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The Big questions:

– How did the Milky Way form?
– How do galaxies form? 
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Spheroids

Historically, bulges and ellipticals are called spheroids
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Classical Bulges

Historically, bulges and ellipticals are called spheroids

Some bulges (classical bulges) and elliptical galaxies share several properties: 
e.g. they lie on the same fundamental plane.  

Falcon Barroso et al. 2002
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Pseudo-Bulges

Other bulges do not share the properties of ellipticals.
These pseudo-bulges look like bars and derived from 
dynamical instability of the disk. 
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How did Bulge form at high z?
Two complementary approaches:

 
I) observations at high-redshift to see bulges in formation

II) Galactic archaeology: investigation of the Galactic bulge to map 
its structure, dynamics and stellar populations in great detail  
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Genzel et al. 2008, AJ, 687, 59



High-z observations of bulges 

 

Tacchella et al. 2015
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High-z observations of bulges 

 
–  observations at high-redshift have 
revealed central concentration 
(i.e. bulges) in massive galaxies at z~2.

– Star formation has 
almost ceased in the center 
while continuing in the 
surrounding disks.

Tacchella et al. 2015
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High-z observations of bulges 

– In massive galaxies (log(M/Msun)>11), star formation is quenched 
from the inside out, on time-scales less than 1 billion years in the 
inner regions up to a few billion years in the outer disks.

– These galaxies sustain high star-formation activity at large radii, 
while hosting fully grown and already quenched bulges in their cores.

Tacchella et al. 2015, Sci, 348, 314
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High-z observations of bulges 
 

–  the total stellar mass and bulge mass grow synchronously in z~2 
galaxies

– quenching is concurrent with their total masses and central densities 
approaching the highest values observed in massive spheroids in 
today’s universe 

Tacchella et al. 2015, Sci, 348, 314

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



Tacconi et al. 2018

High-z observations of bulges 

The disks of high-redshift galaxies are in many respects very different 
from those in the nearby universe. 

– have much higher gas fraction 
( 50%) than nearby disks, ∼
which scale like (1 + z)^2.6∼  
(e.g. Tacconi et al. 2018).

– are more compact for a 
given stellar mass, with their 
effective radius scaling 
as 1/(1 + z)  (Newman et al. 2012).∼

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



Ilbert et al. 2015

High-z observations of bulges 

Likely as a result of higher gas content and gas density, the star 
formation rate at fixed stellar mass increases as (1 + z)^2.8∼
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Simulations from Elmegreen et al. (2009)

Bulge formation scenarios

I) Bulges are due to giant clump formation 
and their migration and coalescence to the center
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Simulations from Elmegreen et al. (2009)

Bulge formation scenarios

I) Bulges are due to giant clump formation 
and their migration and coalescence to the center
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Tadaki et al. (2017)

Bulge formation scenarios
II) Bulges form from the overall violent disk instabilities that lead to 
the central pileup of a large amount of star-forming gas with a very 
short depletion time.

In both scenario I and II, 
bulges form rapidly out 
of the disk, in a gas-rich, 

highly dissipative 
environment
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Bulge formation scenarios
III) bulges form as a result of dissipationless merging
of sub-units (classical bulges). 

Gravitational forces and torques disrupt the orbital paths of stars, resulting in the 
randomised bulge orbits. Hence they have properties similar to elliptical galaxies:

– Stars have random orbits;
– Bulges exhibit spherical shape;
– The distribution of light is described by a Sersic profile  
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Bulge formation scenarios

IV) bulges form as a result of dissipationless bar
formation in a gas-poor stellar disk with ensuing buckling
instability of such a bar (pseudo-bulges) 

Simulation from Shen et al. (2010)
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Bulge formation scenarios

 

Simulation from Athanassoula (2005)

IV) Starting from a pure exponential stellar disk (same size as the 
Milky Way), N-body simulations predict that:

– 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) 
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The Bulge  
of the Milky Way.

The Bulge of the Milky Way is the only bulge that we can resolve 
down to low mass stars. 
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 DESCRIBE THE CMD  
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Age

Metallicity

How many stellar populations?
In what they differ ?



Hunting the building blocks of the Bulge

https://www.youtube.com/watch?v=jtQOAtiJq3o

 Terzan 5 is a massive Globular Cluster in the bulge.
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Hunting the building blocks of the Bulge

 Terzan 5 hosts two red clumps.

Ferraro et al. (2009)
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Hunting the building blocks of the Bulge

 Terzan 5 hosts two red clumps that correspond to two stellar 
population with different metallicities ([Fe/H]~-0.2 and +0.3). 

Ferraro et al. (2009)
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Hunting the building blocks of the Bulge

Ferraro et al. (2009)
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Evidence for a ([Fe/H]~-0.8) metal-poor populations in Terzan 5?

 Terzan 5 hosts two red clumps.

Ferraro et al. (2009) Massari et al. (2014)
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The Bulge  
of the Milky Way.

There is no sharp distinction between bulge and disk!
We refer to the inner ~3 Kpc of our galaxy. 



CMD and age of the BulgeCMD and age of the Bulge

Source M. Zoccali

Observational challenges:
– Field contamination.
– differential reddening



Observational challengings
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The CMD of Bulge stars in the Baade Window
exhibits continuous color distribution

(Lagioia et al. 2014)

The CMD of the globular cluster NGC2808
exhibits distinct stellar populations 

(Milone et al. 2015)



The age of the BulgeThe age of the Bulge

Clarkson et al. (2008) 

Stars younger than ~5 
Gyr, if present, 
comprise less than 
~5% of the total 
number of Bulge stars. 
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The age of the Galactic Bulge: 
Arguments for an old Bulge  

Conclusion from chemical evolution models
The Bulge formed at the same time and even

faster than the Galactic halo 
e.g. Matteucci & Romano 1999

Conclusion from the CMD 
The Bulge is as old as Globular clusters, 
(age>~10 Gyr) with no trace for any young

stellar population
e.g. Zoccali et al. 2003
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The age of the Galactic Bulge 
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Renzini et al. (2018)

 A new method to infer
 ages for Bulge stars is 
based of five-band HST 
photometry in five fields. 

Proper motions are used 
to separate Bulge 
members from the bulk of 
disk stars.

 



The age of the Galactic Bulge 
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Renzini et al. (2018)

 Reddening-free diagrams from multi-band photometry

 



The age of the Galactic Bulge 
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Renzini et al. (2018)

 Reddening-free diagrams from multi-band photometry are used to 
identify stellar populations with different metallicity.

 



The age of the Galactic Bulge 
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Renzini et al. (2018)

 The bulk of Bulge stars are ~10 Gyr old and only ~3% of stars are 
younger than ~5 Gyr
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During microlensing events faint Bulge stars can brighten 

by several magnitudes 

Age-metallicity relation of the Galactic Bulge
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Bensby et al. (2013) get high-resolution spectra of dwarf stars
 in the Bulge when they are microlensed. 

 

Age-metallicity relation of the Galactic Bulge

From the spectra they infer gravity, temperature and metallicity

Bensby et  al. (2013)
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Ages are derived from the comparison of observations and 
isochrones in the log(g) vs. log(Tef) plane.

These stars are close to the MS turn of.

Age-metallicity relation of the Galactic Bulge

Bensby et  al. (2013)
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~30% of the microlensed dwarfs are younger than ~7 Gyr.

A few stars have ages of ~1.5 Gyr.

Age-metallicity relation of the Galactic Bulge

Bensby et  al. (2013)
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Stars with [Fe/H]<~-0.4 are old, with ages of 10-12 Gyr

Stars with [Fe/H]>~0.4 span a wide range of ages

Evidence for a two-component Bulge?

Age-metallicity relation of the Galactic Bulge

Bensby et  al. (2013)
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Results for 90 microlensed dwarfs confirm the discrepancy 
between ages inferred from spectroscopy and from HST photometry.

Age-metallicity relation of the Galactic Bulge

Bensby et  al. (2017)
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Mc William & Rich (1994)

Chemical abundances in the Galactic Bulge
   

Pioneering papers based on high-resolution spectroscopy reveal:

– a wide spread in metallicity 
– With a peak around solar metallicity and 
– a tail towards lower [Fe/H]

11 stars at high resolution R=17,000
Used to calibrate metallicity in low-resolution 

spectra of 88 stars. 
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Fulbright et al. (2006)

Chemical abundances in the Galactic Bulge

27 stars at high resolution R=60,000
Used to calibrate metallicity in low-resolution 

spectra of 217 stars. 

The metallicity distribution suggests an efficient star formation.
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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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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)
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Chemical abundances in the Galactic Bulge
– It seem that there no evidence for metallicity gradient 
in the inner Bulge: 
Is the metallicity gradient starting from l<~-4?    
Is the lack of gradient in the inner Bulge due to low statistics?

Metallicity gradient is expected if the Bulge would form from dissipation 
collapse.
Instead, if the Bulge is formed by dynamical instability (a dynamical efect 
that forms and thickens the bar) we do not expect any gradient.  

Rich et al. (2007, 2011)
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Ness et al. (2013)

Chemical abundances in the Galactic Bulge

The lines of sight pass 
through diferent Milky 
Way components.

We expect to observe:
– Thin disk,
– Thick disk
– Bulge
– Halo
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Ness et al. (2013)

Chemical abundances in the Galactic Bulge

Inner Middle Outer 
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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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Chemical abundances in the Galactic Bulge
The Girafe 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


