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generalities

SEARCH TECHNIQUES

DROP-OUTS

•  Sharp drop in flux shortwards than Lya line
•  Finding galaxy candidates at z>6 : using i, z, Y, J-drops.
• Contamination by stars and low-z ellipticals

LYMAN ALPHA EMITTERS

  Contamination by stars and low z ellipticals

LYMAN ALPHA EMITTERS

•  Narrow band filters tuned on redshifted Lyα line
• Few and narrow atmospheric clean windows  Few and narrow atmospheric clean windows
•  Not all spectroscopically confirmed



GENERALITIES

SURFACE DENSITY
Stiavelli+2004



Ch dh & AF 2006 2008

generalities

Small or large ?
Choudhury & AF 2006, 2008



generalities

HIGH-z star formation
Stark+2007

The Dark Ages

The first structures begin to form:
reionization starts

FIR/Radio?

Observed

Integrated
to L=0.1 L*

Integrated
to L=0

Reionization is complete
to L=0

UV/Optical/IR

Today’s structures
Lots of hidden/missing high-z star formation



HIGH-Z GALAXIES

NUMBER COUNTS OF HIGH-Z GALAXIES
Choudhury & AF 2008



Lyman Alpha Emitters



LINKing reionization with LAEs

LAEs IONIZING POWER

log [QLAE / (s-1 Mpc-3)]   = 49.32    
= 

6.
6

log [Qion / (s-1 Mpc-3)]   = 51.54 + log C30@
 z 

=

LAE contribute ≈ 1% of ionizing budgetLAE contribute  ≈ 1% of ionizing budget
Ages  ≈ 200 Myr, star formation started at z > 8 

PASSIVE REIONIZATION TRACERS



NATURE OF REIONIZATION sources

Choudhury & AF 2007

IONIZING PHOTON BUDGET

Choudhury & AF 2007

z = 7fγ > 80% of the ionizing power 
from M < 109 M halos

LAE range

Halo Mass [M ]



Santos 2004 Malhotra & Rhoads 2004 Gnedin & Prada 2004
LaeS & reiONIZATION

Santos 2004, Malhotra & Rhoads 2004, Gnedin & Prada 2004

Basic idea Furlanetto+2004, Salvaterra+2005
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τ =1 @ z=6.6

xHII=0.04 Haiman & Cen 2005

R < 6.7 (Ωb/Ωm) pMpc ⇒ τ >1
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Lyα photon
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Malhotra & Rhoads 2004
LaeS & reiONIZATION

Malhotra & Rhoads 2004

USING THE LUMINOSITY FUNCTION

x < 0 3xHI < 0.3

3× attenuated z=5.7 Lyα LF 

Best-fitting z=5.7 Lyα LF

z ≈ 6.5
y

(minimum for neutral gas)



LaeS & reiONIZATION

Dijkstra+2007, Zheng & Cen 2010, Dayal+2010 

IS THE LF SHAPED BY DUST INSTEAD ?

100 h−1  cMpc

GADGET-2
2×(512) 3 particles
mdm ≈ 1.7×108 h-1 M
Z-dependent coolingZ-dependent cooling
Feedback, winds, metal enrichment by SNII & SNIa
Dust formation/destruction modelling



LaeS & reiONIZATION

Hirashita & AF 2002; Dayal & AF 2009b
INCLUDING DUST 

production             destruction            astration
from simulationsfrom simulations

continuum optical depth continuum escape fractioncontinuum optical depth                               continuum escape fraction

Lyα escape fraction fα = q(Aλ ,C) fc

Lyα equivalent width

y p f

y q



LaeS & reiONIZATION

LAE VISIBILITY DURING REIONIZATION



LaeS & reiONIZATION

Dijkstra+2007, Zheng & Cen 2010, Dayal+2010 

IS THE LF SHAPED BY DUST INSTEAD ?

z=5.7

0 24

0.16
0.01

xHI=0.29
0.24

Reionization-dust degeneracy



LaeS FIR Detectability

Finkelstein+09; Dayal+09
DUST EMISSION WITH ALMA

ALMA 5σ / 1h  detection

850 µm

3 mm
1.4 mm

µ



Drop-out Galaxies



Reionization sources

Dropouts constraints

Dwarf (fainter) galaxies required ?( ) g q



Reionization sources

PERSISTING PUZZLES

NB359               R           ACS 814
(900 Å)         (1500 Å)     (2000 Å) fesc

I f 0 t 3•  Increases from z=0 to z=3
•  Increases for low mass objects
• Larger in LAEs than in LBGs•  Larger in LAEs than in LBGs
•  Too many LCE for Salpeter IMF

z = 3 09z  3.09



HIGH-Z GALAXIES

HIGH-Z LUMINOSITY FUNCTIONS
Salvaterra, AF, Dayal 2010

Bouwens+08 Bouwens+08 Oesch+09
Fraction of ionizing photons sampled
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18%22%

Steep faint-end α ≈ −2

18%22%

Steep faint end α ≈ 2



HIGH-Z GALAXIES

HIGH-Z GALAXY PROPERTIES

GRB050904, z=6.3

Salvaterra+2010
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HIGH-Z GALAXIES

HIGH-Z GALAXY PROPERTIES



HIGH-Z GALAXIES

WHAT JWST WILL SEE Salvaterra+2010

JWST: Exposure time: 106 s;  Sensitivity limit: 1 nJy (10σ)

J-Band H-BandJ Band H Band 

5.3 arcmin 5.3 arcmin



HIGH-Z GALAXIES

DUST CONTENT

z=7.56



The quest for reionization sources



POSSIBLE SOURCE CANDIDATES

WHAT ARE THEY ? 

Willman+ 2006 Simon & Geha 2007Willman+ 2006, Simon & Geha 2007



Salvadori & AF 2009 Bovill & Ricotti 2009 Wyse+2010
POSSIBLE SOURCE CANDIDATES

Salvadori & AF 2009, Bovill & Ricotti 2009, Wyse+2010

ULTRA FAINT dSPHs: Metallicity 

SEE  POSTER BY 
STEFANIA  SALVADORI

data: Kirby+2007
STEFANIA  SALVADORI



POSSIBLE SOURCE CANDIDATES

UFs: MASS & FORMATION EPOCH

UF Dwarf Spheroidalsp



CONCLUDING

SUMMARY of main POINTS

fγ > 80% of the ionizing power at z > 7 from halos of M < 109 M

LAEs: passive reionization tracers; break the dust-IGM HI degeneracy with ALMALAEs: passive reionization tracers; break the dust-IGM HI degeneracy with ALMA

Current drop-out high-z candidates are not the reionization sources; JWST 

WFC3 galaxies @ z=7: ages: 200 Myr; metallicity: 0.1 Z ; E(B-V) < 0.009

WFC3 (JWST) candidates provide 20% (50%) of total ionizing photons at z=7WFC3 (JWST) candidates provide 20% (50%) of total ionizing photons at z=7

Very/Ultra faint dwarfs are likely to be the  dominant ionizing photons providers

Ultra Faints are the oldest dSphs (z > 8.5) left-overs of H2 cooling mini-halos


