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1At rvar
1.1 #ifEET &I

RIEMNHRESNTIET, FH2EM ZEEEE L CHIERE TREIET 5, L, RKIKE
ﬁli&fﬁkﬂ@%fﬁ%ﬁ‘é[‘"’r E. K&$ES & ERKDIRBEZEIC K> THRAT 2 ETrEROM
INEAR) OB K > CTRIEAELSNTLE 9, ZOELNTCKIEZ b O & L THEN: -
fifg S Db, CCDZR LD TRFHMERKE T2 L, BONTEBIIE T L
XN S T0D, ZOFE, RHBOIEZ BB ONEREA L, ThbbiR
SRR OIE T %%ZIPE) Fo. BBRBYEND Z L TRERBGMHRENES 200G 5 & 2
SIND, RROZEITFHZEM TR 2 LIAMEN SN WREDKATH - 72 h3, ITiF
DEHFHEANT L0 i D ELN A MIE L TAEMI o iRee 2 o S & 2 A B A S L S 4T
%, % OHA & Al e (=Adaptive Optics, AO) & V9,

X 1%, AO ZHWWTWARWgEAE L A0 ZHW=846 056012 (=Point Spread
Function, PSF) Ol THL, AO ZHWHZ & T, B> TV AR —RIZEE D B—
TERENIRE > TWND I Enbnd,

1 7%:AO #iE#TD PSF, A:AO fiEH% D PSF
(Credit: James R. Graham (UCB) with IRCAL on the Lick Observatory 3m.)

2T L 9, A0 H Y (=WaveFront Sensor, WFS) ., #ilffl= > 2 —#
(=Control Computer, CC), n[Z&JEEi (=Deformable Mirror, DM) ¢ = 3L THERR X4



TWD, HEEND A> TE IO EDEIL, WFSTHIE S D, CCIRMIER#HA
ZTHY Zhae b EICDMICE 2 5 RE LR EFFE L, flfEE 5 2DMICES, Ebi
T A5 5 20> TDMA A L, WA MIES LD, ZO—EOEEZ, KK OTENHE X
DHEMETIT) ZET, KVRWPSFZE5ZLATE D,
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Telescope
DM i SC

CCl_fw

2 — R AO DFERL

3R T L HIT, AO o#EIES UL, Bi/L—7(Open Loop) & Fi/l—7(Closed Loop)
KRB S D, EDEWE, WFS @ DM 233 28R EEFTIC L » TRE S, BA—7" Tl
WEFS %z DM (ZxF L TEFR 0 Bt E L, PAAL—7 TR MRICREISND, ThLZho
WEFS I2BW\W T, B —7TIEREIC L D ELN - O R 2 BN E T 5 0lext L, L
— 7Tk, MEBROKEKRAZAZRET 2FICRD, EoT, AL—7L0 L —T DK
DHIEHIIAD TH D, BRERL, BA—7TlE, WIOESERZBIEL T, TORLIE
2 DM IZB 2 2 U E LWHIEN TE 20 nH Th D, Bl WFS OJIIERRZE DM
DO ERRAITINR T 2 FHHE S F IR LT 2 FIC 2D, —HOMAL—7TIZ. DM IZ LS
WM IE 21T - 721 OAXREZE 2 M IET D720, A0 OBMWEREE 2N KR D FENRE (2 T
FHENE AT, FORIEBRELZRBEICPaESWTIT ZENARETH D, ZDLH
PRERE CHERBIF D% < D AO AN — 7 AT &N TV D,
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3 Open Loop & Closed Loop

1.2 /PR HOLRAED LT E CRAO &1

BForxld, FT N RABINFERZ A U/ NPT SR ER R G E 2 B L. KB
ROMERIUSR DY > 7 VB ORI 228N & BEE LT\ 5,

KIGHRIMZ & 2 BRI E OHRA 1T, 21 RO KLFDIRKRKDT —~D 12> ThDH, 3
fE, 777 —FHLEHEDO TV y MECE D —_a &, LD 10 A — MUK
RO E SN E W Ry 79— 7 MEIC X 2 BRBANC XL - TEENED S
NWTCHRY | AmEETREERIC S 2 RINREOY TR 10 FERER G TS, 2020
FRIZRD & A 30 A — MUREREESIC L 2 EHERE &, FHEEEIC L HHER
KOTMTMMAREE 720 . T D OV TV O Hd b HER R 3MFIE T 2 BEEERREILA S 5
N5 EMFFINTWD, 2L, AmEEARERIZH>Th, @R L KED XS ITEm
DIFEICHE SR WEE G FEET 5O T, HERBRIRE O A ATREN 4 @ 57201, 5l &fi
U TN EESCTVNEN S D, 2017 4RI B P 515 TESS (Transiting Exoplanet
Survey Satellite)iX. 777 —FH LEH L U L 400 fFIAWOIRE 2 B4 L, EdEE e
TS D RNBREOBME SRR T D ERIAEFN TS, LaL, HBEIZE W T,
BRBLICEA TR KBRS TIEAERE 1 FOATHY, TO7 4+ —7 v 7T &+
ATH ZEMTE e, —J, Off1~2 A — MoOF/NEEFIIENIZ19E5HY, =
O OLESIITBRRFHNERICH D, b/ N EiESIc A0 28 AT UL, [RASE
A3 E B L CERBUI O FERAFRE L 720 . o 7 ABITRERITHENT 5, L, BE
O AO TR SEAITH D72, F/NEimFE~D A0 DEBEANTHEEL 72> T D,

Z 2 CHa R, TNEESIC LEAFEER, XTSRRI R A Lz N
K22 b AO (M 4 BIR) Z_EL, TOR¥EZED TS, KAO TEHRALTNDH
TNANZESNFRIE, VU b —B0sme~ A 7n ) VY 737 4 THEASA TS H O
A LIZbDOTH D, X7 NVRREFHFRICIE, UTORERSS : (D2 A—x L&
N AT ENENNIMSL I T BT HLEN RN, QB EZ =2 hr—/LTX,
Al IS D IR NFFE T CORBEAZ T SIT D Z LR TE S, Q) EEHE~D A4 %



INELTE, WG A X2/ TED EERBEOY A APNELTHEE), Zhbo
FRZANTZEIZED, IEROKE TR THA SN TS A0 LT 5 &, KiER
P A ZO/PNUENFEBRTE 5, RIS, FERFHEDBHIB ST D720, K= X Meb
ERTED, TO—FHT, WEROKHET A0 OBIFIZEBWTLRER LIS hoT2, LU X
MOEIGE < BEINGE, BERV RAETEET D A—X MIHFICEHEL, Th b0
BAR/NRICMZ DUEND D, £ 2 TARFETIE, DX TARREIEFREMEH L
A HRYEHRRH AO O JFEERGETE T /L CRAO(Compact Refractive AO) % HE L | (2) FEBr =75k
@) FHPPEXRFALURILED 1.3m ZmEEZHNZA U ADARBRICE > T, KT ATT
Th DX T NSRRI FRZFM LI/ AO OFEFEAEAT ),

REtY

«——=

YAIVR| T |
NASHE | N

T
R b g Tlp-tllt
=

EERERE
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mB, FUNEEHFICBWNT Ry 77— 7 MECK D RAREBN 2B SELZ 21
ERZEDOEI/ A0 X, FxMBEDOT AT T THY , IZHFE S T D HFlITZR,
Fo. A A0 OEBUZ L - T, F/NEEBEORFERN M LS D2 ROBEEZ T 50
3, Bl U7 KRG R MBI E DPRE I L X 6200, RIS HS 2 /N EiEEi 4
F—MORFRBIIIEH TE 2 K512 20D T, RILFOWRAENZEHIZIBWT, HFED
WY =g UBNIRIND Z LIRS D,

2 BAFEHE R
2.1 AT Lkt

# 11X, CRAO OEAMLRETH D, AO VAT LDOWHERLE LTIX, Yo P AL—7
KAO VAT L& L, DM O EMENS FEHICx L CHE R HRR e 325, Ml
EZEALTIE, ¥ —A 2 27 225 (MILREY A FoWifE) %2 076 (~NUA - ~vUF 7
TINTEDHRE) ~ETE D N4 BT, EHIX. RO T A 22 HH)



{EHT 572, A (400-700nm) &35, #ILRILAE O 1.8m Lixsi & HAa btz
BROPRALERRIT, +o 2 BIIREEN S LN D V=6 Sk &35, REmAIL. 71525 L
BEOMIE Y F I E AO188 (Minowa et al. 2010) D#J 1/25 T % 180mm X 180mm &
Do

# 1 CRAO DEA{T#HE

Wavelength coverage 400-700nm

Field of view 30"

Limiting magnitude V=6mag

Compensation capability RMS Wavefront error: 1350nm — 450nm
(Seeing: 27.5 — 07.6)

[nstallation Area 180mmi(L )= 180mm(W)

2% 2 ﬁnﬁﬁ n+§7f<ﬁ:

Atmosphere Fried length rp: 4.4cm
Outer scale l: 30m

Deformable mirror 32 actuators

Wavefront sensor ~ Subapertures: 9x9 - 32x32
Readout noise: 15e-

Control bandwidth 100 - 350Hz

Control gain 0.5

System throughput  50%

WIZ, EFLOFEARHAEZ W T2 T 72D IR AO VAT LADO/RT A —H % AO VI o
— 4% MAOS (Wang et al. 2012) %/ L/-HaHE ClRA L=, £ 2%, HmEE K
E LI EHERNT A= ThHh, WFS OF 7 0%k, X OH#ERLEEE (Control
bandwidth) NARF CIRET RENRTA—ZTH5H, X 5 (/) (X, AO v AT LD
B %P 2 7% RMS 22~ 3, 7 B 0% 9x9~15x15 O#H TIL, 150Hz LA
AR EE 2 BROE T AU, R RMS IR IRIRAZEDMERR D 450nm A 4 =k 2 & JIA
no, K5 () X, WELEE 200Hz OFEO, V7B OEICxd25 Vv Mﬁﬁdﬁ:f&
Tho, P7HBAED 15515 LLF ThHAUT, RAFRITAERD V=6 F 2 #Ep T 5 HIALT
b5, LEOFRERZ S &2, RO 2 200Hz, 758 04a 12x12 [ZIRE LTz,
M 6%, WELIZNNTA—=FTAO ZREELTZED, AO V— 7 OFFE RMS JE LD
2 TH %, 200Hz BIED 10 A7 v FHRITEFIKE L 720 | ¥ T 283nm & RMS Jifi
PRAALEERT D & RIAEND,
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X 6 AONV—7HDEF RMS KERZDNE

# 31X, EROHGMRFHERE b L IZE L7 CRAO OFEI{EERCTH 5, HFRITIE,
AYA=ZENATO—H e FEAEEE 100mm O X T AR L X ET 5,
DM & LClE,48F A7 L DM Tdh 5 ADAPTICA #L:® Saturn # ¢ H L 7=, Saturn
BT O L5 E (push-pull) BAERFEETH Y, /A 7 ZAEEZHUN L7 FIHI K %
HARBRIZCTHZERTELR/RENLH D, 7272 L, Saturn DA b —7 I21F Tlid, KKFE
5X? Tip-Tilt (TT) sy, BLUOLEBEOBRERELMET HITEIA T+ ERIAEND
DT, 28— TT A7 —Th 5 Piezosystem Jena fLD PSH4-SG Z BN TEA L
7zo Saturn (X TT A7 —¥ RIZHE# S, X T NANRRA LU IWREAT LG EICSiE 2 H
5 EHICEE SIS, WFSIZBI L TIE, 200Hz OHIHLELSE 4 Em T 5 72912, 200fps
UbEDZ =LA L—= P RETHDH, ZO7 L—hLb— AT 51O WES I3FET
DM, 7 L—AMIZBWT e B R (200fps DA 4ms BLE) BMEH 5 H D&
BTE o T, & Z THox 1L, Allied Vision Technologies £ @ CCD 7 # 7 GE680,
L Thorlabs D~ A 7 1 L X7 LA MLA150-5C T, A DY ¥ > 7 -/ L
<A WFS 23 L7, flffla s v a—%1%, WFSIZfEH3% CCD 7 A5 & DM @



i~ 1 77 Z ) Microsoft Windows IZIRIE STV AT, XL —FT 4 VTV AT
22 Windows 7 2 L7z 83— Y F Lo B a—Z 280 L=, CRAO O S 21 PSF
DOFHHHIZ. 60fps THs Al REZ2 EiH CMOS 7 A 7 # il iE 4 5,

# 3 CRAO DiffiifiAk

Location of the system  f/10 Nasmith focus
Collimator & Camera  f=100mm double-pass lens
Deformable mirror Membrane mirror with 48 electrodes: ADAPTICA Saturn
Tip-Tilt stage XY piezoelectric actuators: PIEZOSYSTEM JENA PSH4-SG
Wavefront sensor Shack-Hartmann sensor with 1212 subapertures
Microlens array: THORLABS MLA150-5C
CCD sensor: ALLIED VISION TECHNOLOGIES GE680
Control computer CPU: Intel Core i5 (2.8GHz, 4 cores)
RAM: 4GB
OS: Windows 7 (32bit)
Control bandwidth 200Hz
Science instrument CMOS camera: POINT GREY FL3-U3-3282M-CS

2.2 HFHR

71X, CRAO DHF L AT U hThd, HFRTRICH HE AR 100mm O X7 v
SRRV AT, U e =R B RSB EE T SN TV D b0 2R BT, fix
NEFFLIZLDOTHD, X T NRAL XL, FF o 3—110 O ARLZEmSHE ) S O HF L%
2Y A— KL, DM OALEIZEBWT ¢ 10mm DOREGRZIR S E7-05, DM 225 O
Z {10 ODWHSEICE#T 2 HBEEZH 5, X 8%, ¥V 7 hv =7 TR L, #7103
AL XD RMS W HRAZEOR E - RERTFETH 5, BIGE S IREIGEL L I BRAFICH
EESNTEY, BELTWAHIE REFRFANIZIS W TR RMS A 2% 30nm A T
b5, WHHITESEOFINEE LI —7 7=k >T 2% S, WFS & CMOS
T AT R 2 SOESEBEMRSND, WESHIOE S TIE, = 0% O A
18mm D7 7 u~=T 4 v 7 Ly XEEE L, DM 2B B & 472 ¢ 1.8mm Ok (<
A7 Ly AT LA TH 7RO 12 @ICF S &2 KT 5,

“I WEFS Pupil Plane
|

|

<lll — f=18mm Achromatic Doublet

W SFPL53 SLAL14 SFPL53
Image Plane ‘JJ Half Mirror e R DM Pupil Plane

N\

l

e |
— |

|

From Telescope f=100mm Double-pass Lens 20.00

T NFRVAT U R
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B 8 NFROMHEAA. o WRIKRAYE. 4 IREKEE

2.3 HEMER

912, CRAO DHMERZ/RT, HFHRT LIFT A ADHRITIRIVUT, £ O E mfg
133 1ITR L7 (180mm X 180mm) Z{ifi 7= 723, FEERHF OH Y &2 BT 572D
rE (B> B2 L) #RIT A0, XiEmMAE 480mm X 370mm DEREZ KRG Lz, K
V7 MU =T DT RERITIC K 2 LB IFEROROAFETREN 2O, TR
AT ARRATDESEDEDRE Lz, XTNRNAL XOWIKEICIE, XYZ AT —
ICCLEFFENA[RE/Z2 ¢ 16 R 7 B O U A— IV EEE L T5, EREIZBWT, 10
TIHRT DL —W—HE R AAAF SRR E, WFSIZTERHEY OBPELND
EORCE A= NVONELZHFEL THBL, TTEY, MAZRESE LS LA AT A
RBR A T HERE, EEBEOESNENE R BT D k) ICERONE & R
FTHUEE <. CRAO WHIOXFPEEIIAETH D, 2B, EROMNELFHER, ErFh—
TRV ICEEHZ 5 2 R TE D, Fmsin o 0NN EET 5 EROIITITHE T
4 VB DN FHET, RERAINGEOFRAENLIAEN S E 400nm LY LEEEOEE
Ay hTHa—=RAT7 4 NI AT DHTETHD,

Wavefront Sensor Tip-tilt Stage

Half Mirror

Double-pass Lens
ﬁ//
Prism Mirror Deformable Mirror

Science \ . _
l Movable Pinhole /Field Stop
I

Camera *
~ Band-passfilter

W

From T-e_léscopo

X9 HHERLATUL
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2.4 HIHFR

2.4.1 WeEt oy

CRAO THALTCWA Yy v 7 b b~ WFS (2, B L7z L5 icilRo Ly X
CCD AT, ~A7alb X7 LA &2MEHLTHELT, ZTNOEBEHOT 714 A b
BLOMREFHEL, Zygo thO L —F—FWEHEEH L TiT o7, X 10 1&, FRARZEESRIC
WFS % B L TS Lz, ST JHRL v 7 22 BRI TELNT ARy METH S,
T T+ N BEBLTZOIC, FTBHAOKREEEZ 7Y —FELV B RESHFEL T
DT, HEARy @ PSF TN AEDTZDOIZEIN TS, TT By, =~ FEANGE
7% EDOIRKR DWW E I A DWW AT RE REER 2N EEZ OIS, WFS THELNET
—Z b OWHEBAEIZ, 7V VBN = ZHA L RERK L L e —F MBI L o TT

-

Do

X 10 FEEzrYOEBE (SIERLVY 7 R)

2.4.2 Tip-tilt 27— & AIETEEE

¥ 111X, CRAO THAL7ZTT 27—V ¢ DM OEHETHD, TT AT —VF, XY D
28t Hic+1.6mrad DA b —27 2L OV EREROLOTH S, K 121F, =34t
DA—=Fa A—=2E2FEHLTHELZ.TT AT —YOHIEIETLICHT LTV & TH D,
KRE T SN A=Y OESEZ AW TT 27— I Nk S 70T 5 BL— 7 I8 246
Lick A, BUefiBlE 2l &7, 2k, TT A7 —VOF )L hEiX, WFS o4
T B 5RO T2 OB E OSFEEE HRET D,

TT %45 £ 0 b ER O AFAZEOME X DM TITWV, Alda 1993 TIRE SN ERN 2T
BIZ K> TRBATHI AL LTz, 9. 48 HOE MK L TENENMILIC 7Y OEE
ZEINL ., 8 DR % Zygo thoFHEHCHIE Lz, &KIZ, otz 7V o8
NG ZBHNTT 4T 47 NANT 4y FLET Y OBV =7 ZEAOEE%E

_12_



avie, B181C, WE SR TUH, <A N7 4 v b LEE L= SEA, B X OHIETE
EOHRK LTI By b LET Y Y VB SHRORKO —HlERT, 7Y vE
=4 SIROFBT, T D BRIk LRI b 2 & 2R Lz, A
B ko TRLIMEBIRE b &0, SIBTEND 7 ) v V¥ =7 SHAOFRKE
H3 % DM OBITHIEAER LIk,

2
15
]
0.5
0
-05
-1
15

Y Tilt (mrad)

X Tilt (mrad)

Voltage (V) Voltage (V)

12 Tip-Tilt 27 — Y OHIEIELIZHT LTV F &
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Measured Data 014 41h Coefi. ———

Sth cosff. ===

012 - Tihcoeff. —--%-

- a e
01 - @ o

. _ _ --// w
0.08 - - -frimime

A = i
008 L - — eenaee
0.0¢ R e T

g N R—

Best Fit Data

T S . T o= iz,
oo . ooy
-0.06 e
-0
Toslem e i 0w o

i

§
om 4

[

Fringe Zemike Coelficient (waves)

1!
90w o
i

08
1000 2000 3000 4000 5000 6000 7000 8000 0000 10000
Squarad Voltaga (v

13 DM ® 1 DDOFEMRIZET 2 HT 72O EBTH, £ L T¥E THlE L7 DM O AT,
EFT:_ANT7 4y N7V IOBL=FAZER, A BL=/1%3 vs. EBEOHE

2.4.3 JL— il
(ZHUNS 2 HEEE X, WFS O ORET —# % LIk THETE 2,
AV=(A-B) -g
22T, glZ WFS THIE L7=&Y 7B 0ICR T 2 OHER 2 H S92 b, AV X
DM O BRI 2 HIHEEDHROL I EEL HHDOT X ML AFT7 I VB L=
r A DRI O OBRNZ FHE T 2176 B IXHEHELEOBENL 7 U UEL=
ZHAZHAET 70 TH D, HIFEEWITHTH DL Z L& RT, AO L—7HOD n+l [A]
HOAT » 728\ C DM OKBIZEHINT 2 HIHEEO B F% b 5097 b Vo 1,
nEHDOAT v 7DORT "ML Vy & ETROTZAV ZS &I, RATRET D,
Voo = Vo + - AV,
I, alEFA T O~1 OFIPEOEE & D FEERIC K o Tl 2 A IR E T 5,

X 141Z.DMIZEE % 52 =D B2 EiRoXE A= A0 L— °’JZO'C*$E%:%§(77L7L:\
DM R EBROFERD—FITH 5, FLEME TIZEE RN GEEZMIET H 2 SIXTRERE N, K&
REEAFNGEPHER SN TS, UL, ENTODEMOEE. &5 W ILEELYT T8 % K
D LB 2 RRESBOBEORENA 0 THDLZ ERFREEB X b, WELL
ETH D,

2B, TT AT —IZHO0N T, jt%#a%%?—f‘ LR Db O &AM 7R R 2 2 LRI R A
DA E AW ENERIC L - T, ICHIEICTE 52 L &2 REGR L TV D,

_14_



IterationO 1.6 ¢ " cooft T
P-\: 3. 3ewaves, RMS: D.6bwaves g+ § 1.4 "l g{n COQH‘ |
@ | coeff, -------- B
EE 7th coeff, -
€ 1 8th coeff _
o ., gth coeff. ------
g 08 < 10th coeff. - -~ -
g oe S o i
& g 04 e i e T3 =il it 7]
Iteration 11 E o2 N
™ e I
% 0F -..:L ~ R e -
£ N P : =
o -0.2 =TT S D CTIETTI
-0.4
0 2 4 B 8 10

MNumber of lterations

X 14 DM ISR D5 F D —1H4)

2.5 77 —ANTA NI

201445 A 24 AIZ, K 15 (£) 127" F & 912 CRAO ZiAREERHEDF A I 2 ELD
1DOIREL, 77 —AM7A MNZER L7, ABHEICBW X, fifi cik~7=k 9
[ DM OHENC SN IR EN L ETH S 720, DM 2 T H0& Y SEHARTIRICEE L
TZRETTT A7 — Y OH%E AN THIED AT o T2, 15 CF) 19 LOWEDT —7 b
YNV AEBRI LB TH LB, TTfHEICL>Ty—A 7% 226 005 2.0 IZESE D
ZENTER, AEHENE, CRAO IZHZFET 4 VX A L7\ (CCD DI D Tl K1
BIRED) FIETITHST2bDTHD, ZHUT LD LT R TTHIENTEX -2 L0 b,
KB OFEEIL, CRAO DX TN RA L ZTHAET HAIGEITD R &b TT MiEIE
BLTWARNWIEEZRBLTWS, £/23—2 MRIZOWTIE, A =2 h AT L WFS
DVFT U N T bR S L7202 T2,

1.3m Araki Telescope TT OFF: FWHM 2.6

X 15 77 —A M7 MR, /£ FEBrvy b7 v 7, A BUEEEOH (9 LWEET
—7 hwILR)

_15_



3FELDEAHDOTE

Foxix, X TNRAL R E O TN OZAfi 72 AO DS TH 5D CRAO %547
BUEL, BNER L FALESEL WA A AR A EE LT-, TT HEDH% L
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A7 b— g VHEEETET VICEIT A O REENE
FiE B GREIEERSAM LR CE - F9EE

~—

1. BFREOBEE

MR 72 E ORI & LT, BRI RN FEHMICEE - 2 L2 ET S/ T L—va v
EFETFADPHHELEZEZLNTWS, A7 Lb—a U BEE2RTEGET L E LT, BETIIZHER A —
TarOETABRRINTN LN, TrROMEANRMROEEHRINTND ¢
(1) EOXTLTA VT b= a VIEEPBE 5 DD,

(2) EOEHCLTA T L—a VEREERAZ DD,

(3) FHEOEEZA 7 L—va VERETANLHAT S L, BHELE Y 1207 KEBE 5,

% ZT. (T. Fukuyama, et. al. 2008) (Z X > TIREINIZET N EZUTH~EH T 5L AV - H
ANB =R« T A v aZf B LTA 77 NoBEAERTHEEZXLNDTZD, AT —vay
fEaEA BRI hts s, LRAMER (1) BRT 25, £/, ZOETADORT ¥ ¥ VICADELF
£ 1T (G. Felder, et. al. 2002) . FHIFZRITIEE D251 > 7 T b U BIER) Lt 2N EHNS, =
ORFINIFHIZENIEE 5 (stagnant) Z & 75 stagflation &4 -3 54U (T. Fukuyama, et. al. 2009) .
FREMIRES (2) DBMRIRLTWD, A7 L—Ya rERZT%IL, stagflation OO R @ M3 F A
Lo T, R=R « TA o B A VU LT — G %2 RTi et ~ g S, ZORFTZR SO0
—HNIFEET T v J R —NITTIR D THA D EEZBND,

P 13 BIEOFH OB R LR OHT 2729 stagflation IO O AL EMEEZREET D Z L2 LT,

2. A7 VL—a VRO

A7 b= a VIEBREBBBEINDFEHO T PINCIE, RV v - FR L ZOEEERBFELTND &
WET 5, RV Y - HAOZIAX—HEE Poas | OBk ¢ DT RN F—FEE Lo, FHO A7 —
METEAD L L EHHERIUTO L 51045,

7 (a)z _ 8xG
3c?

_4Hp£}ﬂ'5 - r)()gas + y (})25
~6H (py = V) + Tpgas = 7 &°

a (pgas + pe‘;) 5

;Oga 5

Po

BTV VAV OERRE, BHAOZINLX—BE T VEZHNS L, FTRROXIICET S,

mzq A 4

V. = '5¢'+Z¢'+WL
12

Po = %‘FVZ,

IITRTF UV NEDEEA B AT ABEICED, V> m® >0 LTh, T5E KFruw
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ITBRIZ 7 B iE EF> Z L1272 0 | stagflation Z# 297,

NS A—% TIIARY v« HANRERET H8E, ¢ 1%

BERE R ORL AR 2 R T,
FHOPORDFHNCAHDZ S DRY >« HABPFIEL TWE LUET 2 & RN TEEE L. RATHIZR
AN T = a T 5 2 ENEB SRR D BRIZE NN, ZOBENA T V—a VRO E R
LCW%, Slow-rolling &z it/ 9%, IT{lIC

H\12
Pine(1) x (32—’() (to -7,

LRIN, FHOA T L—ra VIBROUMOET 2R T 5,

3. A7 —a  EEOKT --- stagflation ---
L7 —ariy

R <Y, BER
FAEHT stagflation IR 22”4 K 01272 %,

p¢,=0’ p¢=0’

B o IR T U VNRICRDHEEA~ASTL B, 75 &,
BEHARETE, M1okoic, ZOMICHTIL TWEETFRRLNA,

H =0,

108 1
10# 1
1
0 10 15
@ t
1 £E: KTy loOf/MEZEae Tlded, EPENAIZRDHEENEND,
F: A T7L—2a VBERSHRTKRbDD L, A7 —VIRTOERMBIEE D stagflation &
2%,
L stagflation DR TH 5, 727 b, EEHFEA)NDH

—7J5. stagflation HI1Z1%, RETHREENES ¢ O EIXIEE 5, UL, ¢ OFEHFHIE I Yo ZR 5202

o2
IRER Y SLOME ¢ ORFFEBONIFICARDIEE 725,

4. Stagflation O @M

BOFERAFFORT v L& LTHER RATREEDR H D2, A X THRO LI IC41EY OMRET V&
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HLUTZER, £ TOETMITBWT stagflation B R.HN 7, LLFIZ 480 OFT VOFHERBREEINEICHEIT
T 5,

(1) Chaotic Inflation &7 /L
KF vy v Lo ix V=¢-V, Thbs, (K2)
RIS o OFFRIFERE A 3a, A7 — VAT OO EL
K 3b, RY Y« HADTFVX—FE BHfiK ¢ O KL —FHE
Ny T IV e RTA—=F— ENENORERFRA X 3 c ITHfiVW Tz,

X 2

log(a)

wllt]
g,

M3a EGEReORRIRE [K3b AF—ARTORMBE [M3c BYY - HAOIIL

T, BEER o DR

F—ERE, Ny T RT R

— 44—, TRENOR TR

K3 caRhdL, Ny TN NTA=F=030%8%, SEVFHPESIELEDLL AT, RV -

HADTZR VX —FERMEL 720 | BEERO =R VX —FE S /e 7o Tnd, DT stagflation DFF
AR TG Z ERbN 5,

4 >
(2)¢ BRI VEFT L

KTy oz V=¢'+V, Tbs.
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Chaotic N7 > ¥ ¥ VOFA L FEEIC, Kdabe xR e, ATy VRAOEKREZFS L, Tl
EAIEE D L Z AT stagflation B X | EEEEK o (TBRIZIT R TV Z LM 5,

(3) MEXRT Ty
Rrryy ol V=9¢+V, <Tbod,
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= s
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MIEE D & ZATRIIY stagflation 23 X | EEHER ¢ (T 22T TV RN ERbM D,

(4) New Inflation RT3 ¥/L

V=ad® -+,

AT v VO Thd, (X6)
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INETORT Uy VERRRIC, K T7abed oL, N7V Uy VRAOHEEEZ RO L FHEEN
1EE 2 & ZATAEY stagflation S X | EBEMER o (ZE 22726720 ) 2, BKE LT T\ 5,

PLEX Y, stagflation i, ADOEIKEZ SR T vy MIZBWT, MR D EENREBTTLES 5.
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5. REZEMENERT 5 IE—1RHE
ZERIANZ —RE 7R BEGR© 7 )V Tl Stagflation @ & &, JEE TR 2 M < L BRI,

(b,'mp(f) oc const. — g log(r' —1).
K

Lo T L ICTHBL, FHIENDMRSE OIS, (Fukuyama, et. al. 2009)

a = const. (1. —1)"

ZOFHDORZEMIL, ZEHI e — R RE L7720 G o b0l eEEZE 2 b5, 22 TH LI,
ZE[I T —BRMEDARE 2 13371, FHMBN TITE O ATREIE 2 MEtd 5726, ZEMBICIE—FRe R 2 1R
FTZllT L, BEffike, EAORT v L@, RV Y - TABEIZENENZEMIKGEEE R E iz L
LTIRD LD IHET S,

&1.7) = dolt) + by exp(Qr + ikP),
D1, 7) = @ot) + Dy exp(Qr + ikP),
Pgas(r,?} = Pgm-o(i‘)-i-p] EXD(QI+iEﬂ,

HEZ, BEHIRTF U ALERHANT

(y
(v
A

ds? = (142®@)df* —a* (1-2®)dx"

IRBOBOIE RN FR TE D00 REEVEMAT % Fii L T~ 5, FHORBRKIT L T2,
H L, REEZERT QT A—ZRIED 1 ROMPFIET UL, TR REEREEFR L TN D,

W HREREZEBREMT L, 1RETOFT—F—TUTFOLIITDE, IEL, HOLATORTIIE
BORBELRT,

RIS o OB RO FEHE /31X

5 .IECJ 5 2 = 5 2
{ﬂ‘ —3HQ—?—m*—3z|{;5r }{;ﬂ-—z ay(m” + Al [ )@y, =10

EEfE R o OER RO B HEH 71
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=]

{QE—SHQ— —mﬁ—)‘|%f}¢l¥;‘ —0

TAvYadArFRREBEHORT VY o HEAR
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=
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L5,
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b 4RO I RS non-trivial 22 2 FF ORI, TN HREROEGOLEEER S 1> 5K D175
KPROLRDLFMETH D,

kQ
—7+3HQ—K¢3+m3+Qz)X
2

|

GBS

0=04H +Q)

2 2
(16na36¢ (m2 —x¢2){—x¢3 +mp+ Qéﬁ) + (k_z +Q(3H + Q)) (k_,, +3HQ — 3kd” + m* + Q°
a a-

DM E, REEARTQRTA—ZIIONWTHREE, RETEEOREZERT Q> 0 DFOEFEEE
LA ENICAREMPFET A EEZHLNI L, (X8)

ReQ

X8

FRELRE NN IE LB IR E W NS, REEWD X A LA — L 1/Q EFGHE L O L Y /& 728
MAZ =D, RERICHRETE 5 Q<kla. ZO5M%mZ UERERICAHEST D EMAr—1%

O(k,) = k. /a.
EBWTHELS & &b HEMARGOMAEERIC L 5 REEMEIL,

&

yJm: = 2m- \/?
ko= e S R
Ve 2

THRSIND, 22T m? = —m?* + 3k¢? TEERO~A T AThH %,
— )5, BEOEIARLZEMIL. Jeans BEOWH DO A r— )V TCEREND,
L —iciZ, 2ns 2FEEORLEMED M) H—oEMRREGE LT k., =4 "-""_’.Ir{}.rrm‘.l'?.

1 64nGm* (m2 + m?
k., = 3 \/\/— o ?}(m‘ ) = 2m? (mZ + m?) — 64nGr2¢® + 128nGrkm>¢p* + 9k2¢* + m* + m2.
K

LB,

B2 GOMBERC K2 R LE L @F OENARLERDOHRIE, AV T =5 o BRERET L &, MR
DZEMAT—MIR T A X« 27— O+ RANCIE 2 & W D RERZ/F L P, L0 —RI7R5EEITIE,
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S SIZFER T AL E T H D,

F7z. stagflation DERIZ AT 7 —3 ¢ BRE LT 5720, WES ¢do(0), (1), pgaso(r) 13 # 1
TRV, F 2T, stagflation U T 835 ARV V- ik 5

|
dols) = ::;:—:—:EE;

B RZEMEMINCH D REEDN, TR EREGEDI N LVED, BEV I 2 b— a3 V23T
L7z, 72T A =2 —DEIBICB W TAREREENE L THWD I L2 FRROZ 7 7ITRd, (X9)

05 em="

00 las
i}

B9 : REEMEDBMI ERT/NT A =2 Q% k OB
ELTHMEMICHO RSB, TR
stagflation sUTFE CUTEINTAR M 2, sBR L 0 FHEBIZ,
FRIE DS & B 2 2 72 O FF S U7 EIR,

2 TRHIBALLL DRI TARLEVERNT 21T > 7223, FERIR R R LENZ BT 5 2 L RAHROETH
60

6. £LLER

A7 L—va VIERBERITIAED . HRICKDDHGET VERE L. A Y VIBOMANER % UE
THIE, A 7T FUBNEERLET THLFHEEN L £ 5 stagflation phase 2N EBHIICE = 5 2 & 20K
L7z,

Stagflation HlIZ 351} 2 —Kk7e A B T =D RLZEMWZIRNT LTz, ZORZEMD . SAHAE L R
RERED OO Y H—LR0 . ZOSbEDEIGTRY VGRT T v 7 R—)VEJERT % ATREMED
oD, ZEERICRRRFHERET D & FHIT - ANBERLLEGNLENORRVR, 2O XD Rk
RN FH & EEN DR &0 ) R &7,

A 77 b UGORBIRERC L D RFTHRIF AR, THEBNET 5, UL, HZEOTRLF
— DFEB 7R IR 3 SR SRR ORI A B 2 2 7o Fex 139 —BRRFHR 20 VR FET T 5 2 L &5
LT3,
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%A K~/ : The metallicities of Arcturus and uLeonis from z—, Y-, and

J-bands spectra with the high resolution spectrograph, WINERED

Y TR R PEER ARSI - M B) . M E = GUlE SR A LIRS A
FEMIER T b =T 4 7)) JITaSEE CUBEE R R AR 2 SR - Rl
PR« 2013 EPEET) . hEHE TR Ol PESE R ERFBE P A TER - LRI 148) . K
PEAIE CrUfl PEZE R BEAER B 2 - 2013 AR AR3E) | AR T IFRL (rURRE R R B A
HRLERL - 2013 AFEEAZE) | HINEZ R PERE R PR AW ELRL A - 2010 ARREZRZE) |
AL I CROEE SRR A LR IR« KA R)

PR FERE

TRt 7 WINERED: ##UKICHE 1. 3m EESE COMBIBRRRE” ,7 HAKRILFES 2013 4F
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The metallicities of Arcturus and u Leonis
from z—, Y-, and J-bands spectra with the high
resolution spectrograph, WINERED

SOHEI KONDO, YUJI IKEDA, KEI FUKUE, NORIYUKI MATSUNAGA, NAOTO KOBAYASHI, TAKUJI
TSUJIMOTO, CHIKAKO YASUI, SATOSHI HAMANO, RYO YAMAMOTO, NATSUKO IZUMI, HIROYUKI MITO,
KENSHI NAKANISHI, TAKAFUMI KAWANISHI, TETSUYA NAKAOKA, SHOGO OTSUBO, MASAOMI
KINOSHITA, and HIDEYO KAWAKITA

TTALF 7 b

B, TR 1 3mZEBITHEH LT 208 L < BHFE S 7 maRoM8 5 23 8053 %% TWINERED )
T, LRI TV D KBRE R Arcturus & uLeo O43fERE R=28, 300 D A7 ML &7z,
WINERED (13T AR DR FIR CTH 5 2-, Y-, J-bands (0. 91-1. 35 um) DIV ALY kL % [l RFIZ B
BJTE, BOMBOHEICHER TH D, Fex1ZEDAST FANRDH 1 20KDT7 L LTV
WFel DT A »&[AE LT, Smithet al. (2013) 23RTE L 7= A ZhiREE & ik H 7) O & E L.
Hx DT A ZNENNE Fe OMBRAEGKANY M7 4y N TEHIM LTz, MHRERBER A
FEHHOIIE BT IVREADNRT A=D1 OTHHM/NELTEE ZRER S ED 50BN D
LHOEWN, fHx DT A L HE” X7 (Gratton et al. 2006) (2% LT, HEE L7= Fe OAAICM
7N K D U NELFGHEE 2 T D 72, & OFE R Arcturus T log ¢ (Fe)=6.96=0. 0240. 07,
pleo T 7.69%0.02+0.09%° LEE o7, ZAUTWMEDOMODE RN GROTAEL FJE L7220V
RTHY SERINOFERERIRD &5 T S B & [RIFRE O @ S CHGNEI T 5 &
SR, ZOZENDL, S, FHDETREOBEIE/ B 7o DR OLER R O BFSE A T AR O L R
T D Z LI RERFIENDHD L E XD,

1. fvbhagZrvayv

TRIMRIE R COBE I BRI R & 2 M X 5 BMAREE 32T 72 B OB ARAT AT
FTTRN) 72— Th %, BlZIT OSBRI Ko T, BEAREA K E &SRO
Ho & (Davie et al. 2009a, b) /LD (Ryde et al. 2009, 2010) OFAEKOHEE H31T I T
W5, JIET 2 IEHRIC K o TIARIME TR LI T, F O#AIE K-band IZFFET 2 HF 531D
HINHHEIE SN TS (e. g, Jorissen et al. 1992), F£7z. C°SITFRAMEEITHENT A 0
FET 5720, ReEED R ([Fe/HI<-3) DIMBEHIEIZIHEF AR TH 5 (e. g., Takeda & Hidai
2011, 2012, 2013),
BEOMBEEEEICHET DICE, HERKKDONTA—=ZD12OTHHMPETEE & (kn/s)
ZIFFEICIRET AL ERH Y | Lb ZO/RT A =2 I0NT — 206 LORETE 720, IR/
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FRTOHRIA D < | AL TEIIIT & W RIRIEL, YRRIMRO @ AT R WIS W TR
ELUCHE 2 8 L2 UL 7e 7, L L, ZRAMRIE R CORMBHEE OB X, AT E CTHENE
ENTWDE % DT A 2 OFEATMECTREE N2 IS T NELTEH E Ot ik & O F FIGH L
7TeBlE 7o, EOH T, Smithetal. (2013)1%, AIHETHWHILTWS LD 1 -5% H-band

BT IAR T PVZER LTz, £, H2OMADEIMEEZE L., HAxFel DT A 5
Fe OB & HEE LT, WKIZ, [HA DT A D Fe fARDIE D2 & B /MZ72 5 X 5 7oy NELTE
FEAPTE L, I E R Fe Ml A Rdiz, LU, o7z Fel DT A > O 8-9 K
LB O R TH DI TV DA (30-100 A) (T2 &7 < REEEDS B3 B 72V AT REMEA
FET 5,

RN D B3 T — 2 DB HREE R MK ZRIET 2 HIEE LT 57212 Fox 13
HRINT z—, Y-, J-bands T D < DR AFFES LTS sub-solar metallicity @ K BIEE®D
Arcturus & metal rich 72 K BES2 O pLeonis (BAF uLeo) ZBIMI L7, A7 h/LIE WINERED
CHEE BRI R BUA U 72, WINERED (353 fi##E R=28, 300 T 0. 91-1. 35 um Z —[RI D& H THI
HTE, ZIUIMMOIE RN TO B HERIKIT 2F R THY , ZOHETEZL DT % —
FEICHGTE D,

ﬁ%i?ﬁ\2%Kﬁ@k?*5%ﬁﬁ%%ﬁﬁféoSECﬁEﬂtXA7FWﬂ%%ﬁA
OB LR R T 5, 4 IS NEH L7 EICOWTRIEETT 9, &ED 5 5 TR XL
FEH5,

2. B & T — FRAT

F 41, Arcturus(a Boo; HD 124897) & uLeo (HD 85503) Zf#|LIKILHE DA 1. 3m Bimds
IZERE S 4L TV D WINERED CHLUHI L 7=, WINERED (%, 7 0 AT 4 A=W —%{ 27~ = /L5
HET, KR = VT V=T U TR A BT L L, IR AT L ZAR=HF—L LT
VPH % FHVNTUN%, WINERED i3 1.7 um cut—off @ 2048 X 2048 1 % Ff - 7= HAWAII-2RG f& Hi&s
ZiE# L. O pixel scale IX 0.8 arcsec/pixel TH D, /—~/L T =)L E— FTiX
7z—, Y-, J-bands # —[ROFEH TEREHTE 5, 1.6 arcsec A Y v ~ THE/MEEE R=28, 300 % ik
95, Arcturus, uLeo ZHALFIDOFETIEFIL 20 sec, 240 sec TH Y, S/NIE 200 Z#E 2 TW
Do NPT TR H—=0 NAT A% T2DIT, ENENDRIKT sky frame Z Hf5F L
. BPE T, RRUFHER L LT ALV O HIPT6267 28U L7z,

7 — S fRNTIE pyraf ~N—Z O WINERED /XA 7 A > TIT AT, AT I7 52 LU I i B R
T AT — 205 sky frame #8|< 2T NI TS50 RO A—7 LA T ABRERITO,
D%, BENBREETR S, 77 v & LT Ar T Uy I o TORFARY MRS L, R
KGR L W U< A7 EgoO5] & F5, BEDREZIT ), Th OGO REK7 L—2%2T7 T v b
TL— LB ERD LT, 7Ty T 4T 4 7 EAT7e D, WINERED TiL echellrogram
BT R Yy FOZEMG TR O 7 v VTR & AT TR, ZDTD IRD K5 72 ilE%
Wiz, #1912, apall ZHW 20 KDOA—4—0 b L—R LFEIKEC strip A7 v 3 V&,
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A= — O 2L TOERTOEI HLZ2B 29, KT, BfF LTz Th-Ar lamp A7
R UZ DWW TCAEE 2] 0 H L#. ecidentify, ecreidentify LHH 70/ T AZfAEDED
ZT&T, 20 DETOF—F—TEREBIEZITV, Zh L [FRFIZZER G MmO E 7 B0 2 RoTHE
B T EJTA & EEIZAR D K 91T transform #7572, Th-Ar DO T A I F1E Kerber et al.
(2007) & V7=, Z @ transform & BIERE R A RIKAY MUWZHEHA T2 2 & T, 220 &
BHRMNEEL IR o7z 2IRTCANT MV ERRT., Z LT A vy FARICELEDESZ & T—
RICANT MVERG LT, RO —IRITTARY MUE, 20T 4 =a—L L% 1 5RO
spline3 BIELT7 v v 95 Z & THIEIL L7,

R 7 AU CRERWINAEAER D 1 IR AN MVEE, EREBEAD PaB, v, § 72 EOHME
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3. K RARNT
3.1. BEFILRKRRLETIVARY MIVOERL

GBREOHETEIIART VBT 4 v M X o> TITR 5, ET VRKDOIERHKIZIE kurucz @
ATLASY ZH:H L7 BT L RE/8T A —# X Smith et al. (2013) OfEZ v Arcturus T (Toy,
log g)=(4275,1.70), pLeo T(4550, 2.10) & L7z, 5D Ty & log g XA RO B
72ETH Y, Arcturus (2D T PASTEL database(Soubiran et al. 2010) TE O HATW 5D
32 KROFHX DA REE CEYJ @ 4315, HEHERZE : 61, H#iPH @ 4200<T,<4500) & K E ) (L)
1. 68, FEVE(RZE : 0. 28, HilH : 0. 9<log g<2.19) . uLeo T2V T 19 KDL DA DR CFH) -
4511, FEVEMRZZ : 92, #PH @ 4308<T.<4710) & K HE ) CE @ 2. 42, HEERZ © 0. 26, &P -
1.95<log g€2.82) TH > T, WOLDOMEITBEDEL DIEREFFELRVWEL S X5, global
metallicity ((M/H]) IZDWTiX, Smith et al. (2013) ZZB | ZHIWIE L LT Arcturus, uLeo
TIM/H]=-0.5, [M/H]=0.3 & L7z7%, EH L7z Fe #ipk ([Fe/H]) & —Ed 5% X H kv, KB
FHEXIT Anders & Grevesse(1989) ZFHWTW5, EF /LAY MVOVERKIZHT-> T, 74
YU R NOBRNEEII/RDD7EMR, 17420 A ML VALD2 (Kupka et al. 1999), 4310
5 B WINERED JHEHLPHIC T A > AFEIET S CN, OH, CO {22\ Tl kurucz @ database (Kurucz
1993) 22551 Lz, ATLASY IZ X o THRKHNCAERR S T2 ET VALY Rvix, FHBGOHNE ISR
b L CBE%E X 17~ SPTOOL (developed by Takeda Y.) Z V>, Fe OO EEIT - 7=,

3.2. 74 UER

VALD OF — & _X—R 2%, z-, Y-, J-bands THZNRWLEIRIZ 6043 KD Fe I DT A » HBFIE
T, ZNHOHFNG, BNZ L > TEONIZANRY FMLERELZENL, FEAET LY FE
ZAFTWRWI20 KD Fe I T4 v Z[FE L. Fe Dk (log ¢ (Fe)) DEHIZHND Z LT LT,
AR B Fell 74 b N D Z LIE, Fe OMBMTICI W TEETH D05, BHIA~T ML
I, HOREETT A NIFE LMo 72720 R SCOMHTIZB WD TTHAWTL 2R,

3.3. X7 miELIROHEE

1-D ETVRENRTA—ZD1OTHHI 7 il & (kn/s) 1L, 9T —FZHNT
FRLOPTE L RIFFIZIR D D L/, EZBEEL T, X THOTA IZxt LT log ¢ (Fe) %3
HU LN T A B8 XIZH L THFERWVEIIC(FA L log ¢ (Fe)llizd X9 7e) & RS,
% Z T, Gratton et al. (2006) CEHRKINT=T A L5 X=1og gf — E.P. X@exe xH 2,
Z 2T, log gf I1ZIREFRAE. E.P. X eV EYLOfhE = R /X —, Oexe = 5040/ (0. 86T, ) T
Ho, EOEELTHDIZ, £=0.6, 0.8, 0.9, 1.1, 1.2, 1.4, 1.6 km /s ZRAT, T 5
DIEITWBEDOCEIE TRO LN TWAHFPH, (1 <E<2kn/s) 2BEIC, EBEICHIERZ B2
NHRDT, ZNENDT A D log ¢ (Fe) X SPTOOL DFEHE T % MPFIT (Takeda 1995) % FU >,
BIAARY MV EGRASY MV TR/AESE fitting 2479 Z L ICk>TEHH L, 2720, F
FEDOEMZR T L TWRWT A IR F572 7 4 v B & LTE & Fe ORMBEOHEEITITE D720
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-7,

a) 7 A ORI Y E FWHM) 230 egs OBRkEE (11 km/s) K0 H/hEWT A v

b) log e (Fe), FWHM, R 7 FREOWTNADEEMHELY b 2.50 BENLTZT A
T4y MERBARYGERDFERE LTI TOLI R ENEZLND,

D I DT LR

2) R+437¢ telluric MH1ES° continuum fit

3) NIEfE/R T A IRTGA—H
ERRIZ Arcturus £7213 uLleo THEZ 7T A Ud, FIDITGRATE T AL DI B IO KR TH-TZ, £
NENDEDEEITX & loge (Fe) DIEUFEMARD D, X2 & 312 Arcturus, plLeo TEIZD
WCORBEHROMEE 271y FLTWD, ZORIE Fe OFEA X AT L2V X 5 7 fkid
REFFENTFNE=L1£0.1, 1.0+0.1 kn/s THDHZENSN-T,
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3.4. Fe abundance
fEim & LT, Arcturus, pleo TENEFN E=1.1E£0.1, 1.0x0.1km/s & L7zKE, loge
(Fe) yreturus= 6. 96F0.02 & log ¢ (Fe) uleo =1.69F0. 02 Th b,

4 SYSTEMATIC ERRORS
4.1. Probable errors from model parameters

MAWIIERE KRG, ETNVD/NRT A—=ZIIREWERH D03, £ DD Fe DFLE~DT T —/3
Vo NPT S, T & log g OHBI 7 ARENEIL, Pastel catalog (2 STV 2
EOFERDOIEHDE 5 Arcturus TIX AT, = 60K, A (log g) =0.3, uLeo TIX AT, = 90K,
A(log g) =0.3 THVH, ZDOLEDENENDTT —0 o, ZilliT 5, HHNTZI T 1El
MOREMEIZA & =0.1kn/s THY, £DOTT—o . biHliT 5, HKEICENOLPMNLTHD &
LI EDERGRZE(0 ) 2= 077+ 0,2 Yo D &EKRDD,

4.1.1. o

T NRLATHW Toe 205 Arcturus, pleo TENEIE60K, £90K BAL 7L &,
Arcturus Tl o,=%0.00 dex, uLeo Tl o=10.02,+0.01 dex TH-7-, T b DEITHE=
7 —(£0.02 dex) DHEIFANRD T, IREDOPERED Fe DI E 2 2 BT /S, &
LENNEVDIZ, FHLTWAETA M Fe I THHETH D720, BHET A I~ HRhRE
DEEZNUZEZ TRV DLIEEEZEZ BILD,

4.1.2. o,
T ILVRETHWEZ logg 725 £0. 3 dex 1T ELB L E 72 & & Arcturus Tl o =£0. 04 dex,
uLeo TiX o ~+0.06,-0.03 dex ThH o7,

4.1.3. o

HIEIORER LV | Arcturus, pleo TE& OAEMEIFTIICEO0. Ikm/s THDH, RELIZI 7 1
GLIOME S £ 0.1 km/s Z{b&H 7 & X Arcturus Tl o .=-0. 06, +0. 04 dex, uLeo TiX
6 :=—0.03,+0.07 dex T %,

4.1.4. Total error from model parameters

Arcturus, uleo THK/XTA—HDREENHNTHL EHEL, BRLADLED L Arcturus
T 0 101:1=0. 07 dex. uLeo T 0 10a=0.09 dex Tdh o7z, Fe OFKBIEIZHR LI DX, § DR
EMETH D, 72120, ZITIEENT A= 2B 72 <. Fe OFRITH L THMSLIZE
THEWIREEIToTEN, EEEIZIL 0 00 #0 DD, TT7—FH 52D LRENVEEZZBND,
B, ANREREVMER R S5 & REW I 7 B ELROENEITIL. EORKE, Fe O
AT/ &< 725 (Gratton et al. 2006),
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4.2. Comparison to other results
Arcturus, upLeo IFIREIZIL, Z < OMEMNT A2 I TEY . ZIDH O Fe DL E 4 HEIO
FERET D, 272, EEMRENTE D X912, AW Ty & log g 23 B 232 3Rk
LD AEIT 9, X 412 Pastel catalog [ZIN® HAV/ZFmC & Smith et al. (2013) | Jofre et
al. (2013) OfE L Fex Oz RT, K405 5 X 912, Bk O Arcturus, pLeo OFERIL
WEDOKRELEBADOHH T ML TNDLEF R D, fiam& LT WINERED THOL LT
z=, Y=, J-bands D A7 FNBIE LW EH TE /2 & F 2 5, TR ORI O & /78
ST ARG & FRRE O @WK E TSN TE ., 202 b 4%, aT8DE TR BRI
B/ 7o B DAL D BIF IR % 3R
NOEWEER DD Z LITKkE R

= " q FERBDD LB B,
7.8k -
L] o - B 4. Arcturus & pLeo @ Fe fHAR®D
':5, 74k c SCHKAE & DL, AR, 0 A
72 o - Hex DM L7 Arcturus & pLeo O
7k i o 2R LT3, MAETmaEEL
6.8 o - FHMEEOW G 2 E LTS, AN
6.6 Iml—— HE LT 5.,
Arcturus MLeo
5. Summary

- IR E L, AEFHACTERE KRG/ ST A — 2 DR L3> T Arcturus & pleo ZEA
1. 3m i EE T 3R {E S 7= WINERED THyfiRAE R=28, 300 D& 84y R L. 0. 9-1. 35 um D A2
7 NVERT,

« ID-LTE £F VAR bV EBHI AL SO S . SRE RSB EHEEIC oA KT
HDHR20ARKDT LY REIFEAEI T TRV Fel DT A LV EFE LT,

cBRART NVDT 4 NTH Fel 74 006 Fe OfARZHET L. Gratton et al. (2006)
THWHATWD T A VigE” X7 ZHWEFIETI 7 vifiliiz 2 E<RODLZENTE, D
fEH. Arcturus T log e (Fe)=6.96+0.02, uLeo T loge (Fe)=7.69+0.02 LRE SN,
cBONTEBETREOEKEREFELRVETH Y, ZOMEHTEZ(0.02 dex), RAtEE
(Arcturus T 0.07 dex, pLeo TO0.09 dex)id& b :ﬂfﬁﬁ‘ﬁkﬁ&ﬁ?%‘%ﬁkf%f:k%zéo T
IRON DRI AR D & 578 T b Al & RIRREE O S WS TN EHH TE 5L E2. 202
b A A TR OB/ 7o B OARERA R OWFIE A T AR DR R THED 5
LICRERRE DR HD EFZ D,
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Microlensing Observation
at
Kohyama Astronomical
Observatory

Atsunori Yonehara
(Kyoto Sangyo University)

Members:

H.Kawakita, N.Fujishiro, T.Yoshikawa,
M. Isogai*, N.Yamai, H.Tohyama*,
M. Tanaka, M. Saitoh, K. Inayama,

S. Nakagawa*, K. Tanaka*, K. Hayashi*

with MOA group's support

agenda

» Kohyama Astronomical Observatory
» Conditions
e Microlensing Observations

summary

mainly, undergraduate and
master course students are
doing follow-up observation
and data analysis

our follow-up data are uploaded :
http://www.cc.kyoto-su.ac.jp/ “kao/adler/moa/
contact address (any request, comment) :
yonehara@cc.kyoto-su.ac.jp (me)

Kohyama Astronomical
Observatory

KOYAMA ASTRONOMICAL OBSERVATORY.

Location
lat. 35:04:13 N, long. 135:45:30 E

Train Station, Kyoto
Kyoto City, ancient capital

inside our University Campus

Telescope & Imager

ARAKI telescope (1.3m)
3 focuses (several inst.)
Ritchy-Chtr’tien optics
Alt-Azimuth mount
Pointing acc. ~ 3"
Guiding acc. ~ 0.5”/ 5 [min]

ADLER (2 color imager)
2k x 2k CCD with 12' F.O.V.
water chilled (~ -90[C])
380~900 [nm] coverage
(dichroic mirror, ~670[nm])

Observations

 Telescope works fine
* My students doing well

e BUT, Several Instruments exist
- ADLER is equipped ~ half year
- Arrangement is required for observation

» Our targets (for Imager ADLER )
- Follow-up of galactic microlensing events
- Lensed quasars' monitoring ( — in future talk?)

— 40_
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Observable time
[hrs/day]

~
T

Observable time

U2 R RS R LR R R RRc) R KN R R

1 Ideal v.s. Real

. 2012+
. Observed time 2013

51 [hrs]
. May July

September

0
Jan Feb Mar Apr May Jun Jul Aua Sep Oct Nov Dec Jan . . - M
Month

a few hours / 1 day
(roughly as expected)

[ —
100 120 140 160 180 200 220 240 260 280 300

day from 1st Jan.

Seeing toward Galactic center

2012 ——

7 2013 +—e—
average : 3-4"

6 best : 2" [ l

(0asoue) 8ulass
N

May July September

100 120 140 160 180 200 220 240 260 280 300
day (from 1st January)

Other informations
 Sky (z'-band)

- 18.26 [mag./arcsec?] at airmass=1.24
- 17.89 [mag./arcsec?] at airmass=3.01

 Limiting magnitude, 0.1[mag.] accuracy
(z'-band, seeing=3.6 [arcsec], airmass=1.24)

- 17.5[mag.] for 60[sec] exposure
- 18.2 [mag.] for 180[sec] exposure
* Fine Weather ~ 50%

* Wind : not so strong

Microlensing Observations

Season 2011 (test season)

» Period : from March to October
* Observation:

- problems in CCD camera
- planned : 65 [d]
- executed : 35[d] (~ 55 %)
e Strategy: Just do it
* Follow-up events:
- observed : 30 [event]
(flux variation is detected partly)

strategy

(wo)man power and telescope time is limited
« event with | < 16 [mag] (I<15 [mag] at peak)
« elevation is high enough at our observatory

» possible high-magnification (>10) events or
events with anomaly

» several observations around the
peaks/anomalies are possible

* 90 [sec] exposure
* r'-and Z'- filter
» flux change measurement, DIA

Season 2012

« Period : from April to October
» Observation:

- planned : 138 [d]

- executed : 54 [d] (™ 40%)

- normally, “50% (rainy seasons < 30%)
 Follow-up events:

- observed : 62 [event]

- we have just checked flux changes
— 30 [events] detected

Season 2013

¢ Period : from May to July

» Observation:
- planned : 77 [d]
- executed : 33 [d] (T 40%)

 Follow-up observation:
- focus more (took more data) on single event
- observed : 30 [event] (follow-up less events)
- flux change detected : >10 [event]
- we have succeeded to follow-up anomalies
- some findings??? (at least, possibility)
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Comparison with MOA data (1)
Light curve fitting by applying single lens
parameter, A(t), presented by MOA

SF_()=F  xA®t)+F
wor () DM0A ® WA — follows MOA's data

_FE ()=F_ xA{t)+F
KAO ( ) 0,KAO ) 1,KAO
MOA2013-BLG-311 MOA2013-8LG-518
ot Ok g ——
140406 | KAS’—'&?& =
12406 “
= 18408 w
3
< 800000 |
& 800000 } “‘
& 400000 &
200000 /A
') Sm—— k»f“/ \\%*._. —-—
B RN T S 7 6495 6500 505 810
HID-2450000.0 HID-2450000.0

MOA2013-BLG-311 MOA2013-BLG-518

MOA-2013-BLG-487, anomaly? (1)

Systematic deviation from single lens model?

e poor coverage, but maybe no other data

chi? = 1527.8 (MOA, 1012)
— 1635.3 (+KAO, 27)
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Comparison with MOA data (2)
We can detect not only simple single events,
but also events with anomaly

Thodel ——
2000 MOA-data 1
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chi? increases by roughly
number of KAO data points

N I |
6449 6449.5 6450 6450.5 6451 6451.5 6452 64525 6453
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MOA-2013-BLG-487, anomaly? (2)

» Binary lens model (with small mass ratio)
nicely reproduces the deviation

chi? = 1635.3 (total, 1039)
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MOA-2013-BLG-487, anomaly? (3)

* Single lens model seems OK (chi? =1499.1),
IF we remove data points at the tail

« Conversion factor f= Fo,qu / Fo,on ("20% error)
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Our follow-up observations
will (also) start again soon
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4 A kL : Detection of Diatomic Molecules in the Dust Forming Nova V2676 Oph
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Detection of Diatomic Molecules in the Dust Forming Nova V2676 Oph

M. Nagashima', A. Arai2, T. Kajikawa', H. Kawakita', E. Kitao', T. Arasaki', G.
Taguchi', and Y. Ikeda
'Kyoto Sangyo University, Koyama Astronomical Observatory

2University of Hyogo, Nishi-Harima Astronomical Observatory

Abstract

Novae are generally considered to be hot astronomical objects and show effective temperatures up to 10,000 K or
higher at their visual maximum. However, it is theoretically predicted that the outer envelope of the nova outow can
become cool enough to form molecules that would be dissociated at high temperatures. We detected strong
absorption bands of C2 and CN radicals in the optical spectrum of Nova V2676 Oph, a very slow nova with dust
formation. This is the first report of the detection of Cz and the second one of CN in novae during outburst. Although
such simple molecules are predicted to form in the envelope of the outow based on previous studies, there are few
reports of their detection. In the case of V2676 Oph, the presence of the molecular envelope is considered to be very

transient, lasting several days only.

1. Introduction
Dust formation in the outow of a nova had been proposed by McLaughlin (1935) to explain the rapid
drop in the visible light-curve of DQ Her in 1934. Dust formation in FH Ser had also been confirmed
by infrared observations by Geisel et al. (1970). DQ Her was the first nova in which molecular
absorption bands of CN in optical wavelength had been identified. The formation of molecules as the
precursor to dust grains in novae is considered important for understanding how dust grains form in
the outow of novae. In the case of DQ Her in 1934, strong CN absorption bands of both violet and
red systems had been detected merely 2 days after the visual maximum, and these absorption bands
were identified for only 1 week approximately (Wilson & Merrill, 1935; Sanford, 1935; Stoy &
Wyse 1935; Antipoca 1969; Sneden & Lambert, 1975). Since the formation of small molecules such
as CN is considered an intermediate process in the formation of dust grains from the hot atomic gas
in the outow of a nova, molecular formation in the early phase of DQ Her might be associated with
dust formation its later phase.

Although CN is the first molecule observed in a nova during outburst (in the case of DQ
Her), there are no further reports of CN in other novae. On the other hand, carbon monoxide (CO)
emission in the early phase of novae has been observed by both photometric and spectroscopic
observations. In particular, the first overtone band of CO (Av = 2) has been routinely detected in
near-infrared spectra of several novae, as reviewed by Evans & Rawlings (2008). Based on previous

observations, the correlation between detection of CO and dust formation is noticeable. However,
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hydrogen (H>) or other molecules have not detected in novae during the early phase of their outburst.

Here we report the detection of C2 and CN in optical spectra of the classical nova V2676
Oph during the early phase of its outburst. This nova could be classi_ed as a slow nova, and it
showed a rapid drop in its visible light curves about 90 days after its discovery. This is the _rst report
of the detection of C, in novae during outburst and the second for CN. Furthermore, CO emission in

the near-infrared had been detected in this nova (Rudy et al., 2012).

2. Observations

Nova V2676 Oph (PNV J17260708-2551454) was discovered at UT 2012 Mar 25.789 (¢ = 0 day) by
H. Nishimura (reported in the Central Bureau Electronic Telegram (CBET) 3072). After the
discovery of the nova, we performed spectroscopic observations with the low-dispersion
spectrograph LOSA/F2 (Shinnaka et al., 2013) mounted on the 1.3-m Araki telescope at Koyama
Astronomical Observatory on UT 2012 Mar 27. On the first night, we detected narrow Balmer
emission lines (both Ha and Hf and narrow Fe II emission lines on a highly reddened continuum
that seemed to be due to interstellar extinction. The color excess E(B - V') was estimated by using
the Balmer decrement and the color of the nova (B - V'); it was determined as 0.71 = 0:02 and
0:72+0:06, respectively. Based on the P Cygni profile of the Ha emission, the expansion velocity
was estimated to be ~ 800 km/s. We concluded that the object was a Fe II-type classical nova in the
early phase (Arai & Isogai, 2012). After the rst observation of V2676 Oph, we continued to observe

it routinely to assess its the spectroscopic evolution (Nagashima et al., 2014).
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Figure 1: Comparison of the spectrum of V2676 Oph obtained on Apr 8 with that of a typical carbon

star, TX Psc. Tick marks indicate telluric absorption lines.

After the first spectroscopic observations on UT 2012 Mar 27, the emission lines in the optical
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spectra became fainter relative to the continuum (on UT 2012 Mar 28, Apr 4 and 6), while the
optical brightness was increasing slowly (the optical brightness changed slowly from 12 to 11
magnitudes in the V-band, see the American Association of Variable Star Observers (AAVSO)
database, http://http://www.aavso.org/lcg/). No emission lines could be observed (except Ha
emission with a P Cygni profile), but many absorption lines of Fe Il and neutral atoms such as Na |
(5890A) and O 1 (7773A) were detected clearly in the spectra taken on Apr 6 (¢ = 12 days). Those
absorption lines are indicative of lower ionization and the lower temperature conditions in the outow
of the nova.

Prominent C, (Swan) and CN (red system) absorption bands were detected on UT 2012
Apr 8 (¢ = 14 days), as shown in Figure 1. The obtained spectrum is similar to that of a carbon star.
We also plotted the spectrum of TX Psc (a well-known carbon star of spectral type N0;C6,2, with
Terr = 3030 K; Lambert et al.,1986) for comparison. We also identified weak emission lines of Hao,
Hp, and Fe II. Based on the substructure of the C; Swan band ( A v = -1) absorption, we could derive
the isotopic ratio of carbon. Figure 2 shows the spectrum of the nova, the modeled spectra of >C!C,
2C13C, and PCBC (with an excitation temperature of 4500K). The Doppler shift of the nova
spectrum has been corrected by using the relabive velocity of the nova to the observer, estimated as
341487 km/s (this is derived from the velocities for Ha and Hf emission peaks). The wavelengths of
sub-peaks in this band cannot be explained by '2C'?C only. Clearly '*C'*C and *C!*C contribute to
form the absorption.

The next observations were performed on UT 2012 Apr 16 (¢ = 22 days). In these
observations, the Cz and CN absorption bands had already disappeared and strong Balmer emission
lines and Fe II lines were again prominent. At that time, the spectra were typical of Fe Il-type
classical novae. The other difference from the previous observations was the expansion velocity
derived from Ha, which had increased in comparison to that before molecular formation. This higher
velocity is typical of the Fe II-type novae (Williams 1992). Thereafter, the spectra of this nova were
not unusual for an Fe Il-type nova, although we continued spectroscopic monitoring observations
until UT 2012 May 26. The optical light curves showed a very slow decline after the visual
maximum and a rapid drop (by about six magnitudes in the V-band) at around 90 days after the
discovery (this nova can be classified as a "slow" nova). The drop in the light curves may be caused

by dust formation in the outow of the nova.
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Figure 2: Comparison between observed and modeled spectra of the C, (A v = -1) absorption band.
The observed spectrum is shown by dashed line (the region inuenced by the Hg emission from the
city-light, at ~ 5460 A, has been removed). The modeled spectra for *C'3C, 2C'3C and >C'2C are
shown by the thin solid lines and the sum of those lines is shown by the thick solid line. For the
modeled spectra, we assumed the rotational and vibrational temperatures of 4500 K and the isotopic

ratio of 2C/13C =4.

3. Results & Discussion

The equivalent widths of Ha (and also of Hf) measured in our spectra were almost constant before
and after the appearance of molecular absorption bands. However, optical light curves showed a
small drop of ~ 1 magnitude before and after molecular formation. Figure 3 shows the optical and
near infrared light curves taken from the database of the AAVSO and Small and Moderate Aperture
Research Telescope System (SMARTS), the color indices of (V- I) and the equivalent width of Ha
and Hf. For example, the C; absorption could markedly affect B- and V-band magnitudes, while CN
red absorption could also affect R- and I-bands. This implies that extinction of the molecules in the
outflow affected both continuum and emission lines from the nova. The molecular formation zone
could be in the outer region of the outflow compared with regions emitting the continuum and/or

emission lines in the nova.
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Figure 3: Multi band light curve of V2676 Oph (data from AAVSO and SMARTS), color indices (V
- ) based on the AAVSO and SMARTS database, and equivalent widths of Ha and Hf measured in

our spectra. Upper tick marks indicate days on which spectroscopic observations were performed.

Furthermore, molecular formation in V2676 Oph is considered very rapid (within 2 days
or less) and the existence of the molecular envelope was transient (it was present at most 9 days) at
around the brightness maximum in optical. Why was the appearance of both C, and CN absorption
bands so transient that they could be detected on Apr 8 only? We considered that the outer region of
the outflow became cool enough to form molecules, since the hard ultraviolet (UV) radiation from
the pseudo-photosphere of the nova in the early phase was blanketed by an  iron curtain ”, and the
iron ions could have absorbed UV radiation strongly (Shore, 2008). This picture is consistent with
the spectrum taken on Apr 6, which was dominated by a continuum with absorption lines indicative
of lower ionization conditions. The measurements of the color indices (¥ — I) obtained from the
AAVSO and SMARTS database also showed a redder continuum for later periods after the
discovery until the molecular bands appeared. This fact also supports the later lower color
temperatures until molecular formation. However, as the envelope expanded and ejected materials
thinned out (i.e., became more optically thin), hard UV radiation again increased in intensity. At this
time, molecules would be destroyed through photo-dissociation reactions caused by UV radiation. In
support of this, the later spectra showed many emission lines from ionized species, such as Fe IL
However, the molecular absorption bands may have disappeared due to some opacity effects.

Similar behavior in terms of CN formation was observed in DQ Her in 1934. The
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appearance of CN absorption bands immediately following the optical brightness maximum was
transient, persisting for approximately 1 week only (Sneden & Lambert, 1975). The possible dust
formation about 100 days after discovery was also similar to V2676 Oph. Theoretical studies of
chemistry in the outow of novae suggest that formation of even more complex moleculesis possible
(Pontefract & Rawlings, 2004; Evans & Rawlings, 2008). It has been demonstrated that a model
atmosphere could reproduce both strong CN absorption bands in optical and the CO emission band
in the near-infrared, as observed in some novae (Hauschildt et al., 1994). Although simple
molecules might be destroyed by UV radiation, more complex molecules such as polycyclic
aromatic hydrocarbons (PAHs) (if they formed during the transient cool phase of the outer envelope),
could survive and might act as nuclei for dust formation. Indeed, PAH emission was detected in this
nova. We performed mid-infrared spectroscopic observation using a Cooled Mid-Infrared Camera
and Spectrometer (COMICS) mounted on the SUBARU telescope on UT 2013 June 20 (z = 452
days). The spectrum showed PAH emission at 11.4 ym (and a hint of the emission line at 7.7 ym) on

the smooth continuum that could be explained by amorphous carbon grains.
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Figure 4: The mid-infrared spectrum of V2676 Oph.

References
[1] McLaughlin, D.B. 1935, Publ. AAS, 8, 145.
[2] Geisel, S.L., Kleinmann, D.E., Low, F.J. 1970, Astrophysical Journal, 161, L101.
[3] Wilson, O.C. & Merrill, P.W., 1935, Publications of the Astronomical Society of the Pacific, 47,
53.
[4] Sanford, R.F. 1935, Publications of the Astronomical Society of the Pacific, 47, 209.
[5] Stoy, R.H. & Wyse, A.B. 1935, Publications of the Astronomical Society of the Pacific, 47, 50.
[6] Antipova, L.I. 1969, Soviet Astronomy - A.J., 13, 288.

_49_



[7] Sneden, C. & Lambert, D. 1975, Monthly Notices of the Royal Astronomical Society, 170, 533.
[8] Evans, A. & Rawlings, J.M.C. 2008, in ?Classical Novae?, 2nd Edition. Edited by M.F. Bode
and A. Evans (Cambridge Astrophysics Series, No. 43, Cambridge: Cambridge University
Press, 2008), p.308.
[9] Rudy, R. J., et al. 2012, Electronic Telegram No. 3103, Central Bureau for Astronomical
Telegrams, International Astronomical Union (ed., Green, D.).

[10] Nishimura, H. 2012, Electronic Telegram No. 3072, Central Bureau for Astronomical
Telegrams, International Astronomical Union (ed., Green, D.).

[11] Shinnaka, Y., Kawakita, H., Kobayashi, H., Naka, C., Arai, A., Arasaki, T, Kitao, E., Taguchi,
G., Ikeda, Y. 2013, Icarus, 222, 734.

[12] Nagashima, M., et al. 2014, Astrophysical Journal Letter, 780, 26

[13] Arai, A. & Isogai, M. 2012, Electronic Telegram No. 3072, Central Bureau for Astronomical
Telegrams, International Astronomical Union (ed., Green, D.).

[14] Lambert, D.L., Gustafsson, B., Eriksson, K., Hinkle, K.H. 1986, Astrophysical Journal
Supplement Series, 62, 373.

[15] Williams, R.E. 1992, The Astronomical Journal, 104, 725.

[16] Shore, S.N. 2008, in “Classical Novae”, 2nd Edition. Edited by M.F. Bode and A. Evans
(Cambridge Astrophysics Series, No. 43, Cambridge: Cambridge University Press, 2008),
p.194.

[17] Pontefract, M. & Rawlings, J.M.C. 2004, Monthly Notices of the Royal Astronomical Society,
347, 1294.

[18] Hauschildt, P.H., Starrfield, S., Allard, F. 1994, in ?Cool Stars; Stellar Systems; and the Sun;
Eighth Cambridge Workshop?. Astronomical Society of the Pacific Conference Series, Vol.
64; Proceedings of the 8th Cambridge Workshop (held in Athens, Georgia; October 11-14;
1993; San Francisco: Astronomical Society of the Pacific (ASP); 1994; edited by Jean-Pierre
Caillault), p.705.

_50_



% A kL . Spectroscopic Monitoring Observations of Nova V1724 Aql in 2012

Y RJIER OB EESE R R E BB JE R - 1L RER - 2013 REEE T) . RETE
. G PERRFZRZHEATER - I EATIERR - 2018 AR EE 1), (ALt (RUHfpESE
REMIURICE « RXAER) ., FiE GUEEEREMILIRIE - BHER i IRSLRE: -
PiE 0 £RCE - WER) . IR A GRUEPERRZEMILRSCE « FERENERICH - A
JeE) . MmE T GUEPERERAMILRS - HEMER 74 ha—F 1 7)

B H AR

L
PR RE

H. Kawakita, et al., “Spectroscopic Monitoring Observations of Nova V1724 Aql in
2012” (oral), in The Golden Age of Cataclysmic Variables and Related Objects II,
Palermo (Italy) 9 — 14 September 2013.



Spectroscopic Monitoring Observations of Nova

V1724 Aqlin 2012

T. Kajikawa', M. Nagashima', H. Kawakita', A. Arai'?,
Y. Ikeda's, M.Isogai'*, M. Fujiis, K.Ayani®

1Kyoto Sangyo Univearsity / Koyama Astronomical Observatory
2University of Hyogo / Nishi-Harima Astronomical Observatory
3Photocoding
“National Astronomical Observatory of Japan
SFujii-Kurosaki Observatory

SBisei Astronomical Observatory

Abstract
Spectroscopic and photometric monitoring observations of nova Apl 2012 (V1724 Apl) were conducted at Koyama
Astronomical Observatory, Fujii-Kurosaki Observatory and Bisei Astronomical Observatory. The nova was initially
considered as an outbursting pre-main-sequence young stellar object. Our monitoring observations have revealed the
nova to be a Fe II type classical nova. The temporal evolution of spectra and light curves of the nova were similar to
those of a slow nova (e.g., V1280 Sco and V5558 Sgr). We observed no evidence of molecule formation in V1724

Aql incontrast with V2676 Oph in which dust formation occurred after the molecular formation in the nova outflow.

1. Introduction
Nova Agl 2012 (later named as V1724 Aql) was discovered on 2012 October 20.4 UT
(Nishiyama & Kabashima 2012). The brightness of the nova during the discovery was
reported as 12.6 mag. Just after the discovery, we conducted our spectroscopic
monitoring observations at the Koyama Astronomical Observatory (KAO),
Fujii-Kurosaki Observatory (FKO) and Bisei Astronomical Observatory (BAO) in Japan.
The first optical spectrum taken on October 21.4 UT was reported by Fujii
(2012) at FKO. The object showed a sharp Ha emission ( probably with a P Cygni
profile) on a very red continuum. This object was considered a classical nova affected by
a severe interstellar extinction (strong absorption of the Na D line was observed).
Munari (2012) also reported that the spectrum of this object on October 21.8 UT
showed a weak and sharp H_ emission on a very red continuum, with strong Na I and

Ba II absorption lines. This spectrum was basically consistent with that reported by
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Fujii (2012). However, it was considered that the spectrum is more similar to that of an
outbursting pre-main-sequence young stellar object than that of a nova before
maximum brightness. On 2012 October 23.5 UT, Ayani (2012) also reported the optical
spectrum of this object taken at BAO, with Fe II emission and O I emission with a P
Cygni profile. This object was finally identified as a Fe II type classical nova according
to the classification by Williams (1992).

Here we report the spectroscopic and photometric observations of V1724 Aql

performed in a collaboration among three observatories (KAO, FKO and BAO) in Japan.

2. Spectroscopic and Photometric Observations
The observations conducted in our collaboration were follows. Spectroscopic
observations were performed at three sites:
1. A 0.4-m telescope with a low-dispersion spectrograph (A = 4500 — 9000 A
with £~ 500) at Fujii-Kurosaki Observatory,
2. A 1.01-m telescope with a low- and moderate-dispersion spectrograph (A =
3600 — 9000 A with R ~ 1500 for a low-resolution mode) at Bisei
Astronomical Observatory, and
3. A 1.3-m Araki telescope with a low-dispersion spectrograph LOSA/F2 (A =
3800 — 8000 A with R ~ 600; Shinnaka et al. 2013) at Koyama

Astronomical Observatory.

In addition to the spectroscopic observations, photometric observations were
performed at KAO by the imaging camera ADLER (Araki Dual-band imagER;
Nakagawa et al. 2013) with intermediate and broad-band filters (y-, i’ -, and z’
-band filters).

Figure 1 shows the spectral evolution of V1724 Aql. Figure 2 shows the light
curves (with the multi-band light curves taken from AAVSO database). We also show
the close-up views for Ha and O I emission lines to make clear the evolution of their line
shapes. Clearly, the line widths increased for later epochs in the case of Ha while the
temporal change in the P Cygni pfofile of O I emission indicated faster expansion

velocities at later dates.
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Figure 1: Low-dispersion spectra of V1724 Aql obtained at three sites from 2012 Oct 21 to Nov 25 UT.
All spectra are shifted by different offsets for readability. Emission lines were on the highly red
continuum. The line width of Ha emission became broader and stronger compared with the nearby
continuum, and the Ca II triplet emission lines bacame stronger later. Note that the bluish continuum
might overlap with the spectra of the nova in the shorter wavelength region (A < 4500 A ), probably due

to a forground (or background) star.
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Figure 2: Optical light curves of V1724 Aql obtained at KAO with the multi-band light curves of the nova
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taken from AAVSO database. The vertical tick-marks at the top of panel indicate the dates of our

spectroscopic observations.
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Figure 3: Temporal change of Ha emission line before and after the brightness maximum at t=17d after
the outburst (upper and lower panels, respectively). The line widths became broader at later dates. The
black arrow in the lower panel shows the change in blue-shift component that could have been caused by

the change in the velocity structure of the ejected materials.
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Figure 4: Temporal change of the P Cygni profile for O I (7774 A at rest) emission line before the
brightness maximum. The measured ejection velocites based on the P Cygni profiles were 630 km/s (at

t=2d), 640 and 750 knv/s (at t=5d), and 1150 km/s (at t=9d).



3. Discussion and Conclusion

From the viewpoint of the spectral evolution, the spectra of V1724 Aql slowly changed during the
period of our observations. Emission lines (Ha, HS, Fe 11, Na I, O I and Ca II) were on the reddened
continuum. We estimated E(B — V') based on the measurements of Balmer decrement by the method
described in Helton et al. (2010), E(B — V' )~3.1, which indicated severe interstellar extinction for
the nova. This value is slightly higher than that reported by Rudy et al. (2012) but both values
indicate severe interstellar reddening. Note that the spectra of the nova showed enhancement in a
shorter wave-length region (. < 4500A ) that appeared similar to a bluish continuum component but
was noisier. The nova may be overlapped with another foreground (or background) stellar object that
had a high temperatures. Although one may consider that we should estimate E(B —V") based on the
(B =V ) of the nova around the optical brightness maximum, we had to be careful of the
contamination with the B-band brightness of the nova.

The line width of Ha emission had clearly increased and became stronger compared with
the nearby continuum, and O I and Ca II triplet emission lines grew at later dates. The ejection
velocity was ~400 km/s based on the P Cygni profile of Ha at t=1d after the outburst (Figure 3). It
then increased; 630 km/s (t=2d), 640 and 750 km/s (t=5d), and 1150 km/s (t=9d) based on the P
Cygni profiles of O I as shown in Figure 4. Finally, the ejection velocity reached ~2000 km/s based
on the FWZI of Ha (Figure 3) after the brightness maximum at t=17d. The ejection velocities were
slower during the earlier phase, and faster during later phase. Such temporal changes in ejection
velocity in V1724 Aql was similar to those of slow novae, e.g., V1280 Sco (Naito et al. 2012) and
V5558 Sgr (Tanaka et al. 2011). V1724 Aql was similar to a slow nova from the viewpoint of
spectral evolution.

Based on the light curves shown in Figure 2, nova V1724 Aql showed very slow evolution
in brightness after the outburst until its brightness maximum in the V -band (t=17d, V' =13.6+0.2
mag). The visual brightness was almost unchanged (but oscillating with small amplitude) until the
brightness maximum since the outburst (14.4+0.4 mag in V' -band). The evolution in brightness was
slow for V1724 Aql in earlier phase. However, after the brightness maximum (t=17d), its brightness
in ¥ -band become fainter with a decline rate of +0.14 mag/day (t. was 14.3 days). Although this
decline rate was indicative of a fast nova rather than a slow nova (Payne-Gaposchkin 1957), the light
curves after the brightness maximum might be affected by dust formation as suggested by the
molecular formation observed by Rudy et al. (2012).

Rudy et al. (2012) reported the detection of CO molecular emission in the near-infrared
spectra taken on 2012 Oct 27 and 28 UT (before the brightness maximum), indicating that molecule
formation was ongoing, with dust formation likely to follow. Nova V1724 Aql was probably a slow
nova that showed CO emission during the pre-maximum halt (at least, before the maximum).

However, there were no hints for C2 and CN absorption bands in optical spectra of the nova (c.f.
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V2676 Oph, Nagashima et al. 2014). Those molecular absorption bands were expected to appear
during several days (as in the cases of V2676 Oph and DQ Her). Our spectroscopic observations
were performed frequently enough to detect them if a considerable amount of molecules formed in
the outflow of the nova. We propose the hypothesis that the ejecta of V1724 Aql was oxygen-rich
and the atomic carbon might not be over-abundant with respect to the atomic oxygen (C < O) in the
ejecta. As demonstrated by the model calculations (Pontefract & Rawlings 2004), formation of C2
(and also CN) is more difficult than CO in an oxygen-rich atmosphere. V1724 Aql might have
oxygen-rich ejecta. The spectroscopic observations of V1724 Aql in the nebular phase (if reported in
the future) will be helpful to test this hypothesis.
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Abstract
The spectral evolution of the nova V5587 Sgr has been monitored at Koyama Astronomical Observatory and
Higashi-Hiroshima Observatory, Japan, from the early to nebular phase. The nova rebrightened several times. The
spectra during the early phase showed emission lines of Ha, Hf, O 1, He 1, He 1, N 1, Fe n. Nova V5587 Sgr is
classified into the Fe utype. The helium abundance of the nova is estimated as N(He)/N(H) = 0.134 = 0.09. The

light curve, the spectral evolution, and the helium abundance in V5587 Sgr are similar to those of the nova PW Vul.

1. Introduction
Photometric observations of novae are usually performed by many observers worldwide.
The light curves of the novae have been revealed in detail, and they can be classified
into several classes (Strope et al. 2010). In contrast, spectroscopic observations of novae
are not performed as frequently as photometric observations because (i) the number of
available spectrographs (and observers) are limited; (ii) some fraction of novae are too
faint to observe by spectrographs in their later phase (or even at the maximum for some
novae). As novae show a variety of spectral evolutions, spectroscopic monitoring can
provide new insights into the physics and chemistry of novae. For example, recently
Nagashima et al. (2014) detected molecular absorption bands of C2 and CN in nova
V2676 Oph (this is the first detection of Cz2in novae and the second for CN). This
detection was performed as a part of long-term spectroscopic observations of this nova.
The light curves of novae in some classes (Strope et al. 2010) can be
successfully reproduced by models (Hachisu & Kato (2014) and references therein).
However, the light curves in the “Jitter” and “Oscillation” classes (Strope et al. 2010)
could not be reproduced well by the models. In this paper, we focus on the “Jitter” class

and introduce our recent spectroscopic observations of V5587 Sgr classified in this class.
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We discuss the nature of this nova as it is likely that there are differrent types of
oscillations (i.e., different physical conditions) of novae in the “Jitter” class. Different
types of novae might be mixed together in this class. Even though there are highquality
photometric and spectroscopic observations for some Jitter class novae, the mechanism

for their rebrightening is still unclear (Tanaka et al. 2011).
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Figure 1: V'band magnitudes of V5587 Sgr and PWVul. The light curve of V5587 Sgr is
from Higashi-Hiroshima Observatory, VSNET, and AAVSO observations.The light curve
of PW Vul is referred to the online data of Strope et al.(2010). The vertical tick marks at
the top of panel show the dates of spectroscopic observations. The longer tick marks

indicatethat the spectra on those dates are also shown in Figure 3.

By frequent spectroscopic observations, we can observe phenomena useful to
reveal the physics of the nova. In order to investigate the mechanism for
the rebrightening in the “Jitter” class novae, we have conducted spectroscopic
observations of V5587 Sgr in 2011 - 2012. The nova V5587 Sgr (= Nova Sgr 2011 No.1)
was discovered on UT 2011 January 25.86 by Nishimura (Nakano et al. 2011). The first
low-resolution spectrum was obtained on UT 2011 January 28 at Koyama Astronomical
Observatory. The spectrum shows prominent emission lines of Ha, Hf and O ;. These

features suggest that this object is a classical nova (Arai 2011; Imamura 2011).

2. Observations

Our photometric and spectroscopic observations were performed at two sites. One site is
Koyama Astronomical Observatory (Kyoto Sangyo University, Kyoto, Japan). We used
the 1.3m Araki telescope with the LOSA/F2 spectrograph (Arai et al., in prep.) for
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low-resolution spectroscopy. The wavelength coverage is 400 - 800 nm and the spectral
resolving power is R = A/AX ~ 580 at 600 nm. The other site is Higashi-Hiroshima
Observatory (Hiroshima University, Hiroshima, Japan). We used the 1.5m Kanata
telescope with TRISPEC (Triple Range Imager and SPECtrograph with polarimeter,
shutdown in 2012) for photometry and with HOWPol (Hiroshima Oneshot Wide-field
Polarimeter) for spectroscopy. Its wavelength coverrage is 400 - 1000 nm, and spectral

resolving power is R ~400 at 600 nm.
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Figure 2: The normalized spectra of V5587 Sgr observed from +8d (= UT 2011 February
2) to +596d (= UT 2012 September 12) after the discovery. These spectra were obtained
at Koyama Astronomical Observatory except for the data on +35d and +45d (= UT 2001
March 3 and 12) taken at Higashi-Hiroshima Observatory.

3. Results

Figure 1 shows the light curves of V5587 Sgr. Since V5587 Sgr showed an erratic
variation in the light curve, we consider that the nova is classified in the “Jitter” class.
Particularly, V5587 Sgr seems to be a member of the sub-class prototyped by PW Vul as
shown in Strope et al. (2010). Based on the light curves, we determined the date of the
visual maximum as 9 days after discovery and also determined #& = 12 days and # = 108

days. From (B- V) at maximum magnitude and at %, we estimate the color
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excess by intersterllar extinction; Z(B- 1) =0.85 - 1.26.

The light curve of V5587 Sgr is quite similar to that of the “Jitter” class nova
PW Vul as shown in Figure 1 (Schwarz et al. 1997, and references therein). PW Vul was
discovered on 1984 July 27 (= JD 2445917) by Wakuda (Kosai 1984). This nova reached
its maximum light of 6.3 magnitude in the Vband on 1984 August 4th. We compare
V5587 Sgr with PW Vul from various viewpoints in the next section.

Figure 2 shows the growth of Ha, H8 He1, Hen, N1, [N ul, O 1, [O 1], [O 1, and
Fe II emission lines of V5587 Sgr. Novae that exhibit rebrightening in the early phase
often show the regrowth of a P-Cygni profile (Tanaka et al. 2011, Csak et al. 2005) as in
V4745 Sgr. However, we couldn’ t find such behavior in V5587 Sgr based on our
low-resolution spectra of V5587 Sgr (Figure 3).
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Figure 3: The spectra of V5587 Sgr in its early phase. The nova never showed any

regrowth of a P-Cygni profile in our low-resolution spectra.

It is considered that the nova entered the nebular phase between +167d and
+185d because the [OIII] forbidden emission lines dominated the Hf emission at that
time (Figure 2). We estimate the helium abundance of the ejecta based on our nebulosity
spectra on June 28 (+154d), July 11 (+167d), August 26 (+213d) and September 11
(+229d) because emission lines of both He I and He II were recognized in the spectra on

those dates. We assume the same electron density as that in the nebularr phase (n. =
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106 - 108 cm3) and derived the helium abundance according to Iijima & Esenoglu
(2003) and ITijima (2006) as follows; MHe)/MH) = 0.134 + 0.09 (for n. = 106cm™ ) and
MHe)/ MH) = 0.139 + 0.09 (for n. =108 cm™ ).

4. Discussion & Conclusion

The decline rates, amplitudes, and intervals of rebrightening observed in V5587 Sgr are
similar to those of PW Vul. This fact suggests that the WD mass and physical
parameters related to the explosion of V5587 Sgr would be similar to those of PW

Vul. Comparison between the spectra of V5587 Sgr and PW Vul also leads us to the
same conclusion, namely, they are similar to each other, e.g., the latephase spectra of
V5587 Sgr (shown in Figure 4 that is compared with Figure 2 in Rosino and Iijima 1987).
Figure 5 shows the relationship between helium abundance and # in 20 various novae.
Helium abundance of V5587 Sgr seems to be similar to that of PW Vul. This figure

indicates that helium abundance is not correlated with z.
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Figure 4: The spectra of V5587 Sgr in late phase (+129 days and +147 days after its

maximum).

In summary, we have performed photometric and low-resolution spectroscopic
observations of V5587 Sgr from the early to nebular phase. The photometry showed
erratic variations of the light curve. The spectra during the early phase showed
emission lines of Ha, HB and Fe 1 (i.e., Fe i type) and no prominent regrowth of a
P-Cygni profile was observed during the rebrightening phase in V5587 Sgr. The nova
entered the nebular phase between 167d and 185d. We estimated that the helium
abundance of V5587 Sgr was MHe)/ MH) = 0.134 + 0.09. The nova was very similar to
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PW Vul considering decline rates, spectral features, and helium abundance. We

obtained a new sample of the “Jitter” class novae.
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Figure 5: The helium abundances of 20 novae. References: (1) Iijima & Esenoglu (2003);
(2) Tijima (2006); (3) Iijima & Naito (2011); (4) Iijima (2012a); (5) Iijima (2012b); (6)
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