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-+ Why neutron capture elements?

'M@g'::alpha—élement | : ' Sr: neutron capture element

— CS 22892-052
— HD 122563

Wavelength (A)

Sneden+-08 - -_"_.‘;.;,,.



The nuclear chart

stable nuclei 50

R l|I! *" nuclides with Neutron capture elements

'Ir ' known masses are 707 of the elements!
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Neutron star mergers
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 Stachastic chemical ev'o.'lu'tioh models

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

r— 11— 123 & 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,

EEEENEEREEEENE NN .
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-3.0 -2.5
[Fe/H]

Cescutti 2008
Cescutti et al. 2013

data collec_ted'in ~
Frebel 2010

Bonifacio+12




" Neutron stars mergers =
- '- Cescutti,.Romanoe,Matteucci,

- ino - Chiappini and Hirschi 2015
S elay for the merging 1Myr % A b
I Progefiitors are rare:

only few percent of the massive
stars aréformed in Hinary system
WhICh can produce a NS merger.

Results with “alpha=0.04
(NSMISNe)

A key featare of NS merger is the .
- tlelay between the formation of the -

* binary system: of neutron stars and -

the merging event. '

What about the 'impact of
Increasing the delay for the
merging?” -




* Neutron star mergers

- ... telay-for the:merging 100 Myr

~«Fora delay of 100 Myr the model

results are-not eompatlble to the
observatlonal data.

Cescutti+15 :

b

Therefore only: if most of the NS
.mergers enriches.infimescale
<10Myr; the scenario can be

supporfed

What abouta distribution of .- '
' delays?

) -; AT3. 7 ‘¥4



.

‘not a ndvelty

" . McWilliam&Searle1999

Seevalso Tsujimotb+'99.'léhim'a’irdiWahajo 99 Argast+-01,
(see Benjamin results!), Matteucci+2014, Komiya+2014... few exceptions



see also:Gote+19
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"+ Motlels iith detailed DTD for NSM -
% “variation of the alpha racion NswisKe)”

0.45

Simonetti-+19



- Motels vith detailed DT for NSM

.0
—-40 -35 -30 -25 -20 -—-15 —-10 =05 0.0 0.5
[Fe/H]

Simonetti+19

variation of alpha, possmle solution! ;,_.1,‘4_,-;;& /

i

see other solution in Schoenrlch&Wemherg19
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~ - Stochastic model -
.' with a delay time_'djstrihution: t-15

Cavallo+22
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“NSM With.. a’lpl{a_'variétions

a delay time distribution: t-'3

NSt3+a

e
h

[Fu/Fe]

o
o
1

3 similar to Simonetti-+19 ‘f

Cavallo+21




“ ' Howto cdnstra‘in
#.  the fraction of NSM?

alpha=0.02 * alpha=0.06 . © alpha=0.1 Al

v

=

[Ful/Fe]
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-45 -40 -35 =30 -25 20 -15 -10 -45 —40 -35 =30 -25 -20 -15 -10 -45 -40 -35 =30 -25 -20 -15 -10
[FelH] [Fel/H]

[FelH]

Test2 Test3

mean |[Eu/Fe| (dex) sigma(dex) | mean |Eu/Fe] (dex) sigma(dex)
0.23 0.84 0.22
0.08

Testl

[Fe/H] (dex) = |
mean [Eu/Fe| (dex)  sigma(dex)

0.22 1.05

0.16 0.10 0.17

-3.00 1.42
-1.00 0.15

0.15

Weave and 4MOST !!




Measurlng at Intermedlate Metallicity Neutron canture Elements
~ Main investigators Bonifacio & Cescutti

Electron capture SNe Magneto Rot. Driven SNe

Neutron star mergers

Ohservational proposals af
TNG,CFAT.3.6m Magellan,UVES...
Goal is 1000 stars in 5y at high quality:
100S/N at 400nm and R>50"000.

b inlyr

Normalised Flux

~500 stars at present




9 Facilities used
2from ChETEC- INFRA s
MINCE | (2022) & MINCE Il (2024): s

ChETEC

MlNCE HI Subm|tted §% @A \‘

P

Vg :_‘“N[]T 2.2m ChETEC J§
.-TNG353m** Rt X SR Spectrograph:FIES '
Spectrograph HARPS N 5 - »

X”‘Btz"‘ hUﬁs 8- 150 stellar spectra with high SIN and Resolution
pec rogralJ bt o

\L

‘mg*-m i

OHP 1.93m CFHT.358m MPGIESO 22-metre
Spectrograph SOPHIE Spectrograph ESPaD0nS FEROS S S‘pggtﬁgraph MIKE

Maggllan 6. 5m



ﬁther solu}t gﬂs?
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; Magneto Rotatlonally
el Dnven SN scenario (MRD)

(Wmteler-+12 N|sh|mura+15)

The progemtors of MRD SNe are .o
e 'belleved to be rare and possmly e
: #ﬁ'ected to long GRBs.

,' i Unly a small percentage of the
- massive stars( 1= 5/)

s Our results use an h|gher value

: (Tl]/) but this percentage is not i

I'_*'well constrained, in particular for :

- the early Umverse |
1.=’fiTherefore in the stochastlc model

- not all the:-massive stars produce 7

4 neutron capture el %
iz i =

Hirschegg, 20 January 2025




““Magneto Rotationally Driven .
SN scenario (MRD) 107 -

el ey . : - % Cescutti+14 .

In the best model shown here the
- 'amount of r-process in each event
s about# times the i assumedin. -
NSM scenarlo

The assumed percentage of events

" inmassive stars is hlgherthan T
expected (at'least at the solar

- metallicity), but it is reasonable- -
* to Increase toward the metal poor -

regime
(Woosley and Heger 2006)




" Mixed scenario with hoth
| *Magneto Rotatlonally Drlven SN and NSM_

“Cavallo+21

NS+MRDO0O0 NS+MRDt1 NS+MRDt3

See also-Cescutti+15 with hoth processes included
(first with NSM and MRD SNe)

It works, but it is fine tuned. . .

pin



BUT a mixed scenario (50%-50%) with a longer time scale
- - FAILS;to reproduce the MW disc (our best constrain!)

Van dé'_r}Swaelmen+23



et R AT W about s

ot Trplewe® Jin g g ".':." ’, : “”- .
. c. .o..-. ..' A 2 ™ '.:.:.o o .«‘\ h "'
s mewgther neu mn Cap ure e emen S

00. . oo 'o .: . '.'. :...- . by : - : .. -t .. - "'..‘0‘ y S ‘t 3 .Q... . 3 ’- ’ .'c:,‘:":. - ..u . '.‘.' '.
L - . »
;. » ’:.. _.’! --.. -
. ) .o~ ‘...

.- . o ) "‘.."
- - . - .’. L
e T L Ty

A _’..f..‘:-' b .
‘*. ) e ‘\._..'-.'::,,
,' . Y .".‘. '.'. e . » . o.

9.0 ..o.; § T R

" - - e »

R A e Y

> ."‘ : B '.ol' :
o o... : . . .

. S . e ‘
o \...' . = ..‘- (IR

Hirschegg, 20 January 2025



ffNeutrqn capture elements

Hirschegg, 20 January 2025



Stochastic model for'Ba '
~1n the Galactic halo -

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

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

Ceshcul;tti '08) ; ~Wewean -
with.these-yselds ~ AP
- for the Ba production: . [Eg;gg]uggr’:aged
10% of all the B A
massive stars %roduce '

Ba

8 10-¢Msun of

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




. Puzzling result for the -
2 "heavy fo light” n.c.-element ratio -

For Sr. yiélds:-."-
*scaled- Ba yields

It IS i.m ossibleto -« *

according fo the-- reproduce the data, =
r-|l)rocess signature ef the., assuming-only the =
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 explainthe S
neutron capture elements in the Early Universe! |




Rotatmg massive stars inthe ea*ly Universe

’ ey, b Massrve stars rotatein the Achernar e ,VtTI
a Inthe Early Umverse , . - it ALV -
Low metals stars rotate faster i compact) < N "

‘ Rotation » Mixin inside star B T e e

LR f.-,_'.':".:‘-'," , . ;* ..

Srgnatures

(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)

(b)., - Early- Production. of Be and B by cosmic ray-
. _spallation (Prantzos 2012)

- Ejected matter will be rich in14N,13C, 12C, &

. | ; ? A _ ‘-‘.'." 2 A x
DL Qe [QQUTEOTT Ut Bl @M}lg Pro 1115% A5



Low m:et'allicity and rotating masSive stérs

Fr ISCthECht etal 2012, 201 6 ( self-con5|stent models with reactlon network including 613 isotopes up ta Bi) -

Rotatmg massive stars can contrlhute to s-process elements!
by & Sr PRy

T T

l)':'

. . 1
‘)':- ’ ," )

\ <y i1/ Yer

f ! ‘)'?- cy A::,:."" ‘e

4)':- f

. : 1

9

, CF88/10 | ]

V.../V.=0.5, CF88/10 170+alpha

Production factors

Vii/V

ni crit™

=0.4

A V../V_..=0

v m’ “cnt . l :
l()” - Co A ; . — A . " . o "AA A , A

Fe Ni ZﬂGaGCAsSOBrKr RESTY Zr NbMO nunthAQCdln S"SDTCI XeCsBalLaCepr Nd SWEUGdrbDVHOEFTr“YbLqu Tay ROO-’Ir PtAu - T! PbBi |

30 40 50 60 70 80
Atomic number

I"a

Can they.explainthepuzzles for Sr and Ba in halo?‘ =2 1



e Neutren capture elements _

from Cescutt|+13

time'scale”

Hirschegg, 20 January 2025



~s-process from rotating massive stars:
'. LA an .’r-proces’s site (the 2 productions are net coupled!')'
‘ ; ' | | Cescuttiétal._(201_'3.}
. Cesputh& Chlqppml (20.14'.)' .

»

A s-process (from rotating massive stars)
and an r-process (from rare events)
can reproduce the neutron capture elements in the Early Universe

fa
S,
a
w5

. -
.



. Different model -
cosmologlcal simulation of the Galaxy

, T i 3’3” r /{‘”J‘U;w oL
Scannapieco, Cescutt & Chiappini (2022)



. Confirmed.in_Rizzuti et al. (2019) .
| adoptmg leungl&ChleffﬂB 2

T v VU
0060‘55 °© g QC@'&VCO

Q‘tu = —
o ¥ & J'a

LCO00+MRD
LC150+MRD
LC300+MRD

F+MRD

ihip/

see also'i’ré%fzoé etal. 2018



Conflrmed by R|zzut| et al (2021)
adopting leongl&ChleffﬂB '
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see also Prantzos et al. 2018



Rizaietal (2021) "
adopting Limongi&Chieffi18 -
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S - Conclusions -

| The neutron capture elements in the Galactic halo have been produced Hy . ,(

5 5 % (at least) 2 different processes:

, rare and able to produce all the elements up to Th with a pattern g :.
~ as the one ohserved In r-process rich stars. e
NSM.is the only confirmed candidate, and:they can play this role if they have very
short time.scales or if their frequency is hlgher at extremely low metallicity.

MRD SNe (or collapsar) can also play this role, and they would be the easiest way to

-explain r-process elements with a GCE model. .

" The other process is more frequent and can produce both Sr and Ba (and [Sr/Bal>0) :'.«"

with a production that is compatible with the . e
We can use this to constrain the velocity distribution of the massive stars. Sy
S X T g RN "'M’l' : b - T \
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f"’ \
. \%
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CAVENT o K
The only possmle answer?

X
' | ¢ HD 122563 (Honda et al. 2006)
Aﬂﬂther pOSSIble ® HD 122563 (Roederer et al. 2012)

M=12 1. 8

solution is the s
production of

+ a.weak r-process "

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

+.a main I=Process

L
O
o
—
p—
(-
o
—
—
O
—
-4

atomic number

) ol .‘ll. : N

Wanajo 2013 r-process production in proto neutron star wind

" N



|sotopic ratioforBa =~
: v | - . S+

0)

+

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 00 9 stairs ke

in ha.lg stars ¥ \évlihliz;nREmU'UUl].& ’

This * prediction, can he TR 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)

HD 196944

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

T
.. ‘:yg

Cescuti and Chiappini 2614



Ba i1 14554.00: y = 0.000 eV, log gf = +0.17

' Spectral analysis results ratio =~
. D BN forBa (1D and LTE) - cescutiin

134Ba.

4554.000 ............. 1.0000
135Bg:

4553.969 ............. 0.1562

4554.020 ............. 0.1562
4554.021 ............. 0.0313
136Ba: . .
4554.000 ............. 1.0000 . .
1378
4553965 ............. 0.1562
4553967 ............. 0.1562
4553968 ............. 0.0625
4554.020 ............. 04375
4554.022 ............. 0.1562
4554.023 ............. 0.0313
138Ba:
4554.000 ............. 1.0000
1.1
Lo /SN 1.0
é 0.9 ~ 0.8 1
e
© 0.8 -
_g 0.6 -
© 0.7
> 0.6 1
0.5 4 0.2 1
4553.6 4553.8 4554.0 4554.2 4554.4 4553.6 4553.8 4554.0 4554.2 455I4.4
0.100 0.100
0.075 + 0.075 +
0.050 + 0.050 +
0.025 H 0.025 H
0.000 + 0.000 A
—0.025 A —0.025 A
—0.050 A —0.050 A
—0.075 A —0.075 A
_0.100 T T T T T _0.100 T T 1 T T
4553.6 4553.8 4554.0 4554.2 4554 .4 4553.6 4553.8 4554.0 4554.2 4554 .4

A(A) A(A)




W/ =—I,C-Q

© Andrew J. Gallagher, AIP
[M/H]

3D NLTE abundance corrections for Ba Il lines

[M/H] = 0.00
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Stochastlc 't'hemi_cél ev.ol'ﬁtibn' model - .

We 3|mulate the halo as formed. by many mdependent volumes each ane of the typlcal dlmensmn X
. —af ~100 pc*(~rad|us of SN bubble) and we treat each volume as Isolate from the others. ‘

+Cescutti (2008)

* : .

R |n5|de each volume, we. 5|mulate the chemlcal enrichment. | L,
" The inain parameters are the same as those of the homogeneous model“ f, ¥k
-~ butin each isolated volume :

. _ >
™ e = 2 [ ”l&’l' ‘. o

-~



Stochastic formation of-stars
._ The formation of ew stars subjects to the condition that the cumulative mass dlstrlbutlon follows a glven |

|n|t|al mass functmn this fact produces dlfferent enrichments in the different volumes

50 stars I 1000 stars

10° star$ 107 stars




Stochastlc chemlcal evolutlon_ models

_ T by 1 m|n|mum of100volumes up to 10000
“~100pc .. i P

g




