
Gas phases in the Galaxy

component M (109M�) gas mass fraction

total H ii 1.12 23%
total H i 2.9 60%
total H2 0.84 17%

total gas including He 6.7 -

stars 50 -
dark halo ≈ 2× 103

The phases of the ISM behave to a certain degree as phases
of a fluid: solid - liquid - gaseous.

Density (temperature) sets the state of the phase.

Star forming is exclusively in the H2 phase.



Star forming regions

(Rivera-Ingraham et al. 2013)

In the Galaxy, star formation
occurs within molecular clouds.

Typical mass 104M� to
5× 106M�; self-gravity.

Typical scales 5pc to 100pc.

Molecular clouds are turbulent.

Density typically above
400cm−3. Enveloped in H i gas.



Star forming regions

(Rivera-Ingraham et al. 2013)

Life-time of several Myr. They
are transient, they are not
long-living objects like many of
star clusters.

Molecular clouds are located in
the discs of spiral galaxies, and
gas rich dwarf galaxies. They
are absent (or scarce) in current
lenticular (S0) and elliptical
galaxies.



Collapsing clouds

(Miyama et al. 1987)

Self-gravity is important for
collapse of parts of the
molecular cloud.

The collapsing cloud forms an
intricated network of sheets and
filaments (Herschel space
telecope - dust emission).



Collapsing clouds

(Andre 2013)

The situation within a molecular
clouds is very different from the
idealised spherically symmetric
models; flows along filaments.

Filaments have some
remarkable and still elusive
properties. E.g. their width is
almost universally 0.1pc.

Their density is
∝ ρ0/(1 + (r/r0)2).

The majority (& 80 %) of YSOs
are found in filaments; in the
field is only their minority.

Star clusters form at junctions
of filaments.



Some properties of filaments

(Andre 2013)

Filaments are observed both in
star forming clouds (Aquila rift)
and quiescent clouds (Polaris).

In both regions, the filaments
have characteristic radius of
0.1pc; however only the ones in
Aquila are star forming.

The line density of filaments
decides about their ability to
form stars.



Zooming to a filamentary hub

(Hacar et al. 2017)



Zooming to a filamentary hub

(Hacar et al. 2017)

Filaments consist
of fibres; fertile vs.
sterile fibres.

Protostars are
found in fibres.

The vas majority
of the youngest
protostars (class
0) are found in
fibres, while older
protostars (classes
I-III) are found
gradually more
dispersed.



Embedded star clusters

The ONC (Lada & Lada 2003)

Contain protostars, often main
sequence O and B stars but still
contain gas.

More massive stars reach the
MS faster.

Young objects (age . several
Myr).

Opaque in visible, but much
more interesting in the infrared.

At this time, planets already
start forming around stars.



The core mass function and the initial mass function (IMF)

(Alves et al. 2007; Ward-Thompson et al. 2007)

Mass function tells us how
many objects belongs to a given
mass bin.

ξ(m) ≡ dN

dm

Core mass function is shifted by
a factor of 3 towards higher
masses → might indicate that
each core loses ≈ 2/3 of its
mass.

One core might produce more
than one star.



The IMF

Salpeter (1955) found that ξ(m) ∝ m−2.35 for stars with
4M� . m . 10M�.

This would indicate that there is infinite number of low mass
objects → cut-off.

Some refinements came later: Massey 1998, Kroupa 1993, 2001,
Chabrier 2005

E.g. Kroupa 2001 suggests:

dN

dm
=


m0.3, 0.01M� . m . 0.08M�

m1.3, 0.08M� . m . 0.5M�

m2.3, m & 0.5M�.



The IMF - some basic numbers

Mass stellar type number mass
fraction fraction

0.01M� . m . 0.08M� brown dwarfs 0.37 0.043
0.08M� . m . 0.5M� M stars 0.48 0.28

0.5M� . m . 1M� K stars 0.09 0.17
1M� . m . 8M� G, F, A, late B 0.06 0.34

& 8M� early B, O 0.004 0.17

The mean mass of a star is 〈m〉 = 0.36M�

The total stellar mass in objects of m . 1M� is almost the same
as the total stellar mass in objects of m & 1M�.



Feedback from young stars

N∗ is the number of ionising photons
(E > 13.6eV), NEUV is the number of
EUV photons (6eV < E < 13.6eV).
(Stahler & Palla 2005)

Early feedback (occurs immediately
after star formation): Photoionising,
stellar winds, radiation pressure.

Late feedback (when the star leaves
the main sequence): red supergiant
winds, AGB winds, SNe



Simple picture of early feedback bubbles: Photoionising
radiation

Photoionising feedback. The
bubbles are at temperature of
≈ 104K due to an efficient
thermostat.

Cooling via collisional excitation
of ions of heavier elements
(mainly oxygen, smaller
contribution from neon and
nitrogen).

Simple structure: Shock front
and ionisation front.



Simple picture of early feedback bubbles: Stellar wind

Free wind region; reverse shock;
contact discontinuity; shock
front.

The hot bubble in wind
feedback reach temperatures
& 107K.

Numerical models indicate that
the photoionising feedback
impacts the interstellar medium
more than stellar wind
feedback.



The total budget of energy

Energy released by stars of
given mass per 1M� of
coeval stellar population.

More massive stars are more
numerous, ut they produce
the most photons and wind.

With demise of the most
massive stars, feedback
energy drops abruptly.



Real picture of early feedback

H ii region NGC 602

Don’t be confused by distant
galaxies.

Cluster of young stars
containing massive stars.

Gas is being expelled.

Sharp ionisation front.

Structures (cones) in the
ionisation front.



Late feedback

Each SN of type II releases suddenly ≈ 1051erg.

SNe are important for shaping the structure of galactic disc,
regulate formation of molecular clouds, create the hot phase.

SNe launch galactic outflows, fountains.

SNe occur after 3 Myr; the life-time of the most massive stars.

At the time when SNe occur, embedded clusters have already
been cleared by early feedback.



Open Star clusters

Open star cluster M 44.

After several Myr, the cluster is
gas free.

Most of open star clusters
dissolve early, only 10% of open
star clusters reach the age of 10
Myr and 4% reach the age of
100 Myr.

However, there are some old
open star clusters, age up to 10
Gyr (NGC 188, M 67).

Occupy the disc of the Galaxy.



Open Star clusters

Zinnecker & Yorke 2007

Comparison of sizes of
open star clusters.

(b) ONC - mass
∼ 103M�, (a) NGC 3603
- mass ∼ 104M�,
background: R 136 (in
LMC) - mass ∼ 105M�.

Mass ranges from tens of
M� to 106 or 107M� in
star bursting galaxies
(e.g. Antennae).

Radii are several pc.

Metallicity is
approximately solar Z�.



Open Star clusters

Johnson et al. 2017 (for M 31)

Cluster initial mass function has
a slope of ≈ −2, which is
similar to the IMF.

Slope −2: the same mass of
objects in each logarithmic
mass bin.

The most massive clusters are
underrepresented.



More massive open star clusters

(Zwart et al. 2010)

Distribution of massive open
star clusters within the Galaxy.

The most massive open star
clusters currently forming in the
Galaxy are of the mass
1− 2.104M�.

Clusters are at the tip of the
bar, galactic centre, but also in
the disc at relatively large Rgal.



Massive stars in star clusters

Weidner et al. 2013

Massive stars are usually found
only in the most massive star
clusters.

Perhaps, massive stars need
special (high density, pressure)
environment to form.

Massive stars are often found
mass segregated, i.e. more
massive stars are found closer
to the cluster centre.

Mass segregation can be
primordial or dynamical.



Theories for open star cluster formation

(Banerjee & Kroupa 2015)

Formation of star clusters is not
well understood.

Two classes of models:
coalescence of subclusters;
monolithic scenario.

Coalescence of subclusters
leaves signatures in the merged
objects, and constraints the
possible compactness of
subclusters.



Theories of open star cluster formation

Competitive accretion (in monolithic star cluster formation;
Bonnell et al. 1997).

Consider a gaseous cloud containing protostars, each protostar is
of the same mass.

Some protostars are located at denser medium, move at different
relative velocities → different accretion rates.

Protostars accreting more lose their momentum → sink towards
the cluster centre → are located at denser medium → accrete at
even higher rate.

Competitive accretion naturally explains mass segregation as
most massive stars are slowed down at the cluster centre.



Binary stars in open star clusters

The Trapezium in the Orion Nebula Cluster (ONC)

Multiplicity increases with the
mass of the primary: O stars -
2.1; early B stars - 1.6; A stars -
0.9; G stars - 0.5.

More massive stars are found in
tighter binaries.

The presence of binary stars is
important dynamically.



Binary stars in open star clusters

The distribution of orbital periods for stars of various
masses (spectral types).

Multiplicity increases with the
mass of the primary: O stars -
2.1; early B stars - 1.6; A stars -
0.9; G stars - 0.5.

More massive stars are found in
tighter binaries.

The presence of binary stars is
important dynamically.



OB associations

Gravitationally unbound objects, usually expanding.

Typical size 50pc.

Contain O, B stars, but also lower mass stars (T associations).

Two possibilities of their origin: expanding outer halos of open
star clusters after gas expulsion; formed throughout a molecular
cloud, were never gravitationally bound together.

OB associations are associated with the so called runaway
phenomenon → almost any association has some runaway stars.



Globular star clusters

Very different from open star clusters.

The SFR per unit volume in the cosmic history peaked at z = 2
(10 Gyr ago).

Very old objects, age ≈ 12 Gyr.

Typical mass is 104 to 106M�.

Almost spherically symmetric, of coeval age.

But not that ”simple” might not be appropriate: multiple stellar
populations; their formation.

Dynamically old (∼ 104 orbits), they provide nice examples for
N-body problem.

Located in galactic halo, often at eccentric orbits.

Denser (radii ≈ 3pc) than open star clusters.

Of subsolar metallicity (typically Z = −2 to Z = −0.8).



Nuclear star clusters

Neumeyer et al. 2020

Very different from the previous
two cases.

Very dense systems
∼ 106M�pc

−3, old.

In some cases, there is possible
interaction with the
supermassive black hole.

Hosted mostly by galaxies of
stellar mass 108 to 1010M�.



Illustration of thermodynamics of self-gravitating systems

Consider a cluster composed of N stars, each of the same mass.

A temperature at position r is defined as

1

2
m〈v2(r)〉 =

3

2
kBT (r) (1)

The mean temperature of the cluster is then

T =

∫
4πr2ρ(r)T (r)dr∫

4πr2ρ(r)dr
(2)

From the virial theorem (2K + W = 0), it follows

E = −3

2
NkBT . (3)



Illustration of thermodynamics of self-gravitating systems

This implies that the heat capacity is

C ≡ dE

dT
= −3

2
NkB . (4)

The heat capacity is negative.

If we transfer a small amount of heat from the system, the
system gets hotter → releases heat → gets hotter further.

There is no equilibrium in such a simple model.

Binary stars stop the collapse.

Evolved clusters tend to form bound cores with high velocity
dispersion enveloped in a low density halos.



Evolution of star clusters

Relevant for open star clusters (some similarities to globular star
clusters, but we do not know how the initial conditions of their
formation).

Early gas expulsion.

Evaporation and ejections.

Core collapse.

Dissolution in the external field of the galaxy.

Characteristic time-scales are usually expressed in the relaxation
time

trlx =
0.34σ3

G 2mρ log Λ
. (5)



Early gas expulsion

Large difference between the adiabatic and impulsive
approximation, they depend on the time-scale.

tcross < tge → adiabatic. Adiabatic invariants (e.g. aMcl) are
conserved.

During impulsive gas expulsion, star clusters are typically
impacted more.

Gas expulsion leads to cluster expansion, and many stars (approx.
1/2 to 2/3) are lost for the star formation efficiency of 30%.



Further evolution

Core collapse occurs at typically 16trlx.

Clusters are dissolved at typically 20− 60trlx, depending on the
strength of the external field of the galaxy.

rt ' Rgal(Mcl/3Mgal)
1/3. (6)

The presence of the external gravitational field facilitates cluster
evaporation.

During evaporation, clusters lose preferentially lower mass stars,
they tend to retain compact remnants (WDs, NSs).



Runaway stars

Runaway stars originating from
the ONC.

Runaway stars move at velocity & 30km s−1.

Can be produced by two mechanisms: Close
interaction between three or more stars;
binary supernova scenario.

In the binary supernova scenario, the
observed star is the former secondary in a
binary. When the SN exploded, it decreased
suddenly its mass, and also the NS might get
a kick.


