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Chemical evolution Credits: Marta Molero
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Galactrc chemlcal evolutlon :
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Metallcity distribution function of the Galacfic halo
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Neutron capture elements: r-s process

| ' The elements heyond the iron peak (A>60) are manly formed through -
" ... 7+ " -neutron capture on seed nuctei (iron and silicon).
; et 3 Twa cases:

capture
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... [-process o ¥
[Eu/Fe] in‘the Galactic halo

' .' B 'g -Sihcé McWilliam95 idea of RARE events for r-process events
| 7wt (see also Primas+94, Ryan+91, Norris+93)
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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 bubhle) and we freat each volume as |solate from
theo’thers j_;.'- . _ s * .

 Cescutti (2008)

*-

. Inside each vbl'ume' we simulate the chemical enrichment. - ‘ ¢
- The main parameters are the same as thosé of the homogeneous model .y ;
butin each isolated volume ‘_ | " o R
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Stochastlc chemlcal evolutlon models
* .f ey m|n|mum of100volumes up to1l]l]lll] |
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Stochastlc chemlcal evolutlon models
o'tk m|n|mum of100volumes upto1l]l]l]l] '
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Stochalstlc chemlcal evolutlon_ models

Ay A m|n|mum of100volumes up to1l]l]lll]
** T ~100pc - . + aat
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Stochalstlc chemlcal evolutlon_ models

m|n|mum of 100 volumes up to 10 000
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Stochastlc chemlcal evolutlon: models

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

| ** T 'fl.lillpc .
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Stochastlc chemlcal evolutlon: models

~ - m|n|mum of 100 volumes up to 10 000
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Stochastlc chemlcal evolutlon: models

~ - m|n|mum of 100 volumes up to 10 000
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Stochastlc chemlcal evolutlon: models

~ - m|n|mum of 100 volumes up to 10 000
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Stochastlc chemlcal evolutlon: models

~ - m|n|mum of 100 volumes up to 10 000
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Galaxy Evelution via Montecarlo Samplmg

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

.
\ -
.
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Galaxy Evolution 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
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Galaxy Evelution via Mohtfeéarlo'Samp,ling

“Neutron capture elements present
. . aspread alpha elgments do not

Solution:
fF The volumes in which the ISM is well mixed
: W are discrete. Assuming a SNe bubble as
: Lt typical volume with a low regime of star
of e formation the IMF is not fully sampled.
: This promotes spread among different |
volumes If nucleosynthesis of the element is &
Is different among different SNe,

0.5 |

Cescutti 2008
Cescutti et al. 2013

data collected'in ~
Frebel 2010

Bonifacio+12
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-+ Neutron stars mergers. -
delay for the merging TMyr

| Cescutti+15

Restilts with: alpha=004
 (NSMISNe)

What about the impaét of
increasing the delay for the
merging?

Catania, 3 July 2025




* Neutron star mergers: =
delayforthe;merg.ingmﬂ Myr . e Cescutti+19

For a delay of 100 Myr the
~**model results are not
compatible fo the™ -
‘observational data: .

Therefore, only if;most of the
‘NS mergers enriches in
timescale <10Myr, the

| - scenario-can be supported

What about a distribution of
delays?.

Jdim e Al v 'y ; ‘<
This is not a new result, it has heen shown by Argast+ 2004
Catania, 3 July 2025 [:Matteucci+2014, Komiya+2014... just an exception the astro-ph Shen+2014
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-~ Neutron star mergers

with.a delay-time distribution; 15

Cavallo+22.



_ . * NSM with alpha variations
GEM > s i A delay time distribution: t-1
| ' Cavallo+22

NSt3+a

40 -35 -30 -25 -20 -15 -10 -05 00
[Fe/H]
.-

“-similar to Simonetti+19

Cava llo N 22
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'belleved to'he ;are and possmly
: ;connectedto long GRBs

i Only-a small percentage of the "f"'

massl stars (~ ~5‘7)

' E‘U.ur‘.results us.ean hlghervalue Jour 2oL
= (10%), but th'ispep;fentage isnot -
| 'well constramed In partlcular Guas’. -

j . | for the early UniVerse

i Therefore in the stochastlc

. model not all the massive stars Ry

" produce néutron capture
B0 elements

Catania, 3 July 2025

Magneto”Retatmnatty
Brlven SN scenario (MRD)

(Wmteter+12 lehlmura+15 Relchert+21 )




., " Magneto Rotationally Driven . .
~ o~ SN scenario (MRD) 107

" Cescutti+14

In the best model shown here the
~"“amount of r-process in each
.-event isabout 2 times the one - -
assumed in NSM scenario - ::

- The assumed percentage of
events in massive stars is higher:
than expected (atleastatthe . . .-
- solar metallicity), but it is '
reasonable c
to.increase toward the metal poor
regime |
-(Woosley and Heger 2006)

Catania, 3 July 2025 {7 |aomneun
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sutron tapture elements

)

. »
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. ‘Model for Ba. -
| |n the Galactic halo -

We: run. the st_of:iiast'ic'. 2 N, R T |
* ‘model (based on | ' o, ‘a9 - oy g o7 A g
Cescutti ‘08) : : s e R o= 1y
‘with:theseyfelds ~ ~ . * i
~for the Ba productlon 3 . = 2 '
W0ofallthe - A e AT SO L SN
massive stars %roduce ‘ | 2R e '
8 10-¢Msun of Ba [
data from in
8 Placco+14 @
i Hansen+12 =
T ) - P 8 Hansen+16 O
' Cescutti+16 *
Catania, 3 July 2025 ’ § matsgon ‘“‘-- _- \:@




ModelforBa. *
~1n 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: .

107% of all the
massive stars %roduce
8 10-¢*Msun of Ba

data from in

i Placco+14 o
a Hansen+12 =
3 Hansen+16 O
Cescutti+16 *

Catania, 3 July 2025 ;| anssuores
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|GEMS®

ModelforBa: *

" 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: .

107% of all the
massive stars %roduce
8 10-¢*Msun of Ba

Catania, 3 July 2025
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~Wewean -
“reproduce the «
[Balte] spread. ..

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

¥ Hansen+16 O

Cescutti+16 *




For Sr.yields:*

“scaled- Ba yields
according to the-:
r-Trocess signature of the.

solar system-
(Sneden et al ‘08)

Catania, 3 July 2025

Puzzling result for the.

. “heavy to light” n.c..element ratio

< % | dall'Unione europea
------
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. Puzzling result forthe. .
"heavy to light” n.c.:element ratio -

For Sr.yields:*

“scaled- Ba yields
according to the-:
r-Trocess signature of the.

ltis impossibleto - *
reproduce the data,
assumingonly the =
=process component,: -
enriching-at low

metallicity: _

(see Sneden+ 03,
Francois+07,

Montes+07)

solar system-
(Sneden et al ‘08)

Catania, 3 July 2025 ;| anssuores
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. Puzzling result forthe. -
~ "heavy to light” n.c.-element ratio

»
ForSr.yiélds:—L'f ARORK I ol b
~scaled: Ba yields ltis impossibleto - -
according to the-: reproduce the data, _
r-|l)rocess signature of the: assuming-only the J
solar system- r=process component,: -

(Sneden et al ‘08) enriching:atlow
| . metallrcity: .

(see Sneden+ 03,

Francois+07,

Montes+07)

1

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

Catania, 3 July 2025




Low metallicity and rotating massive stars -
Fr ISChknECht etal 2012 .. 201 6 ( self-consistent models with reaqﬁon network including 613 isotopes up to Bi) +*

10%}

4]

o]
e OB OBO
o | | e |

<22z

w
S
c 10° V. ./V_.=0.5, CF88/10 7O+alpha
§ Vini/vcrit=0'5
©
o
— | L . o
. A o V. ./V_.=0.4
4 'y Vini/vcrit=0 A :
10YF Co ' - = : : . = “‘ o ,”'wA/:\ 2 /\A A :

C
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Low metallicity and rotating masSive stérs

Fr ISChknECht etal 2012, 201 6 ( self-consistent models with reactlon network including 613 isotopes up to Bi) -

¥ ‘. Rotatmg massive stars can contribute to s-p'rocess eleme

A Ao 25M., vyi/ven = 0.0
e o 25M., vyi/Very = 0.4
¢ ¢ 25 M., vini/ven = 0.5
*« * 25 M., Ui/ Ve = 0.5, ]

CF88/10 | ]

102 V../V+=0.5, CF88/10 70+alpha

Production factors

—

—_—

—
|

Vii/V

n crit™

=0.4

A V.:./V =0

v ini” Yerit A :
10F € co ' s : : . A— o ,»~A/.« g /\,A .

C 4
Fe  Ni~ zn %GeasSeBrKrRbS'Y Zr NpM© RupPd9Cd XeCsBalaCeprNd s GarpPYpoEr TmPLuHf T3y Reos,, PtAu Tl PbBi |

SPSDTC

In |

30 40 50 60 70 80
Atomic number
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Low metallicity and rotating masSive stérs

Fr ISChknECht etal 2012, 201 6 ( self-consistent models with reactlon network including 613 isotopes up to Bi) -
o v

‘. Rotatmg massive stars can contribute to s-p'rocess eleme
Ba

gL .
10 CF88_,.='1() ‘

102 V../V+=0.5, CF88/10 70+alpha

Production factors

—
—_—
—

Vii/V

n crit™

=0.4

A V.:./V =0

v ini” Yerit A :
10F € co ' s : : . A— o ,»~A/.« g /\,A .

C 4
Fe Ni~ Zn GeasSeBrKrRbS'Y zr oV Rugy P 9Cd, SnguTe ~ XeCsBalaCeprNd  sme GdrpDYpoEr TmYPLuH Tayy Reos, PtAu Tl PbBi |

30 40 50 60 70 80
Atomic number

Can they explain the,puzzles for Sr and Ba in halo?.474 s 2l

Catania, 3 July 2025
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Karakas+ 21
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.'I

process from rotating massive stars_w__,
% 4 e + an r-pfdcess S|'té'(the 2 productl-‘ons 'are net coupled*) .f-.:-':.'_-"
T e R e AN Cescuttg_;Hln.-...
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s-process from rotating massive stars

‘+an r-process site (the 2 productions are net coupled!)

Cescutti +14

,{A.,.__.,""
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~s-process from rotating massive stars:
"+ an-process site (the 2 productions are net coupled) _
- Cesc(ltti.+1l;. =

»

A s-process (from rotating massive stars)
and an r-process (from rare events)

can reproduce the neutron capture elements in the Early Universe

. 'Unione europea "Uni ey " ] i Q -.‘f.\
Catanla. 3JU|.y 2025 pe: ‘ @‘_, :ﬂl :Ij:mecz.:: ’ oy ﬁ It:gl}%gomam ; - - 9
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Rizzuti etal (2021) -
adopting Limongi&Chieffi18 -

=
=4
SJQJSN 60|
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Rizzuti et al. 2021)
adopting Limongi&Chieffi18

=
=4
SJQJSN 60|

massive star rotational velocity (km/s)

U
o
1
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- * ~ Conclusions

The neutron capture elements in the Galactrc hale have been produced by
at least) 2 different processes: .~ e e TS Do

| - , rare and ahle to produce all the elements up to Th wrtha 8
pattern as thie-one ohserved in r-process r|ch Slafs. it e GRS L e

NSM are certa|nly 3 candrdate to play th|s role |f they have 3 very short: t|me "
scale, or if their frequency was hrgher at extremely low metallicity.
However, a unlque prompt source (e. g MRD SNe) can be the S|mplest solution.

Another process more frequent and that can produce hoth Sr and Ba with a
“production that is compatible with the s- nas s,

{
)
l
&
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CRIEAT ™ 2 iy 2 SRy O S
-+ The only possible answer?

X
‘ | ¢ HD 122563 (Honda et al. 2006)
Aﬂﬂther pOSSIble ® HD 122563 (Roederer et al. 2012)
M=12 14 1.8

solution is the , an
production of '
+ a.weak r-process

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

+.a main I=Process

L
O
-
p—
-\
(-
o
—
p—
L
p—
-4

atomic number

e

Wanajo 2013 r-process production in proto neutron star wind
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+ES+

“+ [sotopic ratio for Ba
7 , , ;

0.15 020 0.25 0.30 0.35 0.40 0.45 ' . _
[N(**Ba)+N(**"Ba)]/N(Ba) : .

. The rotating massive stars
- “scenario naturally predicts

different Ba isotopic ratios 0306 9 stairs ke

- in halo stars;* ‘évllhllaonREﬂmU'nnn& L

This * prediction, can he TUR e = K

used tg test our 'scenario. .. .V‘."th. UVESat Vi g

Challenging | |
to check these predictions

See results

on HD 140283 - -
from-Magain (1795)
-to-Gallagher+(2015)

“normal’” value
high R ~ 30°000
high Slllj ~ 80-100

W '
ba </ ,w

Cescutti +14
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+ES+

“+ [sotopic ratio for Ba
7 , , ;

0.15 020 0.25 0.30 0.35 0.40 0.45 ' . _
[N(**Ba)+N(**"Ba)]/N(Ba) : .

. The rotating massive stars
- “scenario naturally predicts

different Ba isotopic ratios 0306 9 stairs ke

- in halo stars;* ‘évllhllaonREﬂmU'nnn& L

This * prediction, can he TUR e = K

used tg test our 'scenario. .. .V‘."th. UVESat Vi g

Challenging | |
to check these predictions

See results

on HD 140283 - -
from-Magain (1795)
-to-Gallagher+(2015)

“normal’” value
high R ~ 30°000
high Slllj ~ 80-100

W '
ba </ ,w

Cescutti +14
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‘Spectral analysis results ratio
for Ba (1D and LTE) - '

Cescutti+21 ' W

HD 4306 HD 6268

1.1
VAN 1.0
1.0
E’ 0.9 1 0.8
L
©
0.8
_g 0.6
© 0.7
g 0.4 1
S 06
0.5 _ 02 N
4553.6 4553.8 4554.0 4554.2 4554.4 4553.6 4553.8 4554.0 4554.2 4554.4
0.100 0.100
0.075 0.075
0.050 - 0.050 -
0.025 - 0.025 -
0.000 - 0.000 -
—0.025 A —0.025 A
—0.050 A —0.050 A
—0.075 - —0.075 -
_0.100 T T T T T _0-100 T T 1 T T
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G Isotopic ratio .fo'r.' Ba

Sitnova+25
r-process
0.7

(ed)N/[(eg,er)N+(eDger)N]

0.1 |
S—-Process

Catania, 3 July 2025 7 s e ‘
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-+ Howto constrain -
# " the r-process event?

Electron capture SNe Magneto Rot. Driven SNe Neutron star mergers

Catania, 3 July 2025 7 s e ‘




.t Howtoconstrain -
% " ther-processevent? .

Electron capture SNe Magneto Rot. Driven SNe Neutron star mergers

i Measuring at Intermediate Metallicity Neutron Capture Elements
Main investigators Bonifacio & Cescutti PP V]
s ke Lb- J7)

T e
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9 Facilities used i
i/ . 2from ChETEC- |NFRA 1)
M|NCE|(2022) M|NCE | (2024) -

ST RMINCENfs
B S 02 ChETEC ‘

> des : , I .
.,TNG358m** % 3 SR Spectrograph:FIES :
Spectrograph HARPS N 3 e

\éLféith hMS e .
pecrograp * L8 ey 1207 from ChETEC-INFRA

OHP193m CPNT.358m MPG/ESO 22-metre Magellan 65m
Spectrograph SOPHIE Spectrog@@mﬁg@nﬂqs @“m,;:“EERUP . ttsdoman . N Sp&ctrqraph MIKE
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Lucertini+25 aka MINCE 3

Catania, 3 July 2025



Lucertini+25 (MINCE 3)
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-One-zone (homo‘geneo'u:s)"'- .Inhomogeneous'l"Stochastic'i "SpH_ si‘mu.la'tions
Matteucci;l-14..8pitoni'+23 .- Argast+04, Ishimaru+04-. - - Kobayashi+11, van de Voort+20
Prantzos+18, Coté +17. - - Cescutti 08, Wehmeyer+15 Scannapieco+22, Wehemeyer+25 -

(0Z0g) ‘|0 18 luolds

-1.00  -0.75 -0.50 -0.25  0.00 0.25 0.50
[Fe/H]
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