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Abstract. The ISO observations presented here are devoted to low and moderate albedo asteroids, which are supposed to
be among the more primitive objects of the solar system. Spectroscopic and multi-filter photometric data of 77 Frigga,
114 Kassandra, 308 Polyxo, 511 Davida, and 914 Palisana have been obtained by the ISO instrument ISOPHOT. The sub-
system PHT–P carried out photometric observations at 10, 12, 25, and 60 µm, while low resolution spectra have been acquired
by the subsystem PHT–S between 5.8 and 11.6 µm. The Standard Thermal Model and a black-body fit have been applied to
the obtained data in order to model the thermal continuum and to derive sub-solar and black-body temperatures. To interpret
the obtained results and to investigate the surface composition of the observed asteroids, we compare the ISO spectra with the
whole sample of mineral and meteorite laboratory spectra available in the literature. New laboratory experiments performed
at the Capodimonte Observatory have been carried out to increase the available sample. A tentative spectral similarity with
meteorites is presented.
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1. Introduction

Low albedo asteroids are classified in the current taxonomies
(Tholen & Barucci 1989) as belonging to three different
classes: C, P, and D. They are believed to be formed in the
outer part of the main belt, to have been less thermally pro-
cessed and to have preserved primordial materials on their sur-
face. High albedo asteroids are supposed to have been formed
at small heliocentric distances and to have been more thermally
evolved. As shown by several authors, asteroids in the main belt
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display a systematic variation of spectral classes with
heliocentric distance (e.g. Gradie et al. 1989). The decline in
hydrated silicate abundance with increasing heliocentric dis-
tance seems to be due to the fact that hydrated silicates are more
thermally processed than pristine materials. Jones et al. (1990)
proposed a scenario for the formation of low albedo asteroids:
accretion of ice and anhydrous silicates from the solar nebula
combined with relic interstellar organic kerogen, formed very
dark, volatile-rich asteroids, of which P and D-types may be
representative. Selective induction heating produces aqueous
alteration at the surface. This is the low temperature chemical
alteration of materials by liquid water which acts as a solvent
and produces materials like phyllosilicates, oxides, sulfates,
carbonates and hydroxides. The same selective induction heat-
ing perhaps produced in other cases melting in the interior.
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Table 1. Aspect data of the ISO observations: Target Dedicated Time (TDT) number of the observation, detector, observation date and mid
time, heliocentric distance r, geocentric distance ∆, phase angle α, and solar elongation λ − λ�.

Object TDT Detector Observation Obs. mid time r ∆ α λ − λ�
number Date (UT) [AU] [AU] [deg] [deg]

(77) Frigga on 53500120 PHT-P 04-May-1997 02:30 2.7174 2.9556 19.9 66.6

on 53500121 PHT-S 04-May-1997 02:45

off 53700122 PHT-P 06-May-1997 02:21

off 53700123 PHT-S 06-May-1997 02:37

(114) Kassandra on 62500106 PHT-P 01-Aug.-1997 21:30 2.6388 2.3271 22.5 96.3

on 62500107 PHT-S 01-Aug.-1997 21:45

off 62700108 PHT-P 03-Aug.-1997 21:23

off 62700109 PHT-S 03-Aug.-1997 21:38

(308) Polyxo on 51600113 PHT-P 15-Apr.-1997 03:44 2.6455 2.6344 21.9 79.7

on 51600114 PHT-S 15-Apr.-1997 03:59

off 51801215 PHT-P 17-Apr.-1997 13:27

off 51801216 PHT-S 17-Apr.-1997 13:42

(511) Davida on 46502035 PHT-P 23-Feb.-1997 23:20 2.5953 2.5005 22.3 84.3

on 46502036 PHT-S 23-Feb.-1997 23:35

on 46602237 PHT-P 24-Feb.-1997 23:13

(914) Palisana on 71002224 PHT-P 26-Oct.-1997 05:48 2.7881 2.2624 19.3 111.7

on 71002225 PHT-S 26-Oct.-1997 06:03

off 71102126 PHT-P 27-Oct.-1997 08:10 2.7898 2.2498 19.2 112.8

It is widely accepted that a particular zone of the outer main
belt is characterized by objects which have been aqueously al-
tered (Vilas et al. 1984; Barucci et al. 1998): this should be
indicative of the presence of water ice in the original bodies
that have been heated during the primordial phases of the solar
system formation.

Spectroscopic investigation of low and moderate albedo as-
teroids is an essential tool to investigate their surface composi-
tion and the infrared range is certainly the most promising. The
Infrared Space Observatory (ISO), an ESA project launched in
November 1995 and operative until April 1998 (Kessler et al.
1996), gave the unique opportunity to observe asteroids in the
unexplored range of the mid-infrared. Several ISO results on
asteroids have been already presented and discussed (e.g. Dotto
et al. 2000; Barucci et al. 2002; Müller & Lagerros 2002). Here
we present the results obtained for a sample of five asteroids,
selected among the brightest low and moderate albedo objects
at the time of ISO observations.

2. Observations and data reduction

The ISO observations presented here have been carried out be-
tween February and October 1997 with two different detectors
of the instrument ISOPHOT: PHT-P and PHT-S.

In Table 1 the observational aspect data of the observed as-
teroids are listed. The background measurements (indicated in
the Table as “off”) have been carried out at the same sky posi-
tion, but 1 or 2 days later when the asteroid was outside the field
of view. Davida and Palisana have no dedicated background

measurements of the PHT-S observations. The second PHT-P
Davida measurement was intended to be taken off-source, but
by error done again on-source.

2.1. PHT-P data

Multi-filter photometry was carried by PHT-P with all 3 detec-
tor subsystems at wavelengths of 10, 12, 25 and 60µm. The
apertures used were 23′′ diameter (10 and 12µm), 52′′ (25 µm)
and 99′′ (60 µm). The integration times were: 64 s at 10µm
and 32 s at 12 µm (P1-detector); 32 s at 25µm (P2-detector);
32 s at 60 µm (P3-detector).

ISOPHOT Interactive Analysis (PIA1) V9.0.1(e) was used
for the standard data reduction up to signal level, including
linear ramp fitting, deglitching on ramp and signal level and
orbit dependent dark signal subtraction (Gabriel et al. 1997).
Unfortunatly the integration time was in many cases not long
enough to obtain stabilized signals. In these cases (P1-detector,
10 and 12 µm) the internal reference measurements were re-
placed by the “default” detector responsivity. Additionally the
used non-default apertures caused problems in terms of ab-
solute calibration of the background photometry (in compar-
ison with COBE-DIRBE values by Hauser et al. 1998). For
these reasons, all background measurements were replaced by
COBE-DIRBE values (weekly maps, color corrected, PHT-P
aperture size corrected).

1 PIA is a joint development by the ESA Astrophysics Division and
the ISOPHOT consortium.
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All source measurements have been background subtracted
and color corrected. The following color correction values have
been used: 10 µm: 0.99; 12 µm: 0.91; 25 and 60µm: 1.07.
These values correspond to temperatures between 200 and
300 K.

The analysis of similar measurements on calibration tar-
gets in the same apertures revealed that the internal calibration
source of ISOPHOT (the Fine Calibration Source, FCS) leads
in some cases to a flux overestimation up to 20% (P2-detector,
25 µm) and a flux underestimation up to 20% (P3-detector,
60 µm). This is reflected in the asymmetric uncertainties in the
values. In case of strong signal transients the error values have
been increased accordingly.

2.2. PHT-S data

PHT–S, which consists of two low–resolution grating spec-
trometers, covered the wavelength ranges 2.5–4.9 µm (PHT-
SS) and 5.8–11.6 µm (PHT–SL). The obtained spectra have a
resolution λ/∆λ of about 85 for PHT–SS and of about 95 for
PHT–SL. All PHT-S observations have been performed in star-
ing mode with a default of 32 s dark exposure at the beginning
of the measurement. The integration time was of 1024 s for
77 Frigga, 114 Kassandra, 308 Polyxo, 914 Palisana, and 512 s
for 511 Davida.

PIA V8.2(e) was used for the standard data reduction up to
signal level, including linear ramp fitting, deglitching on ramp
and signal level and orbit dependent dark signal subtraction
(Gabriel et al. 1997). The flux calibration is done with the dy-
namic response method (Laureijs et al. 2002) by taking the ra-
tio between the signals from the target and the calibrators along
the observing time and then deriving the mean and median val-
ues, which are scaled by the known flux from the chosen cali-
brators. The dark current subtraction was performed before the
dynamic calibration application.

The on-source measurements have been background sub-
tracted in the following way: 1) cross check of the absolute
background level with COBE-DIRBE data (weekly maps, color
corrected, PHT-S beam size corrected) for the 3 dedicated
background spectra (see Fig. 1); 2) fit of a blackbody curve
to the observed background spectra (blackbody temperatures
taken from Ábrahám et al. 1999); 3) for Davida and Palisana
the blackbody fit was done directly to the COBE-DIRBE values
since no dedicated background measurements exist; 4) subtrac-
tion of the blackbody fits from the on-source measurements.
This procedure avoids the noise introduction from the back-
ground subtraction. Figure 1 shows the PHT-S background
spectra of Frigga, Kassandra, and Polyxo together with the
fitted blackbody curve and the corresponding COBE-DIRBE
values.

The uncertainties from the signal processing by PIA are
3–5%, which reflect also the relative accuracy from pixel to
pixel. The absolute uncertainty is generally stated better than
30% (Klaas et al. 1997). Since we used an interactive analy-
sis with improved calibration we believe that the absolute cal-
ibration is better than 15% for Frigga, Kassandra and Palisana
and better then 10% for Polyxo and Davida. This is also
in agreement with our cross–calibration experiences between
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Fig. 1. PHT-S background measurements at the positions of the as-
teroids Frigga, Kassandra and Polyxo. The fitted blackbody curve
(solid line) and the corresponding COBE-DIRBE value (box) are also
shown.

different ISO instruments and with stellar models. The PHT–SS
2.5–4.9 µm part of the asteroid spectra is at a very low signal
level, close to the detection limit. Therefore we exclude in this
paper this part of the spectrum.

In Fig. 2 the low–resolution PHT–S spectra between 5.8
and 11.6 µm together with the PHT–P data are shown with the
uncertainties produced by the signal processing procedure.

3. Models

The emission of asteroids beyond ∼5 µm is dominated by radi-
ation thermally emitted from their surface. A blackbody fit and
the Standard Thermal Model (STM) have been applied to the
obtained infrared data to determine the range of surface (black-
body and sub–solar) temperatures.

To determine the black–body temperature of the observed
asteroids we fitted the infrared data with a Planck function mul-
tiplied by the solid angle of the objects. Both the solid angle and
the black–body temperature were treated as free parameters.

The sub–solar temperature of the observed objects was
computed by applying the STM (Lebofsky & Spencer 1989),
already used by Tedesco et al. (1992) in the IRAS asteroid
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Fig. 2. PHT-S spectra between 5.8 and 11.6 µm and PHT-P data (box).

survey. It assumes a non–rotating spherical asteroid, in instan-
taneous equilibrium with solar insolation, observed at 0◦ solar
phase angle. In this ideal situation, in which the thermal iner-
tia is neglected, and the asteroid nightside emission is thus not
taken into account, the sub–solar temperature is given as:

TSS =

[
(1 − A)S
ηεσ

]1/4
and T (Ω) = TSS cos1/4(Ω) (1)

where Ω is the solar zenith angle, A is the bolometric Bond
albedo, S is the solar flux at the distance of the asteroid, η (in-
frared beaming) is an empirical factor adjusted so that the
model matches the integrated flux of the object at a given wave-
length, ε is the wavelength–independent emissivity andσ is the
Stefan–Boltzmann constant. Moreover, the infrared beaming

and the phase angle geometry are empirically corrected, gen-
erally with correction factors of η = 0.756 and 0.01 mag deg−1,
respectively (see Lebofsky & Spencer 1989).

In Table 2 the sub–solar and black–body temperatures, and
the albedo and diameter values estimated by applying STM to
our data are reported. The table shows also the absolute magni-
tude H and the slope parameter G used as input, and diam-
eters and albedos obtained by Tedesco et al. (1992) on the
basis of IRAS data. Our estimations of diameters and albe-
dos are in agreement with the values given by Tedesco et al.
(1992), with the exception of the albedos of 511 Davida and
914 Palisana which deviate from the IRAS results. This can
be due to differences in the viewing geometry between the
IRAS and ISO observations. In the simplified STM the real
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shape of the asteroid is not taken into account: this can in-
fluence the albedo and diameter calculations. To model the
thermal continuum of previous ISO observations, Dotto et al.
(2000) and Barucci et al. (2002) used the advanced thermo-
physical model (TPM) developed by Lagerros (1996, 1997,
1998). To properly apply this advanced model we need the
knowledge of several physical parameters of the analysed as-
teroids. Unfortunately, we do not have a good estimation of
the pole direction, shape, infrared beaming and thermal iner-
tia of the five asteroids here discussed. A comparison between
the diameter and albedo values obtained by STM and TPM has
been possible only for 77 Frigga, for which an estimation of the
rotational state is available (Erikson 2000). We applied TPM,
considering the wavelength dependent emissivity as stated by
Müller & Lagerros (1998), and default values for thermal iner-
tia and beaming parameters ρ and f , and we obtained results
similar to those computed by STM. Since the rotational and
physical parameters of the asteroids here discussed are not suf-
ficiently well known, we preferred to apply the simplest STM,
with the minimum number of free parameters, without intro-
ducing new possible sources of error.

Using STM we computed the expected flux at the time of
ISO observations. Then we divided the observed spectra for the
STM expected flux, obtaining the “Relative Obs/Mod”.

4. Laboratory spectra and observational results

In order to interpret the obtained spectral behaviours we
compared the observational results with the whole sample
of mineral and meteorite emissivities available in the liter-
ature (Salisbury et al. 1991a,b, ASTER spectral library on
http://speclib.jpl.nasa.gov). Moreover, new labora-
tory spectra of a few selected samples at different grain dimen-
sions, have been obtained with the Capodimonte Observatory
Bruker IFS66v interferometer, following the procedures al-
ready described in Dotto et al. (2000) and Barucci et al. (2002).
Since asteroid spectra seem to be dominated by the effect of
fine particles (Le Bertre & Zellner 1980), all the laboratory
samples we considered are particulate.

In Figs. 3–7 we plot the “Relative Obs/Mod” obtained for
each observed asteroid, compared with the emissivities of some
mineral and/or meteorite analogs. In the considered wave-
length range the most diagnostic feature is the Christiansen
peak which is associated with the principal molecular vibration
band, where the refractive index changes rapidly, and occurs at
a wavelength that for silicates is just short of the Si–O stretch-
ing vibration bands. This feature, directly related to the min-
eralogy and the grain size, appears generally as a peak be-
tween 7.5 and 9.5 µm.

77 Frigga. The taxonomic classification of this object is still
an open problem. It has been classified as MU–type (Tholen
1989), D2–type (Barucci et al. 1987), and Xe (Bus & Binzel
2002).

On the basis of our ISO data we obtained a diameter
of 70 ± 4 km and an albedo of 0.146 ± 0.005, in close agree-
ment with the previous IRAS determinations. These values
have been computed using STM on PHT-S and PHT-P data,

77 Frigga
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Fig. 3. Relative PHT–S Obs/Mod of 77 Frigga compared with the
winonaite meteorite Winona (continuous line). The spectrum of
Winona is vertically offset for clarity.

eliminating the observation at 25 µm which gives an overesti-
mation of about 40% in the diameter.

Figure 3 shows the emissivity obtained by dividing the
PHT-S data by the STM expected flux. The comparison of
this spectrum with the whole sample of available meteorite and
mineral emissivities was unsuccessfull. The only possible anal-
ogy, even if very weak, seems to be with the emissivity of the
Winona meteorite sample belonging to the ASTER database.
Winona belongs to the winonaite meteorites, a group of primi-
tive achondrites associated with the IAB/IIICD iron meteorites.
Its structure is characterized by silicate inclusions in IAB irons.
Although this is just a tentative interpretation of the obtained
ISO mid-infrared spectrum of Frigga, the silicated iron nature
of the meteorite Winona seems to be in agreement with the de-
bated classification of this asteroid.

114 Kassandra and 308 Polyxo. Asteroids 114 Kassandra and
308 Polyxo have been classified as belonging to the T class by
Tholen (1989), as a D2–type object by Barucci et al. (1987),
and as Xk and T, respectively, by Bus & Binzel (2002). On the
basis of ISO PHT-P and PHT-S data we obtained diameter and
albedo values which are in agreement (to within 10%) with the
previous determinations obtained on the basis of the IRAS data.

Britt et al. (1992) showed that 114 Kassandra has a 0.4–
2.5 µm spectrum very similar to troilite, while 308 Polyxo
shows in the same wavelength range a completely differ-
ent spectral behavior. In the mid-infrared range, on the con-
trary, these two objects show a spectral behavior similar to
that one of Ornans, a CO3 carbonaceous chondrite meteorite.
Figures 4 and 5 show the comparison between the emissiv-
ity of Kassandra and Polyxo and the laboratory emissivity of
an Ornans sample at grain sizes between 0 and 20 µm. The
behaviour of the spectrum around 9.2 µm seems to be consis-
tent with the Christiansen peak of the Ornans sample. This re-
sult is surprising since Ornans is a type 3 carbonaceous mete-
orite chondrite (CO3) which seems to show the presence of
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Table 2. Absolute magnitude H, slope parameter G, computed temperatures and diameter and albedo values, IRAS diameters and albedos (D
and pH) with their uncertainties (σD and σpH).

Object H G Diameter Albedo Black–body Sub–solar IRAS IRAS IRAS IRAS

temp. temp. D σD pH σpH

(mag) (km) (K) (K) (km) (km)

77 Frigga 8.52 0.16 70 ± 4 0.146 ± 0.005 223 259 69.25 2.1 0.144 0.009

114 Kassandra 8.26 0.15 103 ± 4 0.084 ± 0.005 228 265 99.64 1.9 0.0884 0.003

308 Polyxo 8.17 0.21 151 ± 7 0.043 ± 0.002 232 265 140.69 3.8 0.0482 0.003

511 Davida 6.22 0.16 303 ± 8 0.064 ± 0.003 232 268 326.07 5.3 0.054 0.0023

914 Palisana 8.76 0.15 71 ± 7 0.113 ± 0.004 220 257 76.61 1.7 0.0943 0.004

114 Kassandra
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Fig. 4. Relative PHT–S Obs/Mod of 114 Kassandra compared with the
CO3 carbonaceous chondrite meteorite Ornans (continuous line). The
spectrum of Ornans is vertically offset for clarity.

aqueous alteration processes (Zolensky & McSween 1988).
308 Polyxo has been shown to have a strong feature of wa-
ter of hydration feature at 3.0 µm while in the spectrum of
114 Kassandra this feature is completely absent (Jones et al.
1990). These differences in the interpretation of the surface
composition can be due to possible variations with different
rotational phases. Further observations at near-infrared wave-
length of these two asteroids are needed in order to investigate
the possibility that these objects have really undergone some
aqueous alteration processes.

511 Davida. Asteroid 511 Davida is the fifth biggest asteroid
with an IRAS diameter of 326 km. For this object PHT–P ob-
tained multi–filter photometric data only at 10, 25, and 60 µm.
On the basis of our complete ISO data sample we computed a
diameter of 303 km and an albedo of 0.064.

Davida as been classified by Tholen (1989), Barucci et al.
(1987) and Bus & Binzel (2002) as belonging to the C class.
Jones et al. (1990) detected hydrated silicates (via 3–µm spec-
trometry) on the surface of this asteroids, while Hiroi et al.
(1996) found a good match between the 0.3–3.6 µm spectrum

308 Polyxo
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Fig. 5. Relative PHT–S Obs/Mod of 308 Polyxo compared with the
CO3 carbonaceous chondrite meteorite Ornans (continuous line). The
spectrum of Ornans is vertically offset for clarity.

of Davida and that one of the unusual CI/CM meteorite
B–7904. On the basis of the analysis of heated Murchison sam-
ples they inferred that B–7904 has probably been heated up
to 500–600 ◦C.

Figure 6 shows the emissivity of Davida between 5.8
and 11.6 µm which is consistent with that one of carbonaceous
chondrites as reported by Salisbury et al. (1991a). In particular
the spectral behaviour between 6.5 and 11.5 µm suggests the
comparison with the emissivity of the CM-type carbonaceous
chondrite meteorite Murchison given by the ASTER database.
This result seems to confirm that Davida is a large body which
suffered aqueous alteration processes.

914 Palisana. Asteroid 914 Palisana is classified as CU-type
by Tholen (1989) and as a D3-type by Barucci et al. (1987). On
the basis of our ISO data we computed a diameter of 71 km and
an albedo of 0.113. Also in this case the PHT-P measurement
at 25 µm gives an overestimation of diameter and albedo of
more than 30%.
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511 Davida
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Fig. 6. Relative PHT–S Obs/Mod of 511 Davida compared with the
CM–type carbonaceous chondrite meteorite Murchison (continuous
line). The spectrum of Murchison is vertically offset for clarity.

Fitzsimmons et al. (1994) showed that Palisana exhibits in
the visible range large-scale absorption characteristic of phyl-
losilicates.

The spectral behavior, shown in Fig. 7, is after 7 µm flat
and featureless. We tried to compare this object with many
mineral and meteorite emissivities. In particular we compared
the obtained spectrum with the emissivity of phyllosilicates
and CI/CM carbonaceous chondrite meteorites which are re-
lated to aqueous alteration products. None of the available
laboratory spectra of minerals and meteorites matched the ob-
served spectrum. As an example we report in Fig. 7 the emis-
sivities of a sample of the CI-type meteorite Orgueil at grain
sizes between 0 and 50 µm and a sample of powdered kaoli-
nite (phyllosilicate), obtained by laboratory experiments at the
Capodimonte Observatory.

5. Conclusions

In this paper we present the first results on mid-infrared wave-
length range of five asteroids. ISO gave the unique opportunity
to observe asteroids at this wavelength range and we obtained
photometric data up to 60 µm and low resolution spectra be-
tween 5.8 and 11.6 µm. On the basis of these data we computed
albedos and diameters of the observed asteroids. The obtained
results are in agreement with the estimations computed on the
basis of the IRAS data.

The interpretation of the obtained spectra is neither easy nor
unique. A tentative interpretation has been suggested by com-
paring the observed spectral behaviours with the emissivities
of meteorites which are our best available analogs of asteroidal
surface materials. The theories about the thermal history of
C-type asteroids seems to be confirmed by the match between
the spectrum of 511 Davida and the emissivity of the CM-type
carbonaceous chondrite meteorite Murchison. While the tenta-
tive analogy between the spectrum of Frigga and the emissivity
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Fig. 7. Relative PHT–S Obs/Mod of 914 Palisana compared with the
CI-type carbonaceous chondrite meteorite Orgueil (dashed line) and a
phyllosilicate kaolinite (continuous line). The spectra of Orgueil and
kaolinite are vertically offset for clarity.

of Winona is consistent with the still debated taxonomic clas-
sification of this asteroid.

Problems relative to the calibration of these faint objects
due to non-standard instrument configurations have affected the
quality of the ISO data, especially the point at 25 µm. For this
reason and due to the difficulty in interpreting the surface spec-
tra, the obtained results and the suggested interpretations can-
not be conclusive. This work can be considered a support for
future observations of asteroids in these wavelengths by space
platform projects, planned to be operative in next future (e.g.
the Space Infrared Telescope Facility SIRTF).
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