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Little bit of notationLittle bit of notation
Primordial => Z=0Primordial => Z=0

Population III ? = ?Population III ? = ?
1. Z = 01. Z = 0
2. 2. Z < Z < ZZcritcrit =10=10--44 solarsolar
3. Cool via Molecular  Hydrogen3. Cool via Molecular  Hydrogen



““First GalaxiesFirst Galaxies””

•• Oh & Oh & HaimanHaiman 20022002:: Such large primordial Such large primordial 
halos with first cool by  Lyhalos with first cool by  Lyαα into a diskinto a disk, but , but 
would begin to form Hwould begin to form H22 , thus a similar story , thus a similar story 
may hold as in the smaller objects. may hold as in the smaller objects. 
•• Going to assume that the same story holdsGoing to assume that the same story holds
for all primordial (Z < for all primordial (Z < ZZcritcrit) objects, regardless ) objects, regardless 
of mass.  of mass.  

TTvirvir ≥≥ 101044 K, masses >~ 10K, masses >~ 1088 MMsunsun[(1+z)/5][(1+z)/5]--3/23/2



Method I: Search for Primordial GalaxiesMethod I: Search for Primordial Galaxies
ES, R. Schneider, A. Ferrara  (2003)ES, R. Schneider, A. Ferrara  (2003)

1.1. Most star formation took Most star formation took 
place in place in TTvirvir>10>104 4 K,K,
M > 10M > 1077 MMsunsun objectsobjects

2.2. If they were primordial If they were primordial 
compostioncompostion, their  IMF was , their  IMF was 
likely very different (perhaps likely very different (perhaps 
high mass)high mass)

3.3. IF very massive, IF very massive, SNeSNeγγγγ

Primordial, typical IMF Primordial, VMS EEgg = = Kinetic Energy / Kinetic Energy / 
Baryon Mass into StarsBaryon Mass into Stars

101099 MMsunsun101088 MMsunsun
101077 MMsunsun101066 MMsunsun

Z/10Z/1051 51 erg ~ 2,erg ~ 2,
SNeIISNeII, , SNeSNeγγγγ



Chemical FeedbackChemical Feedback
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ES, Schneider, Ferrara  (2003)



ObservabilityObservability
LyLymanman--AlphaAlpha Detection ProbabilityDetection Probability

Primordial, typical IMF Primordial, VMS



Very massive or not, Z=0 stars are hotVery massive or not, Z=0 stars are hot

High High EWsEWs HeIIHeII lineslines

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

Tumlinson, Shull, Venkatesan (2003),
See also Schaerer (2003), Oh, Haiman, & Rees (2001)ES, Schneider, Ferrara  (2003)



Method II: Search for their Method II: Search for their SNeSNe
ES, P. ES, P. MadauMadau, S. , S. WoosleyWoosley, A. , A. HegerHeger, A. Ferrara (2005), A. Ferrara (2005)

A. Songaila 2001

Heger & Woosley (2002)



Pair Production SupernovaePair Production Supernovae

He/C/OHe/C/O

H/HeH/He



γγγγ-->>e+ee+e--

H/HeH/He



H/HeH/He

C,OC,O-->Mg,Si,S,>Mg,Si,S,NiNi5656

Quick Facts:Quick Facts:
EEkinkin: 10: 10--100x10100x105151 ergs ergs 
Mass: 140Mass: 140--260 M260 M
v: ~5,000 km/sv: ~5,000 km/s

Mass Metals: 20Mass Metals: 20--
200 200 MM Large OddLarge Odd--
Even EffectEven Effect



What do What do PPSNePPSNe look like?look like?
ES, P. ES, P. MadauMadau, S. , S. WoosleyWoosley, A. , A. HegerHeger, A. Ferrara (2005), A. Ferrara (2005)

KeplerKepler, implicit (1, implicit (1--D) hydrodynamic codeD) hydrodynamic code

SingleSingle--temperature temperature radiativeradiative diffusion, diffusion, 
grey grey opacity.  Includes radioactive decay.opacity.  Includes radioactive decay.



PPSN EvolutionPPSN Evolution

1.1. Breakout        Breakout        
2.2. Adiabatic Expansion Adiabatic Expansion 

+ H + H recombinationsrecombinations
3. Ni3. Ni5656 decaydecay
4. Becomes optically thin4. Becomes optically thin



H/HeH/He

He/C/OHe/C/O



H/HeH/He

He/C/OHe/C/O



PPSNPPSN EvolutionEvolution

Dependent on:  Dependent on:  
1.1. Progenitor Size Progenitor Size 
2.2. NiNi5656 Mass        Mass        

Mixing is keyMixing is key



PPSN PPSN LightcurvesLightcurves

1. Not Always     1. Not Always     
Brighter Brighter 

2. Long Evolution2. Long Evolution
TimesTimes

3. Hydrogen   3. Hydrogen   

VV--band,band, BB--band,band, UU--bandband



Visible Visible PPSNePPSNe: : II--bandband

0.01 M0.01 Msunsun/yr/Mpc/yr/Mpc33

0.01 x 0.01 x SFRSFRobsobs
IfAIfA Deep Survey:Deep Survey:

IIABAB > 26, 2.5 deg> 26, 2.5 deg22

COSMOS:COSMOS:
IIABAB > 27, 2 deg> 27, 2 deg2 2 

(general survey)(general survey)



Visible Visible PPSNePPSNe: : NIRNIR
JWST  JWST  
DetectionsDetections

0.01 M0.01 Msunsun/yr/Mpc/yr/Mpc33

0.01 x 0.01 x SFRSFRobsobs



Method III: Search for Their Signatures TodayMethod III: Search for Their Signatures Today
ES, D. ES, D. KawataKawata, C. Brook, R. Schneider, A. Ferrara, B. K. Gibson (2006), C. Brook, R. Schneider, A. Ferrara, B. K. Gibson (2006)

Although the oldest stars should be near the Although the oldest stars should be near the 
center of the galaxy, does extended primordial center of the galaxy, does extended primordial 
SF history change spatial distribution?SF history change spatial distribution?

••ΛΛCDM CDM ““zoom inzoom in”” sim. of 8x10sim. of 8x101111 MM galaxygalaxy..
•• DM simulation with DM simulation with 7x107x1055 MM particles. particles. 
•• Pick out all objects above 10Pick out all objects above 1044 K limit.K limit.
•• Use 1D model (varying wind efficiency) to Use 1D model (varying wind efficiency) to 
find find positions of metalpositions of metal--free stars.free stars.



Milky Way ImplicationsMilky Way Implications



Milky Way ImplicationsMilky Way Implications



Milky Way ImplicationsMilky Way Implications



Milky Way ImplicationsMilky Way Implications



Milky Way ImplicationsMilky Way Implications



Milky Way ImplicationsMilky Way Implications

Lots of 1st Lots of 1st 
stars end up in stars end up in 
the solar the solar 
NeighNeighborhoodborhood



Full SPH calculations DM: 8x10Full SPH calculations DM: 8x1066 MM



Milky Way ImplicationsMilky Way Implications



Limits on Mass function:Limits on Mass function:

No Metal free observed stars: No Metal free observed stars: MMminmin 0.8 M0.8 M

Limits for Limits for nucleosynthesisnucleosynthesis: : 
Odd even effect Odd even effect not observednot observed
<1/2 Fe from Pop III is from PPSN<1/2 Fe from Pop III is from PPSN
MetallicityMetallicity distribution function of halo stars, distribution function of halo stars, 
etcetc…… have important implications for have important implications for PopIIIPopIII
star formation.star formation.



ConclusionsConclusions
I First Galaxies:I First Galaxies:

•• The transition from metalThe transition from metal--free to normal is free to normal is definitelydefinitely extendedextended
•• Thus metalThus metal--free galaxies are free galaxies are probablyprobably observable at z <5observable at z <5
•• the smallest emitters, high equivalent widths, the smallest emitters, high equivalent widths, HeIIHeII

II PairII Pair--production production SneSne
•• Distinguished by: Hydrogen lines, Distinguished by: Hydrogen lines, slightlyslightly brighter than brighter than IaIa, , 

long evolution times long evolution times ---- possibly with 2 local maximapossibly with 2 local maxima
••Detectable in I band in present Detectable in I band in present SNeSNe searches out to z ~ 2searches out to z ~ 2
•• ~ 1 deg, 3 year,~ 1 deg, 3 year, NIRNIR surveys can set limits out to z~6 or beyondsurveys can set limits out to z~6 or beyond

III Searches in the Galactic HaloIII Searches in the Galactic Halo
•• MetalMetal--free stars and their products end up everywherefree stars and their products end up everywhere
•• The Halo is a great place to lookThe Halo is a great place to look
•• Lack of metalLack of metal--free stars argues for high mass, lack of odd free stars argues for high mass, lack of odd 
eveneven

effect constrains effect constrains PPSNePPSNe



ConclusionsConclusions
I First Galaxies:I First Galaxies:

•• The transition from metalThe transition from metal--free to normal is free to normal is definitelydefinitely extendedextended
•• Thus metalThus metal--free galaxies are observable with JWST/TMT at z <10free galaxies are observable with JWST/TMT at z <10
•• the smallest emitters, high equivalent widths, the smallest emitters, high equivalent widths, HeIIHeII

II PairII Pair--production production SneSne
•• Distinguished by: Hydrogen lines, Distinguished by: Hydrogen lines, slightlyslightly brighter than brighter than IaIa, , 

long evolution times long evolution times ---- possibly with 2 local maximapossibly with 2 local maxima
••Detectable in I band in present Detectable in I band in present SNeSNe searches out to z ~ 2searches out to z ~ 2
•• ~ 1 deg, 3 year,~ 1 deg, 3 year, NIRNIR surveys can set limits out to z~6 or beyondsurveys can set limits out to z~6 or beyond

III Searches in the Galactic HaloIII Searches in the Galactic Halo
•• MetalMetal--free stars and their products end up everywherefree stars and their products end up everywhere
•• The Halo is a great place to lookThe Halo is a great place to look
•• Lack of metalLack of metal--free stars argues for high mass, lack of odd free stars argues for high mass, lack of odd 
eveneven

effect constrains effect constrains PPSNePPSNe



Number of Number of SneSneγγγγ in our modelsin our models

Assume 1 Assume 1 SneSneγγγγ per per 
1000 1000 MMsunsun of starsof stars

1/100 1/100 MMsunsun/yr/yr
FiducialFiducial EEgg = 10= 10--33



The 1st Objects: Why Massive?The 1st Objects: Why Massive?

HH22 cooling takes you to a cooling takes you to a 
typical density of typical density of 
101044 cmcm--3 3 & T of 100 K& T of 100 K
……. LTE. LTE
MMjeansjeans ~ 1000 ~ 1000 MMsunsun

HH22 CoolingCooling

Abel, Byran, Norman (2001) Tegmark, Silk, Rees, Blanchard, Abel, & Palla (1997)



Critical Critical MetallicityMetallicity

At typical density of At typical density of 
101044 cmcm--3 3 & T of 100 K& T of 100 K
OI and CII are the OI and CII are the 
primary coolantsprimary coolants

~ 10~ 10--44 ZZsunsun
““ Critical Critical MetallicityMetallicity””
WE DONWE DON’’T SEE THEMT SEE THEM

V. Bromm & A. Loeb  (2004)
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