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Gamma-ray bursts (GRBs)

* Luminous explosion from the distant Universe

+ Average redshift ~2, highest observed z¥9.4
+ Observable out to ~130 Gyr (redshift ~10)

* Gamma-ray prompt emission (Vanderspek, 2004

30-400

+ a few — 100’s seconds eV
* followed by wideband afterglows
+ radio—IR—optical—-X-ray

+ Days—100’s of days

Stanek et al. (2003)
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Associated with death of massive stars

e “Collapsar” — relativistic jet launched at core
collapse of a massive star

* Occur exclusively in star forming galaxies

e Supernova spectral component seen in GRB030329
* GRBrate

¢ Measure of star formation rate

¢ Cosmic chemical evolution

e Single star can produce large
luminosity

o First star

* Illluminate the host galaxy from
inside

¢ Probe the environment



Fireball scenario of GRBs

Paczynski, Meszaros, Rees, Sari, Piran, ...

Piran 2003

2018/11/28 5



- GRBs are concentrated in the very brightest
regions

(cf. core-collapse SNe follow the star lights)
- GRB hosts are fainter and more irregular than

cc SNe hosts

- GRBs are associated with extremely massive
stars in low metalicity environments




optical/NIR spectra of highest-z objects
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* Lyman alpha emitter - very rare: only 10 at * rare: ~<5% at z>6 ?

 can be found with z>6 in SDSS * bright at early phase
systematic wide-field « steadily bright  simple intrinsic
narrow band survey + « complicated spectra:  spectra:

spectroscopy difficult to interpret abundant information
e little information in  proximity effect * no proximity effect
spectra (e.g. metal?)  luminosity-selected * sampling normal star-

 luminosity selected forming glaxy 7



GRB 050904
Gamma-Ray Burst at a high redshift



GRB Environment

Molecular

WR Wind
Shell




GRB 050904 Cusumano e . 200

Gamma-ray prompt emission Long GRB (duration T90 = 225 s)
long: cosmological time detected by Swift on 4 September
dilation 2005, 01:51:44 UT,

X-ray afterglow:
Bright and flaring

Bright in infrared, but dark in the optical band 10
Haislip et al. 2006



Subaru Images (t,+3 days)

-2’ (AB) = 23.71%x 0.14 mag,
- No detection in Ic band.
-=> Ly break at 8500-9000 A®
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GRB 050904 at t=3.4 d

Lya break

z=6.295%0.002 l

‘ LOg NH|:2] 6

® distance12.8Gyr=Cosmic Age 0.9Gyr

® C, O, Si, & S detected
®Abundance S/H: 1/20 solar

®Chemical composition of the earliet Universe

® Universe almost fully ionized
®Later than the “First Stars”

i

|| o1 co
BT [fsirr
S/H]=-1.3

Subaru FOCAS 4.0 hrs, A/AA=1000

Kawai et al. (2006),»
Totani et al. (2006)
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Cosmic Chemical Evolution
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GRB 050904
NK+ 2006

/

-~‘Metallicity higher than quasar DLA

Weak dependence on redshift

Fynbo et al. 2006
Prochaska et al. 2003

CAllarman at+ Al 27NNKC

Definite cases of high / low metallicities



DLA in GRB and Quasar

GRB



GRB 050904 Host galaxy

i’-band (24 ks) NB921 (56.7 ks)
Dec 27 '05--Jan 01 ’06 > 26.4 AB mag (30)
(tO—l_-I 15~11 9d) M1260 > -20.4 mag - L<L.

SFR < 7.5 M,/ yr
Aoki et al. 2006 15
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SFR < 5.7 M., /yr 16



High-z GRB Host galaxy

Myg = 26.34+0.14-0.16 27.56+0.18-0.22 28.30+0.25-0.33
z=5913 Z = 6.295 z =06.327
GRB 130606A GRB 050904 GRB 140515A

HST WFC3 F140 (~1.4um) 10791s, 13488s, 107915 McGuire et al. 2016



High-z GRB Host galaxy
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McGuire et al. 2016
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GRB 140515A (z=6.327)
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Fig. 3. Flux-calibrated GTC spectrum: Ly lines at z = 6.327 are shown in red, while the lines of the intervening system at z = 4.804 are shown in
green. Black lines at the top of the panel mark telluric absorptions, with the thickness of the line indicating the absorption strength. At the bottom
the error spectrum is shown (blue), while the parts of the spectrum where the strength of the sky emission lines is strong enough to leave significant
residuals have been masked with light blue columns. The spectrum has been smoothed with a Gaussian filter.

Si 1T A1260, O IA1302, CIIA1334 upper limits
= [Si/H] <-14, [O/H] =-1.1, [C/H]=<-1.0.

Melandri et al. 2015



(Relative) Number

GRB DLA vs QSO DLA —Gas, Metals, and Dust

20.5 21.0 21.5 22.0
log Ny,

Larger Ny

Prochaska et al. 2007

GRB-DLA

[M/H]

Zabs

GRB-DLA {

Age of Universe (Gyr)

Diverse metallicity,
no evidence for being metal-rich
(but GRB lines often saturated)



GRB DLA vs QSO DLA —Gas, Metals, and Dust
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« Large [a/Fe], [Zn/Fe]=» Enhanced by nucl. synth. of massive stars
 Low [Ti/Fe] = Refractory metals depleted on dust grains
* Diverse [N/ o] = diverse SF history Prochaska et al. 2007



GRB DLA vs QSO DLA —velocity fields
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Prochaska et al. 2008
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GRB DLA vs QSO DLA

—Velocity fields
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« The distributions of
Avgg values similar
« median Avgg =80 km/s
« Significant tail >200 km/s

« GRB-DLAs: significantly
larger EW of Si Il 1526

Prochaska et al. 2008



[M/H]

M/H]

GRB DLA vs QSO DLA —velocity fields
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« QSO-DLA:
AVgg - [M/H] correlation

QSO-DLA: tight correlation
W1526 - [M/H]
« Mass-metallicity
- halo dynamics

GRB-DLA: similar
correlation, maybe steeper
« - Galactic-scale outflow

Prochaska et al. 2008
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0.0E

0.0k

GRB DLA vs QSO DLA —velocity fields

SII 1259

Sill 1526 |

(a) 050922C
Wi = 0.52A

Sill* 1533

=200 =100 O

100 200

Relative Velocity (kms™)

Fell* 2411a U Wis ;—0 T9A
———————————————————————— -
=200 =100 O 100 200

Relative Velocity (km s™)

n :

1.0
0‘5 - -
Mnll 2576
1.0
05F
Q0L ACAL AR
1.0
05F (b) 060418
oofFel* 2349 1 Wins=066A 4
=200 =100 O 100 200
Relative Velocity (km s™)
1.0 I W
0.5k 3
Znll 2026 :
1.0 :
|
05f ;
0.0 oo bl Wil Wit
1.0}
05F (d) 050820
L W, = 1.65A
0o SilI* 1533 1 M= 1094 J
=200 =100 O 100 200

Relative Velocity (km s™)

4 GRB-DLAs
« Top: weak line

« Middle: strong line

« Bottom: fine structuire
line (at <1kpc of GRB)

Fine structuire line:
UV pumping
at <lkpc of GRB
Strong line:

« Velocity components

at > 1 kpc

 Qutflow and inflow on

galactic scale

Prochaska et al.

2008



GRB N V absorption at z=z;g
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Ion Fraction

GRB N V absorption at z=z;g

(1)MS (2)RSG (3)WR (4)WR

WR wind

Stellar evolution: MS to WR shell

1.00 !
; " lon fraction X;/X vs. distance
« Constant density n = 10/cc
« L integrated t=10-1000 s

0.10

E « >Nvfromr< 10 pc

ool . .o . N
5 10 15 20

Radius (pc) Prochaska et al. 2008b




GRB 130606A

« Bright GRB at z=5.9
« Optical Afteglow spectroscopy

S

30



Flux (erg /cm2 /s / A)
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GRB 130606A
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GRB 1306006A — GMOS

- ultra-high S/N
spectra taken by
Gemini, GTC,
Magellan, Subaru, ...

- host HI at most NuiI <
10'°-8 cm~2, good for
IGM study!

- c.f. 10216 for GRB
050904

Chornock et al. 2013



GRB 130606A
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GRB 130606A - Subaru FOCAS

<‘*|||||

. Subaru FOCAS 10.4-13.2 hours after the burst
« New CCD chip with high QE at long wavelength

(x 1e—17) [erg/cm2/s/A]

f lambda

O | | | | | | 4 | 4
6000 7000 8000 9000 10 1.1x10

obs. wavelength [A]
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FOCAS CCD upgrade  m)
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