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Introduction

The population of known binary NEAs has grown steadily to more than 30 objects discovered by photometric lightcurves and radar observations (Pravec and Harris, 2007;[START_REF] Richardson | Binary Minor Planets[END_REF][START_REF] Noll | Solar System binaries[END_REF]. Binary systems are uniquely interesting in that the analysis of their mutual orbits enables a determination of the elusive mass density, which in turn allows conclusions to be drawn on the bulk composition and porosity. Further information on their physical properties may be gained from studies of binary formation.

In this context, it is intriguing that the majority of these systems are found with a rapidly rotating primary, with rotation periods between 2.2 and 3.6 h, which are among the most rapid rotations found for NEAs [START_REF] Pravec | Photometric survey of binary near-Earth asteroids[END_REF]. Among all 325 NEAs with a diameter D > 200 m and known lightcurve period, none are observed to have periods shorter than 2.2 h (Pravec et al., 2007). For faster spin rates, surface material could reach orbital speeds.

The satellites in these systems are almost always on close orbits, between 2 and 5 primary radii, R pri , and are typically found with low eccentricity, close to zero. The satellites' spin periods, where known, are typically synchronized ⋆ Observations of ( 164121 * Corresponding author.
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with the orbital periods. Discoveries by lightcurve are biased to only discover satellites larger than ∼ 20% the size of the primary body, and also are biased against finding them beyond ∼10 R pri [START_REF] Pravec | Photometric survey of binary near-Earth asteroids[END_REF]. Radar observations are not similarly biased, and can discover satellites out to much further distances and to much smaller sizes, but have found only a couple of such systems, namely (153591) 2001 SN 263 and 1998 ST 27 [START_REF] Nolan | Arecibo Radar Observations of 2001 SN 263 : A Near-Earth Triple Asteroid System[END_REF][START_REF] Becker | Physical Modeling of Triple Near-Earth Asteroid 153591 (2001 SN263)[END_REF]Benner et al., 2001). The general characterization of the NEA binary population presented above, with rapidly rotating primaries and close secondaries applies to ∼32 of the 35 known systems.

The similarities in the observed orbital properties of binary NEAs point at a common formation mechanism. It is likely that they formed through spin-up and disruption by the YORP-effect (Yarkovsky O'Keefe Radzievskii Paddack) [START_REF] Walsh | Rotational breakup as the origin of small binary asteroids[END_REF][START_REF] Scheeres | Rotational fission of contact binary asteroids[END_REF]. The YORP-effect works by the creation of small torques through the reflection and thermal re-emission of solar radiation from an irregularly shaped body [START_REF] Rubincam | Radiative Spin-up and Spin-down of Small Asteroids[END_REF][START_REF] Rubincam | Is asteroid 951 Gaspra in a resonant obliquity state with its spin increasing due to YORP[END_REF].

A substantially non-symmetric body can generate substantial torques (clearly represented in the cartoon in Figs. 1 and 2 in [START_REF] Rubincam | Radiative Spin-up and Spin-down of Small Asteroids[END_REF], but even smallscale surface features are capable of producing similar torques [START_REF] Statler | Extreme sensitivity of the YORP effect to small-scale topography[END_REF].

This effect has been shown to modify spin rates of NEAs [START_REF] Taylor | Spin Rate of Asteroid (54509) 2000 PH5 Increasing Due to the YORP Effect[END_REF][START_REF] Lowry | Direct Detection of the Asteroidal YORP Effect[END_REF][START_REF] Kaasalainen | Acceleration of the rotation of asteroid 1862 Apollo by radiation torques[END_REF] and it can increase or decrease the spin period depending on the spin-pole orientation. The distribution of spin rates among small Main Belt Asteroids (MBAs) and NEAs shows an excess in both fast and slow rotators, which can be produced through the YORP effect acting widely on the populations [START_REF] Pravec | Spin rate distribution of small asteroids[END_REF].

Models of YORP-spinup of gravitational aggregates, or "rubble piles", have reproduced the fundamental properties of observed NEA binaries: rapid primary rotation, oblate primaries, and basic secondary orbital properties (semi-major axis and eccentricity) [START_REF] Walsh | Rotational breakup as the origin of small binary asteroids[END_REF]. This formation mechanism works by slowly pushing bodies towards, and then beyond, their critical spin rates.

In the simulations of [START_REF] Walsh | Rotational breakup as the origin of small binary asteroids[END_REF], the body takes an oblate shape, which allows ejected mass to accumulate into a satellite in a stable orbit.

The simulations show that surface material on the original body is ejected and accumulated into a secondary. In tests where specific surface particles are tracked throughout the simulation, [START_REF] Walsh | Rotational breakup as the origin of small binary asteroids[END_REF] found that anywhere from 15-30% of the surface on the primary is removed, uncovering originally sub-surface material. Those simulations consist of 1000 similar-sized or nearly similar-sized particles, which means each particle represents the large constituent pieces (boulders) of a rubble pile.

It is unclear how fine-grained surface material (regolith), which is not resolved in the [START_REF] Walsh | Rotational breakup as the origin of small binary asteroids[END_REF] simulations, responds to large-scale surface mobility.

We present three plausible scenarious:

(1) The regolith is shed off the surface before any significant mass (large constituent pieces) is lost. If this is the case, then most rapidly rotating NEAs could have altered surface properties compared to other NEAs.

With no satellite or large masses in orbit, it is possible that all regolith ejected off the asteroid's surface would escape from the asteroid via radiation effects on timescales faster than satellite accumulation. Theoretically this could be detected in comparisons of surface properties between all rapidly rotating NEAs against all NEAs.

(2) The regolith moves with the large pieces of the rubble pile. The surface properties change only after binary formation has begun, and significant mass has been lofted into orbit. This may also mean that the total sur-face alteration depends on how far into the binary-formation process the system has progressed. This could be manifested in differing surface properties for binary NEAs as compared to the rest of the NEA population, including the subset of rapidly rotating NEAs.

(3) The regolith does not move, and continues to cover the surface of the asteroid although the large constituent pieces of the body move and escape. This scenario would likely lead to no observable changes in the surface properties of the body, except for possibly uncovering younger, less weathered regolith. Potentially this could be detected via spectroscopic signatures of the new, less weathered, regolith. However, the thermal inertia and albedo of the binary systems would likely remain unchanged in comparison to non-binaries due to similar amounts of regolith covering.

Alteration of regolith on asteroids is in principle observable at the wavelengths of their thermal infrared emission; a surface depleted of regolith has a less efficient thermal insulation than one covered with fine and thick regolith. Consequently the former has a higher surface thermal inertia than the latter.

Thermal inertia, Γ, is a measure of the resistance of a material to changes in surface temperature. It is defined as the square root of the product of the thermal conductivity (κ), the heat capacity (c) and the material density (ρ),

i.e. Γ = √ κcρ. Thermal inertia controls the body's diurnal temperature profile and thus affects the intensity and shape of spectral energy distribution of the body's infrared heat emission. For example, in the unrealistic case of zero thermal inertia a body has a prominent temperature peak at the subsolar point and its temperature distribution falls to zero at the terminator.

In the more realistic case of a body with finite thermal inertia and rotating with a spin vector not pointing toward the Sun, the temperature distribution is no longer symmetric with respect to the subsolar point. Each surface element behaves like a capacitor or sink for the solar energy such that the body's diurnal temperature profile becomes more smoothed out in longitude (e.g. [START_REF] Spencer | Systematic biases in radiometric diameter determinations[END_REF][START_REF] Delbo | Physical properties of near-Earth asteroids from thermal infrared observations and thermal modeling[END_REF][START_REF] Delbo | The nature of near-earth asteroids from the study of their thermal infrared emission[END_REF][START_REF] Mueller | Surface Properties of Asteroids from Mid-Infrared Observations and Thermophysical Modeling[END_REF]. The hottest temperature during the day decreases, whereas those on the night-side do not drop to zero as in the idealistic case of zero thermal inertia, implying non-zero thermal-infrared emission from the dark side of the body. So, information about the thermal inertia of an asteroid can be obtained from the color temperature of the body: high thermal inertia causes the day side color temperature of an object to decrease compared to that of another body with a lower thermal inertia.

In this paper we will present new measurements of thermal infrared emission for NEA binaries as well as discuss previously published data. Together the sample is significant enough to identify some basic trends that support significant surface alteration in NEA binaries as compared with other rapidly rotating NEAs and NEAs in general. In section 2 we discuss how the surface thermal inertia of asteroids can be inferred from thermal observations, in section 3 we present new observations, data reduction and analysis via thermal models, in section 4 we derive the thermal inertia of the binary NEAs and we compare it with the value derived for the whole population of NEAs, finally in section 5 we discuss how the observations relate to the YORP model of NEA binary formation.

Determination of asteroids' thermal inertia

The thermal inertia of the surface of an asteroid depends on regolith particle size and depth, degree of compaction, and exposure of solid rocks and boulders within the top few centimeters of the subsurface (see e.g. [START_REF] Mellon | High-Resolution Thermal Inertia Mapping from the Mars Global Surveyor Thermal Emission Spectrometer[END_REF].

Knowledge of the thermal inertia of asteroids is important because its value can be used to infer the presence or absence of loose material on the surface.

Lunar regolith, a layer of fragmentary incoherent rocky debris covering the surface of the Moon, has a low thermal inertia of about ∼ 50 Jm -2 s -0.5 K -1

(see e.g. [START_REF] Winter | Directional characteristics of infrared emission from the moon[END_REF]Spencer et al., 1989, and references therein).

Coarse sand has a higher thermal inertia, about 400 Jm -2 s -0.5 K -1 (Presley and Christensen, 1997b;[START_REF] Mellon | High-Resolution Thermal Inertia Mapping from the Mars Global Surveyor Thermal Emission Spectrometer[END_REF][START_REF] Christensen | Morphology and Composition of the Surface of Mars: Mars Odyssey THEMIS Results[END_REF], see e.g.),

whereas that of bare rock is larger than 2500 Jm -2 s -0.5 K -1 [START_REF] Jakosky | On the thermal properties of Martian fines[END_REF], and the thermal inertia of metal rich asteroidal fragments can be larger than 12,000 Jm -2 s -0.5 K -1 (Burns et al., 1979, and references therein). The correlation between increasing thermal inertia with increasing regolith grain size is observed in laboratory studies of particulate materials (see e.g. Presley and Christensen, 1997a,b, for a review).

Caution must be exercised when comparing thermal-inertia values between different parts of the Solar System, since thermal inertia is temperature dependent. Heat conduction within regolith (in a vacuum) is dominated by radiative conduction between grains, hence the thermal conductivity is proportional to T 3 , with T being the temperature of the regolith (see e.g. [START_REF] Kührt | A thermal model of the Martian satellites[END_REF]Jakosky, 1986, and references therein). In this case Γ ∝ T 3/2 and thus Γ ∝ r -3/4 , where r is the heliocentric distance. However, this is a negligible effect for our current purpose, since NEAs are observed at very similar helio-centric distances around 1 AU. For this reason, the thermal inertia of NEAs can be directly compared to that of the Moon.

As of now, the thermal inertia of some 25 asteroids has been measured (see [START_REF] Delbo | Thermal inertia of main belt asteroids smaller than 100 km from IRAS data[END_REF], for a recent overview). It was found [START_REF] Delbo | Thermal inertia of near-Earth asteroids and implications for the magnitude of the Yarkovsky effect[END_REF][START_REF] Delbo | Thermal inertia of main belt asteroids smaller than 100 km from IRAS data[END_REF] that thermal inertia and object size correlate, in the sense that smaller objects have higher thermal inertia, suggesting a thinner, coarser and less mature regolith and/or a larger abundance of boulders.

This is confirmed by in-situ spacecraft observations of the regolith of the NEAs (25143) Itokawa [START_REF] Yano | Touchdown of the Hayabusa Spacecraft at the Muses Sea on Itokawa[END_REF] and ( 433) Eros (Veverka et al., 2001a,b); see also [START_REF] Mueller | Surface Properties of Asteroids from Mid-Infrared Observations and Thermophysical Modeling[END_REF] for the most recent thermal inertia determinations of these objects.

The thermal inertia of an asteroid can be directly derived by comparing measurements of its thermal-infrared emission to synthetic fluxes generated by means of a thermophysical model (TPM ;[START_REF] Spencer | A rough-surface thermophysical model for airless planets[END_REF][START_REF] Lagerros | Thermal physics of asteroids. I. Effects of shape, heat conduction and beaming[END_REF][START_REF] Emery | Mercury: Thermal Modeling and Mid-infrared (5-12 µm) Observations[END_REF][START_REF] Delbo | The nature of near-earth asteroids from the study of their thermal infrared emission[END_REF][START_REF] Delbo | Thermal inertia of near-Earth asteroids and implications for the magnitude of the Yarkovsky effect[END_REF][START_REF] Mueller | Surface Properties of Asteroids from Mid-Infrared Observations and Thermophysical Modeling[END_REF], which is used to calculate the temperature distribution over the body's surface as a function of the bolometric Bond albedo (A), macroscopic roughness (θ), and thermal inertia (Γ). The dependence of the thermal infrared flux upon the body's size is trivial:

f (λ) ∝ D 2 for all values of λ.
The values of A, θ, Γ and D are adjusted until model fluxes best fit the measured ones (see [START_REF] Mueller | Surface Properties of Asteroids from Mid-Infrared Observations and Thermophysical Modeling[END_REF], for the description of the method). However, the applicability of TPMs is limited to the few asteroids for which gross shape, rotation period, and spin axis orientation are known. Multi-epoch observations are also required for obtaining a robust TPM fit.

Unfortunately, the large majority of asteroids for which we have thermal in-frared observations have been observed at a single epoch and/or information about their gross shape and pole orientation is not available, precluding the use of TPMs. In these cases simpler thermal models such as the near-Earth asteroid thermal model (NEATM; Harris 1998) are used to derive the sizes, albedos and apparent color temperatures of the surface of these objects. The latter can be used to infer the value of the thermal inertia. The NEATM assumes that the object has a spherical shape, and its surface temperature distribution is described by Eqs. ( 1) and (2):

T (ϑ) = T max cos(ϑ) 1/4 , ( 1 
)
where ϑ is the angular distance of any point on the surface from the sub-solar point. The maximum temperature, reached at the subsolar point, is obtained by the balance between the absorbed radiation (from sunlight) and the emitted radiation:

(

1 -A)S ⊙ r -2 = ηǫσT 4 max , (2) 
where S ⊙ is the solar constant at 1 AU (1329 W m -2 ), A is the asteroid bolometric Bond's albedo, r is the asteroid heliocentric distance, ǫ is the infrared emissivity, and η is the so-called "beaming parameter". In the NEATM, η is adjusted in the fitting procedure to allow the model spectral energy distribution to match the observed data.

The parameter η can be seen as a measure of the departure of the asteroid temperature distribution from that of a spherical, smooth body with all surface points in instantaneous thermal equilibrium with sunlight. In particular, thermal inertia causes dayside temperatures to decrease and hence η > 1.

All real surfaces have Γ > 0. However, η is not always > 1, except for perfectly smooth surfaces. Macroscopic roughness, which can be enhanced by the presence of craters on the surface, increases the observed temperature of a surface, when the latter is viewed under a small phase angle. The bottom of craters, canyons, valleys are, in general, hotter than the surrounding flat areas, because they are not only illuminated by the Sun, but they also receive scattered sunlight and the thermal infrared emission from the crater walls or the surrounding relief. A rough surface observed at small solar phase angle has η < 1. However, while for a small degree of surface roughness, η is smaller than unity and constant with phase angle, for very rough surfaces η increases with increasing phase angle (see Delbo', 2004, §6.6.2). Moreover, numerical simulations performed by the same author using a TPM show that η < 1.2 for any degree of roughness and for phase angles up to 90 • assuming zero thermal inertia.

A value of η significantly above unity at low or moderate phase angles (< 45 • ) or significantly above ∼ 1.2 at larger phase angles is an indication that thermal inertia plays a role in decreasing the observed surface temperature. [START_REF] Delbo | Keck observations of near-Earth asteroids in the thermal infrared[END_REF] noted that qualitative information about the average thermal inertia of a sample of NEAs could be obtained from the distribution of the ηvalues of the sample as a function of the phase angle, α. In a subsequent work [START_REF] Delbo | The nature of near-earth asteroids from the study of their thermal infrared emission[END_REF] it was observed that for a synthetic population of spherical asteroids with constant values of the albedo (A), heliocentric distance (r), thermal inertia (Γ), rotation period (P ), and surface roughness (θ), but with pole directions (λ 0 , β 0 ) randomly oriented, the distribution of the points in the (η, α) plane is strongly dependent on the value of Γ.

If we assume the thermal inertia to be roughly constant within a population of asteroids (e.g. binary NEAs), the distribution of the measured η-values versus α of different asteroids can be used to infer the thermal inertia of the popula-tion. This is the basis of a statistical inversion procedure developed by [START_REF] Delbo | Thermal inertia of near-Earth asteroids and implications for the magnitude of the Yarkovsky effect[END_REF] to determine the mean value of the thermal inertia of NEAs. The method is based on the comparison of the distributions of NEATM η-values vs α with that of a synthetic population of asteroids generated through a thermophysical model, using realistic distributions of the input parameters P , λ 0 , β 0 , and A for the whole NEA population derived from the literature. This approach is based on the fact that, even though shapes, rotation periods, and spin axis orientations are not known for every object, the distribution of these quantities for the whole population can be inferred from published data.

In this work, the method of [START_REF] Delbo | Thermal inertia of near-Earth asteroids and implications for the magnitude of the Yarkovsky effect[END_REF] is applied to binary NEAs.

New thermal-infrared observations are presented herein, in addition to η values compiled from the literature.

3 Thermal infrared observations, data reduction and NEATM fit

In this section we present new thermal infrared observations, the adopted data Images obtained in the four chop-nod beams were subtracted from one another like (A-B)-(C -D), resulting in one 'positive' and two 'negative' detections.

After registering the three detections per observation, instrument counts were determined through standard synthetic-aperture photometry routines. Flux calibration was performed against observations of [START_REF] Cohen | Spectral Irradiance Calibration in the Infrared.IV. 1.2-35 micron spectra of six standard stars[END_REF][START_REF] Cohen | Spectral Irradiance Calibration in the Infrared. X. A Self-Consistent Radiometric All-Sky Network of Absolutely Calibrated Stellar Spectra[END_REF] standard stars α Hya and γ Aql. Calibration standards and the target asteroid were observed at similar airmass, final fluxes are therefore rather insensitive to airmass correction. We assumed the average extinction coefficients for Mauna Kea reported by [START_REF] Krisciunas | Atmospheric Extinction and Night-Sky Brightness at Mauna-Kea[END_REF] A hardware failure in MIRLIN rendered every eighth readout-row unusable.

We replaced those rows with the respective pixel-by-pixel average of the two adjacent rows. The typical FWHM of the point-spread function was around 4 pixels. Some observations were largely unaffected by defective rows while others were severely compromised, with a defective row running through the centroid of one or more detection. In the latter case, we increased the flux uncertainty derived from aperture photometry by up to 100%, weighting the detections by the integration time spent on them: 50% for a severely affected positive detection, 25% per severely affected negative detection. See Table 2 for final fluxes.

No H value for Sekhmet is available in the published literature. We assumed H = 16.5 as given by the Minor Planet Center; an uncertainty of 0.5 is assumed. No published lightcurve data are available. Pravec et al. report a "prepublished" lightcurve amplitude of 0.1 mag or larger.1 Lightcurve correction of our thermal data was not attempted.

We used the NEATM to fit the thermal fluxes of Sekhmet given in Table 2, separately for each night using the observing geometry given in Table 1. The zero point for flux calibration was observed to vary by some 10% on May 14; all fluxes obtained in that night were assumed to be uncertain by this factor, dominating over the statistical flux uncertainties reported in Table 2.

In order to estimate the statistical uncertainty in the fit parameters η, D, and p V , a Monte-Carlo analysis was performed (see Mueller et al., 2007, for details). To this end, 300 normally distributed flux sets per night were generated, with average and standard deviation matching the measured fluxes and their uncertainties. The NEATM was fitted to each such flux set; best-fit values and statistical uncertainties of D, p V , and η were taken to be the mean and standard deviation, respectively, of the set of results. See Table 3 for final results.

The accuracy of NEATM-derived diameters and albedos is typically limited by systematic uncertainties, which for observations at phase angles up to 60 • were estimated by [START_REF] Harris | The surface properties of small asteroids from thermal-infrared observations[END_REF] to be 15% in diameter and 30% in albedo. The uncertainty in H (0.5 mag) contributes an additional 50% to the fractional albedo uncertainty but has no significant effect on D or η [START_REF] Harris | On the Revision of Radiometric Albedos and Diameters of Asteroids[END_REF]. We adopt as final results the weighted averages of the Sekhmet results presented in Table 3, plus the aforementioned systematics in D and p V , leading to D = 1.41 ± 0.21km and p V = 0.23 ± 0.13.

( (1995,1999) flux-calibration standard star α Hya was observed at an airmass very similar to that of the science target.
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For data reduction and thermal modeling, we used the same methods and models as in the case of Sekhmet (see previous subsection). Resulting flux values are listed in Table 2 and plotted along the NEATM fit in Figure 1. The resulting diameter, albedo, and η-value are given in Table 3 along with their statistical uncertainty (from the Monte-Carlo NEATM analysis used for the analysis of the Sekhmet data).

No H value for 2003 YT 1 is available in the published literature, consequently

we used H = 16.2 as reported by the Minor Planet Center; an uncertainty of 0.5 is assumed. Optical lightcurve data, obtained by Galad et al. (2004), indicate a rotation period of 2.343 hours and an amplitude of 0.16 magnitudes.

Given that small amplitude, lightcurve-correction of our thermal data was not attempted.

Our final results including the systematic NEATM uncertainty (see above) and the H-induced albedo uncertainty are D = 1.56 ± 0.31km, p V = 0.24 ± 0.16, and η = 2.06 ± 0.51. UT, by Neil Dello Russo and Ronald Vervack using the IRTF. They used the cross-dispersed (LXD) mode of SpeX [START_REF] Rayner | Spex: A medium-resolution 0.8-5.5 micron spectrograph and imager for the nasa infrared telescope facility[END_REF] covering 1.9-4.1 µm. Observations are made at two positions along the slit, 15 seconds each, and subtracted pair-wise to correct for sky background. The data were reduced using Spextool [START_REF] Cushing | Spextool: A spectral extraction package for spex, a 0.8-5.5 micron cross-dispersed spectrograph[END_REF]. Eight pairs of asteroid images were averaged, and the spectra extracted for each of the 5 spectral orders.

Following the method of [START_REF] Volquardsen | Improved 3 micron Band Determination in the Spectra of Aqueously Altered Asteroid Regoliths[END_REF], we fitted the telluric lines separately for the asteroid and standard star spectra, in order to remove them, and combined the orders into a single spectrum. The star spectrum was shifted to match the asteroid spectrum in wavelength. The asteroid spectrum was divided by the star spectrum, resulting in relative reflectance. The spectrum was normalized to 1.0 at 2.4 microns.

Our observations of 2001 SN 263 are spectroscopic without absolute flux calibration, and therefore do not contain direct information on asteroid diameter.

In the usable wavelength range (∼ 2.3 -4 µm), both reflected sunlight and thermal emission contribute to asteroid flux. Reflected and thermal flux dominate at short (K band) and long (L band) wavelengths, respectively. We can therefore extract the K-band albedo and the NEATM η parameter following similar work by, e.g., [START_REF] Howell | Visible and near-infrared spectral observations of 4179 Toutatis[END_REF] It is worth mentioning that while we measure the K-band geometric albedo p K , the thermal model needs its V -band counterpart p V as an input parameter. V -R of 0.367. We therefore assume p V /p K = 1.061.

We assumed the reflected component to be spectrally flat across the observed wavelength range. From spectroscopy of main-belt C types [START_REF] Rivkin | Hydrated Minerals on Asteroids: The Astronomical Record[END_REF][START_REF] Rivkin | The surface composition of Ceres: Discovery of carbonates and iron-rich clays[END_REF], we estimate that our assumption is reasonable for the wavelength range shortward of ∼ 2.6µm, which is dominated by reflected solar flux. See below for longer wavelengths. Thermal fluxes were calculated using the NEATM. Total fluxes were divided by the solar spectrum as compiled recently by [START_REF] Rieke | Absolute Physical Calibration in the Infrared[END_REF]. Over a grid of p V and η values we calculated χ2 given the measured spectrum and its uncertainties,

where we allowed our model values to be rescaled by an arbitrary (spectrally constant) factor.

The best-fit parameters with formal 1σ uncertainties (parameter range for which χ 2 ≤ 1 + min (χ 2 )) are p V = 0.0483 ± 0.0026 and η = 1.348 ± 0.030. We caution that our assumption of a flat reflectance spectrum would be expected to induce additional uncertainty. In order to study its effect, we repeated our analysis excluding the wavelength range 2.8-3.2µm around the common 3µm feature. Results from that run are indistinguishable from our previous results. Any possible reflectance features at longer wavelengths should not matter given the vast dominance of thermal flux over reflected flux.

Including the systematic albedo uncertainty of 30 % (see above), we obtain p V = 0.048 ± 0.015, perfectly consistent with the estimate by [START_REF] Reddy | Physical Characterization of First Triplet Near-Earth Asteroid (153591)[END_REF], who obtain 0.05 ± 0.01, and with a C-type classification.

Using H = 16.83 ± 0.04, (M. Hicks, personal communication, based on observations on 2007 Dec 16 UT) this implies an area-equivalent diameter of the triple system of 2.63 ± 0.40 km.

Radar observations [START_REF] Nolan | Arecibo Radar Observations of 2001 SN 263 : A Near-Earth Triple Asteroid System[END_REF] show the three diameters to be around 2, 1, and 0.4 km, respectively, or an area-equivalent system diameter of √ 2 2 + 1 2 + 0.4 2 km = 2.3 km, consistent with our result.

Determination of the thermal inertia of binary NEAs

The distribution of η-values as a function of α is shown in Fig. 2 a high thermal inertia for these objects [START_REF] Delbo | Keck observations of near-Earth asteroids in the thermal infrared[END_REF][START_REF] Delbo | Thermal inertia of near-Earth asteroids and implications for the magnitude of the Yarkovsky effect[END_REF]. This group of objects includes (2100) Ra-Shalom for which several studies indicate a thermal inertia higher than ∼600Jm -2 s -0.5 K -1 [START_REF] Shepard | Multi-wavelength observations of Asteroid 2100 Ra-Shalom[END_REF][START_REF] Lim | Thermal Infrared (8-13 micron) Spectra of the NEA 2100 Ra-Shalom[END_REF][START_REF] Harris | Thermal Infrared Spectrophotometry of the Near-Earth Asteroids 2100 Ra-Shalom and[END_REF]. In Fig. 4 we plot NEA η values against the size of the objects. Note that binary NEAs in the size range between ∼1 and ∼5

km have in general η-values higher than those of non-binary, non-slow-rotator

NEAs. This suggests that the higher η-values of binary NEAs is not due to a size effect, as it is known that the thermal inertia of asteroids is size dependent [START_REF] Delbo | Thermal inertia of near-Earth asteroids and implications for the magnitude of the Yarkovsky effect[END_REF].

We applied a two-dimensional Kolmogorov-Smirnov test (K-S; see [START_REF] Press | Numerical recipes in FORTRAN. The art of scientific computing[END_REF]) on the sample of binaries and slow rotators (T>10h) grouped together against the sample of all other NEOs for which we have η-values. The significance level for the data in Fig.

( 2) is about 0.002. This establishes to a near-certainty that the binaries and slow rotators grouped together and the other NEAs were drawn from different populations. If the K-S test is applied to the group of binary NEAs (taken by itself) against the sample of non-binary and non-slow-rotator NEAs the hypothesis that the two groups of objects are drawn from the same population can be rejected at 75% of significance level.

In order to derive the value of the thermal inertia of our sample of binary NEAs, we apply the statistical inversion method developed by [START_REF] Delbo | Thermal inertia of near-Earth asteroids and implications for the magnitude of the Yarkovsky effect[END_REF]. The procedure requires η to be computed for all members of a synthetic population of asteroids as function of Γ. The calculation of η is performed by numerically generating thermal-infrared spectra by means of a TPM and fitting them with the NEATM. In general η depends on θ, P , A, the thermalinfrared emissivity, ǫ, the heliocentric distance, r, the gross shape of the body, Σ, the sub-solar latitude, θ SS , the longitude, φ SE , and the latitude, θ SE , of the sub-Earth point [START_REF] Delbo | Thermal inertia of near-Earth asteroids and implications for the magnitude of the Yarkovsky effect[END_REF]. Note that θ SS , φ SE , and θ SE , depend on the ecliptic longitude λ 0 and latitude β 0 of the pole of the body. As discussed by [START_REF] Delbo | Thermal inertia of near-Earth asteroids and implications for the magnitude of the Yarkovsky effect[END_REF], the parameters A, ǫ, r, θ, and Σ contribute little to the variation of η. Therefore, they have been kept fixed to their nominal values, namely A = 0.073, r=1.2 AU, θ=36 • and Σ=sphere.

For each value of Γ, we generated a large number (30,000) of synthetic objects whose P , θ SS , φ SE , and θ SE parameters have random values with distributions that have been chosen to provide a reasonable match to the population of binary NEAs included in this work. In particular, the distributions of the angles θ SS , φ SE , and θ SE were computed starting from the distribution of the spin-axis orientation of NEAs (λ 0 , β 0 ) from La [START_REF] Spina | Retrograde spins of near-Earth asteroids from the Yarkovsky effect[END_REF], the phase angle, the heliocentric ecliptic latitude, and the geocentric ecliptic latitude of the asteroids at the time of the infrared observations; the distribution of P was calculated starting from the distribution of the binary NEA rotation periods included in this work (see Table 3).

The distance D of the two-dimensional Kolmogorov-Smirnov metric (see [START_REF] Press | Numerical recipes in FORTRAN. The art of scientific computing[END_REF]) is used as goodness-of-fit estimator to compare the observed data with the distribution of synthetic points in the (η, α) plane. In particular, the fitting procedure consisted in finding the value of Γ that minimizes the K-S distance D. Figure 5, where we have plotted the K-S distance D as a function of Γ, shows that the function D(Γ) (continuous line for the nominal spin vector distribution) has a minimum at Γ ∼480 Jm -2 s -0.5 K -1 , our best estimate of the thermal inertia of binary NEAs. Note that this is more than twice as large as the best-fit thermal inertia of all NEAs (Γ = 200 ± 40Jm -2 s -0.5 K -1 ) for which we have η values (dotted line of Fig. 5, taken from [START_REF] Delbo | Thermal inertia of near-Earth asteroids and implications for the magnitude of the Yarkovsky effect[END_REF].

As discussed above, this difference in thermal inertia is neither an artifact of object size nor of spin period. We do not have information about the spin vector of the binary NEAs studied in this work. However, if most of these objects are in, or have been in a YORP-state, there is reason to assume that the direction of their spin vectors are polarized perpendicular to their orbital plane (implying θ SS = 0 • ), which is an end state of the YORP effect [START_REF] Čapek | The YORP effect with finite thermal conductivity[END_REF]. For this reason we investigated the sensitivity of our best-fit value of thermal inertia to changes in the input distributions of binary NEAs spin-axis orientations. The dashed line of Fig. 5 shows the function D(Γ)

obtained by using θ SS =0 • for all synthetic asteroids. In that case, the best-fit thermal inertia decreases to ∼ 400 Jm -2 s -0.5 K -1 , which can be considered as a lower limit for the value of Γ for our binary NEAs.

The sensitivity of the best-fit value of Γ to the errors affecting the η-values of Fig.

( and for each simulation of noise-corrupted data we calculated the best-fit thermal inertia. The standard deviation of Γ was found to be 70 Jm -2 s -0.5 K -1 .

Discussion

We showed that our sample of binary NEAs has a higher thermal inertia than their non-binary counterparts. The difference is statistically significant as evidenced by a K-S test; it is not an artifact of object size, spin rate, or observing conditions. Why would binary NEAs have an elevated thermal inertia?

In the context of the YORP binary formation model of [START_REF] Walsh | Rotational breakup as the origin of small binary asteroids[END_REF], this can be explained by much of the main body's surface regolith being removed during the binary formation process. The final destination of the regolith is an interesting question. If the regolith does move and is ejected similar to the boulders in the [START_REF] Walsh | Rotational breakup as the origin of small binary asteroids[END_REF] model, then it is being ejected off the primary continuously during satellite formation. Once the seed for the satellite forms, it will be quite effective in accreting this material. The time scale for bulding up the satellite is of the order of the YORP spin-up time scale (10 4 -10 6

years [START_REF] Walsh | Rotational breakup as the origin of small binary asteroids[END_REF].

So it is possible that most of the primary's removed regolith stays in the binary system, but is sequestered inside the secondary. Observations of the system are dominated by the surface of the primary which has largely lost its regolith, so the effects of depletion on the primary are captured in the thermal observations.

If the regolith was removed during spin-up, before the binary formation begins, then other rapidly rotating NEAs would have surface properties similar to those of the binaries. This is not seen in the data, as there is a strong distinction between binary NEAs and rapidly rotating NEAs. Similarly, if regolith was not removed during the spin-up or binary formation, then there should be no noticeable thermal differences between a sample of binaries and non-binary NEAs. Again, this is not seen, as NEAs with moderate spin rates have normal η values.

Apollo

Apollo has the lowest η value in our sample of binaries, and one which is not significantly higher than the group of rapidly rotating NEAs. In comparison to the other systems, and NEA binaries in general, the Apollo system has a very small secondary, estimated to be only 5% the size of the primary, and therefore only ∼0.0125% the mass of the primary [START_REF] Ostro | [END_REF]. So the low η value for Apollo could be a sign that it is just at the beginning of its binary formation cycle and has not yet lost much regolith. It has been observed

to have a YORP-induced increasing spin rate, so it may still be spinning up and just starting to transfer mass to a newly formed secondary [START_REF] Kaasalainen | Acceleration of the rotation of asteroid 1862 Apollo by radiation torques[END_REF].

SN 263

2001 SN 263 is the only known triple NEA. The outermost satellite is quite distant with a semi-major axis ∼12-14 primary radii, while the inner, smaller, satellite orbits at only 3-4 primary radii [START_REF] Nolan | Arecibo Radar Observations of 2001 SN 263 : A Near-Earth Triple Asteroid System[END_REF]). This appears to be a highly evolved YORP formed case, where a satellite was formed, and then evolved far enough away from the primary to allow a second satellite to form. Therefore this unique system could potentially be the one most dramatically affected by the regolith depletion mechanism outlined in this work. Its ηvalue is 1.35±0.03, and not entirely suggestive of an extreme case of regolith depletion.

Slow rotators

The other group of NEAs with high measured η values are slow rotators. The binary systems were exceptional when compared to other NEAs of similar spin rates, but the group of slow rotators have similarly high η values. This group of NEAs are interesting as the YORP-effect has successfully been used

to explain the excess of slow-rotating asteroids among NEAs [START_REF] Pravec | Spin rate distribution of small asteroids[END_REF]. The details of what happens to the asteroid as YORP pushes it to very slow spin rates is still somewhat unclear. The YORP-induced spin-rate change is practically independent of thermal inertia, but the YORP-induced obliquity change is not [START_REF] Čapek | The YORP effect with finite thermal conductivity[END_REF]. However, with the data presented in this work, all of the bodies with high η, and likely high thermal inertia, are bodies which probably have had their spin rates directly altered by YORP. Certainly, with the small number of observations presented here, this is not evidence that thermal inertia plays a role in the effectiveness of YORP, but simply an observation that all the bodies in our sample with high η and high thermal inertia appear to be the ones most strongly suspected of being in a YORP spin-up or spin-down cycle.

Conclusions

We show that the typical thermal inertia of our sample of binary NEAs is around 480 ± 70Jm -2 s -0.5 K -1 (one sigma), or more than twice the value found to be typical for NEAs in general. Compared to non-binary NEAs, binaries display a relative lack of fine regolith indicative of regolith movement. It is reasonable to assume that this is associated with the binary formation process.

Indeed, numerical modeling of binary formation through YORP-induced disruption suggests that such surface alterations occur before and during binary formation. Our results therefore provide support for these models.

Moreover, we suggest that every high-η fast-rotating NEA is very likely to be binary, making it a prime target for attempting a detection of a satellite through photometric lightcurves or radar.

Lastly this work produced some new questions for investigation, primarily We also wish to thank Lucy Lim and an anonymous referee for suggestions that led to significant improvements in the paper. • Binary near-Earth asteroids (NEAs) have higher thermal inertia than typical NEAs.

• Slow-rotator NEAs also have higher thermal inertia than typical NEAs.

• Implication: relative lack of fine regolith on binary and slow-rotator NEAs.

• Implication: a binary formation process involving regolith movement.

• This supports formation of binary NEAs through YORP-induced disruption.

  ) 2003 YT 1 were obtained with the TIMMI2 at the 3.6m telescope of the European Southern Observatory (PI G.P. Tozzi). Observations of (153591) 2001 SN 263 and (5381) Sekhmet were obtained at the Infrared Telescope Facility, which is operated by the University of Hawaii under Cooperative Agreement no. NCC 5-538 with the National Aeronautics and Space Administration, Science Mission Directorate, Planetary Astronomy Program.

(

  153591) 2001 SN 263This triple NEA[START_REF] Nolan | Arecibo Radar Observations of 2001 SN 263 : A Near-Earth Triple Asteroid System[END_REF] was observed on 27 Feb 2008 at 7:34

;

  [START_REF] Rivkin | Constraining near-Earth object albedos using near-infrared spectroscopy[END_REF];[START_REF] Fernández | Comet 162P/Siding Spring: A Surprisingly Large Nucleus[END_REF];[START_REF] Volquardsen | Composition of hydrated near-Earth object (100085) 1992 UY4[END_REF].

  [START_REF] Reddy | Physical Characterization of First Triplet Near-Earth Asteroid (153591)[END_REF] report an essentially featureless (C-type like) spectrum between ∼ 0.7 and ∼2.2µm with a blue slope of -0.029%/µm[START_REF] Reddy | Physical Characterization of First Triplet Near-Earth Asteroid (153591)[END_REF] 2 , implying p R /p K ∼ 1.047.Hicks et al. (personal communication, 2009) determined V -R = 0.353 ± 0.015, implying p V /p R ∼ 1.013 assuming a solar

  Fig 3. In the range of rotation periods shorter than 3-4 hours, binaries have, in general, η-values larger than those of non-binary NEAs. Figure 3 also shows a group of slow rotator NEAs (P > 10 hours) with large η-values, suggesting

  2) was studied by performing a Monte Carlo simulations, in which we randomly varied the values of the η-values within their error bars (assuming normally distributed random numbers),

  about the interesting elevated η-value of NEAs with rotation periods longer than 10 h. Though these bodies do not directly fall into the YORP-spinup category like the binaries, they are an interesting population of bodies which are possibly tied to a YORP-cycle affecting the spin rates of a larger percentage of NEAs. However, more data are needed with this population as we only present three measurements. The Henri Poincaré Fellowship is funded by the CNRS-INSU, the Conseil Général des Alpes-Maritimes and the Rotary International -District 1730. M.D.B. wishes to thank G.P. Tozzi (PI of the ESO program) for the observation of the asteroid 2003 YT 1 . We thank N. Russo and R. Vervack for kindly providing their SpeX data of 2001 SN 263 .

  . The rotation period of each object, the phase angle and the date of the observations are also reported. References: (rotation periods) a) Neish et al. (2003); b) Pravec et al. (2006); c) Nolan et al. (2008); d) Harris et al. (1987); e) Szabó et al. (2001); f) Nolan et al. (2002); g) Pravec et al. (2002); h) Pravec et al. (2005; Pravec, P., Wolf, M., Sarounova, L.: 2005, posted on WWW: http://www.asu.cas.cz/∼ppravec/neo.htm); i) Pravec et al. (1998); j) Abe et al. (2000); k) Weissman et al. (1999); (thermal modeling) 0) This work; 1) (Harris, 1998, and references therein); 2) Delbo' (2004); 3) Harris and Davies (1999); 4) Delbo' et al. (2003); 5) Wolters et al. (2005); 6) Mueller et al. (2007).
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  8.81, 10.27, and 11.70 µm. Sekhmet was observable in the second half of the night; those parts of the night were clear on May 12-15. On May 16, observations had to be aborted due to incoming clouds after cycling through the filters once. The humidity was consistently high in all five nights, with τ measured at the CSO ranging between 0.15 and 0.2. See Table1for observing dates and circumstances.

	(5381) Sekhmet
	(5381) Sekhmet was observed on 2003 May 12-16 UT using the IRTF and the
	Mid-InfraRed Large-well Imager (MIRLIN; Ressler et al., 1994). A three-point

reduction procedure and the NEATM fit of the binary NEAs (5381) Sekhmet and (164121) 2003 YT 1 , and of the triple NEA (153591) 2001 SN 263 . chop-nod pattern was used such that the target was roughly centered in the field of view for 50% of the time and on two offset positions (North/South) for 25% of the time each. MIRLIN's N1, N3, and N4 filters were used, with effective wavelengths of

  2003 YT 1Thermal-infrared observations of the binary NEA 2003 YT 1 were obtained on May 8, 2004 using the Thermal Infrared Multi-Mode Instrument (TIMMI2;

[START_REF] Reimann | TIMMI2: a new multimode mid-infrared instrument for the ESO 3.6-m telescope[END_REF] 

installed at the ESO 3.6m telescope of the European Southern Observatory (ESO), La Silla, Chile. Photometric observations were carried out in imaging mode through narrow band filters centered at 8.6, 11.9, 12.9, and 17.8 µm. A standard chopping/nodding observing technique was used similar to that employed in our Sekhmet observations. The

Cohen et al. 

Table 2 :

 2 Observational circumstances for the thermal-IR observations reported here-in: heliocentric distance r, geocentric distance ∆, and solar phase angle α. Observed fluxes. Flux calibration was performed against observations of[START_REF] Cohen | Spectral Irradiance Calibration in the Infrared.IV. 1.2-35 micron spectra of six standard stars[END_REF][START_REF] Cohen | Spectral Irradiance Calibration in the Infrared. X. A Self-Consistent Radiometric All-Sky Network of Absolutely Calibrated Stellar Spectra[END_REF] standard stars α Hya and γ Aql for (5381) Sekhmet and of α Hya for (164121) 2003 YT 1 .

	Tables		
	Object	Time (UT) r (AU) ∆ (AU) α ( • )
	(5381) Sekhmet 2003 May 12 14h 1.1138	0.1459	42.0
		2003 May 13 14h 1.1174	0.1400	37.8
		2003 May 14 13h 1.1207	0.1354	33.5
		2003 May 15 14h 1.1243	0.1316	28.7
		2003 May 16 11h 1.1273	0.1296	24.7
	(164121) 2003 YT 1 2004 May 08 02h 1.0359	0.1242	74.3
	(153591) 2001 SN 263 2008 Feb 27 07h 1.0520	0.0705	27.4
	Table 1		

Table 3 :

 3 Diameters, albedo, and η-values from thermal model fit of binary NEAs

http://www.asu.cas.cz/ ~ppravec/newres.htm

The slope given inReddy et al. (2008) reads -0.29; Reddy (personal communication, 2009) informed us that it contains a typo (one zero is missing) and that the units are as given in this manuscript.
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