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Abstract
00

We present near-infrared spectral measurements of Thamisyfasteroid (379) Huenna (8 km) and its 6 km satellite using
'—Spex on the NASA IRTF. The companion was farther tharf r&m the primary at the time of observations and was apprateiy
5 magnitudes dimmer. We describe a method for separatingx@dnakcting the signal of a companion asteroid when the signa
not entirely resolved from the primary. The spectrum of (3A8enna has a broad, shallow feature neaniand a low slope,
characteristic of C-type asteroids. The secondary’s gpects consistent with the taxonomic classification of C-ptew or X-
Q_complex. The quality of the data was notiitient to identify any subtle feature in the secondary’s spet.

9 Keywords: ASTEROIDS, SPECTROSCOPY
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1. Introduction The first spectroscopic measurements of a resolved asteystdm,
. . (22) Kalliope, are presented by Laver et al. (2009) using<ibek AO
Since th_e discovery of the small moon Dactyl around (243) 'dasystem and its integral field spectrograph OSIRIS. They fiedspec-
by the Galileo spacecraft more than a decade ago, many mefe Syy of the primary and secondary to be similar, suggestingnancon
tems have been discovered by either indirect methods ¢U¥eS,  origin  More recently Marchis et Al (2009) presented a carative
e.g.|Pravec et al_. 2006) or direct detection (direct imaging atara spectroscopic analysis of (90) Antiop;e based on data ¢etlessing
echoege.g.Merllne et all 1999; Margot et El|..2CCZ; Ostrq et.al. 2006; the 8m-VLT and its integral field spectrograph SINFONI. Thiisary
Marchis et al. 2008). The study of the physical and orbitalrabter-  ,qterqid is composed of two large{B5 km) components. A compar-
istics of these systems is of high importance, as it providiessity 5o of Antiope’s component spectra suggest that the coegisrare

measurements and clues on formation processes throughsiede  jgentical in surface composition and most likely formedhirthe same
Durda et al. 2004; Walsh etlal. 2008). Primary formation ac@s in- | -carial.

clude capture (from collision or close approach), and fisaied mass-
loss from either YORP spin up for small binary asteroids:2D km,
Pravec and Harris 2007; Walsh etlal. 2008) or from obliqueaictp
for large asteroids (100 km/Descamps and Marchis 2008).

Spectroscopic measurements of each component of multgle s
tems are fundamental to understand the relationship betwesll In November 2009, main-belt asteroid (379) Huenna reaclkeed p
bodies and their companions. From high quality measuresneiift ihelion, and the system had a separation of over'.1.9he pri-
ferences in slope and band depths provide information orposin ~ mary is a large (B98 km, Marchis et al. 2008; Tedesco et al. 2002)
tion, grain sizes, orféects of space weathering on each surface andC-type (Bus and Binzel 2002) and a member of the Themis family
help constrain formation scenarios. Obtaining photoroetalors or  (Zappala et al. 1995). Its secondaryd®03 (379) 1) was discovered
spectra of the secondaries, however, is rarely possibléadie small by IMargot (2003). With an estimated diameter of 6 km, the sec-
(sub arcsecond, often less than a few tenths of an arcsesepdja-  ondary is~5 magnitudes fainter at optical wavelengths than the pri-
tion and relative faintness (often several magnitudes dimiraf the ~ mary, and it has a highly eccentric orbit {€0.22) with a period of
satellites. Photometric colors of TNO binaries, which gy@dally of 87.60+0.026 daysl(Marchis et al. 2008). This irregular orbit sisgge
comparable size, have revealed their colors to be the sacharann-  mutual capture from disruption of a parent body or even egrlioper
distinguishable from the non-binary population (Benethal. 2009).  (Marchis et all 2008). It is not likely that the secondarynfied by

fragmentation of Huenna due to the YORP spinfie@, because the

*Visiting Astronomer at the Infrared Telescope Facility,ig¥his operated primary is too large for this process to bﬁgent (Rubincam_2000;
by the University of Hawaii under Cooperative AgreementNbiX-08AE38A  \Walsh etall 2008). Here we present near-infrared spectealsore-
with the National Aeronautics and Space AdministratiorieSee Mission Di- ~ ments of the primary and secondary and as well as a new spexctra
rectorate, Planetary Astronomy Program. traction method to separate them.
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2. Observation and Data Reduction

2.1. Spectroscopy

We observed the (379) Huenna system on 2009 November 28 UT,

and obtained near-infrared spectral measurements fromo @%um
using SpeX, the low- to medium-resolution near-IR specaply and
imager (Rayner et al. 2003), on the 3-meter NASA IRTF located
Mauna Kea, Hawaii. Observations were performed remotaynfr
the Centre d’Observation a Distance en Astronomie a MeydmD-
DAM, Birlan et al. 2004) in Meudon, France. Using the BinargbiD
Fit (BOF) algorithm from_Descamps (2005) and the orbitalapae-
ters provided in_Marchis et al. (2008), the secondary wagsegl to
be located about 1.88W and 0.17 N with respect to the primary at
the time of our observations. The configuration of the slibggn in
Fig.[d) was thus chosen as following. The slit was first ceteon
the primary (position “P” in Fid.]1) and 8 spectra of 120 setowere
taken, alternated between twdfdrent positions (usually noted as ‘A
and ‘B’) on a 0.8x15” slit aligned in the north—south direction. We
chose not to align the slit along the parallactic angle tdlifate the
positioning of the slit on the secondary for these challeggibserva-
tions. Next, the slit was shifted westL..8” (15 pixels; position “S” in
Fig.[) to maximize the flux from the bulge on the southwestipor
of the guider image, the secondary, and minimize contamimétom
the light of the primary. We continued to guide on the primatyile
taking spectra of the secondary. Because of the long peridd day)
of the secondary, its motion relative to the primary during abserva-
tions was negligible. We spent two hours taking spectra 6fskzonds
of the secondary, although we combine and present only tispddira
toward the end of the night, when the seeing was lowest ansighal
of the secondary was detectable. The solar-type standartlatdolt
102-1081|(Landalt 1983) was observed to remove the soldriban
tion from the reflected light, and an argon arc lamp spectrastaken
for wavelength calibration.

The dome was closed for the first two hours of the observatiaes
to high humidity. During the beginning of the observatiohs seeing

was around 1 and humidity was high. The data we present here, how-

ever, were taken toward the end of the night when the humfuity
dropped to 10% and the seeing was down to about 0.5

Reduction was performed using a combination of routineiwit
the Image Reduction and Analysis Facility (IRAF), providey the
National Optical Astronomy Observatories (NOAQ) (Tody 33%nd
Interactive Data Language (IDL). A software tool callgédtospex
was used to streamline reduction procedures to create aiXxeEldmap
from flat field images, apply a flat field correction to all imagend
perform the sky subtraction between AB image pairs. The gym
spectra were combined and the final spectrum was extractibdawi
large aperture centered on the peak of the spectrum usingpthia
procedure in IRAF. The spectral extraction procedure ofttellite is
described in Section 3. A wavelength calibration was pemnat using
an argon arc lamp spectrum. The spectra were then divideldabyt
the standard star to determine the relative reflectance amdatized
to unity at 1.215m.

2.2. Imaging

Figure 1: Observing configuration: P marks the position efdlit for observa-
tions of the primary using the IRTF observations. S marksptstion for the
secondary which was chosen based on the expected posittbe eécondary.
Top: Adaptive-optics image obtained with NIRC2 at the Keckgetmpe.Bot-
tom: Image obtained at the IRTF with SpeX slit-viewer, displhye the same
scale. Both images are oriented with north up and east I&#. plate scale of
the IRTF spectrograph and IRTF guider (slit-viewer) are&sGatd 0.12/pixel,
respectively.

On the same night (see Talgle 1), we also observed Huenna using

the Adaptive Optics system of the Keck-II telescope and RCR
infrared camera (10241024 pixels with a pixel scale of 9.94 103
arcsefpixel). Two Kp-band (bandwidth of 0.3%4m centered on 2.124
um) images made of 4 coadded frames each with an integratian ti
of 40 seconds were basic-processed using classical mefiodsub-
traction, flat-field correction and bad pixel removal). le ttesulting
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Table 1: Observations on 28 November 2009

Target Time (UT)  Airmass Instrument
(379) Huenna  12:56-13:08 1.31-1.37 Spex, IRTF
$2003(379) 1 13:13-13:56 1.40-1.75 Spex, IRTF

L102-1081 14:19-14:26 1.34-1.31 Spex, IRTF
(379) Huenna  13:46-13:52 1.6-1.75 NIRC2, Keck-II

frame shown in Fig]1l (averaged observing time 13:49:05)qinbd
after shift-adding these two frames, the primary is not Ikegband
slightly saturated. The satellite is detected with a peaRS2B and
no motion with respect to the primary was detected over thénGites
of observation.

The position of the satellite as measured on the NIRC2 image

(Fig.[D) is 1.67+0.08" W and 0.62+0.05’ S, significantly éfset from
the predicted position based on the Marchis et al. (2008)adrinodel
(1.88" W and 0.17 N). This highlights the need for a refined period
and adjustment for precessiofiexts due to the irregular shape of the
primary. Additional astrometric measurements are necgdsabet-
ter constrain the orbital period and precession. For thetsmeopic
observations on the IRTF, because the slit was oriented NeSte
displacement of the satellite in the E-W direction with mdpto its
expected position was only 0.Zcompared to a 0/8slit), the slit was
well-positioned on the satellite (see Higy. 1).

3. Spectral Extraction of the Satellite

Given the spatial resolution of SpeX, which is limited by the
mospheric seeing, and the angular separation of (379) Huand its
satellite at the time of our observations1(5’), the spectrum of the
secondary was contaminated byfdse light from the primary. We
thus extracted both spectra (the companion and tfiiesa light of the
primary) at once, by adjusting a fit function at each wavetfergm-
posed of the sum of two Gaussian functions (one for each coemtp
on top of a linear background:

fo )+ fs )

.ex
V2no? p( V2no?

where x describes the pixels perpendicular to the wavelength dispe
sion direction. The 7 free parameters aaeandb, the slope and ab-
solute level of the background, and fs, the maximal flux of each
component centered ar, and cs, respectively, and- the Gaussian
standard deviation. In Fifj] 2 we present an example of thestrdpnt
showing both components and their sum plotted with the data.

—(x—cp)?
202

_(X - CS)Z

fit = 202

.exp(

We verified the accuracy and robustness of the extractionxéame
ining the residuals of the fit and the evolution of the freeapaeters
according to wavelength shown in Hig. 3. First, the angudpasation
between the two components, the peak of thiude primary light and
the secondarycf—cs) is nearly constant, with a value ofdé4 + 0.25”,
the uncertainty being mostly due to the uncertainty of th&tmmn of

the secondaryct, see Fig[B). This separation is the order of magni-

tude expected (0.82along the North-South direction, see Hijy. 1).
Second, the Gaussian standard deviationfollows the expected
trend due to the seeing power-law dependence with wavéierigt
deed, the seeing is proportionalto"/°, which means that the amount
of diffused light from Huenna entering the slit is not the same at sho
(e.g.J) and long é.g.K) wavelengths. The sam&ect occurs with the
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Figure 2: A cut of the (379) Huenna spectrum along a wavelenghstant
line (1 = 1.23 um). Acquired data (observing time 13:58 UT) is plotted as
a black solid line, and the corresponding best-fit curve @wdras a dotted
red line. Individual Gaussian functions for Huenna (prijand its satellite
(secondary) are drawn in bulleted and solid blue curvepetiely. Central
positions €p, Cs), peak amplitudesff, fs), and Gaussian standard deviation
(o), accordingly to notation in Hg.1, are labeled for clarResiduals of the fit
are plotted on the bottom panel.

slit-dispersed light: in the direction perpendicular te thavelength
dispersion, the spectrum is broader at shorter waveleragtisnar-
rower at longer wavelengths. The combineteet is a1~%/> depen-
dence of the standard deviatiam)( We plot in Fig[33 the theoretical
wavelength dependence function of the Gaussian standaratide,
labeled ‘seeing, for a seeing value of 0’5at 0.5um.

We set the standard deviation of the satellite Gaussiantibmc
equal to Huenna'’s to simplify the fitting algorithm. Howev&om
the discussion above, we can expect a wavelength depenifendé
for the satellite (which is entirely covered by SpeX slithiFimplies

+ax+b(L)we slightly underestimate the size of the satellite Gausgiaction

toward longer wavelength, and thus the satellite flux, ardefore its
spectral slope.

Third, the peak-to-peak amplitude measured for Huenna &nd i
satellite corresponds to the valuefih ~ 6 reported by Marchis et al.
(2008): the ratiofs/ f, measured for the spectra istG- 0.1, and the
amount of dffused light from Huenna entering the slit is about 1% of
the overall peak amplitude of Huenng,j, calculated using a Gaus-
sian profile for Huenna due t00.5-0.6 seeing, conditions similar to
what we had at the end of the night. Note tligtis Huenna’s overall
maximum, not the local peak we measure for dispersed light that we
call f,.

Finally, the background leveb), mimics the spectral behavior of
Huenna, whose fused light dominated the light entering the slit, as
expected. The amount offtlised light entering the slit’lfrom ¢, (a
separation corresponding tar2 is about 16° x f;, corresponding to
~ f,/250 (under the same seeing assumptions).

We also test our extraction method by comparing the highityual
spectrum of the primary while centered on the primary exécdby
both methods. In the IRAF reduction, the center peak is ifledt an
aperture width is chosen, and all the flux within that regosuimmed.

In our method we fit Gaussian functions to the flux. An addaiarror



is introduced in our extraction method because the fit fonstican
slightly over or underestimate the flux. The largest errantioduced
before Jum and past 2.8m as is shown in the top panel of Hig. 3. The
spectra are generally consistent, although the slope o$pbetrum
from the new extraction method is lower (009 vs. 1.040.05)
and we do not see the 1 micron band as clearly because of therpoo
fit of the function at shorter wavelengths. This suggeststtieerrors

in the slope from the Gaussian extraction are greater thaffotimal
errors listed. The spectra of thefdise primary and the secondary have
a low signal-to-noise ratio and thus high errors due to theflox and
the limited time when the seeing wadTtiently low.

‘ -
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4. Results

The spectra of Huenna and its companion are presented irefdgu
Slopes are calculated between 0.9 andi2using a chi-square min-
imizing linear model (using the IDL routineinfit) and are listed in
Table[2 with their formal errors for various wavelength rasg The
telluric regions from 1.3 to 1.4m and from 1.8 to 2.0m were ex-
cluded from the calculation. A spectrum of the primary psitdid by
Clark et al. (2010) is taxonomically in agreement with ouectpum,
also a C-type, however the band minima position$edi(1.02Qum
versus 1.04xm for our data). The slope of our spectrum is also lower
than the previously published data, although they agrelimibe er-
rors, 1.04:0.55 and 1.940.53 %10® A. An additional error of 0.5
%/10° A is added to these slopes because in this case we are comp
ing data from diferent nights using flierent standard stars.

The spectrum of the secondary is consistent with a C-congyl&x
complex spectrum. The C- and X-complexes are broad umtestizs
for B-, C-, Cb-, Cg-, Cgh-, Ch-types and X-, Xc-, Xe-, and Xyp¢s,
respectively. Without accompanying visible data, C-car@nd X-
complex spectra are indistinguishable except in the casleeopres-
ence of a broad Lm feature indicating C-type (DeMeo et al. 2009).
As can be seen in Tallg 2 the slopes of the spectra of the saycantd
the difuse light of the primary are greater than the slope of thegmym
spectrum even considering the large error. Particuldily slopes are
much greater in the shorter wavelength region, while thpedcare
all relatively consistent in the higher wavelength regiBecause this
slope dfect is seen for both spectra, we suspect itis not due to any com
positional diferences but rather to the observational circumstances.

Background (ADU)

Std. deviation ¥pix)

N
o
T

Centers (pix)
N
3
x

Differences in slope could be caused by atmosphdfierdntial re- 20r
fraction which varies as a function of wavelength and isrgjsy at
shorter wavelength$ (Filippenko 1982). For our obseruatidhe slit 0.5 1.0 1.5 2.0 2.5
was oriented in the north-south direction rather than atbegarallac- Wavelength (um)

tic angle. We chose this orientation to facilitate the porihg of the

sliton the s_econdary while reo!u0|r_19 the Contamlnatlorl fitide light Figure 3: Parameters of the spectral extraction plottedratibn of the wave-
from the primary. However, this slit orientation could wdiuce slope  |ength. The gray areas represent the wavelength rarfisteat by telluric ab-
effects. Airmass dierences at the times of the observations are likelysorptions, and we labeled the atmospheric windows wittr tirgiial designa-
the biggest contributor to slopefects. The airmass was 1.3 when tion (visible, J, H, and K)From bottom to top. Sub-panel position of the
centered on the primary and 1.4-1.7 when centered on thedago ~ tWo Gaussian centers, Huenmgg)(and its satelliteds). Sub-panel 2the Gaus-
Because the airmass of the standard star was 1.34 at theftvheeag- sian standard deviationr] compared to the atmospheric theoretical seeing (see

vation, efects of atmospheric refraction were not entirely removed fo text). Sub-panel 3the background levebj compared to a fraction of Huenna
’ P y flux (fp). Sub-panel 4the residual of the fit, displayed as percent of the peak

the observations when centered on the secondary. value of the spectraf and fs for Huenna and its satellite respectively).
Considering the fects of airmass and parallactic angle that intro-

duce an additional slopdfact to the data, we are unable to be certain

whether the slope of the secondary is consistent with timegri. This

allows several possible formation scenarios. The saailiuld be a

fragment from a former parent body that was disrupted to fdtranna

and the secondary. The satellite could be a member of the iSliam-

ily that was captured into an eccentric orbit around Hueritnough



Table 2: Slope Measurements

Object Slope 0.9-2.4m  Slope 0.9-1.3m Slope 1.4-2.4m

[%/(10° A)] [%/(10° A)] [%/(10° A)]

(379) IRAF 1.04:0.05 0.7@0.02 1.2%0.02
(379) Gauss 0.7£0.09 -1.26:0.05 0.86:0.05
(379) Diffuse 2.340.59 2.520.38 1.450.38
$/2003 (379) 1 2.531.17 3.4%0.77 1.26:0.77
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Figure 4: Top section: From top to bottom: The spectrum ofpti@ary with

the slit centered on the primary reduced using IRAF; the sdate reduced
using the new Gaussian method presented here; the spectrima primary

with the slit centered on the secondary measuring tffesdid light; and the
spectrum of the secondary. The spectra are plotted with igneaserrors and
are normalized to unity at 1.218n and are shifted by -0.561.5+2.5, and+2.8,

respectively. Bottom section: The ratio of the secondany diffuse primary
spectra both with the slit centered on the secondary.

more unlikely, it could also be a captured interloper of &mtaxo-
nomic type. We are confident, however, that the satelliteotsofi a
significantly diferent taxonomic type.

We have presented the third resolved spectrum of a moortlt sa
lite of a multiple asteroid system, the first being (22) Kabke from
Laver et al.|(2009) and the second, (90) Antiope (Marchig.099).
Our innovative extraction method allows us to derive thespeof the
satellite (with a magnitude fierence of 5 and distance of 1)5and
the primary, and this method could be used for similar fuprgects.
These results show the capability of a medium-size telestomid
in the measurement of multiple system asteroids with lagga®-
tions. Further observations with larger telescopes, @adily those
equipped with adaptive optics, can be used to perform thiesimea-
surements for multiple asteroid systems which are notyessparable
(angular distance1”), and will be useful to constrain formation sce-
narios.
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