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THE STORY OF RETICULUM II

Cosmic origin of Clues to the Ancient, clean
the chemical astrophysical chemical
elements site of r-process enrichment

nucleosynthesis signatures
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ANNA FREBEL

'NUCLEAR ASTROPHYSICS .

R-PROGESS PATTERN

relative abundance

neutron-capture r-process elemental pattern
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ANNA FREBEL

'NUCLEAR ASTROPHYSICS .

UNIVERSAL = PROCE%S PATTERN
OBSEﬂVED IN- METAL POOR STARS

r-process
abundance
patterns are the
same in the Sun
and old metal-
poor stars

r-process stars
are all extremely
metal-poor:
[Fe/H]~-3.0

(= 1/1000th of solar
Fe value)

Definition: [Fe/H] =

1.0
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RARE R-PROCESS STARS
IN THE MILKY WAY

How common are r-process metal- *****
poor stars in the Milky Way?
't Dwarf %%
galaxies
3 to 5% of metal-poor stars w/
[Fe/H]<-2.5 (Barklem et al. 05) Halo 't 't
Only ~30 stars known so far w/ ;wwz
[Eu/Fe] > 1.0; i.e. clear r-
process pattern above Ba Diske
Bulge
More stars known with lower iwwwi
levels of 0.3 < [Eu/Fe] < 1.0; ;w%
unclear what lowest level is Mebkal-poor
halo stars

=> Origin of these stars is unknown ii%




STELLAR ARCHAEOLOGY
Using metal-poor stars to probe the early universe

Low-mass stars with M < 1 M.: Lifetimes > 10 billion years => they are still around!

Through chemical abundance studies
Low-mass

Metals - { M / Stars found in our
' ‘ ‘ Galaxy today!

12-13 billion years

Star forming
gas cloud

(e.g. early dwarf
galaxy)

telescope

[Fe/H] < -3 => only ~1 progenitor star produced that iron
- 1mooomorsoarrey == ONlY ~1 nucleosynthesis event made heavier elements




THE (DETAILED) ASTRONOMER’S
PERIODIC TABLE

a-rich freezeout, vp-proc., weak s-proc.

123204 [231)

238.03

IA Spallation s-process e
IH | Evolved giant stars Weak r-proc., light n-cap. primary proc. :
¢
1008 Odd-Z elements r-process 1.
o-elements
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43
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84 85 86
Po (At [Rn
2 1210) | (222)
87 88 89 . . . TS
Fr |Ra |Ac Isotope distribution of solar nebul
@3 @6 [e) (~8 billion yrs of chemical evolution
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(145)
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THE (DETAILED) ASTRONOMER’S
PERIODIC TABLE

a-rich freezeout, vp-proc., weak s-proc.
r-process

1 Spallation

1A

Evolved giant stars
Odd-Z elements

o~elements

13 14 15 16 17

3 4
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THE (DETAILED) ASTRONOMER’S
PERIODIC TABLE

a-rich freezeout, vp-proc., weak s-proc.
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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?




CORE-COLLAPSE SUPERNOVA

(DEATH OF A MASSIVE STARWITH M > 8 Mg)

Supernovae are common; produce light elements w/ Z<30 in their cores
Responsible for these light elements when observed in metal-poor stars

A

10°

Theoretical element yield:

10*—

~10-% Msun Of total r-process material

RADIUS (km)
fu—
1=
|

Woosley & Janka 2005
=
|

ENCLOSED MASS (M)

Pros
v Metal-poor stars only have one/few progenitors
v Provides the fast enrichment needed; small & steady r-process yields

Con Theoretical difficulties for r-process nucleosynthesis to produce
elements heavier than Ba (e.g. Arcones et al.)




NEUTRON STAR BINARY MERGER

(TWO COMPACT SUPERNOVA REMNANTS)

Pros Easily produces elements heavier than Ba

Cons Rare One binary per ~1000- 2000 supernovae
Long(er) enrichment timescale => Inspiral time >100 Myr

Delay time too e ——
long to occur §

before metal-poor
stars form??

Yield: ~10-3 -10-2 Msun of r-process material (across all n-cap elements)

Additional (indirect) evidence for local r-process nucleosynthesis
1) Short gamma-ray bursts: Afterglow from decay of radioactive r-process elements detected (Tanvir et al. 13)
2) Radioactive deep sea measurements suggest local neutron star mergers (Wallner et al. 15, Hotokezaka et al.15)




ANNA FREBEL

DWARF GALAXY ARCHAEGLOGY

ULTRA FAINT DWARF GALAXY-
PROPERTIES (UFDs)

rrrrrr ) L B S B S B S B B B S B B S S B B T

-1.0 - ¢ this work ‘

Low luminosity (300 - 3,000 Lsun) 0 Holmi etal. (2006) JF

- x Koch etal. (2007a)

Dark matter-dominated (M/L > 100) = |
o [ g
Metal-poor (mean [Fe/H] ~ -2) T ETl
[ #‘g 5 II\{/IOCJ; et alal( 298(7)%1) 0 A
- I artinetal. (2 ) 1
Stars are old (mean age 13.3 +/— 1 Gyr) 30 : Winaick (2003 _:
Few bursts of star formation 4 : 6 7
]Og (Ltot/LO\]
Ultra-faint dwarfs Classical dSphs

|deal targets for Dwarf Galaxy Archaeology

Use entire galaxy as fossil record of the early universe.
Bonus: get environmental information because we know where stars were born




R:PROCESS GALAXY-RETICULUM || ANNAFREBEL

MEET RETICU UM ||

All stars Reticulum Il stars

(Dark Energy Survey, 2015)




MAGELLAN OBSERVATIONS

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)

17F
18F

19F

20 F

21F

22t

-0.4 -0.2 OO 0.2 04 06 08 1.0
g-r

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




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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Relative Flux
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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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R:PROCESS GALAXY-RETICULUM I|

RET.II STARS
> 100X I;iIGHER N- CAPTUF?F I=LFMENT
ABUNDANCES THAN OTHER UFDS
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DWARF GALAXY ARCHAEOLOGY

(= USING AN ENTIRE DWARF GALAXY TO STUDY THE EARLY UNIVERSE)

How Rare? How Prolific?
Population of 10 UFDs: Estimate gas mass of UFD:
- r-process events

Total gas in UFD galaxy
= Fst. stellar mass of all UFDs: = = diluition mass:

SNe expected

= Consistent w/ expected NSM Gas swept up by a 105'erg
rate of SNe energy injection into typical ISM
(LIGO will deliver answer in 2+ yrs) = Min. dilution mass:

Back-of-the-envelope calculation
Mix NSM yield mass of 10-4-5> Msun into 106 Msyn of H gas (can NOW be estimated!)
=> [Eu/H] = —-1.2 is abundance of next-generation star

=> Agrees with Ret Il abundance results!




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




R-PROCESS GALAXY-RETKCULUM Il ANNAFREBEL

L T ANSWERS TO o

| r-process?

‘[ Y What is the rate and yield of the event?

% What is the (dominant) astrophysical site of the

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

% Is the dominant site changing over cosmic time?
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' 'IMPLIQATI.ON'S _ &

|ANYTHING ELSE TO LEARN?

A puzzie: Chemical Enrichment in Ret Il

| Need to explain: 7+1 r-process-rich, 2 n-capture poor stars

= Sequential bursts of star formation?
n-cap poor stars have lower [Fe/H]

= Inhomogeneous metal mixing?
Seems unlikely given homogeneity of light elements

= Accretion of other, smaller galaxy?

No more than 1 accreted galaxy possible (Griffen et al.
2016, subm.)

Ideal system to model given éll these obs constraints! 1
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' 'IMPLIQATI.ON.S &

Is RETICULUM 1l THE ONLY
. R- “PROCESS GALAXY‘P

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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ANNA FREBEL

IMPLICATIONS X

f Sr Zr Ba Ce Nd SmGdDy Er ]
18E Y LaPr Eu E
| OF’ERAT;.ES IN DWARF ob A% Tucanall i
- " GALAXIES: 16
15F
120rl starsin 13 r |l stars in 14k
* Tucana lll « Reticulum Il -3.0 <[Fe/H] <-2.1 13f
 Ursa Minor + UrsaMinor 1.0 <[Eu/Fe] < 2.1 12F
|. braco . Draco e E
- Sculptor » Fornax § 1(;
. Fornax -2.6 < [Fe/H] <-0.8 § of
s Garina 1.1 < [Eu/Fe] < 1.7 2k
-2.5 < [Fe/H] < -0.8 3
0.3 < [Eu/Fe] < 1.0 SE
4F
R o m 3
How can a variety of dwarfs have so 2
| different r-process levels? h 1t
=> |nternal or external enrichment? 0p Vo e _
. ) ) 1:lllllllllllllllllll | T T
=> Different dilution m ? :
fferent dilution masses B — b 1
=> Different accretion history 4t
3 40 45 50 55 60 65 70
(accreted r-process stars)? Atoric nimber
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" IMPLICATIONS * .

A NEW KIND OF
c’i—lEMlc:Al_ TAGGING

| * 2/12 ultra-faint dwarf galaxies: ~15% of all UFD

| Tracing galaxy assembly w/ r-process stars & r-process galaxies

» Recall: The halo formed from accreted systems:

e r-process stars trace that assembly process: i.e., they trace the
fraction of r-process dwarfs! -- we can determine that fraction

« Significant r-process enrichment in

« 5/12 classical dwarf galaxies: ~40% of all dSph

* In the halo:
« ~25-30 rll stars (published): ~5% of metal-poor stars
« ~40 rl stars (publ) + dozens (unpubl.): ~20-30% of metal-poor stars

« Use existence of r-process pattern as a tag
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IMPLICATIONS X

FINDING STARS —
||<| DWARF GALAXIES

Photometric searches
more efficient than
spectroscopic ones, but
get less information

=> Get metallicities
along the RGB

Pilot study: deep
SkyMapper observations
of Tucana Il & Sculptor:

u, g, i, and Ca K v filter

Chiti et al. 2017, in prep.

Photometric searches for metal-poor stars in the

Sculptor and Tucana Il dwarf galaxies

Anirudh Chiti', Anna Frebel', Dongwon Kim?, Helmut Jerjen?
2Australian National University

1Massachusetts Institute of Technology

Introduction

Metal-poor stars in dwarf galaxies have provided key insights on
early chemical evolution. However, searches for metal-poor
stars in dwarf galaxies have excluded the faintest stars (V > 19)
and are affected by the preponderance of halo stars due to
efficiency limitations from spectroscopy.

Searching for and characteri gmtalpo r stars with
ph tomet ry(magl g) promls g e to address these

I time-intensive than
Spectrosco pyand orders of magni r.ud e more stars can b
observed simultaneously. However, extracting chemical
information from ph otometry requires novel filters and analysis.

Results

v-g-0.9%g-i)

15

Field ([Fe/H] > -1.0)

16}
Field ([Fe/M] < -2.0)

Tuc Il Member

oo 00

Field (2.0 < [Fe/H] < -1

0}

by extending the
ing the step size,
fluxes from the

. C., Heiter U., Pakhomov Y.,




Abdu |
" Abohalima . = -

-

JINABASE

. A‘NEW DATABASE OF METAL-POOR STARS

*JINA-CEE

Query/Plot

The Joint Institute for Nuclear Astrophysics

EMP Database

Query data from database!

Data for axes
x-axis  Fe ¢/ H 4| From To
y-axis  Ba i/ Fe 4| From To
Solar for nor Asplund 2009 :

User defined criteria

+ Add criteria = Remove criteria =

Filters
Location of stars Stellar phase Specific element signatures
Select/Deselect All Select/Deselect All Select/Deselect All
“ MW Halo ¢ Giants “ no signatures
Buige “ Subgiants r-l rich
Classical Dwarfs “ Dwarls r-ll rich
Ultra-faint Dwarfs “ Horizontal branch s-rich
r/s stars
CEMP
CEMP-no
References
Select by Author and year: First Author/s Year range: From To
Select/Deselect All Cohen & Huang(2009) Ji et al. (2016a) Ren et al. (2012)
Afsar et al. (2016) Cohen et al. (2013) Ji et al. (2016b) Rich et al. (2009)
Allen et al. (2012) Collet et al. (2006) Johnson & Bolte(2002a) Roederer et al. (2008)
Andrievsky et al. (2009) Cowan et al, (2002) Johnson & Bolte(2002b) Roederer et al. (2009)
Andrievsky et al. (2010) Cui et al. (2013) Johnson & Bolte (2004) Roederer et al. (2010)
Aoki et al. (2001) Feltzing et al. (2009) Jonsell et al. (2005) Roederer et al. (2012a)
Aoki et al. (2002a) Francois (2016) Jonsell et al. (2006) Roederer et al. (2012b
Customize output table
+ Add element  Remove element =
Select/Deselect All Science key Radial velocity Imag z
[1»] CEMP key RV bibcode J mag Vmic
Priority key Location Umag Hmag Upper limits key
Reference Stellar type B mag K mag
Star name RA V mag Tett
Customize plot

-

Plot/Show duplicate stars Plot upper limits

Show legend for plot

JINA-CEE
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R:PROCESS GALAXY-RETICULUM I|

THEFUTURE IS HERE

The flrst glimpse of the incredible potential of UFDs for
early universe studies
From nuclear astrophysics to near-field cosmology

¥ Clean nucleosynthesis event(s) w/ actual information on the site and environment

= Unprecedented astrophysics constraints for nuclear physics, early chemical
evolution, first galaxy formation, metal mixing processes, galaxy assembly, etc.

v New dwarf galaxies are still being discovered (e.g. in Dark Energy Survey)
= New observable target stars; firm up fraction of r-process ultra-faint dwarf galaxies

v Only stars w/ V<19mag |
can be observed w/

few stars per galaxy!)

= New telescopes are
needed with high-
resolution spectrographs,
i.e. GCLEF on GMT

25inMII Tlscope T), from 2020
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R:PROCESS GALAXY-RETICULUM I|

RETICULUM 1 WAS ENRICHED BY A
RAEE F’ROLIFIC AND'DELAYED
' R-PROCESS EVENT- '

A typical core-collapse supernova could not be
responsible for the Ret Il r-process signature!

Can’t you increase the # of supernovae to get higher yield?
=) No, 1000+ supernovae would disrupt the system
=) Need to be just one/few massive events

Aren’t NSM taking too long to enrich the galaxy?

= After the few (initial) supernovae, it takes time for the
system to reassemble again (~100 Myr)

= Minimum time scales for coalesence is ~100 Myr




