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Star Formation



Star Formation Star formation
• Star formation defines the visible properties of galaxies and this means that any theory 
of galaxy formation needs to include a theory of how stars form…

• A full understanding of star formation in a cosmological framework is challenging - the 
typical mass of gas in a galaxy is ~1011M◉ with a density of ~10-24 g cm-3, and for a typical 
star this is ~1M◉ and ~1g cm-3  ! 11 orders of magnitude in mass and 24 in density 

• Gas on the scale of the Milky Way can cool and collapse very quickly. So one of the 
challenges for a theory of galaxy formation and evolution is actually how to STOP a 
galaxy turning all its gas into stars all in one go at the beginning

• As gas cools it looses pressure support and flows to centre of a galaxy (or halo), causing 
density to increase. Once this density increases sufficiently the gas becomes self 
gravitating and collapses under its own gravity.

• In the presence of efficient cooling self-gravitating gas is unstable and can collapse 
catastrophically. This leads to the formation of dense, cold gas clouds within which star 
formation can occur.



Lessons from SF in the MW
What does Galactic star formation tell us?

• The ISM is constituted by HI, HII and H2 (~30%) and dust (1%)
• Star formation occurs in molecular clouds

– it occurs within the dense parts of molecular clouds
– only molecular gas can cool below 100 K and therefore collapse under its 

own gravity:  Jeans criteria, Bonnor-Ebert 
– atomic gas does not emit efficiently at these temperatures but molecular 

gas does, mostly with roto-vibrational transitions. The more its emits the 
more it cools, the more its density increases (so gravity increases). At 
some point gravity will exceed the pressure, the equilibrium is broken and 
collapse starts.

• H2 forms on dust grains most efficiently. It can be destroyed by the radiation 
field, but deep inside molecular clouds it is self-shielded
• Inferred lifetimes for MCs are ~ 107 yrs, from association to young (and not old) 

clusters



SF timescales in molecular clouds
Timescales for star formation in molecular clouds

• The free fall time is considerably shorter than the MCs inferred lifetimes 

• Thus molecular clouds must be supported against gravitational collapse by non-thermal 
pressure. e.g., turbulence and/or magnetic fields of 10-100µG

• The measured galactic SF timescale is 

• For disk galaxies like Milky Way this is tSF ~109 yr and >> tff

• In starbursts the timescales are comparable

• Star formation is not very efficient in disks: E = tff/tSF ~ 0.002
• “slow”: including magnetic fields
• “inefficient”: turbulence, self-regulation (HII regions and winds from young stars)



SF and galaxy evolutionStar formation and galaxy evolution

• Related to the formation of molecular clouds

• thermal instability

• instabilities in self-gravitating disks

• gas compression (e.g. on spiral arms, during mergers)

• Process of star formation is not very well-understood

• what determines the efficiencies and timescales? 

• We assume that for understanding large scale effects of galaxy evolution we do not need to 
go into the specific small scale details of star formation.

• We have to find scaling laws and look at global properties

Need to understand how the GLOBAL properties of star formation 
averaged over a large volume of gas, depend on the GLOBAL properties 
of the gas, such as mass, density, temperature and chemical composition.



Empirical SF lawsEmpirical Star Formation “Laws”

SFR, Σ, in terms of mass in stars formed per unit area per unit time

Since the most obvious requirement for star formation is the presence of gas, it is only 
logical to look at the relation between SFR and surface density of gas:

Schmidt (1959)
N=2

: Gas consumption timescale



Kennicutt-Schmidt law

Kennicutt-Schmidt law

Kennicutt (1998) ApJ, 498, 541

The study of star formation in normal 
spiral galaxies and also starbursts have 
shown Schmidt “law” is a surprisingly good 
description of global SFRs (averaged over 
entire star forming disc) 

Normal disk, filled circles; starburst, squares; 
Open circles are the centres of normal disk 
galaxies.

N=1.4



KS law - interpretation Interpretation

Kennicutt (1998) ApJ, 498, 541

SFR is controlled by the self-gravity of the gas. This would mean that the rate of 
star formation will be proportional to the gas mass divided by the time scale for 
gravitational collapse (free-fall time).

ε is the free-fall time of the gas divided by gas 
consumption time, or star formation efficiency

If all galaxies have approx. same scale height, this implies:

in good agreement with empirical law

However, this interpretation implies  

Which suggests that self gravity isn’t the only important process. 
Perhaps only a small fraction of gas participates in star formation, or the star formation 
time scale is τ/ε. In either case – additional physics required to explain empirical law.



Summary of SF lawsSummary on Star Formation Laws
Global star formation laws averaged over whole disk – really need to understand the 
importance of different physical parameters (gas density, orbital time scales) on smaller 
spatial scales.

Leroy et al. (2008) AJ, 136, 2782

This relation valid from galaxy to galaxy but not within a galaxy, meaning that the orbital 
time seems to have no impact on LOCAL star-formation efficiency.

on the other hand does change within a galaxy.

A single power law is a poor fit, as there is a break at low gas surface densities. This 
corresponds to an abrupt truncation in the SFR.

It can be seen that looking at the relations with atomic and molecular gas separately, that 
molecular gas correlates much better with SFR. 

Schmidt law for molecular gas

Two laws: 1. for transformation from atomic into molecular gas  

  2. formation of stars from molecular gas
Bigiel et al. (2008) AJ, 136, 2846



SF tracers

Kennicutt (1998) ARAA, 36, 189

UV Continuum (1250-2500A) : 
Number of massive stars in a galaxy is directly proportional to the current SFR, as long as 
it is not absorbed on the way. Only possible from the ground for z=1-5. For z<1 need 
space telescope. Assuming time scale ~108 yr, or longer:

Nebular Emission Lines: 
The ISM around young, massive stars is ionised by Lyman continuum photons produced 
by these stars, giving rise to HII regions. The recombination of this ionised gas produces H 
emission lines (e.g., Hα but also Hβ, Pα, Pβ, Brα, Brγ), which can be used as SFR 
diagnostic, because their flux is proportional to the Lyman continuum flux from young 
(<2x107yr) massive (>10M◉) stars.

Forbidden lines: 
For galaxies with z>0.5, Hα emission is redshifted out of optical. The strongest feature in 
the blue is [OII]λ3727 forbidden line doublet. Unfortunately luminosities do not depend only 
on the local radiation field, but also the ionization state and metallicity of ISM. It has been 
successfully empirically calibrated, and can be used out to z=1.6 (in the optical).

Star formation diagnostics



SF tracers (cont.)

Kennicutt (1998) ARAA, 36, 189

FIR Continuum (8-1000µm): 
Typically the ISM associated with star forming regions can be quite dusty, so a significant fraction 
of the UV photons produced by massive stars is absorbed. This heats the dust and is 
subsequently re-emitted in the FIR. This does depend on opacity of dust, if it is not optically thick, 
need to specify the escape fraction. There is a also a contribution due to older stars. Works well 
for short duration intense star formation, ie., starbursts (10-100Myr old).

Star formation diagnostics



The initial mass function (IMF)
IMF in star forming regions

• Field Star IMF is within errors same as that inferred for 
Orion Nebula Cluster and other nearby star forming 
regions

• It has a power law (Salpeter) down to about 0.5-1 M◉ 

with most mass in solar mass stars but most luminosity 
at high M

Salpeter 1955     
Γ=1.35

 The IMF of clumps of molecular gas

(see also Testi & Sargent 1998; Motte et al. 2001)     

Submm continuum surveys of nearby proto-clusters suggest that the mass 
distribution of pre-stellar condensations mimics the form of the stellar IMF

NGC2068 protocluster at 850 µm

Motte et al. 2001

Condensations mass spectrum in ρ Oph

⇒ The IMF is at least partly determined by fragmentation at the pre-stellar stage.
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Star formation histories (SFH)
Star formation histories

How to determine physical properties of galaxies (e.g., stellar masses and SFHs) 
from quantities that are directly observed (e.g., luminosity, spectrum). These observed 
quantities are convolutions of the SFH, IMF, dust extinction, etc.

Exponential SFHs of the form:

characteristic SF time scale



Single stellar population - spectral evolution

Star Formation Tracers

Predicted spectra of coeval stellar population (no dust): 1, 10, 100, 400 Myr, 1, 4, 13 Gyr 

Solar metallicity & Salpeter IMF



Passive galaxy SEDs - the 4000 Angstrom break

H& K 4000A Break



Stellar population synthesisAn essential tool: stellar population synthesis

An indispensable tool for most studies of the galaxy population.

Star formation histories.
Stellar masses

Stellar ages.
The history of chemical enrichment

The assembly of mass in the Universe
Dust content of distant galaxies

But in reverse, it can also be informed by galaxy observations - 
learning about complex, rare & important stages of stellar 
evolution.



SED models

Empirical
Synthetic

Credit: J. Walcher

stellar
spectrum IMF



Spectral energy distribution (SED) fitting

λo= λe x (1+z)

Photometric 
redshift

Age Stellar 
Mass

Dust
Extinction

Credit: STScI

‘cheap’ alternative
 to spectroscopic 

redshifts



From SF to passivity - indicatorsSpectral Indicators

Kauffmann et al. 2003 MNRAS, 341, 33

 D(4000) and H-delta - 
constrain SFHs, dust 
attenuation and stellar 
masses of galaxies. 




From SF to passivity - time evolutionHow indicators change with time
Kauffmann et al. 2003a MNRAS, 341, 33

100Myr 1Gyr 10Gyr 100Myr 1Gyr 10Gyr

Different Z
Different   
Spectral 
Libraries



Stellar/AGN Feedback



Credit: R. Longland

Matter cycle within galaxies



Stellar Feedback
• As the stars evolve they return mass and energy to the ISM

– winds: Ekin~ 

– SN explosions:

• This impacts both 
– chemical evolution
– subsequent star formation (source of heating)
– dynamics of the gas
For example, the binding energy of the gas of a dwarf galaxy of 107 Msun and R ~ 1 kpc  is   Ebin ~ GM2/

R ~ 8 x 1051 erg ! very comparable to ESN!

• Modeling the poorly understood physics that couple feedback, cooling of gas 
and star formation is extremely difficult

– prescriptions are global and heuristic



Tremonti et al. 2007





Also in AGNs there
are indications of 
outflows induced
by activity near the 
SMBH

The process is 
poorly understood
but feedback by 
AGN is likely 
important 

(especially for 
preventing cooling 
and star formation in 
the most massive 
galaxies)

voutflow ~ 1300 km/s

Morganti et al. 2016

AGN feedback



Chemical Enrichment



















The build up of metals in a galaxy 
• The simplest model of build up of metals in a galaxy over time is the closed-

box
• Assumptions:

– the galaxy's gas is well-mixed (had the same initial composition 
everywhere); 

– the (high-mass) stars return their nucleosynthetic products rapidly, much 
faster than the time to form a significant fraction of the stars. 
This approximation is known as the "one-zone, instantaneous 

recycling model".
– no gas escapes from or is added to the galaxy 

• The key quantities are:
– Mg(t): mass of gas in the galaxy 

– Ms(t): mass locked up in stars throughout the lifetime of the galaxy.
– Mh(t): total mass of metals in the gas phase 

• The metal abundance of the gas is Z(t) = Mh(t)/Mg(t)



The closed-box model 
• Suppose a mass of stars d'Ms is formed at time t. After the high-mass stars have 

evolved a mass dMs remains locked up in low-mass stars and in remnants. 

• The mass in heavy elements produced by this generation of stars is defined as 
 p dMs.  
 
The quantity p is known as the yield of that stellar generation (it represents an average 
over all stars formed) and depends fundamentally on the initial mass function and on the 
details of nuclear burning.  

• The mass of heavy elements Mh in the interstellar gas changes as the metals 
produced by the high-mass stars are returned. Some fraction of these heavy 
elements will still be locked up in the low-mass stars and remnants. This fraction:  
– is proportional to the mass in these stars and remnants dMs, and  
– has the initial metallicity Z of the gas.  

• Hence the total mass in heavy elements which is locked up is Z dMs. 



• Therefore, the rate of change in the metal content of the gas mass is  
 
 dMh/dt = p dMs/dt -  Z dMs/dt     (1) 

  dMh/dt = (p - Z) dMs/dt 

• Mass conservation implies:  dMg/dt + dMs/dt = 0,                (2) 

• The metallicity of the gas changes by  
 
dZ/dt = d(Mh/Mg)/dt !             dZ/dt = -p/Mg dMg/dt 

• If the yield p does not depend on Z, we integrate to obtain the metallicity at 
time t 
 
  Z(t) = Z(0) - p * ln[Mg(t)/Mg(0)] 

The metallicity of the gas grows with time, as stars are formed and the 
gas is consumed 



• We can also predict the metallicity distribution of the stars. The mass of the stars 
that have a metallicity less than Z(t) is  
 
 Ms[< Z(t)] = Ms(t) = Mg(0) - Mg(t) = Mg(0) * [1 - e - (Z(t)- Z(0))/p] 

• A closed box model seems to reproduce well the metallicity distribution of stars 
in the bulge of our Galaxy 

Rich (1990), ApJ, 362, 604 
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K GIANTS IN NUCLEAR BULGE OF GALAXY 615 No. 2, 1990 

[Fe/H] 
Fig. 7.—Abundance distribution function of bulge K giants derived in R88. 

All stars have (J — K)0 > 0.45 with abundances derived using solution (1), and 
tabulated in Table 11 of R88. All subsequent work with the abundance dis- 
tribution draws on this sample. 

Fig. 8.—Differential abundance distribution of bulge giants compared to 
two limiting cases of the simple model of chemical evolution. Solid line : simple 
“closed box” model with complete gas consumption; <z> = 2.0z/zQ. Dashed 
line : Simple model, in the limiting case where a small fraction of the initial 
volume of gas is converted to stars, the remainder being lost from the system. 

tion, which we now use to probe the history of chemical evolu- 
tion in the bulge. Figure 7 illustrates the abundance 
distribution function, which ranges from — 1 to +1 dex; note 
that 37 of the 88 stars have more than twice the solar abun- 
dance, and that <z> = 2.0 ± 0.3zo. 

Even if we consider the bulge to comprise only the central 
component within 1 kpc, its mass of ~1010 M0 exceeds the 
mass of any Galactic globular cluster by more than four orders 
of magnitude. This massive stellar subsystem resides in the 
center of the Galaxy’s 1011 M0 potential. Therefore, in con- 
trast to the globular clusters, outer halo, and dwarf spher- 
oidals, the escape velocity from the bulge is probably large 
enough to arrest the outflow of gas heated by supernova explo- 
sions, which we shall see is the key reason the bulge abun- 
dances are relatively high. 

If the bulge lost none of its gas and experienced no signifi- 
cant inflow of gas, acting, in effect, as a closed system, then the 
chemical evolution of the bulge would satisfy the principal 
requirements of the “closed box” simple model of chemical 
evolution (Searle and Sargent 1972). Searle and Zinn (1978) 
derive two limiting forms of the abundance distribution of 
long-lived stars resulting from complete exhaustion of gas 
according to the simple model. If only a small fraction of gas 
has been turned into stars, with the remainder lost from the 
system (as would happen if supernova-driven winds swept the 
gas from a low-mass system) then the mean metal abundance 
<z> is much smaller than the yield y, and the distribution of 
metal abundances follows : 

W = ^7X'’ 0<z< 2<z> ¡ 2<z> 
/(z) = 0 ; z > 2<z> . (6) 

If, as may be more appropriate for the nuclear bulge, all the 
initial gas has been turned into stars, then 

(-<!>)' <7) 

In this case, the mean abundance <z> tends toward the yield, y. 

In Figure 8, we fit the above extreme cases to the differential 
abundance distribution function derived using solution (1) (Fe 
and Mg lines) in R88. For both extremes of negligible and 
complete evolution of the gas into stars, <z> is the only free 
parameter. The data are much better represented by the simple 
model of chemical evolution in the case of complete gas con- 
sumption than in the case of significant gas loss. The striking 
feature of the bulge abundance distribution is the large numbers 
of stars at low abundance relative to the highest abundance 
observed. 

Because differential distributions are affected by the choice 
of bins, we also fitted the cumulative abundance distribution 
with the integral forms of equations (6) and (7); the simple 
model with complete gas consumption now becomes 

F(z) = 1 - exp . (8) 

Figure 9 illustrates that both the cumulative and differential 
distribution functions are fitted by the simple model with com- 
plete gas consumption and are in conflict with the limiting case 
of total gas loss after the first burst of star formation. Note that 
we do not specify why the gas is lost; this fit to the data rules 
out early loss of most of the gas due to dissipation into a disk 
just as strongly as it excludes loss of gas due to a supernova- 
driven wind. 

The observed abundance distribution in the bulge has 
important implications for various models of galaxy forma- 
tion, some of which we explore below. 

The high abundance of the bulge population relative to the 
globular clusters is consistent with the concept of galaxy for- 
mation presented by Fall and Rees (1985), in which globular 
cluster formation is inhibited after the gas reaches an abun- 
dance of æ0.1zo. If this was indeed the case, the primordial 
bulge would have commenced with an initial abundance of 
z0 = 1/10 solar. Bond (1981) illustrates that in this case the 
functional form of the simple model remains the same but 
effectively undergoes a coordinate translation from z to z — z0. 
The observations do not rule out a low initial abundance, but 
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The location of the knee depends on the intensity of SF burst 
(or star formation rate/timescale)

α & Fe by SNII

Fe by SNII and SNI

time arrow  

Onset SNI



compilation by Venn et al. 2004
“The Knee”

Stellar Abundances            
in the Milky Way





SNII SNIa

McWilliam 1997Alpha-Elements:
Comparison to a 
dwarf galaxy

“The Knee”

Tolstoy et al. 2009; Starkenburg et al. 2013

Sculptor dSph

Milky Way


