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FTHBERMEORK()

e Cosmic Microwave Background (CMB):
e z~1100 TFH (KF) A H1ElL. T DR DELELS
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We can only see
the surface of the
PRESENT cloud where light

13.7 Billion Years was last scattered
after the Big Bang

The cosmic microwave background Radiation’s
“surface of last scatter”is analogous to the
light coming through the clouds to our

eye on a cloudy day.



FTHBERMEORK(2)

o IWEDFHDIRAMME (IGM) [XIFEALETEER
e The Gunn-Peterson Test
e |IGM optical depth for Ly @ photons = 2.1 X 104 (1+2)3? x,,
e X, <~10- for z~0
o (X = ny/ny)

3€273 z=10,158
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light transmission

FTHBAERMEOIRK(3)

o IGMIFFHARIKIZL>TERESNT=,
e LWD?ENKIIZ? FHMDKREEMBED—D
e z~6-20, by first stars/quasars?
o XEREDEHIL 267
e black “Gun-Peterson trough” found in z~6 QSOs
e LAL.QSOdata MLEABHDIL x> 1038 ELVHTEE(T !

Songaila & Cowie ‘02



Latest Results from 19 SDSS QSOs

Fan et al. 2005
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CMB A& A H o DB

e WMAP polarization measurement:

e the universe reionized twice? (Cen '03; Wyithe & Loeb '03)




J132415.7+273058

Lyman o Emitters H\o 0 &R

e Lya line emissivity [& IGM x,,, [Z5&<{&F
EE

A 1427

e many Ly @ emitters at z>6 (e.g. Kodaira
et al. '03; Taniguchi et al. '05)

e already ionized at z~6.5? (Malhotra &
Rhoads '04; Stern et al. '05)

e caveat: selection effects, model
uncertainties ... (Haiman '02; Wyithe &
Loeb '05)
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Subaru Deep Fre.fd Z2=6. 5 Lyman Alpha Em:ffers
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lGM q:ﬁgl\a)ﬁll B‘Eity) Malhotra & Rhoads '05

Stern et al. '05
Fan etal. 2005 45iman & Cen 05

LAE statistics
Jpark Mp Size

0.1

GP Optical Depth

mass averaged x,,, = n,,/n,,

Redshift z



GRB Ti#5BERt: 2{(DF R

Brightness
o HUVREEIL, z2>~10THLE R A gEZIZERASLY
o AJMR. EFRNENXEIVIT—H—IZILER

FEICETAIEVEBADSGIZEND
o VI—H—[I BEMEARORLHEALEBBOFILIZHAZEMNZLY
e GRB [ZER M E=NIXOK, BER AT MRS ZRAL

No proximity effect
o VI—H—[IBELDBIVENRTRBZERLTLED
e GRBIFHHAL LD FFEINELD THREFHM DL BEREITESAL

Clean spectrum

e almost single power-low SED, in contrast to quasars



Probing the Reionization by the Red Damping
Wing of the Gunn-Peterson Trough

o VI—H—MGP trough X HEE(Zx
LTFBRLASZ AL
e X,=n,/n,>~103
® T.p=21x10%(1+2)%2x,

e red damping wing MEZMIEX, x,
D TRTIFGL FFETAE D AT EE

e GRBs lfred damping wing Z#Ed I
A9 RIK | (Milarda-Escude 1998 [HE TSRS
e No proximity effect i i
e Simple power-law spectrum




GRB 050904 @ z=6.3
GRB [Z&5¥ DB ERE~ D HIE

T. Totani et al. 2006, PASJ 54, 485

collaborators: N. Kawai, G. Kosugi, K. Aoki, T.
Yamada, M. lye, K. Ohta, T. Hattori



GRB 050904 @ z=6.3

e Lya and B trough and transmission between them
e S/N ratio not as high as SDSS quasars
e only weak limit by simply using GP trough
e metal absorption lines at z=6.295
e damping wing detected!

Kawal et al. 2006
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Two possibilities for the origin of the
damping wing

Sicecliieti)
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| GRB 030323 at =3.372 ' |
(Vreeswuk et al. 2004)
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Model Fitting by IGM and DLA

e Intrinsic GRB afterglow spectrum
e B=-1.25%+0.25 power-law (F,oc v —#)

» ~0.5 day observations of NIR colors by Haislip et al., Tagriaferri et
al.

e Absorptions by DLA and IGM
e 4 model parameters: zy ,, Ny, Zigyw %)
e DLA: =Ny 0[(1+2) vV ]
o damping width >> reasonable velocity dispersion (<~200 km/s)

e |IGM: Formula of Miralda-Escude 1998
o uniform IGM distributed from z,5,, 10 Z;gy ,
® Zgu = 6.0 assumed in the baseline model



Fitting to the Damping Wing
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Separate Fitting of IGM and DLA

e DLA T% IGM T% damping wing
(X ERBA T=5(degeneracy!)
e marginally zy ,=7,. allowed for I Z et = 6.2950.002
D] WA T
e If IGM:
o Xy ~ 1 (neutral IGM!)

® Z.a Must be blueshifted by
about 3,000 km/s

o possible in GRBs
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Possible Deviations of z,, , and Z\GMu

Table 1 | Absorption lines detected in the spectrum of the optical afterglow of GRB 050904
Observed -.\'avelsngthi.éd Equivalent width (&) Column density log (cm i Line identification {element, A) Redshift, z

0,041.0 = 0.8 45 * 1.0 .44 Civ, A=1548.2 4.840 = 000
(Nv, A=12388) (6.298 + 0,001

1.7 =10 i Ry Civ, . S0 4840 = 0.00
_ . (6.287 + 0.001)

91464 =& . 5.601%57 y 1, A =12538 6.295 * 0.001
Q1887 =26 3. 20 y 11, A =1,2595 6205 = 0.002
GIe5hG9 12 2T 4.29753 i, A=1260.4 6.286 = 0.001
92258 =1 B e o0 B .63 00 i 11, A=1264.7 6.295 = 0.001
01, A=13022 6.295 * 0.001

Cin,A=13345 206 = 0001

f:-r".-r on lin
U002 wit B i INCe rption | at E } AT i.Z a5 M v A

redshift = "n!.:fh'r 'T of the ather absorption lines. However, t
15482 A, A= 15508 Ain an intervening system at z = 4.840, which we think is m

® GRBs %éb‘li%ﬁgﬂ)iﬁiﬂ' Relative Velocity (km/s)
)l/‘:J:é I&”R':J\'O—C . K% FiG. 7.—Blueshifted Lya, Lyd, Si v, and C 1v absorbers in the GRB

021004 afterglow spectrum plotied m veloaty space. As zero velocily we

PS A Z~O 05 (~3 OOO km/S) 0SS use the systemic redshifl z3 = 2.328. The dashed hnes indicate blueshifted
. ’ p absorbers al =34 = 2.323, z3p = 2317, and zy3p = 2.293. [See the electronic
edition of the Jowrnal for a color version of this figure.




Breaking the degeneracy by
Ly B Feature
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Breaking the degeneracy by
Ly B Feature

e IGM model [ZFEE(ZZFEA]
e upper limit 5, , < 6.314 A S R
e DLA model (iﬂ(é:) T Zmetal ~ 6.295+0.002

e the plausible model:
- — — — £ 9HOE
® ADLA—AJGJ\/I,LJ_ArrJeteal =6.295
e DLA dominates the damping
Wing
® xX,~0




Constraint on x,,?
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DLA-IGM Joint Fit
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Smaller x,,, Favored

o N, ZFI—IZLf=¢&ZE. FEN Flux residual from the x,,, = 0 model
B Xy &2

® Zicmu~— ZpLa™ 6.295

e pest fit x,, = 0.00
o x,< 0.17 (68 % C.
0.60 (95% C.

el)

L)
L)

e Systematics?
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Uncertainty Check

e checks done for: intrinsic spectral index, dust in host
galaxy, redshift parameters, weak unidentified
absorption lines, and time variability

Tahle 1.

Constraint on xy, for various models.

Models Flioo ¥ixpy;=1) Axi(xy,=1) Confidence Upper limits on xy,*
level (%) (% confidence level)
68 95 99
Baseline’ 277.29 284.12 6.84 99.1 0.17 0.60 (.98
Bo=—1/—1.5 273.86/281.10 280.07/288.75 6.21/7.65 08.7/99.4 0.18/0.15 0.66/0.52 1.08/0.88
Ay =0.45/0.17! 316.93/283.18 329.72/291.12 12.80/7.94 99.97,/99.5 0.09/0.15 0.32/0.52 0.54/0.85
ZicMme = 0.27/6.314 277.29/277.29 283.55/283.21 6.27/5.93 08.8/98.5 0.19/0.19 0.63/0.68 1.06/1.12
Tinii= 55062 277.29/277.29 286.70/280.07 9.41/278  99.8/90.5 0.13/0.38 0.45/1.36 0.74/2.22
Zpia = 6.29/6.314%  281.47 [266.41 288.49/271.25 7.03/4.83 99.2/97.2 0.16/0.27 0.57/0.84 0.96/1.27
Lines included 796.03 802.53 6.50 08.9 0.17 0.63 1.02
Variability check 283.98 289.54 5.56 98.2 0.20 0.71 1.18

* In all mod- e o o ot -
L FENAET IS A—SEER T, xy, ~D LRIERR
! F:r::‘ul;}izlr 'i &A)E%b BU’L\ 1wdels when some

The ?i[}i_‘l:[f-':lj nacx Is Cndnged nlo gp = —Ww7/J2 10 KeCp e CXpocicd NIK COM0rs CONsISIEnt Wil e oDscrved oncs Tor me Iy /avie extinction curves,
respectively.
# The 1GM redshift parameter zjgp , is kept to be the same as zpy 5.




redshift range of IGM contributing the
damping wing at z~6.3

e our constraint, %, < 0.6
applies for 6 < z,,, < 6.3
® Zy Settobe 6

® O ptl Cal d e pth 0) Elﬁ ﬁj\ l;Js J: (j: E ‘ }.Luh! = 9050 j,L
2>6.2 MKZFEIZLD




Comparison With Other Malhotra & Rhoads '05

Stern et al. '05

CO nStrai ntS Haiman & Cen '05

see also Kashikawa-san’s talk

e x.,<0.6 atz=6.3 &L\SHIRIX S
QSO (HII region size etc.) +° \_p;l P\Size
LAE statistics MoFoni=HD
EFELIEL model-depenflent estimates

by quasar spgctra
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GRBHOI\oDRIBNDAL=—075 R

¢ the first quantitative upper bound on x,, at z>6

e KZRDRINZERZEMICER TS, ERMAE]
e ETILAEMEMNFEALETL

e damping wing [ optical depth <~ 1
e 2~6 N> 2=6.3 NRBP LD ETHKRICTHLUTRERE
e IGM clumpiness IZEEShLiLN




SERORE

e low N, GRBs?

e only weak constraint on x,,, when log N, > 21.5
e LML. logN, <~20 MGRBLEFEHET S

e promising chance for a better constraint on x,,, by IGM damping
wing

|
;"' DLAs (Curran et al. 2002)
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SEBORE(2)

e GRB 050904MD &5 IREDHEE? <~ 1yr1?
e GRB 050904 (¥£3.4 B#& M HnJt. 0.5 BRLZS10{58HSh o1
e If GRB 050904 occurred at z=1, R=17.9, F~0.2 mJy at 1 day 2>
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Conclusions

e GRB IZC&H>THIOTHEEENDFHIEINFOMNT-
e GRB FHHOHF XD EREEIT

e z~63T. FHIFIFITEHSIN TSI LA FIBA
e x,<0.17 (8% C.L.) and <0.60 (95% C.L.)
for ~6<z2<6.3
e The first quantitative upper lirnit on Xy, at z>6 by a
“direct” method
o for a more “normal” region than quasars

o ETIILAEMEALIGM clumpiness~ DR FEEMN D7
LY









|dentified Absorption Lines

Kawai et al. 2006

Table 1 | Absorption lines detected in the spectrum of the optical afterglow of GRB 050904

Observed wavelength th) Equivalent width A Column density log {cm ©) Line identification (element, A) Redshift. z




Prospects for future observations

e low N, GRBs?

e only weak constrai
e However, there are [l
e promising chance f.

e Ly line emission

e line emissivity affec

e GRB host galaxies '!!l
Jakobsson et al. 2( \

( . . ol 0 ] _“.i-hl_.- L Al .

e Ly emission seart Rk I i

Interesting !

e For GRB 050904,
SFR < 0.8 M. /yr

Flux Density F,[10-® erg em-
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