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ABSTRACT

We analyze star forming galaxies drawn from SDSS DR7 to show the interstellar medium (ISM) Na
I A\5890, 5896 (Na D) absorption lines depend on galaxy physieglerties, and to look for evidence of
galactic winds. We combine the spectra of galaxies withlainjeometry/physical parameters to create com-
posite spectra with signal-to-noise300. The stellar continuum is modeled using stellar popratynthesis
models, and the continuum-normalized spectrum is fit with N& | absorption components. We find that: (1)
ISM Na D absorption lines with equivalent widths EY0.8 A are only prevalent in disk galaxies with specific
properties — large extinction (A, high star formation rates (SFR), high star formation peteunit areaXsrg),
or high stellar masd\..). (2) the ISM Na D absorption lines can be separated into tmoppnents: a quiescent
disk-like component at the galaxy systemic velocity and atflawv component; (3) the disk-like componentis
much stronger in the edge-on systems, and the outflow componeers a wide angle but is stronger within
60° of the disk rotation axis; (4) the EW and covering factor af thisk component correlate strongly with
dust attenuation, highlighting the importance that dugtlding may play the survival of Na I. (5) The EW
of the outflow component depends primarily Bgrr and secondarily o, ; (6) the outflow velocity varies
from ~ 120 to 160 km & but shows little hint of a correlation with galaxy physicabperties over the modest
dynamic range that our sample probes (1.2 dex iblggr and 1 dex in logW.,).

Subject headingsgalaxies : evolution — galaxies : star formation

driven by the mechanical energy and momentum imparted
by stellar winds and supernovae (Chevalier & Clegg 1985;
Heckmanet&l. 1990). Young star clusters create over-
pressured bubbles of coronal phase gas which expand and
sweep up shells of ambient ISM until they ‘blow-out’ of the

1. INTRODUCTION

Galactic-scale gaseous outflows (‘galactic winds’) are
known to be ubiquitous in very actively star forming galax-
ies at all cosmic epochs (Heckman etial. 1990; Pettinilet al.

2000; Shapley et al. 2003; Menard et/al. 2009; Weiner|et al.

2009). Galactic winds play an vital role in the evolution of
galaxies and the intergalactic medium (IGM). The “baryon
deficit" in the Galaxy (e.g.._Silk 2003) indicates gas re-

moval by outflows during past active episodes. The mass-

metallicity and effective yield relations observed in Ibca
galaxies suggest that galactic winds transport highly keta
enriched gas out of galaxies and into the IGM (e.q., Garnet
2002;| Tremonti et al. 2004; Dalcanton 2007). Th€DM
model over-predicts the galaxy luminosity function at both
the low and high luminosity ends if a constant mass-to-light

ratio is assumed. The most natural way to reconcile the ebser

vations with theory is to invoke feedback processes, irintyd
supernova, stellar winds (Cole etlal. 2000; Bensonlet aB200

Stringer et al. 2008; Oppenheimer etlal. 2009) and AGN ac-

tivity (Silk & Rees!1998; Hopkins et al. 2006). However, it
remains unclear which kind of feedback processes dominat
as a function of luminosity and comic epoch.

In actively star forming galaxies, galactic winds are
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disk into the halo. The collective action of multiple supdsb
bles drives a weakly collimated bi-polar outflow consistirig
hot gas and cool entrained clouds. Radiation pressureds als
likely to play a role in accelerating cool dusty materiab(e.
Murray et al.. 2005). In this paper we use the term ‘galac-
tic wind’ to describe such outflows without regard for their

teventual fate — the gas may escape the halo potential well,

or be recycled back into the disk in a process sometimes re-
ferred to as ‘galactic fountain’ activity (Shapiro & Fi2l@716;
Bregmahn 1980; Kahin 1981).

In the last two decades, there have been many attempts
to directly observe galactic winds in galaxieszat 0-3
(\Vellleux et al. 2005). In the local universe, outflows can be
detected via X-rays which trace hot gas (e.g., Dahlemiet al.
1998; [Martin et al. | 2002;| Strickland et/al. 2004), opti-
&al nebular _emission lines produced by warm gas (e.g.,
Lehnert & Heckmah 1996) and ISM absorption lines (e.g., Na
I, K1) from cold gas (e.gl, Heckman 2002). Blue-shifted Na D
absorption from the entrained cool gas is frequently detect
in IR-bright starburst galaxies (Heckman et al. 2000), LIRG
and ULIRGs|(Rupke et &l. 2002, 2005a,b; Martin 2005, 2006;
Martin & Bouché 2009), and it is sometimes evident in dwarf
starbursts (Schwartz & Martin 2004). The velocity of thisga
correlates weakly with star formation rate (SFR) and galac-
tic rotation speed, with a factor of 30 change in veloc-
ity observed over a range of 4 orders of magnitude in SFR
(Vwing x SFR*3: [Rupke et all. 2005b; Martin 2005).

At intermediate redshift, the Mg IANA2796, 2803 ISM
absorption line shifts into the observed-frame optical.e Th
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relatively wide separation of this doublet makes it a good 2006). We refer to these models hereafter as the ‘CB08 mod-
choice for outflow studies!_Tremonti et al. (2007) detected els’. The spectral resolution (2.3 A FWHM), spectral-type
500- 2000 km §* outflow velocities in a small sample of coverage, flux-calibration accuracy and number of stars in
z~ 0.5 post-starburst galaxies, and suggested that these outthe MILES library represent a substantial improvement over
flows cold be the relics of AGN-driven winds._ Weiner et al. previous libraries used in population synthesis models. We
(2009) employed the spectral stacking technique to probegenerate template spectra with ten different ages (0.005,
z ~ 1.4 star forming galaxies drawn from the DEEP2 sur- 0.025, 0.1, 0.2, 0.6, 0.9, 1.4, 2.5, 5, 10 Gyrs) and four
vey. This study, which is based on 1400 galaxy spectra, metallicities (0.004, 0.008, 0.017, 0.04). For each mietgl|
demonstrated that blue-shifted Mg Il absorption is ubmust ~ the ten template spectra are convolved to the measured
in actively star forming galaxies. stellar velocity dispersion of each individual SDSS galaxy
At high redshift, the observed-frame optical samples the and the best fitting model spectrum is constructed from a
rest-frame far ultraviolet, which is rich in strong ISM res- non-negative linear combination of the template spectith, w
onance absorption transitions, but lacking in stellar spéc  dust attenuation modeled as an additional free parameter.
features. Because of the difficulty of measuring the refativ The metallicity which yields the minimumg? is selected as
velocity of the stars and gas, outflows have only been de-the final best fit. The results of this fitting procedure and
tected in very luminous Lyman break galaxies (Pettini et al. measurements of an number of line indices (e.g., Lick_Mgb,
2000, 2002) or in composite spectra (Shapley et al. 2003).  D4000) are made available in the MPA/JHU cataldgukhe
While much of our knowledge about galactic winds comes catalog also includes the equivalent width (EW) and flux of
from studies of local star forming galaxies, the work to date an number of emission and ISM absorption lines (e.gy, H
has been based on relatively small samples of extreme sbjectH s, Na D).
(dwarf starbursts, ULIRGs). The properties of outflows in  The SDSS imaging data consist of CCD imaging in
local normal star forming galaxies are still largely unkmow  u,g,r,i,z bands [(Fukugita et al. _1996; Smith et al. 2002),
In this paper, we investigate Na D absorption in a sample oftaken with a drift scan camera (Gunn et/al. 1998) mounted
~150,000 star forming galaxies drawn from the Sloan Digi- on a wide-field 2.5-m telescope. The SDSS photometric
tal Sky Survey. By stacking the spectra of galaxies selectedpipeline [Lupton et all 2001) fits each galaxy image with
to have similar physical attributes, we obtain very high S/N a two-dimensional model of a_de Vaucouleurs (1948) sur-
composite spectra. After carefully modeling and dividing o face profile and an exponential profile, each convolved with
the stellar continuum, we are able to probe very low Na D the PSF of the image. A seeing-independent axial ratio
Equivalent Widths (EWs) and extend our analysis over a wide (b/a) is derived by this fitting procedure. The pipeline
range in galaxy physical parameters. also computes the best linear combination of the exponen-
This paper is arranged as follows. In §2, we introduce the tial and de Vaucouleurs models and stores it in a param-
sample selection criteria used in our study. Our method of eter called fracDeV[(Abazajian etlal. 2004). Here we fol-
creating composite spectra and measuring the Na D lines idow [Padilla & Strauss[(2008) in using fracDeV to distin-
developed in §3. We apply the method to the SDSS sample inguish disk galaxies (fracDe¥ 0.8) from early-type galax-
§4 and summarize our results in 85. We use the cosmologicales (fracDeV> 0.8). The axis ratios from the exponential

parametersdy = 70 km s§* Mpc™, Qu = 0.3 andQ, = 0.7 and de Vaucouleurs models are consistent with each other
throughout this paper. independent of the morphology of the galaxy. In this work,
we are only concerned with disk galaxies, and therefore we
2. SAMPLE SELECTION adopt the axis ratios from the exponential fit. We com-
2.1. The Data pute the galaxy inclinationi, from the measured axial ra-

tio, b/a, and ther—band absolute magnitudé, using Table

The Sloan Digital Sky Survey (SDSs. York et al.2000) 8 in|Padilla & Strauss (2008). This empirical relation takes

spectroscopic galaxy catalogue contai830,000 spectra . . . . . =

P : = . into account the increase in bulge-to-disk ratio with abtol

{?V s S(leventhb.da:a dreleaS(? (DFig’ A'\ljl)a_za_uanlei. al. Zoolg)'magnitude Typical inclination egrrors areléti > 40°. At
e analyze objects drawn from the “Main" galaxy sample . ’ : . .

(Strauss et al. 2002), which have Petrogiamagnitude in the | <40° galaxy asymmetries can result in over-estimates of

range 145 < r < 17.7 after correction for foreground galactic the inclination. The phptometriq properties used ir) this pa
extinction using the reddening maps of Schlegel 2t al. (1998 per (IfracDeVrll)/a, u, g/, r\l,2 magnltudes) are also available in
The spectra are taken through @iameter fibers and cover a catalogs on the MPA/JHU webpage.

; : The derived galaxy parameters required in this work in-
wavelength range from 3800 to 9100A with a resolution of clude stellar mgss\,{*yfgr the whole gglaxies anlpe, for

R~ 2000 and a dispersion of 69 kimi'gixel™. Most of the  gte|lar mass within fiber), stellar mass surface dendiy {,
galaxies have redshifts in the rargre 0-0.3. We adoptred-  y/_pand dust attenuation (4, SFR, SFR surface density
shifts from thespec BS plpellne (Adelman-McCarthy etal. (Zser), and the SFR per unit stellar mass or ‘specific SFR’
2008). The median redshift erroris 10™*. (SSFR = SFRVIipe). The stellar mass-to-light ratios are ob-
As _described in [ Tremontietal. | (2004) and tained by comparingrgizcolors of galaxies to a large grid of
Brinchmann et al. [(2004), a stellar population model is cB08 model colors following the methodology described in
fit to the continuum of each galaxy spectrum after masking[Safim et al. [(2007) to avoid aperture correction issues.s Thi
out the strong nebular emission lines. The basic assumptiompproach differs from that 6f Kauffmann (2003a) who used
is that any galaxy star formation history can be approxihate the spectral indices f84000) and Ha to constrain the mass-
as a sum of discrete bursts. The library of template spectrago-light ratios. However, the differences between the mass

is composed of single stellar population (SSP) models gener estimates of the two methods are very small, typically 0.01
ated using a preliminary version of the population synthesi

code of Charlot & Bruzual (in prep.) which incorporates 7 The MPAMJHU cataloy can be downloaded from
the MILES empirical stellar library (Sanchez-Blazquezlet a |http:/Awww.mpa-garching.mpg.de/SDSS/CR7.
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dex.

We calculate A, the optical dust attenuation in magnitudes,
using the Hv/Hpj ratio. We assume an intrinsicdMHg ra-
tio of 2.87 (Osterbrock 2006), a Milky Way attenuation curve
(Cardelli et all 1989), anB = 3.1. The nebular attuenation is
likely to overestimate the attenuation of the stellar aontim
(c.f.,[Calzetti et al. 1994).

We derive the SFR from the dust extinction corrected H
luminosity using the formula af Kennicuft (1998a), dividin
by a factor of 1.5 to convert from a Salpeter to Kroupa initial
mass functionl (Kroupa 2001)Csrr is defined as SFRR?
andXy, = Mgper/ TR2, whereR corresponds to the SDS B
aperture radius corrected for projection effects.

Except stellar mass, all of these derived parameters are cal

culated from quantities measured within the SDSS fiber aper-
" duantt urec Wit ! g gabsorption and nebular emission lines, and XA\F665 7699

ture and we do not apply aperture corrections. We believe th
locally determined physical parameters will have the grstat
influence on the local ISM kinematics traced by Na D; star
formation occurring in the outer disk of the galaxy is unlike
to drive a circum-nuclear outflow. Another exception to our
policy of using locally derived physical properties is Figid 7
where we use global galaxy SFRs in order to compare with
results from the literature. The global SFRs are estimayed b
adding the SFR inferred from the emission lines measured in
the fiber aperture (Brinchmann etlal. 2004) and the SFR esti
mated from the colors outside the fiber from fits to the 5-band

3

lations make it difficult to distinguish the physical paraere
that most strongly influence the properties of galactic wind

2.3. Interstellar Na D in SDSS Spectra

Studying gas kinematics using optical absorption line spec
troscopy is challenging because of the lack of strong ISM ab-
sorption lines. An additional complication when using the
galaxy continuum as the background source, is the the promi-
nence of stellar absorption features in the continuum. The
Nal“D” A\5890Q5896 doublet is favored because it is moder-
ately strong (sometimes saturated) in starburst galaxstispe
(c.f.,IHeckman et al. 2000), and because the stellar contami
nation is modest in galaxies dominated by very young stars.
Other transitions which are sometimes used are Ca Il H &
K, which occur in a region of the spectrum rife with stellar

which is a relatively weak transition.

The main drawback of using Na D to probe the ISM of nor-
mal star forming galaxies is that it is a very prominent fea-
ture in the the spectra of cool stars; stellar contaminatam
therefore be significant. We discuss this issue furthef i@ §3
where we show that-80% of the observed Na D absorption
in our galaxy spectra arises in stellar atmospheres.

In most previous work, the stellar contribution to the Na |
line was estimated using the Mg\N5167,5173 5184 triplet,
which arises only in stellar atmospheres. Martin (2005) find

photometry. The total SFRs are comparable the global SFREW(Na 1) = 1/3 EW(Mg 1) based on an analysis of stellar

in Brinchmann et al.. (2004), but for a small subset of galax-
ies an aperture correction problem identified by Salim ket al.
(2007) has been rectified.

2.2. Sample Selection

The criteria used to select the parent sample used in ou
analysis are the following:

1. redshift of 005 < z < 0.18. With 3’ diameter fibers,
the SDSS spectra probe the central 3—12 kpc in this red-
shift range. At the median redshift & 0.09, the fiber
probes the central 6 kpc.

. r-band fracDe\k 0.8. This ensures that we are select-
ing disk galaxies, which makes the calculation of the
inclination angle fronb/a possible.

. D1(4000)< 1.5. This index measures the 4000 A break,
and is a good indicator of the galaxy star formation his-
tory (Kauffmanr 2003a). Our cut selects galaxies with
young stellar populations. It is just below the thresh-
old identified by Kauffmann (2003b, {#000)=1.55)
where a sharp change in galaxy structural properties oc-
curs.

. log([OI/HB) > 0.61/{log(INl}/H ) — 0.05} +1.3.
We exclude AGNSs from our sample using the emission
line ratio diagnostics given in Kauffmann (2003c).

We refer to this sample hereafter as ‘Sample A. It contains
140,625 galaxies. In 84 we will justify the application ohse
additional cuts to help isolate galaxies with measurahsrin
stellar Na D. In later sections of the paper, we will refer to
these sub-samples as Samples B and C.

In Figure[d we illustrate the distribution of galaxy phydica
properties in Sample A and show how these parameters corre
late with one another. As we will discuss in_§4.2, these corre

spectra. Here we take a somewhat more sophisticated ap-
proach, and model the galaxy continuum light using stellar
population synthesis modeld (88.2). We use the Mg I lines
residuals to gauge the success of our continuum fitting proce
dures.

In our subsequent analysis we will make use of composite

'galaxy spectra. However, we begin by examining individual

spectra in Sample A with S/N pixél> 15. Roughly 19%
(27,076) of the Sample A galaxies make this cut. For each
galaxy we measure the Na D EW and the Lick Mgndex
(Worthey et all 1994) of the observed spectrum and the best
fit continuum model. In Figurgl2 we plot the residual ab-
sorption flata- mode) as a function of nebular attenuation.
We hypothesize that the Na D excess in the data relative to
the models is due to ISM absorption. Na | has an ionization
potential less than Hydrogen, so dust shielding is expeoted
play an importantrole in its survival (Murray etial. 2007her
strong positive correlation between the Na D residual arstl du
attenuation is evidence that the excess Na D absorpticgsaris
in the dusty ISM. The lack of any corresponding correlation i
the Mgb residual indicates that the starlight is well fit by our
models even in heavily dust attenuated galaxies. (The small
positive offset of the median is due to the presence of a weak
[N 1] A5198 emission in one of the continuum bands of the
Mg | index — see Fid.]5).

One notable feature of Figufé 2 is tendency for galaxies
with low dust attenuation to have negative Na D residuals —
more Na D absorption in the stellar population models thanin
the data. There are three possible explanations for thish¢l
S/N of the spectra are not high enough for a robust continuum
fit; (2) the stellar population models are not robust aroined t
Na D region, at least for some stellar populations; (3) Na D is
primarily in emission in gas and dust-poor galaxies. Thioug
the spectral stacking technique, the S/N issue can be easily
resolved. We discuss the other possibilities furthefi883.

) 2.4. Galaxies with Strong ISM Na D Absorption
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FiG. 1.— Correlations among the physical parameters of our 8&afpgalaxies. For panels where tke andy-axis are the same, histograms are shown. Note
that all quantities excefl.. are measured within the SDSS fiber aperture.
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In the previous section we found that the Na D residual is common in starburst galaxies (e.g., Lehnert & Heckman
increases with A. In this section, we study how the Na D [1996;[ Strickland et a 4). Thus, absorption line stsidie
residual evolves with the other galaxy parameters that we ar of nearly face-on systems (lolwshould probe gas in the out-
interested in: SFR.skr, M., Xu, , SSFR. We define galaxies flow, while observations of nearly edge-on systems (h)gh
with a Na D residual> 0.8 A as strong ISM Na D absorption ~ Will not; they may, however, be sensitive to gas in the disk. |
galaxies. This definition is somewnhat arbitrary, howevar, o keeping with this picture, Heckman ef l. (2000) found that
conclusions are not very sensitive to the threshold we adopt there is a high probability~ 70%) of detecting outflowing

Deep images of the edge-on starburst galaxy M82 in the X-gas in absorption in starburst galaxies with inclinatioess|
ray, Ho, and 8:m-bands/(Ohyama etlal. 2002; Mutchler €t al. than 60°. Based on these results, we split our Sample A into
2007; 06) indicate that gas and dust ardwo sub-samples with< 60° andi > 60°. _ _
being driven out along the galaxy minor axis in a weakly- ~ Figure[4 shows how the fraction of galaxies with Na D
collimated bipolar outflow (See Figufé 3). Imaging of the residuals greater than 0.8 A changes with various galaxy pa-
Ha and soft X-ray emission shows that this wind geometry rameters for our two samples split by inclination. The frac-
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FIG. 2.— Residual Na D (left) and Md (right) absorption versus dust
attenuation for Sample A galaxies with S/N 15. Red dots indicate the
median. The residual absorption is measured after suiotnact the best fit
stellar continuum model. Dust attenuation is measured fraHx and H3
nebular lines. The strong positive correlation in the lefb@l is evidence that
the excess Na D absorption arises in the dusty ISM. The lacowélation
for Mg b is expected since this is an excited photospheric featatedies
not have a counterpart in the ISM.
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F1G. 3.— The galactic wind in the prototypical starburst gal&d482. The
color-composite image was constructed by the Hubble Hgriteam from
B,V,l, and Hx images obtained with thidubble Space Telescopalvanced
Camera for Survey$ (Muftchler el al. 2D07). The galaxy hasieimation of
i ~ 80° . Outflowing gas is visible as a bi-polar cone ofvtémission (red)
extending along the galaxy minor axis. If this wind geomé$srgommon in
disk galaxies, then we would expect to observe blueshiftaddNvhen our
sightline probes the wind bi-cone iatc 60°. The dusty filaments evident in
the disk may give rise to Na D absorption at the galaxy systemlbcity.
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FiG. 4.— The fraction of strong Na D residual galaxies as a famotif dif-
ferent galaxy parameters. The fraction is measurét=all(EW > 0.8)/Npin,

whereN(EW > 0.8) is the number of galaxies with Na D residual0.8 A

in a given bin and\yj, is the total number of galaxies in the bin. The black
dots represent galaxies in Sample A wiith 60° and red dots represent the
galaxies withi > 60°. The blue vertical line in each panel marks the place
where the fraction of < 60° galaxies with strong Na D residual reaches 5%
and begins to rise steeply.

in the measured Na D EW. The median Na D EW error for
Sample A is~1.5 A, which is greater than the strength of the
interstellar absorption in most galaxies. By stacking (age

ing) galaxy spectra we avoid this S/N issue and are able to use
samples that are relatively complete. The steps of our aisaly
are as follows:

e Stack spectra in different bins of galaxy physical pa-
rameters to create high S/N composite spectra. The pa-
rameters used in our stacking analysis are galaxy incli-

SSFR, for both low (black) and high (red) inclination sansple
The highly inclined galaxies have stronger Na D residuals; i
§4.1 we will argue that this strong Na D absorption arises in
the disk. Galaxies with strong ISM Na D absorption make up
only a small part of the full sample; however, they dominate
the populations with strong star formation, high stellasma
and high dust attenuation. The blue vertical line in eaclepan
marks the place where the fraction of galaxies with 60°

and strong Na D reaches 5% and begins to rise steeply.

3. DATA ANALYSIS

In this section, we describe how we measure the properties
of the ISM Na D absorption. As discussed [n_82.3, the low
SIN of the individual spectra will lead to large uncertagsti

nation {), M., Xy, , SFR,Xsrr, SSFR, and 4.

e Fit the CBO08 stellar population models to the stacked
spectra generated in the first step. The aim is to separate
stellar and ISM Na D absorption. Divide each spectrum
by the best fitting continuum model.

e Fit the interstellar Na D line in each continuum-
normalized spectrum. Return the EW, line centroid,
line width, optical depth, and covering factor.

e Look for correlations between the properties of the gas
and the galaxy physical properties.

Each of these steps is described in more detail below.
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3.1. Stacking galaxy spectra surement of Na D. Since the line presumably originates in

The galaxy spectra are first corrected for foreground Galac-H ! regions behm%tf;e NafD absorbing gas, P]/vet;lnclude it mf
tic attenuation using the dust maps of Schlegel et al. (1998) Our continuum model. We fit a Gaussian to the blue wing o
transformed from vacuum wavelengths to air, and shifted H€ ! emission and add a model of the full line to the stellar
to the restframe using the redshift determined by the SDSSCONtinuum before normalizing the spectrum.
specBS pipeline. We then normalize each spectrum to its Olbservatlonally, ”}Ir?.c?ll galaxies, galahcnc winds alr(e a-ge
median flux between 5450 to 5550A, where the spectrum isirgagg)c.)r:ﬁ:q%?gcceognmlc?n iﬁFEEzifgs(;%ch;& mfgsm)?g
free of strong absorption and emission lines. The normal-  (Ney 9 R

-1 -1 .
ized restframe spectra in a given parameter bin are average@f 0-1Mo yr™ kpc™ (Heckman 2002). To illustrate our con-

(“stacked”) using the following weighting scheme: finuum and absprptiqn line fitting procedure,_vzve randomiy se
n ) ) lect 2000 galaxies witBispr > 0.1M, yrt kpc® from Sam-
foomi\) = >izimasKi, \) x (i, A) (1)  Ple Aand stack them. Figufé 5 shows the resulting stacked
com S i, maski, \) spectrum (black line) and our stellar continuum fit (red Jine

. . . . . We highlight the regions near Mg | (left insert drawing) and
where the sum is over= 1,2,...,n galaxies with normalized  Ng | (rightinsert). The vertical black lines mark the restire
flux f(i, ). We setmaski,A) = 0 for bad pixels (identified  \yayelength center of the Mg A\5167, 5173, 5184 triplet,
in the SDSS mask array), amtaski, \) = 1, otherwise. This  1N1] 5198, He I\5876, and the Na \5890, 5896 doublet.
method gives equal weight to all spectra, but excludes bada Gaussian fit to the He | emission line is shown in cyan.
pixels from the composite. From this plot, we infer that: (1) the stellar continuum miode

We adopt an adaptive binning approach to produce com-iqyides a very good fit overall; (2) the stellar contribatif
posite spectra in different parameter bins with equal S T he N3 D absorption is as high as80% on average. Since
galaxies are sorted by the physical parameter of intera&bt an e Il Sample A includes galaxies with lowskrs and a

added to the stack one at time, from lowest to highest. After reqyced incidence of strong ISM Na D absorption, we expect
each addition, the S/N of the continuum near Na D is com- the stellar contribution to the Na D line to be even larger in

puted. The process is repeated until a S/N of 300 is reachedggme cases.
The value of the physical parameter of interest in each bin is
computed from the median of the individual measurements. 3.3. Measuring Interstellar Na D Absorption Line Profiles
3.2. Fitting the Continuum There are two common methods of measuring absorption

The aim of this study is to use the ISM Na D absorption line profile parameters: (1) fitting simple functional forms
to probe galactic winds in star forming galaxies. Howevsr, a (such as Gaussian or Voigt profiles) to the intensity as a-func
discussed in[823, we can not disregard the fact that ielerst tion of wavelength; (2) making more complex models, in
lar Na D absorption is superimposed on stellar Na D absorp-which the intensity profiles are direct functions of physja
tion. In previous studies of LIRGs and ULIRGs (Malitin 2005, rameters (velocity, optical depth, and covering fractien.,
2006; Rupke et al. 2005a,b), stellar Na D absorption was esRupke et all 2005a). The first solution is mainly based on
timated from Mg |, and deemed to contribute only a small mathematics rather than physics, and it is widely used for
fraction (< 10%) to the total line EW. However, in the inves- single lines or unblended doublets or multiplets. The study
tigation of 32 far-IR-bright starburst galaxies, Heckmaale of unblended transitions is much easier than blended ones.
(2000) found that> 40% of the galaxies (mostly edge-on sys- For the blended doublet or multiplet, we prefer the second
tems) had strong stellar contamination. It is well-knowatth method since on one hand, the profile shape is readily un-
Na D is strong in the spectra of cool stars, with a peak sttengt derstood in terms of a set of physical parameters, and on the
in the range from K3 to MO (Jacoby et al. 1984). These stel- other hand, different model assumptions can be tried. For th
lar types are expected to make a significant contributiongot blended Na doublet, we choose to use the second method. We
current sample since the SDSS spectra are obtained through briefly summarize Rupke’s model below and refer the reader
3" circular fiber aperture that samples the central 3 — 12 kpc oftolRupke et al. (2005a) for more details.

our current sample. In these regions, bulge K-giants aedylik Previous studies of Na D absorption troughs in ULIRGs
to make a strong contribution to the integrated the stetjt | strongly suggest the assumption of complete continuum cov-
(Heckmar 1980; Bica et al. 1991). erage is not met (Martin 20056, 2006; Rupke et al. 2005a,b).

To separate the stellar and ISM contribution to the Na D These studies also found super-thermal Na D line widths
absorption we model the stellar continuum of each stacked(b ~ 300 km s1), which can arise from multiple fragmented
spectrum using the CBO08 stellar population synthesis nsodel shells of cool gas traveling at different velocities (Fagt al.

In the Appendix, we show that our results are insensitive t0|2009). When stacking many hundreds of galaxy spectra, ab-
the choice of stellar population models. Our continuunmfifti ~ sorption lines with different velocities, line widths, gzl
procedure is nearly the same as that used in fitting individua depths and covering factors will be blended. Jenkins (1986)
spectra (see[€2.1). The main difference between the individ explored this situation extensively using monte-carloudan

ual and stacked spectra is that the stacked spectra have mudfons, and determined that reasonable results can be ebtain
higher S/N. This makes it possible for us to constrain thle ste for the ensemble properties of the absorbers provided the di
lar contribution using a larger number of SSP templates. Wetribution function of their individual properties is notdan-
therefore fit the stacked spectra with all 40 templates (4met usual. Results from stacked spectra may, in fact, be more ro-
licities and 10 ages) simultaneously. This allows the fiest- bust than those from individual galaxies, because the numbe
model to consist of a mixture of metallicities, unlike thausi of blended components is larger.

ation for the individual spectra[(§2.1). We adopt the partial covering model for the current study

The He 1A5876 nebular emission line on the blue side of and assume a covering fact@;, which is independent of
Na | A5890 is broad enough to slightly influence our mea- velocity. In this case, the general expression for the Bitgn
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FiG. 5.— An example of a stacked spectrum (black) and its besbtfitinuum model (red). The spectrum is a composite of 2000aaly selected galaxies in
Sample A withEspr > 0.1Mg yr! kpc 2. The two insert drawings highlight regions near the Mg Itflahd Na | lines (right). The vertical black lines mark the
restframe wavelength of the MgA\5167, 5173, 5184 triplet, the [N §5198, the He N5876 emission line, and the NaAN5890, 5896 doublet. A Gaussian fit
to the He | emission line is shown in cyan.
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FiG. 6.— An example of our Na D line profile fits. The back line in tbp panel shows the spectrum from Figidre 5 normalized byeis fit continuum model.
The left panel illustrates our two-component Na D fit: thelied represents the systemic component; the blue line isdlkféow (blue-shifted) component; and
the green line shows the combined fit. For comparison, wesdlsw a single component fit in the right panel. The residuds@shown in the bottom panels.
The two component fit does a better job of modeling the shapieedfne profile.
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of a doublet] ()\), assuming a continuum level of unity, is if present, is not very strong. Another possibility is thaban-
—rs()-rR(N) bination of 40 instantaneous burst models with a range in age
[(\)=1-C;+Cse : (2) and metallicity is insufficient to represent the the trueagsll

star formation history. Degeneracies may also limit théitgibi
of our fitting code to arrive at the optimal solution. We canno
rule out continuum fitting errors, however, we find this expla
nation less likely, given the high quality of the fits elsewde
in the spectrum (c.f., Fi@]5). The final possibility is that B
7(\) = Toe A0/ (Aab/0 3) is sometimes in emission. This is plausible because Na D is
a resonance absorption transition. (Each absorbed pheton i
whererg and)o are the central optical depth and central wave- re-emitted isotropically.) Whether Na D is detected in apso
length of the line andb is the line width. The four physical tion or emission in a given spectrum depends on the relative
parameters of this model are: geometry and velocity of the gas and stars probed by the fiber.
) i i i We note that the emission appears slightly redshifted aisd it
» Outflow velocity (ofr), which measures the shift of line - seen predominantly in galaxies that are face-on and have low
profile centroid relative to the galaxy’s systemic veloc- qgyst attenuation. This suggests that we are seeing through
ity (Vsys)- the disk to the back side of the expanding bi-polar outflow.
As the disk becomes progressively more dusty or inclined the
emission from the far side of the disk is attenuated. Emissio
was not detected in previous studies of LIRGs and ULIRGs
due to the dusty nature of these sources. However, Phillips
o Covering factorC;) of the absorbing clouds, which de- (1993) saw a clear Na D P-Cygni profile (blushifted absorp-
termines the residual flux at line center. tion, redshifted emission) in the disk galaxy NGC 1808. We
accommodate the possibility of Na D emission by allowing
e The Doppler width §) of the absorption lines. the systematic component in our line profile fit to be in either
absorption or emission (see Hig. 8).

whererg()\) and7r()) are the optical depth of the blue and red
components of the doublet, respectively. For Narg),r=2.
Under the curve-of-growth assumption, the optical depdi
aline can be expressed as:

e Optical depth at line center() of the absorbing clouds,
which influences the depth and intensity ratio of the two
lines of the doublet.

Given the low resolution of our spectra- (150 km s?!
FWHM) and the blended nature of the profiles, there are some 4. PROBING GALACTIC WINDS USING STACKED
degeneracies between optical depth and covering factahwhi SPECTRA
both influence the depth of the lines. The line width and the
outflow velocity are more robust to degeneracies.

In the top panel of Figurlgl 6 we show the stacked spectra of
Figurd® after continuum normalization. The rest wavelkagt

The dependence of the outflow properties on galaxy physi-
cal properties is of great interest because it can helffg e
influence of SFR and stellar mass on the wind kinematics. We
can also learn which galaxies host outflows and thereby gain

of ﬂf]'le two sodium lines T.e mq{ﬁed by vefr:lr::al Imegl. Th&'.'frt'e insight into the origin of metals in the IGM. These empirical
profiles appear asymmetric, with some ot th€ gas DIUE-$NIMe o5 ,t5 can, in turn, be incorporated into numerical simula

relative to the systemic velocity of the galaxy. We hypoth- ;00 o« galaxy formation and evolution

esize that there is an absorption component at the SystemiC 1o gata analysis method described in §3 is applied into
velocity that arises in the disk, and an outflow (blue-shifte , "s¢ar forming galaxy sample in this section. We explore
absorption componentthat arises in a galactic wind. Syistem the effect of changes in galaxy inclination in §4.1, and ex-

and outflow absorption line components were identified in 5 ine how the outflow and systemic components of the ISM
previous studies of individual starbursts (C.f., Matti02B N3 b apsorption evolve with various galaxy physical proper-
and in composite spectra of intermediate redshift galaxiesyjoqin g2 This is the first time outflow properties haverbee
(Weiner et all 2009). We consider the origin of the two line g, jieq with large complete sample in the local universe tha
components further in[§4.1, vyhere we examine the inclina- includes normal star forming galaxies as well as starbursts
tion dependence of the Na D line profile.

We fit the Na D line profile with two absorption compo- 4.1. Trends with Galaxy Inclination
nents, as shown in Figufé 6, with the velocity of one com-
ponent fixed atisys (red). To aid in breaking the degeneracy It has been suggested that the outflow component of the
of the two components, we also fix the line width of the sys- Na D absorption arises from ambient interstellar matehiaf t
temic component to the width of the He | emission line. We has been entrained and accelerated along the minor axie of th
assume that the He | line profile reflects the kinematics of galaxy by a hot starburst-driven superwind (Heckman et al.
H Il regions in the disk, and that the gas producing the sys-12000), while the systemic component of the absorption arise
temic Na D absorption shares these kinematics. The blue lindn the disk. Based on this simple picture, we expect the two
in Figure 5 denotes the outflow component. We also showNa D components to have strong — and opposite — variations
the single component fit in the top-right panel (green). Com- with galaxy |ncI|nat|on.. We test our assumpt!ons about th_e
paring the residuals of these two fits, we find that the two absorber geometry using spectra stacked in bins of galaxy in
component fit is superior. clination. o ) ) )

As noted in EZB, there are cases where the best-fit con- Galactic winds are ubiquitous in galaxies witlsrr >
tinuum model has stronger Na D absorption than the actual0.1M. yr™t kpc?. To test our picture of the wind outflow
data. The reasons for this are still not fully understoode On geometry, we therefore apply thissgr cut to our ‘Sample
possibility is that the young stars used in the empiricdlaste A’ galaxies, to select sources likely to host outflows. In-Fig
libraries of CB08 have some excess absorption at Na D due taure[4 we compare the interstellar Na D absorption profiles for
the Milky Way's ISM. However, a comparison with fully the- these galaxies in 8 different inclination bins. Three feasu
oretical models (see Appendix) suggests that such absorpti  are immediately obvious. First, the line profile depth at the
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i ~90°. Again, most of this change can be attributed to the

1020 a covering factor; the optical depth shows little trend with i
C I\ ] clination, and considerable scatter. The scatter in Figure
100k == represents a lower bound to the uncertainities in the fits.

The trends shown in Figufé 9 are in agreement with our ba-
sic hypothesis that Na D absorption arises in both the galaxy
| 1 disk and in an outflow directed along the galaxy minor axis.
J Notably, the strength of the systemic component increases
as galaxies are viewed more nearly edge-on and a greater
path length through the disk is probed. This leads us to con-
clude that the systemic component arises in the warm neutral
medium of the disk. These disk clouds could either be in the
central star forming region, in which case they must be too
0.90 1 1 1 1 1 massive or too pressure-confined to be affected by feedback
“sgo0 870 5880 =890 5900 sol0 5920 from young star clusters, or the clouds could be in the outer
Wavelength A) more quiescent part of the disk which is probed by the fiber at
FiG. 7.— Continuum-normalized spectra binned by galaxy imtion. Dif- high galaxy mC“natlon.S' .
ferent inclination bins are indicated by different colaith the galaxies clos- The outflow absorption component covers a wide angle, but
est to face-on in red and the galaxies closest to edge-omdk bl seems stronger within 60° of the disk rotation axis; it likely
arises from a large-scale galactic wind, like that seengn Fi
ure[3. Notably, the velocity is roughly constantiat 60°,

. . . as expected if the outflow is radially directed. At 60°,
rest wavelength of the doublet increases dramaticallyds in - 1,4 E\?V of the disk-like and outflow gomponents are roughly

nation increases and galaxies are viewed more nearly etlge-o o, 5| This is consistent with our understanding of the out-
Second, the line center shifts to bluer wavelengths asnacli g5\ and disk geometry: dt< 60°, the ISM Na D absorp-

tion decreases and galaxies are viewed more nearly face-onyjo, j5 qominated by outflow, while the disk-like component

Third, the lines are not saturated — in which case the dou'becomes important at> 60°. Based on these results, we
blet ratio would be closer to 1:1 — nor are the profiles black , split“Sample A" into two éub-samples “Sample B” with
at the line center, which would indicate complete coveriigo ; > 60°, and “Sample C” with < 60°. There are 60 211 and

the source by the absorber. ST .

Figure[8 illustrates our two-component absorption line fits 80,414 galaxies in each sample, respectively.
to composite spectra in different inclination bins. The red ) ) )
lines show the component fixed @y, the blue lines show 4.2. Trends with Galaxy Physical Properties

the outflow component, and the green lines show the com- | this section we examine how the properties of the two
bined fit. The systemic component (red) evolves markedly Na D absorption components (as derived from our constrained
from emission at low inclinations to become the dominant ab- two-componentfit) vary as a function of galaxy physical prop
sorption component at high inclinations. The outflow compo- erties. “Sample B" and “Sample C" are used to study the disk-
nent (blue) evolves strongly in the opposite sense, domigat  |ike and outflow components, respectively. Our reasoning is
the line profile in face-on systems, but becoming a minor con-that the absorbers in the disk are best studied in galaxas th

0.08

0.96)
[ i=[30,40]
0.94
[ i=[50,60]
0.921 i=[60,70]
[ i=[70,80]

Continuum-normalized spectrum

tributor to the absorption in edge-on galaxies. are more nearly edge-on, while absorbers in the outflow are
The equivalent width (EW), velocitygq), line width ®),  pest studied in galaxies that are more nearly face-on.
covering factor €¢) and optical depth at line centerof of e consider each galaxy physical parameter independently
the two absorption line components are shown as a functiongng yse the adaptive binning approach describedin §3.1 to
of inclination angle in Figurgl9. At< 60°, the outflow ve- ~ construct stacked spectra. We do not consider the full param

locity depends only_\iveakly on inclination, and has a median eter range, but rather we define a lower boundary based where
value of ~140 km s*. Abovei = 60°, the velocity drops  the fraction of strong Na D absorbers (EQ0.8 A) begins
precipitously. The line width of the outflow component de- g ise steeply (see the blue lines in Fiy. 4). The continuum-
creases by- 40% as galaxies go from face-on to edge-on, but ,5ymajized spectra for eight differefiger bins from “Sample
shows considerable scatter. The EW of the outflow compo-c" gre shown in Figure10 as an example. The strength of the
nent changes smoothly and nearly linearly from EW=0.7 A absorption increases dramatically with increasingr. Fig-

to ati ~ 0° to nearly 0.1 ai = 90°. This trend appears to  ure[T] shows the two-component fits of these eight spectra.
be driven primarily by a decrease in the gas covering factor. We plot the parameters derived from our absorption line fits
The optical depth of the outflow component increases sharply(v,, b, EW,Ct, 70) as a function of galaxy physical properties
abovei = 60°. This may indicate that the wide-angle out- (Xgeg Ay, SSFRM.,) for Samples B and C in Figurgs]12 and
flow of dusty material has a more transparent and fast-movindI3. We use these plots to help discern the galaxy physical pa-
“core” (i < 60°) and a surrounding sheath of optically-thick rameters that have the greatest influence on the warm neutral
slower-moving entrained material% 60°) — sort of a “turbu- ~ medium in and outside of galaxy disks. However, the strong
lent boundary layer". However, the outflow component makes correlations among the galaxy physical parameters ititestr

a relatively small contribution to the total EW in this re@im  in Figure[l make this exercise challenging. We also consid-
so some caution in interpreting the resultis advised. ~  ered correlations with SFR aridy, (both measured in the

_ The systemic absorption component changes with inclina-fiber aperature). Trends with these parameters are very sim-
tion in the opposite sense of the outflow component: the linejlar to those found with2seg and M., but typically weaker
width increases with inclination by 20% and the EW in-  and/or nosier. For clarity we have not included SFR Eig
creases, from emission at- 0° to 0.7 A of absorption at  in our subsequent analysis.
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F1G. 8.— Absorption line profile fits to composite spectra ineliént inclination bins. The black lines show the continuwommalized composite spectra; the
red line shows the absorption line component fixed to thexgagstemic velocity; the blue line shows the outflow compunand the green line shows the
combined fit. Note the appearance of Na D emission at thersicsteslocity in the low inclination bins.

For the systematic component (Fig] 12), we note the fol- e The optical depth ranges frorg=0 to~ 1.5, and it does

lowing: not depend strongly on any of the stacking parameters.
In general, the optical depth is the least well constrained
e Na D EW increases strongly and nearly linearly with parameter that we measure.
log(Eskr), log(M,), and A, from negative values
(emission) to~1.0 A. We note that the line EWis sensi- ~ Examining the changes i, C¢, andr, we hypothesize
tive to the velocity spread of the gas, the cloud covering that the changes in EW are driven primarily by the covering
factor and the optical depth. factor with an small additional contribution due changes in

the line width. It is difficult to determine wheth&isegr, Ay,

« The line width (which is tied to the width of the He | O M. are the primary driver of the trends. SSFR is clearly not
line) also increases smoothly with all of the stacking N important parameter. We address the issue of corresation
parameters except SSFR. The strongest trend seen is étween the various physical parameterdinig4.3.

60% increase ifb with stellar mass. Since Sample B N Figure[13 we explore the dependence of outflow Na D
galaxies are highly inclined, the line width probably re- component on various galaxy properties. We note the follow-
flects the rotation speed of the inner disk. The apparent'9-

correlation betweeh andXsgg, Ay most likely results

from the correlation oM, with these parameters, as e The Na D EW increases witlisrr, M. and A, (similar
show in FigurélL. to the disk component).

o The covering factor changes steeply, from negative val- ~ ® The line width appears to scale strongly wiBer, M.
ues (Na D emission) t6; = 0.15. The very small Na D and Ag.Gg'he tightest correlation appears to be with:
covering factor may be related to the low filling factor boc M.

of neutral gas in galactic disks. The trends are similar

to those identified with the EW, but noisier due degen- e The covering factor is very lonQ; ~ 0.04-0.12) and
eracies with exacerbated by the blended nature of our changes by a factor of three, at most. The strongest
line profiles. correlation is with A and M..
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FiG. 9.— Derived parameters of the outflow and systemic Na D altisor components as a function of inclination angle. Theeldiamonds represent the
outflow component and the red circles represent the systeoniponent. The parameters shown include the velocity obtitfow componentyy), the line
width (b), the covering factorGs ), the optical depth at line centery and the line equivalent width (EW).

with galaxy physical properties. A very weak and noisy
correlation is evident witfCsgr and possibly withv,.

e No properties of the outflow component are well corre-

1.00 lated with the specific star formation rate.

One possible interpretation of the observed trend iand
7o is that in galaxies with low dust attenuation Na D only sur-
vives in very dense clouds in the outflow. These clouds are
optically thick and comparatively rare, so the averages
high and the Na D covering factor is very low. In galaxies
with higher dust-to-gas ratios, Na D is shielded from ioniz-
ing radiation in clouds with lower optical depths. Sincesthe

1 clouds are more numerous, the Na D covering factor is higher

“““““ T TR FUUTT PR SO and the average optical depth is lower. Thus, the mean dptica

0.95

0.90

Continuum-normalized spectrum

5860 5870 5880 5890 5900 5910 5920 depthdecreasesvith Ay while the covering factoincreases
Wavelength4) as observed.
FIG. 10.— Continuum normalized composite spectra of galaxie® dif- The lack of trends with SSFR is somewhat surprising since

ferentXspg bins drawn from Sample 0 « 60°). As Ssprincreases, the it might be expected that outflows depend on both the SFR and
absorption becomes strong@lsrrincreases from red to purple. the potential well depth. One explanation is the strangpeha
of the SSFR vs. 4 correlation (Fid.ll). Galaxies with both
low and high SSFR have low dust attenuation. This arises
e The lines range from unsaturated to mildly saturated because low SSFR galaxies are predominately gas-poor mas-

(70 ~ 3) andr, displays a pronounced inverse corre- Sive galaxies with hi_gh dust—to—g_as ratios, while high.SSFR
lation with Ay, and M.. galaxies are predominantly gas-rich dwarfs with low métall

ities and dust-to-gas ratios. At intermediate values of §SF
e The outflow velocity does not show any strong trend galaxies display a wide range in dust attenuation. Clearly,
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FiG. 11.— Absorption line profile fits to composite spectra irfefiént “srr bins. (The spectra are the same as those shown in Higlire b6.plack lines
show the continuum-normalized spectrum; the red line isytstemic (disk) absorption component; the blue line is tlawv component; and the green lines
is the combined model. The range in Bgeris given in the lower right of each panel.

dust shielding plays a key role in the detectablity of outBow
using Na I.

The EW of the outflow component will depend bnCs,
and 7y, although the influence ofy is minimal for galaxies
with 79 > 1. The EW depends linearly dnandC;, but the
dynamic range probed by our sample is great€Xiffactor of
~ 6 vs. factor of~ 3.) The EW thus primarily reflect changes

We are then able to examine trends between Na D absorption
andM, in low, medium, and higitsgr bins (where the exact
division between low, medium, and high changes with).

If M, is the primary driver of the trend, then no difference
is expected between the sub-bins. Converselsir is the
primary driver of the trend, then the three sub-bins will be
strongly offset from one another at each valud/pf

in the covering factor. Since our measurement of the EW is  Figure[14 shows the Na D EW of the systemic component

less noisy than our measuremenGef we use the EW in ex-
amining tends with galaxy physical properties further elo

4.3. Isolating the Primary Drivers of the Observed
Correlations

In figures[I2 and 13 we identified\A Yser, and M, as
important physical parameters controlling the Na D line-pro

file. However, due to strong correlations among these param

eters (Fig[l), it is difficult to isolate the primary driveos
the trends we observe. The correlations are sufficientngtr
that it is not possible, for example, to look for trends with
Ysrr at fixedM,.. A bin with a small range in stellar mass
would also have a small range Y¥xgr. To isolate the most

important physical parameters, we adopt the following ap-

proach. We take each bin M, (for example) and further di-
vide it into three equal sub-bins, sorting the galaxieXbyr.

Sodium in the disk neutral.

as a function oM., Xsgr, and A, for galaxies in Sample B
with log M. /Mg > 10.3. In each panel the sample is split
into three sub-bins according to the galaxy parameterdabel
in the top-left corner. The black, red, and blue points iatic
the low, medium, and high sub-bins respectively. The dom-
inant driver of the observed trend (the parameter disptayin
the smallest offsets between the sub-bins) appears to,be A
This suggests that high dust attenuation is important tp kee
A small residual correlation is
evident withYsgg and M,. A correlation betweeXsgg and
the Na D covering factor is expecteddiiser scales with the
filling factor of molecular clouds, as suggested in Bigiehkt
(2008). The residual trend of EW with stellar mass is due
to the larger velocity spread of the line in disk galaxieshwit
larger rotation speeds.

Figure[I% shows the Na D EW of the outflow component
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FIG. 12.— Derived parameters of the systemic Na D absorptiorpoment as a function dfsggr, Av, M., SSFR for Sample B galaixes> 60°).

as a function oM., Yser, and A, for galaxies in Sample C  10.3-11.3, whereas the full galaxy population spans over six
with log(M./Mg) > 10.3. As in Figurd 14, the galaxies are orders of magnitude in stellar mass. This limitation is im-
split into three sub-bins according to various physicapgre posed by our need to study objects where Na D absorption is
ties. The plots with stellar mass on the x-axis show verydarg common (Fig[%).

discrepancies between high and low sub-binsdpr and A, In spite of these limitations, we can use our results to in-
therefore, we infer thatl, is the least important physical pa- vestigate a basic physical model of the outflow. Following
rameter in determining the EW. The mostimportant parameterMartin & Bouché [(2009) we suggest that the velocity of the
influencing the line EW appears to Brrr followed closely line centroid reflects the speed of the swept-up shell ofinte
by Ay. The physical explanation for these correlations is stellar gas at the point where it blows out of the disk. Combin
straightforward: star formation surface density detegsithe ing equations 3 and 6 from Strickland et al. (2004), for the ve
amount of material lofted above the disk and the dust attenu-|ocity of a shell of gas at blow-out, we fings o (ESFR/pO)l/g

ation influences the survival of Na I in the clouds. _ wherepy is the gas density. Assuming « Sgas/H,, Where
A similar analysis applied to the outflow velocity.f) in- H, is the scale height of the disk, abigas oc Eé/plé“ (Kennicutt

stead of the EW does not yield any insight into the domi- _ Y3 i )

nant physical parameter determining the outflow speed. We1998b), we findvrt o« ©&2H;"". This is consistent with the
note that the dynamic range gy is very small (120 - 160  very shallow scaling we see between outflow velocity and
km s1), and this makes identification of trends particularly >sFr . L
challenging. Itis also important to keep in mind that thegen Once the cool entrained gas has escaped the disk, it may
in galaxy physical properties probed by our study is quite be accelerated further by the ram pressure of the hot wind,
small — typically of order 1 dex. For instance, we are look- Of by radiation pressure on dust grains. This halo gas likely
ing for trends over a range in stellar mass of Mg(M.) = contributes to the wings of the line profile (Martin & Bouché
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FIG. 13.— Derived parameters of the outflow component as a fomcif X ser, Av, M« and SSFR for Sample C galaxies<{60°).

2009). In Figurg_16, we examine the physical drivers of the amonds are ~ 1.4 galaxies from[(Weiner et 2l. 2009); and
line width of the Na D outflow component. We see that the black triangles are dwarf starbursts from Schwartz & Martin
line width is sensitive to all three parameteks;, >ser, and
Ay. The latter two are intuitive: cloud acceleration is likely
related taXseg, While dust attenuation is importantto keep the agreement with the velocities derived from individual
gas neutral. The positive correlation between line widtth an galaxies in the same SFR range (Heckmanletal. 12000;
stellar mass is more puzzling. It may be that clouds with ve-|Schwartz & Martin 2004). However, the trend with SFR is
locities above the halo escape velocity quickly dissipéttera  weaker than the correlation suggested by Martin (2005kblac
leaving the pressure-confining hot medium of the halo. Theline). We note that slope of this correlation is stronglyunfl
larger line widths in more massive galaxies may therefore re enced by three dwarf galaxies with very low SFRs. The large
scatter onvyg at fixed SFR for the individual measurements
may be due both to intrinsic variations and inclination etffe
Based on a sample of high stellar mass galaxies between
z~ 1.4 andz ~ 1, |Rubin et al.|(2009) suggest that outflow
gAbsorption strength (measured from MgA\2796 2803) is
more closely associated with SFR than with, and it does
not increase with increasing SSFR. Although they have not
detected a strong dependence of outflow absorption strength
.ON skR, they have by no means ruled it out due to the spec-

flect the larger size of the hot halo.

A correlation between outflow velocity and galaxy SFR
and rotation speed was identified by Rupke et al. (2005b) an
Martir (2005) in starburst galaxies. In Figlrd 17 we compare
our data (cyan crosses) to these results. For consisteticy wi
the literature data, we use global (i.e., aperture-coebct
SFRs. Green asterisks show 1 Jy ULIRGs from Rupkelet a

4.4. Comparison with Previous Work

(2002); red squares indicate ULIRGs fram Martin (2005); trum S/N limit.
blue circles are LIRGs from Heckman et al. (2000); pink di-

(2004). All the data are corrected to a Kroupa IMF.
The velocities of our composite spectra show good
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FIG. 14.— The dependence of the Na D EW of the systemic component
on galaxy physical properties. In each panel, the sampliwitded into three
sub-bins by the parameter marked in the top-left corner. biaek, red, and
blue points indicate the low, medium, and high sub-binseetyely. This
approach is designed to help mitigate the effects of cdioels among the
galaxy physical parameters (sde_§4.3 for details). Theiphlygarameters
that play the dominant role in driving the trends will show 8mallest offsets
between the black, red, and blue points.

5. SUMMARY

In this paper, we study interstellar Na | “DtA5890 5896
absorption in a large sample of star forming galaxies drawn
from SDSS DR7. At the low SFRs probed by our sample,
cool stars with prominent stellar Na D lines make a signifi-
cant contribution to the integrated light. We account fas th
by modeling the full galaxy continuum using the CBO08 stel-
lar population synthesis models. We find a high incidence of
strong ISM Na D absorption lines (EW 0.8 A) in galaxies
that are massive, heavily dust attenuated, and that hate hig
ESFR(FIQ[Z)

We use the spectral stacking technique to increase the
signal-to-noise ratio of the spectra and the completenkss o
the sample and stack spectra in various bins of galaxy physi-
cal properties. In the continuum-normalized spectra wae-ide
tify two interstellar Na D absorption components — one at
the systemic velocity, which is most pronounced in edge-on
galaxies, and one outflow (blue-shifted) component which is
dominantin face-on galaxies. We use two-component absorp-
tion line profile fits to measure the outflow velocity, the ab-
sorption line EW, the line width, covering factor, and the op
tical depth. As highlighted in the appendix, our results are

FIG. 15.— The dependence of the Na D EW of the outflow component

on galaxy physical properties. As in Figlirel 14, the samplesich panel is
divided into three sub-bins by the parameter marked in tpddfi corner
(black=low, red=medium, blue=high).

robust with respect to the modeling of the stellar continuum
We find that:

e The ISM Na D absorption arises from cool gas in the
disk, and from cool gas entrained in a galactic wind that
is perpendicular to the disk and has an opening angle of
~ 60°.

e For the systemic (disk) component, the Na D EW de-
pends most strongly on the dust attenuation. Dust at-
tenuation is undoubtedly important in shielding Na |
from the ionizing radiation of OB stars. At fixedyA
there is an additional dependence Bg-r. Galaxies
with higherXsgr probably have a higher filling factor
of cold clouds and thus a higher Na D covering fraction.

e For the outflow component the Na D EW depends
strongly onXsgr and secondarily on A We hypothe-
size that the star formation surface density determines
the amount of material lofted above the disk, and the
dust attenuation influences the survival of Na | in the
clouds.

e The covering factor of Na | in the outflow increases
with increasing dust attenuation while the optical depth
of the absorption decreases. This suggests that Na D is
able to survive in clouds with lower column density as
the dust-to-gas ratio increases.
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e The outflow velocity (line centroid) does not depend
strongly on any galaxy physical parameters over the
limited dynamic range in physical properties probed by
our study. There is some evidence for a very shallow
trend, Vorr oc £22-, which is consistent with theoretical
expectations for the velocity of a swept-up shell of gas
at the point where it blows out of the disk.

e The line width of the outflow component is sensitive
to Xsrpr Ay, andM,. These parameters are likely to
influence the acceleration of halo clouds (by ram or ra-
diation pressure), the ability of clouds to remain neu-
tral, and the length of time a cloud can remain pressure
confined.

The question of how galactic scale outflows are influenced
by AGNs is also of great interest. In a companion paper, we
will study the Na D absorption properties in SDSS galaxies
hosting type 2 AGNs using methods similar to those described
here.

The Na D ISM absorption line provides a convenient probe
of galactic winds due to its location in the optical. However
the low EW width of the line in typical galaxy spectra and
the strength of the Na D stellar feature make interstellabNa
absorption a challenge to measure accurately. The strong se
sitivity of Na | to ionization by OB stars is also a very se-
rious concern, in particular for studies that aim to compute
mass outflow rates from Na | column densities and veloci-
ties. Higher redshift studies that make use of higher icniza
tion transitions such as Mg N2796 2803 may ultimately be
able to provide more robust constraints over a larger ramge i
galaxy physical properties.

Theoretical models of galaxy evolution have begun to in-
corporate galactic winds, using various ad-hoc presoristi
based on our knowledge of the cool gas. However, the ma-
jority the energy and newly-synthesized metals in the ourtflo
resides in the hot X-ray emitting phase of the wind (Strick-
land & Dinge, in prep.). To truly understand the impact of
galactic winds on the evolution of galaxies and the intexgal
tic medium, it is crucial to measure the chemical compaositio
and velocity of the hot gas. This will require a high sengiiv
X-ray imaging spectrometer such as the planimernational
X-ray Observatory.
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APPENDIX
Here we compare the stellar continuum of Gonzalez Delgadb (005, hereafter GD05) and CBO08 stellar population node

to check whether our results are model dependent.

In 82.1, we noted that stellar Na D appears to be over-estunatour continuum fits, resulting in emission at the systemi
velocity in the continuum-normalized spectra. The libzarof stellar spectra used by CBO08 are empirical, so Na D doeild
contaminated by Milky Way absorption. One important quesis to what extent our results are affected by the stellpufadion
models used to estimate the continuum. In order to answegthéstion, we repeat all our analysis using the models ofSGD0
which use fully theoretical stellar libraries. Figlre 1&sls both CB08 and GB05 model fits to the stacked spectrum shrown
Figure[®. The CB08 model is shown in red and the GD05 modelia.biThe CB08 model clearly provides a better fit of the the

full spectrum and the region around the Mg | triplet.

Using the GDO05 theoretical models, all the trends shown gs.H9,[12, an@_13 remain. On average, the outflow velocity

decreases by 40-60 km s*; the Na D EW increases by 0.3 A, for both disk-like and outflow components; and the cawgri
factors for the two components increase by 10%. The linehsiétir the systematic component are the same as that from,CB08
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FiG. 18.— This figure is the same as Figlite 5, but we add the GD@&rstentinuum model (blue line) for comparison. The CBO8d®igprovides a better fit
to the stellar population.

since they are bound to He 1. The width of outflow componen&ases by- 25-30 km s* and more scatter is introduced in the
trends with galaxy physical properties. The largest charagsed by the using different stellar population modelbésaptical
depthry. However, this parameter is not very strongly constraimegither case. In summary, the CB08 models provide a better
overall fit to the stellar continuum. However, our basic tessare not sensitive to the stellar population models used.



