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Gaia: the MW (& beyond)                
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The Gaia sky

M. Bellazzini, A. Bragaglia, C. Cacciari, G. Clementini, P. Montegriffo, T. Muraveva & DPAC



Gaia: news on open clusters
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new OC : Gulliver 1,  seen close to Ruprecht 91

Ø Confirm / disprove candidate
clusters & find new (130+)

Ø Revised census for 1200+ OCs
based on Gaia DR2  
(see Cantat-Gaudin+ 2018a) :      
60 new OCs (32  with D¤< 2 kpc)
… are we really complete 

inside 2 kpc ? …

Ø More new OCs by  Koposov + 
2017 (2) ; Castro-Ginard+
2018 (31) ; Cantat-Gaudin+ 
2018b (41) ; etc

A. Bragaglia & DPAC Gaia

Cantat-Gaudin+ 2018a



Gaia: news on open clusters
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Bossini, Vallenari, Bragaglia+2018:  Bayesian 
age determination (BASE9) for 270 OCs

Bp-Rp
Carrera, Bragaglia+2018: mining APOGEE and
GALAH for hidden OC stars

Ø Homogenous revision of ages,
metallicities (and abundances)

Ø Combining Gaia, stellar models,
spectroscopic surveys



Gaia-ESO Survey
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28 The Messenger 147 – March 2012

calibration and ESO archive re-analysis to 
ensure maximum future utility.

Why not just wait for Gaia? 

The Gaia mission will provide photometry 
and astrometry of unprecedented pre-
cision for most stars brighter than G = 20 
mag, and obtain low resolution spectra 
for most stars brighter than 17th magni-
STCD
�3GD�jQRS�@RSQNLDSQX�C@S@�QDKD@RD� 
is likely to be in 2016, with spectropho-
tometry and stellar parameters to follow 
K@SDQ��@MC������ENQ�SGD�jM@K�B@S@KNFTD
�
Crucially, Gaia has limited spectroscopic 
capabilities and, like all spacecraft, does 
not try to compete with large ground-
based telescopes at what they do best. 

A convenient way of picturing the Gaia–
ground complementarity is to look at  
the dimensionality of data which can be 
obtained on an astrophysical object. 
Larger amounts of information of higher 
quality are the goal, to increase under-
standing. Figure 2 gives a cartoon view  
of this information set. There are four 
basic thresholds which we must pass. 
3GD�jQRS�HR�SN�JMNV�@�RNTQBD�DWHRSR��HSR�
position, and basic photometric data. 
Photometric surveys, such as those 
underway at VISTA and VST will deliver 
this information. The second is to add  
the time domain — motions, including 
parallax, providing distances and speeds. 
Here Gaia will be revolutionary. The  
third threshold is radial velocity, turning 
motions into orbits. While Gaia will pro-
vide radial velocities, the magnitude limit 
is three magnitudes brighter than that  
of the astrometry and the precision is 
much below that of proper motions. Here 
the Gaia-ESO will be crucial to supple-
ment Gaia spectroscopy. The fourth 
threshold is chemistry, and astrophysical 
parameters. These latter two both re- 
quire spectroscopy, which is the key 
information from the Gaia-ESO Survey.

Gaia-ESO Survey samples and observa-
tional strategy

The Gaia-ESO Survey observing strat- 
egy has been designed to deliver the  
top-level survey goals. The Galactic inner 
and outer Bulge will be surveyed, as  
will be the inner and outer thick and thin 

evolution of the Galaxy and its compo-
nents, involves three aspects: chemical 
DKDLDMS�L@OOHMF��VGHBG�PT@MSHjDR�
 timescales, mixing and accretion length 
scales, star formation histories, nucleo-
synthesis and internal processes in  
stars; spatial distributions, which relate  
to structures and gradients; and kinemat-
ics, which relates to both the felt, but 
unseen, dark matter, and dynamical his-
tories of clusters and merger events.  
With Gaia, and stellar models calibrated 
on clusters, one will also add ages for 
�RKHFGSKX�DUNKUDC��jDKC�RS@QR��ENQ�SGD�jQRS�
time. Manifestly, a spectroscopic survey 
returning data for very large samples is 
QDPTHQDC�SN�CDjMD�VHSG�GHFG�RS@SHRSHB@K�RHF-
MHjB@MBD�@KK�SGDRD�CHRSQHATSHNM�ETMBSHNMR�
and their spatial and temporal gradients. 

The Gaia-ESO Survey is that survey. 
,NQDNUDQ��HS�VHKK�@KRN�AD�SGD�jQRS�RTQUDX�
yielding a homogeneous dataset for  
K@QFD�R@LOKDR�NE�ANSG�jDKC�@MC�BKTRSDQ�
stars, providing unique added value. The 
RODBHjB�SNO�KDUDK�RBHDMSHjB�FN@KR�HS�VHKK�
allow to be addressed include:
–  Open cluster formation, evolution, and 

disruption;
–  Calibration of the complex physics that 

affects stellar evolution;
–  Quantitative studies of Halo substruc-

ture, dark matter, and rare stars;
–  Nature of the Bulge;
–  Origin of the thick Disc;
–  Formation, evolution, structure of the 

thin Disc;
–  Kinematic multi-element distribution 

function in the Solar Neighbourhood.

Gaia-ESO Survey legacy overview

This VLT survey delivers the data to sup-
port a wide variety of studies of stellar 
populations, the evolution of dynamical 
systems, and stellar evolution. The Sur-
vey will complement Gaia by using the 
GIRAFFE+ UVES spectrographs to meas-
ure detailed abundances for at least  
12 elements (Na, Mg, Si, Ca, Ti, V, Cr, Mn, 
%D��"N��2Q��9Q��!@��HM�TO�SN��� ����jDKC�
stars with V < 15 mag and for several ad -
ditional elements (including Li) for more 
metal-rich cluster stars. Depending  
on target signal-to-noise (S/N) and astro-
physical parameters, the data will typically 
probe the fundamental nucleosynthetic 
channels: nuclear statistical equilibrium 
(through V, Cr, Mn, Fe, Co), and alpha-
chain (through Si, Ca, Ti). The radial 
velocity precision for this sample will be 
0.1 to 5 kms–1, depending on target,  
with, in each case, the measurement pre-
cision being that required for the rele- 
vant astrophysical analysis. The data will 
resolve the full phase-space distribu- 
tions for large stellar samples in clusters, 
making it possible to identify, on both 
chemical and kinematic grounds, sub-
structures that bear witness to particular 
merger or starburst events, and to fol- 
low the dissolution of clusters and the 
&@K@BSHB�LHFQ@SHNM�NE�jDKC�RS@QR
�

The survey will also supply homogene-
ously determined chemical abundances, 
rotation rates and diagnostics of mag-
netic activity and accretion, for large 
samples of stars in clusters with precise 
distances, which can be used to chal-
lenge stellar evolution models. Consider-
able effort will be invested in abundance 

Astronomical Science

Gaia

2-D 3-D 5-D 12+ D6-D

Position Parallax Proper
motions Spectrum Astrophysical

parameters

Ultra-precision,
over years Distance Transverse

velocities
Radial velocity
+  chemistry

Ages, histories,
astrophysics

Stellar orbits, star formation history, origin of the elements, Galaxy assembly,....
dark matter, cosmological initial conditions, fundamental physics, solar system(s)

Gaia-ESO

Figure 2. Diagrammatic representation of the out-

puts of the Gaia and Gaia-ESO surveys, showing 

how they are complementary.

Gilmore G. et al., The Gaia-ESO Public Spectroscopic Survey

300+ nights (2012-2017), ESO-VLT + FLAMES, PIs Randich & Gilmore, 400+ co-Is,
115000 stars (80 open clusters), final release Spring 2019,  80+ Gaia-ESO 
Consortium refereed papers (& counting)

OAS: A.Bragaglia, M.Bellazzini,  F.Calura, G.Fiorentino, X.Fu, D.Romano, M.Tosi



Gaia-ESO: ask the OCs
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Figure 8: (from Randich et al. 2018) Comparison between isochrones and 
observational data in the (J-KS, H), V-KS,V) and (log Teff, KS) diagrams for the 
clusters IC 2391 and IC 2602. Members from Gaia-ESO are indicated as blue full 
circles (GIRAFFE) and red squares (UVES), while TGAS members are plotted as 
magenta open triangles. Photometric data are taken from 2MASS catalogue, AAVSO 
Photometric All Sky Survey (APASS) DR9 and ASCC-2.5, 3rd version compilation. 
The estimated reddening and age values are indicated in the left-hand panels. For both 
clusters, the unresolved binary sequence (with a constant mass qbin=0.8) is shown as a 
dashed line. 
 
 
Thin disc chemical evolution and stellar nucleosynthesis  
Detailed abundance pattern of open clusters allow comparison with chemical 
evolution models and further constraints on the different parameters and assumptions. 
Gaia-ESO data offer the possibility to investigate in great detail the distribution of 
metallicity in the thin disc and its evolution, as well as the behaviour of a variety of 
key chemical elements. 
In this context, average [O/Fe] abundance ratios of a few open clusters were 
compared with two chemical evolution models; a good agreement was found when 
considering the evolution predicted by the model with a radial variation of the star 
formation efficiency in the inner regions of the disc (Tautvaisiene et al. 2014). This 
gave strength to the the hypothesis of an inner birthplace for these clusters, already 
proposed by Magrini et al. (2014), based on the cluster metallicity distribution from 
the first Gaia-ESO internal release. The homogeneous measurements of Al and Na in 

Randich+2018
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of the disc. Most interestingly and surprisingly, they found that all the regions have 
close-to-solar or slightly sub-solar metallicities. At variance with the older clusters, 
the radial metallicity distribution traced by the young clusters is almost flat, with the 
innermost star forming regions having [Fe/H] values that are 0.10-0.15 dex lower than 
the older clusters located at similar Galactocentric radii. These findings for the 
present-day metallicity distribution favour models that predict a flattening of the 
radial gradient with time. On the other hand, the decrease of the average [Fe/H] at 
young ages is not easily explained by the models and reveal a complex interplay of 
the several processes that controlled the recent evolution of the Milky Way thin disc. 

 

Figure 11: (from Spina et al. 2017) Radial metallicity distribution of all the clusters 
contained in the iDR4 catalog. Lines denote the fit through the points.  

 

Milky Way. 
Milky Way science from Gaia-ESO has appeared in about twenty-five refereed papers 
to date, as well as in several Gaia-ESO science papers combining both Cluster and 
Milky Way data. Early data processing delivered stellar parameters and [Fe/H] and 
[D/Fe] for only moderate statistical weight samples. Hence the main early focus, as 
anticipated, was on stellar population properties of the Galactic discs, though studies 
of the Galactic bulge, very metal-poor stars, and interstellar extinction are already 
available. Studies of the Galactic bulge, very metal-poor stars, and interstellar 
extinction were also already available based on earlier samples, but the iDR4 sample 
increased the statistical weight to allow more detailed studies of these populations. 
Exploitation of iDR5 will allow even more detailed studies to be carried out.  

Galactic 3-D extinction map Schultheis et al. (2015), and Puspitarini et al. (2015) 
analysed the interstellar extinction distribution as a function of distance along 
observed lines of sight. Their agreement with other detailed studies was excellent, 
indicating the value of large surveys to map 3-D dust distributions in the Galaxy.  

 

Spina+2017
A&A 616, A112 (2018)
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Fig. 3. Left: mean cluster [Na/Fe] ratio, computed using only the member stars, as a function of stellar mass. The new observations are shown as
red diamond symbols. The typical standard deviation of the mean [Na/Fe], ±0.05 dex, is shown as an error bar. The data of the Gaia-ESO clusters
are from Smiljanic et al. (2016), Overbeek et al. (2017), and Tang et al. (2017). The data of the Hyades are from Smiljanic (2012). We estimate the
uncertainty in the turn-o↵masses to be less than ±0.2 M�. Right: [Na/Fe] as a function of mass for the sample of selected Cepheids. Two Cepheids
suspected to be at the first crossing are shown as red stars; the other Cepheids are indicated as solid circles. The abundances are in LTE. References
are given in the text. The models extend only up to 6 M�.

Na. A few cases of higher [Na/Fe] would likely require rotation-
induced mixing to be explained.

Thus, the conclusion drawn for the Cepheids is the same
as for the open cluster giants. Observationally, it seems that,
in most cases, rotation-induced mixing does not a↵ect the post
dredge-up surface Na abundance significantly. Moreover, the
models of Ventura et al. (2013), in which the trend of [Na/Fe] with
stellar mass is flat, are preferred. Only a small number of stars
seem to require rotation-induced mixing to be explained, even
though in the standard models of Lagarde et al. (2012) the [Na/Fe]
also increases with mass. Therefore, the conclusion drawn from
the [N/C] ratios is supported by the Na abundances. The only dis-
crepant case is Trumpler 2, where [Na/Fe] seems to require addi-
tional mixing that is not needed to explain the [N/C] ratio.

To further illustrate the trend of [Na/Fe] in clusters, we se-
lected a few results from the literature coming from a single
group (Reddy et al. 2012, 2013, 2015, 2016). The LTE [Na/Fe]
ratios are plotted against cluster age in Fig. 4. The mass range
should be equivalent to that of our new sample of clusters (be-
tween 2.5–5.5 M�). In LTE, the average [Na/Fe] is +0.25 dex and
no trend with age is apparent. A typical non-LTE correction of
�0.10 dex, as derived for our sample, would bring the average to
+0.15 dex (with range between +0.02 dex and +0.27 dex). The
lack of trend and the mean value support the conclusion drawn
from our own sample; strong e↵ects of rotation-induced mixing
are also not seen in this independent sample of cluster giants.

4.3. Aluminium abundances

The aluminium abundances ([Al/Fe]) of the open cluster giants
are shown as a function of stellar mass in Fig. 5. The figure
includes values for the Gaia-ESO clusters reported in Smiljanic
et al. (2016). The novelty in this plot is that all Al abundances
have been corrected for non-LTE e↵ects, which was not possible
in Smiljanic et al. (2016). We did not collect abundances of Al
for the Cepheids.

Most [Al/Fe] ratios are distributed around values equal
to zero, demonstrating that there was no change in surface
Al abundance during the dredge-up. Two clusters between

3.0 and 3.5 M� have [Al/Fe] ⇠+0.10 dex. This small enhance-
ment could still be caused by the errors of the analysis or perhaps
comes from the cosmic scatter, as seen in the [Al/Fe] abundances
of field stars in Smiljanic et al. (2016). The Gaia-ESO clus-
ter that stands out is NGC 6705. The comparison with the new
data confirms the discussion in the Introduction that NGC 6705
seems to have anomalous abundances of Al (see the discussion
in Magrini et al. 2015; Smiljanic et al. 2016).

There is a suggestion of an upturn in [Al/Fe] for the masses
around 5.5 M�. As for the case of Na, it is Trumpler 2 the cluster
with the highest [Al/Fe] ratio, +0.19 dex. If confirmed, this could
indicate that at around this stellar mass, the dredge up reaches
regions in which the temperature was high enough to activate
the MgAl cycle. The models of Lagarde et al. (2012) themselves
seem to hint that a small enhancement of Al becomes possible.

New observations of giants in this mass range are needed
to test the upturn of the trend. Alternatively, observations of
unevolved stars in Trumpler 2 could help to clarify whether the
observed surface abundances are a result of deep mixing. For the
moment, we can conclude that for stars below 5 M�, the dredge
up does not cause any change in the surface Al abundances.

4.4. Cepheids in open clusters

Twelve of the Cepheids in our selected sample are also members
of open clusters. This o↵ers the opportunity to compare the stel-
lar masses obtained from the pulsation theory with masses ob-
tained from isochrones. Such comparison might reveal whether
inconsistencies among the two scales have any influence in
the trends of surface abundances with mass. The list of cluster
Cepheids and the values of stellar masses are given in Table 9.

For seven stars, the agreement between the turn-o↵ mass
(which we adopt as the mass of cluster stars) and the pulsation
mass is within 1 M�, which we deem to be satisfactory. Moving
these stars by less than 1 M� in the plots of Figs. 2 and 3 has no
e↵ect on the trends of abundance with mass.

For five stars (S Nor, SU Cas, U Car, VY Car, and WZ
Sgr) there is a di↵erence of more than 1 M� between masses.
In all cases, except U Car, the pulsation mass is bigger than the

A112, page 10 of 13

Smiljanic+2018
What is the distribution
of metallicity in the MW
disc? How does it change 
with time ?
èGaia-ESO + age + distance

(80 OCs end-of-survey)

How well can we
assign ages?
è Gaia+Gaia-ESO

+stellar models
(done TGAS,
in progress DR2)

Do stellar model include
all / the right mixing
mechanisms?
èNa in giants (& C,N)

(GES+follow-up)NB about half of GES papers
on open cluster science



Gaia-ESO on lithium
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X. Fu, D. Romano, A. Bragaglia & GES Collaboration 

Ø Thin disc: stronger and higher overall 
level of Li enrichment than the thick disc

Ø Li decline at super-solar metallicity

Ø Li-[α/Fe] anti-correlation (c-c SNe
contribution is negligible)

Ø Li-[s-process elements] correlation
(AGB stars mainly contributed to

thin disc enrichment) 

MW lithium enrichment history



WEAVE: next generation
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A.Bragaglia, M. Bellazzini, A. Sollima & WEAVE Consortium

• A few million stars to unravel the MW history                 
• Targets “Gaia-quality”

N(Gmag<16)/deg2

• WHT, FoV 2 deg, 950+ fibers 
• starts 2020, 5 yr



AGV = Another Gaia Venture
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• Define a golden sample of local stars belonging to thin/thick disc and halo
• Within Gaia highest precision sphere (PLX, PMs èdistance, space motions, etc)
• Study accreted / dissipative components
• Derive spectroscopic parameters and detailed chemical abundances

è high-res, high SNR spectra of ~1000 stars with FIES, McDonald 
+ UVES, HARPS, FEROS, SOPHIE,  HIRES (archive) : ~ 1000 hr / 100+ n 

E. Carretta (PI), A.Bragaglia,, D. Romano (OAS)
R.G. Gratton, V. D’Orazi, S. Lucatello (OAPD)
C. Sneden, M. Adamow (Uni. Texas)
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AGV = Another Gaia Venture
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Spectroscopic HRD

Work in progress :
• “all” elements from Be to Pb – from all nucleosynthetic sites
• Comparison with state-of-the art chemical evolution models
• Chemo-dynamics of accreted / dissipative components
• Side benefit: calibration sample for WEAVE (test all elements by pipeline/CDPs)



AGV = Another Gaia Venture
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Connection with GCs:

20-30 stars with composition 
of 2nd generation in GCs are
expected
(high Na, N, Al + low O, C, Mg)

è formation of Galactic halo
è link (proto-)GC / MW field

=1st gen.
=2nd
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SPA - Stellar Population Astrophysics
the detailed, age-resolved chemistry of the Milky Way disk

THE LARGE PROGRAM @ TNG
Ø 80 nights (18 already executed) / 3 yrs
Ø GIARPS (GIANO-B+HARPS-N) spectra
Ø 500+ stars in the MW disk & clusters

with different ages and RGC’s

PI L.Origlia, WP Resp. G.Bono, A.Bragaglia, E.Dalessandro
Co-Is : G. Andreuzzi, V. Braga, T. Cantat-Gaudin, E. Carretta, G. Casali, S. Cassisi, G. Catanzaro, G. Cescutti, R. daSilva, V. D'Orazi, C. Fanelli, 
G. Fiorentino, A. Frasca, X. Fu, L. Inno, A. Lanzafame, S. Lucatello, L. Magrini, M. Marconi, A. Mucciarelli, E. Oliva, M. Rainer, D. Romano, 
N. Sanna, O.Straniero, M.Tosi, A.Vallenari
Co-Is from foreign Institutes: K.Fukue, N.Kobayashi, B.Lemasle, N.Matsunaga, M.Monelli

First high resolution, multi-element
chemical maps of the Solar neighborhood, 
Scutum-arm & Persei complexes and of the
inner+outer disk

è radial/azimuthal gradients, age-chemistry
relations, cosmic scatter and other
inhomogeneities

è critical tests of stellar evolution & stellar
physics



TARGETS:
Ø red/reddened stars: Mira & type 2 Cepheid variables, RSGs in the Scutum complex

too faint in the visual to be observed with HARPS-N è only near-IR GIANO-B spectra
- exploring a new space of parameters in high resolution stellar spectroscopy
- tracing gas inflows and SF in the Scutum complex triggered by interactions

between the spiral arm and the central bar 
Ø stars in open clusters and in the h+χ Persei complex and Classical Cepheids

è bright enough both in the visual and in the near IR to be observed with GIARPS
- tracing chemistry of multi-age stellar populations, cluster formation and

testing stellar models

OAS Days 17-18 Dec 2018Resolved Stellar Populations: Open Clusters & MW field

atomic + a few molecular lines atomic + many molecular lines

GIANO-B HARPS-N

SPA - Stellar Population Astrophysics
the detailed, age-resolved chemistry of the Milky Way disk
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SPA & more: OSTTA open clusters
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Gaia is
great 
also to
“clean”

members

CMD in Gaia bands G, Bp, Rp colored by membership probability based on 5-d Gaia solution

A. Bragaglia (PI), E. Carretta, X. Fu & INAF-PD, INAF-CT, INAF-AA  & Barcelona U. & Bordeaux U. 

In addition to SPA : One Star to Tag Them All project (@NOT, proposed @ESO)

Why ? Presently we know (at least) metallicity of only ~10% of known OCs 
è problems to derive their age, bad coverage of disc properties 
è add metallicity, detailed chemistry for as many OCs as possible  



Chemo-dynamical tomography of the MW
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Good & bad
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The SCIENTIFIC  present and future are good : 
we leave in a “golden age” : Gaia, large surveys (Gaia-ESO, WEAVE, LSST…),
modern instruments, modern computing and modeling

HOWEVER

ØWe are too few to fully exploit all this plenty (staff, PhD, Postdoc needed)
è Our community needs to grow in number (& in coordination)
è New positions for stellar populations (at large)

ØWe are not fully geared-up (staff, but in part also PhD & post-doc)
è We need to invest in “big data”, “astrostatistics” and the like

(e.g.  INAF could fund PhD  positions –as INFN, IIT, CINECA, Golinelli-
https://www.unibo.it/it/didattica/dottorati/2017-2018/data-science-and-computation )

ØWe need (stable) financial support
è PRIN INAF, MIUR, PREMIALI, international fundings
è support to surveys, LPs


