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ABSTRACT

Feedback from massive stars is believed to play a critical role in driving galactic super-winds

that enrich the intergalactic medium and shape the galaxy mass function, mass–metallicity

relation and other global galaxy properties. In previous papers, we have introduced new nu-

merical methods for implementing stellar feedback on sub-giant molecular cloud (sub-GMC)

through galactic scales in numerical simulations of galaxies; the key physical processes include

radiation pressure in the ultraviolet through infrared, supernovae (Type I and Type II), stellar

winds (‘fast’ O star through ‘slow’ asymptotic giant branch winds), and H II photoionization.

Here, we show that these feedback mechanisms drive galactic winds with outflow rates as high

as ∼10–20 times the galaxy star formation rate. The mass-loading efficiency (wind mass-loss

rate divided by the star formation rate) scales roughly as Ṁwind/Ṁ∗ ∝ V −1
c (where Vc is the

galaxy circular velocity), consistent with simple momentum-conservation expectations. We

use our suite of simulations to study the relative contribution of each feedback mechanism to

the generation of galactic winds in a range of galaxy models, from Small Magellanic Cloud

like dwarfs and Milky Way (MW) analogues to z ∼ 2 clumpy discs. In massive, gas-rich sys-

tems (local starbursts and high-z galaxies), radiation pressure dominates the wind generation.

By contrast, for MW-like spirals and dwarf galaxies the gas densities are much lower and

sources of shock-heated gas such as supernovae and stellar winds dominate the production

of large-scale outflows. In all of our models, however, the winds have a complex multiphase

structure that depends on the interaction between multiple feedback mechanisms operating on

different spatial scales and time-scales: any single feedback mechanism fails to reproduce the

winds observed. We use our simulations to provide fitting functions to the wind mass loading

and velocities as a function of galaxy properties, for use in cosmological simulations and semi-

analytic models. These differ from typically adopted formulae with an explicit dependence

on the gas surface density that can be very important in both low-density dwarf galaxies and

high-density gas-rich galaxies.

Key words: stars: formation – galaxies: active – galaxies: evolution – galaxies: formation –

cosmology: theory.

1 IN T RO D U C T I O N

Feedback from massive stars is critical to the evolution of galax-

ies. In cosmological models of galaxy evolution without strong

stellar feedback, gas rapidly cools and turns into stars, leading

to galaxies with star formation rates (SFRs) much higher than

observed, and around 10 times the stellar mass found in real

galaxies (e.g. Katz, Weinberg & Hernquist 1996; Somerville &

Primack 1999; Cole et al. 2000; Springel & Hernquist 2003b;

Kereš et al. 2009, and references therein). Simply suppressing the

rate of star formation does not solve the problem: the amount of

⋆E-mail: phopkins@astro.berkeley.edu

†Canada Research Chair in Astrophysics.

baryons in real galactic discs is much lower than the amount of

cool gas in discs found in cosmological simulations, especially

in low-mass galaxies (White & Frenk 1991; for a recent review

see Kereš et al. 2009). Constraints from the mass–metallicity re-

lation and enrichment of the intergalactic medium (IGM) also im-

ply that the baryons cannot simply be prevented from entering

galaxy haloes along with dark matter (Aguirre et al. 2001; Pet-

tini et al. 2003; Tremonti et al. 2004; Songaila 2005; Erb et al.

2006). Some process must very efficiently remove baryons from

galaxies.

Related problems appear on smaller spatial and time-scales. The

Kennicutt–Schmidt (KS) law implies that star formation is very

slow within galaxies, with a gas consumption time of ∼50 dynam-

ical times (Kennicutt 1998). Moreover, the integrated fraction of

mass turned into stars in giant molecular clouds (GMCs) over their
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Stellar feedback and galactic winds 3523

lifetime is only a few to several per cent (Zuckerman & Evans 1974;

Williams & McKee 1997; Evans 1999; Evans et al. 2009). Without

strong stellar feedback, however, self-gravitating collapse leads to

most of the gas turning into stars in just a few dynamical times.

The problem, then, on both galactic and sub-galactic scales, is

twofold. First, star formation must be ‘slowed down’ at a given

global/local gas surface density. However, this alone would still

violate integral constraints, producing galaxies and star clusters

more massive than observed by an order of magnitude. Thus the

second problem: on small scales gas must be expelled from GMCs,

and on galactic scales either prevented from entering, or, more

likely in our judgment, removed from, the host galaxy. In other

words, local outflows and global super-winds must be generated

that can remove gas at a rate rapid compared to the SFR.

Because low-mass galaxies are preferentially baryon-poor,

matching the faint end of the observed galaxy mass function in cos-

mological simulations requires that the global efficiency of galactic

super-winds scales as a declining power of galaxy mass or circu-

lar velocity. Oppenheimer & Davé (2006) and Oppenheimer et al.

(2010) find that an average scaling Ṁwind/Ṁ∗ ∝ V −1
c produces

reasonably good agreement with the observed mass functions at

different redshifts,1 with a normalization such that a Small Magel-

lanic Cloud (SMC) mass dwarf has a mass loading Ṁwind/Ṁ∗ ∼ 10

(although this scaling may still overproduce the number of very

low mass galaxies). Large mass-loading factors of several times the

SFR are also estimated in even relatively massive local galaxies

and massive star-forming regions at z ∼ 2–3 (Martin 1999, 2006;

Heckman et al. 2000; Sato et al. 2009; Chen et al. 2010; Steidel

et al. 2010; Coil et al. 2011; Newman et al., in preparation).

The scaling Ṁwind/Ṁ∗ ∝ V −1
c is expected from momentum con-

servation arguments, given a number of simplifying assumptions

and sufficient global momentum input from supernovae (SNe), stel-

lar winds, radiation pressure, etc. (Murray, Quataert & Thompson

2005). Direct observations, while uncertain, tend to favour velocity

and Ṁwind scalings similar to this constraint for the bulk of the out-

flowing gas (Martin 2005; Rupke, Veilleux & Sanders 2005; Weiner

et al. 2009).

To date, however, numerical simulations have generally not been

able to produce, from an a priori model, winds with either such

large absolute mass-loading factors or the scaling of mass loading

with galaxy mass/velocity. Many simulations, lacking the ability to

directly resolve the relevant feedback processes, put in winds ‘by

hand’ by e.g. forcing an outflow rate that scales in a user-specified

manner with the SFR or other parameters (Springel & Hernquist

2003a; Oppenheimer & Davé 2008; Sales et al. 2010; Genel et al.

2012). Alternatively, models that self-consistently include stellar

feedback have generally been limited to a small subset of the rele-

vant processes; the vast majority include only thermal feedback via

SNe (i.e. thermal energy injection with some average rate that scales

with the mass in young stars). However, thermal feedback is very

inefficient in the dense regions where star formation occurs, and in

the interstellar medium (ISM) more broadly in gas-rich galaxies.

For this reason, such models require further changes to the physics

in order for thermal energy injection to have a significant effect.

1 Note that the agreement we speak of is with the faint sub-L∗ end of the

mass function. It is widely agreed that different physics, perhaps active

galactic nucleus (AGN) feedback, is critical for the regulation of the bright

super-L∗ end of the mass function. We focus here on stellar feedback and

star-forming systems.

Often cooling (along with star formation and other hydrodynamic

processes) is ‘turned off’ for an extended period of time (Thacker &

Couchman 2000; Governato et al. 2007; Brook et al. 2011). With or

without these adjustments, however, such models generally obtain

winds that are weaker than those required to explain the galaxy

mass function, especially at low masses (see e.g. Guo et al. 2010;

Nagamine 2010; Brook et al. 2011; Powell, Slyz & Devriendt 2011,

and references therein).

In our view, part of the resolution of this difficulty lies in the

treatment of the ISM physics within galaxies. Feedback processes

other than SNe are critical for suppressing star formation in dense

gas; these include protostellar jets, H II regions, stellar winds and

radiation pressure from young stars. Including these mechanisms

self-consistently maintains a reasonable fraction of the ISM at den-

sities where the thermal heating from SNe has a larger effect. This

conclusion implies that (not surprisingly) a realistic treatment of

galactic winds requires a more realistic treatment of the stellar

feedback processes that maintain the multiphase structure of the

ISM of galaxies.

Motivated by this perspective, in Hopkins, Quataert &

Murray (2011) (hereafter Paper I) and Hopkins, Quataert & Murray

(2012) (hereafter Paper II) we developed a new set of numerical

models to follow feedback on small scales in GMCs and star-

forming regions, in simulations with pc-scale resolution.2 These

simulations include the momentum imparted locally (on sub-GMC

scales) from stellar radiation pressure, radiation pressure on larger

scales via the light that escapes star-forming regions, H II photoion-

ization heating, as well as the heating, momentum deposition and

mass loss by SNe (Type I and Type II) and stellar winds [O star and

asymptotic giant branch (AGB)]. The feedback is tied to the young

stars, with the energetics and time dependence taken directly from

stellar evolution models. Our models also include realistic cooling

to temperatures <100 K, and a treatment of the molecular/atomic

transition in gas and its effect on star formation (following Krumholz

& Gnedin 2011).

We showed in Papers I and II that these feedback mechanisms

produce a quasi-steady ISM in which giant molecular clouds form

and disperse rapidly, after turning just a few per cent of their mass

into stars. This leads to an ISM with phase structure, turbulent veloc-

ity dispersions, scale heights and GMC properties (mass functions,

sizes and scaling laws) in reasonable agreement with observations.

In this paper, we use these same models of stellar feedback to quan-

titatively predict the elusive winds invoked in almost all galaxy

formation models.

The remainder of this paper is organized as follows. In Sec-

tion 2 we summarize the galaxy models we use and our methods of

implementing stellar feedback. In Section 3 we discuss how each

feedback mechanism affects the morphology, phase structure and

velocity distribution of galactic winds. In Section 4, we discuss

the mass loading of winds and how the mass-loss rate depends on

the inclusion of different feedback mechanisms. We further deter-

mine how the outflow rate scales with galaxy properties and use

our simulations to derive more accurate approximations to wind

scalings for use in cosmological simulations and semi-analytic

models. In Section 5 we summarize our results and discuss their

implications.

2 Movies of these simulations are available at https://www.cfa

.harvard.edu/~phopkins/Site/Research.html.

C© 2012 The Authors, MNRAS 421, 3522–3537

Monthly Notices of the Royal Astronomical Society C© 2012 RAS

 at H
arv

ard
 U

n
iv

ersity
 o

n
 A

p
ril 1

8
, 2

0
1
3

h
ttp

://m
n
ras.o

x
fo

rd
jo

u
rn

als.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 

http://mnras.oxfordjournals.org/


3524 P. F. Hopkins, E. Quataert and N. Murray

2 M E T H O D S

The simulations used here are described in detail in Paper I (see their

section 2 and tables 1–3) and Paper II (their section 2). However,

we briefly summarize the most important properties of the models

here. The simulations were performed with the parallel TreeSPH

code GADGET-3 (Springel 2005). They include stars, dark matter and

gas, with cooling, star formation and stellar feedback.

Gas follows a standard atomic cooling curve but in addition can

cool to <100 K via fine-structure cooling. This allows it to collapse

to very high densities, and star formation occurs in dense regions

above a threshold n > 1000 cm−3, with a rate ρ̇∗ = ǫ ρ/tff where

tff is the free-fall time and ǫ = 1.5 per cent is an efficiency taken

from observations of star-forming regions with the same densities

(Krumholz & Tan 2007, and references therein). We further follow

Krumholz & Gnedin (2011) and calculate the molecular fraction

within the dense gas as a function of the local column density

and metallicity, and allow star formation only from that gas. In

Paper I we show that the SFR is essentially independent of the

small-scale star formation law (robust to large variations in the

threshold and efficiency, and changes in the power-law index ρ̇ ∝

ρ1−2). This is because star formation is feedback-regulated and

dense star-forming regions grow in mass until sufficient new stars

have formed to halt further collapse. Likewise in Paper II we show

that the corrections from the molecular chemistry are negligible at

the masses and metallicities we model.

2.1 Disc models

Our calculations span four distinct initial disc models, designed to

represent a range of characteristic galaxy types. Each initial disc

has a bulge, stellar and gaseous disc, and dark matter halo. The

discs are initialized in equilibrium so that in the absence of cooling,

star formation, and feedback there are no significant transients.

The gaseous disc is initially vertically pressure-supported, but this

thermal energy is radiated away in much less than a dynamical

time and the emergent vertical structure depends on feedback. Our

‘low’-resolution runs (used to evolve the simulations for several

Gyr, to ensure steady-state behaviour) use ≈3 × 106 particles, with

≈106 particles in the disc, giving smoothed particle hydrodynamics

(SPH) smoothing lengths of ∼10 pc in the central few kpc of a

Milky Way (MW) like disc (the smoothing length scales linearly

with the disc size/mass scale). Our ‘standard’ resolution cases use

∼30 times as many particles, and correspondingly have ∼1–5 pc

smoothing lengths and particle masses of 500 M⊙; these are run

for a few orbital times each. A few ultrahigh-resolution runs used

for convergence tests employ ∼109 particles, with sub-pc resolution

on kpc scales.

(1) SMC: an SMC-like dwarf, with baryonic mass Mbar = 8.9 ×

108 M⊙ and halo mass Mhalo = 2 × 1010 M⊙ (concentration c =

15), a Hernquist (1990) profile bulge with a mass mb = 107 M⊙, and

exponential stellar (md = 1.3 × 108 M⊙) and gas discs (mg = 7.5 ×

108 M⊙) with scale lengths hd = 0.7 and hg = 2.1 kpc, respectively.

The initial stellar scale height is z0 = 140 pc and the stellar disc is

initialized such that the Toomre Q = 1 everywhere. The gas and

stars are initialized with uniform metallicity Z = 0.1 Z⊙.

(2) MW: a MW-like galaxy, with halo and baryonic proper-

ties of (Mhalo, c) = (1.6 × 1012 M⊙, 12) and (Mbar, mb, md, mg) =

(7.1, 1.5, 4.7, 0.9) × 1010 M⊙, Z = Z⊙, and scale lengths

(hd, hg, z0) = (3.0, 6.0, 0.3) kpc.

(3) Sbc: a luminous infrared galaxy (LIRG) like galaxy

(i.e. a more gas-rich spiral than is characteristic of those ob-

served at low redshifts) with (Mhalo, c) = (1.5 × 1011 M⊙, 11),

(Mbar, mb, md, mg) = (10.5, 1.0, 4.0, 5.5) × 109 M⊙, Z = 0.3 Z⊙,

and (hd, hg, z0) = (1.3, 2.6, 0.13) kpc.

(4) HiZ: a high-redshift massive starburst disc, chosen to match

the properties of the observed non-merging but rapidly star-forming

submillimetre galaxy (SMG) population, with (Mhalo, c) = (1.4 ×

1012 M⊙, 3.5) and a virial radius appropriately rescaled for a halo

at z = 2 rather than z = 0, (Mbar, mb, md, mg) = (10.7, 0.7, 3, 7) ×

1010 M⊙, Z = 0.5 Z⊙, and (hd, hg, z0) = (1.6, 3.2, 0.32) kpc.

2.2 Feedback models

The most important physics in these simulations is the model of

stellar feedback. We include feedback from a variety of mecha-

nisms, each of which we briefly describe below. More details about

our implementations of this physics are given in Paper I and Paper

II. We use a Kroupa (2002) initial mass function (IMF) throughout

and use STARBURST99 (Leitherer et al. 1999) to calculate the stellar lu-

minosity, mass return from stellar winds, SN rate, etc. as a function

of the age and metallicity of each star particle.

(1) Local momentum deposition from radiation pressure, SNe

and stellar winds: in Paper I, we present the radiation pressure aspect

of this model for feedback from young star clusters in detail. At each

timestep, gas particles identify the nearest density peak representing

the centre of the nearest star-forming ‘clump’ or GMC-analogue.

We calculate the total luminosity of the star particles inside the

sphere defined by the distance from the centre of this star-forming

region to the gas particle of interest; the incident flux on the gas

is then determined assuming that the local star-forming region is

optically thick to the ultraviolet (UV) radiation.

The rate of momentum deposition from radiation pressure is then

Ṗrad ≈ (1 + τIR) Lincident/c where the term 1 + τ IR accounts for

the fact that most of the initial optical/UV radiation is absorbed

and re-radiated in the infrared (IR); τ IR = �gas κ IR is the optical

depth in the IR, which allows for the fact that the momentum is

boosted by multiple scatterings in optically thick regions. Here

�gas is calculated self-consistently as the average surface density of

the identified clump, with κ IR ≈ 5 (Z/Z⊙) g−1 cm2 approximately

constant over the relevant physical range of dust temperatures. The

imparted acceleration is directed along the flux vector. In Paper I we

discuss numerous technical aspects of this implementation – such

as the effects of resolution, photon leakage and how the momentum

is discretized – and show that essentially all our conclusions are

robust to uncertainties in these choices.

The direct momentum of SN ejecta and stellar winds ṖSNe and Ṗw

are similarly tabulated from STARBURST99 and injected as an appro-

priate function of age and metallicity to the gas within a smoothing

length of each star. This source of turbulent energy is almost al-

ways smaller than that due to radiation pressure discussed above.

In some cases, however, in particular in dwarf galaxies, the work

done by bubbles of gas shock heated by SNe and/or stellar winds is

dynamically important; this is discussed below.

(2) Supernova and stellar wind shock heating: the gas shocked

by SNe and stellar winds can be heated to high temperatures, gen-

erating bubbles and filaments of hot gas. We tabulate the Type I and

Type II SNe rates from Mannucci, Della Valle & Panagia (2006)

and STARBURST99, respectively, as a function of age and metallicity

for all star particles, and stochastically determine at each timestep

if a SNe occurs. That is, the SNe are resolved discretely in time (as

C© 2012 The Authors, MNRAS 421, 3522–3537
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opposed to continuous energy injection). For each SNe, the appro-

priate thermal energy is injected into the gas within a smoothing

length of the star particle. Similarly, stellar winds are assumed to

shock locally and so we inject the appropriate tabulated mechanical

power L(t, Z) as a continuous function of age and metallicity into

the gas within a smoothing length of the star particles. The specific

energy of these stellar winds is large for young stellar populations in

which fast winds from massive stars dominate, but declines rapidly

at later times when slower, AGB winds dominate.

(3) Gas recycling: gas mass is returned continuously to the ISM

from stellar evolution, at a rate tabulated from SNe and stellar mass

loss in STARBURST99. The integrated mass fraction recycled is ∼0.3.

(4) Photoheating of H II regions: for each star particle, we tab-

ulate the rate of production of ionizing photons from STARBURST99.

Starting from the nearest gas particle and working our way out-

wards radially from the star, we then ionize each gas particle which

is not already ionized until the photon budget is exhausted (using

the gas and stellar properties to determine the photon production

rate needed to maintain the particle as fully ionized). Gas which is

ionized is immediately heated to ∼104 K, unless is already above

this temperature; moreover, the gas is not allowed to cool below

104 K until it is no longer in an H II region. This method allows

for overlapping, non-spherical H II regions that can extend to radii

∼kpc.

(5) Long-range radiation pressure: radiation pressure from pho-

tons absorbed in the immediate vicinity of stars is captured in mech-

anism (1). However, photons that escape these regions can still be

absorbed at larger radii. For each star particle, we construct the

intrinsic spectral energy distribution (SED) (Lν) as a function of

age and metallicity; we then use the local density and density gra-

dients to estimate the integrated column density and attenuation of

the SED using τ ν = κν � ≈ κν ρ (hsml + |∇ln ρ|−1), where hsml

is the smoothing length and κν is the frequency-dependent opac-

ity [assuming dust opacities that scale with metallicity, as in (1)

above]. The resulting ‘escaped’ SED gives a frequency-dependent

flux Fν that is propagated to large distances. We construct a force

tree for this long-range force in an identical fashion to the gravity

tree, since after attenuating the flux near the star particle, the stellar

flux is assumed to decrease ∝ r−2. Each gas particle then sees an

incident net flux vector F
i
ν , integrated over all stars in the galaxy.

Extensive numerical tests of the feedback models are presented

in Paper I and Paper II. In Appendix A, we present additional

numerical and convergence studies specific to galactic winds.

3 W I N D M O R P H O L O G I E S A N D P H A S E

S T RU C T U R E

3.1 Morphologies with feedback

Fig. 1 shows the stellar and gas morphology for each galaxy model

in our standard simulations with all feedback mechanisms included.

All cases exhibit clear outflows. The stellar maps show a mock ugr

composite image in which the spectrum of each star particle is calcu-

lated from its age and metallicity, and the dust extinction/reddening

is accounted for from the line-of-sight dust mass (following Hop-

kins et al. 2005). The gas maps show the projected gas density

(intensity) and temperature (colour, with blue representing cold

molecular gas at T � 1000 K, pink representing the warm ionized

gas at ∼104–105 K, and yellow representing the hot, X-ray-emitting

gas at �106 K).

The HiZ models result in discs with massive (>108 M⊙) ∼kpc-

scale clumps, similar to ‘clump-chain’ systems. Violent outflows

arise from throughout the disc driven by the very high rate of star

formation, with Ṁ∗ > 100 M⊙ yr−1. The outflow is clearly mul-

tiphase: there is a volume-filling hot component (largely from hot

gas ‘venting’ out of SN-heated regions and from ‘fast’ OB stellar

winds), but most of the mass is in dense clumps, filaments and

streams. We quantify this more in Section 3.5.

The Sbc models also produce clumpy gas structure but on smaller

scales and with the global structure more closely tracing spiral arms.

This is similar to observed dwarf starbursts (e.g. NGC 1569 or

1313). Again, a multiphase super-wind is evident, arising from the

reasonably high specific SFR of Ṁ∗/M∗ ∼ 0.2–1 Gyr−1.

In the MW models, which are much more gas poor than the

HiZ and Sbc models, the gas in the edge-on image traces the stellar

spiral and bar instabilities, albeit with filamentary and clumpy GMC

structure internal to the arms. The outflows here are less clearly

multiphase; with the low specific SFR and gas fraction, much of the

material is directly ‘vented’ hot gas, rather than accelerated cold

material.

The SMC models have a patchy ISM typical of dwarf irregular

systems, with large overlapping SNe bubbles. Outflows above the

thick disc appear as a mix of venting hot gas and shells of warm

material accelerated by the hot gas; the latter appear visually as

loops, shells and filaments of gas.

3.2 Effects of each feedback mechanism in turn

Fig. 2 shows the edge-on wind morphologies of models that include

different feedback mechanisms, but are otherwise identical.

First consider the HiZ model. If we view the disc face-on (see

Paper II), the clumpy morphology seen in Fig. 1 is evident in

all cases (this arises from violent gravitational instability); how-

ever, without momentum from radiation pressure, the characteristic

sizes of individual clumps collapse from ∼kpc to ∼pc and the gas

piles up at densities ∼106 cm−3. SNe, stellar wind momentum and

H II photoionization pressure are not sufficiently strong to resist

the collapse of clumps beyond a critical threshold and the cooling

time in these dense regions is much too short for thermal pressure

to be important. Some hot gas is produced from star clusters that

have nearly exhausted their gas supply. This vents directly out of

the disc producing the hot gas seen in the rightmost image in Fig. 2,

but the warm/cold material in the wind – most of the wind mass –

is almost totally absent.

If we instead turn off sources of gas heating (SNe, stellar wind

shock heating and H II photoheating), the primary difference rela-

tive to our standard run is in the volume-filling diffuse phase (the

properties interior to dense clumps are nearly identical). The diffuse

gas is much cooler (note the absence of yellow gas in the middle

panel), but the warm clumps in the outflow – most of the wind mass

– remain, directly accelerated out of the disc by radiation pressure.

For the MW-analogue model without radiation pressure, GMCs

again collapse to significantly smaller sizes, although the runaway

is not as severe because ‘fast’ stellar winds and H II heating are

able to somewhat suppress runaway GMC collapse (see Paper II).

Some wind material in the cold phase is also absent, but this is

not the dominant wind phase in the full simulations, so the net

difference is much weaker than in the HiZ case. Removing the

sources of heating has a comparable effect on the SFR as removing

the radiation pressure (Paper II), but it removes the volume-filling

‘hot’ gas and dramatically suppresses the wind (middle panel in

C© 2012 The Authors, MNRAS 421, 3522–3537
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Figure 1. Morphology of the gas and stars in our standard simulations with all feedback mechanisms enabled; we show face-on and edge-on projections. The

time in each is ∼2 orbital times after the simulation begins, when the disc is in a feedback-regulated steady state. Top: stars. We show a mock ugr (SDSS

band) composite, with stellar spectra calculated from their known ages and metallicities, and including dust attenuation. Brightness is logarithmically scaled

with a ≈2 dex stretch. Bottom: gas. Brightness encodes projected gas density (logarithmically scaled with a ≈4 dex stretch); colour encodes gas temperature

with blue being T � 1000 K molecular gas, pink ∼104–105 K warm ionized gas, and yellow �106 K hot gas. Each column corresponds to one of our four

galaxy models. HiZ: a massive, z ∼ 2–4, starburst disc with Ṁ∗ > 100 M⊙ yr−1; gravitational collapse forms kpc-scale complexes and a clumpy morphology,

with violent outflows containing dense, cold gas driven by the massive starburst. Sbc: a z ∼ 0 dwarf starburst galaxy; the disc is clumpy but more contained in

global spiral structure, with outflows from the central few kpc producing a multiphase clumpy wind. MW: an MW analogue; the gas morphology more closely

follows stars in a global spiral pattern; the ‘wind’ here is primarily hot SN-driven bubbles/holes ‘venting’ out, rather than the clumpy filaments/streamers seen

in the HiZ/Sbc cases. SMC: an isolated SMC-analogue dwarf; the disc is thick with irregular star formation and large bubbles from overlapping SNe; the wind

is prominent and contains a mix of hot gas and entrained cold/warm material in filaments/loops/arcs. The ‘smooth’ outer disc is ionized and of low density,

sufficient to prevent collapse at these masses.

Fig. 2); there is thus little material accelerated by radiation pressure

alone in MW-like models.

Fig. 2 shows that the Sbc case lies, as expected, somewhere

between the MW and HiZ cases in terms of the contribution of

the different feedback processes to the galaxy-scale outflow. In the

SMC-like model, on the other hand, the average gas density is very

low (�0.1 cm−3), approaching the regime in which the cooling time

can be comparable to the dynamical time. In addition, with the lower

C© 2012 The Authors, MNRAS 421, 3522–3537
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Stellar feedback and galactic winds 3527

Figure 2. Edge-on gas morphologies (as Fig. 1), with different feedback mechanisms enabled. Left: standard model (all feedback on). Middle: no heating –

energy injection from SNe, shocked stellar winds and H II photoheating is disabled (gas recycling from these mechanisms remains, but is ‘cold’). The ‘hot’

volume-filling ISM is greatly diminished but in the HiZ/Sbc cases the global morphology and much of the wind mass (in the cold/clumpy phase) remains. In

the MW/SMC cases, removing heating eliminates most of the wind mass (including warm gas, previously accelerated by hot gas). Right: no radiation pressure

momentum flux (local or long range). The hot medium remains, but in the HiZ/Sbc cases most of the cold/warm clumpy material in the wind is absent (hot

gas simply vents). The wind in the MW/SMC cases is less strongly affected, but within the disc, GMCs collapse much further than they would with radiation

pressure, giving a higher SFR at the same absolute wind mass.

densities and metallicities the IR optical depths are not large. As

a result, with only radiation pressure present, there is no hot gas

and essentially no wind. Turning off SNe heating, by contrast, has

a large effect – the volume filling factor of hot gas ‘bubbles’ drops,

and the wind is basically absent.

3.3 Appearance in X-rays

X-ray observations of canonical systems such as M82 provide a

strong probe of the shock-heated phase of galactic winds. We there-

fore consider some of the X-ray properties of our simulated galactic

C© 2012 The Authors, MNRAS 421, 3522–3537
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3528 P. F. Hopkins, E. Quataert and N. Murray

outflows. For convenience, rather than making a detailed mock ob-

servation corresponding to a given instrument, sensitivity, redshift

and energy range, we instead quantify the thermal bremsstrahlung

emission, for which the emissivity per unit volume is

uX ∝ T 1/2
gas ne ni, (1)

where Tgas is the gas temperature and ne and ni are the number

density of electrons and ions. At fixed pressure, uX is typically dom-

inated by the lowest temperature gas and so equation (1) need not

refer specifically to X-ray observations. We quantify the contribu-

tions of gas at different temperatures to the thermal emission below.

To start with, however, Fig. 3 shows the observed morphology of the

winds for our fiducial simulation of each galaxy model, with surface

brightness weighted (logarithmically) using the thermal emission in

Figure 3. Left: galactic wind thermal emission morphology, as a proxy

for X-ray emission. The maps show edge-on images of our standard mod-

els for each disc (with all feedback enabled). Intensity here encodes the

projected bremsstrahlung emissivity (equation 1). A roughly bi-conical,

clumpy/multiphase wind is typical, similar to that observed in, e.g. M82.

Right: same, but now showing the metal-cooling luminosity. Note the en-

hanced clumpiness from the inhomogeneous metal distribution.

equation (1) (using the known temperature, density and ionization

information in the simulations). Very broadly, the appearance of

the winds in Fig. 3 is similar to that seen in Fig. 1, but the clumpy

structure of the winds is more evident and the global morphology is

more obviously bi-conical (since much of the in-plane material is

neutral and so does not appear here). Overall, the morphologies of

the Sbc- and SMC-like models are qualitatively similar to observa-

tions of systems like M82. The HiZ case is more spatially extended,

making the outflow less columnar. The MW model is less clearly

wind-like but is instead consistent with a diffuse halo.

The top panel of Fig. 4 shows dLX/d ln Tgas, the contribution of

gas at different temperatures to the total thermal bremsstrahlung

emission. This weighting favors dense cool gas given roughly com-

parable pressures at different temperatures, but there is a rapid cut-

off below ∼104 K because the gas becomes neutral. Fig. 4 shows

that much of the ‘X-ray’ emission would be contributed by gas

at ∼106–107 K with the exact range of temperatures depending on

the system. Fig. 4 also divides dLX/d ln Tgas into intervals in radial

outflow velocity. The material at low vr < 10 km s−1 (including

negative vr) is generally non-outflowing gas at the cooler end of

the temperature distribution. At higher radial velocities, the thermal

emission tends to come preferentially from higher temperature gas.

We show below that in the very high velocity wind, much of the

mass is in the form of warm gas, but the thermal emission shown

here is primarily sensitive to the hotter material.

We caution that the dominant cooling emission for gas with

Tgas ∼ 106–107 K probably comes from metal lines, not thermal

bremsstrahlung. Our treatment of enrichment in the current models

is relatively simple and just traces the total metallicity (improved

models will be presented in future work in preparation); therefore

it is difficult to make detailed predictions for the line emission.

However, we can use the compiled tables presented in Wiersma,

Schaye & Smith (2009), who use a suite of CLOUDY calculations to

determine the total metal-cooling luminosity as a function of ne,

ni, Z (assuming solar abundance ratios), Tgas and the photoionizing

UV background (for simplicity the z = 0 background is used), to

calculate the metal-cooling luminosity. We plot the morphology of

this emission as well in Fig. 3. It is broadly similar to the ther-

mal bremsstrahlung emission, as expected; however, the metal-line

emission is significantly more clumpy (and in the Sbc case more

concentrated in vertical filamentary structures as well) – closer to

what is actually observed in systems like M82. This is because the

metals are inhomogeneous. We caution, however, that metal diffu-

sion and other small-scale mixing processes are not followed here,

so the degree of inhomogeneity may be overestimated.

3.4 Velocity and column density distributions

Fig. 4 (middle panel) also plots the radial velocity distribution of

gas in the simulations, specifically the mass per unit radial velocity

dm/dvr. There is a concentration of gas at small |vr| which is the

rotationally supported disc (this includes almost all the star-forming

gas). This ‘spike’ is symmetric about vr = 0; the winds appear as the

large excess of material at vr ≫ 0, extending to vr > 1000 km s−1

even in the SMC-like case.

In each galaxy model, the winds span a wide range in outflow

velocity – there is no single ‘wind velocity’ (contrary to what is

assumed in many models). The distribution of mass in dm/dvr has

a broad plateau up to some ‘turnover’ velocity, above which it falls

off more rapidly; we can approximate it with

dmwind

dvr

∝
1

1 + (vr/v0)α
(2)
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Stellar feedback and galactic winds 3529

Figure 4. Top: thermal bremsstrahlung emission-weighted distribution of gas temperature dLX/d log Tgas. For each galaxy model (columns), we show results

for our standard simulation with all feedback mechanisms (time averaged over the simulation). Different lines in a given panel correspond to gas with different

radial velocities (relative to the centre of mass). The emission from more rapidly outflowing wind material tends to be dominated by the hotter gas with

T ∼ 106–108 K. Middle: mass-weighted distribution of gas outflow radial velocities dm/dvr. The distribution for all gas is divided into the contribution from

different phases: cold (primarily molecular) (T < 2000 K), warm (primarily ionized) (2000 < T < 4 × 105 K) and hot diffuse (T > 4 × 105 K) gas. The

high-vr part of the distribution is the wind material, with a distribution that can be fitted by equation (2). This outflowing gas consists primarily of a mix of

warm and hot gas with some colder (likely molecular) material. The warm material usually dominates the mass, and is in the form of the dense clouds, filaments

and shells seen in Fig. 1. Bottom: mass-weighted density distribution for the unbound wind material, divided into different phases as in the middle panel.

The cold/warm/hot gas dominates at high/intermediate/low densities, respectively. The ‘warm’ material at very low densities, ≪10−4 cm−3 is previously ‘hot’

material that has adiabatically cooled as it expands; these low densities arise artificially because we do not include an IGM into which the wind expands.

with α ∼ 3–7 and v0 ∼ 800, 500, 200 and 200 km s−1 in the HiZ,

Sbc, MW and SMC cases, respectively. For comparison, the max-

imum circular velocities of these systems are Vmax ≈ 230, 86, 190

and 46 km s−1. In the starburst systems where radiation pressure is

critical for much of the wind (HiZ/Sbc), the turnover velocity is a

few times Vmax (comparable to the escape velocity) – this is ex-

pected for radiatively accelerated winds. In contrast, the maximum

velocities in the lower SFR systems appear to asymptote to a max-

imum at a few hundred km s−1 – such a roughly constant velocity

is, in turn, the expectation for thermally heated galactic outflows.

Observationally, the column density distribution of the gas is

probed directly by absorption line measurements (e.g. Na and Mg

lines). Fig. 5 quantifies this distribution in our simulations. To cal-

culate this, we determined the average column density distribution

calculated over ∼100 different projections of the galaxy, each time

calculating the integrated line-of-sight column along ∼104 sight-

lines through an aperture of fixed physical radius about the galaxy

centre (uniformly sampling the aperture area). Note this calculation

is simply the total hydrogen column density – we do not include

the ionization corrections that are critical to computing realistic line

strengths. The very large columns in Fig. 5 come from the few per

cent of sightlines which go through the discs, but the bulk of the

column density distribution is dominated by the winds. Fig. 5 shows

that there is a broad range of columns with a roughly power-law

behaviour in NH at low values (expected for an expanding, constant

Ṁ wind); the characteristic columns range from ∼1018–1020 cm−2

around dwarf galaxies to ∼1020–1022 cm−2 around massive

systems.

3.5 Cold, warm and hot outflows

The mass distribution as a function of radial velocity in Fig. 4 divides

the gas into three traditional phases with a simple temperature cut:

‘cold atomic+molecular’ gas (T < 2000 K), ‘warm ionized’ gas

C© 2012 The Authors, MNRAS 421, 3522–3537
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3530 P. F. Hopkins, E. Quataert and N. Murray

Figure 5. Cumulative distribution of gas column density (fraction >NH)

along random sightlines within different radii around each galaxy in our

simulations with all feedback mechanisms. The results are averaged over

time and projected disc angle, for random sightlines within a projected

circular aperture of physical radius r around the disc centre (labelled). The

few per cent of sightlines at large columns (� 1022 cm−2) go through the

disc itself; the remainder are dominated by wind material. Wind material

with NH � 1019 cm−2 has a large covering factor within a few tens of kpc,

and there is a broad range of columns ∼1018–1021 cm−2.

(2000 < T < 4 × 105 K) and ‘hot’ gas (T > 4 × 105 K). The wind

is a mix of warm gas (containing most of the mass) and volume-

filling hot gas, with a few per cent contribution from cold gas at all

velocities. This is shown directly in the lower panel of Fig. 4, where

we consider the density distribution of wind material (defined as

all unbound gas, see below), divided into these same phases. The

wind includes material with a broad range of densities n ∼ 10−6

to 102 cm−3, with high-density material at n � 1 cm−3 primarily

‘cold’, intermediate-density material (n ∼ 0.01–1 cm−3) ‘warm’

and low-density material (n � 0.01 cm−3) ‘hot’.

The instantaneous phase structure in the wind is not the same,

however, as the phase structure of the material at the time it was

initially accelerated into the wind. Its multiphase origin is evident

in the fact that the warm gas is highly inhomogeneous; most of the

mass is at a density ∼20–100 times higher than would be expected

if it were smoothly distributed over a spherical shell (the formal

clumping factor is 〈ρ2〉/〈ρ〉2 ≈ 100 in each case). Some of the warm

gas – especially in the larger and more diffuse loops and shells, is

material from the diffuse ‘warm phase’ of the disc disc (which has

both sizeable mass and volume filling factors) directly accelerated

out of the disc. However, the large tail of very low density (n �

10−4 cm−3) volume-filling warm gas is material initially launched

as ‘hot’ gas, which cools adiabatically as it expands. Moreover,

much of the dense clumpy/filamentary structure is material initially

launched as ‘cold’ gas, which rapidly becomes photoionized as it

expands and its average density falls.

There are several important numerical caveats to the micro-scale

phase structure in the wind shown here. In particular, acceleration

of cold gas directly by hot gas is difficult to treat accurately in SPH

codes, and comparison with adaptive mesh schemes suggests that

we are likely to underestimate the true amount of cold material in

the wind (Springel 2010; Keres et al. 2011). Similarly, we do not

capture the thermal evaporation of cold gas to form hot gas or the

condensation of hot gas to form cool gas. Moreover, the adiabatic

expansion of the gas to extremely low densities is possible because

our simulations do not include a realistic IGM into which the gas

would expand. As a result, the phase distributions shown in Fig. 4

are unlikely to be quantitatively accurate.

4 M A S S L OA D I N G O F G A L AC T I C W I N D S

4.1 Effects of each feedback mechanism in turn

From the broader perspective of galaxy formation, the most impor-

tant integral property of galaxy winds is probably the total wind

mass outflow rate. This is typically quantified in terms of its ratio to

the SFR Ṁwind/Ṁ∗, i.e. the wind mass per unit mass of stars formed.

Fig. 6 shows the wind masses of our models, in a series of otherwise

identical simulations with different feedback mechanisms enabled

or disabled in turn. This quantifies the importance of a given feed-

back process in driving the wind in our simulations. We compare

the total mass in the wind Mwind as a function of time, relative to

the integrated mass in stars formed since the start of the simulation

Mnew – the ratio of these quantities Mwind/Mnew defines the average

‘global’ wind efficiency 〈Ṁwind〉/〈Ṁ∗〉. If we evaluate the instanta-

neous efficiency or average in narrow time bins, we obtain similar

results but with increasing scatter.

In these calculations, we define the ‘wind’ as material with a

positive Bernoulli parameter b ≡ (v2 + 3 c2
s − v2

esc)/2, i.e. material

that would escape in the absence of additional forces or cooling.3

Fig. 6 shows that for the HiZ galaxy model, the photon mo-

mentum plays a critical role in driving much of the wind mass.

By contrast, removing the sources of hot gas (SNe, stellar winds

and H II heating) has little effect on the total wind mass. With all

feedback mechanisms operating, a multiphase wind is blown with

an outflow rate between ∼0.2–1 times the SFR. Without local and

long-range acceleration by photon momentum, however, the wind

efficiency drops by a factor of ∼5, both because the absolute wind

mass drops and because the SFR increases significantly. The long-

range acceleration due to the ambient radiation field is especially

critical in driving the wind: we show in Paper II that a moderate

increase in the UV escape fraction from the galaxy can increase the

wind mass by factors of ∼2–5. By contrast, removing the local IR

radiation pressure support within star-forming regions has a much

weaker effect on the wind (though we have shown in Paper I that

it is critical for the support of GMC complexes themselves). The

winds in the HiZ model therefore seem not to be directly launched

from GMCs, but rather are the result of a two-step process (Murray,

Ménard & Thompson 2011). First, UV and IR radiation pressure

lofts up gas parcels. Secondly, these parcels are then continuously

accelerated by photons emerging from the entire disc, rather than

only those from their natal GMC.

For the MW model, our fiducial calculations produce a wind with

an outflow rate a couple times the SFR.4 The relative role of the

3 We have also calculated the wind mass using a more observationally ac-

cessible definition: material that has reached at least >500 pc above the disc,

with absolute outflow velocity >100 km s−1. This gas may or may not all

be formally unbound, and the exact ‘cuts’ in z and v are arbitrary, but we

find that this definition of wind mass is generally within ∼20 per cent of the

wind mass defined with the Bernoulli parameter. Moreover, the results are

essentially unchanged for moderate (a factor of ∼2) changes in the threshold

values of z and v.
4 The high wind mass loading at early times (Ṁwind ∼ 10Ṁ∗) is partially

an artefact of the initial conditions. This occurs in part because it takes

∼2 × 108 yr for the SFR to reach equilibrium, and partly because the pre-

simulation bulge+disc stars are initialized with a broad age range, so a

small fraction are sufficiently young to have a large feedback effect before

the SFR rises much (and because the galaxy is so gas-poor, this has as a

proportionally large effect).
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Stellar feedback and galactic winds 3531

Figure 6. Galactic wind mass-loading efficiency (≡ Mwind/Mnew, where Mwind =
∫

Ṁwind and Mnew =
∫

Ṁ∗) for each galaxy model. We compare our

standard simulations with all feedback mechanisms to simulations with different feedback mechanisms enabled in turn. Models with no feedback produce no

measurable wind mass. Since SNe dominate the production of wind material by hot gas (relative to H II heating and stellar winds), the ‘Rad Mom Only’ models

shown here are very similar to ‘no SNe’ models. Top left: HiZ model. Net outflow rate is ∼Ṁ∗. Most of the wind comes from ‘cold’ acceleration by radiation

pressure, and is present even with no SNe/stellar wind/H II heating terms (though these do contribute a non-negligible fraction from ‘venting,’ seen in the no

radiation pressure case). Top right: Sbc model, with Ṁwind ∼ 3–5 Ṁ∗. Heating mechanisms contribute comparably to radiation pressure in driving the wind.

Note that the ‘standard’ model wind mass is significantly larger than the sum of the wind mass with just heating and just radiation pressure enabled separately

– there is a strong non-linear coupling between the different feedback mechanisms that enhances the strength of the wind. Bottom left: MW-like model, with

Ṁwind ∼ 1–10 Ṁ∗. Here the hot gas produced by SNe dominates the wind driving. Bottom right: SMC-like model, with Ṁwind ∼ 10–20 Ṁ∗. Hot gas is again

critical, with SNe even more dominant.

hot wind phase is much more prominent than in the HiZ case. If

we remove all of the thermal feedback (SNe, stellar winds and H II

regions), there is essentially no wind! And of the heating mecha-

nisms, SNe have the largest effect on the wind properties. In the

absence of thermal heating, the SFR is still regulated at nearly the

same level by the radiation pressure feedback (as in Paper I), but

material is not being driven into a super-wind. Radiation pressure

thus plays an important role in self-regulating star formation in

the disc, but is not, unlike in the HiZ models, strong enough to

directly accelerate much gas far out of the disc. Rather, radiation

pressure lofts material out of GMCs, after which the gas is acceler-

ated primarily by the hot gas pressure into a galaxy-scale outflow.

This contrasts with the HiZ case, where the acceleration above the

disc results from radiation pressure rather than from hot gas ram

pressure.

The Sbc case, as before, lies somewhere in between the HiZ

and MW cases. The net efficiency is a few times the SFR, with

radiation pressure and hot gas contributing comparably to the

outflow mass. Note also that Fig. 6 clearly shows that the to-

tal wind mass in the case with all feedback enabled (‘standard’)

is significantly larger than the sum of the wind mass with hot

gas alone or radiation pressure alone. The full wind efficiency

stems from the non-linear interaction between different feedback

mechanisms.

For our SMC-like dwarf galaxy model, the simulation with all

feedback mechanisms included drives an outflow of ∼10–20 times

the SFR (Fig. 6). Just as in the MW model, SNe are the most im-

portant driver of the galactic outflow. In particular if we remove all

sources of hot gas (SNe and stellar winds), we again see essentially

no significant super-wind. By contrast, without any feedback from

radiation pressure, the wind mass is reduced by a small amount

(∼30–40 per cent) and the average SFR increases by a similar fac-

tor, so the net outflow efficiency is only a factor of ∼1.7 lower.

4.2 Wind efficiency versus galaxy mass

Fig. 7 summarizes the efficiency of the winds in our standard sim-

ulations as a function of global galaxy properties. We plot the wind

C© 2012 The Authors, MNRAS 421, 3522–3537
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3532 P. F. Hopkins, E. Quataert and N. Murray

Figure 7. Summary of the efficiency of stellar winds, defined as the wind mass-loss rate divided by the SFR, Ṁwind/Ṁ∗. Each of our galaxy models is shown,

for simulations with all feedback mechanisms included. The instantaneous efficiencies (the derivative of Fig. 6) are shown at a number of times (black); the

time-averaged value and ±1σ scatter over the duration of the simulation are also shown (orange with error bars). The best-fitting power-law relation is also

plotted in each panel (dotted line). Top left: outflow rate versus SFR. The best fit is sub-linear: Ṁwind ∝ Ṁ0.66±0.08
∗ (equation 3). Top right: efficiency versus

the maximum circular velocity of the galaxy rotation curve. Our best fit is Ṁwind/Ṁ∗ ∝ V 1.2±0.2
max (equation 4). For comparison, we also show the scaling from

cosmological simulations that are adjusted to match high-redshift IGM enrichment and approximately match the observed galaxy mass function (Oppenheimer

& Davé 2006; Oppenheimer et al. 2010):6 〈Ṁwind/Ṁ∗〉 = (Vmax/300 km s−1)−1(red dashed). This is consistent within 1σ with our numerical results. Bottom

left: wind efficiency versus galaxy baryonic mass. Bottom right: wind efficiency versus galaxy stellar mass.

efficiency at several different times (evaluated every 107 yr), for

each standard disc model, as a function of several parameters: the

instantaneous SFR, the maximum circular velocity of the disc Vmax

and the stellar and baryonic galaxy masses. The order-of-magnitude

scatter in wind efficiencies even at fixed galaxy properties is clear,

but there are also clear trends in the average efficiencies with each

galaxy property.

The wind mass loading is strongly correlated with the galaxy

SFR, but with a sub-linear power. Fitting a single power law in

Fig. 7 gives

Ṁwind ∼ 3 M⊙ yr−1

(

Ṁ∗

M⊙ yr−1

)0.7

. (3)

The sub-linear behaviour is particularly interesting, as is implies a

lower efficiency at higher absolute SFR: Ṁwind/Ṁ∗ ∝ Ṁ−0.3
∗ . Since

observations find a SFR–stellar mass relation Ṁ∗ ∝ M0.7
∗ in star-

forming systems (Noeske et al. 2007), this is equivalent to a lower

efficiency at higher masses (Ṁwind/Ṁ∗ ∝ M−0.23
∗ ).

This is evident when we directly plot the efficiency versus bary-

onic mass, stellar mass or maximum circular velocity. The strongest

correlation appears to be between efficiency and Vmax. This has the

form
〈

Ṁwind

Ṁ∗

〉

∼ 3[±1]

(

Vmax

100 km s−1

)−(0.9−1.7)

. (4)

This is in reasonable agreement with the expectation from simple

dimensional arguments based for a momentum-driven wind with

a characteristic velocity of Vmax (Murray et al. 2005). If the mo-

mentum flux in the outflow scales with the luminosity of massive

stars (∝ L ∝ Ṁ∗), then the outward momentum Ṁwind Vesc ∝ Ṁ∗,

so Ṁwind/Ṁ∗ ∝ V −1
max. Note that this scaling can also apply if ram

pressure due to hot gas is the primary mechanism driving mass (i.e.

warm/cold gas) out of the galaxy.5 There is a small, but real devia-

tion of the HiZ model from the extrapolation of this scaling, which

is a consequence of an additional residual dependence on �gas that

we discuss below.

The scaling of Ṁwind/Ṁ∗ with Vmax in Fig. 7 and equa-

tion (4) is in plausible agreement with the scaling suggested in

5 We should note that, although it is not obvious because of the large scatter

in instantaneous mass-loading rates, the best-fitting trend in Fig. 7 is robust

to the exclusion of any individual simulation.
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Stellar feedback and galactic winds 3533

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:

〈

Ṁwind

Ṁ∗

〉

∼ 3.5[±1]

(

Mbaryon

1010 M⊙

)−(0.3−0.65)

, (5)

〈

Ṁwind

Ṁ∗

〉

∼ 2[±0.5]

(

M∗

1010 M⊙

)−(0.25−0.5)

. (6)

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 >3σ 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 σ

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 ∝ Ṁα
∗ V β

c �γ
gas (7)

with α ≈ 1.0 ± 0.15, β ≈ −1.1 ± 0.25 and γ ≈ −0.5 ± 0.15.

From this, the correlation with SFR is most significant (>5σ ),

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) (∼4σ ), which is consistent

with the expected ∝ V −1
c . Third most important (but still >3σ ) 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:

〈

Ṁwind

Ṁ∗

〉

R

≈ 10η1

(

Vc(R)

100 km s−1

)−(1+η2)(
�gas(R)

10M⊙ pc−2

)−(0.5+η3)

,
(8)

where η1, η2, η3 incorporate the uncertainty from the fits (η1 ∼ 0.7

− 1.5, η2 ∼ ±0.3, η3 ∼ ±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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3534 P. F. Hopkins, E. Quataert and N. Murray

Consider now the opposite limit of massive, dense systems in

which radiation pressure is the most important wind driving mech-

anism in our models, in particular the long-range continuous accel-

eration due to the diffuse radiation field. The gas at large heights

above the mid-plane is generally not optically thick in the IR, but

still has τ > 1 in the UV (and possibly in the optical, if the wind

is sufficiently dense). Thus the incident radiation pressure force on

this gas depends on the escape fraction in the UV/optical fesc, uv-opt

times L/c, so that Ṁwind ∝ fesc, uv-opt Ṁ∗ V −1
c ). In Appendix A, we

explicitly confirm that the wind mass loading in the HiZ and Sbc

models indeed scales close to linearly with fesc, uv-opt. The escape

fraction in turn declines for larger disc gas surface densities, be-

cause the disc is itself what is absorbing the UV flux. This implies

a wind mass loading that decreases for higher gas surface densities,

again qualitatively consistent with the scaling in equation (8).

5 D ISC U SSION

We have studied the origin of galaxy-scale outflows using a new set

of numerical methods for modelling stellar feedback in hydrody-

namic galaxy simulations: the feedback processes include radiation

pressure on the scales of star clusters; shock heating, momentum

injection and gas recycling via SNe and stellar winds; photoioniza-

tion in (overlapping) H II regions; and radiation pressure produced

by the diffuse interstellar radiation field. Our calculations use the re-

sults of stellar population modelling to self-consistently include the

time dependence of these feedback processes. We have explored

this physics in the context of isolated (non-cosmological) galaxy

models that range from those motivated by massive z ∼ 2 galaxies

forming stars at ∼100–300 M⊙ yr−1 to models of SMC-like dwarf

galaxies.

By incorporating multiple feedback processes, we find that

numerical simulations produce galaxy-scale outflows with mass-

loading factors up to Ṁwind � 10 Ṁ∗. Moreover, the wind mass

loading is the largest in the lowest mass galaxies, scaling approx-

imately as ∼V −1
c (although with an additional gas surface density

dependence that we discuss below). This is, to our knowledge,

the first time that hydrodynamic simulations have demonstrated

that stellar feedback processes can self-consistently generate galac-

tic winds with sufficiently large mass loading and the appropriate

galaxy mass dependence to match what has been invoked to explain

the shape of the the galaxy stellar mass function.

A general feature of our results is that the interaction between

multiple feedback processes, acting on different spatial and tempo-

ral scales, is important for driving realistic galactic winds. In par-

ticular, some feedback processes prevent runaway collapse within

GMCs, thus maintaining a diffuse phase of the ISM that is more

susceptible to feedback. In general a different set of processes then

accelerates the wind material out of the star-forming disc.

By turning off individual processes in our numerical simulations,

we can identify the mechanisms responsible for most of the wind

mass loading in a given galaxy model. In dense gas, typical of high-

redshift rapidly star-forming galaxies (our HiZ model) and local

starburst galaxies (local LIRGs and dense nuclei such as Arp 220),

cooling times even in the ‘diffuse’ ISM are extremely short, and

thus energy input into the ISM by SNe and stellar winds is rapidly

radiated away. This heating can neither halt the runaway collapse

of massive GMC complexes or accelerate significant amounts of

material into a wind (since most of the gas is in the dense medium).

Instead, radiation pressure from trapped IR photons in star-forming

regions serves to dissociate those regions, and ‘lofts up’ gas above

the disc – there, the gas ‘feels’ the coherent momentum flux from

the optical/UV/IR photons escaping the other star clusters in the

disc, and can be continuously accelerated out of the galaxy. Most

of the wind mass in our models of these dense systems is in cold,

dense blobs radiatively accelerated out of the galaxy; the small

amount of hot gas is volume filling but has little mass, and is

too tenuous to significantly accelerate the dense material. Under

these conditions, we find that the net wind efficiencies are typically

moderate, Ṁwind ∼ 0.1–2 Ṁ∗.

In lower gas density systems such as the MW and dwarf star-

bursts such as M82 (analogous to our Sbc model) (〈n〉 ∼ 1 cm−3),

heating mechanisms and direct momentum injection have compa-

rable effects. Injection of momentum by radiation pressure, O-star

winds, and photoheating when stars clusters have ages <106 yr

begins to dissociate their host GMCs and punch holes that allow

SNe remnants to expand and escape into the diffuse/hot medium.

There, cooling times are low, and bubbles can grow, overlap and

do P dV work on the entrained warm and cold gas, contributing

significantly to the wind driving. With all feedback mechanisms in-

cluded, dwarf starbursts generate galactic winds with mass-outflow

rates ∼2–5 times the SFR.

In our dwarf galaxy model (motivated by the SMC), and in the

outer extended discs of more massive systems, the gas densities are

very low (〈n〉� 0.1 cm−3). The cooling time can be comparable to or

longer than the dynamical time so that heating mechanisms become

very efficient; such systems also have low stellar surface densities

and gas optical depths, so radiation pressure is less important. A

combination of momentum from UV photons, stellar winds, and

warm gas pressure from photoionized regions stirs up star-forming

regions, allowing SNe explosions to expand rapidly and generate

large, overlapping hot bubbles. This generates a characteristic dwarf

irregular morphology with patchy star-forming regions and hot SNe

bubbles (see also Governato et al. 2010). These hot bubbles push

cold shells and loops into a super-wind as they overlap, generating

a multiphase (mostly hot/warm) wind with a large mass-loss rate

Ṁwind ∼ 10–20 Ṁ∗. Without SNe, there is still some hot gas and

a ‘bubble-like’ morphology driven by high velocity stellar (O-star)

winds, but SFRs are a factor of �5 larger and (absolute) mass

outflow rates a factor of ∼20 lower.

We have used our simulations to determine improved prescrip-

tions for wind mass-lass rates (equation 8) and velocity distributions

(equation 2) for use in cosmological simulations and semi-analytic

models of galaxy evolution (for which the explicit models here

cannot yet be implemented): Ṁwind/Ṁ∗ ∝ V −1
c �−1/2

gas . This fit is

similar to what has been adopted phenomenologically in the past,

but incorporates an additional correction such that the mass load-

ing decreases with increasing gas surface density ∝ �−0.5
gas (at fixed

circular velocity). In the radiation-pressure-dominated regime, this

reflects the fact that a dense disc captures more of the primary stel-

lar luminosity very close to stars, downgrading photons into the IR.

These degraded photons can help drive turbulence in very dense

regions (with τ IR ≫ 1) but generally do not contribute to accel-

erating material above the disc. In the SN-dominated regime, the

surface density scaling reflects the fact that more of the SN energy

is radiated away in denser systems.

In addition to introducing variations between galaxies with the

same Vc, the �gas dependence will introduce some additional sys-

tematic scaling with mass and circular velocity. At fixed redshift,

total disc surface density tends to increase with mass and Vc, but

at intermediate masses (M∗ � 1010 M⊙) gas fractions also de-

cline with mass such that �gas (measured within the star-forming

disc, which is the important scale for winds) is nearly indepen-

dent of galaxy mass (e.g. McGaugh 2005; Hall et al. 2011). At
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lower masses, however, where Mgas � M∗, �gas scales with mass

as ∼ V 1−2
c , steepening the mass loading by an additional power

of Vc. This may resolve some of the problems noted in Davé, Op-

penheimer & Finlator (2011), where a simpler single power-law

scalings tends to overproduce the number of low-mass galaxies.

The scaling we have inferred for the mass-loss rate is applicable

to a range of galaxies but may break down in two different ex-

tremes, which we will explore in future work. In the lowest mass

dwarf galaxies (with M∗ � 106 M⊙ and Z ≪ 0.01 Z⊙), the ioniz-

ing background alone may be sufficient to suppress most structure,

metallicities may be sufficiently low as to prevent molecule forma-

tion except under extreme conditions, and a single SN can clear out

the gas supply; our simulations do not apply to these circumstances.

At the opposite extreme, in the most dense regions of nuclear star-

bursts and material surrounding AGN, even the ‘diffuse’ medium

can be optically thick in the IR and many of our assumptions about

the efficiency of radiation pressure and the (in)ability of IR photons

to drive winds are likely to be modified.

We also caution that care is needed when mapping the scaling

here – which assumes the disc structure is marginally resolved and

so quantities like Vc and � can be evaluated at the effective radius

of star formation – to models with poor resolution. For example,

in the Oppenheimer & Davé (2006) cosmological simulations (and

many analytic models), Rdisc and Vc(Rdisc) are unresolved, so they

are implicitly assumed to scale in a simple manner with total galaxy

baryonic mass (and redshift). If we use the observed Tully–Fisher

relation and gas fraction–stellar mass relations as noted above to

convert our proposed scaling to a strict power of mass and redshift,

the scalings are similar at intermediate masses. However, it is in

general non-trivial to link the quantities relevant to the outflows in

our simulations (e.g. Fig. 8) to global parameters like halo/baryonic

mass or halo circular velocity.

The calculations presented in this paper can clearly be improved

in a number of ways in future work. Most notably our treatment

of the radiation pressure produced by UV, optical and IR pho-

tons is quite approximate. A full calculation including the scatter-

ing and absorption of both the UV and IR photons is technically

formidable. We have calibrated our treatment of the diffuse radiation

field in galaxies using such radiative transfer calculations (Paper II)

but additional improvements to our methods would be valuable.

Our calculations also do not include cosmic rays generated in SN

shocks, which empirically contribute significantly to the pressure

support of MW-like spiral galaxies (Boulares & Cox 1990) and may

also contribute significantly to driving outflows from such galaxies.

Moreover, we reiterate that even at our highest resolution, there

are important numerical caveats (and unresolved mixing processes)

that may apply to the phase structure of the winds.

Finally, our calculations have focused on idealized, isolated

galaxy models and do not include a realistic hot coronal gas com-

ponent, galactic inflow, or an external intergalactic medium. The

interaction between galactic outflows, hot halo gas, and inflowing

cold streams is an extremely interesting problem that should be

studied in detail in future work. Because we have not captured this

interaction, the outflow rates we calculate are best interpreted as

outflow rates from the star-forming disc, rather than from the virial

radius of the host dark matter halo.
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APP ENDIX A : N UMERICAL TESTS

Extensive numerical tests of the models used here are presented in

Paper I and Paper II. We refer to those papers for details, but briefly

summarize the results of those numerical tests for galactic winds.

In Paper I, we note that the ISM is probably inhomogeneous be-

low our resolution scale, which can allow photons to ‘leak out’ from

the region around their parent star at a rate higher than the nominal

exp (−τ 0) which we use to attenuate the spectrum when calculat-

ing the radiation pressure effects. This will weaken the short-range

radiation pressure, but strengthen the long-range radiation pres-

sure forces (since more short-wavelength photons escape, to which

the ‘diffuse’ medium has a higher optical depth). In Paper I and

Paper II, we show that the ‘escape fraction’ (and hence modifi-

cation to these forces) is straightforward to calculate analytically,

if we assume some a priori functional form for the sub-grid lo-

cal density distribution. In Fig. A1, we show the consequences for

the winds if we replace our usual estimator of local attenuation,

Figure A1. Effects of allowing for photon ‘leakage’ – i.e. assuming that

the ISM is clumpy and porous on sub-resolution scales. We plot the wind

mass loading versus time (as Fig. 6) for an otherwise identical standard HiZ

simulation. Our standard model (‘without leakage’) takes the local column

density estimator as is, and estimates the escape fraction from the spectrum

of each star with f esc = exp (−τ ) for each waveband. The ‘with leakage’

model assumes that each star is actually surrounded by an (unresolved)

distribution of columns following a power-law distribution (see Paper I for

details) and uses this to calculate f esc. The allowance for leakage only makes

a difference when the average opacity is large, at which point the contribution

(in either case) to the global total luminosity in the relevant band is small.

As a result it has a negligible effect on our results.

f esc = exp (−τ 0), with the appropriately modified f esc assuming

that a gas particle with mean opacity τ 0 really represents a com-

plete distribution of opacities with that median but a power-law

functional form and dispersion of ≈0.6 dex (chosen to match the

median from higher resolution simulations of sub-regions). We test

this for the HiZ model, since this is the model most sensitive to the

radiation pressure effects. Adopting a lognormal distribution gives

a nearly identical result, for all dispersions ≈0–2 dex (see Paper I).

In Paper I we showed our treatment of the sub-grid escape frac-

tion had little effect on the SFR. Here, we see that it also has no

significant effect on the resulting galactic wind. The reason is that

for low/intermediate τ 0, the escape fractions are large (and hence

similar) regardless of sub-structure; for high τ 0 the escape fractions

can be very different, but they are both still small and contribute

negligibly to the total coupled momentum.

In Paper II, we note that we can isolate the effects of the emergent

galaxy SED shape on the winds by comparing our full model (in

which the emergent flux from each star particle in the UV/optical/IR

is estimated from the stellar age and local attenuation) to one in

which we simply set the SED shape by hand and force it to be

the same for all particles. Specifically, we calculate the bolometric

luminosity and incident force on all gas particles in our standard

fashion, but simply force the values LUV/Lbol, LOpt/Lbol, LIR/Lbol to

equal some chosen values.

Fig. A2 compares our standard model, for each galaxy type, to

two choices for this ‘enforced SED’ model. First, we consider a

model in which the SED shape is chosen for each galaxy model

to match observations of galaxies with similar stellar mass, SFR

and redshift. The observations are discussed in Paper II, but for

typical observational counterparts to each of our galaxy models,

(f UV, f Opt, f IR) is approximately equal to (0.05, 0.2, 0.75) for the

HiZ, (0.13, 0.40, 0.47) for the MW, (0.3, 0.3, 0.4) for the SMC and

(0.07, 0.23, 0.7) for the Sbc models. There is substantial scatter in

otherwise similar galaxies and uncertainty in these quantities, but

they provide an approximate guide. Reassuringly, the resulting wind

masses are quite similar to our ‘standard model’, so it is likely that

the simulations are capturing the key physics of radiative accelera-

tion despite lacking a complete on-the-fly radiation hydrodynamics.

This is consistent with the fact that in Paper II we showed that the

predicted SEDs from our radiation pressure model are similar to

those observed.

We also show in Fig. A2 the wind mass loading if we were to as-

sume a uniform SED shape with a a significantly higher UV/optical

escape fraction. For all models, this serves to substantially enhance

the coupled momentum for material above the disc and so enhances

the wind mass (and suppresses the SFR, shown in Paper II). This

confirms two important points discussed in the text. First, on large

scales (as opposed to e.g. inside GMCs) the gas is optically thin

in the IR, and so it is the UV/optical photons that dominate the

long-range radiative acceleration of winds. Secondly, the ‘boost’ in

the wind mass loading is approximately linear in the UV/optical

escape fraction, as predicted in Section 4.3. This drives the inverse

dependence of the wind mass loading on gas surface density (at

otherwise fixed properties).

A1 Resolution tests

In Fig. A3 we consider a basic spatial and mass resolution study of

the winds. We consider an otherwise identical ‘standard’ HiZ run,

with different particle number (mass resolution) and force softening

C© 2012 The Authors, MNRAS 421, 3522–3537
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Stellar feedback and galactic winds 3537

Figure A2. Comparison of our standard long-range radiation pressure model (where the attenuation and SED shape of each star particle are calculated) to one

in which we simply force the SED shape to match a specific empirical template. We show the resulting wind mass loading versus time (as Fig. 6) for each of the

HiZ/Sbc/MW/SMC models. In each, we compare our standard model (black) in which the SED shapes are self-consistently calculated on-the-fly, to a model

where the SED shape (Lbol is still determined self-consistently) is forced to a constant fixed value chosen to match the observed mean SED shape for similar

observed galaxies to each model (blue). These choices amount to a relative proportion of Lbol in the UV/optical/IR bands of (0.05, 0.15, 0.8), (0.07, 0.23, 0.7),

(0.1, 0.4, 0.5) and (0.2, 0.3, 0.5) for the HiZ, Sbc, MW and SMC cases, respectively. In each case, the self-consistent and empirically fixed models give SFRs

in reasonable agreement; this is because the emergent SEDs calculated with the full models tend to agree well with the typical observed values (see Paper II).

However, a factor of �2 differences do arise, largely because the empirical model does not allow spatial and/or time-dependent variations in the emergent

SED (e.g. very young stars in the galaxy nucleus tend to be much more obscured than older stars in the galaxy outskirts). We also compare a model with fixed

UV/optical/IR fractions, but much higher UV/optical fractions than actually observed (red): (0.2, 0.3, 0.5) for the HiZ/Sbc/MW cases and (0.4, 0.4, 0.2) for the

SMC. This artificially boosts the long-range radiation pressure, which leads to a nearly linear corresponding boost in the wind efficiencies.

Figure A3. Resolution tests. We plot the wind mass loading versus time

(as Fig. 6). We consider a ‘standard’ (all feedback enabled) HiZ model at a

series in mass and force resolution (Ngas is the number of gas particles in the

star-forming disc, which determines the mass resolution; ǫgas is the force

softening). The wind mass tends to increase at higher resolution as venting,

mixing and acceleration of filaments/clumps/streams through a background

medium can be more accurately resolved. However, once we reach ∼106

disc particles and ∼10 pc resolution, the winds as well appear to converge

(changing by <10 per cent going to higher resolution). Recall, the Jeans

length in these galaxies is several hundred pc (Jeans mass � 108 M⊙), so

all of these models formally resolve the Jeans scales. At lower resolution,

our prescriptions do not have clear physical meaning.

(spatial resolution).8 In Paper II the SFRs for this study are shown

– they converge relatively quickly. In contrast, the winds show a

clear, albeit not dramatic, resolution dependence. The fact that the

higher resolution runs converge to equilibrium more rapidly is not

8 For technical reasons to ensure quantities such as random number genera-

tion were identical in these runs, this set was run on the same set of processors

and so does not overlap with our standard HiZ run shown earlier; but the

results from that run are completely consistent with the standard-resolution

case here.

important – it is simply a consequence of the fact that most rapidly

collapsing spatial scale resolved is on a smaller time-scale as we

go to higher resolution. However, going from low to intermediate

resolution, the equilibrium wind mass-loading efficiency approxi-

mately doubles. At still lower resolution than we show here, the

wind mass begins to drop exponentially. This is because the sim-

ulation can no longer resolve the phases of the ISM and ‘holes’

for gas to accelerate out along. In addition, at low resolution the

columns around each star particle (hence extinction of UV/optical

light) will be overestimated, since the clumpiness of the ISM is not

correctly treated. Moreover, at low mass resolution it requires very

concentrated momentum to accelerate even single particles out of

the disc – this is why the results appear to be more dependent on the

mass resolution (Ngas), at least in the range we show here, than on

the force resolution at fixed mass resolution. Finally, at low resolu-

tion in particular, it is well known that SPH codes with energy and

entropy conserving integration schemes produce artificial ‘surface

tension’ forces that suppress the acceleration gas streams through a

porous or unstable medium. Once we reach intermediate resolution,

however, the convergence even in the winds becomes quite good.

From intermediate to standard resolution the wind mass loading

changes by only ∼10–20 per cent, and from standard to ultrahigh

resolution it changes by <5 per cent.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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