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Fic. 12—Same as Fig 10, but for [Ca/Fe]Fe/H] rlation. [See the elec- we I A schematic diagram of the trend of -element abundance with metallicity. Increased

tronic edition of the Journal for a olor wersion of tis fiqure.

Kobayashi et al. (2006)

-.. -he diagram is thought to be due to the onset of type la supernovae (SN la).

McWilliam et al. (1997)

ial mass function and star formation rate affect the trend in the directions indicated. The knee
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S-pProcess & r-process

Elemental
breakdown
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Proton number Z

r-process
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r-process [CDWTODELRINS DHIFE

(1) Chemical abundance patterns of r-process enhanced stars

(2) Abundance distribution/trend of heavy elements
-large scatter of Eu abundance ratios

-distribution of Sr and Ba abundance ratios
-heaviest elements: Th and Pb

-(No) correlation with lighter elements

(3) Searches for r-process elements in supernova remnants
(4) Other systems
-globular clusters

-dwarf galaxies

Summary and discussion
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(1) Constraints from abundance
patterns of r-process enhanced stars

[Eu/Fe]
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log €(X)

r-process-enhanced stars

r-process peaks
| “light” “heavy” Actinides

The“r-process star”

CS22892-052
p (Sneden et al. 1996, 2003)

l.  rprocess

-2.0
- @ (CS22892-052 ——y
L s.s r—-only: Burris 2000 i
]

s.s. s—only: Burris 2000

30 40 50 60 70 80 90
Atomic Number

S-process
R




Similar abundance patterns are also
found for other r-process-enhanced stars

Relative log €

Alog €

Alog e

-1 Average abundance offsets with respect to Arlandini et al. (1999) “stellar model” —

Comparisons
—with solar-system

52 =~ & r-process pattern

Individual stellar abundance offsets with respect to Simmerer et al. (2004) —

1 | | | | | 1 | 1 | 1 |
30 40 50 &0 70 80 a0

Atomic number

® CS 22892-052: Sneden et al. (2003)
£ 10 st st o0 Sneden, Cowan, Gallino 2008
4 BD+17°324817: Cowan et al. (2002) / /
¥ CS 31082-001: Hil et al. (2002)
> HD 221170: Ivans et al. (2006)

HE 1523-0901: Frebel et al. (2007)
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Heaviest elements: Th and Pb

eScatter exists in the
actinides abundance
ratios (e.g. Th/Eu), but
that is small (<0.5 dex).

Pb abundances are
low In
r-process-enhanced
stars (?)

O”standard” r-enhanced stars

O”actinide-boost” stars

1.0

log e

0.0

1.0

0.0

Alog €

60 70 80 a0

Roederer et al. 2009



Heaviest elements: Th and Pb

eScatter exists in the
actinides abundance
ratios (e.g. Th/Eu), but
that is small (<0.5 dex).

Pb abundances are
low In
r-process-enhanced
stars (?)

O”standard” r-enhanced stars

O”actinide-boost” stars
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0.96 0.98

0.94

Heaviest elements: Pb problem

log € (Pb)=none,—0.7,—0.55,-0.4,-0.2

Plez et al. (2004)

r-process-enhanced star

CS31082-001

—Pb abundance is much
lower than expected from
Th, U abundances

Pb is also deficient in
another r-ll star
(HE1523-0901: Frebel et
al. 2007)

cf. Wanajo et al. (2007)
“cold r-process’ ?



Notice for discussion from abundance patterns

“r-Il stars” may be special class

(11 7
*There are many "r-process-poor  stars. Some of them show
large excesses of light (1°' peak) neutron-capture elements.

HD122563
([Fe/H])=-2.7

“¥~r-process
A0 50 60, 70 80 90
Atomic number

Honda et al. 2006




(2) Abundance distribution /
trend of heavy elements



(2-1) Large scatter of the
abundance ra
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Metallicity distribution of r-process-
enahnced stars
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0

“r-1l stars”
[Eu/Fe]>+1

i EDbb JH'._’:.JT" UL:D

[Fe/H]=-3.4, [Eu/Fe]=1.9

[Fe/H]

Aoki et al. 2070

Eu is the best indicator of the (main) r-process, but
spectral lines are too weak in extremely metal-poor stars
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Argust et al. (2004)
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Metallicity dependence of abundance ratios

Metallicity dependence
—indirect estimate for
mass of progenitors
(model dependent)

Example:

Trend and scatter of Eu
abundances

— |ess massive stars (8-10
Msun) are preferable as
astrophysical sites of the
main r-process.

Ishimaru et al. 2004




(2-2) Sr and Ba: representatives of light
and heavy neutron-capture elements

H - Periodic Table of the Elements © www.slementsdatabase com
3 n hydrogen B poor metals
Li Be alkali metals O nonmetals
alkali earth metals B noble gases
" 12 transition metals rare earth metals

22| 23] =24 25| 28| 27| 28| 29
Ti |V |Cr |[Mn|Fe |Co|Ni | Cu|Zn

40 41 42 43 44 45 46 47
Zr |[Nb |Mo | Tc | Ru|Rh |Pd |Ag |Cd

T2 73| ri:! ¥h Fis K | 78 79
Hf | Ta |W | Re| Os| Ir | Pt | Au| Hg

104 105 106 107 108) 109 110

Unq|Unp|Unh{Uns |Uno|Une| Unn

B2 B3 B4 85| &6| 67 68| 69 70 k|
Ce| Pr|Nd|[Pm|Sm |Eu [Gd | Tb | Dy|Ho | Er | Tm|Yb | Lu

oo o1 92| o3| o4| 95| oB| 97| 98] ©8| 100] 101] 102| 103
Th| Pa| U |[Np | Pu[Am|Cm |Bk | Cf |Es [Fm| Md| No| Lr




[Sr/Fe]

Trend and scatter in abundance ratios

of Sr and Ba from SAGA database

(Carbon-enhanced stars are excluded)

2.0 . . . ' .
MP —{— _ .. 658
EMP,RGB —f»" %,
EMP,MS !
1.0 | '
0.0 1
-1.0 ¢
2.0 1
_3.0 I L 1 L 1 I
60 -50 -407'-30 -20 -1.0 00 1.0

[Ba/Fe]

2.0

1.0 |

0.0

-1.0 +

2.0 §

-3.0
-6.0 -5.

r-process-enhanced stars

‘877

*Very large scatter in [Sr/Fe] and in [Ba/Fe] in [Fe/H]<-2.5.
*A group of stars show very high [Ba/Fe] at [Fe/H]=-3.. Such
stars are not found in the [Sr/Fe] diagram.



Trend and scatter in Sr/Ba abundance
ratios of from SAGA database

‘@ 2.0
weak r-proce!

1.0 |

0.0

[Sr/Ba]

-1.0 +

2.0 1

-3.0 : :
-6.0 -5.0 -4.0

30 20 -10 00 1.0
[Fe/H]

1

Sr-enhanced
(“weak r-process”
-enhanced)

main r-process

A tentative definition of Sr-enhanced stars:
[Sr/Ba]> +0.5 = “weak r-process’ -enhanced

stars



Sr/Ba diagam *** in more detail

BD+80 245:
cut-off at [Fe/H]=-3.5 low a, Sr and Ba

20
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40 30 20 10 0.0 10
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(2-3) Heaviest elements: Th

0.5 I I | I I I I I I I I I | I I I I

| CS31082-001
I . (S30306-132

0
:j i
=] i
} i) ]
50.5 0."
a0 \
e h/Eu] of the

sdlar-system
r-process component

I
[ —
|

_1.5-|||||||I||||I||||I||
-3 e -1 O Aoki et al. (2010)




(2-3) Heaviest elements: Pb

Carbon-enhanced stars are
not included.

e
¢ Tﬁéﬁi % | @OAokietal. (2008)
; ? ' A Yong et al. (2006, 2008)

[Pb/Eu] trend agrees with the
| solar-system r-process component

CS§%()8I2-001| T E R R in general. But the [Pb/Eu] of

the r-II star CS31082-001 is

_ O\~ T T iﬁ - exceptionally Llow.
2 \ ]

‘E \ ------------ T{ﬁ&%i ] <—[Pb/Eu] of the
-1

solar-system r-process
component (uncertain)

39




(2-4) NO correlation between neutron-capture
elements and lighter elements (within the
current measurement accuracy)

r-ll stars SAGA database
/ N\

1.2 WP —— ' ' ' ' ' .2 WP —— ' ' ' '
g | EHP,HS —#— {' 8.873 - 1.9 | EMPoMS HH& { -0.0828
— 0 11 % | 8.8 [ E—
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(3) r-process elements in supernova remnants?

Wallerstein et al. (1995)

A SEARCH FOR r-PROCESS ELEMENTS IN THE VELA SUPERNOVA REMNANT!
GEORGE WALLERSTEIN AND ANDREW D. VANTURE?
Department of Astronomy FM-20, University of Washington, Seattle, WA 98195

EDWARD B. JENKINS
Princeton University Observatory, Princeton, NJ 08544-1001

AND

GEORGE M. FULLER
Department of Physics, University of California, San Diego, La Jolla, CA 92093-0319
Received 1994 November 28 accepted 1995 March 6

ABSTRACT

After a description of recent developments in the physics of rapid neutron capture in Type II supernovae
and a discussion of the detectability of supernovae ejecta, we present the data from a search for Ge, Kr, Yb,
Os, and Hg in five stars behind or within the Vela remnant. Only Ge 11 was detected, but its column density

and the upper limits of the other species show no excess above the estimated contribution of ambient gas.

Finally, we discuss the extent that clumping and the improved performance of the GHRS may make r-process
ejecta from Vela detectable in the future.



(4) r-process elements in other systems

*Globular clusters
-overabundance of r-process elements
-scatter in abundance ratios in a cluster

Dwarf galaxies around the Milky Way
-different chemical evolution from the
Milky Way (halo)

-surviver of building blocks of the halo?



R-process elements in very metal-poor
globular clusters
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Honda et al. (in prep.)
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Dwarf galaxies around the Milky Way

Short distance + low stellar density CMD by S-Cam
—not easy to identify as a galaxy ' ' T 7 '
—possible to observe individual stars ~ Draco dSph (~82kpc)

AL

Draco (82kpc)

e




Ultra-Faint Dwarf Galaxies (UFDG) newly
found by SDSS (and Subaru follow-u

. . T 16
(e) BOO1 () TRILEGAL = & = el
(BOO1) :

(a) CVNT BjCVNIF

sy o
b A Y
b Y

-
.~

05 00 05 10 15 20 00 05 10 15 20 00 05 10 15 20 00 05 10 15 20
V-l V=L (V-1chy V-lch

Figure 3. CMDs of the star-like objects in all observed fields and the simulated CMD. The magnitude errors are estimated by the artificial star test. In panel (d), the
TRILEGAL model is used to simulate the CMD of Galactic foreground stars 1n the direction of the BOO1 field.

Okamoto et al. (2012)
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Fainter galaxies (with smaller stellar mass)
have lower metallicity

1.0+ -1

([Fe/H])

Kirby et al.
(2008), updated
by Frebel et al.
(First Stars V)

log (L /L)



Dwarf galaxy stars have different
abundance trend from Milky Way stars

1 | I ! I [

05 [ et & g b ... 4 Milky Way
[Mg/ Fe] .4, a O ,.,:,,H-. .'\:.x_;:i::;-': a;-:;.j:-*-; ; i disk stars

[Mg,/Te]

LAY 1 dwarf
1 galaxies

[Ca/Fe] 0> ;_ﬂl"':._-il:’-=="’E -F ".;..,--=:'u:::n_:r,a“s“;'ﬁ LT L R

B o o &
“E“nn o 1) . uof BRP H
OSSR EI N A i i .
H

|Ca/Fe]
L

B N " G %o e & ™ E
'[}.5 — I+l -, .- L ]

[Fe/H]
Tolstoy et al. (2009, ARAA)

48



Neutron-capture elements in dwarf galaxies

*We are extending the SAGA database to dwarf galaxy
stars (T. Suda, J. Hidaka, W. Aoki)

*There are significant differences of abundance trend
between dwarf galaxies and Milky Way.

. 1 @:dwarfgalaxy stars
@®:field stars

.| Y is under-abundant in dwarf
galaxies

| =smaller contribution by

. weak s-process (+weak

ol | r-process?) from very massive
stars?

I—4I - I—SI —2
[Fe/H]



Neutron-capture elements in dwarf galaxies

r-process-enhanced stars in the Milky Way

-2
[Fe/H]

@ :dwarf galaxy stars
@ :field stars

X.carbon-enhanced
stars are excluded

—Ba is mostly r-process
origin

Ba is more under-abundant
in dwarf galaxies

—no r-process-enhanced
stars in dwarf galaxies?

The Ba of this object is attributed to s-process
(Honda et al. 2011)
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r-processic D W TDELRINSDHIFE (2)

BB RZE ([Fe/H]<-2) 2R TITE TR L (Eu/FelR &E)ICK
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