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ABSTRACT

We present a comprehensive observational study of the gesephetallicity of star-forming galaxies from
z ~ 0 — 3. We combine our new sample of gravitationally lensed galaxvith existing lensed and non-
lensed samples to conduct a large investigation into thesmetallicity (MZ) relation at > 1. We apply a
self-consistent metallicity calibration scheme to inigestie the metallicity evolution of star-forming galaxies
as a function of redshift. The lensing magnification enstitasour sample spans an unprecedented range of
stellar mass (% 10"—6x10'° My). We find that at the median redshift of= 2.07, the median metallicity
of the lensed sample is 0.35 dex lower than the local SDSSataing galaxies and 0.18 dex lower than the
z ~ 0.8 DEEP2 galaxies. We also present the- 2 MZ relation using 19 lensed galaxies. A more rapid
evolution is seen between~ 1 — 3 thanz ~ 0 — 1 for the high-mass galaxies (30 M, <M, <10
M), with almost twice as much enrichment betweer- 1 — 3 than betweerr ~ 1 — 0. We compare
this evolution with the most recent cosmological hydrodyitsimulations with momentum driven winds. We
find that the model metallicity is consistent with the obserwnetallicity within the observational error for
the low mass bins. However, for higher masses, the modelpreglicts the metallicity at all redshifts. The
over-prediction is most significant in the highest mass ib° 1! M.

Subject headingsgalaxies: abundances — galaxies: evolution — galaxiesh-heglshift — gravitational
lensing: strong

1. INTRODUCTION studies as luminosity is a direct observable. Aided by new
Soon after the pristine clouds of primordial gas collapsed sophisticated stellar population models, stellar massbean

to assemble a protogalaxy, star formation ensued, leading t robustly calculated and a tighter correlation is found ia th

the production of heavy elements (metals). Metals were syn-mass-metallicity (MZ) relation. Tremonti et al. (2004) kav
thesized exclusively in stars, and were ejected into therint  €Stablished the MZ relation for local star-forming galaxie

; : based onv 5x10° Sloan Digital Sky Survey (SDSS) galax-
stellar medium (ISM) through stellar winds or supernovae ex . , X . ;
plosions. Tracing the heavy element abundance (metglicit €S- At intermediate redshift§ {1 < » < 1), the MZ relation

; ) ; ; : o e ” has also been observed for a large number of galaxi&6Q)
}grit]giigor:rg;]rage%glliglgﬁ'prowdes a "fossil record” of ggla (e.g., Savaglio et al. 2005; Cowie & Barger 2008; Lamareille

When considered as a closed system, the metal content of %B‘;"l' 2|00.9)' %ahid ﬁt al. (2011) deri\fed the M|Z relation-for b
galaxy is directly related to the yield and gas fraction (&ea galaxies from the Deep Extragalactic Evolutionary Probe

& Sargent 1972; Pagel & Patchett 1975; Pagel & Edmunds 2 (DEEP2) survey, validating the MZ relation on a statidljca

1981; Edmunds 1990). In reality, a galaxy interacts with Significantlevel at ~ 0.8.

its surrounding intergalactic medium (IGM), hence both the _ Current cosmological hydrodynamic simulations and semi-
9 9 ( ) analytical models can predict the metallicity history ofega

overall and local metallicity distribution of a galaxy is cho ¢ i | - | 2001- .
ified by feedback processes such as galactic winds, inflows/€S On & cosmic timescale (Nagamine et al. 2001; De Lucia
and gas accretions (e.g., Lacey & Fall 1985; Edmunds & et al. 2004; Bertone et al. 2007; Brooks et al. 2007; Davé &

Greenhow 1995; Koppen & Edmunds 1999; Dalcanton 2007)_Oppenheimer 2007; Davé et al. 2011a,b). These models show

Therefore, observations of the chemical abundances ixgala thatthe shape of the MZ relation is particularly sensito/the
ies offer crucial constraints on the star formation histang  2dopted feedback mechanisms. The cosmological hydrody-

various mechanisms responsible for galactic inflows and out "@Mic simulations with momentum-driven winds models pro-
flows. vide better match with observations than energy-driverdwin

The well-known correlation between galaxy mass (lumi- M0dels (Oppenheimer & Davé 2008; Finlator & Dave 2008;

- i . Davé et al. 2011a). However, these models have not been
nosity) and metallicity was first proposed by Lequeux et al. ; =1 . v
(197%)/%. Subsequentystudies co%fir?ned they exigtence of theested thoroughly in observations, especially at highfitis

luminosity-metallicity (LZ) relation (e.g., Rubin et al984; z > 1), where the MZ relation is still largely uncertain.

Skillman et al. 1989; Zaritsky et al. 1994; Garnett 2002) As we move to higher redshifts, selection effects and small
Luminosity was used as a proxy for stellar mass in these NUMber statistics haunt observational metallicity higiud-
ies. The difficulty becomes more severe in the so-called-“red

shift desert” { < z < 3), where the metallicity sensitive op-

Holn'g‘litliltj“tsIfggg‘zsgonomyv University of Hawaii, 2680 Woodla Drive, tical emission lines have shifted to the sky-background-dom
2 Research School of Astronomy and Astrophysics, The Auatrala- inated near infrared (NIR). Ironically, this redshift ranigar-
tional University, Cotter Road, Weston Creek, ACT 2611 bors the richest information about galaxy evolution. Itis-d
3 ARC Future Fellow ing this redshift period{ 2—6 Gyrs after the Big Bang) that

* CRAL, Observatoire de Lyon, Universite Lyon 1, 9 avenue i@sa  the first massive structures condensed:; the star formaten r
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(SFR), major merger activity, and black hole accretion rate S/N can even be obtained for spatially resolved pixels tdystu
peaked; much of today’s stellar mass was assembled, andhe resolved metallicity of high-galaxies (Swinbank et al.
heavy elements were produced (Fan et al. 2001; Dickinson2009; Jones et al. 2010; Yuan et al. 2011; Jones et al. 2012).
et al. 2003; Chapman et al. 2005; Hopkins & Beacom 2006; Before 2011, metallicities have been reported for a harafful
Grazian et al. 2007; Conselice et al. 2007; Reddy et al. 2008) individually lensed galaxies using optical emission line$.5
Itis therefore of crucial importance to explore NIR speétra < z < 3 (Pettini et al. 2001; Lemoine-Busserolle et al. 2003;
galaxies in this redshift range. Stark et al. 2008; Quider et al. 2009; Yuan & Kewley 2009;
Many spectroscopic redshift surveys have been carried outlones et al. 2010). Fortunately, lensed galaxy samples with
to study star-forming galaxies at >1 in recent years (e.g., metallicity measurements have increased significantigkba
Steidel et al. 2004; Law et al. 2009). However, due to the to reliable lensing mass modeling and larger dedicated-spec
low efficiency in the NIR, those spectroscopic surveys al- troscopic surveys of lensed galaxies on 8-10 meter telescop
most inevitably have to rely on color-selection criteria &ine (Richard et al. 2011; Wuyts et al. 2012; Christensen et al.
biases in UV-selected galaxies tend to select the most mas2012).
sive and less dusty systems (e.g., Capak et al. 2004; Steidel In 2008, we began a spectroscopic observational survey de-
et al. 2004; Reddy et al. 2006). Space telescopes can observagned specifically to capture metallicity sensitive lifes
much deeper in the NIR and are able to probe a wider masdensed galaxies. Taking advantage of the multi-object-cryo
range. For example, the narrow-band Hurveys based on  genic NIR spectrograph (MOIRCS) on Subaru, we targeted
the new WFC3 camera aboard the Hubble Space Telescop&ell-known strong lensing galaxy clusters to obtain métall
(HST) have located hundreds ofdHemitters up to z = 2.23, ities for galaxies between 0.8 z < 3. In this paper, we
finding much fainter systems than observed from the groundpresent the first metallicity measurement results from our s
(Sobral et al. 2009). However, the low-resolution spectyenf vey.
the narrow band filters forbid derivations of physical pnepe Combining our new data with existing data from the litera-
ties such as metallicities that can only currently be aeglir ture, we present a coherent observational picture of thalmet
from ground-based spectral analysis. licity history and mass-metallicity evolution of star-foing
Thanks to the advent of long-slit/multi-slit NIR spectro- galaxies fronz ~ 0to z ~ 3. Kewley & Ellison (2008) have
graphs on 810 meter class telescopes, enormous progresshown that the metallicity offsets in the diagnostic method
has been made in the last decade to capture galaxies in thean easily exceed the intrinsic trends. It is of paramount im
redshift desert. For chemical abundance studies, a full cov portance to make sure that relative metallicities are coatpa
erage of rest-frame optical spectra (46@D0QA) is usually on the same metallicity calibration scale. In MZ relaticmdst
mandatory for the most robust diagnostic analysis. For 1.5ies, the methods used to derive the stellar mass can alse caus
< z < 3, the rest-frame optical spectra have shifted into systematic offsets (Zahid et al. 2011). Different SED ftin
the J, H, and K bands. It remains challenging and observa-codes can yield a non-negligible mass offset, hence mimick-
tionally expensive to obtain high signal-to-nois#/{V) NIR ing or hiding evolution in the MZ relation. In this paper, we
spectra from the ground, especially for “typical” targets a derive the mass and metallicity of all samples using the same
high-z that are less massive than conventional color-selectedmethods, ensuring that the observational data are comjpared
galaxies. Therefore, previous investigations into theatfiet a self-consistent way. We compare our observed metallicity
ity properties betweet < z < 3 focused on stacked spec- history with the latest prediction from cosmological hydye
tra, samples of massive luminous individual galaxies, oy ve namical simulations.
small numbers of lower-mass galaxies (e.g., Erb et al. 2006; Throughoutthis paperwe use a stand&@DM cosmology
Forster Schreiber et al. 2006; Law et al. 2009; Erb et al0201 with Hy= 70 km s! Mpc™—!, Q,,=0.30, and2,=0.70. We
Yabe et al. 2012). use solar oxygen abundance 12 + log(Q/H3.69 (Asplund
The first mass-metallicity (MZ) relation for galaxies at-z et al. 2009).
2 was found by Erb et al. (2006) using the stacked spectra The paper is organized as follows: Section 2 describes our
of 87 UV selected galaxies divided into 6 mass hins. Sub-lensed sample survey and observations. Data reduction and
sequently, mass and metallicity measurements have been reanalysis are summarized in Section 3. Section 4 presents an
ported for numerous individual galaxies at <5 z < 3 overview of all the samples we use in this study. Section 5 de-
(Forster Schreiber et al. 2006; Genzel et al. 2008; Hayashiscribes the methodology of derived quantities. The metblli
et al. 2009; Law et al. 2009; Erb et al. 2010). These galaxiesevolution of star-forming galaxies with redshift is pretahin
are selected using broadband colors in the UV (Lyman BreakSection 6. Section 7 presents the mass-metallicity relditio
technique; Steidel et al. 1996, 2003) or using B, z, and K- our lensed galaxies. Section 8 compares our results with pre
band colors (BzK selection; Daddi et al. 2004). The Lyman vious work in literature. Section 9 summarizes our resuits.
break and BzK selection techniques favor galaxies thatare | the Appendix, we show the morphology, slit layout, and re-
minous in the UV or blue and may therefore be biased againstduced 1D spectra for the lensed galaxies reported in our sur-
low luminosity (low-metallicity) galaxies, and dusty (jeot vey.
tially metal-rich) galaxies. Because of these biases xggda
selected in this way may not Sample the full range in metal- 2. THE LEGMS SURVEY AND OBSERVATIONS
licity at redshift z>1.

A powerful alternative method to avoid these selection ef- 2-1- The Lensed Emission-Line Galaxy Metallicity Survey

fects is to use strong gravitationally lensed galaxies.hbn t (LEGMS)
case of galaxy cluster lensing, the total luminosity an@ afe Our survey (LEGMS) aims to obtain oxygen abundance
the background sources can easily be boosted by — 50 of lensed galaxies at 0«&<3. LEGMS has taken enor-

times, providing invaluable opportunities to obtain high\S  mous advantage of the state-of-the-art instruments on Kaun
spectra and probe intrinsically fainter systems within@ re Kea. Four instruments have been utilized so far: (1) the
sonable amount of telescope time. In some cases, sufficienMulti-Object InfraRed Camera and Spectrograph (MOIRCS;



TABLE 1
MOIRCS OBSERVATION SUMMARY
Target Dates Exposure Time  PA  SeeiRg( Slitwidth  Filter/Grism
(ks) (deg) " "

Abell 1689 Apr 28,2011 50.0 60 0.5-0.8 Ks Imaging
Abell 1689 Apr 28,2010 15.6 -60 0.5-0.8 0.8 HK500
Abell 1689 Apr 29,2010 19.2 45 0.5-0.6 0.8 HK500
Abell 1689 Mar 24,2010 16.8 20 0.5-0.6 0.8 HK500
Abell 1689 Mar 25,2010 12.0 -20 0.6-0.7 0.8 HK500
Abell 1689  Apr 23, Mar 24, 2008 15.6 60 0.5-0.8 0.8 zJ500
Abell 68 Sep 29-30,2009 12.0 60 0.6-1.0 1.0 HK500, zJ500

NoTE. — Log of the observations. We use a dithering length @ for all the spectroscopic observations.

Ichikawa et al. 2006) on Subaru; (2) the OH-Suppressing < z < 3in our slit masks. We use the MOIRCS low-resolution
Infra-Red Imaging Spectrograph (OSIRIS; Larkin et al. 2006 (R~ 500) grisms which have a spectral coverage of 0.9 -1.78
on Keck II; (3) the Near Infrared Spectrograph (NIRSPEC; pm in ZJ and 1.3-2.%m in HK. To maximize the detection
McLean et al. 1998) on Keck II; (4) the Low Dispersion Imag- efficiency, we give priority to targets with the specific rbitis

ing Spectrograph (LRIS; Oke et al. 1995) on Keck I. The sci- range such that all the strong emission lines fromm[Q3727
entific objective of each instrument is as follows: MOIRCS to [N11] A6584 can be captured in one grism configuration.
is used to obtain the NIR images and spectra for multiple For instance, the redshift range of 25z < 3 is optimized
targets behind lensing clusters; NIRSPEC is used to cap-for the HK500 grism, and 1.5, z < 1.7 is optimized for the
ture occasional single field lensed targets (especialigpgyal ~ ZJ500 grism.

scale lenses); LRIS is used to obtain thel>\3727 to From UT March 2008 to UT April 2010, we used 8
[O ] A5007 spectral range for targets withz1.5. From MOIRCS nights (6 usable nights) with 4 position angles (PAs)
the slit spectra, we select targets that are have sufficietegl ~ and 6 masks to observe 25 galaxies. Metallicity quality spec
and angular sizes to be spatially resolved with OSIRIS.ig1 th tra were obtained for 12 of the 25 targets. We also include one
paper we focus on the MOIRCS observations of the lensing > > 1.5 galaxy from our observations of Abell 88The PA is

cluster Abell 1689 for targets between redshifts £.3 < 3. chosen to optimize the slit orientation along the targeted'a
Observations for other clusters are ongoing and will be pre-elongated directions. For arcs that are not oriented tomatc
sented in future papers. the PA, the slits are configured to center on the brightestiskno

The first step to construct a lensed sample for slit spec-of the arcs. We use slit widths of ¢.and 1.0, with a variety
troscopy is to find the lensed candidates (arcs) that haveof slit lengths for each lensed arc. For each mask, a bright
spectroscopic redshifts from optical surveys. The number o galaxy/star is placed on one of the slits to trace the slit cur
known spectroscopically identified lensed galaxies at % vature and determine the offsets among individual expasure
is still on the order of a few tens. The limited number of Typical integrations for individual frames are 400 s, 600 s,
lensed candidates makes it impractical to build a sample thaand 900 s, depending on levels of skyline saturation. We use
is complete and well defined in mass. A mass complete sam-an ABBA dithering sequence along the slit direction, with a

ple is the future goal of this project. Our strategy for now is dithering length of 25. The observational logs are summa-
to observe as many arcs with known redshifts as possible. Ifrized in Table 1.

we assume the AGN fraction is similar to local star-forming
galaxies, then we expeet 10% of our targets to be AGN 3. DATA REDUCTION AND ANALYSIS
dominated (Kewley et al. 2004). Naturally, lensed sample is 3.1. Reduce 1D spectrum

biased towards highly magnified sources. However, because The data reduction procedures from the raw mask data to

'l[)h”e Ihatr?;Stertr;agl;griwf;égigg;alrgsn;):eb:gggdb;[ggveadr({(s)vig%ﬂgit%e i the final wavelength and flux calibrated 1D spectra were real-
o gn I 9 & i pl . ized by a set of IDL codes called MOIRCSMOSRED. The
rinsicatly Mos: UMinous gaiaxies. codes were scripted originally by Youichi Ohyama. T.-T

bAbeII %689 tIJS choserg has tt?]e lprlmarty tar]rgbet for MOIRCS Yuan extended the code to incorporate new skyline subtrac-
observations because it has the largest numbdQ arcs, or tion (e.g., Henry et al. 2010, for a description of utilizing

~ 30 source galaxies) of spectroscopically identified lensed

arcs (Broadhurst et al. 2005; Frye et al. 2007; Limousin.et al M(\l)\}siigﬂ?r?eREZ\)/\}est version (Apr, 2011) of MOIRC-

2007). . SMOSRED to reduce the data in this work. The sky sub-
Multi-slit spectroscopy of NIR lensing surveys greatly en- 5 ion is optimized as follows. For each ame, we sub-

hances the efficiency of spectroscopy of lensed galaxies iNact a sky frame denoted a¢(B;_;+B;.,)/2), where B_;

clusters. Theoretically;- 40 slits can be observed simultane- _ -4 B., are the science frameslBeforZejLand after thex-]:;o-

ously on the two chips of MOIRCS with a total field of view sure. 'Jl'rhe scale parameteis obtained by searching through

/ / 1
g;(?[?% (s)riti i>s< rlét:igtgaagtlite{e tgﬁomun;gﬁsrigf lgrnesaedsigrgrets a parameter range of 0.5-2.0, with an increment of 0.0001.
tations, and spectral covgrage For%\l689 gghe lensed candiThe best is obtained where the root mean square (RMS) of
dates cover an area ef2’ x 2/, well within the FOV of one the residual R Ai- a((Bi-1#8:11)/2) is minimal for a user
chip. We design slit masks for chip 2, which has better sensi- s yogt of the candidates in A68 are at< 1. Due to the low spectral
tivity and less bad pixels than chip 1. There arél0 lensed  resolution in this observation, ddand [Ni1] are not resolved at < 1. We

images ¢ 25 individual galaxies) that fall in the range of 1.5 do not have sufficient data to obtain reliable metallicif@sthe z < 1 targets
in A68 and therefore exclude them from this study.
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defined wavelength regiok; and .. We find that this sky  verse of the sky OH emission as the weighting function. The
subtraction method yields smaller sky OH line residuals (  S/N per pixelis calculated from the? of the fitting. The mea-
20%) than conventional A-B methods. We also compare with sured emission line fluxes and line ratios are listed in Tdble
other skyline subtraction methods in literature (Kelso@20  The final reduced 1D spectra are shown in the Appendix.
Davies 2007). We find the sky residuals from our method . e
are comparable to those from the Kelson (2003) and Davies 3.3. Lensing Magnification
(2007) methods within 5% in general cases. However, in  Because the lensing magnificatign s not a direct func-
cases where the emission line falls on top of a strong skyline tion of wavelength, line ratio measurements do not require
our method is more stable and improves the skyline residualpre-knowledge of the lensing magnification. Howeveiis
by ~ 10% than the other two methods. needed for inferring other physical properties such asrhe i
Wavelength calibration is carried out by identifying sky- trinsic fluxes, masses and source morphologies. Paramet-
lines for the ZJ grism. For the HK grism, we use argon lines to ric models of the mass distribution in the clusters Abell 68
calibrate the wavelength since only a few skylines are avail and Abell 1689 were constructed using the Lenstool software
able in the HK band. The argon-line calibrated wavelength |_enst ool © (Kneib et al. 1993; Jullo et al. 2007). The best-
is then re-calibrated with the available skylines in HK te de fit models have been previously published in Richard et al.
termine the instrumentation shifts between lamp and seienc (2007) and Limousin et al. (2007). As detailed in Limousin
exposures. Note that the RMS of the Wavglength calibrationet gJ. (2007),Lenst ool uses Bayesian optimization with
using a 3rd order polynomial fitting is 10-20A, correspond-  a Monte-Carlo Markov Chain (MCMC) sampler which pro-
ing to a systematic redshift uncertainty of 0.006. vides a family of best models sampling the posterior proba-
A sample of AO stars selected from the UKIRT photomet- bility distribution of each parameter. In particular, webis
ric standards were observed at similar airmass as the sarget family of best models to derive the magnification and rela-
These stars were used for both telluric absorption comasti  tive error on magnificatiop associated to each lensed source.
and flux calibrations. We use the prescriptions of Erb et al. Typical errors on: are~10% for Abell 1689 and Abell 68.
(2003) for flux calibration. As noted in Erb et al. (2003),
the absolute flux calibration in the NIR is difficult with typ- 3.4. Photometry

ical uncertainties 0f~20%. We note that this uncertainty is We determine the photometry for the lensed galaxies in
even larger for lensed samples observed in multi-slitste®a  A1689 using 4-bandHST imaging data, 1-band MOIRCS
of the complicated aperture effects. The uncertaintiefén t imaging data, and 2-chanr@pitzedRAC data at 3.6 and 4.5
flux calibration are not a concern for our metallicity anéys  ;m.
where only line ratios are involved. However, these errogs a We obtained a 5,000 s image exposure for A1689 on the
a major concern for calculating SFRs. The uncertaintiesifro  MOIRCS K, filter, at a depth of 24 mag, using a scale of
the multi-slit aperture effects can cause the SFRs to chang®.117’ per pixel. The image was reduced using MCSRED
by a factor of 2-3. For this reason, we refrain from any quan- in IRAF written by the MOIRCS supporting astronomer Ichi
titative analysis of SFRs in this work. Tanakd. The photometry is calibrated using the 2MASS stars
; i located in the field.
. 32LineFitting _ , The ACS F475W, F625W, F775W, F850LP data are ob-
The emission lines are fitted with Gaussian profiles. For tazined from theHST archive. TheHST photometry are de-
the spatially unresolved spectra, the aperture used ta@xtr termined using SExtractor (Bertin & Arnouts 1996) with pa-
the spectrum is determined by measuring the Gaussian profilgameters adjusted to detect the faint background sourdes. T
of the wavelength collapsed spectrum. Some of the lensede775vy filter is used as the detection image usinGaper-
targets & 10%) are elongated and spatially resolved in the e
slit spectra, however, because of the low surface brigbtnes  The |RAC data are obtained from ti8pitzerarchive and
and thus very low S/N per pixel, we are unable to obtain us- gre reduced and drizzled to a pixel scale 46 @ixel~!. In
able spatially resolved spectra. For those targets, we makgyrder to include the IRAC photometry, we convolved HBT
an initial guess for the width of the spatial profile and foace  and MOIRCS images with the IRAC point spread functions
Gaussian fit, then we extract the integrated spectrum us&1g t (pSFs) derived from unsaturated stars. All photometria dat
aperture determined from the FWHM of the Gaussian profile. are measured using 4@radius aperture. Note that we only
_For widely separated lines such asi[DA3727, H3\4861,  consider sources that are not contaminated by nearby bright
single Gaussian functions are fitted with 4 free parameters:ga|axies:~ 70% of our sources have IRAC photometry (Ta-
the continuum. The doublet [@] A A4959,5007 are initially  mag," with uncertainties mainly from the aperture correctio
fitted as a double Gaussian function with 6 free parameters:;angd contamination of neighboring galaxies. Typical erfors
the centroids 1 and 2 , line widths 1 and 2, fluxes 1 and 2, the ACS and MOIRCS bands are 0.15 mag, with uncertainties
and the continuum. In cases where thelfDA4959 line i mainly from the Poisson noise and absolute zero-point uncer
too weak, its centroid and line velocity width are fixed to be tainties (Wuyts et al. 2012). We refer to Richard et al. (2012

the same as [@1] A5007 and the flux is fixed to be 1/3 of 5 prep) for the full catalog of the lensing magnification and
the [On1] A5007 line (Osterbrock 1989). A triple-Gaussian photometry of the lensed sources in Abell 16809.

function is fitted simultaneously to the three adjacent emis
sion lines: [NI1] A6548, 6583 and H. The centroid and ve- 4. SUPPLEMENTARY SAMPLES

locity width of [N 11] A6548, 6583 lines are constrained by the  |n addition to our lensed targets observed in LEGMS, we
velocity width of Hx A6563, and the ratio of [N] A\6548 and  also include literature data for complementary lensed and
[N 1171 A6583 is constrained to be the theoretical value of 1/3

given in Osterbrock (1989). The line profile fitting is con-  ®http://ww. oanp. fr/ cosmol ogy/ | enst ool

ducted using a2 minimization procedure which uses the in- " http://www.naoj.org/staff/ichi/MCSRED/mcsred.html



non-lensed samples at both local and highThe observa-
tional data for individually measured metallicities at-z1.5

are still scarce and caution needs to be taken when using them

for comparison. The different metallicity and mass derivat

methods used in different samples can give large systematic

discrepancies and provide misleading results. For this rea
son, we only include the literature data that have robust mea
surements and sufficient data for consistently recaladdlie
stellar mass and metallicities using our own methods. Thus,
in general, stacked data, objects with lower/upper linmitsi

ther line ratios or masses ametchosen. The one exception
is the stacked data of Erb et al. (2006), as it is the most widel
used comparison sampleat- 2.

The samples used in this work are:

(1) The Sloan Digital Sky Survey (SDSS) sample~(
0.07). We use the SDSS sample (Abazajian et al. 2009,
http://www.mpa-garching.mpg.de/SDSS/DR7/) defined by
Zahid et al. (2011). The mass derivation method used in
Zahid et al. (2011) is the same as we use in this work.
All SDSS metallicities are recalculated using the PP04N2
method, which uses an empirical fit to theljiNand Hx line
ratios of Hil regions (Pettini & Pagel 2004).

(2) The The Deep Extragalactic Evolutionary Probe 2
(DEEP2) sample { ~ 0.8). The DEEP2 sample (Davis
et al. 2003, http://www.deep.berkeley.edu/DR3/) is define
in Zahid et al. (2011). At ~ 0.8, the [NiI] and Hx lines
are not available in the optical. We convert the KKO4 R
metallicity to the PPO4N2 metallicity using the prescipis
of Kewley & Ellison (2008).

(3) The UV-selected sample ¢ 2). We use the stacked
data of Erb et al. (2006). The metallicity diagnostic used by
Erb et al. (2006) is the PPO4N2 method and no recalculation
is needed. We offset the stellar mass scale of Erb et al. 2006
by -0.3 dex to match the mass derivation method used in
this work (Zahid et al. 2012). This offset accounts for the
different initial mass function (IMF) and stellar evolutio
model parameters applied by Erb et al. (2006).

(4) The lensed sample & z < 3). Besides the 11 lensed
galaxies from our LEGMS survey in Abell 1689, we include
1 lensed sourcez( =1.762) from our MOIRCS data on
Abell 68 and 1 lensed spirak (=1.49) from Yuan et al.
(2011). We also include 10 lensed galaxies from Wuyts et al.
(2012) and 3 lensed galaxies from Richard et al. (2011),
since these 13 galaxies have I[Nand Hn measurements,
as well as photometric data for recalculating stellar masse
We require all emission lines from literature to have S/N
> 3 for quantifying the metallicity of 1< z < 3 galaxies.
Upper-limit metallicities are found for 6 of the lensed taig
from our LEGMS survey. Altogether, the lensed sample is
composed of 25 sources, 12 (6/12 upper limits) of which are
new observations from this work. Upper-limit metalliciie
are not used in our quantitative analysis.

The methods used to derive stellar mass and metallicity ar
discussed in detail in Section 5.

5. DERIVED QUANTITIES
5.1. Optical Classification

We use the standard optical diagnostic diagram (BPT) to
exclude targets that are dominated by AGN (Baldwin et al.
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FIG. 1.— Left panel: the metallicity distribution of the locaDSS (blue),
intermediatez DEEP2 (black), and high- lensed galaxy samples (red).
Right panel: the stellar mass distribution of the same sasaflo present all
three samples on the same figure, the SDSS (20577 points)EBE (1635
points) samples are normalized to 500, and the lensed sd&fpleoints) is

normalized to 100.
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1981; Veilleux & Osterbrock 1987; Kewley et al. 2006). For
all 26 lensed targets in our LEGMS sample, we find 1 tar-
get that could be contaminated by AGN (B8.2). The fraction
of AGN in our sample is therefore8%, which is similar to
the fraction (~7%) of the local SDSS sample (Kewley et al.
2006). We also find that the line ratios of the high-z lensed
sample has a systematic offset on the BPT diagram, as found
in Shapley et al. (2005); Erb et al. (2006); Kriek et al. (2007
Brinchmann et al. (2008); Liu et al. (2008); Richard et al.
(2011). The redshift evolution of the BPT diagram will be
reported in Kewley et al (2013, in preparation).

5.2. Stellar Masses

We use the softwareE PHARES (lIbert et al. 2009) to de-
termine the stellar masd.E PHARE is a photometric red-
shift and simulation package based on the population synthe
sis models of Bruzual & Charlot (2003). If the redshift is
known and held fixedl.E PHARE finds the best fitted SED
on ax? minimization process and returns physical parameters
such as stellar mass, SFR and extinction. We choose the ini-
tial mass function (IMF) by Chabrier (2003) and the Calzetti
et al. (2000) attenuation law, with(B — V) ranging from O
to 2 and an exponentially decreasing SFR (SF& */7) with
7 varying between 0 and 13 Gyrs. The errors caused by emis-
sion line contamination are taken into account by manually
increasing the uncertainties in the photometric bands eher
emission lines are located. The uncertainties are scaled ac
cording to the emission line fluxes measured by MOIRCS.
The stellar masses derived from the emission line corrected
photometry are consistent with those without emission line
correction, albeit with larger errors in a few cases(.1 dex
in log space). We use the emission-line corrected photaenetr
stellar masses in the following analysis.

5.3. Metallicity Diagnostics

The abundance of oxygen (12+log(O/H)) is used as a
proxy for the overall metallicity of Hi regions in galaxies.
The oxygen abundance can be inferred from the strong re-

8 www.cfht.hawaii.edu/~arnouts/ LEPHARE /lephare.html
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FIG. 2.— TheZz plot: metallicity history of star-forming galaxies fromdshift 0 to 3. The SDSS and DEEP2 samples (black dots) are fagm Zahid
etal. (2011). The SDSS data are plotted in bins to reduc@Misowdedness. The lensed galaxies are plotted in blues(tljppit objects in green arrows), with
different lensed samples showing in different symbols Sgare 6 for the legends of the different lensed samplesg. piliple “bowties” show the bootstrapping
mean (filled symbol) and median (empty symbol) metallisitend the & standard deviation of the mean and median, whereas theeodashed error bars
show the & scatter of the data. For the SDSS and DEEP2 samples|dtherrors of the median metallicities are 0.001 and 0.006 goetnible from the
figure), whereas for the lensed sample tkescatter of the median metallicity is 0.067. Upper limits exeluded from the median and error calculations. For
comparison, we also show the mean metallicity of the UVetel galaxies from Erb et al. (2006) (symbol: the black bewtiThe 6 panels show samples in
different mass ranges. The red dotted and dashed lineseanedtiel predicted median ate scatter (defined as including 68% of the data) of the SFRwtedty
gas metallicity in simulated galaxies (Davé et al. 2011b).

combination lines of hydrogen atoms and collisionally ex- base calibration. The discrepancy among different diagnos
cited metal lines (e.g., Kewley & Dopita 2002). Before do- tics can be as large as 0.7 dex for a given mass, large enough
ing any metallicity comparisons across different samplek a to mimic or hide any intrinsic observational trends. Kewgey
redshifts, it is essential to convert all metallicitieslhe same  Ellison (2008) (KE08) have shown that both the shape and the
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amplitude of the MZ relation change substantially witheliff ~ the 50000 replicated samples to measure the mean, median
ent diagnostics. For this work, we convert all metalligtte and standard deviations of the initial sample. This method
the PPO4N2 method using the prescriptions from KE08. prevents artifacts from small-number statistics and presi
For our lensed targets with only [N and Hy, we use the  robust estimation of the median, mean and errors, especiall
N2 =log([N11] A6583/Hx) index, as calibrated by Pettini & for the highz lensed sample.
Pagel (2004) (the PP04N2 method). All lines are required The fraction of low-mass (M <10’ M) galaxies is largest
to have S/N-3 for reliable metallicity estimations. Lines (31%) in the lensed sample, compared to 9% and 5% in the
that have S/N3 are presented as®Bupper limits. For tar-  SDSS and DEEP2 samples respectively. Excluding the low-
gets with only [O1] to [O11] lines, we use the indicator mass galaxies does not notably change the median metallicit
Ros = ([O11] A3727 + [O111] AA4959, 5007)/H$ to calculate  of the SDSS and DEEP2 samples (.01 dex), while it in-
metallicity. The formalization is given in Kobulnicky & Kew  creases the median metallicity of the lensed sample By05
ley (2004) (KK04 method). The upper and lower branch de- dex. To investigate whether the metallicity evolution et
generacy of B can be broken by the value/upper limit of entfor various stellar mass ranges, we separate the saimples
[N11}/He. If the upper limit of [NII]/Ha is not sufficient or  different mass ranges and derive the mean and median metal-
available to break the degeneracy, we calculate both the upficities (Table 2). The mass bins of AWM, <M, <10’ M,
per and lower branch metallicities and assign the stagistic and 16> My <M, <10'! Mg are chosen such that there
errors of the metallicities as the range of the upper anddowe are similar number of lensed galaxies in each bin. Alterna-
branches. The KK04 R metallicity is then converted to the tively, the mass bins of POM, <M, <10'° M, and 10°
PP04N2 method using the KEOS prescriptions. The line fluxesM, <M, <10'' M, are chosen to span equal mass scales.
and metallicity are listed in Table 4. For the literaturesqate We plot the metallicity Z) of all samples as a function of
have recalculated the metallicities in the PP04N2 scheme. redshiftz in Figure 2 (dubbed th&z plot hereafter). The
The statistical metallicity uncertainties are calculatsd first panel shows the complete observational data usedsn thi
propagating the flux errors of the [N and Hx lines. The study. The following three panels show the data and model
metallicity calibration of the PP0O4N2 method itself hassa 1  predictions in different mass ranges. The samples at loxhl a
dispersion of 0.18 dex (Pettini & Pagel 2004; Erb et al. 2006) intermediate redshifts are large enough such that therd
Therefore, for individual galaxies that have statisticatat- rors of the mean and median metallicity are smaller than the
licity uncertainties of less than 0.18 dex, we assign erobrs  symbol sizes on th&z plot (0.001-0.006 dex). Although the
0.18 dex. z > 1 samples are still composed of a relatively small number
Note that we are not comparing absolute metallicities be- of objects, we suggest that the lensed galaxies and their boo
tween galaxies as they depend on the accuracy of the calibrastrapped mean and median values more closely represent the
tion methods. However, by re-calculating all metallicti® average metallicities of star-forming galaxieszat> 1 than
the same calibration diagnostic, relative metallicitias be Lyman break, or B-band magnitude limited samples because
compared reliably. The systematic error of relative migfiall ~ the lensed galaxies are selected based on magnificatiar rath
ties is< 0.07 dex for strong-line methods (Kewley & Ellison than colors. Although we do note that there is still a magni-
2008). tude limit and flux limit for each lensed galaxy.
6. THE COSMIC EVOLUTION OF METALLICITY FOR We deriv“e the metallic'i,ty evolution in units of “dex per red-
STAR-FORMING GALAXIES shift” and “dex per Gyr” using both the mean and median
Th Relati values. The metallicity evolution can be characterizedhay t
_ _ 6.1. TheZz Relation _ _ _ slope ¢2) of the Zz plot. We computeZ2 for two redshift
_In this section, we present the observational investiga-gnges: ~ 0 — 0.8 (SDSS to DEEP2) and~ 0.8 — ~2.5
tion into the cosmic evolution of metallicity for star-fonng (DEEP2 to Lensed galaxies). As a comparison, we also de-
galaxies from redshift O to 3. The metallicity in the local e 42 from . ~ 0.8t0 2.5 using the DEEP2 and the Erb06
universe is represented by the SDSS sample (20577 obJectsS dIZ I ircles/li in Fi 3). We deri
(z) = 0.072 + 0.016). The metallicity in the intermediate- >3MP esl (ye OV]Y mg_:ﬁes INESs I tI)QUfeW)- 4 e derive selpa-
redshift universe is represented by the DEEP2 sample (16332t€ evg utions for different mass bins. We show our result |
objects, (z) = 0.78 £ 0.02). For redshiftl < z < 3, |gAure llici lution. i | ich aeikes
we use 19 lensed galaxies (plus 6 upper limit measurements} prc]).sﬁve mﬁtal 'C't3|/ evo utlon,_l.e.,bmetla ]f' enréq gﬁ
((2) = 1.91 £ 0.61) to infer the metallicity range. rom high-z to the local universe, is robustly found in all mass
PP bins fromz ~ 0.8 — 0. This positive evolution is indicated
The redshift distributions for the SDSS and DEEP2 sam- i P dZ N
ples are very narrowXz ~ 0.02), and the mean and me- DY the negative values df (or ;%) in Figure 3. The
dian redshifts are identical within 0.001 dex. Whereas for negative signs (both mean and median){%fare significant
dex higher than the mean redshift. There are twe B.9 2 510 0.8, howeverd is marginally smaller than zero at
objects in the lensed sample, and if these two objects are eXiya .1 & level from the Lenseds DEEP2 samples. If using
cluded, the mean and median redshifts for the lensed sampk?h Erb06-s DEEP2 les. th tallicit | .t'oé’%
are(z) = 2.03 £ 0.54, Zmedian = 2.09 (see Table 2). e Er samples, the metallicity evolutiof()

The overall metallicity distributions of the SDSS, DEEP2, fromz ~ 2.510 0.8 is consistent with zero withinl o of the
and lensed samples are shown in Figure 1. Since thel measurement errors. The reason that there is no metallicity

sample size is 2-3 orders of magnitude smaller tharn thel evolution from thez ~ 2 Erb06— =z ~ 0.8 DEEP2 samples
samples, we use a bootstrapping process to derive the meaffi@y be due to the UV-selected sample of Erb06 being biased
and median metallicities of each sample. Assuming the mea-{owards more metal-rich galaxies. .

sured metallicity distribution of each sample is represtve The right column of Figure 3 is used to interpret the de-
of their parent population, we draw from the initial sample a Celération/acceleration in metal enrichment. Declele_matl
random subset and repeat the process for 50000 times. We ug@€ans the metal enrichment ratg s 5=A dex Gyr') is



TABLE 2
MEDIAN/MEAN REDSHIFT AND METALLICITY OF THE SAMPLES
Sample Redshift Metallicity (12 + log(O/H))
> 10" Mg (all) > 107Mg 109 9°5Mg  109°"1TMg 109 %My 107911
Mean

SDSS  0.0720.016 8.58%0.001 8.616E0.001 8.47%0.002 8.66&0.001 8.58%0.00I 8.73H0.001
DEEP2 0.7820.018 8.45%0.004  8.464:0.004 8.3730.006 8.5120.005 8.425-0.004 8.583-0.006
Erb06 2.26:0.17 8.4180.051  8.4180.050 8.26%0.046 8.4930.030 8.316:0.052 8.52@-0.028
Lensed 1.9% 0.63 8.274:0.045  8.30%0.049 8.296:0.090 8.336:0.066 8.3130.083 8.302-0.086

Median
SDSS 0.072 8.6310.001 8.646+0.001 8.475-0.003 8.6740.001 8.6140.001 8.73&0.001
DEEP2 0.783 8.4650.005 8.472£0.006 8.36Z20.009 8.537#0.008 8.42#0.008 8.614-0.006
Erb06 e 8.459+0.065  8.459+0.065 8.2940.056 8.5153-0.048 8.31%0.008 8.52%0.043
Lensed 2.07 8.2860.059  8.335-0.063 8.3030.106 8.346:0.085 8.3130.083 8.372-0.094
NoOTE. — The errors for the redshift are thier standard deviation of the sample redshift distributiont (ine o of the

mean/median). The errors for the metallicity are thestandard deviation of the mean/median from bootstrapping.

dropping from highz to low-z. Using our lensed galax- (2007) found that the outflows are key to regulating metallic
ies, the mean rise in metallicity 5055 4 0.014 dex Gyr* ity, while inflows play a second-order regulation role.
for = ~ 2.5 — 0.8, and0.022 + 0.001 dex Gyr ! for The model of Davé et al. (2011a) focuses on the metal
z ~ 0.8 — 0. The Mann-Whitney test shows that the mean content of star-forming galaxies. Compared with the previ-
rises in metallicity are larger for ~ 2.5 — 0.8 than for ous work of Davé & Oppenheimer (2007), the new simula-
z ~ 0.8 — 0 at a significance level of 95% for the high tions employ the most up-to-date treatment for supernogla an
mass bins (10° M, <M, <10'' M,). For lower mass bins, ~ AGB star enrichment, and include an improved version of the
the hypothesis that the metal enrichment rates are the samemomentum-driven wind models (theew model) where the
forz ~ 2.5 — 0.8 andz ~ 0.8 — 0 can not be rejected wind properties are derived based on host galaxy masses (Op-
at the 95% confidence level, i.e, there is no difference in the penheimer & Davé 2008). The model metallicity in Davé
metal enrichment rates for the lower mass bin. Interestingl et al. (2011a) is defined as the SFR-weighted metallicity of
if the Erb06 sample is used instead of the lensed sample, thall gas particles in the identified simulated galaxies. This
hypothesis that the metal enrichment rates are the same fomodel metallicity can be compared directly with the metal-
z ~ 25 — 08andz ~ 0.8 — 0 can not be rejected licity we observe in star-forming galaxies after a constdfit
at the 95% confidence level for all mass bins. This meansset normalization to account for the uncertainty in the abso
that statistically, the metal enrichment rates are the Same  lute metallicity scale (Kewley & Ellison 2008). The offset i
z ~ 25— 0.8andz ~ 0.8 — 0 for all mass bins from the  obtained by matching the model metallicity with the SDSS
Erb06— DEEP2— SDSS samples. metallicity. Note that the model has a galaxy mass resolu-
The clear trend of the average/median metallicity in galax- tion limit of M, ~10° M. For theZz plot, we normalize
ies rising from high-redshift to the local universe is not-su the model metallicity with the median SDSS metallicity com-
prising. Observations based on absorption lines have showrputed from all SDSS galaxies10’ M. For the MZ rela-
a continuing fall in metallicity using the dampedd.gbsorp- tion in Section 7, we normalize the model metallicity witle th
tion (DLA) galaxies at higher redshifts (~ 2 — 5) (e.g., SDSS metallicity at the stellar mass of'10/ .
Songaila & Cowie 2002; Rafelski et al. 2012). There are sev- We compute the median metallicities of the Davé et al.
eral physical reasons to expect that highjalaxies are less  (2011a) model outputs in redshift bins from= 0to z = 3
metal-enriched: (1) high-galaxies are younger, have higher with an increment of 0.1. The median metallicities with 1
gas fractions, and have gone through less generationsrof staspread (defined as including 68% of the data) of the model at
formation than local galaxies; (2) high-galaxies may be each redshift are overlaid on the observational data ir¥.the
still accreting a large amount of metal-poor pristine gasifr ~ plot.
the environment, hence have lower average metallicit®s; (  We compare our observations with the model prediction in
high-z galaxies may have more powerful outflows that drive 3 ways:
the metals out of the galaxy. Itis likely that all of these mec (1) We compare the observed median metallicity with the
anisms have played a role in diluting the metal content &t hig model median metallicity. We see that for the lower mass

redshifts. bins (1093, 10°~1° M), the median of the model metal-
) ) licity is consistent with the median of the observed meatalli
6.2. Comparison between tt#z Relation and Theory ity within the observational errors. However, for highergsa

We compare our observations with model predictions from bins, the model over-predicts the metallicity at all reéshi
the cosmological hydrodynamic simulations of Davé et al. The over-prediction is most significantin the highest mass b
(2011a,b). These models are built within a canonical hier- of 10'°~'! M, where the Student's t-statistic shows that the
archical structure formation context. The models take into model distributions have significantly different meansittiee
account the important feedback of outflows by implement- observational data at all redshifts, with a probability eirty a
ing an observation-motivated momentum-driven wind model chance difference of 10~%, < 10~%, 1.7%, 5.7% for SDSS,
(Oppenheimer & Davé 2008). The effect of inflows and merg- DEEP2, the Lensed, and the Erb06 samples respectively. For
ers are included in the hierarchical structure formation of the alternative high-mass bin of 20~'! M, the model also
the simulations. Galactic outflows are dealt specifically in over-predicts the observed metallicity except for the BrbO
the momentum-driven wind models. Davé & Oppenheimer Sample, with a chance difference between the model and ob-
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FIG. 3.— Cosmic metal enrichment rat%—g() in two redshift (cosmic time) epoch% is defined as the slope of thz relation. Left coloumn show%%
in unit of Adex per redshift whereas the right coloumn is in unitdex per Gyr. We derivéfi—g for the SDSS to the DEEP2 (~ 0 to 0.8), and the DEEP2

to the LensedA{ ~ 0.8 to 2.0) samples respectively (black squares/lines). Aswapeosison, we also deriv%% from z ~ 0.8 to 2.0 using the DEEP2 and the
Erb06 samples (yellow circles/lines). Filled and emptyzsqs are results from the mean and median gquantities. Thelmpatliction (using median) from the
cosmological hydrodynamical simulation of Davé et al.1(28) is shown in red stars. The second to fifth rows sl%év\in different mass ranges. The first row

illustrates the interpretation of tr% in redshift and cosmic time frames. A negative valueffléfmeans a positive metal enrichment from high-redshift talloc
universe. The negative slope é% versus cosmic time (right column) indicates a deceleratianetal enrichment from from high-to low-z.
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servations ok 1078, < 1078, 1.7%, 8.9%, 93% for SDSS,
DEEP2, the Lensed, and the Erb06 samples respectively.

(2) We compare the scatter of the observed metallicity (or-
ange error bars ofz plot) with the scatter of the models (red
dashed lines). For all the samples, thestatter of the data 5
from the SDSS { ~ 0), DEEP2¢ ~ 0.8), and the Lensed
sample £ ~ 2) are: 0.13, 0.15, and 0.15 dex; whereas the
10 model scatter is 0.23, 0.19, and 0.14 dex. We find that the
observed metallicity scatter is increasing systematicasl a
function of redshift for the high mass bins whereas the model
does not predict such a trend: 0.10, 0.14, 0.17 dex c.f. model
0.17, 0.15, 0.12 dex; 61! M, and 0.07, 0.12, 0.18 dex
c.f. model 0.12, 0.11, 0.10 dex ; 10°'!! M, from SDSS—
DEEP2— the Lensed sample. Our observed scatter is in tune ]
with the work of Nagamine et al. (2001) in which the pre- 10 " 12
dicted stellar metallicity scatter increases with redsiote Loa (M. /M
that our lensed samples are still small and have large mea- 09 (Mytar/Mo)
surement errors in metallicity~( 0.2 dex). The discrepancy  FiG. 4.— SFRvs. stellar mass relation. The light-blue, bluel @l lines

ow the best-fit SFR vs. stellar mass relation from the SDEEP2, and
between the observed scatter and models needs to be l‘urth%f:b06 samples respectively (Zahid stal 2011), see alle B, Back dots

confirmed with a |arger sample. ) are the lensed sample used in this work. The SFR for the lesemgle is
(3) We compare the observed SlO[%I of theZz plot with derived from the K flux with dust extinction corrected from the SED fitting.

. . . The errors on the SFR of the lensed sample are statistiaaisesf the Hx
the model predictions (Figure 3). We find the Obser%éds fluxes. Systematic errors of the SFR can be large (a factor3)ffar our

consistent with the model prediction within the observadio  lensed galaxies due to complicated aperture effects (Be8tl).
errors for the undivided sample of all masse$0’° M.

However, when divided into mass bins, the model predicts e relationship between the SFR and #en becomes:
a slower enrichment than observations frem 0 — 0.8 for '

Ig(SFR)

L A U L L B R U

o]
o

the lower mass bin of PO)*;(‘; N1|?' and fromz ~ 0.8 — 2.5 log,o(SFR(2)) = 6(2) + v(2)[logyo (M, /Mg) — 10] (1)
h . 0 o i
}‘g\r/g]e higher mass bin of Mg at a 95% significance As an example, we show in Figure 4 the SFR vs, fé-

lation at three redshifts:(~ 0, 0.8,2). The best-fit values of
0(z) andvy(z) are listed in Table 3.
Using the Kennicutt (1998) relation between SFR and:H

Dave etal. (2011) showed that their models over-predict the
metallicities for the highest mass galaxies in the SDSSyThe
suggested that either (1) an additional feedback mechanism

might be needed to suppress star formation in the most mas- SFR=179x10"*L(Ha)[ergs s~ ] )
sive galaxies; or (2) wind recycling may be bringing in highl o o o
enriched material that elevates the galaxy metallicitiess and the N2 metallicity calibration (Pettini & Pagel 2004):

unclear from our data which (if any) of these interpretagion _
is correct. Additional theoretical investigations spegifiy 12 +log(O/H) = 8.90 + 0.57 x log;o[N1I]/Hev, - (3)

focusing on metallicities in the most massive active g@&sxi we can then derive a metallicity detection limit. We combine

are needed to determine the true nature of this discrepancy. Equations (1), (2) and (3), and assume the/[Xlux is greater
than the instrument flux detection limit. We provide the de-
tection limit for the PPO4N2 diagnosed MZ relation:

7. EVOLUTION OF THE MASS-METALLICITY RELATION

7.1. The Observational Limit of the Mass-Metallicity Zmet = [10g1o(finst/ 1) +210gyo Dr(z) — (2) .
Relation (4)

N R . M, — f(z) + logy9(4m)]0.57 + 8.9
For the N2 based metallicity, there is a limiting metalicit
below which the [N1] line is too weak to be detected. Since ~ Where:
[N 1] is the weakest of the H+[N 11] lines, it is therefore _ _ -~ )
the flux of [N11] that drives the metallicity detection limit. Bl2) = 0(2) = ()10 + 42 = log, 7-9; )
Thus, for a given instrument sensitivity, there is a region 0  §(z), v(z) are defined in Equation (1f;,s: is the instrument

the mass-metallicity relation that is observationally lotain- flux detection limit inergs s~! em™2; 1 is the lensing mag-
able. Based on a few simple assumptions, we can derive thanification in flux; D, (z) is the luminosity distance iom.
boundary of this region as follows. The slope of the mass-metallicity detection limit is rethte

Observations have shown that there is a positive correlatio to the slope of the SFR-mass relation, whereas the y-inerce
between the stellar madd, andSF'R (Noeske et al. 2007b;  of the slope depends on the instrument flux limit (and flux
Elbaz et al. 2011; Wuyts et al. 2011). One explanation for magnification for gravitational lensing), redshift, ana
the M, vs. SFR relation is that more massive galaxies haveintercept of the SFR-mass relation.
earlier onset of initial star formation with shorter timakss Note that the exact location of the boundary depends on
of exponential decay (Noeske et al. 2007a; Zahid et al. 2012) the input parameters of Equation 8. As an example, we use
The shape and amplitude of the SFR W, relation at dif-  the §(z) and~(z) values of the Erb06 and Lensed samples
ferent redshift: can be characterized by two parametgrs respectively (Table 3). We show the detection boundary for
andv(z), whereé(z) is the logarithm of the SFR a0'° M, three current and future NIR instruments: Subaru/MOIRCS,
and~y(z) is the power law index (Zahid et al. 2012). KECK/NIRSPEC and JWST/NIRSpec. The instrument flux
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FIG. 5.— The instrument detection limit on the MZ relation. Weegthe dependence of this detection limit in Equation 4. Shbere are examples of
the detection limit based on given parameters specified lsvo The solid lines use the parameters based on the nkRs-€ation of the Erb06 sample:
6 = 1.657 andy = 0.48 at z = 2.26. The dashed lines use the parameters based on the massi&iR i&f the Lensed samplé: = 2.02 and~y = 0.69
atz = 2.07 (see Figure 4; Table 3). The parameters adopted for thaimstmt flux limit are given in Section 7.1. The lensing magaifin () are fixed
at 1.0 (i.e., non-lensing cases) for Subaru/MOIRCS (bles) and JWST/NIRSpec (light blue). The red lines show thectien limits for KECK/NIRSPEC
with different magnifications. Black filled triangles shoaetErb et al. (2006) sample. We show that stacking and/oimgmsagnification can help to push the
observational boundary of the MZ relation to lower mass awethiticity regions. For example, Erb et al. (2006) usedlsddNIRSPEC spectra withv ~ 15

spectra in each mass bin. The effect of stackiNg~{ 15 per bin) is similar to observing with a lensing magnifioatof ;. ~ 4.

FIT TO THE SFR-STELLAR MASS RELATION

TABLE 3

ing magnification of~55, we reach the sensitivity of JWST
using KECK/NIRSPEC. Stacking can also push the observa-
tions below the instrument flux limit. For instance, the- 2

Erb et al. (2006) sample was obtained from stacking the NIR-

Sample Redshift (Mean) 1) ¥ ! - C
SPEC spectra of 87 galaxies, with1l5 spectra in each mass
SDSS 0.072 0.31#0.003  0.71::0.01 bin, thus the Erb06 sample has been able to proldetimes
DEEP2 0.78 0.7950.009  0.69-0.02 : .
Erb06 226 1.6520.027 0.48-0.06 deeper than the nominal detection boundary of NIRSPEC.
Lensed (Wuyts12) 1.69 2.931.28  1.470.14 The observational detection limit on the MZ relation is im-
Lensed (all) 2.07 2.020.83  0.69-0.09 portant for understanding the incompleteness and biases of
samples due to observational constraints. However, we cau-
NoTE. — The SFR vs. stellar mass relations at different redsleiis be

characterize by two parametetéz) and~(z), whered(z) is the logarithm of
the SFR at0'% M, , and~(z) is the power law index. The best fits for the non-
lensed samples are adopted from Zahid et al. (2012). Théditsefr the lensed
sample are calculated for the Wuyts et al. (2012) sample lasdavhole lensed
sample separately.

detection limit is based on background limited estimation i
10° seconds (flux in units of 10'® ergs s* cm~2 below). For
Subaru/MOIRCS (low resolution mode, HK500), we adopt
finst = 23.0 based on thesluncertainty of our MOIRCS
spectrum (flux=4.6 in 10 hours), scaled 8 10° seconds.
For KECK/NIRSPEC, we us€;,,; = 12.0, based on thesl
uncertainty of Erb et al. (2006) (flux=3.0 in 15 hours), sdale
to 30 in 10° seconds. For JWST/NIRSpec, we ugg.; =
0.17, scaled to@in 10° second%

Since lensing flux magnification is equivalent to lowering
the instrument flux detection limit, we see that with a lens-

9 http://www.stsci.edu/jwst/instruments/nirspec/stvisy/

tion that the relation betweet),,., and M, in Equation 4 will
have significant intrinsic dispersion due to variationshe t
observed properties of individual galaxies. This inclusiest-

ter in the M,-SFR relation, the N2 metallicity calibration, the
amount of dust extinction, and variable slit losses in spect
scopic observations. For example, a scatter of 0.8 déxan

the lensed sample (Table 3) implies a scatter of approxignate
0.5 dex inZ,,¢;. In addition, Equations 2 and 4 include im-
plicit assumptions of zero dust extinction and no slit I@sgh

that the derived line flux is overestimated (ang.; is under-
estimated). Because of the above uncertainties and biases i
the assumptions we made, Equation 4 should be used with due
caution.

7.2. The Evolution of the MZ Relation

Figure 6 shows the mass and metallicity measured from the
SDSS, DEEP2, and our lensed samples. The Erb et al. (2006)
(Erb06) stacked data are also included for comparison. We
highlight a few interesting features in Figure 7:
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ure 7. Davé et al. (2011a) applied a constant offset of the
(1) To first order, the MZ relation still exists at ~ 2, model metallicities by matching the amplitude of the model
i.e., more massive systems are more metal rich. The PearsoMZ relation atz ~ 0 with the observed local MZ relation of
correlation coefficient i3 = 0.33349, with a probability of Tremonti et al. (2004, T04) at the stellar mass ot’1® .
being a chance correlation &f = 17%. A simple linear fit ~ Davé et al. (2011a) found that the characteristic shape and
to the lensed sample yields a slope of 0464033, with a scatter of the MZ relation from thezw model matches the
y-intercept of 6.8:0.3. T04 MZ relation between T M, <M, <1010 within
the 1o model and observational scatter. However, since both
(2) All z > 1 samples show evidence of evolution to lower the slope and amplitude of the T04 SDSS MZ relation are
metallicities at fixed stellar masses. At high stellar mass significantly larger than the SDSS MZ relation derived using
(M, >10' My,), the lensed sample has a mean metallicity the PP0O4N2 method (Kewley & Ellison 2008), the PPO4N2-
and a standard deviation of the mean of &8105, whereas  normalized MZ relation from the model does not recover the
the mean and standard deviation of the mean for the ErbO8ocal MZ relation withinlo.
sample is 8.520.03. The lensed sample is offset to lower In addition, the stellar mass measurements from different
metallicity by 0.11-0.06 dex compared to the Erb06 sample. methods may cause a systematic offsets in the x-direction of
This slight offset may indicate the selection difference the MZ relation (Zahid et al. 2011). As a result, even though
between the UV-selected (potentially more dusty and metalthe shape, scatter, and evolution with redshifts are ingepe
rich) sample and the lensed sample (less biased towards U\ent predictions from the model, systematic uncertairities

bright systems). metallicity diagnostics and stellar mass estimates do hot a
low the shape to be constrained separately.
(3) At lower mass (M <10°* M), our lensed sample In the right panel of Figure 7, we allow the model slopg, (
provides 12 individual metallicity measurementszat> 1. metallicity amplitude £), and stellar mass (M) to change

The mean metallicity of the galaxies with M<10”4 M, is slightly so that it fits the local SDSS MZ relation. As-
8.25+0.05, roughly consistent with the8.20 upper limit of suming that this change in slopAg), and x, y amplitudes
the stacked metallicity of the lowest mass bin, (M-10°! (AZ, AM,) are caused by the systematic offsets in observa-
M) of the Erb06 galaxies. tions, then the saméa, AZ, and AM, can be applied to
model MZ relations at other redshifts. Although normalggin
(4) Compared with the Erb06 galaxies, there is a lack of the model MZ relation in this way will make the model lose
the highest mass galaxies in our lensed sample. We notgrediction power for the shape of the MZ relation, it at least
that there is only 1 object with M >10'%4 M, among leaves the redshift evolution of the MZ relation as a testabl
all three lensed samples combined. The lensed samplanodel output.
is less affected by the color selection and may be more Despite the normalization correction, we see from Figure 7
representative of the mass distribution of highalaxies. In that the models predict less evolution from 2 to z~ 0 than
the hierarchical galaxy formation paradigm, galaxies grow the observed MZ relation. To quantify, we divide the model
their masses with time. The number density of massive data into two mass bins and derive the mean andchtter in
galaxies at high redshift is smaller than at~ 0, thus each mass bin as a function of redshift. We define the “mean
the number of massive lensed galaxies is small. Selectionevolved metallicity” on the MZ relation as the difference be
criteria such as the UV-color selection of the Erb06 and tween the mean metallicity at redshifand the mean metal-
SINs (Genzel et al. 2011) galaxies can be applied to tar-licity at z ~ 0 at a fixed stellar mass (log (O/H) 0] —
get the high-mass galaxies on the MZ relation at high retishif log (O/H) [z~2]). The “mean evolved metallicity” errors are
calculated based on the standard errors of the mean.
7.3. Comparison with Theoretical MZ Relations asln aFl]%lﬁ]rcetioi v;? ggtshﬁ?te foTetevrl) er\é(:;/Se d bmg:talg%lct)y
Understanding the origins of the MZ relation has been the M, <M, <10°% Mg, 10°° My <M, <10 M. We cal-
driver of copious theoretical work. Based on the idea that culate the observed “mean evolved metallicity” for DEEP2
metallicities are mainly driven by an equilibrium among-sste and our lensed sample in the same mass bins. We see that
lar enrichment, infall and outflow, Finlator & Davé (2008-d  the observed mean evolution of the lensed sample are largely
veloped smoothed particle hydrodynamic simulations. Theyuncertain and no conclusion between the model and obser-
found that the inclusion of a momentum-driven wind model vational data can be drawn. However, the DEEP2 data are
(vzw) fits best to thez ~ 2 MZ relations compared to  well-constrained and can be compared with the model.
other outflow/wind models. The updated version of theiw We find that atz ~ 0.8, the mean evolved metallicity of
model is described in detail in Davé et al. (2011a). We over- the high-mass galaxies are consistent with the mean evolved
lay the Davé et al. (2011a)zw model outputs on the MZ  metallicity of the models. The observed mean evolved metal-
relation in Figure 7. We find that the model does not repro- licity of the low-mass bin galaxies is 0.12 dex larger than
duce the MZ redshift evolution seen in our observations. We the mean evolved metallicity of the models in the same mass
provide possible explanations as follows. bins.
Kewley & Ellison (2008) found that both the shape and
scatter of the MZ relation vary significantly among differ- 8. COMPARE WITH PREVIOUS WORK IN LITERATURE
ent metallicity diagnostics. This poses a tricky normaliza  In this Section, we compare our findings with previous
tion problem when comparing models to observations. Forwork on the evolution of the MZ relation.
example, a model output may fit the MZ relation slope from  For low masses (£0M,), we find a larger enrichment (i.e.,
one strong-line diagnostic, but fail to fit the MZ relatiooifin smaller decrease in metallicity) between~ 2 — 0 than
another diagnostic, which may have a very different slope. either the non-lensed sample of Maiolino et al. (2008) (0.15
This is exactly what we are seeing on the left panel of Fig- dex c.f. 0.6 dex) or the lensed sample of Wuyts et al. (2012);
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Richard et al. (2011) (0.4 dex). These discrepancies may reM, <M, <10 M) of our samples. The deceleration in
flect differences in metallicity calibrations applied. dtdlear metal enrichment from ~ 2 — 0.8toz ~ 0.8 — 0is
that a larger sample is required to characterize the trueamea consistent with the picture that the star formation and mass
and spread in metallicities at intermediate redshift. Nb& assembly peak between redshift 1 and 3 (Hopkins & Beacom
the lensed samples are still small and have large measutemer2006). The deceleration is larger by 0.64®013 dex Gyr?
errors in both stellar masses (0.1 to 0.5 dex) and metallicit in the high mass bin, suggesting a possible mass-dependence
(~ 0.2 dex). in chemical enrichment, similar to the “downsizing” mass-
For high masses (10M,), we find similar enrichment (0.4  dependent growth of stellar mass (Cowie et al. 1996; Bundy
dex) betweenr ~ 2 — 0 compare to the non-lensed sample etal. 2006). In the downsizing picture, more massive gakaxi
of Maiolino et al. (2008) and the lensed sample of Wuyts et al. formed their stars earlier and on shorter timescales cosdpar
(2012); Richard et al. (2011). with less massive galaxies (Noeske et al. 2007a). Our obser-
We find in Section 6.1 that the deceleration in metal vation of the chemical downsizing is consistent with prexsio
enrichment is significant in the highest mass bin°@0 metallicity evolution work (Panter et al. 2008; Maiolinoadt
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2008; Richard et al. 2011; Wuyts et al. 2012).

We find that for higher mass bins, the model of Davé et al.
(2011a) over-predicts the metallicity at all redshifts. eTh
over-prediction is most significant in the highest mass lin o
101~ M. This conclusion similar to the findings in Davé
et al. (2011a,b). In addition, we point out that when compar-
ing the model metallicity with the observed metallicityetk
is a normalization problem stemming from the discrepancy
among different metallicity calibrations (Section 7.3).

We note the evolution of the MZ relation is based on an en-
semble of the averaged SFR weighted metallicity of the star-
forming galaxies at each epoch. The MZ relation does not
reflect an evolutionary track of individual galaxies. We are
probably seeing a different population of galaxies at eadh r
shift (Brooks et al. 2007; Conroy et al. 2008). For example, a
~10'"-% M, massive galaxy at ~2 will most likely evolve
into an elliptical galaxy in the local universe and will nqt-a

redshift. The mean metallicity falls by 0.18 dex from
redshift 0 to 1 and falls further by 0.16 dex from red-
shift 1 to 2.

A more rapid evolution is seen between~ 1 — 3
thanz ~ 0 — 1 for the high-mass galaxies (30
Mg <M, <10'' M), with almost twice as much en-
richment between ~ 1 — 3 than between ~ 1 — 0.

The deceleration in metal enrichment fron~ 2 —
0.8t0 z ~ 0.8 — 0 is significant in the high-mass
galaxies (18° M <M, <10'! M), consistent with
a mass-dependent chemical enrichment.

We compare the metallicity evolution of star-forming
galaxies fromz = 0 — 3 with the most recent
cosmological hydrodynamic simulations. We see that
the model metallicity is consistent with the observed
metallicity within the observational error for the low
mass bins. However, for higher mass bins, the model
over-predicts the metallicity at all redshifts. The over-
prediction is most significant in the highest mass bin of
10911 M. Further theoretical investigation into the
metallicity of the highest mass galaxies is required to
determine the cause of this discrepancy.

The median metallicity of the lensed sample is
0.35+0.06 dex lower than local SDSS galaxies and
0.28+0.06 dex lower than the ~ 0.8 DEEP2 galaxies.

Cosmological hydrodynamic simulation (Davé et al.

2011a) does not agree with the evolutions of the ob-
served MZ relation based on the PP04N2 diagnostic.
Whether the model fits the slope of the MZ relation de-
pends on the normalization methods used.

This study is based on 6 clear nights of observations on a
8-meter telescope, highlighting the efficiency in usingslen

pear on the local MZ relation. On the other hand, to trace theselected targets. However, the lensed sampieatl is still
progenitor of a~10'" M, massive galaxy today, we need to small. We aim to significantly increase the sample size over

observe a-10>°> M, galaxy atz ~2 (Zahid et al. 2012).
It is clear that gravitational lensing has the power to probe
lower stellar masses than current color selection teclasiqu

the years.
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9. SUMMARY

To study the evolution of the overall metallicity and MZ re-
lation as a function of redshift, it is critical to remove thyes-
tematics among different redshift samples. The major davea
in current MZ relation studies at >1 are: (1) metallicity

e There is a clear evolution in the mean and median
metallicities of star-forming galaxies as a function of
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APPENDIX
SLIT LAYOUT, SPECTRAFOR THE LENSED SAMPLE

This section presents the slit layouts, reduced and fittedtspfor the newly observed lensed objects in this work. lirfee

fitting procedure is described in Section 3.2. For each tatige top panel shows the HST ACS 475W broad-band image of the

lensed target. The slit layouts with different positionagjees are drawn in white boxes. The bottom panel(s) shoWwésjinal
reduced 1D spectrum(a) zoomed in for emission line via@aitiThe black line is the observed spectrum for the target.cyhn
line is the noise spectrum extracted from object-free gixdlthe final 2D spectrum. Tilted grey mesh lines indicatecspé
ranges where the sky absorption is severe. Emission litkgsgfén these spectral windows suffer from large uncetiagin
telluric absorption correction. The blue horizontal liselie continuum fit using first order polynomial function atéanking
out the severe sky absorption region. The red lines oveagalan the emission lines are the overall Gaussian fit, withbibe
lines show individual components of the multiple Gaussiamcfions. Vertical dashed lines show the center of the Gass
profile for each emission line. The S/N of each line are matksder the emission line labels. Note that for lines with S8}
the fit is rejected and a @-upper limit is derived.
Brief remarks on individual objects (see also Table 2 and 3rfore information):

e Figure 9 and 10, B11 (88851) : this is a resolved galaxy with spiral-like structuteza= 2.540 + 0.006. As reported

in Broadhurst et al. (2005), It is likely to be the most distlamown spiral galaxy so far. B11 has 3 multiple images. We

have observed B11.1, and B11.2, with two slit orientationgach image respectively. Different slit orientation gl
very different line ratios, implying possible gradientaur@FU follow-up observations are in progress to reveal thigils
of this 2.6-Gyr-old spiral.

e Figure 11 and 12, B2 (86B831): this is one of the interesting systems reported in [etyal. (2007). It has 5 multiple
images, and is only’2away from another five-image lensed system, “The Sextet’Atcg=3.038. We have observed
B2.1 and B2.2 and detected strong lnd [O11] lines in both of them, yielding a redshift @537 + 0.006, consistent
with the redshift: = 2.534 measured from the absorption lines ([EA1334, [SilI] A1527) in Frye et al. (2007).

e Figure 13, MS1 (869828): We have detected as7[O 111] line and determined its redshift to be= 2.534 + 0.010.

e Figure 14, B29 (884331): this is a lensed system with 5 multiple images. We oleseB29.3, the brightest of the five
images. The overall surface brightness of the B29.3 arcriglegv, We have observed a 1dHa« and an upper limit for
[N 11], placing it atz = 2.633 £ 0.010.

e Figure 15, G3: this lensed arc with a bright knot has no remdrédshift before this study. It was put on one of the extra

slits during mask designing. We have detectedaa[8-111] line and determined its redshift to he= 2.540 + 0.010.

e Figure 16, Ms-Jm7 (86359): We detected [@] HS [O111] Ha and an upper limit for [NI] placing it at redshift
z = 2.588 £ 0.006.

e Figure 17 and 18, B5 (89339, 87Q346): it has three multiple images, of which we observed Bifd B5.3. Two slit

orientations were observed for B5.1, the final spectrum ferlBias combined the two slit orientations weighted by the

SIN of HaStrong Hx and upper limit of [NlI] were obtained in both images, yielding a redshiftof 2.636 & 0.004.

e Figure 19, G2 (89832): two slit orientations were available for G2, with dgiens of H3, [O111], Ha, and upper limits
for [O11] and [N11]. The redshift measured is= 1.643 + 0.010.

e Figure 20, B12: this blue giant arc has 5 multiple images,\wadbserved B12.2. It shows a series of strong emission

lines, with an average redshift of= 1.834 + 0.006.
e Figure 21, Lensz1.36 (89321): it has a very strongddand [Ni1] is at noise level, from kd we derivez = 1.363+0.010.

e Figure 22, MSnewz3: this is a new target observed in Abell91&& detect [A1], H3, and [Oll] at a significant level,
yielding z = 3.007 + 0.003.

e Figure 23, B8: this arc has five multiple images in total, aredokserved B8.2, detection of [, [O 111], Ha, with HS3
and [N11] as upper limit yields an average redshiftzof 2.662 4 0.006.

e B22.3: a three-image lensed system at 1.703 + 0.004, this is the first object reported from our LEGMS program, see

Yuan & Kewley (2009).

e Figure 24, A68-C27: this is the only object chosen from ouinished observations on Abell 68. This target has many

strong emission lines: = 1.762 + 0.006. The morphology of C27 shows signs of merger. IFU obseraatiothis target
is in process.
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TABLE 4
MEASUREDEMISSIONLINE FLUXES

Id [On]A3727 H3 [O ] A5007 Hy [Nnjx6584 KKO4(—PPO4N2) Branch  PPO04N2 E(B¥) Final Adopted
B11.1:pa20 21.432.60 5.42+1.63 21.12-2.43 33.54-2.38 <4.59 8.38(8.16}0.14 up <8.41 0.73:0.29 8.48:0.18
B11.1:pa-20 22.024.88 9.4@:2.75 14.782.21 28.132.56  8.92:0.89 8.74(8.5430.14 up 8.610.05 0.05:0.29
B11.2:pa-60 <60.5 <64.6 <60.3 53.6:4.09 <17.12 e s <8.62 e
B11.2:pa45 73.6512.01 <34.23 61.06-7.4 80.46:9.9 <13.08 <8.74(8.54) up <8.73 0.

B2.1:pa20 <2.82 <6.3 9.474-0.56 7.66£0.69 <0.67 e s <8.30 e <8.30

B2.2:pa20 <7.73 <20.6 23.23.0 <5.45 <6.4 e e e e e

MS1:pa20 < 3.08 <4.5 6.70.9

B29.3:pa20 e e e 17.05+1.6 <3.1 e e <8.48 e <8.48

G3:pan20 .- <4.0 6.6£0.7

MS-Jm7:pan20 19.162.74 12.5:3.6 58.12-1.64 23.0%1.6 <9.22 8.69(8.3310.12 up <8.67 0. 8.2%0.18
8.23(8.19)}0.12 low

B5.3:pan20 e e e 9.07+0.7 <2.94 e e <8.62 e <8.62

B5.1:pan20 e e e 30.38+4.6 <13.34 e e <8.70 e

B5.1:pa45 e e e 64.39+3.9 <59.5 e e <8.88

G2:pan20 <4.7 6.84:0.74 36.4%1.25 e s <8.62(8.41) up e <8.41

G2:pan60 <25.8 <8.8 <98.7 10.09:1.0 <3.1 e s <8.60

Lowz1.36:pan60 e e e 59.19+7.1 <8.82 e e <8.43 e <8.43

MSnewz3:pad5 36.9411.5 44.0211.06 300.3-17.8 e e 8.5(8.29)£0.11 up e e 8.23£0.18
8.12(8.16)}-0.11 low e e

B12.2:pa45 <71.58 < 67.79 141.0110.07  90.4%6.95 < 10.6 e <8.36% <8.369

B8.2:pa45 40.211.8 <17.7 75.46.6 115.26:12.5 <72.13 <8.51(8.29) up <8.7¢ >1.2 <8.29

<8.11(8.16) low e e
B22.3:pa60 162320.3  146.6:29.2 942.362.8 734.456.5 <3.65 8.13(8.1A:0.12 low <8.22 0.54£0.22 8.16:0.18

A68-C27:pa60 317.G#17.9 149.217.5 884.4-58.9 814.6:21.8 40.4£10.92  8.26(8.25)0.06 low 8.16:0.07 0.62:0.11 8.16:0.18

NOTE. — ObServed emission line fuxes for the fensed backgroutakgs in AT689. FIUXes are i UNnits of 107 ergs s + cm =, Without lensing magnification cofrection. Some lines asedetected because of the severe telluric
absorption.
2 E(B-V) calculated from Balmer decrement, if possible.
b Final adopted metallicity, converted to PP0O4N2 base anddaidn corrected using E(B-V) values from Balmer decreniavailable, otherwise E(B-V) returned from SED fittingeaassumed.
¢ Based on NIRSPEC spectrum at KECK Il (Kewley et al. 2013, &ppr
d possible AGN contamination.
€ This galaxy shows significant [M /Ho: ratios in slit position pa-20. The final metallicity is basmtthe average spectrum over all slit positions.



TABLE S5
PHYSICAL PROPERTIES OF THELENSEDSAMPLE

ID1 ID22 RA, DEC (J2000) Redshift Ig(SFR)  Lensing Magnification  log(M/M )
(Mg yr=1) (flux)

B11.1:pa20 88851 13:11:33.336, -01:21:06.94  2.540.006  1.08:0.1 11.8-2.7 9.170-2
B11.2:pa45 : 13:11:29.053, -01:20:01.26 ~ 2.540.006 1.42:0.11 13.11.8

B2.1:pa20 86(B31 13:11:26.521,-01:19:55.24  2.580.006  0.26-0.03 20.6:1.8 8.2103
B2.2:pa20 : 13:11:32.961, -01:20:25.31  2.530.006 . 15.0+2.0

MS1:pa20 8628 13:11:28.684,-01:19:42.62 2.53@.01 58.3:2.8 8.5701
B29.3:pa20 88831 13:11:32.164,-01:19:52.53 2.633.01  0.43:0.06 22.5:6.9 9.0"0:3f
G3:pan20 13:11:26.219,-01:21:09.64 2.540.01 7.7+0.1

MS-Jm7:pan20 86359 13:11:27.600,-01:21:35.00  2.588.006 18.5+3.2 8.0"0:5
B5.3:pan20 892839 13:11:34.109,-01:20:20.90  2.636.004 0.470.05 14.2:1.3 9.170-3
B5.1:pan60 87(846 13:11:29.064,-01:20:48.33  2.640.004  1.6:0.05 14.3:0.3

G2 894332 13:11:34.730,-01:19:55.53 1.648.01  0.45-0.09 16.%3.1 8.0°0%
Lowz1.36 891321 13:11:33.957,-01:19:15.90 1.358.01  0.620.11 11.6:2.7 8.9°53
MSnewz3:pad5 13:11:24.276,-01:19:52.08  3.080.003  0.65%0.55 2.9:17 8.6" 03
B12.2:pa45 86348 13:11:27.212,-01:20:51.89  1.888.006 1.08:0.05 56.0+4.4 7.45:2
B8.2:pad5 13:11:27.212,-01:20:51.89  2.669.006 1.36-0.07 23.743.0 8.2 0-of
B22.3:pa60 13:11:32.4150,-01:21:15.917 1.788.006  1.88-0.04 15.5-0.3 857075
A68-C27:pab0 00:37:04.866,+09:10:29.26  1.76P.006  2.46-0.1 4.9:1.1 9.6"0:1

NoOTE. — The redshift errors in Table 5 is determined from RMS ofedéént emission line centroids. If the RMS is smaller tha08.(for most targets)
or if there is only one line fitted, we adopt the systematioreof 0.006 as a conservative estimation for absolute rédsleasurements.
@ |D used in Richard et al. (2012, in prep). The name tags of tjects are chosen to be consistent with the Broadhurst €2G05) conventions if
overlapping.
b Corrected for lensing magnification, but without dust estiion correction. We note that the systematic errors of 3RRi§ work are extremely uncertain
due to complicated aperture correction and flux calibraiticthe multi-slit of MOIRCS.
€ Based on NIRSPEC observation

Possible AGN contamination.
€ See also Yuan & Kewley (2009)
f The IRAC photometry for these sources are not included instebar mass calculation due to the difficulty in resolvihg tensed image from the
adjacent foreground galaxies.
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