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“Look-back time”
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[Fe/H] = log(NFe/NH) - log(NFe/NH),,



RlNC:;B.ERG ANNA FREBEL

" NUCLEO-CHRONOMETR®Y -

WHAT CAN WE LEARN FROM-

- M ETAL- POOR STARS7

M < 1 Mo; lifetimes > 10 Gyr; turnoff stars and giants
Metal-poor stars are “fossils™ of the early Universe

- the origin and evolution of the elements

- the involved nucleosynthesis processes

=> ideal tracers of the chemical evolution of their host galaxy
=> chemical history
= dynamical history
= galaxy formation and evolution

Near-field cosmology

- abundance patterns provide constraints on the first SN yields
=> the first stars

- easily accessible local equivalent of the high-redshift Universe
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Synthesis of the Elements in Stars
E. Marcarer Bursige, G. R. Bursince, WitLiam A. Fowrer, anp F. HovLe
Kellogg Radiation Laboralory, California Institule of Technology, and
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California Institule of Technology, Pasadena, California
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The outstanding piece of| observational evidence
that this takes place is given by the explanation of the ... there are old stars
light curves of supernovae of Type I as being due to ith .
the decay of Cf» (Bub6, BaS6), together with some with r -process sign ature
other isotopes produced in the r process. Further evi- being discovered!

dence can be obtained only by interpreting the spectra
of Type I supernovae, a problem which has so far
remained unsolved




R F’RO_CESS ENHANCED STARS

(RAF’ID NEUTRON CAPTURE F’ROCESS)

« Responsible for the production of heavy elements
* Most likely production site: SN type Il => pre-enrichment

« Chemical “fingerprint” of previous nucleosynthesis event
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* ~5% of metal-poor stars with
[Fe/H] < — 2.5 (Barklem et al. 05)
=> Only ~12 stars known so

far with [r/[Fe] > 1.0

* Nucleo-chronometry: obtain oo
stellar ages from decaying Th, U and
stable r-process elements (e.g. Eu, Os, Ir)
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. HALO METALLIGITY
DISTRIBUTION FUNCTION
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Barklem et al. 2005

WHERE ARE R-RICH STARS?
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RAPID NUCLEOSYNTHESIS
EVIbENCE HE1523 0901

| - Effective temp.: T4 = 4630 = 70K

Basic and stellar parameters:

 Magnitude: B = 12.1 mag
» Colour: (B—V),=0.70 mag
« Reddening: E(B-V) = 0.02

e Surface gravity: log g = 1.0 (red giant)

|+ Metallicity: [Fe/H] = -3.0

 Frebel et al. 2007, Apd 660, L117
* Frebel et al. 2008, in prep.



NU_CLEO—CI—]RQNOMET!Y

R!NGB.ERG ANNA FREéEL ’ .

A st
und

HE 1523-0901, an 1 1th-n

SPECIAL ISSUE ™ GECTISEitits

A Str D n D m elps constrain state-of-the-art

nly now are computers getting
ulations,” says Frebel. “But the
servations, and the old stars

5 to the puzzle!”

of the oldest stars known: The world’s best-selling astronomy magazine ar fires, the Sun’s birth lay 9

0901 formed about 500 R e - _hGmmmeae . take a bit of poetic license and
Studies of the cosmic ¥ _ r our galaxy? “Well,” Frebel says,

verse’s first stars fired up ~ i @ the truth”

Bang. Astronomers think b i-) T

ping the scales at hundre

“The lifetime of the ve
hundred million years,” s
tory in Texas. At the ends
supernovae and seeded t

iron, so important for pla THE YEAR’S HOTTEST STORIES!
the universe until then. From testing Einstein’s
To learn about the firs relativity, to brilliant
the Milky Way's oldest st en F2q VI T TRFY )
iron. That’s where HE 15PPv N 1108 exoplanet,
CIERELIGT L ERG IS (EIGNE  the first 3-D dark-matter
CILE RSB ENESIESE  map, and more. p.28
“I'm looking at a rare sub
Because uranium dec :
keeper. Better yet, the spe Tl LT
other natural “clocks” — 1 Jupitel"S 5 deepest mystenes p.38
pium. “We can now use sqEETTOXI T ETa g e CE O ET T PN —
ITLIERL S TSRO LS Observe celestial odd couples p.64 : ||||H H'm ”H |H'
|

RE, is one of the oldest stars

t lies 7,500 light-years away in
star's 13.2-billion-year age
smic clock” elements. =0

Frebel. It's this fact that

ISS-—GN—_G_ B 0| US| 2008 night-sky quide pullout inside

these “clock” elements th

1 0SS} - 9EjON



© B.J. Mochejska (APOD)

o
o
Q
©

8000 7000

10000

.Jm_mwm_h_<ZZ< muﬂ_mmmwz_ﬂ_. >m...m..>.020.mr0..0m..012

.



R!NC:;B.ERG ANNA FREBEL *

" NUCLEO-CHRONOMET®Y -

WHAT ELEMENTS CAN WE_
SEE IN HE 1523- 0901’? ’

| | | l —

]l B ey i

N o DY (or" e \ GAIT 2

K/ ‘ Eull N

v 0.8 — §

R | y

G) _ R

00T i

% B ®  observed spectrum gl
© B — synthetic spectrum “best fit* |

S 04k i

0.2 — _

B | | ! | | | ! il

|
4129.0 4130 4130.5
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Lanthanides or rare earth elements: i.e. Eu, Gd, Dy
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1A o]
Period 1 alkaline 2
1 H earth nor He
B motale J | 4.00
|itghegee || 11 A MA IVA VA VIA VIA
Period 3 4 5 6 7 8 9 10
< Li || Be B C N 0 F | Ne
6.94 9.01 10.81 | [(12.01 ] |14.01 16.00 | 19.00 | 20.18
Uit Horylum Boron Cator Nasogen Cwygen Fluodne Neon
Period 1 12 13 14 15 16 17 18
3 |[Na Mgl | transition 1 [l fisi| P| s |cCi|Ar
22.99 (| [24.31 26.98 [§|128.09 || 30.97 | 32.07 | 3545 | 39.95
st || apesm|| B VB VB VIB VB Viil ] HB || [ | sieon || prospons | sur | ovoe | agon
Period 19 20 21 23 24 25 26 27 28 29 3N 32 33 34 35 36
4 K |||Call[Sc | Ti|| V|| Cr|| Mn|| Fe (|| Co||| Ni |||Cu(|/|Zn || Ga |[Ge | As | Se | Br | Kr
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S |Rb ||Srf||Y | Zr|| Nb[| Mo|| Tc | Ru|| Rh|| Pd Ag Cd| In [[Sn| Sb | Te | Xe
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Period® 56 56 p. 73 74 75 76 77 78 79 80 81 82 83 84 85 86
¢ |Cs ||Ba|“===| Hf || Ta | W | Re [|[Os||l Ir ||| Pt [||Au]|l H Tl ||[Pb | Bi | Po | At | Rn
132.91 | [137.33 | peerwow | 178.49 | 180.94 | 183.85 | 186.21 || 190.29 || 192.22 }|195.08|](196.97)| 200.59 | 204.38 | (207.2 | 208.98 | (209) (210) | (222)
Cagun Barum Hadreum Tartaiss Tungsten Rhenum Osronser indum Platioum T Moy Thalum Load Hemun Poiorae Aslatre Racon
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Lanthanusd Cotum | Prsccdymapnd| Neodymiun| | Promethasmn | | Semadun Totasm HrosLm Holmium Eum Thaum Yheeteum) Lustim
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hotinids | Ac Pal U|INp|Pu|Am|Cm | Bk | Cf | Es |Fm | Md | No | Lr
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HIGH PRECISION AT WORK

Relative log ¢

.CS 22892-052

- BD +17 3248

¥ - CS 31082-001

|
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1523-09071

30 40 50 §0 70 80
Cowan 2007, priv. comm Atomic Number

They all have the same abundance pattern,

particularly in the heavy n-c elements!
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- CasMO-CHRONOMETRY

Age estimates can be obtained from a comparison of an observed abundance ratio of a
radioactive element (such as Th, U) to a stable r-process element (such as Eu, Os, Ir)
and a theoretically derived initial production ratio.

At = 46.8 * (log (Th/r)y = log (Th/r) s )

Th/Eu: “most commonly” used chronometer | At= 14.8 * (log (U/r)q - log (U/r),ps)
— “famous” example: CS22892-052
~14-15Gyr; (Sneden et al. 96,03) At= 21.8 " (log (U/Th), - log (U/Th) )

U/Th: Uranium only confidently measured
in one star before: CS31082-001
~14Gyr (Cayrel et al. 01, Hill et al. 02);

=> Ultimate goal: Use as many chronometers as possible
(+ beat down any errors...)!
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- THORIUM ll LINES
. INHE1523-0901

Wavelength [A]
Frebel et al. (2007) ApJL

Wavelength [A]

Frebel et al. (2008), in prep.

L \ ' | i 1.1 T T T ] _]
(1L Fel A E Thil Lall E
B NdII Nil  ThiI i 1 5 _]
B Cell ] ’W\_‘\/ﬁ ‘ /;Q—\ N
| P —— - Y\ F N
B \ ] _| 0.9 — % I —
4 ool T /'ﬁ\/ 2 - . - P I .
= N O b . 5 08 [ V4] -
= B \ / ° o B 25 C | J ]
~ \ ’ ) ] L P .‘ |
o« 4 [ 1Th 1 o . F Ths .
> 08 e y 7 > 0.7 | || B
= B L : ] = - * ’
=2 - v . @ ] ) - | j |
Q L L9 \ ‘ ] ) - ‘ _
A :) Y o = B el L) =
B 9 i) ] B L i ]
06 Y . E E
: L ol -
0.5 - HE 1523-0901 - B o N
= \ \ | ! ! | - 03 L1 1 I N N N B 7

4018.8 4019.2 4086 4086.4 4086.8



65 U Il AT 3859A|N
HE 1523- 0901

RlNCﬂ-;B‘ERG ANNA FREBEL

Relative Flux

NUCLEO-CHRONOMET®&Y .

0.9

0.8

0.7

0.6

0.5

.4

Synthetic spectrum that includes NO uranium

f
%
f
|‘
!

Synthetic spectrum with U abundance if it had NOT decayed

I Wl 0 a4 & ¢ LT el 3

| FRN R P S PO Y Y Y Y NS N AR P PR R
Lo i . dn/

e« HE 1523-0%01

Na 2 %Y
{ ] Fel Fa
| | mll
7 T[ Mgl | [ 47wy
y [V R

=]
14
—

T rrrrprirrprrrrprrrrprrTrT

EENEEEENENEN NS AN NN NN

e
7 |
+.HE15230901 rj
| 3T R A SR SR K e N M B WS e (Y A ] Bl Rl I S S vty My R |

Y | TN T T T T N T 11 O A Y

3858.5 36859 2859.5

avelength [4]

‘Best fit’ synthetic spectrum

x C3 310BE—-001

lllllIIIlllIIIIllIlIlllllIIIlllIII

38592 38569.4 3859.6 32859.8

Wavelength [4]
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THE AGE OF HE 1523-0901 °

Ratio Age Oobs/Teff/log g/vmicr/PR

Th/Eu 11.5 3.3/3.4/0.6/0.6/5.6
Th/Os 10.7 3.3/2.8/5.6/0.0/5.6

R!NC:;B.ERG ANNA FREEEL y

Th/lr 15.0 3.3/2.0/2.9/1.5/5.6
U/Eu 13.2 1.9/0.6/0.4/0.2/1.6
U/Os 12.9 1.9/0.6/1.2/0.3/1.6
U/lr 14.1 1.9/0.3/0.3/0.8/1.6
U/Th 13.0 2.9/0.4/0.9/0.4/2.2

Age of HE 1523-0901: | average | 13.2 Gyr

WMAP: 13.7 Gyr
The first time more than one chronometer

could be employed in a star to measure the age!

" NUCLEO-CHRONOMET®Y -



R!NC:;B.ERG ANNA FREBEL

" NUCLEO-CHRONOMET®Y -

“REVERSE ENGINEERING”:

Assume age for star, e.g. 13 Gyr
Take observed ratios (at face value) & calculate initial prod. ratios

Need star(s) with many measured chronometer ratios. Only
available: HE 1523-0902 so far => NEED MORE STARS!!!

Ratio observed ratio derived initial derived ages stars

prod. ratio (Gyr)

derived from

HE1523-0901
Th/Eu -0.62, -0.51, -0.60, -0.222 18.6, 13.5, 17.7, | CS 22892-052, BD 17 3248,

-0.60 17.7 HD221170, HD 115444

Th/Os -1.59, -1.63 -1.022 26.6, 28.5 CS 22892-052, BD 17 3248
Th/Ir -1.47,-1.48 -1.082 18.2, 18.6 CS 22892-052, BD 17 3248
U/Eu -1.33 -0.562 11.4 BD 17 3248
U/Os -2.45 -1.362 16.1 BD 17 3248
Ul/lIr -2.30 -1.422 13.0 BD 17 3248
U/Th -0.82 -0.344 10.4 CS 31082-001
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S At the home for old atoms...

Ry
TN )
e :’: .. A

“When I was young I used to feel so alive and dangerous! Would you
believe I started life as a uranium-238¢ Then one day I accidentally ejected
an alpha particle. Now look at me—a spent old atom of lead-206. It seems

that all my life since then has been nothing but decay, decay, decay...”
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t=13.2 Gyr
t(?38U)=4.47
1(?3?Th)=14.05
log ¢(Th)=-1.20
log £(U)=—2.06

...
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Frebel et al. (2008) in figfelenetn [A] Wavelength [4]
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HE 1523-0901 is an ideal candidate for difficult neutron-capture line
measurements, e.g., has the yet best U detection

For the first time, all three available chronometer pairs (Th/r, U/r, U/Th) are
measured in one star (7 ratios so far)

The derived age is 13.2 Gyr; but large systematic uncertainties!

In HE1523-0901: attempt to measure good Hf (existing data) and Pt (HST
data) for Th/Hf, U/Hf and Th/Pt, U/Pt

Reverse-engineering: use stars to obtain initial production ratio to get ages of
other stars, but: we need more stars to play this game!

Thank you!

Question/comments/requests for figures? email me: anna@astro.as.utexas.edu



