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Fe and Ca Abundances in a Human Being

n|Fe|

|[Fe/H]=log nlA]

— 1
09| —

human bein

[Fe/H] = —1.66
[Ca/Fe] = +5.88

12 + log(O/H) = +11.61

[O/H] = +2.68
[Mg/Fe] = +2.40
[Mg/H] = +0.74
[C/H] = +2.62
[N/H] = +2.28
[Ca/H] = +4.22
[P/H] = +4.06
[K/H] = +3.84
[S/H] = +1.69
[Na/H] = +2.49
[CI/H] = +3.13
[I/H] = +2.99

[C/Fe] ~4 for hUumans
[C/Fe] ~ 4 for HE1327- 2326 °




IMPORTANCE OF CEMP STARS
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THE UBIQUITY OF CARBON
ENHANCEMENT

First r+s star CEMP star Classical dwarfs:
discovered: HE1327-2326: SC_UlptOF
CEMP star constraints on Ultra-faint dwarfs:

first stars Segue 1, Ret Il
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Abohalima J I NABASE

A NEW DATABASE OF METAL-POOR STARS

© Note: The list of references on the query page will be updated to include only those studies that fulfill your selection criteria.

¥ Upper limits are shown as inverted triangles when the option is selected on the query page.

® Try hovering over the data points!

® Click on entries in the legend to remove them from the plot.
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otted data:

umber of stars: 1341,

Number of upper limits: 133

Total number: 1474
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JINABASE

A NEW DATABASE OF METAL-POOR STARS

JINA-CEE

JINAbase

Home
Query/Plot
Search
References
User Page

CrLogout

lask

Copyright © 2002-
JINA-CEE

(g

Welcome to JINAbase!

The admins need to assign you a role to access the internal pages of JINAbase. If it has been
longer than 48 hours since you registered, please contact one of the admins below.

Updates:

The web application is still under development, if you face
any errors or have any suggestions please contact us.

JINAbase: A database for metal-poor stars

This web application enables you to easily access the database. The different tabs in the navigation bar guide you
through the website.

To get access to the user interface to upload your data and help maintain the database, please sign up using the form
on this page.

@ If you find JINAbase useful for your work/plots, please do the following:

1. Cite the original papers where the data comes from. (We've made that easy for you, just head to the references
tab and you!'ll find a link to the bibtex entry.)

2. Cite our paper (Abohalima & Frebel 2018, submitted).
Find it here on arxiv.

2017

Query/Plot

This tab has options to query the database for a
customized sample of stars, it includes several
options to customize your sample. After you select
your preferences, the queried sample could then be
retrieved as an ascii table (for now) or plotted in an
interactive plot.

Search

In this tab you can search for a star in JINAbase.
There are two options; 1) diplay user selected
information for a star or list of stars, 2) plot the
abundances as a function of the atomic number(the
option to plot scaled solar values will be added
soon).

References

Here you can find all the original papers where the
data comes from. You can also find a link to the
paper on ADS as well as a direct link to the bibtex
entry.
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| Abohalima JINABASE

A NEW DATABASE OF METAL-POOR STARS

Query JINAbase

JINA-CEE
J I NAbase Choose abundances for your sample and plotting
Home
X-axis [ Fe $)/(H $+ From To
/Plot .
Query/Plof Y-axis| C %)/ (Fe % From To
Search Solar abundances | Asplund 2009 H
o To plot the log(eps) abundances leave the denominator element empty. (the firs

References

o Leav gr and lower limit options empty 10 include all stars with abundances fors
User Page
(C»Logout

oo e

Need more abundances or stellar parameter criteria?

€ 1 ] © Use this option 10 add a selection criteria using elemental abundances other than those selected above

powered |

Copyright © 2002-2017 < Add criterion Remove criterion =
JINA-CEE

Further customize your sample

© Use these criteria to sel

1 your sample of stars.

Location of stars Stellar evolutionary phase Specific element signatures

v Select/deselect all v MW Halo « Bulge v Select/deselect all v Giants v Subgiants

+ Select/deselect all « Ordinary stars « CEMP « CEMP-no ¥ r-lrich
# Classical Dwarfs ¥ Ultra-faint Dwarfs v Dwarfs » Horizontal branch

# I-rich (Not implemented yet!) « r/s stars

v r-llrich ¥ s-rich

Select references

The reference list is updated after a successful query to reflect the references included in the customized sample. If you change any of the optoins above to do a new query, you need to reselect the desired references manually, otherwise the
references selected in the previous query would be used. This extra step is to make sure that you manually inspect the references selected for each query.

Select by author and year: First author/s

Year range: From ¢ 1990 To




RECORD HOLDERS OVER TIME:
LOWEST |[CA/H] STARS
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THE STORY OF HE 132/7-2326

= = = = = . - . = = . —

On the most Fe poor stars
”\r“’ MX h (e.g., Frebel et al. 2005)
1T [FelH] = -5.7; [CIFe] =

HE1327 2326 (Subaru)

| 1 | M
e | osf 7 et | Lines of 11 elements could
. ol . be detected in the optical

WAGMM Teluscopn O, B 1) |/
Ak 23 8 25, 2004

Wavelength (nanometer)
optical spectrum, taken with Subaru

PFTC:0fiNe Mg Si 'S Ar Ca Ti Cr Fe Ni Zn ] Second star whose abund_ance
4§ ® HE1327-2326  _ . p_attern was reproduced.wﬂh th_e_
s E A HE0107-5240 E yields of a supernova with a mixing

and fallback mechanism (to explain
high [C/Fe])

) / : Indicated a progenitor with a faint
0 S/ J0MMIRMSSMNMSS O NSO S 10V 0 M. S NV SIS S /48 o explosion energy (w/ 25Msun)

d No zinc measurement from optical
spectra, only a useless upper limit

Z => Zn constraints explosion
Iwamoto et al. 2005 mechanism and energy!




NEW UV COS SPECTRUM

Ezzeddine, Frebel, Roederer et al. 2018, in prep

110,

RIANS
. 1.00 = .
551 Detection of 4 Fe Il lines and
090} . . g I
b1 Si, Zn, Ni lines!
751 0.80}
‘)?-7{),;7,5 21230 21235 21240 21245 21250 21255 “j?f;‘“ 21383 21384 21385 21386 21387 21388 21389
5

’ T : => Now 13 elements measured
=> New stellar parameters

Normalized Flux

Teff = 6180K (photometric value)

[Fell/H] ~ -6.0 (subgiant case)
[Fell/H] ~ -5.7 (dwarf case)

2328 2330 2332 2334 2336 2338
New detections in COS spectrum  Wavelength (A) 1.5 Ciierature Zn abundance
10 e  Cayrel et al. (2014)
More elements Si/Fe] ~ 0.9 | e
=> Better constraints Ni/Fe]~0.9 < o5 gy,
: : S PRE Seo
on nucleosynthetic Zn/Fe]~09 ~— AN v
. . . 0.0 Good agreement of e a2

yields of first stars! O new [zn/Fe] value

— - . ith literature trend

_> -Zn/NI] = 0.0 Wi Ilterature tren

T S S e 0




ZINC NUCLEOSYNTHESIS

a little refresher...

After oxygen burning, silicon burning begins at 2.7 billion K ] _
Si burning:

28Si + “He « 32S + photon;
323 + “He « 36Ar + photon;
38Ar + “He « 40Ca + photon;
40Ca + 4He « 44Ti + photon;
44Tj + 4He o 48Cr + photon;
48Cr + “He « %2Fe + photon;

He Buming Core Radius: ~1 R,

Shell

C Burning
Shell

Si Burning
Shell Envelope Radius: ~ 5 AU *
: 52Fg + “He « 2°Ni + photon;
(Mn (25), Cr (24) form in incomplete Si burning) 56N + 4He & 07n"+ photon
Fe (26) forms in complete and incomplete Si burning .
(Co (27) forms in complete Si burning) 60Zn + 4He <=> %4Ga + photon

Zinc (30) forms in complete Si burning * radioactivell

To make [Zn/Fe] >0: Need ejection of inner materials like Zn, fallback of Fe
=> Mcut should be located at the bottom of the complete and incomplete Si burning layers




ZINC NUCLEOSYNTHESIS

a little refresher...

After oxygen burning, silicon burning begins at 2.7 billion K ] _
Si burning:

He Buming Core Radius: ~1 R,

Shell

C Burning
Shell

28Si + “He « 32S + photon;
323 + “He « 36Ar + photon;
36Ar + 4He « 49Ca + photon;

40Ca + 4He « 44Ti + photon;
“Ti+He « BCr+ | => Ti
Shell Envelope Radius: ~5AU  52F, . 4He o 56Ni*4 => Fe
(Mn (25), Cr (24) form in incomplete Si burning) 56Ni + 4He PN GOZn*+ => Ni
Fe (26) forms in complete and incomplete Si burning .
(Co (27) forms in complete Si burning) 60Zn + 4He <=>%4Ga | => /n
Zinc (30) forms in complete Si burning

* radioactive!!

To make [Zn/Fe] >0: Need ejection of inner materials like Zn, fallback of Fe

=> Mcut should be located at the bottom of the complete and incomplete Si burning layers




WHAT DOES THIS ALL MEAN? £l

Ezzeddine, Frebel, Roederer et al. 2018, in prep

HST UV observation of HE 1327-2327 yield a first [Zn/Fe] for star w/
[Fe/H] <-4

High [Zn/Fe]=0.9 (derived from just UV Zn and Fe measurements) can
only be reproduced in explosions w/ high entropy environment

A high entropy environment is only realized in a jet-like explosion
due to the concentration of explosion energy towards the
opening-angle of the jet (confirmed with multi-D calculations);

1D mixing and fallback scenario naturally models aspherical effects

First evidence that Pop Il first stars died in aspherical jet
explosions!

=> Many implications for chemical enrichment and metal mixing
processes




We found a CEMP halo star...!

—4 [Fe/H] —2

—6

Gull, Frebel et al. 2018, in prep
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The first true r+s star!
An s-process star with [Fe/H] =-2.3

that formed from r-process enhanced gas!

[ [ [ [ [ |
Rb Y Nb Rh Ag In Sb | Cs La Pr Eu Tb Ho Tm Lu Ta Re Ir Au TI Bi
&r Zr Mo Ru Pd Cd Sn Te Xe Ba Ce Nd Sm Gd Dy Er Yb Hf W Os Pt Hg b Th U .

s : N

— S-Process Solar Pattern
1

— R-Process Solar Pattern
Gull, Frebel et al. 2018, in prep




The first true r+s star!
An s-process star with [Fe/H] =-2.3

that formed from r-process enhanced gas!
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Gull, Frebel et al. 2018, in prep




The first true r+s star!
An s-process star with [Fe/H] = -2.3

[X/Fe]

obs-mod

that formed from r-process enhanced gas!
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b o Y AN _
Of o st | + /i\ , \
I * : i . Aeh i
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0.5F A N YA UNPA VN R \ ]
- '-' ! \- ] N '\’ \/' v \./ \. .’ \
[ g \ v \/ \\J \
[ + v l ‘/ \
0.0F H \r / ]
[ N ]
I * /\-\ i —-— initial r-process scaled to [Eu/Fe];=0.0, x?=5.0 ]
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Gull, Frebel et al. 2018, in prep
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CEMP
STARS IN

DWARF
GALAXIES

NEAR-FIELD COSMOLOGY WITH METAL-POOR STARS
- uitra—faint (Wy>-7) C
S S -
Eo LIS R  RE
Ll ?.i’..;.lz.:mf...
- uitra—faint (y>—7) Na 2
3 S
= : = UMa I
- A Leo IV
_.*.t*‘... ..ﬁ'.*_

Classical dwarfs:

= ultra—faint (My>-7) Mg _E

not so (m)any in 2015

Ultra-faint dwarfs:

5/21 => 23% (in 2015)
10/35 => 28% (2016)

- -A'&;@GBWQ . _**".-*5‘.*_
. ° .
||||| vl il Er o bbb b b A
||||| TTT T T T T T T T T T T TTTIT 1T 111 SR R R R R R
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L 10 ;
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'f = dSph (My<-7) Sr 3 E ultra=faint (My>=7) Sr 3
Re®  Eoo Sy g 3 B E
.o..: E eagt & eae)GgOE E :

Halo: 25% ([Fe/H]<-2.5)

CEMP stars

-4.0
carbon-normal stars |

-3.0
Fe/H]




CEMP STARS IN SCULPTOR

Relative flux Relative flux

Relative flux

0.4}

0.2}

10_8_1566
[C/Fe] = -0.74
[Fe/H] = -2.42
Teff = 4485
Logg = 1.0

== [C/Fe]=-1.0
== [C/Fe]=-0.75
== [C/Fe]=-0.5
o—a Observed

4260

3280 4300 4320 4340
Wavelength (A)

0.2

11 2 661
[C/Fe] = -0.05
[Fe/H] = -3.1
Teff = 4524
Logg= 1.2

== [C/Fe]=-0.25
== [C/Fe]=-0.0
-= [C/Fe]=0.25
o—e Observed

4260

4280 4300 4320 4340
Wavelength (A)

0.8

0.6

04f

0.2}

11_1 5437
[C/Fe] = 1.24
[Fe/H] = -3.41
Teff = 4516
Logg=1.1

== [C/Fe]l=1.0
[C/Fe]=1.25
== [C/Fe]=1.5
o—a Observed

S -

4260

4280 4300 4320 4340

Wavelength (A)

Chiti et al. 2018, subm
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CEMP FRACTION IN
SCULPTOR

2.5
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CEMP Fraction

0.0
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¥V Lower limits ™
® Measurements |

# ¢+++ : ? |
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_ [Fe/H]
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-
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o mmum

-3.2

== Halo CEMP fraction (Placco et al. 2014)
== Sculptor CEMP fraction (this work) 1

-3.0 -2.8 -2.6 -2.4

[Fe/H]

[C/Fe] as a function of [Fe/H| for RGB stars in our M2FS Sculptor sample. CH strong, Ba strong, and CEMP-s

candidates are not displayed in the upper panel of the plot. The displayed [C/Fe] measurements have been corrected for the evolutionary
state of each star following Placco et al. (2014). The dashed red line marks the cutoff for a star to be considered a CEMP star (|[C/Fe] >
0.7). Red downward-facing triangles are upper limits on [C/Fe| from non-detections of the G-band. Bottom: Measured cumulative CEMP
fraction as a function of [Fe/H] for our Sculptor sample (blue) and the Milky Way halo from Placco et al. (2014) (black). The shaded blue

region corresponds to the 95% confidence interval of our measured CEMP fraction.

Chiti et al. 2018, subm




ANNA FREBEL

R:PROCESS GALAXY-RETICULUM I|

LIGHTFLEMENT ABUNDANCES
(C NA, MG, AL, 51, CA, Sc, T, CR, MN, Co, N|)

Retlculum Il stars have same abundances as typlcal metal -poor han stars

Ji et al 2016, Nature, 531, 610
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MAGELLAN OBSERVATIONS
OF RETICULUM Il STARS

Simon et al. 2015: radial velocity members confirm Ret Il to be a galaxy

Brightest members (V=17-19) observable with high-resolution spectroscopy
=> Ji et al. (2015) spent 2-3 hours on each of 9 brightest targets (~23h)

g —r

Color-magnitude-diagram of Ret II Clay 6.5m Magellan telescope
(red = confirmed members) (on left) at Las Campanas Observatory, Chile




Relative Flux
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ANNA FREBEL

R:PROCESS GALAXY-RETICULUM I|

ALL SEVEN RET 1 STA.RS DISPLAY

TH’I‘E R- PROCESS PATTERN

Ji et al 2016, Nature, 531, 610
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ANNA FREBEL

R:PROCESS GALAXY-RETICULUM I|

RET.II STARS
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RET || ABUNDANCES CONSISTENT
W/ NEUTRON-STAR MERGER YIELD
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RARE AND PROLIFIC JET-DRIVEN
SUPERNOVA REMAINS POSSIBILITY
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...but ordinary supernovae remain ruled out!




ENRICHMENT AND STAR

FORMATION TIMELINE

~13 Gyr
;sz ;sz of galaxy
** assembly
Stars form from ...are found in
enriched gas the Milky Way today

Big First stars
Bang explode

Bl t\NSM Stars form from _are found in
- enriched gas dwarf galaxies today
reassembles  goes off

* g x
% ~13 Gyr W 3k
3% of galaxy ezl e
*% assembly ;WWK

™ Gelay of 100 Myr




THE BIG QUESTION

% What is the (dominant) astrophysical site of the
r-process?

= Core-collapse supernovae
= Neutron star mergers
= QOthers (e.qg., jet-driven supernovae)

% What is the rate and yield of the event?

% Is the dominant site changing over cosmic time?




ANSWERS TO
THE BIG QUESTION

% What is the (dominant) astrophysical site of the
r-process?

= Core-collapse supe'..NO; but a rare and prolific site
= Neutron star me... Consistent w/ Ret Il abundances
= Others (e.g., jet-driven super_

% What is the rate and yield of the event?

% Is the dominant site changing over cosmic time?




IS RETICULUM Il THE ONLY
R-PROCESS GALAXY?

Normalised Flux

Nope!

Feb 2017: newly discovered UFD Tucana lll
hosts at least 1 mildly r-process enriched star
with [Fe/H] = -2.25 |

=> 2/12 UFDs show strong r-process enrichment
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WHAT DO WE KNOW ABOUT
'f'HE FIRST STARS’P

P é § —— 7 ) Lol
%f “l’ - & /
) # £ .

~ No, my darling -- but you can read about |

Mom == \| our recent progress here:
" have you found a

, first staryet? _~

Near-Field Cosmology with

Metal-Poor Stars
A. Frebel & J. E. Norris

2015, ARA&A

Mom - N
" have you found a )
~ flrst star yet??

" No, my darllng - but we now have a first |
| clue where they might be hiding:

65
Tb Predicting the locations of
by possible long-lived low-mass
58.¢ first stars: Importance of
n satellite dwarf galaxies
Bk Magg et al. 2017, MNRAS




IS ANYEBODY OUT THERE...?

IF there were any low-mass first stars, e.g. 0.6-0.8
Msun, they would have a current age of ~13 billion years

=> They would principally be observable!

Big questions

Do they actually exist??
Are there enough left??
Where are they located??

All very speculative...
but that has never stopped theorists to explore it anyway!




_ .. FORMATIONOF - .
' .LOW-MASS FIRST STARS

Table 1. Formation times, final masses and distances from the main sink.

Fragmentation of accretion disk during

massive first star formation (in 20% of cases >  f“=®  Mm®o) @ i@
Clark+11, Stacy +14) ) 20 3 p 700
=> Clumps form which collapse under gravity ; e o 00

5 4400 270 240

=> Evolve into low-mass stars smaller than Sun

Asterisks: location of
most massive sink

Crosses: location of
second most massive sink

Diamonds: locations of
another sink Length: 5000 AU (physical) Stacy, Greif & Bromm 2014  «—y piane
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'WHERE WOULD ™ EY. | o=

Small Magellanic Cloud
Canis Major

BE LbCA'TED‘P A o

Leo |

Milky Way: 93 red giant first stars ™ Coria

Dwarf galaxies: 0.1-0.6 red giant first erces
stars per galaxy e

Best way forward: Dwarf galaxies

Hydra Il
Grus Il
Tucana ll

But observationally extraordinarily

Tucana IV

challenging because dwarf galaxy stars are

Draco 2

very faint -- need to push to unprecedented Horologiam I

Crater 2

066606505866066
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=15
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-35

levels to catch all red giant stars in system :( (tuceran

Grus |
Pisces 1
Phoenix 2

66650060

-4.0

Reticulum 11

Willman 1

However, with the Giant Magellan Telescope

Seque 2

this would be a piece of cake!

Segue 1

Magg et al. 2017
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CONCLUSIONS

CEMP stars are found in all populations!

Sculptor has a CEMP-no fraction of 30-40%, likely similar to halo
UFD population has ~25%

=> QOrigin of CEMP stars might lay in dwarf galaxies but more data is
needed to confirm this. Light element abundance have already suggested,
though.

In other news:
- r+s stars do exist!

- The first stars may have all exploded aspherically => inhomogeneous
metal mixing

... get all your abundance needs from JINAbase!




