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Bowman et al., 2018, Nature, 555, 67

• HI 21cm (1420MHz) hyperfine line

• 78MHz  ⇒ Z ≈17 ⇒ ~220Myr after 
Big Bang

• After stars formed in the early universe, 
their UV light is expected to have 
penetrated the primordial H gas and 
altered the excitation state of its 21 cm 
line 



First Stars

• Primordial pristine gas (H, He, small Li)

• Star formation began no more than a few 
hundred million years after Big Bang. 

• The first stars could be born only from a gas 
having the chemical composition inherited 
from Big Bang was inescapable.



• The first generation of stars had important 
effects on subsequent galaxy formation.

– First stars produced copious amounts of UV 
photons to reionize the universe.

– The SN explosions that ended the lives of the 
first stars were responsible for the initial 
enrichment of the IGM with heavy elements. 



• Even if such stars were not observed, 
they were already named: 

population III stars.



Two Populations of Stars: Pop I and Pop II.

Pop I stars are younger, formed as a later generation, and have higher metal 
content.
Pop II stars are older, formed in early generation, and have lower metal 
content.

Pop I stars are located in the galaxy disk where stars are continually forming.
Pop II stars are located in the bulge, halo, and globular clusters.

Location          Spiral Arms       Disk                          Bulge              Halo
Metals (%)       3                        1.6                             0.8                  <0.8
Orbit shape      circular              slight                         moderate        highly

elliptical                    elliptical        elliptical
Average Age    100 million       0.2-10 billion            2-10 billion    10-14 billion
(yrs)                  and younger

Property Extreme            Intermediate Intermediate    Extreme
Pop I Pop II



Search for Pop III stars

• The quest for population III stars has 
fascinated astronomers for many decades, 
going back to the first tentative ideas of 
Schwarzschild & Spitzer  (1953).

• Recently, the subject has attracted an 
increased interest, both from a theoretical 
and observational perspective.   



Age?
• At first view one could think of determining the 

age of a great number of stars and selecting the 
very oldest ones.

• Actual surveys of first generation stars are not
based on this principle.

• The reason is that the method can be applied only 
to clusters of stars, the age of individual stars of 
unknown distance not being obtainable with need 
accuracy.
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Metallicity !

• Except for the lightest 
elements, the history 
of the chemical 
compositions of the 
Galaxy is dominated 
by nucleosynthesis 
occurring in many 
generations of stars.



宇宙中各类元素的来源：炼金术？



元素核合成: B2FH理论（1957）
• Hydrogen burning
• Helium burning
• The α process
• The e process
• The s process
• The r process
• The p process
• The x process

 D, He, Be, B 

Burbidge夫妇
Fowler, W.
Hoyle, F.

1983年，W.A. Fowler因“对宇宙中形成
化学元素的核反应的理论与实验研究”
获诺贝尔物理奖。

？





太阳元素丰度

Metal: all elements except H & He
金属丰度
铁丰度



Low mass stars （M<0.9M）

• Stars of low mass have long lifetimes, some 
comparable to the age of the Galaxy.

Stellar Age-Mass



• Their envelopes have preserved 
much of their original chemical 
composition.

• They are fossils containing 
information about the history of the 
evolution of chemical abundances 
in the Galaxy.
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Metal-poor stars

Galactic chemical evolutiont



Preliminary definitions:

• log ε (A) ≡ log10(NA/NH)+12.0

• [Fe/H] ≡ log10(NFe/NH)* − log10(NFe/NH)

• [A/B] ≡ log10(NA/NB)* − log10(NA/NB)



Beers & Christlieb(2005)



Note that:

• [Fe/H] does not necessarily refer to the total 
metal content of a given stellar atmosphere, 
which might not in fact be significantly less 
then the solar value, when the star under 
consideration also exhibits large 
overabundances of elements such as C, N, and 
O.





Five ways:
• Informed serendipity

• Systematic surveys of high-proper motion
stars

• Systematic objective prism surveys for 
weak-lined objects with Schmidt telescopes

• Multi-fiber spectroscopic survey

• Photometric surveys



1. Informed serendipity:

• CD-38º245:      [Fe/H]=-4.0
search for A stars at South Galactic Pole

• G64-12:            [Fe/H]=-3.2
extremely high space velocity



2. High proper motion surveys:

• Connection between the velocities of star 
and their abundance

• Systematically study objects that exhibited 
the largest measured proper motions



The motions of disk stars are in a plane.
The motion of Halo stars and clusters are elliptical about the center.



Sandage and coworkers (1986, 1987)
Carney and collaborators (1994)

• In the published work, fewer than 10% of 
the stars in these catalogs have [Fe/H]<-2.0.

• Great majority of candidates selected on the 
basis of their large proper motions alone are 
expected to have [Fe/H]>-2.0.



3. Objective-Prism survey:





Schmidt Telescope



Hamburger Sternwarte





Bond spectroscopic survey

• Bond (1980, 1981)
– Nearly half a million objective prism spectra 

down to B=11.5 mag. over 5000 square degrees
– B=10.5 mag., covering half of the full sky. 

• Only 3 stars with [Fe/H]<=-3.0



The HK survey

• Beers, Preston, Shectman (BPS survey): 

• B = 16 mag.

• [Fe/H] < -2.0:    >1000
• [Fe/H]<  -3.0:    ~100



Southern Hemisphere: 

• 0.6 m  Curtis Schmidt 
Telescope at CTIO

• 4 degree objective prism

• 4100 deg2



Northern Hemisphere: 

• 0.6 m Burrel Schmidt
Telescope at KPNO

• 2800 deg2













Selection of candidate metal-poor stars
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High-resolution spectroscopy



• 329 HES fields
• 8225 degree2

• 10 < B < 17.5
• candidate metal-poor stars: 10000 

• Follow-up medium resolution observation: 
– 4000 metal-poor stars candidates
– 200 with [Fe/H] < -3.0





Some basic facts

HE 0107−5240 HE 1327−2326
Teff 5100 K 6180 K
log g 2.2 dex 3.7 dex
[Fe I/H]NLTE −5.3 dex −5.4 dex
µ ? 0.0733 arcsec/yr
B 15.86 mag 14.016 mag
E(B−V) 0.013 mag 0.060–0.096 mag
(B−V)0 0.68 mag 0.40 mag
(V−K)0 1.90 mag 1.32 mag











4. Multi-fiber spectroscopic survey

– RAVE
– SDSS
– LAMOST

• Much larger and deeper surveys will provide 
statistically complete sample of very metal-
poor stars.



RAVE:
Steinmetz et al. 2006, Zwitter et al. 2008

• 1.2m Schmidt telescope at AAO
• FOV：6°
• Fiber：150
• R~7500
• Wavelength coverage: 8410 – 8795 Å 
• Exposure time：～50 min
• Limit magnitude：9 < I <12
• Sky coverage：～12200 square degree





Fulbright et al. (2010)

• Identified 631 stars with [Fe/H] <= -2 from a 
RAVE database containing ~200000 stars.

• 3 stars with [Fe/H] <= -4
– C22448-172429: [Fe/H] = -4.0
– CD-38 245: [Fe/H] = -4.2
– ?(at the limit of S/N ratio): [Fe/H] = -4.0 



SDSS DR7

• SSPP (4500 K ≤ Teff ≤ 7500K):
– σ(Teff) = 157 K
– σ(log g) = 0.29
– σ([Fe/H] = 0.24

• 460000 star
– [Fe/H] <= -2: ~30000
– [Fe/H] <= -3: ~700

– [Fe/H] <= -4: 0 !



Teff=6119
log g=3.29
[Fe/H]=-3.00



• There exists a degeneracy between the stellar 
parameters and metallicity.

• The strengths of the Ca Triplet lines can be equal
for both a lower-metallicity cooler giant and a 
higher-metallicity hotter turn-off star.

• A temperature difference of 100 K corresponds 
to a metallicity difference of about 0.1 dex.



SSPP pre-DR8 (Smolinski et al. 2010)



Search for VMP star candidates in SDSS
Xu S.Y. et al. (2011)

• Select stars with [Fe/H]<-3.5, S/N>20 from 
SDSS DR8 .

• 45 stars are re-analysed. 
– Modified SSPP 
– EW analysis



Results

No.      Teff log g   DR8    [Fe/H]       HR
-----------------------------------------------------------
1. 5775    3.24     -3.8       -4.10       -4.99
2. 6110    3.61     -3.7       -3.80       -4.09
3. 6138    3.59     -3.5       -3.90       -3.57 α-poor

4. 5908    3.48     -3.6       -3.90       -3.96
5. 4462    1.59     -3.7       -3.90
6. 4464    0.86     -3.5       -4.02



SDSS 
J102915+172927

[Fe/H] ~ -4.50

SDSS
K



• VLT 
– X-shooter
– UVES

• Teff=5811 K
• Log g= 4.0
• Mt=1.5 km/s

• [Fe/H]1D=-4.73±0.13
• [Fe/H]3D=-4.99 ±0.12

Caffau et al., 2011, Nature, 477, 67

SDSS J102915+172927



• SDSS spectra: [Fe/H]~-4.5

• VLT spectra:    [Fe/H]=-4.73

– Absorption due to 
interstellar gas



• SDSS J102915+172927 is most metal-poor 
star, although not most iron-poor of all stars 
yet studied.



• HE0107-5240                           HE1327-2326



• SDSS J102915+172927 has a mass smaller than 
that of the Sun and is probably more than 13 
Gyr old.

• A widely accepted theory predicts that stars like 
this, with low mass and extremely low 
quantities of metals, shouldn’t exist because 
the clouds of material from which they formed 
could never have condensed.

–The star that should not exist!



One discovery, reported in November, is the 

sighting of pristine clouds of hydrogen. The 

clouds match the chemistry of much older 

primordial gas from the first few hundred 

million years after the big bang, before stars 

formed. The other discovery is a small star in 

the Milky Way's halo whose concentration of 

“metals” (elements heavier than helium) is 

about 1/10,000 that of the sun. This star is 

practically devoid of metals, just like the 

universe's earliest stars, which are believed 

to have been hundreds of times as massive. 



 If the process of first generation star formation is 
similar to the one believed to occur in present day 
stellar associations.

 Many small mass stars form before massive stars 
explode as SNe II, polluting the ambient ISM.

 One would expect Pop. III stars with 0.8-0.9 M.



Formation of the first stars
 The absence of heavy elements and therefore of dust.

 The cooling of the primordial gas depends only on 
hydrogen in its atomic and molecular form.

 Cools via H2 rotational and vibrational line emission.
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 Results from recent numerical simulations of the 
collapse and fragmentation of primordial gas clouds 
suggest that the first stars were predominantly very 
massive, typical masses M*≥ 100M, life times of ~106yr.

 The failure to find any ‘living’ Pop. III star in the 
Galaxy is not surprising.

 They all would have died a long time ago.



 Results from recent numerical simulations of the 
collapse and fragmentation of primordial gas clouds 
suggest that the first stars were predominantly very 
massive, typical masses M*≥ 100M, life times of ~106yr.

 The failure to find any ‘living’ Pop. III star in the 
Galaxy is not surprising.

 They all would have died a long time ago.



5. Photometric surveys



Keller et al. 2007





Bessell et al. 2011

fabricating large 
colored glass filters



[Fe/H]=-2.5

[Fe/H]=0.0



v-g vs. [Fe/H]

• Stellar colors
– Effective temperature
– Gravity
– [Fe/H]



Astroph 1402.1517



R.A. = 03:13:00.4 
Dec. = -67:08:39
V = 14.7









Most iron-poor star！



60 solar mass

200 solar mass



Discovery of a second-generation
star from the early universe

‘Based on a comparison of its abundance 
pattern with those of  models, we conclude 
that the star was seeded with material from 
a single supernova with an original mass of  
~60 solar mass.



Milky Way Tomography with the SkyMapper Southern Survey.
I. Atmospheric Parameters and Distances of One Million Red Giants

Huang et al. 2019

• developed a photometric method to select red giant stars and 
estimate their atmospheric parameters from the photometric colors 
provided by SkyMapper Southern Survey data.

• our method is capable of delivering atmospheric parameters with a 
precision of ∼80 K for Teff, ∼ 0.18 dex for [Fe/H], and ∼0.35 dex
for log g.

• Using this method, the atmospheric parameters and distances of 
nearly one million red giant stars are derived from SMSS DR1.1.







8 most iron-poor stars
Most iron-poor

Most metal-poor





JINAbase: http://jinabase.pythonanywhere.com/
Abohalima & Frebel 2018, arXiv:1711.04410

• 1658 stars

• 60% have 
[Fe/H]<=-2.5
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 Effective aperture: 4m                          
 5°diameter field of view   
 4,000 fibers
 16 fiber-fed two-arm spectrographs 

for low- to medium-resolution
 S/N = 10 at 1nm resolution for a 

20.5 mag star in 1.5 hours (?)

LAMOST at Xinglong Station
www.lamost.org





MB on 19 June 2008











The LAMOST metal-poor star survey
• G. Zhao, N. Christlieb, H. Li, 

A. Luo,  J. Zhao, et al.

• 5.1 million stars selected from 
SDSS DR7. Selection criteria:

– 0.1 < (g−r)0 < 1.0
– g < 18.0
– |b| > 20°, Z > 5 kpc
– −10° < δ < 70°

R = 2000; λ = 370−900 nm



Li, H.N. (2015a,b)



EMP and HMP stars expected to be found

Survey Effective sky 
coverage

Effective 
mag limit

N < −3.0 
(EMP)

N < −5.0 
(HMP)

HES 6400 deg2 B < 16.5 200 2
SEGUE 1000 deg2 B < 19 1000 10

LAMOST 5,000 deg2 B < 18.5 5,000 50
SSS 20,000 deg2 B < 18? 5000 50
Gaia 40,000 deg2 B < 19? 40,000? 400?

• These estimates are accurate only to within a factor of ~2!
• Number of stars to be found in SEGUE will mainly be limited by 

number of fibers allocated for follow-up. Only about 10% of all 
candidates down to B = 19 can be observed.

• Gaia requires extensive ground-based spectroscopic follow-up. 



• It is expected that in the next decade, the sample of known 
metal-poor stars will be increased by 1-2 orders of magnitude.

• Detailed abundance analyses of these stars will lead to an 
improved understanding of the chemical evolution and 
formation of the Galaxy, the nature of the first stars, and star 
formation and nucleosynthesis processes in the early Universe.

• Review paper:
Frebel & Norris, 2015, ARA&A, 53, 631

Summary



Cayrel(1996): ARA&A, 7,217

‘Can we hope to find a Pop. III star before 
year 2000?’

No!



Can we hope to find a Pop. III 
star before year XXXX ?



Thank You !
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