Dwarf galaxies

Field stars Magellanic Clouds

Anna Frebe] Clay Fellow (OIR & ITC)

Harvard-Smithsonian Center for Astrophysics



ANNA FREBEL *

" METAL-POORSTARS* -

. WHY BOTHER?? -

Cosmology | Stellar Astronomy | Nuclear Astrophysics



ANNA FREBEL *

-~

METAL-POO RSTARS®

A LONG, LONG TIME-AGO...

First stars 2" and later generations
(100 M) of stars (~1 Mg)
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SCIEMTIFIC AMERICAHN
Larson & Bromm 2001

We want to
find those stars from
the 2" or later
generations of
stars!

first galaxies

Cosmic time (not to scale)
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'CHEMICAL EVOLUTION

Planetary *

systems

eutron stars + black holes

All the atoms (except H, He & Li)
were created in stars!

Pop lll: zero-metallicity stars
Pop lI: old halo stars

Pop |: young disk stars

We are made of stardust!
= Old stars contain fewer elements
(e.g. iron) than younger stars

We look for
the stars with the least
amounts of elements heavier
than H and He (= extreme
Pop Il stars)!
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. _ASTRONOMER’S -
.+ "PERIODIC TABLE

hydrogen

1

H

1.0079

hellum

2

He

4.0026

Metals Z

[ Fe often used to trace overall “metallicity” Z of a star]
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TAKING A SPECTROSCOPIC LOOK: *

“Look-back time”

Relative Flux

Sequence of metal-poor main—sequence turn—off stars
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Wavelength [4]

Abundances are derived from
integrated absorption line strengths

[Fe/H] = log(Nge/Np)« - 10g(Nge/Ny)s

3866 386

equals 1/250,000t
of the solar Fe
abundance

Galactic chemical evolution
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HQW‘M'UQH-,lth' ISIN THERE?"

Copyright © 2005 Pearson Prentice Hall, Inc.

Star is a million times 100 x |
bigger than earth E;nﬁs H E 1 327'2326
(300,000 more massive) (most Fe-poor star)

100 x more
Moon

10x less

Mercury
Earth, Moon & Mercury to show size of Fe core
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e HALO METALL,[CITY -
DIS.TRI'BUTION FUNCTION (MDF)

What’s in the non-zero
tail?

« ~130 stars stud ied with
high-resolution so far

» r-process stars (talks by
Sneden/Ishimaru/others)

* r+s process stars (talks by
Karakas/Cristallo/others)

 really C-rich stars

« other crazy abundance
patterns

 stars with [Fe/H]<-5.0

No. of stars

08 = Cumulalive, normalized, bias—corrected

08

04

/
"as observed’ -~
MDF‘/’

Lo oo o v o b oo bl
-4.5 -4 -3.5 -3 -2.5 -2
[Fe/H]

Schoerck et al. 2008

The most metal-poor stars are
extremely rare but extremely important!
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WHAT CAN WE .LEARN i
FROM OLD HALO STARS7

Low-mass stars (M < 1 Mo) Hertzsprung-Russell-diagram
= lifetimes > 10 billion years o K]

10000 8000 7000 6000 5000

= unevolved stars are still around!

Using “fossil” metal-poor stars to reconstruct...
Origin and evolution of chemical elements

Relevant nucleosynthesis processes and sites
Chemical and dynamical history of the Galaxy
Lower limit to the age of the Universe

Luminosity

DN NI NN

.. and to provide constraints

Nature of the first stars & initial mass function
Nucleosynthesis & chemical yields of first/early SNe
Early star & early galaxy formation processes

Hierarchical merging of galaxies (observed abundances are ‘end product’ that
have to be reproduced by any comprehensive galaxy formation model)

Formation of the galactic halo by detailed understanding of its stellar content

Temperature

D N NI NI NI N

Galactic metal-poor stars are a great tool for near-field cosmology
because they are the local equivalent to the high-redshift
Universe!
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THE MOSTIRON DEFICIENT i
.+ STARSKNOWN . .

HE 0107-5240

Red giant
5200K

The Very Metal-Deficient Star HE 0107-5240

PR Photo 25a/02 (30 October 2002) ©European Southern Observatory [l

Christlieb et al. (2002), Nature 419, 904

-} Christlieb et al. (2004), ApJ 603, 708
.| Bessell et al. (2004), ApJ 612, L61

HE 1327-2326
Subgiant

Masses: 0.6 - 0.8 M, (6180K)

HE1327-2326

MAGNUM Telescope (U,B,V)
June 23 & 25, 2004

Frebel et al. 2005, Nature 434, 871
Frebel et al. 2006, ApJ 638, L17

Aoki, Frebel et al. 2006, ApJ 639, 897
Frebel et al. 2008, ApJ 684, 588
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TINY LITTLE

IRON WIGGLE

High-resolution
(R~60,000)
Subaru/HDS
spectrum

(7h exposure time;
taken by W. Aoki)

Extremely weak iron
absorption lines detected
= “Hyper iron-poor” star

Record holder for the
lowest Fe abundance
observed in a star:

=> [Fe/H] = -5.4
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MORE “NORMAL”

METAL POOR STARS

3 1
5 | Cio, "Je Mg Si'S A Ca T.'ECR;PF‘*t N Zn Typical metal-poor stars with
§2 A C82234agr§37 [Fe/H]~‘3O (may contain
2 elements from several
I generations of SNe)
0 g
'--3-'3‘:3 """"" Best fit models:
1 -11Mg Poplll SN with 0.6/1.2E51
T ' c V Mh Co Cu da] - 10-100M, Salpeter MF, 0.9E51
‘ 25 30 (fitting of SN nucleosynthesis grid)
Normal EMP stars (red dots) and 0,5_/‘ I X"’M """""" Coyrel et al. (2004) ]
carbon-rich extremely metal-poor 47| I| L Nf S 5, o & ]
stars (blue triangles) | | 9 | v i ;‘\,\ T } Z
Best fit models: 2~ || |/t E [k bo oA %L
with explosion energies of ﬁi | t !Uf' & l e A /" {/\ i
- E51 = 3.0 (dashed line) 2= ool kb L | Vo
- E51 = 120 (solid line) S | ‘I F %J |
o3 - !
g CIA ll | l Mn IIGO;
% O‘.I}éIII.1IO‘ 115 ‘IZIO‘IIIZIS.I‘IBIO|

element charge number
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N How AND WHEN DID .
T[—lr-_'sE EARLY STARS FORM'P

e.g. HE 1327-2326

—’*

2nd generation stars

MCORD o=

Primordial First star First chemical  forming from
gas cloud exploding enrichment enriched material
~¢:{ The most metal-poor stars
‘ 1 They provide the only available diagnosis for S
“' *1 - zero-metallicity Pop lll nucleosynthesis }
' |- early SNe §
- | - early chemical enrichment! ~
s | But, the results are heavily dependent on
- better understanding of SN explosion
25'\/' - SN nucleosynthesis
22'1); - how the yields get dispersed (i.e. turbulence, mixing)

(fitting of SN nucleosynthesis grid)
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METALLICITY DISTRIBUTION OF

% | LITERATURE STARS.

. .
-

W/ HIGH- RESOLUTION ABUNDANCES e

I | L | LI ' 1 I l L ' UL | | ' LI I L | LI '
150 | 1
L all metal-poor ]
oo stars found so far 1
50 ]
0= — --"'| The reality:
_'6' = _;5 : '_'5' _;é' ' '_‘4' = _:'35 '_‘3' -és Bias-corrected halo MDF
| (Fe/H] | by Schoerck et al. 2009

1“Advertisement’:

A compilation of abundances of ~800 metal-poor stars with

[Fe/H]~<-2.0 can be found at
www.cfa.harvard.edu/~afrebel/abundances/abund.html

| (published in Frebel 2010, AN, review paper on metal-poor stars)
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R-PROEESS STARS IN THE HALO -

Frebel et al. 2007, ApJ 660, dek17
o

metals HE 1523-0901 .
1A Frebel et al. 2010, in prep.
B =12.1 mag 2
nonmetais
T, = 4630 = 70K — — 1 |He
_ . A VA VA VIA VILA Helum
log g = 1.0 (red giant) - = - = e
[Fe/H] = -3.0 B C N 0 F | Ne
10.81 1201 14.01 16.00 | 19.00 | 20.18
Boron Camor Nisogen Orygen Fuorne Neon
13 14 15 16 7 18
1 Al Il Si P S | Cl | Ar
2698 §128.00 | 3097 | 3207 | 3545 | 3995
VB VB viB nB Abormirum siicon |l Phosprons | Sl Chiorne hogon
22 23 24 3N 33 34 35 36
:I% Vi| Cr Ni Zn|l Ga ||Ge | As | Se | Br | Kr
47. 50.94 | 52.00 58.70 6539 || 69.72 ||7261 | 7492 | 78.96 | 79.90 | 83.80
Varader] | Cwomiun] Neckel e Gty sermannum Arsersc Selermm Bromee Krypton
40 41 42 46 48 49 50 51 52 53 54
Zr|| Nb|| Mo Pd Cd| In ||Sn| Sb ] Te | Xe
91. 92.91 95.94 106.4 11241 11148211871 121.74§ 12760 | 12690 ] 131.29
Nobum Palladium Cadmaum ndum Tn Artimony Telhurum g Xenon
72 73 74 78 80 81 B2 83 84 85 86
Hf|| Ta | W Pt H T ||[Pb]| Bi | Po] At | Rn
178,49 | 180.94 | 183.85 195.08 200.59 | 204.38 | |207.2 | 208.98 | (209) (210) | (222)
Hafum Tantahsm Tungsten Platirum Merury Thatium Lead Basmuh Polonuen Astatne Radon
104 106 106 110 112 114 116 118
Rf | Db
(261) | (262) | (263) (269) @ (281) (289) (299)
Ruthectortion | Dabatem | Sesderpiem
57 58 59 61 B2 63 52 56 67 o8 ) 70 7
rare earth elements—Lanthanide | | a(| Ce|| Pr || Nd|| Pm ||Sm||| Eu |||Gd ||| T ||Dy ||Ho |[Er | Tm|| Yb|| Lu
serles | (339 14012 1 14091 || 144.24 ] (145) 150.4 || |[151.96]} [157.25]| 168.93 ] 16250 |64.93 | 167.26 | 168.98 | 173.04 | 174.9]
Lanfhanurh Comum o Pu S Buropiam |Gadolinium Totasm Dysorosam Holmium Etum Thaum Yhertrum) Luntim
89 20 a1 92 93 a4 95 96 97 98 99 100 101 102 108
Actinide | ‘Ac | Th{| Pa | U|INp | Pu|Am|Cm | Bk | Cf | Es | Fm | Md | No | Lr
series | 557 03 232.04 1 231.04 ||238.05 | 237.05 | (244) | (243) (247) | (247) | (251) (252) (257) (258) (259) (260)
Actium Thorkem | | Protactirium || Usnum Negtuum | Putorkam | Amedchar Curum G En Formmm N !
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.. AT THE ENQOF . -
EVEE‘RYTHLNG I_EAD(PB)

| Different Pb production

| In the r-process, and relevant for r-process metal-poor stars

Th U
t(%32Th)=14.05 Gyr t(238U)=4.47 Gyr

¢ '4

elements | = Pb

radioactive (stable)

channels

transuranic

A comparison of Th, U, Pb stellar abundances
with r-process predictions
- constrains r-process models
- shows what the different production channels are!
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LEAD ABUNDANCE F’BEDICTION

FdR R-PROCESS STARS

total Pb from decay only: log ¢(Pb) = -0.72

first “U” st
@)

(@]
[

t=0 t=13 Gyr | HE 1523-0901 | CS31082-001
log(Th/U) 0.26 0.84 0.86 0.89
log(Th/Pb) 1.327 | -1.316 -0.85 -0.43
log(U/Pb) 2208 | -2.161 1.71 -1.32
log(Pb) -0.426 | -0.346 ~-0.35 -0.55

Th-U-Pb In r-process metal-poor stars
“textbook” stars like HE1523 crucial for self-consistency
tests of rapid nucleosynthesis via Th-U-Pb combo!

But, the results are depending on
- r-process model calculations!
- also one the data and “star” quality
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 The ACDM iniverse -

CDM simulations of galaxy assembly show that very few larger halos plus
many smaller halos merged to form the Galactic halo (“hierarchical growth”).

Many small halos survive this process and are predicted to be around today.

full box 40
134 Mpc * &

‘Springel.et al- (2007)
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 The ACDM iniverse -

CDM simulations of galaxy assembly show that very few larger halos plus
many smaller halos merged to form the Galactic halo (“hierarchical growth”).

Many small halos survive this process and are predicted to be around today.

full box 40
134 Mpc * &

BUT, what about the stellar
content of these dark halos??

‘Springel.et al- (2007)



ANNA FREBEL *

METAL-POOR'STARS"

THE MILKY WAY'S SATELLITES

Dwarf galaxies are useful tools to study SF and chemical evolution in small systems,
early galaxy formation and the build-up of the Milky Way

dSph = gas poor dwarf gal.  dlrr = gas rich dwarf gal.

049+5103
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stars in MW satellite

-1.5}

' METAL-POOR'STARS®

METALLICITY LU

—

Stellar
archaeology with
the most metal-poor

([Fe/H])

= .

INOSITY

RELATION

elmi et

Koch et al. (2007a)

|||||||||||

al. (2006)

. Koch et al. (2007b) o -
" Martinetal. (2007) A ]
Winnick (2003) o

5
log (Ltot‘/LO)

UItra-faint dwarfs

..........
< 0.0

00020+ Martif'et'al’ (2007)
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WHAT CAN WE LEARN, FROM THE .
. EXISTING DWARF GALAXIES? - -

If surviving dwarfs are analogs of early MW
building blocks then we should find chemical
evidence of it!

Stellar metallicities [Fe/H] & abundances [X/Fe]
of metal-poor stars in dwarf galaxies should
agree with those found in the MW halo

Reminder: dwarf galaxies are SIMPLE systems so we deal with less
chemical evolution/less yield superposition => we can better trace
individual SNe yields and other nucleosynthetic details!
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ALAXY ABUNDANCES
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T Tl [T

| classical d§5? s (red)
ultra-faint dwarf galaxies (green)
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AN EXTREMELY METAL-POOR . .
RED GIANT STAR IN SCULPTOR
Metal-poor stars in dwarf galaxies: R i e

: | “Linking dwarf galaxies ol
Stellar archaeology meets near-field .
cosmology v halo building blocks with

v chemical lution | | { the most metal-poor star
- early chemical evolution In early systems § Sculptor”

- what are the building blocks of the Milky k===~ Kirby+Simon
Way? 2010b, Nature

ANNA FREBEL *

But, the results are heavily dependent on

- cosmological simulations of the first
stars, first SN & first galaxies

- SN nucleosynthesis

- how the yields get dispersed (i.e.

turbulence, mixing

. R e, i i = .
& RTINS P 2 |, IR AL

M ETAu-_POOR’gTARs- .
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L|TT|.E< DIAMONDS II\fTHE SKY

“Metal-poor stars are a girl’s best friend!” need them for :)

Metal-poor stars are jUSt I|ke
diamonds

- they are rare
- they last (almost) forever
- they are good for many

occasions/applications
- they contain a lot of carbon
- they are difficult to come by
- they make you happy!

We have found many so
just tell us what you

PS. And even the carbon was once made it a red giant!



