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cosmological simulations in order to produce a good match be-
tween the predicted and observed galaxy stellar (and baryonic)
mass functions as well as high-redshift IGM enrichment patterns.
Oppenheimer & Davé (2006) and Oppenheimer et al. (2010) (see
also Dutton & van den Bosch 2009) considered a series of pre-
scriptions for how galactic winds scale with galaxy properties,
and ultimately found agreement with observations for a scaling
Ṁwind/Ṁ! = 3 (Vmax/100 km s"1)"1, which lies in the best-fitting
range of our simulations (as shown by the red line in Fig. 7).6 We
stress that we have not tuned or adjusted any parameters in our
simulations to produce either the normalization or slope of this
relation.

Qualitatively similar behaviour appears when we consider the
wind efficiency versus baryonic or stellar mass, albeit with a slightly
less significant correlation:
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Given the observed (stellar and baryonic) Tully–Fisher relation
M! % V 4

max, these correlations are fully consistent with the Vmax

correlation; likewise given the Ṁ!–M! relation discussed above,
these are consistent with the wind mass–SFR relation. This consis-
tency is expected, given that the simulated galaxies lie on both the
observed Tully–Fisher relations (by design) and SFR–stellar mass
relation.

4.3 Predicting wind efficiencies: towards a more accurate
effective model

In this section we use the results of our simulations to assess if
there is a more accurate predictor of wind properties than equations
(3)–(6) – such a predictor would be extremely useful for application
in cosmological simulations and/or semi-analytic models.

First, we consider the simulations alone, including all of our
galaxy models and case studies where we have varied other pa-
rameters such as the galaxy structural properties and how the SFR
is tied to molecular gas. We isolate a series of properties that are
measurable in such models (each as a function of radius): SFR,
circular velocity, escape velocity, total/bulge/disc/gas/halo masses
and surface densities, scale heights and the radii themselves (most
other properties can be constructed from combinations of these).
We then compare to the corresponding instantaneous wind mass
loading Ṁwind(R, t). Although all the parameters are correlated, if
we marginalize over the other variables we find three parameters
that dominate the trends in Ṁwind with radius, time and galaxy
model: the SFR Ṁ!, circular velocity7 Vc and gas surface density
!gas. Accounting for these, we do not find >3" dependence on

6 Oppenheimer & Davé (2006) and Oppenheimer et al. (2010) actually do
not resolve Vmax and instead adopt a proxy for the velocity dispersion "

based on a galaxy mass estimated from a friends-of-friends object finder.
Without a matching cosmological simulation, it is difficult to exactly convert
between this and the quantities measured here, so there is some ambiguity
in whether the normalization estimated in the quoted values agrees exactly
with that implemented. The scaling with V "1

max, however, should be more
robust.
7 Because we are considering the winds at different galactic radii
Ṁwind(R, t), we use Vc(R) instead of Vmax & MAX(Vc[R]).

any other variables we consider. A maximum-likelihood fit to these
three variables gives a correlation of the form

Ṁwind % Ṁ#
! V $

c !%
gas (7)

with # ' 1.0 ± 0.15, $ ' "1.1 ± 0.25 and % ' "0.5 ± 0.15.
From this, the correlation with SFR is most significant (>5" ),
and at otherwise fixed properties scales linearly (Ṁwind % Ṁ!);
the sub-linear behaviour in Fig. 7 owes mostly to the next most
significant correlation, with Vc(R, t) (#4" ), which is consistent
with the expected % V "1

c . Third most important (but still >3" ) is a
residual correlation with surface density which dominates many of
the variations in Ṁwind/Ṁ! within a given model as a function of
radius and time. If we include the normalization in the fit, we find
the following result for the mass loading:
!
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where &1, &2, &3 incorporate the uncertainty from the fits (&1 # 0.7
" 1.5, &2 # ±0.3, &3 # ±0.15). A comparison between this fit and
the simulation results is shown in Fig. 8.

Note that the scalings with SFR and circular velocity in equa-
tion (7) are consistent with the simple momentum conservation
argument discussed after equation (4). The surface density scaling
is, however, new. It implies that the wind mass loading is lower
for higher gas surface density systems, all other things being equal.
Physically, our interpretation of this is as follows. First, consider
low-mass systems where SNe dominate the wind driving. As shock-
heated SN bubbles expand, the momentum of the swept-up material
increases in time due to the P dV work done by the hot gas. This en-
hances the wind driving so long as cooling does not sap the energy
of the SN bubbles. For higher surface density galaxies, however, ra-
diative cooling of SN remnants is more important, suppressing the
SN contribution to the wind. This is qualitatively consistent with
the scaling in equation (8).

Figure 8. Best-fitting scaling of the wind mass rate as a function of galaxy
properties in our numerical simulations (equation 8): roughly Ṁwind/Ṁ! %
V "1

c !
"1/2
gas (where the quantities are evaluated at each wind launching radius

R in the galaxy). The dotted line shows the identical relation. Black points
show the instantaneous efficiencies (as Fig. 7), and red points show the
running time average (as Fig. 6, with quantities evaluated at the half-SFR
radius at each time). The order-of-magnitude scatter in Fig. 7 is reduced to
factor of #2. The scaling Ṁwind/Ṁ! % !

"1/2
gas reflects the fact that in denser

systems, SNe cool more efficiently and more of the optical/UV radiation is
absorbed, reducing the efficiency of wind driving.
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