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ABSTRACT

The first part of this dissertation presents the impleméentaif Bayesian
statistics with galaxy surface luminosity (SL) prior prblddies to improve the ac-
curacy of photometric redshifts. The addition of the SL ppmbability helps break
the degeneracy of spectro-photometric redshifts (SPZsydas low redshift 4000
A break galaxies and high redshift Lyman break galaxies hie mostly catas-
trophic outliers. For a sample of 1138 galaxies with specipic redshifts in the
GOODS North and South fields ak 1.6, the application of the surface luminosity
prior reduces the fraction of galaxies with redshift dewviat\(z) > 0.2 from 15.0%
to 10.4%.

The second part of this dissertation presents the studyeathiemical evo-
lution of the star-forming galaxies. Thdubble Space Telescop&obing Evolu-
tion and Reionization Spectroscopically (PEARS) grismvByreffectively selects
emission line galaxies (ELGS) toag ~ 27. Follow-up Magellan LDSS3+IMACS
spectroscopy of the HST/ACS PEARS ELGs confirms an accurboy & 0.006
for the HST/ACS PEARS grism redshifts. The luminosity-niietity (L-Z) relation
and the mass-metallicityM — Z) relation of the PEARS ELGs at~ 0.6 are offset
by ~ — 0.8 dex in metallicity for a given rest-franBzabsolute magnitude and stellar
mass relative to the local relations from SDSS galaxies.ofisets in both relations
are ~ — 0.4 dex larger than that given by other samples at sameifesgshhich
are demonstrated to be due to the selection of differentiphlygroperties of the
PEARS ELGs: low metallicities, very blue colors, small sizeompact disturbed
morphologies, high SSFR 10° yr~1, and high gas fraction. The downsizing
effect, the tidal interacting induced inflow of metal-po@sg and the SNe driven
galactic winds outflows, may account for the significantetftsf the PEARS galax-

ies in theL-Z and theM-Z relations relative to the local relations. The detection



of the emission lines of ELGs down to m 26 mag in the HST/ACS PEARS +
HST/WCF3 ERS NIR composit grism spectra enables to exteadstindy of the

evolution of thelL.-Z andM-Z relations to 06 < z < 2.4.
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Chapter 1

INTRODUCTION
1.1 Review

In the frame of cosmological cold dark matter (CDM) modeg, lirerarchical galaxy
clustering scenario well depicts galaxy formation and ettoh as a consequence
of the growth of the primordial fluctuation. The overdensgioas of dark matter
collapse and gravitationally attract gas and become thdssefethe first stars and
galaxies. The small size galaxies merge and form largergaiaxies and galaxy
clusters, which is known as the “bottom-up” structure fotiora From numerical
simulation, this hierarchical scenario of forming ellgatis via major mergers of spi-
ral galaxies is generally supported (Hernquist et al., 18@&hder, 1996; di Matteo
et al., 2005; Springel et al., 2005a,b; Hopkins et al., 2Q0®8). Observationally,
galaxies in the nearby universe-atz < 1 are well classified to well-organized Hub-
ble types: elliptical galaxies, spiral galaxies, and pecwjalaxies. While at high
redshift universe, much larger fraction of irregular g&axare observed (Driver et

al., 1998; Glazebrook et al., 2004; Straughn et al., 2008).

The physical properties of galaxies in different evolutipnstages are quite
different. For example, spiral galaxies are generally blyes rich, and actively
star-forming; elliptical galaxies are of larger size, morassive, red, dust free and
metal rich. In cosmic galaxy evolution, the redshift range 2 < 2 is the era that
hosts the emergence of the Hubble sequence of disk andcalligalaxies and the
buildup of most of the stellar mass in the universe (Dickmsbal., 2003). Hence,
it is important to study the observational properties reteghips within full redshift

range to deepen our understanding of galaxy evolution.

The physical processes such as the inflow of pristine gastenteedback

processes play an important role in modulating galaxy stemétion and hence
1



galaxy observational properties such as metallicity. Tteedback” refers to the
exchange of gas between star and interstellar medium (130)batween galaxy
and intergalactic medium (IGM) due to the powerful stellands of massive stars
and the supernovae (SNe) explosion. The winds are powertugh to overcome
the gravitational well of stars and galaxies and to ejecetiméched metals into the
ISM and IGM. Large-scale outflows of gas are ubiquitous antbegnost actively
star-forming galaxies (Lehnert et al., 1996; Dahlem etl#8198; Rupke et al., 2002;
Shapley et al., 2001; Pettini et al., 2001, 2002; Frye eR@D2; Weiner et al., 2009)
and are complex, multiphase, hydrodynamical phenomertaoKand et al., 2002).
Feedback modulates the star formation by removing the ghg compressing and
reheating the cold ISM (Larson, 1974; Larson et al., 1975ité\t al., 1978). De-
spite the complexity of the galactic winds and the difficdfyaccurate prescription
in models, to quantify the impact of feedback in metal depietthe simple closed-
box chemical evolution model (Pagel et al., 1979) and matifleemical evolution
model with inflows and outflows (Larson, 1974; Erb et al., 20Bf0, 2008) are

constructed to assess the predicted level of the galaxyicheemrichment.

Stellar mass and metallicity are two of the most fundamepttgisical prop-
erties of galaxies. Galaxy stellar mass is the accumulatesliat of gas converted
into stars, reflecting the whole past star formation histifrgalaxy instead of the
present star formation activity. Metallicity, which is dedd as the mass ratio of
metals (elements other than H and He) to hydrogen, refletti@gas reprocessed
by stellar nucleosynthesis, is sensitive to the evolutipstage of galaxy, such as
early-type elliptical galaxies, late-type spiral galaier starburst, irregular galax-
ies. The study of the correlation of galaxy stellar massuseraetallicity and the

evolution of this correlation with time provide insight inthe details of the physical



processes that govern the efficiency and timing of star faonand the gas enrich-

ment or depletion.

The investigation of the relationship between mass and lho#ta starts
from late '70s (Lequeux et al., 1979). The study of this daitren is firstly fo-
cused on the correlation between metallicity and blue lasily (L — Z relation)
(Garnett & Shields, 1987; Skillman et al., 1989; Brodie & Huar, 1991; Zaritsky
et al., 1994; Garnett et al., 1997; Lamareille et al., 20@z& et al., 2005) due to
the difficulty of obtaining stellar mass. The— Z relation is studied in a range of
Hubble types and spanning over 11 magnitudes in luminosiyZ2adex in chemical
abundance. The later study of the relationship between arassnetallicity (Gar-
nett, 2002; Pilyugin et al., 2004; Tremonti et al., 2004; letal., 2006; Panter et
al., 2008; Kewley & Ellison, 2008; Liu et al., 2008) show tlgatiaxies with larger

stellar masses have higher metallicities.

This relation is established from local universe  0.07 (Tremonti et al.,
2004) to high redshift universe around z=0.7 (Savaglio.e2805; Rodrigues et al.,
2008), z-1.5 (Cowie & Barger, 2008; Lamareille et al., 2009; Pérealet2009),
at z~2 (Erb et al., 2006; Halliday et al., 2008; Hayashi et al., 20@nd at 23
(Kobulnicky & Koo, 2000; Pettini et al., 2001, 2002; Maieratt, 2006). The evolu-
tion of this relation with cosmic time show that metallicttgcreases with increasing

redshift for a given stellar mass.

The trend of the mass-metallicity relation is interpretgdsbveral possible
effects. The well-known “downsizing” effect is that the lewmass galaxies form
stars later and on longer time scales than more massiveigaldxe to lower star-
formation efficiency and therefore show lower metalligt{&avazzi & Scodeggio,
1996; Cowie et al., 1996; Kobulnicky & Kewley, 2003; Ellisenhal., 2008). Calura
et al. (2009) have explained the evolution of the mass-h@tglup to z=3.5 as due

3



to an increase of the efficiency of star formation with galmgss, without invoking
differential galactic outflows. Another effect is the prefietial metal loss, i.e. higher
mass galaxies are expected to be more metal rich than lowss gadaxies because
of the more important effect of outflows in less massive gakxlue to the lower
gravitational potential (Larson, 1974; Edmunds et al. 0t @arnett, 2002; Tremonti
et al., 2004; Lamareille et al., 2004; Saviane et al., 2008gmonti et al. (2004)
have shown that the mass loss is strongly anticorrelated lvéityonic mass, with
low-mass dwarf galaxies being 5 times more metal depletad th galaxies at
z~0.1. Many studies have also shown the evidence of both trgauitpiof galactic
winds and the importance of the feedback in galaxy formafldernquist et al.,
2003; Benson et al., 2003; Dekel & Woo, 2003; Nagamine ekab4; Murray et
al., 2005). Other possibilities, such as galaxy mass deggnditial mass function
(IMF), could also have effect on galaxy mass-metallicitiatien (Koppen et al.,
2007). All these effects have impacts on galaxy evolutiow e knowledge of
their relative contributions is of crucial importance. @eally, the mass-metallicity
relation at high redshifts is likely driven by the increasemetallicity as the gas
fraction decreases through star formation and is modulat@detal loss from strong

outflows in galaxies of all masses.

Different models have been built to reproduce the shapesafidss-metallicity
relation in the local universe. The simple closed-box md@Belgel et al., 1979) is
constructed to study galaxy chemical evolution with theuagstions that gas con-
verted into a closed system (without inflows and outflows) imsthntaneous recy-
cling (Van den Bergh, 1962; Schmidt, 1963; Searle & Sarge®i2). This model
relates the metallicity to the yield from star formation ahd gas fraction by a sim-
ple function. | use the empirical relation between SFR dgresid gas density to

estimate the gas fractions of the galaxies, finding an iseréa gas fraction with

4



decreasing stellar mass. Combined with the observationakpties that less mas-
sive galaxies tend to have larger gas fraction (McGaugh & ld&,BL997; Bell &
de Jong, 2000), and stellar masses, gas fraction, and ev@wy stages vary sig-
nificantly among the galaxies, the simple closed-box mogpket a relationship
between galaxy mass and metallicity. While the G dwarf moband the ubiqui-
tous galactic winds, infall and mergers in galaxy formatma evolution (Pagel et
al., 1975; Naab & Ostriker, 2006; Heckman et al., 1990; Leheteal., 1996; Mar-
tin, 1999; Strickland et al., 2004, Pettini et al., 2001; @by et al., 2003) suggests
the limitation of the closed-box model. The modified modelules the effect of
the inflow of less enriched gas and the outflow of to accounttiemass-metallicity
relation (Larson, 1974; Erb et al., 2006; Erb, 2008). Tretnehal. (2004) use
~53,000 star-forming SDSS galaxies at&1 show that mass loss is strongly an-
ticorrelated with baryonic mass, with low-mass dwarf gedaXeing 5 times more
metal depleted than,Lgalaxies. Erb et al. (2006) study the gas fraction and the
effective yields by a sample of LBGs at-2 and find a slight increase g+ with
decreasing baryonic mass, in constrast to a decrease ioddleuiniverse (Tremonti
et al., 2004). The best fit of the variation of metallicity wvgas fraction with model
gives supersolar yield and an outflow raté times higher than the SFR. The model
fitting results show the evidence of both the ubiquity of gatawinds and their

effectiveness in removing metals from galaxy potentialsvel

There are different techniques utilized to derive galagjlat mass. Kauff-
mann et al. (2003) proposes a method, which rely on specpasdine indices
Hoa and 40004 Balmer breakDa to help circumvent the classical age-metallicity-
reddening degeneracy issues and derive stellar masghiodM/L) ratios. With the
development of more sophisticated models for stellar paipns synthesis code

(Bruzual & Charlot , 2003), the ultraviolet, optical, nd&photometry is combined



together to measure stellar mass by SED fitting. The BC03 msd@sed on the
evolutionary population synthesis technique with the npgirameters of the stellar
initial mass function (IMF), the star formation history ($Fand the rate of chemi-
cal enrichment. Pirzkal et al. (2012) have shown that stellass can be estimated

with small uncertainty and little dependence on detailedipeters.

Stellar metallicities can be measured based on the stélkarption features
via Lick indices (Worthey, 1994; Gallazzi et al., 2006; Rart al., 2008; Halliday et
al., 2008). The gas-phase oxygen abundance is a good praixg ofetallicity in the
galaxy interstellar medium. In the assumption of instaeters recycling mixing,
the gas-phase abundance of ISM is a good measure of galaajlioitgt The oxy-
gen abundance is usually measured since oxygen makes upheathioof the metal
content of the ISM and exhibits strong emission lines fronitiple ionization states
in optical that are easy to measure. The electron temper&tareasurement, which
utilizes the ratio of the auroral to the nebular emissioedins the direct method to
measure gas-phase metallicity. However, the auroral ligesh as [OIIIf4363)
are extremely weak at high metallicity and hard to detectoim 5/N spectra of
distant faint galaxies. Hence, the strong nebular lines ss; [OlI]A3727,3729,
[Ol1] A4959,5007, [SINA6717,6731 and [SI1}9069,9532 combined with hydro-
gen recombination lines such asrtand H3, are widely explored and used. The
most commonly use®k23 diagnostic indicator was first proposed by Pagel et al.
(1979), was later presented with the empirical relatiordni{Ends & Pagel 1984,
Zaritsky et al. 1994) and theoretically calibrated (McGautP91; Kewley & Do-
pita, 2002; Kobulnicky & Kewley, 2004) based on the stellapplation synthesis
and photoionization models. The strong emission-linentatjc are widely applied

to meatallicity measurements of HIl regions and star-foigrgalaxies and extends



greatly our ability to measure chemical abundances of regkhift and faint galax-
ies.

To better understand galaxy evolution by mass-metalli@tgation, large
sample of galaxies spanning wide orders of mass (luminoaitgy metallicity are
required. The imaging and spectroscopy of large surveyh siscSloan Digital
Sky Survey (York, 2000; Stoughton et al., 2002), set a goatth@ark in local
universe. Tremonti et al. (2004) presents the mass-nmtgltelation of ~53,000
star-forming galaxies from SDSS at-@.1 and finds a tight#0.1 dex) correlation
between stellar mass and metallicity spanning over 3 indestellar mass and 1
dex in metallicity. The NIR spectrographs in large diamd&descopes, such as
the DEIMOS (Faber et al., 2003) on Keck Il, LIRS-B on Keck Idigel et al.,
2004), etc., enable to extend the sampling of galaxies tbenigedshifts. Erb et
al. (2006) use a sample of 87 rest-frame UV-selected starifg galaxies from
with < z >=2.26 to study theM — Z correlation and find a monotonic increase in
metallicity with increasing stellar mass. Mannucci et 2D@9) extend the investi-
gation to high redshift atz3 by a sample of Lyman-Break Galaxies by deep NIR
spectroscopic observations with adaptive optics and sliemg evolution of the
mass-metallicity relation from lower redshifts. The Spaased grism spectroscopy
has the advantage of extending to fainter magnitudes arftehigedshifts. The
HST/ACS Probing Evolution And Reionization Spectrscolhycproject (PEARS;
Malhotra et al. 2008, in preparation; Straughn et al. 20@8)dffectively selected a
large sample of strong emission line galaxies to faintermtagdes, which provides

a good starting points for studies of galaxy chemical evoiut
1.2 Outline

The outline of this dissertation is as follows. As one of thestrbasic physical vari-

ables, redshift denotes galaxies’ distance and cosmalbage. Chapter 2 presents
7



the results of improved photometric redshift estimatiothwthe implementation
of Bayesian statistics of galaxy surface luminosity (SLippprobabilities. Chap-
ter 3 describes the follow-up spectroscopy HST/ACS PEARSemission-line
galaxies. Chapter 4 presents the study of the chemical ®wolaf the HST/ACS
PEARS grism emission-line selected star-forming galaaies z >~ 0.6 and the
relationship between galaxy physical properties such bg,®ze, SFR, mass and
metallicity. Chapter 5 extends the study of the chemicalwian of the HST/ACS
PEARS grism emission-line selected star-forming galatoe36 < z < 2.3 by the
low-resolution grism spectra. Chapter 6 summarizes thelasions, drawing upon
the results of each study. Chapter 2 and 3 are published ivdtnenomical Journal
(AJ), volume 138, page 95 and volume 141, page 64, respBctixe the time of
this writing, Chapter 4 is resubmitted to Astronomical Jali(AJ) and Chapter 5 is
to be submitted to Monthly Notices of the Royal AstronomiBatiety (MNRAS),

and both will appear as Xia et al. 2012.



Chapter 2

IMPROVED PHOTOMETRIC REDSHIFTS WITH SURFACE LUMINOSITY
PRIORS
2.1 Abstract

| apply Bayesian statistics with prior probabilities of @& surface luminosity to
improve photometric redshifts. We apply the method to a $ammfpl1266 galaxies
with spectroscopic redshifts in the GOODS North and Souttifiat 01 < z < 2.0.
We start with spectro-photometric redshifts (SPZs) basedEBARS grism spectra,
which cover a wavelength range of 6000-980@ombined with(U)BViz JHK)
broad-band photometry in the GOODS fields. The accuracy & ®Eshifts is
estimated to be&r(A(z)) = 0.035 with an systematic offset of —0.026, whé(@) =
Az/(1+ z), for galaxies in redshift range of®< z < 1.25. The addition of the
surface luminosity prior probability helps break the degyawy of SPZ redshifts
between low redshift 4008 break galaxies and high redshift Lyman break galaxies
which are mostly catastrophic outliers. For the 1138 gakagiz < 1.6, the fraction
of galaxies with redshift deviatiafs(z) > 0.2 is reduced from 15.0% to 10.4%, while

the RMS scatter of the fractional redshift error does nohgeanuch.
2.2 Introduction

In recent years, the technique of photometric redshift le@sbvidely used to deter-
mine redshifts of galaxies for large imaging sky surveyslfétal., 2003; Mobasher
et al., 2004, 2007). This technique is useful for redshifinegtion of large num-
bers of faint galaxies at high redshift which are currently taint for spectroscopy.
There are typically two methods of redshift estimation byda-band photometry.
One approach is an empirical method, which calibrates anraalptraining rela-

tion between photometric magnitudes or colors and galaggtspscopic redshifts,



and applies it to the observed photometric sample (Conmalgl., 1995; Wang et
al., 1999). Another approach is a template spectral enasgytaition (SED) fitting
method, which obtains best-fit redshifts by comparing treeoled SEDs to that of a
large empirical or model template library (Baum, 1962; Kb®35; Fernandez-Soto
etal., 1999; Bolzonella et al., 2000; Budavari et al., 1980, 2001; Csabai et al.,
2000; Wolf et al., 2001; Blanton et al., 2003). The efficien€BED fitting is based

on fitting the overall shape of spectra, the detection ofngtrepectral properties,
such as the 4000/Balmer break and Lyman break, and the amount of dust ptesen

in red galaxies.

The general accuracy of photometric redshift ranges fogm 0.02 to 0.05,
which strongly depends on the number of filters and otheofacsuch as the preci-
sion of the photometry, the zeropoints, the image FWHM, drmbarse the quality
of the templates and the fitting code. Hickson et al. (199d)sthat the redshift ac-
curacy by SED fitting is comparable to slitless spectros¢apy a simulation of 40
band photometry. Practical multicolor sky surveys, sucthasCOMBO-17 (Clas-
sifying Objects by Medium-Band Observations) survey, gdiri intermediate-band
filters (Wolf et al., 2003) and the BATC (Beijing-Arizona4ipai-Connecticut) sky
survey, using 15 intermediate-band filters, achieve a &@ccuracy ofo, = 0.02
for photometric redshift estimation (Zhou et al., 2001; Xiaal., 2002). The pho-
tometric redshift accuracy using by 5 broad-band filtersbisua 0.05 (Blanton et
al., 2003). However, the depth of intermediate-band skyesig are generally con-
strained taz < 0.1, and the observations of multiple bands can be quite time co
suming. Broad-band photometry has the advantage of sgtysitthich enables
photometric redshifts of large samples of faint and higlshétl galaxies. The pho-
tometric redshifts from broand-band fluxes tend to haveelaigpersion and strong

degeneracy between low redshift Balmer break galaxies aidriedshift Lyman
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break galaxies, which leads to the degeneracy of the phatimnnedshift estima-

tion.

To break such degeneracies, Benitez (2000) developedesBaymethod of
photometric redshift estimation (BPZ) using galaxy magphéts as Bayesian priors.
This method produced an accuracyaf\(z)) ~ 0.06, where)\(z) = ﬁzz, for galax-
ies in HDF-N (Hubble Deep Field North) up i< 6. Mobasher et al. (2007) esti-
mate redshifts for galaxies ak 1.2 with 16 bands photometry from 3500 to 23000
A by different photometric redshift codes with and withautinosity function pri-

ors. The results give an accuracy®fA(z)) ~ 0.031 and find slight improvement

in the redshift estimation with LF priors.

Observed galaxy surface brightness is a promising obseneiiparameter
to break the redshift degeneracy (Koo, 1999). Tolman (1%8&)showed that the
surface brightness dims with redshift(@st z) ~* in an expanding universe indepen-
dent of the cosmology. With this sensitive a dependence-er)($urface brightness
should make a good prior for the redshift estimation. The calveat is the evolu-
tion of intrinsic galaxy luminosity per area with redshiftassive evolution of stellar
populations leads to a significant brightening of intririsiminosities per unit area
at higher redshifts (Pahre et al. 1996, Sandage & Lubin 280d therefore to a less

steep surface brightness redshift relation.

Using surface brightness priors, Kurtz et al. (2007) prewadredshift esti-
mator by taking the median redshift in small bins in galaxsfaste brightness-color
space. The estimator is applied to the 10-20% reddest galdsom the SHELS
survey (the Smithsonian Hectospec Lensing Survey), anigwhan accuracy of
0(A(z)) =0.025 forz < 0.8. Wray & Gunn (2008) use the five-band SDSS photom-
etry, surface brightness and the Sérsic index to provigeared photometric red-
shifts in SDSS (Sloan Digital Sky Survey). They apply 7-disienal probability

11



arrays for spectroscopically confirmed galaxiesat0.25, which yieldso (A(z)) =
0.025 for red galaxies and 0.03 for blue galaxies. Stabenal @0®8) apply sur-
face brightness priors to ground based VVDS survey (VIMOS \lleep Survey)
and the space-based GOODS (the Great Observatories Obges Survey; Gi-
avalisco et al. (2004)) field from HST, and improve the biag scatter by a factor
of two for galaxies in the range < z < 1.3 to get a scatter off(A(z)) ~ 0.08.
In this paper, we use spectro-photometric redshifts (SRBg)h use low resolution
grism data and broad-band data in the GOODS fields as myrgjgmint (Ryan et
al., 2007; Cohen et al., 2009). The SPZs have a scate(/Afz)) ~ 0.03. We then
use color and surface brightness priors, which we adopt niteofiluminosity per
area (Hathi et al., 2008),.,/kpc, and hereafter we call it surface luminosity (SL)
priors, to break the redshift degeneracy to derive photooetdshifts for a sample
of 1266 galaxies in the GOODS North and South fields with spscbpic redshifts

between QL < z< 2.0.

This paper is organized as follows. We briefly describe theeolations,
the data, and the result of the spectro-photometric redssiifimation in 8 2 . The
application of color and surface luminosity priors is givMen8 3. The results of
redshift estimation with hybrid of SPZ and surface lumitpgriors are illustrated
in 8 4. Finally, we discuss the results and present the cermrig in 8 5. Throughout
this paper, we assumedCDM cosmological model with matter densi®y, = 0.28,
vacuum densitfQ = 0.72, and Hubble constaity = 100h km s~ Mpc—1, with

h = 0.7 for the calculation of distances (Komatsu et al., 2009).
2.3 Observation and Data

| select a sample of 1266 galaxies in GOODS North and Soutthsfi@hich have
both spectroscopic (Wirth et al., 2004; Grazian et al., 20@hzella et al., 2008)

and spectro-photometric redshifts (Cohen et al., 2009 <bthe application of sur-
12



face luminosity priors. Only spectroscopic redshifts withality flagQ =0, or 1
(O: very good quality, 1: good quality) are used. These gatakRave both grism
spectra, from the HST/ACS PEARS (Probing Evolution and Rigetion Spec-
troscopically, Pl:Malhotra) survey, and optical broadvh&Viz photometry from
HST/ACS GOODS v2.0 images (Giavalisco et al., 2004). The A@Sn spectra
cover a wavelength range from 6000 to QGb@Pirzkal et al., 2004) for objects in
parts of the GOODS North and South fields. The galaxies in &S sample are
located in 4 ACS pointings in GOODS North and 5 in GOODS Sowlhi$i. The
photometry in the GOODS-N field is supplemented with grobadedJ -band data
from Capak et al. (2004), and photometry in the GOODS-S figlsupplemented
with theJHK-band data from VLT ESO/GOODS project (Retzlaff et al., 20The
photometry and the aperture correction between the braad-tata are described
in detail by Ryan et al. (2007) and Cohen et al. (2009). Fidushows the his-
togram of the distribution of galaxy spectroscopic redshiiThe redshifts of most
galaxies are less tham-2.0. The final sample of 1266 galaxies are selected with

spectroscopic redshifts in the range daf & z < 2.0.

The SPZs (Ryan et al., 2007; Cohen et al., 2009) are estirbatstl on the
SED fitting of the combination of grism spectra and UV-opticdrared broadband
photometry by the photometric redshift codgperZ(Bolzonella et al., 2000). The
SPZ method achieves a redshift accuracy @f(z)) = 0.035 for the 465 galaxies in
GOODS-N field at redshift range®< z < 1.25 with a catastrophic outlier-fraction
of 18.2%. The catastrophic outliers are defined as galaxisfractional redshift
errors,A(z), greater than 8 of the RMS scatter in the sample. The best accuracy of
the SPZ method is achieved for the redshift range<0z < 1.25, where the 4008
break falls in the peak sensitivity wavelength range of tSAyrism. The redshifts

estimated by SPZ tend to show a strong redshift degeneracyisldemonstrated in

13



300 T T T T T T T T

T T 17T
I T

T
|

250

T T 17T
I -

T
|

200

T T T T
) I |

T
|

Z 150

T T T
I T

T
|

100

T T T T
I T

T
|

50

0 2 4 6

T

T
L

Figure 2.1: The histogram distribution of the spectroscaopidshifts of the total
sample.

the upper panels of Figure 5, which compare SPZ redshifts spectroscopic red-
shifts. A substantial fraction of galaxieszat: 0.6 scatter to SPZA2 - 3. To improve
the redshift accuracy of the SPZ redshift estimation, wdyaiye prior probability
of galaxy surface luminosity to constrain and break the deggy, since surface
brightness is tightly related to redshift as approximatdiy- z)~* for bolometric

fluxes and1+z)~ 4+ for fluxes per unit frequency (Tolman, 1930).
2.4 Surface Luminosity Priors

If we were to observe a galaxy with a standard intrinsic lursity per unit area
(hereafter denoted &} at different redshifts, its measured surface brightnessav
go down at O (1+2)~“. Due to the limitation of the available photometry in wave-
length less than 10,008, | choose the restfram surface luminosityBrband, |z,

as prior probability, with redshifts extending te-2.0. The adoption of restfranie
14



band is more sensitive to galaxy types from starburstsalsgio ellipticals than red-
der bands. The intrinsic evolution of galaxy type with raftsdnd the observation
selection effect will make the relation deviate from pow&rand we will calibrate
this relation first. A subsample of 283 elliptical galaxi€®(reras et al., 2009) is
used to examine the difference of the relation between tHai luminosity and
redshift galaxy types. For galaxies with redshits 0.33 we measure the surface
luminositylg in the band closest #B: theV-band magnitude for galaxies at redshift

0.33< z2< 0.96, thei-band for 096 < z < 1.35, and the-band for 135< z< 2.0.

The photometry of GOODS v1.9 catalog is measured in AB mage#
(Oke & Gunn, 1983), which are defined as:

m= —2.5logf, — 486, (2.1)

where f, is the flux per unit frequency in unit of ergs’scm=2 Hz~1. The half
light radii are measured by SExtractor and translated intukar radiusre (in arc-
second), by multiplying with the pixel scalé¢@3 pix 1. With the flux f, and half
light radiusre in the corresponding band for different redshift range xjag the

restframeB-band surface luminosity is calculated as follows

Avgf,4md?  2Avgf,(1+2)3
(1+2)2md3rz r2 ’

- (2.2)

wherez is the redshift of galaxyAvg is the frequency interval corresponding to
the wavelength range in th& band, f, is the flux in the observed filter band,

is luminosity distance anda is angular distance of galaxy, ahglis surface lumi-
nosity in luminosity per unit area (i, /kpc). Figure 1 shows the distribution of
the restframeB-band surface brightness with redshift for the spectroscgalax-
ies. The range ofg goes approximately from £0to 10!°L., /kp@. The upper
and lower limits of the observed surface brightness in ntagei per square arc-

second, 22.3 magnitude/arcdemd 26.3 magnitude/arcsecorresponding to the
15



magnitude range from 21 to 25 magnitude), are plotted agddittes in the fig-
ure. The relation betweeloglg andlog(1+ 2z) is fitted linearly, which goes as
loglg = 2.61(+0.06) - log(1+ z) 4+ 6.64(+0.01). The triangular points in the figure
represents the elliptical galaxies in the sample. The i#dsdf ellipticals range
from 0.3 to 1.4. The ellipticals show generally higher scefduminosities than
blue galaxies while a much similar slope of 2.90(6). Compared with that found
in Stabenau et al. (2008), for passively-evolving red gakxhe observed surface
brightness is close t0l + z)~4, and the blue galaxies have a shallower slope, we
don’t find relatively flatter slope of the rest-frame surfdemimnosity for early
type galaxies here, and it may be due to the relatively smatiber of the sample.
The final results show that there is little difference of thgrovement in redshift

estimation accuracy for red galaxies and blue galaxies.

To apply the scaling of surface luminosity with redshift @®pprobability,
we use a color-shape (Koo, 1985) paraméBer V) — (i — z) to divide the sample
into subsamples. Figure 2 plots the distributionNBf-V) — (i — z) with redshift.
We can see that this shape parameter declines linearly @dghift atz < 1.3 and it
increases linearly with redshift at> 1.3. This is because that the shape parameter
traces the position of 4008 break. Three subsamples are obtained i&h-V) —
(i—2) >0.65,0< (B—V)—(i—2) <0.65,andB—-V)— (i —z) <0, corresponding
to galaxies in redshift bins af < 1.0, 0.6 < z< 1.2, andz > 1.0. The surface
luminosity distribution is fitted by Gaussian functions foe three subsamples. The
distribution ofloglg with redshift and the Gaussian fits are plotted in Figure & Th
peak value of the Gaussian distribution slightly incredsas loglg o = 7.02, 7.03

to 7.30 with 1o width of 0.48, 0.49, and 0.44 for the three subsamples, otispéy.

The SL prior probability is calculated with the formula as

—q _loglg o)?
O
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Figure 2.2: The distribution of rest-franBB2band surface luminositis as a function
of redshift for the total sample. The triangular points esgmt elliptical galaxies
in the sample. The upper and lower limits of the observedserbrightness, 22.3
and 26.3 magnitude per square arcsecond, are plotted ieddotes. The points
shows a good linear relation, lbg~ 2.61-log(1+ z), between surface luminosity
and redshift. The ellipticals have a similar slope of 2.90.

whereg is the normalization constant so that the integration optiodability in the
studied redshift range (@ z< 7) is 7; o is the width of the Gaussian profile; and
loglg is the Gaussian peak valuég(z) is the surface brightness for one galaxy
at different redshifts, calculated over a redshift rand®&: z < 7.0 with a step of
0.005, the same as that of SPZs. The best redshift is estrbgtéie combination of
SL prior probabilities and SPZ fitting probabilities, whiare output fronHyperZ

Using Bayes’ theorem, the final probability of redshift candomputed as

sate(n.C)— ) X P2, 04

wherep(z|lg(z)) is the redshift probability given by surface luminositygs, and

p(C|z), P(C|2) = exp(—x?(2)/2), is the probability of the galaxy at redshifivith

the observed coldC given by the SPZs estimation.
17
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Figure 2.3: The distribution of color-shape paraméBe+ V) — (i — z) with redshift
z for the spectroscopic galaxies. The dot lines representriteyia of (B—V) —
(i—2z) > 065, 0<(B-V)—(i—2) <0.65and(B—-V)— (i —z) < 0, which are
implemented to divide sample into three redshift bin sulgam

2.5 Implication and Results

For the 1266 galaxies, we first divide galaxies into subsampy the color-shape
parameter. Then we calculate the SL prior probability folagi@s by the corre-
sponding Gaussian profiles in different subsamples. Camnipthe SL prior proba-
bility with the SPZ likelihood function, we obtain the bestshift as the maximum

of the final probability distribution.

Figure 4 shows four examples of redshift probability dizitions for galax-
ies in GOODS North field. The ID of the object is labeled at tight-bottom of the
panel. The dashed line in the figure represents the liketitiooction given by SPZ

SED fitting. The dotted line represents the calculated fibtkias by SL priors.
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Figure 2.4: The distribution of Idg with redshift and the Gaussian fitting for the
three color-shape parameter divided subsamples. (le&lp&mom top to bottom,
the three subsamples haf®@—V) — (i —z) < 0.65, 0< (B—V) — (i—2) < 0.65
and(B—V) — (i —z) < 0, respectively. (right panel) The distribution of lliggis
fitted by a Gaussian function. The peak and the width of thes&aun distributions
are loggo = 7.02, 7.03, 7.30 an@r = 0.48, 0.49, 0.44 for the three subsamples,
respectively.
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Figure 2.5: The probability distributions as a function efishift obtained from
the SPZ SED fitting, the SL priors, and the combination of SED Sitting with
SL priors. The dashed line represents the likelihood famcgiven by SPZ SED
fitting. The dotted line represents the calculated proiiadsiiby SL priors. The
solid line shows the combined probability distribution.eNertical dash-dotted line
represents the position of the spectroscopic redshift.ofiject ID is labeled at the
right-bottom in the panel.

The solid line shows the combined probability distributfoom SPZ SED fitting
and SL priors. The vertical dash-dotted line representptisition of the spectro-
scopic redshift. The upper-left panel shows a case wher@REeredshift estimation
gives two peaks in the redshift probability function. Theliédn of the SL priors
probability gives the correct distribution around the spesropic redshift. With the
combination of the two probabilities, the correct peak issd@n, and the probability
of a catastrophic redshift estimation is reduced. The upgpét panel shows an ex-
ample where the SPZ doesn't produce a reasonable likelidmddbution, though
the SL priors give more reasonable estimation. The lowiépbnel gives an exam-
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ple of the correct estimation of redshift by both methodsthimlower-right panel,
the SL priors choose the wrong peak of the §®2) distribution for a galaxy with
redshiftz= 1.6. This can be the reason of the larger deviation of redssiiftration
with SL priors at redshifz > 1.6. The results of redshift estimation with SL priors

are shown in Figure 5.
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Figure 2.6: The left panels show the comparison betweemattd redshifts and
spectroscopic redshifts. The upper one is the comparistimeka SPZ redshifts
and spectroscopic redshifts. The lower one is that of theorgul SPZ redshifts by
SL priors. The cross points illustrate the galaxies in GOENDfteld; the triangular
points are galaxies in GOODS-S field. The right panels shevdistribution of the
fractional errorA(z) with redshift for the redshift estimation with and without S
priors.

Figure 5 shows the comparison of SPZs with and without sarfaminos-
ity priors. The upper two panels in Figure 5 show the comparisetween SPZ
redshifts and spectroscopic redshifts, and the distobudf redshift fractional error
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A(z) = % with spectroscopic redshifts. The triangular points in fieggare galax-
ies in GOODS-S field which are supplemented with infratetk photometry, and
the cross dots are galaxies in GOODS-N field, which Raveand data. From this
comparison, we can see that many galaxies in the GOODS-Sxfitldz < 0.6 are
estimated to be arounz~ 2—-3 by the SPZ method. Because the 4600reak of

z< 0.6 galaxies falls in th&JV /B-band, it can be confused with galaxieszef 3.0
with the Lyman break falling ilB/V-band. From this comparison, we can see also

that the scatter improves greatly for galaxies in GOODS-Ml.fidfhe GOODS-N

field has fewer catastrophic outliers because diand photometry for galaxies.

The bottom two panels show the results of the photometrishiétd with
SL prior probabilities. From the comparison of the redshsgtimation with and
without SL priors, the effectiveness of SL priors is illied in breaking the redshift
degeneracy, and in reducing the fraction of catastrophicos. For the total sample
at 01 < z< 2.0, the accuracy of the redshift estimation by SL priors (Wwhgthe
width of the Gaussian error distribution) changes littlenfro (A(z)) = 0.043 with
an systematic offset of —0.019 tqA(z)) = 0.044 with an offset of —0.020. We can
see from the figure that at redshiftsc 0.3 andz > 1.6, the SL priors do not work
as well as in the intermediate redshift range. This is bex#us peak value of the
surface luminosity sampled by the SL priors is slightly &rghan the actual SL
for galaxies with lower redshifts, and is slightly smalleaih the actual SL for the
galaxies with highest redshifts. For galaxies in the retisnge 05 < z < 1.25,
the RMS error remains the sameaggt= 0.035 for both methods. For galaxies with
redshiftz > 1.6, the SPZ yields large scatter. We only use the 1183 galaxies
1.6 to calculate the statistics of catastrophic outliers.dadaxies with/A(z)| > 0.2,
the fraction decreases from 15.0% to 10.4% by adding sultan@osity priors;

and for galaxies withA(z)| > 0.5, the number reduces from 87 to 22. This effect
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is demonstrated clearly in Figure 6, which shows the histagof the fractional
redshift error. The solid line shows the histogram of gadaxiith improved SPZ
redshifts by SL priors. The dotted line represents that zbgas with SPZ redshifts.
We can see that the galaxies with fractional errors greher ©.6 almost disappear

with the SL priors method.

For the 283 elliptical galaxies, the redshift estimationvgt same trend as
that of the total sample, with little change in accuracy angrovement in catas-
trophic outliers. The redshift accuracydagA(z)) ~0.01, much better than that of
the blue galaxies, for both SPZs and SPZs with surface lusitinpriors. The ellip-
tical galaxies in the spectroscopic sample is not compleg¢gtd the selection effects
and it can lead to small difference in the accuracy estimatio the application to
the photometric sample with this calibration, there is tgpkection bias in different
redshifts. At higher redshifts, the photometric samplelssto have more luminous
elliptical galaxies, which should be expected with bettssusacy in redshift esti-

mation.

The color and SL priors works well for lower redshift sampé¢z < 1.6.
However, to apply this method to redshift estimation forwiele PEARS sample,
we need to improve the method, since the whole sample wilidecsuch galaxies
atz> 1.6 and the relation between the shape parant8tetV ) — (i — z) and redshift
will not be near linear. The value ¢B—V ) — (i —z) will go up linearly with redshift
atz> 1.6. The application of this method needs to be studied furthiely with
additional near-IR filters. This can be done with the HST/\BF@ter 2008.

2.6 Summary and Conclusions

For an object with constant luminosity per unit area, thebwdtric surface bright-

ness scales d4 +2z)~“ in an expanding universe. That, combined with the fact that
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Figure 2.7: The histogram distribution of redshift fraci& errorx. The solid line
shows the improved SPZ redshifts by SL priors. The dotted Igpresents the
distribution of SPZ redshifts. The dash-dotted line shdweszero position of the
histogram.

there is a definite upper limit to luminosity per unit arearsgestarburst galaxies
from z= 0-7 (Hathi et al., 2008; Meurer et al., 1997), would make feegry strong
prior for photometric estimates. However, the mean lumtgqeer unit area is well
below this upper limit and shows strong redshift evolutionlflue late type galax-
ies. The early type galaxies show a generally higher sultamaosity and a similar

slope of the redshift evolution.

To calibrate the evolution of luminosity per unit area, weidi the sample
into three redshift bins using a color-based criterion; treth derive the distribution
of luminosity per unit area in restfrani&band. The probability of the rest-frame

surface luminosity is applied as a prior to the redshift ptmlities given by SED
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fitting to broad-band + grism data.

The method is applied to 1266 galaxies observed with HST/REBRS
grism spectra and with GOODBV iz broad-band photometry and known ground-
based redshifts in the range ofl0< z < 2.0. The accuracy is assessed with the
spectroscopic redshifts. By comparing the redshift egtonavith and without SL
priors, the new method improves the number of galaxies Wit)| > 0.2 from
15.0% to 10.4%. The RMS scatter does not change much. Thewament seems
same for the blue galaxies and the 283 red galaxies, whileetthgalaxies show
higher accuracy in redshift estimation. The result shovesefficiency of the SL
priors in breaking the degeneracy of SPZ redshifts for ledshift Balmer break

galaxies and high redshift Lyman break galaxies.
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Chapter 3

SPECTROSCOPIC STUDY OF THE HST/ACS PEARS EMISSION LINE

GALAXIES
3.1 Abstract

We present spectroscopy of 76 emission-line galaxies (EUGSDF-S taken with
the LDSS3 spectrograph on Magellan Telescope. These galaxe selected to
have emission lines with ACS grism data in tHebble Space Telescop&obing
Evolution and Reionization Spectroscopically (PEARSygriSurvey. The ACS
grism spectra cover the wavelength range 6000-9%Gthd most PEARS grism
redshifts are based on a single emission line + photomeddshifts from broad-
band colors; the Magellan spectra cover a wavelength ranoge 4000A to 9000
A, and provide a check on redshifts derived from PEARS dafikd an accuracy
of g; = 0.006 for the ACS grism redshifts with only one catastrophutlier. We
probe for AGN in the sample via several different methodgotal we find 7 AGNs
and AGN candidates out of 76 galaxies. Two AGNSs are identifiech the X-ray
full-band luminosity,Lx _rayFs > 10" erg s'1, the line widths and the power-law
continuum spectra. Two unobscured faint AGN candidatesdamtified from the
X-ray full-band luminosityLx_rayrg ~ 10*! erg s, the hardness ratio and the
column density, and the emission-line and X-ray derived SH®o candidates are
classified based on the line ratio of [NI§584/Hx versus [OlIIIR5007/H3 (BPT
diagram), which are between the empirical and theoretiealatcation curves, i.e,
the transition region from star-forming galaxies to AGNsneQAGN candidate is

identified from the high-ionization emission line H&N686.
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3.2 Introduction

The HST/ACS/G800L grism survey Probing Evolution and Reation Spectro-
scopically (PEARS, PI: S. Malhotra) produces low-resolnit{R ~ 100) slitless
spectra in the wavelength range from 6800 97008. The survey covers four ACS
pointings in GOODS North (GOODS-N) and five ACS pointings @idira Deep
Field South (CDF-S) fields yielding spectra of all objectdaip= 27 magnitude up
to z= 28 magnitude in the Hubble Ultra Deep Field (HUDF). We s&ld@mission-
line galaxies in CDF-S from the samples of Xu et al. (2007} &traughn et al.
(2008, 2009), regardless of the broad-band magnitude flawop with Magellan
telescope for Rv 1900 spectroscopy. Thus we are able to get spectra for much
fainter objects than have been selected traditionally. (&/gnzella et al. 2006,
2008). One of the aims of the followup spectroscopy is to eonthe redshifts

obtained from the grism data.

The grism data, due to the limited wavelength coverage andpectral res-
olution, often yields only a single unresolved line. Forgé@aline spectra, the lines
are identified as: [OI}3727A, [OI1]] AA4959,500A andHa based on photomet-
ric redshifts derived from the broad-band colors (Xu et @02, Straughn et al.

2008, 2009).

In this paper, we present the confirmation of the ACS grisrshigts by the
follow-up Magellan LDSS-3 multislit spectroscopic obsaien of a sample of 107
emission-line galaxies (ELGS) pre-selected by Straughh €009) in the GOODS-
S field. We also compare the flux calibration in the two obg#rua. The normal
star-forming galaxies and AGNs are classified by the emishine ratios of the BPT
diagnostics diagram (Baldwin, Phillips, & Terlevich, 19&hd X-ray observations.

The paper is organized as below. We briefly describe the wéisen and the data
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reduction in § 2. The result of redshift comparison with grimeasurement, flux
calibration comparison and AGNs classification are illatgd in § 3. Finally, we

present the summary in § 4.
3.3 Data and Reduction

From the HST/ACS PEARS grism survey, Straughn et al. (20€1@rsed 203 emission-
line galaxies by a 2-dimensional detection and extractrocgdure in the GOODS-
S field. The line luminosities of grism observations extehd studies of star-
forming galaxies tavl ~ —185 atz~ 1.5. Starting from 107 pre-selected emission-
line galaxies, we obtain 89 emission-line galaxies spédaira the follow-up Magel-
lan LDSS-3 multislit spectroscopic observation after egdahg the undetected spec-
tra and bad spectra. With 13 galaxies observed twice, thé daraple includes
76 different galaxies. Figure 1 shows the apparent magaitlistribution of the
total pre-selected ELGs put on masks (dashed line) and thelsaof 76 differ-
ent galaxies with follow-up spectroscopic observatioigdme). The pre-selected
emission-line galaxies cover magnitude range from 18.07t0 @ith a peak at 23.5.

The subsample for follow-up observation follows the sansériiution.

The spectroscopic follow-up was done in a total of four regint Novem-
ber 2007 and December 2008 using the Magellan LDSS-3 speaplb and us-
ing the VPH-Blue and VPH-Red grisms. The LDSS-3 instrumext & scale of
0”189/pixel. The VPH-Blue grism covers the wavelength rarr@enf400(f\ to
65008 with a resolution ofR = 1810, dispersion of 0.68dpixel@520R. The
VPH-Red grism covers the wavelength range from 606® 90004 with OG590
filter used to eliminate contamination from the second ordére red grism has a
resolution ofR = 1900 and dispersion of 1.1&%pixel@850Q. We used slit widths
of 0”8.
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Figure 3.1: Histogram of the distribution band (ACS F775W) apparent magni-
tudes. The dashed line is that of the total 107 emissiongaiaxies put on masks.
The solid line is that of the 76 emission-line galaxies withod quality redshift
measurements from LDSS3. The magnitudes of the sample peak28.5.

Five masks were created to contain all of the science objatiisA-6 align-
ment stars located at different parts of each mask. The figtde observed with
integration times of 5400s, 7200s, and 8100s. For masks\aasi 2007, the spec-
troscopic standard star LTT1020 was observed for caldmatn 2008, the spectro-
scopic standard stars, LTT1020, LTT2415, EG21 and LTT386rkewbserved for

flux calibration.
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We reduced the spectra using t8©SMOSsoftware package (Oemler et
al., 2009, COSMOS Version 2.13), which is designed for maliltspectra obtained
using the IMACS and LDSS3 spectrographs on Magellan. Fatigwihe reduc-
tion process of making alignment, subtracting bias, flatig@nwavelength calibra-
tion, sky subtraction and 2-dimensional spectra extractloe blue-end and red-end
spectra were obtained for all objects. The 1-d spectra@xtraand flux calibration

were accomplished irRAF.

To check the flux calibration from year to year we comparedctddrated
spectra for objects observed in both years. Upon doingwhEsealized that the flux
calibration of 2007 data, which was based on a single caitatar was system-
atically higher. This, we conjectured, must be due to mrsgrigent of the standard
star in the slit. The sensitivity function of the CCD obtairfeom the spectroscopic
standard stars observation in 2008 is applied to the flukicdlon of the 2007 data.
To check its robustness, we then used object 110494, whglstheng continuum
and is observed in both years. Figure 2 shows the two flux reeid spectra for
the object. The blue and red spectra are combined togethevier wavelength
range from 4008 to 9000A. The spectra show consistency in the junction point at
65008 of the blue and red ends. The dotted line shows the specteanehl from
2007 data and the solid line represents that of 2008. The sti@ing emission lines
emerging in the spectra are [OM3727, H3, [Oll] AA4959,5007, and H. We fit
the continuum of the two spectra and find a difference of 5% éncontinuum flux
from 5000A to 9000A. We measure the line fluxes and errors fg8 Bind Hy, and
obtain the ratio of l/HpB = 0.45+0.05, and 0.4&0.07, separately. The ratios are
in good agreement with each other and with the theoretidaby®.469. The good
agreement of the continuum and the line ratios of the twosyspectra demonstrate

that the calibration is sufficiently robust for the purpose.
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From the 2-dimensional spectra, we finally obtained 89 sswdhich show
clear detection of emission lines. The galaxy redshiftdiesevisually determined
from the pattern of the emission lines. The accurate retsaifd uncertainties are
determined by the average and variance of the redshiftsnalotdrom the main
emission lines in the spectra. In the 89 spectra, there am@bjegts which were
observed in both years. We finally obtain 76 unique redskficch are used to

assess the accuracy of the grism redshifts ak0z < 1.3.

Excluding objects only observed in blue or red end, objects signal to
noise ratio less than 3 in# and [OIllI]A A4959,5007, and objects with one or more
emission lines out of spectral coverage, we measure théllires for 55 well ex-
tracted 1-d spectra with whole set of [OI} 3727,3729, i, and [Oll1]A A 4959,5007
lines. The emission-line fluxes are measured by Gaussiesngf{tt AUSSFITIn IDL)
expanding 48, around the line peak. Most of the FWHM of the line profiles sre
the range from A to 9 A with line velocities< 500 km s%, except two objects,
92839 and 102156, of 28 and 29 corresponding to velocities 1000, 3800 km

s1 (discussed in § 3.3).
3.4 Results

Table 1 lists the general information and the measuremseuttssof the galaxy sam-
ple, the PEARS ID (column 1), R.A. (column 2), Dec. (columpni3yagnitude (col-
umn 4), spectroscopic redshifts (column 5), grism redsiidolumn 6), the FWHM
of line HB (column 7), the flux and flux error of [O1IN4959,5007 in the Magellan

spectroscopy (column 8) and the PEARS grism survey (column 9

Redshift Comparison

We first compare the LDSS3 redshifts with the redshifts aeit@ed from ACS grism

detections of 1 or 2 emission lines-a80A resolution. Among the 76 emission-line
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Figure 3.2: Flux calibrated spectra for object 10494 obseim both 2007 (dotted
line) and 2008 (solid line). The flux uncertainties of thectpeein 2007 are much
larger than that of 2008 due to the larger seeing. Due to th&ibpositioning of of

the standard star in 2007 data, the spectra of 2007 is flusrasdid by the sensitivity
function obtained from 2008 spectroscopic standard sfiing consistency of the
continuum and the line ratio of yAH in the two years demonstrate the robustness
and effectiveness of this application. The PEARS ID, thesh#tl and the main
emission lines are labeled in the plot.

galaxies with LDSS3 redshifts, 62 have ACS grism redshifisnf Straughn et al.
(2009). For remaining 14 Straughn et al. (2009) find a linedaminot assign a line
identification and redshift with confidence due to lack oflseqghotometric redshift
for these sources. We plot the redshift differences betwikeen.DSS3 and ACS
redshifts in Figure 3. The ACS grism redshifts include ontg @atastrophic failure
(object 89030, discussed below) and one object, 72509, rettbhift difference of
0.05. Object 72509 has a redshift of 1.246 and only the [@R]Bis observed in the
red-end of the spectra. The ACS grism spectrum of this oigettisy and there are
several peaks around 8480which could be due to the contamination of sky line
residuals. Among the remaining 60 objects, we measure areah square redshift

difference ofo; = 0.006 between the ACS and LDSS3 redshifts.
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Object, 89030, with large deviation between the measuredtspscopic
redshift, 0.6220, and the grism redshift, 1.449, has a welécted continuum,
fy ~10 8 ergstem2A-1 and a full set of lines, [Ol1] doublet, B, and [OI1I]
doublet, in the Magellan spectrum. The ACS grism spectrusithe strongest line
peaks around 9129 which is assigned to be [ORJ]3727, and a weak continuum
fy ~10 2 ergstcm2A-1. From thei-band image of this object, it is found
that object 89030 has two neighbors, an extended spiral domdjlat compact ob-
ject. Combined with the faintband magnitude, = 25.79, We conclude that the
spectrum obtained from Magellan could be the contaminati@me of the adjacent

two objects.

Flux Comparison

We compare emission-line fluxes as measured from the grauhtha grism. Usu-
ally, [OIll] A5007 is the strongest emission line in the spectra. Due ttothees-
olution of ACS grism spectra, the two lines [ORIA4959,5007 are blended into
one wide peak. Figure 4 presents the comparison of the totssen-line fluxes
of [Olll] AA4959,5007 for 33 common objects with both flux measuremente
y-axis is the flux ratio between the spectroscopic to the gfisrmand thex-axis is
the geometric mean of the grism and the spectroscopic limedlu-rom the figure,
the ratio for most of the galaxies are in the range from 0.5 @do2ted line), which
agrees with the expectation. In the pre-selected ELGs saamaut two-thirds have
irregular and/or merging morphologies (Straughn et aDQ0For irregular and ex-
tended morphologies the slit losses can lead to a factor nti2Znestimatation of the
spectroscopic line fluxes. The ACS grism spectra are exttlactr individual star
forming knots based on the 2D detection (Straughn et al9R0¢hich could intro-
duce big differences for flux comparison also. Other factsuish as the uncertainty

in the background continuum determination of the ACS spetire contamination
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Figure 3.3: Redshift differences between the spectroscapil the grism redshifts
as a function of the spectroscopic redshifts. The accuratlyeogrism redshift is
measured to be, = 0.006.

of the HB can introduce some factor to the line fluxes. Therefore, waras that the

factor from 0.5 to 2 in the flux ratio is in the reasonable raofjgne measurements.
AGN Identification

The contribution to the emission lines in spectra includesionized HIl region

by massive stars in normal star-forming galaxies and theowaline region (NLR)

of AGNs. To classify the emission-line galaxies in the sasrtpl be star-forming

galaxies or AGNs, we use two methods: catalog matching taChE&-S X-ray
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ine fluxes measured by ACS grism and LDSS-3.] Flux ratios efdgpectroscopic
to the grism as a function of the square root of the [Olll] Ifhexes measured by
ACS grism and LDSS-3, which is plotted in log scale. The mafar most objects
are in the range from 0.5 to 2.0 (the dotted lines, the satiel shows the ratio of 1),
which is in the reasonable range due to the different samplirgalaxy light by the

slit and grism, the uncertainty in the determination of thierg continuum.

sources catalog of Luo et al. (2008), and comparison of tHg Al8584/Hx ver-
sus [OIlI}/HB line ratios (i.e. the well known BPT diagram; (Baldwin, Fips$, &
Terlevich, 1981). The cross-check with the X-ray detedigives 5 X-ray counter-
parts with separation within”2 which are possible AGNs and are marked in Table
1. By checking the X-ray full-band flux, the two objects, 99&hd 102156, have a
luminosity ofLrg = 6.36x10*3 ergs s and 3.36<10*3 erg s 1, respectively. From
the spectra, these two objects show strong exponentipéslontinuum. From the
line widths, the lines of these two AGNs have velocities$800 km s, ~ 1000

km s 1. Thus, these two are determined to be broad-line AGNs.
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The other three objects, 59018, 60143, and 79483, shew 10* ergs st
and are possible starburst galaxies and faint AGNs. We @iz hardness ratios,
HR=(H-S)/(H+S), where S and H are counts in the soft-bars+2keV) and in the
hard-band (2-7 keV), for the two galaxies, 59018 and 7948&. HRs are< — 0.13
and < — 0.29, respectively, which implies an intrinsic absorptas X-ray column
density Ny < 8.8 and 2.4< 10?1 cm~2 (68% confidence level, far = 2.0 and solar
metallicity). This suggests that the X-ray fluxes are dort@day star formation or

unobscured faint AGN.

We use the extinction corrected (the extinction is obtaimgthe continuum
SED fitting with the BCO3 stellar population synthesis modirlizual & Charlot
2003) line fluxes of [Oll] andH to derive the star formation rates (SFR) for the
three possible starburst galaxies by the calibrationsgbyeKennicutt (1998), and
use the soft-band (0.5-2 kev) and hard-band (2-10 kev) Xfexes to get SFR by
the relations given by Ranalli et al. (2003). The resultsgaven in Table 2. The
“<”in Table 2 denotes the upper limit X-ray detection. The X-flux of galaxy
60143 is only detected in the full band (0.5-7 keV). The SFRibgect 60143 agree
very well between the [Oll]-derived and soft-band derivedults,~ 10 M /yr, so
galaxy 60143 are more likely a starburst galaxy. For obj@€18 and 79483, the
X-ray calibrations give the SFR 10 M. /yr, and the emission lines calibrations
give the SFR~ 1 M /yr. While the SFRs from X-ray are an order larger than the
SFRs from the extinction-corrected emissions for gala%@818 and 79483, we

treat these two galaxies as unobscured faint AGNSs.

For the emission-line sources, the lineg End [NII]A 6584 can only be ob-
served for galaxies @& < 0.36 due to the wavelength coverage of the spectra. The
above 5 objects with X-ray detection all have redshi#t 0.36 and hence out of the

analysis of the BPT diagonostic method. For 14 galaxies gaibd line flux mea-
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surements at < 0.36, Figure 5 shows the plot of the [NNB584/Hx and [OlII)/Hf
ratios for these objects. The theoretical maximum stathiong (dashed line) from
Kewley et al. (2001) and the empirical demarcation from Kaaihn et al. (2003)
(dotted line) are also plotted. All of the 14 objects are belbe theoretical upper
limit (Kauffmann et al., 2003). Two object, 89923 and 1115#9in the transition
region between the empirical and theoretical demarcatioves. There are no X-
ray detections for these two objects, no other distinct A@Gjt lonization indictator
emission lines, e.g. [NeV] and Hell, and no broad lines. Hetitese objects could

be star-forming galaxies, or low-luminosity AGNs, or soneenbination of the two.

For galaxies az > 0.36 and without Hr and [NII] observation, we use the
HellA4686 as the indicator of the AGN activity. Only one object67161, has

prominent Hell in the spectra and could be AGN.

The above analysis of the X-ray detection, line width, hasdnratio and
column density, SFRs, BPT diagram and high ionization eondme, give 7 AGNs
in the sample. We mark these objects in Table 1 with starglbsshe object ID as

the AGNs and AGN candidates identified in this paper.
3.5 Summary

We investigate the accuracy of the grism redshifts usingMagellan LDSS-3
follow-up spectroscopic observation of a sample of 76 eimisbne galaxies. The
galaxies are pre-selected to have emission lines (Straetgin 2009) in the GOODS-
S field. The galaxies span the magnitude rang® 19i < 26.0 and the redshift
range 01 < z< 1.3. In the spectral coverage from 6506 97004, the most im-
portant emission line observed are [OIll]BH[OIII], and some Hx, and [NII] for
low redshift galaxies. The spectroscopic redshifts aresonea from the pattern of

the emission lines. The spectroscopic redshifts of 76 gedaare obtained. The
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Figure 3.5: Emission-line ratios [NR]6584/Hx vs. [Olll}/HB for 14 objects at

z < 0.36 with Ha and [NII]A 6584 observation and measurements. The dashed line
is the theoretical maximum starburst limit from Kewley et(2001), and the dotted
line represents the empirical demarcation from Kauffmarah €2003) (dotted line).
Two objects in the locus between the two curves have largg4E584 line flux and
have high probability to be AGNs.

accuracy of the grism redshifts is assessed using 62 galaxtie both redshift mea-

surements. An accuracy of = 0.006 is found for the grism redshifts.

For 33 galaxies with both LDSS-3 flux measurements and grisxed|, the
emission-line fluxes of [Olll] are compared. A general agreat is found with the
[Olll] flux ratio ranging from 0.5 to 2. The different sampgjrof light by the slit
and the ACS grism, and the uncertainty in the continuum detetion of the ACS

grism spectra may result in this factor of 2.

By cross-checking with CDF-S X-ray catalog (Luo et al., 20®80 AGNSs,
92839 and 102156, are identified with luminositied pg > 10*3 erg s’ 1. Another
38



three X-ray detected galaxies show luminosity_pg ~ 10*! ergs s and are pos-
sible starburst galaxies or obscured faint AGNs. The SFRs$hi® three objects
are derived from extinction corrected emission-line fluaed X-ray soft-band and
hard-band fluxes. One object, 60143, shows good agreemém terived-SFRs,
which is~ 10 Ma/yr, and is more likely a starburst galaxy. For another twiaxga
ies, 59018 and 79483, the hardness ratio,44R0.13 and< — 0.29, and the X-ray
column density, N < 8.8 and 2.4x10%?! cm~2, suggests possible star formation or
unobscured faint AGNs. Since the extinction corrected simisline [Oll] and H3
derived SFRs are- 1 Mg /yr, while the X-ray derived SFR is 10 Ma/yr, we treat

these two galaxies as unobscured faint AGNs.

For 14 galaxies at < 0.36 (without X-ray counterparts) and withcHand
[NII] emission lines observed in the spectra, we use the BRgrdm to identify
star-forming galaxies and AGNSs. All of the 14 objects lodag¢éow the theoretical
upper limit (Kauffmann et al., 2003). Two objects, 89923 41d 549, locating in
the transition region between star-forming galaxies andN&Ccould be possible
AGNs. From the high ionization indictator emission lineglA 4686, one more

object, 106761, is identified as possible AGN.
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Table 3.1: Spectroscopic redshifts and emission line flateése emission line
galaxies obtained from the Magellan follow-up LDSS-3 okiaon. The corre-
sponding grism redshifts and grism fluxes are listed in thketal he stars besides

object ID represent AGNs and AGN candidates.

PEARS ID RA DEC imag®  Zspec  Zgrism FWHMP f[OIII],specc f[OIII].grismc
12250 3:32:37.61 -27:55:32.63 24.69 0.3391 - 6.1 10067 -
13541 3:32:38.03  -27:55:08.07 21.41 0.3730 0.370 4.8 HoM0s  155.134.3
17587 3:32:38.60 -27:54:49.85 24.81 0.6447 0.650 1.2 SB3  46.6:15.5
17686 3:32:27.87 -27:54:51.56 29.73 0.6697 - - - -
18862 3:32:32.72  -27:54:2291 19.24 0.2018 - 3.3 83%8 -
19422 3:32:41.30 -27:54:34.74 2451 0.5506 0.553 4.9 IBD  94.1H13.7
19639 3:32:34.92 -27:54:13.83 19.90 0.2802 0.280 3.0 ¥WB® 125.8-83.3
22829 3:32:39.54 -27:54:00.67 21.52 0.5606 0.559 5.0 A3BHA 157.24.3
26009 3:32:33.10 -27:53:40.68 23.60 0.4356 0.439 - - -
31362 3:32:43.68 -27:53:05.90 24.17 0.6672 0.665 4.8 2BD  293.8:8.7
33294 3:32:38.08 -27:52:48.68 23.49 1.0354 1.047 - - -
37690 3:32:40.74 -27:52:16.92 23.57 0.3644 - 1.8 43.9 -
41078 3:32:43.39 -27:51:54.54 24.25 0.8573 0.866 - - -
43170 3:32:37.49 -27:51:38.84 24.02 0.6874 0.692 7.0 #2831  84.1+15.6
45454 3:32:43.63 -27:51:22.37 22.73 0.4233 0.425 4.1 #4325 38.2:9.0
46994 3:32:39.45 -27:51:13.16 24.29 0.6665 0.668 6.7 7N 121.%17.6
49766 3:32:42.00 -27:50:51.80 23.53 0.2184 0.213 1.9 430019 -
52086 3:32:37.87 -27:50:39.52 23.47 0.5227 0.526 4.9 15O 243.9446.5
54022 3:32:41.93 -27:50:26.81 22.29 0.3360 0.336 5.6 200 67.413.7
55102 3:32:42.15 -27:50:18.71 21.83 0.4567 0.458 3.8 H5.7 66.7:-38.1
56801 3:32:34.82 -27:50:14.56 23.93 0.6491 0.653 4.3 H4BB -
56875 3:32:36.72 -27:50:15.70 24.48 0.5346 0.541 4.1 2326 32.6:3.3
58985 3:32:47.98 -27:50:02.64 23.78 0.5650 0.563 - - -
59018*4 3:32:42.32  -27:49:50.33 20.59 0.4571 0.464 5.8 232 -
60143 3:32:35.61 -27:49:43.95 21.21 0.5464 0.542 - - -
65825 3:32:41.22 -27:49:18.45 2351 0.9329 - - - -
70651 3:32:36.75 -27:48:43.51 23.33 0.2143 0.212 3.1 A5 102.9-15.4
72509 3:32:40.92 -27:48:23.73 2446 1.2461 1.294 - - -
72557 3:32:32.19 -27:48:24.41 23.52 0.3378 - - - -

Continued on Next Page. ..
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Table 3.1 — Continued

PEARS ID R.A. DEC imad®  Zspec  Zgism FWHM®  fiousped  flom grismt
73619 3:32:44.26 -27:48:18.58 24.77 0.6699 0.652 - - -
75506 3:32:35.34 -27:48:03.06 26.33 0.2794 0.277 - £368.9 31.6:4.4
75753 3:32:44.97 -27:47:39.22 21.57 0.3451 0.343 4.9 20101  134.9:14.8
76154 3:32:36.29 -27:47:55.32 23.68 0.6049 0.600 5.2 431113 66.4:-0.7
79283 3:32:34.11 -27:47:12.10 20.75 0.2266 0.230 4.1 1333 —

79483+d 3:32:45.11 -27:47:24.00 20.81 0.4345 0.438 5.9 3.9 -

80500 3:32:35.32 -27:47:18.53 23.34 0.6677 0.658 4.5 166290 41.0:9.6
81944 3:32:34.73 -27:47:07.62 22.48 0.2469 0.228 35 52%BP 875.437.8
83381 3:32:42.37 -27:46:57.17 24.92 0.3318 0.329 — - -
85517 3:32:42.32 -27:46:51.06 24.79 0.5358 0.530 7.2 1656 -

89030 3:32:38.50 -27:46:30.82 25.79 0.6220 1.449 5.0 H6.8 -

89853 3:32:33.02 -27:46:08.76 21.63 0.3689 0.364 — - -
89923*d 3:32:41.76  -27:46:19.39 21.25 0.3331 0.333 5.4 8.4 -

90116 3:32:46.76  -27:46:24.05 25.45 0.6250 0.630 - - -
91205 3:32:36.13 -27:46:16.37 23.18 0.2178 - 4.2 B/IR4 —

91789 3:32:35.29 -27:46:12.21 23.80 0.5313 0.533 4.2 29.2 -

92839**€ 3:32:39.08 -27:46:01.78 20.95 1.2222 1.215 f79. - -

95471 3:32:42.56 -27:45:50.16 22.38 0.2191 0.219 — - -
96123 3:32:34.30 -27:45:49.21 23.12 0.5313 0.535 4.1 29.8 -

96627 3:32:40.91 -27:45:40.91 21.50 0.1516 0.136 4.1 28801 -

97655 3:32:27.37 -27:45:40.61 23.71 0.5442 0.543 5.0 B354 589.2:23.2
100188 3:32:24.31 -27:45:24.41 25.00 0.3107 0.311 — - -
102156**¢  3:32:30.22 -27:45:04.60 21.65 0.7368 0.738 28. 228.8 318.8:15.2
104408 3:32:27.85 -27:44:49.96 24.27 0.7371 0.737 5.0 1HB® 37.9:22.6
105723 3:32:27.30 -27:44:28.68 20.03 0.2142 0.223 — - -
106491 3:32:27.28 -27:44:37.46 2493 0.3372 0.337 5.7 431B.5 72.5:20.7
106761*d 3:32:29.12 -27:44:38.63 25.88 0.6673 - 2.2 5419.7 52.4:3.2
109547 3:32:21.41 -27:44:09.59 23.64 0.3627 0.368 — - -
110494 3:32:25.91 -27:44:01.49 21.96 0.2775 0.281 3.8 833B.1 197.6:31.9
111549+ 3:32:24.60 -27:43:46.79 22.06 0.3096 0.314 4.6 53.8 36.3:11.3
114392 3:32:22.95 -27:43:33.09 23.63 0.5636 0.567 2.9 130 29.6:13.0
117138 3:32:17.36 -27:43:07.27 21.18 0.6480 - 2.9 08.4 51.5:9.2
117686 3:32:18.25 -27:43:10.95 24.44 0.6693 - 4.5 64180 28.14.1

Continued on Next Page. ..
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Table 3.1 — Continued

PEARS ID R.A. DEC imad®  Zspec  Zgism FWHM®  fiousped  flom grismt
117929 3:32:29.52 -27:43:05.19 22.09 0.3378 0.340 3.2 184 28.8:4.4
118014 3:32:23.68 -27:43:08.72 23.60 0.9796 - - - -
118100 3:32:16.87 -27:43:04.27 23.16 0.6467 0.646 7.2 811M.6 74.667.4
118673 3:32:21.94 -27:43:03.41 2462 0.7362 - - - -
119341 3:32:16.81 -27:42:59.76 25.09 0.6909 0.691 6.2 458D -

121817 3:32:23.16  -27:42:39.98 24.48 0.6683 0.671 4.0 4701483 86.7412.9
123008 3:32:16.65 -27:42:32.71 23.21 0.6410 0.640 5.0 279 162.119.4
123301 3:32:18.57 -27:42:29.50 22.50 0.6042 0.604 6.8 94250 184.59-4.2
123859 3:32:15.45 -27:42:20.54 22.68 0.4190 0.418 3.9 MBS 45.9+2.6
127697 3:32:14.74  -27:41:53.29 2256 0.4170 0.422 7.0 245 16.17.1
128538 3:32:12.76  -27:41:44.45 22.66 0.4214 0.457 4.6 409 44.2+13.1
129968 3:32:11.85 -27:41:39.52 23.50 0.6051 0.603 3.3 33IB.9  190.622.5
130264 3:32:11.26 -27:41:27.01 2230 1.0574 - - - -
134573 3:32:22.01 -27:40:59.21 2299 0.3579 - 8.7 2482 -

la: The opticali-band magnitudes are obtained from HST/ACS GOODS versidrir?ages
(Giavalisco et al. 2004).

2h: The line FWHMs are measured fd3 and in unit ofA.

3c: The fluxes are in unit of 10¥ergss lcm 2.

4d: One star marks AGN candidate identified by the CDF-S X-nayihosity, hardness ratio and
column density, SFRs, the BPT diagram, and the high iomiratidictator emission lines.

Se: Two stars mark AGNs identified by the CDF-S X-ray lumingdine widths, and spectral
slope.

5f: The FWHM of object 92839 is measured from Mgll since the Bambination lines are out
of the spectral coverage.

"NOTE: No data indicates measurement was not possible. mafag ism, NO data is because
no suitable line ID was found for the given input guess reftishi
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Table 3.2: Star formation rates (Vyr) derived from line luminosities (erg/s) of [Oll] and 3, and X-ray soft-band

(0.2-5 kev) and hard-band (2-10 kev) luminosities for theniified three starburst galaxies by X-ray cross-checking.

The upper limit detection is denoted.

PEARSID z Lom® SFRon®  Lug®  SFRyg" Lsg? SFRyg Lyg? SFRygP
59018 0.457 9.22e+40 1.29 2.92e+40 0.65 4.436e+40 9.76 1.23e+41 < 24.55
60143 0.546 8.54e+41  11.95 - - <4.411e+40 <9.70 < 1.88e+41 < 37.67
79483 0.435 1.26e+41 1.76 5.97e+40 1.33 6.632e+40 14.591.31e+41 < 26.17

& The luminosities are in unit argss L.

b: The star formation rates are in unit i, /yr.
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Chapter 4

MASS-METALLICITY RELATION OF STAR-FORMING GALAXIES FROM

HST/ACS PEARS AT 2 <z< 0.9
4.1 Abstract

We measure gas-phase oxygen abundances for 30 emisstogaliaxies (ELGS)
at 02 < z< 0.9, which are pre-selected from the HST/ACS Probing Evotutio
and Reionization Spectroscopically (PEARS) grism Survéth follow-up spec-
troscopy taken with the Magellan LDSS-3 and IMACS spectappgs. The gas-
phase oxygen abundances, 12 + log(O/H), are estimated bymetalicity diag-
nostic indicatorR,3, utilizing the [Oll]A3727, H3, and [OIlI]A A4959,5007 emis-
sion lines. The oxygen abundances span the range<712 + log(O/H) < 8.9.
The galaxy stellar masses are derived from SED fitting wighBhuzual & Char-
lot (2003) stellar population synthesis model. The maspas $he range 7.5
log(M./My) < 10.5. The mass-metallicityM-Z) relation of the PEARS sample
with median redshif{z) ~ 0.5 shows significant a offset by —0.5 dex in metal-
licity at given stellar mass relative to the loddlZ relation from SDSS galaxies.
The luminosity-metallicity .-Z) relation is also offset by —0.8 dex in metallicity
relative to the local-Z relation. The low metallicity galaxies in the PEARS sample
show blue colors, small sizes, and compact disturbed mévgles, similar to the
local green peas and LBG analogs. The SFRs span the rangel0.Mx/yr, and
do not show significant correlation with galaxy metalliegti The specific star for-
mation rates (SSFRs) are larger byl dex than the local SDSS galaxies. This is
due to the higher SFRs and lower masses of the PEARS galalétise to the local
ones. The projection of the PEARS galaxies on the fundarherllicity relation
(FMR) plane shows good agreement with that defined by loc&SBalaxies. The

fit with the chemical evolutionary models with inflow and oowfl shows that the
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model of solar yield/,, with inflow rate f; = 1x SFR and outflow raté, = 0.1x SFR
gives best fit to our data. The low-mass PEARS galaxies shgv drs fractions.
Hence, these galaxies may still at their intrinsic earlylettonary stages, i.e. the
downsizing effect. The tidal interaction induced inflow oétal-poor gas, and the
SNe driven galactic winds outflows, may also account for tgaicant offset of

the PEARS galaxies in tHheZ and theM-Z relations relative to the local relations.
4.2 Introduction

The chemical enrichment of the universe is driven by stallacleosynthesis in
galaxies (Tinsley, 1980). The metallicity is expected totigatly related to the

galaxy evolutionary state, which can be characterized by, snorphology, color,

luminosity, stellar mass, and gas fraction, etc. In galasolgionary scenario, the
heavy elements can be diluted by a series of physical presgssich as stellar
winds, supernovae explosions, galactic winds, and inflowrgdtine gas (Larson,
1974; Garnett, 2002; Tremonti et al., 2004). Studying thatiens between metal-
licity and stellar masses, luminosities, and star fornmatetes (SFRS) is crucial to
understand the star formation history and the multiple aygrocesses interplay-

ing in galaxy evolution (Tinsley & Larson, 1978; Larson & $lay, 1978).

At redshift z ~ 0.1, the relation between galaxy stellar masses and gas-
phase oxygen abundanced-¢Z relation) is well established by 53,000 SDSS
star-forming galaxies (Tremonti et al., 2004). The ressktsw that the gas-phase
metallicity increases as stellar mass increases frof? 1®10'%°> M, and flattens
above 16°%° M. The correlation is interpreted by the selective loss ofatsetom
galaxies with shallow potential wells via galactic windsatkon, 1974; Tremonti
et al., 2004). At intermediate redshifts, Kobulnicky & Keyl(2004) presented
the relation between the rest-frame blue luminosity andpiese metallicityl(-Z

relation) by a sample of 204 emission-line galaxies.a0z < 1.0 in the GOODS-
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North field. A decrease of 0.14 0.05 dex in average oxygen abundance from
= 0 to 1 is found within — 18.5¢ Mg < — 21.5. Zahid et al. (2011) studied the
M-Z relation at 9.2< log(M,/M4) < 10.6 and thé.-Z relation at — 19.5< Mg < —
22. using a large sample ef 1350 emission-line galaxies from DEEP2 at20.8.
They found a mean difference in metallicity €f—0.15 dex in theM-Z relation and
~ —0.2 dex in thd_-Z relation comparing to the local ones. Redshik¥ < 2 is a
very important regime since the star formation rate (SFRi) raetal production of
galaxies peak in this range (Lilly et al., 1996; Madau etE96; Chary & Elbaz,
2001; Somerville et al., 2001; Pérez et al., 2005; Tresak,62007), and the Hubble
type of disk and elliptical galaxies emerge in this periodckihson et al., 2003).
The studies at these intermediate redshifts (Shapley, &415; Maier et al., 2006;
Liu et al., 2008) and at > 2 (Erb et al., 2006; Maiolino et al., 2008; Hayashi et
al., 2009; Mannucci et al., 2009) show strong evolution @ NhZ relation, with
metallicity decreasing with increasing redshift for a giv&ellar mass. Based on
the metallicity of 5 galaxies &t~ 1.4, Maier et al. (2006) found that rapid chemi-
cal evolution is taking place in galaxies of lower lumin@stas the universe ages.
Liu et al. (2008) studied the mass-metallicity relation 6f2ar forming galaxies at
1.0 < z< 1.5 and demonstrated that the zero point of Mh& relation evolves with
redshift by~ 0.2 dex. Mannucci et al. (2009) presented a strong evolation —
0.8 dex toward low metallicity of th#-Z relation for a sample of 10 Lyman-Break

Galaxies with < log(M./M») < 11 atz~ 3.1.

There are two scenarios for the explanation of the origihefhass-metallicity
relation. One is “downsizing”, which means that low massag@s evolve later
and on longer time scale than massive galaxies due to lowefastmation effi-
ciency (Cowie et al. 1996; Kobulnicky et al. 2003). Anoth&eds preferential

metal loss in low-mass galaxies due to the shallower gramital potential (Lar-
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son 1974, Tremonti et al. 2004, Lamareille et al. 2004, Saviat al. 2008).
We have presented observations, spectroscopic data i@tuand classification
between star-forming galaxies and AGNs in an earlier pape7® emission-line
galaxies at @ < z < 0.9 from Magellan LDSS-3 spectroscopic follow-up obser-
vation (Xia et al. 2011; Paper | hereafter). In this secongepawe study the
gas-phase abundances, luminosities, stellar masses, sinegphologies and SFRs
for 30 emission-line galaxies extending to low masses awadietallicities to study
the relation and the evolution between these fundamenb@lepties. The paper is
organized as below. We briefly describe the observation atalid 8§ 2. The meth-
ods of metallicity estimatef},z method, and the results are presented in § 3. The
galaxy stellar masses measurements by SED fitting with BGiBehare presented
in 8 4. In 8 5, we show the results: including the luminositgtallicity relation,
the mass-metallicity relation, the color, morphology, #mel SFR correlations with
metallicity, and the evolution of th#-Z relation. The gas fraction and effective
yield are studied to explain thd-Z relation by fitting with inflow/outflow-included
galaxy chemical evolution model in 8 6. Finally, we summeaigzr conclusions in

87.
4.3 Observation and Data

From the HST/ACS PEARS (Probing Evolution and Reionizat8pectroscopi-
cally, PI: Malhotra) grism survey, Straughn et al. (2008¢std 203 emission line
galaxies (ELGs) with a 2-dimensional detection and exiwagbrocedure from the
one or two emission lines detected in the ACS grism specthesd spectra cover
the wavelength range from 5,5@0to 9,500A with a resolution ofR = 100. The
line fluxes of the grism observation reastbx 10 18ergs s cm~2, and extend the

studies of star-forming galaxies ¥ ~ —185 atz~ 1.5.
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PEARS ELGs follow-up spectroscopy was carried out usingéllag LDSS-
3 and IMACS spectrographs. The two observing runs using tagdilan LDSS-3
spectrograph with grisms of VPH-Blue (covering 4,0000 6,500,&) and VPH-
Red (covering 6,008 to 9,000A) were done on 2007 November 28-29 and 2008
December 22-23. 105 ELGs were observed on 5 masks by LDS8e&gpcopy at
magnitude range from 18.0 to 26.0 peaking at 23.5. The ob8envruns focused on
the Lyman Alpha Emitters (LAEs) with ELGs were carried out\dagellan IMACS
spectrograph (200l/mm) at 2009 September 10-11 with wagéhecoverage from
4,000A to 10,500A.

With the follow-up spectroscopic observation, the accyaddhe grism red-
shift estimates is confirmed to k) = 0.006 and the absolute flux calibration is
assessed to be in good agreement with that of PEARS grism dlitxation by a
factor of 2 (see Paper ). For the LDSS-3 spectrograph, gimceseparate grisms,
VPH-Blue and VPH-Red, were used in the observation, thesedlof emission
lines, [Oll]A3727,3729, K8, and [Ol11]A4959,5007, could fall in the separate blue-
end and red-end spectra depending on the redshifts of galakor some galaxies
with strong continua, the blue-end spectra and the redseecti® show discrepan-
cies in the absolute calibrated fluxes among the overlappengelength coverage
from 6000A to 6500A. This discrepancy is partly due to the imperfect centedfg
object in the slit, which leads to the difference of the fiactof galaxy light sam-
pled during two separate observations. The angle of the m@shtation, which is
determined to maximize the object placement in slits on taskpmay also partly
account for the difference between the blue-end and themeldspectra because of
the atmospheric refraction effects. We correct this dig@ney by taking the me-
dian of the flux ratios between the blue-end and red-end ispecthe overlapping

wavelength coverage between 6,08@nd 6,500A. The ratios of this correction
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range from 0.3 to 3. To investigate the effect of the coroectf the emission line
fluxes in the blue-end and red-end spectra in metallicitysneanents, we use the
difference between the metallicities measured from thession lines before and

after correction as the upper limit of the systematic erabithe metallicities.

The emission line fluxes are measured bylbe codesgauss fitandmp fit
(written by Craig B. Markwardt). For weak lines such as [P14363 and [NIIP 6584,
the lines are fitted with central wavelength set to the nohredshifted value and
the full width same as that of the stronger lines [ABP07 and Hr. The underly-
ing HB absorptions are corrected using the best SED-fitting spécim Bruzual &
Charlot (2003) stellar population synthesis model. Thevedent widths of the 18
absorption correction range from 2 A6 which agrees well with the correction ap-
plied in other studiesy 3+2 A (Lilly et al., 2003). The extinction correction is done
for the best fitE(B — V) obtained from SED fitting using théL codecalz.unred
(written by W. Landsman), which is based on the reddeningectrom Calzetti et
al. (2000). Studies show that the gas can suffer more eidmtiian the stellar con-
tent, hence we assume E(Bz\)ia=0.44E(B-V)as as has been found locally by

Calzetti et al. (2000).

Finally we identify 90 galaxies at.R < z < 0.9 with full set of [Oll], HS,
and [Olll] emission lines in the spectra available for migtdy measurement biRoz
method. Within the 90 galaxies, there are 28 galaxies withadd [NII]A6584 in
the coverage of the spectra wavelength. We us@&thdiagnostic indicator to mea-
sure metallicities for these galaxies. Table 1 lists thesfbend errors of the emission
lines [OI1]A 3727,3729, [ONIA 4363, HB, [OlI1] A4959,5007, tr, and [NII]A 6584
for every galaxy in our sample, along with the PEARS ID, thasteft and the ex-

tinction value. The line fluxes are in unit of 1 ergs st cm2.
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4.4 Measurements
Metallicity

With the strong nebular lines, [OR3727,3729, [OllIIp4959,5007, and Balmer line
HpB, we measure the gas-phase oxygen abundance by the most obnusedR,3
diagnostic indicator, which was first proposed by Pagel.eti&l79). TheRy3 ratio
is defined asp3 = ([OlI]+[Ol])/H B, which is related to both the metallicity and
the ionization. The ionization is described by the ionizatparameteq, which is
the number of hydrogen ionizing photons passing throughtaauea per second per

unit hydrogen number density.

Given the relationship between log(q), log(032), log(R&2J 12+log(O/H)
from the theoretical photoionization models (Kewley & Diapi2002), we solve for

g and metallicity by iteration.

B 32.81—1.15372 + [12+log(O/H)](—3.396— 0.025/+ 0.1444/2)
~ 4.603—0.3199/— 0.163/2+ [12+ log(O/H)](—0.48+ 0.0271y + 0.0203%72)
(4.1)

log(q)

([O111]A 4959+ [0I11]A5007)

wherey = logOs, = log [ONI[A3727

It is well known that theR>3-metallicity is a double valued relation, the high
metallicity branch and the low metallicity branch. On the/éw branch, thé&ys in-
creases with the increase of the gas-phase oxygen abundamtee higher branch,
the Ry3 decreases with the further increase of the metallicity duthé effective
cooling of metals. In this paper we adopt the calibratioveigiby Kobulnicky &
Kewley (2004), which are based on the stellar populatiorttesis models (PE-
GASE and STARBURST99) and photoionization models (usirgMAPPINGS

code Sutherland & Dopita (1993)), to measure the metadiit
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The parameterization of the two branches (Kobulnicky & KeyyP004) are,
for the lower branch with 12+log(O/H)8.5,

12+ 10g(O/H)jower = 9.40+ 4.65x — 3.17x% — log(q) (0.272+ 0.547 — 0.513¢),
4.2)
and for the upper branch with 12+log(O/8.5,

12+10g(O/H)upper = 9.72—0.777%—0.951x* — 0.072¢ - 0.811x*
—log(q)(0.0737—0.0713 — 0.141x*+ 0.0373¢

—0.058¢%), (4.3)

wherex = logRs.

For the degeneracy betweBgz and metallicity, we use the presence of the
auroral line [Oll1]A4363 in the spectra to break the degeneracy. The [4Bp3
is strong in the hot temperature and low metallicity regirker 90 galaxies with
measurements of the full set of emission lines, 13 galaxeselected witls/N > 2
in the [O 111]A4363 auroral line. Galaxies withB/N < 2 in [Olll]A4363 line in the
spectra could be galaxies of high metallicities or galagiel®ew metallicities with
the line fluxes of [OIIIP 4363 lower than the detection limit. Besides the method of
using auroral line [OllIA 4363, we apply another criteria given by (Kakazu et al.,
2007; Hu et al., 2009) to break the degeneracy, EB)(&+ 30 A, which was used
for the selection of ultra-strong emission line galaxiethva high fraction of low
metallicity galaxies. Since we assume that the gas sufferg mxtinction than the
stellar content, and the relation E(B«\)ia=0.44E(B-V)as Calzetti et al. (2000),
the EW of emission lines after extinction correction willdeubled. Hence we use
EW(HB) > 15A as our criteria to classify higher branch galaxies and tdweanch
galaxies. Figure 1 shows the estimation of the gas phasesoxgigundance versus

the strong line ratio diagonostic IBgs and the criteria used to classify the branch
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are listed in the third column of Table 2. There are 44 gakxigh Ry3 > 0.95
are removed out of the sample which line fluxes may have sogmficontribution
from the AGN activities, and 16 out of 44 ha®es within 1o of 0.95. Since the
metallicities are around the turning point 8.6 for galaxies with 10B»3 ~0.95,
which contribute little to the study of the M-Z relation, we dot include these

galaxies in the sample.

Within the 90 galaxies, there are 28 galaxies with emissioes| Hx and
[NII] A6584 present in the spectra. For these 28 galaxies, theatitigindicator
N2, which is defined akl2 = log ([NII]A6584/Hx) and was theoretically calibrated
by Kewley & Dopita (2002); Kobulnicky & Kewley (2004), is uddor metallicity

measurements,

12+1og(O/H) = 7.04+45.28Xn) +6.28X3;, +2.37X3),
—|qu(—2.44——2.01XN||
—0.325%3,, +0.128%3)))

+10%1-92)0g(q) (—3.16+ 4.65X 1), (4.4)

whereXy; = logN2. The advantage of thdé2 indicator is that it is insensitive to
uncertainties arising from the flux calibration and the eddg extinction. Since
the N2 indicator saturates and is not sensitive to oxygen abwsdabove roughly
solar metallicity, we use it as branch identifier and estenmaetallicities fromRy3

to avoid the difference arising from different metallicibdicators and calibrations.
We compare the metallicities measured fréty and N2 for the 8 galaxies (19
galaxies are removed out of 28 dueRg; > 0.95 which are beyond the model and
are possible AGNs, and one has faint [NI§584 line flux with negative value and
we classify it directly at lower branch), which is shown irgéie 2. As shown in
Figure 2, the metallicities computed by th2 diagnostic indicator are generally

consistent with that estimated by tRgs indicator.
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Combining the galaxies obtained from these three criteequiring mag-
nitude and mass measurements, and excluding galaxieggtls 0.95, the final
sample consists of 22 lower branch galaxies and 8 higherchrgalaxies. The
metallicity and the ionization parametqrare finally computed by iteration from
the Ro3-0-O/H relations (Kobulnicky & Kewley, 2004). Figure 3 showsetrela-
tions of the ionization parameter lag(versus [OIIA 3727/[OI1I]A5007 (left panel)
and versus 12+log(O/H) (right panel). As can be seen cldeoiyn the left panel,
the ionization parameter decreases with the increase ofA®7127/[Ol11]A5007.
The value of [OIIf 3727/[OllI]A5007 ranges from 0.3 to 10, which span one order
larger range than previous work (Hu et al., 2009). In thetnogimel, the relationship
between the ionization parametpand the metallicity shows decreasing ionization

with the increase of the metallicity with slightly largeragtering.

The ionization parameter and the oxygen abundances ddrmedthe Ry3
indicator are listed in Table 2 in the fifth column and thelsigolumn. The errors
on the oxygen abundances include systematic uncertgimtiesh arise due to the
flux correction between the blue-end and the red-end spectdauncertainties due

to the line flux uncertainties.

Stellar Mass

To derive the galaxy stellar mass, spectral age and the atawafion history, we
compare the observed photometry with the model spectrariitproduced by the
Bruzual & Charlot (2003) stellar population synthesis c(BI€03, hereafter). The
BCO03 model is based on the evolutionary population synshesihnique with the
main parameters of the stellar initial mass function (IMiRg star formation rate
(SFR) and the rate of chemical enrichment. With the stellahugion prescription,
Padova 1994 stellar evolutionary tracks, and the stellectsal library, STELIB, the

code computes the spectral evolution of stellar populatioages betweenx110°
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Figure 4.1: The lodR3) versus oxygen abundance for the ELGs in our sample,
the branch that galaxies belongs to is determined from fiterier of [Ol11]A 4363,
[NII}/H a diagnostic and EW(), is given in the third column of Table 2. The
error bars of the galaxies observed by Magellan LDSS3 spgretph do not include
errors due to the flux correction between the blue-end ancethend spectra.

and 2x 10'° yr. The output model spectra cover a wavelength range fro@® 32
to 9500A at a resolution of 3 for a wide range of metallicity fronZ = 0.0001
to 0.05. In this paper, we adopt the Padova 1994 tracks, ®alpdF, and three
types of star formation histories: instantaneous burgipegntially declining star
formation, and constant star formation, to produce the h&qaksctra for ages 0.001,
0.005, 0.01, 0.035, 0.07, 0.1, 0.35,0.7, 1, 2, 3,4,5, 6, 9, &0, 11, 12 Gyr and
metallicity Z = 0.0001, 0.0004, 0.004, 0.008, 0.02.(zand 0.05. The=-folding
timescaler of exponentially declining star formation is explored withluest =
0.001, 0.005, 0.01, 0.035, 0.07, 0.1, 0.35,0.7, 1, 2, 3, 4, %, 8, 9, 10, 11, 12
Gyr. The final model library consists of 22 (SFHs)6 (metallicities)x 20 (ages)
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Figure 4.2: Comparison between the metallicities estithatetheN2 indicator vs.
the metallicities estimated by tH&3 indicator. TheN2 indicator shows generally
consistent estimates with that given by e indicator. The error bars include the
systematic uncertainties arising from the flux correctiebnzen the blue-end and
the red-end spectra, and the uncertainties due to the lixesflu

55



8.5 ‘ ‘ 8.5
8.0F + 8 8.0F :ﬁ 8
w w)
: i :
S 75 S 75 :
= +E =]
& et & 4
701 + 1 701 4
+ -
6.5 ‘ ‘ 6.5 ‘ ‘
0.1 1.0 10.0 100.0 75 80 85 90 95
[OI1]3727/[O111] 5007 12+1log(O/H)

Figure 4.3: Left panel: the ionization parametgys. [OIII]A3727/[OIII]A5007.
The ionization parameter decreases with the increase ¢ofAQ727/[Ol111]A5007.
Right panel: the ionization parametgrs. gas-phase oxygen abundance 12 + log
(O/H). The ionization parameter shows a decreasing relstip with the metallic-

ity.

spectra. The main parameter controling the attenuatiorubyid the total effective
V-band optical depth. We adopt 4 different values of extorctvith y = 0.2, 0.5,
1.0, 1.5, which correspond #®(B—V) = 0.07, 0.14, 0.35 and 0.52.

The galaxies in our PEARS sample are located in the four AGBtipgs
in the GOODS-S field. The optical broadbaBWiz photometry is obtained from
HST/ACS GOODS version 2.0 images (Giavalisco et al., 2004). ghretometry is
supplemented with thiH K-band data from ESO VLT/ISAAC observation (Retzlaff
etal., 2010) and the -band data from the MOSAIC camera (Capak et al., 2004). To
fit with the BCO3 model, we first subtract the contribution loé temission lines to
the broad band photometry, and then fit with the model spettitze exact redshift
of the observed galaxy by minimuchi-square fitting. The ages of galaxies are
constrained to be less than the age of the universe. To neeasatution in the
relationship between mass and metallicity, we must dematesthat there are no
systematic differences in the stellar masses derived whffegent techniques. As

a test, we compare our measurements with the stellar mabs&ised using the
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Markov Chain Monte Carlo (MCMC) technique by Pirzkal et &012). We find
very good agreement between the two methods measured stalaes: the average
fractional stellar mass difference §Mpears— Mpirzkal)/Mpears = 0.04+ 0.06.
No systematic difference is found in the two techniquesuitagi stellar masses.
Note that we derive stellar masses assuming a Salpetardidir, and divide by a
factor of 1.8 to make it consistent with that derived from Bier (2003) IMF (Erb
et al., 2006).

45 Results

In the previous sections we have measured metallicity, telldismass for our sam-
ple of PEARS emission-line galaxies. In this section, wealgtthe luminosity-
metallicity relation, mass-metallicity relation, morpbgy-metallicity relation and
the SFR-metallicity relation and compare these relatigsstvith those at differ-
ent redshifts to provide important clues on the evolutigredate and the physical

processes dominating the evolution of these galaxies.

The Luminosity-Metallicity Relation

Many previous studies (Lequeux et al., 1979; Garnett & 8lsie1987; Skillman et
al., 1989; Vila-Costas & Edmunds, 1992; Zaritsky et al., 4;9Richer & McCall,
1995; Coziol et al., 1997; Kobulnicky & Zaritsky, 1999; Comtet al., 2002; Mel-
bourne et al., 2002; Lilly et al., 2003; Kobulnicky & Kewle)04; Lamareille et
al., 2004) focused on the luminosity-metallicity relatiture to the difficulty of mea-
suring the stellar mass. TheZ relation spans 11 orders of magnitude in luminosity
and 2 dex in metallicity. Important evolution with redshifthe slope and zero point
of the relation is found from previous results, decreasiegatiicity with increasing

redshift at a given luminosity (Kobulnicky & Koo 2000; Shaplet al. 2004).
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With our sample of 30 PEARS emission-line selected galaai€s2< z <
0.9, we are trying to explore the evolution of the relation with redshift. Follow-
ing the tradition we present the rest-frame absoBiteand magnitude as a measure
of the luminosities. The restfraniband absolute magnitudes are computed from
the different bands photometries at different redshifspwmith the observed-band

which matches to the rest-franBeband for redshift range 0.33 z< 0.9.

Figure 4 shows the relationship among the absolute restefBamagnitude
versus the gas-phase oxygen abundance derivedRsgrdiagnostic indicator. We
compare the relation we obtain for PEARS galaxies with tleallb-Z relation ob-
tained by Zahid et al. (2011) for SDSS galaxiez at 0.1 (the solid line), with the
L-Z relation obtained by Zahid et al. (2011) from 1350 DEEP2 siarsline galax-
ies at z~ 0.8 (the dashed line), and with theZ relation obtained by Hu et al. (2009)
from a sample of 31 Ultra-Strong Emission-Line (USELS) gada atz=0—1 (the

dotted line).

As we can see from Figure 4, the PEARS sample of 30 galaxiessspange
in luminosity —19< Mg < —24 and in metallicity 7.& 12+log(O/H)< 8.9. The red
solid line shows the best linear fit of the mean of the PEARS>des in four magni-
tude bins, a relation of 12+log(OJH= (6.41+ 1.06) — (0.09+ 0.05)Mg with a cor-
relation coefficient of —0.95. The objects show a prominesmd that metallicities
increase with the brightening of the absolBtmagnitudes. The SDSS galaxies with
(Mp) = — 21 comparable to the average of the PEARS sample {isdog(O/H)
= 9.0,~ 0.8 dex higher than that of the PEARS sample witB+log(O/H) = 8.2.
We can see that the PEARS galaxies show a good match with thet &lu(2009)
galaxies which are low metallicity galaxies selected by whea-strong emission

lines and measured by the dirdgtmethod. We conclude that the big offset in the
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L-Z relation with local andz ~ 0.8 samples is due to the selection of a sample of

strong emission line galaxies.

10T . .
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Figure 4.4:L-Z relation between the rest-franBeband absolute magnitude ver-
sus the oxygen abundance for the 30 emission line galaxi@® at z< 0.9. The
metallicity is derived from th&y3 indicator and the-axis is the rest-framB-band
absolute magnitude. The solid line represents the relatdained by Zahid et al.
(2011) for SDSS star-forming galaxieszat- 0.1. The dashed line illustrates the
relation obtained by Zahid et al. (2011) for DEEP2 galaxites~a0.8. The dotted
line shows the relation obtained by Hu et al. (2009) for USElagies az = 0— 1.
The red solid line shows the best linear fit of the mean of thARE galaxies in
four magnitude bins, a relation of 12+log(O/H (6.41+ 1.06) — (0.09+ 0.05)Mg
with a correlation coefficient of —-0.95. The PEARS samplershan offset by~ —
0.8 dex in metallicity relative to the local relationzat 0.1.

The Mass-Metallicity Relation

Figure 5 shows the relation between the stellar masses angafrphase oxygen
abundances for the 30 star-forming galaxies in our sample2at z < 0.9. The

solid line represents thkl-Z relation obtained by Tremonti et al. (2004) for the
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local SDSS star-forming galaxies at- 0.1. The uncertainties of the metallicities
of the PEARS galaxies include the systematic errors, whicdedrom the blue-
end over red-end flux ratio correction, and the errors dubdaihcertainties in the
line fluxes. All the presented data have been scaled to a @ngB003) IMF and

converted to the same metallicity calibration of KobuliyidkKewley (2004).

The PEARS sample spans the range<zlégM.. /M < 10.5and 7.8 12 +
log(O/H) < 8.9, with the average values @¢bg(M../M,)) ~ 8.9 and(12+log(O/H)
= 8.3. The sample shows a large scatter among metallicitységlthr mass. To
understand the large scatter, the large offset to low niatglrelative to the local
and similar redshift ones (Tremonti et al., 2004; Zahid et2011), we study the
relation between the metallicity and the physical propsriof the galaxies such
as broadband colors, morphologies, SFRs and SSFRs in theifod subsections.
Finally we will present the evolution of thd-Z relation by comparing the PEARS

sample with other samples at different redshifts.

Metallicities and Broadband Colors

To study the different physical properties of galaxies iffedent regions on the
mass-metallicity plot, we first plot out tH& — V) vs. (i — z) color-color diagram of
these galaxies, which is shown in Figure 6. According to th&tpns of galaxies
on the color-color plot and the mass-metallicity plot, wedivide them into three
different subsamples, bluest, low-metallicity and highatatlicity, which are shown

as blue quadrangles, green triangles, and red dots in thregsigu

The blue quadrangles represent 12 galaxies with lowesdisteasses,. b <
log(M../My) < 9.0, and low metallicities, 8.6c 12+log(O/H) < 8.5 in Figure 5.
These galaxies occupy the bluest region of color Whk-V) < 0.7 and(i —z) < 0.2

in Figure 6. For the remaining 18 galaxies, we divide thero imto subsamples
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Figure 4.5: Relation between the stellar masses and thelgese oxygen abun-
dances for PEARS galaxies a0< z < 0.9. The metallicities are estimated from
the Ry3 method and the stellar masses are estimated from the SHEiY fitith the
BCO03 model. The solid line represents the relation obtaine&RSS star forming
galaxies az ~ 0.07 (Zahid et al., 2011). The dotted line, dashed line and &st-d
dotted line are the relations at- 0.8 (Zahid et al., 2011k ~ 2.2 (Erb et al., 2006)
andz ~ 3.1 (Mannucci et al., 2009), respectively. The blue quadesgépresent
galaxies with bluest colorgB—V) < 0.7 and(i — z) < 0.2. The green triangles are
the remaining galaxies with 12+log(O/H) 8.5 and the red dots are the remaining
galaxies with 12+log(O/H)> 8.5. The stars represent the mean of the galaxies in
two mass bins: log/l. /M < 9.0, logM../M¢ > 9.0.

according to the metallicities, 8 galaxies with 12+log(P/8.5 and 10 galaxies

with 12+log(O/H)< 8.5.

The 8 galaxies with 12+log(O/H} 8.5, show masses 10°M. spanning 2
dex. large range of galaxy stellar mass. This could be duleetdlifferent physical
properties of these galaxies at their different evolutigreiages. As we can see
from Figure 5 and Figure 6, the bluest galaxies are the lessireand metal-poor

galaxies. With the colors getting redder, the masses andlliniites are getting
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higher. The subsample, low-metallicity galaxies with intediate stellar masses,
show much bluer colofB —V) than the high-metallicity subsample. The subsample
of galaxies with bluest colors have also the youngest aggsrd-7 shows the stel-
lar population age distribution as a function of the metéii i.e., mass. The ages
of the bluest galaxies extend to 10 Myr. The galaxy, whichwghblue color, low
metallicity and an old age of 10 Gyr, may be due to the old atglbpulation and

a recent starburst arising from the accretion of less eaddas. The average age
of the blue galaxies is- 300 Myr, much younger than that of the more massive red
galaxies with an average ef 3 Gyr. It is shown that these blue and low metallicity
galaxies are young dwarf galaxies. The separation in the-callor diagram and the
M-Z relation demonstrates the different physical progsrof the galaxies at differ-
ent evolutionary stages. Next we will combine the informatof the morphologies

of galaxies and the SFRs of galaxies to continue the studigeofitass-metallicity

relation of our PEARS sample.

Metallicities and Morphologies

As shown in Figure 8, we put the HST/ACS GOODBBand images of the sample
of galaxies together in the similar order of their positi@msthe mass-metallicity
plot. The masses of galaxies increase from left to right &ednbetallicities in-
crease from bottom to top. The lower two rows are galaxiek wietallicities on
the lower branch and the upper one row is that of galaxies gher metallicities.
We can see clearly from the images that, the metal-poor galal show compact
morphologies, some with companions and some in irregulapesh (the lower two
rows). The metal-rich galaxies in the top row and the masgalaxies at the most
right column show spiral-like and disturbed morphologiBise compact core of the
low mass and low metallicity galaxies can denote the AGN rdoution. Trump et

al. (2011) present a sample of ELGszat 2 and uses the [Olll] spatial profile and
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Figure 4.6: The color-color diagraniB —V) vs. (i —z), for the 30 emission-line
galaxies. The blue quadrangles represent galaxies widsbtwlors. The green tri-
angles are the remaining galaxies on the lower branch. Thdats are the remain-
ing galaxies on the upper branch. The galaxies with diffenegsses and metallici-
ties have clearly different colors. With the increase ofghtaxy stellar masses and
metallicities, the galaxy colors get redder, which is cetesit with galaxy evolution.

stacked X-ray data to show that some low mass low metalliztgixies may harbor

weak AGNSs.

The morphologies of the galaxies in the sample are studiedtdatively
with the Gini coefficienG, which quantifies the relative distribution of the galaxy’s
flux, and the second-order moment of the brightest 20% of #hexg’s flux (Abra-
ham et al., 2003; Lotz et al., 2004),-ifrom the galaxy images. Figure 9 shows
the distribution of the galaxies in the G4ylplane with the empirical line dividing
normal galaxies with merger/interaction galaxies (Lotalet2004). The blue stars
represent that measured from GOOBSand image and the red triangles show

that measured from GOODiSand image. We can see that from Band im-
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Figure 4.7: The metallicity as a function of the stellar plagion age obtained from
SED fitting. The symbols are the same as that defined in Figuaedé7. The
figure shows clear seperation between the bluest low nmtglfjalaxies and the
redder galaxies. The galaxies with bluest colors have arageeage of- 300 Myr
compared with the more massive red galaxies & Gyr.

age, all of the galaxies lie above the dashed line, whichag¢igion of the outlier
galaxies showing merger/interaction and dwarf/irregatarphologies. From the
i-band image, all of the galaxies are on, above and very ctoigetempirical dis-
criminating line too. Since larges coefficient corresponds to higher concentration,
the systematically higher Gini coefficien@&from the B-band images demonstrate
more compact distribution of the star-forming regions. ¢ same time, the half
light radii of the galaxies are shown in Table 3, with an ageraf 1.6 kpc, showing
compact morphology. Hence, the PEARS ELGs show disturbegbaot morpholo-
gies with interacting companions and tidal features, whlieimonstrate the ongoing

active star-formation in these galaxies.
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Figure 4.8: The HST/ACS GOODisbhand images with a size”b3x1./53 of the
PEARS star-forming galaxies. The images are put in the aimoilder of galaxies in
the mass-metallicity plot. The masses of galaxies incréraseleft to right and the
metallicities increase from bottom to top.
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Figure 4.9: Gini coefficients vs. My to demonstrate the morphology analysis
of the 30 galaxies in the sample. The dashed line is the etapiine dividing
interacting galaxies (upper region) with normal galaxies/ér region) from Lotz et

al. (2004). The blue stars represent galaxies basdgtmend image analysis. The
red triangles are that based Bband image analysis. Most galaxies lie above the
line demonstrating interacting/disturbed morphologies.

65



Metallicity and Star Formation Rate

We compute the galaxy star formation rates by the dust extimcorrected 1B
emission line fluxes using the conversion given by Kenni¢l®98). Figure 10
shows the galaxy metallicity as a function of the SFR. ThaxjaEFRs are tabulated

in Table 3 and span a range 0.1 — 2@ Mr and do not show a tight relation. This

is likely due to the selection of our sample by strong emis$ite fluxes spanning

a wide mass range. The galaxy specific star formation ra®ERS) are calculated
by SFR/M. (in unit of yr-1). Figure 11 shows the galaxy gas-phase abundances
as a function of the SSFRs. We compare this relationship thigh obtained by
Mannucci et al. (2010), which are plotted as the lines in Fagll. The solid,
dotted, dashed, and the dash-dotted lines are the fits forvidues of logW, =

9.4, 9.7, 10 and 10.9. For comparison, we split our sampte twb mass bins,
logM,. < 9.0 and 9.0< logM,, which is approximately close to the bins used in
Mannucci et al. (2010). The two subsamples are shown as hiadrgngles, and
green triangles in Figure 11. As we can see from Figure llofatlur PEARS
galaxies have high SSFRs 18§ < SSFR< 10~/ /yr, which extends to 2 order

of magnitudes higher SSFRs than Mannucci et al. (2010) fd8SDalaxies with
1012 < SSFR< 10~°/yr. For specific mass bins, we do not see a prominent trend
as that shown by Mannucci et al. (2010). Since the SFRs of &hexigs do not
show significant relation with galaxy stellar masses or theitzes from Figure 11,

the relation between the SSFRs with the metallicities isclallg due to the change

of the mass with metallicities.

Evolution of the Mass-Metallicity Relation

Figure 5 illustrates thél-Z relations obtained from other studies. To ensure the

consistency of the comparison, the conversions given byl&e& Ellison (2008)
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Figure 4.10: The galaxy oxygen-phase abundances as aduoraftthe SFR. The
galaxy SFRs span a range 0.1 — 1@ Mr and do not show a tight relation with
metallicity.

are used to correct the differences arising from differatibcations used (Zahid et
al., 2011). In Figure 5, the solid line represents lhe relation atz ~ 0.1 from
Zahid et al. (2011) for the local SDSS galaxies. The dashezl shows theM-

Z relation atz ~ 0.8 for the 1350 DEEP2 galaxies from Zahid et al. (2011). The
dotted line and the dash-dotted line are that at2.2 from Erb et al. (2006) and
atz~ 3.1 from Mannucci et al. (2009), respectively. The black ddtsirate the
sample of the “green peas” from Amorin et al. (2010). The fiietides of the green

peas are recalculated by tRes method.

As seen in Figure 5, the PEARS galaxies show a large scattieoféset as
compared to the local-Z relation. At the intermediate and low mass end, the SDSS
galaxies with comparable mtallicity12+log(O/H) = 8.2, have(log(M./Mz)) ~
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Figure 4.11: The galaxy gas-phase oxygen abundance vérsspéecific star for-
mation rates. From top to bottom, the solid, dotted, dasaed,dash-dotted lines
represent the fits for four values of lelg = 9.4, 9.7, 10 and 10.9 by Mannucci et al.
(2010) from SDSS galaxies. The blue quadrangles, and tlea gri@ngles show the
PEARS galaxies with ldg.. < 9.0, and lo.. > 9.0. The PEARS galaxies extends
to much higher SSFRs values, ¥ < SSFR< 10~/ /yr, than that of the SDSS
galaxies. The mean of the PEARS galaxies in the two mass bave sigher SSFRs
of lower metallicities, same trend as that shown by SDSSxgeda

7.5 which is around 2 order lower than the PEARS sample. In otlweds, the
SDSS galaxies with comparable stellar mass to the averathe 6fEARS sample,
log(M../Mg) ~ 9.1, have 12-log(O/H) ~ 8.8, ~ 0.5 dex higher than the average
of the PEARS galaxies. The low metallicity galaxies basyctlll on the relation
atz~ 2.2 andz~ 3.1. Combining with the physical properties of compact mor-
phologies, small sizes, bluest colors, and high SSFRs dPE®RS galaxies, it is
demonstrated that an emission-line selected sample sumlreiss biased to select

the young, compact, star-forming galaxies, and resemlitiedocal green peas and
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Figure 4.12: The projection of the PEARS ELGs on the FMR pldekned from
local SDSS. The black empty triangles represent the piojecbf the galaxy sam-
ples at different redshifts upte~8.3. Mannucci et al. (2010) showed no evolution
of galaxies on the FMR plane. Our PEARS galaxies follow wed FMR plane
and shows no evolution of the FMR plane at@5 for low mass and metal poor
galaxies.

LBG analogs with SSFR 10 °r~1 (Hoopes et al., 2007; Overzier et al., 2008;
Amorin et al., 2010), which are found to be metal-poor4y0.5 dex relative to

other galaxies of similar stellar mass.

Mannucci et al. (2010) defined a fundamental metallicitgtieh (FMR)
by including the SFR as a third parameter and showed thag ikemo evolution
of the FMR for galaxies upto~22.5 (Cresci et al., 2011). The FMR investigates
the relationship between the metallicity, 12+log (O/H)dam 3> =log(M/Mg) —
0.32log SFR), which minimizes the scattering due to the SFRs. We projeet t
PEARS galaxies to the FMR plane in figure 12. The PEARS gaddoidow well

the FMR defined by local SDSS galaxies though the trend ofagdenigher SFRs
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for lower metallicity galaxies is not obvious from figure Ilhe red dots show the

mean of the PEARS galaxies at the two mass bins.
4.6 Origin of the Mass-Metallicity Relation

The origin of the mass-metallicity relation is explainether by the “downsizing”
scenario, which means that low mass galaxies evolve lattoatonger time scales
and thus are less enriched (Cowie et al. 1996; Kobulnicky.e2@03), or by the
preferential metal loss in low mass galaxies via galacticdardue to the shallower
gravitational potential (Larson 1974, Tremonti et al. 200dmareille et al. 2004,
Saviane et al. 2008). To investigate the two effects, weystinel gas mass fraction,

effective yield, and the galaxy chemical evolution models.

Gas Fraction

By the extinction corrected Bl line luminosity, we are able to estimate the SFR
by the Schmidt star formation law (Kennicutt, 1998). Pegm@eal. (2011) show
that the gas masses estimated from the KS law roughly agréieshe total cold
gas masses for the low gas fractify~0.1, most massive logM~ 11 galaxies.
The disagreement is over an order of magnitude for dwarfxgadasince the KS
law traces star-forming molecular gas than atomic gas (tetal., 2008). In spite
of the absence of the calibration of gas density versus SFRWomass galaxies
at high redshift, we extend KS law assuming that the law h@wdsigh redshift
galaxies in the mass range that we are studying. The gaxeutémsity is derived
by the Schmidt-Kennicutt law (Kennicutt, 1998; Bouche et 2007) from the star
formation rate surface density with the half-light radig®pted as the galaxy size.
The derived SFR densities are between 0.1 and 40yMkpc?, which is in general
agreement with that at~ 0 (Kennicutt, 1998)z= 2.2 (Erb et al., 2006) and= 3.1
(Mannucci et al., 2010). The gas densities are between 100880 M./pc?, in
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the similar range from previous studies for LBGs and ULIRGspin et al., 2007,
Tacconi et al., 2006; Mannucci et al., 2010). With the galatellar mass derived

from the SED fitting, we compute the gas mass fracfioa Mgas/(Mgas+ Mstar)-

SFRHB)(Moyr 1) =2.8x7.9x 10 %L (HpB)(ergs 1) (4.5)
>
_ —4 gas 1.4 —1p a2
>sFr=25x10 (71M@pc—2) Maoyr—kpc (4.6)

Figure 13 shows the gas fraction as a function of the steléssnThe solid blue cir-
cles represent the PEARS samplézt= 0.5 and the open red circles demonstrate
the LSD sample at ~ 3.1 from Mannucci et al. (2010). The dashed line shows
the gas fraction derived with a constant SFR = 1.5/ of the median value of
the PEARS sample and the median galaxy size of the samgple 1.5kpc The gas
fraction of the PEARS sample ranges from 90% to 10%. The liogvs a consistent
fit to the sample with a small scatter, due to the limited rapiggne SFRs and the
galaxy sizes. The PEARS galaxies show much smaller gasdnaampared to the
z~ 3.1 galaxies at a fixed stellar mass. This is because the gassrasgortional

to the SFR and the SFR of LBGs is higher by a factor of 10.

Effective Yield

In the frame of the instantaneous recycling closed-box atednevolution model,
i.e., no inflows or outflows, the metallicity is simply reldt® the stellar yielg and

gas mass fractiop as, (Tinsley 1980; Edmunds 1990)

Z=yein(:) @.7)

Assume the stellar yield is constant (Garnett 2002; so&ddyi, = 0.0126, Asplund
et al. 2004), we derive the effective yielg,s ¢, from the measurements of the gas
mass fractionu and the gas-phase metallicify The difference between the effec-

tive yield and the true yield is able to tell the effects of thigows, such as through
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Figure 4.13: The relationship between the gas fraction hedstellar mass. The
gas fractions are derived from the Schmidt law. The solidles represent the
PEARS galaxies. The open circles are the LSD galaxigs-a8.1 from Mannucci
et al. (2010). The dashed line shows the expected gas fnaetib a constant SFR
of 1.5Mg/yr and half-light radius of 1.5 kpc, which are the mean valuedtie
PEARS sample. The magenta stars show the average of thaegailaxwo mass
bins: logM,. < 9.0, and logv.. > 9.0.

merging episodes and cold gas accretion, and outflows, sutheaSN explosion
and galactic wind. The effects of both inflows and outflowd décreaseZ while
inflows of pristine gas will increase the gas fractiprand the outflows of enriched

materials will decreasg.

In Figure 14 we plot the effective yield as a function of thellst mass.
While the SDSS galaxies (Tremonti et al., 2004) (solid lisledw that, lower mass
galaxies have loweyetf, Which is explained as the consequence of the stronger de-
pletion of metals by outflows in the shallower gravitationell of the lower mass
galaxies, the PEARS galaxies(@} ~ 0.5 show an opposite trend, which is similar

to that of samples at~ 2.2 (Erb et al., 2006) (cyan triangles), and- 3.1 (Man-
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nucci et al., 2010) (green up triangles). With the effectisdd decreasing with the
increased stellar mass, these samples demonstrateulifférysical processes of
these samples compared to the 0 SDSS sample. The sample falls in the same
region with thez ~ 3.1 LBG galaxies, extends to low mass galaxies with high ef-
fective yields, and shows offset with the sampleg at0.8 andz ~ 2.2. Due to the
effect of infalls and outflows, the effective yield at gashrsystems may reveal the
lower limit of the true yield. From Figure 14, we can derive fbwer limit of the

true yieldy ~ y. .

The study by Dalcanton (2007) shows that the metal-enrichefliows are
the only mechanism that can significantly redyges for gas-rich systems while
little effect to a gas-poor system, and subsequent stardioomdrives the effective
yield back to the closed-box value. The results of that siadple to interpret the
observed average relation between the effective yield hadyas fraction for the
local SDSS galaxies. The high valuesygf; with large error bars for the two low
mass galaxies are due to the high estimated gas fractiorhandhe high SSFRs.

We will examine the effect of outflows in the next subsection.

Inflow and Outflow

The difference between the derived effective yield and the yield suggests the
deviation from the assumption of the closed-box model withrflows or outflows.
In the assumption of instant recycling and mixing, we follthe model introduced
by Erb (2008) with infalls and outflows, and reproduceybg on gas fractioru by

fitting the amount of inflowf; and outflowf, in unit of the SFR of the galaxy.

Figure 15 shows the metallicity as a function of the gas ioacin each
mass bin. Three true yielg= 0.6y.,Y~, 1.5y, are adopted in the fitting with the

models. We fit the data both with the model in Erb et al. (20G§uvely outflows
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Figure 4.14: The effective yield as a function of the galatellar mass. The red
dots represents the PEARS galaxies ak(0z2:0.9. The orange filled stars are the
average of the effective yield in the mass binsl@jM < 9.0, andlogM > 9.0.
The solid line, the dashed line, the cyan triangles, and teergtriangles show the
relations obtained from the sampleszat 0.1 (Tremonti et al., 2004, ~ 2.2 (Erb

et al., 2006), and ~ 3.1 Mannucci et al. (2010), respectively.

(left panels) and with the model in Erb (2008) with both infloand outflows (right
panels). The lines in each panel correspond to differeffitoputates: 0, 0.5, 1, 2, 4,
6xSFR from top to bottom. The model with outflow rate0.8x SFR for massive
galaxies and- 0.2xSFR for low mass galaxies, and solar yigldgives best fit to
the data. The best fit values §fand f, with the inflow and outflow model for the
three yields are shown in the right panels. The modgiof/., fi =1 andf, = 0.1
gives best fit to our data. From Figure 15 we can see that, faxigs with lower
gas fraction, i.e. more massive galaxies, the sample datbedit well either with
both low true stellar yielg = 0.8y, without outflows, or with high true stellar yield
Yy = Y- and high inflow and outflow rate§ = 1, and f, = 0.1, these two effects

are degenerate and are easily understandable. Modelsnvittiadl rate of fj = 1
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and different outflow rates with different true stellar giglare fitted also, which are
shown as the dotted lines in the right panels and the comelpg best fit values
marked on the left bottom corner. For true stellar yietd1.5y, the best fit gives an
infall rate f; = 0.1 and an outflow raté, = 2.9, which estimate a sharp increase of
metallicity at low gas fraction, i.e. massive galaxies,etthis not consistent with the
M-Z relation. To determine the physical mechanisms in d#fifé mass galaxies in
chemical evolution, the high mass galaxies with low gagibaglays an important

role in distinguishing them.
4.7 Summary

We have presented the relationship between the gas-phggeroabundances, stel-
lar masses, rest-fran®band absolute magnitudes, morphologies, and SSFRs for
a unique sample of 30 emission-line selected galaxies fhaHST/PEARS grism
survey at 0.2 z< 0.9. The PEARS emission-line galaxies span the absolute mag
nitude range — 1% Mg < — 24, galaxy stellar massesSk log(M../My) < 10.5,

and gas-phase oxygen abundances712+log(O/H)< 8.9. The principle conclu-

sions from this study are:

1. ThelL-Z and theM-Z relations of the PEARS ELGs &t) ~ 0.5 show
that galaxies with brightelg and largemM, have higher oxygen abundance. The
L-Z relation of this sample is offset by — 0.8 dex in metallicity at given absolute
magnitude relative to the local and the 0.8 L-Z relations. ThéV-Z relation shows

a big offset by~ —0.5 dex in metallicity at given stellar mass.

2. The scatter of the galaxies on tNeZ relation is basically due to the
different evolutionary stages and the different physicalpprties of the galaxies.

The high metallicity PEARS galaxies show spiral morphaésgred colors and
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Figure 4.15: The metallicity as a function of the gas frattibhe dots are the means
of the galaxies in the mass bins previously defined. We fit pyatlitflow model in
Erb et al. (2006) (left panels) and the model in Erb (2008hvaivth inflows and
outflows (right panels). The panels from top to bottom shoevttie fitting with
different true yields adopted.= 0.6y-, Y- and 1.5y,. The lines in each panel are
corresponding to different outflow rates: 0, 0.5, 1, 2, 4S&R from top to bottom.
The model with outflow rate- 0.8xSFR and yield y gives best fit to the data. The
best fit values off; and f, with the inflow and outflow model for the three yields
are shown in the right panels. The modelyoct y., fi = 1 andf, = 0.1 gives best
fit to our data. To determine the physical mechanisms in iffemass galaxies in
chemical evolution, the high mass galaxies with low gagibagplays an important
role in distinguishing them.

76



large masses. The low metallicity PEARS galaxies have lowses blue colors,

compact disturbed morphologies, and high SSFRs.

3. The big offsets in thé-Z and theM-Z relations of the PEARS ELGs
demonstrate that the high EW emission line galaxies havenhatallicities, low
mass, blue, young, compact disturbed morphologies, and &&fFRs (SSFR-
10-%r~1), which is similar the LBGs, the “green peas” (Hoopes et20(7; Car-
damone et al., 2009; Amorin et al., 2010), and other emistin@selected galaxies

at different redshifts.

4. One possible physical origin of the big offsets in th& and theM-
Z relations of the PEARS ELGs is the downsizing effect, i.ee ¢falaxies are at
their early evolutionary stages with high gas fraction, efthave not yet been con-
verted into stars. The projection of the PEARS galaxies erRMR plane, which
removes the scatter due to SFRs, shows no evolution fofzjhe0.5 PEARS low-
mass metal-poor galaxies, which may denote similar chdraiméchment process

as most galaxies.

5. Another possible physical mechanism resulting in thedfigets in the
L-Z and theM-Z relations of the PEARS ELGs could be the effect of the intévae
induced metal-poor infalls and SNe driven metal-rich ouwtioOn fitting a chemical
evolutionary model with inflows and outflows, we get a best fitdel with solar
yield y = Z;, and a dominant inflow of $SFR and an outflow rate of OXISFR.
The gas fractions derived from the local K-S law may intraguncertainties to the
results of the true stellar yield and the estimation of théowm and outflow rates

from the model.

This paper includes data gathered with the 6.5 meter Magé&kdescopes
located at Las Campanas Observatory, Chile. PEARS is an H&3slry Program

10530 (PI: Malhotra). Support for program was provided by3¥through a grant
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from the Space Telescope Science Institute, which is opetat the Association of
Universities for Research in Astronomy, Inc., under NASAtract NASA5-26555
and is supported by HST grant 10530.
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Table 4.1: The observed emission line fluxes (im Hergs stcm2) for 55

galaxies observed with Magellan LDSS-3 and 35 galaxiesrabedevith IMACS.

Within the 90 galaxies, 13 galaxies have auroral line [QUIB63 measure-

ments with S/IN> 2, and 28 galaxies witk < 0.35 have line fluxes of & and
[NII] A6584 observed in the spectra.

PEARSID z  E(B-V) [oN]3727 [0l 24363 H3 EW(HB]) [0l A4959  [OIII]A5007 Ho [NI]6584
12250  0.339  0.400 35.97 11.99 - 16.74+ 5.58 43 20.86:5.37 7542+ 9.00 37.24:15.01  2.41+5.07
12665  0.128  0.300  9220.113073.37 - 96.00- 3.82 32 164.5%-4.04 518.12-7.17 221.98-5.82 19.02+5.44
13541  0.373  0.270 263.87 12.84 - 83.14+ 6.30 16 61.05:5.85 129.91+ 8.31 - - o
15116  0.335  0.400 178.6559.55 - 2071 2.24 143 44514241 13028:387 3344988  0.15:280
17587  0.645  0.050 25.288.41 - 15.54+ 5.18 23 19.00-4.94  36.71+7.07 - -

18862  0.203  0.400 293.7437.65  17.62£5.28 115.33t6.43 12 12.09:4.03  66.76:5.85 150.44- 12.55 16.18t 5.40
19422 0551  0.130 30.82 10.19 - 21.79 4.54 51 23.37:4.63  88.49+ 8.22 - -
19639  0.281  0.400 712.3327.82  10.85:4.90 181.54+6.10 11 31.23:7.63 112.66:8.74 287.06:-15.66 43.28-5.68
20201 0450  0.130 28.11 9.37 10.68: 2.73  45.09+ 2.34 512 96.19: 2.37  302.47+ 4.39 - -
22203  0.281  0.050 422.89 46.40 - 122.15: 3.06 33 120.01:3.12 384.72:5.01 316.88:6.36 14.73t 3.73
22829 0561  0.130 270.898.01 - 97.16+ 6.32 24 70.76:5.85 191.28+ 9.95 - -
26909  0.683  0.270 109.089.74 - 62.18+ 2.29 86 115.18-4.50 330.78+ 7.08 - -
29057  0.365  0.270 90.79 14.66 - 33.02t 2.53 46 43.72£2.69 118.22t 4.95 - -

Continued on Next Page. ..



Table 4.1 — Continued

PEARSID z  E(B-V) [011]3727 [O11] 14363 H3 EW(HB]) [Oll]A4959  [OIII]A5007 Ho [NI]6584
29626  0.854  0.050 26.91 8.97 - 21.25t 2.65 113 37.89:3.23 11453t 5.45 - -
29968  0.605  0.300 32.06 5.50 - 25.07+ 3.06 24 50.80L 3.92  92.76+ 4.79 - -
31362  0.667  0.270 16.26 3.59 6.86+3.10  35.60+ 2.76 168 87.88-3.32 217.28+ 7.60 - -
37690  0.365  0.130 20.58 6.86 - 10.04t 1.95 12 10.92:2.00 35.29-4.22  34.98:-11.46 -0.84 4.01
43170  0.688  0.400 16.08 5.36 - 11.58¢ 2.08 32 3049t 2.75  90.35+5.14 - -
45223  0.666  0.400 53.98 8.36 - 13.19+ 2.50 a7 25.872.69  67.92+7.20 - -
45454 0424  0.050 18.42 6.14 - 10.12+ 2.09 17 10.30:1.90  33.62+ 3.00 - -
46994  0.667  0.270 130.0513.12  6.08:2.75  35.64: 3.23 93 45.31£3.02  146.28t 9.49 - - 8
48890  0.903  0.130 60.5% 9.99 - 20.73t 3.27 19 16.07-4.50  51.05+ 8.02 - -
49766  0.219  0.400 102.18 34.06 - 8.43+ 2.48 12 11.38:2.86  17.42+ 3.58 - -
51976  0.858  0.050 49.26 5.14 - 6.76+ 1.75 2 25.26-2.37  68.96+ 5.37 - -
52086  0.523  0.050 86.37 6.95 6.68+1.90  41.14+ 2.61 73 63.33:2.29  137.86+ 3.60 - -
54022  0.337  0.400 66.92 9.83 - 24.62+ 2.43 16 28.20£2.24  88.68+3.64 112.00+11.99 4.44+ 3.33
55102  0.457  0.130 24.92 3.49 - 25.48t 1.98 22 26.86:2.07  56.38+ 3.54 - -
56801  0.649  0.400 27.279.09 - Inf+ 5.02 5 16.69t 4.90  22.59+ 5.82 - -
56875  0.534  0.050 21.187.06 - 8.62+ 1.87 30 8.23:1.71  24.69+ 3.33 - -
60827  0.759  0.050 50.65 5.74 - 20.60 1.91 12 13.69:1.75  43.45k 2.89 - -
70651  0.215  0.050 68.3022.24 - 61.81 3.96 27 54.01£3.77 123.60:555 83.67+11.82  2.88: 451

Continued on Next Page. ..



Table 4.1 — Continued

PEARSID z  E(B-V) [011]3727 [O11] 14363 H3 EW(HB]) [Oll]A4959  [OIII]A5007 Ho [NI]6584
75506  0.280  0.050 33.4511.15 - 6.95+ 1.92 31 8.02:2.38  22.00:3.39  7.03:839  0.02+3.58
75753  0.345  0.400 103.36 6.89 479+ 1.84  65.55+2.46 37 75.242.42  221.61+4.73 290.20-16.74 17.34- 3.04
76154  0.605  0.050 46.60 6.82 - 24,81+ 2.25 44 28.742.62  90.94t 4.12 - -
78762  0.458  0.050 43.9411.29 - 20.08t 2.36 14 13.80:2.48  46.74-4.39  50.72:959  6.87+ 3.20
79283  0.227  0.400 77.54 8.59 - 45.00+ 1.78 9 8.1 1.24  24.24-185 178.80:6.66 35.58+ 2.18
80500  0.667  0.130 52.593.73 - 31.69+ 3.91 24 18.66- 3.01  62.49+ 8.57 - -
81944  0.247  0.050 205.2416.73  6.15:2.33  85.81t 2.06 61 119.70:2.39 377.34:4.20 136.68:5.20  1.99+ 2.13
85517  0.535  0.270 16.50 5.50 - 12.00t 1.99 53 477£1.49  56.61t 3.28 - - 3
89030  0.621  0.400 50.41 5.93 - 18.88+ 4.54 7 5.40+ 1.80  7.35+ 2.45 - -
91208  0.218  0.300 232.57 19.90 - 56.04+ 3.10 12 24.63:2.62 61.93:4.01  42.48:755  4.61+2.06
91789  0.533  0.050 30.64 5.79 - 10.37+ 1.79 14 721176 21.62£2.97 - -
94632  0.668  0.300 20.01 6.67 - 471+ 157 15 462154  21.77+5.09 - -
96123 0532  0.270 44.00 6.49 - 14.91+ 1.85 13 558+ 1.86  16.31+ 2.46 - -
96627  0.152  0.270 755.50 45.98 - 149.03: 4.82 10 4537:3.96 179.04£6.42 87.57:4.68  5.03t2.12
97655  0.545  0.050 33.595.14 - 23.73t 3.13 20 13.30:3.72  60.82:5.83 - -
101684  0.838  0.270 103.446.38 - 41.19+ 3.26 40 44.76:3.12 13257+ 5.39 - -
104408  0.736  0.130 37.1 7.90 - 19.47+ 2.90 27 25.30£3.64  67.17£5.95 - -
106491  0.338  0.400 27.447.34 - 21.28t 2.96 78 26.012.55 78.28:3.97  49.54:831  0.54+ 355

Continued on Next Page. ..



Table 4.1 — Continued

PEARSID z  E(B-V) [011]3727 [O11] 14363 H3 EW(HB]) [Oll]A4959  [OIII]A5007 Ho [NI]6584
106761  0.667  0.400 19.74 6.58 - 8.04+ 2.68 7 13.83:3.06  38.95+ 8.95 - -
110494  0.277  0.400 240.1538.31  17.31:5.40 66.75+ 2.46 19 57.36:2.45 201.84-3.85 227.02:4.30 26.84k 2.86
110494  0.278  0.400 355.2419.08  24.91-4.16 114.48+ 3.93 21 80.57:5.01 251.58+7.89 141.20-6.93  16.22+5.05
114392 0564  0.400 28.504.16 - 5.34+ 1.78 4 10.74: 358  25.29+ 4.51 - -
117138  0.648  0.400 73.583.27 - 56.70k 3.35 14 2281259  75.38t 4.23 - -
117686  0.670  0.400 19.31 2.94 - 8.75+ 2.60 13 18.45- 6.15  11.99+ 3.91 - -
117929  0.338  0.400 154.929.05 - 34.63t 3.42 14 30.33:3.08  69.08:4.49  98.30+ 10.24  7.60+ 3.00
118100  0.647  0.400 28.314.13 - 24.16+ 2.56 14 29.39t2.65 105.12+ 4.85 - - 9
119341  0.690  0.050 28.11 9.37 - 8.46+ 2.33 165 11.76:3.92  41.79+ 7.09 - -
121817  0.669  0.050 31.6810.21 - 11.50- 2.29 46 2353:3.70  60.21+ 6.38 - -
123008  0.641  0.400 60.09 3.51 - 31.16+ 3.14 34 58.11£2.93  157.40+ 4.32 - -
123301  0.605  0.050 97.247.46 - 71.06+ 2.87 50 100.85- 3.09 297.74+ 5.38 - -
123859  0.419  0.130 64.10 4.62 - 17.66+ 2.15 7 24.32-224  83.06+4.28 - -
127697  0.418  0.270 23.705.95 - 10.14+ 2.59 5 7.53£ 251  16.59+ 3.90 - -
128538  0.422  0.050 22.934.36 - 9.14+ 2.30 34 10.25:2.10  30.20+ 3.14 - -
134573  0.358  0.400 119.8512.99 - 44,09+ 3.85 33 69.92- 3.66 169.65:5.88 123.07-16.45 35.34k 8.77
146104  0.330  0.270 127.8528.94 - 49.98t 2.31 28 61.93£2.25 202.79:3.71 122.27:3.12  9.80+ 3.46
146122  0.619  0.050 58.09 9.82 - 12.93t 4.31 16 14.76:4.36  39.71:5.31 - -

Continued on Next Page. ..



Table 4.1 — Continued

PEARSID z  E(B-V) [011]3727 [O11] 14363 H3 EW(HB]) [Oll]A4959  [OIII]A5007 Ho [NI]6584
8151z45 0.620  0.300 416.26 9.92 9.50+2.21  108.19t 4.94 21 61.09t 3.59  183.80+ 5.45 - -
8151z52 0.620  0.300 54.73 11.83 - 19.53+ 3.48 18 20.98:2.77 4356+ 3.75 - -
815lz64 0.620  0.300 62.65 6.81 - 35.40k 2.63 23 2737212  77.09+3.24 - -
8231265 0.649  0.300 96.16 11.75 8.52-2.20  85.44+ 3.03 179 189.23 2.47  599.46t 3.72 - -
8231296 0.246  0.300 414.69 138.23 - 21.92 2.79 95 20.11£2.95 77.20£5.07  18.84:3.68  2.31+1.83
9181z24 0.825  0.300 30.6@ 6.77 - 9.48+ 2.97 14 10.83-3.61  31.01+ 457 - -
9181253  0.394  0.300 44.37 14.79 - 9.54+ 3.18 26 12.35:3.80 31.87-5.81  40.74:4.86  8.20+ 3.05
9181263  0.392  0.300 40.23 13.41 - 16.39: 2.42 17 13.28:2.58  35.31:4.16  20.18:-3.85  4.81+2.2033
9181274  0.839  0.300 43.29 7.30 - 7.95+ 2.65 14 9.54:2.10  33.92+ 3.68 - -
815/2108 0.240  0.300 168.87 56.29 - 48.84+ 2.29 92 115.16- 2.34 371.30:3.91  140.99-3.21  0.97+ 1.57
81512159 0.619  0.300 56.49 10.33 - 12.57- 4.19 18 19.17:-4.14  31.32:4.71 - -
81512163 0.623  0.300 48.91 9.88 - 17.12+ 3.42 17 19.43:3.19  42.07+4.00 - -
81512187 0.623  0.300 27.59 8.30 - 12.32+ 3.12 30 20.612.53  90.13+3.72 - -
81512206 0.620  0.300 28.53 9.10 - 25.32% 2.49 45 42,71 2.24 14538t 3.47 - -
815lz214 0.618  0.300 49.19 11.06 - 10.68: 3.56 137 18.57-4.01  53.98+ 4.53 - -
81512243 0.625  0.300 65.87 5.98 - 22.78+ 1.93 22 30.512.36  79.80+ 3.16 - -
82312221 0.642  0.300 56.08 7.01 - 22.06t 2.12 55 21.83t1.83  46.65+ 2.47 - -
91812111 0.839  0.300 29.22 9.74 - 12.36+ 4.12 -9 18.93£2.90  41.43t 4.50 - -

Continued on Next Page. ..



Table 4.1 — Continued

PEARSID z  E(B-V) [011]3727 [O11] 14363 H3 EW(HB]) [Oll]A4959  [OIII]A5007 Ho [NI]6584
91812136 0.834  0.300 46.29 9.83 - 51.82t 2.73 20 38.41£2.46  125.43+ 3.89 - -
etg26792 0.732  0.300 54.19 8.04 - 37.90+ 4.87 25 72900221 1159+ 2.74 - -
elg137  0.364  0.300 177.63 23.61 - 57.76+ 2.06 51 66.55:2.07 209.27+4.19 155.73:4.41 12.27+1.78
elg2671  0.366  0.300 230.82 25.87 - 94.64+ 4.01 13 2755£2.89  84.18:4.79  246.06:6.69 52.84k 3.54
elg522  0.841  0.300 77.04 6.60 7.14+2.06  29.77+ 2.44 16 31.89t 1.68  159.56+ 3.16 - -
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Table 4.2: The metallicity measurements of the PEARS eomsliie galaxies: redshif,

the ionization parametey, and oxygen abundances Bys; and N2 diagnostics.

ID z Criteria log(R23) log(q) 12+log(O/H)  12+log(O/H)
R23 N2
13541 0.373 Upper 0.9+ 0.03 7.17+0.02 8.48+ 0.09 -
17587 0.645 EVH B) 0.73+0.15 7.70+0.13 8.06+ 0.26 -
18862 0.203 N2 0.8#£0.05 6.78-0.04 8.61+0.09 8.32£0.03
19422 0.551 EWHB) 0.84+0.10 7.76+0.13 8.19+0.19 -
22203 0.281 N2 0.98-0.02 7.52+0.04 8.40+ 0.05 8.29+ 0.02
22829 0.561 EVH B) 0.80+0.03  7.29+ 0.02 8.29+ 0.15 -
29626 0.854 EWHB) 0.93+0.06 8.08+0.15 8.26+0.13 -
37690 0.365 N2 0.86:0.10 7.54+0.14 8.28+0.26 -
45454 0.424 EVH B) 0.80+0.10 7.58+0.13 8.164+ 0.25 -
48890 0.903 EVH B) 0.84+0.08 7.55+ 0.09 8.65+ 0.14 -
52086 0.523 [Olll]4363 0.86:0.03 7.74+0.03  8.25+ 0.06 -
56875 0.534 EWHB) 0.81+0.11 7.52+0.13 8.23+0.21 -
60827 0.759 Upper 0.74 0.04 7.73+0.06 8.81+ 0.06 -
70651 0.215 N2 0.6+ 0.05 7.64+-0.12 7.89+£0.09  8.28+0.08
76154 0.605 EWHB) 0.84+0.04 7.75:0.06 8.20+ 0.09 -
78762 0.458 N2 0.740.07 7.83+:0.14 8.82+ 0.09 8.84+ 0.10
79283 0.227 N2 0.720.04 6.95+0.04 8.78+ 0.06 8.56+ 0.02

Continued on Next Page. ..
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Table 4.2 — Continued

ID z Criteria log(R23) log(q) 12+log(O/H)  12+log(O/H)

R23 N2
80500 0.667 EVH B) 0.67+0.06 7.35+0.04 8.05+ 0.21 -

81944 0.247 N2 0.930.01 7.77£0.03 8.36+0.03 7.88+ 0.02
85517 0.535 EWHB) 0.86+0.08 7.75+0.13 8.27+0.18 -
91789 0.533 Upper 0.7 0.09 7.59+0.10 8.74+ 0.14 -
96123 0.532 Upper 0.83 0.07 7.10+ 0.07 8.62+ 0.15 -
97655 0.545 EWHB) 0.67+0.06 7.41+0.06 7.98+0.35 -
101684 0.838 EW{B) 0.92+0.03 7.50+0.03 8.44+ 0.07 -
104408 0.736 EVH 3) 0.85+0.07  7.68+ 0.09 8.26+ 0.14 -
117138 0.648 Upper 0.670.02 7.49+£0.03 8.87+0.49 -
117686 0.670 Upper 0.920.14 7.36£0.10 8.47+0.33 -
123301 0.605 EVH 3) 0.85+0.01 7.77+0.03 8.17+ 0.15 -
127697 0.418 Upper 0.820.13 7.36+0.12 8.67+ 0.31 -
128538 0.422 EWYB) 0.86+0.11 7.53:£0.08 8.28+0.27 -
8151z52  0.620 Upper 0.930.09 7.33:0.08 8.45+0.22 -
8151264 0.620 EWK ) 0.794+0.04 7.39+0.04 8.26+ 0.07 -

9181263 0.392 N2 0.89£ 0.11  7.34£0.13 8.54+ 0.23 8.73+ 0.08
81512163 0.623 Upper 0.940.10 7.34+0.08 8.41+0.24 -
8231z221 0.642 EWKB) 0.89+0.05 7.34:£0.05 8.44+0.09 -
91812111 0.839 Upper 0.94 0.16 7.55+0.13 8.43+ 0.37 -

Continued on Next Page. ..
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Table 4.2 — Continued

ID z Criteria

log(R23) log(q) 12+log(O/H)
R23

12+log(O/H)
N2

91812136 0.834 EWKIB)
etg26792 0.732 EVH )
elg 2671  0.366 N2

0.66+0.04 7.60+0.07  7.98+0.07
0.49+0.07 6.90+£0.06 8.05+0.10
0.7&0.04 7.08+0.04 8.71+0.07

8.65+ 0.0
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Table 4.3: The physical properties of the PEARS emissioa-ialaxies: oxygen abun-

dance, half-light radius, rest-franeabsolute magnitude, age, stellar mass, SFR, gas frac-

tion and effective yield.

ID z 12+log(O/H)  rpir Mg log(Age) log(M,.) log(Mgas/Ms) SFR SSFR fas log(Yetf)
R23 (kpc)  (mag) on o) (Mo) (Mo /yr) (1yn)

13541 0373  8.480.09 159 -2240  9.00 9.58%  9.36+0.02  559+042 1.6%043 040£0.06 -2.02+0.11
17587 0.645 8.080.26 077 -20.18 9.85 8131  858+0.10  0.81+027 592292 0.74-0.08 -1.95:0.31
18862 0.203 8.61:0.09 3.17 -21.85  9.78 9.919%%  9.62+0.02  7.27+041 0.89+1.20 0.34+0.30 -1.96+0.37
19422 0551 8.1%0.19 092 -20.30  8.00 75892  8.77+£0.06  125:0.26 33.0£33.4 0.94+0.06 -1.15+0.46
22203 0281 8.48:0.05 0.89 -20.62  9.00 96032  8.68+0.01  0.98:0.02 0.25:0.01 0.11+0.00 -2.49+ 0.05
22829 0561 822015 138 -2322  9.30 9.682  9.34+0.02  581+0.38 121+058 031+0.10 -2.31+0.20
29626  0.854 8.26-0.13 138 -21.15 8.54 9.08%  9.03+£0.04  211+0.26 2.01+150 0.50+0.19 -2.12+0.27
37690 0.365 8.280.26 0.83 -20.24  9.00 8263  8.24+0.06  025:0.05 130+1.08 047+0.20 -2.13+0.36
45454  0.424 816025 283 -21.33  9.78 9.139  8.48+£0.06  0.20+0.04 0.16+0.18 0.19+0.18 -2.59+0.35
48890 0.903 8.630.14 124 2271  9.70 10299  9.14+0.05  3.32:0.52 0.17+£0.34 0.07+£0.12 -2.32+0.33
52086 0.523 8.230.06 0.84 -20.97 854 8.413%°  8.76+£0.02  1.32£0.08 514:0.78 0.69+0.03 -1.86+0.08
56875 0.534 823021 1.08 -20.06  9.30 8.310%¢  8.35£0.07  0.29+0.06 142£0.91 052+0.15 -2.12+0.29
60827 0.759  8.8% 0.06 - 2251 9.30 1048092 - 1.15+0.14 - - -

70651 0215 7.820.09 0.99 -18.88  8.85 7543  8.31+£0.02  028:0.02 7.08:4.75 0.84+0.09 -1.89+0.28
76154 0.605 8.28:0.09 179 -21.02  9.30 8.692¢  8.89+0.03  111+0.10 260+2.14 0.65:0.19 -1.97+0.30
78762 0.458 8.820.09 244 2149  9.48 9.0%1%  8.71+0.04  048:0.06 041+0.14 030+0.07 -1.80+0.12

Continued on Next Page. ..
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Table 4.3 — Continued

ID z 12+log(O/H)  rhir Mg log(Age) log(M,.) log(Mgas/Ms) SFR SSFR fas log(Yetf)
R23 (kpc)  (mag) on o) (Mo) (Mo /yr) (1yn)

79283 0227 8.780.06 165 -20.78  9.60 93092  9.22+001  340+013 155:0.14 043£0.02 -1.68+0.07
80500 0.667 8.0%0.21 164 -21.67 9.48 9.083  9.15+0.04  271£0.33 247+215 0.56+0.21 -2.25:0.35
81944  0.247 8.380.03 1.00 -19.90 885 8.460%  851+0.01  052£0.01 1.79+044 053:0.06 -1.98+0.08
85517 0.535 8.2#0.18 071 -19.76  7.54 79920 8.75+0.05  1.49+0.25 17.9+16.3 0.87+0.10 -1.41+0.41
91789 0533 8.740.14 176 -20.72  9.78 8742  853+0.05  0.35:0.06 0.63+043 0.38:0.16 -1.78+0.23
96123 0.532 862015 1.01 -21.34 9.70 9.0%52%  8.90+0.04  1.83:023 1.75-1.23 043+0.17 -1.83:0.25
97655 0545 7.980.35 131 -20.83  9.30 8.4tfit  8.73+£0.04  084:0.11 3.33:0.85 0.68:0.05 -2.14+0.36
101684 0.838  8.44 0.07 - 2235 948 10.38032 - 10.79+ 0.85 - - -

104408 0.736 8.26:0.14  1.28 -21.28 9.60 8982  9.00+0.05 204030 2.14+158 0.51+0.18 -2.11+£0.27
117138 0.648 8.8%0.49 499 -23.88  9.48 9.8817  10.03£0.02 1945+ 1.15 294+2.14 0.62£0.17 -1.34+0.55
117686 0.670 8.4%#0.33 0.89 -20.77  6.70 8.6602¢  9.04+0.09  3.13:0.93 6.86£5.23 0.71+0.15 -1.61+0.42
123301 0.605 8.1%#0.15 2.88 -2245  8.85 8.89%7  9.34+0.01  3.18:0.13 4.71+0.63 0.76£0.02 -1.80+0.16
127697 0.418 86%#0.31 110 -21.03  9.85 9.56)37  8.68+£0.08  0.83+0.21 0.23+0.18 0.12+0.08 -2.20+0.34
128538 0.422 8280.27 240 -2155  9.30 8.9929  8.40+£0.08  0.18:0.05 0.21+0.08 0.22+0.06 -2.44+0.28
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Chapter 5

METALLICITIES OF EMISSION LINE GALAXIES FROM HST/ACS PEARS
AND HST WFC3 ERS GRISM SPECTROSCOPY ATl Z < 2.4
5.1 Abstract

Galaxies selected on the basis of their emission line stinestgpw low metallicities
—22 < Mg < —19, regardless of their redshifts. We conclude this from ra-sa
ple of faint galaxies at redshifts betweer6 & z < 2.4, selected by their promi-
nent emission lines in low-resolution grism spectra in thtoal with the Advanced
Camera for Surveys (ACS) on the Hubble Space Telescope (BIST)n the near-
infrared using Wide-Field Camera 3 (WFC3). Using a sampl&loémission line
galaxies (ELGS) at ® < z < 2.4 which have [Oll], H3, and [Olll] line flux mea-
surements from the combination of two grism spectral swsyveye use thd23
method to derive the gas-phase oxygen abundances:12%log(O/Hx8.5. The
galaxy stellar masses are derived using Bayesian basedM@hain Monte Carlo
(MMC?) fitting of their Spectral Energy Distribution (SED), andhsgthe mass range
8.1 < log(M./My) < 10.1. These galaxies show a mass-metallicity (M-L) and
Luminosity-Metallicity (L-Z) relation, which is offset by0.6 dex in metallicity at
given absolute magnitude and stellar mass relative to tted BDSS galaxies, as
well as continuum selected DEEP2 samples at similar reidsiiihe emission-line
selected galaxies most resemble the local “green peaskigaland Lyman-alpha
galaxies az ~ 0.3 andz ~ 2.3 in the M-Z and L-Z relations and their morpholo-
gies. TheG — Myo morphology analysis shows that 10 out of 11 show disturbed
morphology, even as the star-forming regions are compdwtsd galaxies may be
intrinsically metal poor, being at early stages of formatior the low metallicities

may be due to gas infall and accretion due to mergers.
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5.2 Introduction

Nebular lines from HII regions are signposts for detectind emeasurement of cur-
rent star-formation. They are also useful for measuringntieg¢allicity of galax-
ies. From such studies (Lequeux et al., 1979; Garnett & 8§jell987; Skillman
et al., 1989; Zaritsky et al., 1994) we have learned the maetsdlicity and mass-
luminosity relations (e.g. Tremonti et al. 2004), wherehiagies with higher stellar
mass and higher absolute luminosity show higher metadigitlt is expected, and
observed, that going to higher redshifts should show a shifte mass-metallicity
relation (Erb et al., 2006; Mannucci et al., 2009). Highetstaft galaxies do show
a lower metallicity for the same given stellar mass (e.g. &ral 2006, Maiolino et
al. 2008) for galaxies in the early stages of star-formatiffects of downsizing
are also seen in mass metallicity effects. Since lower maksxigs continue star-
formation until later epochs, one would expect the slopdefrhass-metallicity re-
lation to also change the offset in the M-Z and L-Z relatioahid et al. (2010) show
that atz= 0.8, the high mass\ > 10'%5M.) galaxies have attained the metallici-
ties seen for the same mass galaxies-a0, but low mass galaxie${ ~ 10°2M..,)

still show a metallicity deficit compared to the same masaxgas atz= 0.

In order to go fainter (and lower stellar masses) at highdshits, We
analyze nebular line emission of 11 galaxies in Chandra Deéeld- South, ob-
served with HST-ACS grism in the optical (from the PEARS peog; Pl: Malho-
tra) and HST-WFC3 grism (from the ERS program; Pl: O’'Connelg., Straughn
et al. 2011) at near-infrared wavelengths. This sampleléxtsl to show emission
lines in the slitless spectra, reaching limits of 26.7 magd eedshifts az < 2.3.
Together, these grism data sets span a wavelength rangeAfre.6—1.6 um.

This allows us to measure metallicities using the R23 diaioandicator,R23 =
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([On]+[Ol)/H B, (Pagel et al., 1979; Kewley & Dopita, 2002) for a wide ranfe o
redshift, 05 < z < 2.4, without interference by the Earth’s atmosphere. Muclisf t
redshift range is inaccessible to ground-based obsensatlae to HO absorption
bands, and even more is lost to OH airglow emission lines.v@uwk demonstrates
the crucial value of slitless HST spectra in studying thegatgl properties of galax-

ies at an otherwise challenging redshift range.

The paper is organized as below. In 8§ 2 we briefly introducestirgeys
and the data sample. In 8 3 we present the measurements oéthbicity and the
stellar mass, and assess the metallicity accuracy by camgpaith the metallicity
measured from follow-up Magellan spectroscopy of two galsax We show the
results of the mass-metallicity (M-Z) relation and the laosity-metallicity (L-Z)
relation in 8§ 4. Finally, we discuss the results and give amctusions in 8 5. We use
a “benchmark” cosmology witf, = 0.27,Qx = 0.73, andHg = 71kms *Mpc~?
(Komatsu et al., 2011), and we adopt AB magnitudes througthigipaper.

5.3 Data

The HST/ACS G800L Probing Evolution and Reionization Spstopically sur-
vey (PEARS, PI: S. Malhotra, program ID 10530) is the largestey conducted
to date with the slitless grism spectroscopy mode of the H8VaAAced Camera for
Surveys. PEARS provides low-resolution {R100) slitless grism spectroscopy in
the wavelength range from 6080 9700A. The survey covers four ACS point-
ings in the GOODS-N (Great Observatories Origins Deep SuNeth) field and
five ACS pointings in the CDF-S (Chandra Deep Field Southji$ieEight of these
PEARS fields were observed in 20 orbits each (three roll angge field), yielding
spectra of all objects of ABssq p < 26.5 mag. The ninth field was the Hubble Ultra
Deep Field (HUDF), which was observed in 40 orbits. Combinéti the earlier

data from the GRAPES program (the GRism ACS Program for Gatetic Sci-
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ence; PI: S. Malhotra, program ID 9793), the HUDF field reaoipeésm depths of

ABEgsap § 275 mag.

The emission lines most commonly identified from the PEARSngrdata
are [OlI]A3727A, the [OI1[]A A 4959,500A doublet, and tr6563A. Due to the low
spectral resolution, the Bline is only marginally resolved from the [Olll] doublet.
With the ACS G800L grism’s wavelength coverage, galaxi€s@t z < 0.9 can be
observed in both the [OIll] and [Olll] lines, and galaxies etishifts 09 < z< 1.5
can be observed in only the single line of [QI§727A, and atz < 0.5 in theHa

lines of typical line fluxs~ 1.5-2x 10~ 1’erg cm 2 s~1 (Straughn et al., 2009).

The HST Wide Field Camera 3 (WFC3) Early Release Science YEHRD
GO-11359, PI: O’'Connell) program consists of one field obsérwith both the
G102 (0.8-1.14 microns; R10) and G141 (1.1-1.6 microns;~R30) infrared
grisms, with two orbits of observation per grism. This fieleedaps with the ACS
G800L PEARS grism survey, and hence faint galaxies can beredd with com-
posite spectra in the wavelength range fram-0.6—1.6um with the detection of
the emission lines, such asthtz < 1.6, [Olll] doublet at 02 < z < 2.4, and [Oll]
doublet at 06 < z< 3.6 with a S/N> 2 line flux limit of ~ 3.0x 10 1’erg cm 2 s 1

(Straughn et al., 2011).

Straughn et al. (2009) selected 203 emission line galake&§) from the
PEARS southern fields, using a 2-dimensional line dete@mhextraction proce-
dure. Straughn et al. (2011) presented a total catalog of8seon-line galaxies
from the WFC3 ERS Il program (Windhorst et al., 2011), demw@tisig the unique
capability of the WFC3 to detect star-forming galaxies ia thfrared reaching to
fluxes of ABrggau) < 25 mag in a depth of 2 orbits. The combination of these
two catalogs yields a sample of 11 ELGs with detection of @k]] [Olll] and H3
lines in the composite spectral range 0.6—rd, which enables us to utilize the
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R23 method to measure metallicity, and to extend the studyeomass-metallicity
relation of ELGs continuously froma ~0.6 to 2.4. We compare the selection of
the [OIll] line fluxes, the equivalent width (EW), redshifemd the absolute B-band
magnitude of the 11 ELGs from the combined catalog with ressimethe Straughn
et al. (2009) PEARS ELGs sample and the Straughn et al. (20ED3 ERS ELGs
sample. The comparison shows that the [Olll] emission kn@presentative of the
two large samples at 5x 10 ’erg cnm? s~1; the EW([OIII])s are in the simi-
lar range of the parent samples. The redshifts and the abd€®iband magnitudes
are very representative of the ERS parent sample whiletdfidgigh redshift with

respect to the PEARS sample, which is mainlyg at1 and extends t¥g ~ —15..

The HST/ACS PEARS data reduction was similar to the GRAPB§pt's
data analysis (Pirzkal et al., 2004), while further stepsdentifying emission line
sources are described in Meurer et al. (2007) and Straugthn(2009). The analysis
of the WFC3 ERS data is discussed in Windhorst et al. (201d)Siraughn et al.
(2011). The emission line fluxes are measured from 1D exddaspectra, using the
IDL codempfit to fit single or multiple Gaussian line profiles. Due to tharginal
splitting of the H3 and [Oll1] doublet, the [Olll] line is fitted with a double Gasian
profile with the ratio of [OIIIA 4959 to [OIII]A5007 constrained to be 1:3 with the

same Gaussian widths.

The HB line wavelength is fixed at the redshifted wavelength of 4861
given by the observed wavelength of the stronger [@BIO7 line. The underlying
HB absorption amounts are obtained by fitting galaxy SEDs (dsed in detail in
the next section, Pirzkal et al. 2011) with the populationtbgsis model of Bruzual
& Charlot (2003). The EW of the Blabsorption features range from 4 Azwhich
agrees with the amount obtained in other studies,e.8+2 A (Lilly et al., 2003).

The absorption feature is smoothed to the same Gaussiate@sfine [Olll] line,
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and then added to the grism spectra. The absorption-cedéff line flux is finally
measured by adding a Gaussian profile (same as that of thi¢ Galissian profile)
with changing amplitude at the fixed wavelength, on the [Qllleady-fitted double
Gaussian profiles. An Biline flux of S/N>3 is assumed as detection, and for line
fluxes with S/IN¢3 (10 ~ 5x 10 8erg cm 2 s71), we use a & upper limit to the
HpB line flux, which give in a lower limit to the galaxy oxygen alulance on the

lower branch (see next section).

The amount of dust extinction is also obtained from the SEfh@f and
ranges fromAv= 0-1.2 mag. The extinction correction is done usinglbk code
calz.unred (written by W. Landsman), based on the reddening duove Calzetti
et al. (2000). Studies show that the gas can suffer moreaiimthan the stellar
content, hence we assume E(Bs¥)a=0.44E(B-V)as, as has been found locally
(Calzetti et al., 2000). Due to the degeneracy of the extinand the stellar pop-
ulation age, the extinction values have large uncertanfidne uncertainties of the
extinction values are folded into the uncertainties in thetatlicity. The results
show that the uncertainty due to the extinction is in the nod®.02-0.1 dex, and
the dominant part of the uncertainties in the metallicitiesult from the faint line

flux of HB compared to [OIIIA5007.

Table 1 lists the extinction corrected emission line fluxesg@stframe equiv-
alent widths of the [OII} 3727, H3, and the [Olll] doublet for the 11 galaxies in the
sample, along with the WFC3 ERS ID and the redshift. Figuredws the grism
spectra with the Gaussian fit profiles of the [QI§727, H3 and [Olll] doublet lines
of the 11 galaxies. Figure 12 shows the GOODBHand postage stamps of the 11

galaxies.

To assess the morphologies of the galaxies in the sample, easure the
Gini coefficientG, which quantifies the relative distribution of the galaxiyts¢, and
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the second-order moment of the brightest 20% of the galdkiXgAbraham et al.,
2003; Lotz et al., 2004), by from the galaxy images. Figure 13 shows the distri-
bution of the galaxies in the G-pd plane with the empirical line dividing normal

galaxies with merger/interacting galaxies (Lotz et alQ£0 The blue stars repre-

sent that measured from GOOBSand image and the red triangles show that mea-

sured from GOOD%band image. We can see that from B¥eand image, all of the
galaxies lie above the dashed line, which is the region obthiker galaxies showing
merger/interacting and dwarf/irregular morphologiearkithei-band image, 8 out
of 11 galaxies are on and above the line and 3 are below theTime visual check
of the galaxies below the dashed line shows that two gald48, 578) have obvi-
ous multiple knots and irregular shape, and the galaxy 258tise region of dwarf
galaxies, which is in agreement with the low mass estimdtgM) = 8.74M.
Therefore, we see that 10 out of 11 show disturbing morphesp@nteracting com-
panions and tidal features, which demonstrate the ongaitigeastar-formation in
these galaxies. At the same time, the half light radii of thiagies are shown in Ta-
ble 2, which span the range from 1 — 8 kpc, with 8 out ofrh1; < 3 kpc, showing

compact morphology.

5.4 Measurements
Metallicity

Using the strong nebular lines [ONB727, H3, and the [OIll] doublet measured
from the combined grism spectra, We measure the gas-phggemabundance by
the most commonly usdg3 (R23 = ([OlI]+[Oll1])/H B) diagnostic indicator (Pagel
et al., 1979; Kewley & Dopita, 2002). We calculate the metdies by iteration,

using the parameterized calibrations between the oxygendamce 12+log(O/H),
the ionization parametey, andR23 that are derived from theoretical photoionization
models by Kewley & Dopita (2002) and Kobulnicky & Kewley (200
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We select the R23 method, because it relies on measuringadimesbright-
est nebular emission lines, which allows it to be used fortfgalaxies in the distant
universe. However, it has one major drawback, which is thatrélation between
R23 = (fou + fon )/ fupg and the gas phase oxygen abundance-ldy(O/H) is
in general double-valued, with both a high- (#20g(O/H) > 8.5) and a low-
(12+10g(O/H) < 8.5), metallicity branch solution. For the present data se&t, w
rely on a set of three secondary metallicity indicators toidie whether the galax-
ies lie on the upper or lower branch. First is the “O32” ratigy / foi. While
this is primarily sensitive to the ionization parametefKewley & Dopita, 2002),
it can also be used as a branch indicator (Maiolino et al. 820@ith ratios of
foni / fon > 2 indicating a lower branch solution, arigd); / foy < 1 indicating an
upper branch solution. Second is the réfii / fi g, with for / fyg > 3 indicating
7.4 <12+1og(O/H) < 8.5 (Maiolino et al., 2008). Third is the equivalent width of
theHp line. Hu et al. (2009) show that E\M 3) correlates with metallicity, such
that EWH 3) > 30A implies a lower branch solution, and EWf) < 10A implies

the upper branch solution.

Other popular branch indicators — notably the [O14363 line strength
and theN2 diagnostic indicatorN2 = log ([NI]A6584/Hx) — are not practical
for the data set, given the faintness of the [OI4B63 line, and the blending of
[NII] A6584 with Hx in HST grism spectroscopy. Nevertheless, the combination o
EW(HB), foni/fou, and foi / fypg provides reasonable confidence in the branch

identifications for most of the sample.

Figure 14 shows the Ig&23) versus 12+log(O/H) for the 11 ELGs on the
lower branch. The lines represent the model relationshigpaden logR23) and
12+log(O/H) at two ionizations withj = 1.0 x 107, 1.0 x 10%. The use of the upper

limit of H 3 line fluxes gives the lower limit of R23, and thereafter thedo limit of
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the metallicities on the lower branch, which are shown dstrégrows and upward
arrows. Since the galaxies are put on the lower branch, Pasifews logR23), the
ionization parameter Iqg), and the oxygen abundances and their corresponding
uncertainties. The large uncertainties on the oxygen anwes are mainly due to
the large fractional flux uncertainties for3Hn the data. All of the galaxies are on
the lower branch, and some are near the peak in thé&R8) vs. metallicity curve,
where the branch indicators become both ambiguous andyangdevant, and their

metallicities are near 12+log(O/H)=8.5.

The galaxy oxygen abundances in the sample span the range7ffo<
12+log(O/H < 85, i.e,~ 0.1 Zo> — Z®. (A solar metallicity has 2=0.015 and
12+log(O/H) = 8.72, see Allende Prieto et al. 2001). As wefgma table 2, the low
redshift galaxies at.6 < z< 1 have an average metallicity of 12+log(O#H).95,
and the galaxies & > 1 have higher average metallicity of 12+log(O#8.26,
brighter absolute mangitudes and larger stellar massegé#e 2). This shows the
selection effects at low redshift and high redshift of theygke. At same magnitude
and line flux limits, the galaxies selected with larger refistbend to be more mas-
sive, brighter and higher metallicity galaxies. Hence, \tal@ate the evolution of
the metallicity for same mass galaxies at different redsjnfe need to enlarge the

sample to include faint low-mass galaxies at high redshift.

Two galaxies out of the 11 ELGs (ERS ID numbers 339, 364) ha@¥up
Magellan spectroscopy, which covers the wavelength raraye #000 to 900,
with a wavelength-resolution of 3A (Xia etal., 2012). The metallicities measured
from the Magellan spectra using the R23 method on the strongseon lines [Oll],
HB and [Olll] doublet give 12+log(O/H) = 8.0 0.14 for ERS339 and 8.18 0.15
for ERS364 (Xia et al., 2012). The metallicities obtaineahirthe HST ACS/WFC3
grism spectra (12+log(O/H) = 8.1§3° for ERS339 and 8.2215 for ERS364) and
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that obtained from the Magellan spectroscopic spectraeagravithin 1o (~ 0.1
dex), underscoring the feasibility of emission-line gglaxetallicity measurements

using the HST/WFC3 IR grism data.
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Figure 5.1: Example of composite grism spectra from the AEE PEARS G800L
grism spectroscopy and the HST/WFC3-IR ERS G102 and Gl4&lngspec-
troscopy. The emission lines, [ONB727, H3, and [OIII]A5007, Hx and [SII] are
detected. The B, and [Olll] doublet are detected in both G800L and G102 gsism
and the G102 grism resolves the [ON} 4959,5007. The fitting of the [OIII] dou-
blet is constrained to make the ratio of the [OAI{]959 to [OIII]A5007 fluxes 1:3,
and to use the same line width for both. The detection of botl pnd [OlIl] in
the composite spectra enables the meatallicity measutamigrg the R23 method.

Stellar Mass

The galaxy stellar masses are derived by comparing the \@asehotometry with
the model spectra library produced by the Bruzual & CharRA0Q) stellar popula-
tion synthesis code (BCO03, hearafter). The galaxies indhgpée are located in the
ACS pointings of the GOODS-South field. The optical broadbB¥iz photometry

is obtained from HST/ACS GOODS version 2.0 images (Giagalist al., 2004).
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Figure 5.2: Continued. Spectra of PEARS+ERS galaxies anG#ussian fitting of
the emission lines.
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Figure 5.3: Continued. Spectra of PEARS+ERS galaxies an@G#ussian fitting of
the emission lines.
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Figure 5.4: Continued. Spectra of PEARS+ERS galaxies anG#ussian fitting of
the emission lines.
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the emission lines.
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Figure 5.6: Continued. Spectra of PEARS+ERS galaxies anG#ussian fitting of
the emission lines.
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the emission lines.
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864. 7=0.642

Figure 5.12: The GOODS-Bband postage stamps of the 11 ERS galaxies in the
sample. The irregular morphologies, interacting compasii@and tidal features
demonstrate ongoing star formation of these galaxies.

The UV photometry in F225W, F275W, and F336W, as well as tha-iiR pho-
tometry in FO98M (Ys ), F125W (J), and F160W (H) are from thes WgFC3 ERS
mosaics (Windhorst et al., 2011). In this paper, we adopgtiaxy stellar masses
measured by the method of Bayesian based Markov Chain Mcaie GiMC?),
which allows us to compare the observations to arbitraiynplex models, and to
compute 95% credible intervals that provide robust comgsdor the model pa-
rameter (see Pirzkal et al. 2011 for details). The modelgyarerated using the
single (SSP), two (SSP2) stellar instantaneous popukatmman exponentially de-
caying star formation history model (EXP). The parametestimed in the models
are Salpeter initial mass function (IMF), metallicities\gang fromZ = 0.004 to
0.02 (£.), the stellar population ages, the relative ratio betwéenold and young

stellar populations, the Calzetti et al. (2000) extinclem, and the half-lifer value
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Figure 5.13: Gini coefficienG vs. My to demonstrate the morphology analysis
of the 11 galaxies in the sample. The dashed line is the erapiine dividing
interacting galaxies (upper region) with normal galaxiewér region) from Lotz et

al. (2004). The blue stars represent galaxies basdgtmend image analysis. The
red triangles are that based Bband image analysis. Most galaxies lie above the
line demonstrating disturbed morphologies.

in the case of EXP models. The results of the galaxy stellasemand stellar popu-
lation ages are shown in the sixth column of Table 2. The gedashow young ages

of 20-90 Myr and low masses 108 — 101°M..,.
5.5 Results

The wide spectral coverage of the HST/ACS PEARS and WFC3 ER$osite
grism spectra provide galaxies ab0< z < 2.4 with full set of emission lines [Oll],
HpB and [Olll], which extend the study of the evolution of the Lr&lation and the
M-Z relation to redshifz~ 2.5. In this section, we will show the results of the

luminosity-metallicity relation and the mass-metallyaielation, which provide im-
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Figure 5.14: The log(R23) versus oxygen abundance for theL Gs in the sample.
The overplotted lines represent the theoretical lineg=afl.0 x 107,1.0 x 10° (Kob-
ulnicky & Kewley, 2004). All of the galaxies are put on the lembranch according
to the branch criteria. ThedBupper limit of the HB line fluxes give the lower limit
of log(R23) and hence the lower limit of 12+log(O/H) at thevéy branch, which
are shown as arrows.

portant clues to the evolution of galaxies by comparing Withrelations at different

redshifts.

L-Z relation

Previous results show important evolution of the slope &edzero point of the L-Z
relation with respect to redshift, decreasing metalligitth increasing redshift at a
given luminosity. With the sample of 11 grism ELGs & & z < 2.4, we investigate
the evolution of the L-Z relation with redshift. Followingaditions, we present the

rest-frame absolutB-band magnitude as a measure of the luminosities.
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The restframd@-band absolute magnitudes are computed from the best-fiv@&#D

the BCO3 stellar population synthesis model.

Figure 15 shows the relationship between the absoluteénasie B magni-
tude versus the gas-phase oxygen abundance derivedR2@naliagnostic indica-
tor. The lines plotted in Figure 15 are the local L-Z relataistained by Tremonti
et al. (2004) for~53,000 SDSS galaxies at~ 0.1 (solid line), the L-Z relation
obtained by Zahid et al. (2011) from 940 DEEP2 emission linxges at z~
0.8 (dashed line), that obtained by Hu et al. (2009) from apdarof Ultra-Strong
Emission-Line (USELSs) galaxies at~0—1 (dotted line and empty stars), and that
of Salzer et al. (2009) for 15 star-forming galaxieszat 0.3 (open upside down
triangles). Our sample of 11 galaxies span a range in luntine$7 < Mg < —23
and in metallicity 75 < 12+log(O/H < 8.5. The red solid dots represent the galax-
ies withz > 1, and the green triangles represent the galaxieszvttl. The blue
solid line shows the best linear fit of the 11 galaxies, a i@tadf 12+log(O/H =
(4.75+0.86) — (0.17+ 0.04)Mg with a correlation coefficience of —-0.77.

Compared to the other relationships shown in Figure 15, AGBE3 grism
galaxies are about 7 magnitudes brighter in luminositias the local SDSS galax-
ies and the ~ 0.8 DEEP2 galaxies at fixed metallicity. The DEEP2 sampld&i@a
et al., 2011) shows little evolution compared to the SDSSpdanabout~ 0.1 dex
relative to the local L-Z relation, while the ERS grism gaésxshow~ 0.6 dex
lower metallicities than the SDSS galaxies at given lumiryo3 he grism galaxies
show a good match with metal-poor galaxies of Hu et al. (2088lzer et al. (2009)

along the fitted L-Z relation.

The Hu et al. (2009) USELS galaxies have high equivalentwaidth EW(HS >
30,&), extend to fainter galaxies to M~ —16 and show low metallicities of. ¥ <
12+log(O/H < 8.4. The Salzer et al. (2009) are [Olll]-selected galaxiesI([® 3 >3)
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atz~0.3 and show brighter luminosity and higher metalliciti#&e difference of
the galaxies on the L-Z figure shows the different physicapprties of the three
samples: the USELS are basically selected to be fainterfdyabaxies, the low red-
shift Salzer et al. (2009) are [Olll]-selected lower redisimore evolved brighter
galaxies. Since the three samples follow well of the L-Ztiefeship of the metal-
poor galaxies, and the L-Z relations of the SDSS galaxieslamdEEP2 galaxies
are obtained by averaging large samples, we conclude thaighoffset in the L-Z
relation between the local and the three metal-poor gadss@enples is due to the
selection of a sample of young strong emission-line staniiog galaxies, which

will be further illustrated in the next subsection.

M-Z relation

Figure 16 shows the relation between the stellar masseshangbs-phase oxygen
abundances for the 11 star-forming galaxies in the samplebat z < 2.4. The
solid line represents thd-Z relation atz ~ 0.1 from Tremonti et al. (2004) for the
local SDSS galaxies, which are selected to be star-formahaxges based on lines
Ha, HB, and [NII]. The dashed line shows th&-Z relation atz ~ 0.8 for the 940
Hp selected blue DEEP2 galaxies from Zahid et al. (2011). Ttiteddine and
the dash-dotted line are UV-color selected galaxies-aR.3 from Erb et al. (2006)
and the UV-selected Lyman Break Galaxies (LBGS)&t3.1 from Mannucci et al.
(2009), respectively. The red line shows the best fit to thé Miation for the ELGs

in the sample.

The green triangles illustrate the sample of the “green”pieas Carda-
mone et al. (2009) and Amorin et al. (2010), which are extitgroempact (k 3
kpc) star-forming galaxies atDl < z < 0.35 selected by color from the SDSS spec-
troscopic observation, with an unsual large equivalenttwid up to~ 1000A. We

recalculate the gas-phase oxygen metallicity by the R2Boadbr the “green peas”
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Figure 5.15:L-Z relation between the rest-franB2band absolute magnitude ver-
sus the oxygen abundance for the 10 emission line galaxi@$ at z < 2.4. The
metallicity is derived from th&23 indicator and th&-axis is the rest-framB-band
absolute magnitude. The red solid dots represent the galaxthz > 1, and the
blue triangles represent the galaxies wath 1. The solid line represents the rela-
tion obtained by Tremonti et al. (2004) for SDSS star-fogngalaxies az ~ 0.1.
The dashed line illustrates the relation obtained by Zahal.2011) for DEEP2
galaxies az ~ 0.8. The dotted line and the empty stars show the relation iodédai
by Hu et al. (2009) for USEL galaxies at= 0— 1. The empty upside down tri-
angles are that of Salzer et al. (2009) for [Olll]-selected 0.3 galaxies. The
blue solid line shows the best linear fit of the sample, whislega relationship of
12+1log(O/H) = (4.75+0.86) — (0.174+0.04)Mg. The PEARS sample shows an
offset by about —0.6 dex in metallicity relative to the looalation atz ~ 0.1.
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sample. Also plotted are the byemitters atz ~ 0.3, and~2.3 from Finkelstein et
al. (2011a,b), shown in empty red circles and black astemgih 2 0 and 30 up-
per limits, and one extremely metal poor galaxies XMPG WI2B8 (Atek et al.,
2011). All data presented have been scaled to a ChabrieB)20F-. To ensure the
consistency of the comparison, the conversion given by KgwlEllison (2008) is
used to convert to the same metallicity calibration of Kolicky & Kewley (2004)
to avoid the differences arising from different metalljcibdicators (Zahid et al.,
2011). The metallicity of the XMPG galaxy from Atek et al. (20 is measured by
the directTemethod, and is not converted to the same metallicity diatjmdae to
the absence of the [Oll] flux and the conversion relationgi@fveen the directe

method and the R23 method in Kobulnicky & Kewley (2004).

From Figure 16, the grism galaxies span the rangie®g(M../M) < 10.1
and 75 < 12+log(O/H < 8.5, with the average values eflog(M../Ms) >= 9.3
and <12+log(O/H)>= 8.1. Although this is a small sample, it shows a similar
correlation between metallicity and stellar mass, indrgpexygen abundance with
the increase of the stellar masses. The red dots in Figuredifthe 6 galaxies with
redshiftz > 1 and with emission lines observed in WFC3 ERS. The bluedtéemn
represent the galaxies with@< z < 1. We fit the mass-metallicity relation with a

second-order polynomial (Maiolino et al., 2008):
12+ 10g(O/H) = Allog(M) — log(Mo)]? + Ko, (5.1)

the best fit parameters to the 11 ELGs in the sample give AZ;00Q(My)=11.87,
Kp=8.63. From Table 2, we see that these high redshift galéveies higher stellar
masses with a mean ef logM../M¢, >~ 9.6 and higher metallicities with a mean
of <12+log(O/H)>~ 8.3. The low redshift subsample have lower galaxy stellar
masses with a mean eflogM../M. >~ 8.8 and lower metallicities with a mean of

<12+log(O/H)>~ 8.0. The offset shown between the high redshift subsampule an
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the low redshfit subsample includes the evolution of the MyAtron with redshift,
and the selection effect, that for the same emission linectien the high redshift
galaxies tend to be more luminous, more massive and mord-greiahed than the

low redshift galaxies.

We examine the M-Z relation by comparing our sample with ¢halifferent
redshift ranges. Compared with the local relatiomat0.1, the SDSS galaxies with
comparable stellar mass to the average of the grism saMple;, 10°2 M., have
12+log(O/H) ~ 8.8, which is about- 0.6 dex higher than the average of the grism
galaxies. For the low redshift subsample with a mean©f0.8, the M-Z relation
show a large offset of~ 0.6 dex with that of Zahid et al. (2011) at~ 0.8 too.
This big difference between our sample and that of Tremajati. €2004) and Zahid
et al. (2011) is mainly due to the different selection crétesf the galaxies. The
local SDSS galaxies (Tremonti et al., 2004) and the DEEP2xgz8 (Zahid et al.,
2011) are obtained from large spectroscopy survey, and tHerdllations show the
average relationships of the dominant galaxy populatidribad redshift. Table 3
lists the physical properties including redshift rangées#®on, absolute magnitude,
emission line EW, half light radius and SFR of the differemtnparing samples. We
can see that the SDSS and DEEP2 samples are not selecting\Wgltar-forming
galaxies compared with the “green peas” (Amorin et al., 20UGELS (Hu et al.,
2009), LBGs (Mannucci et al., 2009) and our PEARS/ERS ELGuclvare biased

to high EW emission-line (up te 1000A) and compactr(» < 3 kpc) galaxies.

For the high-redshift subsample with a meanzat 2, the M-Z relation
shows an offset ofv 0.2 dex with respect to that of the LBGs at- 2.3 (Erb et
al., 2006). The low metallicity galaxies basically fall iveten the relation at~ 2.3
andz ~ 3.1 and have low metallicities down to 12+log(OA-j.5, 7.7. The “green
peas” (Hoopes et al., 2007; Overzier et al., 2008; Amorin.e2810) atz~ 0.3 are
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found to be metal-poor by 0.5 dex relative to other galaxies of similar stellar mass,
and show compact and distrubed morphology. From Figure &6ina that 7 out of

11 of the HST/ACS+WFC3 grism emission line galaxies are énsiimilar metallic-

ity range 12+log(O/H)-8.3 and four galaxies are more metal-poor by up to 0.6 dex,
compared with the green peas at the same galaxy stellar spagseh shows signif-
icant chemical enrichment froax~ 0.8 to z~ 0.3 at the low stellar mass range. To
confirm this evolution with higher statistical significaneee will need larger sam-
ple of galaxies extending to low mass faint galaxies at hagshifts. The strong
emission line selected lgygalaxies az~ 0.3, atz~ 2.3 and XMPG WISP3230 at

z~ 0.7 show similar lower metallicities atZ < 12+1og(O/H) < 8.2 with respect

to the average M-Z relations obtained from large survey $asnp

The detailed analysis of the morphologies, sizes, col@&RS based on the
M-Z relation (Pirzkal et al., 2006; Xia et al., 2012) showtthi@e strong emission-
line selected grism galaxies are biased towards young ccimpi@racting dwarf
star-forming galaxies. Pirzkal et al. (2006) shows smajigptal sizes of~ 1-2 kpc
for the emission line galaxies observed from the GRAPESe3yrand Xia et al.
(2012) presents high SSFRs£0- 10~/ /yr for the ELGs from the PEARS survey.
Since the galaxies in our sample are partly the subsampleeoPEARS ELGs,
the results of the sizes and the SSFRs are consistent wigiréh®us results, with
ry2 < 3kpcandSSFR~ 10-°/yr. This confirms the selection effects of the young
compact disturbed emission line galaxies in the sample. €Bnly stage of galaxy
evolution (downsizing effect) or interaction-inducedgpine gas inflow picture may

account for the offset of the grism galaxies in metallicéiative to the local sample.
5.6 Discussion and Summary

We use a sample of 11 emission line galaxies@k0z < 2.4 observed by HST/ACS

PEARS and HST WFC3 ERS programs at 0.6-In%to demonstrate the effective-
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Figure 5.16: Relation between the stellar masses and thplges® oxygen abun-
dances for our sample of 11 ELGs from PEARS and ERS grism tl@ié & z< 2.4.
The metallicities are estimated from tR23 method and the stellar masses are es-
timated from the SED fitting witlBCO3 model. The definition of the points of our
sample are the same as Figure 14. Also plotted for compaaisothe green peas
(empty green triangulars) at0.3 (Amorin et al., 2010), Ly galaxies az ~ 0.3
andz ~ 2.3 (Finkelstein et al., 2011a,b), and the WISP XMPG galaxy at0.7
(Atek et al., 2011). The solid red line is the best fit of the Mefation to the 11
ELGs in our sample. The solid line represents the M-Z retatibz ~ 0.1 from
Tremonti et al. (2004) for the local SDSS galaxies. The da$ine shows the M-Z
relation atz ~ 0.8 for the 940 DEEP2 galaxies from Zahid et al. (2011). The dot-
ted line and the dash-dotted line are thatzat 2.3 from Erb et al. (2006) and at
z~ 3.1 from Mannucci et al. (2009), respectively. The M-Z relagaat different
redshifts are calibrated to the same metallicity indicatoiKobulnicky & Kewley
(2004) from Zahid et al. (2011). The large offseto.5 dex of this sample relative
to the other relations at similar redshift demonstratesttiese galaxies may be at
the early-stages of galaxy evolution. Infall of gas due togees is another popular
explanation, e.g. Peeples et al. (2009).
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ness of the grism spectra (R 100-300) used for the metallicity measurement.
With the [OII], HB, and [Oll1] lines in the composite spectra of the two grisresp

tra surveys, we use the23 method to derive the gas-phase oxygen abundances,
12+log(O/H). For two galaxies which have the follow-up MHbage spectroscopy, the
metallicities obtained from the grism spectra and from treggkllan spectroscopic
spectra are consistent to withinol(0.1 dex), which demonstrates the feasibility of

the HST/WFC3 IR grism spectra used here for the study of gateetallicities.

The measured gas-phase abundances are in the low metabiicge 75 <
12+log(O/H) < 8.5. The galaxy stellar masses are derived from MCMC SED fitting
and span the range 8< log(M../Ms) < 10.1. Both the L-Z relation and the M-Z
relation show that with the increase of the galaxy stellassra the luminosity, the
metallicity increases, which agrees with the enrichmestioiny of galaxy evolution.
The M-Z relation of this sample show significant offset by a€0.6 dex in metal-
licity at given stellar mass relative to the local M-Z retatifrom SDSS galaxies
and the galaxies from the DEEP2 survey at similar redshift.8. The L-Z rela-
tion is fitted by a straight line of 12+log(OJH= (4.75+ 0.86) — (0.17+ 0.04)Mg
with a correlation coefficience of —0.77, which is also dffeg about —0.6 dex in

metallicity relative to the local and~ 0.8 L-Z relations.

Our sample of galaxies at~ 0.8 show similarity to the local green peas in
morphology and low metallicity. Two galaxies show signifitpoorer metallicity
by ~0.5 dex compared with the “green peas” at the same galaxiarstehsses,
which signifies different physical processes in the galaxgiwgion and chemical
enrichment fromz ~ 0.8 to z~ 0.2 at the low stellar mass range. The different
contribution by downsizing and gas inflow/outflow need to kameined in detail by

larger samples further.
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By comparing the PEARS/ERS sample with other emissiongiglected
samples, We find that the physical properties of the ELGsxgedaat different red-
shifts show great similarities: e.g. (1) ultra-strong esida lines of about 10'erg
cm 251, high emission-line EWs up te 10004, and hence very high SSFRs to
10-°/yr; (2) compact morphology{,, < 3kp0g); (3) evidence for mergers/interactions
from the asymmetries of the morphology, such as companioetsvéspy tidal tails
around a compact star-forming region, three “green pea®ishn Cardomone et
al. (2009), and 10 out of 11 galaxies in our sample (see Fi@dje Hence, we
conclude that the offsets shown in the M-Z and L-Z relatiortk wespect to that ob-
tained from average of large sample are mainly due to thetsaheeffects based on
prominent emission lines. van der Wel et al. (2011) showsbamdant population
of extreme emission line galaxies (EELGS) from the HST/WKZANDELS Sur-
vey (Cosmic Assembly Near-IR Deep Extragalactic Legacyw&grand confirms
the physical properties of low stellar massed0°M.,, and strong outflows due to

enormous starbursts in the EELGs by the HST/WFC3 grism spect

Taken together, the properties of the ELGs: compact ststsydow metallic-
ities, disturbed morphologies, and low masses, indicatethiese are dwarf galaxies
undergoing their early stages of galaxy evolution with pireent signs of strong ac-
tivities of interaction (gas accretion and outflow) with quemnion galaxies. Both the
downsizing effect and the inflow/outflow play important ie these low metal-
licity galaxies’ evolution. To examine the mode of the dtaimation of these low-
mass, low-metallicity galaxies in the whole scenario obgglevolution requires a
larger sample of this kind of ELGs from optical to NIR spestropy with morpholo-
gies to give us a more comprehensive picture of these galakiemp et al. (2011)
presents a sample of 28 emission line galaxiegsa2 with prominent [Olll] and H8

in the GOODS-S region of the Cosmic Assembly Near-infraredExtra-galactic
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Legacy Survey(CANDELS). Combined with the PEARS specties sample will
greatly enhance the sample at redshittat the low-mass low-metallicity region of
the M-Z relation, which is important to study and understtraphysical processes

effecting galaxy evolution.

This paper is based on Early Release Science observatiots byathe
WEFC3 Scientific Oversight Committee. PEARS is an HST TreaBuogram 10530
(PI: Malhotra). Support for program was provided by NASAatingh a grant from
the Space Telescope Science Institute, which is operatdeebdssociation of Uni-
versities for Research in Astronomy, Inc., under NASA cacttNASA5-26555 and

is supported by HST grant 10530.
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Table 5.1: The extinction corrected emission line fluxeseguivalent widths of the PEARS/ERS grism galaxies. Ti#diHe fluxes

are absorption corrected by the SED fitting. The detectidtiseoHg line are set with S/IN3. The 3 upper limit of the KB line is

used for galaxies with S/N3. These galaxies are marked with stars.

D oz R.A. DEC. E(B-V) [Ol1]3727 EW([OI1]) HB EW(HB) [ol EW([OIIN)
(deg) (deg) (mag)  (10%8ergstcm 2 A (10 8erg st cm2) A) (10 18ergstcm 2 A)
339 0.602 53.0773392 -27.7081985 0.3 64551+ 162.65 29 468.4% 45.19 61 2373.95 56.24 334
364 0.642 53.0693359 -27.7090893 O.f3: 80.90-+ 15.93 40 50.35: 7.24 38 308.61 9.59 248
246 0.696 53.0700035 -27.7165890 O.B33 4.50+ 4.50 26 22.90+ 5.22 352 121.9% 6.92 1605
454 0.847 53.0761719 -27.7011452 (.38  166.57+ 17.80 28 45.22- 13.92 11 86.35¢ 18.02 22
258 0.998 53.0857124 -27.7113400 O 29.98+ 4.25 74 73.63: 35.74* 525 241.91+ 47.48 729
432 1.573 53.0484200 -27.7095337 Of#5  101.97+ 23.19 44 24.2% 11.76* 16 132.11+ 15.56 108
563 1.673 53.0705452 -27.6956444 0.4, 93.91+17.34 46 13.95: 9.06* 19 122.04+ 11.86 165
103 1.682 53.0633392 -27.7272835 O.pf: 43.55+ 10.23 93 9.84+ 7.81* 45 52.83+ 10.33 193
195 1.745 53.0656700 -27.7203941 OB 87.84+ 13.89 37 21.25- 8.28* 17 109.87+ 10.91 94
242 2.070 53.0821304 -27.7137547 0.39’ 94.79+ 29.03 72 13.39 8.57* 25 79.46+ 11.19 143
578 2.315 53.0589218 -27.6978111 026  116.58+ 21.06 98 12.29- 10.42* 10 65.98+ 13.53 35
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Table 5.2: The ionization parameter, metallicity, hadfhli radius, absolute magnitude, galaxy stellar mass and SBRR of the
PEARS/ERS grism galaxies. The missing upper errors iR28gand 12+log(O/H) denote the lower limits due to the use eighper
limits of HP line fluxes.

ID z log(R23) logq 12+log(O/H) ry2 Mg log M. Age SFR SSFR
“ @ ®) 4) ®) (kpc) (mag) M) (Myn) (Molyr) (x10"°/yr)
339 0.604 081302 8.12+1.28 810022 810 -19.74 9.193% — 1520+ 1.72  10.64- 4.16
364 0.637 0.8907 7.97+0.10  8.22015 172 -19.19 872251 569727 1.70+0.39  1.90+0.84
246 0.691 0.74010 8.58+051  7.719%5  1.97 -17.57 8.12pi% 50.4'9%)  1.06+0.21  3.31+081
454 0.847 0.75013 7.29+0.17 8253953  1.37 -20.12 948505 60.87527 241+1.40  0.60+0.37
258 0.997 0.40,,, 8.02+0.11 7.49,,, 220 -18.99 87433 90.I'32% 578+3.66  7.83:561
432 1573 0.82,,. 7.58+0.13 825,,, 414 -20.05 9.16575 510775 271+244  1.73-1.56
563 1.673 0.90,,; 7.64+0.13  8.37,,  1.58 -21.70 9.6309) 46,5355 3.66+£2.24  0.51+0.37
103 1682 061,,, 7.46+012 7.97,, 107 -19.41 923005 93.17/2% 150+1.35  0.88+0.83
195 1745 0.90,,; 7.61+0.10 8.38,,, 1.89 -21.74 956035 23.9'55 3.80+£2.02  2.30+1.22
242 2070 0.83,, 7.46+021 832,, 209 -21.42 9.833% 39.7732%1 1451+9.60 1.91+1.37
578 2315 0.77,,, 7.32+0.16 827, 582 -22.16 10.02035 19.0725 19.17+12.81 0.50t 0.53
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Table 5.3: The selection criteria and physical propertiege®comparison samples in the paper.

Sample Survey z Selection fline Mg EW ry2 SFR
@ &) 3 4 (10'7ergen?s7Y) (mag) &) (kpc)  (Molyr)
Tremonti et al. (2004); SDSS 0.0652<0.25 Ha, HB, [NII] — (-16, -22) EW(Ha) ~3-200 - -
Salzer et al.(2009); KISS z~0.3 [ol] — (-19.5, -22.5) — - -
Amorin et al. (2010); green pea SDSS 0<12<0.35 color — — EW([OIl]) < 1000 <3 <30
Zahid et al. (2011) DEEP2 0.%52<0.82 HB, color — (-19.5,-22) <EW(HB) >~8.9 - -

Hu et al. (2009); USELS DEMOS Dz<1 [Olll,Ha >1.5 (-16, -21) EW(HB) < 500 - -
Erb et al. (2011); LRIS-B z~2.3 UV-colors > 15 (-20.5, -23.5) — - 20-60
Mannucci et al. (2009); LBGs AMAZE, LSD 2:672<3.4 — >1.1 — — 0.7-24 5-40
This paper PEARS, ERS 06z<2.3 Emission lines >5 (-17.5,-22.5) EW([OIlll])< 1600 1-8.1 1-20
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Chapter 6

CONCLUSIONS

This dissertation presents the results of the study of gathemical evolution by
HST/ACS PEARS emission-line selected galaxies. The pgirgaal of this study
is to extend the galaxy mass-metallicity relation to faowImass end and to high
redshift, to explore the orgin of the mass-metallicity tiela and hence to understand

the physical processes effecting galaxy formation andugiaol.

In Chapter 2, | apply the surface luminosity priors to 126kgies observed
with HST/ACS PEARS grism spectra, with GOOBY iz broad-band photometry,
and with known ground-based redshifts in the range.b&0z < 2.0. By compar-
ing the redshift estimation with and without SL priors, tr@mnmethod improves
the number of galaxies witf\(z)| > 0.2 from 15.0% to 10.4%. The RMS scatter
does not change much. The improvement seems same for thgddtuges and the
283 red galaxies, while the red galaxies show higher acguracedshift estima-
tion. The result shows the efficiency of the SL priors in biegkhe degeneracy of
SPZ redshifts for low-redshift Balmer break galaxies amphimedshift Lyman break

galaxies.

In Chapter 3, | present the Magellan LDSS-3 follow-up spesttopy of a
sample of HST/ACS PEARS emission-line pre-selected gesaxThe first part of
this Chapter assess the accuracy of the grism redshiftdwvanecmeasured from the
pattern of the emission lines and find an accuracyg,of 0.006 for the grism red-
shifts. The emission-line galaxies are classified to sieming galaxies and AGNs
by methods of cross-checking with CDF-S X-ray detection] BRagram, and high

ionization indictator emission lines.
In Chapter 4, | use the catalog of the star-forming galaxresiyced from
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the work of Chapter 3 to study the relationship between tiseplgase oxygen abun-
dances, stellar masses, rest-fraBband absolute magnitudes, half-light radii and
morphologies. The PEARS star-forming galaxies span thefraseB-band abso-
lute magnitude range — 19 Mg < — 24, extend to low mass¥< log(M, /M) <
10.5 and span the low metallicity range %<812+log(O/H)< 8.9. Both thevl — Z
relation and thé.-Z relation of the PEARS galaxies show that galaxies with leagh
Mg and largemM, also have higher oxygen abundance, and the PEARS galagies ar
offset by~ — 0.5 dex in metallicity for a given luminosity and stellar ssaelative

to the local relations. By examining the physical propserbéthe PEARS ELGs, it
is shown that the scatter of the galaxies on¥h& relation is basically due to the
different evolutionary stages and the physical propediehe galaxies. The high
metallicity PEARS galaxies show spiral morphologies, relbs and large masses.
The low metallicity PEARS galaxies have low masses, bluersplcompact dis-

turbed morphologies, and high SSFRs.

The study of the evolution of th®-Z relation at different redshifts show
that the PEARS ELGs lie on the relationshipsze$ 2.2 and 3.1 Erb et al. (2006);
Mannucci et al. (2009), which is characterized ©yl12+log(O/H) > = 8.2 and<
log(M./Mg) >=9.12 , and overlap with the region of the “green peas” of Amorin
et al. (2010). The big offset of PEARS ELGs relative to thealogalaxies and
other similar redshift galaxies in tid — Z relation can be interpreted basically by
the different evolutionary stages of the galaxies and ttexacting-induced pristine
inflow gases or outflows. By fitting with the models with infloarsd outflows, the
best fit gives the model with solar true yisie Z., and a dominant inflow of *SFR
and an outflow rate of 0A4SFR. Due to the different calibrations of the gas fraction
for massive galaxies and dwarf galaxies, and due to the abs#rthe calibration

for high redshift galaxies, the gas fractions derived frdma local K-S law may
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introduce uncertainties to the results of the true stelieidyand the estimation of

the inflow and outflow rates from the model.

In Chapter 5, | extend the study of the chemical evolutionEPARS galaxies
to high redshift 06 < z < 2.4 by a sample of 11 galaxies with the composite grism
spectra (R~ 100-300) at 0.6—1.6em observed by HST/ACS PEARS and HST
WFC3 ERS programs. The first goal of this study is to demotesthe effectiveness
of the grism spectra used for metallicity measurement elibgnto faint galaxies at
high redshift and to study the chemical evolution of earlgst galaxies at high
redshift. The results show that the PEARS ELGs have low ¢asg abundances
with 7.5 < 12+log(O/H) < 8.5 and low galaxy stellar masses &llog(M./Mg) <
10.1. Both the.-Z relation and théV-Z relation show that with the increase of the
galaxy stellar mass or the luminosity, the metallicity geses, which agrees with
the enrichment history of galaxy evolution. The large dfda the both relations
relative to the local galaxies combined with the physicalparties of distrubing
compact morphologies, high specific SFR of these galaxiesdbwnsizing and
the interaction trigered star formation with inflows or ooitfk may account for the
large offset in thd. — Z andM — Z relations. While the more accurate explanation
of the origin of the evolution require larger sample of enoisdine galaxies at high

redshift and spanning wide range of physical properties.
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Appendix A

Spectra of Emission Line Galaxies
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Figure A.1: Spectra of emission line galaxies. The uppeepsimows the 2-d spec-
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gaussian fit of the emission lines.
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Figure A.2: Continued.
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