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ABSTRACT

We carried out mid-infrared observations (multi-band
imaging and N-band spectroscopy) of the Deep Impact
collision with a Jupiter family comet 9P/Tempel 1 us-
ing the Cooled Mid-Infrared Camera and Spectrometer
(COMICS) on the 8.2 m Subaru Telescope. Imaging ob-
servations reveal that a large fan-shaped impact ejecta
was extended to the south-west direction from the nu-
cleus, which is close to the surface normal vector of the
impact point of the comet. The N-band spectrum (8-13
um; R ~ 250) of the dust ejecta from the comet nucleus
3.5 hours after the Deep Impact event shows a strong
crystalline olivine feature. We also made spectroscopic
observations 24 hours before and 28 hours after the im-
pact. These spectra have no evident silicate feature in the
10 um region. We present several spectra at the different
positions from the comet nucleus, and report the prelimi-
nary result of our fitting analysis using a thermal emission
model of cometary dust grains. The mass ratio of crys-
talline to amorphous silicate grains for the dust ejected
from the subsurface of 9P/Tempel 1 is much larger than
the dust in the coma of other Jupiter family comet, such
as 78P/Gehrels 2, but similar to Oort cloud comets, such
as Hale-Bopp.

1. INTRODUCTION

NASA's Deep Impact (DI) mission generated a hyperve-
locity collision between its 370 kg copper-based projec-
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tile and comet 9P/Tempel 1 on July 4, 2005 UT [1]. This
collision successfully excavated fresh cometary material
(gas, ice and dust) underneath a presumable refractory
crust on the surface. Observations of such fresh and pris-
tine materials are highly valuable for studying comets and
the origin of the Solar System. Comets are believed to be
the most pristine remnants from the early solar nebula
era of dust grain evolution and planetary formation. They
are generally divided into two major dynamical groups;
long-period Oort cloud comets (OCs) and short-period
Jupiter family comets (JFCs). OCs are thought to have
been born in and ejected from the Jupiter-Uranus region,
whereas JFCs originated in the trans-Neptunian region
[2, 3]. The information on the dust grain properties, such
as grain size and mineralogical composition, of these two
groups which have different origins provides insight into
the thermal processing and radial transport of dust in the
early solar nebula [4]. Thus spectroscopic observations
of ejecta dust from the subsurface of a JFC nucleus, as
well as impact physics, are expected to be extremely im-
portant.

Since equilibrium thermal radiation from the comet has
its peak around 1@xm and silicate grains have a num-
ber of key diagnostic spectral features in mid-infrared
(mid-IR) region, spectroscopic observation in the mid-
IR wavelength region is highly valuable. However, the
spectral coverage of the infrared spectrometer on the DI
spacecraft is limited to the range between 1.05 and 4.8
pm [1]. Based on this point of view, we carried out mid-
IR observations (multi-band imaging and N-band spec-
troscopy) from the ground on Mauna Kea. Main results
of our imaging observations about the cratering process



by the DI impact are already reported in [5, 6]. We will
mainly show the results of spectroscopic observations
in this article. The Gemini/MICHELLE team also con-
ducted the mid-IR spectroscopic observations at Mauna
Kea and derived grain properties of comet 9P/Tempel 1

[7].

2. OBSERVATION

The DI event was observed with the Cooled Mid-Infrared
Camera and Spectrometer (COMICS), which is mounted
on the 8.2 m Subaru Telescope on Mauna Kea [8, 9, 10].
Imaging observations (N-, Q-band) of the pre- (1 and 2
days before) and post- (1-3.5 hours and 1 day after) im-
pact were done from July 2 to 5 (UT) in the 8.8, 10.5,
12.4,17.7, 18.8, 20.5 and 24.5n bands [6]. The main
objective of this observation is to measure accurately
the time evolution of the mid-IR luminosity and SED of
comet 9P/Tempel 1, and to estimate the mass of the ejecta
from the nucleus induced by the DI collision [6]. In ad-
dition to the ejecta mass estimation, we also expected
to examine the mineral composition of pristine materials
within the subsurface layers underneath the highly pro-
cessed nuclear surface of the JFC with the spectroscopic
data. Three N-band low-resolution spectroscopic obser-
vations (8-13um; R ~ 250) were also made 24 hours
before, 3.5 hours after, and 28 hours after the DI impact
event. The on-source integration time for spectroscopy
of each day is 406.8 sec, 271.2 sec, and 226 sec, respec-
tively. We selected: Vir (HD 124294) as the calibration
star for the spectroscopy [11]. Standard reduction pro-
cedures same as our previous comet observations were
applied for aperture photometry and spectroscopic data.
Detailed descriptions about the reduction procedures are
givenin [12, 13].

3. RESULTS

3.1. Multi-band imaging in N-, Q-band
Subaru/COMICS successfully captured the rapidly
changing phenomenon occurring around comet

9P/Tempel 1 after the impact. The impact ejecta,
as detected by the imaging observations, was fan-shaped
and extended to a size larger than 2 arcseconds (1
arcsec corresponds to 648 km on the surface of comet
9P/Tempel 1) in the direction south-west from the
nucleus. Information on the style of cratering is very
valuable in considering both cometary surface strength
and the effective depth of material excavated by the
DI impact. These results derived from the multi-band
imaging observations together with the spectroscopy are
discussed well and summarized in our previous paper

[6].
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3.2. N-band Spectroscopy

The data of 1Q+m spectral feature after the impact also
provide further insight into the origin of comets because
its spectral shape tells us whether the silicate dust inside
the nucleus of a JFC is crystalline or amorphous. The N-
band spectrum of 9P/Tempel 1 was taken 3.5 hours after
the impact. We also made the spectroscopic observations
24 hours before and 28 hours after the impact. Before the
impact the spectrum of comet 9P/Tempel 1 has no evident
silicate features in 1@am region. The spectrum 3.5 hours
after the impact exhibits a distinct broad Lé silicate
feature and a crystalline silicate feature around 1P

can be seen clearly (Fig.1a). Twenty-eight hours later the
silicate feature had faded and the spectrum became sim-
ilar to that of pre-impact, which has a possible weak ex-
cess by relatively large~( 1 um) silicate grains (Fig.1b).
Similar results were reported by the Gemini/MICHELLE
observation [7].
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Figure 1. The 10um spectra (0.33’% 1.65” region in-
cluding the comet nucleus) of 9P/Tempel 1 (a) 24 hours
before and 3.5 hours after the impact, and (b) 24 hours
before and 28 hours after the impact. Note that there are
still a little uncertainties of absolute flux calibrations be-
tween the spectra. There is an effect of telluric ozone ab-
sorption in 9.4-9.8im region. The spectrum of 28 hours
after the impact is 1.3 times scaled in order for the com-
parison with the data before the impact. 1 pixel = 0.33”
x 0.165” for the slit of this COMICS spectroscopy.
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Figure 2. The N-band spectra 3.5 hours after the impact at the six different positions are shown. The DI impactor
approached from the south-west side and struck the nucleus. Slit positiorfgi@2fon angle is depicted together with

the 10.5:m imaging data of comet 9P/Tempel 1. The on-source integration time is 271.2 sec for spectroscopy and 60.7
sec for imaging. The crystalline silicate feature can be seen in the spectra at the south-west side of the comet nucleus but

not at the north-east side.

The N-band spectra 3.5 hours after the impact at six dif-
ferent distances from the comet nucleus (E, C, W1-W4)
are shown in Fig.2. We set the slit position along the
direction of a symmetry line (at 2250sition angle) of
the fan-shaped plume from the comet nucleus during the

trum, although it has relatively large error-bars. Then,
in order to characterize the grain sizes and mineralogi-
cal composition (especially the mass ratio of crystalline-
to-amorphous silicate, hereafter CAR) of potential pris-
tine grains in the ejecta, we examine this spectrum using

spectroscopic observation. The spectra of the south-west a thermal emission model of the cometary dust grains.

side from the nucleus (W1-W3 in Fig. 2) show the crys-

talline silicate feature clearly, while it can not be seen in

the north-east side spectrum (E). The most distinct crys-
talline feature can be seen in the W2 spectrum. From
this result, the crystalline feature in the spectrum can be
attributed to the dust ejected by the DI impact.

In order to derive the spectrum of the ejecta dust itself,

we subtract the pre-impact spectrum from the spectrum
3.5 hours after the impact. We use the data at the posi-
tion W1 hereafter, and the further study on the spectra at
other positions will be discussed in our upcoming papers
near future. The crystalline silicate feature can still be

seen clearly and there seems to be less contribution from
amorphous silicate around 9—Ln in the resultant spec-
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The method used here is the same as our previous one
[13, 14], and similar to the techniques used by previ-
ous authors [e.g. 7, 15, 16]. In this thermal emission
model, the grain size distribution (Hanner size distribu-
tion), porosity (fractal, porous dust grains composed of
vacuum inclusions in a matrix are considered as cometary
aggregate particles), and five grain components (amor-
phous olivine and pyroxene, amorphous carbon, and crys-
talline olivine and pyroxene) are taken into account. The
x? fitting for this ejecta dust spectrum has been con-
ducted with the Levenberg-Marquardt minimization.

In Fig.3 the best-fit synthetic spectrum with the observed
N-band spectrum of ejecta dust at the position W1 is
shown. It is noted that there may be a difference between



the very initial fresh material, which is ejected from near
the surface immediately after the DI impact, and the dust
observed 3.5 hours after the impact. This spectrum, how-
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value (~2-2.5) around 1 AU [13, 16, 17], and the CAR
of JFC (78P/Gehrels 2) seems to be significantly smaller
than OCs. The supm silicate grains within the subsur-

ever, can be considered to represent that of inner dust face layer below the nucleus of 9P/Tempel have the CAR

within the nucleus. The observed spectrum of the 10-
pm silicate feature can be reproduced well by the power-
law exponent of the Hanner size distributidn = 3.6
and the grain radius of the peak position = 0.4 pm,
and fractal dimensiorD = 2.857. The resulting re-
ducedy? value (¢2) is 1.78. The mass fraction of amor-
phous pyroxene, amorphous olivine, amorphous carbon,
crystalline olivine, and crystalline pyroxene to the total
subum (0.1-1.0pm) grains is 0.05:0.03, 0.12-0.02,
0.02+0.01, 0.73:0.07, 0.08-0.02, respectively. As a re-
sult we obtain the CAR mass ratio of silicate larger than
4 in subum grains.
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Figure 3. The ejecta dust spectrum (difference between
before and after the impact) 3.5 hours after the DI col-
lision at the position W1. The best-fit synthetic model
spectrum is shown in the same figure.

4. DISCUSSION

The CAR value of 9P/Tempel 1 derived here is larger
than the result by Gemini/MICHELLE [7]. They ob-
served 1 and 1.8 hours after the impact, while we made
the spectroscopic observation 3.5 hours after the impact.
We used narrower slit (0.33” width) than them and dif-
ferent slit direction along the dust plume for the spec-
troscopy. From these conditions, it seems that our re-

value slightly higher than that of OCs coma dust [13], and
is similar to that of Hale-Bopp at 0.97 AU (= 3.7), which

is the largest one observed so far [17]. These results
imply that JFCs and OCs may have basically the same
origin. Recently, it has been suggested that JFCs may
not be classical Edgeworth-Kuiper Belt objects, but scat-
tered disk bodies formed in the outer giant planet region
[18]. The dust grains in the regular coma of JFCs may be
altered by the repeated solar radiation especially during
the perihelion passages, and the characteristics of these
grains are different from those deep inside the cometary
nuclei. To solve this question, it is important to increase
the observational samples of JFCs.

Acknowledgment

We thank an anonymous referee for providing valuable
comments. This paper is based on data collected at the
Subaru Telescope, which is operated by the National As-
tronomical Observatory of Japan (allocated nos. SO5A-
042 and S05A-0OT11). This research is partially sup-
ported by a Grant in Aid from the Japan Society for the
Promotion of Science, and the Ministry of Education,
Science, and Culture of Japan under grants 17740119
(H.K.).

REFERENCES

[1] AHearn M. F., et al. Deep Impact: Excavating
Comet Tempel 1ScienceVol. 310, 258-264, 2005.

[2] Stern S. A., The evolution of comets in the Oort cloud
and Kuiper beltNature Vol. 424, 639-642, 2003.

[3] Levison H. F. and Morbidelli A., The formation of
the Kuiper belt by the outward transport of bodies dur-
ing Neptune’s migrationNature Vol. 426, 419-421,
2003.

[4] Wooden D. H., et al. Thermal Processing and Radial
Mixing of Dust: Evidence from Comets and Primi-
tive Chondrites, irChondrites and the Protoplanetary
Disk, ASP Conference Series, Vol. 341, 774, 2005.

[5] Meech K. J., et al. Deep Impact: Observations from a
Worldwide Earth-Based CampaigBcienceVol. 310,
265-269, 2005.

sult shows the characters of subsurface dust grains ejected[6] Sugita S., et al. Subaru Telescope Observations of

from the relatively inner nucleus, while Gemini result im-
plies the properties of the initial materials ejected by the
DI collision including dust grains near the surface.

With regard to the JFCs, we also observed 78P/Gherels 2

in November 2004 with Subaru/COMICS and succeeded
in detection of the crystalline silicate feature [14]. We

derived the CAR value using the same thermal emission
model used in this paper. The CAR of the ejecta dust of

9P/Tempel 1 has much larger value than the coma dust of

78P/Gehrels 2~ 0.86). From the recent observations,
it has been found that OCs tend to have the similar CAR

Proc. ‘Dust in Planetary Systems’, Kauai, Hawaii, USA.
26--30 September 2005 (ESA SP-643, January 2007)

Deep ImpactScienceVol. 310, 274-278, 2005.

[7] Harker D. E., et al. The Dust Grains from 9P/Tempel
1 Before and After the Encounter with Deep Impact,
ScienceVol. 310, 278-280, 2005.

[8] Kataza H., et al. COMICS: the cooled mid-infrared
camera and spectrometer for the Subaru telescope,
SPIE Vol. 4008, 1144-1152, 2000.

[9] Okamoto Y. K., et al. Improved performances and
capabilities of the Cooled Mid-Infrared Camera and
Spectrometer (COMICS) for the Subaru Telescope,
SPIE \Vol. 4841, 169-180, 2003.



[10] Sako S., et al. Developing new data acquisition
devices for COMICSSPIE Vol. 4841, 1211-1218,
2003.

[11] Cohen M., et al. Spectral Irradiance Calibration
in the Infrared. X.,Astron. J, Vol. 117, 1864-1889,
1999.

[12] Honda M., et al. The 10 Micron Spectra of Comet
C/2002 V1 (NEAT) and C/2001 RX14 (LINEARAs-
trophys. J, Vol. 601, 577-582, 2004.

[13] Ootsubo T., et al. Grain Properties of Oort cloud
CometsPlanetary and Space Scienceibmitted.

[14] Watanabe J., et dlAU Symp. Abstr. 229, Asteroids,
Comets, Meteorst?7, 2005.

[15] Harker D. E., et al. Grain Properties of Comet
C/1995 O1 (Hale-Bopp)strophys. J.Vol. 580, 579—
597, 2002.

[16] Wooden D. H., et al. Discovery of Crystalline Sili-
cates in Comet C/2001 Q4 (NEATAstrophys. J.Vol.
612, 77-80, 2004.

[17] Harker D. E., et al. Erratum: "Grain Properties
of Comet C/1995 O1 (Hale-Bopp)” (ApJ, 580, 579
[2002]), Astrophys. J.Vol. 615, 1081-1081, 2004.

[18] Gladman B., The Kuiper Belt and the Solar Sys-
tem’s Comet DiskScienceVol. 307, 71-75, 2005.

Proc. ‘Dust in Planetary Systems’, Kauai, Hawaii, USA.
26--30 September 2005 (ESA SP-643, January 2007)

49



