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Origin	
  of	
  neutron-­‐capture	
  elements	
  with	
  the	
  
Gaia-­‐ESO	
  survey:	
  the	
  

evolu;on	
  of	
  s-­‐	
  and	
  r-­‐process	
  elements	
  across	
  the	
  
Milky	
  Way	
  

background	
  image	
  :	
  NGC	
  6139	
  	
  







•  Upper	
   panel:	
   ;me	
   evolu;on	
   of	
   the	
   SFR	
   as	
  
predicted	
   by	
   our	
   models	
   at	
   various	
  
Galactocentric	
  distances.	
  	
  

•  Right	
   corner	
  plot:	
  Predicted	
  SFR	
   in	
   the	
   solar	
  
neighbourhood	
   compared	
   with	
   present-­‐day	
  
es;mates	
  (Guesten	
  &	
  Mezger	
  1982;	
  P18).	
  

•  Lower	
   panel:	
   Predicted	
   SNeIa,	
   SNeII,	
   and	
  
MNS	
   rates	
   compared	
   with	
   present-­‐day	
  
observa;ons	
   from	
   Cappellaro,	
   Evans	
   &	
  
TuraUo	
   (1999;	
   for	
   SNe)	
   and	
   es;mate	
   from	
  
AbboU	
  et	
  al.	
  (2021;	
  for	
  MNS).	
  





•  YUrium:	
  78%	
  s-­‐process	
  

•  Barium:	
  89%	
  s-­‐process	
  

•  Zirconium:	
  82%	
  s-­‐process	
  

•  Lanthanum:	
  80%	
  s-­‐process	
  

•  Cerium:	
  85%	
  s-­‐process	
  





•  Molybdenum:	
   around	
   50%	
  
s-­‐process,	
   27%	
   r-­‐process	
  
and	
  23%	
  p-­‐process.	
  

•  Neodymium:	
   around	
   40%	
  
r-­‐process.	
  	
  

•  Praseodymium:	
   around	
  
50%	
  r-­‐process.	
  















CONCLUSIONS	
  
•  The	
  [Eu/Fe]	
  versus	
  [Fe/H]	
  abundance	
  paUern	
  is	
  well	
  reproduced	
  if	
  both	
  a	
  quick	
  source	
  and	
  a	
  delayed	
  one	
  act	
  as	
  r-­‐

process	
  producers.	
  With	
  the	
  assumed	
  prescrip;ons	
  the	
  quick	
  source	
  completely	
  dominates	
  the	
  produc;on	
  of	
  Eu.	
  
However,	
   since	
   MNS	
   are	
   the	
   only	
   observed	
   source	
   of	
   neutron-­‐capture	
   elements	
   up	
   to	
   now,	
   they	
   cannot	
   be	
  
excluded	
  from	
  chemical	
  evolu;on	
  models	
  computa;ons.	
  

	
  
•  The	
   s-­‐process	
  elements’	
   abundances	
  paUern	
   is	
  not	
   reproduced	
   if	
  one	
   considers	
  only	
  produc;on	
   from	
   typical	
   s-­‐

process	
  astrophysical	
  sources	
  as	
  rota;ng	
  massive	
  stars	
  and	
  LIMS.	
  Rota;on	
  increases	
  the	
  produc;on	
  of	
  s-­‐process	
  
material,	
  especially	
  at	
   low	
  metallici;es	
  and	
  for	
  elements	
  belonging	
  to	
  the	
  first	
  s-­‐process	
  peak,	
  but	
  the	
  r-­‐process	
  
component	
  must	
  also	
  be	
  taken	
  into	
  account.	
  

•  When	
   adding	
   the	
   contribu;on	
   from	
  MNS	
   and	
  MR-­‐SNe	
   to	
   the	
   produc;on	
  of	
   the	
   r-­‐process	
   component	
   of	
   the	
   s-­‐
process	
   elements,	
  MR-­‐SNe	
   dominate	
   at	
   low	
  metallici;es	
   and	
   it	
   is	
   no	
   longer	
   possible	
   to	
   appreciate	
   differences	
  
between	
  different	
   rota;onal	
   veloci;es	
   for	
  massive	
   stars.	
   The	
   s-­‐process	
   abundance	
  paUern	
  of	
   the	
  OC	
   sample	
   is	
  
well	
  reproduced.	
  	
  

	
  
•  The	
   picture	
   for	
   the	
   mixed-­‐/r-­‐process	
   elements	
   is	
   more	
   complex.	
   A	
   good	
   agreement	
   with	
   the	
   relevant	
   data	
   is	
  

obtained	
  for	
  Mo,	
  even	
  if	
  the	
  model	
  s;ll	
  slightly	
  underes;mates	
  the	
  observa;ons,	
  most	
  probably	
  because	
  of	
  the	
  
lack	
  of	
  an	
  addi;onal	
  contribu;on	
  from	
  neutrino-­‐driven	
  SNe.	
  For	
  Nd	
  and	
  Pr,	
  our	
  model	
  shows	
  a	
  higher	
  produc;on	
  
from	
   LIMS	
  of	
   Pr	
   than	
   of	
  Nd.	
  Also	
   in	
   this	
   case,	
   the	
  model	
   underproduces	
   the	
   [Nd/Fe]	
   versus	
   [Fe/H]	
   abundance	
  
paUern,	
  while	
  nicely	
  reproduces	
  the	
  [Pr/Fe]	
  versus	
  [Fe/H]	
  one.	
  



CONCLUSIONS	
  
•  The	
  present-­‐day	
  slope	
  of	
  the	
  [Fe/H]	
  gradient	
  predicted	
  by	
  our	
  model	
  is	
  slightly	
  steeper	
  both	
  with	
  respect	
  to	
  that	
  

of	
  the	
  restricted	
  OC	
  sample	
  and	
  to	
  the	
  one	
  of	
  the	
  Cepheid	
  sample,	
  yet	
   it	
  agrees	
  with	
  other	
  recent	
  slopes	
  of	
  the	
  
[Fe/H]	
  gradient	
  from	
  OC	
  samples	
  (Carrera	
  et	
  al.	
  2019;	
  Donor	
  et	
  al.	
  2020;	
  Spina	
  et	
  al.	
  2021,	
  2022;	
  Zhang	
  et	
  al.	
  2021).	
  

	
  
•  The	
  flat	
  slope	
  observed	
  in	
  the	
  OC	
  sample	
  for	
  [Eu/H]	
  is	
  not	
  reproduced	
  by	
  the	
  model	
  in	
  which	
  Eu	
  is	
  produced	
  by	
  a	
  

quick	
  and	
  a	
  delayed	
  source.	
  Models	
  with	
  no	
  delayed	
  source	
  do	
  not	
  improve	
  the	
  fit	
  to	
  the	
  data.	
  We	
  discussed	
  the	
  
possibility	
  of	
  flaUening	
  the	
  predicted	
  [Eu/H]	
  gradient	
  by	
  adop;ng	
  a	
  constant	
  SF	
  efficiency.	
  However,	
  we	
  are	
  not	
  
inclined	
   to	
   relax	
   the	
   assump;on	
  of	
   a	
   variable	
   SF	
   efficiency	
   since	
   it	
   has	
   already	
  been	
  proved	
  hat	
   the	
   inside-­‐out	
  
scenario	
   by	
   itself	
   is	
   not	
   able	
   to	
   explain	
   the	
   abundance	
   paUerns	
   at	
   different	
   Galactocentric	
   distances	
   and	
   the	
  
abundance	
  gradients	
  for	
  several	
  elements,	
  as	
  well	
  as	
  the	
  gradient	
  of	
  the	
  SFR	
  and	
  gas	
  density	
  along	
  the	
  thin	
  disc.	
  A	
  
reasonable	
  explana;on	
  for	
  the	
  discrepancy	
  between	
  model	
  results	
  and	
  observa;ons	
  could	
  thus	
  be	
  that	
  clusters	
  
with	
  intermediate	
  age	
  (1	
  ≤	
  age	
  ≤	
  3	
  Gyr)	
  are	
  affected	
  by	
  radial	
  migra;on.	
  In	
  favour	
  of	
  this	
  hypothesis,	
  predic;ons	
  of	
  
our	
  model	
  are	
  much	
  more	
  in	
  agreement	
  with	
  the	
  slopes	
  observed	
  in	
  the	
  inner	
  disc	
  rather	
  than	
  with	
  the	
  outer	
  ones	
  
and	
  a	
  beUer	
  agreement	
  is	
  also	
  obtained	
  with	
  the	
  radial	
  gradients	
  of	
  the	
  Cepheid	
  sample.	
  

•  Regarding	
   the	
   ;me	
   evolu;on	
   of	
   the	
   [Fe/H]	
   gradient,	
   results	
   of	
   our	
   model	
   for	
   age	
   =	
   0.5,	
   2,	
   and	
   5	
   Gyr	
   are	
   in	
  
agreement	
  with	
  the	
  observed	
  trend	
  if	
  the	
  gradient	
  of	
  the	
  youngest	
  popula;on	
  is	
  computed	
  by	
  removing	
  all	
  giant	
  
stars	
  with	
  logg	
  <	
  2.5.	
  In	
  par;cular,	
  a	
  really	
  limited	
  ;me	
  evolu;on	
  of	
  the	
  [Fe/H]	
  gradient	
  between	
  the	
  considered	
  
ages	
  should	
  be	
  expected.	
  



CONCLUSIONS	
  
•  Also	
   for	
   the	
   [Eu/H]	
   gradients,	
   a	
   limited	
   evolu;on	
  with	
   ;me	
   is	
   predicted	
   by	
   our	
  model,	
   in	
   agreement	
  with	
   the	
  

observa;ons.	
  However,	
  as	
  already	
  seen	
  in	
  the	
  case	
  of	
  the	
  present-­‐day	
  gradient	
  also	
  at	
  different	
  ages,	
  we	
  obtain	
  
slopes	
  which	
  are	
  too	
  steep	
  with	
  respect	
  to	
  the	
  observa;ons.	
  

•  Predic;ons	
  of	
  our	
  model	
  for	
  the	
  radial	
  [Y/H]	
  and	
  [Zr/H]	
  gradients	
  show	
  a	
  very	
  similar	
  paUern	
  for	
  age	
  =	
  0.5	
  and	
  2	
  
Gyr,	
  in	
  agreement	
  with	
  the	
  OC	
  sample.	
  Also	
  in	
  the	
  case	
  of	
  Ba,	
  La,	
  and	
  Ce,	
  the	
  model	
  predicts	
  an	
  almost	
  iden;cal	
  
flat	
  or	
  slightly	
  decreasing	
  paUern	
  for	
  all	
  ages	
  in	
  the	
  inner	
  zone,	
  as	
  observed	
  in	
  the	
  OC	
  sample.	
  

•  As	
  for	
  the	
  abundance	
  paUerns,	
  also	
  for	
  the	
  radial	
  gradients	
  much	
  more	
  uncertainty	
  is	
  present	
  in	
  reproducing	
  the	
  
trend	
   of	
   the	
   other	
   mixed-­‐/r-­‐process	
   elements.	
   Due	
   to	
   the	
   adopted	
   nucleosynthesis	
   prescrip;ons,	
   we	
  
underes;mate	
   the	
   trends	
   for	
  Mo	
   and	
  Nd,	
   and	
   always	
   produce	
   steeper	
   gradients	
  with	
   respect	
   to	
   the	
   observed	
  
ones.	
  

•  For	
   all	
   the	
   elements	
   belonging	
   to	
   the	
   second	
   s-­‐process	
   peak	
   as	
   well	
   as	
   for	
   Nd	
   and	
   Pr,	
   our	
  model	
   produces	
   a	
  
plateau	
  for	
  low	
  Galactocentric	
  distances	
  at	
  all	
  the	
  considered	
  ages.	
  This	
  is	
  most	
  probably	
  due	
  to	
  the	
  effect	
  of	
  LIMS,	
  
whose	
   produc;on	
   of	
   those	
   elements	
   reaches	
   an	
   equilibrium	
   value	
   before	
   that	
   in	
   the	
   outer	
   regions,	
   as	
   a	
  
consequence	
  of	
  a	
  faster	
  SF.	
  



MODEL




DATA  SAMPLE


•  We	
  consider	
  among	
   the	
   sample	
  of	
  OCs	
  observed	
  by	
  Gaia-­‐ESO,	
   the	
  62	
   clusters	
  older	
   than	
  100	
  Myr,	
   as	
  
done	
  in	
  M23.	
  The	
  distribu;on	
  in	
  age	
  and	
  distances	
  of	
  our	
  sample	
  OCs	
  is	
  given	
  in	
  Viscasillas	
  V	
  ´azquez	
  et	
  
al.	
  (2022,	
  see	
  their	
  fig.	
  1).	
  For	
  each	
  cluster,	
  we	
  considered	
  the	
  average	
  abundances	
  of	
  its	
  member	
  stars.	
  

•  In	
  the	
  paper,	
  we	
  use	
  the	
  OC	
  sample	
  to	
  trace	
  the	
  abundance	
  radial	
  gradients,	
  and	
  thanks	
  to	
  the	
  wide	
  age	
  
range,	
  also	
  their	
  evolu;on	
  over	
  ;me.	
  

•  The	
   sample	
  of	
  field	
   stars	
   is	
   composed,	
  as	
   in	
  Viscasillas	
  V	
   ´azquez	
  et	
  al.	
   (2022).	
  We	
  combined	
   the	
   two	
  
samples,	
  applying	
  a	
  further	
  selec;on	
  on	
  the	
  signal-­‐to-­‐noise	
  ra;o	
  (SNR)	
  and	
  on	
  the	
  uncertain;es	
  on	
  the	
  
stellar	
  parameters:	
  SNR	
  >	
  20;	
  σ	
  Teff	
  <	
  150	
  K,	
  σ	
  log	
  g	
  <	
  0.25,	
  σ	
  [Fe/H]	
  <	
  0.20,	
  and	
  σ	
  ξ	
  <	
  0.20	
  km	
  s−1.	
  A	
  final	
  
selec;on	
  was	
   introduced	
   considering	
  only	
   stars	
  with	
  at	
   least	
  one	
  measurement	
  of	
   the	
  abundances	
  of	
  
one	
  of	
  the	
  considered	
  neutron-­‐capture	
  elements,	
  and	
  with	
  an	
  uncertainty	
  eA(El)	
  <	
  0.1.	
  	
  


