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The main Milky Way componets.

DISK MASS:    ~6 x 10^10 solar masses
BULGE MASS: ~10^10       solar masses 
HALO MASS:   ~10^9         solar masses
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The Bulge is 
– a bar.

Stars at positive longitudes
are brighter (closer) than
those at negative longitudes
 (Stanek 1994, based on COBE data)
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The Bulge is 
– a bar.

The bar has axis ratios
1.00:0.35:0.26

And inclination angle 
of ~25 degrees with 
respect to the Sun



The X-shape component of the Galactic BulgeThe X-shape component of the Galactic Bulge

   
What is the nature/origin/chemistry of subpopulations 

in the bulge, including the X-structure?

Mc William & Zoccali (2010) 
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The X-shape component of the Galactic BulgeThe X-shape component of the Galactic Bulge

   
– Infrared light reveals the structures of galaxies in 
spite of dust, which blocks crucial details in visible light
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Ness & Lang (2016)



The X-shape component of the Galactic BulgeThe X-shape component of the Galactic Bulge

   
– The subtraction of a model of how stars would be distributed 
in a symmetrical bulge from WISE observations highlight the
X-shape of the Bulge. 
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Ness & Lang (2016)
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Wegg & Gerhard (2014)

The Bulge is 

– a bar.

– Boxy-Peanut 
shaped, X-shaped  
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The Bulge is 

– a bar.

– Boxy-Peanut 
shaped, X-shaped  

– Cylindrical rotator
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Predictions from N-body simulation:

 

Simulation from Athanassoula (2005), Shen et al. (2010)

Starting from a pure exponential stellar disk: 

– The disk develops a bar-forming instability
– Once formed, the bar is subject to buckling instability resulting a: 
   1) cylindrical rotation          2) boxy peanut, X-shaped bulge (a bar) 

But...



RR Lyrae stars trace the metal-poor population
Red clump trace the metal-rich population
 

The structure of the BulgeThe structure of the Bulge



RR Lyrae stars are arranged in the shape of a spheroid.
They do not shape the bar traced by the red clump.
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Chemical abundances in the Galactic Bulge

The metal poor 
population is more 
centrally concentrated 
than the metal rich 
one!
(in contrast with previous 
observations) 

Zoccali et al. (2017)

Confirmation of bimodal bulge
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Chemical abundances in the Galactic Bulge

The metal rich population is arranged in a boxy distribution, 
consistent with an edge-on bar.

Zoccali et al. (2017)

DENSITY DISTRIBUTION:metal rich component
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Chemical abundances in the Galactic Bulge

The metal poor population is arranged in a spheroidal 
shape.

Zoccali et al. (2017)

DENSITY DISTRIBUTION: metal poor component
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Chemical abundances in the Galactic Bulge

The bar/buckling instability may have developed at a 
relatively late time in the evolution of the Milky Way, 
while a bulge was already in place and formed at very early 
cosmic times.

Zoccali et al. (2017)

DENSITY DISTRIBUTION:
metal poor component metal rich component



Antonino P. Milone

Galactic archaeology with the 
Milky Way Disk

 A. P. Milone                                    Stellar Populations                          University of Padova, 2019  



 A. P. Milone                                    Stellar Populations                          University of Padova, 2019  

– The thick disc would be the evolutionary end point of an initially 
pure thin disc, without requiring a heating mechanism. Internal sources of 
dynamical disc-heating, e.g. from giant molecular clouds or clump-induced 
stellar scattering, may also contribute to thick disc formation. 

Although merger events can happen at early times, in this picture the 
formation of the Galaxy is mostly quiescent.

stars.  

Radial age gradient in the Galactic thick disc

Martig et al. (2016)
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Gaia

CMD of stars with
E(B-V)<0.015

Babusiaux et al. (2018)
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Gaia

Babusiaux et al. (2018)

VT<40 km/s 60<VT<150 km/s VT>200 km/s
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Gaia and the structure of the Milky Way

Babusiaux et al. (2018)

VT>200 km/s

Gaia DR2 reveals 
two distinct 

sequences in the 
CMD of halo stars.
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Gaia and the structure of the Milky Way

Babusiaux et al. (2018)

Age and metallicity of the 
halo components:

[M/H] = −1.3, age= 13 Gyr 
(blue), 

[M/H] = −0.5, age = 11 Gyr 
(magenta)
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Gaia Enceladus
Helmi et al. (2018)

A significant fraction of the halo stars near the Sun are associated 
with a single large kinematic structure that has slightly 

retrograde mean motion and which dominates the CMD blue 
sequence revealed in the Gaia data.



 A. P. Milone                                    Stellar Populations                          University of Padova, 2019  

Gaia Enceladus

Helmi et al. (2018)

OBSERVED SIMULATED

 Strong similarity between the observations and the simulation of the 
formation of a thick disk via a 20% mass-ratio merger. 

The retrograde structure could be largely made up of stars originating in an 
external galaxy that merged with the Milky Way in the past.
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The Galactic disc

Helmi et al. (2018)

The large metallicity spread of the 
retrograde structure stars, implies 
that they did not form in a single 
burst in a low mass system.

The more metal-rich stars have lower 
[α/Fe] at the characteristic metallicity of 
the thick disk ([Fe/H]∼ −0.6). 

This means that they were born in a 
system with a lower star formation rate 
than the thick disk.

This implies a stellar mass for the 
progenitor system of ∼ 6 × 10^8 Msun.
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Gaia Enceladus

Helmi et al. (2018)

– Nearby Gaia-Enceladus stars (with parallaxes > 0.25 mas, darker points) are 
distributed over the entire sky. 

– More distant stars are preferentially found in specific regions of the sky.

– Thirteen GCs can be associated with Gaia Enceladus based on their angular 
momentum 
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Gaia Enceladus

GAIA DR2 detected a large-scale gradient in the radial velocity across the full sky. 

Such a coherent pattern can only be obtained if stars are moving in the same 
(retrograde) direction on elongated orbits.

Helmi et al. (2018)
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Ages of halo and thick disc stars

Gallart et al. (2019)
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Gallart et al. (2019)

The age distributions 
suggest that the stars in 
the blue and red 
sequences of the halo 
CMD are equally old, 
and older than the bulk 
of thick disc stars.

Ages of halo and thick disc stars
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Gallart et al. (2019)

The red sequence would host ’in-
situ’ halo stars, formed within 
the seed progenitor of our Milky 
Way.

The in-situ halo is naturally 
more metal rich than the 
accreted halo population 
originating in the lower-mass 
galaxy Gaia-Enceladus whose 
stars form most of the blue 
sequence.

Metallicity of halo stars
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The Galactic disc

Helmi et al. (2018)


