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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) and the prediction based on energy conservation between
supernovae and gas outflow, with the value εSN = (300kms−1)2

chosen for illustrative purposes only (solid line). This plot is de-
liberately similar in layout and content to figure 1 of McGaugh
et al. (2010) and uses the same conversion from host halo mass
to characteristic speed: Mv/1012M" = (vc/187kms−1)3.

by vcrit ≡ ε1/2
SN and the derivation by Larson (1974) returned

the value 220 km s−1.
Over a decade later, this argument was revisited by

Dekel & Silk (1986),who followed it through with some mod-
ification, finding vcrit ≈ 128. The main modification is to
the derivation of εSN, and the dependence on environmental
factors is retained in the algebra to reveal the approximate
effect they could have on the estimate.

In the era of computer modelling, this argument has
been extended to cover the variation of gas outflow with vc,
rather than just identify the less effective and more effective
regimes. A generalised, differential equation for the ejected
mass was proposed by Cole et al. (1994) in response to early
computer simulations by Navarro & White (1993). In our
notation:

Ṁout =

(
vc√
εSN

)α

Ṁ" . (3)

These simulations included the effect of gas acceleration by
supernovae and explored a range of efficiencies with which
the energy from a supernova may be converted to kinetic
energy in the affected gas. These were found to support 3 <
α < 5.5.

(M/1011M")2/3, Larson (1974) actually converted this im-
mediately to a mass scale, Mcrit ≈ 3× 109M":

Another two decades on, and this issue is being con-
fronted by smoothed particle hydrodynamic (SPH) models,
and concluding remarks Dalla Vecchia & Schaye (2008) offer
a qualitative summary of the results.

“Apparently, (ram) pressure forces in the disc enable the wind
particles to drag large amounts of ISM out of the dwarf galaxys
disc, but are able to confine most wind particles to regions close
to the disc in the case of the massive galaxy, whose ISM has both
a higher density and pressure.”

In this paper we extend the work of Dalla Vecchia
& Schaye (2008), running similar idealised simulations but
with the focus on interpreting the results in the context of
traditional analytic work on the subject. In §2.2, we inves-
tigate the consequence of modelling the idealised systems
with different numbers of particles, and how the differing
results can be understood. In §2.4, we look at the quanti-
tative variation in feedback efficiency with galaxy mass in
both high and low resolution limit. In §3 the results of these
controlled numerical experiments are reconciled with tradi-
tional arguments.

2 FEEDBACK IN IDEALISED DISK
GALAXIES

2.1 Summary of the numerical experiments

To investigate the issues laid out in §1 this, we set up the
initial conditions for idealised, isolated disk galaxies, and
followed their evolution for 0.5Gyr using the gadget code
(Springel, Yoshida & White 2001; Springel 2005) and the
same initial conditions as Dalla Vecchia & Schaye (2008)
(after Springel, Di Matteo & Hernquist 2005).

These idealised galaxies have dynamic baryonic compo-
nents, with mass fraction, fb = 0.054, embedded in static
dark matter halos of mass (1−fb)Mhalo. The baryonic mass
is divided between a stellar bulge with total mass fraction
of 0.014 and a disk of fraction 0.04.

Of the disk mass, 70% is contained in a pre-existing
disk of old stars2 and the remaining 30% is composed of
cold disk gas. Both disk components have surface density
distributions which decrease exponentially with radius.

The simulation was run with a default softening length
of 10pc. Tests indicated that the results are sensitive to this
parameter, but it was quickly clear that no set of choices
could produce matching results across a range of different
particle mass (see Appendix B). For a clear study on the
more drastic effects of varying particle mass, use of a con-
stant softening length therefore seemed appropriate. It is
sufficient simply to bear in mind that a different value would
have been applied at low resolution if they were being run
in their own right, rather than as part of a convergence test.

The effects of supernovae are simulated by assigning
particles surrounding the given site a velocity kick in a ran-
dom direction. Particles are chosen at random such that
their total mass is twice the initial mass of stars formed.

∆Mw = 2∆M" (4)

2 “Old” in the sense that there are no ongoing winds or super-
novae from this population
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Figure 2. The effect of resolution on the mass outflow and evolution of an idealised, isolated dwarf galaxy (Halo Mass= 1010M!,
Baryonic Fraction=0.054). The same initial conditions have been evolved using the gadget code but with 15 different choices of particle
mass. The softening length in all cases is 10pc. The middle panels show the time evolution of four of these, showing the gas mass fraction
which has escaped (solid line), and the fraction which has escaped from the disk but returned (dashed line). Also shown is the fraction
which have become “wind particles (dotted line), which in this set of simulations is just Mw = 2Ṁ!. The upper panel shows the final
value of each of these quantities as a function of the particle mass used in the simulation run. Added to this panel is a faint dot-dashed
line showing the result of straightforward conservation of initial momentum out of the plane (5). The lower continuation of the line at
high resolution illustrates the importance of gravitational influence at low exit speeds (6). The lower panel shows the distribution of
escaped gas as a function of the outward velocity component, vz , at the point when it crosses the nominal galaxy “boundary” (see main
text). The vertical dot-dashed line shows the mass-weighted mean, vz (in kms−1) which is used in (5). Note that the integral under the
total ejected mass is equal to Mout/Mwind, but the shaded area (including only wind particles) is not equal to unity because some wind
particles do not escape.
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Figure 3. The effect of resolution on the mass outflow and evolution of an idealised, isolated Milky Way-like galaxy (Halo Mass= 1012M!,
Baryonic Fraction=0.054). The key is the same as Fig. 2. The faint dot-dashed lines for the limiting behaviour are different, as explained
in §2.2.2.
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dM

dv
≈ pSN

v̄2
e−

v
v̄

The high-resolution behaviour of these 
isolated simulations implies that there 
is some initial velocity distribution: 
set by momentum conservation...

The outflow velocity gets lower and lower as the 
galaxy is simulated with more and more particles.  

Massive disk galaxy 
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Figure 4. A illustration of the modelling approach described by
equation (10) by comparison with the the results of simulations
of three disk galaxies (total halo masses as labelled) run with the
same number of particles (≈ 2× 105 gas particles). The solid line
is the distribution of ejected gas as a function of estimated out-
ward velocity immediately after the respective supernovae events.
Superimposed as a dashed line is a simple velocity distribution
(12) with mean, v̄ chosen to closely match the tail of the distribu-
tion from each particular simulation. The cut-off velocity, vesc is
the value that separates the appropriate escape fraction for each
initial distribution.

in particular the mass or circular velocity. To initiate the
discussion of this correlation, Fig. 5. presents the results of
the idealised simulations over a range of halo masses span-
ning two orders of magnitude. This figure shows the highest
available resolution that was attainable for all systems (the
limit being on particle number rather than particle mass),
and repeated at a deliberately very low resolution for com-
parison.

As discussed in §2.2, the lower resolution case is easily
understood by noting that, at all halo masses, the outflow
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Figure 5. The outflow of gas from idealised galaxies of different
total mass, Mhalo. The lower panel shows the fraction of the ini-
tial gas mass that has formed stars after being evolved for 0.5Gyr
(circles), and the middle panel shows the fractions which have
been ejected from the system and re-cooled. The top panel plots
the ratio between the ejected mass and the mass of stars formed.
In all panels the highest resolution is shown as solid lines/points
and the lowest choice as dashed lines and open points. Superim-
posed on the top panel is a prediction based on a common velocity
distribution (11) for the outflowing gas in the different galaxies,
truncated according to the different potential barrier presented
to escaping gas, which scales ∆Φ ∝M2/3.

is approximately double the star formation, which is simply
the “mass loading” employed in this feedback prescription,
(4). This is most easily appreciated in the upper panel, which
plots the outflow mass as a fraction of the star formation
mass.

At the highest possible resolution, this “efficiency” of
the outflow (∆Mout/∆M!) is highly dependent on the local
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∆Mout ≈ 2∆M!

At low resolution, 
we more or less just 
recover the sub grid 
model, in this case: 

At high resolution, 
the outflow is 
mass-dependent.

Mout ≈ pSN

v̄
≈

1
2Mwvw

v̄

When                    ,  the results simply return 
approximate conservation of supernova wind 
momentum:

What can simulations tell us?
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Figure 4. A illustration of the modelling approach described by
equation (10) by comparison with the the results of simulations
of three disk galaxies (total halo masses as labelled) run with the
same number of particles (≈ 2× 105 gas particles). The solid line
is the distribution of ejected gas as a function of estimated out-
ward velocity immediately after the respective supernovae events.
Superimposed as a dashed line is a simple velocity distribution
(12) with mean, v̄ chosen to closely match the tail of the distribu-
tion from each particular simulation. The cut-off velocity, vesc is
the value that separates the appropriate escape fraction for each
initial distribution.

in particular the mass or circular velocity. To initiate the
discussion of this correlation, Fig. 5. presents the results of
the idealised simulations over a range of halo masses span-
ning two orders of magnitude. This figure shows the highest
available resolution that was attainable for all systems (the
limit being on particle number rather than particle mass),
and repeated at a deliberately very low resolution for com-
parison.

As discussed in §2.2, the lower resolution case is easily
understood by noting that, at all halo masses, the outflow

is approximately double the star formation, which is simply
the “mass loading” employed in this feedback prescription,
(4). This is most easily appreciated in the upper panel, which
plots the outflow mass as a fraction of the star formation
mass.

At the highest possible resolution, this “efficiency” of
the outflow (∆Mout/∆M!) is highly dependent on the local
environment, as observed by Dalla Vecchia & Schaye (2008).
Reassuringly, the star formation appears to be robust to
variation in resolution, so this discussion can focus on the
behaviour of the outflow.

The two competing effects on the outflow efficiency are
the distribution of energy across a greater gas mass (tending
to increase the ejected mass) and the loss of energy to ra-
diation that such distribution will entail (tending to reduce
the ejected mass). A quantitative version of these compet-
ing effects is provided by equation (10). Combined with the
plausible post-shock velocity distribution (11) this gives an
expression for the outflow in terms of the mean velocity to
which the wind is reduced by the ISM, v̄, and a suitably
defined escape velocity, vesc:

Mout

Mw
≈

1
2vw

v̄2

∫ ∞

vesc

e−vz/v̄ dvz

≈
1
2vw

v̄
e−vesc/v̄ (12)

This approximation has been added to Fig. 5 using v̄ = 80
and vesc = 2∆Φ, where ∆Φ is the potential gained by the
ejected gas measured as best possible from the simulations
themselves (see Appendix A). Attempting to use a “mea-
sured” vesc in this way is appropriate, the parameter as
defined by equation (10) is very different from the physi-
cal quantity that has been retrieved from the simulation, so
this adds to the qualitative nature of any comparison that
we can make here.

Qualitative or not, agreement with these particular sim-
ulation results is not the motivation behind the publication
of equations (10) and (12). The motivation is to promote a
more digestible explanation for the dependance of feedback
efficiency with gravitational potential in real galaxies that is
apparent from data such as Fig. 1.

Equation (10) attempts to relate the mass of ejected gas
to just two quantities that can be, in principle, calculated
or derived independently:

• The distribution of speeds for supernova shock fronts
at the end of their momentum-conserving phase (v̄).

• The speed required for gas from this distribution to
escape the high-density region of the galaxy, vesc (expected
to correlate very strongly with circular speed, vc, or total
mass M−2/3).

It must be emphasised that the velocity distribution will
certainly be a function of environment...

At present, neither of these is known for these simulated
galaxies, let alone real ones, but they are physical proper-
ties of the systems which could to be well understood and
might be expected to be related in this way. Though cur-
rently incomplete, this does allow implicitly for all the main
processes of the gas ejection to be considered, in a way which
is not true of the argument encapsulated by (9).
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...of which only the 
high-velocity tail 
eventually escapes.

where the approximate 
cut-off in outflow velocity 
is set by the effective 
potential barrier to escape 
from the disk, so scales 
as:                       .

Mass-dependence of SN feedback

Together with the 
constraint on the total 
mass in the halo: 

this gives:

(And why should the conversion of 
supernova energy be the same for 
all systems anyway?)

GADGET simulations by Claudio Dalla Vecchia & Joop Schaye, after Springel, Di Matteo & Hernquist

Energy conservation arguments first forwarded 
quantitatively by Larson (1974) equate the 
gravitational potential gained by the gas ejected
                                        from a  galaxy with the
                                        energy available from Suprnovae.    
                             

or

To revisit these traditional arguments, we have 
re-run existing SPH simulations of idealised 
disk galaxies at a range of particle mass. With 
the same kinetic supernova feedback, the 
outflow mass varies greatly with resolution. 
We try to link this with the mean gas outflow 
velocity,    , and the characteristic potential,   

(Where             is the mean energy 
converted per mass of stars formed.)
                             

εSN

Dwarf Galaxy

At high resolution this 
condition is not met. The 
approximation is too 
simplistic here!

v̄ ∆Φ

v̄2 >> ∆Φ

Mout ≈
∫ ∞

vesc

dM

dv
dv

For the massive galaxy, the outflow fraction at low 
resolution can be thought of as the fraction of these 
wind particles whose velocity kicks are orientated so 
that they can escape the disks gravity.

Using the approach outlined in 
Fig. 4, we can consider what 
would happen if we were able 
to simulate all systems at the 
resolution we are able to
achieve with the dwarf.

Star formation 
is noatbly robust to 

changes in resolution

Example distribution

≈ pSN

v̄
e−v��� /v̄

If we investigate the outflow out of the plane of the disk (as is 
plotted here) then we can write this in terms of the velocity 
distribution and the velocity required, on average, to escape:

The effects of supernovae are 
simulated  by assigning particles surrounding 

the given site a velocity kick in a random direction. 
Particles are chosen at random such that their total 
mass is twice the initial mass of stars formed.

Mout ≈
∫ ∞

vesc

dM

dvz
dvz

which, for the random orientations 
at low resolution, is roughly:

≈Mw

(
1− vesc

vw

)
.

As the resolution is increased, this limiting case is no longer 
relevant. The wind particles are interacting with the reast of the 
gas in the simulation and forming a quite different velocity 
distribution. But we could still model the outflow in this way, if 
only we knew what that velocity distribution should be...

vesc ∼
√

2∆Φ[                ]

v2
esc ∝M2/3


