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Visiting: Astronomical Institute of the Charles University, Prague, CZ

October 26, 2011



Introduction

� Physics of asteroids and other small bodies.
� Thermal Physics of asteroids

� How to determine, calculate/model, and use temperatures at
the surface of asteroids

� Why ?
� How to model, and use temperatures in the subsurface of

asteroids
� Why ?



Outline

Introduction

Relevant physical parameters and their effects on temperatures

Models of temperature distribution and thermal emission

Application of thermal models: observations, surveys and results

Cool problems and applications of everything



Why we study asteroids

� remnant debris from the inner solar system formation process;
� sources of most meteorites; many of these meteorites have

already been subjected to detailed chemical and physical
analyses.
but meteorites are like dead letter with no sender... if we can
find to which asteroid(s) they come from...

� can collide with the Earth:
� impact hazard
� having significantly modified the Earth’s biosphere in the past.
� carbon-based molecules and volatile materials that served as

the building blocks of life may have been brought to the Earth
via asteroid and comet impacts

� water may have been brought to Earth by asteroids and
comets (?)



Where are the asteroids?

All numbered asteroids with 0<a<5.5AU. Sept 2011



Size frequency distribution of asteroids
The fossilized main belt size distribution 115

premature in dismissing the Anders (1965) scenario, in part
because their results were based on Q!

D scaling laws that al-
lowed D < 100 km asteroids to disrupt far more easily than
current hydrocode models suggest (e.g., Benz and Asphaug,
1999). Nevertheless, the Davis et al. results appear to have
been influential enough that all subsequent efforts to model
main belt comminution have used initial size distributions
with more mass in every size bin of interest than the ob-
served population. We will return to this important issue in
Section 5.
Since Davis et al. (1979, 1985), several groups (Davis et

al., 1989, 1994; Durda, 1993; Campo Bagatin et al., 1994,
2001; Durda and Dermott, 1997; Durda et al., 1998; Marzari
et al., 1995, 1999; O’Brien and Greenberg, 2003; Cheng,
2004) have investigated the collisional evolution of the main
belt using comparable codes and/or methods. (Some groups
have used these codes to investigate small body popula-
tions in the outer Solar System as well; e.g., Stern, 1996;
Charnoz and Morbidelli, 2003.) The primary motivation of
these groups was to explore the effects of differentQ!

D laws,
different starting main belt populations, and, in some cases,
different fragmentation laws (e.g., see Petit and Farinella,
1993; Campo Bagatin et al., 2001). One noteworthy advance
produced by these works was the recognition that “bump-
s” in the main belt size distribution, one near D " 3–4 km
and one near D " 100 km (Fig. 1), might be by-products of
collisional evolution using “V”-shaped Q!

D laws.
To create a wavy size distribution, we need Q!

D function
to undergo an abrupt change. As asteroids increase in size,
changes from negative Q!

D slopes in the strength regime to
positive slopes in the gravity regime make asteroids just be-
yond the transition point more difficult to disrupt. Because
these objects survive longer, an excess number of projectiles
is created that is capable of disrupting still larger asteroids.
This perturbation launches a wave into the size distribu-
tion. For a transition near D = 200 m between strength- and
gravity-scaling disruption regimes, a bump is created near
D " 3–4 km (Campo Bagatin et al., 1994; Durda et al., 1998;
O’Brien and Greenberg, 2003; see Davis et al., 2002, for a
recent review). Some groups claim this pattern may also cre-
ate the bump found near D " 100 km (e.g., Durda et al.,
1998). These issues will be discussed further in Section 5.
Although all the collisional models mentioned above pro-

vide useful insights, we believe none has found a truly sat-
isfying resolution to Paradoxes 1 and 2. To resolve these
issues, we constructed a code that incorporates the insights
described above into a collisional model.

3. Collisional evolution model

To model the comminution in the asteroid belt, we use a
modified version of the self-consistent 1-D collisional evo-
lution model described in Durda and Dermott (1997) and
Durda et al. (1998). In this paper, this code will be referred
to as CoEM, which stands for Collisional Evolution Model.

Fig. 1. An representation of the incremental main belt size frequency dis-
tribution computed from a parametric representation of the absolute mag-
nitude H distribution (Jedicke et al., 2002). The H bins have been trans-
formed into D bins using Eq. (9) and a geometric albedo pv = 0.092. The
dots show the position of our bin. The H data is based on the catalog of
known asteroids for H < 12 and results of the Sloan Digital Sky Survey
(SDSS) for H > 12 (see Ivezić et al., 2001). The main belt size-frequency
distribution is wavy, with “bumps” near D " 100 km and D " 3–4 km.
Using this population, the cumulative number ofD > 1,50, and 100 km as-
teroids is 1.36# 106, 680 and 220, respectively. Note that when these data
are plotted on a log scale, the apparent slope is shallower by unity than the
power law index shown in Eq. (7) (Colwell, 1993).

3.1. Collision model framework

To start CoEM, we enter an initial main belt size-
frequency distribution where the population (N ) has been
binned between 0.001 km < D < 1000 km in logarithmic
intervals d LogD = 0.1. All particles in our bins are as-
sumed to be spherical and are set to the same density. We
set the bulk density of each body here to be 2.7 g cm$3. This
value is something of a compromise between the measured
densities of several different groups: the average bulk densi-
ties of several multi-km C-type asteroids ("1.3 g cm$3), the
average bulk density of several multi-km S-type asteroids
("2.7 g cm$3), and the grain densities of several different
meteorite classes that may be more representative of the
bulk densities of sub-km asteroids (2.2 g cm$3 for CI me-
teorites, 2.7 g cm$3 for CM meteorites, 3.5 g cm$3 for CV
meteorites; 3.5–3.8 g cm$3 for ordinary chondrites) (Britt et
al., 2002). Note that moderate changes to this density do not
change our results. The characteristic size of the particles in
each bin is determined from the total mass and number of
particles per bin.
CoEM computes the time rate of change in the differ-

ential population N per unit volume of space over a size
range between diameter D and D + dD (Dohnanyi, 1969;
Williams and Wetherill, 1994):

(2)
!N

!t
(D, t) = $IDISRUPT + IFRAG $ IDYN.

[BDN+05]
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Physical Properties

� Size (Diameter, D)
� Spherical Equivalent Diameter (Ds)

� Absolute Magnitude (H)
The magnitude of an asteroid extrapolated to r = ∆ = 1 AU and to phase angle (α) of zero.

� Albedo (Surface reflectivity)

� Geometric Albedo (p)

p = I (α=0)

IL(α=0)
where IL= brightness of an idealized flat, fully reflecting, diffusively scattering

(Lambertian) disk with the same cross-section of the asteroid. This is one method for measuring

how closely the sufface resembles a diffuse scattering surface.

� in the visible (pV ); R-band (pR); etc etc..
� in the near IR (pNIR)

� Bolometric Bond’s Albedo (A)
It is the fraction of power in the total electromagnetic radiation incident on an astronomical body

that is scattered back out into space. It takes into account all wavelengths at all phase angles.

� Photometric phase integral (q = A
p )

q = 2
� π
0

Iα
I0
sinαdα



Link Diameter-Albedo-Absolute magnitude

D(km) =
1329
√
pV

10−
H
5 (1)

[DH02]



Geometric and Bond’s albedo values of bodies

http://en.wikipedia.org/wiki/Bond_albedo 18-Oct-2011



Phase integral of (21) Lutetia from OSIRISV albedo = 0.19±0.01
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Caveats

The parameters above are well defined for spherical bodies with
properties homogeneus all over their surfaces.

� the H magnitude is function of the aspect and rotational
phase for an irregularly-shaped body

Extrapolation of measurements (photometry) to zero degree of
phase angle can be source of error and model dependent.

linear two-parameter phase function. Although this kind of model
has the merit of being very simple, a better fit of high-quality pho-
tometric phase data can only be obtained by adding an additional
parameter to the photometric phase function.

3.2. H, G1, G2 phase function

An immediate critical comment on the conclusion above is that
adding parameters necessarily leads to better fits (e.g., by using
Na > 3 free parameters one expects to get even better fits), there-
fore the reasons for adding even one single parameter must be
compelling and well justified. In what follows, we assess the feasi-
bility of a three-parameter magnitude phase function that, in the
number of free parameters, represents the minimum change to
the two-parameter H, G phase function.

In a three-parameter H, G1, G2 magnitude phase function for
asteroids, the reduced observed magnitudes V(a) can be obtained
from

10!0:4V"a# $ a1U1"a# % a2U2"a# % a3U3"a#
$ 10!0:4H&G1U1"a# %G2U2"a# % "1!G1 !G2#U3"a#'; "18#

where U1(0) =U2(0) =U3(0) = 1. The absolute magnitude H and the
coefficients G1 and G2 are

H $ !2:5log10"a1 % a2 % a3#;

G1 $ a1
a1 % a2 % a3

;

G2 $ a2
a1 % a2 % a3

:

"19#

The coefficients a1, a2, and a3 are estimated from the observa-
tions by using the linear least-squares method. Thereafter, H, G1,
and G2 follow from the nonlinear relations in Eq. (19).

The next goal is to determine the basis functions U1(a), U2(a),
and U3(a). We start by searching for a magnitude phase function
where there is a single opposition-effect function and where there
is a possibility for obtaining arbitrary quasi-linear slopes of the
phase functions at larger phase angles. Thus, we construct a mag-
nitude phase function consisting of an opposition-effect function
U3 and two linear basis functions U1 and U2, and study such a
phase function for a < 30!. Accordingly, the basis functions U1

and U2 are taken to be

U1"a# $ 1! 6a
p ;

U2"a# $ 1! 9a
5p ;

"20#

Fig. 3. As in Fig. 2 for the M-class Asteroid (69) Hesperia and the S-class Asteroid (82) Alkmene.

K. Muinonen et al. / Icarus 209 (2010) 542–555 549

[MBC+10]



Caveat (continued). More on the case of (84) Alkmene

H D (km) pV Notes
8.00 61 0.299 Mags from accurate phometry,

Fit of the H, G1, G2 system
[MBC+10]

8.25 61 0.238 Mags from accurate phome-
try, Fit of the H, G system
[MBC+10]

8.40 61 0.210 MPC H value (MPCORB.DAT
of Nov, 2011)

Diameter from the SIMPS (IRAS) [TNNP02]

� Note that the error on the H value has a dramatic effect on
the estimation of the albedo even for this large asteroid.



Albedo as a function of wavelength: normalized reflectivity
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Normalized reflectivity: asteroid spectral classes
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X-complex

C-complex

S-complex
Bus-DeMeo Taxonomy Key

http://smass.mit.edu/busdemeoclass.html

[DBSB09]



Ordinary Chondrites Carbonaceous Chondrites

S - class asteroids C- class asteroids

2. 
Comparing 
meteorite 

and 
asteroid 

spectra and 
albedos
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Albedo and input energy at the surface

Istantaneous thermal equilibrium

(1− A)S⊙r
−2µ = �σT 4 (2)

For µ = 1 one obtains TSS
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Albedo and input energy at the surface (2)

Thermal conductivity in the subsurface: Surface boundary
condition

(1− A)S⊙r
−2µ = �σT 4 − κ

∂T

∂z
(4)

Thermal conductivity in the subsurface: heat diffusion in the
regolith

ρC
∂T

∂t
=

∂

∂z
κ
∂T

∂z
(5)

for κ independent of z

ρC
∂T

∂t
= κ

∂T 2

∂2z
(6)

Thermal conductivity in the subsurface: boundary condition at
depth

∂T

∂z
= 0 (7)



Heat content in the subsurface

Assume a body is rotating with an angular rotation rate ω = 2π
P .

Diurnal temperature changes propagates in the subsurface with a
charcteristic lenght scale ls (skin depth) given by:

ls =

�
κ

ρCω
=

�
κP

2πρC
(8)

At z = ls the amplitude of the temperature variation is dumped by
e
−2π or abour 0.002 of those at the surface. [Wes48]



Heat scale lenghts for asteroids and meteoroids

Thermal inertia and thermal conductivity of
asteroid surfacesThermal inertia of near-Earth asteroids 245

Fig. 6. Thermal inertia as a function of asteroid diameter. Small open circles represent values from the literature derived by means of thermophysical models. The
large open diamond is the result from this work (see text for details). The straight (continuous) line which gives the best fit to the trend of increasing thermal
inertia, ! , with decreasing asteroid diameter, D, is given by the expression ! = 300 ! D"0.48. The axis on the right-hand side gives the asteroid surface thermal
conductivity k on the basis of k = ! 2/("c), assuming constant surface density, ", equal to 2500 kg m"3 and specific heat capacity, c, equal to 600 J kg"1 K"1.
These values are reasonable assumptions for asteroid surfaces (Britt et al., 2002; Farinella et al., 1998). The thermal conductivities of (6489) Golevka (Chesley et
al., 2003) and for Karin cluster asteroids (Nesvorn! and Bottke, 2004) are indicated with arrows. The two values of ! derived for 2002 NY40 are indicated as the
lower and the upper limits of the error bar on the extreme left of the plot. Dotted line: linear regression of Eq. (6) for MBAs only; dashed line: linear regression of
Eq. (6) for NEAs only.

order of magnitude lower than the thermal inertia of bare rock
(#2500 J m"2 s"0.5 K"1; Jakosky, 1986). In order to highlight
the behavior of the thermal inertia of asteroids as a function
of their size, we have plotted the mean value of thermal iner-
tia for NEAs and the values of the thermal inertia derived by
means of TPMs against object diameters in Fig. 6. Small open
circles represent the literature values derived from the applica-
tion of TPMs. The large open diamond is the result from this
work. The axis on the right-hand side gives the asteroid sur-
face thermal conductivity k as a function of size, on the basis of
k = ! 2/("c), with constant surface density " = 2500 kg m"3

and specific heat capacity c = 600 J kg"1 K"1. These values are
reasonable assumptions for asteroid surfaces (Britt et al., 2002;
Farinella et al., 1998). For the Asteroid 2002 NY40 a bar be-
tween 100 and 1000 J m"2 s"0.5 K"1 is drawn. The thermal
conductivity has also been constrained in the cases of (6489)
Golevka (Chesley et al., 2003) and for asteroids in the Karin
cluster (Nesvorn! and Bottke, 2004). The values of the ther-
mal conductivities derived by these authors have been con-
verted to values of ! assuming " = 2500 kg m"3 and c =
600 J kg"1 K"1. Fig. 6 shows that the resulting limits, based
on the measurements of the Yarkovsky effect on these bodies,
are in general agreement with our results.

Fig. 6 reveals a convincing trend of increasing thermal in-
ertia with decreasing asteroid diameter, D, confirming the in-
tuitive view that large main-belt asteroids, over many hundreds
of millions of years, have developed substantial insulating re-
golith layers, responsible for the low values of their surface

thermal inertia. On the other hand, much smaller bodies, with
shorter collisional lifetimes, presumably have less regolith, or
less mature regolith, and therefore display a larger thermal in-
ertia. Deriving a functional dependence of the thermal inertia as
a function of the size of the body has important implications for
improving the models of the orbital mobility of asteroids due
to the Yarkovsky effect and to better quantify systematic errors
in radiometric diameters and albedos of small bodies based on
the use of thermal models that neglect the effects of heat con-
duction, such as the STM. The graph in Fig. 6 suggests that, to
the first order, thermal inertia in this size range follows a power
law. Expressing ! as

(6)! = d0D
"#

(a linear relation in the log! –logD plot), a linear regression
gives best-fit values of # = 0.48 ± 0.04 and d0 = 300 ± 47,
where D is km and ! in S.I. units (J m"2 s"0.5 K"1), and the
1$ uncertainty is based on the assumption that the errors on
the thermal inertia and diameter values are normally distrib-
uted. (The values of ! for 2002 NY40, 6489 Golevka and the
Karin cluster asteroids were excluded from the linear regression
analysis.)

However, the slope # of Eq. (6) may assume different val-
ues in different size ranges, since there are reasons to suspect
that the surface properties of large asteroids may be different
to those of smaller bodies: for example, Bottke et al. (2005)
showed that asteroids with D > 100 km and most bodies with
D > 50 km in size are likely to be primordial objects that
have not suffered collisional disruption in the past 4 Gyr. These

Assuming C=600 J/Kg/K and ρ=2500 Kg m−3;
[DDH+07]

κ P ls

W/m/K

Diurnal

10−4 5 h 0.5 mm
10−3 5 h 1.5 mm
10−2 5 h 5.0 mm
1.0 5 h 5.0 cm

Annual

10−2 1 y 20 cm
10−2 4 y 36 cm

Orbital Evolution

10−2 104 y 18 m
10−2 106 y 180 m



Subsurface heat content and thermal inertia

A characteristic heat content per unit area of the subsurface, HD ,
can be given by:

HD = lsTρC =
�
κρC

T√
ω

= Γ
T√
ω

(9)

where Γ =
√
κρC is the thermal inertia [SLS89]

A characteristic time scale, tR , for radiating this amount of heat is
obtained by dividing HD by the radiated power per unit area �σT 4

tR =
Γ√

ω�σT 3
(10)

[SLS89]



Thermal parameter

The ratio of tR to the rotation rate of the body 1/ω measures the
ability of the surface to keep up with diurnal insolation changes

tR/ω = Θ =
Γ
√
ω

�σT 3
(11)

[SLS89]

� Θ = 0 → istantaneous thermal equilibrium

� Θ → ∞ → perfectly flat temperature distribution
(independent of longitude).



Thermal parameter vs Heliocentric distance
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Thermal parameter vs Heliocentric distance (2)
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Surface temperature distribution
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Subsoil temperature (1999 JU3): Γ = 300Jm−2s−0.5K−1
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Thermal inertia (Γ) and asteroid surface regolith nature

Thermal inertia gives information about the presence (or absence),
depth and thickness of regolith, and the presence of exposed rocks
on the surface of atmosphere–less bodies (Γ in SI units:
Jm

−2
s
−0.5

K
−1).

25143 Itokawa 433 Eros The moon 21 Lutetia
Γ = 750 Γ = 150 Γ = 40− 50 Γ = 20

Coarse regolith Finer and thicker Mature and Very fine
and boulders regolith fine regolith regolith



Thermal inertia of asteroids: the big picture

Color palette: geometric visible albedo (pV )
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Thermal conductivity of meteorites

sequent removal of cracks within the sample, resulting in a slight
increase in the thermal conductivity at that point. Above 100 K,
the conductivity can be fit with a line of the form k = 12.4 + 0.05
T, with an R2 value of 0.94.

The thermal conductivity of the enstatite chondrite Abee shows
the expected T3 increase at low temperatures and 1/T decrease at
high temperatures. Above 100 K, the conductivity is fit very well
with the formula k = 4.11 + 248/T, with an R2 value of 0.998. At
300 K the conductivity is close to that of olivine and enstatite;
apparently the increased conductivity expected from the iron con-
tent is effectively balanced by the decreased conductivity caused
by the sample’s porosity and mineral inhomogeneity. It is impor-
tant to note that Abee is a breccia made of both metal-rich and me-
tal poor clasts (Sears et al., 1983), and these clasts can be much
larger than the sample measured here. Indeed, enstatite meteorites
in general are known to be heterogeneous on scales larger than
10 g (Jarosewich, 1990). Thus our result may not be representative
of the whole meteorite, or of the enstatite meteorite parent body in
general.

The conductivities of the other stony meteorites are shown in
more detail in Fig. 3. From 100 K to 300 K, the thermal conductiv-

ities of the ordinary chondrites Cronstad and Lumpkin are essen-
tially constant; Cronstad only increases from 1.75 to
1.93Wm!1 K!1 (with most of that change occurring between
100 K and 150 K) while Lumpkin ranges only between 1.46 and
1.51Wm!1 K!1 (the peak occurring at 120 K, the conductivity
decreasing slightly from there to 300 K). The average value for
Cronstad over this range is 1.88Wm!1 K!1 and that of Lumpkin
is 1.47 Wm!1 K!1; both averages are close to the 200 K values re-
ported in Table 2.

The carbonaceous samples vary somewhat more over this tem-
perature range; from 100 K to 300 K their thermal conductivities
increase linearly with temperature. The dry CK meteorite NWA
5515 (mineralogically similar to meteorites of the CV class) has a
conductivity that can be fit by the equation k = 1.26 + 0.0011 T,
with an R2 value of 0.9; its average value over this range is
1.48Wm!1 K!1, similar to its value at 200 K. The hydrated CM
meteorite Cold Bokkeveld conductivity from 100 to 300 K is fit
by the formula k = 0.26 + 0.0013 T, with an R2 value of 0.99; its
average value in this range is 0.50, again matching its value at
200 K. As it happens, all the data for Cold Bokkeveld down to
6.25 K can be very well fit by k = !0.0254 + 0.00563
T ! 2.07 " 10!5 T2 + 3.11 " 10!8 T3, with an R2 value of 0.9998. This
empirical formula may be of use in thermal models of comet nu-
clei, Kuiper Belt objects, and other outer Solar System objects.

The results for the stony meteorites are shown in greater detail
in Fig. 3. This figure also shows, in shaded red and blue areas (with
the overlap in purple), the range of thermal conductivities derived
for H and L chondrites by Yomogida and Matsui (1983). Note that
our measurements generally fit well within this range. We confirm
their observation that ordinary chondrites are significantly less
conductive than one would calculate simply from the constituent
minerals. More data on different ordinary chondrites will allow
us to test whether their large range of conductivities, spanning
an order of magnitude, is real or an artifact of their measurement
technique.

5. Discussion

In our initial discussion on the transport of heat in an insulating
material, we noted the role that increased porosity might have in
attenuating the passage of phonons in meteoritic material, result-
ing in lower thermal conductivity. Indeed, Yomogida and Matsui

Table 1
Sample characteristics.

Meteorite Size (mm) Mass (g) Density (g cm!3) Grain, qa (g cm!3) Model porosity (%) Class ave. porosity (%)

Abee (E4) 3.653 " 4.853 " 3.583 0.2083 3.279 3.6 8.9 5
Campo del Cielo (IAB) 3.590 " 3.063 " 2.793 0.2368 7.710 7.8 1.2 0
Cold Bokkeveld (CM2) 3.006 " 2.062 " 5.998 0.0618 1.662 2.65 37.3 25
Cronstad (H5) 5.224 " 2.759 " 5.753 0.2612 3.150 3.78 16.7 10
Lumpkin (L6) 3.9624 " 5.080 " 3.7084 0.2185 2.927 3.62 19.1 7
NWA 5515 (CK4) 2.574 " 3.024 " 3.199 0.0666 2.675 3.57 25.1 23

a Taken from averages of unweathered meteorites of given class. Cold Bokkeveld grain density from Mason, personal communication.

Fig. 2. Summary of meteorite thermal conductivity measurements, with assorted
conductivities for terrestrial minerals taken from Clauser and Huenges (1995).

Table 2
Measured and derived properties at 200 K.

Meteorite Density (g cm!3) k, 200 K (Wm!1 K!1) C,a 200 K (J kg!1 K!1) j " 107 (m2 s!1) C " 104 (m2 s1/2 kJ!1)

Abee (E4) 3.279 5.35 500 32.63 3.38
Campo del Cielo (IAB) 7.71 22.4 375 77.48 1.24
Cold Bokkeveld (CM2) 1.662 0.5 500 6.02 15.51
Cronstad (H5) 3.15 1.88 550 10.85 5.54
Lumpkin (L6) 2.927 1.47 570 8.81 6.38
NWA 5515 (CK4) 2.675 1.48 500 11.07 7.11

a Adapted from data and calculations in Yomogida and Matsui (1983).

452 C.P. Opeil et al. / Icarus 208 (2010) 449–454
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Thermal conductivity of meteorites (2)

(1983) reported a rough correlation between conductivity and
porosity in their data. Certainly the low conductivities reported
here are consistent with such an effect. Flynn et al. (1999) and
Flynn (2004) showed that the speed of sound in meteorites is also
much lower in porous meteorites than is typical for solid rock sam-
ples. In addition, those authors noted that certain extremely por-
ous meteorites (for example, the L4 chondrite Saratov) are
riddled with large cracks that may not be present in the small sam-
ples measured here. Such extremely friable ordinary chondrites are
rare in our collections, but not necessarily rare in space; our mea-
surements may well be biased in favor of the stronger, and thus
more conductive, samples that survive passage through the Earth’s
atmosphere. We should expect rocky material in small Solar Sys-
tem bodies to have a low thermal conductivity.

The greatest impact these values for meteorite thermal conduc-
tivities will be in the modeling of small body thermal evolution. For
a long time, typical thermal history models for asteroids or icy
moons (cf. Consolmagno, 1975; Cohen and Coker, 2000) have as-
sumed that the conductivity of the rocky component is similar to
that of serpentine, a mineral known to exist in hydrated meteorites
and whose thermal conductivity is already significantly lower than
other rocky materials. But, as we have seen, the actual conductivity
of our hydrated CM meteorite is four times lower than that of lab-
oratory-grade serpentine. And, indeed if conductivity decreases
with increased porosity, then one might expect that even more
highly porous meteorites such as Orgueil and Tagish Lake would
have even lower thermal conductivities.

The thermal diffusivity of stony meteorites is significantly dif-
ferent from that assumed by recent thermal models of asteroids
or the rocky component of icy bodies. Cohen and Coker (2000),
modeling the evolution of hydrous asteroids, assumed that thermal
conductivity would be independent of temperature and they began
values of 5.155 and 2.95Wm!1 K!1, appropriate for forsterite and
serpentine respectively. When they attempted to correct for the ef-
fect of porosity, they came up with a value of 2.8 Wm!1 K!1 for the
carbonaceous chondrite component in their models. This is still
nearly twice our measured value for our CK meteorite and more
than five times greater than our measurement for our CM
meteorite.

Similarly, these values can affect models for bodies thought to
be a mixture of rock and ice, such as the satellites of the outer Solar
System planets or the trans-neptunian objects. Schubert et al.

(2007) assume a rock conductivity of 3 Wm!1 K!1 in their models
of Enceladus. Prialnik and Merk (2008) assume a thermal conduc-
tivity of 2 Wm!1 K!1 for the dusty component in their models of
Kuiper Belt objects and Enceladus. Even at 100 K – much warmer
than their ambient temperatures, but perhaps applicable to war-
mer interiors – this value would be about 33% too high if the dust
is assumed to be similar to anhydrous carbonaceous chondrite
materials, and a factor of four too high if it is similar to CM mate-
rial. For the ambient temperatures found in the Kuiper Belt, this va-
lue is a full order of magnitude too high compared to the measured
thermal conductivity of the CM meteorite.

A recent thermal model of Kuiper Belt objects by Desch et al.
(2009) has noted this problem, and they reference the earlier
Yomogida and Matsui (1983) work in choosing a lower value of
1–2Wm!1 K!1 for the thermal conductivity of the rocky compo-
nent in their models. However, even here they assume that the
conductivity is constant with temperature. As we have shown,
even this low conductivity is higher than that of the hydrated
meteorites at all temperatures of interest, and much too high for
all materials at the ambient temperatures of the Kuiper Belt, below
100 K.

Recall that the thermal diffusivity is linearly related to the ther-
mal conductivity, and its units are meters squared per second. Thus
the effect of changing the diffusivity should be to vary the response
of the system linearly in time and as the square of radius; a change
by a factor of two implies a factor of two difference in the charac-
teristic time, and root two in characteristic size. To put it another
way: compared to an asteroid made of the higher-diffusivity mate-
rial as modeled, a more realistic lower-diffusivity body would
maintain its internal temperature for twice as long; or alternately,
a 70 km diameter low diffusivity asteroid would be expected to
have a thermal profile similar to a 100 km diameter body with
twice the thermal diffusivity. The melting of an icy moon is more
complicated to model, since ice close to the melting point may also
transport heat by convection; but the Rayleigh number that de-
scribes the heat transport characteristics of this convection is itself
inversely proportional to the thermal diffusivity. Thus it is clear
that even a factor of two change in thermal diffusivity can have a
profound effect on the expected thermal evolution of a small body.

Consider, as an example, themodels of Kuiper Belt objects by Pri-
alnik andMerk (2008). They assumedabodyhalf dust andhalf ice by
mass, with the conductivity of the ice dominated by amorphous ice
between 0.3 and 0.6 Wm!1 K!1, and the conductivity of the dust
represented by serpentine, set at 2 Wm!1 K!1. Bulk thermal con-
ductivity is volume averaged; using their assumed densities for ice
(0.917 " 103 kg m!3) and rock (3.25 " 103 kg m!3), their modeled
body is 78% by volume ice. Nonetheless, the thermal conductivity
of thebulk is dominatedby themuchmore conductive rockycompo-
nent. Changing the serpentine conductivity they used to our value
for the CM meteorite Cold Bokkeveld, 0.28 Wm!1 K!1 at their as-
sumed starting temperature of 70 K, the bulk thermal conductivity
of their body drops to half their assumed value.

Prialnik and Merk (2008) also modeled Enceladus as an object
starting at 90 K made of 75% dusty material. Given these values,
the resulting bulk thermal conductivity using the CMmeteorite va-
lue is one-third that which they assumed. Recognizing the uncer-
tainties in the thermal conductivity of the dusty component,
Prialnik and Merk ran models assuming that their dust value was
off by a factor of two; but as we have seen, the actual value may
be a full order of magnitude lower than they assumed. After
accounting for the dilution of this material in the ice, using our
CM meteorite thermal conductivity leads to the bulk conductivity
of Enceladus being 50% lower than even their ‘‘lower conductivity”
case.

The evolution of Kuiper Belt objects and icy moons such as Enc-
eladus is complex, as the models of Schubert et al. (2007) and Pri-

Fig. 3. An expanded version of Fig. 2, showing the thermal conductivity of ordinary
and carbonaceous chondrites in greater detail. The red and blue shaded areas
(including the purple overlap) show the range of conductivities for H and L
chondrites, respectively, reported by Yomogida and Matsui (1983). Terrestrial
mineral conductivities are from Clauser and Huenges (1995).

C.P. Opeil et al. / Icarus 208 (2010) 449–454 453

[OCB10]



Thermal conductivity of asteroids - meteorites: porosity

κ = ψκpores + (1− ψ)κsolid (12)

� κ is the effective thermal conductivity;

� κpores is the effective thermal conductivity of the pores;

� κsolid is the effective thermal conductivity of the solid;

� ψ is the porosity;

theoretically:
� κpores = 4�σrporesT 3, where:
� σ is the Stefan Boltzmann constant;
� � is the emissivity;
� rpores is the typical radius of the pores;



Porosity - Implication

� κ is function of temperature and thus depth in the regolith,
time of the day, orbital position, season....

� Low-κ (i.e. low-Γ) asteroids must have substantial surface
porosity: thick and fine regolith layer



Thermmal conductivity and porosity: experimental view

[Zim86]



Emissivity � = (1− R)

CV meteorite

Iron meteorite

•The Lutetia emissivity spectrum is completely 
different from that of the iron meteorites

•Low thermal inertia:  I ! 30 JK"1 m"2 s"1/2  , 
typical of main belt asteroids; Lutetia is likely 
covered by a thick regolith layer

•Lutetia is similar to CV3 and CO3 carbonaceous 
chondrites, meteorites which experienced some 
aqueous alteration  

CO3 carb. chondrite

CV3 carb. chondrite

  ___0-20 micron. --- 50-100 micron.

… 20-50 micron.

 ___100-150 micron.
--- >150 micron.

 ___0-20 micron.

(Barucci et al., 2008)

21 LUTETIA: 
Emissivity - SPITZER

Enstatite chondrites C peak at 8.3 !m
(Izawa et al. 2010)

Wednesday, October 19, 2011



Energy output and flux

Gray body emitter (for a surface element of area Ω):

f (λ) = ∆−2�(λ)B(λ,T )N̂ • ∆̂ Ω (13)

with:

B(λ,T ) =
2πhc2

λ5

1

exp( hc
λKT )− 1

(14)

For the whole body (Σ is the surface visible to the observer):

F (λ) =
1

∆2

�

Σ
�(λ,Ω)B(λ,T (Ω))N̂(Ω) • ∆̂ dΩ (15)



Exemple Flux from two asteroids
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Thermal conductivity in the subsurface

Thermal conductivity in the subsurface and viewing of other facets
(non convex shape of the body)

(1− A)S⊙r
−2µ = �σT 4 − κ

∂T

∂z
+ TBD + TBD (16)



Thermal Physics of Asteroids (2nd lesson)
Charles University of Prague – Oct/Nov 2011

Marco Delbo

UNS-CNRS-Observatoire de la Côte d’Azur

Visiting: Astronomical Institute of the Charles University, Prague, CZ

October 26, 2011



Asteroids: when size matters

Sizes
� Size frequency distribution

� Collisional evolution of the
belt

� Impact hazards (e.g. ask to
the Dinosaurs)

Sizes from H (it does not work)

Consider 2 asteroids with equal visible
magnitude:

H pV D (km)
14.622 0.1 10.0
14.622 0.4 5.0

... but very different diameters, given
the different albedos. Asteroids’ pV are
in the range between 0.03 and 0.5 [?,
TTE+11]
So, large uncertainty in size if the albedo
is not known.



Spectroscopy of asteroids and spectral classes
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Range of albedo of asteroid spectral classes
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Size determination from thermal-IR
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Asteroid flux and atmospheric transparency
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Atmospheric transmission, bands and MID-IR filters

Our atmosphere absorbs the majority of the MIR radiation from
astronomical sources. The main absorbing molecules are H2O,
CH4, CO2, CO, O2, O3. However, the atmosphere is quite
transparent in two atmospheric windows: the N and Q bands.



Atmospheric Emission: thermal background

Moreover, ground-based observations in this region are much
different than the one in the optical or near infrared because of the
very large thermal background flux that peaks near 10 µm

λpeak(µm) =
3000

T (K )
(17)

For T=300 K, peak of thermal emission is 10 µm.

Summary

Atmosphere, telescope thermal emission peak at 10 µm.



Instrument Example: VISIR@ESO

http://www.eso.org/sci/facilities/paranal/

instruments/visir/index.html



Instrument Example: VISIR@ESO



Instrument Example: VISIR@ESO - Detector UPGRADE



Observing technique

”chopping” and ”nodding” techniques are needed to subtract the
background to high precision. The accuracy to which the flux of
an astronomical source can be obtained is basically limited by the
background noise and by the ”1/f” noise due to variations in the
background caused by temperature drifts and thin clouds.



Chopping

� ”chopping” the telescope’s secondary mirror is oscillated in a
square-wave pattern at a frequency of several Hz.

� The detector alternately views two fields or ”beams” on the
sky: A and B beams.

� Computing (A - B) cancels most, but not all, of the sky
emission.



Nodding the telescope

� Warm optics generates a background pattern that does not
cancel out in the A-B difference.

� Therefore the telescope is nodded 2 4 times a minute to
move the source from the A to the B position.

� By computing A-B (A-B) the background is properly
removed.
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Very short exposures

� In imaging the readout rate of the detector is high. Up to 200
frames per s are read for a minimum detector integration time
of DIT= 5 ms.

� During each chopping cycle the elementary exposures are
added in real time and only the result is stored on disk. At a
chopping frequency of fchop = 0.25 Hz every Tchop = 4 s one
VISIR image is stored as a plane in a data cube of a FITS file.



VISIR Sensitivity

VISIR User Manual VLT-MAN-ESO-14300-3514 8
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Figure 5: Measured on the old DRS detector but also valid for Period 89. Sensitivities for the
VISIR imager for the N (top) and Q-band (bottom). Small and intermediate field observations are
displaced for clarity. Background noise limits are indicated for the individual filter bandpasses.



Ground based observations

Keck - Hawaii

ESO 3.6m



3.6m ESO with f35 top ring, chopping, gold-coated M2



Space IR observatories



Spitzer Space Telescope

� launched in 2003.
� IRAC (Infrared Array Camera), an infrared camera which

operates simultaneously on four wavelengths (3.6, 4.5, 5.8 and
8 micron). Each module uses a 256 256 pixel detectorthe
short wavelength pair use indium antimonide technology, the
long wavelength pair use arsenic-doped silicon impurity band
conduction technology.

� IRS (Infrared Spectrograph), an infrared spectrometer with
four sub-modules which operate at the wavelengths 5.3-14
micron (low resolution), 10-19.5 micron (high resolution),
14-40 micron (low resolution), and 19-37 micron (high
resolution).

� MIPS (Multiband Imaging Photometer for Spitzer), three
detector arrays in the far infrared (128 128 pixels at 24
micron, 32 32 pixels at 70 micron, 2 20 pixels at 160
micron). The 24 micron detector is identical to one of the IRS
short wavelength modules. The 70 micron detector uses
gallium-doped germanium technology, and the 160 micron
detector also uses gallium-doped germanium.



Spitzer Space Telescope

� liquid helium supply was exhausted on 15 May 2009.
� The two shorter wavelength bands (3.6 m & 4.5 micron) of

IRAC remain productive after LHe depletion, at the telescope
equilibrium temperature of around 30 K, so IRAC continues to
operate as the ”Spitzer Warm Mission”.



Spitzer Space Telescope: IRS sensitivity

Table 3: Peak-Up Imaging Point Source

Saturation Limits (in milli-Jy for 6 / 14 / 30

second ramp times)

Peak-up Target Acquisition Options
Science targets can be accurately placed in an IRS slit by offsetting from a peak-up target, which can
be the science target itself or another object within r < 30 arcmin.  Point or extended sources can serve
as peak-up targets.  The peak-up target should be the brightest object within r < 1 arcmin.  Several
peak-up modes are available (see Table 1).  The primary choice is between an IRS Peak-up using the
dedicated mid-IR array integrated into the SL module, or a PCRS Peak-up using the Spitzer Pointing
Calibration and Reference Sensor optical array.  “No Peak-up” is also an option, resulting in target
placement at the intrinsic pointing accuracy of Spitzer.

Basic IRS Capabilities
The IRS is composed of four modules, with two modules providing “low” spectral resolution (R ~
60–127) over 5.2–38 microns, and two modules providing “high” spectral resolution (R ~ 600) over
9.9–37.2 microns (see Figure 1).

0.4V = 7–10 mag5050–5950 ÅPCRS Peak-up

1.0        …        …No Peak-up

18.5–26 µm

13–18.5 µm

Peak-up Array

Wavelength Range

Target Placement Accuracy

(1-sigma radial, arcseconds)

Point Source

Peak-up Target

Brightness Range

Peak-up

Option

High (0.4); Moderate (1); Low (2)F = 15–340 mJyIRS Peak-up (Red)

High (0.4); Moderate (1); Low (2)F = 5–150 mJyIRS Peak-up (Blue)

Table 1: Summary of Peak-up Target Acquisition Options

For details and updated information, see

the Spitzer Observer’s Manual at

http://ssc.spitzer.caltech.edu

or contact the Spitzer Helpdesk at
help@spitzer.caltech.edu

Astronomical Observation Templates (AOTs)
1) Staring – spectrum of an individual fixed or moving target (“single” option) or spectra of multiple

fixed or moving targets within 1o (“cluster” option); the “peak-up only” mode acquires IRS peak-up
array images (but no spectra) for target verification.

2) Spectral Mapping – multiple spectra from a 2-D spatial region in user-defined steps parallel and/or
perpendicular to one or more slits.

3) Peak-Up Imaging – small field-of-view (~1x1 arcminute) images from the IRS peak-up arrays (see
Table 1); supports mosaic mapping and dithering options.

Figure 1: Summary of IRS module properties. The slits are not parallel as depicted in this figure.
Actual slit position angles relative to a Spitzer roll angle of 0o are SL = +84.7o, LL = +181.2o,
SH = +221.5o, LH = +136.7o, and IRS Peak-up = +177.0o.
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Spectroscopy Sensitivity
Figure 2: Point source continuum sensitivity plot for the IRS modules showing 1-sigma noise
levels in a 512-sec total integration time at an ecliptic latitude of 40o (i.e., medium background –
see http://ssc.spitzer.caltech.edu/obs/bg.html). These sensitivity curves are for the faint source
case (i.e., shot noise from the target is negligible compared to other sources of noise).  Transition
to the bright source case (i.e., shot noise from the target is non-negligible) is a function of
wavelength and exposure time for each module.  From short to long ramp time, the approximate
median bright source limit is 50–10 mJy (SL), 130–100 mJy (LL), 540–90 mJy (SH), 620–350 mJy
(LH).  See the SOM for more information about the bright source case.  Extended source
sensitivities (within 20%) are ESSC ~ 8 ! PSSC/!2 MJy sr-1 and ESSL ~ 8 !109 ! PSSL/!2 W m-2

sr-1, where ! is the linear pixel size in arcseconds (see Figure 1), and PSSC and PSSL are
determined from the sensitivity curves shown in the SOM or via the
online SpecPET tool.

Spectroscopy and Imaging Saturation
Figure 3: Point source saturation limits in
spectroscopic mode for the shortest available
exposure time (6 seconds) in the medium
background case.

IRS Pocket Guide v3.1 (August 2007)

Peak-Up Imaging Sensitivity
Table 2: 1-sigma Peak-Up Imaging

Sensitivity (in micro-Jy for 6 / 14 / 30

second ramp times)
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The NASA WISE mission

� Radiometric data for more
than 150,000 asteroids [?, ?]

� about 450 NEOs observed
[?]

No. 6, 2010 THE WIDE-FIELD INFRARED SURVEY EXPLORER (WISE) 1869

Figure 1. Diagram showing the WISE flight system in survey configuration
with cover off. The spacecraft bus to the left of the bipod supports was provided
by BATC, and the cryogenic instrument to the right of the bipods was provided
by SDL.

more details about the development of the WISE flight system.
The data processing and analysis is being done by the Infrared
Processing and Analysis Center (IPAC). Education and Public
Outreach activities for WISE are led by the UC Berkeley Space
Sciences Lab (Méndez 2008).

The WISE flight system is 285 cm tall, 200 cm wide, and
173 cm deep. It has a mass of 661 kg. It uses 301 W of power,
while the solar panels can provide over 500 W. The 40 cm
diameter telescope sits inside a solid-hydrogen cooled cryostat.
The cryostat plus telescope and camera have a mass of 347 kg,
and the solid hydrogen has a mass of 15.7 kg at launch. Figure 1
shows the flight system in operational configuration.

2.1. Mission Design

It is easiest to observe sources when the Sun is not in the same
part of the sky, since maximizing the elongation from the Sun
makes it much easier to keep optics cool and to avoid scattered
light from the Sun. But to scan the entire sky one must observe
the ecliptic poles, which are always 90! from the Sun. Thus,
WISE adopted a basic strategy of scanning great circles with a
center located at the Sun, which keeps the solar elongation at
90!. These circles scan from the North Ecliptic Pole (NEP) to
the South Ecliptic Pole, crossing the ecliptic at longitudes ±90!

from the Sun. The entire sky is covered by this scan pattern in
half a year as the Earth–Sun line turns by 180!.

Confusion noise would prevent detection of key WISE
science targets unless the beam size were less than 50 arcsec2,
and since there are 5 " 1011 arcsec2 in the sky, WISE clearly
needs to transmit large quantities of data to the ground. This led
to choosing a low Earth orbit to minimize the transmission loss.
The actual WISE orbit started with a mean radius of 6909 km
in 2009 mid-December, and the radius had decreased by 0.8 km
due to atmospheric drag by 2010 mid-June. In a polar orbit, the
average geoid height is (Req +Rp)/2 = 6368 km, so the average
altitude above the geoid is 540 km. This altitude was chosen
to reduce the exposure to trapped radiation belts in the South
Atlantic Anomaly (SAA). Since looking at the Earth would both
blind the detector arrays and overwhelm the cryogenic system,
a Sun synchronous orbit was chosen, with an inclination (97.!5)
chosen to give a precession rate of 360! in one year. The right
ascension of the ascending node was chosen so that the local
time at the equator crossings is either 6 AM or 6 PM. For the
actual WISE launch at 14:09:33 UT on 2009 December 14 the

47'

Many orbits2 orbits1 orbit1 frame

Figure 2. Coverage by WISE in one frame (every 11 s), in one orbit, in two
orbits, and in many orbits. The gray levels show the depth of coverage with the
darker areas having more coverage.

Figure 3. Schematic showing WISE coverage on the sphere for one orbit, for
two consecutive orbits, and for two orbits separated by 20 days, illustrating the
highly redundant coverage at the ecliptic poles.

ascending node is at 6 PM local time. Since the end of the orbit
normal close to the Sun is at #7.!5 declination for dawn launch
from the Western Test Range (at Vandenberg AFB, CA), during
June the angle between Sun and the orbit normal can be as large
as 31!, and eclipses occur over the South pole. COBE was in
a 99! inclination orbit at 900 km altitude with a June-centered
eclipse season. The alternative of a 6 PM launch from the WTR
gives an eclipse season centered on the December solstice, as
was the case for IRAS.

By synchronizing the scans and the orbit so the telescope is
pointed at the NEP when the satellite is closest to the North pole
of the Earth, one achieves a scan pattern that covers the entire
sky, with the LOS never closer to the Sun than 90! and never
further than 31! from the zenith.

WISE has adopted the Two Micron All Sky Survey (2MASS)
strategy of moving the telescope at a constant inertial rate and
using a scan mirror to freeze the sky on the arrays for the
integration time. The field of view (FOV) of WISE is 47$, and
by choosing to have a small (10%) overlap between frames, the
cadence between frames is set at 11.002 s per frame. For WISE
8.8 s of this is spent integrating and it takes about 1.06 s to read
out the arrays. The LOS then jumps forward 42$ in 1.1 s. There
are about 15 orbits per day, so the scan circle advances by about
4$ per orbit, giving about 12 orbits where the FOV hits a given
source. Figure 2 shows how the redundancy builds up, while
Figure 3 shows scans on the celestial sphere. Figure 4 shows the
relationship between the WISE orbit, the Earth–Sun line, and
WISE line of sight (LOS) during the eclipse season.

The Moon crosses the scan circle twice a month, and this
would leave gaps in the sky coverage because the Moon is bright
enough to cause stray light problems when it is less than 15!

from the LOS. Thus, WISE uses a modified scan pattern where
the scan circle gets slightly ahead before the Moon interferes
and then drops slightly behind to recover the region the Moon
blotted out. The Moon moves 13! per day in ecliptic longitude,
so with a 15! exclusion zone WISE needs to be 1.!2 ahead just



WISE is in low-, above-terminator orbit
1870 WRIGHT ET AL. Vol. 140

Figure 4. WISE pointing and orbit during the June solstice. Note that WISE
points perpendicular to the Earth–Sun line and not toward the zenith.

before the Moon crosses the scan circle, and then drop back to
1.!2 behind. In addition, the SAA affects part of four orbits per
day, and to mitigate reductions in the sky coverage due to the
SAA, a small toggle of ±0.2 deg is added to the longitude of
the scan circle center, with the sign changing with a two orbit
period. Finally, the scan circle central longitude is biased by +5!

on the side of the scan where the Sun is approaching the scan,
which is the 6 PM side of the orbit. This means that the scans are
actually 90! and 95! from the Sun when crossing the ecliptic,
allowing for a 5 day recovery period after a satellite anomaly
without causing a gap in sky coverage.

The WISE mission design provides at least eight frames on
over 99% of the sky in a 6 month survey interval after allowing
for data lost to the Moon and the SAA. Heinrichsen & Wright
(2006) describe the mission operations system in more detail.
Figure 5 shows the survey progress versus date. In 2010 mid-
July, WISE completed its first pass over the sky, but will continue
to survey until its cryogen runs out.

Duval et al. (2004) and Mainzer et al. (2005) describe the
WISE hardware design.

2.2. Instrument

The WISE telescope, imager, dichroic beamsplitter, detectors,
and cryostat were built by the SDL of Utah State University
with major subcontracts from Lockheed Martin Advanced
Technology Center, L3 Communications SSG-Tinsley, and DRS
Technologies. Larsen & Schick (2005) describe the WISE
science payload in more detail. The instrument was tested,
then passed a vibration test, and was tested again, before being
delivered to Ball Aerospace in 2009 May for final integration
with the spacecraft. The testing included a determination of
the optimal focus, a measurement of the point-spread function
(PSF), and a determination of both the relative spectral response
and the absolute sensitivity of the system.
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Figure 5. WISE survey coverage vs. date. As of 2010 July 15 more than 99% of
the sky had been covered to depth of eight frames or more. The fraction of the
sky covered to a depth of 4, 12, or 16 frames is also shown. The dotted portions
of the curves show the anticipated coverage until the expected exhaustion of
the cryogen. The vertical dashed line shows when the 22 µm channel saturated
after the actual exhaustion of the secondary tank. The small slowdowns in the
survey progress occur when the Moon crosses the scan path. The dashed line
shows a simple prediction of the sky coverage based only on the longitude of
the Sun, starting on 2010 January 14.

The WISE short-wavelength channels employ 4.2 and 5.4 µm
cutoff HgCdTe arrays fabricated by Teledyne Imaging Sensors
with 1024 " 1024 pixels each 18 µm square. For the long-
wavelength channels, the detectors are Si:As BIB arrays from
DRS Sensors & Targeting Systems with the same 1024 "
1024 pixel format and pitch. The first four and last four pixels
in each row and column are used as non-illuminated reference
pixels, so the effective size of the arrays is 1016 " 1016 pixels.
The median pixel scale is 2.##757 pixel$1 with a range of ±0.6%
among the different axes and arrays. The band 4 data are binned
2 " 2 on board, giving 5.##5 pixel$1. All four arrays image the
same FOV simultaneously using three dichroic beam splitters.

All of the arrays use sampling up the ramp. The 11 s cadence
between frames is divided into 10 parts. A reset-read of the
arrays occurs during the first 1.1 s, followed by eight read cycles
each 1.1 s apart and a final reset cycle while the scan mirror flies
back. For the W3 and W4 arrays, the nine reads are multiplied
by weights of $4, $3, $2, $1, 0, 1, 2, 3, and 4 and summed
to give the slope of the ramp. The W1 and W2 arrays showed
excess noise in the first sample so the weights used are 0, $7,
$5, $3, $1, 1, 3, 5, and 7.

The long-wavelength arrays show long lasting latent images
in the flat field which are removed by annealing these arrays
twice per day. The annealing heaters are on for 90 s and heat
the arrays from their 7 K normal operating temperature to 15 K,
which removes the latent images.

The spectral response of the system has been determined in
three different ways: the whole system response was measured
using a Fourier transform spectrometer (FTS), the system
response was estimated using the product of component data
(measured with an FTS), and the response was computed from
component design calculations. Since the sharp edges in the
response function cause ringing and negative values in the FTS
spectrum, a “best” combined estimate of the relative spectral
response was computed as follows: first, a power law was fit
to the ratio of the total system measured response to either the
component prediction or the design prediction. The predictions
were then adjusted to better match the measured transmission
using these fits. The fits were weighted by the square of
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� Akari (JAXA)

� ISO (ESA)
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Detection

N =
1

hc

�
+∞

−∞
f (λ)λR(λ)dλ (18)

where N number of photon-electrons in the unit time, unit area (in
the filter band); f (λ)= SED = monochromatic flux density
[W/m2/µm; and with:

R(λ) = Rfilter (λ)× Roptics(λ)× Ratmosphere(λ) (19)

If f (λ) and R(λ) are continuos and R(λ) is non negative, for the
theorem of the average value for integration, there is a value of λ
that we call isophotal wavelength λISO such that:

f (λISO) =< F >=

�
+∞
−∞ f (λ)λR(λ)dλ
�
+∞
−∞ λR(λ)dλ

(20)
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Figure 6. Weighted mean WISE relative spectral response functions in electrons
per photon.

the response function times a 1/! 2 statistical weight, so the
correction is best in the filter passbands. After the adjustment
the three methods gave consistent responses. Finally, the best
estimate for the spectral response was made using a weighted
mean of the measured, predicted from components, and design
values. In the weighted mean, zero or negative responses were
given zero weight, the design and component predictions were
given unit weight, and the measurements were given weights
of signal-to-noise ratio (S/N)2. This weighted mean relative
spectral response is shown in Figures 6 and 7. The curves in
the logarithmic plot have been normalized to a peak value of 1.
Note that the small red leak in the W3 transmission is based on
data with a low S/N and may not actually exist.

WISE measures the signal S given by

S !
!

R(")F#d ln # !
!

R(")"F"d" (1)

since the relative spectral response R is electrons per photon and
dn$ ! F#d#/(h#) ! F#d ln #.

Specifying a central wavelength for broad bands like the
WISE filters, especially the very wide W3 band, is always am-
biguous. We have chosen to specify the isophotal wavelengths
for our filters. The isophotal wavelength and magnitude zero-
point are defined by requiring that a constant F "

" gives the same
signal as Vega in a WISE band, and that F "

" = F
Vega
" ("iso).

Tokunaga & Vacca (2005) give a clear definition of the isopho-
tal wavelength and values for Mauna Kea Observatory filter set.
Cohen et al. (1992) give the IR spectrum of Vega, based on a
model from Kurucz (1991; M. Cohen 2010, private communica-
tion). It is important to remember that WISE saturates on Vega,
so the magnitude zeropoint is actually based on fainter stars
calibrated to the Vega system. Therefore, the debris disk around
Vega (Aumann et al. 1984) is relevant only if it has affected
the calibration used to determine the magnitudes of the fainter
standards. A convenient and accurate fit to the continuum of our
Vega spectrum in the 2.5 < " < 29 µm range we use is given
by

F" = 1.0158 # 10$16(1 $ 0.0083 ln("/8.891 µm)2)
# B"(14454 K), (2)

where B" is the Planck function, which matches the contin-
uum spectrum to an average absolute error of 0.045%. The
temperature in this ad hoc fit is much higher than the effec-
tive temperature of Vega and the solid angle is much lower
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Figure 7. Weighted mean WISE relative spectral response functions after
normalizing to a peak value of unity on a logarithmic scale.

than the real solid angle due to the increase with wavelength
of the free–free and bound–free opacities. Absorption lines re-
duce the in-band fluxes by only 0.73, 0.57, 0.28, and 0.14%
in bands 1 through 4. To avoid possible multiple solution we
use the continuum spectrum when solving for "iso. The isopho-
tal wavelengths so defined are 3.3526, 4.6028, 11.5608, and
22.0883 µm for W1,..., W4. The measured system transmis-
sions were smaller than the expected values at long wavelengths,
leading to an effective wavelength for WISE band 4 of 22 µm
instead of the expected 23 µm. Absolute measurements of Vega
by MSX (Price et al. 2004) show that a 2.7% upward offset
from the model spectrum is needed at 21.3 µm (Cohen 2009).
We have applied this correction to the WISE 22 µm band, giv-
ing magnitude zeropoints on the Vega system in the WISE
passbands of F "

" = 8.180 # 10$15, 2.415 # 10$15, 6.515 #
10$17, and 5.090 # 10$18 W cm$2 µm$1, which convert
to F "

# = 306.681, 170.663, 29.0448, and 8.2839 Jy in
W1,...,W4 using F "

# = ("2
iso/c)F "

" . There is an overall system-
atic uncertainty of ±1.5% from the Vega spectrum in these flux
zeropoints.

We have also observed in-flight a discrepancy between red
(typically sources with F# ! #$2) and blue (stars with F# ! #2)
calibrators in W3 and W4, the 12 and 22 µm bands. This amounts
to about $17% and 9% in the fluxes for W3 and W4, with
the red sources appearing too bright in W4 and too faint in
W3. The flux differences could be resolved by adjusting the
effective wavelength of W3 and W4 3%–5% blueward and
2%–3% redward, respectively. This would change the zero
magnitude F "

# by about $8% in W3 and +4% in W4. But the
zeropoints and isophotal wavelengths reported here are based on
the relative spectral responses derived from ground calibration
without any such adjustment. The instrumental zeropoints that
define the conversion from counts to magnitudes have been
based on standard stars, which are the blue calibrators. Given
the discrepancy between red and blue calibrators we estimate
that the conversion from magnitudes to Janskys are currently
uncertain by ±10% in W3 and W4. Updated values will be
provided in the Explanatory Supplement accompanying the
preliminary data release.

This definition of the isophotal wavelength and flux zeropoint
means that the color correction term for a source with a
different spectrum than Vega vanishes by construction when
F" is a constant (F# ! #$2) and very nearly vanishes for
Rayleigh–Jeans sources with F" ! "$4 or F# ! #2. These
spectral energy distributions bracket the vast majority of WISE

The isophotal wavelengths so defined are 3.3526, 4.6028, 11.5608,
and 22.0883 microns for W1,..., W4. [?]







f (λISO) =
N

NVega
f
Vega(λISO)/CC (21)
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Table 1
Flux Corrections and Colors for Power Laws and Blackbodies

F! fc(W1) fc(W2) fc(W3) fc(W4) [W1 ! W2] [W2 ! W3] [W3 ! W4]

!3 1.0283 1.0206 1.1344 1.0142 !0.4040 !0.9624 !0.8684
!2 1.0084 1.0066 1.0088 1.0013 !0.0538 !0.0748 !0.0519
!1 0.9961 0.9976 0.9393 0.9934 0.2939 0.8575 0.7200
!0 0.9907 0.9935 0.9169 0.9905 0.6393 1.8357 1.4458
!!1 0.9921 0.9943 0.9373 0.9926 0.9828 2.8586 2.1272
!!2 1.0000 1.0000 1.0000 1.0000 1.3246 3.9225 2.7680
!!3 1.0142 1.0107 1.1081 1.0130 1.6649 5.0223 3.3734
!!4 1.0347 1.0265 1.2687 1.0319 2.0041 6.1524 3.9495
B! (100) 17.2062 3.9096 2.6588 1.0032 10.6511 18.9307 4.6367
B! (141) 4.0882 1.9739 1.4002 0.9852 7.7894 13.0371 3.4496
B! (200) 2.0577 1.3448 1.0006 0.9833 5.4702 8.8172 2.4949
B! (283) 1.3917 1.1124 0.8791 0.9865 3.8329 5.8986 1.7552
B! (400) 1.1316 1.0229 0.8622 0.9903 2.6588 3.8930 1.2014
B! (566) 1.0263 0.9919 0.8833 0.9935 1.8069 2.5293 0.8041
B! (800) 0.9884 0.9853 0.9125 0.9958 1.1996 1.6282 0.5311
B! (1131) 0.9801 0.9877 0.9386 0.9975 0.7774 1.0421 0.3463
K2V 1.0038 1.0512 1.0030 1.0013 !0.0963 0.1225 !0.0201
G2V 1.0049 1.0193 1.0024 1.0012 !0.0268 0.0397 !0.0217

sources, so the color corrections are generally small. But the
extremely wide W3 filter does lead to color corrections as large
as 0.1 mag for a constant F! . Table 1 gives the flux correction
factors in the WISE bands for several input spectra and the
WISE colors for these spectra. These factors multiply the signal
S given by a spectrum F! = F "

! ("iso/")# . Thus, a spectrum with
F! = const = 29.0 Jy gives a signal that is fc(W3) = 0.9169
times the signal from Vega, so one would need a constant F! of
29.0/0.9169 = 31.7 Jy to give zero magnitude.

Outer solar system objects like Centaurs will have color
temperatures close to 100 K and for a 100 K blackbody the
flux correction factor fc(W3) = 2.6588 is quite large. Thus, a
100 K blackbody would need 29.0/2.66 = 10.9 Jy at 11.56 µm
to give zero magnitude in W3.

The most common stars in the WISE catalog at high galactic
latitude should be G-K dwarfs, so the flux correction factors
and colors for a K2V and a G2V have been included in Table 1
using Kurucz (1993) spectra. Since the W2 band includes the
fundamental CO bandhead, the flux correction factors give the
ratio between the signal from the star to the signal from a
constant F" equal to the average over a log normal passband
with a 9.1% FWHM centered on "iso.

2.2.1. Optics

The optical design and assembly of the WISE telescope and
camera was done by L-3 Communications SSG-Tinsley. The
optics consist of an afocal 40 cm diameter telescope that
produces a parallel beam of light that is fed into the scan mirror,
which works in the parallel beam, and then into the all-reflecting
camera. There are six mirrors including folding flats in the afocal
telescope before the scan mirror and six mirrors in the camera
after the scan mirror. All of the mirrors are gold-coated giving
a high infrared transmission. The design is described in more
detail by Schwalm et al. (2005).

2.2.2. Cryostat

The cryostat (Naes et al. 2008) was built by the Lockheed
Martin Advanced Technology Center. It uses solid hydrogen
to cool the telescope to less than 12 K, and the Si:As arrays
to less than 7.5 K. There are two tanks of solid hydrogen: a
larger secondary tank that cools the telescope and optics, the

short-wavelength arrays, and shields around the smaller primary
tank that just cools the Si:As long-wavelength arrays. It has a
predicted on-orbit lifetime of 10.75+1

!0.5 months. Schick & Lloyd
(2009) describe the cryostat support system and test results.

However, the in-flight performance deviated from the model
predictions with the secondary tank running out of hydrogen on
August 5 after 7.7 months in orbit. The primary tank continues
to cool the long-wavelength detectors, but the telescope warmed
up to 46 K producing large backgrounds at 12 and 22 µm. The
22 µm channel stopped producing useful data after 2010 August
8. The integration time on the 12 µm channel was cut in half
on August 14, cut in half again on August 20, and cut in half
again on August 23. Observations continued in the 3.4, 4.6, and
12 µm bands until the primary tank ran out of hydrogen on 2010
September 29.

2.3. Spacecraft

The WISE spacecraft was built by Ball Aerospace, with a
design based on the RS300 series of single string spacecraft.
The NextSat component of the Orbital Express mission was the
first RS300 spacecraft to be launched, and it worked flawlessly.
SWRI provided the spacecraft avionics.

WISE is a three-axis controlled spacecraft that is commanded
to follow long scans at a constant inertial rate. The spacecraft
provides attitude control of better than 75##, jitter of less than
1.##3, and drift rate variation of less than 0.##2 s!1 over 9 s. Angular
momentum is stored on board in four reaction wheels, and any
buildup of excess angular momentum is dumped using magnetic
torquer rods. Primary attitude information is provided by two
Ball CT-633 star trackers. A fiber optic inertial measurement
unit, Sun sensors, and magnetometers are used during safe and
emergency modes of the spacecraft.

A fixed solar panel provides over 500 W of power. WISE
is oriented so the solar panel is always pointing very nearly at
the Sun. During eclipse, a 20 A hr lithium-ion battery provides
flight system power. Science data and flight system telemetry
are stored on a 96GB flash memory card for later transmission
to Earth. The science data volume is about 50 Gbyte per day of
uncompressed data, but loss-less compression reduces this by
roughly a factor of two. A fixed high gain antenna is used to
transmit data to the Tracking and Data Relay Satellite System



Calibration from the ground

the issue: RATMOSPHERE (λ) is temporally and spatially very
variable
Photometric standards are observed as much as possibile and as
close as possible in time and space to the science source.
It is also common practice to use:

f (λISO) =
N

NS
× fS(λISO)/CC (22)

For narrow band filters (width ∼ 1µm) CC is close to one and it is
often omitted.
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(a)

Fig. 1. (a) Weighted thermal-model fits to the flux values listed in Table 2. The curves represent the standard thermal model with parameters as given by
Lebofsky et al. (1986) (STM—continuous), the near-Earth asteroid thermal model (NEATM—dotted), and the fast rotating model (FRM—dashed). The model
curves are best fits generated by finding the values of diameter and albedo (and ! in the case of NEATM) that minimize

![(Fn(obs) ! Fn(model))/"n]2,
where "n are the statistical uncertainties in the photometry, Fn(obs). In those cases in which the data quality are inadequate for a reliable determination of !,
default values of ! = 1.0 (phase angle < 45") and ! = 1.5 (phase angle > 45") were used, based on the results shown in Fig. 2. Note that the error bars reflect
only the statistical uncertainties in the flux derivation from the synthetic aperture procedure. Lightcurve uncertainties, absolute calibration uncertainties, and
varying atmospheric transmission contribute to the scatter of the data. (b) Weighted thermal-model fits to the flux values of (5587) 1990 SB. The flux data are
plotted before lightcurve correction (left-hand frame) and after normalizing to the mean lightcurve magnitude, to illustrate the resulting dramatic reduction in
the scatter of the points. For other details refer to the caption to (a).
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f (λ) =
N(λ)

NS(λ)
× fS(λ) (23)
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)Figure 2. PUI photometry of 1996 RQ36.  The 

diamonds (labeled blue) are 16 m and the squares 
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Figure 1. IRS spectrum of 1999 RQ36 binned by a factor 
of 8 and fit with a thermophysical model.  The model fit 
suggests thermal inertia ~600 J m-2s-1/2K-1 and diameter 
of ~610m (giving pV ~0.03).)
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Thermal Models

Models of the temperature distribution on the surface of air-less
bodies.

� Analitical

� Numerical
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Surface properties of NEAs 
and η

! In the NEATM, η takes account of 
effects that alter the surface temp. 
distribution with respect to that of the 
standard thermal model (η=1), mainly:

! Thermal Inertia
a measure of a material’s thermal response to 
the diurnal heating cycle. (higher thermal 
inertia → η>1)

! Macroscopic surface roughness
e.g. cratering (higher degree of roughness → 
η<1)

Wednesday, October 26, 2011
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Scientific relevance of this 
work

This work 
increments the 
number of 
NEAs with 
measured sizes 
and albedos by 
54%. 

We have more 
than doubled 
the number of 
subkilometer-
NEAs with 
measured size 
and albedos.

Wednesday, October 26, 2011



Near-Earth Objects (NEOs) albedos

Orbital plots of known NEOs, color coded according to albedo

data from ExploreNEOs PI D. Trilling (June 2011)
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Thermal Physics of Asteroids (3rd lesson)

Charles University of Prague – Oct/Nov 2011

Marco Delbo

UNS-CNRS-Observatoire de la Côte d’Azur

Visiting: Astronomical Institute of the Charles University, Prague, CZ

November 2, 2011
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Asteroid Thermo-Physical Models



Thermophysical model(s) – TPM

An asteroid TPM calculates :

� temperature distribution at

the surface and in the

subsurface: T (φ, θ, z , t)

� the emitted thermal IR flux:

f (λ,φ, θ, t, �∆)

� f (λ, t, �∆) =�
φ

�
θ f (λ,φ, θ, t,

�∆) sin(θ)dθdφ

as a function of physical and

orbital parameters:

� Size, macroscopic shape,

Albedo A (Bolometric

Bond’s albedo), Thermal

Inertia Γ, surface roughness

θ, spin vector �vspin
� Heliocentric position �r(t)

(and its history)



Equations of the TPM

Thermal conductivity in the subsurface: Surface boundary
condition

�σT 4(r , z , t)−κ
∂T (r , z , t)

∂z
=

(1− A)S⊙
r2(t)

µ(θ,φ, t)+
�

Σ
JV (r

�)F (r , r �)da� + �σ(1− �)

�

Σ
JIR(r

�)F (r , r �)da� (1)

Thermal conductivity in the subsurface: heat diffusion in the
regolith

ρC
∂T

∂t
=

∂

∂z
κ
∂T

∂z
� κ

∂T 2

∂2z
(2)

for κ independent of z.
Thermal conductivity in the subsurface: boundary condition at
depth �

∂T

∂z

�

z>>ls

= 0 (3)



TPM: Numerical solution of the equation

Each simulation starts with the facets of the mesh at an initial
temperature (e.g. constant).
The model calculates the heat flow from the surface into the
sub-surface using a discrete grid of sub-surface elements (δZ ) in
successive increment of time (δt). For each facet we find the
temperature at the time (t + δt) by:

Ti (Z , t + δt) =Ti (Z , t) +

�
2πδt

δZ 2PSID

�
×

(Ti (Z + δZ , t)− 2Ti (Z , t) + Ti (Z − δZ , t)) (4)



TPM: Numerical solution of the equation

We obtain the surface temperature from the evolution equation
and the surface boundary condition:

Ti (0, t + dt) = Ti (0, t) + 2
dtω

dZ 2
(Ti (dZ , t)− Ti (0, t))−

2
dt
√
ω

ΓdZ
(�σT 4

i (0, t)−
(1− A)S⊙

r2(t)
µi (t)−

�

j �=i

fijE
refl
j (0, t) cos(βij)− �σ(1− �)

�

j �=i

fijT
4
j (0, t) cos(βij)) (5)



Application: Required sensitivity of

OTES on board of OSIRS-REx







Example of TPM calculation: OTES spectrum at arrival
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OTES spectra
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OTES ratio of spectra: accuracy
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OTES ratio of spectra: accuracy
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OTES: accuracy - conclusions

� Accurate determination of the value of Γ is required for

accurate modeling of the net accelaration to RQ36 due to

emission of thermal IR photons (Yarkovsky effect).

� Variation of the value of Γ of 100Jm−2s−0.5K−1 causes a

wavelength-dependent variation of the flux >5% relative only

for λ < 10µm.

� Desirable accuracy of OTES measurments within few percent.



Surface, sub-surface temperatures
and thermal history of RQ36



Example of subsurface temperatures

Assuming ρ=2500 kg m−3;
C=600 J kg K−1, we obtain
κ=0.25 W /m/K for
Γ=600 Jm−2s−0.5K−1. Since:

ls =

�
κP

2πρC
= 0.02m (6)

 100

 150

 200

 250

 300

 350

 400

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7
Te

m
pe

ra
tu

re
 (K

)
Depth (m)

High Surf. Temp.
Low Surf. Temp.



Some region of the surface are always cold

Max surface temperature monitored over several rotations, during
the arrival TPM track.
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Temperatures of RQ36 and alteration of organics

Compound Consequence Temperature Probability Probability Reference

of heating threshold at surface 5 cm depth

(K) (%) (%)

Ferruginous smectite First dehydration
1

300 100 100 a

Nontronites First dehydration
1

300 100 100 a

Murchinson bulk Degradation
2

300 100 100 b

Ferruginous smectite Second dehydration
1

360 100 85 a

Nontronites Second dehydration
1

360 100 85 a

Insoluble organic matter Degradation
2

370 95 69 b

Labile kerogen Decomposition 370 95 69 c

Ferruginous smectite Third dehydration
1

380 90 65 a

Nontronites Third dehydration
1

380 90 65 a

Montmorillonite First dehydration
1

420 80 40 d

Hg and volatiles (CM & CV) Release of 470 62 18 e

Montmorillonite Second dehydration
1

520 43 12 d

Ferruginous smectite Dehydroxylation
1

670 13 9 a

Nontronites Dehydroxylation
1

670 13 9 a

Table: Threshold temperature for a variety of chemical compounds discussed in the text. The probability of the

reaction is given at the surface and at 5-cm depth. All boxes where the probability is >50% are shaded. See text

for more details. References: (a) [?]; (b) [?]; (c) Franchi, personal communication; (d) [?] (e) [?]. Notes:
1
heating

performed under an inert atmosphere of N gas (to avoid oxidation).
2
heating performed under an inert atmosphere

of Ar gas. The threshold temperature is for complete lost of the C-H aliphatic band in the infrared in 200 years of

time.



Transport of organics to the Earth

Marco Delbo
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Disclaimer and Outline of this talk

� Degradation of organic matter during its transport from the

asteroid Main Belt to the Earth.

� Heat source:

radiative heating from the Sun of meteoroids is the mechanism

invoked to cause the degradation of the organic matter.

� Water ice from (24) Themis and the Cybeles and the

hydration of minerals in meteorites

� Asteroid and meteorites in the present day solar system.

� This is a work in progress!

Marco Delbo Transport of organics to the Earth



Meteoroids inner temperatures as a function of their orbits

Calculated temperatures 3.5 m below the surface of meteoroids,

as a function of time and their orbits.
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Meteoroids inner temperatures as a function of their orbits

Calculated temperatures 3.5 m below the surface of meteoroids,

as a function of time and their orbits.
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Primitive asteroids’ analogs: the carbonaceous chondrites

� Carbonaceous chondrites is a class of

meteorites thought to derive from

primitive asteroids

� Low albedo (pV < 0.1)
� C-complex spectroscopic class

� Carbonaceous chondritic meteorites

contain abundant carbon up to a few

wt%, which exists predominantly in the

form of insoluble organic matter (IOM).

� Organics are also present in the bulk of

the matrix of CC meteorites.
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Figure 4: Maps showing magnesium, calcium and aluminium concentrations in two chondrites: (a) 
Tieschitz, an H/L3.6 ordinary chondrite, and (b) Murchison, a CM2 carbonaceous chondrite. 
Chondrites contain diverse proportions of four components: chondrules (red), refractory inclusions 
(light blue), metallic Fe,Ni (black) and matrix material (dark blue). Notice the drastic change in the 
matrix proportion between ordinary and carbonaceous chondrites. Change in  the chondrule size is 
also remarkable. These maps were made with an electron microprobe from Mg, Ca, Al Ka X-rays. 
 
The most abundant constituents of chondrites (Fig. 4) are chondrules (up to 80%), which are 
igneous particles that crystallized rapidly in minutes to hours. They are composed largely of 
olivine and pyroxene, commonly contain metallic Fe, Ni and are 0.01–10 mm in size. Some 
chondrules are rounded as they were once entirely molten but many are irregular in shape 
because they were only partly molten or because they accreted other particles as they 
solidified. Chondrites themselves were never molten.  
Chondrules, metal grains, refractory inclusions, and matrix materials formed under very 
diverse conditions in the Solar System and appear to offer insights into processes that 
occurred during the formation of the Sun and planets from a collapsing cloud of interstellar 
dust and gas. The rocks themselves provide clues to the geological processes including 
impact processes that affected asteroids over 4.5 Gyrs. Studies of chondrites help us then to 
match chondrite groups (≈ 16; including carbonaceous, ordinary and enstatite chondrites) 
with asteroid classes, to understand the origin and evolution of the asteroid belt, the nature 
of planetesimals that accreted into terrestrial planets, and the reason for the dearth of 
planetary material between Mars and Jupiter. Finally, chondrite studies help us to 
understand the physical and mineralogical structure of unmelted asteroids and to assess 
what should be done about rogue near-Earth objects that threaten Earth. 
Because of their importance to unravel the primordial evolution of our Solar System, it is 
thus fundamental to understand how chondrites and their main component, the chondrules, 
form. Although much progress has been made in studying the origin of the two components 
during the last three decades, the relationship between matrix and chondrules is still unclear. 
 
 

CC
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Degradation of organic matter and heat

� Organics can be degraded by heat:
A(solid) → B(solid) + C(volatile)

� Rate of the reaction: dx
dt = f (x)× A exp(− Ea

RT )

� Kebukawa et al. (2010) have studied the the kinetic
parameters of the reaction above for the organics in the bulk
and in the IOM of the Murchinson meteorite.

� These parameters can be used to calculate survivability of
organics.

� It should be noted that these kinetic parameters are based on
the loss of aliphatic C–H, so it means this is not for the loss of
whole organic matter but for ’degradation’ of organic matter.

Marco Delbo Transport of organics to the Earth



Time scale and temperatures for degradation of organics
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At 300 K organics in the bulk of Murchinson are degraded in only
100 y.
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Implications

� In order to be able to find some un-degraded organics in the
CC (e.g. Murchinson) we need the interior of the meteoroids
never above ∼ 220 K.

� Low eccentricity orbits at ∼ 1 AU imply too hot meteoroids.

� High eccentricity orbits allow meteoroids to stay cool enough
to keep their organics un-degraded.
This is consistent with the orbits of e.g.
the Orgeuil meteorite (Gounelle et al. 2006) and
maybe the Tagish Lake meteorite (Brown et al. 2001).

Marco Delbo Transport of organics to the Earth



Interferometry of 
ASTEROIDS

Marco Delbo
CNRS - Observatoire de la Cote d’Azur

Collaborators: A. Matter (Bonn, Germany), B. Carry 
(ESA), S. Ligori (Torino, Italy), P. Tanga (Nice, 

France), and G. Van Belle (ESO/Lowell)
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Size distribution of 
main belt asteroids

Bottke et al. 2005
Assumption of 
spherical shapes

θ(mas) =
D(km)

0.72 ∆(AU)

∼ D × 1.5

∆

θ(mas) ∼ D(km)
at the center of the Belt

F (12µm) ∼ 20(Jy)

F ∝ D2

at the center of the MB
for D=100km
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Interferometry and physical 
characterization of asteroids

Size

Shape

Mass

Density

Volume
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3.3. DESCRIPTION DES TRAVAUX PAR TÂCHE / DETAILED DESCRIPTION OF THE WORK 
ORGANISED BY TASKS 

Task Sub Tasks (Work Packages) Manager Participants Time 
 

0. Organization  MDB MDB, 
PT 

6 
1 

1. Astronomical 
observations and 
data treatment. 

1.A Interferometric data 
1.B Thermal infrared data 
1.C Visible lightcurves 
1.D Spectroscopic data 

MDB MDB  
PT  
MM  
HC  
DH  
SL  
AC  
PD 
CDDC 

18 
6 
2.4 
3 
4 
10 
3 
16 
8 

2. Data modeling 
and determination 
of physical 
quantities 

2.A Lightcurve inversion 
2.B global modeling 
2.C physical modeling   

PT MDB  
PT  
PM 
MM 
HC 
DH  
SL  
AC 
PD 
CDDC 

12 
8 
7 
1.6 
2 
8 
2 
6 
8 
16 

Team members: MDB=Marco Delbo; PT= Paolo Tanga; PM=Patrick Michel; MM=Michael 
Mueller (post-doc@UMR6202 Cassiopée until 08/2011); HC=Humberto Campins; 
DH=Daniel Hestroffer; SL=Sebastiano Ligori; AC=Alberto Cellino; PD=post-doc recruited 
with ANR funds; CDDC=Non-permanent research position (CDD chercheur) financed 
through ANR; The time is given in terms of person/work/months. 

3.3.1 TÂCHE 1 / TASK 1 ASTRONOMICAL OBSERVATIONS AND DATA TREATMENT 
Task 1 includes all activities devoted to the acquisition of the astronomical observations 
needed for the project: for each of our targets, we will obtain interferometric observations; 
photometric lightcurves in visible light; thermal infrared fluxes; spectroscopic observations 
in the visible and near infrared. In some cases, the data acquisition will require traveling to 
the observatories. In the following we give a technical description of the subtasks:  
 
1.A Interferometric data  
Aim: measure the scale of the orbit of the system 
with relative accuracy better than 10% (as shown 
by Delbo et al. 2009) 
Providers: MD, SL, PD, CDDC, HC (for LBTI) 
Deliverables: distance primary-secondary projected 
along the interferometer baseline at some epochs 
(the distance d of Fig. 4) 
Risks: objects aligned across the baseline; objects 
too faint to achieve the 10% relative error on d;  
Description: Data will be obtained mainly at the 
VLTI using the ATs and later the UTs during the 
PRIMA commissioning time (in 2010 and likely in 
2011) and GTO time allocated for ESO, the Torino Figure 4 Geometry of the orbit on the 

plane of the sky at the time of 
interferometric measurement. 
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ABSTRACT

We have obtained the first successful interferometric measurements of asteroid sizes and shapes by means of the
Very Large Telescope Interferometer-Mid-Infrared Interferometric Instrument (VLTI-MIDI). The VLTI can spa-
tially resolve asteroids in a range of sizes and heliocentric distances that are not accessible to other techniques such
as adaptive optics and radar. We have observed, as a typical bench mark, the asteroid (951) Gaspra, visited in the
past by the Galileo space probe, and we derive a size in good agreement with the ground truth coming from the
in situ measurements by the Galileo mission. Moreover, we have also observed the asteroid (234) Barbara, known
to exhibit unusual polarimetric properties, and we found evidence of a potential binary nature. In particular, our
data are best fit by a system of two bodies of 37 and 21 km in diameter, separated by a center-to-center distance of
#24 km (projected along the direction of the baseline at the epoch of our observations).

Key words: infrared: solar system – minor planets, asteroids – techniques: interferometric

1. INTRODUCTION

The study of the physics of asteroids is crucial to constrain
models of formation, growth and physical properties of the
planetesimals that accreted into the inner solar system planets.

Most asteroids are too small to allow a direct determina-
tion of their fundamental physical properties, including sizes,1
shapes, and masses.2 According to current expectations, in the
next decade, the Gaia mission of the European Space Agency
will provide accurate mass determinations for about 100 of the
largest main belt asteroids (MBAs) and will be able to directly
measure the sizes of all MBAs larger than 30 km (#1000 ob-
jects) (Mouret et al. 2007; Mignard et al. 2007). At present, how-
ever, the most important source of progress in this field is related
to the increasing rate of discovery of binary systems. These dis-
coveries have been made possible by adaptive optics imaging at
several large telescopes, radar—particularly suited for the study
of near-Earth objects (NEAs)—and optical lightcurve observa-
tions. Binary asteroids are extremely important to derive the
mass of the system; the sizes and shapes of the components are
then needed to estimate average densities, which in turn provide
crucial information about the internal structure of the bodies.

Unfortunately, asteroid sizes are generally not measurable by
means of direct imaging. Improvements in the performances of
modern adaptive optics systems are currently making significant
progress, but this is forcedly limited to size measurements of
the largest MBAa, and very close approaching NEAs (Conrad
et al. 2007). Radar has been proven to be a powerful tool to infer

" Based on data obtained at the Very Large Telescope Interferometer (VLTI)
of the European Southern Observatory (ESO): program ID 076.C-0798.
1 Only for the largest hundred main belt asteroids their sizes can be directly
measured with present-day adaptive optics systems at 10 m class telescopes
(Conrad et al. 2007).
2 At the time of writing, only 15 multiple main belt asteroids had their
components resolved, allowing determination of their orbits and thus of the
masses of the systems (Marchis et al. 2008).

shapes and sizes for a sample of kilometer- and subkilometer-
sized objects. This technique, however, is mostly limited to the
population of NEAs, which can experience close encounters
with our planet. This is due to the fact that the intensity of the
radar echo decreases with the fourth power of the distance.

To summarize, the vast majority of asteroid sizes, due to
their small apparent angular extension and orbital location in
the Main Belt, remain beyond the range of measurability using
current techniques. As a consequence, nearly all of the available
information we have today about asteroid sizes comes from the
results of indirect methods of size determination.

The most widely adopted technique to determine asteroid
sizes is thermal infrared radiometry (see Harris & Lagerros
2002, and references therein). This method is based on the fact
that the infrared flux I (!) carries information about the size
of the source. In particular, I (!) is proportional to the area
of the asteroid visible to the observer. However, I (!) depends
also upon the temperature distribution on the asteroid surface.
Different models of asteroid thermal infrared emission (the so-
called asteroid thermal models; see Section 2, Harris & Lagerros
2002; Delbo & Harris 2002, and references therein) are used to
estimate the surface temperature distribution allowing one to
derive D from measurements of I (!). The asteroid’s geometric
visible albedo, pV , can then be obtained from Equation (1)
which represents the fundamental relation linking the effective
diameter, D (in km), the albedo, and the absolute magnitude
H (the magnitude in the V band that would be measured by
observing the object at 1 AU distance from both the Sun and the
observer, and at zero phase angle):

log pV = 6.247 $ 2 log D $ 0.4H. (1)

We note that the value of pV is per se a very important
physical parameter, because it is a function of the composition,
texture, and roughness of an asteroid’s surface. Polarimetric
observations can also be used to estimate the value of pV
(Muinonen et al. 2002; Cellino et al. 2005) from empirical
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(234) Barbara in Section 3 along with the adopted data reduction
procedure; results are presented in Section 4, followed by a
discussion (Section 5) and a concluding (Section 6) section.

2. ANALYSIS OF MIDI OBSERVATIONS

The main purpose of the MIDI is to combine coherently the
infrared light collected by two of the four 8 m UT telescopes
(or by two of the four AT telescopes) of the ESO VLT: both
telescopes observe the same target and when the optical path
distances of the two beams are equal, interferometric fringes
form on the detector. Fringe contrast (the ratio between the
maximum and the minimum intensity) carries information on
the angular extension of the source. More precisely, the MIDI
measures the source’s spatial coherence function or interfero-
metric visibility. Given the brightness distribution O(x, y, !)
of a source on the projected sky plane, (x, y), and the cor-
responding total flux intensity I (!) =

! !
O(x, y, !)dxdy,

the visibility is given by V (u, v) = Ô(u, v)/I (!), where
Ô(u, v) =

! !
O(x, y, !)e!2" i(xu+yv)dxdy is the Fourier trans-

form of O(x, y, !), u = Bx/! and v = By/! are the spatial
frequencies in rad!1 along the x- and y-coordinates, respec-
tively, Bx and By are the components along the two orthogonal
directions of the interferometer’s baseline projected on the plane
of the sky, and ! is the wavelength of the light.

For maximum sensitivity, MIDI observations are usually
carried in a dispersed mode: a prism, with a spectral resolution
R " 30, and a long slit inserted along the optical path
allows visibility measurements to be obtained simultaneously
at different wavelengths in the spectral range between 8 and 13
µm. Because V # V (u = Bx/!, v = By/!), obtaining V at
different ! is also equivalent to a variation of the baseline length
at constant !.

In principle, by measuring V (u, v) for a set of different val-
ues of u and v, possibly filling the uv-plane, one could directly
derive the spatial flux distribution of the source O(x, y, !) by
taking the inverse Fourier transform of V (u, v) (aperture syn-
thesis). However, because at present the MIDI acquisition of
one calibrated visibility observation requires about 1 hr of time
when observations are executed in the service mode, images
of asteroids from interferometric measurements are difficult to
obtain from aperture synthesis methods. An additional compli-
cation comes also from the fact that asteroids rotate considerably
during such an interval of time.

When visibility measurements are available at only one or few
baselines, which is the most common observing circumstance,
simple parametric model-fitting techniques must be used. In the
following, we describe two geometric models used to derive the
sizes of our targets from MIDI visibility measurements, namely
a disk of uniform intensity and a binary system made of two
uniform disks.

We also used simple models of asteroid thermal emission
(see Harris & Lagerros 2002) in order to derive the sizes of our
targets from the MIDI spectrophotometry only (Figures 2(b)
and 3(b)). Theoretical visibilities calculated from these models
with asteroid sizes fixed to the values derived from spectropho-
tometry were afterwards compared to the measured visibilities.

2.1. Uniform Disk Model

If the image of the asteroid on the plane of the sky is
approximated by a uniform circular disk of angular diameter
# , the amplitude of the visibility as a function of u = B/! is

given by
|V# (u)| = |2J1("#u)/("#u)| , (2)

where J1 is the first-order Bessel function of first kind and
B is the length of the baseline projected on the plane of the
sky. The angular diameter of the disk can be derived from
a single visibility measurement. The equivalent uniform disk
diameter D̃ of the asteroid is then trivially derived from # , and
the known geocentric distance ! of the body. Note that for a
highly irregularly-shaped body (such as (951) Gaspra), # and
D̃ correspond to the angular and the physical extension of the
body along the projected baseline (see Figure 4).

2.2. Binary System Model

Since the rate of discovery of binary systems has been steadily
increasing in recent years, and the detection/characterization
of binary systems is a primary application of high-resolution
techniques such as the VLTI, it is worth developing a model of a
binary source to be applied to the analysis of VLTI data. Here, we
assume that the image on the plane of the sky, projected along the
baseline B of a binary asteroid system, is given by two uniform
disks of diameters #1 and #2 separated by an angular distance $

(with the corresponding physical diameters D̃1, D̃2, and physical
separation a): Ob(x, !) = O#1 (x, !) + %(x ! $) $ O#2 (x, !),
where $ is the convolution operator and the x-coordinate is
taken along the baseline, in this case.

As mentioned above, the visibility function is the Fourier
Transform of Ob(x, !) divided by the total flux intensity I:
namely, Vb = [Ô#1 +Ô#2 exp(!i2"u$)]/I . Because Ô# = V#I# ,
I = I#1 + I#2 , and #2

1 /#2
2 = I#1/I#2 , we can derive an analytical

expression for the visibility amplitude of the binary asteroid
by inserting these equations in the modulus of Vb: after a little
algebra, we obtain

|Vb(u)| =

"
V 2

#1
I 2
#1

+ V 2
#2
I 2
#2

+ 2V#1I#1V#2I#2 cos(2"u$)

I
. (3)

Note that Equation (3) is a function of the three parameters
#1, #2, and $. These parameters are adjusted (e.g., by means
of the Monte Carlo procedure) until the &2 between the model
(Vb(u)) and the observed (V (ui)) visibilities is minimized, where
&2 =

#N
i=0((Vb(ui) ! V (ui))2/' 2

V (ui )).

2.3. Asteroid Thermal Models

In order to interpret thermal infrared observations of aster-
oids, models of the temperature distribution and correspond-
ing infrared emission at the surface of these objects have been
developed. Sophisticated thermo-physical asteroid models are
nowadays used when information about the body’s shape and
spin vector is known. Infrared fluxes are then computed as a
function of the asteroid’s albedo, thermal inertia and macro-
scopic roughness, and these parameters are then adjusted until
a best fit to the data is obtained (see Mueller 2007; Delbo et al.
2007; Delbo & Tanga 2009, for details).

In the most common situation of bodies for which spin
vector and shape information is not available, simplified thermal
models based on an assumed spherical shape must be adopted. In
the case of our MIDI data, the refined standard thermal model
(STM; Lebofsky et al. 1986), the near-Earth asteroid thermal
model (NEATM; Harris 1998), and the fast rotating thermal
model (FRM; see Harris & Lagerros 2002; Delbo & Harris
2002, and references therein) were used to fit the measured
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taking the inverse Fourier transform of V (u, v) (aperture syn-
thesis). However, because at present the MIDI acquisition of
one calibrated visibility observation requires about 1 hr of time
when observations are executed in the service mode, images
of asteroids from interferometric measurements are difficult to
obtain from aperture synthesis methods. An additional compli-
cation comes also from the fact that asteroids rotate considerably
during such an interval of time.

When visibility measurements are available at only one or few
baselines, which is the most common observing circumstance,
simple parametric model-fitting techniques must be used. In the
following, we describe two geometric models used to derive the
sizes of our targets from MIDI visibility measurements, namely
a disk of uniform intensity and a binary system made of two
uniform disks.

We also used simple models of asteroid thermal emission
(see Harris & Lagerros 2002) in order to derive the sizes of our
targets from the MIDI spectrophotometry only (Figures 2(b)
and 3(b)). Theoretical visibilities calculated from these models
with asteroid sizes fixed to the values derived from spectropho-
tometry were afterwards compared to the measured visibilities.

2.1. Uniform Disk Model

If the image of the asteroid on the plane of the sky is
approximated by a uniform circular disk of angular diameter
# , the amplitude of the visibility as a function of u = B/! is

given by
|V# (u)| = |2J1("#u)/("#u)| , (2)

where J1 is the first-order Bessel function of first kind and
B is the length of the baseline projected on the plane of the
sky. The angular diameter of the disk can be derived from
a single visibility measurement. The equivalent uniform disk
diameter D̃ of the asteroid is then trivially derived from # , and
the known geocentric distance ! of the body. Note that for a
highly irregularly-shaped body (such as (951) Gaspra), # and
D̃ correspond to the angular and the physical extension of the
body along the projected baseline (see Figure 4).

2.2. Binary System Model

Since the rate of discovery of binary systems has been steadily
increasing in recent years, and the detection/characterization
of binary systems is a primary application of high-resolution
techniques such as the VLTI, it is worth developing a model of a
binary source to be applied to the analysis of VLTI data. Here, we
assume that the image on the plane of the sky, projected along the
baseline B of a binary asteroid system, is given by two uniform
disks of diameters #1 and #2 separated by an angular distance $

(with the corresponding physical diameters D̃1, D̃2, and physical
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taken along the baseline, in this case.
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Transform of Ob(x, !) divided by the total flux intensity I:
namely, Vb = [Ô#1 +Ô#2 exp(!i2"u$)]/I . Because Ô# = V#I# ,
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developed. Sophisticated thermo-physical asteroid models are
nowadays used when information about the body’s shape and
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scopic roughness, and these parameters are then adjusted until
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• Coherent combination of the light from telescopes 
(distance between them B) of the VLT

• Resolution !~"/B
• MIDI "#[8,13]µm
• AMBER "#[1.2,2.5]µm
• VLTI B#[16,120]m

!MIDI#[15,100]mas
!AMBER#[3,25]mas

Not sensitive enough for asteroids.. 
!PRIMA#[3,25]mas

K<9 (guide star) dual field (reference star 
and asteroid need to be within ~30”)

The VLTI of the ESO

So far results for MIDI only
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First successful observations of 
asteroids with MIDI-VLTI

• 951 Gaspra (a testbed) see Delbo et al 2009

• 234 Barbara (complex shape)

• long rotation period (26.5 hr, Schober 1981; Harris & Young 1983) 
suggestive of a possible binary system.

• interferometric observations by Delbo et al 2009

• 41 Daphne (complex shape)

• Matter et al 2011, see also Matter’s talk

Obtained fringes on

Wednesday, November 2, 2011



Successful observations of 
asteroids with MIDI-VLTI

• 16 Psyche (metallic asteroid?)

• see Matter’s talk

• 265 Kleopatra (complex shape, metallic?)

• 12 Victoria, 751 Faina, 2 Pallas

• 939 Isberga, 1313 Berna 

• (stay tuned!!)

and Obtained fringes on

Wednesday, November 2, 2011



Results for Barbara: size and shape
No. 2, 2009 MIDI-VLTI OBSERVATIONS OF ASTEROIDS 1233

Table 3
Results From Geometric Models Fits to Measured Visibilities

Asteroid D (km) ! (mas) Notes

Gaspra 11 ± 1 17 ± 2 EWS mask
Barbara 44.6 ± 0.3 51.0 ± 0.4 poor fit
Barbara(1) 37.1 ± 0.5 43.0 ± 0.5 primary
Barbara(2) 21.0 ± 0.2 24.2 ± 0.2 satellite

a (km) " (mas)
(1)–(2) 24.2 ± 0.2 28.1 ± 0.2 separation

Note. Uncertainties are 1# .

Table 4
Results from Thermal Model Fits

Asteroid D̃ (km) pV $ !D (mas) Model

Gaspra 13.8 ± 1.0 0.24 ± 0.14 1.06 ± 0.17 22.0 ± 1.6 NEATM
Gaspra 11.6 ± 0.4 0.34 ± 0.13 (0.756) 18.4 ± 0.6 STM
Gaspra 24.0 ± 0.3 0.08 ± 0.04 · · · 38.1 ± 0.5 FRM
Barbara 51 ± 2 0.17 ± 0.09 1.17 ± 0.05 58 ± 2 NEATM
Barbara 40 ± 1 0.27 ± 0.09 (0.756) 46 ± 1 STM
Barbara 89 ± 1 0.06 ± 0.03 · · · 102 ± 1 FRM

Notes. Uncertainties are at 1# level. D is the diameter of a sphere with the
same projected area visible to the observer; pV is the geometric albedo in visible
light; $ is the beaming parameter. An uncertainty of 0.5 mag was assumed on
the adopted value of the absolute magnitude H (from the MPC). Values of $

in brackets are default values. !D is the angular extension of D in mas at the
distance of the asteroid.

the values of the diameters and the albedos obtained from
models fits to the infrared fluxes). We calculated the Fourier
transform of the model thermal infrared emission and evaluated
this function at (u = B cos !B, v = B sin !B). The values of
B and !B are reported in Table 2 for each VLTI observation.
The predicted interferometric visibilities corresponding to the
different thermal radiometry solutions are overplotted along
with the measured values in Figures 2 and 3 as the three dotted
lines labeled NEATM, STM, and FRM.

In a second step, we used the simple geometric models
described in Section 2 to analyze measured visibilities.

4.1. (951) Gaspra

Fringes were detected for all interferometric observations
reported in Tables 1 and 2. However, by careful analysis of the
acquisition images, we discovered a failure in the acquisition
of the source during the first MIDI measurement (the one taken
at UT 03:21:43). So, we limited our analysis to the second and
the third observations, only. In order to increase the signal to
noise ratio of the visibility measurements, we computed the
average visibility extracted using the EWS mask between the
second and third measurement (i.e., those obtained at 04:29:28
and 05:04:27 UT). Figure 2 shows the obtained data points. The
error bars correspond to half of the difference between the two
measurements.

We note that for B/% ! 3.8 ! 106 rad"1, corresponding to
% " 11 µm, Figure 2 shows that the visibility oscillates around
1, which we interpret as due to the lack of spatial resolution at
these wavelengths.

We performed a least-squares fit of Equation (2) (uniform
disk model) to the data points of Figure 2 using ! as the only
free parameter and using B = 41.64 m. We obtain ! = 17 ±
2 mas, which corresponds to D̃ = 11 ± 1 km at the distance
of the asteroid. (see Table 3 for a summary of our results).
The comparison of our VLTI/MIDI size determination of (951)

Gaspra with the asteroid’s projected size known from Galileo
spacecraft observations is discussed in Section 5.

4.2. (234) Barbara

The visibility of (234) Barbara extracted from MIDI observa-
tions are shown in Figure 3. Error bars, obtained using the EWS
data reduction software, represent the standard deviation of the
visibility. As for the case of (951) Gaspra, a least-squares fit of
Equation (2) was performed to the data points with the angular
diameter ! of the uniform disk as the only free parameter. We
obtained ! = 51.0 ± 0.4 mas, which corresponds to D̃ = 44.6
± 0.3 km at the distance of the asteroid. However, Figure 3
clearly shows that a uniform disk model provides a poor fit to
the measurements. Model visibilities calculated by means of
the NEATM, the STM, and the FRM thermal models also give a
poor fit of the actual measurements. This is likely an indication
that the spatial distribution of the source’s infrared flux differs
from that of a uniform single body.

An application of the binary disk model to the measured
visibility, however, gives much better results. In this case, we
found a remarkably good match between the model and the
observations, as shown in Figure 3. Best-fit values of the model
parameters !1, !2, and " are 43.0 ± 0.5, 24.2 ± 0.2, and 28.1 ±
0.2 mas, respectively. When we take into account the distance to
the asteroid at the time of our observations we derive diameters
of D̃1 = 37.1 ± 0.5 km and D̃2 = 21.0 ± 0.2 km for the primary
and the secondary components of the binary system. The center-
to-center distance projected on the interferometer baseline was
of a = 24.2 ± 0.2 km.

5. DISCUSSION

For (951) Gaspra we have a priori information on its size,
shape, and spin vector state from spacecraft observations
(Thomas et al. 1994). This is the main reason why we decided
to observe this object, in order to obtain a reliable estimate of
the resulting accuracy in the size determination from thermal
models and by means of the uniform disk model fit to MIDI
interferometric observations. We caution here that a single uni-
form disk model may provide a poor description of the spatial
distribution of the infrared emission of asteroids in some cases,
as clearly demonstrated by our observations of (234) Barbara.

In order to estimate the reliability of our size determinations
of (951) Gaspra, we compared the sizes derived from our
MIDI measurements with that published by Thomas et al.
(1994). As a first step, we computed the orientation of the
shape of the asteroid at the epoch of the VLTI observation
using an asteroid physical ephemerides service of the Institut
de Mécanique Celeste et de Calcul des Ephemerides (IMCCE)
in Paris.4 The shape model of the asteroid, derived from the
Galileo spacecraft observations, is that of Thomas et al. (1994).
Two spin vector models are available, namely a first one with
&p = 9.#5, 'p = 26.#7 (Thomas et al. 1994) and a second one
with %p = 20#, (p = 19# (Kaasalainen et al. 2001), where &p

and 'p are J2000 equatorial coordinate of the asteroid’s pole,
whereas %p and (p are its J2000 ecliptic longitude and latitude.
Figure 4 shows the orientation of (951) Gaspra, assuming the
spin model 1, at the time of the second and the third visibility
measurement. Note that the asteroid was observed almost pole-
on. Figure 5 shows a comparison of the object shape model
adopted and one image taken by the Galileo mission.

4 Internet service available at http://www.imcce.fr $ Ephemerides $
Ephemeris for physical observation of the solar bodies.
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Table 3
Results From Geometric Models Fits to Measured Visibilities

Asteroid D (km) ! (mas) Notes

Gaspra 11 ± 1 17 ± 2 EWS mask
Barbara 44.6 ± 0.3 51.0 ± 0.4 poor fit
Barbara(1) 37.1 ± 0.5 43.0 ± 0.5 primary
Barbara(2) 21.0 ± 0.2 24.2 ± 0.2 satellite

a (km) " (mas)
(1)–(2) 24.2 ± 0.2 28.1 ± 0.2 separation

Note. Uncertainties are 1# .

Table 4
Results from Thermal Model Fits

Asteroid D̃ (km) pV $ !D (mas) Model

Gaspra 13.8 ± 1.0 0.24 ± 0.14 1.06 ± 0.17 22.0 ± 1.6 NEATM
Gaspra 11.6 ± 0.4 0.34 ± 0.13 (0.756) 18.4 ± 0.6 STM
Gaspra 24.0 ± 0.3 0.08 ± 0.04 · · · 38.1 ± 0.5 FRM
Barbara 51 ± 2 0.17 ± 0.09 1.17 ± 0.05 58 ± 2 NEATM
Barbara 40 ± 1 0.27 ± 0.09 (0.756) 46 ± 1 STM
Barbara 89 ± 1 0.06 ± 0.03 · · · 102 ± 1 FRM

Notes. Uncertainties are at 1# level. D is the diameter of a sphere with the
same projected area visible to the observer; pV is the geometric albedo in visible
light; $ is the beaming parameter. An uncertainty of 0.5 mag was assumed on
the adopted value of the absolute magnitude H (from the MPC). Values of $

in brackets are default values. !D is the angular extension of D in mas at the
distance of the asteroid.

the values of the diameters and the albedos obtained from
models fits to the infrared fluxes). We calculated the Fourier
transform of the model thermal infrared emission and evaluated
this function at (u = B cos !B, v = B sin !B). The values of
B and !B are reported in Table 2 for each VLTI observation.
The predicted interferometric visibilities corresponding to the
different thermal radiometry solutions are overplotted along
with the measured values in Figures 2 and 3 as the three dotted
lines labeled NEATM, STM, and FRM.

In a second step, we used the simple geometric models
described in Section 2 to analyze measured visibilities.

4.1. (951) Gaspra

Fringes were detected for all interferometric observations
reported in Tables 1 and 2. However, by careful analysis of the
acquisition images, we discovered a failure in the acquisition
of the source during the first MIDI measurement (the one taken
at UT 03:21:43). So, we limited our analysis to the second and
the third observations, only. In order to increase the signal to
noise ratio of the visibility measurements, we computed the
average visibility extracted using the EWS mask between the
second and third measurement (i.e., those obtained at 04:29:28
and 05:04:27 UT). Figure 2 shows the obtained data points. The
error bars correspond to half of the difference between the two
measurements.

We note that for B/% ! 3.8 ! 106 rad"1, corresponding to
% " 11 µm, Figure 2 shows that the visibility oscillates around
1, which we interpret as due to the lack of spatial resolution at
these wavelengths.

We performed a least-squares fit of Equation (2) (uniform
disk model) to the data points of Figure 2 using ! as the only
free parameter and using B = 41.64 m. We obtain ! = 17 ±
2 mas, which corresponds to D̃ = 11 ± 1 km at the distance
of the asteroid. (see Table 3 for a summary of our results).
The comparison of our VLTI/MIDI size determination of (951)

Gaspra with the asteroid’s projected size known from Galileo
spacecraft observations is discussed in Section 5.

4.2. (234) Barbara

The visibility of (234) Barbara extracted from MIDI observa-
tions are shown in Figure 3. Error bars, obtained using the EWS
data reduction software, represent the standard deviation of the
visibility. As for the case of (951) Gaspra, a least-squares fit of
Equation (2) was performed to the data points with the angular
diameter ! of the uniform disk as the only free parameter. We
obtained ! = 51.0 ± 0.4 mas, which corresponds to D̃ = 44.6
± 0.3 km at the distance of the asteroid. However, Figure 3
clearly shows that a uniform disk model provides a poor fit to
the measurements. Model visibilities calculated by means of
the NEATM, the STM, and the FRM thermal models also give a
poor fit of the actual measurements. This is likely an indication
that the spatial distribution of the source’s infrared flux differs
from that of a uniform single body.

An application of the binary disk model to the measured
visibility, however, gives much better results. In this case, we
found a remarkably good match between the model and the
observations, as shown in Figure 3. Best-fit values of the model
parameters !1, !2, and " are 43.0 ± 0.5, 24.2 ± 0.2, and 28.1 ±
0.2 mas, respectively. When we take into account the distance to
the asteroid at the time of our observations we derive diameters
of D̃1 = 37.1 ± 0.5 km and D̃2 = 21.0 ± 0.2 km for the primary
and the secondary components of the binary system. The center-
to-center distance projected on the interferometer baseline was
of a = 24.2 ± 0.2 km.

5. DISCUSSION

For (951) Gaspra we have a priori information on its size,
shape, and spin vector state from spacecraft observations
(Thomas et al. 1994). This is the main reason why we decided
to observe this object, in order to obtain a reliable estimate of
the resulting accuracy in the size determination from thermal
models and by means of the uniform disk model fit to MIDI
interferometric observations. We caution here that a single uni-
form disk model may provide a poor description of the spatial
distribution of the infrared emission of asteroids in some cases,
as clearly demonstrated by our observations of (234) Barbara.

In order to estimate the reliability of our size determinations
of (951) Gaspra, we compared the sizes derived from our
MIDI measurements with that published by Thomas et al.
(1994). As a first step, we computed the orientation of the
shape of the asteroid at the epoch of the VLTI observation
using an asteroid physical ephemerides service of the Institut
de Mécanique Celeste et de Calcul des Ephemerides (IMCCE)
in Paris.4 The shape model of the asteroid, derived from the
Galileo spacecraft observations, is that of Thomas et al. (1994).
Two spin vector models are available, namely a first one with
&p = 9.#5, 'p = 26.#7 (Thomas et al. 1994) and a second one
with %p = 20#, (p = 19# (Kaasalainen et al. 2001), where &p

and 'p are J2000 equatorial coordinate of the asteroid’s pole,
whereas %p and (p are its J2000 ecliptic longitude and latitude.
Figure 4 shows the orientation of (951) Gaspra, assuming the
spin model 1, at the time of the second and the third visibility
measurement. Note that the asteroid was observed almost pole-
on. Figure 5 shows a comparison of the object shape model
adopted and one image taken by the Galileo mission.

4 Internet service available at http://www.imcce.fr $ Ephemerides $
Ephemeris for physical observation of the solar bodies.
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2009 occultation events

Stellar occultation 2

Nov 21, 2009 
Ecliptic longitude, heliocentric: 89° ; geocentric: 107°
Phase angle: 18°

Source: http://www.asteroidoccultation.com/observations/Results/

Size from the MIDI-VLTI observations confirmed

Stellar occultation 1

Oct 5, 2009
Ecliptic longitude, heliocentric: 77° ; 
geocentric: 103°
Phase angle: 25°  

(chord n. 2 is not precisely dated)
Source: http://www.euraster.net/results/
2009/20091105-Barbara-crd_temp.gif

note also the 
double coord
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Barbara follow up: 
photometric lightcurves
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KOALA shape model of Barbara from 
occultations and photometry

Tanga, Carry, Delbo et al, in preparation

Carry’s KOALA model
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KOALA vs VLTI models
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Europäische Organisation für astronomische Forschung in der südlichen Hemisphäre
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8. Description of the proposed programme and attachments

Description of the proposed programme (continued)

Berna is already known to be an S-type asteroid. So the analog meteorites are the ordinary chondrites with
grain densities between 3 and 4 gr/cm3. We will obtain spectroscopy (from the NASA IRTF) to pin down the
composition of Isberga and identify its analog meteorite. By comparing the bulk densitiy with the grain density
of the analogue meteorite we will derive the macroporosity. We thus we will be able to tell if these objects are
“rubble piles” or “compact aggregates” (see Fig. 1).

References: Bottke et al. 2002, Asteroids III, 3; Carry et al. 2008, A&A, 478, 235; Carry 2009, PhD thesis; Carry et al.

2010a, Icarus, 205, 460; Carry et al. 2010b, A&A, 523, A94; DeMeo et al. 2009, Icarus, 202, 160; Drummond et al. 2010,

A&A, 523, A93; Merline et al. 2002, Asteroids III, 289; Matter et al. 2011, Icarus, under review
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tural weakness that break apart during impacts to form what
become meteorites. Macroporosoity defines the internal struc-
ture of an asteroid. Those with low macroporosity are solid,
coherent objects, while high macroporosities values indicate
loosely consolidated objects that may be collections of rub-
ble held together by gravity (see Richardson et al., 2002).

1.2. Current Measurements of
Asteroid Bulk Density

Spacecraft missions and advances in asteroid optical and
radar observations have revolutionized our knowledge of
asteroid bulk density. Shown in Table 1 and Fig. 1 is a sum-
mary of published mass and volume measurements. The
methods of mass and volume determination are discussed
in section 2.0, but a glance at Table 1 shows that before the
1990s bulk-density measurements were limited to a handful
of the largest asteroids. In the past 10 years, the accuracy
and breadth of these measurements has exploded and pro-
duced our first picture of the density structure of the aster-
oid belt. The largest three asteroids, Ceres, Pallas, and Vesta,
have been studied for decades and have well-constrained
values. These objects make up most of the mass of the aster-
oid belt. As shown in Fig. 1 in comparison with meteorite
grain densities, these density values seem to make miner-
alogical sense. Because common geologic materials can
vary by almost a factor of 4 in their grain density, asteroid
bulk-density measurements need to be interpreted in terms
of the object’s mineralogy. The differentiated V-type aster-

oid 4 Vesta has a bulk density consistent with basaltic mete-
orites overlying an olivine mantle and metal-rich core. The
primitive C-type asteroid 1 Ceres has a bulk density similar
to primitive CI meteorites (for definitions of meteorite types
see McSween, 1999). However, the smallest of these three
asteroids is an order of magnitude more massive than the
next well-characterized asteroids and these less-massive
asteroids exhibit some intriguing trends. In general, S-type
asteroids appear to have higher bulk densities than C-type
asteroids, but the range in both groups is large. The M-type
asteroid 16 Psyche, which is interpreted to have a mineral-
ogy analogous to Fe-Ni meteorites, shows a bulk density in
the range of hydrated clays. This indicates either very high
porosity or a misidentification of the mineralogy. In the case
of 16 Psyche, in addition to spectra and albedo consistent
with metal, radar-albedo data strongly indicate a largely
metallic surface.

2. THE DETERMINATION OF ASTEROID
MASSES, VOLUMES, AND

BULK DENSITIES

Though the number of asteroid density measurements
has begun to increase rapidly in the last few years, still only
a tiny fraction of the known asteroids have usable density
measurements. A short history of the efforts to determine
the masses of asteroids has been provided by Hilton (2002).
Asteroid masses have been reliably determined from asteroid-
asteroid or asteroid-spacecraft perturbations. That is, the mass

Fig. 1. Bulk densities of measured asteroids with the grain densities of common meteorites for comparison. Also included in the plot
are the asteroidlike moons of Mars, Phobos and Deimos, as well as estimates for the average C- and S-type asteroids (Standish, 2001).
Several asteroids in Table 1 with large error bars have been left off the plot for clarity.
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2. DESCRIPTION SCIENTIFIQUE ET TECHNIQUE / SCIENTIFIC AND 
TECHNICAL DESCRIPTION 

2.1. ÉTAT DE L'ART / BACKGROUND, STATE OF ART 
We know today the orbits of more than 470,000 asteroids. However, the physical properties 
of these bodies are much less well known. Sizes, albedos (the surface reflectivity), and 
detailed mineralogy are known for about 2,500 asteroids. This sample of objects is strongly 
biased towards the brightest and largest bodies. Any research making use of the physical 
properties of asteroids is therefore statistical in nature. However, we are witnessing a very 
exciting era for the physical characterization of asteroids: the NASA Wide Infrared Space 
Explorer (WISE) mission – which had first light on 07-Jan-2010 – will determine sizes and 
albedos of roughly all known asteroids from observations of the asteroids’ thermal emission; 
the ESA mission Gaia, to be launched in 2012, will measure spectra of >100,000 asteroids 
from which we will derive information about their mineralogy.  
However, these measurements will only inform us about the surfaces of these bodies and do 
not constrain their interior. Densities and internal composition are, and will remain, much 
less well constrained observationally (Fig. 1). More work is clearly called for to constrain the 
formation mechanisms and the collisional evolution of asteroids and of the whole solar 
system (see § 1). 

The determination of the bulk density of 
an asteroid requires knowledge of its 
mass and volume. There are four robust 
methods to determine the mass of an 
asteroid: (1) asteroid–spacecraft 
perturbations; (2) asteroid–asteroid 
perturbations; (3) asteroid–planet 
perturbations; and (4) observations of the 
motion of asteroid satellites. The first 
method is by far the most accurate, but is 
constrained to the rare instances of a 
close spacecraft encounter. The second 
method, tracking the motions of asteroids 
that gravitationally interact with one 
another, requires modeling the orbits of 
multiple asteroids over long periods of 
time and high accuracy astrometry. The 
best data are for the largest asteroids 1 
Ceres, 2 Pallas, and 4 Vesta. It is expected 
that Gaia will enable us to derive the 
masses of the largest 100 asteroids 
(Mouret et al. 2007). For the third 

method, we note that the largest asteroids Ceres, Pallas, and Vesta can produce measurable 
perturbations on the motion of Mars. Like the 2nd method, this technique is limited to the 
largest asteroids. 
Here, we use the fourth method, namely the observation of asteroid satellites. This is by far 
the most productive method and, in principle, not biased towards large objects. This method 
can provide accurate masses of asteroids since, by Kepler’s third law, the orbital period and 
semimajor axis of the satellite uniquely determine the mass of the system. The best 
observations yield errors of only a few percent in mass (Merline et al., 2002). The challenge is 
to determine the semimajor axis of the system, and in general this requires spatially 
resolving the secondary from the primary. 

Figure 1: Best knowledge of asteroid macroporosity 
and internal structure (from Consolmagno et al. 
2009). The limit of adaptive optics at 10m class 
telescopes is > ~1017 Kg. This project aims at 
investigating messes in the range 1017 – 1014 Kg. Note 
the huge error bars affecting macroporosity 
determinations 

Fig. 1: Illustration of the large uncertainties currently affecting the density determinations (left: from Britt et al., 2002).

By comparing asteroid densities with the grain density of the analogue meteorite (S-types with ordinary chondirites,

C-types with carbonaceous chondrites such as CV, CM and CI), one can deduce the macro porosity (right: from

Consolmagno et al., 2009). Note that asteroids with diameters 10-100 km (e.g. 1015 − 1018 kg seem to belong to 2

different classes: C-type asteroids have macro porosities >0.4 while S-types <0.3. Do these bodies suffered a different

collosional evolution?
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Table 3
Results From Geometric Models Fits to Measured Visibilities

Asteroid D (km) ! (mas) Notes

Gaspra 11 ± 1 17 ± 2 EWS mask
Barbara 44.6 ± 0.3 51.0 ± 0.4 poor fit
Barbara(1) 37.1 ± 0.5 43.0 ± 0.5 primary
Barbara(2) 21.0 ± 0.2 24.2 ± 0.2 satellite

a (km) " (mas)
(1)–(2) 24.2 ± 0.2 28.1 ± 0.2 separation

Note. Uncertainties are 1# .

Table 4
Results from Thermal Model Fits

Asteroid D̃ (km) pV $ !D (mas) Model

Gaspra 13.8 ± 1.0 0.24 ± 0.14 1.06 ± 0.17 22.0 ± 1.6 NEATM
Gaspra 11.6 ± 0.4 0.34 ± 0.13 (0.756) 18.4 ± 0.6 STM
Gaspra 24.0 ± 0.3 0.08 ± 0.04 · · · 38.1 ± 0.5 FRM
Barbara 51 ± 2 0.17 ± 0.09 1.17 ± 0.05 58 ± 2 NEATM
Barbara 40 ± 1 0.27 ± 0.09 (0.756) 46 ± 1 STM
Barbara 89 ± 1 0.06 ± 0.03 · · · 102 ± 1 FRM

Notes. Uncertainties are at 1# level. D is the diameter of a sphere with the
same projected area visible to the observer; pV is the geometric albedo in visible
light; $ is the beaming parameter. An uncertainty of 0.5 mag was assumed on
the adopted value of the absolute magnitude H (from the MPC). Values of $

in brackets are default values. !D is the angular extension of D in mas at the
distance of the asteroid.

the values of the diameters and the albedos obtained from
models fits to the infrared fluxes). We calculated the Fourier
transform of the model thermal infrared emission and evaluated
this function at (u = B cos !B, v = B sin !B). The values of
B and !B are reported in Table 2 for each VLTI observation.
The predicted interferometric visibilities corresponding to the
different thermal radiometry solutions are overplotted along
with the measured values in Figures 2 and 3 as the three dotted
lines labeled NEATM, STM, and FRM.

In a second step, we used the simple geometric models
described in Section 2 to analyze measured visibilities.

4.1. (951) Gaspra

Fringes were detected for all interferometric observations
reported in Tables 1 and 2. However, by careful analysis of the
acquisition images, we discovered a failure in the acquisition
of the source during the first MIDI measurement (the one taken
at UT 03:21:43). So, we limited our analysis to the second and
the third observations, only. In order to increase the signal to
noise ratio of the visibility measurements, we computed the
average visibility extracted using the EWS mask between the
second and third measurement (i.e., those obtained at 04:29:28
and 05:04:27 UT). Figure 2 shows the obtained data points. The
error bars correspond to half of the difference between the two
measurements.

We note that for B/% � 3.8 ! 106 rad"1, corresponding to
% � 11 µm, Figure 2 shows that the visibility oscillates around
1, which we interpret as due to the lack of spatial resolution at
these wavelengths.

We performed a least-squares fit of Equation (2) (uniform
disk model) to the data points of Figure 2 using ! as the only
free parameter and using B = 41.64 m. We obtain ! = 17 ±
2 mas, which corresponds to D̃ = 11 ± 1 km at the distance
of the asteroid. (see Table 3 for a summary of our results).
The comparison of our VLTI/MIDI size determination of (951)

Gaspra with the asteroid’s projected size known from Galileo
spacecraft observations is discussed in Section 5.

4.2. (234) Barbara

The visibility of (234) Barbara extracted from MIDI observa-
tions are shown in Figure 3. Error bars, obtained using the EWS
data reduction software, represent the standard deviation of the
visibility. As for the case of (951) Gaspra, a least-squares fit of
Equation (2) was performed to the data points with the angular
diameter ! of the uniform disk as the only free parameter. We
obtained ! = 51.0 ± 0.4 mas, which corresponds to D̃ = 44.6
± 0.3 km at the distance of the asteroid. However, Figure 3
clearly shows that a uniform disk model provides a poor fit to
the measurements. Model visibilities calculated by means of
the NEATM, the STM, and the FRM thermal models also give a
poor fit of the actual measurements. This is likely an indication
that the spatial distribution of the source’s infrared flux differs
from that of a uniform single body.

An application of the binary disk model to the measured
visibility, however, gives much better results. In this case, we
found a remarkably good match between the model and the
observations, as shown in Figure 3. Best-fit values of the model
parameters !1, !2, and " are 43.0 ± 0.5, 24.2 ± 0.2, and 28.1 ±
0.2 mas, respectively. When we take into account the distance to
the asteroid at the time of our observations we derive diameters
of D̃1 = 37.1 ± 0.5 km and D̃2 = 21.0 ± 0.2 km for the primary
and the secondary components of the binary system. The center-
to-center distance projected on the interferometer baseline was
of a = 24.2 ± 0.2 km.

5. DISCUSSION

For (951) Gaspra we have a priori information on its size,
shape, and spin vector state from spacecraft observations
(Thomas et al. 1994). This is the main reason why we decided
to observe this object, in order to obtain a reliable estimate of
the resulting accuracy in the size determination from thermal
models and by means of the uniform disk model fit to MIDI
interferometric observations. We caution here that a single uni-
form disk model may provide a poor description of the spatial
distribution of the infrared emission of asteroids in some cases,
as clearly demonstrated by our observations of (234) Barbara.

In order to estimate the reliability of our size determinations
of (951) Gaspra, we compared the sizes derived from our
MIDI measurements with that published by Thomas et al.
(1994). As a first step, we computed the orientation of the
shape of the asteroid at the epoch of the VLTI observation
using an asteroid physical ephemerides service of the Institut
de Mécanique Celeste et de Calcul des Ephemerides (IMCCE)
in Paris.4 The shape model of the asteroid, derived from the
Galileo spacecraft observations, is that of Thomas et al. (1994).
Two spin vector models are available, namely a first one with
&p = 9.#5, 'p = 26.#7 (Thomas et al. 1994) and a second one
with %p = 20#, (p = 19# (Kaasalainen et al. 2001), where &p

and 'p are J2000 equatorial coordinate of the asteroid’s pole,
whereas %p and (p are its J2000 ecliptic longitude and latitude.
Figure 4 shows the orientation of (951) Gaspra, assuming the
spin model 1, at the time of the second and the third visibility
measurement. Note that the asteroid was observed almost pole-
on. Figure 5 shows a comparison of the object shape model
adopted and one image taken by the Galileo mission.

4 Internet service available at http://www.imcce.fr $ Ephemerides $
Ephemeris for physical observation of the solar bodies.
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shape, and spin vector state from spacecraft observations
(Thomas et al. 1994). This is the main reason why we decided
to observe this object, in order to obtain a reliable estimate of
the resulting accuracy in the size determination from thermal
models and by means of the uniform disk model fit to MIDI
interferometric observations. We caution here that a single uni-
form disk model may provide a poor description of the spatial
distribution of the infrared emission of asteroids in some cases,
as clearly demonstrated by our observations of (234) Barbara.
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of (951) Gaspra, we compared the sizes derived from our
MIDI measurements with that published by Thomas et al.
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