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Cosmic Star-Formation History
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Cosmic Star-Formation Sites
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Star Formation Tracers

ISsive stars

Ultraviolet emission:

(treprocessed analogs: nebular lines, PAH lines, FIR) ..

the star-formation indicator of choice.

Some alternatives:
X-rays (from high-mass X-ray binaries) "u,
radio free-free (electrons in nebulae) '
radio synchrotron (from supernova remnants)
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Field-Survey Strategy
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Field-Survey Strategy
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Cosmic Star-Formation History
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Limitations of Field Surveys

“("}P’

“Bust Correction
WEEEE~80% of UV light is absorbed

by dust at z~2
UV dust corrections are empirical

(is Calzetti prescription universal?
It fails for ULIRGS.)

UV energy can be “recovered”

at 8um / FIR / submm,
but these wavelengths have poor
sensitivity to faint galaxies

Missing galaxies
Faint galaxies (<0.1 L*) require
extrapolation from bright end
Redshift measurement imposes
further biases

These problems are particularly limiting at z>3
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(Long-duration) Gamma-Ray Bursts
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Gamma-Ray Bursts
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Gamma-Ray Bursts

photon flux
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Gamma-Ray Bursts

photon flux
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Advantages of GRB Selection

. Optical afterglow redshifts are cheap
(Host follow-up not as cheap, but still doable.)

Dust-Unbiased, in principle
Gamma-ray burst and X-ray/radio
afterglows unimpeded by dust

Sensitive to sub-threshold SFR

No Cosmic Variance
GRB satellites see (close to) the whole sky
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High-z SF History from GRBs
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High-z SF History from GRBs

Cosmic SFR [M, yr_lMpC_S]
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High-z SF History from GRBs

Kistler et al. 2008
X 'l' Robertson & Ellis 2011 )
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High-z SF History from GRBs
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High-z SF History from GRBs

Peaks at z~3, not z~2
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Mass Dependence of the SFRD
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Mass Dependence of the SFRD
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Mass Dependence of the SFRD
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Interpretations

. ."-GRB and field-survey measurements of the SFRD do not agree.

-

‘Why not?

1. Field surveys systematically underestimate
(by factor of ~5!) contributions from low-mass

galaxies and high-z galaxies.
e.g., Mannucci et al. 2011, Jakobsson et al. 2012

2. GRBs are not uniform star-formation rate
tracers: the rate depends on environment
(e.g., metallicity)

e.g., Modjaz et al. 2008, Graham & Fruchter 2012

2013-01-30 Daniel Perley GRBs as Tracers of Cosmic Star Formation Caltech Colloquium
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Dark GRBs

:fi 2 3 4
25% of GRBs are ; ¢ . e "
“Je.g,Groot et al. 1998, Djorgovski et al. 2001, Cenko et al. 2009 . . ' e
No optical afterglow, R R
. ] : P
even with early follow-up. T . T
, , .
« Can't identify host without il T g Ve Z
X-ray or radio follow-up. - K
A 3
 Can't measure redshift without . Naid
large ground-based telescopes. ' .
Palomar 60-inch follow-up of GRB 061222A
Could be... ~10 minutes after burst
Intrinsically low-
luminosity afterglow
(~5% of cases, (~5% of cases, identified (~15% of cases,
identified by faint X-ray by Lyman break and lack identified by colors +
light curve.) of X-ray absorption.) strong X-ray absorption.)
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Interpretations

: *GRB and field-survey measurements of the SFRD do not agree.
S Why not?

1. Field surveys systematically underestimate
(by factor of ~5!) contributions from low-mass

galaxies and high-z galaxies.
e.g., Mannucci et al. 2011, Jakobsson et al. 2012

2. GRBs are not uniform star-formation rate
tracers: the rate depends on environment
(e.g., metallicity)

e.g., Modjaz et al. 2008, Graham & Fruchter 2012
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Dust and Selection Bias
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Dust and Selection Bias
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Dust and Selection Bias
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Dust and Selection Bias

30 - _ -~ 1500
i i O li.lﬂ ' 12;0' IIEI_“.ID '
P _ MMM
§ - —5| . . .
-_ ] E_ 4 3720 3740 3760 3780, 3800
L Ul
z f Av ~ 1 mag ] N IV %1 IR
15 7 underrepresented . M Hﬂ Hw N”M 1“‘"‘ ' l”” “r”
< _1 1 T T N T T T T T T T T 1 ol
: 4000 5000
10[- GRB 061222A host:
L A Lya emitter at z=2.08
: (Perley et al. 2009)
5 s
- Observed Av
distribution
o]l | |

0 025 05 1 2 4 8
Afterglow extinction A,, (mag)

(Compiled from data in Kann et al. 2003 & 2010, Cenko et al. 2009, Perley et al. 2009, Greiner et al. 2011)

2013-01-30 Daniel Perley GRBs as Tracers of Cosmic Star Formation Caltech Colloquium 28



Approach

0 bserve and characterize the hosts of a
large, unbiased sample of dust-obscured
GRBs.

Then contrast and combine with “traditional’
(optically-biased) surveys.

Pre-Swift literature compilations

VLT Unbiased Host Project (also includes some dark GRBs)

HST IR Snapshot survey
Spitzer high-z project

2013-01-30 Daniel Perley GRBs as Tracers of Cosmic Star Formation Caltech Colloquium
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Selecting a Dusty-GRB Host Sample

Selectlon Every Swift-era burst with
#00 clear indication of Av > 1 mag

Compile all optical data, download all XRT data,
construct co-eval SED, fit dust extinction...

Afterglow SEDs:

o[ “\GRB080607 |  GRBO070306
10 ; i A, = 3.3 mag

Normalized flux density f /fy

10* 10° 10® 10" 10* 10° 10° 10" 10* 10° 10®* 10
Wavelength (A)
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Selecting a Dusty-GRB Host Sample

Normalized flux density /1,
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Observing a Dusty-GRB Host Sample

Keck: Optical photometry & UV star-formation rates.
Photometric & spectroscopic redshifts.

Gemini: NIR photometry for photo-z's, stellar masses.

Spitzer: Rest-frame NIR photometry for stellar masses.

HST: NIR photometry, especially of faint targets.

VLT: R-and K-band photometry, spectroscopy for southern sources
(part of TOUGH project, Hjorth et al. 2012)
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Optical Host Mosaic
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Near-IR Host Mosaic
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Spitzer Host Mosaic
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Detection Statistics

« " All 23 hosts detected in all three bands

(2 not observed with IRAC yet.)

No “ultra-faint” hosts — every host galaxy would
have been detected in a deep survey.
(This is not true of unobscured GRBs.)

Most dust (in galaxies probed by GRBs) is in
galaxies bright enough to detect and
characterize.
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Redshift Measurement
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Redshift Distribution

3 / 23 successful redshifts!
18 spectroscopic, 5 photometric

445 j I j I j I j I j I j I

3

20

All Swift GRBs

14

Broadly similar to overall GRB redshift distribution
(possibly more strongly concentrated at z~2 —
not yet significant, and sample-selection biases could matter)
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SED

Fitting

Specific flux vf, (erg cm?s™)
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TABLE 4
GRB Host-CaLaxy PROPERTIES

SED Fitting
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Pre-Swift Control Sample

-t-;f-v-_"_}-;f"} z~1 “control” sample: pre-Swift hosts

31 pre-Swift GRBs (65% of all with redshifts) with redshifts have
published multi-band host data suitable for SED fitting.

(This is much higher than Swift completeness — 7 pre-Swift years to observe “only” 50 GRBs,
versus 700 Swift GRBs in the same period.)

Nearly all are at z<1.5 — early satellites saw only bright, nearby GRBs.

GABY70828 ® GRBO0OD131 GRB000926 GRBO10222 GRBO10921
m’ z=0.958 z=4.500 z= 2037 z=1477 z=10.453
Photometry compiled from L . @ ) -
numerous sources via e 8o i ol = £
online database @
grbhosts.org S n 0380 e o 1258 e
(Savaglio et al. 2009) iy - Y. oS
.‘ T, » . ‘
® 7.14 ﬁ . 8,40 7.70
kpe 1" kpe kL
—— 5.00 kpc P— . —
GRE021004 GRBO21211 GRBO3I0115 GRBO41006 GRE030329
z=2323 - z=1.006 z=0.712 z=0.168
- L " [ > il \‘
2.84
HST images from Wainwright et al. 2007
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Pre-Swift Control Sample
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Pre-Swift Control Sample

1 0-14 i

1 0'14

1 0-15
1 U-'IE

10-14

.I 0-15
1 0'15

10

1 0-15
1 U-'IE

1 0-14

1 0-15
1 U-'IE

990123
z=1.6

w_ul‘\{

000418
z=1.118

1211
. 2.141

021211

z =1.006

CGRBs 2P SFRe M,H Ay e 2 /dof
Mg yr—? 109 M, mag
970228 0.69 0.5+0-7 03701 063701 11.3/4
70508 0.83 1.671%7 02702 084707 g3/3
970828 0.96 35.{}:{ lg:ﬁ‘; {}.QEE;E 2.132%;{]; 12.3/4
71214 3.42 !'_'LE_‘S}_-"?L?? r.L;[EJ,'_‘_: 1_35;%” 4.3/3
930613 1.10 17.9121 0.4+22 102t0M 20.1/2
980703 0.97 37.013%! 58708 11070 0F  23.5/5
990123 1.60 10827534 07507 121t Il 4.8/4
990506 1.31 06757 265757, 000tLDr 0.0/0
990705 0.84 q_qu-f; 113.{}j?§-§ U.Uﬂfﬁﬁﬁ 5.2/0
- . +0 4003 +10 -
990712 0.43 0.0% ¢ 167, 00070, 13.7/5
991208 0.71 1.0+58 07753 0497033 4.6/3
000210 0.85 0.0+2 21753 005755 17.0/6
000418 1.12 5247 5% 0.8707 13075057 12.8/5
000911 1.06 2.7H 757 1.27ha os0this 1.3/3
000926 2.04 8.272%7 447300 ﬂ.ssfﬁ-gg 0.5/2
P06 —40.3 F0:1:
010222 1.48 067, 07703 ooston.  11.6/4
010921 0.45 2.7H07 41705 048701 21.6/11
011121 0.36 L_{Efé-__:l unzﬂ; ﬂ.ﬂﬂzﬁjgﬁ 2.2/2
011211 2.14 70005 01tga 0a9tlln 81/0
020405 0.69 11.6731 g8ty o820 0E 1853
- - 1.4 =+131.8 0. 16 -
020813 1.25 1575 057 %" 0007, 67/1
0208198 0.41 5.8TLF B4OTIL 000t5 00 43.5/6
, . +0.0 +0.2 +0.00 ;
020903 0.25 0.0% 05 05705 034755  32/0
021004 2.33 148751 28700 0427500 20.1/6
021211 1.01 83,5 20714 LT8TST 2.4/0
030328 1.52 25 Lﬁl;f_i {}.ﬁfg'_‘% 1.ﬂﬁfﬁ;$g 0.8/5
030329 0.17 {}_zjﬂ-, 0.0700 osgt 0TS 110011
030528 0.78 6.8+05 2.1+99 0000325 42/4
031203 0.10 141755 0.3700 0347002 230.8/1
040924 0.86 0.9%0-2 L.Tti-_f_; 0.00755;  1.0/6
041006 0.71 p.gtLo ogt®l  qpoptPE g1

980703
z = 0.966

180613
z =1.097

KA
191208

000210

z =0.706 z =0.846
N ; _

110921 011121

z =0.451 z =0.362

3/10 021004

a1 Z =2.3304




Comparisons at z~1

Pre-Swift events only:
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Comparisons at z~1

Combined pre-Swift + dark sample: Blue=unobscured GRB,
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Comparisons at z~1

Combined pre-Swift + dark sample:

Stellar mass (M,)
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Comparisons at z~1

Combined pre-Swift + dark sample:

Stellar mass (M,)
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Comparisons at z~1

Combined pre-Swift + dark sample:

Stellar mass (M,)
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Comparisons at z~1

|s produces modest changes in the population averages.

Combined pre-Swift + dark sample: Blue=unobscured GRB,
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Comparisons vs. Field Galaxies at z~1

Combined sample versus field galaxies:
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Grey points: field galaxies from MOIRCS deep survey

oks “consistent” with field galaxy number distributions...

(Kajisawa et al. 2011), omitting AGN (hard X-ray detection).
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Comparisons vs. Field Galaxies at z~1

Grey points: field galaxies from MOIRCS deep survey
(Kajisawa et al. 2011), omitting AGN (hard X-ray detection).

Combined sample versus field galaxies: Point size scaled by UV+IR SFR.
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Comparisons vs. Field Galaxies at z~1

Combined sample versus field galaxies:

Stellar mass (M,)
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Comparisons vs. Field Galaxies at z~1

Stellar mass (M,)
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Comparisons vs. Field Galaxies at z~1
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Comparisons vs. Field Galaxies at z~1

““" GRBs are poor tracers of (at least)
50-75% of star-formation at z~1.

(Order-of-magnitude dependence on factor other than SFR.)
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Origins of GRB Rate Variations

_5-,'-*LThe GRB progenitor can't possibly care directly about the
. __Mmass, Ay, etc. of its host. What might it care about?

ISM chemical properties:
Metallicity (affects stellar evolution)
most strongly correlated with /

ISM physical properties:
UV radiation field.
Gas density.

most strongly correlated with SFR/sSFR.

(could affect IMF, initial
binarity properties, etc.)
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Origins of GRB Rate Variations
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Origins of GRB Rate Variations
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Origins of GRB Rate Variations

no effect

° | Stellar Mass _
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Origins of GRB Rate Variations

_';?.'-"LThe GRB progenitor can't possibly care directly about the mass,
- Ay, etc. of its host. What might it care about?

ISM chemical properties:
Metallicity (affects stellar evolution)

most strongly correlated with /

Consistent with being dominant effect.

Emission-line metallicities (vs. SNe) show even stronger trends
(e.g. Stanek et al. 2007, Modjaz et al. 2009, Graham & Fruchter 2012)

ISM physical properties:

UV radiation field. (could affect IMF, initial
CERS density. binarity properties, etc.)

most strongly correlated with SFR/sSFR.

May play a secondary role in youngest galaxies?

(Not clear — needs to be separated from metallicity-sSFR trend
[Mannucci et al. 2011])
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Moving beyond z>1.5

D z~17

2013-01-30

Daniel Perley

. Are GRBs useful tracers of star-formation at...

GRBs as Tracers of Cosmic Star Formation
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Moving beyond z>1.5
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Moving beyond z>1.5
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Swift-era Control Samples

HST IR Snapshot program VLT Optically Unbiased Host
Project (“TOUGH?)
45 randomly selected optically- 69 uniformly selected Swift GRBs
bright Swift GRBs (known z<3) observed to limits of R~27 AB mag
observed to limit of H~25 AB mag and
Tibbets-Harlow et al. in prep Hjorth et al. 2012

Malesani et al. in prep.
Jakobsson et al. 2012
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GRBs vs SFR at z~2

% Use magnitudes and colors as substitutes for formal SED modeling.

Dark + pre-Swift + Snapshot + VLT

‘H-band magnitude (mass proxy) s ReK color (age+dust proxy)
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GRBs vs SFR at z~2

% Use magnitudes and colors as substitutes for formal SED modeling.

Dark + pre-Swift + Snapshot + VLT
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GRBs vs SFR at z~2

Dark + pre-Swift + Snapshot + VLT
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RB hosts can probe down to faint galaxies not accounted for in field
surveys — simply throw these out to keep comparison fair.
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GRBs vs SFR at z~2

RB hosts can probe down to faint galaxies not accounted for in field
_Ff'_._l_u:_jrveys — simply throw these out to keep comparison fair.

Dark + pre-Swift + Snapshot + VLT
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GRBs vs SFR at z~1

 Divide by star-formation quartiles, repeating analysis at z~1 first:

E
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GRBs vs SFR at z~2

B}Vide by star-formation quartiles at z~2. Trend still present (but less pronounced)
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GRBs vs SFR at z~3

Apparent K; magnitude (AB)

z>3 Is challenging...
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GRBs vs SFR at z~3

z>3 Is challenging...
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GRBs vs SFR at z~3

Apparent K; magnitude (AB)
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GRBs vs SFR at z~3

BT T 7253 s challenging...
No way to check
directly. Can we

18 Use low-z results?
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Is There Hope for High Redshift?

88T T T T T T T T T T T T T T T T T T T
iss and metallicity are 2
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Is There Hope for High Redshift?

Fi ;I O B B B B N L B
1Ss and metallicity are
«.correlated at low-z...
and at high-z. _
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Mass (log solar masses)
Kewley et al. 2008, Savaglio et al. 2005,, Erb et al. 2006,
Maiolino et al. 2008,2009
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Is There Hope for High Redshift?
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Is There Hope for High Redshift?
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Is There Hope for High Redshift?
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~10"% Mo, z~1 galaxies
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Is There Hope for High Redshift?
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Is There Hope for High Redshift?
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Does metal dependence level out?

3 f?}_ >3 galaxies should have similar chemical properties as typical z~0-1 GRB hosts.
But we still expect metallicity variations.
This won't matter if the dependence goes away below a threshold metallicity.

RGRB
SFR

> —
Galaxy mass / Galaxy mass /
ISM metallicity ISM metallicity

2013-01-30 Daniel Perley GRBs as Tracers of Cosmic Star Formation Caltech Colloquium 84



Does metal dependence level out?

But we still expect metallicity variations.
This won't matter if the dependence goes away below a threshold metallicity.
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Does metal dependence level out?

N Rl A i
FERSME Y
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Does metal dependence level out?

Apparent F160W magnitude (AB)

Examine low-z
chemical analogs.
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Does metal dependence level out?
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Does metal dependence level out?
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Does metal dependence level out?

"S possibly — rate consistent with no

'.*'further luminosity dependence below M < 10%° Mo
in z~1 chemical “analogs” of z>3 galaxies.
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High-z SF History from GRBs
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High-z SF History from GRBs
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‘Re-normalize at z~3
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High-z SF History from GRBs
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. Are GRBs useful tracers of star-formation at...

But, we still have a while to go
before producing a GRB constraint
on the SFRD/SFRH that we can

be fully confident in!
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Conclusions

ust-obscured GRB hosts: diverse, massive, luminous.
No dusty GRBs in lowest-mass galaxies.

GRBs at z<2 are not unbiased tracers of star-formation.

GRB rate vs. SFR in low-mass galaxies = A
~10x rate in high-mass galaxies at z~1 Rers
~4x rate in high-mass galaxies at z~2 SFR
Consistent with metallicity dependence.

Possible secondary effect in high-sSFR galaxies?
Consolation prize — tracing metal-poor SFR?

Rate variation levels off at low-mass end
No further variation below <10°M_ @ z~1
Evidence supporting metallicity threshold ~0.5Z

Still viable tracers for low masses, z>37? Maybe...
but still a long way from being trustworthy.

galaxy mass / metallicity

Era of large-number host catalogs has arrived.
Ample material for more detailed models in future.
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Mass versus Obscuration

Apparent F160W magnitude (AB)
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Mass versus Obscuration

Apparent F160W magnitude (AB)
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Color versus Obscuration
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Obscuration vs. Obscuration
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Obscuration vs. Obscuration
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The Exceptionally Luminous GRB 080607
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Exotic dust at z~5 from GRB 071025
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Few GRB hosts are SMGs
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