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A’Hearn et al., Science 310, 258 (14 OCTOBER 2005)

Deep Impact: Excavating Comet Tempel 1

M. F. A'Hearn,“‘ M. ). S. Belton,2 W. A. Delamere,3 ). Kissel,4 K. P. Klaasen,” L. A. McFadden,1 K. J. Meech,6

H. ). Melosh,” P. H. Schultz,8 ). M. Sunshine,9 P. C. Thomas,10 ). Veverka,10 D. K. Yeomans,” M. W. Baca,9 I Busko,11
C. J. Crockett,” S. M. Collins,® M. Desnoyer,"® C. A. Eberhardy,® C. M. Ernst,® T. L. Farnham,” L. Feaga, O. Groussin,’
D. Hampton,'2 S. I. Ipatov,’ J.-Y. Li,? D. Lindler,” C. M. Lisse,’'* N. Mastrodemos,” W. M. Owen Jr.,*

J. E. Richardson,””'® D. D. Wellnitz' R. L White™’

Deep Impact collided with comet Tempel 1, excavating a crater controlled by grav-

ity. The comet's outer layer is composed of 1- to 100-micrometer fine particles with
negligible strength (<65 pascals). Local gravitational field and average nucleus Clen‘ :e
density (600 kilograms per cubic meter) are estimated from ejecta fallback. Initial

ejecta were hot (>1000 kelvins). A large increase in organic material occurred during Poges 177-388 $30
and after the event, with smaller changes in carbon dioxide relative to water. On
approach, the spacecraft observed frequent natural outbursts, a mean radius of 3.0 4

0.1 kilometers, smooth and rough terrain, scarps, and impact craters. A thermal map
indicates a surface in equilibrium with sunlight.

Deep Impact = Y Va3 VOEGEB

. Deep
A Impact

HEERE UDT
- BT AR %F DNEEE
* %EWD tl: @E%/E\u
K (?Eﬂ%lﬁ B) & YA~

125

Sctence AYAAAS



Befor Impact
fh After Impact

3-3.5 hrs

atter impact .., |

f—
Q)
X
o
~
>
=
p—
>
y
)
<
Q
O
X
=
(1

10 11 12
Wavelength (u m)

Pre-impact

SUBARg@COMICS -21hr 51min
cccccc

" I+1hr  I+2hrs

.

SUBARUI/! COMICS SUBARU/COMICS

-

Flux Density (Jy/pixel)

ZZZZZZ

~ I+3 hrs

SUBARU/COMICS

»

Befor Impact
28h After Impact

28 hrs

after impact

10 11 12
Wavelength (1 m)

[+26 hrs

SUBARU/COMICS

“T+3.5 hrs

SSSSSSSSSSSSS

+25hr 43min



10/28 10/29 11/03

17P/Holmes

Ecliptic comet

11/07 11/08 11/11

RIRDF I MIN—X b -
(2007/1 O/Z4UT) '
XIAMTIADBDEWNWIN e

-HEV#b AR .

& ~ . 8
B comet for Windows — [XESS5711] @@@ 117 ' 11/18 o 11/20
HES FTW P20 UMW AIH . S :

17P/Holmes

11/21

11/22
-
12/01 . 12/02

11/25

) 2008 2008 2007 2007 2007 2007 2008 2008 2[]09
/1 10/1 1/1 41 71 10/1 111 4/1 7/1

Comet Holmes (1TP)  2007/11/17-11/26 25cm F6 Newtonian + Nikon DBO 60sX10 Photo by Masaaki Hyakkai



17P/Holmes

Ecliptic comet

2007/10/26 UT

IN—ZA K& 2H

r=2.45 AU, Tee=177K
delta=1.62 AU

2007/10/26 11:12 UT
26UTdata

(| e 17P_ nucleus _3pix [Jy]
50 17P_ejecta. 'IOplx [Jy] |~ Obs/BB Ejecta10pix | ——Hale-Bopp at 1.7 AU
I : Flux/Continuum spectra 26UTdata
35 N —rT T T T T Ty 2.8
.||1|1|| I!|u |||||||\ loa
= ° ll ‘ 'l ki \"' llll - >
2, | ||‘ " "iil!|:| o
|| l|| '
25 [ ’|| “ ”"HW HH i H 15 10%0
] ©
‘||||” I &
2 l| -
l.[:l ‘h‘ 416 ~l
: : : | il , x>
: : : ] e i |'~'~;”. l (-
5 P - ATy | i
LA kil g 1-2
8 g 10 11 ¢ 12 13 P all
Wavelength [um] 8 o 10 1 12

Wavelength [um]




714 2VEE C/2012 S1 (ISON)
Oort comet

http://hubblesite.org/newscenter/archive/releases/2013/42/
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Cometary COz and CO

* The most abundant species in
cometary ices after H20.

* While CO can be accessed in radio
and near-IR domains from the ground-
based observatories,
CO2 cannot be observed due to the
severe absorption by the telluric
atmosphere.

X To detect cometary CO, directly,
observations from space

are needed !

(Mumma+Charnley, ARAA, 2011)



Comets
- primordial icy materials and refractory dust grains

cometary ices (H20, COz, CO... )

- the oxidation environment in the early solar nebula

- link with interstellar ices
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CO:z is the main driving
force of comet
activities!!

A

67P/CG by Rosetta (ESA)




AKARI

* Japanese infrared satellite
* launched on Feb 22, 2006 (JST)
* two focal-plane instruments

- Far-Infrared Survevyor (FIS)
- Infrared Camera (IRC)

* all-sky observations until
August 2007 ( > 1 year)

* imaging + spectroscopy

i Smll?sal structures
| AKARI all-sky maps

Wavelength (ym)



SCAN
DIRECTION

Prism & Grism
| 1
|

Wide-band Photometry

Wavelength (#m)




’ >
Sasapt

C;/ Lulin

118P/S-L 4
144P/Kushida
144P/Kushida
157P/Tritton
157P/Tritton

. »

C/2006 OF2 (Broughton)
C/2006 OF2 (Broughton)
C/2006 Q1 (McNaught

<>

~ 100,000 km g

»

Sep 8.8 2009
Apr 18.5 2009
Apr 18.6 2009

Dec 30.1 2009 C/Christense
Dec 30.3 2009 : ‘

Sep 16.7 2008 2.43
Mar 28.1 3.20
Jun 3.6 2008 2.78

rr———

~ 250,000 km

2.21
3.04
2.59



(1) (2) (3) (4) (5) (6) (7) (8)
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" CO2/H20 = 11%—24% (Xmedian= 17%)
for AKARI comet samples '

Abundance Medians and Lower and Upper Quartile Values of
Ices with Respect to Water ice (Oberget al. 2011)

Ice Feature LLow Mass
H»O 100

CO 385, (29)

¥  Comefs < low-mass protostars |
Comets ~ high mass protostars

Cometary ices were altered in the early solar nebula ?




116P =~ C/20060F2
118P C/2006Q1
4 F144p C/2006W3
157P C/2007G1
19P C/2007N3
22pP C/2007Q3 _
3.5 64p C/2008Q3 — -

N
o

no

CO / CO2 Ratio

—
&)

oy

05

insufficient CO2 §
sublimation ?

(Oberg et al. 2011)
protostellar samples

y— -

1 1.5 2 2.5 3
(Ootsubo et al. 2012) Heliocentric distance [AU]




AKARI/IRCICK 2 EET18XKEDEIRNIR (2.5-5 um) &8l
AKARI/IRC (& H20, CO2, CO ZRIKFICERIU /=
NETCTRRAOEE CO28H7—FRX—2X

CO2
I18EED>5E 17 KIETH&E (29P/SW1 at 6 AU LAY
CO2/H20 (& < 4--30 % DIETIESD2WTW3S
RAH - SAFTHELGEEFIRShTWRW (Y ZILATED)
CO
EHIEbIhic 3 EE (29P, C/2006 W3, C/2008 Q3)
CO/H20 Lbix ié:/ué:_I:BEﬂEO)cB 5nNTWs

~0

BEICRITS COz/—IzO CO/CO2
-CO2: BEE=EABDKLD H depleted
ﬁ‘zéﬁ/)ﬁlﬁ = C @*RE’J% N (BEXDERZPTZRIE?)
- CO/COz <1 - RBKGRE i@ﬂ.’.ﬂ@i)\’?




( Morbidelli & Levison 2003 )
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EREREOHIGE : IKE

o INEREHS X NIV K(Low et al. 1984, Sykes et al. 1988)
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No data S JW trailing
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Beagle family origin ? (<15 Myr ago) . | P
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/1. observed with AKARI

18 & 90 pum-band

Leading direction Ootsubo et al. 2015

Pyo et al. 2010
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® clear detectionof +1.4° and £10° dust bands in far-IR

* trailing direction <10% brighterthan leading direction



Dust bands observed with IR
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AKARI L18W-band
(18pm)

3L paIaig

Ecliptic latitude [deg]
s/ArN] ssowys

1

Pyo et al. 2009

50 200 250 300 30 400 . 450 . )
JD relative to Apr. 1, 2006 00:00 UTC ~ Leading direction

¢ R A : Wl 13 g i
100 150 200 50 300 350 00 ... 450 .. .
JD relative to Apr. 1, 2006 00:00 UTC  Trailing direction



AKARI dust band profile
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. A 5-Gaussian fit to the latitude profiles

(circumsolar ring + dust band pair x 2)
. 1ntensity, latitude, and widths
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pcak latltudc of dust-band midplane
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--¥--outer-band midplane - leading |
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AKARI/FIS (90 um)
R=(tan(A ¢ /2)+1)1/2 +1.4": 1.86 AU
+10°: 2.16 AU
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iImage enhanced (filtered) AKARI map
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Image enhanced (filtered)
latitude profiles
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AKARI/IRC mid-IR ZE spectra

Ecliptic latitude BB temperature  optical depth  feature strength

(degree) T (K) 10777 Ag)
-1.0 2749+ 14 1.14 £ 0.04 158 +04
10.0 2754 +£1.2 1.07 £ 0.03 149 £ 0.3
50.0 o 287.3+19 0.43 +0.02 18.2 +£0.3
70.0 286.4 + 1.7 0.36 +£ 0.01 18.0£0.2
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AKARI/IRC mid-IR ZE spectra

Ecliptic latitude BB temperature  optical depth  feature strength
(degree) T (K) 10777 Ag)

-1.0 2749+ 14 1.14 + 0.04 158 +04
10.0 2754 +£1.2 1.07 £ 0.03 149 +£0.3
50.0 o 287.3+19 0.43 £0.02 182 +0.3
70.0 286.4 + 1.7 0.36 + 0.01 18.0 £0.2

* +|.4° band - Beagle family (C-type?) (<10 Myr ago)
* +2.1° band - Karin cluster (S-type?) (5.8 Myr ago)

+IOo band Verltas famlly (C-type’) (8 3 Myr ago)
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Reflectance
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Spitzer/IRS (8-13 um) --- feature < 5%
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Emissivity
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