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Prediction from simulations: 
the overcooling 

problem

What makes galaxy formation so inefficient?



Possible solution: stellar feedback - galactic outflows
Connect the physics on >6 orders of magnitude in scale

~1-10 pc
Star cluster 

formation in the ISM

~102-104 pc
Energetic feedback 

processes from young stars 
injects energy and 

momentum into the 
interstellar medium

~105-106 pc
In cases of vigorous star formation, 
gas will break out of the galaxy and 
escape into the halo and beyond



Feedback revisited

Some Feedback Please....

 the halo bias function

One of the most important problems in Galaxy Formation is the overcooling problem. 
Preventing overcooling requires some heat input. According to the current paradigm,  
the main heating mechanisms are feedback from star formation and AGN activity.
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M82: the prototypical 
star-burst galaxy 

H-alpha + Optical
(Westmoquette et al., 2004)

• Gas temperatures from 
T~10-108 K

• Cold/warm gas (104 K) is 
embedded in a hot wind

• Outflow velocities depend on 
the density and temperature 
of the gas, with hot gas 
moving at >1000s km/s.



Visible light (cold/warm gas) X-ray (hot gas)



Stellar feeback and galactic winds
The Starburst Dwarf Galaxy NGC 3079

Red: Hα + [NII] from HST
Green: I-band image (HST)

Blue: X-ray emission
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NGC 3079: a starbursting dwarf



Westerlund 2 is less than 2 Myr old. No 
supernovae has exploded (the first 
supernova explodes after ~4 Myr).
 At his point, the HII region has already 
destroyed the molecular cloud.

Dusty molecular cloud RCW 49 being disrupted by the young star cluster Westerlund 2

Mcl ⇡ 104 M�
rGMC ⇡ 50 pc

Starting from the small scales: molecular clouds

Credit: X-ray; Y.Nazé, G.Rauw, J.Manfroid (Université de Liège), CXC, NASA 
Infrared; E.Churchwell (University of Wisconsin), JPL, Caltech, NASA

http://www.ulg.ac.be/
http://chandra.harvard.edu/
http://www.nasa.gov/
http://www.astro.wisc.edu/
http://www.jpl.nasa.gov/
http://www.spitzer.caltech.edu/
http://www.nasa.gov/home/index.html


Via STARBURST99 
(Leitherer et al. 1999)

The stellar feedback in star forming regions
Agertz et al. (2013)

• Massive stars (M>8 Msun) live 
for only a few Myr

• They output copious amounts 
of energy is star light. Some of 
it ionizes the gas, but does not 
heat the gas beyond 104 K

• Stellar winds are launched 
from the envelope of massive 
stars

• Core-collapse supernovae type 
II is the end stage of stellar 
evolution for these stars.

• In terms of energy coupling to 
the local interstellar medium, it 
is SNe that dominate 

Stellar winds
Supernovae type II

Starlight



Virial radius          is defined as the radius 
where the mean interior density is

Profile completely defined via 2 parameters, for example: M200 and c

A common definition is

Virial mass

where

The NFW density profile

 Navarro-Frenk-White 



Navarro-Frenk-White density profile: examples
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M200 = 1011 M�

M200 = 1012 M�

M200 = 1013 M�

c = 10



Can supernovae do the job?

Ejection: Imagine ejecting a mass mej from the center of a NFW halo 

Hence, even if 100% of the SN energy can be converted into kinetic energy of a 
galactic wind, SN can only eject about 40% of the stellar mass from a MW-sized halo. 
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Reheating Imagine reheating a mass mgas to the vital temperature of the halo 

Hence, in a MW halo (200 km/s), SNe can reheat 17 solar masses of gas for 
every solar mass formed. Reheating is much more efficient than ejecting gas

Internal energy 
of the gas:

Can supernovae do the job?
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Virial 
temperature of 

the halo

with a typical 
galactic ISM 
temperature

Energy available 
for feedback:



Biggest uncertainty is the coupling efficiency

Efb = ✏SN�m?ESN

✏SN  1

Energy available 
for feedback:

with
fraction of energy 

coupling to the ISM

~80-90% of initial energy is likely radiated away 
in the first few 10,000 year after the explosion 

(e.g. Thornton et al 1998)

ESN ⇡ 1051 erg



But SNe are clustered. Superbubbles!

• In reality, stars form in clusters and it 
is the effective of many, possible 1000s 
of SNe that reheat the gas leading to 
gas escaping the galaxy as a wind.

•Test of supernovae explosions from a 
star cluster of mass 106 Msun

1kpc

density temperature



Observed properties of galactic winds: velocity

Galaxy, indicating that some LIGs are not massive enough to
become ULIGs. Some fraction of LIG progenitors, however,
are likely major mergers that were ultraluminous near peri-
galactic passage but faded during the long journey through
apogalacticon. This idea is supported by (1) the significant over-
lap in CO masses between LIGs and ULIGs (Gao & Solomon
1999), (2) the revived starburst activity suggested by the bi-
modal distribution of ULIG merger ages (Murphy et al. 2001),
and (3) the wider mean separation of LIGs relative to ULIGs.
Unfortunately, most of the LIGs with measured rotation speeds
are highly inclined disks for which no outflow was detected by
Heckman et al. (2000). Consequently, rotation curves are avail-
able for only two of the LIGs shown in Figure 6. If we consider
the paucity of data and the poorly determined inclination cor-
rections for the outflow velocities, these results should be taken
as preliminary. Nonetheless, the combined data do indicate a
steep rise in outflow velocity with rotation speed, as illustrated
in Figure 7. This result is potentially of fundamental significance,
so it is important to obtain more rotation curves. For the galax-
ies without rotation curves, rough circular velocities estimated
from line widths yield few velocities higher than the prelimi-
nary relation, so Figure 7 may actually provide a reasonable de-
scription of the upper envelope.

Absorption lines are ideal probes of the kinematics of ex-
tended low density gas, so it is not surprising that outflows were

one of the first features identified in the spectra of high-redshift
galaxies, whose optical spectra include the plethora of strong
absorption lines in the rest-frame ultraviolet bandpass. The choice
of systemic velocity is critical when comparing outflow speeds.
In particular, Ly! emission is often seen redshifted relative to
stellar features because of resonance scattering off the receding
side of the flow and therefore makes a poor zero point. Among
Lyman break–selected galaxies at z ! 3, the galaxy MS 1512-
cB58 has the highest quality spectra because of its large lens-
ing amplification. Its measured SFR, 40 M" yr#1, and its
outflow velocity, 255 km s#1 (Pettini et al. 2002), place it right
on the average relation for nearby LIGs. The high-redshift ob-
jects with bolometric luminosities in the ULIG range are se-
lected in the submillimeter band (Ivison et al. 2000). Rest-frame
ultraviolet spectra show median offsets between the H! veloc-
ity and low-ionization ultraviolet resonance absorption lines of
!650 km s#1 at luminosities of a few hundred solar masses per
year (S. Chapman 2004, private communication), which place
them in the same part of Figure 6 as the local ULIGs. Outflows
from high-redshift galaxies therefore appear to obey the same
scaling relations as winds from local starbursts.
Not only are neutral outflows faster in more massive galax-

ies, but their terminal velocities also appear to increase almost
linearly with the galactic rotation speed. Figure 7 (bottom) shows
that the terminal velocities are always 2–3 times the rotation
speed. This normalization is particularly interesting since the
escape velocity is

ffiffiffi
2

p
(minimum) to 3.5 (isothermal halo extend-

ing to 100 kpc) times larger than the circular velocity. The esti-
mated escape velocities are roughly 100, 400, and 900 km s#1 in
dwarf starbursts, LIGs, and ULIGs, respectively. The proximity
of the upper envelope in Figure 6 to these values provides im-
portant information about the dynamics of the outflows and is
discussed further in x 5.

4.3. Velocity Variations from Sigght-Line Orientation

X-ray and optical imaging of nearby starburst galaxies in-
dicate that the outflow axis is aligned perpendicular to the disk
plane. Identical bipolar outflows viewed at random angles yield
a large range of measured Na i velocities, so it is interesting to
examine whether the fastest outflows might be found in systems
with galactic disks oriented nearly face-on to our sight line. This
hypothesis is supported by the paucity of outflows in the edge-
on sample of LIGs (Heckman et al. 2000). Inclination is well
defined for only a few of the ULIGs because of both the lack of
high-resolution imaging and the ongoing merger. NICMOS im-
ages of IRAS 17208#0014 and IRAS 10565+2448 show that
these disks are oriented nearly face-on (Scoville et al. 2000),
and the outflow velocities in both are among the largest mea-
sured at comparable SFRs. If large outflow velocities are purely
an inclination effect, then ULIGs such as IRAS 23365+3604
and IRAS 18368+3549 must also be observed nearly face-on,
which is not inconsistent with their appearance in ground-based
images. Large axial ratios indicate that two ULIGs are likely
viewed edge-on. Of these, IRAS 03521+0028 has very weak
Na i, and IRAS 11506+1331 has little net outflowing material in
Na i. Inclination therefore appears to have something to do with
the observed velocity spread at a given SFR.
To examine inclination effects quantitatively, consider a sim-

ple model in which the flow is perpendicular to the disk plane.
The average polar viewing angle is i ¼ 57%, and the average
projected velocity is 0:5v max. It follows that, at any particular
SFR, the true outflow velocity is twice as large as the average
projected outflow velocity measured. Multiplying the fitted vB
versus SFR relation by 2.0 yields the dashed line sketched

Fig. 7.—Top, Outflow velocity at Na i line center vs. galactic rotation speed;
bottom, terminal Na i velocity vs. galactic rotation speed. [See the electronic
edition of the Journal for a color version of this figure.]
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•Outflow velocities 
of the gas is often 
observed from 
the Doppler shift 
in some 
absorption line

•Galaxies featuring 
galactic winds 
feature wind 
velocities close to 
the escape 
velocity of the 
galaxy!

Circular velocity of galaxies
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Martin et al. (2005)
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Observed Na lines



How much mass is entrained in the winds?

Rate at which mass is ejected into the 
wind from a galaxy via SNe feedback: ṁw

Star formation rate: ṁ?

Mass loading 
factor: ⌘ ⌘ ṁw/ṁ?

What matters for the stellar-mass halo 
mass relation is how much gas mass is 
ejected per solar mass of stars formed

Due to the complex interactions between different astrophysical scales, 
we do not yet have a theoretical understanding of how winds emerge.

Two regimes are usually considered in term of 
mass loading: energy and momentum driving

Some Feedback Please....

 the halo bias function

One of the most important problems in Galaxy Formation is the overcooling problem. 
Preventing overcooling requires some heat input. According to the current paradigm,  
the main heating mechanisms are feedback from star formation and AGN activity.

ASTR 610: Theory of Galaxy Formation © Frank van den Bosch:  Yale



Energy driven winds
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This particular wind-model is used abundantly in (semi)-analytical models of 
galaxy formation. In order for these models to have a sufficiently strong impact 
on the galaxy stellar mass function (i.e., strong suppression of galaxy formation 
in low mass haloes), the models typically require εSN ∼ 1
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w

Ėfb = ✏SN�ṁ?ESN

Assuming

⌘ ⌘ ṁw/ṁ?

Energy-driving of winds:

Feedback input rate:

and Ėw = Ėfb

yields a mass loading



Momentum driven winds

vw / vvir

This model describes momentum driven feedback well, for example 
radiation pressure. It would also describe supernovae driven winds well, if 
most of the energy is radiated away and only momentum is conserved!

Assuming

Yields ⌘ ⌘ ṁw/ṁ?

Momentum is conserved

⌘ = ⌘0

✓
vvir

200 km/s

◆�1

ṁwvw / ṁ?
momentum injection 
rate is proportional to 
the star formation rate



Confronting simple models with observations

⌘ ⌘ ṁw/ṁ?

Consider the integrated mass loading over time

⌘ = mw/m?

Assume galactic baryon mass + mass in wind = the cosmic baryon fraction
mb +mw = fbmvir

m? = f?mbwith

mb =
fbmvir

1 + ⌘f?
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Energy driven: Momentum driven:
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✓
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Handy fitting formula 
for observations

with



Confronting simple models with observations2 M. J. Stringer et al.

which is built on more realistic assumptions, whilst keeping
to the spirit of the original elegant theories.

2 THEORETICAL BACKGROUND

2.1 Consistent energy conversion

The earliest attempt to quantify the mass outflow due to
supernova was by Larson (1974). This brought the idea of
Matthews & Baker (1971) together with work on the evo-
lution of supernova remnants (Cox 1972) to estimate that
10% of the original supernova energy will be retained as
thermal and kinetic energy in the gas, a figure calculated by
considering the energy that would still be contained within
supernova remnants at the point at which they begin to
overlap.

This point naturally depends on the conditions in the
interstellar medium, but by including two key properties
(star formation rate and gas density) as variables in the
derivation, the final estimate was shown to be su�ciently
insensitive to variations in these conditions that it was con-
sidered, “under most circumstances likely to be encountered
in practice”, accurate “to within about a factor of 2”.

This figure could then be incorporated into their model
of gas ejection under the additional premise:

“...that all of the available energy of 0.1ESN is expended in
removing gas from the galaxy.” (Larson 1974)

This premise can be expressed as the assumption of con-
sistent energy conversion, in that the energy yield is
consistent from one system to another and is all converted
to the gravitational potential energy gained by the gas in
escaping the halo. This amounts to the relation:

Mescv
2
c

⇡ ⌘ESN , (1)

where Mesc is the mass of ejected gas, vc is the characteris-
tic velocity of the system (defined, for example, as the maxi-
mum circular velocity) and ⌘ is the fraction of raw supernova
energy, ESN, that is converted into the energy gained by the
gas. Assuming the supernova yield to be proportional to the
mass of stars formed, M

?

, this can be written:
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The original calculations by Larson (1974) proceed from an
e↵ective energy release per supernova of 1044J and a mass of
stars formed per supernova of 100M�, so the assumed yield
of 10% corresponds, in our notation, to v2SN ⇡ 1041J/M� ⇡

(220 km s�1)2.
The adopted figure for energy release of 1044J by Lar-

son (1974) was attributed to observational estimates by
Minkowski (1967), but has consistently appeared in the lit-
erature since then without any citation at all. More recent
justification for this figure has been provided by fitting evo-
lutionary models to the observed variation in luminosity of
the supernovae 1987A (e.g. Shigeyama & Nomoto 1990),
1993J (e.g. Nomoto et al. 1993), and 1994I (e.g. Iwamoto
et al. 1994), these having originated from stars with main
sequence masses in the range 10-20M�, and thus being rep-
resentative of the majority of the supernova population.

The scaling of eqn. 1 was subsequently adopted by
White & Rees (1978) as a component in their analytic model

10 100 1000
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Figure 1. Galactic baryonic mass estimates from several publi-
cations, shown as a function of the virialised host halo mass (es-
timated from observed circular velocity or velocity dispersion).
The lines show the simple prediction of self-similarity (dashed
line), the prediction based on consistent conversion of supernovae
energy to gravitational potential energy gain by the escaped gas
(solid line and a similar prediction based on consistent momentum
yield (dotted line) using the values vw = vSN = 300 km s�1. This
plot is deliberately similar in layout to fig. 1 of McGaugh et al.
(2010) and uses the same conversion from characteristic speed to
host halo mass:Mv/1012M� ⇡ (vc/187 km s�1)3. Round symbols
represent rotationally supported disks, where v

c

is the outermost
measurement of circular velocity. Square symbols represent pres-
sure supported systems for which vc =

p

3� is assumed, where �
is the observed line-of-sight velocity dispersion.

of galaxy formation, and the arguments behind it were re-
visited and extended by Dekel & Silk (1986), though with
rather detailed assumptions. White & Frenk (1991) felt these
were di�cult to justify, but they did adopt the scaling (if
not the parameter value) in their models. Indeed, though
di↵erent models employ their own particular definitions and
contexts for its application, the assumption remains in use
to this day (e.g. De Lucia et al. 2011).

The mapping from supernovae physics to this observed
trend in galaxy properties can be appreciated more directly,
if more approximately, by simply combining eqn. 1 with the
additional constraint that the retained and escaped masses
must add up to give the cosmic fraction, fb, of their host
halo, (Mb +Mesc = fbMv). This leads to a simple relation-
ship between remaining baryonic mass, Mb, and total virial
mass, Mv (or characteristic speed vc) that is plotted

1 in Fig.
1:

1 The line in Fig. 1 shows the locus of f
?

⇡ 1. Real systems,
where f

?

<

⇠

1, would therefore be expected to lie above this line.

c
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Stringer et al.  (2012)
• Data points are total 

baryon masses 
(stars+all observed 
gas)

• In cluster, all baryons 
are accounted for!

• Low mass galaxies are 
missing most of their 
cosmic baryons. 

• Energy driven winds 
(supernovae) can in 
principle explain this.
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The lab

• 3D simulation in a 1 kpc^3 box of a gas slab 
in an NFW dark matter halo potential. 

• The halo's force acts only in the z-direction. 

• The gas slab is representative of a patch of a 
disc galaxy, and stars form at high gas 
densities and inject energy from SNe, leading 
to galactic fountains and/or winds. 

• Energy is injected immediately when stars 
form. In reality, a single stellar population will 
feature type II SN for almost 40 Myr, the 
lifetime of 8 Msun stars. 

• You will run the simulation for at most ~100 
Myr, wh ich i s su ffic ient to get an 
understanding of whether winds develop.



The lab

Prerequisites:
You will need the following tools:
	 • git for downloading of material and code 

	 • gfortran or another Fortran compiler for compiling RAMSES 

	 • The RAMSES code for running your simulations 

	 • python and YT for data analysis


git, gfortran, python and YT should all be installed as part of your system 
installation your laptop. Follow the instructions on the homepage: 
 https://indico.nbi.ku.dk/internalPage.py?pageId=9&confId=933

https://indico.nbi.ku.dk/internalPage.py?pageId=9&confId=933


The lab

blowout (patch) —> ramses3d  
boom.nml: namelist for the exercise 
flux.py: Python/YT script for outflow properties 
images.py: density and temperature images 

gravity_params=1.e2,1e4,0.5,2e6,0.2,1.0d10,10.0 



The lab

gravity_params=Sigma1,T1,Sigma2,T2,z_disc,M200 

where


•Sigma1= initial surface density of the slab [Msun/pc^2]

•T1= initial gas temperature of the slab [Kelvin]

•Sigma2= initial surface density of the surrounding medium [Msun/pc^2]

•T2= initial gas temperature of the surrounding medium [Kelvin]

•z_disc= slab thickness [kpc]

•M200= dark matter halo virial mass [Msun]


By default it is set to: 


gravity_params=1.e2,1e4,0.5,2e6,0.2,1.0d10 

boom.nml: namelist for the exercise 



The lab



The lab

Q1. Outflows properties vs halo mass

Q2. Regulation of star formation

Q3. Energy or momentum driven winds? Or none of these?

Q4. (Time permitting) Sensitivity to numerical resolution

Q5. (Time permitting) Sensitivity to star formation parameters 


