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Cosmic Relonization

. What is the Reionization Era?
+ The Universe (hy'drogen) became A Schematic Outline of the Cosmic History

Time since the <-The Big Bang

neutral at z-1100 Big Bang (years)

The Universe filled
with ionized gas

+ the cosmic recombination ~ 300 thousand ‘ ‘ «~The Universe bacomes

neutral and opaque
+ observed as CMB

The Dark Ages start

Galaxies and Quasars

+ Hydrogen in IGM today is highly - 500 mition 708 Relonization stars
ionized

+ the Gunn-Peterson Test

The Cosmic Renaissance
The Dark Ages end

+ The universe must have been

< Relonization complete,

I‘elOnlzed at aI‘OU.nd Z= 1 O : X . _ . oy k the Universe becomes

transparent again

+ most likely by UV photons by

ﬁrst Stars 2 ; .- .- G Galaxles evolve

+ when? how? important Ramal B St The Solar System forms
benchmark to understand galaxy | ' A
fOrmatiOn = 13 billion v & 3 s Today: Astronomers

figure it all out!
$.G. Djorgovski et al. & Digital Media Center, Caltech
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The Gunn-Peterson Test
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+ Ly a absorption features of QSOs indicating

toz ~ 06

+ close t

neutral fraction rapidly increasing

O reionization?

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

Fan+’05



Observational Constraints on Reionization History
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Next Step: Using Ly ¢ Red Damping Wing

+ measurement of fur=nni/nu rather 1.6
than lower limit is possible, if “

damping wing feature by neutral
IGM is detected!
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GRB as a Reionization Probe

+ Strengths:
+ GRBs detectable at z>>6 T

+ probes more normal (less biased)
region in the universe than quasars
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+ GRBs detectable even in small dwarf
galaxies
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GRB as a Reilonization Probe (2)

+ Weakness:

+ Degeneracy between damped Ly 1.6 ,,88,0, .- ,
(DLA) of host galaxies and IGM ;
damping wing DLA DW
+ host DLA dominant for GRB
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+ can be broken by metal
absorption lines / Ly 8 features
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GRB 080913 @ z~6.7
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GRB 090423 @ z~8.2
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The New Opportunity: GRB 130606A

+ a bright, otherwise normal
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Normalized Flux (f,)

Transmission Fraction

Spectrum of GRB 130606A

Observed Wavelength (A)
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flux attenuation factor

Damping Wing Analysis

+ 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

+ avoid strong absorption
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Fitting Residuals

+ power-law + host HI only
+ showing curved systematic residual

+ amplitude ~ 0.6% of continuum flux

+ 3 models of intervening HI can
reduce the residual by about 3
sigma statistics

= GVECXCnAING 0 Z1=ZGRE=0: I 13
+ IGM extending to zu ~ 5.8

+ corresponding to dark GP troughs
to this sightline

+ a DLA at z = 5.806

+ a metal absorption system found
here

+ log(Nui/cm2) ~ 20.7 required

residual (fobs - fmodel)/aobs
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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
+ extinction at host

+ intrinsic curvature in afterglow spectrum?



Systematics in Spectrum Reduction

+ spectrum calibration by standard stars
+ HST spectral standard library (CALSPEC)
+ a white dwarf Feige 34 taken on the same day
+ the primary pure-hydrogen WD GD153 taken one day before

+ two reduced spectra agree within ~0.2%

+ slit/aperture loss
+ should not produce 0.6%-level “curvature” in 8400-8900 A

+ removal of absorption lines

+ results insensitive to inclusion/removal of marginally detected
absorption lines



Extinction at the Host Galaxy?

+ using standard extinction curves (MW/

SMC), the reddening is linear in rest—frame wavelength [4]
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+ 8400-8900A T 0.6% DEAIZ., KENTWEAL
L 72 721) T power-law index 251 . 5% L X
)L (afterglow @ break & LCTIFLTE 5% ?)
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diffuse IGM vs. DLA? (1) Ly 8 constraint

+ the only metal absorption system close
to the GRB host is at z=5.806

+ if the DLA is located at this redshift,
log(Nui/cm?) = 20.7 required, much
larger than in GBR host (19.7)

+ chance probability of finding such a
DLA is low (-3%) from DLA statistics at
T

+ the case of z=5.806 & log(Nui/cm?) =
20.7 is excluded by the profile around
Ly 8 feature
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diffuse IGM vs. DLA? (2) metallicity

+ the case of z=5.806 & log(Nui/cm?) =
20.7 indicates [Si/H] < -3.5 OGyr __ 77Gyr 103Gyr _ 114Gyr  12Gyr 12.3Gyr
+ the lowest Z DLA known: -2.7

+ even lower 7 required if the DLA is
not at z=5.806

[MH]

Redshift (z)

Rafelski+’12



Discussion

+ Chornock et al. 2013 <% damping wing fi##7% LT\, fur <~ 0.1
(20) &) ERZ TR
+ FHIEERSUCE LTV R WA, %57 zu=zGRB=5.913D#5H
+ TLclxZ2 D546, -~ 0.1 7260)“6\ I 7o

+ Chornock et al. 1%, afterglow spectral index 8 =-2.0 T, F&4X D B =
—-1.0 L& AbRWV

+ BEb>TBVETY, HoPHESTHET
+ Fex DFERIZ, NIR photometric data & —%
+ IGM HI 222 % 2\ ) -1k =ik %2 power-law fit L TWw#% 9
+ fit L72BeREL IR DRE, G EFELW I LBl F0TiRy

+72=5.9 TIXEHELTVZDL2RWVD ! ?
+ quasar vs. GRB TERELIZE D ) 5

+ 2~6 fHED quasar @A 5. z~6 TIXEXHEHIZTEETIE R\ EWVD
FHE Y H % (e.s. Mesinger 2010)



Conclusions

+ GRB 130606A gives the second opportunity to probe reionization by GRBs,
next to GRB 050904

+ simple power-law + host HI does not give a good fit, and intervening HI
outside the host improves the fit by about 3 ¢

+ nui/nyg ~ 0.1 if zicm,u ~ ZGre ~ 5.913

+ nui/nu ~ 0.5 if zicmu ~ 5.8 (dark GP trough region, 5 proper Mpc away
from GRB)

+ the first evidence for intervening HI to GRB sightlines
+ Known systematics or an intervening DLA seem unlikely
+ diffuse IGM HI remains as a plausible explanation

+ highly neutral IGM hidden in GP trough regions?

+ indicating that the reionization not yet complete at z~-6

+ demonstrated the great power of GRBs to study reionization!



