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ABSTRACT

The relation between galaxy stellar mass and gas-phasdlinigtés a sensitive diagnostic of the main pro-
cesses that drive galaxy evolution, namely cosmologicalmgftow, metal production in stars, and gas outflow
via galactic winds. We employed the direct method to meatheemetallicities 0f~200,000 star-forming
galaxies from the SDSS that were stacked in bins of (1) steikss and (2) both stellar mass and star for-
mation rate (SFR) to significantly enhance the signal-tisengatio of the weak [Qi1] A\4363 and [O1l]
AA7320, 7330 auroral lines required to apply the direct methbldese metallicity measurements span three
decades in stellar mass from l&4(/M ) =7.4-10.5, which allows the direct method mass—metgllielation
to simultaneously capture the high-mass turnover and exadull decade lower in mass than previous studies
that employed more uncertain strong line methods. The tdinethod mass-metallicity relation rises steeply
at low mass (O/Hx M,/2) until it turns over at log{l,/M) = 8.9 and asymptotes to 12 + log(O/H) = 8.8
at high mass. The direct method mass—metallicity relatas do steeper slope, a lower turnover mass, and a
factor of two to three greater dependence on SFR than stioagriass—metallicity relations. Furthermore, the
SFR-dependence appears monotonic with stellar mass ewstlikng line mass—metallicity relations. We also
measure the N/O abundance ratio, an important tracer of@taation history, and find the clear signature of
primary and secondary nitrogen enrichment. N/O correltiggdly with oxygen abundance, and even more so
with stellar mass.
Keywords:Galaxies: general — Galaxies: abundances — Galaxies: ISMataxXi&s: evolution — Galaxies:
stellar content — ISM: abundances

1. INTRODUCTION vent of reliable stellar population synthesis models (Balz
Galaxy metallicities are one of the fundamental observa- & Charlot 2003) enabled more accurate stellar mass mea-

tional quantities that provide information about their lewvo  SUréments from spectral energy distributions. Tremondil et

tion. The metal content of a galaxy is governed by a complex (2004, hereafter T04) showed the existence of a tight corre-
interplay between cosmological gas inflow, metal productio 'ation between galaxy stellar mass and metallicity amongst
by stars, and gas outflow via galactic winds. Inflows dilute ~>3:000 galaxies from the Sloan Digital Sky Survey (SDSS;

the metallicity of a galaxy in the short term but provide the IYork etal. 2000) DR2 (Ab?zajian etf?l. 2003) b"’l‘sezd onthe teri'
raw fuel for star formation on longer timescales. This gas &7 mass measurements from Kauffmann et al. (2003a). The

turns into stars, which convert hydrogen and helium intwhea 104 MZR increases as roughly OAdM,*® from M, = 10*°~
ier elements. The newly formed massive stars inject energyl0'>®> Mg and then flattens abovd, ~10'°°> M. They
and momentum into the gas, driving large-scale outflows thatfound that the scatter in the MZR was smaller than the scatter
transport gas and metals out of the galaxy. The ejected snetalin the luminosity—metallicity relation and concluded thia¢
can escape the gravitational potential well of the galaxgrto ~ MZR was more physically motivated. Lee et al. (2006) ex-
rich the intergalactic medium or reaccrete onto the galasdy a  tended the MZR down another2.5 dex in stellar mass with
enrich the inflowing gas. This cycling of baryons in and out @ sample of local dwarf irregular galaxies. The scatter and
of galaxies directly impacts the stellar mass ], metallicity ~ slope of the Lee et al. (2006) MZR are consistent with the
(2), and star formation rate (SFR) of the galaxies. Thus, the T04 MZR (c.f., Zahid et al. 2012a), but the Lee et al. (2006)
galaxy stellar mass—metallicity relation (MZR) and thdlate ~ MZR is offset to lower metallicities by 0.2-0.3 dex. This-off
mass—metallicity—SFR relation serve as crucial obseomati  Set is likely because T04 and Lee et al. (2006) use different
constraints for galaxy evolution models that attempt toarnd ~ Methods to estimate metallicity. Later work by Ellison et al
stand the build up of galaxies across cosmic time. Here we(2008) discovered that galaxies with high SFRs (and larger
present new measurements of the MZR andNheZ—SFR half-light radii) are systematically offset to lower méizit
relation that span three orders of magnitude in stellar massties than more weakly star-forming galaxies at the same stel
with metallicities measured with the direct method. lar mass. Mannucci et al. (2010) and Lara-L6pez et al. (2010)
The first indication of a correlation between mass and Studied this effect in a systematic fashion and demonstrate
metallicity came when Lequeux et al. (1979) demonstratedthat the scatter in the MZR is reduced further by accounting
the existence of a relation between total mass and metallic-for SFR. Mannucci et al. (2010) introduced the concept of the
ity for irregular and blue compact galaxies. Subsequent-stu fundamental metallicity relation (FMR) by parametrizirigt
ies showed that metallicity also correlates with other ggla ~ second-order dependence of the MZR on SFR with a new ab-

properties, such as luminosity (Rubin et al. 1984) and rota- SCissa,

tion velocity (Zaritsky et al. 1994; Garnett 2002). The ad- e = log(M,) —alog(SFR) Q)
! Department of Astronomy, The Ohio State University, 140 Wgth1 where the CoeﬁiCi_enh is chos_en to ,minimize the s_catter in
Avenue, Columbus, OH 43210, andrews@astronomy.ohio-state. the relation. We will refer to this particular parametripatas

the FMR but the general relation as thlk—Z—-SFR relation.
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Interestingly, Mannucci et al. (2010) and Lara-L6pez et al.
(2010) found that theM,—Z—SFR relation does not evolve
with redshift up toz ~ 2.5, as opposed to the MZR (Erb
et al. 2006; Maiolino et al. 2008; Zahid et al. 2011; Moustaka
etal. 2011). However, this result depends on challengigy hi
redshift metallicity measurements, specifically the Erfalet
(2006) sample of stacked galaxy spectrz at 2.2 and the
Maiolino et al. (2008) sample of nine galaxiezat 3.5.

low metallicity environments is still highly uncertain ke
the progenitors are not well known. Nevertheless, accurate
absolute metallicities for the host galaxies of the protyeai
of gamma ray bursts, over-luminous supernovae, and super-
Chandrasekhar type la supernovae will help inform the mod-
els of stellar evolution and explosions that attempt to &ixpl
these phenomena.

The uncertainty in the absolute metallicity scale can be

Galaxy evolution models aim to reproduce various featurestraced to differences between the two main methods of mea-

of the MZR andM,—Z-SFR relation, specifically their slope,
shape, scatter, and evolution. The most distinguishingacha
teristic of the shape of the MZR is that it appears to flattesh an
become independent of massvat ~ 10'%° M,. The canon-
ical explanation is that this turnover reflects the efficient
metal ejection from galaxies because the gravitationapot

suring metallicity: the direct method and strong line metho
The direct method utilizes the flux ratio of auroral to strong
lines to measure the electron temperature of the gas, which i
a good proxy for metallicity because metals are the primary
coolants of Hil regions. This flux ratio is sensitive to tem-
perature because the auroral and strong lines originate fro

tial wells of galaxies at and above this mass scale are tqo dee the second and first excited states, respectively, and the re

for supernova-driven winds to escape (Dekel & Silk 1986;
Dekel & Woo 2003; Tremonti et al. 2004). In this scenario,
the metallicity of these galaxies approaches the effegiiid

of the stellar population. However, recent simulations lpt O

tive level populations depend heavily on electron tempeeat
The electron temperature is a strong function of metajlicit
such that hotter electron temperatures correspond to lower
metallicities. In the direct method, the electron tempaet

penheimer & Davé (2006), Finlator & Davé (2008), and Davé estimate is the critical step because the uncertainty imlmet
et al. (2011a,b) show that winds characterized by a constanticity is nearly always dominated by the uncertainty in the
velocity and constant mass-loading parameter (mass outflonelectron temperature. The strong line method uses the flux

rate divided by SFR; theicw simulations), which were in-

ratios of the strong lines, which do not directly measure the

tended to represent supernova-driven winds, result in a MZRmetallicity of the Hii regions but are metallicity-sensitive and

that fails to qualitatively match observations. Tévesimula-

can be calibrated to give approximate metallicities. Theali

tions produce a MZR that is flat with a very large scatter at method is chosen over strong line methods when the auroral
low mass, yet becomes steep above the blowout mass, whiclines can be detected, but these lines are often too weak to de

is the critical scale above which all metals are retained. In
stead, they find that their simulations with momentum-drive

tect at high metallicity. The strong lines, on the other hame
much more easily detected than the auroral lines, partigula

winds (Murray et al. 2005; Zhang & Thompson 2012) best in metal-rich objects. Consequently, the strong line meétho

reproduce the slope, shape, scatter, and evolution of the MZ

can be used across a wide range of metallicity and on much

because the wind velocity scales with the escape velocity oflower signal-to-noise ratio (SNR) data, so nearly all metal
the halo. Their model naturally produces a FMR that shows licity studies of large galaxy samples employ the strong lin

little evolution sincez= 3, consistent with observations (Man-

nucci et al. 2010; Richard et al. 2011; Cresci et al. 2012).

method. Despite the convenience of the strong line method,
the relationship between strong line ratios and metafliist

However, their FMR does not quite reach the low observed complicated due to the sensitivity of the strong lines to the

scatter reported by Mannucci et al. (2010). Additionalheyt
find that the coefficient relatinlyl, and SFR that minimizes
the scatter in the FMR is different from the one found by Man-

hardness of the incident stellar radiation field and the-exci
tation and ionization states of the gas. Thus, strong lire ra
tios must be calibrated (1) empirically with direct method

nucci etal. (2010). While there is hardly a consensus amongsmmetallicities, (2) theoretically with photoionization whels,
galaxy evolution models about how to produce the MZR and or (3) semi-empirically with a combination of direct method

M,—Z-SFR relation, it is clear that additional observational
constraints would improve the situation. So far, the overal
normalization of the MZR and thi®l,—Z—SFR relation have

metallicities and theoretically calibrated metallicgtidJnfor-
tunately, the three classes of calibrations do not gergrica
produce consistent metallicities. For example, metaillisi

been mostly ignored by galaxy evolution models due to uncer-determined with theoretical strong line calibrations ays-s

tainties in the nucleosynthetic yields used by the modeds an

tematically higher than those from the direct method or em-

the large (up to a factor of five) uncertainties in the normal- pirical strong line calibrations by up te0.7 dex (for a de-

ization of the observed relations caused by systematietsffs
amongst metallicity calibrations. If these uncertaintesid

tailed discussion see Moustakas et al. 2010; 8sksi 2010).
The various strong line methods also exhibit systematic dis

be reduced, then the normalization could be used as an addiagreements as a function of metallicity and perform better o

tional constraint on galaxy evolution models.
The current metallicity and the metal enrichment history
also have implications for certain types of stellar explosi

poorer in certain metallicity ranges.
The cause of the discrepancy between direct method metal-
licities and theoretically calibrated metallicities isreently

There is mounting evidence that long duration gamma ray unknown. As recognized by Peimbert (1967), the electron
bursts (Stanek et al. 2006), over-luminous type Il supearov temperatures determined in the direct method might be over-
(Stoll et al. 2011), and super-Chandrasekhar type la superestimated in the presence of temperature gradients anger fl

novae (Khan et al. 2011) preferentially occur in low metalli

tuations in Hil regions. Such an effect would cause the di-

ity environments. The progenitors of long gamma ray bursts rect method metallicities to be biased low (Stekia 2005;
and over-luminous type Il supernovae are thought to be mas-Bresolin 2008). A similar result could arise if the traditio
sive stars and the nature of their explosive death could-plau ally adopted electron energy distribution is differentrfréthe

sibly depend on their metallicity. The cause of the associ-

true distribution, as suggested by Nicholls et al. (201 2)erA

ation between super-Chandrasekhar type la supernovae angatively, the photoionization models that serve as thesljasi

the theoretical strong line calibrations, suctca®uby (Fer-
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land et al. 1998) ansiAPPINGS(Sutherland & Dopita 1993), 0.61[log([N 1] \6583/Ha) —0.05] 1 +1.3. (2)
make simplifying assumptions in their treatment ofiiHe-
gions that may result in overestimated metallicities, sash
the geometry of the nebula or the age of the ionizing stars
(see Moustakas et al. 2010, for a thorough discussion oéthes [';' ”]1 A6583 deltected ?t E5 F;J_rthezr, \{[ve aplply_ the A{ﬁ'\;
issues); however, no one particular assumption has been corptar-forming galaxy cut (Equation 2) to galaxies witho:

; ; P i detections of [On1] A5007. We also select galaxies with
glr:;zﬁg/y!dentmed to be the root cause of the metallicits-d [0 111] A5007 < % but log(N 1] A6583/H) < ~0.4 as

In this work, we address the uncertainty in the absolute star-forming to include high metallicity galaxies with vea

i ; ; O 111] A5007.
metallicity scale by using the direct method on a large sam-[ L
ple of galaxies that span a wide range of metallicity. The 'IM the llowesj[ s'gfe;llar tlmasse':[s (!M%] d<b8'6)7 this 'n"l
uniform application of the direct method also provides more ta sarr1r_1phe IS S'g?' I(I:Ianthy CO’; all(r_rr]tmafe Yy Spurious galax
consistent metallicity estimates over a broad range iastel €S, Which areé actually theé outskirts or moreé massive garax-
mass. While the auroral lines used in the direct method are/€S and were targeted due to poor photometric deblending.
undetected in most galaxies, we have stacked the spectra of/€ "émove galaxies whose photometric flags include

many galaxies (typically hundreds to thousands) to signifi- B-END_NOPEAK Or DEBLENDED_AT_EDGE. We also visu-
cantl))// %nhance (tr)llg SN??/ of these lines. In Sectio)n 2, V\?e de-ally inspected all galaxies with lolyl.) < 8.6 and discarded

scribe the sample selection, stacking procedure, andastell any that suffered from obvious errors in the stellar mass de-

continuum subtraction. Section 3 describes the direct areth  (€Mination (again, likely as a result of off-center tamggtof
and strong line metallicity calibrations that we use. In-Sec &Mmuch more massive galaxy). .

tion 4, we demonstrate that mean galaxy properties can be After all of our cuts, the total number of galaxies in our
recovered from stacked spectra. We show the electron tem-sﬁmplg Iﬁéo?}%g de}nd the gg‘égﬂ redshifz sl?.078. GAJ
perature relations for the stacks in Section 3.1 and argaie th S redshift, the 3" diameter aperture will captugeti
T.[O 1] is a better tracer of oxygen abundance tHgi® 111] from the inner 2.21 kpc of a galaxy. Since the central regions

in Section 3.2. Section 5 shows the main results of this study ©f 9alaxies will tend to be more metal-rich (Searle 19719, th
the MZR andV,—Z—SFR relation with the direct method. In  metallicities measured from these observations will ket
Section 6, we present the direct method N/O relative abun_blased high due to the aperture size relative to angulanexte

dance as a function of O/H and stellar mass. Section 7 detail®f the galaxies. However, we expect this bias is small for
the major uncertainties in metallicity measurements awed th most galaxies (for a more detailed discussion see Tremonti

implications for the physical processes that govern the MZR €t al- 2004; Kewley et al. 2005). In particular, the galaxies
andM,—Z—-SFR relation. Finally, we present a summary of with very low stellar masses and metallicities that defires th
our results in Section 8. For the purpose of discussing metal 1OW Mass en? ?lf.tht? MZR ten?(tobbcla qokmp;%s_ﬂd hav§9h907mo—
licities relative to the solar value, we adopt the solar eryg ~9eneous metallicities (e.g., Kobulnicky iiman ),
abundance of 12 + log(O/H) = 8.86 from Delahaye & Pin- although many of these are excluded by the criteria proposed

sonneault (2006). Throughout this work, stellar masses and®Y Kewley etal. (2005).
SFRs are in units of M and M, yri, respectively. We as-

sume a standardCDM cosmology withQ2,, = 0.3, Q = 0.7, ] 22 SFackmg Pr'oc.edure' o
andHo = 70 km s Mpc 2. The primary motivation for this investigation is to mea-

sure the metallicity of galaxies with the direct method. The
2 METHOD main challenge is that the weak [@] 24363 and [Ol1]

' . AA7320, 7330 auroral lines are undetected in most of the in-
2.1. Sample Selection dividual spectra. To improve the SNR of the spectra, we

The observations for our galaxy sample come from the Stacked galaxies that are expected to have similar metallic
SDSS Data Release 7 (DR7; Abazajian et al. 2009), a surlies and hence line ratios. Given the tightness of the MZR
vey that includes~930,000 galaxies (Strauss et al. 2002) andM.—Z-SFR relation, it is reasonable to expect that galax-
in an area of 8423 square degrees. The parent sample foles at a given stellar mass, or simultaneously a given stella
this study comes from the MPA-JHU catafogf 818,333 mass and SFR, will have approximately the same metallicity.
unique galaxies which have derived stellar masses (Kauff- Thus, we have created two sets of galaxy stacks: (1) galax-
mann et al. 2003a), SFRs (Brinchmann et al. 2004), andies binned in 0.1 dex i, from logM./Mg) = 7.0 to 11.0
metallicities (T0O4). We chose only galaxies with reliabselsr  (hereafterM, stacks) and (2) galaxies binned in 0.1 dex in
shifts @, < 0.001) in the range 0.027 £< 0.25 to ensure M. from logM,/Mg) = 7.0 to 11.0and 0.5 dex in SFR
that the [O11] A3727 line and the [@1] AA7320, 7330 lines  from log(SFR/[M; yr™]) = =2.0 to 2.0 (hereafteM,—SFR
fall within the wavelength range of the SDSS spectrograph stacksy. For convenience, we will refer to the stacks by the
(3800-9200 A). type of stack with a subscript and a superscript to denote the

We discard galaxies classified as AGN because AGN emis-upper and lower bounds of lagl) or log(SFR) (e.g.M,58is
sion line ratios may produce spurious metallicity measure- the M, stack with logM,./M:] = 8.7-8.8, and SF& corre-
ments. We adopt the Kauffmann et al. (2003b) criteria (their sponds to tha!,—SFR stacks with log[SFR/Myr] = 0.0—
Equation 1) to differentiate between star-forming galaxiad 0.5). Figure 1 shows the number of galaxies in eslghSFR

AGN, which employs the emission line ratios that define the gtack (each box represents a stack) with a measured metallic
Baldwin, Phillips, and Terlevich (1981) (BPT) diagram: ity (indicated by the color coding).

We follow the T0O4 SNR thresholds for emission lines. Specif-
ically, we restrict our sample to galaxies with3HH«, and

log([O 111]A5007/Hp) > 3 We adopt the total stellar mass (Kauffmann et al. 2003a) andtbotae
SFR (Brinchmann et al. 2004) of the galaxies, as opposed $e tipgantities
2 Available at http://www.mpa-garching.mpg.de/SDSS/DR7/ calculated only for the light within the fiber.
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Figure1. Number of galaxies and direct method metallicity as a functioMpand SFR. The squares represent ddghSFR stack, the number of galaxies is
indicated by the white text, and the color scale correspomdse metallicity. For reference, the Tremonti et al. (2004R/icovers logil,) = 8.5-11.5, and the
Mannucci et al. (2010) FMR spans ldg() = 9.1-11.35 and log(SFR)=1.45—0.80.
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Figure2. Sample spectra from the Idg() = 8.7-8.8 Nya = 884) stack. From left to right, the three columns show theI(PA4363, [N11] A5755, and [Q1l]
AA7320, 7330 auroral lines. From top to bottom, the four rowsespond to the reduced spectrum of a single galaxy, therspedf the stack, the spectrum

of the stack after the removal of the stellar continuum (fitrfr8700-7360 A), and the spectrum of the stack after the renaivhk stellar continuum (fit to a
200 A window near the emission line of interest). The continums of each spectrum near the relevant emission line is givéheiinset of each panel.

We stacked galaxy spectra that have been processed within. In each panel, we report the continuum root mean square
the SDSS reduction pipeline (Stoughton et al. 2002). Rirst,  (rms). The decrease in the continuum noise when comparing
corrected for Milky Way reddening with the extinction vatue  the spectra in the top row to the second row of Figure 2 is
from Schlegel et al. (1998). Then, the individual galaxycspe dramatic. Further significant noise reduction can be aeuev
tra were shifted to the rest frame with the redshifts from the by removing the stellar continuum (shown in the bottom two
MPA/JHU catalog. Next, we linearly interpolated the spactr rows of Figure 2), as we describe in Section 2.3.

onto a universal grid (3700-7360 A\ = 1 A) and normal-
ized them to the mean flux from 4400-4450 A. Finally, the 2.3. Stellar Continuum Subtraction

spectra were co-added (i.e., we took the mean flux in each Stacking the spectra increases the SNR. but it is important
wavelength bin) to form the stacked spectra (see Section 4fo dg ot pt 0 It g i t’dutl It ' dp
comparisons between the electron temperatures and roetalli 0 fitand subtract the steflar continuum to detect and accu-
ities of stacks and individual galaxies). rately measure the flux of these lines, especiallyl[{PA\4363
Figure 2 shows the SNR increase of the {0 \4363 due to its proximity to the H stellar absorption feature.
(left column), [N 1] A5755 (middle column), and [Q1] We subtracted the stellar continuum with synthetic tengplat
f i galaxy spectra created with tlsgARLIGHT stellar synthesis

AA7320, 7330 (right column) lines as the spectra are pro- ! >
: : code (Cid Fernandes et al. 2005), adopted the Cardelli et al.
cessed from a typical single galaxy spectrum (top row) to (1989) extinction law, and masked out the locations of the

the stacked spectrum (second row) to the stellar Contlnuumemission lines. The synthetic spectra were created from a li

subtracted spectrum (third row; see Section 2.3) or the nar—brary of 300 empiricaMiLEs spectral templates (Sanchez-
row wavelength window stellar continuum subtracted spec- Blazquez et al. 2006; Vazdekis et al. 2010, data as obtained

trum (bottom row; see Section 2.3). The spectra in the top ; ,
row are from a typical galaxy in the loi,) = 8.7-8.8 bin; from theMILES websitd). TheMILES templates provided an

the bottom three rows show the stacked spectra from the same , hitp://miles.iac.es/



Tablel Table2
Wavelength Fit and Mask Ranges of Line Fluxes
Measured Lines

Column  Format Description

Line Fit Range  Mask Range
(Al (Al

1 F4.1 Lower stellar mass limit of the stack
(1) @) @) 2 F4.1 Upper stellar mass limit of the stack
3 F4.1 Lower SFR limit of the stack
[On]A3727  3700-4300 3710-3744 4 F4.1 Upper SFR limit of the stack
[Ne ] A3868 3800-4100 3863-3873 g 15 Number of galaxies in the stack
7
8
9

[SH] A4069  3950-4150 F6.2 [On] A3727 line flux
H~v \4340 4250-4450 43364344 F5.2 Error on [Q1] A3727 line flux

[O 1111 \4363  4250-4450  4360-4366 F5.2 [Nein] A3868 line flux

Hell \4686  4600-4800 4680-4692 F4.2 Error on [Neil] A3868 line flux

[Ar 1v] AM4740 3700-7360 10 F4.2 [S11] A4069 line flux
HB 24861 3700-7360 4857-4870 11 F4.2 Error on [S1] A4069 line flux
[O11] A4959  3700-7360 4954-4964 12 F6.2 Hy line flux
[O 1] A5007 3700-7360 5001-5013 13 F5.2 Error on H line flux
[N uj A5755  5650-5850 5753-5757 14 F5.2 [On1] A4363 line flux
[Sni] A6312 6100-6500 6265-6322 15 F4.2 Error on [Q11] A4363 line flux
[N n]A6548 3700-7360 6528-6608 16 F4.2 Hell A\4686 line flux
Ha 26563 3700-7360 6528-6608 17 F4.2 Error on Hel 4686 line flux
[N 1] A\6583  3700-7360 6528-6608 18 F4.2 [Ariv] A4740 line flux
[Su] A6716  3700-7360 6696-6752 19 F4.2 Error on [Anv] A4740 line flux
[Su]A6731  3700-7360 66966752 20 F6.2 [On1] A4959 line flux
[Ar m] A7135 7035-7235 7130-7140 21 F4.2 Error on [Q11] 4959 line flux
[On] A7320 7160-7360 7318-7322 22 F6.2 [O1m] A5007 line flux )
[On] A7330 7160-7360 7328-7332 23 F5.2 Error on [Q11] A5007 line flux
24 F4.2 [N] A5755 line flux
— - 25 F4.2 Error on [NI1] A5755 line flux
Note. — Column (1): Emission lines. 26 F4.2 [Si1] A6312 line flux
Column (2): The wavelength range of the 27 F4.2 Error on [S11] A6312 line flux
stellar continuum fit. Column (3) The 28 F5.2 [N1] 26548 line flux
wavelength range of the stellar contin- 29 F4.2 Error on [N1] A6548 line flux

30 F6.2 Hx line flux
31 F5.2 Error on kk line flux
32 F6.2 [Nn] A6583 line flux

uum fit that was masked out.

excellent fit to the stellar continuum (see bottom two rows of 33 F4.2 Error on [Ni] A6583 line flux
Figure 2). We note th&ILES templates yielded better fits to 34 F6.2 [Si1] A6716 line flux

the very high SNR spectra than the Bruzual & Charlot (2003) gg Egg gflf])&%n?[ssl']”égzhljg line flux
spectra_l templgtes, based on th_'EELIB (Le B(_)rgne et al. 37 F4.2 Error on [31] A6731 line flux
2003) library, likely due to the higher resolution (0.9 A) of 38 F4.2 [Arin] A7135 line flux
theMILES templates compared to tilsgELIB (3.0 A). 39 F42  Emoron [An] A7135 line fiux

40 F4.2 [On] A7320 line flux

We performed stellar template fits to the entire spectral 41 E4.2 Error on [Q1] A7320 line flux
range, select subregions centered on weak lines of interest 42 F4.2 [On] A7330line flux
and subregions around the strong lines blueward of 4000 A. 43 Fa2  Emoron [Qn] A7330 line flux
The latter are situated amongst a forest of stellar absorpti : : i _ S
lines. The line fluxes of the strong emission lines redward of Note. — This table is published in its entirety in the
4000A(H@ [O 1117 AN4959, 5007, K, [N 11] A\6548, 6583 electronic edition of the journal. The column names

are shown here for guidance regarding its form and

and [S1I] A\6716, 6731) were measured from the spectrum content.

where the stellar continuum was fit over the full wavelength

range of our stacked spectra £ 3600-7360 A; see third row  mization algorithm. We simultaneously fit a flat continuum
of Figure 2). The stellar continuum subtraction near weak ang Gaussian line profiles for the emission lines, even if
emission lines ([Si] A4069, [O 1] \4363, Hell A4686,  |ines were blended. For doublets, we fixed the width of the
[N 1] A5755, [Sii] A6312, [Ar Iv] A4740, and [O1l] weaker line by pinning its velocity width to the strongerdin
AA7320, 7330) and blue strong emission lines ([DA3727 (10 11] A3726 to [O11] A3729, [O111] A4959 to [O111] A5007,
and [Neii] A3868) was improved if the stellar continuum [N 11] A6548 to [N11] 6583, [Si1] A\6731 to [Sii] \6716,

fit was restricted to limited wavelength ranges within a few 54 [O11] A7330 to [O11] A7320). We also included the
100 A of the line of interest (compare the third and bottom continuum rms of the spectrum as an input to the fitting pro-
rows of Figure 2). For the weak lines and blue strong lines, we cedure. After experimenting with several differegt min-
measured the line fluxes from the stellar continuum sulBthct  jmization algorithms implemented withispecfit we chose
spectra within these narrow wavelength windows (detais ar the simplex algorithm because of its consistent convergenc
listed in Table 1). In order to compare the line fluxes acressr  particularly for weak lines. Line fluxes measured $yecfit
gions with different stellar continuum subtraction (efgm  generally agreed well with line fluxes measured interabtive
portions of the spectrum that were fit with smaller waveléngt - yijth the OSULINER package. The uncertainty in the line flux

ranges), we denormalized the spectra aftestheRLIGHT fit. is based on the? fit returned fromspecfit Finally, all line
A d Line Elux M fluxes were corrected for reddening with the extinction law
2.4. Automated Line Flux Measurements from Cardelli et al. (1989) and the assumption that theriatri

We used thespecfittask (Kriss 1994) in theRAF/STSDAS sic ratio of the Balmer lines is set by case B recombination
package to automatically fit emission lines withya mini- (F[Ha]/F[HS] = 2.86 for T, = 10,000 K). The line fluxes are
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presented in an online table whose columns are described idevel atom program of De Robertis et al. (1987). This rou-
Table 2. tine determines the electron temperature from the flux ra-
We disregarded lines that were poorly fit (negative flux, un- tio of the auroral to strong emission line(s) for an assumed
certainty in central wavelengtht1 A, had uncertainty in the  electron density. The diversity of these temperature diag-
velocity width of >100 km/s, or had low SNR [<H). Fur- nostics are valuab_le cr_o_ss-checks and pr_ovide an independe
ther care was taken to ensure the robustness ofi[04363  check on the applicability of th&-T; relation; however, for
flux measurements. AM, increased to moderate values Mmeasuring oxygen abundances, we only Ug®© 1] and
(log[M,] > 9.0), an unidentified emission feature at 4359 A Te[O 1]. The electron densityng) can be measured from
became blended with the [@] \4363 line, which limited ~ the density sensitive [8] A\6716, 6731 doublet (cf., Cai
the SNR of the line flux measurement independent of the con-& Pradhan 1993). For 6/45 of thd, stacks and 65/228 of

tinuum rms. We are unsure of the origin of this feature, but the M,—SFR stacks, the F([8] \6716) / F([Si1] A\6731)
it could be caused by an over-subtraction in the stellar con-was above the theoretical maximum ratio of 1.43 (Osterbrock

tinuum fit. We simultaneously fit the 4359 A feature and 1989), which firmly places these galaxies in the low den-
[O 1] A4363 and pinned the velocity width of both lines Sity regime, and we assunmg = 100 cm? for our analysis.
to Hy. If F(4359) > 0.5 F(4363), then we determined that Yin et al. (2007) found similar inconsistencies between the
[O 1] 4363 could not be robustly fit. If [@1] A4363 could theoretical maximum and measured flux ratios for individual
be well fit, we refit it with a single Gaussian whose velocity 9alaxies, which suggests that there might be a real discrep-
width was pinned to H. The line flux measurements from the ancy between the maximum observed and theoretical values
single Gaussian fitting agreed better with interactive floe of F([Sn] A6716) / F([Sii] A6731). _
measurements than the deblended line flux measurements. We calculated the electron temperature and density uncer-
The remaining weak lines are in regions without strong stel- tainties by propagating the line flux uncertainties with Neon
lar absorption features. Often, the @ AA7320, 7330 lines  Carlo simulations. For the simulations, we generated 1,000
could be detected in the stacked spectra without the stel-"ealizations of the line fluxes (Gaussian distributed adcor
lar continuum fit (see Figure 2f). The [N] A5755 and  ing to the I uncertainty) and processed these realizations
[S 11] 24069 auroral lines were usually too weak to be de- throughnebular.temden The electron temperatures of the
tected without stellar continuum subtraction. stacks are given in Table 3 (full version available online).
Optical recombination lines, such as I€ \4267 and In Figure 3, we plot the electron temperatures of Ij©)
O Il \4649, are also sensitive to metallicity. Unlike auro- [N 1], and [Sii] against the [Qii] electron temperature for
ral lines, they are almost independent of temperature,ep th the M, stacks (left column; open circles) and tMe—SFR
could provide a useful check on the direct method metallic- Stacks (right column; circles color-coded by SFR). For com-
ities. Unfortunately, optical recombination lines tende ~ parison, we show th&—T; relation (Equation 3) as the black
very weak (e.g., the median DA\4649/[0111] A4363 ratio of  line in each panel. In all thre@—Te plots, theM, stacks
five extragalactic Hi regions studied by Esteban et al. 2009 form a tight locus that falls within the distribution ¥,—SFR

was 0.08), and we did not detect them in the stacked spectra.stacks. Thé/,—SFR stacks show a large dispersiofid[O 11]
at fixedTg[O 111] that is not present in thil, stacks. Most of

3. ELECTRON TEMPERATURE AND DIRECT ABUNDANCE this scatter is due to stacks with SERwhich approach and
DETERMINATION exceed thd[O 11]-T,[O 111] relation. On the other hand, the

3.1. Electron Temperatures M,—SFR stacks show little scatter in thgN 11]-Tg[O 111] and
T[S 11]-Tg[O 1] plots, and they track thil, stacks in these

Different ionic species probe the temperature of different
ionization zones of Hi regions (e.g., Stagska 1982; Garnett
1992). In the two-zone model, the high ionization zone is
traced by [O11], and the low ionization zone is traced by
[O n], [N nj], and [Su]. Campbell et al. (1986) used the
photoionization models of Stasika (1982) to derive a linear
relation between the temperatures in these zones,

plots.
The vast majority of the stacks in Figure 3 fall below The
T3 relation, independent of the type of stacks, (or M,—SFR)
or the tracer ion ([Q1], [N 1], or [S 11]). The multiple tem-
perature indicators show that tfig-T; relation overpredicts
the temperature in the low ionization zone (or underpredict
the temperature in the high ionization zone). If we assume
Te[O 11]= T[N 11] = T[S 11] = 0.7T[O 1] +300Q (3) thatTg[O 111] is accurate (i.e., the temperature in the low ion-
o ) ) ~ization zone is overestimated by tfig-T; relation), then the
whereTe is in units of K. Subsequently, we will refer to this  median offsets from th&,—T; relation for theM, stacks and
relation as thd>—T; relation (see Pagel et al. 1992 and Izotov the M,—SFR stacks, respectively, are
et al. 2006 for alternative formulations of tiig-Ts relation).

This relation is especially useful to infer the abundancersf e T[O 11]: —2000 K and-1300 K,
seen ionization states, a critical step in measuring thed tot

oxygen abundance. While convenient, this theoreticaliceiat e T[N 11]: =1200 K and-1400 K,
may be one of the biggest uncertainties in the direct method

because it is not definitively constrained by observatiamns d o T[S 1]: -4100 K and-3300 K.

to the large random errors in the flux of [ A\7320, 7330

(e.g., see Kennicutt et al. 2003; Pilyugin et al. 2006). Tigah  TheT[O 11]andT[N 11] offsets from thel,—T; relation for the

SNR of our stacked spectra enables us to measure the eledVl, stacks are consistent given the scatter, which suggests tha

tron temperature of both the high and low ionization zones the T,—T; relation overestimates the low ionization zohe

for many of our stacks. by ~1000-2000 K. Th&[S 11] measurements show a larger
We measured the electron temperature of{Q, [O 1], offset from theT,—T3 relation thanT[O 11] and Tg[N 11]. The

[N 1], and [Su] with the nebular.temdemoutine (Shaw & outlier in theM,—SFRT[S 11]-T¢[O 111] panel also has a high

Dufour 1995) inIRAF/STSDAS which is based on the five Tg[O 11], but this outlier just corresponds to a single galaxy,



Table3
Electron Temperatures, Metallicity, and N/O Abundance
log(M..) l0g(SFR)  Nga Te[O 1] Te[O 11] T[N 1]  Te[Sn] 12 +1log(O/H) log(N/O)
Mol Moy (K] (K] (K] (K] [dex] [dex]
“m @ 6 @ 6 (6) 0 ® @ (10 (11
M, Stacks
70 7.1 1
71 7.2 4
72 73 4 14006t 600
73 74 4 175006t 200
74 75 2

15706t 200 12800+ 800 7.82+0.03

~M,—SFR Stacks

70 71 00 05 1
71 72 -05 00 1
71 72 00 05 2
72 73 -1.0 -05 1 13408500 11800+ 700 8.04+ 0.04
72 73 -05 0.0 2

Note. — Column (1): Lower stellar mass limit of the stack. Column (2): Uppdtastenass limit of the
stack. Column (3): Lower SFR limit of the stack. Column (4): Upper SFRt lafthe stack. Column (5):
Number of galaxies in the stack. Columns (6)—(9): Electron tempesaforgO 1], [O 1], [N 1], and
[S 11]. Column (10): Direct method metallicity. Column (11): N/O abundance.

(This table is published in its entirety in the electronic edition of the journal. A porisshown
here for guidance regarding its form and content.)

so it may not be representative of all galaxies with thidatel relation in Figure 3.
mass and SFR.

The offset between the electron temperatures of the stacks 3.2. lonic and Total Abundances
and theT,—Ts relation is analogous to the trend for individual
galaxies found by Pilyugin et al. (2010), which persists whe
these galaxies are stacked (see Section 4 and Figure 8a). T
similar distributions of stacks and individual galaxiektive
to theT,—T3 relation shows that the offset for the stacks is not a
by-product of stacking but rather a reflection of the projpert
of the individual galaxies.

At high SFRs (SFRS and SFRY), the offset inTe[O 11] dis-
appears, and the medid@gO 11] of these stacks is consistent
with the To—T3 relation, albeit with a large dispersion. The
emission from these galaxies is likely dominated by young
stellar populations, whose hard ionizing spectrum may be
similar to the single stellar spectra used by Staka (1982) to
model Hil regions. However, a single stellar effective temper-
ature may not be appropriate for galaxy spectra that inctude
substantial flux contribution from older H regions that have
softer ionizing spectra (Kennicutt et al. 2000; Pilyugiraét
2010).

Figure 4 compares the electron temperatures ofiJ@nd
[N 1] for the M,—SFR stacks (color-coded by SFR). In the
two-zone model, bothil[O 11] and T[N 1] represent the
temperature of the low ionization zone, so these tempera-
tures should be the same. The stacks scatter around the lin
of equality (black line), though the median offset from the
Te[O 11] = T[N 1] relation is 1100 K towards high@g[N 11].

If only the stacks that also have detectablelip \4363 are
considered (most of which havg[O 11] = 8000 K), then the
median offset from the relation is smaller than the median un
certainty onTg[N 11]. The agreement betweén[O 11] and
T[N 1] for this subset of stacks is consistent with the similar
offsets found forT[O 1] and T[N 11] relative to theT,—Ts

We calculated the ionic abundance of &nd O™ with the
ebular.ionicroutine (De Robertis et al. 1987; Shaw & Du-
our 1995) inlRAF/STSDAS which determines the ionic abun-

dance from the electron temperature, electron density, and
the flux ratio of the strong emission line(s) relative t@.H
We derived the ionic abundance uncertainties with the same
Monte Carlo simulations used to compute the electron tem-
perature and density uncertainties (see Section 3.1)ptiie i
abundance uncertainties were propagated analyticallglto ¢
culate the total abundance uncertainties. We do not attempt
correct for systematic uncertainties in the absolute abonoe
scale.

The top two panels of Figure 5 show the ionic abundance
of O* and O™* as a function of stellar mass for tih&, stacks
(open circles) and thi®l,—SFR stacks (circles color-coded by
SFR). The O abundance increases with stellar mass at fixed
SFR and decreases with SFR at fixed stellar mass. The abun-
dance of Q" is relatively constant as a function of stellar mass
but is detected in galaxies with progressively higher SFRs a
stellar mass increases.

In Figure 5c, we plot the logarithmic ratio of the"Oand
O* abundances as a function of stellar mass. The dotted line
fr Figure 5c shows equal abundances 6f@d O*. The con-
tribution of O to the total oxygen abundance increases with
stellar mass at fixed SFR and decreases with SFR at fixed stel-
lar mass (i.e., in the same sense as how tfieafundance
changes withM, and SFR). TheD* abundance dominates
the total oxygen abundance in the majority of the stdqtks,
above logM,] = 8.2 for theM, stacks and in half of th,—

SFR stacks with detected @ A\7320, 7330). Furthermore,
the O abundance can be measured in many high stellar mass
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Figure 3. Electron temperatures derived from the [ [N 1], and [Si1] line ratios plotted as a function of electron temperaturgvee from the [O111]

line ratio for theM, stacks (left column) ant,—SFR stacks (right column; color-coded by SFR). The lineh@top, middle, and bottom rows show the
Te[O 111-Te[O 1], Te[N 111-Te[O 111], and T[S 11]-Te[O 1] relations (Equation 3), respectively. The outlier in tbever right panel is a single galaxy, so it may
not be representative of all galaxies with this stellar masbkstar formation rate.

and/or low SFR stacks that lack a measured @bundance,
which indicates that Ois very likely the main ionic species

ized gas, oxygen may be found a"(but its contribution to

the total oxygen abundance is minimal.

Abundance studies

of oxygen in these stacks too. A simple extrapolation of the that use the direct method typically meastigf®O 111] and the
log(O"*/0O") ratio to higher stellar masses for thd, stacks
shows that the O abundance would contribute less than 10% and the O abundance. However, Figure 3 shows thatThe

T3 relation overestimate®[O 11], which leads to an underes-

of the total oxygen abundance.

O** abundance but adopt tHg—T3 relation to inferTg[O 1]

We assume that the total oxygen abundance is the sum ofimate of the O abundance and the total oxygen abundance.
Many of the stacks have measured &d O* abundances,

the ionic abundances of the two dominant species,

o_oO
_ = — 4
H™ R

o+
H

(4)

propagating the ionic abundance uncertainties. In highty i

so the total oxygen abundance can be measured accurately in
these stacks without using tieg-Ts relation.
To extend our total oxygen abundance measurements to
higher stellar mass, we form a “composite” metallicity eali
and the total abundance uncertainties were determined bybration (see Figure 6) that uses thé &d O™ abundances
when available and the*Gbundance plus the*®abundance
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Figure6. Panel (a): the difference in the direct method metallicityedet
mined from Te[O 1] only (Te[O 111] was inferred with theT,—T3 relation
given in Equation 3) and the direct method metallicity deteedifrom both
Te[O 11] and Te[O 111]. The dotted line denotes the median difference, and the
dashed line marks the upper mass cutoff for whigl© 111] can be indepen-
dently measured in thel, stacks. Panel (b): the mass-metallicity relation
for direct method metallicities determined frofg[O 11] only (gray circles)
and from bothTe[O 11] and Te[O 111] (open circles). To account for the over-
estimated metallicity (and underestimafe§lO 111]) caused by assuming the
To—T;3 relation (Equation 3), we subtract the median metallicitfedénce
shown in panel (a) from th&[O 11]-based metallicities above log() = 9.4
(shown by the dashed line), which results in the open squaFas arrow
marks this shift. The sequence of open circles and squaressshe com-
posite direct method metallicities of tivd, stacks that we will adopt for the
rest of the paper. We repeated the same procedure for each iSkRthe
M,—SFR stacks. The median metallicity differences are giverabier4.

inferred with theT,—T; relation if TJ[O 11] is measured but
not T[O 111] (in the opposite sense from how it is normally
applied). The total oxygen abundance of the latter group of
stacks is dominated by the'@bundance, so the inferredO
abundance makes only a small contribution (<10% based on
the trend indicated by Figure 5¢). A simple combination of
these two metallicity calibrations would lead to a discouti

ity at their interface (in the MZR) because applying ihe

T3 relation underestimate&[O 111] and thus overestimates
the O™ abundance. To account for this effect, we decrease
the total oxygen abundances that adoptThel; relation by

the median offset between the two calibrations where they ar
both measured (0.18 dex for the, stacks). For thé1,—SFR
stacks, we calculate the median offset for each SFR bin (re-
ported in Table 4). The offsets are nearly constant as a func-
tion of M, and stem from the approximately constant offset
in the TJ[O 11]-Tg[O 1] plot (top row of Figure 3). Because
we account for the systematic offset from fhe-T; relation,
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our composite metallicities are insensitive to the exaciadh

of the To—Tj3 relation. The metallicities of the stacks are pre- — 3000 (a) ' ' ' ' ' i
sented in Table 3. 2, 2000 7
Most direct method metallicity studies measure the = 1000f . .
[O 1] A4363 line flux but not the [D1] AA7320, 7330 line = 0 —;-.-i--g-i-.-.-g--{» LN S -§-§----§-—
fluxes, so they must adoptTa[O 11]-T¢[O 111] relation, such % ~1000 F é ]
as theT,—T; relation, to estimate the Cabundance. One rea- & 2000 F .
son for this is the large wavelength separation between th < ~3000 h
[O 1] A3727 strong line and the [@] A\7320, 7330 auroral +——
lines used to measume[O 11]. The flux ratio of these two line . 000 (b) ]
complexes can be affected by a poor reddening correctior 4, 2000 - 7
particularly for the [On] A3727 line, and some spectrographs = 1000 ¢’ e 7
cannot observe this entire wavelength range efficientlynin 5 Opteedqgé v-u-'-; e TRt SRR -]
dividual spectra, the [@] AA7320, 7330 lines can be over- = —1000} .
whelmed by the noise, which can lead to a large scatter in th 2 2000 F 3
Te[O 11]-T[O 111] diagram (see Figure 1 of Kennicutt et al. 3000 - ]
2003 or Figure 4 of Izotov et al. 2006). Fortunately, the eois ™ "5 4+ e I o e o o
near [O1] \\7320, 7330 appears to be random and is effec & St (c) ]
tively reduced by stacking, even without the stellar cauntim 3 F
subtraction (see Figure 2f). Kennicutt et al. (2003) noted t % 01f i ] ]
the [O11] AA7320, 7330 line fluxes may be affected by recom- 2 0.0-88#----e-t8--%0 - ey T 3 alaiehie
bination of ™, although they find that the typical contribu- : 0.1 ¢ ¢ 5
tion to the [On] AA7320, 7330 line fluxes is <5% (based on — -0.2F .
the correction formulae from Liu et al. 2000) and tAgO 11] < —03F | | | | L
is affected by~2-3%, which corresponds to <400 K for the 75 3.0 3.5 9.0 9.5 100

H 11 regions in their study.

We also calculated the ionic abundance &f with nebu- log(M,) [M]
lar.ionic, similar to the procedure used to calculate the ionic - - C

’ gure7. Te[O ], Te[O 1], and direct method metallicity for individual

abundances of Dand O, except that we adopfs[O 11] spectra (small gray circles) and stacks in bins of 0.1 dexéifiestmass (large
as the electron temperature insteadTglN 11] because the black circles) for the Pilyugin et al. (2010) sample relatigethe mean of
[O ”] AA\7320. 7330 lines are detected in more stacks and%alaxies within a stellar mass bin of width 0.1 dex,Mshown by the dashed

. : ’ . . line in each panel). The stacks are consistent with the mgénii], Te[O 11],
with h|gh(_ar S,NR_ than the [Nl] AS5755 line (See,F'gure 2)' and metallicity within the measurement uncertainties. ¢
The relative ionic abundance of *ND* was derived from
the ionic abundances of each species. We then assume thaibsolute abundance scale. For a detailed discussion @f thes
N/O = N*/O* (Peimbert & Costero 1969; Garnett 1990) to fa- calibrations and formulae to convert between the mettdigi
cilitate comparison with other studies in the literatureg(e derived from each calibration see Kewley & Ellison (2008).
Vila Costas & Edmunds 1993). Although this assumption is

uncertain, Nava et al. (2006) found that it should be aceurat
to ~10% for low metallicity objects (12 + log[O/HK 8.1).
The N/O abundances of the stacks are reported in Table 3.

4. HOW DOES STACKING AFFECT MEASURED ELECTRON
TEMPERATURES AND METALLICITIES?

Stacking greatly increases SNR and thus enables measure-

ments of physical properties that are unattainable for-indi
3.3. Strong Line Metallicities vidual objects. However, measurements from stacked spec-
We compare our direct method metallicities to strong line {ra are only meaningful if they represent the typical preper
tions of the most common line ratios: effect of stacking on the electron temperatures and metal-
licities, we stacked a sample of 181 SDSS DR6 (Adelman-
e Ro3: ([0 11] A3727 + [O11] AN4959, 5007) / 1 McCarthy et al. 2008) galaxies with individual detectioris o
[O 1] A4363 and [O11] AA7320, 7330 from Pilyugin et al.
e N202: [Nn] A6583/[O1n1] A3727, (2010) in bins of 0.1 dex in stellar mass. Figure 7 shows the
) T[O 1], T[O 1], and the direct method metallicities of the
o N2: [N 1] A6583 / Hy, individual galaxies (gray squares) and stacks (black esicl
e O3N2: ([O11] A5007 / H3) / ([N 11] A\6583 / Hw). relative to the mean of the galaxies that went into each stack
For all three properties, the stacks are consistent with the
We derived metallicities for our stacks with the theordtica mean of the galaxies within the measurement uncertainties,
Ro3 calibrations of McGaugh (1991, hereafter M91), Zarit- which demonstrates that the properties derived from gataxi
sky et al. (1994, hereafter Z94), and Kobulnicky & Kewley stacked in narrow bins of stellar mass are representatitieeof
(2004, hereafter KK04); the hybrid empirical-theoretisi@l mean properties of the input galaxies.
calibration of Denicol6 et al. (2002, hereafter D02); the-th In Figure 8, the [Oi], [N 1], and [S1I] electron tempera-
oretical N202 calibration of Kewley & Dopita (2002, here- tures are plotted as a function of the 0] electron tempera-
after KD02); and the mostly empirical N2 and O3N2 calibra- ture for the galaxies (squares color-coded by SFR) and stack
tions of Pettini & Pagel (2004, hereafter PP04). We deter- (black circles). The black line in each panel indicatesThe
mined uncertainties on the strong line metallicities witet T3 relation (Equation 3). The stacks fall within the distribu-
Monte Carlo simulations detailed in Section 3.1; these un- tion of galaxies in th@[O 11]-T[O 1]and T[S 11]-Tg[O 1]
certainties do not account for systematic uncertaintiethén  plots (Figure 8a,c). There is some discrepancy between the
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Figure8. The electron temperatures derived from the Ij) [N 1], and

[S n]line ratios as a function of electron temperature derivedfthe [O111]

line ratio for the Pilyugin et al. (2010) sample of galaxieshniletectable

[O ] A4363 and [On] AA\7320, 7330 (squares color-coded by SFR; see
Section 4) and stacks of the same galaxies in bins of 0.1 deeliarsmass
(black circles). The black line shows thig-Ts relation (Equation 3).

stacks and galaxies in tHg[N 11]-T[O 111] plot (Figure 8b),
but the paucity of [NiI] A5755 detections limits the useful-
ness of any strong conclusions basedTgiN 11]. Overall,
the qualitative agreement between the electron tempestur
of the stacks and galaxies, especially TglO 11] and T[S 11],
demonstrates that the offset from tig-T; relation for the
stacks shown in Figure 3 is not an artifact of stacking.

The majority of the galaxies lie below tfie—Ts relation, as
was previously shown Pilyugin et al. (2010). We find a sim-
ilar result for the galaxies in th&[S 11]-T[O 1] relation.
Galaxies with moderate SFRs (log[SFR]0.0) are prefer-
entially further below theT,—T3 relation than galaxies with
high SFRs (log[SFR}, 1.0) in theT[O 11]-T[O 1] plot. A
similar effect is also present in thd,—SFR stacks. Pilyugin
et al. (2010) found that galaxies with lower excitation para
eters and [Q11] A5007/H3 flux ratios had larger offsets from
the To—T5 relation, which is consistent with our result based

11

on SFR. They showed that the offset from fheT; relation

is likely due to the combined emission from multiple ioniz-
ing sources by comparing the observifO 111-T[O 111] re-
lation with the temperature predicted byiHregion models
that include ionizing sources of various temperatures.eBas
on these models, they concluded that differences in the hard
ness of the ionizing radiation, caused by the age-deperdenc
of H 11 region spectral energy distributions, govern the scat-
ter in theT[O 11]-T[O 111] plot for their sample of galaxies.
Both our results and theirs suggest that galaxies with mighe
SFRs are more similar to the H region models that served
as the basis for th&—T; relation than galaxies with moderate
SFRs. This is because they are more likely to be dominated
by younger stellar populations that are better approxichaye

the input to the Stagika (1982) models (see Section 3.1 for
additional discussion).

The electron temperatures and metallicities of the staks a
unbiased relative to those of the input galaxies, but there i
some evidence that the integrated galaxy electron tempera-
ture and metallicity are systematically higher and lower, r
spectively, than the electron temperatures and metadiécdf
the individual Hil regions in the galaxy. Kobulnicky et al.
(1999) compared the electron temperatures and metahciti
of individual H 11 regions in a galaxy to the pseudo-global
values derived by stacking the spectra of the individual H
regions. They showed that the electron temperatures and di-
rect method metallicities of their galaxies were biased to-
wards higher temperatures and lower metallicitiesti000—
3000 K and 0.05-0.2 dex, respectively, relative to the nredia
values of the individual Hi regions. Global spectra are bi-
ased because they are the luminosity-weighted average of th
H 11 regions, whose properties can vary widely (see, e.g., the
large scatter around thie—T; relation forTe measurements of
individual H 11 regions in Figure 1 of Kennicutt et al. 2003
or Figure 4 of Izotov et al. 2006). The fluxes of the auroral
lines might be particularly affected by a luminosity-wetgth
average because auroral line flux decreases non-lineatty wi
metallicity. While Kobulnicky et al. (1999) only studied the
effects on [Oi11] A4363, the relative contribution of eachiH
region likely varies amongst the commonly measured ionic
species, potentially yielding results that do not agreé Wit
T,—T; relation. We also note that their method of stacking
H 11 regions does not perfectly simulate global line flux mea-
surements because it does not account for the contribution o
diffuse ionized gas (i.e., the emission from gas not in k-
gions), which may affect the [N] and [S11] line fluxes (see
Moustakas & Kennicutt 2006). In summary, the differences in
electron temperatures and metallicities between galagkst
and individual Hil regions are dominated by the systematic
offset between global galaxy properties and individual k-
gions rather than any effects from stacking the global galax
spectra.

The auroral lines are undetectable in high stellar mass
galaxies, so we investigate the effect of stacking by com-
paring the oxygen strong line fluxes of individual galaxies t
the stack of those galaxies. Figure 9 shows thelJO\3727
and [O11] A5007 fluxes relative to H for individual galax-
ies (small black and blue circles) with Idg() = 10.5-10.6
and log(SFR) = 1.0-1.5 and the stack of the same galaxies
(large green circle). The small black and blue circles cor-
respond to the line fluxes determined with our pipeline and
the MPA-JHU pipeline, respectively. The distribution of in
dividual galaxies with fluxes measured by our pipeline and
the MPA-JHU pipeline coincide well. In detail, the median



T T T T T 1T the mass range over which they were calibrated. The metal-
0.8F ’ . licities and fit parameters for the stacks are reported in€gab
r : 1 3 and 4, respectively. For comparison, we show the robust cu-

— bic polynomial fits of eight strong line MZRs (colored lines)

S from Kewley & Ellison (2008) in Figure 10a. The T04, 294
’ - Ry>3, KK04 Ry3, KD02 N202, and M9R,3 MZRs are based
| on theoretical calibrations, whereas the D02 N2, PP04 O3N2,
] and PP04 N2 MZRs are based on empirical calibrations. In
Figure 10b, the solid, dashed, and dotted gray lines inglicat
the median, 68% contour, and 95% contour, respectively, of
the T04 MZR.

The most prominent aspect of the direct method MZR is

0.6

0.4

log([OIT] 3727 / HP)
o o
(e) [\
T T T T
1

—0.2 __1 M. ~ 105106 - Our Pipeline | its extensive dynamic range in both stellar mass and metal-
og(M,) = = 1U.0 4 NIPA/JHU Pipeline licity. It spans three decades in stellar mass and nearly one
—0.4r 1(°lg(SFR)l =1.0 - L5 | | o Stack I decade in metallicity; this wide range is critical for resial
* * * — the turnover in metallicity with a single diagnostic thatais

-1.0 -08 -0.6 -04 -02 00 0.2 : ; ; ;
log([OITT] A5007 / HB) monotonic relation between line strength and metallicitye

broad range in galaxy properties includes the turnover én th
; - . MZR, which is the first time this feature has been measured
:;'%unrg a;_[gan] {}ﬁ:ﬁgﬁ;ﬁ [:01'6]_5Af31%967; Qﬁée@;féaézf iol_ﬂogfl%a;liﬂssme with metallicities derived from the direct method. Our &axd
stack of those galaxies. The small black and blue circlesegmt individual spectra also extend the direct method MZR to sufficientiyhig
galaxies with fluxes measured with our pipeline and the MPAJipeline masses that there is substantial overlap with strong lire-me
(S'I;(r)ﬁ()e,grglzp))(ieecstll\/ely. The large green circle correspondthéostack of the surements, and we use this overlap to compare them.

The direct method MZR shares some characteristics with
fluxes from our pipeline are 0.08 and 0.04 dex higher for strong line MZRs but differs in important ways, as can be seen
[O 111] A5007 and [Q11] A3727, respectively, than the median in Figure 10a. The low mass end of the direct method MZR
fluxes from the MPA-JHU pipeline. The [@] A\5007 and  Starts at log{1,) = 7.4, a full decade lower than the strong line
[O 11] A3727 fluxes of the stack are 0.09 and 0.01 dex higher, MZRs. Nonetheless, naive extrapolations of the T04, D02,
respectively, than the median of fluxes from our pipeline. Al PP04, and PP04 MZRs are in reasonable agreement with our
though the spread is large in the individual galaxies (>1 dex direct method MZR. At a stellar mass of Idg() = 8.5, the
for both [O111] A5007 and [O11] A3727), the stack is repre- lowest stellar mass where strong line MZRs are reported, the
sentative of the typical line fluxes of individual galaxiést  direct method MZR is consistent with the T04 and the D02
went into the stack. MZRs. Above this mass, the direct method MZR and the D02

We also note that many of our stacks contain far more MZR diverge from the T04 MZR. At lod{,) = 8.9, the direct
galaxies than are needed to simply detect a given line, andnethod MZR turns over. By contrast, the strong line MZRs
thus are unlikely to be dominated by a few, anomalous galax-turns over at a much higher stellar mass (Mg] ~ 10.5): a
ies. As an example, we estimate how many galaxies wouldsignificant difference that has implications for how the MZR
need to be stacked for a detection of [P A\7320, 7330. is understood in a physical context, which we discuss in Sec-
If we assume that the uncertainty on the line flux decreasestion 7.4. At high mass, the direct method MZR is in good
as\/ms the error on the measurement of any individual agreement with the empirical strong line calibration MZRs,
galaxy isack 1/ Noaares We use a 5 detection threshold, but the theoretical T04, 294, KK04, and KD02 strong line cal-

S ; . ibration MZRs are offset to higher metallicities by0.3 dex at
so the minimum number of galaxies needed to detect a line Sjog(M,) = 10.5, the highest mass stack with detected auroral

N = [(50)/flux]?. For theM,g8-SFR33 stack, the minimum  jines " Figure 10b shows the direct method MZR in relation
number of galaxies required to detect ([(PAA7320, 7330 is  tq the scatter of the T04 MZR. The direct method MZR is
Ngalaxies= 40, which is well below the actual number of galax-  gjightly below the median T04 MZR at lo(,) = 8.5, crosses
ies (1996) in this stack. the 16" percentile at logl.) = 9.0, and drops below the'®
5. THE MASS-METALLICITY RELATION AND percentile at log,) = 9.9. .
MASS—-METALLICITY=SFR RELATION At I_ow masses (lod{l,] =7.4-8.9; i.e., b_elow the turncl>>/2er),
5.1. The Mass—Metallicity Relation the direct method MZR scales as approximately /M1, /<. _
] e While a comparison over the same mass range is not possi-
_In Figure 10, we plot the MZR with direct method metal- pje for the T04 MZR, its low mass slope, as determined from
licities for the M., stacks (circles). We fit the MZR for thd, log(M,) = 8.5-10.5, is shallower with O/k M, /3. The dis-
stacks (black line) with the asymptotl_c logarithmic forraul crepancy in the low mass slopes between the direct method
suggested by Moustakas et al. (2011): and the T04 MZRs could be reasonably explained by the dif-
Mo\ ” ference in the mass ranges over which the slopes were mea-
12+log(O/H) = 12+log(O/H),.,— 109 <1+ ( ) ) , sured if the MZR steepens with decreasing stellar mass (c.f.
M Lee et al. 2006). We note that the direct method and D02
MZRs have similar slopes and normalizations over a wide
range in masses from logl,) = 8.5-10.0.

(5)
where 12+log(O/H)nm is the asymptotic metallicityMro is
the turnover mass, angdcontrols the slope of the MZR. This
functional form is preferable to a polynomial because poly-
nomial fits can produce unphysical anticorrelations betwee

mass and metallicity, particularly when extrapolated lmelyo 5.2. Mass-Metallicity-SFR Relation
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Figure 10. The direct method mass—metallicity relation for g stacks (circles). In both panels, the thick black solid Bhews the asymptotic logarithmic fit
to the direct method measurements (see Equation 5). Paneh¢agolored lines represent various strong line calibrati@emonti et al. 2004; Zaritsky et al.
1994; Kobulnicky & Kewley 2004; Kewley & Dopita 2002; McGau991; Denicol6 et al. 2002; Pettini & Pagel 2004). Panelttiy solid, dashed, and dotted
gray lines show the median, 68% contour, and 95% contoureogisgly, of the Tremonti et al. (2004) MZR. The metallicitesd fit parameters for the stacks
are reported in Tables 3 and 4, respectively.

Table4
Mass—Metallicity Relation Fit Parameters
Stacks logflto) 12+log(O/Hhsm 107 Fit Range Median log(O/H) Offset
SFRinMg yrt Me] [dex] log(M,) [Me] [dex]
1) ) 3 4 (5) (6)
MZR 8.901 8.798 0.640 7.4-10.5 0.18
-1.0 < log(SFR) <-0.5 8.253 8.726 0.734 7.2-9.7 0.15
-0.5 < log(SFR) < 0.0 9.608 9.118 0.610 7.3-10.2 0.13
0.0< log(SFR) < 0.5 9.836 8.997 0.534 7.6-10.3 0.12
0.5<log(SFR) < 1.0 27.225 16.383 0.449 8.3-10.6 0.10
1.0<log(SFR)<1.5 32.650 16.988 0.373 8.4-10.6 -0.04
1.5<log(SFR) < 2.0 28.369 16.259 0.438 9.5-10.8 0.04

Note. — Mass—Metallicity Relation given by 12 + log(O/H) = 12 + log(O4k)— log(1 + Mo / M,)7).
Column (1): Stacks included in fits. MZR refers¥b. stacks. The SFR ranges referNMy—SFR
stacks. Column (2): Turnover mass. Column (3): Asymptotic metalliciglu@n (4): Power-law
slope. Column (5): Stellar mass range of each fit. Column (6): Meditsetobetween the
metallicity determined with (i) measurdd[O 11] and inferredTe[O 111] from the T,—Ts relation and
(ii) measuredr¢[O 11] and measured.[O I11] (see Section 3.2).

The features of the direct method MZR are shaped by theretical strong line calibration MZRs is reminiscent of empi
SFR-dependence of the MZR, which we investigate with the ical strong line calibration MZRs that suffer from a lack of
M,—SFR stacks. Figure 11 shows tie—SFR stacks (circles  sensitivity at high metallicities. However, the most matah
color-coded by SFR) in the mass—metallicity plane (see Fig- M,—SFR stacks have some of the highest direct method metal-
ure 1 for the number of galaxies per stack). The solid colored licities (12 + log[O/H] > 9.0)—metallicities well above the
lines indicate the asymptotic logarithmic fits (Equationo)  turnover metallicity of the direct method MZR. These mea-
the M,—SFR stacks of a given SFR, hereafter referred to assurements unambiguously demonstrate that the turnovieein t
SFR tracks (e.g., the orange line is the SERtrack). The direct method MZR is not caused by a lack of sensitivity to
solid black line is the direct method MZR of tiM, stacks  high metallicities.
from Figure 10; the solid, dashed, and dotted gray lines are TheM,—SFR stacks also can be used to test if galaxies with
the median, 68% contour, and 95% contour, respectively, ofthe highest SFRs at a given stellar mass disproportionately
the TO4 MZR. The error bars represent the mean error for thefluence the line fluxes and metallicities of ke stacks. High
M,—SFR stacks of a given SFR. SFR galaxies have more luminous emission lines and lower

TheM,—SFR stacks help establish the robustness of the di-metallicities and thus may dominate the inferred metaici
rect method MZR. The low turnover mass and metallicity of of the stack. To investigate this possibility, we calcutetiee
the direct method MZR relative to the T04 and other theo- difference between the metallicity of thd, stack and the
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Figure11l. The direct method,—Z-SFR relation for thev,—SFR stacks
(circles color-coded by SFR) in the mass—metallicity planike thick solid
lines color-coded by SFR show the asymptotic logarithmic §iee(Equation

5) for theM,—SFR stacks. The thick black line shows the direct method MZR
from Figure 10. The solid, dashed, and dotted gray lines shexwmedian,
68% contour, and 95% contour, respectively, of the Tremanéil.e(2004)
MZR. The error bars correspond to the mean error folMhe SFR stacks of

a given SFR. The metallicities and fit parameters for the staokgjiven in
Tables 3 and 4, respectively.

galaxy number-weighted average of the metallicities of the
M,—SFR stacks (for the stacks with measured metallicities) at
a given stellar mass. The median offset is oAB/037 dex

in metallicity; for reference, the median metallicity umntzgn-

ties for theM, andM,—SFR stacks are 0.019 and 0.027 dex,
respectively. The slight offset could be due to preferdigtia
including the metallicities oM,—SFR stacks with higher SFR
(lower metallicity) relative to lower SFR (higher metaltig)

o.66 = log(M ) — 0.66 log(SFR)

Figure12. The direct method fundamental metallicity relation for tfg—

SFR stacks (circles color-coded by SFR). The coefficie®&)0on log(SFR)
in the abscissa minimizes the scatter in the FMR (see Equaiorh# black
line shows a linear fit to the data, with a slope of 0.43.

other strong line calibration MZRs) occurs at a higher atell
mass than the the direct method MZR because the strong line
metallicity calibrations produce a weaker SFR—metailiait-
ticorrelation. This means that the progression to highdRSF
with increasing stellar mass has less of an effect on the MZR.
Interestingly, the SF&. stacks (light green circles/line)
are nearly identical to the TO4 MZR in slope, shape, turnover
and normalization. While the exact cause of this agreement is
unclear, it is possible that the photoionization models tima
derlie the TO4 metallicities assume physical parametest th
are most appropriate for galaxies with this range of SFR. We
discuss potential systematic effects of strong line catibns

in the weighted average because the former tend to have largeln S€ction 7.3.

line fluxes than the latter, whereas thie stacks include the
contribution from galaxies of all SFRs at a given stellar snas
Still, the magnitude of this offset is small, which indicathat

The stacks with very high SFRs (SERand SFRY; blue
and dark blue circles/lines, respectively) have signifilyan
lower metallicities than the stack of all galaxies at fixedsma

the highest SFR galaxies do not have an appreciable effect of? 1€ MZR. The high SFRs and low metallicities of these

the metallicity of theM, stacks because they are quite rare
(see Figure 1). Furthermore, the metallicities of Mhestacks
effectively track the metallicity of the most common gaksi
at a given stellar mass.

The most striking features of Figure 11 are the 0.3—-0.6 dex
offsets in metallicity at fixed stellar mass between WMe-
SFR stacks. This trend results from the substantial, nearly
monotonic dependence of the MZR on SFR. At a given stellar

mass, higher SFR stacks almost always have lower metallici-

ties than lower SFR stacks, so there is little overlap betwee
the different SFR tracks. Furthermore, the small regiorth wi
overlap may be the result of the observational uncertaintie

galaxies suggests that they are probably undergoing major
mergers, as found by Peeples et al. (2009) for similar astlie
Major mergers drive in considerable amounts of low metal-
licity gas from large radii, which dilutes the metallicityf o
the galaxy and triggers vigorous star formation (e.g., Kgwl
etal. 2006, 2010; Torrey et al. 2012). These stacks alsodave
larger scatter than lower SFR stacks, which is likely drilagn

the small numbers of galaxies per stack coupled with theslarg
intrinsic dispersion in the individual galaxy metalligs.

5.3. The Fundamental Metallicity Relation
The orientation of theM,—Z—SFR relation captures the

The interplay between stellar mass, SFR, and metallicity importance of SFR as a second parameter to the MZR
for typical galaxies is reflected in the features of the direc (Lara-Lopez et al. 2010; Mannucci et al. 2010). Man-
method MZR, especially the turnover mass. The constantnucci et al. (2010) established the convention that the FMR
SFR tracks (colored lines in Figure 11) show that metajlicit is the projection of least scatter found by choosing a free
increases with stellar mass at fixed SFR. However, the typica parametera that minimizes the scatter in the metallicity
SFR also increases with stellar mass, which shifts the “typi vs. u, = log(M,) — « log(SFR) plane (Equation 1). Man-
cal” galaxy (as measured by tié, stacks) to progressively nucci et al. (2010) found a value af= 0.32 for a sample of
higher SFR and consequently lower metallicity at fixed atell SDSS galaxies with metallicities determined with the semi-
mass. Taken together, the turnover in the MZR is the resultempirical calibration of Maiolino et al. (2008). As metalty
of the conflict between the trend for more massive galaxiesestimates are well known to vary substantially between dif-
to have higher SFRs and the trend for metallicity to decreaseferent methods, the parametemay also be different due to
with SFR at fixed mass. The turnover in the T04 MZR (and potentially different correlations between the inferredted-



Table5
Best Fita

Calibration «
(1) (2
direct method 0.66

KK04 0.24
M91 0.17
294 0.25
KDO02 0.12
D02 0.34
PP04 N2 0.30
PP04 O3N2 0.32
Note. — Col-

umn (1): Metallicity

calibration (see Sec-
tion 3.3 for a more
detailed description
of the strong line
calibrations). Col-

umn (2): The coef-
ficient on log(SFR)

in Equation (1) that
minimizes the scat-
ter in the fundamen-
tal metallicity rela-

tion.
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in Figure 13 because some stacks at lower stellar masses had
unphysically high strong line metallicities; to faciliatom-
parison with Figure 11, only stacks with log(SFR)-%.0 are
shown in Figure 13. The stacks in panel (a) show the metallic-
ity from the upper branch dR,3, which were selected to have
log([N 11] A6583/Hx) > -1.1 (Kewley & Ellison 2008). Panel
(b) shows stacks with2.5 < log([N 11] A6583/Hx) < —0.3,

the calibrated range for the Pettini & Pagel (2004) N2 calibr
tion according to Kewley & Ellison (2008). For referenceg th
thick black line shows the direct method MZR. The median,
68% contour, and 95% contour of the T0O4 MZR are indicated
by the solid, dashed, and dotted gray lines, respectively.

The scatter in metallicity about the best fit relation de-
creases only marginally from the MZR to the FMR when
strong line calibrations are used to estimate metallickgr
the KK04 and PP04 N2 metallicities, the scatter is reduced by
o = 0.10-0.09 ands = 0.10-0.07, respectively. Figure 13
also shows that the constant SFR tracks for the strong lire ca
ibrations in the mass—metallicity plane are both more djose
packed and overlap more than those of the direct method. Fig-
ure 13 only shows thM,—SFR stacks with metallicities from
two strong line calibrations, one theoretical and one eitgiir
but the minor reduction in scatter, small spread, and censid
erable overlap are generic features of strong line meiizdisc
(the normalization is not).

A qualitative measure of the spread is the difference be-
tween the metallicity of the Slf_’@5 (light green) and the

licity and the SFR. For example, Yates et al. (2012) used thespgL0 (jight blue) stacks at a given stellar mass. There are 17
TO4 metallicities, rather than those employed by Mannucci stellar mass bins with direct method metallicities for &gac

et al. (2010), and found a lower value @& 0.19.
Figure 12 shows the fundamental metallicity relation fa th

with these SFRs. The median metallicity difference for ¢hes
pairs of stacks was 0.38 dex for the direct method, 0.15 dex

M,—SFR stacks (circles color-coded by SFR). The scatter infor the Kobulnicky & Kewley (2004) calibration, and 0.13 dex

metallicity at fixedpu,, is minimized fora = 0.66, which is
significantly larger than the values found by Mannucci et al.
(2010) and Yates et al. (2012) for metallicities estimatéith w
strong line calibrations. The scatter for the stacks diffeom
the scatter for individual galaxies (like the Mannucci et al

for the Pettini & Pagel (2004) calibration. The factor-o2—3
difference between the direct method and strong line metal-
licities translates into an analogous difference in the SFR
dependence of the MZR.

Another feature of the strong line MZRs at fixed SFR is

2010 and Yates et al. 2012 studies) because the number ofhat different SFR tracks turn over at different stellar sess
galaxies per stack varies. For a direct comparison, we com-| oy SFR tracks turn over at lower stellar masses than high

puted the value od for the metallicities derived from various
empirical, semi-empirical, and theoretical strong linélra-
tions for the stacks with log(SFR)-=1.0 (the same SFR range
as the stacks with direct method metallicities) and find tow
values & = 0.12-0.34) that are consistent with the Mannucci
et al. (2010) and Yates et al. (2012)values (see Table 5).
The significant difference in between the direct method and
the strong line methods indicates that the calibrationsllof a

SFR tracks, so the sign of the dependence of the MZR on
SFR changes with stellar mass. At low stellar masses, higher
SFR stacks have lower metallicities; at high stellar masses
the opposite is true—higher SFR stacks have higher metallic-
ities. Yates et al. (2012) found a similar, but more dramatic
result for their sample of galaxies that used T04 metailiisit
The origin of the weak SFR-dependence and non-monotonic
relation for the strong line calibrations is not obvioust e

of the strong line methods have some dependence on physicaliscuss several potentially relevant effects in Secti@n 7.

properties that correlate with SFR.
The scatter in the direct method FMR € 0.13) is almost

6. N/O ABUNDANCE

a factor of two smaller than the scatter in the direct method Nitrogen provides interesting constraints on chemical evo
MZR (o = 0.22). This decrease is due to two features of lution because it is both a primary and secondary nucleosyn-
the M,—SFR stacks at fixed SFR shown as the solid coloredthetic product. The yields of primary elements are indepen-

lines in Figure 11: (1) they are substantially offset fromeon
another; (2) they have similar slopes with minimal overlap.

dent of the initial metal content of a star but the yields af-se
ondary elements are not. In a low metallicity star, the mgjor

The former reflects a strong SFR-dependence on the MZR;of the seed carbon and oxygen nuclei that will form nitrogen

the latter corresponds to a monotonic SFR—metallicity-rela
tion at fixed stellar mass.

Figure 13 shows th&,—SFR stacks (circles color-coded
by SFR) in the mass—metallicity plane with metallicities de
termined with two representative strong line calibrations
the Kobulnicky & Kewley (2004) theoreticdt,; calibration
(panel a) and the Pettini & Pagel (2004) empirical N2 calibra
tion (panel b). Only stacks with loy{,) > 8.0 were included

during the CNO cycle are created during helium burning in
the star, so the nitrogen yield of such a star will scale rdyaigh
with the carbon and oxygen yields. In this case, carbon, ni-
trogen, and oxygen all behave like primary elements. After
the ISM becomes sufficiently enriched, the nitrogen yield of
a star principally depends on the amount of carbon and oxy-
gen incorporated in the star at birth. The carbon and oxygen
still behave like primary elements, but nitrogen is a seeoynd
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Figure 13. TheM,—SFR stacks (circles color-coded by SFR) in the mass—métafiilane with metallicities determined with the Kobulnickylgewley (2004)
Ry3 calibration (panel a) and the Pettini & Pagel (2004) N2 calibn (panel b). The thick black line shows the direct methttR from Figure 10. The solid,
dashed, and dotted gray lines show the median, 68% contali®5% contour, respectively, of the Tremonti et al. (2004) MZRe error bars correspond to the

mean error for thé,—SFR stacks of a given SFR.
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Figure14. N*/O* ratio as a function of direct method oxygen abundance
(panel a) and\, (panel b) for theM, stacks (open circles) and,—SFR
stacks (circles color-coded by SFR). The horizontal linesasthe median
of the low oxygen abundance (12 + log(O/H) < 8.5) and low atethass
(log[M,] < 8.9) data. The positively sloped lines in panels (a) andafe
linear fits to the stacks with 12 + log(O/H) > 8.5 and Ibg] > 8.9, respec-
tively, whose fit parameters are given in Table 6. The erros lshiow the
mean error for thél, stacks (black) and each SFR bin of tfie-SFR stacks
(color-coded by SFR). If NO* is assumed to trace N/O, as is often done,
then our results can be compared directly to literature tesan N/O. The
N/O abundances of the stacks are reported in Table 3.

nucleosynthetic product. Observational studies (Vilat&®s

& Edmunds 1993; van Zee & Haynes 2006; Berg et al. 2012)
have found clear evidence for primary and secondary nitioge
at low and high metallicity. Vila Costas & Edmunds (1993)
created a simple, closed box chemical evolution model tha
guantified the regimes where nitrogen is expected to behav
like a primary and secondary element. However, modeling ni-
trogen enrichment is difficult because of the large uncertai
ties in stellar yields and the delay time for nitrogen enmemt
relative to oxygen. Galactic winds also complicate nitmoge

enrichment because they may preferentially eject oxygen re
ative to nitrogen (van Zee & Haynes 2006). This is because
oxygen is formed quickly in massive stars and is available
to be ejected from galaxies by winds associated with intense
bursts of star formation. By contrast, the >100 Myr delay be-
fore the release of nitrogen from intermediate mass AGBsstar
might be sufficient to protect it from ejections by a galactic
winds.

The N/O abundance as a function of oxygen abundance can
be used to disentangle the effects of nucleosynthesisgc-gala
tic inflows and outflows, and different star formation higsr
on the relative enrichment of nitrogen. The total N/O ratio
is a difficult quantity to measure becauseljN lines are not
readily observable, so ™MO" is used frequently as a proxy
for N/O. This assumption is supported by the photoionizatio
models of Garnett (1990), which showed that the ionization
correction factor from N/O* to N/O should bev1 to within
20%. Because the ionization factor should be close to unity,
most papers in the literature (e.g., Vila Costas & Edmunds
1993) that show N/O have assumed N/O ¥®. For trans-
parency, we plot NO* as a function of direct method oxygen
abundance in Figure 14a for thé, andM,—SFR stacks. We
measured the ionic abundances df &hd O with the direct
method under the assumption tAgkO 11] representd; (see
Section 3.2).

At low metallicity (12 + log(O/H) < 8.5), we find that the
M, stacks have an approximately constant value HiCN,
which is expected for primary nitrogen. These stacks have
a median of log(N/O*) = -1.43 (indicated by the horizon-
tal line®), which is consistent with other studies of IHre-
gions and dwarf galaxies (Vila Costas & Edmunds 1993). At
12 + log(O/H) = 8.5, there is a sharp transition wheré®f

tincreases steeply with oxygen abundance (slope = 1.73),
vhich shows that nitrogen is acting like a secondary element

5 We do not show a fit to these points because of the steopgori ex-
pectation of a constant™O* at low metallicity (and low mass); however, a
linear fit would have a slope f0.21. The analogous slope for the low mass
N*/O*—M., relation is-0.08.



Table 6
N/O vs. O/H andM, Fit Parameters fol, Stacks
Abscissa Slope y-intercept Dispersion Fit Range

1 2 3 4 (5)
12 + log(O/H) 0 -1.43 0.04 12 +log(O/H) < 8.5
12 +log(O/H) 1.73  -16.15 0.08 12 +log(O/H) > 8.5

M. 0 -1.43 0.04 M, < 8.9

M 0.30 -4.04 0.01 M, > 8.9

Note. — Column (1): N/O as a function of 12 + log(O/H) or
M.,.. Column (2): Slope of linear fit (set to O for first and third rows).
Column (3): y-intercept of linear fit. Column (4): Dispersion around
fit. Column (5): Range in 12 + log(O/H) o1, of the fit.

Previous observations (e.g., Vila Costas & Edmunds 1993
have found a smoother transition between primary and sec

L — This Work
- — Liang et al. (2007)
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ondary nitrogen and a shallower slope in the secondary ni-

trogen regime, albeit with large dispersion that could be ob
scuring these features. The fit parameters of tHgEON-O/H
relation for theM, stacks is presented in Table 6.

The M, stacks form a tight sequence with a dispersion of

Figure 15. Our direct method MZR (open circles and thick black line) and
the Liang et al. (2007) direct method MZR (blue crosses are).liRor refer-
ence, the solid, dashed, and dotted gray lines show the med&mcontour,
and 95% contour, respectively, of the Tremonti et al. (200ZRVI

only ¢ = 0.08, compared to a more typical dispersion of SFRig, and SFR2) still tend to be more nitrogen enriched

o ~ 0.3 for individual objects (e.g., Henry et al. 2000). A
plausible explanation for the additional scatter in the N/O
O/H relation for individual galaxies is the time-dependenc

than theM, stacks at a fixedl,, but the discrepancy has de-
creased. The NO*-M, diagram is less sensitive to dilution
(traced by SFR) because the high SFR galaxies with low O/H

of N/O caused by the difference in enrichment timescales of areé less Significant outliers when shown as a function ofestel

oxygen and nitrogen following a burst of star formation. The
M,—SFR stacks show a larger dispersion thanMhestacks,
potentially because these stacks contain fewer galaxies. T
low and moderate SFR stacks (SER SFRY;, and SFR?)
follow the general trend of th, stacks; however, the high
SFR stacks (SFR, SFR-3, and SFRY) have higher N/O*

at a given oxygen abundance, which may be because thes
galaxies have experienced a large inflow of gas that would

lower O/H at fixed N/O (i.e., move galaxies to the left in Fig-

ure 14a). Another consequence of a vigorous burst of stal
formation is the production of Wolf-Rayet stars that can en-
rich the gas in nitrogen for a brief period before the oxygen
enrichment from the subsequent SNe Il (Berg et al. 2011). We

see evidence for Wolf-Rayet features, such asil&686, in
some of our stacks, especially at low mass.

Some of the features in the'KD*—O/H relation are clarified
by the associated relation betweefi/®" and stellar mass,
which is shown in Figure 14b for thd, andM,—SFR stacks
(see Table 6 for the fit parameters of th&/@"—M, relation
for the M, stacks). Similar to Figure 14a, there is a primary
nitrogen plateau in NO* at low stellar mass (lod),] < 8.9)
and a steady increase if D" due to secondary nitrogen en-
richment above lod{,) = 8.9 (slope = 0.30). However, in
the secondary nitrogen regime, thé/@—M, relation has a
much lower dispersiono( = 0.01) than the NO*-O/H re-

mass.

The N/O-M, relation has been previously investigated by
Pérez-Montero & Contini (2009) and Perez-Montero et al.
(2012), who used strong line methods to estimate N/O. They
found that N/O increased steadily with stellar mass and did
not show a plateau at low stellar mass associated with pyimar
gitrogen enrichment, in contrast to the direct method NVO—
relation. However, Perez-Montero et al. (2012) showed that
the strong line N/OM, relation is nearly independent of SFR,
fwhich is roughly consistent with our finding that the NA®--
relation has only a mild dependence on SFR, particularly at
logM,) = 9.0.

7. DISCUSSION

7.1. Comparison to a Previous Analysis That Used Auroral
Lines from Stacked Spectra

Liang et al. (2007) stacked SDSS spectra and applied the
direct method to estimate the MZR, although their study dif-
fers from ours in a number of important respects. First,rthei
study is based on DR4 spectroscopy of 23,608 galaxies, which
is approximately an order of magnitude fewer than our sam-
ple. Second, they implemented a minimumijPA\3727 EW
criterion to select the input galaxies to their stacks ineord
increase the SNR of their stacked spectra. Finally, they onl
measured[O 11] from the [O11] AA7320, 7330 lines and then

lation (- = 0.08). Some of the decreased dispersion is dueinferredT,[O 111] (and the G* ionic abundance) from the—

to the larger dynamic range of stellar mass relative to oxy-

gen abundance, but the tightness of the¥-M, relation
suggests that the enrichment of nitrogen relative to oxygen
well-behaved on average. The essentially zero intringe di
persion in the N/O*-M, relation can be used to quantify the
effect of gas inflow and galactic winds on enrichment if all of
the scatter in R/O* at a given O/H is due to gas flows into and
out of galaxies. As in the NO*—O/H relation, the low and
moderate SFR stacks (SER, SFRY., and SFR3) roughly

coincide with theM, stacks. The high SFR stacks (SER

T3 relation provided by Izotov et al. (2006). These difference
are likely responsible for the offset between our MZR and the
Liang et al. (2007) MZR, the absence of a turnover in their
MZR, and their greater scatter as shown in Figure 15.

The [O11] selection criterion can readily explain part of the
offset between our MZRs. Liang et al. (2007) only selected
galaxies with above average [Q A3727 EW (at fixed mass)
for galaxies with logil,) < 10 and required a more stringent
EW([O 11]) > 30 A for galaxies with logil,) > 10. As a re-
sult of this selection, their stacks have systematicalijhbr
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SFRs by approximately 0.15 to 0.2 dex. This in turn biases themean square deviation of the temperature from the mean. Es-
stacks to lower metallicities because of Me-Z-SFR rela-  timatingt? has proven to be difficult, so most direct method
tion (Mannucci et al. 2010; Lara-Lopez et al. 2010). The mag- metallicity studies assumt& = 0. However, optical recom-
nitude of this effect{0.05-0.08 dex) accounts for part of the  pination lines and far-IR fine-structure lines are less ieBs
difference between the MZRs. Another effect of this selec- to temperature than collisionally excited lines, so theyldo
tion is that the increase in average SFR increases the ®Irnov pe ysed to estimat? if the discrepancy between the metal-

mass and makes it less distinct (see Figure 11). licity determined from collisionally excited lines and agatl
The turnover mass is also not apparent in their MZR due to recombination lines or far-IR fine-structure lines is asedm

the greater scatter, which is largely due to their order ofma {5 pe caused by temperature fluctuations. The few studies
nitude smaller sample. The scatter around the linear fit from {nat have measured optical recombination lines (e.g., i@arc

log(M.) = 8.0-10.5 for their data is = 0.12. The scatter Rgjas & Esteban 2007; Esteban et al. 2009) find that values
around an asymptotic logarithmic fit (Equation 5) is reduced 2 - 9 903-0.07 are necessary to increase the direct method

only too = 0.11. An asymptotic logarithmic fit has an addi-
tional degree of freedom relative to a linear fit, so the maabi
improvement inc suggests that the Liang et al. (2007) MZR
can be sufficiently characterized by a linear fit. Over theesam
mass range, the scatter around the asymptotic logarithinic fi
of our data (thick black line) is only = 0.03, or a factor of
four smaller. The smaller scatter in our MZR enables a clear
identification of the turnover.

The method employed by Liang et al. (2007) to estimate the
oxygen abundance is also distinct from ours and may explain
the rest of the discrepancy in the normalization differelnee
tween our studies. The Liang et al. (2007) study relies golel
on the [On] A\7320, 7330 auroral lines to measuiO 11],
which is used to infelg[O 111] and the O abundance by ap-
plying theT,—T;s relation andl[O 111]-(O**/H*) formula from
Izotov et al. (2006). They did not detect j@] A4363 in their
stacks, which they only binned in stellar mass, because the
had fewer galaxies per bin. The stellar continuum subwacti
may also have affected the detection ofi[} A4363 because
of its proximity to the Hy stellar absorption feature, whereas
the stellar continuum is comparatively featureless in thav
ity of the [O 1] AA7320, 7330 lines. Liang et al. (2007) used
the Bruzual & Charlot (2003) spectral templates, rathentha
the empirical and higher resolutiomLEs templates that we
have adopted (see Section 2.3), and this difference may als

of a detection of [QI1] A4363, their oxygen abundance esti-
mate depends on the quality of the assumption that the galax
ies obey thél,—T; relation of Izotov et al. (2006). Our empir-
ical measurements @k andT; indicate that this assumption
underestimate; and overestimates™H, which may partly
explain why our MZRs are in better agreement at high mass
where O is the dominant ionization state of oxygen.

7.2. Temperature and Metallicity Discrepancies

Temperatures and metallicities of H regions measured
with the direct method do not always agree with those mea-

?

have played an important role. As a consequence of their lack.

metallicities by 0.2—0.3 dex to match the optical recombina
tion line metallicities.

Recently, Nicholls et al. (2012) suggested that the elactro
energy distribution could be the cause of the temperatute an
metallicity discrepancies. Specifically, they questionieel
widespread assumption that the electrons are in thermal equ
librium and can be described by a Maxwell-Boltzmann distri-
bution. Instead, they suggested that a there might be asgxce
of high energy electrons and proposed thatdistribution is
a more appropriate description of the electron energyidistr
bution. Thex-distribution is based on direct measurements of
solar system plasmas. Assuming-alistribution for an Hii
region lowers the derived temperature, increases therader
metallicity, and could potentially resolve the discrepabe-
tween the temperatures and metallicities found with optica
recombination lines and collisionally excited lines.

Y Models of H 11 regions by Stasiska (2005) indicate

that metallicities based on the direct method could suffer
from systematic biases in metal-rich H regions. She
finds that measuring metallicity frof,[O 111] and Tg[N 11]
tends to dramatically underestimate the true metalliodty f
12 + log(O/H) > 8.6 (see her Figure 1). The situation does
not improve if metallicities are computed with onTy[N 11]
because the derived metallicity can wildly overestimate or
nderestimate the true metallicity depending on the physi-
al conditions and geometry of the iH region. However,
there are two key differences between the models of Bt&ai

(2005) and the measurements made in this study that could

minimize the bias. First, we measured the temperature of the
low ionization region fromlg[O 1], not T[N 11]. Second, we
analyzed spectra of galaxy stacks and not individual k-
gions, which may average out the large predicted errors. Our
stacks generally increase smoothly in metallicity as ationc

of M, which does not rule out systematic error but minimizes
the impact of the individual, catastrophic errors highteghin
Stashska (2005).

sured with other techniques. For example, temperatures mea

sured with the direct method tend to be systematically highe

than those measured from the Balmer continuum (Peimbert

1967). Also, the metallicities determined from opticaloee
bination lines (e.g., GI A4267 and O A4649) and far-IR
fine-structure lines (e.g., [@] 52, 88:m) tend to be 0.2-0.3
dex higher than those from collisionally excited lines (Gar

7.3. Strong Line Calibrations and the SFR-dependence of the
FMR

The MZRs and FMRs based on strong line calibrations
(Figure 13) have a much weaker dependence on SFR than the
direct method MZR and FMR (Figures 10-12). Relative to
the direct method MZR and FMR, the strong line MZR and

Rojas & Esteban 2007; Bresolin 2008; Esteban et al. 2009).FMR have (1) a smaller spread in the mass—metallicity plane
The exact cause of these temperature and abundance discrefeompare Figures 11 and 13), (2) a smaller reduction in scat-
ancies is currently not understood. ter from the MZR to the FMR (see Section 5.3), and (3) a
Peimbert (1967) proposed that temperature fluctuations andsmaller value ofx (see Table 5). This trend is a generic fea-

gradients in HI regions cause direct method temperatures to ture of strong line calibrations that holds for both emgitic
be systematically overestimated, while direct method tmeta and theoretical calibrations and for all strong line indica
licities are underestimated. To account for temperaturewva  (R,3, N2, N202, and O3N2) that we used. Since a strong
tions across a nebula, he introduced the concept tifie root line calibration is only applicable to the physical conalits
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Figure 16. Panel (a) shows the excitation paramefesr, [O 111] AA4959, 5007 / ([OQ1] A3727 + [O111] AN4959, 5007), as a function &3 = ([O 1] A3727 +

[O 1] AN4959, 5007) / K. Panel (b) shows log([@] A3727 / H3) versus log([Oi11] A5007 / H3). The gray scale contours (50%, 75%, and 95%) and gray
points correspond to SDSS star-forming galaxies. The winitecmlored circles represent tik. andM,.—SFR (color-coded by SFR) stacks, respectively. The
light blue contours (50% and 75%) and light blue crosses dhomregions with direct method metallicities from the Pilyugire&t(2012) compilation. In panel
(b), the dashed and dotted lines show lines of constamt][@3727 / [O111] A5007 andR,3, respectively. The stacks trace the overall galaxy distidin better
than H1i regions, especially at lower excitation parameters. The ftdgions tend to have high excitation parameters becauseitbeatline flux is a strong

function of metallicity and hencBys.

spanned by the calibration sample or model, it is important t
understand the physical properties of the calibration damp
for empirical calibrations and the assumptions behind the H
region models that underlie theoretical calibrations.

Figure 16 compares excitation paramef@rgndR,3 (panel
a) and [O1] and [O 111] fluxes relative to H (panel b) for
galaxies, stacks of galaxies, andiHegions. The gray con-

Figure 16a shows the excitation parameReas a function
of Ry3. Excitation increases upwards, B4 is double-valued
with metallicity, so metallicity increases to the left fdnjects
on the upper branch (the majority of the galaxies and stacks)
and increases to the right for objects on the lower branch
(most of the compiled Hi regions). Figure 16b displays an-
other projection of the same data in the space defined by the

tours (50%, 75%, and 95%) and points indicate SDSS star-dereddened [@1] A3727 and [Oi11] A5007 line fluxes rela-
forming galaxies, whose line flux measurements come fromtive to H3. The dotted lines show constdry; values, and the

the MPA-JHU catalog (Tremonti et al. 2004), after we cor-

rected their measured values for intrinsic reddening. The

dashed lines mark constant [ A3727/[O111] A5007 values.
In Figure 16, the compiled H regions predominantly over-

stacks are shown by the open and colored circles. Extragalaclap with the high excitation and higR3 tail of the galaxy dis-

tic H 11 regions with direct method metallicities are repre-

tribution in Figure 16a and the analogous highi[@ A5007

sented by the light blue contours and crosses. The dereddenetail of the galaxy distribution in Figure 16b, which corre-

line fluxes of the HI regions come from the literature compi-
lation by Pilyugin et al. (2015)

6 The original data can be found in Bresolin et al. (2004), Blieset al.
(2005), Bresolin (2007), Bresolin et al. (2009a), Bresdadinal. (2009b),
Campbell et al. (1986), Castellanos et al. (2002), de Blok & dar Hulst
(1998), Esteban et al. (2009), Fierro et al. (1986), Frea®BQ), Fricke et al.
(2001), Garnett et al. (1997), Garnett et al. (2004), Gae@rzélelgado et al.
(1994), Guseva et al. (2000), Guseva et al. (2001), Guseah €2003a),
Guseva et al. (2003b), Guseva et al. (2004), Guseva et d9)2Guseva
et al. (2011), Hagele et al. (2008), Hawley (1978), Hodge &evi(1995),
I1zotov et al. (1994), Izotov et al. (1997), Izotov & Thuan 983), I1zotov &
Thuan (1998b), Izotov et al. (1999), Izotov et al. (2001ptdw et al. (2004),
Izotov & Thuan (2004), Izotov et al. (2009), Izotov et al. {29, Kehrig
et al. (2004), Kehrig et al. (2011), Kennicutt & Skillman (2Q0Kennicutt
et al. (2003), Kinkel & Rosa (1994), Kniazev et al. (2000) bidmicky et al.
(1997), Kunth & Sargent (1983), Kwitter & Aller (1981), Leed. (2003a),
Lee et al. (2003b), Lee et al. (2004), Lee et al. (2005), Legwt al. (1979),
Lépez-Sanchez et al. (2004), Lépez-Sanchez et al. (206pg2-Sanchez &
Esteban (2009), Lopez-Sanchez et al. (2011), Luridiank @G02), Magrini
& Gongalves (2009), McCall et al. (1985), Melbourne et aDd2), Mel-
nick et al. (1992), Miller (1996), Noeske et al. (2000), Haggeal. (1980),
Pagel et al. (1992), Pastoriza et al. (1993), Peimbert et188§), Pefa
et al. (2007), Pérez-Montero et al. (2009), Popescu & Hopp@®, Pustilnik
et al. (2002), Pustilnik et al. (2003a), Pustilnik et al.3B), Pustilnik et al.
(2005), Pustilnik et al. (2006), Rayo et al. (1982), Savianal. (2008), Sed-

sponds to low metallicity galaxies. The compilediHre-
gions have direct method metallicities and therefore atlea
one detectable auroral line, usually jO] \4363. Because
the strength of the auroral lines, especiallyljQ \4363, is a
strong function of metallicity and excitation parametégge

H 11 regions were effectively selected to have low metallisitie
and high excitation parameters. Thus, they are not represen
tative of the typical conditions found in the H regions of

the galaxy sample. Empirical calibrations, which are based
on samples of Hi regions with direct method metallicities,
are not well constrained in the high metallicity, low exeita
tion regime where most galaxies and their constituent itd-
gions lie. For example, Moustakas et al. (2010) recommended
only using the empirical Pilyugin & Thuan (200B); calibra-

tion for objects withP > 0.4. When empirical calibrations are

wick & Aller (1981), Skillman (1985), Skillman & Kennicutt (B8), Skill-

man et al. (2003), Stanghellini et al. (2010), Terlevich et(&991), Thuan
et al. (1995), Thuan et al. (1999), Torres-Peimbert et al89)9Tlllmann
etal. (2003), van Zee et al. (1997), van Zee et al. (1998) 2ean(2000), van
Zee & Haynes (2006), van Zee et al. (2006), Vilchez et al. 8)98ilchez

& Iglesias-Paramo (2003), Webster & Smith (1983), and Zahidr&sBlin

(2011).
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applied to large galaxy samples, galaxy metallicities g s  Given the large discrepancies between the local strong line
tematically underestimated, particularly at low excitatand and direct method FMRs, a fair comparison between the lo-
high metallicity (Moustakas et al. 2010). Similarly, MZRs cal direct method FMR and a high redshift strong line FMR
based on empirical calibrations may have an artificially kvea is not possible. An interesting test would be to check if high
dependence on SFR. redshift direct method metallicity measurements are @nsi

The typical excitation conditions anBp3; values of the  tent with the local direct method FMR. A few studies (Hoyos
stacks are much better matched to the overall galaxy distrib et al. 2005; Kakazu et al. 2007; Yuan & Kewley 2009; Erb
tion than the compiled H regions with direct method metal- et al. 2010; Brammer et al. 2012) have reported direct method
licities. The stacks probe to both lower excitatidh & 0.2) metallicities at higher redshiftz (& 0.7-2.3), but none simul-
and higher metallicity Rx3 ~ 0.4) than the bulk of the com-  taneously provide the stellar masses and SFRs of the galaxie
piled H 11 regions. The stacks do not continue to |6 Since the FMR and its evolution provide important constsain
values k0.3), a region of parameter space populated by theon theoretical galaxy evolution models and form the basis
most massive and metal-rich galaxies in our sample. Theof empirical galaxy evolution models (Zahid et al. 2012b;
[O 1] A3727 and [O11] A5007 line fluxes of these galax- Peeples & Somerville 2012), future studies that measure all
ies vary significantly, even at the same stellar mass and SFRthree of these parameters would be valuable.
While the stacks do not reach the lowésk values of the
galaxies, they still trace the averaBg; values of the galaxies 7 4. Physical Processes Governing the MZR ang-E+-SFR
in each stack. Relation

Theoretical calibrations are based on stellar populatyor s . . . .
thesis models, like STARBURST99 (Leitherer et al. 1999), . Understanding the baryon cycling of galaxies relies heav-
and photoionization models, such as MAPPINGS (Sutherland!!y ©n the adopted relations between stellar mass, metallic
& Dopita 1993: Groves et al. 2004a,b) and CLOUDY (Ferland 1¥: @nd SFR. Traditionally, the MZR ari,~Z-SFR relation

et al. 1998). The stellar population synthesis model ge¢esra hav;: been mdeahsured withl_stgl)n%_line metr;]o?ljs. In this StUdﬁ"
an ionizing radiation field that is then processed through th W€ have used the more reliable direct method to measure the

gas by the photoionization model. The parameters in the stel MZR andM,~Z-SFR relation. The dilrect ”?ethOd MZR (Fig-
lar population synthesis model include stellar metafficiige ure 10) spans three orders of magnitude in stellar mass from
of the ionizing source, initial mass function, and star farm ~ ©9(M.) = 7.4-10.5 and thus simultaneously extends the MZR
tion history. In the photoionization model, the electromde  t© lower masses by an order of magnitude compared to strong

sity and the ionization parameter are adjustable parameter € MZRs (€.g., T04) and resolves the high mass turnover.

Because the model grids can span a wide range of parame?—rhe features of the direct method MZR that most strongly

ter space, particularly in metallicity and excitation parger, influence tlhg physmal interpretations are its low masseslop
theoretical calibrations have an advantage over empicial ~ (O/H o M,"/?), its turnover mass (log.] = 8.9), and its nor-
ibrations at high metallicity and low excitation, where émp ~ Malization (12 + log(O/H)m= 8.8). The SFR-dependence of
ical calibrations are not strictly applicable. the MZR (see Figures 11 and 12) also serves as an important
However, metallicities derived with theoretical caliboats ~ Observational constraint for galaxy evolution models. \id fi
can be significantly higher (up to 0.7 dex; see Kewley & EI- that the MZR depends strongly on SFi% 0.66; Figure 12)
lison 2008) than direct method metallicities. The mostljike at all stellar masses. , .
cause of this offset is the breakdown of one or more of the The MZR andM,—Z-SFR relation are shaped by gas in-
assumptions about the physics ofiHregions in the stellar ~ flows, gas outflows, and star formation. The interplay be-
population synthesis or photoionization models. In thézste ~ tween these three processes is complex, so hydrodynamic
population synthesis models, the ionizing source is uguall galaxy simulations (e.g., Brooks et al. 2007; Finlator & Bav
treated as a zero age main sequence starburst, which is nc#008; Davé etal. 2011b; Dave et al. 2011a) and analytic mod-
applicable for older star clusters (Berg et al. 2011), arel th €ls (€.g., Peeples & Shankar 2011; Davé et al. 2012) have been
line fluxes can change appreciably as a cluster (and the assd/sed to establish a framework to interpret the observations
ciated Hil region) ages. As elucidated by Kewley & Ellison @ physical context. Below we briefly discuss the physical im-
(2008), there are three main issues with the photoionizatio Plications of our results within the formalisms of Peeples &
models. First, they treat the nebular geometry as eitheersph  Shankar (2011) and Finlator & Dave (2008). _
ical or plane-parallel, which may not be appropriate for the = Peeples & Shankar (2011) developed an analytic model
true geometries of the i regions. Second, the fraction of for understanding the importance of outflows in governing
metals depleted onto dust grains is poorly constrained by ob the MZR based on the assumption that galaxies follow zero
servations (see Draine 2003; Jenkins 2009) but is a requirecpCatter relations between stellar mass, gas fraction, limeta
parameter of the photoionization models. Third, they agsum licity, outflow efficiency, and host halo properties. In thei
that the density distribution of the gas and dust as smooth,formalism, the primary variable controlling the MZR is the
when it is clumpy. While all these assumptions might break Metallicity-weighted mass-loading parameter,
down to some degree, it is unknown which assumption or as- .
sumptions causes metallicities based on theoreticalgtios Cuind = (Zwind> <nyind) (6)
calibrations to be offset from the direct method metailst Zism M, /'
but it is conceivable that the weak SFR dependence of theo- . o
retical strong line calibration MZRs is also due to these as- WhereZying andzsy are the wind and ISM metallicities, re-
sumptions. spectively, andwina/M. is the unweighted mass-loading pa-
One of the most intriguing findings of the Mannucci et al. T@Meter.¢uing Can be expressed in terms of the MZR and the
(2010) and Lara-Lopez et al. (2010) studies is that high red- Stellar mass—gas fraction relation by rearranging theuid=q
shift observations are consistent with no redshift evolutof ~ tion (20):
the strong line FMR up ta= 2.5 andz = 3.5, respectively. Cwind = Y/Zism —1—aFgas (7)




wherey is the nucleosynthetic yieldy is a parameter of order
unity (see their Equation 11), arflas= Mgas/M., is the gas
fraction.

If we adopt the Peeples & Shankar (2011) formalism and
their fiducial yield and stellar mass—gas fraction relatitven
we can solve for thé,—(uing relation implied by the direct
method MZR. This direct metholll,—ing relation starts at
high Cwind (Cwing ~ 15) for low mass galaxies (loyf,.] = 7.5).
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(2010) metallicity calibration, which saturates at hightate
licity.

Unlike the Mannucci et al. (2010) and TOA —Z—-SFR re-
lations, the SFR-dependence of the direct metfigdZ—SFR
relation does not change dramatically with stellar mas&ré@h
is little overlap between the constant SFR tracks in the di-
rect methodM,—Z—SFR relation (Figure 11). Furthermore,
the SFR-dependence is strorg= 0.66; see Section 5.3), so

Then,(wing decreases with increasing stellar mass, eventuallythe scatter in the direct method MZR for individual galaxies

flattening and approaching a constaitg (Cwing ~ 2) above
the turnover mass (loyf.] = 8.9). Since the D02 MZR has
a similar shape and normalization to the direct method MZR
from log(M,.) = 8.5-10.5, the direct method,—(ying rela-
tion resembles the DORI,—(ing relation shown in Figure 6
of Peeples & Shankar (2011). Also, the direct method MZR
implies a similar behavior foZ,ing andZ;sy as a function of

(if it could be measured) would be larger than the scatter in
the Mannucci et al. (2010) and T04 MZRs. Within the con-
text of the Finlator & Davé (2008) model, this means that the
direct method MZR implies a longer timescale for galaxies to
re-equilibrate than the Mannucci et al. (2010) and T04 MZRs.
We note that the direct methdd,—Z—SFR relation does not

probe above lod(,) = 10.5 because the auroral lines are un-

stellar mass as the D02 MZR (see their Figure 9). The ratio detected in this regime; however, this mass scale is where th

of Zyina/Zism inversely correlates with how efficiently winds
entrain ambient ISM. If we adopt the simple relation between
metallicity and the unweighted mass-loading parametenfro
Finlator & Davé (2008)Zism ~ Y/(1+Mying/M.), then the
direct method MZR implies an efficiency of mass ejection

that scales addying/M, o M2 for log(M,) < 9.0. The
higher{,ing for low mass galaxies relative to high mass galax-
ies could be due to more enriched winds (larggia/Zism)
or more efficient mass ejection by winds (lardéying/M,)
or both. Peeples & Shankar (2011) found that khe(ying
relation follows the general shape of the direct methbd
Cwing relation regardless of the input MZR (see their Figure
6). However, the direct method MZR requires more efficient
metal ejection by winds than theoretical strong line calilon
MZRs (T04; Z94; KK04; M91) at all stellar masses because
of the lower normalization of the direct method MZR. We
note that the yield is poorly constrained, and a higher aatbpt
yield requires more efficient outflows to produce the obsgrve
MZR.

In contrast to the Peeples & Shankar (2011) framework

discrepancies between the Mannucci et al. (2010) and T04
metallicities are the largest—potentially due to a break mow
of strong line calibrations at high metallicities (see 8mtt
7.3).

8. SUMMARY

We have measured [@], [O 1], [N 1], and [Sii] electron
temperatures, direct method gas-phase oxygen abundances,
and direct method gas-phase nitrogen to oxygen abundance
ratios from stacked galaxy spectra. We stacked the spectra
of ~200,000 SDSS star-forming galaxies in bins of (1) 0.1
dex in stellar mass and (2) 0.1 dex in stellar mass and 0.5
dex in SFR. The high SNR stacked spectra enabled the de-
tection of the temperature-sensitive auroral lines thates-
sential for metallicity measurements with the direct metho
Auroral lines are weak, especially in massive, metal-ribh o
jects, but we detect [M1] 24363 up to logfl,) = 9.4 and
[O 1] AA7320, 7330 up to logd,) = 10.5, which is gener-
ally not feasible for spectra of individual galaxies. We dise
the auroral line fluxes to derive the [@] and [O11] electron
temperatures, the'® and O ionic abundances, and the total

that assumed a zero scatter MZR (and therefore does not acyyxygen abundances of the stacks.

count for variations in the SFR or gas fraction at a fixed stel-

lar mass), the Finlator & Davé (2008) model, based on cos-

mological hydrodynamic simulations, treats the MZR as an
equilibrium condition. In their model, galaxies are peied
off the MZR by stochastic inflows but the star formation trig-

gered by the inflow of gas and the subsequent metal produc

tion returns them to the mean MZR. The rate at which galax-
ies re-equilibrate following an episode of gas inflow sets th
scatter in the MZR, which is indirectly traced by the SFR-
dependence of thél,—Z—-SFR relation.

The observed SFR-dependence of khge-Z—SFR relation
differs according to the strong line metallicity calib@atiused
to construct theM,—Z—SFR relation, as found by Yates et al.
(2012). Specifically, they used metallicities estimatethwi
the Mannucci et al. (2010) method and T04 method. At low
stellar masses, metallicity decreases with increasing ®FR
bothM,—Z-SFR relations. But at high stellar masses (Md[
2 10.5), the SFR-dependence of the TM4-Z-SFR relation
reverses, so that metallicity increases with increasing;SF
however, the Mannucci et al. (201B),—Z—SFR relation col-

We constructed the direct method mass—metallicity and
M,—Z-SFR relations across a wide range of stellar mass
(log[M,] = 7.4-10.5) and SFR (log[SFR] =1.0—2.0).
The direct method MZR rises steeply (O M,Y?) from
log(M,) = 7.4-8.9. The direct method MZR turns over at

log(M,) = 8.9, in contrast to strong line MZRs that typi-

cally turn over at higher masses (I&4]] ~ 10.5). Above

the turnover, the direct method MZR approaches an asymp-
totic metallicity of 12 + log(O/H) = 8.8, which is consistent
with empirical strong line calibration MZRs but0.3 dex
lower than theoretical strong line calibration MZRs likeeth
Tremonti et al. (2004) MZR. Furthermore, we found that the
SFR-dependence (as measured by the value thfat mini-
mizes the scatter at fixed, = log(M,) — alog(SFR) in the
fundamental metallicity relation; see Equation 1) of theedi
methodM,—Z-SFR relation is~2-3 times larger«¢ = 0.66)
than for strong linevl,—Z—SFR relationsq ~ 0.12—-0.34). Its
SFR-dependence is monotonic as a function of stellar mass,
so constant SFR tracks do not overlap, unlike strongNine
Z-SFR relations.

lapses to a single sequence that is independent of SFR. Yates We also showed that the direct method N/O relative abun-

et al. (2012) suggested that the SFR-dependence of the Mal
nucci et al. (2010M,—Z-SFR relation at high stellar mass is
obscured by the N2 indicator (which was averaged with the
metallicity estimated fronR,3) used in the Mannucci et al.

Mdance correlates strongly with oxygen abundance and even

more strongly with stellar mass. N/O exhibits a clear transi
tion from primary to secondary nitrogen enrichment as afunc
tion of oxygen abundance and stellar mass.
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of the MZR act as critical constraints on galaxy evolution
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models and are best measured by methods that do not rely?reselin, F., Schaerer, D., Gonzalez Delgado, R. M., & Siisi, G. 2005,

on strong line diagnostics, such as the direct method. Fu-g,
ture work should aim to construct a direct method MZR of
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licity objects. Furthermore, metallicities based derschel

observations of far-IR fine-structure lines will provide alw-
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