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DEFFEODDNRTAX—=NHDH, ZILHEDD/NT AKX —|ZONWT, BENRFEAOT 2, Y
REBTRIAZ =P —=F 2170, b K<BHIT 2 Z2H/BLT 537 A2 —DilAGbE L,
FOBEOHA " FOEHERDT-, FORE., 1HEELT-VOIA “FOMN 2522 51T L.
TV EBHE ORI RE R AL R HHA R MISA RV M E -T2, Thbb, &
D254y MZOWTIE, FFMEDW LLT, BhH~A 70 by JHRIZ L DL
TSN NEEBZHBELTE Ll LD, B~ A 7L ABGTHAZRAL AR
FD1DIZHONWT, VI 7% R L TELS, HBRAZZIOM 41X, BEDAFRFZTH Y BALIA, #ft
IERDOENETH D, ROVEBREEOBIT —Z ThH Y | MEAOHN S > & HBIHIZ BB
LHEI~A 7 v LU RBBIZ KD NRELEBOHERET L Th D,
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<] 4

Hiflie B )~A 7 v Lo XBGIC LD HELEBOBRET L CHoICBRRERZHRTE T
WWEEDND A R MZONTIE, RAERBEOFEIC L DT/~ —0ELEZ DT
b, b= T N—TR, MOT Fu—T v T I N—TOBBPER L OB 2T 7, R
RSB, Al Hiffile~vA 7 a Ly RBIRTH ELFHTERD ARV FETIZOWT, 7
IV —DOFEIIREENTE LT, £z, Bl SN NELE) L BT T L E O XL OMM N
RAKEFEDT /)~ ) —IZxET 2D LITHRR>TND, E- T, IR E 20 A ZROMHE
I, A EbINBEDA Ry MZOWTIE, DIA O 1 7T AnHHEE S5 BLINREZE D /N
TSN TWAZERN—DDFEREEZLND,

PLEDENG, YRR 2 AT B~ A 70 L RBEO 7 a0 —7 » FlTONTIE.

cH)A L RBEO T ru—T v TKHIEEZ 5 LN TE T
s RS T N—TRREALT-E ) ~A 70 L RBREEREICHMURCAETHLRETE -
CRANVKEICERT S, EAvA 7 0L RBRIIHBRETE R o7

EWVSTERERNDEONTZ &IT D, FRERDDL, R EMICET T RIINKEORBICIZIESL 72
Mo, MLRLRICBITDERE, Nv 7 7700 R EOBRE, ~V Y ORI AT RERER %
ZRAIUE, T LT LB A XY h O DN b B Y | kL CEBRRER T
HDHLITEZR, LA, HRENTOMERN 7+ —7 v 78I AT LI &, ~1 7
0L RBBRAKOY S I ERREICE 22 LT MRS - FRAREESE - ADLER O 60,
RINEKBREE~DRT vy VR T EIZORB o EF 25,

LhA, A7 L RBIRBAERO Y 7T AOBREIZOWTH 2L MENENDIT TR,
LRI BTHEONTET —Z T TIToET V7 4> FOFRERIZ, 4T LE, —1 71—
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TEORTHRER L T 5D ClEw, BRI AL Db APDEREENER S Z ENZED
—BEEZONDLN., EBRIZEITHLINE I NIE R LT CHENDADVLER D H EEZTE
D, SHOBEDO—DOThH D,

Flo. DDA R P OMEEN DR L b BRbORTREMEZ BT 2557 < LT, 21D
BWBHNC RN B0, & 2 CTAHFEEOBL, i, TIZIIBIFROET VT 1 v FORER
ZHEIZLT, WEEDBEO 7 a0 —7 v 7B T 5 BLE L FIR L,

c AR FDE A DA —AZONTIE4 O HIERELLTFOL O THIUTHRHFATRETH 5,

F72. 40 HU LD GO T b LRI 2 BL 2N H TR ATRETH 2,

AR NOBDLSIZONTIEVERT L 5 HRREL LD O THIVUIHMHATRETH 5,
Fo, 15FHEMND 1 6EREED LD THHATH, Ny I T T 00 KRRV —A VI NEL
BEOIER

RFV R FRETH D,

InbEYL LT #olxfrEx, RAXREORRBEZAB L CEN~A 70 LV RBEEDO T 11—
7y TBMEIT) TETH S,

A7
N T
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B) KBt NAGIFR IR & Ao JF B IR A, KI5 Ofiis - dEL ORI
SHARFZER T, BE. AR R (RA)

WL

KGRI T 5 R ERE ThH -7 SRR ) OB TH 2 EROBIIZ F i,
KIGREHEMEZRD Z L2 HrE UTBIIIRIFEZHEE L T D, K2, 29 LEEWEOHIC
ORI & B L AN S ICE TN TWA Z 2SN T 5, 1. 3 mEEE i
ENDHETOFR2 0FE, Fik 2 1EEIZHONTIL, FRICREFEATH-7-0%28 cmd
Lim i a AW E R O RHDERS O AT O LRIRRC, [ENLKSCHE 31 5 BimBiOooRoM e 2
R EIER LB AT > CT& e, Wk 2 2FENHIE 1. 3mPEEBEAFEMN L TWD, £
RELTIE HEKFOFES FHEKEORERS X OEKFE KB X OR A E L BE
KEEDOWE, FIREEAKART ICED2EEKTOCO N FIFEEORERENDH H, £
A2 2FEEIZIE, NASAMNMT-ZEPOX T HELEEGHE 2 H L5 B3 28 EhE L.
BEL =7y b ERoTHEOERSER S NICT 5 Z SIS Lie FRCEN RO %
ZWDOZ L), Tofth, Wbzt b LTE L OERDOTRIMREE ST —_A 24T, B
(ZHGE A SO R B IRELE IR O RYENR ST > TE T,

20101 0AICIETAYAINASADE L-HEEAFBEE POX LT L, HEAEK
INEER RS HHAL U BT THILRSCE 2B b RN A L T\ 5, ER AR IEH
L CWRMN S T2 A IS K28 G . BERICEENTWORTET VUV DR %536
FINZHA B NCT 2 Z ST Lic, [AERITREOBIIN Ol % OKERERER S 13825
R ZFFO Z E PR SN TE 7R, ARIOBEARE L EEimE & ORIFFEHINIC LY | T
DD ARIMRIZUNZ 2 E THIRIA, 23D, ZE A7 —VIZ B IRNWE A I 7 L DB T 58]
PR L, EREEOENRB LOEHEKICE TN 2SS TOERICET 5% OFE#REED
CINTE T, VEEK LM LB E DT R L —2 a L oIhEl L LT, KERCEESH SR
ST, o, MILRICE TO RSB Z, ~NVABOT v 7 LimEgil b/l
[T AR B oy BN Bk LTz, 29 LIS BRI 70 U £ — ML Z . A
kD T2 B FRFEMT 5 2 & T, REMICEREOEKICEAT 2HMNEE Y 5ob
Do
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WILFE BB DA R R —

1 [ZL®HIZ

1. 1EROME

HET, KRN ZEST 5/ RIEO—FETH Y, IEEDO LS ITHEHER TIER N E V) AR
RS CTh D, BERORMBITEZ & MITI, K & EHERMEDOE BRI Fr bR TS EEZ BT
WD, oK GEREME) BROIE. £ 80% 3K THE D 28 TEMLIRFRL MRILIRTE, TUE=T R ETH
Do TUHKITMATIRID L 972 # A b (HHEFEMERSY) SR> Tnd 7z TGS E)
EEDLN TS (Whipple 1950), EEBEBKEBIZKBHIESL< & KD 55 T IR D MRS &1%
WL, EEEEROREN EAT5, ZORE ERICL > T, HEEREOIREIOKOFHR
FICET L&, BHEKPFOGFIZTAL LTHET D, ZOHADRNIL > T, HEZTORE
LIRE RIS, BEEZOFBICH A LBENLRD, a~ EHENIEFICKE < Al KR %
ED, HADaA~HIIFET D0 F1E. KGO L > THEEL T, REIT/NS ey 0m 1
BT D, ZNDHDT AT, TNENDRD IR O R CEBK A L TW\WD, "
F BRI BRI CIE, O FIERE a0 . TR 2Tt 5 ThoTng (8
L) . Fio, BEIEATHDERRE RICIIREE & SO LTk o T 0 . —J7 THRAMRAEI CILE
HE& OBMERIZ L > TREL TN D,

Flo, TAO—EIEKGERIIZ L > TEH L, COMRERINIA AT RPEFNORDLTT
A=, REMOWSGIZHET OO TRREBAM~EHOLE (F7AvDR, HDHWEA
FUDREMS) ZRES (K112, —FH. BlX, KBNS OBSEICL YD TR E K
BB RDHX A NOREEKRT D, A 4 DRIZA A AMENTZHTATHRINLTEY, 4
FUMBDORHIZEL > TH-TND, £, XA NORIX, AITDERE R CTlE, BN L2
KIGHAZ L > THNTWDS (2078, IZIERBART ITEWEERT),

X 1.1 : FEOHEE & BB OLFR
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1. 2 KBROFEAE & EHEORJR

HET, K 46 BENNIFEAE KGR TER SN EZE X LN TWD, STRNICIE, &
HED=T () PWKICEENTWNRBE G ADOH (5FE) BEE. FET D, 7
TEITEENRE—TIERNW D, BENCE > TEEOREWEINC D T0EE V5 1Ea 7 L
NHEENTE D, B TEaT T, BEACI> T L LS LT 21EAE, TAETRET D
ERMNIZIFERR LTS, L L, HFEaT70ENCE ST, AV OTARENS HITHFE
ATIZHEEDLD, MEACHGTEITNOTABENRKE /8D L0 CTEIIT K2 UUHEER
ALK DRFE I % LY | BT 2 B 2 e 2 5 (BEAFEERE) ., Zhiz k- T,
STETORLEIC TFHRE] CFEEND &R - SBEEO N ARDBHAT 5, JFibRE~LE
DA DI ACEED MR LitT D, AR A~EE LT 2B, 91 METhH-ThH)
AEHEZA L TNDHEBE2NTEY, FL~EESUIIONTHREENRKE b ([BHEEN
WL AeD), BE LT 2WEORERIC L D00, [EROMRE T (FEEH 5 9 0 & & 72
L) SRR E L D0, [BliGd B2 RS L T< 2WEITITEOSIDME DR, Z D7D,
s A5 L C< 2WEIX, EHOREBCHLMIM»> THBE T 5, —J7, REm Ex
Uz o TEB T 52BN TIE, mOAEEBARHV G IMETIEE>TLEY, BE
WEIC X DA T 5 (RAARERME) . MBS S LI, FIEE O B s
o CHRBG I T AREE T, ZOTAZBGFiRE VNI, EINofe A D= ALTHT
AR EHTONI LS DD TWRNA AR E T 2 & TRIEE + s E R MO
RO D AETEN DI, FUAKERMETROMEIL, RGRE~ETICEET L LEZX LT
% (X 1.28M),

SRWEREE DI E D & HRE R AR R RMNB O E 2D, ZoR#IC, MO
FULHEIZIZES LT 2, 2 LT, TOEPEMRERM L TEAI kn © IERE] LIRS/
KIEDBTEREND EBZEZ BN TWD, I OICMERERLENERELAAKRT L2 L TRES R, H
E2~3 T km D [JFUAEKE] N TE TN (T D DFUAEKE N TIZHEZEEE L CTREIICERE
MIEELTZEZEZ BN TND) 2, T2 THBREICRY IAEN TR TWEREN, R LR
STAReER & 5 (X 1.3 ),

I THEO MR, RESTEREOERRKEIIHEEB LR, ZOWuEIC L > TH
WZEEA R T 256 b oL, BELEN TR B 2HuE~ 2T 256005, HKE LK
BEOHMAEERIZL > T, MEEONFNZ R —NIEILR o256, £ OMBKEIL KR
WIRITEND Z L2 D, NPT XLF—=RAIT > TOIUEL, KIBRAICE EE 525, 01
EVMEDB AT, KDL mFETRIZESND Z LIk b, BE, BlllSnsERT,
HANN—= L P B IO =/ FELMETINDHEEN OG- TLKH LA Z L (M 1.428), &
A= ~UL MIKEG 5K 3 0AU BN - R OfEIKTH Y . A—L FEIT KBNS 15 AU~
107 AU BENTZERERROFEICH D, 2N O OFEICH HEEIT, FAERIZIED - LNl
I H S T2b DN, IR L e REEOBETHELC L > TR RIX SN 7%, BIIEDOTHE
WICHEDLBE N DO LEEZ LN TWD, R D T2 e IS 2V TORFSE Morbidelli 2005)
WZEE, A R—UV M HERIT, REESOWMEEMICCTEMEENZEALETH
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b, Flo, ANV PFEIFEL WL EHEMKIZ, KE~EECTEEMEEND LIZRh>TW
LEand (—H, DA NX—YL MW E b ERE R COXKEITWELZ T, A—/V  NE
~MEREINAZEEH D), A N—UL A —L NE LW o T FEIRITIREE D FEF IR 72D

KOFAFEALFESOSITIF E A LR Z 5T, MEREN TE ZHONRKEE %%ﬁbf“ék%z%ﬂé
BIEDFIAEE L 2 OIS TEMEEN N D OFERICFEL TS LB 26N TEY, &
—/)V NENOERZZ DWW TR RN Ok~ 723 DRI & 720 | ET72 A 73—~ L RO
HEMBICOWTIIREKEOENNZEBIZL Y, KOs TL 28~ L7z
ZHND, KO EFTR CEXMWMKEIIT A LEEZKH L Ca~vi/Ey, HBEELFIND
L0127 (HEOERIT HEEROKERAKRE] THD), ZOEREZKEOII TEIRIT
X, BEEEPICEENR T FREDOMIIZONTHDENTE, KGRI RFOBRE 2 A
LERPVICRDEZZ BN TS,

1.2 3 FE T BFUGE + FAG R R TR DL
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gy
A A— L

1.3« JARRR R PR N T ORI AL & 1l

1.4 HAIR—r YL R & F—)L hE

1. 3HEEALZAEREEE B HOERICHOWT (AHE )
HEZBHIL, TOTAERFEEZRD DL, 2 O FHENSZAITOILTE-, &bl
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< PBATON T E LB RBOBLIRITIEZ, a=HIZ N X C,. NHy, H0 (EBRIZIX[0I]) 72 &
DOFHES TR SN TE T, 20 OMERIZENPE> TWD Z ERMLNTWS, |k
DIATHFRIZ BN T, AR O CBI OR RN S . HEREOMBE 22 L TO D530
<O0ndb b,

Fink & Hicks (1996) TlZ 39 fHOEEIZDW T, H,0 IZkT 2 H AAERRLENRD LTV 5D,
FIZ Fink (2009) Ti, 1995 FIZEEINTZHDICHEIC 11 HOEEZED TS, o,
Langland-Shuta & Smith (2011) TiE, 26 HDOEHZEIZOWT, HAEMRELERDTND, 2D
H. Fink (2009) Tix, H0 IZXT D2AEBELBLE TS L ORI L EZHEFICHELTWD, £
DOFERIT, £1.3DEBY THD,

LovL, 2230 0zt MBI AaEE LI GTE D, N & CBMBEICRZ LcE
B2 DO o7, 1-21F Yanaka (19881) # 2 T, & 9 —-Di% 96P/Machholz A Th %, Yanaka
(1988r )EHE D AT hv b HO0 & OERFEkIE Fink (1992) IZ TRk 54T 5, Yanaka
(1988r )EE DAY MLVFEK 1.5 OEAHFO LD THY . ApRIIEFE 1.1 IR LE, K15
D—F LOAT NVTHAI2EE TH D 1P/Halley OHLDOTHD, ZD 2 DEEHRDH L,
Yanaka (1988r) H&2 % C, OBMABHE S CTHE BT, NHy, OFEFIEN Y B2 TWD, Fio,
96P/Machholz & |25V Tlx Langland-Shuta & Smith (2011) THNBH SN TEY . TADA
R KD STV D, 96P/Machholz EHRE D AT FLK & H ADERRIZTENAFNK 1.6 &3
1.2 ThD, X1.6DLEIZHD AT FLE 8P/Tuttle DH DT, FIZdH DDA 96P/Machholz D
2T MV Th D, K 1.6 /5L, 96P/Machholz #HE & NH, DR LR 2 TWWRWZ &b
"o,

TID 200ER T, ALFEMEIE R 2 LD KB RIMTEIRZ FF oD TIE RV EE 2
BNTWD, 2F 0, MO TETIEMRSNI/IRIED, BEIOBRTKRERICEHIAALTER
RSO TR VN E VIR TH D, 7208, FRE AR Z R OERIIIETIZ2 D
LRI THRY, Lave, AHDGREBOIR B GBS L O RRDEBII T
TeDHTHD, EDID, KYITKEGRINDDRIZONE S W 2 R ERIREIUZ R T T
Do

ZIZ T, ROBEETEEOMLNHRETH D EboiuE, TOV U TAHEEST ZENT
T SO RIS COBRIRCH RIS K 2 HERBIN AR 4 2 L 3R D, IR BT R
X, RO OHTE By T2 20 RN TE, HETHEITIE, TICHELWEREOHEE
Db, ZohiE, BAoHEOERFENE ZRO»EHALNTE LA HEEEZRED D Z LM
ks, £, 29 LR R LAt 2 R B2 RN KGR ER CH D L 59 2 & Nbholz &
Lieh, BERIZEENDKOMBIIKERZRIELFFOL NI ZEEZEHR L TW5D, FERMLT
Mk E b OBEEOFEREEZW LT 5 2 L1d, JFEARE R AT CobFELE2 8D 9 2T
DERNPVITRDEBZBILD,
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A ! !
1686 Jan 10.08 P/Hakey i
S0~ r=0.87 A=0.37
E
& ave-1C, or'p H
5 1989 Jan 15,56 Yanaka (1988r)
iy r=083 A=087
= 1.3"—
=
3
£ lozorono o0 090 080 070 05,0 050 NHz
fq o 1989 Jan 15.52 Yanaka (198%)
0.20 F=211 Ae=188 J
t
|_ 1 OEA_
0 5500 .00 6,600 7:000 7,500
_ Wavelength (&)
1
1.5: Yanaka(1988r )EHE D AT L (i)
1.6: 96P/Machholz #EE D AT k)L ()
% 1.1: Yanaka (1988r) #H& & $RIH)72 1P/ Halley EE DA RLRE (%]
Q(CN) /Q (H,0) Q(C,) /Q (H,0) Q (NH,) /Q (H,0)
Yanaka (1988r) <0.01 <0. 004 0.072
1P/ Halley 0.23 0. 37 0.14
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% 1.2 96P/Machholz & & 8P/Tuttle BEEE D H A DARCR [{#/s]

CN C, Cy NH NH, OH

96P/Machholz | 9.0 X 10* [ 4.8 X 10* | 6.0 X 10* | 8.0 X 10* | 5.0 X 10*

8P/Tuttle 7.0 X 10® [ 1.7 X 10" [ 1.4 X 10® | 5.0 X 10* | 6.3 X 10* | 1.2 X 10%#

# 1.3: Fink (2009) TOH A ERERIC X 5 454

CN C, NH, C,/CN
Typical CN, C, and NH, composition(35 objects)
Average 0. 158 0.235 0.202 0. 163
Max 0. 342 0. 381 0. 436 0.333
Min 0. 081 0.124 0.010 0. 066

Tempel 1 type (low C, but normal NH,) (11 objects)

Average 0. 188 0. 069 0.224 0.039
Max 0.282 0. 094 0.324 0.064
Min 0.114 0.023 0.175 0.016

Giacobini - Zinner type (low C, but low NH,) (3 object)

21P /Giacobini - Zinner 0. 166 0.073 0. 038 0. 044
73P /Schwass - Wach 3 0.221 0. 051 0.075 0.023
43P /Wolf - Harrington 0.314 0.132 0. 051 0.042

2 Bl

2.1 s - BHEEEIZ O T

Ala], EEORSESEEINITMIL R B ICH D 0% 13 K REiES Gk %
Awniz (2.1, K21, FARZEESII R PEERFALF v o N APNICHRE ST IL R SCE
WIZH D LiEBETH Y, 2008 4F 12 HIT5EK LT, RIMVKEOBERE, KRN REERERIKD
BNZ ERBRXSRE LTS, BERITV v TF—2 LF T URA BRI 7L U ERR 1D,
FAIREEN2OTHY, HIFELYVEZ DL L TEAEZEETE S, BE, 17 LUK
JRUZ LIPS (BRARY RVt e E) . A I AERITIEZNE AL, LOSA F/2 &R O#EIR
ROV TND,

ZDOF A I ABIZENT AR By e gs LOSA/F2 (Low—resolution Optical Spectrograph
for Araki—telescope with F/2) Z W CEROHN ZIT-7- (F 2.2, 2.2), LOSA/F2 1%, #
BBNEIT) 2 HNO—2 & LEEEETH L, BERZBIT IR, a~IZER o7 iEz L
TWHDOT, BBIALS, EWVWAY v hEHWDLZ ENREE LY, ZO72H, LOSAF/2 (X F fEA 2
EWVIIEFITHD VN FEREEA L TV D,
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* 2.1 FAREEHFIOAAR

(B 1. 3m
FEREERE | 13000mm

FiE F/10

R UyF—27LFT7 K

e LA X
F R I AL X2

7

[EEASEN

=

=%
%?—JF
®

-LOSA/F2 (F 2 2 2 ,5)
‘LIPS (&7 L HEE)
-WINERED (2012 4F-45%) T &)

3% 2.2: LOSA F/2 OH-EE

B AT FAE F/2
B =k 390~ 700nm
W& fRRE R~500@600nm

2y hAX | EE:120m(3. 247 )
g : 0. 12mm (27 )

R 2 Apogee Alta U47




2.2: LOSA F/2 &3ytes

2. 2 BHKRIZONT
AT ICARAT U 72 i & BLREE 2 Tl 2010 450 BB Z BAA L, &Nz 7 RIR & B
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L7z (9B 1 KIKIE 103P/Hartley 2EHR THY | HEREI v a2 —F v FThoTo), £
NENOERITEERGOT =205, TDON, HLHERE, HUGIEBESE S, BE O S KK
FIE & B S L2 b O ZMRNT L, BERHEGE SN ER NG AR Z R 72, HOHERE
WENEBREENS DI ADAIENEZ )03 < o FOEHRIBI S 07V, UG ERRED
W EHIERD BT WETICER R S 50T, BEBBHI LTV, RO LN ISV & (28
Wb DEHANDLDIE, KRUIZEDEEDOEWTORINZ#ET 5720 ThbH, L, KE
MIEZ T 272D OIEER O DIenTod BEROGEEN R G ESWVITCEHI L TWaWnWgEa b H
Do FEER, HEAAONT-ERE T, BIHIL7Z 7 2OEEEDONS RIKTHo7-, RN I
HEOBMA ., BOHESE, HOERECOW TR 2.31C5E T, £o, BILZBEoHE LR
DT <A (airmass) 1IFK 2.4 1R L7,

2.3 BTk

HEIIKGARNZER L CTRBY, —RNREEMEE CIIELBREATER,, HEOH)X
IZEDbE T, BEELHHTILERSH S, 22T, BEGEHIET6RIC, FERBREEZ{T-
oo &= OB H L 72 R & O IX NASA @ HORIZONS Web - Interface
(http://ssd. jpl. nasa. gov/horizons. cgi) MHRO=H D% Hiu -,

HEDARYT MDBEGTOEMREZRODBICHET H201F, HEa OB E LN HE
WMDT7 7 v I AThD, ZOT77 v 7 AIEREEEZHNZT7 7 v 7 AIEEITH Z L THLHZ L
MWTED, LrL, 2077y 7 AFKKORE L @EICHEIRCT VN, LoT, HHERELH
W7 Ty 7 ARIEE KD I IEMICATY ZENEBETH D, EMER 77 v 7 AREEITH T
X, BRELFAUSE CESICHOEER L BUAIRF ST WRICIR D LVERH D, L, #E
IKERDZIZITEERER S 501 Tldle\v, £ T, BIHRHICER OB & & Bete @ CHEHER
ERDENDI T E, —BROBICEY IR LTz, BlZIX, BEEORED 50° ORIH- 7272 b,
EEER TN 60° & 40° OFTIZH L2 b OB L7z, Z OBl Z 1 ORI HEER Y K LT,
ZOXIHRASTARETOREERLE ST, FOFBETENLS LVORKRHLOER LT
BOLRE R Z o 7=, Zha AW, BlllSN-ER2OEEICH Lot EEZ RO T, 77 v
7 ZBIEEAT > TN D,

#2.3: BALEZER (BHRABHSNTZLODOHR)

AR A L L 7B A A A ERTINEL O R
[AU] [AU]
103P/Hartley 2 2010/11/04 | 1. 064 0.157
€/2009 K5 (McNaught) 2011/04/25 | 1.424 1. 287
€/2009 P1 (Garradd) 2011/10/28 | 1.731 1. 985
€/2010 G2 (Hill) 2011/11/03 | 2. 119 1.371
€/2011 C1 (McNaught) 2011/04/04 | 0.916 0.973
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#£2.4: BEBIOERERD airmass (22T

HERR A B L - R H#E D airmass FEHER D airmass
103P/Hartley 2 1. 388
1. 166
C/2009 K5 (McNaught) 1. 3906 HR7596 1. 286
1. 2318 1. 3243
HR7950 1. 7411
HR8634 1. 996
HR5501 2. 0582
C/2009 P1 (Garradd) 1. 60792 HR8634 1. 131
1. 86682 1.113
HR718 2. 445
3. 029
C/2010 G2 (Hill) 1. 01558 HR718 1.438
1. 04632 2. 454
HR1544 1. 119
1. 253
HR3454 1. 326
1. 935
HR1996 2.618
C/2011 C1 (McNaught) 2.947 HR7596 1. 459
2.2152 HR8634 3. 170
HR7950 2. 208

3. 7T— 2Pt

3. 18T —%0 1 koo

HEZBMLZBECG NG T =X, 2ReT7T—F Thd, ZD2WLT —H %, IRAF & [
WT 1 RIAEL TARY ML asReD %, IRAF 1E Image Reduction and Analysis Facility OBKFR
T, RIKEBIENT 21T Y 7 hU =7 Th b, (http://iraf.noao. edu/)

HEDO 1 W b DOBRICHE L 22> T 201%, RIKEEOELOHIE L | BOGHIHRZ F 728k
ERMIETH D, EMEIZOWTIE, Bifilcii <7z Th 5,

RIKEHG DR L%, BUREEE OB CHG A HEL IR > TLEI Z L& THSH (M 5),
BATRB S T2 RIF2 DT 3. 1), B L7ZEBNOERDN D DRTITIRA > TS, IRAF DML
HCIX, Bz Az R LabE ok, RUERKLMELADELARY, LoT, HA
DEITHIBIEN > TVDHE | EIRDERLADETLEI D LV, 22T, Z0OE
HEMIET 2 MED & D, MIEICHN D DU, fEHMITITEERIEIZHWS a3 Y i 4
MEH TNZIZR A ER RS TARERBEGR TH D, ZbDEB TEALZAMIEL T, RIKEBZIZ
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Wt S CTELZMIE LT,
ZOEREMIE LT RIKEBEZ, 1 Roefb LT,

X 3. 1: HEEBRICEATZHEE

X 3.2: EHE DM

X 3.3: EAEMIE L= OHEE

3. 2 KBt D%

1 WIAbBOEHRE DAY Muidid, EENPO T AOGUSMIEREF A ML > TR S
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1. Introduction

Comet 103P/Hartley 2 (hear after, Hartley 2) is a short period Jupiter—family comets
with an orbital period of 6.5 years. This comet was a target of EPOXI mission (NASA),
in which the comet was observed 7n situ from the Deep Impact spacecraft on UT 2010 November
4 (A’ Hearn et al. 2011). To compliment data from the EPOXI flyby, many observations from
the ground-based and space observatories were conducted in various wavelength regimes
before and after the EZPOXI flyby (Meech et al. 2011).

Here we report the low—dispersion optical spectroscopic observations of comet Hartley
2 on UT 2010 November 4, just a few hours after the closest encounter (at 13:59 UT) of
the spacecraft to the nucleus of comet Hartley 2. The observations were conducted with
the LOSA/F2 spectrograph mounted on the 1.3m Araki telescopeat Koyama Astronomical
Observatory (in Kyoto Sangyo University, Kyoto, Japan) as a part of the ground-based support
for the EPOXI mission. As disucussed below, there are no other reports about the optical
spectroscopic observations on the date of the EPOXI flyby.

Lara et al. (2011) reported their spectroscopic observations of comet Hartley 2 near
perihelion (on UT 2010 Oct 27 and 29) using by the William Herschel Telescope (WHT) at
La Palma Observatory. They reported that a production rate ratio Q(C,)/Q(CN) 1.3, a typical
comet in terms of long—chain hydrocarbon abundance (A’ Hearn et al. 1995). They also reported
that the gas—to—dust mass ratio of Hartley 2 is ~3-6, including that the comet is gas—rich
(A’ Hearn et al. 1995). Spectro—photometric observations of cometary radicals observed in
the optical wavelength region are also reported by Lara et al. (2011). Furthermore, Knight
& Schleicher (2012) reported their long—term monitoring of the spectro—photometric
observations of the comet Hartley 2 during its 2010 apparition. However, spectroscopic
observations are more favored for removal of the dust—continuum in order to more accurately
to derive the gas production rates than the spectro—photometric (imaging or photomultiplier
tube) observations, in which each molecular species and dust continuum were generally

observed at different times.

2. Observations

Spectroscopic observations of comet Hartley 2 were conducted with the LOSA/F2
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spectrograph mounted on the Araki telescope (D=1.3m, F/10) at Koyama Astronomical
Observatory (in Kyoto Sangyo University, Kyoto, Japan). This spectrograph was developed
at Koyama Astronomical Observatory in order to provide ground-based data that compliment
the EPOXI flyby data. The instrument can cover the optical wavelength region from 3800
to 7600 & with A 1710 A for the slit size of 2.9 arcsec by 194 arcsec on the sky (1.03
arcsec/pixel) (Arai et al. 2012). The wavelength coverage was chosen to cover the violet
band of CN (), C,; C, (Swan bands), NH, () and [0I] forbidden emission lines at 6300 and
6364 A, simultaneously. Moreover, the spectral resolution (A A “108) was intended to
extract [0I] emission lines (used as a proxy of the water production) in the NH, (0, 8, 0)
complex around 6300 - 6364&. The detector is the electric—cooled (with the assistance of
chilled water) CCD camera equipped with the back-illuminated CCD chip (EEV CCD47-10; Q.E.
is over 90% for 5000 - 6500 A).

Optical low—dispersion spectroscopic observations of comet Hartley 2 were performed on
UT 2010 November 4 during the EPOXI flyby (the heliocentric and geocentric distances were
1.064 AU and 0. 156 AU, respectively). The sky conditions were photometric. The slit was
placed such that the comet nucleus was centered in the slit and integrated for 300 s in
each frame (three successive frames were taken as a sequence). Although we got a total
of six sequences on the comet, one sequence was not available since a bright star was passing
near the nucleus of comet Hartley 2. Therefore, we used the data taken in five sequences
(4500 s as a total exposure time on source). Although the position angle of the slit was
rotating on the sky during the observations (since the slit is physically fixed with respect
to the telescope without an image de-rotator), the comet was always put on the center of
the slit. We also observed spectrophotometric standard stars for the flux calibration
(HR718, HR1544, and HR3454). Observing conditions are listed in Table 1. The wavelength
calibration was performed using with emission spectra of the Fe—(Ne, Ar) hollow—cathode
lamp specialized for low—dispersion spectroscopic observations in optical (emission lines
from Ne and Ar gases are used as comparisons).

The data taken with the LOSA/F2 spectrograph were reduced using standard IRAF software
routines (distributed from NOAO). Once the wavelength calibration was performed the raw
data were dark—subtracted and flat—fielded for each image, then those images were combined
and rectified for spatial and wavelength axes. One—dimensional spectra are extracted from
those images. We performed flux calibration by comparing the observed spectra of the comet
with those of standard stars. We also determined the monochromatic extinction coefficients
during our observations based on the standard stars’ spectra and we applied them to the
comet spectra for more accurate flux calibration. The reduction process is described in
greater detail in Arai et al. (2012).

Figure 1 shows the wavelength and flux calibrated spectral image of comet Hartley 2 taken

on UT 2010 November 4, perior th subtraction of the sky background (e.g., Hg emissions
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from city lights). The one-dimensional emission spectrum of comet Hartley 2 (inside the
2.9 arcsec x 82 arcsec) is shown in Figure 2. Sky subtraction was performed by using data
from the region of the slit 41 - 62 arcsec off-nucleus. However, this region is not
sufficiently far enough from the nucleus to be free of cometary emission (i.e., the comet
filled the entrance slit), resulting in over—subtraction of the sky. We will correct this
over—subtraction of comet signals when the gas production rates are calculated, as
described in the following section. The reflected sunlight by cometary dust grains in the
coma has also been subtracted in Figure 2. The subtraction was not rigorous due to the
loss of the stellar flux in our slit. Even though efforts were made to correct for this
loss, the absolute flux still carries approximately 30% error.

Please note that the flux determined in our observations is not absolutely so accurate
but nicely accurate and reliable relatively. For example, accuracy of the absolute
flux—calibration depends on the uncertainties of the observed flux for the
spectro—photometric standard stars. Although we corrected the typical flux loss at the
slit for the observations of standard stars (based on the spatial profile of the stars
along the slit), the systematic errors for the flux—calibration are not well known (e. g.,
potential uncertainties originated in the change of transparency of the atmosphere due
to passing clouds or hazes at the sky). Therefore, we would like to concentrate on the
relative mixing ratios of gaseous species in the comet (derived from the reliable relative

flux ratios as shown in the next section).

Figure 1: The 2-dimensional calibrated spectrum of comet Hartley 2 on UT 2010 November

4 (averaged for all exposures).

Table 1: Observational log.

UT Time on | Target name Exposure Remarks

2010 Nov. time [s]

14:26 HR718 2 s x 10 Standard star. (1)
16:01 HR718 2sx5 Standard star.
16:05 HR1544 2sx5b Standard star. (1)
16:31 Comet Hartley 2 300 s x 3
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17:05 Comet Hartley 2 300 s x 3

17:23 HR3454 1 sx7 Standard star.
17:39 HR1544 1 sxb Standard star.
17:43 Comet Hartley 2 300 s x 3

18:17 Comet Hartley 2 300 s x 3

18:37 HR3454 1 sxb Standard star.
18:52 HR1544 1 sxb5b Standard star.
18:54 Comet Hartley 2 300 s x 3

19:34 Comet Hartley 2 300 s x 3 | A bright star passing on comet.
19:51 HR3454 Is x b Standard star.
19:55 HR1544 Is x b Standard star.

(x1) Stars were not accurately on the slit. Therefore, we didn’ t use those observations
for the flux calibration. The mean seeing size determined from the spatial profiles of

the stars along the slit, was FWHM=5.0+/-0.2” at that night.
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Figure 2: Flux— and wavelength-calibrated spectrum of comet Hartley 2 on November 4
(extracted from the aperture of 2.9” x 82” , centered on the nucleus). The sky background
and continuum component (reflected sunlight by cometary dust grains) have been removed.
The violet system of CN at 3880 A are most prominent and C;, C, (Swan band), NH, bands and

[0I] emission lines are recognized in the spectrum. The inset shows the spectrum around
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6300 & ([0I] emission lines and NH, (0,8,0) band). The “x” —mark shows the residual for
the subtraction of Hg emission line at the sky. The emission band of CH is contaminated

with the weak C, band and therefore it is hard to extract CH only.

3. Data Analysis and Results

We used the Haser model to determine the gas production rates in comet Hartley 2 (Haser
et al. 1957). The scale lengths for radicals and their parents are taken from Fink (2009)
for CN, C,, and [0I] and from Cochran et al. (2012) for C,. For NH, we estimated the Haser
scale lengths based on the gas expansion velocity v, (assumed as 1 km s™') and
photo—dissociation lifetime ¢ for each species (Huebner et al. 1992). The physical scale

length (v, x ) is converted to the Haser scale length based on Combi & Delsemme (1980).

Xp

The Haser model is also used to correct the over—subtraction of comet signal in our
analysis. Although we had subtracted the sky background spectrum (extracted from the region
apart from the nucleus by 417 -62” , as described in the previous section) in order to
extract one—dimensional cometary spectra, this process leads to the over—subtraction of
comet signals. In order to compensate this over—subtraction, we estimated the brightness
of the comet at the “sky background” region. This brightness multiplied by the area of

“comet region” (2.97 x82” at the sky) was subtracted from the signal collected within
the “comet region” . Thus, we estimated how much comet signal was over—subtracted in our
analysis based on the Haser model for the radical (and on the nominal brightness profile
proportional to r ! for dust continuum; r denotes the nucleocentric distance). Also, see
Kanda et al. (2008) for the details of the correction. Regarding the contamination of [01]
at 6300 A by a part of NH, (0,8,0) band emission we removed this contamination by assuming
about 0.9 (or 0.1) of the flux of NH, (0,8,0) sub—peak at 6330 A could contaminate the
measurement of [0I] emission line at 6300 A (or 6364 A). This factor of 0.9 is the same
as used in Fink & Hicks (1996). We also determined the relative ratios of the red-doublet
between 6300 and 6364 A as 3.01-3.05, which are consistent with the theoretical value of
3

Gas production rates of CN, Ci;, C,, and NH, are determined from the measured flux of CN
(B—JZ, Dv=0), C, (Swan band, Dv=0), and NH, (0, 8,0) bands. The gas production rate of 1,0
is estimated based on the flux of [0I] emission at 63008 by assuming that the
photo—dissociation of H,0 contributed to the production of 0('D) atoms that emit [0I]
emission at 6300 and 6364 A through the forbidden transitions. According to Bhardwaj &
Raghuram (2012), the photo—dissociation of H,0 dominates the 0('D) production in the coma
(within 10* km from the nucleus) and the contribution of other processes can be neglected

except the photo—dissociation of CO, (later, we discuss about the contribution from CO0,).
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The g—factors (fluorescence efficiencies) used in our analysis are taken from Cochran
et al. (2012) for C, and Cs;, and taken from Kawakita & Watanabe (2002) for NH,. We used the
g—Tactor of CN relevant to the heliocentric radial velocity of comet Hartley 2 on UT2010
November 4 (+2.4 km s™') based on Schleicher (2010).

Table 2 listed the measured fluxes and gas production rate ratios of CN, C, and NH,. The
mixing ratios of gaseous species “X” were calculated as gas production rate ratios;
Q(X)/Q(H,0). The relative fluxes measured in each observation are considered to be more
accurate than the absolute flux since the systematic error caused by the flux calibrations
were canceled for the relative values. We also measured the continuum flux at 5250 and
6250 A where there are no significant molecular emission lines. The slope of dust color

was 13+/-1% / 1000 A based on Afr [cm] values (A’ Hearn et al. 1984) at 5250 and 6250 A.

Table 2: Measurements and mixing ratios of gaseous species.

Radical Relative flux ®*'? | Mixing ratios [%] ®%? Remark

CN 14.6+/-1.0 0. 25+/-0. 02 B—X (Dv=0)

C, 15. 14/-0. 8 0. 03+/-0. 01 C, (40304 group)
C, 10. 7+/-0.5 0.31+/-0. 01 Swan band (Dv=0)
NH, 1.6+/-0.1 0.57+/-0. 03 A-X (0,8,0)

%1) Relative flux with respect to the flux of [0I] at 6300 A. All measurements were within
the 2.9” x82” aperture centered on the nucleus (+/-4600 km by +/-330 km from the nucleus).
Flux of [0I] at 6300 A is estimated as (2.6+/-0.8)x10 " [ergs cm? s'] without systematic
errors.

*2) Errors are +/-1s levels as random errors

*3) These are gas production rate ratios of Q(X) / Q(H,0) for the species “X” . Q(,0)

is estimated as (1.8+/-0.6)x10%® [molecules s'] without systematic errors

4. DISCUSSION

We reported the gas production rate ratios and the slope of dust color of comet Hartley
2 on UT 2010 November 4 based on optical low—dispersion spectra. The production rates for
individual species are not reliable compared with the mixing ratios (production rate
ratios) due to uncertainties for the absolute flux—calibrations. Therefore, we
concentrate on the mixing ratios for comparisons with other studies, rather than the
absolute gas production rates.

Low—dispersion spectra in optical were also taken by Lara et al. (2011) on UT 2010 October
27 and 29 before the EPOXI flyby. Table 3 listed our results with other observations for
comparison. Our results are consistent with those by A’ Hearn et al. (1995) in the 1991

apparition of comet Hartley 2. The results by Fink (2009) in the 1998 apparition are also
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consistent with our results. However, the results reported by Lara et al. (2011) were much
smaller than our results although our and their observations were performed in the same
apparition with a difference in observational date of several days. We note that Lara et
al. (2011) used Q(OH) that was not determined from their observations of radicals at the
same night. Absolute flux—calibration for their observations of CN, C, and C; might be not
reliable (i.e., by systematic errors) although the relative ratios between the fluxes
obtained simultaneously are more accurate. If we calculate Q(C,)/Q(CN) and Q(C,)/Q(CN)
ratios, those ratios for different observations are consistent as listed in Table 4. The
mixing ratios listed in Table 3 and 4 put the comet Hartley 2 as chemically normal group
(not depleted in carbon—chain molecules as the most Jupiter—family comets) (A’ Hearn et

al. 1995).

Table 3: Comparisons with other measurements

Observations Mixing ratio with respect to H,0 [%]
CN C, Cy NH, (or NH®?)

This work 0.25+/-0.02 | 0.03+/-0.01 | 0.31+/-0.01 | 0.57+/-0.03
A’ Hearn et al. | 0.30+/-0.02 | 0.02+/-0.01 | 0.37+/-0.01 | 0.57+/-0.02
(1995) ®V
Fink (2009) 0.20+/-0.04 | --- 0.26+/-0.05 | 0.79+/-0.14%%
Lara et al. (2011) | 0.05 0. 005 0. 07 ---
(x1)

(1) Q(H,0) is estimated from the relationship of Q(OH) = 0.85 x Q(,0).
(*%2) Q(NH) is referred for A’ Hearn et al. (1995).

(*3) The g-factor of NH, was converted to that used in this work.

Table 4: Comparisons in the mixing ratios with CN.

Observations C,/CN Cs/CN
This work 1.24 0.12
A’ Hearn et al. (1995) 1.23 0. 08
Fink (2009) 1. 30

Lara et al. (2011) 1.38 0.11

As pointed out in the previous section, although our observations are reliable for

relative flux ratios, the absolute flux—calibration might be not accurate. Therefore,
direct comparison of absolute production rates with other observations might be difficult.
The water production rates of comet Hartley 2 were reported by several groups (Crovisier
et al. 2012 and references therein). Especially, on UT2010 November 4, Meech et al. (2011)

and Dello Russo et al. (2011) reported Q(H,0) = 1.2x10%® and 0.77-1.57x10%® molecules s
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! respectively. As summarized by Crovisier et al. (2012), Q(H,0) of comet Hartley 2 was
about ~1x10%® (in the range of 0.65-1.9 x10%®) molecules s™' at the time close to the EPOXT
flyby. Thus, our Q(H,0) might be consistent with other observations even with large
uncertainty in our case.

Here we note that Q(H,0) determined in our study might be over—estimated by the
contribution of CO, to the 0('D) production in the coma. As reported by A’ Hearn et al.
(2011) and Weaver et al. (2011), comet Hartley 2 was enriched in CO, (10-20% w. r.t. water)
but very depleted in CO (0. 15-0.45% w.r.t. water). Based on Bhardwaj & Raghuram (2012),
€0, and CO also can contribute to produce 0('D) atoms in the coma by their photo—-dissociation
reactions by solar UV radiation. Basically CO, can produce 0('D) very efficiently and comet
Hartley 2 was depleted in CO but enriched in C0,, the major source of 0('D) atoms in the
coma is both H,0 and CO, in comet Hartley 2. Since the slit used in our observations
corresponded to +/-4600 km by +/-330 km from the nucleus and these spatial distances were
shorter than the traveling distances of H,0 and CO, before their photo—dissociations
(Huebner et al. 1992), the brightness profiles for both H,0 and CO, are approximated by
the r'-profile (r denotes the nucleocentric distance) within the slit. If we assume CO,/H,0
= 0.20, the production rate of 0('D) from CO, and H,0 would be in the ratio of 0.28:0.72
within the slit based on the relevant photo-dissociation reaction rates (Bhardwaj &
Raghuram 2012). Here we also include the contribution of 0('S) via radiative decay from
0('S) to 0('D). In this case, Q(H,0) would be reduced by a factor of 0.7 for our observations
(and similarly reduced by a factor of 0.8 for C0,/H,0 = 0.10).

We discuss about the mixing ratios of CN, C,, C,, and NH, with respect to H,0 in the following
part. The ratios are based on the relative flux of each radical relative to [0I] emission,
and the errors are considered relatively smaller than the absolute gas production rates.

For CN radicals, our results show Q(CN)/Q(H,0) 0.25+/-0.02 while Q(HCN)/Q(H,0) 0. 25%
determined from NIR spectroscopic observations during the EZPOXI flyby (Dello Russo et al.
2011). Because the branching ratio of photo—dissociation reaction from HCN to CN is 97%
according to Huebner et al. 1992), those results seem to be consistent with each other.

However, if we consider the additional contribution of CO, to [0I] emission, the CN/H,0
was slightly higher than HCN/H,0 in comet Hartley 2. In previous studies, Q(HCN) determined
in NIR and Q(CN) determined in optical are sometimes different from each other in a comet
(e. g., Kobayashi et al. 2010, Bonev et al. 2008). This discrepancy might be caused by the
additional source of CN in the coma (likely to be refractory organic grains). Other
possibility is the temporal variation of the coma morphology. As reported by Knight &
Schleicher (2012), the spiral jets (like side-viewed cork screw at the EPOXI flyby) were
seen in the coma of comet Hartley 2. Since the coma morphology was changing as the nucleus

rotated and the P. A. of slit in our observations was also changing on the sky, the sampled
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region in the coma by the spectrograph changed during our observations.

In the case of C,, its parent (or grand-parent) is still unclear. The C,/H,0 ratio of 0.31%
obtained in our study is much higher than the mixing ratio of possible parent C,H, on November
4 (C,H,/H,070. 15%, from Dello Russo et al. 2011). Mumma et al. (2011) also reported C,H,/H,0
ratios as 0.08-0.11% during their observations from October to November. Thus, the
additional source of C, in addition to C,H, in the coma was required to explain the discrepancy
between C,/H,0 and C,H,/H,0.

In contrast with C,, our results for NH, (NH,/H,0=0.57%) is consistent with NH,/H,0=0. 5-
-0. 8% on November 4 (Dello Russo et al. 2011) and the branching ratio of 96 % for the
photo—dissociation reaction of NH; to NH, + H by the solar UV radiation (Huebner et al.
1992). Mumma et al. (2011) also reported NH,/H,0 in October and November, 0.44-0.94%. This
result supports the hypothesis that NH, is a solo—parent of NH, in coma (Kawakita & Mumma

2011, Kawakita & Watanabe 1998).

Finally we discuss about dust properties in comet Hartley 2. The slope of dust color
was 13% / 1000 A in our analysis for the aperture of 82”7 x 2.9” (+/-4600 km by +/-330
km from the nucleus at the comet). This value seems to be within the range of normal comets
(10-20 % / 1000&). On the other hand, Lara et al. (2011) reported that the dust color
slope was ~24% / 1000 A for the circular aperture of 500 km in radius and also reported
that the color was bluer for larger nucleocentric distances. Lower color slope of dust
continuum might be caused by the bluer continuum at further distances from the nucleus.
Alternatively, gaseous emission lines in the wavelength region of “RC” filter (used to
determine the dust color slope in Lara et al., 2011) could increase the slope. Actually,
we could recognize emission in the wavelength region of “RC” filter in our spectra.

Dust-to—gas mass ratio in comet Hartley 2 is evaluated by the following formula;

Af
log,, ( M/ Mgas) =log,, (W’;)} 25.4

as mentioned in A’ Hearn et al. (1995). If we assume Q(OH) = Q(H,0) x 0. 85, the dust—to—gas
mass ratio in comet Hartley 2 was 0.1 that is indicative of a gas-rich comet. This mass
ratio is slightly different from that determined in Lara et al. (2011) since the Afr value
depends on the aperture size. However, we point out the limitation of this method to derive
the dust to gas mass ratio in comet. Larger size dust particles are much more essential
to determine the total mass of dust particles. Bockelee-Morvan et al. (2011) reported the

dust—to—gas mass ratio of 1.5 to 2 based on their far—infrared observations
As summary, comet Hartley 2 during the EPOXI flyby on UT 2010 November 4 exhibited the

chemistry as a normal comet from the optical spectroscopy. This conclusion is consistent

with other studies in optical (e.g., A’ Hearn et al. 1995; Fink (2009); Lara et al. 2011;
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Knight & Schleicher 2012). Additional source(s) for C, might be present except C,H,. Also
from the viewpoint of dust properties (the slope of dust color), this comet is considered

as typical.
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1. Introduction

Comet 103P/Hartley 2 (hereafter Hartley 2) is a Jupiter family comet that probably
originates in the Kuiper—belt region based on its orbital elements. The 2010 apparition
of the comet provided the best observing conditions for Hartley 2 to date as the comet
passed within 0. 12 AU of the Earth (the comet reached its perigee on UT 2010 Oct 20). Hartley
2 was also the target of the NASA EPOXI mission (A’ Hearn et al. 2011), and these favorable
observing conditions allowed supporting observations from many ground-based observatories
and satellites (Meech et al. 2011). Physical and chemical properties obtained from the
remote observations can be directly compared with those obtained from in situ measurements.
Near—infrared spectroscopic observations from ground-based observatories were especially
important because the EPOX] spacecraft has only low-dispersion spectroscopic capability
and many emission lines from different kinds of organic volatiles in the near—-infrared
could not be detected or resolved by the infrared spectrometer on the spacecraft (A’

Hearn et al. 2011).

We conducted the high—dispersion infrared spectroscopic observations of comet Hartley
2 on four dates before and at the £POX7 encounter to the comet (Table 1). We have previously
reported some results on two dates (Dello Russo et al. 2010, 2011). Dello Russo et al.
(2011) concentrated on the measurements for the observations on the date of the ZPOXT flyby
(on UT 2010 Nov 4). Dello Russo et al. (2010) also reported the volatile chemistry of
the comet Hartley 2 on UT 2010 Sep 16, when the comet was farther from the Earth and Sun.
Here we focus on the observations performed near the closest approach of the comet to the
Earth (UT 2010 Oct 17 and 21). The close approach of the comet to Earth allowed observations
of the comet with high spatial resolution, so we discuss the spatial distributions of parent
volatiles in the coma are of Hartley 2. Multiple strong lines of several parent volatiles
were detected enabling the determination of molecular production rates. We summarize the
chemistry of parent volatiles in comet Hartley 2 based on our observations. Long—term
spectroscopic monitoring observations of comet Hartley 2 in near—infrared were also
performed by Mumma et al. (2011) from UT 2010 Sep 18 to UT 2010 Dec 17. Therefore, the
comparison between their results and ours may show the temporal change of the chemistry

in the coma of comet Hartley 2.
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2. Observations

We measured the volatile composition of Hartley 2 on multiple nights using the
Near—Infrared Spectrometer (NIRSPEC) at the Keck 11 telescope on Mauna Kea, Hawaii (McLean
et al. 1998). Table 1 lists the heliocentric and geocentric distances of the comet and
the velocity relative to the telescope during the observations. For our observations of
Hartley 2 we used a 24 x 0.432 arcsec slit, giving a spectral resolving power of ~25, 000.
Our observations covered the wavelength range where many emission lines of parent volatiles
(H,0, CH,0H, C,Hs, C.,H,, NH,, HCN, and H,CO) are present. The comet was put on the slit at
different positions (A and B) and spectra were acquired using the sequence of four scans
(ABBA) with an integration time of one—minute per scan. During a sequence the telescope
was nodded by 12 arcsec between A— and B-positions on the slit. Integration time for each
scan was 60 sec and totally 4 minutes on source for a single ABBA sequence. We also observed
photometric standard stars for the flux calibration (Table 1) with the scan sequence as
the comet but using a wider slit, 24 x 0.720 arcsec. Generally three grating settings
were chosen to cover the emission lines from various molecular species for each date and
the position angle (P.A.) of the slit was physically fixed on UT Sep 16, Oct 17 and 21
during the observations for each grating setting. On the other hand, on UT Nov 4 the slit
P.A. was fixed on the sky (Dello Russo et al. 2011).

Table 1: Observational conditions.

UT Date Heliocentri | Geocentric | D—dot Sun—> Std. star | Remarks
(2010) ¢ distance: | distance: [km/s] Comet
r [AU] D [AU] P.A.
[deg. ]
Sep 16 1. 20 0. 28 -12 174 HR8143 Dello Russo et al.
(2010)
Oct 17 1. 07 0.12 -2.5 245 HR1641
Oct 21 1. 06 0.12 +0. 16 259 HR1641
Nov 4 1. 06 0.16 +6. 6 284 HR1552 Dello Russo et al.
HR2421 (2011)
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Table 2: Observations on UT 2010 Oct 17 and 21.

On UT 2010 Oct 17

Settin | Time interval | Time Slit Parent volatiles *

g name | UT on—source | P.A. [deg. ]

KL1 08:59-10:35 60 min. 222-217 H,0, C,Hs, CH,0H, NH,4

KL2 11:15-13:09 60 min. 213-177 H,0, HCN, C,H,, NH,

KL3 13:27-14:17% 32 min. 168-141 H,0, HCN, C,H,, NH;, H,CO
On UT 2010 Oct 21

KL6A 10:36-11:15 20 min. 135-136 H,0, C.Hg, CH;0H, NHs4
KL7A 11:17-12:02 28 min. 136-132 H,0, HCN, C,H,, NH;, H,CO
KL4 12:17-13:33 48 min. 131-106 H,0, HCN, NH;, H,CO

KL7B 14:15-15:05 32 min. 73— 39 H,0, HCN, C,H,, NH;, H,CO,
KL6B 15:12-15:38 20 min. 103—- 89 H,0, C.,Hs, CH;0H, NHj4

(*1) Tt was not photometric for the end of this setting and the standard star was
observed through cirrus clouds

(*#2) In our observations, H,0 hot-bands (101-001, 101-100, 200-100, 200-001, 111-110,
110-010, and etc.), C,Hg n; band, CH;0H ny band, HCN n, band, C,H, n; and (n, +n, +n;) bands,
NH; n; band, and H,CO n; band are sampled. Although emission lines belonging to C,Hg nj
band and CH,0H (unknown band) around 2900 cm' were also detected with the KL2, KL3,

KL4, and KL7A/B settings, we didn’ t use these lines to derive gas production rates

3. Results

Two—dimensional echelle spectra images representing the difference of A and B frames (A
- B) are shown in Figure 1. Data were reduced by the usual procedures described elsewhere
(e.g., Kawakita & Kobayashi 2009). Each order within the echelle spectrum is processed
individually. Single-order spectral images were flat-fielded, cleaned of hot and dead
pixels, rectified and wavelength—-calibrated based on the sky emission lines (Figure 2).
After extracting one—dimensional spectra of the comet and standard stars from the images,
we flux—calibrated the comet spectra by comparing them with the spectra of standard stars.
Finally we obtained one—-dimensional flux—calibrated emission spectra of comet Hartley 2
by subtracting their continuum components synthesized with the modeled transmittance of
the telluric atmosphere (by using the LBLRTM code). Figure 3 shows four emission (residual)
spectra of Hartley 2. [Each spectrum represents a single order within an echelle setting
and shows many volatile emission lines from several species. We have measured the flux
for each individual emission line to determine the gas production rates of each detected
parent molecule (Table 3). Each strong emission line shows a spatial distribution or extent

along the slit (see emission lines in Figs. 1, 2), and the flux of all lines from a single
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molecule within a grating setting were summed to produce the overall spatial distribution
for a particular molecule. The spatial distributions of molecules along the slit as
extracted from the two—dimensional images are shown in Figure 4.

In order to extract gas production rates, we used the isotropic coma model (a
single—generation Haser model) with a constant expansion velocity. Photo—dissociation
lifetimes for the parent volatiles were taken from Huebner et al. (1992) with the scaling
law of r? for the heliocentric distance of r [AU]. The expansion velocity of the gas is
assumed to be 0.8/r%° km s! (e.g., Dello Russo et al. 2011). The fluorescence efficiencies
(g—factors) of the molecules were calculated based on the HITRAN-2008 database (Rothman
et al. 2009) and the fluorescent excitation models. For water we have developed the model
for hot—-bands in near—infrared basically based on Dello Russo et al. (2000) and modified
by Kawakita & Kobayashi (2009). For HCN, C,H,, C,Hs and H,CO, we employed simple fluorescent
excitation model for the fundamental vibrational bands by the solar radiation field. We
used Einstein’ s A coefficients and energy levels listed in the HITRAN-2008 database and
its updates for HCN, C,H,, and H,CO molecules while we used the updated line atlas for C,Hq
(Villanueva et al. 2011). In the case of NH;, we used the g—factors calculated based on
Kawakita & Mumma (2011), in which both the fundamental bands and hot-bands of NH, are
considered. The g—factor of CH,0H for the n, Q-branch is the same as those used in Dello
Russo et al. (2011). The high-dispersion solar spectrum in the near—infrared wavelength
region is synthesized from the observed and modeled spectra (Hase et al. 2010; Krucz 2005).
This spectrum is used to calculate the pumping rates from the ground state to the upper
excited levels. We fit the observed emission lines of each molecular species with the
fluorescence excitation model using least—c? technique.

Table 4 1ists the mixing ratios of parent volatiles with respect to water as gas production
rate ratios observed on UT Oct 17 and 21. These numbers are calculated from the
nucleus—centered ¢ based on the flux measured within the aperture (1.69 x 0.432 arcsec)
centered on the nucleus, and also based on the growth factors obtained from the @-curve
analysis (Dello Russo et al. 1998; DiSanti & Mumma 2008). The growth factors are also listed
in Table 4. Each growth factor is determined as the average for both sides of the nucleus
along the slit, which is generally a good approximation (Xie and Mumma 1996).

As summarized in Figure 4, the spatial brightness profiles along the slit for the parent
volatiles are not symmetric with respect to the center of coma and these facts mean that
comet Hartley 2 had non—spherical coma on Oct 17 and 21. The asymmetry is quite strong
in some cases (e.g., CHg on UT Oct 17). Different parent volatiles sometimes exhibited
different distributions. For example, in Figure 4(a) for the data taken on Oct 17, C,Hs
gas was extended in the solar direction while H,0 gas was extended in the anti—solar
direction at the same time (the slit was put nearly in parallel to the sun—comet line during

the observations). Those parent volatiles exhibited quite asymmetric distributions but
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were extended in the opposite directions in some cases. Thus, applying the spherical coma
model to the observations could result in significant errors in gas production rates. The
influence of the simple coma model on determining mixing ratios of volatiles will be

discussed more in the next section.

Figure 1: This is an example of a NIRSPEC echelle spectrum taken on UT 2010 Oct 17 with
the grating setting of KLI.

Figure 2: This is an example of a geometrically rectified spectrum from a single echelle
order (#23). Prominent emission lines from C,H; are recognized. The spatial distribution

of CH; emission line is clearly asymmetric along the slit

_84_



Flux density [10°-"*W/m?/um)]

Flux density [107"> W/m?/um]

2.0

151

101

051

-0.5

8.0

o
o

H
(=]

o
o

CH=0H
v3 band

R-branch Q:Eiin(:h P-branch
Bl i .W Al |
TR
], __H ST )
2é70 2é65 2é60 2é55 2é50 2é45 2é40 2é35

Wavenumber [fcm]
| " *x CzHs |
& w" ke

*
I *
| &
3(500 29;95 29;90 29585 29580 29575 29570 29;65

Wavenumber [fcm]

_85_




6.0 : . . ; : . : : :
X x HCN
50} + C2H2 .
@ NHs
= X
§ a0l X X |
£
= f X
":D_ 30 X )‘(
> . i
@20 | %
S X X
x @
= 1.0 ' +
“I- \;I |\‘f|. ‘ [ |'||H|\|||‘ il I LA
0 o R N L T
d I 1 ] I | |\ / S, I ;

3335 3330 3325 3320 3315 3310 3305 3300 3295 3290
Wavenumber [/cm]
1 20 T T 1 T T T T T

H0
10.0

o

(]
T

o
1

o,p| OH

=
o
1
o
o
1

o,p 0

oy ﬁ

3470 3465 3460 3455 3450 3445 3440 3435 3430 3425
Wavenumber [/cm]

Flux density [10-"> W/m?/um]
(82
[
o
Q

no
(]
T

Figure 3: Selected emission spectra of comet Hartley 2 on UT 2010 Oct 17.
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(with KL6A, KL7A, KL4, KL7B, and KL6B settings, respectively). Solid lines are red for

H,0, blue for C,Hy;, green for HCN, and sky—-blue for C,H, while dotted lines are for continuum.

Table 3: Measurements of emission lines

Wavenumber g—factor Flux Error Line assignment
[em™] [(W/molecule] | [W/m?] (W/m?]
On UT 2010 October 17
H,0/KL1: T,,,=73K, OPR=3.07
3517.70 1. T0E-27 1. 64E-19 1.51E-20 | X(1,0,1) 2 2 1--X(1,0,0) 322
X(1,1,1) 22 0-—X(0,1,1) 211
3514. 41 4. 44E-26 2.57E-18 1.54E-20 | X(1,0,1) 2 1 1--X(1,0,0) 312
3507. 27 1. 36E-26 8. 156E-19 1.47E-20 | X(1,0,1) 3 0 3-—X(1,0,0) 40 4
3494. 26 8. 66E-27 5. 33E-19 1.59E-20 | X(1,0,1) 322-—X(1,0,0) 423
Table 4: Gas production rates and mixing ratios of comet Hartley 2
Molecule Rotational Growth factor | Mixing ratio Spatial brightness
temperature *V D) (H,0=100) profile along the slit
UT 2010 Oct 17 (KL1) / @(H,0) = (7.6+/-0.3)x10°" [s']
H,0 73 +/-4 K 2.2 100 Asymmetric
3.07 +0.26/-0. 24
CH40H (70 K) (2.2) 1.46 +/-0.08 Similar to H,0
C,Hg 66 +12/-8 K 2.0 0.81 +/-0.05 Asymmetric but
different from H,0
NH, (70 X) (2.2) 0.72 +/-0.19
UT 2010 Oct 17 (KL2) / @(H,0) = (1.06+/-0.04)x10% [s7!]
H,0 72 +4/-5 K 2.2 100 Symmetric
2.56 +0.28/-0. 19
HCN 68+/-5 K 1.5 0.23 +/-0.01 Asymmetric
C,H, (70 K) (1.5) 0.08 +/-0.01 Similar to HCN
NH, (70 K) (2.2) 0.74 +/-0.13
UT 2010 Oct 17 (KL3) / @(,0) = (1.62+/-0.06)x10% [s'] ®
H,0 81 +3/-2 K 2.1 100 Asymmetric
3.06 +0.50/-0. 42
HCN 70 +/-4 K 1.8 0.28 +/-0.01 Symmetric
C,H, (80 K) (1.8) 0.13 +/-0.01
NH, (80 K) 2.1 0.93 +/-0. 16
H,CO (80 K) (1. 8) 0.14 +/-0. 10
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UT 2010 Oct 21 (KL6A) / @(H,0) = (1.07+/-0.03)x10% [s!]
H,0 87 +/-7 K 2.5 100 Asymmetric
2. 73+0. 28/-0. 26
CH,OH (90 K) (2. 5) 1.49 +/-0.09 Similar to H,0
C.Hs 68 +13/-10 K (2.5) 1.02 +/-0.07 | Similar to H,0
NH, (90 K) (2.5) 0.88 +/-0.21
UT 2010 Oct 21 (KL7A) / @(H,0) = (1.47+/-0.09)x10% [s™']
H,0 84 +/-7 K 3.1 100 Asymmetric
2. 75+0. 47/-0. 36
HCN 104 +11/-10 K 2.4 0.21 +/-0.02 | Symmetric
C,H, (85 K) (2. 4) 0.09 +/-0.01
NH, (85 K) (3. 1) 0.88 +/-0.23
UT 2010 Oct 21 (KL4) / @(H,0) = (1.05 +/-0.04)x10*® [s7']
H,0 91 +3/-2 K 2.0 100 Asymmetric
3. 06+0. 37/-0. 31
HCN 73 +9/-7 K (2.0) 0.24 +/-0.03 | Similar to H,0
NH, (90 K) (2.0) 1.39 +/-0.52
H,CO (90 K) (2.0) 0.11 +/-0.08
UT 2010 Oct 21 (KL7B) / @(H,0) = (1.06+/-0.08)x10% [s]
H,0 77 +13/-10 K 3.0 100 Asymmetric
2. 47+0. 50/-0. 39
HCN 90 +13/-10 K 2.1 0.25 +/-0.03 | Symmetric
C,H, (80 K) (2. 1) 0.11 +/-0.02
NH, (80 K) (3.0) 0.56 +/-0.13
H,C0 (80 K) (2. 1) 0.12 +/-0.05
UT 2010 Oct 21 (KL6B) / @(H,0) = (8.97+/-0.39)x10* [s']
H,0 88 +9/-7 K 3.0 100 Asymmetric
2.94+0.37/-0. 31
CH,0H (90 K) (3.0) 1.38 +/-0.13 | Similar to H,0
C.Hs 63 +21/-12 K 1.8 0.44 +/-0.05 | Asymmetric but
different from H,0
NH, (90 K) (3.0) 0.83 +/-0.30

(*1) Numbers within parentheses are assumed. For H,0,

both rotational temperature and

ortho—to—para abundance ratio (OPR) are listed in upper and lower rows, respectively.

Errors correspond to the 68% confidence intervals. We derived the rotational temperatures

(and OPRs) only for the observations with high S/Nratios in order to eliminate the influence

caused by the residuals for continuum subtraction.

(*2) Observational condition was not photometric (the standard star was observed through
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cirrus clouds) and the error of absolute § value would be larger than listed above. The
absolute @ values would be systematically higher for KL3 although mixing ratios are not
strongly affected. Comparison in sensitivity functions derived from the observations of
the standard star between KL2 and KL3 implies that a factor of 0.8 should be multiplied
to @ (H,0) for KL3 for correction.

4. Discussion and conclusions

4.1 Spatial distributions of volatiles

Since the position angle (P.A.) of the slit was physically fixed for each grating setting
on UT 2010 Oct 17 and 21, the slit projected on the sky rotated during the observations
Different regions of the coma were sampled by the observations with different grating
settings as listed in Table 2. Furthermore, cometary nucleus rotated with a period of ~18
hours and the activity of Hartley 2 was modulated with the nucleus rotation (A’ Hearn et
al. 2011; Mumma et al. 2011; Samarasinha et al. 2011; Knight & Schleicher 2011). As shown
in Figure 4, different spatial distributions along the slit for different parent molecules

were observed at different grating settings.

UT 2010 October 17

The slit was put on the comet nearly in parallel to the Sun—comet line during the
observations with the KL1 setting on UT 2010 Oct 17. C,Hy gas was extended in the solar
direction while H,0 gas was extended in the anti-solar direction (in panel (a) of Figure
4). The displacement between the peak of the C,H; and continuum emission might indicate
that a part of the spiral (face—on) or corkscrew (side—on) shaped jet of C,H; was sampled
within the slit, or might imply the existence of distributed source for C,Hs. In the following
observations with KL2 and KL3 settings (in panels (b) and (¢) of Figure 4), the spatial
distributions of C,Hs; were also asymmetric (but not strongly as for (a)) and those were
different from the spatial profiles of H,0 and CH;0H. The asymmetry of C,Hy spatial profile
was strongest in the slit P.A. almost in parallel to the Sun—comet line.

Similar asymmetric spatial profiles of C,Hg and H,0 were also observed by Mumma et al.
(2011) with NIRSPEC at Keck IT telescope on UT 2010 Oct 19. 1In their observations, however,
the slit was put along the CN-jet direction (nearly orthogonal to the Sun—comet line on
Oct 19) and C,Hy; gas was extended toward the CN—jet on that date (Knight & Schleicher 2011).
We compare the slit P.A. in our observations with the P. A. of the CN-jet observed by Knight
& Schleicher (2011) on UT 2010 Oct 17. They generally reported two jets in comet Hartley
2, called as the northern and southern features. On Oct 17 they obtained the CN images
showing the side—on corkscrew shaped northern jet. The southern jet was also recognized

but weaker than the northern feature on that date. The gross structure of the northern
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CN-jet was extended in P.A. from about -45 to +45 degrees (almost to the north) at 09:05
UT and at 12:28 UT on Oct 17 (in Figure 1 of Knight & Schleicher 2011). However, in the
very inner coma, the morphology of the northern CN-jet was dramatically changed from 09:05
to 12:28 UT. As described in Knight & Schleicher (2011), the morphology of the northern
CN-jet on Oct 17 was similar to the rotating side—on corkscrew. In the case of side—on
view for the rotating jet “corkscrew” , the P.A. of the gross structure of jet (i.e.,
the global trend of extension) is representative to the rotating axis projected to the
sky but not exactly the same as the P.A. of the jet in the very inner coma. We should note
the difference in the spatial scales between our observations ( 10° km across the slit)
and CN-images by Knight & Schleicher (2011) (T10° km across the image) as illustrated in
Figure 5.

12:28UT (2010 Oct 17)

Rotation
axisff,

\
/

- 50,000 km -

Figure 5: Sketch of the northern CN-jet at 12:28UT 2010 Oct 17 (after Figure 1 in Knight
& Schleicher 2011). The corkscrew shaped jet indicates that the rotational axis projected
on the sky was probably along the north—south direction. The P.A. of the CN-jet could vary
roughly between +45 and -45 degrees from the north.

HCN and C,H, gases were also extended in the same direction along the slit (in panels
(b) and (c¢) of Figure 4) and their spatial distributions were similar to each other and
to C,Hg. The spatial distributions of HCN were extended nearly to the north and they were
consistent with the morphology of CN-—jet observed on the same date. This is consistent
with the hypothesis that the HCN is the dominant parent of CN in the coma. Moreover, the
sources for HCN and C,H, might be more closely associated with the source of C,Hy (Dello
Russo et al. 2011). Recently, Knight & Schleicher (2012) also reported the morphology
of CN, C, and C, appear to match while OH and NH do not. Their observations might be

consistent with HCN, C,H, and C,H; having similar spatial profiles in our observations. We
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should however beware of the different spatial scales between our observations and optical
images taken by Knight & Schleicher (2011, 2012).

On the other hand, the brightness distribution of H,0 and CH;0H gases were quite different
from those of C,Hs;, HCN and C,H,, as shown in Figure 4. H,0 and CH;0H were extended in opposite
directions to C,Hs during the observations with KL1 (in panel (a) of Figure 4). Combined
with the symmetric spatial distribution of H,0 during the observations with KL3 (in panel
(c) of the same Figure), spatial distribution of H,0 in the coma was probably extended to
the anti-solar direction. Optical imaging observations of OH (as a photo—dissociation
product of water) also support the extension of water towards the anti-solar direction
(Knight & Schleigher 2012).

The prominent extension of H,0 gas in the anti—solar direction is evidence that some H,0
was released in the coma from small icy grains ejected from the nucleus as CO, sublimated
(H,0 ice grains were observed with escaping CO, gas in the inner coma by ZPOXI spacecraft
A’ Hearnet al. 2011). The small icy grains could be pushed away in the anti—solar direction
by the solar radiation pressure, gradually releasing H,0 into the coma (Dello Russo et al.
2011; Mumma et al. 2011). The spatial distributions of CH,OH were always similar to those
of H,0 (panels (a) and (c) in Figure 4). This suggests that CH;OH was closely associated
with H,0 in the cometary ice.

It is also interesting to note the differences in spatial distributions between gaseous
species and grains. The spatial distributions of grains were sharper than gas species,
and could be represented by " with /1.5 (# denotes the nucleocentric distance) while
the nominal dust distribution is usually represented by r ' (Figure 6). This steeper
distribution might indicate acceleration of grains or sublimation of icy grains in the
inner coma (reducing the total scattering cross—section of the grains). Because the
distributions of gaseous species like H,0 and C,H; were similar to grains and the #''° profile
in their non—extended sides (Figure 5), this might correspond to the acceleration of gas

and grains in the inner coma.
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UT 2010 October 21

On UT 2010 Oct 21, we summarize our observations as follows; (i) spatial distributions
of H,0 and CH,OH were always similar, (ii) spatial distributions of C,Hs and HCN were always
similar, and (iii) there might be two groups of parent volatiles that showed similar
distributions in the coma. These conclusions were consistent with those obtained from
the observations on Oct 17, unfortunately, there are no published CN-images on Oct 21 for

a direct comparison.

Comparisons with other observations

Based on the measured spatial distributions of molecules in the coma we conclude that
H,0 and CH,0H were closely associated with each other in cometary ice. We also conclude
that C,Hs, HCN, and C,H, were also closely associated with each other but are not associated
with H,0 and CH,OH. Mumma et al. (2011) also reported the spatial distributions of these
parent molecules in comet Hartley 2 on UT 2010 Oct 19 and 22. A slight difference was
noted in the distributions of C,Hs; and HCN in the anti—jet hemisphere for the data taken
on Oct 19. It is likely that the different times of these observations - C,Hs (15:04-15:35
UT) and HCN (11:21-12:20 UT) - is the reason for these differences. As Mumma et al. (2011)
and Dello Russo et al. (2011) suggested, C,Hs;, HCN, and C,H, might be released from the sunlit

surface of the nucleus directly as jets, while a significant amount of H,0 and CH;0H were
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probably released from small icy grains.

Villanueva et al. (2011) also reported asymmetric distributions of parent volatiles in
comet C/2007 W1 (Boattini). Although the spatial distributions of C,H; and HCN (also
probably of CO and CH,) were symmetric with respect to the nucleus position, both H,0 and
CH,0H were much extended in one direction. This is similar to what is seen in Hartley 2.
Curiously, comets Hartley 2 and Boattini are similar in their chemistry; e.g., slightly
higher mixing ratios of C,Hs; but depleted in H,CO and normal for other parent molecules
observed in the near—infrared (in Figure 6, discussed later).

Both CH,0H and C,H are considered to form by grain—surface reactions on cold grains (e. g.,
H-atom addition reactions at 10K, to CO and C,H,, respectively), and they would co—exist
together. However, these molecules seem to be segregated into distinct ices in comet Hartley
2 (and in comet Boattini). This fact requires the additional processes to segregate these
ices in the evolutional stage between the ice formation and the incorporation of ices into
comets. As demonstrated by Oberg et al. (2009) in the laboratory, super volatiles (such
as C0,) could be segregated fromH,0 ices at warm temperatures. Observations of comet Hartley
2 suggest that C,Hg, C.H, and HCN were segregated from H,0 and CH,0H in solid. This may suggest
that the comet experienced warm enough temperatures to segregate the more volatile C,Hg,
C,H, and HCN from the less volatile H,0 and CH,0H.

Co—existence of the ice grains (consisting mainly of H,0) and the CO, jet as driving force
to eject the ice grains observed by the EPOXI flyby (A’ Hearn et al. 2011) indicated the
segregation between them in solid phase. Primordial interstellar ices were once heated
to 25-50 K for 4, 000-20, 000 years (Pontoppidan et al. 2008; Visser et al. 2009) and then
€0, ices could be segregated (Oberg et al. 2009) before these ice grains were incorporated
into the comets. Our observations also imply the segregation of C,H; and other volatiles
(except CH,0H) from H,0 in cometary ices (Figure 7).

Since highly volatile species such as CO, and C,H; were segregated but not depleted in
comet Hartley 2, the comet might have experienced temperatures warm enough to segregate
these volatiles from H,0 but not warm enough to significantly deplete them in the nucleus.
The depletion of hypervolatiles CO (Weaver et al. 2011) and CH, (Dello Russo et al. 2010)
may also provide evidence for some moderate warming. Hypervolatiles like CO and CH, might
be sublimated from grains in the warm regions (> 30 K). Detailed laboratory studies about

segregations of C,H;, CH;OH and other molecules in H,0 matrix are strongly encouraged.

_94_



Refractory grain core Segregated volatiles (COz, CzHs, C2Hz, etc.)

> 30K
lcé mantle (H20, COz, CO, H20 + CHsOH (+ etc.)
CH30H, CzHs, C2Hz, ...)
At10--30 K

Figure 7: Possible segregation of highly volatile species in ices of comet Hartley 2.

Cometary ices are thought to consist of aggregates of smaller icy grains. If highly volatile
species were segregated from H,0 ice except for CH,0H before those ices were incorporated
into comets or within the nucleus, water—rich ice grains were isolated after sublimation
of highly volatile species. Those icy grains could be ejected from the nucleus with the

outgassing of volatile species, especially with the outflow of abundant CO,.

4.2 Mixing ratios of volatiles

As listed in Table 5 and also shown in Figure 8, the mixing ratios of volatiles sampled
by our observations were consistent througout our observing campaign (Dello Russo et al.
2010, 2011). As we noted in Section 3, we used an isotropic coma model to derive production
rates in Hartley 2. This may lead to significant errors in derived gas production rates
for species with highly asymmetric spatial profiles. Furthermore, this could affect the
derived mixing ratios (a ratio of gas production rates with respective to H,0) between
species with different spatial distributions. We expect that derived mixing ratios
between species with similar spatial profiles will not be significantly affected.

Since we couldn’ t distinguish the real temporal change in mixing ratios of the coma
from the scatter caused by the asymmetric spatial profiles for the molecules (moreover,
those spatial profiles changed with time), it is difficult to conclude about the temporal
variation of the mixing ratios of volatiles in comet Hartley 2. Thus, the averaged mixing
ratios (among many measurements) are more representative to the global chemistry of comet
Hartley 2. However, from the conservative (pessimistic) view, the errors of mixing ratios
may be as large as 50 % in extreme cases if we consider the systematic errors in in
calculating production rates due to large asymmetries in the spatial distributions of

species.
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Figure 9 shows the comparison of comet Hartley 2 with other Jupiter—-family comets for
which high—dispersion near—infrared spectroscopic observations were carried out. As
already reported by Dello Russo et al. (2011) based on the observations on UT 2010 Nov
4, comet Hartley 2 was normal in CH,0H/H,0, C,Hs/H,0, C,H,/H,0, HCN/H,0, and NH,/H,0 but depleted
in H,CO/H,0. Combined with other observational results, Hartley 2 was depleted in CO and
CH,, and normal to abundant in CO, (710-20% with respect to H,0) (A’ Hearn et al. 2011; Weaver
et al. 2011; Dello Russo et al. 2010). CO,/H,0 ratios in comets span from a few to 30 %
(Ootsubo et al. 2012) and comet Hartley 2 is considered as intermediate or moderate for
C0,/H,0 ratio. Our results are consistent with the mixing ratios obtained by Mumma et al.
(2011), so no clear temporal difference could be found

The conversion efficiency from C,H, to C,Hs in comet Hartley 2 was calculated as [C,Hg]
/ [CH, + C,Hg]. The ratio was not different from other comets (Figure 10). In contrast with
C,Hg, the conversion efficiency from CO to CH;0H appears to be very high due to the depletion
in CO. CO might sublimate from the primordial ices after the formation of CH;OH by the
H-atom addition reactions on cold grains at ~10 K (Watanabe et al. 2003) if the icy grains
had experienced relatively warm conditions (> 30 K) as discussed in the previous subsection

for the segregation of ices

4.3 Ortho—to—para abundance ratios of water

Finally, we would discuss about ortho—to—para abundance ratios (OPRs) of H,0. The weighted
average of OPRs was 2.88+/-0.17 (T,,;, » 34 K) on Oct 17 and 2.81+/-0. 16 (T, = 38 +17/-5
K) on Oct 21. They were consistent within their errorbars (our OPR results are summarized
in Table 4). Dello Russo et al. (2011) and Mumma et al. (2011) also reported the OPRs
of H,0 as 3.4+/-0.6 and 2.85+/-0.20, respectively, and these values are also consistent
with OPRs obtained here

Based on the data listed above, temporal variation in the OPR caused by the inhomogeneity
of the cometary nucleus (comet Hartley 2 consisted of two lobes that may have been chemically
different from each other, as seen by the EPOXI spacecraft; A’ Hearn et al. 2011) could
not be ruled out. However, we did not measure any significant compositional differences
with date, so it is unlikely that we could distinguish any differences in OPR in the
different lobes of Hartley 2. If we take weighted mean for all these values to determine
the representative value for this comet, we could obtain OPR=2. 86+/-0. 10 (T,,;, = 40 +11/-4
K) for H,0 of comet Hartley 2 in its 2010 apparition. This result is also consistent with
the results obtained by the Infrared Space Observatory observations in 1997 that gave OPR
values of 2.76 £ 0.08 and 2.63 %= 0.18 (T,,;, = 34 £ 3 K) by Crovisier et al. (1999)

Relatively warmer conditions than the other comets showing T 30 K (as typical) might

spin
be related to the molecular formation or processing; e.g., the possible segregation of

highly volatile ices (C,H;, C,H,, HCN, -+ ).
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Table 5: Mixing ratios

(*1)

of volatiles in comet Hartley 2 in our observing run.

(1) The weighted mean and standard deviation are listed in this table for each volatile

species.
Date CH;0H C,Hg C,H, HCN NH,4 H,CO Ref
(UT
2010)
Sep 16 1.36+/-0.23 | 0.61+/-0.10 | 0. 15+/-0.03 | 0. 31+/-0.05 | 1.5+/-0. 3 0.26+/-0.11 | Dello
Russo
(2010)
Oct 17 1.46+/-0.08 | 0.81+/-0.05 | 0. 11+/-0.01 | 0. 26+/-0.01 | 0. 79+/-0.09 | 0. 14+/-0. 10 | This
work *!
Oct 21 1.45+/-0.07 | 0.64+/-0.04 | 0. 09+/-0.01 | 0.23+/-0.03 | 0. 73+/-0.09 | 0. 12+/-0. 04 | This
work *!
Nov 4 1.25+/-0.08 | 0.74+/-0.07 | 0. 14+/-0.01 | 0. 26+/-0.22 | 0.61+/-0.09 | 0. 11+/-0. 01 | Dello
Russo
(2011)
Weighted | 1.39+/-0.04 | 0. 70+/-0.03 | 0. 11+/-0. 01 | 0. 26+/-0.01 | 0. 73+/-0. 05 | 0. 11+/-0. 01
Mean
10 T T T T Sep16 T
Oct. 17
Oct. 21 A
Nov. 4 H H
Q
T
2 ESE j{ 1
2 Z
£ &
g
2 2
©
o
Ral
=
0.01 1 1 1 1 1 1
CHs0OH CzHs CzHz HCN NHs HzCO

Figure 8: Temporal variation of mixing ratios of comet Hartley 2 during our observing

campaign from UT 2010 Sep 16 to 2010 Nov 4. Mixing ratios of CH;OH with respective to H,0

are well concentrated. However, mixing ratios of C,Hy and HCN show larger diversity although

these volatiles could be observed with high-SN ratios
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Figure 9: Comparison of mixing ratios among Jupiter—family comets (JFCs). Comet Hartley
2 is probably depleted in H,CO compared with other JFCs. Dotted bars with X-symbols (our
results) indicate +/-50% errors (see text). For the mixing ratios of CH;0H taken from Mumma

(2005, 2011) and Paganini et al.

et al.
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Figure 10: Conversion efficiencies of C,H; from C,H, in comets. The symbol for #19 is of

comet Harltey 2. No clear difference is there ([C,Hg] / [CH, + CHs] = 0.7--0.8 for most

comets).
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7% 1.1 : Garradd 2 OfiiE 23 (Epoch : 2011 412 A 25 H)

NN €/2009 P1 (Garradd)
ENSCERi = 2011/12/23.7

T H S EERE () 1. 5505600 [AU]

03 (e) 1. 0010684

EERNA (1) 106. 17747°

I H RS (w) 90. 74671°

TR R (Q) 325. 99763°

1: JEEZEAL

KIZ Garradd EHEIZBIT 5 ATHFZEIC DWW THIIT T 5, Villanueva et al. (2012) & Paganini
et al. (2012)12 X » TITONZATAFZE TIE, 2011 45 9 HICBLIAM T, BHIEFO H O A
1359 2. 0AU Th o7, BHIESNT-0TEEZNTNOAERMEITER 1.2 IR LTHD, H0 DEME
Z 100%E L CHEDFOMALZRD D & IFEAEDHTIZONT, oA — 1 MEICERZ FF
DU 72 B2 OB IR TR E REIC /2 572 (" 1.2), #5132 OBRHIZOWT, B
O B EEEDE < | Ho0 MM HIEL TR 7D TR ER TS (DF D | JEITHF
ZECIE, He0 DARREN D72 WS b=z, o410 He0 IZx3 2 HMER KX < 2o
TV EBEZTND),

ZT, AT TR LN 0 FAOa~hoZEMam (M 1.3) 2/ THD L BENbHK
1, 500km D & Z AT H20 DT ADEBIEMA 5D, FEATHIFETIX, THE H20 DIKKLDEE DB I
S A, :v@¢f2&%&%%%bfwé#%fi&w@&%széo%LT:M%@*&
EBITEIE N CRETHIE L 20 o 7272012 H20 AEREREN D 72 WEERIZ R o 72 & BLRE 3 & iR
LTWo, £Z THEOIL, iDLwHuﬁ%f®ﬁm:ioTMO@ELm$&$%ﬁ®\ﬁﬁ
LERARDLZENVETH S EfEm L T 5,
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# 1.2 : Paganini et al. (2012), Villanueva et al. (2012) D45 DAERER

Villanueva et al Paganini et al
{x10%° molecule/s) {x10%¢ molecule/s)
H,O 862+65 840.5+66.9
NH, <5.95 <1.40
CH, 7.07+1.41 9.6+2.6
C,H, <0.85 <1.2
HCN 2.44+0.15 3.1+0.3
CH,OH — 32.8+3.7
C,H, <7.60 8.2+0.7
CO 89.4+11.4 97.2+2.6

Paganini etal —«
Villanueva et al

o Mixing ratio relative to reference

NHs;  CHa C:H. HCN CHsOH C:Hs H:CO
08% 1.0% 0.25% 025% 2.0% 06% 0.56%
78K 31K 54K 95K 99K 44K 64K

1.2 : Paganini et al. (2012), Villanueva et al. (2012) O#AALEL
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1.3 : HoO 224541 (Villanueva et al. 2012)
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2.1 : KECK ©imsl (23 1 58, 78 2 5H%)

2.2 1 FAI AESICERE Sz NIRSPEC
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oG, T =X U FIERBEES GO = v — 2RI L, BREIRENRAE ) b HRENhiE IR
R ORERL~LIZEhE SN D, £ LT, TORBOEEREREBIZERD TS BRI, =% 5
FIRREBHE O XX —EITHY T L0 F 2T 5, EBIXZoRZBAL TRy, BlS
Nia~<wnbORRE L, LR CROLZZ 1D g 77 74— (BEADE . o1 1EH-
0, BROHTY ORI RLF—) N, avEERIZEEND O OB ERD D, KZICT
By DIT AR EE X H,0 & O3ttt GRE I : mixing ratio) ZXR&HDH T &AM
DA TH D, AEIE, =& 5 FOREARPEHE /N | (fundamental band) DA% 2| 5 (over
tone) A3 K (combination bands) & CTHEHWZWOEER TX B LINET 5,

3. 2 JEEIRENKRE
TP A~ T Ch D, BHE, HEE—A L FAVNISWIEIZ a @, b @i & FHENn D,
FEIRENRABICE £ 5 BIERHEAL O = R L F—{ 3

" = (A-B)K"*+BJ'(J"+1)-D,J"*(J"+1)* - D, K"*J'(J"+1) — D K"
(Herzberg 1945) L &£E 5, 4., HEEREOFEHEEE (cm ™) (X, Pine&lafferty (1982) ThH-x H il
72 A=2.671, B=0.6630271, D;=1.0312X 107 Dy=2.66X10°, D=1.09X10° ZfEH 95, = 2T,

-109-



Fﬁi\$§&'\h,h%ﬂ%ﬂa%&b%KOWT@Eﬁ%%%VF%%L\%mMMi

EOHZLVEEORSOMOZEZB LIZKOERTH D (Pineklafferty 1982), ZZ T, J”
TR EAL KT HEE T, K I3TemEBEO S TG R ST 5 '&E T TH L (T
>K” ). HEFERIILLTO HETR D, Z Z T, torsional splitting (4rFihiciirs [
CAVER) | D724 L HIREOHNED) 1T, Hx OB TIIML TERWOERST L Z L0
D, O T D&, MEtEKIIKRATREIND,
g’ = g2]" +1)

TH U FITBEEOKEBIRF P EEN, TNENOKBRFIIEAE L (1/2) 2F272H, —
INF =N L - T, EOFFTER~DHFE (g) WERRD, g T FOERMETRET S,

. HLK=0. ] MEHD L E g8

2. HbLK=0 ., ] BDHFHEDOLZ g=16

3. HbLK#0, K+3 DRV B 0D E X g=24

4. HLLK#0, K=3 ORVAN0 TRVE X g=20

5. DT REOSEEEIT. L = Loy Lo PORD D, FEOSEBEK 2, -

n —hCE”/ kTmt — _
2g(2r'+le BT, = {1-e" T L akorx) s+5,

T.. > 70K CiE, HITRAN 7 — & R— 2D 7, Z W, 2 E VT 2, M3 B 5,

3. 3 hiZfEhNkAE
Z 2T, BhEREMRED = R ¥ —iX

g’ = Vscenter T Fi + B d'(I'+D — Dintle (J'+1)°

Zffivy, Pineklafferty (1982) D IlHDERT —Z D7 4 v T 4 7 TRD D,

Vs center = 2895.67 cm't
L LT, Radeva et al. (2011) T/HWOLNTWA T 4 T 4 THEREET LT,

3. 4 EBERLgTFIHI—

THUGFD v BB, LT OZBIRANCHE D, (Herzberg 1945)
. HLK #07251X AK=0 T AJ=0, =1
2. LK =076 AK=0 T AJ==*1

JElZRA_7=38 Y . tortional hot band OBERRITE THL/NIWVWO TR L TEZ D,

oy LToN 0 RORERRIE,

Ss(T)xT

S =
(o) = SmaExL

em!' (molecule em®) ™! TH 5,

-110-



22T, T = 295K, 1=2.68676X 10" (molecule / cm’)

S\/5(T) _ SVS(-rref)XZVib(Tref)X-rref

(em™ atm™)

Zipmy X T
S/IN
T)XZ,. (T
SV5<Trcf) = SVS( rEf) Vlb( ref)
ZVib(-rref)
RS,

Dang—Nhu et al. (1984)1%, =X DY AT "L & FIXTANY REEEZ RO TWD, A2 H
T, ZOMEEFEIC, TNENOERBOWINART M LOFRE (S_line) Z LA TORTRD 7=,

Vi ST (A T
S line = 5 FHW FHL
Ve

< rot

22T, v_line 1T 1 DOWIRO = x L X —3E([E —E” ) Thb, K7 <15, ] <40 DD
LR E AT, F
" n, 1, AJ\\2
r, = (l+a AK + BAJ(J"+5 +5))
AK=0, B=0.0048 (Dang-Nhu 1984)

THY ., Fy IZUA FOSETIRET D,

. BbLAJ =+17251F Fy = (J+1-K)(J+1+K)

(J+D(2J+)
KZ
2. BLAJ =025l Fy= ———
! O
. (J-K)J+K)
3. bLAJ = -17451F Fy = ——— Y
! " J(2I+1)

WIZ, T 1 BRI EOIRIEN S FOIRTBIZE L MR THDHT A v a XA v AMEEERD
HEWRRD LI DD,

2
A, = 87zvlineztot (Trot)Sine
ul I ag- (l— e—hcvIine I(KT, o ))e— hcE"/KT, o

Z 2T, 1,70.97699 (RN L) . ¢ 1IX ED L~V DOFEIEETH D,

BB, 27 1S ONDE(Q 7774 —) 2 RkDD, T g 777 7 —2RODHITIT 7
FREDLVHE S 57> (N) ZRODMLENRD D, WE, 1BEOHZY . 27BN KEEE%
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T T 8L . FRREEREICED TS 2B8PFE LW & (EFIRIE) 2 ET 2, IREN
10 0OKREEEDa~HTIE, T REOERICE > TEENE X 5 OITEEREEIRENO A (J7
DELDH) THD, Lo CTHERERMRETIIR VY ~ U D2 IET D, N (TIEERBNIRNRE
O [ElE L~ 55 1 O T

N = 7. (2J+1)gXexp(-E / kT,,,)
Thb, Flo, EFREOEELY .

NX 2Aul = EN” XBluX o (KB 7 F v 7 2 DiRJE)
LR DHOT, RBFIIREFR O H D LB 50 TARESN 1%

T(N"xB X p)
ZA,

LEBNS, 29 LT, BFEDERIZOWNWT
g 77 /X — = NXAul
NELILD,

PLETiZ g 777 Z—13EEO B ODEEEN 1 AU OB ZUE L TEZ TN, 0 FICAFRT 5
K7 7 v 7 A58, HODERED 2 FICKEHIT S, Fo0, BOHEEED 2 TSRS
A — T TS5 THWAZ EI2T 5,

3. 5 Haser ET /L
OLleWg 777 2—0NKEDH L, BlISHI-HER (a~ho—#57) ([ZEGEN5 00K
NROLND, ZZIZ Haser ET NAZEH L, a~RKOS O % E L, Haser ET /L LT
KbV CTINBRERDTADERET NV TH D, KRGz 5 FBEENOIIN FRAESNLD,
ZDRFEBIT LD, BTN KEETIMREEZ LTy 728551, e\ TR 1 23 G iRRE
LebD RS F LD, Haser £7 /L TIL,
o BOHFFMOIXTTE 1FEOSFRAERIND
o HONTIIIIZ 1 HEOSTNOERI LD
o JUFRHEEETE CHEEIO T MITEDL LN
EIRET D,
DTOEREQ, wTOFmMc LV AX c Fa~v2Ekony oKL EERL WD, LoTQ=(=
~BIRD T DWEE) /(3 FDFm) ThdH, TF U FLKRSTOAERE Q 2RO, thx s b
Z & T, BEKTOFELNR 1D,
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4 FER

B A N DRGSRy RN T2 AR ML E LT ORI RS, Mk E AT, ftmit > 2
v 7 A [erg/em2/s/ A, RODFRIZ ) A AL Th D, FNEFNDOST-OAERTRE H0 12kt
T HRAILDOR D, FIT/R LTz, H20 O CHa lL KL2 O, Colle ldvs /Ny ROEZFEA L7Z, &
HIZ, WEDICERORER & bl LENR Lz, o FOIMRE) e fi4 Villanueva et al (2011b),
Mumma & Charnly (2012) B &ML, TNENHDF4 O TR T, RENT ERELZEL TV 5,

+
+ C2He
51 J
+
> 41 .\ + . i
g +
8 31 |
g
=
i +
g 2f | -
©
L]
o
. | LM M
oJXL Lt Lht | )
M \
2015 2910 2905 2900 2805

Wavenumber [ /cm]

4.1 : CoHe
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Relative Flux Density

Relative Flux Density

+®

|Il ’l"ﬂ" 11 b "'WJ _‘_4 "'l

+ C2Hs
x CHa4
+ N @ CH3OH
@ +
{ | ‘ IJ i
mirl b Jil'm “Wn Hﬂ'ﬂﬂ! Wihﬁfnﬂﬂﬂﬂ "w'lﬁl‘

3005 3000

2995 2990 2985 2980 2975
Wavenumber [ /cm]

4.2 : CoHe, CH4, CHs30H

2970

@ CH3OH

1

l |

(T l N
L

J

p——

W il
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Wavenumber [ /cm]

4.3 : CH30H

-114-




Relative Flux Density

Relative Flux Density

x CH4
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4.4 : CHa

x x H20
6 i
5L _
4| _
3 y x T
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1 | bed ‘ X ‘ -

| HH ||'11‘|||r iy Wl (L l||] tidliex Tt mhml[ iy Oy T mhe ‘n
0 I J u “ L l‘ ] h U {Inh 3Lty |i il Al L L“ ﬂ[]l
”I ‘ 1 1
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Relative Flux Density

8| 0 '
o 0 HCN
71 $ NHs3
sl 0 0 v C2H2
0O N 0
51 o .
4l 0
3| 0
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2
1 M "I J Ul \
. i M |
i A i |||'n1 il ‘ i mnl |
0 WI lh] "}!W ,|'||||| ;MWM ll] ilﬁ”' HM “ 11
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[X| 4.6 : HCN, NHs, C2H2
o 2012 2/1 —%— &
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T o
5 * X
R e
® T% ¥ J
E + x*
2
=
0.1}

NHs CHa CzH HCN CHsOH C:Hs H-CO
08% 1.0% 0.25% 025% 2.0% 06% 0.56%
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4.9 : Garradd EHE DKL
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FA4.7T:1H9 HOERE LML

AR k(%) | E¥REE(K)
(%1025 molecule/s)
H,O 642+18.9 100 67+,
NH, <1.11 <0.52 (67)
CH, 11.4+0.89 1.78+0.15 (67)
C,H, 0.51+0.21 0.08+0.03 (67)
HCN 1.42+0.09 0.22+0.02 46% ,
CH,OH 9.5312.36 1.88+0.47 (56)
C,H, | 4.0410.76 0.63+0.04 67416 .
H,CO <5.71 <2.67 (67)

F4.8:2H 1 HOAERE LML

A piE MR(%) | EERRE(K)
(%102 molecule/s)
H.,O 751+11.0 100 63
NH, 3.14+1.09 0.42+0.15 (63)
CH, 14.2+0.23 1.89+0.04 64+,
C,H, 1.10+0.14 0.15+£0.02 (63)
HCN 1.7710.06 0.24+0.01 53+,
CH,OH 14.5+1.10 2.58+0.20 (61)
CHe | 5.56+0.42 0.74+0.06 50410
H,CO 0.93+0.64 0.12+0.08 (63)
5 wam & £ &0

HeO OAREHE (B 5. DICHER T 5 & ARBFE TIXSETHIED b DIZEE~ HO B VS S B
B, ERENE S TNWDZ ENSND, T72bb, BB L A @ik (1A 9 H,
2H1H) &, HATHZECH DT A AGEIERT (9 H 20 A) 25 &, 7= HoJin BT
INEWIT DD S, SEATAFFED 508 Ho0 DAERRERAN L, Z OFHIE, SEITFETHR~S
NTWIZ X D1, i H AT O B LEEEEDS Z W FT TOBINIZ IV TIX, H20 OIKKIAED B i
HMENTEY, ZNOOKKINA~OHRTIRNIZHELZ L TWenbZeE2 bbb, DED,
oo H0 FiEE . a~dhokENDO 0 OFFEOH T NEZ > TW-EEZSNHDTH
Do FRIC, SEATAFTRICIT HBUHICIE, KRRIABLIIIGER (R Y » b)) TRTHELEL TV
Motz AT b AT OB S I 725 L 0 K& < o T ATREMEDS E W,

WIZ, L= B8N T H20 OAERFEEZITEL RO BTN DDNDIZHOWVWTHFTT 5, 7
bbb, a~fTOKKAED R O T ABENH 7208 5 a5, TDi)
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I, I~HTO HO 3T O EMSTHIz, K52 DFWHRIT, BUlSHZAY v M FRICE
S72 0 B FOHEESHTH D, £lo, ROBIEL, KBPENPLOARFHEL THD EREL T
LR TH D, ZOMEERDL . B HLOBRARER SITE KL TV Z LRSS, fHE
H AR . AR I E R b O o TH Y . BHEME TEI L BIRRHRO R B R E VO
E HIERRRIZ L D2 —A U T ORR THBIRIR RS AR T T Dl e BEA LN, 2O LI,
T B OBWPTIEa~FTO H,0 KKBLO ZRI e HHEIT R < IEL <, H0 HAEREEZRDDH Z
EVHRIZZ EEFERLTND,

WAZH ADRFRIAZ DN THEET 5, X 4.9 OFALZ /5 & HON, CH30H, CoHe (LAY 72
HELIZEFE-HL WD ERm0D5, MICh, CH (THAMPEEDHE L D RERFHER LT
WAHZENSND, Flo, FEATHIED CO OfflEkt IR e E RO L D KREWER L 725 T
W5 GEITAFZETIE, B0 OBBIIRRZAIE L= & LThH, 20X Y CO MK ITiEF 72 &k~ T
%), CO, CHa 72 K ORBIEEFRMEME N L\ DIX, BZ 5 < KR RO SMEl O # 7= g (~20K)
THRIEIEOTHDLEBZZOND, ZILHITEHA, ColHe X2 H2CO T ZRE L W /hE v, Zhb
1350 FE RS KRG R AR Tt Z - 7o KB AHINBORT & - THE S 4L, RZ LIz mRetk
NEZHID,

X 5.1 : Ho0 DA A% (Combi et al. 2012)
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X 5.2:2H 1 H®H0 DZ=RI455A

UbEDZ &b, AWFETIE
OARDARFEEIE L <K, Garradd HEO KDL E TS 2 LA KT,
@FEATHFE Tl H20 ORI Y72 5 EE A B L Tz iz, H0 DARENZ < REED

Hiviz,
B)CO. CH4 DHIFRIEN IR X UWNT &5, Garradd R 1T ARE R MO IMAIOE 72 VEIE T
REhiztEZ2 N5,
LiEimTTE B,

AFFED BB, Garradd HENEK SN BRI OW Tiim T % 2 & Th o 7o, BURIOR A,
Z OERIIKEG R RO EBAISMU DG T2 ORI CT SR LI S D, 4%&IE. ZOHENK
BERE TR SN, OFEUZ SV THHNTP LS FETH D, HIAIE, H0 (2x3 % HEK
HRHOMETH D, FEARIIKEOEM S FET TR SN D20, FERELENRKE TR
BREE CHDRIZFFLE 72 5,

255 3R

G.L.Villanueva et al. 2012, “Amulti—-instrument study of comet C/2009 P1 (Garradd) at 2. 1AU
(pre—perihelion) from the sun” Icarus, 291- 295

L.Paganini et al.2012, “The chemical composition of CO-rich comet C/2009 P1 (Garradd)
at Rh = 2.4 and 2.0 AU before periherion” Astron.I, 748:L13
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M. J. Mumma & S. B. Charnley, 2011, ” The chemical composition of comets— emerging taxonomies

and Natal Heritage” ARA&A, 49:471-524

Radeva. Yana L et al.2011, ” A Newly Developed Fluorescence Model for C2H6 v 5 and
application to Cometary Spectra Acquired with NIRSPEC at Keck II”

Combi.M et al. 2012, private comm.

Whipple. F. L. 1950, “A comet model. 1. The acceleration of Comet Encke” Astrophysical
Journal, vol. 111, 375 — 394

Morbidelli, A. 2005, “Origin and Dynamical Evolution of Comets and their Reservoirs” ,

eprint arXiv:astro—ph/0512256.

TEREBHI AN F7 7 2004) , @AEREBRA Y U —72 (Astro-HS),
P —  FWRE (2013, BRXES(ET A b T —Y)
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C) AR - HAR - BT e CHRFRZEE) KA O]
SYRBFGER < Bk, BREL MLE i (R

RS

R PAERE DAL FHR 2 D T DN OO ER D 5 5 TSI 5 WE LD
B\ER—IZHE S O, BHESCHE, BFERSICL2EERINTH D, 29 LI RIKITR
M2 LB 2R L, KREREETOMO» 27 40 —7 v 7RELW, Fxld, Fl2 TFEEET
IXFNICREE S Th o722 8 c mBim$i &/ My Yegsd OB ATV, Rk 2 2 4R DR
NSt A 1. 3 mBEESICGERE L CHWTE 7, ZOpRIE, BRCEBER S FE G Ol
Wi k- CTEEEMICLREE SN, —J, WOPOBRIZ OV TIE, FRETOREEIT-> T
W5, LarL, ZO/MNIDOSHERITH ETIHREINTZHDOTHY | BUR TITERFEOMRE
TIVZHIRTE TVRYY, ZOTZDRL 2 24 ITIE, 1. 3 mPESFIT R L 720 tds Db
ATV, THERE LT, ZO0NaRITRESfEE~ 1 0 0 0 0 D4 tHkRE & [RIREIZ BRI
FEORENFREZEBHEE CH Y, BAMER EOEBHESEZHEDS LTl Ty —L
2o TWD, BITE, Z & B ROBI: &2 REGRICAT > T D, BT WET RSB L 72 BRICiE,
BrEBEOBEO M OIEFMEE 2D Z ENARETH Y | FEFICHEBRIROERS ST
W5 BEOL A, CARRERGIEE & R CHEESICRE L TR Y, YEE A RE I
2 WETRIFENTW AR, LU T, B KO EICET 2RI W THET 5,
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AP - 2 AR R AL E ADLER (2 XL 5
WZ Sge MU B OB

1 f v ha&rvayr

1. 1 B eix?

AR LT, RBBERELBHEEN O RDEEERRO M TH 5, #ELIE, 2 DL EOERE
FIFZ OO EKERE (ARERE, FHETR, 77 v 7 h—) N, TABHICE > TBEWN
WZHIEFELNAY, FOLBELOE D ZAEL TWAHREDZ L THD,

TR R L3, HE AT R L OREE (CHEE R 25802, RWEEEORIZZF
TR i(ﬁX)Oﬁ%’@m‘t LEERDZ L THD, BEOBENEZDLHZ LT, HEZRTA
TR CHIE LT2G6 S ITR R 2 b2 35, ZOEMRKITEE RS EHEZ T EOE &
HIC k- THERY | ZREZRRREBL A5 L TWD,

10 B E OB (Credit: NASA/CXC/M. Weiss)

o T R MEEEESIER IS <L BEAREN T v v a v — T CGEIR R IR S D BN
T UV VORI LTS, Zoryvan—7 &l LIZBRIEN G B A B 2
T % W AR ABBEE~RIVATL D, AESEZ o0 ARBEICEERIVAE T, ZOFEH
ZREAEMEEES (K1),

Z D E OB O —> L LT, B+ HREEOFHIEMIM AR TRRENET 527 U h3—
A NBGR DD, DT T M= MBIGIX, BEMNBENOBRBRLEENRK TH L LBIET
EBEZAOLNTEY, ZO0FXFESZITFANLINTWD (e. g Hoshi 1979), X 2 IFEWAREE
PEETALTOY Iy b YA 7 VORI TH 5, XA MO mEE L, Mt E EREAERET
bb, ZORZEEET VTIE, EENGOEERHEFEN, KD cold & hot OO LE
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TOHE. ERPBIHAT U AR EE (THAKRFEST ) OO EEERL D RSV
O, MAIZHTE D feld . BAE MR OEE L & RN TOEERAERNHEML TH L, mEEND
LEMEZEA D & AR TORERB LM T2 <20 KR O Sk (FEREKET 2) ~
BT 5, SRMEOEERAERIT. FENOOEERERLY b REWD, SEITMNBEND
AT L Tn&E | mEELEERERGBD LT, BEEPHLBMEL /NS RD L,
Eild AR DL ERE A MEFF CE R R0 | FRRMBE~ERT D, LI A 7 V2D IRT,
IR TR OREZ R L TR Y . ®IEMERT ¥ X=X MROREEZR L TV D,

X 2: BORLZEMET ML DY A 7 VoK (Fig. 1(a) in Osaki 2005)

Mo AR LR DU O K AR (FUA R . IRBIEITE 2 &) THIR SN < — ki 7 KK 515
ThD, ZOMEMBEOFEICERRILEL T\, ZOMEA L LT

1 b 0> S5 GBI TR T B TR TR A B T B 2 &

21 RS PIARIC Hi 3k L 7= S BB 0 & 4 B2 r— L3S L B Lo b

NEF BNB,

1. 2 WZ Sge BUZHT A & 1X°

WZ Sge BUFSHT B L%, BEHT RO T b BUE A O (3 RF A SU UMa RUBHTE & KT
RKIKOV T I N—TTh b,

SUUMa BT I, BHE OT 7 b /X=X RESMT, A= 3=T T hX—R [ TN L%
RYBEHETH D, ZOA—/—=T 7 M= MI@EFOT 7 h3—2 b (Bl 2—3 B)
F U HFEFERFHIE < (K 10 B) | HOLIE (= FiEms & KR & OFHRAE) & 1 FREE R E <,
EBICA=R=N T LT HIRED 0.2—0.4 S5k CEBEMANEEROBMBER B L b
% EWERMEESH R 2 RT 2 LR LTS (Warner 1985)

ZDA=N=T 7 ;=X FOFIEE LT, BEMBOEMYARLERETANANHEINTND
(Whitehurst 1988; Osaki 1989), ZMDETFTI/ILTIL, 7 hX—RZ MZ Xk o CHE MM, #E
JEEE PR O T A D EHRE B OAS 3:1 & 72 2 B8 (31 LR, M LOAaBEEN DO
BREEAS, HEEREEEEOK) 0. 48 %) (M £ TR o 7o fE R, A5 PR O T 2 DEENRLE & 732
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D, MBEBAMNOFHEMICZOIREZESE D, Z OFELFEM HERITEERICH LT D &
EHE L, REIAPERISESWIERHIZERD O O 14 X 0B < 2T TofER. ERIZ X % AiES)
BHREMVRICL > THEREDN L VIBED, O ARLEMEZ B ARZEMIZIBMLT-E
TV (BT R EMEE T V) IR, SUWMa BB & TR S LD A —/3—=T7 7 h/3—Z F DORIE
DRE S, MFREHOR S A== T OB ORET N TR T %,

WZ Sge MUEHTRIX, SU WMa RUEFHZOH TH & HICHUEFMNE W L—FIZE L TV 5,
ZDWZ Sge MBPSHE DR L LT, (DFFEMBIEFITRNE 10F) 2L, T T b=
FOHHIRRKREN(6—8 Ffh) Z &, )7 7 =2 FOPINT, BRI —/ = 7 LIEE
NAEEH SR E -T2, (42— =T 7 h—X MNETHRICEOHEET 5 THEEHRS ) &
RTREDDD &, BT 6D, W2 Sge WS EITFHEMMAR WD, 70U F—Z D
BINEIR 53T G)DRIA == 7L (4) OFEEEBRIZONW T, KEHOTKE L
THINTWD,

FIA— "= 7 ofji e LTiE, 201 5 (0saki & Meyer 2002) IZ L -> Tl &I Sz
WY BORIZ X > Tt S 7z 2 DOBRREE N B STV D, s, W I X 5O EE
IZHASNWEET L BIRE SN TS (Smak 2001; Kato 2002; Ogilvie 2002), T Tl, Matsui
et al. (2009) 2% WZ Sge FUREHT R V455 And DO L@ RIBEFHPDEEINI T, B2 — = T DMK
RACEDP RS IRoTND T 2R L, £ E U THAS M CEE T AN IR - T AR EE
DO FEEMRH D Z L2 ERL TV D,

FHOLELSIE, SU WMa BURHT R OBy N L EMEET L TITIBA A RV, ZOET VI,
A—8=T 7 b= 2 NETRHZHBNO F Ad R b D7 o TnD 2 &2 PIT 5, ZOH
P SE D A=A L E LT, Hameury et al. (2000) (X7 7 h/X—Z NI X > THE L7
ICER o THEEDIRS SRR, EE D OEEWEREN IR LIz dlciZE e e 35
MARR LI EMT i), —J7. Osaki et al. (2001) /X7 w7 b /3—2 MET 4 & PR OREED &
VVIRRE ZERF L. 2D 7 A9 RSN > b G S 4l (Kato et al. 1998; Kato et al. 2004)
PSR NEZ D 2 L 28 Lz, Hellier (2001) 1%, WZ Sge RUEHTE D X o (2 M & &1t
DU/NS RSB CIE, 301 RIS &R Oy U128 G I L » THAEE A REET 54 FE
L7EBERFE LR R 508 L OMICH S R T ANEZ B D At R~ L7z (nass
reservior @), LA L7ZNE ., 2O mass reservior anz XETABURIMEEILIE S +5125 5
LTV (Uemura et al. 2008; Kato et al. 2008),

Foz i, WZ Sge BUEBIE DRI A — R— 0 7 L HHCHSOMAEZ B E LT, 2 AR

B aEE ADLER (X 3) 2 W T OB 27 A7z, ZDfES, EZ Lyn & 0T J012059. 6+325545 @ 2 K
EKOT 7 M= NOBHNZKED LT, TOREEREZLUUT CTHET 5,
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2 BT FERE R

2.
EZ Lyn IZ. Aa—2F X ILAH A B —4 (LLF SDSS) TH R S 7= 5 & (Szkody et al.

1 EZ Lyn

2006) T b, ZDREKIL 2006 FFIZHDTHDA—8—T 17 h8— 2 MBFER S L. F OO
\ZE D, WZ Sge BUBEHI R CTh D Z & s S 4172 (Pavlenko et al. 2007), 2006 HD7 7 k3
— A ML L BEIOFEEAER S TR Y LB OMIEICE L7 RIKTo 5 (Pavlenko et
al. 2007; Kato et al. 2009), Z D RKIEZ, 2010459 H 18 BIZHH L CW\WD Z &AM E ST,

s ITHRE SNTF DR LB ZBMA L, 2011 4£1 A 7 B £ TORNCEF 16 18, G812 1T
ST, BINTATSDSS D g’ 74 AF—(FOEE 475m) & 17 7 4 A Z — (FLEE 763nm) &
AWTIT o7z, Z ORKBOBENT LK SCE ORS00 eds LOSA/F2(IX] 4) THATV, FF 6 "D
B 21T o 72,

2.

3: o [RIRFHR e E R ADLER

41 ARGy A LOSA/F2

1.
51X EZLyn OYEEEHiRR & (A (g7 —i7 ) ORFHIZ(EZ R L TV D, /3 ORI —BRICHR

1 W53 LaDRMNEE)

B 1206 x 12 534

CCD chip: E2V CCD CCD42-40

3 13.5um FJ7, 2048 [HjZE x 2048 [Hj3E

A Le/ADU] s 5. 43 (ELEERAMI) . 5. 25 (R RAM)
et L/ A Kel: 8. 4 ELEEAD | 7. 6 (R M)
mA: BrmA+Km, -90°Ce=E 30C
PRI S (60s B, S/N=20): 18.2(¢g” ), 17.7(G" )
ik

FEARPERERE T
HEF(AY v b)) 3HA x 30A
P Fdk: 380—780nm
CCD chip: E2V CCD CCD47-10
B A R 1B3um FJ7, 1024 HFE x 1024 EFHE
74 > [e/ADU]: 1.4
A L A Ke]: 28
W MRAE(L/A 2): ~ 580 @1 =600nm
WH: 2 BEETHREI RS —20°Ce=ER 30°C
PRFVS5Hk (3600s FE5r. S/N=30): ~ 16 Z%#k

BLIe7 L= L& P L2 RICADE L TROTE—B %R TH 5, EMEERE, TN
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B Z R LT D Bl IR KO EE D & Of% AT 2 D TIEFH A —/N—= T3
ITIEA = =73 TTIERGEROE S, IV I BN, VIZp 500 e, 22
B S =W 2R LT 5, Q13 2006 4FOHEERTIC SDSS THLHAI S 4172 25k (DR8) Z 7~ LT
Do ZOEMPFIRRED EZ Lyn OXEETRT B Z HILD, 2010 O RA— =T 7 f 83— |
T, 6 BOFENEDIHEZR SN TEY Kato et al. 2012), Fx1ZZFDH 5 2 BOBHNKL L
TW5b,

magnitude

color

0 30 60 90 120

Days since maximum

5: EZ Lyn ®HA % & & BORMZAL,

FHEOMAKIL 201049 A 18 HICBHI SN TEY . ZOENLORBHEEE T &35, 2L,

EXOKEEE R CEFTH D, 2010 DT 7 hoN—Z M ORI, g8 T5.6 %4k, i° T5.5%
WCThHDH, BINIMBANS 111 BB LB E TITo TV DHR, ZORRITHERRFONEIZRE
S TR,
I & 11 OB T, REORIIERIE & HICKE L RoTWD, RIKOEIL, KR RS H
<L HEOWA L LIRS RV | 11 OZEBOEHIC R bR R o7oth, IV ORHDCHICITH
JERHCH S R 2R 2R LV O 5002 BN T — HAR S 2R o T BRITIR A IZH L 72 D [ T=70
AU TIEHEREL D b EL o T D,

2. 1. 2 53¥AXRT ML
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6 1% EZ Lyn O3 AT MV ERERINC T 7T 7 Th D, ElnIF ERpR R L
T ART MV AERL TN D, BT R TRt T et O CHAS L L 7o i E Ch 5,
H ST & 7 1T, Ha & HB DA TH Y | Hel R0 Hell, Bowen HE#R (& 464nm £13T)
72 EOE BRI STy, [ U WZ Sge TUEEBTE D WZ Sge d 2001 4ED A —/3—7
U = FTIE, 1T O HE TS Bowen BEARASEGELIREE (25 LT 0. 1 DL LD E T S 41
7= (Nogami & Iijima 2004) = & &S E#E L C. EZ Lyn @ 2010 2D A — =7 7 hX— 2 NIIRAE
MRE LIRS AREMNE 2 BN D, WZ Sge OFFEZHAMIAS 23 4F (Patterson et al. 2002) T
L% Ly EZ Lyn OFEEHAIM N T2 -T2 4 = TH - FRKITZ O REM 2 L4 5,

X 7 1%, Ho BERREREIORFEZL 2R LT D, T=13 ® Ho FAREREIIAKIZ 2 2O E—7 %
F5o, T OFFEA 7RI, B EICEEMNRB TR SN TS Z L L, ZOEERNE
HEMRERNO R LI RRTHDH I LERLTWS, HREFICBWVTH, Ha & HEHRIZAG
FEEFEOIERNRIRICINZ T2o0E— 7 2 oS L2 "+ L nmbhTn5
(Szkody et al 2006), 7 7 h/3—Z hhTH 2 DD B — 7 ZEFORMRIREs 0B S - 2 L i,
TU M= METH Ho RO ERERPEEMNBETHL ZL2ERLTWD, Z O
D2OOE—THOBEENS, HORED S & THAEMEDO LR EHET D ENAHETH D
(2. 1. 5 Hi Ciam) o

S /m—m——m—rm———7——7——— 7 CroorrTrT T

N,
[\§] [4)] (03]
T
|

—
©

5t

normalized flux
normalized flux

-
w

1 H=r

5 PR T SRS N T S S T NN T T T T S TN AN S SN T S [N TN S 1
450 500 550 600 650 700 750 640 650 660 670
wavelength [nm] wavelength [nm]

X1 6: EZ Lyn DAL SN2 AT bv X 7: Ha fERRERED

2. 1. 3 HAEEBOIRE S A X

B ENTz g & 17 OFEWRE | HEREICHE LRI BE#C 7 v F T2 2 & T,
I BEIR ORI & A XAHEET D Z ERHRD, TV F =R MO RHIRO ALY F LT X
JL X — (SED) /o Afiid, 1iEE O RKKH CHI I D Matsui et al. 2009), M5 OENREE
T LT, BEMARIIMANC 22 DIE EIREMEL 225 2 &b, Bl S iz o Koy
IZMBINEE N O SN TN B2 bbb, Ko T, g &1 b HEE L7 B iEik O
I &Y RIS O Z e KT,

4 8 (X (7 k) & BRI OB T v b TR T IR OIRE & A X DR ZA b
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ThHD, BEIMRKIOOREAR T TH D, BT OY A X3, b ICERRED Lz T=111
DIEZEFEREL LTV D, MRS E CIIIRE, A A& HISHEICR L CTIEOMBEZ R
LTW5%, BEEH#%OD L0 ICIE, A XITHFGERAD Th 52— T, REIXRH &
EBITHMLTWE, T=70 ALBE CIXEERF L D B REL o TS, ZORHIOIRE &1 X
DT, AABE~OEERENRR L CD I & &, FBPERN 00D LT D 2
EETRE LT D, T=111 I sk D W o XVIEEERE L IZER LR &E S22 > T D,

magnitude

120 -

100 |-

Tbb [X1OO K]

80 -

60 L

100 |-

101

Ratio of area

! |
_ L Ly ]
0] 30 60 90 120

Days since 2010 Sep 18
4 8: SLEE (e7 k) & BRI OOIREE, A XOKFHZAL

2. 1. 4 MEBPERORHZ(

AITETCHEE L2 BUR BRI D A X% | RGED b & A FIARERR b QR R FERE A (2592 Mg
R ITHE T 5, Z OHRRE Tl U EB D A X3 (1) PR O SRICHAIT 5 2 &, (2) ik
KAFERED PP LT 201 IR (R 0.624) TH D, Z L2 ET D, X 9 23 MR I
Bl rI77Thd, g & LT, fBG 2 R I 720 > 72 WZ Sge BT & V455 And & |
Ha OFEFREREN 2 SHEE L7 IR 2 ERTF oy hLTW5S, MPORBROKENL, Th
ZHOREKTORIEHOCRFOEZ R LT\ 5, V455 And D MR R OHEEITIT, Matsui et al.
2009 OBLAIFERD ¢ Sk, Tc HERAMFHL TIHO | #HEHIEILEZ Lyn LRICTHD, T=0—1
TlLg , Te N ROBEIPTON T2 W, VAV RE T AV ROFERZHNTWS, T=0
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—1 OFEROBEINZIX, ¢, Tc, V, J D430 RTEHIB T T=2 OfEREHEHL TS
VEJT%ELkEkEi g L lc THELEZMELY /NS REAPH L5, K9 DH
MR D 77 713 T=0 DfEZ FEHEL LT\ 572, V455And OFERIZ, T2 Talliffl g’ ,Ic T
BUA U 7R R 2 UIZHEE LT MR L LD b RESRDEBZHND,DF Y (X9 D V455 And
OFEFRIT EIREZ R LT D, —H, Te AU RIE 17 AU REEEREHRDTNCE LR OO0,
%@%@i_<b#ﬁfﬁmi£b%ﬁwo

PUCNEN ﬁ%%ﬁ%%%é@#okV%Mm@ﬁﬁﬁﬁ%ﬁ%%ﬁbﬁEum;@gm%¥m
O HENRRKRENT EER LTS, 2 ORERIE VA55And D 5 AWVE EFEE A L 0 ErICk
ETCNWLHZEEERLTWD, o, _ijﬁﬁmmm%ﬁwﬁt%V%5Am<0ﬁ#d\b\:k
ZARLTWD, ZOREFITFAED SRR EED O IR IRIBICER LZBRIC, 2B oM %
SOEEPEINTNDLZ EEZERLTWD

| scence

0.8 _
quie- Hao

o + _ 7* 2:1 resonance

/A

V455 And

0 . . 1 . .
0 30 60

days since maximum

9: FIEEEELL DRFRHIZL

BHEBIRICONWTIL, 2 2OBET oMM REINTWD, —DFA—/"—=T 7 h/3—2Z |
DT, MBOINFEICEEDR SN TEY , ZOTAPENTHET S Z & THENRBS
Zol & 29 L HFEH (mass reservoir) T, & 9 O EDIEA—/R=T 7 hX—Z N THIE L7 [F
HERBICE S THEENBL S D Z & THEEND O BIERN/HEM L, Bz cBEM#sIcin
AATEETARFE A2 =29 L v 950 (Enhanced Mass Transfer, EMT) CTdh b, fEED
DURAVIATe T A DFFOAEE & (T RIMEE O T ANFFOAEE R LV H/h SV 2, ENT #iid
FHEERTNC TR T2 2L 2 TIT 5, Ko T, Fex OBUKERIX ENT L0 % mas
reservoir & XFFLTW5, DL EOREGmIZMA ERE A RE T 2B OME 1 [ ki
RO SRICHAIT S IITRESRRVDR, b O OEODONE 2 THRRERFO 8T 211 3
e —H T 5 ITIFREBIND AR H DL, L LR G, SlEOGERTO V455 And O
PR RS EE (0. 13) 23 EZ Lyn (0.26) £V K& 725 729121%, V455 And OREKIE (T=0) O [z

BEEEAN 1.0 L0 RELRITIXNT 2V, ZHUTREAE PN ERRERE LV b REWD &2 EK
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L e AN AN

e

LTCEY, BEIIEZLNRNZD, RULY fEimIcs

2. 1. 5 HalER@EN HHEE L7z PR & o bk

Ho BRI D 2 DO — 7 HOWEENS, MNBEREZHET L LNFARETHDL, Z OHEE
X, AREEOE R, PuEEY, uEmrER A, EREOEELEZVNEE T 5, HuEE ST
BILOGEERINSBEERSRD LTS (Kato et al. 2009), BHEWIZFA— =T D
OB N 2 b & B &b & ORICH D SEORRBRAIHRD BTN D, A==
OFEHIFRPEBR L 0 L RO BN TV D (Kato et al. 2012), #E mfEAHE 1 ZERRERES D
FEARLT 7 b AN—=Z NEEIZE D L EFFEANEHR TR OND Z 00K 757 (A 727208
NHRTNWD) LHEESINTWD (Kato et al. 2009), — T, ABREEDEEZHE T 24
HFERIT AWz, IR CTHET 2 BB EOE RO RMME (0. 6 KFERE) #RKE LT, b
DA% FIV T Ho SRR ER D HHEE L2 PR ER AR 9 ICEHEA T 7y L TWD, Ha BEfA 5
HEE L7z T=13 OB (U EMaR) 1%, | H ORI SR O 7= IR GRDEAR) Lo HRkE
W R DY A XVIGE L 7z HuE R B AR R E EIKAFET 208, IO
N A% R TEY . ARG A% BT D 0T, BN REFE L
bRy var—TNOEVHEHHE TER>TNDHZ LIEINE TOBEKEDOHIBR L FIE L,
b LAY FBESEDEMIE LD S RERTA X THoT b, TORE RN TFHIC
T ZIA—=/3=7 7 b= 2 METIRICHBSMNZE I I 7R S, EBG0 = k1 ¥ —
&= W ADFREME N B 5,

2. 2 0T J012059. 6+325545

0T J012059. 6+325545 (LA F 0TJ0120) I% 2010 45 11 H 30 HIZHIEIKIZ X » THOYGIRREIZH 5 =
ENERENT-RKIEKTHD, ZORKOEFZREOIEEEIL, SDSS @ DR8 I Z 1 72k b & g=20. 1
M. 1=20.5 LR TH D, FERBEONREIL 12.3 %M TH-7-D T, BIEIEITH 8 Sk K5,
Z ORI R LY . 0TJ0120 1% WZ Sge BUEHT 2 OB RIREM & Shviz, a3 to®mE
Mo 72 2010 4 11 A 30 AL B Z B4 L, 2011 47 9 H 23 H £ TORMIZE 34 &, LN
ZAToT-, ETOBMPNLEZ Lyn LR UL, SDSS D g” 7 4 & — (g 475mm) & i 7 4L
Ho— (L 763nm) &2 AW TIT> TV 5,

2. 2. 1 ELAOREHNLLHE

B4 10 (X 0TJ0120 DIEEEHhAR & (g’ 17 ) DI AR L TV D, K30 ROERIT—BRIZ
WG L7 L— L% P L BICHDE L TR 72— E Sk ©, ERSEER b E, TRAE
TR LT\ D, BRI E NS OB A TH D, KD T TR A — =T,
IT XA ==\ T3 TTHIERGEROE S, IV I BN, VIZp 5007 Boen., 2z
NI S WA R LT b,
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magnitude

color

0 10 20 30 40 50 60 290 300
T (JD-2455531.0)

X 10: —Bp P TORERE M 17 ) L AL

SEEEVFBIRIRI A o 2011 42 11 A 30 BIZHR T, ZOHNOORMAHE T & 95, il
LML R CEFRTH D, ZOT 7 hAA—2 FOHDEIEIL, ¢@ T6.8%#k, i’ T6.6 %Mk
Thbd, £z, WAND 297 AR L% ONXE T g’ T19.2 %58k, 17 T19.4 58T, Hiany
EOKTERALL, ZORFETHERNDELFIERFORIEBIZE > TW RN & Z2RT,

I & 11 O TIX. SEEOBDIIER L & HITNEL o TWD, ZOMEMIT EZ Lyn &%
2o TS, RIEOEIFABKNS 1 BfREEO T=1 THbH< . tf@ﬁwkk%_ﬁ<ﬁw
I OREEOEHNC — BARL e o728 IV OFEEHENIIBIINEISH 2 & O ORI E < 72 5 1H
2R L, B THRICIET—HR o e, @200 RBOEHNCII R A IZE LS 2> TN DD,
HIRRF O (0. 43) IZIXE > TV, V TIRAICE S R 5 AL EZ Lyn & —ET 223, T=297
THERERFLY 1 SHREENS <, AHFEREL D RWVEERIE, 0TJ0120 T 7 h/3—R FDOFF
felREf] 23 EZ Lyn K0 EfER N L AR L TS,

2. 2. 2 WUNEEOREE A X

EZ Lyn LRERIC, BlIES N7 g8 & 17 OBERE G RIS L 722 IS BRI BT 7«
v N5 2 & THETEIROBE LA X e Uiz, ¢ & 17 Ffhd HHEE U 7= i fE ik o 1
&Y A RXHBANE D E N AR T,

B 11 13O0 (g7 Sk) & BRBOHBIE T « v B TRO TS TEROIRE & YA X DkZ1L
Tho, BEHIMMKOORBHEE T Th D, BEEROY A XX, &b HERED LTz T=297
DIEZEFEREL LTV D, MRS FREIE CIIEE, A XL BITHE L EOMB L 25 EH)
R L TWD, DL DD 20072 NI, A XITHFRED CTh 25— T, IR
fl& & bITWMLTWD, ZORMOIRE &1 XoiE(klE EZ Lyn TR O ZH#LEIZIE—%K
LTEY, THOREE~OEEEENFRL TWD I &, B ERND NTHED LT
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HZ L) R &S ELBG AR T W Sge W THBOFHAUTH 2 rlREMEZ RE L TV 5D,

magnitude
>

160 -

1201

Teff [x100 K]

80

100}

Ratio of Area

P R R S B A 1

0 10 20 30 40 50 60 290 300
T (JD-2455531.0)

B 11 e (g7 S5fk) & B RIROIREE, ¥+ X ORI

2. 2. 3 MEFEORHZ(L

RITES CHEE L 72 U RO X% . EZ Lyn TIT o 7= D LA UFEE « E 2 VT P
WACHE T 5, ZOBMETOMET, B4 X3 (1) RO ZRIZHHIT 5 2 &,
(2) FRIEEER OO PR AR IT 201 JRIBEAE (K 0.620) THHZ &, D2 ETh D, K12 AR
BICHAE L7277 7 CTh b, iR e LT, 2. 1HiTHRIMLIZEZ Ly
n &N SRE RERN-7- V45 And Z R T2y FLTW5, £72. BBOKEIL, h
ZHORKTORIERHOERFDEZ R L TV 5,

0.7 —
I S 2:1 resonance radius EZLyn o
0.6 : V455 And —o—
A OTJ0120 ——
0.5
04
0.3
0.2
0.1
0 | ' ' ' | L L L | ' ' ' |
0 20 40 60

T (days since maximum)

X 12: PR L OB ZE (b o B
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ZOXIT. FHDEEG AR S o 72 VABbAnd D57, FEHEEEIS AR L7 0TJ0120 <° EZLyn
L0 HHBEERIEOBDEENRKENZ EZ2RL TS, £7o, QEBOCERTO B ERL D
V455 And D J773 0TJ0120 R° EZLyn £V &/hSNWZ L Z/RLTW5, ZORERIE, 2. 1 i TOfb iR
Thd [Fx OBNEERIIFELRESOENE L TEMT LY b mas reservoir st & XFF L T
5] EHET L0 THD,

0TJ0120 DOFER G, MR A BE T HEORE 1 ITIFTEEI RN, RKE 2 THEKRFD
PARERRIT 201 SRR & — 83 %) 1T B SN D RN S S, Lo L s, SEOLE
AT A28 C V455 And D723 0TJ0120 L0 K& 72572 9DITid, V455 And OFRKEFD [
AN 0.86 LD KE S RITAUXWIT 2V, ZOffIE V455And D & = m— 7D 0. 81
FVHREN, 2FD | MRKREOBEEMNENRry v ar—T7 X0 E REL Ro T RITFIERD
RN, BIRIZEZVBRVWE ETIEF AR, —J7 T, 0TJ0120 DORAKRFOD P A3 SIS
E2:1 HEIEEAR(0.624) KLV REL Lo TV D ATRBMEIEH2ICBEZ b D720, RIXVIE 2
LI EE G2 W EBE I BN,

2. 2. 4 BHA— S— U TDOEE LTI

Fex L, 01J0120 DRIIA — /= A2 L D EOMRRAEE 2 a4 Lz, X 131X,

B A== TR ENTZ T=1 TD g’ OAFFEEDCE MR & . A2k (g Re, ¢ -i7 )
Th b, Re 7 4 L Z —TOBNE, KIEE KT D 5lem iEHEIT, CCD 4 A F (Andor DW436) %
He v 417 T ADLER TOBH & IFIEFRFFICIT-o TV 5, BililE, B2 — — o 70 E
(0. 05714540. 000002 H) TONMFHT, g FRTONENMNERDZ A I T HMHOJUR &
LTWb, KEE( )RR E R DAAHT0.7 FHET, BRR DR 2o TND, Fo, HEOM
INDEAI Tl BRBRLELRDEAAIVINIEEAE~H LTS, [FUAZEILO/EEIX
T=3 R° T=4 THHER SN TS, ZD 0TJ0120 1%, FHIA— =0 T TOOELPHER ST
2BIHOBEFETHY . 1 BIHD V455 And TR.ON L LR CEmEZ R LTV D,

FHIA == T ORPRE LT, SEH AR L2 BIC L > TAEL TV D LT 530
XL TW 5 (Kato 2002; Osaki & Meyer 2002), Matsui et al (2009) 1% V455 And @ FHj A —
PR= N T ONIRIMEIEERR S LBR L TWA Z & &R R Lz, 0TJ0120 OBHITY ., JEHE DO
KEE(FEMBK, BIBR) ICEPR DA THL Z 2R LTS, ZORRIE, FHA—1
— N\ T ONED, FERIMEER TIAD - T ARIBE R TH D &\ ) EiEE R 5,

Fexlx, RIIA =/ S= T RERESH R ~OMBOEGIZ L > TREE 5 LEL T, MEOH
EREE A HEE T DB R 21T o 72, ZOHYERIRIL, A ARFHIES L v a 7EEE T
AnaiEaE DT Bl STz 3 3 ORI Bl 2 MR E 2 51 3 5 (Uemura et al.
2012), BRHEIZHWIEANTZA—=ZFR1DOLBY THD,
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: # 1 MREA~ v T ORI
FHL7E/NT A—&
(tab. 2 in nakagawa et al. 2012)

13: T=1 ONLFR R R & a2 b
(fig. 7 in nakagawa et al. 2012)

B 14 ITBAERH I K-> TR bIve, LB mEERHE 2% 60 BEOSGE DMBRIEASMAIXThH D, 1
il O IE R MR TR LI TV D, fEREOHLIEIL, (xv)=(1,0ICH D, WH
DHBELO RN R LTEY, A WEBIZEEAR S S, X 156 1%, FHE I HBRIESR S
A7 O PR S V7o EE R & BLFE R & O T 5, FHE T & A7 6 EE i #R B 2R
ZRSHFIHLTND,

B 14 1%, MARITA LA T TEY ERST2EEICR>TWHZ EEZRLTWS, £/, ATFD
B L3 o T8 B A EOMBENEA L BEENIRR > TWDH T E bR LTINS, ZiLHbD
X, PUEE R A 50 40 FEIZAEX THRLN TN D, Z OIS, MWW AL EME
IZ &> TER LI MBI L COBRE T VTR SNz 8RS (e. g Ogilvie 2002) &FHEIL
TW5, —Jh, EEET AN THT ML, 2 DOl Z —r2Ffo0, Fx OFEMRTIX
L OOE LR BN, ZOFERIE, BIIA— = T E B 3 MRS 2 39 51203,
W OB T TIERNWZ L2 RELTND,

005 T
® 000 :}HEE_ ) iii I} ]
: 131 { ool
005 -, , }%_
-0.05 - ‘111
: B
@ 000 :EE"E%% ﬂf{ }\% .
0.05 g e Efﬁ
005 7 ‘Etii T
1T FA ]
= 000 EEFH }E‘fﬁ ££{ %
005, . .. . TFE

0.5 1.0

phase
X 14: [EAE AR OIE 55041 X (T=1) ¢ 150 E7 VA EAERL L 726
(fig. 9 in nakagawa et al. 2012) L BIRE R & o e

(fig. 10 in nakagawa et al. 2012)
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3 F&

1, WZ Sge YRR CRICBHTWU EN T A TR D 2 SOBIG [REA—/— T
EOTHEESEHS ) OA =X NRIAZ BN E LT, 2 (A REREIEE ADLER % W\ 7 g8l
Totz, ZOFER, WZ Sge BUEHTE BZ Lyn & 0TJ0120 @D 2 RIKD A—/3—=T 17 h)3—R | L H
BB OBLANT KD LTz,

BIITHONT ¢ & 17 N FO—BOPEEEREZ TICREE RO B ERLEAHEL, 20
REAI AL 2 FR B R & /R & 72 o 7 WZ Sge U &2 V455 And & bl U765, FRHEORELA 2
L V455 And D5 A3 LS 5 0 0 EZ Lyn 2 0TJ0120 L 0 & PR ORI EEN K E < |
F - BOHEBOEE AT O PR et . VABS And DNV NE W T E R L N E o Te, FHEEBIRIC
DT, 2 DOFAT 531 (nass reservior %I EMT) MBS TW A, Fox OBLGE 1L
EMT # &k U & mas reservoir itxa XFFL TV D, ZORERIE, PR EHEE T DEICUE L
7o 2 DOFMITEEI LR,

FHI A — /=713 0TJ0120 TEEMZARBANC AL L, KIREE R F- O FRFBLRIGR R & &t
T, MEDOKRHCIR S 72 2 BZLOBM OIS LTz, 55417 3 DD/ 0 RSB dhif
IR LT, RHIA =N\ TR OB M OETEAT KL D & S RGED T C R E Ol
IR AT o TR R, B S AV EE MR & BT DS 215 2 S R T, BHE ST R
X, WAL EMICE > TEE LIS L TOHEGRET LV TRENZLO L LTV 5D,
—F T, HRETANTHIT AL, 2 SOl Z — 2 EoON, Fx OFERERETIZ 1 >0
e LR SN2, ZORERIT, B A— R— TR S A ST S T, WY
HOBTEADTIHERNZ EE2RBL TS,
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&

AR BE A T8 2 ORI

1. AR ESEZ =B 2 OB

BEOYHL LITERERTHY . 20ELOKEICH 2 ACEEL S IEBER R TIX, A
BREEZTHARD D, HEITIHHEER CTAQBRICT- o2 T ANBEEREIC L 0 IBR
(FrRIEF) TLORETHY, —BICHBEREOEERREWVIZEDROTATHRERELEL TS
7o, REZ D AEEEOEESCHEMLZ I SH I ENAETH S,

S BT, FEBREPITROERIEEC, BFF A &RV A XD 1um DX A MNR1AERK
WFE L W o R ILEOREHSE N DO T KA NS5y H TRiELTBIlEND, Zhb6BED
R=ETVE LT, LD 10 FMTIE, RS BB, A THEE OB HIERIC
ITOND X oo TEL,

ZOX YRR OT T, BEYIBADOHTEC SOV TIIRITIE REE S O/ N im0 8L
NEBERENTBY ., BHEOSE W In 7 T ZAOEmEEIC X 25 E O S, #HRNICR T
HIR L TEL T, ZOBAIE, FEITZERMITHE R S5 o RIS b 288N & £
=2 BN ATREAR LB DRV NS WY (A8 ImA) ICRONTE 2 EnRE N, F
7o, BRBRORGEIL, MEEREH, 1D SOBbOMTT, IR RHEIZ BV TIERIC S IC D
72 B R R R,

L L OEREMENFET 2000F, RIEZIFEACHEHAINTORY, 2 E TOBNTE,
BEEETIE, B2 W OB OB Lvan 2 & W28 Lo o 72 2 E AR E el &
&9, DEV . ZEREOBEOT-OIZIE, [Hx OFROBRYM ORGS0 D ETOERE=
Z— B S U, SRR RF O IR, B DA 7R & B RN HER L Q0 < AEEMR LB
DTED, —FHT, VNS EMETLRE LT — 2l 5121, FEFICHBEO G E#E
HEHFETLLERENAARZOTH D,

F 2T, Bex lIRAEESC L HHE ORGSO, oy Hlicbhic =2 — 8% L
T5 2 LT, BEOBYI N DIRFE ORI DT DRIV OB %2 FhE L, RE» LIRS
B EZGD Z STk LTz,

J

—

1. 1 GHr& V407 Cyg DF =& —BIH| & Frik 7R O f

e A EDHRIT, 1B L THID TEDHFIENRIR SN DT, BRATOREIZONTHD Z
VIO TEE LV, & Z AN, VA0T Cyg X, AR CHMIAIERE D5 ER GHERE LD
) THY, ZRNETICTTIHFEEZMONTWEZRIKTH Y W= OIZHDL W, 20T~
IXIBEEI O BRI h - 2810 % 4 2 2 & TRHEMRD R ERND Z SITE L
7oo B1IE, BISHIEARY MAT—2ThDH, SEIERITEOMEMMMPHER TS, FFH & &
HITAKFRLANY T AP SN D HITIH 2D | RAICHETHOEIROT A d DML, %
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2B Ko TR EIR T 7 A~ BAER SN HEIC UL Shveun [Fe VIT]Zp SRpk 7o fE
MOHBLZIE 272, K21, AT MLT =200, ROBEZHE LTERTHD, ZOfER
Mo, TAOKEEEN IR T LTV DRFEIR AT, T ORRIZ, #E V407 Cyg
Eb e b & oo LB FOEAHOKRKED T ADH % FRIBRIC L DT ANEZE, AEHEZ L
BIRMNM > TN o e Z L Zme T 5, FRORLIBNE RETCMEOHEL LTI, MV IKLIBERE
Z# Z9 RS Oph 23& D, RS Oph HILARTHLTZOLTRMIZH L Z B LENTWD, 4
B CTOFBIEF OLBORHE 2 MR R T2 & 72 o T,
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Arai et al. 2010, Physics of Accreting Compact Binaries, Proceedings, in pres.
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B 2 B2 V407 Cyg DKRFEROBAEE, SUEICH A MHEED T3> TWh5,
CIEIBETFEORRB TR L OHEERAZRET /R TH S,

1. 2 ¥ KT Eri o REHER O TR D A 7 R 5544

BrROBRB NI U7 T A RHPHIC AR Y | FEF I EREBIC R D, ok &, —
) (o AR 10, BEREEICBZZMBIBRE~LBITT 2, TDD, AT FVORHEN
BELHUT L, ZORZEEE L5, BRI A DBEECIREOZENH L, TA
DESIRI A 70 EOWRLEZ RO D Z ENEEG TIER, BEML, IERICHE LT ANLHK
HENDEROBRRLBMEZET DL THAODAARERATIRD Z LN TE HEERNE
Hchs,

Z T TEHAIL 2009 FFICHE L LTRRINTZZ Y XX RAEOFHE KT Eri O2EHZEW LT,
T DF RIS 2N FEF I R GEEEER) 3000km/s) Z ENIHNTE Y | O HERIIIA S N 7z
D, BEHNO OBIANZ L o> THADBR M2 iET 5 ECIEFITH A L,

SIBBOFER, EFITHRLS . DOIEB >R E LT BERZ SWVKEE TR T 5 2 LT
i, M3, HE KT Eri OFFIRKO A7 ML Th D, 3ol EoKIZIE, 5000Af)
TOPERKZ 7T, Fox T Z OBEBRPEERDORERR CTH 2D LFAE LTz, Z OREBROTIR % fftT
THZET, MHENTBBEOTANED X D R TIER > T L0 EHITHZ LN TE D,
%] 4 |2 BRSO fAT G A T,

FEMT DFESE, HTE KT Eri DAY MUICHR LN DEEFE T AL, FEAFROMHE L TWnWbH Z
Ebmol, BRIZIE, HEOT.LOREREENLIHE 2800kn L ETBEITL 250D Y
THEENRHD L HmRT LD Tho7e (¥5), o, Fx b R72H A2 KT Eri 13, #ER
DNERHE ) HK 60 EDHE A H > TWNDH EHEETE D,

— XA R BT R OIBRAR TIX, IERRERE LK 2 5E . BRSNS o TR S22 iE &
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ODONARTHD EEZBN TN D, ARIOFERIT, B2 KT Eri O BHEOMEE (RAK 30
FOIZHOWTHHREZSIT b0 L0 BEHOBRNG, EEROMEL T A —Z iR+
HETCHHAHTHDLZ 2R TRiRERoT,

STk
Arai et al., 2011, Binary Path to Tpye Ia Supernovae Explosions Proceedings IAU Symposium

No. 28, 119
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4 FEKT Eri OBFER ([0 II1] 4959A, 5004A) OFIRFEYT

X 5 HEINWAHEKT Eri OEEHN AD45H (Gill et al. 1999 DX % —HPLE)

1. 3 V1723 Aql ORI - ETaRsMR L

FEOK 20%%, BRICEAMEMEOHR TH A MNITZEET 5 Z ENAbN TS, L
L. FTEOKHEWENTED X S WG N S L TH A MBER I D OHNEE T B W
HaNZ N, FRC, BREOIEFICRYBR S D X A MERIZ— 72 4 A N OA RIS
(2000K—1500K) ZJii7= L TV DN E 5 e, BESLHMEME O AMNR ED X HITHEL T
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O E AL ERATH D,

2010 42 9 HIZHE R S 4172 V1723 Aql ITFE R . FRARLZESEIT & - THMFE 2TV, B
BRHETHD ZEPHERSNTERIETH D, PINTHAEThH 72 b DD, A TITH AR
20 H CRIMITHE < e o 7o, ZOMRPLA ST T IR B R P HUA B K T ARIMRBLIN 2 506 L 72,
4 6 (2R 2 7R, A LORIE DR, AL TIEIEFITHVIC HBED 69, ITRAM
WEIEFITIH DN LR otz (IX6), ZAVUTHNE V1723 Aql IZX A MERZ#HI 20 H TEZZ L
T2 e R T 5, MAREN B 20 H TOX A MERITHEAR 002 & L CI3IERITR VY (@
TR S 30--50 H&), F7o, SRR E IO G | RIS Z2 LT b ¥ A
FERRIC A L TV D EREL T, FHES ¢ CREICHET IMIE) 2HELLE 2
A, FBOT/HIVME (¢ << 0.001) eI, FEBHIORENG, ¥ A MPERINTZZ
EIEFEVWRNWEE X HbND, L L, BRICHMT D5 A ML DREEEE > TV AHEE, M
DTHL RDMLERDH Y, AMNOBHRBAZHIT L0FH LN L 2R T,

WITHEEZAL & AFIFNAT U CBIINC S U 7 T e8I OfE R 2 X 7 127, KFE DR H
a) OFBERHE LTV ERIFFC, FEAFRBIRE R LIZZ E R g0 oTc, 2O LT AT A
WNIEERAATH D Z L 2T 5, BRI T, HIREER TRLENSZ I RH SN 5K
A ADRIE, XA MERITLIERIKBLPIEHR L EOMDOTREO M EzRELTNDH L
R TELILZIR,

T2 XA ES SN HDEBLE & B O RO 2B E T2 Z & T, IROX A MERD v
T U AERET D, BE V1723 Aql TIFRIFERA PR T AT & 2 b 3 BLRIE OB 5 11T
fi> CHERSNZ, ZD7d, LEOX A N TH- T At CRIKRBOE A Uz aTeElE 2 7R
5, £, ZOXIRGE, WA X A NMERRE TR S ITER Y | BEREENE#HL T
b B EIRFF SN DR RPN Y A MERBREE N EBL S LD FTREMEZ RE T 5,

STHR -

Nagashima et al., 2011, Binary Path to Tpye Ia Supernovae Explosions Proceedings IAU

Symposium No. 28, 121
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JEMBRER T, BENIR RO 0B, MEIsRERT,

7 BE V17238 Aql DFERFREHEARY b, HEENIEE, BEESEERE 2R T,
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1. 4 T Pyx ORI D53 CEL1H
MR U RIBER AR 2T REZFIRIRE S WS, FIRITENEFE~E 10 TR EZ/RY KT
FEE, Lo AEaBEENIEFICELWZDICDEDO T A THEERICED Z ENAHETH L0
LEEBZOLNTWS, HEZEEORAERIT 1.4 KBEEETH DD, ZIVE TICHEE ST
DHROEZWVHOITK 1.36 KEE®ETHDH, AT REIT. FEmICITRER 1.4 KBE &ICS)E
L laBUEHIRE 2D Z EREHSN TS, Ta BB EIT, 1TEAEN 1.4 KBEEO [ AR
E@@%’iofiuékw\%EﬁﬁEEUT\?ﬁ@ﬁ%h%ktfﬂ%éhf%to_w
EOICFHMmIZE > THEER la AEHEDOITORKE R 5 DHIFHEN., —KEDXL 72
RO ERETHZ LT, MOTEHEETHD,

Flo, HEOHGII—MRIC 1 HREOHIM TRIAGEICEREL, DX 5 eWiiRiEIch 250
MERED D Z LI CTIRETH D, £2T, HURUERLEZTHMIEOTTH, FFT
HIYEIZRER 023035 T Pyx &0 ) RIKZBIIT 2 2 & T, A0S THI OREEA BT 2 =

W L7,

X 8 #HETPyx OHEIEFDRART by, SRENIHR, KA REZTRT,

X 8 1%, FEARYLESE T LIZHE T Pyx OEEH DA~ M Th D, ZHE THEETITYE
DREO XD 72 ERm N FE L, JROERITI TRNWEB XN TE 7, L, %b@%kXA&
MLTCIE, EREIECHIHSND W APGFIET D 2 & Z2RET 5, RERORHE A R R 2
EDHEENS . BXEHHEOH ANHE 1000kn THRHEEINTWD Z RNy otz, /2. €
FHERRORIEIZ L o T, BRLERR EDWMEI 2R X b,

ZHVUIEERRIERE L T D EICHEWEN O H TWA N EIR AT 2 & E2RIET 5,
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2. BAREEFELZAVET7UROARAOHZE D EANTHE

RHE TR A= B0 | FREOPRITIEFRE T O X A MR- OAERK « JEHOREEC 2 B HER &
STEFHLBOBRRN DT A~ I A LW O FHIFETERlT 720, FHOFER=E] &L
THEHZBROR TS, Ll FEEROSERIEOIARICE DITIXRO)ERI O 2 Tl b
RN, BT, SRR FRICMZ, T R A XM OFHEIZONTHRETHZ EIZL > T,
U RN R IBETE DR O TR S D WX ER BN FET 200 E MR T L ENEEL > T
< b, Tv R AZITE A2 ORI HHR 230 THFEOHEEZH Y . FTEDOH S JIEHEET
16 FRE LD,

SRR DOFEDIE E A EIXEM A AN EE 2T HER T 5, 2oz, BEWRINE
FAHREOEANS, FEM 10 BERE LB RIN TR, Sidnz, BRI XY mWEE
TOTF—ZBENARETHY . FIETRLIZEBY . [Hx OFEOFEMEIZEST D Z L NFTRE
H5,

—J. T Ra AZEITER 30 fHLL BRI T Y, ZAVETISHK 800 fHAH A I 4L T
W5, 7 Ra A XS OFROIENG | FIRIEIE D L0 — AR LB OMEE R, ZAREOfE
DB A BFET 5 72O O RERFRETH D L WIS T\ D, L L, 37BN
METHY  OBRIREOI D SHBHFNT > R e 2 X8R O 2 OBLRIKIF T I X MK % T H -
ko%*T o2 TR PEE R P LR LR OFRAREESO b O HRZ2EARPLE 1.3m D AR

WZRDER TG L, T Ru AL OO0 EEZ FR B E LFFHIZH 2 WRIRIZOWTIE
BB 24T > 72,

2. 1 Ty rRuXFEEOHREONFEREO R E

2010—=2011 BTN T, Fox 137 > R X ZENCIE R S e 5 H OB IOV TR RER
o B 2 Sl L. B2 ofEEER 21T o7, ZFORESE. £ <X Fe ITHL L X3 5 gk
HIEHEE BN Z A T OIBETH D 2 Ly hotz, — T, PNV J00422171+4112338 &9 44 D
HEIZOW TR, EFIHEMEAA < (T4000km/s) W2 E MNP B2 & e o7z, ZDHFTRIE U Sco, RS
Oph 72 PITIEVIEFICE-VAGEREZ DR TH D AN RIE SN D, ZHHDHHRD A
7 MR, K9 E LD TH D, BfERmUBIZHNT TE & DIEEBMETH 5 (Arai & Nagashima et
al. in prep.)

F72. HHHE (Nova M31 2011-01a) (ZIEFITHS <, FIIAS 10 ARIC Tz o TE 2 BLH
ZITO ZEITEH Lz, ZHUFIRIEISE RS,
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X 9 2010-—2011 FEEEICBBNCRII LT > Fur A X (M31) OFE DS IFER R,

2. 2 Fp727 v Mo AR (M31) OF 2 Nova M31 2011-01a

2011 A 1 A 4 RIZHRINTZ7 v R A ZERA (M31) 12 H 7287 & Nova M31 2011-01a (%, F&J
MO EE 4 BIRIC 16 O L S ETHEHE Lz, ZOXRKEFR A ITEITBIT 5 Z Lok
Dlle, o, REBERFRIEBRIXEEbEE L, AT —2 %2152 Z LITH LTz, mRE
DFER. T A O E LA 1300km/s ToH Y | SO TRNZ L 72H, Fe 11 type DFTE &
WriE L7z (Arai 2011 ), M31 OFRIX, ZOHEEPHAKECHLIT-OHENE L TVWHIEDOH L X
BRI D2 ENEL TH D B ORE R Z OFR I & T O EEA Mv=—9. 1 TH Y |
HEFICHD VEEICAD Z ENHIH L, HEOFTHLZHIEEHIWLOIFDTHY, 2D
RIBIIHEH AR ZAME A R E o BRI 4 RIZEH L Z LB LTz, S 61T,
FRR 2> 5 DWOLEE S WVITIEFFEIT R, AEIO X 5 IEBVHDEIIM OB EIZ S R 552, MK
BOBWRBEE Yy PTREIZHIZZ DO TH, 2D OREE IR OHEIL, BEIC
HEN 4 FILPREDR N, I BT, RBFETIXE RO Bl &2 Fhid 2 2 STk L,
WA O AR B IR OBy & BRRHE OB EZFEMICIE D Z LN TE 7, U EOKEL
b &3 JERREEIL, ORGP aBEZER E T 502 L OBEUR AL, HEBEDOS
BEMEZBRT 5 5 X CTHERMEHI L /eoT\D, b AZEEOHE) ) &L B0 O 5 %
TN LTI & W 25, ABFFEOFRERICHOWTIE, BIERTWM L2 HET TH D (Arai et al.

in prep. ).
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KGRPHEETERT2WED I H, ~V T ALY BEWILRIIFAEEDO T THIG L, B 2R
BOEENLOEEHHIZLE > TEMIZESEINZLOTHDL Z EIFBELL LTS,
L7z o T, KEBRZFMT 2WE O TTRMAR I, £ IR R S 258 KRN
SDFE TORMIZ, MIRNIZRAE LTEFTEBRESEENDOHEERN, KUOZENALIZL-T
Y SN BB T AP BIBAR S 25 2 AR, 55 3R, - - - OEFESEED O OEEM
EETHRELEE GRNRSEROFHME) I[N ERTHREND, L 2AN, BAICEEND
FIRCARDOBIZEDN S . KEROBKIL, o —r AOEBKEHTISMONIEBMEICB T H/NE
REERD EOBERNARZENRRE TIERL, BREBIVERDOBREZEHEDOZ omT L LT
WD ZERHSNTRY D05 D, ARBFFRIL, BUED KR O IR 2 KR O b
Sl END 45T BFERIOMIZETH E LT, FE YRE0 2R T A O 72 stk &
x| WEDOEWID . KBROERE G E S ERNZBIT 2 2EFZE L BETEL L OEREDEHRD
W72 B BEREA SR H Z LA HIEL T D, 205 6, BUEDKEROCHEMkLE 45.7
EERTOMEICRITNEETIE LK > T DR, T DOYREDEMH A DFHN 72T AL 2 K 5
TESS0, A RET RS ER D b OB IC BT 5 Himi - BLIEIFEANT . GUa AL
WER L) IZOWTIREEREFMNNTOREICH D, LENR->T, ZNHDOERE TE L2
EREZSRD 2 DOREH% O 72 HFREIZ e D,
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KIGRDOIEHUL, IRIFO/NSWEER D DR L TREBENNME L2 Z LI2X 50 TiER<,
BRSO R 0 O O R RSB R 2 52 1 TRBESNGE L2/ RIC LD 2 EBBEICH BT
STWND, ZFHUE, A5 0 0 HEU FOEHFEMGER T, BIECTLMERTEXA2NEL 0L
R R TR TE RN DODOW G, JREGRE R ITAFAE L TWIZFERLS A DO 05 Joh -
2 lltd D, SHIT, FOBHREIZONWTY, FENHER SN EHFMZFEOPIZ Fe60 N5
ENTNDZEND, ZNN Ta BITRNWZ LiF5-oTn5, EEINMEZ, ToBEELB
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KIGRERFFZBIT D2 EZDE (HDHWITETZD) BEEKE GR) & EARMEBMRIZE > 7220,
RETHDLH, BIFICONTEL, [ENHIERE—OETHY, LER-> THERELE L TORENE
B L LTORBIEA LTV ATREMAE WO E OFGHICE Lz, HEAQERHREI»D L, 2
SOEN (BERHLWITEHE L L) HEK %5 ERRFIZBRLET 5 rrRetE i3 e TRV
W55,

WIZ, FORITHEME (single star) 7Fo7=DO, TN ELHEZDO B THoT-OEWN
D Db BRIEOETE R, 2L B EIC R D ERIORFEN Y £ /17 - T4 TR Tho>7eDh,
INELHFOHDWVIIFROHBEE THT-ONT L THRITE S, TLTENNRSD L. B
BORNZONTYS, KEOTA R 2D Ib B Te M, 2 bKEOT A RN RZ 72N I
RNETITHETE D, T, EBEIZZOBWIZH T 2EZ 4/ FEELTUX. 4D E A,
TANT  TA TR LBEROZNENICET DR G RO R R 2 E ARG RE T 2 HE
LT DL L, BEENEZFELIARTWDHEZATH D,

UANT « FTATRIZONT, LA (BWEREIRE OB SN D) BARENEICL > T
AMNEEARETRIZTSN TNV T LARRFBLOBNLOLEH LICR 2T b D EEZI LN TV, Ll
FOEOBRNT, HMEDO O ENS OFEHMENIFF LD IR T, BT 4L T - T
ATRIZETELERNILZR LTS, 7, EERIZEBWN T, 2 20RO OEHEIZY
L0, vravn—Unb0MEICE2EEBENCL > T, 0 BESL B REDOEINNEDKFZDRE
MAETHEROLNL REMEITE <. EOHFHEITENRICBIT LU VT « T4 T EOFAEME
I TE LRANICH D,

LI EORBENRRT 5 & ZOROERINIGOEEST DR LFIAKRYE GR) ORRER &34
ETE, HHFEOMIZONWTE I LICHINKIRETE S, 75 E45EIEL, TORIZX DMK
ROGYE# RFED Z &R FRe & 725, £ L THRRIC, BUED KGR OLFEMAL (T &
) % KBGRIERIRFIC £ Clll o 7ol (ZAVIBRICEIR T 2) 226, Z2DEY s %251 & 5E5H 2 & T,
JFAE R RDEHL DB THHREMEDEDUBREOT N X ARG, BROFLNEL, =
FUTERI R ORI L 2 A5 L CEERT —X 72 b, ZIUIREE LT, Nicolas Ouellette
(2008) DI ab—arOiERERLLRY | G KE RSB EOBRIZAT IR D
TR ClEEROWPLESH T £ THET O, 8HE LA KGR ML 0.1 3—1 27 L1 FRE
NTWDOLIRERDDLE D ThHD, TOGE. IEKGROT N Z 0 2 2B 5 BEESET 2
DEENBIN P DREDORE ST DIFE LEDICROND,

—149 -



1. ZC®IZ

BERTRbLKGREHEKT 2HEIL. TiEE WIZEMEOWE TH Y, BME IS
DRICE S TELXFINT, BEXROGAELEMEE TV D, SR BIRDOL TR O (FF
FIZE(L) [ZOWTIEENR Y OFREN B 503, SR OERE—Thunzd, KBRPEEN
72 ZDOFFAOBREIZOWTIFELWERELFALE 3> TR, Ll HIEOHFED /RS
ETAIZENE, ZORMEDIRIOR AN LI IED TS, AWFEITEIR AT ZOMEICE Z %
THND D ERATZ LD TH D,

FT. KGROTKIZL, BRROHGRTEEIY LT 5N RIEO/NS WEER O ERE L
TEMENIHMET 2HMMRA D =ALIZL 5O TIE R, BEESHETRE)N D ORERSC/REE A
AT CRMENIE L2ERIC LD Z ERBEICH LN > T D, Zhud, N 5008
FELLUTF O FHmt%fE (Bel0, Al 26, C1 36, Ca 41, Mn 53, Fe 60, Pd 107, I 109, Hf 182) 7%
JFRA RIS SRAZAFAE L CWO TGS BB Db Romo7-Z Ltk A1), Lavh, Zh bk
FOERIZIT, IR T LRSIV O EBHE TR INZNE OO NG E T
W5, IEZOFERFEIKEROTRIZ 2FELL EOEBEA THWIZAREMEEZ RB L TS, S HIT,
ZOBHFEICONWT S, FAEPHR SN Fe60 NEENTWDEZ ENB[2], TAN la
BTN ER o TS, MBI, TORBERLBHENADREZON, 2 e bRI—DLE
DRI DT 2 —RZHET DL DO, EHICFEE, KBREERICBIT2ZDE (HDVT
B7-H) BNFHKE GR) & EARMERRICHT2h, ETHD, LLFT, ZibOREIC
DUV THHEMIE LIAERIZOWTHET D, 728, Be IFENHTIHESICEINTLE I DT,
Be 10 IXFHMB HLHe ZINWTRIDNTZHDOBRKYETHA I EBXLNTWD, TDzd, L
TTIEBe 10 24 LT, BEBOBEHEMERICOWTORERT D,

2. BHELBEEREORER

KEGRNAEEN 20T 2 E-ToBER L BHEORKIZ. 1) TZhbidBlx0RETH-
721, BEXO, B) TENHIEFEICEORRLIENT 2 —XTholz] OMANTH DN, Bilk
RTIHERIELNTW Y, L, b LY
W) ThollddL, Z2D2O00RIFFMMKGOEEND TEMBEND 0.1 /%
— B 7 RREDOHBECH > T, IFTFRRFIBREZEZ L2 L2250, KBZ 5 LIzBROR X
HHERITIEF I E WV, 2K LTEB) OHAIE, KEEENR 125> T, ThBBEEEND
TR LT L T Z L1 b 728, HHECBEREORELNZIEFE CIHi 2 5 & o
7o MBI EARRITEI L, MR HRIE A) OB TREICELS b, 72720, Ta B
HBHEITBEEDOEE 2RO T, b LLEOBHEN Ta MThHUE, LRMICB) OFA
LINMED 7202 L1272 B8, JFAAKIEG R ISR DFEEN RS SN HEMEFEOPIZ Ta A
B2 TITER SN/ Fe60 BEENDHZ LD, ZORREEIIAMICEESNLD, UL EOBH
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APEEZEITEE LB T, BRI K > TEY ORMAT A EFEHE L, £ TREOEKDN
WMED | KGR MENZITHOR ER S R BT 2O KIBRAZEZ L TREOHELHE LR
R RICHFE LT b D B X D,
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FDO—BETHATEMNTHONTEZD, ZHIZHOWTIE, U7 « T TRICHET DT DOZE
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W5 [3], filly, HERIZBWTIX, 2200ROMOEHICH X523, aran—T7 b0l
IZXDPHERE~ODEEBINCL > T, 0 HESCBARORIEDOKEDOENETHEIR OIS AR
MEE <, ZOMBIIHFEITRMRICBIT D V47 « T4 T EORABE 25 TE HHHN
ZhHb, TNLY., FOENHEERO B THAZNEMETH -2, BHEORIFI N Y +
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WAL T 2 ORI & b EHEICBER L TV D,
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a DT Te B STV D, TT, Ta BUEHT B ITHE T BERE SG TR AR AT 9 73,
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—LA TT—P L IIn BUZ/NGTF S TW T, ENEN OB ST 28 b A TV 5,
BT D Smith HOHFFEIC L D &, IT—P R IT—-L&, IIn BOEWTHEICERSIFOEEDE
B L7Z7Z0 T, RIORLENEICEL > TW5, BEO FRIZ8 KBEEH-VICHY ., Y4
RO ERPHLENEOIZEHBBEIT/NS W, 62 IIn MoOBHEITIETORE M >
23Ms ; MIZEOTRIVE R, Ms [T RBEE) AR R 2 R L TV CTOMNEE O 7K R 4 3 E HL
LIV CHHZIC/ > T2ON TIb BB 2 5 L8 Z BB Tx 5 [4],

HLLZ I LERFNELWET S L BHEDR I OBEEDOEME Tt Sh 5 EHEmTH
DIFFELL (TR H U R) I ZNRT ANV T « TA TR THSTZEPORPENATHEL 720 |
BHEORIZGL —EDHIRE DT HZ N TED, 2L, ZFRICiEVv A7 - T4 2 Fa
HMERE, FAEEREICBITDITEARICHET I I 2 —a VORENKET, BEZTNEE
L<HARTNDEZATHD,

4. JFEERB RO T2 HIHERIRITEHT ENZ N & BEREN?

JFIE KGR a2 b RELIFRLIZDITEERETHD & DN D, Wasserburg H 2 AGB B %
ZOBME RIANTEY R 2 b—va v EToTVWDER[E], RIS EVFLL 2V, 2okt
L CHIFTEA E-5750REE LTy Ial—y a3 E{To7-00 Ouellette T, 2B BIXHRIEZ
DIFENHER ST N H L ABHEBITRD LN TND (Beld ZFr<) TR COMFMELMICD
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WT, IRIEWREOITS MR EH/BTWD 6], #DY I 2 b— a3 CORMHRIE, FAAKER DB
SNTEECHRITREDBERER O -7 L LT, BEICE D HEICHEN ST R KR MR
WOAENLDERF G 272 b D TH D, OB, KB R MR ORI AT IR
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BEALCWOMERSH D Z LM LTo7o), BERIZZED 0.1 ~—k 7 OFEFEHCE LTV D,
SEBHICER, BHENTICBWTEREARLZ Y 2L TO bREETHEDI 7 7 BLOKRNM
VL TOLK GNP LICE DAL TR EIMNITTZ RN LR EABIEICANL TN D,
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FRIREREE OHEEN “ A BIZ Lo TUThNTER Y . Z ORISR U2 ba KR & 82
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On the Transfer of Life—-Bearing Meteorites from Earth to

Other Planets
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The probability is investigated that the meteorites originating on Earth are transferred
to other planets in our Solar System and to extra solar planets. We take the collisional
Chicxulub crater event, and the material that are ejected as an example of Earth origin
meteors. If we assume the approximate size of the meteorites as lem in diameter, the number
of meteorites to reach the exoplanet system (further than 20 ly) would be much greater
than one. We have followed the ejection and capture rates estimated by Melosh (2003) and
the discussion by Wallis and Wickramasinghe (2004). If we consider the possibility that
the fragmented ejecta (smaller than lem) are accreted to comets and other icy bodies, then
the buried fertile material could make the interstellar journey throughout Galaxy. If
life forms inside remain viable, this would be evidence of life from Earth seeding other

planets. We also estimate the transfer velocity of the micro—organisms in the interstellar
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space. In some assumptions, it could be estimated that, if life has originated 1010 years
ago anywhere in our Galaxy, it will have since propagated throughout our galaxy and could

have arrived on Earth by 4.6 billion years ago.

1 Introduction

A number of scientists now believe that micro—organisms can be transferred to and from
various planets and moons, including from Earth to other worlds (Joseph and Schild 2010a, b;
Napier and Wickramasinghe 2010; Wainwright et al., 2010). To determine the probability
of the transfer of viable organisms between planets, we have used Earth as the origin of
these life-bearing rocks and have determined the likelihood that viable life could be
deposited on those stellar objects in this solar system which are believed capable of
sustain life, i.e. Enceladus, Europa, Ceres and dwarf planet Eris. Recently it has been
reported that the detection of the super—Earth planets in the Gl 581 system which reside
at the warming edge of the habitable zone of the star (Udry et. al. 2007). Therefore,
we also investigate the probability of successful transfer to extra solar planets, such
as G1581. The propagation distance of life—bearing rocks are also estimated, and we have
determined that under some circumstances, life originating in our stellar system could

propagate throughout galaxy.

2 Seeding Other Planets With Life

Super—-Earth planets have been recently detected, including in the Gl 581 system and which
orbits at the warming edge of the habitable zone of the star (Udry et. al. 2007). If this
planet or other super—Earth’ s may harbor life is completely unknown. On the other hand
if microbial life were to be deposited on a super—-Earth through mechanisms of panspermia
(Joseph and Schild 2010a, b, Napier and Wickramasinghe 2010), then it could be predicted

that these microbes might flourish and reproduce

The only planet, which we know has life, is Earth. Therefore, Earth would be a likely source
to seed other planets with life. This could take place following solar storms which eject
microbes from the outer atmosphere into space, or from bolide impacts which eject bounders,
rocks, and oceans of water into space (Joseph and Schild 2010a, b; Napier and Wickramasinghe
2010). Naturally, those meteors, asteroids or comets which strike with the most force

would eject the most material into space. Thus it could be predicted that the asteroid

or meteor which struck this planet 65 million years ago, and which created the Chicxulub
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crater (Alvarez. et al 1979) would have ejected substantial amounts of rock, soil, and
water into space, some of which would have fallen onto other planets and moons, including
stellar bodies outside our solar system, including Kuiper belt objects, Oort Cloud objects,
and possibly exosolar planets. That meteorite was estimated to be about 10 km in diameter

(Bralower et al 1998).

3 Probability of reaching the interesting objects within our Solar

System

Here, we investigate the transfer probability of Earth origin rocks to our Solar System.
We put parameters as following that N, rocks are ejected from Earth, s (cm) is the distance
to the object, and the cross section of the rock captured by the object is 6 (cm?). Then
the impact rock number is estimated that N, times ¢ over the surface of sphere of radius
s as
Nimpaer= N o 0 /(4dms ?).

When the Chicxulub meteorite collided to Earth, it could be estimated that almost the same
amount mass could be ejected from Earth, where we have taken the optimistic value (Wallis
& Wickramasinghe, 2004). Then it is assumed that the ejected mass from Earth is f, times
M, where M, is the mass of the Chicxulub meteorite and the factor f; (~ 0.3) denotes the
fraction of the mass ejected from Earth. Taking that the mean diameter of rocks is r; (cm)
and the estimated diameter of the Chicxulub meteorite is R ,(cm), the number N, of ejected

rocks from Earth is estimated as f, times of the cubic of (R ,/r,). If we take R , and

r, as 10(km) and 1(cm), the number N, of ejected rocks is the order of

N, ~ 3x10'7 (f, /0.3) (R ,/10km)®(r,/1lcm) .

This is a rather crude approximation. To be precise, we have to include the size
distributions of rock fragments. Here we only tentatively want to estimate the number
of rocks. If we take r, ~ Imm, the above value has increased factor ~ 10°. However the
cosmic radiation in space will damage the micro—organism within the fragments of size ~

lmm, unless it is covered by molecules such as ice or other elements
The distance to the interesting objects within our Solar System is the order of astronomical

unit. So we take the representative value as s ~ 1AU ~ 1.5x10 ® km. The problem is the

cross section 6. So we consider the following two models
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Model A : The cross section ¢ for the direct collision to the object is the order o ~
T R, % where R ; is the radius of the object. Then the number of impact rocks is estimated
for the case R , ~ 10 *km and s ~ 1AU

as

N, ~ Nyo/(dns?) ~ 3x10° (£,/0.3) (R ,/10 * km) *(r,/lcm) *(R ,/10 * km)®
x (s /1AU) 2.

This model corresponds to the high velocity case of ejected rocks.

Model B : After rocks are ejected from Earth, they are orbiting around Earth and then
ejected to orbits around Sun through swing—by. If rocks could be deaccelerated by
gravitational interaction, rocks are captured to objects. After a few My, some fraction
of rocks could fall into objects. The gravitational infall to the object could be inferred
by the gravitational accretion radius R , ~ G m /v, * where m, is the mass of the object.
Then the cross section ¢ is estimated as 6 ~ R 2 which is proportional to the mass square
m, % As the dominant planet is Jupiter, the infalling rate is roughly proportional to

(m /M ;) * where M ; is Jupiter’s mass. Then the number of falling rocks is estimated for

the case of m (~ 10 % kg as

Ny~ Nolm o/M ) 2~ 10° (£,/0.3) (R /10km) *(r,/Icm) *(m /10 2 kg)®
x (M /2x10 *" kg) ™

This model corresponds to the low velocity case of ejected rocks. The values for Enceladus,

Europa, Ceres, Eris, Moon and Mars are presented in the Table.
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For every object, the number N, and N are much greater than one. Although it is uncertain
how rocks enter the presumed sea under the surface, for example, of Enceladus and Europa,
the probability may be high that micro—organisms transferred from Earth would be adapted
and growing there. The orbital calculations of meteorite transfer among planets within

our Solar System are estimated by Melosh (2003).

4 Probability of reaching Gl 581 and extra solar planets

To extend the above consideration to the extra solar planets is almost straightforward.
We introduce the factor f, (~ 0.3) which denote the fraction of rocks ejected from our Solar
System.

As the distance to Gl 581 is 20 light years, we take the representative value for s as
s ~ 10 ' (cm). The problem is the cross section 6. So we consider the following model A

and C, where model A is the almost the same in section 2.

Model A : The cross section o for the direct collision to the planet in the Gl 581 system

2 )2/3

is of the order 6 ~mr % ~ w(m /m ¢)%°r ¢° where m and m g are the mass of the planet

and Earth, respectively. Then the cross section factor becomes

o /Urs?) ~ (m /mg)? (re/s)?/4 ~ 3x10 *(m /bm &) ¥*(s /10%cm) 2,

and the impact number becomes as

N ~ N,o/(ns ?) ~ 3x10 *(£,f, /0.1) (R ,/10km) ®(r,/1cm) *(m /5m g)*°

x(s /10 ¥ cm) 2 .

impact

The probability for the direct collision is small.

Model C: The cross section ¢ could be enlarged including the effect of the gravitational
interaction such as swing-by. If rocks could be deaccelerated by gravitational
interaction, rocks are captured to the stellar system. Although the velocity dependence
of the cross section is pointed out by Melosh (2003), it is difficult to include this effect
here. Then we simply assume the cross section as ¢ ~ £ ; mR 2, where R is the orbit radius
of the planet and the uncertainty factor f ,is included. The number of impacted rocks,

N becomes

impact»

Nimpactr~ N ofof 5 (R /s) 2/4 ~ 10 *(N (f,/10 ') (f 5 /0. 1) (R /1AU)?/ (s /10 “em) 2.

Due to the estimation of numerical simulations by Melosh (2003), the factor f,, and f, are
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roughly 0. 3. We take f;tentatively as ~0.1. Even though there are many uncertainty factors,
the probability could increase by considering the small rocks which are smaller than lcm.
If we consider the possibility that the fragmented ejecta (smaller than lcm) are accreted
to comets and other icy bodies in the ~Edgeworth—Kuiper Belt’, the securely buried fertile
material could make the interstellar journey through Galaxy (Wallis & Wickramasinghe,
2004).
The above estimated number N; ... is the captured number of rocks in the Gl 581 system. If
we consider the falling probability f, to the appropriate planet and the landing probability
f s to the appropriate circumstances of the planet, the probability for the proliferation
of the life must be decreased. Then the numbers of rocks for the proliferation becomes
N ~ 10% (N (f,f 5 /10 ') (f,f5 /0.01) (R ;/10km)® (r,/1cm) (R /1AU) *
x (s /10 Yem) 2

proli

If we take the mean velocity of meteorites in the interstellar space as 10 km/s, the elapsed

time to travel to GI 581 system is

T~ s /v~10% (s /20 ly) (10 km/s/v) years.

Then the time to be ejected from our Solar System through swing—by (several Million years)
and the orbiting time to fall in the planet through swing—by after captured to Gl 581 system

(several Million years) are longer than the travel time to Gl 581 system.

5 Transfer Distance and Velocity of rocks with Micro—Organisms

In this section, we estimate the distance and velocity of rocks with micro—organism through

the interstellar space.
Model I: The number of ejected rocks from our Solar System is
N~ 107 (f,f, /0. 1) R ;/10km)? (r,/1cm) ~°.
To apply the estimate to general stellar systems, we change the size of the system from

~ 1AU to ~ 10AU where the orbits of Jupiter and/or Saturn like planets are considered.

If the radius of the planet orbit is taken as R, the cross section ¢ is given by ¢ ~ mR

2. The number of accumulated rocks to the system is

N impact N ej O /(4T|:L 2),
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where L is the distance between the origin and the system. For the propagation of the
micro—organism, Nj,... must be greater than N, (~1). From the criterion (Njp.ei > N ),

the distance L is limited as

L<L gy~ (No/Noy) Y2 R/2 ~ 3x10 (N, /107) V2 (1/N ;) V2 (R /10AU) 1y.

The propagation time T to the L .;, is given by

T - L crit/ v mean 10 ’ (L criL/SXIO ! 1y) (10 km S 71/V mean) years,

where we take the mean velocity of rocks as 10 km s .

Then, by 10 Y years, rocks could
reach each stellar system within the distance 3x10 * light years.

The above estimate is rather optimistic. We must consider the uncertainty factor such
as fy, f, and f5 If we include these factors, the value of N ., must be greater than
10 3. Then the above critical length decreased to

Lo ~ No/ Ny ) V2R /2 ~ 10° (N, /1017) V2 (10 3/N .y, ) V2 1y.

The propagation time T to L ., is given by
T~ Loy /v~3x107(L . /10°y) (10 km s !/v) vyears.

Then, by 3 x 107 years, the many rocks (~10°) could reach each stellar system within the
distance 10° light years.

To estimate the longer distance than L ., we consider the following model.

Model II: The Chicxulub crater event is 65 My ago and such event is happened roughly per
every 100 My, which is consistent of the accretion rate of crater forming bodies (10" g
/v, Sephton (2003)). Then the mean number of ejected rocks per year N is estimated
nean ~ Noj /(10°%y) ~ 10 %/y.

The number N

mean

as N

(t) of accumulated rocks in the system of the distance L after t year is

acc

Noo ®) = N,wx t xnR 2/(4nL?).

Then the distance (L .;, (t)) which satisfies the criterion that N, . (t) is greater than

acc

N i (~ 107 is given by
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Lz:rit (t) - (N mean X t X R 2/(4 Nz:rit)) Ve
~10°% (N .., /109 2 (¢t /10%) Y2 (10 ®/N ., ) “* (R /10 AU) ly.

As the radius of Galaxy (R,) is about 5x 10* 1y, it takes 3x10 !! years for L .., (t) > R

o Wwhich is much greater than the age of our Galaxy

Model III: If we assume that the propagated system becomes the place where the
micro—organisms adapt, multiply and proliferate, the system becomes the source of the rocks
with micro—organisms. If it takes t, time to propagate to such a system with distance
is

L and t; time to proliferate there enough, the propagation velocity v ..,

v L/Ctyg+ty) ~10° 1y/(10%y),

prop

where we take L~L ., ~10°1ly, t,~3x107 years and t , ~ 10 ® years, respectively.

1) If the multiplication factor m of such descendents for each generation is high (m

» 1) , the propagated distance L would be proportional to the time as

prop

prop ~ V prop

It takes 5 x10 ? years for L ., > R which means that if origin of life has begun within
our Galaxy 10'° years ago, it has propagated through Galaxy, as our Galaxy age is almost
1.3 x10" years. The problem may be that many types of life which evolved differently from

the same origin are falling to Earth nowadays

2) If the multiplication factor m of such descendents for each generation is not high
(m = 1) and they eject rocks with micro—organism only one time after t ;, the propagated

distance L would be proportional to the square root of time for its random walk property,

prop

as

~ L x (&t /108y) V2,

prop

If we take L ., ~ 107 ly, it takes 2.5 x10' years for L ., > Ry . It means that, if

pro
origin of life has begun within our Galaxy 10' years ago, it has propagated only 10L i,
~ 10* 1ly. If there are X ~ 25 sites where the life began 10" years ago in our Galaxy,

the propagated surface is about the same of our Galaxy by the equation

TC(lOL cril.) 2 X -~ TC RG 2.
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Then the probability is almost one that our solar system is visited by the micro—organisms

originated in extra solar system.

6 Conclusions and Discussion

Although there are many uncertain factors, the probability of rocks originated from Earth
to reach nearby star system is not so small. The rough estimation is

Nipwer ~ 10 (N ,£,/10 17) (£, /0. 1) (R/1AU) 2(s /10 “cm) 2.

impact
Although it is not certain that the micro—organisms within the size

(< 1lcm) of meteorites are still viable for several My under cosmic radiation in space

there is the possibility that the fragmented ejecta are covered by accreted molecules such
as ice or other elements. It is pointed out the possibility that fragments are accreted
by comets and other ice objects where the buried fertile material could endure the cosmic
radiation (Wallis & Wickramasinghe, 2004). Under these circumstances fragments could
continue the interstellar journey and Earth origin meteorites could be transferred to Gl
581 system. If we take it is viable, we should consider the panspermia theories more

seriously.

We estimate the transfer velocity of the micro—organisms among the stellar systems. Under
some assumptions, it could be estimated that if origin of life has begun 10" years ago
in one stellar system as estimated by Joseph and Schild (2010a, b), it could propagate
throughout our Galaxy by 10' years, and could certainly have reached Earth by 4.6 billion

years ago (Joseph 2009), thereby explaining the origin of life on Earth.
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W OFEROWEEREE 2 W L35 2 L1co7eh D, RIOFEREZFELHRDZ LT, ZOHMN
BIEHOD EDBREIZH DN ERDZENTEDLELICRDDTH D,
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BT BTy RLTWD, YNV ROT—HEMA5ZEI2E-T, JV LT —H%
M7 —b/hEL D 2 EBRERENT VWD, T L - T, SITOREEEOREE DM L3
BEND, ZOT —ZNTIEERFZESE O FHALKFZOFEREKIRK L O TITv, K7Xrv=
7 MZBRWTIE, 2012 FICHILRCE~ERKEZHFEB LTI —%2EE L, #mz Bz, 2
NWHOT =4 &I, KERSOREFERE 2T DT 2 CTh 5,
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DIEL 725, Fio, X BRITTEEERITEE D S OHN 28I L T\ 5 & & 2 i, IHEBEREZ O
Bed, ZNOLOMELE L, WIHROBIREEEZIEH Lo S 6 2078 miT, Bl
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IRAMBR IR 53 B0 YA K D R T (R Mg T TR IR % D L)

7 = —H—=DART bV BB D FPEK R0 8 R SRR N RO R 22 R AR D

z%mioféu\f&m~ﬁ—&ﬂﬁﬁjk@ihfw%MIDOwWﬁ_iofﬁﬁﬁét
B, RIBOH D MR L2 WEAA T ARBINAEETH Y, ZDO-0, FHamI7RRE
A r— )L CERIM DAL AL DM FEDS ATRE & 72 % (e. g., Pettini 2004),

1. 7= —H—WRERE R OHEAR] (Pettini 2004DFIGURE 1. #24%Z5), ED /3223 %4 K]
T, FORRARZFNICHINT DY = —H—2ZT7 ML EFELTND, AT MUY = —
P— DLy a BB, ZIL LD b EREANZ IR R ZE ISR 9 BT AEIC L > TAEL
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[ 2. TRCSTH 5 AL 7~ 15 S/NEE (S/N>60) DAPMO8279+52550 J-band iz ik TOE 458 A~ 27 h v
(R=6, 600) , FEEM IR CTHEEIASBMRAL LT A7 hL &R LTV 5D, 1. 26umiZz=3. 5DMgIT 5
WS R 2 B |2 3Rk © % % (Kondo et al. 2008), F7-z=1.06, 1. 17, 1. 18DNalD " EWLILHR & 4 H
ENTW5 (Kondo et al. 2006), D% /LIFATRAN (Lord 1992) TEHE L=~ 7 F 4 7 TO KRR
U ET VAT ML ER LT D,

SR D B AR & B L7 B RIRE O W A EE b L— X T HIREHE OSBRI D% < 1%, @
IR WVIERIICHFIET 2720, @R RE (2>2.5) O Okt bifseic if%ﬁ&ﬁﬁ
T o EEE R E B RBRA L D, 22T, HADOITNV—TTIETIEHE L%ﬁé
T IRANBR S 7 By eds TIRCS) & MBI (A0) ZARAG o, ST L & Bz _Fa'e'i@bf:MgH
A 2.2796,2803 WA #—7 v M & L, FRFRBE2. 6 <z <3.8 ([ZxhitT HBIHIKRL 02-1. 35
B D@yt aED T, FIIIEFIZTHORIGE E TRIETE 2 A7 M EGLT20
iﬁ“ﬁz/z IFEE S L TRl ¥ — 7 v hTH LIRS TR DV 2HoD &R REET) L
VR = —H— [APM08279+5255] (2=3.91) & [B1422+231) (2=3.63) O@RAZ4T>7-, Mgl
IRV DSEATE (Wr) 004345 B D& D> HWr>0. 3AdD strong system& Wr<0. 3A T B weak
systemlZFEI N E DI HIL TS (e. g, Churchill et al. 1999, Nestor et al. 2005),
FFlZweak Mgl systemlZHMHEAKFEO KA 3 E2 HO DALY bEBENR VAT ~T 4 v 7 IZEWN
Z &R (Churchill et al. 1999). SNe IaDfbFHELDFHEN M ST [Mg/Fel ~0% "9 & D
WIFEET S (e. g., Rigby et al. 2005, Hamano et al. 2012) 72 . FHObFELEZTHS
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THEENSHBRENKETH D, B GO AT FUICK L, weak Mgl TWIHR R DY —
FHATUN, APMO8279+5255 & B1422+231 D AT ML CTENENI DO ZRH LT-, D 1

Bl A 2 1R, E6I2, BUIL7Z 227 FLOWREESEE) S BATRTRBEH 7= 0 Ok % KD
72 (X¥3), FOfER, weak MgIIWUARZIFz~3 ICBWT—EBFEELTEY ., SSICHAHEE

X 3. weak MgIT WRULHRR DOEEE R, REEhSIR GRS, HEHhAS $h[E AR R 31T D BT IR
ﬁﬁ%bt@@@ﬁaf%rbfwé EHOENRASEEONTMAERTHY . S, =4, UM
O RIL AR BB EINZ L0 LN R CTdh 5 (Narayanan et al. 2007, Lynch et al.
2006, Churchill et al. 1999), EP&*% DFLEME MgIT & [l CAREWIER TH 5D CIT & Sill OfE
BN HEE SN TH 5 (Narayanan et al. 2005),

BT N K DR RS (2<2) OBUAI L T 5 Lz~1. 2 LI B TR 2 midz~

2-4 CIEFIEEDLZ EWRBIND, ELESE LAY FLEWr €0.02- 0.06 A& TE 5
IZHED BT, Wr <0.2 AOWIHR TR ShienoTz, ZHUKMER G R TH LN TV DR
RN KED2D EWN/NENT AT AOEENFDT HHEEEITFIE LR, 25D &
Hz~3Dweak Mgll systemiFz~2& AR MHEZFF-o TWAZ ENRBINS,

Hoze 1T U7 RUURRR DAL = AR — % o b OMgIT & Fell, (TR i 20 o S B A
~7 RV (Ellison et al. 1999)0)S1II,A111,A1III,CIIODCJt7JA%ﬁEZ%5ﬁ£ﬂiL/fio F7o, &R
W5 —# (Narayanan et al. 2008, Rigby et al. 2002) &z=0T®weak Mgl systemlZAHY4
TBHEEz BN Hintermediate velocity clouds (IVCs)=<Chigh velocity clouds(HVCs) & i
%f:??o 7= (X4,5), FOFRERLLTFDOZ 035 ho7-: 1) z~3 DFell/MglldD 2T LB ITz~
FIFFEICTHY, z~2Lz2~3Dweak MgH’C“%i7/§‘/5’°‘/20) RlBW T EThHDH =
&#TWémé 2)SilI/MglID = T LT AT RS TIREF—ETHY . ZThidMg&£Sid
[l C a 53 (SNe ITHEH) TH Y | 222lF CA A ALIREE %6tbtk%2%héo3MHUMH
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%photo ionization model ZINET D EEDKBEEIZLHT, FFEF-ETHLHDTle g,
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4 MgIT L DIXEREA A D 2T LEELO KR NZNE & RITIRBEOEGR, E)6
Fell,Sill& OBURK AW R TWAD, KXD LD/ SRV IFMgIT & i35 A 4 D 23T AEREEDRY
BETRLTWD, FORRIIFRITRBICRTT DMeIT L T2 A A D a T ABEEEZ /R LT
W5, EORFoL  FROHETE FH VRN Z 20E FAPM08279+5255 K UNB1422+231 0D A7 k)L CHa
H U772 @R RN LI R DR 2 R — 3 v b &R LT 5D, Bl (Narayanan et al.
2008) 33 L WA D 5 (Righy et al. 2002) 1%0. 3<z<2. 4D F — & 5. JRED s 25RO IVCs (Howk
et al. 1999) LHVCs (Richer et al. 2009) DHZ/RLTCW5D, HFDOENHESILTHETHD
KA EREZ R LT D, IS5 0378 K O R IENarayanan et al. 2008 TR & 7= 1K
RIRET =2 TCOMIET 4 v b EFD 1V T~ T —% kL TEY, FRITIRE#RZ R LT
W5, X OBGRERIZF 2 D ALY R L TMgI T L OFe IR TX AW EIR A R LT\ 5,
TONRFI T —=H IOV THE EOARFVEFRI L TH D, BORE X OIROEERR 132<2. 407
— X M OERIRBRTT 5T =2 L CTRRIE Y 4 v RaEnT iR Th 5, FellIZBI L T,
INFILD T D 7= 87K 3 Dphotoionization rate (Haardt & Madau 2011) 2R L CEY ., /3%
VIR ORI ZE N 2 RCE L 72 BFOCLOUDY photo ionization modeling™C., Wk L7-/KBEBEE
DEXIZETANLHIGFIND 2T MEEREZ R LTS,
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5.MgII & fDAXEREA 4> D= T LEEELL OB K NEN S LR FIRBORR, b
ALTIL, ALITL, CIT & DR A~ TWD, 7 —Z fEOEKRIZN 4 LR,
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VRN & A 85y 2% WINERED (Warm INfrared Echelle

spectrograph) ® Bi%E & BUR O MERE R

Abstract
WINERED is a newly built high—efficiency (throughput> 25-30%) and high-resolution
spectrograph customized for short NIR bands at 0. 9-1. 35 um. WINERED is equipped with ambient
temperature optics and a cryogenic camera using a 1.7 um cut—off HgCdTe HAWAII-2RG array
detector. WINERED has two grating modes: one with a conventional reflective echelle grating
(R728, 000), which covers 0.9-1.35 um simultaneously, the other with ZnSe (ZnS) immersion
grating (R7100, 000). We have completed the development of WINERED except for the immersion
grating, and started engineering observations with an engineering grade array at the
Nasmyth platform of 1.3 meter Araki Telescope at Koyama Astronomical Observatory of
Kyoto—-Sangyo University in Japan. We confirmed that the spectral resolution (R"28,000)
and the throughput (> 40% w/o telescope/atmosphere/array QE) meet our specifications. With
the engineering array and at high ambient temperatures, we measured ambient thermal
backgrounds, which are much higher than we expected. We plan to identify the source of
this thermal leak, which could be the engineering grade array and/or degradation of the
cold thermal blocking filter. WINERED is a portable instrument that can be installed at
any telescope with Nasmyth focus as a PI-type instrument. If WINERED is installed on a
10 meter telescope, the limiting magnitude is expected to be J=18-19, which can provide

high-resolution spectra with high quality even for faint distant objects
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1. INTRODUCTION

High resolution spectrograph in near—infrared (NIR) wavelength range is a powerful tool
to explore a variety of astronomical objects from planets to cosmological objects by
measuring chemical abundance and gas dynamics with atomic and/or molecular lines. WINERED
(Warm Near infrared Echelle spectrograph to Realize Extreme Dispersion; lkeda et al. 2006,
Yasui et al. 20062, 2008%). The primary objective of WINERED is to realize NIR high-resolution
spectrograph with high sensitivity by achieving high throughput (> 25730%), which is about
twice as high as those of conventional high resolution spectrographs. WINERED also aims
for the highest spectral resolution (R7100, 000) by developing ZnSe or ZnS immersion grating.
While this immersion grating is now under development, 4, 5 WINERED has another mode with
anormal reflective echelle grating, which can simultaneously cover a wide wavelength range
(0.9-1. 35 um) with a resolving power that is comparable to those of many IR high resolution
spectrographs (R728,000; Yasui et al. 2006%).

Because the wavelength range of WINERED is limited to 0.9-1.35 pm, where the ambient
thermal background is very small, a warm optical system with no cold stop can be realized.
Because of the compact design (the size is 1.8mX1.0mX0.5m and the total weight is 250
kg), WINERED, which is now located at the Nasmyth platform of 1.3 meter Araki Telescope
at Koyama Astronomical Observatory of Kyoto—Sangyo University, can be moved to any larger

telescopes as a PI-type instrument.

This paper is structured as follows: 82 shows the optical performance of WINERED from
the on—going engineering observations. §3 briefly presents the engineering grade array
and its cassette. §4 shows the throughput of WINERED. 8§ 5 shows the results of the ambient
background measurement to examine the possibility of the warm optical system. §6 presents

the detection limits of WINERED. In §7, we comment on our future plan.
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2. OPTICAL PERFORMANCES

2.1 Overview

Figure 1. KAO 1. 3 m Araki telescope (left), and WINERED installed on the Nasmyth platform
(right). Warm optics, including the echelle grating and the cross—disperser (VPH), are

exposed for viewing purpose

WINERED has three observational modes, one is the normal grating mode (N-mode) covering
0.90-1. 35 pym in one exposure with R=28, 300 using a reflective echelle grating. The others
are two immersion grating modes, Y- and J-modes, which cover 0.96-1.13 um and 1.12-1.35
pm, respectively, with R=103, 000. The optical configuration of WINERED is shown in Figure
2 of Yasui et al. (2008)°. Overall specifications and optical parameters are summarized
in Tables 1 and 2, respectively. At present, WINERED has been completed except for the
immersion grating. We mount WINERED on the Nasmyth focus of the 1.3m Araki telescope of
Koyama Astronomical Observatory (KAO) of Kyoto—Sangyo University and started engineering
observations with N-mode (Figure 1).

While almost all optical components are in the ambient environment with room temperature,
the camera lenses and the infrared array are installed in a cryostat for cooling. The

temperature of an array is 10 degree higher than our spec (77 K) for this engineering run.

We plan to improve the thermal path in the cryostat to make it colder.

Immersion grating mode Normal grating mode
Maximum spectral 103, 000 (2-pix
28,300 (2-pix sampling)
resolution sampling)
Wavelength coverage Y-mode: 0.96-1.13 pm N-mode: 0.90-1.35 um
Jmode: 1.12-1.35 pm
Volume 1800 mm(L) X 1000 mm(W) X 500 mm (H)

Table 1. WINERED basic specifications
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Immersion grating mode

Normal echelle mode

Slit Slit width 100, 200, 400 pm
Slit length 3.12 mm
Collimator Focal length 770 mm
Clear aperture 84 mm

Echelle Type

Blaze angle

Groove density

ZnSe (ZnS) immersion
grating
70 deg.
31.80 gr/mm

classical echelle
grating
63.9 deg.
31.60 gr/mm

Cross—disperser Frequency

710 lines/mm (Y-mode)

280 lines/mm

510 lines/mm (J-mode)

Bragg angle 20.8 deg. (Y-mode) 9.3 deg.
17.9 deg. (J-mode)
Camera Focal length 266. 80 mm
Clear aperture 128. 25 mm
Detector Array format 2k X 2k (Teledyne, HAWAII-2RG)

Pixel size

18 ym X 18 pm

Cut-off
1.76 pm
wavelength
Slit viewer FOV 0.957 X 0.727
Wavelength region 0.6 — 0.9 pm

Artificial light

source

Th-Ar (for wavelength calibration)

Halogen lamp

Table 2. Optical parameters of WINERED

2.2 Performances
2.2.1 Echellogram

Figure 2 shows the echellograms of an astronomical object (Arcturus) and a flat—lamp
obtained with N-mode. We confirmed that the entire wavelength range, 0.90-1.35 um (m=41-61),
is covered in a single exposure by investigating the echellogram of Th—Ar comparison lamp.
Figure 3 shows the N-mode spectra of a AOV star (HIP 58001) and P Cyg, which show broad
hydrogen absorption lines and strong emission lines, respectively. This wide wavelength

range of about 4000 & can be covered in one exposure, which should enable extensive

classfications of a variety of astronomical objects.
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2.2.2 Spectral resolution

We measured the spectral resolution of N-mode using the Th—Ar lamp. The measured spectral
resolutions are defined as the FWHM of single Th—Ar emission lines. Figure 4 shows the
obtained spectral resolution as a function of wavelength. We confirmed that the designed
spectral resolving power (R=28,300) is probably achieved through the entire wavelength

range.

Figure 2. Echellogram of an astronomical object (left) and a flat—lamp (right). The faint
spectrum seen among the low orders are the ghosts from the 2nd-order lines of the VPH
cross—disperser (HAWAII-2RG has the sensitivity for the optical wavelength). However,
because the ghosts are enough separated from the object spectrum, they do not produce

any critical problem.

Figure 3. Top panel: the spectrum of a star HIP 58001 (AOV). Broad Pa 3, y, § absorption
lines are clearly seen. The strong telluric absorption features due to water vapor
are seen between z, Y, and J-bands. Bottom panel: the spectrum of P Cyg. It is found
that Paf, v, 6 emission lines as well as very strong Hel emission have clear P Cygni

profiles.
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Figure 4. Measured spectral resolution for N-mode. The black points show the measured
values. The solid line shows the target spectral resolution, which is defined by

2-pixel sampling.

3. INFRARED ARRAY

We use a 1.7 pm cut—off 2k X2k HAWAII-2RG array6 to suppress ambient thermal backgrounds
at longer wavelengths beyond H-band, and SIDECAR ASIC and JADE27 for readout electronics.

An engineering grade array is now installed for optimizing the array operation.

3.1 Array Cassette
Figure 5 shows the new design of our array cassette. We designed this cassette for safe

assembly, releasing thermal stress, and easily cooling to the purpose temperature.

Figure 5. Array cassette.
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3.2 Performance of the EG array

The performances of the EG (Engineering Grade) array are summarized in Table 3. The quantum
efficiency (QE) was measured by Teledyne. Readout noise was measured from the variance of dark
frames with short integration time (15 sec) for which Poisson noise from the dark electrons
is negligible. With the Fowler—-sampling, the read noise decreases from 28. 2 [ei] (NDR=1) to

12.9 [e ] (NDR=8). The dark current was estimated from the ramp sampling over 1,500 sec. Because

the dark current is fairly high for this EG array, the dark noise becomes dominant for longer
integration time (e.g., > 300 sec). We found a large offset of output signal even for CDS readout,

but this does not appear to contribute to the noise

The conversion gain is set to be 2.21 ei/ADU for the detector bias of 0.25 v. Readout time
is about 1. 45 sec per frame for 32—ch output operation mode with 100 kHz pixel rate. The detector

is reset 4 times before readout, so it takes at least 10 sec to obtain one frame even for the
minimum integration time. The counts of the output frame are corrected with those of the
reference pixels. To reduce readout noise, we use Fowler—sampling of 2, 4 or 8 non—destructive
reads depending on the integration time. We plan to install the SG (Science Grade) array in

the next observation run.

QE [%] Read noise (NDR=1) [e’] Read noise (NDR=8) [e] Dark [e/s] Full well[e’]

30-65 28.2%E2.7 12.9%+1.0 0.49=*0. 01 70, 000

Table 3. Engineering array performance.

4. THROUGHPUT
To estimate the throughput of WINERED, we observed a photometric standard star (HD87822), which

is listed in the IRTF Spectral Library8 ,with the 400 pm (=6” .6) wide slit to avoid the flux
loss at the slit. We assumed that the efficiency of the telescope, determined by reflectance
of mirrors and vignetting by the baffle for the secondary mirror and the pupil aperture (This
is because WINERED is designed for f/11 telescopes though f-number of Araki telescope is 10),
is about 0.5 from the past measurements of the telescope. The atmospheric absorption at the
KAO site is calculated with LBLRTM code (Clough et al. 20059) accessing the HITRAN database
(Figure 6: bottom panel). The obtained throughput of the optics as a function of wavelength
is shown in Figure 6. While the black curve in the figure is in the case without the EG array,
the red curve is in the case with the SG array, whose QE is provided by Teledyne. The throughput
included an array QE in J-band is found to be over 40% as designed. However, the throughput
at shorter wavelengths is unexpectedly degraded (down to 20% at z—band). We consider that the
aerosol scattering is more efficient in the actual city environment than we expected in our

calculation, but more investigation is necessary.
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Figure 6. Estimated throughput of WINERED for N-mode. The top panel shows the
throughput (Black: WINERED optics only, Red: WINERED optics times QE of the SG
array, Dark gray: as observed with the EG array). The bottom panel shows the assumed

telluric absorption spectrum for estimating the throughput.

5. AMBIENT THERMAL BACKGROUND

All optical components except for the camera lens and the infrared array are placed under the
ambient temperature. To block the ambient thermal background over 1.35 pm as much as possible,

a thermal cut filter is coated on the cold camera lens in front of the array (Yasui et al. 20083).

When the ambient temperature is sufficiently low, the thermal background noise is expected to

be less than the readout noise (K 5ei) by combination of the thermal blocking filter and a 1.7

pm cut—off array.

5.1 Background measurement

We measured the thermal background by putting a black cover on the window of the cryostat so
that the detector looks at a black body with the room temperature. We confirmed that leak of
light is negligible for this measurement. A cold mask with three holes at the top/middle/bottom
was installed at the 4 mm distance from the array. The hole size is 3.2 mm which is determined
as no vignetting for the full FOV of the camera lens. We measured the thermal background in
the bright region and estimated the dark current in the shadow region caused by the mask

simultaneously.

Because Kyoto is in the summer season, we could measure the ambient thermal background only
at the lab temperatures (289-296 K), which is much higher than the typical operation temperatures
we expect on the telescopes. The relation between the ambient temperature and photon counts

is shown in Figure 7. We found that the count is well correlated with ambient temperature. There
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are some differences of counts among the holes, but the ratios are almost constant for all the
temperatures. The measured ambient background is about 80 times higher than that we expected
for the temperatures. To resolve the reason of the discrepancy, we discuss several possibilities

in the next subsection.

Figure 7. Measured ambient thermal backgrounds. The black points are the measured values
with the EG array. The black line is the expected thermal background in the optimum case. The
blue lines are the dark current and an equivalent read noise for 1800 sec of the EG array. The red
line shows an equivalent read noise for 1800 sec of the SG array. The dark current of the SG
array is not plotted because it is negligible (< 0.005 e—/s). Hatched region shows the nominal
operating temperature of WINERED. The dark current is the main noise source for observing
with the EG array at lower temperatures because the B.G. would be less than 0.5 [e /s], which is
extrapolated from the measured B.G. values. This means that the noise from the ambient

background is negligible as far as an EG array is used.

5.2 Discussion

Firstly, we consider a case that the thermal cut filter works well as designed. The measured

large background counts can be explained if the array has the thermal leak of QEZlOi3 - 1072 at
>2.7 pum. Although Finger et al. (2004) : reported that the QE of 2.5 pm cut—off HAWAII2 is 10

-5
at 3.22 pym, our array might have such high QE at > 2.7 um because of the engineering grade.

If this case is correct, the thermal leak may be solved after we install the science grade array.

Secondly, we consider a case that QE of the array is small enough and the thermal leak is

attributed to the thermal cut filter. In this case, the transmittance of the filter is estimated

at 1072 level in H-band. However, we have confirmed that the leak of the thermal cut filter is
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-5
less than 10 at H-band in the room temperature. There might be a possibility that the performance

-2
of the thermal cut filter is degraded to 10 level in the cryogenic temperature, but it does

not appear to be realistic

We therefore plan to identify the major wavelength range for the thermal leak by using a
monochromator. We also plan to measure thermal backgrounds with the SG array to see if the
background level can be significantly reduced or not. In any case, we may need to install an

additional thermal blocking filter.

6. DETECTION LIMIT

Table 4 summarizes the estimated limiting magnitudes of WINERED for various telescopes for
two Teledyne arrays we have (EG and SG). The ambient background count highly depends on the
environment. For Araki Telescope, we assumed the high ambient thermal background at around 290
K, which is the typical ambient temperature during this engineering run. For the other telescopes,
we assume that the thermal background is suppressed to the optimum level and that the ambient
temperature is well below the room temperature (273 K). Table 4 shows that goal magnitudes are
achieved if ambient backgrounds can be decreased as much as designed. If WINERED is installed
on a 10 meter telescope, the limiting magnitude is expected to be m;=18-19, which can provide

high-resolution spectra with high quality even for faint objects

7. CURRENT STATUS AND FUTURE PLAN

Since the first light on 23th May, we have been continuing the engineering observing run through
June 2012 and obtained R 29,000 data of a variety of astronomical objects. Even with the
engineering array, WINERED, which satisfies most of the optical specifications, produces high
quality data with high efficiency. We plan to identify the source of the thermal leak during
the continuing engineering runs, then install the science grade array (and possibly an

additional thermal cut filter) by the end of the year.

The ZnSe/ZnS immersion grating is being developed and the detail will be shortly reported
elsewhere. We plan to fabricate the final large immersion grating (probably with ZnS) next year

and hoping to install it year after the next to complete Y—and J-modes of WINERED.
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