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Abstract

We report the results of the Cornell Mid-IR Asteroid Spectroscopy (MIDAS) survey, a program of ground-based observations designed
to characterize the 8-13 um spectral properties of a statistically significant sample of asteroids from a wide variety of visible to near-IR
spectral classes. MIDAS is conducted at Palomar Observatory using the Spectrocam-10 (SC-10) spectrograph on the 200-in Hale telescope
We have measured the mid-infrared spectra of twenty-nine asteroids and have derived temperature estimates from our data that are largel
consistent with the predictions of the standard thermal model. We have also generated relative emissivity spectra for the target asteroids.
On only one asteroid, 1 Ceres, have we found emissivity features with spectral contrast greater than 5%. Our spectrum of 4 Vesta suggest:
emissivity variation at the 2—3% level. Published spectra of several of the small number of asteroids observed with ISO (six of which are
also included in our survey), which appeared to exhibit much stronger emissivity features, are difficult to reconcile with our measurements.
Laboratory work on mineral and meteorite samples has shown that the contrast of mid-IR spectral features is greatly reduced at fine grain
sizes. Moreover, the NEAR mission found that 433 Eros is covered by a relatively thick fine-grained regolith. If small bodies in general
possess such regoliths, their mid-IR spectral features may be quite subtle. This may explain the evident absence of strong emissivity variation
in the majority of the MIDAS spectra.
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1. Introduction have shown (e.gl,ogan et al., 1973; Salisbury et al., 1991b
that the emissivity spectra of laboratory samples are diag-

Main-belt asteroids, having surface temperatures betweennostic of mineralogy. Certain major mineral groups, such
200 and 300 K, emit thermal radiation with spectral peaks as the plagioclase feldspars, that lack useful diagnostic fea-
in the 10-20 um region. A portion of this spectral re- tures at visible to near-IR wavelengths do produce diag-
gion can be observed from ground-based telescopes throughostic mid-infrared features. Thermal infrared spectroscopy
the 8-13-ym atmospheric transmission window. From the of asteroids, therefore, can potentially provide a consider-
disk-averaged color temperatures, constraints on the ther-able amount of information that is not available from other
mophysical properties of the asteroids’ surface layers canremote-sensing techniques.

be inferred. Furthermore, the silicate minerals thoughtto be  Early attempts at mid-infrared asteroid spectroscopy
the main constituents of asteroid surfaces have major Si—(e g., Gillett and Merrill, 1975; Feierberg et al., 1983;
O stretching bands in the 10 um region, and experiments Green et al., 1985wvere hampered by a lack of understand-
ing of the mid-infrared spectra of the calibration stars, which
~* Corresponding author. themselves contained substantial Si-O absorption features.
E-mail address: lucylim@astro.cornell.ed(L.F. Lim). (Fig. ). The monumental work of Cohen et al. (10 papers,
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Fig. 1. Calibration stars. Ratio of the spectrumxofauri published byCohen et al. (1992p the blackbody spectrum used as a reference for this siailleyt
and Merrill (1975)

1992-1999) in assembling accurate absolutely-calibratedtaken with Spectrocam-10 on the 200" Hale telescope at
spectra of mid-infrared standards made the proper calibra-Palomar Observatory. The design of Spectrocam-10 (SC-10)
tion possible, and indeed Cohen et al. themselves soonis described in detail ilayward et al. (1993)what follows
published 5-14 um Kuiper Airborne Observatory (KAO) here is a brief overview.
spectra of 1 Ceres, 2 Pallas and 4 Ve@@mhen et al., Spectrocam-10 is a combination camera and long-slit
1998; Witteborn et al., 1999vith spectral uncertainties of  spectrograph designed to operate in the 8-13-um atmos-
10-20%. Space-based 6-12-um asteroid spectra from thepheric window. It is mounted at the Cassegrain focus of
ESA Infrared Space Observatory (ISO) were published by the 200" telescope in a liquid nitrogen cooled dewar. The
Dotto et al. (2000) Barucci et al. (2002)and Dotto et al. detector and filter wheel are cooled further in a second,
(2002) who concluded from their observations that they had liquid-helium-filled dewar. A pickoff mirror directs the beam
detected mineralogical spectral emissivity variations; and from the telescope’s secondary into the dewar; from there,
by Mueller and Blommaert (2004)Again, however, only  two spherical mirrors refocus the beam and direct it through
a handful of the brightest main-belt asteroids were covered. one of several available slits (mounted on a slit wheel).
Here we present the results of the Cornell Mid-Infrared A paraboloidal mirror then collimates the beam and reflects
Asteroid Spectroscopy (MIDAS) Survey: ground-based mid- it to a grating scan mechanism, which can either disperse
IR spectra of twenty-nine asteroids measured with Spectro-the collimated beam using one of two gratings in the spec-
cam-10 on the 200" Hale telescope at Palomar Observatorytrograph modes, or reflect it with an optical flat for camera
and calibrated on the standard starsCofen et al. (1992)  mode. The beam then returns to the paraboloidal mirror,
Our uncertainties in absolute flux are approximately 10% for which focuses it through a filter wheel and onto the detec-
all our data, with spectral uncertainties ranging from 2-5%. tor. The detector itself is an arsenic-doped silicon (Si:As)
We have attempted to represent the widest possible varietyg|B|B (Back Illuminated Blocked Impurity Band) array of
of the traditional visible- to near- IR spectral classes in our 128x 128 elements.
target sample. Using a simple thermal model, we have esti-  Because the mineralogical features of interest to us are
mated the sizes and surface temperatures of the asteroids ipe|atively broad in wavelength and hence do not require
our survey. For two asteroids, 1 Ceres and 4 Vesta, we detechjgh spectral resolution, we used the low-resolution mode
spectral emissivity variation that is likely to be mineralogi- and wide 2 slit exclusively in order to maximize our sig-
calin origin. We rule out emissivity variation at the 5% level 3] to noise ratio and spectral coverage. The nominal noise

for the remaining twenty-seven asteroids. equivalent flux density (NEFD) for a 100s exposure in low-
resolution mode is 25 mJy (7:6 10716 W/m?2/um). (For
2. Observations comparison, the faintest of our asteroid targets were approx-

imately 2x 10713 W/m?/um at 10 pym.) The dispersion
We observed twenty-nine asteroids over the course of in low-resolution mode is 0.024 pfpixel; consequently
three observing runs: October 2—-3 (UT), 2001, Septembernot more than three um of a spectrum can fit on the 128-
21-22,2002, and August 22—-23, 2003. The circumstances ofpixel detector at one time. Moreover, due to vignetting
our observations are given @able 1 All our spectra were  and “rolloff” in detector sensitivity near the edges of the
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Table 1
Circumstances of asteroid observations
Asteroid Total integration Observation Start End Integration time Standard
time per segment date time time per segment stars
(s) (UT) (uT) (uT) (s)
1 Ceres 477 2002-Sep-21 7:52:19 8:31:55 318 n Cet
2002-Sep-22 8:07:02 8:18:47 159 a Cet
2 Pallas 956 2001-Oct-03 3:02:58 3:23:00 320 y Aql B And
2002-Sep-22 3:25:52 3:57:35 318 y Agl
2003-Aug-22 11:47:02 11:56:19 159 a Cet
2003-Aug-23 12:00:07 12:17:04 159 a Cet
3Juno 160 2001-Oct-02 13:23:11 13:32:28 160 B Gem
4 \esta 960 2001-Oct-02 09:59:28 10:19:40 320 a Tau
2001-Oct-02 10:40:07 10:59:37 3?0 a Tau
2001-Oct-03 11:00:30 11:44:55 320 a Tau
9 Metis 160 2001-Oct-02 13:41:53 13:51:12 160 B Gem
10 Hygiea 798 2001-Oct-03 5:03:33 5:28:25 320 a Lyr
2002-Sep-21 10:02:05 10:30:59 318 a Tau
2002-Sep-22 13:46:38 14:00:49 159 a Tau
11 Parthenope 320 2001-Oct-02 11:47:19 12:07:23 320 a Tau
15 Eunomia 159 2002-Sep-22 4:32:39 4:48:08 159 y Aql B Peg
18 Melpomene 159 2002-Sep-22 7:45:06 7:58:00 159 n Cet
20 Massalia 318 2002-Sep-21 12:35:01 13:01:50 318 a Tau
22 Kalliope 641 2001-Oct-02 11:08:28 11:27:58 B20 a Tau
2001-Oct-02 12:29:38 13:01:07 320 a Tau B Gem
2001-Oct-03 13:30:44 14:03:15 320 a Tau
24 Themis 320 2002-Oct-03 12:48:21 13:11:31 320 a Tau
25 Phocaea 318 2002-Sep-22 2:26:19 2:48:08 318 y Agl o Lyr
40 Harmonia 320 2001-Oct-03 11:52:43 12:29:23 320 a Tau
45 Eugenia 318 2002-Sep-22 9:59:25 10:25:00 318 a Cet
46 Hestia 159 2002-Sep-21 10:55:47 11:08:28 159 a Tau
54 Alexandra 320 2001-Oct-03 3:57:43 4:17:58 320 a Lyr
89 Julia 160 2001-Oct-03 9:54:29 10:03:47 160 a Tau
95 Arethusa 320 2001-Oct-03 5:55:40 7:15:18 320 B Peg
109 Felicitas 318 2002-Sep-21 13:38:01 14:14:40 318 o Tau
137 Meliboea 159 2002-Sep-22 9:20:07 9:34:38 159 a Cet
200 Dynamene 318 2002-Sep-22 11:37:30 12:08:59 318 o Cet
201 Penelope 477 2002-Sep-21 9:01:27 9:33:23 318 a Cet
2002-Sep-22 8:41:57 8:54:25 159 a Cet B And
240 Vanadis 318 2002-Sep-21 11:35:19 12:07:00 318 a Tau
433 Eros 955 2002-Sep-21 5:47:55 6:23:00 318 B Peg B And
2002-Sep-22 5:16:29 5:46:06 318 B Peg B And
2002-Sep-22 6:16:23 6:46:28 318 B And
498 Tokio 160 2002-Oct-03 8:39:43 8:49:00 160 a Tau
511 Davida 318 2002-Sep-22 12:41:15 13:13:59 318 a Tau B Gem
704 Interamnia 320 2001-Oct-03 7:31:13 8:31:09 318 B And
735 Marghanna 318 2002-Sep-22 10:46:26 11:12:46 318 a Cet

@ glit losses due to tracking problems. This observation has been included in the emissivity av&igg8 lut not in the flux average &ig. 7.
b Marginal conditions. This observation has been includethinie 2but not in the average spectrafigs. 7 and 8

chip, the actual usable range is restricted to about 2.8 um.a heater and thermostat to reduce instability due to tem-
To cover the 8-14-um window, we took three overlapping perature changes over the course of the night, we found
spectral segments with the grating scan mechanism in dif- that we had to be vigilant about checking and adjusting the
ferent positions, centered at wavelengths of 9.2, 10.7, andGSM position after each spectral segment. Some detectable
12.2 pym. drift nevertheless remained, which led to offsets from one
The grating scan mechanism (GSM) is designed to move spectrum to another in the wavelength registration on the
the diffraction gratings and optical flat in and out of place to chip. These offsets were usually subpixel, but could occa-
switch instrument modes and to rotate the gratings to coversionally be as large as 1-2 pixels, as we found when we
different wavelength regions within each mode. Because it calibrated the raw spectra in wavelength using telluric at-
is mobile, and because it has to be moved frequently whenmospheric features. Our wavelength registration procedure
the instrument is in use, it is less stable than the fixed op- is discussed more thoroughly in Secti@nThe standard de-
tical components of SC-10. Although it is equipped with viation of the wavelength of any given pixel over a single
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Fig. 2. SC-10 data processing. (a) Background substraction via on-chip chopping and nodding. (b) Spatial profile. This is the sum across dikvedivelengt
the SC-10 detector signal from one segment. The central peak represents the two overlapping positive images (a). The flanking images rep@stnt the opp
chop positions. (c) Raw data from the same SC-10 segment as a two-dimensional image. The spectral dispersion is left-right, with wavelength increasi
toward the left. The vertical direction is spatial.

night was typically about 0.02 um; the detector spectral scale  We chose our readout frequency carefully to keep the de-
was 0.0232 unpixel. tector in its linear range throughout. The detector was bright-
At mid-infrared wavelengths, both the sky and the tele- estaround = 12 um due to emission from a set of terrestrial
scope itself emit their own thermal radiation and are bright water lines and reached 1200-1300 mV;, it was darkest in the
with respect to the target objects. In order to enable ac- region at the extreme short end of our spectral range, and the
curate subtraction of this background radiation, spectra of detector output was approximately 100 m\iat 8 um.
the empty sky adjacent to the astronomical target must be The variation in the light path through the telescope be-
measured. The rapidly varying sky background is measuredtween chop positions is compensated for by moving the
by moving, or “chopping,” the secondary mirror between entire telescope to take spectra of the target and sky in both
on-target and off-target beams at a high frequency. In our chop positions (“nodding”). A minimal complete measure-
observations, we chopped three times per second. The chipment must therefore include four raw spectral images or
itself is read out faster still in order to avoid filling the detec- “beams,” one for each permutation of chop and nod posi-
tor wells beyond their linear range. Each of these images istions.
known as a “frame,” so that in our data SC-10 has read the  Spectrocam-10’s field of view is 64 pixels wide ()6
detector out at eight frames per chop, or 24 times per secondin the spatial direction; wide enough that it was possible
The frames belonging to each chop position are co-added byto chop and nod “on-chip,” so that the dispersed image of
SC-10 in two hardware memory buffers, so that the instru- the star or asteroid could be included in all four beams of
ment does not output every frame individually, but only one the sequence, as illustratedkig. 2 In each beam the dis-
co-added image per chop position. persed image falls on a different row of the detector. The
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Fig. 3. Spectra of Aquilae ratioed to a 4000 K blackbody. Top:Agl as measured in the current work. This spectrum is an average of three spectra calibrated
ona Lyrae andg Pegasi. Bottom: template spectrum publishedyfakgl by Cohen et al. (1999)The template is based enHydrae shortward of 10.3 um
and on a theoretical model longward of 10.6 pm.

background subtraction then yielded a combination image before using their spectra to calibrate the asteroid spectra,
(Fig. 2c) containing two positive and two negative dispersed thereby adding another level of atmospheric uncertainty to
images of the target, parallel to each other and centered orour results. In the case of Aquilae, we averaged three
various rows of the detector. The rows containing these im- spectra, two calibrated am Lyrae and one o Pegasi, to
ages were automatically identified and added together with produce the spectrum illustratedfig. 3. Slight changes in
the appropriate sign changes to produce a segment of the asthe atmospheric transmission between the times of the as-
teroid’s spectrum. teroid and standard observations remain one of our primary
Our measurements typically consisted of four or eight sources of uncertainty.
beams (one or two complete sets taken consecutively) of
twenty seconds each, and since the source was always on-
chip, the total integration time per spectral segment was 80 s3. Calibration and processing
for a four-beam measurement or 160 s for an eight-beam
segment. Each of our spectra was assembled from three overlap-
The resulting spectral segment represented the flux specping spectral segments. In the raw dispersed images, the
trum of the target asteroid convolved with the atmospheric short-wavelength segment ranged from 7.6 to 10.6 um; the
transmission and instrumental response functions. In or- medium, from 9.2 to 12.2 pm; and the long, from 10.7 to
der to isolate the asteroid’'s spectrum, we needed to esti-13.7 pm. Because of “rolloff” in the detector’s sensitivity
mate the overall response function by measuring the spec-close to its edges and low atmospheric transmission below
trum of a mid-infrared calibration standard under similar 8.2 pm and above 13.2 um, the ranges of the usable portions
atmospheric conditions. For each asteroid spectrum, there-of the segments were 8.2-10.4, 9.3-12.0, and 10.9-13.2 pm,
fore, we planned a corresponding observation of a standardrespectively.
star as close to the asteroid data as possible in time and air- We extracted spectral segments from the dispersed im-
mass. Our standards needed to be bright stars whose truages. Due to the on-chip chopping and nodding, each two-
infrared spectra were well known. Whenever possible, we dimensional image contained four parallel dispersed images
used the observed composite spectra compileGdlyen et of the target asteroid or standard ($8g. 2a): two positive
al. (1992, 1999jor six of their “primary standards'a Ceti, images superimposed on each other along the central row of
a Lyrae,«a Tauri, 8 Andromedaeg Geminorum, angs Pe- the detector (close to row 32) and two negative flanking im-
gasi. However, because a number of our target asteroids wereages centered near rows 16 and 48. The dispersion was very
far from all of these stars in the sky at the time we observed nearly parallel to the rows of the detector array, so that the
them, in several cases we were obliged to use other brightcentral row for any given image at column 0 of the detec-
mid-infrared stars—most notably, Aquilae (HD 186791), tor was consistently less than half a pixel removed from its
for which Cohen et al. (1992, 1999jublished a template  central row at column 127. We located the precise centers
file based on the spectrum of a star of similar spectral type of the images by fitting a function composed of a Gaussian
(a Hydrae) but no observed spectféd. 3. In these cases, flanked by two half-strength Gaussians of opposite sign to
we had to flux calibrate these stars on the primary standardseach column. The centers, amplitudes, and widths (related
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Fig. 4. Model atmospheric transmission for Palomar (ATRANd (1992). Atmospheric transmission as a function of wavelength in the mid-infrared. The
large absorption between 9.2 and 10.1 pm is caused by telluric ozone; most of the other structure is due to water vapor. The transmission fueation has be
smoothed to the spectral resolution of SC-10's low-resolution mode.

to the seeing and telescope tracking) of the Gaussians were The prominent telluric lines in each spectral segment pro-
permitted to float. The medians of the three resulting sets of vided convenient reference points for wavelength calibration
central rows were taken to be the true central rows of the (see, for example.ord (1992)for the wavelengths of vari-
images, and the medians of the sets of widths were takenous telluric absorption features). In the short- and medium-
to be the true width of the point spread function. The rows wavelength segments, we relied on the ozone absorption
within 30 of the three central rows were summed to pro- Structures centered around 9.49 and 9.648 pm. In the long-
duce three one-dimensional spectral segments, one positivévavelength segments, we used the 12.55-um water vapor
and two negative, with the maximum ratio of signal to noise. feature.

An example of the overall preextraction spatial profile of [N order to calibrate our standard star data, we created
an SC-10 segment is included Big. 2b; the correspond- @ reference spectrum by multiplying the model spectrum
ing two-dimensional detector imageFRay. 2c. of the star(Cohen et al., 199%y a standard model of at-

No spectral errors were introduced by this profile extrac- MOSPheric transmissivityHg. 4) and reducing the spectral
tion, since the spatial profile did not change as a function of résolution appropriately. We compared a segment of this

wavelength, and the same rows of pixels were summed frommOdel that included the telluric feature to be used for calibra-
one end of t’he detector to the other tion with the standard star data containing the same feature.

The chopdecton s at  vry smal angle o th co- 8 5L 16D he 126 avay oo 0 wveenat,
umn direction of the detector, so that we had to offset the y y 9

flanking images in column number slightly before adding as the detector, so that we could conveniently make subpixel

. adjustments to the registration by integer numbers of arra
them to the central image. We measured these offsets by cal- ) g y 9 y

) S elements. We then adjusted the wavelength registration for
culat!ng t_he wavelength calibration for a!l of th? central and our data until we had maximized the correlation between the
flanking images separately and averaging. Since the Oﬁsetdata and the model.
angle did not change during any given night, the average \ye fo|lowed a similar procedure to register the asteroid
wavelength offset would be more accurate than the result gpecira in wavelength, except that in place of the standard at-
of any individual wavelength calibration. Without this cor- mosphere we used the transmissivity function derived from
rection, the wavelength resolution of the spectral segmentsine calibrated standard star spectrum. We multiplied the de-
would have been degraded slightly. rived transmissivity by a standard thermal model (spherical

The segments from the two negative flanking images greybody) spectrum of the asteroid to produce our theoreti-
were reversed in sign before the three segments were addega| reference spectrum. The standard thermal model will be
together, so that the total result from the two-dimensional discussed more thoroughly in Sectién
chopped and nodded detector output was one one-dimen- The results of these automated calibrations were plotted
sional spectral segment. together with their ratio and examined by hand. The telluric

Before we could combine the asteroid and standard spec-ines are strong and steeply sloped, so that a small offset in
tral segments into a single spectrum calibrated in flux, we the wavelength registration could produce a prominent arti-
had to calibrate them in wavelength. fact in the ratio of asteroid to standard data. When it was nec-
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transmission function.

essary, we adjusted the result of our automated wavelengthd. Sources of uncertainty
registration routines manually until these artifacts were min-

imi_zed. This process is illustrated Fig. 5 These ma_nual Our spectra have two types of uncertainty: uncertainty
adjustments were never greater tha8 Bf a detector pixel, i, the overall flux, or global uncertainty; and point-to-point
or 0.016 pm. uncertainty in the spectral shape, or local uncertainty. The

Once the standard star's spectrum had been calibrated iny|oha| uncertainties affect only the radius estimates of our
wavelength, the ratio of the measured spectrum to the frué,giaroids. while the local uncertainties affect the subsolar

spectrum of the calibratqCohen et al., 1999epresented o nerature estimates and the shapes of the emissivity spec-
a combination of the atmospheric transmission function and tra

the efficiency of Spectrocam-10 at the time and airmass of
the calibration data. In the cases where our asteroid and stan
dard data were separated by more than 0.1 airmasses, w
applied an airmass correction consisting of the ratio of the
transmission through a model atmosphere (from the ATRAN

program for Palomal,.ord, 1999 at the asteroid’s airmass

to the transmission through the same model atmosphere a
the standard star’s airmass. The measured spectral segmen
from the target asteroid could then be divided by the cor-

rected transmission function to yield the true flux spectrum andg Andromedae; 1.46% faz Lyrae andy Ceti; 5-7.5%

o tggczsutgaog;ﬂtt:gsseiesnrge;tﬁbs heric instability (largel for their “template” spectrum of Aquilae; and 2.5% for
P y (largely their template spectrum of Ceti. Our total global flux un-

water vapor variations), the spectral segments were SOMe- ertainty can be estimated by comparing airmass-corrected
times offset in overall flux and had to be scaled before they y y paring

could be combined into a single spectrum. In these cases, Wecalibrgtion stgr spectra taken at variqus times_during our ob-
scaled the short- and long-wavelength segments to the 9'4_servat|ons W.'th gach other. We assign a uniform value'of
11.5-um segment by the ratio of the medians of their fluxes 10% unpertglnty in global qux.to all our data. Note that this
in the overlapping regions. We spliced the three Segmentsuncertamty in the overall flux is much larger than the local
together to form the complete 8.2—13.2-um spectrum of the

asteroid. The overlapp_ing regions O_f the re_sulti_ng spectra mn et al. (1992, 1999)se the term “global bias” to refer to the
therefore represent twice as much integration time as thegyerall flux uncertainty, which does not contribute error to spectral shape or

nonoverlapping regions. color measurements.

The principal sources of global uncertainties are slit
losses, which varied from segment to segment due to
lf‘:hanges in the seeing and imperfect telescope tracking; at-
mospheric changes between the time when the standard star
was measured and the time when the asteroid was measured;
and global uncertainty in the reference spectra of the stan-
Hard stars. The latter have been publishedCohen et al.
8992, 1999)who assign “global biag"values of 1.45% to
their reference spectra gf Pegasio Tauri, 8 Geminorum,
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Fig. 6. Mid-infrared spectra of laboratory materials. (a) The effect of particle size on the strength of mid-infrared spectral features. Airssiaégthe
features are suppressed but do not change in wavelength. Dat&#&lhury et al. (1991b)b) Laboratory spectra of powdered meteorite samples. Data from
Salisbury et al. (1991aYhe right-hand axis is the emissivity derived from bidirectional reflectance data (see footnote in 8eiti@asier comparison with
the current work. The Allende and Johnstown spectra have been offset in reflectance by 1.5 and 3%, respectively, from La Criolla for clarity.

uncertainties in the emissivity spectra of the asteroids, which mass correction is also a source of local uncertainty. Finally,
are represented by the point-to-point scatter in the spectra. imperfect wavelength calibration can create substantial ar-
The sources of local uncertainty are atmospheric varia- tifacts in the emissivity spectrum (sédg. 5), particularly

tions, statistical photon noise, and local uncertainties in the close to major telluric lines.

reference spectra of the standard stars. In cases where the Because the mineralogical emissivity features in this
standard spectrum had to be corrected to the airmass of thespectral region are quite broad in wavelength, extending
asteroid spectrum, deviation of the actual atmospheric trans-over 0.5 pm or moreHig. 6), we resampled our spectra
mission from the model atmospheric profile used in the air- into 0.1-um bins, which each corresponded to just over four
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SC-10 pixels. We then used the standard deviation amongtemperature because the asteroid is able to reradiate its en-
the points in each bin in order to estimate our local uncer- ergy more efficiently.

tainties. In Table 2(STM temperature and radius fits), the “pre-
dicted subsolar temperatures” were calculated from(Ey.

with a value of 0.756 for the beaming paramdtegbofsky

et al., 1986) This value was derived empirically from ra-
diometry of 1 Ceres and 2 Pallas (s&gencer et al. (1989)

We fit our data to the asteroid standard thermal model Table I, and references therein), whose diameters were
(STM). The STM(Lebofsky and Spencer, 1988jodels the known independently from occultation data. It carries an un-
asteroids as spheres of uniform emissivity in instantaneouscertainty of £0.014, which corresponds t&1.3 K at an
thermal equilibrium with the incident solar radiation. The asteroid—Sun distance of 2 AU. (However, compeegris
model spectrum, therefore, has only two parameters: a scal{1998) who argues that for near-Earth asteroids the appro-
ing factor that depends on the radius of the asteroid andpriate values off may be much higher, and suggests a default
asteroid—Earth distance, and the temperature of the astervalue ofny = 1.2.) The earlier radiometric asteroid diameters
oid’s surface at the subsolar point. We allowed both of these of the IRAS Minor Planet Survey (IMPMatson, 1986;
quantities to vary during ou? fitting. The surface temper-  Tedesco, 1989; Tedesco et al., 2002ye derived by apply-
atures at all other points on the asteroid can be expressedng this canonical value to IRAS radiometry. In contrast, us-

5. Radiusand temperaturefits: the standard thermal
model

simply in terms of the temperature at the subsolar point: ~ ing MIDAS spectral data, we can measure color temperature
14 and fitn independently for each asteroid. This is essentially
T (6) = TsubsolaC0S”*(6). (1) the same method employed biarris (1998)using thermal

The STM spectrum is always calculated for a solar phase infrared spectrophotometry.

angle of zero, then corrected for phase by 0.01 magnifudes ~ We used two values for effective emissivity: 0.98 for low-
degree (with uncertainties 6f0.007 to—0.005) of phase,  albedo objects < 0.11) and M-class asteroids and 0.95
based on mid-infrared photometry bylatson (1971)of for higher-albedo asteroids. These estimates are based on
main-belt asteroids at a variety of phase angles. Since thislaboratory spectra measured Byglisbury et al. (1991dpr
correction is not wavelength-dependent, this phase correc-powdered samples of carbonaceous and ordinary chondrites,
tion does not produce any change in the shape of the moderespectively, translated to emissivity (§eetnote 7in Sec-
spectrum, and therefore does not affect the temperature detion 8) and averaged over the spectral region between 8 and
terminations. Its uncertainties have been incorporated, in a20 pm, where main-belt asteroids emit most of their thermal
root-summed-square sense, into the uncertainties quoted foradiation? Altering the model emissivity by 3% changes the
our radius estimates. predicted subsolar temperature by 2 K.

The subsolar point temperature is a function of the A departure from this “STM predicted temperature” in
asteroid—Sun distance, asteroid bolometric albedo, and asterour x 2 fitting implies either that the asteroid’s surface differs
oid effective emissivity. In the STM, it is also affected by an in bolometric albedo from the albedo used to predict the tem-
empirical factor known as the “beaming parameter,” which perature, or that the asteroid’s effective emissivity or other
represents a combination of other thermophysical proper-thermal properties (represented by the beaming parameter)
ties of the surface layer. The most important of these is differ from those of Ceres and Pallas. The uncertainties in
preferential beaming of thermal radiation in the sunward di- our temperature measurements themselves, citédbre 2
rection due to surface roughness: the floors of craters, forare the formal errors from the? temperature fit§Bevington
instance, will receive reflected and emitted radiation from et al., 1992, p. 147)Only data between 8.2 and 13.2 pm
the illuminated crater walls in addition to the direct insola- were used in these fits; we also excluded data points that
tion. A “beaming parameter” less than unity will increase fell within the highly variable telluric ozone structure (9.25-

the predicted subsolar point temperature, so that 10.2 pm). It is worth noting that these temperature measure-

) ) 14 ments are unaffected by global flux uncertainties caused by

Tatboolare [(1 - albedo(lnsolatlor)} ) slit losses, for example, and can only be affected by spectral
neo errors.

wheren represents the beaming parametdahe emissivity,
ando the Stefan—Boltzmann constant.

The insolation is a straightforward inverse-square func- 6. Results
tion of the asteroid—Sun distance, which for each of our
targets was readily available from JPL “Horizonsittp:// The flux spectra for our twenty-nine asteroid targets are
horizons.jpl.nasa.govGiorgini et al. (1996). Our tem- plotted ad-ig. 7. The error bars in these plots represent spec-
perature measurement therefore constrgiths- albedog/
(néefrective) for the target asteroid. A hlgher_ a|bed9 Ie.ads 2 A value of 0.90 for “silicate emissivity” is often used in the literature,
to a lower temperature because less of the insolation is ab-yyt is more appropriate for warmer objects where a substantial portion of
sorbed. A higher effective emissivity also produces a lower the thermal radiation is emitted shortward of 8 um.


http://horizons.jpl.nasa.gov
http://horizons.jpl.nasa.gov
http://horizons.jpl.nasa.gov

Table 2
STM temperature and radius fitting results
Asteroid Fitted Fitted Implied STM pred. Published Assumed  Assumed Phase Taxonomic Taxonomic Rotation

Tsubsolar radius beaming Tsubsolar radius albedo emissivity angle 0) class(Bus, class(Tholen,  period

(K) (km) param. {) (n=0.756)  (km) 1999) 1989) (h)

(K)

1 Ceres (21 Sept. 2002) 26114 4705+ 250 0.74+0.02 2405 47554392 0.11 098 747 C G 907
1 Ceres (22 Sept. 2002) 2811 4677+ 250 0.74+0.01 2406 4755+ 3.92 0.11 098 693 C G Q07
2 Pallas (3 Oct. 2001) 230+ 1.6 27914180 0.71+0.02 2276 266+ 3P 0.16 095 1642 B B 7.813
2 Pallas (22 Sept. 2002) 2B+ 1.3 2760+ 17.0 0.78+0.02 2235 266+ 3° 0.16 095 1351 B B 7.813
2 Pallas (22—23 Aug. 2003) 2453 2917+ 150 0.74+0.04 2433 266+ 3° 0.16 095 1793 B B 7.813
3 Juno 20B8+7 1357+ 110 0.67+0.07 2846 134+ 3¢ 0.15 095 2527 Sk S 721
4 Vesta (2 Oct. 2001) 256+1.3 2627+19.0 0.75+0.01 2502 2652+ 54 0.24 095 2066 \ \Y 5.342
4 Vesta (3 Oct. 2001) 248+1 2564+ 180 0.80+0.01 2502 265+ 54 0.24 095 2047 Y Y 5.342
9 Metis 2822+121 782+7.0 0.75+0.14 2817 95+ 10° 0.18 095 2832 S 5079
10 Hygiea (3 Oct. 2001) 229+ 3.2 2240+ 130 0.80+ 0.05 2333 204+ 3f 0.07 098 108 C C 27623
10 Hygiea (21 Sept. 2002) 21/t 3.7 2097+ 130 0.81+0.06 2236 204+ 3 0.07 098 1346 C C 27623
10 Hygiea (22 Sept. 2002) 21+ 2.6 2138+130 0.82+0.04 2236 204+ 3f 0.07 098 1324 C C 27623
11 Parthenope 262+ 34 655+5.0 0.74+0.04 2627 7667+ 2 0.18 095 2031 Sk S
15 Eunomia 264 +9 1457+ 8.0 0.78+0.11 2711 12767+ 89 0.21 095 917 S S 6083
18 Melpomene 31a+4.1 746+ 4.0 0.65+0.04 2992 7029+ 1 0.22 095 757 S S 1157
20 Massalia 276+ 2.6 772+7.0 0.80+ 0.03 2745 7275+5 021 095 2715 S S 8098
22 Kalliope (2 Oct. 2001) 248+ 34 789+6.0 0.81+0.05 2532 905+2 0.14 098 2201 X M 4.148
22 Kalliope (2 Oct. 2001) 247+5 730+5.0 0.82+0.07 2532 905+ 2 014 098 22 X M 4148
22 Kalliope (3 Oct. 2001) 248+29 743+6.0 0.87+0.04 2532 905+2 014 098 2192 X M 4.148
24 Themis 23®+4.2 1049+ 7.0 0.90+ 0.07 2408 0.07 098 1834 B C 837
25 Phocaea 308+ 6 410+4.0 0.72+0.06 2999 3756+ 2 0.23 095 3359 S S 9
40 Harmonia 270+ 4.6 545+5.0 0.73+0.05 2688 5381+ 3 0.24 095 265 S S 89
45 Eugenia 23B+4.2 787+5.0 0.96+ 0.07 2463 10732+ 2 0.04 098 1342 Cc FC 5699
46 Hestia 288B+6.8 629+5.0 0.75+0.07 2868 6207+ 2 0.05 098 2217 Xc P 217
54 Alexandra 2831+35 686+ 4.0 0.65+ 0.03 2724 8288+ 2 0.06 098 1017 c Cc 7026
89 Julia 27%+5.9 733+5.0 0.74+0.06 278 7573+2 0.18 095 2035 K S 1138
95 Arethusa 258 +2.1 645+ 3.2 0.74+0.02 2553 6802+ 5 0.07 098 6.6 Ch C 868
109 Felicitas 29@+4.4 432+30 0.77+0.05 2979 4472+ 1 0.07 098 2495 Ch GC 1
137 Meliboea 263+3.7 731+3.7 0.72+0.04 2598 7271+2 0.05 098 37 C 15

(continued on next page)
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Table 2 €ontinued)

Asteroid Fitted Fitted Implied STM pred. Published Assumed  Assumed Phase Taxonomic Taxonomic Rotation
Tsubsolar radius beaming Tsubsolar radius albedo emissivity angle ) class(Bus, class(Tholen,  period
(K) (km) param. ) (n=0.756)  (km) 1999) 1989) (h)
(K)
200 Dynamene 271 4.6 617+4.0 0.76+ 0.05 2714 6418+ 1 0.05 098 2071 Ch Cc 19
201 Penelope (21 Sept. 2002) 254 6.2 366+1.8 0.98+0.10 2718 341942 0.16 098 885 X M 3.747
201 Penelope (22 Sept. 2002) 24325 418+21 106+ 0.04 2718 3419+2 0.16 098 838 X M 3.747
240 Vanadis 299 +51 522+26 0.71+0.05 2886 5195+1 0.04 098 2705 Cc Cc
433 Eros (21 Sept. 2002) 3%+ 9.1 102+ 0.5 0.71+0.08 3215 9240.1" 0.18 095 145 S S 527
433 Eros (22 Sept. 2002) 3257 106+ 0.5 0.73+0.07 3218 9.2+0.1h 0.18 095 1495 S S 527
433 Eros (22 Sept. 2002) 3BH7.8 102+05 0.70+0.07 3218 9.240.1h 0.18 095 1497 S S 527
498 Tokio 3008+ 113 326+1.6 0.62+0.10 2861 409+1.1 0.07 098 874 M
511 Davida 25%+2.3 1686+ 130 076+0.03 2603 16303+2.7 0.05 098 2246 Cc c 5129
704 Interamnia 25416 1739+100 0.80+0.02 2579 15831+ 3 0.07 098 1061 B F 869
735 Marghanna 298+ 3.9 366+ 3.0 0.82+0.04 3042 3716+1 0.05 098 2282 Ch Cc

“Published radius” values are from the Supplemental IRAS Minor Planet S(feglesco et al., 2008xcept where noted. The “assumed albedo” is the albedo used to calculate the “STM PrEglicigg,
These albedos have been taken fréedesco et al. (20028xcept as follows: 3 Juno and 4 Vedtégrrison (1974) 9 Metis and 24 ThemisGiorgini et al. (1996)433 ErosMorrison (1976) “Rotation Period”:

Giorgini et al. (1996)Harris (1996)

T o

Original IMPS radius wa® = 136+ 3 km.

oSKQ - 0O O 0o

7.31+0.01 km.
' Original IMPS radius wa® = 1694+ 3 km.
I Original IMPS radius wa® = 167+ 3 km.

Parker et al. (2002HST imaging. SIMPSTedesco et al., 2002R = 424+ 10 km. See footnote 2 on SIMPS radii for very large asteroids.
Dunham et al. (199Qpccultation. SIMP§Tedesco et al., 2002R = 249+ 9 km.

Millis et al. (1981) occultation. SIMP§Tedesco et al., 2002R = 117+ 6 km.

Thomas et al. (1997HST imaging (mean radius) SIMR$edesco et al., 2002R = 234+ 13 km.
Kristensen (1984)ccultation. No IRAS diameter.
Original (Tedesco, 1989IMPS radius was® = 215+ 4 km.

r

sploJeise Jo Adoasouioads patejul few ey

Zuber et al. (2000)NLR laser ranging (mean equatorial radius). We cite the equatorial radius here because our sub-Earth point w&sofitrére3teroid’s south pole. The mean overall radius of Eros is

S6€
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Fig. 7. Mid-infrared flux spectra of the twenty-nine MIDAS asteroids. The data have been binned to 0.1-um resolution. The error bars represtantitiolesttion of the points in each bin. The dashed lines
represent the best-fit STM for each spectrum. The shaded grey areas are regions of strong telluric absorptions. Data points within those wawedestgihlcebe regarded as suspect.
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tral uncertainties only, and are derived from the scatter of and 511 Davida afig. 8 and we discuss these and other
points within each 0.1-um wavelength bin. The best-fit STM asteroids individually below.

model spectra are overplotted as dashed lines. The vertical

grey bars in the background mark the locations of prominent

telluric atmospheric features (see al§g. 4) where the sys- 7. Discussions of individual asteroids

tematic errors for the data points may be much larger than

the formal error bars. 7.1. 1Ceres
Consecutive measurements have generally been averaged
together and presented as a single spectrum, bdtigm 7 By far the largest spectral emissivity variations in our data

and 8and inTables 1 and 2However, for a number of as-  are to be found in the spectrum of 1 Ceres, which has a 10%
teroids which were measured on more than one n|ght, or increase in emiSSiVity between 8.7 and 9.6 Hm together with
at several substantially different times on the same night, @ more gradual decrease in emissivity longward of 10.8-
we have presented several separate spectra of a single astl-6 um. The precise rollover wavelength is obscured by
teroid. telluric ozone absorption. This feature was reproducible in
The early part of the night on 2 October 2001 was gen- two spectra taken on 21 September _and oneon 22 Sep_tember
erally non-photometric due to cirrus, and we consider the 2002. We have plotted our spectra in fluxhiy. 7, and di- -
absolute flux measurements and emissivity spectra from vided them by the best-fit STM model to produce the relative
2 October less reliable than the majority of our data. Dur- €Mittance spectra shownfiig. 8 Our spectra essentially re-
ing our other three nights of observations (3 October 2001, Produce those published Ijohen et al. (1998yom KAO
21 September 2002, 22 September 2002) we enjoyed ex-data and byotto et al. (2000jrom ISO PHT-S data.

cellent observing conditions, and our flux errors were lim- OSu1r_|\s;|ubsoIar temperattér-e gstln}atelslzz/gjreﬁ)vgry Wzllg"g'ot/h
ited by variations in slit losses. Based on repeated obser-1N€ temperature predictions for 0 albedo an 0

vations of standard stars, we estimate a constant flux un_gﬁ?ﬁtlyehfm_lrsslvg)fl._MWe gmlesufso'ar: 2t42:|: 1 dl'< tfor
certainty of 10%, which contributes 5% to the uncertainty o™h nights. The subsolar temperature prediction was

) . : ) . : . 242 4 K.
0, -
in the asteroid radius. This 5% is combined with the un- ==\ . 406 radi = 4714 25 km, 468+ 25 km (21 and
certainties in the phase corrections in a root-sum-square . . .
sense to produce the total radius uncertainties quotéd-in 22 Septembgr, respectlvely).. These are gonastent with sev-
ble 2 eral other estimates of the size of Cengiliis et al. (1987)
. - derived occultation radii of 4794 2.4 km (equatorial) and
These radius uncertainties represent only the component . . .
. . T 453.4+ 4.5 km (polar), and the radiometric IRAS Minor

of radius uncertainty that is independent of the tempera-

¢ timate: that is. th t of tainty that Id Planet Survey (IMPS) radiu§Tedesco, 1989%yvas 457+
ure estimate, that is, the amount ot uncertainty that would 55 1,4 pore recentlyParker et al. (2002ave used Hub-

remain m(;he fgd'PS |ftheLe were Z(JT;O un;:ertamtﬁ/lntr;(_a tem- ble Space Telescope (HST) data to find the semimajor and
perature distribution on the asteroid surface. The radius €S-gamiminor axes of Ceres: 4845.1 km and 466.4- 5.9 km,

timates are also dependent on the temperatures we eStimatFespectively with an equivalent radils= 4755 + 3.9 km

for the subsplar point. Thus, for exa_mple, for our spectrum  ~ohan et al. (1998Jevoted several pages to the mineral-
of 24 Themis the least-squares fit isfbsolar= 2306 K, ogy of Ceres but were unable to match its spectrum either
radius= 105 km], but if the subsolar temperature is de- ity the silicate samples oBalisbury et al. (1991b)the
creased by one standard deviation to 226.6 K, the modelo\dered Murchison meteorite, the ammoniated phyliosil-
radius must be increased to produce the observed flux, sgqgtes ofKing et al. (1992) or the organic materials sup-

that the best fit at the lower temperature Bsupsolar= plied by Calvin (1997, cited as a private communication by
226.6 K, radius= 110.5 km]. Other potential sources of er-

ror, such as shape irregularity, are also not represented in———
Table 2 3 All the data published in this paper are available in digital form from

The emissivity spectrum of an asteroid is the ratio of the the author on request.
Yy Sp 4 Tedesco et al. (2002evised the original IMPS diameters for all as-

measured spectrum of the asteroid to the fitted STM Spec-eroids observed by IRAS, including Ceres, with a “band-to-band correc-

trum. In the majority of cases, the asteroid spectra we ob- tion” that improved the consistency between the albedos derived from the
jority p

served were without spectral emissivity variation to within various IRAS wavelengths (12, 25, and 60 pm) for most asteroids. Their re-

5% and were good matches to the STM with a beaming vised estimate for Ceres’ radius was 424.8.9 km, which is, of course,

. well below both our estimate and the occultation and HST-derived values.
parameter '() of 0.756+ 0.014. Note that althoth an n- However, the authors acknowledged that for the largest asteroids, includ-

correct STM spectrum can change the overall slope of theing Ceres, this correction produced diameters that were systematically low
emissivity spectrum, it can neither hide the relatively narrow compared to occultation-derived diameters. The original calibration had
mineralogical features nor produce spurious features, so thateen based on observations of Ceres itself and of 2 Pakatesco et al.

. _(2002)suggested that this discrepancy might be explained if very large as-
these results are not vulnerable to errors in thermal mod teroids (O > 200 km) had atypical thermal properties. We will continue to

elling. We have plotted relative emissivity as a function of cjte, when appropriate, both the original and revised IMPS diameters in this
wavelength for 1 Ceres, 2 Pallas, 3 Juno, 4 Vesta, 10 Hygiea,paper.
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Fig. 8. Emissivity spectra of selected asteroids. These were produced by dividing the flux spéictrd by the best-fit STM thermal models. Again, the grey
shaded areas represent wavelength regions where the data are prone to systematic errors due to strong telluric absorption features.
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Cohen et al., 1999 They suggested that a finer grain size 7.4. 4 \esta

of the organic tholin, mixed with a higher-emissivity ma-

terial, might produce a closer match; but such a laboratory  The I1SO spectrum of 4 Vesta presentedbytto et al.
measurement was not availabl@otto et al. (2000plso at-  (2000)showed strong features: a positive slope from 8.2 to
tempted to compare their spectrum with several laboratory 9.1 um with about 10% overall contrast and an absorption
samples, including a mica and an oxide mineral, but did not feature centered around 10 um, also with about 10% con-

find any compelling matches. trast. These features are absent from our spectra of 4 Vesta.
We measured Vesta repeatedly on two consecutive nights
7.2. 2Pallas in 2001, for a total of 640 s per segment on October 2 and

320 s on October 3.

We measured 2 Pallas on October 3, 2001, September pye to atmospheric stability, the brightness of the aster-
22, 2002, August 21, 2003, and August 22, 2003. Unfor- ojd, and the close proximity in the sky of a bright and well-
tunately, in the first two cases we were obliged to calibrate characterized mid-infrared standard Tauri), we were able
our spectra ory Aquilae (seeFig. 4) instead of directly on  to obtain local uncertainties of less than 2%. These spectra
a primary standard of Cohen, so that our calibrated spectragre plotted in flux inFig. 7 and in emissivity inFig. 8 and
include two layers of atmospheric uncertainty. Nevertheless, represent our best data.
our radius and temperature fitting results do agree with the  \we divided the flux spectra by the best-fit STM models
STM predicted temperatures and 2668 km occultationra-  and averaged the spectra from each night together in order
dius(Dunham et al., 1990All of our spectra are withintheir {5 gbtain the emissivity spectra shownFigs. 8 and 90n
2-5% error bars of uniform emissivitotto et al. (2000ye- both nights, we observed a negative slope between 8.3 and
ported an ISO spectrum of 2 Pallas with an emissivity max- g 1 um of 3-4% overall contrast, a small distinct peak in
imum of 8-10% spectral contrast, centered around 10.5 UMemjssivity around 11 um, and a positive slope between 12.3
in wavelength and about 1 um in breadth. They noted that 3ng 13.1 um of about 3% contrast. No feature had a spectral
this structure was consistent with water ice. Within the lim- ~qntrast of more than 4%. These are at best marginal detec-
its of our error bars, we see no convincing evidence for this tions, and we have not attempted a mineralogical analysis.

feature or any other in our data. We note, however, that several of these features can also be
found in the spectra of certain HED meteorites, as measured
7.3. 3Juno by Salisbury et al. (19914Fig. 9).

The pole and rotation period of Vesta have been well

~ We measured 3 Juno under marginal observing condi- ggtaplishedThomas et al., 1997; Drummond et al., 1998)
tions on October 2, 2001. These observations also sufferyith an uncertainty of Sin the pole orientation. Using the

from a high airmass contrast between the asteroid (1.26 air-Tomas et alpole solution (RA= 301°, Dec= 41°; prime
masses) and s_tanc_iard st,a_rQeminorum at1.07 airmqs_ses). meridian = 292 + 1617332776/day x (Julian date—
The small emissivity maximum at 11.85 um and minimum  54515450)) we can estimate our fields of view on the as-
at 12.4 pm are therefore likely to be spurious features re- o 4id from the two nights of observations. Since in the stan-
sulting from the nearby telluric absorption bands. We Mea- 4ard thermal model 98% of the flux comes from withir? 70
sure a subsolar temperature of 283 K and a radius of ¢ the subobservation point, we have mapped these seventy-
136+11 km. _ i ) _ degree fields of view for the sub-Earth points at the times
Our radius agrees with the occultation-derived radius of ¢ v MIDAS and 1SO observations onto a simple cylin-
Millis et al. (1981) (D = 267+ 5 km, or R = 1335+ drical projection of Vesta ifFig. 10 Based on this map, it
2.5 km), rather than with the revised IMPS radius of 117 km. is possible though perhaps unlikely that the differences be-
Our ;ubsolar temperature measurgment of 2K is tween our spectra and ISO’s could be explained in terms of a
much higher than the STM would predict based on an albedo gy, a0 ically-placed terrain with a strong spectral signature.
of O'_24 (Tedesgo et a_l., 2002)-|0w_ever,Morr|son_ (1974) Our temperature fits for Vesta’s subsolar point are 251
published a radiometrically determined bolometric albedo of 1 K and 247+ 1 K for the spectra measured on October 2

0.15 for 3 Juno, which yields a pre_di_cted subsolar tempera- and October 3, respectively. The IMPR:desco et al., 2002)
ture (284.6 K) close to the lower limit of our error bars. If reports a visible geometric albedo of 0:42.05 for this as-

we assume a subso'lar temperature of 285 K, our data Geroid, which if adopted as a bolometric albedo leads to a
consistent with a radius of 144 11 km.

Dotto et al. (2000plso measured this asteroid with 1SO.
Their data, which cover the wavelength range 5.8—-11.6 pum, 5 Our second set of observations on October 2 appear to have been
are consistent with a flat spectrum between 8.6 and 11.5 pmplagued by slit losses due to imperfect tracking on the asteroid. Since the
with decreased emissivity shortward of 8.6 Hm, as are ours shape of the spectrum does not seem to have been affected, we have aver-

. . . aged all the October 2 data (640 s) for the emissivity spectrufiging but
Dotto et al. (2000prgue that this structure is a Christiansen only the first set of observations for the flux spectrunfig. 7. The fol-

peak located at about 8.6 pm and suggest that it is diagnostiqowing night we were more vigilant about monitoring the instrument and
of a pyroxene/olivine surface composition. experienced no such problems.
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Fig. 10. MIDAS and ISO sub-Earth points and fields of view for 4 Vesta.
Shaded areas are within 76f the sub-Earth point. The pole solution used
was [30F, 41°] (Thomas et al., 19975eeTable 3for the times and coor-
dinates of each measurement.

Table 3
Sub-Earth and sub-solar points of 4 Vesta at the times of ISO and MIDAS
observations

Obser- Date Time Sub-solar point ~ Sub-Earth point
vation (um Lat. W.long. Lat. W.long.
ISO

(PHT-S) 1997-Jun-13 13:57:53—-1%  221° —-11° 198
MIDAS 2001-Oct-02 10:40 7 ¥ 18 56°
MIDAS 2001-Oct-02 11:00 7 96 18 78
MIDAS 2001-Oct-03 11:00 7 273 18 256°
MIDAS 2001-Oct-03 11:40 7 317 18 300°

prediction of 231.8 K for the subsolar point using an emis-

dard beaming parameter of 0.756. HoweverTable 2we
have cited the more plausible bolometric geometric albedo
of Morrison (1974) which is 0.24, and its corresponding
temperature prediction of 250 K.

Our radius estimates for Vesta were 26319 km and
256+ 18 km, which are entirely consistent with other data:
Thomas et al. (199nodel the asteroid’s shape using HST
data as a nearly-ellipsoidal object with radii of 289, 280, and
2294 5 km, with a mean radius of 265 km.

7.5. 10 Hygiea

Barucci et al. (2002have published an ISO spectrum of
10 Hygiea that contains another feature of approximately
10% spectral contrast: a region of increased emissivity be-
tween about 9.4 and 11.4 um. We measured 10 Hygiea on
three separate nights with SC-10: once in October 2001 and
twice on consecutive nights in September 2002, for a total
of about 800 s of integration time per spectral segment. In
none of these spectra do we observe a feature similar to that
reported byBarucci et al. (2002)or indeed any features at
all; all three spectra are remarkably good fits to a smooth
STM spectrum. The spectra are plotted in fluxFig. 7and
in emissivity inFig. 8.

The sub-Earth points of these observations were not iden-
tical with those of the ISO measurements. HoweBaucci
et al. (2002yeport this feature in two separate spectra taken
with different ISO instruments (PHT-S and SWS) at differ-
ent times.

Two possible solutions for the spin vector of Hygiea
have been found by a number of investigators (segez-
Gonzalez and Rodriguez (20Q0@rikson and Magnusson

sivity of 0.95 (consistent with the laboratory measurements (1993) Michalowski et al. (1990)to be consistent with

by Salisbury et al. (1991a)f HED meteorites) and stan-

lightcurves measured between 1953 and 1996. Using each of
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these pole determinations and a rotation period of 1.150967for each pole solution: W= 147.4° — 31278047 /day x
days(Magnusson et al., 1993)e have mapped the seventy- (Julian date— 24515450) for the “p3” solution and W=
degree fields of view of the five observations (two ISO and 35054° — 31278047 /day x (Julian date- 24515450) for
three MIDAS spectra) afigs. 11a and 11bWe defined the “p4” solution.

meridians to coincide with one of the lightcurve minima If the “p4” pole solution is correct, the fields of view

of the ISO PHT-S and SWS measurements on the asteroid
did not overlap, although each had some area in common
with the MIDAS coverage. Therefore, in order to explain the
discrepancy between the two 1SO spectra and the MIDAS
data in terms of surface variations on 10 Hygiea, it would
be necessary to assume that at least two separate facets of
the asteroid are occupied by a terrain with a strong mid-
infrared spectral signature that does not occur in the regions
observed by MIDAS. Alternatively, the “p3” pole solution
allows a small region of overlap between the PHT-S and
SWS fields of view which might contain the source of the
ISO mid-infrared spectrum.

MIDAS 030ct01
° 030ci

7.6. 433 Eros

433 Eros was the only NEA in our survey and was by a
wide margin the smallest asteroid we were able to observe.
We measured Eros three times, once on 21 September and
twice on 22 September. Our sub-Earth poi(@orgini et
al., 1996)were —83.7 latitude, 92 to 126 longitude on
21 September, and83.5 latitude, 250 through 320 lon-
gitude on 22 September. The subsolar latitude wa8°
throughout. The? fits to our three spectra of 433 Eros are
good matches to an STM model with= 0.72 4 0.07 and
radiusR = 10.3 + 0.5 km. The asteroid’s true mean equa-
torial radius is 9.2+ 0.1 km(Zuber et al., 2000)Here and
in Table 2 we have used the radiometrically derived albedo
of Morrison (1976) p = 0.18+ 0.03, rather than the NEAR
narrowband albedos. Albedo estimates for Eros have ranged

(b) from 0.125+ 0.025 (ebofsky and Rieke (1979fadiome-
try) to 0.274 0.06 Veverka et al. (200Q0NEAR MSI).)
Fig. 11. MIDAS and ISO sub-Earth points and fields of view for 10 Hy- We did not find any evidence for spectral emissivity vari-

giea. Again, points within 700f the sub-Earth point are considered to be  ation, consistent with up-close near-IR remote sensing and
inside the field of view. Se&able 4for the times and coordinates of each Spectroscopy of th|S aster0|d from the NEAR m|SS(BB”
measurement. (a) Sub-Earth points calculated using the “p3” pole solution, . .

[12C°, 34°]. The ISO SWS observation lasted for over three hours, so we etal., 2002') Note that since the subsolar .p(,)lnt was so close
have represented both its starting and ending sub-Earth points on the mapto the pole, the close match of the asteroid’s spectrum to the

joined by a line. (b) Sub-Earth points calculated using the “p4” pole solu- STM at the time of our observations provides very little con-

tion [295°, 43°]. straint on the thermal inertia of Eros.
Table 4
Sub-Earth and sub-solar points of 10 Hygiea at the times of ISO and MIDAS observations
Observation Date Time “p3” pole solution:a = 120°, § = 34° “p4” pole solution:a = 295°, § =43

(um) Sub-solar point Sub-Earth point Sub-solar point Sub-Earth point

Lat. W. long. Lat. W. long. Lat. W. long. Lat. W. long.

ISO (PHT-S) 1996-Dec-06 17:59:33 —2° 7 1 81° —11° 76° —-1& 8%
ISO (SWS) start  1997-Sep-16 03:48  —41° 341° 577  33% 9° 316 15° 301°
ISO (SWS) end 1997-Sep-16 07:16  —41° 296° -57 288 9° 271° 15° 255°
MIDAS 2001-Oct-03 05:07 3D 20@ —48 304 —26° 325 -30° 336°
MIDAS 2002-Sep-21 10:08 —14 325 27 322 —5° 317 0° 304

MIDAS 2002-Sep-22 13:52 —14 324 -27r 322 —5° 315 0° 303




404 L.F. Limetal./ Icarus 173 (2005) 385-408

7.7. 511 Davida Table 5
Sub-Earth and sub-solar points of 22 Kalliope at the times of MIDAS ob-

We observed 511 Davida twice on 22 September 2002, Servations
calibrating one of our spectra an Tauri and the other on ~ Observation  Time Sub-solar point Sub-Earth point
B Geminorum. The radius we derived, 16913 km, is date (um Lat.  W.long. Lat. W.long.
consistent with either the IMPS (160 3 km) or SIMPS 2001-Oct-02  11:08-11:28 86 225254 14° 225°-25%
(163 3 km) results. Our subsolar temperature estimate of 2001-Oct-02 ~ 12:30-13:02 36 34C°-24 14  340-25
259.5+ 2.3 K is also entirely consistent with the STM pre- 2001-Oct-03  13:30-14:03 36 350°-34 14 350°-3%
diction (260.3 K) for the nominal value = 0.756.

Dotto et al. (200Zpublished & 5.8-11.6 um ISO PHT-S  (1974) Alternatively, Kalliope, which is a fast rotator with
spectrum of this asteroid. They concluded that its 6.5- 3 period of 4.148 h, may have an appreciable thermal in-
11.5 um behavior resembled that of CM chondrites. Unfor- grtja. Using the pole solution dflagnusson et al. (1993)
tunately, in the region of our spectral coverage, we have been;, — 19¢°, § = —6.5°, £5°, J2000], we find that the sub-

unable to reproduce their results. Within the 3-8% limits of Earth and subsolar latitudes at the time of our observations

our error bars, our data are uniform in emissivity. were fairly low (+-14° and+-36°, respectively). If Kalliope’s
) surface temperatures are really being influenced by ther-
7.8. M-class asteroids mal inertia, the relationship between measured and predicted

temperatures should change systematically as a function of

Recently, several investigators have presented evidencesypsolar latitude: in the extreme case, where the subsolar
that at least some M-class asteroids cannot be composeghoint is at a pole, the asteroid should be in thermal equi-
of the same material as nickel-iron meteorifésrgot and  |iprium even for very large values of thermal inertia and
Brown (2003)discovered a satellite of the M Asteroid 22 the STM prediction would be exact. Additional thermal in-
Kalliope and were able to calculate Kalliope's density at frared spectroscopy or multiple-wavelength photometry of
2.374+ 0.4 gem®, using the IMPS radius of 90.5 km.  this asteroid at different subsolar latitudes should test this
They concluded that this is incompatible with a pure nickel- hypothesis.
iron CompOSition, since the minOpOfOSitieS of nickel-iron Because our radius estimates were persistenﬂy substan-
meteorites are very low, and the asteroid’s macroporosity tjally lower than the 90.5 km radius reported by IMPS,
would have to exceed that of 253 Mathil¢geomans et e calculated our sub-Earth points using the pole solution
al., 1997)in order to produce the observed density with and compared our longitudes with the asteroid’s well-char-
an iron meteorite composition. AdditionallRivkin et al. acterized visible lightcurve. We defined a meridigh =
(2000)detected 3-um hydration bands in the spectra of nine 10> 4+ 20828319108 /day x (Julian date- 24515450)] in
out of the 27 M-class asteroids they observed, including 22 an attempt to have zero longitude coincide with a mini-
Kalliope and 201 Penelope (discussed below) also suggestmum in the visible lightcurvéDamiani and Foglia, 1997;
ing that these objects may not be purely metallic in compo- Michalowski and Velichko, 1990)0ur results are listed as
sition. Table 5 We found that both the second observation on Oc-

We measured the mid-infrared spectra of three M-class tober 2 and the observations on October 3 coincided with
asteroids during the MIDAS survey. In none of them did we the longitude of the same minimum of the visible lightcurve.
detect any convincing evidence of spectral emissivity varia- If we accept the axial ratios/b = 1.32 andb/c = 1.2 and
tions outside the limits of our uncertainties. We discuss the assign our 74 km observed effective radius/fbc, the vol-

temperature and radius fitting results below. ume of the asteroid is 90% of the volume of a sphere with
the IMPS radius; so this result does not substantially alter
7.8.1. 22 Kalliope the density estimate dflargot and Brown (2003)

We made two sets of nonconsecutive observations of 22 The 79 km radius estimate from the first set of spectra
Kalliope on 2 October 2001, of 32¢/segment each, and on October 2 should be interpreted with caution because
one set of observations on 3 October 2001. Due to nonpho-these data may have been affected by the nonphotometric
tometric conditions, we consider the first set of spectra on atmospheric conditions prevalent shortly before they were
2 October less reliable than the second. On 3 October wetaken. We report them here because they represent a differ-
enjoyed excellent conditions throughout the night. ent aspect from the other measurements of this asteroid.

Our measured subsolar-point temperatures for 22 Kalli-
ope are 249 3K, 248+ 5K (2 October 2001) and 2452 K 7.8.2. 201 Penelope
(3 October 2001). The STM prediction for 98% effective The subsolar temperature measurements for 201 Pene-
emissivity and 14% albedo is 253.2 K. A bolometric albedo lope on 21 September were 2&% K, with a radius estimate
of 19% would produce a temperature of 249.6 K, which of 37+2 km. The STM predicted a substantially higher tem-
would be consistent with our temperature results, but would perature (271.8 K) for 98% emissivity and 16% albedo. The
be inconsistent with the IMPS albedo and the radiomet- temperature measurement for our spectrum from 22 Septem-
rically determined bolometric albedo of 11% bforrison ber was also quite low: 25@ 3 K, with a corresponding
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radius estimate of 42 2 km. The IMPS radius for this as-
teroid is 34.2+ 2 km.

201 Penelope is also a fast rotator, and is more ellipsoidal ~ #%°
than 22 KalliopeMagnusson et al. (1993)ive the rotation
period of Penelope as 0.1561439 days with pole solutions §
[8%, —27°] or [260°, —27°] in ecliptic coordinates, and ax-
ial ratiosa/b = 1.5 andb/c = 1.2. The sub-Earth latitude at
the time of our observations was eithel9® or +21°. 6.3
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rotations of Penelope elapsed between our September 21 an t b d
September 22 observations; we could not, therefore, have
been observing the same aspect of the asteroid in both cases st L+ & P
+
8 ks +
7.8.3. 498 Tokio B 5* - - - -2'5 .
The subsolar temperature measurement for 498 Tokio Spin Period (hours)

was 301+ 11 K (3 October 2001). The STM predicted
286.1 K for 7% albedo and 98% emissivity. The best-fit ra-
dius for Tokio is 33+ 2 km, which is significantly lower
than the 40.9+ 1.2 km SIMPS valug¢Tedesco et al., 2002)
Because the radius derived from the fit is dependent on the .10
temperature, which in this case due to low signal to noise

had high error bars, we recalculated the best-fit radius us- .00
ing a subsolar temperature one standard deviation below=
that of the chi-squared minimunfds = 289.5 K). The re-
sult was 35.A 2 km. The asteroid’s lightcurve amplitude
is < 0.36 magnitudegGil-Hutton, 1989) Unfortunately a 0.80 4 ﬁ J[
pole solution is not available for 498 Tokio, so we could not W + H { { , |
determine what relationship our observations have to the as-" - } |
teroid’s lightcurve. E ! } {

Fig. 12. Rotation rates and MIDAS radii. Asteroid measurements with un-
usually high ¢ > 0.85) beaming parameters are marked with diamonds.
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7.9. Other asteroids that depart fromthe STM - L - 3
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The mid-infrared spectra of a handful of other asteroids
were best fit with a subsolar temperature over one standardrig. 13. Derived beaming parametets (s phase angles of MIDAS obser-
deviation away from that predicted by the STM using es- vation.
tablished albedo values and the standard beaming parame-
ter. These included 18 Melpomene, 24 Themis, 45 Eugenia, These relationships are illustratedkigs. 12 and 13This
54 Alexandra, and 735 Marghanna. These discrepancies danay be evidence for variation in thermal inertia among aster-
not appear to be correlated with the phase angles of ouroid surfaces; but one must be cautious since errors in either
observations, as might be expected from phase effects rethe bolometric albedo or the infrared phase function can al-
lated to infrared beaming. For example, 45 Eugenia was ter the apparent value gt
observed at 13“4phase and has a discrepancy-ef4 K Fig. 13 shows our derived; values plotted against the
between the predicted and fitted temperatures; but 3 Junophase angles of the MIDAS observations. No high-phase
observed at 25%3phase, is+8 K above the STM predic-  observations (phase angte25°) resulted in spectra that im-
tion in temperature, and 109 Felicitas, observed ai2&se, plied high beaming parameters, but the low-phase observa-
matches the STM temperature and IMPS radius almost ex-tions resulted in a wide range of beaming parameter values.
actly. Similarly, one might expect fast-rotating asteroids ob- Clearly there must be a limiting phase angle beyond which
served at low subsolar and sub-Earth latitudes to have loweran observer will be out of the sunward “beam” of enhanced
subsolar-point temperatures (highgrthan the STM would thermal emission due to surface roughness; but neither the
predict. All four of the asteroids for which we deriveg £ extent to which that angle varies from asteroid to asteroid
0.85) have rotation periods under nine hours, and the threenor its location for any given asteroid can be determined
for which pole solutions are availab(®otto et al., 1995; from our data alone. Of the two individual asteroids (2 Pal-
De Angelis, 1995; Magnusson et al., 1998)re observed at  las and 10 Hygiea) that we were able to observe at multiple
subsolar latitudes 36°. However, several other fast rotators  phase angles, 2 Pallas appeared to have a slightly higier
(9 Metis, 54 Alexandra, 20 Massalia) observed at low lati- 13.5 than at 18 or 18, but 10 Hygiea produced identical
tudes had normal beaming parameters, and the fifth highest# values for phase angles of Land 13.5. If the thermal
n asteroid in our survey was the slow rotator 10 Hygiea. infrared spectra of a set of asteroids with well-known spin
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vectors were observed at multiple phase angles, we wouldcarbonaceous meteorite samples was 3.3%, and the mean for
then be able to say more about thermal infrared beaming aspowdered ordinary chondrite samples was 487%.

a function of phase. We believe that the most straightforward explanation for
Subsolar-point temperatures below those predicted by thethe lack of substantial emissivity variation in almost all of
STM may be attributed to the effects of thermal inertia. our asteroid spectra is that these asteroids are covered by

Higher-than-predicted temperatures, however, such as wefine-grained regoliths. This is consistent with the observa-

find for 18 Melpomene and 54 Alexandra, must be attributed tion of regolith on 433 Eros by the NEAR MSI investigation

to the other parameters in the temperature prediction: the as{\Veverka et al., 2001as well as on Ida and Gaspra by the
sumed bolometric albedo or effective emissivity may have Galileo SSI teantBelton et al., 1992, 1994)

been too high or the effects of infrared beaming may have In our best data, we achieved sufficiently high signal to

been underestimated & 0.756). noise ratios to detect subtle (2—-3% spectral contrast) features
on 4 Vesta that were consistent from night to night. They
7.9.1. 45 Eugenia resemble features observed in laboratory samples of HED

45 Eugenia is unique in our data in the degree of its meteorites. They do not closely resemble laboratory spectra
departure from the standard thermal model. Our best fit is of chondritic meteorites. We believe that these are likely to
Tsubsolar= 232+ 4 K, radius= 794 5 km; whereas the (re-  be genuinely mineralogical features.
vised®) SIMPS radius is 107 2 2 km, and the STM subsolar
temperature prediction is 246.3 K. Thus, both the tempera-
ture and size of the asteroid contribute to a large deficit in 9. Conclusions
observed thermal flux compared with the model prediction.

45 Eugenia is a fast rotator (peried0.2374647 days, Twenty-one of the twenty-nine asteroids in our survey
Magnusson et al. (199B)Its axial ratioa/b is estimated at  have thermal emission spectra consistent with the predic-
1.36. If we observed Eugenia “end-on,” our flux measure- tions of the standard thermal model using an infrared beam-

ment would be consistent with a model in whictb = 1.36, ing factorn = 0.756+ 0.014 and previously established es-
b = ¢, and the average radius were equal to the IMPS radius.timates for albedo and radius. Five asteroids had lower than
Using the pole solution dflerline et al. (1999JRA = 132, expected temperatures, including two of the three M-class

Dec= —2°, £10°], we find that our sub-Earth latitude atthe asteroids (22 Kalliope and 201 Penelope). These may reflect
time of our observation was 0.4 10°, making an end-on  low estimates of the bolometric albedo, high estimates of
observation plausible. infrared beaming, or the effects of thermal inertia. Their ro-
tation periods range from 3.7 h (Penelope) to 15.9 h (735
MarghannaMohamed et al. (199%) Three asteroids had
8. Interpretation higher temperatures than had been predicted by the STM.
With the exception of 1 Ceres, the asteroids in the MIDAS
We observe that the great majority of our asteroid spec- survey have very uniform emissivity throughout our 8.2—
tra have very subdued<6%) spectral contrast in emissiv- 13.2-um wavelength range. Where these results conflict with
ity. Laboratory spectra of minera{§alisbury et al., 1991b;  those of ISO, as they do for 2 Pallas, 4 Vesta, and 10 Hygiea,
Salisbury, 1993have shown that their mid-infrared features potential sources of this discrepancy include textural varia-
are suppressed at fine particle siz€sy( 6a). Moreover, tions, compositional heterogeneity, errors in our flux spectra
laboratory spectra of powdered meteorite samples (particleand/or calibration, or errors in the ISO flux spectra and/or
size < 75 um) also display very subtle spectral contrast. calibration.
In the laboratory spectra @alisbury et al. (1991apow- Our marginal detection of features on 4 Vesta suggests
dered samples have 0.3-1.75% spectral contrast in bidirecthat future observers may be able to find mineralogical fea-
tional reflectance measurements, which correspond to 1-99dures on these and other main-belt asteroids provided that
in emission’ The mean spectral contrast for the powdered their spectral uncertainties can be brought below 2%.
Several observers of near-Earth asteroids have suggested

that the surface layers of the smallest asteroids may be very

6 .
The IMPS(Tedesco, 1989nd revised SIMP$Tedesco et al., 2002) di ; ol
ifferent from those of larger objects. For examkéykin
radii for 45 Eugenia are 10% 4 and 107.3t 2.1 km, respectively. The 9 )

original IMPS albedo was 0.046 0.005; it was revised to 0.03980.002. etal. (2003)presented a 1-3.5-um spect_rum of 2002 NY40

7 The laboratory spectra @alisbury et al. (1991a, 1991b, 1998)so that closely resembled an LL6 chondrite spectrum from
Calvin and King (1997)were taken in biconical reflectance and referred 1—-3.5 um, without any of the usual changes attributed to
to the specular reflectance from an aluminum mirror. For certain sam-
ples, Salisbury et al. (1991a, 1991b, 1998)so measured directional-
hemispherical reflectance spectra; they found that the biconical and reflectance should be related to the emissivity by Srpiconicai= €. We
directional-hemispherical spectra closely resembled each other in shape have scaled the laboratory data representdtdgn9 accordingly.
but that the hemispherical reflectance was about five times higher overall. 8 Barucci et al. (2002)however, conducted their own laboratory work
Since according to Kirchoff’s Law the directional-hemispherical reflectance on carbonaceous chondritic meteorite samples and concluded that a trans-
is related to the directional emissivity:-1rhemisphericar €, the biconical parency feature at 11-13 pum was enhanced at small grain sizes.
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“space weathering.” In additiorilarris et al. (1998)pub- troscopy of the asteroids Ceres, Vesta, and Pallas. Astron. J. 115, 1671.
lished spectrophotometric results for 2100 Ra—Shalominthe  [Paper VIil] ' _
thermal infrared. They concluded that it had an unusually €°hen: M., Walker, R.G., Carter, B., Hammersley, P., Kidger, M., Noguchi,

hiah th i . . f b f lith K., 1999. Spectral irradiance calibration in the infrared. X. A self-
Igh thermal inertia suggestive of an absence of regolith, consistent radiometric all-sky network of absolutely calibrated stellar

confirming the earlier results obtained hgbofsky et al. spectra. Astron. J. 117, 1864—1889. [Paper X.]
(1979) from radiometry. If the surface layers of these ob- Damiani, M., Foglia, S., 1997. Photoelectric photometry of 22 Kalliope.
jects contain large exposures of solid rock or areas of par- _ Minor Planet Bull. 24, 13.

- De Angelis, G., 1995. Asteroid spin, pole, and shape determinations. Planet.
ticles larger than 75 um, the laboratory work suggests that Space Sci. 43, 649-682.

their mineralogical spectral emissivity variations should be potto, E., de Angelis, G., di Martino, M., Barucci, M.A., Fulchignoni, M.,
correspondingly stronger. These kinds of asteroids, when ob-  de Sanctis, G., Burchi, R., 1995. Pole orientation and shape of 12 aster-
servable, may therefore be more amenable to compositional  0ids. lcarus 117, 313-327.

. . . Dotto, E., Mueller, T.G., Barucci, M.A., Encrenaz, Th., Knacke, R.F.,
StUdy in the thermal infrared than their Iarger counterparts. Lellouch, E., Doressoundiram, A., Crovisier, J., Brucato, J.R., Colan-

geli, L., Mennella, V., 2000. ISO results on bright Main Belt asteroids:
PHT-S observations. Astron. Astrophys. 358, 1133-1141.
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