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35 YA L RU—avS/

(1) BZaMBEHEGERLAREILE) 2010485 H24 B—25 0 &i&E 194

LGSAO F— A2 5 2 b HFEEEH (GT : Guaranteed Time) T{T9 YA =2 AIZOWT—HPEIZED E1E L
T L7, TOMERIET — L 13 AIZOWVTUIEAMIZ— A —RKOBRZ KB OT —<IZEIX(THI L &L,
OO TRIZOWTIX, BT —LEEBOYTA = A A= D GT BAREZ =T, FHEOERA L /N—T
BELCTHITRIE AR O D Z L & LT,

PR E R M (13 1) OWNFRIIML Fom@Y « F(1), m& HQ), 7EQ), RE®Q)., IREQ). EL), Rk,
(1), sFHE(), £(1), Guyon(l), HEiRF()., &AM (0.5), K# (0.5)

INFERE(T OB S N8BT —~ DV A MILLTFD EBY TH-o 7,

High-z 2Ra[#B1%: total 12 (5)
== lok1l. AL > X 2R3 | K, NBimaging | LGS 2(1),2(1)
ZEEFD BzKs, DRGs@> FEHE 1,K imaging LGS/NGS 5 (1)
SES LAECD FiZHE K imaging LGS 2 (1)
At+= Ultra bright SMG K imaging LGS 1(1)
QsoR{E® (PSF=I-3|X) : total 2 (1.5)

AER QSOEFFR 9] K imaging LGS/NGS 1
Rusu F;w; L X aso K imaging LGS/NGS 2 (0.5)
P DLASTIFR9] NB imaging LGS/NGS 5 (1)

0B YR £5: total 1.5 (0.5)
SEHEF | asouE IR T zJ, 1 echelle LGS/NGS | 1.5(0.5)

T{EER ] total 2 (1)

B hE AGNZGFF,r—ZX M echelle LGS/NGS 2 (1)
F<FH SvERS sl B2 FZRR GrismL NGS 1{1hr)

FREI RS total 5 (2.2)
EX: A BA 2O BEHJESE) | Kimaging NGS 2 (1)
B%EH =EE B Grisml, Echelle) | NGS 1(0.2)
== IhERE T ik KL-prism LGS/NGS 2(1)

S H

[Spatially Differential Spectroscopy of Inner Region around YSOs]. I. Class I sources (LGS) [<200AU]. II.
Classical T Tauri Stars (NGS) [<100AU], #HlE—F: 27UV XA K),L; = =/v L, (M)

[Slicing Protoplanetary Disks in Orion Nebula|. 71 F& : LGS&NGS, #Hlllt—FK: 77U XA (K),L; 7VU X
2 KL
g

LGS ZMWWT M17 2R ARG ER) (J, H N R). 1. ZRETIC KA RTLRITE 2ol
ClassI KIED J, H ANV RCTOERERET D, 2. 20737 ey oy MREZEIIL, =>xXa—7 (v
Ty k) ORREBRTS, 3. ClasslorClassIl >y MEEOX L Z BT 5, A KE : LGS, #H
T—F: J,HAV R

INGC7538 (Vv b7 = 37 | HILEE) OfRGEIH) Pz y NREOEREZAET D, A FE LGS,
£— K : Bry, K-cont %%
o LR AS

T OHRERRIE ] RRBINERED Y A X2 B IE, A FE :NGS, E—F KAV F7 U X4

Pyo

[Outflows from Sub-Stellar to High Mass Star Formation |

(RE®E) EMERNEO kinematics, ZHEFHEAN T IS transition disk KIKICEIT A~ A 71w b
ORt., A4 FE : NGS, ©— K : [Felll, Hel, H2 =¥ = V43
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(KERE) 7V 70 —BRRSNTWLIRED, T h7n—Y—ZADfMEL., £ OUHEOEEZEMEHRESE
5. HA KRR LGSO, £—F: L, ME#g, =v=10%
i

[Where is the water? -searching for an evidence of Water on D-type asteroid |

D BUNKEOKOEMEZRSD . A FE : LGS, NGS, £— R : 77U XA KL

K
BN Lo XRIoOREE, I0K-1 OmofifeeiR | BREMOBEAEE whin | #H/) 1L X QSO w/Rusu
A RE LGS, E—F: #&fH% (J, K, NB)
ERn

[DLA RHEPRA w/RkBE) | &4 K& : NGS or LGS, £— K : NB ##
;3]

TAGN ¥ 2~ h—F R | BRET V~OHIR, A K& : NGS or LGS E— R R
RE

[H)L X QS0) FEMRFEMOMELZES, A K& : NGS or LGS EF—F:Z7UXLK, L
DA

TAGN RHR{T), A F2 : NGSor LGS, E£— RF: K2V iR

(2) KERKZEHZEEZ—(KKT) 201149 H8H ZME 3864

TUED YEBE D L—F— A RO L 2B EGEIC R Y dhd 7= 2 & 252 1F . R ORISR & &
FRAR AL O 1 SR 2 M L7,

P EPRFNEIC K S TIE D EEEEO MO OBLRERE . R 2 DI O B R T oW
TAMRIEPB L Ea— Ui, R IREEOCERF OB OV T, ZREMELY: (MOAO) ., £JE L@tk
¥ (MCAO) ., BT (GLAO) 72 EOBFRICET 2@ MO L Ea—nh 0, AAMNEIET &Mk
O H AR LT, TIE 5 LT GLAO ZBIR T 2 AIREMEIC S W C T 2 B RAR ER b - 12,
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FmE L—Y—44 FE 188 RFREXFER

AREETIL, FATHIZE CTH 2 BB HEEF e T —V— A RHE S FRIC X D@ T H ORI &g ain) CEkl14
—184E), BLOARLEMIE (S) [L—V—H A RHEETFHIT K D EERE OfiElH | CE19— 235 )2 L - T
Bk sk S, JERIFIAERE . U GERNBE 72 L—YF—H 1 RRISSEFMENFRICHOWNTIRAS,

4.1 FEftk

EFHOBPIHENEZ 720780 EHNZERT L1200 L—F—T A RE188F F-#ifE %D Al
RIZLLTom®mY Th 5,

A (B TIED LmESE, FI S R I RER

IEES 0.9-5.3um (BIHIZERE) | 0.45-0.9um (¥ ¥ —)

FoFR BHEFEE 2.7, F/13.9 (RN A 2 2 )

TR OFERTE 0.7 (0.9-5.3 um)

Il 352K 188

QESiZ INAENT

Tip/tilt ¥~ 7> FDA fu—7 +/- 5"

BRI Y — Mmoo — 4R (88 EDNFFHEIT NTF v =T RFEAF—F)
BB o — 2x2 Vv v 7oV v R o — (6 EONFFHEIT ANT v =T FEAF—R)
A I8 > 100 Hz, 1000 corrections/sec

BT A B D5k -1 < R<16.5

Tip/tilt, focus HA NEOEFFIH £ < 18

EARAT A R B OSBRI BB EE 2

Tip/tilt HA NEOBRGFH BRIFERE 2.7

L—P = 2T A FojEde s A5G, P 589nm, 3. 0W on-sky, R=12 #H4

L= AR VUINE=RTF h=y IR T 7 A N —

L— W — % (E R BIEE D% O 50em DX v 7 Lo E8iESE (12,550 B — LK)

#F4.1.1 TIE2EESE L ——H A FEMGEEFZ O EEEEE

& 1ITWRB65E T HIE TR ORRERZ A0 LT HiE YR ORI B, B XN FRICEFH OB G2 RE S
NTLEY LW RMEAEDOTERO D, L—F =T A FEOARS AT LOERZ AL C& -, BT8R
FZD LI REROF, o L LHENTHD LRSI ONTELDOTH D, Fike LCix, MRENEFROZR
Nt EnzdhfEEmt o h—FHFRE2EH L Wb, thEEme o h— e Lt RkoFE745% B
L7 i IRk o —CTip/tilt7Z i T < focus bPIETE L Lol L TCL—H—I 4 FEODEROREMNES
MIETED X912 L7 &, Tip/tilt A REOBRREIHZ B2, 770/ & e GHR KRR E Ci < LB RTRE R IR Dfif
Rrmbiz b, L= =T A FEOREZEEZERL, L—F—BHFOLZENOMRE ZE LT B —LRED
T2ONT 7 AT Gk FNTWA M, SEFEHET AT oo 274 ML F— REFH LT SR oW v —
EWVIOFIREAENL, L= —H EBREAZ KD TR LL——BRO U 27 &R L, £7/-Tip/tiltB &
Ofocus A REDIRASE M2 1858k F CHRIAEL =R ERH 5, M. BALEEOTEM R 22 & 134, 2 o 2 [E A

S =

T1T 9,
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42 LEEMHE

L —d o FRISSHE DL RITIHE PO ERB L L —F =W FRAER VAT Wb as, EMDE
FROBBAIT RGN R G 2 A0 LB ENRE S NLD, V— =T A FRISSEFHIELEREEO LA T
U b &4 2. LR, 188F T E TR IT T 2 EimBEO RAMUIF A I A RICREBES LTS, £, L—H—
FWFIF L —F —F LI AEE Y V— b— A DFIZEB SN, L—F—BLEE LR 2 I ZABICEIN
%, @t L —— R L TRWES NI 7 + b=y 7/ T 7 A N —E O TEEERISEO B RICY T v
FLIZL—Y—EEEEHEE T — Y — b —azilE | 22T A>TV 5,

L—4—&ik

K274 1—~y
FRAIR
L—Y—H4 K
ML RE

X 4.2.1. L—H—HA FE 188 BB FEZDO LA T 7 b

X 4. 2. 1. TILHLREEERIT A I A BITHRE SNT-HELFR,

4.2.1 fREXFER

188F B RIZ TR, AAESE, HmtY—., Hl#ER GHEE =17 hn=s 2R L) THEKIh
%o HIEAEEEZRITE A EOEANTILLILEET A I ABICKREEIND, ZHITOM36FE FHiEEFEZ N
T 7V UERICRE SN TWED L3RS, FTED36E 700 H188F 1-im L35 & 2GR L3I C
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5 —F, fMEAFRETDOLOREEEWIRT 2ONPMLETH 72720, I 7LV ESLD L ILIZENMIC,
BEMICZE LT AIARERINT 20BN H T,

FESC R OBIEHR LS D LA T 7 R &4 2. UWRT, LiESIN 6K L a2 R AT Lz, DI (Deformable
Mirror) 2 A[ 25285 . HOWFS (Higher—Order WaveFront Sensor. Mk & ¥ —) & LOWFS (Lower—Order WaveFront
Sensor, KKK —) BNV —% 7T, TLY =7 AIINH0Oa R —F2 RRENNTZEFN
YFOTE 1mTE EEENTZGITICRE SNT191 T T v ZITHEI S IV TV D, IR R XS N — A &35
OFI R R R ICRE STV 5,

S O LR AT ST, ROP RO TIZHHE—LAT Y v X —T0.93 71 L) EVWEE
O FRE) EEWEER (RWE) SICHBESN D, ROBIEEEISE )L, ROWEIREEE o —18 )5, H
IR A REOHZRHAT D856, @ikiKiE Y > 5 — (HOWFS) O A RIKDFEAE A S Uik i O 2 Thin s, L—
W—HA4 FEZRMAT25E6F, v —V—FA REZEXREEE >V —I12 (BWVWEH)., Tip/tilts X WfocusHA R
BRI (Z2) ENENSDT oD, mkikimEt o —IZ& e L—F— A REZf > Tlocus
X0 @Ot T, KR o —IZE 7= Tip/tilt L Ofocus A REZff - TLEAE L HE
RARZEDFHMT OIS,

KodFg FicH s arR—3xr MIEEAANTHRE Jidh, BRYA RE, L—F—F A REZEET
TR, KK O EZBHET 5N TR ML, MELTF RO, 27 AIE, YRR SICRIH+ %, =
VAR—R Y NEERBRE 2O AT — DI SN TR Y | BT R O~ O A K ONRIREZ 5 E Tl T
x5,

B TEY T AT AOFEMITSE TIT O,

from telescope

to science instrument

X 4.2.1. 1. 188 F-HlfEEFR DK
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B 4.2.1.2. 188 FEFMEICFZONER, 4.2.1.1 2 SR TW5, FRlldm kit o 3 — (HOWFS)

4.2.2 L—Y—754( FEEHFR

U—W—H A FRAR AT AE, V=P —HF, L—H—E—LEBERHNT 7 43—, BHEE=EE, K774
N ~DANFHEFER, BHEZWR, fR ENDERSND, TO7 vy 7 KEXA4. 2. 2. WIRT, RIVTAI A
BICHD L —F—FZ2OOHENL2 5, —DIX2L.5CITHIE SNz 7 U —2 N —ATL—F—RIKE T 7 A4 N
—~DARNFRBLOEEL — P =B RN LZE SN TS, b ) XL —PF—HEAHE#ES= L7 fr=
JARERHLHHIHETH D, L—F—b—AFEmH N —F—RmHEIFHIi Lo o T — R 7+ b= 7§
W7 7 AN—IC AR END, BHEANLV—F—%2 N7 7 A =TT L2558, ERELREILDR THIFEET ~
WL, a7 Y o7 UL, B O RR ENEE L T D, TORELHRLIBRV R I T H7-DITE—
R7 4=V REP14.3vA4 70 A= —F TRELTEXDLH 74 b= IRt 7 7 A N—%IGH Lz, EEY T
AT LD L —P—REHET 7 A N—DEI TR IR 2 08, IEREHELD R 2R 5 TkE LIz, (5%
BPKIBOEEE TZEL TS, K7 7 A NN—TCEINZ L —F— b — A EEEREOE BRI~ P LT L —
PR EFEEF L=y FETEIND, T 7 A NN OHRH L TE L —P — ' — A& EER300mmD AT I
B L., OR50emDEE i 6 ZBICH NS5, BEEEREORIEIZIX, L—F—E—ADEMN Y M4 27
LU AR L — Y — B — AOH I A EBHE CTE 5 AT — VBl AT ABHESN TS, L—F
—E—AFEBEIC Lo TTE D W ofizmbo THIE L, FRIO LA U —8ELEEZ R LS Ty b T o 03
Db, FMeHES =y MISEH Z L ICEEERIBEOBT IV T oNnD72H, 20— —— LM
S & RIBEOR & OBBRABIIERICKRES 5, £z, L—F—HHARITEEEO LRI L HEHER/RET
LT 5720, L—P—E—AOHHET M0/, LA E Ui T AV ERBRIIC/ER L, Zhicht
S TR HZMIE LTS, L —F—E—ADERY AELREIC L > T LT 572, L—F—HA K
EOWHGBHIE AR LN OIEEIT> TV D,

& IXEEIOkm, MEI0KmFREE IZFAET AT MU U AEGRBIRFA2EST 52 R v AL —W—H A FEEZFIFLT
W5, FOh, L—F—NHEOWHEIZT MY 7 ADFRD589. 158mmIC EfEICSHhE TS, EEEDIMAIZEL - T
TRV U LEE TCORBEE FEINREINEDY, L—Y—T A REOHL IR EDD, £ NI UV ABIZHD
HFHERT I L > TH L— =4 REOHDL ENEDLS, TNETORBRBNAL EOEEEZ D &, BmsElf
60FE, ZE~DHHHFRFEW TR D L —P—H A REZARTLZLENTE VD,
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}4.2.2.2 fmiEMNT7 7 A4 /3—, —DODO~ T2 MI6KRDREMANX T 7 A N—%~T L TWD, £OH5HD 1
RKEFEGEH L, ZOMIZAXT—Th5,

35



))
4.3 HBHAEE

188F - Hif8 Yt R 1L FE & L TIRCS (InfraRed Camera and Spectrograpy) & W9 EaRIMNRIRIE R L OV ediE &
HEDETHAESND (M4 2. 1B8), LS H, 188FFMENFRNEEEDOEPIRAEE -6 L0 )
WARDAY v NEEN LTS FEENH D, HICTAOL W) RAKEBUICHZ K-> Tem=ay b7 A MMEE, 73
WL o %, SCExAOE WO Rk/eanF 7 7 2 VT RNV KEREEER Y ThH D,

IRCSIX971E 2 i oo L[FF ABHEEE & LT b % < 188F B PR EMARDETHASN TS, /-
. HiCTAOITHEME 7" 1 27T L858 H AL, 20104FE0 5, AFF12000 4 70T T, RAKEREEL LOREHET «
A PRE 2 BRANTAT > TV D, M) & 72 BN TR &2 W T Al G /0 JEAEE & 72 D R3Ot /0 e s
T HIE20124F4 H 7> B FRBREBL N BAAG S 4D, SCEXAOIE ™ CITARIEE A 3B 23 St S, ol 7efsik/r 2
77 7 & HOTZBRINEZ T D,

FRLSMT Y | IR THIEA TR EHWEEN NS ONERIN TS, 79, ENV KRB EZHLICRINEE
LD EEOEMEEF OB ZRER Ny 77 —RNETHRHT 2707 Md 5, ZHUIMEEDE Y
IZHDHEKMBR R ORFAZ B E LTS, 72, KT, EN KRR, 77U A R CRFERIEFETED % 7R
BRI CEEEN D D, ZIUTI88HE T Y F R TR SCEXAOH FH L. RAKERAH D AT Muifga B E
SEELTRIHTAZEEZHIE LTS, 2D XL DFFED & 5 TEE M 1885E T HifE N F R DB EITEXE S
LHEFENED b TV 5,

(1) IRCS

AOI88D F HJIMIMEE, &b EIXH BT L A6 AT LAOBEEE - LThHES LU ESICH
ST, MENCIEE A 7 7 L A0365 D) A S AAOISSIZHHI 5 Z LT/ 7= DICfEy, FFH
RIFNICEY, FARAIREREEL L THRMMA b,

A0188% W CTHEIMIT 2 5A12 1. HEF2000 M 20. 02F0 AR CTiRE I D mfiffet— K &, 11853
oA %0, 052F0 A58 Tl T A IR E— RN H 5,

BBE— oM7) ALy =2 V7 ) AAE WS ET— RBRH 5,

Camera Spectrograph
Detactor ALADDIN ITI 10242 InSb array ALADDIN III 10242 InSb array
Pixel size v 27 um

Resolution | Fine (12mas) | Hizh (20mas) | Low (32mas) |{slit-length direction) x (slit-width direction)

: woAOQ NA 20.42+/0.07 mas [32.42+/-0.07 rﬁas 3437 mas x §7.73 mas

Pixel scale - - -
w' AQ 11.94+/-0.01 mas |20.57+/-0.04 mas {32.77+/-0.04 mas 3483 mas x 6820 mas
w0 AO NA 20912 33.68"2

Field of view 3.3-84" in slit-lensth
W AO 12202 21.06"2 54,0472

Gain 5.6 e/ADU 38 e 7ADU

Dark current 0.1e’/s 003e's

Read noise per NDR 43 & ms 48 ™ mms

Saturation level 123000 e 120000 ¢

0.41 s (standard)
Readout rate**”

0.12 s {fast)

# 8.3.1 IRCS O HiHkfE
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(2) HICIAO

188 HHfEEFRIC K 2 B ERIC 2 v T 7T 7RG 2B INT 572 O%E, kD 36 H1-HlifELT
mCMO’wlemﬁw:/b7xb@% FHLL, KGRIMREDHIDE @ﬁ@%ﬁﬁﬂéﬁm%@ﬁ@ﬁ@
BN 2009 £ 5 AR 2 281 T, HICIAO TILilis D2t 77 7HIGICI 2 T, WICEBLIIS o e s %
THoZ2LHTED,

%] 8.3.1 F A IR HD HICIAO D E X 8.3.2 HICIAO

(3) K3DII

FAESRFFH B P BE O EHRK (SR PR ST U0 Al & 72 - T LT & 7o, 22/ —kot.
RO RE —EICET 57200 [ZRocsmitds) T Kyoto3DID &FEINTWHEEE L, 371320 Pinsk
? AO188 i THWE 9 LW IR H 5, AO188 IFUTARIMRBIANC Feiifb L CRYES - dE5@E e D¢, LV
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( 4 ) SCExAO (Subaru Coronagraphic Extreme Adaptive Optics)
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5.6 RRASEMIENRFR (KE)

REDESTRITE R Z L IENCET 2720 RORDPRDICAFT L TL 2 LEE I L ICESANEZRY | $hiE
FINZAGBNAELTLES (¥5.6.1, X5.6.25H), A0HORE SIIRA[ITKTT D, ZOMRKR., —DODH
R RNTHREEREME B EMCERZMESMIES TN CTRMIOTLE 5, MEFEE 2 A5 L4808 10
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L, MECFIEEIIRK R EL TR ENB L T D,
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05+ : -"" —
K-band (2.20 micron) T g i
z-band (1.03 micron) ~.~‘~ g T
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- o =====: 0 coOrrection 1
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I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1
-04 -0.2 0.0 0.2 04
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KRG BHENFROMERE K 5.6.1 ITFE LD 5.
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[X.5.6.5 : K55 B IE NS0 DR EET /v

7% 5.6.1 : B[nlHsf IE R AR
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FTIEDME ST (AO188) Tl KL EH DOREIT, TIXDMMELFT AT A (AO188) TIL, v — 7R EG a2 1557
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HAZIFTHE — AT V& (BS1) DAL THD, £o, L—F—HARENOD N2> T AR ET D56, @ikl
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Transmitted Wovefront Errorm BaTE SCALE DRANN APFROVED
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5.8. 1 i
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YT S — N D AL T 658 T B XA RO H AR R
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X 5.8.2: AU DN 5%, 2R DEEOMEZ L
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(Non—common path error), J 732 R(1.2 p m)PERIETAR — VO T2 1%L T&$57-8 . AUL/AU2 OF5131/10 L
(PV) L FO@EWHEFEE OL O 2 AL TD,
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5.8.3 R
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W, F2OHARE T2l CD, Fex ldmra—H —nbONRNERLS T2, XMS A7 — U2 AR TV, ML~
U e DHHGEERIINEE T ST, LN T U D SN BB Ny L TR B E R BT 5720 | il
ZHAIARZ AN TV T (CHlex) . TV T 2—F — OB JHRFEIZITES 0.2mm/0.3mm O S FEEA L, SR
K0T 0T 2aFELROIEE LT (14.5.8.3 Z2/) ., M1/M2 OD~D NI, IBDORX—AT L —k BIZHESTH
Bo N—=ATL—h ETIILEROE ALY | 5~V MDOALEN IR T 5E91270>T0D, £o, XR—AT L —Fh | AO X
T AR OE ALV B Z D TRBY, TIA A MRHIRT 5I935 Tnd, XR—2 7L —h(TA3) &
AO RUF (AT UL R) DBMZRFEOE NI LD T L — D OT HERRNTToDIT, XR—AT L — e FIHET D504
SRD3EEL, ZIDDM BN T — A TREE T 2 oS AL,

YA R A

Newport X 5.8.3:AUL M1 OV 3= ke V=T 27—, il
| XMS50/100 FEBNRIZEICANREH WD HET, XN\ T Ty 235
ALV IS EZR LT,
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X 5.8.4 : AU2 ® 3D €5 /v (/)
&, AO188 T #H & =
AUVAU2 (), ZEE ETIZ
HDHBOVFHORRENEIEIR,
Bt o —7T, ZOAD O
WZHHDHN AULAU2 TH 5, &
HETIEBS2 TR LTH S,

5.8. 4 tEREFEAH
S EEE

AU TIEV AR T NDENET | T 7 F a2 —Z =0 RIS RE N TN | T/ F axm—2—Z 8L
T LZOBIOA I NROR ) EHL (+FNH —) DFTEOEIVEWTIRED, ZDTD | 77 F a2 —2—DNELHO A
FEDBAFRIIMEATENZITR DD FENTE T, TOBIEL TRLENRH D, T2 T, F2 I D AT il 2% | A%+
T TRETLFN TELV =y VT L — e W E T EAZB R LT (X.5.8.5 Z ) , vy VEMUITEA 23 0.9999 EEIZ72
S TND, 2Oy HARO I CHAR RS T 2%, Filh 95687 (0 %) I2KIL ., 1.9998 JE X AER [ DA AR > T
HIE%, T2 13575 (5IK) ETOREEE VT, AUL/2 D ML IZT, % 2 (TRLTZAN—2 N0 10 5.0 3 2Bk
FINZEZIEL, £ D 10 A AR CT7 4o N 2H T, T/ F am—X— L8O A EORRE R (X.5.8.6 Z2HR) , M2 (12D
WTIE, KT ORS00 5 IV ML 20—y VR CERIE L7 4 FE BT . CCD CTOBDALE A FL22735, M1 KO
W E R T IOIIM2 T F 2 — 2 —Z @) LA ERIEZTT o7, AUL/2 D M2 O BEIE O R4 [%.5.8.6 [T~ T,
M1/M2 &EHIT, K2 THELIZ AR —27 | st A BEREEE2 LB IS L TV D A RS LT,

15 Fo Mix ' ' AP

1T E - & ]

FATH 10 E. Ma¥ e ad ;

6 F M2y P 3

E - 3

0F o 3

E .h_,;g--‘% 3

[ : -5 boo y=cyte X+egxtegx e xt

8_ \\' F——————————————————
&) | A

Ty R

B5.8.5: ML IE YR, THAMNIE
MELZ 53 3o CND Y =y VR D 25 B ST
JE(0 R—5 W) ZFIAL CBEAELT /7 F 2
T— X EOERERD S,

AUZ residual ["] AUZ tilt [deg] AU2 residual ["] AU1 tilt [deg]

0 5 10 15 20 25
Actuator position [mm]

5.8.6: AEMIEIZLVRD =T/ F ax—2— {184 EORR, AUL/2 OEFHZBWT,
T AT A7 FEZEITFR 5.8.2 TRUIEHMETIEE (M1 ORI L ADFEE THRR) Z T lEl->TH5,

67



AEFBM

AU TR 2OEDIEF @ WEEO A BB ZRIND, Fox 13, K.6.8. 7D %% VT AUL/2 D2HHIZ-OUVNT
14 DT A BN AR LTz, B E BT 7 F 2o —F— DA a— 7Ol LD 3 I8N T, L EE
+lmm—-1mm, F/2iF-Imm—+Imm (ZEL, CCD ETOBMLEOTNALLIZ R o7z, ZORER, 2llics T2
OAEEEE7-9 1 AR O FBMEA RBL QO D FEMERLZ (K.5.8.8 BR), $/-, 7/ Fax—4—%
+1lmm—-1mm—-1mm—+1mm Eh7)L7= RO FELM: OOF M FEME) IO\ TR, 77T 2= —X—D 1\ 7Ty 2|80,
BEOAPEITHRL T10720 BAOTIRHLFEMR LT, 2D/ 00Ty all XA FEMEO S E ST A0, BN
AU ZEINTBRICIE, 77T 2=—2—0 BHIE~FEIZFRIC T hLE Tz, LinL, 8o 77 BT D
HBEA~EDTUERHDG AL, 0779 aDEBERT OO 07Ty all LA E T EF v g
D I EE B 2 T,

5.8.7: M2 #EHIE, FELERIIE HET5R,

40 - S —
: E T M2y :
30 ._:-l:.:'.-.ulllll -_-:—'.a.".f'.lllllll .-
L £ 23, lmm 4 21 . Bmim 3
=0 | - + .
) s I ]
o o L ;
= : 1
v s
=9 0 S
T an -
@
| 3 TI1Z25mm T 12.5mm
= 40 | 24.4mm | 24.7mm
20
o

-1-050 05 1 -1-050 05 1 -1-050 05 1 -1-05 0 05 .1..
Mirror angle repeatability [arcsec]

X 5.8.8 : MIMEHIEDOHMIR, ETOENIINT 1 AR ORI A AL,
7 LA OREBIIE 2 THRE L7z M1 OfAEFREOARRFEMZ £ L T 5,
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5.9 L—H¥—XiR(R%H)

B EEIOkm, ME1OkmREIZAFAET 2 N v AR T2t L, #iEL 204 REL LTHHATE L —F
— A REEZERT D700 L —F—HROIEAREEEZ S 9. LT E & 0Tz,

F RV U ARFEZET DO EITRDBEEIRNINE END T P U LADZRICAEHIEDIVEND D,
F72F U D AD2KIEL. TCHZIZ 72 VT2 2BE DN AR ML B O Z ENHHILTWND, Z DAY FLOIEILEE
90kmDIRLE (200KFEE) OEEENZ L D Ry 77 —IE CIRE STV D,

—F. MENFEROTA RELELTHHAT 72O, L—Y—F A FERIZIZEHRMAL LY LA OLZELTE
0. YA RITARERBO /NS WIEIREE LV, L—PF—DORIFEFEICL > TL—V =14 REDHS ZILEDY
CEBEE NS o E BN L, L LIERRIIN 7 7 A SR EOBRIZ, IR TV 27 UEELOREER B D D
TEADVAT LNIFIRME ThH D, OO0, BIRRBITRELEGE & & S bbb mVi ik UE S (143VMHz
) DEFE—FRa Y 7 VAP ERINL, BHNRELT 7 A N—BEDEOWNLZ T oT, Y T VE— RAET 7
AN—TREEINZL——E— AT —AMERE LS /NS Rb——TA REZELZENES THDHN, AH
THL—F—E—LDWEDPNT 7 A N—DRIENRICEEZEST D, 2D, L—F—OE — FOMEIXTEM,
VML 1 Z R L s MBIE R A MR T A ETH D,

R J U 7 AD2#R, 589. 159nm

7 >4W

TR B I B <2GHz

REE— NAE TEMgo. MP<I. 1

Rt JELAR

H 12 ek E5%LLT

FIRIEHE FT—RFa v 790 A (0 3R UEREEKS5. MHz)

#4.2.9.1 L —H—DHAMHAEE

Fox X, EYLFMEAT & W) L, 1064nm& 1319nm CHEHR T 5 2-D DN YAG L — W — % FERR At da (T [RIIRF I A LN
JERERAESET R U ADRBROEETRIET S L—F—%B% Lz, L—F RO L OSER1TX4. 2. 9. 1
W27,

1064nm33 L M 319nmD % £ THRIET HNA: YAG L —HF — 21T F N EN2o Dbt £ = —/L (pumping chambers) 73
HY . 3HENDHER L —F =2 L > THEARLOND: YAGE b 2 it 32, L E ¥ = — /L ONd: YAGHE S 12 & D P
BRI OB X RIC L - T, BT — FETEMIZIRETE 5 L WIHEAZFIH LT 5, FEADLFFR T
(A0 mode locker) IZIEFRAZMNOL DTG F 25252 LT, T— Ry Z7EIESHE, 143MHzD /L A & F A X
BD, FEANEFEA DR Z T Y 2—AX—MICT5HZ ETRESTMEZREL TS, FEY 2 —/LORMICF
Y MAE90° [AllE S5 HFFHE 1 (rotator) ZELE LIEANNZEEZELY BTV 5, @S (HR, high reflective
mirror) OEANITH 0 ZE S, A EREZHE L CHEOHTE L MREE2IT> T\ D, 1064nmE 1319nmdD
N&:YAGL —V—lcZNFhoZarnNdbd2dh, WEOFa2—=7ICHHAEND D, EFRIZI1E1319nmONd: YAG L
— WP —OHAIPERKIZRD LD REEEZRE L, 1064nmONd:YAGL —HF — D E A MM LT, EEICT Y 7 A
DRI T 2—=2 7 LTV D, TNEINDOND:YACL —HF —DIARZROH J14L (0C, output coupler) M5B EHH &
DL =P —E— L HTHIC L, FABREIERIEAERE S (PP Mg:SLT) (2L > X&fr LTS 5, 220N YAG
L—H—DEANEET D & TR KOFMBEEBEDENE LD,

BIAE. 1064nmDNd: YAG L — P — @D Hi J71%13. 5W, 1319nm®DNd: YAG L —HF— D H S6WAs iRk X 41, 589nmdD i & Th. 5W
NG LNTD,

69



PP Mg:SLT Filter

i ﬂ N\ SE9m

U Oven u %\\
1318rem

1064nm Oscillator

: Pumping Chambers
telescope] | ]

| I— EOCU

Etalon

AO Mode Rotator HR

—— Nd:YAG

,
| 8 -

te,esmpe[] 1319nn| Oscillator

\ OCH

Pumping Chambers

Etalon

AO Mode Rotator HR
|
ke Nd:YAG
RF amplifier
for @4
_<_ ¥4y for @2 :
RF Oscillat
Phase shifter scillator

X]5.9.1 FuEH L —Y—DNF%

L—H—D/T —Z0NIZ L THHH B L NEENLZET S E CHFRNIZEET S, LL, L—F—FA1 NE%E
Wl ER T A REE LTHaoEHTE 2 LEEIL, %L T, AR TIEE100MHz, & TILE0. 1pn TH 5
o ZOL VO REBEIZE DA ETIZE L —F — ST BRI S HIUI+H0Th D 2 & BREBRIICHEND DL
TW5b, Feti, EOZEMIZIA ZLICE o< kLW, @FEHTIIL—F— U —%20NZT 572
T TEL ., F&ITturnkeyD T AT LA TH D,

45.9.2  5ROmFIEN L —F— DM, Nd:YAGL—#— (/) & FEmRAeN ().
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5.10 L—H¥—mERKXT 7 1 /53— (k)

L—P—bE—LERN T AIABO L —F =R BEE) D LmSERISEEICED 1 b b — P — 55 i
(LLDIABZET D720, £ 35m O 7 7 A N—28HA LTz, 7 7 A RX—ICLDBENRI T —IC LD BEI D EN
TN5DIE,

D7 7 AN—AREF L TNV R T 7 AN—ZERAT D720, LWE—2D 73T 4 kol EEBETD
ZEMTE D,

QN7 FANR—TT LI TR TE D,

EWVWIRTHD, —H, K7 7 ANRN—ZEORF 28 & LT

W7 7 A4 R—=l b —HF—E— L% AKT HEEIC E‘im@{EL NG DH T DITITEmVLE, B XA EDRSE
DLETH D,

QT 7 A RN—DME GiFa ) 12X 5K 10dB/km THY ., 3 5m TIHBEBERNI 2. 2% ThH b,
BRI T—a—T 407 (KHFER99. 5%) D1 6KDITHY L, BETE R,

BT 7 A NR—=TEH =P —ZakT 5L, a7 O FAXT—HBENEFITELS RV, FET V27 H
I (SBS) ®°FE T~ U #EL (SRS) 72 & OIEMIFHELIC L » TEERIENE LK FT 5, (SBS, SRS IZHOWT
IR TR A RE)

(D7 7 — "= TR 5 BHNFEZEF (SPM) 12XV, BEEIND L—F—HD v Rign L —F —JossfE
WG CTIEM>TLED, T iDV—ﬁ—ﬁ4F§(ME)%iﬁ?é@%ﬁﬁTTé Flo, T A=
MaZiE L7c L —F =D AR MO —7 OEEEIC &L JFE T, (SPM T DWW TIERRENS TREM A7)
EWVIEBBITHND,

Fxix, UTOBEBENOXT 7 A NN—I2 LD —F—E— AMEEZEIR LT,

T h=v 7w 7 7 A 3= (PCF) £ W5 a7 ZEDORES TELV I NVE—RET 74 X—OBRFITHRII L,

NHNFROEGEEZEL L, T 7 A NRN—DaTNORTINVX—FEELE FFHZ L T&,

T— Fr oy ZEFEGE &V L—F— Tk, 2L AR (KeH) 285587 Y =27 U#EL (SBS) OREHE LV b
Fo3E < FERMEBELRSTEA Le W2 L R TE 72,

L—H—D L ZABRE R RREE DN FRE N T 7 — N — AHANCHRET 5 F CTH AL (SPM) DR Z K
WEEDZENTET,

PCF L1372 T v FEITEAMINRZERR DR Z = AR L, NI R 2/ NS GRFi L7267 7 4 =T
HV (M 5.10.1), aTREWEKDAT »TA LT IARIT V=T RA VT v I AZAT DT 7 A4 3— (i
WO umMfE) XV BRERTHumIZT DI LN TE D, PCF OUGIANIZERINAD X A — T T RET D 218k
REMMPLTORL, ZBRADBHREELRVERIZL TS,

X 5.10.1: 74 b=v 7§EEh 7 7 A4 /X — DUl
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(1) BETVAT78E (SBS) LBEET < U EREL (SRS) ODFF(f

FxD65W L—V—%F—RT7 40—V RRA4um DAT T A T oI AT NE— KT 7 A X—IZ AS
Licéd 5L, 3BMW/em2 &) SRR RXNVF—EEL 2D, ZOXIBRKOBEDEFIRHD L, LT 7
AN—DIE & DI R PR TE 720D, FRCL—F—HOKT 7 A N—ZETITFET UV 27 UHEL &
HET ~ CHELD R BB E TN EIEREREL TH D,

T UBGEL S VTBE IS AS LD T —E. AS L KO EREE L 0 /NS WEREE L e o THELS LD 8L
LTHD, ZHTEFNFEHIIE D & AFEFRDFIT L - TRBEED/NE 2 eF~HEL S, 2 & FREIcZ
Do FRREMREDOH OB 2T 2FEEL LTEIND, AFTLHOBRENHLBELZEBZD L., ZOBELSH
TR E PRI L, 58 7 ~ U HEL (SRS) & 2,

FHE7 ) T CEEL (SBS) 1E SRS LV HARW AR TR & 2IFHIEHE TH D, SRS L FEIERIZEH 5 BIfEZ &
ZDKMEEIT 7 A N—ICAFT D L, ZDOAFHEDIF E A EDWia & ICHATT D BEELE & 72> TRAT 5, SBS
78 SRS L HE7p D pilE, o7 7 A /3—H1T SBS N & 5 L HGELDITT M E I m#ET 2 0l L, SRS TIXM G o
BHEL 9D %, £7o. SBS OHELEOEHEIT SRS &[RRI ASHEDJEEE LV /NS 7250, EOEEEY 7
1381 0GHz TH V., SRS I[CLDJEEHY 7 FEICHRTIH/ISW, Loz S THER-> TS, SBS DOif
FRIZIAFT D HOBEBRAROT AL > THEFIREIOIRENE — FERESE, ZhDBEITRO B MBI 722800 % 1E D
H, ZONIC X > THEL N EFHE 12 L > TAKIERRIPT 25215 5 D720, BIP#HE B RS FHTENN TV 5
2. Ry 7T —27 e, RERRMIICY 7 b LEEEDERER Sh D & LTHERTE 5,

2005 %5 HIZAT v T AT v 7 ANT 7 A43— (SIF) &7 b=v It~ 74 3— (PCF) 122\ T/
ANRT =D L —H—E—L% AT HHERET-72, ZOHMIESIF & PCFIZOWTNA NI =% AH LIz & &,
SBS & 5\ X SRS OFARME, b L < IZBIEOIEZ FZRAIZEME S 22 L Th 5.

FEBRIHEH U727 7 A 23—|% SIF : NUFERN #! 200m, £— K7 4 —/L F£& (MFD) 4pm, {620 7dB/km.
PCF : —Z&EHH. 200m, MFD 1lpm., {525%h% 10dB/km # =N ZFUEH L7, AR LZL—HF—D 8T XA —
X HFK1ITRT,

= e e 589.159nm (F ML DD
. Frer—o ® ~7 W

® =z rEEe | @ ~2 GHz<

e e L SRE - TEM o NZ ~1. 1=

° FiRIEHE- ° EICY¥ (E—Fz>2r)e
e BYEUEEES| o 1 5.WHz~

° P g e 0.7nse

F1: FHHLEL—YF—D T RA—X
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18400

Teno | S806Nnm

1400

589nm |

iCaC - ] 3

oG

Intensity

p S SL L

e ————— e

<00 SO0 GO0 roo woo

Wavelength(wm}

5.10.2 : > 7 NE— RHT 7 A N —THER S 17z SRS

SIF |2 2W ##8 X 53U —%& AS L7z, SRS IZ L A BELERBINTZ (K 5.10.2), 7 7 A N—Z5H L T
L= =KD REAXT MERIEST D & ZH>OE—7 ZFH £ 589nm & 606nm TH - 7=, 589nm [Tt %
DL —HP—DWRFETHD, —77606nm OHIT SRS ICL>TRAELLELOTHY, RELOND T~V U #ELICE D
WEY 7 FE (16nm) ([Z—FHLTW5DH, L»L, SBS ORI Ronidotz, LehR>T, AfLZL—
W —IZB1F 5 SIF ([2%19 % SRS OBMEIZ~1.8W THDHZ ENRRMEL bz, £7o, AT —RN1.3W 2B 2 7-bH
720 b, 77 A3—% @i L T< % 606nm OO N RAIZE < 8o 72 (¥ 5.10. 3) . xFHAYIZ PCF TlX SBS
& SRS IF AW LT OAFI AT =TT E o Te, £z, MEOX A —T R S5 L—F—Fat 0BGt 4<
ooz,

7000 -— ------ Gadnera Total output
fiimmemagmins Sodium D2 (589nm) §
b ——
5000 [ SRS (606nm) é
@ 5000 - {
c b ;
3 - :
8 5
== 4000
P b
(] E
3
Q. 3000 F
= "
9 s
= k
o 2000 F
1000 F
of
0 0.5 1 15 2 25 3 35
Input power [W]

5.10.3 : SRS EELe o

A L —H =R DA, SRS OMEIZSBS DHDO LV b 2HREEWZ ERAFbNTND, 7277, Fxd
W7z L—3—|% 143MHz O# 0 3K UERE T, 7OV AIEMR 0.7ns &£V 95— N v 7 8 ELEGHE TH D, D&
IR —P—ZHT 7 A NR—ICAFH L ThH, ZOE IV ADT-, SBS ZR4E S5 HENZNR T+ ) VL —
P—WEFHEMEA LIC W EWD 2 L NERICHR SN,
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FEERAE R O R TIE D BBk 25 L —¥% —515H PCF ThH 5 MFD % 14um, KX 35m, (R
10dB/km @ SRS OEED TIREZE fAED 5 2 LN T %, SBS OBARMEILZ O%A SRS LV b RKE VW0 TZZ
TIEEE L7 < TRV, SRS ORAMIEITET 7 A =2 7 OREFEIZHE L T 7 A N—DFEHRI BT 5,
L7235 T, & 200m, MFD11um @ PCFIZ TW Z A L TH SRS A LR o ToFn b, EEICENT 5
PCF o SRS [HffilZ 8OW UL ETh 5 LHHHE I D,

(2) HCONMHEZEH (SPM) OFH

W7 7 A N—NOBEE R KO L > TRITRAZZL ST 2R OBNT T, RT—OFmNL—F— L2
L ENT—DIRVEOER THATEN R D Z L2 0  MHEPET D, ZOFRE, L—PF— L ZADART |
JVDIERY & LTRSS, 208G % HONMZER (SPM) &R, SPMIZ X2/ LV REDIER YD (T L—HF—
PNVADE =T R —ITHBI LTS, LER-T, =20 —%2TFF 52 ENTENIE, HOAMAER O
RS A ENTEDL, L=V —DAXT MARENIE, F NI O AFRTEZNET 27+ F bbb 35
7280, LGS AERDOBERNEL 725,

2010 FEICFx D L—HF —(RIERITHEIT 5 SPM OB AR IET 2 FEREIT > 72, F72. SPM 2K 2 % 0% L
AN REREE L, ZOMEOREEIT 72, HH L7z L —3—1Z SBS, SRS OFHliOBIHEH Lizb D LR L
ThoH1, HIF—6.TW Th-o7z, /o, EEDO L —VP—(ziEH PCF i L T\ 5,

L—H—bE—2D AL hLiZ PCF I AT 50U —Z2 NS A2FTIEN > T o7z, ¥ 5.10.4 1T AH T —
EFNUC LS TAM ST AR MV ERL TS, £72, KO OIZ PCFIZETHIO L —F—D AT FLHoR
LTWb, ZRHDARY NUIZEDEREN—EIL/ D X)L Tnd, 2D 5.10. TIHRIE S 7u7c 4l
AiiE (FWHM) (3%# L7= XU —2 3.7TW D L & 84GHz Th-o7-, ZHIIk L. PCF Zi@THID L —H —HIKD
A7 kL FWHM 1% 1.4GHz &R bz,

Throughput 3.7W
S - o Throughput 1.4W
15 memememame Throughput 0.51W
.............. Spectrum of laser
z =
910 B H
£ | g
o :
> H
P HEA
© AR
® S5 it
@ LR
0 —
 [PYRPTCURTINNT Vi [P GRNT NET U] LY (VUY SNTYNAP ] RN ouy S UE) [NNFCOPP UWET NI OUL] [N SRCY N WV ([P SR VP COCT I |
-15 -10 -5 0 5 10 15 20

Frequency shift [GHz]
¥ 5.10.4 : PCF @it D L — W —E—LDJENR T2 AT [L

Foxlx SPM 2K S 5720, WAV AEZBETLHETLI 2NV ADLY OB —7 XU —% FIF 502 52ME LT

(X 5.10.5), ZOXFRTITINNNAZ A JETHETE—I NU =524 50—IZKBIETWD, 7L AR%E 4

WEILTZ8E . PCF 0D A7 M UZAHRT —25 U THERMNZ BH- L=, 2.6W Z AR L7 227 K~ Lo
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JEINY LB L2V ATO 3W AFORED A X 5.10.6 1277, ZOX 5101 BV CH RN —EILRD
EOITHEIL LTV D, X5.10.6 B BN VR EGEILTZAR, L—F—E—LDAXT MVDIRH Y F5N
INEL g o TS, T h SPM OEENMEB S NT-Z Ehbho Tz,

N
M% NVB

Coupling lens

— HWP2 HWP1
PCF {1\ | ﬂ
1 m {\_\] D ' i ‘ SFG laser
[/ ( ,
S PBS4 PBS3 PBS2 PBS1 e
5.10.5 : L—HP— UL A % 4 554 5 6 55%
? T T T
o s
] | '.I
f
5 f |
=2 |
|
.E || I|
g3 [ 'll
E 2 |I:':: E II-'I
o- l- k 4
1 |'I \t{"f e,
[ W e
Jli ey, iy L
ot e Mttt Yl " e P

s 20

F-I:E'qI.IEI'iC} Shift [i’:Hz]
5.10.6 1 7L AREIED SPM IZ L 5 L—H'—E— LD ARY FLOENY O Ll
Eio, S AERE LI L= — % L2 LR LT LGS 0% S 2 58T B & Wl B &L /91 25

DG, LGS 134 6 %< o> TWD T ERbinolz, Leni>T, SPM # &S E2HE T, LGS 2LV #5

KTLZLENBWRETH D Lo Te, ZOL—F =2 RET 50 FEREMALFETLYHL W LGS 2L/
HTLENTE, ZHUTE - TAO OHERDM LICHRITHZENTE D,
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5.11 XELESE Gk

5.11.1 L —P— SRS

L —V =R EY8meET. BERAET7 7 A RN—=O R L L —— b — A& LA K 50em D B — ABRIZHE
KLT, EZ290km 2B 54T P U ARBIZHR T CL—Y—t—2%2F b RIF2%E 2 o, EARMTHIZE 5.11-1
R LTz,

#5.11-1  L—W—XF Lm0 FARAR

M 50 cm

B — AR 12.5 %

Aale= #J 90nm rms

Hi 7 B2 43 f

R E YT hyZa=vk

A X HE<12m, B3<1l.5m
AEE (RE) 70 kg

RN R RSLENRFTAETHF VO 8m 7 7 A (VLT) O7odd L —H—I 1 FMHECFERIER sh D L
— P —REEEBEORE, ERA X U T DA =N THED LIV Tz, BRINF R K ICE OER{RR & Fox DERAT
RETIZFRETHY . WA LZRY TIE, 20— —F#EREFE N oL bW LIZbDTHD Z LB LT,
Flo, B A N BARKMZENT2HMT, FEEE DA I —T7 = —2zfRE, ol [AkD L —F—i%
EREFHLZEATLIRWE Lc, K511 AL —Y—XMELEER TH D, REHHT THLLEEHEDO Yy T2=v
BV T HIZIEEHT IR OMEREZ #EFF CE 2B BEMHIEIC R > TS e, L—F =04 FEIERMERIZIEE ICEN
TW5,

%.5.11-1 L —H—(Z S mbs

5.11.2 L —V—XEEEHEDHIR
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1.2.1 NIABARUEKERICE TS L—F—REMNE

L—H—H A RERZERT L7200 —F—KIKIZZ T2 4 ITHHEEND, - T. ZDODRENEE 4
WZEDRENDHDH, L —KEFIL—F—=FBDER 7V — L — AL EINTWDHDOT, L—F—FEDr Y —
VL= BTRERSE L. AET 20T L — Y — LRI E =T - EOBEE L EHEEICRET S, oL —P—
EOHRIMEHE G IBEFEE L, BRELSDILHEAD 22T TV 5,

REEEEL =y POREEEIZI T 5T RWEEIT, L= —E— 20 F—2WNIZFiLD Z & iF720o
TERETHD, HEEESET=y NPZEEICTY 1T 5, b—— b — AN mT TR ATREZRREICH 5
EXFEENLETH D,

BREBAFIE L —Y - — ARMBEAN T 7 A4 7 — CTHEZESio = P ETEMNEICH S D, Lol
EEEESZ =y MZT 7 BRAT 52 L3557 — U 72 —%8{EL THIDRWIEY RA[fEThHL, D=
T—U 7 X —%@ET DL OTELEEFIFIRES N TND, S5, ZOEEEDNCHRRERICIRAT 2HE
I, EEECEEICRETOH L LETHY, HEOERFA L —FOEFERTIZEIND, TDH, ks
PEZMER Lo RITHEREZED D Z L1 D, 16> T, BRI 22 eEnRizh s,

K OBRLSNE, BMERESE L=y MEE~DOT 7B ZADHIER D 5L 720 HHENET, BoEHMET 57
W, A H =y I VAT LEMERE LT, BEEEEO IV ERITLE, L—F - AT A0V Yy vy X —NHE)
FINZPAL, REEREICL—V —E—AHUBEEIND Z & T,

EEEEEOEDNEL., TOEEENEBIIIC DL —Y = vy o A —DA A=y I VAT Ly I T
MU, MFETORREET D, FEKTH, RZTICRL, vy 27U M &RERT 5,

IWEEEF T 2B L — P — 22 2T 2R/ G 2L TR0, RlloFRBIZH LT Hoxtills s X
IMRPEEML TND,
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Current Laser Guide Star Policy

“The use of sodium D wavelength (589 nm) laser guide stars for astronomy is permitted on
Mauna Kea subject to the following conditions:

1. Mo Observatory shall project a sodium laser beacon exceeding a power of 50 W. Multiple
beacons can be projected from a single Observatory as long as their total power does not exceed
200 W, Laser beacons may not be projected at a zenith angle greater than 70 degrees,

2. Laser beacons must not interfere with observations being performed by other Mauna Kea
telescopes. Any Observatory pointing a laser beacon must, therefore, adhere to the observing
coordination guidelines approved by the Mauna Kea Directors.

3. Any Observatory projecting a laser beacon must receive prior approval for their aircraft
system from the FAA. Only passive aircraft detection systems are permissible.

Written confirmation that conditions 1 to 3 have been met by an Observatory must be provided
to the IfA Director at least 30 days prior to the first projection of a laser beacon from that
Observatory.

Lse of guide stars at alternate wavelengths will be permitted only after an evaluation of their
utility and impact, similar to that performed for sodium D wavelength lasers, 15 carried out and 1=
submitted to and approved by the Mauna Kea Directors.”

ZNH 10 FELLERTZE, BIIETIZ4 SDOEmETL—F —T 4 FERBEH L 15, YPIERELTZL—LDK
FTERNEEEENDIREI N, L— L - RV —DORE L%Z7 5728, MaunaKea Laser Technical Working Group
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SW i 2 BIfG L, 2011 4E 10 H (2 Mauna Kea Laser Policy & W9 WA KT A &~ 7125 HBLHIFT OFT
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CFHT (T L —H— ' — LA DOEENEY TE RO TEEBHEEE N H 5720, — A ~DBME R LTV D, MLOG D4
BOPEIT, TNTOEEEPWET DMK R L, FEFNV— L BRLOENE XA LT v 77 L— REne
V==t =L 774 v 7HIIC AT LEEOVHL TN 2 ETH D,
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Mauna Kea Laser Policy
June 20, 2011

The use of sodium D wavelength (589 nm) lasers for laser guide star systems or other
astronomy purposes is permitted on Mauna Kea subject to the following conditions:

1. Noobservatory shall project a sodium laser beacon exceeding a power of 50
Watts, Multiple laser beacons can be projected from a single observatory as long
as their total power does not exceed 200 W.

Z. All ohservatories projecting laser heacons and all ohservatories not wishing to
be impacted by lasers or by laser guide stars must participate in the Mauna Kea
Laser Traffic Control System [LTCS). The LTCS is designed to maximize the
science of participating observatories by:

a. Preventing light from laser beacons and laser guide stars from
contaminating scientific detectors and for other sensors such as guiders
that may be impacted by the 589nm laser radiation

b. Ensuring that observations, whether they make use of lasers or not, can
be conducted without unanticipated Interruptions or collisions

3. All observatories projecting laser beacons must comply with applicable FAA
laser aviation safety requirements, including:

a. Any observatory projecting a laser beacon must receive prior approval
for their aircraft safety system from the FAA in the form of a Letter of No
Objection, The ohservatory must comply with the conditions in the Letter
of No Objection.

b. Laser heacons may not be projected at a zenith angle greater than 65°.

4. Observatories projecting a laser beacon should be aware that their operations
could potentially impact satellites and should adopt suitable mitigations.

5. Written confirmation that the abowve conditions have been met by an
Observatory must be provided to the IfA Director at least 30 days prior to the
first projection of a laser from that Observatory,

6. A notification shall be sent no later than 7 days prior to any laser operation to all
participating ohservatories and other contacts of concerned organizations so
that LTCS systems can be started, military exerclse coordination can eccur, and
any other laser impact issues can be coordinated.

Use of lasers at wavelengths other than 58%9nm will be permitted only after an
evaluation of their utility and impact, similar to that performed for sodium D
wavelength lasers, is carried out and is submitted to and approved by the Mauna Kea
Directors.

The above policy must be approved by consensus of the Mauna Kea Directors before
taking effect. Once this update is approved, it will supersede all previous verslons of the
policy.
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AanNm Subaru LTCS Program

11205878147
SUBARU

EQUINOX

RA 18,4464
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Subaru Studies of the Cosmic Dawn

By Masanori Iye

Abstract:

An overview on the current status of the census of the early universe population is given.
Observational surveys of high redshift objects provide direct opportunities to study the early epoch
of the Universe. The target population included are Lyman Alpha Emitters (LAE), Lyman Break
Galaxies (LBG), gravitationally lensed galaxies, quasars and gamma-ray bursts (GRB). The basic
properties of these objects and the methods used to study them are reviewed. The present paper
highlights the fact that the Subaru Telescope group made significant contributions in this field of
science to elucidate the epoch of the cosmic dawn and to improve the understanding of how and

when infant galaxies evolve into mature ones.

Key words:

1. INTRODUCTION Since the discovery
of the expansion of the Universe by Edwin Hub-
ble in 1929, astronomers attempted to look at dis-
tant galaxies with increased power of new genera-
tion telescopes. By studying distant galaxies, one
can look back the early history of the Universe. Par-
tridge and Peebles (1967)[1], in their classical pa-
per, predicted the properties of primordial galax-
ies and pointed out that these galaxies with red-
shifted Lya emission would be the targets observa-
tional astronomers should look for. As was reviewed
in Pritchet(1994)[2], many attempts followed using
4m class telescopes for the next three decades with-
out leading to a great success.

National Astronomical Observatory of Japan
built the 8.2m Subaru Telescope atop Mauna Kea
during 90’s, which became in full operation by
2002[3]. Astronomers in the world started to find
out extremely distant objects using 10m Keck tele-
scope, 8.2m Subaru Telescope, 8.1m VLT, and
8.0m Gemini Telescopes. The observational tech-
niques used are 1) narrow band imaging surveys
for Lya emitting galaxies[4]-[29], 2) multi-band pho-
tometric surveys for Lyman break galaxies[30]-[38],
3) searches for amplified images of gravitationally
lensed galaxies[39]-[44], 4) photometric surveys for
high redshift quasars[45]-[47], and 5) studies of spo-
radic gamma ray bursts[48]-[51] in high redshift
galaxies. As of today, the highest spectroscopi-
cally confirmed redshift records are z = 7.213 for

Early Universe; High redshift galaxies; Lya emitters; Subaru Telescope.

LAEs[29], =z = 7.085 for quasars[4T], and z ~ 8.2 for
GRBs[b1]. There are additional candidates of Lyman
break galaxies whose photometric redshift estimate

indicate z >8[35]-[38].

The current picture of the big bang Universe in-
dicates that the expanding universe cooled rapidly
to form neutral hydrogen from protons and elec-
trons at 380,000 years after the big bang. This is
the epoch when the photons are decoupled from the
matter and constitutes the last scattering surface.
Hence, this is also the epoch of the Universe beyond
which observation by electromagnetic radiation can-
not penetrate. Figure 1 shows the power spectrum
of the temperature fluctuation at this epoch derived
from 7 years of WMAP observation of the cosmic
microwave background[52, [53]. Measured data show-
ing the baryon acoustic oscillation features and the
onset of Silk damping tail are very well reproduced
by a ACDM model, constraining the cosmological
parameters, cosmic age to = 13.75 + 0.13 Gyr, the
Hubble constantHy = 71.0 & 2.5 km/s/Mpc, baryon
density € = 0.0449 4+ 0.0028, cold dark matter den-
sity 2. = 0.220 £+ 0.026, and vacuum energy density
Qp = 0.734 £ 0.029. The density fluctuation of the
dark matter and the matter grew by gravitational in-
stability and it is conceived that the first generation
of stars were born at around 200 million years after
the big bang.

The initial set of formed stars contained wide
range of mass spectrum. As all the elements heav-
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ier than boron were produced through the nuclear
burning of hydrogen inside stars and were not exis-
tent in the early universe where only hydrogen and
helium were formed during the first 5 minutes of the
big bang, astronomers use a brutal term, "metal” for
all the elements heavier than carbon. The absence
of "metal” elements in the primordial gas helped to
form massive stars. Due to the strong UV radia-
tion from those newly formed massive hot stars, the
surrounding intergalactic matter was gradually re-
ionized. It is like a ”Global Warming” of the Uni-
When and how these re-ionization process
took place was not observationally clarified yet but
polarization measurement of WMAPT [53] suggests
that it took place at z~ 10.5+1.2, if the re-ionization
was an instantaneous event. It is more likely that the

verse.

cosmic re-ionization could have taken place in an ex-
tended period sometime during 6 < z <17.

Detailed observations deep into the era beyond
z = 7 is, therefore, crucial. Some of the recent num-
ber counts of galaxies at 5.7 < z < 7 indicate signifi-
cant decrease in the number density of Lya emitting
galaxies, especially at its bright end of the luminos-
ity function[I3]-[19], which could either be due to the
premature formation of those bright galaxies through
merging processes or due to the increasing fraction
of neutral hydrogen that blocks the visibility of Ly«
emitting galaxies at high redshift.

In the subsequent sections 2-6, I will review the
target population of galaxies in the early Universe
and the technique astronomers are employing to find
those objects together with some recent results. The
summary will be given in the last section.

2. NARROW BAND SURVEY FOR
LYMAN ALPHA EMITTERS Ly« emitters,
often abbreviated as LAEs, are thought to be young
galaxies in star-forming phase lasting about 10 mil-
lion years with star formation rate from 1 to 10 solar
mass per year. Hot massive stars produce strong
UV radiation field and ionize the interstellar gas.
The ionized hydrogen recombines and cools by emit-
ting finally a Lyman aphoton to settle down to the
lowest ground level. The amount of stars produced
in LAEs is yet of the order of 10® solar mass and
the continuum radiation from stars is not necessar-
ily conspicuous. The spectra of LAEs are therefore
characterized by strong Lyman-alpha emission line
as shown in Figure 2. At high redshift universe be-
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Fig. 1. Temperature fluctuation power spectrum from 7
years observation by WMAP (Larson et al.(2011)[53]). The
ordinate shows the auto correlation of the expansion coeffi-
cients of the cosmic microwave background temperature dis-
tribution in spherical harmonics Y. Measured data points
are very well reproduced by a ACDM model denoted by a
solid curve, that constrains many of the cosmological pa-
rameters. The gray band represents the uncertainty due to
the cosmic variance.
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Fig. 2. Typical spectra of a Lyman-Alpha Emitter (solid
line) and a Lyman Break Galaxy.(broken line) at an as-
sumed redshift 5.7, showing the Ly« emission line at 815nm
and stellar continuum long ward of the Lyman « emission
line.

yond z ~ 5, due to the absorption of Ly-« photons by
the residual neutral hydrogen in the line of sight to
us, the blue part of the emission line profile is trun-
cated and LAEs show a characteristic asymmetric
profile. The identification of the observed emission
line to Ly-a 121.5nm line at high redshift, rather
than other typical emission lines, e.g., C1v 154.9nm,
Mgtr 279.8nm, [O11] 372.7nm, and [O111] 500.7nm, at
lower redshifts, can be properly made by covering a
wide enough spectral range to check the presence of
other possible lines. However, even for a single line,
the presence of this asymmetric emission line profile
provides fair confidence to the line identification.

Although LAEs are characterized by their red-
shifted Lya emission line, they are so faint and the
Earth’s foreground night sky emission, that consists
of emission line bands of OH radicals in the upper at-
mosphere and the thermal blackbody emission, hin-
der their detection in the near infrared spectral re-
gion, A > 680nm, where the Ly« emission is shifted
for galaxies with redshift z > 4.6. Figure 3 shows
the strong bands of telluric OH emission lines in the
wavelength region below 1.05 micron, where Si-CCDs
Astronomers use the dark gaps be-
tween these OH bands to probe deep space.

are sensitive.

Subaru observational astronomers formed a con-
sortium to develop a series of narrow band filters
for the wide field camera, Suprime-Cam [54], whose
transmittance bands are matched to one of these
OH band gaps to detect LAEs whose redshifted Ly«
emission enters in such dark sky windows. LAEs
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Fig. 3. OH night sky emission bands showing a few gaps,

which astronomers use as dark windows to look deeply into
the Universe. Narrow band filters whose transmission are
matched to these dark windows are used to sample LAEs
at z=5.7 (NB816), z=6.6 (NB921) and z=7.0 (NB973).

at appropriate redshift range are expected to show
up brighter in the narrow band image than in other
broad band images. The narrow band (NB) survey
is therefore trying to slice the universe in a narrow
range of redshift. For instance, the narrow band fil-
ter NB816 that has the central wavelength at 816nm
is suitable for isolating LAEs at z = 5.7, NB921 for
z = 6.6, etc. The most distant LAE at z = 6.964 was
also discovered using another filter NB973[15] . The
replacement of Suprime-Cam CCDs to new red sen-
sitive ones with thicker depletion layer in 2009 pro-
vided enhanced sensitivity at around 1 micron and
the reddest filter NB1006 for redshift 7.3[18] was also
added to the Suprime-Cam filter suite.

The Subaru Deep Field survey[55] and the Sub-
aru XMM-Newton Deep Field survey[56] were de-
signed to enable systematic studies of galaxy popula-
tion in the early universe by using the Suprime-Cam
imaging data obtained in broad bands, B,V, R,
and 2z’ to allow photometric redshift estimate of each
object from their observed spectral energy distribu-
tion fitted to stellar population synthesis models for
galaxies. This unique data set sampling the large
space volume in the early universe provided a ref-
erence frame to study the luminosity function, mor-
phological and clustering properties, time evolution
of galaxies in the early universe. Narrow band imag-
ing data using NB711, NB816, and NB921 added
precious samples for studying LAEs at z ~ 4.8,5.7
and 6.6, respectively. These data are also used to
study star forming galaxies and active galactic nu-
clei at lower redshifts.



Fig. 4. The most distant galaxy IOK-1 is shown as a red blob
in the inlet panel covering 8 X 8 arcsec in the sky. The entire
field of view covers 254 x 284 arcsec. North is up and East
to the left.
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Fig. 5. The red line in the center panel shows the observed

spectrum of IOK-1, showing the characteristic Lya emission
line with an asymmetric profile at 968nm indicating its red-
shift 6.96 (Iye et al.(2006)[15]).
shows the averaged template profile of Lya emission lines
for LAEs at lower redshift shifted to z = 6.96. The red
line in the lower panel shows the foreground OH night sky
emission lines in the same spectrum.

The blue line superposed
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The red blob in the inlet panel of Figure 4 shows
the most distant LAE, IOK-1, at the time of its dis-
covery by Iye et al(2006)[15] and remained at the
top of the list until the end of 2010 when two LAESs
were found beyond z = 7[25]. TOK-1 was discov-
ered among the 41,533 objects above 50 threshold
detected in the Subaru Deep Field through the nar-
row band filter NB973 for a total exposure time of
15 hours with Suprime-Cam. All the objects were
cross identified in images taken in other filters and
five objects, IOK-1 to IOK-5, which are visible only
in this narrow band filter, were identified as photo-
metric candidates for z ~ 7 LAEs.

Color excess in NB973 is a necessary, but not
sufficient, condition for z ~ 7 LAEs. There are sev-
eral types of possible contaminants in these 50 pho-
tometric candidates. First, since the narrow band
imaging observation was made 1-2 year after other
broad band observations, some of the candidates may
well be variable objects like AGNs or galaxies where
supernovae added extra light when narrow band ob-
servation was made. Possibility for emission line ob-
jects at a lower redshift is a common concern. To our
surprise, simple Gaussian statistics cautions us that
there might be one or two 50 ”
there are millions of independent 2 arcsec apertures
one can sample in the Suprime-Cam field. There-

noises” as well, since

fore spectroscopic follow up observation is essential
to establish a firm confirmation. Eventually, it was
revealed that only one object, the brightest IOK-1,
is a real LAE at redshift 6.96, with the characteristic
asymmetric line profile as shown in Figure 5

Table 1 shows the top 21 list of high redshift
galaxies with spectroscopic redshift confirmation to
the best of the authors knowledge at the time of writ-
ing this review. Although, a discovery of redshift 8.6
LAE was reported in 2010[25], the published data do
not appear as a robust one and I haven’t included
this object in this list. Readers may notice that 14
out of 21 were discovered by Subaru/Suprime-Cam
surveys. This is because Subaru/Suprime-Cam en-
ables observation of large survey volume with signif-
icant depth.

Subaru Deep Field surveys yielded several
dozens of LAE candidates both at redshift 5.7 and
6.6, of which more than half of them are already
confirmed spectroscopically to be LAEs. With this
fair sample, one can derive the luminosity function
of LAEs. It was confirmed that the UV continuum
luminosity functions of LAEs at redshift 5.7 and 6.6
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are practically identical. On the other hand, figure
6 shows that the Ly« luminosity function derived at
redshift 6.6 has a significant deficiency with respect

to that at redshift 5.7 especially at their brighter

population[23].

This can be explained if the neutral hydrogen
fraction of the intergalactic matter is increasing from
redshift 5.7 to 6.6, as the neutral hydrogen selectively
absorbs and scatters the Lya photons but not affects
UV continuum photons. Such a change in the frac-
tion of neutral hydrogen is possible by the ionizing
photons produced by the first generation of massive
hot stars. Actually, the observed Ly-a luminosity
functions, the UV luminosity functions, and the dis-
tribution of equivalent width of the Ly-a emission
are compatible with a star formation history where
an initial Pop III massive star formation was followed
later by a Pop II star formation[57].

Recent follow up HST imaging of IOK-1 in the
F130N, F125W, and F160W filters to probe the red-
shifted Hell A1640 emission placed an upper limit
for the amount of metal free Pop III stars[25]. The
scarcity of massive galaxies at higher redshift could
be ascribed, in principle, to premature evolution-
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Table I. Top 21 distant galaxies (Aug. 8, 2011)
# 1D z Paper Date
1 GN-108036 7.213  Ono+ 2011.7
2 BDF-3299 7.109 Vanzella+ 2011.4
3 A1703zD6 7.045 Schenker+ 2011.7
4 BDF-521 7.008 Vanzella+ 2011.4
5 G2-1408 6.972 Pentricci+ 2011.7
6 I0K-1 6.964 lye+ 2006.9
7 HUDF09-1596 6.905 Schenker+ 2011.7
8 SDF46975 6.844  Ouchi+ 2011.7
9 NTTDF6345 6.701 Pentricci+ 2011.7
10 NTTDF474 6.623 Pentricci+ 2011.7
11 SXDN71598 6.621  Ouchi+ 2010.11
12 SXDW30717 6.617 Ouchi+ 2010.11
13 SDF1004 6.597 Taniguchi+ 2005.2
14 SDF1018 6.596 Kashikawa+ 2006.4
15 SXD Himiko 6.595  Ouchi+ 2008.7
16 SXDW31790 6.590  Ouchi+ 2010.11
17 SXDC106098 6.589  Ouchi+ 2010.11
17 SDF1030 6.589 Kashikawa+ 2006.4
19 SDF91163 6.587 Kashikawa+ 2009.2
19 SDF91988 6.587 Kashikawa+ 2009.2
19 SDF71101 6.587 Kashikawa+ 2009.2
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Fig. 6. Ly« luminosity functions of LAEs at z=5.7 (blue)

and z=6.6 (red). Note that the significant decrease in Ly-
man-alpha luminosity function at its bright end (Kashikawa
et al., 2011[23]).

ary process of galaxies built from tiny proto galax-
ies. However, in this case, both the LAE luminosity
function and the UV continuum luminosity function
should show a coherent difference. Cosmic variance,
though not negligible, could not be the main cause
of this striking difference.

The significant change in the fraction of neutral
hydrogen during 6 < z < 7.2 is also supported by
recent additional works[28, 29, 47]. We, therefore,
conclude that observations of the galaxy population
in the early universe started to reveal the epoch when
the cosmic re-ionization was not completed. This
last phase of cosmic re-ionization is often referred as
”cosmic dawn”.

The upper panel of Figure 7 shows the angular
correlation function for LAEs at z = 6.6 as a func-
tion of angular separation derived for the first time
in the Subaru -XMM deep Field[20]. Filled squares
are observed values, which is fitted by a solid line.
The existence of positive correlation at shorter scale
implies the presence of clustering. Dotted line is that
for underlying cold dark matter predicted by a the-
oretical model.
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Fig. 7. Angular correlation function w and bias b as a func-
tion of angular distance 6 derived for 207 LAEs discovered
in the Subaru-XMM Deep Field. Black and gray squares
represent measured values for all and bright subsamples ,re-
spectively. Solid line in the top panel shows best fit pow-
er-law, while the dotted line denotes the angular correlation
function of the underlying dark matter predicted by a CDM
model. The evidence of clustering is shown for the first time
at z = 6.6 (Ouchi et al. 2011[24].)
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Fig. 8. Lyman break galaxy candidates at z ~ 8.6 discovered
as Y-dropouts from the Hubble Ultra Deep Field (Bouwens
et al. 2011[38].)

[Vol. 88(A),

3. TWO COLOR DIAGNOSIS FOR LY-
MAN BREAK GALAXIES Another popula-
tion of galaxies searched for in the early Universe is
called Lyman Break Galaxies, abbreviated as LBGs.
LBGs are thought to be fairly massive galaxies with
evolved stellar population. Stellar continuum is
much stronger than LAEs. Lya emission is less con-
spicuous as compared with LAEs. The spectra of
these galaxies show characteristic discontinuity at
the blue side of Lya line caused by the intrinsic stel-
lar atmospheric absorption and by the intergalactic
neutral hydrogen absorption (cf. Figure 2). These
galaxies, therefore, are visible at bands red ward of
Lya line but are not visible at bands blue ward of
the Lya line. One can select out LBG candidates
at z=6 by looking for objects that is not visible in
the i-band and other bands at shorter wavelengths
but is visible in bands at longer wavelengths, which
is called 7i-band dropouts”. Similarly, one can look
for z=7 LBGs as z’-band dropout, and z=9 LBGs as
J-band dropouts.

Here again, one have to be careful for pos-
Galactic T-dwarfs, a class of
low-mass, low-temperature, low-luminosity stars[58],
dwell in the similar region in the two color diagram.
One may be able to reject T-dwarfs by their point
source images if the image quality is superb. Vari-
able objects and 5o noises are the common problems

sible contaminants.

for this survey as well.

Hubble ACS and NICMOS imaging at Hubble
Ultra Deep Field and GOODS field was used to iden-
tify faint z-dropouts at around z=7.3 and about 8
candidates were identified, but similar attempt for
J dropout didn’t yield a candidate[33]. Another
group reported finding of 10 z-dropouts and 2 J-
dropouts[33]. Unfortunately, many of these objects
do not show strong Lya emission and spectroscopic
confirmation of their genuine redshift remains diffi-
cult with currently available 8-10m class telescopes.

Figure 8 shows two examples of LBG candidates
at z ~ 8.6 discovered as Y-dropouts from the Hubble
Ultra Deep Field survey[36]. They are not visible in
filter bands at B, V, R, i, z, and Y, but detected
in infrared J and H bands. Photometric redshift
estimates based on comparison of the derived spec-
tral energy distribution with those models of galaxies
place them possibly at z ~ 8.6.

Hubble Ultra Deep Field imaging survey with
ACS probed much deeper than ground based obser-
vations, but has a much smaller survey volume. The



Fig. 9. Lyman break galaxy candidates at z ~ 7 marked
in red circles and ellipses as discovered behind the grav-
itational lensing cluster A1703 at z = 0.28 (Edited from
Bradley et al. 2010[44].)

wide field surveys to pick up scarce bright popula-
tion and narrow field deep surveys to study fainter
populations, are complementary to each other.

4. SURVEY FOR STRONGLY
LENSED GALAXIES Another unique
vey project is to take advantage of the gravitational
lensing effect of a massive cluster of galaxies, which

sur-

will magnify and brighten the background faint
galaxies. In this sense, clusters of galaxies are the
largest cosmic telescopes in the Universe with a
diameter about 1Mpc. They are in situ and free
of charge to use. However, you cannot point them
to your favorite targets. Wavefront aberrations are
bizarre. Although the images produced by cluster
lensing are peculiarly deformed and enlarged, the
largest advantage is the fact some of the lensed
images are brightened considerably and when mul-
tiple lensed images are available they can be used
to check for the consistency of their reconstructed
source image.

Appropriate modeling of the gravitational field
of the cluster enables the prediction of the location of
critical lines for assumed source redshift slice where

the magnification becomes infinity. Observers can
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look for lensed object along these critical lines and
there are in fact several candidate galaxies found in
this way[39]-[44]. For instance, a survey for strongly
lensed LAEs in 9 clusters yielded six candidates[40].
If any of these candidates are real, the number den-
sity of faint population of galaxies is much larger
than previously considered and may well explain the
necessary amount of re-ionizing source.

Figure 9 shows several z-dropout objects that
could be Lyman Break Galaxies at redshift z ~ 7
behind the cluster Abel 1703 at z = 0.28[44]. Pho-
tometric results indicate better match to galaxies at
z ~ 7, however, here again the possibility of galaxies
at z ~ 1.7 is hard to rule out just from imaging.

5. QUASARS The next category of objects
of interest in the distant, early universe are point
sources, first, quasars. The photometric survey tech-
nique used to isolate high redshift quasar candidates
is similar to that used for LBGs. Objects that match
the expected spectral energy distribution of high red-
shift quasars are surveyed in the two color diagram or
even a multi-dimension color manifold. Sloan Digital
Sky Survey with its enormous data base is a nice test
bed to apply this approach. Many quasars beyond
redshift 6 were found in this way[45]-[47]. Gunn-
Peterson tests[59] [60] of quasars up to redshift 6 in-
dicate strongly that the cosmic re-ionization ended
by redshift 6. The most distant quasar found to date
is ULAS J11204-0641 at 7.08[42], which also supports
the increase of neutral hydrogen fraction from z = 6
toz="T.

6. GAMMA RAY BURSTS The advent
of the real time alert system of gamma ray burst
increased the chance for optical and infrared as-
tronomers to make prompt observations of these
rapidly declining bursts[d8]-[51]. The most distant
GRB observed to date is GRB090423 at z ~ 8.2[51].
GRBs at high redshift can be useful tools to probe
the cosmic re-ionization through its Lyman-alpha
damping wing[51].

Timely spectroscopy of GRB050904[48, [49] us-
ing FOCAS[61] was very successful in deriving an es-
timate on the intergalactic neutral hydrogen from its
damped Lya wing absorption profile as well as giv-
ing a concrete evaluation of the chemical abundance
in its host galaxy at z ~ 6.3.

GRB has a much simpler featureless contin-



uum than the quasar spectra which has broad emis-
sion lines superposed on the non-thermal continuum.
GRBs are, in a way, better probes to study the re-
ionization history. Both quasars and GRBs are point
sources, the advent of laser guide star adaptive op-
tics makes the observation of fainter objects feasi-
ble and we expect many such observations will be
conducted soon, if the observatories pay efforts for
timely follow-up spectroscopy of long burst GRBs.
GRBs may provide a new way to study even higher-
redshift galaxies and first generation of stars.

7. CONCLUSION The &8.2m  Subaru
Telescope[3], operated by the National Astronomical
Observatory of Japan, at the summit of Mauna Kea
has made a systematic census of early galaxy popula-
tions, especially the Lya emitters for which a precise
redshift measurement is feasible, in the Subaru
Deep Field[55] and Subaru-XMM Deep Field[56],
using a series of narrow band filters mounted on
the wide field camera, Suprime-Cam[54], a unique
instrument among those for 8-10m class telescopes.
Owing to its wide field coverage of Suprime-Cam
and a dedicated consortium to make a systematic
observation feasible, the Subaru Suprime-Cam data
base was extremely successful in finding many of
distant populations of galaxies beyond redshift 6.
The detectability of Lya emission has been used as
an important criterion to diagnose the epoch of the
cosmic re-ionization[57].

Fig.10 shows the increase of the fraction of
neutral hydrogen as measured from Gunn-Peterson
tests[h9] of quasars up to redshift 6.42 on the left
hand. Our results from redshift 6.6 and 7.0 LAE is
shown in red and an upper limit from redshift 6.3
GRB is shown in blue triangle. Planck satellite may
give more clue in 5 years time. Surveys for galaxies
beyond redshift 7 up to 11 is, therefore, extremely
important to elucidate what happened actually in
this period and for that we need NIR deep surveys.

Fig. 11 shows the annual growth of the records
of the highest redshift objects. The Subaru discovery
of 2=6.964 galaxy, IOK-1, was announced on Sep.14,
2006, and remained at the top until October 2010.
As shown in Table 1, several galaxies at 7.0 < z <
7.2 were discovered during the last 10 months. The
highest redshifts of quasars and GRBs are also ex-
ceeding z = 7. Some LBGs are also found whose
photometric redshift estimate indicate z ~ 8 —10. To
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extend the survey volume at high redshift Universe,
Hyper Suprime-Cam|[62] having 7 times wider field
of view than Suprime-Cam and the Large Synop-
tic Survey Telescope (LSST)[63] will play important
roles. We are about to start seeing the cosmic dawn
but to make a great leap in this science, we do need
next generation of space telescope, James Web Space
Telescope (JWST)[64], to probe population z > 10.
The next generation ground based extremely large
telescopes, Thirty Meter Telescope (TMT)[65], Eu-
ropean Extremely Large Telescope (E-ELT)[66], and
Giant Magellan Telescope (GMT)[67] will elucidate
the concrete characteristics of the infant Universe.
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ABSTRACT

We carried out extended spectroscopic confirmations of Lyx emitters (LAEs) at z = 6.5 and 5.7 in the Subaru Deep
Field. Now, the total number of spectroscopically confirmed LAEs is 45 and 54 at z = 6.5 and 5.7, respectively,
and at least 81% (70%) of our photometric candidates at z = 6.5 (5.7) have been spectroscopically identified as
real LAEs. We made careful measurements of the Ly luminosity, both photometrically and spectroscopically, to
accurately determine the Ly and rest-UV luminosity functions (LFs). The substantially improved evaluation of
the Lya LF at z = 6.5 shows an apparent deficit from z = 5.7 at least at the bright end, and a possible decline even
at the faint end, though small uncertainties remain. The rest-UV LFs at z = 6.5 and 5.7 are in good agreement,
at least at the bright end, in clear contrast to the differences seen in the Lya LF. These results imply an increase
in the neutral fraction of the intergalactic medium from z = 5.7 to 6.5. The rest-frame equivalent width (EWy)
distribution at z = 6.5 seems to be systematically smaller than z = 5.7, and it shows an extended tail toward larger
EW,. The bright end of the rest-UV LF can be reproduced from the observed Lyx LF and a reasonable EW,-UV
luminosity relation. Integrating this rest-UV LF provides the first measurement of the contribution of LAEs to the
photon budget required for reionization. The derived UV LF suggests that the fractional contribution of LAEs to
the photon budget among Lyman break galaxies significantly increases toward faint magnitudes. Low-luminosity
LAEs could dominate the ionizing photon budget, though this inference depends strongly on the uncertain faint-end

slope of the Lyx LF.

Key words: cosmology: observations — early universe — galaxies: formation — galaxies: high-redshift

Online-only material: color figures

1. INTRODUCTION

Cosmic reionization was a major event in the early history
of the universe. It is a drastic phase transition of the inter-
galactic medium (IGM) and is closely related to the birth of
the first galaxies; however, it is still unclear when and how
reionization occurred. The polarization measurement of the cos-
mic microwave background (CMB) by Wilkinson Microwave
Anisotropy Probe implies reionization at z = 109 £+ 1.4
(Komatsu et al. 2009), and the complete Gunn—Peterson (GP)
trough of the Sloan Digital Sky Survey (SDSS) QSOs suggests
that cosmic reionization ended at z ~ 6 (e.g., Fan et al. 2006).
In addition to these unknowns, it is unclear which objects were
responsible for the cosmic reionization. Although QSOs are

* The data presented herein were partly obtained at the W. M. Keck
Observatory, which is operated as a scientific partnership among the California
Institute of Technology, the University of California, and the National
Aeronautics and Space Administration. The Observatory was made possible
by the generous financial support of the W. M. Keck Foundation.

T Based in part on data collected at the Subaru Telescope, which is operated
by the National Astronomical Observatory of Japan.

expected to be the main contributor at the bright end of the lu-
minosity function (LF) of ionizing sources, the QSO population
alone cannot account for all the required ionizing photons (Jiang
et al. 2008; Willott et al. 2005). Star-forming galaxies such as
Lyman break galaxies (LBGs) and Ly« emitters (LAEs) at the
reionization epoch are the only alternatives that could dominate
the LF at the faint end.

The LAEs are one class of high-z star-forming galaxies.
Detecting their strong Ly« emissions is feasible even beyond
z = 6using deep narrowband (NB) imaging. Along with LBGs,
they tell us about early star formation history and initial structure
formation. In addition, they may serve as valuable observational
tools for probing the cosmic reionization process. Lya photons
are sensitive to the physical state of the IGM. It is expected that
the damping wing from the surrounding neutral IGM attenuates
Ly« photons so significantly that the Ly emission flux will be
reduced; therefore, it is naturally expected that the Lya LF of
LAEs should decline as it traces earlier times in the reionization
epoch (Haiman & Spaans 1999; Malhotra & Rhoads 2004). The
LAE population appears to have a similar number density over
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a long-time period from z = 3 to 6 (e.g., Ouchi et al. 2008).
Thus, if a sharp decline appears in the Lyo LF of LAE:s, it could
result from attenuation by the neutral IGM. Consequently, the
observed census of LAEs during the reionization period could
trace the neutral fraction of IGM hydrogen, xy,. The census
of observable LAEs beyond z = 6 is sensitive to xy; of the
universe.

This “Lya test” has an advantage in that it is sensitive even
at xg; > 1073, which is the upper limit for the application
of the GP test. In addition, this method uses galaxies that
are more abundant than QSOs or gamma-ray bursts (GRBs),
so it will yield a volume-averaged estimate for the neutral
fraction. Significant variation in IGM transmissions among
different QSO lines of sight (Djorgovski et al. 2006) suggests
that the reionization process is spatially patchy. In the future,
it will be possible to investigate field-to-field variation in the
neutral fraction, providing qualitative estimates of this spatially
patchy reionization process. Alternatively, the change in the
Lya LF could be caused by galaxy evolution. Distinguishing
IGM attenuation from galaxy evolution is crucial for this
test. However, recent systematic surveys for LAEs at lower-z
revealed that the Lya LF exhibits almost no evolution from
z = 3 to z = 6, though the physical reason for this is unclear.
In any case, this result strongly supports the viability of the Lyo
test, in which any decline of such static LAE LF at z > 5.7
would be caused by an IGM attenuation. Nevertheless, part of
the LF decline should be caused by the intrinsic galaxy evolution
of LAEs; therefore, it is important to compare the rest-UV LFs
based on the LAE sample at the same time as the Lyo test is
made, because the rest-UV continuum flux is not sensitive to
the neutral IGM.

Several model predictions of the Ly LF at the reionization
epoch agree that the amplitude of the LF decreases as xy;
increases (McQuinn et al. 2007; Haiman & Cen 2005; Le Delliou
et al. 2005; Dijkstra et al. 2007b; Mesinger & Furlanetto 2007;
Kobayashi et al. 2007; Iliev et al. 2008; Dayal et al. 2009). The
H 1 bubbles of bright LAEs clustered in the overdense regions
would effectively overlap, creating a larger Hir bubble with
a high-ionization fraction, which would significantly reduce
the Ly flux attenuation. As a result, the bright LAEs that
are expected to reside in a high-density environment should
be readily observed, whereas faint LAEs are more severely
attenuated. This results in a smooth decrease in the amplitude
of the LF toward higher xy,. To compare with these model
predictions, we have to observe a large sample of high-z LAEs.

In our previous papers (Kashikawa et al. 20006, hereafter
KO06; Shimasaku et al. 2006, hereafter S06), we have presented
spectroscopic confirmations of 17 and 34 LAEs at z = 6.5
and 5.7, respectively, in the Subaru Deep Field (SDF); see also
Kodaira et al. (2003) and Taniguchi et al. (2005) for LAEs
at z = 6.5. The sample consisted of objects with excess flux
in narrowband NB921 (1. = 9196 A, FWHM = 132 A) and
NB816 (1. = 8150 A, FWHM = 120 A) images. We found
that the Ly LF at z = 6.5 reveals an apparent deficit at least at
the bright end, corresponding to ~0.75 mag fainter, compared
with that observed at z = 5.7. The decline in the Ly LF from
z = 5.7 to 6.5 could imply a substantial transition in the IGM
ionizing state between these epochs, suggesting that reionization
was not complete at z = 6.5. The trend was also confirmed in
the LAE sample at z ~ 7 (Iye et al. 2006). The Ly« luminosity
density of LAEs did not change from z = 3 to z = 5.7, and
it gradually decreased from z = 5.7 to 7 (Ota et al. 2008).
The abrupt drop in luminosity density from z = 5.7 to 7.0 did
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not seem to be caused by continuous galaxy evolution. This
gradual decline recalls the IGM attenuation, though we have
few spectroscopically identified galaxies at z = 7.

Turning to the faint end of the LF below L(Lyx)= 5 x
10%?, the amplitude difference between our photometrically
and spectroscopically determined estimates was too large to
constrain the faint end. Our faint spectroscopic sample at both
z = 6.5 and 5.7 was still so small that we could not reliably
identify a significant difference in the LF between these two
epochs at the faint end. We neither determined the faint-end
slope of the LF nor constrained the true contribution of LAEs
to the entire photon budget required for full reionization.

In this paper, we describe our extended spectroscopic con-
firmations of LAEs at z = 6.5 and 5.7 after KO6 and S06 to
determine more accurately the faint end of the LAE LFs close
to the reionization epoch. Spectroscopic confirmations enhance
the reliability of the LAE sample, eliminating possible contam-
inations from emission-line galaxies at lower-z, and improving
the derivation of the Lyw luminosity with precise redshifts. A
large number of spectroscopically identified LAEs enable us to
construct more accurate LFs in both the Ly luminosity, which is
sensitive to the neutral IGM, and the rest-UV luminosity, which
is insensitive to it. The larger spectroscopic sample also provides
better statistical estimates of the contamination rate, increasing
the reliability of our photometric LAE sample. Purely photo-
metric detection of LAE candidates might have non-negligible
ambiguities in estimating both Ly« luminosities, which is sen-
sitive to the neutral IGM, and the rest-UV luminosity, which is
insensitive to it, especially at high-z beyond z = 6.5, where it
is difficult to detect them even with broadband imaging (Hibon
et al. 2010; Tilvi et al. 2010; Ota et al. 2010). An increase in
the spectroscopic sample size could also improve the stacked
spectrum, which may provide insights into either the internal
dynamics of the LAE or the IGM properties (K06).

The Subaru Suprime-Cam has a very large field of view (FOV;
27 x 34 arcmin?). Wide-field imaging increases the chance of
discovering rare objects, such as the most distant galaxies (Iye
et al. 2006). Furthermore, it is generally predicted in almost
all models of the reionization process that an overlapping H1ut
bubble at the end of the reionization could be as large as 10
physical Mpc (Barkana & Loeb 2004; Wyithe & Loeb 2004;
Furlanetto et al. 2004), which corresponds to the FOV size
of the Subaru Suprime-Cam. Thus, wide FOV observations
are essentially required to achieve an unbiased picture of
the universe at the reionization period. Our LAE samples
were obtained from a general blank field without resorting to
amplification of gravitational lensing by foreground clusters,
providing reliable statistics about their LFs. High-z surveys
rendered by gravitational lensing, which are accessible to low-
luminosity sources (Richard et al. 2008; Stark et al. 2007; Hu
et al. 2002), are complementary to our survey.

This paper is organized as follows. In Section 2, we review
our photometric LAE sample and initial spectroscopic identi-
fications, presented in our previous studies. In Section 3, we
describe our new spectroscopically identified LAE sample at
z = 6.5 and 5.7. In Section 4, we accurately derive the Lyo
and rest-UV luminosities of our LAE sample, comparing the
Lya and UV LFs between z = 6.5 and 5.7. Comparisons of the
rest-frame equivalent width (EW,) and stacked Lyo emission
profile are presented in Sections 5 and 6. In Section 7, we present
a new method for deriving the rest-UV LF of LAEs, using the
Lya LF and EW, distribution, to constrain the photon budget
required for reionization. A summary of the paper is provided in
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Table 1
Summary of Spectroscopic Observations

Observational Run Instrument Date(UT) Tinteg (ks) Seeing(arcsec) Nmask® Negs® Ns7¢
20064 FOCAS Apr 26 7.2-9.0 0.5-1.0 2 2 0
2007 FOCAS May 19-22, 24 10.8-16.2 0.5-1.2 5 15 4
2008 DEIMOS Apr 30, May 1 5.4-10.8 0.7-1.1 4 1 2
2009 DEIMOS Apr 26-27 10.8-16.2 0.7-0.8 3 8 10
2009¢ DEIMOS Apr 24-25 10.8-12.6 0.7-0.8 2 2 1
2010f FOCAS Mar 18-21 18.0 2 0 3
Total 28 20
Notes.

2 The total number of masks.
b The total number of identified LAEs at z = 6.5.
¢ The total number of identified LAEs at z = 5.7.

94 These were identified in the course of other observational program in Nagao et al. (2007).
¢ These were identified in the course of other observational program in L. Jiang et al. (2011, in preparation).
f These were identified in the course of other observational program in M. Iye et al. (2011, in preparation).

Section 8, with some discussion of the implications for reion-
ization based on our results.

Throughout the paper, we assume cosmology parameters:
Qn, = 03, Qy = 0.7, and Hy = 70 hyp km s~! Mpc’1
These parameters are consistent with recent CMB constraints
(Komatsu et al. 2009). Magnitudes are given in the AB system.

2. SUMMARY OF THE PREVIOUS LAE SAMPLE
AT z = 6.5 AND z = 5.7 AS OF 2006

The sample selection of photometric LAE candidates at
z = 6.5and z = 5.7 was presented in Taniguchi et al. (2005) and
S06, respectively. The details of observation, photometry, and
color selection were presented in those papers; here, we briefly
discuss our photometric selection of the LAE sample. The
sample was based on flux-excess objects in narrowband NB921
and NB816 images, compared with very deep broadband images
of the SDF (Kashikawa et al. 2004). We selected LAE candidates
at z = 6.5 with definite NB excesses down to the 5o limiting
magnitude of NB921 = 26.0, i.e,, 77 — NB921 > 1.0 and
7/ —NB921 > (' —NB921)3,, where (z' — NB921)3, is the 30
error in the color of 7 — NB921, and the very red color in broad
bands,ie., (i’ —z' > 1.3and z < i}, — 1.3) or (z > i}, — 1.3),
where i, are defined as 2o limiting magnitudes of i’, to reduce
contamination from foreground emission-line galaxies. We also
applied the no detection (ND; < 30¢) criteria in all bands
blueward of the dropout band, i.e., B, V, and R. In Taniguchi et al.
(2005), we found 58 photometric candidates at z = 6.5 down
to NB921 = 26.0 in the effective survey region of 876 arcmin?;
spectroscopic confirmations of 17 candidates were presented
in K06. In S06, we selected LAE candidates at z = 5.7 with
NB excesses with i’ — NB816 > 1.5 down to NB816 = 26.0
and very red color in broad bands, i.e., (R — 7z’ > 1.5 and
R < Ry;) or (R > Ry, ), where R,, are defined as 20 limiting
magnitudes of R. We also applied the ND (<20) criterion in
the B and V bands. The 89 photometric candidates were found
at z = 5.7 down to NB816 = 26.0 in the same survey region;
34 of them were confirmed by spectroscopy. We estimated the
detection completeness, defined as the ratio of detected LAE
candidates to all the LAEs actually present in the universe. This
should be corrected when evaluating the LF as a function of NB
magnitudes by counting artificial objects distributed on the real
NB images. The detection completeness was evaluated as >0.8
at NB816 < 25.0 and ~0.75 at NB816 = 26.0, and as >0.75 at
NB921 < 25.0and ~0.45 at NB921 = 26.0, forthe z = 5.7 and

6.5 sample, respectively. We quantitatively distinguished LAEs
from nearby emitters based on their asymmetric emission-line
profile, using the “weighted skewness” indicator (K06). The
comoving survey volume was as large as 2.17 x 10° Mpc?
and 1.80 x 10° for z = 6.5 and z = 5.7, respectively. It
should be noted that the LAE samples at these two epochs
were extracted from the same field using the same photometric
procedure, similar survey volume, and similar selection criteria.
We carefully determined the NB-excess criteria to provide
almost the same EW thresholds (EWy > 10 A) for both LAE
samples.

3. NEW SPECTROSCOPIC IDENTIFICATIONS FROM
LAE SAMPLE

3.1. Spectroscopic Observations

We carried out further spectroscopic observations with the
Subaru FOCAS (Kashikawa et al. 2002) and the Keck II
DEIMOS (Faber et al. 2003) over the last four years
(2006-2010). This spectroscopic campaign is summarized in
Table 1.

The FOCAS observations were made with a 300 line mm™
grating and an OS58 order-cut filter. The spectra covered
5400-10000 A, with a pixel resolution of 1. 34 A. The 06 wide
slit gave a spectroscopic resolution of 7.1 A (R ~ 1300). The
spatial resolution was 03 pixel ™! with 3 pixel on-chip binning.
We also allocated slits for NB921-strong (7' — NB921 > 1)
emitters, irrespective of their (i’ — z) color, as an LAE criterion
to test our selection criteria. Some extra slits were allocated for
our candidates in another observation by Nagao et al. (2007),
in which they used a 175 line mm~' Echelle grating, an SDSS
7’ filter as an order-cut filter, and 0783 slit, giving R ~ 1500.
Extra slits were also allocated for observations by M. Iye et al.
(2011, in preparation), in which they used the VPH900 grism,
058 order-cut filter, and 078 slit, giving R ~ 1500. We obtained
spectra of standard stars Hz 44, Feige 34, and BD+28 for flux
calibration. The data were reduced in a standard manner.

For the DEIMOS observations, we used an 830 line mm™
grating and a GG495 order-cut filter. The central wavelength
was set to A, = 8100 A. The slit width was 170 with
0.47 A plxel_ , giving a resolving power of ~3600. The
Wavelength coverage was ~5000-10000 A, depending on the
position in the mask. We also allocated slits for strong NB921
emitters. Some extra slits were allocated for our candidates in

1

1
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another observation led by L. Jiang et al. (2011, in preparation),
in which they used almost the same instrumental setup, except
that A, = 9239 A. We obtained spectra of standard stars BD
+28 4211 and Hz 44 for flux calibration. The data were reduced
with the spec2d pipeline'® for DEEP2 DEIMOS data reduction.
During the 2010 run, the flexure compensation system (FCS)
of DEIMOS was broken. Unexpected flexure at this time was
adequately corrected by shifting the spectral images based on
the instrumental rotation angle, which is sensitive to the flexure
change, of each exposure.

All spectroscopic observations were taken at high enough
resolving power to distinguish single Ly emission from [O11]
doublets (rest-frame separation of 2.78 A); however, in practice,
it is hard to discriminate between the features, given very
faint emissions. To quantitatively distinguish LAEs from nearby
emitters, we used a line asymmetry estimator, called weighted
skewness, S, as in KO6. Skewness is a popular statistic defined
as the third moment of the distribution function. In K06, we
found that this estimator is sensitive to asymmetry and carefully
determined the critical value to distinguish LAEs from nearby
emitters based on our NB921- and NB816-excess sample. The
Sw values of foreground emitters never exceeded S, = 3,
which we set as the critical S, value to distinguish LAEs from
foreground emitters. We should note that the threshold S,, = 3
applied in this study is only valid for LAEs at z = 5.7 and 6.5.
We have no guarantee that the same critical value can be used for
LAEs at different z, where, in principle, different intergalactic
attenuation could change the degree of asymmetry in the Ly«
emission. We serendipitously identified some LAEs (three for
z = 6.5 and eight for z = 5.7) from strong NB921 and NB816
emitters that did not meet our color selection criteria. We found
that most of them had very close neighbors in the images,
which prevented accurate aperture photometry. In summary,
we identified 28 and 20 additional LAEs at z = 6.5 and
5.7, respectively.'* The spectra of these additional LAEs are
shown in Figures 1 and 2, and their spectroscopic properties are
summarized in Tables 2 and 3 for z = 6.5 and 5.7, respectively.

We did not detect Ny A1240, which is the only accessible
strong high-ionization metal line indicative of active galactic
nucleus (AGN) activity, from any of these newly identified
LAEs. We have some candidates (two for z = 6.5 and six
for z = 5.7) that exhibited only a faint, poorly fit “single-" line
emission signal, so we could not verify its asymmetry, which is
the only key diagnostic for distinguishing Lyo emission from
other emissions. We did not include these single-line emitters
in the LAE samples. We had some additional candidates (7 for
z = 6.5 and 10 for z = 5.7) for which no emission signal
was detected, even using 8—10 m class telescopes. These might
be intrinsically too faint, or some could be transient objects.
Table 4 summarizes our current spectroscopic identifications of
LAEs at z = 6.5 and 5.7 in the SDF and Figure 3 shows the
NB-magnitude histogram of spectroscopic identifications. At
this time, 90% and 74% of the photometric candidates atz = 6.5
and 5.7, respectively, have been followed by spectroscopy.
Uncertain “single” and “no-detection” candidates are of course
only dominant at the very faint end of the sample, so we
consider this to be our current observational feasibility limit.

13 The data reduction pipeline was developed at University of California,
Berkeley, with support from National Science Foundation grant AST
00-71048.

14 SDF J132417.9+271746 and SDF J132521.1+272712, classified as
single-line emitters in Taniguchi et al. (2005), and SDF J132417.8+272833
(ID 91179), classified as a single-line emitter in S06, were found to be LAEs in
the deep spectroscopic observations performed in this study.
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Despite this uncertainty, most of the photometric candidates
have been spectroscopically identified, and only six candidates
remain without follow-up spectroscopy in the z = 6.5 sample.

3.2. Spectroscopic Sample

Now the total numbers of spectroscopically confirmed LAEs
in the SDF are 45 and 54 at z = 6.5 and 5.7, respectively.
Figure 4 shows the line-peak wavelength distribution of spec-
troscopically confirmed LAEs. The distributions of line peaks
show an apparent blueward deviation against the NB transmis-
sion curve, which was already confirmed in our previous studies.
This is due to the fact that the asymmetric LAE profile, with a
broad red wing and sharp blue cutoff and a discontinuous Lyman
continuum break, contributes more to the NB flux when a line
peak lies at the blue side of the transmission curve. The evalua-
tions of sample completeness and contamination rates are listed
in Table 4. At least 81% (70%) of our photometric candidates
at z = 6.5 (5.7) have been spectroscopically identified as real
LAEs. Because “single” and “ND” candidates depend on un-
certain assumptions, we evaluated two extreme values, i.e., we
assumed that all of these uncertain candidates were really LAEs
and then assumed that none of the candidates was really an LAE.
By taking the average of these two cases, our photometric sam-
ple completeness factor, determined as the ratio of the number
of true LAESs to the number of objects that meet our selection
criteria (= (1 — (CT))/(CP), see Table 4), was evaluated to be
(1 —0.105)/0.935 = 0.957 and (1 — 0.180)/0.860 = 0.953
for z = 6.5 and z = 5.7, respectively. These spectroscopic re-
sults indicate that our photometric sample has high reliability,
indicating our color selection process works well. [O 1] and
[O 1] emitters identified by spectroscopy based on their doublet
signatures were removed from the photometric sample, whereas
LAEs that were serendipitously found by spectroscopy but not
listed in the original photometric sample were included in the
following analysis.

4. Lyoe AND REST-UV LUMINOSITY FUNCTIONS
4.1. Deriving Lya Luminosity

We derived Ly« luminosity both photometrically and spectro-
scopically. The latter would be more accurate than the former,
but hardly gives an accurate measurement of faint continuum
flux in most cases, though these are eventually found to be fairly
consistent with one another. We measured luminosities more
carefully in this than the previous study (K06) to accurately
determine Lyo and rest-UV LFs. We applied the following pro-
cedure, not only to the newly identified LAE sample but also to
the previously identified objects by recalculating the Ly and
rest-UV luminosities.

First, for the photometric estimate of Lyo line flux,
the Lya line (fiine; erg s~' cm™) and rest-UV continuum
(fe; erg s7! cm™2 Hz™") fluxes were evaluated from NB and
BB magnitudes (myp and mpg) as follows:

fovLya (fc + fline)TNB,BBdV/V
f TNB,BBdV/v

where vy, is the observed frequency of Lya, and Tng and
Tpp are the transmission bandpasses of the NB and BB filters,
respectively. The (NB, BB) filter combinations in the above
formula are (NB921, z') and (NB816, ') for z = 6.5 and 5.7,
respectively. We assumed that the spectral energy distribution
(SED) of LAEs had a constant f, and é-function Ly emission

mNB,BB t+ 48.6 = —2.510g

(D)
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Figure 1. Spectra of 28 spectroscopically confirmed LAEs at z = 6.5. ID number and redshift are shown in the upper left corner of each panel. Spectra taken by
DEIMOS were smoothed with a 3 pixel boxcar. The vertical dotted line indicates the center of the Lya emission line. The vertical scale is marked in 0.1 x 10718 erg s~

ecm~2 A~!, and a scaling factor to obtain the correct scale appears in the right corner in each panel. The sky spectrum is overplotted on the left bottom panel with an
arbitrary flux scale.
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profile, whose line width was much smaller than vry,. The
estimate of the Ly line flux was not largely affected, even when
taking account of a finite line width as of the observed <30 A,

which made the Ly« flux change at most by ~16% at the reddest
wavelength of the NB band. The observed value was adopted
for vy, when spectroscopically identified; otherwise, the central
frequency, v, of the NB filters was used. We used the actual
filter transmission curves convolved by telescope, instrument,
and atmospheric transmissions for Txg gp. The importance of
such a careful analysis of filters’ non-square transmission curve
has been pointed out in Gronwall et al. (2007). If an object was
not detected in the BB filter, mpp was replaced by the 1o limiting
magnitude of BB, and f. was forcibly set to O when f. < 0.

In spectroscopic measurements of Ly« line flux, we corrected
for slitloss. The target was regarded as almost perfectly centered
in the slit because the typical positioning error of the slit on the
target object was as small as 0”1 rms for both FOCAS and

8100 8150
Figure 2. Same as Figure 1, but for 20 LAEs at z = 5.7.

DEIMOS spectrographs. Thus, we assumed that the slit flux
loss depended only on the seeing size, target size, and slit width.
We calculated a possible slit flux loss based on the seeing size
and slit width for each spectroscopic observation. The intrinsic
Ly« radial light profile of each object was simply assumed to
be a Gaussian profile with FWHM measured on the NB image
deconvolved by the seeing size (0798) of the image. The slit
lengths were always so much longer (>8”0) than the object
size that slit loss along the spatial direction was negligible.
The resultant slit loss was corrected for the spectroscopically
measured Lya flux for each object. The average slit loss was
evaluated to be 24.1% %+ 10.1% and 30.3% £ 12.5% for z = 6.5
and 5.7, respectively. The difference in slit flux loss between
these two samples was minor.

Comparisons of the Lya fluxes measured photometrically
and spectroscopically for the spectroscopically identified LAE
sample are shown in Figures 5 and 6. The correspondence is
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Table 2
Spectroscopic Properties of z = 6.5 LAEs
ID? NAME z° P (Lyar)© L3P (Lyar)d FWHM® Sw OBS.f
(10 Bergs™ em™) (10247 ergs™) (A) A)

12 SDFJ132417.94271745  6.552 10.5 5.14 9.05 9.33 + 2.38 D
13 SDFJ132428.74273049  6.559 5.35 2.62 10.1 749 + 1.72 F
14 SDFJ132500.94272030  6.552 8.78 4.29 19.2 8.45 + 3.12 F
19  SDFJ132521.14272712  6.549 9.56 4.67 12.4 1291 + 3.17 D
22 SDFJ132338.64272940  6.566 9.59 471 5.04 12.0 + 3.14 D
23 SDFJ132342.24272644  6.587 12.5 6.19 6.50 6.17 + 0.96 F
24 SDFJ132343.24272452  6.538 21.5 10.4 9.10 8.74 + 0.56 F
25  SDFJ132347.74272360  6.557 10.2 4.99 9.53 741 + 1.84 D
26  SDFJ132348.94271530 6.552 4.66 228 16.0 16.66 + 4.56 F
27  SDFJ132349.24273211  6.543 9.62 4.69 7.99 8.16 + 4.83 D
34  SDFJ132419.34274125  6.568 11.9 5.85 9.41 3.54 + 0.59 F
35  SDFJ132422.64274459  6.555 7.96 3.90 18.5 11.30 + 4.73 F
40  SDFJ132434.34274056  6.523 9.27 4.49 7.45 8.89 + 1.10 F
41  SDFJ132435.04273957  6.558 12.5 6.10 8.83 5.25 + 1.40 F
42 SDFJ132436.5+272223  6.574 6.37 3.14 9.39 9.07 + 2.88 D
43 SDFJ132440.24272553  6.548 6.10 2.98 16.5 4.03 + 3.61 F
44  SDFJ132443.44272633  6.587 6.85 3.39 16.0 6.89 + 2.14 F
45  SDFJ132444.44273942  6.557 6.97 3.42 14.0 14.60 + 22.02 F
46  SDFJ132445.6+273033  6.556 10.0 491 232 16.62 &+ 4.95 F
472 SDFJ132533.94271301  6.599 6.53 5.94 8.84 6.62 £ 0.51 D
49  SDFJ132450.74272160  6.587 10.8 5.35 9.14 3.98 + 1.22 F
50  SDFJ132455.4+4271314  6.660 13.5 6.70 18.1 6.04 £ 7.09 D
51  SDFJ132455.8+274015  6.538 7.06 3.44 252 10.55 + 6.75 F
53 SDFJ132458.04272349  6.545 17.7 8.65 17.3 3.99 + 2.72 F
56 SDFJ132516.6+272236  6.541 6.59 321 14.5 6.60 + 13.6 D
57  SDFJ132528.0+271328  6.624 17.5 8.79 10.1 6.41 £ 4.03 D
60  SDFJ132523.3+271612  6.571 15.9 7.82 10.9 8.87 & 0.59 F
61  SDFJ132344.94273145  6.554 14.5 7.08 8.04 7.89 + 3.75 D
Notes.

? The object IDs are those of T05, except ID = 60 and 61, which are not listed in the photometric catalog of T0S.

Y The redshift was derived from the wavelength of the flux peak in an observed spectrum assuming the rest wavelength of Lyx to
be 1215 A. These measurements could be overestimated in the case of significant damping wings by IGM. Also, the observed peak
position was slightly shifted redward due to instrumental resolution. See Figure 13.

¢ The observed line flux corresponds to the total amount of the flux within the line profile. The slit loss was corrected.

4 No dust absorption correction was applied.

¢ Corrected for instrumental broadening.

f Observed with FOCAS (F) or DEIMOS (D).

& The coordinates of TOS ID-47 appeared incorrectly in TOS.

good except in a few cases. Note that the photometric Lyo flux
may have non-negligible uncertainty when mpp is only given
by an upper limit, as appears often in the z = 6.5 sample.
We hereafter use spectroscopically measured Ly« fluxes for the
spectroscopically identified LAEs and photometrically inferred
Ly« fluxes for the remaining uncertain (referred to as “single,”
“ND,” and “wo/spec” in Table 4) objects.

4.2. Ly Luminosity Function

We estimated the acceptable Ly LF range specified by the
upper and lower limits. The upper limit was estimated assuming
that all the uncertain (“single,” “ND,” and “wo/spec” in Table 4)
photometric candidates, for which photometrically evaluated
Lya luminosities were adopted, were really LAEs. The lower
limit was estimated assuming that all the uncertain candidates
were not LAFEs, i.e., using only the pure spectroscopically identi-
fied LAE sample. To derive the Ly« LF, the detection complete-
ness, which decreases at fainter NB magnitudes, was corrected
in the same way as outlined in K06. In both the upper and lower
limit estimates, we corrected for this detection completeness by
number weighting according to the NB magnitude.

Figure 7 provides a comparison of the cumulative Lyo LFs
between z = 6.5 and 5.7. The red-shaded and blue-shaded
regions indicate acceptable LF ranges for z = 6.5 and 5.7,
respectively. Compared with our previous estimate in K06,
the acceptable LF ranges are now more sharply determined.
The given uncertainties are by the Poisson errors, shown for
some average data points between upper limit and lower limit
data points, indicating that Poisson errors are dominant at the
bright end, whereas the spectroscopic uncertainties are dominant
at the faint end. Taking into account the corrections for the
completeness factor (95.7% for z = 6.5 and 95.3% for z = 5.7)
evaluated in the previous section, both LFs could increase by a
factor of ~1.05, although this is smaller than the Poisson errors.
Note that we derived the apparent Ly luminosity uncorrected
for either dust extinction or self-absorption, which is evident on
the blue-side cutoff of the emission line.

We fitted a Schechter function, ¢(L)dL = ¢*(L/L*)*
exp(—L/L*)dL/L*, to the average data points between the up-
per limit and lower limit data points. The x? was minimized
with a single grid search in the two parameters, L* and ¢*, for
fixed slopes of « = —1.7, —1.5, and —1.3. The larger value of
the Poisson errors or the difference between the upper limit and
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Table 3

Spectroscopic Properties of z = 5.7 LAEs
ID? NAME z° P (Lyar)* L3P (Lyar)d FWHM® Sw OBS.f
(10" B ergs™ em™)  (102hf ergs™) A) A)
34549  SDF J132418.14271639  5.702 9.56 3.38 16.9 9.97 + 1.99 D
36849  SDF J132435.8+271709  5.738 6.92 2.49 12.0 32.8 + 11.7 D
45159  SDFJ132520.24+271842  5.701 10.5 372 11.1 6.09 + 3.28 D
61394  SDF J132456.5+272212  5.761 39.6 14.4 7.09 345 + 047 F
62511  SDFJ132419.6+272228  5.665 15.0 5.23 4.81 6.52 + 2.07 D
65899  SDF J132438.0+272315  5.687 15.0 5.29 5.34 13.8 + 2.13 D
66162  SDF J132528.8+272317  5.688 16.4 5.78 8.01 12.0 + 2.56 D
70773 SDF J132347.14272414  5.696 6.77 2.39 11.0 3.35 + 2.86 D
71751  SDF J132344.84272427  5.720 10.4 3.70 996 530 &+ 1.27 F
75550  SDF J132447.7+4272512  5.708 14.9 5.28 6.63 474 + 344 D
81382  SDF J132451.44272626  5.697 9.05 3.20 855  6.20 & 2.00 D
83092  SDFJ132441.3+272649  5.747 15.6 5.62 550 570 &+ 5.22 F
80624  SDF J132424.8+272812 5.714 13.1 4.67 836  4.08 &+ 5.53 F
91179  SDFJ132417.8+272833  5.712 13.3 474 14.0 8.31 + 1.35 D
98040  SDF J132432.94273009 5.674 25.9 9.06 11.0 7.62 + 1.80 F
98461  SDF J132428.3+273012  5.697 11.3 3.99 399  3.65 + 1.81 F
120018  SDF J132340.6+273447  5.684 38.8 13.6 11.3 10.0 £ 2.00 D
124905  SDF J132352.94273549  5.694 6.88 2.43 507 693 & 493 D
138608  SDF J132450.9+273839  5.669 19.7 6.88 11.4 456 + 103 F
138624  SDF J132357.44273836  5.677 8.30 2.60 11.0 5.04 £ 2.75 D
Notes.

2 ID in the NB816-detected catalog of S06.

b The redshift was derived from the wavelength of the flux peak in an observed spectrum assuming the rest wavelength of Ly to
be 1215A. These measurements could be overestimated in the case of significant damping wings by IGM. Also, the observed peak
position was slightly shifted redward due to instrumental resolution. See Figure 13.

¢ The observed line flux corresponds to the total amount of the flux within the line profile. The slit loss was corrected.

4 No dust absorption correction was applied.
¢ Corrected for instrumental broadening.
f Observed with FOCAS (F) or DEIMOS (D).
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Figure 3. Magnitude histogram of spectroscopically identified LAEs.

the lower limit was used for the error of each data point when
fitting a Schechter function. The derived best-fit parameters are
listed in Table 5.

After spectroscopic confirmations of a large amount of our
LAE samples at both z = 6.5 and 5.7, we found that the
evaluation of the Ly LF at z = 6.5 was apparently deficient
compared with that of z = 5.7, at least at the bright end, where
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Figure 4. Observed wavelength distribution of the Ly« line peak for our
spectroscopic sample at z = 5.7 (left) and 6.5 (right). The transmission curves
of NB816 (left) NB921 (right) are overplotted as dashed lines.

the entire samples at both epochs have been spectroscopically
identified. A possible decline in the z = 6.5 LF appeared
even at the faint end. The L* difference between z = 6.5 and
z = 5.7 decreased slightly to ~0.65 mag from the previous
estimate of ~0.75 mag, given « = —1.5. A major cause of
this change could be the significant increase in the number
of spectroscopically confirmed LAEs and the more careful
measurements of luminosity performed in the present study.
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Table 4
Summary of Spectroscopic Identifications
< Z\lpholhl Lya Ha [Om] [On] Singleb ND¢ Wo/specd Lywserende Lyat()talf CPming CPmaxh CTmaxi CTminj
6.5 58 42 0 1 0 2 7 6 3 45 93% 94% 19% 2%
5.7 89 46 0 0 4 6 10 23 8 54 85% 87% 30% 6%
Notes.

2 Photometric candidates.

b These possess only a single poor-quality symmetric emission feature with small S,, < 3, in which we cannot determine whether

they are Ly emission or [O 11] emission (K06).
¢ No detection of any emission features.
d Candidates without spectroscopic follow-up observations.

¢ LAE:s serendipitously discovered in spectroscopic observation. They are not included in the photometric candidates.

f Total number of LAEs spectroscopically identified =Lyo+Lyaerend-
& Sample completeness rate provided that all singles are foreground objects =Ly /Lyaotal-
h Sample completeness rate provided that all singles are LAEs =(Lya+single)/(Lycor +single).

f Sample contamination rate provided that all singles and NDs are foreground objects =([O 11],[O m]+single+ND) /(Nynot—W0/spec).
J Sample contamination rate provided that all singles and NDs are LAEs = [O m1],[O 11] /(Nphot—Wo/spec).
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Figure 5. Comparison of the Lya fluxes measured by spectra, fspec, with those
inferred from photometry, fyhot, for our spectroscopic LAE sample at z = 6.5.
The solid line represents a one-to-one correspondence between fgpec and fppor.
The errors were estimated based on the sky rms fluctuation of each spectrum
for fspec and errors in magnitudes for fyno.

(A color version of this figure is available in the online journal.)

4.2.1. Uncertainties in the LF Estimates

Two uncertainties appeared in the photometric estimate of the
Ly luminosity: the photometric error and the redshift ambigu-
ity. In the previous section, we assumed that the peak of the Ly«
emission line was the central wavelength, 1., of the NB filters
for the photometric sample. We carried out a Monte Carlo sim-
ulation to see how the associated uncertainties would affect the
resultant LF. In the simulations, Gaussian random photometric
errors both in BB and NB were assigned to the measured mag-
nitudes of the photometric sample, and redshifts were assigned
so that their redshift distributions matched the observations, as
shown in Figure 4. The 1o photometric error was estimated from
the background fluctuation and the flux Poisson noise. The pro-
cess of recalculating the LF and deriving the best-fit Schechter
parameters was repeated many times. We found rms fluctuations
of o (log(L*)) = 0.041 and o (log(¢*)) = 0.066 for z = 6.5 and

2
fopee [€TE/S/CM?]
Figure 6. Same as Figure 5, but for LAEs at z = 5.7.
(A color version of this figure is available in the online journal.)

o(log(L*)) = 0.023 and o (log(¢*)) = 0.027 for z = 5.7 for
a = —1.5, suggesting that these uncertainties have only a small
impact on the result. The photometric sample selection prior to
the luminosity measurements might be affected by errors in the
photometric catalog. We also carried out a Monte Carlo simula-
tion to see how the photometric error in the catalog would affect
the color selection and resultant LF, by assigning random errors
to the measured magnitudes of detected object catalogs in all
bands. We did not use spectroscopic estimate of the Lya flux
in the simulation and estimated the Lyo LFs photometrically.
The rms fluctuations were found to be o (log(L*)) = 0.104 and
o (log(¢*)) = 0.119 for z = 6.5 and o(log(L*)) = 0.098 and
o(log(¢™)) = 0.094 for z = 5.7 for « = —1.5. We note that
more than 70% of our LAE samples have been spectroscopically
identified, whereas we have to add the redshift ambiguity in all
the sample in this simulation; therefore, the uncertainties of the
LF estimates are apparently overestimated.

Given an observed NB flux, the photometric Ly« flux tended
to be overestimated, and the continuum flux tended to be
underestimated when the actual line-peak wavelength was
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Figure 7. Comparison of the cumulative Lyor LFs of LAEs at z = 6.5 (red-
shaded region) and z = 5.7 (blue-shaded region). We estimated the acceptable
Lya LF ranges as specified by the upper and lower limits. The upper limit was
estimated assuming that all the uncertain (referred to as “single,” “ND,” and
“wo/spec” in Table 4) photometric candidates are really LAEs, and the lower
limit was estimated assuming that all the uncertain candidates are not LAEs,
i.e., using only the pure spectroscopically identified LAE sample. In both the
upper and lower limit estimates, we corrected for the detection completeness by
number weighting according to the NB magnitude. Error bars evaluated by the
Poisson errors are shown in some average data points between the upper limits
and lower limits. The short-dashed lines (red for z = 6.5 and blue for z = 5.7)
show the fitted Schechter LFs in the case of « = —1.5. As a comparison, the
green long-dashed line shows the Ly LF at z = 6.5 from Ouchi et al. (2010),
and the green dot-dashed line shows that of Hu et al. (2010).
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Table 5
Best-fit Schechter Parameters for LAE LF at z = 6.5 and 5.7 of the SDF
Sample o L* ¢*
(Fix) log(/h;o2 erg s7h log(/h%0 Mpc’3)
2=65 -17 42.82+%10 —3.40%922
-15 42.76*%10 -3.28"0%0
-13 42.70*%10 —3.20*%20
=57 —-17 43.12+008 —3.74700¢8
-15 43.02%% -3.5619%8
-13 42.9440.06 —3.34*%10

smaller than the X, due to a strong Lyman break in the continuum
as well as to the asymmetric Ly« line profile. This trend would
be expected if the transmission curve of the NB filter was
nearly a top-hat shape; however, we used NB filters with almost
Gaussian-shaped transmission curves, as shown in Figure 4. For
these filters, photometrically estimated line flux would maintain
the observed NB excess by decreasing when the line peak shifted
farther away, whether it was redder or bluer, from the A.. As
a result, the photometric line flux was largely underestimated
when an emission line was really located in the redder part of the
NB transmission, whereas in the blue portion, an underestimate
due to the low transmission was balanced by an overestimate
due to the continuum Lyman break. We confirmed these trends
by numerical experiment. As the observed line-peak distribution
deviated to blue, the systematic error in the photometric estimate
of Ly line would be small. In our Monte Carlo simulation, we
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KASHIKAWA ET AL.

43.5

43

log L* [ergs s-!]

42.5

log ¢* [Mpc~?]
Figure 8. Error ellipses of the best-fit Schechter parameters ¢* and L* of Ly«
LF given a fixed « = —1.5. The lower ellipse (red) is for LAEs at z = 6.5, and
the upper ellipse (blue) is for z = 5.7. The inner and outer solid ellipses are the
1o and 30 confidence levels, respectively.

found that the systematic error caused by this trend was as
small as o(log(L*)) = 0.04 and 0.06 for z = 5.7 and 6.5,
respectively. We also performed a Monte Carlo simulation to
investigate any possible distortion that the discrepancy, as seen
in Figures 5 and 6, between spectroscopically measured and
photometrically inferred Lya luminosities could have on the
result. When Gaussian random error with the same scatter as
in Figures 5 and 6 was assigned to each Lyo luminosity, the
best-fit Schechter parameters, given « = —1.5, only changed
by o(log(L*)) = 0.023 and o (log(¢*)) = 0.042 for z = 6.5
and o (log(L*)) = 0.042 and o (log(¢*)) = 0.070 for z = 5.7,
which were negligible.

4.2.2. Comparisons with Other Studies

The Schechter parameters derived in this study are almost
identical to previous estimates by S06 for z = 5.7, whereas
at z = 6.5, the values in this study fell between the previous
estimates of the upper and lower limits. These parameters are
also consistent, within the errors, with independent studies by
Ouchi et al. (2008, 2010) for z = 6.5 and 5.7. The estimates
at z = 6.5 given by Hu et al. (2010) differed by the largest
amount from our estimate, especially at faint luminosities. Their
estimated Ly LF was almost a factor of three (five) lower than
estimates of K06, Ouchi et al. (2008, 2010) at their faintest bin at
logL(Lyar) ~42.8 at z = 6.5 (5.7). Hu et al. (2010) claimed that
the difference might be mainly caused by a large contamination
in the photometric sample, if present; however, the present
study, based on a large number of spectroscopic confirmations,
completely disallows this interpretation. As shown in Section 3,
the contamination of our sample was as low as <20%, evaluated
by the spectroscopic results, and the sample completeness was
as high as >85% for both the z = 6.5 and 5.7 samples. The
photometric LAE selection of Ouchi et al. (2008, 2010) nearly
matches this study, so their sample is probably also less affected
by contamination. The reason for the difference in the two
evaluations at the faint end is unclear because the data reduction,
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photometry, and the LAE selection differ slightly. However, we
can suggest one plausible explanation. The Ly LF at z = 6.5 by
Hu et al. (2010), which is basically based on their spectroscopic
sample, is very close to that of our spectroscopic estimate
(K06). Spectroscopic confirmation at the faint end is generally
so difficult that our previous spectroscopic sample apparently
lacked completeness at the faint end. The present study, based on
spectroscopic observations with deeper typical integration times
(10 ks; see Table 1) than Hu et al. (2010), overcame the problem
and revealed that most of these faint unidentified objects were
real LAEs. As almost half of the faint photometric sample of Hu
et al. (2010) were not spectroscopically identified at z = 5.7,
the completeness difference at the faint end could explain the
significant difference in resultant Lyo LFs. Nonetheless, it is
interesting to note that both studies, more or less, detected a
difference in the Ly LFs between z = 6.5 and 5.7.

4.2.3. Significance of the LF Difference and the Cosmic Variance

To illustrate the significance of the LF difference between
z = 6.5 and 5.7, we plotted the error contours for our Schechter-
parameter fits in Figure 8. The confidence levels of the fitting
were computed based on the larger of the Poissonian error or the
difference between the upper limit and the lower limit. Figure 8
reveals that the (L*, ¢*) error ellipses at fixed « = —1.5 for
z = 5.7 and 6.5 do not overlap each other; that is, the difference
in LF between z = 5.7 and 6.5 is significant at almost the
30 level. This is also the case for any «. The difference in
L* is more significant than that in ¢*. Based on Somerville
et al. (2004), we evaluated the cosmic variance of our LAE
samples. We assumed a one-to-one correspondence between
LAEs and dark halos and used their predictions at z = 6. With
our comoving survey volume of 2.17 x 103 h7_03 Mpc? and a
number density of 2.76 x 10~* (1.94 x 10~*) 43, Mpc > for the
upper (lower) limit estimate, we obtained a cosmic variance of
~32%. We also estimated a variance of ~20% for the z = 5.7
LAE sample. As shown by the error bars in Figure 8, the 3o
error circles for the two epochs overlap each other when cosmic
variance is included; however, our upper limit estimate still
differed from the z = 5.7 result at the 20 level. Although
the difference in LF was large at the bright end and small at
the faint end, we forcibly attempted to fit the LF at z = 6.5
for the Schechter function at z = 5.7 with either fixed ¢*
or L*, given « = —1.5. We obtained log L* = 42.90*}%,
given a fixed ¢*, corresponding to a 24% decrease in the Lyo
luminosity, L*(z = 6.5) = 0.76 L*(z = 5.7), and we obtained
log(¢p*) = —3.747%%, given a fixed L*, corresponding to a 34%
decrease in LF amplitude, ¢*(z = 6.5) = 0.66¢*(z = 5.7).
These values are comparable to the cosmic variance, indicating
that the observed LF difference might be caused by the cosmic
variance. We cannot rule out this possibility, but we discuss it
further in Section 8.

4.3. Rest-UV Continuum Luminosity Function

We derived the rest-UV continuum LFs of our LAE sample
at z = 6.5 and 5.7. In Section 4.1, the flux of the rest-UV
continuum (f;) was simultaneously derived once the Ly« line
flux (fiine) Was determined by either spectroscopy or photome-
try. The effective wavelength of the derived UV luminosity was
12501270 A for both z = 5.7 and 6.5. The detection com-
pleteness in the z’ band, which corresponds to the rest-UV flux,
should be corrected when calculating the UV LF; however, our
LAE samples were basically selected in NB magnitude. It is
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impossible to evaluate the detection completeness in the 7z’ band
for the NB-selected sample; therefore, we should note that it is
inevitable that the derived rest-UV continuum LF may be af-
fected, especially at the faint end of the LF, by the difference in
completeness of the NB and 7z’ bands. As in our previous study,
the correction was made based on the detection completeness in
the NB filter evaluated in the previous section. To overcome the
problem, we take an alternative approach to derive the rest-UV
LF of LAEs in Section 7. No correction has been applied for
dust. LAEs are generally recognized to be young, less massive
galaxies with little dust (E(B — V) < 0.05 at z ~ 6; Ono et al.
2010; and even at z ~ 3; Gronwall et al. 2007), though old and
massive stellar populations are found in some LAEs (Finkelstein
et al. 2009).

Figure 9 shows the rest-UV continuum LF of our LAE
sample. As in the Lye LF, the red- and blue-shaded regions
mark the acceptable UV LF ranges for z = 6.5 and 5.7,
respectively, and Poisson errors are shown for some data points.
The vertical dotted lines indicate the corresponding limiting
magnitudes in the z’ band. Our LF measurements at magnitudes
fainter than Myy = —20.24 (30) may be uncertain because
the corresponding z’-band magnitudes are no longer reliable.
The derived rest-UV LFs presented in this study are nearly
consistent with our previous studies discussed in K06 and
S06, though the amplitudes are slightly lower than before. We
confirmed the result of our previous study that the rest-UV
LF does not change between z = 6.5 and 5.7, at least at the
bright end of Myy < —20.5. We fit the Schechter function
to these data points down to Myy = —20.24, beyond which
our measurements were largely affected by incompleteness of
source detection. Because data points were limited to the bright
end, we used a fixed slope of « = —1.5. The best-fit parameters

were M, = —21.720*%5% and log(¢*) = —4.157%% for

z=06.5,and M}y = —21.845J:°1"672550 and log(¢*) = —4.30"%%
for z = 5.7. Figure 10 shows the error contours, which overlap
at the 1o errors. This is in clear contrast to the difference seen in
the Ly LF. It should be noted that the rest-UV continuum flux
is not sensitive to the neutral IGM. This result strongly supports
the interpretation that the difference in Ly LF between z = 6.5
and 5.7 is caused by the IGM attenuation. However, the best-fit
parameters of rest-UV LFs include large uncertainties, and the
large error contours in Figure 10 suggest that our LAE sample is
still insufficient to strongly constrain the parameters. Possible
distortions in the rest-UV LF caused by photometric error were
also evaluated by the Monte Carlo simulation as in Section 4.2.
Assuming « = —1.5, the lo fluctuations were found to be
o(M{) = 0.253 and o(log(¢*)) = 0.136 for z = 6.5 and
o (M) = 0.154 and o (log(¢*)) = 0.087 for z = 5.7. These
fluctuations are smaller than the fitting errors of the best-fit
Schechter parameters, though larger than those of Lyo LFs.

In Figure 9, we overplotted another rest-UV continuum LF
estimate (with a simple extrapolation at the faint end) of the
LAE sample at z = 5.7 by Ouchi et al. (2008), which was almost
consistent with our measurement at z = 5.7 at Myy < —20.5.
The green-shaded region is the range of the UV LF of LBGs
sampled at z ~ 6 determined by various studies, based on
Bouwens et al. (2007), Figure 11. The coincidence of UV LFs
of LBG and LAE at z ~ 6 was confirmed by S06 and Ouchi
etal. (2008). This indicates that most LBGs at z ~ 6 display Ly«
emissions, though the UV LF measurements remain uncertain
for both in LAE and LBG. It is quite interesting to note that the
UV LFs of these two populations are consistent at z ~ 6 because
they generally seem to show different evolutionary trends at
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Figure 9. Comparison of the rest-UV continuum cumulative LFs of LAEs at
z = 6.5 (red-shaded region) and z = 5.7 (blue-shaded region). The upper and
lower limits of the shaded regions are determined in the same way as in the Ly«
LF estimate. The vertical lines indicate the limiting magnitudes in the z’ band
at Myy = —19.05, —19.80, and —20.24 for lo, 20, and 30 given EWy = 0 at
7z = 6.5, respectively. The rest-UV LF measurements at magnitudes fainter than
the 3o limiting magnitude may be uncertain due to incompleteness in the z’
band; we show the rest-UV continuum LFs down to the 1o limiting magnitude
just for reference. We did not use data points at >Myy = —20.24 when fitting
the Schechter function. Error bars are calculated from Poisson errors. As a
comparison, the rest-UV LF of the LAE sample at z = 5.7 (magenta short-
dashed line) and z = 3.1 (magenta long-dashed line) evaluated by Ouchi et al.
(2008), the range of the rest-UV LF of the LBG sample at z ~ 6 (green shaded
region) determined by various studies (see Figure 11 of Bouwens et al. 2007),
and the rest-UV LF of z ~ 3 LBG (Reddy et al. 2008; green long-dashed
line) are shown. The black dot-dashed line shows the estimate of the UV LF
at z = 5.7 using the Ly LF with @« = —1.5, assuming a universal EW,-UV
luminosity relation (see Section 7).

z < 6. In Figure 9, we also present the UV LF of LAEs at
z = 3.1 (Ouchi et al. 2008; magenta long-dashed line) and
that of LBGs at z ~ 3 (Reddy et al. 2008; green long-dashed
line). The UV LF of the LAEs seems to show an increase in
L* at higher-z, whereas that of the LBGs seems to have the
reverse trend, showing a decrease in L*. A high fraction of
LAEs among LBGs in the early universe is naturally expected
if an LBG appears as an LAE during its initial starburst phase,
when it is still dust free (Shapley et al. 2001). The scenario
is supported by measurements of the LAE dark halo mass
of ~10"*! M, which is systematically smaller than that of
LBGs (Ouchi et al. 2010) at all epochs. Shimasaku et al. (2006)
and Ouchi et al. (2008) reached almost the same conclusion
concerning a high fraction of LAEs among LBGs at z ~ 6,
whereas Dow-Hygelund et al. (2007) claimed that the fraction
of LAEs among LBGs at z ~ 6 was ~30%, which was almost
the same as at z ~ 3. Stark et al. (2011) estimated that the LAE
fraction of luminous LBGs with —21.75 < Myy < —20.25
at z ~ 6 was as small as 20%, though their sample was
restricted to strong Ly emissions with EW, > 25 A. A much
higher fraction of LAEs should be expected at smaller EW
from their EW distribution. Henry et al. (2010) suggested
another possibility based on their blind multislit spectroscopic
search for LAEs that the i-dropout color selection might miss
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Figure 10. Error ellipses of the best-fit Schechter parameters ¢* and L* of the
rest-UV continuum LFs of LAEs at z = 6.5 (red upper ellipse) and z = 5.7
(blue lower ellipse), assuming a fixed « = —1.5. The inner and outer solid
ellipses are the 1o and 3o confidence levels, respectively. The confidence levels
of the fit were computed based on the larger of the Poisson error or the difference
between the upper limit and the lower limit.

a certain fraction of LAEs that have blue (i — z) colors due to
strong Lya emission. Otherwise, the UV LF of LBGs might be
underestimated due to dust extinction, which is generally small
for LAEs. We cannot make any conclusive argument about the
LAE fraction of LBGs and its evolution solely from our observed
rest-UV LF; however, one should be careful when comparing
among different observations because the fraction depends on
the threshold EW applied when selecting the LAEs as well as
on the rest-UV luminosity.

5. EW DISTRIBUTION

A more straightforward observable probe of reionization is
the equivalent-width distribution of LAEs, which can be derived
from the Ly and UV-continuum fluxes. These are sensitive and
insensitive to the neutral IGM, respectively. It was very hard to
measure the rest-frame equivalent width (EW,) in spectroscopic
data because most LAEs were too faint to accurately measure
their continuum flux directly from spectra. Instead, the EW,
was calculated using NB and broadband photometry. EW, was
photometrically estimated in some previous work, though most
of the EW, values were only lower limits because the continuum
emission was not detected in broadband images. In contrast,
most LAEs in the present study were actually detected in the
7/-band image by virtue of the extreme depth of the SDF images.
The EW, were reliably determined in those cases.

Figure 11 compares the EW, distribution of the LAE samples
for z = 6.5 and 5.7. The detection completeness was corrected
by number weighting according to the NB magnitude, as
outlined in Section 4.2. Here, we did not correct for the
absorption of the blue side of the Lyx emission due primarily
to the interstellar medium (ISM) absorption inside the galaxy.
K06 showed that the blue-side line profile of Lya emission
of the composite spectrum of LAEs at z = 6.5 was simply
explained by spectral broadening, which meant that the blue side
of the observed Ly« emission was almost completely absorbed.
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Therefore, if the ISM absorption is corrected, the evaluated
EW, would almost double. For several LAEs that remained
undetected in the 7’ band (<1o), we used the lower limit of
EWj by replacing the z’-band magnitude with the 1o limiting
magnitude of 7/ = 27.79. The systematic errors caused by the
process will be discussed later.

In Figure 11, we also plotted the EW, distribution of lower-z
LAEsatz = 3.1,3.7,and 5.7 extracted from Ouchi et al. (2008).
The EW,, distribution of our z = 5.7 LAE sample was almost
consistent with other low-z samples, whereas the EWj atz = 6.5
seemed to be systematically smaller than that at z = 5.7. This
appeared more clearly in the cumulative distribution of EW
shown in the bottom panel of Figure 11. We evaluated a possible
distortion in the EW distribution caused by photometric error
and the redshift ambiguity by the Monte Carlo simulation,
as discussed in Section 4.2. The 1o fluctuations of the EW,
distribution of the simulation, shown as the shaded regions in
the bottom panel of Figure 11, ensured that our results were not
seriously affected by these uncertainties. SO6 suggested that an
estimate of the EW, distribution at z = 5.7 based on i’ and
NB816 magnitudes was largely different from one based on z’
and NB816 magnitudes. In the former estimate, the Lya line
enters both the i’ and NB816 bands, as it does at z = 6.5, which
is based on z’ and NB921 magnitudes. The blue dashed line in
the bottom panel of Figure 11 indicates the EW distribution at
7z = 5.7 when EW) is calculated from i’ and NB816 magnitudes.
It approaches the EW, distribution at z = 6.5, with an extended
tail at large EWy. This might be caused by the fact that the
deeper limiting magnitude of the i’ band imposed a stronger
constraint on the continuum flux than did the z’ band, which
only provided a lower limit on EW, when undetected; therefore,
deeper BB magnitudes generally tended to yield higher EW,.
Excluding objects that were not detected in the z’ band actually
reduced the number of objects with high EW,, but did not make
a substantial change in the overall EW, distributions shown in
Figure 11, i.e., EW( at z = 6.5 seems to be systematically
smaller than at z = 5.7. However, there is no way to estimate
the EW distribution at z = 6.5 in the case of using a BB band,
in which the Lyo line does not enter, because we do not have
any sufficiently deep BB bands at longer wavelength than the
7/ band. We cannot completely rule out the possibility that the
difference seen in the EW distribution between z = 5.7 and 6.5
is attributed to the difference whether the Ly« line enters into
the BB band or not. A very deep J-band photometry to estimate
EW, at z = 6.5 is required to make a more fair comparison of
the EW,, distribution.

The median EW, at z = 6.5 is 74 10\, which is smaller by
15 A than that at z = 5.7. This trend may be easily understood
from the resultant LFs of these two epochs. The UV-continuum
LFs are almost identical, whereas Ly LF at z = 6.5 is deficient
compared with that at z = 5.7. The trend was also indirectly
suggested from a possible FWHM difference in lines seen by
Hu et al. (2010), for which it was difficult to derive EW, due to
the shallow photometric data. Fontana et al. (2010) suggested
that the absence of prominent Lo lines in their LBG sample
at z ~ 7 compared with a conservative EW distribution at
lower-z.

Another interesting feature of this plot is that the EW dis-
tribution at z = 6.5 has a remarkable extended tail toward
larger EW( compared with z = 5.7. Such an effect was also
found in the LBG sample (Stark et al. 2007). One explanation
for this might be contamination by Population III-dominated
galaxies. It is generally thought that the universe was first metal
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enriched by this first generation of stars. As these Population III
stars were born in extreme metal-free conditions, they presum-
ably had a top-heavy initial mass function. Given their excep-
tionally high effective temperatures, they are expected to pro-
duce a very hard spectrum, enough to ionize the primordial
He gas. The main characteristics of the predicted SED are the
presence of a large-EW Ly« emission line, due to the strong
ionizing flux, and strong He1 and He 1 recombination lines,
due to spectral hardness (Schaerer 2002). Therefore, Population
III-dominated galaxies are expected to appear among high-z
LAE samples with large EWSs. Several LAEs at z = 6.5 have
EW,, larger than ~300 A, which cannot be attained by the usual
Population II synthesis. These objects are plausible Popula-
tion III candidates because of their extraordinarily large EW
at high-z, though they are expected to dominate at higher-z
(7 < z < 15), according to most model predictions (Johnson
et al. 2008; Yoshida et al. 2007). One alternative possible origin
for the large Lya EW is a contribution from AGNs. Otherwise,
the large Lyoe EW might be the result of scattering in a clumpy,
dusty ISM (Neufeld 1991; Hansen & Oh 2006; Finkelstein et al.
2009). Follow-up NIR spectroscopy to detect the He 11 emission
signal is the only promising way to confirm Population III-
dominated galaxies. However, it should be noted that such an
extended tail toward larger EW can, more or less, be produced
artificially by the uncertainty in BB flux.

Figure 12 shows the EW,—UV luminosity relation. For faint
7/-band magnitudes (<27.79; 1o), both EW( and Myy are only
provided as lower limits, indicated as arrows in the figure. Note
that the z’ bandpass directly corresponds to the UV-continuum
luminosity at z = 5.7, whereas the Ly flux also contributes to
the z’-band flux at 7 = 6.5. A clear vertical lower limit sequence
of Myy can be seen at z = 5.7 in Figure 12 and not at z = 6.5.
As reported in previous lower-z studies (S06; Stark et al. 2010;
Vanzella et al. 2009; Ouchi et al. 2008; Ando et al. 2006), we
saw an apparent deficit of LAEs with large EW at bright UV
magnitudes, and the maximum EW increased with lower UV
luminosity, which is expected if low-luminosity galaxies are less
obscured by dust. This study confirmed the trend at z = 5.7,
and almost the same tendency was found at z = 6.5 as well.

6. Lyae PROFILE OF THE COMPOSITE SPECTRUM

The Lyo emission-line profile is also a useful reionization
signature, in principle, because the neutral IGM imposes a
damping absorption feature on it (Dayal et al. 2008; Dijkstra
et al. 2007a). A difference in Ly« line profiles between two
epochs around the reionization period might suggest changing
IGM opacity. Though there are many model predictions of
Lya profiles during the reionization epoch, numerous factors
such as star formation rate (SFR), internal kinematics, inflow/
outflow, and source clustering easily affect the profiles. On the
observational side, individual spectra are usually too noisy to
verify the line profile, so several spectra must be stacked to
obtain good average line-profile features. As in our previous
study (KO06), the composite spectrum was made using the
procedure outlined below. We now have 45 and 54 LAE
spectra at z = 6.5 and 5.7, respectively, though at different
spectroscopic resolutions. First, we removed the spectra with
the poorest instrument resolution. Then, each spectrum was
smoothed with a Gaussian kernel chosen to produce a common
instrument resolution of FWHM ~ 6.4 A, which was practically
measured from the FWHM of sky lines near the Ly emission
for z = 5.7 and 6.5. Each spectrum was shifted so that the
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Figure 11. Top: the differential EW( fraction distribution of the LAE sample
at z = 6.5 (red line) and z = 5.7 (blue line). Comparisons with low-z LAEs
at z = 3.1, 3.7, and 5.7 from Ouchi et al. (2008) are also shown. Bottom: the
cumulative EW fraction distribution of the LAE sample at z = 6.5 (red line)
and z = 5.7 (blue line). The orange and cyan shaded regions are shown as lo
fluctuations in the EW( distribution caused by photometric errors and redshift
uncertainties. The blue dashed line indicates the cumulative EW( fraction
distribution of the LAE sample at z = 5.7 given that EW( was calculated
from i’ and NB816 magnitudes.
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Figure 12. UV luminosity—-EW|, relation at z = 5.7 (left) and 6.5 (right). Filled
circles show the spectroscopic sample, and open circles show the photometric
sample. The objects with EW( >240 A are plotted at the EW( =240 A. Error
bars denote uncertainties caused by photometric errors and redshift ambiguity,
except for data points that have large uncertainties due to no detection in the
BB band (only the upper limit of Myy and the lower limit of EW( are shown
as arrows). The dotted curves represent the EW,) at fixed Ly luminosity from
top to bottom: 5, 2, 1, 0.5, 0.2, 0.1 x 1043 erg s

line-peak wavelength, which is the only feature used to estimate
the redshift, was at the rest wavelength of 1215.67 A. The spectra
were rebinned to a common pixel scale and then co-added by
taking the average with scaling and weighting based on their line
flux, using a 3o clipping to eliminate sky-subtraction residuals.

Figure 13 compares the final composite spectrum between
z = 6.5 and 5.7. Both composite spectra revealed an apparently
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Figure 13. Comparison of the composite spectrum between z = 6.5 (red) and
5.7 (blue). The lower panel shows the residual of the subtraction of z = 5.7
from 6.5. The dotted line shows the 1o error of the difference of the composite
spectra.

asymmetric profile with an extended red wing. We found no
significant differences between these two composite spectra,
even when comparing the composite spectra made only from
Ly«-bright or Lya-faint objects. This conclusion is consistent
with Ouchi et al. (2010) and Hu et al. (2010). The composite
spectrum at z = 6.5 seems to have a slight excess over z = 5.7
at the red wing tail from 1217 A to 1220 A, though it is much
smaller than the 1o error of the difference in the composite
spectra. This could be caused by a slight broadening in the Ly«
emission-line profile itself from z = 5.7 to 6.5, as suggested by
Ouchi et al. (2010). Otherwise, this could be caused by scaling
to systematically smaller Lyx flux at z = 6.5, compared to that
of z = 5.7 (as seen on the EW,, distribution), which increases
the UV-continuum level at z = 6.5.

The similarity in Ly emission profiles might indicate a lack
of significant IGM opacity evolution from z = 5.7 to 6.5.
However, using the composite spectrum of Lyo emission to
constrain the reionization has a critical problem of its own. As
mentioned above, the wavelength of the Ly« line peak has to be
used to measure the redshift and is often systematically offset
from the rest frame. Shapley et al. (2003) found the kinematic
offset implied by the relative redshifts of Lya emission and
low-ionization interstellar absorption lines in an LBG sample
at z ~ 3. The offsets vary significantly as a function of Ly«
emission strength from 800 km s~ to 480 km s~!, though
these shifts could be smaller at high-z, where the emitting
halos are substantially less massive, and might not power such
strong winds as at z ~ 3. This can be explained in terms of
the properties of large-scale outflows (Adelberger et al. 2003;
Mas-Hesse et al. 2003; Westra et al. 2005). Recently, McLinden
et al. (2011) were the first to detect the [O 1] emission line
from two LAEs at z ~ 3, and they also found apparent velocity
offsets. Such systematic offsets in Ly« emission lines from the
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systemic redshift would increase the uncertainty in measuring
redshifts using only the Lya peak. Consequently, when making a
composite spectrum using several LAE spectra, these systematic
offsets would dilute the line profile, critically preventing us
from revealing an accurate line profile. Also, if the field-to-
field variances of the neutral fraction and the size of the Hut
bubble were large even at the same redshift, the composite line
profile would be diluted. It seems hard to derive a conclusive
constraint on reionization from line profiles alone. The most
promising method for overcoming the problem is to measure
the systemic redshift of LAEs by detecting nebular emissions
(Adelberger et al. 2005; McLinden et al. 2011), which is still
technically difficult at z > 5. This wind effect could allow
the Ly emission line to emerge at wavelengths where the GP
optical depth is reduced, transmitting the Lyo flux directory to
the observer even at the reionization epoch (Dijkstra & Wyithe
2010). McQuinn et al. (2007) found that a 400 km s~! redshift
in the Ly line did not have a large effect on their conclusions
regarding the effect of reionization on the Ly« LF and clustering
at xy,; < 0.4, and they concluded that this wind effect would not
seriously affect the “Lya test” in the late phase of reionization.

We would also like to note that the Lyw radiative transfer
is complicated by the geometry and kinematics of the ISM
and the IGM. The relative geometries of interstellar H1 and
H1 regions significantly affect resonant scattering, which can
either suppress or enhance the Ly line (Charlot & Fall 1993;
Neufeld 1991). The resonant scattering in the IGM induces a
change in the frequency of Ly« photons, which can also cause a
mass-dependent redward shift of the Ly« line peak, even in the
absence of a galactic wind (Zheng et al. 2010). Dust attenuation,
if any, also significantly reduces the Ly emission. A stacking
analysis would, more or less, overlook these variations among
galaxies.

In K06, we showed that our composite Lya line profile at
z = 6.5 could be realized by both the reionization model, in
which we included the attenuation of a GP damping wing from
outside the H1r bubble, and the galactic wind model, which
has another broadly extended Gaussian component in the line
profile. Although additional spectroscopic data have improved
the quality of the composite spectrum, the spectral resolution
of our composite spectrum is still too low to distinguish
between these two models. Higher resolving power provided by
larger telescopes will be required to constrain the model more
strongly.

7. CONTRIBUTION OF LAEs TO THE REIONIZATION
PHOTON BUDGET

The integration of the observed UV LF at the faint end
provides an estimate of the luminosity density and, thus, of
the photon budget of reionization. Therefore, an accurate UV
LF estimate based on the LAE sample will constrain the LAE
contribution to the photon budget. Unfortunately, the UV LF
measurements at magnitudes fainter than Myy = —20.24 (30)
may be critically uncertain because of incompleteness, which
cannot be corrected due to the difference in the completeness
of the NB and z’-band data. Here, we take another approach
to derive the UV LF of LAEs using both the Lya LF and the
EW,—UV luminosity relation, as shown in Figure 12.

The EW distribution function is well approximated by an
exponential function (Gronwall et al. 2007; Stark et al. 2011),
though its e-folding width, w, might depend on UV luminosity.
Several previous works provide derivations of the EW,-UV
luminosity relation of LAE at lower-z (e.g., Stark et al. 2010;
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Vanzella et al. 2009; Ouchi et al. 2008; Ando et al. 2006). Their
conclusions are roughly consistent with an apparent deficit of
large EW, at bright UV magnitudes and a maximum EWj
that increases with lower UV luminosity. The relation does
not show a clear evolution across the 3 < z < 6 redshift
range (Ouchi et al. 2008; Cassata et al. 2011), and our result at
z = 6.5 also roughly follows this trend (Figure 12), though we
derived our result from a relatively small sample. Among these
previous studies, Stark et al. (2010) derived a reliable EW(—UV
luminosity relation based on a large spectroscopic LAE sample
at3 < z < 7. Based on this relation, the characteristic e-folding
width, w, was empirically determined to increase with fainter
UV magnitudes: w = 60Myy + 1440, which gives w = 60 A at
Myy = —23 and w = 300 A at Myy = —19, respectively. This
equation almost traces the maximum EW,, values as a function
of Myy. Figure 12 of Stark et al. (2010) shows an apparent
deficiency in LAEs with low EW, and low UV luminosity,
though it could be caused by their spectroscopic detection limit.
Hence, we assumed that the peak of the exponential distribution
was always at EWy = 0, independent of Myy. A cutoff EW,
below which LAEs were not included in the sample, was set
to 10 A, based on the LAE selection criterion m, — mng > 1,
and Equation (1). With this EW, probability distribution, we
conducted Monte Carlo simulations to derive Myy, given
an Lyo luminosity and EWy. The Lyo LF measurements
included an accurate correction for completeness; therefore,
the UV LF was estimated free of incompleteness even at the
faint end when assuming the EW, distribution, as described
above.

The dot-dashed line in Figure 9 shows the estimate of the
UV LF at z = 5.7 with this method. Here, we assumed that
the faint end of the Lyo LF at z = 5.7 was « = —1.5. Note
that we did not use the UV LF at z = 6.5 to constrain the
photon budget because the Ly LF at z = 6.5 might be affected
by neutral IGM attenuation. The UV LF estimated with the
method is fairly consistent with the bright end of the observed
UV LF at z = 5.7, where the incompleteness is not severe. The
bright end of the rest-UV LF down to 3¢ limiting magnitudes
in the 7/ band can reasonably be reproduced from the observed
Lyo LF and the EW(,—UV luminosity relation. However, the
shape of the derived UV LF is closer to a power law than to
a Schechter function. When we fit the UV LF to a Schechter
function, the faint-end slope was found to be « = —2.4, which
is much steeper than those derived from LBGs (Bouwens et al.
2007).

The critical number density of ionizing photons necessary to
keep the intergalactic hydrogen ionized was given in Maddau
et al. (1999). The corresponding critical star formation rate
density (SFRD), p.(z), can be written as

3
pu(2) = 0.013 £ (5) <ﬂ>
30 6

Qph2
x( b 70

0.04 @

2
) Mg yr~'Mpc 3,
where f.. is the escape fraction of ionizing photons and C is the
ionized hydrogen clumping factor of the IGM. Here, the authors
assumed a Salpeter initial mass function, solar metallicity, and
SED at <912 A based on the Bruzual & Charlot population
synthesis model. Both f.sc and C3¢ are highly uncertain. The
Jesc was generally estimated to be <0.1 (Leitherer et al. 1995;
Deharveng et al. 2001; Fernandez-Soto et al. 2003; Malkan
et al. 2003; Shapley et al. 2006) for various galaxies at various
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Figure 14. Comparison between p,. for different parameter sets of (fesc, C) in
Equation (2) and the SFRD (green solid line) derived by integrating the UV
LF of LAEs at z = 5.7 estimated in Section 7. The SFRD estimates based on
the observed UV LF appear as the blue (red) shaded region for z = 5.7 (6.5),
though these are incomplete at the faint end below the 3¢ limiting magnitude.
The dashed line above the solid line shows the SFRD estimates when w is
reduced to half. The dashed line below the solid line shows the SFRD estimates
when the cutoff EWy = 15 A instead of 10 A is applied. The magenta and cyan
solid lines show the SFRD estimate when « is changed from —1.5 to —1.7 and
—1.3, respectively. The black solid line shows the SFRD estimate based on the
UV LF of LBGs at z ~ 6 (Bouwens et al. 2007). The minimum SFR inferred
by the simulation by Nagamine et al. (2010) and approximate detection limit of
JWST are shown by dotted lines.

redshifts. Iwata et al. (2009) and Inoue et al. (2011) obtained
much higher f.. of ~0.5 for some LAEsatz = 3.1, and Vanzella
etal. (2010) found one LBG at z = 3.795 with a direct detection
of the Lyman continuum flux, which gave f.sc > 0.15. Bouwens
et al. (2010a) recently argued for the possibility of high f.. at
z ~ 7 to account for the observed steep UV-continuum slope
without a nebular emission contribution (see also Taniguchi
et al. 2010). We assumed that the escape fraction did not depend
either on luminosity or on redshift, though some models predict
that it could increase up to ~0.8 in lower-mass galaxies at
higher-z (Ricotti & Shull 2000; Wise & Cen 2009; Razoumov
& Sommer-Larsen 2010). Siana et al. (2010), based on deep
Hubble Space Telescope (HST) far-UV images, suggest that the
escape fraction significantly increases from z = 1.3 to 3. The
IGM clumping factor was estimated to be C ~ 30 at z = 5
based on a numerical simulation, though it could be lower
if higher density regions are less ionized (Gnedin & Ostriker
1997). A more recent simulation by Pawlik et al. (2009) suggests
a much lower clumping factor, C = 6. Bolton & Haehnelt
(2007) suggest C < 3 at z = 6, based on measurements of
the metagalactic photoionization rate, combined with a model
for the ionizing photon mean free path. Figure 14 presents a
comparison between p, for different parameter sets of (fosc, C)
in Equation (2) and the SFRD derived by integrating the UV
LF estimated in this section. Assuming the complete escape of
ionizing photons ( fesc = 1) and a homogeneous IGM (C = 1),
the universe can be easily ionized only by bright LAEs at

16

KASHIKAWA ET AL.

z = 6.5; however, in the more realistic case with fe,c < 1 and
C > 1, the contribution of low-luminosity LAEs is important
to the reionization process.

Our method assumed the EW(—UV luminosity relation, which
is found to be quite sensitive to the SFRD estimate. The dashed
line above the solid line in Figure 14 shows the SFRD estimates
when w was reduced to half. The dashed line below the solid line
in Figure 14 shows the SFRD estimates when the EW, = 15 A
cutoff was applied instead of 10 A. Both of these estimates are
apparently inconsistent with the reliably observed bright end
of the SFRD; therefore, only narrow ranges of parameters in
the EW(—UV luminosity relation are acceptable. As mentioned
in Section 5, an EW, larger than ~300 A is hard to explain
using the usual Population II synthesis. When making a trial
cutoff at the high-EW, end of the EW;—UV luminosity, the
SFRD steepens sharply at the faint end. We also fit a one-sided
Gaussian instead of an exponential to the EW, distribution
function, but the estimate did not change significantly. The
most uncertain parameter in the estimate was the faint-end slope
of the Lya LF, «, which, thus far, was poorly constrained by
observation. The magenta and cyan solid lines in Figure 14 show
the SFRD estimates when changing « from —1.5 to —1.7 and
—1.3, respectively. Although these two estimates hardly affect
the bright end, maintaining consistency with the observations,
they diverge strongly at the faint end. The steeper faint-end
slope makes a larger contribution to the photon budget, as
expected.

The black solid line in Figure 14 shows the SFRD estimate
based on the UV LF of LBGs at z ~ 6 (Bouwens et al. 2007).
Although the SFRD of LAEs seems to be larger than that of
LBGs at the bright end, they are within the uncertainties (see
the shaded region of Figure 9 indicating the range of the UV LF
of the LBG sample at z ~ 6 determined by various studies). At
the faint end, the SFRD of LAEs increases more significantly
than the SFRD of LBGs toward faint magnitudes, as expected
from the fact that the LAEs have steeper UV LF. It should be
noted that this result strongly depends on the faint-end slope,
a, of the Ly LF at z = 5.7, which is poorly constrained
by this study. Here, we provide only estimates for values of
o = —1.3, —1.5, and —1.7. At low-z, Gronwall et al. (2007)
derived a faint-end slope of the Lya LF of & = —1.49*0%
and Cassata et al. (2011) found o = —1.60t%‘1122 atz ~ 2.5 and
a=-—1 .78t%'1102 at z ~ 4. Itis interesting that a steeper faint-end
slope of the UV LF than of the LBG is predicted in Figure 14
even when « = —1.3, which is shallower than those at low-z.
Stark et al. (2011) also suggested a higher faction of LAEs in
their LBG sample toward fainter UV magnitudes. Consequently,
the relative contribution to the photon budget of the LAEs
compared with the LBGs increases toward fainter magnitudes.
It finally exceeds the contribution of the LBGs at the faintest
magnitude, which seems unlikely. Nagamine et al. (2010)
employed a cosmological smoothed particle hydrodynamic
simulation to reproduce some observational properties of LAEs
and found a critical threshold in stellar mass around M, ~
107 M, below which star formation rapidly drops, as might be
expected from the Kennicutt law. Therefore, we assumed that
the minimum SFR that galaxies should have is 1072 Mg, yr~!,
which corresponds to the critical stellar mass in the simulation
by Nagamine et al. (2010). When assuming o« = —1.5, the
LAE contribution exceeds the LBG around Myy ~ —15. This
might suggest that some of our assumptions are not reasonable;
otherwise, the faint-end slope of the Lya LF of LAEs should be
shallower than —1.5. For example, given « = —1.3, the LAE
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contribution does not overwhelm the LBG contribution down
to SFR= 1072 M, yr~!. However, we note here again that the
derived UV LF of LAEs is based on many assumptions. For
example, the faint-end slope of the SFRD becomes flatter even
with « = —1.5 if much larger EW, are allowed at faint UV
luminosities. On the other hand, we note that the LBG estimate
is also based on an extrapolation of the observed UV LF to very
faint levels.

Despite many uncertainties, this might be the first estimate of
the contribution of the LAE population to the reionizing photons.
The SFR estimate based on Ly luminosity is much more
strongly affected by extinctions of dust, ISM, and IGM than the
SFR estimate based on rest-UV luminosity. Our result indicates
that low-luminosity LAEs could contribute significantly to the
photon budget necessary for reionization, though these faint
LAEs are below the current detection limits. Insofar as a
universal EW,—UV luminosity relation is assumed, a steep
faint-end slope in the UV LF is predicted even when the faint-
end slope of the Lya LF is shallower than those at low-z. The
faint end of the LF of these ionizing sources is critical to the
conclusion, and an accurate determination of the faint-end slope
of the Ly LF will enable a precise estimate of the total ionizing
photon density emitted by LAEs at this epoch. Bouwens et al.
(2007) concluded that the number of i dropouts at z ~ 6 appears
to be approximately consistent with the numbers necessary
to reionize the universe. Recent studies using HST/WFC3
identified more and fainter galaxies at even higher-z, suggesting
a faint-end slope that is sufficiently steep (Oesch et al. 2010;
Bouwens et al. 2010b) to fully reionize the universe. The LAE
sample based on NB searches exploring only a small redshift
coverage is complementary to the estimate because LAEs
should constitute a very young population at a single epoch
among heterogeneous high-z star-forming galaxies sampled
by the i-dropout method. Moreover, our LAE sample has the
advantage of many spectroscopic confirmations, providing an
accurate estimate of sample completeness and contamination,
which also increases the reliability of our photometric LAE
sample.

8. SUMMARY AND DISCUSSION

We obtained extended spectroscopic confirmations of LAEs
at z = 6.5 and 5.7 in the SDF, and our conclusions can be
summarized as follows.

1. We provided new identifications of 28 and 20 LAEs at
z = 6.5 and 5.7, respectively. The discrimination of an
LAE from other nearby emitters was based on a quantitative
line asymmetric estimator, the weighted skewness, S,.
The total number of spectroscopically confirmed LAEs
in the SDF is now 45 (54) at z = 6.5 (5.7), which
means that 90% (74%) of the photometric candidates have
been followed by spectroscopy. Our long campaign of
follow-up spectroscopy shows that our photometric LAE
sample is highly reliable, with low incompleteness and little
contamination.

2. We made more careful measurements of Lyx luminosity,
both photometrically and spectroscopically, than in our
previous study to determine Lyx and rest-UV LFs more
accurately. The non-square transmission curve of filters
was taken into account in the photometric measurements,
and we corrected for slit loss in the spectroscopic mea-
surements. The Ly fluxes measured photometrically and
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spectroscopically agree very well, showing that our mea-
surement of Lyo luminosity is accurate.

3. We derived Ly LFs of LAEs at z = 6.5 and 5.7. With
a large number of spectroscopic confirmations of our LAE
sample and more careful measurements of luminosities, the
Lyo LFs at both redshifts are more sharply determined than
those in our previous studies. The substantially improved
evaluation of the Lya LF of z = 6.5 shows an apparent
deficit from z = 5.7, at least at the bright end and a possible
decline even at the faint end, though small uncertainties
remain.

4. We derived rest-UV LFs of LAEs at z = 6.5 and 5.7. We
confirmed the result of our previous study, namely that the
rest-UV LFs at z = 6.5 and 5.7 agree with each other,
which is in clear contrast to the difference seen in the Lyo
LF, though the measurements of UV LFs of LAEs still
have large uncertainties. The rest-UV LF of LAEs is almost
consistent with that of LBGs within the errors, at least at
the bright end, suggesting that the fraction of LAEs among
LBGs at z ~ 6 is higher than that at z = 3.

5. The EW, distribution of our z = 5.7 LAE sam-
ple is almost consistent with other low-z samples,
whereas the EW, at z 6.5 seems to be system-
atically smaller than z 5.7. This may be under-
stood from the resultant LFs of these two epochs:
UV-continuum LFs are almost identical, whereas the Ly«
LF at z = 6.5 is deficient compared to that at z = 5.7.
There remains, however, the possibility that the trend is at-
tributed to the artifacts of using the BB band including the
Lya line at z = 6.5. The EW,, distribution at 7 = 6.5 shows
an extended tail toward larger EW, compared with z = 5.7,
though EW( measurements are not reliable when not de-
tected in the BB band. The EW; and rest-UV luminosity
relation shows an apparent deficit of LAEs with large EW,,
at bright UV magnitudes, and the upper-limit of the EW,
increases with lower UV luminosity.

6. We found no significant difference in the composite Ly«
line profile between z = 6.5 and 5.7, though the possible
velocity offset of Lyx line from the systemic redshift might
dilute the composite profiles.

7. We tried to recover the rest-UV LF of LAEs at the faint end,
where incompleteness is severe, by assuming a universal
EW,—UV luminosity relation. When choosing reasonable
parameters to fit to the observed EWy—UV luminosity
relation, the bright end of the rest-UV LF at z = 5.7 was
well reproduced from the observed Ly« LF. Integrating this
rest-UV LF permitted the first experimental estimate of the
photon budget of LAEs for reionization. The derived UV
LF suggested that the fractional LAE contribution to the
photon budget among LBGs significantly increases toward
fainter magnitudes. Low-luminosity LAEs could contribute
significantly to the photon budget, though this depends on
the poorly constrained faint-end slope of the Ly« LF.

8.1. Implications for Reionization

We confirmed our previous result that the Lyo LF at z = 6.5
declines from those at z < 5.7 based on our deep LAE samples
with a high spectroscopic identification rate. This result is, more
or less, consistent with Ouchi et al. (2010) and Hu et al. (2010).
The decline in the Ly LF of LAEs from z = 5.7 to 6.5
could be caused by the evolution of some intrinsic property
of LAEs or by evolution in the ionization state of the IGM.
It will be almost impossible to distinguish between these two
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possibilities from the Lye LF alone; however, the rest-UV
LF, which is not sensitive to the neutral IGM, may provide
an additional diagnostic of the cause of the observed trend.
Interestingly, our measurements of the rest-UV LFs agree well
within uncertainties between these two epochs at least at the
bright end, where an apparent difference is observed in the
Lya LF. This result might support the interpretation of neutral
IGM attenuation. Assuming a fully ionized IGM at z = 5.7,
the observed difference in the Lyo LF suggests xg, ~ 0.38
at z = 6.5 based on the model of McQuinn et al. (2007).
Another important aspect of ascribing the difference in Ly LF
to the galaxy evolution of LAEs is that it should simultaneously
explain the difference between z = 5.7 and 6.5 and the lack
of evolution in the Lya LF from z = 3 to 6. The model of
Kobayashi et al. (2010), which takes into account a possible
evolution of f.s. and reasonably reproduces the Lya LF, UV
LF, and EW distribution of LAEs from z = 3.1 to 6.5, favors
xgr ~ 0.4atz = 6.5. Inthe model of Kobayashi et al. (2010), the
observed large decline in the Ly LF at z = 6.5 could be partly
caused by galaxy evolution; however, IGM attenuation is still
required to account for the entire decline. The predicted value of
the neutral fraction at the moment is strongly model-dependent.
Dayal et al. (2008) concluded that the Lyx LF at z = 6.5 could
be reproduced by their model even with small xy, = 3 x 1074,
though a strong increase in dust content was required to match
the model to the Lya LF at z < 5. The amplitude difference in
the Lya LF is still relatively small between these two epochs,
suggesting that the universe was still largely (Z60%) ionized
at z = 6.5. Such an amplitude difference is smaller than the
uncertainties of the rest-UV LFs, though we concluded that the
rest-UV LFs between the two epochs agree well at the bright
end. More accurate measurement of the rest-UV LFs based on
the larger LAE sample in the future will provide a stronger
constraint on the Ly test.

8.2. Cosmic Variance Uncertainties

The decline in Ly LF from z = 5.7 to 6.5 might be caused
by cosmic variance. The sample size is not yet large enough to
statistically refute this interpretation; however, we found no
difference in the rest-UV continuum LFs, which should be
affected by cosmic variance from z = 5.7 to 6.5, if it exists.
Ouchi etal. (2010) recently carried out an LAE survey atz = 6.5
with an FOV five times wider than this study. Though their
number of spectroscopic confirmations is small, the result is
statistically robust and less affected by cosmic variance than
ours. They concluded that the Lya LF at z = 6.5 shows a
decline of 30% in Lya luminosity from z = 5.7, whereas the
present study finds a 24% decline. Interestingly, they detected
an apparent difference in the LF even at the faint end. Their LF
difference alone constrains the neutral fraction to xy; < 0.21%?2,
though they did not detect the significant enhancement of
clustering amplitude expected during reionization. Hu et al.
(2010) also completed their LAE surveys at z = 6.5 and 5.7,
using an FOV five times wider than this study. Though the
shape of their LF differs from this study and Ouchi et al. (2010),
they also found that the Lya LFs differed based on their own
estimates at these two epochs, indicating a 44% decline in ¢*,
whereas this study found a 34% decline. It is interesting that
both of these wide-field studies confirmed a difference in the
Lya LF between z = 6.5 and 5.7. Nakamura et al. (2011) also
derived the Lya LF at z = 6.5, with a low number density only
x0.3 of our previous study. The degree of difference in the LF
found in the present study, Ouchi et al. (2010), and Hu et al.
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(2010) is slightly inconsistent, possibly suggesting field-to-field
cosmic variance. Otherwise, such a variance could be caused
by a patchy reionization process, which has been suggested in
the GP trough measurements showing a substantial variation in
IGM transmissions among different QSO lines of sight around
z ~ 6 (Djorgovski et al. 2006). Such a process is expected
to be caused by primordial clustering or an initial large-scale
structure of ionizing sources. Much wider surveys of high-z
LAE:s are required to obtain statistically significant constraints
on any variance.

8.3. Photon Budget of Reionization

In Section 7, we attempted to estimate the rest-UV LF
of LAEs using the Lya LF, assuming a universal EWy-UV
luminosity relation. Interestingly, this estimate reproduces the
bright end of the observed UV LF reasonably well, enabling an
estimate of the LAE contribution to the photon budget required
for reionization. We note, however, that this method has large
uncertainties, including the universality of the EW distribution
function and the EW(,—UV luminosity relation. Pentericci et al.
(2010) indicated that a correlation between Ly« strength and age
or SFR might change with cosmic time, potentially changing
the EW distribution function. Nilsson et al. (2009) suggested
no correlation between EW and UV luminosity; however, this
assumption, coupled with the observed Lya LF, produces a much
steeper faint-end slope in the UV LF of LAEs, exacerbating the
inconsistency with the UV LF of LBG. The universality of the
EW, distribution and EW,—UV luminosity relation should be
verified at lower-z based on a larger LAE sample. The observed
large scatter in Lyoe EW at faint UV luminosity could be due
to small amounts of dust extinction (Verhamme et al. 2008)
and possibly to a stochasticity of their complicated duty circle
(Nagamine et al. 2010), which has not yet been clearly revealed.
Furthermore, more accurate determinations of the faint-end
slope of the Lya LF, fi, and C are required to provide a
stronger constraint on the photon budget. The James Webb Space
Telescope (JWST) will extend the current observational limit
down to mag ~ 31, which corresponds to Myy = —15.6 at
z = 5.7 (see Figure 14). Significant detections of LAEs down
to this faint end will allow a more precise estimate of the photon
budget. The JWST/NIRCam and tunable filter imager will catch
LAEs at higher-z far beyond the current frontier of the distant
universe. The derived Lyo LF during the early reionization phase
will be more sensitive to the neutral fraction, giving a stronger
constraint on the history of reionization.

We are grateful to the Subaru and Keck Observatory staffs
for their help with the observations. The observing time for
part of this project was committed to all the Subaru Telescope
builders. We thank an anonymous referee for helpful comments
that improved the manuscript. This research was supported by
the Japan Society for the Promotion of Science through Grant-
in-Aid for Scientific Research 19540246.

Facilities: Subaru (FOCAS, Suprime-Cam),
(DEIMOS)

Keck:II

REFERENCES

Adelberger, K. L., et al. 2003, ApJ, 584, 45

Adelberger, K. L., et al. 2005, ApJ, 629, 639

Ando, M., et al. 2006, ApJ, 645, L9

Barkana, R., & Loeb, A. 2004, ApJ, 609, 474

Bolton, J. S., & Haehnelt, M. G. 2007, MNRAS, 382, 325
Bouwens, R. J., et al. 2007, ApJ, 670, 928


http://dx.doi.org/10.1086/345660
http://adsabs.harvard.edu/abs/2003ApJ...584...45A
http://adsabs.harvard.edu/abs/2003ApJ...584...45A
http://dx.doi.org/10.1086/431753
http://adsabs.harvard.edu/abs/2005ApJ...629..636A
http://adsabs.harvard.edu/abs/2005ApJ...629..636A
http://dx.doi.org/10.1086/505652
http://adsabs.harvard.edu/abs/2006ApJ...645L...9A
http://adsabs.harvard.edu/abs/2006ApJ...645L...9A
http://dx.doi.org/10.1086/421079
http://adsabs.harvard.edu/abs/2004ApJ...609..474B
http://adsabs.harvard.edu/abs/2004ApJ...609..474B
http://dx.doi.org/10.1111/j.1365-2966.2007.12372.x
http://adsabs.harvard.edu/abs/2007MNRAS.382..325B
http://adsabs.harvard.edu/abs/2007MNRAS.382..325B
http://dx.doi.org/10.1086/521811
http://adsabs.harvard.edu/abs/2007ApJ...670..928B
http://adsabs.harvard.edu/abs/2007ApJ...670..928B

THE ASTROPHYSICAL JOURNAL, 734:119 (19pp), 2011 June 20

Bouwens, R. J., et al. 2010a, ApJ, 708, 69

Bouwens, R. J., et al. 2010b, arXiv:1006.4360

Cassata, P, et al. 2011, A&A, 525, 143

Charlot, S., & Fall, S. M. 1993, ApJ, 415, 580

Dayal, P, et al. 2008, MNRAS, 389, 1683

Dayal, P, et al. 2009, MNRAS, 400, 2000

Deharveng, J.-M., et al. 2001, A&A, 375, 805

Dijkstra, M., Litz, A., & Wyithe, J. S. B. 2007a, MNRAS, 377, 1175

Dijkstra, M., & Wyithe, J. S. B. 2010, MNRAS, 408, 352

Dijkstra, M., Wyithe, J. S. B., & Haiman, Z. 2007b, MNRAS, 379, 253

Djorgovski, S. G., Bogosavljevic, M., & Mahabal, A. 2006, New Astron., 50,
140

Dow-Hygelund, C. C., et al. 2007, ApJ, 660, 47

Faber, S., et al. 2003, Proc. SPIE, 4841, 1657

Fan, X., et al. 2006, AJ, 132, 117

Fernandez-Soto, A., Lanzetta, K. M., & Chen, H.-W. 2003, MNRAS, 342,
1215

Finkelstein, S. L., et al. 2009, ApJ, 691, 465

Fontana, A., et al. 2010, ApJ, 725, 205

Furlanetto, S. R., Hernquist, L., & Zaldarriaga, M. 2004, MNRAS, 354,
695

Gnedin, N. Y., & Ostriker, J. P. 1997, ApJ, 486, 581

Gronwall, C., et al. 2007, ApJ, 667, 79

Haiman, Z., & Cen, R. 2005, ApJ, 623, 627

Haiman, Z., & Spaans, M. 1999, ApJ, 518, 138

Hansen, M., & Oh, S. P. 2006, MNRAS, 367, 979

Henry, A. L., et al. 2010, ApJ, 719, 685

Hibon, P, et al. 2010, A&A, 515, 97

Hu, E. M., Cowie, L. L., Barger, A. J., Capak, P., Kakazu, Y., & Trouille, L.
2010, ApJ, 725, 394

Hu, E. M., Cowie, L. L., McMahon, R. G., Capak, P., Iwamuro, F., Kneib, J.-P.,
Maihara, T., & Motohara, K. 2002, ApJ, 568, L75 (erratum 576, L99)

Iliev, I. T., et al. 2008, MNRAS, 391, 63

Inoue, A. K., et al. 2011, MNRAS, 411, 2336

Iwata, L., et al. 2009, ApJ, 692, 1287

Iye, M., et al. 2006, Nature, 443, 186

Jiang, L., et al. 2008, AJ, 135, 1057

Johnson, J. L., et al. 2008, MNRAS, 388, 26

Kashikawa, N., et al. 2002, PAS]J, 54, 819

Kashikawa, N., et al. 2004, PASJ, 56, 1011

Kashikawa, N., et al. 2006, ApJ, 648, 7 (K06)

Kobayashi, M. A. R., Totani, T., & Nagashima, M. 2007, ApJ, 670, 919

Kobayashi, M. A. R., Totani, T., & Nagashima, M. 2010, ApJ, 708, 1119

Kodaira, K., et al. 2003, PASJ, 55, L17

Komatsu, E., et al. 2009, ApJS, 180, 330

Le Delliou, M., Lacey, C., Baugh, C. M., Guiderdoni, B., Bacon, R., Courtois,
H., Sousbie, T., & Morris, S. L. 2005, MNRAS, 357, L11

Leitherer, C., Robert, C., & Heckman, T. M. 1995, ApJS, 99, 173

Maddau, P., Haardt, F., & Rees, M. J. 1999, ApJ, 514, 648

19

KASHIKAWA ET AL.

Malhotra, S., & Rhoads, J. E. 2004, ApJ, 617, L5

Malkan, M., Webb, W., & Konopacky, Q. 2003, ApJ, 598, 878

Mas-Hesse, J. M., Kunth, D., Tenorio-Tagle, G., Leitherer, C., Terlevich, R. J.,
& Terlevich, E. 2003, ApJ, 598, 858

McLinden, E. M., et al. 2011, ApJ, 730, 136

McQuinn, M., et al. 2007, MNRAS, 381, 75

Mesinger, A., & Furlanetto, S. 2007, ApJ, 669, 663

Nagamine, K., et al. 2010, PASJ, 62, 1455

Nagao, T., et al. 2007, A&A, 468, 877

Nakamura, E., et al. 2011, MNRAS, 412, 2579

Neufeld, D. A. 1991, ApJ, 370, 85

Nilsson, K. K., et al. 2009, MNRAS, 400, 232

Oesch, P. A, et al. 2010, ApJ, 709, L16

Ono, Y., et al. 2010, ApJ, 724, 1524

Ota, K., et al. 2008, ApJ, 677, 12

Ota, K., et al. 2010, ApJ, 722, 803

Ouchi, M., et al. 2008, ApJS, 176, 301

Ouchi, M., et al. 2010, ApJ, 723, 869

Pawlik, A., et al. 2009, MNRAS, 394, 1812

Pentericci, L., et al. 2010, A&A, 514, 64

Razoumoyv, A. O., & Sommer-Larsen, J. 2010, ApJ, 710, 1239

Reddy, N. A, et al. 2008, ApJS, 175, 48

Richard, J., et al. 2008, ApJ, 685, 705

Ricotti, M., & Shull, J. M. 2000, ApJ, 542, 548

Schaerer, D. 2002, A&A, 382, 28

Shapley, A. E., Steidel, C. C., Pettini, M., & Adelberger, K. L. 2003, ApJ, 588,
65

Shapley, A. E., et al. 2001, ApJ, 562, 95

Shapley, A. E., et al. 2006, ApJ, 651, 688

Shimasaku, K., et al. 2006, PASJ, 58, 313 (S06)

Siana, B., et al. 2010, ApJ, 723, 241

Somerville, R. S., Lee, K., Ferguson, H. C., Gardner, J. P,, Moustakas, L. A., &
Giavalisco, M. 2004, ApJ, 600, L171

Stanway, E. R., et al. 2007, MNRAS, 376, 727

Stark, D. P, et al. 2007, ApJ, 663, 10

Stark, D. P, et al. 2010, MNRAS, 408, 1628

Stark, D. P, et al. 2011, ApJ, 728, L2

Taniguchi, Y., et al. 2005, PASJ, 57, 165

Taniguchi, Y., et al. 2010, ApJ, 724, 1480

Tilvi, V., et al. 2010, ApJ, 721, 1853

Vanzella, E., et al. 2009, ApJ, 695, 1163

Vanzella, E., et al. 2010, ApJ, 725, 1011

Verhamme, A., et al. 2008, A&A, 491, 89

Westra, E., et al. 2005, A&A, 430, L21

Willott, C. J., et al. 2005, ApJ, 633, 630

Wise, J. H., & Cen, R. 2009, ApJ, 693, 984

Wyithe, J. S. B., & Loeb, A. 2004, Nature, 432, 194

Yoshida, N., et al. 2007, ApJ, 663, 687

Zheng, Z., et al. 2010, ApJ, 716, 574


http://dx.doi.org/10.1088/2041-8205/708/2/L69
http://adsabs.harvard.edu/abs/2010ApJ...708L..69B
http://adsabs.harvard.edu/abs/2010ApJ...708L..69B
http://www.arxiv.org/abs/1006.4360
http://dx.doi.org/10.1051/0004-6361/201014410
http://adsabs.harvard.edu/abs/2011A&A...525A.143C
http://adsabs.harvard.edu/abs/2011A&A...525A.143C
http://dx.doi.org/10.1086/173187
http://adsabs.harvard.edu/abs/1993ApJ...415..580C
http://adsabs.harvard.edu/abs/1993ApJ...415..580C
http://dx.doi.org/10.1111/j.1365-2966.2008.13721.x
http://adsabs.harvard.edu/abs/2008MNRAS.389.1683D
http://adsabs.harvard.edu/abs/2008MNRAS.389.1683D
http://dx.doi.org/10.1111/j.1365-2966.2009.15593.x
http://adsabs.harvard.edu/abs/2009MNRAS.400.2000D
http://adsabs.harvard.edu/abs/2009MNRAS.400.2000D
http://dx.doi.org/10.1051/0004-6361:20010920
http://adsabs.harvard.edu/abs/2001A&A...375..805D
http://adsabs.harvard.edu/abs/2001A&A...375..805D
http://dx.doi.org/10.1111/j.1365-2966.2007.11666.x
http://adsabs.harvard.edu/abs/2007MNRAS.377.1175D
http://adsabs.harvard.edu/abs/2007MNRAS.377.1175D
http://dx.doi.org/10.1111/j.1365-2966.2010.17112.x
http://adsabs.harvard.edu/abs/2010MNRAS.408..352D
http://adsabs.harvard.edu/abs/2010MNRAS.408..352D
http://dx.doi.org/10.1111/j.1365-2966.2007.11936.x
http://adsabs.harvard.edu/abs/2007MNRAS.379..253D
http://adsabs.harvard.edu/abs/2007MNRAS.379..253D
http://dx.doi.org/10.1016/j.newar.2005.11.015
http://dx.doi.org/10.1086/512025
http://adsabs.harvard.edu/abs/2007ApJ...660...47D
http://adsabs.harvard.edu/abs/2007ApJ...660...47D
http://adsabs.harvard.edu/abs/2003SPIE.4841.1657F
http://adsabs.harvard.edu/abs/2003SPIE.4841.1657F
http://dx.doi.org/10.1086/504836
http://adsabs.harvard.edu/abs/2006AJ....132..117F
http://adsabs.harvard.edu/abs/2006AJ....132..117F
http://dx.doi.org/10.1046/j.1365-8711.2003.06622.x
http://adsabs.harvard.edu/abs/2003MNRAS.342.1215F
http://adsabs.harvard.edu/abs/2003MNRAS.342.1215F
http://dx.doi.org/10.1088/0004-637X/691/1/465
http://adsabs.harvard.edu/abs/2009ApJ...691..465F
http://adsabs.harvard.edu/abs/2009ApJ...691..465F
http://dx.doi.org/10.1088/2041-8205/725/2/L205
http://adsabs.harvard.edu/abs/2010ApJ...725L.205F
http://adsabs.harvard.edu/abs/2010ApJ...725L.205F
http://dx.doi.org/10.1111/j.1365-2966.2004.08225.x
http://adsabs.harvard.edu/abs/2004MNRAS.354..695F
http://adsabs.harvard.edu/abs/2004MNRAS.354..695F
http://dx.doi.org/10.1086/304548
http://adsabs.harvard.edu/abs/1997ApJ...486..581G
http://adsabs.harvard.edu/abs/1997ApJ...486..581G
http://dx.doi.org/10.1086/520324
http://adsabs.harvard.edu/abs/2007ApJ...667...79G
http://adsabs.harvard.edu/abs/2007ApJ...667...79G
http://dx.doi.org/10.1086/428645
http://adsabs.harvard.edu/abs/2005ApJ...623..627H
http://adsabs.harvard.edu/abs/2005ApJ...623..627H
http://dx.doi.org/10.1086/307276
http://adsabs.harvard.edu/abs/1999ApJ...518..138H
http://adsabs.harvard.edu/abs/1999ApJ...518..138H
http://dx.doi.org/10.1111/j.1365-2966.2005.09870.x
http://adsabs.harvard.edu/abs/2006MNRAS.367..979H
http://adsabs.harvard.edu/abs/2006MNRAS.367..979H
http://dx.doi.org/10.1088/0004-637X/719/1/685
http://adsabs.harvard.edu/abs/2010ApJ...719..685H
http://adsabs.harvard.edu/abs/2010ApJ...719..685H
http://dx.doi.org/10.1051/0004-6361/200912109
http://adsabs.harvard.edu/abs/2010A&A...515A..97H
http://adsabs.harvard.edu/abs/2010A&A...515A..97H
http://dx.doi.org/10.1088/0004-637X/725/1/394
http://adsabs.harvard.edu/abs/2010ApJ...725..394H
http://adsabs.harvard.edu/abs/2010ApJ...725..394H
http://dx.doi.org/10.1086/340424
http://adsabs.harvard.edu/abs/2002ApJ...568L..75H
http://adsabs.harvard.edu/abs/2002ApJ...568L..75H
http://dx.doi.org/10.1086/343105
http://dx.doi.org/10.1111/j.1365-2966.2008.13879.x
http://adsabs.harvard.edu/abs/2008MNRAS.391...63I
http://adsabs.harvard.edu/abs/2008MNRAS.391...63I
http://dx.doi.org/10.1111/j.1365-2966.2010.17851.x
http://adsabs.harvard.edu/abs/2011MNRAS.411.2336I
http://adsabs.harvard.edu/abs/2011MNRAS.411.2336I
http://dx.doi.org/10.1088/0004-637X/692/2/1287
http://adsabs.harvard.edu/abs/2009ApJ...692.1287I
http://adsabs.harvard.edu/abs/2009ApJ...692.1287I
http://dx.doi.org/10.1038/nature05104
http://adsabs.harvard.edu/abs/2006Natur.443..186I
http://adsabs.harvard.edu/abs/2006Natur.443..186I
http://dx.doi.org/10.1088/0004-6256/135/3/1057
http://adsabs.harvard.edu/abs/2008AJ....135.1057J
http://adsabs.harvard.edu/abs/2008AJ....135.1057J
http://dx.doi.org/10.1111/j.1365-2966.2008.13381.x
http://adsabs.harvard.edu/abs/2008MNRAS.388...26J
http://adsabs.harvard.edu/abs/2008MNRAS.388...26J
http://adsabs.harvard.edu/abs/2002PASJ...54..819K
http://adsabs.harvard.edu/abs/2002PASJ...54..819K
http://adsabs.harvard.edu/abs/2004PASJ...56.1011K
http://adsabs.harvard.edu/abs/2004PASJ...56.1011K
http://dx.doi.org/10.1086/504966
http://adsabs.harvard.edu/abs/2006ApJ...648....7K
http://adsabs.harvard.edu/abs/2006ApJ...648....7K
http://dx.doi.org/10.1086/522200
http://adsabs.harvard.edu/abs/2007ApJ...670..919K
http://adsabs.harvard.edu/abs/2007ApJ...670..919K
http://dx.doi.org/10.1088/0004-637X/708/2/1119
http://adsabs.harvard.edu/abs/2010ApJ...708.1119K
http://adsabs.harvard.edu/abs/2010ApJ...708.1119K
http://adsabs.harvard.edu/abs/2003PASJ...55L..17K
http://adsabs.harvard.edu/abs/2003PASJ...55L..17K
http://dx.doi.org/10.1088/0067-0049/180/2/330
http://adsabs.harvard.edu/abs/2009ApJS..180..330K
http://adsabs.harvard.edu/abs/2009ApJS..180..330K
http://adsabs.harvard.edu/abs/2005MNRAS.357L..11L
http://adsabs.harvard.edu/abs/2005MNRAS.357L..11L
http://dx.doi.org/10.1086/192183
http://adsabs.harvard.edu/abs/1995ApJS...99..173L
http://adsabs.harvard.edu/abs/1995ApJS...99..173L
http://dx.doi.org/10.1086/306975
http://adsabs.harvard.edu/abs/1999ApJ...514..648M
http://adsabs.harvard.edu/abs/1999ApJ...514..648M
http://dx.doi.org/10.1086/427182
http://adsabs.harvard.edu/abs/2004ApJ...617L...5M
http://adsabs.harvard.edu/abs/2004ApJ...617L...5M
http://dx.doi.org/10.1086/379117
http://adsabs.harvard.edu/abs/2003ApJ...598..878M
http://adsabs.harvard.edu/abs/2003ApJ...598..878M
http://dx.doi.org/10.1086/379116
http://adsabs.harvard.edu/abs/2003ApJ...598..858M
http://adsabs.harvard.edu/abs/2003ApJ...598..858M
http://dx.doi.org/10.1088/0004-637X/730/2/136
http://adsabs.harvard.edu/abs/2011ApJ...730..136M
http://adsabs.harvard.edu/abs/2011ApJ...730..136M
http://dx.doi.org/10.1111/j.1365-2966.2007.12085.x
http://adsabs.harvard.edu/abs/2007MNRAS.381...75M
http://adsabs.harvard.edu/abs/2007MNRAS.381...75M
http://dx.doi.org/10.1086/521806
http://adsabs.harvard.edu/abs/2007ApJ...669..663M
http://adsabs.harvard.edu/abs/2007ApJ...669..663M
http://adsabs.harvard.edu/abs/2010PASJ...62.1455N
http://adsabs.harvard.edu/abs/2010PASJ...62.1455N
http://dx.doi.org/10.1051/0004-6361:20066177
http://adsabs.harvard.edu/abs/2007A&A...468..877N
http://adsabs.harvard.edu/abs/2007A&A...468..877N
http://dx.doi.org/10.1111/j.1365-2966.2010.18077.x
http://adsabs.harvard.edu/abs/2011MNRAS.412.2579N
http://adsabs.harvard.edu/abs/2011MNRAS.412.2579N
http://dx.doi.org/10.1086/185983
http://adsabs.harvard.edu/abs/1991ApJ...370L..85N
http://adsabs.harvard.edu/abs/1991ApJ...370L..85N
http://dx.doi.org/10.1111/j.1365-2966.2009.15439.x
http://adsabs.harvard.edu/abs/2009MNRAS.400..232N
http://adsabs.harvard.edu/abs/2009MNRAS.400..232N
http://dx.doi.org/10.1088/2041-8205/709/1/L16
http://adsabs.harvard.edu/abs/2010ApJ...709L..16O
http://adsabs.harvard.edu/abs/2010ApJ...709L..16O
http://dx.doi.org/10.1088/0004-637X/724/2/1524
http://adsabs.harvard.edu/abs/2010ApJ...724.1524O
http://adsabs.harvard.edu/abs/2010ApJ...724.1524O
http://dx.doi.org/10.1086/529006
http://adsabs.harvard.edu/abs/2008ApJ...677...12O
http://adsabs.harvard.edu/abs/2008ApJ...677...12O
http://dx.doi.org/10.1088/0004-637X/722/1/803
http://adsabs.harvard.edu/abs/2010ApJ...722..803O
http://adsabs.harvard.edu/abs/2010ApJ...722..803O
http://dx.doi.org/10.1086/527673
http://adsabs.harvard.edu/abs/2008ApJS..176..301O
http://adsabs.harvard.edu/abs/2008ApJS..176..301O
http://dx.doi.org/10.1088/0004-637X/723/1/869
http://adsabs.harvard.edu/abs/2010ApJ...723..869O
http://adsabs.harvard.edu/abs/2010ApJ...723..869O
http://dx.doi.org/10.1111/j.1365-2966.2009.14486.x
http://adsabs.harvard.edu/abs/2009MNRAS.394.1812P
http://adsabs.harvard.edu/abs/2009MNRAS.394.1812P
http://dx.doi.org/10.1051/0004-6361/200913425
http://adsabs.harvard.edu/abs/2010A&A...514A..64P
http://adsabs.harvard.edu/abs/2010A&A...514A..64P
http://dx.doi.org/10.1088/0004-637X/710/2/1239
http://adsabs.harvard.edu/abs/2010ApJ...710.1239R
http://adsabs.harvard.edu/abs/2010ApJ...710.1239R
http://dx.doi.org/10.1086/521105
http://adsabs.harvard.edu/abs/2008ApJS..175...48R
http://adsabs.harvard.edu/abs/2008ApJS..175...48R
http://dx.doi.org/10.1086/591312
http://adsabs.harvard.edu/abs/2008ApJ...685..705R
http://adsabs.harvard.edu/abs/2008ApJ...685..705R
http://dx.doi.org/10.1086/317025
http://adsabs.harvard.edu/abs/2000ApJ...542..548R
http://adsabs.harvard.edu/abs/2000ApJ...542..548R
http://dx.doi.org/10.1051/0004-6361:20011619
http://adsabs.harvard.edu/abs/2002A&A...382...28S
http://adsabs.harvard.edu/abs/2002A&A...382...28S
http://dx.doi.org/10.1086/373922
http://adsabs.harvard.edu/abs/2003ApJ...588...65S
http://adsabs.harvard.edu/abs/2003ApJ...588...65S
http://dx.doi.org/10.1086/323432
http://adsabs.harvard.edu/abs/2001ApJ...562...95S
http://adsabs.harvard.edu/abs/2001ApJ...562...95S
http://dx.doi.org/10.1086/507511
http://adsabs.harvard.edu/abs/2006ApJ...651..688S
http://adsabs.harvard.edu/abs/2006ApJ...651..688S
http://adsabs.harvard.edu/abs/2006PASJ...58..313S
http://adsabs.harvard.edu/abs/2006PASJ...58..313S
http://dx.doi.org/10.1088/0004-637X/723/1/241
http://adsabs.harvard.edu/abs/2010ApJ...723..241S
http://adsabs.harvard.edu/abs/2010ApJ...723..241S
http://dx.doi.org/10.1086/378628
http://adsabs.harvard.edu/abs/2004ApJ...600L.171S
http://adsabs.harvard.edu/abs/2004ApJ...600L.171S
http://dx.doi.org/10.1111/j.1365-2966.2007.11469.x
http://adsabs.harvard.edu/abs/2007MNRAS.376..727S
http://adsabs.harvard.edu/abs/2007MNRAS.376..727S
http://dx.doi.org/10.1086/518098
http://adsabs.harvard.edu/abs/2007ApJ...663...10S
http://adsabs.harvard.edu/abs/2007ApJ...663...10S
http://dx.doi.org/10.1111/j.1365-2966.2010.17227.x
http://adsabs.harvard.edu/abs/2010MNRAS.408.1628S
http://adsabs.harvard.edu/abs/2010MNRAS.408.1628S
http://dx.doi.org/10.1088/2041-8205/728/1/L2
http://adsabs.harvard.edu/abs/2011ApJ...728L...2S
http://adsabs.harvard.edu/abs/2011ApJ...728L...2S
http://adsabs.harvard.edu/abs/2005PASJ...57..165T
http://adsabs.harvard.edu/abs/2005PASJ...57..165T
http://dx.doi.org/10.1088/0004-637X/724/2/1480
http://adsabs.harvard.edu/abs/2010ApJ...724.1480T
http://adsabs.harvard.edu/abs/2010ApJ...724.1480T
http://dx.doi.org/10.1088/0004-637X/721/2/1853
http://adsabs.harvard.edu/abs/2010ApJ...721.1853T
http://adsabs.harvard.edu/abs/2010ApJ...721.1853T
http://dx.doi.org/10.1088/0004-637X/695/2/1163
http://adsabs.harvard.edu/abs/2009ApJ...695.1163V
http://adsabs.harvard.edu/abs/2009ApJ...695.1163V
http://dx.doi.org/10.1088/0004-637X/725/1/1011
http://adsabs.harvard.edu/abs/2010ApJ...725.1011V
http://adsabs.harvard.edu/abs/2010ApJ...725.1011V
http://dx.doi.org/10.1051/0004-6361:200809648
http://adsabs.harvard.edu/abs/2008A&A...491...89V
http://adsabs.harvard.edu/abs/2008A&A...491...89V
http://dx.doi.org/10.1051/0004-6361:200400126
http://adsabs.harvard.edu/abs/2005A&A...430L..21W
http://adsabs.harvard.edu/abs/2005A&A...430L..21W
http://dx.doi.org/10.1086/462408
http://adsabs.harvard.edu/abs/2005ApJ...633..630W
http://adsabs.harvard.edu/abs/2005ApJ...633..630W
http://dx.doi.org/10.1088/0004-637X/693/1/984
http://adsabs.harvard.edu/abs/2009ApJ...693..984W
http://adsabs.harvard.edu/abs/2009ApJ...693..984W
http://dx.doi.org/10.1038/nature03033
http://adsabs.harvard.edu/abs/2004Natur.432..194W
http://adsabs.harvard.edu/abs/2004Natur.432..194W
http://dx.doi.org/10.1086/518227
http://adsabs.harvard.edu/abs/2007ApJ...663..687Y
http://adsabs.harvard.edu/abs/2007ApJ...663..687Y
http://dx.doi.org/10.1088/0004-637X/716/1/574
http://adsabs.harvard.edu/abs/2010ApJ...716..574Z
http://adsabs.harvard.edu/abs/2010ApJ...716..574Z

THE ASTROPHYSICAL JOURNAL, 738:30 (8pp), 2011 September 1
© 2011. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

doi:10.1088/0004-637X/738/1/30

SDSS J133401.39+331534.3: A NEW SUBARCSECOND GRAVITATIONALLY LENSED QUASAR*

CrisTIAN E. Rusu'-2, MasAMUNE OGURI®4, NaoHIsA INADAY, IssHA KaYo®, MasaNori IYE!27, YuTaka HavANOS,
SHIN OYA®, MAsAYUKI HATTORI®, YOSHIHIKO SAITO®, MEGURU ITO®, YOSUKE MINOWAS, TAE-S00 Pyo®, HIROSHI TERADAS,

Hipeki TAKAMI®, AND MAKOTO WATANABE’
! Optical and Infrared Astronomy Division, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
2 Department of Astronomy, Graduate School of Science, University of Tokyo 7-3-1, Hongo Bunkyo-ku, Tokyo 113-0033, Japan
3 Institute for the Physics and Mathematics of the Universe, The University of Tokyo, 5-1-5 Kashiwa-no-ha, Kashiwa, Chiba 277-8568, Japan
4 Division of Theoretical Astronomy, National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
3 Department of Physics, Nara National College of Technology, Yamatokohriyama, Nara 639-1080, Japan
6 Department of Physics, Toho University, Funabashi, Chiba 274-8510, Japan
7 Department of Astronomical Science, The Graduate University for Advanced Studies (SOKENDAI), National Astronomical Observatory of Japan,
2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
8 Subaru Telescope, National Astronomical Observatory of Japan, 650 North A’ohoku Place, Hilo, HI 96720, USA
9 Department of Cosmosciences, Hokkaido University, Kita 10, Nishi 8, Kita-ku, Sapporo, Hokkaido 060-0810, Japan
Received 2011 April 10; accepted 2011 June 7; published 2011 August 10

ABSTRACT

The quasar SDSS J133401.39+331534.3 at z = 2.426 is found to be a two-image gravitationally lensed quasar
with an image separation of 07833. The object is first identified as a lensed quasar candidate in the Sloan Digital
Sky Survey Quasar Lens Search, and then confirmed as a lensed system from follow-up observations at the Subaru
and University of Hawaii 2.2 m telescopes. We estimate the redshift of the lensing galaxy to be 0.557 based on
absorption lines in the quasar spectra as well as the color of the galaxy. In particular, we observe the system with the
Subaru Telescope AO188 adaptive optics with a laser guide star, in order to derive accurate astrometry, which well
demonstrates the usefulness of the laser guide star adaptive optics imaging for studying strong lens systems. Our
mass modeling with improved astrometry implies that a nearby bright galaxy ~4" apart from the lensing galaxy is

likely to affect the lens potential.

Key words: gravitational lensing: strong — instrumentation: adaptive optics — quasars: individual (SDSS

J133401.39+331534.3)

1. INTRODUCTION

Since the discovery of the first gravitationally lensed quasar
(Walsh et al. 1979), it has convincingly been demonstrated that
lensed quasars provide insights into various research fields in
astrophysics and cosmology, as well as being a unique tool
for studying the dark universe. For instance, one can directly
measure the structure and substructure of lensing objects,
including the distribution of dark matter, through detailed
observations and analysis of lensed systems (e.g., Treu &
Koopmans 2004; Rusin & Kochanek 2005; Chiba et al. 2005).
Magnification by gravitational lensing greatly enhances our
ability to study quasar host galaxies at high redshifts (e.g., Peng
et al. 2006). Moreover, the statistics of lensed quasars, as well as
measurements of time delays between lensed images, provide
independent constraints on cosmological parameters (e.g., Chae
et al. 2002; Oguri 2007; Oguri et al. 2008; Suyu et al. 2010).

High-resolution imaging such as that provided by adaptive
optics (AO) is crucial for accurately characterizing lensed quasar
systems. This is not only the case for the small-separation
systems (~1"), where accurate astrometry (prone to the effect of
atmospheric seeing) is necessary for constraining mass models
of the lensing galaxies (e.g., Sluse et al. 2008), but also for the
larger separation systems, where AO imaging can identify lens
substructures and faint extended lensed features such as arcs
(e.g., McKean et al. 2007).

The Sloan Digital Sky Survey Quasar Lens Search (SQLS;
Oguri et al. 2006, 2008; Inada et al. 2008, 2010) has been one of

* Based on data collected at the Subaru Telescope, which is operated by the
National Astronomical Observatory of Japan. Use of the UH2.2 m telescope
for the observations is supported by NAOJ.

the most successful strong lens surveys conducted to date. SQLS
relies on the large homogeneous sample of spectroscopically
confirmed quasars from the Sloan Digital Sky Survey (SDSS;
York et al. 2000). By identifying lensed quasar candidates
using the color and morphological information from the SDSS
imaging data, SQLS has discovered more than 40 new lensed
quasars so far. Together with previously known lenses which
were re-observed by the SDSS, the SQLS sample consists of
~60 lensed quasars, constituting roughly half of all lensed
quasars discovered to date.

However, a disadvantage of SQLS, like other ground-based
optical strong lens surveys, is its poor capability of identifying
subarcsecond (image separation 6 < 1”) lensed systems.
This is because typical seeing sizes of ground-based optical
imaging observations are ~1”, which makes it difficult to
resolve multiple components of subarcsecond systems. Indeed,
discoveries and confirmations of subarcsecond lensed quasars
have been made mostly by radio surveys (e.g., Browne et al.
2003) or by using the Hubble Space Telescope (e.g., Reimers
et al. 2002), with a few exceptions from ground-based surveys
(e.g., Castander et al. 2006; Blackburne et al. 2008).

In this paper, we report the discovery of the first new
subarcsecond (two-image) lensed quasar discovered in the
course of SQLS, SDSS J133401.39+331534.3 (hereafter SDSS
J1334+3315). After briefly describing the lens candidate selec-
tion from the SDSS data (Section 2), we present our imaging
and spectroscopic follow-up observations (Section 3). We fur-
ther observe this system with the Subaru Telescope laser guide
star AO (LGS+AQO188) for robust detection as well as charac-
terization of the lensing galaxy (Sections 4 and 5). The accu-
rate astrometry obtained with the LGS+AQO188 is then used for
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Figure 1. Finding chart of SDSS J1334+3315 from the SDSS i-band image.
The size is 2!5 x 2/5. North is up and east is left. The bright star indicated by an
open square was used as the tip-tilt star for the laser guide star adaptive optics
imaging (see Section 4 for details).

gravitational lens mass modeling (Section 6). We summarize
our results in Section 7. We assume the concordance cosmology
with Hy = 70 km~! s=! Mpc™!, Q,, = 0.27, and Q, = 0.73
throughout this paper.

2. CANDIDATE SELECTION FROM THE SLOAN
DIGITAL SKY SURVEY

The SDSS (SDSS-I and SDSS-II Legacy Survey; York et al.
2000) is a combination of imaging and spectroscopic surveys to
map 10,000 deg® of the sky, centered at the North Galactic Cap.
The survey uses a dedicated wide-field 2.5 m telescope (Gunn
et al. 2006) at the Apache Point Observatory in New Mexico,
USA. Images taken in five broadband filters (ugriz; Fukugita
et al. 1996; Gunn et al. 1998; Doi et al. 2010) are reduced with
an automated pipeline, achieving astrometric accuracy better
than about 0”1 (Pier et al. 2003), and photometric zero-point
accuracy better than about 0.01 mag over the entire survey area,
inthe g, r, and i bands (Hogg et al. 2001; Smith et al. 2002; Ivezié
et al. 2004; Tucker et al. 2006; Padmanabhan et al. 2008). The
SDSS also conducts spectroscopic observations with a multi-
fiber spectrograph covering 3800-9200 A, with a resolution of
R ~ 1800 (Blanton et al. 2003). The data are publicly available
(Stoughton et al. 2002; Abazajian et al. 2003, 2004, 2005, 2009;
Adelman-McCarthy et al. 2006, 2007, 2008).

The SQLS (Oguri et al. 2006, 2008; Inada et al. 2008, 2010)
identifies lensed quasar candidates among spectroscopic quasars
in the SDSS (Richards et al. 2002), using two selection al-
gorithms. One is the morphological selection, which selects
quasars with possible extended morphology as small-separation
lensed candidates. The other is the color selection, which
searches for nearby stellar objects whose colors are similar to
the spectroscopically identified quasars. SDSS J1334+3315 is
a lensed quasar candidate at z = 2.426 selected by the mor-
phological selection (see Figure 1 for a finding chart). Although
the morphological selection is designed to be nearly complete
at & > 17, it can identify some subarcsecond lensed systems
as well, as explicitly shown in simulations of lensed quasar
images (Oguri et al. 2006). The point-spread function (PSF)
magnitudes of the unresolved SDSS J1334+3315 system, mea-
sured by the SDSS, are u = 19.324+0.03, g = 18.76 £ 0.01,
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r = 18.66+0.02, i = 18.80+0.02, and z = 18.714+0.03,
where the Galactic extinction is not corrected.

3. FOLLOW-UP SPECTROSCOPY AND IMAGING
3.1. Spectroscopy

We conducted spectroscopic follow-up observations of SDSS
J1334+3315 with the Faint Object Camera and Spectrograph
(FOCAS; Kashikawa et al. 2002) at the Subaru 8.2 m telescope
on 2009 January 31. We adopted the 300B grism and the L600
filter to cover the wavelength from 3700 A to 6000 A. We ob-
tained data with an exposure of 600 s using a 1” slit, with 2 x 2
on-chip binning. The resulting spatial resolution is 0”208 pixel ~!
and the spectral resolution is R ~ 400. The observations were
necessary in order to extract individual spectra of the two stellar
components (the two quasar images), which are unresolved in
the original SDSS spectroscopy. The one-dimensional spectra
of the stellar components were extracted using standard IRAF
tasks. We were unable to extract the spectrum of a lensing
galaxy (see Section 3.2), due to its faint nature and the sub-
arcsecond separation of the quasar components. Although the
two stellar components are resolved reasonably well in the two-
dimensional spectrum, we adopted a deblending procedure de-
veloped by Pindor et al. (2006) in extracting one-dimensional
spectra, in order to minimize the cross-contamination between
the two components.

The spectra shown in Figure 2 indicate that both stellar
components have quasar broad emission lines (Lyc, Si1v, C1v)
at the same wavelengths, corresponding to a redshift of 2.426
(measured also by the initial SDSS spectroscopy). The emission
lines have the same overall shape, supporting the gravitational
lensing hypothesis. Several absorption lines are also observed
in both spectra, at the same wavelengths. We identify some
of these as the 2599 A Fen and the 2796 A, 2803 A Mgu
doublet, from which we derive the redshift of the absorber to
be z = 0.557. The absorption is seen in both components,
with the absorption in component A being slightly stronger
than that in component B. We postulate this absorber to be the
lensing galaxy, as the redshift is consistent with the photometric
redshift estimate of the lensing galaxy, as we will discuss later
(Section 5). In addition, we identify a strong C1v absorber at
z = 2.172 in both stellar components.

The ratio of the fluxes of the two stellar components is quite
constant along the plotted range (B/A = 0.7-0.8). There is
therefore no sign of differential dust reddening which, should it
occur on the line of sight to one of the quasars, would affect
the flux ratio toward shorter wavelengths. Because the flux
ratio is quite constant both across the continuum and the broad
line regions, there is also no evidence of microlensing effects.
Microlensing due to stars in the lensing galaxy would effect the
continuum emission more strongly than the broad line emission,
since the physical size of the region associated with the former
is much smaller than the one associated with the latter (e.g.,
Sluse et al. 2008). The change in flux ratio below ~4000 A in
the observer’s frame is thought to be due to errors arising from
the low detector response in that region.

3.2. Optical and Near-infrared Imaging

Optical (I and z) follow-up images were taken with the
Tektronix 2048 x 2048 CCD camera (Tek2k) at the University
of Hawaii 2.2 m (UHS88) telescope on 2009 April 15. The pixel
scale is 07219 pixel~!. The total exposure time was 800 s
for each filter. The seeing was ~1"-172. The images were
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the ratio of the two spectra.

reduced using standard IRAF'C tasks. The photometric zero
points were derived by comparing magnitudes of nearby stars
located in the same frame to their SDSS magnitudes, with the
resulting zero-point accuracy of ~0.05 mag. For the I band,
the magnitude conversion has been performed using equations
given by Lupton.!!

In addition, we obtained near-infrared (JHK;) images with
the Multi-Object Infrared Camera and Spectrograph (MOIRCS;
Ichikawa et al. 2006; Suzuki et al. 2008) at the Subaru 8.2 m
telescope (Iye et al. 2004) on 2010 April 2, under an excellent
seeing size of ~0/4. The pixel scale is 07117 pixel~'. The total
exposure time was 600 s for J and Kg bands, and 480 s for H band.
We used the MCSRED software package (I. Tanaka et al. 2010,
in preparation) for the data reduction. We derived the magnitude
zero points using the standard star FS33 (Leggett et al. 2006),
leading to a zero-point accuracy estimated at ~0.05 mag.

Results of the follow-up imaging are summarized in Figure 3.
In addition to the candidate lensed quasar system, there are
two red galaxies (G1 and G2) within 5”. In order to check the
presence of the lensing galaxy in between the stellar compo-
nents, as well as to extract relative astrometry and photometry
from the data, we analyze the images using the public software
GALFIT (Peng et al. 2002). We fit all components simultane-
ously with nearby stars as PSF templates and galaxies modeled
by the Sérsic profile. For the bright galaxy G1, the preliminary
GALFIT fitting produces the best-fit Sérsic index of n = 0.87,
very close to the canonical value n = 1 for disk-like galaxies.
The faint galaxy G2 appears to be quite red and is also not
detected in the optical images. Due to its faintness, we cannot
extract an accurate Sérsic index.

Table 1 provides a summary of the GALFIT modeling results.
The separation between the stellar components (the two quasar

10 TRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.

' These equations are attributed to Lupton (2005) but appear to be
unpublished. They can be found at
http://www.sdss.org/dr5/algorithms/sdssUB VRITransform.html

5000
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Figure 2. Follow-up spectra of SDSS J1334+3315 A and B taken with FOCAS at the Subaru Telescope. Quasar emission lines redshifted to z; = 2.42 are indicated
by vertical dotted lines. Strong absorption systems at z = 0.557 and 2.172 seen in both components A and B are marked by vertical solid bars. The lower panel plots

images), derived from the Kj-band image, is 0783 4+ 0701. We
detect an extended object (galaxy G) in between the two stellar
components, which can be interpreted as a lensing galaxy. We
find that the lensing galaxy is hardly detected in the UH88 optical
images, while it is significantly detected in the Subaru/MOIRCS
near-infrared images (see also Figure 3). The difference can
be attributed to the much better angular resolution and the
deeper depth of the MOIRCS images. The position of the
lensing galaxy G is difficult to determine accurately, as the best
fit varies between different bands. However, by adopting the
position estimated in the K band, where G appears brightest,
we determine that the center of the lensing galaxy is closer to
the brighter stellar component, a fact often seen among two-
image lensed quasars (e.g., Kayo et al. 2010). We are unable
to determine a robust estimate of the Sérsic index for G, due
to the galaxy being blended with the quasar components. In
order to extract magnitudes for G, we adopt the canonical value
for elliptical galaxies, n = 4. This is justified by the fact that
most galaxies acting as lenses are ellipticals, as spirals only
contribute to about 10% of the probability for multiple imaging
(e.g., Fukugita & Turner 1991).

4. LASER GUIDE STAR ADAPTIVE OPTICS IMAGING

While the spectroscopic and imaging follow-up observa-
tions presented in the previous section indicate that SDSS
J1334+3315 is a true lensed quasar system, its small angular
separation makes it difficult to study the system in detail solely
from these observations. One way to overcome this problem
in the near-infrared is to obtain high-resolution AO images, as
already done for several other lensed quasar systems (e.g., McK-
ean et al. 2007; Auger et al. 2008; Sluse et al. 2008; Lagattuta
et al. 2010).

We obtained high-resolution near-infrared images for this
quasar system using the Infrared Camera and Spectrograph
(IRCS; Kobayashi et al. 2000) at the Subaru telescope, along
with the laser guide star AO system (LGS+AO188; Hayano
et al. 2008, 2010; Minowa et al. 2010). AO188 uses a curvature
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Table 1
Result of Imaging Observations with UH88/Tek2k and Subaru/MOIRCS
Name AX (arcsec) AY (arcsec) 1 z J H K,
A 0.000 + 0.003 0.000 £ 0.003 19.16 + 0.03 19.18 + 0.03 18.57 £ 0.02 18.10 £ 0.02 17.41 £ 0.01
B —0.502 4+ 0.003 0.673 £ 0.003 19.50 + 0.02 19.75 £ 0.03 18.99 + 0.02 18.40 + 0.01 17.72 £ 0.01
G —0.159 £ 0.015 0.235 £ 0.020 21.50 + 0.37 21.92 + 1.69 20.29 £ 0.11 19.30 + 0.07 18.53 + 0.06
Gl —3.160 % 0.004 —2.587 + 0.004 19.95 + 0.04 20.33 + 0.07 18.68 + 0.03 17.70 + 0.02 17.06 + 0.02
G2 1.160 £ 0.011 2.073 £ 0.013 22.18 £ 0.18 20.42 + 0.08 19.69 + 0.07

Notes. The positive directions of AX and AY are defined by west and north, respectively. The astrometry is measured in the Ks-band image.
The quoted errors include statistical errors only. The magnitude measurements for galaxies G1 and G2 are photometric aperture magnitudes,
whereas those of components A, B, and G are model estimates fitted with GALFIT. The quoted errors include statistical errors only, and
exclude uncertainties inherent in the PSF estimates or the zero points. Magnitudes are given in the Vega system, without the Galactic extinction

correction, except for z-band magnitudes which are in the AB system.

Figure 3. Follow-up images taken with Tek2k at the UH88 Telescope and
MOIRCS at the Subaru Telescope. The size of each panel is 9” x 9”. North is
up and east is left. From top to bottom panels, we show /- and z-band images
from Tek2k and J-, H-, and K;-band images from MOIRCS. Left, middle,
and right panels display original images, images after subtracting all but the
lensing galaxy (component G), and images after subtracting all components,
respectively.

sensor with 188 control elements and a 188 element bimorph
deformable mirror (BIM188), and operates at the Nasmyth focus
of the Subaru Telescope. IRCS was used in the low-resolution
mode with a pixel scale 070527, producing a 54" field of view.

The observations were performed in an engineering run on
2011 February 18, with excellent seeing ~073-0"5. We used an
R ~ 13.4 mag star located 57” from the target as a tip-tilt guide
star (see Figure 1). We obtained a set of 60 s individual exposures
with a total exposure time of 10 minutes for J band, 4 minutes
for H band, and 12 minutes in K’ band. The measured Strehl
ratios were ~8% in the J band, ~12% in the H band, and ~12%
in the K’ band. The full width at half-maximum (FWHM) of
the PSF was ~(0”10-0715 in all three bands. Therefore, although
the PSF is not diffraction limited (the diffraction limit is ~ 0706
for the Subaru Telescope in the K’ band), it is better than
what would be obtained with the Hubble Space Telescope at
the diffraction limit, in the equivalent band (~0/22).

The standard star P272-D (Leggett et al. 2006) was observed
on the same night and at the same airmass with the target,
without AO. Both the target and standard star frames were
reduced with the IRCS IMGRED package (Minowa et al. 2005).
The zero points which we estimate from aperture photometry
are J = 24.39 &+ 0.01 mag s7, H = 24.534+0.02 mag s—L
and K’ = 23.78 +0.02 mag s !, respectively, where the quoted
errors refer only to the differences between aperture photometry
of the standard star in different frames.

We initially tried to build the PSF on an isolated star
~10” from the target, in the direction opposite to the tip-tilt
star. However, this left significant residuals when subtracting
the quasar components, most likely due to anisoplanatism
introduced by the AO. We therefore built the PSF by fitting
a two-component model, consisting of the Moffat and Gaussian
analytical profiles, to the relatively isolated fainter quasar
component. Our GALFIT modeling suggests a best-fit Moffat
profile FWHM of ~6-8 pixels (~073-0"4), which is indicative
of the seeing disk, and a Gaussian profile FWHM of ~2-3 pixels
(~0710-0"15), corresponding to the PSF core. This method
significantly improves fitting and reduces the residuals after
subtracting best-fit models.

We show the AO images in Figure 4 and summarize the re-
sults we obtained in Table 2. Thanks to the much improved
angular resolution, the lensing galaxy is clearly visible even
before subtracting the stellar components. The spiral arm of
the nearby galaxy G1 is also clearly seen. The relative astrom-
etry derived from the LGS+AO188 image is broadly consis-
tent with the MOIRCS result shown in Table 1, but the at-
tached errors are now much smaller. There are small discrepan-
cies in the relative positions of the quasar images, larger than
the error bars attached to the MOIRCS measurements, which
must be due to an inaccurate original measurement of the po-
sition of image A (made difficult by the close proximity of
the lens galaxy). The LGS+AO188 measurement corrects the



THE ASTROPHYSICAL JOURNAL, 738:30 (8pp), 2011 September 1 RuUSU ET AL.
Table 2
Result of Subaru LGS+AO188 Imaging
Name AX (arcsec) AY (arcsec) n R, (arcsec) e 0, (deg) J H K’
A 0.000 £ 0.001 0.000 £ 0.001 18.71 £ 0.01 18.27 £ 0.01 17.53 £ 0.01
B —0.484 + 0.001 0.677 £ 0.001 . . . . 19.03 + 0.01 18.54 + 0.02 17.83 £ 0.01
G —0.134 + 0.006 0.235 £ 0.007 =4 020+0.03 0.62+008 —427+59 21.01 £0.06* 20.06 £ 0.05* 19.36 £ 0.05
Gl —3.178 £ 0.004 —2.578 + 0.002 1.68 £0.06 0.50£0.01 0.53+0.01 —582+£0.7 18.68 &+ 0.04 17.90 £ 0.03 17.28 £ 0.03
G2 1.159 £+ 0.005 2.033 £0.004 246+1.09 0.08 £0.01 0.61 £0.11 383+£7.0 22.69£0.31 20.52 £ 0.13 19.94 + 0.10

Notes. The positive directions of AX and AY are defined by west and north, respectively, and the astrometry is estimated from the K’-band image. Shapes of the
galaxies (the Sérsic index n, the half-light radius R,, the ellipticity e, and the position angle 6, measured east of north) are all measured in the K’-band image. The
Sérsic index of galaxy G is considered to be the fiducial value of 4, as explained in the text. The magnitude measurements for galaxies G1 and G2 are photometric
aperture magnitudes, whereas those of components A, B, and G are model estimates fitted with GALFIT. The quoted errors include statistical errors only and exclude
uncertainties inherent in the PSF estimates or the zero points. Magnitudes are given in the Vega system, without the Galactic extinction correction.

2 The quoted values of the lens galaxy magnitudes in the J and H bands correspond to the best-fit models (Sérsic index 1 rather than 4). When constraining an index

of 4, the values become ~0.1 mag lower.

J (AO)

K' (AO) G2

5 - iy

Figure 4. Subaru LGS+AO188 images of SDSS J1334+3315 in the J, H, and
K’ bands. The size of each panel is 9” x 9”. North is up and east is left.
As in Figure 3, from left to right panels we show original images, images
after subtracting all but the lensing galaxy (component G), and images after
subtracting all components, respectively.

MOIRCS-determined values, because the image A and the
lens are more clearly separated. In addition, small (sub-
pixel) discrepancies between the MOIRCS- and LGS+AO188-
determined positions of galaxies G1 and G2 should be due
to better detected morphological features in the LGS+AO188
imaging. The quasar image separation is found to be 6 =
07833 + 07002. We also confirm that the center of the lensing
galaxy is closer to the brighter quasar component. In addition,
the high-resolution images enable us to make a more reliable
measurement of the shape of each galaxy, such as the half-light
radius and the ellipticity. Although the goodness-of-fit estimate
x? is almost insensitive to the choice of fiducial Sérsic index 1
(exponential profile) or 4 (de Vaucouleurs profile), less residuals
appear in the K’ band after subtracting the lens galaxy modeled
by the Sérsic index 4. This suggests an elliptical galaxy, in ac-
cordance with our original assumption.

We must note that the photometry (especially that of the
lensing galaxy) differs significantly from the MOIRCS result.
This is presumably because of the PSF and magnitude zero-point
uncertainties, which are hard to characterize for AO images. On
the other hand, relative photometry of the lens/quasar images
should be more accurate in the case of the AO observations, due
to the higher resolution. Also, objects (especially the galaxies)
appear systematically fainter in the AO images, which may be
due to uncorrected light scattered at large distances. While we
leave for future work more comprehensive and sophisticated
analysis of the PSF and photometric calibration, we confirm
that our astrometric results are rather robust against these
uncertainties.

5. PHOTOMETRIC REDSHIFTS

In order to check the validity of our assumption that the strong
absorption at z = 0.557 seen in the quasar spectra is caused by
the lensing galaxy G, we estimate a photometric redshift for
this galaxy based on the magnitudes in the five observed bands
, z, J, H, K;/K’). We also estimate photometric redshifts for
the two nearby galaxy companions. We employ the publicly
available HyperZ (Bolzonella et al. 2000) and EAzY (Brammer
etal. 2008) algorithms, both of which produce redshift estimates
based on template-fitting methods. For both algorithms, we use
as templates the observed mean spectral energy distributions
(SEDs) of local galaxies from Coleman et al. (1980, hereafter
CWW), extrapolated into ultraviolet and near-infrared with the
evolutionary models of Bruzual & Charlot (1993). In the case of
EAzY, we use a Bayesian prior on the apparent magnitudes,
which is implemented in the code. The prior is added to
help prevent the redshift probability distributions from having
multiple peaks, as template colors can be degenerate with
redshift.

Since the best magnitude estimates for the lensing galaxy
are significantly different between the MOIRCS JHK; and the
LGS+AO188 IRCS JHK' bands, we use both of these estimates
separately. On the other hand, for the two nearby galaxies, where
the aperture magnitudes are fairly similar, we use the values
obtained with LGS+AO188. As photometric redshift estimates
require absolute magnitudes, we attach error bars larger than the
ones quoted in Tables 1 and 2, to allow for uncertainties in the
magnitude zero points.

We conducted initial photometric redshift fits with HyperZ
and checked the results of the best-fitted spectral templates
with EAzY. The resulting photometric redshift probability dis-
tributions computed with EAzY are shown in Figure 5 and
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Figure 5. Photometric redshift probability distributions, normalized to unit area, for the three galaxies G, G1, and G2, calculated using the magnitudes in Tables 1
and 2. In the case of G, we consider separately the IRCS JHK' (with AO) and MOIRCS JHK; (w/o AO) magnitudes. The probability distributions are calculated
with EAzY, for the most consistent template estimates (see Section 5 for details). The redshift of the quasar components, as well as that of the absorption line system

measured in both quasars at z = 0.557, is also marked with vertical lines.

Table 3 Table 4

Best-fit Photometric Redshifts Best-fit Mass Models
Object and Template Best-fit z lo Limits 20 Limits Model o (kms™') eory 6, or 0, (deg) Rgin (arcsec) o At (days)
G (AO), Sbc template 0.694 0.494-0.876 0.329-1.174 SIE 147 0.235 —47.1 0.40 6.0 11.1
G (AO), E template 0.586 0.397-0.768 0.255-0.959 SIS+y 143 0.096 —47.2 0.38 6.1 10.0
G (w/o0 AO), E template 0.694 0.530-0.850 0.368-1.004
G (w/o0 AO), Sbc template 0.818 0.644-0.986 0.456-1.202
G1, Sbc template 0.513 0.390-0.642 0.298-0.757 ) o
G2, all CWW templates 2.124 1.774-2.579 1.311-2.884 with reasonable mass models, as a final check of the gravitational

summarized in Table 3. For the lensing galaxy, the best-fitted
templates obtained with HyperZ are E (elliptical) and Sbc (spi-
ral). The results are consistent with the probability curves calcu-
lated by EAzY. Although we cannot conclusively discriminate
between the two templates based on the morphological infor-
mation obtained even with LGS+AO188, both templates yield
redshift probability distributions consistent with the redshift es-
timated from the absorption lines, within 1o confidence in-
terval when using the LGS+AQO188-estimated magnitudes, and
at lo—20 confidence interval when using MOIRCS-estimated
magnitudes. We therefore conclude that the lensing galaxy is
likely to be at z = 0.557 and is certainly at a redshift lower than
that of the quasar components, consistent with the gravitational
lensing hypothesis.

For the bright nearby galaxy G1, the probability curve for
the Sbc template (matching the disk-like morphology) is in
good agreement with z = 0.557, making it very likely that
this galaxy is located at the same redshift as the lensing galaxy.
It is also in good agreement with the previous redshift estimate
of 0.50 £ 0.07, from the SDSS database. The G2 galaxy has
a very poorly estimated redshift, due to its faintness, and also
appears to be located at a redshift much larger than G and G1.

6. MASS MODELING

We conduct gravitational lensing mass modeling to check
whether the observed image configuration can be reproduced

lensing hypothesis for this system. We use the public software
glafic (Oguri 2010) to solve the lens equation and to find best-
fit mass models. We use seven observational constraints for
mass modeling: the (two-dimensional) positions of the lensed
quasar images and the lensing galaxy, as well as the flux
ratio between the quasar images. The positional constraints
are taken from the accurate astrometric results derived from
Subaru LGS+AO188 imaging (Table 2). We use a flux ratio
constraint of B/A = 0.75 £ 0.05, consistent with most follow-
up photometric results as well as the spectroscopic flux ratio
over a wide wavelength range. The lens redshift is assumed
to be z = 0.557. Given the small number of observational
constraints available, we are forced to consider the simplest
mass models: the Singular Isothermal Ellipsoid (SIE) and the
Singular Isothermal Sphere with an external shear (SIS+y).
Both mass models have seven parameters (the position of the
lens and its velocity dispersion o or Einstein radius Rgi,, the
ellipticity e or shear y and their associated position angles 6,
or 6,,, and the position of the source), which indicates that there
are no degree of freedom, as is common in the mass modeling
of two-image lensed quasars.

We find that both models can fit the lensed system perfectly,
signifying that the choice of the models is reasonable. Table 4
summarizes the best-fit values for both models. We find that the
best-fit ellipticity for the SIE model, e = 0.235, is significantly
smaller than the observed ellipticity of the lensing galaxy,
e ~ 0.62, but the position angles agree quite well with each
other. Such large difference of the ellipticity and the agreement
of the position angle has often been seen in previous analyses
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Figure 6. Best-fit 2 as a function of the position angle measured east of north.
Since the results are very similar for SIE and SIS+y models, the position angle
can be interpreted as either 6, of SIE or 6,, of SIS+y . Note that the other model
parameters are marginalized over. The horizontal line indicates the 1o range of
the measured position angle of the lensing galaxy G. The vertical dotted lines
show directions of the external shear corresponding to the location of nearby
galaxies G1 and G2.

of strong lens systems (e.g., Keeton et al. 1998). The position
angle of the best-fit SIS+y model is almost the same as that of
the SIE model. In fact the angle corresponds to the position of
the nearby galaxy G1, suggesting that the quadrupole of the lens
potential may be dominated by perturbation due to G1. For both
models, the total magnification and time delay are predicted to
be e ~ 6.0 and At ~ 10-11 days, respectively.

Here, we discuss whether galaxy G1 can have a significant
impact on the mass modeling. Based on the analysis in Section 5,
we assume that the redshift of galaxy GI is the same as that of
the lensing galaxy. The follow-up photometry indicates that G1
is at least ~1.5 mag brighter than the lensing galaxy. Adopting
the Faber-Jackson relation, we infer that the Einstein radius
of GI1 is at least twice as large as that of the lensing galaxy,
i.e., Rgn ~ 078. Given the distance between G and G1 of
d ~ 4’1, we estimate the external shear produced by GI as
¥ ~ Rgin/2d ~ 0.1, which is very close to the best-fit external
shear of y ~ 0.096 for the SIS+y model, suggesting that G1 can
have a significant impact on this lensed quasar system. A caveat
is that G1 appears to be a disk-dominated spiral galaxy (see
Figure 4 and Table 2), and hence the use of the Faber—Jackson
relation may not be appropriate.

To further explore the origin of the quadrupole, we compute
the goodness-of-fit estimate x> as a function of the position
angle. Specifically, we compute x> for each fixed value of the
position angle, with the other model parameters varied to achieve
aminimum x 2. We find that the results are very similar between
the position angle of the ellipticity 6,, for the SIE model, and
the position angle of the external shear 6,,, for the SIS+y model,
as a consequence of the well-known shear-ellipticity degener-
acy. The result shown in Figure 6 indicates that the position
angle inferred from mass modeling is perfectly consistent with
an external shear from galaxy Gl1, as well as consistent with the
position angle of the elliptical lensing galaxy G at 1o level. On
the other hand, the location of the nearby galaxy G2 corresponds
to an external shear with a large x 2, which implies that G2 is not
affecting the lens potential. While we cannot decompose con-
tributions from G and G1 at this point, detailed observations of
alensed quasar host galaxy in deeper AO imaging observations
may help clarify the origin of the quadrupole.

RuUSU ET AL.

7. SUMMARY

We have reported the discovery of the subarcsecond (6 =
07833) gravitationally lensed quasar SDSS J1334+3315. The
system has been identified as a lensed candidate from the SDSS
data, using the standard SQLS candidate selection algorithm,
despite the image separation being smaller than the criterion for
which the morphological selection is complete. Our follow-up
observations at the Subaru and UH88 telescopes have confirmed
the system to be a real strong lensing event. It consists of two
images of a quasar at z = 2.426, lensed by a foreground
galaxy. From the colors as well as absorption lines in the
quasar spectra, we infer the redshift of the lensing galaxy to
be z = 0.557. In particular, we have obtained high-resolution
near-infrared images of this lensed quasar system using the
Subaru LGS+AO188 system, with a better resolution in the K’
band than would be provided by the Hubble Space Telescope
in the equivalent band. The images clearly reveal the presence
of the lensing galaxy in between the quasar images and enable
us to derive very accurate relative astrometry, as well as shapes
of galaxies. In particular, the higher resolution made possible
to identify errors in the non-AO astrometry, caused by the lens
galaxy and one of the quasar images being blended, and thus
made possible a more accurate mass modeling. We have found
that the image configuration can be well reproduced with the
standard mass models. We have pointed out that the nearby
galaxy G1, which is located <5” from the lensing galaxy and is
likely associated physically with the lensing galaxy, may affect
the lens potential. This lensed system has the smallest image
separation among the newly discovered SQLS lenses.

This work represents the first observation and analysis of
any gravitationally lensed quasar system with the Subaru
LGS+AO188. Our results demonstrate the usefulness of laser
guide star AO imaging observations, in particular that of the
Subaru Telescope LGS+AO188 imaging, which has a much im-
proved sky coverage, for the study of strong lens systems. As
explicitly shown, the high-resolution imaging enabled by the
AO system is crucial for accurate and robust measurements of
the position and shape of the lensing galaxy, particularly for
small-separation lensed quasars as presented in the paper. In-
deed we are conducting an imaging survey of SQLS lenses with
Subaru LGS+AO188, aiming to derive accurate astrometry and
to detect lensed quasar host galaxies, which will further increase
the value of the SQLS lensed quasar sample.
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ABSTRACT

The current status of commissioning and recent results in performance of Subaru laser guide star adaptive optics
system is presented. After the first light using natural guide stars with limited configuration of the system in
October 2006, we concentrated to complete a final configuration for a natural guide star to serve AO188 to an
open use observation. On sky test with full configurations using natural guide star started in August 2008, and
opened to a public one month later. We continuously achieved around 0.6 to 0.7 of Strehl ratio at K band using
a bright guide star around 9th to 10th magnitude in R band. We found an unexpectedly large wavefront error
in our laser launching telescope. The modification to fix this large wavefront error was made and we resumed
the characterization of a laser guide star in February 2009. Finally we obtained a round-shaped laser guide star,
whose image size is about 1.2 to 1.6 arcsec under the typical seeing condition. We are in the final phase of
commissioning. A diffraction limited image by our AO system using a laser guide star will be obtained in the
end of 2010. An open use observation with laser guide star system will start in the middle of 2011.

Keywords: adaptive optics, laser guide star, curvature sensor, bimorph mirror, Subaru Telescope

1. INTRODUCTION

A curvature sensing technique is one of the most efficient AO system® The first generation AO system attached on
Cassegrain focus of the Subaru Telescope, AO36,2 has 36 elements curvature wavefront sensor and 36-elements
bimorph deformable mirror. We decided to push forward the merit of this efficiency up to 188 elements of
curvature sensing technique for a second generation AO system at Subaru Telescope.®# Also a single sodium
laser guide star system is incorporated to our second generation AO system to maximize the sky coverage.® The
project of AO188 was funded in 2002. We got 5 years’ budget for fabrication and construction of the system and
consecutive 5 years’ budget for commissioning and science program.

2. SYSTEM OVERVIEW
2.1 System layout

A new curvature AO system with 188 elements, AO188, is mounted at Nasmyth focus of the Subaru Telescope,
instead of at Cassegrain focus. A facility instrument, the infrared camera and spectrograph, IRCS, which was
formerly at Cassegrain focus with AO36, is modified to use at Nasmyth focus with AO188. A laser system needs
clean and thermally stabilized environment to guarantee a stable operation in output power, beam quality, and
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Figure 1. The layout of laser guide star AO system at Subaru Telescope. AO system and the laser are mounted on the
Nasmyth platform. We mount the laser launching telescope behind the secondary mirror. The laser beam is transferred
from the laser room to the laser launching telescope by the optical fiber.

oscillating wavelength. Thus, a thermally stabilized laser clean room is built at a stable Nasmyth platform. An
optical fiber transfers a laser beam from the laser clean room to a laser launching telescope behind the secondary
mirror of Subaru Telescope. While the optical fiber is installed permanently to Subaru Telescope, the laser
launching telescope need to attach and detach for every demand of laser projection to the sky. Figure 1 shows
a system layout to the Subaru Telescope.

2.2 AO system description

AO188 is mounted between Subaru Telescope and science instruments. There is no pick-off mirror, so that we
need to moved away AO188 if science instruments do not want to use AO188.

Figure 2 shows a optical layout of AO188. AO188 receives /13.9 beam from the telescope. Field of view to
science instruments is designed as 2 arcmin. The first optical component is a derotator (AO IMR in Figure 2),
which can rotate the field on sky. We use three-mirrors system to change the orientation of the field on sky as
well as the telescope pupil pattern. The off-axis parabola (OAP1lin Figure 2) collimates the beam and images
the telescope pupil on the deformable mirror. The pupil size on the deformable mirror is 90 mm. Between
the first off-axis parabola and deformable mirror, we insert an atmospheric dispersion collector (ADC in Figure
2). The ADC is designed to compensate an chromatic dispersion by atmosphere from visible to near infrared.%
Deformable mirror with 188 elements” is mounted on a tip-tilt mount (DM/TT in Figure 2). Since the temporal
bandwidth limit of the tip-tilt mount is quite limited, only averaged offset of tip-tilt on the deformable mirror
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Figure 2. The optical layout of AO188.

is fed back to the tip-tilt mount. The stroke of each axis of tip-tilt mount is +5 arcsec. Offset on the tip-tilt
mount is off-loaded to the telescope pointing. For the observation aimed in the thermal near infrared wavelength
longer than 2.5 pm, the offset on the tip-tilt mount shift a thermal background on the science detector. Thus we
offload a tip-tilt offset on the deformable mirror directly to the telescope secondary mirror.® The second off-axis
parabola (OAP2 in Figure 2) converges the beam again into focal ratio of 13.9.

Prior to science instruments, beamsplitters (BS1 in Figure 2) reflect a part of light for wavefront sensing.
Three beamsplitters in total can be mounted to the automated exchange system. One beamsplitter reflects a
visible light shorter than 900 nm.? Second one reflects shorter than about 635 nm, which is used for an optical
science instruments. Third one is for an infrared wavefront sensor.

We have two wavefront sensors. One is a 188 sub-aperture curvature wavefront sensor as a high-order
wavefront sensing and another is a 2x2 sub-aperture Shack-Hartmann wavefront sensor as a low-order wavefront
sensing, especially for tip-tilt and focus.

Another beamsplitter (BS2 in Figure 2), which is optimized to reflect a light from a sodium laser guide star,
divides optical paths to two wavefront sensors. When we use only a natural guide star, a high-reflective mirror
sends all light to the high-order wavefront sensor. We can switch between these two modes using automated
exchange system.

A guide star is selected by a two-mirror system to wavefront sensors. We can select a guide star different
from the science object within the 2 aremin diameter field for the high-order wavefront sensor. (AU1 M1 and
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AU1 M2 in Figure 2) The low-order wavefront sensor has a wider selectable field of view of searching a guide
star at 2.7 arcmin. (AU2 M1 and AU2 M2 in Figure 2) Two-mirror system, worked as a guide star acquisition
system, controls the position as well as the focus of science object on a science camera.

The field of view of the high-order wavefront sensor is 4 arcsec. We also use a field stop (Iris inside the high-
order WFS in Figure 2) down to 1 arcsec to reduce a sky background and aliasing effect in curvature sensing. A
vibrating mirror (VM inside the high-order WF'S in Figure 2), placed at focal position, can moves back and forth
of the position of telescope pupil on the 188-elements fixed lenslet array. The distance from the pupil plane to
measure the curvature can be changed by the vibrating amplitude of the mirror. Light corrected by each lenslet
array is injected to a large-core multi mode optical fibers and feeds to a photon counting APDs.'0 The geometry
of electrodes on the deformable mirror and that of lenslets in the high-order wavefront sensor are well matched.
Sampling rate of high-order wavefront is selectable. We use 1 kHz sampling typically.

The low-order wavefront sensor has 4 arcsec field of view, same as high-order wavefront sensor. We placed
2x2-element lenslet array at the position where the telescope pupil is conjugated, and 4x4-element lenslet array
is located at the focal position of 2x2-element lenslet array, instead of putting a CCD array. Multi mode optical
fibers are mounted exactly where the focal position of 4x4-element lenslet array. A photon counting APDs are
also used to detect the light corrected by the 4x4-element lenslet array with optical fiber.'!

2.3 Laser guide star system

A coherent light source at sodium resonance spectral line at 589 nm is generated by a sum-frequency mixing of
two Nd:YAG laser at the wavelength of 1064 nm and 1319 nm.'? 3 Periodically poled MgO-doped stoichiometric
lithium tantalate (PPMgO:SLT) crystal is used for sum-frequency generation. The average output power was
started from 4.5 W in 2006 and finally it reached at 6.8 W after a fine tuning of laser system.'* The laser is
located in the thermally stabilized laser clean room. The room temperature is controlled at 22 degree Celsius.
Stability of the room temperature is within 0.1 degree during the laser operation.

The laser beam is focused by a off-the-shelf doublet lens onto a solid-core photonic crystal fiber (PCF), whose
mode field diameter is about 14.3 pm. Both the doublet lens and the connector jacket of PCF are mounted
on the 3-axis linear stages. The adjustment the position and the distance between the tip of the PCF and lens
allows us to maximize the coupling efficiency. The maximum overall throughput of the optical fiber we achieved
is about 75 %.'%16 The laser launching telescope is mounted behind the secondary mirror of the telescope. The
aperture size of the laser launching telescope is 500 mm, while the input aperture size is 40 mm. Thus this is a
beam expander, whose magnification is 12.5. The telescope has three mirrors, primary, secondary and tertiary,
similar to a bent Cassegrain telescope. We found that the wavefront error at the center area degrades the image
quality at the sodium layer, which is caused by the stress at the connection between the primary center area and
the tertiary support structure. Finally, the wavefront error within a full aperture is reduced by less than 100 nm
after the modification of the mechanical structure.

The laser beam coming out from the PCF at the laser launching telescope is collimated by the lens. We
chose the beam size about 25 mm. The steering of the laser beam is done by moving the lens laterally to the
optical axis. The steering step is designed as 0.1 arcsec on sky. It is not necessary to steer a pointing direction of
the launched beam in real time, since the position error of the laser guide star is compensated by the dedicated
tip-tilt mirror inside the high-order wavefront sensor (LGS TT inside the high-order WFS in Figure 2). Tip-tilt
offset on the dedicated tip-tilt mirror is offloaded by the position correction at the guide star acquisition system
in front of the high-order wavefront sensor. The averaged focus error measured by the laser guide star indicates
the estimation error of the mean altitude of the laser guide star. The offset of focus error is also compensated
by the acquisition guide star unit. The rest of higher-order wavefront error is fed back to the deformable mirror.

3. OVERVIEW OF CURRENT STATUS
3.1 Performance using natural guide stars

We are monitoring the performance of AO188 using natural guide star since 2008. The Strehl ratio at K band
for various brightness of guide stars are plotted in Figure 3. We achieved the Strehl ratio around 0.6 to 0.7 for
the bright guide stars. The Strehl ratio is still larger than 0.2 even though the guide star magnitude is around
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Figure 3. The estimated Strehl ratio as a function of the brightness of guide stars at K band, 2.2 pm.

15 in R band. Sampling rate was 1 kHz for all cased from bright to faint guide stars. Since the photon-counting
APDs have no readout noise, the performance using the fainter guide star was not apparently degrade.

The detail performance, including the isoplanatic angle and the Strehl ratio at other wavelength, is described
in the other paper.!”

3.2 On sky evaluation of laser guide star

Several engineering observation to create a laser guide star reveals that a typical image size in full width half
maximum is around 1.2 to 1.6 arcsec at zenith under a averaged seeing condition. Figure 4 shows a example of
laser guide star image, taken by the CCD camera in the high-order wavefront sensor. The exposure time is 20
second. The brightness of a laser guide star at zenith was about equivalent magnitude of 10.7 in R band . We
estimated that the laser power just after the launching telescope is around 4 W.

The brightness of a laser guide star as a function of elevation is also evaluated.' Simple geometrical model
predicts that the brightness of a laser guide star decreases by air mass, because the brightness decreases a square
of a distance to a laser guide star, which is proportional to a square of air mass, and the brightness increases
linearly of column length of sodium layer, which is proportional to air mass. Our measurement matched this
model prediction approximately.

Also the brightness change due to a wavelength offset was measured as well.'® We found an unexpectedly
wide tunable range, with which a laser guide star has enough brightness. Measuring a bandwidth of laser beam
relayed by the PCF, the spectral broadening was found due to a self phase modulation effect inside the PCF.
This is caused by a high peak power in the PCF. While the initial spectral bandwidth of the laser is 1.7 GHz,
the output laser after PCF has about 8 GHz. We roughly estimated that the efficiency of return signal of sodium
fluorescence light is degraded by a factor of 4 or 5.

3.3 Estimation of limiting magnitude of low-order wavefront sensor

We estimated the limiting magnitude of low-order wavefront sensor. The averaged photo-counts of each APDs
at the low-order wavefront sensor for faint guide stars are plotted in Figure 5. Based on our experience of
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LGS acquired by WFS cam (20s exposure)

1.5” FWHM @ 0.8” seeing

Figure 4. An image of laser guide star at zenith taken by the CCD camera in the high-order wavefront sensor. The
brightness of the laser guide star is about equivalent magnitude of 10.7 in R band. The image size at the full width half
maximum is 1.5 arcsec.

estimating a limiting magnitude of high-order wavefront sensor, We assume that a wavefront error in tip-tilt and
focus can be measured at the photo-counts of APDs of 10 for each sampling rate at 100 Hz. Figure 5 indicates
that the guide star at the magnitude around 18 in R band can be used as a tip-tilt and focus natural guide star.
Unfortunately, we had a serious trouble in deformable mirror at this experiment, so that we could not evaluate
the closed loop performance itself using the faint guide star.

4. SCHEDULE OF COMMISSIONING

We are in the final phase of commissioning. Most components will be modified, integrated and tested by the
end of October in 2010. The engineering observation and open use observation using natural guide star will
resume in November, 2010. Seven nights in total for engineering observation have been assigned until the end of
January, 2011. Performance evaluation of AO188 using a laser guide will be continued until the end of 2011. The
risk-shared open use observation using a laser guide star will start during the final commissioning phase around
in the middleo of 2011. Finally, AO188 with a laser guide star will be served fully to open use observation in
2012.

5. SUMMARY

The commissioning of the next generation AO for Subaru Telescope, AO188, is in the final phase. The AO188
system using a natural guide star has been served to open use observation since 2008. We achieved around 0.6 to
0.7 of Strehl ratio at K band using a bright guide star around 9th to 10th magnitude in R band. We succeeded
to create a laser guide star in good quality. The image size is about 1.2 to 1.6 arcsec under the typical seeing
condition. Final integration and testing is going on until October, 2010. Then we resume on sky evaluation
through an engineering observation especially for using a laser guide star. After performance evaluation about
one year in 2011, AO188 with a laser guide star will be served to risk-shared open use observation in the middle
of 2011. Most of the risks will be reduced by 2012.
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Figure 5. The average photo-counts of APDs as a function of natural guide star magnitude. We assume that a limiting
magnitude, which can compensate a tip-tilt and focus wavefront error, corresponds to an averaged photo counts of 10 for
each sampling rate at 100 Hz.
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ABSTRACT

Subaru adaptive optics system (AO188) is an 188-elements curvature sensor adaptive optics system that is op-
erated in both natural and laser guide star modes. AO188 was installed at Nasmyth platform of the Subaru
telescope and it has been successfully operating in the natural guide star mode since October 2008. The perfor-
mance of AO188 in the natural guide star mode has been well verified from on-sky data obtained with the infrared
camera and spectrograph (IRCS). Under normal seeing condition, AO188 achieves K-band Strehl ratio between
60% and 70% using R = 9.0 magnitude natural guide stars and it works well with faint guide stars down to
R = 16.5 magnitude. We measured the FWHM and Strehl ratio of stellar images in globular clusters and found
that the isoplanatic angle is approximately 30 arcsec. In this paper, we describe an overview of the operation
procedure for AO188, as well as its performance such as angular resolution, Strehl ration, and sensitivity gain
for detecting faint objects.

Keywords: adaptive optics, telescope operation, image quality, strehl ratio

1. INTRODUCTION

Subaru AO188! is a curvature adaptive optics system which consists of a 188 element wavefront curvature sensor
with photon counting Avalanche Photo Diode modules and a 188 elements bimorph deformable mirror. It is
installed at the IR Nasmyth platform of Subaru telescope and operated in both natural guide star (NGS) and
sodium laser guide star (LGS) modes. The detail specification of the AO188 is summarized in Table 1. The
science camera mainly used with AO188 is IRCS (Infrared Camera and Spectrograph),? which provides imaging
and spectroscopy capabilities in near-infrared (0.9-5.3 um) wavelength. HiCIAO (High Contrast Instrument for
the Subaru Next Generation Adaptive Optics)? is also available with AO188 as a PI type instrument. HiCIAO
is equipped with a coronagraph and offers the capability of high contrast imaging at 0.9-2.5 ym wavelength.
We are also planning to use Kyoto-3DII* with AO188 as a PI-type instrument, which provides the capability of
integral field spectroscopy at optical wavelength range (0.65-0.95 pm). AO188 has successfully completed the
first light observations with IRCS in late 2006. AO188 NGS mode has been offered for open use observations
since 2008B. Currently, LGS mode is in commissioning phase.

2. AO188 OPERATION

The operation of AO188 in NGS mode requires a guide star for the wavefront measurement. The guide star
should be a bright star located within 30 arcsec from your target. The target object for the science camera can
also be used as the guide star. To obtain reasonable performance improvement, the guide star should be brighter
than R magnitude of 16.5. Since we are using high-sensitive APDs for the wavefront sensor, the brightest limit
of the guide star is around R ~ 8, although the brighter star up to R ~ —1 can be used as the guide star by
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Table 1. Summary of AO188 NGS mode specifications

Location of the system | Nasmyth focus (IR)

Defomable mirror Bimorph mirror with 188 electrodes

Wavefront sensor Curvature sensor with 188 photon counting APDs
Real time computer 4 Xeon CPUs (2.0GHz) with real time Linux OS
Control band width > 100 Hz, 1000 correction/sec

Field of view 2.7

Main optics throughput | ~ 70%

Guide star magnitude -1 < R<16.5 (NGS)

Science instrument TIRCS, HiCIAO, Kyoto-3DII

using attenuation filters installed inside of the wavefront sensor. To feed the guide star to the wavefront sensor,
we used a guide star acquisition unit that consists of two gimbal mirrors and a linear stage. The gimbal mirrors
adjust the position and ray tilt of the guide star. The linear stage is mounted under the one of the gimbal mirrors
and adjusts the focus position of the guide star by changing the separation of two gimbal mirrors.®

Once we acquire the guide star to the wavefront sensor, we try to find the optimum control parameters, namely
amplitude of the focus modulation for wavefront curvature measurement and servo loop gain. The modulation
amplitude is corresponding to the voltage applied to a vibrating mirror (VM) mounted in the wavefront sensor.
Higher voltage enables the measurement of higher order wavefront aberrations, but decreases the S/N of the
wavefront measurement because of the loss of photon counts detected on the APDs. To find the optimum value,
we scan the VM voltage by checking the photon counts. We empirically found that the optimum value is the
voltage where the photon counts decreased by 10-20 % of the maxim um counts. Since AO188 is currently using
the classical zonal control algorithm, we scan a single servo gain by checking wavefront error estimated at the
wavefront sensor and the variance of the DM voltages. Figure 1 shows an example of the gain scan. Too low
gain gives worse wavefront correction (i.e. large wavefront error), while too high servo gain gives control loop.
We found that the DM variance and the wavefront error are good tracers for finding optimum gain that gives
the highest Strehl ratio.

Typical overheads for acquiring the guide star and tuning the loop performance are 10 minutes for bright
star (R < 14) and 15 minutes for faint stars (R > 14). If the guide star is an extended source (e.g., nucleus of
AGN), additional ~5 minutes is required for the parameter tuning.
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Figure 1. Example of the servo gain scanning. The images of PSF obtained with IRCS during the scanning are also shown.
The optimization is performed by finding the gain at which the wavefront error is close to the smallest value before the
DM control becomes unstable due to the oscillation. In this case, the gain of 3 gives the best performance.
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3. PERFORMANCE EVALUATION

AQO188 was extensively tested during the engineering run held from 2008 to 2009. The performance was evaluated
in the near-infrared bands (zJHKL'M’) using IRCS image mode with a pixel scale of 20 mas/pix. We took point
sources (stars) with various R-band magnitude from 8 to 17. All exposures were longer than 10 seconds to get
statistically meaningful data. To characterize AO188, we used the Strehl ratio and FWHM extracted from the
IRCS images.

3.1 Strehl ratio calculator

The Strehl ratio is often used to characterize the error of AO system. It is defined as the ratio between the
peak intensity of a PSF divided by the peak intensity of a diffraction-limited PSF with the same total flux. To
calculate the Strel ratio, we need to find the peak value of the observed and ideal PSFs normalized by their
total flux. However, it is difficult to find the peak value of the high Strehl ratio (> 0.5) PSFs, because the pixel
scale (20 mas/pix) of the IRCS is not small enough to well-sample the diffraction-limited PSFs whose FWHM
is smaller than 60 mas. Moreover, it is difficult to find the total flux from the observed images from short (~ 10
seconds) exposure images. The flux from the outer part of the PSF halo cannot be measured due to the noise
and thereby underestimating the total flux (or overestimating the Strehl ratio). To overcome these difficulties,
we have developed a code for measuring the Strehl ratio. At first we fits the observed PSF to find its peak value
and center coordinates and measure the flux using a circular or elliptical aperture. The size and shape of the
aperture are determined depending on the S/N of the observed image using SExtractor software.® Then a new
image which only contains the ideal diffraction-limited PSF at the same coordinates with the same pixel scale
(20 mas/pix) as the observed one are created. The ideal PSF is created by the fourier transform of the telescope
pupil. A linear phase is applied on the fourier transfrom to shift the PSF. Figure 2 shows the example of the
PSF pupil, the linear phase, and the calculated PSF. We measure the peak value from this “under-sampled”
ideal PSF using the same fitting procedure for the observed PSFs. In order to take into account the effect of the
total flux underestimation, we use the same aperture as the observed PSF for measuring the flux of the ideal
PSF. Finally, we can get the Strehl ratio by dividing the peak to flux ratio of the observed PSF by that of the
ideal PSF with less affected by the PSF under sampling and the flux underestimation.

Figure 2. Examples of the telescope pupil (left) and linear phase (middle). The ideal PSF (left) was created by the fourier
transform of the pupil and phase images.

3.2 NGS on-source Strehl ratio and FWHM

Figure 3 shows the achieved Strehl ratio and FWHM as a function of the R-band magnitude of the natural guide
star and the observed wavelength. The Strehl ratio that we obtained for a bright guide star (R < 10 mag) was
1.0, 0.85, 0.65, 0.40, 0.20 and 0.08 at M’ (4.86um), L’ (3.77um), K (2.20pum), H (1.63um), J (1.25um), and z
(1.03pm) -bands, respectively, under seeing conditions of 0.4—0.7 arcsec. We achieved the Strehl ratio of ~ 0.1
at K-band even for R ~ 16.5 faint guide star. The FWHM for all near-infrared bands were less than 0.1 arcsec
except for the faintest guide star with R ~ 16.5, which is very close to the diffraction limit. Note that the
FWHM of the shorter wavelength images might be overestimated because of the insufficient pixel sampling (20
mas/pix) with respect to the size of diffraction-limited images.
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Figure 3. Strehl ratio as a function of R-band magnitude of the NGS and the observed wavelength under normal seeing
condition of 0.4 — 0.7 arcsec. Dashed lines show the FWHM of the ideal diffraction-limited (SR=1.0) PSF.

3.3 Fried length versus Strehl ratio

Figure 4 shows a plot of the Strehl ratio versus Fried length (rg) at the image wavelength. Solid lines show the
model plot of the residual wavefront variance (A). The residual wavefront variance after removal of the Nth
lower degrees of Zernike modes from Kormogorov phase screen is given by A(N) = 0.2944N — +/3/2(D/rq)>/?
[rad?].” We found that the best fit models are A/(D/r0)%/3 = 0.01 to 0.02 for bright stars (R < 10) and 0.08
for faint stars (R > 15). These are corresponding to the correction up to the Zernike order of 20 — 50 for bright
stars and 5 — 6 for faint targets. Although we achieve the Strehl ratio of more than 0.7 in best case at K-band,
our best performance is still low for the curvature sensor with 188 elements. According to the Racine 2006,% the
curvature sensor with more than 100 sub-apertures is expected to achieve A/(D/rq)>/® < 0.01. This discrepancy
could be cause by the non-common path error due to the difference in optical path between science and WFS
paths and/or the limitation of the control bandwidth due to unexpected turbulence.

3.4 Encircled energy and sensitivity gain

Figure 5 shows the plot of the encircled flux as a function of the aperture radius in z’.JJ H K-bands with a typical
R = 12th magnitude guide star. We found that the aperture radii that contains 50% of total flux are 4, 3, and 2
times smaller than typical seeing PSF (FWHM~0.4) at K H, J, and z’-bands, respectively. These mean that the
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Figure 4. Strehl ratio versus Fried length (ro) at the near-infrared wavebands. Solid lines show the model predictions with
the residual wavefront variances of 0.01, 0.02, 0.04 and 0.08.

sensitivity gain for detecting faint objects are increase by 0.75 mag, 0.60 mag, and 0.37 mag at K H, J, z’-bands,
respectively.

1
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Figure 5. Encircled energy of the PSF as a function of the distance from the center of the AO corrected PSF at each
near-infrared band. The encircled flux of a seeing PSF (FWHM~(0’.4 arcsec) is also plotted for comparison. Total flux
was normalized to unity.

3.5 Isoplanatic Field

Performance of AO correction degrades gradually with increasing distance from a guide star because the angular
correlation of atmospheric turbulence becomes lower as increasing distance from a guide star (anisoplanatism).
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Figure 6 shows the Strehl ratio as a function of the distance from the guide star estimated from the image of
globular cluster M5 and M15 obtained with IRCS 52 mas/pix mode. The Strehl ratio decreases with increasing
the distance from the guide star (Af) by SR o exp|—(A8/60)°/3] where 6 is an isoplanatic angle defined as the
separation angle at which the Strehl ratio has degraded by a factor of e with respect to the on-axis value. We
found that the isoplanatic angle of AO188 was around 30 arcsec in radius.
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Figure 6. Variation of the Strehl ratio within IRCS 52mas/pix mode field of view as a function of distance from a guide
star. The results are based on snapshots of globular clusters M15 (crosses) and M5 (asterisks) taken under normal seeing
condition. The solid and dashed lines show the Strel ratio derived from the model of the residual wavefront variances as
a function of the distance from guide stars with the isoplanatic angle of 26 arcsec and 35 arcsec, respectively.

4. SUMMARY

In this paper, we presented the procedure for AO188 operation such as the guide star acquisition and loop
performance tuning. We also described a method for calculating the Strehl ratio which takes into account the
effect of uncertainties in finding the peak and flux values from under-sampled short exposure images. Finally,
AO188 NGS mode has been characterized from the on-sky performance such as FWHM and Strehl ratio of the
PSF extracted from the IRCS near-infrared images.
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