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Revealing the Nature of the First Stars
the point of view of neutron capture elements
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First Stars

Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion
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13.7 billion years

“Understanding these first sources is critical, since they greatly influenced the formation of later objects such as galaxies.”

“The chemical elements of life were first produced in the first generation-of stars after the Big Bang.

We are here today because of them - and we want to hetter untlerstand how that came to be!”
John Mather - STy, 123
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Quest for future
telescopes
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- The theoretical challenge:~
 Total dynamical range 1012!
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The First Star within it

LXI SAlt Conference - 12/09/17



——” ////

Simulations of the First Stars
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Formation of Micro-Galaxy

The First Star within it

Start with a stadium and then focus on a
single atom within a stadium! 7 (e
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Alternative way

Galactic Archaeology

The oldest stars in our Galaxy formed from the
gas ejected by the first stellar generatmns
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Alternative way

Galactic Archaeology
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The oldest stars in our Galaxy formed from the
gas ejected by the flrst stellargeneratlons
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Alternative way | 2

Galactic Archaeology . A

The oldest stars in our Galaxy formed from the

//'-

gas ejected by the flrst stel[ar;generatmns
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Massive Stars — short lifetimes Low mass stars Ianghfetrmeg-
‘ {7, T =

Core collapse St(lﬁl#nova

First polluters in the Universe
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Where are the oldest fossil
starsinthe MW? -
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Spirél arms
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Where are the oldest fossﬂ
stars In the MW? 7
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Where are the oldest fossil
starsinthe MW? -
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Why neutron capture elements?

Mg: alpha-element . Sr: neutron capture element

— CS 22892-052
— HD 122563

Wavelength (A)

| (ﬁ))
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Nucleosynfh/ms of neutron caplure elements

from Truran 1%1 to ~6 years ago

I y I

site
for (& NS mergers)
/7~ 0-Ne- Mg (;gre explosmns? NS
: 7 dlars ma%wgrs?Magneto rot.
time scale -~ driven-SN? many scenarios...
yields

Cristallo+11
Karakas+12 .
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Magneto Rotationally
Driven SN scenario (MRD) -

(Wlntel r+12 lehlmura+15)
7 i
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The progenitors of MRD SNe are
helieved to be rare:

only a small percentage of the
massive stars (~1-97)

0 / "rr/
We have results for 5% and for-an _
higher value 102). 7.

This percentage Is not well -
constrained, in particular for the
early Universe. 7
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r-process

pattern in r-process rich stars
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CS 22892-052: Sneden et al. (2003)
HD 115444: Westin et al. (2000)
BD+17°324817: Cowan et al. (2002)
CS 31082-001: Hill et al. (2002)

HD 221170: lvans et al. (2006)
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Stochastic chemical evolution models

Problem:
Neutron capture elements present
a spread alpha elements do not

Bonifacio+09

D)
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Stochastic chemical evolution models

Problem:
Neutron capture elements present |
a spread alpha elements do not Solution

The volumes in which the ISM is well mixed
are discrete. Assuming a SNe bubble as

typical volume with a low regime of star
§ formation the IMF is not fully sampled.

This promotes spread among different
i volumes if nucleosynthesis of the element is
® is different among different SNe,

Bonifacio+09
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Stochastic chemical evolution models

Problem:
Neutron capture elements present |
a spread alpha elements do not Solution

The volumes in which the ISM is well mixed
are discrete. Assuming a SNe bubble as
typical volume with a low regime of star
8 formation the IMF is not fully sampled.
| This promotes spread among different
i volumes if nucleosynthesis of the element is
g is different among different SNe,

Cescutti 2008
Cescutti et al. 2013

data collected in
Frebel 2010

Bonifacio+09
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Stochastic model for Ba
in the Galactic halo -
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We run the stochastic -
model

(hased on Cescutti 08)
with these prescriptions
for the Ba:

10% of all the

massive stars produce
8 10-¢ Msun

)
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Stochastic model for Ba
In the Galactic halo

-45 -40 -35 -30 -25 -20 -15 -1.0 -0.5 0.0
|09 Ns?‘nrs

We run the stochastic
model

(hased on Cescutti 08)
with these prescriptions
for the Ba:

10% of all the
massive stars produce
8 10-¢ Msun
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Stochastic model for Ba
In the Galactic halo

-45 -40 -35 -30 -25 -20 -15 -1.0 -0.5 0.0
|09 Ns?‘nrs

We run the stochastic
model

(hased on Cescutti 08)
with these prescriptions
for the Ba:

10% of all the
massive stars produce
8 10-¢ Msun

We can

- reproduce the
[Ba/Fe] spread. ..
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Puzzling result for the
“heavy to light” n.c. element'ratio

For Sr yields:
scaled Ba yields
according to the

r-lfrocess signature of the
solar system

(Sneden et al ‘08)
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For Sr yields:

scaled Ba yields
according to the
r-lfrocess signature of the
solar system

(Sneden et al ‘08)
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Puzzling result for the
“heavy to light” n.c. element'ratio

ltis impossihle to reproduce

the data, assuming only the
r-process component,
enriching at low metallicity.
(see Sneden+ 03,

“Francois+07,
Montes+07)



Puzzling result for the
“heavy to light” n.c. elementratio

For Sr yields:

scaled Ba yields
according to the
r-?rocess signature of the
solar system

(Sneden et al ‘08)
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Itis impossible to reproduce

the data, assuming only the
r-process component,
enriching at low metallicity.

(see Sneden+ 03,
“Francois+07,
Montes+07)




Possible solution? .
Fast rotating massive stars in the early Universe

0.001

" Inthe Earlv Univer Masswe starsrotate inthe [ Achernar VLTI |
g N the carty vniverse LocatUmverse . :
Low metals: stars rotate faster (more compact e ’:,;::; ;/ = 4

Rotation ~ m) Mixing inside star (o p el 2 il |
' o gt R/R =1.5
f’// % 6

Slgnatures in the Galactic Halo

-o_| arge amounts of N (Chiappini+06 A&A)

e Increase of the C/0 ratio (as ahove)

o La'rgb amounts of *C(Chiappini+08)

o-Early production of Be & B by cosmic ray
_spaltation (Prantzos 12)

r 2

Ejected matter will be rich in'4N,13C, 12C, &
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Possible solution? .
Fast rotating massive stars in the early Universe

* Inthe Early Universe

Low metals: stars rotate faster (more compact)

Rotation ~ m) Mixing inside star

r 2

Ejected matter will be rich in'4N,13C, 12C, &

,//.— ]
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0.001

Masswe stars rotate inthe | Achernar v
LocatUnlverse
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Slgnatures In the Galactic Halo

-o_| arge amounts of N (Chiappini+06 A&A)
o In;rease of the C/0 ratio (as ahove)

e Large amounts of BC(Chiappini+08)

o-Early production of Be & B by cosmic ray
_spaltation (Prantzos 12)




Low metallicity and fast rotating massive stars

Frischknecht et al. 2012 , 2076 ( selt-consistent models with reaction network including_'6':13 isotopes up to Bi)
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Low metallicity and fast rotating massive stars

Frischknecht et al. 2012 , 2076 ( selt-consistent models with reaction network including_'6':13 isotopes up to Bi)

Fast rotating massive stars can contribute to s-process elements!
Ba
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Low metallicity and fast rotating massive stars

Frischknecht et al. 2012 , 2076 ( selt-consistent models with reaction network including_'6':13 isotopes up to Bi)

Fast rotating massive stars can contribute to s-process elements!
Ba
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Can they explain the puzzles for Sr aﬁc’d Bain'halo?
(" : /i"f":"
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Neutron capture elements
from Chlapplyf 1. —

site

(& NS mergers)

Yy —'= Ne- Mg egre explosmns? NS

7/ ///  stars mergers?Magneto rot.
drlvenSNsﬁrany scenarios...

time scale 2 A

yields

Cristallo-+ 2011 i
Karakas+ 2012 - (A
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s-process from fast rotating massive stars

+ an r-process site (the 2 productions are notcoupled!)

Cescutti et al. (2013)
Cescutti & Chiappini (2014)
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s-process from fast rotating massive stars

+ an r-process site (the 2 productions are not'coupled!)

Cescutti et al. (2013)
Cescutti & Chiappini (2014)
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s-process from fast rotating massive stars

+ an r-process site (the 2 productions are notcoupled!)

Cescutti et al. (2013)
Cescutti & Chiappini (2014)
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Fast rotating massive stars




Conclusions

Fast rotating massive stars
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(1) ~  Large amounts of N in the early Universe
(Chiappini et al. 2006 A&A Letters)
Solution for 4 signatures (2) Increase in the C/0 ratio in the early Universe
in the early Universe * Q) s Lafge amotints of 13C in the early Universe

) (Chiapplnl et al. 2008 ARA Letters) -
| \A) Py fEarly production of, Be and B by cosmlc ray
spallatlon (Prantzos 2010)
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. Zg G y/,?' MOdEIS rEdlctﬂn
(¢ 7" =7 enhancea s-process
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Conclusions

Fast rotating massive stars

Solution for 4 signatures
In the early Universe

. = 0.5, CF88/10

Vii/V.=0%%, CF88/10 0+alpha

(1)
(2)

(3) -3
Y '(Chiappini et al. 2008 A&A Letters) -
4)

Large amounts of N in the early Universe
(Chiappini et al. 2006 A&A Letters)

Increase in the C/0 ratio in the early Universe
Large amotints of 13C in the early Universe

#karly production of Be and B by cosmic ray
spallatlon (Prantzos 2010)

4 Models redict an

" enhanced s-process

ath smnature The s-process productlon from rotating
massive stars can solvethe puzzle pf Sr/Ba
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Conclusions

Fast rotating massive stars

Solution for 4 signatures
In the early Universe

« 25 M., v /vey = 0.5, CF88/10

Vii/V.=0%%, CF88/10 0+alpha

(1)
(2)
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Large amounts of N in the early Universe
(Chiappini et al. 2006 A&A Letters)

Increase in the C/0 ratio in the early Universe
Lafye amounts of 13C in the early Universe
(Chiappini et al. 2008 A&A Letters) -

Early production of Be and B by cpsmic ray

7 /“spallation {Prantzos 2010)

/Models predict an

-7 enhanced s-process

ath signature: The s-pro'cess;‘i)'rb"duction from rotating
massive stars can solvethe puzzle pf Sr/Ba
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