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Abstract

We report the results of the Cornell Mid-IR Asteroid Spectroscopy (MIDAS) survey, a program of ground-based observations
to characterize the 8–13 µm spectral properties of a statistically significant sample of asteroids from a wide variety of visible to
spectral classes. MIDAS is conducted at Palomar Observatory using the Spectrocam-10 (SC-10) spectrograph on the 200-in Hal
We have measured the mid-infrared spectra of twenty-nine asteroids and have derived temperature estimates from our data tha
consistent with the predictions of the standard thermal model. We have also generated relative emissivity spectra for the targe
On only one asteroid, 1 Ceres, have we found emissivity features with spectral contrast greater than 5%. Our spectrum of 4 Ves
emissivity variation at the 2–3% level. Published spectra of several of the small number of asteroids observed with ISO (six of w
also included in our survey), which appeared to exhibit much stronger emissivity features, are difficult to reconcile with our measu
Laboratory work on mineral and meteorite samples has shown that the contrast of mid-IR spectral features is greatly reduced a
sizes. Moreover, the NEAR mission found that 433 Eros is covered by a relatively thick fine-grained regolith. If small bodies in
possess such regoliths, their mid-IR spectral features may be quite subtle. This may explain the evident absence of strong emissiv
in the majority of the MIDAS spectra.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Main-belt asteroids, having surface temperatures betw
200 and 300 K, emit thermal radiation with spectral pe
in the 10–20 µm region. A portion of this spectral
gion can be observed from ground-based telescopes thr
the 8–13-µm atmospheric transmission window. From
disk-averaged color temperatures, constraints on the
mophysical properties of the asteroids’ surface layers
be inferred. Furthermore, the silicate minerals thought to
the main constituents of asteroid surfaces have major
O stretching bands in the 10 µm region, and experim
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have shown (e.g.,Logan et al., 1973; Salisbury et al., 1991)
that the emissivity spectra of laboratory samples are d
nostic of mineralogy. Certain major mineral groups, su
as the plagioclase feldspars, that lack useful diagnostic
tures at visible to near-IR wavelengths do produce d
nostic mid-infrared features. Thermal infrared spectrosc
of asteroids, therefore, can potentially provide a consi
able amount of information that is not available from oth
remote-sensing techniques.

Early attempts at mid-infrared asteroid spectrosc
(e.g., Gillett and Merrill, 1975; Feierberg et al., 198
Green et al., 1985) were hampered by a lack of understan
ing of the mid-infrared spectra of the calibration stars, wh
themselves contained substantial Si–O absorption feat
(Fig. 1). The monumental work of Cohen et al. (10 pape

http://www.elsevier.com/locate/icarus
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Fig. 1. Calibration stars. Ratio of the spectrum ofα Tauri published byCohen et al. (1992)to the blackbody spectrum used as a reference for this star byGillett
and Merrill (1975).
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1992–1999) in assembling accurate absolutely-calibr
spectra of mid-infrared standards made the proper cal
tion possible, and indeed Cohen et al. themselves
published 5–14 µm Kuiper Airborne Observatory (KA
spectra of 1 Ceres, 2 Pallas and 4 Vesta(Cohen et al.
1998; Witteborn et al., 1999), with spectral uncertainties o
10–20%. Space-based 6–12-µm asteroid spectra from
ESA Infrared Space Observatory (ISO) were published
Dotto et al. (2000); Barucci et al. (2002); andDotto et al.
(2002), who concluded from their observations that they h
detected mineralogical spectral emissivity variations;
by Mueller and Blommaert (2004). Again, however, only
a handful of the brightest main-belt asteroids were cove

Here we present the results of the Cornell Mid-Infra
Asteroid Spectroscopy (MIDAS) Survey: ground-based m
IR spectra of twenty-nine asteroids measured with Spe
cam-10 on the 200” Hale telescope at Palomar Observa
and calibrated on the standard stars ofCohen et al. (1992
Our uncertainties in absolute flux are approximately 10%
all our data, with spectral uncertainties ranging from 2–5
We have attempted to represent the widest possible va
of the traditional visible- to near- IR spectral classes in
target sample. Using a simple thermal model, we have
mated the sizes and surface temperatures of the astero
our survey. For two asteroids, 1 Ceres and 4 Vesta, we d
spectral emissivity variation that is likely to be mineralo
cal in origin. We rule out emissivity variation at the 5% lev
for the remaining twenty-seven asteroids.

2. Observations

We observed twenty-nine asteroids over the cours
three observing runs: October 2–3 (UT), 2001, Septem
21–22, 2002, and August 22–23, 2003. The circumstanc
our observations are given asTable 1. All our spectra were
e

n
t

f

taken with Spectrocam-10 on the 200” Hale telescop
Palomar Observatory. The design of Spectrocam-10 (SC
is described in detail inHayward et al. (1993); what follows
here is a brief overview.

Spectrocam-10 is a combination camera and long
spectrograph designed to operate in the 8–13-µm at
pheric window. It is mounted at the Cassegrain focus
the 200” telescope in a liquid nitrogen cooled dewar. T
detector and filter wheel are cooled further in a seco
liquid-helium-filled dewar. A pickoff mirror directs the bea
from the telescope’s secondary into the dewar; from th
two spherical mirrors refocus the beam and direct it thro
one of several available slits (mounted on a slit whe
A paraboloidal mirror then collimates the beam and refle
it to a grating scan mechanism, which can either disp
the collimated beam using one of two gratings in the sp
trograph modes, or reflect it with an optical flat for cam
mode. The beam then returns to the paraboloidal mi
which focuses it through a filter wheel and onto the de
tor. The detector itself is an arsenic-doped silicon (Si:
BIBIB (Back Illuminated Blocked Impurity Band) array o
128× 128 elements.

Because the mineralogical features of interest to us
relatively broad in wavelength and hence do not req
high spectral resolution, we used the low-resolution m
and wide 2′′ slit exclusively in order to maximize our sig
nal to noise ratio and spectral coverage. The nominal n
equivalent flux density (NEFD) for a 100s exposure in lo
resolution mode is 25 mJy (7.5× 10−16 W/m2/µm). (For
comparison, the faintest of our asteroid targets were app
imately 2× 10−13 W/m2/µm at 10 µm.) The dispersio
in low-resolution mode is 0.024 µm/pixel; consequently
not more than three µm of a spectrum can fit on the 1
pixel detector at one time. Moreover, due to vignett
and “rolloff” in detector sensitivity near the edges of t
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Table 1
Circumstances of asteroid observations

Asteroid Total integration
time per segment

Observation
date

Start
time

End
time

Integration time
per segment

Standard
stars

(s) (UT) (UT) (UT) (s)

1 Ceres 477 2002-Sep-21 7:52:19 8:31:55 318 η Cet
2002-Sep-22 8:07:02 8:18:47 159 α Cet

2 Pallas 956 2001-Oct-03 3:02:58 3:23:00 320 γ Aql β And
2002-Sep-22 3:25:52 3:57:35 318 γ Aql
2003-Aug-22 11:47:02 11:56:19 159 α Cet
2003-Aug-23 12:00:07 12:17:04 159 α Cet

3 Juno 160 2001-Oct-02 13:23:11 13:32:28 160 β Gem
4 Vesta 960 2001-Oct-02 09:59:28 10:19:40 320 α Tau

2001-Oct-02 10:40:07 10:59:37 320a α Tau
2001-Oct-03 11:00:30 11:44:55 320 α Tau

9 Metis 160 2001-Oct-02 13:41:53 13:51:12 160 β Gem
10 Hygiea 798 2001-Oct-03 5:03:33 5:28:25 320 α Lyr

2002-Sep-21 10:02:05 10:30:59 318 α Tau
2002-Sep-22 13:46:38 14:00:49 159 α Tau

11 Parthenope 320 2001-Oct-02 11:47:19 12:07:23 320 α Tau
15 Eunomia 159 2002-Sep-22 4:32:39 4:48:08 159 γ Aql β Peg
18 Melpomene 159 2002-Sep-22 7:45:06 7:58:00 159 η Cet
20 Massalia 318 2002-Sep-21 12:35:01 13:01:50 318 α Tau
22 Kalliope 641 2001-Oct-02 11:08:28 11:27:58 320b α Tau

2001-Oct-02 12:29:38 13:01:07 320 α Tau β Gem
2001-Oct-03 13:30:44 14:03:15 320 α Tau

24 Themis 320 2002-Oct-03 12:48:21 13:11:31 320 α Tau
25 Phocaea 318 2002-Sep-22 2:26:19 2:48:08 318 γ Aql α Lyr
40 Harmonia 320 2001-Oct-03 11:52:43 12:29:23 320 α Tau
45 Eugenia 318 2002-Sep-22 9:59:25 10:25:00 318 α Cet
46 Hestia 159 2002-Sep-21 10:55:47 11:08:28 159 α Tau
54 Alexandra 320 2001-Oct-03 3:57:43 4:17:58 320 α Lyr
89 Julia 160 2001-Oct-03 9:54:29 10:03:47 160 α Tau
95 Arethusa 320 2001-Oct-03 5:55:40 7:15:18 320 β Peg
109 Felicitas 318 2002-Sep-21 13:38:01 14:14:40 318 α Tau
137 Meliboea 159 2002-Sep-22 9:20:07 9:34:38 159 α Cet
200 Dynamene 318 2002-Sep-22 11:37:30 12:08:59 318 α Cet
201 Penelope 477 2002-Sep-21 9:01:27 9:33:23 318 α Cet

2002-Sep-22 8:41:57 8:54:25 159 α Cet β And
240 Vanadis 318 2002-Sep-21 11:35:19 12:07:00 318 α Tau
433 Eros 955 2002-Sep-21 5:47:55 6:23:00 318 β Peg β And

2002-Sep-22 5:16:29 5:46:06 318 β Peg β And
2002-Sep-22 6:16:23 6:46:28 318 β And

498 Tokio 160 2002-Oct-03 8:39:43 8:49:00 160 α Tau
511 Davida 318 2002-Sep-22 12:41:15 13:13:59 318 α Tau β Gem
704 Interamnia 320 2001-Oct-03 7:31:13 8:31:09 318 β And
735 Marghanna 318 2002-Sep-22 10:46:26 11:12:46 318 α Cet

a Slit losses due to tracking problems. This observation has been included in the emissivity average inFig. 8but not in the flux average ofFig. 7.
b Marginal conditions. This observation has been included inTable 2but not in the average spectra inFigs. 7 and 8.
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chip, the actual usable range is restricted to about 2.8
To cover the 8–14-µm window, we took three overlapp
spectral segments with the grating scan mechanism in
ferent positions, centered at wavelengths of 9.2, 10.7,
12.2 µm.

The grating scan mechanism (GSM) is designed to m
the diffraction gratings and optical flat in and out of place
switch instrument modes and to rotate the gratings to c
different wavelength regions within each mode. Becaus
is mobile, and because it has to be moved frequently w
the instrument is in use, it is less stable than the fixed
tical components of SC-10. Although it is equipped w
a heater and thermostat to reduce instability due to t
perature changes over the course of the night, we fo
that we had to be vigilant about checking and adjusting
GSM position after each spectral segment. Some detec
drift nevertheless remained, which led to offsets from o
spectrum to another in the wavelength registration on
chip. These offsets were usually subpixel, but could oc
sionally be as large as 1–2 pixels, as we found when
calibrated the raw spectra in wavelength using telluric
mospheric features. Our wavelength registration proce
is discussed more thoroughly in Section3. The standard de
viation of the wavelength of any given pixel over a sing
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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 all wavhs of
the SC-10 detector signal from one segment. The central peak represents the two overlapping positive images (a). The flanking images represenosite
chop positions. (c) Raw data from the same SC-10 segment as a two-dimensional image. The spectral dispersion is left–right, with wavelengthng
toward the left. The vertical direction is spatial.
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night was typically about 0.02 µm; the detector spectral s
was 0.0232 µm/pixel.

At mid-infrared wavelengths, both the sky and the te
scope itself emit their own thermal radiation and are br
with respect to the target objects. In order to enable
curate subtraction of this background radiation, spectr
the empty sky adjacent to the astronomical target mus
measured. The rapidly varying sky background is meas
by moving, or “chopping,” the secondary mirror betwe
on-target and off-target beams at a high frequency. In
observations, we chopped three times per second. The
itself is read out faster still in order to avoid filling the dete
tor wells beyond their linear range. Each of these image
known as a “frame,” so that in our data SC-10 has read
detector out at eight frames per chop, or 24 times per sec
The frames belonging to each chop position are co-adde
SC-10 in two hardware memory buffers, so that the ins
ment does not output every frame individually, but only o
co-added image per chop position.
.

We chose our readout frequency carefully to keep the
tector in its linear range throughout. The detector was bri
est aroundλ = 12 µm due to emission from a set of terrest
water lines and reached 1200–1300 mV; it was darkest in
region at the extreme short end of our spectral range, an
detector output was approximately 100 mV atλ = 8 µm.

The variation in the light path through the telescope
tween chop positions is compensated for by moving
entire telescope to take spectra of the target and sky in
chop positions (“nodding”). A minimal complete measu
ment must therefore include four raw spectral images
“beams,” one for each permutation of chop and nod p
tions.

Spectrocam-10’s field of view is 64 pixels wide (16′′)
in the spatial direction; wide enough that it was poss
to chop and nod “on-chip,” so that the dispersed imag
the star or asteroid could be included in all four beams
the sequence, as illustrated inFig. 2. In each beam the dis
persed image falls on a different row of the detector. T
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librated
Fig. 3. Spectra ofγ Aquilae ratioed to a 4000 K blackbody. Top:γ Aql as measured in the current work. This spectrum is an average of three spectra ca
on α Lyrae andβ Pegasi. Bottom: template spectrum published forγ Aql by Cohen et al. (1999). The template is based onα Hydrae shortward of 10.3 µm
and on a theoretical model longward of 10.6 µm.
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background subtraction then yielded a combination im
(Fig. 2c) containing two positive and two negative dispers
images of the target, parallel to each other and centere
various rows of the detector. The rows containing these
ages were automatically identified and added together
the appropriate sign changes to produce a segment of th
teroid’s spectrum.

Our measurements typically consisted of four or ei
beams (one or two complete sets taken consecutively
twenty seconds each, and since the source was alway
chip, the total integration time per spectral segment was
for a four-beam measurement or 160 s for an eight-b
segment.

The resulting spectral segment represented the flux s
trum of the target asteroid convolved with the atmosph
transmission and instrumental response functions. In
der to isolate the asteroid’s spectrum, we needed to
mate the overall response function by measuring the s
trum of a mid-infrared calibration standard under sim
atmospheric conditions. For each asteroid spectrum, th
fore, we planned a corresponding observation of a stan
star as close to the asteroid data as possible in time an
mass. Our standards needed to be bright stars whose
infrared spectra were well known. Whenever possible,
used the observed composite spectra compiled byCohen et
al. (1992, 1999)for six of their “primary standards”:α Ceti,
α Lyrae,α Tauri,β Andromedae,β Geminorum, andβ Pe-
gasi. However, because a number of our target asteroids
far from all of these stars in the sky at the time we obser
them, in several cases we were obliged to use other b
mid-infrared stars—most notably,γ Aquilae (HD 186791),
for which Cohen et al. (1992, 1999)published a templat
file based on the spectrum of a star of similar spectral t
(α Hydrae) but no observed spectra (Fig. 3). In these cases
we had to flux calibrate these stars on the primary stand
-

-

-

-

-
e

e

before using their spectra to calibrate the asteroid spe
thereby adding another level of atmospheric uncertaint
our results. In the case ofγ Aquilae, we averaged thre
spectra, two calibrated onα Lyrae and one onβ Pegasi, to
produce the spectrum illustrated inFig. 3. Slight changes in
the atmospheric transmission between the times of the
teroid and standard observations remain one of our prim
sources of uncertainty.

3. Calibration and processing

Each of our spectra was assembled from three ove
ping spectral segments. In the raw dispersed images
short-wavelength segment ranged from 7.6 to 10.6 µm;
medium, from 9.2 to 12.2 µm; and the long, from 10.7
13.7 µm. Because of “rolloff” in the detector’s sensitiv
close to its edges and low atmospheric transmission be
8.2 µm and above 13.2 µm, the ranges of the usable por
of the segments were 8.2–10.4, 9.3–12.0, and 10.9–13.2
respectively.

We extracted spectral segments from the dispersed
ages. Due to the on-chip chopping and nodding, each
dimensional image contained four parallel dispersed ima
of the target asteroid or standard (seeFig. 2a): two positive
images superimposed on each other along the central ro
the detector (close to row 32) and two negative flanking
ages centered near rows 16 and 48. The dispersion was
nearly parallel to the rows of the detector array, so that
central row for any given image at column 0 of the det
tor was consistently less than half a pixel removed from
central row at column 127. We located the precise cen
of the images by fitting a function composed of a Gauss
flanked by two half-strength Gaussians of opposite sig
each column. The centers, amplitudes, and widths (rel
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The
ion has be
Fig. 4. Model atmospheric transmission for Palomar (ATRAN,Lord (1992)). Atmospheric transmission as a function of wavelength in the mid-infrared.
large absorption between 9.2 and 10.1 µm is caused by telluric ozone; most of the other structure is due to water vapor. The transmission functen
smoothed to the spectral resolution of SC-10’s low-resolution mode.
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to the seeing and telescope tracking) of the Gaussians
permitted to float. The medians of the three resulting se
central rows were taken to be the true central rows of
images, and the medians of the sets of widths were ta
to be the true width of the point spread function. The ro
within 3σ of the three central rows were summed to p
duce three one-dimensional spectral segments, one po
and two negative, with the maximum ratio of signal to no
An example of the overall preextraction spatial profile
an SC-10 segment is included asFig. 2b; the correspond
ing two-dimensional detector image isFig. 2c.

No spectral errors were introduced by this profile extr
tion, since the spatial profile did not change as a functio
wavelength, and the same rows of pixels were summed
one end of the detector to the other.

The chop direction was at a very small angle to the
umn direction of the detector, so that we had to offset
flanking images in column number slightly before add
them to the central image. We measured these offsets by
culating the wavelength calibration for all of the central a
flanking images separately and averaging. Since the o
angle did not change during any given night, the aver
wavelength offset would be more accurate than the re
of any individual wavelength calibration. Without this co
rection, the wavelength resolution of the spectral segm
would have been degraded slightly.

The segments from the two negative flanking ima
were reversed in sign before the three segments were a
together, so that the total result from the two-dimensio
chopped and nodded detector output was one one-di
sional spectral segment.

Before we could combine the asteroid and standard s
tral segments into a single spectrum calibrated in flux,
had to calibrate them in wavelength.
e

e

-

t

d

-

-

The prominent telluric lines in each spectral segment
vided convenient reference points for wavelength calibra
(see, for example,Lord (1992)for the wavelengths of vari
ous telluric absorption features). In the short- and medi
wavelength segments, we relied on the ozone absorp
structures centered around 9.49 and 9.648 µm. In the l
wavelength segments, we used the 12.55-µm water v
feature.

In order to calibrate our standard star data, we cre
a reference spectrum by multiplying the model spect
of the star(Cohen et al., 1999)by a standard model of a
mospheric transmissivity (Fig. 4) and reducing the spectr
resolution appropriately. We compared a segment of
model that included the telluric feature to be used for calib
tion with the standard star data containing the same fea
We first “rebinned” the 128-pixel array onto a wavelen
scale with three times as many array elements in wavele
as the detector, so that we could conveniently make sub
adjustments to the registration by integer numbers of a
elements. We then adjusted the wavelength registration
our data until we had maximized the correlation between
data and the model.

We followed a similar procedure to register the aster
spectra in wavelength, except that in place of the standar
mosphere we used the transmissivity function derived f
the calibrated standard star spectrum. We multiplied the
rived transmissivity by a standard thermal model (spher
greybody) spectrum of the asteroid to produce our theo
cal reference spectrum. The standard thermal model wi
discussed more thoroughly in Section5.

The results of these automated calibrations were plo
together with their ratio and examined by hand. The tellu
lines are strong and steeply sloped, so that a small offs
the wavelength registration could produce a prominent
fact in the ratio of asteroid to standard data. When it was
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e corre
pect to
atm
Fig. 5. Wavelength registration of SC-10 data. Upper plot: non-flux-calibrated spectral data from an asteroid (dot-dashed line) and a standardsolid
line). The shaded areas mark strong telluric features. Lower plot: ratios of asteroid to standard spectra. The solid line here is the ratio of thctly
wavelength-calibrated raw spectra; the dotted line is the ratio when the source and standard spectra are misregistered in wavelength with reseach
other. Incorrect wavelength registration of the raw spectra causes substantial artifacts in the ratio at wavelengths where there is a slope in theospheric
transmission function.
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essary, we adjusted the result of our automated wavele
registration routines manually until these artifacts were m
imized. This process is illustrated inFig. 5. These manua
adjustments were never greater than 2/3 of a detector pixel
or 0.016 µm.

Once the standard star’s spectrum had been calibrat
wavelength, the ratio of the measured spectrum to the
spectrum of the calibrator(Cohen et al., 1999)represented
a combination of the atmospheric transmission function
the efficiency of Spectrocam-10 at the time and airmas
the calibration data. In the cases where our asteroid and
dard data were separated by more than 0.1 airmasse
applied an airmass correction consisting of the ratio of
transmission through a model atmosphere (from the ATR
program for Palomar,Lord, 1992) at the asteroid’s airmas
to the transmission through the same model atmosphe
the standard star’s airmass. The measured spectral seg
from the target asteroid could then be divided by the c
rected transmission function to yield the true flux spectr
of the asteroid in three segments.

Because of slit losses and atmospheric instability (larg
water vapor variations), the spectral segments were so
times offset in overall flux and had to be scaled before t
could be combined into a single spectrum. In these case
scaled the short- and long-wavelength segments to the
11.5-µm segment by the ratio of the medians of their flu
in the overlapping regions. We spliced the three segm
together to form the complete 8.2–13.2-µm spectrum of
asteroid. The overlapping regions of the resulting spe
therefore represent twice as much integration time as
nonoverlapping regions.
-
e

t
ts

-

4. Sources of uncertainty

Our spectra have two types of uncertainty: uncerta
in the overall flux, or global uncertainty; and point-to-po
uncertainty in the spectral shape, or local uncertainty.
global uncertainties affect only the radius estimates of
asteroids, while the local uncertainties affect the subs
temperature estimates and the shapes of the emissivity
tra.

The principal sources of global uncertainties are
losses, which varied from segment to segment due
changes in the seeing and imperfect telescope tracking
mospheric changes between the time when the standar
was measured and the time when the asteroid was meas
and global uncertainty in the reference spectra of the s
dard stars. The latter have been published byCohen et al.
(1992, 1999), who assign “global bias”1 values of 1.45% to
their reference spectra ofβ Pegasi,α Tauri, β Geminorum,
andβ Andromedae; 1.46% forα Lyrae andα Ceti; 5–7.5%
for their “template” spectrum ofγ Aquilae; and 2.5% for
their template spectrum ofη Ceti. Our total global flux un-
certainty can be estimated by comparing airmass-corre
calibration star spectra taken at various times during our
servations with each other. We assign a uniform value
10% uncertainty in global flux to all our data. Note that t
uncertainty in the overall flux is much larger than the lo

1 Cohen et al. (1992, 1999)use the term “global bias” to refer to th
overall flux uncertainty, which does not contribute error to spectral shap
color measurements.
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from
(a)

(b)

Fig. 6. Mid-infrared spectra of laboratory materials. (a) The effect of particle size on the strength of mid-infrared spectral features. At small grain sizes the
features are suppressed but do not change in wavelength. Data fromSalisbury et al. (1991b). (b) Laboratory spectra of powdered meteorite samples. Data
Salisbury et al. (1991a). The right-hand axis is the emissivity derived from bidirectional reflectance data (see footnote in Section8) for easier 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.
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uncertainties in the emissivity spectra of the asteroids, w
are represented by the point-to-point scatter in the spec

The sources of local uncertainty are atmospheric va
tions, statistical photon noise, and local uncertainties in
reference spectra of the standard stars. In cases whe
standard spectrum had to be corrected to the airmass o
asteroid spectrum, deviation of the actual atmospheric tr
mission from the model atmospheric profile used in the
e
e
-

mass correction is also a source of local uncertainty. Fin
imperfect wavelength calibration can create substantia
tifacts in the emissivity spectrum (seeFig. 5), particularly
close to major telluric lines.

Because the mineralogical emissivity features in
spectral region are quite broad in wavelength, extend
over 0.5 µm or more (Fig. 6), we resampled our spect
into 0.1-µm bins, which each corresponded to just over
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SC-10 pixels. We then used the standard deviation am
the points in each bin in order to estimate our local unc
tainties.

5. Radius and temperature fits: the standard thermal
model

We fit our data to the asteroid standard thermal mo
(STM). The STM(Lebofsky and Spencer, 1989)models the
asteroids as spheres of uniform emissivity in instantane
thermal equilibrium with the incident solar radiation. T
model spectrum, therefore, has only two parameters: a
ing factor that depends on the radius of the asteroid
asteroid–Earth distance, and the temperature of the a
oid’s surface at the subsolar point. We allowed both of th
quantities to vary during ourχ2 fitting. The surface temper
atures at all other points on the asteroid can be expre
simply in terms of the temperature at the subsolar point:

(1)T (θ) = Tsubsolarcos1/4(θ).

The STM spectrum is always calculated for a solar ph
angle of zero, then corrected for phase by 0.01 magnitu/
degree (with uncertainties of+0.007 to−0.005) of phase
based on mid-infrared photometry byMatson (1971)of
main-belt asteroids at a variety of phase angles. Since
correction is not wavelength-dependent, this phase co
tion does not produce any change in the shape of the m
spectrum, and therefore does not affect the temperatur
terminations. Its uncertainties have been incorporated,
root-summed-square sense, into the uncertainties quote
our radius estimates.

The subsolar point temperature is a function of
asteroid–Sun distance, asteroid bolometric albedo, and a
oid effective emissivity. In the STM, it is also affected by
empirical factor known as the “beaming parameter,” wh
represents a combination of other thermophysical pro
ties of the surface layer. The most important of these
preferential beaming of thermal radiation in the sunward
rection due to surface roughness: the floors of craters
instance, will receive reflected and emitted radiation fr
the illuminated crater walls in addition to the direct inso
tion. A “beaming parameter” less than unity will increa
the predicted subsolar point temperature, so that

(2)Tsubsolar=
[
(1− albedo)(insolation)

ηεσ

]1/4

,

whereη represents the beaming parameter,ε the emissivity,
andσ the Stefan–Boltzmann constant.

The insolation is a straightforward inverse-square fu
tion of the asteroid–Sun distance, which for each of
targets was readily available from JPL “Horizons” (http://
horizons.jpl.nasa.gov, Giorgini et al. (1996)). Our tem-
perature measurement therefore constrains(1 − albedo)/
(ηεeffective) for the target asteroid. A higher albedo lea
to a lower temperature because less of the insolation is
sorbed. A higher effective emissivity also produces a lo
-

-

l
-

r

-

temperature because the asteroid is able to reradiate it
ergy more efficiently.

In Table 2(STM temperature and radius fits), the “pr
dicted subsolar temperatures” were calculated from Eq(2)
with a value of 0.756 for the beaming parameter(Lebofsky
et al., 1986). This value was derived empirically from ra
diometry of 1 Ceres and 2 Pallas (seeSpencer et al. (1989,
Table II, and references therein), whose diameters w
known independently from occultation data. It carries an
certainty of ±0.014, which corresponds to±1.3 K at an
asteroid–Sun distance of 2 AU. (However, compareHarris
(1998), who argues that for near-Earth asteroids the ap
priate values ofη may be much higher, and suggests a def
value ofη = 1.2.) The earlier radiometric asteroid diamete
of the IRAS Minor Planet Survey (IMPS)(Matson, 1986;
Tedesco, 1989; Tedesco et al., 2002)were derived by apply
ing this canonical value to IRAS radiometry. In contrast,
ing MIDAS spectral data, we can measure color tempera
and fitη independently for each asteroid. This is essenti
the same method employed byHarris (1998)using thermal
infrared spectrophotometry.

We used two values for effective emissivity: 0.98 for lo
albedo objects (p � 0.11) and M-class asteroids and 0.
for higher-albedo asteroids. These estimates are base
laboratory spectra measured bySalisbury et al. (1991a)for
powdered samples of carbonaceous and ordinary chond
respectively, translated to emissivity (seefootnote 7in Sec-
tion 8) and averaged over the spectral region between 8
20 µm, where main-belt asteroids emit most of their ther
radiation.2 Altering the model emissivity by 3% changes t
predicted subsolar temperature by 2 K.

A departure from this “STM predicted temperature”
ourχ2 fitting implies either that the asteroid’s surface diffe
in bolometric albedo from the albedo used to predict the t
perature, or that the asteroid’s effective emissivity or ot
thermal properties (represented by the beaming param
differ from those of Ceres and Pallas. The uncertaintie
our temperature measurements themselves, cited inTable 2,
are the formal errors from theχ2 temperature fits(Bevington
et al., 1992, p. 147). Only data between 8.2 and 13.2 µ
were used in these fits; we also excluded data points
fell within the highly variable telluric ozone structure (9.2
10.2 µm). It is worth noting that these temperature meas
ments are unaffected by global flux uncertainties cause
slit losses, for example, and can only be affected by spe
errors.

6. Results

The flux spectra for our twenty-nine asteroid targets
plotted asFig. 7. The error bars in these plots represent sp

2 A value of 0.90 for “silicate emissivity” is often used in the literatu
but is more appropriate for warmer objects where a substantial portio
the thermal radiation is emitted shortward of 8 µm.

http://horizons.jpl.nasa.gov
http://horizons.jpl.nasa.gov
http://horizons.jpl.nasa.gov
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e
(◦)

Taxonomic
class(Bus,
1999)

Taxonomic
class(Tholen,
1989)

Rotation
period
(h)

C G 9.07
C G 9.07
B B 7.813
B B 7.813
B B 7.813
Sk S 7.21
V V 5.342
V V 5.342

S 5.079
C C 27.623
C C 27.623
C C 27.623
Sk S
S S 6.083
S S 11.57
S S 8.098
X M 4.148
X M 4.148
X M 4.148
B C 8.37
S S 9.9
S S 8.9
C FC 5.699
Xc P 21.7
C C 7.026
K S 11.38
Ch C 8.68
Ch GC 13.2

C 15

(continued on next page)
Table 2
STM temperature and radius fitting results

Asteroid Fitted
Tsubsolar
(K)

Fitted
radius
(km)

Implied
beaming
param. (η)

STM pred.
Tsubsolar
(η = 0.756)
(K)

Published
radius
(km)

Assumed
albedo

Assumed
emissivity

Phas
angle

1 Ceres (21 Sept. 2002) 241.6± 1.4 470.5± 25.0 0.74± 0.02 240.5 475.5± 3.9a 0.11 0.98 7.47
1 Ceres (22 Sept. 2002) 241.8± 1 467.7± 25.0 0.74± 0.01 240.6 475.5± 3.9a 0.11 0.98 6.93
2 Pallas (3 Oct. 2001) 230.9± 1.6 279.1± 18.0 0.71± 0.02 227.6 266± 3b 0.16 0.95 16.42
2 Pallas (22 Sept. 2002) 221.6± 1.3 276.0± 17.0 0.78± 0.02 223.5 266± 3b 0.16 0.95 13.51
2 Pallas (22–23 Aug. 2003) 245± 3 291.7± 15.0 0.74± 0.04 243.3 266± 3b 0.16 0.95 17.93
3 Juno 292.8± 7 135.7± 11.0 0.67± 0.07 284.6 134± 3c 0.15 0.95 25.27
4 Vesta (2 Oct. 2001) 250.5± 1.3 262.7± 19.0 0.75± 0.01 250.2 265± 5d 0.24 0.95 20.66
4 Vesta (3 Oct. 2001) 246.8± 1 256.4± 18.0 0.80± 0.01 250.2 265± 5d 0.24 0.95 20.47
9 Metis 282.2± 12.1 78.2± 7.0 0.75± 0.14 281.7 95± 10e 0.18 0.95 28.32
10 Hygiea (3 Oct. 2001) 229.7± 3.2 224.0± 13.0 0.80± 0.05 233.3 204± 3f 0.07 0.98 10.8
10 Hygiea (21 Sept. 2002) 219.7± 3.7 209.7± 13.0 0.81± 0.06 223.6 204± 3f 0.07 0.98 13.46
10 Hygiea (22 Sept. 2002) 218.8± 2.6 213.8± 13.0 0.82± 0.04 223.6 204± 3f 0.07 0.98 13.24
11 Parthenope 264.2± 3.4 65.5± 5.0 0.74± 0.04 262.7 76.67± 2 0.18 0.95 20.31
15 Eunomia 269.1± 9 145.7± 8.0 0.78± 0.11 271.1 127.67± 8g 0.21 0.95 9.17
18 Melpomene 310.1± 4.1 74.6± 4.0 0.65± 0.04 299.2 70.29± 1 0.22 0.95 7.57
20 Massalia 270.5± 2.6 77.2± 7.0 0.80± 0.03 274.5 72.75± 5 0.21 0.95 27.15
22 Kalliope (2 Oct. 2001) 248.8± 3.4 78.9± 6.0 0.81± 0.05 253.2 90.5± 2 0.14 0.98 22.01
22 Kalliope (2 Oct. 2001) 247.7± 5 73.0± 5.0 0.82± 0.07 253.2 90.5± 2 0.14 0.98 22
22 Kalliope (3 Oct. 2001) 244.5± 2.9 74.3± 6.0 0.87± 0.04 253.2 90.5± 2 0.14 0.98 21.92
24 Themis 230.6± 4.2 104.9± 7.0 0.90± 0.07 240.8 0.07 0.98 18.34
25 Phocaea 303.8± 6 41.0± 4.0 0.72± 0.06 299.9 37.56± 2 0.23 0.95 33.59
40 Harmonia 270.7± 4.6 54.5± 5.0 0.73± 0.05 268.8 53.81± 3 0.24 0.95 26.5
45 Eugenia 231.8± 4.2 78.7± 5.0 0.96± 0.07 246.3 107.32± 2 0.04 0.98 13.42
46 Hestia 287.8± 6.8 62.9± 5.0 0.75± 0.07 286.8 62.07± 2 0.05 0.98 22.17
54 Alexandra 283.1± 3.5 68.6± 4.0 0.65± 0.03 272.4 82.88± 2 0.06 0.98 10.17
89 Julia 279.6± 5.9 73.3± 5.0 0.74± 0.06 278 75.73± 2 0.18 0.95 20.35
95 Arethusa 256.4± 2.1 64.5± 3.2 0.74± 0.02 255.3 68.02± 5 0.07 0.98 6.6
109 Felicitas 296.9± 4.4 43.2± 3.0 0.77± 0.05 297.9 44.72± 1 0.07 0.98 24.95
137 Meliboea 263.3± 3.7 73.1± 3.7 0.72± 0.04 259.8 72.71± 2 0.05 0.98 3.7
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class(Tholen,
1989)

Rotation
period
(h)

71 Ch C 19
85 X M 3.747
38 X M 3.747
05 C C
5 S S 5.27
95 S S 5.27
97 S S 5.27
74 M
46 C C 5.129
61 B F 8.69
82 Ch C

the albedo used to calculate the “STM PredictedTsubsolar.”
(1996); 433 Eros,Morrison (1976). “Rotation Period”:

3steroid’s south pole. The mean overall radius of Eros is
Table 2 (continued)

Asteroid Fitted
Tsubsolar
(K)

Fitted
radius
(km)

Implied
beaming
param. (η)

STM pred.
Tsubsolar
(η = 0.756)
(K)

Published
radius
(km)

Assumed
albedo

Assumed
emissivity

Pha
ang

200 Dynamene 271± 4.6 61.7± 4.0 0.76± 0.05 271.4 64.18± 1 0.05 0.98 20.
201 Penelope (21 Sept. 2002) 254.8± 6.2 36.6± 1.8 0.98± 0.10 271.8 34.19± 2 0.16 0.98 8.
201 Penelope (22 Sept. 2002) 249.9± 2.5 41.8± 2.1 1.06± 0.04 271.8 34.19± 2 0.16 0.98 8.
240 Vanadis 292.9± 5.1 52.2± 2.6 0.71± 0.05 288.6 51.95± 1 0.04 0.98 27.
433 Eros (21 Sept. 2002) 326.8± 9.1 10.2± 0.5 0.71± 0.08 321.5 9.2± 0.1h 0.18 0.95 14.
433 Eros (22 Sept. 2002) 325± 7 10.6± 0.5 0.73± 0.07 321.8 9.2± 0.1h 0.18 0.95 14.
433 Eros (22 Sept. 2002) 327.8± 7.8 10.2± 0.5 0.70± 0.07 321.8 9.2± 0.1h 0.18 0.95 14.
498 Tokio 300.8± 11.3 32.6± 1.6 0.62± 0.10 286.1 40.9± 1.1 0.07 0.98 8.
511 Davida 259.5± 2.3 168.6± 13.0 0.76± 0.03 260.3 163.03±2.7i 0.05 0.98 22.
704 Interamnia 254± 1.6 173.9± 10.0 0.80± 0.02 257.9 158.31± 3j 0.07 0.98 10.
735 Marghanna 298.2± 3.9 36.6± 3.0 0.82± 0.04 304.2 37.16± 1 0.05 0.98 22.

“Published radius” values are from the Supplemental IRAS Minor Planet Survey(Tedesco et al., 2002)except where noted. The “assumed albedo” is
These albedos have been taken fromTedesco et al. (2002)except as follows: 3 Juno and 4 Vesta,Morrison (1974); 9 Metis and 24 Themis,Giorgini et al.
Giorgini et al. (1996); Harris (1996).

a Parker et al. (2002), HST imaging. SIMPS(Tedesco et al., 2002): R = 424± 10 km. See footnote 2 on SIMPS radii for very large asteroids.
b Dunham et al. (1990), occultation. SIMPS(Tedesco et al., 2002): R = 249± 9 km.
c Millis et al. (1981), occultation. SIMPS(Tedesco et al., 2002): R = 117± 6 km.
d Thomas et al. (1997), HST imaging (mean radius) SIMPS(Tedesco et al., 2002): R = 234± 13 km.
e Kristensen (1984), occultation. No IRAS diameter.
f Original (Tedesco, 1989)IMPS radius wasR = 215± 4 km.
g Original IMPS radius wasR = 136± 3 km.
h Zuber et al. (2000), NLR laser ranging (mean equatorial radius). We cite the equatorial radius here because our sub-Earth point was within◦ of the a

7.31± 0.01 km.
i Original IMPS radius wasR = 169± 3 km.
j Original IMPS radius wasR = 167± 3 km.
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the stand deviation of the points in each bin. The dashed lines
ngth rehould be regarded as suspect.
Fig. 7. Mid-infrared flux spectra of the twenty-nine MIDAS asteroids. The data have been binned to 0.1-µm resolution. The error bars representdar
represent the best-fit STM for each spectrum. The shaded grey areas are regions of strong telluric absorptions. Data points within those wavelegions s
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tral uncertainties only, and are derived from the scatte
points within each 0.1-µm wavelength bin. The best-fit S
model spectra are overplotted as dashed lines. The ve
grey bars in the background mark the locations of promin
telluric atmospheric features (see alsoFig. 4) where the sys-
tematic errors for the data points may be much larger t
the formal error bars.

Consecutive measurements have generally been ave
together and presented as a single spectrum, both inFigs. 7
and 8and inTables 1 and 2. However, for a number of as
teroids which were measured on more than one nigh
at several substantially different times on the same ni
we have presented several separate spectra of a sing
teroid.

The early part of the night on 2 October 2001 was g
erally non-photometric due to cirrus, and we consider
absolute flux measurements and emissivity spectra f
2 October less reliable than the majority of our data. D
ing our other three nights of observations (3 October 20
21 September 2002, 22 September 2002) we enjoyed
cellent observing conditions, and our flux errors were l
ited by variations in slit losses. Based on repeated ob
vations of standard stars, we estimate a constant flux
certainty of 10%, which contributes 5% to the uncertai
in the asteroid radius. This 5% is combined with the
certainties in the phase corrections in a root-sum-sq
sense to produce the total radius uncertainties quoted inTa-
ble 2.

These radius uncertainties represent only the compo
of radius uncertainty that is independent of the temp
ture estimate; that is, the amount of uncertainty that wo
remain in the radius if there were zero uncertainty in the t
perature distribution on the asteroid surface. The radius
timates are also dependent on the temperatures we est
for the subsolar point. Thus, for example, for our spectr
of 24 Themis the least-squares fit is [Tsubsolar= 230.6 K,
radius= 105 km], but if the subsolar temperature is d
creased by one standard deviation to 226.6 K, the m
radius must be increased to produce the observed flux
that the best fit at the lower temperature is [Tsubsolar=
226.6 K, radius= 110.5 km]. Other potential sources of e
ror, such as shape irregularity, are also not represente
Table 2.

The emissivity spectrum of an asteroid is the ratio of
measured spectrum of the asteroid to the fitted STM s
trum. In the majority of cases, the asteroid spectra we
served were without spectral emissivity variation to with
5%, and were good matches to the STM with a beam
parameter (η) of 0.756± 0.014. Note that although an in
correct STM spectrum can change the overall slope of
emissivity spectrum, it can neither hide the relatively narr
mineralogical features nor produce spurious features, so
these results are not vulnerable to errors in thermal m
elling. We have plotted relative emissivity as a function
wavelength for 1 Ceres, 2 Pallas, 3 Juno, 4 Vesta, 10 Hyg
l

d

s-

-

t

e

t

,

and 511 Davida asFig. 8, and we discuss these and oth
asteroids individually below.3

7. Discussions of individual asteroids

7.1. 1 Ceres

By far the largest spectral emissivity variations in our d
are to be found in the spectrum of 1 Ceres, which has a
increase in emissivity between 8.7 and 9.6 µm together
a more gradual decrease in emissivity longward of 10
11.6 µm. The precise rollover wavelength is obscured
telluric ozone absorption. This feature was reproducible
two spectra taken on 21 September and one on 22 Septe
2002. We have plotted our spectra in flux inFig. 7, and di-
vided them by the best-fit STM model to produce the rela
emittance spectra shown inFig. 8. Our spectra essentially re
produce those published byCohen et al. (1998)from KAO
data and byDotto et al. (2000)from ISO PHT-S data.

Our subsolar temperature estimates agree very well
the STM temperature predictions for 11% albedo and 9
effective emissivity. We findTsubsolar= 242 ± 1 K for
both nights. The STM subsolar temperature prediction
242.4 K.

We derived radiiR = 471± 25 km, 468± 25 km (21 and
22 September, respectively). These are consistent with
eral other estimates of the size of Ceres:Millis et al. (1987)
derived occultation radii of 479.6± 2.4 km (equatorial) and
453.4± 4.5 km (polar), and the radiometric IRAS Mino
Planet Survey (IMPS) radius(Tedesco, 1989)was 457±
22 km.4 More recently,Parker et al. (2002)have used Hub
ble Space Telescope (HST) data to find the semimajor
semiminor axes of Ceres: 484± 5.1 km and 466.4± 5.9 km,
respectively, with an equivalent radiusR = 475.5± 3.9 km.

Cohen et al. (1998)devoted several pages to the miner
ogy of Ceres but were unable to match its spectrum ei
with the silicate samples ofSalisbury et al. (1991b), the
powdered Murchison meteorite, the ammoniated phyllo
icates ofKing et al. (1992), or the organic materials sup
plied by Calvin (1997, cited as a private communication

3 All the data published in this paper are available in digital form fr
the author on request.

4 Tedesco et al. (2002)revised the original IMPS diameters for all a
teroids observed by IRAS, including Ceres, with a “band-to-band cor
tion” that improved the consistency between the albedos derived from
various IRAS wavelengths (12, 25, and 60 µm) for most asteroids. The
vised estimate for Ceres’ radius was 424.2± 9.9 km, which is, of course
well below both our estimate and the occultation and HST-derived va
However, the authors acknowledged that for the largest asteroids, in
ing Ceres, this correction produced diameters that were systematicall
compared to occultation-derived diameters. The original calibration
been based on observations of Ceres itself and of 2 Pallas.Tedesco et al
(2002)suggested that this discrepancy might be explained if very large
teroids (D � 200 km) had atypical thermal properties. We will continue
cite, when appropriate, both the original and revised IMPS diameters in
paper.
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ey
Fig. 8. Emissivity spectra of selected asteroids. These were produced by dividing the flux spectra inFig. 7by the best-fit STM thermal models. Again, the gr
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 s
of the organic tholin, mixed with a higher-emissivity m
terial, might produce a closer match; but such a labora
measurement was not available.Dotto et al. (2000)also at-
tempted to compare their spectrum with several labora
samples, including a mica and an oxide mineral, but did
find any compelling matches.

7.2. 2 Pallas

We measured 2 Pallas on October 3, 2001, Septem
22, 2002, August 21, 2003, and August 22, 2003. Un
tunately, in the first two cases we were obliged to calibr
our spectra onγ Aquilae (seeFig. 4) instead of directly on
a primary standard of Cohen, so that our calibrated spe
include two layers of atmospheric uncertainty. Neverthel
our radius and temperature fitting results do agree with
STM predicted temperatures and 266± 3 km occultation ra-
dius(Dunham et al., 1990). All of our spectra are within thei
2–5% error bars of uniform emissivity.Dotto et al. (2000)re-
ported an ISO spectrum of 2 Pallas with an emissivity m
imum of 8–10% spectral contrast, centered around 10.5
in wavelength and about 1 µm in breadth. They noted
this structure was consistent with water ice. Within the li
its of our error bars, we see no convincing evidence for
feature or any other in our data.

7.3. 3 Juno

We measured 3 Juno under marginal observing co
tions on October 2, 2001. These observations also s
from a high airmass contrast between the asteroid (1.26
masses) and standard star (β Geminorum at 1.07 airmasses
The small emissivity maximum at 11.85 µm and minimu
at 12.4 µm are therefore likely to be spurious features
sulting from the nearby telluric absorption bands. We m
sure a subsolar temperature of 293± 7 K and a radius o
136± 11 km.

Our radius agrees with the occultation-derived radius
Millis et al. (1981) (D = 267± 5 km, or R = 133.5 ±
2.5 km), rather than with the revised IMPS radius of 117 k

Our subsolar temperature measurement of 293± 7 K is
much higher than the STM would predict based on an alb
of 0.24 (Tedesco et al., 2002). However,Morrison (1974)
published a radiometrically determined bolometric albed
0.15 for 3 Juno, which yields a predicted subsolar temp
ture (284.6 K) close to the lower limit of our error bars.
we assume a subsolar temperature of 285 K, our data
consistent with a radius of 144± 11 km.

Dotto et al. (2000)also measured this asteroid with IS
Their data, which cover the wavelength range 5.8–11.6
are consistent with a flat spectrum between 8.6 and 11.5
with decreased emissivity shortward of 8.6 µm, as are o
Dotto et al. (2000)argue that this structure is a Christians
peak located at about 8.6 µm and suggest that it is diagn
of a pyroxene/olivine surface composition.
r

7.4. 4 Vesta

The ISO spectrum of 4 Vesta presented byDotto et al.
(2000)showed strong features: a positive slope from 8.2
9.1 µm with about 10% overall contrast and an absorp
feature centered around 10 µm, also with about 10%
trast. These features are absent from our spectra of 4 Ve

We measured Vesta repeatedly on two consecutive n
in 2001, for a total of 640 s per segment on October 2
320 s on October 3.5

Due to atmospheric stability, the brightness of the as
oid, and the close proximity in the sky of a bright and we
characterized mid-infrared standard (α Tauri), we were able
to obtain local uncertainties of less than 2%. These spe
are plotted in flux inFig. 7 and in emissivity inFig. 8, and
represent our best data.

We divided the flux spectra by the best-fit STM mod
and averaged the spectra from each night together in o
to obtain the emissivity spectra shown inFigs. 8 and 9. On
both nights, we observed a negative slope between 8.3
9.1 µm of 3–4% overall contrast, a small distinct peak
emissivity around 11 µm, and a positive slope between
and 13.1 µm of about 3% contrast. No feature had a spe
contrast of more than 4%. These are at best marginal d
tions, and we have not attempted a mineralogical anal
We note, however, that several of these features can als
found in the spectra of certain HED meteorites, as meas
by Salisbury et al. (1991a)(Fig. 9).

The pole and rotation period of Vesta have been w
established(Thomas et al., 1997; Drummond et al., 199
with an uncertainty of 5◦ in the pole orientation. Using th
Thomas et al.pole solution (RA= 301◦, Dec= 41◦; prime
meridian = 292◦ + 1617.332776◦/day × (Julian date−
2451545.0)) we can estimate our fields of view on the a
teroid from the two nights of observations. Since in the st
dard thermal model 98% of the flux comes from within 7◦
of the subobservation point, we have mapped these sev
degree fields of view for the sub-Earth points at the tim
of the MIDAS and ISO observations onto a simple cyl
drical projection of Vesta inFig. 10. Based on this map,
is possible though perhaps unlikely that the differences
tween our spectra and ISO’s could be explained in terms
strategically-placed terrain with a strong spectral signatu

Our temperature fits for Vesta’s subsolar point are 25±
1 K and 247± 1 K for the spectra measured on Octobe
and October 3, respectively. The IMPS(Tedesco et al., 2002
reports a visible geometric albedo of 0.42± 0.05 for this as-
teroid, which if adopted as a bolometric albedo leads

5 Our second set of observations on October 2 appear to have
plagued by slit losses due to imperfect tracking on the asteroid. Sinc
shape of the spectrum does not seem to have been affected, we hav
aged all the October 2 data (640 s) for the emissivity spectrum inFig. 8but
only the first set of observations for the flux spectrum inFig. 7. The fol-
lowing night we were more vigilant about monitoring the instrument a
experienced no such problems.
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n
Fig. 9. Thermal Infrared Spectra of 4 Vesta and various laboratory materials. Laboratory data fromSalisbury et al. (1991a, 1991b)For the relationship betwee
biconical reflectance and emissivity, see footnote in Section8.
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Fig. 10. MIDAS and ISO sub-Earth points and fields of view for 4 Ve
Shaded areas are within 70◦ of the sub-Earth point. The pole solution us
was [301◦, 41◦] (Thomas et al., 1997). SeeTable 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 MI
observations

Obser-
vation

Date Time
(UT)

Sub-solar point Sub-Earth poin

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

ISO
(PHT-S) 1997-Jun-13 13:57:53−19◦ 221◦ −11◦ 198◦
MIDAS 2001-Oct-02 10:40 7◦ 73◦ 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 em
sivity of 0.95 (consistent with the laboratory measureme
by Salisbury et al. (1991a)of HED meteorites) and stan
dard beaming parameter of 0.756. However, inTable 2we
have cited the more plausible bolometric geometric alb
of Morrison (1974), which is 0.24, and its correspondin
temperature prediction of 250 K.

Our radius estimates for Vesta were 263± 19 km and
256± 18 km, which are entirely consistent with other da
Thomas et al. (1997)model the asteroid’s shape using H
data as a nearly-ellipsoidal object with radii of 289, 280,
229± 5 km, with a mean radius of 265 km.

7.5. 10 Hygiea

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

The sub-Earth points of these observations were not i
tical with those of the ISO measurements. However,Barucci
et al. (2002)report this feature in two separate spectra ta
with different ISO instruments (PHT-S and SWS) at diff
ent times.

Two possible solutions for the spin vector of Hygi
have been found by a number of investigators (seeLopez-
Gonzalez and Rodriguez (2000); Erikson and Magnusso
(1993); Michalowski et al. (1991)) to be consistent with
lightcurves measured between 1953 and 1996. Using ea
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these pole determinations and a rotation period of 1.150
days(Magnusson et al., 1993), we have mapped the sevent
degree fields of view of the five observations (two ISO a
three MIDAS spectra) asFigs. 11a and 11b. We defined
meridians to coincide with one of the lightcurve minim

(a)

(b)

Fig. 11. MIDAS and ISO sub-Earth points and fields of view for 10 H
giea. Again, points within 70◦ of the sub-Earth point are considered to
inside the field of view. SeeTable 4for the times and coordinates of ea
measurement. (a) Sub-Earth points calculated using the “p3” pole solu
[120◦,34◦]. The ISO SWS observation lasted for over three hours, so
have represented both its starting and ending sub-Earth points on the
joined by a line. (b) Sub-Earth points calculated using the “p4” pole s
tion [295◦,43◦].
for each pole solution: W= 147.4◦ − 312.78047◦/day×
(Julian date− 2451545.0) for the “p3” solution and W=
350.54◦ − 312.78047◦/day× (Julian date− 2451545.0) for
the “p4” solution.

If the “p4” pole solution is correct, the fields of vie
of the ISO PHT-S and SWS measurements on the aste
did not overlap, although each had some area in com
with the MIDAS coverage. Therefore, in order to explain
discrepancy between the two ISO spectra and the MID
data in terms of surface variations on 10 Hygiea, it wo
be necessary to assume that at least two separate fac
the asteroid are occupied by a terrain with a strong m
infrared spectral signature that does not occur in the reg
observed by MIDAS. Alternatively, the “p3” pole solutio
allows a small region of overlap between the PHT-S
SWS fields of view which might contain the source of t
ISO mid-infrared spectrum.

7.6. 433 Eros

433 Eros was the only NEA in our survey and was b
wide margin the smallest asteroid we were able to obse
We measured Eros three times, once on 21 Septembe
twice on 22 September. Our sub-Earth points(Giorgini et
al., 1996)were−83.7◦ latitude, 92◦ to 126◦ longitude on
21 September, and−83.5◦ latitude, 250◦ through 320◦ lon-
gitude on 22 September. The subsolar latitude was−88◦
throughout. Theχ2 fits to our three spectra of 433 Eros a
good matches to an STM model withη = 0.72± 0.07 and
radiusR = 10.3 ± 0.5 km. The asteroid’s true mean equ
torial radius is 9.2± 0.1 km(Zuber et al., 2000). (Here and
in Table 2, we have used the radiometrically derived albe
of Morrison (1976), p = 0.18± 0.03, rather than the NEAR
narrowband albedos. Albedo estimates for Eros have ra
from 0.125± 0.025 (Lebofsky and Rieke (1979), radiome-
try) to 0.27± 0.06 (Veverka et al. (2000), NEAR MSI).)

We did not find any evidence for spectral emissivity va
ation, consistent with up-close near-IR remote sensing
spectroscopy of this asteroid from the NEAR mission(Bell
et al., 2002). Note that since the subsolar point was so cl
to the pole, the close match of the asteroid’s spectrum to
STM at the time of our observations provides very little co
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
(UT)

“p3” pole solution:α = 120◦, δ = 34◦ “p4” pole solution:α = 295◦, δ = 43◦

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◦ 77◦ 12◦ 81◦ −11◦ 76◦ −18◦ 89◦
ISO (SWS) start 1997-Sep-16 03:48 −41◦ 341◦ −57◦ 334◦ 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 39◦ 296◦ −48◦ 304◦ −26◦ 325◦ −30◦ 336◦
MIDAS 2002-Sep-21 10:08 −14◦ 325◦ −27◦ 323◦ −5◦ 317◦ 0◦ 304◦
MIDAS 2002-Sep-22 13:52 −14◦ 324◦ −27◦ 322◦ −5◦ 315◦ 0◦ 303◦
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7.7. 511 Davida

We observed 511 Davida twice on 22 September 20
calibrating one of our spectra onα Tauri and the other o
β Geminorum. The radius we derived, 169± 13 km, is
consistent with either the IMPS (169± 3 km) or SIMPS
(163± 3 km) results. Our subsolar temperature estimat
259.5± 2.3 K is also entirely consistent with the STM pr
diction (260.3 K) for the nominal valueη = 0.756.

Dotto et al. (2002)published a 5.8–11.6 µm ISO PHT
spectrum of this asteroid. They concluded that its 6
11.5 µm behavior resembled that of CM chondrites. Un
tunately, in the region of our spectral coverage, we have b
unable to reproduce their results. Within the 3–8% limits
our error bars, our data are uniform in emissivity.

7.8. M-class asteroids

Recently, several investigators have presented evid
that at least some M-class asteroids cannot be comp
of the same material as nickel–iron meteorites.Margot and
Brown (2003)discovered a satellite of the M Asteroid 2
Kalliope and were able to calculate Kalliope’s density
2.37± 0.4 g cm−3, using the IMPS radius of 90.5 km
They concluded that this is incompatible with a pure nick
iron composition, since the microporosities of nickel–ir
meteorites are very low, and the asteroid’s macroporo
would have to exceed that of 253 Mathilde(Yeomans e
al., 1997) in order to produce the observed density w
an iron meteorite composition. Additionally,Rivkin et al.
(2000)detected 3-µm hydration bands in the spectra of n
out of the 27 M-class asteroids they observed, including
Kalliope and 201 Penelope (discussed below) also sug
ing that these objects may not be purely metallic in com
sition.

We measured the mid-infrared spectra of three M-c
asteroids during the MIDAS survey. In none of them did
detect any convincing evidence of spectral emissivity va
tions outside the limits of our uncertainties. We discuss
temperature and radius fitting results below.

7.8.1. 22 Kalliope
We made two sets of nonconsecutive observations o

Kalliope on 2 October 2001, of 320 s/segment each, an
one set of observations on 3 October 2001. Due to non
tometric conditions, we consider the first set of spectra
2 October less reliable than the second. On 3 Octobe
enjoyed excellent conditions throughout the night.

Our measured subsolar-point temperatures for 22 K
ope are 249±3 K, 248±5 K (2 October 2001) and 245±2 K
(3 October 2001). The STM prediction for 98% effect
emissivity and 14% albedo is 253.2 K. A bolometric albe
of 19% would produce a temperature of 249.6 K, wh
would be consistent with our temperature results, but wo
be inconsistent with the IMPS albedo and the radiom
rically determined bolometric albedo of 11% ofMorrison
d

-

Table 5
Sub-Earth and sub-solar points of 22 Kalliope at the times of MIDAS
servations

Observation
date

Time
(UT)

Sub-solar point Sub-Earth point

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

2001-Oct-02 11:08-11:28 36◦ 225◦–254◦ 14◦ 225◦–255◦
2001-Oct-02 12:30-13:02 36◦ 340◦–24◦ 14◦ 340◦–25◦
2001-Oct-03 13:30-14:03 36◦ 350◦–34◦ 14◦ 350◦–35◦

(1974). Alternatively, Kalliope, which is a fast rotator wit
a period of 4.148 h, may have an appreciable therma
ertia. Using the pole solution ofMagnusson et al. (1993,
[α = 190◦, δ = −6.5◦, ±5◦, J2000], we find that the sub
Earth and subsolar latitudes at the time of our observat
were fairly low (+14◦ and+36◦, respectively). If Kalliope’s
surface temperatures are really being influenced by t
mal inertia, the relationship between measured and pred
temperatures should change systematically as a functio
subsolar latitude: in the extreme case, where the sub
point is at a pole, the asteroid should be in thermal e
librium even for very large values of thermal inertia a
the STM prediction would be exact. Additional thermal
frared spectroscopy or multiple-wavelength photometry
this asteroid at different subsolar latitudes should test
hypothesis.

Because our radius estimates were persistently sub
tially lower than the 90.5 km radius reported by IMP
we calculated our sub-Earth points using the pole solu
and compared our longitudes with the asteroid’s well-ch
acterized visible lightcurve. We defined a meridian[W =
10◦ + 2082.8319108◦/day× (Julian date− 2451545.0)] in
an attempt to have zero longitude coincide with a m
mum in the visible lightcurve(Damiani and Foglia, 1997
Michalowski and Velichko, 1990). Our results are listed a
Table 5. We found that both the second observation on
tober 2 and the observations on October 3 coincided
the longitude of the same minimum of the visible lightcur
If we accept the axial ratiosa/b = 1.32 andb/c = 1.2 and
assign our 74 km observed effective radius to

√
bc, the vol-

ume of the asteroid is 90% of the volume of a sphere w
the IMPS radius; so this result does not substantially a
the density estimate ofMargot and Brown (2003).

The 79 km radius estimate from the first set of spe
on October 2 should be interpreted with caution beca
these data may have been affected by the nonphotom
atmospheric conditions prevalent shortly before they w
taken. We report them here because they represent a d
ent aspect from the other measurements of this asteroid

7.8.2. 201 Penelope
The subsolar temperature measurements for 201 P

lope on 21 September were 255±6 K, with a radius estimat
of 37±2 km. The STM predicted a substantially higher te
perature (271.8 K) for 98% emissivity and 16% albedo. T
temperature measurement for our spectrum from 22 Sep
ber was also quite low: 250± 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 ellipso
than 22 Kalliope:Magnusson et al. (1993)give the rotation
period of Penelope as 0.1561439 days with pole solut
[89◦,−27◦] or [260◦,−27◦] in ecliptic coordinates, and ax
ial ratiosa/b = 1.5 andb/c = 1.2. The sub-Earth latitude a
the time of our observations was either−19◦ or +21◦. 6.3
rotations of Penelope elapsed between our September 2
September 22 observations; we could not, therefore, h
been observing the same aspect of the asteroid in both c

7.8.3. 498 Tokio
The subsolar temperature measurement for 498 T

was 301± 11 K (3 October 2001). The STM predicte
286.1 K for 7% albedo and 98% emissivity. The best-fit
dius for Tokio is 33± 2 km, which is significantly lower
than the 40.9± 1.2 km SIMPS value(Tedesco et al., 2002.
Because the radius derived from the fit is dependent on
temperature, which in this case due to low signal to no
had high error bars, we recalculated the best-fit radius
ing a subsolar temperature one standard deviation b
that of the chi-squared minimum (Tss = 289.5 K). The re-
sult was 35.7± 2 km. The asteroid’s lightcurve amplitud
is � 0.36 magnitudes(Gil-Hutton, 1989). Unfortunately a
pole solution is not available for 498 Tokio, so we could n
determine what relationship our observations have to the
teroid’s lightcurve.

7.9. Other asteroids that depart from the STM

The mid-infrared spectra of a handful of other astero
were best fit with a subsolar temperature over one stan
deviation away from that predicted by the STM using
tablished albedo values and the standard beaming par
ter. These included 18 Melpomene, 24 Themis, 45 Euge
54 Alexandra, and 735 Marghanna. These discrepancie
not appear to be correlated with the phase angles of
observations, as might be expected from phase effect
lated to infrared beaming. For example, 45 Eugenia
observed at 13.4◦ phase and has a discrepancy of−14 K
between the predicted and fitted temperatures; but 3 J
observed at 25.3◦ phase, is+8 K above the STM predic
tion in temperature, and 109 Felicitas, observed at 25◦ phase,
matches the STM temperature and IMPS radius almos
actly. Similarly, one might expect fast-rotating asteroids
served at low subsolar and sub-Earth latitudes to have lo
subsolar-point temperatures (higherη) than the STM would
predict. All four of the asteroids for which we derived (η >

0.85) have rotation periods under nine hours, and the t
for which pole solutions are available(Dotto et al., 1995;
De Angelis, 1995; Magnusson et al., 1993)were observed a
subsolar latitudes� 36◦. However, several other fast rotato
(9 Metis, 54 Alexandra, 20 Massalia) observed at low l
tudes had normal beaming parameters, and the fifth high
η asteroid in our survey was the slow rotator 10 Hygi
d

s.

-

-

,

-

Fig. 12. Rotation rates and MIDAS radii. Asteroid measurements with
usually high (η > 0.85) beaming parameters are marked with diamonds

Fig. 13. Derived beaming parameters (η) vs phase angles of MIDAS obse
vation.

These relationships are illustrated inFigs. 12 and 13. This
may be evidence for variation in thermal inertia among as
oid surfaces; but one must be cautious since errors in e
the bolometric albedo or the infrared phase function can
ter the apparent value ofη.

Fig. 13 shows our derivedη values plotted against th
phase angles of the MIDAS observations. No high-ph
observations (phase angle� 25◦) resulted in spectra that im
plied high beaming parameters, but the low-phase obse
tions resulted in a wide range of beaming parameter val
Clearly there must be a limiting phase angle beyond wh
an observer will be out of the sunward “beam” of enhan
thermal emission due to surface roughness; but neithe
extent to which that angle varies from asteroid to aste
nor its location for any given asteroid can be determi
from our data alone. Of the two individual asteroids (2 P
las and 10 Hygiea) that we were able to observe at mul
phase angles, 2 Pallas appeared to have a slightly higheη at
13.5◦ than at 16◦ or 18◦, but 10 Hygiea produced identic
η values for phase angles of 11◦ and 13.5◦. If the thermal
infrared spectra of a set of asteroids with well-known s
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vectors were observed at multiple phase angles, we w
then be able to say more about thermal infrared beamin
a function of phase.

Subsolar-point temperatures below those predicted b
STM may be attributed to the effects of thermal iner
Higher-than-predicted temperatures, however, such a
find for 18 Melpomene and 54 Alexandra, must be attribu
to the other parameters in the temperature prediction: th
sumed bolometric albedo or effective emissivity may h
been too high or the effects of infrared beaming may h
been underestimated (η < 0.756).

7.9.1. 45 Eugenia
45 Eugenia is unique in our data in the degree of

departure from the standard thermal model. Our best
Tsubsolar= 232± 4 K, radius= 79± 5 km; whereas the (re
vised6) SIMPS radius is 107.3±2 km, and the STM subsola
temperature prediction is 246.3 K. Thus, both the temp
ture and size of the asteroid contribute to a large defic
observed thermal flux compared with the model predicti

45 Eugenia is a fast rotator (period= 0.2374647 days
Magnusson et al. (1993)). Its axial ratioa/b is estimated a
1.36. If we observed Eugenia “end-on,” our flux measu
ment would be consistent with a model in whicha/b = 1.36,
b = c, and the average radius were equal to the IMPS rad
Using the pole solution ofMerline et al. (1999)[RA = 132◦,
Dec= −2◦, ±10◦], we find that our sub-Earth latitude at th
time of our observation was 0.4◦ ± 10◦, making an end-on
observation plausible.

8. Interpretation

We observe that the great majority of our asteroid sp
tra have very subdued (<5%) spectral contrast in emissi
ity. Laboratory spectra of minerals(Salisbury et al., 1991b
Salisbury, 1993)have shown that their mid-infrared featur
are suppressed at fine particle sizes (Fig. 6a). Moreover,
laboratory spectra of powdered meteorite samples (par
size < 75 µm) also display very subtle spectral contr
In the laboratory spectra ofSalisbury et al. (1991a), pow-
dered samples have 0.3–1.75% spectral contrast in bid
tional reflectance measurements, which correspond to 1
in emission.7 The mean spectral contrast for the powde

6 The IMPS(Tedesco, 1989)and revised SIMPS(Tedesco et al., 2002
radii for 45 Eugenia are 107± 4 and 107.3± 2.1 km, respectively. The
original IMPS albedo was 0.046± 0.005; it was revised to 0.0398± 0.002.

7 The laboratory spectra ofSalisbury et al. (1991a, 1991b, 1993)[also
Calvin and King (1997)] were taken in biconical reflectance and refer
to the specular reflectance from an aluminum mirror. For certain s
ples, Salisbury et al. (1991a, 1991b, 1993)also measured directiona
hemispherical reflectance spectra; they found that the biconical
directional-hemispherical spectra closely resembled each other in s
but that the hemispherical reflectance was about five times higher ov
Since according to Kirchoff’s Law the directional-hemispherical reflecta
is related to the directional emissivity: 1− rhemispherical= ε, the biconical
-

-

,

carbonaceous meteorite samples was 3.3%, and the me
powdered ordinary chondrite samples was 4.7%.8

We believe that the most straightforward explanation
the lack of substantial emissivity variation in almost all
our asteroid spectra is that these asteroids are covere
fine-grained regoliths. This is consistent with the obse
tion of regolith on 433 Eros by the NEAR MSI investigati
(Veverka et al., 2001)as well as on Ida and Gaspra by t
Galileo SSI team(Belton et al., 1992, 1994).

In our best data, we achieved sufficiently high signa
noise ratios to detect subtle (2–3% spectral contrast) fea
on 4 Vesta that were consistent from night to night. T
resemble features observed in laboratory samples of H
meteorites. They do not closely resemble laboratory spe
of chondritic meteorites. We believe that these are likel
be genuinely mineralogical features.

9. Conclusions

Twenty-one of the twenty-nine asteroids in our surv
have thermal emission spectra consistent with the pre
tions of the standard thermal model using an infrared be
ing factorη = 0.756± 0.014 and previously established e
timates for albedo and radius. Five asteroids had lower
expected temperatures, including two of the three M-c
asteroids (22 Kalliope and 201 Penelope). These may re
low estimates of the bolometric albedo, high estimate
infrared beaming, or the effects of thermal inertia. Their
tation periods range from 3.7 h (Penelope) to 15.9 h (
Marghanna,Mohamed et al. (1995)). Three asteroids ha
higher temperatures than had been predicted by the ST

With the exception of 1 Ceres, the asteroids in the MID
survey have very uniform emissivity throughout our 8
13.2-µm wavelength range. Where these results conflict
those of ISO, as they do for 2 Pallas, 4 Vesta, and 10 Hyg
potential sources of this discrepancy include textural va
tions, compositional heterogeneity, errors in our flux spe
and/or calibration, or errors in the ISO flux spectra and
calibration.

Our marginal detection of features on 4 Vesta sugg
that future observers may be able to find mineralogical
tures on these and other main-belt asteroids provided
their spectral uncertainties can be brought below 2%.

Several observers of near-Earth asteroids have sugg
that the surface layers of the smallest asteroids may be
different from those of larger objects. For example,Rivkin
et al. (2003)presented a 1–3.5-µm spectrum of 2002 NY
that closely resembled an LL6 chondrite spectrum fr
1–3.5 µm, without any of the usual changes attributed

reflectance should be related to the emissivity by 1− 5rbiconical= ε. We
have scaled the laboratory data represented inFig. 9accordingly.

8 Barucci et al. (2002), however, conducted their own laboratory wo
on carbonaceous chondritic meteorite samples and concluded that a
parency feature at 11–13 µm was enhanced at small grain sizes.
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“space weathering.” In addition,Harris et al. (1998)pub-
lished spectrophotometric results for 2100 Ra–Shalom in
thermal infrared. They concluded that it had an unusu
high thermal inertia suggestive of an absence of rego
confirming the earlier results obtained byLebofsky et al.
(1979) from radiometry. If the surface layers of these o
jects contain large exposures of solid rock or areas of
ticles larger than 75 µm, the laboratory work suggests
their mineralogical spectral emissivity variations should
correspondingly stronger. These kinds of asteroids, when
servable, may therefore be more amenable to composit
study in the thermal infrared than their larger counterpar
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