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Stars at positive longitudes
are brighter (closer) than
those at negative longitudes

 (Stanek et al. 1994, 
based on COBE data)

The Bulge is a bar.

The structure of the Bulge
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The slope of the RGB in the differential-reddening corrected CMDs 
from VVV allow to derive a complete metallicity map of the Bulge.   

  

Comparison of the metallicity distributions inferred 
from photometry (Gonzalez et al. 2013) and 
 from spectroscopy (Hill et al. 2011).

Gonzalez et al. (2013)

Baade Window

The structure of the Bulge: the X shape
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The photometric metallicity map of the Bulge reveals four lobs.   

  

Gonzalez et al. (2013)

The structure of the Bulge: the boxy-penaut shape
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Stellar density maps show the structures traced by the red clump. 

At latitude -5 we observe two blobs that merge when we move towards the plane. 
Their relative distance increases when we move towards lower latitudes.  

  

Saito et al. (2012)

Source: M. Zoccali 

The structure of the Bulge: the boxy-penaut shape
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IMACS@MAGELLAN + GIRAFFE@VLT radial velocities 
of 454 stars of both faint and bright red clump

  

3D motion of the Galactic Bulge

Source: M. Zoccali 

The structure of the Bulge: the boxy-penaut shape

mailto:IMACS@MAGELLAN
mailto:GIRAFFE@VLT
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– Bright RC, which traces the closer overdensity of bulge stars, 
shows an  excess of stars moving towards the Sun. 
– An excess of stars receding from the Sun is seen in the 
far overdensity, which is traced by faint red clump stars.

  

Vasquez et al. (2013)

Proper motions and radial velocities
 are used to derive 
stellar orbits for faint and bright 
red clump stars.

The structure of the Bulge: the boxy-penaut shape
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The different motions of bright and faint red clump stars are 
explained by the presence of stars on elongated orbits, which are 
most likely streaming along the arms of the X-shaped bulge. 

  

Vasquez et al. (2013)

Observed Model
Stellar motions 
are consistent 
with predictions of 
dynamical models of
peanut-shaped bulges

The structure of the Bulge: the boxy-penaut shape
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The structure of the Bulge

The Milky Way differs from M74

M74
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The structure of the Bulge

Milky Way twin?

NGC4394
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The structure of the Bulge

Galaxies exhibit wide variety of shapes
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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 structure of the Bulge
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Wegg & Gerhard (2014)

The Bulge is 

– a bar.

– Boxy-Peanut 
shaped, X-shaped  
 

The structure of the Bulge



/home/milone/DIDATTICA/Stellar
Pop/BULGE/wegg_bulge.mp4
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The CMDs of the Bulge exhibit double red clump

Mc William & Zoccali (2010) 
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The structure of the Bulge: the X shape



   
Distances of the two red clumps as a function of latitude 

(i.e., in the X–Z plane) reveal that 
the Bulge exhibits an X-shape component

Mc William & Zoccali (2010) 
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The structure of the Bulge: the X shape
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The Bulge: optical vs. infrared 

The Bulge comprises the innermost ~3 kpc of the Galaxy
The distance from the sun is ~8 kpc 



The Bulge: optical vs. infrared 
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– Infrared light reveals the structures of galaxies in 
spite of dust, which blocks crucial details in visible light
 

Ness & Lang (2016)

The Bulge: optical vs. infrared 

 A. P. Milone                                    Stellar Astrophysics                          University of Padova, 2020  



   
– 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)

The structure of the Bulge: the X shape



The spiral galaxy NGC4710 exhibits an X-shaped bulge 

Credit NASA-ESA and P. Goudfrooij
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The structure of the Bulge: the X shape



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

The X-shape is a natural dynamical 
process that happens to bars.

– The disk instability (due e.g. by spiral arms)
drives stars to the center in elongated orbits.

– This process forms a bar that is unstable:
Stars start buckling ending up in families of 
stable orbits in shape of eight, 
banana, or anti-banana.
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The BRAVA survey

BRAVA is a large-scale 
radial velocity survey of 

the Galactic bulge.

The aim is to advance the 
knowledge of how Galactic 

bulge and Milky Way formed. 

Radial velocities from the 
BRAVA stars are used to test 
and constrain dynamical 
models of the bulge, and 

to quantify the importance, if 
any, of cold stellar streams 
in the bulge and its vicinity. 
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BRAVA is a kinematic survey of Milky-Way stars (PI Rich).
They obtained radial velocities for ~10,000 M-giants bulge. 

Rich et al. 2007

The rotation of the Bulge
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Bulge stars exhibit cylindrical rotation: 
the Bulge is rotating like a solid body.
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Rich et al. 2007; Shen et al. 2010

The rotation of the Bulge



Bulge stars exhibit cylindrical rotation: 
the Bulge is rotating like a solid body.

Rich et al. 2007; Shen et al. 2010

Cylindrical rotation is expected if 
there is only a bar.

A spheroid is expected to have a 
significant variation of rotation 
with latitude.

Are we in a BULGE-
LESS galaxy ?

The rotation of the Bulge
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The structure of the Galactic Bulge. Summary:The structure of the Galactic Bulge. Summary:

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...



The Structure of the Bulge: insight 
from RR-Lyrae variables

Dekany et al. (2013)
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RR Lyrae stars trace the metal-poor population of the Bulge
Red clump stars trace the metal-rich population
 

The Structure of the Bulge: insight 
from RR-Lyrae variables



RR Lyrae stars are 
arranged in the shape of a 
spheroid.

They do not shape the 
bar traced by the red 
clump.
 

The Structure of the Bulge: insight 
from RR-Lyrae variables

Dekany et al. (2013)
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RR Lyrae stars exhibit hot kinematics and null or 
negligible rotation.
They are members of a separate population from the 
bar/pseudobulge.
 

Kunder et al. (2017)
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GIRAFFE@VLT

Chemical abundances in the Galactic Bulge

High-resolution multi fiber spectrographs allow to observe large 
number of spectra simultaneously.
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Chemical abundances in the Galactic Bulge
– Evidence for metallicity gradient along the minor axis of the Bulge. 
 The Baade window (b~-4) hosts the most metal-rich stars, whereas the average 
metallicity decreases towards lower galactic latitudes.

Zoccali et al. (2008)



 A. P. Milone                                                                                                  http://progetti.dfa.unipd.it/GALFOR    

Hill et al. (2011)

Chemical abundances in the Galactic Bulge

Hill et al. (2011)

Metallicities of ~400 bulge stars are consistent with a 
bimodal  distribution.
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Chemical abundances in the Galactic Bulge

Hill et al. (2011)

To get this conclusion we need to take into account the 
observational errors, by smoothing the metallicity 
distribution and deconvolving for observational errors.

Bar ?

Classical Bulge ?
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Babusiaux et al. (2010)

Chemical abundances in the Galactic Bulge

The vertex deviation, lv, is indicative of the  the 
elongation of the stellar velocity distribution.  

– Metal-poor stars have vertex deviation, lv, close to zero. 
Hence, the have a spheroidal velocity distribution. 

– Metal-rich stars have negative lv. This indicates that they 
evolve in an elongated (ellipsoid) velocity distribution.
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Chemical abundances in the Galactic Bulge
The Giraffe Inner Bulge Survey (GIBS)

Zoccali et al. (2017)

GIRAFFE spectra of 5,000 K-giant stars
Resolution R=25,000
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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 and structure of the Bulge

Zoccali et al. (2017)

DENSITY DISTRIBUTION:
metal poor component 48%



 A. P. Milone                                                                                                  http://progetti.dfa.unipd.it/GALFOR    

Chemical abundances and structure of the Bulge

In contrast to metal-poor stars, the metal-rich population is 
arranged in a boxy distribution, consistent with an edge-on 
bar.   

Zoccali et al. (2017)

DENSITY DISTRIBUTION:
metal poor component 48% metal rich component 52%
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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

Chemical abundances and structure of the Bulge


