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Context. Ragozzine & Brown presented a list of candidate members of the first collisional family to be found among the transNeptunian objects (TNOs), the one associated with (136108) Haumea (2003 EL61 ). Aims. We aim to identify which of the candidate members of the Haumea collisional family are true members, by searching for water ice on their surfaces. We also attempt to test the theory that the family members are made of almost pure water ice by using optical light-curves to constrain their densities. Methods. We use optical and near-infrared photometry to identify water ice, in particular using the (J − HS ) colour as a sensitive measure of the absorption feature at 1.6 μm. We use the CH4 filter of the new Hawk-I instrument at the VLT as a short H-band (HS ) for this as it is more sensitive to the water ice feature than the usual H filter. Results. We report colours for 22 candidate family members, including NIR colours for 15. We confirm that 2003 SQ317 and 2005 CB79 are family members, bringing the total number of confirmed family members to 10. We reject 8 candidates as having no water ice absorption based on our Hawk-I measurements, and 5 more based on their optical colours. The combination of the large proportion of rejected candidates and time lost to weather prevent us from putting strong constraints on the density of the family members based on the light-curves obtained so far; we can still say that none of the family members (except Haumea) require a large density to explain their light-curve. Key words. Kuiper Belt: general – methods: observational – techniques: photometric – infrared: planetary systems – Kuiper Belt objects: individual: (136108) Haumea



1. Introduction The trans-Neptunian object (TNO) (136108) Haumea (2003 EL61 ) was discovered by Santos-Sanz et al. (2005) and quickly attracted a lot of attention as a highly unusual body. It is one of the largest TNOs (Rabinowitz et al. 2006; Stansberry et al. 2008) and yet is a fast rotator (period ∼3.9 h) with a highly elongated shape (Rabinowitz et al. 2006). Its surface was shown to be dominated by water ice by Near Infra-Red (NIR) spectroscopy (Tegler et al. 2007; Trujillo et al. 2007; Merlin et al. 2007; Pinilla-Alonso et al. 2009), yet has a high density of 2.5−3.3 g cm−3 (Rabinowitz et al. 2006). It was found to have two satellites (Brown et al. 2005a, 2006), which also have water ice surfaces (Barkume et al. 2006; Fraser & Brown 2009). Lacerda et al. (2008) found that Haumea presents hemispherical colour heterogeneity, with a dark red “spot” on one side, using high precision photometry. Brown et al. (2006) and Barkume et al. (2006) postulated that the density, shape and water ice surface could be explained by a large collision early in the history of the Solar System. Brown et al. (2007b) then identified a family of 6 TNOs (1995 SM55 , 1996 TO66 , 2002 TX300 , 2003 OP32 and 2005 RR43 ), in addition to Haumea and its satellites, with orbits that could be linked  Based on observations collected at the European Southern Observatory, La Silla & Paranal, Chile – 81.C-0544 & 82.C-0306.



to Haumea and water ice surfaces, which were also attributed to coming from this massive collision. This theory required that the proto-Haumea was a very large body (radius ∼830 km) that had already diﬀerentiated early in the formation of the Solar System, and that the collision stripped nearly all of the outer (water ice) mantle (∼20% of the total mass of the original body). This left the dense core as Haumea with a thin coating of water ice and created a family of re-accumulated lumps of almost pure water ice. Ragozzine & Brown (2007) find that the collision must have taken place in the early Solar System (with an age of at least 1 Gyr), although the lack of weathering on the surfaces may imply young bodies (Rabinowitz et al. 2008). The existence of such a family has implications for the dynamics of the Kuiper Belt (Levison et al. 2008). Ragozzine & Brown (2007) performed a dynamical study and identified two further family members (2003 UZ117 and 1999 OY3 ) with strong dynamical links to the family and colours consistent with water ice, and also published a list of candidate family members that had orbital elements consistent with this dynamical family, totalling 35 objects including the known members. Most of these candidates lacked the NIR spectra that could identify water ice on their surfaces though, so they remained only potential family members. The diﬀusion time and interaction with resonances make it possible for interlopers to appear close to the family dynamically, so it is essential to
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have both dynamical and physical properties characterisation to confirm family membership (Cellino et al. 2002). Some could be ruled out by either existing NIR spectra (Makemake has a methane ice surface; Dumas et al. 2007; Brown et al. 2007a) or by very red optical colours (1996 RQ20 , 1999 CD158 , 1999 KR16 , 2002 AW197 , 2002 GH32 ; see Table 4 for references) or a strong red slope in optical spectra (2005 UQ513 ; Pinilla-Alonso et al. 2008). Schaller & Brown (2008) subsequently published NIR spectra which confirmed 2003 UZ117 and 2005 CB79 as family members, and rejected 2004 SB60 . We observed 13 of the 18 remaining candidate objects (along with some of the already characterised objects) with the goal of providing this physical information, to identify those with water ice surfaces and also to test the idea that these family members could be made of nearly pure water ice. We describe our observations, the results from them, and their implications in the following sections.



2. Observations and data reduction The best method to test for water ice on the surface of a Solar System body is through NIR spectroscopy, as water ice has strong absorption bands at ∼1.6 and ∼2.0 μm, but this is only possible for the brightest TNOs (K  18). Still, it is possible to get an indication of the presence or absence of water ice for fainter bodies using photometry, which can be performed on smaller (fainter) TNOs. We conducted the observations at the European Southern Observatory (program IDs: 81.C-0544 & 82.C-0306), on both the La Silla and Paranal (VLT) sites. Observations in the visible wavelengths (BVRi filters) were performed using the EFOSC2 instrument (Buzzoni et al. 1984) mounted on the NTT (since April 2008; Snodgrass et al. 2008). This is a focal reducing imager and spectrograph with a single CCD. The near-infrared observations (J, CH4 bands) were performed using the newly commissioned wide-field camera Hawk-I (Pirard et al. 2004; Casali et al. 2006). We had three observing runs scheduled with each instrument, as detailed in Table 1. This table lists all objects we attempted to observe, although not all were detected and some time was lost to poor weather conditions. In particular the June 17th Hawk-I run (run B) was very badly aﬀected by clouds, with only 1999 KR16 reliably detected in both bands. Exposure times were generally 300–600 s in the optical, while in the NIR we took sequences of J-CH4 -J to give an average J magnitude at the time of the CH4 observations, and to confirm identification of the object based on its motion between the two sets of J-band images. The CH4 filter observations took the largest part of the time; between 15 min for the brightest objects to a few hours for the faintest ones, each split into short individual exposures and dithered due to the bright NIR sky. Note that due to the long eﬀective exposure times any variation (due to shape or albedo variation across the surface) is smeared out, and cannot be detected in our NIR data. The advantage of using Hawk-I is that the CH4 band filter is a medium width filter with a wavelength range that is entirely within the broad water ice absorption between 1.4 and 1.75 μm. The standard H-band is broader and covers a range that is part in and part out of this band1 . We therefore use the CH4 filter as a short H filter (henceforth HS ) which gives a colour measurement (J − HS ) that is very sensitive to water ice absorption. All of the filters used in this work are listed in Table 2. 1



See http://www.eso.org/sci/facilities/paranal/instruments/ hawki/inst for transmission curves. Page 2 of 9



Table 1. Observational circumstances. Object ra Δb αc Rund (#) (Designation) (AU) (AU) (◦ ) 1996 RQ 20 39.6 39.0 1.1 C 20161 1996 TR 66 40.3 40.0 1.4 E 1998 HL 151 38.9 38.2 1.0 A 181855 1998 WT 31 38.0 37.3 1.0 E 1999 CD 158 47.6 46.5 0.6 E 40314 1999 KR 16 36.3 35.6 1.2 B 1999 OH 4 39.1 39.6 1.3 A ” 39.1 38.2 0.6 C 1999 OK 4 46.4 45.8 1.1 A 86047 1999 OY 3 40.1 39.7 1.3 A ” ” 40.2 39.5 1.1 B ” ” 40.2 39.4 0.8 D 86177 1999 RY 215 35.8 34.8 0.2 C ” ” 35.8 34.8 0.3 D 2000 CG 105 46.8 46.1 0.8 E 130391 2000 JG 81 34.8 33.8 0.5 A 2001 FU 172 31.8 30.9 1.0 A 2001 QC 298 40.6 39.6 0.3 C ” 40.6 39.6 0.2 D 55565 2002 AW 197 46.6 45.8 0.7 F 2002 GH 32 43.1 42.2 0.7 A ” 43.1 42.4 1.0 B 55636 2002 TX 300 41.4 40.6 0.8 D 136108 Haumea 51.1 50.6 1.0 A ” ” 51.1 50.8 1.1 B ” ” 51.1 51.1 1.1 F 2003 HA 57 32.7 32.0 1.3 A ” 32.7 32.2 1.6 B 2003 HX 56 46.5 45.9 1.0 A 120178 2003 OP 32 41.4 40.6 0.6 D 2003 QX 91 33.6 32.6 0.5 C 2003 SQ 317 39.3 38.3 0.6 C ” 39.3 38.3 0.4 D 2003 TH 58 36.0 35.1 0.5 E ” 36.0 35.1 0.7 F 136199 Eris 96.7 95.9 0.4 D 2003 UZ 117 39.4 38.9 1.3 D 2004 PT 107 38.3 37.9 1.4 A ” 38.3 37.7 1.3 B ” 38.3 37.4 0.7 D 120347 2004 SB 60 44.0 43.1 0.6 C 2005 CB 79 40.1 39.3 0.9 E ” 40.0 39.2 0.8 F 2005 GE 187 30.8 29.9 0.9 A ” 30.8 30.1 1.3 B ” 30.8 31.1 1.7 C ” 30.8 31.3 1.6 D 202421 2005 UQ 513 48.8 48.1 0.8 C ” ” 48.8 48.0 0.7 D
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Notes. (a) Heliocentric distance. (b) Geocentric distance. (c) Phase angle. (d) Runs: A = 2008 June 3rd–5th, EFOSC2; B = 2008 June 17th, Hawk-I; C = 2008 August 30th–September 1st, EFOSC2; D = 2008 September 9th, Hawk-I; E = 2008 December 29th–31st, EFOSC2; F = 2009 January 4th, Hawk-I. (e) Number of epochs observed in each filter (for EFOSC2 runs).



The data were reduced in the normal manner (bias subtraction, flat fielding, sky subtraction etc. as appropriate). For the EFOSC2 data the objects were generally visible in individual frames and aperture photometry was performed directly on each, using the optimum aperture based on the measured stellar FWHM in each frame and an average aperture correction measured using the field stars (see Snodgrass et al. 2005). Where



C. Snodgrass et al.: Characterisation of candidate members of (136108) Haumea’s family Table 2. Filters used in this study. Filter



Instrument



B V R i J HS (CH4)



EFOSC2 EFOSC2 EFOSC2 EFOSC2 Hawk-I Hawk-I



λc μm 0.440 0.548 0.643 0.793 1.258 1.575



Δλ μm 0.094 0.113 0.165 0.126 0.154 0.112



Notes. λc = Central Wavelength, Δλ = Bandwidth.



multiple epochs were obtained we then report a weighted mean magnitude. This approach allowed us to look for variation in the R-band magnitude for those objects where we obtained a lightcurve. For fainter objects the images were shifted based on the predicted motion of each object and combined to give a deep image per filter. We also produced equivalent combined images of the star fields (no shifts) in which we could measure the brightness of field stars for photometric calibration. For Hawk-I all data were shifted and combined as the individual exposures were short because of the high sky background in the NIR. The EFOSC2 data were calibrated in the normal way, via observations of standard stars from the Landolt (1992) catalogue. The EFOSC2 i-band data was calibrated directly onto the Landolt scale; this filter is very close to the standard Cousins I-band used by Landolt. Data from non-photometric nights were calibrated via observation of the same fields on later photometric nights, to calibrate the field stars as secondary standard stars. Calibration of the Hawk-I data was a more involved process as it contained the non-standard filter HS . The J and H band magnitudes of all available stars in each field were taken from the 2MASS point source catalogue (Skrutskie et al. 2006). We then generated theoretical colours (H2M − HS ) for stars of all spectral types (O-M) by convolving the response of the 2MASS H and the Hawk-I HS with spectra from the libraries of Pickles (1998) and Ivanov et al. (2004)2. For stars the resulting diﬀerence is linearly related to the 2MASS (J − H) colour (Fig. 1): (H2M − HS ) = −0.097(J − H)2M − 0.019.



(1)



We used this relation to generate the expected colour, and therefore HS magnitude, for each 2MASS star in each field, which were then used to give the calibrated HS magnitude for the TNOs. We also used the same approach to derive the colour term for the diﬀerence between 2MASS and Hawk-I J bands, and found that the Hawk-I J does not significantly diﬀer from the 2MASS band, as expected. We note that the spectral types further from the linear trend fall into two groups; those below the trend at (J − H)2M ≈ 0 are B stars that do not feature in our NIR images, while the “tail” that curves away from the line at the red end is made up of M giants, with M8-10 being significant away from the linear relation. These are separable from the rest of the sample though as giants have a very red 2MASS (J − K) colour; Brown (2003) show that stars with (J − K) ≥ 0.5 are most likely giants, while we find that using limit of (J − K) ≤ 1.26 removes the M8-10iii stars that do not fit the linear trend while keeping other stars. Having said this, we note that the exclusion or inclusion of these stars made no significant diﬀerence to our calibration as there were very few late M giant stars within our sample. 2



These libraries can be downloaded from the ESO web pages at http://www.eso.org/sci/observing/tools/standards/ IR_spectral_library_new/



Fig. 1. Theoretical diﬀerence between 2MASS H and Hawk-I HS for diﬀerent stellar spectra, as a function of 2MASS (J − H).



The colours of the 2MASS stars in the fields observed were approximately normally distributed around a mean (J −H)2M = 0.6 with a standard deviation of 0.2.



3. Colours We report the resulting photometry in Table 3, where we give the mean magnitude in each band at each epoch and also an indication of the variation seen in the R-band where we obtained light-curves. In Table 4 we give the average colours of all family members that have published photometry, including our own results, taking a weighted mean where multiple measurements exist. From these average colours we calculate reflectances by comparing them to the Solar colours. To calculate the reflectance in the HS band we used a theoretical (J − HS ) colour for the Sun generated by convolving the response of these filters with the Solar spectrum. We subsequently confirmed this value by observing a Solar analogue star with Hawk-I: the theoretical (J − HS ) = 0.273, while the value measured for the Solar twin S966 (taken from the catalogue of Solar twins in M 67 by Pasquini et al. 2008) is (J − HS ) = 0.288 ± 0.007. These are consistent at the level of the uncertainty on our TNO colour measurements. We also report the visible slope for each object (%/100 nm) in Table 4, calculated from the reflectances via a linear regression over the full BVRI range when it is available, or whichever measurements exist in other cases. The reflectance “spectra” of the TNOs from this photometry are shown in Fig. 2, for all objects with photometry in at least three bands. The combined visible and NIR spectrum of Haumea from Pinilla-Alonso et al. (2009) is shown for comparison to the photometry. The large TNOs Eris (not a family member; observed for comparison) and Makemake (dynamically a family member candidate) are known to have methane ice surfaces from NIR spectroscopy (Dumas et al. 2007; Brown et al. 2007a) and clearly diﬀer from the Haumea spectrum. Note that those objects marked with an asterisk in the figure have their reflectance normalised to the R-band, as no V-band photometry was available. For Haumea-like neutral spectra this makes no diﬀerence, but this could give an oﬀset in the case of red slopes; these four spectra should not be directly compared with the others in the figure, but can be compared with the Haumea spectrum. Page 3 of 9



A&A 511, A72 (2010) Table 3. Photometry. Mean apparent magnitudes for each object at each epoch.



181855 40314 86047 86177



55565 55636 136108 120178



120347



202421 136199



Object 1996 RQ 20 1998 HL 151 1998 WT 31 1999 CD 158 1999 KR 16 1999 OH 4 1999 OY 3 1999 RY 215 2000 CG 105 2001 FU 172 2001 QC 298 2002 AW 197 2002 GH 32 2002 TX 300 Haumea 2003 HX 56 2003 OP 32 2003 QX 91 2003 SQ 317 2003 TH 58 2003 UZ 117 2004 PT 107 2004 SB 60 2005 CB 79 2005 GE 187 " 2005 UQ 513 Eris



Runa C A E E B C A,D C,D E A C,D F A D F A D C C,D E D A,D C E,F A C,D C,D D



B – 25.37 ± 0.28 24.52 ± 0.15 23.08 ± 0.07 – 25.01 ± 0.22 – – 24.14 ± 0.09 26.71 ± 1.52 – – 23.91 ± 0.09 – – 25.25 ± 0.36 – – – 23.50 ± 0.05 – – – 21.45 ± 0.02 23.76 ± 0.10 – – –



V – 24.25 ± 0.12 23.81 ± 0.11 22.31 ± 0.06 – 22.39 ± 0.09 – – 22.60 ± 0.04 23.80 ± 0.15 – – 21.87 ± 0.05 – – 24.03 ± 0.16 – – – 22.89 ± 0.04 – – – 20.71 ± 0.03 22.78 ± 0.09 – – –



R 22.95 ± 0.05 23.87 ± 0.13 23.24 ± 0.06 21.68 ± 0.01 – 22.19 ± 0.10 22.26 ± 0.03 22.16 ± 0.01 22.62 ± 0.02 23.13 ± 0.12 22.18 ± 0.03 – 21.87 ± 0.02 – – 23.68 ± 0.16 – 23.66 ± 0.12 22.05 ± 0.02 22.51 ± 0.02 – 21.66 ± 0.01 20.21 ± 0.01 20.36 ± 0.02 22.02 ± 0.01 22.13 ± 0.03 20.30 ± 0.01 –



I – 23.08 ± 0.17 22.69 ± 0.14 21.20 ± 0.06 – 21.76 ± 0.32 – – 22.52 ± 0.09 22.66 ± 0.19 – – 19.96 ± 0.09 – – 23.42 ± 0.43 – – – 22.03 ± 0.04 – – – 19.98 ± 0.03 21.47 ± 0.11 – – –



J – – – – 20.02 ± 0.07 – 21.78 ± 0.10 21.19 ± 0.14 – – 21.16 ± 0.08 18.50 ± 0.05 – 18.67 ± 0.07 16.46 ± 0.07 – 19.08 ± 0.05 – 21.59 ± 0.05 21.73 ± 0.09 20.24 ± 0.07 20.41 ± 0.14 – 19.67 ± 0.07 – 20.84 ± 0.08 18.89 ± 0.07 17.73 ± 0.07



HS – – – – 19.47 ± 0.10 – 22.04 ± 0.35 20.66 ± 0.17 – – 20.65 ± 0.12 18.11 ± 0.06 – 19.14 ± 0.10 17.06 ± 0.08 – 19.58 ± 0.06 – 22.04 ± 0.19 20.45 ± 0.18 20.86 ± 0.10 19.87 ± 0.18 – 20.18 ± 0.16 – 20.18 ± 0.12 18.59 ± 0.10 17.49 ± 0.09



ΔmR b – – 
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