- Recent advances in
Chemlcal evolutlon models
~ (for neutron capture elements)
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Neutron capture elements: r-s process

2 ; The elements heyond the iron-peak (A>60) are manly formed through -
" ... "7+ " -neutron capture on seed nuctei (iron and silicon).
Rl WLl Two cases: |

ey S-process .DifferentTimescalé of the neutron I-Process 2

capture

Different process path .
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: ',_ ~ The ca§e of [BalEu] knee
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) The case of [BaIE-u]"kneé
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o ... F-process ¥
[Eu/Fe] in'the Galactic halo

; f S } 3 ~Sih_cé McWilliam95 idea of RARE events for r-process eve'.nts
b (see also Primas-+94, Ryan+91, Norris+93)
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- +'Neutron stars mergers
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Homogeneous chemical evolutlon model

| Matteucc|+14 o
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Simonetti+19 |
see also Cote+19

Detailed DTD for NSM




© "+ Motlels ith detailed DTD for NSM
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Models vith detailed DTD for NSM

variation of alpha, possible solution! <

6 "ll. L5

see also Schoennch&WemhergW  Simonetti+19
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Stochastic chemical evolution model

We 5|mulate the halo as formed hy many mdependent volumes each one of the typlcal
| dlmensmn of ~ 100 pc (~rad|us of SN hubhle) and we treat each volume as |solate from
theo’thers | ol 5 * .

I ~100pc T | ";'.

 Cescutti (2008)

)

... Inside each volume, we simulate the chemical enrichment. > gt
' The main parameters are the same as those of the homogeneous model . \ i 3
. butin each isolated volume - R S
S L o0 SN (s lﬁ“‘z)’l b . b P I‘J’W’ :
i 2



Stochastlc chemlcal evolutlon: models

* ok m|n|mum of1[l(Ivolumes upt to1l]l]lll]




Stochastlc chemlcal evolutlon: models

‘N iRk mmmumoﬂﬂﬂvolumesupto10000
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Stochastlc chemlcal evolutlon: models

ey m|n|mum of 100 volumes up to 10 000
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Stochastlc chemlcal evolutlon_ models

ey m|n|mum of 100 volumes up to 10 000
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Stochastlc chemlcal evolutlon_ models

TR m|n|mum of 100 volumes up to 10 000




Stochastlc chemlcal evolutlon_ models

TR m|n|mum of 100 volumes up to 10 000




Stochastlc chemlcal evolutlon_ models

TR m|n|mum of 100 volumes up to 10 000




Stochastlc chemlcal evolutlon_ models

TR m|n|mum of 100 volumes up to 10 000




Stochastlc chemlcal evolutlon_ models

TR m|n|mum of 100 volumes up to 10 000




.Gala'x"y'Evolu_tion via Mohtfeéarlo'Samp,ling

Problem:
“Neutron capture elements present
. . aspread alpha elgments do not . g '

Bonifacio+12
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.Gala')'("yEvolu_tion via Mohtfeéarlo'Samp,ling

“Neutron capture elements present
. . aspread alpha elgments 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 |
volumes If nucleosynthesis of the element is &
Is different among different SNe,

Bonifacio+12

» ' 1 4 ’r‘w . .
palinlp/ l'£° 'z'v 75 _/x - 4 W



B Galaxy Evolution via Montetarlo Sampling

Problem:
“Neutron capture elements present
mmny - 3 Spread alpha elements do.not

| SUNNLENL A SN BN HN B B B S (N N B B R

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 |
volumes If nucleosynthesis of the element is &
Is different among different SNe,

Cescutti 2008
Cescutti et al. 2013

data collec_ted'in :
Frebel 2010

Bonifacio+12




Neutron stars mergers
GEM = delay fortheé merging TMyr - -

Cescutti+15

Restilts with: alpha=0:04
(NSMISNe

What about the impact of
increasing the delay for the
- 'merging?




. Neutron star mergers .
delayforthemergingmﬂ Myr . .o Cescutti+19

For a delayof 100 Myr the
~*model results are not
compatible to the”
,ohservational data; s

Therefore, only if,most of the
NS mergers enrichesin
timescale <10Myr, the

- scenario-canbe supported

What about a distribution of
delays? -

painps 3 L ATE <h
This is not a new result, it has been shown by Argast+ 2004
Matteucci+2014, Komiya+2014... just an exception the astro-ph Shen+2014



- Neutron star mergers

with.a delay tiime distribution; t-'*

Cavallo+22.

3, 2.5 2 5 ~1.0 \ N
[FelH] o >, y
T & 1

see also Simonett,i+1‘9 an.q_‘Coté+19
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* NSM with alpha variations
e delay time distribution; t-1
‘ Cavallo+22

NSU3+u

“-similar to Simonétti+19

Cavallo+22
. 'QfZ;







‘belleved tohe -aire aﬂd possmly %

: ;connectedto long GRBs

" Only-a small percentage of the '7‘"'
-f.-.':.-.massa stars( 1*5‘7) |

I‘ E.U“r-rESUlt.s use an hlgher value P X X
= (10%), but th'ispepg‘entage isnot
~well constramed In partlcular Feerss

AR for the early Unltlerse

38 Therefore in the stochastlc

. model not all te massive stars

" produce neutron capture

. elements

. s ol
by 4 —_rie
Kl . -~
- an R

Magnetoj’Retatmnatly
Brlven SN scenario (MRD)

(Wmteler+12 lehlmura+15 Relchert+21 ) |



‘=M . MagnetoRotationally Driven . .
. . "~ SN scenario (MRD) 10% .
[GEMS e

Ce_scutti+14

In the best model shown here the
~""amount of r-process in each
.-eventis'ahout 2 times the one -
assumed in NSM scenario -

- The assumed percegntage of
events in massive stars is higher
than expected (atleast at the

- solar metallicity), but it is

reasonable |
to.increase toward the metal poor
regime |

-(Woosley and Heger 2006)




What about""'ﬁ.'.
ther 'neutlfan cap;ure elements?
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. ‘ModelforBa *
~Inthe Galactic halo -

We: run. the stochastic: . BERL I by AN e ‘
“ ‘model (based.on , | 1o, o' - g g it eid.
Cescutti “08) - ) & tob -
with:theseyields ~ = . *
*for the Ba production: ...

10%0fauthe . - B .._-.:;.. ‘ ag ' 5 . 43 g o . " . . ;‘
massive stars %roduce : Rroove .
8 10-¢*Msun of Ba |

data from in
8 Placco+14 @
Hansen+12 =

als B | | o Hansen+16 O
- Cescutti+16 *




Model for Ba. *
~In the Galactic halo -

-45 -40 -35 -30 -25 -20 -15 -1.0 -0.5 0.0

We: run. the stochastic
“ ‘model (based on
Cescutti ‘08)
withthese-yselds =
*“for the Ba production: .

10% of all the
massive stars %roduce
8 10-¢*Msun of Ba

data from in
8 Placco+14 o
Hansen+12 =




Modelfor Ba: *
~In the Galactic halo -

-45 -40 -35 -30 -25 -20 -15 -1.0 -0.5 0.0

We: run. the stoéhast'ié-
“ ‘model (based on

Ceshcul;tti '08) ; ~Wewcan
with:theseyselds ~ . duc
for the Ba production: . [Eg;gg]u:;rgged
10 of all the AR e e
massive stars %roduce ‘

a

8 10-¢Msun of

data from in
8 Placco+14 o
Hansen+12 =

Hansen+16 O
Cescutti+16 *




For Sr. yields:*

~scaled- Ba yields
according to the-.
r-qrocess signature of the.

solar system-
(Sneden et al ‘08)

Puzzling result for the.

e “heaw to light” n.c..element ratio



For Sr. yields:*

~scaled- Ba yields
according to the-.
r-qrocess signature of the.

solar system-
(Sneden et al ‘08)

Puzzling result for the.

| e “heaw to light” n.c..element ratio

‘Itis impossibleto - *
reproduce the data,
assuming-only the 4
r=process component,: -
enriching-at low

metallicity.

(see Sneden+ 03,
Francois+07,

Montes+07)



. Puzling result forthe -
" “heavy fo light” n.c. element ratio -

For Sr. yiélds:—i‘«
“scaled- Ba yields

‘Itis i'm ossibleto - *

according to the:- reproduce thedata, =
r-|l)rocess signature of the. assuming-only the 4
solar system- r=process component,: -

(Sneden et al ‘08) enriching-at low

| metallrcity: ,
(see Sneden+ 03, °
Francois+07,

Montes+07)

1

Another inredient (procss) is needed to explain the S
neutron capture elements in the Early Universe! |




Rotatmg massive stars inthe eaﬁy Universe
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Rotation  m) Mixing inside star
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Slgnatures

(1)  Large amounts  of N in “the early Umverse
-~ (Chiappini et al. 2006 ASA Letters)

{2)"* Increase in the C/0 ratio in the early Universe
(3) Large :amounts: of 13C in the early Universe
~ - (Chiappini-et al. 2008 A&A Letters)

(&).. . Early- Preduction. of Be and B by cosmic ray-
spallatlon (Prantzos 2012) ~<

- Ejected matter will be rich in14N,13C, 12C, &
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Rotatmg massive stars inthe eaﬁy Universe

ool * o W o g by AT MaSSIVE stars rotate In Achernar VLTI
'.W.-’In the Early Universe | . = < o fhe oo
e e " Local Universe S| A
- Low metals: stars rotate faster more = .. "< |
. e st ' ® X . | I.Qe/Rp=1.5
~Rotation  m) Mixing inside star -
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(1)  Large amounts  of N in “the early Umverse
-~ (Chiappini et al. 2006 ASA Letters)

{2)"* Increase in the C/0 ratio in the early Universe
(3) Large :amounts: of 13C in the early Universe
~ - (Chiappini-et al. 2008 A&A Letters)

(&).. . Early- Preduction. of Be and B by cosmic ray-
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Low metallicity and rotating massive stars -
FflSChkﬂECht etal 2012 .' 2016 ( self-consistent models with reaqiion network"including 613 isotopes up to Bi) ~
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Low metallicity and rotating masSive stérs

Fr ISChknECht etal 2012, 201 6 ( setf-consistent models with reaction network including 613 |sotopes up to Bi) -
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Low metallicity and rotating masSive stars

FflSChkﬂECht etal 2012, 2016 setr-corisistent models with reaqiion network"including 613 isotopes up to Bi) ~
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s-process from rotating massive stars

CL4an r-process site (the 2 productions are net coupled!)
B

Cescutti +14




s-process from rotating massive stars

CLtan r-process site (the 2 productions are net coupled')

Cescutti +14

A s-process (from rotating massive stars)
and an r-process (from rare events)
can reproduce the neutron capture elements in the Early Universe
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. Confirmed in_Rizzut etal (2019) .
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Rizzuti et al 2021) "
adopting Limongi&Chieffi18
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Data+stochast|c modellmg
—>qonstra|n stellar velomty distribution at [Fe/H]~<3 !!

Rizzuti +21

CL+NSM: gauss(m=150, s=50) CL+NSM: gauss(m=150, s=25] CL+NSM: gauss(m=000, s=100)

-3 - -5 -4 -3 -1 -5 -4 -3 -2
[Fe/H] [Fe/H, [FelH)

X'=6.26 X’=5.85 X’=5.92
EMD=2.23 EMD=2.21 EMD=2.20
KL=21.90 KL=14.50 KL=18.58




* 5 ':'C'oncIUSions

The neutron capture elements in the Gatactrc halo have been produced by

(at least) 2 different processes: .. < o - G R RSN UL
n , rare and atile to produce all the elements up fo Th nﬂtha LS
pattern as the one ohserved in r-process r|ch Starg. 0 Tt e TR L e

NSM are certainly a candidate to play this role f they have a very P Aoy
scale, or if their frequency was higher.at extremely low metallicity.

However, a unique prompt source [ g MRD SNe) can he the S|mplest solution.

Another process more frequent and that can produce hoth Sr and Ba with a

“nroduction that is compatlhle with the s- nas ok <
. : | - 'i«:-. \ P G
S - sin (e Jé"lu},' e - “S"‘Itw,"‘ ¥



Lt R o R £ B
- The only possible answer?

- ‘ | ¢ HD 122563 (Honda et al. 2006)
A“Other pOSSIble ® HD 122563 (Roederer et al. 2012)

solution is the M=1214 16 18
productjon of
+ a.weak r-process -

| (not able to ‘produce all the
elements up.to thorium)

+.a main I'=Process
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Wanajo 2013 r-process production in proto neutron star wind
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i) Isotopic ratio f'o'r Ba

L . T .
0.15 0.20 025 030 035 040 045 o _ +
[N{***Ba)+N('*"Ba)]/N(Ba)

. The rotating massive stars
- ‘scenario naturally predicts |
different Ba isotopic ratios — 2 stars

| in halp stars:% \évlihhﬁ',amREw[i'[lUU.& L:
This * prediction, can be U g
used tg test our scenario. .. .“."th- UVESat Vi B
Challenging | |
to check these predictions
See results
on HD 140283 -~ -
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Y “Spectral analysis results ratio
for Ba (1D and LTE)

Cescutti+21
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i - Howto cbnstra‘ih |
4 the fraction of NSM?
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Simulation of the First Stars

The theoretical challenge:
Total dynamical range 1012 !
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Simulation of the First Stars
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Problem of the nitrogen —> Rotating massive stars
at low metallicity (Hirschi 2007)
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Chiappini+06
log(O/H)+12 based on Hirschi07




Israelian+04
Spite+06
Lai+08
Frebel+05

6 7
log(O/H)+12

Revised from Cescutti and Chiappini 2010, yields MM02 + Hirschi07



C/0 with rotating massive stars

Fabbian+09
Spite+06
Lai+08
Frebel+05

log(O/H)+12

Revised from Cescutti and Chiappini 2010, yields MM02 + Hirschi07




The Z00 of the Carbon Enriched Metal-Poor (CEMP) stars

defined for the first time by Beers and Christlieb (2005)

> 0

CEMP
[C/Fe]>0.9

low—s: [Ba/Fe]<1 & |Ba/Eu]>0
no: |Ba/Fel<1
r |Ba/Eu]<0

Masseron et al. (2010)




The Z00 of the Carbon Enriched Metal-Poor (CEMP) stars

defined for the first time by Beers and Christlieb (2005)

- BINARIES systems, observed the secondary -
CEMP -~ enriched by the primary which was an AG

[C/Fe]>0.9

low—s: [Ba/Fe]<1 & |Ba/Eu]>0
no: |Ba/Fel<1
r |Ba/Eu]<0

Masseron et al. (2010)




The Z00 of the Carbon Enriched Metal-Poor (CEMP) stars

defined for the first time by Beers and Christlieb (2005)

~<- BINARIES systems, observed the secondar
CEMP -~ enriched by the primary which was an AG

[C/Fe]>0.9

No Binary signature, most of them are single stars

Masseron et al. (2010)
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C/Fe standard

data from in
Placco+14

Hansen+12
Hansen+16
Cescutti+16

Cescutti + 2016

% 0O = @ normal




Faint SuperNovae

We add another stochasticity in the production of iron by supernovae L.
On average they produce 0.IM® (reference SNe 1987A)
but we assume a distribution of productions from 0.1to 10—°Mo
(see Tominaga+2014, Umeda & Nomoto 2003)

model with
Fe=0.002Msun

maodel

s 19CG7D

Turatto et al. 1997



C/Fe with faint SNe
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C/Fe with faint SNe
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Iron Depleted stars?




Iron Depleted stars?




CONCLUSIONS

The behaviour of CNO can be reproduced in the

Early Galaxy by considering stellar rotation.
The same yields can reproduce the Sr/Ba in the Galaxy

We can reproduce CEMP-no stars
considering the existence of faint SNe.



Not the only constraint!

Molaro+2022

—* Solar “C/"C

SMSS0313-6708
= HEO107-5240

r SMSS156805-1443 :|: HEO0233-0343

Equilibrium "C/"C in AGB Produgtion

-6 4
[Fe/H]




C13 with rotating faint SNe




The data below 2C/13C < 30

12¢/13C * The CNO cycle has a theoretical
equilibrium value of 12C/*3C ~ 4
(Choplin+16)

* The ratio increases bacause the
12C/13C ~ 4 layers mix with the

abundant 12C below

2C/13C |, * What if the envelope expelled with
no mixing? Wolf-Rayet, failed
supernovae...




C13 with rotating failed SNe




