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ABSTRACT

ASTRO-F/FIS will carry out all sky survey in the wavelength from 50 to 200 ym. At far infrared,
stars and galaxies may not be good calibration sources because the IR fluxes could be sensitive to the
dust shell of stars and star formation activities of galaxies. On the other hand, asteroids could be
good calibration sources at far infrared because of rather simple spectral energy distribution. Recent
progresses in thermal models for asteroids enable us to calculate the far infrared flux fairly accurately.
We have derived the Bond albedos and diameters for 559 asteroids based on the IRAS and ground
based optical data. Using these thermal parameters and standard thermal model, we have calculated
the spectral energy distributions of asteroids from 10 to 200 pm. We have found that more than 70%
of our sample asteroids have flux errors less than 10% within the context of the best fitting thermal
models. In order to assess flux uncertainties due to model parameters, we have computed SEDs by
varing external parameters such as emissivity, beaming parameter and phase integral. We have found
that about 100 asteroids can be modeled to be better than 5.8% of flux uncertainties. The systematic
effects due to uncertainties in phase integral are not so important.
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I. INTRODUCTION

Flux calibration is one of the most important parts
in astronomical observations. In the optical wavelength
bands, the absolute fluxes of many standard stars have
been accurately measured repeatedly with standard
filter systems. Other objects can be calibrated by
comparing the measured flux with those of standard
sources.

However, in the far-infrared bands (FIR), measuring
and determining the absolute flux are not straightfor-
ward. Starburst galaxies and late type stars emit rel-
atively strong radiation in the FIR bands. The fluxes
of these objects, however, are difficult to model, be-
cause the FIR fluxes are sensitive to the environments.
For example, the spectral energy distributions (SED)
of late type stars in far infrared are sensitive to the ex-
istence of circumstellar envelope. Galaxies are also dif-
ficult to use a calibration sources because similar mor-
phological type galaxues exhibit rather diverse SEDs
in the FIR bands depending on their star formation
activities.

The infrared all sky survey mission of Infrared Astro-
nomical Satellite (IRAS) had four photometric bands:
12, 25, 60 and 100 pm. The absolute calibrator of the
12 pm band photometry was a late type star, a Tau,
whose flux was carefully measured from ground based
observations at 10.6 um (Rieke, Lebofsky, & Low 1985).
The absolute flux at 12 pm of a Tau was derived by
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extrapolating from the measured fluxes at 10.6 pym. as-
suming that this star is a black-body.

The calibration at 25 and 60 pm bands has been
done using stellar models. The solar photometry (Ver-
nazza, Avrett, & Loeser 1976) as well as stellar model
calculations (e.g., Kurucz 1979) showed that the colors,
e.g., (12 pml]-[25 pm] and [25 pm]-[60 pm], are similar
for stars with wide range of various temperatures. The
same color can be applied to a number of stars that
have been well measured by IRAS, and that do not
show any obvious excess at 60 um relative to o Tau,
in order to obtain fluxes at 25 and 60 um. These stars
were used as calibration sources at 25 and 60 um.

The calibration at 100 pm band was carried out us-
ing asteroids. Three asteroids (Hygiea, Europa and
Bamberga) were observed at eight occasions with the
pointed mode of IRAS. The color temperatures at 25
and 60 um bands were applied to those at 60 and 100
pm in order to derive the fluxes at 100 um band. The
averages of 100 pm fluxes of these asteroids were used
for absolute calibration in this band.

ASTRO-F by Institute of Space and Astronautical
Science (ISAS) of Japan will carry out extensive obser-
vations in near to far infrared bands (e.g., Murakami
1998). Far Infrared Surveyor (FIS), one of the focal
plane instruments of ASTRO-F, will survey the entire
sky in four bands in the wavelength range of 50~ 200
pm. Since ASTRO-F/FIS will survey with longer wave-
length than that of IRAS, the flux calibration method
will be different from that of IRAS.

Although IRAS used asteroids for calibration of 100
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p band only, asteroids can be calibration sources for
the entire bands of ASTRO-F. The main advantage
of using asteroids is the absence of the atmospheres
which could cause rather complex emission features.
Since there is no internal energy source and contribu-
tion from the reflected solar light is negligible, the FIR,
emission from the asteroid is mainly due to thermal
emission (e.g., Hasegawa 1998). Recent advances in
thermal models of asteroids allow accurate estimates of
temperature distribution over the surface (e.g., Miiller
& Lagerros 1998, 2002).

The main purpose of this paper is to calculate the
spectral energy distribution (SED) of many asteroids
in the context of rather simple thermal models. Using
IRAS data as well as recent ground based data, we
attempt to find the best parameters for thermal models
of individual asteroids. We then assess the possible
calibration uncertainties originated from uncertainties
in various model parameters as well as the model itself.

This paper is organized as follows. We give brief
introduction to the asteroids in general in §2. The pro-
cedure of finding the model parameters using various
data is described in §3. We present the best-fitting
thermal parameters in §4, and discuss the calibration
uncertainties in §5. The final section summarizes the
major findings of this paper.

II. PROPERTIES OF ASTEROIDS

Asteroids are important objects for studying the ori-
gin of the solar system, since they have experienced
very little geological and thermal evolution. Even
though the distribution of size and geometric albedo of
asteroids are crucial information for studying the solar
system, it is not easy to obtain them due to follow-
ing reasons. The angular diameters of asteroids do not
exceed 0.8 arcsec even for the largest asteroid, Ceres.
Majority of asteroids are smaller than 0.01 arcsec. Di-
rect determination of the diameters has been possible
only for a small number of big asteroids. . Adaptive
optics, speckle interferometry, and Hubble Space Tele-
scope have been used to measure the sizes of small num-
ber of asteroids (see references in Hasegawa 1998).

Another method of estimating diameter is to use the
thermal infrared radiation from the asteroids. The ra-
diation of the asteroids in the wavelength bands shorter
than 2.5 pm is dominated by the reflected solar ra-
diation, while the thermal radiation dominates in the
wavelength bands longer than 5 um. The transition
between thermal and reflected emission occurs at 2.5
~ 5 pum. The critical transition wavelength depends
on various parameters such as albedo, heliocentric dis-
tance and other thermal parameters of the asteroids
(Lebofsky & Spencer 1989). We can safely assume that
the FIR emission in the ASTRO-F/FIS bands is com-
pletely dominated by thermal radiation since shortest
wavelength covered by this instrument is 50 pm.

Asteroid (D

V Fhase Angle

“ IRAS (ASTRO-F)

L3un syvrehronous orbit
C Earth

Fig. 1.— Typical geometry of the IRAS (or ASTRO-F)
observations of asteroids. The solar elongation angle (Sun-
Earth-Asteroid angle) is generally 90°. Here, o is the phase
angle, D is the size of asteroid, and R, and A are the he-
liocentric and geocentric distances, respectively.

(a) Thermal Parameters of Asteroid

For the further discussion of thermal emission and
thermal structure of asteroids, we first define several
physical parameters for the observations of asteroids
(See Fig. 1). In Sun-asteroid-Earth positional geome-
try, we also have to know about the size (D), heliocen-
tric distance (Ry) and the geocentric distance (A) of
the asteroid.

We will examine the intrinsic properties of the aster-
oids, i.e., Bond albedo and diamter. The Bond albedo,
Ay, is the fraction of light reflected by a disk illumi-
nated and observed perpendicularly. This value de-
pends on the spectrum of the illuminating source. The
‘bolometric Bond albedo’ expresses the albedo over the
entire spectral range. Since the asteroid is not a disk,
the actual fraction of the reflected light is different from
the Bond albedo. The fraction of reflected light to
the direction to the illuminating source of an arbitrary
shaped body is called ‘geometric albedo’, and denoted
by p. Therefore, the average reflected flux F (normal
to the illuminating source) and illuminating flux s are
related by F' = ps. The relationship between geometric
and Bond albedos is usually expressed as

Ab = gp, (1)

where g is called phase integral. For a spherical body
whose albedo does not depend on the wavelength, ¢
is 2/3. If the albedo depends on the wavelengh and
the shape of asteroid is not spherical, actual value of ¢
differs from 2/3. The geometric albedo (p) is defined
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when asteroid is located at zero phase angle (a = 0°).
Practically, measurements of albedos at several differ-
ent phases are used to extract the value of p. Compre-
hensive model has been developed to determine p from
a series of ground based observations.

Before we calculate thermal emission of the asteroid,
we have to determine the geometric albedo (p) and the
diameter (D), using the relationship between the visual
magnitude and the thermal flux. Visual magnitude is
the function of the asteroid’s diameter and the geometic
albedo in visual band. The brightness of the asteroid
depends on the phase angle a and the distance. The
dependency of the V magnitude at solar phase angle,
the absolute magnitude H(«) (magnitude measured at
the unit heliocentric and geocentric distances), can be
expressed by

H(a) = H - 2.5log[(1 - G)®1(a) + GP2(a)], (2)

where H is the absolute magnitude at a=0°. The two
functions ®; and ®, are two specified phase functions
that are normalized to 1 at &=0°. Therefore the phase
curve of a given asteroid is decomposed into two phase
functions @, and @, in the ratios (1 — G) : G. These
functions ®; and ®, have quite complex shape, and
are described in the appendix of Bowell et al. (1989).
The fitting parameter G is the slope parameter of the
phase curve. This parameter can be obtained by a se-
ries of observations in V-band for a given asteroids at
several different phase angles. The phase integral of
the asteroid can be approximated as

g = 0.290 + 0.684G. (3)

Most reflected light observations are reported in the
broadband Johnson V filter. Since most of solar ra-
diation comes through V-band wavelengths, we may
assume that
Py = D, (4)

where p, is the albedo at V band which is centered at
0.56 pm. The error in the determination of A; caused
by this assumption is known to be only a few % which
is smaller than other errors.

Since the flux of an asteroid at the phase angle a=0°
at the heliocentric distance of 1 AU is

B W(D/Q)vas
o= 5)

the absolute magnitude H becomes
H = —2.5log(D?) — 2.5log(py) + const. (6)

The constant can be fixed with precise definition of H
and the result is conveniently expressed as follows
log D = 3.1236 — 0.5log(p,) — 0.2H, (7)

where D is in units of meter. The ground based obser-
vations only give H and G data. Using eq. (3), one can

obtain the value of ¢. Theree other parameters D, p,
and H are related by eq. (7). Therefore, p, is the only
free parameter to be determined (aside from external
thermal parameter, ¢ and n which can be separately

measured for a small number of asteroids as described
below.)

Since asteroids are not perfect black-body sources,
we need to know the emissivity (¢) to compute the ther-
mal flux from the asteroids. We assume that the emis-
sivity € is wavelength-independent in the FIR bands
where the thermal emission is-important. The typi-
cal value of € is 0.9 (Lebofsky et al. 1986; Lebofsky
& Spencer 1989). However, recent study of € based
on near infrared to submillimeter band of Ceres, Pal-
las and Vesta indicates that e depends slightly on the
wavelengths (Miiller & Lagerros 1998). The combined
results of Ceres and Pallas show that the value ¢ is
about 1 at 20 um, and drops to 0.8 at around 200 um.
For the case of Pallas, the FIR emissivity drops to 0.6.
We adopt canonical value of 0.9 in the present study,
but examined sensitivities of thermal model parameters
on € (see §5).

The thermal emission from surface of the Moon is
anisotropic, because of the irregularity of the lunar sur-
face. The depressed regions (e.g., sea areas) radiate
more thermal radiation toward the direction of the Sun
because these regions can absorb more radiation from
the surrounding walls. Therefore, the subsolar temper-
ature (where the altitude of the Sun is 90°), tends to
be higher than the predicted value based on the simple
equilibrium estimates. Such effect can be approximated
by introducing the beaming factor, n such that

Ts4s,obs = nT:s,theory (8)

where the subscript ss represents the ‘subsolar point’,
and obs and theory mean the observed, and theoretical
values, respectively. Because of the beaming toward
the direction of the Sun, the temperature gradient to-
ward the limb is less than expected from the simple
equilbrium estimates. The beaming factor tends to en-
hance the flux at zero phase angle. In order to keep
the energy conserved, the flux should decrease more
rapidly with increasing phase angle than the predicted
results. In order to compensate such enhancement,
the flux at non-zero phase angle can be reduced with
phase angle by a factor proportional to « such that
F(a) = F(0) exp(—7a), where 7 is the reduction factor
per degree. Since the brightnesses are usually expressed
in magnitude in astronomy, it is sometimes more con-
venient to define ‘thermal coefficient’, 8g, in units of
magnitude per degree: Bg = 2.57)loge = 1.0867).
This coeflicient is in the rarige between 0.005 and 0.017
mag deg™!. We adopted the average value of 0.01 mag
deg™! (Lebofsky & Spencer 1989) in the present study.
Since the assumption that the reduction of flux is pro-
portional to the phase angle does not have any concrete
ground, this approximation could lead to large errors
at large phase angles.
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(b) Thermal Balance on Asteroids

Three basic thermal models have been developed for
infrared observational method. In §2(c) these models
are described in detail. These methods assume that the
body is in equilibrium state between the absorbed sun-
light and the thermal emission. In the lack of internal
energy source and complicated effects of atmospheres,
the thermal balance in asteroids can be easily modelled.

For simplicity, the asteroid is assumed to be spheri-
cal. The global energy balance equation is

n(D/2)*(1 — Ay)S/ R}
= n(D/2)* //€UT4 (9, ¢) sin(8)dbdep, (9)

where S is the solar flux at unit distance (usually at
1 AU), o is the Stephan-Boltzman constant and T is
the surface temperature. The surface temperature T
depends on the position on the asteroid. We use the
spherical coordinate as shown in Fig. 2. The equa-
torial plane is defined as the orbital plane of the as-
teroid and the latitude angle, # is measured from the
north pole. The longitude angle, ¢ is measured from
subsolar point. The global balance shown in eq. (9)
needs information on the local temperature distribu-
tion 7°(8, ¢) which contributes to the thermal flux dis-
tribution shape. We have to rely on specific thermal
model in order to specify the surface temperature dis-
tribution.

(c) Thermal Models

The temperature on the surface of asteroid is de-
termined by rather complicated processes: the heat
balance between the solar irradiation and the thermal
emission, and the heat transfer from hot region to cool
region on the surface. The complex geometry of the as-
teroid causes further complication. Sophiscated models
that take some of these effects into account are available
for well observed asteroids (see, for example, Miiller &
Lagerros 2002). Such thermophysical models are be-
yond the scope of this paper since our purpose is to ex-
amine the thermal properties of astroids in general. We
concentrate rather simple models which are described
below.

i) Standard Thermal Model

Standard Thermal Model (STM; Morrison & Lebof-
sky 1979) assumes that the local thermal balance is
achieved without heat conduction on the surface of the
asteroids as illustrated in Fig. 2. This model can be
applied to the asteroids with very slow rotation or with
very low thermal inertia. Surface temperature of the
STM for an airless body becomes

(1 - 4)S 14

T0.9) = | S sn@)cosd)] - (10)

Morth Pole

a) STM

1{0,¢)
Iss (30,07 - ¢
\\

Terminator

Fig. 2.— Illustration of the two simple thermal models
and geometry of asteroid. 6 and ¢ are the latitude and the
longitude in spherical coordinates, respectively. (a) The
standard thermal model (or non-rotating model). The tem-
perature depends only on the incidence angle of solar ray.
(b) The isothermal latitude model (or fast rotating model).
The temperature depends only on latitude 6.

The normal beaming, 7 of the STM is estimated to be
0.756 from the study of Ceres and Pallas (Lebofsky et
al. 1986). We will examine the sensitivity of thermal
properties on 7 in §5 .

ii) Isothermal Latitude Model

Isothermal latitude model (ILM) assumes that the
temperature depends only on the latitude 6. ILM can
be applied to asteroids with the extremely high ther-
mal inertia, or rapidly rotating asteroids (Lebofsky &
Spencer 1989). Surface temperature of the ILM is given
by

(1-4)s . .Y
TO) = |———— .
(6) - sin(f) (11)
ILM has been used for deriving thermal structure and
albedo and diameters for several earth-approaching as-
teroids.

iii) Near Earth Asteroid Thermal Model

Another new thermal model for near-earth asteroids
(NEATM) was proposed by Harris (1998). This model
is identical to STM except for 5. The near-earth aster-
oids have relatively high n. The standard value of 5 in
NEATM is 1.2 while the conventional value for STM is
0.756.
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III. DERIVATION OF THERMAL PARAM-
ETERS

Among three thermal models discussed above, STM
is known to reproduce the IRAS observations fairly
well (Hasegawa 1998). Thus we will use only STM
in the present paper. The key parameters of STM in
determining the temperature distribution for a given
asteroid are Ay, D, n and ¢, whose values are differ-
ent for different asteroids. The beaming, 7 can be
estimated by measuring the color temperature in in-
frared. We adopt the cannonical value, n = 0.756. The
emissivity, e depends on particle size, composition and
properties of the surface material. We take a wave-
length independent value for the emissivity, € = 0.9.
As discussed in §2(a) it is more convenient to use p,
instead of A,. Assuming p = p,, we can obtain g us-
ing the ground based measurement of G by eq. (30.
For the ground based measurement data, i.e., H and
G, we use the recent compilation of Lowell Obser-
vatory’s asteroid observation. The compiled asteroid
data of Lowell Observatory can be obtained from in-
ternet (ftp://ftp.lowell.edu/pub/elgb/astorb.html). In
this study we use the data updated in November, 2000.

(a) Data

In this study, we have used Infrared Astronomical
Satellite Asteroid and Comet Survey (ASAS; Matson
1986) data, which includes IRAS observations from
1811 asteroids with known orbits. Although IRTS (In-
frared Telescope in Space) and ISO (Infrared Space Ob-
servatory) also observed many asteroids, the number
of observed asteroids from the two missions was much
smaller than that of IRAS. We only use the sightings
covering all four IRAS bands in order to fit with the flux
estimated by the thermal model. Among 7000 sight-
ings, about 1500 sightings (for 559 asteroids) of them
have four band fluxes.

(b) Fitting Procedure

With assumed values for p and € and measured value
of G, we can compute the temperature distribution over
the entire asteroid surface if we know p(= p,). Since
we do not know p,, we can choose a trial value of it
and compute T(6, ¢). This information can be used to
compute the flux at all wavelengths via,

2mhy? 1
c?  explhv/kT(6,¢)] —1

dv,

(12)
where B, is the Planck function, k is the Boltzmann
constant, and h is the Planck constant. In order to
compare with the observational data, we compute the
monochromatic thermal flux at the Earth by integrat-
ing over the entire surface on the asteroid, and by tak-
ing into account the beaming factor as follows:

enB,[T(0,¢))dv =€

Iteration method on 4 Vesta
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Geometric Albedo [P,]

Fig. 3.— An example of least square fitting the quoted
flux from IRAS and a model. p, is geometric albedo. Ey is
the merit function which is defined by eq. (14). Iteration
method was used to find best intrinsic parameter, p, where
E; is minimized.

10—0.4[3}504
fo="pg—

/ / ¢B,(T(6,4))(D/2)? sin 6 cos(d — 0)dQ,  (13)

where df) = sinfdfd¢. In order to compare with the
IRAS data, we need to convert the monochromatic
flux into the IRAS flux by performing the convolution
over the IRAS response function. This procedure is
described in detail in the Appendix. We denote the
IRAS flux at i—th band as f} and the computed flux
as fis TM.q using STM. Here the superscript g stands
for the ‘quoted’ value. We first calculate f°7™7 with
assumed value of p and evaluate the merit function de-
fined by

B =
O (R ekl T MOVI
S.(/P) 1)
2
g;
= (ﬁ) ’ (15)

and o; is the 1-o uncertainty of the IRAS flux at i-th
band. We then take some variation on p and repeat the
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Fig. 4.— Histograms of the quoted flux deviations be-
tween IRAS and the model. This figure shows the effect of
emissivity, ¢, on the flux deviation, when it is changed 10%
from the conventional value. o Firas is the 1-o flux uncer-
tainty of the IRAS flux. Fcar and Frras are the quoted
fluxes of IRAS and model. At 12 ym and 100 ym bands, the
deviation of model quoted fluxes of the model from those of
IRAS are very high.

process again until we reach the minimum value of E;.
This process is illustrated in Fig. 3. We usually find
the best fitting p within 10 iterations. Once the best-
fitting p is obtained, we can determine the diameter of
the asteroid by using eq. (7).

IV. RESULTS

There are about 1500 sightings for 559 asteroids cov-
ering four IRAS bands in ASAS database. We made a
master database from these sources. We applied our it-
eration procedure to individual sightings, and obtained
multiple values of p (and thus D) for each asteroid that
has multiple sightings. We finally assigned p and D to
each asteroid by taking averages of these parameters
for multiply observed asteroid.

For 1500 sightings we examined the distribution of
differences between IRAS and best-fitting model fluxes
in Fig. 4. In this figure, we also show the fitting re-
sults with different e: 0.99 and 0.81. In general, we
find that the model flux does not deviate by more than
20 of IRAS flux uncertainties from the measure flux.
Most of the model predictions lie within 1o from the
observed value. This means that the thermal models
reproduce the IRAS data very well. We note that the

distributions are wider for 12 ym and 100 pm bands.
The dispersion at 100 um band may be due to rather
large measurements errors than the estimated uncer-
tainties. At 12 um, on the other hand, the thermal
model prediction differs systematically from the IRAS
data. This might be be due to the contamination of re-
flected light or complex surface features. We also find
that the distribution of flux difference is not symmet-
ric in general. The skewness is very pronounced for
12 pm band where the calculated fluxes are systemat-
ically larger than observed fluxes. This may be due to
the absorption features in short wavelength band.

The change of emissivity does not have significant ef-
fects on the distribution of flux differences except for 12
pm band. The low emissivity tend to increase while the
high emissivity tends to decrease the skewness. How-
ever, the skewness does not go away even for very large
emissivity (¢=0.99). We should be able to reduce the
skewness by introducing wavelength dependent e, but
that is beyond the scope of this work.

(a) Diameters of Asteroids

Diameters of some asteroids have been directly mea-
sured, and we compare our derived values with the ob-
served ones. Table 1 lists some example of derived di-
ameters of the previous catalog (Tedesco 1992) in com-
parison with direct measurements, together with the
values determined by Hasegawa (1998). There exists
significant differences on the measured diameters de-
pending on the method. Our derived diamaters gener-
ally agree very well with the measured diameters. Most
of our estimates differ by only up to 4% in diameters.
Hasegawa (1998) made a significant improvement in di-
ameter estimates by adopting improved data for H and
G. Our method is similar to that of Hasegawa, we used
100 ¢+ data which were omitted byR Hasegawa because
of large uncertainties of fluxes in this wavelength band.
In this table we also listed the diameters using some-
what smaller values of beaming, . The standard value
was 0.756, but we find that the smaller values of 7 pro-
vide slightly better estimates of D. Qur estimates tend
to be larger than the previous estimates, which are sys-
tematically smaller than the direct measurements.

(b) Spectral Energy Distribution of Asteroids

Thermal models with appropriate parameters enable
us to compute the spectral energy distribution (SED)
of each asteroid. Among several hundred asteroids, we
show SEDs of Ceres, Juno, Mathilde and Herculina, in
Fig. 5. We also plot the quoted fluxes of IRAS and
our model in this figure. The quoted flux is different
from the monochromatic flux as explained in the Ap-
pendix B. For these famous asteroids, we can see that
the derived SED agree very well with the observed data.
The slopes in the wavelength over 100 um is about -
2 in log-scale which is the Rayleigh-Jeans slope. This
means that ASTRO-F/FIS bands for the asteroids are
at the Rayleigh-Jeans regime for the asteroids. Model
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Table 1. List of diameters (D) from this study and other infrared and non-infrared methods.
Object Our Work Tedesco Hasegawa Non-IR Method
1n=0.756 n=0.680
(km) (km) (km) (km) (km)
1 Ceres 982 933 848.40+£19.7 878 943 Occultation
949 Adaptive Optics
2 Pallas 565 503 498.07+18.8 539 542 Speckle
541 Occultation
3 Juno 271 273 233.92+11.2 239 262 Occultation
4 Vesta 552 529 468.30+26.7 510 531 HST
518 Speckle
513 AO
501 Occultation
216 Kleopatra 154 152 135.07£2.1 145 149 Occultation
117 Occultation
253  Mathilde 69 53 58.06+2.6 59 66 NEAR
511  Davida 359 350 326.07£5.3 347.54 344 Speckle
532 Herculina 268 231 222.19+7.6 223 251 Speckle
217 Occultation

1000 -y . — ;

1 Ceres
100 |

3 Juno-,

Flux Density (Jy)

532 Heculina

8

253 Mathilde
Solid Line : SED (Our Work)
Dotted Line : Rayleigh Jeans Slope

Open Circle : [RAS Quoted Flux

Solid Circle : Model Quoted Flux (Our Work)

l L L L MR |
10 100

A{um)

Fig. 5.— Spectral energy distributions (SEDs) of aster-
oids. Solid lines are derived SEDs in which we use ¢=0.9,
1=0.760. Solid and open circles are our model quoted flux
and IRAS quoted flux, respectively. Beyond 100 pm re-
gion, SEDs follow the Rayleigh-Jeans slope where or -2 in
log-scale.

flux of Ceres will agree with the IRAS data if we use the
wavelength dependent emissivity by Miiller & Lagerros
(1998) since the observed flux is lower than the model
flux at 100 ym where the emissivity is estimated to be
smaller than at shorter wavelength.

For the further examination of the relation between
thermal flux and parameters, we calculated spectral en-
ergy distribution at the time of IRAS observations. The
parameters obtained by fititng to IRAS data are used
to generate SEDs. We finally computed the expected
flux at ASTRO-F/FIS bands. In this calculation, sev-
eral assumptions are included. Earth is assumed to
move on circular orbit and ASTRO-F inclination angle
to the ecliptic plane is assumed to be 90° as shown in
Fig. 1. We now discuss the dependence of the model
fluxes on assumed thermal parameters.

V. DEPENDENCE OF SEDS ON MODEL
PARAMETERS

Calculated thermal fluxes at FIS bands depend on
thermal parameters. Some of these parameters (¢ and
7n) are assumed values. The phase integral g is obtained
from independent optical observations. Then p and D
are calculated by fitting the TRAS to thermal model
predictions.

However, most of these parameters are rather uncer-
tain. In this section, we examine how the SEDs change
with the changes of assumed values of ¢ and 7. We
also examine the dependence of SEDs on the values of
q whose uncertainties are known to be rather large.

First, let us consider the flux uncertainty at FIS
bands propagated from the uncertainty in geometric
albedo p. The thermal model fitting gives o, (the un-
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certaintity in p) for each asteroid with multiple sight-
ings. By assuming that e and 7 are fixed, we define the
absolute ‘flux uncertainty’ (3 f), as

Z(fl(pwp ) g

where f;(p) and f;(p+ 0,) are the quoted model fluxes
with best fitting p and p + op, respectively, at i-th FIS
band. Among our sample of 559 asteroids, we selected
398 asteroids whose (8f), are smaller than 0.1. We
then examine how the uncertainties of thermal param-
eters affect the model fluxes of these asteroids.

We calculated the model fluxes by varying the model
parameters in the following manner:

e Emissivity is varied by 10% from the standard
value of 0.9. According to Miller & Lagerros
(1998), emissivity becomes smaller in the region
longer than 20 pm. In the submillimeter region
emissivity reaches 0.8.

o Lebofsky & Spencer (1989) estimated the value 5
as 0.756+0.014 (2% uncertainty) from the obser-
vations of Ceres and Pallas. We varied beaming
factor by 10% from the standard value of 0.756.
This variation is clearly much larger than the es-
timated uncertainties, but we empirically found
that significantly smaller n (i.e., 0.68) gives some-
what better estimates of D.

¢ Phase integral (g) of each asteroid is estimated
from plural observations. According to the liter-
ature, uncertainty of phase integral is as large as
30%. Thus we have varied q by 30%.

Some asteroids are sensitive to the variations of pa-
rameter, while others are not. In order to divide our
sample into a sensitive group and an insensitive group,
we define the absolute total flux uncertainty df,,,,; as
follows

(OFtotas = /0N + 03+ (6F2. (1)
Here (6f)., (6f), and (6f), are
(6)3 = (fils +0s) = fi(s))", (18)

where s could be either ¢, 17 or ¢ and ds is the varia-
tion for each parameter (i.e., 10% for € and 5, and 30%
for ¢). The summation is taken for all FIS bands. We
have found that almost all steroids of our selected sub-
sample of 398 asteroids can be modelled to be better
than 10% of (6f)iotar- Among those, 82 asteroids show
flux variation within 5%. Since flux sensitivity of phase
integral is relatively low even though we made a rather
generous variation for g, the contribution of (§f), on
(6 f)totar is very small. The thermal properties of the
asteroids are very insensitive to ¢. This means that we
need more accurate estimates for emissivity and beam-
ing factor than phase integral.

0.4
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Fig. 6.— Comparison of IRAS colors between insensitive
and sensitive groups. Insensitive group has lower absolute
colors of log(Jeo/I100) and log(l12/I25) than those of sen-
sitive group, so the members have more flatten SEDs than
those of model sensitive group. However, the difference is
very small.

0.5 T T T T T F
04 - Solid : 8f/f < 0.058 |
166 asteroids
Dotted : 8f/f > 0.058 |
200 astercids
303 | -
.
~
z
02 - 7
01 - 7
0 ; L
0 100 200 300 400
Diameter (Km)
Fig. 7.— Histograms of diameters of model insensitive

and model sensitive group. Solid line is model insensitive
group. Dotted line is model sensitive group. Statistically,
members of insensitive group (0Fio0 < 5.8%) have lower
diameter values.
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Fig. 8.— Histograms of geometric albedo of model insen-
sitive and model sensitive groups. depending on sensitivety
to model parameters.

We devide asteroids into two groups with (8f)¢otal
threshold value 5.8% The insensitive group has (6 f)iotas
< 5.8% and the sensitive group has (8f)ioia > 5.8%.
We have checked the colors from IRAS observation to
see whether two groups show different observed intrin-
sic property. Statistically, insensitive group has lower
absolute colors at log(lgo/I100) and log(l12/Io5) than
sensitive group as shown in Fig. 6. However, we do not
consider the difference in color significant.

In Figs. 7, 8 and 9 show the distribution of diame-
ter, p and subsolar temperature, respectively, of aster-
oids in sensitive and insensitive groups. The insensitive
group have relatively small diameters, and higher sub-
solar temperature than those of the sensitive group.
However, there seems to be no difference in albedo be-
tween these two groups. Among the quantities we have
examined for sensitive and insensitive groups, we find
that there is a largest difference in diameter.

V1. SUMMARY AND CONCLUSION

We have studied thermal models and far infrared
emission of asteroids for the calibration of ASTRO-
F/FIS. The emissivity is assumed to be a constant value
of 0.9 throughout the far infrared wavelengths. The ir-
regularity of the surface is accounted by introducing
beaming factor which is assumed to be the same value
of 0.76 for all asteroids. The phase integral that relates
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Fig. 9.— Histograms of subsolar temperature of model
insensitive and model sensitive groups.

between the georetric and Bond albedos is determined
by the independent optical observations at several dif-
ferent phases. Other parameters such as the geometric
albedo and diameter are determined by least square
fitting of the model flux to IRAS data. The derived
diameters of selected asteroids are compared with the
directly measured values. We find that these two re-
sults agree well within 5% in most cases.

We have selected the asteroids (398 objects) well fit-
ted to the IRAS data. We examined the sensitivity of
flux to thermal parameters for well fitting ones. We
have varied € by 10%, n by 10% and q by 30% and
estimated the flux variations due to parameter varia-
tions. The SEDs are found to be very insensitive to
the variation in ¢ since the fitting procedure recovers
Bond albedo A, by adjusting geometric albedo p to new
values of ¢. The model fluxes are somewhat sensitive
to the variation in € and 7. We have divided the as-
teroids into sensitive group and insensitive group. The
asteroids with flux variation greater than 5.8% due to
parameter variation fall into the sensitive group and
the others fall into insensitive group. The asteroids
falling into the insensitive group could be good candi-
date for far infrared calibration. We have examined the
differences between sensitive and insensitive groups in
IRAS color, diameter, Bond albedo and subsolar tem-
perature. Generally speaking there appears no signifi-
cant differences in these properties, but sensitive group
tend to have larger diameter and lower subsolar tem-
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perature.

There are some asteroids whose thermal properties
are well constrained by extensive observations in opti-
cal, infrared, and submillimeter wavelengths. The ther-
mophysical models could provide with rather accurate
predictions of far infrared fluxes. However, we do not
have such elaborate models for majority of asteorids.
From this study we found that large number of aster-
oids can be used as far infrared calibration sources even
with simple thermal models. So far the largest uricer-
tainties in using the majority of asteroids are due to
the lack of accurate independent measurements of in-
frared fluxes rather than the thermal model itself. As
the measurement errors go down with upcoming far in-
frared space missions, we should be able to constrain
thermal properties of large number of asteroids very
tightly.
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Appendix
A. Derivation of Flux Density and Color
Correction

Because of the finite bandwidth for most of the as-
tronomical observations, monochromatic fluxes can not
be compared directly with the actual broadband fluxes.
Therefore, monochromatic wavelengths were defined to
which fluxes could be referenced, independent of the
spectrum of the observed object. What we measure in
the wide-band photometry is the flux integrated over
spectral bands. In order to convert this original inte-
grated flux to monochromatic flux density, we need to
know intrinsic spectral energy distribution and the fil-
ter response function. The measured flux F and actual
monochromatic flux distribution are related by

actual __ F

e N f:lz (fu/ fuo)octual Ry dv’

where we use the following symbols:

(A1)

o 1yp: Normalized frequency of the photometric band
o 1: Lowest frequency of the photometric band
e vy Highest frequency of the photometric band

e F: Photometric flux integrated over a band be-
tween v; and vo. This is the observed flux.

o factual; Actual monochromatic flux density at the

flux density at th frequency of v

o (fu/fu)t et Actual spectral energy distribution
of each source (unknown)

e I%,: Relative system response function

However, generally, we have no information about
the spectral energy distribution of each source. In
order to convert the original fluxes to flux densities
requires some assumed source spectrum. IRAS point

source catalog (PSC) assumes following dependence of
monochronmatic flux distribution,

fl=cvt, (A2)

where c is a constant. Then the quoted {tabulated)
monochromatic flux density in the PSC can be related
to the observed integrated flux as follows,

F
F22(fo) fuo)tRydv’

v is related value to 12, 25, 60, 100 um in IRAS four
bands, respectively.

fo = (A3)
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In general, actual flux density and quoted flux den-
sity are different because the actual flux distribution
does not follow eq. (A2). To estimate f2c“®! from

¢ we need a “color correction factor” K defined as

vo?

follows,
1 fu actualRVd
- JUs/t) v A
f(fl//fVo)qudV
Then we can calculate f,focm“l as followes,
actual _ fVo (A5)

va K

B. Quoted Flux of Asteroids

We can relate the monochromatic flux density and
observed total flux on the basis of Standard Thermal
Model (STM) as follows

F
STM _
v B1
v f z(fv/fu STMR dv’ ( )
where
o f5TM. Actual flux density based on STM.

o (fu/fu) TM: Spectral energy distribution based
on STM.

We cannot compare the fSTM and f2 directly, since
the two flux densities are based on different spectral
energy distributions. We define fSTM 4 as follows:

F
STM,q _
R TR

Then we can compare fo! M9 directly with £ in the
PSC.
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