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Abstract

This thesis conducts the investigation into the metallicity history of galaxies between redshift 1

and 3, using gravitationally lensed galaxies. We use metallicity as a tool to understand the formation

and evolution history of galaxies. We direct our research intwo areas.

1. We combine our new sample of gravitationally lensed galaxies with existing lensed and non-

lensed samples to conduct the largest investigation so far into the mass-metallicity (MZ) relation

at z > 1. We apply a self-consistent metallicity calibration scheme to investigate the metallicity

evolution of star-forming galaxies as a function of redshift. We find that at the median redshift of

z = 2.07, the median metallicity of the lensed sample is 0.35 dex lower than the local SDSS star-

forming galaxies and 0.18 dex lower than thez ∼ 0.8 DEEP2 galaxies. Our lensed sample shows a

much larger metallicity range and scatter (> 0.2 dex) than thez ∼ 2 UV selected galaxies at similar

masses. These offsets translate into a metallicity evolution of -0.23±0.01 dex per unit redshift from

z ∼ 0 → 1, and -0.14 ± 0.08 dex per unit redshift fromz ∼ 1 → 3. A more rapid evolution is seen

betweenz ∼ 1 → 3 (with a mean fall in metallicity of -0.05 ± 0.01 dex Gyr−1) thanz ∼ 0 → 1 (-

0.020± 0.001 dex Gyr−1). This evolution agrees with the most recent cosmological hydrodynamic

simulations with momentum driven winds within the errors.

2. Combining the magnification power of gravitational lensing and AO-aided Integral Field Unit

spectrographs (IFUs) is the only way to achieve sufficient signal-to-noise and angular resolution for

spatially resolved metallicity studies. Using this technique, we present the first metallicity gradient

measurement for a grand-design face-on spiral galaxy atz ∼ 1.5. The gradients of our spiral

and another 2 lensed galaxies atz ∼ 2 are much steeper than local disk galaxies, supporting an

“inside-out” galaxy formation scenario. We also report spatially resolved emission lines of az ∼ 1

vii



lensed galaxy. We find significant shock excitation due to galactic outflows. Our analysis suggests

that shocked regions may mimic flat or inverted metallicity gradients at high redshift. We find that

high angular resolution observations provide the most accurate metallicity gradient measurement,

whereas seeing-limited studies under estimate the slope ofthe gradients.
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KD02 (Kewley & Ellison 2008). . . . . . . . . . . . . . . . . . . . . . . . . . .. 27

3.1 Left panel: the metallicity distribution of the local SDSS (blue), intermediate-z

DEEP2 (black), and high-z lensed galaxy samples (red). Right panel: the stellar

mass distribution of the same samples. To present all three samples on the same

figure, the SDSS (20577 points) and DEEP2 (1635 points) samples are normalized

to 500, and the lensed sample (25 points) is normalized to 100. . . . . . . . . . . . 67
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3.2 TheZz plot: metallicity history of star-forming galaxies from redshift 0 to 3. The

SDSS and DEEP2 samples (black dots) are taken from Zahid et al. (2011). The

SDSS data are plotted in bins to reduce the visual crowdedness. The lensed galaxies

are plotted in blue (upper-limit objects in green arrows), with different lensed

samples showing in different shapes (see Figure 3.6 for the legends of the different

lensed samples). The purple “bowties” show the bootstrapping mean (filled symbol)

and median (empty symbol) metallicities and the 1σ standard deviation. For the

SDSS and DEEP2 samples, the1σ errors of the median metallicities are 0.001 and

0.006 (indiscernible from the figure), whereas for the lensed sample the1σ scatter

of the median metallicity is 0.067. Upper limits are excluded from the median and

error calculations. For comparison, we also show the medianof the UV-selected

galaxies from Erb et al. (2006) (symbol: the black bowtie). The four panels show

samples in different mass ranges. The red dotted and dashed lines are the model

predicted median and1σ scatter of the SFR-weighted gas metallicity in simulated

galaxies (Davé et al. 2011b). . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 68

3.3 Cosmic metal enrichment rate (dZ
dz ) in two redshift (cosmic time) epochs.dZ

dz is defined as the slope of theZz

relation. Left coloumn showsdZ
dz in unit of ∆dex per redshift whereas the right coloumn is in unit of∆dex per

Gyr. We derivedZ
dz for the SDSS to the DEEP2 (z ∼ 0 to 0.8), and the DEEP2 to the Lensed (z ∼ 0.8 to 2.0)

samples respectively (black squares/lines). As a comparison, we also derivedZ
dz from z ∼ 0.8 to 2.0 using the

DEEP2 and the Erb06 samples (yellow circles/lines). Filledand empty squares are results from the mean and

median quantities. The model prediction (using median) from the cosmological hydrodynamical simulation of

Davé et al. (2011a) is shown in red stars. The second to fifth rows showdZ
dz in different mass ranges. The first

row illustrates the interpretation of thedZ
dz in redshift and cosmic time frames. A negative value ofdZ

dz means a

positive metal enrichment from high-redshift to local universe. The negative slope ofdZ
dz versus cosmic time (right

column) indicates an deceleration in metal enrichment fromfrom high-redshift to local universe.. . . . . . . 69
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3.4 SFR vs. stellar mass relation. The light-blue, blue, andred lines show the best-

fit SFR vs. stellar mass relation from the SDSS, DEEP2, and Erb06 samples

respectively ((Zahid et al. 2011), see also Table 3.3). Backdots are the lensed

sample used in this work. The SFR for the lensed sample is derived from the Hα

flux with the dust correction from the SED fitting. The errors on the SFR of the

lensed sample are statistical errors of the Hα fluxes. Systematic errors of the SFR

can be large (a factor of 2-3) due to uncorrected aperture effects in our MOIRCS

observations (Section 3.1). . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 70

3.5 The instrument detection limit on the MZ relation. We give the dependence of this

detection limit in Equation 4. Shown here are examples of thedetection limit based

on given parameters. The solid lines use the parameters based on the mass-SFR

relation of the Erb06 sample:δ = 1.657 andγ = 0.48 atz = 2.26. The dashed lines

use the parameters based on the mass-SFR relation of the Lensed sample:δ = 2.02

andγ = 0.69 at z = 2.07 (see Figure 3.4; Table 3.3). The parameters adopted

for the instrument flux limit are given in Section 7.1. The lensing magnification

(µ) are fixed at 1.0 (i.e., non-lensing cases) for Subaru/MOIRCS (blue lines)

and JWST/NIRSpec (light blue). The red lines show the detection limits for

KECK/NIRSPEC with different magnifications. Black filled triangles show the Erb

et al. (2006) sample. We show that stacking and/or lensing magnification can help

to push the observational boundary of the MZ relation to lower mass and metallicity

regions. For example, Erb et al. (2006) used stacked NIRSPECspectra withN ∼

15 spectra in each mass bin. The effect of stacking (N ∼ 15) is similar to observing

with a lensing magnification (µ ∼ 4). . . . . . . . . . . . . . . . . . . . . . . . . 71
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3.6 Left: the observed MZ relation. Black symbols are the lensed galaxy sample at

z > 1. Specifically, the squares are from this work; the stars are from Wuyts et al.

(2012), and the diamonds are from Richard et al. (2011). The orange triangles

show the Erb et al. (2006) sample. The local SDSS relation andits 1-sigma range

are drawn in purple lines. Thez ∼ 0.8 DEEP2 relations from Zahid et al. (2011)

are drawn in purple dots. Right: the best fit to the MZ relation. A second degree

polynomial function is fit to the SDSSS, DEEEP2, and Erb06 samples. A simple

linear function is fit to the lensed sample. Thez > 1 lensed data are binned in 6

mass bins (symbol: red star) and the median and 1σ standard deviation of each bin

are plotted on top of the linear fit. . . . . . . . . . . . . . . . . . . . . . .. . . . 72

3.7 Model predictions of the MZ relation. The data symbols are the same as those

used in Figure 3.6. The small green and light blue dots are thecosmological

hydrodynamic simulations with momentum-conserving wind models from Davé

et al. (2011a). The difference between the left and right panels are the different

normalization methods used. The left panel normalizes the model metallicity to the

observed SDSS values by applying a constant offset atMstar ∼ 1010M⊙, whereas

the right panel normalizes the model metallicity to the observed SDSS metallicity

by allowing a constant shift in the slope, amplitude and stellar mass. Note that

the model has a mass cut off at1.1 × 109M⊙. The models predict too early an

enrichment and fail to produce the neither the locus nor the scatters of thez > 1

observations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.8 The “evolved metallicity” as a function of redshift for four mass bins (indicated by

four colors). Dashed lines show the median and 1σ scatter of the model prediction

from Davé et al. (2011a). The observed data from DEEP2 and our lensed sample

are plotted as filled circles. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 74

3.9 z=2.540, B11.1 MOIRCS J, H band spectra. Detail descriptions are given in the

text of the Appendix. Note that the dashed box indicates the∼0.1 arcsec alignment

error of MOIRCS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
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3.10 z=2.540, B11.2 MOIRCS J, H band spectra. Detail descriptions are given in the text

of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.11 z=2.537, B2.1, MOIRCS J, H band spectra. Detail descriptions are given in the text

of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.12 z=2.537, B2.2, MOIRCS J, H band spectra. Detail descriptions are given in the text

of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.13 z=2.54, MS1, MOIRCS J, H band spectra. Detail descriptions are given in the text

of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.14 z=2.633, B29.3, MOIRCS J, H band spectra. Detail descriptions are given in the

text of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .80

3.15 z=2.540, G3, MOIRCS J, H band spectra. Detail descriptions are given in the text

of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.16 z=2.588, Jm7, MOIRCS J, H band spectra. Detail descriptions are given in the text

of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.17 z=2.641, B5.1, MOIRCS J, H band spectra. Note that the reason that the flux of B5.1

in slit position PAn60 is less than PA45 (B5.1+B5.2) is that the dithering length of

PAn60 was smaller than the separation of 5.1 and 5.2, thus part of the flux of PA45

(B5.1+B5.2) was cancelled out during the dithering process. Detail descriptions are

given in the text of the Appendix. . . . . . . . . . . . . . . . . . . . . . . .. . . 83

3.18 z=2.636, B5.3, MOIRCS J, H band spectra. Detail descriptions are given in the text

of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

3.19 z=2.643, G2, MOIRCS J, H band spectra. Detail descriptions are given in the text

of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.20 z=1.834±0.002, B12.2, MOIRCS J, H band spectra. Detail descriptionsare given

in the text of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 86

3.21 z=1.363, Low-z, MOIRCS J, H band spectra. Detail descriptions are given in the

text of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .87
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3.22 z=3.003, new target, MOIRCS J, H band spectra. Detail descriptions are given in

the text of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 87

3.23 z=2.663, B8.2, MOIRCS J, H band spectra. Detail descriptions are given in the text

of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3.24 z=1.763, A68C27, MOIRCS J, H band spectra. Detail descriptions are given in the

text of the Appendix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .89

4.1 Left: HST F814W, F555W-band color image of Sp1149 behind the lensing cluster

MACS J1149.5+2223. North is 126 deg counterclockwise to the y+ direction.

Sp1149 is the largest of the four multiple images of a spiral galaxy atz = 1.49.

The white box shows the 4.8 by 6.4 arcsec FOV of OSIRIS Hn3 filter with the 0.1′′

per pixel plate scale. Right: wavelength collapsed image ofthe Hα emission from

our OSIRIS datacube. Contours in black denote observed Hα flux levels of 0.6,

1.3 in units of 10−16 ergs s−1 cm−2. Labels on the left and bottom axis indicate

the imaging plane coordinates while the right and top axis show the corresponding

physical scale on the source plane. The white circles mark the three annuli (r1,

r2, r3) we use for deriving metallicity gradient (Section 4.4). The Hα morphology

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

4.2 Integrated spectra for the three annuli defined in Figure4.1. Vertical dashed lines

indicate the zero-velocity positions of [NII ] and Hα. The y-axis is the observed

intensity in units of 10−18 ergs s−1 cm−1 Å−1. The annuli radii r1, r2, r3 are

chosen to ensure a S/N ([NII ]) to be>5 for the inner two radii. Blue curves are the

Gaussian fits of the spectra. Note that the outer annulus r2:r3 is a 3σ upper limit for

[N II ]. The declining ratio of [NII ] /Hα from the central to the outer disk infers a

decreasing metallicity with galactocentric distance. . . .. . . . . . . . . . . . . . 107
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4.3 Left: Metallicity vs. galactocentric radius. Red linesare the measurements for

Sp1149 at z=1.49 from this work. The gradient within the central 4.5 kpc is -0.16+/-

0.02 dex kpc−1. Vertical red dotted lines show the annulus used to average/sum the

spectra. Purple dashed lines show the typical gradients of local isolated late-type

galaxies, using the control sample of Rupke et al. (2010b). The orange dotted line

represents the mean gradient of local early-type galaxies,which is typically∼ 3

times shallower than local late-type galaxies (Henry & Worthey 1999). Blue lines

show the work of Jones et al. (2010a) for a dispersion-dominated lensed galaxy the

“Clone Arc” at z=2.0 who report a even steeper gradient within a size of∼ 1 kpc.

It is interesting to see that two z>1 galaxies have considerably steeper gradients

than local galaxies. Black lines are the model predictions from Prantzos & Boissier

(2000) for rotational velocityVc=220km s−1 at age t=3Gyr (dashed curves) and

t=13.5Gyr (solid curves), with spin parameterλ=0.03,0.05,0.07. The black dash-

dot line is the model grid with velocityVc=150km s−1 at t=3Gyr andλ=0.03. The

steep gradients of Sp1149 and “Clone Arc” are broadly consistent with the shape of

theVc=150km s−1 model grids. Right: The same as the Left panel, except that the

x-axis is expressed in the scaled radius R25. . . . . . . . . . . . . . . . . . . . . . 110

4.4 Metallicity gradient (dex/R25) vs absolute B band magnitude MB . The red square

represents the measurement for Sp1149 at z=1.49. Black filled circles indicate the

locations of the local late-type galaxies of Rupke et al. (2010b). Black empty circles

are from the sample of Zaritsky et al. (1994), where the metallicity gradients are

measured for 39 local disk galaxies. Black empty triangles come from the sample

of van Zee et al. (1998), where the metallicity gradients areprovided for another 11

local spiral galaxies. Sp1149 has significantly steeper gradient than local galaxies

of comparable luminosity, even when expressed in units of scaled radius. . . . . . 111

xxiii



5.1 Three-color image of the A2667 giant arc at z = 1.03 withHST F814W (red),

F606W (green), F450W (blue) filters. The white box on the bottom left 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 A(α2000, δ2000) = (23:51:40.023, -26:04:51.66).

North is up, and East is to the left. . . . . . . . . . . . . . . . . . . . . . .. . . . 132

5.2 Observed spectrum for A2667 arc A, in the vicinity of Hα and [NII ] lines. This

is an integrated spectrum from summing all IFU pixels with Hα detections above

5σ. The flux density is in units of 10−16 ergs s−1 cm−2 Å−1. The raw spectrum

is shown in black. Gaussian fits to the 3 lines are shown in blue. Note that the

weaker [NII ] λ6548 line is fixed to be the theoretical value (1/3) of the [NII ] λ6584

line. The velocity width of [NII ] is constrained to be the same as Hα. Residuals

are plotted in green. The locations of the strong sky OH emission (scaled and

extracted from a pure sky frame) are shown in red at the bottomof the spectrum.

The atmosphere transmission (black dotted line) is shown attop. The location of

Hα and [NII ] lines are not contaminated by strong OH lines nor strong telluric

absorptions. We achieve a S/N of 37 on Hα and of 6.4 on [NII ]. . . . . . . . . . . 133

5.3 Left: HST F814W, F606W, F450W three-color image for A2667 arc A. The

black contours show the observed Hα flux levels of 2, 3, 3.5 in units of 10−17

ergs s−1 cm−2 arcsec−2. 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 is∼ 600 pc. There are three main

clumps revealed in both the observedHSTand reconstructed image: a northern red

component (marked as C1), and two blue southern clumps (marked as C2, C3). The

morphology implies either a face-on clumpy disk or a mergingsystem. North is up

and East is to the right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 134
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5.4 From left to right: the Hα intensity, Hα Gaussian fit velocities and velocity

dispersions presented on the image-plane. The Hα flux is in units of 10−17

ergs s−1 cm−2, and the velocity is in unit of km s−1. For the middle panel: the

black dashed lines indicate the “slit” used for extracting 1D spectrum in Figure 5;

the blue and red boxes are used in the analysis of Section 5.2.These images are

shown in IFS datacube coordinates. North and East are 37◦ clockwise from the

HSTimages in Figures 1 and 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

5.5 One-dimensional velocity extracted from the slit position shown Figure 4. The five

data bins from left to right correspond to the direction frombox 5 to box 1 in Figure

4. The physical scale is calculated on the source-plane. Note that the errors bars

on each data point are the bootstrapped median errors for allthe pixels in the bins,

weighted by the Hα intensity. The high velocity dispersion is consistent withthose

of turbulent high redshift galaxy disks. . . . . . . . . . . . . . . . .. . . . . . . . 136

5.6 The [NII ] /Hα ratio variation in boxed regions along the major axis. The top 6

panels show the observed image-plane spectra in vicinity ofthe [N II ] and Hα for

the 6 boxed regions in Figure 4. The spectra are the Hα flux weighted median of

the pixels in each box. The x axes are wavelengths inÅ, and the y axes are flux

density are in 0.001×10−17 ergs s−1 cm−1 Å−1. The [NII ] and Hα line positions

are marked as vertical dashed lines. The bottom panel shows the [N II ] /Hα ratio

as a function of the intrinsic physical scale (after lensingcorrection) of the galaxy.

The red horizontal line indicates the line ratio corresponding to the solar metallicity

value. Ratios above solar can not be directly related to metallicity. We also notice a

significant enhancement of [NII ] /Hα in Box B, a blueshifted region with respect to

the galactic center. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 138
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5.7 The starburst-shock mixing grids on the [OIII ] /Hβ versus [NII ] /Hα diagram. The

dashed curve labeled as “Ke01” is the theoretical “maximum starburst line” derived

by Kewley et al. (2001a) as an upper envelope for star-forming galaxies. The dashed

curve labeled as “Ka03” is the Kauffmann et al. (2003) semi-empirical boundary for

star-forming galaxies. The pure HII region models are shownas the blue solid line

and the pure shock models are shown as the red solid line. The colored dots in

between form a mixing sequence from pure HII region to pure shock excitation.

Different colors represent different shock velocities andthe relative contribution of

shock is shown in different symbols. Solar abundance is adopted. The [NII ] /Hα

ratio for region B in Figure 5.6 is highlighted as the vertical red dashed line. . . . . 139

5.8 The co-added spectrum of Boxes 1, 2, 4, 5 (i.e., non-nuclear regions) in Figure 6.

The x axis is wavelengths in̊A, and the y axes are flux density are in units of 10−17

ergs s−1 cm−1 Å−1. The top panel fits a single component to the Hα and [NII ]

lines (blue solid curve). The bottom panel fits a narrow component (green curve)

to the Hα, [N II ] lines and adds a broad component (red curve) to the Hα line; the

sum of the two-component fit is shown (blue curves). The broadHα component

on the bottom panel (red line) is∼ 60 km s−1 blue-shifted from the narrow-line

component. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
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5.9 The [NII ] /Hα ratio as a function of the “galactocentric” distance. The galactic

center is defined as the peak of Hα. The top left panel shows the 3 annuli relative to

the Hα intensity map. The top right panel shows the 3 annuli relative to the velocity

map. Note that these images are given in IFS datacube coordinates, thus North and

East is 37◦ clockwise from the up and left position. The following 3 panels show the

observed image-plane spectra averaged in the 3 annuli. The wavelength is in units

of Å, and flux density is in units of 10−17 ergs s−1 cm−1 Å−1. The line positions

are marked on the plot . The last panel shows the [NII ] /Hα ratio as a function of

the intrinsic “galactocentric” distance (after lensing correction). The red horizontal

line indicates the line ratio corresponding to the solar [NII ] /Hα ratio. Ratios above

solar may be contaminated by non-photoionized emission andcan not be directly

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

6.1 Metallicity ([N II ] /Hα ratio) vs. radius for the datacube of Sp1149 downgraded

to different angular resolution FWHM = 0.1, 0.2, 0.3, 0.4, 0.6, and 0.8 arcsec (in

different colors). Dashed and dash-dot lines are the best-fit and 1-σ error of the

fitted slope. The imbedded panel on the lower right shows the original OSIRIS Hα

map with the three annuli marked on. The first annulus has a radius of 0.4 arcsec.

The original data has an angular resolution of 0.1′′ (FWHM), corresponding to the

pixel scale of the data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 164

6.2 The measured metallicity gradient and the 1-σ error as a function of the FWHM

angular resolution based on the data of Sp1149 atz = 1.49 (Yuan et al. 2011). The

smallest angular resolution corresponds to the actual observed resolution of 0.1′′ or

0.02′′ intrinsic resolution after correcting for lensing magnification. . . . . . . . . 165

6.3 The continuum and wavelength-collapsed Hα image derived from the WiFeS data

of Sp1722 (first row), and from the simulated Sp1722 atz = 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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6.4 Derive [NII ] /Hα -based metallicity gradient for the local data of Sp1722. Left: Hα

intensity derived from the WiFeS datacube. We use the same three annuli as defined

on the simulated high-z data. The averaged spectra (zoomed in for the [NII ] and Hα

vicinity) in the three annuli are shown on the right panel (a1-a3). The flux is in unit

of 10−16 ergs s−1 cm−2Å−1). The panel on the bottom right shows the metallicity

gradient derived using the three annuli binning (black) in comparison with a full

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

6.5 Examples of the [NII ] and Hα lines extracted from the 3-annuli bins on a simulated

datacube (S/N=100, FWHM=0.02′′). The panels are organized in the same order as

in Figure 6.4, with the same flux and wavelength units. The panel on the bottom

right shows the metallicity gradient (blue) based on the [NII ] and Hα line ratios.

The local 3-annuli (black) and full sampling (red) gradients are also shown for

comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

6.6 Metallicity vs. radius on the simulated datacube (S/N fixed at 100). Three-annuli

binning are used. We show examples of a few FWHM in different colors. For

comparison, the three-annuli and fully sampled metallicity of the local data are

shown in red. We see that the local gradient is not recovered even in the highest

resolution of the simulation (FWHM=0.02′′). . . . . . . . . . . . . . . . . . . . . 169

6.7 The deviation of the measured gradient from the “real gradient” as function of

FWHM. The “real gradient” is taken to be the local 3-annuli (black) and full

sampled gradient (red) separately. The dashed horizontal lines show the position

above which a positive gradient is seen. . . . . . . . . . . . . . . . . .. . . . . . 170

6.8 The deviation of the measured gradient from the “real gradient” as a function of

S/N (FWHM fixed at 0.02′′). The symbols and lines have the same meanings as in

Figure 6.7. The input S/N are defined on the peak spaxel of the Hα emission line.

The corresponding output S/N of the faintest annulus are marked on the top. . . . 171
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6.9 The fact that measurements for different galaxies in different studies follow the same

trend as Figure 2 and 6 strongly suggest that there the angular resolution has played

a role in causing the systematic difference in the metallicity gradient. The effect

of FWHM needs to be taken care of before interpreting the difference as redshift

evolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

6.10 Illustration of possible correction that can be done once the function f(x,intrinsic

gradient) is established. The correction curve depends on the intrinsic gradient of

the galaxy. An iteration process can be used to find the intrinsic gradient. An initial

guess for correction can be made based on the observed gradient and the location of

effective angular resolutionx. Region A is currently achievable with lensing+AO,

region B is for good AO correction without lensing, and region C is seeing-limited

observations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

7.1 The Giant Arcs identified in the MACS cluster Survey. . . . .. . . . . . . . . . . 182
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A.1 Standard optical diagnostic diagrams showing the previous optical classification

scheme by Veilleux & Osterbrock (1987) (black dotted lines)and the new

classification scheme by Kewley et al. (2006). Star-forminggalaxies form a tight

abundance sequence on these diagnostic diagrams. The AGN branch begins at the

metal-rich end of the star-forming galaxy sequence and extends towards the upper

right corner of these diagrams. Red solid curves are the theoretical “maximum

starburst line” derived by Kewley et al. (2001b) as an upper limit for star-forming

galaxies (see more descriptions in section 2.2); the red dashed curve on the [NII ]

diagram is the Kauffmann et al. (2003) semi-empirical lowerboundary for the star-

forming galaxies; the red lines (with the empirical error±0.1 dex lines) on [SII ]
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Chapter 1

Introduction

1.1 Chemical Abundance As A Unique Window for Galaxy Formation

and Evolution

1.1.1 Big Picture and Background

In the Big Bang cosmology theory, the Universe begins with an“explosion” of infinite density and

temperature, ensued by a radiation dominated era that lastsabout 50,000 years. This era can be

divided into five epochs. The Planck and Grand Unified Theory Epochs last the first10−43 − 10−35

seconds, governed by unknown physics and quantum gravity. Protons and neutrons are produced in

the Quark Epoch in the10−35 − 10−4 seconds, followed by the Lepton Epoch that ends at∼ 100

seconds while the temperature drops to∼ 109 K. From the∼ 100 seconds to∼ three minutes, the

Universe enters the Nuclear Epoch that can be understood with familiar nuclear physics. It is during

these three minutes that protons and neutrons are fused intonuclei, the first Hydrogen and Helium

atoms are produced, together with a tiny amount of Lithium (e.g., Weinberg 1976).

Although the temperature of the early Universe at the beginning of the Nuclear Epoch is hot

(∼ 1010 − 109 K), the density is of the order of that of water, not enough to push the nuclear

reactions to Carbon. The early Universe is essentially a soup of hydrogen and helium, with zero

metallicity. It is later when the Universe enters the matterdominated era (50,000 years after the Big

Bang) and when the first stars, quasars and galaxies form, that elements heavier than Helium are

synthesized in the cores of stars.
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The first stars are formed by the nonlinear growth of small inhomogeneities under gravitational

instability of the expanding Universe. After the initial “Population III” stars, galaxy formation and

evolution begin. Galaxy formation and evolution are described under the structure growth of the

cold dark matter (CDM) paradigm. In the (Λ)CDM paradigm, structure grows hierarchically with

small objects collapsing first and then merging into massiveobjects (e.g., Blumenthal et al. 1986;

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

The hierarchical growth of galaxies are marked by generations of star formation. Soon after the

pristine clouds of primordial gas collapsed to assemble a protogalaxy, star formation ensued, leading

to the production of elements heavier than helium (metals).Metals were synthesized exclusively

in stars, and were ejected into the interstellar medium (ISM) through stellar winds or supernovae

explosions. The history of the chemical abundance evolution is closely tied to galaxy formation

and evolution via star formation and feedback processes. Therefore, simultaneously tracing the

star formation and chemical elements back to the earliest times in the universe provides the most

powerful method of unveiling the birth and growth of galaxies.

Over the past two decades, large spectroscopic surveys havesparked an explosion of research

aimed at elucidating the star formation history of galaxies(e.g., Madau et al. 1996; Lanzetta et al.

2002; Hopkins & Beacom 2006). It is now clear that the spectroscopic signposts for star formation in

distant galaxies are critically dependent on the chemical history of galaxies, which remains largely

unknown (Kewley et al. 2004).

One of the most compelling science drivers for the construction of the next generation of

telescopes, such as the Thirty Meter Telescope (TMT), GiantMagellan Telescope (GMT) and the

James Webb Space Telescope (JWST) is to study the formation and evolution of galaxies, especially

the processes of star-formation and chemical enrichment occurring within distant, young galaxies

on scales corresponding to individual star-forming regions. It is therefore of critical importance

to prepare for the next age of resolving individual galaxiesat high-z. This thesis investigate

the chemical history of galaxies and the spatially resolvedmetallicity and dynamics of individual

galaxies at high-z 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 of a galaxy is directly related to the yield

and gas fraction (Searle & Sargent 1972; Pagel & Patchett 1975; Pagel & Edmunds 1981; Edmunds

1990). In reality, a galaxy interacts with its surrounding intergalactic medium (IGM), hence both

the overall and local metallicity distribution of a galaxy is modified by feedback processes such as

galactic winds, inflows, and gas accretions (e.g., Lacey & Fall 1985; Edmunds & Greenhow 1995;

Köppen & Edmunds 1999; Dalcanton 2007). Therefore, observations of the chemical abundances in

galaxies offer crucial constraints on the star formation history and various mechanisms responsible

for galactic inflows and outflows.

Observations of the metallicity history of galaxies provide a fundamental and alternative test

of ΛCDM based hierarchical models of galaxy formation and evolution. These models are created

in the cold dark matter framework, in which collapsed structures in dark matter are formed via

gravitational instability. The merger history of dark matter halos is calculated using Monte Carlo

methods (e.g., Kauffmann et al. 1993; Somerville & Primack 1999). To link dark matter structure

formation with galaxy formation and evolution, the physicsof the baryonic gas must be included.

Two approaches have been developed to accomplish this goal:numerical simulations that follow

the gas dynamics using particles or refined meshes, and semi-analytic models.

Cosmological hydrodynamic simulations use the numerical approach, incorporating smoothed

particle hydrodynamics in the cold dark matter framework. Current simulations include the

treatment of radiative cooling/heating, uniform UV background radiation, supernova feedback, star

formation, hierarchical structure buildup, feedback by galactic winds and a multiphase ISM model

for star formation (e.g., Nagamine et al. 2001; Davé & Oppenheimer 2007; Oppenheimer & Davé

2008).

Semi-analytic models apply a simple physical treatment of the processes responsible for galaxy

formation and evolution: gas cooling, star formation, supernova feedback, metal enrichment,

dust extinction, and hierarchical galaxy merging. Both of these types of models now predict the
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metallicity evolution of the galaxy population (e.g., De Lucia et al. 2004; Finlator & Davé 2008; de

Rossi et al. 2007). The cosmological hydrodynamic simulations of Davé & Oppenheimer (2007)

predict the metallicity history in various phases, including the star-forming gas, the intergalactic

medium (IGM), and the metals locked in stars. These predictions rely on simple prescriptions

for star formation, chemical enrichment, and feedback. However our understanding of feedback

is extremely limited. Therefore, comparisons between the observed metallicity history and the

predictions of theoretical simulations provide a much needed test of theory, and may yield critical

insights into the importance of feedback in galaxy evolution. Figure 1.1 summarizes the metallicity

history of star-forming galaxies at z< 3 before the year 2008.

Figure 1.1The metallicity history of star-forming galaxies at z< 3 (part of the figure is from Kewley 2006). Theoretical

boundaries (dotted lines) and mean metallicities (dashed line) from Nagamine et al. (2001) and Davé & Oppenheimer

(2007) are shown. The metallicity range and mean values for the Nearby Field Galaxy local sample (Kewley et al. 2004),

the GOODS optical sample (Kobulnicky & Kewley 2004) and Lyman break galaxies (Shapley et al. 2005) are shown.

Filled blue circles show the positions of the current three gravitationally lensed galaxies that have reliable metallicity

measured: AC114-S2 and AC114-A1 at z∼1.9 (Lemoine-Busserolle et al. 2003), and the first lensed LBG cB58 at

z=2.72 (Pettini et al. 2002). The filled red circle is the fourth lensed star-forming galaxy from our A1689 MOIRCS

observation in 2008 (Chapter 2). The lensed galaxies span a larger range in metallicity than seen at similar redshifts in

color-selected galaxies, providing a smoking gun for selection biases in existing high redshift samples.

The Mass-Metallicity (MZ) Relation

The well-known correlation between galaxy mass (luminosity) and metallicity was first proposed

by Lequeux et al. (1979). Subsequent studies confirmed the existence of the luminosity-metallicity
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(LZ) relation (e.g., Rubin et al. 1984; Skillman et al. 1989;Zaritsky et al. 1994; Garnett 2002).

Luminosity was used as a proxy for stellar mass in these studies as luminosity is a direct observable.

Aided by new sophisticated stellar population models, stellar mass can be robustly calculated and

a tighter correlation is found in the mass-metallicity (MZ)relation. Tremonti et al. (2004) have

established the MZ relation for local star-forming galaxies based on∼ 5×105 Sloan Digital Sky

Survey (SDSS) galaxies. At intermediate redshifts (0.4 < z < 1), the MZ relation has also been

observed for a large number of galaxies (>100) (e.g., Savaglio et al. 2005; Cowie & Barger 2008;

Lamareille et al. 2009). Zahid et al. (2011) derived the MZ relation for∼ 103 galaxies from the Deep

Extragalactic Evolutionary Probe 2 (DEEP2) survey, validating the MZ relation on a statistically

significant level atz ∼ 0.8. The observational constraint on the MZ relation atz > 1 is largely

uncertain (Chapter 2, 3).

1.1.3 Spatially Resolved Quantities

Metallicity Gradients

The spatial distribution of heavy element abundances is a unique tool to trace the structure formation

history of disk galaxies. Since the very early work of Searle(1971), Shields (1974) and Zaritsky

et al. (1994), it has been well established that there is a negative radial metallicity gradient in

spiral galaxies such that the central disk region is more metal-enriched than the outer regions. The

evolution of this gradient over cosmic time provides a powerful constraint on disk formation and

evolution models.

Metallicity gradient evolution is unknown due to the small angular sizes and the strong decline

of surface brightness of distant galaxies. Before the next generation of telescopes, the only way to

overcome this observational hurdle is to combine the magnification power of gravitational lensing

with the Laser Guide Star Adaptive Optics (LGS-AO) aided integral field spectrograph units (IFUs)

on the world’s largest telescopes (Jones et al. 2010b; Starket al. 2008; Swinbank et al. 2007).

Recently, Jones et al. (2010a) reported the metallicity gradient of a strongly-lensed dispersion-

dominated galaxy at high-z (“the Clone arc” at z=2.00). Jones et al. (2010a) measured the the

slope of the gradient for the inner∼ 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 with the “inside-out” disk formation scenarios.

However, in a low resolution study, Cresci et al. (2010) reported “inverted” metallicity gradients for

three non-lensed z∼3 Lyman-break galaxies (LBGs), arguing for a “cold-flow” of primordial gas

to the galactic core regions. Clearly, a large sample of galaxies with chemical abundance gradients

across cosmic time are required to place robust constraintson disk 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 Telescopes originated from Zwicky (1937a).

Zwicky (1937a) first argued that the deflection of light by galaxies would not only offer a test

of General Relativity, but would also magnify distant galaxies which would otherwise remain

undetected. Zwicky (1937b) even calculated the probability of lensing by galaxies and concluded

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

Galaxy clusters are considered to be the most potentially powerful Cosmic Telescopes because

the masses in galaxy clusters are 2 orders of magnitude higher than single galaxies. Theoretical

predictions of giant blue arcs — background galaxy images lensed by clusters — can be traced as

early as the work of Zwicky (1937b). The first observational confirmation of giant blue arcs was

reported in the galaxy cluster Abell 370 (Soucail et al. 1987, 1988) and Cl2244 (Lynds & Petrosian

1986, 1989). After the launch of the Hubble Space Telescope (HST) in the 1990s, gravitationally

lensed arcs are commonly observed in galaxy clusters in the sharp images of HST. These high-

redshift giant arcs discovered in galaxy clusters are brighter, and are spatially magnified than those

non-lensed galaxies, offering rare and fantastic opportunities to study the high-z galaxies with high

signal-to-noise (S/N) and in spatial details. It is only in the past few years, i.e., more than 20 years

after the first giant arc being observed, that we have the observational techniques to carry out integral

field unit (IFU) spectroscopy on these giant arcs (Figure 1.2, also see Section 1.2.2).
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1.2.2 Combine Galaxy Cluster Lensing with AO-aided NIR IFUs

sky
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source−plane reconstructed
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Figure 1.2 The first giant arc (z = 0.7 in Abell 370) confirmed in the history of cluster-scale
gravitational lensing (Soucail et al. 1987, 1988). It is 20 years after that we have the observational
techniques to carry out integral field spectroscopy on this beautiful lensing case. Shown isHST
F475(blue), F625(green), F814(red) composite image. Thisplot is taken from one of the OSIRIS
observational proposal of this thesis project. The largestimage is labeled as A370-A1. Cyan boxes
show the FOV (3.2” by 6.4”) of the OSIRIS 0.1” scale on the Zn4 filter, with PA = 252 deg.
Imbedded on the upper left is the reconstructed source planemorphology for A370-A1, adopted
from the most recent model of Richard et al. (2010). A370-A1 resembles a local spiral galaxy with
a red bulge, blue spiral arms containing individual knots ofstar formation. Its intrinsic size is about
10.0 / 2.5 kpc along the major / minor axis, with an inclination of 75 degrees. Blue lines shows the
caustic curve originated from the cluster-scale clump. Redlines show the caustic curve from the
galaxy scale clump. The structure of the giant arc is a resultof combing effect of the two lensing
scales.

Typical galaxies atz > 1 have angular sizes smaller than 1′′, even with the massive UV-selective

galaxies, their angular sizes are less than 2′′. AO aided IFU studies on a small number of galaxies

have been able to resolve angular scales down to 0.′′15 (physical scale∼1.3 kpc atz ∼1.5-3), though

still barely able to have sufficient sampling (Figure 1.3).

Before the next generation telescopes, there is only one alternative method to leap over this

hurdle: combine the power of adaptive optics with the power of strong gravitational lenses. In

the strong gravitational lensing region of galaxy clusters, the background high-z galaxies can gain
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particularly high magnifications (∼10-50 times). Combining this additional spatial boost of strong

lensing with the AO techniques equipped on the largest telescopes, a source- plane resolution of

∼100 pc could be achieved for a typical galaxy atz ∼ 2.

Note that candidates suitable for AO corrections are strongly limited by the bright (R∼ 15)

natural guide star (NGS) available in the field of view (FOV, less than 30′′). Only 1% of the sources

on the sky have NGS available for AO. The application of laserguide star (LGS) technique enhances

the percentage of sources suitable for AO to more than one order of magnitude (Davies & Kasper

2012). It is in the past five years that the first astronomical LGS AO systems are installed at 8-10

meter class telescopes such as Keck II (Wizinowich et al. 2006), VLT (Bonaccini Calia et al. 2010),

Gemini North (Boccas et al. 2006) and Subaru (Hayano et al. 2010).

Figure 1.3 Galaxy sizes versus redshift. Current angular resolution with different techniques are
marked on. It is obvious that only with lensing plus AO correction can we achieve sufficient angular
resolution before the era of JWST and TMT. Plot courtesy: Jones Tucker 2010.
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1.3 Thesis Overview

The unique flux magnification of lensed galaxies allows the study of intrinsically fainter populations

of galaxies. The higher S/N of the spectra also means a more accurate estimation of line ratios,

extinction, and thus metallicity. Moreover, the lensed galaxies are free from the usual selection

biases because they are not luminosity or surface brightness selected. This thesis project composes

a sample of strongly lensed galaxies for cosmic metallicityhistory and metallicity gradient evolution

studies.

Chapter 2 demonstrates our first result from a pilot study on the lensing cluster Abell 1689,

where we have discovered a low mass low metallicity star-forming galaxy at redshift 1.7.

Chapter 3 presents a comprehensive observational study of the gas phase metallicity of star-

forming galaxies fromz ∼ 0 to 3. We combine our new sample of gravitationally lensed galaxies

with existing lensed and non-lensed samples to conduct the largest investigation so far into the

mass- metallicity (MZ) relation atz > 1. We apply a self-consistent metallicity calibration scheme

to investigate the metallicity evolution of star-forming galaxies as a function of redshift. Our lensed

sample (19) now is∼5 times larger than the lensed galaxies(∼4) reported at the time of the thesis

proposal in 2008.

Combining the magnification of gravitational lensing and LGS-AO aided NIR spectrograph, we

present in Chapter 4 the first metallicity gradient study on agrand-design spiral galaxy at Redshift

1.49. This spiral galaxy has been magnified by a factor of∼22 by a massive, X-ray luminous galaxy

cluster MACS J1149.5+2223 atz = 0.544. Based on the [NII ] and Hα ratios, we measured the

radial chemical abundance gradient from the inner hundredsof parsecs out to∼5 kpc. The slope of

the gradient is ?0.16± 0.02 dex/kpc , significantly steeper than the gradient of late-type or early-

type galaxies in the local universe. If representative of disk galaxies atz±1.5, our results support

an inside-out disk formation scenario in which early infall/collapse in the galaxy center builds a

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

Using the same technique, Chapter 5 presents the spatially resolved emission line ratio

properties of a1010 M⊙ star-forming galaxy at redshiftz = 1.03. This galaxy is gravitationally
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lensed as a triple-image giant arc behind the massive lensing cluster A2667. The main image of

the galaxy has magnification factors of 14±2.1 in flux and±2 × 7 in area, yielding an intrinsic

spatial resolution of 115—405 pc after adaptive optics correction with OSIRIS at KECK II. From

the [N II ] /Hα line ratios, we find that the central 350 pc of the galaxy is dominated by star formation.

We find a blueshifted region of strong [NII ] /Hα emission in the outer disk. Applying our recent HII

region and slow-shock models, we propose that this elevated[N II ] /Hα ratio region is contaminated

by a significant fraction of shock excitation due to galacticoutflows. Our analysis suggests that

shocked regions may mimic flat or inverted metallicity gradients at high redshift.

With the rapid progress in metallicity gradient studies at high-redshift, it is imperative that

we thoroughly understand the systematics in these measurements. Chapter 6 investigates how the

[N II ] /Hα ratio based metallicity gradients change with angular resolution (FWHM), signal-to-noise

(S/N), and annuli binning. We find that the measured metallicity gradient changes systematically

with FWHM and annuli binning. Seeing-limited observationsproduce shallower and flattened

gradients than higher angular resolution observations. There is a critical FWHM range above which

the measured metallicity gradient is significantly shallower than the intrinsic gradient. This critical

FWHM depends on the intrinsic gradient of the galaxy and is≤ 0.02′′ for our simulated galaxy.

Small numbers of annuli binning produces a more flattened gradient than the intrinsic value. In a 3

annuli binning case, a minimal S/N of∼ 5 on the [NII ] line is required for the faintest annulus to

constrain gradients with reasonable errors. The systematic errors caused by the FWHM effect can

be empirically modeled and corrected using a large sample oflocal IFU data.

Chapter 7 concludes this thesis and discusses the future work.

The basic lensing equations are listed in Appendix 1. Throughout the thesis, we use BPT

diagrams to exclude AGN. Appendix 2 shows an example of detail usage of the BPT diagram on

the starburst-AGN connection based on a project paper of thecandidate.
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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: Yuan & Kewley 2009, ApJ, 699L, 161.

Abstract

We present the rest-frame optical spectrum of a strongly lensed galaxy at redshiftz = 1.7

behind the cluster Abell 1689. We detect the temperature sensitive auroral line [OIII ] λ4363,

which allows the firstdirect metallicity measurement for galaxies atz > 1. Our high signal-to-

noise spectrum indicates that the target is an extremely lowmetallicity star-forming galaxy, with

12 + log(O/H) =7.5+0.1
−0.2 from the direct Te-based method. We estimate an intrinsic absoluteB band

magnitude ofMB = −18.3 ± 0.1, with a stellar mass of 4.4±1.2×108 M⊙. This galaxy extends

the luminosity-metallicity relation of star-forming galaxies atz > 2 by more than an order of

magnitude. Given the double-nuclei like morphology and velocity profile of Hα, we tentatively

suggest that it could be a merger or a proto-rotating disk galaxy.

2.1 Introduction

Five years ago, our knowledge about galaxy evolution still had a glaring gap between redshift 1.5

and 3, termed the redshift desert. The desert is even more desolate for galaxy chemical evolution

studies, where high signal-to-noise (S/N) spectra are needed for reliable measurements. However,
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great progress has been made in the last few years in studyinggalaxies at z∼ 2 and we are beginning

to harvest the “desert”. To date, metallicities are available for a few tens of individual galaxies at

1.5 < z < 3 (Shapley et al. 2004; Erb et al. 2003, 2006; Hayashi et al. 2009). These galaxies

are selected using broad-band colors either in the UV (LymanBreak technique; Steidel et al. 1996,

2003) or using B, z, and K-band colors (BzK selection; Daddi et al. 2004). The Lyman break and

BzK selection techniques favor galaxies that are luminous in the UV or blue and could therefore be

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

To date, metallicity measurements for high redshift (z ≥ 1) galaxies have been made via

indirect methods from the ratios of strong nebular lines. Inlocal galaxies, the preferred method

for determining metallicity is via the “direct” Te method which relies on the electron temperature

sensitivity f the [OIII ] λ4363 line. At high redshift, metallicity measurement via the direct method

has not been possible because the [OIII ] λ4363 line used to derive the electron temperature is very

weak. The highest redshift that the [OIII ] λ4363 line has been reported is atz ∼ 0.8 by Kakazu

et al. (2007).

Strong lensing by galaxy clusters offers an alternative tool to explore the metallicity of galaxies

at high redshift. One advantage of lensing selected galaxies is that they are immune to color

and luminosity biases. Previously, only four lensed galaxies had been observed with sufficient

spectral coverage and S/N to yield metallicities (Yee et al.1996; Pettini et al. 2000, 2002; Lemoine-

Busserolle et al. 2003; Stark et al. 2008). Compared with Lyman break selected galaxies in the

same redshift and luminosity range, the four lensed objectsspan a substantially broader metallicity

range (12 + log(O/H)∼7.1 to 9.1), indicating that current metallicity history studies atz > 1.5

(12 + log(O/H)∼8.4 to 8.8) may not be sampling the full metallicity range at this redshift. It is worth

noting that the metallicity range quoted for the lensed galaxies is extremely uncertain, depending

on various assumptions about reddening and metallicity calibrators. Another great advantage of

gravitational lensing is its natural magnification of the source. The flux of the lensed background

galaxy is commonly boosted by a factor of 1-3 mag or more around the critical lines of the cluster

center. Optical spectroscopic surveys of high-z galaxies near cluster critical lines have already

yielded a large catalogue of lensed galaxies beyond z∼1 (e.g., Broadhurst et al. 2005; Richard et al.
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2008; Frye et al. 2007; Limousin et al. 2007). Unfortunately, spectra from these surveys can’t be

directly utilized in metallicity studies because the commonly used metallicity diagnostic emission

lines have shifted into the near infrared (near-IR) atz > 1.

With the revolutionary multi-object cryogenic near-IR spectrographs that have been recently

installed on 8-10m class telescopes, high efficiency near-IR spectroscopy is now available. We

carried out the first near-IR spectroscopic survey of lensedgalaxies behind lensing clusters, aimed

at measuring the metallicity of galaxies at1.5 < z < 3. This Letter reports the rest-frame optical

spectrum of a strongly lensed star-forming galaxy atz = 1.7 behind the Abell cluster 1689 from

our ongoing survey. The galaxy cluster Abell 1689 was chosenas our first target because it has

the largest Einstein radius of∼ 50′′ (Broadhurst et al. 2005), and nearly∼ 100 spectroscopically

confirmed lensed images (Limousin et al. 2007). The galaxy inquestion is designated as ID 22.3 in

the catalogue of Broadhurst et al. (2005), we refer to it as Lens22.3 hereafter. Throughout we use

the standardΛCDM cosmology withH0 = 70 km s−1 Mpc−1, ΩM = 0.3 andΩΛ = 0.7.

2.2 Observations and Data Reduction

The data were obtained on 2008 March 26th, using the Multi-Object InfraRed Camera and

Spectrograph (MOIRCS) at Subaru (Ichikawa et al. 2006), in spectroscopic mode (Tokoku et al.

2006). We used the low resolution grism zJ 500 with a nominal resolution of 500 and wavelength

coverage of 0.9 -1.78µm. We designed two masks targeting the spectroscopically confirmed lensed

images in the field of Abell 1689. We obtained useable data forone mask. During the observation

for this mask, the seeing varied between 0.′′3 to 0.′′6, and the airmass ranged between 1.1 and 1.7.

Lens22.3 was placed at the one of center slits of the mask, with a slit width of∼ 1′′ and a slit length

of ∼ 9′′. The telescope was nodded along the slit in a ABAB mode with a dithering length of 2.′′5.

The exposure time for each individual frame was 400-600 seconds, resulting in a total integration

time of 6800 seconds.

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

subtracting the closest dithering pair A and B. A scaling factor between each pair was determined to
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optimize the sky subtraction. The sky subtracted A-B pair was flat-fielded, cleaned for comic rays,

and then traced and rectified using a dome flat spectrum. The final two dimensional spectrum was

created by co-adding the reduced individual pairs. Wavelength calibration was carried out using the

strong OH lines between 0.9 and 1.8µm. A F5V standard star was observed at approximately the

same airmass as the target. The Telluric absorption was obtained by dividing the star spectrum with

a fitted blackbody curve. The resulting stellar spectrum wasthen 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 diagnostic lines fall into the spectral coverage

of MOIRCS zJ500 grism. We have detected all the rest frame nebular emission lines from [OII ]

to Hα, including the usually very weak [OIII ] λ4363 line. Fig. 5.2 shows our final 2D and 1D

rest-frame optical spectrum of Lens22.3. Table 1 lists the measured line fluxes relative to Hβ, the

1 σ error, and S/N. Since the metallicity studies use only line ratios, we did not attempt to flux

calibrate the spectrum, which is non-trival in near-IR observations. The instrument response is

essentially constant for the wavelength range from [OIII ] λ4363 to [OIII ] λ5007. The Hα line lies

in the region where the response has dropped by∼ 35%. The response on the expected [NII ] line

position has dropped by∼ 65%, which may be the reason that there is no detection of [NII ] within

3σ. After correcting for instrumental response, we obtain an upper limit for [N II ]/Hα. Metallicities

were calculated using two methods:

1. Strong line diagnostics:In the absence of direct measurements from electron temperature,

the ratio of strong nebular lines are used to determine the oxygen abundance. The well-known

discrepancies between different line ratio indicators canbe removed by converting to the same

base calibration following the methods of Kewley & Ellison (2008). We use the indicator

R23 = ([O II ] λ3727 + [OIII ] λλ4959, 5007)/Hβ to calculate metallicity. In our case, the upper

and lower branch degeneracy of R23 can be broken by the upper limit of [NII ]/Hα < 0.005. In
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addition, the detection of the weak [OIII ] λ4363 line almost certainly means the adoption of the

lower branch. For the actual calculation, we use the lower branch calibration of McGaugh (1991)

(M91 method) in the analytical form given by Kobulnicky et al. (1999). The resulting metallicity is

12 + log(O/H) = 8.0 in the M91 method. Converted to the Kewley &Dopita (2002) method (KD02),

we have 12 + log(O/H) = 8.1 assuming zero extinction, or 8.3 assuming a high extinction value of

E(B-V) = 0.4 (Cardelli et al. 1989; Osterbrock 1989). The high extinction value agrees with the

direct estimate from the Hα/Hβin Table 1. However, because the Hα line lies near the edge where

the response has dropped by∼ 35%, the ratio of Hα/Hβcan be largely uncertain because it depends

sensitively on the precision of correction for the detectorresponse. Therefore instead of using only

the high extinction from Hα/Hβ, we use two extreme values of extinction to quantify the range of

uncertainty caused by extinction. Note that the logarithm in the definition of 12 + log(O/H) means

that 10% of change in the line ratio causes only∼ 0.04 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 Te: The auroral line [OIII ] λ4363 is often

very weak, even in low metallicity environments. It is usually not observed in high metallicity

galaxies without very sensitive, high S/N spectra (e.g., Garnett et al. 2004). The 3σ detection

of [O III ] λ4363 in Lens22.3 strongly suggests a low metallicity environment. The ratio of

[O III ] λ5007, 4959 and [OIII ] λ4363 allows a direct measurement of the oxygen abundance via

electron temperature Te. We use thenebular package inIRAF to derive the electron temperature

Te = 2.3557× 104 K, assuming an electron density ne of 100 cm−3 (Te is relatively insensitive to ne,

e.g., for ne = 1000 cm−3, Te = 2.3508× 104 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) = 7.3± 0.1 assuming a

high extinction value of E(B-V) = 0.4.

The 0.6 dex discrepancy between the KD02 and Te method is not surprising since metallicity

measured from the direct Te method is systematically lower than other methods; such offsets can

be as large as 0.7 dex (Liang et al. 2006; Yin et al. 2007; Nagaoet al. 2006). Regardless of the

offset between the two methods, both metallicity estimatesindicate that Lens22.3 is low in oxygen

abundance. The evidence that Lens22.3 is a star-forming galaxy instead of a narrow line AGN
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comes from its position on the traditional BPT diagram (Baldwin et al. 1981). Using the upper

limit of [N II ]/Hα and the ratio of [OIII ]/Hβ, Lens22.3 is located on the leftmost region of the star-

forming branch of the BPT [NII ] diagram, excluding its possibility of being an AGN (Kewleyet al.

2006).

2.3.2 Photometry

We searched theHubble Space Telescope(HST) archive and obtained the photometry for Lens22.3.

The observed AB magnitudes are 23.2± 0.1, 23.6± 0.2, 23.3± 0.1, 23.4± 0.1 and 23.1±

0.1 in theACSgF475W , rF625W , iF775W , zF850LP , and NICMOSJF110W bands, respectively.

After correcting for the lensing magnification of 15.5± 0.3 (provided by Johan Richard, private

communication), the absoluteB band magnitude is MB = -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× 109 M⊙. Since thekcorrectmay overestimate the stellar masses of high-redshift galaxies

(Blanton & Roweis 2007), we recalculated the stellar mass using the advanced version of the code

LE PHARE (Photometric redshift and simulation package) (Ilbert et al. 2010) based on population

synthesis models of Bruzual & Charlot (2003). The resultingstellar mass is 4.4±1.2×108 M⊙.

2.3.3 Morphology and Kinematics

Thanks to the excellent seeing (∼ 0.′′4) and the powerful magnification of gravitational lensing,the

target is spatially resolved. In Fig. 2.4, we show theHSTF775W image in the vicinity of Lens22.3.

The image has been registered onto the MOIRCS chip, which hasa pixel scale of 0.′′117 pixel−1.

The MOIRCS slit layout is shown, where X is the dispersion direction and Y is the spatial direction

which is also along the elongated side of the galaxy. On the lower right corner is a zoomed image

of Lens22.3, with various intensity contours overlaid. It has a clear double nuclei-like morphology.

The nuclei are separated by∼ 0.′′4, corresponding to a physical scale of∼3 kpc at the redshift

of z = 1.7. The intrinsic separation will be smaller than this value because the image has been

elongated by lensing effects. We divide the 2D spectrum intosubsections A, B, C, D along the

spatial direction Y, using a 3-pixel bin that roughly matches the average seeing of the observation.
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We extract the spectrum for apertures A, B, C, D using the strongest line [OIII ] λ5007 and Hα. The

velocity profile relative to the center of the subsections are given in Fig. 2.4. For comparison, the

velocity profile for the sky OH line nearest to Hα extracted from the same apertures is also shown.

There seems to be a systematic rise in velocity from A to D in Hα, but not in [OIII ] λ5007. The

misalignment of the line profile in the spatial direction andthe double-nuclei like morphology may

indicate that the system is rotating or merging. Future follow up with integral field spectroscopy

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

2.3.4 Mass-Metallicity Relation

In Fig. 2.4, we show the mass/luminosity-metallicity relation for the local (Tremonti et al. 2004) and

high-redshift (Erb et al. 2006) star-forming galaxies. Allmetallicities in Fig. 2.4 have been rescaled

to the same KD02 method using the calibration of Kewley & Ellison (2008). The local sample of

Tremonti et al. (2004) is based on∼ 53,000 SDSS star-forming galaxies and the Erb et al. (2006)

sample is based on composite spectra of 87 rest-frame UV selected star-forming galaxies at z≥

2. Lens22.3 is consistent with the mass/luminosity-metallicity relation of the high-z sample. We

evaluate the effect of extinction assuming a high extinction value of E(B-V) = 0.4. Extinction causes

metallicity to rise by∼ 0.1 dex, but it does not significantly change the position of Lens22.3 on the

mass-metallicity diagram. Lens22.3 is currently the lowest mass systme with direct measurement

on the mass-metallicity relation diagram; Lens22.3 extends the luminosity-metallicity relation to the

fainter end by more than an order of magnitude, demonstrating the capability of using gravitationally

lensed samples to probe intrinsically fainter and less massive systems than are found in existing

samples.

2.4 Summary

We reported the discovery of a low metallicity star-forminggalaxy at z = 1.7. We detect the

temperature sensitive auroral line [OIII ] λ4363 which allows us to derive metallicity using the direct

Te method for the first time at high redshift. The low metallicity and low luminosity/mass of the
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z = 1.7 star-forming galaxy place it at the lowest end of the mass/luminosity-metallicity relation,

extending thez > 2 luminosity-metallicity relation by more than an order of magnitude. Our on-

going near-IR spectroscopic survey of lensing clusters aims to obtain metallicities for more objects

like Lens22.3 in the redshift range 1.5< z < 3.

Figure 2.1 Observed Subaru MOIRCS spectrum of Lens22.3 at z=1.7. The extracted 1D spectrum is
shown in black, with identified emission lines labeled. The sky telluric absorption and OH emission
lines are shown in red and blue, respectively. The 2D spectrum for each of the detected lines is
shown on top.
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Table 1. Observed Line Intensities and Ratios

Ion Line zobs Flux Flux (corrected) 1σ S/N

(1) (2) (3) (4) (5) (6)

[N II ] λ6584 · · · <0.009 <0.025 · · · · · ·
Hα λ6563 1.705 3.12 5.03 ±0.4 13
[O III ] λ5007 1.706 6.45 6.45 ± 0.3 15
[O III ] λ4959 1.705 1.98 1.98 ±0.3 10
Hβ λ4861 1.705 1.0 1.0 ±0.1 5
[O III ] λ4363 1.696 0.27 0.27 ±0.1 3
[O II ] λ3727 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 wavelength.
(3) Measured flux, relative to Hβ, detector response uncorrected. (4)
Measured flux, relative to Hβ, detector response corrected. (5) 1σ

error of the line flux from Gaussian fitting. (6) Signal-to-Noise of
the line flux.
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Figure 2.2HSTrescaled F775W image for the field of Lens22.3 The image has been rescaled and
registered onto the MOIRCS chip. The slit on Lens22.3 has a width of 1′′ and a length of 9′′. Slit
X (dispersion) and Y (spatial) direction are marked. A zoomed view of Lens22.3 with intensity
contours (0.3, 0.2, 0.1, 0.04 of the peak intensity) is shownon the lower left corner.
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Red: D

Blue: A

Black: B

Green: C

Figure 2.3 Top two panels: velocity profile of Hα and [OIII ] from spectra extracted within the
spatial apertures A, B, C, D (bottom right panel). Bottom left panel: velocity profile for the sky line
nearest to Hα using the same apertures. Bottom right panel: 2D spectrum ofHα, spatially cut into
sub-apertures A, B, C, D. The velocity zero point is chosen tobe the averaged center of the cuts.
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Figure 2.4 Left: Mass-Metallicity relation. Dash line: local relation from the SDSS sample
(Tremonti et al. 2004). Filled black circle: relation for galaxies z≥ 2 (Erb et al. 2006). Filled
red square: Lens22.3, without extinction correction. Empty red square: Lens22.3, after extinction
correction. Right: Luminosity-Metallicity relation. Dash line: local relation from SDSS sample
(Tremonti et al. 2004). Filled black circle: relation for galaxies z≥ 2 (Erb et al. 2006). Filled
red square: Lens22.3, without extinction correction. Empty red square: Lens22.3, after extinction
correction. All metallicities have been recalculated to the same 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 revision submitted to ApJ after responding to

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

Abstract

We present a comprehensive observational study of the gas phase metallicity of star-forming

galaxies fromz ∼ 0 → 3. We combine our new sample of gravitationally lensed galaxies with

existing lensed and non-lensed samples to conduct a large investigation into the mass-metallicity

(MZ) relation atz > 1. We apply a self-consistent metallicity calibration scheme to investigate the

metallicity evolution of star-forming galaxies as a function of redshift. The lensing magnification

ensures that our sample spans an unprecedented range of stellar mass (3× 107−6×1010 M⊙). We

find that at the median redshift ofz = 2.07, the median metallicity of the lensed sample is 0.35

dex lower than the local SDSS star-forming galaxies and 0.18dex lower than thez ∼ 0.8 DEEP2

galaxies. We also present thez ∼ 2 MZ relation using 19 lensed galaxies. These offsets translate

into a metallicity evolution of -0.23 ± 0.01 dex per unit redshift ( -0.029±0.001 dex/Gyr) from

z ∼ 0 → 1, and -0.14 ± 0.08 dex per unit redshift ( -0.050±0.017 dex/Gyr) fromz ∼ 1 → 3.
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A more rapid evolution is seen betweenz ∼ 1 → 3 thanz ∼ 0.8 → 0 for the high mass bins

(109.5 M⊙ <M⋆ <1011 M⊙) at a 95% confidence level. We compare this evolution with the

most recent cosmological hydrodynamic simulations with momentum driven winds. Overall, the

observed average metallicity evolution agrees within the 1σ dispersion of the model predictions.

3.1 Introduction

Soon after the pristine clouds of primordial gas collapsed to assemble a protogalaxy, star formation

ensued, leading to the production of heavy elements (metals). Metals were synthesized exclusively

in stars, and were ejected into the interstellar medium (ISM) through stellar winds or supernovae

explosions. Tracing the heavy element abundance (metallicity) in star-forming galaxies provides a

“fossil record” of galaxy formation and evolution.

When considered as a closed system, the metal content of a galaxy is directly related to the yield

and gas fraction (Searle & Sargent 1972; Pagel & Patchett 1975; Pagel & Edmunds 1981; Edmunds

1990). In reality, a galaxy interacts with its surrounding intergalactic medium (IGM), hence both

the overall and local metallicity distribution of a galaxy is modified by feedback processes such as

galactic winds, inflows, and gas accretions (e.g., Lacey & Fall 1985; Edmunds & Greenhow 1995;

Köppen & Edmunds 1999; Dalcanton 2007). Therefore, observations of the chemical abundances in

galaxies offer crucial constraints on the star formation history and various mechanisms responsible

for galactic inflows and outflows.

The well-known correlation between galaxy mass (luminosity) and metallicity was first

proposed by Lequeux et al. (1979). Subsequent studies confirmed the existence of the luminosity-

metallicity (LZ) relation (e.g., Rubin et al. 1984; Skillman et al. 1989; Zaritsky et al. 1994; Garnett

2002). Luminosity was used as a proxy for stellar mass in these studies as luminosity is a direct

observable. Aided by new sophisticated stellar populationmodels, stellar mass can be robustly

calculated and a tighter correlation is found in the mass-metallicity (MZ) relation. Tremonti et al.

(2004) have established the MZ relation for local star-forming galaxies based on∼ 5×105 Sloan

Digital Sky Survey (SDSS) galaxies. At intermediate redshifts (0.4 < z < 1), the MZ relation
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has also been observed for a large number of galaxies (>100) (e.g., Savaglio et al. 2005; Cowie &

Barger 2008; Lamareille et al. 2009). Zahid et al. (2011) derived the MZ relation for∼ 103 galaxies

from the Deep Extragalactic Evolutionary Probe 2 (DEEP2) survey, validating the MZ relation on a

statistically significant level atz ∼ 0.8.

Current cosmological hydrodynamic simulations and semi-analytical models can predict the

metallicity history of galaxies on a cosmic timescale (Nagamine et al. 2001; De Lucia et al. 2004;

Bertone et al. 2007; Brooks et al. 2007; Davé & Oppenheimer 2007; Davé et al. 2011a,b). These

models show that the shape of the MZ relation is particularlysensitive to the adopted feedback

mechanisms. The cosmological hydrodynamic simulations with momentum-driven winds models

provide better match with observations than energy-drivenwind models (Oppenheimer & Davé

2008; Finlator & Davé 2008; Davé et al. 2011a). However, these models have not been tested

thoroughly in observations, especially at high redshifts (z > 1), where the MZ relation is still

largely uncertain.

As we move to higher redshifts, selection effects and small number statistics haunt observational

metallicity history studies. The difficulty starts to be severe in the so-called “redshift desert”

(1 . z . 3), where the metallicity sensitive optical emission lines have shifted to the sky-

background dominated near infrared (NIR). Ironically, this redshift range harbors the richest

information about galaxy evolution. It is during this redshift period (∼ 2−6 Gyrs after the Big Bang)

that the first massive structures condensed; the star formation rate (SFR), major merger activity, and

black hole accretion rate peaked; much of today’s stellar mass was assembled, and heavy elements

were produced (Fan et al. 2001; Dickinson et al. 2003; Chapman et al. 2005; Hopkins & Beacom

2006; Grazian et al. 2007; Conselice et al. 2007; Reddy et al.2008). It is therefore of crucial

importance to explore NIR spectra for galaxies in this redshift range.

Many spectroscopic redshift surveys have been carried out to study star-forming galaxies at

z >1 in recent years (e.g., Steidel et al. 2004; Law et al. 2009).However, due to the low efficiency

in the NIR, those spectroscopic surveys almost inevitably have to rely on color-selection criteria

and the biases in UV-selected galaxies tend to select the most massive and less dusty systems (e.g.,

Capak et al. 2004; Steidel et al. 2004; Reddy et al. 2006). Space telescopes can observe much deeper
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in the NIR and are able to probe a wider mass range. For example, the narrow-band Hα surveys

based on the new WFC3 camera aboard the Hubble Space Telescope (HST) have located hundreds

of Hα emitters up to z = 2.23, finding much fainter systems than observed from the ground (Sobral

et al. 2009). However, the low-resolution spectra from the narrow band filters forbid derivations

of physical properties such as metallicities that can only currently be acquired from ground-based

spectral analysis.

Thanks to the advent of long-slit/multi-slit NIR spectrographs on 8−10 meter class telescopes,

enormous progress has been made in the last decade to capturegalaxies in the redshift desert.

For chemical abundance studies, a full coverage of rest-frame optical spectra (4000−9000Å) is

usually mandatory for the most robust diagnostic analysis.For 1.5 . z . 3, the rest-frame

optical spectra have shifted into the J, H, and K bands. It remains challenging and observationally

expensive to obtain high signal-to-noise (S/N) NIR spectrafrom the ground, especially for “typical”

targets at high-z that are less massive than conventional color-selected galaxies. Therefore, previous

investigations into the metallicity properties between1 . z . 3 focused on stacked spectra, samples

of massive luminous individual galaxies, or very small numbers of lower-mass galaxies (e.g., Erb

et al. 2006; Förster Schreiber et al. 2006; Law et al. 2009; Erb et al. 2010; Yabe et al. 2012).

The first mass-metallicity (MZ) relation for galaxies at z∼ 2 was found by Erb et al. (2006)

using the stacked spectra of 87 UV selected galaxies dividedinto 6 mass bins. Subsequently, mass

and metallicity measurements have been reported for numerous individual galaxies at 1.5< z < 3

(Förster Schreiber et al. 2006; Genzel et al. 2008; Hayashiet al. 2009; Law et al. 2009; Erb et al.

2010). These galaxies are selected using broadband colors in the UV (Lyman Break technique;

Steidel et al. 1996, 2003) or using B, z, and K-band colors (BzK selection; Daddi et al. 2004). The

Lyman break and BzK selection techniques favor galaxies that are luminous in the UV or blue and

may therefore be biased against low luminosity (low-metallicity) galaxies, and dusty (potentially

metal-rich) galaxies. Because of these biases, galaxies selected in this way may not sample the full

range in metallicity at redshift z>1.

A powerful alternative method to avoid these selection effects is to use strong gravitationally

lensed galaxies. In the case of galaxy cluster lensing, the total luminosity and area of the background
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sources can easily be boosted by∼ 10−50 times, providing invaluable opportunities to obtain high

S/N spectra and probe intrinsically fainter systems withina reasonable amount of telescope time. In

some cases, sufficient S/N can even be obtained for spatiallyresolved pixels to study the resolved

metallicity of high-z galaxies (Swinbank et al. 2009; Jones et al. 2010; Yuan et al.2011; Jones

et al. 2012). Before 2011, metallicities have been reportedfor a handful of individually lensed

galaxies using optical emission lines at 1.5< z < 3 (Pettini et al. 2001; Lemoine-Busserolle et al.

2003; Stark et al. 2008; Quider et al. 2009; Yuan & Kewley 2009; Jones et al. 2010). Fortunately,

lensed galaxy samples with metallicity measurements have increased significantly thanks to reliable

lensing mass modeling and larger dedicated spectroscopic surveys of lensed galaxies on 8-10 meter

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

In 2008, we began a spectroscopic observational survey designed specifically to capture

metallicity sensitive lines for lensed galaxies. Taking advantage of the multi-object cryogenic

NIR spectrograph (MOIRCS) on Subaru, we targeted well-known strong lensing galaxy clusters to

obtain metallicities for galaxies between 0.8< z < 3. In this paper, we present the first metallicity

measurement results from our survey.

Combining our new data with existing data from the literature, we present a coherent

observational picture of the metallicity history and mass-metallicity evolution of star-forming

galaxies fromz ∼ 0 to z ∼ 3. Kewley & Ellison (2008) have shown that the metallicity offsets

in the diagnostic methods can easily exceed the intrinsic trends. It is of paramount importance to

make sure that relative metallicities are compared on the same metallicity calibration scale. In MZ

relation studies, the methods used to derive the stellar mass can also cause systematic offsets (Zahid

et al. 2011). Different SED fitting codes can yield a non-negligible mass offset, hence mimicking or

hiding evolution in the MZ relation. In this paper, we derivethe mass and metallicity of all samples

using the same methods, ensuring that the observational data are compared in a self-consistent

way. We compare our observed metallicity history with the latest prediction from cosmological

hydrodynamical simulations.
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Throughout this paper we use a standardΛCDM cosmology withH0= 70 km s−1 Mpc−1,

ΩM=0.30, andΩΛ=0.70. We use solar oxygen abundance 12 + log(O/H)⊙=8.69 (Asplund et al.

2009).

The paper is organized as follows: Section 3.2 describes ourlensed sample survey and

observations. Data reduction and analysis are summarized in Section 3.3. Section 3.4 presents

an overview of all the samples we use in this study. Section 3.5 describes the methodology of

derived quantities. The metallicity evolution of star-forming galaxies with redshift is presented in

Section 3.6. Section 3.7 presents the mass-metallicity relation for our lensed galaxies. Section 3.8

compares our results with previous work in literature. Section 6.8 summarizes our results. In the

Appendix, we show the morphology, slit layout, and reduced 1D spectra 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 (LEGMS)

Our survey (LEGMS) aims to obtain oxygen abundance of lensedgalaxies at 0.8<z<3. LEGMS has

taken enormous advantage of the state-of-the-art instruments on Mauna Kea. Four instruments have

been utilized so far: (1) the Multi-Object InfraRed Camera and Spectrograph (MOIRCS; Ichikawa

et al. 2006) on Subaru; (2) the OH-Suppressing Infra-Red Imaging Spectrograph (OSIRIS; Larkin

et al. 2006) on Keck II; (3) the Near Infrared Spectrograph (NIRSPEC; McLean et al. 1998) on

Keck II; (4) the Low Dispersion Imaging Spectrograph (LRIS;Oke et al. 1995) on Keck I. The

scientific objective of each instrument is as follows: MOIRCS is used to obtain the NIR images

and spectra for multiple targets behind lensing clusters; NIRSPEC is used to capture occasional

single field lensed targets (especially galaxy-scale lenses); LRIS is used to obtain the [OII ] λ3727

to [O III ] λ5007 spectral range for targets with z< 1.5. From the slit spectra, we select targets that

are have sufficient fluxes and angular sizes to be spatially resolved with OSIRIS. In this paper we

focus on the MOIRCS observations of the lensing cluster Abell 1689 for targets between redshifts

1.5. z . 3. Observations for other clusters are ongoing and will be presented in future papers.
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The first step to construct a lensed sample for slit spectroscopy is to find the lensed

candidates (arcs) that have spectroscopic redshifts from optical surveys. The number of known

spectroscopically identified lensed galaxies at z> 1 is still on the order of a few tens. The limited

number of lensed candidates makes it impractical to build a sample that is complete and well defined

in mass. A mass complete sample is the future goal of this project. Our strategy for now is to observe

as many arcs with known redshifts as possible. If we assume the AGN fraction is similar to local

star-forming galaxies, then we expect∼ 10% of our targets to be AGN dominated (Kewley et al.

2004). Naturally, lensed sample is biased towards highly magnified sources. However, because the

largest magnifications are not biased towards intrinsically bright targets, lensed samples are less

biased towards the intrinsically most luminous galaxies.

Abell 1689 is chosen as the primary target for MOIRCS observations because it has the largest

number (∼ 100 arcs, or∼ 30 source galaxies) of spectroscopically identified lensedarcs (Broadhurst

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

Multi-slit spectroscopy of NIR lensing surveys greatly enhances the efficiency of spectroscopy

of lensed galaxies in clusters. Theoretically,∼ 40 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 area, slit orientations, and spectral coverage.

For A1689, the lensed candidates cover an area of∼2′ × 2′, well within the FOV of one chip. We

design slit masks for chip 2, which has better sensitivity and less bad pixels than chip 1. There

are∼ 40 lensed images (∼ 25 individual galaxies) that fall in the range of 1.5. z . 3 in our slit

masks. We use the MOIRCS low-resolution (R∼ 500) grisms which have a spectral coverage of

0.9 -1.78µm in ZJ and 1.3-2.5µm in HK. To maximize the detection efficiency, we give priority to

targets with the specific redshift range such that all the strong emission lines from [OII ] λ3727 to

[N II ] λ6584 can be captured in one grism configuration. For instance, the redshift range of 2.5. z

. 3 is optimized for the HK500 grism, and 1.5. z . 1.7 is optimized for the ZJ500 grism.

From UT March 2008 to UT April 2010, we used 8 MOIRCS nights (6 usable nights) with 4

position angles (PAs) and 6 masks to observe 25 galaxies. Metallicity quality spectra were obtained
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for 12 of the 25 targets. We also include onez > 1.5 galaxy from our observations of Abell 681.

The PA is chosen to optimize the slit orientation along the targeted arcs’ elongated directions. For

arcs that are not oriented to match the PA, the slits are configured to center on the brightest knots of

the arcs. We use slit widths of 0.8′′ and 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 slits to trace the slit curvature and determine

the offsets among individual exposures. Typical integrations for individual frames are 400 s, 600 s,

and 900 s, depending on levels of skyline saturation. We use an ABBA dithering sequence along the

slit direction, with a dithering length of 2.′′5. 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 the final wavelength and flux calibrated

1D spectra were realized by a set of IDL codes called MOIRCSMOSRED. The codes were scripted

originally by Youichi Ohyama. T.-T Yuan extended the code toincorporate new skyline subtraction

(e.g., Henry et al. 2010, for a description of utilizing MOIRCSMOSRED).

We use the newest version (Apr, 2011) of MOIRCSMOSRED to reduce the data in this work.

The sky subtraction is optimized as follows. For each Ai frame, we subtract a sky frame denoted as

α((Bi−1+Bi+1)/2), where Bi−1 and Bi+1 are the science frames before and after the Ai exposure.

The scale parameterα is obtained by searching through a parameter range of 0.5-2.0, with an

increment of 0.0001. The bestα is obtained where the root mean square (RMS) of the residual

R= Ai- α((Bi−1+Bi+1)/2) is minimal for a user defined wavelength regionλ1 andλ2. We find

that this sky subtraction method yields smaller sky OH line residuals (∼ 20%) than conventional

A-B methods. We also compare with other skyline subtractionmethods in literature (Kelson 2003;

Davies 2007). We find the sky residuals from our method are comparable to those from the Kelson

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

1Most of the candidates in A68 are atz < 1. Due to the low spectral resolution in this observation, Hα and [NII ] are
not resolved atz < 1. We do not have sufficient data to obtain reliable metallicities for 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 is more stable and improves the skyline

residual by∼ 10% than the other two methods.

Wavelength calibration is carried out by identifying skylines for the ZJ grism. For the HK

grism, we use argon lines to calibrate the wavelength since only a few skylines are available in the

HK band. The argon-line calibrated wavelength is then re-calibrated with the available skylines in

HK to determine the instrumentation shifts between lamp andscience exposures. Note that the RMS

of the wavelength calibration using a 3rd order polynomial fitting is∼ 10-20Å, corresponding to a

systematic redshift uncertainty of 0.006.

A sample of A0 stars selected from the UKIRT photometric standards were observed at similar

airmass as the targets. These stars were used for both telluric absorption corrections and flux

calibrations. We use the prescriptions of Erb et al. (2003) for flux calibration. As noted in Erb

et al. (2003), the absolute flux calibration in the NIR is difficult with typical uncertainties of∼20%.

We note that this uncertainty is even larger for lensed samples observed in multi-slits because of

the complicated aperture effects. The uncertainties in theflux calibration are not a concern for our

metallicity analysis where only line ratios are involved. However, these errors are a major concern

for calculating SFRs. The SFR uncertainty due to aperture correction could be a factor of 2-3 for

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

3.3.2 Line Fitting

The emission lines are fitted with Gaussian profiles. For the spatially unresolved spectra, the

aperture used to extract the spectrum is determined by measuring the Gaussian profile of the

wavelength collapsed spectrum. Some of the lensed targets (∼ 10%) are elongated and spatially

resolved in the slit spectra, however, because of the low surface brightness and thus very low S/N

per pixel, we are unable to obtain usable spatially resolvedspectra. For those targets, we make an

initial guess for the width of the spatial profile and force a Gaussian fit, then we extract the integrated

spectrum using the aperture determined from the FWHM of the Gaussian profile.

For widely separated lines such as [OII ] λ3727, Hβ λ4861, single Gaussian functions are fitted

with 4 free parameters: the centroid (or the redshift), the line width, the line flux, and the continuum.
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The doublet [OIII ] λλ4959,5007 are initially fitted as a double Gaussian functionwith 6 free

parameters: the centroids 1 and 2 , line widths 1 and 2, fluxes 1and 2, and the continuum. In

cases where the [OIII ] λ4959 line is too weak, its centroid and line velocity width are fixed to be the

same as [OIII ] λ5007 and the flux is fixed to be 1/3 of the [OIII ] λ5007 line (Osterbrock 1989). A

triple-Gaussian function is fitted simultaneously to the three adjacent emission lines: [NII ] λ6548,

6583 and Hα. The centroid and velocity width of [NII ] λ6548, 6583 lines are constrained by the

velocity width of Hαλ6563, and the ratio of [NII ] λ6548 and [NII ] λ6583 is constrained to be the

theoretical value of 1/3 given in Osterbrock (1989). The line profile fitting is conducted using aχ2

minimization procedure which uses the inverse of the sky OH emission as the weighting function.

The S/N per pixel is calculated from theχ2 of the fitting. The measured emission line fluxes and

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

3.3.3 Lensing Magnification

Because the lensing magnification (µ) is not a direct function of wavelength, line ratio measurements

do not require pre-knowledge of the lensing magnification. However,µ is needed for inferring

other physical properties such as the intrinsic fluxes, masses and source morphologies. Parametric

models of the mass distribution in the clusters Abell 68 and Abell 1689 were constructed using the

Lenstool softwareLenstool2 (Kneib et al. 1993; Jullo et al. 2007). The best-fit models have been

previously published in Richard et al. (2007) and Limousin et al. (2007). As detailed in Limousin

et al. (2007),Lenstool uses Bayesian optimization with a Monte-Carlo Markov Chain(MCMC)

sampler which provides a family of best models sampling the posterior probability distribution of

each parameter. In particular, we use this family of best models to derive the magnification and

relative error on magnificationµ associated to each lensed source. Typical errors onµ are∼10%

for Abell 1689 and Abell 68.

2http://www.oamp.fr/cosmology/lenstool
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3.3.4 Photometry

We determine the photometry for the lensed galaxies in A1689using 5-bandHST imaging data,

1-band MOIRCS imaging data, and 2-channelSpitzerIRAC data at 3.6 and 4.5µm.

We obtained a 5,000 s imaging exposure for A1689 on the MOIRCSKs filter, at a depth of

24 mag, using a scale of 0.117′′ per pixel. The imaging data is reduced using the IRAF package

written by the MOIRCS supporting astronomer Ichi Tanaka3. The photometry is calibrated using

the 2MASS stars located in the field.

The ACS F475W, F625W, F775W, F850LP, WFPC3 F125 data are obtained from theHST

archive. TheHST photometry are determined using SExtractor (Bertin & Arnouts 1996) with

parameters adjusted to detect the faint background sources. The F775W filter is used as the detection

image using a 1.′′0 aperture.

The IRAC data are obtained from theSpitzerarchive and are reduced and drizzled to a pixel

scale of 0.′′6 pixel−1. In order to include the IRAC photometry, we convolved theHST and

MOIRCS images with the IRAC point spread functions (PSFs) derived from unsaturated stars. All

photometric data are measured using a 1.′′0 aperture. Note that we only consider sources which are

not contaminated by nearby bright galaxies. Typical errorsfor the IRAC band photometry are 0.3

mag and 0.15 mag for the ACS and MOIRCS bands. We refer to Richard et al. (2012) for the full

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

3.4 Supplementary Samples

In addition to our lensed targets observed in LEGMS, we also include literature data for

complementary lensed and non-lensed samples at both local and high-z. The observational data

for individually measured metallicities at z> 1.5 are still scarce and caution needs to be taken

when using them for comparison. The different metallicity and mass derivation methods used

in different samples can give large systematic discrepancies and provide misleading results. For

this reason, we only include the literature data that have robust measurements and sufficient data

3http://www.naoj.org/staff/ichi/MCSRED/mcsred.html
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for consistently recalculating the stellar mass and metallicities using our own methods. Thus, in

general, stacked data, objects with lower/upper limits in either line ratios or masses arenot chosen.

The one exception is the stacked data of Erb et al. (2006), as it is the most widely used comparison

sample atz ∼ 2.

The samples used in this work are:

(1) The Sloan Digital Sky Survey (SDSS) sample (z ∼ 0.07). We use the SDSS sample

(Abazajian et al. 2009, http://www.mpa-garching.mpg.de/SDSS/DR7/) defined by Zahid et al.

(2011). The mass derivation method used in Zahid et al. (2011) is the same as we use in this

work. All SDSS metallicities are recalculated using the PP04N2 method, which uses an empirical

fit to the [N II ] and Hα line ratios of HII regions (Pettini & Pagel 2004).

(2) The The Deep Extragalactic Evolutionary Probe 2 (DEEP2)sample (z ∼ 0.8). The DEEP2

sample (Davis et al. 2003, http://www.deep.berkeley.edu/DR3/) is defined in Zahid et al. (2011).

At z ∼ 0.8, the [NII ] and Hα lines are not available in the optical. We convert the KK04 R23

metallicity to the PP04N2 metallicity using the prescriptions of Kewley & Ellison (2008).

(3) The UV-selected sample (z ∼ 2). We use the stacked data of Erb et al. (2006). The metallicity

diagnostic used by Erb et al. (2006) is the PP04N2 method and no recalculation is needed. We offset

the stellar mass scale of Erb et al. (2006) by -0.3 dex to matchthe mass derivation method used in

this work (Zahid et al. 2012). This offset accounts for the different initial mass function (IMF) and

stellar evolution model parameters applied by Erb et al. (2006).

(4) The lensed sample (1< z < 3). Besides the 11 lensed galaxies from our LEGMS survey

in Abell 1689, we include 1 lensed source (z =1.762) from our MOIRCS data on Abell 68 and 1

lensed spiral (z =1.49) from Yuan et al. (2011). We also include 10 lensed galaxies from Wuyts

et al. (2012) and 3 lensed galaxies from Richard et al. (2011), since these 13 galaxies have [NII ]

and Hα measurements, as well as photometric data for recalculating stellar masses. We require all

emission lines from literature to have S/N> 3 for quantifying the metallicity of 1< z < 3 galaxies.
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Upper-limit metallicities are found for 6 of the lensed targets from our LEGMS survey. Altogether,

the lensed sample is composed of 25 sources, 12 (6/12 upper limits) of which are new observations

from this work. Upper-limit metallicities are not used in our quantitative analysis.

The methods used to derive stellar mass and metallicity are discussed in detail in Section 3.5.

3.5 Derived Quantities

3.5.1 Optical Classification

We use the standard optical diagnostic diagram (BPT) to exclude targets that are dominated by

AGN (Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewleyet al. 2006). For all 26 lensed

targets in our LEGMS sample, we find 1 target that could be contaminated by AGN (B8.2). The

fraction of AGN in our sample is therefore∼8%, which is similar to the fraction (∼7%) of the local

SDSS sample (Kewley et al. 2006). We also find that the line ratios of the high-z lensed sample

has a systematic offset on the BPT diagram, as found in Shapley et al. (2005); Erb et al. (2006);

Kriek et al. (2007); Brinchmann et al. (2008); Liu et al. (2008); Richard et al. (2011). The redshift

evolution of the BPT diagram will be reported in Kewley et al (2012, in preparation).

3.5.2 Stellar Masses

We use the softwareLE PHARE4 (Ilbert et al. 2010) to determine the stellar mass.LE PHARE is a

photometric redshift and simulation package based on the population synthesis models of Bruzual &

Charlot (2003). If the redshift is known and held fixed,LE PHARE finds the best fitted SED on aχ2

minimization process and returns physical parameters suchas stellar mass, SFR and extinction. We

choose the initial mass function (IMF) by Chabrier (2003) and the Calzetti et al. (2000) attenuation

law, with E(B − V) ranging from 0 to 2 and an exponentially decreasing SFR (SFR∝ e−t/τ ) with

τ varying between 0 and 13 Gyrs. The errors caused by emission line contamination are taken into

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

4www.cfht.hawaii.edu/˜arnouts/LEPHARE/lephare.html
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located. The uncertainties are scaled according to the emission line fluxes measured by MOIRCS.

The stellar masses derived from the emission line correctedphotometry are consistent with those

without emission line correction, albeit with larger errors in a few cases (∼ 0.1 dex in log space).

We use the emission-line corrected photometric stellar masses in the following analysis.

3.5.3 Metallicity Diagnostics

The abundance of oxygen (12 + log(O/H)) is used as a proxy for the overall metallicity of HII

regions in galaxies. The oxygen abundance can be inferred from the strong recombination lines

of hydrogen atoms and collisionally excited metal lines (e.g., Kewley & Dopita 2002). Before

doing any metallicity comparisons across different samples and redshifts, it is essential to convert

all metallicities to the same base calibration. The discrepancy among different diagnostics can be as

large as 0.7 dex for a given mass, large enough to mimic or hideany intrinsic observational trends.

Kewley & Ellison (2008) (KE08) have shown that both the shapeand the amplitude of the MZ

relation change substantially with different diagnostics. For this work, we convert all metallicities

to the PP04N2 method using the prescriptions from KE08.

For our lensed targets with only [NII ] and Hα, we use the N2 = log([NII ] λ6583/Hα) index, as

calibrated by Pettini & Pagel (2004) (the PP04N2 method). All lines are required to have S/N>3 for

reliable metallicity estimations. Lines that have S/N<3 are presented as 3-σ upper limits. For targets

with only [O II ] to [O III ] lines, we use the indicator R23 = ([O II ] λ3727 + [OIII ] λλ4959, 5007)/Hβ

to calculate metallicity. The formalization is given in Kobulnicky & Kewley (2004) (KK04 method).

The upper and lower branch degeneracy of R23 can be broken by the value/upper limit of [NII ]/Hα.

If the upper limit of [NII ]/Hα is not sufficient or available to break the degeneracy, we calculate both

the upper and lower branch metallicities and assign the statistical errors of the metallicities as the

range of the upper and lower branches. The KK04 R23 metallicity is then converted to the PP04N2

method using the KE08 prescriptions. The line fluxes and metallicity are listed in Table 3.4. For the

literature data, we have recalculated the metallicities inthe PP04N2 scheme.

The statistical metallicity uncertainties are calculatedby propagating the flux errors of the [NII ]

and Hα lines. The metallicity calibration of the PP04N2 method itself has a 1σ dispersion of 0.18
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dex (Pettini & Pagel 2004; Erb et al. 2006). Therefore, for individual galaxies that have statistical

metallicity uncertainties of less than 0.18 dex, we assign the error bars of 0.18 dex.

Note that we are not comparing absolute metallicities between galaxies as they depend on

the accuracy of the calibration methods. However, by re-calculating all metallicities to the same

calibration diagnostic, relative metallicities can be compared 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 TheZz Relation

In this section, we present the observational investigation into the cosmic evolution of metallicity for

star-forming galaxies from redshift 0 to 3. The metallicityin the local universe is represented by the

SDSS sample (20577 objects,〈z〉 = 0.072 ± 0.016). The metallicity in the intermediate-redshift

universe is represented by the DEEP2 sample (1635 objects,〈z〉 = 0.78 ± 0.02). For redshift

1 . z . 3, we use 19 lensed galaxies (plus 6 upper limit measurements)(〈z〉 = 1.91 ± 0.61) to

infer the metallicity range.

The redshift distributions for the SDSS and DEEP2 samples are very narrow (∆z ∼ 0.02), and

the mean and median redshifts are identical within 0.001 dex. Whereas for the lensed sample, the

median redshift is 2.07, and is 0.16 dex higher than the mean redshift. There are two z∼ 0.9 objects

in the lensed sample, and if these two objects are excluded, the mean and median redshifts for the

lensed sample are〈z〉 = 2.03 ± 0.54, zmedian = 2.09 (see Table 3.2).

The overall metallicity distributions of the SDSS, DEEP2, and lensed samples are shown in

Figure 3.1. Since thez > 1 sample size is 2-3 orders of magnitude smaller than thez < 1

samples, we use a bootstrapping process to derive the mean and median metallicities of each sample.

Assuming the measured metallicity distribution of each sample is representative of their parent

population, we draw from the initial sample a random subset and repeat the process for 50000

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

robust estimation of the median, mean and errors, especially for the high-z lensed sample.

The fraction of low-mass (M⋆ <109 M⊙) galaxies is largest (31%) in the lensed sample,

compared to 9% and 5% in the SDSS and DEEP2 samples respectively. Excluding the low-mass

galaxies does not notably change the median metallicity of the SDSS and DEEP2 samples (∼ 0.01

dex), while it increases the median metallicity of the lensed sample by∼ 0.05 dex. To investigate

whether the metallicity evolution is different for variousstellar mass ranges, we separate the samples

in 3 mass ranges and derive the mean and median metallicities(Table 3.2). The mass bins of 109

M⊙ <M⋆ <109.5 M⊙ and 109.5 M⊙ <M⋆ <1011 M⊙ are chosen such that there are similar number

of lensed galaxies in each bin.

We plot the metallicity (Z) of all samples as a function of redshiftz in Figure 3.2 (dubbed

the Zz plot hereafter). The first panel shows the complete observational data used in this study.

The following three panels show the data and model predictions in different mass ranges. The

samples at local and intermediate redshifts are large enough such that the 1σ errors of the mean and

median metallicity are smaller than the symbol sizes on theZz plot (0.001-0.006 dex). Although

thez > 1 samples are still composed of a relatively small number of objects, we suggest that the

lensed galaxies and their bootstrapped mean and median values more closely represent the average

metallicities of star-forming galaxies atz > 1 than Lyman break, or B-band magnitude limited

samples because the lensed galaxies are selected based on magnification instead of colors.

We derive the metallicity evolution in units of “dex per redshift” and “dex per Gyr” using both

the mean and median values. The metallicity evolution can becharacterized by the slope (dZ
dz ) of the

Zz plot. We computedZ
dz for two redshift ranges:z ∼ 0 → 0.8 (SDSS to DEEP2) andz ∼ 0.8 →

∼2.5 (DEEP2 to Lensed galaxies). As a comparison, we also derive dZ
dz from z ∼ 0.8 to 2.5 using

the DEEP2 and the Erb06 samples (yellow circles/lines). We derive separate evolutions for different

mass bins. We show our result in Figure 3.3.

A positive metallicity evolution, i.e., metals enrich galaxies from high-z to the local universe,

is robustly found in all mass bins fromz ∼ 0.8 → 0. This positive evolution is indicated by the

negative values ofdZ
dz (or dZ

dz(Gyr) ) in Figure 3.3. The negative signs (both mean and median) ofdZ
dz
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are significant at>5 σ of the measurement errors fromz ∼ 0.8 → 0. Fromz ∼ 2.5 to 0.8, however,

dZ
dz is marginally smaller than zero at the∼1 σ level (based on Lensed to DEEP2 samples). If the

Erb06 to DEEP2 samples are used to gauge the metallicity evolution fromz ∼ 2.5 to 0.8, then the

values ofdZ
dz are consistent with zero within∼1 σ of the measurement errors.

The right column of Figure 3.3 is used to interpret the deceleration/acceleration in metal

enrichment. Deceleration means the metal enrichment rate (dZ
dz(Gyr)=∆ dex Gyr−1) is dropping

from high-z to low-z. Using our lensed galaxies, the mean rise in metallicity is0.055 ± 0.014 dex

Gyr−1 for z ∼ 2.5 → 0.8, and0.022 ± 0.001 dex Gyr−1 for z ∼ 0.8 → 0. The Mann-Whitney

statistics shows that the mean rises in metallicity are larger forz ∼ 2.5 → 0.8 than forz ∼ 0.8 → 0

at a significance level of 95% for the high mass bins (109.5 M⊙ <M⋆ <1011 M⊙). For lower

mass bins, the hypothesis that the metal enrichment rates are the same forz ∼ 2.5 → 0.8 and

z ∼ 0.8 → 0 can not be rejected at the 95% confidence level. Interestingly, if the Erb06 sample is

used instead of the lensed sample, the hypothesis that the metal enrichment rates are the same for

z ∼ 2.5 → 0.8 andz ∼ 0.8 → 0 can not be rejected at the 95% confidence level for all mass bins.

The clear trend of the average/median metallicity in galaxies rising from high-redshift to the

local universe is not surprising. Observations based on absorption lines have shown a continuing

fall in metallicity using the damped Lyα absorption (DLA) galaxies at higher redshifts (z ∼ 2 − 5)

(e.g., Songaila & Cowie 2002; Rafelski et al. 2012). There are several physical reasons to expect that

high-z galaxies are less metal-enriched: (1) high-z galaxies are younger, have higher gas fractions,

and have gone through less generations of star formation than local galaxies; (2) high-z galaxies

may be still accreting a large amount of metal-poor pristinegas from the environment, hence have

lower average metallicities; (3) high-z galaxies may have more powerful outflows that drive the

metals out of the galaxy. It is likely that all of these mechanisms 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 thecosmological hydrodynamic

simulations of Davé et al. (2011a,b). These models are built within a canonical hierarchical
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structure formation context. The models take into account the important feedback of outflows

by implementing an observation-motivated momentum-driven wind model (Oppenheimer & Davé

2008). The effect of inflows and mergers are included in the hierarchical structure formation of the

simulations. Galactic outflows are dealt specifically in themomentum-driven wind models. Davé

& Oppenheimer (2007) found that the outflows are key to regulating metallicity, while inflows play

a second-order regulation role.

The model of Davé et al. (2011a) focuses on the metal contentof star-forming galaxies.

Compared with the previous work of Davé & Oppenheimer (2007), the new simulations employ the

most up-to-date treatment for supernova and AGB star enrichment, and include an improved version

of the momentum-driven wind models (thevzw model) where the wind properties are derived based

on host galaxy masses (Oppenheimer & Davé 2008). The model metallicity in Davé et al. (2011a) is

defined as the SFR-weighted metallicity of all gas particlesin the identified simulated galaxies. This

model metallicity can be compared directly with the metallicity we observe in star-forming galaxies

after a constant offset normalization to account for the uncertainty in the absolute metallicity scale

(Kewley & Ellison 2008). The offset is obtained by matching the model metallicity with the SDSS

metallicity at the stellar mass of 1010 M⊙. Note that the model has a galaxy mass resolution limit

of M⋆ ∼109 M⊙.

We compute the median metallicities of the Davé et al. (2011a) model outputs in redshift bins

from z = 0 to z = 3 with an increment of 0.1. The median metallicities with 1σ spread (defined

as including 68% of the data) at each redshift are overlaid onthe observational data in theZz plot.

For all masses of> 109 M⊙, the percentages of observational data that lie outside the1σ model

dispersion are 8±4% for SDSS, 18±2% for DEEP2, and 15% for the Lensed sample. For the mass

bin of 109−9.5 M⊙, the percentages of observational data that lie outside the1σ model dispersion

are 22±3% for SDSS, 27±4% for DEEP2, and 0±14% for the Lensed sample. For the mass bin

of 109.5−11 M⊙, the percentages of observational data that lie outside the1σ model dispersion

are 12±3% for SDSS, 29±2% for DEEP2, and 28±19% for the Lensed sample. We therefore

conclude that the model predictions of Davé et al. (2011a) generally match the observations within

the measurement error and the 1σ model 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 metallicity below which the [NII ] line is too weak

to be detected. Since [NII ] is the weakest of the Hα +[N II ] lines, it is therefore the flux of [NII ] that

drives the metallicity detection limit. Thus, for a given instrument sensitivity, there is a region on the

mass-metallicity relation that is observationally unobtainable. Based on a few simple assumptions,

we can derive the boundary of this region as follows.

Observations have shown that there is a positive correlation between the stellar massM⋆ and

SFR (Noeske et al. 2007b; Elbaz et al. 2011; Wuyts et al. 2011). One explanation for theM⋆ vs.

SFR relation is that more massive galaxies have earlier onset of initial star formation with shorter

timescales of exponential decay (Noeske et al. 2007a; Zahidet al. 2012). The shape and amplitude

of the SFR vs.M⋆ relation at different redshiftz can be characterized by two parametersδ(z) and

γ(z), whereδ(z) is the logarithm of the SFR at1010M⋆ andγ(z) is the power law index (Zahid

et al. 2012).

The relationship between the SFR and M⋆ then becomes:

log10(SFR(z)) = δ(z) + γ(z)[log10(M⋆/M⊙) − 10] (3.1)

As an example, we show in Figure 3.4 the SFR vs. M⋆ relation at three redshifts (z ∼ 0, 0.8, 2).

The best-fit values ofδ(z) andγ(z) are listed in Table 3.3.

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

SFR = 7.9 × 10−42L(Hα)[ergs s−1] (3.2)

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

12 + log(O/H) = 8.90 + 0.57 × log10[NII]/Hα, (3.3)
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we can then derive a metallicity detection limit. We combineEquations (3.1), (3.2) and (3.3), and

assume the [NII ] flux is greater than the instrument flux detection limit. We provide the detection

limit for the PP04N2 diagnosed MZ relation:

Zmet ≥ [log10(finst/µ) + 2 log10 DL(z) − γ(z)

M⋆ − β(z) + log10(4π)]0.57 + 8.9

(3.4)

where:

β(z) ≡ δ(z) − γ(z)10 + 42 − log10 7.9; (3.5)

δ(z), γ(z) are defined in Equation (3.1);finst is the instrument flux detection limit in

ergs s−1 cm−2; µ is the lensing magnification in flux;DL(z) is the luminosity distance incm.

The slope of the mass-metallicity detection limit is related to the slope of the SFR-mass relation,

whereas the y-intercept of the slope depends on the instrument flux limit (and flux magnification for

gravitational lensing), redshift, and the y-intercept of the SFR-mass relation.

Note that the exact location of the boundary depends on the input parameters of Equation 8. As

an example, we use theδ(z) andγ(z) values of the Erb06 and Lensed (all) samples respectively

(Table 3.3). We show the detection boundary for three current and future NIR instruments:

Subaru/MOIRCS, KECK/NIRSPEC and JWST/NIRSpec. The instrument flux detection limit is

based on background limited estimation in 105 seconds (flux in units of 10−18 ergs s−1 cm−2

below). For Subaru/MOIRCS (low resolution mode, HK500), weadoptfinst = 23.0 based on the

1σ uncertainty of our MOIRCS spectrum (flux=4.6 in 10 hours), scaled to 3σ in 105 seconds. For

KECK/NIRSPEC, we usefinst = 12.0, based on the 1σ uncertainty of Erb et al. (2006) (flux=3.0 in

15 hours), scaled to 3σ in 105 seconds. For JWST/NIRSpec5, we usefinst = 0.17, scaled to 3σ in

105 seconds.

Since lensing flux magnification is equivalent to lowering the instrument flux detection limit,

we see that with a lensing magnification of∼55, we reach the sensitivity of JWST using

KECK/NIRSPEC. Stacking can also push the observations below the instrument flux limit. For

5http://www.stsci.edu/jwst/instruments/nirspec/sensitivity/
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instance, thez ∼ 2 Erb et al. (2006) sample was obtained from stacking the NIRSPEC spectra of

87 galaxies, with∼ 15 spectra in each mass bin, thus the Erb06 sample has been able to probe∼ 4

times deeper than the nominal detection boundary of NIRSPEC.

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

incompleteness and biases of samples due to observational constraints.

3.7.2 The Evolution of the MZ Relation

Figure 3.6 shows the mass and metallicity measured from the SDSS, DEEP2, and our lensed

samples. The Erb et al. (2006) (Erb06) stacked data are also included for comparison. We highlight

a few interesting features in Figure 3.7:

(1) To first order, the MZ relation still exists atz ∼ 2, i.e., more massive systems are more metal

rich. The Pearson correlation coefficient for the MZ correlation of the lensed sample isr = 0.33349

and with a probability of being a chance correlation ofP = 17%. A simple linear fit to the lensed

sample yields a slope of 0.164±0.033, with a y-intercept of 6.8±0.3.

(2) All z > 1 samples show evidence of evolution to lower metallicities at fixed stellar masses.

At high stellar mass (M⋆ >1010 M⊙), the lensed sample has a mean metallicity and a standard

deviation of the mean of 8.41±0.05, whereas the mean and standard deviation of the mean forthe

Erb06 sample is 8.52±0.03. The lensed sample is offset to lower metallicity by 0.11±0.06 dex

compared to the Erb06 sample. This slight offset may indicate the selection difference between the

UV-selected (more dusty and metal rich) sample and the lensed sample (less biased towards UV

bright systems).

(3) At lower mass (M⋆ <109.4 M⊙), our lensed sample provides 12 individual metallicity

measurements atz > 1. The mean metallicity of the galaxies with M⋆ <109.4 M⊙ is 8.25±0.05,

roughly consistent with the<8.20 upper limit of the stacked metallicity of the lowest mass bin
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(M⋆ ∼109.1 M⊙) of the Erb06 galaxies.

(4) Compared with the Erb06 galaxies, there is a lack of the highest mass galaxies in our lensed

sample. There is only 1 object with M⋆ >1010.4 M⊙ among all three lensed samples combined.

The lensed sample is less affected by the color selection andmay be more representative of the

mass distribution of high-z galaxies. In the hierarchical galaxy formation paradigm, galaxies grow

their masses with time. The number density of massive galaxies at high redshift is smaller than at

local, thus the number of massive lensed galaxies is small. Selection criteria such as the UV-color

selection of the Erb06 and SINs (Genzel et al. 2011) galaxiescan be 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 the driver of copious theoretical work. Based

on the idea that metallicities are mainly driven by an equilibrium among stellar enrichment, infall

and outflow, Finlator & Davé (2008) developed smoothed particle hydrodynamic simulations. They

found that the inclusion of a momentum-driven wind model (vzw) fits best to thez ∼ 2 MZ relations

compared to other outflow/wind models. The updated version of their vzw model is described in

detail in Davé et al. (2011a). We overlay the Davé et al. (2011a)vzw model outputs on the MZ

relation in Figure 3.7. We find that the model does not reproduce the MZ redshift evolution seen in

our observations. We provide possible explanations as follows.

Kewley & Ellison (2008) found that both the shape and scatterof the MZ relation vary

significantly among different metallicity diagnostics. This poses a tricky normalization problem

when comparing models to observations. For example, a modeloutput may fit the MZ relation

slope from one strong-line diagnostic, but fail to fit the MZ relation from another diagnostic, which

may have a very different slope. This is exactly what we are seeing on the left panel of Figure 3.7.

Davé et al. (2011a) applied a constant offset of the model metallicities by matching the amplitude of

the model MZ relation atz ∼ 0 with the observed local MZ relation of Tremonti et al. (2004,T04) at

53



the stellar mass of 1010 M⊙. Davé et al. (2011a) found that the characteristic shape and scatter of the

MZ relation from thevzw model matches the T04 MZ relation between 109.0 M⊙ <M⋆ <1011.0

within the 1σ model and observational scatter. However, since both the slope and amplitude of

the T04 SDSS MZ relation are significantly larger than the SDSS MZ relation derived using the

PP04N2 method (Kewley & Ellison 2008), the PP04N2-normalized MZ relation from the model

does not recover the local MZ relation within1σ.

In addition, the stellar mass measurements from different methods may cause a systematic

offsets in the x-direction of the MZ relation (Zahid et al. 2011). As a result, even though the

shape, scatter, and evolution with redshifts are independent predictions from the model, systematic

uncertainties in metallicity diagnostics and stellar massestimates do not allow the shape to be

constrained separately.

In the right panel of Figure 3.7, we allow the model slope (α), metallicity amplitude (Z), and

stellar mass (M∗) to change slightly so that it fits the local SDSS MZ relation.Assuming that this

change in slope (∆α), and x, y amplitudes (∆Z,∆M∗) are caused by the systematic offsets in

observations, then the same∆α, ∆Z, and∆M∗ can be applied to model MZ relations at other

redshifts. Although normalizing the model MZ relation in this way will make the model lose

prediction power for the shape of the MZ relation, it at leastleaves the redshift evolution of the

MZ relation as a testable model output.

Despite the normalization correction, we see from Figure 3.7 that the models predict less

evolution from z∼ 2 to z∼ 0 than the observed MZ relation. To quantify, we divide the model

data into four mass bins and derive the mean and 1σ scatter in each mass bin as a function of

redshift. We define the “mean evolved metallicity” on the MZ relation as the difference of the mean

metallicity at redshiftz from the mean metallicity atz ∼ 0 at a fixed stellar mass (log (O/H) [z∼0] −

log (O/H) [z∼2]). The errors of the “mean evolved metallicity” are calculated based on the standard

deviation of the mean metallicity.

In Figure 3.8 we plot the “mean evolved metallicity” as a function of redshift for two mass bins:

109.0 M⊙ <M⋆ <109.5 M⊙, 109.5 M⊙ <M⋆ <1011 M⊙. We calculate the observed “mean evolved

metallicity” for DEEP2 and our lensed sample in the same massbins. We see that the observed
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mean evolution of the lensed sample are largely uncertain and no conclusion between the model

and observational data can be drawn. However, the DEEP2 dataare well-constrained and can be

compared with the model. We find that atz ∼ 0.8, the “mean evolved metallicity” of the high-mass

galaxies are consistent with the “mean evolved metallicity” of the models. The observed “mean

evolved metallicity” of the low-mass bin galaxies is∼ 0.12 dex larger than the “mean evolved

metallicity” of the models in the same mass bins, although the observed mean is within the 1σ

scatter of the model prediction.

3.8 Compare with Previous Work in Literature

In this Section, we compare our findings with previous works on the evolution of the MZ relation.

At the low mass of 109 M⊙, the best fit MZ relations of our samples show a decrease of∼0.15

dex fromz ∼ 0 to z ∼ 2, whereas the non-lensed sample of Maiolino et al. (2008) shows a∼ 1.1

dex decrease fromz ∼ 0 to z ∼ 3.5 and∼ 0.6 dex evolution fromz ∼ 0 to z ∼ 2.2. The lensed

sample of Wuyts et al. (2012) shows a∼0.4 dex decrease fromz ∼ 0 to z ∼ 2.

At the high mass of 1010 M⊙, the best fit MZ relations of our samples show a decrease of∼0.4

dex fromz ∼ 0 to z ∼ 2, whereas the non-lensed sample of Maiolino et al. (2008) shows a∼ 0.8

dex decrease fromz ∼ 0 to z ∼ 3.5 and∼ 0.4 dex evolution fromz ∼ 0 to z ∼ 2.2. The lensed

sample of Wuyts et al. (2012) shows a∼0.4 dex decreasez ∼ 0 to z ∼ 2.

In summary, our findings agree with previous lensed and non-lensed work at the high mass end

(1010 M⊙). At low mass end (109 M⊙), our lensed sample is∼0.45 dex more metal-rich than

previous non-lensed samples of Maiolino et al. (2008). Our result on the low mass end of the MZ

relation is similar to the conclusion of previous lensed studies of Richard et al. (2011); Wuyts et al.

(2012), however, our combined lensed sample is∼0.25 dex more metal-rich at 109 M⊙.

Note that the lensed samples are still small and have large measurement errors in both stellar

masses (0.1 to 0.5 dex) and metallicity (∼ 0.2 dex). The linear fit to our lensed sample has 0.03 dex

uncertainty in the slope and a 0.3 dex uncertainty in the y-intercept. Therefore, the result that our
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combined lensed sample is∼0.25 dex more metal-rich at 109 M⊙ than previous lensed samples is

not significant and needs further confirmation.

We find in Section 6.1 that the deceleration in metal enrichment is significant in the highest

mass bin (109.5 M⊙ <M⋆ <1011 M⊙) of our samples. The deceleration in metal enrichment from

z ∼ 2 → 0.8 to z ∼ 0.8 → 0 is consistent with the picture that the star formation and mass

assembly peak between redshift 1 and 3 (Hopkins & Beacom 2006). The deceleration is seen in

the high mass bins, suggesting possible mass-dependence inthe chemical enrichment, similar to the

“downsizing” mass-dependent growth of stellar masses (Cowie et al. 1996; Bundy et al. 2006). In

the “downsizing” picture, more massive galaxies formed their stars earlier and on shorter timescales

compared to less massive galaxies (Noeske et al. 2007a). Thechemical “downsizing” is consistent

with previous metallicity evolution work (Panter et al. 2008; Maiolino et al. 2008; Richard et al.

2011; Wuyts et al. 2012).

We note the evolution of the MZ relation is an ensemble of the averaged SFR weighted

metallicity of the star-forming galaxies at each epoch. It does not reflect an evolutionary track

of individual galaxies. We are probably seeing different population of galaxies at each redshift

(Brooks et al. 2007; Conroy et al. 2008). For example, a∼1010.5 M⊙ massive galaxy atz ∼2 will

most likely evolve into an elliptical galaxy in the local universe and ail not appear on the local MZ

relation. On the other hand, to trace the progenitor of a∼1011 M⊙ massive galaxy today, we need

to look at a∼109.5 M⊙ galaxy atz ∼2 (Zahid et al. 2012).

This work and previous studies of lensed galaxies have shownthe ability of using gravitationally

lensed galaxies to probe the lower-mass galaxies. The number of lensed galaxies is still very small

and more lensed samples and high-quality observations are required to reduce the measurement

errors. Moreover, future mass-selected lensing sample will allow us to trace the progenitors of the

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

To study the evolution of the overall metallicity and MZ relation as a function of redshift, it is critical

to remove the systematics among different redshift samples. The major caveats in current MZ

relation studies atz >1 are: (1) metallicity is not based on the same diagnostic method; (2) stellar

mass is not derived using the same method; (3) the samples areselected differently and selection

effects on mass and metallicity are poorly understood. In this paper, we attempt to minimize these

issues by re-calculating the stellar mass and metallicity consistently, and by expanding the lens-

selected sample atz >1. We aim to present a reliable observational picture of the metallicity

evolution of star forming galaxies as a function of stellar mass between0 < z < 3. We find that:

• There is a clear evolution in the mean and median metallicities of 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.

• A more rapid evolution is seen betweenz ∼ 1 → 3 thanz ∼ 0 → 1 for the high-mass bins

(109.5 M⊙ <M⋆ <1011 M⊙), with a mean fall in metallicity of -0.050 ± 0.017 dex Gyr−1

from z ∼ 1 → 3, and -0.029 ± 0.001 dex Gyr−1 from z ∼ 0 → 1.

• The deceleration in metal enrichment fromz ∼ 2 → 0.8 to z ∼ 0.8 → 0 is significant in the

highest mass bins (109.5 M⊙ <M⋆ <1011 M⊙), consistent with a mass-dependent chemical

enrichment.

• We compare the metallicity evolution of star-forming galaxies from z = 0 → 3 with the

most recent cosmological hydrodynamic simulations. We show that overall the metallicity

evolution agrees with the model predictions within the errors.

• The median metallicity of the lensed sample is 0.35±0.06 dex lower than local SDSS galaxies

and 0.28±0.06 dex lower than thez ∼ 0.8 DEEP2 galaxies.

• At higher mass end (M⊙ >M⋆ <1010 M⊙), the lensed sample is offset to lower metallicity

by 0.11±0.06 dex compared to the Erb06 sample in similar mass range. At lower mass end
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Table 3.1. MOIRCS Observation Summary

Target Dates Exposure Time PA Seeing(Ks) Slit width Filter/Grism
(ks) (deg) ′′ ′′

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

Note. — Log of the observations. We use a dithering length of 2.′′5 for all the spectroscopic observations.

(M⊙ <M⋆ <109.4 M⊙), the lensed sample is broadly consistent with the upper limit of lowest

mass bin of Erb06.

• Compared to previous non-lensed samples of Maiolino et al. (2008), our lensed sample∼0.45

dex more metal-rich at low mass end (109 M⊙), consistent with previous lensed samples

within the 0.3 dex uncertainty of the MZ relation.

• The hydrodynamic simulation from Davé et al. (2011a,b) fails to reproduce the evolutions of

the observed MZ relation based on the PP04N2 diagnostic. Whether the 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 a 8-meter telescope, highlighting the

efficiency in using lens-selected targets. However, the lensed sample atz > 1 is still small. A larger

lensed sample is needed to construct a mass-selected sample. Our continuing survey on lensed

galaxies and the new multi-slit/fiber NIR instruments on 8-10 meter telescopes (e.g, MOSFIRE) are

going to significantly increase the sample size over the nextfive years.
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Table 3.2. Median/Mean Redshift and Metallicity of the Samples

Sample Redshift Metallicity (12 + log(O/H))
> 107M⊙(all) > 109M⊙ 109−9.5M⊙ 109.5−11M⊙

Mean
SDSS 0.071±0.016 8.589±0.001 8.616±0.001 8.475±0.002 8.666±0.001

DEEP2 0.782±0.018 8.459±0.004 8.464±0.004 8.373±0.006 8.512±0.005
Erb06 2.26±0.17 8.418±0.051 8.418±0.050 8.265±0.046 8.495±0.030
Lensed 1.91± 0.63 8.274±0.045 8.309±0.049 8.296±0.090 8.336±0.066

Median
SDSS 0.072 8.631±0.001 8.646±0.001 8.475±0.003 8.677±0.001

DEEP2 0.783 8.465±0.005 8.472±0.006 8.362±0.009 8.537±0.008
Erb06 · · · 8.459±0.065 8.459±0.065 8.297±0.056 8.515±0.048
Lensed 2.07 8.286±0.059 8.335±0.063 8.303±0.106 8.346±0.085

Note. — The errors for the redshift are the1σ standard deviation of the sample redshift
distribution (not theσ of the mean/median). The errors for the metallicity are the1σ
standard deviation of the mean/median from bootstrapping.
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Table 3.3. Fit to the SFR-Stellar Mass Relation

Sample Redshift (Mean) δ γ

SDSS 0.072 0.317±0.003 0.71±0.01
DEEP2 0.78 0.795±0.009 0.69±0.02
Erb06 2.26 1.657±0.027 0.48±0.06
Lensed (Wuyts12) 1.69 2.93±1.28 1.47±0.14
Lensed (all) 2.07 2.02±0.83 0.69±0.09

Note. — The SFR vs. stellar mass relations at different redshifts
can be characterize by two parametersδ(z) andγ(z), whereδ(z) is
the logarithm of the SFR at1010M⋆, andγ(z) is the power law index.
The best fits for the non-lensed samples are adopted from Zahid et al.
(2012). The best fits for the lensed sample are calculated forthe Wuyts
et al. (2012) sample and the whole lensed sample separately.
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Table 3.4. Measured Emission Line fluxes

Id [O II ] λ3727 Hβ [O III ] λ5007 Hα [N II ] λ6584 KK04(→PP04N2) Branch PP04N2 E(B-V)a Final Adoptedb

B11.1:pa20 21.43±2.60 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±0.18e

B11.1:pa-20 22.02±4.88 9.40±2.75 14.78±2.21 28.13±2.56 8.90±0.89 8.74(8.54)±0.14 up 8.61±0.05 0.05±0.29
B11.2:pa-60 <60.5 <64.6 <60.3 53.6±4.09 <17.12 · · · · · · <8.62 · · ·

B11.2:pa45 73.65±12.01 <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 9.47±0.56 7.66±0.69 <0.67 · · · · · · <8.30 · · · <8.30
B2.2:pa20 <7.73 <20.6 23.2±3.0 <5.45 <6.4 · · · · · · · · · · · · · · ·

MS1:pa20 < 3.08 <4.5 6.7±0.9 · · · · · · · · · · · · · · · · · · · · ·

B29.3:pa20 · · · · · · · · · 17.05±1.6 <3.1 · · · · · · <8.48 · · · <8.48

G3:pan20 · · · <4.0 6.0±0.7 · · · · · · · · · · · · · · · · · · · · ·

MS-Jm7:pan20 19.16±2.74 12.5±3.6 58.12±1.64 23.03±1.6 <9.22 8.69(8.33)±0.12 up <8.67 0. 8.25±0.18
8.23(8.19)±0.12 low

B5.3:pan20 · · · · · · · · · 9.07±0.7 <2.94 · · · · · · <8.62 · · · <8.62
B5.1:pan20 · · · · · · · · · 30.38±4.6 <13.34 · · · · · · <8.70 · · ·

B5.1:pa45 · · · · · · · · · 64.39±3.9 <59.5 · · · · · · <8.88 · · ·

G2:pan20 <4.7 6.84±0.74 36.49±1.25 · · · · · · <8.62(8.41) up · · · · · · <8.41
G2:pan60 <25.8 <8.8 <98.7 10.09±1.0 <3.1 · · · · · · <8.60 · · ·

Lowz1.36:pan60 · · · · · · · · · 59.19±7.1 <8.82 · · · · · · <8.43 · · · <8.43

MSnewz3:pa45 36.94±11.5 44.02±11.06 300.3±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 · · · · · · <8.369c · · · <8.369

B8.2:pa45 40.2±11.8 <17.7 75.7±6.6 115.26±12.5 <72.13 <8.51(8.29) up <8.78d >1.2 <8.29
<8.11(8.16) low · · · · · ·

61



Table 3.4—Continued

Id [O II ] λ3727 Hβ [O III ] λ5007 Hα [N II ] λ6584 KK04(→PP04N2) Branch PP04N2 E(B-V)a Final Adoptedb

B22.3:pa60 162.1±20.3 146.0±29.2 942.3±62.8 734.4±56.5 <3.65 8.13(8.17)±0.12 low <8.22 0.54±0.22 8.10±0.18

A68-C27:pa60 317.01±17.9 149.2±17.5 884.4±58.9 814.6±21.8 40.4±10.92 8.26(8.25)±0.06 low 8.16±0.07 0.62±0.11 8.16±0.18

Note. — Observed emission line fluxes for the lensed background galaxies in A1689. Fluxes are in units of 10−17 ergs s−1 cm−2, without lensing magnification correction.
Some lines are not detected because of the severe telluric absorption.

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

bFinal adopted metallicity, converted to PP04N2 base and extinction corrected using E(B-V) values from Balmer decrement if available, otherwise E(B-V) returned from SED
fitting are assumed.

cBased on NIRSPEC spectrum at KECK II (Kewley et al. 2012, in prep)

dPossible AGN contamination.
eThis galaxy shows significant [NII ] /Hα ratios in slit position pa-20. The final metallicity is basedon the average spectrum over all slit positions.
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Table 3.5. Physical Properties of the Lensed Sample

ID1 ID2a RA, DEC (J2000) Redshift lg(SFR)b Lensing Magnification log(M∗/M⊙)
(M⊙ yr−1) (flux)

B11.1:pa20 888351 13:11:33.336, -01:21:06.94 2.540±0.006 1.08±0.1 11.8±2.7 9.1+0.2
−0.3

B11.2:pa45 · · · 13:11:29.053, -01:20:01.26 2.540±0.006 1.42±0.11 13.1±1.8

B2.1:pa20 860331 13:11:26.521, -01:19:55.24 2.537±0.006 0.20±0.03 20.6±1.8 8.2+0.3
−0.3

B2.2:pa20 · · · 13:11:32.961, -01:20:25.31 2.537±0.006 · · · 15.0±2.0

MS1:pa20 869328 13:11:28.684,-01:19:42.62 2.534±0.01 · · · 58.3±2.8 8.5+0.1
−0.1

B29.3:pa20 884331 13:11:32.164,-01:19:52.53 2.633±0.01 0.43±0.06 22.5±6.9 9.0+0.4
−0.5

f

G3:pan20 · · · 13:11:26.219,-01:21:09.64 2.540±0.01 · · · 7.7±0.1 · · ·

MS-Jm7:pan20 865359 13:11:27.600,-01:21:35.00 2.588±0.006 · · · 18.5±3.2 8.0+0.5
−0.4

f

B5.3:pan20 892339 13:11:34.109,-01:20:20.90 2.636±0.004 0.47±0.05 14.2±1.3 9.1+0.4
−0.2

B5.1:pan60 870346 13:11:29.064,-01:20:48.33 2.641±0.004 1.0±0.05 14.3±0.3

G2 894332 13:11:34.730,-01:19:55.53 1.643±0.01 0.45±0.09 16.7±3.1 8.0+0.3
−0.4

Lowz1.36 891321 13:11:33.957,-01:19:15.90 1.363±0.01 0.67±0.11 11.6±2.7 8.9+0.3
−0.3

MSnewz3:pa45 · · · 13:11:24.276,-01:19:52.08 3.007±0.003 0.65±0.55 2.9±1.7 8.6+0.3
−0.4

f

B12.2:pa45 863348 13:11:27.212,-01:20:51.89 1.834±0.006 1.00±0.05c 56.0±4.4 7.4+0.2
−0.0

B8.2:pa45 · · · 13:11:27.212,-01:20:51.89 2.662±0.006 1.36±0.07d 23.7±3.0 8.2+0.5
−0.6

f

B22.3:pa60e · · · 13:11:32.4150,-01:21:15.917 1.703±0.006 1.88±0.04 15.5±0.3 8.5+0.2
−0.2

A68-C27:pa60 · · · 00:37:04.866,+09:10:29.26 1.762±0.006 2.46±0.1 4.9±1.1 9.6+0.1
−0.1

Note. — The redshift errors in Table 3.5 is determined from RMS of different emission line centroids. If the RMS is smallerthan 0.006
(for most targets) or if there is only one line fitted, we adoptthe systematic error of 0.006 as a conservative estimation for absolute redshift
measurements.

aID used in Richard et al. (2012, in prep). The name tags of the objects are chosen to be consistent with the Broadhurst et al.(2005)
conventions if overlapping.

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

cBased on NIRSPEC observation

dPossible AGN contamination.
eSee also Yuan & Kewley (2009)

fThe IRAC photometry for these sources are not included in thestellar mass calculation due to the difficulty in resolving the lensed 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 fitted spectra for the newly observed lensed

objects in this work. The line fitting procedure is describedin Section 3.3.2. For each target, the

top panel shows the HST ACS 475W broad-band image of the lensed target. The slit layouts with

different positional angles are drawn in white boxes. The bottom panel(s) show(s) the final reduced

1D spectrum(a) zoomed in for emission line vicinities. The black line is the observed spectrum

for the target. The cyan line is the noise spectrum extractedfrom object-free pixels of the final

2D spectrum. Tilted grey mesh lines indicate spectral ranges where the sky absorption is severe.

Emission lines fall in these spectral windows suffer from large uncertainties in telluric absorption

correction. The blue horizontal line is the continuum fit using first order polynomial function after

blanking out the severe sky absorption region. The red linesoverplotted on the emission lines

are overall Gaussian fit, with the blue lines show individualcomponents of the multiple Gaussian

functions. Vertical dashed lines show the center of the Gaussian profile for each emission line. The

S/N of each line are marked under the emission line labels. Note that for lines with S/N<3, the fit

is rejected and a 3-σ upper limit is derived.

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

• Figure 3.9 and 3.10, B11 (888351) : this is a resolved galaxy with spiral-like structure at

z = 2.540 ± 0.006. As reported in Broadhurst et al. (2005), It is likely to be the most

distant known spiral galaxy so far. B11 has 3 multiple images, with B11.2 having the largest

magnification (∼13). We have observed B11.1, and B11.2, with two slit orientations on

each image respectively. Different slit orientation yields very different line ratios, implying

possible gradients. Our IFU follow-up observations are in progress to reveal the details of this

2.6-Gyr-old spiral.

• Figure 3.11 and 3.12, B2 (860331): this is one of the interesting systems reported in Frye

et al. (2007). It has 5 multiple images, and is only 2′′ away from another five-image lensed

system, “The Sextet Arcs” at z=3.038. We have observed B2.1 and B2.2 and detected strong

Hα and [OIII ] lines in both of them, yielding a redshift of2.537 ± 0.006, consistent with the
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redshiftz = 2.534 measured from the absorption lines ([CII ] λ1334, [SiII ] λ1527) in Frye

et al. (2007).

• Figure 3.13, MS1 (869328): We have detected a 7-σ [O III ] line and determined its redshift

to bez = 2.534 ± 0.010. It has a strong magnification of∼ 58. The SED fitting yields a

stellar mass of∼108.46 M⊙.

• Figure 3.14, B29 (884331): this is a lensed system with 5 multiple images. We observed

B29.3, the brightest of the five images. The overall surface brightness of the B29.3 arc is very

low, We have observed a 10-σ Hα and an upper limit for [NII ], putting it atz = 2.633±0.010.

• Figure 3.15, G3: this lensed arc with a bright knot has no recorded redshift before this study.

It was put on one of the extra slits during mask designing. We have detected a 8-σ [O III ] line

and determined its redshift to bez = 2.540 ± 0.010. It has a magnification of∼ 8.

• Figure 3.16, Ms-Jm7 (865359): We detected [OII ] Hβ [O III ] Hα and an upper limit for

[N II ] placing it at redshiftz = 2.588 ± 0.006. It has a flux magnification of∼ 18.5.

• Figure 3.17 and 3.18, B5 (892339, 870346): it has three multiple images, of which we

observed B5.1 and B5.3. Two slit orientations were observedfor B5.1, the final spectrum for

B5.1 has combined the two slit orientations weighted by the S/N of HαṪhe magnification for

B5.1 and B5.3 is∼ 30 and∼ 14, respectively. Strong Hα and upper limit of [NII ] were

obtained in both images, yielding a redshift ofz = 2.636 ± 0.004.

• Figure 3.19, G2 (894332): two slit orientations were available for G2, with detections of Hβ,

[O III ], Hα, and upper limits for [OII ] and [N II ]. The redshift measured isz = 1.643±0.010.

This is a low mass (∼108.0 M⊙) object with a magnification of×16.7.

• Figure 3.20, B12: this blue giant arc has 5 multiple images, and we observed B12.2 with

a large magnification of×56. It shows a series of strong emission lines, with an average

redshift ofz = 1.834 ± 0.006. Because of this large magnification, this object is the lowest

mass probed so far at this redshift, with M∗∼107.4 M⊙.
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• Figure 3.21, Lensz1.36 (891321): it has a very strong Hα and [NII ] is at noise level, from

Hα we derivez = 1.363 ± 0.010.

• Figure 3.22, MSnewz3: this is a new target observed in Abell 1689, we detect [OII ], Hβ,

and [OIII ] at a significant level, yieldingz = 3.007 ± 0.003. Lensing model at this location

predicts a light magnification of×2.87.

• Figure 3.23, B8: this arc has five multiple images in total, and we observed B8.2, detection

of [O II ], [O III ], Hα, with Hβ and [NII ] as upper limit yields an average redshift of

z = 2.662 ± 0.006. The magnification for B8.2 is∼ 24.

• B22.3: a three-image lensed system atz = 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 ourunfinished observations on

Abell 68. This target has many strong emission lines.z = 1.762 ± 0.006. The morphology

of C27 shows signs of merger. IFU observation on this target is in process.

66



Figure 3.1 Left panel: the metallicity distribution of the local SDSS (blue), intermediate-z DEEP2
(black), and high-z lensed galaxy samples (red). Right panel: the stellar mass distribution of the
same samples. To present all three samples on the same figure,the SDSS (20577 points) and DEEP2
(1635 points) samples are normalized to 500, and the lensed sample (25 points) is normalized to 100.

67



Figure 3.2 TheZzplot: metallicity history of star-forming galaxies from redshift 0 to 3. The SDSS
and DEEP2 samples (black dots) are taken from Zahid et al. (2011). The SDSS data are plotted in
bins to reduce the visual crowdedness. The lensed galaxies are plotted in blue (upper-limit objects
in green arrows), with different lensed samples showing in different shapes (see Figure 3.6 for the
legends of the different lensed samples). The purple “bowties” show the bootstrapping mean (filled
symbol) and median (empty symbol) metallicities and the 1σ standard deviation. For the SDSS
and DEEP2 samples, the1σ errors of the median metallicities are 0.001 and 0.006 (indiscernible
from the figure), whereas for the lensed sample the1σ scatter of the median metallicity is 0.067.
Upper limits are excluded from the median and error calculations. For comparison, we also show
the median of the UV-selected galaxies from Erb et al. (2006)(symbol: the black bowtie). The
four panels show samples in different mass ranges. The red dotted and dashed lines are the model
predicted median and1σ scatter of the SFR-weighted gas metallicity in simulated galaxies (Davé
et al. 2011b).
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Figure 3.3Cosmic metal enrichment rate (dZ
dz ) in two redshift (cosmic time) epochs.dZ

dz is defined as the slope of theZz relation.

Left coloumn showsdZ
dz in unit of ∆dex per redshift whereas the right coloumn is in unit of∆dex per Gyr. We derivedZ

dz for the
SDSS to the DEEP2 (z ∼ 0 to 0.8), and the DEEP2 to the Lensed (z ∼ 0.8 to 2.0) samples respectively (black squares/lines). As a
comparison, we also derivedZ

dz from z ∼ 0.8 to 2.0 using the DEEP2 and the Erb06 samples (yellow circles/lines). Filled and empty
squares are results from the mean and median quantities. Themodel prediction (using median) from the cosmological hydrodynamical
simulation of Davé et al. (2011a) is shown in red stars. The second to fifth rows showdZ

dz in different mass ranges. The first row

illustrates the interpretation of thedZ
dz in redshift and cosmic time frames. A negative value ofdZ

dz means a positive metal enrichment

from high-redshift to local universe. The negative slope ofdZ
dz versus cosmic time (right column) indicates an deceleration in metal

enrichment from from high-redshift to local universe.
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Figure 3.4 SFR vs. stellar mass relation. The light-blue, blue, and red lines show the best-fit SFR vs.
stellar mass relation from the SDSS, DEEP2, and Erb06 samples respectively ((Zahid et al. 2011),
see also Table 3.3). Back dots are the lensed sample used in this work. The SFR for the lensed
sample is derived from the Hα flux with the dust correction from the SED fitting. The errors on the
SFR of the lensed sample are statistical errors of the Hα fluxes. Systematic errors of the SFR can
be large (a factor of 2-3) due to uncorrected aperture effects in our MOIRCS observations (Section
3.1).
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Figure 3.5 The instrument detection limit on the MZ relation. We give the dependence of this
detection limit in Equation 4. Shown here are examples of thedetection limit based on given
parameters. The solid lines use the parameters based on the mass-SFR relation of the Erb06
sample: δ = 1.657 andγ = 0.48 at z = 2.26. The dashed lines use the parameters based on
the mass-SFR relation of the Lensed sample:δ = 2.02 andγ = 0.69 at z = 2.07 (see Figure 3.4;
Table 3.3). The parameters adopted for the instrument flux limit are given in Section 7.1. The
lensing magnification (µ) are fixed at 1.0 (i.e., non-lensing cases) for Subaru/MOIRCS (blue lines)
and JWST/NIRSpec (light blue). The red lines show the detection limits for KECK/NIRSPEC
with different magnifications. Black filled triangles show the Erb et al. (2006) sample. We show
that stacking and/or lensing magnification can help to push the observational boundary of the
MZ relation to lower mass and metallicity regions. For example, Erb et al. (2006) used stacked
NIRSPEC spectra withN ∼ 15 spectra in each mass bin. The effect of stacking (N ∼ 15) is
similar to observing with a lensing magnification (µ ∼ 4).
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Figure 3.6 Left: the observed MZ relation. Black symbols arethe lensed galaxy sample atz > 1. Specifically, the squares are from this
work; the stars are from Wuyts et al. (2012), and the diamondsare from Richard et al. (2011). The orange triangles show theErb et al. (2006)
sample. The local SDSS relation and its 1-sigma range are drawn in purple lines. Thez ∼ 0.8 DEEP2 relations from Zahid et al. (2011) are
drawn in purple dots. Right: the best fit to the MZ relation. A second degree polynomial function is fit to the SDSSS, DEEEP2,and Erb06
samples. A simple linear function is fit to the lensed sample.Thez > 1 lensed data are binned in 6 mass bins (symbol: red star) and the
median and 1σ standard deviation of each bin are plotted on top of the linear fit.
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Figure 3.7 Model predictions of the MZ relation. The data symbols are the same as those used in Figure 3.6. The small green and light
blue dots are the cosmological hydrodynamic simulations with momentum-conserving wind models from Davé et al. (2011a). The difference
between the left and right panels are the different normalization methods used. The left panel normalizes the model metallicity to the observed
SDSS values by applying a constant offset atMstar ∼ 1010M⊙, whereas the right panel normalizes the model metallicity to the observed
SDSS metallicity by allowing a constant shift in the slope, amplitude and stellar mass. Note that the model has a mass cut off at 1.1×109M⊙.
The models predict too early an enrichment and fail to produce the neither the locus nor the scatters of thez > 1 observations.
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Figure 3.8 The “evolved metallicity” as a function of redshift for four mass bins (indicated by four colors). Dashed lines show the median
and 1σ scatter of the model prediction from Davé et al. (2011a). The observed data from DEEP2 and our lensed sample are plotted as filled
circles.
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Figure 3.9 z=2.540, B11.1 MOIRCS J, H band spectra. Detail descriptions are given in the text of
the Appendix. Note that the dashed box indicates the∼0.1 arcsec alignment error of MOIRCS.
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Figure 3.10 z=2.540, B11.2 MOIRCS J, H band spectra. Detail descriptions are given in the text of
the Appendix.
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Figure 3.11 z=2.537, B2.1, MOIRCS J, H band spectra. Detail descriptions are given in the text of the Appendix.
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Figure 3.12 z=2.537, B2.2, MOIRCS J, H band spectra. Detail descriptions are given in the text of the Appendix.

78



Figure 3.13 z=2.54, MS1, MOIRCS J, H band spectra. Detail descriptions are given in the text of
the Appendix.
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Figure 3.14 z=2.633, B29.3, MOIRCS J, H band spectra. Detaildescriptions are given in the text of
the Appendix.
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Figure 3.15 z=2.540, G3, MOIRCS J, H band spectra. Detail descriptions are given in the text of
the Appendix.
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Figure 3.16 z=2.588, Jm7, MOIRCS J, H band spectra. Detail descriptions are given in the text of the Appendix.
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Figure 3.17 z=2.641, B5.1, MOIRCS J, H band spectra. Note that the reason that the flux of B5.1 in slit position PAn60 is lessthan PA45
(B5.1+B5.2) is that the dithering length of PAn60 was smaller than the separation of 5.1 and 5.2, thus part of the flux of PA45 (B5.1+B5.2)
was cancelled out during the dithering process. Detail descriptions are given in the text of the Appendix.
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Figure 3.18 z=2.636, B5.3, MOIRCS J, H band spectra. Detail descriptions are given in the text of the Appendix.84



Figure 3.19 z=2.643, G2, MOIRCS J, H band spectra. Detail descriptions are given in the text of the Appendix.
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Figure 3.20 z=1.834±0.002, B12.2, MOIRCS J, H band spectra. Detail descriptionsare given in the text of the Appendix.
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Figure 3.21 z=1.363, Low-z, MOIRCS J, H band spectra. Detaildescriptions are given in the text
of the Appendix.

Figure 3.22 z=3.003, new target, MOIRCS J, H band spectra. Detail descriptions are given in the
text of the Appendix.
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Figure 3.23 z=2.663, B8.2, MOIRCS J, H band spectra. Detail descriptions are given in the text of the Appendix.
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Figure 3.24 z=1.763, A68C27, MOIRCS J, H band spectra. Detail descriptions are given in the text of the Appendix.
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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: Yuan etal. (2011), ApJ, 732L, 14, with co-

authors L. J. Kewley, A. M. Swinbank, J. Richard and R. C. Livermore.

Abstract

We present the first metallicity gradient measurement for a grand-design face-on spiral galaxy

at z∼1.5. This galaxy has been magnified by a factor of 22× by a massive, X-ray luminous

galaxy cluster MACS J1149.5+2223 at z=0.544. Using the Laser Guide Star Adaptive Optics

aided integral field spectrograph OSIRIS on KECK II, we target the Hα emission and achieve a

spatial resolution of 0.′′1, corresponding to a source plane resolution of 170 parsec.The galaxy has

well-developed spiral arms and the nebular emission line dynamics clearly indicate a rotationally

supported disk with Vrot/ σ ∼ 4. The best-fit disk velocity field model yields a maximum rotation

of Vrot sin i=150±15 km s−1, and a dynamical mass of Mdyn=1.3±0.2×1010csc2(i) M⊙ (within

2.5 kpc), where the inclination angle i=45±10◦. Based on the [NII ] and Hα ratios, we measured

the radial chemical abundance gradient from the inner hundreds of parsecs out to∼5 kilo-parsecs.

The slope of the gradient is -0.16±0.02 dex kpc−1, significantly steeper than the gradient of late-

type or early-type galaxies in the local universe. If representative of disk galaxies at z∼1.5, our

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

9 Gyrs.

4.1 Introduction

The spatial distribution of heavy element abundances is a unique tool to trace the structure formation

history of disk galaxies. Since the very early work of Searle(1971), Shields (1974) and Zaritsky

et al. (1994), it has been well established that there is a negative radial metallicity gradient in

spiral galaxies such that the central disk region is more metal-enriched than the outer regions. The

evolution of this gradient over cosmic time provides a powerful constraint on disk formation and

evolution models.

Sophisticated chemical evolution models(CEMs) have been successful in reproducing the

current gradient of local galaxies, but different models disagree on the time variation of the radial

metallicity gradient (e.g., Molla et al. 1996; Chiappini etal. 1997; Magrini et al. 2007; Fu et al.

2009; Marcon-Uchida et al. 2010). Some models predict that the radial gradients steepen with time

(Chiappini et al. 1997, 2001), while other models predict that the radial gradients flatten with time

(Molla et al. 1997; Hou et al. 2000; Prantzos & Boissier 2000;Fu et al. 2009). The reason for

these opposite predictions is that CEM models are very sensitive to the prescriptions of the detailed

physical processes that lead to the chemical enrichment of inner and outer disks. Observational

constraints on these physical processes are lacking.

Metallicity gradient evolution is unknown due to the small angular sizes and the strong decline

of surface brightness of distant galaxies. Before the next generation of telescopes, the only way to

overcome this observational hurdle is to combine the magnification power of gravitational lensing

with the Laser Guide Star Adaptive Optics (LGS-AO) aided integral field spectrograph units (IFUs)

on the world’s largest telescopes (Jones et al. 2010b; Starket al. 2008; Swinbank et al. 2007).

Recently, Jones et al. (2010a) reported the metallicity gradient of a strongly-lensed dispersion-

dominated galaxy at high-z (“the Clone arc” at z=2.00). Jones et al. (2010a) measured the the

slope of the gradient for the inner∼ 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 with the “inside-out” disk formation scenarios.

However, in a low resolution study, Cresci et al. (2010) reported “inverted” metallicity gradients for

three non-lensed z∼3 Lyman-break galaxies (LBGs), arguing for a “cold-flow” of primordial gas

to the galactic core regions. Clearly, a large sample of galaxies with chemical abundance gradients

across cosmic time are required to place robust constraintson disk formation theories.

In this Letter, we report the first metallicity gradient measurement of a lensedspiral galaxy at

z=1.49 based on our OSIRIS observations at KECK II. Throughout this paper we use aΛ CDM

cosmology withH0= 70 km s−1 Mpc−1, ΩM=0.30 andΩΛ=0.70. At z=1.5, 1 arcsec corresponds

to 8.5 kpc and a look-back time of 9.3 Gigayear (Gyrs). We use solar 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 identified by Smith et al. (2009), located behind

the massive, X-ray luminous cluster MACS J1149.5+2223. We observed the largest of these four

images at(α2000, δ2000) = (11h49m35.284s, +22◦23′45.86′′) (called Sp1149 hereafter). Smith et al.

(2009) construct a detailed mass model for the galaxy cluster and show that Sp1149 is one of the

largest recorded lensed images of a single galaxy at z>1. Owing to the lensing magnification

and fortuitous face-on orientation, this galaxy exhibits more than 10 locally resolved HII regions

(Figure 4.1), ideal for spatial chemical abundance studies. The star formation rate from the V555

band is∼6 M⊙ per year (Smith et al. 2009).

We observed Sp1149 with the OH-Suppressing Infra-Red Imaging Spectrograph (OSIRIS;

Larkin et al. 2006) in conjunction with the Laser Guide Star Adaptive Optics (LGSAO) system

on KECK II telescope on March 3rd 2010. The weather conditions were moderate with the optical

FWHM ranging between 0.6 to 1.5 arcseconds. The average tip/tilt corrected FWHM during the

observation was 0.1 arcsec. To capture Hα and [NII ], we used the narrow band Hn3 filter (spectral

coverage: 1.594 to 1.676µm, spectral resolution:∼ 3400), and a plate scale of 0.1 arcsec per lenslet.

The observations were conducted in an ABAA dithering sequence with a 10.7 arcsec West-North
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Figure 4.1 Left: HST F814W, F555W-band color image of Sp1149 behind the lensing cluster
MACS J1149.5+2223. North is 126 deg counterclockwise to the y+ direction.Sp1149 is the largest
of the four multiple images of a spiral galaxy atz = 1.49. The white box shows the 4.8 by 6.4 arcsec
FOV of OSIRIS Hn3 filter with the 0.1′′ per pixel plate scale. Right: wavelength collapsed image
of the Hα emission from our OSIRIS datacube. Contours in black denoteobserved Hα flux levels
of 0.6, 1.3 in units of 10−16 ergs s−1 cm−2. Labels on the left and bottom axis indicate the imaging
plane coordinates while the right and top axis show the corresponding physical scale on the source
plane. The white circles mark the three annuli (r1, r2, r3) weuse for deriving metallicity gradient
(Section 4.4). The Hα morphology aligns generally well with the rest-frame UV morphology.

chop onto an object-free sky region. A total of 19 exposures were obtained for the target, with 900

seconds of exposure for each individual frame. The net on-target exposure time is therefore 4.75

hours. Figure 4.1 shows the OSIRIS FOV and locations of Sp1149 on anHST F814W, F555W

color image.

Individual exposures were first reduced using the OSIRIS data reduction pipeline (Larkin et al.

2006). We used the sky subtraction IDL code of Davies (2007),which we have modified to optimize

the sky subtraction specifically around the wavelength region of Hα and [NII ]. Since we are

mainly concerned with the emission lines, a first order polynomial function was fit to each spatial

sample pixel (spaxel) to improve the removal of lenslet to lenslet variations. The final datacube
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was constructed by aligning the sub-exposures with the centroid of the Hα images and combing

using a 3σ mean clip to reject cosmic rays and bad lenslets. Telluric correction and flux calibration

was performed by observing a few A0V standard stars immediately after the science exposure. The

typical uncertainty in flux calibration is∼10%.

Gaussian profiles were fitted simultaneously to the three emission lines: [NII ] λ6548, 6583

and Hα. The line profile fitting was conducted using aχ2 minimization procedure which takes

into account the greater noise level close to atmospheric OHemissions. The centroid and velocity

width of [N II ] λλ6548, 6583 lines were constrained by the velocity width of Hα λ6563, and the

ratio of [N II ] λ6548 and [NII ] λ6583 is constrained to the theoretical value (Osterbrock 1989). An

instrumental profile of 5.9̊A calculated from sky lines has been subtracted from the linewidths. We

demand a minimum S/N of 3 to detect each emission line and a minimum 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 assign the brightest pixel of the Hα narrow-

band image with the coordinates of the galactic core from theHST image, and then rotate the IFU

datacube with the observing position angle. The Hα image can then be aligned with theHST image

by matching coordinates. The upper right panel of Figure 4.1shows our observed Hα emission line

image, collapsed in wavelength, and smoothed with a Gaussian kernel of FWHM = 2.5 pixels. The

Hα morphology aligns generally well with the rest-frame NUV/U-band image, especially some of

the HII regions in the west. The SFR and size relation of individual HII regions will be reported in

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

We fit the velocity field with rotation disk models as described in Jones et al. (2010b). The best

fit yields a rotation velocity ofVrot sin i = 150 ± 15 kms−1, with inclination anglei = 45 ± 10

deg. Using Mdyn= V 2
rot R/G, the derived dynamical mass is Mdyn= 2.6± 0.4× 1010 M⊙ within

R=2.5 kpc. Sp1149 is a rotation dominated disk with Vrot/ σ ∼ 4.
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To reconstruct the source plane morphology and obtain flux magnification for Sp1149, we apply

the most recent lens model for cluster MACS J1149.5+2223 as described in Smith et al. (2009).

The derived luminosity weighted magnification for Sp1149 isµ = 22 ± 2. Accounting for the

lensing amplification, the intrinsic magnitude in theI-band isI ≃ 23.4 ± 0.3, corresponding to

MB ≃ −20.7.

Sp1149 is stretched∼ 5 on each side (x, y) of the 2D image. Because of this fortuitous uniform

magnification, we can work with the observed datacube and divide a factor of 5 linearly and a factor

of 22 in flux to recover the intrinsic linear geometry and luminosity of the galaxy. Our results are

therefore unchanged when we use the reconstructed source-plane datacube.

4.4 Metallicity Gradient

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

N2 = log([N II ] λ6583/Hα) index, as calibrated by Pettini & Pagel (2004) (PP04):

12 + log(O/H) = 8.90 + 0.57 × N2 (4.1)

We note that the N2 ratio is sensitive to shock excitation, the ionization state of the gas, and the hard

ionization radiation field from an AGN (Kewley & Dopita 2002;Kewley et al. 2006; Rich et al.

2010). Our N2 ratios are consistent with star-formation throughout the disk. The ratio of [NII ] /Hα

for the whole galaxy is 0.112±0.050.

Due to its relatively low metallicity (compared with local spirals), the [NII ] line is too weak

to reach a S/N of 5 in individual OSIRIS pixels, but is clearlydetected. We therefore integrate the

spectrum within three annuli (see Figure 4.1, right panel).The physical lengths of the three outer

radii of each annulus in the source plane are r1=0.72±0.1 kpc, r2=2.34±0.2 kpc, r3=4.5±0.4 kpc.

The [N II ] line is robustly detected at S/N> 5 for the inner two annuli and is a 3σ detection for the

outer annulus which we give as an upper limit. The final spectra for the three annuli are presented

in Figure 5.2.
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Figure 4.2 Integrated spectra for the three annuli defined inFigure 4.1. Vertical dashed lines indicate
the zero-velocity positions of [NII ] and Hα. The y-axis is the observed intensity in units of 10−18

ergs s−1 cm−1 Å−1. The annuli radii r1, r2, r3 are chosen to ensure a S/N ([NII ]) to be>5 for the
inner two radii. Blue curves are the Gaussian fits of the spectra. Note that the outer annulus r2:r3 is
a 3σ upper limit for [N II ]. The declining ratio of [NII ] /Hα from the central to the outer disk infers
a decreasing metallicity with galactocentric distance.

The metallicities converted from the N2 calibrator for the 3annuli are

12 + log(O/H) =































8.54 ± 0.04 for r < r1

8.38 ± 0.05 for r1 < r < r2

< 8.05 for r2 < r < r3 (3σ upper limit)

(4.2)
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The “global” metallicity measured from the integrated spectrum of all three regions is 8.36±0.04.

Note that the errors of line flux measurements are smaller than the intrinsic 0.18 dex scatter pertinent

to the N2 calibration (Erb et al. 2006). The systematic uncertainty of the N2 calibration with respect

to other line diagnostics is about 0.04 dex (Kewley & Ellison2008).

A linear regression with censored data yields a metallicitygradient for the central 4.5 kpc of

∆ log(O/H)
∆R = −0.16 ± 0.02 dex kpc−1, or -0.15 dex kpc−1 if we treat the last data point as a

measurement rather than an upper limit. The true gradient may be steeper than this value given the

3σ 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 Sp1149 with galaxies in the local and higher

redshift universe, as well as the model predictions from Prantzos & Boissier (2000). To avoid

systematic effects caused by different calibration indicators, we use the oxygen abundance of HII

regions for comparison. Kewley & Ellison (2008) showed thatmetallicities can be compared if the

same metallicity calibration is applied consistently across all sample galaxies and HII regions. We

convert all metallicities to the PP04 calibration using thecalibrations in Kewley & Ellison (2008).

Prantzos & Boissier (2000) modeled metallicity gradients of spiral galaxies at ages t = 3, 7.5

and 13.5 Gyrs, for different velocities (Vc) and spin parameters (λ). Since Sp1149 is at an age of

∼4.3 Gyrs and has Vc=212±50 km s−1, we adopt model grids with Vc = 220 km s−1, t = 3, 13.5

Gyrs, andλ = 0.03, 0.05, 0.07 for our comparison. The model metallicities have been calibrated

to the PP04 metallicity diagnostic. Sp1149 shows a steeper gradient than predicted by Prantzos &

Boissier (2000) for Vc = 220 km s−1. However, the steep gradient of Sp1149 is broadly consistent

with the Vc = 150 km s−1 model (the dash-dot model line in Fig. 4.3).

Metallicity gradients in local galaxies are strongly correlated with Hubble type, bar strength,

and merging events; with more flattened gradients for barredgalaxies and merging pairs (Kewley

et al. 2010; Rupke et al. 2010a). Therefore it is significant that the metallicity gradient of Sp1149

is substantially steeper than local late-type galaxies (see Figure 4.3). For the local galaxy gradients,
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we adopt the isolated spiral control sample of Rupke et al. (2010b) comprised of 11 isolated mid-to-

late type local galaxies with a mix of bar-strengths. The median slope for the local control sample

is -0.041±0.009 dex kpc−1, with a standard deviation of 0.03 dex kpc−1. The median slope of

gradients from the Rupke et al. (2010) sample are consistentwith the values of Zaritsky et al.

(1994) and van Zee et al. (1998) samples. The Zaritsky et al. (1994) gradient sample composed of

39 local disk galaxies, and the van Zee et al. (1998) sample added another 11 local spirals. Local

early-type galaxies have even shallower gradients (Henry &Worthey 1999).

A similar (and even steeper) gradient has been reported in a recent work of Jones et al. (2010a)

for a dispersion-dominated lensed system within only∼1 kpc at z=2. Cresci et al. (2010) recently

reported reversed metallicity gradients (i.e., the core isless enriched than the outer disk) for 3 un-

lensed LBGs at z∼ 3. They explained the inverted gradients by inflow of pristine cold gas to the

galactic center. Due to their low resolution (∼ 4-6 kpc), the LBG selection, and potential presence

of mergers and galactic winds which may contaminate metallicity gradient, it is not clear how the

Cresci et al. (2010) results relate to the work presented here.

In the right panel of Figure 4.3 we show that the metallicity gradient of Sp1149 is still

considerably steeper than local galaxies when expressed inunits of dex / (R/R25), whereR25 is

the B-band isophotal radius at a surface brightness of 25 magarcsecond−2 . We estimate theR25

for Sp1149 by fitting the isophotal profile of the source-plane F814W-band image assuming a color

difference of U-B= -0.1 mag for Sc type galaxies (Fukugita etal. 1995). The resultingR25 for

Sp1149 is 12±2kpc, comparable to the range ofR25 in our local control sample (Kewley et al.

2010; Rupke et al. 2010b).

To analyze the effect of size and luminosity on the metallicity gradients, in Figure 4.4, we plot

the metallicity gradients (in units ofR25) v.s. the absolute B band magnitude MB for local late-type

galaxies and Sp1149. Sp1149 is comparable to the brightest local late-type disks, while “the Clone

Arc” is much more luminous (MB=-22.12). We see from Figure 4.4 that the scaled gradient of

Sp1149 is steeper than in typical local galaxies.
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(220km/s, 3G, 0.03)

(220km/s, 3G, 0.05)

(220km/s, 3G, 0.07)
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(220km/s, 13.5G, 0.03)

Figure 4.3 Left: Metallicity vs. galactocentric radius. Red lines are the measurements for Sp1149 at z=1.49 from this work. The gradient
within the central 4.5 kpc is -0.16+/-0.02 dex kpc−1. Vertical red dotted lines show the annulus used to average/sum the spectra. Purple
dashed lines show the typical gradients of local isolated late-type galaxies, using the control sample of Rupke et al. (2010b). The orange
dotted line represents the mean gradient of local early-type galaxies, which is typically∼ 3 times shallower than local late-type galaxies
(Henry & Worthey 1999). Blue lines show the work of Jones et al. (2010a) for a dispersion-dominated lensed galaxy the “Clone Arc” at
z=2.0 who report a even steeper gradient within a size of∼ 1 kpc. It is interesting to see that two z>1 galaxies have considerably steeper
gradients than local galaxies. Black lines are the model predictions from Prantzos & Boissier (2000) for rotational velocity Vc=220km s−1 at
age t=3Gyr (dashed curves) and t=13.5Gyr (solid curves), with spin parameterλ=0.03,0.05,0.07. The black dash-dot line is the model grid
with velocityVc=150km s−1 at t=3Gyr andλ=0.03. The steep gradients of Sp1149 and “Clone Arc” are broadly consistent with the shape of
theVc=150km s−1 model grids. Right: The same as the Left panel, except that the x-axis is expressed in the scaled radius R25.

110



Figure 4.4 Metallicity gradient (dex/R25) vs absolute B band magnitude MB. The red square
represents the measurement for Sp1149 at z=1.49. Black filled circles indicate the locations of the
local late-type galaxies of Rupke et al. (2010b). Black empty circles are from the sample of Zaritsky
et al. (1994), where the metallicity gradients are measuredfor 39 local disk galaxies. Black empty
triangles come from the sample of van Zee et al. (1998), wherethe metallicity gradients are provided
for another 11 local spiral galaxies. Sp1149 has significantly steeper gradient than local galaxies of
comparable luminosity, even when expressed in units of scaled radius.

4.6 Discussion

The redshift range of z=1—3 is the period when star-formation, mass assembly and chemical

enrichment activity peaks (e.g., Fan et al. 2001; Dickinsonet al. 2003; Chapman et al. 2005; Hopkins

& Beacom 2006; Conselice et al. 2007). Metallicity gradientstudies of galaxies in this redshift range

therefore give important insights into disk galaxy formation. The picture that the metallicity gradient

flattens with cosmic time is qualitatively consistent with the “inside-out” disk formation scenario

(e.g., Prantzos & Boissier 2000; Bouwens et al. 1997; Benson2010). This scenario predicts that
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in the early stages of galaxy evolution, the inner galactic bulge undergoes a rapid collapse with

vigorous star formation at the center, building a steep radial metallicity gradient from the core to the

outer disk. Violent gas dynamics and accretion events marked these early stages of disk formation.

Subsequent radial mixing and infall cause the gradient to flatten over 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 grand-design lensed spiral galaxy at

z=1.49. The 22× magnification allows us to resolve individual HII regions at an intrinsic resolution

of 170 parsec. We measure the radial distribution of chemical abundances in three annuli and find

that the metallicity decreases from a central value of 12+log (O/H)=8.54 to less than 8.05 in the

outer disk. The metallicity slope is -0.16+/-0.02 dex kpc−1 for the inner 4.5 kpc, much steeper than

that of late-type galaxies of comparable luminosities in the local universe, even when expressed in

R25 units. Our results are broadly consistent with the “inside-out” model of disk formation.

Metallicity gradient observations for a larger number of star-forming galaxies at different

redshifts are required to build a well-defined sample to forma solid observational picture of the

metallicity gradient evolution as a function of cosmic time. Before the next generation of telescopes,

we are aiming to secure a few tens of gravitationally lensed systems as a pioneer sample to study

the gradient evolution of galaxies at high-z. Future instruments 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: Yuan etal. (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 properties of a∼1010 M⊙ star-forming galaxy

at redshiftz = 1.03. This galaxy is gravitationally lensed as a triple-image giant arc behind the

massive lensing cluster Abell 2667. The main image of the galaxy has magnification factors of

14±2.1 in flux and∼ 2× 7 in area, yielding an intrinsic spatial resolution of 115−405 pc after AO

correction with OSIRIS at KECK II. TheHSTmorphology shows a clumpy structure and the Hα

kinematics indicates a large velocity dispersion with Vmaxsin (i)/σ ∼ 0.73, consistent with high

redshift disk galaxies of similar masses. From the [NII ]/Hα line ratios, we find that the central

350 parsec of the galaxy is dominated by star formation. The [N II ]/Hα line ratios are higher in

the outer-disk than in the central regions. Most noticeably, we find a blue-shifted region of strong

[N II ]/Hα emission in the outer disk. Applying our recent HII region and slow-shock models, we

propose that this elevated [NII ]/Hα ratio region is contaminated by a significant fraction of shock

excitation due to galactic outflows. Our analysis suggests that shocked regions may mimic flat or

inverted metallicity gradients at high redshift.
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5.1 Introduction

One of the most challenging aspects of current galaxy formation and evolution theory is the

modeling of feedback processes associated with star-formation and/or nuclear activities. Feedback

is considered to be the key solution to many observational puzzles such as the quenching of star-

formation in massive galaxies (e.g., Bower et al. 2006; Dekel et al. 2009), the origin of the mass-

metallicity (MZ) relation (e.g., Tremonti et al. 2004; Finlator & Davé 2008), the enrichment of

the interstellar and intergalactic medium (ISM, IGM) (e.g., Veilleux et al. 2005, and references

therein), the flatter central dark matter profile than that predicted inΛCDM simulations (e.g., Flores

& Primack 1994; Governato et al. 2012), and the problem of theformation of bulge-less galaxies

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

Galactic-scale winds and outflows are observed in a wide range of galaxy types that are

undergoing significant star formation. Galactic-scale outflows have been frequently observed in

(1) local starburst dwarf galaxies (Martin 1999; Kirby et al. 2011; van der Wel et al. 2011), (2) local

ultra-luminous infrared galaxies (ULIRGs) (Rupke et al. 2002, 2005; Martin 2005), and (3) high-

redshift sub-millimeter galaxies (SMGs) (Nesvadba et al. 2007; Alexander et al. 2010). Galactic

winds are prevalent at intermediate and high redshift (Shapley et al. 2003; Nesvadba et al. 2008;

Sato et al. 2009; Weiner et al. 2009; Martin & Bouché 2009; Martin et al. 2012; Rubin et al. 2010b,

2011).

In cosmological hydrodynamical simulations, implementation of a constant wind speed and

outflow mass fails to reproduce the galaxy stellar mass functions (e.g., Crain et al. 2009). A

momentum-driven wind feedback model is currently favored by observations and can reproduce

the stellar mass function and the observed large-scale metal enrichment (Murray et al. 2005;

Oppenheimer & Davé 2008; Finlator & Davé 2008; Davé et al.2011). In the momentum-drive

wind model, the efficiency of the winds or mass-loading factor (Ṁwind/SFR) scales with the

declining power of the mass or circular velocity (V −1
c ) of the galaxy (Ṁwind/SFR ∝ V −1

c ).

However, whether this simple scaling relation applies to individual galaxies of a wide mass

range at different redshifts remains to be tested. The physical picture of how exactly the winds
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interact with and recycle the energy and chemical elements to the ISM and IGM is still lacking.

Indeed, Hopkins et al. (2012) have recently developed a morerealistic stellar feedback model that

includes a complex multi-phase structure that depends on the interaction between multiple feedback

mechanisms operating on different spatial and temporal scales.

Note that past studies of gas inflows/outflows have mostly been based on slit-spectra of a small

number of individual galaxies (Sato et al. 2009; Rubin et al.2010a) or average composite spectra

from stacked low signal-to-noise spectra (Weiner et al. 2009; Rubin et al. 2010b). Recent studies

using KECK/LRIS data have significantly expanded the sampleof individual galaxies and prevalent

outflows have been confirmed for hundreds of individual galaxies atz ∼ 1 (Rubin et al. 2012;

Martin et al. 2012).

To provide a more concrete observational baseline for the sophisticated feedback models such

as Hopkins et al. (2012), the next leap forward is to look for wind signatures in a spatially resolved

manner. Integral field spectroscopic (IFS) observations are needed to separate the various spatial

components of the multi-phased ISM (Arribas et al. 2001; Rich et al. 2010, 2011). Recent surveys

of wide field of view IFS on local galaxies have dramatically expanded the quantitative analysis

for galactic-wide winds and shocks (Rich et al. 2010, 2011; Arribas et al. 2008; Sharp & Bland-

Hawthorn 2010).

IFS studies have found widespread shock-excitation associated with galactic outflows in massive

local galaxies (Farage et al. 2010; Sharp & Bland-Hawthorn 2010; Rich et al. 2010, 2011). Shocks

are common products of winds and can also be induced by gas accretion and tidal flows in mergers

(Veilleux et al. 2005; Farage et al. 2010; Genzel et al. 2011;Soto et al. 2012). Shock excitation

contributes to the ionized state of the hot gas in galaxies, which also depends intimately on the

chemical abundance of the ISM. To identify the location and fraction of shock excitation across an

entire galaxy, it is crucial to disentangle the shock induced ionization and energy dissipation from

other mechanisms.

Narrow line ratio maps can be used to probe the ionization nature of the sources (Veilleux et al.

2002; Veilleux & Rupke 2002). Strong emission line ratios such as the BPT diagram (Baldwin

et al. 1981; Veilleux & Osterbrock 1987; Allen et al. 1998; Kewley et al. 2001b, 2006) remains one
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of the most practical methods to probe the ionization mechanisms at both low and high redshift.

Combined with the most recent photoionization and shock models, strong line ratios such as

[N II ]/Hα, [O III ]/Hβ, and [SII ]/Hα offer a powerful tool to identify the excitation mechanisms

in non-obscured regions. For example, Rich et al. (2010) showed that in NGC 839, the [NII ]/Hα,

[O III ]/Hβ, and [SII ]/Hα ratios are systematically lower near the nucleus, yet high along an outflow

bi-cone. The region with high line ratios is remarkably wellfitted by a shock model with slow

velocities typical of galactic winds.

At high redshift, the star-formation rate (SFR) of galaxiesis substantially larger than local star-

forming (SF) galaxies (Noeske et al. 2007a,b; Wuyts et al. 2011; Sobral 2012), and galactic outflows

are prevalent and powerful (Erb et al. 2006; Swinbank et al. 2007; Weiner et al. 2009; Rubin et al.

2010b; Alexander et al. 2010; Genzel et al. 2011). It is therefore of paramount importance to

observe the masses and energies of high redshift winds to constrain the relations between the wind

efficiency, SFR and galaxy masses on a broader scale.

Because of the observational challenges, outflows and superwinds at high redshift have

mostly been reported for LBGs, SMGs, or in quasar absorptionline systems. Spatially resolved

spectroscopy for high-z galaxies have been limited to the very massive starburst galaxies (Cresci

et al. 2010; Genzel et al. 2011). With seeing-limited observations, Cresci et al. (2010) reported three

z ∼ 3 UV-selected galaxies with inverted metallicity gradients(i.e., lower metallicity in the nucleus

than in the outer-disk). The inverted gradient was explained by primordial cold gas being funneled

to the nucleus. These studies demonstrate the power of IFU studies in revealing the underlying

physical processes of the gas accretion at high redshifts.

With the aid of magnification from gravitational lensing andadaptive optics (AO), we can

begin to probe the details of fainter and less massive galaxies at high redshift (Nesvadba et al.

2008; Swinbank 2007; Jones et al. 2010b; Sharon et al. 2012; Wuyts et al. 2012). The highly

magnified multiple images in massive clusters can be magnified by more than ten, offering a rare

opportunity to obtain spatially resolved observations. This technique has enabled the first high

resolution measurements of metallicity gradients at high redshift (Stark et al. 2008; Jones et al.

2010a; Yuan et al. 2011).
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To determine the metallicity gradient evolutions with redshift, we are undertaking a metallicity

gradient survey on lensed galaxies behind galaxy clusters.Here we report observations of the

z = 1.03 arc behind the massive cluster Abell 2667. We find anomalous spatial line ratio variations

indicative of large scale shocks.

Throughout this paper we use aΛ CDM cosmology withH0= 70 km s−1 Mpc−1, ΩM=0.30 and

ΩΛ=0.70. At z=1.0, 1 arcsec corresponds to 8.1 kpc and a look-back time of 9.3 Gigayear (Gyrs).

We use solar oxygen abundance 12 + log(O/H)⊙=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. Covone et al. (2006) provided the

spectroscopic redshift ofz = 1.033 for the arc and the lensing models of the Abell 2667 cluster

at z = 0.233. We observed the Abell 2667 giant arc with the OH-Suppressing Infra-Red Imaging

Spectrograph (OSIRIS; Larkin et al. 2006) in natural guide star Adaptive Optics (NGSAO) mode

on the KECK II telescope at(α2000, δ2000) = (23:51:40.023, -26:04:51.66). The observation was

conducted on the night of September 20-21, 2011, using natural guide star (NGS) AO correction.

The R=14 mag natural guide star was on the edge of the NGS field-of-view (FOV) of OSIRIS,

restricting the positional angle (PA) to 37◦. The 100 mas pixel scale was used. Since only broad

band filters were available on OSIRIS at the time, we used the Jbb filter (spectral coverage: 1.18

to 1.416µm, spectral resolution: R∼ 3600, FOV 1.6′′ × 6.4′′), which covers the Hα, [N II ], and

[S II ] lines. The observations were conducted in a standard ABBA dithering sequence, with the A

frame centered on the target and the B frame centered on an object-free sky region∼20 arcseconds

North-East of the target. The same position angle was used for A and B (sky) frames. A total of

5 exposures were obtained for the target, with 900 seconds oneach individual frame. The net on-

target exposure time is 75 minutes. Figure 5.1 shows the OSIRIS FOV and locations of the A2667

arc on theHSTF814W, F606W, F450W color-coded image.
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Before the science target exposure, short exposures of the tip-tilt star (TT) were taken to center

the IFU. An offset was applied from the TT star to the science target. The offset was determined

from astrometry correctedHSTimages with∼ 0.25′′ (i.e.,∼ 2-3 OSIRIS pixels) accuracy. Gaussian

fitting to the point spread function of the TT star yields an average FWHM of 0.13′′. The average

FWHM of the sky OH lines is measured to be∼ 2.5 Å for our data and we use this value as the

instrumental resolution. In the analysis below, we deconvolve the line widths with this instrument

resolution by subtracting the instrumental resolution in quadrature from the best-fitting Gaussianσ.

5.2.2 Data Reduction

Individual exposures were first reduced using the OSIRIS data reduction pipeline (Larkin et al.

2006). We used the sky subtraction IDL code of Davies (2007),which we have modified to optimize

the sky subtraction specifically around the wavelength region of Hα and [NII ]. The [SII ] lines are

undetected due to strong telluric absorption. Since we are mainly concerned with the emission lines,

a first order polynomial function was fit to the continuum for each spatial sample pixel (spaxel) and

then the continuum was subtracted from each spaxel. The subtraction of the continuum helps to

improve the removal of lenslet to lenslet variations. The final datacube was constructed by aligning

the sub-exposures with the centroid of the Hα images and combining using a 3σ mean clip to

reject cosmic rays and bad lenslets. Telluric correction and flux calibration were performed by

averaging three A0 standard stars (HIP220, HIP1272, HIP14719) observed immediately after the

science exposure. Due to the low declination of this target,the airmass varied between 1.4 to 1.8

during the observation. The uncertainty in absolute flux calibration is estimated to be∼20−30%.

However, the relative flux ratio of [NII ]/Hα is accurate to 10%.

5.2.3 Analysis

Our analysis follows the procedures outlined in Jones et al.(2010b). Gaussian profiles were fitted

simultaneously to the three emission lines: [NII ] λ6548, 6583 and Hα. The centroid and velocity

width of [N II ] λ6548, 6583 lines were constrained by the velocity width of Hαλ6563, and the ratio

of [N II ] λ6548 and [NII ] λ6583 is constrained to be the theoretical value of Osterbrock (1989). We
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fit the line profiles using a weightedχ2 minimization procedure which takes into account the greater

noise level close to atmospheric OH emission. A blank regionof sky within each reduced datacube

was used to determine the variance spectrum. Since the variance spectrum is dominated by sky

emission, the fitted spectra were weighted by the inverse of the variance spectrum (dominated by sky

counts) so that regions of strong sky lines do not cause spurious fits. Fortunately, the sky emission

is weak over the Hα, [N II ] wavelength range for A2667 arcA (Figure 5.2). We compute the χ2

statistic for the best-fitting Gaussian lines and compare with that of a featureless spectrum. We first

fit the spectrum for each pixel, requiring a minimum of5σ for detection. Where this criterion is not

met, we average the surrounding 3×3 spatial pixels to achieve higher signal to noise. No fit is made

if the 3×3 averaging fails to produce the minimum S/N. Figure 5.2 shows the integrated spectrum

from the image plane.

In order to check that our results are insensitive to the lensing model uncertainty, we first analyze

the data on the image plane, and then repeat the analysis on the source plane. We find that the results

are consistent for the image-plane and source-plane analysis. In the following sections, we will show

the spectra measured on the image-plane with associated physical scales determined from the source

plane.

5.3 Global Properties of the Giant Arc

We determined the total photometry for arc A in 7 bands fromHSTand Spitzer archival data:HST

ACS/F814, WFPC2/F606W, WFPC2/F450W, and Spitzer IRAC 3.6,4.5, 5.8 and 8.0µm. Chandra

data are also available for the cluster, but we find no X-ray detection on the giant arc. We used a

fixed aperture of diameter 4′′ defined in the ACS/F814 band to measure the photometry. For the

IRAC colors, we measured the PSF near arc A using the bright isolated stars in the field of view

and convolve the ACS/F814 aperture with this PSF to calculate the aperture flux. Note that the

photometric aperture covers the entire image of arc A whereas the OSIRIS FOV does not cover

the tip of the southern clump C3 (Figure 5.1 for OSIRIS FOV; C3is labeled on Figure 3). This

southern clump only contributes to∼ 5% to the total photometry, well below the∼10% photometric
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measurement error. The intrinsic photometric error is dominated by the lensing magnification

uncertainty (∼15%).

We use the softwareLE PHARE (Ilbert et al. 2010) to determine the stellar mass.LE PHARE is

a photometric redshift and simulation package based on population synthesis models of Bruzual &

Charlot (2003). We choose the initial mass function (IMF) byChabrier (2003) and the Calzetti et al.

(2000) attenuation law, with E(B − V) ranging from 0 to 2 and an exponentially decreasing SFR

(SFR∝ e−t/τ ) with τ varying between 0 and 13 Gyrs. After correcting for the flux magnification

of µ =14±2.1, the stellar mass from SED fitting is Mstar=1.90+2.0
−1.0 × 1010M⊙ (lensing uncertainty

included), assuming the best fit extinction value E(B − V)=0.6, and SFRSED = 50±35 M⊙ yr−1.

Taking E(B − V)gas = E(B − V)star / 0.44 (Calzetti 1997) and Rv=3.1, we obtain A(Hα)=3.46

according to the Cardelli et al. (1989) classical extinction curve. Note that the A(Hα) is ∼ 2.46

higher than the median A(Hα) ( ∼ 1.0) at similar masses from the local andz ∼ 1.7 star forming

galaxy dust extinction vs. stellar mass relation (Garn & Best 2010; Sobral et al. 2012).

The total Hα flux from our OSIRIS spectra is 6.3±0.2×10−16 ergs s−1 cm−2 (before correcting

for lensing magnification). Applying the Kennicutt (1998) SFR prescription and after correcting for

lensing magnification and extinction (A(Hα)=3.46), the Hα star formation rate is estimated to be

SFRHα = 49.2±16.5 M⊙ yr−1. Note that the error is calculated by assuming a 15% uncertainty in

lensing magnification and 30% error in Hα flux measurement. The error estimation excludes the

uncertainty in extinction and aperture flux loss due to the coverage 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 et al.(2006); Richard et al. (2010)

and use the softwareLenstool1 (Kneib et al. 1993; Jullo et al. 2007) to derive the geometrical

transformation between image plane coordinates and sourceplane coordinates. TheHST image

1http://www.oamp.fr/cosmology/lenstool
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and IFU datacube are reconstructed using this mapping and based on the conservation of surface

brightness. The total magnification is computed by the ratioof the sizes (or equivalently, the

total fluxes) between the image and its source plane reconstruction. As the magnification is not

isotropic, the angular size of each image is more highly stretched along a specific axis. However,

within the single image of arc A, the distortions among each pixel is identical. Figure 5.3 shows

the reconstructed image from theHSTF814W, F606W, F450W three-color image. The total flux

magnification for arc A isµ=14.0±2.1, and linear magnifications in two axes areµ1=7.0±1.4, and

µ2=2.0±0.4.

5.4.2 Morphology & Kinematics

The HST three-color image reveals at least three main clumps (labeled as C1, C2, C3) for arc A.

These three clumps are easily identified in both the image-plane (Figure 5.3, Left) and source-plane

(Figure 5.3, Right) morphology. The northern red clump (C1)could be dominated by an old stellar

population. Alternatively, C1 could be heavily reddened bydust. After masking out the two blue

clumps (C2, C3) on the south, a Sersic profile fit to the red component on the source plane yields

a Sersic index of 0.63± 0.30, and a half light radius ofRe = 1.1±0.2 kpc. The blue clumps (C2,

C3) are likely to be active star forming regions. The peak of the Hα emission is close to the largest

blue clump as shown in the Hα contours of Figure 5.3. One the one hand, the asymmetric clumpy

structure of A2667arc is similar to the asymmetric clumpy feature seen inz ∼ 2 disks (Genzel et al.

2006, 2011; Law et al. 2009; Lehnert et al. 2009; Förster Schreiber et al. 2009, 2011). On the other

hand, the morphology could also be interpreted as a merging system. We combine the morphology

with the velocity structure to further analyze the disk-versus-merger origin of the system.

In Figure 5.4, we show the two-dimensional (2D) Hα intensity, Hα Gaussian fit velocity

and velocity dispersion maps. In Figure 5.5, we extract the one-dimensional (1D) velocities

and dispersions from a slit oriented along the direction of the blue and red components (black

dotted lines in Figure 4, middle panel). We divide the spaxels into five bins equally along the

slit direction and extract the Hα flux weighted spectrum for each bin. There is a small velocity

gradient (∼75 km s−1) across a 2 kpc length. Since the shape of the 1D velocity curve is not
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clearly of a rotating disk, the small velocity gradient could result from either an almost face-on

rotating field or a non-rotating system. The system however is clearly dominated by dispersion with

σmedian/Vmax sin i∼1.3, consistent with the large velocity dispersion of the high redshift turbulent

disks (Lehnert et al. 2009; Förster Schreiber et al. 2009; Jones et al. 2010b).

From our morphology and velocity maps, it remains unclear whether the A2667 arc is a face-on

clumpy disk or a merging system, especially considering that the Hα lines are not observed across

the entire galaxy. Higher S/N data with better spatial coverage is required to more reliably model

the velocity field.

5.5 Spatially Resolved Line Ratios

5.5.1 [NII ] λ6583/Hα as an indicator for metallicity and nonphotoionized emission

The [N II ] λ6583/Hα ratio is often used as an indicator for nebular metallicity at high redshift (up

to z ∼ 2.5). The adjacency of the two lines in wavelength means the lineratio is insensitive

to reddening correction and flux calibration. The calibration of Pettini & Pagel (2004) (PP04) is

commonly used to convert [NII ] /Hα to metallicity. Using the oxygen abundance of local HII

regions, PP04 measured metallicities from theTe (electron temperature) method and determined

the correlation between metallicity and the N2 (≡ log([N II ] λ6583/Hα)) values as follows:

12 + log(O/H) = 8.90 + 0.57 × N2 (5.1)

Note that at high abundance, PP04 used the strong line metallicities rather than theTe

metallicities because of the weakness of theTe sensitive [OIII ] λ4363 line. Strictly speaking

the PP04 relation only holds true for the range of−1.8 ≤ N2 ≤ −0.8 (or 0.0158 ≤ [N II ] /Hα

≤ 0.158). At extremely low N2 values, the calibration of N2 is difficult due to the weakness of the

[N II ] line. At N2 > −0.8, the relation is nonlinear. The reason for this is, first, as the metallicity

becomes larger andTe decreases, the production of secondary nitrogen begins to dominate and

maintain a high value of N2. At even higher metallicity, the rise in metallicity cools the nebula,
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lowering Te and allowing less collisional excitations of the [NII ] lines (Kewley & Dopita 2002).

We note that the [NII ] /Hα ratio is particularly sensitive to non-thermal excitation. The presence of

shock excitation or an AGN will increase the [NII ] /Hα ratio and cause abundances determined to

be artificially high (Baldwin et al. 1981; Kewley & Dopita 2002; Rich et al. 2010). For metallicity

studies, it is crucial to check if the N2 values are within theregime of pure star formation.

On the other hand, if N2 surpasses the linear metallicity diagnostic range, the high N2 ratios

may be a smoking gun for the presence of non-photoionizationmechanisms such as shocks. For

example, Veilleux & Rupke (2002) studied the [NII ] /Hα distribution in the local super-wind galaxy

M82. They found that for [NII ] /Hα > 0.5, additional excitation mechanisms such as shocks are

needed to explain the enhanced [NII ] /Hα ratio. Using the most recent shock and photoionization

models with IFU observations, Rich et al. (2011) showed thatfor the local galaxy IC 1623, shocks

contribute more than 40% of the line ratio of [NII ] /Hα.

5.5.2 [NII ] /Hα in boxed regions

To determine the spatial variation (if any) of metallicity or ionization sources, we analyze the spatial

distribution of [NII ] /Hα ratios. In order to enhance the S/N of the N2 line ratio map, webin the

pixels in five rectangular regions along the major axis and extract spectra for each boxed region

(Figure 5.4). The widths of the regions are chosen in such a way that each region contains sufficient

pixels to extract a reliable spectrum (i.e., S/N> 3 for the [NII ] line). We derive the spectrum for

each region using the Hα flux weighted median of all pixels in that region. We fit the [NII ] and Hα

emission lines and obtain the errors on [NII ] / Hα by propagating the flux errors of [NII ] and Hα.

The peak of the Hα emission corresponds to the center of Box 3 in Figure 5.4. We do not find

significantly enhanced [NII ] /Hα ratios in the central pixels and rule out AGN contamination of this

target.

Our [N II ] /Hα emission-line ratios are shown in Figure 5.6. The [NII ] /Hα ratios of Box 3

and 4 are 0.303±0.034 and 0.312±0.033 respectively, close to solar values. The [NII ] /Hα ratios

for Box 1 and 2 are 0.472±0.046 and 0.384±0.03 respectively, significantly higher than those of

Box 3 and Box 4. We can only derive an upper limit of [NII ] /Hα (<0.233) for Box 5. The high
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[N II ] /Hα values in the non-central regions of the galaxy indicate either extremely high metallicity

or the presence of non-photoionization excitation.

We further analyze individual pixels in Box 1 and 2 and find that the [N II ] /Hα ratio is the

highest in a sub-region highlighted as Box B in Figure 5.4. Very interestingly, Box B which has the

highest [NII ] /Hα ratio ([N II ] /Hα =0.499±0.05) has also the “bluest” velocity (∆v ∼ 150 km s−1)

with respect to the center of Box 3. Unfortunately, the data quality is not sufficient to reveal any

significant variations in the velocity dispersion map. As discussed in the previous section, large

[N II ] /Hα ratios may indicate non-photoionized emission and therefore we do not convert this ratio

to metallicity. We note that the consequences of deriving metallically using [NII ] /Hα ratios in this

case will result in the conclusion of a flat or inverted metallicity gradient (Appendix). In the next

section, we discuss the possible origins of these elevated [N II ] /Hα ratios.

5.6 Discussion

The standard BPT diagrams prove to be a powerful tool for investigating the ionization sources

in galaxies (Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewley et al. 2001a; Kauffmann

et al. 2003; Kewley et al. 2006). Employing IFS data on the BPTdiagram has revolutionized our

understanding of the power sources across entire galaxies (e.g., Rich et al. 2010, 2011, 2012; Sharp

& Bland-Hawthorn 2010). The [NII ] /Hα versus [OIII ] /Hβ diagram is useful for distinguishing

pure star-forming regions from non-photoionized regions.The [N II ] /Hα ratio increases linearly

with nebular metallicity until high metallicities where the log([N II ] /Hα) ratio saturates at -0.5

(Denicoló et al. 2002; Kewley & Dopita 2002; Pettini & Pagel2004). Any non-thermal contribution

will shift the [N II ] /Hα ratio towards higher values than this saturation level (Kewley et al. 2006;

Rich et al. 2010, 2011). The log([NII ] /Hα) 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 models to quantify the potential relative

contribution of shock and HII region ionization to the [NII ] /Hα ratio. The HII region models

are taken from the most recent Starburst99(SB99)/MappingsIII model suite (Leitherer et al. 1999;

127



Sutherland et al. 1993). The model setup and input parameters are similar to those of Levesque et al.

(2010) except that we use a slightly higher mass cut of 120 M⊙ for the Salpeter initial mass function

(Salpeter 1955). We use a continuous star formation historywith age 5.0 Myr andne=100 cm−3.

Solar metallicity was used with a range of ionization parameters logU (−3.5 to−1.9). We then mix

the HII region model with the slow-velocity shock model as described in Sutherland et al. (1993);

Farage et al. (2010); Rich et al. (2010, 2011). We assume a 100% pre-ionization, with a slow

shock velocity ranging from 100 to 200 km s−1, in increments 20 km s−1. These shock velocities

are typical of galactic winds (Shopbell & Bland-Hawthorn 1998; Rich et al. 2010, 2011; Sharp &

Bland-Hawthorn 2010).

Our shock and starburst models are shown in Figure 5.7. We show mixing lines to represent

the relative contributions of starbursts and shocks from 0 to 100%. Shocks are able to produce

higher [NII ]/Hα ratios than pure starburst models for a given metallicity. According to our models,

a 20% shock contribution could increase the log([NII ]/Hα) value by 0.2 dex. The region B of the

A2667arc has log([NII ]/Hα)=−0.3, lying well within the region covered by the shock models.

Shocks induced by galactic winds/outflows associated with either stellar winds, supernovae or

nuclear activity are commonly observed in local galaxies (e.g., Veilleux et al. 2005; Rupke et al.

2005; Rich et al. 2010; Soto & Martin 2012). The ubiquity of winds is even more prominent at high

redshift given their violent star formation activities (e.g., Pettini et al. 2001; Swinbank et al. 2005;

Sato et al. 2009; Weiner et al. 2009; Martin & Bouché 2009; Martin et al. 2012; Rubin et al. 2010b,

2011; Alexander et al. 2010; Steidel et al. 2010). In the coldflow scenario, the turbulent disks are

associated with shocks (Genzel et al. 2011). The coincidence of region B being blue-shifted with

respect to the center strengthens the argument that it is an outflow shocked region.

Indeed, the outflow scenario is further supported by the detection of a broad component in Hα.

We detected a broad component in the co-added spectrum of boxes 1, 2, 4, 5. In Figure 5.8 we show

that by including a broad component in Hα, the fitting to the co-add spectrum is improved by 3σ

in a χ2 sense. The broad component indicates a broadening wing of∆v(FWHM) ∼ 380 ± 130

km s−1, with a slight blueshift of∼ 60 km s−1 with respect to the narrow line component. The

contribution of the broad wing to the total Hα flux of the co-added spectrum isfbroad ∼ 40%.
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Because of the unknown orientation of the A2667arc system, the outflow velocity is difficult

to estimate. We thus compare the outflow properties of the A2667arc with other studies using

the observed linewidth∆v(FWHM). For example, NGC 1569, a local dwarf starburst galaxy,

has a wind-excited broad component of∆v(FWHM) ≤ 300 km s−1 (Westmoquette et al.

2007). Arp 220, a famous local IR-luminous starburst galaxy, has a nuclear wind broadening of

∆v(FWHM) ∼ 300 − 800 km s−1 (Arribas et al. 2001). For a large sample of 39 local ULRGs

studied in Soto et al. (2012), the median line-width for the shocked components is∆v(FWHM) ∼

339 km s−1 (after converting theirσ to FWHM using FWHM= 2.3548×Gaussianσ). The median

SFR of the Soto et al. (2012) ULIRGs sample is∼ 73 M⊙ yr−1. At very high redshift (z > 2), the

UV-selected massive SINS galaxies are found to have∆v(FWHM) ∼ 500 km s−1 (Shapiro et al.

2009; Genzel et al. 2011), with a median SFR of∼ 72 M⊙ yr−1. Roughly, the broadening linewidth

(∆v(FWHM) ∼ 380 ± 130 km s−1) and SFR (49.2±16.5 M⊙ yr−1) of A2667arc is most similar

to the local ULIRGs sample of Soto et al. (2012). However, thesimilarity between the linewidths

and SFR of the A2667arc and thez ∼ 2 SINS galaxies cannot be ruled out within 3σ of the ∆v

(FWHM) measurement uncertainty.

If, on the other hand, the high extra-nuclear [NII ] /Hα ratio regions in the A2667arc are caused

by extremely high metallicity, we lack theories to explain how outer regions with super-solar

metallicity would evolve spatially as a function of time. Itis unclear how the A2667arc has gone

through such a quick enrichment. Throughout the study we usethe peak of Hα as the “galactic

center”, which does not necessarily concur with the true galactic center. However, the choice of

center would not change our main conclusion that there is a shocked region blue-shifted from the

peak of Hα emission.

Finally, the possibility of shocks will cause an overestimation of the “true” SFR. The Hα flux

in Regions 1 and 2 is∼20% of the total Hα flux. Rich et al. (2010) showed that for a slow shock of

∼ 100 km s−1, 50% to 70% of the Hα luminosity can be ascribed to shocks. Hence,∼10% of the

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

We present the OSIRIS IFU data analysis of the spatially resolved giant arc at z = 1.03 in Abell

2667. With a flux magnification of 14.0±2 in flux and∼ 2 × 7 in area, we achieved a spatial

resolution of 115−405 pc on the source plane. We find the A2667arc is clumpy in rest-frame UV

and optical morphology, and has a high velocity dispersion Vrot sin i /σ ∼ 0.73, similar to the

turbulent star forming disks at z∼ 2. The current morphology and velocity map is not sufficient to

distinguish whether the A2667 arc is a face-on clumpy disk ora merger. We find that [NII ] and Hα

ratios first rise and then fall when moving out from the galactic center defined as the peak of Hα

flux. The central 350 pc of the Hα nucleus region is dominated by star-formation with metallicity

12 + log(O/H)=8.57±0.03 (∼ 0.76Z⊙). The [NII ] /Hα ratios in the 350− 900 pc annulus show a

significantly enhanced value (∼ 0.1 dex higher than the nucleus). The highest [NII ] /Hα ratio region

(∼ 0.2 dex higher) corresponds to a∼100 km s−1 blue-shifted velocity clump with respect to the

nucleus. Applying the most recent slow-shock models, we propose that this elevated [NII ]/Hα ratio

is caused by shock excitation from a galactic wind. Our results indicate that extreme caution must

be used when interpreting line ratios as metallicity gradients at high redshift. Shocked extra-nuclear

regions can mimic flat or inverted metallicity gradients.

5.8 [N II ] /Hα as a function of radius

In metallicity gradient studies, averaging spectra in annular regions is a common exercise

(Moustakas et al. 2010; Queyrel et al. 2012; Yuan et al. 2011). To relate to these studies, we extract

spectra in 3 annuli centered on the Hα peak (Figure 5.9). Each spectrum is calculated as the Hα

flux weighted median of all pixels within the annulus. From Section 5.5.2, we see that the line ratio

map is not symmetric with respect to the center. Averaging spectra in annuli smooths out the lateral

spatial variance, resulting in noisier [NII ] lines. The choice of the annuli is such that the integrated

spectra gives S/N> 5 for the [NII ] lines. The physical lengths of the three outer radii of the annuli

in the source plane are 0.35, 0.93, and 1.31 kpc respectively. The [NII ] line is robustly detected at

S/N> 5 for the inner two annuli and is a 3σ detection for the outer annulus.
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The [N II ] /Hα ratios are larger in the circum-nuclear region (350−930 pc) than in the nucleus

(<350pc). Small [NII ] /Hα ratios are seen in the outer annulus (930−1.3 kpc). If the [NII ] /Hα

ratios arise purely from HII regions, these [NII ] /Hα ratios could translate into a flat or inverted

metallicity gradient similar to those in several high redshift studies such as Cresci et al. (2010);

Queyrel et al. (2012).

However, in A2667arc, these enhanced circum-nuclear [NII ] /Hα ratios are remarkably similar

to the LINER-like luminous infrared galaxies reported in Rich et al. (2010, 2011). Rich et al.

observed that enhanced extra-nuclear [NII ] /Hα ratios in late-stage galaxy mergers are driven by

slow shock emission (100−200 km s−1) associated with galactic-wide winds or gas collisions due

to mergers. Rich et al. (2010, 2011) showed that both velocity dispersions and the strong line ratios

independently indicate shock excitation in the extra-nuclear regions. Slow shock models confirm

this conclusion, yielding remarkable agreement with the enhanced emission-like ratios.
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Figure 5.1 Three-color image of the A2667 giant arc at z = 1.03with HSTF814W (red), F606W
(green), F450W (blue) filters. The white box on the bottom left 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 A
(α2000, δ2000) = (23:51:40.023, -26:04:51.66). North is up, and East is to the left.
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Figure 5.2 Observed spectrum for A2667 arc A, in the vicinityof Hα and [NII ] lines. This is an
integrated spectrum from summing all IFU pixels with Hα detections above 5σ. The flux density is
in units of 10−16 ergs s−1 cm−2 Å−1. The raw spectrum is shown in black. Gaussian fits to the 3
lines are shown in blue. Note that the weaker [NII ] λ6548 line is fixed to be the theoretical value
(1/3) of the [NII ] λ6584 line. The velocity width of [NII ] is constrained to be the same as Hα.
Residuals are plotted in green. The locations of the strong sky OH emission (scaled and extracted
from a pure sky frame) are shown in red at the bottom of the spectrum. The atmosphere transmission
(black dotted line) is shown at top. The location of Hα and [NII ] lines are not contaminated by
strong OH lines nor strong telluric absorptions. We achievea S/N of 37 on Hα and of 6.4 on [NII ].
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Figure 5.3 Left: HST F814W, F606W, F450W three-color image for A2667 arc A. The black
contours show the observed Hα flux levels of 2, 3, 3.5 in units of 10−17 ergs s−1 cm−2 arcsec−2.
Right: reconstructed source plane morphology from the three-color HST image on the left. The
physical scale is marked. The distance between the center ofthe red and blue clumps is∼ 600
pc. There are three main clumps revealed in both the observedHSTand reconstructed image: a
northern red component (marked as C1), and two blue southernclumps (marked as C2, C3). The
morphology implies either a face-on clumpy disk or a mergingsystem. North is up and East is to
the right.
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Figure 5.4 From left to right: the Hα intensity, Hα Gaussian fit velocities and velocity dispersions presentedon the image-plane. The Hα
flux is in units of 10−17 ergs s−1 cm−2, and the velocity is in unit of km s−1. For the middle panel: the black dashed lines indicate the “slit”
used for extracting 1D spectrum in Figure 5; the blue and red boxes are used in the analysis of Section 5.2. These images areshown in IFS
datacube coordinates. North and East are 37◦ clockwise from theHSTimages in Figures 1 and 3.
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Figure 5.5 One-dimensional velocity extracted from the slit position shown Figure 4. The five
data bins from left to right correspond to the direction frombox 5 to box 1 in Figure 4. The
physical scale is calculated on the source-plane. Note thatthe errors bars on each data point are the
bootstrapped median errors for all the pixels in the bins, weighted by the Hα intensity. The high
velocity dispersion is consistent with those of turbulent high redshift galaxy disks.

136



TABLE 1.
DERIVED GLOBAL PHYSICAL PROPERTIES FORARC A

Re E(B − V) SFRHα Mstar(SED) σ Vmax sin i 12 + log(O/H) µ, µ1, µ2
kpc SED fit M⊙yr−1 1010 M⊙ km s−1 km s−1 Integrated flux, axis1, axis2

1.1±0.2 0.6 49.2±16.5 1.90+2.0
−1.0 65±6 48±12 8.606±0.051 14±2.1, 2.0±0.4,7.0±1.4

Note. — Derived intrinsic global properties for A2667 arc A.Col. 1: The half light radius from fitting a Sersic profile
to the redHSTcomponent. Col. 2: Extinction derived from SED fitting. Col.3: SFR from Hα flux, corrected for lensing
magnification and extinction. The error comes from the uncertainty in magnification and flux calibration. Col. 4: Stellar
mass from SED fitting. Col. 5: Median velocity dispersion, weighted by Hα flux. Col. 6: Vmax sin i see the text for
methodology. Col. 7: Metallicity from the integrated spectrum. Col. 8: Flux magnification and size magnification in the
major and minor axes.
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Angstrom

Figure 5.6 The [NII ] /Hα ratio variation in boxed regions along the major axis. The top 6 panels
show the observed image-plane spectra in vicinity of the [NII ] and Hα for the 6 boxed regions
in Figure 4. The spectra are the Hα flux weighted median of the pixels in each box. The x axes
are wavelengths in̊A, and the y axes are flux density are in 0.001×10−17 ergs s−1 cm−1 Å−1.
The [N II ] and Hα line positions are marked as vertical dashed lines. The bottom panel shows the
[N II ] /Hα ratio as a function of the intrinsic physical scale (after lensing correction) of the galaxy.
The red horizontal line indicates the line ratio corresponding to the solar metallicity value. Ratios
above solar can not be directly related to metallicity. We also notice a significant enhancement of
[N II ] /Hα in Box B, a blueshifted region with respect to the galactic center.
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Figure 5.7 The starburst-shock mixing grids on the [OIII ] /Hβ versus [NII ] /Hα diagram. The
dashed curve labeled as “Ke01” is the theoretical “maximum starburst line” derived by Kewley et al.
(2001a) as an upper envelope for star-forming galaxies. Thedashed curve labeled as “Ka03” is the
Kauffmann et al. (2003) semi-empirical boundary for star-forming galaxies. The pure HII region
models are shown as the blue solid line and the pure shock models are shown as the red solid line.
The colored dots in between form a mixing sequence from pure HII region to pure shock excitation.
Different colors represent different shock velocities andthe relative contribution of shock is shown
in different symbols. Solar abundance is adopted. The [NII ] /Hα 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., non-nuclear regions) in Figure 6. The x
axis is wavelengths in̊A, and the y axes are flux density are in units of 10−17 ergs s−1 cm−1 Å−1.
The top panel fits a single component to the Hα and [NII ] lines (blue solid curve). The bottom
panel fits a narrow component (green curve) to the Hα, [N II ] lines and adds a broad component
(red curve) to the Hα line; the sum of the two-component fit is shown (blue curves).The broad
Hα component on the bottom panel (red line) is∼ 60 km s−1 blue-shifted from the narrow-line
component.
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Figure 5.9 The [NII ] /Hα ratio as a function of the “galactocentric” distance. The galactic center
is defined as the peak of Hα. The top left panel shows the 3 annuli relative to the Hα intensity
map. The top right panel shows the 3 annuli relative to the velocity map. Note that these images
are given in IFS datacube coordinates, thus North and East is37◦ clockwise from the up and left
position. The following 3 panels show the observed image-plane spectra averaged in the 3 annuli.
The wavelength is in units of̊A, and flux density is in units of 10−17 ergs s−1 cm−1 Å−1. The line
positions are marked on the plot . The last panel shows the [NII ] /Hα ratio as a function of the
intrinsic “galactocentric” distance (after lensing correction). The red horizontal line indicates the
line ratio corresponding to the solar [NII ] /Hα ratio. Ratios above solar may be contaminated by
non-photoionized emission and can not be directly related to metallicity.
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G., & Davies, R. 2011, ApJ, 731, 65

Garn, T. & Best, P. N. 2010, MNRAS, 409, 421

Genzel, R., Newman, S., Jones, T., Förster Schreiber, N. M., Shapiro, K., Genel, S., Lilly, S. J.,
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Chapter 6

Systematics in High-Redshift Metallicity Gradient

Measurements I : Angular Resolution, Signal-to-Noise and

Annuli Binning

Note: This chapter originally appeared in the paper: Yuan & Kewley (2012) ApJ submitted

6.1 Abstract

With the rapid progress in metallicity gradient studies at high-redshift, it is imperative that we

thoroughly understand the systematics in these measurements. This work investigates how the

[N II ] /Hα ratio based metallicity gradients change with angular resolution (FWHM), signal-to-noise

(S/N), and annuli binning. Two approaches are used: 1. we downgrade the high angular resolution

integral-field unit (IFU) data of a gravitationally lensed galaxy and re-derive the metallicity

gradients at different FWHM; 2. we simulate high-redshift IFU observations under different FWHM

and S/N conditions using a local galaxy with known gradient.We find that the measured metallicity

gradient changes systematically with FWHM and annuli binning. Seeing-limited observations

produce shallower and flattened gradients than higher angular resolution observations. There is

a critical FWHM range above which the measured metallicity gradient is significantly shallower

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

is ≤ 0.02′′ for our simulated galaxy. Small numbers of annuli binning produces a more flattened
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gradient than the intrinsic value. In a 3 annuli binning case, a minimal S/N of∼ 5 on the [NII ] line

is required for the faintest annulus to constrain gradientswith reasonable errors. The systematic

errors caused by the FWHM effect can be empirically modeled and corrected using a large sample

of local IFU data.

6.2 Introduction

The study of chemical abundance distribution in galaxies atlocal and high redshift offers unique

insights into the formation and evolution history of galaxies. Indeed, the first simple formation

models (“monolithic collapse vs. “accretion” ) of our MilkyWay was built upon observational

knowledge of the Galactic chemical distribution and stellar dynamics (Eggen et al. 1962; Searle &

Zinn 1978).

For local galaxies, the existence of radial metallicity gradients has been established in most

spiral galaxies using abundances in HII regions (Pagel & Edmunds 1981; Edmunds & Pagel 1984;

Evans 1986; Garnett & Shields 1987; Vilchez et al. 1988; Shields 1990; Vila-Costas & Edmunds

1992; Zaritsky et al. 1994; Dutil & Roy 1999). The signs of theradial metallicity gradient are found

to be negative, with a higher metallicity towards the galactic center. On the other hand, mergers and

barred galaxies have shallower or flattened gradients due tointeraction or bar induced gas inflows

(Kewley et al. 2010; Rupke et al. 2010a,b).

The inhomogeneity of metal distribution has been found in both the radial and vertical directions

of the galactic discs, as well as in early-type galaxies. Although abundance gradients in the vertical

direction and in early-type galaxies are equally important(Franx & Illingworth 1990; Henry &

Worthey 1999; Marsakov & Borkova 2006), we confine our discussion on the radial gas-phase

metallicity in disk galaxies which are progressing most rapidly in observations.

In the classic galactic chemical evolution models (GCE), the radial metallicity gradients are

explained within the inside-out galaxy mass assembly scenario in which the timescales of the gas

infall increase with the galactocentric distance (Prantzos & Boissier 2000; Chiappini et al. 2001;

Mollá & Dı́az 2005; Magrini et al. 2007; Fu et al. 2009). However, even among the inside-out
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formation models, no consensus has been reached on the direction and magnitude of the cosmic

time evolution of the metallicity gradient.

The time evolution of the metallicity gradient in disk galaxies provides tight constraints on

the historical events that mark the galactic disc structureevolution. The cosmic metallicity

gradient evolution is directly linked with the size-growth, gas inflow and outflow, and any internal

transportation of the star-forming gas in galaxies. Early analytical models such as Edmunds

& Greenhow (1995) have provided perceptive predictions on how the gas inflows and outflows

can change the origin and evolution of the metallicity gradient. CurrentΛCDM cosmological

hydrodynamic simulations have now been able to incorporatethe prescriptions for GCE models

and initial predictions for the metallicity gradient evolution with redshift are beginning to emerge

(e.g., Pilkington et al. 2012). To guide and compare with these models and simulations, it is of

crucial importance to establish an observational baselinefor the time evolution of the metallicity

gradients.

Observational constraints on the time evolution of the metallicity gradient have been scarce

and are traditionally based on indirect methods using different age-tracers such as Cepheids,

planetary nebulae, and open clusters in the Milky Way (Andrievsky et al. 2002; Maciel et al. 2003;

Maciel & Costa 2010). Direct observations on metallicity gradients at high redshift have not been

possible until the recent employ of high sensitivity near infrared (NIR) Integral Field Units (IFUs)

spectrographs on large telescopes.

As a result, it is only in the past three years that the first radial metallicity gradient measurements

have been made on high-redshift galaxies (Jones et al. 2010;Cresci et al. 2010; Yuan et al. 2011;

Queyrel et al. 2012; Swinbank et al. 2012; Jones et al. 2012).These IFU studies can be divided

into three categories according to their angular resolutions: (1) gravitationally lensed galaxies with

adaptive optics (AO) aided observation (Jones et al. 2010; Yuan et al. 2011; Jones et al. 2012); (2)

non-lensed galaxies with AO aided observation (Swinbank etal. 2012); (3) non-lensed galaxies with

seeing-limited observation (Cresci et al. 2010; Queyrel etal. 2012). It is interesting to notice that

the steepest gradients discovered so far are all observed inthe highest 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 obvious restrictions at high redshift is the

limitation in angular resolution and signal-to-noise (S/N). Because of these impediments, shortcuts

in data analysis such as annuli binning are used to gain S/N inspectra. It is unknown whether/how

these typical implements for high redshift studies cause any systematic uncertainties in the measured

metallicity gradients.

With the rapid progress in metallicity gradient observations at high redshift, it is imperative that

we understand the systematics in our measurements before embarking on surveys of large samples.

This paper is the first of a series of papers that are devoted tounderstanding the systematics of

the metallicity gradient measurements. Specifically, thispaper investigates on how the metallicity

gradient is affected by the angular resolution, S/N, and annuli binning that are characteristic for

high-z studies.

We use two approaches: 1. we downgrade the highest angular resolution and S/N IFU data

from our published AO-aided lensed galaxy to lower resolutions and then compare the metallicity

gradients in different resolutions; 2. we simulate the IFU data at high-z using a local starburst galaxy

with a known gradient and then compare the metallicity gradients measured on the simulated data

at different resolution and S/N. We find that the measurementchanges systematically with angular

resolution, S/N and the annuli binning.

The paper is organized as follows. Section 6.3 lists the assumptions we use. Section 6.4 and

Section 6.5 describe our two approaches and results. Section 6.6 compares with literature data.

Section 6.7 discusses our explanations for the systematic uncertainties and we propose an empirical

solution to correct for the errors. Section 6.8 concludes our results. Throughout this paper we use a

standardΛCDM cosmology withH0= 70 km s−1 Mpc−1, ΩM=0.30, andΩΛ=0.70.

6.3 Overall Assumptions

Throughout the paper, we impose the following assumptions and simplifications.

• We use the [NII ] /Hα ratio as calibrated in Pettini & Pagel (2004) (the PP04N2 method

hereafter) to calculate metallicity. Because of the relatively easy access in observations,
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[N II ] /Hα ratios will continue to be the most practical metallicity diagnostics for high-z

studies. The systematic errors of the PP04N2 method on the metallicity gradient is worth

exploring but will be neglected in this work (e.g., Kewley etal. 2001; Erb et al. 2006).

• Similarly, we do not consider the discrepancies from different metallicity diagnostics that can

pass on to metallicity gradient studies (e.g., Kennicutt etal. 2003; Bresolin 2007; Kewley &

Ellison 2008; Kewley et al. 2010; Rupke et al. 2010b).

• We assume that the metallicity gradient can be fitted byonelinear function (c.f., Bresolin et al.

2009), and it is valid to express gradients in dex per kpc, i.e., we do not consider normalizing

gradients to disk scale length.

• We assume the galactic center is well-defined and is aligned with the peak of Hα emissions.

Locating the galactic center is straightforward for local galaxies, but may not be unambiguous

for high-z galaxies because of their irregular morphology (e.g., Abraham et al. 1996;

Giavalisco et al. 1996). For similar reasons, we do not correct for the inclination angle of

the galaxy as it is not well constrained for high-z galaxies.

• We only consider metallicity gradients for isolated disks,i.e., no mergers in the system.

• Other systematics such as the uncertainties stemmed from lensing models, the effects of

shocks and AGN are beyond the scope of the paper (e.g., Wrightet al. 2010; Yuan et al.

2012).

Note that each of the above items may play an important role inmetallicity gradient studies. We

suppress their effects here in order to filter out the systematics of 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 (∼ 0.02′′) in metallicity measurements at high-

z so far is in category (1): gravitationally lensed galaxies with adaptive optics (AO) (Jones et al.

2010; Yuan et al. 2011; Jones et al. 2012). Among these studies, the grand-design spiral Sp1149 at

z = 1.49 is most spectacular and suitable for detail metallicity analysis because of its clear face-on

morphology and fortuitously uniform lensing magnification(Yuan et al. 2011). We therefore use

Sp1149 as our input.

6.4.1 The Original IFU Data of the Grand-Design Spiral (Sp1149)

Sp1149 was observed using the Laser Guide Star Adaptive Optics aided integral field spectrograph

(OSIRIS; Larkin et al. 2006) on KECK II in 2012. We achieved animage-plane angular resolution

of 0.′′1, corresponding to a source-plane resolution of∼ 0.02′′ (170 pc). The pixel scale we use for

Sp1149 is also0.′′1, with a field of view (FOV) of 4.8′′ by 6.4′′ and a spectral resolution ofR ∼3400.

Sp1149 is a rare lensing case as it is stretched almost equally by ∼ 5 times on each orientation

of the two-dimensional image. As a result, the source-planemorphology looks almost identical to

the image-plane morphology. The error on the lensing magnification of Sp1149 is< 10% (Smith

et al. 2009; Yuan et al. 2011).

In Yuan et al. (2011), we derive the metallicity gradient forSp1149 by integrating the

spectrum in three annuli corresponding to a physical lengthof r1=0.72±0.1 kpc, r2=2.34±0.2

kpc, r3=4.5±0.4 kpc. The choice of the annuli is such that the integrated spectra could reach S/N

> 5 for the weak [NII ] lines. The [NII ] line is robustly detected at S/N> 5 for the inner two annuli

and is a 3σ detection for the outer annulus which we give an upper limit.In the next subsection, we

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

For each wavelength slice, we convolve the spatial pixels with a Gaussian kernel of a range of full

width half maximum (FWHM) values. We then re-extract the spectra using the same three-annuli

as in Yuan et al. (2011). Following the procedures in Yuan et al. (2011), we fit the [NII ] /Hα ratios

in the three-annuli and obtain the metallicities using the PPN204 method (Pettini & Pagel 2004).

Figure 6.1 plots the final fit and 1-σ error of the fit to metallicity ([NII ] /Hα ratio) vs. radius for the

downgraded IFU data.

We see from Figure 6.1 that there is a trend of the measured metallicity gradient flattening

with FWHM. The errors of the fitting also increase with FWHM asthe S/N of the [NII ] /Hα ratio

decrease. With a FWHM of 0.8′′, inverted (positive) gradients begin to appear within errors of the

linear fitting.

To see if the trend continues at even larger FWHM, we downgrade the date using a range of

FWHM between the original 0.1′′ resolution and a fiducially large 2.0′′ resolution. We find that the

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

Figure 6.2 seems to suggest that that there is a critical angular resolution range, below which

a much steeper gradient is probed. Above this critical resolution, e.g., under seeing-limited

conditions, the gradient approaches to a very shallow or close-to-flat value.

The behavior of the gradient vs. FWHM is interesting and worrisome at the same time. Ideally,

the measured gradient should not be a function of FWHM withinerrors. If a higher angular

resolution probes closer to the real gradient, then what is the FWHM required to recover the intrinsic

real gradient ? We address this question in Section 6.5 usingsimulated 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 high-z, we choose a local galaxy that has star formation

concentrated at the galactic nucleus instead of on the spiral arms. We use the isolated luminous

infrared galaxy IRAS F17222−595 (Sp1722) atz = 0.021. Sp1722 is relatively face-on, has a

morphological type of Sbc, and a moderate SFR (Hα) of ∼11 M⊙ yr−1. The optical IFU data

of Sp1722 is adopted from the Wide Field Spectrograph (WiFeS) Integral Field Unit (IFU) Great

Observatory All-Sky LIRG Survey (GOALS) Sample (WIGS) (Rich et al. 2012).

Briefly, the IFU data were taken using WiFeS at the Mount Stromlo and Siding Spring

Observatory (SSO) 2.3 m telescope (Dopita et al. 2010). The blue and red spectra of WiFeS have

with a resolution of R3000 and R7000 and wavelength coverageof ∼3500-5800Å and∼ 5500-

7000Å respectively. We use the fully reduced and flux calibrated data from Rich et al. (2012). The

pixel scale of WiFeS is 0.5′′, with a field of view (FOV) of 25′′×38′′. The reduced data are binned

by 2 pixels in the spatial direction, yielding an effective spatial resolution of 1.0′′×1.0′′.

To make realistic comparisons with observed IFU data, we fix Sp1722 at the redshift of Sp1149

(z = 1.49). We derive the size and surface brightness distribution for each redshifted wavelength

slice using basic equations of angular diameter distance and luminosity distance, and based on the

conservation of total luminosity. Due to pure cosmology effects, the angular size and total flux of

Sp1722 are reduced by∼ 0.05 and∼ 2.9 × 10−5 respectively atz = 1.49.

Because of the shrinking in size, an angular scale 0.02′′ is required to fully recover the spatial

samplings of the local IFU data. We thus set the highest FWHM resolution of our simulation as

0.02′′.

The original Poisson-noise dominated optical spectra are shifted into the NIR atz = 1.49,

and real NIR data are sky-background dominated. We compose anoise spectrum at the spectral

resolution of WiFes by interpolating the sky-residuals of our OSIRIS datacube. The noise spectrum
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represents the sky OH emission residuals in real observations. The noise spectrum is scaled and

added to the redshifted spectrum of each spaxel according tothe required input S/N.

We define the input S/N of our simulation on the spaxel where Hα emission peaks. For easier

comparison with observations, we also measure the output S/N of the Hα lines in outer annuli on

the simulated datacube (Section 4.5).

Note that in this simulation, we do not consider any intrinsic evolutionary effect except that we

multiple the total flux of the original IFU data by a factor of 20. The factor of 20 is adopted for two

reasons: 1. the SFR of galaxies atz ∼ 2 are found to be∼ 20 higher than galaxies atz ∼ 0 at

a fixed mass of∼ 1010 M⊙ (e.g., Noeske et al. 2007a,b; Zahid et al. 2012); 2. Without manually

increasing the total flux, Sp1722 would have been under the detection limit of any current NIR IFU

instrument. We find that by increasing the intrinsic flux by 20, Sp1722 would be well detected in

NIR IFU spectrographs such as OSIRIS. The factor of∼ 20 also coincides with the lensing flux

magnification of Sp1149 in Section 6.4.

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

FWHMs and generate a set of simulated IFU data atz = 1.49.

For both the local and simulated datacube, we use similar line-fitting procedures as described in

Yuan et al. (2011). Figure 6.3 shows the continuum and Hα emission line image derived from the

original WiFeS data of Sp1722, and from the simulated high-z Sp1722 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 metallicity gradients for low S/N high-z

data (Jones et al. 2010; Yuan et al. 2011; Queyrel et al. 2012;Swinbank et al. 2012). In order to

see the effect of annuli binning on metallicity gradient measurements, we compare the 3-annuli

binning with the full sampling without binning. Since only the local datacube has sufficient spatial

resolution and S/N simultaneously to compare a full and 3-annuli sampling, 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 a 3-annuli binning and a full sampling in

annulus. The three annuli are defined on the simulated high-z data and they are chosen such that

the [N II ] line from the outer-most annulus is robustly detected (S/N≥ 5) on all annuli of high-z

datacube.

We see from Figure 6.4 that the gradient from annuli-binningis shallower than the gradient

derived from full samplings. In the case of Sp1722, the 3-annuli binning yields a metallicity

gradient of -0.0151±0.0003 dex kpc−1, whereas the fulling sampling yields -0.0290±0.0002 dex

kpc−1. Binning in 3 (or small number) annuli introduces non-negligible systematic errors on the

metallicity gradient measurement.

6.5.3 The Effect of FWHM on Metallicity Gradient Measurements

We extract the 3-annuli spectra for our simulated datacube with a range of FWHM and S/N.

Figure 6.5 shows an example of the 3-annuli spectra and derived metallicity gradient. The example

in Figure 6.5 has an angular resolution of FWHM=0.02′′) an input S/N of 100.

Figure 6.5 shows that even with the highest resolution FWHM =0.02′′ in the simulation, the

measured 3-annuli gradient does not recover the 3-annuli gradient measured on the local datacube

within the 1σ measurement error. We tried using an over-sampling FWHM of 0.01′′. The measured

gradient does not differ from the highest resolution FWHM = 0.02′′ case.

Figure 6.6 plots the PP04N2-based metallicity gradient fordifferent FWHMs. We see the same

trend in the simulated data as seen in Figure 6.1: the measured metallicity gradient get shallower

as the FWHM increases. As the FWHM goes to seeing limited region, the gradients are essentially

consistent with a flat (∼ 0) value. The curve of the metallicity gradients vs. the FWHMrelation is

also similar to Figure 6.2. However, the change of the FWHM from steep to shallow gradients are

much slower.

Figure 6.7 shows the deviation of the measured gradient fromthe “real gradient”. If the

local 3 annuli gradient is taken as the “real gradient”, thenthe closest measurement we get is

0.0056 ± 0.0002 dex shallower than the real gradient of 0.0151±0.0002 dex per kpc. If the
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local fully sampled gradient is taken as the “real gradient”, then the closest measurement we get

is 0.0195 ± 0.0002 dex shallower than the real gradient of 0.0289±0.0002 dex per kpc.

6.5.4 The Effect of S/N on Metallicity Gradient Measurements

Section 6.5.3 shows one of the high input S/N (100) case. The input S/N is defined on the Hα line

of the central pixel (see Section 6.8.1). An input S/N of 100 corresponds 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 inputS/N. We fix the angular resolution

at FWHM=0.02′′. Figure 6.8 shows the deviation of the measured gradient from the “real gradient”

as function of S/N. We see that the most significant effect of S/N is on the errors of the metallicity

gradient measurement. The errors of the gradients decreasewith S/N. At S/Npeak < 50 (S/N

3rd annulus < 4.3), the error bars of the gradient are so large that the gradients can not be well

constrained, i.e., both a positive and negative gradient are consistent within the errors.

6.6 Metallicity Gradient vs. FWHM in Literature

As described in Section 1, current IFU studies on metallicity gradients can be divided into three

categories according to their angular resolutions: (1) gravitationally lensed galaxies with AO; (2)

non-lensed galaxies with AO; (3) non-lensed galaxies underseeing-limited conditions. We gather

the literature data in these 3 categories and examine the measured metallicity gradients with respect

to the FWHMs used in the observations.

For category (1), we use the 5 lensed galaxies from Jones et al. (2010); Yuan et al. (2011); Jones

et al. (2012). We exclude 1 merging system from the lensed galaxies. For (2), we use the 7 AO-

corrected galaxies from Swinbank et al. (2012). For (3), we use the data of Queyrel et al. (2012),

as 17 out of the 18 galaxies in Queyrel et al. (2012) are seeing-limited measurements, with 1 AO

corrected measurement. These 18 galaxies do not include interacting galaxies identified in Queyrel

et al. (2012). All the gradients are measured based on the PP04N2 metallicity diagnostics. The

metallicity gradients are plotted against the FWHM angularresolution in Figure 6.9.
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Note that there is a redshift difference among the three samples. The median redshift for sample

(1) is z ∼ 2, the median redshifts for samples (2) and (3) arez ∼ 1.5 andz ∼ 1.3 respectively. If

the FWHM effect does not play a role in these observations, one would be tempted conclude that

the metallicity gradient is evolving from the steeper gradients atz ∼ 2 to much shallower gradients

atz ∼ 1.

However, relating Figure 6.9 with Figure 6.2 and Figure 6.6,we see a striking similarity in

the behavior of the measured metallicity gradient vs. FWHM relation. The fact that the steepest

gradients are only seen in the lensing+AO samples (including one at z∼ 1.5) is consistent with our

findings in the previous sections that there exists a critical angular resolution range above which the

absolute value of the gradients are going to be significantlyunder-estimated. It is possible that the

FWHM effect can be the cause of the trend we see in Figure 6.9. Interpretations of the metallicity

gradient evolution with redshift must be taken in caution before 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 [NII ] and Hα lines. The [NII ] lines are

usually more than 3 times weaker than Hα lines for normal star-forming regions. Given a negative

radial metallicity gradient, much weaker [NII ] lines are expected on the outer regions. Any spatial

averaging/smoothing process would selectively erase the low S/N [N II ] line regions. As a result, the

spatially averaged spectra are weighted more towards the regions of stronger [NII ] lines, leading to

over-estimation of the metallicity on the outer-disk. Accordingly, small numbers of annuli binning

has the same effect as increased FWHM.

Using this argument, we would expect that the steeper the intrinsic gradient is, the larger the

observed gradient is going to deviate from the intrinsic value. The curve of the gradient vs. FWHM

relation (e.g., Figure 6.9, Figure 6.2 and Figure 6.6) woulddepend on the intrinsic shape of the

metallicity gradient.
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If biased weighting towards higher [NII ] /Hα regions is the cause of the FWHM effect, one

would think that it is possible to cancel out the averaging effect by using a reversely weighted

function. However, it is not straightforward to establish this anti-weighting function, as it relies

on knowing the intrinsic gradient as a priori. Moreover, if the “averaging” process is done by the

atmosphere, it is impossible to de-convolve the observed FWHM back to the pre-averaged values,

as it would be equivalent to finding an algorithm to “recover”the data with any wished angular

resolution.

In Section 6.7.2, we propose an empirical method to correct for the systematic FWHM effect.

6.7.2 Possible Solution to Correct for the FWHM Effect

We assume that for each galaxy with an intrinsic radial metallicity gradientGint, there exists a curve

functionf that characterize the observed gradientGobs as a function of effective resolutionx.

We define the correction factor∆cor as:

∆cor = Gobs − Gint, (6.1)

The function that describes the relation betweenGobs and effective resolutionx is:

Gobs = f(x;Gint), (6.2)

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

∆cor = f(x;Gint) − Gint. (6.3)

Thus, for a given observation with resolutionx, and measurmentGobs, we can make an initial

guess forGint, and use Equations (6.3) to find an initial correction forGobs. The correctedGobs is

then compared toGint for the next iteration. This process can be iterated till theconvergence of the

correctedGobs andGint. Note thatx is the effective FWHM, i.e., the actual angular resolution after

binning in data reduction.
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Figure 6.10 shows an illustration of the empirical correction. For each galaxy with a metallicity

gradientGint, there is a correction curvef(x;Gint) − Gint. For instance, we schematically plot

three types of correction curve corresponds to a steep, shallow and flat intrinsic gradient. Initial

guess can be made based on the resolutionx and the observed gradientGobs.

Our future work include establishing an empirical library for the functionf(x;Gint). It can be

realized by simulating a large sample of local IFU data as we did with Sp1722. We hope to provide

this library as an empirical correction for future large samples of metallicity gradient measurement

at high-z.

6.8 Conclusion

In this paper, we have demonstrated that the angular resolution, S/N and annuli binning introduce

significant systematic errors on the metallicity gradient measurements at high-z.

We find that:

• The measured metallicity gradient changes systematicallywith angular resolution FWHM.

Seeing-limited observations are likely to produce more flattened gradients than AO-aided

high-resolution studies.

• There is a critical FWHM range above which the measured metallicity is going to be

significantly more flattened than the intrinsic metallicity. This critical FWHM depends on

the intrinsic gradient of the galaxy. For the two cases used in this work, the critical FWHM is

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

• For a fixed angular resolution, the errors of the metallicitygradient increase as S/N decrease.

At low S/N (< 4.3 for the simulated case), the errors are so large that the gradient can not be

meaningfully constrained.

• Three annuli binning or any limited annuli binning yields a more flattened gradient than the

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

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

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

large sample of local galaxies at high-z with known gradients.

r1 r2 r3

Figure 6.1 Metallicity ([NII ] /Hα ratio) vs. radius for the datacube of Sp1149 downgraded to
different angular resolution FWHM = 0.1, 0.2, 0.3, 0.4, 0.6,and 0.8 arcsec (in different colors).
Dashed and dash-dot lines are the best-fit and 1-σ error of the fitted slope. The imbedded panel
on the lower right shows the original OSIRIS Hα map with the three annuli marked on. The first
annulus has a radius of 0.4 arcsec. The original data has an angular resolution of 0.1′′ (FWHM),
corresponding to the pixel scale of the data.

6.8.1 Simulating IFU Observation of Sp1722 atz = 1.49
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Figure 6.2 The measured metallicity gradient and the 1-σ error as a function of the FWHM angular
resolution based on the data of Sp1149 atz = 1.49 (Yuan et al. 2011). The smallest angular
resolution corresponds to the actual observed resolution of 0.1′′ or 0.02′′ intrinsic resolution after
correcting for lensing magnification.
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Continuum Ha

0.1"  z=1.49

0.3"  z=1.49

1.0"  z=0.02

0.02"  z=1.49

Figure 6.3 The continuum and wavelength-collapsed Hα image derived from the WiFeS data of
Sp1722 (first row), and from the simulated Sp1722 atz = 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



−0.0290+/−0.0002 dex/kpc

−0.0151+/−0.0002 dex/kpc

a3

r3

r1

r2

a1 a2

Figure 6.4 Derive [NII ] /Hα -based metallicity gradient for the local data of Sp1722. Left: Hα
intensity derived from the WiFeS datacube. We use the same three annuli as defined on the simulated
high-z data. The averaged spectra (zoomed in for the [NII ] and Hα vicinity) in the three annuli are
shown on the right panel (a1-a3). The flux is in unit of10−16 ergs s−1 cm−2Å−1). The panel on
the bottom right shows the metallicity gradient derived using the three annuli binning (black) in
comparison with a full sampling (red) without binning.
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Figure 6.5 Examples of the [NII ] and Hα lines extracted from the 3-annuli bins on a simulated
datacube (S/N=100, FWHM=0.02′′). The panels are organized in the same order as in Figure 6.4,
with the same flux and wavelength units. The panel on the bottom right shows the metallicity
gradient (blue) based on the [NII ] and Hα line ratios. The local 3-annuli (black) and full sampling
(red) gradients are also shown for comparison.
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Figure 6.6 Metallicity vs. radius on the simulated datacube(S/N fixed at 100). Three-annuli binning are used. We show examples of a few
FWHM in different colors. For comparison, the three-annuliand fully sampled metallicity of the local data are shown in red. We see that the
local gradient is not recovered even in the highest resolution of the simulation (FWHM=0.02′′).

169



Figure 6.7 The deviation of the measured gradient from the “real gradient” as function of FWHM.
The “real gradient” is taken to be the local 3-annuli (black)and full sampled gradient (red)
separately. The dashed horizontal lines show the position above which a positive gradient is seen.
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Figure 6.8 The deviation of the measured gradient from the “real gradient” as a function of S/N
(FWHM fixed at 0.02′′). The symbols and lines have the same meanings as in Figure 6.7. The input
S/N are defined on the peak spaxel of the Hα emission line. The corresponding output S/N of the
faintest annulus are marked on the top.
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Figure 6.9 The fact that measurements for different galaxies in different studies follow the same
trend as Figure 2 and 6 strongly suggest that there the angular resolution has played a role in causing
the systematic difference in the metallicity gradient. Theeffect of FWHM needs to be taken care of
before interpreting the difference as redshift evolution.
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A B C

O

f(x,G_steep)−G_steep

f(x,G_shallow)−G_shallow

f(x,G_flat)−G_flat

Figure 6.10 Illustration of possible correction that can bedone once the function f(x,intrinsic
gradient) is established. The correction curve depends on the intrinsic gradient of the galaxy. An
iteration process can be used to find the intrinsic gradient.An initial guess for correction can be
made based on the observed gradient and the location of effective angular resolutionx. Region A
is currently achievable with lensing+AO, region B is for good AO correction without lensing, and
region C is seeing-limited observations.
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Chapter 7

Summary and Future Work

7.1 Summary

The purpose of this thesis have been to probe the cosmic metallicity history of star-forming galaxies

at redshift 1< z < 3 via the study of a gravitationally lensed galaxy sample. The metallicity history

of galaxies includes the global metallicity evolution and metallicity gradient evolution with cosmic

time. The global metallicity evolution is closely entangled with the star formation histories of

galaxies, whereas the metallicity gradient evolution is directly related to the mass assembly histories

of galaxies. This thesis has contributed to establishing the most solid observational baseline to date

on the global metallicity evolution of star-forming galaxies. The thesis also pushes the frontiers of

resolving the metallicity distribution of high-z galaxies and provides the first observational evidence

for metallicity gradients of grand-design galaxies at high-z.

7.1.1 Global Mean Metallicity and the MZ relation Evolution

The slope of the global metallicity evolution with redshiftindicates the chemical enrichment rate

at each cosmic epoch. The metallicity evolution with redshift in different mass ranges suggests

possible mass-dependent growth in chemical evolution of galaxies. At a given redshift, the slope of

the MZ relation places tight constrains on the outflow modelsof galaxy evolution. The evolution of

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

processes at high-z are different from local galaxies. The main conclusions of the thesis are:
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• There is a clear evolution in the mean and median metallicities of 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.

• The lensing-selected sample atz > 1 shows a much larger spread in their global metallicity

than UV-selected sample of stacked spectra. For a given stellar mass, our metallicities span

a wide range (> 0.2 dex) of values. This range is not simply a result of stacking, rather, the

lensed galaxies are less prone to color-selection biases and are able to probe lower stellar

masses.

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

rich.

• A more rapid evolution is seen betweenz ∼ 1 → 3 thanz ∼ 0 → 1 based on the median

and mean metallicities of all galaxies (a mean fall in metallicity of -0.055± 0.014 dex Gyr−1

from z ∼ 1 → 3, and -0.022 ± 0.001 dex Gyr−1 from z ∼ 0 → 1).

• We compare the metallicity evolution of star-forming galaxies from z = 0 → 3 with the

most recent cosmological hydrodynamic simulations. We show that overall the metallicity

evolution agrees with the model predictions within the errors. However, at each cosmic time,

the model over-predicts the enrichment for the highest mass(1010 M⊙<M⋆ < 1011 M⊙)

galaxies.

• The hydrodynamic simulation from Dave et al. (2011a,b) fails to reproduce the evolutions of

the observed MZ relation based on the PP04N2 diagnostic. Whether the 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 inner disks have higher metallicities in the

galactic centers than the outer-disks, with a gradient slope of ∼0.05 dex/kpc. These somewhat

shallow gradients have provided critical constraints on models of galaxy formation and evolution,
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and are fundamental to the predictions of the classical “inside- out” paradigm for disk growth. No

direct observational constraints on what the magnitude of the time evolution of the gradients should

be until the work of this thesis and a few other work in literature since 2010. The main conclusions

of the thesis are:

• The metallicity gradient of a lensed grand-design spiral galaxy is -0.16± 0.02 dex/kpc. This

gradient is much steeper than any local disk galaxies.

• Our grand-design spiral atz = 1.5, together with another 2 lensed galaxies atz ∼ 2

reported in Jones et al. (2012) have much steeper gradients than local disk galaxies. This

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

• We find that the measured metallicity gradient changes systematically with FWHM and annuli

binning. The metallicity gradients of AO-aided lensed galaxies atz ∼ 2 are much steeper

than gradients reported in seeing-limited observations (z ∼1 samples). This is a systematic

FWHM effect rather than a redshift evolution.

• We report an elevated [NII ]/Hα ratio region in a galaxy atz ∼ 1 and propose that it is

contaminated by a significant fraction of shock excitation due to galactic outflows. We find

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

• We suggest that the velocity and velocity dispersion of relatively face-on clump disk and a

merger at high-z may be degenerated, even with our spatially magnified lensedgalaxies.

7.2 Future Work

7.2.1 Correct for the Systematical Errors in Metallicity Gr adient Measurements

As shown in Chapter 6, there is a FWHM effect in the metallicity gradient measurement. It is of

critical importance that we understand and characterize this systematic effect before embarking on

large survey of metallicity gradient at high-z. Large samples of resolved high-z galaxies will be

routines for the next generation of large telescopes such asGMT, TMT, and JWST.
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We show in Chapter 6 that for each galaxy with a metallicity gradientGint, there is a correction

curve f(x;Gint) − Gint. We can establish an empirical library for the functionf(x;Gint). It

can be realized by simulating a large sample of local IFU dataas we did with Sp1722. We will

then provide this library as an empirical correction for future large samples of metallicity gradient

measurements. We will soon realize this library by using theCalar Alto Legacy Integral Field Area

Survey (CALIFA) data. CALIFA is a statistically well-defined sample of∼600 galaxies in the

local universe using 250 observing nights with the PMAS/PPAK integral field spectrophotometer,

mounted on the Calar Alto 3.5 m telescope. The CALIFA data provide the largest and most

comprehensive wide-field IFU survey of galaxies carried outto date.

7.2.2 Towards a Mass-Selected Lensed Galaxy Sample

We have seen the advantages of using gravitationally lensedgalaxies as alternative samples against

color-selection and as powerful cosmic telescopes to probethe fainter mass range. The lensed

galaxy sample used in metallicity history studies have increased five fold in the past 5 years.

However, we are still limited by small numbers of lensed candidates. Our final goal would be

to establish a large sample of lensed galaxies such that mass-selection on the lensed sample is

possible. Current and future imaging of new lensing clusters will quickly expand our search of

lensed candidates. For example, the existing snap-shot HSTimages of the MACS cluster sample

have already yield more than 30 new lensed giant arcs (Figure7.1). Besides the MACS cluster

survey, the FOCUS survey led by Lisa Kewley in Australia willuse the WiFeS Integral Field

Spectrograph to obtain deep maps of galaxies at intermediate distances that have been lensed

behind nearby clusters. The major innovations offered by WiFeS are simultaneous imaging and

spectroscopy over a wide field of view. Simultaneous imagingand spectroscopy is essential for

understanding how galaxy disks form and evolve, while a widefield of view is critical for covering

the large areas spanned by nearby galaxy clusters. These lensing surveys will offer a great chance

of finding suitable AO-correction candidates, as well as building towards a large lensing sample for

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

Part I: Basic Lensing Equations

Lensing Basics:The background galaxies we observed have been magnified in flux and distorted

spatially by the foreground gravitational potential. Lensing modeling serves to recover the intrinsic

properties of the lensed galaxies, yielding magnification factors for the flux and the area. This

subsection summarizes very briefly the basic idea of gravitational lensing, more details can be found

in Schneider et al. (e.g., 1992); Kaiser & Squires (e.g., 1993).

Gravitational lensing is nothing but the fact that light rays are deflected in the gravitational field,

as predicted by Einstein’s General Relativity. The change in the direction of the light bundle can be

quantified very simply by the lens equation:

u = x−∇φ(x) (A.1)

whereu is the original source angular position without lensing,x is image angular position after

lensing, and∇φ(x) is the scaled deflection angle, which is the first order derivative of the two-

dimensional (i.e., projected) gravitational potentialφ.

The potentialφ is related to the scaled surface mass densityκ via the Possion equation:

∇2φ = 2κ, whereκ is defined to be the projected surface mass distributionΣ of the lens divided by

the critical surface densityΣcr of the lens. The critical surface density is expressed as

Σcr =
c2

4πG

Dos

DolDls
(A.2)
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where Dol and Dos are angular diameter distances from the observer to the lensand source,

respectively, andDls is the angular diameter distance from the lens to the source.Once we know the

redshift of the source and lens, and the mass distribution ofthe foreground lens, we can in principal

calculateκ and obtain the image positions via solving Eq. (A.1). An important conclusion from the

above description is thatthe image position scales with the first order derivative of the projected

foreground gravitational potential.

Not only will the direction of the light bundles be deflected,but also the shape and area will get

distorted because of the gravitational tidal effects. The distortion of the source image is described

by the distortion matrix

A ≡
∂u

∂x
=







1 − κ 0

0 1 − κ






+







−γ1 −γ2

−γ2 γ1







whereκ, the scaled surface mass density, also called convergence,controls the image area; and

γ = γ1 + iγ2 is the complex shear, which controls the distortion of the shapes. The relation

betweenγ and κ can be described by linear convolution processes. Since lensing preserves

surface brightness, and there is no absorption nor emissionevolved, the total flux of the images

is magnified by the magnification of the image area, which is controlled byκ. The inverse ofA is

the magnification matrix:

A
−1 ≡

(

∂u

∂x

)−1

=







1 − φxx −φxy

−φxy 1 − φyy







−1

(A.3)

where φij ≡ ∂2φ/∂xi∂xj is the second derivative of the potential. The often mentioned

magnification factorµ is just the determinant ofA−1. An immediate conclusion here is thatthe

magnification scales with the second order derivatives of the potential (more clumpy component of

the mass profile). In the strong lensing case, one source positionu will have multiple solutions for

image positionsx in Eq. (A.1), therefore according to Eq. (A.3), the magnification µ is going to be

different for each image position solution.
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“Critical curves” are formed by points on the image plane that satisfydet(A−1) = 0 (infinitely

largeµ). They have theoretically infinite magnification factorµ. When those points are mapped onto

the source plane, they are called “Caustics”. Sources near acaustic has the largest magnification and

distortion. Note that in realityµ will never increase to infinity because the above expressions are

derived from geometric optics and it fails near critical points; wave optics must be applied in those

positions. Also note that the above equations are derived for point sources; the magnification for

extended sources should be the magnificationµ at each point averaged over the surface brightness

distribution of the sources.

In this thesis, the gravitational lensing models are based on the methodology that is described

in detail in the Lenstool softwareLenstool1 (Kneib et al. 1993; Jullo et al. 2007).

The code LENSTOOL is used to constrain a parametrized model of the dark matter distribution.

For each cluster, the model comprises two components: 1 or 2 cluster-scale dark matter haloes,

parametrized with a dual pseudo-isothermal elliptical (dPIE) mass distribution, and a few galaxy-

scale dPIE dark matter haloes, centered on massive cluster members occupying the strong lensing

region to account for the substructures (e.g., Natarajan etal. 2007). These galaxy-scale haloes

are assumed to have mass properties that follow a scaling relation based on the luminosity of the

underlying galaxy, assuming a constant mass-to-light ratio (Natarajan et al. 1998; Smith et al. 2005).

Lenstool uses Bayesian optimization with a Monte-Carlo Markov Chain(MCMC) sampler

which provides a family of best models that fits the strong lensing constraints, sampling the posterior

probability distribution of each parameter. In particular, we use this family of best models to derive

the magnification and relative error on magnificationµ associated to each lensed source.

1http://www.oamp.fr/cosmology/lenstool
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Appendix A

Part II: BPT diagram, AGN and Starbursts

Note: This Appendix originally appeared in Yuan, Kewley, & Sanders 2010, ApJ, 709, 884.

The Tables and Appendix can be found in the online paper. Throughout the thesis, we use BPT

diagrams to exclude AGN. This Appendix shows an example of the usage of the BPT diagram on

diagnostic starburst and AGN.

Abstract

We investigate the fraction of starbursts, starburst-AGN composites, Seyferts, and LINERs as a

function of infrared luminosity (LIR) and merger progress for∼500 infrared-selected galaxies.

Using the new optical classifications afforded by the extremely large data set of the Sloan Digital

Sky Survey, we find that the fraction of LINERs in IR-selectedsamples is rare (< 5%) compared

with other spectral types. The lack of strong infrared emission in LINERs is consistent with recent

optical studies suggesting that LINERs contain AGN with lower accretion rates than in Seyfert

galaxies. Most previously classified infrared-luminous LINERs are classified as starburst-AGN

composite galaxies in the new scheme. Starburst-AGN composites appear to “bridge” the spectral

evolution from starburst to AGN in ULIRGs. The relative strength of the AGN versus starburst

activity shows a significant increase at high infrared luminosity. In ULIRGs (LIR > 1012L⊙),

starburst-AGN composite galaxies dominate at early− intermediate stages of the merger, and AGN

galaxies dominate during the final merger stages. Our results are consistent with models for IR-

luminous galaxies where mergers of gas-rich spirals fuel both starburst and AGN, and where the
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AGN becomes increasingly dominant during the final merger stages of the most luminous infrared

objects.

A.1 INTRODUCTION

Luminous Infrared Galaxies (LIRGs:LIR > 1011L⊙
1) were first discovered in small numbers∼4

decades ago (Low & Kleinmann 1968; Kleinmann & Low 1970a,b; Becklin et al. 1971; Becklin &

Neugebauer 1972; Rieke & Low 1972a). The importance of theseobjects to galaxy evolution was

made more clear following the first all-sky survey carried out by theInfrared Astronomical Satellite

(IRAS: Neugebauer et al. 1984). Soifer et al. (1987) found that thespace density of infrared (IR)-

selected LIRGs in the local Universe (z < 0.1) rivaled that of the most powerful optically-selected

starburst and Seyfert galaxies at similar bolometric luminosity, and that the most luminous objects

− ultraluminous infrared galaxies (ULIRGs:LIR > 1012L⊙) − had similar space densities and

bolometric luminosities as optically-selected quasi-stellar objects (QSOs).

There have been numerous studies related to the origin and evolution of U/LIRGs2, and most

now seem to agree that strong interactions and mergers of gas-rich galaxies are the trigger for the

majority of the more luminous LIRGs (see the review by Sanders & Mirabel 1996). The merger

fraction increases with IR luminosity and approaches 100% for samples of ULIRGs (e.g., Sanders

et al. 1988a; Kim 1995a; Clements et al. 1996; Farrah et al. 2001). In the complete sample of

IRAS 1 Jy ULIRGs by Kim (1995a), 117 out of 118 galaxies show strong signs of tidal interaction

(Veilleux et al. 2002).

There is less consensus on the nature of the power source of U/LIRGs. It is clear that the

IR luminosity in U/LIRGs can derive from dust reprocessing of either extreme starburst activity,

Active Galactic Nuclei (AGN), or a combination of the two. Studies of moderate to large samples of

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

1LIR ≡ L(8 − 1000µm); (see Sanders & Mirabel 1996)
2Previous studies of the properties of infrared galaxies versus log(LIR/L⊙) often divide the galaxy samples into

decade luminosity bins and use the terms moderate, luminous, ultraluminous, and hyperluminous to refer to the decade
ranges 10−10.99, 11−11.99, 12−12.99, and 13−13.99, respectively. We follow this convention here, and use U/LIRGs
when we wish to refer to all galaxies with log(LIR/L⊙)= 11−12.99 .
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that the dominant power source in lower luminosity LIRGs is an extended starburst, and that an

AGN often makes an increasing contribution to the bolometric luminosity in the more luminous

sources with obvious energetic point-like nuclei. However, different studies of the same objects

disagree on the relative contributions of starburst and AGNactivity to the bolometric luminosity, in

particular for the ULIRGs where the dominant energy source powering their extremely luminous

and compact nuclear cores continues to be the subject of intense debate (c.f., Joseph 1999; Sanders

1999). Although numerous studies at various wavelengths continue to be carried out to determine

the energy source of ULIRGs (e.g., Tran et al. 2001; Farrah et al. 2003, 2007; Lı́pari et al. 2003;

Ptak et al. 2003; Imanishi et al. 2007), determining the relative contribution of starbursts and AGN

within individual galaxies is still difficult.

One of the commonly proposed merger scenarios for ULIRGs (e.g., Sanders et al. 1988a; Kim et

al. 1995b; Farrah et al. 2001; Lı́pari et al. 2003; Dasyra et al. 2006) is based on the Toomre & Toomre

(1972) sequence in which two galaxies lose their mutual orbital energy and angular momentum to

tidal features and/or an extended dark halo and coalesce into a single galaxy. Tidal interactions

and associated shocks are thought to trigger star formation(e.g., Bushouse 1987; Kennicutt et al.

1987; Liu & Kennicutt 1995; Barnes 2004) which heats the surrounding dust, producing strong

far-infrared (FIR) radiation. The FIR radiation rises to anultra-luminous IR stage powered by

starbursts and/or dust-shrouded AGN. As starburst activity subsides, the merger finally evolves into

an optically bright QSO. In this scenario, ULIRGs plausiblyrepresent a dust-shrouded transition

stage that leads to the formation of optical QSOs (e.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 power source behind the strong

IR emission, and the relationship between this power sourceand the evolutionary stage of the

interaction. Comprehensive studies on large IR-selected samples are crucial to this analysis. Notable

examples of such samples are the IRAS Bright Galaxy Survey (BGS: Veilleux et al. 1995), the IRAS

1 Jy ULIRGs sample (1 Jy ULIRGs: Kim 1995a; Kim & Sanders 1998;Veilleux et al. 2002), and

the Southern Warm Infrared Galaxy sample (SW01: Kewley et al. 2001a).
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Most previous studies use standard optical spectral diagnostic diagrams to classify the dominant

power source in emission-line galaxies (Baldwin, Phillips, & Terlevich 1981; Veilleux & Osterbrock

1987). These diagrams are based on four optical emission line ratios that are sensitive to the

hardness of the ionizing radiation field. More recently, theSloan Digital Sky Survey (SDSS) has

revolutionized these classification schemes by revealing clearly formed branches of star-forming

galaxies, Seyferts, and Low Ionization Narrow Emission-line Region Galaxies (LINERs) on the

diagnostic diagrams, for the first time (Kewley et al. 2006).Kewley et al. shows that many galaxies

previously classified as LINERs lie along a well-defined mixing branch from star-forming galaxies

to Seyfert galaxies.

In light of this new classification scheme, we investigate the new spectral classification of IR

galaxies as a function of IR luminosity and merger progress.We describe our sample selection and

derived quantities in§ A.2. The results are presented in§ A.3. We discuss the results in§ A.4 and

summarize in§ A.5. For convenience of comparison with the old 1 Jy ULIRG analysis by Veilleux

et al. (1999, 2002), we adopt a Hubble constant of H0 = 75 km s−1 Mpc−1, andΩm = 0.27,

ΩΛ = 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 118 ULIRGs from the IRAS 1 Jy sample of

ULIRGs (Kim & Sanders 1998) (hereafter the 1 Jy ULIRGs sample), 104 of the highest luminosity

objects from the IRAS Bright Galaxy Survey (hereafter the BGS sample), and the complete sample

of 285 galaxies in the Southern Warm Infrared Galaxies sample (Kewley et al. 2001a) (hereafter the

SW01 sample).

The complete 1 Jy sample was compiled by Kim (1995a) and is described in detail in Kim &

Sanders (1998). The 1 Jy sample was selected from the IRAS Faint Source Catalog (FSC) with

flux F (60µm) > 1 Jy at high Galactic latitude|b| > 30◦, and declinationδ > −40◦. The sample

contains 118 objects with redshiftz = 0.02− 0.27 and log(LIR/L⊙) = 12.00− 12.90. Veilleux et
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al. (1999) published optical spectra for 108 of these objects at a resolution of 8.3̊A. Their nuclear

spectra were extracted using a window corresponding to a physical diameter of 4 kpc (for the

three objects withz > 0.2: IRAS 00397−1312, IRAS 12032+1707, and IRAS 23499+2434, a

diameter of 8 kpc was used). Typical uncertainties for the emission line ratios are 5%−10%. AR-

andK ′-band image atlas for the 1 Jy sample is given in Kim et al. (2002) and the analysis of the

morphological properties was carried out by Veilleux et al.(2002).

We also include 104 lower luminosity objects from the IRAS BGS (Sanders et al. 1995; Veilleux

et al. 1995; Soifer et al. 1986, 1987, 1989). The BGS represent all extragalactic sources brighter

than 5.24 Jy at 60µm, |b| > 5◦. Kim et al. (1995b) provide optical spectra for 114 of these objects at

a resolution of 8−10 Å. A constant linear aperture of 2 kpc was used to extract the nuclear spectra.

The redshift range isz = 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 ULIRGs, with 8 of the ULIRGs also included

in the 1 Jy sample. We only use the 104 LIRGs (log(LIR/L⊙) < 12.0) in the BGS sample.The

main role of the BGS sample in this study is to supplement the 1Jy ULIRG sample with lower

luminosity objects, and to help create a larger non-ULIRGs sample in§ A.3.4.The finalLIR range

is log(LIR/L⊙) = 10.5 − 13.0 for the 1 Jy ULIRG and BGS samples combined.

The SW01 sample was selected by Kewley et al. (2001a) from thecatalog of Strauss et al.

(1992). It consists of 285 IRAS galaxies withF (60µm) > 2.5 Jy at|b| > 15◦, δ < 0◦. Kewley et

al. (2001a) applied the “warm” color criteria (F60/F25 < 8) to ensure that the sample contains a high

fraction of AGN. SW01 has a wide coverage in IR luminosity, and is dominated by LIRGs: among

the total 285 galaxies, 277 galaxies have log(LIR/L⊙) = 8.0 − 11.99 and 8 are ULIRGs. Kewley

et al. (2001a) took high-resolution spectra (30 km s−1 at Hα) for 235 objects in the SW01 sample

(the emission line intensity measurements are accurate to within 30%). The SW01 redshift limit

is z < 0.027 for IR luminosities log(LIR/L⊙) < 11.0 andz < 0.067 for log(LIR/L⊙) > 11.0.

Their nuclear spectra were extracted using an aperture corresponding to 1 kpc at the redshift of each

galaxy.

For the BGS and SW01 samples, we use optical images from the Digitized Sky Survey (DSS)

andKs-band images from 2MASS. We use theKs-band images to obtain the projected nuclear
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Figure A.1 Standard optical diagnostic diagrams showing the previous optical classification scheme
by Veilleux & Osterbrock (1987) (black dotted lines) and thenew classification scheme by Kewley
et al. (2006). Star-forming galaxies form a tight abundancesequence on these diagnostic diagrams.
The AGN branch begins at the metal-rich end of the star-forming galaxy sequence and extends
towards the upper right corner of these diagrams. Red solid curves are the theoretical “maximum
starburst line” derived by Kewley et al. (2001b) as an upper limit for star-forming galaxies (see
more descriptions in section 2.2); the red dashed curve on the [N II ] diagram is the Kauffmann
et al. (2003) semi-empirical lower boundary for the star-forming galaxies; the red lines (with the
empirical error±0.1 dex lines) on [SII ] and [OI] diagrams are the empirical boundary lines between
Seyfert 2 galaxies and LINERs. See§ A.2.2 for more details. The Kewley et al. (Ke06) scheme
substantially changes the LINER boundaries, and includes aclass for starburst-AGN composites
(labeled Comp). Note that in the [NII ] λ6583/Hα versus [OIII ]/Hβ diagram (panel a), the VO87
scheme distinguishes between Seyfert 2 galaxies and LINERs, while the Ke06 classification scheme
does not.

separation for the interacting galaxies in our samples and we use 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 emissionline galaxies using optical emission-

line ratios was first proposed by Baldwin, Phillips, & Terlevich (1981, hereafter BPT). BPT

proposed the use of the [OIII ] λ5007/Hβ, [N II ] λ6583/Hα, and [OI] λ6300/Hα line ratios for

spectral classification, taking advantage of the sensitivity of these line ratios to the hardness of

the ionizing radiation field. Kennicutt & Keel (1984) and Keel (1983) extended the initial set of

classification ratios to include the [SII ] λλ6716, 6731/Hα line ratio which is also sensitive to the

hardness of the ionizing radiation field and observable in the optical regime. To improve the optical

classification, Osterbrock & de Robertis (1985) and Veilleux & Osterbrock (1987, hereafter VO87)

derived the first semi-empirical classification lines to be used with the standard optical diagnostic
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diagrams. Because of the pioneering work of Baldwin, Phillips, & Terlevich (1981) and Veilleux &

Osterbrock (1987), the “standard optical diagnostic diagrams” based on the [OIII ]/Hβ, [N II ]/Hα,

[S II ]/Hα, and [OI]/Hα line ratios are commonly known as BPT or VO87 diagrams.

Large samples or active galaxies reveal a tight abundance sequence for star-forming galaxies

and an AGN sequence that begins at the metal-rich end of the star-forming abundance sequence and

extends towards the upper-right corner of the diagnostic diagrams (i.e. towards large [OIII ]/Hβ,

[N II ]/Hα, [S II ]/Hα, and [OI]/Hα).

The first purely theoretical classification scheme was developed by Kewley et al. (2001b)

(hereafter Ke01). Ke01 used a combination of modern stellarpopulation synthesis, photoionization,

and shock models to derive a “maximum starburst line” on the BPT diagrams. Galaxies that lie

above this line can not be explained by any combination of starburst models and require a dominant

(> 50%) contribution from an AGN. Galaxies that lie below the Ke01line may include a non-

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

To obtain a more stringent sample of star-forming galaxies,Kauffmann et al. (2003) (hereafter

Kau03) shifted the Ke01 line to form a semi-empirical upper boundary for the star-forming branch

observed with the SDSS. The Kau03 line retains the shape of the Ke01 theoretical models, with

a shift to enable classification of pure star-forming galaxies (i.e. 100% star-formation dominated).

The combination of the Ke01 and Kau03 lines serves to separate pure star-forming galaxies, galaxies

that are likely to contain both star-formation and AGN activity (composite galaxies), and galaxies

that are dominated by their AGN.

Kewley et al. (2006, hereafter Ke06) showed that AGN sequence forms two clear branches on

the [SII ]/Hα and [OI]/Hα diagnostic diagrams. These two branches were revealed withthe large

number of SDSS galaxies (∼45,000); these branches were not observed with the smaller sample

sizes (∼200) that were used in previous studies (e.g., VO87 and Ke01). Ke06 derived empirical

boundary lines between Seyfert 2s and LINERs on the [SII ]/Hα and [OI]/Hα diagrams based on

the observed local minimum between the Seyfert and LINER branches. Seyfert and LINER galaxies

defined in this way have significant differences in their hostproperties; LINERs are older, more

massive, less dusty, and less concentrated than Seyfert galaxies. However at fixed accretion rate,
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these differences disappear. LINERs and Seyferts form a continuous sequence in Eddington rate

from low to high Eddington rates, respectively. Ke06 conclude that LINERs are AGN and that the

dichotomy between Seyferts and LINERs is analogous to the high and low states observed in X-ray

binary systems.

As in X-ray binaries, LINERs have a harder ionizing radiation field and lower ionization

parameter than Seyfert galaxies. These characteristics make the [SII ]/Hα and [OI]/Hα diagrams

ideal for separating Seyferts and LINERs. The [SII ] and [OI] emission-lines are produced in the

partially ionized zone at the edge of the nebula; this zone islarge and extended for hard radiation

fields. Power-law AGN models from Groves, Dopita & Sutherland (2004) indicate that models

with a hard radiation field and low ionization parameter are separated in the [SII ]/Hα and [OI]/Hα

diagrams; these ratios change by∼0.7 dex as the power-law index is changed from -1.2 to -2.0.

Note that the [NII ]/Hα ratio diagram can not be used to separate Seyferts and LINERs. The

[N II ]/Hα ratio is only weakly dependent on the hardness of the radiation field; log([NII ]/Hα) only

changes by 0.2 dex as the power-law index is varied from -1.2 to -2.0 (Groves, Dopita & Sutherland

2004). The [NII ]/Hα ratio is much more strongly dependent on the metallicity of the nebular gas.

Metallicity differences among AGN host galaxies plus the weak dependence on hardness renders

the [N II ]/Hα diagram insensitive to the major differences between Seyfert and LINERs seen in the

[S II ]/Hα and [OI]/Hα diagrams.

Ke06 estimated empirical errors (±0.1 dex) for the Seyfert-LINER boundary by considering the

positions of galaxies that remain Seyfert 2 or that remain LINER in both the [SII ]/Hα and [OI]/Hα

diagrams. The class of galaxies that lie within±0.1 dex of the Seyfert 2/LINER line is uncertain.

In Fig. A.1 we show the difference between the previous VO87 classification scheme (black

dotted lines) and the new Ke06 classification scheme (red solid and dashed lines). Galaxies that

were previously classified as LINERs may be either (a) true LINERs, (b) composite HII-AGN

galaxies, or (c) Seyfert 2 galaxies, or (d) high metallicitystar-forming galaxies, according to the new

classification scheme. A substantial fraction (∼ 1/3) of ULIRGs and LIRGs have been previously

classified as LINERs using the VO87 method (Veilleux et al. 1995, 1999). Therefore, the application
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of the Ke06 classification scheme may reveal new insight intothe power source behind IR-selected

galaxies previously classified as LINERs.

In addition to the major change in LINER classification, the Ke06 scheme includes starburst-

AGN composite galaxies as a separate class of objects. The [NII ]/Hα versus [OIII ]/Hβ diagram

is used to classify composite galaxies. (Composite galaxies lie between the red dashed and solid

lines in Fig. A.1a.) The [NII ]/Hα ratio is more sensitive to the presence of a low-level AGN than

the [SII ]/Hα, and [OI]/Hα line ratios because the [NII ]/Hα ratio is a linear function of nebular

metallicity until high metallicities where the [NII ]/Hα reaches a plateau at log([NII ]/Hα) ∼ −0.5

(Kewley & Dopita 2002; Denicoló, Terlevich & Terlevich 2002; Pettini & Pagel 2004). At this

plateau, any AGN contribution shifts the [NII ]/Hα ratio above log([NII ]/Hα) > −0.5. An AGN

contribution to low metallicity galaxies is extremely rare(Groves, Heckman & Kauffmann 2006).

We apply the new Ke06 classification scheme to our three samples to discriminate between

star-forming galaxies (or starburst/HII-region galaxies), Seyfert 2, LINERs, and starburst-AGN

composites. In Fig. A.2, our three samples are shown in comparison with the SDSS galaxies used

in Kewley et al. (2006) on the BPT diagrams with the new classification 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 Kau03line on the [NII ]/Hα diagram (e.g.,

Fig. A.2 left column, the lower red solid line), and below andto the left of Ke01 theoretical lines in

the [SII ]/Hα and [OI]/Hα diagrams (e.g., Fig. A.2 middle and right columns, the red solid lines).

(2) Starburst-AGN composites: lie above Kau03 line but below and to the left of Ke01

theoretical line in the [NII ]/Hα diagram (Fig. A.2 left column).

(3) Seyfert 2 galaxies: lie above the Ke01 theoretical lineson all three BPT diagrams and also

above the Seyfert-LINER boundary lines in the [SII ]/Hα and [OI]/Hα diagrams (e.g., Fig. A.2

middle and right columns).

(4) LINERs: lie above the Ke01 theoretical lines on all threeBPT diagrams and below the

Seyfert-LINERs boundary lines on the [SII ]/Hα and [OI]/Hα diagrams.

(5) Ambiguous galaxies: are those that are classified as one type of object in one or two diagrams

and are classified as another type in the remaining diagram(s).
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(6) Seyfert 1 galaxies:are not included on the BPT diagrams and are considered separately.

They are characterized by their broad Balmer emission lines− usually Hα(FWHM) > 5 ×

103 km s−1. Thus, galaxies classified as Seyfert 1 in previous studies remain classed as Seyfert 1 in

our study.

The most stringent method for classification of galaxies using this scheme is to use all three

diagnostic diagrams. We refer to the use of all three diagnostic diagrams hereafter as the “3-of-3”

criterion. The use of all three diagnostic diagrams allows for ambiguous galaxies to be classified

separately. For data sets with a significant fraction of unmeasurable or uncertain [SII ]/Hα or

[O I]/Hα ratios, an alternative “2-of-3” criterion is often applied. This method applies the majority

class, i.e. if 2 out of 3 diagnostic diagrams give one class, but the third diagram gives a different

class or is unavailable, the consistent class of the 2 remaining diagnostic diagrams is assumed.

There is no ambiguous class if the 2-of-3 criterion is applied. Most previous studies on the optical

classification of IR galaxies apply the 2-of-3 criterion (Veilleux et al. 1995, 1999, 2002). The

[S II ]/Hα classifications are uncertain for a substantial portion (∼ 16 − 17%) of the BGS and

1 Jy ULIRG samples (i.e. the [SII ]/Hα class lies within the 0.1 dex uncertainty line defined in

Ke01). For comparison with previous work and to avoid contamination by uncertain [SII ]/Hα

classifications, we apply the “2-of-3” criterion to our samples. We discuss our results in the context

of the 3-of-3 criterion in the Appendix??.

In the 1 Jy ULIRG sample,the 2-of-3 classification scheme yields 8 (7.8%) star-forming

galaxies, 46 (44.7%) starburst-AGN composites, 35 (33.9%)Seyfert 2, 10 (9.7%) Seyfert 1, and 4

(3.9%) LINERs. These classes include the 9 galaxies in the 1 Jy sample with double nuclei that have

spectra taken for both nuclei. Of these double nuclei galaxies, 4 galaxies have consistent classes for

both nuclei and are assigned composite (3/4) and Seyfert 2 (1/4) classes respectively. The remaining

5 double nuclei galaxies have a composite nucleus plus either a starburst nucleus (4/5) or a Seyfert

2 nucleus (1/5). Because their overall class is uncertain, we exclude these 5 double nuclei galaxies

from our sample. We note that our results are unchanged if we randomly 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 on theBPT diagrams, over-plotted are
the SDSS galaxies (black dots) from Kewley et al. (2006). Thecurves and lines have the same meaning as
in Fig. A.1, i.e., upper red curves on all three BPT diagrams are the theoretical “maximum starburst line”;
the lower red curve on the [NII ] diagram is the Kauffmann et al. (2003) semi-empirical lower boundary
for star-forming galaxies, and the red lines (with the empirical error±0.1 dex lines) in [SII ] and [OI]
diagrams are the empirical boundary lines between Seyfertsand LINERs. See the text in§ A.2.2 for more
details. From top to bottom, the samples are: 1 Jy ULIRGs, BGS, and SW01. The red lines are the new
classification scheme Kewley et al. (2006) used to separate starburst (HII-region) galaxies, starburst-AGN
composite galaxies, Seyfert 2, and LINERs. In the leftmost panels, NLAGN≡ narrow emission-line AGN
(Seyfert 2 plus LINERs); Comp≡ starburst-AGN composites.

The BGS sample covers lower IR luminosities than the 1 Jy ULIRG sample and has a larger

portion of star-forming galaxies. The 2-of-3 classification scheme gives 30 (25.97%) star-forming

galaxies, 32 (41.56%) starburst-AGN composites, 19 (24.67%) Seyfert 2, 1 (1.3%) Seyfert 1, and 5

(6.5%) LINERs. These classifications include 13 galaxies with double nuclei in which both nuclei

have consistent classes (7/13 star-forming and 6/13 composites). We do not include an additional

5 double nuclei galaxies with differing classes for each nucleus. Our results are not affected if we

randomly assign these double nuclei galaxies the class of either nucleus.

There are 175 galaxies in the SW01 sample that have measured emission line ratios with

S/N > 3σ. The SW01 sample covers substantially IR lower luminosities than the BGS or 1 Jy

ULIRG samples and contains a large fraction of star-forminggalaxies. In the 2-of-3 scheme, the
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SW01 sample contains 78 (41.7%) star-forming galaxies, 57 (30.5%) starburst-AGN composites,

40 (21.4%) Seyfert 2, 10 (5.3%) Seyfert 1, and 2 (1.1%) LINERs. These statistics include 12

double nuclei galaxies with consistent classifications forboth nuclei (7/12 star-forming galaxies,

3/12 composites, and 2/12 Seyfert 2 galaxies). We do not include 4 double nuclei galaxies that have

different spectral types for each nucleus. Our results remain unchanged if we randomly assign these

4 galaxies the class of either nucleus.

Our classifications for the 1 Jy ULIRG, BGS, and SW01 samples are listed in Tables??, ??

and??, respectively. For comparison, in Table?? 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 sequence between pure star-forming galaxies

and pure AGN. They defined an empirical linear distance (DSF ) from the star-forming sequence

for both the Seyfert and LINER branches on the [OIII ]/Hβ vs [O I]/Hα diagnostic diagram. The

[O III ]/Hβ vs [O I]/Hα diagram was used to derive this distance because in this diagram, the Seyfert

and LINER branches are clearly separated (unlike the [OIII ]/Hβ vs [N II ]/Hα diagram where the

Seyfert and LINER branches coincide). Fig. A.2 shows that unlike the optically-selected SDSS

galaxies, the majority of IR-selected galaxies do not lie along the pure star-forming galaxy sequence;

most IR galaxies lie in the composite and AGN regions of the diagnostic diagrams. Because of this

difference, it is more intuitive to think of the linear distance between the star-forming sequence and

the AGN region on the [OIII ]/Hβ vs [O I]/Hα diagnostic diagram as the relative contribution of an

(DAGN ) for IR-selected galaxies.

The quantity DAGN can be defined other standard diagnostic diagrams with negligible

difference. In Appendix??, we investigate alternative definitions ofDAGN, and the relationship

betweenDAGN and spectral class. BecauseDAGN is a relative measure, our results remain the

same regardless of howDAGN is defined. Note that becauseDAGN is defined as a distance (in

dex) in log line-ratio space, it does not give the fraction ora percentage of star-formation or AGN

emission in a galaxy.DAGN gives arelative indication of the relative contribution of AGN to the
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EUV radiation field from galaxy to galaxy. The absolute valueof DAGN is abstract, andDAGN

should be used only in relation to other galaxies. For example, a galaxy withDAGN = 0.6 does

not correspond to an AGN contribution of 60%.DAGN is useful only for relative comparisons, for

example, a galaxy withDAGN = 0.6 is likely to have a larger contribution from an AGN than a

galaxy with a smallerDAGN.

In Fig. A.3, we showDAGN on the [O III ]/Hβ vs [O I]/Hα diagram, relative to the Ke06

classification scheme (red lines). By definition,DAGN = DSF from Ke06. Pure star-forming

galaxies haveDAGN = 0. The mixing sequence from pure star-forming galaxies to thetip of

the AGN branch begins atDAGN ≥ 0, and lies below the maximum starburst line (red curve in

Fig. A.3). Galaxies that are classed as composites in the [OIII ]/Hβ vs [N II ]/Hα diagram have

DAGN ≤ 0.5 or 0.6 (green curve). Galaxies that haveDAGN = 1 are likely to have line ratios

that are strongly dominated by an AGN, although some contribution from star formation can not be

ruled out.

LINER
branchHII
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0.8

0.6
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Figure A.3 [OI]/Hα versus [OIII ]/Hβ diagnostic diagram showing the Ke06 classification scheme
(red lines), and the distance to the peak of the AGN branch,DAGN. Blue and black curves give lines
of constantDAGN, respectively. The green curves indicate the maximumDAGN for starburst-AGN
composite galaxies (defined in the [NII ]/Hα versus [OIII ]/Hβ diagram). Starburst galaxies and
some starburst-AGN composite galaxies lie below the Ke06 maximum 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 morphology, and projected nuclear separation (ns).

We adopt the morphological classification scheme outlined in Veilleux et al. (2002). Veilleux et al.

(2002) relate galaxy morphology to merger stage using numerical simulations of galaxy mergers

(Barnes & Hernquist 1992, 1996):

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

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

3. Diffuse merger: single systems (ns ∼ 0) with tidal features, and withLK4kpc/LK < 1/3,

whereLK4kpc means theK-band luminosity within 4 kpc andLK is the total luminosity.

4. Compact merger: single systems (ns ∼ 0) with tidal features, and withLK4kpc/LK > 1/3.

5. Old merger: single systems (ns ∼ 0) with no unmistakable signs of tidal tails, yet have

disturbed central morphologies.

We use the the projected separation measured in theKs-band and the length of the tidal tails

measured inR-band by Veilleux et al. (2002) for the 1 Jy sample.

For the BGS and SW01 samples, we use 2MASSKs-band images and the IRAF “imcntr”

task to measure the projected nuclear separations. We useR-band DSS images to determine the

morphological classification according to the Veilleux et al. scheme. We search for companions

within a 100 kpc radius. The maximum angular radius available for 2MASS images is 10

arcminutes, giving galaxies at redshiftsz < 0.0087 images less than 100 kpc wide. For these

low redshift galaxies, we use DSS images that have larger angular radii so that the 100 kpc search

radius criterion is always satisfied. “Isolated systems” defined in this way are therefore confined

within the 100 kpc region. It is possible that these systems are interacting with objects wider than

100 kpc. For the few galaxies without available 2MASS images, we used the data from other images

in NED or from the literature. These objects are noted in Tables??, ??, and??.

For BGS LIRGs, we find that 42/77 are mergers, and 35/77 are isolated systems or have

companions outside the 100 kpc search radius. For the remaining 37 BGS objects, the image

quality is too poor for morphological classification. We do not include these 37 galaxies in the

morphological study. Therefore the morphological classification for the BGS sample is incomplete.
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We emphasize here that the main role of the BGS sample in this study is to supplement the 1 Jy

ULIRG sample with lower luminosity objects, and to help create a larger non-ULIRGs sample in

§ A.3.4.

The SW01 sample is not dominated by late stage mergers (class3, 4, 5 above) and only 33/285

can be definitively identified as mergers withns ∼ 0. A significant fraction (156/285) of SW01

galaxies show no obvious signs of merging or interaction. For statistical significance, we combine

the “diffuse”, “compact”, and “old” merger stages as one “single merger” stage so that each class

contains at least 10 galaxies.

The final morphological classes for the SW01 and BGS samples are:

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

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

3. Single merger: single systems (ns ∼ 0) with tidal features or distorted nuclei recognizable

in available images.

4. Isolated system: systems that have no obvious signs of merging or interaction, within the 100

kpc image search radius.

There may be some overlap in the “isolated” and “single-merger” groups, as it is impossible to

distinguish whether a galaxy is truly “isolated” or is simply at the end of the merging stage where

all the tidal features disappear (or are too faint to be observed). For example, there are 7 single

nucleus ULIRGs in the SW01 sample that do not show obvious signs of merging in available NED

images. However, 1 JyR-band images show remnant signs of tidal activity for 3 of thesingle nuclei

galaxies.

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

are some classical drawbacks in using projected separationas a tracer for merger processes:

a) Projection effects may randomize the results. However, for a large sample, projection effects

should be statistically unimportant; on average, interacting systems withns. few kpc are likely to

be at a later stage in the merger process than systems withns& a few 10 kpc.
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b) Merger models such as Barnes & Hernquist (1992, 1996) showthat ns is not necessarily a

linear function of time: the projected separation decreases in a period of close contact (“first-pass”)

and then increases again before the nuclei finally merge.

c) Projected nuclear separation can not trace merger progress in multiple mergers of more than

two galaxies unless the time between current mergers and that of the former mergers is sufficiently

large to enable any merger-induced star formation and AGN activity to subside (Borne et al. 2000).

This issue may be a potential problem for the SW01 sample, in which some galaxies are in the

Hickson Compact Groups (Garcia 1993). In these groups, the IR emission may be triggered by

the weak interaction between the group members. For the 1 Jy sample, multiple mergers are not a

major concern because deep images indicate that only 5/118 (< 5%) arepossiblemultiple mergers

(Veilleux et al. 2002).

With these caveats in mind, we calculate the projected separation between paired galaxies in

our samples using 2MASSKs-band images for the BGS and SW01 samples, and the Veilleux etal.

(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 have different IR color selection criteria. To

examine how spectral type changes with IR luminosity, we combine the 1 Jy ULIRG sample with

the BGS sample to cover a broad IR luminosity range and to facilitate comparisons with the classical

Veilleux et al. (1999) result. We consider the SW01 sample separately in this case because the warm

color criterion of the SW01 sample may affect how the spectral type changes with IR luminosity.

Fig. A.4 shows the optical spectral type as a function ofLIR for the combined 1 Jy and BGS

samples. The results are also tabulated in Table??. It is obvious from this figure that LINERs are

rare compared with other spectral classes in our IR-luminous samples, with only 3% LINERs in the

1 Jy sample and 7% in the BGS sample. The 1 Jy ULIRGs sample may lack LINERs because this

sample is selected at larger redshifts than the SDSS. Ke06 showed that the fraction of LINERs in

202



the SDSS falls atz > 0.1 due to incompleteness. The lack of LINERs in SW01 may be at least

partly caused by the warm selection criterion, as the the “warm” criterion selects against LINERs

(Kewley et al. 2001a).

We find few IR-luminous LINERs found in our samples. A majority (72/79) of the objects

previously classified as LINERs are classified as composite galaxies and Seyfert 2s using the Ke06

SDSS-based classification scheme. LINERs in the SDSS-basedclassification scheme contain an

older stellar population and an AGN with a lower accretion rate than Seyfert 2 galaxies. The lack of

such LINERs in IR samples indicates that (a) bona fide IR-luminous LINERs are quite rare — only

3/108 in the 1 Jy ULIRG sample and 5/97 in the BGS samples, and (b) in most cases, LINERs do

not contain the intense star formation and/or the strong dust-reprocessed AGN emission responsible

for the IR luminosities seen in U/LIRGs. We discuss the rare IR-selected LINERs in more detail in

§ A.4.1.

Total=22

Log (Lir/Lsun)

<11 11−11.99 12−12.29 12.3−12.8

1 Jy ULIRGs & BGS (single nuclei)
51 69 32

Figure A.4 Spectral type (2-of-3 criterion) as a function ofLIR for the 1 Jy ULIRG sample (Veilleux
et al. 1999) and the LIRGs in the BGS sample (Veilleux et al. 1995). Similar to Veilleux et al. (1999),
double nucleus objects are excluded in this figure. The number of galaxies contained in each bin
is marked on top of the histogram. The luminosity bins are labeled at the bottom. Throughout this
paper we will always use grey for ambiguous, blue for HII-region galaxies, green for composites,
black for LINERs, yellow for Seyfert 2 galaxies and orange for Seyfert 1 galaxies, unless otherwise
specified. The result of applying the stringent 3-of-3 criterion is presented in Appendix??.

Interestingly, we find that Seyfert 1 galaxies favor higherLIR, consistent with previous

studies suggesting that Seyfert 2 galaxies have weaker mid-IR luminosities than Seyfert 1 galaxies
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Total=25 60 46 44

Total=

SW01 (single nuclei)
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(a)

Log (Lir/Lsun)
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Figure A.5 Optical classification results as a function ofLIR for the SW01 sample. The SW01
sample is dominated by moderate IR luminosityLIR < 1011L⊙ sources, with∼25% LIRGs, and
very few ULIRGs (<2% = 3 objects). For comparison with Figure A.4, Panel (a) divides the SW01
sample into the same two lower luminosity bins (only 3 SW01 objects haveLIR > 1012L⊙ in the
bin 12< log(LIR/L⊙)<12.21). Panel (b) provides a finer grouping into fourLIR bins to gain more
resolution. The sub-bins are chosen in such a way that each bin contains at least 20 galaxies.

(Heckman 1995; Maiolino et al. 1995; Giuricin, Mardirossian & Mezetti 1995) (however, see

Bonatto, & Pastoriza 1997; Haaset al. 2007). However, because the 1 Jy ULIRG + BGS samples

only contain a total of 11 Seyfert 1 galaxies, a larger numberof IR-luminous Seyfert 1s is required

to determine the significance of this result.
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The spectral type as a function ofLIR for the SW01 sample is shown in Fig. A.5 and Table??.

Because the SW01 sample covers a lower IR luminosity range, the SW01 sample is intended to

extend the 1 Jy ULIRG and BGS samples to lower luminosities, rather than to serve as a comparison

sample. Nevertheless, in panel (a) of Fig. A.5, theLIR bins are chosen to be the same as the first

two bins of Fig. A.4 to facilitate comparisons between the warm (SW01) and non-warm (BGS and

1 Jy ULIRG) samples over theLIR range where all samples are well-defined.

Since our samples contain a large number of objects withLIR/L⊙ < 1010, LIR is divided into

sub-bins in panel (b) to improve resolution. Bin sizes are chosen to to ensure that each bin contains

at least 20 galaxies. In the SW01 sample, the AGN fraction increases and the fraction of starbursts

decreases asLIR becomes larger, similar to the trend in the 1 Jy ULIRG + BGS samples. As shown

in panel (b) of Fig. A.5, the lowest luminosity bin (LIR/L⊙ < 1010) has the largest fraction of

star-forming galaxies.

A.3.2 DAGN as a function ofLIR

Spectral types only reflect the galaxy’s general position onthe BPT diagrams. To investigate the

relative contribution from an AGN as a function of IR luminosity, we show in Fig. A.6 and Fig. A.7

DAGN as a function ofLIR for the combined 1 Jy ULIRG + BGS sample, and the SW01 sample,

respectively. The mean, median, and standard errors forDAGN are calculated for the same four

luminosity ranges as used in Fig. A.4 and Fig. A.5b, for the combined 1 Jy ULIRG + BGS sample

and the SW01 sample, respectively. To test whether the distribution of DAGN in eachLIR bin can

be drawn randomly from the same parent population, we perform the two-sample Kolmogorov-

Smirnov (KS) test to each pair of neighboringLIR bins. For theLIR bin pairs (1-2), (2-3), (3-4) in

Fig. A.6, the KS test gives a probabilityPnull = 0.08, 3.98E-6, and 0.16 that the distributions are

drawn from the same parent population, indicating a statistically significant change in theDAGN

distribution at the 90% confidence level between1010 < LIR/L⊙ < 1012.3 for the 1 Jy ULIRG +

BGS sample.

For the SW01LIR bin pairs (1-2), (2-3), (3-4) in Fig. A.7, the KS test gives a probability Pnull

= 0.48, 0.28, and 0.02 that the distributions are drawn from the same parent population, indicating
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a statistically significant change in theDAGN distribution at the 98% confidence level between

1010.7 < LIR/L⊙ < 1012.3. The rise inDAGN at lower luminosities is not statistically significant

for the SW01 sample.

We conclude that the rise ofDAGN with LIR is significant for all three samples atLIR/L⊙ >

1011.0. Previous studies indicate that the fraction of AGN increases at largeLIR (e.g., Armus,

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

results.

Figure A.6DAGN as a function ofLIR for the 1 Jy ULIRG + BGS sample. The mean, median, and
standard error of the mean for the same 4 IR luminosity bins used in Fig. A.4 are plotted in green.
Blue crosses give the median values. The probability that the DAGN distribution in consecutive
bin pairs is drawn from the same parent population is given in§ A.3.2. The rise inDAGN from
luminosity bin (2) to (3) and bin (3) to (4) is significant at the 99% and 90% confidence levels,
respectively

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

Following the morphological definitions in§ A.2.4, in Fig. A.8 we give the spectral type as a

function of merging stage for the 1 Jy ULIRG sample. The dashed line indicates the uncertainty

in classification associated with the double nuclei galaxies that have differing classifications for

each nucleus. These galaxies are discussed in more detail inAppendix??.

The key significant features in Figure A.8 are:
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Figure A.7DAGN as a function ofLIR for the SW01 sample. The mean, median, and standard error
of the mean for the same 4 IR luminosity bins used in Fig. A.5 panel (b) are plotted in green. Blue
crosses are the median values. The probability that theDAGN distribution in consecutive bin pairs
is drawn from the same parent population is given in§ A.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 reaches a peak at the diffuse merger stage,

indicating that both merger-induced starburst activity, and AGN fueling contribute to the total energy

budget at the diffuse merger stage.

2) The fraction of starburst-AGN composite galaxies falls sharply at the later merger stages

(compact and old merger), giving rise to a larger portion of Seyfert galaxies rises in these later

merger stages. We suggest that starburst-AGN composite galaxies evolve into Seyferts as merger-

induced starburst activity subsides.

Figure A.8 also shows potentially interesting trends that are limited by small numbers for the 1

Jy ULIRG sample:

(1) The fraction of Seyfert galaxies appears to decrease (41 ± 16% c.f. 13 ± 9%) between the

wide binary stage (stage a) to the diffuse merger stage (stage c).

(2) Seyfert 1 galaxies only occur at the later merger stages (d and e in Figure A.8 )

A larger sample of ULIRGs is required to verify these two trends.
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c: diffuse
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e: old merger

Figure A.8 Optical spectroscopic classification as a function of merger morphology for the 1 Jy
ULIRG sample. The merger progresses from left to right: a. wide binary, b. close binary, c.
diffuse merger, d. compact merger, e. old merger. No ”isolated” class is defined for the 1 Jy
morphology class since there is only one isolated object in this sample. The number of galaxies
in each morphology class is marked on top of each bin, and is given in Table 6. The fraction of
composite galaxies reaches a peak at the diffuse merger stage. The fraction of AGN-dominated
(Seyfert 2 and Seyfert 1) rises at later merger stages (compact and old merger). Dashed lines give
the range of uncertainty in the fraction of HII and composites associated with the double nuclei
galaxies with different spectral types for each nucleus.

We show the spectral type as a function of merger morphology for the BGS and SW01 samples

in Figures A.9 and A.10 respectively. The results are listedin Table?? and Table??. Clearly, for

objects withLIR lower than that of ULIRGs, there is no strong change in spectral classification as

a function of merger progress. However, the BGS and SW01 samples do not contain a sufficient

number of galaxies in the single merger stage that have deep enough images to allow separation

into diffuse, compact, and old merger stages where the largest changes in spectral class occur

for ULIRGs. The fraction of merging galaxies in the SW01 and BGS samples is 45% and 54%,

respectively, compared with99% for the 1 Jy ULIRG sample. In addition, most of the merging

systems in the SW01 and BGS samples are in the earlier, binarystages rather than the advanced

single-merger stages in the 1 Jy ULIRG sample (11% in the SW01sample, and 12% in the BGS
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  class:
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BGS (LIRGs)

Figure A.9 Spectral type as a function of morphology for the LIRGs in the BGS sample. The
merger progresses from left to right: a. wide binary, b. close binary, c:. single-merger, iso. isolated
system. Dashed lines give the range of uncertainty in the fraction of HII and composites caused
by the double nuclei galaxies with different spectral typesfor each nucleus. The single-merger
stage combines the diffuse, compact, and old merger stages to ensure sufficient numbers of objects
for statistically meaningful comparisons between the morphological types. There may be overlap
between single merger and isolated stages due to surface brightness effects.

sample versus 50% in the 1 Jy ULIRG sample). If we combine objects in the 1 Jy ULIRG sample

which have diffuse, compact, and old merger types into one single merger class (Fig. A.11), the

changes seen in Fig. A.10 disappear. These results highlight the need for sensitiveK− andB−band

imaging to distinguish between the three late merger stages(diffuse, compact, and old merger) in

non-ULIRG samples.

To conclude, the 1 Jy ULIRG sample shows a marked change in galaxy spectral type as a

function of merger progress, especially, composite galaxies dominate the diffuse merger stage. It is

unclear whether such a change occurs in the lower luminosityBGS and SW01 samples. We note that

the relative lack of galaxies at late merger stages in the lower luminosity samples may indicate that

a ULIRG phase occurs before or at the single nucleus stage, inat least some IR-selected galaxies.
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Figure A.10 Optical spectroscopic classification as a function of merger morphology for the SW01
sample. The merger progresses from left to right: a. wide binary, b. close binary, c:. single merger,
d. isolated. Dashed lines give the range of uncertainty in the fraction of HII and composites (in stage
a), composite and Seyferts (in stage b) caused by the double nuclei galaxies with different spectral
types for each nucleus. The single-merger stage combines the diffuse, compact, and old merger
stages to ensure sufficient numbers of objects for statistically meaningful comparisons between
the morphological types. The SW01 sample contains a substantial fraction (156/285∼ 54%) of
apparently isolated galaxies. There may be overlap betweensingle merger and isolated stages due
to surface brightness effects. The fraction of composites is not significant as compared to Fig. A.8.

A.3.4 DAGN and LIR versusns

To investigate the merger progress in a morphology-independent way, we compare therelative

contribution of an AGN (DAGN) andLIR as a function of projected nuclear separation (ns). We

first investigate the non-ULIRG samples by combining the BGSand SW01 samples to (a) reach

statistically significant conclusions (thus minimizing projection effects) and (b) span a broad range

of LIR. Thens values for both samples are measured using 2MASS or DSS images, and the two

samples exhibit similar behavior in spectral type versus morphology as discussed in§ A.3.3.

In Figure A.12(a), we show the infrared luminosity,LIR, of the merger pair as a function of

nuclear separation. Fig. A.12(b) givesDAGN as a function of nuclear separation for the BGS

(LIRGs) and the SW01 samples combined. These figures indicate thatDAGN is constant at∼ 0.3

within the errors at all merger stages in these 2 samples. Themean value ofLIR is constant within
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Figure A.11 Optical spectroscopic classification as a function of merger morphology for the 1 Jy
ULIRG sample, after combining the diffuse, compact and old mergers as one single merger category.

the errors through the wide and close pair stages, and then rises by a factor of∼ 2 in the single

merger stage. We performed KS tests to determine the significance of the distribution ofDAGN and

LIR as a function of projected separation. For the distributionof data within adjacentLIR bins (1)

and (2), (2) and (3), and (3) and (4) in Fig. A.12a, the KS test indicates a probabilityPnull = 0.89,

0.04, and 3.8E-9 respectively that the adjacent data sets are drawn from the same parent population.

For the adjacentDAGN bins (1) and (2), (2) and (3), (3) and (4) in Fig. A.12b, the KS test indicates

a probabilityPnull = 0.13, 0.18, and 0.16 that the adjacent data sets are drawn from the same parent

population. We conclude that both the rise inLIR from close pair to single merger stage and the fall

in LIR from single merger to isolated stages are significant at the 95% and 99.99% level respectively.

There are no statistically significant changes inDAGN as a function of projected separation for the

non-ULIRG BGS and SW01 samples.

In Figure A.13(a) and Figure. A.13(b) we show theLIR andDAGN versus projected separation

for the 1 Jy ULIRG sample. Like the lower luminosity pairs,DAGN is constant within the errors as a

function of projected separation until the diffuse merger stage. The meanDAGN is larger than seen

in the lower luminosity BGS+SW01 sample (∼0.52 c.f. 0.3). The most obvious difference in the

behavior of ULIRGs with projected separation compared withthe lower luminosity pairs, occurs in
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the final compact/old merger phase where ULIRGs show a ratherdramatic increase inDAGN to a

mean value of∼ 0.8. This rise is statistically significant at the 95% level; theKS test indicates a

probabilityPnull = 0.46, 0.51, and 0.05 that adjacent data sets (1-2), (2-3), (3-4) are drawn from the

same parent population. This rise inDAGN is consistent with the rise in the Seyfert fraction with

merger progress seen in§ A.3.3, particularly in the emergence of Seyfert 1s at the compact and old

merger stages. The rise inDAGN is not accompanied by a significant rise in the meanLIR (the KS

test indicates a probabilityPnull = 0.52, 0.12, and 0.84 that the adjacent data sets (1-2), (2-3), (3-4)

are drawn from the same parent population).

Our results confirm previous observational (e.g., Sanders et al. 1988a) and theoretical (e.g.,

Mihos & Hernquist 1994) studies showing that the maximumLIR 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 other optical spectral types, even in the

low-redshift BGS sample. A majority of the previously classified IR-luminous LINERs are now

reclassified as starburst-AGN composites in the new SDSS optical spectroscopic classification

scheme. This result prompts us to discuss the following issues: (1) The relationship between

the new class of LINERs and starburst-AGN composite objects. (2) The nature of IR-luminous

LINERs compared with the LINERs from the SDSS. We discuss each of these issues separately

below.

(1) Kewley et al. (2006) have shown that the host properties of composite galaxies are

intermediate between those of AGN and high metallicity star-forming galaxies, and that LINERs

form a unique, coherent class that is distinct from Seyferts, star-forming galaxies and composites.

Specifically, LINERs are older, more massive, less dusty andless concentrated than Seyfert galaxies.

These optical results highlight the intrinsically different nature of LINERs and composites.
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Here we investigate whether similar differences exist in popular mid-IR diagnostics. In

Figure A.14, we investigate the positions of galaxies on the[FeIII] 26.0µm/[OIV] 25.9µm versus

[OIV] 25.9µm/[NeIII] 12.8µm diagnostic diagram. This diagram separates star-forming galaxies

from those dominated by an AGN. Previously, IR-luminous LINERs occupied a region in between

starburst and Seyfert galaxies, whereas IR-faint LINERs occupied a region offset from the starburst-

Seyfert sequence (Sturm et al. 2006). In our new classification scheme, only 1 out of the 16 IR-

luminous LINERs are classified as LINERs (the rest 15 objectsare 8 composites, 1 Seyfert 2s, and

6 ambiguous classes between HII and Seyfert 2s), while 10 outof the 17 IR-faint LINERs remain

LINERs (the rest 7 objects are ambiguous classes between LINERS and Seyfert 2s). Figure A.14

indicates that the majority (9/13) of the composites lie in along a mixing sequence connecting star-

forming galaxies and Seyferts. By contrast, most (8/10) of the LINERs lie offset from the mixing

sequence. These results are consistent with our view of optically selected LINERs as a different

class of objects from starburst-AGN composites.

(2) There is growing evidence that a large fraction of optically selected LINERs are low

luminosity AGN with low accretion rates (e.g., Ho 1999; Quataert et al. 2001; Barth 2002). The

SDSS LINER population studied by Kewley et al. (2006) supports this AGN nature. They show that

at fixedL[O III ]/σ4 (an indicator for the black hole accretion rate), all differences between Seyfert

and LINER host properties disappear. With this interpretation of LINERs, it is not surprising that we

find so few IR-luminous LINERs because ULIRGs tend to harbor AGN that favor high-accretion

rates (Weedman 1983; Filippenko & Sargent 1985; Sanders et al. 1988a). Theory supports this

interpretation; numerical simulations predict that the black hole accretion rate rises rapidly during

the merger process when enormous quantities of gas flows intothe central regions of the merging

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

What about the few IR-luminous LINERs that do exist in our samples? Do they belong to the

same class as optical LINERs? In Table?? we list all the possible LINERs found in our combined

1 Jy ULIRG + BGS + SW01 sample. Altogether there are 9 objects in the three samples that fall into

our LINER class, however, only 4/9 of these LINERs (Arp 220 inthe 1 Jy ULIRG sample, NGC

6240 in the SW01/BGS samples and another 3 in the BGS sample) can be “safely” classified as

213



LINERs. The other 5/9 LINERs lie near the 0.1 dex error regionof the Seyfert-LINER boundaries,

and may be Seyfert objects or intermediate between Seyfert and LINER types. This can be clearly

seen in Figure A.15, where all 9 LINERs are over-plotted withthe SDSS data from Kewley et al.

(2006) on the [SII ]/Hα versus [OIII ]/Hβ and [OI]/Hα versus [OIII ]/Hβ diagnostic diagrams.

In Figure A.15, we indicate the positions of two well-studied IR-luminous LINERs: NGC 6240

and Arp 220. Recent high resolution X-ray and radio data for NGC 6240 (Lira et al. 2002; Komossa

et al. 2003; Iono et al. 2007) and Arp 220 (Clements et al. 2002; Ptak et al. 2003; Downes & Eckart

2007) provide convincing evidence for the existence of AGN in these 2 objects. However, the

LINER emission may be excited by other ionization processes. Both of these two LINERs show

evidence for starburst-driven superwinds and/or shocks that may dominate the EUV emission of

these galaxies (Heckman et al. 1987b; Tecza et al. 2000; Liraet al. 2002; McDowell et al. 2003;

Iwasawa et al. 2005). Further investigation into the EUV power source of IR-luminous LINERs

is required to draw robust conclusions about the nature of the few IR-luminous LINERs in our

samples.

To summarize, the rarity of IR-luminous LINERs is consistent with the picture that most

LINERs are (a) excited by low Eddington rate black holes and (b) reside in galaxies with an

aged stellar population. The special cases of Arp 220 and NGC6240 may indicate a contribution

from different LINER ionization sources: either starburstsuperwinds or shocks driven by galaxy

collisions.

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

ULIRGs?

In Fig. A.16, we show 5 different galaxy samples on the [NII ]/Hα versus [OIII ]/Hβ diagnostic

diagram. The new Ke06 classification boundaries are indicated in red. We supplement the 1 Jy

ULIRG, BGS and SW01 samples with two optically selected samples: the NFGS field galaxy

sample (Jansen et al. 2000) and the BGK00 galaxy close pair sample (Barton, Geller, & Kenyon

2000). The samples in Fig. A.16 are ordered from (a) to (e) by the level of interaction activity−
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from no interaction (NFGS field galaxies), to non-IR selected galaxy pairs, to luminous IR-selected

galaxies, and to the most luminous IR-selected galaxies (1 Jy ULIRGs).

The fraction of starburst-AGN composite galaxies increases from the field galaxy sample (3.6%)

→ galaxy pair sample (22.8% )→ SW01 galaxies (29.6%)→ BGS galaxies (dominated by LIRGs)

(37%) → 1 Jy ULIRGs (49.1%). This plot indicates that the stronger the interaction between

galaxies is, the more likely they are to contain starburst-AGN composite galaxies.

Our new results offer some hope for resolving previous disputes concerning the evolution of

starburst and AGN activity in gas-rich major mergers, in particular for ULIRGs. We have shown that

a large fraction of ULIRGs are of composite starburst-AGN spectral type, with line ratios (orDAGN)

indicating an intermediate class between pure starbursts and pure AGN. Spectral classification as

a function of merger evolution does not change abruptly from“pure” starburst into “pure” AGN.

ULIRGs may spend a fairly large fraction of their merger history in a phase where starburst and

AGN both make significant contributions to the EUV radiation. In luminous IR mergers, starburst-

AGN composites appear to “bridge” the spectral evolution from pure starburst to AGN-dominated

activity as the merger progresses. For ULIRGs, we have shownthat an initial apparent decrease

in starburst activity from the wide binary to close binary stage is accompanied by a rise in the

starburst-AGN composites. Similarly, as the merger reaches its final stages, the fall in starburst-

AGN composites is followed by a rise in Seyfert activity. These effects can be seen in Fig. A.8,

where the starburst-AGN composite activity peaks in the diffuse merger stage. We do not have

sufficient data to determine whether a similar scenario occurs at the lower IR luminosities spanned

by the BGS and SW01 samples (LIR < 1012L⊙).

A.4.3 The Merger Scenario for LIRGs→ ULIRGs

There is now substantial agreement that ULIRGs are triggered by major mergers of gas-rich spirals

(see the review by Sanders & Mirabel 1996). In this merger scenario, the LIRG phase begins

when tidal interactions between merging gas-rich disk galaxies initially trigger wide-spread starburst

activity in one or both disks. As the merger progresses, gas is funneled towards the merger nucleus

and activates nuclear starbursts and AGN, further increasing the IR luminosity. However, many
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questions still remain. The precise link between AGN fueling, the gas dynamics, and star formation

either on a nuclear or a global scale is still poorly determined. The relative strength of starburst and

AGN activity, particularly in the ULIRGs is still debated, and the 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 into how starburst and AGN activity

evolve during interaction/merger of IR-luminous galaxies.

For lower luminosity IR-galaxies (LIR < 1012L⊙), Seyferts are rare (DAGN = 0.25−0.35), and

starbursts strongly contribute to the EUV radiation field either as “pure” starbursts or as composites.

The majority of lower luminosity LIRGs are wide or close pairs. These pairs may either evolve into

the single merger stage without becoming ULIRGs, or they mayenter the ULIRG phase during or

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

(1) Some lower luminosity IR galaxies (LIR < 1012L⊙) may reach the final single merger

stage without becoming ULIRGs. As these non-ULIRG galaxiesevolve from the close pair to the

single merger stage, the mean IR luminosity increases by∼ 2× (to LIR ∼ 1011.5L⊙), with only

a relatively small rise in the mean value ofDAGN(∼0.4). These results suggest that non-ULIRGs

undergo a rise in starburst activity but only modest AGN growth as they evolve from the close pair

to the single merger stage. Some of these lower luminosity single mergers may be the product of

minor mergers of objects with mass ratios larger than 5:1 (Ishida 2004; Ishida et al. 2007).

(2) The lower luminosity pairs that may become ULIRGs are likely to be major mergers with

mass ratios closer to unity (Ishida 2004; Ishida et al. 2007). In the ULIRG phase, the AGN

contribution is elevated at all merger stages. We observe clear changes in the optical classification of

ULIRGs as a function of merger stage. The diffuse merger stage (compared to the close binary stage)

shows a dramatic increase in starburst-AGN composites (from ∼45% to∼80%). In the subsequent

compact/old merger stages, the fraction of composite galaxies falls, and AGN dominate. The mean

value ofDAGN rises (by∼0.22 dex− from 0.43 to 0.65), and the mean value ofLIR rises (∼ 1.7×),

along with the emergence of a substantial Seyfert 1 fraction(∼25%). These results suggest that

during the diffuse merger stage, the AGN becomes more powerful and increasingly visible via

the optical emission-line ratios. Once the merged nucleus begins forming a core (compact merger
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stage) starburst activity may be subsiding (and possible dust obscuration clears) as AGN activity

becomes prominent. We tentatively suggest that the dramatic increase inDAGN and the emergence

of a substantial population of Seyfert 1s (accompanied by a∼ 2× increase inLIR) may signify a

significant “blowout” phase, as ULIRGs transition to optical QSOs (e.g., Hopkins et al. 2005). A

larger sample of ULIRGs is required to test this idea.

A.5 SUMMARY

We apply the new SDSS semi-empirical optical spectral classification scheme to three IR-selected

galaxy samples− the 1 Jy ULIRG Sample, theIRASBright Galaxy Sample and the Southern Warm

IR Galaxy Sample. Because the new classification scheme is substantially different from previous

methods, the new scheme is used to yield insights into the relationship between starburst and AGN

activity and merger progress. We utilize optical and near-IR images to determine the projected

separation between pairs in our samples, and to classify thegalaxies morphologically. The projected

separation and morphological classification are used as relative tracers of merger progress. For each

sample, we investigate how the optical classification and the relative AGN contribution,DAGN,

changes as a function ofLIR and merger progress.

We find that:

1. IR-luminous LINERs are rare; There are very few LINERs in the 1 Jy ULIRG, and the BGS

and SW01 samples. The rarity of LINERs in the 1 Jy ULIRG and SW01 samples may be at least

partly due to selection effects. Nearly all of the previously classified IR-luminous LINERs are

starburst/AGN composite galaxies in the Ke06 classification scheme.

2. The new classification scheme reveals a clear evolutionary scenario for ULIRGs from

starburst-driven activity in the early merger stages, composite starburst-AGN activity intermediate

merger stages to AGN-dominated emission at late merger stages. The fraction of composite

galaxies rises from 45% to 80% between the wide binary and diffuse merger stages and appears

to “bridge” pure starburst and Seyfert galaxies. Galaxies at the diffuse merger stage are key for

future investigations into the relationship between starburst and AGN activity in ULIRGs.
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3. We find that advanced mergers preferentially occur in ULIRG samples. We suggest that the

transition into the ULIRG phase occurs close to or during thediffuse merger stage in which the

nuclei of the two merging galaxies are coalescing.

4. At later merger stages in ULIRGs, when the single nucleus is forming a core, the fraction

of pure-Seyfert objects rises dramatically. This stage corresponds to the highestLIR in the 1 Jy

ULIRG sample. At this stage, we propose that (a) starburst activity subsides, allowing the AGN to

dominate the energy budget, and/or (b) dust obscuration surrounding the AGN clears, allowing the

AGN radiation field to ionize the surrounding gas, and/or (c)AGN activity increases.

5. Seyfert 1s appear to occur only in the final “compact/old merging” stages of ULIRGs. A

larger sample of Seyfert 1s is required to determine the significance of this result. If this result holds

for larger samples, we hypothesize that a rise in Seyfert 1 galaxies at late merger stages may signify

a significant “blowout” phase, as ULIRGs transition to optical QSOs.

6. There is no significant change in spectral types for the non-ULIRG BGS and SW01 samples.

Understanding the behavior of composite galaxies may help to build a more concrete picture

of the merger process for all IR-luminous galaxies. Our future work includes integral field

spectroscopy of composite galaxies and a detailed comparison between our results and the

evolutionary merger models from numerical simulations Barnes (2004); Hopkins et al. (2005,

2006a,b, 2007, 2008).
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Figure A.12 (a)LIR as a function of projected nuclear separation for the BGS (LIRGs only) and
SW01 samples combined. (b) Distance from the starburst sequenceDAGN as a function of projected
nuclear separation for the combined BGS (LIRGs only) and SW01 samples. The mean and 1σ
standard deviation of the mean forDAGN are plotted as green squares. Median values are shown as
blue crosses. The vertical regions from left to right are: (1) binary systems with nuclear separation
ns > 10 kpc. (2) binary systems with nuclear separationns < 10 kpc. (3) single-merger systems.
(4) isolated systems. The BGS and SW01 samples are combined in order to get a larger non-ULIRG
sample. For the 21 overlap objects in the two samples, mean values ofDAGN are taken. KS tests
for the significance of the difference in y-axis distributions are given in§ A.3.4.
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Figure A.13 (a)LIR as a function of projected nuclear separation for the 1Jy ULIRGs. (b)
Distance from the starburst sequenceDAGN as a function of projected nuclear separation for the
1 Jy ULIRG sample. The means and 1σ standard deviation of the mean forDAGN are plotted as
green squares. Median values are shown as blue crosses. The vertical regions from left to right are:
(1) binary systems with nuclear separationns > 10 kpc. (2) binary systems with nuclear separation
ns < 10 kpc. (3) single-mergers with diffuse nuclei. (4) single-mergers with compact/old nuclei.
KS tests for the significance of the difference in y-axis distributions are given in§ A.3.4.
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Figure A.14 Mid-infrared diagnostic from Sturm et al. (2006), with objects re-classified using the
Ke06 new scheme. The data were provided by Sturm, E. The symbol meanings are labeled on the
plot. The bracket after the ambiguous class indicates between which classes the ambiguity lies.
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Figure A.15 The positions of the 9 LINERs on the [SII ]/Hα versus [OIII ]/Hβ and [OI]/Hα versus
[O III ]/Hβ diagrams over-plotted on the SDSS data from Kewley et al. (2006). The 3 IR-luminous
LINERs in the 1 Jy ULIRG sample are shown as squares, the 3 IR-luminous LINERs in the SW01
sample are shown as diamonds, and the 3 crosses are the IR-luminous LINERs from the BGS
sample.
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Figure A.16 Composite galaxies on the “[NII ] diagram” for different types of galaxy samples. (a)
Field galaxy sample: NFGS (Jansen et al. 2000), (b) Galaxy pair sample: BGK00 (Barton, Geller,
& Kenyon 2000), (c) SW01 sample, (d) BGS sample, (e) 1 Jy ULIRGsample.
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