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•  The thin disk is the Galactic component where most star formation 

occurs and occurred in the past.  

•  It is rich with astrophysical fossils and is relatively easy to observe 

(compared to the stellar halo or bulge/bar). 

•  The study of stellar population in the Galactic thin disk allow to 

resolve spatially (and temporally) its metal distributions 

Understanding the Galactic disk to unveil the 
formation and evolution of the Galaxy and of galaxies 



Open questions in galaxy formation and evolution:  

•  How did disk(s) galaxies form?  

•  What is the shape of the radial gradient and how 

does it evolve with time? 

•  How do mergers/gas inflow influence the  galaxy 

evolution?    

Understanding the Galactic disk to unveil the 
formation and evolution of the Galaxy and of galaxies 



A new era  for models of galaxy formation and evolution, 

including:  

 

•  Cosmological context 

•  Detailed nucleo-synthesis 

•  Dynamics and Radial migration 

Understanding the Galactic disk to unveil the 
formation and evolution of the Galaxy and of galaxies 

Observational constraints are needed:  
•  the shape and the evolution of the radial 

metallicity gradients  
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•  High z-galaxies 
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The Galactic gradient: recent literature results 
from many populations 

Daflon	  &	  Cunha	  (2004)	  

Stanghellini	  et	  al.	  (2010)	  

Genovali	  et	  al.	  (2014)+refs.	  therein	  	  

Dehareveng	  et	  al.	  (2010),	  Rood	  et	  al.	  
(2007)	  

Magrini	  et	  al.	  (2009),	  Heiter	  et	  al.
(2014),	  OCCAM	  Apogee	  (2013)	  
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Time	  evolu/on,	  	  
distances	  be9er	  
with	  Gaia	  

Single	  epoch,	  no	  evolu/on	  



Why open clusters:  
•  Numerous population 

•  Ages and distances accurately determined, and spanning large ranges 

•  Membership and accurate chemical compositions 

 

They allow to derive the structure, kinematics and chemistry of the disk, and, 
thanks to the large range of ages, also their time variation. 
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•  à Now found also in outer galaxies 

(see e. g. Bresolin et al. 2012) 

Why open clusters:  
•  Numerous population 

•  Ages and distances accurately determined, and spanning large ranges 

•  Membership and accurate chemical compositions 

 

They allow to derive the structure, kinematics and chemistry of the disk, and, 
thanks to the large range of ages, also their time variation. 

 



The contribution of Gaia-ESO 
survey:  

The clusters’ side of GES 



The	  Gaia-‐ESO	  Survey:	  overview	  
Aim:	  provide	  complementary	  data	  to	  Gaia	  (RV,	  
vsin	  i,	  Teff,	  log(g),	  chemical	  abundances)	  by	  
high	  resolu(on	  spectroscopy	  
	  
Science	  goals:	  
	  
• Galaxy	  chemo-‐dynamics	  
• Cluster	  forma(on	  and	  evolu(on	  
• Stellar	  evolu(on	  
(Gilmore	  et	  al.	  2012,	  Randich	  &	  Gilmore	  2013)	  	  

Instrument	  
	  
FLAMES@VLT	  
• GIRAFFE	  	  (105	  stars)	  	  
(132	  fibres	  at	  R=20,000)	  
• UVES	  (104	  stars)	  	  
(8	  fibres	  at	  R=47,000)	  
	  
	  

Sample	  
	  
	  105	  stars	  at	  R=20,000	  (V	  <	  19	  mag)	  
	  5000	  at	  R=47,000	  (V	  <	  17	  mag)	  
	  Milky	  Way	  components	  	  
	  Old	  clusters	  (age	  >	  100	  Myr)	  
	  Young	  clusters	  (age	  1-‐100	  Myr)	  
	  
	  

Time	  &	  people	  
	  
PIs:	  G.	  Gilmore	  &	  S.	  Randich	  
Co-‐Is:	  +400	  
Start:	  31/12/2011	  
End:	  31/12/2016	  
(4+1	  years)	  
Nights:	  240+60	  
	  



Braking by population –Open Clusters  

Very young 
clusters, 
star forming 
regions, 
associations 

PMS clusters 
(10-100 Myr) 

Intermediate-age  
and old clusters 
(100 Myr – 8 Gyr) 

Nearby (< 1.5 kpc) and distant 
Relevant populations covered 
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~ 70-80 OCs in all phases of evolution (~1 Myr à several 
Gyr), sampling the age-distance-RGC-density-mass-
metallicity parameter space 

    
   OB type stars à M dwarfs 
   plus evolved stars (mostly clump giants) 
   use of literature and VPHAS+ photometry to 
   select target stars within clusters 

 
 
    



Observed cluster sample 

iDR2 
iDR3 
iDR4 
protected 

Courtesy	  of	  S.	  Randich	  



Observed cluster sample 

Kinematics & Gaia legacy 
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iDR4 
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Courtesy	  of	  S.	  Randich	  



Observations – cluster sample 

Kinematics & Gaia legacy 

Gradients iDR2 
iDR3 
iDR4 
protected for P94 
and P95 

Courtesy	  of	  S.	  Randich	  



Observed cluster sample 

Kinematics & Gaia legacy 

Gradients All: stellar 
evolution 

iDR2 
iDR3 
iDR4 
protected 

Courtesy	  of	  S.	  Randich	  



Observed cluster sample 

Observed 
Protected 

Courtesy	  of	  S.	  Randich	  



Observed cluster sample 

Observed 
Protected 

z sampling to 
be improved 

Courtesy	  of	  S.	  Randich	  



The	  UVES	  observa(ons:	  	  
the	  contribu(on	  of	  the	  Gaia-‐ESO	  survey	  

to	  our	  understanding	  of	  the	  radial	  
metallicity	  gradient	  



High-‐res	  literature	  collected	  by	  Magrini	  et	  al.	  (2009)	  	  

The radial gradient: Literature vs. GES 
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The radial gradient: Literature vs. GES 

≤0.5	  dex	  



High-‐res	  literature	  collected	  by	  Heiter	  et	  al.	  (2014)	  	  

The radial gradient: Literature vs. GES 



High-‐res	  literature	  collected	  by	  Heiter	  et	  al.	  (2014)	  	  

≤0.5	  dex	  

The radial gradient: Literature vs. GES 

The gradient is well defined à high dispersion at each radii 
 
à Not homogeneous analysis, observations, etc.  



Apogee-‐OCCAM	  Frinchaboy	  et	  al.	  (2013)	  	  

The radial gradient: Literature vs. GES 

High dispersion at each radiià due to outlier clusters 
Homogeneous analysis but not sure membership? Occam Apogee clusters 
have a median of only one member star with reliable [M/H] and [α/M]. 



Apogee-‐OCCAM	  Frinchaboy	  et	  al.	  (2013)	  	  

≤0.8	  dex	  

The radial gradient: Literature vs. GES 

High dispersion at each radiià due to outlier clusters 
Homogeneous analysis but not sure membership? Occam Apogee clusters 
have a median of only one member star with reliable [M/H] and [α/M]. 



≤0.5	  dex	  

The radial gradient: Literature vs. GES 

✗	  
✗	  

✗	  
✗	  

✗	  

Apogee-‐OCCAM	  Frinchaboy	  et	  al.	  (2013)	  	  

High dispersion at each radiià due to outlier clusters 
Homogeneous analysis but not sure membership? Occam Apogee clusters 
have a median of only one member star with reliable [M/H] and [α/M]. 
However some outliers are well known clusters as NGC6791…. 



The radial gradient: Literature vs. GES 

é Be25	  é  NGC2243	  
Preliminary	  results	  from	  our	  Node,	  wai(ng	  for	  iDR3	  recommended	  	  

GES	  data	  (IDR2-‐3	  old/intermediate	  age	  clusters)	  



The radial gradient: Literature vs. GES 
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The radial gradient: Literature vs. GES 

≤0.2	  dex	  

GES open clusters observed in the first 18 months: 

•  Low dispersion at each Rgc 

•  Bi-modal shape confirmed  

Still low statistics but we are at the beginning…..and the results are very promising! 
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The radial gradient: Literature vs. GES 

≤0.2	  dex	  

Too early for time-evolution studies…..but the GES sample is designed to 

be able to investigate it!	  
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Open clusters: not only iron! 

Elemental abundances in open clusters:  
	  
•  To study the temporal and spatial variation in the disk of elemental 

abundances belonging to different nucleo-synthesis channels, as for 

example [α/Fe] and neutron capture elements  

•  To investigate to stellar evolution process that affects the surface 

abundances, as mixing, as a function of cluster parameters (age, 

metallicity] 

 

•  To test the recovering of dispersed clusters via chemical tagging	  
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Sample of elements in GES iDR2 



Chemical tagging:  
how unique is the chemical pattern of each cluster? 

 
The aims  of  chemical tagging:  

understand the patters of open clusters to find dispersed clusters 

Da	   Silva+09,	   Blanco-‐Cuaresma
+14:	  	  
•  Use	   open	   clusters	   to	   check	  

our	   ability	   to	   re-‐construct	  
a n c i e n t 	   s t a r -‐ f o r m i n g	  
aggregates	   of	   the	   Galac(c	  
disk,	   assuming	   such	   systems	  
existed	   from	   an	   hierarchical	  
a g g r e g a (on	   f o rma(on	  
scenario	  

	  



Different	  clusters	  have	  different	  elemental	  abundance	  pajerns.	  	  
There	  is	  also	  significant	  scajer	  for	  many	  of	  the	  elements:	  	  
•  systema(c	  uncertain(es	  in	  elements	  with	  few	  lines	  
•  intrinsic	  varia/ons,	  especially	  in	  elements	  showing	  excessive	  scajer	  
 

Chemical tagging:  
how unique is the chemical pattern of each cluster? 

 
The aim here: understand common trend in clusters having similar properties (age, 

distance, [Fe/H]) to understand the Galactic chemical evolution  
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Not	  defini(ve	  iDR3	  data	  

Da	  Silva	  et	  al.	  (2009)	  

Most of the dispersion 
is due to different 
Galactocentric 
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Chemical tagging:  
how unique is the chemical pattern of each cluster? 

 
The aim here: understand common trend in clusters having similar properties (age, 

distance, [Fe/H]) to understand the Galactic chemical evolution  



Chemical tagging:  
a simple exercise with GES data 

•  Try to divide the cluster in bins of Galactocentric distances 



Chemical tagging 

•  Inner	  disk	  clusters:	  common	  trends	  in	  some	  abundance	  ra(os	  
•  Enhanced	  Mg	  and	  Si,	  depleted	  Mn,	  enhanced	  1-‐peak	  neutron	  capture	  elements	  

From ~6 to 7 kpc from the GC 



Chemical tagging 

•  Solar	  neighborhood	  clusters:	  almost	  solar	  in	  all	  elements	  
•  Enhanced	  Ba:	  Age	  effect	  (see	  D’Orazi	  et	  al.	  (2009),	  Maiorca	  et	  al.	  2012)	  

Solar	  neighborhood	  clusters	   ~8-8.5  kpc from the GC 



Chemical tagging 

•  Outer	  disk	  clusters:	  common	  trends	  in	  many	  abundance	  ra(os	  
•  More	  dispersion	  in	  heavy	  elements	  (2-‐peak	  s-‐elements,	  and	  r-‐elements)	  

From ~12 to 17 kpc from the GC 



Chemical tagging:  
with iDR2/3 

Solar	  neighborhood	  clusters	  

With	  the	  larger	  sample	  of	  
iDR2/3	  we	  are	  in	  the	  posi(on:	  	  
	  
•  To	  compare	  clusters	  
belonging	  to	  different	  part	  
of	  the	  disk	  

•  To	  search	  for	  common	  
behaviors/pajerns	  that	  
might	  be	  indica(ve	  and	  
tracers	  of	  the	  disk	  evolu(on	  
at	  different	  radii	  (as	  the	  two	  outer	  
clusters,	  extremely	  similar	  in	  almost	  all	  
elements)	  

	  



What more with GAIA?  
•  More accurate distances to be compared 

with the isochrones fitting 

•  ..and orbits (proper motion + radial velocities)! 



Conclusions:  
Open clusters are valuable tools to understand the evolution of the 

Galactic disk:  

 

•  Drawing the shape of the gradient and its temporal evolution 

•  Preparing for future chemical tagging missions of the disk 

•  Allowing to disentangle the evolution of different parts of the disk 

with their complex chemical patters 

•  And with Gaia:  

•  More accurate distances 

•  Associating clusters to their birthplace with accurate orbits 

and ages 


