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ABSTRACT

Context. The hierarchical model of galaxy formation, despite its ynanccesses, still overpredicts the baryons fraction lbdkeyalaxies as
a condensed phase. Th@@ency of supernovae feedback, proposed a long time ago ass#bfe solution for this so—called “overcooling”
problem, is still under debate, mainly because modellimgewvae explosions within a turbulent interstellar mediwhile capturing realistic
large scale flows around the galaxy is a very demanding task.

Aims. Our goal is to study theffect of supernovae feedback on a disk galaxy, taking intowatidibe impact of infalling gas on both the star
formation history and the corresponding outflow structthie,apparition of a supernovae-driven wind being highlysgem to the halo mass,
the galaxy spin and the star formatiofieéency.

Methods. We model our galaxies as cooling and collapsing NFW sph&fresdark matter component is modelled as a static externahpal,
while the baryon component is described by the Euler egusitising the AMR code RAMSES. Metal-dependent cooling apesiovae-
heating are also implemented using state-of-the-artesapming from cosmological simulations. We allow for 3 pagters to vary: the halo
circular velocity, the spin parameter and the star fornmagiiciency.

Results. We found that the ram pressure of infalling material is the feetor limiting the apparition of galactic winds. We obta very low
feedback ficiency, with supernovae to wind energy conversion factouad one percent, so that only low circular velocity galaxgeve rise
to strong winds. For massive galaxies, we obtain a galatiotion, for which we discuss the observational properties.

Conclusions. We conclude that for quiescent isolated galaxies, galagtids appear only in very low mass systems. Although thatjedte
efficiently enrich the IGM with metals, they don'’t carry away agh cold material to solve the overcooling problem.
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1. Introduction Bullock et al.| 2001| Maller & Dekel 2002; Abadi etlal. 2003;
) _ _ _ \Sommer-Larsen et Al. 2003; Read & Gilmore 2005) problem,
The hierarchical model of structure formation, for whlctgnay all have the same physical origin. Nevertheless, they ar

massive galaxies grow by mergers of smaller satellites or Py sigered as weak points in the CDM theory.
filamentary accretion of gas, is now a well-established theo

(the so—called CDM paradigm), that compares favorabilp\wit ~ Supernovae—driven winds are a key ingredient of current
observations. In this standard picture, dark matter is th@m galaxy formation models, in order to suppress the formatfon
component that drives structure formation via gravitalonjow—mass galaxies and maybe to solve the “overcooling”prob
instability from primordial density perturbations. On tb#her |em. They can potentially suppress the fast consumptiomsf g
hand, numerical simulations including gas dynamics wity transferring cold and dense gas into the hot afitis sur-
radiative cooling and some recipes of star formation tend {gunding medium of a galaxy. Thus, a fraction of gas would
produce galactic disks that are too small, to dense, with tggt collapse into cold dense molecular clouds and would not
low angular momentum and too many condensed baryogiansform into stars. That is the most favored explanation f
when compared to observations. These various problefts disruption of star formation and the lack of baryonslavai

called “overcooling” _KD_QKQI_&_S_UkL19_86;|_B_Ian_QhaLd_e_ﬂaI.ab|e in stars|(Springel & Hernquist 2003; Rasera & Teyssier
11992; | Navarro & White| 1993; Yepes et dl._lbgui_ﬁﬂ.bd[gg_oﬁ; Stinson et al %:;k)ﬁ) Feedback is also invoked to repro

11998; |Hultman & Pharasynl 1999/ _Somerville & Primackjuce the large disc galaxies observed at our efoch (Weil et al
11999; Cole et al. 2000: Kay etlal. 2002; Sorin%ﬂmmm; Thacker & Couchman 2001), the morphology of galac-
2003) or “angular momentum”| (Navarro & Bénz_1991fic discs (Sommer-Larsen et al. 2003; Okamoto bt al. 2005),
Sommer-Larsen etal.. 1999; Steinmetz & Navarto 199§ stabilize the gaseous disc against the Toomre instabilit
(Robertson et &l. 2004) or to fit the temperature of the inter-
Send gfprint requests toY. Dubois galactic medium (IGM) at redshift 3 (Cen & Bryan 2001).
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The proper modelling of galactic winds is quite difthe key outcome of such numerical simulation is the fraotibn
ficult to handle, especially in cosmological simulationghe injected supernovae energy which is transferred upeo th
because of the very large scale separation between lge scale galactic wind and is truely available for feetba
galactic outflow in the IGM and the supernova explosior{§uijita et all 2004; Scannapieco ellal. 2006).
within the interstellar medium (ISM). But it represents We are indeed facing a majorfficulty when introduc-
an unavoidable task in order to solve the weakest pointg feedback in numerical simulations that include radeti
of the hierarchical model, both in semi—-analytical modesses: the characteristic time scale of radiative cooling
els (White & Frenk | 1991; | Somerville & Primack__1999dense regions where star formation occurs is very fast, usu-
Kauffmann et all. [ 1999; | Cole etlal.. _2000| _Hatton ét aally faster than the simulation time step, so that one relies
2003; [Monacbl 2004| Bertone ef dl. 2D05) and in numemplicit time integration schemes. As a consequence, if one
ical simulation |(Cen & Ostrikerl _1992; Navarro & Whitehandles supernovae heating by dumping thermal energy in the
11993; |Mihos & Hernquist | 1994; | Katz etlal. |__1996same dense regions, most (if not all) of the energy is radiiate

Thacker & Couchman | 2000; | _Scannapieco etal. _P0Cdway before any large scale flow develops. This spurious ef-
ISpringel & Hernquigt 2003; Rasera & Teyssier 2006) of galatgct has been identified for a long time, both in cosmological
formation. Observational evidence for galactic outflowsehasimulations [(Kaiz 1992, Mihos & Hernguist 1994, Katz et al.
already been pointed out by several authors (Bland & Tull\@96) and in interstellar medium simulatiorm& al.
11988; Heckman et &l. 1990: Ellison etlal. 2000; Heckman et @000/ Joung & Mac Lolv 2006). We follow the recipe proposed
12000; | Pettini etdl.| 2001, 2002; Adelberger et al. _2008y/Mori et al. (1997) and Gnedin (1998) by adding around each
Boucheé et dll_2006). They are usually associated to massiupernova event density, velocity and energy profiles based
starbursts, for which very strong outflows are reportedofog the Sedov blast wave solution, in order to get the correct ki-
solar mass of stars formed in the galaxy, between 1 and 5 salatic to thermal energy fraction in the flow. In this way, a
mass of gas are ejected in the winds of starburst dwarf gedaXiarge fraction of kinetic energy is injected into the disdthw
). out being radiated away on the spot. This will translate into

Despite the dficulties of modelling supernovae explosiona turbulent gaseous disc, and in some cases into a large scale
within a turbulent, multiphase and magnetized ISM, undesutflow. To account for the small scaléfect of supernovae
standing the physics of the resulting large scale outflowtsizs feedback, we follow the multiphase approacl‘iMet al.
a challenge. As explored by Fujita et al. (2004) in the contek997,  Ascasibar et Al. 2002, Springel & Herndlist 2003, and
of an isolated, pre-formed galactic disc, the ram-pressiire Marri & Whitel[2003, for which the supernovae thermal energy
falling material might be the main limiting factor for gatac is collecticely acccounted for as a new equation of state for
winds to exist. The gravitational potential is likely to pla the dense ISM, depending on the gas local density (polydropi
minor role in the development of galactic winds, especially equation of state). In this way, we can reproduceféestequa-
low-mass galaxies where the escape velocity is far Iowen thigon of state for the dense gas, leading to thicker, mordestab
the velocity of the wind. This fact, outlined first b discs (Toomre 1964, Robertson et al. 2004). Another problem
M) is in contradiction with most semi—analytical sas;d arises because the scales where radiative losses of SNe rem-
so far, for which only the escalpe velocity of the parent hakmants occur are largely unresolved { pc). It is therefore
determines if a wind can develop or not. In this paper, usindikely that the energy transfer of SN remnants to the ISM is
self-consistent modelling of gas cooling and accretiomftoe much Iower- 4; Thornton et al. 1998) than the en-
hot surrounding medium into the disc, we will demonstras thergy transfered from supperbubbles initiated by multiptzal-
itis indeed the ram pressure of the infalling gas that mafmr ized SNe(Dekel & Silk 1986; Melioli & de Gouveia Dal PIno
galactic outflows. ). In reality, modeling properly the energy depositien

To illustrate further the diiculties in modelling super- quires to resolve the coherence length of the SNe explasions
novae feedback, we note that the mass ejection rates mBads, we have to bear in mind that our supperbubble model
sured in galactic winds obtained in numerical simulatiores aentails many assumptions.
widely discrepant. Some authors report vefiiogent winds, Within this framework, we would like to answer the follow-
even in the quite massive galaxies (Springel & Hernquistg questions: What is the conversiofiieiency between the
2003; [ Tasker & Bryari_2006), while other authors obtainesiale scale supernovae luminosity and the large scalewutflo
very low ejection @iciency, mainly in dwarf galaxies luminosity ? What are the conditions for a galactic wind te de
(Mac Low & Ferrard 1999). We believe that thes@etiences velop and escape from the parent halo potential well ? What is
arise partly from the dierent numerical technics used, anthe mass ejection rate of such a wind ? What is the metallicity
partly from the diferent boundary conditions imposed aroundf the wind and other associated observational signatures ?
the galaxy. In this paper, we report the first self-conststen Although the cooling NFW halo approach that we present
adaptive mesh refinement (AMR) simulation of a collapsing this paper represents an important improvement overiprev
NFW (Navarro et dl. 1996) spherical cloud forming a galactisus isolated disc grid-based simulations, we are still g loay
disk from the inside out. In the recent literature, this sgmud- from realistic cosmological simulations. Such idealizedws
lem was adressed using smooth particle hydrodynamics (SR&tlons are nevertheless useful to understand the physioal
technics by Springel & Hernquist (2003). Grid—based simulaesses responsible for the apparition of a galactic wingestib
tions were also performed, but using isolated, pre—fornoed to boundary conditions which are relevant for cosmologeyrh

tating discs|(Fujita et al. 2004; Tasker & Bryian 2006). One aiso give us the possibility to derive a simple analyticabielo
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outer region of the halo are falling into the inner disc. Both
density profiles are therefore given by

- Ps
P r@+rrg? @

so that the total integrated mass is

10.0[

M(< r) = drpsre|{In(L+r/rg) — I i/rr;r ) , (2)

1.0 ps is the characteristic density of the halo agdts characteris-

i tic radius. We define here the Virial radius as the radius eher
the average density is equal to 200 times ¢hiécal density,
assumingHp = 70 kimys'Mpc. We consider a constant gas frac-
tion of 15% throughout the halo. The temperature profile is ad
justed so that a strict hydrostatic equilibrium of the gasesp
is maintained in the non-cooling, non—rotating case. THe ha
is truncated at 2 Virial radii: outside the halo, we imposed a
» ‘ N Ly constant gas density equal to a small fractiorr¢10f the den-

0.01 0.10 sity at this radius. Note that this truncation radius is a pay

X rameter in this study. The size of the box is taken equal to 6
Virial radius. The concentration parameter= r; /rs of the

Fig. 1. The epoch of wind formatioty in Gyr as a function of NFW profile is taken to be 10, independant of the halo mass.
the hydrodynamicalféiciencyy. We have assumed three dif4nitially, our halo is slowly rotating, with an angular mome
ferent average star formation timet. >= 1Gyr (thin solid tum profile corresponding to the average profile found in 3D
line), < t. >= 2Gyr (dotted line) anc: t. >= 4 Gyr (dashed cosmological simulations (Bullock etlal. 2001), for whidtet
line) for the 18°M,, halo, and the same t, >= 3 Gyr for specific angular momentum is
the 13X M,, (solid line) and the 1% M, (thick solid line) ha- M

los. Open circles are for S6 = 3 Gyr) and Sdty = 4Gyr), j(r) = jmaxﬁ (3)
circles are for Sat{y = 1 Gyr) and Sbt{y = 2 Gyr). Muir

with a spin parametet = J|E|*2/(GMZ?), for which we con-
sider only two representative valugs=0.04 and 0.1. Starting
from this initial equilibrium configuration, the gas is alled
that h|ghl|ghts the importance of infall in the process ohwi to radiate its thermal energy using StandMIa'_dependant
formation. Our paper is organized as follows. In secfibn 2 Wgoling processes. Note that initially we assume a constant
present our analytical model and introduce the relevanb-quanetallicity equal to 10° solar throughout the halo. In agree-
tities for constraining the galactic wind formation epoéh. ment with the standard picture of galaxy formation, a cémtri
sectior[ B, we present our simulation settings, with the @8ysgally supported disc quickly forms in the halo centre, gedyu
involved in our diferent disc simulations, as well as some Nigrowing from the inside out. Its size depends strongly on the
merical details. In sectidd 4, we present our main resultiel  chosen spin parameter. When enough dense material is formed
the formation of either a galactic outflow or a galactic f@int - within the disc, star formation is allowed to proceed in a-qui
We compare the actual wind formation epoch with our analyéscent way, using a star formation recipe based on a standard
cal predicition. We also describe in details the flow streefo  schmidt law (see E10). According @e@%@ IMF,
each case, and discuss its observational signature. for each solar mass of stars formegy =~ 0.1 solar masses are
recycled into supernovae ejecta, and drive strong shocksvav
into the surrounding ISM material.
2. Galactic winds from cooling NFW halos . Qur gogl is t(_) implement these two rather standard phys-
ical ingredients in the RAMSES code, in order to study the
In this section, we will describe the simplified problem wé&ormation of galactic winds. This will be described in thexne
would like to study using high-resolution numerical simsection. In the present section, we would like to developra si
ulations, as well as a simple analytical model that wiple analytical model that allows us to capture the basic meca
guide us in interpreting the results. We model an isésm driving galactic winds. Our picture contrasts with threeo
lated NFW halo [(Navarro et all_(1996)), with initially simi-discussed in_Fuijita et al. (2004), who assumed a pre-formed
lar distribution for the gas and the dark matter componergaseous galactic disc, with no self-consistent star faomag
(Ascasibar et al. 2003). We follow the initial settings ppspd blast wave was initiated at the very center of the disc, with a
by |Springel & Hernquistl (2003), so our work can be directlgnergy budget consistent with massive star bursts. Depgndi
compared to them. Imposing indentical profiles for the gak aon the blast wave and disc parameters, two possible scenarii
for the dark matter is especially important in the outer gart emerge: “blow out” for which the disc is completely destrdye
order to have realistic accretion rates at late times, when fand “blow away”, corresponding to a galactic wind escaping

ty (Gyr)

0.1
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the galactic disc. These authors have demonstrated that4) that, in presence of infalling gas, thaim
main limiting factor for a wind to appear in the “blow awayfactor preventing the wind from blowing out is the ram pres-
case is the amount of infalling gas, coming from the surreunsiure of the surrounding material. This is a much more strihge
ing halo. In the present study, we will address this questigonstraint than any criterion based on the escape veldtity.
using a diferent approach, based on quiescent star formatioe assume that the free-falling cold gas hits the disc platie w
and infall from a cooling NFW halo. terminal velocity, we can compute the accretion luminoagy
Let us consider that the gas is cooling instantaneously, so ;
that pressure support is lost from the very beginning. Eagh (t) = }Vg(rff(t))Macc and Vg(r) - _zf
spherical shell is therefore free-falling , gradually decating 2 0
tovyalrds thehc%r)ter. We compu(tje tze acgretior; r?‘telcﬁ;‘j(ha'o ¥ define thevind beak-out epochytas the time for which the
terial onto the disc using a standard semi—analytical BX@[. wind luminosity exceeds the accretion luminosityd(tw) =
|_al_|-|atton etall 2003), namely by taking the time derivativenf t | (t,). In Figli/rell the wind break-out epocr?l];ésé :(3ho)wn for
integrated accreted mass various halo masses, as a function of our unknown parameter
_ x- One clearly sees that the smaller the hydrodynamigal e
Mace(< ) = M (< r”(t)) ’ () ciency, the later the wind will blow out of the disc. More im-
wherer ¢ (t) is the radius for which the free—fall tintg;(r) is  portantely,for each halo mass, there is a minimugigency
equal to the current timé The gaseous disc mass thereforleelow which no wind can form at alThis minimal value foj
grows by accretion and decays because of star formatiah, lelg around 0.7% (resp. 3% and 15%) for &AM, halo (resp.
ing to a simple dierential equation for its time evolution 10" M, and 162 M,). We conclude from this very simple toy
model that it is critical to determine the actual hydrodyinaah
Mg ) (5) efficiency in quiescent star forming galaxies. Our goal is here
<t> to perform high resolution numerical simulations of isetht
Here < t, > is the (mass—weighted) average star formation red@laxies, to measure the epoch when galactic winds appear an
within the disc. It depends on the exact disc geometry (size sdeduce fronty the corresponding (most likely) hydrodynami-
thickness) and on the Schmidt law parameters. As a first orgét &ficiency.
approximation, one can show that

G I\;Iz(X) dx(9)

Mg = I\./lacc -

<t, > todp : (6) 3. Numerical methods

Our simulations were performed with the Adaptive Mesh
Refinement (AMR) code RAMSEOZ). The gas
evolution is computed using a second—order Godunov scheme
for the Euler equations, while collisionless star parstkea-
jectories are computed using a Particle—Mesh solver. THe da
matter component is accounted for as a constant background
avitational potential. Gas cooling is taken into accoast
source term in the energy equation. The cooling function

small discs form stars morefeiently than large ones. If one
assumes that t. > remains constant in time, one gets th
following formal solution

u-t
(C t*>)du- ()

t
Mg(t):\L‘ Macc(u)eXp

We finally deduce the total supernova luminosity in the di%cr

using is computing using the_Sutherland & Dopita (1993) cooling
. Mg model, using a look-up table in the temperature and meitgllic
Lsn=nsnesnM. = nsnesn_— >, (8) plane. Metals created in the surrounding of supernova explo
_sions are advected by the hydrodynamics solver as a passive

whereesn ~ 50 keV is the specific energy produced by one SRt alar.

gle supernova (19 erg for an average progenitor mass of 10 We now describe in more details our 3 main physical ingre-

Mo). Part O_f the supernova energy Com“b!“es to s_ustain a WYfants used for the present study, namely star formatigrersu
bulent multiphase ISM. Only a (small) fraction of this engig nova thermal feedback and supernova kinetic feedback.
converted into actual wind luminosity escaping from thesgen

gaseous disc. The fraction of energy that manage to escape
from the dense gaseous disc will depend on the disc chardcl. Star formation recipe

teristic _(th|ck_ness, siz€, gas content). In our simulatjahese In each cell, gas is converted into star particles followang
properties will be specified by the the spin parameter of trée

halo and by the star formation time scale of the Schmidt Iawf:hmldt law
We parametrize this unknown conversion fagtdsy defining ,,, = _Pi 0>po, p. =0 otherwise (10)
the wind luminosity asw = yLs. Our goal is to perform nu- t.

merical simulations of star forming discs in order to congpuyhere, is an arbitrary density threshold defining what we
the actual conversionfigciency resulting from various, com-consider here as being “interstellar medium”. The star orm

plex hydrodynamical processes within the disc. We thus cglin time scale is proportional to the local free-fall time,
this parametey the hydrodynamical giciency

Our goal is now to derive under which conditions a galactic ( 0 )1/2

wind can form within the halo. We know from previous studiek = ,0_0

(11)
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The two parametersy andty are poorly known and scale de-the other hand, it is now an observational fact that verydarg
pendent. One standard approach consists in calibratirsg theupernovae—driven bubbles appear quite naturally in gten-f
numbers to the observed star formation rate in local gadaxieng galaxies. These superbubbles are built by the coalesa#n
the so—calleM\htm%) law, which translates rdyighnumerous supernovae remnants, who collectively createthe
into po ~ 0.1H.cm™ andty ~ 1 — 10Gyr. In the present large—scale features, driving very large, macroscopicslhat
study, we allowtp to take 2 values, namely 3 or 8 Gyr correeventually give rise to galactic winds or galactic founsain
sponding to star formationfieciencies of respectively 0.05 Current cosmological simulations do not have the necessary
and 002, last value is compatible with Krumholz & Tan (2007)esolution to resolve individual supernovae blast wavett@n

if we suppose that star formatioiffieiency remains the sameother hand, they do have the resolution to resolve supelesibb
at very high ¢ 10°H.cm3) and unresolved densities (maxi-Our goal is here to inject kinetic energy in the form of spher-
mum density in our simulations stalls to a few*Hicm™ and ical blast waves of size comparable to galactic superbsbble
107 H.cm3 respectively for the 1§ M, and 16* M, due to namelyrsy = 100 to 200 pc. This kinetic energy injection can
polytropic equation of state). When a gas cell is eligible fde considered as a turbulent forcing term with injectioresca
star formation, N collisionless star particles are spawrsdg rsy.

a Poisson random process, with probability It is now well-established that supernovae energy can
Ap not be released only by direct thermal energy injection
P(N) = {7 exPEe). (12)  (Navarro & Whité 1993). For high density star forming region

the gas radiates away all this thermal energy in one time step
3 due to very fast atomic cooling. The consequence is that SNe
Ap = (ﬂ) E (13) have no éect on the dynamics. Various methods have been
m. /]t proposed to correctly incorporate the SNII kinetic feedbac
The mass of a star particle is taken to be an integer multipfeo numerical simulations. The first idea, discussed for ex
of m. = poAX3 /(1 + nsn + nw) (see AppendikA for details ample in Governato et al. (2006) is to artificially stop raii
onnw), and is therefore directly connected to the code spat@ioling in the region where the SNII explosion occurs, for a
resolution |(Rasera & Teyssier 2006). The minimum mass ofime long enough for the blast wave to develop and expand.
single star particle is therefore 500 M, but high density re- This trick allows for a large enough fraction of the SNII emper
gions can spawn more massive star particles. We also endorbe converted into actual gas kinetic energy. The second ap
that no more than 90% of the gas in a cell is depleted by theoach is to directly inject kinetic energy into the surrdiny
star formation process. gas. Springel & Herngulst (2003) used for that purpose high-
velocity collisionless particles that travel over a rathange
distance (up to a few kpc) before being re-incoporated in the
fluid as new SPH particles.
The second important ingredient for our galactic disc simu- In this paper, we direclty add to each flow variable (den-
lations is the thermal feedback of supernovae into the ISKity, momentum and total energy) a spherical blast wave solu
based on the multiphase model of Ascasibar et al. (2002) diwh of radiusrsy = 150 pc, assuming that each supernovae
ISpringel & Hernquist[(2003). The idea is to assume that theleases half of its energy in this kinetic form (the othelf ha
ISM is driven by small scalefiects (turbulence, thermal in-is accounted for the polytropic equation of state). As soon
stability, thermal conduction, molecular cloud formatiand as this distance is large enough compared to the grid resolu-
evaporation) that quickly reach steady-state and lead tdien, we minimize spurious energy losses. Each time a “star”
guasi—equilibrium thermal state, for which the averagegem particle is created, we simultaneously remove an equivalen
ature is a function of the mass density alone. In practicenwhgas mass from the cell that is entrained by the SNII blast
the gas density exceeds the ISM threshgldhe gas tempera- wave. Recalling thatn, is the mass locked into long—lived

where the mean value is

3.2. Polytropic equation of state

ture is forced to be equal to or higher than stars, the total mass removed from each star—forming cell is
yo-1 m.(1 + nsn + nw), Where the entrainement parameigris de-
T= To(ﬁ) (14) fined as in_Springel & Hernquist (2003). We have usgd~ 1
po in order to reproduce roughly a Sedov blast wave solution in

wherey is the polytropic index, and can be chosen to the exagpical galactic discs for which the density is slightly gter
value of the multiphase model (Springel & Hernguist 2003) @0 po. Note that in order to implement this numerical scheme,
to a constant value for sake of simplicity.)l§ is chosen be- we have used “debris” particles to describe the Sedov blast
tween 43 et 2, as prescribed by Springel & Hernquist (2003)yave profile around each SNII explosion. Details are given in
the resulting equation of state gives similar results ferdisc the Appendix. The most important parameterds, the ra-
thickness and maximum density. Our standard choice is helias of the spherical blast wave. This sets the injectiotesca

Yo =5/3. of the turbulent cascade in the disc (Joung & Mac l.ow 2006).
This value, comparable to the typical size of galactic super
3.3 Blast wave model bubbles|(McKee & Ostriker 1977), is however larger than4ndi

vidual supernovae remmants, whose size just before the snow
The main problem of the previous thermodynamical approaplow phase varies from 10 to 50 pc, depending on the exact
is that feedback is only accounted for at mesoscopic sdales.early shock wave dynamics, whether adiabatic or evaperativ
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Value/ Value/
Color Color
7.0 ]
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5.0

4.5

4.0
x (kpe)
Value/ Value/
Color Color
150 7.0 7.0 ]
100 6.5 6.5
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x (kpc)
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—100
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Fig. 2. Cut of the gas temperature in the Oyz plane for the Sd sinouati diferent epochs. The two top pannels are a zoom 4
times of the simulation box and the two bottom pannels arettiee simulation box. The colour scale gives the tempeedtu
log(K). Note that length scales are not the same in each hanne

). We have not tried to study the impact of thtte same density profile for both fluids. The dark matter com-
important parameter on our results, in order to avoid clogdi ponent is not explicitly simulated here; only baryons (stand
the purpose of this paper. We rather keep this parameter fixgas) are self—gravitating. We therefore add a fixed anallytic
to its fiducial value of sy = 150 pc (McKee & Ostriker 1977, gravitational potential to the solution of the Poisson eigua
Shull & Silk|1979).

We have performed our simulations for 2fdrent halo cir-
cular velocity, namely,;; = 35 and 75 knfs, which corre-
3.4. Simulation parameters spond to Virial masses of 10M,, and 16! M, at redshift zero.

We have explored two fferent star formationf&ciency, with
We use for the fluid solver simple “outflow” boundary contimescaleg, = 3 Gyr andt; = 8 Gyr. We use a coarse grid of
ditions, for which all flow variable are assumed to have zed®8’ cells, in order to properly describe the large scale dynam-
gradient at the boundary. All simulations are initializeithaa ics within the halo, which corresponds, in the RAMSES termi-
NFW gas and dark matter halo in hydrostatic equilibriumhwitnology, to a miminum level of refinemefit, = 7. The grid
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Value/ Value/
Color Color

x (kpe)
x (kpc)

-150 -100 -50 0 50 100 150
x (kpe) x (kpe)
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0.4
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—100

0.0 -150
-20 0 20 -150 -100  -50 0 50 100 150
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Fig. 3. Cut of the gas density (up) and metallicity (bottom) in thez@jane for the Sd simulation atftBrent epochs. The two
left pannels are a zoom 4 times of the simulation box and tleeright pannels are the entire simulation box. The coloulesca
gives the density in log(cnd) (up) and the metallicity in Z (bottom). Note that length scales are not the same in eaatepan

is further refined up to 4 or 5 additionnal levels of refinemedt Simulation results

(tmax= 11 or 12 corresponding te 75 pc, see tablg 1 for more

details), based on a quasi-Lagrangian strategy, for whizzila

) i o 6 .

Is refined if its mass exceeds a threshold of 20° the Virial lp this section, we present our simulation results for theéf2 d

mass. This refinement strategy verifies the Jeans length €L ot halo mass considered in this paper, namef? a8d

rion inside the galactic disc because of the polytropic comp, ;7 . ;
nent that helps to stabilize against fragmentation. Sigwkiith 10" Mo. In the first case, a strong wind generally develops af

. . ter a few Gyr. We will examine in details the wind structure
2x 1P cells, our simulations usually reach a total of 4 to1%° . .
. . R Co and physical properties. For the second case, because of the
cells. We end our simulation after a typical integrationeiof

6 Gyr, which corresponds to the free-fall time of the halceput & Pressure of |_nfa.|||ng gas from_the surrpundmg halo, we
) ) see no wind forming: a clear galactic fountain sets in and cre
boundary at 2 Virial radius.

ates a turbulent, hot atmosphere above (and below) thengtat
disc. We will study the structure of this galactic fountaand
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Fig. 5. Mean flux of mass outflowing calculated for the!4M, halos withA = 0.1 andty = 8 Gyr (top left pannel)d = 0.1 and

to = 3 Gyr (top right pannel)d = 0.04 andty = 8 Gyr (bottom left pannel) and = 0.04 andt, = 3 Gyr (bottom right pannel),
and computed at ferent radius of the halo:= [5rg; 7r] (solid line),r = [9rg; 11r¢] (dotted line),r = [14rg; 16r¢] (dashed line),
r = [19rg; 21r¢] (dash-dotted line).

Run Vvir A t0 fmin fmax AX
km/s Gyr pc

Sa| 35 | 0.04]| 3 7 11 | 73
Sb| 35 | 0.04| 8 7 11 | 73
Sc| 35 0.1 3 7 11 | 73
Sd| 35 0.1 8 7 11 | 73
La| 75 |0.04| 3 7 12 | 78
Lb 75 | 0.04| 8 7 12 | 78
Lc 75 0.1 3 7 12 | 78
Ld 75 0.1 8 7 12 | 78

compare the various density and velocity profiles obtaimed i
both cases (wind versus fountain).

4.1. 1019M,, halo

In figure[4, we have plotted the star formation rate (SFR) ob-
tained in the low mass galaxies (Sa, Sh, Sc and Sd, see[Table 1
for details). The smallest disc with the highest star foramat
efficiency (run Sa) shows, as expected, the highest peak in the
star formation rate. Using our analytical model, we are ina p

Table 1. Parameters used for the simulations performed in thigion to roughly recover the same curve using 1 Gyr.

paper.

Run Sb and Sc have roughly the same value for the prod-
uct tpdp, and therefore, as predicted by our simple analytical
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Shopbell & Bland-Hawthorn 1998; Martin 1998; Hoopes et al.

1'5_ S ] 2003). This also corresponds to the “superwind” geometry

described in_Tenorio-Tagle & Munoz-Tunon (1998) (see also
\Veilleux et al! 2005 and references therein).

4.2. Wind formation epoch

In order to describe the outflow more quantitatively, we defin
the net mass flux across a shell of radigg, and thickness
ATl = I'max— I'min @S

SFR (Mo/yr)

1 ' max n
i F= f p“—r47rr2dr —F, +F_, (15)
r

min

wheren = r/r. This net flux is further splitted into two filerent
contribution: the positive fluxi-, corresponding only to out-
flowing volume elements, namely those that satisfiy > 0,
and the negative flux;_, corresponding to inflowing volume
4 6 elements, satisfying.n < 0. We focus here on the positive
t (Gyr) flux, in order to detect the outflow, and to estimate the amount
of gas expelled as a function of time. The shell thickness was
Flg 4, Star formation rates of the 1%/'@ halos witha = 0.04 set toAr = 2rS, and we vary the shell radius frormsao 20‘5’
andty = 3Gyr (solid line),4 = 0.04 andt, = 8 Gyr (dotted in order to define a proper radius where to detect the outflow.
line), 4 = 0.1 andto = 3 Gyr (dashed line) and = 0.1 and Figure[% shows the positive flux measured at dedent radii
to = 8 Gyr (dash-dotted line). for our 4 low mass galaxies, as a function of time. The wind
is detected when the positive flux sharply rise from zero to
its maximum value. The smaller the shell radius is, the earli
model (Eq[H=I7), have roughly the same star formation histathe wind is detected. For our smallest shell radiyg, = 5rs,
(t. = 2 Gyr). The largest disc with the lowest star formatiothe measured mass flux remains quasi constant in time, while
efficency €. ~ 4 Gyr) has the lowest SFR. At late time, after 3or larger shell radii, the measured mass flux sharply rises t
to 4 Gyr, the 4 curves converge to roughly the same value. Thisnuch larger value, namely 2 to 3 times the inner flux, then
corresponds to the late epoch when star formation is ma@ily dlowly decays to the correct wind mass flux. This means that
termined by the accretion of gas infalling from the outemohalwhen the wind breaks out of the halo, a significant fractign (u
as predicted by equati@nh 7. to ~ 2/3) of the wind is filled by the hot gaseous halo and ex-
Figure[2 shows a map of the gas temperature in a qglled out of the halo boundaries. When the permanent regime
perpendicular to the galactic plane for run Sd*IN, with sets in at later time, the mass flux is roughly equal to therinne
A = 0.1 andty = 8 Gyr) at dfferent epochs. The first pannelone, independant of the radius of the shell. We therefore con
att = 1.5 Gyr, shows no sign of wind, although it correspondsider only the casgnin = 5rsas the correct proxy for measuring
already to the peak of star formation in this galaxy (arourdd 0the mass outflow rate in the wind.
Me/yr). We see several hot features trying to break out of the We have plotted the positive flux at,, = 5rs for our
cold disc, but none of them is able to expand significantly, bé galaxies in figurd]6. The highest SFR galaxy, Sa, corre-
cause of the ram pressure of infalling halo material. Theiséc sponds to our earliest wind formation epoch, aroynd 1Gyr.
panel corresponds to a later epoch when the star formatien raccording to our analytical model (see figure 1), this corre-
has dropped by 50%, down to 0.2,/ (see also Figurgl 3). sponds to the hydrodynamicdtieency parametey ~ 0.9%.
Nevertheless, since gas accretion has also dropped sigdifthough runs Sb and Sc have identical star formation his-
cantly, two hot and large cavities now emerge out of the digary (see figuré¥), they haveftirent wind formation epochs,
and propagate in the halo. At 4.5 Gyr the galactic wind has respectivelyt, ~ 2 and 3 Gyr. This demonstrates that for a
finally escaped the halo outer boundaries, and is now in a-quagven star formation rate, a more compact disc is mdieient
permanentregime. This 2 large cavities have created samde kinh forming galactic winds. According to our analytical rgej
of tunnel, facilitating the ejection of hot, supernovaésin run Sb corresponds tp ~ 0.8%, while run Sc barely reaches
material from the inner disc, all the way out to the intergtéta y ~ 0.6%. The final galaxy, Sd, features the latest wind to de-
medium. Att = 6 Gyr, we see a final snapshot of the galactieelopp, witht,, ~ 4 Gyr, corresponding also to a slightly lower
wind, with a typical noozle-like shape (see Higj. 2 ahd 3). The/drodynamical fiicencyy ~ 0.7%. The main conclusion of
hot, metal-rich outflowing gas is surrounded bu a dense shelthis section is that the conversioffieency of supernovae en-
compressed and cooling halo gas. This dense shell will evergrgy deposition rate into wind luminosity is rather low irsth
ally fragment into small clouds that will fall back to the dis model, aroundy ~ 1%. This dficiency is directly related on
We believe that this dense shell corresponds to the steicttive choice of supernovae energy injection rate, a quitertaioe
seen in many observations around M82 (Heckman!et al.| 199@rameter depending on the scale injection energy (hesecho
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Fig.6. Mean flux of mass outflowing calculated betweer Fig.7. Mean metallicity of the wind calculated between=

[Gr, 7rg] for the 10°M,, halos withA = 0.04 andty = 3Gyr [5rg; 7rg] for the 13°M,, halos withA = 0.04 andty = 3 Gyr
(solid line),A = 0.04 andty = 8 Gyr (dotted line)2 = 0.1 and (solid line),A = 0.04 andty = 8 Gyr (dotted line)d = 0.1 and
to = 3Gyr (dashed line) and = 0.1 andty = 8 Gyr (dash- ty = 3 Gyr (dashed line) and = 0.1 andty = 8 Gyr (dash-
dotted line). dotted line).

the positive flux of mas&,, = (oZu),/F.. Figure[T shows the
equal to 50%). We can see directly from figlife 1 that, accorghean metallicity of the wind for our various low mass galaxie
ing to our numerical experiments, no wind will ever form inve see no clear trend of the wind metallicity as a function of
higher mass halo, as W|” be demonstrated in the next SeCtiOHiSC Size or star formationﬁ:iency' We can On'y Observe that
the metallicity of the wind is of about 0.5 to 1,ZThis rather
high value confirms that the wind comes mainly from the gas
within the galactic disc that is directly enriched by exptad
Before describing the simulation results for thé“, halo, supernovae.
we would like to characterize the physical properties of the We now briefly discuss how these winds might explain the
galactic winds we have obtained. It is common to define tlodserved metallicity of the intergalactic medium (IGM). We
wind efficency asyy = F./M.. In other words, the mass out-know from our simulations that the typical mass outflow rate i
flow rate is expressed in units of the global star formatide.raaroundM,, ~ 0.01 M,/yr (see figur€b), with an average wind
From figure[# and figurgl5, we can compute direeiy we metallicity of Z, ~ 1Z, and a typical wind velocity around
find the maximum fficency at late time, when the permanent, ~ 300 knys (see figuré¢_13). If we assume that the IGM
regime is settled, with values ranging fro ~ 0.05 for Sc is photo-ionized to a temperature around-10° K, we can
and Sd, up top, ~ 0.1 for Sa and Sb. Here again, it appearsompute the volum¥ occupied by the wind when the bubble
clearly that more compact discs (low spin paramaggmives stalls by pressure equilibrium with the IGM as
more dlicient winds, while extended discs (high spin parame- PiamV
ter) are lessféicient. All these values are extremely low comeufvt ~ , (16)
pared to the wind fciencies observed i 99) in y-1
Lyman break galaxies with values greater than 1. These higissuming the gas is adiabatic. After 6 Gyr, the raiiusV?/3
redshift galaxies are likely massive starbursts, for whichn of the expanding wind lies around 1 Mpc. This corresponds to
quiescent approach does not apply. On the other hand, we hagsvept up mass of baryons roughlyx3.0° M. If we assume
determined that compact star formation sites result iniexarlthat the metals carried out by the wind perfectly mix with the
and stronger winds. Nuclear starbursts can be natural carmiro-metallicity IGM, we obtain for the metallicity of th&M
dates to host veryfcient winds withn, > 1, although these the following very simple relation
bright galaxies are probably rather rare objects in theyeani- 2
verse. Ziow ~ (5) Z,~10°-1022, (17)

As seen from figurgl3, the hot gas carried away in the wind U

is highly enriched with metalsz(, ~ Z.). We define the aver- wherecs ~ 10-30 knjs is the sound speed of the IGM. Note
age wind metallicity as the positive flux of metals divided bthat this analysis is valid only for the idealized case weehav

4.3. Wind efficiency and metallicity
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plains why for low mass halo no accretion shock forms. The
mass threshold above which the shock forms depends on the
metallicity of the cooling gas. We see from figlre 9 that in
our simulation the shock heated gas above and below the disc
is metal poor: in this case, Birnboim & Dekél (2003) found a
critical mass for shock appearance slightly below' 2, for
. a zero metallicity gas, in good agreement with our numerical
experiment. The accretion shock converts the infall kineti-
ergy into internal energy, so that our analytical treatmant
wind formation remains valid, replacing the ram pressure by
the thermal pressure. The accretion shocks reaches a nraximu
radius of~ 75kpc what is~ 2/3r; quite the same virial ra-
7 dius fraction than the one found lin_Birnboim & Dekel (2003)
1 for the cooling case after 4 — 5 Gyr, and finally contracts
down to~ 50kpc at later time. Although the disc is strongly
perturbed by supernovae blast waves, no galactic winds can
] form, in agreement with our simple analytical predictidnye
ol assume for the hydrodynamicdlieencyy ~ 1%, a value close
0 2 4 6 to the one obtained in the 1M, case. The atmosphere above

t (Gyr) and below the disc is however highly turbulent and perturbed

_ ) ) by buyoantly rising plumes. This convective flow is more visi
Fig. 8. Star formation rates of the ¥M, halos with = 0.04 e in the metallicity map of figufe10.

andty = 3 Gyr (solid line),A = 0.04 andt, = 8 Gyr (dotted
line), 4 = 0.1 andty = 3 Gyr (dashed line) and = 0.1 and
to = 8 Gyr (dash-dotted line).

SFR (Mo/yr)

Metals are confined within a rather small distance relative
to the disc plane, namely 20kpc. In this case, the thermal
pressure of the shock—heated halo gas is véigient in con-
fining the galactic wind. FigureE11 compares the metallicity
considered here. Observations of thexlfprest clouds show profiles of the gas between theli&/l@ halo and the 1§_M®
that they are metal enriched frod ~ 1073 up to 102Z, halo (run Sd versus run Ld) atftérent epochs. We define for

(Songaila & Cowiel 1996, Ellison etldl. 2600). Cosmologicéll-'at purpose a mass-weighted average metallicity as aifunct

simulations also confirm this trend, although the variousdwi ©f N€ight and a mass-weighted metallicity as a function ef ra

models proposed (including our) might beftiult to reconcile 3iUS 8s
Gnedin 1998, Thacker et 02).
d +hd
Z2nrdr | " pZ2rdz
4.4. 10t* My, halo 7(2) = fordp and Z(r) = hdh (18)
fo p2rrdr _;dd p2ndz

We have plotted in figurgl 8 the star formation history for the
4 galaxies hosted by the ¥, halo. They are qualitatively
very similar to the 18 M, case, with La and Ld as the mostvherep is the gas density and is the gas metallicity. The
extreme models, and Lb and Lc being quasi undistinguishaldésc radiusrq is taken equal tas and the disc scale height
Each galaxy has however a peak star formation rate whichhis = rq4/10. In the wind case, metals are entrained at very
50% higher than its rescaled 0, counterpart. The circu- large distance above and below the disc in the wind noozle.
lar velocity in these new galaxies is higher than the low masse metallicity is roughly solar and tends to saturate at tha
ones, while the gas sound speed, because of the polytropic ydlue. In the fountain case, the metallicity in the halo remma
tiphase model, remains roughly constant, around 1(skso rather low, roughly one tenth solar. On the other hand, tise ga
that the disc is now much thinner. This results in higherltotetallicity in the central part of the disc is significantiigher
star formation &icencies. Using our analytical model, we caghan in the wind caseZas = 1.2 Z, versusZgas ~ 0.6 Z,, see
reproduce the 3 star formation histories using for run Sa, §§ure[I1). This could be interpreted as thEeet of the wind
(and Sc) and Sd the valués ~ 0.75, 1.5 and 3 Gyr respec-removing metals preferentially from the bulge of the galdmy
tively. the outer parts of the disc, however, the gas metallicityeiy v

The other striking dterences with low mass galaxies is thgimilar in both cases. This could also be interpreted aslaehig
clear presence of an accretion shock surrounding the diskc, atar formation &iciency in the high mass case, especially in the
the notable absence of galactic winds. We observe insteadeatral parts where the density is higher. As explained éagr
nice galactic fountain, with plumes of hot gas rising abdwe t details in Dalcantdrl (2006), it is quitefficult to disentangle
disc, cooling down and falling back to the disc (see figure 9)the influence of star formation, gas infall and winds on metal

The formation of an accretion shock above a certain hadarichment in galaxies. We believe that, even in our idedliz
mass is now well understood: the stability analysis of aaradicase, the metal contentin our galaxies is determined byteesub
tive shock wave, performed by Birnboim & Dekel (2003), exbalance between these 3 processes.
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Fig. 9. Cut of the gas temperature in the Oyz plane for the Ld sinuiadi diferent epochs. The 4 pannels are a zoom 4 times of
the simulation box. The colour scale gives the temperatuleg(K). Note that length scales are not the same in eachgbann

4.5. Stellar distribution and metallicity tion is reached more easily by the most massive galaxy. This
confirms the fact that the polytropic multiphase model has a
. . , reat importance in regulating the gaseous disc propeatids
Flgurm shows the s'urface density profile Of stars and the g erefore star formationficiencies. The break in the stellar
:ﬁzpdoigglrna%irgzsfn_\ggtlﬁTaegezviczgsi;nzti:g(;:yeis g;:::;ﬁ d?urface density corresponds roughly to theaverage radius
. - N P where the gas reaches the density threshold of star formatio
W!th a bulgelike feaf[un_a in the central part aUd a sharp d§'0 = 0.1 H.cm™3). Note that the overall amount of stars is very
c!lne of surface density in th? outer part. We f|n_d a bulge rsi_milar in both cases, demonstrating that the presenceeof th
dius of roughly 1 kpc and a disc exponential rad'lus of 2.5 kr%galactic wind has no impact on the amount of baryons locked
for the low mass system apd of 4 kpc for the high mass o info long-lived stars. This is consistent with the rathex lo
We note that the outer radius of the low mass case (8 kpc) in e .
smaller than the rescaled outer radius of its hi h—mass-coWlnd efficiencies we have measuregh,(~ 10%). Our simu-
terpart (10 kpc). This is due to thefiiirent disc tﬁickness SOFaQions will not solve the overcooling problem. More impor-
b <Pe). ) '~ “tantly, the stellar metallicity seems also to be ratherrisgizve
that for a given surface density, the threshold for star form
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Fig. 10. Cut of the gas density (up) and metallicity (bottom) in thez@jane for the Ld simulation at fierent epochs. The two
left pannels are a zoom 4 times of the simulation box and tleeright pannels are the entire simulation box. The coloulesca
gives the density in log(cnd) (up) and the metallicity in Z (bottom). Note that length scales are not the same in eaatepan

to the “wind versus fountain” scenario. We haX%e~ 0.47Z, 4.6. Gas kinematics

in the central part of our £8M,, halo galaxy, while we have o ) )
Z. ~ 0.3Z, in the low mass case. Note that we have computérél‘e most striking and observabldfdrences between the wind
a mass-weighted stellar metallicity so we are more sergitiy @nd the fountain can be found in the gas kinematics in the halo

the overall star formation history rather than to the la@st atmosphere, below and above the disc. In order to mimic as
stars formed. Nevertheless, our wind model has no dramdfiéch as possible the observational signatures of our sietlla

impact on the simulated stellar population. although tieee 92laxies, as seen by a spectral lines analysis from a disbant
Iv smallde st&€rver whose line of sight is aligned with the disc rotatigis a

weak trend for low mass galaxies to have slight ) .
lar metallicities than high mass. Here again, aé in Dalgantye define the average metal velocity as

M), it is quite dficult to conclude whether this trend is due

to a wind or to a smaller star formatiofiieency. fd pZV,2rrdr d pZ\22nrrdr
vi() == and V2 (2 = =

¢ pz2rrdr [ pzZ2zrdr

0
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Fig. 11. Mean metallicity of the gas as a function of the projectedjhe{left) and radius (right) for Sd simulation (up) and the
Ld simulation (bottom) at dierent timest = 3 Gyr (solid line),t = 4.5 Gyr (dotted line)t = 6 Gyr (dashed line).

The velocity dispersion and the sound speed are definedtlasflow is subsonic and highly turbulent. Note that in thedvin
usual by case, the velocity dispersion also rises up to 10@skas we
approach the disc. This can't be attributed to a turbulem,flo
since it would have been sueprsonic (the sound speed isdroun
50 knys). Itis in fact due to a geometridfect: as soon as the
wind expansion velocity remains subsonic, below an alétofd
Figure[I3 shows these various profiles as a function of heiglt kpc, the section of the wind increases with height. When th
for the wind case (left) and the fountain case (right). In thgind turns supersonic, arourmd= 10 kpc, the section of the
former case, we clearly see a strong symetrical expansionagiid is forced to remain constant. This process is resptesib
the metals, with a strong acceleration up to 200kim 10 kpc, for the typical noozle—like shape of the wind. At low altigyd
then a plateau afterwards when the wind reaches its termigglce the wind is expanding quasi isotropically, this msrac
velocity. In the latter case, on the contrary, we see a c@ivgr supersonic velocity dispersion that vanishes at highéudé
flow, with a velocity of the order of 100 kfs, similar to the when the wind flow is quasi parallel to the galaxy rotatiorsaxi
velocity of infalling halo material. At an altitude of 20 kpihis

bulk infall velocity declines and in the same time, the véloc The 13°M,, halo is characterized by a fast supersonic flow,
dispersion rises: we are entering the galactic fountaimfoch expanding quasi-isotropically at low altitude but quaaiaglel

Or“ pZcZ2nrdr

-_ 20
ford pZ2rrdr )

oi(d = Vi@ - v.(2® andci(d) =
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Fig.12. Surface density (left) and mean metallicity (right) of thars as a function of the projected radius for the Sd sinrati
(up) and the Ld simulation (bottom) atftérent timest = 3 Gyr (solid line),t = 4.5 Gyr (dotted line)t = 6 Gyr (dashed line).

to the rotation axis at higher altitude. The'i®, halo, on 5. Conclusion
the contrary, is characterized by a converging patternkdyic
thermalized close to the disc in a subsonic turbulent flow.  In comparison with_Springel & Hernquist (2003), we have
very similar initial conditions but a lower wind fo,. We

We applied the method used by Prochaska et al. (2007)have therefore more fliculties to solve the over—cooling*
test whether our simulations show velocity dispersion ia tiproblem. The explanation has two reasons : on the one
metal absorption lines of QSOs wider than the velocity disand| Springel & Hernquist (2003) model supernovae explo-
persion expected from pure gravitational processes (obthe sions with a phenomenological apporach so that every single
der of the galaxy circular velocity). In this way, we can tesjecta in the disc entirely participate to the large scale ou
whether our winds would have been detected. In their papiow. In this work, our goal was to model supernovae explo-
IProchaska et al. (2007) usego as the velocity interval encom-sions with a self-consistent Sedov blast approach where eje
passing 90% of the mass of a given metal absorber. We simul@t® are tighlty coupled to the galactic disc (injecting gyen
an observer watching the galaxy along the direction of threlwithe galactic turbulent cascade). On the second hand, we have
and found that 90% of the mass of metals corresponds to meetooling function depending on metallicity: this incremsa-
als with velocity lower than 5 krs™. This is in agreement with diative losses significantly compared to Springel & Hersfui
our findings that wind fiiciencies are very low in our model. (2003),Kobayashi et al. (2006) performed SPH simulatidns o
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isolated disks with star formation and self-consistentesup not provide winds powerfull enough to enrich the IGM by
novae feedback, metal dependent cooling and the same sefgé feedback (but other way of enrichment like gas stripping
initial conditions than ours. They observed very high mgss-e from satellites can be considered like in Schindler &t 850

tion rates for the 18 M,, halo with a total mass ejected risiDekel & Birnboim (2006) have computed the critical mass be-
ing to 80% of the total baryons mass. They noted howevetveeen filamentary accretion and Virial shocks in the range
strong dependance of their results to numerical resolaiah 10''-10"> M, depending on the metallicity of the infalling gas.
more importantly, to the size of the feedback radius (it can i€ombining their results with ours, we can conclude that ialo
as high as 10 kpc !). They even observed a faint wind in therger than a few 18 M, cannot produce galactic winds, even
102M,, halo case. Tasker & Bryan (2006) have simulated amithin a realistic cosmological environment. At highershift,
pre-formed isolated disk with the AMR code ENZO with staaccretion rates are believed to be higher than the one we have
formation and self-consistent supernovae feedback mdeias considered here, so that galactic winds at earlier epoahs ar
pure thermal form over one dynamical time scale. They sueven more unlikely. A proper modelling of starburst (yet® b
ceed in shuting down star formation but they didn’t take inavented) might also provide an easier route for increasiieg
account infalling gas from the halo. Fuijita er al. (2004) <corieedback #iciency of supernovae-driven outflows.

structed an analytical prescription to constrain the masiseo

halos that can form large-scale outflow with_ sta_rburst_physi CKNOWLEDGMENTS

They have performed several sets of 2D grid simulations of a

pre—formed galaxy with an imposed analytical infall modela This work has been supported by the Horizon Project.
found results very similar to ours (see Figure 1 in Fujitalbt £omputations were done at CCRT, the CEA Supercomuting
2004) : the key role played by infall and a very low hydrodyCentre.

namical éficiency for quiescent modes of star formation.

_ Using aqu_iescent model of star formatio_n in isolated galaﬁ’ppendix A: Numerical scheme for Supernovae
ies, self-consistently simulated from a cooling NFW hale, w

have studied the conditions for a galactic wind to break-oWe define the mass vanished in the star formation process as :
of the ram-pressure exerted by the infalling gas. Our simul

tions have shown that a galactic super wind forms in halos @ng)SF =m(1+nsn+1w). (A1)

101‘1)M@ and no wind can form in halo of mass greater thaghere the second term of the right part is equal to the total de
10"'Mo, even for our most favorable couple of halo parameyis massamy. We have also introduce the mass loading factor

ters (¢ = 0.04,% = 3 Gyr). For large galaxies, a galactic founy,, the parameter that determines the gas mass carried in de-
tain appears and expells metal rich gas that cannot esaape fhris. Andm, is equal to

the galaxy. Those results are consistent with our toy mdwe| t .
predicts no wind in those galaxies if the hydrodynamical elfm _ PoOX (A.2)
ficiency is of a few percents as suggested by our simulations. 1+ 7nsn+ 7w’

Using this rather simple toy model, we understand this |fa|Iu5X3 is the volume of the cell where the star particle is spawned.

as due to the ram pressure of infalling material confining ﬂﬁmn if we introduce the fraction of debris particles :
outflowing wind. '

Although galactic winds develop in 1M, halos, they are ¢, — _ISN + 1w (A3)
not suficient to explain the "overcooling” problem. The mass 1+ nsn+ 7w '
ejection dhiciency optained in our simulations 3 — 12% is we can simplify equatiori{Al1) by saying that a fractifyof
one order of magnitude lower than that observed by Marijfe gas consumed goes into debris particles, and a fractifn 1
@) in starburst galaxies. The main conclusion of this Pgoes into star particle.
per is that with a self-consistent treatment of supernogead-f The maximum speed of a debris is given by
back in idealized simulations of quiescent star-forminaga u
ies we cannot reproduce the observed mass ejection rates e ———~ (A.4)
therefore reduce the cold baryon fraction. On the contrary, V1+nw/nsn

supernovae feedback is affieient process for metal enrich-,¢ is the typical velocity corresponding to the kinetic en-

ment of the IGM. Cosmological simulations with supernovagqy released in one single supernova explosiogy ( =

feedback could test this scenario in a more quantitative wapoo kms-1).

Using a more realistic cosmological setting may result into Thus, the energy released to the gas by the debris is

non—spherical accretion flows, and therefore to a lessgenin

criterion for a wind to break-out. Eq=1s Ni Esn. (A.5)
Considering that small mass galaxies preferentially forms Msn

along filaments, non-spherical accretion should allow thelw Mgy andEs y are respectively the typical progenitor mass and

to break-out more easily and probabily to be mofiécent. energy of an exploding type Il supernova (i.sy = 10 M,

For more massive galaxies, however, the accretion of gas iahdEsy = 10°*erg). The energy is independent from the mass

the disc is likely to proceed through a Virial shock, and ndbading factor. Then, we have to compute the moment conser-

along filaments|(Dekel & Birnboim_2006). Our conclusionsation for constraining this free parameter. We want to aepr

should therefore remain valid, so that massive galaxiesldhoduce a Sedov blast wave, and so the velocity of the gas when
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the debris are coupled with it is the Sedov speed of the shd®ldlock, J. S., Dekel, A., Kolatt, T. S., et al. 2001, ApJ, 555

propagation. 240
12 Cen, R. & Bryan, G. L. 2001, ApJ, 546, L81
U edor= /33( Ea ) , (AG) Cen,R.&Ostriker, J. P. 1092, ApJ, 399, L113
5\ poAX3 Cioffi, D. F., McKee, C. F., & Bertschinger, E. 1988, ApJ, 334,

B is a multiplication factor nearly equal 1, we admit it is ejua 252
to 1,p0 is the density of the gas where the explosion takes plae€le. S., Lacey, C. G., Baugh, C. M., & Frenk, C. S. 2000,
andAx is the radius of the shock form the center of the explo- MNRAS, 319, 168 . ) )
Dekel, A. & Birnboim, Y. 2006, MNRAS, 368, 2
V2 (5x )3 1 Dekel, A. & Silk, J. 1986, ApJ, 303, 39
Usedov= —/— |NISN|~— | ——
5 AX) 1+ nsn+nw

Ellison, S. L., Songaila, A., Schaye, J., & Pettini, M. 2080,
The Sedov blast wave is only valid in an homogeneo 1.20’ 1175 I
. i . o . ﬁmta, A., Mac Low, M.-M., Ferrara, A., & Meiksin, A. 2004,
fluid, then it seems surprising to apply it in regions of star f ApJ, 613, 159
mation where the gas condenses in high overdensity regfonso "’ .
molecular clouds. That is the reality, but our simulatioosdt 2233:25?5 Yllzlgv?léiallin':/la,\rleABS' If/li\é;’ed;oi ot al. 2006. ArXiv
reproduce such high resolution features, and the assesemen Astroph;}sic.’s e-prints T T ' '
the polytropic trend of the gas at high densities impIiesefnohat,[on S Devriendt J. E. G. Ninin. S.. et al. 2003. MNRAS
pressurized regions in the disc. This behavior at high densi e e T ' ' ’

ties transform high over-density regions of star formatitn 343, 75

' g Y I€g 0 Leckman, T. M., Armus, L., & Miley, G. K. 1990, ApJS, 74,
smoother regions at the scale of one cell of the numericdl gri
That is the reason that allows us to use the Sedov blast Wﬂ’eeckman, T.M.. Lehnert, M. D., Strickland. D. K.. & Armus,
model. We want the gas to have the moment of a Sedov blas

wave, so the conservation of the moment gives us : E 2000, ApJS, 129, 493
' 9 ' Hoopes, C. G., Heckman, T. M., Strickland, D. K., & Howk,

MyUg = (My + My)Us edow (A.8) J. C. 2003, ApJ, 596, L175

3. Hultman, J. & Pharasyn, A. 1999, A&A, 347, 769
wheremy = 4/3rpoAX° is the gas mass where the supernov%ung M. K. R. & Mac Low, M.-M. 2006, ApJ, 653, 1266
explosion occur, andsedov™> Usedoy/3 is the mean velocity of | ., N 1'99'2 ApJ 391 50’2 o ’ ’ '

the gas carried along the shock. _ Katz, N., Weinberg, D. H., & Hernquist, L. 1996, ApJS, 105,
As we know all the quantities of this last equation, we can 19

constraint our free parametéy, and obtain Kauffmann, G., Colberg, J. M., Diaferio, A., & White, S. D. M.
14 [Ax\® \2 sx\31? 1999, MNRAS, 303, 188

[1+ f—gﬂ(&) }E fa (B() =1. (A.9) Kay, S. T, Pearce, F. R,, Frenk, C. S., & Jenkins, A. 2002,
d MNRAS, 330, 113

If we want that our debris propagates to the nearest cetls, kennicutt, Jr., R. C. 1998, ApJ, 498, 541

us assume thakx ~ 1.5, and we find the optimal value forKobayashi, C., Springel, V., & White, S. D. M. 2006, ArXiv

fa = 0.5. Thus for a typical value aofsy = 0.1 we find for the ~ Astrophysics e-prints

mass loading factor, our only free parametgy,~ 1. Krumholz, M. R. & Tan, J. C. 2007, ApJ, 654, 304

Larson, R. B. 1974, MNRAS, 169, 229

Mac Low, M.-M. & Ferrara, A. 1999, ApJ, 513, 142

Maller, A. H. & Dekel, A. 2002, MNRAS, 335, 487
Abadi, M. G., Navarro, J. F., Steinmetz, M., & Eke, V. R. 2003larri, S. & White, S. D. M. 2003, MNRAS, 345, 561

1/2
UsN (A?)
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Fig.13. Mean velocity (up), velocity dispersion (middle), soun@esg (bottom) of the gas as a function of the projected height
for the Sd simulation (left) and the Ld simulation (right)different timest = 3 Gyr (solid line),t = 4.5 Gyr (dotted line),
t = 6 Gyr (dashed line).
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