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BBN: Big Bang nucleosynthesis
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e During the very first 3 minutes el ——
the Universe "cools" to 10°C = Goa ok %]L

® The nucle1 of a few light
elements are formed
Hydrogen (‘H, *H)
Helium (‘He, *He)
Lithium ("Li)

® All the other elements formed
later through nuclear reactions
in stars and stellar explosions

Number relative to H

The atoms 1n our bodies
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Photon to baryon ratio




The WMAP of the Cosmic Microwave Background

Temperatures fluctuate by = 200 pK around ameanof 2. 73 K




Visualizing Darkness

® The smooth becomes rough with the passing of time

® Uniformity, filamentarity, hierarchy — it all depends on scale

e A short tour of the Universe




Figure 1: Emergence of primordial star forming regions within a standard ACDM
cosmology. Shown is the projected gas density at » = 17 within a simulation box
of phyvsical size ~ 50 kpe. The bright knots at the intersections of the filamentary
network are the sites where the first stars form. (From Yoshida et al. 2003a.)




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

(a)

o HI 21cm (1420MHz) hyperfine line

e 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
after Big Bang.

e 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
on subsequent galaxy formation.

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

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



e Even If such stars were not observed,
they were already named:



and

stars are younger, formed as a later generation, and have higher metal
content.

stars are older, formed in early generation, and have lower metal
content.

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

Property Extreme Intermediate Intermediate Extreme

Location Spiral Arms Disk Bulge Halo

Metals (%) | 3 1.6 0.8 <0.8

Orbit shape | circular S [e]q] moderate highly
elliptical elliptical elliptical

Average Age | 100 million 0.2-10 billion 2-10 billion  10-14 billion

(yrs) and younger




Search for Pop |11 stars

e The quest for population 111 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.



At first view one could think of determining the
age of a great number of stars and selecting the
very ones.

 Actual surveys of first generation stars are
based on this principle.

e The reason is that the method can be applied only
to clusters of stars, the age of individual stars of
unknown not being obtainable with need
accuracy.
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i  Except for the lightest
68 — _ elements, the history
THIHL of the chemical
compositions of the

[ [ersrean o {22 | Galaxy is dominated

s, o W T by nucleosynthesis
occurring in many
generations of stars.
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» Hydrogen burning Burbidge % 42
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» The o process Hoyle, F.
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Solar Element Abundances
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| ow mass stars

o Stars of low mass have long lifetimes, some
comparable to the age of the Galaxy.
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 Their envelopes have preserved
much of their original chemical
composition.

e They are containing

Information about the history of the
evolution of chemical abundances
In the Galaxy.



Stellar archaeology

j e Excavation sites” =

Deciphering the traces left
behind by extinct generations

of humans/stars \
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CD —-38 245:

Fe/H

= 1/310,000,000

HE 0107-5240:

Fe/H

= 1/6,800,000,000

Population III:

Fe/H

=0

e e S

3865
Wavelength [A]




Preliminary definitions:

- IOg € (A) = IOglo(NA/NH)+12.0
* [Fe/H] =10910(Nre/Nu)« — 10910(Nee/NH) o

* [A/B] =10910(Na/Ng)~ — 10910(Na/NB) e



Term Acronym

Super metal-rich SME

Solar —
Metal-poor MF
Very metal-poor

Extremely metal-poor

Ultra metal-poor

Hyper metal-poor

Mega metal-poor




Note that:

o [Fe/H] does 1 necessarily refer to the
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.



How can we find metal-poor starsr?

Metal-poor stars can best be
identified in the halo of the Galaxy.

FProblems:
m  Metal-poor stars are very rare!

In the halo, approximately

2 one out of ~1000 stars has
[Fe/H] < -2.0

2 one out of ~10,000 stars has
[Fe/H] < -3.0.

m [hey are difficult to recognize;

especially very metal-poor stars
(i.e., stars with [Fe/H] < =2.0).

=> Wide-angle surveys

-Our=Milky Way Galaxy




Five ways:
e |Informed

o Systematic surveys of
stars

e Systematic surveys for
weak-lined objects with

spectroscopic survey

surveys



1. Informed serendipity:

o« CD-38%245: [Fe/H]=-4.0
search for A stars at South Galactic Pole

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



2. High proper motion surveys:

e Connection between the velocities of star
and their abundance

o 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.

~_ Disk stars

- Halo stars

© 2002 Brooks Cole Publishing - a division of Thamson Learnin



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:

Spetro su CCD o

Telecbiettivo pellicola

Prismd




Direct image Objective-prism plate



Schmidt Telescope




Hamburger Sternwarte
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Bond spectroscopic survey

e 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.

e Only 3 stars with [Fe/H]<=-3.0



The HK survey

* Beers, Preston, Shectman (BPS survey):
e B =16 mag.

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



Southern Hemisphere:

e 0.6 m Curtis Schmidt
Telescope at CTIO

* 4 degree objective prism

* 4100 deg?




Northern Hemisphere:

e 0.6 m Burrel Schmidt
Telescope at KPNO

e 2800 deg?




Hamburg/

s Objective-prism survey
covering half of the
southern sky

379 plates, 5° x 5° each

Plates were taken with
the 1m ESO Schmidt —_

telescope in the 1990ies,
then digitized in Hamburg

12,397,333 digital
spectra




ective-prism plates

Typical sky
coverage: 9° x 5°

About 30,000
spectra per plate

Al ~ 10A

The interesting
objects are very rare;
e.g., one can find
only 1-2 old, metal-
poor stars on each

plate
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Plate dieitization

Digitization of objective-prism plates makes
automated and quantitative selection possible

The Hamburg Observatory
PDS plate scanner




The main observational ste
o Y71, candidate selection

Quantitative criteria based on Ca K line
strength, B-V and J-K colours

. Confirmation of candidates
with moderate-resolution spectroscopy
(i.e., R ~ 2000)

. High-resolution spectroscopy
(i.e., R > 40,000) for determination
of abundances of elements

=
=
=

VLT-UTZ2UVES




Selection of candidate metal-poor stars

CS 22875-12/HE 2220-3927 B=151/T0/[Fe/H]=-2.1
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Selection of candidate metal-poor stars
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The main observational ste
R 1. Candidate selection

Quantitative criteria based on Ca K line
strength, B-V and J-K colours

. Confirmation of candidates
with moderate-resolution spectroscopy
(i.e., R = 2000)

. High-resolution spectroscopy
(i.e., R = 40,000) for determination
of abundances of elements

=
|
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VLT-UT2/UVES




ES metal-poor star tlow chart

18,000 HES candidates
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HE DI07-E240

1he main observational steps

1. Candidate selection

Quantitative criteria based on Ca K line
strength, B-V and J-K colours

. Confirmation of candidates
with moderate-resolution spectroscopy
(i.e., R = 2000)

3. High-resolution spectroscopy
(i.e., R = 40,000) for determination
of abundances of elements

R=d L0000




High-resolution spectroscopy
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329 HES fields

8225 degree?

10<B<1/.5

candidate metal-poor stars: 10000

Follow-up medium resolution observation:

— 4000 metal-poor stars candidates
— 200 with [Fe/H] <-3.0



HE 0107-5240 The most heavy-element
[Fe/H] = -5.3 ..
deficient stars known

HE 1327-2326
[Fe/H] = -5.4

Frebel et al. (2005), Nature 434, 871
Frebel et al. (2006), Ap] 638, L17
Aoki et al. (2006), Ap) 639, 897

HE1327-2326 \

Christlieb et al. (2002), Nature 419, 904
Christlieb et al. (2004), Apl 603, 708
Bessell et al. (2004), Ap] 612, L61
Christlieb et al. (2008), in preparati
“hristlieb et al. (2008), in preparation MAGNUN Telescope (U, B. V)
June 23 & 25, 2004

D55 Image (R,G,B)



Some basic facts

HE 0107-5240  HE 1327-2326

T ot 5100 K 6180 K

log g 2.2 dex 3.7 dex

[Fe I/H]\ ¢ —5.3 dex —5.4 dex

v ? 0.0733 arcsec/yr
B 15.86 mag 14.016 mag
E(B—V) 0.013 mag 0.060-0.096 mag
(B—1), 0.68 mag 0.40 mag

(V-K), 1.90 mag 1.32 mag
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4. Multi-fiber spectroscopic survey

— RAVE
— SDSS
— LAMOST

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



RAVE:

Steinmetz et al. 2006, Zwitter et al. 2008

e 1.2m Schmidt telescope at AAO
e FOV: 6°
 Fiber: 150

e Exposure time: ~50 min
e Limit magnitude: 9<1<12
o Sky coverage: ~12200 square degree
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Fulbright et al. (2010)

e |dentified stars with from a
RAVE database containing ~200000 stars.

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



* SSPP (4500 K < T, < 7500K):
— o(T,) =157 K
— o(log g) =0.29
— o([Fe/H] =0.24
e 460000 star
— [Fe/H] <= -2: ~30000
— [Fe/H] <=-3: ~700

— [Fe/H] <= -4: 0



SDSS Plate 1266, MJD 52709, Rerun 26, Fiber 432

RA=124.47887, DEC=28.68440, MID=52709, Plate=1288, Fiber=432

I: T :I T T I T T ::I T R T T ::I: T
th Hy G oIl o OF H, 3 : Call
Ho, 6 g Mg Na 0l NISI ; all

| ' ail S PEONIIL :  Gall

Teff=6119
logg=3.29 . :
[Fe/H]=-3.00

z=.0.0003 +/= 0.0001 (1.00), Star
6000 7000 8000

Wavelength [4]




e There exists a between the stellar
parameters and metallicity.

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

e A difference of 100 K corresponds
to a difference of about 0.1 dex.



(Smolinski et al. 2010)

AT, (SSPP - HR)

6000
T, (HR) [K]

al

[Fe/H] (HR)



Search for VMP star candidates in SDSS

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

e 45 stars are re-analysed.
— Modified SSPP
— EW analysis



N[e} eff logg DR8 [Fe/H]




SBurvey: seguef Program: segpoinied Target: F_STAR
RA=157.31318, Dec=17.48110, Plate=2863, Fiber=113, MID=54440
cz=—35+/—4 km/s Class=STAR B6

No warnings.
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doi:10.1038/naturel0377

I ETTER Caffau etal, 2011, Nature, 477, 67

il An extremely primitive star in the Galactic halo

Elisabetta Caffau'?, Piercado Bonifacio?, Patrick Frangois?”, Luca Sbordone’?, Lorenzo Monaco®, Monique Spite?, Frangois Spite?,

Hans-G. Ludwigh?, Roger Cayrel, Simone Zaggia®, Frangois Hammer?, Sofia Randich?, Paclo Molaro® & Vanessa Hill®

o LT
— X-shooter
— UVES

e T.+=5811K
e Llogg=4.0
e M.=1.5km/s

Mermalizac flx
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aaz S04
Wavelsngth {nm)




X-Shooter

e SDSS spectra: [Fe/H]™

e VLT spectra: [Fe/H]=

=
=
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— Absorption due to

Wavelength {nm)




e SDSS J102915+172927 is
star, although not most iron-poor of all stars
vet studied.

Table 1 | Abundances in SDSS J102915+172927

Element A(X), [X/H], [ %/ Fel, [X/H], Mumber of A(X)
3D 3D 1D lines

G band
NH band

459 =010 +040 4.68 =~ 0.08
427 010 +0.72 4.27 +0.10
480010 +0.19 4.72 +0.10
485+011 +0.14 471 +0.11
4.76+0.11 +0.23 4.75+0.11
499 +0.12 0.00 4.73+0.13
488+011 +0.11 —-4.55+0.14

) =—-0.21 =-51

st
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e HE0107/-5240 HE1327-2326

Species [A/H [ap | A/ Felap
[C/Fe]
12C/13C
[N/Fe]
[O/Fe]

e

[Sc/Fe] +01

r.

[Co/Fe] +O 7 +D 5

e




e SDSS J102915+172927 has a mass smaller than
that of the Sun and is probably more than

e 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.
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Breakthrough of the Year, 2011
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Senescent Cells

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.
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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 Mg



" 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.
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Cools via H, 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.> 100My, life times of ~10°yr.

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

They all would have died a long time ago.



/ ‘\\22%222 e ”77 S

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.> 100My, life times of ~10°yr.

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

SkyMapper’s Southern Sky Survey



1.8m modified Casseqgrain with a 5.7 sqL
field of view

Sited at the Australian National University
Spring Observatory

Fully automated, remote
Data transferred via Gigabit
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SkyMapper’s niche

Stellar Astrophysics 0.6 — —

%* Design: half of our sample are | - o\
stars |
04 |
%* Galaxies well served by
broadband photometry - stars
are different their information
content is primarily in the blue
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Bessell et al. 2011

Fig. 1.— Gluing the g filter

nylar shim in p while gluing the u filter
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- U v g and stellar spectra
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— Effective temperature
— Gravity
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Table 1 Chemical abundances of SMSS 0313-6708

Element | [X'Hia11e | [X'H]-34-
Lil 0.7% 0.7'%
C (CH) 2.4 -2.6°
N (NH) <.3.5 <.3.9°
01 <.2.3 <.2.4°
Nal <.5.5 <.5.5°
Mg I 4.3 -3.8°
AlT <.6.2

Sil <.4.3

Call 7.2 -7.0°
Se 11 <.5.0

Till <-6.3

VII <.3.3

Crl <-6.3

Mnl <.5 8

Fel <.7.3 <7.1°
Col <-4.9

Nil <-6.4

Cul <-3.5

Zn1 <.3.4

Sr 11 <-6.7

Ball <-6.1

Eull =<-2.9

Most iron-poor star!
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~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.



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, ], and ~0.35 dex
for log g.

« Using this method, the atmospheric parameters and distances of
nearly red giant stars are derived from SMSS DR1.1.
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8 most Iron-poor stars

RA (2000) Dec log g ‘

HE 0107 —5240 01 0929.2 —5224342 | 5.100 -

SD 1035+0641% ) 35 56.1 +06 41 44.0

HE 05574840 05 58 39.3 —483956.8 | 4.900 I
e T 5 R
023629.7 0330060 | 6,100 | 340 | —468| +3.46] 64 |
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. http://jinabase.pythonanywhere.com/
Abohalima & Frebel 2018, arXiv:1711.04410

e 1658 stars

e 60% have
[Fe/H]<=-2.5




LAMOST at Xinglong Station
www . lamost.org
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LAMOST optical desion

Mg

Spherical

Primary
Mirror

M
Reflecting
Schmidt

It's a meridian reflecting Corrector
Schmidt telescope, laid down on g, 4

the ground with its optical axis.  pigne
fixed in the meridian plane




Mg on 19 June 2008
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Instrument configurations

Low-resolution mode

Blue Arm Red Arm

R  Wave. range (nm) R Wave. range (nm)

Full slit 1000 370-590 1000 570-900
1/2 slit 2000 370-590 2000 570-900

Medium-resolution mode

Blue Arm Red Arm

R Wave. range (nm) R Wave. range (nm)

Full shit 5000 510-550 5000 830-890
1/2 slit 10000 510-550 10000 830-890




The main observational ste

R=4 0000

VLT-UT2/UVES

criteria based on Ca K line
strength, -K colours

. Confirmation of candidates

with moderate-resolution spectroscopy
(i.e., R ~ 2000)

. High-resolution spectroscopy

(i.e., R > 40,000) for determination
of abundances of elements




The LAMOST survey for metal-poor stars
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The LAMOST metal-poor star survey

e G. Zhao, N. Christlieb, H. LI,
A. Luo, J. Zhao, et al.

5.1 million stars selected from
SDSS DRY. Selection criteria:

- 0.1<(g-r,<10
- g<18.0

— |b[>20" ,Z>5kpc
- —10° <6<70°

R =2000; A = 370-900 nm



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

3500

Tahle 3 3000 ET[FMT“”\ ~

J125346 09+075343.1

Adopted Stellar Parameters of the Program Stars |
25001
MIKE Measurements LAMOST Measurement '?U(KJ;_ ‘
loy |Fe/H] '3 Ter log 3 [Fe/HI] |

°f / (km ") (K) o al ISOO;—
LAMOST J0006 + 1057 0.6 326 22 4800 1.6 —3.03 . iR
LAMOST J0102 + 0428 0.6 275 25 4940 12 —278 ; Mo, J131331.18-055212.4
LAMOST JO1 26+ 0135 (.1 =357 2.8 4810 1.2 -3.15 r
LAMOST JO257—0022 4.2 —2.24 . 6260 ie —2.65 I ‘ MM"""-&.‘
LAMOST J0326 + 0202 .1 —3.36 : 4830 1.8 —115 il L
LAMOST J0343 0227 1.5 —2.42 4705 1.8 —2.57 ]
LAMOST 11626+ 1721 16 =320 5 5830 id —3.00
LAMOST N709 + 1616 3.5 . 6070 3.0 —3.33

e

6000, TOO0, BODO,
Wavelength (Angstrom)

Table 2. Basic parameters of the two UMP stars.*

I Subaru measurement LAMOST measurement

T |:1§', g [Fe/H] £ T ls g
(K} (km s 1) {

LAMOST J125346.094+075343.1 6030 £ 135 J.e5 016 —4.02 £+ 0.06 1.4 + 0.12
LAMOST J131331.18—-055212.4 4750+ 94 .60 £ 0.21 —4.12 £ 0.13 1.5 £ 0.07




EMP and HMP stars expected to be found

Survey Effective sky | Effective N<-3.0 | N<-5.0
coverage mag limit (EMP) (HMP)
HES 6400 deg? | B < 16.5 200 2
SEGUE 1000 deg? |B < 19 1000 10
LAMOST 5,000 deg? | B < 18.5 5,000 50
SSS 20,000 deg? | B < 18? 5000 50
Gaia 40,000 deg? | B < 19? 40,0007 4007

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.




Summary

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

o 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.

Frebel & Norris, 2015, ARA&A, 53, 631



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

‘Can we hope to find a Pop. 11 star before
year 7’



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