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Abstract. Asteroids are used as far-IR calibrators for the imagelected (C. Telesco, D. Osip, priv. communication) in support
ing photopolarimeter ISOPHOT on board the Infrared Spaoéthe imaging photopolarimeter ISOPHOT (Lemke et al. 1996)
Observatory 1SO. For the 10 selected objects we compiled’aey show only small lightcurve variations over typical obser-
large uniform databalef 678 individual observations, rang-vational integration times of less thadminutes, although their
ing from 7—2 000 pm. absolute lightcurve amplitudes of up36 % have to be known
Applying a new thermophysical model to the observatiorier our purposes. Their excellent visibility during the mission
we derived thermal properties of the selected asteroids, baaad the absence of strong emission or absorption features sup-
on spin-vector solutions, direct size measurements anl e ported this decision. From the technical aspect of filter leak
magnitude system. effects the asteroids have the advantage of low fluxes at short
Our investigations indicate very rough surfaces, reflectedwavelengths (compared to stellar SEDs). The selected objects
the beaming effect, and very low levels of heat conduction, esaver the flux range betweénJy (brightest standard stars) and
pressed in thermal inertias betweeand25Jm—2s"%°K~!. 1000 Jy (Uranus and Neptune) at wavelengths betwseand
Due to scattering processes in the porous regolith, the emissiity pm (Fig.[d). Even if the majority of point sources observed
varies significantly with wavelength. In case of Vesta we findith ISOPHOT are fainter, the calibration of the detector system
emissivities as low a8.6 in the far-IR / submillimetre region. must be established for a wide variety of sky surface brightness
By entering the combined results into the thermophysidalvels. There are many regions in the sky where the background
model we defined new photometric standards for the far-IRlone contributes more than several Jy per diffraction limited
The absolute accuracy for thermal flux or lightcurve predictiofiam, which is about2” for ISO at100 um. Due to this strong
is 5—10 % for the first category objects and)—20 % for the thermal emission of interplanetary and interstellar dust, the as-
secondaries. The methods and procedures discussed heréean@ls provide an important brightness level in the far-IR, al-
included in the first update of the ISOPHOQOT calibration in 19980ugh most of interesting sources are much fainter.
Most of the selected objects are well observed, but the re-
Key words: minor planets, asteroids — radiation mechanismguested high flux accuracy of better th&rfs made it necessary
thermal — infrared: solar system to conduct additional investigations. From 1995 to 1997 we ob-
tained targeted ground-based mid-IR and submillimetre / mil-
limetre observations, as well as special ISOPHOT calibration
1. Introduction measurements. Additionally we re-analysed published fRTF
JCMT, HHTH and IRA$ data to convert the published inband
With the successful launch of thefrared Space Observatory flyxes to individual monochromatic flux densities. This process
(ISO) (Kessler et al. 1996) in November 1995 it has been nggsulted in a large database for the 10 asteroids. The uniformity
essary to establish a set of celestial standards for the photorgethe database entries allows us to select subsamples by ob-
ric calibration of the instruments. In collaboration between ﬂ}@ct, Wave|ength region, time period’ instrument or data qua“ty
PIDTA and external experts a sample of 10 asteroids had bégfextensive comparisons with different model predictions and

Send offprint requests 1@.G. Miller, (tmueller@mpia-hd.mpg.de) parameter settings.

* The ISOPHOT data are based on observations with 1ISO, an ESA It was clear from the beginning that the requested high ac-
project with instruments funded by ESA Member States (especiafiyiracy can only be achieved by a full treatment of the thermal
the PI countries: France, Germany, the Netherlands and the Unieghaviour and the modelling or monitoring of the lightcurve
Kingdom) and with the participation of ISAS and NASA.

! Table 7 is only available in electronic form at the CDS via anony-* Infrared Telescope Facility
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.ut James Clerk Maxwell Telescope
strasbg.fr/Abstract.html 5 Heinrich-Hertz-Telescope

2 |ISOPHOT Instrument Dedicated Team 5 Infrared Astronomical Satellite
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7 as introduces more empirical factors of unknown physical ori-
gin.
Uranus A new thermophysical model (TPM) has been developed
throughout a series of papers by Lagerros (1996, 1997, 1998).
10 Neptune The shape and spin state of the asteroids are taken into account.
= Ceres, high The physical processes within the surface are handled by in-
3 cluding heat conduction, surface roughness, and scattering in
L>10t Ceres, low 1 the regolith. In comparison to the STM the new model is an
_ attempt towards more physical understanding of the processes
Asteroids behind the thermal emission of asteroids.
10° L o Boo | We apply the TPM to our database of observations and de-
B Peg rive the important thermophysical quantities. The methods used
are described in Seéfl 5. We demonstrate their functioning and
107 ‘ yDra in Sect[® we discuss the reliability of the results. We achive
10t 1 10° our goal of excellent agreement with observational data at all
A (um) thermal wavelength by using the TPM with individual input

parameters for each asteroid. In SEEt. 7 we summarize the im-
Fig. 1. The brightness levels of celestial standards used for tbﬁcations and give a short outlook.

ISOPHOT far-IR calibration. The shaded area indicates the approxima-

tive range covered by the selected asteroids, during the ISO-mission.

The predictable flux variations of the asteroid, due to rotation, are in tPe The thermophysical model

order of 5-30 % on timescales of several hours. The changing earth—

asteroid distance can cause an absolute flux in-/decrease of one ord&f& thermophysical model of asteroids used here has been dis-
magnitude on a yearly timescale, as is exemplified by the indicated fetssed in detail by Lagerros (1996, 1997, 1998). In essence, the
range of Ceres. Uranus and Neptune cover the upper dynamic raggeface temperature is calculated from the energy balance be-
of the ISOPHOT long-wavelengths detectors (calculated for Oct., fyeen absorbed solar radiation, the thermal emission, and heat

1996, M. Abbas, priv. communications, based on Lindal 1992). Th@nduction into the surface material. The disk integrated model
extrapolation of the stellar spectra are described in Cohen etal. (199f)x at the wavelength is

The brightest standard stars have fluxes belaly at far-IR wave-

length (data products have been provided by M. Cohen, 1996, for the 1 "
ISO calibration). F\= az f, eaBx(4T) 1 dS, (1)

whereA is the distance to the observds, the Planck func-

L . . . _tion, and the direction cosing projects the surface element
variations due to the rotation of the non-spherical objects. A fir towards the observer. The “beaming function’and the

approach to evaluate the relevance of thermal properties was el h- L o o
application of the Standard Thermal Model (STM) (Lebofsky s:eznk?élowand direction-dependent emissiviy are dis
Spencer 1989, and references therein) to the observations. "

) . he most important aspects of the model parameters are
STM is a well tested and popular model, used extensively fortIined in the following:
the interpretation of IRAS and ground-based broadband mid—?l-ti g
photometry. It has also been used for the relative calibration of
the IRAS100 ym-band against thé0 xm-band (Beichmann et 2.1. Shape, size and spin vector
al. 1988). In the STM the asteroids are considered to be sph%ri-

cal, with surfaces of negligible thermal inertias. Two empiricz;rlon estimate of the size and shape of the asteroid is required

correction parameters, the beaming parametnd the phase uFed in the model, from perfectly spherical to highly irregular.

angle correctio, are used in order to obtain good AQreeMeIN 1his case (except for 4 Vesta as discussed below) the shapes

with observations. In spite of this simplicity it has proven to be L .
L : e assumed to be ellipsoids. For the shape and spin vector the
successful, but for the calibrational requirements of ISOPH o i
ollowing input parameters are used by the model:

the STM has some shortcomings. The spherical asteroid shapes

fail to predict any light curve variations, and the physical meany,, major ellipsoid axisfm]

ing of the correction parameters is somewhat unclear, especially, 4/ ellipsoid axis ratios

when extending the model from the mid- to the far-IR. This cap. rotational period days]

be seen for example in the z_inal_ysis of the IRAS photor_net)(,pﬁp ecliptic longitude and latitude of spin vectdi |

where the derived radiometric diameters vary systematically absolute rotational phase at the tii®),

from 12 to 25, 60 and100 um (Spencer et al. 1989). In princi-

pleitis possible to handle these and other issues by adding meoe asteroids of the sizes and rotational periods considered here,
adjustment parameters to the STM and applying light curve ctine damping time scale for tumbling asteroids to principal-axis
rections. This, however, violates the simplicity argument as wedltation is short, compared to the collision time scale (Burns &

r the surface integral in Ed.J(1). Essentially any shape can be
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Safronov 1973). Thus, the spin vector is assumed to be giver2id. The thermal IR beaming

ight-handed system and parallel to the semi-minor axis - .
aright-han Y P The thermal emission from atmosphere less solar system bodies

The absolute size is a key physical property, since froIriﬂethe Moon or the asteroids has atendencyto be “beamed” into

Ea. (1) the dQISk integrated flux is proportional to the prOJeCtecHe solar direction. This behaviour is probably due to the large
area (), oc a”) at aI.I wavelengths. ) o surface roughness and porosity. The beaming funetemrects

In order to predict the flux at any given time itis necessary {fe temperature for this effectin EGJ (1). The beaming function is
know the orientation and position of the asteroid relative to thecjated by adding spherical segment craters (Lagerros 1998)

Sun and the observer. The positional data is given from celes{{al, smooth surface. The roughness is described by the model
mechanics at a very high precision. parameters

The orientation can be computed for any time if the spin
vector and the absolute rotational phase at an epdepare f fraction of surface covered by craters
known. Together with the axis ratios it is possible to predict the I-m.s. of the surface slopes
projected area of the ellipsoid at any given time, and hence

X T'H"?e beaming is a very noticeable effect, and can be studied by
light curve.

investigating the non-Lambertian phase curves of asteroids.

2.2. Albedo and emissivity 2.5. Multiple scattering

The temperature ata given point on the surface is determined\#ny asteroids are probably rather irregular, which means that
several factors. The albedo gives the fraction of reflected sojfgre can be multiple scattering and mutual heating between
radiation, while the remaining fraction is absorbed and heats {jgi| separated parts of the surface. Multiple scattering can be
surface. The cooling is determined by the wavelength dependgiien into account (Lagerros 1997) by adding a term for the

hemispherical emissivity. The model parameters are: scattered field to Eq[J1). This option is not used here, since
in general it makes only a minor effect, and the shapes of the
G slope parameter asteroids are not known well enough to model it in detail.

py  geometric albedo
en(A) the hemispherical emissivity 3. Properties of the individual asteroids
whereG is the slope parameter for the phase curve i@ An overview of the model parameters is provided in Tdble 1.
magnitude system (Bowell et al. 1989). Together with the gephe shape, the spin-vector and tH& values are the essential
metric albedo this gives the Bond albedo, which is assumedii@ut parameters for the thermophysical modelling. The shape
be close to the bolometric albedo. is generally described as an ellipsoidal with the axis ratids

The emissivity is used for two purposes. First, the hemandb/c. Only for 4 Vesta a more sophisticated shape model,
spherical emissivity averaged over wavelength (weighted by thased on HST results (Thomas et al. 1997), could be used. The
Planck function) gives the “bolometric emissivity”. Secondlyiotation periods vary from a few hours to more than one day.
theey(N) is tied to the volume single scattering albedo of th€he spin-vector can not always be derived unambiguously from
regolith particles. By this it is possible to derive the directiondijhtcurve observations (Magnusson et al. 1989). The limited
emissivityeq used in Eq.[{IL). observational coverage for 10 Hygiea, 54 Alexandra, 65 Cybele
and 313 Chaldaea leads to an ambiguous solution (A. Erikson,
priv. communication, 1997). Mler (1997) investigated the ef-
fects of both spin-vector solutions on the basis of ratios between
Heat conduction has the effect of lowering the amplitude @pservations and predicted fluxes. The parameters which pro-
the diurnal temperature variations. In general, by increasing #éced the lowest scatter in the ratios were considered as the
thermal conductivity, more energy is emitted on the night side/®@@re realistic solution.
the expense of the day side temperature. There is also a morning/Ve use the IAU two-parameter magnitude system for as-
/ afternoon asymmetry in the flux due to the thermal inertia. TH@roids (Bowell et al. 1989), termed also as fii&’-magnitude

2.3. Heat conduction

model parameter for the heat conduction is system.H is theabsolute magnitudes is theslope parame-
ter. Both values are used to derive radiometric diameters and
T thermal inertiaJ m—2 s 05 K] albedos from observational data.

wherel’ = | /r;pscs, With ¢ being the thermal conductivity, 1 Ceres The H andG have been determined from several ap-

the density and, the heat capacity of the surface material. paritions, with good coverage at small phase angles (Lagerkvist
The heat conduction is much more important at the shorttral. 1992). The weighted meanidffrom available apparitions

IR wavelengths. The importance for the far-IR calibration is that used here. The size and shape of Ceres have been determined

mid-IR ground-based photometry is used, for which the thernfabm occultation observations combined with previous diame-

inertia have to be taken into account. ter measures and extensive photoelectric photometry (Millis et
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al. 1987). There exists also a lower accuracy shape model bas@édygiea Piironen et al. (1997) derived reliabléG-values

on speckle observations (Schertl et al. 1995), which is not udeatsed on 3 apparitions with observations at very small phase
here. Considering the very low amplitude of the Ceres lightcuraagles. The shape and spin vector are taken from Erikson (1998)
(Tedesco et al. 1983), less tha®4 mag, it is quite difficult to and P. Magnusson (priv. communication). For Hygiea is only
extract a pole position by the classical method of lightcunaesingle-chord occultation with a lower limit for the diameter
inversion. We use a prograde spin vector, perpendicular to #hailable (D. Dunham, 1997, priv. communication).

ecliptic (A, = 0°, B, = 90°). This is in good agreement with

the conclusions of .MiIIis ?t al. (1987.)’ Spencer etal. (1989) &?%91 Alexandra For Alexandra we use a default value Gf =
also with the CO“S"?'G“'?‘“O’?S of Saint-Pe et al. (1993.)' Merllrb%4 based on its taxonomic type (Lagerkvist & Magnusson
et. al. (1996) found indications for surface albedo variations (1@90). Under that assumption it was possible to calculate a

Ceres from HST imaging. They are not taken into account feanH value from normalised magnitudes given in Belskaya

the following. etal. (1993). The shape and spin vector are taken from Belskaya
etal. (1993), Erikson (1998) and P. Magnusson (priv. communi-

2 Pallas The H and G values are taken from Lagerkvist efcation, 1997). There exists no published direct diameter value.
al. (1992). There exist two occultation observations (Wasser-

man et al. 1979; Dunham et al. 1990) and some speckle dg§aCybele The / and G are taken from Lagerkvist & Mag-
(Drummond & Hege 1989). We adopted the most accuate nusson (1990), wittif as the mean value of 4 apparitions. Tay-
value (Dunham et al. 1990). The results for the minorakend  |or (1981) published a low quality occultation observation of
2cvary significantly and do not agree within the given error bargybele with only 3 chords over the full cross section, #ae

In order to match all lightcurve observations we accepted thglue in Tablé1l is therefore in parenthesis. The shape and spin
a/bandb/cratios and the spin-vector from a lightcurve analysigector are taken from Erikson (1998).
(Erikson 1998, P. Magnusson, priv communication, 1997).

106 Dione For Dione we use a default value 6f = 0.09
3 Juno Piironen et al. (1997) presentét3-fits for Juno based based on its taxonomic type (Lagerkvist & Magnusson 1990).
on several recent apparitions and derived reliable weightéfie absolute magnitud& has been calculated @30 mag
means. The asteroid cross section has been directly determifedErikson, priv. communication, 1998). The major agis
during an occultation event (Millis et al. 1981) and with specklié taken from one occultation measurement (Kristensen 1984).
interferometry (Baier & Weigelt 1983). The values of the calcipince there exists no spin-vector solution we take a default spin-
lated largest axiga agree withinl %, but in both cases nig/c ~ vector of A, = 0° and, = 90°, and assume/b = 1.0 and
has been determined. We put theoccultation value in Tabg1 b/c = 1.34 to reproduce the occultation cross section and to
in parenthesis since it is only related to an instantaneous cra¥gid artificial lightcurve variations.
section and not to a full 3-dimensional ellipsoid. The shape and

spin vector are in accordance with the available lightcurve dai@3 chaldaeaThe Chaldaedl. ¢ values as well as the shape
(Erikson 1998, P. Magnusson, priv communication, 1997).  anq spin-vector are given in Erikson (1998). There exists no
published direct diameter value.

4 \lesta For Vesta we combined thE G results from Piironen

et al. (1997), Lagerkvist et al. (1992) and Lagerkvist & Mags32 Herculina Lagerkvist et al. (1992) deriveld andG values
nusson (1990). There are several publications about occultati@sed on four apparitions. FéF we calculated the mean mag-
measurement (Dunham 1991), speckle observations (Schertlieide. The available occultation measurement produced only a
al. 1995; Tsvetkova et al. 1991) and a combination of differeBtdimensional cross section (Bowell et al. 1978), whereas a se-
methods (Drummond et al. 1988; Mc Carthy et al. 1994) withquence of speckle observation (Drummond et al. 1985) leadto a
reasonable agreement in results of size and shape. From HuBkiémensional ellipsoidal shape model. In Talle 1 we included
Space Telescope images it has, however, been possible to(meparenthesis) the largest axis from the speckle results.
termine the spin vector and detailed shape of Vesta (Thomad ke shape and spin-vector information is in agreement with the
al. 1997, see also “note added in proof”). The derived detailéghtcurve observations (Michalowski 1996).

shape model is available from a WWW-page (Stooke 1997),

qnd was usgd instead of an ellipsoid. Binzel et a'l. (1997) df.'Observational photometric data

rived a relative albedo map of the Vesta surface. Since there are
no absolute albedo values assigned, it is not possible to apPlyr data sets contain thermal emission observations fromn

itin our procedure. The albedo variations will cause a differeR000 pym, taken from 1983 to 1997. We have individual pho-
temperature distribution on the surface and correspondingly @metric points as well as multi-filter photometry and thermal
ter the flux. Since the far IR fluxes are dominated by the crogghtcurve measurements. The observation geometries include
section at the time of the observation, it will only be a secomhase angles from30° to +30°, with negative angles related to
order effect in our aimed wavelength range beyd0gm. afteropposition and positive angles related&ioreopposition.
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Table 1. Size, shape, spin-vector and magnitude input parameters. The values are based on direct measurements and lightcurve observations.
The asteroids are divided into primary (top) and secondary (bottom) targets, as discussed in the text. The values in parenthesis are considered
to be less reliable.

Asteroid 2a a/b b/C )\p ﬁp Pisia Yo JDgo H G
(km) ) O (days) 0 (mag)

1 Ceres 959.2 1.00 1.06 0 90 0.378091 86  2440587.5 3.28 0.05
2 Pallas 574.0 1.10 1.25 45 —15 0.32555136 81  2440587.5 4.09 0.08
4 Vesta 578.0 1.03 1.22 319 59  0.2225887 344 2440587.5 3.20 0.34
532 Herculina  263.0) 1.21 1.20 295 36  0.391872 6 2442413.5 5.89 0.16
3 Juno £90.0) 1.21 1.20 108 36  0.300397 5  2440587.5 5.28 0.31
10 Hygiea - 129 118 294 —-35 1.150974 105  2444239.5 5.44 0.22
54 Alexandra - 1.31 1.00 290 55  0.292766 42 2443906.5 7.48 0.04
65 Cybele 260.0) 1.04 1.00 56 —25 0.2572901 =37 2446409.5 6.69 0.09
106 Dione (70.4) 1.00 1.34 0 90 0.58 - - 7.30 0.09
313 Chaldaea - 1.21 1.20 234 44 0.3497707 47  2446630.5 8.79 0.05

We converted the available filter photometry to monochromatigiestionable, we excluded them. TIRAS Explanatory Sup-

fluxes at theffectiveor theisophotalwavelengths (Golay 1974). plement(Beichmann et al. 1988) gives an additional absolute

This allowed us to compile data from a number of referencesbiand uncertainty df % (12 pm), 5 % (25 pm), 5 % (60 pm) and

a uniform format. Each entryin the database consists of: 10 % (100 xm). Cohen et al. (1996) conclude from a statistical
comparison of IRAS photometry with models for 12 bright stan-

NR; the asteroid number dard stars that, dt2 ym and25 um, flux densities measured by
t;  time of observation (Julian date) IRAS should be revised downwards by abéut% and5.7 %,
Ai wavelength [im] respectively. We root-sum-squared the stated errors.

F,,; observed monocromatic flu{y]
0. estimated errorJy] 4.9, JCMT data
wherel Jy = 107** Wm=2Hz~*. ~__AllJCMT observations have been obtained during several ob-
The database contained 678 individual observations in R&srving runs with the UKT 4Bolometer (Duncan et al. 1990)
cember 1997, and because of its size it is only available in el@gmyeen September 1989 to April 1996. The last campaign in
tronic format. A quantitative summary of all measurements iapyij| 1996 took place in support for the ISO mission (D. Hughes,
given in Tabl¢ P. In the following we describe the data sets pgrstevens, priv. communication). All data are available from the

instrument or telescope. JCMT archive (http://cadcwww.dao.nrc.ca/jcmt). The standard
data reduction is described in Redman et al. (1992) or in Emer-
4.1. IRAS data son (1994). In principle the measured signal is multiplied by

the flux conversion factor, which is based on calibration mea-
In 1983 IRAS surveyed the sky in 4 wavelength bands centreghrements. The extinction can be obtained fromrtheeter at
at12, 25, 60 and100 um (Neugebauer et al. 1984). Photomee 54, Colour corrections are not relevant. The overall uncer-
try for more than 1800 asteroids has been obtained during {hhty is derived from the&//N-ratio, the data reduction process
mission time. A description of the data products can be foundapd the absolute errors of the submillimetre calibrators. Typical

The IRAS Minor Planet Survey (IMP@Jedesco 1992). Start-total uncertainties are in the order if to 20 %.
ing from the IMPS table No. 108, we applied colour corrections

to obtain monochromatic fluxes &2, 25, 60 and 100 pym. In .
cases where the/N was lower than 10 #ux overestimation 4-3- UKIRT mid-IRV and@ data
correction(Tedesco et al. 1992) has been applied. We ignorgfiring the 1ISO mission several observing campaigns have
the Band-to-Bandcorrections. They have been introduced byeen performed at the UKIRT with th&28 x 128 SiAs
TedESCO et al. (1992) in Order to bring the indiVidUaI d|anB|B@ MAX_Camera from the MP| (http//wwwmp|a_
eters and albedos, derived with the STM for each band flag. mpg.de/MPIA/Projects/IRCAM/MAX/index.html). We ob-
into agreement. According to the IMPS the measurement gfmed N andQ band photometry in chopping-nodding mode
rors are between0 and 25 %. Some Ceres observations are
already in the non-linearity range of the detectors and thereforg United Kingdom Telescope, Cryostat No. 14
10 caltech Submillimeter Observatory

” Table 7 is available via anonymous ftp to cdsarc.u-strasbg.f* Blocked Impurity Band
(130.79.128.5) or via http://cdsweb.u-strasbg.fr/Abstract.html 12 Mid-InfraredArray eXpandable

8 Infrared Astronomical Satellite 13 Max-Planck-Instituteiir Astronomie, Heidelberg
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for all 10 asteroids and parts of thermal lightcurves for select@able 2. Data coverage per instrument and astegigl. Summary of
targets. The definition of the photometric system, including ithe number of data points selected (Seci. 5.3) in the analysis, from the
strumental and celestial calibration, has been established in €gta set available in December 1997.

laboration with M. Cohen, Berkeley (private communication;
1997). A full description of the data reduction process can be Instrument

found in Miller (1997), including passbands, calibration starsyg  IRAS  JCMT  UKIRT IRTF  ISOPHOT HHT
and error calculation. The highest qualityand@ band results

have a relative uncertainty of less thafi, the absolute total 5 2(; i% % 2120 63 10
errors are ag to 15 %. 4 3 - 18 0 2 0

532 21 15 51 0 2 0
4.4, IRTF mid-IRN and (@ data 3 32 0 17 0 4 0
The STM was calibrated by Lebofsky et al. (1986), baseéon 10 gg (1) 22 S g’ 8
M, N and@ band measurements on Ceres and Pallas. Here wi 24 o 4 o 5 0
consider only thév and@ band data, where the flux contribution 106 24 5 17 0 1 0
from reflected light is negligible. We applied the given colourz,3 o4 4 15 0 > 0

correction factors to obtain monochromatic fluxes at the central
filter wavelengths. The stated accuracye$ % in Lebofsky et
al. (1986) seems to be too optimistic considering the fact that th&. Other data

absolute photometric systemptand@ is only known ta3—5 % . . )
(Rieke et al. 1985). Adding a photometric system offset f Altenhoff et al. (1996) measured the intensity ratio of the planet

(Hammersley et al. 1998) and typical atmospheric variatioffi's and the asteroid Ceres‘%}_a frequenc%@fGHz with a
during the nights, we ended up at around uncertainty forthe Wideband bolometer at the HEtJ(Kreysa 1990; Baars & Mar-

highest quality data. This is roughly equivalent with increasirflf! 1990; Martin & Baars 1990). From 58 pairs of observations
all published uncertainties by a factor of 3. they derived at 200 ym a flux density ratio of Mars and Ceres

of 268.5, corrected for the partial resolution of Mars. The bright-
ness variation with the rotation phase was smaller thaf.
4.5. ISOPHOT They claim that their obtained flux density has an accuracy of

ISOPHOT performed observations of photometric standards 3gfter thar %, but adding the Mars uncertainties’df we get

a weekly basis to calibrate the internal flux reference [Brs  total error of6 % for those Ceres observations.

At wavelengths beyond0 pm it is necessary to observe stars,
asteroids and planets to cover the full dynamic range of tBeMethods

detectors. The selected 10 asteroids provide the intermed'Li%t]e. tandob tional data di din Sacts3and 4
flux interval (see Fid11). It is possible to deselect all astero €nputandobservational data discussedin s6ctslaand4, vary

observations from this calibration program and base the de ignificantly in coverage and quality for the different objects.

mination of the FCS at high flux levels only on the planets an ereforg the ten asteroids were glassified into two groups of so-
at low flux levels only on stars. The asteroid measurements & IEd_ primary and secondary ca_llbrators_. The requirements for
then be treated as independent scientific observatioitléM ihe primaries are: 1) good and high quality data coverage from

1997). The bright ones can be compared against the plangtg™ 1 sub-mm wavelengths, 2) well determined physical
Uranus and Neptune, whereas the faint ones are close to Imensions from stellar_occultatlons or other_dlrect measure-
densities of the brightest standard stars. The internal refere pts, 3) well known spin vectors. The asteroids Ceres, Pallas,

source FCS allows a comparison of observations, taken at diff ?_sta, Herculina were selected to be primaries, and the remain-

ent epochs. The observing mode of centring the source on eg‘%of‘e?fﬁo b;eds_;condane_s. I |s|,_thovyteh\_/ert,hclear that there are
detector pixel provides in case of C100 (9 pixels) and C200 fﬂ signinicant differences in quality within theése groups.
n order to use asteroids as calibrational standards in the

pixels) several independent measurements of the same obljec{

within a few minutes. The observing sequence is accompan 8 R itis necessary to know their fundamental thermophysi-

by background and dark current measurements, leading to r&# properties. The model parameters to be determined are: the

able asteroid fluxes with an uncertaintyldf%. All measure- ermalinertid’, the beaming parametgrandf, and the wave-

ments are exclusively calibrated against well known standal?(ﬁ]gﬂl] dependenteTlsdsnt/wQ\). Ftﬁr s;me Odf thlg s(;acondarles
stars and planets. Examples for this method and a discusgs}dlﬁn;Jl SOI ne(I:essary ? € ((ajrr;lntg € hn;a? a ethqjv' . ¢
of the possibilities, as well as the limitations can be found('tn ¢ ° ctea:jry Szpsratﬁ and dis mgl:ls .‘;" ween the varlct)ushe i
Muller (1997). In total we derived 35 individual photometri €cts Introduced by these parameters, 1 1S hecessary o nave
: enough high quality data to do good statistics. The approach
data points betweesD and200 pm. > . - .
here is to use various statistical methods on the data for the pri-
mary asteroids, to derive their thermophysical parameters. Then,

14 Fine Calibration Sources 15 Heinrich-Hertz-Telescope
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from these results a set of “default” parameters are suggedieeh treated together, since they have both competing and com-
for the secondaries . plementary effects on the thermal emission. The tuning of the
Statistical measures are introduced to compare the obsamnissivity is the last step, because the procedure is relatively
vations with the model. Ideally one would optimise all modedasy to handle without major recalculations. By proceeding in
parameters simultaneously to achieve the best possible fit, this order, it is possible to keep the number of iterations be-
this would be a very time consuming and complex process. Tiweeen these steps to a minimum, before reaching a final and
approach here is to optimise the parameters separately, and #edfaconsistent solution.
iterate between the steps to obtain a global solution.

5.2.1. Diameter and Albedo

5.1. Data analysis . : . .
Y The observed visual magnitude of an asteroid does not imme-

For a given set of parameters the model predicts a fiy%, diately give its size since the object can be either large with a

which should be compared to the observed fhyx. A least- dark surface, or small with a bright surface. Formally this is

square approach would be to optimise the suffof, — F1,, ;)>  expressed as

over the available data poinisThis would, however, strongly _ _ _

weight the mid-IR data, since the absolute flux varies signifl|9gpv = 6.259 = 2log Dot — 0.4H (6)

cantly with wavelength. To avoid this we scaled the data by whereD.g is the (effective) diameter (Bowell et al. 1989). For
near spherical objects this is unambiguous, but for more elon-

ri=Foi/Fmi and 0 =00,/ Fui (2) gated objects the dimensions specified in Table 1 have to be

Let D be some selected subset of the database. If the data'glated t0Des. For simplicity we take the effective dlamet'er to

weighted by for exampley, = 1/5r2, the least-square methodP€ the diameter of the equal volume sphere. For the ellipsoids

L . ici — 1/3
can be formulated as the optimisation of this is Degr = 2(abe)'/®. _
Since the goal is to achieve a self-consistent set of parame-

L= sz‘(m —1)? / Wo where Wp = Zwi (3) ters, Eq.[(B) is solved to give, for the primary asteroids, for
ieD ieD which there are direct size measurements. If there is no inde-

B iqhting the data it i ible t hat %endent size estimate, one more constraint needs to be added.
y weighting the data 1t 1S possibie fo Somewnat COMpENSai, o the thermal IR flux is proportional 102, it is possible

for some of the inconsistencies in the database. There are, h{:’é"(iv .
. ) o ) ) rite
ever, also inconsistencies in the relative errors between differ-
ent investigations. This can be taken into account by correctingg ; = Deg(Ques$ - / F, i/ Fm i @)
w; = 1/6r? with some factor, depending on which instrument .
and investigators the data originate from. where the model flu¥?, ; is based on some guessBdy and

Due to the large dimension of the parameter space to e: Combined, Eqs[(6) anfll(7) gives a soluti@is i, pv,i),
optimised, it is very useful to consider some preparatory Ste%’]lch is illustrated in the albedo vs. diameter diagram in[Hig. 2.
The weighted mean and standard deviation of the ratios are FOr @ given asteroid and data set, the weighted mean and

defined by standard deviation of the derived effective diameters are com-
puted. The weights used in this case are= (F,.;/0,.)?,
(r\p = Zwm / Wp (4) since the diameters (and thi, ;) are not knowra priori for
ieD some of the objects.
O'% = N’D Z’LUL (’I"i - <’I’>D)2 / (ND - I)WD (5)
i€D 5.2.2. Thermal inertia and beaming

where Np is the number of data points in the subggtlt is The thermal inertia influences the IR emission in primarily two
possible to “sub-optimise” a group of parameters by searchidiferent ways. Increasing the means more night side emis-

for (ryp = 1, or by minimisingop. Typically, as a starting sion at the expense of the day side emission. Since main-belt
point, one or a few parameters are varied while the others asgeroids only can be observed at phase angles lower than about
fixed. The undetermined fixed parameters will cause tempora&fy, the inertia almost always lowers the expected flux. This
bias effects, which to some extent can be avoided by separaielgnost pronounced in the mid-IR, close to the emission peak.
studying either the mean or the standard deviation of the rati@ the other hand in the far-IR the emission is significantly less
sensitive to the temperature decrease due to the thermal inertia.
Typically the difference in flux between zero and a reasonable
asteroid thermal inertia is© 1020 % in the mid-IR and less

As described above parameter subsets are optimised separateyn~ 1-2 % in the far-IR.

Itis also useful to start with the mostimportant properties, before The thermal inertia also causes the observed asymmetry in
tuning the finer details of the model. Determining the size aride thermal IR phase curves, before and after opposition (Mor-
albedo is therefore the first step, since the flux is proportionr&don 1977; Hansen 1977; Lebofsky et al. 1986). This is be-
to the diameter squared. The beaming and heat conductioncaaese of the flux difference between the cooler morning side

5.2. Derivation of thermophysical parameters
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350 The brute force approach here is to use the least-square
\ method in Eq.[(B). The model paramet&rg, andf are varied
\ over a three dimensional grid in search for the least-square so-
300F N 1 lution. For a derived solution, the mean and standard deviation
‘\j\ of the model ratios; are also computed as a consistency check.
T .
i3 N o . 5.2.3. Wavelength dependent emissivity
~N
0%200 L R o | The emissivity depends both on composition and bulk properties
S of the surface material. Various minerals have several molecular
T o bending, stretching, and crystal lattice vibrational modes in the
150 ST Sl mid- and far-IR. Subsurface scattering processes in the porous
’ regolith affect the emission. The emissivity depends on the par-
ticle size distribution, as compared to the observed wavelength.
100 "e 01 0.15 02 The current model does not describe these processes in detail.

P, The emissivity is taken to be a function dependent on wave-
length, to be fitted to the data.
Fig. 2. The albedo and diameter of 65 Cybele. The dashed line is the The far-IR flux is to a good approximation directly propor-
constraint fromd = 669, and Eq.[(). The solid line is the constraintional to the hemispherical, ()\) (the emissivity used in the
from onel2 um IRAS observation. The dotted curves indicates the efggel is strictly speaking dependent on the direction). The ap-
ror envelopes of the two curves, based on a assumed ers’o05  oximation is to some extent valid at shorter wavelengths, but
for the F-parameter and the flux error given for the IRAS observayq ing the mid-IR emissivity will also change the temperature.
tion. The intersection of the two curves gives the best solution for t 3r a given set of model parameters, it is possible to define the
parameter setDet.i, pv.i) “observed emissivity” for a d ings:
y” for a data point@s:

! (5 j— . .
and the warmer afternoon side. For a prograde rotator at higﬁe@’ Ai) = en(Ai)ri (8)

phase angles, the mid-IR flux can be—15 % brighter before g corresponding “error” in the observed emissivity is taken
than after opposition. Again, the effect decreases towards longep o Sel = en(\;)ori.

wavelengths. _ Giventhe scatter between the dataset, which is in many cases
The beaming is the observed tendency of the thermal emigyer than the individual errors, itis not advisable to fita detailed

sion to be directed stronger towards the solar direction at Bigissivity model to all specific wavelengths in the database. To
expense of the emission at larger phase angles. The approa¢hyiqye the statistics the data is divided into a small number of
explain the beaming effect by surface roughness predicts thal,ejength bins. The weighted mean of observed emissivities is
the brightness temperature should be fairly constant over awidgn  ted for each bin, and is attributed to the mean wavelength
wavelength range (Lagerros 1998). Due to the non-linear b8y of that bin (Miller 1997). A cubic interpolation is then

haviour of the Planck function at shorter wavelengths the effetday to derive a smooth curve connecting these points in the
is strongest in the mid-IR. For example, th&um flux is typ- wavelength — emissivity diagram.

ically a factor~ 20—40 % larger than predicted for a smooth

Lambertian surface. In the far-IR the correction is less than )
10 %. 5.3. Data selection

For determining the thermal inertiaiMer (1997) suggested gy, geriving diameters and albedos from photometric data points
a technique to compare the mean ratios, before and after it hecame clear that some individual observations are of poor
opposition. By varying the model thermal inerfigthese values g 5jity and that assigned uncertainties are too small. We com-
should come to an agreement. If there are systematic effects lgfteq radiometric diameters with the results from direct meth-
due to other parameters still being ill-determined, the agreemggg 1o show that there is a general agreement between both num-
does not necessarily need to beigp = 1. _ bers (within10 %). Afterwards we deleted observations where
. A_nother possibility is to compute ratios using a model ¢ radiometricD.g ; differed by more thar2o from (D)
inertiaI' = 0. The slope ofr = r(a), for phase angles, (Tap|3). This selection procedure concerned only a very small
could then be compared to predicted model slopes for differépimper of observations where we believe that they are due to
thermal inertias. Again, the method should be insensitive to, {9hing errors in the original references, or undetected effects
example, the diameter not being well determined. during the observations.

The problem with these and other methods is, however, the e also ignored IRAS observations of Ceres due to the large

need of a good wavelength and phase angle coverage, both pgsrtainty (Matson & Tedesco 1992) and the large offset be-
fore and after opposition. Furthermore, the beaming and thergben radiometrid,g ; and (Deg).

inertia cause competing effects which can be hard to separate
at mid-IR wavelengths.
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6. Results from the STM can be significantly different (@ % diameter

change produces roughly28 % flux change).
The dataset is very inhomogeneous in terms of coverage and

quality. The detailed analysis of the individual parameters, how- .
ever, requires a more homogeneous dataset. The data poinfsf Thermal inertia

lowest quality were therefore discarded according to $edt. 5i};e 1o the large observational uncertainties and the limited
The number of data points used in the following analysis ifyta samples our methods are only indicative for the deter-
summarised in Tabld 2. mination of the thermal inertia. All approaches show clearly
The inversion methods outlined in Séct.]5.1 were appliedtiwat the thermal inertia is much smaller than the lunar value of
the select data points. The various groups of parameters watd m—2s~%5 K~! (Spencer et al. 1989). The total flux level
sub-optimised separately, and in order to obtain a “global” solas well as the asymmetry in thermal phase curves lead to a lower
tion it was necessary to iterate through these steps a few timisit of about10 Jm—2s 05 K1,
Using the final results the data selection was applied once more The thermal inertia was optimised together with the surface
as a consistency check. The selected data set remained exaotlghness parameters. The optimisation along the thermal in-
the same. ertia axis is illustrated in Fid.] 3, where the optimal values for
p and f are used (see Se€t._b.3). In case of Ceres the mini-
mum in Fig.[3 is most pronounced. The spin vector of Ceres is
close to perpendicular to the line of sight, and the wavelength as
g/gll as the phase angle coverage is quite good. For objects with
worse data coverage or spin vectors close to the orbital plane,

6.1. Direct versus radiometric size

In Table[3 we compare the effective diameters, calculat
from the direct measurements in Table 1 (and usihg = X . g
2(abc)!/3), with the derived radiometric diameters. For Cereg?e risul_tsdgr_edlesls C(;ncluhswe, asls seen uﬂ;g. 3. q
Pallas and Vesta the real size has been determined from severa-lll-: € Individua 1(; or the dpnr(;warles are eéwfeeﬁwil
independent direct measurements with self-consistent resuits. O_r2°%'§(;<c91n _:?:]y Ttan ards we USE ?j ﬂ? au

The effective radiometric diameters agree within% (Ceres), - Jm S - The least-square method forin com-
0.2% (Pallas) and).6 % (Vesta) with the real diameters. This,b'nf"‘t_'on with the syrfage rogghn_ess parameters resulted in the
confirms that the set of model parameters is self-consistent 'I%q'v'dual thermal inertias given in Taté 4.

the objects and that the input parameters are reasonable. On the

other hand, for Juno and the other secondaries, the radionges. The surface roughness parameters

ric diameters are independent of the available direct diameters, ) )
since they are not used at all in the modelling. The beaming parametessndf have been determined together

For H lina th ist 3-di ional el ,deith the thermal inertia (Tablg 4). They represent therefore the

dolr b tercul mlf gre exis ?(I a b- |meIQS|ona_the '?so' est solutions of the least-square method, including all observa-
model, but only based on speckie observations without any g5, gata. If heat conduction is neglected, the surface rough-
rect confirmation from an occultation. On the other hand t

fess approach produces a beaming effect in agreement with
radiometric diameter is based on 89 individual observatio bp ’ g 9

“default” STM i ter (Lebofsky et al. 1
We therefore accept the radiometric solution, since the spec S default’ STM beaming parameter (Lebofsky et al. 1986),

inertia taken into account, a rougher surface is needed in

but only with a cross section determination at one single timéa to produce the same amount of beaming. A total crater
L . ; . coverage of the asteroid surfa 1.0) is perfectly accept-
For all three it is therefore advisable to use the radiometric s g € L0)isp y P

luti based on | b ¢ ob i it diff aﬂ%le, since the crater definition includes also “micro” craters
utions based on large numbers ot observations with dilterelfly, » g q)1est possible scale. Thparameter varies between
viewing geometries. For Hygiea, Alexandra and Chaldaeag

. N . % and1.4. If we take the uncertainties of the most important
comparison with direct observations can be made.

_ S _ ~ mid-IR data, especially ground-bas@eBand photometry, into
The given uncertainties in the radiometfig; are reflecting  account then the resulting beaming parameters are in agreement
the scatter in the size determinations from individual observgith the theoretical considerations of Lagerros (1998). We ex-
tions. They comprise changing cross sections due to the shgpet that the beaming model can be improved in the near future
and the rotation of the asteroids, as well as the observational yith the release of ISO data, mainly thermal spectra at mid-IR
certainties. The corresponding albedo has been calculated witvelengths. In fact, first comparisons of the new model with
equatior{ b for direct and radiometric diameters. The boldfag@OSWS data (A. Salama, priv. communication, 1998) and with
values are used as input parameters for the TPM. In the IR0 spectra (Cohen et al. 1998) indicate that the derjved
column of TabléB we calculated radiometric diameters with thgd f-values are slightly too high in the case of Ceres. Cohen
STM by using the recommended correction factors (Lebofsky al. (1998) report the presence of three emissivity features
et al. 1986). Although the produced values are on average gc€eres which may affect the determination of the underlying

ceptable, the larger scatter in the diameters indicates that gpectral shape from ground-based N-band photometry, which
predicted fluxes at a specific point in time can be unacceptable.
The case of Pallas demonstrates that also the absolute flux&suiper Airborne Observatory, NASA
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we used here. Smaller beaming parameters would change 0.15

spectral shape of the Wien-part of the spectrum, but do not -
fluence the FIR, where the asteroids are used as photome 0.14r T
standards. 0.13f -7 1
o 0.12} 3 - o ]
6.4. Wavelength dependent emissivity 7 . '
011 — — 532 1

LeVan & Price (1984) found a decrease in emissivity fréin o

to 85 wum for 4 asteroids. This is in qualitative agreement wit ~ 0-1 I ————

both observational and theoretical investigations of the emiss g oo -~ ]
ity characteristic of lunar soil particle size distribution (Simpso -~ 2 -

etal. 1981). Redman et al. (1992) calculated a lower Rayleic  0-08 T - 7 ]
Jeans temperature at submillimetre wavelength comparedto g g71 1 ,

mid-IR or to the centimeter region. They suggest that this is .
indication for the presence of a dusty, porous regolith. Scatt 0-060
ing processes by grains within the regolith reduce the emissiv

in a wavelength dependent fashion. We follow this interpreta-

T[IOH. In Fig.[2 we plotted the “observed _em'SS'Y'tY z_is deflnelgig. 3. Determining the thermal inerti of 1 Ceres, 2 Pallas, 3 Juno,
in Sect[5.2.8. A clear trend of decreasing emissivity towargfsi/esta, and 532 Herculina, by optimising the weighted standard devi-

longer wavelengths can be seen. All primaries, except Ves{ion . The curves are computed for theand f parameters given
show a similar behaviour. Neither changes in the beaming mogetabld2.

nor in the thermal inertia can account for the increase in emis-
sivity from 10 to 20 pm. The explanation for this phenomenon
will require additional investigations, but could be due to trans
parency features. With the increase of the transparency of tl -
material at some wavelength itis possible for deeper and warm —.0.8
layers to contribute to the thermal emission. Longwar2gim ®
the emissivity becomes smaller, reaching levels of bél@in
the submillimetre. In case of Vesta we find emissivitiesaslowa 0.4 ‘ I
0.6. Thisisin agreementwith the results of Redman et al. (1992 10 10° A (um) 10
We summarized the results in Table 5. H

We see this trend @f, (\) < 0.9 in the submillimetre for all
primaries. Since we do not have large samples of good quali _
observations in the far-IR beyorsd pm, it could well be that 650,8,
the emissivity drops already at shorter wavelengths. Prelimina «
analysis of Ceres-spectra, taken with ISOLWS, indicate a lowe R T AR
e, beginning afl00 ym (T. Lim, priv. communication, 1998). 0.4 ‘ ‘

10" 10° 10
A (um)

ram’s® k™

7. Discussion

The full thermophysical treatment allows us to understafif: 4- The wavelength dependent emissiviiy(\). The upper panel

the thermal behaviour and to explain the observations in da}he combined results of 1 Ceres and 2 Pallas, and the lower panel is

database. We tested the model also against additional prelifnani—4 Vesta.

nary IRTF and KAO data (C. Telesco, D. Osip, priv. commu-

::ca::oz) e'lAnI?tIStOLW@ sper%ti:z:n(l\él.ﬂl?urgdﬂirtf, prfl\:hco_lr_nprlr\l/lu- %ach data point in our database and compared observations and
cation). est cases co €d the quaily ot the Bredictions one by one. We grouped afterwards the resulting

absolute and relative levels. We can now predict flux densitigﬁ. . . .
: - _ ratios in certain wavelength bins (see Table 6) and analysed
from mid-IR to submillimetre wavelengths for all 10 asteroid 9 ( ) y

including thermal and lightcurve effects. In that way we definzane weighted meangr) and the weighted r.m.s. df; — 1).

. . . N e results are summarized in Table 6. Our primary standards
photometric standards for different photometric appl|cat|onsCereS' Pallas, Vesta and Herculina show in the ISOPHOT far-

IR range a r.m.s. of about0 %. Since for the neighbouring
7.1. Accuracy of the individual standards regions similar r.m.s. are derived, we conclude that the TPM

The best proof for the reliability of a theoretical model is the te‘g{edlctmn for a given time will be better thao %. The scatter

against validated observations. We calculated the TPM flux é)gr/ gg?:ig?gﬁggs 'Il'shfrrgg:sbl\]/;m:s” izatzeb %Xfeegrtezleonr][eﬂ?:d
3 0. . . C

7 1SO Long-Wavelength Spectrometer expected uncertainties when using the asteroids for photometric
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Table 3. Effective diameters and albedos. The “direct” diameters arc 180
derived fromD.s = 2(abc)'/® and the values in Tallé 1. The weighted

A . . ! - 160
mean and standard deviation (in parenthesis) of the derived radiomet =
diameters are given. STM radiometric diamet@gs; are alsoderived = 140
for comparison. All albedos are calculated from Ed. (6). The value w”
adopted for the model are indicated in bold face. 12

Direct Radiometric
NR  Deg % Des [ 2% Dst™m
(km) (km) (km)
1 9227 0.104 929.0(31) 0.103 938.8(33)
2 5000 0.168 499.0(19) 0.169 564.0 (43)
4 5304 0.339 533.5(24) 0.335 537.6 (29)
532 2180 0.168 207.3(12) 0.186 208.3(17)
32403 0.243 241.4(12) 0.241 238.1(14) 1004 6 8 10 12 14

10 - — 429.9(32) 0.066 420.4 (46) 06—-Apr-1996 (UT)

54 - - 161.6(12) 0.071 1629 (8) . , )

65 253.3 0.060 258.8(25) 0.057 258.9 (21) Fig. 5. Model and observed thermal light curves of 532 Herculina, at
106 154.6 0.091 180.8(27) 0.067 170.2(26) A = 19.94 ym. Lines are f-0rF = 0 (solid), I" = 15 (dashed), and
313 _ - 91.0 (6) 0.067 1012 (6) STM (dot-dashed). There is no shift added to the absolute level of the

model flux or the rotational phase in order to fit with these specific data
points.

Table 4. Derived physical properties. The thermal ineffias given

inJm~2s7%°K~!. The surface roughness is described by the cratel e 6. The final weighted r.m.s. s — 1)

. for 6 wavelength bands
coverage fractiorf, and the r.m.s. slope

in the ranger—2 000 xm. That is,\/L calculated from Eq[{3).

NE T p f NR 7-13 1324 24-500 500-1200 1200-2000

1 10 14 1.0

1 0059 0091 0098  0.045 0.126

2 10 12 10 2 0077 0061 0.087 0.057 0.166

4 2 12 10 4 0048 0076  0.088 0.108 0.104
532 15 08 06 532 0.106 0.101  0.111 0.136 0.329

3 5 14 1.0

3 0.089 0.185 0.086 - -
Default 10 1.2 1.0

10 0.172 0.287  0.117 0.107 -

54 0.119 - 0.137 - -
Table 5. The hemispherical emissivity, (A) in the wavelength range 65 0209 0049  0.187 N -
A = 102000 . 106 0.307 0.321  0.285 0.235 -

313 0.085 0.152 0.139 0.207 -

10 20 50 100 200 400 1000 2000

4 Vesta:
091 099 090 080 0.70 0.59 0.61 0.67 7.2. General limitations

Default: . . .
092 1.00 096 090 083 080 078 0.80 Our results are related to the 10 calibration asteroids. But there

are many aspects which are also true for other asteroids. De-
pending on the needs for future projects we can extend the pos-

sibilities for new photometric standards.
calibration. The table shows also deficiencies in observations for

individual objects (i.e. Dione) and some wavelength regions, ) )

mainly the submillimetre. Taxonomic typeMore than gbout 90 % of all asFer0|ds (Zellner
As a final example, UKIRTQ-band data of Herculina are& Bowell 19”79) beI?ng to ?ltherofthetaxonomlctypesC(“car-

compared to model thermal light curves in Hi§l. 5. There aP naceous ) or S (*stony”) (Tholen 1984;_Baru_c0| etal. 1987).

residual systematic differences in the absolute calibration %¥ neglecting any subgroups, the aster0|_ds discussed here are

the two consecutive nights. Nevertheless, the model is able?fwer C- or S-types, except for Vesta which forms a group of

predict the ligth curve variations without adding any offsets {5 own. Itis, therefore, not unreasonable to expect the resglts
the flux or shifting the time scale obtained here to be applicable to most other main-belt asteroids.

In future investigations we hope to include M-type (“metallic”)
asteroids, since they could be high thermal inertia candidates.
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Shape of asteroid€ne criterion for the preselection of theairborne (SOFIE3) and spaceborne (FIRBY SIRTH) exper-
objects was a small amplitude in the lightcurve to allow for lonignents can be expected.

integration times without significant flux changes. In general the

TPM is valid also for more elongated objects, but this has ntgknowledgementsive thank Claes-Ingvar Lagerkvist, Per Magnus-
been extensively tested. son and Anders Erickson for their comments and support in discussions

about theH G-parameters, shape and spin vector solutions. We thank
also the members of the ISOPHOT Instrument Dedicated Team in Vil-

: _lafranca and the ISOPHOT Data Centre in Heidelberg, especially D.
Wavelength rangeWe aimed at the ISOPHOT far IR flux cal emke, U. Klaas, B. Schulz and S. Huth, for the helpful discussions

'bfa“."”* and optimised for a best agreem'ent. in that range. Jlout the ISOPHOT data reduction, many useful comments and the
principle TPM covers the total thermal emission from near IB(planation of the FCS tables.

to the radio region. Since we did not include reflected light, the " \ve retrieved the submillimetre data from the JCMT archive at the
valid range begins at arourtd.m where the thermal emissioncanadian Astronomy Data Centre, which is operated by the Domin-
dominates. The mm-range and beyond is also not well tesiedl Astrophysical Observatory for the National Research Council of
and needs further investigations. Canada’s Herzberg Institute of Astrophysics. We thank D. Hughes and
J. Stevens for sharing their experience with the submillimetre instru-
mentation and the data reduction.
Phase angle rangeTPM takes illumination geometry into ac-  The UKIRT observations have been performed by the MPIA MAX
count. In principle there are no limits for the phase angle rand@strument team, namely S. V. W. Beckwith, M. Robberto, T. Herbst
but since all observations have been taken at phase angf¥ésP- Bizenberger..
smaller than30°, we had no possibilities to test the validity Ve aiso would like to express our thanks fo the referee, Dr. M.
. Cohen. His comments were very helpful and improved the paper sig-
of the model at large phase angles, as they occur for mstarr]]ﬁl%amly
for near-Earth asteroids (NEA). '
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