - - - - 16.98 0.02 16.86+ 0.02

Themis - - - - 12.38 0.02 12.25+ 0.02

Snodgrass 22.490.14 21.61+0.10 21.20+0.05 20.69+0.08 - -

Notes. T First night,* Second night.
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Fig. 1. Visible and near-infrared photometry for the candidateifiamembers (see Tablg). The data are normalized at 0,45 (V
filter). The spectrum of Haumea (taken frétmilla-Alonso et al. 200Pis shown for comparison in each.

two methods. By either balancing gravitational and cemgdi TNOs derived from lightcurves was reviewed Byffard et al.
forces for an assumed strengthless (rubble pile) body,@gedp (2009 and Thirouin et al.(201Q. Of particular interest is the

to asteroids Fravec et al. 2002and comets $nodgrass et al. high value of 2.38 g cr? determined for 2003 QF, which is a
20006, or by assuming a fluid equilibrium shapiee, a Jacobi large confirmed family member with a strong water-ice spautr
ellipsoid), which may be more appropriate for large icy bodBrown et al. 200Y. The quoted value is considerably higher
ies such as TNOsL&cerda & Jewitt 200)/ The densities of than that of water ice, and close to the value determined for
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Table 3. Average colours ilBBVRiJHs, and assessment of likely membership based on these colours

Object 8-V) V-R (R-1) (R-J) (J-Hs)* Vis. slope Ref. Family?

Designation (mag.) (mag.) (mag.) (mag.) (mag.) /400nm)

1999 CD 158 0.830.06 0.51+0.05 0.54+0.06 1.38+0.09 0.35£+0.12 15.8+0.6 15,8 N
1999 OK 4 0.36:£ 0.23 0.58+0.22 0.32£0.24 - - 1.4:18.1 8 ?
2000 CG 105 0.7%:0.17 0.56+0.11 0.77+0.29 - 0.25:0.17 11.3+4.3 5,8 N
2000 JG 81 - 0.58 0.11 0.33+0.12 - - 5.6+ 21.6 6 ?
2001 FU 172 1.640.06 0.91+0.05 0.83+0.03 - - 64.2: 4.3 58 N
2002 GH32 0.9%0.06 0.66+0.06 0.56+0.05 - 0.18:0.19 24.8+4.7 58 N
2003HA57  0.89:0.13 0.52+0.10 0.27+0.12 - - 8.7+ 11.6 8 ?
2003UZ 117 0.520.12 0.25:£0.11 0.42+0.11 - -0.74-0.16  -0.5+3.7 2-5,7,8 Y
2005 GE 187 0.8%:0.18 0.69+0.14 0.74+0.11 1.22+0.19 0.65+0.14 32.8+12.3 5,8 N
Haumea 0.640.01 0.33:0.01 0.34£0.01 0.88+0.01 -0.60+£0.11 -0.6+0.9 5 Y

References. [1] Delsanti et al. (2004); [2] DeMeo et al. (2009; [3] Pinilla-Alonso et al. (2007); [4] Alvarez-Candal et al.(2008; [5]
Snodgrass et a{201Q and references therein); [§enecchi et al(2011); [7] Trujillo et al. (2012); [8] This work. Where colours for a given
object are published by multiple authors, we quote a wetghtean.

Notes. * In the present study{s correspond to Hawk-CH, filter

Table 4. Rotational periods (SP: single peak, DP: double peak) oflyacandidates.

Object H d Am Period SP Period DP Ref.  pX
# Designation (km) (h) (h) (g cm)
24835 1995 SM 55 4.8 174 0.19 4.640.03 8.08 + 0.03 2 0.60
19308 1996 TO 66 4.5 200 0.32 3.960.04 7.92 + 0.04 2 0.63
11.9 5
6.25 + 0.03 1
86047 1999 OY 3 6.74 71
55636 2002 TX300 3.2 364 0.08 8.16 8 0.16
8.12+0.08 16.24+ 0.08 3
12.10+0.08 24.20+ 0.08 3
7.89+0.03 15.78+ 0.03 4
136108 Haumea 0.01 1313 0.28 3.9353.0001 6,8,10 2.56
120178 20030P32 395 258 0.13 4.05 8 0.59
2003SQ 317 6.3 87 1.00 3.40.10 7.48 = 0.10 9 0.5
2003UZ117 53 138 0.20 ~6 7 0.27
2005 CB 79 4.7 182 0.04 6.76 8 0.21
145453 2005 RR 43 4.0 252 0.12 7.87 8 0.38
5.08 +0.03 7
2009 YE 7 4.4 209

References. [1] Hainaut et al.(2000); [2] Sheppard & Jewit{2002); [3] Sheppard & Jewit{2003); [4] Ortiz et al. (2004); [5] Belskaya et al.
(2006); [6] Lacerda et al(2008); [7] Perna et al(2010); [8] Thirouin et al.(2010); [9] Snodgrass et a{2010; [10] Lellouch et al.(2010

Notes. ™ Diameter computed using an assumed geometric albedo ofwit7,the exception of Haumea, whose diameter is taken from
Lellouch et al.(2010. 2002 TXgo has a diameter measurement of 286 km and albedo of &HB6t(et al. 2010, but these are inconsistent
with the givenH magnitude.

* Density computed assuming a Jacobi ellipsoid shape with eoEfion period (see text for details).

Haumea itself (2.61 g cm, Thirouin et al. 201} and is there- Instead of considering individual rotation periods, we con
fore inconsistent with this body being a pure water-icerinagt sider the family as a whole. Fig.compares all confirmed family
from the original Haumea’s outer mantle. However, this minmembers (black points) with all other TNO lightcurve measur
mum) density is derived assuming that the best-fit singl&gea ments (open circles) taken from the compilatiooftard et al.
period of 4.05 hours is the correct spin rate, which can oely 2009. The rotation period plotted assumes a double-peaked pe-
true if the variation is due to an albedo patch on a spheroid&d for all objects [.e., shape-controlled lightcurve), and the
body, i.e., a Maclaurin spheroid rather than a Jacobi ellipsoidurved lines show densities calculated based on the assump-
If the true rotation period is instead twice this valuge( the tion of hydrostatic equilibrium (Jacobi ellipsoids). Rivta rates
double peaked lightcurve is due to shape instead of albedo fe’om the Duffard et al.(2009 table are taken at face value (no
tures), then the required minimum density is 0.59 ggmhich  further attempt has been made to judge the reliability ofckize
provides a far weaker constraint. No other family membedgas termined periods), with the exception of two very short tiota
from Haumea itself) has a reported rotation rate fast endaighperiods (1996 Tk and 1998 X5, with single peak periods of
require a high density (Tableand Fig.2). 1.96 and 1.31 hours respectivetyollander-Brown et al. 1999
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o

Period[h]

more discard objects withm< 0.1 mag that are unlikely to be
Jacobi ellipsoids, the populations are made of 5 and 42 THOs r
spectively, and the K-S probability lowerskgz = 0.014. These
low values ofP.z suggest that the family members havéat
ent rotational properties from other TNOs, although theemnir
data are still insfficient to quantitatively compare the densities
of family members and other TNOs.

We note that the small numbers of objects and rather uncer-
tain rotation periods for many, make such an analysis approx
imate at bestj.e, this is not yet a statistically robust result.
Furthermore, many of the larger objects with long rotatien p
riods and low lightcurve amplitudes are likely to be spheéabi
rather than ellipsoidal bodies, with single peak lightasdue
to albedo features (Pluto is an example), and we have made no
attempt to separate these from the shape controlled badlies i

Fig. 2. In addition, no restriction on orbit type(g, classicals,
Fig.2. Lightcurve amplitude Am) as a function of the rota- scattered disk) is imposed on the objects in Figas the total
tion period (in hours) for the TNOs in the vicinity of Haumeanumber of TNOs with lightcurves in thBuffard et al.(2009
Filled and open circles stand for confirmed family members amompilation is still relatively low (67 objects includedHig. 2).
background population (fromuffard et al. 2009T hirouin et al.
2010, respectively. The letter H shows the position of Haumea.
Vertical blue, red, and green curves are the limit for sigbil 5. Family membership and formation scenario
assuming the objects are in hydrostatic equilibriwm, stable .
objects left of a line are denser than the number in the label f'l' Orbital elements
gcnt3). Objects above the black line\n~ 0.9 mag) are un- We show in Fig3 the orbital parameters (semi-major axis, incli-
stable (under the hydrostatic equilibrium assumption)l are nation and eccentricity) of the candidates. As alreadydbie
likely contact binaries. Snodgrass et a(2010, the confirmed family members cluster
tightly around the centre of the distribution in both plasthe
supposed location of the pre-collision Haumea (Haume#f itse
2001) that appear in the table despite the original authorsngtatinaving now a higher eccentricity, owing to its interactioithw
that these were unrealistic (and statistically insigniftyanath- Neptune through orbital resonance, sagozzine & Brown
ematical best fits. We removed these values and regard the2807. Water ice has been detected on all the objects within the
tation periods of these two objects as unknown. For all othigetropicév limit of 150ms™* defined for a collision-formation
objects where there are both multiple period determinatiord  Scenario byRagozzine & Browr(2007), while only 14% of the
no preferred period iDuffard et al, we take the shortest periodobjects with a larger velocity dispersion harbour watersoe
to give the highest possible minimum density. faces. Even assuming that all the as-yet uncharacterised ca
Seven of the eight family members fall into the relativelglidates have water ice on their surfaces brings this nuntber t
long-period (low-density) area of this plot, with< 0.64 gcnt3.  only 32%, which significantly diers from the proportion inside
The exception is 2003 S, which has a large lightcurve am-the 150m st region. The probability of randomly selecting the
plitude Snodgrass et al. 201,0mplying that it is likely to be single most clustered set of 11 out of a sample of 36 is only
a contact binary (therefore the Jacobi ellipsoid model duts 10°°. The clustering of water-bearing objects around the posi-
hold, Lacerda & Jewitt 200)7 tion of the proto-Haumea in orbital parameter space is fbege
A direct comparison between the densities of family menteal, with a very high statistical significance. Wider phuot-
bers and other TNOs is not straightforward since analysis ¢ surveys of the trans-Neptunian regiofrjillo et al. 2011
the rotational properties based on hydrostatic equilibraan in  Fraser & Brown 201pfind no further bodies with the strong
general only set lower limits on the densities of the objedts water-ice spectrum characteristic of the family, which equs
can, however, use the observed lightcurve properties ffip  to be a unique cluster of objects.
assess the probability that the family members and othersTNO
were drawn from the same 2-D distribution in spin period vs.
Am. To do so, we use the 2-D Kolmogorov-Smirnov (K-S) te .
(Peacock 1983 The 2-D K-S test uses thestatistic (the max- $.2. Mass of the family
imum absolute dference between the cumulative distributiong/e discuss below how current observations can constraént th
of the samples) to quantify the dissimilarity between the- diformation scenario of Haumea and its family. We first evauat
tributions of two samples. The larger the valueZpfthe more the mass of the family by summing over all confirmed members.
dissimilar the distributions. We evaluate the madé of each object from its absolute magni-
We exclude Haumea and objects witm> 0.9 mag from tudeH, from
this calculation: Haumea is not representative of the diessi
of its family, and objects with very largam obey a difer- _np 1329°
ent relationship between rotational properties and butsig 6 ﬁ
(Lacerda & Jewitt 200) Considering the two populations made
of the 7 family members and the 64 background TNOs, we olwherepy is the geometric albedo (assumed to be 0.7 for family
tain a value ofZ = 1.276. The corresponding probability thatmembers), ang their density (assumed to be 0.64 g¢he
the P vs. Am distributions of family members and other TNOdargest found for a family member, see Figj.and consistent
would differ by more than they do B., = 0.040. If we further- with the typical density of TNOs, se€arry 2012. The 11

10—0.6H , (1)
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s f X ] cles) and remaining candidate (open green circles) famégnm
5 20F . = bers, compared with three power law models (see text). The
E E ® Haoumea 1 models haveg = 2.5 (solid line),q = 3.8 (dashed line) and
£ 15k - . 7] g = 4.5, approximating the model dfeinhardt et al.(2010,
£ @ Fomily member o 1 (dotted line). The satellites of Haumea, Hi‘iaka and Namaka
10F © Unknown - ] are represented by blue squares.
5E X Interloper %WESO m.s~' collision E
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Semi—major axis (AU) 1969. The second takes the size distribution for large TNOs

measured byraser & Kavelaar§2009, q = 3.8. The third is a

Fig.3. Confirmed family members (grey filled circles with aSimplification of the model presented bginhardt et al(2010,
black outline), rejected candidates: interlopers (crejssand With the mass distribution shown in their Fig. 3 approxinsate
those with unknown surface properties (open diamonds)galot Py 2du = 1.5 power law, which corresponds to a very steep
in terms of the orbital osculating parameters semi-majds, axSiZ€ dlstr|t?ut|on pfq =45. We normahsg the distribution to the
inclination and eccentricity. Haumea itself is shown asachkl largest object, Hiiaka, on the assumption that there anmoce
disk. We also drawn the area corresponding to a simulationfgfnily members wittH ~ 3 (D ~ 400 km) to be found.

ejected particules from a nominal collision with an isotoopv Theq = 2.5 model predicts that the largest object still
of 150m s* (Ragozzine & Brown 2007 to be discovered has a diameter of around 140knti o 5.

This corresponds to an apparent magnitude at oppositiotefai
than 21, which is below the detection limits of wide area TNO

confirmed family members account for only 1% of the mas@irveys to date Trujillo & Brown 2003). Extrapolating this
of Haumea (4 10?'kg, Ragozzine & Brown 2009 raising Model to small sizes predicts a total mass of the family 2%
to 1.4% when also considering Hi‘iaka and Namaka, the @ Haumea’s mass, with nearly all of that mass in the already
satellites of Haumea, as family members. Including all the @scovered large fragments. Models 2 and 3 predict the sarge
remaining candidates adds On|y another 0.01%. famlly members Stll_l to be q|SCOV€rEd of d|amet_e@20 km

This mass fraction is however a lower limit, as mor@nd 250km respectively, objects at least a magnitude tenight
icy family members can be expected to be found. The aré&ich would have had a chance of being found by existing
encompassed by the confirmed family member in orbitgHrveys, depending on where in their orbits they currery a
element space (Fig) is wide (6 AU). Given the small fraction These models cannot be extrapolated (model 2 is based on the
of known TNOs (a couple of percent, for TNOs of 100kn®bserved TNO size distribution, which has dfelient slope
diameter, sedruijillo 2008), many more objects are still to beat smaller sizes, and model 3 is a coarse approximation to the
discovered in the vicinity of Haumea. To estimate how mucdiimulations byl einhardt et al(2010, which give a total family
mass has yet to be discovered, we compare the observed@ss 0f~7% of Haumea), but they do allow there to be con-
mulative size-distribution of family members with threenple ~ siderable missing mass in these large undetected bodieseTh
models, described by power laws of the foh> r) « r-9 models show that in the case of a c_oII|S|onaI size dlstrd;ytl
(Fig. 4). The observed distribution includes the satellites &fe already know of all the large bodies, and all the significan
Haumea (namely Hi‘aka and Namaka) which have 0.29 af@Rss, while steeper distributions can be observationedfiet
0.14 times Haumea’s diameter of 1250 kirgser & Brown as they imply missing members with large diameters thatlshou
2009 Ragozzine & Brown 2009Carry 2013, and is based €asily be found by new surveys.§, Pan-STARRS, LSST).
on the observed distribution of absolute magnituttesand
an assumed Haumea-like albedo of 0.7 (Tale with the
exception of 2002 Ty, Which has a diameter determine
by stellar occultationElliot et al. 2010. We also include the
remaining candidates (open circles) that have not yet hded r The clustering of Haumea’s family, with a low between
out, which are nearly all smaller (fainter) than the confidmefragments, may be its most peculiar properiagcus et al.
family members. The first model is based on the classicaDl1l), and can be used as a strong constraint on formation
distribution for collisional fragments, witp = 2.5 (Dohnanyi models. Additionally, the models must explain the spin of

d‘5.3. Family formation models
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Haumea and the mass and velocity dispersion of its fragmen& A velocity dispersion and total mass lower than expeated f

keeping in mind that some of the original mass has been lost a catastrophic collision with a parent body of Haumea’s,size

over time (TNO region is thought to be far less populous today but a size distribution consistent with a collision.

than it was in the early solar system, segg, Morbidelli et al. i

2008. None of the models below studied the long-term stabilityarious models have been proposed to match these unusual con

of the satellites or the fate of ejected fragment formedriyri Straints, although so far none of these match the full seoof

the collisionfission, butLykawka et al.(2012 found that about Straints.

(235%b0f the rf]ragments ]:NﬁUIg not Sfur\lnve ?V.er 4 Gykl’, tlhe fIrSAtcknowled_aqements. _We th‘ankthe FiedicatgqlfsthE_SO’s La Silla and P_aranal
yr being when most O t _e ynam!ca Evo Utlo,n took p a:tce. observatories for their assistance in obtaining this dakenks to Blair and

The model bySchlichting & Sari(2009, which describes alessandro for sharing thefarabeduring observations at La Silla. This research
the cataclysmic disruption of a large icy satellite aroungsed VO tools SkyBoTRerthier et al. 200pand Miriade Berthier et al. 2008
Haumea’ reproduces the Veloc|ty distribution of the fan‘aw developed at IMCCE, and NASA's Astrophysics Data System.réagthanks

: el ; 0 all the developers and maintainers. Thanks to an anonymefaree for his
gwes an orlgmal mass of the famlly of around 1% of Haumegﬁmments and careful checks of all our tables and numbersadkf@owledge

The spin period of Haumea, h0_W€V€!ﬂ is expected_ to be_long;ﬁfjport from the Faculty of the European Space Astronomyr€BSAC) for

than observed, based on considerations on physics of ig\paginting the visit of C. Snodgrass. P. Lacerda is gratefuffif@ncial support

and tides in the system (see arguments Uminhardt et al. from a Michael West Fellowship and from the Royal Societyhia form of a

201Q Ortiz et al 20{2 and (referen(?e thereinu)wThe rotationafrrlewton Fellowship. The research leading to these resuftgdweived funding

fissi L ted Bytiz et al. (201 d. d rom the European Union Seventh Framework Programme/goR7-2013) un-

ission scenario presente Bytiz et al. (2012 does reproduce ;e grant agreement no. 268421.

Haumea’s spin period, but predicts a velocity distribution

several times higher than observed. a peculiar kindyiaize

and mergémpact can explain Haumea’s shape and spin, afmkferences
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