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ABSTRACT

We present a new formalism with which to understand theiogldtetween galaxy stellar mass
and gas-phase oxygen abundance that explicitly consitdermass-dependence of galaxy gas
fractions and outflows. By assuming that galaxies populate-gcatter relations between
their stellar masses, gas fractions, metallicities, owtfficiencies, and halo properties, we
show that if metal-accretion is negligible, then a galavges-phase metallicity’, can be
simply expressed a8, = y[¢w + aFy + 1]71, wherey is the nucleosynthetic yield,, is a
term describing the efficiency with which the galaxy exptdsietals F is the gas-to-stellar
mass ratio, and is a factor of order unity. We apply this formalism4o~ 0 observations to
show that reproducing observed oxygen abundances sireoltaty with observed galaxy gas
fractions requires efficient outflows. Without winds, madidat match the mass-metallicity
relation havel, 2 0.3 dex higher than observed. Moreover, gas fractions-at0 are small
enough the mass-metallicity relation does not dependtdgzigion the exact slope of the, -
M, relation. Successful models require metal-expulsionieffides that are high and scale

steeply with mass. Specifically, most reasonable modelsineq, > 1 and{, x v

or

vir

steeper, wheré, = (Z,/Z,)(M,, /Msrr) is the metallicity-weighted mass-loading param-
eter,Z,, is the metallicity of the outflowing material/,, is the mass ou.tflow. rate, addspr
is the star formation rate. If the unweighted mass-loadawydrr,, = M., /Msrr Scales as

-1 -2
Uyir or Uyir

as has been suggested from momentum- or energy-driven spdldeh a steep

mass-dependence ¢f implies that theZ,, -, relation should be shallower than tig- M,

relation.

Key words: ISM: abundances — ISM: jets and outflows — galaxies: aburekane galaxies:
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1 INTRODUCTION

Star-forming galaxies follow a tight{ 0.1 dex scatter) correlation
between their gas phase oxygen abundance (hereafteecferas
“metallicity”) and stellar masg_(Tremonti etlal. 2004). $hmass-
metallicity relation is primarily understood to be a seqermf
oxygensuppressionrather than enrichmenit (Tremonti etlal. 2004;
Dalcantoh 2007t Efb 2008; Finlator & Dale 2008). The praduc
tion of oxygen traces the production of stars, implying ttret
observed trend in the oxygen-to-gas ratio reflects eithegradtin
the galaxy gas-to-stellar mass ratio or in processes tfettafas-
phase metals but not stars. If the mass-metallicity relasagov-
erned by an underlying trend in gas fractions, then the méal
low-mass galaxies are more diluted than in more massiveigala
because of the relatively larger gas fractions in the smg#&axies

(Garneti 2002; Leroy et 4l 2008). Such preferential dilitian be
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attributed to variations in gas accretion and/or star fdionaef-
ficiency with galaxy mass. On the other hand, large-scalaxgal
winds affect galaxies’ gas (and thus gas-phase metals}k wiol
affecting the stars; if outflows are more efficient at remgwvinet-
als from low-mass galaxies than more massive ones due teske |
massive galaxies’ relatively shallow potential wells rtliee lower-
mass galaxies will have lower metalliciti98
[Heckman et dl. 2000). In this paper, we present a compreteensi
approach to modelling the mass-metallicity relation, mpooating
both mass-dependent outflows and gas fractions.

Previous analytic studies have reached conflicting conclu-
sions on the relative importance to the mass-metallicitgtien of
galaxy outflows and gas dilution. Focusing on the- 2.2 mass-
metallicity relation observed By Erb et al. (2006a) ) Erbo@pused
a simple analytic chemical evolution model to argue thatsttae
formation rate Msrr, and the outflow rate}Z.,, should be roughly
equal. While)M,, and the gas accretion rafe.... vary with the
star formation rate (and thus gas fraction), = M., /Msrr and
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Na = Mace /MSFR are constant universal parameters, a common tion can be reproduced by assuming that a substantial dracfi

practice in analytic models of galaxy chemical evolutioee(glso
ISamui et all. 2008, and references therein). Though modetsfsp
ically aimed at duplicating observations of the mass-ntiei3l
relation commonly assumg,, = Zg, mﬂ argues
that metal-enriched outflows (those comprised predomiyanit
Type Il supernova ejecta, and thus with, > Z;) are required
if the rate of gas accretion is to be reasonable. Severaytamal
models focus on the efficiency of star formation as a functibn
stellar mass. In the context of the mass-metallicity retativaria-
tions in the star formation efficiency affect galaxy gas fi@ts (as
well as theM, - Myaio relation). In such models, an increase in the
star formation efficiency with galaxy mass—uwithout the néad
outflows—is sufficient to reproduce the observed mass-icityal
relation 9).

The mass-metallicity relation has also been studied inildeta
in several cosmological hydrodynamic simulations. Broeikal.

the heavy elements is lost through metal-enhanced outfiovesvi
mass galaxies, these authors also point out that a varyidylieS
helps in reproducing other observables, such agdii&e]-o re-
lation in ellipticals (see alsb_Recchi ef 4. 2009, and efees
therein).

These apparently conflicting results highlight severaliess
surrounding the origin of the mass-metallicity relationtsg a
model that successfully reproduces the observed massdhnigta
relation doesiot uniquely constrain the relation’s origin: gas dilu-
tion and galaxy outflows can be combined in a variety of ways—
ranging from no preferential dilution to no preferentialsadoss—
to yield the same mass-metallicity relation. The questwhat
combinations of outflows and dilution can match the obsereed
lation. Second, models must be constrained by observedaas f
tions, not by the mass-metallicity relation alone. Fina#lyfully
consistent model of the mass-metallicity relation mustvalfor

(2007) used a set of smoothed particle hydrodynamics (SPH) the fact that both galaxy gas fractions and galaxy outflowperies

simulations evolved with Gasoliné_(Wadsley €tlal. 2004) to a
gue that preferentially expelling gas from the low-massaxgsal
ies is insufficient for reproducing the observed mass-rietsl
relation. These authors claim that it is instead the redwstad
formation efficiency (and thus differences in galaxy gastfoms)
induced by such feedback that is primarily responsible for-d
ing the relation’s morphology. Conversély, Finlator & [EaZ008)
used a suite of SPH simulations evolved withiET-2 (Springel
—and therefore a different recipe for star-formatiead-

bac thanmu@b?)—in conjunction with detailed an-
alytic models to show that, in generad, o 7' for n, > 1.
Their favored model that reproduces ka{v 2.2 mass-
metallicity relation is one in whichy, « ¢!, whereos is the
galaxy velocity dispersidd.In this simulationo~* oc M,}/*

M, % which naturally explains why this,, scaling is able to re-
produce amass-metallicity relation wifh oc M. These simple
scaling relations highlight a link between a galaxy’s stethass,
its halo mass, and its potential well: wind models aimed etsss-
fully reproducing the mass-metallicity relation also needcor-
rectly reproduce (or incorporate) tid, - My, relation.

A final class of models invokes a change in the galactic
stellar initial mass function (GSIMF). The initial mass &ion
(IMF) affects the mass-metallicity relation via the nudgothetic
yield, i.e., the amount of oxygen (produced in Type Il supsag;

vary (as theory predicts and observations demonstrath)gaibixy
mass. Furthermore, the way in which these properties depend
the galaxy mass may be more directly related to the galaxggs h
halo’s mass or velocity structure (such as the virial vejoor es-
cape velocity). The origin of the mass-metallicity relatiman then
be constrained by appealing to external constraints sebbgrua-
tions of galaxy gas fractions and the empirically derivéd- M, 410
relation. Here we present a new formalism for understanttieg
mass-metallicity relation that straightforwardly addesthese is-
sues and apply it to the observed~ 0 mass-metallicity relation,
where these external constraints are well measured.

Our approach is straightforward: we assume that galaxies
populate a hypersurface describing their stellar and gassesa
halo properties, and metallicities. Observationally, aeci et al.
(2010) and Lara-Lopez etlal. (2010) have recently shown Zha
has less scatter at fixedl, and Mspr than at just fixedV/, (i.e.,
the mass-metallicity relation); there is no evidence faietion of
this surface up te ~ 2.5. This finding implies that th@/, - Mspg -
Zs hypersurface provides a more physical description of the un
derlying physics than just th&/.-Z, plane. In our formalism, the
star formation rate is closely linked with outflow efficieaesj and
observationally, gas fractions and star formation ratestightly
correlated. We calculate the relevant hypersurface byessjmg
the time evolution of a galaxy’s stellar mass, gas mass, ase g

M-Z) made per mass of stars (see app&ddix A for aphase metallicity 7., M,, andZ,, respectively) in terms of each

more thorough discussion). If, for example, the IMF is tagyh
in low-mass globular clusters, and massive clusters ardonoid
in low mass galaxies, then low mass galaxies will simply piced
less oxygen per unit stars than more massive galaxiesnlgeadi
a mass-metallicity relation like the observed ohe

m) Similarly, while_Calura & Menci (2009) use a hleraum

galaxy formation model to show that the mass-metallicitia-re

1 Because of the resolution of cosmological SPH simulaticstsy-

formation feedback must be included using “recipes” irgte& directly

modelling the underlying physics. The winds in Finlator &@% simula-

tions are implemented by physically moving gas particleayafkom star-

forming regions. | I.’s simulations, star fotima thermally

heats neighboring particles. In both prescriptions, thevaat particles are
not allowed to interact hydrodynamicall @ radiatively

cool I.) for some physically-motivated amoutiroe.

2 This parameterization is motivated by the observations afti @B)

and the theory of momentum-driven WinO@ﬁ)Bm

for more details.

piece’s possible sources and sinks (e.g., star formatiatflowss,
accretion). As detailed i3, the time dependence in these equa-
tions can be eliminated by dividing by the star formatiorered
give thed Z, /d M. differential, which, once integrated, is the mass-
metallicity relation. By assuming that as galaxies grow tigllar
mass they stay along mean relations, we require that the-mass
metallicity relation depends only on instantaneous galaoper-
ties, such as gas masses and outflow efficiencies. In this,pape
apply this formalism to the observed ~ 0 mass-metallicity re-
lation, where these other externally constrained meatioakare
best understood.

This paper is organized as follows. §&, we discuss the rel-
evant observations: those of the= 0 mass-metallicity relation
(§2.7), galaxy gas fractionsgfZ.d), and galaxy outflows (and the-
oretical models thereoff2.3). We lay out our formalism ig3.7,
along with how we connect galaxy stellar masses to host halp-p
erties (3.2). In 44, we show how gas dilution and outflows must
combine in order to yield the observed mass-metallicitatien,
and what this implies about galaxy outflows in order for pcesti



ID a b c d
TO4 —0.759210 1.30177 0.003261 —0.00364112
794 73.0539 —20.9053 2.23299 —0.0783089
KK04 28.1404 —7.02595 0.812620 —0.0301508
KD02 28.4613 —7.32158 0.855119 —0.0318315
M1 46.1480 —12.3801 1.33589 —0.0471074
D02 —8.91951 4.18231 —0.323383 0.00818179
PP040O3N2 32.5769 —8.61049 0.981780 —0.0359763
PP04N2 24.1879 —5.69253 0.648668 —0.0235065

Table 1. ) fits to the mass-metallicity relatio
wherelog Z; = a + blog M, + c(log M,)? + d(log M,)3, sorted by
decreasingnax(Zg ). The two fits we consider in the main text (TO4 and
DO02) are in bold. See text for abbreviations.

gas fractions to be consistent with the data. We then préséht
what constraints wind metallicity and entrainment fracttmnsid-
erations place on viable outflow models, with a summary and fu
ther discussion ifg. AppendiXA gives a detailed discussion of the
definition of the nucleosynthetic yield, which sets the atage of
the mass-metallicity relation. AppendiX B describes thenetion
between gas masses, accretion, and star formation rates fare
malism, with implications for star formation efficiency.

Throughout we adopt a cosmology f..,Q,0s,h) =
(0.26,0.047,0.77,0.72) and  (2003a) initial mass func-
tion (IMF), unless otherwise noted. We note here that varyire
cosmological parameters, within the ranges allowed frosech
vations (e.gl. Hinshaw etlal. 2009), does not alter our emimhs.
The impact of varying?,, or Qy, has, for example, little effect on
the shape of thd/, - M., relation or on the determination of the
stellar masses in SDSS. Though varyingdoes change the num-
ber density of massive halos, it has little impact on the eaofy
halo masses of interest here. Finally, we note that thelviela-
tions only have a mild change in normalization when varyiog-c
mological parameters, without having much impact on ourale
results.

2 RELEVANT OBSERVATIONS
2.1 The observed: ~ 0 mass-metallicity relation

It is difficult—if not impossible—to measure the gas phasarab
dances of all of the elements not made in the Big Bang, ilee, tr
gas phase metallicities. Oxygen-to-hydrogen abundarites ria

H 1l regions, however, are relatively straightforward to eatin
Since oxygen is effectively produced only in Type Il SNe—the
deaths of massive, short-lived stars—andi Hegions are associ-
ated with ongoing star formation, the gas-phase “masstcéta
relation” typically refers to only the galaxy's oxygen allamce
in gas that is currently forming stars; we therefore will tseet-
als” and “oxygen” interchangeably unless otherwise nokémiv-
ever, thoughl2 + log(O/H) is measured at the sites of star for-
mation, the measured abundances arebttth abundances of the
H 1l regions; supernovae (the sites of oxygen production) algstr
their nascent clouds, rendering so-called “self enrichifnaiH 11
regions extremely rare. We therefore also assume that th&yga
gas is well-mixed, i.e., that the mixing time is short relatio the
timescale for star formation.
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Figure 1. Mass-metallicity relations listed in Tabld
[2008, and equation] 1). The scatter about any given one of thawes is
0.1-0.15 dex, which is much less than the differences in normaliratio
that is, the normalization differences are systematic. mass-metallicity
relations in black (T04, solid; D02, dashed) are modeledetmitis§[4] and
B

mass-metallicity relation, however, are not well consiedi, de-
spite exquisite and extensive data (e.g., from the SloaitdDigky
Survey [SDSS]: Adelman-McCarthy et al. 2006). This amhigui
is due to the theoretical uncertanties in how to convert siois
line fluxes tol2 + log(O/H), as one must make assumptions about
both the gas temperature and ionization structure in omelet
rive log(O/H). While the electron temperature can be estimated
directly using the [OI1] A4363 auroral line, this line is extremely
weak and usually only detectable in very metal-poor envirents.
Thus, it is common to calibrate measurement methods usirady mu
stronger forbidden emission lines such as[[o\\3726, 3729, HS,

[O ] AA4959, 5007, Ha, and [N11] A6584 based on the so-called
direct [O 1I] A\4363 T. method. However, since [QIl] A4363
preferentially emits in high-temperature regions, thifbcation
can lead to an over-estimate of the electron temperaturedbas
on this line and thus an under-estimate of the oxygen abun-
dancel(Kewley & Ellisan 2008). It is therefore common to &t
calibrate strong-line measurement methods based on tiuadre
photoionization models. On the other hand, there are argtsme
that such strong-line methods/erestimate the true abundance
(Kennicutt et al. 2003). In addition to these problems, nindica-
tors are either double-valued at low metallicities (suclthaspop-
ular R23 indicator) or saturate at high metallicites as emissioe-li

cooling shifts to the near-infrared (e.006).
Kewley & Ellison (2008) highlight many of these issues,

and derive12 + log(O/H) for a large set of galaxies from

SDSS using ten indicators (eight of which we consider here:

T04, | Tremonti et dll 2004; D02, Denicold et al. 2002; KKO04,

Observationally, oxygen abundance increases with galaxy Kobulnicky & Kewley |2004; 794, Zaritsky et al. 1994; KDO02,

stellar mass. This relation has very little scatter (0.1 dex in

exist 08, 2009). The amplitude and slopeeof

12 + log[O/H] at fixed stellar mass), though severe outliers do PP04N2, using the Pettini & Padel 2004 (JO)/H8)/([N 11]/Hc)
(Peeples et Bl. 20

Kewley & Dopita |2002; M91) McGaugh 1991; PP040O3N2 and

and [N I1)/Ha flux ratios, respectively). T n fits
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to the mass-metallicity relation are given in Tdble 1, wheechave

converted from & Kroupd (2001) tol a Chabrier (2003a) IMF and
from 12 + log(O/H) to log Z,, where
| @

|

These mass-metallicity relations are plotted in Fiduirdné;scatter
in Z, at fixed M, for each mass-metallicity relation is smaller by
a factor of 2—3 than the spread in normalizations, implyhmeg the
differences are caused by the systematics discussed above.

The two relations in black in Figurdgl 1 and in bold in Ta-
ble[ (T04,[ Tremonti et 4l. 2004 and DA2, Denicold éf al. 002
are the two mass-metallicity relations we focus or§i While
we do not favor any oné2 + log(O/H) indicator, we take these
two mass-metallicity relations as representative of themad-
izations and slopes observations as a whole. The D02 indica-
tor is a linear relation between the [N] A6584/Ha ratio and
12 + log(O/H)calibrated againsi. metallicities. The relatively
low normalization of this method is common fék-calibrated in-
dicators. The T04 method is based on theoretical stellanlptipn
synthesis and photoionization models combined with a Bages
analysis of many more strong emission lines than used in most
methods.

Mo /Mn
XMy + Y Mye
15.999/1.0079
0.75 x 1.0079 + 0.25 x 4.0026

log Z, [12 +log(O/H)] — 12 — log {

log(O/H) — log {

2.2 Observed gas fractions of ~ 0 galaxies

Figure[2 shows how the gas-to-stellar mass ratio(left panel)
and gas mas8/, (right panel) vary with galaxy stellar mass. The
open diamonds are total H gas masses measured from 21cm
line fluxes (McGaugh 2005). The crosses are alsoges masses,
with stellar masses measured from SDSS (Garcia-Appaddo et a
[2009; West et al. 2009, 2d10). The filled circles represeatth
tal H 1 + Hy gas masses (including a correction for helium) from
The H | Nearby Galaxy Survey (THINGS), with thesHnasses
derived from HERA CO-Line Extragalactic Survey (HERACLES)
and the Berkeley-lllinois-Maryland Association SurveyNsarby
Galaxies (BIMA SONG) CO measuremen008)
Though there is large scatter in the gas fraction at a fixeld ste
lar mass, gas fractions clearly decreasé\asincreases; this be-
havior is also found in cosomological hydrodynamic siniolas
(e.q. 8). The mekaig F, in bins of A log M, =
0.4 dexfor8.1 < log M, < 11.3is overplotted with the large solid
orange squares; we list these means and uncertainties ia[dab
We note that each of these data sets focus on star-formingigal
similar to those in which2 4 log(O/H) is measurable; surveys
not restricted to actively star-forming galaxies (.
[2010) lead to much lower average gas fractions.

We parameterizé’, as power-law of the form

:<

with v > 0. Table[3 listdog M, o, K; and~ for our adopted gas
relations. As we show ifi31, F, is a more convenient parameteri-
zation than the commonly used and more arguably intujtivehe
gas mass as a fraction of the total baryonic galaxy méss- M,

— M, Fy
T Mg+ M, 1+Fg‘

The “total” gas fraction relation is a power-law fit to the doimed

M,
M*,O

My

FgEM*

)ﬂ = KM, @

®)

(10g M*> <1Og Fg> Olog Fg
8.3298 0.5153  0.07867
8.7265 0.3084  0.06500
9.0892 0.2062  0.06359
9.5141 —0.07142  0.06220
9.8941 —0.3230  0.04817
10.298 —0.5548  0.06666
10.664 —0.8389  0.06212
11.053 —0.8303  0.06566

Table 2. Cold gas fractionslog F log(Mg/My) in bins of

Alog M, = 0.4dex and the uncertalnty in the mean,, r, for the
{2005) _Leroy et b (2008). ahd Garcia-Appaciod|e2809)

data sets.

Name log M,o Ky ¥
Total 9.6 316228  0.57
SDSS 6.0 15.85 0.20
Fiber 2.7 224 0.13
Flat — 0.50 0.00

Table 3.Gas fraction relation parameterS; = Mg /M, = KM, "

McGaughl Leroy et al., and Garcia-Appadoo et al. data s#tgto

by +0.2dex so that the total gas fractions are greater than those
implied by the K-S law (see below). In order to understanccte
tribution of a sloped gas fraction relation to the mass-Itieits re-
lation, we also consider a flat gas relation\df, = 0.5M/,, shown

in green in Figur&l2.

For reference, Figurgl 2 shows how the total baryonic halo
mass,(Q2s /2 ) My, varies with stellar mass (halo mass as a func-
tion of M, is calculated as discussed§8.2). The offset between
the baryonic halo mass and, + Mj is evidence of the so-called
missing baryon problem; the missing baryons are either hiodze
been expelled from the halos ky= 0 (e.g. M-D
Figure[2 further highlights the fact that far, < 10'° Mg, the
fraction of baryons in the form of cold gas is roughly constan
(i.e., the blue and red lines are roughly parallel). Morepwédile
massive galaxies are gas poor, galaxies with stellar masdes
~ 10%® Mg have most of their mass in the form of gas: the pro-
cesses responsible for the “missing baryons? ig- 0 halos must
also account for this inefficiency of star formation in lowsada-
los. We discuss this issue further in Apperdix B.

The Kennicutt-Schmidt (K-$, Kenniclitt 1998; Schniidt 1959)
law is commonly used to indirectly estimate gas masses in
star-forming galaxies when direct gas masses are expensive
(or currently impossible) to achieve, such as at high rétshi
(e.g.,lb) or for large samples of galaxies.,(e.g
Tremonti et all 2004). Furthermore, sint2 + log(O/H) is mea-
sured only in star-forming gas, it is reasonable to congjdsrfrac-
tions that trace this same gas. The purple lines in Fighre 2her
gas masses we derive from applying the K-S law to star-fagmin
Data Release 4 SDSS galaxies witfband magnitude errors of
< 0.01mag (Brinchmann et al. 2004; Adelman-McCarthy ét al.
M). Specifically, we relate the star formation rate sigfden-
sity Xsrr to the gas surface density, by

4)

YSFR



Balancing Outflows and Gas Dilution 5

T ——— ———
e © McGaugh — SDSS Schmidt law | SDSS galaxies, assume Schmidt law ,

® Leroy et al. — M, = 0.5M. _
O + West et al. — total i R = 1.1R,,, 1

fiber

L + ........ (Qh/nm)Mhnln g 11 e R =R ]

log M,‘/M(D log M./M,

Figure 2. Left: Gas fractionsFy as a function ofM,. Right: Gas massed/, as a function ofM. The open black diamonds are H | gas fractions and
masses fr005); the crosses are the samO). The filled circles are H | - ldas fractions and masst al.
M), who find that there is very littledbelowlog M, ~ 9.5, which is consistent with the comparison to the H | samplé® fied dotted line shows the
maximum baryonic mas&;, /) My 10, While the green “flat” line shows/; = 0.5M,. The blue “total” line is a fit to these data with the normatiiza
increased by 0.2 dex; the orange squares are the togdn, of these same data in bins &flog M, = 0.4 dex with the inner and outer errorbars denoting
the uncertainty in and dispersion about the mean, respgct@as fractions and masses derived from SDSS data amtingvthe K-S law, assuming a radius
of 1.1Rgo,. (solid line) and the fiber radius (dashed line); in the riglgl, the shaded region corresponds to the 1- amdiBpersions in moving bins of
log M,.

g e Mo v~ k2 The gas masses estimated from the K-S law and the measure-
1Mg pc—2 oY P ments of total cold gas masses roughly agree with one another

from [Kennicuft 8), where we have corrected for the fhat t on _the low gas_fracnon OFg ~ 0.1 atlog M, ~ 11, and that_ .
theBrincf IL.(2004) star formation rates are based o Fy increases with dgcreasmg stelllar. mass. The amountlofrthls i
(2001) IMF while thé Kennicitt relation is based on a crease |fn gas fractlodn, ho;/vever, .|ts én starl;_glsallgrseelmem, zlw
Salpeteér(1955) IMF. SDSS spectra are taken withiff ajgerture; range of over an order of magnitude . The K-S law only

therefore, to measur®tal galaxy properties (e.g., star formation ::rliz(:\ls StLaar:(Ztgr':% %;]S d ?jnda:Pe:?i;g?;?gﬁﬁfﬁ;
rates and stellar masses), the fact that the aperture doesiino y I, wart galaxi icient 1

tend the entire galaxy must be corrected for. We therefonsider gas MLZ_IES). Atlarge radii in more massive gaisxihe

" . . gas is predominately atomic, i.e., thelHadii of galaxies is often
Ysrr and M, both for the full galaxy-light radius (which we take much larger than the optical (star-forming) ram.

to bel.1 times the 90th percentile-band isophotal radiugyo,-) 2008: 8). For the purposes of the mass-tui
and only within the fiber, i.e., we take relation, what matters is the total amount of gas that is &bkf-

= 167x10* <

A — 2R — aR2. — rx 1.12 x Rjy..; solid lines. ®) fectively mix and dilute metals. A lower limit to this gas rsas
g g light Riper: dashed line. the gas that is able to collapse and form stars—the gas tiaced
. . the K-S law. If on the other hand the atomic and molecular gas a
The galaxy gas mass is then simpl ) ?
9 Yo il well mixed (as opposed to, e.g., molecular gas only pomgdtie
. Ag* Ve galaxy center and atomic gas being at large radii), thendta t
M, = (MSFR X K, > (6) gas fractions are more applicable. Finally, neither ofehgess frac-

tion estimates include ionized gas; if such gas is not orgyalent
in typical galaxies but also has efficient mass transfer Wwith
supernova ejecta and gas that will cool to form moleculaud$o
(and subsequently H regions), then even the “total” gas fraction
relation will be an underestimate of the gas diluting theagils’
metals.

The shaded contours in the right panel of Fidure 2 denote-he 1
and 2¢ gas masses derived for the entire galaky & 1.1Rqgo,-)

in running bins oflog M, from log M, = 8.3 to 11.1; for clarity,
galaxies falling outside this region are not shown. Thedslatie is
an eyeball power-law fit to the medid®, = 1.1Rgo,. gas masses
while the dashed line is the same for the gas (and stellaryesas
within the SDSS fiber. The fact that these relations are cpirite-

lar to one another indicates that aperture correctionsedagively
small and/or that gas fractions are relatively scale-iavamwithin
1.1Ro0.-.
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2.3 Galaxy outflows

Though observations of galaxy-scale outflows are notokyaliffi-
cult, galaxy winds observed in a range of star-forming gelasis-
play a complex, multiphase structure. Since detectabilityeases
with the star formation rate densi Mﬂﬁjwever,
the most detailed studies of galaxy winds have been of the out
flows associated with extreme starbursts, namely, (ultndjious
infrared galaxies (JUJLIRGS). Studies of blue-shifted aipion-
lines reveal both neutral (Heckman etlal. 2000: Rupke |etQl22
[2005) and photoionized gas (Grimes étlal. 2009), nofte
with several kinematically distinct components. In costraX-
ray emission around local starbursts such as M82 indicatest a
(T ~ 10%°-10%K), tenuous ¢ ~ 10~*-10"2cm—3) wind
fluid (Strickland & Stevens 2000;_Strickland & Heckman 2007,
) Wind velocities derived from both emission and apsor
tlon Ilne studles are typically hundreds of km SM 2005;
I9). The systemic outflow velocity of emgtie-
gions in this coronal gas phase is found to be positivelyezorr
lated with the ionization energy of the absorbing ion (Greeal.
), indicating the presence of a shock, though in somesctas
has been interpreted as a possible AGN contribution to ttfeoau

). The outflow velocity,, of the colder neu-
tral gas is typically comparable to one to a few times thexgéda
circular velocity veire ), which is comparable to the
galaxy’s virial velocityv.:, (e.g., Diemand et al. 2007).

The scalinguw ~ wvir follows naturally if momentum trans-
fer from radiation pressure is driving the wid (Murray €2405).
For radiation pressure to be effective, the starburst neu§idaling-
ton limited and the outflowing gas has an asymptotic velagfity

1/2
_ 1) 7

where the escape velocitys. is comparable to the virial velocity.
The wind velocity is therefore typically taken to be = 3vyir. In
the single-scattering limi Mos).

Vw (00) = 2Vesc (LL (7

edd

y 2
. o Lgtarburst o €nuc MSFRC
Myvy = - = . )

®)

where Lggarburst iS the starburst luminosity angue = 8 x 1074
is the nuclear burning efficiency. Thus the mass-loadintyﬁc;w
is proportional to the inverse of the virial velocity suclath
_ My

Nw = — =

momentum  Msrr
This same scaling is achieved if the wind is driven by cosmjsr

8).

On the other hand, the outflow may be driven by energy

transfer, perhaps from supernovae thermally heating thd IS

80kms™!

Vvir

€nucC
~

(©)

Uw

(Chevalier & Clegd 1985, Dekel & Silk 1986; Silk & Rées 1598;
Murray et al[ 2005). In this popular scenario,
§MWU3V ~ fESNX (10)

[# of SNe per solar mass of stars formetrr,

where Esxy ~ 10°! erg is the typical energy per supernova gnd
is the efficiency with which supernovae transfer energy ¢d M.
Letting¢ = 0.1, i.e., a 10% efficiency, and taking the number of

3 Definitions in the literature of the “mass-loading factogry; we take it
to mean theotal outflow mass rate divided by thetal star formation rate
(including short-lived stars).

supernovae per unit mass to b@ 2, this yields a mass-loading
factor of
>2

where we have implicity assum@d, ~ 3uvir. While we in general
consider models in which,, o vm for 5 > 0 (or, equivalently,

Nw X Mhalo , see§3.2); it is helpful to keep the normalizations
suggested by equationd (9) ahdl(11) in mind.

Except via the impact of outflows on galaxy gas fractions,
the mass-metallicity relation is insensitive to ttoéal mass out-
flow rate M,,. Instead, as we show i§8.1], oxygen depletion due
to winds is governed by the rate of metal l0&s, M.,, whereZ,
is the metallicity of the outflow; in our case (s§&1), the mass ra-
tio of oxygen in the outflowing material. While many metalgyo
gen, as well as, e.g., iron, sodium, carbon, magnesium, aod; n
Heckman et al. 2000: Martin 2005; Strickland & Heckiman 2007;
Martin & Bouchel 2009 Grimes et al. 2009; Spoon & Holt 2009)
are observed in galaxy outflows, there are relatively feweolzs
tions of outflowing oxygen, and elemental abundances in thd w
fluid are rarely reported. Strickland & Heckman (2009), heeve
find that the X-ray emitting outflow from M82 has a high enough
metal content that it is consistent with containing neatlygthe
freshly produced metals in the starburst with an inferrddorgy of
~ 1000-2000 kms'*. Combined with their interpretation that the
outflow has very little entrained gas (i.e., that it is esisdigtcom-
prised solely of supernova ejecta), this implies that théaftieity
of the outflow is quite high. (We note that in this interpritatof
the data, supernova explosions surprisingly have no iaeian-
ergy losses when interacting with the ambient I3MH 1 in equa-
tion[I0]; see alsb Heckmldn 2003.) This picture is further gipm
cated by the fact that outflows are likely multi-phase, ardtietal-
licities and escape fractions in, e.g., the cold and ionizkases
may be different. From the perspective of the mass-meitslliela-
tion, however, what matters is the total amount of expelledyen
relative to the total amount of expelled gas, where “exp@élxy-
gen or gas is just the oxygen or gas that has either been physic
ejected from the galaxy or simply heated up such that it ceefio
ficiently transfer mass to the gas that is able to cool and &iars
and thus be observed contributing to the mass-metallielgtion.

energy Msrr

(11)

Thw

(73 kms™?

Vvir

3 THE FORMALISM
3.1 The mass-metallicity relation

The three galaxy masses relevant to the mass-metallidiyiae
are the total galaxy mass in stafd,, the galaxy gas masd/,,
and the mass of gas-phase metals;. We base our model on re-
lating the instantaneous change in these masses via thegeso
and sinks to the instantaneous galaxy star formation fetter,
ignoring environmental effects such as mergers and tidalshg.
The instantaneous change in the stellar mass,

M* MSFR - Mrccy

MSFR(I - frccy)y

is given by the creation of stard{srr) and the rate at which stars
return mass to the ISM when they ereCy. (We include the mass
of stellar remnants i/,..) The relative rate of these two effects,
frecy = Mreey /Msrr, depends on the star formation history and
therefore varies somewhat with time; its effect on our rssitlow-

(12)
(13)



ever, is small, and we are safe to adgpt., = 0.2. (See Ap-
pendixA for a more thorough discussion ff., .)
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Since we are interested in the mass-metallicity relation at
z = 0, and not its rate of change, it is useful to eliminate the time

The gas mass is also regulated by the star formation rate anddependence in equatiorfs [[2}-17). We assume galaxies liee on
frecy, With gas accretion adding gas and outflows removing gas hypersurface of,, M., Z,, halo, accretion and wind properties.

from the system. The instantaneous changkfinis therefore
Mg Macc - MSFR + Mrecy - Mw (14)
MSFR(T]a -1+ frecy - nw)7 (15)

where M,.. is the gas accretion rate add,, is the mass rate of
outflowing gas. As introduced if2.3, we define the mass-loading
factor iy, as M, /Msrr; analogouslyy, = Macc/Msrr. The
sources and sinks of metals are essentially the same assfoega
cept that each component can have a different metalliciynad,

MZ ZIGI\/IMacc - ZgMSFR + chMrccy - ZWMW (16)
Msrr(y + Zg(Ca — Cw — 1)), 7)
where Zigm is the metallicity of accreting gas7, is the ISM
metallicity, Z.; is the metallicity of gas being returned to the ISM
by dying stars, andZ,, is the metallicity of outflowing gas. The
yield y is the nucleosynthetic yield, which is defined as the rate at
which metals are being returned to the ISM relative to theesur
star formation rate, i.e.,
Mrccy
MSFR

Mnew metals
X

Mrccy

y= = Zej frecy- (18)
After the first generation of Type Il supernovae explodel(Q’ yr),
y is constant for continuous star formation. The IMF and Tyjsei
pernova yields, however, are highly uncertain, so the taligevofy
is only constrained to be.08 < y < 0.023 (e.g./Finlator & Davé
2008); we adopt a mid-range valuef= 0.015. (See Appendik A
for more details.)

The metallicity-weighted mass-loading factajs and (5, in
equation[(I)) describe the relative rates at which metaldaing
accreted and expelled from the system, and are defined as

Zicm | Mace Z1GM
Ca = - = < )77&7 and (19)
Zy Msrr Zg
Zy My Zy
Cw = 7 X = = (Z_) U) (20)
g Msrr g
The metallicity of accreting gasZicwm, is typically taken to

be zero, though SPH simulations indicate that due to previou
episodes of enrichment of the intergalactic medium (IGNofr
metal-containing galaxy outflows, the effectide-n may be non-
negligible (Finlator & Davé 200€: Oppenheimer etlal. 2008g-
cause a self-consistent model of an enriched IGM will be thase
on the evolution of the mass-metallicity relation, we wadk fnow
take Zicm and thus¢, = 0, though we will return to the rami-
fications of this assumption i§l6.3. The wind metallicity Zy, is
often assumed to be the ISM metallicify (Finlator & Ddvé 800
[Erb[2008), givingtw = 7. However,Z, is simply a lower-limit

to the possible outflow metallicity (if the wind is driven byper-
novae, then it can be metal-enriched relative to the amib&ivi

but not metal-depleted). The actual wind metallicity wiépgnd
on the fractionf. of the outflow that is entrained interstellar gas,
which has a generic metallicitif,, and the fractionl — f. that

is from newly exploded supernovae and therefore has a rieésall
Zej,max ~ 0.1 (see AppendikR). The wind metallicity is thus

Zw = (1= fe)Zejmax + feZg, (21)

where we note thaf. may vary with galaxy mass and must satisfy
0< fe< 1.

Dividing out the time-dependence in these equations allgsvio
solve for the shape of this surface, with observationsrggttie
amplitude. Combining equatiorfs {13) ahd](15),

dMg; _ Ui _nw_1+frecy
dM* 1 _frccy

where we includel M, /dM, = F(1 — ~) based on our parame-
terization of F, = M, /M, (equatlorDZ) introduced if2.2. Note
that if we assume we know how gas fractions vary with stellassn
(§2.2), then for any given wind modej,, the accretion rate as a
function of the star formation rate, is uniquely determined. We
explore this point and its implications in Appendix B.

The rate of change of the gas phase metalliZityis

= Fg(1—9), (22)

My

d Mz

Z
Jyg=——2 2 My = —
97 dt M,

M, M, M,
We can now combine equatiohs{18).1(16]1(17), (23) to find

{MZ - ZgMg} (23)

M,
y+Zg<<a—<w—1— )
dz, _ Msrr 24)
dM, Mg (1 = frecy)
_ y+Zg[Ca—<W_1_Fg(1_fY)] (25)

Mg(l - freCy)
Equation[(2#) can be integrated with respectipto find Z, (M,.).

Furthermore, using the Kewley & Ellison (2008) fit2d, Ta-
ble[d), we can turn the problem around: by assuming we know
the mass-metallicity relation (artiZ, /d M), we can infer the re-
quired relation between, e.d7; and(.. Specifically, by rearrang-
ing equation[(Z¥), we find

Z = yfe-G (26)
dlog M,  dlog Z, -t
F 1 - Jrec 1
s(1- y><dlogM* dlog M, +
= yllw—GtaF+1]7", (27)
where
_ dlog My  dlog Zg
= (1= freey) (d log M,  dlog M, (28)

is a factor of order unity. Equatiob (P7) is the mass-metiylire-
lation; by finding combinations of the yield, outflow strelmgand
gas fractions that combine as stated on the right-hand siga¢
Z(M.,) on the left-hand side, we can explicitly reproduce the ob-
served mass-metallicity relation. This is the tack we tak4.

3.2 Connecting galaxies and halos

A number of methods have been developed to empirically atinne
galaxies to halos. One straightforward approach is the tative
matching of galaxy 1fg.1) and halo fna1,) number counts (e.g.,

[2004:| Shankar etlal. 2006: Conroy & Wechsler
2009), i.e.,

ngal(> M*) = nhalo(> Mhalo) .

(29)
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Figure 3. Halo massMy, .., and virial velocity,v.i,, as a function of stel-
lar massM,, atz = 0 [ 2049). Se#3.2 for more details.

Assuming that each halo (and subhalo) contains a galaxg-equ
tion (29) determines the average mapping between halo nmass a
galaxy mass.

We adopt one of the latest determinations of fie- My a1,

relation by Moster et al[ (2009, top panel of Figlite 3),

M,

0.0633(1 + 2) %™
Mhalo ( )

<Mhalo > —1.06—0.172 N (Mhalo)0A556(1+z)0A26
Mo Mo

with the zero point increased by 0.05 dex to correct fr@

(2001) to a Chabrief (2008b) IME (Bernardi eflal. 2010), ahe:re
log My, 0/Ma = [log 11.88] (1 + )% (31)
The [Moster et &l.[ (2009, - M., mapping is in good agree-

ment with constraints from galaxy-galaxy lensing, galakyse
tering, and predictions of semi-analytic models. Follayvitihe
scaling relations in_Tonini et &l (2006, and referenceseiing,
we have verified that equation{31) yields a Tully-Fisheatieh
(Tully & Fishet[1977) consistent with the more recent cadtions
by[Pizagno et al[ (2007), as long as the dynamical contohusf
the dark matter within a few optical radii is less than the pre
dicted by a pure_Navarro, Frenk, & White (1996) mass profite, i
line with many other studies (e.q., Salucci é{al. 2007) oAiste
that the subhalo masses quoteet al. refenstripped
quantities, which represent more reliable indicators efittrinsic
potential well in which satellites formed.

The . relation is in broad agreement with previ-
ous studies, such as the ones by Shankar ét al./(2006), glthbe
latter relied on a stellar mass function based on dynamieasto-
light ratios that cannot be directly used in the presentyshased
on SDSS stellar masses. Despite the different techniquesteat]
most of the studies find consistent results on Aie-M,,.1, rela-
tion, especially in the mass range of interest here, i.a;fetming

(30)

—1

X

galaxies with stellar mass 2 x 10'*Mg and hence halos with
mass< 5 x 10" h~ "M, (Firmani et all 2009; More et Al. 2010).

If winds depend on the potential well depth of the halo rather
than the mass itself, then the halo virial velocity, is more rele-
vant thanMy.1,. Roughly speaking,

1)2 ~ D~ GMhalo
vir )
Rhalo

where the dependence of the halo radRis,, on the halo mass
is a function of both cosmology and the structure of the halo

(Lokas & Mamoh| 2001| Ferrarese 2002; Loeb & Peébles |2003;
[Baes et dl. 2003). We conneg;, to M, via

_ G Mhaio 1z
N Rvir
) 1/3

112.6( Mhato
1/6
] (14 2)"? kms™*,

(32

Uvir

1012 M, (33)
Qn 1 A
0.25 Qz, 1872

where the mean density contrast (relative to the criticalsig)
within the virial radiusRyir is A = 1872 + 82d — 3942, with

d =07 —1,andQ;, = Qun(l + 2)°/[Qm(l+ 2)* + Q4]
(Bryan & Normah 199€; 01). The bottom panel
of Figure[3 shows how,;, varies with stellar mass in this model.
We have verified that oudM,-v.i: relation is in good agree-
ment with theM,-vaq relation recently derived al.

(2010%).

4 MODELS OF THE MASS-METALLICITY RELATION

We now turn to what is required to reproduce the observed-mass
metallicity relation. Rearranging equatidn{27), we find

Y1 = Gv—GtaF, (34)
Zg

‘'where we hereafter takg, = 0 (see§[6.3 for a discussion of this

choice). Expressed this way, the metallicy is related explicitly
to a sum of¢,, (a term describing outflows) anfl, = M, /M. (a
term describing the galaxy gas content). Equation (34)gaiva-
lently equation[(2I7), is the principal theoretical restilttos paper,
connecting gas-phase metallicities to gas fractions, ausfl and
accretion. Functionally, one can use equatfon (34) to fintking
models for a giverZ (M, ) in several ways:

(i) Assumey and Z;(M,) are known; use trial and error to
find combinations o (vvir) and [aF;](M,) that satisfy equa-
tion (34).

(i) Assumevy, Z;(M.), and (w(vvir) are known; solve for
dlog M, /dlog M, in equation[(2¥) and integrate to filid, (M1..).

(i) Assume y, Zg(M,), and My(M,) are known; equa-
tion (34) then sayg§y = y/Z; — 1 — aFy.

Method[(i] works well for developing intuition regardingngons

in the data and theoretical wind models, while mettfod (igf@i)|
yield models that exactly produce the observed mass-riuétatie-
lation, as demonstrated for the Tremonti €t al. mass-nictglte-
lation in Figured ¥ anfll6. Best-fitting models ¢f for the T04
mass-metallicity relation and relations based on otheicatdrs
(§[2.2) are plotted in Figurel B}-7 and tabulated in Tdble 4. In the
top two panels of Figurlgl 4, the observations are shown asotite s
black curves; the colored lines denote models with diffeseal-
ings of {w with vyi:. Panel (a) shows the mass-metallicity relation



(log Z as a function oflog M,). The models are chosen so that
they give(w + aFy to equal the observeg/Z, — 1 (panel b). Gas
fractions andy, (vvir) are plotted in panels (c) and (d), respectively.
Because of uncertainties in the nucleosynthetic yield nibrenal-
ization of the mass-metallicity relation, and possibleisation of
metallicity indicators at high2 + log(O/H) (see Appendik’A and
§[2.1), we will consider both the mass-metallicity relaticrrass
the mass rang8.1 < log M, < 11.3 and restricted to below
M, ~ 10.5Mg.

The gas fractions needed to dilute the metals in the absence

of winds (., = 0) are shown as the solid orange line in Figure 4;
these gas fractions are higher by a factorzpf3 than observed
cold gas fractions in typicat ~ 0 galaxies. For a non-varying
yield, outflows are therefore required in order to keep theeoled
mass-metallicity relation consistent with galaxy gas tirat ob-
servations. This conclusion holds even more strongly feratier
mass-metallicity relations plotted in Figuré 1: in the aluse of
winds, lower metallicities imply higher gas fractions.

The other colored lines in Figuiré 4 show the required gas frac
tions if we assume,, [50 kms™!] /vyir (pink, long-dashed),
([85kms™']/vyir)? (blue, short-dashed), i85 kms™']/vyir)?
(green, dotted). Both the momentum-driven and energyediy
scalings requirel, to scale more steeply with mass than is ob-
served; lower normalizations @f, force F, to asymptote to the
no winds case. A steeper scaling(ef with v, however, leads to
more reasonable gas fractions.

We quantify what(, (vvir) scalings are required in order to
reproduce the mass-metallicity relation while remainingsistent
with the observed gas fractions by using method (ii): by rigki
a given(,, we can compare the correspondifg to binned gas
fractions §2.2, Table ®) to calculate g°. Parameterizing,, as
(v0/vvir) " 4 Cw,0, the best-fit model for the T04 mass-metallicity
relation is¢w = (78kms™! /uyi,) 38! + 0.19, as shown in Fig-
urel§. We show thé\x? contours for 1-, 2-, and 3-using theA y*-
to-o conversion from Press etldl. (1992) for 5 degrees-of-freedo
(8 data points and 3 parameters). The best-fit values do aogeh
significantly if the dispersion about the mean is used imkiafa
the uncertainties when calculating, and we safely consider the
points and errors for the binned data to be uncorrelateduseca
the measurements for individual galaxies do not depend erann
other. Also, we choose to bifi; instead ofZ, because the mass-
metallicity relation has been more rigorously measurea tiee
F,-M., relation. The white regions in Figuré 5 correspond to mod-
els that are unphysical because they require negative getsofrs.
The best-fit models are always close to the border betweesiqaty
and unphysical regions in parameter space, reflecting teffat
gas fractions at = 0 are relatively small; it takes only a small
change inl,, to go from a smallF; to a negative one.

The best-fit(y, can be strongly driven by the turnover of
the mass-metallicity relation and change in slope of e-
vvir relation abovelog M, 10.5. For example, for the T04
mass-metallicity relation, if we instead only consider tiata at
log M, < 10.5, the best-fit,, is instead 72 kms™! /vy, ) =% +
0.41; that is, the velocity normalization, does not change much,
but the slope steepens and the constant offset increases.
Whether the best-fif,, shifts to higheb and(,o (T04 and D02),
lowerb and(yw o (M91, 294, PPO403N2, and PP04N2), or doesn’t
change (KD02 and KK04) when only modelingg M, < 10.5
depends on the subtle details of the particular fit to the mass
metallicity relation under consideration. In all caseswéeer,
Ax? for the parameters for the best fittiqg for a given mass-
metallicity relation when the entire mass range is modekdt f
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ID Vo b Cwo
TO4 78.0 3.81 0.19
794 63.5 3.20 0.23
KKO04 55.5 3.04 0.32
KDO02 71.0 3.18 0.39
M9l 73.0 247 0.77
D02 79.0 342 1.25
PP040O3N2 90.0 3.15 1.50
PPO04N2 111.8 231  1.35

Table 4. Best-fit parameters fofw = (vo/vvir)? + Cw.o the fits to the
mass-metallicity relation calculated m) and listed
in Table[d and the binned gas fractions plotted in Fidure 2s€l,, are
plotted next to the correspondirig, (M. ) in FigurelT.

within 1-o of thelog M., < 10.5 best fitting model for that indica-
tor (but not necessarily vice-versa, since the best fittivginass
model often requires negative gas fractions if extrapdlaieove
10'%-°Mg). The 1o range of¢,, for the T04 mass-metallicity rela-
tion is shown by the shaded yellow and beige regions in the-rig
hand panel of Figurgl6 for thivg M, < 10.5 and entire mass
range, respectively.

We turn this problem around in Figufd 6 by considering
Cw (vvir) While assumingFy (M. ) is known [method (iii)]. As dis-
cussed in§[2.2, we consider the total gas fractions (blue, solid
lines), My = 0.05(Q%/Qm ) Mnalo (red, dotted), gas fractions as
inferred by inverting the Schmidt law for SDSS galaxies e,
and M, = 0.5M, (green). TheM; « Mnai, model is included
because it might provide a natural explanation for the oleskr
turnover in the mass-metallicity relation ne&f*. We find that for
the observed normalization éf; (1. ), theslopeof the gas fraction
relation is largely irrelevant in setting the mass-metdifirelation
morphology. That is; = 0 galaxies have little enough gas that the
mass-metallicity relation is shaped by hgwrather thar¥, scales
with galaxy mass. This can be seen visually in the right-hzareel
of Figure[®: at low masses, even the flat gas fraction reldtisnap-
proximately the sameé,, slope as those models with steEp-M,
relations.

Other metallicity indicators lead to mass-metallicityatédns
that are generally shallower and have a lower normalizétiam
the [Tremonti et l. mass-metallicity relation. This traes into
{w + aF; needing to be larger and to scale slightly less steeply
with mass than seen in Figufé 6; the bestfijt for all of the
mass-metallicity relations shown in Figure 1 are plotted=ig-
ure[7. Detailed example models for the shallow, low-norazdion
[Denicol6 et al.[(2002) mass-metallicity relation are shaw Fig-
ure[8. Numerically, observed gas fractions req@ire < b < 4;
this scaling withuvyi, is much steeper than the canonical models
for the unweighted mass-loading parameter discussg@.th Fur-
thermore(,, must be largeX 1) at all relevant masses. The only
way around a larg€, is if a significant fraction of the gas that is
diluting the metals is ionized.

In the limit of small F, and largel.,, one can see from equa-
tion (237) thatZ, « ¢ ' (Einlator & Davé 2008). We are using cu-
bic fits to the mass-metallicity relation (Ta
), but for the relevant mass range, the mass-metgllieia-
tion has0.2 < slope < 0.45 for most of the relations plotted in
Figure[T. OurM,-Myai0-vvir relation (FigurdB) had/, o 05,
for log M, < 10 (and M, o vl;? for log M, > 10.6). Thus,
the metallicity Z, is roughly proportional tal;? to vZ7, imply-
ing that for¢w o v_.%, b should be in the range.2 to 2.7. The

vir?
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Figure 4. Required gas fractions to reproduce the T04 mass-metgllielation with varying power-law slopes @k (vyir): ¢w = 0 (orange, solid),
[50kms™1] /vyir (pink, long dashed)([85 km s~ 1] /vy, )2 (blue, short dashed)[85kms™1]/v,i:)3 (green, dotted); these normalizations are chosen to
give gas fractions that are as compatible with the obsemnatas possible. Note that all models fit data in (a) and (b)dmgtcuction: panel (a) shows the
T04 mass-metallicity relation (black, solid) and modelsi¢eed lines) while panel (b) showsg[(w + «F] as a function of stellar mass for the four models
(colored lines) andogly/Z; — 1] for the TO4 mass-metallicity relation in black. Panel (cpwh the modelog F; as a function of stellar mass (colored
lines) and the observed gas fractions as grey trianglese the the same observations plotted in Fiﬁhwd' West etlal. 2009,
|2!Tl.ﬂ)). The modelog (. as a function of virial velocity are plotted in panel (d) (the = 0 case is unplotted because of the logarithiicaxis).

large constant offsefy,0, however, means that the parameteriza- z ~ 2.2 mass-metallicity relation (which does not differ signifi-

tion presented here (see, e.g., Figure 5) cannot be diretéy cantly in slope from the shallow relationszat= 0). In their simula-
preted in terms of the simple power-law scalings preseméf2i3. tions, however)M, o« Myalo, Which is a shallower relation than our
We also caution that, # 7., and we explore the consequences of M, « MZ,,., a slope which Moster et al. (2009) finds to approxi-
metallicity-weighting the mass-loading parameter bel&il)( mately hold toz ~ 2 (see their Figure 14). Becausé, .., x v>;,,

these differences have extreme consequences for therigtzipn
We note that a crucial step in this analysis is the assignment of how ¢, scales withv,.

of virial velocities to stellar masses. For example, Fim& Davé
(2008) found that¢, o v;,L was sufficient to reproduce the

r
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Figure 5. Ax? contours for the T04 mass-metallicity relation with = (vo /vyir) % + Cw,0- The black “X” marks the parameters with the lowgst the
yellow, green, cyan, and grey regions denote solutions Wiff? < 1-o, 1-0 < Ax? < 2-0, 2-0 < Ax? < 3, andAx? > 3-0, respectively, using the
Ax?2-to-o conversion fror@]mgzy The white regions spoed to unphysical{y < 0) models.
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Figure 6. Requireddy, to reproduce the T04 mass-metallicity relation with vagyaes fraction relations: total (blue, solid)/; = 0.5M (green, dashed),
inverting the K-S law from SDSS data (purple, solid), aid = 0.05(2p, /2m) Mpalo (red, dotted); se8222 for the motivations behind these relations.
Left Gas fractions as a function of stellar mass. The grey tiénig are the gas fractions plotted in Figlité 2 (McGHugh 20880y et al 2008 West et al.
) and the orange squares are the binned4f&afa) (Right log (. as a function of virial velocity corresponding to the gagfiens in the left panel.
The orange lines are the best-fitting models based on thedidata (see Figufé 5); the beige and yellow shaded regidhe iight-hand panel show thed-
range in¢y, for the entire mass range ahei; M, < 10.5, respectively.

5 OUTFLOW METALLICITY AND ENTRAINMENT metallicity relation are more consistent with observagiohz = 0
galaxy gas fractions when the metallicity-weighted massting
factor (w = (Zw/Zs)nw scales steeply with the halo virial ve-
locity, i.e., Cw = (vo/vvir)® + Cw,0 With b > 3. Theoretical
models for how supernovae drive galaxy-scale outflows, kewe
generally predict that thenweightedmass-loading facton,, =

My /Msrr = (00/vvir)? will scale much more shallowly, with

Supernova-driven galaxy outflows are comprised of some gwnb
tion of supernova ejecta and ambient interstellar mediutraered

in the outflow. The fractionf. of entrained gas determines wind
metallicity Z,,. As mentioned ir§[3:1], the wind metallicityZ,, is
usually assumed to be equal to the ISM metalliéitywhen mod-

eling the mass-metallicity relation, but if the outflowingpgrnova
ejecta entrains very little gas (which would dilute the wimdtal-
licity) then Z, could be much higher tha#,.

We showed irg[4 that models of the observed= 0 mass-

B = 1 or 2 (§[2.3). Reconciling these disparate scalings therefore
requires thatZ,, /Z, and hence the wind fluid composition varies
with galaxy mass.

For any given(,, that reproduces the mass-metallicity rela-
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Figure 7. Left: The mass-metallicity relation as derived from differenttaiiigity indicators §[21, Kewley & Ellisoh 2008), relative to the nucleosyntheti
yield y = 0.015. Right: The corresponding best fitting, = (vo/vvir)? + Cw,0 under the requirement that the models’ gas fractions arsistemt with

observations. Thé,, parameters are listed in Talle 4.

tion, additionally assuming the form of. (vvi:) uniquely con-
strains the wind metallicityZ., (M..). Figure[9 showsZ,, for the
best-fit w = (78kms™*/vyir)>¥ 4 0.19 for the TO4 mass-
metallicity relation (left) andy, = (79kms ™' /vyi,)**% 4 1.25
for the D02 mass-metallicity relation (right). The dotteshort-
dashed, and long-dashed lines aresfor < v_.}, v;;%, andwv_.2

vir? Yvir? vir 1

models, respectively. lj, has a similar scaling with mass as,

thenZ, ~ Z, for all masses. However, a less steep dependence

almost entirely comprised of supernova ejecta, ife.~ 0 (e.g.,

Strickland & Heckmah 2009).

6 SUMMARY AND DISCUSSION

6.1 The approach: modeling a system of galaxies

of nw 0N vyi: implies that outflow metallicities should depend less We present a new formalism in which to understand the mass-

on galaxy mass tha#@,. Moreover, determining,, from galaxy
wind observations has different systematics than deteéngin,,,
and Z,, clearly depends sensitively on the scalingief Figure[®
shows how measurements 4f, (M, ) can therefore be used to
place unique constraints og..

Physically, different scalings of.. and¢,, (and thusZ, and
Zy) indicate that the entrainment fractigfa (equatior 2IL) varies
with galaxy mass, offering a clue to the physics of galaxylows.

If, for example, f. increases with increasing gas mass (and thus

galaxy mass), it would indicate that the wind fluid does nairigh”
through a blanketting column density of gas but instead paee
up this material and expels it from the galaxy. On the othedha
fe decreasing with increasing galaxy mass, would indicatettea
ability of supernova ejecta to collect the surrounding I1Sitbithe
wind fluid depends on the depth of the galaxy potential wek. W
find the former to be the case: to reconcile a stgegcaling with

a shallowern,, scaling, then winds driven from deeper potential
wells must bemore efficient at entraining the ambient ISM than
those driven from shallow potential wells. We also find thatider

to have the normalization of,, be consistent with the normaliza-
tions suggested i$2.3 (i.e.,vo ~ 70 kms™!) then the entrainment

fraction must bev 1, though the exact value is dependent on the

value of Z¢j max. This is particularly interesting in light of inter-
pretations of X-ray emitting outflows in which the wind fluid i

metallicity relation. We have showr§[B.1 and equatioh 27) that
the gas phase (oxygen) metallicifiy of star forming galaxies is

Ze=yllw—CataF,+1]7", (35)

wherey is the nucleosynthetic yield, describes accreting metals,
(w describes the efficiency of metal expulsidn, describes dilu-
tion by gas, and is a factor of order unity (see equatfor 28). In the
absence of metal accretioti,(= 0), equation[(3b) shows that the
metallicity Z,, is set by a balance of outflows.() and gas dilution
(aFy), with the normalization set by the nucleosynthetic yigld
This equation represents a general result: each piece cawith
galaxy mass, halo mass, and redshift. To the extent thatahéos-
mation history is not bursty, i.e)srr varies slowly on timescales
of 10 Myr (see Appendik’A) then the yielg can be taken as con-
stant with time, letting equatiod (B5) describe the insiaabus
state of a sequence of galaxies. Galaxies at 0 are assumed
to live on a hypersurface described by their stellar magsesfrac-
tions, metallicities, outflow and host halo properties. Bing gas
fractions and metallicities from observations, we aredfwe able
to uniquely solve for outflow properties in terms of galaxysses
or metallicities (that are therefore easily comparable liseova-
tions) or in terms of the galaxy potential (and thereforelgasm-
parable to models of the underlying wind physics). The orttinfi
of models to data in this approach is that of functional fotmsb-
servations of the mass-metallicity relation (
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Figure 9. Wind metallicities Zy, for the best-fit¢,, T04 (left) and D02 (right) mass-metallicity relations (feigured® andl8). The solid line corresponds
to ¢w = nw and thereforeZ,, = Z; and fo = 1; different scalings for, = (00/vyir)? are shown as the dotte@ (= 1), short-dashedq = 2), and
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) and either models or parameterizations to gas fracts

a function of stellar mass[2.2). Because there is theoretical un-
certainty in which metallicity indicator(s) to use whenaahting
the mass-metallicity relation from data, we do not favor ipa-

lar indicator when drawing our conclusions, and specifjcsiate
which constraints come from which pieces of the mass-nietsl|
relation.

6.2 Resulting constraints

We consider implications for both the efficiency of stamhation
driven galaxy outflows and for the content of the outflowing-ma
terial. The two relevant outflow efficiencies are the efficiewith
which a galaxy expels its metalé, = (Zw/Zg)(My/Msrr),
which we parameterize as, = (vo/vvir)® + Cw.0. The second
relevant efficiency is that with which a galaxy expels its,gas
unweighted mass-loading parameigr = M, / Msrr, which we
similarly parameterize ag, = (oo /vvi:)?, whereg is predicted
to be~ 1 or ~ 2 with oy = 70-80 km s *(§2.3). The content of
the wind is observed by its metallicit¥,,, which can be expressed
in terms of the fraction of entrained ISM in the outflofy, where
Zw = (1 = fo)Zej,max + foZs (equatio 2l ir§[3.T]). Under the
assumptions thaficm = 0 andy is constant, we draw the follow-
ing conclusions by requiring that viable models reproduutt he

z = 0 mass-metallicity relation and are consistent with obseérve
cold gas fractions.

6.2.1 The necessity of outflows

Models with no outflows ¥/, = 0 = ¢, = 0) are inconsis-
tent with observed galaxy gas fractions. Specifically, smdhsence

of winds, the gas masses needed to dilute the produced metals

are higher at all galaxy masses than the total observed @dd g
masses; the magnitude of this offset is as great-a8.3 dex in

F, = M, /M,, depending on the particular mass-metallicity rela-
tion being modeled.

6.2.2 Constraints from the normalization of the mass-ntieiiy
relation

Equation [(3b) makes it clear that the nucleosynthetic yiels the
normalization of the mass-metallicity relation. From a relity
perspective, it is useful to consider the mass-metallicétation
normalization relative to the yield (rather than their dbsoval-
ues) because the true nucleosynthetic yield is unknown éatarf
of two due to uncertainties in both the IMF and in Type Il super
nova physics (Appendix A). Likewise, the overall normatiaa

of the mass-metallicity relatior§[2-1) is unknown at the- 0.3 dex
level] The normalization ofi/ Z sets the value of the constant off-
set(w,0 > 0 (which is set by the turnover of the mass-metallicity
relation, see below). The typical required velocity norzetion

vo ~ 70-80kms~! is consistent with expectations.

4 Though neither the nucleosynthetic yield nor the normttiraof the
mass-metallicity relation are well determined, the scattéog Z,; at fixed
M, is known to bet0.1 dex ). In light of the for-
malism presented here, this small scatter implies thaeeitie scatter in
bothaF; and(y, are small, or they are highly correlated.
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Low normalization mass-metallicity relations requdre > 1 6.3 The role of metal-(re)accretion
for all relevant masses; if the true nucleosynthetic yisldarger
than our fiducial valuey( > 0.015), then the efficiency with which .
galaxies expel metals will have to be even stronger. Thusiif n ble mettaL contte_ntl (|.e.],c th_f_‘f]IGll\gl\; 0 and t;[hgreforeg“al - O;
mal quiescently star forming galaxies are not expellingdsiwith may Not be entirely sa e'. € IS entic .e as early as 00
(w > 1, then the data prefer a low nucleosynthetic yield and a high = S . .
normalization of the mass-metallicity relation. Furtherey be- and if this mat(_erla_l_ls re-accreted onto galaxies at Iaten:_h P It
cause the mass-metallicity relation shifts to lower nomadions at could have a significant effect on the shape and normalizatio

higher redshifts, galaxies at these epochs must have sitioeiger thez - v mass-mete_lllicity_ rel_qtion. The re-accretion of winds.(i.e_
winds or higher gas fractions than theie= 0 counterparts. gas withZioy > 0) Is a significant component of accreted gas in

cosmological SPH simulations (Oppenheimer &t al. 2009Ligh

the total accretion rate scales with halo ma&.{. x Mnaio

v3,., see AppendiXB), the contribution of accreted metals to the
6.2.3 Coqstraints from the morphology of the mass-meitgilic mass-metallicity relation may not scale so ste

relation [2008). Moreover, an extra source of metalswill imply that the

The morphology of the mass-metallicity relation has twomfaa- amplitudeof outflows¢,, will need to be even higher than the ones
tures: the slope below. M* and the turnover at higher masses. presented hgre. However, the reaccretion Of W'n_d matgem 0
The slope of the mass-metallicity relation largely detemsi how SPH simulations may be sensitive to numerical issues in the w
¢ scales with galaxy mass, though with some degeneracies withmplementation; more detailed investigations are neededet-
the normalization and constant offset. For snfal| as is the case Iy the importance of wind-recycling. The metal budget lale

At z = 0, the assumption that accreting material has a negligi-

atz — 0, ¢, should scale roughly aggl- The power-law scal- for re-accretion depends on both the amount of metals egal
ing of (. With respect tavi, is typically b ~ 3. This need for a higher redshifts and the recyclying timescale. We will asdrthe
high and mass-dependent wind efficiency agrees with sevtet metal content of winds at > 0 as implied by the evolution of the

works (e.g.l Dekel & Wdb 2003: Dutton et al. 2010b; Sawaldkt a mass-metallicity relation in a later paper.
20101 Spitoni et &l. 2010).

The turnoved in the mass-metallicity relation dbg M, ~
10.5 may be an observational artifact of the metallicity indicat
saturating at high?z, (§2.3); however, if oxygen abundances do
asymptote to a particular value at high masses, then thiaviimh We are indebted to David Weinberg and Todd Thompson for nu-
can be used to place strong constraints on galaxy outfloneprop  merous enlightening discussions and comments on the text. W
ties. Specifically, both the normalization of the mass-iitieity re- thank Romeel Davé, Rick Pogge, Francesco Calura, Frasmcesc
lation relative to the yield and the effects®f,, increasing sharply Matteucci, DuSan KereS, Avi Loeb, and Simon White for use-
aboveM™* ~ 10" M (Figure[3) must be then taken into con- ful conversations and Paul Martini, Brett Andrews, and foaa
sideration; moreover, the interplay between these effentsplace Bird for assistance with obtaining and plotting much of ttatad

ACKNOWLEDGEMENTS

stronger constraints on viable models than just considesbof presented here. We are grateful for Andrew West and Barbara
the mass-metallicity relation belo#'%-° M. Morphologically, a Catinella for providing us with the stellar and gas massetqd in
turnover in the mass-metallicity relation means that eithe, or many of our figures. FS acknowledges support from the Alesiand

(w cannot be approximated as a power-law. Because cold gas frac von Humboldt Foundation and partial support from NASA Grant
tions are observed to roughly follow a power-law with reggec NNGO5GH77G.
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APPENDIX A: THE NUCLEOSYNTHETIC YIELD AND
INSTANTANEOUS RECYCLED FRACTION

As shown in Equatior(18), the nucleosynthetic yield is

y = Mhew metals Mrccy _ Mhiew metals
= . = R

: : (A1)
Mrccy MSFR MSFR

Where Moy metals iS the rate of metal (i.e., oxygen) production
from Type Il supernovae andifsrr is the current star formation
rate. Though]\‘/[rCCy depends on the star formation history (i.e.,
the number of old stars), the yield only depends on the star fo
mation history over the previous 107 years, i.e., the lifetime of
stars that produce oxygen. We show in Figurd Al hpwaries

in time for different choices of star formation history, IIM&nd
metallicity based on the “B” series Type Il supernovae \sdtom
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\Woosley & Weaver|(1995). The Chablier (2003b) IMF is shown
in red and blue, and tHe Krolpa (2001) IMF is shown in orange
and green; both are integrated frén®8 to 100M . We apply the
\Woosley & Weaver supernova yields to bins of stellar mass tha
match at the midpoints between the model masses; we exitapol
the40Ms models tol00Mg . The effects of metallicityX = Z,

red and orangeZ = 0.1Z, blue and green) are subdominant
to the effects of the IMF. Different line types representatiént
star formation rates as a function of time, as denoted indhdeift
panel. We take stellar lifetimes to be the main sequencgntiée
s = To(m/Ma) ™7 = (10" yr)(m/Mg) =2, wherem is the
mass of the star. At the end of its lifetime, a star returnssangass

of m — Mremnant 10 the ISM, wheren,emnant = mMns = 2.0Mg

for 8 > m > 11Mg and Mremnant = Mwa = 0.6Mg for

m < 8Mg; for stars more massive thanM , we take the ejected
mass to be that calculated by Woosley & WehVer (1995). All re-
cycled mass is taken to be from stars that have been formed sin
t = 0, i.e., we assume that there are no stars at 0 that will
eject mass into the ISM. This analysis implicitly assumext il
gas is well-mixed at all times. The sharp features in therigipt
and the bottom two panels are due to our simple stellar dvolut
model. The feature at 10° yr arises from the lifetime of0M,
stars; stars withn > 40M, are assumed to have the same yields
as40M, stars. The feature at 2.5 x 107 yr is caused by the life-
time of 11Mg, stars: stars withm < 11M, are assumed to not
explode as Type Il supernovae and thus not produce oxygéso,(A
m = 11Mg is the mass boundary where the remnant mass is taken
to bem.s instead of being calculated ver.)

The top-right panel of FigureEZA1 shows the instantaneous
(oxygen) metallicity of ejected ga%.;; this decreases with time
because stars withh < 11M do not produce oxygen but still
recycle gas to the ISM. The decreasey) before2.5 x 107 yr
reflects the fact higher mass stars produce relatively mgye o
gen than low-mass stars. We takej max = 0.15, though con-
sidering the contribution of all Type Il supernovaé,; max could
plausibly be in the range.1-0.2. The instantaneous recycled gas
fraction, frecy, is plotted in the bottom-left panel. Thoughecy
varies continuously with time, its change is slight, and efets
strongly on the IMF, slightly on the star formation histcand neg-
ligibly on the metallicity. We therefore takf.cc, = 0.2 in our
models; varying this betweei1 and 0.4 has a negligble impact
on our results, especially compared to the theoretical ntmicgies
in 12 + log(O/H) and the nucleosynthetic yield. The nucleosyn-
thetic yield,y, is shown in the bottom-right panel of FiglirelA1. The
strong variations with time seen with bath; and f..., are largely
gone due to the cancellation Mejem. Since the production of
oxygen only lags the star formation rate sy 2.5 x 107 yr, the
yield is effectively constant after the initial generatiohType I
supernovae explode; if the star formation rate varies gtyoover
this timescale (e.g., the dotted and short-dashed lirem),d slight
deviation iny can be seen. However, even in these extreme circum-
stances, the dependenceydior t > 2.5% 107 yr is small compared
to the uncertainties from the IMF. On the other hand, if tlae fir-
mation history is extremely bursty (e.g., varying by selerders
of magnitude) on the scales of 10 Myr (not plotted for clgrithien
the instantaneoud/yew oxysen and Msrr Will not closely track
one another; a galaxy with such a pathological star formatie-
tory could develop an observef] that is much higher than what is
generically understood to be the nucleosynthetic yield.

In a similar calculation, Finlator & Dal/é (2008) let botheth
IMF (Salpeter 1955 and Chabiier 2003b) and the Type Il super-
nova yields |(Woosley & Weaver 1995; Chieffi & Limohgi 2004;
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Figure Al. Nucleosynthetic yieldg (bottom-right),Z; (top-right), and instantaneous recycled fractigns., (bottom-left) as a function of time for different

star formation histories (line type, upper-left panel) A:
Z = 0.1Zq; red and orangey = Z).

[Portinari et al. 1998) vary; they found that uncertaintietie mod-
els allow for0.008 < y < 0.021. We adopty = 0.015, which is
in the middle of the range given v’e. This dliés
somewhat lower than found for Woosley & Weaver models for the
[Chabrier IMF (our adopted IMF), but we find that larger valoés
are more difficult to reconcile with the observed gas fraxgi@[).
The nucleosynthetic yield; is more commonly seen ex-
pressed in terms of a “closed box” model (Searle & Salgent 197
IMatteucgil 2002} Tremonti et al. 2004; Dalcanton 2007). la th
closed box model, the total mass of the systé#f,, = M, + M.,
is a constant; thus, the gas fraction decreases as thea steléa in-
creases. If instantaneous recycling is also assumed, thire @as
fraction decreases, the metallicity increases accoraing t

Zg = yIn(1/pg), (A2)
which to first order and for largé}, is equivalent to equatiof (P7)
with (& = (o = 0anda = 1.

Finally, we note that the maximun¥, reached for the
mass-metallicity relations (Figufd 1) ges
from 0.002 to 0.012. A comparison betweemax(Z,) andy might
be able to set interesting constraints on either the nuphtbstic
yield y (specifically, the Type Il supernova yields, modulo the IMF)

,b, red and bl@@om, orangeraed)y and metallicities (blue and green,

or on the overall normalization of the mass-metallicityat&n as
given by different12 + log(O/H) indicators (se€[2.1). This im-
plies that, e.g., the Tremonti et al. (2004) mass-metgfliclation
is inconsistent with models for whicih < 0.012. More generally,
a generic massive galaxy with a low gas fraction and a deegmpot
tial well (and thus plausibly ineffective winds) is expeatte have
a metallicity Z, that approacheg, if by z = 0 this is indeed gener-
ically the case, then such an analysis would favor smalleegaof

y and higher normalizations a2 + log(O/H).

APPENDIX B: OUTFLOWS, INFLOWS, AND STAR
FORMATION: GETTING THE GAS MASSES

As shown in§[3.],

Mg Macc - MSFR + Mrecy - Mw (Bl)
= MSFR(T]a -1+ frecy - 77w)7 (BZ)

and

dMg_na_nw_1+frecy_ _

0L~ T~ Ty =Fz(1—7). (B3)
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Figure B1. Gas accretion rates, star formation rates, and cold gastastifractions as a function of stellar mass with varyingflows and specific star
formation rates. All panels assume the total cold gas fyastdescribed i§[2-2. Panel (a) shows how varies according to equation (B4) for different
models: no wind (solid blue), a momentum-driven scalingégrdashed), and an energy-driven scaling (red dotted)l. dases, high mass galaxies accrete
less gas per unit star formation than less massive galaRa&| (b) shows the expected rangel\'mcc’ mt/MSFR between th06) and
I-msMacc models (shaded regions) and with three scalingMgi:R/M* with stellar mass: constant (bluey, g (green), and the median
values from SDSS (red). The$é,cc, tot/Msrr are qualitatively similar at low masses to the shown in panel (a), but increase rapidly at high masses.
Panels (c) and (d) show the ratip,1q of these two estimates, with varying, and the SDSS SSFRs and with varying the SSFR and no windectesty.

In §[4 we assumed ahy-M, relation existed and that as galaxies Thus, for a given combination of,, and F,, we can uniquely de-
evolve they remain on such a relation. Here we consider, §orem terminen, = Macc/MSFR, i.e., the efficiency with which a galaxy
7w, What implications such a relation has on the gas accretiten r  turns its accreted gas into stars. For example, if the stande
and how efficiently galaxies are able to turn this accretedigi@ tion rate is higher than the accretion rateg(n. < 0), then the
stars. The above equations imply that the gas inflow and eawtflo galaxy is forming stars more quickly than it is accreting,gas it
rates must be balanced by is very efficient at forming stars. We plaig 1. for the no wind,
Nw = [7T0kms™ "] /vvir, andny, = ([70kms™]/vyi,)? cases as a

Na — Nw = (1 — freey ) Fa(1 —7) — frecy + 1. (B4) function of stellar mass in the upper-left panel of Fiduréf@rthe
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Figure B2. Specific star formation rates. The shaded regions 1- and 2-
dispersions in running bins dbg M, of the aperture-corrected specific star
formation rates from SDSOO4); thelbkdlid line

is a power-law fit to median (equatibn B5). The purple dasketlé SDSS
pe X 1 x 1072 yrand blue dashed line is the tofal x 4 x 10~ 10 yr; these
offsets imply a star formation timescale of 1-2.5 Gyr. Thad#d regions
are dotted lines are constahfspp.

total gas fraction relation (see Table 3 and Fidure 2). Bigly, 7.
always decreases significantly with increasing mass—avehe
absence of winds (solid blue line). This behavior followsedily
from the steepness of the gas fraction relation (equBfign\Bhen
outflows that preferentially remove gas from low-mass gakax

(nw o< vy}, green dashed line;,2, red dotted line) are taken into

Using extended Press-Schechter théory, Neistein ét 16§20

parameterize the baryonic accretion rate onto halos by

. Moo \"°( fo
M, =723 2o
ace, tot (10121\/1@) 0.181

where f, = Qp/Qm. [Genel et al.[(2008) find a similar accretion
rate of dark matter onto halos in the Millineum Simulatiorhieh
implies a baryonic accretion rate of

. Mh ) 1.07 fb - .
Macc,tot =6.34 <m) <m> (1+Z) M@ yr (B7)

These accretion rates are for matter being accreted intwailbenot
the galaxy, and can be safely considered as upper limit¢,to.

The range ofMacc, tor/Msrr allowed between these two
M.,.. models and three SSFRs (constant, sotid;.,, dashed;
SDSS median, dotted) are plotted in the top-right panel gf Fi
ure [B1. At low stellar massesM, o M3 (equation[3ML
and Figure[B), which when combined with the nearly linear
mass-dependence of the accretion rate with halo mass,desovi
Mace/Mspr ~ Myaio/M, ~ M7%°, which is the appoxi-
mate trend found af/, < 10'°Mg. Equations[(BB) and (B7)
state that the overall “efficiency” of mass accretiohcc /Mhalo IS
roughly constant with halo mass. Therefore, although tre ha-
los of lower mass galaxies accrete a proportionally equaidma
mass, they are less capable at converting this gas into. stars
At high masses, however, the opposite is true: galaxiesrnbeco
more efficient at converting accreted gas into stars. Hor 2
10'°Mg, M, o M3, (equatior3lL), implyingMace / Msrr ~
Mhaio/M, ~ M., which is close to the observed-M, slope at
high masses. This combined double mass-dependent beha¥iou
1. With stellar mass produces the characteristic “U” shapeines!
in Figure[B1.

ThelNeistein et al. and Genel ef al. estimated/ff., 1o are
for baryonic accretion into the halo. However, only a frawtdf this
infalling gas may be usable for star formation; for exampjléhis
onfalling gas is shock-heated as it is accreted, then itngither be
detected in H-+H. observations nor contribute towards star forma-

) (142)** Mg yr~ ', (B6)

accountyy. likewise increases and steepens to compensate. There-tion (since we are sensitive t, rather thanM,... «o: proper, the

fore, while winds may affect how star-formation efficienaries
as a function of galaxy mass, they are not necessary to expiai
trend, implying that additional physics is at play.

This analysis does not entirely reveal what drivesihe\/,
relation. However, the nature ef, can be unraveled by appeal-
ing to Mspr and Mae. from independent sources. For example, as
shown in Figuré@BR, the median specific star formation ragHS,
MSFR/M*) in SDSS DR4 star-forming galaxies decreases with in-
creasing)M.,, though there is large scatter in the SSFR at fix&d

gas participating in star formation is relevant). Therefdo better
characterize the fraction of gas that is accreted “cold"d-tere-
fore able to further cool and form stars—we combine the extts
of Maee, Mser, andr,, defining this cold fraction as

Msrr

—_—, (B8)
Macc, tot

fcold = 1a

whereMacc,mt and Mgpr are generally defined. For illustrative
purposes, We let/,.., +ot be defined as in equatios (B6) ahdiB7).

We consider here three scalings for how the SSFR may vary with Note that to be physical) < feoa < 1. The lower-left panel
M*. The median SSFR Of SDSS DR4 Stal’-forming galaXieS can be Of Figurem ShOWS hov‘,fcold Varies W|th differentnw Scalings’

fit with a power law
med (log[Msrr /M.]) ~ —9.83 —0.12(log[ M, /Me] — 10), (B5)

as shown as a histogram in Figure 1@ @(20@9) an
the black solid line in FigurEB2. A physically-motivated yw&
have the SSFR to decrease with mass is to postulate thatrit-is p
portional to the total gas fractiop,. The blue dashed line shows
pe X 4 x 1071%yr for the total gas fractions, while the purple
dashed line showg, x 1 x 10~°yr for the SDSS gas fractions
(note that the SDSS gas fractions were derived largely floese

assuming the median SDSS SSFRs, while the lower-right panel
shows howf..1q depends on the SSFR in the absence of winds.
There are several interesting behaviors in the lower paifels

Figure[B1 worth noting. First, the morphology ¢foia(M.) is
fairly robust against variations in the SSFR apg it is roughly
constant, perhaps with a slight rise, fog M, < 10.5, i.e., below
about M ™, and then drops precipitously at higher masses. Physi-
cally, this is a restatement of galaxies with masses néambeing

more efficient at turning gas accreted by their halos intsstal-

ative to either more or less massive galam- 5;

samelMsrr and thus this is a somewhat degenerate comparison).g).

Finally, we consider a constant SSHHgrr /M, = 2 x 107 yr
(log[Msrr /M,] = —9.7 in Figure[B2).

Second,fco1a(M,) ~ 1 for low-mass galaxies. At face value,
this would imply that all the accreting gas is available far$or-
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Figure B3. Star formation efficiency\'/Al'SFR/Mg as a function of\/,, tak-

ing M to be the total cold gas masses (thick lirf8.2) andM; = 0.5M,

(thin lines) and three choices of the specific star formatate: constant
(solid blue lines)x g (dashed green lines), and the median values from
SDSS (dotted red lines). In all cases, a steeply decredsing/, relation

is required for the star formation efficiency to increasehwsiellar mass.

mation. This closely resembles so-called “cold-mode” eion
scenario in which gas falling into lower mass halos alongrféats
do not experience significant shock-heating, therebyeasiret-
ing onto the central galaxy (Dekel & Birnbdim 2006; Keregkt
(2005, 2000f Dutton et Al 2010b). At higher masses, on theroth
hand, accreting gas may be shock-heated and subsequealijeun
to cool and contribute to star formation. Despite this néetupe,
however, we find it intriguing thaf.oia (M, ) is so close to unity at
low masses. Figurlel 2 clearly shows thdt + M, in these same
galaxies falls short of accounting for all of the baryonsha halo
by at least a factor of two. Thus, a large part of the accredegdns
must be removed from the halo via strong winds, even if the sta
formation is reasonably inefficient in these galaxies, jpbgsn-
duced by a particularly strong supernova feedback effigienc
Finally, Figurd B3 builds on this analysis to show the star fo
mation efficiency, traditionally-defined MSFR/Mg, as a function
of stellar mass for the total cold gas fractions and the thheéces
of SSFR. In all cases, star formation is more efficient in nmas-
sive galaxies: they are forming more stars per unit gas ¢hou
seel Schiminovich et Al._2010). Several previous analysetheof
mass-metallicity relation have suggested that a varyiagfstma-
tion efficiency with galaxy mass is required in order to rejurce
the mass-metallicity relation (.., Brooks ef al. 2007lu€aet al.
2009). Figuré BB shows that this condition is implicitly ped as
long as gas fractions are decreasing with galaxy mass antbsta
mation rates vary reasonably with stellar mass, as is obdeor
z = 0 galaxies. We note, however, that with proper choiceé.of
the mass-metallicity relation theoreticallyable to be reproduced
with a constanf, and therefore constant star formation efficiency.
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