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• Molecular gas as a component of the interstellar medium 

• ~20% of the gas in the MW by mass is molecular 

• Why are we interested in molecular gas/clouds? 

• All stars in all galaxies are born in molecular gas 

• What even is a “molecular cloud”? 

• It turns out they are hard to define due to their dynamic nature — over densities in the ISM 
where gas is in molecular form and in which gravitational collapse and star formation possible 

• What are the general properties of molecular clouds? 

• Most of mass is in most massive clouds, clouds have varying surface density, clouds are 
turbulent, unclear whether or not they are in virial equilibrium 

• The internal structure of molecular clouds 

• Internal structure is filamentary - complex hierarchical structural network. Cores and stars 
tend to form in filaments. 

Learning outcomes:

Recap from the last lecture
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Molecular clouds II:  
The fate of molecular clouds
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• The Virial Theorem 

• The stability of molecular clouds 

• How long do molecular clouds live? 

• Cloud fragmentation

Today’s lecture
Learning outcomes:
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The virial theorem
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The virial theorem

1
2

δ2I
δt2

= 2𝒯 + 2U + 𝒲 + ℳ
Kinetic energy Thermal energy Grav. energy Mag. energy

Same dimensions as 

moment of inertia

•  is the integrated form of the acceleration. For a cloud of fixed shape, it tells us the rate of change 
of its expansion or contraction


• If it is negative, the terms that are trying to collapse the cloud are larger, and the cloud accelerates inward


• If it is positive, the terms that favour expansion are larger, and the cloud accelerates outward


• If it is zero, the cloud neither contracts nor expands

δ2I/δt2

Warning: This version ignores surface terms, 
which may be important!
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The virial theorem

1
2

δ2I
δt2

= 2𝒯 + 2U + 𝒲 + ℳ
Kinetic energy Thermal energy Grav. energy Mag. energy

How do we get here?

Same dimensions as 

moment of inertia

Warning: This version ignores surface terms, 
which may be important!
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The virial theorem
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The virial theorem

ρ
Du
Dt

= − ∇P − ρ∇ϕg +
1
c

j × B

Full time derivative of fluid velocity

Du
Dt

= (δu
δt )

x
+ (u ⋅ ∇)u

Rate of change of velocity at fixed 
spatial location, x

Change induced by transporting to 
a new location with different 
velocity 

Magnetic force per unit 
volume acting on current 
density, j

Related via 
Ampère’s law ∇ × B =

4π
c

j
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∇ × B =
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∇ × B =
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j
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j =
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(∇ × B) × B

Rearrange
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∇ × B =
4π
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∇ × B =
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j =
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(∇ × B) × B

Rearrange

Substitute
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j × B =
1

4π
(B ⋅ ∇)B −

1
8π

∇ |B |2

Use

(A ⋅ ∇)A =
1
2

∇ |A |2 + (∇ × A) × A

Substitute back in…
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The virial theorem

( δu
δt )
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+ (u ⋅ ∇)u = − ∇P − ρ∇ϕg +
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8π
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The virial theorem

Tension associated with 
curved magnetic fields
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The virial theorem

Gradient of magnetic 
pressure

Tension associated with 
curved magnetic fields

( δu
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The virial theorem

( δu
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+ (u ⋅ ∇)u = − ∇P − ρ∇ϕg +

1
4π

(B ⋅ ∇)B −
1

8π
∇ |B |2

This is the local behaviour of the fluid. 
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The virial theorem

To derive a relation between global properties of the gaseous body, we need to integrate over the volume. Employing 
Poisson’s equation ( ) and requiring mass conservation, after repeated integration by parts one arrives at 

the virial theorem:
∇2ϕg = 4πGρ

1
2

δ2I
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= 2𝒯 + 2U + 𝒲 + ℳ
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δt )

x
+ (u ⋅ ∇)u = − ∇P − ρ∇ϕg +

1
4π

(B ⋅ ∇)B −
1

8π
∇ |B |2

This is the local behaviour of the fluid. 
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The virial theorem

To derive a relation between global properties of the gaseous body, we need to integrate over the volume. Employing 
Poisson’s equation ( ) and requiring mass conservation, after repeated integration by parts one arrives at 

the virial theorem:
∇2ϕg = 4πGρ

1
2

δ2I
δt2

= 2𝒯 + 2U + 𝒲 + ℳ

( δu
δt )

x
+ (u ⋅ ∇)u = − ∇P − ρ∇ϕg +

1
4π

(B ⋅ ∇)B −
1

8π
∇ |B |2

This is the local behaviour of the fluid. 

For a detailed 
derivation see 
Appendix D in 
Stahler and Palla
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• The Virial Theorem 

• The stability of molecular clouds 

• How long do molecular clouds live? 

• Cloud fragmentation

Today’s lecture
Learning outcomes:
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The stability of molecular clouds

Virial balance Free-fall collapse
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What is the origin of the velocity dispersion in 
molecular clouds?
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The stability of molecular clouds
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Lets apply the virial theorem to define a characteristic 
timescale for gravitational collapse

1
2

δ2I
δt2

= 2𝒯 + 2U + 𝒲 + ℳ

The stability of molecular clouds
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Lets apply the virial theorem to define a characteristic 
timescale for gravitational collapse

1
2

δ2I
δt2

= 2𝒯 + 2U + 𝒲 + ℳ

The stability of molecular clouds

= 0!= 0!= 0!



Sternentstehung - Star Formation - Winter term 2022/23 36

Lets apply the virial theorem to define a characteristic 
timescale for gravitational collapse
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The stability of molecular clouds

= 0!= 0!= 0!

If all forces are too 
weak to match the 

gravitational energy, we 
would have free-fall 

collapse
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Lets apply the virial theorem to define a characteristic 
timescale for gravitational collapse
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2

δ2I
δt2

= 2𝒯 + 2U + 𝒲 + ℳ

The stability of molecular clouds

= 0!= 0!= 0!
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GM2
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If all forces are too 
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Lets apply the virial theorem to define a characteristic 
timescale for gravitational collapse

1
2

δ2I
δt2

= 2𝒯 + 2U + 𝒲 + ℳ

The stability of molecular clouds

= 0!= 0!= 0!

1
2

δ2I
δt2

= 𝒲 ≈ −
GM2

R
Units of energy


kg-1m3s-2 * kg2 * m-1

If all forces are too 
weak to match the 

gravitational energy, we 
would have free-fall 

collapse
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Lets apply the virial theorem to define a characteristic 
timescale for gravitational collapse
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2

δ2I
δt2

= 2𝒯 + 2U + 𝒲 + ℳ

The stability of molecular clouds

= 0!= 0!= 0!

1
2

δ2I
δt2

= 𝒲 ≈ −
GM2
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Use dimensional 

analysis with

I ≈ MR2

MR2

t2
∼

GM2

R

Units of energy

kg-1m3s-2 * kg2 * m-1

If all forces are too 
weak to match the 

gravitational energy, we 
would have free-fall 

collapse
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Lets apply the virial theorem to define a characteristic 
timescale for gravitational collapse

1
2

δ2I
δt2

= 2𝒯 + 2U + 𝒲 + ℳ

The stability of molecular clouds

= 0!= 0!= 0!

1
2

δ2I
δt2

= 𝒲 ≈ −
GM2

R
Use dimensional 

analysis with

I ≈ MR2

MR2

t2
∼

GM2

R

t = ( R3

GM )
1/2

Solve for time

Units of energy

kg-1m3s-2 * kg2 * m-1

If all forces are too 
weak to match the 

gravitational energy, we 
would have free-fall 

collapse
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The stability of molecular clouds

Lets apply the virial theorem to define a characteristic 
timescale for gravitational collapse

tff ≈ (Gρ)−1/2

More precisely we can define the free-fall time…

tff = ( 3π
32Gρ )

1/2

For a Giant Molecular Cloud…

tff = 5 × 107( M
105 M⊙ )

−1/2

( R
100 pc )

3/2

yr
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The stability of molecular clouds

The idea that molecular 
clouds are in a state of 

collapse has been around 
for some time!
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The stability of molecular clouds

The idea that molecular 
clouds are in a state of 

collapse has been around 
for some time!

≈ 50 M⊙ yr−1

From last lecture: mass of molecular gas in the Galaxy is . If we assume this mass is 
within GMCs collapsing on a free-fall timescale of , and all of the mass is converted to stars 

(i.e. is highly efficient), this implies a star formation rate…

∼ 2.5 × 109 M⊙
5 × 107 yr
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≈ 50 M⊙ yr−1

Compare this to current estimates of the observed star formation rate….

≈ 1 M⊙ yr−1
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The stability of molecular clouds

The idea that molecular 
clouds are in a state of 

collapse has been around 
for some time!

From last lecture: mass of molecular gas in the Galaxy is . If we assume this mass is 
within GMCs collapsing on a free-fall timescale of , and all of the mass is converted to stars 

(i.e. is highly efficient), this implies a star formation rate…

∼ 2.5 × 109 M⊙
5 × 107 yr

≈ 50 M⊙ yr−1

Compare this to current estimates of the observed star formation rate….

≈ 1 M⊙ yr−1 If clouds are collapsing then 
only a tiny fraction of the 

cloud must be converted into 
stars
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The stability of molecular clouds

Virial balance Free-fall collapse
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The stability of molecular clouds

Virial balance
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The stability of molecular clouds

Virial balance



Sternentstehung - Star Formation - Winter term 2022/23 49

The stability of molecular clouds
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The stability of molecular clouds

Thermal Energy (using ):U =
3
2

NkBT ∼
MℛT

μ

What helps to balance gravity?

U
|𝒲 |

≈
MℛT

μ ( GM2

R )
−1

≈ 3 × 10−3( M
105 M⊙ )

−1

( R
25 pc )( T

15 K )
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The stability of molecular clouds

Thermal Energy (using ):U =
3
2

NkBT ∼
MℛT

μ

What helps to balance gravity?

U
|𝒲 |

≈
MℛT

μ ( GM2

R )
−1

≈ 3 × 10−3( M
105 M⊙ )

−1

( R
25 pc )( T

15 K )
Magnetic Energy (using ):ℳ =

|B |2 R3

6

ℳ
|𝒲 |

≈
|B |2 R3

6 ( GM2

R )
−1

≈ 0.9( M
105 M⊙ )

−2

( R
25 pc )

4

( B
20 μG )

2
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The stability of molecular clouds

Thermal Energy (using ):U =
3
2

NkBT ∼
MℛT

μ

What helps to balance gravity?

U
|𝒲 |

≈
MℛT

μ ( GM2

R )
−1

≈ 3 × 10−3( M
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−1

( R
25 pc )( T
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Magnetic Energy (using ):ℳ =

|B |2 R3
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ℳ
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|B |2 R3

6 ( GM2
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−1

≈ 0.9( M
105 M⊙ )

−2

( R
25 pc )

4

( B
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2

Atomic

Molecular

Dense molecularMolecular gas appears to 
be magnetically 
“supercritical” — 
magnetic fields cannot 
fully support clouds
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The stability of molecular clouds
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The stability of molecular clouds
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So what is going on?
Recall from last lecture: The linear (i.e. index = 1) 
relationship here implies a constant “depletion 

time” - the time it would take to exhaust all 
molecular gas at the current star formation rate…

tdep ≈
M

SFR
≈ 1 Gyr
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The stability of molecular clouds
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So what is going on?

• More generally we can define: , where  is the time it takes to convert gas into stars and  is the 

fraction of mass converted into stars on that timescale, such that 

ϵsf = tsf /tdep tsf ϵsf

ϵsf =
SFR
M/tsf

Recall from last lecture: The linear (i.e. index = 1) 
relationship here implies a constant “depletion 

time” - the time it would take to exhaust all 
molecular gas at the current star formation rate…

tdep ≈
M

SFR
≈ 1 Gyr
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Slow (takes many free-fall times) and efficient (large fraction of GMC mass is converted into 
stars) star formation: Requires some mechanism(s) to provide long-term support for clouds against 
gravitational collapse (turbulence, magnetic fields, differential rotation). 

Fast (occurs on a few free-fall times) and inefficient (only a small fraction of GMC mass is 
converted into stars) star formation: Requires strong stellar feedback from massive stars to keep the 
efficiency low.

The stability of molecular clouds
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ϵsf = tsf /tdep

How long do molecular clouds live?
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• The Virial Theorem 

• The stability of molecular clouds 

• How long do molecular clouds live? 

• Cloud fragmentation

Today’s lecture
Learning outcomes:
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How long do molecular clouds live?
From Heyer & Dame 2015
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How long do molecular clouds live?
From Heyer & Dame 2015

Methods for determining “cloud” lifetime based on:


• Large-scale distribution of H2 with respect to atomic and ionised gas 
components


• Arm to interarm contrast in spiral galaxies


• The duty cycle of star formation within clouds
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How long do molecular clouds live?
From Heyer & Dame 2015

Methods for determining “cloud” lifetime based on:


• Large-scale distribution of H2 with respect to atomic and ionised gas 
components —>  —> 


• Arm to interarm contrast in spiral galaxies


• The duty cycle of star formation within clouds

Mmol/tmol ≈ MHI+HII/tHI+HII tmol ∼ 108 yr
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How long do molecular clouds live?
From Heyer & Dame 2015

Methods for determining “cloud” lifetime based on:


• Large-scale distribution of H2 with respect to atomic and ionised gas 
components —>  —> 


• Arm to interarm contrast in spiral galaxies —> 


• The duty cycle of star formation within clouds

Mmol/tmol ≈ MHI+HII/tHI+HII tmol ∼ 108 yr

tmol ∼ 108 yr
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How long do molecular clouds live?
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How long do molecular clouds live?
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• Clouds live for 5-30Myr


• Characterised by a long inert 
phase


• Once high-mass stars form - 
clouds are quickly dispersed


• Lifetimes are much shorter than 
the depletion time —GMCs 
achieve low integrated SFE
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• The Virial Theorem 

• The stability of molecular clouds 

• How long do molecular clouds live? 

• Cloud fragmentation

Today’s lecture
Learning outcomes:
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Cloud Fragmentation

Important point related to time/efficiency problem from last time:  
Clouds are highly structured!
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Cloud Fragmentation

Question then becomes: How do dense cores 
condense out of the lower density regions of GMCs?

“Conventional” picture is one of local gravitational instabilities 
developing in a globally stable molecular cloud via the so-called 

Jeans Instability

Important point related to time/efficiency problem from last time:  
Clouds are highly structured!
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Cloud Fragmentation

Consider a uniform isothermal gas in hydrostatic 
equilibrium with gravity balanced by pressure gradient

δu
δt

+ (u ⋅ ∇)u = −
∇P
ρ

− ∇ϕg

δρ
δt

+ ∇(ρu) = 0

P = nkBT = ρc2
s

∇2ϕg = 4πGρ

1

2

3

4

Equation of motion (no magnetic field)

Continuity equation

Equation of state

Poisson’s equation
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Cloud Fragmentation

The unperturbed fluid motion is steady, , with uniform density and pressure  and 
, and zero velocity . Now consider small perturbations to that fluid.

δ/δt = 0 P0
ρ0 u0 = 0

P = P0 + P1

ρ = ρ0 + ρ1

u = u0 + u1 = u1

ϕg = ϕg,0 + ϕg,1

Where subscript 0 properties are constant (uniform, steady state), and subscript 1 properties 
reflect small perturbations. Our equations then become…
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Cloud Fragmentation

With small perturbations…

δu1

δt
+ (u1 ⋅ ∇)u1 = −

∇(P0 + P1)
(ρ0 + ρ1)

− ∇(ϕg,0 + ϕg,1)

δ(ρ0 + ρ1)
δt

+ ∇((ρ0 + ρ1)u1) = 0

(P0 + P1) = (ρ0 + ρ1)c2
s

∇2(ϕg,0 + ϕg,1) = 4πG(ρ0 + ρ1)

5

6

7

8

We can simplify these equations by linearising (expanding them to first order and throwing 
away all products of small terms — subscript 1)…
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Cloud Fragmentation

With small perturbations…

δu1

δt
+ (u1 ⋅ ∇)u1 = −

∇(P0 + P1)
(ρ0 + ρ1)

− ∇(ϕg,0 + ϕg,1)

δ(ρ0 + ρ1)
δt

+ ∇((ρ0 + ρ1)u1) = 0

(P0 + P1) = (ρ0 + ρ1)c2
s

∇2(ϕg,0 + ϕg,1) = 4πG(ρ0 + ρ1)

5

6

7

8

We can simplify these equations by linearising (expanding them to first order and throwing 
away all products of small terms — subscript 1)…

“Jeans Swindle” - we will ignore any 
gradient in the background potential
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Cloud Fragmentation

With small perturbations…linearised equations…

δu1

δt
= −

∇P1

ρ0
− ∇ϕg,1

δρ1

δt
+ ρ0 ∇u1 = 0

P1 = ρ1c2
s

∇2ϕg,1 = 4πGρ1

5

6

7

8
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Cloud Fragmentation

We are going to…

δu1

δt
= −

∇P1

ρ0
− ∇ϕg,1

δρ1

δt
+ ρ0 ∇u1 = 0

P1 = ρ1c2
s

∇2ϕg,1 = 4πGρ1

5

6

7

8

Take the divergence of this

Take the partial derivative of this wrt time

Substitute for these
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Cloud Fragmentation

∇ ⋅ (δu1

δt ) = −
∇2P1

ρ0
− ∇2ϕg,15

6 δ2ρ1

δt2
+ ρ0

δ
δt

(∇u1) = 0

Here we note that, , so substitute…δ(∇u1)/δt = ∇ ⋅ (δu1/δt)

δ2ρ1

δt2
− ∇2P1 − ρ0 ∇2ϕg,1 = 0

P1 = ρ1c2
s

∇2ϕg,1 = 4πGρ1
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Cloud Fragmentation

∇ ⋅ (δu1

δt ) = −
∇2P1

ρ0
− ∇2ϕg,15

6 δ2ρ1

δt2
+ ρ0

δ
δt

(∇u1) = 0

Here we note that, , so substitute…δ(∇u1)/δt = ∇ ⋅ (δu1/δt)

δ2ρ1

δt2
− ∇2P1 − ρ0 ∇2ϕg,1 = 0

δ2ρ1

δt2
= c2

s ∇2ρ1 + 4πGρ0ρ1

P1 = ρ1c2
s

∇2ϕg,1 = 4πGρ1
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Cloud Fragmentation

Jeans’ classic analysis considered self-gravitating waves propagating through a uniform, 
isothermal gas. He considered a plane-travelling wave perturbation of the form…

ρ(x, t) = ρ0 + δρ exp[i(kx − ωt)]
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Cloud Fragmentation

Jeans’ classic analysis considered self-gravitating waves propagating through a uniform, 
isothermal gas. He considered a plane-travelling wave perturbation of the form…

ρ(x, t) = ρ0 + δρ exp[i(kx − ωt)]

Here  is the direction of propagation and  is the wave number, and the second term on 
the right hand side is our . Substituting into our equation…

x k = 2π/λ
ρ1

δ2ρ1

δt2
= c2

s ∇2ρ1 + 4πGρ0ρ1
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Cloud Fragmentation

Jeans’ classic analysis considered self-gravitating waves propagating through a uniform, 
isothermal gas. He considered a plane-travelling wave perturbation of the form…

ρ(x, t) = ρ0 + δρ exp[i(kx − ωt)]

Here  is the direction of propagation and  is the wave number, and the second term on 
the right hand side is our . Substituting into our equation…

x k = 2π/λ
ρ1

δ2ρ1

δt2
= c2

s ∇2ρ1 + 4πGρ0ρ1

We find…

ω2 = c2
s k2 − 4πGρ0

This is a dispersion relation that describes the propagation of the waves.
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Cloud Fragmentation

Here we notice something interesting…

ω2 = c2
s k2 − 4πGρ0

If  is large , the disturbance behaves like a sound wave. However, if  is 
small we can have , then  becomes imaginary…This leads to the 

perturbation growing exponentially…

k ω2 > 0 k
ω2 < 0 ω

ρ1 ∝ exp[(4πGρ)1/2t]
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Cloud Fragmentation

 therefore defines a critical wavelength ( ). Any perturbations with 
wavelength exceeding this Jeans Length will grow exponentially…defines the 

length scale upon which the gas is prone to gravitational collapse…

ω2 = 0 kJ = 2π/λJ

λJ =
πc2

s

Gρ0

Here we notice something interesting…

ω2 = c2
s k2 − 4πGρ0

If  is large , the disturbance behaves like a sound wave. However, if  is 
small we can have , then  becomes imaginary…This leads to the 

perturbation growing exponentially…

k ω2 > 0 k
ω2 < 0 ω

ρ1 ∝ exp[(4πGρ)1/2t]
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Cloud Fragmentation

 therefore defines a critical wavelength ( ). Any perturbations with 
wavelength exceeding this Jeans Length will grow exponentially…defines the 

length scale upon which the gas is prone to gravitational collapse…

ω2 = 0 kJ = 2π/λJ

λJ =
πc2

s

Gρ0 Lets put in some 
numbers…

Here we notice something interesting…

ω2 = c2
s k2 − 4πGρ0

If  is large , the disturbance behaves like a sound wave. However, if  is 
small we can have , then  becomes imaginary…This leads to the 

perturbation growing exponentially…

k ω2 > 0 k
ω2 < 0 ω

ρ1 ∝ exp[(4πGρ)1/2t]
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Cloud Fragmentation

For typical conditions in the interior of molecular clouds, the 
Jeans Length and Jeans Mass are:

λJ =
πc2

s

Gρ0
= 0.19 ( T

10 K )
3/2

( nH2

104 cm−3 )
−1/2

pc

MJ =
π5/2

6
c3

s

ρ1/2
0 G3/2

= 1.0( T
10 K )

3/2

( nH2

104 cm−3 )
−1/2

M⊙

tff = 3 × 105( nH2

104 cm−3 )
−1/2

yr
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Cloud Fragmentation

For typical conditions in the interior of molecular clouds, the 
Jeans Length and Jeans Mass are:

λJ =
πc2

s

Gρ0
= 0.19 ( T

10 K )
3/2

( nH2

104 cm−3 )
−1/2

pc

As a gravitationally unstable region begins to collapse, density increases — both the Jeans mass and length also decrease (the 
temperature remains roughly constant because cooling is efficient). 

The cloud fragments into lower and lower mass pieces, each collapsing on its own free-fall time —  
Jeans fragmentation

tff = 3 × 105( nH2

104 cm−3 )
−1/2

yr

MJ =
π5/2

6
c3

s

ρ1/2
0 G3/2

= 1.0( T
10 K )

3/2

( nH2

104 cm−3 )
−1/2

M⊙
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Cloud Fragmentation
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Cloud Fragmentation

Jeans stable Jeans unstable Jeans unstable

Be
ut

he
r e

t a
l. 

20
13



Sternentstehung - Star Formation - Winter term 2022/23 88

Cloud Fragmentation

Dynamical fragmentation — a problem
We can rewrite the dispersion relation in terms of a dimensionless growth rate, 

, where , and a dimensionless wavenumber, , 
such that

Ω = iωtgrav tgrav = (4πGρ0)−1/2 ν = k /kJ

Ω2 = 1 − ν2
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Cloud Fragmentation

Dynamical fragmentation — a problem
We can rewrite the dispersion relation in terms of a dimensionless growth rate, 

, where , and a dimensionless wavenumber, , 
such that

Ω = iωtgrav tgrav = (4πGρ0)−1/2 ν = k /kJ

This indicates that the growth rate increases for decreasing wavenumber, and has a 
maximum when . In other words: the fastest growing mode of the 

gravitational instability is the one which corresponds to the overall collapse of the medium, 
and small perturbations do not have time to collapse before the whole cloud, i.e. 

Fragmentation very difficult 

ν = k /kJ = 0

Ω2 = 1 − ν2
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Cloud Fragmentation

Jeans fragmentation — a problem
We can rewrite the dispersion relation in terms of a dimensionless growth rate, 

, where , and a dimensionless wavenumber, , 
such that

Ω = iωtgrav tgrav = (4πGρ0)−1/2 ν = k /kJ

Ω2 = 1 − ν2

This indicates that the growth rate increases for decreasing wavenumber, and has a 
maximum when . In other words: the fastest growing mode of the 

gravitational instability is the one which corresponds to the overall collapse of the medium, 
and small perturbations do not have time to collapse before the whole cloud, i.e. 

Fragmentation very difficult 

ν = k /kJ = 0

Solution: supersonic turbulence drives the formation of density 
fluctuations — clouds are not homogeneous from the get-go!
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• The Virial Theorem 

• Describes the balance of forces — can be used to assess the stability of molecular clouds 

• The stability of molecular clouds 

• Without support, and with high-efficiency gas—> stars, SFR would be much too high. SF 
must either take a long time or be highly inefficient 

• How long do molecular clouds live? 

• 5-30 Myr on average. Implication is that star formation is inefficient. Only a small fraction of a 
molecular cloud ever gets converted into stars. Once high-mass stars form — molecular 
clouds are rapidly dispersed 

• Cloud fragmentation 

• Jeans’ classical analysis predicts a critical length-scale and mass-scale above which 
gravitational collapse sets in. Fragmentation requires initial seeding of density fluctuations 

Summary
Learning outcomes:
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Sternentstehung - Star Formation
Winter term 2022/2023 

Henrik Beuther, Thomas Henning, & Jonathan Henshaw
18.10 - Introduction & overview (Beuther) 
25.10 - Physical processes I (Beuther) 
08.11 - Physical processes II (Beuther) 
15.11 - Molecular clouds I: the birth places of stars (Henshaw) 
22.11 - Molecular clouds II: Jeans analysis (Henshaw) 
29.11 - Collapse models I (Beuther) 
06.12 - Collapse models II (Henning) 
13.12 - Protostellar evolution (Beuther) 
20.12 - Pre-main sequence evolution & outflows/jets (Beuther) 
10.01 - Accretion disks I (Henning) 
17.01 - Accretion disks II (Henning) 
24.01 - High-mass star formation, clusters & the IMF (Henshaw)  
31.01 - Extragalactic star formation (Henning) 
07.02 - Planetarium @ HdA, outlook, questions 
13.02 - Examination week, no star formation lecture
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Our X-ray view of the Milky Way center, its outflow,

and the Circumgalactic Medium
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