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ABSTRACT

We investigate the origin of neutron-capture elements by analysing their abundance patterns and radial gradients in the Galactic
thin disc. We adopt a detailed two-infall chemical evolution model for the Milky Way, including state-of-the-art nucleosynthesis
prescriptions for neutron-capture elements. We consider r-process nucleosynthesis from merging neutron stars (MNS) and
magneto-rotational supernovae (MR-SNe), and s-process synthesis from low- and intermediate-mass stars (LIMS) and rotating
massive stars. The predictions of our model are compared with data from the sixth data release of the Gaia-ESO survey, from
which we consider 62 open clusters with age = 0.1 Gyr and ~1300 Milky Way disc field stars. We conclude that: (i) the [Eu/Fe]
versus [Fe/H] diagram is reproduced by both prompt and delayed sources, with the prompt source dominating Eu production;
(i1) rotation in massive stars significantly contributes to the first peak s-process elements, but MNS and MR-SNe are necessary to

match the observations; and (iii) our model slightly underpredicts Mo and Nd, while accurately reproducing the [Pr/Fe] versus
8 [Fe/H] trend. Regarding the radial gradients, we find that: (i) our predicted [Fe/H] gradient slope agrees with observations from
Gaia-ESO and other high-resolution spectroscopic surveys; (ii) the predicted [Eu/H] radial gradient slope is steeper than the
observed one, regardless of how quick the production of Eu is, prompting discussion on different Galaxy-formation scenarios
and stellar radial migration effects; and (iii) elements in the second s-process peak as well as Nd and Pr exhibit a plateau at
low-Galactocentric distances, likely due to enhanced enrichment from LIMS in the inner regions.

Key words: nuclear reactions, nucleosynthesis, abundances —stars: neutron —stars: rotation —supernovae: general —Galaxy:
abundances — Galaxy: evolution.
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Table 1. Nucleosynthesis prescriptions. In the 1st column we report the name

g of the model, in the 2nd the initial rotational velocities for massive stars. In (Sl
the 3rd, 4th, and 5th columns we list whether LIMS, MR-SNe, and MNS .'

fl channels are active or not, respectively. We point out that in the case of model .
‘R-150 MNS’ MNS are assumed to merge with a short and constant time [
delay of 10 Myr instead that with a DTD. '

l Model vms (kms™!) LIMS MR-SNe MNS

B R-0 0
R - 150 150
B R-300 300

4 R-150 MNS 150

B R-150 MRD 150
noR-0 0

A noR-150 150
noR-300 300
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Upper panel tlme evolutlon of. the SFR as .
predlcted by our models at varlous
Gala'ctocentrlc d|starlces.
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Figure 2. Predicted [Eu/Fe] versus [Fe/H] abundance patterns for the outer (Rge = 12 kpc), local (Rge = 8 kpc), and inner disc (Rge = 6 kpc). The curves
refer to the predictions of model R-150 (see Table 1) and are colour coded by the age of the stars created by the chemical evolution code. The grey small dots

& refer to the sample of field stars.
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Figure 4. Predicted abundance patterns for [Y/Fe] and [Ba/Fe] versus [Fe/H] for outer-disc (Rge = 12 kpce), local-disc (Rge = 8 kpe), and inner-disc (Rge = |
6 kpc) regions. We assume (hat only massive stars and LIMS are Y and Ba producers. The three lines in each plot correspond to different initial rotational
velocities of massive stars (see legend and Table 1).




T
inner

0.0 ; 05 50 . ; 50
[Fe/H] [Fe/H] [Fe/H]

Figure 5. Predictions from model R-150 for the s-process elements abundance patterns versus [Fe/H] for outer-disc (Rge = 12 kpe), local-disc (Rge = 8

N kpc), and inner-disc (Rge = 6 kpc) regions. The channels considered for the production of the s-process components are: massive stars with initial rotational
velocities of 150 kms~! and LIMS. The channels for the r-process components are: MR-SNe and MNS with a DTD. The curves are colour coded by the age of
the stars created by the chemical evolution code.
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Figure 6. Predictions from model R-150 for the mixed-process elements abundance patterns versus [Fe/H] for outer-disc (Rge = 12 kpc), local-disc (Rge = 8
kpc), and inner-disc (Rge = 6 kpe) regions. The curves are colour coded by the age of stars created by the chemical evolution code
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Figure 7. Prediction of the present-day slope of the [Fe/H] and [Eu/H] gradients from our models with variable (olive line) and constant (dashed turquoise line)
M SF efficiency compared with the one of the restricted (age < 3 Gyr) OC sample (upper panel) and the Cepheid sample (lower panel) with data from Luck &
4 Lambert (2011) (grey diamonds) and Genovali et al. (2015) (grey stars). For the [Eu/H], we show also models with Eu produced only by MR-SNe (purple line)
M and Eu produced only by MNS with a constant and short delay time for merging (teal line). The grey lines represent the linear fit of the observational data.




' Table 2. Slopes of lhe IFe/Hl and [Eu/Hl gradlenls of lhe reduced (Age <3 Gyr) oC sample dnd as predlcted by our model for the all, mner
(Rge < 11.2 kpc) and outer (Rge > 11.2 kpc) radial region. For comparison we show also the one obtained from the Cepheid sample of
M Luck & Lambert (2011) and Genovali et al. (2015). In the case of Eu we show predictions also of models in which Eu is produced either by e

MR-SNe or by MNS with a constant and short delay time for merging.

[Fe/H]

[Eu/H]

OCs
s Cepheids

" Model R-150 var v
S8 Model R-150 con v
® Model R-150 MRD
& Model R-150 MNS

Mot
(dex kpc_l )

—0.049 £ 0.005
—0.046 £ 0.003
—0.067 £ 0.002
—0.021 £ 0.004

Minner
(dex kpc™ h
—0.081 £0.013
—0.064 £+ 0.008
—0.044 + 0.008

Mouter
(dexkpc™1)
—0.045 £ 0.017
—0.063 £ 0.007
—0.007 £+ 0.001

Mot
(dex kpc_I )
—0.017 &= 0.003
—0.031 &= 0.004
—0.051 £ 0.003
—0.014 £+ 0.003
—0.049 4+ 0.003
—0.049 + 0.003

Minner
(dex kpc_l )
—0.024 4+ 0.009
—0.038 £ 0.004
—0.029 £ 0.006
—0.034 +0.003
—0.034 4+ 0.003

Mouter
(dex kpc_I )
—0.015+0.014
—0.057 £ 0.007
—0.004 £ 0.001
—0.057 £ 0.007
—0.057 £ 0.007
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young (age < 1 Gyr), intermediate (1 < age < 3 Gyr), and old (age > 3 Gyr). Solid lines are the results for the [Fe/H] gradient as predicted by our model at 0.5,
2, and 5 Gyr. Right-hand panel: Time evolution of the [Fe/H] and [Eu/H] as predicted by model R-150 for different Galactocentric distances. Vertical dotted
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C

Age = 0.5 Gyr

Age =2 Gyr

Age =5 Gyr

[Fe/H] —0.067 £ 0.002
[EwH] —0.051 + 0.003
N [ Y/H] —0.067 + 0.004

N [Z1/H] —0.075 4 0.004

[Ba/H] —0.078 £+ 0.008
[La/H] —0.073 £+ 0.008
[Ce/H] —0.077 £+ 0.011
d[Mo/H]  —0.071 £ 0.003
[Pr/H] —0.078 + 0.012
[Nd/H] —0.058 + 0.004

—0.069 + 0.002
—0.053 £ 0.004
—0.070 £ 0.004
—0.078 + 0.004
—0.084 + 0.007
—0.080 £ 0.007
—0.087 £ 0.011
—0.073 4 0.003
—0.089 £ 0.012
—0.062 + 0.004

—0.073 £ 0.003
—0.059 £ 0.004
—0.077 & 0.005
—0.083 + 0.004
—0.095 + 0.006
—0.092 + 0.006
—0.105 £ 0.008
—0.077 £ 0.004
—0.109 £+ 0.009
—0.070 £ 0.005




CONCLUSIONS

'The [Eu/Fe] versus [Fe/H] abundance pattern is well reproduced |f both a qulck source and a deiayed one act as r- -
process producers With the assumed’prescriptions the quick source completefy domlnates the productlon»of Eu
However, singe MNS are the _only observed sougce. ¢ of neutron- capture elements’ up tq npw they cahnot be
excluded from chemlcal evolution models computatlons gl = : ad At XY e
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The s- process elements abundances pattern is not reproduced |f one con5|ders -only produstlon from typlca1 5.
'process astrophysical 'sources. as rotating massive stars.and LIMS. Rotatlon mcreases ‘the productlon of s- procéss‘. -
‘matérial, especially at’'low metalllcmes and for elements belonglng to the ﬁrst s-process peak but the r- proeess y

component must also be taken into account . W Bl ¢ *a-g . W0 L
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When adding.the contrlbutlon from- MNS and MR- SNe to the productlon of the r- process component of" the S- . ul

process eleménts, MR-SNe. dominate at Iow metalllcmes and it |s no*longer p055|ble to appreCIate dlfferences %
between dlfferent rotatlonal velocmes 1{o] masswe stars The s- process abundance pattern gf the oC sampl-e |s' :

-_'weIIreproduced ’ K e T e ¥ - ' . oy T

. The p‘cture f.or the mlxed /r- process elements is ‘more complex A good agreement W|th the _relevant data is
obtdinéd.for Me, even if the ‘model still sllghtly underestlmates the observations, most probably because of the.
lack of an additional contribution from neutrino- -driven SNe.:For Nd and Pr, ourmodel shows a higher.production
'from LIMS of Pr than of ‘Nd. Also'in this. case, the model underproduces the [Nd/Fe] Versus: [Fe/m abundance,A "
- pattern, whlle nicely reproduces the [Pr/Fe] versus [Fe/H] one. . : e g
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The present- day sIope of the [Fe/H] gradlent predlcted by our model ist sllghtly steéper both W|th respect to that
of the restricted OC sample and to the one of the Cepheid sample; yet it agrees with other rec@nt sIopes of the

[Fe/H] gradlent from OC samples (Carrera et a'I 2019; Donor et al. 2020 Splna et al. 2021 2022 Zhang et al. .2021)

The flat sIope.observed in the OC sample for’ [Eu/H] is: not reproduced by the model in Whlch Eu |s produced by a’,

+ quick and*a delayed source."Models with no delayed source do not- 1mprove the fit'to the‘data \ge dlsglssed the

possibility of ﬂattenlng the predicted {Eu’H] gradlent by adopting'a.constant Sk efflcnency However, we are.nbt
inclined to relaRt the assumption of ‘a variablle SF efﬁaency since it -has already_ been proved hat-the |n5|de -0\
scenario by itself is. not able to explain the ‘abundante’ patterns ‘at dlfferent Galagtocentnc d|stances an’d ot
abundance gradients for several elements, .as wellas the gradient of the SER and, gaydensny along'the’ th|n -dISC A
feasonable explanation for the dlscrepancy betweén mod.el resul& and obsq.rvatlons could thus be that clusters
with intermediate age (L<ages<3 Gyr) are affected by radlal mlgratlon ‘In favour of this hypothe5| predlctlons of

'_our model are much more in agreement with the sIopes observed in the inner disc rather than W|th the 0utef ones
.and a better agreement is also obtained with the radial gradlents of the’Cepheid sample R TS 1 g
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'Regardlng’ the tlme evoiutlon of the [Fe/H] gradlent results of our. model for age.= 05 2 and-5 Gyr are in™%

agreement with the observed trend if thle gradient of the youngest populatlon is computed by removmg aH g’ant
stars with logg.< 2.5. In 'partlcular, a reaIIy limited time evolutlon of the [Fe/H] gradlent.b.etween the cons;dered

agesshould be expected . "0 4, L7 . ¢ :
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CONCLUSIONS

AIso for the [Eu/H] gradients,, a limited evolutlon W|th tlmegs predlcted by pur modeI in agreement wlth the’
. observations. However, as already seen in the case ‘of the present day.gradlent also at dlfferent ages, we obtaln g
slopes WhICh are foo steep W|threspectto the observatlons P . w AP 9'. e 3 pers s
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Predictions o'f aour mo‘del for the radial [Y/H] and [Zr/H] gradients show; a very sin1ilar pattern for'age ;D' 5"an'd Z" .
Gyr, in.agreement*with the OC sample. Also in the case, of Ba; La, and. Ce, the. model predlcts arialmost i'dentlcal
flat or slightly decreasmg pattern for all ages |n the |nner zone,as observed in the OC sample '
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As for the abqndance patterns aISO for the radlal gradients much more, u.ncertalnty is present. m reproducmg the
trend ofsthe. other ymixed /r-process elements.” Due to -the adopted nucleosynthe5|s .pfscrlp ons, we

‘underestimate the trends for Mo and N8, and always produce steeper gsadlents wi‘th respec

0. the' obser\led N
ones. A .- e =
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For alI the. eIements belonglng to the second s-process peak as weII as for Nd a d Pr our,model prod,uées k- .
EVCED for. low Galactocentfic dptances at all the consm'ered ages. -Thls is mos‘t progbly due to the effect of LLMS '. .
whose production of those elements reaches an eqtullbrlum value befote that |n the outer regmns, as a ‘o {
.consequence of a faster SF.  * « " "% i oo T T . ’ ¢ e A 2







e ,We consrder arpong the sample of OCs observed by ‘Gaia-ESO, the 62 cIusters ‘older than’ 100 Myr, as
- done in MZ3 "The dlstrlbut|on in age and dlstances of our sample OCs is' given in Vlsca5|llas V “azquez et -
- al. (2022 see thelr ﬁg 1) FOr each cIuster we con5|dered the average abundances of |ts mEmber stars.

'o" . s - » . ,.. .

An. the paper, we use the OC sample t,o trace thq abundance radlal gradrents and thanks to the W|de age

j' _ range.also theu‘ e‘volutlon pver tlme e . .

- . : &

* The sample of, ﬁeld stars is composed as_in Viscasillas V azquez et al. (2022) We comblned the two

. '. sample;applylng a further selection on the slgna|~to noise ratio (SNR) and on.the uncertamtles on the

. stellar parameters SNR > 20; 0 Teff < 150'K; o log g < 0.25, ¢ [Fe/H] < 0 20, and 0 § < 0.20 km s A final

3 selectlon was mtroduced con5|derlng only stars with at least one measurement of the abundances of
_one of the c.on5|dered néutron capture eIéments, and wnth an uncertalnty eA(EI) < 0.1. .
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