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What did we learn?

1. Scaling relations
2. Main sequence
3. Mass-Metallicity Relation
4. Fundamental MMR
5. Luminosity function
6. Mass function
7. Halo mass function
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Outline of the course
1. History
2. Review of the general concepts
3. Galaxies in our local Universe
4. Galaxies kinematics
5. Scaling relations
6. Star formation
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Star formation
Star-formation is 
fundamental, but 
complicated
Involve:
Interstellar medium => 
clouds => 
turbulence => 
Dense regions => 
Collapse => 
Star(s)!
Dusty and obscured 
environments



Star formation cycle
Cycle of matter from the ISM to stars and back to the ISM:
1) Gas cooling process: new stars form within the ISM. The gas 
displays dramatic density and temperature contrasts. The densest, 
coldest molecular regions offer an environment favorable to star 
formation.
2) Collapse: Interstellar gas becomes gravitationally unstable and 
collapse into new stars.
3) Feedback: Locked in the stars’ interior, gas goes through a 
succession of thermonuclear reactions, which enrich it in heavy 
elements. A fraction of this matter returns to the ISM via powerful 
stellar winds or supernova explosions.
4) Recycle: The injection of stellar mass and energy into the ISM 
generates turbulent motions in the ISM and may give birth to new 
molecular regions prone to star formation.
This last step closes the loop of the partly self-induced ISM-star cycle.



Star Formation



Molecular cloud
Star formation occurs in molecular gas clouds. 
The process is triggered through the formation of hydrogen molecules (H2) on the 
surface of dust grains, where two H atoms decay radiatively to a bound state. 
The molecule has no permanent dipole moment and a small moment of inertia. The 
first rotational transition occurs at 28.2 μm, requiring a minimum gas temperature of 
T∼150 K for appreciable collisional excitation.





Molecular cloud
To overcome this problem other molecules are used as tracers: e.g. CO and HCN. The moment of 
inertia is higher because of the heavier atoms, and the lowest rotational transitions are at 115.2 and  
88.6 GHz (2.6 and 3 mm wavelength), corresponding to 5.5 and 4.2 K.    
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    Measure Star formation
Measure star formation: obtain the number of stars a galaxy produces from the 
observed integrated light (Star Formation Rate, a.k.a. SFR). Problems:
a) “light” = we observe the light, so the estimation is biased towards most 
luminous stars (OB, 2-90 Mo). What we measure is the massive star formation.
b) “integrated” = the light comes from different stellar populations, with different 
ages and metallicity → needs of the timescale for the physical processes 
measured.
The empirical procedure is:
- Identify a star formation tracer
- Identify the physical mechanism producing emission
- Identify the associated time scale
- Identify the expected correlation with the SFR (linear, quadratic, best-fit 
procedure, log, etc.)
- Identify the conversion factor through observations
With this workflow different star formation tracers have been identified, described 
in the next slides. 



Star formation tracer



    1. UV continuum
PHYSICAL MECHANISM: Stellar populations emits radiation over a broad range. Massive stars 
(OB) at young ages produce an intense UV radiation field, at λ <2000 ̊A, (responsible for the 
ionization of the HII region where the stars formed). Half of the luminosity produced by a stellar 
population in 10 Gyr is emitted in the first 100 Myr at UV wavelengths: natural SFR tracer. 

TIMESCALE: This emission fade by a factor 100 after 100 Myr, a factor 103-106 after 1 Gyr.

LIMITS: Space observatories are needed (strong absorption in the atmosphere). This radiation 
is strongly attenuated by dust extinction in star-forming regions.  Even for the galaxies with 
detected UV continuum, the extinction corrections can be factors of 5–10.



    1. UV continuum
RELATION: 

SFR = KUV * L(FUV)

with KUV varying according to the metallicity. For a Salpeter IMF Conroy et al. 2009 report values 
between KUV = 1-1.55*10-28  (Mo/yr)/(erg/s/Hz).
L(FUV) is measured in erg/s/Hz and SFR in Mo/yr.



    2. Infrared Emission
PHYSICAL MECHANISM: UV radiation produced by young stellar populations is absorbed by 
dust grains and reradiated at MIR and FIR wavelengths. The total IR luminosity (λrest= 
8−1000μm) is a measurement of the energy absorbed by dust, mainly at UV wavebands. For 
this reason, the total IR luminosity is considered as a tracer of star formation.

TIMESCALE: This emission is related to both the young component (<100 Myr) and the old 
population (>1 Gyr).

LIMITS: AGN can produce also a huge UV radiation field, mimicking star formation. The older 
stellar populations also heat the dust, enhancing the IR emission, and then contaminating the IR 
as a star formation tracer.



    2. Infrared Emission
RELATION: 

SFR = KIR * LIR

assuming that all the emission in IR is due to star formation. Since it has already been 
mentioned that dust can be heated also by AGN and the old stellar population it is more 
appropriate to write this relation in terms of absorbed and unabsorbed emission:

SFR = KIR * LIR+KUV * LFUV

with KFUV = 2.5*10-10 (Mo/yr/Lo) and KIR = 1.73*10-10 (Mo/yr/Lo).



    3. Nebular emission line
Star formation excites and ionizes gas in HII regions, producing nebular emission lines. This 
implies that the fluxes of specific nebular emission lines can be used as a star formation tracer. 
Recombination lines, such as Hα and  Lyα, have a linear relation to photoionization rates that 
are due to the UV radiation field produced by OB stars.

Other lines such as [OII] 3,727 A or [OIII] 5,007 A can be used, but they strongly depend on 
metallicity. Emission lines are also subject to absorption by dust in the star-forming regions.

Weaker but less extinguished hydrogen lines in the NIR, such as Paschenα, can be used.



    4. Radio emission
The radio emission is correlated with star formation because electron accelerated by 
SuperNovae emit non-thermal radiation at centimetre wavelengths.

Thermal (free-free) emission from electrons in HII regions can also contribute, at frequencies >5 
GHz. 

The physics is complex and a remarkably tight correlation is observed between radio emission 
and FIR emission in local galaxies spanning many orders of magnitude in luminosity. 

The radio emission is free from dust extinction, an unbiased tracer of star formation.



    5. X-ray
X-rays are usually used to trace AGN, but this emission can be produced by the hot gas heated 
in young stellar populations, specifically in X-ray binaries. This implies that if there is no AGN 
activity, X-ray emission may be used as a tracer. 

However, these tracer suffers many limitations: the proportionality between X-ray luminosity and 
SFR may vary with stellar population age, and most of the cosmic X-ray background comes from 
AGN.
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Star formation law
Extensive studies of Kennicutt in 1998 ended 
with the Kennicutt-Schmidt SFR law:

SFR∝Σ1.4(HI+H2)
and a threshold cutoff surface density below 
which the SFR decreased more steeply. 



Star formation law
The atomic gas (HI) has no tight correlation with 
the SFR tracers and is not relevant to the star 
formation process in the inner parts of spiral 
galaxies.
The dependence is due to HII regions and the 
physical link is via molecular clouds formation.



Starburst systems
A starburst galaxy is a galaxy where the timescale to convert gas into stars is 
lower than the typical MISM/SFR∼1 Gyr for local galaxies like the Milky Way.
This Star Formation Efficiency (SFE) can be characterized by the specific 
SFR per unit stellar mass (SSFR= SFR/M∗) to identify galaxies where the 
characteristic timescale (1/SSFR) is much shorter than the ‘likely’ age of the 
galaxy.



What did we learn?

1. Galaxy constituents
2. Star formation cycle
3. Molecular Clouds
4. Star formation Tracer
5. Star Formation Laws
6. Starburst Systems


