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Abstract

This thesis conducts the investigation into the metajlibistory of galaxies between redshift 1
and 3, using gravitationally lensed galaxies. We use nigtglas a tool to understand the formation
and evolution history of galaxies. We direct our researdiwimareas.

1. We combine our new sample of gravitationally lensed datawith existing lensed and non-
lensed samples to conduct the largest investigation safarthe mass-metallicity (MZ) relation
atz > 1. We apply a self-consistent metallicity calibration scleeto investigate the metallicity
evolution of star-forming galaxies as a function of redshif/e find that at the median redshift of
z = 2.07, the median metallicity of the lensed sample is 0.35 dex tavan the local SDSS star-
forming galaxies and 0.18 dex lower than the- 0.8 DEEP2 galaxies. Our lensed sample shows a
much larger metallicity range and scatter@.2 dex) than the ~ 2 UV selected galaxies at similar
masses. These offsets translate into a metallicity ewwlwdf -0.23 +0.01 dex per unit redshift from
z~0—1,and 9.14 4+ 0.08 dex per unit redshift from ~ 1 — 3. A more rapid evolution is seen
betweenz ~ 1 — 3 (with a mean fall in metallicity 0f6.05 + 0.01 dex Gyr ') thanz ~ 0 — 1 (-
0.020 4 0.001 dex Gyr!). This evolution agrees with the most recent cosmologigdtddynamic
simulations with momentum driven winds within the errors.

2. Combining the magnification power of gravitational legsand AO-aided Integral Field Unit
spectrographs (IFUs) is the only way to achieve sufficiegniaito-noise and angular resolution for
spatially resolved metallicity studies. Using this teciud, we present the first metallicity gradient
measurement for a grand-design face-on spiral galaxy at 1.5. The gradients of our spiral
and another 2 lensed galaxieszat- 2 are much steeper than local disk galaxies, supporting an

“inside-out” galaxy formation scenario. We also reporttsly resolved emission lines of a~ 1

Vii



lensed galaxy. We find significant shock excitation due tagial outflows. Our analysis suggests
that shocked regions may mimic flat or inverted metallicitgdients at high redshift. We find that
high angular resolution observations provide the mostrateunetallicity gradient measurement,

whereas seeing-limited studies under estimate the slofre gradients.
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4.1 Left: HST F814W, F555W-band color image of Sp1149 behind the lgndumster
MACS J1149.5-2223. North is 126 deg counterclockwise to the y+ direction.
Spl149 is the largest of the four multiple images of a spiedéxy atz = 1.49.
The white box shows the 4.8 by 6.4 arcsec FOV of OSIRIS Hn3 filith the 0.1’
per pixel plate scale. Right: wavelength collapsed imagi®t emission from
our OSIRIS datacube. Contours in black denote observedlix levels of 0.6,
1.3 in units of 106 ergs s cm2. Labels on the left and bottom axis indicate
the imaging plane coordinates while the right and top axisstine corresponding
physical scale on the source plane. The white circles makhtee annuli (rl,
r2, r3) we use for deriving metallicity gradient (Sectiod}4.The Hx morphology

aligns generally well with the rest-frame UV morphology. . . . ... ... .. 104

4.2 Integrated spectra for the three annuli defined in Fidute Vertical dashed lines
indicate the zero-velocity positions of [N and Hx. The y-axis is the observed
intensity in units of 108 ergs s! cm~! A~!. The annuli radii r1, r2, r3 are
chosen to ensure a S/N (JN) to be >5 for the inner two radii. Blue curves are the
Gaussian fits of the spectra. Note that the outer annulu3 i2a 3 upper limit for
[N 11]. The declining ratio of [N1]/Ha from the central to the outer disk infers a

decreasing metallicity with galactocentric distance. ...... ... .. .. .. .. 107
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4.3

4.4

Left: Metallicity vs. galactocentric radius. Red linge the measurements for
Sp1149 at z=1.49 from this work. The gradient within the .5 kpc is -0.16+/-
0.02 dex kpc!. Vertical red dotted lines show the annulus used to avesagethe
spectra. Purple dashed lines show the typical gradientscal isolated late-type
galaxies, using the control sample of Rupke et al. (2010bg drange dotted line
represents the mean gradient of local early-type galawes;h is typically ~ 3
times shallower than local late-type galaxies (Henry & Weyt 1999). Blue lines
show the work of Jones et al. (2010a) for a dispersion-domihkensed galaxy the

“Clone Arc” at z=2.0 who report a even steeper gradient withsize of~ 1 kpc.

It is interesting to see that two 21 galaxies have considerably steeper gradients

than local galaxies. Black lines are the model predictisomfPrantzos & Boissier
(2000) for rotational velocity/,=220km s! at age t=3Gyr (dashed curves) and
t=13.5Gyr (solid curves), with spin parameter0.03,0.05,0.07. The black dash-
dot line is the model grid with velocity,=150km s! at t=3Gyr and\=0.03. The
steep gradients of Sp1149 and “Clone Arc” are broadly ctersisvith the shape of

the V,=150km s ' model grids. Right: The same as the Left panel, except tleat th

x-axis is expressed inthe scaledradiug.R. . . . . . ... ... ... ...... 110

Metallicity gradient (dex/R) vs absolute B band magnitudegv The red square
represents the measurement for Sp1149 at z=1.49. Bladk €illeles indicate the
locations of the local late-type galaxies of Rupke et al1(®f). Black empty circles
are from the sample of Zaritsky et al. (1994), where the reitgl gradients are
measured for 39 local disk galaxies. Black empty triangtmae from the sample
of van Zee et al. (1998), where the metallicity gradientspo®ided for another 11
local spiral galaxies. Sp1149 has significantly steepedigna than local galaxies

of comparable luminosity, even when expressed in unitsalkscadius. . . . . .
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5.1 Three-color image of the A2667 giant arc at z = 1.03 WBT F814W (red),
F606W (green), F450W (blue) filters. The white box on thedmutteft shows the
FOV and PA (37) of the OSIRIS Jbb filter. The triple images composed of arc A,
B, C. The IFU was centered on arc(Asgoo, d2000) = (23:51:40.023, -26:04:51.66).

Northisup, and Eastistotheleft. . .. ... ... ... ... ... .. .... 132

5.2 Observed spectrum for A2667 arc A, in the vicinity ofldnd [N11] lines. This
is an integrated spectrum from summing all IFU pixels with Hetections above
50. The flux density is in units of 106 ergs s* cm=2 A~L. The raw spectrum
iIs shown in black. Gaussian fits to the 3 lines are shown in.bNete that the
weaker [NiI] A6548 line is fixed to be the theoretical value (1/3) of thel[M6584
line. The velocity width of [NI] is constrained to be the same aa.HResiduals
are plotted in green. The locations of the strong sky OH aomsgscaled and
extracted from a pure sky frame) are shown in red at the bottbthe spectrum.
The atmosphere transmission (black dotted line) is showapat The location of
Ha and [Ni] lines are not contaminated by strong OH lines nor strongriel

absorptions. We achieve a S/N of 37 onEind of 6.4on[Ni]. . .. ... .. .. 133

5.3 Left: HST F814W, F606W, F450W three-color image for A2667 arc A. The
black contours show the observedvHlux levels of 2, 3, 3.5 in units of 107
ergs s cm™2 arcsec?. Right: reconstructed source plane morphology from the
three-colorHST image on the left. The physical scale is marked. The distance
between the center of the red and blue clumps iB00 pc. There are three main
clumps revealed in both the obserd&Tand reconstructed image: a northern red
component (marked as C1), and two blue southern clumps édakC2, C3). The
morphology implies either a face-on clumpy disk or a mergipstem. North is up

and Eastistotheright. . . . .. ... .. ... .. . ... ... 134



5.4 From left to right: the H intensity, Hx Gaussian fit velocities and velocity
dispersions presented on the image-plane. Thefldx is in units of 10717
ergs s' cm~2, and the velocity is in unit of kms.. For the middle panel: the
black dashed lines indicate the “slit” used for extractiigy spectrum in Figure 5;
the blue and red boxes are used in the analysis of SectionTh&se images are

shown in IFS datacube coordinates. North and East atecl®tkwise from the

HSTimagesinFiguresland 3. . ... ... . . . ... .. ...,

5.5 One-dimensional velocity extracted from the slit gosishown Figure 4. The five
data bins from left to right correspond to the direction frbax 5 to box 1 in Figure
4. The physical scale is calculated on the source-planee thait the errors bars
on each data point are the bootstrapped median errors fibreaflixels in the bins,
weighted by the 4 intensity. The high velocity dispersion is consistent withse

of turbulent high redshift galaxy disks. . . . . . .. ... ... ... ......

5.6 The [NiI]/H« ratio variation in boxed regions along the major axis. The &o
panels show the observed image-plane spectra in vicinitiief{N11] and Ho for
the 6 boxed regions in Figure 4. The spectra are theflbix weighted median of
the pixels in each box. The x axes are wavelengthé,iand the y axes are flux
density are in 0.00210"'7 ergs s! cm™! A~L. The [Ni1] and Hx line positions
are marked as vertical dashed lines. The bottom panel shwNti]/Ha ratio
as a function of the intrinsic physical scale (after lengingrection) of the galaxy.
The red horizontal line indicates the line ratio correspogdo the solar metallicity
value. Ratios above solar can not be directly related toliroétia We also notice a

significant enhancement of [N /Ha in Box B, a blueshifted region with respect to
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5.7 The starburst-shock mixing grids on thel[Q/H 3 versus [NII]/Ha diagram. The
dashed curve labeled as “Ke01” is the theoretical “maximtarbsirst line” derived
by Kewley et al. (2001a) as an upper envelope for star-fogrgadaxies. The dashed
curve labeled as “Ka03” is the Kauffmann et al. (2003) semptical boundary for
star-forming galaxies. The pure HIl region models are shawthe blue solid line
and the pure shock models are shown as the red solid line. dlbesd dots in
between form a mixing sequence from pure HIl region to pukcklexcitation.
Different colors represent different shock velocities #melrelative contribution of
shock is shown in different symbols. Solar abundance istedopThe [Nil]/Ha

ratio for region B in Figure 5.6 is highlighted as the vertied dashed line. . . . .

5.8 The co-added spectrum of Boxes 1, 2, 4, 5 (i.e., non-aucgions) in Figure 6.
The x axis is wavelengths i, and the y axes are flux density are in units of 10
ergs s cm~! A~1. The top panel fits a single component to the &hd [Nii]
lines (blue solid curve). The bottom panel fits a narrow congmb (green curve)
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5.9

6.1

6.2

6.3

The [Ni]/Ha ratio as a function of the “galactocentric” distance. Théagc
center is defined as the peak aftHThe top left panel shows the 3 annuli relative to
the Hux intensity map. The top right panel shows the 3 annuli redetiivthe velocity
map. Note that these images are given in IFS datacube catedirthus North and
East is 37 clockwise from the up and left position. The following 3 pErghow the
observed image-plane spectra averaged in the 3 annuli. @elength is in units
of A, and flux density is in units of 107 ergs s cm~! A—L. The line positions
are marked on the plot . The last panel shows the][M« ratio as a function of
the intrinsic “galactocentric” distance (after lensingreation). The red horizontal
line indicates the line ratio corresponding to the solan[H« ratio. Ratios above
solar may be contaminated by non-photoionized emissioncanchot be directly

related to metallicity. . . . . . . . . .. . ... e 141

Metallicity ([N11]/Hqa ratio) vs. radius for the datacube of Sp1149 downgraded
to different angular resolution FWHM = 0.1, 0.2, 0.3, 0.45,(and 0.8 arcsec (in
different colors). Dashed and dash-dot lines are the hieatii 1o error of the
fitted slope. The imbedded panel on the lower right shows tiginal OSIRIS Hx
map with the three annuli marked on. The first annulus hasiagad 0.4 arcsec.
The original data has an angular resolution of QAWHM), corresponding to the

pixel scale ofthedata. . ... ... .. ... ... ... ... .. ... .. .. 164

The measured metallicity gradient and the &fror as a function of the FWHM
angular resolution based on the data of Sp1149-at1.49 (Yuan et al. 2011). The
smallest angular resolution corresponds to the actuakreddeesolution of 0.1 or

0.02" intrinsic resolution after correcting for lensing magraion. . . . . . . .. 165

The continuum and wavelength-collapsed irhage derived from the WiFeS data
of Sp1722 (first row), and from the simulated Spl722:at 1.49 in different
angular resolutions (row 2-3: examples of FWHM ='0,0.2’ , 0.3’). We see that
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6.4 Derive [NIl]/Ha -based metallicity gradient for the local data of Sp1724t: e
intensity derived from the WiFeS datacube. We use the sarae #&nnuli as defined
on the simulated high-data. The averaged spectra (zoomed in for the][ahd Hux
vicinity) in the three annuli are shown on the right paneté8). The flux is in unit
of 10716 ergs s cm™2A4~1!). The panel on the bottom right shows the metallicity
gradient derived using the three annuli binning (black) amparison with a full

sampling (red) without binning. . . . . . . ... .. .. ... ... .. ..... 167

6.5 Examples of the [N] and Hx lines extracted from the 3-annuli bins on a simulated
datacube (S/N=100, FWHM=0.0R The panels are organized in the same order as
in Figure 6.4, with the same flux and wavelength units. Thespan the bottom
right shows the metallicity gradient (blue) based on thel[Mnd Hx line ratios.
The local 3-annuli (black) and full sampling (red) gradgemtre also shown for
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6.6 Metallicity vs. radius on the simulated datacube (S/Mdiat 100). Three-annuli
binning are used. We show examples of a few FWHM in differesiors. For
comparison, the three-annuli and fully sampled metajlicit the local data are
shown in red. We see that the local gradient is not recoveved & the highest

resolution of the simulation (FWHM=0.09. . . ... ... ... ... ...... 169

6.7 The deviation of the measured gradient from the “reatligrd” as function of
FWHM. The “real gradient” is taken to be the local 3-annulla¢ik) and full
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above which a positive gradientisseen. . . . . . . .. ... ... oae .. 170

6.8 The deviation of the measured gradient from the “reatligra” as a function of
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6.9 The fact that measurements for different galaxies femdint studies follow the same
trend as Figure 2 and 6 strongly suggest that there the amgglalution has played
a role in causing the systematic difference in the metglligradient. The effect
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evolution. . . . . . . e e 217
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A.2

Standard optical diagnostic diagrams showing the previoptical classification
scheme by Veilleux & Osterbrock (1987) (black dotted linesyd the new
classification scheme by Kewley et al. (2006). Star-forngagaxies form a tight
abundance sequence on these diagnostic diagrams. The AfBbhbbegins at the
metal-rich end of the star-forming galaxy sequence andhestéowards the upper
right corner of these diagrams. Red solid curves are therdlieal “maximum
starburst line” derived by Kewley et al. (2001b) as an uppmeit lfor star-forming
galaxies (see more descriptions in section 2.2); the rededbsurve on the [N]
diagram is the Kauffmann et al. (2003) semi-empirical lobv@andary for the star-
forming galaxies; the red lines (with the empirical ertod.1 dex lines) on [Si]
and [O1] diagrams are the empirical boundary lines between Se¥fgelaxies
and LINERs. Seg A.2.2 for more details. The Kewley et al. (Ke06) scheme
substantially changes the LINER boundaries, and includéssa for starburst-AGN
composites (labeled Comp). Note that in thel[NA6583/H~x versus [QII]/HS

diagram (panel a), the VO87 scheme distinguishes betweghers2 galaxies and

LINERSs, while the Ke06 classification scheme doesnot. . . ...... . ... .. 192

Samples (blue filled circle) used in this work are shown orBR& diagrams, over-plotted
are the SDSS galaxies (black dots) from Kewley et al. (2008 curves and lines have
the same meaning as in Fig. A.1, i.e., upper red curves orhi@ktBPT diagrams are
the theoretical “maximum starburst line”; the lower redwauion the [NI] diagram is
the Kauffmann et al. (2003) semi-empirical lower boundanystar-forming galaxies, and
the red lines (with the empirical errat0.1 dex lines) in [S1] and [O1] diagrams are the
empirical boundary lines between Seyferts and LINERs. Beaext in§ A.2.2 for more
details. From top to bottom, the samples are: 1Jy ULIRGs, B&sd SWO01. The red
lines are the new classification scheme Kewley et al. (2086Jl to separate starburst (HII-
region) galaxies, starburst-AGN composite galaxies, &¢gf and LINERs. In the leftmost
panels, NLAGN= narrow emission-line AGN (Seyfert 2 plus LINERS); Comstarburst-

AGN composites. . . . . . . . . o e
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A.3

A4

A5

[O1/Ha versus [Qu]/HB diagnostic diagram showing the Ke06 classification
scheme (red lines), and the distance to the peak of the AGhthr® an. Blue
and black curves give lines of constaPfyqn, respectively. The green curves
indicate the maximunb o for starburst-AGN composite galaxies (defined in the
[N 11}/Ha versus [Qn}/HS diagram). Starburst galaxies and some starburst-AGN
composite galaxies lie below the Ke06 maximum starburst (ied curve) in this

diagram. . . .. e e 199

Spectral type (2-of-3 criterion) as a function bfg for the 1Jy ULIRG sample
(Veilleux et al. 1999) and the LIRGs in the BGS sample (Vellest al. 1995).
Similar to Veilleux et al. (1999), double nucleus objects excluded in this figure.
The number of galaxies contained in each bin is marked on tdlpeohistogram.
The luminosity bins are labeled at the bottom. Throughastghper we will always
use grey for ambiguous, blue for Hll-region galaxies, gre@rcomposites, black
for LINERS, yellow for Seyfert 2 galaxies and orange for et galaxies, unless

otherwise specified. The result of applying the stringeat-3-criterion is presented

Optical classification results as a function bfg for the SW01 sample. The
SWO01 sample is dominated by moderate IR luminodifg < 10'' L. sources,
with ~25% LIRGs, and very few ULIRGs<(2% = 3 objects). For comparison
with Figure A.4, Panel (a) divides the SW01 sample into theesawo lower
luminosity bins (only 3 SWO01 objects haverg > 10'?L. in the bin 1
log(Lir/Le)<12.21). Panel (b) provides a finer grouping into fdug bins to
gain more resolution. The sub-bins are chosen in such a veag#ch bin contains

atleast20 galaxies. . . . . . . . . .. . e e e 204



A.6 Dacn as afunction ofLr for the 1Jy ULIRG + BGS sample. The mean, median,
and standard error of the mean for the same 4 IR luminosity béed in Fig. A.4
are plotted in green. Blue crosses give the median valueg prtbability that
the Dagn distribution in consecutive bin pairs is drawn from the sapaeent
population is given ir§ A.3.2. The rise inDagn from luminosity bin (2) to (3)
and bin (3) to (4) is significant at the 99% and 90% confideneelderespectively . 206

A.7 Dacn as a function ofLig for the SWO01 sample. The mean, median, and standard
error of the mean for the same 4 IR luminosity bins used in Ai§.panel (b) are
plotted in green. Blue crosses are the median values. Tlhalpility that theD agn
distribution in consecutive bin pairs is drawn from the sgmaeent population is
given in§ A.3.2. The rise inDagn from luminosity bin (3) to (4) is significant at

the 98% confidencelevel . . . . . . . . . . . . . . . ... 207

A.8 Optical spectroscopic classification as a function ofggemorphology for the 1 Jy
ULIRG sample. The merger progresses from left to right: alemdinary, b. close
binary, c. diffuse merger, d. compact merger, e. old menmyer’isolated” class is
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XXXl



A.9 Spectral type as a function of morphology for the LIRGsthie BGS sample.
The merger progresses from left to right: a. wide binary, tose binary, c..
single-merger, iso. isolated system. Dashed lines giverdhge of uncertainty
in the fraction of HIl and composites caused by the doubldengalaxies with
different spectral types for each nucleus. The single-aresfage combines the
diffuse, compact, and old merger stages to ensure suffickemibers of objects
for statistically meaningful comparisons between the rholpgical types. There
may be overlap between single merger and isolated stages dugace brightness

effects. . . . e e e 209

A.10 Optical spectroscopic classification as a function @rgar morphology for the
SWO01 sample. The merger progresses from left to right: aewidary, b. close
binary, c:. single merger, d. isolated. Dashed lines gieerdimge of uncertainty in
the fraction of HIl and composites (in stage a), compositk Sayferts (in stage b)
caused by the double nuclei galaxies with different spettpes for each nucleus.
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(156/285- 54%) of apparently isolated galaxies. There may be overlapyédsst
single merger and isolated stages due to surface brightsflesss. The fraction of

composites is not significant as comparedtoFig. A.8. . . . ....... ... ... 210

A.11 Optical spectroscopic classification as a function efger morphology for the 1 Jy
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A.12 (a) Lig as a function of projected nuclear separation for the BGR@d only)
and SWO01 samples combined. (b) Distance from the starbacgtenceD o
as a function of projected nuclear separation for the coethBGS (LIRGs only)
and SW01 samples. The mean andstandard deviation of the mean féragn
are plotted as green squares. Median values are shown asiolsses. The
vertical regions from left to right are: (1) binary systemghanuclear separation
ns > 10kpc. (2) binary systems with nuclear separation< 10 kpc. (3) single-
merger systems. (4) isolated systems. The BGS and SWO01 esiusmg combined
in order to get a larger non-ULIRG sample. For the 21 overlajeds in the two
samples, mean values @,qn are taken. KS tests for the significance of the

difference in y-axis distributions are given§mA.3.4. . . . . . .. ... ... ... 219

A.13 (a) Lir as a function of projected nuclear separation for the 1JyR@Ad. (b)
Distance from the starburst sequenbggn as a function of projected nuclear
separation for the 1Jy ULIRG sample. The means andthndard deviation of
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(3) single-mergers with diffuse nuclei. (4) single-mergeiith compact/old nuclei.

KS tests for the significance of the difference in y-axisrdistions are given in

A.14 Mid-infrared diagnostic from Sturm et al. (2006), withjects re-classified using
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A.15 The positions of the 9 LINERs on the [[fH«a versus [Qi/HS and [OI)/Ha
versus [QN]/HB diagrams over-plotted on the SDSS data from Kewley et al.
(2006). The 3 IR-luminous LINERs in the 1Jy ULIRG sample aheven as
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Chapter 1

Introduction

1.1 Chemical Abundance As A Unique Window for Galaxy Formaton

and Evolution

1.1.1 Big Picture and Background

In the Big Bang cosmology theory, the Universe begins witlieaplosion” of infinite density and
temperature, ensued by a radiation dominated era thatdhstg 50,000 years. This era can be
divided into five epochs. The Planck and Grand Unified Thequydgs last the first0=43 — 10=3°
seconds, governed by unknown physics and quantum gravitods and neutrons are produced in
the Quark Epoch in the0—3> — 10~* seconds, followed by the Lepton Epoch that ends 4100
seconds while the temperature drops-td0? K. From the~ 100 seconds te- three minutes, the
Universe enters the Nuclear Epoch that can be understobdanmitiliar nuclear physics. It is during
these three minutes that protons and neutrons are fuseduntei, the first Hydrogen and Helium
atoms are produced, together with a tiny amount of Lithiurg.(&Veinberg 1976).

Although the temperature of the early Universe at the beéginof the Nuclear Epoch is hot
(~ 10'% — 10? K), the density is of the order of that of water, not enough tisipthe nuclear
reactions to Carbon. The early Universe is essentially @ edunydrogen and helium, with zero
metallicity. It is later when the Universe enters the matt@ninated era (50,000 years after the Big
Bang) and when the first stars, quasars and galaxies formeldraents heavier than Helium are

synthesized in the cores of stars.



The first stars are formed by the nonlinear growth of smalbmbgeneities under gravitational
instability of the expanding Universe. After the initialdpulation 11" stars, galaxy formation and
evolution begin. Galaxy formation and evolution are ddssmti under the structure growth of the
cold dark matter (CDM) paradigm. In thdYCDM paradigm, structure grows hierarchically with
small objects collapsing first and then merging into massbjects (e.g., Blumenthal et al. 1986;

Navarro et al. 1997; Jenkins et al. 1998).

The hierarchical growth of galaxies are marked by generatad star formation. Soon after the
pristine clouds of primordial gas collapsed to assembl@tpgelaxy, star formation ensued, leading
to the production of elements heavier than helium (metd¥#gtals were synthesized exclusively
in stars, and were ejected into the interstellar medium {I8ivbugh stellar winds or supernovae
explosions. The history of the chemical abundance evaiugaclosely tied to galaxy formation
and evolution via star formation and feedback processesrefdre, simultaneously tracing the
star formation and chemical elements back to the earliesgtiin the universe provides the most

powerful method of unveiling the birth and growth of galaxie

Over the past two decades, large spectroscopic surveysspavked an explosion of research
aimed at elucidating the star formation history of galaXmg., Madau et al. 1996; Lanzetta et al.
2002; Hopkins & Beacom 2006). Itis now clear that the spacibpic signposts for star formation in
distant galaxies are critically dependent on the chemiisabty of galaxies, which remains largely

unknown (Kewley et al. 2004).

One of the most compelling science drivers for the condtincof the next generation of
telescopes, such as the Thirty Meter Telescope (TMT), Giadellan Telescope (GMT) and the
James Webb Space Telescope (JWST) is to study the formatibevalution of galaxies, especially
the processes of star-formation and chemical enrichmentrong within distant, young galaxies
on scales corresponding to individual star-forming regiotit is therefore of critical importance
to prepare for the next age of resolving individual galax@shigh=. This thesis investigate
the chemical history of galaxies and the spatially resolwvedallicity and dynamics of individual

galaxies at high# using gravitationally lensed galaxies.
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1.1.2 Integrated Quantities
Global Chemical Evolution in Star-Forming Galaxies

When considered as a closed system, the metal content ofsygaldirectly related to the yield
and gas fraction (Searle & Sargent 1972; Pagel & Patche§;12&gel & Edmunds 1981; Edmunds
1990). In reality, a galaxy interacts with its surroundimgergalactic medium (IGM), hence both
the overall and local metallicity distribution of a galaxsymodified by feedback processes such as
galactic winds, inflows, and gas accretions (e.g., Lacey kI285; Edmunds & Greenhow 1995;
Kodppen & Edmunds 1999; Dalcanton 2007). Therefore, olagiems of the chemical abundances in
galaxies offer crucial constraints on the star formatiastdry and various mechanisms responsible

for galactic inflows and outflows.

Observations of the metallicity history of galaxies pravia fundamental and alternative test
of ACDM based hierarchical models of galaxy formation and eéumtu These models are created
in the cold dark matter framework, in which collapsed swues in dark matter are formed via
gravitational instability. The merger history of dark nemthalos is calculated using Monte Carlo
methods (e.g., Kauffmann et al. 1993; Somerville & Prima8Rd). To link dark matter structure
formation with galaxy formation and evolution, the physuéghe baryonic gas must be included.
Two approaches have been developed to accomplish this goalerical simulations that follow

the gas dynamics using particles or refined meshes, andsssatyitic models.

Cosmological hydrodynamic simulations use the numerippt@ach, incorporating smoothed
particle hydrodynamics in the cold dark matter frameworkurrént simulations include the
treatment of radiative cooling/heating, uniform UV baakgnd radiation, supernova feedback, star
formation, hierarchical structure buildup, feedback blagéc winds and a multiphase ISM model
for star formation (e.g., Nagamine et al. 2001; Davé & Opyemer 2007; Oppenheimer & Davé
2008).

Semi-analytic models apply a simple physical treatmenhefirocesses responsible for galaxy
formation and evolution: gas cooling, star formation, sapea feedback, metal enrichment,

dust extinction, and hierarchical galaxy merging. Bothladse types of models now predict the
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metallicity evolution of the galaxy population (e.g., Dediaet al. 2004; Finlator & Davé 2008; de
Rossi et al. 2007). The cosmological hydrodynamic simofetiof Davé & Oppenheimer (2007)
predict the metallicity history in various phases, inchglithe star-forming gas, the intergalactic
medium (IGM), and the metals locked in stars. These pregistirely on simple prescriptions
for star formation, chemical enrichment, and feedback. &l@w our understanding of feedback
is extremely limited. Therefore, comparisons between thgeo/ed metallicity history and the
predictions of theoretical simulations provide a much eeketést of theory, and may yield critical
insights into the importance of feedback in galaxy evolutiBigure 1.1 summarizes the metallicity

history of star-forming galaxies at<z 3 before the year 2008.
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Figure 1.1The metallicity history of star-forming galaxies atz3 (part of the figure is from Kewley 2006). Theoretical
boundaries (dotted lines) and mean metallicities (dasimed from Nagamine et al. (2001) and Davé & Oppenheimer
(2007) are shown. The metallicity range and mean valuehéNearby Field Galaxy local sample (Kewley et al. 2004),
the GOODS optical sample (Kobulnicky & Kewley 2004) and Lyntaeak galaxies (Shapley et al. 2005) are shown.
Filled blue circles show the positions of the current threvigationally lensed galaxies that have reliable metityli
measured: AC114-S2 and AC114-Al at4.9 (Lemoine-Busserolle et al. 2003), and the first lense LdB58 at
z=2.72 (Pettini et al. 2002). The filled red circle is the tbulensed star-forming galaxy from our A1689 MOIRCS
observation in 2008 (Chapter 2). The lensed galaxies spargarirange in metallicity than seen at similar redshifts in
color-selected galaxies, providing a smoking gun for gseladiases in existing high redshift samples.

The Mass-Metallicity (MZ) Relation

The well-known correlation between galaxy mass (luminysiind metallicity was first proposed

by Lequeux et al. (1979). Subsequent studies confirmed ikteage of the luminosity-metallicity
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(LZ) relation (e.g., Rubin et al. 1984; Skillman et al. 19&%gritsky et al. 1994; Garnett 2002).
Luminosity was used as a proxy for stellar mass in theseestiadi luminosity is a direct observable.
Aided by new sophisticated stellar population models)astehass can be robustly calculated and
a tighter correlation is found in the mass-metallicity (MZ)ation. Tremonti et al. (2004) have
established the MZ relation for local star-forming galaxiEsed on 5x10° Sloan Digital Sky
Survey (SDSS) galaxies. At intermediate redshifid (< z < 1), the MZ relation has also been
observed for a large number of galaxieslQO0) (e.g., Savaglio et al. 2005; Cowie & Barger 2008;
Lamareille et al. 2009). Zahid et al. (2011) derived the MAtien for ~ 10° galaxies from the Deep
Extragalactic Evolutionary Probe 2 (DEEP2) survey, vdiidathe MZ relation on a statistically
significant level at: ~ 0.8. The observational constraint on the MZ relatiorzat- 1 is largely

uncertain (Chapter 2, 3).

1.1.3 Spatially Resolved Quantities
Metallicity Gradients

The spatial distribution of heavy element abundances iscuariool to trace the structure formation
history of disk galaxies. Since the very early work of Se#tl@71), Shields (1974) and Zaritsky
et al. (1994), it has been well established that there is atiwvegradial metallicity gradient in
spiral galaxies such that the central disk region is moreahegtriched than the outer regions. The
evolution of this gradient over cosmic time provides a pduleronstraint on disk formation and
evolution models.

Metallicity gradient evolution is unknown due to the smalfalar sizes and the strong decline
of surface brightness of distant galaxies. Before the newreration of telescopes, the only way to
overcome this observational hurdle is to combine the maggtiéin power of gravitational lensing
with the Laser Guide Star Adaptive Optics (LGS-AO) aide@gnal field spectrograph units (IFUs)
on the world’s largest telescopes (Jones et al. 2010b; S&tadt. 2008; Swinbank et al. 2007).
Recently, Jones et al. (2010a) reported the metallicitgligra of a strongly-lensed dispersion-
dominated galaxy at high-z (“the Clone arc” at z=2.00). %oekal. (2010a) measured the the

slope of the gradient for the inney 1 kpc and found it to be considerably steeper than local disk
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galaxies. The steep gradient at high-z is consistent wiHitiside-out” disk formation scenarios.
However, in a low resolution study, Cresci et al. (2010) regmb“inverted” metallicity gradients for
three non-lensed~z3 Lyman-break galaxies (LBGs), arguing for a “cold-flow” afrmpordial gas
to the galactic core regions. Clearly, a large sample ofggdavith chemical abundance gradients
across cosmic time are required to place robust constraintisk formation theories (Chapter 4, 5,

6).

1.2 Strong Gravitational Lensing as Cosmic Telescopes

1.2.1 Galaxy Cluster Lensing

The idea of using gravitational lensing as Cosmic Telessapeginated from Zwicky (1937a).

Zwicky (1937a) first argued that the deflection of light by ayaés would not only offer a test
of General Relativity, but would also magnify distant gadsxwhich would otherwise remain
undetected. Zwicky (1937b) even calculated the probgililittensing by galaxies and concluded

that it is on the order of one percent for a source at reasyitatgje redshift.

Galaxy clusters are considered to be the most potentiallkedal Cosmic Telescopes because
the masses in galaxy clusters are 2 orders of magnitude rhilghe single galaxies. Theoretical
predictions of giant blue arcs — background galaxy imagesdd by clusters — can be traced as
early as the work of Zwicky (1937b). The first observationahfirmation of giant blue arcs was
reported in the galaxy cluster Abell 370 (Soucall et al. 19888) and Cl2244 (Lynds & Petrosian
1986, 1989). After the launch of the Hubble Space TelescBiST] in the 1990s, gravitationally
lensed arcs are commonly observed in galaxy clusters inlthgsmages of HST. These high-
redshift giant arcs discovered in galaxy clusters are beigland are spatially magnified than those
non-lensed galaxies, offering rare and fantastic oppditsto study the high- galaxies with high
signal-to-noise (S/N) and in spatial details. It is only e fpast few years, i.e., more than 20 years
after the first giant arc being observed, that we have theredtsenal techniques to carry out integral

field unit (IFU) spectroscopy on these giant arcs (Figuredlsd see Section 1.2.2).
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1.2.2 Combine Galaxy Cluster Lensing with AO-aided NIR IFUs

L

_A370-Al

Figure 1.2 The first giant arcz(= 0.7 in Abell 370) confirmed in the history of cluster-scale
gravitational lensing (Soucail et al. 1987, 1988). It is 2&xs after that we have the observational
techniques to carry out integral field spectroscopy on teeukiful lensing case. Shown ST
F475(blue), F625(green), F814(red) composite image. ploisis taken from one of the OSIRIS
observational proposal of this thesis project. The largeage is labeled as A370-Al. Cyan boxes
show the FOV (3.2” by 6.4") of the OSIRIS 0.1” scale on the Zrtefj with PA = 252 deg.
Imbedded on the upper left is the reconstructed source prarphology for A370-Al, adopted
from the most recent model of Richard et al. (2010). A370-2dembles a local spiral galaxy with
a red bulge, blue spiral arms containing individual knotstaf formation. Its intrinsic size is about
10.0/ 2.5 kpc along the major / minor axis, with an inclinatiaf 75 degrees. Blue lines shows the
caustic curve originated from the cluster-scale clump. Rexbs show the caustic curve from the
galaxy scale clump. The structure of the giant arc is a regudbmbing effect of the two lensing
scales.

Typical galaxies at > 1 have angular sizes smaller théh éven with the massive UV-selective
galaxies, their angular sizes are less thanAO aided IFU studies on a small number of galaxies
have been able to resolve angular scales dowfi1b (physical scale-1.3 kpc at: ~1.5-3), though
still barely able to have sufficient sampling (Figure 1.3).

Before the next generation telescopes, there is only oeenalive method to leap over this
hurdle: combine the power of adaptive optics with the powlestmong gravitational lenses. In

the strong gravitational lensing region of galaxy clusténe background high-galaxies can gain
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particularly high magnifications~<10-50 times). Combining this additional spatial boost obrst
lensing with the AO techniques equipped on the largestdefess, a source- plane resolution of

~100 pc could be achieved for a typical galaxyat 2.

Note that candidates suitable for AO corrections are styoligited by the bright (R~ 15)
natural guide star (NGS) available in the field of view (FGd4d than 30. Only 1% of the sources
on the sky have NGS available for AO. The application of lggede star (LGS) technique enhances
the percentage of sources suitable for AO to more than orer ofdnagnitude (Davies & Kasper
2012). It is in the past five years that the first astronomicaBLAO systems are installed at 8-10
meter class telescopes such as Keck Il (Wizinowich et al6ROLT (Bonaccini Calia et al. 2010),

Gemini North (Boccas et al. 2006) and Subaru (Hayano et 4020

Angular resolution

B 0.6” seeing ]

I galaxy sizer,, 7
C -
x 1.0p 0.15" Keck AO =
[ B ]
N = e
a i s -

o0l _ Keck AO +lepsing
1 2 3 4 5
redshift

Figure 1.3 Galaxy sizes versus redshift. Current angukoluéon with different techniques are
marked on. Itis obvious that only with lensing plus AO coti@t can we achieve sufficient angular
resolution before the era of JIWST and TMT. Plot courtesyeddrucker 2010.



1.3 Thesis Overview

The unique flux magnification of lensed galaxies allows theysbf intrinsically fainter populations
of galaxies. The higher S/N of the spectra also means a maorgae estimation of line ratios,
extinction, and thus metallicity. Moreover, the lensedagids are free from the usual selection
biases because they are not luminosity or surface brighsedected. This thesis project composes
a sample of strongly lensed galaxies for cosmic metallltigyory and metallicity gradient evolution

studies.

Chapter 2 demonstrates our first result from a pilot studyhenlénsing cluster Abell 1689,

where we have discovered a low mass low metallicity starfiog galaxy at redshift 1.7.

Chapter 3 presents a comprehensive observational studeafas phase metallicity of star-
forming galaxies fronx ~ 0 to 3. We combine our new sample of gravitationally lensedgab
with existing lensed and non-lensed samples to conductattyedt investigation so far into the
mass- metallicity (MZ) relation at > 1. We apply a self-consistent metallicity calibration solee
to investigate the metallicity evolution of star-forminglagxies as a function of redshift. Our lensed
sample (19) now is-5 times larger than the lensed galaxied) reported at the time of the thesis

proposal in 2008.

Combining the magnification of gravitational lensing and3-80 aided NIR spectrograph, we
present in Chapter 4 the first metallicity gradient study g@uaad-design spiral galaxy at Redshift
1.49. This spiral galaxy has been magnified by a facter22 by a massive, X-ray luminous galaxy
cluster MACS J1149.5+2223 at= 0.544. Based on the [N] and Hu ratios, we measured the
radial chemical abundance gradient from the inner hundségarsecs out te-5 kpc. The slope of
the gradient is ?0.16- 0.02 dex/kpc , significantly steeper than the gradient e-tgpe or early-
type galaxies in the local universe. If representative ekdjalaxies at+1.5, our results support
an inside-out disk formation scenario in which early irftalllapse in the galaxy center builds a

chemically enriched nucleus, followed by slow enrichmdrthe disk over the next 9 Gyr.

Using the same technique, Chapter 5 presents the spatedlylved emission line ratio

properties of al0'® M@ star-forming galaxy at redshift = 1.03. This galaxy is gravitationally
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lensed as a triple-image giant arc behind the massive lgrdirster A2667. The main image of
the galaxy has magnification factors of 2.1 in flux and+2 x 7 in area, yielding an intrinsic
spatial resolution of 115—405 pc after adaptive opticsexdion with OSIRIS at KECK II. From
the [N11]/Ha line ratios, we find that the central 350 pc of the galaxy is ohated by star formation.
We find a blueshifted region of strong [N/Ha emission in the outer disk. Applying our recentiH
region and slow-shock models, we propose that this eleyated/H« ratio region is contaminated
by a significant fraction of shock excitation due to galactitflows. Our analysis suggests that
shocked regions may mimic flat or inverted metallicity gesud$ at high redshift.

With the rapid progress in metallicity gradient studies ighkredshift, it is imperative that
we thoroughly understand the systematics in these measatemChapter 6 investigates how the
[N 11]/Ha ratio based metallicity gradients change with angularlugiem (FWHM), signal-to-noise
(S/N), and annuli binning. We find that the measured meillgradient changes systematically
with FWHM and annuli binning. Seeing-limited observatigm®duce shallower and flattened
gradients than higher angular resolution observationerdis a critical FWHM range above which
the measured metallicity gradient is significantly shatowhan the intrinsic gradient. This critical
FWHM depends on the intrinsic gradient of the galaxy ang i8.02” for our simulated galaxy.
Small numbers of annuli binning produces a more flattenedigmathan the intrinsic value. In a 3
annuli binning case, a minimal S/N ef 5 on the [Ni1] line is required for the faintest annulus to
constrain gradients with reasonable errors. The systeragtrs caused by the FWHM effect can
be empirically modeled and corrected using a large sampteaf IFU data.

Chapter 7 concludes this thesis and discusses the futuie wor

The basic lensing equations are listed in Appendix 1. THnoug the thesis, we use BPT
diagrams to exclude AGN. Appendix 2 shows an example of ldesaige of the BPT diagram on

the starburst-AGN connection based on a project paper afahdidate.
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Chapter 2
First direct metallicity measurement of a lensed

star-forming galaxy at z = 1.7

Note: This chapter originally appeared in the paper: Yuanefley 2009, ApJ, 699L, 161.

Abstract

We present the rest-frame optical spectrum of a stronglgeldéngalaxy at redshift = 1.7
behind the cluster Abell 1689. We detect the temperatursitsem auroral line [Q11] A4363,
which allows the firsdirect metallicity measurement for galaxiesat> 1. Our high signal-to-
noise spectrum indicates that the target is an extremelyn@tallicity star-forming galaxy, with
12 +1log(O/H) =7.5J_F8;§ from the direct T-based method. We estimate an intrinsic absoRiteand
magnitude ofMp = —18.3 + 0.1, with a stellar mass of 4#41.2x10°® M. This galaxy extends
the luminosity-metallicity relation of star-forming gaias atz > 2 by more than an order of
magnitude. Given the double-nuclei like morphology andery profile of Hy, we tentatively

suggest that it could be a merger or a proto-rotating diskogal

2.1 Introduction

Five years ago, our knowledge about galaxy evolution stitl b glaring gap between redshift 1.5
and 3, termed the redshift desert. The desert is even mootatke$or galaxy chemical evolution

studies, where high signal-to-noise (S/N) spectra areatbéat reliable measurements. However,
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great progress has been made in the last few years in stugigiagies at 2 2 and we are beginning
to harvest the “desert”. To date, metallicities are avédldbr a few tens of individual galaxies at
1.5 < z < 3 (Shapley et al. 2004; Erb et al. 2003, 2006; Hayashi et al9p0Uhese galaxies
are selected using broad-band colors either in the UV (LyBraak technique; Steidel et al. 1996,
2003) or using B, z, and K-band colors (BzK selection; Daddile2004). The Lyman break and
BzK selection techniques favor galaxies that are luminauke UV or blue and could therefore be

biased against low luminosity (low-metallicity) galaxiesd dusty (potentially metal-rich) galaxies.

To date, metallicity measurements for high redshift ¥ 1) galaxies have been made via
indirect methods from the ratios of strong nebular lines.lolral galaxies, the preferred method
for determining metallicity is via the “direct” Imethod which relies on the electron temperature
sensitivity f the [O11] AM4363 line. At high redshift, metallicity measurement via tlirect method
has not been possible because the[[P\4363 line used to derive the electron temperature is very
weak. The highest redshift that the [ A4363 line has been reported iszat- 0.8 by Kakazu
et al. (2007).

Strong lensing by galaxy clusters offers an alternativétmexplore the metallicity of galaxies
at high redshift. One advantage of lensing selected galagighat they are immune to color
and luminosity biases. Previously, only four lensed gasptiad been observed with sufficient
spectral coverage and S/N to yield metallicities (Yee e1296; Pettini et al. 2000, 2002; Lemoine-
Busserolle et al. 2003; Stark et al. 2008). Compared with diyrhreak selected galaxies in the
same redshift and luminosity range, the four lensed obfads a substantially broader metallicity
range (12 +log(O/Hy 7.1 to 9.1), indicating that current metallicity historyudies atz > 1.5
(12 +1log(O/H)~8.4 to 8.8) may not be sampling the full metallicity rangehs tedshift. It is worth
noting that the metallicity range quoted for the lensed>datais extremely uncertain, depending
on various assumptions about reddening and metallicitpredbrs. Another great advantage of
gravitational lensing is its natural magnification of theis®. The flux of the lensed background
galaxy is commonly boosted by a factor of 1-3 mag or more atdha critical lines of the cluster
center. Optical spectroscopic surveys of high-z galaxesr rluster critical lines have already

yielded a large catalogue of lensed galaxies beyonrd fe.g., Broadhurst et al. 2005; Richard et al.
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2008; Frye et al. 2007; Limousin et al. 2007). Unfortunatsjyectra from these surveys can't be
directly utilized in metallicity studies because the conmigaised metallicity diagnostic emission

lines have shifted into the near infrared (near-IR} at 1.

With the revolutionary multi-object cryogenic near-IR spegraphs that have been recently
installed on 8-10m class telescopes, high efficiency rneasgdectroscopy is now available. We
carried out the first near-IR spectroscopic survey of lerggddxies behind lensing clusters, aimed
at measuring the metallicity of galaxieslab < z < 3. This Letter reports the rest-frame optical
spectrum of a strongly lensed star-forming galaxy at 1.7 behind the Abell cluster 1689 from
our ongoing survey. The galaxy cluster Abell 1689 was chasenour first target because it has
the largest Einstein radius ef 50’ (Broadhurst et al. 2005), and neary 100 spectroscopically
confirmed lensed images (Limousin et al. 2007). The galaxyuastion is designated as ID 22.3 in
the catalogue of Broadhurst et al. (2005), we refer to it assR8.3 hereafter. Throughout we use

the standardd\CDM cosmology withHy = 70 km s~! Mpc™!, Q,; = 0.3 andQ2, = 0.7.

2.2 Observations and Data Reduction

The data were obtained on 2008 March 26th, using the Mulie@binfraRed Camera and
Spectrograph (MOIRCS) at Subaru (Ichikawa et al. 2006) pecgoscopic mode (Tokoku et al.
2006). We used the low resolution grism zJ 500 with a nomiastlution of 500 and wavelength
coverage of 0.9 -1.78m. We designed two masks targeting the spectroscopicatifirored lensed
images in the field of Abell 1689. We obtained useable datariermask. During the observation
for this mask, the seeing varied betweél @ 0’6, and the airmass ranged between 1.1 and 1.7.
Lens22.3 was placed at the one of center slits of the mash,angtit width of~ 1 and a slit length
of ~ 9’. The telescope was nodded along the slit in a ABAB mode withiteedng length of 25.
The exposure time for each individual frame was 400-600rs#g;oresulting in a total integration
time of 6800 seconds.

We reduced the data using the standarsF and IDL routines. Sky OH lines were removed by

subtracting the closest dithering pair A and B. A scalingdabetween each pair was determined to

18



optimize the sky subtraction. The sky subtracted A-B pais flat-fielded, cleaned for comic rays,
and then traced and rectified using a dome flat spectrum. Taletfio dimensional spectrum was
created by co-adding the reduced individual pairs. Wagglteoalibration was carried out using the
strong OH lines between 0.9 and Lu.B1. A F5V standard star was observed at approximately the
same airmass as the target. The Telluric absorption wasebtay dividing the star spectrum with
a fitted blackbody curve. The resulting stellar spectrum tvas divided into the object spectrum

to correct for telluric absorption.

2.3 Analysis and Results

2.3.1 Metallicity

At redshift 1.7, all the rest frame optical metallicity draastic lines fall into the spectral coverage
of MOIRCS zJ500 grism. We have detected all the rest framelaelemission lines from [@]

to Ha, including the usually very weak [@] A4363 line. Fig. 5.2 shows our final 2D and 1D
rest-frame optical spectrum of Lens22.3. Table 1 lists teasured line fluxes relative todthe

1 o error, and S/N. Since the metallicity studies use only liaos, we did not attempt to flux
calibrate the spectrum, which is non-trival in near-IR olaBons. The instrument response is
essentially constant for the wavelength range fromi[[p\4363 to [O111] A\5007. The H line lies

in the region where the response has dropped-t35%. The response on the expectedi[Nine
position has dropped by 65%, which may be the reason that there is no detection of][Iithin
3o0. After correcting for instrumental response, we obtain jgpeu limit for [N 11]/Ha. Metallicities
were calculated using two methods:

1. Strong line diagnostics:In the absence of direct measurements from electron temopeya
the ratio of strong nebular lines are used to determine tlygesx abundance. The well-known
discrepancies between different line ratio indicators barremoved by converting to the same
base calibration following the methods of Kewley & EllisoB008). We use the indicator
Ros=([O 1] A3727 + [O11] AN4959, 5007)/H to calculate metallicity. In our case, the upper

and lower branch degeneracy o$sRcan be broken by the upper limit of [N/Ho < 0.005. In
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addition, the detection of the weak |@] A4363 line almost certainly means the adoption of the
lower branch. For the actual calculation, we use the lowandtn calibration of McGaugh (1991)
(M91 method) in the analytical form given by Kobulnicky et @1999). The resulting metallicity is
12 +log(O/H) = 8.0 in the M91 method. Converted to the KewleR@pita (2002) method (KD02),
we have 12 +log(O/H) = 8.1 assuming zero extinction, or 8stiasng a high extinction value of
E(B-V)=0.4 (Cardelli et al. 1989; Osterbrock 1989). Thehhiktinction value agrees with the
direct estimate from the &dd/HSin Table 1. However, because thextine lies near the edge where
the response has dropped 5%, the ratio of Hv/HBcan be largely uncertain because it depends
sensitively on the precision of correction for the detecémponse. Therefore instead of using only
the high extinction from KH/HS, we use two extreme values of extinction to quantify the eanfy
uncertainty caused by extinction. Note that the logarithrthie definition of 12 +log(O/H) means
that 10% of change in the line ratio causes orl¥.04 dex change in metallicity. The uncertainty

for our derived metallicity is therefore 0.1 dex prior to extinction correction.

2. Direct metallicity from electron temperature T.: The auroral line [QI11] AM4363 is often
very weak, even in low metallicity environments. It is usyalot observed in high metallicity
galaxies without very sensitive, high S/N spectra (e.grnéth et al. 2004). The 3 detection
of [O 1] 4363 in Lens22.3 strongly suggests a low metallicity envinent. The ratio of
[O 1] A5007, 4959 and [@I1] \M4363 allows a direct measurement of the oxygen abundance via
electron temperature., TWe use thenebul ar package inRAF to derive the electron temperature
T.=2.3557x 10" K, assuming an electron density of 100 cn13 (T, is relatively insensitive ton)

e.g., forn=1000 cn13, T, =2.3508x 10! K). Following the procedure of Izotov et al. (2006), we
obtain 12 +log(O/H) = 7.5- 0.1 assuming zero extinction; or 12 +log(O/H) = #3.1 assuming a
high extinction value of E(B-V)=0.4.

The 0.6 dex discrepancy between the KD02 apdrikthod is not surprising since metallicity
measured from the direct.Tnethod is systematically lower than other methods; sucetsfcan
be as large as 0.7 dex (Liang et al. 2006; Yin et al. 2007; Nagad. 2006). Regardless of the
offset between the two methods, both metallicity estimatdicate that Lens22.3 is low in oxygen

abundance. The evidence that Lens22.3 is a star-formiraxgahstead of a narrow line AGN
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comes from its position on the traditional BPT diagram (Baitdet al. 1981). Using the upper
limit of [N 11]/Ha and the ratio of [Qn]/H3, Lens22.3 is located on the leftmost region of the star-
forming branch of the BPT [N] diagram, excluding its possibility of being an AGN (Kewletal.
2006).

2.3.2 Photometry

We searched thHubble Space TelescofidST) archive and obtained the photometry for Lens22.3.
The observed AB magnitudes are 23:20.1, 23.6+ 0.2, 23.3+ 0.1, 23.44+ 0.1 and 23.1+

0.1 in the ACS grarsw, Tre2sw, tFT5W, 2Fssorp. @and NICMOS Jri1oi bands, respectively.
After correcting for the lensing magnification of 15450.3 (provided by Johan Richard, private
communication), the absolufeé band magnitude is M=-18.3+ 0.1 (Vega System). A simple SED
fitting using thekcorrect v4_1 4 code of Blanton & Roweis (2007) yields a stellar mass of
1.6 x 10° M,. Since thekcor r ect may overestimate the stellar masses of high-redshift gedax
(Blanton & Roweis 2007), we recalculated the stellar magsguhe advanced version of the code
LE PHARE (Photometric redshift and simulation package) (llbertle2@10) based on population
synthesis models of Bruzual & Charlot (2003). The resulstelar mass is 441.2x10° M.

2.3.3 Morphology and Kinematics

Thanks to the excellent seeing (0/4) and the powerful magnification of gravitational lensitigg
target is spatially resolved. In Fig. 2.4, we show H8T F775W image in the vicinity of Lens22.3.
The image has been registered onto the MOIRCS chip, whicta Ipisel scale of 0117 pixel .
The MOIRCS slit layout is shown, where X is the dispersiorclion and Y is the spatial direction
which is also along the elongated side of the galaxy. On tivedaight corner is a zoomed image
of Lens22.3, with various intensity contours overlaid. dsha clear double nuclei-like morphology.
The nuclei are separated by 0’4, corresponding to a physical scale 08 kpc at the redshift
of z = 1.7. The intrinsic separation will be smaller than this valuedaese the image has been
elongated by lensing effects. We divide the 2D spectrum sofiosections A, B, C, D along the

spatial direction Y, using a 3-pixel bin that roughly matsltiee average seeing of the observation.
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We extract the spectrum for apertures A, B, C, D using thengst line [Q11] A5007 and K. The
velocity profile relative to the center of the subsectiors given in Fig. 2.4. For comparison, the
velocity profile for the sky OH line nearest tanHextracted from the same apertures is also shown.
There seems to be a systematic rise in velocity from A to D dny but not in [O111] A5007. The
misalignment of the line profile in the spatial direction @hd double-nuclei like morphology may
indicate that the system is rotating or merging. Futureofellup with integral field spectroscopy

with adaptive optics is highly desirable to reveal the kiatins of the system.

2.3.4 Mass-Metallicity Relation

In Fig. 2.4, we show the mass/luminosity-metallicity radatfor the local (Tremonti et al. 2004) and
high-redshift (Erb et al. 2006) star-forming galaxies. wktallicities in Fig. 2.4 have been rescaled
to the same KD02 method using the calibration of Kewley &d8lti (2008). The local sample of
Tremonti et al. (2004) is based en 53,000 SDSS star-forming galaxies and the Erb et al. (2006)
sample is based on composite spectra of 87 rest-frame U¥tsdlstar-forming galaxies atz

2. Lens22.3 is consistent with the mass/luminosity-mietgil relation of the high-z sample. We
evaluate the effect of extinction assuming a high extimctialue of E(B-V) =0.4. Extinction causes
metallicity to rise by~ 0.1 dex, but it does not significantly change the positionerid22.3 on the
mass-metallicity diagram. Lens22.3 is currently the laweass systme with direct measurement
on the mass-metallicity relation diagram; Lens22.3 exdghd luminosity-metallicity relation to the
fainter end by more than an order of magnitude, demonsty #tig capability of using gravitationally
lensed samples to probe intrinsically fainter and less ivasystems than are found in existing

samples.

2.4 Summary

We reported the discovery of a low metallicity star-formigglaxy at z = 1.7. We detect the
temperature sensitive auroral line [ A\4363 which allows us to derive metallicity using the direct

T. method for the first time at high redshift. The low metaliicéind low luminosity/mass of the
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z = 1.7 star-forming galaxy place it at the lowest end of thessflaminosity-metallicity relation,
extending thez > 2 luminosity-metallicity relation by more than an order of gnétude. Our on-
going near-IR spectroscopic survey of lensing clustersamobtain metallicities for more objects

like Lens22.3 in the redshift range 15z < 3.
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Figure 2.1 Observed Subaru MOIRCS spectrum of Lens22.3 Az he extracted 1D spectrum is
shown in black, with identified emission lines labeled. Tketelluric absorption and OH emission
lines are shown in red and blue, respectively. The 2D spmcfor each of the detected lines is
shown on top.
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Table 1. Observed Line Intensities and Ratios

lon Line Zobs Flux  Flux (corrected) & SIN

(1) @ © (@) (5) (6
[Nnjae584 .- <0.009 <0.025 e e
Ho A6563 1.705 3.12 5.03 +04 13
[Om]A\5007 1.706 6.45 6.45 +03 15
[Om]N4959 1.705 1.98 1.98 +0.3 10
HB 24861 1.705 1.0 1.0 +0.1 5
[Om]N\4363 1.696 0.27 0.27 +0.1 3
[On]A3727 1.708 0.95 1.11 +0.3 8

Note. — (1) Detected Emission Lines and their rest frame

wavelength. (2) Redshift calculated from the observed Vesngh.
(3) Measured flux, relative to B detector response uncorrected. (4)
Measured flux, relative to B detector response corrected. (5) 1
error of the line flux from Gaussian fitting. (6) Signal-to-ske® of
the line flux.
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Figure 2.2HSTrescaled F775W image for the field of Lens22.3 The image has kescaled and
registered onto the MOIRCS chip. The slit on Lens22.3 hasdthwof I and a length of’9 Slit
X (dispersion) and Y (spatial) direction are marked. A zodmeéw of Lens22.3 with intensity
contours (0.3, 0.2, 0.1, 0.04 of the peak intensity) is showthe lower left corner.
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Figure 2.3 Top two panels: velocity profile ofoHand [O111] from spectra extracted within the
spatial apertures A, B, C, D (bottom right panel). Bottont pefnel: velocity profile for the sky line
nearest to K using the same apertures. Bottom right panel: 2D spectrudngBpatially cut into
sub-apertures A, B, C, D. The velocity zero point is chosepetthe averaged center of the cuts.
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Figure 2.4 Left: Mass-Metallicity relation. Dash line: &icrelation from the SDSS sample
(Tremonti et al. 2004). Filled black circle: relation forlgsies z> 2 (Erb et al. 2006). Filled
red square: Lens22.3, without extinction correction. Bmptl square: Lens22.3, after extinction
correction. Right: Luminosity-Metallicity relation. Dladine: local relation from SDSS sample
(Tremonti et al. 2004). Filled black circle: relation forlgeies z> 2 (Erb et al. 2006). Filled
red square: Lens22.3, without extinction correction. Bmpt square: Lens22.3, after extinction
correction. All metallicities have been recalculated te #ame base of KD02 (Kewley & Ellison
2008).
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Chapter 3
The Metallicity Evolution of Star-Forming Galaxies from
redshift 0 to 3: Combining Magnitude Limited Survey

with Gravitational Lensing

Note: This chapter originally appeared in the paper rerisiobmitted to ApJ after responding to

the referee report: Yuan, Kewley, & Richard 2012.

Abstract

We present a comprehensive observational study of the gasepimetallicity of star-forming
galaxies fromz ~ 0 — 3. We combine our new sample of gravitationally lensed gakaxiith
existing lensed and non-lensed samples to conduct a lavgstigation into the mass-metallicity
(MZ) relation atz > 1. We apply a self-consistent metallicity calibration scleaiminvestigate the
metallicity evolution of star-forming galaxies as a fuonctiof redshift. The lensing magnification
ensures that our sample spans an unprecedented rangdasfratats (3< 10" —6x10'0 M,)). We
find that at the median redshift af = 2.07, the median metallicity of the lensed sample is 0.35
dex lower than the local SDSS star-forming galaxies and @eb8lower than the ~ 0.8 DEEP2
galaxies. We also present thev 2 MZ relation using 19 lensed galaxies. These offsets trémsla
into a metallicity evolution of .23 £+ 0.01 dex per unit redshift ( -0.0290.001 dex/Gyr) from

z ~ 0 — 1,and 0.14 + 0.08 dex per unit redshift ( -0.0500.017 dex/Gyr) fromz ~ 1 — 3.
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A more rapid evolution is seen between~ 1 — 3 thanz ~ 0.8 — 0 for the high mass bins
(10°° My <M, <10 M) at a 95% confidence level. We compare this evolution with the
most recent cosmological hydrodynamic simulations withmmantum driven winds. Overall, the

observed average metallicity evolution agrees within thelispersion of the model predictions.

3.1 Introduction

Soon after the pristine clouds of primordial gas collapsedlssemble a protogalaxy, star formation
ensued, leading to the production of heavy elements (Metdistals were synthesized exclusively
in stars, and were ejected into the interstellar medium {I8ibugh stellar winds or supernovae
explosions. Tracing the heavy element abundance (métgllin star-forming galaxies provides a

“fossil record” of galaxy formation and evolution.

When considered as a closed system, the metal content abeygaldirectly related to the yield
and gas fraction (Searle & Sargent 1972; Pagel & Patche§;12&gel & Edmunds 1981; Edmunds
1990). In reality, a galaxy interacts with its surroundimgergalactic medium (IGM), hence both
the overall and local metallicity distribution of a galaxsymodified by feedback processes such as
galactic winds, inflows, and gas accretions (e.g., Lacey kI285; Edmunds & Greenhow 1995;
Kodppen & Edmunds 1999; Dalcanton 2007). Therefore, olagiems of the chemical abundances in
galaxies offer crucial constraints on the star formatistdry and various mechanisms responsible

for galactic inflows and outflows.

The well-known correlation between galaxy mass (lumiyysand metallicity was first
proposed by Lequeux et al. (1979). Subsequent studies mmufithe existence of the luminosity-
metallicity (LZ) relation (e.g., Rubin et al. 1984; Skillmat al. 1989; Zaritsky et al. 1994; Garnett
2002). Luminosity was used as a proxy for stellar mass inetlstisdies as luminosity is a direct
observable. Aided by new sophisticated stellar populatimdels, stellar mass can be robustly
calculated and a tighter correlation is found in the masthmgEty (MZ) relation. Tremonti et al.
(2004) have established the MZ relation for local star-fagngalaxies based o 5x10° Sloan

Digital Sky Survey (SDSS) galaxies. At intermediate refisiD.4 < z < 1), the MZ relation
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has also been observed for a large number of galaxi@8@) (e.g., Savaglio et al. 2005; Cowie &
Barger 2008; Lamareille et al. 2009). Zahid et al. (2011)méerthe MZ relation for 10° galaxies
from the Deep Extragalactic Evolutionary Probe 2 (DEEP®ey validating the MZ relation on a

statistically significant level at ~ 0.8.

Current cosmological hydrodynamic simulations and semahdical models can predict the
metallicity history of galaxies on a cosmic timescale (Nagee et al. 2001; De Lucia et al. 2004;
Bertone et al. 2007; Brooks et al. 2007; Davé & Oppenhein@®72Davé et al. 2011a,b). These
models show that the shape of the MZ relation is particuladygsitive to the adopted feedback
mechanisms. The cosmological hydrodynamic simulatiorih momentum-driven winds models
provide better match with observations than energy-driwémd models (Oppenheimer & Davé
2008; Finlator & Davé 2008; Davé et al. 2011a). Howeveesth models have not been tested
thoroughly in observations, especially at high redshifts{ 1), where the MZ relation is still

largely uncertain.

As we move to higher redshifts, selection effects and smalilver statistics haunt observational
metallicity history studies. The difficulty starts to be emy in the so-called “redshift desert”
1 < z < 3), where the metallicity sensitive optical emission linessén shifted to the sky-
background dominated near infrared (NIR). Ironically,stliedshift range harbors the richest
information about galaxy evolution. Itis during this reisperiod (~ 2—6 Gyrs after the Big Bang)
that the first massive structures condensed; the star fmmate (SFR), major merger activity, and
black hole accretion rate peaked; much of today’s stellssmeas assembled, and heavy elements
were produced (Fan et al. 2001; Dickinson et al. 2003; Chapshal. 2005; Hopkins & Beacom
2006; Grazian et al. 2007; Conselice et al. 2007; Reddy €2(f18). It is therefore of crucial

importance to explore NIR spectra for galaxies in this rédséinge.

Many spectroscopic redshift surveys have been carriedoostuidy star-forming galaxies at
z >1inrecent years (e.g., Steidel et al. 2004; Law et al. 20@8jvever, due to the low efficiency
in the NIR, those spectroscopic surveys almost inevitablyehto rely on color-selection criteria
and the biases in UV-selected galaxies tend to select thenmassive and less dusty systems (e.g.,

Capak et al. 2004; Steidel et al. 2004; Reddy et al. 2006)c&Sipdescopes can observe much deeper
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in the NIR and are able to probe a wider mass range. For exammglenarrow-band H surveys
based on the new WFC3 camera aboard the Hubble Space Taldst®p have located hundreds
of Ha emitters up to z = 2.23, finding much fainter systems thanmbserom the ground (Sobral
et al. 2009). However, the low-resolution spectra from theaw band filters forbid derivations
of physical properties such as metallicities that can onlyently be acquired from ground-based

spectral analysis.

Thanks to the advent of long-slit/multi-slit NIR spectraghs on 810 meter class telescopes,
enormous progress has been made in the last decade to cgptaxées in the redshift desert.
For chemical abundance studies, a full coverage of residraptical spectra (409(900021) is
usually mandatory for the most robust diagnostic analyster 1.5< z < 3, the rest-frame
optical spectra have shifted into the J, H, and K bands. laieschallenging and observationally
expensive to obtain high signal-to-noise (S/N) NIR spefttin the ground, especially for “typical”
targets at high=that are less massive than conventional color-selectexigal Therefore, previous
investigations into the metallicity properties betwéefi z < 3 focused on stacked spectra, samples
of massive luminous individual galaxies, or very small nensbof lower-mass galaxies (e.g., Erb

et al. 2006; Forster Schreiber et al. 2006; Law et al. 2000;eEal. 2010; Yabe et al. 2012).

The first mass-metallicity (MZ) relation for galaxies atz2 was found by Erb et al. (2006)
using the stacked spectra of 87 UV selected galaxies dinidedd mass bins. Subsequently, mass
and metallicity measurements have been reported for numéndividual galaxies at 1.5 z < 3
(Forster Schreiber et al. 2006; Genzel et al. 2008; Hayeishi. 2009; Law et al. 2009; Erb et al.
2010). These galaxies are selected using broadband caldhe iUV (Lyman Break technique;
Steidel et al. 1996, 2003) or using B, z, and K-band colord(Belection; Daddi et al. 2004). The
Lyman break and BzK selection techniques favor galaxiesateluminous in the UV or blue and
may therefore be biased against low luminosity (low-migi@) galaxies, and dusty (potentially
metal-rich) galaxies. Because of these biases, galaxiestase in this way may not sample the full

range in metallicity at redshift z1.

A powerful alternative method to avoid these selectionatéfes to use strong gravitationally

lensed galaxies. Inthe case of galaxy cluster lensingpthéltiminosity and area of the background

35



sources can easily be boosted+y 0 — 50 times, providing invaluable opportunities to obtain high
S/N spectra and probe intrinsically fainter systems withieasonable amount of telescope time. In
some cases, sufficient S/N can even be obtained for spatesbtved pixels to study the resolved
metallicity of high< galaxies (Swinbank et al. 2009; Jones et al. 2010; Yuan &Cdll; Jones
et al. 2012). Before 2011, metallicities have been repoidedh handful of individually lensed
galaxies using optical emission lines at &5 < 3 (Pettini et al. 2001; Lemoine-Busserolle et al.
2003; Stark et al. 2008; Quider et al. 2009; Yuan & Kewley 2Qiithes et al. 2010). Fortunately,
lensed galaxy samples with metallicity measurements lmveased significantly thanks to reliable
lensing mass modeling and larger dedicated spectroscopieys of lensed galaxies on 8-10 meter

telescopes (Richard et al. 2011; Wuyts et al. 2012; Chsstert al. 2012).

In 2008, we began a spectroscopic observational surveygrssispecifically to capture
metallicity sensitive lines for lensed galaxies. Taking/attage of the multi-object cryogenic
NIR spectrograph (MOIRCS) on Subaru, we targeted well-kmetwong lensing galaxy clusters to
obtain metallicities for galaxies between 68z < 3. In this paper, we present the first metallicity

measurement results from our survey.

Combining our new data with existing data from the literajuwwe present a coherent
observational picture of the metallicity history and masstallicity evolution of star-forming
galaxies fromz ~ 0 to z ~ 3. Kewley & Ellison (2008) have shown that the metallicity s#ts
in the diagnostic methods can easily exceed the intrinsitds. It is of paramount importance to
make sure that relative metallicities are compared on thgaetallicity calibration scale. In MZ
relation studies, the methods used to derive the stellas casalso cause systematic offsets (Zahid
etal. 2011). Different SED fitting codes can yield a non-iggigle mass offset, hence mimicking or
hiding evolution in the MZ relation. In this paper, we derthe mass and metallicity of all samples
using the same methods, ensuring that the observationaladatcompared in a self-consistent
way. We compare our observed metallicity history with thieda prediction from cosmological

hydrodynamical simulations.
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Throughout this paper we use a standadDM cosmology withHy= 70 km s! Mpc!,
Q,=0.30, and2,=0.70. We use solar oxygen abundance 12 + log(Q#8)69 (Asplund et al.
2009).

The paper is organized as follows: Section 3.2 describeslenged sample survey and
observations. Data reduction and analysis are summane&ggtion 3.3. Section 3.4 presents
an overview of all the samples we use in this study. Sectiénd@scribes the methodology of
derived quantities. The metallicity evolution of starffong galaxies with redshift is presented in
Section 3.6. Section 3.7 presents the mass-metallicifioal for our lensed galaxies. Section 3.8
compares our results with previous work in literature. B®&c6.8 summarizes our results. In the
Appendix, we show the morphology, slit layout, and reducBdspectra for the lensed galaxies

reported in our survey.

3.2 The LEGMS survey and Observations

3.2.1 The Lensed Emission-Line Galaxy Metallicity Survey(EGMS)

Our survey (LEGMS) aims to obtain oxygen abundance of legatakies at 0.8 z<3. LEGMS has
taken enormous advantage of the state-of-the-art institsno® Mauna Kea. Four instruments have
been utilized so far: (1) the Multi-Object InfraRed Camend &pectrograph (MOIRCS; Ichikawa
et al. 2006) on Subaru; (2) the OH-Suppressing Infra-RedjingaSpectrograph (OSIRIS; Larkin
et al. 2006) on Keck II; (3) the Near Infrared SpectrograptRBPEC; McLean et al. 1998) on
Keck II; (4) the Low Dispersion Imaging Spectrograph (LR{3ke et al. 1995) on Keck I. The
scientific objective of each instrument is as follows: MOIRE used to obtain the NIR images
and spectra for multiple targets behind lensing clustei® ¥ EC is used to capture occasional
single field lensed targets (especially galaxy-scale Bn$dRIS is used to obtain the [ A3727

to [O 1] A5007 spectral range for targets withz1.5. From the slit spectra, we select targets that
are have sufficient fluxes and angular sizes to be spatiatywed with OSIRIS. In this paper we
focus on the MOIRCS observations of the lensing cluster |IAXI#89 for targets between redshifts

1.5< z < 3. Observations for other clusters are ongoing and will les@mted in future papers.
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The first step to construct a lensed sample for slit speamsds to find the lensed
candidates (arcs) that have spectroscopic redshifts fimimab surveys. The number of known
spectroscopically identified lensed galaxies at 1 is still on the order of a few tens. The limited
number of lensed candidates makes it impractical to buitthgpde that is complete and well defined
in mass. A mass complete sample is the future goal of thiggropur strategy for now is to observe
as many arcs with known redshifts as possible. If we assum@&@N fraction is similar to local
star-forming galaxies, then we expeetl0% of our targets to be AGN dominated (Kewley et al.
2004). Naturally, lensed sample is biased towards highlgnifi@d sources. However, because the
largest magnifications are not biased towards intringidafight targets, lensed samples are less

biased towards the intrinsically most luminous galaxies.

Abell 1689 is chosen as the primary target for MOIRCS obg&ma because it has the largest
number ¢ 100 arcs, or 30 source galaxies) of spectroscopically identified lerssed (Broadhurst

et al. 2005; Frye et al. 2007; Limousin et al. 2007).

Multi-slit spectroscopy of NIR lensing surveys greatly anbes the efficiency of spectroscopy
of lensed galaxies in clusters. Theoretically40 slits can be observed simultaneously on the two
chips of MOIRCS with a total field of view (FOV) of’4< 7’. In practice, the number of lensed
targets on the slits is restricted by the strong lensing, al@eorientations, and spectral coverage.
For A1689, the lensed candidates cover an areazyfx 2/, well within the FOV of one chip. We
design slit masks for chip 2, which has better sensitivitd &8ss bad pixels than chip 1. There
are~ 40 lensed images( 25 individual galaxies) that fall in the range of 15z < 3 in our slit
masks. We use the MOIRCS low-resolution~R00) grisms which have a spectral coverage of
0.9-1.78umin ZJ and 1.3-2..um in HK. To maximize the detection efficiency, we give priptib
targets with the specific redshift range such that all thengtremission lines from [@] A3727 to
[N 111 A6584 can be captured in one grism configuration. For instaheaedshift range of 2.5 z

< 3is optimized for the HK500 grism, and 15z < 1.7 is optimized for the ZJ500 grism.

From UT March 2008 to UT April 2010, we used 8 MOIRCS nights gahie nights) with 4

position angles (PAs) and 6 masks to observe 25 galaxiesllMiy quality spectra were obtained
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for 12 of the 25 targets. We also include one- 1.5 galaxy from our observations of Abell 8
The PA is chosen to optimize the slit orientation along tiigdsed arcs’ elongated directions. For
arcs that are not oriented to match the PA, the slits are amefito center on the brightest knots of
the arcs. We use slit widths of 0.&nd 1.0, with a variety of slit lengths for each lensed arc. For
each mask, a bright galaxy/star is placed on one of the glitate the slit curvature and determine
the offsets among individual exposures. Typical integreifor individual frames are 400 s, 600 s,
and 900 s, depending on levels of skyline saturation. We ngdB8A dithering sequence along the

slit direction, with a dithering length of’8. The observational logs are summarized in Table 3.1.

3.3 Data Reduction and Analysis

3.3.1 Reduce 1D spectrum

The data reduction procedures from the raw mask data to takeviewvelength and flux calibrated
1D spectra were realized by a set of IDL codes called MOIRCSRED. The codes were scripted
originally by Youichi Ohyama. T.-T Yuan extended the cod@antmrporate new skyline subtraction
(e.g., Henry et al. 2010, for a description of utilizing MGBBMOSRED).

We use the newest version (Apr, 2011) of MOIRCSMOSRED to cedhe data in this work.
The sky subtraction is optimized as follows. For eaghrAme, we subtract a sky frame denoted as
a((B;—1+B;+1)/2), where B_; and B, are the science frames before and after thexposure.
The scale parameter is obtained by searching through a parameter range of 0,5+dth an
increment of 0.0001. The bestis obtained where the root mean square (RMS) of the residual
R= A;- a((B;—1+B;+1)/2) is minimal for a user defined wavelength regidnand A». We find
that this sky subtraction method yields smaller sky OH liesiduals £ 20%) than conventional
A-B methods. We also compare with other skyline subtraatimthods in literature (Kelson 2003;
Davies 2007). We find the sky residuals from our method arepemable to those from the Kelson

(2003) and Davies (2007) methods within 5% in general caddéswever, in cases where the

IMost of the candidates in A68 areatk 1. Due to the low spectral resolution in this observation, &hd [Ni1] are
not resolved at < 1. We do not have sufficient data to obtain reliable metaiésifor thez < 1 targets in A68 and
therefore exclude them from this study.
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emission line falls on top of a strong skyline, our method @enstable and improves the skyline
residual by~ 10% than the other two methods.

Wavelength calibration is carried out by identifying sky@s for the ZJ grism. For the HK
grism, we use argon lines to calibrate the wavelength singeafew skylines are available in the
HK band. The argon-line calibrated wavelength is then tidgieded with the available skylines in
HK to determine the instrumentation shifts between lampsanehce exposures. Note that the RMS
of the wavelength calibration using a 3rd order polynomi#ihfy is ~ 10-20A, corresponding to a
systematic redshift uncertainty of 0.006.

A sample of AOQ stars selected from the UKIRT photometric d#ads were observed at similar
airmass as the targets. These stars were used for bothctedlhsorption corrections and flux
calibrations. We use the prescriptions of Erb et al. (20@8)flux calibration. As noted in Erb
et al. (2003), the absolute flux calibration in the NIR is difft with typical uncertainties 0£20%.
We note that this uncertainty is even larger for lensed sasnpbserved in multi-slits because of
the complicated aperture effects. The uncertainties iriltixecalibration are not a concern for our
metallicity analysis where only line ratios are involvedowtver, these errors are a major concern
for calculating SFRs. The SFR uncertainty due to apertureection could be a factor of 2-3 for

some sources. For this reason, we refrain from any quamsitabalysis of SFRs in this work.

3.3.2 Line Fitting

The emission lines are fitted with Gaussian profiles. For thediglly unresolved spectra, the
aperture used to extract the spectrum is determined by miegsine Gaussian profile of the
wavelength collapsed spectrum. Some of the lensed targel®%) are elongated and spatially
resolved in the slit spectra, however, because of the lofaseibrightness and thus very low S/N
per pixel, we are unable to obtain usable spatially resobgttra. For those targets, we make an
initial guess for the width of the spatial profile and forceasSsian fit, then we extract the integrated
spectrum using the aperture determined from the FWHM of thesSian profile.

For widely separated lines such asI[PD\3727, H3 A4861, single Gaussian functions are fitted

with 4 free parameters: the centroid (or the redshift), iteWwidth, the line flux, and the continuum.
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The doublet [QII] A A\4959,5007 are initially fitted as a double Gaussian functigii 6 free
parameters: the centroids 1 and 2, line widths 1 and 2, fluxasdl2, and the continuum. In
cases where the [@] A\4959 line is too weak, its centroid and line velocity widtlk éiked to be the
same as [@1] A5007 and the flux is fixed to be 1/3 of the [0 A5007 line (Osterbrock 1989). A
triple-Gaussian function is fitted simultaneously to thee¢hadjacent emission lines: [N A6548,
6583 and k. The centroid and velocity width of [N] A\6548, 6583 lines are constrained by the
velocity width of Hx A6563, and the ratio of [N] A\6548 and [NI] A6583 is constrained to be the
theoretical value of 1/3 given in Osterbrock (1989). The lgmofile fitting is conducted using &
minimization procedure which uses the inverse of the sky @iisgion as the weighting function.
The S/N per pixel is calculated from the€ of the fitting. The measured emission line fluxes and

line ratios are listed in Table 3.4. The final reduced 1D speate shown in the Appendix.

3.3.3 Lensing Magnification

Because the lensing magnificatiqr) {s not a direct function of wavelength, line ratio measueets

do not require pre-knowledge of the lensing magnificatiorowelver, 1. is needed for inferring
other physical properties such as the intrinsic fluxes, esaaad source morphologies. Parametric
models of the mass distribution in the clusters Abell 68 abglA1689 were constructed using the
Lenstool softwaré.enst ool ? (Kneib et al. 1993; Jullo et al. 2007). The best-fit modelsehasen
previously published in Richard et al. (2007) and Limougiale(2007). As detailed in Limousin
et al. (2007)Lenst ool uses Bayesian optimization with a Monte-Carlo Markov CHBMCMC)
sampler which provides a family of best models sampling W&tqrior probability distribution of
each parameter. In particular, we use this family of bestefsotb derive the magnification and
relative error on magnificatiop associated to each lensed source. Typical errorg are ~10%

for Abell 1689 and Abell 68.

2ht t p: / / www. oanp. f r/ cosnol ogy/ | enst ool
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3.3.4 Photometry

We determine the photometry for the lensed galaxies in A1E88g 5-bandHSTimaging data,
1-band MOIRCS imaging data, and 2-changpltzerlRAC data at 3.6 and 4.pm.

We obtained a 5,000 s imaging exposure for A1689 on the MOIRC $lter, at a depth of
24 mag, using a scale of 0.71per pixel. The imaging data is reduced using the IRAF package
written by the MOIRCS supporting astronomer Ichi Tarfak@ihe photometry is calibrated using
the 2MASS stars located in the field.

The ACS F475W, F625W, F775W, F850LP, WFPC3 F125 data aranelkdrom theHST
archive. TheHST photometry are determined using SExtractor (Bertin & Amsol996) with
parameters adjusted to detect the faint background sourbed=775W filter is used as the detection
image using a’D aperture.

The IRAC data are obtained from tl8pitzerarchive and are reduced and drizzled to a pixel
scale of 06 pixel"!. In order to include the IRAC photometry, we convolved tHET and
MOIRCS images with the IRAC point spread functions (PSFslvdd from unsaturated stars. All
photometric data are measured using@dperture. Note that we only consider sources which are
not contaminated by nearby bright galaxies. Typical erforghe IRAC band photometry are 0.3
mag and 0.15 mag for the ACS and MOIRCS bands. We refer to Riataal. (2012) for the full

catalog of the lensing magnification and photometry of tinséel sources in Abell 1689.

3.4 Supplementary Samples

In addition to our lensed targets observed in LEGMS, we alsdude literature data for
complementary lensed and non-lensed samples at both Indahigh=. The observational data
for individually measured metallicities at2 1.5 are still scarce and caution needs to be taken
when using them for comparison. The different metallicitydanass derivation methods used
in different samples can give large systematic discreganand provide misleading results. For

this reason, we only include the literature data that habesomeasurements and sufficient data

3http://www.naoj.org/staff/ichiiMCSRED/mcsred.html
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for consistently recalculating the stellar mass and meiiidis using our own methods. Thus, in
general, stacked data, objects with lower/upper limitdtimee line ratios or masses amet chosen.
The one exception is the stacked data of Erb et al. (2006) jsthe most widely used comparison
sample at ~ 2.

The samples used in this work are:

(1) The Sloan Digital Sky Survey (SDSS) sample~ 0.07). We use the SDSS sample
(Abazajian et al. 2009, http://www.mpa-garching.mpdsi¥%S/DR7/) defined by Zahid et al.
(2011). The mass derivation method used in Zahid et al. (R&lihe same as we use in this
work. All SDSS metallicities are recalculated using the #%® method, which uses an empirical

fit to the [N11] and Hx line ratios of Hil regions (Pettini & Pagel 2004).

(2) The The Deep Extragalactic Evolutionary Probe 2 (DEE&&ple £ ~ 0.8). The DEEP2
sample (Davis et al. 2003, http://www.deep.berkeley@R3/) is defined in Zahid et al. (2011).
At z ~ 0.8, the [NII] and Hx lines are not available in the optical. We convert the KKO4 R

metallicity to the PPO4N2 metallicity using the prescops of Kewley & Ellison (2008).

(3) The UV-selected sample £ 2). We use the stacked data of Erb et al. (2006). The metallicity
diagnostic used by Erb et al. (2006) is the PP04N2 method anelaalculation is needed. We offset
the stellar mass scale of Erb et al. (2006) by -0.3 dex to maeimass derivation method used in
this work (Zahid et al. 2012). This offset accounts for thigedent initial mass function (IMF) and

stellar evolution model parameters applied by Erb et aD620

(4) The lensed sample @ z < 3). Besides the 11 lensed galaxies from our LEGMS survey
in Abell 1689, we include 1 lensed source£1.762) from our MOIRCS data on Abell 68 and 1
lensed spiral{ =1.49) from Yuan et al. (2011). We also include 10 lensed gesaftom Wuyts
et al. (2012) and 3 lensed galaxies from Richard et al. (2Cifhiye these 13 galaxies havel[N
and Hn measurements, as well as photometric data for recalcglateilar masses. We require all

emission lines from literature to have SAN3 for quantifying the metallicity of k z < 3 galaxies.
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Upper-limit metallicities are found for 6 of the lensed &igfrom our LEGMS survey. Altogether,
the lensed sample is composed of 25 sources, 12 (6/12 uppts)lof which are new observations

from this work. Upper-limit metallicities are not used inra@quantitative analysis.

The methods used to derive stellar mass and metallicityiaceissed in detail in Section 3.5.

3.5 Derived Quantities

3.5.1 Optical Classification

We use the standard optical diagnostic diagram (BPT) toueectargets that are dominated by
AGN (Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewley al. 2006). For all 26 lensed
targets in our LEGMS sample, we find 1 target that could bearoimtated by AGN (B8.2). The
fraction of AGN in our sample is therefore8%, which is similar to the fraction~{7%) of the local
SDSS sample (Kewley et al. 2006). We also find that the linegaif the high-z lensed sample
has a systematic offset on the BPT diagram, as found in Shaplal. (2005); Erb et al. (2006);
Kriek et al. (2007); Brinchmann et al. (2008); Liu et al. (8)0Richard et al. (2011). The redshift

evolution of the BPT diagram will be reported in Kewley et2012, in preparation).

3.5.2 Stellar Masses

We use the softwareE PHARE? (llbert et al. 2010) to determine the stellar masE. PHARE is a
photometric redshift and simulation package based on thelption synthesis models of Bruzual &
Charlot (2003). If the redshift is known and held fixédE PHARE finds the best fitted SED omg
minimization process and returns physical parameters asiskellar mass, SFR and extinction. We
choose the initial mass function (IMF) by Chabrier (2003) #me Calzetti et al. (2000) attenuation
law, with E(B — V) ranging from 0 to 2 and an exponentially decreasing SFR (SFRY/™) with

7 varying between 0 and 13 Gyrs. The errors caused by emida@edntamination are taken into

account by manually increasing the uncertainties in thegrhetric bands where emission lines are

Ywww.cfht.hawaii.edu/-arnouts| LEPHARE /lephare.html
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located. The uncertainties are scaled according to thesenifine fluxes measured by MOIRCS.
The stellar masses derived from the emission line correuiedometry are consistent with those
without emission line correction, albeit with larger egon a few cases~ 0.1 dex in log space).

We use the emission-line corrected photometric stellasesgam the following analysis.

3.5.3 Metallicity Diagnostics

The abundance of oxygen (12 +1og(O/H)) is used as a proxyHeraverall metallicity of Hi
regions in galaxies. The oxygen abundance can be inferoed fhe strong recombination lines
of hydrogen atoms and collisionally excited metal lineg.(eKewley & Dopita 2002). Before
doing any metallicity comparisons across different sampled redshifts, it is essential to convert
all metallicities to the same base calibration. The diseney among different diagnostics can be as
large as 0.7 dex for a given mass, large enough to mimic ordnglentrinsic observational trends.
Kewley & Ellison (2008) (KEO8) have shown that both the shapd the amplitude of the MZ
relation change substantially with different diagnostiEsr this work, we convert all metallicities
to the PP0O4N2 method using the prescriptions from KE08.

For our lensed targets with only [N and Hx, we use the N2 =log([M] A6583/Hx) index, as
calibrated by Pettini & Pagel (2004) (the PP04N2 method)lirds are required to have S8 for
reliable metallicity estimations. Lines that have S/Blare presented asaBupper limits. For targets
with only [O 1] to [O 111] lines, we use the indicators®= ([O 11] A3727 + [O111] AA4959, 5007)/H
to calculate metallicity. The formalization is given in Kdhicky & Kewley (2004) (KK04 method).
The upper and lower branch degeneracy gf €&n be broken by the value/upper limit of [NVHa.

If the upper limit of [N11]/H« is not sufficient or available to break the degeneracy, wautate both
the upper and lower branch metallicities and assign thestta errors of the metallicities as the
range of the upper and lower branches. The KK@4 iRetallicity is then converted to the PP0O4N2
method using the KEO8 prescriptions. The line fluxes and liiwtyaare listed in Table 3.4. For the
literature data, we have recalculated the metallicitieth&PP04N2 scheme.

The statistical metallicity uncertainties are calculaiggpropagating the flux errors of the [N

and Hx lines. The metallicity calibration of the PPO4N2 methoeélithas a & dispersion of 0.18
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dex (Pettini & Pagel 2004; Erb et al. 2006). Therefore, falividual galaxies that have statistical

metallicity uncertainties of less than 0.18 dex, we asdigretror bars of 0.18 dex.

Note that we are not comparing absolute metallicities betwgalaxies as they depend on
the accuracy of the calibration methods. However, by reutating all metallicities to the same
calibration diagnostic, relative metallicities can be pamed reliably. The systematic error of

relative metallicities is< 0.07 dex for strong-line methods (Kewley & Ellison 2008).

3.6 The Cosmic Evolution of Metallicity for Star-Forming Galaxies

3.6.1 TheZzRelation

In this section, we present the observational investigatito the cosmic evolution of metallicity for
star-forming galaxies from redshift O to 3. The metalligitythe local universe is represented by the
SDSS sample (20577 objects;) = 0.072 + 0.016). The metallicity in the intermediate-redshift
universe is represented by the DEEP2 sample (1635 objegts+ 0.78 + 0.02). For redshift

1 < z < 3, we use 19 lensed galaxies (plus 6 upper limit measurem@nts)= 1.91 + 0.61) to

infer the metallicity range.

The redshift distributions for the SDSS and DEEP2 sampleseny narrow {z ~ 0.02), and
the mean and median redshifts are identical within 0.001 Wéixereas for the lensed sample, the
median redshift is 2.07, and is 0.16 dex higher than the nedshift. There are twoz 0.9 objects
in the lensed sample, and if these two objects are excludlednean and median redshifts for the

lensed sample arg) = 2.03 £ 0.54, zyedian = 2.09 (See Table 3.2).

The overall metallicity distributions of the SDSS, DEEPAddensed samples are shown in
Figure 3.1. Since the > 1 sample size is 2-3 orders of magnitude smaller thanzthe 1
samples, we use a bootstrapping process to derive the meameatian metallicities of each sample.
Assuming the measured metallicity distribution of each [@anis representative of their parent
population, we draw from the initial sample a random subset @peat the process for 50000

times. We use the 50000 replicated samples to measure the median and standard deviations
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of the initial sample. This method prevents artifacts framal-number statistics and provides

robust estimation of the median, mean and errors, espetialthe highz lensed sample.

The fraction of low-mass (M <10° M) galaxies is largest (31%) in the lensed sample,
compared to 9% and 5% in the SDSS and DEEP2 samples respecBxeluding the low-mass
galaxies does not notably change the median metallicithe®SDSS and DEEP2 samples (.01
dex), while it increases the median metallicity of the lehsample by~ 0.05 dex. To investigate
whether the metallicity evolution is different for variosigllar mass ranges, we separate the samples
in 3 mass ranges and derive the mean and median metalli¢iaede 3.2). The mass bins of 10
Mg <M, <10°° Mg and 16> M, <M, <10' M, are chosen such that there are similar number

of lensed galaxies in each bin.

We plot the metallicity %) of all samples as a function of redsh#tin Figure 3.2 (dubbed
the Zz plot hereafter). The first panel shows the complete obsenaltdata used in this study.
The following three panels show the data and model predistia different mass ranges. The
samples at local and intermediate redshifts are large énsuch that the & errors of the mean and
median metallicity are smaller than the symbol sizes orZthplot (0.001-0.006 dex). Although
thez > 1 samples are still composed of a relatively small number @daib, we suggest that the
lensed galaxies and their bootstrapped mean and mediagsvalore closely represent the average
metallicities of star-forming galaxies at > 1 than Lyman break, or B-band magnitude limited

samples because the lensed galaxies are selected basedmifigation instead of colors.

We derive the metallicity evolution in units of “dex per rédt’ and “dex per Gyr” using both
the mean and median values. The metallicity evolution cashbeacterized by the slop%() of the
Zz plot. We compute‘fl—f for two redshift rangesz ~ 0 — 0.8 (SDSS to DEEP2) and~ 0.8 —
~2.5 (DEEP2 to Lensed galaxies). As a comparison, we also&j%i from z ~ 0.8 to 2.5 using
the DEEP2 and the Erb06 samples (yellow circles/lines). Bvivel separate evolutions for different

mass bins. We show our result in Figure 3.3.

A positive metallicity evolution, i.e., metals enrich gelks from highz to the local universe,
is robustly found in all mass bins from ~ 0.8 — 0. This positive evolution is indicated by the

negative values oﬁl‘d—% (or %) in Figure 3.3. The negative signs (both mean and media%% of
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are significant at-5 ¢ of the measurement errors from~ 0.8 — 0. Fromz ~ 2.5 to 0.8, however,

% is marginally smaller than zero at thel o level (based on Lensed to DEEP2 samples). If the
Erb06 to DEEP2 samples are used to gauge the metallicitygmolfromz ~ 2.5 to 0.8, then the
values of% are consistent with zero withirl o of the measurement errors.

The right column of Figure 3.3 is used to interpret the deedilen/acceleration in metal
enrichment. Deceleration means the metal enrichment @(@Jﬁ):A dex Gyr') is dropping
from high- to low-z. Using our lensed galaxies, the mean rise in metallicity.(55 + 0.014 dex
Gyr~! for z ~ 2.5 — 0.8, and0.022 £ 0.001 dex Gyr ! for = ~ 0.8 — 0. The Mann-Whitney
statistics shows that the mean rises in metallicity areelaigy = ~ 2.5 — 0.8 than forz ~ 0.8 — 0
at a significance level of 95% for the high mass bins’¢1. <M, <10 M.). For lower
mass bins, the hypothesis that the metal enrichment ragetharsame for ~ 2.5 — 0.8 and
z ~ 0.8 — 0 can not be rejected at the 95% confidence level. Interegtiiidhe Erb06 sample is
used instead of the lensed sample, the hypothesis that tta emeichment rates are the same for
z~ 25— 0.8andz ~ 0.8 — 0 can not be rejected at the 95% confidence level for all mass bin

The clear trend of the average/median metallicity in gasxising from high-redshift to the
local universe is not surprising. Observations based oarptisn lines have shown a continuing
fall in metallicity using the damped loyabsorption (DLA) galaxies at higher redshifts{ 2 — 5)
(e.g., Songaila & Cowie 2002; Rafelski et al. 2012). Theessmveral physical reasons to expect that
high-z galaxies are less metal-enriched: (1) higbalaxies are younger, have higher gas fractions,
and have gone through less generations of star formationltital galaxies; (2) high- galaxies
may be still accreting a large amount of metal-poor prisgaes from the environment, hence have
lower average metallicities; (3) high-galaxies may have more powerful outflows that drive the
metals out of the galaxy. It is likely that all of these medkars have played a role in diluting the

metal content at high redshifts.

3.6.2 Compare theZz Relation with Models

We compare our observations with model predictions from ¢bemological hydrodynamic

simulations of Davé et al. (2011a,b). These models arg kithin a canonical hierarchical
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structure formation context. The models take into accobatinportant feedback of outflows
by implementing an observation-motivated momentum-adriwend model (Oppenheimer & Davé
2008). The effect of inflows and mergers are included in tleednchical structure formation of the
simulations. Galactic outflows are dealt specifically in thementum-driven wind models. Davé
& Oppenheimer (2007) found that the outflows are key to rémganetallicity, while inflows play

a second-order regulation role.

The model of Davé et al. (2011a) focuses on the metal comiErstar-forming galaxies.
Compared with the previous work of Davé & Oppenheimer (300i& new simulations employ the
most up-to-date treatment for supernova and AGB star emecit, and include an improved version
of the momentum-driven wind models (thew model) where the wind properties are derived based
on host galaxy masses (Oppenheimer & Davé 2008). The maatellivity in Davé et al. (2011a) is
defined as the SFR-weighted metallicity of all gas partisiébe identified simulated galaxies. This
model metallicity can be compared directly with the met#fiwe observe in star-forming galaxies
after a constant offset normalization to account for thestiainty in the absolute metallicity scale
(Kewley & Ellison 2008). The offset is obtained by matchihg imodel metallicity with the SDSS
metallicity at the stellar mass of 10M. Note that the model has a galaxy mass resolution limit

of M, ~10° M.

We compute the median metallicities of the Davé et al. (2Q)Ihodel outputs in redshift bins
from z = 0 to z = 3 with an increment of 0.1. The median metallicities with dpread (defined
as including 68% of the data) at each redshift are overlaitherobservational data in tt¥z plot.
For all masses of 10° M, the percentages of observational data that lie outsiddth@odel
dispersion are 84% for SDSS, 1&2% for DEEP2, and 15% for the Lensed sample. For the mass
bin of 1~-5 M, the percentages of observational data that lie outsidéthmodel dispersion
are 22t3% for SDSS, 2#4% for DEEP2, and £14% for the Lensed sample. For the mass bin
of 10°°~11 M, the percentages of observational data that lie outside¢hmodel dispersion
are 12+3% for SDSS, 292% for DEEP2, and 2819% for the Lensed sample. We therefore
conclude that the model predictions of Davé et al. (201&aegally match the observations within

the measurement error and the thodel dispersion.
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3.7 Evolution of the Mass-Metallicity Relation

3.7.1 Observational Limit of the Mass-Metallicity Relation

For the N2 based metallicity, there is a limiting metaliiditelow which the [Ni] line is too weak
to be detected. Since [N is the weakest of the &l+[N 11] lines, it is therefore the flux of [M] that
drives the metallicity detection limit. Thus, for a givesirument sensitivity, there is a region on the
mass-metallicity relation that is observationally unatible. Based on a few simple assumptions,

we can derive the boundary of this region as follows.

Observations have shown that there is a positive correldt@ween the stellar madd, and
SFR (Noeske et al. 2007b; Elbaz et al. 2011; Wuyts et al. 2011 éxplanation for thé/, vs.
SFR relation is that more massive galaxies have earliert @figmritial star formation with shorter
timescales of exponential decay (Noeske et al. 2007a; Zdtat 2012). The shape and amplitude
of the SFR vs.M, relation at different redshift can be characterized by two paramet#rs) and
v(2), whered(z) is the logarithm of the SFR an'° M, and~(z) is the power law index (Zahid
etal. 2012).

The relationship between the SFR ang tien becomes:

log1g(SFR(2)) = 6(2) +7(2)[logo(Ms/Mg) — 10] (3.1)

As an example, we show in Figure 3.4 the SFR vs.rilation at three redshifts (~ 0, 0.8, 2).

The best-fit values af(z) and~(z) are listed in Table 3.3.

Using the Kennicutt (1998) relation between SFR and:H

SFR=79x10"2L(Ha)[ergs s~ ] (3.2)

and the N2 metallicity calibration (Pettini & Pagel 2004):

12 + log(O/H) = 8.90 4 0.57 x log,o[NI1I]/Ha, (3.3)
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we can then derive a metallicity detection limit. We combiguations (3.1), (3.2) and (3.3), and
assume the [N] flux is greater than the instrument flux detection limit. Wewde the detection

limit for the PPO4N2 diagnosed MZ relation:

Zmet > [10g10(finst/,u) + 21Oglo DL(z) - 7(’2)
(3.4)

M, — B(z) +log,(47)]0.57 4+ 8.9

where;

B(z) = d(z) —v(2)10 + 42 — log; 7.9; (3.5)

d(z), v(z) are defined in Equation (3.1)/fi,s: is the instrument flux detection limit in
ergs s~! em™2; p is the lensing magnification in fluxp, (z) is the luminosity distance iamn.

The slope of the mass-metallicity detection limit is retkte the slope of the SFR-mass relation,
whereas the y-intercept of the slope depends on the inshiuita limit (and flux magnification for
gravitational lensing), redshift, and the y-interceptlef SFR-mass relation.

Note that the exact location of the boundary depends on thé parameters of Equation 8. As
an example, we use th&z) and~(z) values of the Erb06 and Lensed (all) samples respectively
(Table 3.3). We show the detection boundary for three ctreem future NIR instruments:
Subaru/MOIRCS, KECK/NIRSPEC and JWST/NIRSpec. The imsént flux detection limit is
based on background limited estimation in° $&conds (flux in units of 10® ergs s' cm—2
below). For Subaru/MOIRCS (low resolution mode, HK500), ag®pt f;,s: = 23.0 based on the
1o uncertainty of our MOIRCS spectrum (flux=4.6 in 10 hourspled to % in 10° seconds. For
KECK/NIRSPEC, we us€;,.s: = 12.0, based on thesluncertainty of Erb et al. (2006) (flux=3.0 in
15 hours), scaled tod3in 10° seconds. For JWST/NIRSpeave usef;,s: = 0.17, scaled toBin
10° seconds.

Since lensing flux magnification is equivalent to lowering thstrument flux detection limit,
we see that with a lensing magnification ef55, we reach the sensitivity of JWST using

KECK/NIRSPEC. Stacking can also push the observationsab#ie instrument flux limit. For

Shttp://www.stsci.edu/jwst/instruments/nirspec/stvisy/
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instance, the ~ 2 Erb et al. (2006) sample was obtained from stacking the NERGSBpectra of
87 galaxies, with~ 15 spectra in each mass bin, thus the Erb06 sample has besto gipbbe~ 4

times deeper than the nominal detection boundary of NIRSPEC

The observational detection limit on the MZ relation is impot for understanding the

incompleteness and biases of samples due to observatmmettaints.

3.7.2 The Evolution of the MZ Relation

Figure 3.6 shows the mass and metallicity measured from D®SS DEEP2, and our lensed
samples. The Erb et al. (2006) (Erb06) stacked data areraikaled for comparison. We highlight

a few interesting features in Figure 3.7:

(1) To first order, the MZ relation still exists at~ 2, i.e., more massive systems are more metal
rich. The Pearson correlation coefficient for the MZ cotiietaof the lensed sample is= 0.33349
and with a probability of being a chance correlationfof= 17%. A simple linear fit to the lensed

sample yields a slope of 0.1640.033, with a y-intercept of 680.3.

(2) All z > 1 samples show evidence of evolution to lower metallicitieBxad stellar masses.
At high stellar mass (M >10'° M), the lensed sample has a mean metallicity and a standard
deviation of the mean of 8.440.05, whereas the mean and standard deviation of the meé&mefor
Erb06 sample is 8.520.03. The lensed sample is offset to lower metallicity byl6.0.06 dex
compared to the Erb06 sample. This slight offset may indita¢ selection difference between the
UV-selected (more dusty and metal rich) sample and the desample (less biased towards UV

bright systems).

(3) At lower mass (M <10°* M), our lensed sample provides 12 individual metallicity
measurements at > 1. The mean metallicity of the galaxies with,M<10°* M, is 8.25+0.05,

roughly consistent with the:8.20 upper limit of the stacked metallicity of the lowest mamsn
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(M, ~10”! M) of the Erb06 galaxies.

(4) Compared with the Erb06 galaxies, there is a lack of tghdst mass galaxies in our lensed
sample. There is only 1 object with M>10'"* M., among all three lensed samples combined.
The lensed sample is less affected by the color selectiomaydbe more representative of the
mass distribution of high-galaxies. In the hierarchical galaxy formation paradigalagies grow
their masses with time. The number density of massive gadaai high redshift is smaller than at
local, thus the number of massive lensed galaxies is smelkcBon criteria such as the UV-color
selection of the Erb06 and SINs (Genzel et al. 2011) galapaase applied to target the high-mass

galaxies on the MZ relation at high redshift.

3.7.3 Comparison with Theoretical MZ Relations

Understanding the origins of the MZ relation has been theedof copious theoretical work. Based
on the idea that metallicities are mainly driven by an efyitim among stellar enrichment, infall
and outflow, Finlator & Davé (2008) developed smoothedigarhydrodynamic simulations. They
found that the inclusion of a momentum-driven wind moaet() fits best to the: ~ 2 MZ relations
compared to other outflow/wind models. The updated versfaheair vzw model is described in
detail in Davé et al. (2011a). We overlay the Davé et al1{2()vzw model outputs on the MZ
relation in Figure 3.7. We find that the model does not reptedhe MZ redshift evolution seen in
our observations. We provide possible explanations agvsll

Kewley & Ellison (2008) found that both the shape and scattethe MZ relation vary
significantly among different metallicity diagnostics. iiposes a tricky normalization problem
when comparing models to observations. For example, a nmdplut may fit the MZ relation
slope from one strong-line diagnostic, but fail to fit the Mation from another diagnostic, which
may have a very different slope. This is exactly what we aeingeon the left panel of Figure 3.7.
Davé et al. (2011a) applied a constant offset of the modedlii@ties by matching the amplitude of

the model MZ relation at ~ 0 with the observed local MZ relation of Tremonti et al. (20084) at
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the stellar mass of 10 M. Daveé et al. (2011a) found that the characteristic shageeatter of the
MZ relation from thevzw model matches the T04 MZ relation betweel" 401, <M, <1010

within the 1o model and observational scatter. However, since both tgeshnd amplitude of
the TO4 SDSS MZ relation are significantly larger than the SIM¥Z relation derived using the
PP04N2 method (Kewley & Ellison 2008), the PPO4N2-norneali#1Z relation from the model

does not recover the local MZ relation withigr.

In addition, the stellar mass measurements from differeethods may cause a systematic
offsets in the x-direction of the MZ relation (Zahid et al.14). As a result, even though the
shape, scatter, and evolution with redshifts are indepgnutedictions from the model, systematic
uncertainties in metallicity diagnostics and stellar massmates do not allow the shape to be

constrained separately.

In the right panel of Figure 3.7, we allow the model slopg, (metallicity amplitude £), and
stellar mass (M) to change slightly so that it fits the local SDSS MZ relatidtssuming that this
change in slopeA«), and x, y amplitudesAZ, AM,) are caused by the systematic offsets in
observations, then the samey, AZ, and AM, can be applied to model MZ relations at other
redshifts. Although normalizing the model MZ relation iristtway will make the model lose
prediction power for the shape of the MZ relation, it at Idastves the redshift evolution of the

MZ relation as a testable model output.

Despite the normalization correction, we see from Figurié tBat the models predict less
evolution from z~ 2 to z~ 0 than the observed MZ relation. To quantify, we divide thedeio
data into four mass bins and derive the mean amdsdatter in each mass bin as a function of
redshift. We define the “mean evolved metallicity” on the MZation as the difference of the mean
metallicity at redshift: from the mean metallicity at ~ 0 at a fixed stellar mass (log (O/H)}{D] —
log (O/H) [z~2]). The errors of the “mean evolved metallicity” are calteld based on the standard

deviation of the mean metallicity.

In Figure 3.8 we plot the “mean evolved metallicity” as a ftioie of redshift for two mass bins:
100 Mg <M, <10°° Mg, 105 M, <M, <10 M. We calculate the observed “mean evolved

metallicity” for DEEP2 and our lensed sample in the same rbass We see that the observed
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mean evolution of the lensed sample are largely uncertainnanconclusion between the model
and observational data can be drawn. However, the DEEP2adatacell-constrained and can be
compared with the model. We find thatat- 0.8, the “mean evolved metallicity” of the high-mass
galaxies are consistent with the “mean evolved metalliaiythe models. The observed “mean
evolved metallicity” of the low-mass bin galaxies 4s 0.12 dex larger than the “mean evolved
metallicity” of the models in the same mass bins, althoughdhserved mean is within ther1

scatter of the model prediction.

3.8 Compare with Previous Work in Literature

In this Section, we compare our findings with previous wonks$he evolution of the MZ relation.

At the low mass of 19M,, the best fit MZ relations of our samples show a decreasedat5
dex fromz ~ 0 to z ~ 2, whereas the non-lensed sample of Maiolino et al. (2008ysl&~ 1.1
dex decrease from ~ 0 to z ~ 3.5 and~ 0.6 dex evolution fromz ~ 0to z ~ 2.2. The lensed

sample of Wuyts et al. (2012) shows-®.4 dex decrease from~ 0 to z ~ 2.

At the high mass of 1§ M, the best fit MZ relations of our samples show a decrease0ot
dex fromz ~ 0 to z ~ 2, whereas the non-lensed sample of Maiolino et al. (2008ysfz~ 0.8
dex decrease from ~ 010 z ~ 3.5 and~ 0.4 dex evolution fromz ~ 0to z ~ 2.2. The lensed

sample of Wuyts et al. (2012) shows-®.4 dex decrease~ 010 z ~ 2.

In summary, our findings agree with previous lensed and ansdd work at the high mass end
(10'° My). At low mass end (10M.), our lensed sample is0.45 dex more metal-rich than
previous non-lensed samples of Maiolino et al. (2008). @ault on the low mass end of the MZ
relation is similar to the conclusion of previous lensediis of Richard et al. (2011); Wuyts et al.

(2012), however, our combined lensed sample@25 dex more metal-rich at 10/ ,.

Note that the lensed samples are still small and have largsumement errors in both stellar
masses (0.1 to 0.5 dex) and metallicity (.2 dex). The linear fit to our lensed sample has 0.03 dex

uncertainty in the slope and a 0.3 dex uncertainty in thetgraept. Therefore, the result that our
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combined lensed sample4g0.25 dex more metal-rich at 10/, than previous lensed samples is

not significant and needs further confirmation.

We find in Section 6.1 that the deceleration in metal enriahtnie significant in the highest
mass bin (1% M, <M, <10'' M) of our samples. The deceleration in metal enrichment from
z ~ 2 — 08tz ~ 0.8 — 0is consistent with the picture that the star formation andsna
assembly peak between redshift 1 and 3 (Hopkins & Beacom)20lte deceleration is seen in
the high mass bins, suggesting possible mass-dependetieedinemical enrichment, similar to the
“downsizing” mass-dependent growth of stellar masses ({€etval. 1996; Bundy et al. 2006). In
the “downsizing” picture, more massive galaxies formedrtstars earlier and on shorter timescales
compared to less massive galaxies (Noeske et al. 2007a)chHEmical “downsizing” is consistent
with previous metallicity evolution work (Panter et al. 3)Maiolino et al. 2008; Richard et al.

2011; Wuyts et al. 2012).

We note the evolution of the MZ relation is an ensemble of theraged SFR weighted
metallicity of the star-forming galaxies at each epoch. desl not reflect an evolutionary track
of individual galaxies. We are probably seeing differenpylation of galaxies at each redshift
(Brooks et al. 2007; Conroy et al. 2008). For example;1®'°5 M., massive galaxy at ~2 will
most likely evolve into an elliptical galaxy in the local uarse and ail not appear on the local MZ
relation. On the other hand, to trace the progenitor ofl@®'! M., massive galaxy today, we need

to look at a~10°® M, galaxy atz ~2 (Zahid et al. 2012).

This work and previous studies of lensed galaxies have sliosvability of using gravitationally
lensed galaxies to probe the lower-mass galaxies. The nuofilensed galaxies is still very small
and more lensed samples and high-quality observationsegrered to reduce the measurement
errors. Moreover, future mass-selected lensing samplellgiv us to trace the progenitors of the

local descendants and construct a realistic evolutionatyne of the MZ relation.
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3.9 Summary

To study the evolution of the overall metallicity and MZ e as a function of redshift, it is critical
to remove the systematics among different redshift sampldse major caveats in current MZ
relation studies at >1 are: (1) metallicity is not based on the same diagnostihoakt(2) stellar
mass is not derived using the same method; (3) the samplesil@eted differently and selection
effects on mass and metallicity are poorly understood. iyghper, we attempt to minimize these
issues by re-calculating the stellar mass and metalliaitysistently, and by expanding the lens-
selected sample at >1. We aim to present a reliable observational picture of tlealticity

evolution of star forming galaxies as a function of stell@smbetweel < z < 3. We find that:

e There is a clear evolution in the mean and median metadigibf star-forming galaxies as a
function of redshift. The mean metallicity falls by 0.18 dex from redshift O to 1 and falls

further by~ 0.16 dex from redshift 1 to 2.

e A more rapid evolution is seen between- 1 — 3 thanz ~ 0 — 1 for the high-mass bins
(10°5 My <M, <10'' M), with a mean fall in metallicity of3.050 4 0.017 dex Gyr!

from z ~ 1 — 3, and 0.029 & 0.001 dex Gyr ! from z ~ 0 — 1.

e The deceleration in metal enrichment fream- 2 — 0.8 to z ~ 0.8 — 0 is significant in the
highest mass bins (10 M., <M, <10'' M), consistent with a mass-dependent chemical

enrichment.

e We compare the metallicity evolution of star-forming gaésxfromz = 0 — 3 with the
most recent cosmological hydrodynamic simulations. Wewstiat overall the metallicity

evolution agrees with the model predictions within the exro

e The median metallicity of the lensed sample is @:836 dex lower than local SDSS galaxies

and 0.280.06 dex lower than the ~ 0.8 DEEP2 galaxies.

e At higher mass end (M >M, <10 M), the lensed sample is offset to lower metallicity

by 0.11-0.06 dex compared to the Erb06 sample in similar mass rangkwe&r mass end
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Table 3.1.

MOIRCS Observation Summary

Target Dates Exposure Time PA  SeeiRg] Slitwidth  Filter/Grism
(ks) (deg) " "

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

Note. — Log of the observations. We use a dithering lengtH'6ff@r all the spectroscopic observations.

(Mg <M, <104 My,), the lensed sample is broadly consistent with the uppét ditowest
mass bin of Erb06.

e Compared to previous non-lensed samples of Maiolino e2@0g), our lensed sampte0.45

dex more metal-rich at low mass end {1Ml.), consistent with previous lensed samples

within the 0.3 dex uncertainty of the MZ relation.

e The hydrodynamic simulation from Davé et al. (2011a,bsft reproduce the evolutions of
the observed MZ relation based on the PP0O4N2 diagnosticthWhthe model fits the slope

of the MZ relation depends on the normalization methods.used

This study is based on 6 clear nights of observations on at8tmelescope, highlighting the
efficiency in using lens-selected targets. However, theddrsample at > 1 is still small. A larger
lensed sample is needed to construct a mass-selected sa@ptecontinuing survey on lensed
galaxies and the new multi-slit/fiber NIR instruments on®Brieter telescopes (e.g, MOSFIRE) are

going to significantly increase the sample size over the inexi/ears.
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Table 3.2.

Median/Mean Redshift and Metallicity of the Séeap

Sample Redshift Metallicity (12 + log(O/H))
>107Mp@ll) > 109M, 109950,  10%°"TAL,
Mean
SDSS 0.07%20.016 8.582-0.001 8.616+0.001 8.4750.002 8.666-:0.001
DEEP2 0.7820.018 8.452-0.004 8.464-0.004 8.3730.006 8.5120.005
Erb06  2.26-0.17 8.4180.051 8.4180.050 8.265-0.046 8.495-0.030
Lensed 1.9%0.63 8.2740.045 8.3090.049 8.296-0.090 8.336-0.066
Median
SDSS 0.072 8.6310.001 8.646+0.001 8.475-0.003 8.677#0.001
DEEP2 0.783 8.4650.005 8.472t0.006 8.3620.009 8.537#0.008
Erb06 . 8.459+-0.065 8.459+0.065 8.29740.056 8.515-0.048
Lensed 2.07 8.2860.059 8.335-0.063 8.303-0.106 8.346-0.085

Note. — The errors for the redshift are the standard deviation of the sample redshift

distribution (not thes of the mean/median). The errors for the metallicity are the
standard deviation of the mean/median from bootstrapping.

59



Table 3.3. Fitto the SFR-Stellar Mass Relation

Sample Redshift (Mean) o y
SDSS 0.072 0.3170.003 0.714+0.01
DEEP2 0.78 0.7950.009 0.692-0.02
Erb06 2.26 1.65%0.027 0.48-0.06
Lensed (Wuyts12) 1.69 2.93.28 1.4#0.14
Lensed (all) 2.07 2.020.83  0.69:0.09

Note. — The SFR vs. stellar mass relations at different nédsh
can be characterize by two parametéfs) and~(z), whered(z) is
the logarithm of the SFR a0'°M/,, andy(z) is the power law index.
The best fits for the non-lensed samples are adopted frona Zalai.
(2012). The best fits for the lensed sample are calculatetiédNuyts
et al. (2012) sample and the whole lensed sample separately.
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Table 3.4. Measured Emission Line fluxes

Id [On]A3727 H3 [0 m]A5007 Hy [N1]A6584 KKO04(—~PP04N2) Branch PP04N2 E(B-Y) Final Adopted
B11.1:pa20 21.432.60 5.42+1.63 21.12-2.43 33.54-2.38 <4.59 8.38(8.16}0.14 up <8.41 0.73:0.29 8.48-0.18
B11.1:pa-20 22.024.88 9.40:2.75 14.782.21 28.13-2.56 8.90:0.89 8.74(8.5410.14 up 8.610.05 0.05:0.29
B11.2:pa-60 <60.5 <64.6 <60.3 53.6:4.09 <17.12 e e <8.62 e
B11.2:pa45 73.6512.01 <34.23 61.06:7.4 80.46:9.9 <13.08 <8.74(8.54) up <8.73 0.

B2.1:pa20 <2.82 <6.3 9.470.56 7.66:0.69 <0.67 <8.30 <8.30

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

MS1:pa20 < 3.08 <4.5 6.740.9

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

G3:pan20 <4.0 6.6G£0.7

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

B5.3:pan20 9.074-0.7 <2.94 <8.62 <8.62

B5.1:pan20 30.38t4.6 <13.34 <8.70

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

G2:pan20 <4.7 6.840.74 36.49-1.25 e e <8.62(8.41) up e <8.41

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

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

MSnewz3:pa45 36.9411.5 44.0211.06 300.3-17.8 8.5(8.29)+0.11 up 8.23+0.18
8.12(8.16):0.11 low

B12.2:pa45 <71.58 < 67.79 141.01-10.07  90.45-6.95 < 10.6 <8.369 <8.369

B8.2:pa45 40.211.8 <17.7 75.#6.6 115.26:12.5 <72.13 <8.51(8.29) up <8.78 >1.2 <8.29

<8.11(8.16) low e e
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Table 3.4—Continued

Id [0 1] A3727 H3 [O111] A5007 Ho [NI]A6584 KKO4(=PP04N2) Branch  PP04N2 E(B-Y) Final Adopted
B22.3:pab0 1624203 146.029.2 942.362.8 734.4565 <3.65 8.13(8.17:0.12 low <822 054022 810018
AB8-C27:pa60  317.0£17.9 149.217.5 884.458.9 814.6821.8 40.4:10.92  8.26(8.25:0.06 low  8.16:0.07 0.62:0.11  8.16-0.18

Note. — Observed emission line fluxes for the lensed backgt@alaxies in A1689. Fluxes are in units of 10 ergs s'' cm~2, without lensing magnification correction.
Some lines are not detected because of the severe tellsicpiion.

2E(B-V) calculated from Balmer decrement, if possible.

bFinal adopted metallicity, converted to PPO4N2 base anidatidn corrected using E(B-V) values from Balmer decretitavailable, otherwise E(B-V) returned from SED

fitting are assumed.
°Based on NIRSPEC spectrum at KECK Il (Kewley et al. 2012, &ppr

dpossible AGN contamination.
©This galaxy shows significant [N]/Ha ratios in slit position pa-20. The final metallicity is basailthe average spectrum over all slit positions.



Table 3.5. Physical Properties of the Lensed Sample

ID1 D22 RA, DEC (J2000) Redshift Ig(SFR)  Lensing Magnification  log(M/M )
Mg yr=1) (flux)

B11.1:pa20 88851 13:11:33.336, -01:21:06.94 2.540.006 1.08-0.1 11.8£2.7 9.If8:§
B11.2:pad5 . 13:11:29.053, -01:20:01.26 2.540.006 1.42-0.11 13.1#1.8
B2.1:pa20 8631 13:11:26.521, -01:19:55.24 2.580.006 0.26:0.03 20.6£1.8 8.18:2
B2.2:pa20 . 13:11:32.961, -01:20:25.31 2.531.006 e 15.0+2.0
MS1:pa20 86028 13:11:28.684,-01:19:42.62 2.58@.01 S 58.3£2.8 8.{8:}
B29.3:pa20 88831 13:11:32.164,-01:19:52.53 2.683.01  0.43-0.06 22.5:6.9 9.0ﬁ8:§f
G3:pan20 e 13:11:26.219,-01:21:09.64 2.540.01 e 7.7+0.1
MS-Jm7:pan20 86359 13:11:27.600,-01:21:35.00 2.588.006 S 18.5+3.2 8.0f8f’1f
B5.3:pan20 892339  13:11:34.109,-01:20:20.90 2.686.004  0.4%0.05 14.2+1.3 9.If8é
B5.1:pan60 87(B46  13:11:29.064,-01:20:48.33 2.640.004  1.6:0.05 14.3:0.3
G2 894332  13:11:34.730,-01:19:55.53 1.648.01  0.45-0.09 16.%3.1 8.070%
Lowz1.36 891321 13:11:33.957,-01:19:15.90 1.368.01 0.6#0.11 11.6-2.7 8 9f8:§
MSnewz3:pad5 --- 13:11:24.276,-01:19:52.08 3.080.003 0.65:-0.55 2.9:1.7 8.6f8:f
B12.2:pad5 86348 13:11:27.212,-01:20:51.89 1.884.006  1.08-0.05° 56.0+4.4 7.{8:3
B8.2:pa45 . 13:11:27.212,-01:20:51.89 2.669.006  1.36-0.07 23.743.0 8.2705f
B22.3:pa60 S 13:11:32.4150,-01:21:15.917 1.7/86.006  1.880.04 15.5-0.3 8.{8:;
A68-C27:pa60 - -- 00:37:04.866,+09:10:29.26 1.76P.006 2.46:-0.1 4.9+1.1 9.@8:}
Note. — The redshift errors in Table 3.5 is determined from3&RM different emission line centroids. If the RMS is smatteain 0.006

(for most targets) or if there is only one line fitted, we adihgt systematic error of 0.006 as a conservative estimatioatfsolute redshift
measurements.

a|ID used in Richard et al. (2012, in prep). The name tags of tjects are chosen to be consistent with the Broadhurst €2G05)
conventions if overlapping.

bCorrected for lensing magnification, but without dust eotiion correction. We note that the systematic errors of SFRis work are
extremely uncertain due to complicated aperture cornectitd flux calibration in the multi-slit of MOIRCS.

“Based on NIRSPEC observation
dpossible AGN contamination.
¢See also Yuan & Kewley (2009)

fThe IRAC photometry for these sources are not included irstliar mass calculation due to the difficulty in resolvihg tensed image
from the adjacent foreground galaxies.
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3.10 Appendix: Slit layout, spectra for the lensed sample

This section presents the slit layouts, reduced and fittedtsp for the newly observed lensed
objects in this work. The line fitting procedure is descrilie@&ection 3.3.2. For each target, the
top panel shows the HST ACS 475W broad-band image of thedeasget. The slit layouts with
different positional angles are drawn in white boxes. Thgdno panel(s) show(s) the final reduced
1D spectrum(a) zoomed in for emission line vicinities. The&ck line is the observed spectrum
for the target. The cyan line is the noise spectrum extrafrtad object-free pixels of the final
2D spectrum. Tilted grey mesh lines indicate spectral rangeere the sky absorption is severe.
Emission lines fall in these spectral windows suffer fromgéauncertainties in telluric absorption
correction. The blue horizontal line is the continuum fitngsfirst order polynomial function after
blanking out the severe sky absorption region. The red lowesplotted on the emission lines
are overall Gaussian fit, with the blue lines show individcanponents of the multiple Gaussian
functions. Vertical dashed lines show the center of the &angrofile for each emission line. The
S/N of each line are marked under the emission line label$e Nhat for lines with S/N«<3, the fit

is rejected and a 3-upper limit is derived.

Brief remarks on individual objects (see also Table 2 and 3rfore information):

e Figure 3.9 and 3.10, B11 (88®1) : this is a resolved galaxy with spiral-like structute a
z = 2.540 4+ 0.006. As reported in Broadhurst et al. (2005), It is likely to be timost
distant known spiral galaxy so far. B11 has 3 multiple imagéth B11.2 having the largest
magnification £13). We have observed B11.1, and B11.2, with two slit origgona on
each image respectively. Different slit orientation ygeleery different line ratios, implying
possible gradients. Our IFU follow-up observations arerogpess to reveal the details of this

2.6-Gyr-old spiral.

e Figure 3.11 and 3.12, B2 (86881): this is one of the interesting systems reported in Frye
et al. (2007). It has 5 multiple images, and is onfya&vay from another five-image lensed
system, “The Sextet Arcs” at23.038. We have observed B2.1 and B2.2 and detected strong

Ha and [O11] lines in both of them, yielding a redshift @f537 4+ 0.006, consistent with the
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redshiftz = 2.534 measured from the absorption lines ([E\1334, [Sill] A1527) in Frye
et al. (2007).

Figure 3.13, MS1 (86828): We have detected as7fO 111] line and determined its redshift
to bez = 2.534 + 0.010. It has a strong magnification ef 58. The SED fitting yields a

stellar mass 0f10%46 M.

Figure 3.14, B29 (884831): this is a lensed system with 5 multiple images. We oleser
B29.3, the brightest of the five images. The overall surfagghtness of the B29.3 arc is very

low, We have observed a X0H« and an upper limit for [NI], putting it atz = 2.633+0.010.

Figure 3.15, G3: this lensed arc with a bright knot has nond=mb redshift before this study.
It was put on one of the extra slits during mask designing. Weletected a 8-[O 111] line

and determined its redshift to he= 2.540 + 0.010. It has a magnification of 8.

Figure 3.16, Ms-Jm7 (86359): We detected [@] HS [O11] Ha and an upper limit for
[N 11] placing it at redshift: = 2.588 + 0.006. It has a flux magnification of 18.5.

Figure 3.17 and 3.18, B5 (89239, 87Q346): it has three multiple images, of which we
observed B5.1 and B5.3. Two slit orientations were obsefoeB5.1, the final spectrum for
B5.1 has combined the two slit orientations weighted by e HaThe magnification for
B5.1 and B5.3 isv 30 and~ 14, respectively. Strong & and upper limit of [NiI] were
obtained in both images, yielding a redshiftzof= 2.636 + 0.004.

Figure 3.19, G2 (89832): two slit orientations were available for G2, with dziens of H3,
[O ], He, and upper limits for [Q1] and [N11]. The redshift measured is= 1.643+0.010.

This is a low mass~10*° M,) object with a magnification 0k 16.7.

Figure 3.20, B12: this blue giant arc has 5 multiple imagesl we observed B12.2 with
a large magnification ok56. It shows a series of strong emission lines, with an aeerag
redshift of = = 1.834 4+ 0.006. Because of this large magnification, this object is the kiwe

mass probed so far at this redshift, with ML0™* M.
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Figure 3.21, Lensz1.36 (89321): it has a very strong d&dand [NI1] is at noise level, from
Ha we derivez = 1.363 + 0.010.

Figure 3.22, MSnewz3: this is a new target observed in Ab&H9] we detect [@], HS,
and [Oin] at a significant level, yielding = 3.007 4+ 0.003. Lensing model at this location

predicts a light magnification 0£2.87.

Figure 3.23, B8: this arc has five multiple images in totalj are observed B8.2, detection
of [O1], [Om], Ha, with HG and [Ni] as upper limit yields an average redshift of
z = 2.662 + 0.006. The magnification for B8.2 is- 24.

B22.3: athree-image lensed system at 1.703 £ 0.004, this is the first object reported from

our LGMS program, see Yuan & Kewley (2009).

Figure 3.24, A68-C27: this is the only object chosen from wufinished observations on
Abell 68. This target has many strong emission lines= 1.762 4+ 0.006. The morphology

of C27 shows signs of merger. IFU observation on this tagyit process.
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Figure 3.1 Left panel: the metallicity distribution of thechl SDSS (blue), intermediateDEEP2
(black), and highz lensed galaxy samples (red). Right panel: the stellar miasgbdtion of the
same samples. To present all three samples on the same figu8D)SS (20577 points) and DEEP2
(1635 points) samples are normalized to 500, and the lerasegle (25 points) is normalized to 100.
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Figure 3.2 TheZz plot: metallicity history of star-forming galaxies fromdghift O to 3. The SDSS
and DEEP2 samples (black dots) are taken from Zahid et @1(20he SDSS data are plotted in
bins to reduce the visual crowdedness. The lensed galavdgdaited in blue (upper-limit objects
in green arrows), with different lensed samples showingfier@nt shapes (see Figure 3.6 for the
legends of the different lensed samples). The purple “Esftshow the bootstrapping mean (filled
symbol) and median (empty symbol) metallicities and thesiandard deviation. For the SDSS
and DEEP2 samples, the errors of the median metallicities are 0.001 and 0.006 gtethible
from the figure), whereas for the lensed samplelihescatter of the median metallicity is 0.067.
Upper limits are excluded from the median and error calmrat For comparison, we also show
the median of the UV-selected galaxies from Erb et al. (2@8gjnbol: the black bowtie). The
four panels show samples in different mass ranges. The ttelddand dashed lines are the model
predicted median antl- scatter of the SFR-weighted gas metallicity in simulateldxjas (Davé
et al. 2011b).
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Figure 3.3Cosmic metal enrichment raté%) in two redshift (cosmic time) epoché% is defined as the slope of th&z relation.

Left coloumn shows‘% in unit of Adex per redshift whereas the right coloumn is in unit’dex per Gyr. We derive% for the
SDSS to the DEEP2:(~ 0 to 0.8), and the DEEP2 to the Lensed{ 0.8 to 2.0) samples respectively (black squares/lines). As a
comparison, we also deriv%% from z ~ 0.8 to 2.0 using the DEEP2 and the Erb06 samples (yellow cilizies). Filled and empty
squares are results from the mean and median quantitiesndtiel prediction (using median) from the cosmological lbggnamical
simulation of Davé et al. (2011a) is shown in red stars. Téwosd to fifth rows show% in different mass ranges. The first row

illustrates the interpretation of th% in redshift and cosmic time frames. A negative value%éfmeans a positive metal enrichment

from high-redshift to local universe. The negative slope‘é@fversus cosmic time (right column) indicates an decelamaitiometal
enrichment from from high-redshift to local universe.
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Figure 3.4 SFR vs. stellar mass relation. The light-blueebhnd red lines show the best-fit SFR vs.
stellar mass relation from the SDSS, DEEP2, and Erb06 samgdpectively ((Zahid et al. 2011),
see also Table 3.3). Back dots are the lensed sample useid wdtk. The SFR for the lensed
sample is derived from theddflux with the dust correction from the SED fitting. The errorstbe
SFR of the lensed sample are statistical errors of thdltkes. Systematic errors of the SFR can
be large (a factor of 2-3) due to uncorrected aperture afieabur MOIRCS observations (Section
3.1).
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Figure 3.5 The instrument detection limit on the MZ relatiowe give the dependence of this
detection limit in Equation 4. Shown here are examples ofdéiction limit based on given
parameters. The solid lines use the parameters based onabt® SRR relation of the Erb06
sample:6 = 1.657 and~y = 0.48 at z = 2.26. The dashed lines use the parameters based on
the mass-SFR relation of the Lensed sample: 2.02 and~ = 0.69 at z = 2.07 (see Figure 3.4;
Table 3.3). The parameters adopted for the instrument fhait kre given in Section 7.1. The
lensing magnificationy() are fixed at 1.0 (i.e., non-lensing cases) for Subaru/MGR@ue lines)
and JWST/NIRSpec (light blue). The red lines show the dietedimits for KECK/NIRSPEC
with different magnifications. Black filled triangles sholetErb et al. (2006) sample. We show
that stacking and/or lensing magnification can help to piehdbservational boundary of the
MZ relation to lower mass and metallicity regions. For exémniirb et al. (2006) used stacked
NIRSPEC spectra witlv. ~ 15 spectra in each mass bin. The effect of stackidg ¢ 15) is
similar to observing with a lensing magnification < 4).
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Chapter 4
Metallicity Gradient of a Lensed Face-on Spiral Galaxy at

Redshift 1.49

Note: This chapter originally appeared in the paper: Yuaal.e{2011), ApJ, 732L, 14, with co-
authors L. J. Kewley, A. M. Swinbank, J. Richard and R. C. binere.

Abstract

We present the first metallicity gradient measurement foramdydesign face-on spiral galaxy
at z~1.5. This galaxy has been magnified by a factor ok 22y a massive, X-ray luminous
galaxy cluster MACS J1149452223 at z=0.544. Using the Laser Guide Star Adaptive Optics
aided integral field spectrograph OSIRIS on KECK I, we taripe Hx emission and achieve a
spatial resolution ofdL, corresponding to a source plane resolution of 170 paiidez galaxy has
well-developed spiral arms and the nebular emission limeadhcs clearly indicate a rotationally
supported disk with V,;/ o ~ 4. The best-fit disk velocity field model yields a maximum tiota

of Vo sin i=150£15 km s™!, and a dynamical mass of Jy},=1.3+0.2x10'%csc (i) M, (within
2.5kpc), where the inclination angle i=430°. Based on the [M] and Hx ratios, we measured
the radial chemical abundance gradient from the inner ladsdof parsecs out te5 kilo-parsecs.
The slope of the gradient is -0.26.02 dex kpc!, significantly steeper than the gradient of late-
type or early-type galaxies in the local universe. If repretative of disk galaxies atz..5, our

results support an “inside-out” disk formation scenariovimich early infall/collapse in the galaxy
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center builds a chemically enriched nucleus, followed lbystnrichment of the disk over the next

9 Gyrs.

4.1 Introduction

The spatial distribution of heavy element abundances iscuartool to trace the structure formation
history of disk galaxies. Since the very early work of Se#tl@71), Shields (1974) and Zaritsky
et al. (1994), it has been well established that there is ativegradial metallicity gradient in
spiral galaxies such that the central disk region is morehk@striched than the outer regions. The
evolution of this gradient over cosmic time provides a pduleronstraint on disk formation and

evolution models.

Sophisticated chemical evolution models(CEMs) have beatessful in reproducing the
current gradient of local galaxies, but different modelsadree on the time variation of the radial
metallicity gradient (e.g., Molla et al. 1996; Chiappiniat 1997; Magrini et al. 2007; Fu et al.
2009; Marcon-Uchida et al. 2010). Some models predict tlatdadial gradients steepen with time
(Chiappini et al. 1997, 2001), while other models prediet tihe radial gradients flatten with time
(Molla et al. 1997; Hou et al. 2000; Prantzos & Boissier 20BQ;et al. 2009). The reason for
these opposite predictions is that CEM models are very sand the prescriptions of the detailed
physical processes that lead to the chemical enrichmemingiriand outer disks. Observational

constraints on these physical processes are lacking.

Metallicity gradient evolution is unknown due to the smal@alar sizes and the strong decline
of surface brightness of distant galaxies. Before the newreration of telescopes, the only way to
overcome this observational hurdle is to combine the maggtiéin power of gravitational lensing
with the Laser Guide Star Adaptive Optics (LGS-AO) aide@gnal field spectrograph units (IFUs)
on the world’s largest telescopes (Jones et al. 2010b; S&tadt. 2008; Swinbank et al. 2007).
Recently, Jones et al. (2010a) reported the metallicitgligra of a strongly-lensed dispersion-
dominated galaxy at high-z (“the Clone arc” at z=2.00). %oekal. (2010a) measured the the

slope of the gradient for the inney 1 kpc and found it to be considerably steeper than local disk
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galaxies. The steep gradient at high-z is consistent wiHitiside-out” disk formation scenarios.
However, in a low resolution study, Cresci et al. (2010) regmb“inverted” metallicity gradients for
three non-lensed~z3 Lyman-break galaxies (LBGs), arguing for a “cold-flow” afrmpordial gas
to the galactic core regions. Clearly, a large sample ofggdavith chemical abundance gradients

across cosmic time are required to place robust constramtisk formation theories.

In this Letter, we report the first metallicity gradient maesnent of a lensedpiral galaxy at
z=1.49 based on our OSIRIS observations at KECK Il. Througtiois paper we use A CDM
cosmology withHy= 70 km s Mpc~!, 9,,=0.30 and2,=0.70. At z=1.5, 1 arcsec corresponds
to 8.5 kpc and a look-back time of 9.3 Gigayear (Gyrs). We wdar oxygen abundance 12 +
log(O/H),=8.66 (Asplund et al. 2005).

4.2 Observations and Data Reduction

The spiral galaxy is a four-image lensed system first idextifiy Smith et al. (2009), located behind
the massive, X-ray luminous cluster MACE1d9.5+-2223. We observed the largest of these four
images at aano0, d2000) = (11749735.284, +22°2345.88') (called Sp1149 hereafter). Smith et al.
(2009) construct a detailed mass model for the galaxy clastd show that Sp1149 is one of the
largest recorded lensed images of a single galaxy>dt. zOwing to the lensing magnification
and fortuitous face-on orientation, this galaxy exhibitsrenthan 10 locally resolved H regions
(Figure 4.1), ideal for spatial chemical abundance studidwe star formation rate from thes)
band is~6 M@ per year (Smith et al. 2009).

We observed Spl1149 with the OH-Suppressing Infra-Red Imga@ipectrograph (OSIRIS;
Larkin et al. 2006) in conjunction with the Laser Guide Statafaitive Optics (LGSAQO) system
on KECK Il telescope on March 3rd 2010. The weather condstimere moderate with the optical
FWHM ranging between 0.6 to 1.5 arcseconds. The averagdt tqorrected FWHM during the
observation was 0.1 arcsec. To captuke &hd [Ni1], we used the narrow band Hn3 filter (spectral
coverage: 1.594 to 1.6/, spectral resolutiors- 3400), and a plate scale of 0.1 arcsec per lenslet.

The observations were conducted in an ABAA dithering segeiemith a 10.7 arcsec West-North
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Figure 4.1 Left: HST F814W, F555W-band color image of Sp1149 behind the lgnsiaster
MACS J1149.5-2223. North is 126 deg counterclockwise to the y+ direct®p1149 is the largest
of the four multiple images of a spiral galaxyzat 1.49. The white box shows the 4.8 by 6.4 arcsec
FOV of OSIRIS Hn3 filter with the 0/1per pixel plate scale. Right: wavelength collapsed image
of the Hn emission from our OSIRIS datacube. Contours in black deobserved H flux levels

of 0.6, 1.3 in units of 10'% ergs s'' cm™2. Labels on the left and bottom axis indicate the imaging
plane coordinates while the right and top axis show the spmeding physical scale on the source
plane. The white circles mark the three annuli (r1, r2, r3)use for deriving metallicity gradient
(Section 4.4). The H morphology aligns generally well with the rest-frame UV pioology.

chop onto an object-free sky region. A total of 19 exposuresevebtained for the target, with 900
seconds of exposure for each individual frame. The net myetaxposure time is therefore 4.75
hours. Figure 4.1 shows the OSIRIS FOV and locations of SptlanHST F814W, F555W

color image.

Individual exposures were first reduced using the OSIRI& daduction pipeline (Larkin et al.
2006). We used the sky subtraction IDL code of Davies (200fch we have modified to optimize
the sky subtraction specifically around the wavelengthoregif Ha and [NiI]. Since we are
mainly concerned with the emission lines, a first order polgral function was fit to each spatial

sample pixel (spaxel) to improve the removal of lenslet twslet variations. The final datacube
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was constructed by aligning the sub-exposures with ther@endf the Hy images and combing
using a & mean clip to reject cosmic rays and bad lenslets. Tellunicection and flux calibration
was performed by observing a few AQV standard stars immelgliafter the science exposure. The

typical uncertainty in flux calibration is'10%.

Gaussian profiles were fitted simultaneously to the threessam lines: [NI] A6548, 6583
and Hr. The line profile fitting was conducted usingyd minimization procedure which takes
into account the greater noise level close to atmospheriefidsions. The centroid and velocity
width of [N 11] AA6548, 6583 lines were constrained by the velocity width of X6563, and the
ratio of [N11] A6548 and [NI] A6583 is constrained to the theoretical value (Osterbro@01L9An
instrumental profile of 5A calculated from sky lines has been subtracted from thewickhs. We
demand a minimum S/N of 3 to detect each emission line and amam S/N of 5 for kinematic

and metallicity analysis.

4.3 Kinematics and Lensing Modeling

To align the astrometry to the IFU datacube, we first assigrbtightest pixel of the H narrow-
band image with the coordinates of the galactic core fronHBd& image, and then rotate the IFU
datacube with the observing position angle. Theiriage can then be aligned with tRkST image
by matching coordinates. The upper right panel of Figuresidivs our observedddemission line
image, collapsed in wavelength, and smoothed with a Gauksiael of FWHM = 2.5 pixels. The
Ha morphology aligns generally well with the rest-frame NUWand image, especially some of
the Hil regions in the west. The SFR and size relation of individual tdgions will be reported in

a following paper (Livermore et al.; in preparation)

We fit the velocity field with rotation disk models as descdle Jones et al. (2010b). The best
fit yields a rotation velocity o¥/.,; sini = 150 + 15 kms~!, with inclination anglei = 45 4 10
deg. Using My,= V2, R/G, the derived dynamical mass is;yl= 2.6 + 0.4 x 10'° M, within
R=2.5 kpc. Sp1149 is a rotation dominated disk with¥o ~ 4.
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To reconstruct the source plane morphology and obtain flignifiaation for Sp1149, we apply
the most recent lens model for cluster MACS J1142323 as described in Smith et al. (2009).
The derived luminosity weighted magnification for Sp114Qis= 22 + 2. Accounting for the
lensing amplification, the intrinsic magnitude in théand is/ ~ 23.4 £ 0.3, corresponding to

MB ~ —20.7.

Spl1149 is stretched 5 on each side (x, y) of the 2D image. Because of this fortgitmiform
magnification, we can work with the observed datacube aridedafactor of 5 linearly and a factor
of 22 in flux to recover the intrinsic linear geometry and laosity of the galaxy. Our results are

therefore unchanged when we use the reconstructed soare-gatacube.

4.4 Metallicity Gradient

For the metallicity analysis in this work, we use the empiristrong line diagnostic — the

N2 =log([N11] A6583/Hx) index, as calibrated by Pettini & Pagel (2004) (PP04):
12 + log(O/H) = 8.90 + 0.57 x N2 (4.1)

We note that the N2 ratio is sensitive to shock excitatioa idmization state of the gas, and the hard
ionization radiation field from an AGN (Kewley & Dopita 200Rewley et al. 2006; Rich et al.
2010). Our N2 ratios are consistent with star-formatiowdighout the disk. The ratio of [N]/H«

for the whole galaxy is 0.1120.050.

Due to its relatively low metallicity (compared with locabigls), the [Nil] line is too weak
to reach a S/N of 5 in individual OSIRIS pixels, but is cleadigtected. We therefore integrate the
spectrum within three annuli (see Figure 4.1, right pan€he physical lengths of the three outer
radii of each annulus in the source plane are@X72+0.1 kpc, r2=2.34+0.2 kpc, r3=4.5+0.4 kpc.
The [N11] line is robustly detected at S/N 5 for the inner two annuli and is as3etection for the
outer annulus which we give as an upper limit. The final speftir the three annuli are presented

in Figure 5.2.
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Figure 4.2 Integrated spectra for the three annuli defin€dgare 4.1. Vertical dashed lines indicate
the zero-velocity positions of [N] and Ha. The y-axis is the observed intensity in units of 19
ergs s cm~! A~L. The annuli radii r1, r2, r3 are chosen to ensure a S/Ni{jNo be >5 for the
inner two radii. Blue curves are the Gaussian fits of the speblote that the outer annulus r2:r3 is
a 3o upper limit for [N11]. The declining ratio of [N1]/Ha from the central to the outer disk infers
a decreasing metallicity with galactocentric distance.

The metallicities converted from the N2 calibrator for tharthuli are

854 +0.04 for r<rl

12+1l0og(O/H) = {838 £ 0.05 for r1 <r <72 (4.2)

< 8.05 for r2 <r<r3 (30 upper limif
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The “global” metallicity measured from the integrated spsm of all three regions is 8.360.04.
Note that the errors of line flux measurements are smallertti@intrinsic 0.18 dex scatter pertinent
to the N2 calibration (Erb et al. 2006). The systematic uiaiely of the N2 calibration with respect
to other line diagnostics is about 0.04 dex (Kewley & Ellisty08).

A linear regression with censored data yields a metalligitgdient for the central 4.5 kpc of
21a@/f) — _0.16 + 0.02 dex kpc'!, or -0.15 dex kpc! if we treat the last data point as a
measurement rather than an upper limit. The true gradiepth@ateeper than this value given the

3o upper limit in the outer annulus.

4.5 Metallicity Gradient Compared with Local and Higher Redshift

In Figure 4.3 we compare the metallicity gradient of Sp114th galaxies in the local and higher
redshift universe, as well as the model predictions froomms & Boissier (2000). To avoid
systematic effects caused by different calibration intdica we use the oxygen abundance af H
regions for comparison. Kewley & Ellison (2008) showed timatallicities can be compared if the
same metallicity calibration is applied consistently asrall sample galaxies andiHegions. We
convert all metallicities to the PP04 calibration using ¢aébrations in Kewley & Ellison (2008).

Prantzos & Boissier (2000) modeled metallicity gradiertspmiral galaxies at ages t=3, 7.5
and 13.5 Gyrs, for different velocities (Yand spin parameters\). Since Sp1149 is at an age of
~4.3 Gyrs and has }#212+50 km s!, we adopt model grids with M=220 km s, t=3, 13.5
Gyrs, and\=0.03, 0.05, 0.07 for our comparison. The model metaléisithave been calibrated
to the PP04 metallicity diagnostic. Sp1149 shows a steapelient than predicted by Prantzos &
Boissier (2000) for V=220 km s'!. However, the steep gradient of Sp1149 is broadly congisten
with the V, =150 km s'! model (the dash-dot model line in Fig. 4.3).

Metallicity gradients in local galaxies are strongly ctmted with Hubble type, bar strength,
and merging events; with more flattened gradients for bagedalxies and merging pairs (Kewley
et al. 2010; Rupke et al. 2010a). Therefore it is significhat the metallicity gradient of Sp1149

is substantially steeper than local late-type galaxies Fégure 4.3). For the local galaxy gradients,
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we adopt the isolated spiral control sample of Rupke et AlL@R) comprised of 11 isolated mid-to-
late type local galaxies with a mix of bar-strengths. The iaredlope for the local control sample
is -0.041-0.009 dex kpc!, with a standard deviation of 0.03 dex kgc The median slope of
gradients from the Rupke et al. (2010) sample are consistéhtthe values of Zaritsky et al.
(1994) and van Zee et al. (1998) samples. The Zaritsky e1984) gradient sample composed of
39 local disk galaxies, and the van Zee et al. (1998) sampledadnother 11 local spirals. Local
early-type galaxies have even shallower gradients (Henwasthey 1999).

A similar (and even steeper) gradient has been reporteddoemt work of Jones et al. (2010a)
for a dispersion-dominated lensed system within onlykpc at z=2. Cresci et al. (2010) recently
reported reversed metallicity gradients (i.e., the coleds enriched than the outer disk) for 3 un-
lensed LBGs atz 3. They explained the inverted gradients by inflow of pristaold gas to the
galactic center. Due to their low resolutior @-6 kpc), the LBG selection, and potential presence
of mergers and galactic winds which may contaminate meitgllgradient, it is not clear how the
Cresci et al. (2010) results relate to the work presenteg. her

In the right panel of Figure 4.3 we show that the metallicinadient of Sp1149 is still
considerably steeper than local galaxies when expressedits of dex / R/Ros), whereRos is
the B-band isophotal radius at a surface brightness of 25arzsgcond?. We estimate th&os
for Sp1149 by fitting the isophotal profile of the source-pl&814W-band image assuming a color
difference of U-B= -0.1 mag for Sc type galaxies (Fukugitalet1995). The resultindRos for
Sp1149 is 12-2kpc, comparable to the range Bb5; in our local control sample (Kewley et al.
2010; Rupke et al. 2010b).

To analyze the effect of size and luminosity on the met&jligradients, in Figure 4.4, we plot
the metallicity gradients (in units @f»5) v.s. the absolute B band magnitudeg;Nbr local late-type
galaxies and Sp1149. Sp1149 is comparable to the briglieaitlate-type disks, while “the Clone
Arc” is much more luminous (M=-22.12). We see from Figure 4.4 that the scaled gradient of

Spl149 is steeper than in typical local galaxies.
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(Henry & Worthey 1999). Blue lines show the work of Jones ef{2010a) for a dispersion-dominated lensed galaxy theri€larc” at
z=2.0 who report a even steeper gradient within a size &fkpc. It is interesting to see that twa>Zl galaxies have considerably steeper
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age t=3Gyr (dashed curves) and t=13.5Gyr (solid curvesh sgin parametek=0.03,0.05,0.07. The black dash-dot line is the model grid
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Figure 4.4 Metallicity gradient (dex43) vs absolute B band magnitude gM The red square
represents the measurement for Sp1149 at z=1.49. Bladk dilleles indicate the locations of the
local late-type galaxies of Rupke et al. (2010b). Black gneptles are from the sample of Zaritsky
et al. (1994), where the metallicity gradients are meastoe@9 local disk galaxies. Black empty
triangles come from the sample of van Zee et al. (1998), wiherenetallicity gradients are provided
for another 11 local spiral galaxies. Sp1149 has signifigateeper gradient than local galaxies of
comparable luminosity, even when expressed in units oédaadius.

4.6 Discussion

The redshift range of-z1—3 is the period when star-formation, mass assembly anthiché
enrichment activity peaks (e.g., Fan et al. 2001; Dickirscad. 2003; Chapman et al. 2005; Hopkins
& Beacom 2006; Conselice et al. 2007). Metallicity gradistmtdies of galaxies in this redshift range
therefore give important insights into disk galaxy forroati The picture that the metallicity gradient
flattens with cosmic time is qualitatively consistent witte t'inside-out” disk formation scenario

(e.g., Prantzos & Boissier 2000; Bouwens et al. 1997; Be@8di). This scenario predicts that
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in the early stages of galaxy evolution, the inner galactilgé undergoes a rapid collapse with
vigorous star formation at the center, building a steepatadetallicity gradient from the core to the
outer disk. Violent gas dynamics and accretion events nidtiese early stages of disk formation.
Subsequent radial mixing and infall cause the gradient teeflaover the following Gyrs, resulting

in a weaker gradient on average in late-type galaxies today.

In this work, we have presented an OSIRIS IFU study of a gidesign lensed spiral galaxy at
z=1.49. The 2Z magnification allows us to resolve individualiHegions at an intrinsic resolution
of 170 parsec. We measure the radial distribution of chdmalmandances in three annuli and find
that the metallicity decreases from a central value of 1@€{0/H)=8.54 to less than 8.05 in the
outer disk. The metallicity slope is -0.16+/-0.02 dex kpdor the inner 4.5 kpc, much steeper than
that of late-type galaxies of comparable luminosities mlthtal universe, even when expressed in
Rs5 units. Our results are broadly consistent with the “ingidé€- model of disk formation.

Metallicity gradient observations for a larger number drdgbrming galaxies at different
redshifts are required to build a well-defined sample to farsolid observational picture of the
metallicity gradient evolution as a function of cosmic tinBefore the next generation of telescopes,
we are aiming to secure a few tens of gravitationally lensetiesns as a pioneer sample to study
the gradient evolution of galaxies at high-z. Future insgnts such as the JWST, TMT and GMT
will improve the current resolution limits by one order of magnitude, revolutionizing chemical

gradient evolution studies at high-z.
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Chapter 5
The A2667 Giant Arc at z=1.03: Evidence for Large-scale
Shocks at High Redshift

Note: This chapter originally appeared in the paper: Yuaal.et(2012), ApJ, 759, 66, with co-
authors L. J. Kewley, A. M. Swinbank and J. Richard.

Abstract

We present the spatially resolved emission line ratio pregseof a~10'"Y M, star-forming galaxy
at redshiftz = 1.03. This galaxy is gravitationally lensed as a triple-imagangiarc behind the
massive lensing cluster Abell 2667. The main image of thexgahas magnification factors of
14+2.1 in flux and~ 2 x 7 in area, yielding an intrinsic spatial resolution of 1405 pc after AO
correction with OSIRIS at KECK II. Th&élSTmorphology shows a clumpy structure and the H
kinematics indicates a large velocity dispersion with.Vsin (i)/oc ~ 0.73, consistent with high
redshift disk galaxies of similar masses. From thai][M« line ratios, we find that the central
350 parsec of the galaxy is dominated by star formation. The]fH« line ratios are higher in
the outer-disk than in the central regions. Most noticeally find a blue-shifted region of strong
[N 11}/Ha emission in the outer disk. Applying our recentiHegion and slow-shock models, we
propose that this elevated [N/H« ratio region is contaminated by a significant fraction of@ho
excitation due to galactic outflows. Our analysis suggé®it shocked regions may mimic flat or

inverted metallicity gradients at high redshift.

116



5.1 Introduction

One of the most challenging aspects of current galaxy faomaand evolution theory is the
modeling of feedback processes associated with star-famand/or nuclear activities. Feedback
is considered to be the key solution to many observationatlpa such as the quenching of star-
formation in massive galaxies (e.g., Bower et al. 2006; Dekal. 2009), the origin of the mass-
metallicity (MZ) relation (e.g., Tremonti et al. 2004; Fabr & Davé 2008), the enrichment of
the interstellar and intergalactic medium (ISM, IGM) (e.geilleux et al. 2005, and references
therein), the flatter central dark matter profile than thatijmted inACDM simulations (e.g., Flores
& Primack 1994; Governato et al. 2012), and the problem offtheation of bulge-less galaxies

(e.g., Governato et al. 2010; Pilkington et al. 2011).

Galactic-scale winds and outflows are observed in a wideerasfggalaxy types that are
undergoing significant star formation. Galactic-scaleflows have been frequently observed in
(1) local starburst dwarf galaxies (Martin 1999; Kirby et2011; van der Wel et al. 2011), (2) local
ultra-luminous infrared galaxies (ULIRGS) (Rupke et al0202005; Martin 2005), and (3) high-
redshift sub-millimeter galaxies (SMGs) (Nesvadba et @072 Alexander et al. 2010). Galactic
winds are prevalent at intermediate and high redshift (lelyagt al. 2003; Nesvadba et al. 2008;
Sato et al. 2009; Weiner et al. 2009; Martin & Bouché 2009rtiviaet al. 2012; Rubin et al. 2010b,
2011).

In cosmological hydrodynamical simulations, implemenotatof a constant wind speed and
outflow mass fails to reproduce the galaxy stellar mass iomgt(e.g., Crain et al. 2009). A
momentum-driven wind feedback model is currently favorgdobservations and can reproduce
the stellar mass function and the observed large-scalel metechment (Murray et al. 2005;
Oppenheimer & Davé 2008; Finlator & Davé 2008; Davé et2fill). In the momentum-drive
wind model, the efficiency of the winds or mass-loading fadflying /SFR) scales with the
declining power of the mass or circular velocity, (') of the galaxy Mwind/SFR o« V.7 h.
However, whether this simple scaling relation applies tdiviidlual galaxies of a wide mass

range at different redshifts remains to be tested. The palsgicture of how exactly the winds
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interact with and recycle the energy and chemical elementket ISM and IGM is still lacking.
Indeed, Hopkins et al. (2012) have recently developed a mealéstic stellar feedback model that
includes a complex multi-phase structure that dependseimtéraction between multiple feedback

mechanisms operating on different spatial and tempor#sca

Note that past studies of gas inflows/outflows have mostiy lbesed on slit-spectra of a small
number of individual galaxies (Sato et al. 2009; Rubin ef8lL0a) or average composite spectra
from stacked low signal-to-noise spectra (Weiner et al92@ubin et al. 2010b). Recent studies
using KECK/LRIS data have significantly expanded the saropiedividual galaxies and prevalent
outflows have been confirmed for hundreds of individual gakatz ~ 1 (Rubin et al. 2012;

Martin et al. 2012).

To provide a more concrete observational baseline for thaisticated feedback models such
as Hopkins et al. (2012), the next leap forward is to look fardixsignatures in a spatially resolved
manner. Integral field spectroscopic (IFS) observatioesnaeded to separate the various spatial
components of the multi-phased ISM (Arribas et al. 2001hRital. 2010, 2011). Recent surveys
of wide field of view IFS on local galaxies have dramaticalkpanded the quantitative analysis
for galactic-wide winds and shocks (Rich et al. 2010, 201djbas et al. 2008; Sharp & Bland-
Hawthorn 2010).

IFS studies have found widespread shock-excitation assativith galactic outflows in massive
local galaxies (Farage et al. 2010; Sharp & Bland-Hawth@102 Rich et al. 2010, 2011). Shocks
are common products of winds and can also be induced by gestiaccand tidal flows in mergers
(Veilleux et al. 2005; Farage et al. 2010; Genzel et al. 2@dtp et al. 2012). Shock excitation
contributes to the ionized state of the hot gas in galaxidsctwalso depends intimately on the
chemical abundance of the ISM. To identify the location aadtfon of shock excitation across an
entire galaxy, it is crucial to disentangle the shock induicmization and energy dissipation from

other mechanisms.

Narrow line ratio maps can be used to probe the ionizatioareatf the sources (Veilleux et al.
2002; Veilleux & Rupke 2002). Strong emission line ratiogtsas the BPT diagram (Baldwin
et al. 1981; Veilleux & Osterbrock 1987; Allen et al. 1998 wey et al. 2001b, 2006) remains one

118



of the most practical methods to probe the ionization meshas at both low and high redshift.
Combined with the most recent photoionization and shock alspdstrong line ratios such as
[INH)J/Ha, [O)/HG, and [SI]/Ha offer a powerful tool to identify the excitation mechanisms
in non-obscured regions. For example, Rich et al. (2010ysdadhat in NGC 839, the [N]/Hc,
[O1])/HB, and [SI1]/Ha ratios are systematically lower near the nucleus, yet higingaan outflow
bi-cone. The region with high line ratios is remarkably wigted by a shock model with slow

velocities typical of galactic winds.

At high redshift, the star-formation rate (SFR) of galaxgsubstantially larger than local star-
forming (SF) galaxies (Noeske et al. 2007a,b; Wuyts et dl128obral 2012), and galactic outflows
are prevalent and powerful (Erb et al. 2006; Swinbank et@72Weiner et al. 2009; Rubin et al.
2010b; Alexander et al. 2010; Genzel et al. 2011). It is tleeecof paramount importance to
observe the masses and energies of high redshift winds traomthe relations between the wind

efficiency, SFR and galaxy masses on a broader scale.

Because of the observational challenges, outflows and swupets at high redshift have
mostly been reported for LBGs, SMGs, or in quasar absorplimnsystems. Spatially resolved
spectroscopy for high-galaxies have been limited to the very massive starbursixiga (Cresci
etal. 2010; Genzel et al. 2011). With seeing-limited obatons, Cresci et al. (2010) reported three
z ~ 3 UV-selected galaxies with inverted metallicity gradiefits., lower metallicity in the nucleus
than in the outer-disk). The inverted gradient was expthimg primordial cold gas being funneled
to the nucleus. These studies demonstrate the power of Iidilestin revealing the underlying

physical processes of the gas accretion at high redshifts.

With the aid of magnification from gravitational lensing aadaptive optics (AO), we can
begin to probe the details of fainter and less massive gadaxi high redshift (Nesvadba et al.
2008; Swinbank 2007; Jones et al. 2010b; Sharon et al. 2018t3/Mét al. 2012). The highly
magnified multiple images in massive clusters can be magnifjemore than ten, offering a rare
opportunity to obtain spatially resolved observations.isTiachnique has enabled the first high
resolution measurements of metallicity gradients at higifshift (Stark et al. 2008; Jones et al.

2010a; Yuan et al. 2011).
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To determine the metallicity gradient evolutions with iteifts we are undertaking a metallicity
gradient survey on lensed galaxies behind galaxy clustelste we report observations of the
z = 1.03 arc behind the massive cluster Abell 2667. We find anomalpatad line ratio variations

indicative of large scale shocks.

Throughout this paper we use\dCDM cosmology withHy= 70 km s'! Mpc~!, €,,=0.30 and
Q4=0.70. At z=1.0, 1 arcsec corresponds to 8.1 kpc and a look-thime of 9.3 Gigayear (Gyrs).
We use solar oxygen abundance 12 + log(Q/#8.66 (Asplund et al. 2005).

5.2 Observations, Data Reduction and Analysis

5.2.1 Observations

The A2667 giant arc is a three-image lensing system. Covdnal.e2006) provided the
spectroscopic redshift of = 1.033 for the arc and the lensing models of the Abell 2667 cluster
atz = 0.233. We observed the Abell 2667 giant arc with the OH-Suppreskifra-Red Imaging
Spectrograph (OSIRIS; Larkin et al. 2006) in natural guitde sdaptive Optics (NGSAO) mode
on the KECK Il telescope ataggo, d2000) = (23:51:40.023, -26:04:51.66). The observation was
conducted on the night of September 20-21, 2011, using alagurde star (NGS) AO correction.
The R=14 mag natural guide star was on the edge of the NGSdialetw (FOV) of OSIRIS,
restricting the positional angle (PA) to 37The 100 mas pixel scale was used. Since only broad
band filters were available on OSIRIS at the time, we used libdfilter (spectral coverage: 1.18
to 1.416:m, spectral resolution: R 3600, FOV 1.6 x 6.4"), which covers the H, [N 1], and
[Su] lines. The observations were conducted in a standard ABiB#fedng sequence, with the A
frame centered on the target and the B frame centered on actdtge sky region-20 arcseconds
North-East of the target. The same position angle was ugefl fmd B (sky) frames. A total of

5 exposures were obtained for the target, with 900 secon@scm individual frame. The net on-
target exposure time is 75 minutes. Figure 5.1 shows the 3BV and locations of the A2667

arc on theHSTF814W, F606W, F450W color-coded image.
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Before the science target exposure, short exposures apttié star (TT) were taken to center
the IFU. An offset was applied from the TT star to the sciermrgdt. The offset was determined
from astrometry correctedd STimages with~ 0.25’ (i.e., ~ 2-3 OSIRIS pixels) accuracy. Gaussian
fitting to the point spread function of the TT star yields aerage FWHM of 0.13. The average
FWHM of the sky OH lines is measured to be2.5 A for our data and we use this value as the
instrumental resolution. In the analysis below, we decbmrvthe line widths with this instrument

resolution by subtracting the instrumental resolutionuadyature from the best-fitting Gaussian

5.2.2 Data Reduction

Individual exposures were first reduced using the OSIRI& datiuction pipeline (Larkin et al.
2006). We used the sky subtraction IDL code of Davies (200fch we have modified to optimize
the sky subtraction specifically around the wavelengthoregif Ho and [Ni1]. The [Si1] lines are
undetected due to strong telluric absorption. Since we aialynconcerned with the emission lines,
a first order polynomial function was fit to the continuum fach spatial sample pixel (spaxel) and
then the continuum was subtracted from each spaxel. Theastibh of the continuum helps to
improve the removal of lenslet to lenslet variations. Thalfadatacube was constructed by aligning
the sub-exposures with the centroid of the lnages and combining using a 3nean clip to
reject cosmic rays and bad lenslets. Telluric correctiod #unx calibration were performed by
averaging three AO standard stars (HIP220, HIP1272, HIPA4@bserved immediately after the
science exposure. Due to the low declination of this taripet,airmass varied between 1.4 to 1.8
during the observation. The uncertainty in absolute fluocafion is estimated to be20—30%.

However, the relative flux ratio of [N]/H« is accurate to 10%.

5.2.3 Analysis

Our analysis follows the procedures outlined in Jones €PalLOb). Gaussian profiles were fitted
simultaneously to the three emission lines:1[N\6548, 6583 and H. The centroid and velocity
width of [N 11] A6548, 6583 lines were constrained by the velocity width afX#6563, and the ratio
of [N 1] A\6548 and [NI] A6583 is constrained to be the theoretical value of Ostekt@89). We
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fit the line profiles using a weighteg? minimization procedure which takes into account the greate
noise level close to atmospheric OH emission. A blank regisky within each reduced datacube
was used to determine the variance spectrum. Since thengargpectrum is dominated by sky
emission, the fitted spectra were weighted by the inverdseofdriance spectrum (dominated by sky
counts) so that regions of strong sky lines do not cause@mifits. Fortunately, the sky emission
is weak over the H, [N 11] wavelength range for A2667 arcA (Figure 5.2). We computth
statistic for the best-fitting Gaussian lines and compathb thiat of a featureless spectrum. We first
fit the spectrum for each pixel, requiring a minimunmbeffor detection. Where this criterion is not
met, we average the surrounding 3 spatial pixels to achieve higher signal to noise. No fit islena
if the 3x 3 averaging fails to produce the minimum S/N. Figure 5.2 shtive integrated spectrum

from the image plane.

In order to check that our results are insensitive to thagmmodel uncertainty, we first analyze
the data on the image plane, and then repeat the analysie sauice plane. We find that the results
are consistent for the image-plane and source-plane analyshe following sections, we will show
the spectra measured on the image-plane with associatsttahgcales determined from the source

plane.

5.3 Global Properties of the Giant Arc

We determined the total photometry for arc A in 7 bands fla8irand Spitzer archival dat&ST
ACS/F814, WFPC2/F606W, WFPC2/F450W, and Spitzer IRAC 4.5, 5.8 and 8,0m. Chandra
data are also available for the cluster, but we find no X-ragatimn on the giant arc. We used a
fixed aperture of diameter’4efined in the ACS/F814 band to measure the photometry. [€or th
IRAC colors, we measured the PSF near arc A using the brighdtesd stars in the field of view
and convolve the ACS/F814 aperture with this PSF to caleuta¢ aperture flux. Note that the
photometric aperture covers the entire image of arc A wisetiea OSIRIS FOV does not cover
the tip of the southern clump C3 (Figure 5.1 for OSIRIS FOV;i€8&beled on Figure 3). This

southern clump only contributes t05% to the total photometry, well below thel0% photometric
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measurement error. The intrinsic photometric error is dat@d by the lensing magnification
uncertainty £15%).

We use the softwareE PHARE (llbert et al. 2010) to determine the stellar masg. PHARE is
a photometric redshift and simulation package based onlatqu synthesis models of Bruzual &
Charlot (2003). We choose the initial mass function (IMFhabrier (2003) and the Calzetti et al.
(2000) attenuation law, with B — V) ranging from 0 to 2 and an exponentially decreasing SFR
(SFRo e~ /™) with 7 varying between 0 and 13 Gyrs. After correcting for the fluxgmification
of u =14+2.1, the stellar mass from SED fitting is;M-=1.9077) x 10'°M, (lensing uncertainty
included), assuming the best fit extinction valu@BE- V)=0.6, and SFRzp = 50+35 Mg, yr—1.
Taking EB—-V) .= E(B-V)

gas

star | 0.44 (Calzetti 1997) and Rv=3.1, we obtain A{}+3.46
according to the Cardelli et al. (1989) classical extinttaurve. Note that the A(H) is ~ 2.46
higher than the median A ( ~ 1.0) at similar masses from the local and~ 1.7 star forming
galaxy dust extinction vs. stellar mass relation (Garn &tB€4.0; Sobral et al. 2012).

The total H flux from our OSIRIS spectra is 623.2 x 10716 ergs s cm™2 (before correcting
for lensing magnification). Applying the Kennicutt (19983 prescription and after correcting for
lensing magnification and extinction (A¢h=3.46), the Hv star formation rate is estimated to be
SFRy, =49.2+£16.5 M., yr—!. Note that the error is calculated by assuming a 15% unogéytai
lensing magnification and 30% error innHlux measurement. The error estimation excludes the

uncertainty in extinction and aperture flux loss due to theecage of the OSIRIS instrument. The

physical properties of Arc A is summarized in Table 1.

5.4 Lensing Reconstruction, morphology and kinematics

5.4.1 Lens Modeling

We use the best fit lensing model parameters from Covone €2@06); Richard et al. (2010)
and use the softwareenst ool * (Kneib et al. 1993; Jullo et al. 2007) to derive the geomatric

transformation between image plane coordinates and sqlaoe coordinates. ThdSTimage

*htt p: / / www. oanp. f r/ cosnol ogy/ | enst ool
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and IFU datacube are reconstructed using this mapping asetllan the conservation of surface
brightness. The total magnification is computed by the rafithe sizes (or equivalently, the
total fluxes) between the image and its source plane recmtistn. As the magnification is not
isotropic, the angular size of each image is more highlytcdtexl along a specific axis. However,
within the single image of arc A, the distortions among eaizielgs identical. Figure 5.3 shows
the reconstructed image from thSTF814W, F606W, F450W three-color image. The total flux
magnification for arc A ig:=14.0+2.1, and linear magnifications in two axes are=7.0+1.4, and

112=2.04+0.4.

5.4.2 Morphology & Kinematics

The HSTthree-color image reveals at least three main clumps @dbas C1, C2, C3) for arc A.
These three clumps are easily identified in both the imageep{Figure 5.3, Left) and source-plane
(Figure 5.3, Right) morphology. The northern red clump (€dyld be dominated by an old stellar
population. Alternatively, C1 could be heavily reddeneddogt. After masking out the two blue
clumps (C2, C3) on the south, a Sersic profile fit to the red aormapt on the source plane yields
a Sersic index of 0.63 0.30, and a half light radius dte=1.14+0.2 kpc. The blue clumps (C2,
C3) are likely to be active star forming regions. The peakhefll emission is close to the largest
blue clump as shown in theddcontours of Figure 5.3. One the one hand, the asymmetricpgtum
structure of A2667arc is similar to the asymmetric clummttiee seen in ~ 2 disks (Genzel et al.
2006, 2011; Law et al. 2009; Lehnert et al. 2009; Forster&bhr et al. 2009, 2011). On the other
hand, the morphology could also be interpreted as a mergstgra. We combine the morphology
with the velocity structure to further analyze the diskstex-merger origin of the system.

In Figure 5.4, we show the two-dimensional (2D}Hntensity, Hx Gaussian fit velocity
and velocity dispersion maps. In Figure 5.5, we extract the-dimensional (1D) velocities
and dispersions from a slit oriented along the directionhef blue and red components (black
dotted lines in Figure 4, middle panel). We divide the spaueto five bins equally along the
slit direction and extract the ddflux weighted spectrum for each bin. There is a small velocity

gradient £75 km s!) across a 2 kpc length. Since the shape of the 1D velocityecisnnot
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clearly of a rotating disk, the small velocity gradient a@buésult from either an almost face-on
rotating field or a non-rotating system. The system howeseleiarly dominated by dispersion with
Omedian! Vimaz $in i~1.3, consistent with the large velocity dispersion of thghhiedshift turbulent
disks (Lehnert et al. 2009; Forster Schreiber et al. 2008ed et al. 2010b).

From our morphology and velocity maps, it remains uncleagtivbr the A2667 arc is a face-on
clumpy disk or a merging system, especially considering)ttheHo lines are not observed across
the entire galaxy. Higher S/N data with better spatial cageris required to more reliably model

the velocity field.

5.5 Spatially Resolved Line Ratios

5.5.1 [N11] A6583/Hx as an indicator for metallicity and nonphotoionized emisson

The [N11] A6583/Hx ratio is often used as an indicator for nebular metallicityigh redshift (up

to z ~ 2.5). The adjacency of the two lines in wavelength means the ritti® is insensitive

to reddening correction and flux calibration. The calitmatof Pettini & Pagel (2004) (PP04) is
commonly used to convert [N]/Ha to metallicity. Using the oxygen abundance of locall H
regions, PP04 measured metallicities from The(electron temperature) method and determined

the correlation between metallicity and the N21pg([N 11] A6583/Hx)) values as follows:
12 + log(O/H) = 8.90 + 0.57 x N2 (5.1)

Note that at high abundance, PP04 used the strong line ioitiedl rather than thel'e
metallicities because of the weakness of e sensitive [Q11] \M4363 line. Strictly speaking
the PPO04 relation only holds true for the range-df.8 < N2 < —0.8 (or 0.0158 < [N1l]/H«
< 0.158). At extremely low N2 values, the calibration of N2 is diffitdue to the weakness of the
[N 1] line. At N2 > —0.8, the relation is nonlinear. The reason for this is, first,lesrhetallicity
becomes larger an@le decreases, the production of secondary nitrogen beginsrtondte and

maintain a high value of N2. At even higher metallicity, thgerin metallicity cools the nebula,
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lowering T'e and allowing less collisional excitations of the [l lines (Kewley & Dopita 2002).
We note that the [N]/H« ratio is particularly sensitive to non-thermal excitatidine presence of
shock excitation or an AGN will increase the [NI/Ha ratio and cause abundances determined to
be artificially high (Baldwin et al. 1981; Kewley & Dopita 2B0Rich et al. 2010). For metallicity
studies, it is crucial to check if the N2 values are within tbgime of pure star formation.

On the other hand, if N2 surpasses the linear metallicitgrtiatic range, the high N2 ratios
may be a smoking gun for the presence of non-photoionizatienhanisms such as shocks. For
example, Veilleux & Rupke (2002) studied the [[fW/H « distribution in the local super-wind galaxy
M82. They found that for [NI]/Ha > 0.5, additional excitation mechanisms such as shocks are
needed to explain the enhancedI[NH« ratio. Using the most recent shock and photoionization
models with IFU observations, Rich et al. (2011) showed thiathe local galaxy IC 1623, shocks

contribute more than 40% of the line ratio of [Nl/Ha.

5.5.2 [Nn]/Ha in boxed regions

To determine the spatial variation (if any) of metallicityionization sources, we analyze the spatial
distribution of [NI1]/H« ratios. In order to enhance the S/N of the N2 line ratio maphinghe
pixels in five rectangular regions along the major axis ardaek spectra for each boxed region
(Figure 5.4). The widths of the regions are chosen in suchyala each region contains sufficient
pixels to extract a reliable spectrum (i.e., SAN3 for the [N11] line). We derive the spectrum for
each region using theddflux weighted median of all pixels in that region. We fit thel[[Nand Hx
emission lines and obtain the errors oni[N Ha by propagating the flux errors of [N and Ho.

The peak of the H emission corresponds to the center of Box 3 in Figure 5.4. gveat find
significantly enhanced [N]/Ha ratios in the central pixels and rule out AGN contaminatibths
target.

Our [N1I]/Ha emission-line ratios are shown in Figure 5.6. Thell[MH« ratios of Box 3
and 4 are 0.3080.034 and 0.31:20.033 respectively, close to solar values. Thel[MH« ratios
for Box 1 and 2 are 0.4420.046 and 0.3840.03 respectively, significantly higher than those of
Box 3 and Box 4. We can only derive an upper limit of jjWH« (<0.233) for Box 5. The high
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[N 11]/Ha values in the non-central regions of the galaxy indicateegiextremely high metallicity

or the presence of non-photoionization excitation.

We further analyze individual pixels in Box 1 and 2 and findtttiee [Ni1]/Ha ratio is the
highest in a sub-region highlighted as Box B in Figure 5.4y\faterestingly, Box B which has the
highest [Ni1]/Ha ratio ([N11]/Ha =0.499£0.05) has also the “bluest” velocith\g ~ 150km s™1)
with respect to the center of Box 3. Unfortunately, the datality is not sufficient to reveal any
significant variations in the velocity dispersion map. Ascdissed in the previous section, large
[N 1]/Hea ratios may indicate non-photoionized emission and theeefice do not convert this ratio
to metallicity. We note that the consequences of derivingaitieally using [N11]/Hq ratios in this
case will result in the conclusion of a flat or inverted métail gradient (Appendix). In the next

section, we discuss the possible origins of these elevated/Ha ratios.

5.6 Discussion

The standard BPT diagrams prove to be a powerful tool forstigating the ionization sources
in galaxies (Baldwin et al. 1981; Veilleux & Osterbrock 19&ewley et al. 2001a; Kauffmann
et al. 2003; Kewley et al. 2006). Employing IFS data on the BiRgram has revolutionized our
understanding of the power sources across entire galaxigs Rich et al. 2010, 2011, 2012; Sharp
& Bland-Hawthorn 2010). The [N]/Ha versus [Q11]/H3 diagram is useful for distinguishing
pure star-forming regions from non-photoionized regiombte [N11]/Ha ratio increases linearly
with nebular metallicity until high metallicities wheregHog([N11]/H«a) ratio saturates at -0.5
(Denicold et al. 2002; Kewley & Dopita 2002; Pettini & Pag@élo4). Any non-thermal contribution
will shift the [N 11]/Ha ratio towards higher values than this saturation level (légvet al. 2006;
Rich et al. 2010, 2011). The log([N /Hc) ratio of region B is 0.2 dex larger than the saturation

level of —0.5, suggestive of shock ionization.

We apply a mixed grid of photoionization and shock modelsuantify the potential relative
contribution of shock and H region ionization to the [N]/Ha ratio. The Hil region models

are taken from the most recent Starburst99(SB99)/Mappihgsodel suite (Leitherer et al. 1999;
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Sutherland et al. 1993). The model setup and input parashateisimilar to those of Levesque et al.
(2010) except that we use a slightly higher mass cut of 12(fdd the Salpeter initial mass function
(Salpeter 1955). We use a continuous star formation histatty age 5.0 Myr anch,=100 cnt3.
Solar metallicity was used with a range of ionization parerslogl/ (—3.5 to —1.9). We then mix
the Hil region model with the slow-velocity shock model as desdrilmeSutherland et al. (1993);
Farage et al. (2010); Rich et al. (2010, 2011). We assume %o Jf¥@-ionization, with a slow
shock velocity ranging from 100 to 200 krm's in increments 20 km's. These shock velocities
are typical of galactic winds (Shopbell & Bland-Hawthorr989 Rich et al. 2010, 2011; Sharp &
Bland-Hawthorn 2010).

Our shock and starburst models are shown in Figure 5.7. We& shiging lines to represent
the relative contributions of starbursts and shocks from QG0%. Shocks are able to produce
higher [N11]/H« ratios than pure starburst models for a given metallicityc@ding to our models,
a 20% shock contribution could increase the log{[NH«) value by 0.2 dex. The region B of the

A2667arc has log([M]/Ha)=—0.3, lying well within the region covered by the shock models.

Shocks induced by galactic winds/outflows associated wiftieestellar winds, supernovae or
nuclear activity are commonly observed in local galaxieg.(é/eilleux et al. 2005; Rupke et al.
2005; Rich et al. 2010; Soto & Martin 2012). The ubiquity ohds is even more prominent at high
redshift given their violent star formation activitiesdg.Pettini et al. 2001; Swinbank et al. 2005;
Sato et al. 2009; Weiner et al. 2009; Martin & Bouché 2009rtiviaet al. 2012; Rubin et al. 2010b,
2011; Alexander et al. 2010; Steidel et al. 2010). In the ol scenario, the turbulent disks are
associated with shocks (Genzel et al. 2011). The coincalehcegion B being blue-shifted with

respect to the center strengthens the argument that it istlow shocked region.

Indeed, the outflow scenario is further supported by thectiete of a broad component indd
We detected a broad component in the co-added spectrum e$lio®, 4, 5. In Figure 5.8 we show
that by including a broad component iraHthe fitting to the co-add spectrum is improved hy 3
in a x? sense. The broad component indicates a broadening widg:FWHM) ~ 380 + 130
km s~!, with a slight blueshift of~ 60 km s™! with respect to the narrow line component. The

contribution of the broad wing to the totaldHlux of the co-added spectrum f§,,,q ~ 40%.
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Because of the unknown orientation of the A2667arc systamptitflow velocity is difficult
to estimate. We thus compare the outflow properties of the6Aa& with other studies using
the observed linewidtlAv(FWHM). For example, NGC 1569, a local dwarf starburst galaxy,
has a wind-excited broad component &f(FWHM) < 300 km s ! (Westmoquette et al.
2007). Arp 220, a famous local IR-luminous starburst galdmas a nuclear wind broadening of
Av(FW HM) ~ 300 — 800 km s~! (Arribas et al. 2001). For a large sample of 39 local ULRGs
studied in Soto et al. (2012), the median line-width for thecked components &v(FW HM) ~
339 km s~! (after converting theis to FWHM using FWHM= 2.3548 Gaussian). The median
SFR of the Soto et al. (2012) ULIRGs sampleds’3 M, yr—!. At very high redshift £ > 2), the
UV-selected massive SINS galaxies are found to h&veFW HM) ~ 500 km s~! (Shapiro et al.
2009; Genzel et al. 2011), with a median SFR.oT2 M, yr~!. Roughly, the broadening linewidth
(Av(FWHM) ~ 380 + 130 km s7!) and SFR (49.216.5 M., yr—!) of A2667arc is most similar
to the local ULIRGs sample of Soto et al. (2012). However,dingilarity between the linewidths
and SFR of the A2667arc and the~ 2 SINS galaxies cannot be ruled out withiar 8f the Av

(FWHM) measurement uncertainty.

If, on the other hand, the high extra-nucleari{NH« ratio regions in the A2667arc are caused
by extremely high metallicity, we lack theories to explaiowhouter regions with super-solar
metallicity would evolve spatially as a function of time.igtunclear how the A2667arc has gone
through such a quick enrichment. Throughout the study wethisg@eak of K as the “galactic
center”, which does not necessarily concur with the truagel center. However, the choice of
center would not change our main conclusion that there iekgd region blue-shifted from the

peak of Hy emission.

Finally, the possibility of shocks will cause an overestiima of the “true” SFR. The K flux
in Regions 1 and 2 i5-20% of the total K flux. Rich et al. (2010) showed that for a slow shock of
~ 100kms*, 50% to 70% of the 1 luminosity can be ascribed to shocks. Hene&0% of the

total Ho flux of A2667arc may result from shocks.
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5.7 Summary

We present the OSIRIS IFU data analysis of the spatiallylvedogiant arc at z=1.03 in Abell
2667. With a flux magnification of 144€R in flux and~ 2 x 7 in area, we achieved a spatial
resolution of 115-405 pc on the source plane. We find the A2667arc is clumpy tHfrasme UV
and optical morphology, and has a high velocity dispersiop ¥in i/loc ~ 0.73, similar to the
turbulent star forming disks atz2. The current morphology and velocity map is not sufficient t
distinguish whether the A2667 arc is a face-on clumpy disk mrerger. We find that [N] and Hx
ratios first rise and then fall when moving out from the gatacenter defined as the peak ofH
flux. The central 350 pc of the ddnucleus region is dominated by star-formation with metefi
12 +1og(O/H)=8.51-0.03 (~ 0.76 Z>). The [Nil]/H« ratios in the 350- 900 pc annulus show a
significantly enhanced value-(0.1 dex higher than the nucleus). The highesii [MH« ratio region
(~ 0.2 dex higher) corresponds to~d00 kms™! blue-shifted velocity clump with respect to the
nucleus. Applying the most recent slow-shock models, wpgse that this elevated [IN/H« ratio

is caused by shock excitation from a galactic wind. Our tesallicate that extreme caution must
be used when interpreting line ratios as metallicity gnatdi@t high redshift. Shocked extra-nuclear

regions can mimic flat or inverted metallicity gradients.

5.8 [NII]/Ha as a function of radius

In metallicity gradient studies, averaging spectra in dnuegions is a common exercise
(Moustakas et al. 2010; Queyrel et al. 2012; Yuan et al. 20Id yelate to these studies, we extract
spectra in 3 annuli centered on thevlpeak (Figure 5.9). Each spectrum is calculated as the H
flux weighted median of all pixels within the annulus. Fronti®® 5.5.2, we see that the line ratio
map is not symmetric with respect to the center. Averagiragsp in annuli smooths out the lateral
spatial variance, resulting in noisier [N lines. The choice of the annuli is such that the integrated
spectra gives S/ 5 for the [NIi] lines. The physical lengths of the three outer radii of theudi

in the source plane are 0.35, 0.93, and 1.31 kpc respectiValy [N11] line is robustly detected at

S/N > 5 for the inner two annuli and is as3etection for the outer annulus.
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The [NII]/Ha ratios are larger in the circum-nuclear region (3330 pc) than in the nucleus
(<350pc). Small [N1]/Ha ratios are seen in the outer annulus (83 kpc). If the [Nil] /Ha
ratios arise purely from H regions, these [N]/Ha ratios could translate into a flat or inverted
metallicity gradient similar to those in several high rattsstudies such as Cresci et al. (2010);
Queyrel et al. (2012).

However, in A2667arc, these enhanced circum-nuclear] N« ratios are remarkably similar
to the LINER-like luminous infrared galaxies reported ircRiet al. (2010, 2011). Rich et al.
observed that enhanced extra-nuclearn [MH« ratios in late-stage galaxy mergers are driven by
slow shock emission (166200 km s!) associated with galactic-wide winds or gas collisions due
to mergers. Rich et al. (2010, 2011) showed that both veldi#persions and the strong line ratios
independently indicate shock excitation in the extra-eackegions. Slow shock models confirm

this conclusion, yielding remarkable agreement with tHeaeeed emission-like ratios.
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Arc Seconds

Figure 5.1 Three-color image of the A2667 giant arc at z = WilB HSTF814W (red), F606W
(green), FA50W (blue) filters. The white box on the bottont $fows the FOV and PA (3 of
the OSIRIS Jbb filter. The triple images composed of arc A, Bl IFU was centered on arc A
(2000, 02000 ) = (23:51:40.023, -26:04:51.66). North is up, and East i©iéoleft.
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Figure 5.2 Observed spectrum for A2667 arc A, in the vicimftyHa and [Ni1] lines. This is an
integrated spectrum from summing all IFU pixels with ldetections aboveds The flux density is

in units of 10716 ergs s* cm~2 A~!. The raw spectrum is shown in black. Gaussian fits to the 3
lines are shown in blue. Note that the weakeni[N6548 line is fixed to be the theoretical value
(1/3) of the [NI1] A\6584 line. The velocity width of [M] is constrained to be the same aa.H
Residuals are plotted in green. The locations of the strémd>$1 emission (scaled and extracted
from a pure sky frame) are shown in red at the bottom of thetgppmc The atmosphere transmission
(black dotted line) is shown at top. The location ofitdnd [Ni1] lines are not contaminated by
strong OH lines nor strong telluric absorptions. We ache&N of 37 on K and of 6.4 on [N1].
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HST Image

Source Plane

-0.2 0.0 0.2 0.4
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Figure 5.3 Left: HST F814W, F606W, FA450W three-color image for A2667 arc A. Thackl
contours show the observedHlux levels of 2, 3, 3.5 in units of 107 ergs s' cm~2 arcsec?.
Right: reconstructed source plane morphology from theetltaor HST image on the left. The
physical scale is marked. The distance between the centdeotd and blue clumps is 600
pc. There are three main clumps revealed in both the obsét@dand reconstructed image: a
northern red component (marked as C1), and two blue soutthemmps (marked as C2, C3). The
morphology implies either a face-on clumpy disk or a mergggtem. North is up and East is to
the right.
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Figure 5.4 From left to right: the & intensity, Hx Gaussian fit velocities and velocity dispersions preseatethe image-plane. Thedd
flux is in units of 1077 ergs s cm™2, and the velocity is in unit of kms'. For the middle panel: the black dashed lines indicate th “s
used for extracting 1D spectrum in Figure 5; the blue and @b are used in the analysis of Section 5.2. These imagsfam in IFS
datacube coordinates. North and East aredddckwise from theHSTimages in Figures 1 and 3.
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Figure 5.5 One-dimensional velocity extracted from thé isition shown Figure 4. The five
data bins from left to right correspond to the direction friwax 5 to box 1 in Figure 4. The
physical scale is calculated on the source-plane. Notdhbatrrors bars on each data point are the
bootstrapped median errors for all the pixels in the bindgited by the K intensity. The high
velocity dispersion is consistent with those of turbuleightredshift galaxy disks.
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TABLE 1.
DERIVED GLOBAL PHYSICAL PROPERTIES FORARCA

Re E(B-V) SFRia Myt ar(sED) o Vmaxsini 12 +1og(O/H) iy pl, 2
kpc SED fit Meyr~! 10" Mg kms™! kms™! Integrated flux, axis1, axis2
1.1£0.2 0.6 492165  1.9020  65£6 4812  8.606£0.051 14:2.1,2.0:0.4,7.0:1.4

Note. — Derived intrinsic global properties for A2667 arc@ol. 1: The half light radius from fitting a Sersic profile
to the redHSTcomponent. Col. 2: Extinction derived from SED fitting. C81.SFR from Hu flux, corrected for lensing
magnification and extinction. The error comes from the uadetly in magnification and flux calibration. Col. 4: Stellar
mass from SED fitting. Col. 5: Median velocity dispersion,igited by Hx flux. Col. 6: V42 sini see the text for

methodology. Col. 7: Metallicity from the integrated spaat. Col. 8: Flux magnification and size magnification in the
major and minor axes.

137



Box 1

1 1
[NII]/Ha=0.472+ /-0.0461
1 1

I 1
[NII]/Ha=0.383+/-0.0301
] 1

Box 2

| 1 Box 3

1 1
[NII]/Ha=0.303+/4-0.0341
1

Box 4

[NII]/Ha=0.312+

[NII]/Ha<0.233
Box 5

Box B

[NIl]/Ha

L L
13290 13330 1

0.7¢

0.6

0.5

0.4

0.3

0.2

0.1

0.0f

L
13290 13330 13370 13410

Angstrom

3 Box B

£ Box 13
: Box 2 (% :
3 Box 4 Box 3 <1> E
3 Box 5 4> ({> E
£l E
1.0 -0.5 0.0 0.5

Physical Scale (Kpc)

L L
13290 13330 13370 13410

Figure 5.6 The [NI]/Hq ratio variation in boxed regions along the major axis. The@ganels
show the observed image-plane spectra in vicinity of the]ldnd Hx for the 6 boxed regions

in Figure 4. The spectra are thexHlux weighted median of the pixels in each box. The x axes
are wavelengths i, and the y axes are flux density are in 0.6aD~'7 ergs s cm~! A-L.
The [N11] and Hx line positions are marked as vertical dashed lines. Thetmoganel shows the
[N 11]/Ha ratio as a function of the intrinsic physical scale (aftersiag correction) of the galaxy.
The red horizontal line indicates the line ratio correspogdo the solar metallicity value. Ratios
above solar can not be directly related to metallicity. Wpalotice a significant enhancement of
[N 11]/Ha in Box B, a blueshifted region with respect to the galactictee
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Figure 5.7 The starburst-shock mixing grids on then[Q@HS versus [Ni]/Ha diagram. The
dashed curve labeled as “Ke01” is the theoretical “maximtarbsirst line” derived by Kewley et al.
(2001a) as an upper envelope for star-forming galaxies.dBlsbed curve labeled as “Ka03” is the
Kauffmann et al. (2003) semi-empirical boundary for star¥fing galaxies. The pure HIl region
models are shown as the blue solid line and the pure shocklsaeshown as the red solid line.
The colored dots in between form a mixing sequence from puiresgion to pure shock excitation.
Different colors represent different shock velocities #melrelative contribution of shock is shown
in different symbols. Solar abundance is adopted. The]|M« ratio for region B in Figure 5.6 is
highlighted as the vertical red dashed line.
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Figure 5.8 The co-added spectrum of Boxes 1, 2, 4, 5 (i.e;mumfear regions) in Figure 6. The x
axis is wavelengths i, and the y axes are flux density are in units of 1Dergs s cm~! A—1.
The top panel fits a single component to the Bind [Ni1] lines (blue solid curve). The bottom
panel fits a narrow component (green curve) to the BN 11] lines and adds a broad component
(red curve) to the K line; the sum of the two-component fit is shown (blue curvéR)e broad
Ho component on the bottom panel (red lineris60 km s! blue-shifted from the narrow-line
component.
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Figure 5.9 The [NI]/H« ratio as a function of the “galactocentric” distance. Thiagic center

is defined as the peak ofdd The top left panel shows the 3 annuli relative to the idtensity
map. The top right panel shows the 3 annuli relative to thecigl map. Note that these images
are given in IFS datacube coordinates, thus North and E&SF islockwise from the up and left
position. The following 3 panels show the observed image@lspectra averaged in the 3 annuli.
The wavelength is in units o&, and flux density is in units of 107 ergs s cm~* A~L. The line
positions are marked on the plot . The last panel shows thg [N« ratio as a function of the
intrinsic “galactocentric” distance (after lensing caitien). The red horizontal line indicates the
line ratio corresponding to the solar [N/Ha ratio. Ratios above solar may be contaminated by
non-photoionized emission and can not be directly reladeddtallicity.
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Chapter 6
Systematics in High-Redshift Metallicity Gradient
Measurements | : Angular Resolution, Signal-to-Noise and

Annuli Binning

Note: This chapter originally appeared in the paper: Yuanefwl€y (2012) ApJ submitted

6.1 Abstract

With the rapid progress in metallicity gradient studies hkredshift, it is imperative that we

thoroughly understand the systematics in these measutemdimis work investigates how the
[N 11]/Ha ratio based metallicity gradients change with angularlugiem (FWHM), signal-to-noise

(S/N), and annuli binning. Two approaches are used: 1. wendmade the high angular resolution
integral-field unit (IFU) data of a gravitationally lenseclgxy and re-derive the metallicity
gradients at different FWHM; 2. we simulate high-redsHit)lobservations under different FWHM
and S/N conditions using a local galaxy with known gradi&¥é find that the measured metallicity
gradient changes systematically with FWHM and annuli ligni Seeing-limited observations
produce shallower and flattened gradients than higher angesolution observations. There is
a critical FWHM range above which the measured metalliciigdgent is significantly shallower

than the intrinsic gradient. This critical FWHM depends ba intrinsic gradient of the galaxy and

is < 0.02” for our simulated galaxy. Small numbers of annuli binningduces a more flattened
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gradient than the intrinsic value. In a 3 annuli binning ¢casminimal S/N of~ 5 on the [Nil] line
is required for the faintest annulus to constrain gradierth reasonable errors. The systematic
errors caused by the FWHM effect can be empirically modetetlarrected using a large sample

of local IFU data.

6.2 Introduction

The study of chemical abundance distribution in galaxieeadl and high redshift offers unique
insights into the formation and evolution history of gatsi Indeed, the first simple formation
models (“monolithic collapse vs. “accretion” ) of our MilkyWay was built upon observational
knowledge of the Galactic chemical distribution and stalignamics (Eggen et al. 1962; Searle &

Zinn 1978).

For local galaxies, the existence of radial metallicitydieats has been established in most
spiral galaxies using abundances im Hegions (Pagel & Edmunds 1981; Edmunds & Pagel 1984;
Evans 1986; Garnett & Shields 1987; Vilchez et al. 1988; I8ki&990; Vila-Costas & Edmunds
1992; Zaritsky et al. 1994; Dutil & Roy 1999). The signs of tadial metallicity gradient are found
to be negative, with a higher metallicity towards the gatacenter. On the other hand, mergers and
barred galaxies have shallower or flattened gradients dirgei@ction or bar induced gas inflows
(Kewley et al. 2010; Rupke et al. 2010a,b).

The inhomogeneity of metal distribution has been found i twe radial and vertical directions
of the galactic discs, as well as in early-type galaxieshéugh abundance gradients in the vertical
direction and in early-type galaxies are equally import@dranx & lllingworth 1990; Henry &
Worthey 1999; Marsakov & Borkova 2006), we confine our disaus on the radial gas-phase
metallicity in disk galaxies which are progressing mosidbpin observations.

In the classic galactic chemical evolution models (GCE®, thdial metallicity gradients are
explained within the inside-out galaxy mass assembly saemawhich the timescales of the gas
infall increase with the galactocentric distance (Prami&oBoissier 2000; Chiappini et al. 2001,

Molla & Diaz 2005; Magrini et al. 2007; Fu et al. 2009). Howee even among the inside-out
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formation models, no consensus has been reached on th&éatirand magnitude of the cosmic

time evolution of the metallicity gradient.

The time evolution of the metallicity gradient in disk galkss provides tight constraints on
the historical events that mark the galactic disc strucewelution. The cosmic metallicity
gradient evolution is directly linked with the size-growtas inflow and outflow, and any internal
transportation of the star-forming gas in galaxies. Earalgical models such as Edmunds
& Greenhow (1995) have provided perceptive predictions ow the gas inflows and outflows
can change the origin and evolution of the metallicity geatli CurrentACDM cosmological
hydrodynamic simulations have now been able to incorpdtaeprescriptions for GCE models
and initial predictions for the metallicity gradient evban with redshift are beginning to emerge
(e.g., Pilkington et al. 2012). To guide and compare withs¢hmodels and simulations, it is of
crucial importance to establish an observational basdtinéhe time evolution of the metallicity

gradients.

Observational constraints on the time evolution of the ety gradient have been scarce
and are traditionally based on indirect methods using miffe age-tracers such as Cepheids,
planetary nebulae, and open clusters in the Milky Way (Aediky et al. 2002; Maciel et al. 2003;
Maciel & Costa 2010). Direct observations on metallicitadjents at high redshift have not been
possible until the recent employ of high sensitivity nedrared (NIR) Integral Field Units (IFUs)

spectrographs on large telescopes.

As aresult, itis only in the past three years that the firdatadetallicity gradient measurements
have been made on high-redshift galaxies (Jones et al. ZI&Bri et al. 2010; Yuan et al. 2011;
Queyrel et al. 2012; Swinbank et al. 2012; Jones et al. 20IBgse IFU studies can be divided
into three categories according to their angular resoisti@l) gravitationally lensed galaxies with
adaptive optics (AO) aided observation (Jones et al. 20L@n¥t al. 2011; Jones et al. 2012); (2)
non-lensed galaxies with AO aided observation (Swinbaiak &012); (3) non-lensed galaxies with
seeing-limited observation (Cresci et al. 2010; Queyrelle2012). It is interesting to notice that
the steepest gradients discovered so far are all observia@ inighest resolution category of (1),

whereas much shallower gradients are reported in (2) and (3)
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Compared to local observations, one of the most obviousictshs at high redshift is the
limitation in angular resolution and signal-to-noise ($/RBlecause of these impediments, shortcuts
in data analysis such as annuli binning are used to gain Séieantra. It is unknown whether/how
these typical implements for high redshift studies caugesgstematic uncertainties in the measured
metallicity gradients.

With the rapid progress in metallicity gradient observagiat high redshift, it is imperative that
we understand the systematics in our measurements beftvakdng on surveys of large samples.

This paper is the first of a series of papers that are devotadderstanding the systematics of
the metallicity gradient measurements. Specifically, gaiper investigates on how the metallicity
gradient is affected by the angular resolution, S/N, andukrdninning that are characteristic for
high-z studies.

We use two approaches: 1. we downgrade the highest angslautien and S/N IFU data
from our published AO-aided lensed galaxy to lower resohdiand then compare the metallicity
gradients in different resolutions; 2. we simulate the IFithcht highs using a local starburst galaxy
with a known gradient and then compare the metallicity gmatdi measured on the simulated data
at different resolution and S/N. We find that the measurerokeanges systematically with angular
resolution, S/N and the annuli binning.

The paper is organized as follows. Section 6.3 lists themapsans we use. Section 6.4 and
Section 6.5 describe our two approaches and results. Se&tiocompares with literature data.
Section 6.7 discusses our explanations for the systematieriainties and we propose an empirical
solution to correct for the errors. Section 6.8 concludasesults. Throughout this paper we use a

standardACDM cosmology withH,= 70 km s Mpc—!, 9,,=0.30, and2,=0.70.

6.3 Overall Assumptions
Throughout the paper, we impose the following assumptioilssamplifications.

e We use the [NI]/Ha ratio as calibrated in Pettini & Pagel (2004) (the PPO4N2hoebt

hereafter) to calculate metallicity. Because of the reddyi easy access in observations,
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[N n]/Ha ratios will continue to be the most practical metallicityagnostics for highs
studies. The systematic errors of the PP0O4N2 method on tha&litiey gradient is worth

exploring but will be neglected in this work (e.g., Kewleya¢t2001; Erb et al. 2006).

e Similarly, we do not consider the discrepancies from défeérmetallicity diagnostics that can
pass on to metallicity gradient studies (e.g., Kennicutile2003; Bresolin 2007; Kewley &
Ellison 2008; Kewley et al. 2010; Rupke et al. 2010b).

¢ We assume that the metallicity gradient can be fittedrslinear function (c.f., Bresolin et al.
2009), and it is valid to express gradients in dex per kpg,Wwe do not consider normalizing

gradients to disk scale length.

e We assume the galactic center is well-defined and is alignédtine peak of K emissions.
Locating the galactic center is straightforward for localleies, but may not be unambiguous
for high-z galaxies because of their irregular morphology (e.g., Abnma et al. 1996;
Giavalisco et al. 1996). For similar reasons, we do not cbri@ the inclination angle of

the galaxy as it is not well constrained for higlgalaxies.

e We only consider metallicity gradients for isolated disles.,, no mergers in the system.

e Other systematics such as the uncertainties stemmed frosinge models, the effects of
shocks and AGN are beyond the scope of the paper (e.g., Watghit 2010; Yuan et al.
2012).

Note that each of the above items may play an important rateetallicity gradient studies. We
suppress their effects here in order to filter out the sydfiemaf the angular resolution, S/N and

annuli binning on the metallicity gradient measurement.
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6.4 Methodology A: Downgrade High-Redshift High Angular

Resolution Data

The highest intrinsic angular resolution achieved {.02”) in metallicity measurements at high-
z so far is in category (1): gravitationally lensed galaxiathvadaptive optics (AO) (Jones et al.
2010; Yuan et al. 2011; Jones et al. 2012). Among these stuitlie grand-design spiral Sp1149 at
z = 1.49 is most spectacular and suitable for detail metallicitylgsia because of its clear face-on
morphology and fortuitously uniform lensing magnificatifruan et al. 2011). We therefore use

Sp1149 as our input.

6.4.1 The Original IFU Data of the Grand-Design Spiral (Sp149)

Sp1149 was observed using the Laser Guide Star Adaptive<gitied integral field spectrograph
(OSIRIS; Larkin et al. 2006) on KECK 1l in 2012. We achievediarage-plane angular resolution
of 0’1, corresponding to a source-plane resolution-dd.02’ (170 pc). The pixel scale we use for

Spl1149is als@’ 1, with a field of view (FOV) of 4.8 by 6.4" and a spectral resolution &f ~3400.

Spl1149 is a rare lensing case as it is stretched almost gdpyad 5 times on each orientation
of the two-dimensional image. As a result, the source-plangohology looks almost identical to
the image-plane morphology. The error on the lensing mangtifin of Sp1149 is< 10% (Smith
et al. 2009; Yuan et al. 2011).

In Yuan et al. (2011), we derive the metallicity gradient ®p1149 by integrating the
spectrum in three annuli corresponding to a physical legtil=0.72+0.1 kpc, rZ=2.34+0.2
kpc, r3=4.5+0.4 kpc. The choice of the annuli is such that the integrapedtsa could reach S/N
> 5 for the weak [N1] lines. The [Ni] line is robustly detected at S/N 5 for the inner two annuli
and is a 3 detection for the outer annulus which we give an upper limithe next subsection, we

use the same steps to derive metallicity gradients on ttedutesn-downgraded data of Sp1149.
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6.4.2 Spl1149 Downgraded to Different Angular Resolutions

For each wavelength slice, we convolve the spatial pixeth wiGaussian kernel of a range of full
width half maximum (FWHM) values. We then re-extract thectpeusing the same three-annuli
as in Yuan et al. (2011). Following the procedures in Yuar.€R@11), we fit the [NI] /H« ratios

in the three-annuli and obtain the metallicities using tiRNP04 method (Pettini & Pagel 2004).
Figure 6.1 plots the final fit and &-error of the fit to metallicity ([N1]/Hc« ratio) vs. radius for the

downgraded IFU data.

We see from Figure 6.1 that there is a trend of the measuredllitigf gradient flattening
with FWHM. The errors of the fitting also increase with FWHMthe S/N of the [Ni]/H« ratio
decrease. With a FWHM of 0’8inverted (positive) gradients begin to appear within exaf the

linear fitting.

To see if the trend continues at even larger FWHM, we dowregthd date using a range of
FWHM between the original 0”Iresolution and a fiducially large Z.@esolution. We find that the

metallicity gradients vs. the FWHM relation follows an irdsting curve (Figure 6.2).

Figure 6.2 seems to suggest that that there is a criticallangesolution range, below which
a much steeper gradient is probed. Above this critical tewwnl, e.g., under seeing-limited

conditions, the gradient approaches to a very shallow @eeto-flat value.

The behavior of the gradient vs. FWHM is interesting and isome at the same time. Ideally,
the measured gradient should not be a function of FWHM witlirors. If a higher angular
resolution probes closer to the real gradient, then whaei&WHM required to recover the intrinsic
real gradient ? We address this question in Section 6.5 winglated galaxies with the “real”

gradient a known priori from local IFU data measurements.
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6.5 Methodology B: Simulate High-Redshift IFU ObservationUsing

Local Data

6.5.1 Local Spiral Galaxy IRAS F17222-5953 (Sp1722)

In order to simulate the IFU observation at highwe choose a local galaxy that has star formation
concentrated at the galactic nucleus instead of on thel spims. We use the isolated luminous
infrared galaxy IRAS F17222595 (Spl1722) at = 0.021. Sp1722 is relatively face-on, has a
morphological type of Sbc, and a moderate SFRldf ~11 M., yr~!. The optical IFU data
of Sp1722 is adopted from the Wide Field Spectrograph (WjiHetegral Field Unit (IFU) Great
Observatory All-Sky LIRG Survey (GOALS) Sample (WIGS) (Riet al. 2012).

Briefly, the IFU data were taken using WiFeS at the Mount Skooand Siding Spring
Observatory (SSO) 2.3 m telescope (Dopita et al. 2010). Tire dnd red spectra of WiFeS have
with a resolution of R3000 and R7000 and wavelength covecﬂge3500—580021 and ~ 5500-
70004 respectively. We use the fully reduced and flux calibratad éfam Rich et al. (2012). The
pixel scale of WiFeS is 0’5 with a field of view (FOV) of 28x38". The reduced data are binned

by 2 pixels in the spatial direction, yielding an effectiy@asal resolution of 1.0x1.0".

To make realistic comparisons with observed IFU data, wegik722 at the redshift of Sp1149
(z = 1.49). We derive the size and surface brightness distributioreéeh redshifted wavelength
slice using basic equations of angular diameter distandduaninosity distance, and based on the
conservation of total luminosity. Due to pure cosmologeet, the angular size and total flux of

Sp1722 are reduced by 0.05 and~ 2.9 x 10~° respectively at = 1.49.

Because of the shrinking in size, an angular scale”0i®2equired to fully recover the spatial
samplings of the local IFU data. We thus set the highest FWH&blution of our simulation as

0.02".

The original Poisson-noise dominated optical spectra hifted into the NIR atz = 1.49,
and real NIR data are sky-background dominated. We composgsa spectrum at the spectral

resolution of WiFes by interpolating the sky-residuals wf ®@SIRIS datacube. The noise spectrum
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represents the sky OH emission residuals in real obsengtidhe noise spectrum is scaled and

added to the redshifted spectrum of each spaxel accordithg teequired input S/N.

We define the input S/N of our simulation on the spaxel whetiegrhission peaks. For easier
comparison with observations, we also measure the outpubBthe Hx lines in outer annuli on

the simulated datacube (Section 4.5).

Note that in this simulation, we do not consider any intgresrolutionary effect except that we
multiple the total flux of the original IFU data by a factor d¥.ZThe factor of 20 is adopted for two
reasons: 1. the SFR of galaxieszat- 2 are found to bev 20 higher than galaxies at ~ 0 at
a fixed mass of~ 10'° M, (e.g., Noeske et al. 2007a,b; Zahid et al. 2012); 2. Withcamually
increasing the total flux, Sp1722 would have been under tteetien limit of any current NIR IFU
instrument. We find that by increasing the intrinsic flux by 3p1722 would be well detected in
NIR IFU spectrographs such as OSIRIS. The factor020 also coincides with the lensing flux

magnification of Sp1149 in Section 6.4.

Finally, following similar steps as in Section 6.4, we coreothe spatial pixels with different

FWHMs and generate a set of simulated IFU dataat1.49.

For both the local and simulated datacube, we use similesfitting procedures as described in
Yuan et al. (2011). Figure 6.3 shows the continuum aaderhission line image derived from the
original WiFeS data of Sp1722, and from the simulated hig@p1722 datacube in different angular

resolutions.

6.5.2 The Effect of Annuli Binning on Metallicity Gradient

Annuli binning is a commonly used method to derive metdlli@gradients for low S/N highs
data (Jones et al. 2010; Yuan et al. 2011; Queyrel et al. 26dhbank et al. 2012). In order to
see the effect of annuli binning on metallicity gradient swgaments, we compare the 3-annuli
binning with the full sampling without binning. Since onlyet local datacube has sufficient spatial
resolution and S/N simultaneously to compare a full andr@srsampling, we excise these 2 types

of samplings on the original datacube of Sp1722.
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Figure 6.4 plots the metallicity gradients derived from arwli binning and a full sampling in
annulus. The three annuli are defined on the simulated higata and they are chosen such that
the [N] line from the outer-most annulus is robustly detected (S/8) on all annuli of highz

datacube.

We see from Figure 6.4 that the gradient from annuli-binni;mghallower than the gradient
derived from full samplings. In the case of Spl722, the 3éinbinning yields a metallicity
gradient of -0.015£0.0003 dex kpc', whereas the fulling sampling yields -0.0290.0002 dex
kpc~!. Binning in 3 (or small number) annuli introduces non-ngiglie systematic errors on the

metallicity gradient measurement.

6.5.3 The Effect of FWHM on Metallicity Gradient Measuremernts

We extract the 3-annuli spectra for our simulated datacultk & range of FWHM and S/N.
Figure 6.5 shows an example of the 3-annuli spectra andatkmetallicity gradient. The example

in Figure 6.5 has an angular resolution of FWHM=0@)0&n input S/N of 100.

Figure 6.5 shows that even with the highest resolution FWHM3Z' in the simulation, the
measured 3-annuli gradient does not recover the 3-anradii@nt measured on the local datacube
within the 1o measurement error. We tried using an over-sampling FWHMG@’0 The measured

gradient does not differ from the highest resolution FWHMG2) case.

Figure 6.6 plots the PPO4N2-based metallicity gradientffierent FWHMs. We see the same
trend in the simulated data as seen in Figure 6.1: the maehsuetallicity gradient get shallower
as the FWHM increases. As the FWHM goes to seeing limitedbredghe gradients are essentially
consistent with a flat 0) value. The curve of the metallicity gradients vs. the FWkiation is
also similar to Figure 6.2. However, the change of the FWHdfrsteep to shallow gradients are

much slower.

Figure 6.7 shows the deviation of the measured gradient fiteen“real gradient”. If the
local 3 annuli gradient is taken as the “real gradient”, thles closest measurement we get is

0.0056 + 0.0002 dex shallower than the real gradient of 0.0£510002 dex per kpc. If the
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local fully sampled gradient is taken as the “real gradigtiién the closest measurement we get

is0.0195 + 0.0002 dex shallower than the real gradient of 0.02890002 dex per kpc.

6.5.4 The Effect of S/N on Metallicity Gradient Measuremens

Section 6.5.3 shows one of the high input S/N (100) case. fijnat iS/N is defined on theddline
of the central pixel (see Section 6.8.1). An input S/N of 16@-esponds to an output S/N of 7.5 on
the faintest annulus.

We repeat our analysis in Section 6.5.3 using a range of @fiitWe fix the angular resolution
at FWHM=0.02. Figure 6.8 shows the deviation of the measured gradient fhe “real gradient”
as function of S/N. We see that the most significant effect/ffiS on the errors of the metallicity
gradient measurement. The errors of the gradients decweiiseS/N. At S/N,.,;; < 50 (S/N
< 4.3), the error bars of the gradient are so large that the gredigan not be well

3rd annulus

constrained, i.e., both a positive and negative gradientansistent within the errors.

6.6 Metallicity Gradient vs. FWHM in Literature

As described in Section 1, current IFU studies on metalligitadients can be divided into three
categories according to their angular resolutions: (1yitaonally lensed galaxies with AO; (2)
non-lensed galaxies with AQ; (3) non-lensed galaxies usdemg-limited conditions. We gather
the literature data in these 3 categories and examine theureghmetallicity gradients with respect
to the FWHMs used in the observations.

For category (1), we use the 5 lensed galaxies from Jones(804D); Yuan et al. (2011); Jones
et al. (2012). We exclude 1 merging system from the lenseakged. For (2), we use the 7 AO-
corrected galaxies from Swinbank et al. (2012). For (3), e the data of Queyrel et al. (2012),
as 17 out of the 18 galaxies in Queyrel et al. (2012) are sdmitgpd measurements, with 1 AO
corrected measurement. These 18 galaxies do not incluglaating galaxies identified in Queyrel
et al. (2012). All the gradients are measured based on thdNPfhetallicity diagnostics. The

metallicity gradients are plotted against the FWHM anguézolution in Figure 6.9.
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Note that there is a redshift difference among the three Emmphe median redshift for sample
(1) is z ~ 2, the median redshifts for samples (2) and (3)are 1.5 andz ~ 1.3 respectively. If
the FWHM effect does not play a role in these observations,would be tempted conclude that
the metallicity gradient is evolving from the steeper gesads at: ~ 2 to much shallower gradients
atz ~ 1.

However, relating Figure 6.9 with Figure 6.2 and Figure 6v&, see a striking similarity in
the behavior of the measured metallicity gradient vs. FWH\tion. The fact that the steepest
gradients are only seen in the lensing+AO samples (inctudire at 2 1.5) is consistent with our
findings in the previous sections that there exists a cligingular resolution range above which the
absolute value of the gradients are going to be significamibjer-estimated. It is possible that the
FWHM effect can be the cause of the trend we see in Figure 6trpretations of the metallicity
gradient evolution with redshift must be taken in cautiofobe the FWHM effect is understood

thoroughly.

6.7 Discussion

6.7.1 Explanation of the FWHM effect

The PP04N2 based metallicity depends on the ratio of the] [Bind Hx lines. The [Nil] lines are
usually more than 3 times weaker than khes for normal star-forming regions. Given a negative
radial metallicity gradient, much weaker [N lines are expected on the outer regions. Any spatial
averaging/smoothing process would selectively erase&IN [N11] line regions. As aresult, the
spatially averaged spectra are weighted more towards gienseof stronger [Ni] lines, leading to
over-estimation of the metallicity on the outer-disk. Aadiagly, small numbers of annuli binning
has the same effect as increased FWHM.

Using this argument, we would expect that the steeper thimsit gradient is, the larger the
observed gradient is going to deviate from the intrinsicigalThe curve of the gradient vs. FWHM
relation (e.g., Figure 6.9, Figure 6.2 and Figure 6.6) waldgend on the intrinsic shape of the

metallicity gradient.
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If biased weighting towards higher [IN/Ha regions is the cause of the FWHM effect, one
would think that it is possible to cancel out the averagingafby using a reversely weighted
function. However, it is not straightforward to establististanti-weighting function, as it relies
on knowing the intrinsic gradient as a priori. Moreover,hiét‘averaging” process is done by the
atmosphere, it is impossible to de-convolve the observetiMVback to the pre-averaged values,
as it would be equivalent to finding an algorithm to “recovérg data with any wished angular

resolution.

In Section 6.7.2, we propose an empirical method to corgedhie systematic FWHM effect.

6.7.2 Possible Solution to Correct for the FWHM Effect

We assume that for each galaxy with an intrinsic radial rheitgl gradientG,,,;, there exists a curve
function f that characterize the observed gradi@pis as a function of effective resolution

We define the correction factadk,.,, as:

Acor = Gobs - Gint7 (61)

The function that describes the relation betwégp, and effective resolution is:

Gobs = f($7 Gint)7 (62)

Combine Equations (6.1), (6.2), we have:

Acor = f(xa Gmt) - Gint- (63)

Thus, for a given observation with resolutienand measurmerd,;,, we can make an initial
guess forG;,,;, and use Equations (6.3) to find an initial correction®g,. The corrected+ ;, is
then compared t6r,,,; for the next iteration. This process can be iterated tilldbevergence of the
corrected& s andG;,,;. Note thatr is the effective FWHM, i.e., the actual angular resolutiftera

binning in data reduction.
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Figure 6.10 shows an illustration of the empirical corm@atiFor each galaxy with a metallicity
gradientG,,,, there is a correction curvg(x; Gint) — Gine. FOr instance, we schematically plot
three types of correction curve corresponds to a steeplpoghahd flat intrinsic gradient. Initial
guess can be made based on the resolutiand the observed gradiefit,;;.

Our future work include establishing an empirical libraoy the functionf (x; G;,¢). It can be
realized by simulating a large sample of local IFU data as mevith Sp1722. We hope to provide
this library as an empirical correction for future large gdas of metallicity gradient measurement

at high-.

6.8 Conclusion

In this paper, we have demonstrated that the angular remalu#/N and annuli binning introduce
significant systematic errors on the metallicity gradieetisurements at high-

We find that:

e The measured metallicity gradient changes systematigdtly angular resolution FWHM.
Seeing-limited observations are likely to produce morddietd gradients than AO-aided

high-resolution studies.

e There is a critical FWHM range above which the measured ftiwtalis going to be
significantly more flattened than the intrinsic metalliciffhis critical FWHM depends on
the intrinsic gradient of the galaxy. For the two cases usehis work, the critical FWHM is

< 0.02”, only currently reachable with AO + gravitational lensing.

e For a fixed angular resolution, the errors of the metalligitgdient increase as S/N decrease.
Atlow S/N (< 4.3 for the simulated case), the errors are so large that theegtachn not be

meaningfully constrained.

e Three annuli binning or any limited annuli binning yields ama flattened gradient than the

intrinsic gradient.
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We also propose an empirical method to correct for the sysienFWHM effect. The

realization of this correction method depends on estahlish library of the gradient vs. FWHM

relation for a range of metallicity gradients. Our next wagho build this library by simulating a

large sample of local galaxies at higtwith known gradients.
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6.8.1 Simulating IFU Observation of Sp1722 at = 1.49
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Figure 6.2 The measured metallicity gradient and tleekror as a function of the FWHM angular
resolution based on the data of Spl114%at 1.49 (Yuan et al. 2011). The smallest angular
resolution corresponds to the actual observed resolufi@n1f or 0.02’ intrinsic resolution after
correcting for lensing magnification.
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Continuum

1.0" z=0.02

0.02" z=1.4

0.1" z=1.49

0.3" z=1.49

Figure 6.3 The continuum and wavelength-collapsed idage derived from the WiFeS data of
Spl722 (first row), and from the simulated Sp1722 at 1.49 in different angular resolutions (row
2-3: examples of FWHM = 0’1, 0.2’ , 0.3"). We see that at FWHM- 0.3’, the clumps on the
outer disk of Sp1722 are not resolved. 166
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Figure 6.4 Derive [NI]/Ha -based metallicity gradient for the local data of Spl1722ft:.Lel«
intensity derived from the WiFeS datacube. We use the samee #mnuli as defined on the simulated
high-z data. The averaged spectra (zoomed in for the][Ahd Hx vicinity) in the three annuli are
shown on the right panel (al-a3). The flux is in unitlof 16 ergs s* cm~24-1). The panel on
the bottom right shows the metallicity gradient derivedhgsihe three annuli binning (black) in
comparison with a full sampling (red) without binning.
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Chapter 7

Summary and Future Work

7.1 Summary

The purpose of this thesis have been to probe the cosmiclimigtdlistory of star-forming galaxies

at redshift 1< z < 3 via the study of a gravitationally lensed galaxy samplee ietallicity history

of galaxies includes the global metallicity evolution andtallicity gradient evolution with cosmic
time. The global metallicity evolution is closely entamgjleith the star formation histories of
galaxies, whereas the metallicity gradient evolution tieatly related to the mass assembly histories
of galaxies. This thesis has contributed to establishiegrbst solid observational baseline to date
on the global metallicity evolution of star-forming galegi The thesis also pushes the frontiers of
resolving the metallicity distribution of high-galaxies and provides the first observational evidence

for metallicity gradients of grand-design galaxies at high

7.1.1 Global Mean Metallicity and the MZ relation Evolution

The slope of the global metallicity evolution with redshiftdicates the chemical enrichment rate
at each cosmic epoch. The metallicity evolution with refishi different mass ranges suggests
possible mass-dependent growth in chemical evolution lafgss. At a given redshift, the slope of
the MZ relation places tight constrains on the outflow modélgalaxy evolution. The evolution of

the slope of the MZ relation with time therefore gives pautée insight into whether the feedback

processes at high-are different from local galaxies. The main conclusionshefthesis are:
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e There is a clear evolution in the mean and median metadigitf star-forming galaxies as a
function of redshift. The mean metallicity falls by 0.18 dex from redshift 0 to 1 and falls

further by~0.16 dex from redshift 1 to 2.

e The lensing-selected samplezat- 1 shows a much larger spread in their global metallicity
than UV-selected sample of stacked spectra. For a givdarstehss, our metallicities span
a wide range ¥ 0.2 dex) of values. This range is not simply a result of stagkrather, the
lensed galaxies are less prone to color-selection biasgsm@nable to probe lower stellar

masses.

e To first order, the MZ relation still exists at z ? 2, i.e., manassive systems are more metal

rich.

e A more rapid evolution is seen between~ 1 — 3 thanz ~ 0 — 1 based on the median
and mean metallicities of all galaxies (a mean fall in matiayl of -0.055 + 0.014 dex Gyr~!

from z ~ 1 — 3, and 0.022 4 0.001 dex Gyr ! from z ~ 0 — 1).

e We compare the metallicity evolution of star-forming gadsxfromz = 0 — 3 with the
most recent cosmological hydrodynamic simulations. Wewstiat overall the metallicity
evolution agrees with the model predictions within the exréglowever, at each cosmic time,
the model over-predicts the enrichment for the highest 38 Mo <M, < 10 My)

galaxies.

e The hydrodynamic simulation from Dave et al. (2011a,b)sftilreproduce the evolutions of
the observed MZ relation based on the PP04N2 diagnostictWhthe model fits the slope

of the MZ relation depends on the normalization methods.used

7.1.2 Metallicity Gradient and Mass Assembly History

Observations of nearby spiral galaxies show that the infskschave higher metallicities in the
galactic centers than the outer-disks, with a gradienteslofp~0.05 dex/kpc. These somewhat

shallow gradients have provided critical constraints ordet® of galaxy formation and evolution,
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and are fundamental to the predictions of the classicald@sout” paradigm for disk growth. No
direct observational constraints on what the magnitudbefitne evolution of the gradients should
be until the work of this thesis and a few other work in literatsince 2010. The main conclusions

of the thesis are:

e The metallicity gradient of a lensed grand-design spirédgais -0.16+ 0.02 dex/kpc. This

gradient is much steeper than any local disk galaxies.

e Our grand-design spiral at = 1.5, together with another 2 lensed galaxieszat- 2
reported in Jones et al. (2012) have much steeper gradiemtsidcal disk galaxies. This

is observational evidence supporting an “inside-out” ghoaf galaxy mass assembly.

¢ We find that the measured metallicity gradient changes syateally with FWHM and annuli
binning. The metallicity gradients of AO-aided lensed geda atz ~ 2 are much steeper
than gradients reported in seeing-limited observatians' { samples). This is a systematic

FWHM effect rather than a redshift evolution.

e We report an elevated [MN]/Ha ratio region in a galaxy at ~ 1 and propose that it is
contaminated by a significant fraction of shock excitatiome ¢tb galactic outflows. We find

that shocked regions may mimic flat or inverted metallicitgdients at high redshift.

e We suggest that the velocity and velocity dispersion oftredly face-on clump disk and a

merger at high= may be degenerated, even with our spatially magnified legakkies.

7.2 Future Work

7.2.1 Correct for the Systematical Errors in Metallicity Gradient Measurements

As shown in Chapter 6, there is a FWHM effect in the metalligitadient measurement. It is of
critical importance that we understand and characterizsesstematic effect before embarking on
large survey of metallicity gradient at high- Large samples of resolved highgalaxies will be

routines for the next generation of large telescopes su@ME TMT, and JWST.
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We show in Chapter 6 that for each galaxy with a metallicigdyentG;,,., there is a correction
curve f(z; Gint) — Gine. We can establish an empirical library for the functiftc; G;.e). It
can be realized by simulating a large sample of local IFU datave did with Sp1722. We will
then provide this library as an empirical correction foiuhat large samples of metallicity gradient
measurements. We will soon realize this library by usingQhtar Alto Legacy Integral Field Area
Survey (CALIFA) data. CALIFA is a statistically well-defidesample of~600 galaxies in the
local universe using 250 observing nights with the PMAS/RiMtegral field spectrophotometer,
mounted on the Calar Alto 3.5 m telescope. The CALIFA datavigdem the largest and most

comprehensive wide-field IFU survey of galaxies carriedtoutate.

7.2.2 Towards a Mass-Selected Lensed Galaxy Sample

We have seen the advantages of using gravitationally legaledies as alternative samples against
color-selection and as powerful cosmic telescopes to pthbdainter mass range. The lensed
galaxy sample used in metallicity history studies haveaased five fold in the past 5 years.
However, we are still limited by small numbers of lensed dédatets. Our final goal would be
to establish a large sample of lensed galaxies such that-geéssion on the lensed sample is
possible. Current and future imaging of new lensing clgsteitl quickly expand our search of
lensed candidates. For example, the existing snap-shoti&des of the MACS cluster sample
have already yield more than 30 new lensed giant arcs (Figure Besides the MACS cluster
survey, the FOCUS survey led by Lisa Kewley in Australia watle the WiFeS Integral Field
Spectrograph to obtain deep maps of galaxies at interneediatances that have been lensed
behind nearby clusters. The major innovations offered bié8i are simultaneous imaging and
spectroscopy over a wide field of view. Simultaneous imagind spectroscopy is essential for
understanding how galaxy disks form and evolve, while a \iield of view is critical for covering
the large areas spanned by nearby galaxy clusters. Thesedesurveys will offer a great chance
of finding suitable AO-correction candidates, as well asding towards a large lensing sample for

mass-selection.
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Figure 7.1 The Giant Arcs identified in the MACS cluster Syrve
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Appendix A

Part |: Basic Lensing Equations

Lensing Basics: The background galaxies we observed have been magnifiedkiarill distorted
spatially by the foreground gravitational potential. Liegsmodeling serves to recover the intrinsic
properties of the lensed galaxies, yielding magnificatiactdrs for the flux and the area. This
subsection summarizes very briefly the basic idea of gramital lensing, more details can be found
in Schneider et al. (e.g., 1992); Kaiser & Squires (e.g.3)99

Gravitational lensing is nothing but the fact that lightsaye deflected in the gravitational field,
as predicted by Einstein’s General Relativity. The changée direction of the light bundle can be

guantified very simply by the lens equation:
u=x— Ve(x) (A1)

whereu is the original source angular position without lensirgs image angular position after
lensing, andV¢(x) is the scaled deflection angle, which is the first order déwvieaof the two-
dimensional (i.e., projected) gravitational potental

The potential¢ is related to the scaled surface mass densityia the Possion equation:
V2¢ = 2k, wherex is defined to be the projected surface mass distribifiafi the lens divided by
the critical surface density., of the lens. The critical surface density is expressed as

2 D

cr — A.2
47G Dy D (A-2)
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where D, and D, are angular diameter distances from the observer to thededssource,
respectively, and is the angular diameter distance from the lens to the so@nee we know the
redshift of the source and lens, and the mass distributidheoforeground lens, we can in principal
calculatex and obtain the image positions via solving Eq. (A.1). An imaot conclusion from the
above description is thahe image position scales with the first order derivativehaf projected

foreground gravitational potential

Not only will the direction of the light bundles be deflectéd} also the shape and area will get
distorted because of the gravitational tidal effects. Tiséodion of the source image is described
by the distortion matrix

Azg_;l: l—-x 0 N -7 =72
wherek, the scaled surface mass density, also called convergeoné&pls the image area; and
v = v + i7y2 is the complex shear, which controls the distortion of thapgls. The relation
between~ and x can be described by linear convolution processes. Sinc@nigrpreserves
surface brightness, and there is no absorption nor emissiolved, the total flux of the images
is magnified by the magnification of the image area, which igrotled byx. The inverse oA is

the magnification matrix:

-1

-t - T Y
Al = (g—“> - ¢ Oy (A.3)
x _¢IZ/ L - ¢yy
where ¢;; = 0%¢/0z;0z; is the second derivative of the potential. The often meetion

magpnification factoy: is just the determinant aA—'. An immediate conclusion here is thiie
magnification scales with the second order derivatives @fbtential (more clumpy component of
the mass profile)In the strong lensing case, one source positianll have multiple solutions for
image positionx in Eq. (A.1), therefore according to Eq. (A.3), the magnifiwa . is going to be

different for each image position solution.
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“Critical curves” are formed by points on the image plané Sadisfydet(A 1) = 0 (infinitely
largey:). They have theoretically infinite magnification factorWhen those points are mapped onto
the source plane, they are called “Caustics”. Sources nesusdic has the largest magnification and
distortion. Note that in reality: will never increase to infinity because the above expressasa
derived from geometric optics and it fails near criticalngsj wave optics must be applied in those
positions. Also note that the above equations are derivegdimt sources; the magnification for
extended sources should be the magnificatiat each point averaged over the surface brightness
distribution of the sources.

In this thesis, the gravitational lensing models are basethe methodology that is described
in detail in the Lenstool softwareenst ool * (Kneib et al. 1993; Jullo et al. 2007).

The code LENSTOOL is used to constrain a parametrized mdédeéaark matter distribution.
For each cluster, the model comprises two components: 1 darsPec-scale dark matter haloes,
parametrized with a dual pseudo-isothermal ellipticallgJfnass distribution, and a few galaxy-
scale dPIE dark matter haloes, centered on massive clustabers occupying the strong lensing
region to account for the substructures (e.g., Natarajaal. 2007). These galaxy-scale haloes
are assumed to have mass properties that follow a scaliatiorelbased on the luminosity of the
underlying galaxy, assuming a constant mass-to-light (Atatarajan et al. 1998; Smith et al. 2005).

Lenst ool uses Bayesian optimization with a Monte-Carlo Markov CHM&CMC) sampler
which provides a family of best models that fits the strongileg constraints, sampling the posterior
probability distribution of each parameter. In particulae use this family of best models to derive

the magnification and relative error on magnificatipassociated to each lensed source.

*htt p: / / www. oanp. f r/ cosnol ogy/ | enst ool
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Appendix A

Part Il: BPT diagram, AGN and Starbursts

Note: This Appendix originally appeared in Yuan, Kewley, arfflers 2010, ApJ, 709, 884.
The Tables and Appendix can be found in the online paper. ubiraut the thesis, we use BPT
diagrams to exclude AGN. This Appendix shows an example @ittage of the BPT diagram on

diagnostic starburst and AGN.

Abstract

We investigate the fraction of starbursts, starburst-AGihposites, Seyferts, and LINERs as a
function of infrared luminosity L;r) and merger progress fer500 infrared-selected galaxies.
Using the new optical classifications afforded by the exa@lnarge data set of the Sloan Digital
Sky Survey, we find that the fraction of LINERS in IR-selectainples is rare<{ 5%) compared
with other spectral types. The lack of strong infrared eraisin LINERS is consistent with recent
optical studies suggesting that LINERs contain AGN with éovaccretion rates than in Seyfert
galaxies. Most previously classified infrared-luminousNERs are classified as starburst-AGN
composite galaxies in the new scheme. Starburst-AGN coitegasppear to “bridge” the spectral
evolution from starburst to AGN in ULIRGs. The relative stggh of the AGN versus starburst
activity shows a significant increase at high infrared lumsity. In ULIRGs ;g > 10'2L.),
starburst-AGN composite galaxies dominate at earlptermediate stages of the merger, and AGN
galaxies dominate during the final merger stages. Our seapdt consistent with models for IR-

luminous galaxies where mergers of gas-rich spirals fudh Btarburst and AGN, and where the
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AGN becomes increasingly dominant during the final mergegest of the most luminous infrared

objects.

A.1 INTRODUCTION

Luminous Infrared Galaxies (LIRGs;r > 10" L) were first discovered in small numbesst
decades ago (Low & Kleinmann 1968; Kleinmann & Low 1970a,b¢Bin et al. 1971; Becklin &
Neugebauer 1972; Rieke & Low 1972a). The importance of thegects to galaxy evolution was
made more clear following the first all-sky survey carried lmypithelnfrared Astronomical Satellite
(IRAS Neugebauer et al. 1984). Soifer et al. (1987) found thasfiae density of infrared (IR)-
selected LIRGs in the local Universe & 0.1) rivaled that of the most powerful optically-selected
starburst and Seyfert galaxies at similar bolometric lwsity, and that the most luminous objects
— ultraluminous infrared galaxies (ULIRGs:;r > 10'?L.) — had similar space densities and
bolometric luminosities as optically-selected quashi@tebjects (QSOs).

There have been numerous studies related to the origin ashdtien of U/LIRGZ, and most
now seem to agree that strong interactions and mergers afaagalaxies are the trigger for the
majority of the more luminous LIRGs (see the review by SasdeMirabel 1996). The merger
fraction increases with IR luminosity and approaches 1008&&mples of ULIRGsd.g, Sanders
et al. 1988a; Kim 1995a; Clements et al. 1996; Farrah et @l1R0In the complete sample of
IRAS 1Jy ULIRGs by Kim (1995a), 117 out of 118 galaxies showrsf) signs of tidal interaction
(Veilleux et al. 2002).

There is less consensus on the nature of the power sourceLtRG$. It is clear that the
IR luminosity in U/LIRGs can derive from dust reprocessirfgeither extreme starburst activity,
Active Galactic Nuclei (AGN), or a combination of the two.uflies of moderate to large samples of

U/LIRGs (e.g, Kim 1995a; Veilleux et al. 1995; Goldadet al. 1995; Genzeét al. 1998) indicate

'Lk = L(8 — 1000um); (see Sanders & Mirabel 1996)

%Previous studies of the properties of infrared galaxiesuetog{ir /Le) often divide the galaxy samples into
decade luminosity bins and use the terms moderate, lumindtuagluminous, and hyperluminous to refer to the decade
ranges 16-10.99, 11-11.99, 12-12.99, and 1313.99, respectively. We follow this convention here, anel UAIRGs
when we wish to refer to all galaxies with ldgi /Lo)= 11-12.99 .
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that the dominant power source in lower luminosity LIRGsnsextended starburst, and that an
AGN often makes an increasing contribution to the bolorodtriminosity in the more luminous
sources with obvious energetic point-like nuclei. Howewkiferent studies of the same objects
disagree on the relative contributions of starburst and AGtVity to the bolometric luminosity, in
particular for the ULIRGs where the dominant energy soum&quing their extremely luminous
and compact nuclear cores continues to be the subject osetgebate (c.f., Joseph 1999; Sanders
1999). Although numerous studies at various wavelengthirage to be carried out to determine
the energy source of ULIRGg.(, Tran et al. 2001; Farrah et al. 2003, 2007; Lipari et al.3200
Ptak et al. 2003; Imanishi et al. 2007), determining thetiradacontribution of starbursts and AGN

within individual galaxies is still difficult.

One of the commonly proposed merger scenarios for ULIRGE Sanders et al. 1988a; Kim et
al. 1995b; Farrah et al. 2001; Lipari et al. 2003; Dasyra &0#6) is based on the Toomre & Toomre
(1972) sequence in which two galaxies lose their mutuakarkbnergy and angular momentum to
tidal features and/or an extended dark halo and coalesoeaisingle galaxy. Tidal interactions
and associated shocks are thought to trigger star formétign Bushouse 1987; Kennicutt et al.
1987; Liu & Kennicutt 1995; Barnes 2004) which heats the mumding dust, producing strong
far-infrared (FIR) radiation. The FIR radiation rises to @ira-luminous IR stage powered by
starbursts and/or dust-shrouded AGN. As starburst actubsides, the merger finally evolves into
an optically bright QSO. In this scenario, ULIRGs plausibfpresent a dust-shrouded transition
stage that leads to the formation of optical QS@g{ Sanders et al. 1988b; Dasyra et al. 2006;
Kawakatu et al. 2006; Zauderer et al. 2007).

A key element in testing the above scenario is to clarify the/gr source behind the strong
IR emission, and the relationship between this power soarwkthe evolutionary stage of the
interaction. Comprehensive studies on large IR-selecteypkes are crucial to this analysis. Notable
examples of such samples are the IRAS Bright Galaxy Surv&S[BVeilleux et al. 1995), the IRAS
1Jy ULIRGs sample (1 Jy ULIRGs: Kim 1995a; Kim & Sanders 19¢8ijleux et al. 2002), and
the Southern Warm Infrared Galaxy sample (SW01: Kewley.€1G01a).
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Most previous studies use standard optical spectral dgigdiagrams to classify the dominant
power source in emission-line galaxies (Baldwin, Philli@Serlevich 1981; Veilleux & Osterbrock
1987). These diagrams are based on four optical emissienréiios that are sensitive to the
hardness of the ionizing radiation field. More recently, $iean Digital Sky Survey (SDSS) has
revolutionized these classification schemes by revealiegrly formed branches of star-forming
galaxies, Seyferts, and Low lonization Narrow Emissio@|Region Galaxies (LINERS) on the
diagnostic diagrams, for the first time (Kewley et al. 20063wley et al. shows that many galaxies
previously classified as LINERs lie along a well-defined mixbranch from star-forming galaxies
to Seyfert galaxies.

In light of this new classification scheme, we investigate miew spectral classification of IR
galaxies as a function of IR luminosity and merger progréés.describe our sample selection and
derived quantities i§ A.2. The results are presentedsi\.3. We discuss the results §nA.4 and
summarize i A.5. For convenience of comparison with the old 1 Jy ULIRGIgsia by Veilleux
et al. (1999, 2002), we adopt a Hubble constant gf=H75 km s ! Mpc~!, and),, = 0.27,

Qx = 0.73 throughout the paper.

A.2 SAMPLE SELECTION AND DERIVED QUANTITIES

A.2.1 Sample Selection

We use three local samples of IR-selected galaxies: the 11RGk from the IRAS 1 Jy sample of
ULIRGs (Kim & Sanders 1998) (hereafter the 1 Jy ULIRGs samfle4 of the highest luminosity
objects from the IRAS Bright Galaxy Survey (hereafter theB&ample), and the complete sample
of 285 galaxies in the Southern Warm Infrared Galaxies saififgwley et al. 2001a) (hereafter the
SWO01 sample).

The complete 1Jy sample was compiled by Kim (1995a) and ieritbes! in detail in Kim &
Sanders (1998). The 1Jy sample was selected from the IRA® Haurce Catalog (FSC) with
flux F(60pm) > 1Jy at high Galactic latitudé| > 30°, and declinatiory > —40°. The sample
contains 118 objects with redshift= 0.02 — 0.27 and log(Lir /Le ) = 12.00 — 12.90. Veilleux et
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al. (1999) published optical spectra for 108 of these objatt resolution of 8.A. Their nuclear
spectra were extracted using a window corresponding to aigdlydiameter of 4 kpc (for the
three objects withe > 0.2: IRAS 003971312, IRAS 12032+1707, and IRAS 23499+2434, a
diameter of 8 kpc was used). Typical uncertainties for thession line ratios are 5%10%. A R-
and K’-band image atlas for the 1 Jy sample is given in Kim et al. 22@0hd the analysis of the

morphological properties was carried out by Veilleux e(2002).

We also include 104 lower luminosity objects from the IRASB(&Ganders et al. 1995; Veilleux
et al. 1995; Soifer et al. 1986, 1987, 1989). The BGS repteseextragalactic sources brighter
than 5.24 Jy at 60m, |b| > 5°. Kim et al. (1995b) provide optical spectra for 114 of thebocts at
a resolution of 8 10A. A constant linear aperture of 2 kpc was used to extract tioder spectra.
The redshift range is = 0.0027 — 0.09 with a median of 0.02. Among the original 114 BGS
objects in Kim et al. (1995b), a total of 10/114 are ULIRGstha8 of the ULIRGs also included
in the 1Jy sample. We only use the 104 LIRGs (l&gr /L) < 12.0) in the BGS sampleThe
main role of the BGS sample in this study is to supplement theULIRG sample with lower
luminosity objects, and to help create a larger non-ULIR@mple in§ A.3.4.The final L1z range

islog(Lir/Lg) = 10.5 — 13.0 for the 1 Jy ULIRG and BGS samples combined.

The SWO01 sample was selected by Kewley et al. (2001a) froncditeog of Strauss et al.
(1992). It consists of 285 IRAS galaxies wi{60um) > 2.5 Jy at|b| > 15°, 5 < 0°. Kewley et
al. (2001a) applied the “warm” color criteri&y / F»; < 8) to ensure that the sample contains a high
fraction of AGN. SWO01 has a wide coverage in IR luminosityd @xdominated by LIRGs: among
the total 285 galaxies, 277 galaxies have(lbgz /L) = 8.0 — 11.99 and 8 are ULIRGs. Kewley
et al. (2001a) took high-resolution spectra (30 km at Ha) for 235 objects in the SW01 sample
(the emission line intensity measurements are accuratathinvd0%). The SWO1 redshift limit
is z < 0.027 for IR luminosities log Lir /Ls) < 11.0 andz < 0.067 for log (Lig/Le) > 11.0.
Their nuclear spectra were extracted using an aperturesmonding to 1 kpc at the redshift of each

galaxy.

For the BGS and SWO01 samples, we use optical images from tigZed Sky Survey (DSS)

and K-band images from 2MASS. We use thh&-band images to obtain the projected nuclear
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Figure A.1 Standard optical diagnostic diagrams showiegptievious optical classification scheme
by Veilleux & Osterbrock (1987) (black dotted lines) and tiev classification scheme by Kewley
et al. (2006). Star-forming galaxies form a tight abundaseguence on these diagnostic diagrams.
The AGN branch begins at the metal-rich end of the star-fogrgalaxy sequence and extends
towards the upper right corner of these diagrams. Red suoliees are the theoretical “maximum
starburst line” derived by Kewley et al. (2001b) as an upjpmait Ifor star-forming galaxies (see
more descriptions in section 2.2); the red dashed curve erjNhi] diagram is the Kauffmann
et al. (2003) semi-empirical lower boundary for the starfimg galaxies; the red lines (with the
empirical errort0.1 dex lines) on [S1] and [O1] diagrams are the empirical boundary lines between
Seyfert 2 galaxies and LINERs. Sg&\.2.2 for more details. The Kewley et al. (Ke06) scheme
substantially changes the LINER boundaries, and includeass for starburst-AGN composites
(labeled Comp). Note that in the [N A6583/Hx versus [QII]/H3 diagram (panel a), the VO87
scheme distinguishes between Seyfert 2 galaxies and LINERIe the Ke06 classification scheme
does not.

separation for the interacting galaxies in our samples amdise theR-band and other available

optical band images for identification of tidal debris.

A.2.2 Optical Classification

The classification of the dominant energy source in emislii@ngalaxies using optical emission-
line ratios was first proposed by Baldwin, Phillips, & Teitdv (1981, hereafter BPT). BPT
proposed the use of the [@] A\5007/H/3, [N 11] A6583/He, and [O1] A6300/Hea line ratios for
spectral classification, taking advantage of the seritivf these line ratios to the hardness of
the ionizing radiation field. Kennicutt & Keel (1984) and Ké&983) extended the initial set of
classification ratios to include the {$ A\6716,6731/Ha line ratio which is also sensitive to the
hardness of the ionizing radiation field and observableeamiftical regime. To improve the optical
classification, Osterbrock & de Robertis (1985) and Verl&uOsterbrock (1987, hereafter VO87)

derived the first semi-empirical classification lines to kBediwith the standard optical diagnostic
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diagrams. Because of the pioneering work of Baldwin, Rig|li& Terlevich (1981) and Veilleux &
Osterbrock (1987), the “standard optical diagnostic diatg” based on the [@]/HS, [N 11]/Ha,

[St]/Ha, and [O1]/Ha line ratios are commonly known as BPT or VO87 diagrams.

Large samples or active galaxies reveal a tight abundarpgesee for star-forming galaxies
and an AGN sequence that begins at the metal-rich end ofdhéostming abundance sequence and
extends towards the upper-right corner of the diagnostigrdims (i.e. towards large [@])/Hg,
[N1}/Ha, [SH]/Hea, and [O1J/Hc).

The first purely theoretical classification scheme was dgpeasl by Kewley et al. (2001b)
(hereafter Ke01). Ke0O1l used a combination of modern stetlpulation synthesis, photoionization,
and shock models to derive a “maximum starburst line” on tRg Bliagrams. Galaxies that lie
above this line can not be explained by any combination obstat models and require a dominant
(> 50%) contribution from an AGN. Galaxies that lie below the Kdife may include a non-

dominant (i.e.< 50%) contribution from an AGN.

To obtain a more stringent sample of star-forming galaxfesffmann et al. (2003) (hereafter
Kau03) shifted the Ke01 line to form a semi-empirical uppeutary for the star-forming branch
observed with the SDSS. The Kau03 line retains the shapeeok#®1 theoretical models, with
a shift to enable classification of pure star-forming gadaxi.e. 100% star-formation dominated).
The combination of the Ke01 and Kau03 lines serves to seppuae star-forming galaxies, galaxies
that are likely to contain both star-formation and AGN atgifcomposite galaxies), and galaxies

that are dominated by their AGN.

Kewley et al. (2006, hereafter Ke06) showed that AGN segeidoiens two clear branches on
the [SII]/Ha and [O1]/Ha diagnostic diagrams. These two branches were revealedhdttarge
number of SDSS galaxies-@5,000); these branches were not observed with the smaltepls
sizes £200) that were used in previous studies (e.g., VO87 and KeR&p6 derived empirical
boundary lines between Seyfert2s and LINERs on the]fS« and [O1]/Ha diagrams based on
the observed local minimum between the Seyfert and LINERdbras. Seyfert and LINER galaxies
defined in this way have significant differences in their hmsiperties; LINERs are older, more

massive, less dusty, and less concentrated than Seyfarigml However at fixed accretion rate,

193



these differences disappear. LINERs and Seyferts form aintmus sequence in Eddington rate
from low to high Eddington rates, respectively. Ke06 codelthat LINERs are AGN and that the
dichotomy between Seyferts and LINERSs is analogous to tjie &md low states observed in X-ray

binary systems.

As in X-ray binaries, LINERs have a harder ionizing radiatifield and lower ionization
parameter than Seyfert galaxies. These characteristiks tha [S1]/Ha and [O1]/Ha diagrams
ideal for separating Seyferts and LINERs. Thei]&nd [O1] emission-lines are produced in the
partially ionized zone at the edge of the nebula; this zoraerge and extended for hard radiation
fields. Power-law AGN models from Groves, Dopita & Suthedlg@004) indicate that models
with a hard radiation field and low ionization parameter agesated in the [8]/Ha and [O1)/Ha

diagrams; these ratios change4.7 dex as the power-law index is changed from -1.2 to -2.0.

Note that the [N1]/Ha ratio diagram can not be used to separate Seyferts and LINERs
[N 1)/Ha ratio is only weakly dependent on the hardness of the radiditeld; log([N11]/Ha) only
changes by 0.2 dex as the power-law index is varied from el-2.0 (Groves, Dopita & Sutherland
2004). The [NI]J/H« ratio is much more strongly dependent on the metallicityhef hebular gas.
Metallicity differences among AGN host galaxies plus thealwdependence on hardness renders
the [N11]/Ha diagram insensitive to the major differences between $egfel LINERS seen in the

[St]/Ha and [O1]/Ha diagrams.

Ke06 estimated empirical error&(.1 dex) for the Seyfert-LINER boundary by considering the
positions of galaxies that remain Seyfert 2 or that remaMHER in both the [SI]//Ha and [O1]/H«

diagrams. The class of galaxies that lie withifi.1 dex of the Seyfert 2/LINER line is uncertain.

In Fig. A.1 we show the difference between the previous VO&gsification scheme (black
dotted lines) and the new Ke06 classification scheme (rad aold dashed lines). Galaxies that
were previously classified as LINERs may be either (a) trudBRs, (b) composite HII-AGN
galaxies, or (c) Seyfert 2 galaxies, or (d) high metallisitgr-forming galaxies, according to the new
classification scheme. A substantial fractien {/3) of ULIRGs and LIRGs have been previously

classified as LINERs using the VO87 method (Veilleux et a®5,9999). Therefore, the application

194



of the Ke06 classification scheme may reveal new insighttimtqower source behind IR-selected
galaxies previously classified as LINERs.

In addition to the major change in LINER classification, theO& scheme includes starburst-
AGN composite galaxies as a separate class of objects. Th§{ versus [Q1]/H3 diagram
is used to classify composite galaxies. (Composite gadaieebetween the red dashed and solid
lines in Fig. A.1a.) The [NI]/H« ratio is more sensitive to the presence of a low-level AGNtha
the [SI)/Hea, and [O1]/H« line ratios because the [N/H« ratio is a linear function of nebular
metallicity until high metallicities where the [M/H« reaches a plateau at log([VHa) ~ —0.5
(Kewley & Daopita 2002; Denicold, Terlevich & Terlevich 2R0Pettini & Pagel 2004). At this
plateau, any AGN contribution shifts the [N'H« ratio above log([N1]/Ha) > —0.5. An AGN
contribution to low metallicity galaxies is extremely rgf@roves, Heckman & Kauffmann 2006).

We apply the new Ke06 classification scheme to our three smnpl discriminate between
star-forming galaxies (or starburst/Hll-region gala)jeSeyfert2, LINERs, and starburst-AGN
composites. In Fig. A.2, our three samples are shown in casgrawith the SDSS galaxies used
in Kewley et al. (2006) on the BPT diagrams with the new cfastion boundaries. The Ke06
classification scheme that we use in this work is as follows:

(1) Star-forming galaxies: lie below and to the left of Kadid@ on the [Nil]/H« diagram (e.qg.,
Fig. A.2 left column, the lower red solid line), and below andhe left of KeO1 theoretical lines in
the [SII]/Ha and [O1]/Ha diagrams (e.g., Fig. A.2 middle and right columns, the réditi dimes).

(2) Starburst-AGN composites: lie above KauO3 line but Wweknd to the left of KeOl1
theoretical line in the [NI]/Ha diagram (Fig. A.2 left column).

(3) Seyfert 2 galaxies: lie above the Ke01 theoretical lioesll three BPT diagrams and also
above the Seyfert-LINER boundary lines in thell[8Ha and [O1)/Ha diagrams (e.g., Fig. A.2
middle and right columns).

(4) LINERs: lie above the Ke01 theoretical lines on all theT diagrams and below the
Seyfert-LINERs boundary lines on the [§H«a and [O1]/Ha diagrams.

(5) Ambiguous galaxies: are those that are classified asg/pref object in one or two diagrams

and are classified as another type in the remaining diagfam(s
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(6) Seyfert1 galaxiesare not included on the BPT diagrams and are considered sdpigr
They are characterized by their broad Balmer emission linassually Hv(FWHM) > 5 X
103 km s~1. Thus, galaxies classified as Seyfert 1 in previous studiesin classed as Seyfert 1 in

our study.

The most stringent method for classification of galaxiesgishis scheme is to use all three
diagnostic diagrams. We refer to the use of all three diagndgégrams hereafter as the “3-of-3”
criterion. The use of all three diagnostic diagrams alloarsafmbiguous galaxies to be classified
separately. For data sets with a significant fraction of wmsueable or uncertain [8]/Ha or
[O 1)/H« ratios, an alternative “2-of-3” criterion is often appliethis method applies the majority
class, i.e. if 2 out of 3 diagnostic diagrams give one classtte third diagram gives a different
class or is unavailable, the consistent class of the 2 réntpiiagnostic diagrams is assumed.
There is ho ambiguous class if the 2-of-3 criterion is ampliglost previous studies on the optical
classification of IR galaxies apply the 2-of-3 criterion iMaux et al. 1995, 1999, 2002). The
[S lI)/Ha classifications are uncertain for a substantial portien16 — 17%) of the BGS and
1 Jy ULIRG samples (i.e. the [8]/Ha class lies within the 0.1 dex uncertainty line defined in
Ke01l). For comparison with previous work and to avoid contetion by uncertain [S1])/Ha
classifications, we apply the “2-0f-3” criterion to our sdegp We discuss our results in the context

of the 3-of-3 criterion in the Appendi®?.

In the 1 Jy ULIRG sample,the 2-of-3 classification schemddsgie8 (7.8%) star-forming
galaxies, 46 (44.7%) starburst-AGN composites, 35 (33.8&fert2, 10 (9.7%) Seyfert1, and 4
(3.9%) LINERSs. These classes include the 9 galaxies in tgesample with double nuclei that have
spectra taken for both nuclei. Of these double nuclei gatad galaxies have consistent classes for
both nuclei and are assigned composite (3/4) and SeyfefdPdlhsses respectively. The remaining
5 double nuclei galaxies have a composite nucleus plusreitearburst nucleus (4/5) or a Seyfert
2 nucleus (1/5). Because their overall class is uncertamnexelude these 5 double nuclei galaxies
from our sample. We note that our results are unchanged imgomly assign these double nuclei

galaxies the class of either nucleus.
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Figure A.2Samples (blue filled circle) used in this work are shown onBR& diagrams, over-plotted are
the SDSS galaxies (black dots) from Kewley et al. (2006). Ginwes and lines have the same meaning as
in Fig. A.1, i.e., upper red curves on all three BPT diagranmesthe theoretical “maximum starburst line”;
the lower red curve on the [N] diagram is the Kauffmann et al. (2003) semi-empirical loweundary

for star-forming galaxies, and the red lines (with the emspirerror 0.1 dex lines) in [S1] and [O1]
diagrams are the empirical boundary lines between Seydadd INERs. See the text iHA.2.2 for more
details. From top to bottom, the samples are: 1Jy ULIRGs, B8 SWO01. The red lines are the new
classification scheme Kewley et al. (2006) used to sepatatbusst (HIl-region) galaxies, starburst-AGN
composite galaxies, Seyfert2, and LINERs. In the leftmastgls, NLAGN= narrow emission-line AGN
(Seyfert2 plus LINERS); Comg starburst-AGN composites.

The BGS sample covers lower IR luminosities than the 1 Jy W@W.Hample and has a larger
portion of star-forming galaxies. The 2-of-3 classificatecheme gives 30 (25.97%) star-forming
galaxies, 32 (41.56%) starburst-AGN composites, 19 (24)63eyfert 2, 1 (1.3%) Seyfert1, and 5
(6.5%) LINERs. These classifications include 13 galaxigh @ouble nuclei in which both nuclei
have consistent classes (7/13 star-forming and 6/13 cdteppsWe do not include an additional
5 double nuclei galaxies with differing classes for eachlews Our results are not affected if we
randomly assign these double nuclei galaxies the classharaiucleus.

There are 175 galaxies in the SWO01 sample that have measorisdi@n line ratios with
S/N > 30. The SWO01 sample covers substantially IR lower lumincsitiean the BGS or 1 Jy

ULIRG samples and contains a large fraction of star-forngataxies. In the 2-of-3 scheme, the
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SWO01 sample contains 78 (41.7%) star-forming galaxies,387506) starburst-AGN composites,
40 (21.4%) Seyfert2, 10 (5.3%) Seyfertl, and 2 (1.1%) LINER%$ese statistics include 12
double nuclei galaxies with consistent classificationsbioth nuclei (7/12 star-forming galaxies,
3/12 composites, and 2/12 Seyfert 2 galaxies). We do naidiec#t double nuclei galaxies that have
different spectral types for each nucleus. Our results iomachanged if we randomly assign these
4 galaxies the class of either nucleus.
Our classifications for the 1 Jy ULIRG, BGS, and SWO01 samptedisted in Table?, ??

and??, respectively. For comparison, in Tal#@ and??, we also list the classifications given in

Veilleux et al. (1999) using the traditional VO87 method.

A.2.3 AGN Contribution

Ke06 showed that the SDSS galaxies form a mixing sequengesbptpure star-forming galaxies
and pure AGN. They defined an empirical linear distafiog) from the star-forming sequence
for both the Seyfert and LINER branches on thel[/H( vs [O IJ/H« diagnostic diagram. The
[O m]/HB vs [O1)/Ha diagram was used to derive this distance because in thisagiaghe Seyfert
and LINER branches are clearly separated (unlike thélI[JZHS vs [N 11]/Ha diagram where the
Seyfert and LINER branches coincide). Fig. A.2 shows thdikerthe optically-selected SDSS
galaxies, the majority of IR-selected galaxies do not limglthe pure star-forming galaxy sequence;
most IR galaxies lie in the composite and AGN regions of tlegdostic diagrams. Because of this
difference, it is more intuitive to think of the linear distae between the star-forming sequence and
the AGN region on the [AII]/H3 vs [O IJ/Ha diagnostic diagram as the relative contribution of an
(Dacn) for IR-selected galaxies.

The quantity Dagn can be defined other standard diagnostic diagrams with gileigli
difference. In AppendixX??, we investigate alternative definitions 6facn, and the relationship
betweenDaqn and spectral class. Becausk gy is a relative measure, our results remain the
same regardless of howcy is defined. Note that becaudes gy is defined as a distance (in
dex) in log line-ratio space, it does not give the fractioragrercentage of star-formation or AGN

emission in a galaxyDagn gives arelative indication of the relative contribution of AGN to the
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EUV radiation field from galaxy to galaxy. The absolute vabieD g is abstract, andacn
should be used only in relation to other galaxies. For examlgalaxy withDycn = 0.6 does
not correspond to an AGN contribution of 60%.4 ¢ is useful only for relative comparisons, for
example, a galaxy witlhagn = 0.6 is likely to have a larger contribution from an AGN than a
galaxy with a smallelD Aqn.

In Fig. A.3, we showDagn on the [O lII]/HSB vs [O IJ/Ha diagram, relative to the Ke06
classification scheme (red lines). By definitiadbagny = Dsr from Ke06. Pure star-forming
galaxies haveDagn = 0. The mixing sequence from pure star-forming galaxies totifnef
the AGN branch begins @agn > 0, and lies below the maximum starburst line (red curve in
Fig. A.3). Galaxies that are classed as composites in thél |3 vs [N 1I]J/Ha diagram have
Dacn < 0.5 or 0.6 (green curve). Galaxies that halgon = 1 are likely to have line ratios
that are strongly dominated by an AGN, although some caritab from star formation can not be

ruled out.
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Figure A.3 [O1]/Ha versus [QI)/HS diagnostic diagram showing the Ke06 classification scheme
(red lines), and the distance to the peak of the AGN brafigiy;n. Blue and black curves give lines
of constantD qn, respectively. The green curves indicate the maxininga,n for starburst-AGN
composite galaxies (defined in the [[WH« versus [QI)/HG diagram). Starburst galaxies and
some starburst-AGN composite galaxies lie below the KeOgimmam starburst line (red curve) in
this diagram.
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A.2.4 Merger Progress Tracers

We use two tracers of merger progress: merger morphologlypenjected nuclear separatioms),
We adopt the morphological classification scheme outlinédeilleux et al. (2002). Veilleux et al.
(2002) relate galaxy morphology to merger stage using nigalesimulations of galaxy mergers
(Barnes & Hernquist 1992, 1996):

1. Wide binary: “binary systems” with projected separatian> 10 kpc.

2. Close binary: “binary systems” with projected separatie < 10 kpc.

3. Diffuse merger: single systemss( ~ 0) with tidal features, and Withh x4, /Lx < 1/3,
whereL g 4, means the-band luminosity within 4 kpc and x is the total luminosity.

4. Compact merger: single systems (~ 0) with tidal features, and witlh. g 4y, /L > 1/3.

5. Old merger: single systemsq ~ 0) with no unmistakable signs of tidal tails, yet have
disturbed central morphologies.

We use the the projected separation measured itkthband and the length of the tidal tails
measured imk-band by Veilleux et al. (2002) for the 1 Jy sample.

For the BGS and SWO01 samples, we use 2MABSband images and the IRAF “imcntr”
task to measure the projected nuclear separations. We&dmend DSS images to determine the
morphological classification according to the Veilleux bt scheme. We search for companions
within a 100 kpc radius. The maximum angular radius avadlafor 2MASS images is 10
arcminutes, giving galaxies at redshifts< 0.0087 images less than 100 kpc wide. For these
low redshift galaxies, we use DSS images that have largarlangadii so that the 100 kpc search
radius criterion is always satisfied. “Isolated systemdindel in this way are therefore confined
within the 100 kpc region. It is possible that these systerasrderacting with objects wider than
100 kpc. For the few galaxies without available 2MASS imagesused the data from other images
in NED or from the literature. These objects are noted in ds®P, ??, and??.

For BGS LIRGs, we find that 42/77 are mergers, and 35/77 atatésb systems or have
companions outside the 100 kpc search radius. For the ramgadY BGS objects, the image
quality is too poor for morphological classification. We daot include these 37 galaxies in the

morphological study. Therefore the morphological clasatfon for the BGS sample is incomplete.
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We emphasize here that the main role of the BGS sample intilly $s to supplement the 1Jy
ULIRG sample with lower luminosity objects, and to help ¢eea larger non-ULIRGs sample in

§ A.3.4.

The SWO01 sample is not dominated by late stage mergers @lds$ above) and only 33/285
can be definitively identified as mergers with ~ 0. A significant fraction (156/285) of SW01
galaxies show no obvious signs of merging or interactiorr. deatistical significance, we combine
the “diffuse”, “compact”, and “old” merger stages as one{ge merger” stage so that each class

contains at least 10 galaxies.
The final morphological classes for the SW01 and BGS sampées a
1. Wide binary: “binary systems” with projected separation> 10 kpc.
2. Close binary: “binary systems” with projected separatie < 10 kpc.

3. Single merger: single systemss(~ 0) with tidal features or distorted nuclei recognizable

in available images.

4. Isolated system: systems that have no obvious signs @fimgeor interaction, within the 100

kpc image search radius.

There may be some overlap in the “isolated” and “single-m€rgroups, as it is impossible to
distinguish whether a galaxy is truly “isolated” or is simplt the end of the merging stage where
all the tidal features disappear (or are too faint to be oleshr For example, there are 7 single
nucleus ULIRGs in the SW01 sample that do not show obviousssif merging in available NED
images. However, 1 JR-band images show remnant signs of tidal activity for 3 ofdimgle nuclei

galaxies.

Besides the uncertainty in distinguishing the “isolatedtasms” from “single mergers”, there

are some classical drawbacks in using projected separagiartracer for merger processes:

a) Projection effects may randomize the results. Howeweia farge sample, projection effects
should be statistically unimportant; on average, intémgcsystems witms < few kpc are likely to

be at a later stage in the merger process than systemssvitta few 10 kpc.
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b) Merger models such as Barnes & Hernquist (1992, 1996) shatwsis not necessarily a
linear function of time: the projected separation decre&sa period of close contact (“first-pass”)
and then increases again before the nuclei finally merge.

c) Projected nuclear separation can not trace merger @®grenultiple mergers of more than
two galaxies unless the time between current mergers ahdfthi@de former mergers is sufficiently
large to enable any merger-induced star formation and AGMiycto subside (Borne et al. 2000).
This issue may be a potential problem for the SW01 sample,hictwsome galaxies are in the
Hickson Compact Groups (Garcia 1993). In these groups, Rhentission may be triggered by
the weak interaction between the group members. For the dniple, multiple mergers are not a
major concern because deep images indicate that only 54.584) arepossiblemultiple mergers
(Veilleux et al. 2002).

With these caveats in mind, we calculate the projected ag@parbetween paired galaxies in
our samples using 2MASE-band images for the BGS and SW01 samples, and the Veilleaix et

(2002) Ks-band projected separation measurements for the 1 Jy sample

A.3 RESULTS

A.3.1 Spectral Type as a Function of IR luminosity

Our samples span different luminosity ranges and haverdiffelR color selection criteria. To
examine how spectral type changes with IR luminosity, weldomthe 1Jy ULIRG sample with
the BGS sample to cover a broad IR luminosity range and totétei comparisons with the classical
Veilleux et al. (1999) result. We consider the SW01 samppassely in this case because the warm
color criterion of the SW01 sample may affect how the spétfpe changes with IR luminosity.
Fig. A.4 shows the optical spectral type as a functior.gf for the combined 1Jy and BGS
samples. The results are also tabulated in TaBldt is obvious from this figure that LINERs are
rare compared with other spectral classes in our IR-lungrsaumples, with only 3% LINERSs in the
1Jy sample and 7% in the BGS sample. The 1Jy ULIRGs sample acky_INERs because this

sample is selected at larger redshifts than the SDSS. Kef¥@eshthat the fraction of LINERS in
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the SDSS falls at > 0.1 due to incompleteness. The lack of LINERs in SWO01 may be st lea
partly caused by the warm selection criterion, as the thariWariterion selects against LINERs

(Kewley et al. 2001a).

We find few IR-luminous LINERs found in our samples. A majprif2/79) of the objects
previously classified as LINERSs are classified as compositexgs and Seyfert 2s using the Ke06
SDSS-based classification scheme. LINERs in the SDSS-lwdasslification scheme contain an
older stellar population and an AGN with a lower accretioe than Seyfert 2 galaxies. The lack of
such LINERs in IR samples indicates that (a) bona fide IR+wms LINERS are quite rare — only
3/108 in the 1 Jy ULIRG sample and 5/97 in the BGS samples, lanith (nost cases, LINERs do
not contain the intense star formation and/or the strongidysocessed AGN emission responsible

for the IR luminosities seen in U/LIRGs. We discuss the r&eélected LINERs in more detail in
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Figure A.4 Spectral type (2-of-3 criterion) as a function’gf for the 1 Jy ULIRG sample (Veilleux
etal. 1999) and the LIRGs in the BGS sample (Veilleux et @5)9Similar to Veilleux et al. (1999),
double nucleus objects are excluded in this figure. The numibgalaxies contained in each bin
is marked on top of the histogram. The luminosity bins areliedh at the bottom. Throughout this
paper we will always use grey for ambiguous, blue for Hllioeggalaxies, green for composites,
black for LINERs, yellow for Seyfert 2 galaxies and orange3eyfert 1 galaxies, unless otherwise
specified. The result of applying the stringent 3-of-3 cidte is presented in AppendiX?.

Interestingly, we find that Seyfertl galaxies favor highetz, consistent with previous

studies suggesting that Seyfert 2 galaxies have weaketRnligiminosities than Seyfert 1 galaxies
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Figure A.5 Optical classification results as a functionZgf for the SWO01 sample. The SW01
sample is dominated by moderate IR luminodity; < 10! L, sources, with~25% LIRGs, and
very few ULIRGs &2% = 3 objects). For comparison with Figure A.4, Panel (ajdgis the SWO01
sample into the same two lower luminosity bins (only 3 SWOjedls havelig > 10'?L, in the
bin 12< log(Lr /Ls)<12.21). Panel (b) provides a finer grouping into fdyg bins to gain more
resolution. The sub-bins are chosen in such a way that eaatohiains at least 20 galaxies.

(Heckman 1995; Maiolino et al. 1995; Giuricin, Mardirossi& Mezetti 1995) (however, see
Bonatto, & Pastoriza 1997; Haas al. 2007). However, because the 1Jy ULIRG + BGS samples
only contain a total of 11 Seyfert 1 galaxies, a larger nunaféR-luminous Seyfert 1s is required

to determine the significance of this result.
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The spectral type as a function bfr for the SWO01 sample is shown in Fig. A.5 and Tabk
Because the SW01 sample covers a lower IR luminosity ramgeSW01 sample is intended to
extend the 1 Jy ULIRG and BGS samples to lower luminositehear than to serve as a comparison
sample. Nevertheless, in panel (a) of Fig. A.5, 1hg bins are chosen to be the same as the first
two bins of Fig. A.4 to facilitate comparisons between therwé§SWO01) and non-warm (BGS and
1 Jy ULIRG) samples over theg range where all samples are well-defined.

Since our samples contain a large number of objects Wiy Lo, < 10'°, L1y is divided into
sub-bins in panel (b) to improve resolution. Bin sizes am@seln to to ensure that each bin contains
at least 20 galaxies. In the SWO01 sample, the AGN fractioreases and the fraction of starbursts
decreases akir, becomes larger, similar to the trend in the 1 Jy ULIRG + BGSasm As shown
in panel (b) of Fig. A.5, the lowest luminosity bif{z /L. < 10'°) has the largest fraction of

star-forming galaxies.

A.3.2 Dy as afunction of Lig

Spectral types only reflect the galaxy’s general positiorirenBPT diagrams. To investigate the
relative contribution from an AGN as a function of IR lumiitgswe show in Fig. A.6 and Fig. A.7
Dagn as a function ofLig for the combined 1Jy ULIRG + BGS sample, and the SW01 sample,
respectively. The mean, median, and standard error®f@fy are calculated for the same four
luminosity ranges as used in Fig. A.4 and Fig. A.5b, for thebimed 1 Jy ULIRG + BGS sample
and the SWO01 sample, respectively. To test whether theldistn of Dagn in eachLig bin can
be drawn randomly from the same parent population, we parfitie two-sample Kolmogorov-
Smirnov (KS) test to each pair of neighborifggr bins. For theLig bin pairs (1-2), (2-3), (3-4) in
Fig. A.6, the KS test gives a probabilit#,.;; = 0.08, 3.98E-6, and 0.16 that the distributions are
drawn from the same parent population, indicating a stedilbf significant change in th® gy
distribution at the 90% confidence level betwd@’ < Lir/Ls < 10'%3 for the 1Jy ULIRG +
BGS sample.

For the SWO1Lr bin pairs (1-2), (2-3), (3-4) in Fig. A.7, the KS test givesralpability P,

=0.48, 0.28, and 0.02 that the distributions are drawn frioensame parent population, indicating

205



a statistically significant change in theagn distribution at the 98% confidence level between
10'°7 < Lir/Le < 1023, The rise inDagn at lower luminosities is not statistically significant
for the SWO01 sample.

We conclude that the rise d@b5qn with Lig is significant for all three samples &g /Lo >
109, Previous studies indicate that the fraction of AGN incesaat largeLir (e.g., Armus,

Heckman, & Miley 1990; Veilleux et al. 1995; Goto 2005). Higs A.6 and A.7 confirm these

results.
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Figure A.6 D g as a function ofL1g for the 1Jy ULIRG + BGS sample. The mean, median, and
standard error of the mean for the same 4 IR luminosity bies urs Fig. A.4 are plotted in green.
Blue crosses give the median values. The probability thetlihon distribution in consecutive
bin pairs is drawn from the same parent population is givef /M3.2. The rise inDagy from
luminosity bin (2) to (3) and bin (3) to (4) is significant aet®9% and 90% confidence levels,
respectively

A.3.3 Spectral type as a function of morphology/merger stag

Following the morphological definitions ifi A.2.4, in Fig. A.8 we give the spectral type as a
function of merging stage for the 1Jy ULIRG sample. The dddhe indicates the uncertainty

in classification associated with the double nuclei gakxiet have differing classifications for

each nucleus. These galaxies are discussed in more defqpendix??.

The key significant features in Figure A.8 are:
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Figure A.7Daqn as a function of_1g for the SWO01 sample. The mean, median, and standard error
of the mean for the same 4 IR luminosity bins used in Fig. ABgbéb) are plotted in green. Blue
crosses are the median values. The probability thatthen distribution in consecutive bin pairs

is drawn from the same parent population is giver§ lk.3.2. The rise inDagn from luminosity

bin (3) to (4) is significant at the 98% confidence level

1) The fraction of starburst-AGN composite galaxies reachpeak at the diffuse merger stage,
indicating that both merger-induced starburst activity] AGN fueling contribute to the total energy

budget at the diffuse merger stage.

2) The fraction of starburst-AGN composite galaxies falisrply at the later merger stages
(compact and old merger), giving rise to a larger portion eff€rt galaxies rises in these later
merger stages. We suggest that starburst-AGN composa&igalevolve into Seyferts as merger-

induced starburst activity subsides.

Figure A.8 also shows potentially interesting trends thatlianited by small numbers for the 1

Jy ULIRG sample:

(1) The fraction of Seyfert galaxies appears to decreébe-(16% c.f. 13 + 9%) between the

wide binary stage (stage a) to the diffuse merger stageg(slag
(2) Seyfert 1 galaxies only occur at the later merger stagjend e in Figure A.8)
A larger sample of ULIRGs is required to verify these two tten
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Figure A.8 Optical spectroscopic classification as a famctf merger morphology for the 1Jy
ULIRG sample. The merger progresses from left to right: adewbinary, b. close binary, c.

diffuse merger, d. compact merger, e. old merger. No "isodlaclass is defined for the 1Jy
morphology class since there is only one isolated objechismmsample. The number of galaxies
in each morphology class is marked on top of each bin, andvengin Table 6. The fraction of

composite galaxies reaches a peak at the diffuse merger. stte fraction of AGN-dominated

(Seyfert2 and Seyfert 1) rises at later merger stages (cctnap@ old merger). Dashed lines give
the range of uncertainty in the fraction of HIl and compasigssociated with the double nuclei
galaxies with different spectral types for each nucleus.

We show the spectral type as a function of merger morphologthe BGS and SW01 samples
in Figures A.9 and A.10 respectively. The results are liste@iable ?? and Table??. Clearly, for
objects withLir lower than that of ULIRGS, there is no strong change in spéctassification as
a function of merger progress. However, the BGS and SWO0L1 Iszndio not contain a sufficient
number of galaxies in the single merger stage that have desygh images to allow separation
into diffuse, compact, and old merger stages where the dargjeanges in spectral class occur
for ULIRGs. The fraction of merging galaxies in the SW01 ar@®samples is 45% and 54%,
respectively, compared with9% for the 1 Jy ULIRG sample. In addition, most of the merging
systems in the SWO01 and BGS samples are in the earlier, bitaggs rather than the advanced
single-merger stages in the 1Jy ULIRG sample (11% in the S¥édiple, and 12% in the BGS
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Figure A.9 Spectral type as a function of morphology for tHRGs in the BGS sample. The
merger progresses from left to right: a. wide binary, b. €lbmary, c:. single-merger, iso. isolated
system. Dashed lines give the range of uncertainty in theiéra of HIl and composites caused
by the double nuclei galaxies with different spectral typmseach nucleus. The single-merger
stage combines the diffuse, compact, and old merger stagessure sufficient numbers of objects
for statistically meaningful comparisons between the rholggical types. There may be overlap
between single merger and isolated stages due to surfageress effects.

sample versus 50% in the 1 Jy ULIRG sample). If we combineatdjien the 1 Jy ULIRG sample
which have diffuse, compact, and old merger types into onglesimerger class (Fig. A.11), the
changes seenin Fig. A.10 disappear. These results higkiigimeed for sensitivE — and B—band

imaging to distinguish between the three late merger stétiffisse, compact, and old merger) in

non-ULIRG samples.

To conclude, the 1Jy ULIRG sample shows a marked change axgalpectral type as a
function of merger progress, especially, composite gatagbminate the diffuse merger stage. It is
unclear whether such a change occurs in the lower luminB&#$ and SW01 samples. We note that
the relative lack of galaxies at late merger stages in thelddwninosity samples may indicate that

a ULIRG phase occurs before or at the single nucleus stage)éast some IR-selected galaxies.
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Figure A.10 Optical spectroscopic classification as a fonabf merger morphology for the SW01
sample. The merger progresses from left to right: a. widargjrb. close binary, c:. single merger,
d. isolated. Dashed lines give the range of uncertaintyarrtction of HIl and composites (in stage
a), composite and Seyferts (in stage b) caused by the doubleigalaxies with different spectral
types for each nucleus. The single-merger stage combirediffise, compact, and old merger
stages to ensure sufficient numbers of objects for statiticneaningful comparisons between
the morphological types. The SW01 sample contains a submtémaction (156/285- 54%) of
apparently isolated galaxies. There may be overlap betsiegie merger and isolated stages due
to surface brightness effects. The fraction of composgemt significant as compared to Fig. A.8.

A.3.4 Dxgy and Lig versusns

To investigate the merger progress in a morphology-indégeinway, we compare thelative
contribution of an AGN Dagn) and Lig as a function of projected nuclear separatior)( We
first investigate the non-ULIRG samples by combining the BE®8 SW01 samples to (a) reach
statistically significant conclusions (thus minimizingjaction effects) and (b) span a broad range
of Lir. Thens values for both samples are measured using 2MASS or DSS snagd the two
samples exhibit similar behavior in spectral type versugpmalogy as discussed {nA.3.3.

In Figure A.12(a), we show the infrared luminositl;r, of the merger pair as a function of
nuclear separation. Fig. A.12(b) givd3scn as a function of nuclear separation for the BGS
(LIRGS) and the SWO01 samples combined. These figures irdibatDsqn IS constant at- 0.3

within the errors at all merger stages in these 2 samplesmdan value of_ir is constant within
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Figure A.11 Optical spectroscopic classification as a foncbf merger morphology for the 1 Jy
ULIRG sample, after combining the diffuse, compact and oddgars as one single merger category.

the errors through the wide and close pair stages, and thes by a factor of- 2 in the single
merger stage. We performed KS tests to determine the signdfecof the distribution abaqn and
Lir as a function of projected separation. For the distributibdata within adjacentg bins (1)
and (2), (2) and (3), and (3) and (4) in Fig. A.12a, the KS tedicates a probability’,,; = 0.89,
0.04, and 3.8E-9 respectively that the adjacent data sstérawn from the same parent population.
For the adjacenD g bins (1) and (2), (2) and (3), (3) and (4) in Fig. A.12b, the I€Stindicates

a probability P,,; = 0.13, 0.18, and 0.16 that the adjacent data sets are dramrtlie same parent
population. We conclude that both the riselik from close pair to single merger stage and the fall
in Lir from single merger to isolated stages are significant at38& &nd 99.99% level respectively.
There are no statistically significant changedingy as a function of projected separation for the

non-ULIRG BGS and SWO01 samples.

In Figure A.13(a) and Figure. A.13(b) we show thg; and D g versus projected separation
for the 1 Jy ULIRG sample. Like the lower luminosity paif$,qy is constant within the errors as a
function of projected separation until the diffuse mergage. The meal gy is larger than seen
in the lower luminosity BGSSWO01 sample~0.52 c.f. 0.3). The most obvious difference in the

behavior of ULIRGs with projected separation compared Withlower luminosity pairs, occurs in
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the final compact/old merger phase where ULIRGs show a ralfagnatic increase ibagn to a
mean value ofv 0.8. This rise is statistically significant at the 95% level; 8 test indicates a
probability P,.;; = 0.46, 0.51, and 0.05 that adjacent data sets (1-2), (33)) &re drawn from the
same parent population. This rise ity is consistent with the rise in the Seyfert fraction with
merger progress seendm.3.3, particularly in the emergence of Seyfert 1s at thegachand old
merger stages. The rise idagx IS ot accompanied by a significant rise in the méag (the KS
test indicates a probabiliti,,; = 0.52, 0.12, and 0.84 that the adjacent data sets (1-2), (3-3)

are drawn from the same parent population).

Our results confirm previous observational (e.g., Sandeed. 4988a) and theoretical (e.g.,
Mihos & Hernquist 1994) studies showing that the maximig is produced close to the time

when the two nuclei merge.

A.4 DISCUSSION

A.4.1 IR-selected LINERs

We find that IR luminous LINERs are rare compared to othercapt$pectral types, even in the
low-redshift BGS sample. A majority of the previously cliéiesl IR-luminous LINERs are now
reclassified as starburst-AGN composites in the new SDSBabptpectroscopic classification
scheme. This result prompts us to discuss the followingessu(1l) The relationship between
the new class of LINERs and starburst-AGN composite ohjed®) The nature of IR-luminous
LINERs compared with the LINERs from the SDSS. We discust edic¢hese issues separately

below.

(1) Kewley et al. (2006) have shown that the host propertiesamposite galaxies are
intermediate between those of AGN and high metallicity-ftaming galaxies, and that LINERs
form a unique, coherent class that is distinct from Seyfattr-forming galaxies and composites.
Specifically, LINERs are older, more massive, less dustyesgiconcentrated than Seyfert galaxies.

These optical results highlight the intrinsically diffatenature of LINERs and composites.
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Here we investigate whether similar differences exist ipysar mid-IR diagnostics. In
Figure A.14, we investigate the positions of galaxies on[Eell] 26.0um/[OIV] 25.9um versus
[OIV] 25.9um/[Nelll] 12.8um diagnostic diagram. This diagram separates star-formataxges
from those dominated by an AGN. Previously, IR-luminous ERE occupied a region in between
starburst and Seyfert galaxies, whereas IR-faint LINERsIpied a region offset from the starburst-
Seyfert sequence (Sturm et al. 2006). In our new classibicacheme, only 1 out of the 16 IR-
luminous LINERs are classified as LINERs (the rest 15 objarts3 composites, 1 Seyfert 2s, and
6 ambiguous classes between HIl and Seyfert 2s), while 10fabe 17 IR-faint LINERs remain
LINERSs (the rest 7 objects are ambiguous classes betweeBR8Nand Seyfert 2s). Figure A.14
indicates that the majority (9/13) of the composites lielong a mixing sequence connecting star-
forming galaxies and SeyfertBy contrast, most (8/10) of the LINERS lie offset from thexing
sequence. These results are consistent with our view afadigtiselected LINERs as a different

class of objects from starburst-AGN composites.

(2) There is growing evidence that a large fraction of opifcaelected LINERs are low
luminosity AGN with low accretion rates (e.g., Ho 1999; Qaeat et al. 2001; Barth 2002). The
SDSS LINER population studied by Kewley et al. (2006) supptitis AGN nature. They show that
at fixed L[O 11]/o* (an indicator for the black hole accretion rate), all difleces between Seyfert
and LINER host properties disappear. With this interpretedf LINERS, it is not surprising that we
find so few IR-luminous LINERs because ULIRGs tend to harb@NAthat favor high-accretion
rates (Weedman 1983; Filippenko & Sargent 1985; Sanderk #9&3a). Theory supports this
interpretation; numerical simulations predict that thackl hole accretion rate rises rapidly during
the merger process when enormous quantities of gas flowshatoentral regions of the merging

galaxies (e.g., Taniguchi et al. 1999; Hopkins et al. 2005).

What about the few IR-luminous LINERSs that do exist in our p@s? Do they belong to the
same class as optical LINERs? In TaBlewe list all the possible LINERs found in our combined
1Jy ULIRG + BGS + SWO01 sample. Altogether there are 9 objedisa three samples that fall into
our LINER class, however, only 4/9 of these LINERs (Arp 22@he 1Jy ULIRG sample, NGC
6240 in the SW01/BGS samples and another 3 in the BGS sangtebe “safely” classified as
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LINERs. The other 5/9 LINERSs lie near the 0.1 dex error regibthe Seyfert-LINER boundaries,
and may be Seyfert objects or intermediate between Seyfdrt NER types. This can be clearly
seen in Figure A.15, where all 9 LINERs are over-plotted tfith SDSS data from Kewley et al.
(2006) on the [$1]/Ha versus [QI)/HG and [O1/Ha versus [Q1/HS diagnostic diagrams.

In Figure A.15, we indicate the positions of two well-studli®-luminous LINERs: NGC 6240
and Arp 220. Recent high resolution X-ray and radio data f6X0\6240 (Lira et al. 2002; Komossa
et al. 2003; lono et al. 2007) and Arp 220 (Clements et al. 2B@&k et al. 2003; Downes & Eckart
2007) provide convincing evidence for the existence of AGNHese 2 objects. However, the
LINER emission may be excited by other ionization proces&sth of these two LINERs show
evidence for starburst-driven superwinds and/or shocasrttay dominate the EUV emission of
these galaxies (Heckman et al. 1987b; Tecza et al. 2000;etieh 2002; McDowell et al. 2003;
Iwasawa et al. 2005). Further investigation into the EUV powource of IR-luminous LINERS
is required to draw robust conclusions about the nature efféelv IR-luminous LINERS in our

samples.

To summarize, the rarity of IR-luminous LINERSs is consistenith the picture that most
LINERs are (a) excited by low Eddington rate black holes admdréside in galaxies with an
aged stellar population. The special cases of Arp 220 and BZI0 may indicate a contribution
from different LINER ionization sources: either starbussperwinds or shocks driven by galaxy

collisions.

A.4.2 Are starburst-AGN composites playing the role of “bridging” in LIRGs and
ULIRGsS?

In Fig. A.16, we show 5 different galaxy samples on thel]dH« versus [QN]/HS diagnostic
diagram. The new KeO06 classification boundaries are inglicat red. We supplement the 1Jy
ULIRG, BGS and SWO01 samples with two optically selected dampthe NFGS field galaxy
sample (Jansen et al. 2000) and the BGKOO galaxy close paplsgBarton, Geller, & Kenyon

2000). The samples in Fig. A.16 are ordered from (a) to (ehleylével of interaction activity-
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from no interaction (NFGS field galaxies), to non-IR seldajalaxy pairs, to luminous IR-selected
galaxies, and to the most luminous IR-selected galaxieg (LIRGS).

The fraction of starburst-AGN composite galaxies incredism the field galaxy sample (3.6%)
— galaxy pair sample (22.8%) SWO01 galaxies (29.6%)> BGS galaxies (dominated by LIRGS)
(37%) — 1Jy ULIRGs (49.1%). This plot indicates that the stronge¥ ithteraction between
galaxies is, the more likely they are to contain starbuiGNAcomposite galaxies.

Our new results offer some hope for resolving previous despeoncerning the evolution of
starburst and AGN activity in gas-rich major mergers, irtipaltar for ULIRGs. We have shown that
a large fraction of ULIRGs are of composite starburst-AGHctml type, with line ratios (oD aan)
indicating an intermediate class between pure starbunsipare AGN. Spectral classification as
a function of merger evolution does not change abruptly ffpore” starburst into “pure” AGN.
ULIRGs may spend a fairly large fraction of their merger trigtin a phase where starburst and
AGN both make significant contributions to the EUV radiatidm luminous IR mergers, starburst-
AGN composites appear to “bridge” the spectral evolutianfipure starburst to AGN-dominated
activity as the merger progresses. For ULIRGSs, we have shbainan initial apparent decrease
in starburst activity from the wide binary to close binarpage is accompanied by a rise in the
starburst-AGN composites. Similarly, as the merger readtsefinal stages, the fall in starburst-
AGN composites is followed by a rise in Seyfert activity. $heeffects can be seen in Fig. A.8,
where the starburst-AGN composite activity peaks in théusif merger stage. We do not have
sufficient data to determine whether a similar scenario acatithe lower IR luminosities spanned

by the BGS and SW01 samplek;z < 10'2L).

A.4.3 The Merger Scenario for LIRGs — ULIRGs

There is now substantial agreement that ULIRGs are trighjeyemajor mergers of gas-rich spirals
(see the review by Sanders & Mirabel 1996). In this mergenade, the LIRG phase begins
when tidal interactions between merging gas-rich diskogasanitially trigger wide-spread starburst
activity in one or both disks. As the merger progresses, gsineled towards the merger nucleus

and activates nuclear starbursts and AGN, further inangasie IR luminosity. However, many
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guestions still remain. The precise link between AGN fugglithe gas dynamics, and star formation
either on a nuclear or a global scale is still poorly deteadinT he relative strength of starburst and
AGN activity, particularly in the ULIRGs is still debatedpéthe question of whether the majority

of LIRG mergers become ULIRGs has not been clearly addressed

Our new results shown in Figs. 9-16 provide new insight irdw Istarburst and AGN activity

evolve during interaction/merger of IR-luminous galaxies

For lower luminosity IR-galaxieslir < 10'%2L.), Seyferts are rardfsan = 0.25—0.35), and
starbursts strongly contribute to the EUV radiation fieltiei as “pure” starbursts or as composites.
The majority of lower luminosity LIRGs are wide or close [gifThese pairs may either evolve into
the single merger stage without becoming ULIRGS, or they ardgr the ULIRG phase during or

shortly after the close pair stage. We consider both cases:

(1) Some lower luminosity IR galaxied{rz < 10'2L.) may reach the final single merger
stage without becoming ULIRGs. As these non-ULIRG galagmsve from the close pair to the
single merger stage, the mean IR luminosity increases Ry (to Lig ~ 10'1.5L), with only
a relatively small rise in the mean value Dfyon(~0.4). These results suggest that non-ULIRGs
undergo a rise in starburst activity but only modest AGN dloas they evolve from the close pair
to the single merger stage. Some of these lower luminogitylessimergers may be the product of

minor mergers of objects with mass ratios larger than 5Hid&2004; Ishida et al. 2007).

(2) The lower luminosity pairs that may become ULIRGs arelliko be major mergers with
mass ratios closer to unity (Ishida 2004; Ishida et al. 200[f) the ULIRG phase, the AGN
contribution is elevated at all merger stages. We obseear changes in the optical classification of
ULIRGs as a function of merger stage. The diffuse mergeedi@gmpared to the close binary stage)
shows a dramatic increase in starburst-AGN compositem(frd5% to~80%). In the subsequent
compact/old merger stages, the fraction of composite ggddalls, and AGN dominate. The mean
value of D rises (by~0.22 dex— from 0.43 to 0.65), and the mean valuelgf; rises ¢ 1.7x),
along with the emergence of a substantial Seyfert1 fradt#o?b%). These results suggest that
during the diffuse merger stage, the AGN becomes more paWward increasingly visible via

the optical emission-line ratios. Once the merged nuclegink forming a core (compact merger
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stage) starburst activity may be subsiding (and possibé doscuration clears) as AGN activity
becomes prominent. We tentatively suggest that the dranmatiease inDqn and the emergence
of a substantial population of Seyfert 1s (accompanied by Z&x increase inLig) may signify a

significant “blowout” phase, as ULIRGs transition to opliQ50s (e.g., Hopkins et al. 2005). A

larger sample of ULIRGs is required to test this idea.

A5 SUMMARY

We apply the new SDSS semi-empirical optical spectral flaagon scheme to three IR-selected
galaxy samples- the 1 Jy ULIRG Sample, th&RASBright Galaxy Sample and the Southern Warm
IR Galaxy Sample. Because the new classification schemd&tasuially different from previous
methods, the new scheme is used to yield insights into théigakhip between starburst and AGN
activity and merger progress. We utilize optical and n&airhages to determine the projected
separation between pairs in our samples, and to classifyatlagies morphologically. The projected
separation and morphological classification are used aswelracers of merger progress. For each
sample, we investigate how the optical classification amdréhative AGN contribution,Daan,
changes as a function @fr and merger progress.

We find that:

1. IR-luminous LINERSs are rare; There are very few LINERgha 1 Jy ULIRG, and the BGS
and SWO01 samples. The rarity of LINERs in the 1 Jy ULIRG and $\WW@mples may be at least
partly due to selection effects. Nearly all of the previguslassified IR-luminous LINERs are

starburst/AGN composite galaxies in the Ke06 classificagsicheme.

2. The new classification scheme reveals a clear evolugoseenario for ULIRGs from
starburst-driven activity in the early merger stages, aosiip starburst-AGN activity intermediate
merger stages to AGN-dominated emission at late mergeestaghe fraction of composite
galaxies rises from 45% to 80% between the wide binary arfds#ifmerger stages and appears
to “bridge” pure starburst and Seyfert galaxies. Galaxietha diffuse merger stage are key for

future investigations into the relationship between stestand AGN activity in ULIRGS.
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3. We find that advanced mergers preferentially occur in WEBadmples. We suggest that the
transition into the ULIRG phase occurs close to or during diffise merger stage in which the
nuclei of the two merging galaxies are coalescing.

4. At later merger stages in ULIRGs, when the single nuclsusriming a core, the fraction
of pure-Seyfert objects rises dramatically. This stageesmonds to the highedtig in the 1Jy
ULIRG sample. At this stage, we propose that (a) starbutstitgcsubsides, allowing the AGN to
dominate the energy budget, and/or (b) dust obscuratioowing the AGN clears, allowing the
AGN radiation field to ionize the surrounding gas, and/orA@N activity increases.

5. Seyfert1ls appear to occur only in the final “compact/oldgimg” stages of ULIRGs. A
larger sample of Seyfert 1s is required to determine thédfgignce of this result. If this result holds
for larger samples, we hypothesize that a rise in Seyfertdxiges at late merger stages may signify
a significant “blowout” phase, as ULIRGs transition to oatiQSOs.

6. There is no significant change in spectral types for theWbiRG BGS and SWO01 samples.

Understanding the behavior of composite galaxies may leelpuiild a more concrete picture
of the merger process for all IR-luminous galaxies. Our feitwork includes integral field
spectroscopy of composite galaxies and a detailed congpatietween our results and the
evolutionary merger models from numerical simulations ridgar (2004); Hopkins et al. (2005,

2006a,b, 2007, 2008).
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standard deviation of the mean fbrygn are plotted as green squares. Median values are shown as
blue crosses. The vertical regions from left to right arg:bjhary systems with nuclear separation
ns > 10kpc. (2) binary systems with nuclear separation< 10 kpc. (3) single-merger systems.

(4) isolated systems. The BGS and SW01 samples are combilneddr to get a larger non-ULIRG
sample. For the 21 overlap objects in the two samples, mdaesvaf Dagn are taken. KS tests

for the significance of the difference in y-axis distribui$oare given irg A.3.4.
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[O 111)/HgB diagrams over-plotted on the SDSS data from Kewley et aD§20The 3 IR-luminous
LINERs in the 1 Jy ULIRG sample are shown as squares, the 8riabus LINERSs in the SWO01
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