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Talk Plan

+ GRBs as a reionization probe: strength and weakness
+ the case of GRB 050904 and some other GRBs

+ some stories about GRB 130606A @ z=5.9

+ extremely high-S/N spectra taken, high precision analysis for reionization
possible

+ controversy between Gemini/Subaru/VLT?

+ On the effect of Ly a cross section formulae (as a function of wavelength)
adopted

+ Future?
+ prospects of 30m-class telescopes

+ simulating GRB spectra in cosmological reionization simulation



Cosmic Reionization

What is the Reionization Era?

+ The Universe (hydr()gen) . : A Schematic Outline of the Cosmic History
1 edg b L <« The Big Bang
became neutral at z-1100 Sl The Univacse fled
with ionized gas
+ the cosmic recombination e i < The Universe becomes

The Dark Ages start

+ Hydrogen in IGM today is
Galaxies and Quasars
hlghly lOnlzed ~ 500 million ?gglalx?c;f?{;a’hon starts

+ the Gunn-Peterson Test

The Cosmic Renaissance

* The universe must have been The Dark Ages end
reionized at around z~10

-Relonization complete,
the Universe becomes
transparent again

+ most likely by UV photons by

ﬁrSt Stars Galaxles evolve

< When? hOW? lmportant ~ © bilion The Solar System forms
benchmark to understand
galaXy formation ~ 13 billion Today: Astronomers

figure it all out!
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The Gunn-Peterson Test

100 : l T T T I T T T T I T T T T I T T ] l T I I: 60 F
80 | A 3 50
E 3C273 z=0.158 'R ]
40 b M o g . - 30F
, Eﬁubfﬁw‘,‘- I N ,,‘ :ln'.'«.‘.’\z_m. b VP 14‘_.""““‘ ’ h ,y’-’ I My, 'I‘N.A\.M L ] =
2 20 = v ‘l ! 9, S ] ‘.».u,,z — 20 -
2 C t S = < E
E 0 Cl oy 1 L ' I P VI VI VO T N O I S T (O 3R (O b T«n
2 1000 1050 1100 1150 1200 1250 1300 1350 ‘\-'E
; Emitted wavelength (A) ;
> @
E 100 L I T T T I T T T T I T T T T l T T T T ] T T T T I ) T T T I T I_ 9
2 C . =)
$ 80 ‘ o =
c Q1422+2309 z=3.62 - é
)‘ { E 20
| | l " E
1y 1 }yr\n / | 1 ‘AJ 'l"';_‘&‘\’ - .—_
0 ‘ I ‘ ”?Imﬂw”’ 1 [ R R T ‘1 1 | L T_
1000 1050 1100 1150 1200 1250 1300 1350
Emitted wavelength (A)
12004 Thomson/Brooks Cole
I I |
o[ Lyy
- 1 a
Fan+’05
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+ Ly ¢ absorption features of QSOs

indicating that IGM neutral fraction rapidly

increasing to z ~ 6

+ close to reionization?

+ but saturated GP troughs only gives a
lower limit of nui/nu > 103



Observational Constraints on Reionization History
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Observational Constraints on Reionization History
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GRB as a Reionization Probe

+ Strengths:
+ GRBs detectable at z >> 6

+ probes more normal (less biased)
region in the universe than
quasars

+ GRBs detectable even in small
dwarf galaxies

+ No proximity effect

+ simple power-law spectrum

+ damping wing analysis to
precisely measure Xu1 (=nui/nu)
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GRB as a Reionization Probe (2)

+ Weakness:

+ Degeneracy between damped
Ly o (DLA) of host galaxies and

IGM damping wing

+ can be broken by:

+ metal absorption lines

+ Ly B feature

+ xu1 < 0.17 (68%C.L) or 0.6
(95%C.L.) by fitting to GRB
050904 (dominated by host HI)

+ we need low Np1 host galaxy to
measure xyr accurately

+ event rate not so high

+ only several GRBs at z > 6 from

2005
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GRB 080913 @ z~6.7
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GRB 090423 @ z~8.2
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The best opportunity ever: GRB 130606A
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+ exceptionally bright
afterglow

+ ultra-high S/N spectra
taken by Gemini,
GTC, Magellan,
T 78 £ R o Y B o

+ host HI at most
log(Nui)< 19.8, good
for IGM study!

+ c.f. 21.6 for GRB
050904

Chornock+’13



Gemini vs. Subaru vs. VLT

+ Chornock et al. 2013 (Gemini, AplJ, 774, 26)
+ no evidence for IGM HI by damping wing analysis
Q=125

+ spectral index 8=—1.99 (fy xy #), very different from 8 ~-1 found
by more recent studies

+ Totani et al. 2014 (Subaru, PASJ, 66, 63)
+ ~3 0 preference for IGM HI, with
+ a1 ~ 0.09 if ziem, u = zGRB = 5.913 (8 =-0.93)

+ Hartoog et al. 2015 (VLT, A&A 580, 139)
+ f=—1.02 from optical-NIR spectrum
+ no evidence for IGM HI, fu1 < 0.03 (3 0)



Damping Wing Analysis for Subaru Data

+ Subaru/FOCAS spectrum in 10.4-13.2 hr after the burst

+ S/N=100 per pixel (0.74A)!

+ 8400-8900 A which is the most sensitive to IGM HI signature

+ strong absorption regions excluded from analysis
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Fitting Residuals

+ power-law + host HI only

I II 11 I\
i ’ T ! I T ' ! T I ! ! ’ ' I ! ' ! ’ I T i ! T I
+ free parameters: power-law ol . ' ot - i}
] - ? . : * “‘.‘... . .. $ e -
index, Nu1, ov S A IR xS A wiebie L ay
o | Frovs G A
. 5 '\0. .,.‘..’ ...p oY .....o.:::
+ showing curved systematic BT 'oe et
d 1 0 C\|) B : host HI only . -
resiaua -8 % e e % }
L M- -
o o N L4 H .... . .,

+ amplitude ~ 0.6% of continuum  ~ 5, oy n it Ry
o . . ') .o . .

e R R X W -‘-—; NIXE "
flux ETTN s TR et

| . .. . < : P L ; [
'§ L\II B PR SR SR S SN S SR hIOS§ I’I‘I -t I(J;M L (ZI<ZGRBI) PR l: P T T l—
3 b N - ! . ' ! ! I ! ' N ! 1 ’ N N ' I ' ' N ! I ! ! ' ' l_

+ diffuse IGM HI can reduce the - AP . “
: . Ty Sy TE P80 L3S
residual by about 3 sigma T ool L arni Sy KA
o @ (3 e S el
statistics A Ptk Mo
Wk 1 _host HI + IGM (2<5.83) . .

+ IGM extending to wl ML

: * . .
Zu:ZGRB:5.913, with fHI ~ 0.1 ;,':‘ AR ..:‘:"L ;.:,:' .;.é:. ‘:...;,
s . o . - o .. A I‘-;. ‘o...'.;ag A
+ IGM extending to zu ~ 5.8, with BRLL: E Pk RAERANEN
fnr ~ 0.4 YF. . . ... .  hostHI+DlAat2-5806 1 ' .
8400 8500 8600 8700 8800 8900
+ corresponding to dark GP observer frame wavelength [&]

troughs to this sightline
TT+’14



DW from various components

+ wavelength close to Ly ¢ center is
dominated by HI in the host galaxy

rest—frame wavelength [£]
1220 1240 1260 1280

+ IGM HI becomes relatively .
important at wavelength far from ’

|

0.95

+ wavelength range choice is a
crucial issue in the damping wing
analysis for reionzation!
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Very subtle! systematics?
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+ various sources of systematics examined, but unlikely to explain the 0.6% curvature
in the narrow range of 8400-8900 A

+ spectrum reduction, calibration

+ calibration accuracy is < 0.2%

+ no known systematics can explain the observed curvature
+ extinction at host

+ extinction does not explain the strong curvature in the short wavelength range
+ DLAs on the sightline

+ disfavored from Ly 8 and metal absorption



what’s the origin of

Subaru/VLT controversy?

+ To reveal this, the Subaru and VLT
spectra have been exchanged by the
two teams

+ I thank the VLT team for kindly
agreeing with this exchange

+ VLT spectrum averaged on the Subaru
spectrum grids

+ VLT has a better spectral resolution

+ S/N similar per wavelength
+ no systematic trend on > 100 A scale

+ how about adopting the same Subaru
analysis code on the VLT spectrum?
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Result of T'T"s-code on VLT spectrum. 1

Table 1. The best fit parameters of the fittings to the Subaru and VLT spectra*

model lg(N2osHYT o, (km/s)!  IGM fu, x2 Ay

fit to the Subaru spectrum

host H1 only 19.877ig;§f;§ o.otg?g-g fixed to zero  95.10  14.48
host4IGM H1  19.76870703; 6207550  0.0617000  80.62 .

fit to the VLT spectrum

host Hionly  19.8067 ;s 0.0°35  fixedtozero 292.57 11.89
host+#IGM H1 19.62170:022  0.07;%"  0.0877 07054 280.68 -

+ Bfixed at —1.02 as measured by VLT
+ IGM HI extends to zGrB,u = zcrs = 5.913

+ The original Subaru result (-3 o preference for IGM HI) confirmed
using VLT spectrum
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+ the same trend for the fit residuals by no IGM HI model



What’s the origin of discrepancy?

+ wavelength ranges used are very different for Subaru and VLT papers
+ 8406-8462 A by VLT

+ 8426-8900 A by Subaru (<8426 A avoided because of strong dependence
on host HI velocity distribution)

+ when the TT’s-code adopted on the VLT spectrum, I confirmed the VLT paper
result (no evidence for host HI)

+ the VLT-paper range is highly sensitive to velocity distribution of HI in the host
+ ov = 61.8+£3.3 km/s by our fit result

+ systematics about unknown realistic velocity distribution is a worry
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On the Ly a cross section formulae

+ classical Rayleigh scattering

() f 122 '
W)= ’
RETZ T (@0F — 2 + 12,02
+ LLorentzian ( f12)2 wg
W) =
A=) @—wp 13,78
+ Peebles’ two-level approximation ) 322 I3, (@/wp)*
op(w) =

87t (wy — w)? + I‘%,, (w/wp) /4

+ second order perturbation theory for fully quantum mechanical
scattering (Bach+’14)

4 (w/wo)*
= 1 .
o(w) = oL A+ w/ag? | + f(@)]
_ b , [a=0.376
f@=a(l—e™)+cx+dx J 5 =760
c =1.922
| d = —1.036,




effect on HI opacity by Ly «

+ ~10% difference in cross section / HI
opacity

+ The Peebles’ formulae often used shows
the largest deviation from BL (Bach-Lee)
formula

+ How much is the effect on the damping
wing fitting results?

+ perhaps the evidence for IGM HI
reported by TT+’14 just an artifact by
using inaccurate cross section
formula®”
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Fitting results dependence on cross section formulae

+ on the Subaru data of the GRB 130606A spectrum

+ with the fitting method of TT+’14, only changing Ly a cross section
formula

+ preference to IGM HI by ~3-4 0 unchanged

cross section formula lg(Ngos* o, (km/s) IGM fu, x* Ax?
host H1 only model
Lorentzian 19.8697 0010  0.070%°  fixedtozero 91.81 10.74
Rayleigh 19.875 f§;§1§ 2217551 fixedtozero 94.21 13.50
Peebles 19.877“:0:0(1)5 0.0fg.()g fixedtozero 95.10 14.48
Bach & Lee 19.8667099°  0.025%°  fixedtozero 90.66  9.88
host + IGM H1 model
Lorentzian 19.755 033 10007550 0.0577 (00,  81.07 -
Rayleigh 19.76570 033  54.67357% 0.06019 007  80.71 -
Peebles 19.76870°932  62.07350  0.061T0°097  80.62 -

Bach & Lee 19.75170020  100.0795 , 0.056700.. 8078 -




What do we need to increase the rate of GRBs
useful for reionization?

+ GRB rate study indicate that >1% of GRBs are at z>6
+ e.g. Elliott+’12

+ Current 8m telescopes are not sufficient to measure the
damping wing for typical GRB luminosities

+ GRB 050904/130606A was exceptionally bright!

+ We need more sensitive NIR spectrograph
+ 30m-class telescopes / JWST



30m/JWST




30m telescope sensitivity vs. GRBs

+ convert into R mag, z=1 : )
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simulating GRB spectra with reionization simulation

+ ongoing work by Ryota Baba, TT, Naoki Yoshida, and Hyunbae Park
+ calculating “real” Ly a damping wing in inhomogeneous density and ionization degree
+ how would it be observed by “model fitting” assuming homogeneous IGM?

+ relation between mean fur in simulation vs. fur distribution from fits to GRBs?

reionization simulation by Park+’13
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simulating GRB spectra with reionization simulation

+ density and ionization degree along a path in the simulation

hydrogen comoving number density [cm™]

ionization fraction

10'9 | | | | | | | |
0 20 40 60 80 100 120 140 160 180

path distance [cMpc]




Conclusions

+ GRBs are a unique probe of reionization
+ less biased than quasars

+ damping wing on pure power-law spectrum, avoiding GP trough saturation

+ high precision damping wing analysis indeed possible (e.g. GRB 130606A)

+ but systematics must be carefully treated

+ strong constraints on reionzation history hampered by low event rate of high-z
and bright GRB afterglows

+ future 30m class telescopes will change the status



