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ABSTRACT

Itis well established that Mig quasar absorption lines arise from gas structures assdaidth galaxies. The
degree to which galaxy evolution is driven by the gas cyctimpugh halos is highly uncertain because their
gas mass density is poorly constrained. Fitting thelMaguivalent width V) distribution with a Schechter
function and applying thl(H1)-W correlation of Ménard & Chelouche, we computeH 1),,, = Q(H Dhao =
1.41737% x 107 for 0.4 < z< 1.4, excluding H from DLAs. We deduce the cosmiciHyas mass density
fraction in galactic halos traced by Mgabsorption i€2(H naio/ 2(H 1)owa =~ 15%, Q(H 1naio/ Q2(H ot ~ 13%,
andQ(H Nnaio/ 2 ~ 0.3%. Citing several lines of evidence, we propose infallfation material is sampled by
smallW whereas outflow/winds are sampled by lawjeand findQ(H 1)inta is consistent with2(H 1)outfiow fOr
bifurcation alW = 1.238;%2 A:; cold accretion would then comprise no more thai% of Q(H 1).or. We discuss
evidence that (1) the total Hnass cycling through halos remains fairly constant witmgiogime and that the
accretion sustains the winds, and (2) evolution in the costair formation rate depends primarily on tiate
at which cool H gas cycles through halos.

Subject headings: galaxies: halos — galaxies: intergalactic medium — quasdrsorption lines

1. INTRODUCTION et al. 2008; Songaila & Cowie 2010; Meiring et al. 2011) and

Galaxies are complex ecosystems in which baryonic mattertN€n decreases by a factor-of6 by z= 0 (Zwaan et al. 2005;
is cyclically transformed between gas and stars. The stacha Martin et al. 2010). However, Noterdaeme et al. (2009) re-
tic mechanisms governing the gas can include accretion fromPrted a significant decrease(@H )o., fromz=4t0z=22
mergers and the intergalactic medium, mixing/recycling of and' suggestgd It continues de'crea'sm'ng@'rr 22. Extrap-
the disk/halo via winds, fountains, and/or chimneys, and ex °lation of their H column density distributiom(N), below
pulsion via high velocity winds. Current studies of galaxy '©9N(H1) =203 yields anLLS contribute- 13% of the total

evolution rely on both observations and simulations toglyar ~ ¢2(H!) atz> 2.2 (also see Péroux et al. 2005). .
focus on how galaxies acquire, chemically enrich, recycle, Since the globalstar formation rate (SFR) history of the uni
and expel their gaseous component. However, the mean verse has evolved dramatically (e.g., Madau et al. 1998)eif

tity of halo gas engaged in any given process over the long his/€dshift constancy aR(H )., holds, itimplies that DLA gas
toBr/y of a gag{axy’s ﬁfe%ime rem)z/ai%s ve?y poorly constraimeg does not directly track the formation of stars. This might im

Gas in galaxies is most sensitively probed with absorption Py that the global SFR is predominantly governed by mech-
lines, which yield its kinematics, metallicity, densitgniper-  anisms link to galactic halos, such as gas accretion from the
ature, and statistical spatial extent. Dense neutral kgeito intergalactic medium and/or energetic recycling of gasinit

gas confined within galaxies commonly exhibits damped Ly ~92laxies themselves. An estimate @(H )naio (€xcluding
absorption N(H1) > 2 x 10?° cmi2 = DLA]. DLAs are fun- Hi1 from DLAs) as the sum of an accreting/infall compo-

damentally different from other classes of absorptionayst, ~ N€NtLE2(H1inan, and a wind/outflow componertt(H 1)outiow,
for example, the Lyman limit systems [#6 < N(H1) < could place constraints on the relative importance andsrole
10203 o2 _ LLS], for which the hydrogen is partially or with which these processes drive star formation in galaxies

substantially ionized (cf., Prochaska 1999) and the $iails The Mgil A\2796 2803 doublet is a strong absorption line
spatial exterftaround galaxies is- 100 kpc. DLAs can ac- pa:r employed tcr)] Stuhd.ﬁ’ the gaselc()us compor;entz af %
count for up to~ 50% of the galactic baryonic content and 9alaxies (see Churchill, Kacprzak, & Steidel 2005, for a

are believed to probe the cool, dense precursors of star-form F€View). Mgl absorption selects low-ionization gas with
ing molecular s (. Wolfe et al 2%05) 10% < N(H1) < 102 cmi2 (Churchill et al. 2000; Rao & Turn-

Rao et al. (2006) measured the cosmological neutral aéhek 2000; Rigby,'_CharIton, & Churchill 2002) out to pro-
mass density(traceZ:l by DLAs at a mean rec?shifz 5f0.92 9 Jected galactic radii of- 100 kpc (Kacprzak et al. 2008; Chen

to be Q(H1)os = (9.6+ 4.5) x 10, It has been argued that & Tinker 2908; Chgn et al. 2010a). For Mgabsorption rest-

Q(H1)ou, remains roughly constant fai~ 0.2-5 (Prochaska  frame equivalent widthV > 1 A, galaxy color and star forma-

& Herbert-Fort 2004; Péroux et al. 2005; Rao et al. 2006; Lah tion rate correlates strongly with’ (Zibetti et al. 2007; Me-

nard et al. 2009; Noterdaeme et al. 2010; Nestor et al. 2@11),

1 Swinburne University of Technology, Victoria 3122, Ausiaa result highly suggestive that galactic outflows are resjbas

gkacpr zak@stro. swi n. edu. au _ for ejecting substantial amounts of gas to large galactoicen
zﬁus“a"ar_‘ RessearCS Council SL“peCr Sc'emﬁl\;‘;‘&"g& ] radii. Chelouche & Bowen (2010) demonstrated that models

ew Mexico State University, Las Cruces, @nsu. edu of outflowing wind-driven gas reproduce the Mgvelocity
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5 LLS havedN/dz consistent with that of Mg absorbers (Stengler-Larrea widths of W > 1 systems observed with high resolution (Bond

et al. 1995; Nestor et al. 2005), which haRe ~ 100 (Kacprzak et al. 2008; €t al. 2001; .ChUFCh.i" & Vogt 2001). ) . ) .
Chen & Tinker 2008; Chen et al. 2010a). Indeed, direct evidence for Mgabsorbing winds is seen in
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spectra star forming galaxies, which exhibit strong outlow hydrogen,(N(H1)) is the mean H column densitydN/dzis
blueshifted 308 1000 km s? relative to the galaxy (Tremonti  the number of systems per unit redshift, &(d) = H(2) /Ho =
et al. 2007; Weiner et al. 2009; Martin & Bouche 2009; Ru- [Q,,(1+2)3+Q,]Y2.
bin et al. 2010a,b). These galaxies almost exclusively ex- ComputingQ(H1) requiresn(N), which is not directly ob-
hibit W > 1 A absorption. The extent of these winds are not servationally known for Mg absorbers. However, Ménard
well constrained; however, Bordoloi et al. (2011) suggesatt & Chelouche (2009) determined the geometric mean col-
Mgl absorbing winds may reach out4o50 kpc. umn density as a function &k to be N(H1) = AN, where
For samples dominated By < 1 A, neither Chen et al. A= (3.06+ 0.55)x 10" cm™? A~ and 8 = 1.73+ 0.26 for
(2010a) nor Kacprzak et al. (2011b) fountha-galaxy color 0.5 <W < 3 A and 05 < z< 1.4. Employing this column
correlation, contrary to the (Zibetti et al. 2007) result fo density relation, we can obtamN)dN from the equivalent
W > 1 A. Furthermore, Chen et al. (2010b) found thatiMg  width distribution, n(W)dW, wheren(W) is the number of
“halo size” increases with increasing galaxy stellar mags a systems withW per unitW per unit redshift.
weakly with specific star formation rate, suggesting a sgena
in which infalling Mgil absorbing gas structures (selected by Foom T L torrTTTy
W < 1 A absorption) fuel star formation. R
The SPH simulations of Stewart et al. (2011a) reveal that
gas-rich mergers and cold-flow streams produce a circum- 10
galactic co-rotating, low-ionization gas component teadre-
dominately infalling towards the galaxy. In absorptioresh
structures are expected to exhibit100 km s? velocity off-
sets relative to the host galaxy, consistent with the olaserv
tions of Steidel et al. (2002), Kacprzak et al. (2010a), and
Kacprzak et al. (2011a). This spatial/kinematic configura-
tion predicts a correlation between galaxy inclination #d .
which has been observed by Kacprzak et al. (2011b). =
The above body of evidence suggest that weakeniMg <
absorption selects gas accretion from infalling cold strea
or cooled gas returning from earlier processing within the
galaxy, whereas stronger absorptidhl & 1 A) selects out- Churchill et al. (1999)
flows, either bound or unbound. It would be useful to con- , O Narayanan et al. (2007)
strain the relative neutral gas mass density for both pseses 107 ,
i.e., Q(H oo = Q(H Dintar + 2(H Doutio. 0 gain insight into © Steidel & Sargent (1992)
how much galactic gas is cycled through either mechanism at
a given time and how this compares¢H 1), . andQ(H 1)t
In this Letter, we compute the Hmass density within S
galaxy halos traced by Mg absorption, Q(H1)y, = 10°F
Q(H Dhao, by invoking theN(H1)-W relation of Ménard & S S Y S Y S R AR
Chelouche (2009) to obtain theikolumn density distribu- 107 107 1.0 10*
tion function,n(N), directly from the Mgi equivalent width w [A]
distribution functionn(W). We exclude DLAs from our cal-
culations so thaf2(H1)nao budgets gas likely to be accret- FiG. 1.— The distribution of Mg rest-frame equivalent widthsy(W),

ing and/or outflowing from galaxies but not locked up in ?255%% )tf[le 3ata from Churihgl e_td all. 8(‘15999) [bltg ;gg;%?siirayanfnlet a(;-
: : red open squares], Steide argent gEnaircles] an
cold neutral clouds. We apply a 1 A bifurcation to compute Nestor et al. (2005) [green circles]. We fitted the data usin§chechter

Q(H Dintanr @and Q(H1)outiiows and determine th& at which function (solid curve). The dashed curves represent themaxi 1o error
QHDinan = Q(H1outiiow.  Throughout we adopt & = 0.70, in the fit for the parameter uncertainties.
Qm =0.3,Q2, =0.7 cosmology.
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In Figure 1, we plon(W) versusW using the data of Stei-
2. COMPUTINGQ(H1) FROM Mgii del & Sargent (1992), Churchill et al. (1999), Nestor et al.

The cosmological neutral gas mass density trace byiMg (2009), and Narayanan et al. (2007). Since the work of Stei-
absorbers is co?nputed from 9 y MO el & Sargent (1992), it has been common tanfllV) as ei-

ther a power law or an exponential function. Fgr> 0.3 A,

QH1) = Ho pm, (N(H)) dN E@ (1)  Steidel & Sargent (1992) could not distinguish which func-
C pec dz (1+2%’ tion was preferred, whereas Nestor et al. (2005) showed that
. the distribution was clearly exponential. Fet < 0.3 A and
given that, . 0.4 < z< 1.4, Churchill et al. (1999) showed tha@W) is a
(N(H1)) dN - / Nn(N)dN ) power law that is consistent with the Steidel & Sargent (3992
dz  Jo ’ data folW < 1.0 A, which was confirmed by Narayanan et al.

(2007). Based upon the results discussed in 81, we specu-
late the break in tha(W) distribution atwW ~ 1 A is physical,

that infall/accretion structures yield a power law distition
whereas outflowing/wind structures yield an exponentisd di

6 ;= 1.3 applies for a fully neutral gas and is the value used for DLA tribution. o i )
studies. For partially ionized gag,is slightly smaller, but still of order unity. We usedy-squared minimization to fit the binned data to a

wheren(N) is the Hi column density distribution function, =
1.3 is the mean molecular weidhp, is the critical density of
the universeHy is the Hubble constantn, is the mass of
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Schechter (1976) function (a modifi€dfunction),

n(W)dw =C, (VV\Z)aexp{ W }d<W> N )

W, W,
whereC, is the normalization such that the integral is equal
to dN/dz (to satisfy Eq. 2). In Figure 1, we show our fit
with parameter€, = 1.08+0.12 A, o =-0.642+0.062 and
W, = 0.970+0.056 A. Theoverall equivalent width distribu-
tion at (z) = 1.0 is much better fit with a Schechter function
than the power law only (see Fig. 6 of Narayanan et al. 2007)
or with the exponential only (see Fig. 20 of Nestor et al. 2005
We further note that the characteristic equivalent widh,
marking the transition from a power law to an exponential
distribution is consistent with 1 A.

TABLE 1
Q(H1) TRACED BY Mgl AT (z) =1.0

Q(HI Q(H1)/QHNoa W range [A]
Q(HDhaio 1417078 x 107 0.147 00- 00
QHDinfan~~ 5.56'28 x 10°° 0.058 00-1.0
QHoutiow 857988 x 10°° 0.089 10-00
QH)S, 771871070 0.008 00-0.3

this increase as a linear functid®(W) = 0.23W -0.057 for
0.6 <W < 4.5 A with P(W) =1 forW > 4.5 A. In order to
correct for DLA contamination in our calculation, we weight

There are subtle differences between the data sets showiEq. 4 by P(W) - 1. The upper limit ofW = 45 A where

in Figure 1. Thew < 0.3 A data of Churchill et al. (1999)

DLA contamination is 100%, is consistent with the Ménard

[30 systems] and Narayanan et al. (2007) [112 systems] rep-& Chelouche (2009) column density relation, which predicts

resent 04 < z< 1.4 and have mean redshift @¢¢) = 0.9.
TheW > 0.3 A data of Steidel & Sargent (1992) [103 sys-
tems] represent.Q < z< 2.2 with (z) = 1.1, and the data of
Nestor et al. (2005) [1331 systems] represedtQ0z < 2.3,
also with(z) = 1.1. Thus, the redshift ranges of ti¢ < 0.3
andW > 0.3 A samples are not identical, even though the
(2) are fairly consistent. Both Steidel & Sargent (1992) and
Nestor et al. (2005) demonstrated redshift evolutiom@¥)

in that there is more power at lary¢ at higher redshifts. This
evolution is expected to result in a slightly largdf than if
we confined their samples < 1.4 (the upper limit of the
W < 0.3 A data). Given the mean redshifts of both of the
W > 0.3 A samples,(z) = 1.1, are similar to those of the
W < 0.3 A samples(z) = 0.9, we expect that this slightly in-
creased power in(W) has only a minor influence on our re-
sults as compared to, for example, the uncertainty in thelffitt
values ofA andg in the column density relation of Ménard &

Chelouche (2009). We also note (see Figure 1) a slight verti-

cal offset between the tw&/ < 0.3 A data sets and between
the twoW > 0.3 A data sets. The Churchill et al. (1999) data
are slightly elevated over Narayanan et al. (2007) datalzad t
Steidel & Sargent (1992) data are slightly elevated over the
the Nestor et al. (2005) data (in both cases the larger ssirvey
yield slightly smallerdN/dz). The source of the offsets is
unknown.

SubstitutingN(H1) = AV? into Egs. 1-3, we derive,

Ho pm, E(2

C po (1427 @
whereI'(a,w) is the incomplete gamma function, and where
a=qa+(+1. The value ofn allows integration over specific
W intervals: w = Wpa /W, for integration 0— w, andw =0
or Whin/W. for integrationw — oo, whereWin, andWiex are
selected cutoffs.

To compute Eqg. 4, we are required to extrapolate the col-
umn density relation of Ménard & Chelouche (2009\\val-
ues both lower and higher than the domain of their fit. Though
there is scatter in the column density relation, it corgeptie-
dicts thatW < 0.3 A absorption systems are sub-LLS with
logN(H1) < 17, consistent with the findings of Churchill et al.
(2000) and Righy, Charlton, & Churchill (2002).

Rao et al. (2006) showed that the probability of a Mge-
lected DLA system i®(W) = 0 for W < 0.6 A and then in-
creases with increasing for W > 0.6 A. Using a maximum-
likelihood fit to the binned data in their Fig. 4, we estimate

Q(HI = C. AW’ I'(a,w),

logN(H1) > 20.3 forW > 4.5 A.

3. RESULTS AND DISCUSSION

In Table 1, we preserf2(H1) for selectedV ranges. The
guoted uncertainties are therlconfidence levels based upon
the uncertainties in the fitted paramet€xs o, W,, A, andg.
We deduce the Hmass density traced by Migabsorption,
which is interpreted as the diffusel ldontained within galaxy
halos, iSQ(H 1)na = 1.41:575 x 1074, This value is~ 15%
of Q(H1),.., indicative that a considerable fraction ofi kit
contained in galaxy halos relative to the k DLAs; it con-
tributes 0.3% to the total baryonic budg@,(= 0.045, Jarosik
etal. 2011) atz) = 1.0.

We find thatW < 0.3 A Mg absorption (often called
“weak” systems, e.g., Churchill et al. 1999) selects a small
fraction of the H mass density2(H1){), = 7.71'8 73 x 1078
From this quantity, it is difficult to ascertain what fraatiof
these systems could be selectingalforest structures versus
galactic halo structures because estimateQ,pf in the ap-
propriateN(H1) range (165°-10'> cm™) are highly uncer-
tain and are quoted in units tftal gas mass density (neutral
+ionized, cf., Penton et al. 2004).

We previously described the theoretical and observational
evidence supporting the idea that weakeriMgystems trace
infall/accretion and stronger systems trace outflow/wiad
thatW, ~ 1 A marks the transition between the two regimes.
Applying a 1 A bifurcation ta2(H naio, We find Q(H ingan =
5.56289 x 10°° and Q2(H Iouttiow = 8.577285 x 10°°. The for-
mer is 6% ofQ2,., and 0.1% of(2,, and latter is 9% of),..
and 0.2% ofQ2,. The range oW bifurcation over which
the infall and outflowQ(H1) are statistically consistent is
W =123028A,

There is noa priori expectation that our approach to com-
puting Q(H Dhae should yield Q(H Dingan =~ Q(H1outfiow fOr
W ~W,. Our result may indicate that, over a redshift range
covering a large percentage of the age of the universe in the
“post star forming era”, a cyclic balance persists between i
flow and outflow of galaxies whereby star formation is fueled
by accreting gas and then an equal mass of gas is ejected back
into the halos. This is quite suggestive of a halo gas reagcli
model (e.g., Oppenheimer & Davé 2008).

Interestingly, Q(H pao =~ 13% of Q(H 1), assuming

7 The simulations of Davé etal (2010) indicate tisagH1) ~ 107 for
N(H1) < 10% (outside halos) at ~ 0.1, where the fraction of His at its
highest.
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Q(H ot = QHDhaio + 2(H 1o, Which is consistent with
QH1<203/QH Dot ~ 0.13 atz > 2.2 [for HI selected gas,
where Q(H1) 203 is for N(H1) < 10?°2 cm™?] (Noterdaeme
et al. 2009; Péroux et al. 2005). {#(HI),.. is constant  simple scenario has veracity. For example, there is mogntin
with redshift, then the H mass cycling through halos via evidence that galaxy orientation plays some role in determi
infall/loutflow has also remained constant. Given the cos-ingW (Kacprzak et al. 2011b; Bordoloi et al. 2011).
mic evolution of the global SFR, and presuming galactic in-
fall/outflow is strongly coupled to star formation, the gibb
star formation must be governed by ttee at which Hi gas 4. CONCLUS|ON_ ) o
cycles through halos. The observation that the mean ioniza- We have shown that the Mgequivalent width distribu-
tion of Mgil absorbers has decreased with decreasing redion, n(W), at () = 1.0, is well described by a Schechter
shift (Bergeron et al. 1994) and prediction that the “hoticha ~ function.  We combined oun(W) with the N(H1)-W rela-
mass increases with decreasing redshift (Davé et al. 1999)tion of Ménard & Chelouche (2009) to computéH 1) resid-
are additional reasons to infer that the rate of thehillo gas  INg in galactic halos, as traced by Mgbsorption (excluding
mass cycling through Mg selected infall/outflow structures DLAs). We found that 13% ofd(H 1) resides in galaxy ha-
decreases with cosmic time if thel thass remains constant.  10s and deduced that the infall and outflowing components

Ribaudo et al. (2011) presented possible observational evcomprise roughly equal Hmass contributions. The balance
idence of cold accretion in a [Mg/H] =1.7 LLS atz=0.27  between the two may suggest that outflows are sustained by
near aZ ~ Z, subLi, galaxy. Cosmological simulations pre- accretion and that cold accretion by filaments comprises les
dict that cold accretion is truncated at low redshifts (grg-  than~ 7% of Q(H1)... Comparing to high redshift results, it
magalli et al. 2011; Stewart et al. 2011b) such that the crossappears tha€2(H1)nao has not strongly evolved over cosmic
section of this gas is a tiny fraction of the observed Mg time. We argued that this implies that evolution in the casmi
cross section (Kacprzak et al. 2008; Chen et al. 2010a). IfSFR must depend primarily on the rate at which cooldds
cold, metal-poor filaments comprise a component of the in- cycles through halos, even through the totalrhiass cycling
falling material, our findings imply they constitute no more through halos remains fairly constant.
than~ 7% of Q(H 1) at (z) = 1.0.

Our calculation of2(H1)nq0 relies heavily on the statisti-
calN(H1)-W relation of Ménard & Chelouche (2009), which  We thank Dan Nestor for providing data in electronic form.
we extrapolated taV = 0 andW = 4.5 A. For our calcula-  CWC was partially supported by Swinburne Faculty Research
tions of Q(Hintan @and Q(H1outfiow, We assumed the break Grants during his stay at Swinburne University of Technglog

in the n(W) Schechter function atV, ~ 1 A is due to in-
fall/accretion folW < W, and outflowing/winds foV > W,.
Additional observations are required to ascertain whettfisr
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